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Abstract 

Aroma precursors developed during fermentation are of indispensable importance for choc-

olate aroma formation. Generation of a standardised high-quality aroma profile of cocoa 

would be beneficial for producer and processing industry. Fermentation-like incubation 

could be an option for realization to obtain a standardised quality.  

In the present study a HS-SPME-GC-MS method with olfactometry was applied to compare 

the flavour profile of cocoa beans from traditional fermentation and of fermentation-like in-

cubation. Additionally, the flavour profile development over time of fermentation-like incu-

bation was investigated. 

In total 34 odour-active volatile compounds were identified in this study for traditionally fer-

mented cocoa and for cocoa from fermentation-like incubation. Both cocoas of traditional 

fermentation and fermentation-like incubation are characterised by the same important 

odour notes green, fruity, cocoa/caramel and acid. Also, a difference in spectrum of com-

ponents of cocoa beans from traditional fermentation and fermentation-like incubation was 

observed. Cocoa beans from traditional fermentation developed more components per-

ceived as vanilla odours and one component perceived as cheesy. Cocoa beans from fer-

mentation-like incubation developed more components which have cocoa/nutty, soapy, al-

coholic odour notes and one component smelling musty, putrid. The investigation of odour-

active substances over the time of fermentation-like incubation showed that this form of 

fermentation also yields fruity and flowery notes typical for fine flavour cocoa as well as 

cocoa and acid notes. 

The aroma profile of cocoa from fermentation-like incubation seems due to lack of several 

vanilla notes less complex. However, aroma-profile of cocoa beans from fermentation-like 

incubation shows a higher stability as no indication of overfermentation was observed. Both 

characteristics minor complexity and better stability, could be explained by the absence of 

microorganisms during fermentation-like incubation. 
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1. Introduction 

The worldwide highly appreciated aroma of cocoa and chocolate arises from their volatile 

fraction. Up to 600 volatiles could be identified in cocoa (Aprotosoaie et al. 2016; Counet et 

al. 2002; Ducki et al. 2008). Only some of these volatiles in cocoa are odour-active and 

contribute to the aroma. Genotype, climate and harvest conditions as well as post-harvest 

processes like fermentation, drying and roasting have important effects on the complex 

composition of volatile and non-volatile compounds (Brito et al. 2000; Caligiani et al. 2007; 

Rodriguez-Campos et al. 2011). Fermentation, a prerequisite for flavour development, is of 

utmost importance. During this key processing stage, the precursors of chocolate aroma 

are formed. Unfermented dried cocoa beans do not generate the typical chocolate flavour 

during roasting. They do not contain flavour precursors (Afoakwa et al. 2008; Tran et al. 

2015; Ziegleder, Biehl 1988; Rohan 1964). Present aromatic compounds classify the aro-

matic quality of cocoa beans (Frauendorfer, Schieberle 2008). A high and consistent aro-

matic quality of cocoa beans is of great importance for the chocolate industry even though 

necessarily there is no general standard spectrum of flavour components (Panlibuton, 

Lusby 2006; Tran et al. 2015). In practice, post-harvest treatments are often not uniform 

enough to generate a standardised aroma profile. Especially scale and construction of fer-

mentation, drying, preconditions of cocoa pulp and seeds as well as inoculum of microor-

ganisms influence this post-harvest process (Ziegleder, Biehl 1988). To avoid off-flavour 

formation and to assure a constantly good aroma quality, fermentation-like incubation could 

be an option. It has the potential for standardisation and automation of cocoa fermentation 

(Kadow et al. 2015). As Biehl and Passern (1982) and Kadow et al. (2015) demonstrated, 

regarding aroma precursors, fermentation-like incubation can produce a raw cocoa with a 

high potential of chocolate aroma.  

Several studies investigated volatiles of raw cocoa, however, without considering odour-

activity (Ascrizzi et al. 2017; Bailey et al. 1962; Jinap et al. 1998; Oberparleiter, Ziegleder 

1997; Ramos et al. 2014; Rodriguez-Campos et al. 2012; Ziegleder 1991). Only Frauen-

dorfer and Schieberle (2008) identified, on the basis of the odour activity value, the key 

aroma compounds of unroasted Criollo cocoa beans. From the most odour-active volatiles 

the odour-activity value of 32 important components were presented. Among them acetic 

acid, 3-methylbutanoic acid, ethyl 2-methylbutanoate and 3-methylbutanal showed the 

highest odour activity value (ratio of concentration/odour threshold).  

This study describes which odour-active aromas are produced by beans from fermentation-

like incubation and traditionally fermented cocoa beans. For the fermentation-like incubation 

no microorganisms are utilized. The aim of this work is the comparison of the volatile flavour 

profile of cocoa from these two ways of fermentation. Thereby, odour-activity of volatiles is 
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analysed and used for comparison. Additionally, changes of odour-active volatiles over a 

seven-day fermentation-like incubation are investigated.  

2. Theoretical background 

2.1 Theobroma cacao L. 

The botanical name of the cocoa tree is Theobroma cacao L.. Originally Theobroma cacao 

L. is indigenous to South America (Afoakwa 2010). Located in a climate belt approximately 

within 20 degrees of the equator Theobroma cacao is cultivated in small farms (McShea et 

al. 2008). There is a vast genetic diversity of Theobroma cacao. It is suggested that there 

are more than 14000 distinct varieties of the plant, recently classified into ten major clusters 

(McShea et al. 2008; Motamayor et al. 2008). Depending on the variety, cocoa seeds are 

separated into bulk cocoa and fine or flavour cocoa by traders. The presence of special 

aroma notes such as floral and fruity characterise the fine cocoas (Ziegleder 1990; Kadow 

et al. 2013). Fermented and dried seeds of the cocoa tree, in current language called beans, 

are designated as raw cocoa. 

Preliminary stages of characteristic aroma precursors of chocolate are identified in fresh 

(unfermented) seeds, so in their cotyledon (Afoakwa 2010; Rohan 1964). However, fresh 

cocoa seeds do not produce chocolate flavour during the roasting process. The cotyledons’ 

storage components consist of 50 % fat, 15 % phenol, 12 % protein, 5 % starch and 2 % 

sucrose on a dry weight base (Kadow et al. 2013; Kim, Keeney 1984; Reineccius et al. 

1972; Nazaruddin et al. 2001; Reineccius et al. 1972). The aqueous pulp contains 12 % 

mono- and disaccharides, 2 % citric acid as well as further organic acids, esters, aldehydes, 

methyl ketones, secondary alcohols and terpenes (Kadow et al. 2013; Quijano, Pino 2009). 

2.2 Fermentation and aroma development 

Fermentation is essential to develop appropriate aroma precursors which generate choco-

late flavour (Afoakwa 2010). Fermentation process starts after harvest of mature fruits when 

the pods are broken and seeds (beans) are removed to heaps, boxes or baskets (Afoakwa 

et al. 2008). Cocoa beans are made up of an embryo which is enveloped by a seed coat 

(testa) and a sweet, white, mucilaginous pulp (Afoakwa 2010; Schwan, Wheals 2004). An 

embryo is made up of two storage cotyledons and an embryonic axis (Duncan, Todd 1972). 

In the first phase of fermentation beans are exposed to numerous sources of microorgan-

isms. On the sugar-rich acidic pulp and under anaerobic conditions these organisms, like 

yeasts and bacteria (Bacillus species), produce ethanol, lactic acid and acetic acid as well 

as heat (Afoakwa 2010; Aprotosoaie et al. 2016; Schwan, Wheals 2004). Under aerobe 

conditions and increasing temperature (45 -50 °C), the second phase, lactic acid formers 

are replaced with acetic acid-forming bacteria as dominant microflora. Both acids penetrate 
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into the cotyledons and acidification as well as heat lead to the death of the seed (Afoakwa 

2010; Aprotosoaie et al. 2016; Schwan, Wheals 2004). This leads to enzymatic reactions 

and structural changes which yield flavour precursors (Afoakwa et al. 2008; Afoakwa 2010; 

Mohr et al. 1976; Rohan, Stewart 1967). Traditional fermentation is spontaneously initiated 

by microorganisms transferred to the seeds from surfaces and tools, used for cutting the 

fruit, workers hands and containers from fermentation (Rodriguez-Campos et al. 2012). Fur-

thermore, temperature variation between inside and outside of heap fermentation can influ-

ence flavour development (Quesnel 1965; Wollgast, Anklam 2000). In total, scale and con-

struction as well as the wild inoculum during traditional fermentation can result in a hetero-

genic cocoa bean quality (Ziegleder, Biehl 1988). Developed spore-forming bacteria during 

fermentation can sometimes be responsible for the off-flavour formation (Schwan, Wheals 

2004). 

As mentioned, during fermentation of cocoa seeds various biochemical and chemical pro-

cesses inside the seed generate cocoa-specific aroma precursors (Afoakwa et al. 2008).  

During fermentation the content of fructose and glucose is increased. These reducing sug-

ars are increased in content due to inversion of sucrose. Reducing sugars decrease when 

seeds are dried and roasted (Brito et al. 2000). Furthermore, peptides and free amino acids 

are formed during the degradation of proteins. A correlation between the amount of pro-

duced free amino acids and the extent of developed aroma and flavour was found (Brito et 

al. 2000; Hashim et al. 1998; Rohan, Stewart 1966; Rohan 1964). However, formation of 

specific peptides is more important for flavour development rather than a high quantity of 

total peptides (Biehl et al. 1985). Efficiency and products of proteolysis, as specific peptides, 

are depending on different pH optima of endoprotease and carboxy- (exo)peptidase activi-

ties. Optimum for endopeptidase is pH 4,5 and pH 3,5 and 5,5 for carboxy- (exo)peptidase 

(Afoakwa et al. 2008; Biehl et al. 1985). A moderate acidification of the seeds during fer-

mentation seems important for a good aromatic flavour development. As acidification is 

crucial for proteolysis, having microorganisms appears not essential for the formation of 

typical aroma precursors (Afoakwa et al. 2008; Brito et al. 2000; Voigt et al. 1994). In sum-

mary the interactions of amino acids, peptides and reducing sugars lead to the formation of 

amadori products and are therefore necessary for aroma formation (Mohr et al. 1976; Mohr 

et al. 1971). Amadori compounds and certain individual peptides are potent aroma precur-

sors and therefore indispensable during roasting (Frauendorfer, Schieberle 2008; Mohr et 

al. 1976).  
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2.3 Gas chromatography-olfactometry 

A majority of volatile compounds present in an odour can be identified by applying GC anal-

ysis (Delahunty et al. 2006). However, the aroma profile of a food is not automatically rep-

resented by the peak profile received from a GC (Blank 1997). There are indications that 

only a very small part of the complex mixture of volatile compounds occurring in food con-

tribute to the odour and aroma (Blank 1997; Guth, Grosch (1999); van Ruth 2001). It is 

important to differentiate between the large number of volatile compounds and those which 

are odour-active volatiles. Not all volatiles are perceived the same. The amount of com-

pounds released from the food matrix as well as the odour properties of the compounds 

influence the perception. A physical GC detector is not as representative as a human nose 

due to wide threshold variations of odour-active compounds (Delahunty et al. 2006; van 

Ruth 2001). It was already proved that many key aroma compounds appear at low concen-

trations (Blank 1997). Sniffing effluents from a gas chromatograph (GC-O) provides a se-

lectivity for odour-activity. By specifying the extent, which food compounds or representative 

extract of food are above absolute threshold, a selectivity is given. Intensity and odour qual-

ity can also be described during GC-O (Delahunty et al. 2006; van Ruth 2001). 

There are several preparation methods for a sample that is about to be analysed in a gas 

chromatograph. A flavour profile is closely related to the isolation procedure. The received 

sample should represent the product which is investigated (d'Acampora Zellner et al. 2008). 

Mincing, homogenisation, centrifugation, distillation and extraction are potential preparation 

steps which can be applied according to the product. Steam distillation (SD), solvent ex-

traction (SE), simultaneous distillation–extraction (SDE), supercritical fluid extraction (SFE), 

pressurised-fluid extraction, Soxhlet extraction, solvent assisted flavour evaporation 

(SAFE), microwave-assisted hydrodistillation (MAHD), direct thermal desorption (DTD), 

headspace (HS) techniques, solid-phase microextraction (SPME), matrix solid-phase dis-

persion (MSPD) are some well-known sample preparation methods. Each method has its 

advantages and disadvantages. With widely applied SDE, for example, a representable 

sample can be obtained. The loss of highly volatile compounds, artifact formation and odour 

component degradation is an aspect that needs to be considered. SAFE works with low 

temperatures and high vacuum; without the risk of decomposition of labile compounds. 

However, both mentioned methods are complex in execution and time consuming. Further-

more, larger amounts of samples are needed for extraction. HS is often combined with 

SPME. Concentration step of static HS can be described by sampling of the atmosphere 

around the headspace of a food matrix. During SPME a coated fused silicea fibre collects 

the volatiles. Sampling time and temperature, type, thickness and length of fibre affect the 

chemical profile of collected volatiles. However, HS and SPME are solvent-free methods, 
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need small sample amounts and are, due to their easy utilization, very time effective. An-

other benefit of HS methods is the fact that the loss of most volatile compounds is very little. 

The loss of volatiles often has the biggest influence on the odour of a sample (d'Acampora 

Zellner et al. 2008; Plutowska, Wardencki 2008). 

Next to various sample preparation methods, there are different GC-O related techniques 

that can be applied. There are three categories to collect and process olfactometric data. 

Dilution analysis, respectively dilution to threshold are methods that determine odour po-

tency of a compound. It is based on the ratio of a compound’s concentration to its odour 

threshold. Combined hedonic response measurement (Charm-Analysis) and aroma extrac-

tion dilution analysis (AEDA) are examples for dilution analysis methods. Detection fre-

quency methods count the number of assessors detecting an odorant at a particular reten-

tion time. More frequently detected odours are concluded to have a greater relative im-

portance. The detection frequency is used as an estimate for odour intensity. Direct intensity 

methods are methods where assessors use a scale to measure the perceived intensity of 

the eluting compound. One type of direct intensity is posterior intensity method. The odour 

intensity is recorded on a scale after the peak has eluted from the column. Second type is 

the time-intensity method, for example OSME and finger span. Trained assessors rate the 

intensity, record the duration and describe the perceived odour at the same time when the 

compounds are eluting (d'Acampora Zellner et al. 2008; Delahunty et al. 2006; van Ruth 

2001). 

3 Materials and methods 

3.1 Cocoa samples 

Raw cocoa - produced with fermentation-like incubation 

A genotype mix of Trinitario cocoa (Theobroma cacao L.) from the Dominican Republic was 

used in the experiments. Fresh cocoa fruits for fermentation-like incubations were provided 

by Rizek Cacao. The experiment with fresh fruit material was started one week after har-

vest. The cocoa fruits were transported by express shipping. Unripe, damaged or 

moulded/brown fruits were rejected. To ensure viability, 2-3 seeds of each fruit were re-

quired to check germination capacity. Germination capacity was checked with a cut-test in 

order to see an intact embryo. In total 23 cocoa fruits were used. 

Raw cocoa - traditionally fermented 

Traditional raw cocoa beans (Theobroma cacao L.) were obtained from the Dominican Re-

public. It was also a typical mix of fine flavour cocoa of the genotype Trinitario used. Two 

repetitions of seven days fermented beans are investigated. Fermentation was executed in 
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wooden boxes. Each box contained 900 kg fresh cocoa seeds. A combined drying of sun-

drying and infrared drying was applied over six days.  

3.2 Fermentation-like incubation 

Cocoa fruits were sterilised for 20-30 minutes in a water bath with 100 ml DanKlorix® so-

dium hypochlorite solution (CP GABA GmbH, Hamburg, Germany). After drying on sterile 

paper, fruits were sprayed three times with Sterillium® (Bode Chemie GmbH, Hamburg, 

Germany). Sterilised fruits were opened with sterilised instruments under a clean bench. 

Seeds from each fruit were distributed equally to sterile 500 ml glass bottles. As a result, a 

total of 110 seeds was placed in each glass bottle. An average of 200 g ± 10 g of  10 mmol*l-

1 ethanol solution containing pectinase (Novozymes Pectinex® Ultra Tropical; Novozymes 

A/S, Bagsvaerd, Denmark) was added. The fermentation-like incubation was performed in 

total in seven days. Filled incubation glasses were aerated with nitrogen to assure anaero-

bic conditions for the first 24 hours. A water bath ensured a temperature of 30 °C for day 

one. On the second day the first incubation medium was replaced with a 75 mmol*l-1 acetic 

acid solution (average 190 g ± 20 g), temperature was adjusted to 45 °C and nitrogen was 

replaced by an airstream, having a constant air circulation. Microbial contamination was 

avoided by using sterile filter (Sartorius, Göttingen, Germany).  

Sampling was always done at the same time every 24 hours under sterile conditions. Seeds 

were put on petri dishes to dry at 50 °C for five days in a drying cabinet to ensure dry beans 

without becoming moldy. 

3.3 Preparation of samples for GC-MS 

Around 25 cocoa seeds were peeled per sample. Whole cocoa seeds were peeled with a 

scalpel and stored in a closed container until the next step preventing a major loss of volatile 

compounds. After all seeds for one sample had been peeled, seeds were pestled to 2-7 mm 

small particles. Around 2 g of cocoa nibs were weighed into a 20 ml glass vial and sealed 

with a silicone septum. Samples were stored frozen at -20 °C until use. 

3.4 HS-SPME-GC-MS-O 

3.4.1 Method optimization – Application of a Design of Experiments 

The volatile aroma profiles were recorded using HS-SPME-GC–MS-O. With a Design of 

Experiments (DoE, Design-Expert® Software Version 10) an appropriate equilibration and 

extraction time for the applied HS-SPME-GC-MS-O was determined. For DoE a response 

surface study type with central composite design was used. Limits for the experiment were 

geared on different studies for fermented and dried beans (Humston et al. 2009; Tran et al. 

2015) and also for cocoa liquor (Counet et al. 2002; Ducki et al. 2008; Misnawi 2011; Pini 

https://system.netsuite.com/core/media/media.nl?id=272783&c=1040663&h=860c61162534fcccd769&_xt=.pdf
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et al. 2004). Limits of equilibration time were 10 and 40 minutes, for extraction time 10 and 

30 minutes. Equilibration time of 10 minutes was used to cover lower limits. More than 40 

minutes of equilibration time was not investigated to limit the maximum preparation time. 

Most applied temperature for fermented and dried beans or for cocoa liquor is 60 °C (Ducki 

et al. 2008; Misnawi 2011; Pini et al. 2004; Tran et al. 2015). Furthermore, Humston et al. 

(2009) did a DoE and identified 60 °C as the best equilibration and extraction temperature 

for raw cocoa beans which is why this temperature is used in this investigation.   

Two different SPME fibres were tested for extraction; 50/30 µm divinylbenzene/carboxene 

on polydimethylsiloxane (DVB/CAR/PDMS) and 65 μm polydimethylsiloxane-divinylben-

zene (PDMS/DVB) fibre.  

In total 26 runs were calculated for the DoE and executed in double determination with the 

described parameters. The experiments were carried out with each 2 g of traditional fer-

mented cocoa nibs. Target was to achieve the highest average value of all peak areas. For 

evaluation, the response of the target size was analysed.  

As result the optimal conditions (highest peak areas) for the HS-SPME were obtained. An 

equilibration time of 10 minutes, an extraction time of 28 minutes and use of the PDMS/DVB 

fibre was calculated as optimal conditions with the Design-Expert® Software. 

3.4.2 Equipment and applied conditions 

HS-SPME-GC–MS-O was performed with an Agilent gas chromatograph, type 6890N (Ag-

ilent Technologies, Waldbronn, Germany). The method of headspace solid phase micro 

extraction (HS-SPME) was applied to transfer volatile compounds to a DB-WAX column 

(250 μm, 25 μm film thickness and a length of 30 m; Agilent Technologies, Waldbronn, Ger-

many). For HS-SPME prepared vials were incubated for 10 min at 60 °C in a thermostatic 

agitator; followed by an extraction of 28 min at 60 °C on a well-conditioned polydime-

thylsiloxane-divinylbenzene (PDMS/DVB) on a StableFlex fibre (Supelco, Bellefonte, PA, 

USA). These conditions are results of the previously run DoE. The following time–temper-

ature programme was applied: Start with 40 °C (3 min), from 40 °C to 56 °C (3 °C/min) hold 

for 2 min, from 56 °C to 80 °C (15 °C/min), from 80 °C to 120 °C (6 °C/min), from 120 °C to 

200 °C (10 °C/min) and from 200 °C to 250 °C (30 °C/min). Injector and transfer lines were 

maintained both at 270 °C. The detector temperature was kept at 230 °C. The gas chro-

matograph was equipped with one sniffing port (JAS - joint analytical systems GmbH, 

Moers, Germany) and a 5975C VL MSD with Triple-Axis Detector Mass Spectrometer (MS; 

Agilent Technologies, Waldbronn, Germany) in an electron ionisation (EI) mode at 70 eV 

(scan area: m/z range from 35 to 350 amu). At the end of the DB-WAX column the effluent 

was split 1:2 for MS and sniffing port. Hydrogen is used as a carrier gas (3,4 ml/min). To 
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prevent drying out of assessor’s nose humidified nitrogen-air mixture is carried to the sniff-

ing port. Detection of volatile compounds in the headspace was performed analytical with 

the MS and sensorial with olfactometry. For identification the reference mass spectral data 

base of the National Institute of Standards and Technology MS library searches 

(NIST/EPA/NIH Version 2.0 f, 2008) together with the MSD ChemStation software and Ko-

vats retention index from literature (NIST library) was used. When available standard pure 

substances were used to confirm identification. The content of each compound was defined 

as the integrated peak area of the volatile compound from the GC-MS. The mean peak area 

was calculated from total contents of replicate analyses. Only odour-active compounds 

were used for calculation of total contents of chemical groups.  

The split effluent part to the sniffing port is used to determine olfactometrically the aroma 

activity of individual volatile compounds.  

3.4.3 Olfactometrically data acquisition 

To collect and process olfactometrically (GC-O) data a combined method of detection fre-

quency, intensity rating and description of the odour from Petersen (2013) is used. Detec-

tion frequency methods capture detected odours over a group of assessors and thereby 

overcome the limitations of a small number of assessors and the use of detection thresholds 

(Linssen et al. 1993; van Ruth 2001). In this experiment the noise level is set to 40 % of all 

panellists. This means, at least two out of six panellists must have a perception at the same 

time, so the detection can be regarded as meaningful. Due to possible variance between 

individual panellists the flavour score concept considers the mean value of intensity rating 

and frequency of detecting an odour (Petersen 2013). 

flavour score (FS) = detection frequency (DF) * flavour intensity (FI)          (Petersen 2013) 

Identical gas chromatographic runs were carried out for each panellist (van Ruth 2001). A 

variable resistor was used to record a signal. Verbal odour descriptions and intensity ratings 

were recorded written by a second person. A 5-point scale from 1 = very weak to 5 = very 

intensive was used. 

Selection criteria for defining meaningful odour-active compounds were: 

- FS value ≥ 5 at least one out of two (50 %) traditional fermented samples or/and 

- FS value ≥ 5 of least 75 % of fermentation-like incubation samples or/and 

- FS value ≥ 5 of four consecutive samples from fermentation-like incubation or/and 

- FS values ≥ 5 for unfermented beans and beans from first incubation day. 
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3.5 Panel 

Sensory evaluation of the samples was carried out by twelve trained panellists, eight fe-

males and four males. Panellists were trained at least once or twice a week for five months. 

Training was carried out with standard substances on paper smelling stripes. Substances 

for training (in total sixteen) were selected after first screenings of samples and included at 

least one substances of each chemical group that can be found in cocoa nib samples. Train-

ing included simple descriptive, odour recognition, memory, pair comparison, ranking of 

intensities, detection and triangle tests as well as test sniffing sessions to get used to sniff 

at the sniffing port.  

Each sample was sniffed six times by panellists. Sniffing time of each sample was split in 

two halves. No panellist had to sniff the same half of the sample twice. It was tried to have 

each panellist sniff each sample once; at least one half of the sample.  

3.6 Statistic 

Two-way analysis’ of variance (ANOVA) and multiple range tests were used to determine 

effects and interactions of factors. As multiple range test, a Tukey multiple comparison at 

95 % significance level, was implemented to detect differences between factor levels. The 

multivariate technique principle component analysis (PCA) was performed to reduce the 

dimensionality of the data sets from GC-MS and GC-O. Based on similarities and                  

differences, data sets can be compressed without much loss of information. A new ordered 

data set of variables was converted which are the principle components or dimensions (Jol-

liffe 2002; Rodriguez-Campos et al. 2011). Another multiple range test, a multiple factor 

analysis (MFA), was applied. Both data sets are based on the same samples. Therefore, a 

MFA can be applied to evaluate the relationships between flavour score obtained by GCO 

and the content (peak area) obtained by GC-MS of selected odour-active compounds.  

All treatments of fermentation-like incubation (e.g. IC2-Rep1 and IC2-Rep2) were done in 

duplicate. All analysis’ (e.g. peak area/content) were repeated at least six times. The results 

of the content of chemical compounds is therefore an average value. Furthermore, the 

mean values of repetition one and two are reported, unless otherwise indicated.  

4 Results 

4.1 Volatile odour-active compounds produced during fermentation-

like incubation and traditionally fermentation 

In cocoa beans of fermentation-like incubation and traditionally fermentation 34 odour-ac-

tive compounds were identified, respectively. They are shown sorted by chemical groups in 

table 1. Two identified aldehydes were 2-methylpropanal and 3-methylbutanal. From eleven 
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identified odour-active alcohols two were amyl alcohols 3-methyl-1-butanol and 2-pentanol 

and the others were ethanol, 2-methyl-3-buten-2-ol, 2-heptanol, 1,2-oxolinalool, 2-nonanol, 

1,2-dihydrolinalool, phenylmethanol, 2-phenylethanol and 2-[(Z)-octadec-9-enoxy]ethanol. 

Some of the amyl alcohols are used to assess fermentation degree and flavour of cocoa 

(Oberparleiter, Ziegleder 1997). Five pyrazines and pyrroles and five esters were identified 

in this study (table 1). Three ketones and in each case one compound of phenols, furans, 

alkanes and alkenes were detected (table 1).  

The following components were also identified in this investigation: 1-phenylethanone, 2-

pentanol acetate, ethyl acetate, 2-phenylethyl ester acetic acid, benzaldehyde. However, 

the components did not match the selection criteria for meaningful odour-active (see expla-

nation in chapter 4.4.3) substances or the allocation to other components was more appro-

priate. Therefore, they were not further investigated. Benzaldehyde, for example, was de-

tected in all samples. The peak of benzaldehyde elutes shortly before the 3,5-diethyl-2-

methylpyrazine peak. 3,5-Diethyl-2-methylpyrazine was not detectable in samples from fer-

mentation-like incubation but in samples from traditionally fermented beans. Given odour 

descriptions from the panel show a better match with literature descriptions for 3,5-diethyl-

2-methylpyrazine. On basis of the odour description, it was decided to refer to 3,5-diethyl-

2-methylpyrazine. Same decision was made for 2-pentanol acetate and ethyl 3-methylbuta-

noate. Given signals during GC-O measurements and odour descriptions from the panel 

are more appropriate for ethyl 3-methylbutanoate. 

Substances like 2-methylbutanal, 2,3-butanediol, butylamine, 1,3-propanediol, diacetate, 

epoxylinalool, 3,7-dimethyl-1,6-octadiene or pinane, limolene, beta-pinene, acetoin, dime-

thyl sulphide were not clearly identified, and/or it was too less often detected at GC-O. A 

last group of components could be identified, but were not odour-active in any sample. 

These were linalool, butyrolactone, hexanoic acid, 2-methoxy phenol, methyl ester benze-

atic acetic acid, octanoic acid and nonanoic acid. In table 1 a listing of all detected odour-

active meaningful substances is given. 

    



 
 

12 
 

Table 1 (part 1) Odour-active volatile compounds identified in cocoa bean samples from fermentation-like incubation and traditional fermentation, using HS-SPME-GC-MS-O. GC–MS was used 

for compound identification and the panel generated the odour description with use of GC-O. For identification the reference mass spectral data base of the National Institute of Standards and 

Technology MS library searches (NIST) together with the MSD ChemStation software and Kovats retention index from literature (NIST library) was used. When available standard pure sub-

stances were used to confirm identification. 

Odour descriptions cited in the text are underlined. DF= Detection frequency; how often a chemical compound is detected in other studies, KI = Kovats Index from NIST library 

Retention 

time [min] 

Compound Chemical group Odour description (panel) DF in 

studies  

KI  

(Kovats Index)  

  Aldehydes        
 

1,23 2-methylpropanal Aldehyde cocoa, chocolate, roasted, nutty, vanilla 7  543 

1,81 3-methylbutanal Aldehyde cocoa, chocolate, roasted, caramel 8 643 

  Ketones       
 

2,47 2-pentanone Ketone vanilla, sweet, butter, caramel, fruity 3 654 

7,16 2-heptanone Ketone fruity, sweet/candy, nail polish, flowery 10 853 

13,51 2-nonanone Ketone sweet, citrus, green, soapy, spicy, earthy, woody 4 1052 

 Alcohols and Phenols     

2,11 ethanol Alcohol alcoholic, solvent, chemical 2  463 

3,69 2-methyl-3-buten-2-ol Alcohol fruity, sweetish, citrus, flowery - 600 

5,7 2-pentanol  Alcohol sweet, fruity, solvent 4 681 
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Table 1 (part 2) Odour-active volatile compounds identified in cocoa bean samples from fermentation-like incubation and traditional fermentation 

8,5 3-methyl-1-butanol Alcohol banana, flowery, citrus, honey (TfC) 

chocolate, earthy, forest, woody, musty, nutty 

(IC) 

4 697 

9,1 2-[(Z)-octadec-9-

enoxy]ethanol 

Alcohol fruity, sweet, green - 2336 

12,44 2-heptanol  Alcohol soapy, flowery/parfumy, green, fruity, citrus 5 879 

14,39 1,2-oxolinalool Alcohol fruity, citrus, green, sweet, chemical - 1133 

16,45 2-nonanol Alcohol green, savory, herbal, vegetal, green leaves, 

green pepper 

1  1078 

16,6 1,2-dihydrolinalool Alcohol green, herbal, grassy, peppery, woody - 1092 

21,85 phenylmethanol Alcohol vanilla, sweet, flowery, green 7 1036 

22,35 2-phenylethanol  Alcohol smokey, burnt, woody, vanilla, flowery (TfC) 

sweet, fruity, flowery, hay (IC) 

11 1136 

23,45 phenol  Phenol soapy, flowery, vanilla, fruity 3 
 

  Esters       
 

2,27 propyl acetate Esters glue, fruity, sweet, flowery - 686 

3,95 ethyl 3-methylbutanoate  Esters nail polish, glue, fruity 1 820 
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Table 1 (part 3) Odour-active volatile compounds identified in cocoa bean samples from fermentation-like incubation and traditional fermentation 

5,41 3-methylbutyl acetate  Esters banana, ice candy (TfC); fruity, flowery, sweet 

(IC) 

1 820 

10,31 2-heptanol acetate Esters fruity, sweet, solvent, glue, green, flowery 2 1019 

14,52 ethyl octanoate Esters green, herbal, vegetal, savory, green peas, for-

est 

7 1183 

  Acids       
 

14,99 acetic acid Acid acid, sour, pungent, musty, sour dough bread 7 576 

19,2 3-methylbutanoic acid Acid cheesy, musty, sour, sweet, rotten, yeasty 1 811 

 Pyrazines and Pyrroles     

12,62 2,3-dimethylpyrazine Pyrazine sweet, vanilla, honey, musty, nutty 11 894 

13,9 2,3,5-trimethylpyrazine Pyrazine vanilla, earthy, musty, roasted, sweet  13 1008 

15,3 2,3,5,6-tetramethylpyra-

zine 

Pyrazine musty, earthy, chocolate 13 1121 

16,23  3,5-diethyl-2-methylpyra-

zine 

Pyrazine earthy, herbal, green, vegetal, green leaves, 

woody, mushroom 

10 1206 

23 1-(1H-pyrrol-2-yl)ethanone  Pyrrole overripe mango, grassy, woody, musty, smoky 8 1035 
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Table 1 (part 4) Odour-active volatile compounds identified in cocoa bean samples from fermentation-like incubation and traditional fermentation 

  Furan        
 

14,91 cis-linalool oxide Furan  musty, peas, earthy, vegetal 7 1164 

  Hydrocarbons       
 

3,4 toluene Hydrocarbons glue, fruity, sweet, alcoholic 3 794 

  Oxime       
 

20,69 methyl (Z)-N-hydroxyben-

zenecarboximidate 

Oxime fruity, earthy, woody, sweet/vanilla - 1301 

 
Alkanes and Alkenes 

    

0,99 2,2,4-trimethylpentane Alkane musty, putrid, sulfur - 668 

2,88 2,6-dimethyl-2-octene Alkene glue, sweet, fruity, vanilla, solvent - 936 
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4.2 Developments in cocoa during course of fermentation-like incu-

bation 

Major compounds in terms of total content were acids, alcohols and ketones (Fig. 1). Alco-

hols 2-phenylethanol, 3-methyl-1-butanol and ethanol showed an increase in content on 

day one of fermentation-like incubation. After the first day a decrease in content of the men-

tioned alcohols can be observed (Fig. 1). 2-Pentanol, 2-heptanol and 2-methyl-3-buten-2-

ol showed a continuous decrease in content from the fresh cocoa bean up to cocoa from 

day three of incubation. From third day on no change of any alcohol content, except for 

ethanol, was determined. 2-Nonanol, methyl (Z)-N-hydroxybenzenecarboximidate and 1,2-

dihydrolinalool were alcohols with minor contents. Phenylmethanol was not developed in 

cocoa beans of fermentation-like incubation. Ketones showed a small but significant de-

crease (Fig. 1). Only 2-nonanone did not change significantly. Aldehydes and esters had 

no significant higher total content than pyrazines (Fig. 1). In general, all three chemical 

groups were the minor components (Fig. 1). All esters, besides propyl acetate, varied not 

significantly in content over time of fermentation-like incubation. The aldehyde 3-methylpro-

panal showed no significant increase in content after acidification of cocoa beans on day 

two. After the increase the content of the aldehyde remained constant in cocoa up to of day 

seven of incubation. The pyrazines 2,3,5-trimethylpyrazine, 2,3,5,6-tetramethylpyrazine 

and 3,5-diethyl-2-methylpyrazine were not developed in cocoa beans during fermentation-

like incubation. 2,3-Dimethylpyrazine had a significant increase in content of fresh cocoa to 

cocoa of the second day of fermentation-like incubation, followed by no significant decrease 

in cocoa until the end of fermentation-like incubation. The pyrrole 1-(1H-pyrrol-2-yl)etha-

none was present in all cocoa samples of fermentation-like incubation with no significant 

change in total content.  

The furan cis-linalool oxide and 2,2,4-trimethylpentane showed a significant decrease in 

content of the fresh cocoa beans (FC0) to cocoa beans from the beginning until the end of 

fermentation-like incubation. 2,6-Dimethyl-2-octene, (Z)-n-hydroxybenzencarboximidate, 

toluene and phenol did not change significantly in content of cocoa during fermentation-like 

incubation.   
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Fig. 1 Dynamics of total content of volatile compounds by chemical groups for fresh cocoa (FC0) and cocoa in the process 
of fermentation-like incubation (IC1, IC2, IC3, IC4, IC5, IC6, IC7) 
content of compounds was defined as the integrated peak area of the volatile compound from the GC-MS; given results 
are the average values of data from six GC runs and the mean value of repetition one and two; associated compounds of 
groups can be seen in table 1; hydrocarbon, furan and oxime are excluded 

Repetitions showed variations in FS. However, the magnitude of the individual FS’s be-

tween repetitions was similar. Over 50 % of all FS’s from the second repetition were higher 

than the first. A drift of the FS’s was noticeable. A PCA was performed (Fig. 2). It confirms 

the drift of FS. A change between fresh cocoa (FC0), cocoa from first (IC1) and second 

(IC2) day of fermentation-like incubation in comparison to cocoa of remaining days of fer-

mentation-like incubation was existing in both repetitions. The closer the cocoa sample FS’s 

of repetition one and two were, the less the cocoa samples of repetition one and two were 

diverse in their FS’s. The distance between repetition one and two of a cocoa sample and 

therefore the size of the ellipses can be assigned to reproducibility of repetitions (Fig. 2). 

The smaller the size of the ellipses the better the reproducibility is. 

The order of cocoa samples from the single days of incubation from day three to seven is 

divers between repetition one and two (Fig. 2). A second performed PCA showed the FS 

mean value of repetition one and two (Fig. 3). 
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Fig. 2 Principle component analysis (PCA) of flavour scores from cocoa samples; first two principle components – score 
plot. Variations in flavour scores of cocoas between repetition one and two. mean = is the mean of repetition one and two 
of a cocoa sample. Size of ellipses can be assigned to reproducibility of repetitions.  

Significant changes in FS could be observed only for the three active odours soapy/flowery, 

cocoa/nutty and acid/sour. In order to get an overview how cocoa samples over the time of 

fermentation-like incubation can be characterised, a PCA of their flavour scores was per-

formed (Fig. 3). Seven chemical compounds were removed for the PCA of samples from 

fermentation-like incubation. Phenol, 2,3-dimethylpyrazine, phenylmethanol, 1-(1H-pyrrol-

2-yl)ethanone, 2,3,5-trimethylpyrazine, 2-phenylethanol and 2,3,5,6-tetramethylpyrazine 

were removed because they did not have two or more FS values ≥ 5 and therefore were 

not relevant for consideration (see chapter 4.4.3). First dimension (F1) of the PCA explains 

34,57 % of the data and second dimension explains 22,03 %. In this graphical view (Fig. 3) 

the differences in odour perception of incubated cocoa samples become clear. The further 

the samples are away from an odour, the less this odour describes a sample. However, 

shorter lines and corresponding odour descriptions are not explained in this view of dimen-

sions. They can be explained on other dimensions. The other dimensions, however, do not 

explain that much information than the first two dimensions do. 

The flavour profile, referring to the individual substances, changes from fresh cocoa sam-

ples (FC0) over cocoa samples from the first (IC1) and second (IC2) day of incubation to 
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samples from the remaining days of incubation (IC3 – IC7). From the third day cocoa sam-

ples from fermentation-like incubation can be characterised more by cocoa/nutty, co-

coa/caramel, acid/sour and fruity/sweet/green, fruity/solvent odours. Another distinct 

change in odour perception can be seen in figure 3. Cocoa samples, relating to FS, of day 

five and six of fermentation-like incubation are a bit further apart from cocoa samples of day 

three and four. Cocoa bean samples from day three and four can be described with a more 

vanilla/buttery/sweet and glue/alcoholic odour than samples from day five and six. They are 

located further in the positive direction on the second dimension. Cocoa samples from day 

five and six had a slightly higher cheesy and a green pepper/savory note, explained by 

dimension two (Fig. 3). Cocoa beans from the last day of fermentation-like incubation are 

in the middle between cocoa beans from day three to four and cocoa beans from day five 

to six. Cocoa beans from day seven had a less pronounced green pepper/savory and 

cheesy odour than beans from day five and six (Fig. 3). Furthermore, they had a less pro-

nounced vanilla/buttery/caramel and glue/alcoholic odour than samples from day three and 

four (Fig. 3). The fresh cocoa and cocoa samples from fermentation-like incubation day one 

and two had in general more earthy/green leaves, musty/peas and soapy/flowery notes; 

especially the fresh cocoa (FC0). However, odour perception of cocoa from day one and 

two is different regarding dimension two. Cocoa beans from day two had a more cheesy, 

green pepper/savory note. Beans from day one had a more vanilla/buttery/caramel and 

glue/alcoholic note.  
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Fig. 3 Principle component analysis of flavour scores (mean of repetition one and two) with odour description; first two 
principle components – biplot from fresh cocoa beans at time zero (FC0), cocoa beans from fermentation-like incubation 
from day one to seven (IC1, IC2, IC3, IC4, IC5, IC6, IC6, IC7); odour descriptions with ellipses describe the first dimension, 
odour description with squared frames describe the second dimension 

As it was explained, only three odours showed a significant change in their FS during course 

of incubation. The following graphics (Fig. 4 a) and b)), nevertheless, show the tendency of 

flavour scores over the course of fermentation-like incubation. In fresh cocoa beans a more 

musty/peas, earthy/green leaves, glue/flowery, glue/alcoholic, nail polish and a more 

soapy/flowery odour was perceived than in fermented bean samples. In contrast the odours 

alcoholic/solvent, fruity/solvent, fruity/sweet/green, cocoa/caramel, cocoa/nutty and 

acid/sour were perceived fewest in the fresh cocoa and higher in cocoa samples during the 

course of fermentation-like incubation.  
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Fig. 4 a) Decreasing flavour scores from odour-active volatiles and b) Increasing flavour scores from odour-active volatiles 
during fermentation-like incubation of the Theobroma cacao L. from fresh cocoa at time zero (FC0) and incubated cocoa 
beans from day one to day seven (IC1, IC2, IC3, IC4, IC5, IC6, IC7); given results of flavour scores are mean value of repeti-
tion one and two. 

4.3 Comparison traditionally fermented cocoa and cocoa from fermen-

tation-like incubation 

Traditionally fermentation was seven days. The comparison of cocoa from fermentation-like 

incubation was therefore with the sample from the seventh day. Significant higher contents 

of esters and especially pyrazines/pyrroles were detected in samples from traditionally fer-

mented cocoa. Contents of acids, alcohols, ketones and alkanes/alkenes were not signifi-

cantly higher (Fig. 5). Contents of aldehydes were significantly, and hydrocarbons were not 

significantly lower in traditional fermented cocoa samples.  
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Almost all pyrazines (2,3-dimethylpyrazine, 2,3,5-trimethylpyrazine, 3,5-diethyl-2-methylpy-

razine), three esters (3-methylbutyl acetate, ethyl 3-methylbutanoate, 2-heptanol acetate), 

two alcohols (3-methyl-1-butanol, 2-phenylethanol) and 3-methylbutanoic acid showed a 

significantly higher content in traditionally fermented cocoa. 2,3,5,6-Tetramethylpyrazine 

was just not significant with a p-value of 0,051. Methyl (Z)-N-hydroxybenzenecarboximidate 

was significantly lower in incubated cocoa samples. Significantly higher contents in incu-

bated cocoa samples were detected for all aldehydes, four alcohols (2-heptanol, 2-methyl-

3-buten-2-ol, 2-[(Z)-octadec-9-enoxy]ethanol, ethanol), propyl acetate and 2,6-dimethyl-2-

octene. Differences in content of all ketones were not significant. The same applies to four 

alcohols (1,2-dihydrolinalool, 1,2-oxolinalool, phenylmethanol, 2-pentanol, 2-nonanol), ethyl 

octanoate, acetic acid, toluene, phenol and 1-(1H-pyrrol-2-yl)ethenone. 

 

Fig. 5 Dynamics of total content of volatile compounds by chemical groups of traditionally fermented cocoa (TfC) and 
cocoa of the last day of fermentation-like incubation (IC7);content of compounds was defined as the integrated peak area 
of the volatile compound from the GC-MS; given results are the average values of data from six GC runs and the mean 
value of repetition one and two; associated compounds of groups can be seen in table 1; hydrocarbon, furan and oxime 
are excluded 

The ratio of 3-methylbutyl acetate to 3-methyl-1-butanol can be used to check overfermen-

tation. It was checked, because of the significant increase of both components. A ratio 

higher than 1,5 indicate overfermented beans. For incubated cocoa the ratio was between 

0,5-1,0 (IC7 and IC7-Rep), whereas the ratio for traditional fermented cocoa beans was 

between 5,1-6,4 (TfC1 and TfC2). 

When all samples are clustered with statistical tools there are nine clusters: FC0, IC1, IC2, 

IC3/4, IC5, IC6, IC7, TfC1 and TfC2. Seven dimensions are considered because the Eigen-

value is above 1 until the seventh dimension. It means that cocoa from every day of fer-
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mentation-like incubation, except for cocoa from day three and four, were perceived differ-

ent in GC-O. To get an overview how all cocoa samples from fermentation-like incubation 

were perceived in FS in comparison to traditionally fermented samples, a PCA was per-

formed. Cocoa from fermentation-like incubated can be characterised differently than cocoa 

from traditional fermentation. Dimension F1 and F2 explain about 60 % of information (Fig. 

6). Positive side of dimension F1 characterises traditionally fermented cocoa samples with 

following odours: vanilla/earthy/roasted, vanilla/sweet, soapy/vanilla, sweet/vanilla/honey, 

banana/ice candy, glue/flowery, overripe/grassy/smoky, cheesy/rotten and 

musty/earthy/chocolate. All samples from fermentation-like incubation can be characterised 

as green/herbal and alcoholic/solvent on the negative side of dimension F1 (Fig. 6). 

 

 

Fig. 6 Principle component analysis of flavour scores (mean of repetition one and two) with odour desription; first two 
principle components – biplot from fresh cocoa beans at time zero (FC0), cocoa beans from fermentation-like incubation 
from day one to seven (IC1, IC2, IC3, IC4, IC5, IC6, IC6, IC7) and cocoa beans produced by traditional fermentation (TfC) of 
Theobroma cacao L.; odour descriptions with ellipses describe the first dimension, odour description with squared frames 
describe the second dimension 

To have a better comparison of odours from cocoa of the last day of fermentation-like incu-

bation and cocoa from traditional fermentation, another PCA was performed (Fig. 7). It sep-

arated samples by FS. All odours on the negative side of dimension F1 had a higher FS for 

the incubated cocoa sample (IC7). Green/herbal, musty/peas, green, alcoholic/solvent, 
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sweet/fruity, fruity/solvent, fruity/sweet/green, sweet/citrus/green, fruity/musty, fruity/earthy, 

soapy/flowery, cocoa/nutty, cocoa/caramel, acid/sour, musty/putrid characterised more the 

incubated cocoa sample (Fig. 7). 

Green pepper/savory, glue/flowery, glue/vanilla, nail polish, fruity/candy, fruity/sweetish, ba-

nana/ice candy, soapy/vanilla, vanilla/butter/caramel, sweet/vanilla/honey, vanilla/sweet, 

overripe/grassy/smokey, vanilla/earthy/roasted, smokey/woody/flowery, musty/earthy/ 

chocolate, cheesy/rotten characterised more the traditional fermented samples (Fig. 7). 

However, not all FS were significantly different between cocoas of fermentation-like incu-

bation and traditional fermentation. Acid/sour, cocoa/nutty, green, fruity/solvent, 

green/herbal, sweet/fruity, musty/peas, musty/putrid, soapy/flowery had significantly higher 

FS for the incubated cocoa (IC7). Cheesy/rotten, musty/earthy/chocolate, va-

nilla/earthy/roasted, soapy/vanilla had significantly higher FS for traditionally fermented co-

coa. 

 

Fig. 7 Principle component analysis of flavour scores (mean of repetition one and two) with odour descriptions; biplot of 
cocoa bean samples from day seven of fermentation-like incubation (IC7) and traditional fermentation (TfC 1 & 2); odours 
on the negative side of dimension F1 have a higher FS for the incubated cocoa sample (IC7), odours on the positive side of 
dimension F1 have a higher FS for traditional fermented cocoa samples       

On basis of these results, some odour-active compounds were defined as important odour 

compounds. To be defined as an important odour, the compound must be mentioned before 

in other studies and must have a high flavour score (FS > 10). Even if an odour was not 
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significantly different in FS, it was defined as important odour. In total six odours are im-

portant for cocoa samples of traditional fermentation and fermentation-like incubation: 

green/herbal, green pepper/savory, nail polish, acid/sour, cocoa/caramel and fruity/solvent. 

Vanilla/butter/caramel, vanilla/earthy/roasted, vanilla/sweet and cheesy/rotten were im-

portant for traditional fermented beans and soapy/flowery, cocoa/nutty and alcoholic/solvent 

for incubated samples. In figure 8 and 9 components defined as important are marked bold 

framed. In total ten out of 34 odour-active compounds were defined as important odours for 

traditional fermented cocoa beans (TfC) and nine out of 34 for the incubated cocoa sample 

(IC7).  

The odour profiles of cocoa samples from traditional fermentation and fermentation-like in-

cubation were illustrated in four categories (figure 8 and 9). All odour-active volatiles iden-

tified in this study were grouped into one of the four odour categories: green/alcoholic (green 

colour), fruity/flowery/glue (red colour), vanilla/cocoa (yellow colour) and acid/putrid (blue 

colour). Cocoa samples from traditional fermentation and fermentation-like incubation con-

tained odours of all four categories (see figure 8 and 9). In general, cocoa samples of tradi-

tional fermentation and fermentation-like incubation showed similar important odours. How-

ever, the different defined important odours showed the diversity between cocoa of tradi-

tional fermentation and fermentation-like incubation. 

 

Fig. 8 Odour-active volatiles grouped in four categories by odour description – traditional fermented cocoa.   
Size of the circles represents the flavour score of each odour. Bold framed circles are defined as important odours. 
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Fig. 9 Odour-active volatiles grouped in four categories by odour description – cocoa from fermentation-like incubation 
day seven (IC7).  
Size of the circles represents the flavour score of each odour. Bold framed circles are defined as important odours. 

In general, individual categories of active odours like green/alcoholic (green colour), 

fruity/flowery/glue (red colour), vanilla/cocoa (yellow colour) as well as acid/putrid (blue col-

our) cannot be assigned to one chemical class (Fig 8, Fig. 9). Green/alcoholic category was 

represented by alcohols, esters and furan. Fruity/flowery/glue category was represented by 

alcohols, esters, ketones, hydrocarbons, oximes and alkenes. Ketones, especially pyra-

zines and aldehydes represented vanilla/cocoa category.  Acids, alkene, furan, pyrrole and 

alcohol represent acid/putrid category. 

 

A multiple factor analysis (MFA) was used to analyse data from GC-MS, the chemical com-

ponents (peak area), and data from GC-O (calculated FS) at the same time. MFA was      

executed with data sets from cocoa of traditional fermentation and from fermentation-like 

incubation. Both data sets were compared. Similarity of both data sets can be measured 

with the correlation coefficient. A correlation coefficient of 0,879 indicated a high conformity 

between peak area and flavour score. Additionally, the accordance of the PCA to MFA can 

be evaluated. PCA of GC-MS had a higher accordance with the MFA (0,971) than the PCA 

of GC-O with a value of 0,966. However, the accordance is very similar. 

Data from chemical components and from flavour score correlate positively on the first di-

mension for substances like 2,3,5,6-tetramethylpyrazine, 2,3,5-trimethylpyrazine, 3-methyl-

butyl acetate, 3-methylbutanal and 3-methylbutanoic acid. That means when the content of 
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a chemical substance was increasing than the flavour score also was increasing. Correla-

tion on the second dimension is negative. Following substances and their odour description 

are negatively correlated: 2,2,4-trimethylpentane, 2-heptanol acetate, 2-methylpropanal. 

When the content of a chemical substance was decreasing or low, then the flavour score 

for this substance was increasing or high.  

A second MFA was executed only for samples of fermentation-like incubation. It showed a 

high conformity between peak area and flavour score with a correlation coefficient of 0,879. 

In this second MFA the accordance of the PCA to MFA was higher for GC-O data set (0,975) 

than for the GC-MS data set (0,963). When considering only fermentation-like incubation 

samples, on the first dimension a negative correlation and on the second dimension a pos-

itive correlation was observed.  

5 Discussion 

5.1  Methodology 

HS-SPME-GC-MS/O was a suitable method to compare the odour-active volatiles of cocoa 

beans from traditional fermentation and fermentation-like incubation.  

No quantification was performed as time was a limiting factor. Quantification would produce 

more precise and reliable results than referring to peak area. Additionally, confirmation of 

volatiles with standard pure substances could, due to cost reasons, not be conducted for all 

identified components. For components, where no Kovats retention indices could be found 

in comparable literature, it would be a desirable aim to assure more confident findings with 

standard pure substances.  

The executed DoE, however, has led to an improved identification of components. Good 

identification of components with the mass spectral data base mainly depends on the peak 

area. The peak area of defined important components was increased by adapting parame-

ters for HS-SPME.  

The time-temperature profile of the GC method was adapted to have a relatively short GC 

run time but simultaneously good separated peaks. A short GC run induces a short sniff 

duration what is advantageous for the panellists to avoid sensory fatigue (Delahunty et al. 

2006). To support a good performance the sniffing time for each panellist was bisected in 

comparison to the GC run time. On the one hand a short GC run can be disadvantageous 

for the correct identification of volatiles and on the other hand for the assignment of given 

panel description and the eluting compound.  

On the one hand, when more than one compound is eluting from the equipment very close 

together or at same time, a conclusively identification is difficult to make without further 

analysis (Chambers, Koppel 2013). As described above a confirmation with pure standard 
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substances is one option. Another option to assure better identification and a higher reso-

lution could be a two-dimensional gas chromatography. Analytes in a sample are selectively 

separated on two different separation columns, thereby contributing to a better separation 

and therefore better identification (Meinert, Meierhenrich 2012). 

On the other hand, a given signal of a panellist can hardly be assigned to close eluting 

compounds. The perception of an eluting compound and the time to react (giving a signal) 

is variable for each component and for each panellist. The closer eluted compounds are the 

more difficult it is to identify the right component, especially when compounds smelling sim-

ilar. It is also possible that panellists detect some components that cannot be detected from 

the GC-MS.  

The facts of sensory fatigue and identification issues have to be considered but can hardly 

be improved when applying GC-O as a method. Both issues mainly rely on the length of the 

GC run. It should be investigated if a two-dimensional GC in combination with olfactometry 

is a possible solution. 

Panellists were trained to accurately describe and rate odours. However, a panellist only 

has a few seconds to assess a perceived odour. This can cause a wrong attribution to a 

compound (Chambers, Koppel 2013). A variable description of an odour, other than found 

in literature, can also be explained by concentration of a component. Different concentra-

tions can cause different odour notes (Legrum 2011). Additionally, it is known that olfactory 

response of an individual varies over time and with the speed of breathing (Brattoli et al. 

2013). 

Two repetitions were executed consecutively. Within repetition one and two, sniffing was 

performed randomised and blind. The mean variation of the two repetitions probably arise 

from the consecutively realisation and the associated familiarization with sniffing cocoa 

samples on the sniffing port. Training of the panellists stopped after they have reached the 

required amount of training sessions and results. To ensure a consistent description and 

especially rating of odours a continued training should occur. A short training session with 

standard substances after a sniffing session or a standard sample, which has to be rated 

and described each time the same, would be conceivable. However, limiting time of panel-

lists is a critical factor to accomplish a continued training. Panel performance was not eval-

uated. Van Ruth (2001) refers to two studies explaining a great variation between asses-

sors. Therefore, the use of a panel and taking the mean of the intensity rating is of im-

portance (Petersen 2013; van Ruth 2001). 

Despite all assessors are trained over a long period, for most concentrations of compounds, 

there will be a part of panellists that is not able to detect these (van Ruth, O'Connor 2001). 

To reduce the influence of panellists, it was aimed to have a balanced allocation of samples 
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and panellists. No panellist had the same sample twice and it was tried to have each pan-

ellist sniff each sample once. The aim of having each panellist sniffed all samples could not 

be entirely fulfilled due to limited time of panellists or illness. Therefore, more than six re-

quired panellists were trained.  

Variation in results of trial repetition and a high standard deviation in these results (peak 

area) can result from multiple factors. Variation in sample material was tried to avoid by 

preparation of similar starting material for incubation and preparation of homogeneous sam-

ples for GC measurement. A higher amount of sample material would be advantageous. 

The equipment in a small laboratory can be limiting for a higher volume of incubation mate-

rial. Nevertheless, variation of the low concentrated volatiles can still be possible. When 

applying SPME it also needs to be considered that the volatile profile obtained, is depending 

on the selectivity and capacity of the used fibre. Generally, a SPME fibre has a low quantity 

to absorb volatiles. Competitive binding on fibre can explain variations in results of peak 

area (Kadow et al. 2013; Reineccius 2010). However, HS-SPME is a fast and simple 

method without a solvent extraction step or a complicated purge-and-trap apparatus (Hui 

2010). It needs to be considered that only one method, here HS-SPME, cannot represent 

a complete profile of odour-active volatiles in cocoa. The flavour profile obtained, is related 

to isolation method (d'Acampora Zellner et al. 2008). Several methods have different ad-

vantages and give different views. Solvent extraction and distillation methods yield an al-

most complete flavour profile which was not relevant for determination of an odour profile 

of only volatile components from cocoa. Some other methods as SDE must deal with loss 

of highly volatile compounds, decomposition and heat-induced artifact formation. SAFE 

does not have these disadvantages but requires big samples amounts, application of sol-

vents and the availability of a SAFE apparatus (d'Acampora Zellner et al. 2008). HS-SPME 

requires only small sample amounts and the apparatus was available to use for this study. 

In general, the applied method was able to give an overview of volatile components in cocoa 

with discussed limitations. 

Sample setting of fermentation-like incubation with samples taken every 24 hours was ap-

propriate to generate a first overview of changes occurring during fermentation-like incuba-

tion. Primarily between FC0, IC1-IC2 and IC3-IC7 a change in volatiles could be observed. 

The sample setting of 24 hours should be retained, as it gives a good first overview. Addi-

tionally, a third trial repetition should be executed to get even more reliable results. In future 

research it would be of advantage to continue with a roasting of cocoa beans after fermen-

tation-like incubation to further investigate the development of volatiles in cocoa. 
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5.2 Literature 

The applied literature consists of about 85 % primary literature from scientific journals. 

Books and articles in books represent about 13 %. One source is a dissertation from Pe-

tersen (2013). The author developed the model of flavour score which is used in this thesis. 

The work from the dissertation was executed at the same institution (HAW Hamburg) and 

with the same equipment as in this study. The method required for flavour score calcula-

tions, is applied as a standard method in this institution. The flavour score model was uti-

lized as it combines the often quoted and used method detection frequency and direct in-

tensity measurement. The author explains a better differentiation of samples with signifi-

cance tests for flavour scores than only for intensity ratings. The method was developed in 

dependence on the odour activity value (OAV) (Petersen 2013). However, the more com-

mon used OAV method could not be utilized as no required quantification was executed. 

Applied flavour score method could be used without quantification. Detection frequency and 

therefore flavour score method can produce results for defining odour-active compounds. 

In combination with the intensity rating it appears to be a good alternative to OAV method. 

When repetitions are executed, as it was done in this study, then statistical analyses are 

possible. Therefore, repetitions should be applied when using flavour score model. 

5.3 Results 

All mentioned volatiles in this study are odour-active and therefore, contribute to the aroma 

profile. The results show how intense odours are perceived and how they were described 

as a single odour. To get a better overview of the dynamics of odours during fermentation-

like incubation the mean value of both repetitions was calculated for content and FS. In 

general, it is assumed that the mean value is a better estimate of the investigated effect 

than a single measured value. Nevertheless, it needs to be considered that the reproduci-

bility of the data is poor for repetition data of FC0, IC4 and IC5. Figure 2 in 5.2 gives a good 

overview. For FC0, IC4 and IC5 the ellipses are quite large and therefore, it shows that the 

data between both repetitions is poor (Fig.2). For cocoa samples of the other days of incu-

bation, the ellipses are smaller and show a good reproducibility. Reproducibility for content 

of chemical compounds is also poor. All compounds of all cocoa samples from fermentation-

like incubation and of samples from traditional fermentation show a high standard deviation 

of their contents. Possible factors are explained before in chapter 6.1. 

It is assumed that odours, which are defined as more important, contribute more to the 

overall odour profile. However, with these results it is not possible to answer the question 

of how odours will be perceived in a mixture with all odour-active compounds.  

Flavour profile comparison of traditional fermented cocoa bean samples and cocoa bean 

samples from fermentation-like incubation show similarities and differences.  
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Quality of cocoa liquor cannot be evaluated clearly as the interactions of all compounds are 

not evident. Nevertheless, it is assumed that cocoa from traditional fermentation and fer-

mentation-like incubation will probably have a similar basic odour caused by the same im-

portant odour-active compounds. Fruity and sweet notes will exist but originate from differ-

ent important and minor compounds. Traditional fermented cocoa beans will presumably 

have a vanilla and earthy note in cocoa liquor. Cocoa liquor from fermentation-like incuba-

tion cocoa beans in contrast will probably have more intense soapy, green and solvent 

notes. Cocoa samples from traditional fermentation and fermentation-like incubation gen-

erated an odour which is perceived as an off-flavour during GC-O. It does not mean that 

this odour will have a negative impact on the overall cocoa quality. A single odorant is per-

ceived differently in a mixture of odour compounds (Hofmann et al. 2014). The cheesy-

smelling 3-methylbutanoic acid seems to contribute to the cocoa aroma as it was repeatedly 

detected in other studies (Bonvehí 2005; Counet et al. 2004; Ducki et al. 2008; Frauendor-

fer, Schieberle 2006; Misnawi 2011; Rodriguez-Campos et al. 2012; Tran et al. 2015, 2015). 

The other, in GC-O perceived off-odour, 2,2,4-trimethylpentane was not found in other stud-

ies contributing to the cocoa aroma. 

Most odour-active compounds in traditional fermented cocoa are acetic acid and 3-methyl-

butanoic acid. They also had the highest odour-activity values in the study of Frauendorfer 

and Schieberle (2008). In total six here detected odour-active compounds are also men-

tioned as odour-active in the study of Frauendorfer and Schieberle (2008). Three of the six 

detected compounds are under the first four compounds with the highest odour-activity 

value. Both mentioned acids and 3-methylbutanal seem highly important contributors to 

aroma in raw cocoa beans, independent of type of cocoa. However, most identified odour-

active compounds were different in comparison to results of Frauendorfer and Schieberle 

(2008). As explained in the discussion of methodology 6.1, it is possible that the applied 

method in this study does not capture all odour-active volatiles of raw cocoa. It might just 

show a restricted view. 

Compared to other literature investigating volatiles of raw cocoa, several equal volatiles 

were identified in this study. Alcohols like 2-heptanol, phenylethyl alcohol, 2-phenylethanol 

and 3-methyl-1-butanol were often identified in other studies. Same as here detected ke-

tones and esters 2-heptanone, 2-nonanone, 2-heptanol acetate and ethyl octanoate. Tri- 

and tetramethylpyrazine, 2-methylpropanal and 3-methylbutanal were also quite often iden-

tified in volatiles of raw cocoa (Ascrizzi et al. 2017; Frauendorfer, Schieberle 2008; Jinap et 

al. 1998; Oberparleiter, Ziegleder 1997; Ramos et al. 2014; Rodriguez-Campos et al. 2012). 

This study was investigating only odour-active volatiles. Therefore, not all possibly detect-

able volatiles are mentioned here. Many more volatiles were identified in literature. Some 

components like linalool, benzaldehyde, 2,3-butanediol, acetophenone, pinene and acetoin 
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are additionally often detected in literature. In this study they are mentioned once (see chap-

ter 5.1). They were either not odour-active enough or not identified clearly. In general, dif-

ferences between identified compounds and the total number of compounds in literature 

exist. The identified volatiles depend on the genotype of cocoa and the applied extraction 

method and analytical conditions.  

One reason for the absence of pyrazines could be explained with a maximum temperature 

of 45 °C during incubation. As the centre of a traditionally fermented cocoa mass can reach 

a maximum of 50 °C, it seems possible that pyrazines (e.g. tetramethylpyrazine) are gen-

erated by heat (Reineccius et al. 1972; Rohan 1963). Second reason can be the lack of 

microorganisms. Bacillus subtilis is often mentioned as reason for the production of pyra-

zines. Hashim et al. (1998) and Jinap et al. (1994) also found a correlation between the 

increase of Bacillus subtilis and the increased content of pyrazines. The concentration of 

methyl pyrazines in unroasted cocoa beans can be used as an index of fermentation degree 

and potential quality (Zak et al. 1972; Jinap et al. 1994). In the investigation of Frauendorfer 

and Schieberle (2008) five pyrazines are counted to important aroma compounds. All pyra-

zines are among the second half of the 32 aroma compounds with minor odour activity 

values (OAV). Four out of five pyrazines show an increase in content and in the OAV. The 

increase of pyrazines belongs to the minor increases in comparison to other aroma com-

pounds. Roasting of cocoa beans seems not to have a big influence on the development of 

pyrazines. No other pyrazines were classified as important in roasted cocoa than in raw 

cocoa. However, pyrazines found in raw cocoa by Frauendorfer and Schieberle (2008) are 

also important aroma compounds in roasted cocoa. Even if pyrazines have a little OAV, 

they are classified as important aroma compounds by Frauendorfer and Schieberle (2008). 

Therefore, the potential quality of cocoa in samples from fermentation-like incubation seems 

not completely developed. 

Ketones, secondary alcohols and esters, derive from fatty acid and/or amino acid metabo-

lism (Fridman et al. 2005; Schwab et al. 2008). For example 3-methylbutanal, 2-methylpro-

panal, ethyl-3-methylbutanoate, 3-methylbutanoic acid, phenylmethanol and 2-phenyleth-

anol are formed out of amino acids by a similar metabolic pathway, initiated by an ami-

notransaminase (Smit et al. 2005). However, microorganisms seem to be the main source 

of enzymes (Smit et al. 2005) as not all components were developed in cocoa of fermenta-

tion-like incubation. The detected aldehydes in cocoa bean samples from fermentation-like 

incubation could arise from non-enzymatic chemical conversation and/or Strecker degrada-

tion (Smit et al. 2005). It shows that there is a potential of flavour development without 

microorganisms. 
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Besides the production of metabolic end products like ethanol, acetic, citric and lactic acid 

yeasts are major producers of esters, aldehydes, ketones and higher alcohols. They are 

likely to contribute to the complex mixture of volatile aroma compounds and thus to cocoa 

bean and chocolate quality (Ardhana 2003; Crafack et al. 2013; Ho et al. 2014; Schwan, 

Wheals 2004). K. apiculata and S. cerevisiae var. chevalieri yeasts have been reported to 

be responsible for the formation of alcohols such as 3-methyl-1-butanol, 2-phenylethanol 

and 2,3-butanediol (Schwan, Wheals 2004). These mentioned alcohols are desirable for 

high quality cocoa products. However, they were developed less in incubated cocoa sam-

ples. Same applies for more than half of the esters and half of the alcohols. Ho et al. (2014) 

also describes yeasts and not acetic acid as responsible for the formation of alcohols and 

esters. Results of missing increase of alcohols confirms the finding. Thus, some alcohols 

show an overall high odour-activity. These observations confirm the assumption that fer-

mentation-like incubation without application of microorganisms as yeasts and bacteria do 

not lead to an entire formation of desirable alcohols, esters, ketones and especially pyra-

zines in cocoa.  

The ketone 2-pentanone is rated as an important odour for traditional fermented cocoa in 

this study. It is not rated as important odour for incubated cocoa samples. In comparison to 

the other two ketones 2-pentanone exhibits a higher odour-activity in incubated cocoa. It 

has an influence on cocoa aroma as Kadow et al. (2013) supposed, however, on the vanilla 

notes and not on the fruity notes in this study. The quite intense alcoholic odour in incubated 

samples probably arisen due to the unnaturally added ethanol solution. This concentration 

and/or amount of ethanol solution probably does not depict the naturally concentration of 

produced alcohols. A lower concentration of ethanol solution could be applied in future re-

search. 

3-Methylbutyl acetate is an amyl acetate identified in significant higher concentrations in 

traditional fermented samples. The formation of amyl acetates should be avoided as they 

are seen as indicators of flavour defects (Rodriguez-Campos et al. 2012). Furthermore      

esters are usually present in low concentrations apart from higher contents in overfer-

mented cocoa beans (Oberparleiter, Ziegleder 1997). Given higher concentrations of the 

ester 3-methylbutyl acetate led to check the ratio of 3-methylbutyl acetate to 3-methyl-1-

butanol. As the ratio of samples from traditional fermentation is higher than 1,5 and a 

hammy smell of the beans is confirmed, it indicates overfermented cocoa beans. Therefore, 

it might not be the aim to have exactly the same results for fermentation-like incubation. As 

cocoa beans from fermentation-like incubation show no overfermentation based on these 

criteria, it can be argued that cocoa from fermentation-like incubation has a better stability 

relating to aroma volatiles. The better stability might be the reason of an incubation without 

microorganisms. On the other hand, the absence of microorganisms could be the reason 
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for the minor complexity of odour-active volatiles of incubated cocoa in comparison to tra-

ditional fermented cocoa beans. 

The assumption from Kadow et al. (2013) that fruity and floral flavour notes are fully devel-

oped in fresh cocoa seeds can only partially be supported. Almost all, as important classified 

fruity and flowery odours (nail polish/fruity, solvent/fruity, sweetish/soapy, flowery), have 

comparable high flavour scores from the beginning on. The minor fruity and flowery notes, 

however, are not fully developed in the fresh cocoa bean. Most odour-active volatiles with 

minor developed fruity and flowery notes show an at least temporary increase in flavour 

score during course of fermentation-like incubation. Chetschik et al. (2017) detected a par-

allel increase of in pulp detected odour-active fruity and flowery substances in pulp and 

cocoa seeds during fermentation. Therefore, fermentation and most likely the pulp have an 

influence on the development of fruity and flowery notes in raw cocoa. It was also the aim 

in this investigation to depict the flavour profile development of cocoa over time of fermen-

tation-like incubation. As it was explained before in the PCA (see chapter 5.2), there are 

changes from fresh cocoa over the first and second day of incubation to the remaining days 

of incubation. This observation confirms literature from Afoakwa et al. (2008) and Kadow et 

al. (2013). It says that fine flavour cocoas need shorter fermentation times as not to lose 

these fine fruity and flowery flavours. To finish fermentation-like incubation without fortifying 

fine aromas in cocoa is presumably best at day 4 as a compromise for all fine aromas. It 

needs to be checked in future research. However, this final assessment can only be made 

with caution since the results of the repetition samples were different, especially at day 4 

and 5. 

When the detected correlation of chemical and sensory data is considered, a contradiction 

becomes apparent. One MFA was comprising data of cocoa from traditional fermentation 

and fermentation-like incubation, the other, only data of cocoa from fermentation-like incu-

bation. Correlation is quite high for both considered MFAs with difference in positive or neg-

ative direction of correlation. It seems that the MFA is affected by compounds that were 

detected only in samples from traditional fermentation. Therefore, conclusions about a cor-

relation of chemical and sensory data can hardly be drawn. It confirms Chambers and Kop-

pel's (2013) prediction of the lack of a direct linear relationship between chemical com-

pounds and sensory perceived aromas. 

6 Conclusion and future prospects 

This study gives a good comparable overview of odour-active volatiles in traditional fer-

mented cocoa beans and of cocoa beans from fermentation-like incubation without micro-

organisms. The latter yields cocoa and acid notes as well as fruity and flowery notes typical 

for fermented fine flavour cocoa. Traditional fermentation developed, besides equal odours, 
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more cocoa typical components. Certain compounds had vanilla and cheesy odours found 

in traditional fermented cocoa. These compounds were not detected in cocoa beans from 

fermentation-like incubation. Overall cocoa from traditional fermentation has a higher com-

plexity of odour-active volatiles probably due to the impact of microorganisms. In contrast, 

the absence of microorganism during fermentation-like incubation might be the reason for 

the higher stability in cocoa from fermentation-like incubation. The latter has a better stability 

of odour-active substances as no signs of overfermentation are observed. 

To improve the potential development of odour-active volatiles in cocoa some adjustments 

could be made in future research. The temperature rise during fermentation-like incubation 

might be slightly too rapid (Biehl et al. 1985) from the first to the second day. Beside a 

slower temperature rise, a different acidification protocol may be applied in future research 

to improve the aroma potential in fermentation-like incubations without microorganisms. 

Even if the content of acetic acid was in the same magnitude than in traditional fermented 

beans, more conditions than the total acid content seem to be important for flavour precur-

sor formation. To reach an optimum of aroma formation the diffusion rate, timing of the first 

entry and the duration of optimum pH should be examined in more detail. The usage of 

additional acids like oxalic acid should be considered in future fermentation-like incubations 

as it is suggested to have a beneficial influence on the cocoa flavour (Holm et al. 1993). 

Furthermore, a comparable study of improved fermentation-like incubation without microor-

ganisms with a defined starter culture of microorganisms should be made. As conditions 

will be more comparable, it will probably give new results if microorganisms are responsible 

for some compounds. Future research with described improvements in fermentation-like 

incubation should also include extended trials in roasting to evaluate the continuing devel-

opment of precursors to chocolate aroma.  

For a complete understanding of cocoa and chocolate sensory quality, future studies should 

consider aroma and taste-active substances. Given that most of these substances are pro-

duced during roasting, this processing step needs to be taken into account as well. Like for 

the aroma, also the key tastants in roasted cocoa nibs have been identified (Hofmann et al. 

2006). The precursors for aroma and taste-active substances respectively are known. 

These data are the basis for this suggested future research. 

 

  



 
 

36 
 

Publication bibliography 
Afoakwa, Emmanuel Ohene (2010): Chocolate Science and Technology. 1st ed. United 

Kingdom: Blackwell Publishing, John Wiley & Sons. 

Afoakwa, Emmanuel Ohene; Paterson, Alistair; Fowler, Mark; Ryan, Angela (2008): Flavor 

formation and character in cocoa and chocolate: a critical review. In Critical reviews in food 

science and nutrition 48 (9), pp. 840–857. DOI: 10.1080/10408390701719272. 

Aprotosoaie, Ana Clara; Luca, Simon Vlad; Miron, Anca (2016): Flavor Chemistry of Cocoa 

and Cocoa Products-An Overview. In COMPREHENSIVE REVIEWS IN FOOD SCIENCE 

AND FOOD SAFETY 15 (1), pp. 73–91. DOI: 10.1111/1541-4337.12180. 

Ardhana, M. (2003): The microbial ecology of cocoa bean fermentations in Indonesia. In 

International Journal of Food Microbiology 86 (1-2), pp. 87–99. DOI: 10.1016/S0168-

1605(03)00081-3. 

Ascrizzi, Roberta; Flamini, Guido; Tessieri, Cecilia; Pistelli, Luisa (2017): From the raw seed 

to chocolate. Volatile profile of Blanco de Criollo in different phases of the processing chain. 

In Microchemical Journal 133, pp. 474–479. DOI: 10.1016/j.microc.2017.04.024. 

Bailey, S.; Mitchell, D.; Bazinet, M.; Weurman, C. Studies of the volatile components of 

different varieties of cocoa beans.J. Food Sci. 1962, 27, 165-170. (1962): Studies on the 

Volatile Components of Different Varieties of Cocoa Beans. In Journal of Food Science (27), 

165–170. 

Biehl, Böle; Brunner, Ernst; Passern, Detlef; Quesnel, Victor C.; Adomako, Daniel (1985): 

Acidification, proteolysis and flavour potential in fermenting cocoa beans. In J. Sci. Food 

Agric. 36 (7), pp. 583–598. DOI: 10.1002/jsfa.2740360710. 

Biehl, Böle; Passern, Detlef (1982): Proteolysis during fermentation-like incubation of cocoa 

seeds. In J. Sci. Food Agric. 33 (12), pp. 1280–1290. DOI: 10.1002/jsfa.2740331215. 

Blank, Imre (1997): Gas Chromatography-Olfactometry in Food Aroma Analysis. In Ray 

Marsili (Ed.): Techniques for analysing food aroma. New York: Marcel Dekker, pp. 293–

329. 

Bonvehí, J. Serra (2005): Investigation of aromatic compounds in roasted cocoa powder. In 

Eur Food Res Technol 221 (1-2), pp. 19–29. DOI: 10.1007/s00217-005-1147-y. 

Brattoli, Magda; Cisternino, Ezia; Dambruoso, Paolo Rosario; Gennaro, Gianluigi de; 

Giungato, Pasquale; Mazzone, Antonio et al. (2013): Gas chromatography analysis with 

olfactometric detection (GC-O) as a useful methodology for chemical characterization of 

odorous compounds. In Sensors (Basel, Switzerland) 13 (12), pp. 16759–16800. DOI: 

10.3390/s131216759. 

Brito, Edy S. de; Pezoa Garcı´a, Nelson H.; Gallao, M. I.; Cortelazzo, Angelo L.; Fevereiro, 

Pedro S.; Braga, Ma´rcia R. (2000): Structural and chemical changes in cocoa (Theobroma 

cacao L) during fermentation, drying and roasting. In Journal of the Science of Food and 

Agriculture (81), pp. 281–288. 

Caligiani, Augusta; Cirlini, Martina; Palla, Gerardo; Ravaglia, Roberta; Arlorio, Marco 

(2007): GC-MS detection of chiral markers in cocoa beans of different quality and geo-

graphic origin. In Chirality 19 (4), pp. 329–334. DOI: 10.1002/chir.20380. 

Chambers, Edgar; Koppel, Kadri (2013): Associations of volatile compounds with sensory 

aroma and flavor: the complex nature of flavor. In Molecules (Basel, Switzerland) 18 (5), 

pp. 4887–4905. DOI: 10.3390/molecules18054887. 



 
 

37 
 

Chetschik, Irene; Kneubühl, Markus; Chatelain, Karin; Schlüter, Ansgar; Bernath, Konrad; 

Hühn, Tilo (2017): Investigations on the Aroma of Cocoa Pulp (Theobroma cacao L.) and 

Its Influence on the Odor of Fermented Cocoa Beans. In Journal of agricultural and food 

chemistry. DOI: 10.1021/acs.jafc.6b05008. 

Counet, Christine; Callemien, Delphine; Ouwerx, Caroline; Collin, Sonia (2002): Use of Gas 

Chromatography−Olfactometry To Identify Key Odorant Compounds in Dark Chocolate. 

Comparison of Samples before and after Conching. In J. Agric. Food Chem. 50 (8), 

pp. 2385–2391. DOI: 10.1021/jf0114177. 

Counet, Christine; Ouwerx, Caroline; Rosoux, Delphine; Collin, Sonia (2004): Relationship 

between procyanidin and flavor contents of cocoa liquors from different origins. In Journal 

of agricultural and food chemistry 52 (20), pp. 6243–6249. DOI: 10.1021/jf040105b. 

Crafack, Michael; Mikkelsen, Morten B.; Saerens, Sofie; Knudsen, Morten; Blennow, An-

dreas; Lowor, Samuel et al. (2013): Influencing cocoa flavour using Pichia kluyveri and 

Kluyveromyces marxianus in a defined mixed starter culture for cocoa fermentation. In In-

ternational Journal of Food Microbiology 167 (1), pp. 103–116. DOI: 10.1016/j.ijfoodmi-

cro.2013.06.024. 

d'Acampora Zellner, Barbara; Dugo, Paola; Dugo, Giovanni; Mondello, Luigi (2008): Gas 

chromatography-olfactometry in food flavour analysis. In Journal of chromatography. A 

1186 (1-2), pp. 123–143. DOI: 10.1016/j.chroma.2007.09.006. 

Delahunty, Conor M.; Eyres, Graham; Dufour, Jean-Pierre (2006): Gas chromatography-

olfactometry. In J. Sep. Sci. 29 (14), pp. 2107–2125. DOI: 10.1002/jssc.200500509. 

Ducki, Sylvie; Miralles-Garcia, Javier; Zumbe, Albert; Tornero, Antonio; Storey, David M. 

(2008): Evaluation of solid-phase micro-extraction coupled to gas chromatography-mass 

spectrometry for the headspace analysis of volatile compounds in cocoa products. In Ta-

lanta 74 (5), pp. 1166–1174. DOI: 10.1016/j.talanta.2007.08.034. 

Duncan, E. J.; Todd, A. W. (1972): Structure of the Mature Embryo of Theobroma cacao L. 

In Annals of Botany (36), pp. 939–945. 

Frauendorfer, Felix; Schieberle, Peter (2006): Identification of the key aroma compounds in 

cocoa powder based on molecular sensory correlations. In Journal of agricultural and food 

chemistry 54 (15), pp. 5521–5529. DOI: 10.1021/jf060728k. 

Frauendorfer, Felix; Schieberle, Peter (2008): Changes in key aroma compounds of Criollo 

cocoa beans during roasting. In Journal of agricultural and food chemistry 56 (21), 

pp. 10244–10251. DOI: 10.1021/jf802098f. 

Fridman, Eyal; Wang, Jihong; Iijima, Yoko; Froehlich, John E.; Gang, David R.; Ohlrogge, 

John; Pichersky, Eran (2005): Metabolic, genomic, and biochemical analyses of glandular 

trichomes from the wild tomato species Lycopersicon hirsutum identify a key enzyme in the 

biosynthesis of methylketones. In The Plant cell 17 (4), pp. 1252–1267. DOI: 

10.1105/tpc.104.029736. 

Guth Helmut, Grosch Werner (1999): Evaluation of Important Odoran 
ts in Foods by Dilution Techniques. In Roy Teranishi, Emily L. Wick, Irwin Hornstein (Eds): 
Flavor Chemistry: 30 years in progress. Springer Science+Business Media New York, pp. 
377–86 

Hashim, Puziah; Selamat, Jinap; Syed Muhammad, Sharifah Kharidah; Ali, Asbi (1998): 

Changes in free amino acid, peptide-N, sugar and pyrazine concentration during cocoa fer-

mentation. In J. Sci. Food Agric. 78 (4), pp. 535–542. DOI: 10.1002/(SICI)1097-

0010(199812)78:4<535::AID-JSFA151>3.0.CO;2-6. 



 
 

38 
 

Ho, Van Thi Thuy; Zhao, Jian; Fleet, Graham (2014): Yeasts are essential for cocoa bean 

fermentation. In International Journal of Food Microbiology 174, pp. 72–87. DOI: 

10.1016/j.ijfoodmicro.2013.12.014. 

Hofmann, Thomas; Dunkel, Andreas; Steinhaus, Martin; Kotthoff, Matthias; Nowak, Bettina; 

Krautwurst, Dietmar; Schieberle, Peter (2014): Genuine Geruchssignaturen der Natur - Per-

spektiven aus der Lebensmittelchemie für die Biotechnologie. In Angew. Chem. 126 (28), 

pp. 7250–7271. DOI: 10.1002/ange.201309508. 

Hofmann, Thomas; Stark, Timo; Bareuther, Sabine (2006): Molecular definition of the taste 

of roasted cocoa nibs (Theobroma cacao) by means of quantitative studies and sensory 

experiments. In Journal of agricultural and food chemistry 54 (15), pp. 5530–5539. DOI: 

10.1021/jf0608726. 

Holm, Camala S.; Aston, John W.; Douglas, Keith (1993): The effects of the organic acids 

in cocoa on the flavour of chocolate. In J. Sci. Food Agric. 61 (1), pp. 65–71. DOI: 

10.1002/jsfa.2740610111. 

Hui, Yiu H. (Ed.) (2010): Handbook of Fruit and Vegetable Flavors. Hoboken, New Jersey: 

John Wiley & Sons Inc. 

Humston, Elizabeth M.; Zhang, Yan; Brabeck, Gregory F.; McShea, Andrew; Synovec, Rob-

ert E. (2009): Development of a GC x GC-TOFMS method using SPME to determine volatile 

compounds in cacao beans. In Journal of separation science 32 (13), pp. 2289–2295. DOI: 

10.1002/jssc.200900143. 

Jinap, S.; Harun, S. M.; Ghazali, N. M. (1994): Formation of Methyl Pyrazine during Cocoa 

Bean Fermentation. In J. Trop. Agric. Sci. 17 (1), pp. 27–32. 

Jinap, S.; Wan Rosli, W. I.; Russly, A. R.; Nordin, L. M. (1998): Effect of Roasting Time and 

Temperature on Volatile Component Profiles during Nib Roasting of Cocoa Beans (Theo-

broma cacao). In J. Sci. Food Agric. (77), pp. 441–448. 

Jolliffe, I. T. (2002): Principal Component Analysis. 2nd ed. New York: Springer-Verlag. 

Kadow, D.; Bohlmann, J.; Phillips, W.; Lieberei, R. (2013): Identification of main fine or fla-

vour components in two genotypes of the cocoa tree (Theobroma cacao L.). Journal of 

Applied Botany and Food Quality; 86; 90-98. DOI: 10.5073/JABFQ.2013.086.013. 

Kadow, Daniel; Niemenak, Nicolas; Rohn, Sascha; Lieberei, Reinhard (2015): Fermenta-

tion-like incubation of cocoa seeds (Theobroma cacao L.) – Reconstruction and guidance 

of the fermentation process. In LWT - Food Science and Technology 62 (1), pp. 357–361. 

DOI: 10.1016/j.lwt.2015.01.015. 

Kim, H.; Keeney, P. G. (1984): (-)-Epicatechin Content in Fermented and Unfermented Co-

coa Beans. In J Food Science 49 (4), pp. 1090–1092. DOI: 10.1111/j.1365-

2621.1984.tb10400.x. 

Legrum, Wolfgang (2011): Riechstoffe, zwischen Gestank und Duft. Vorkommen, Eigen-

schaften und Anwendung von Riechstoffen und deren Gemischen. 1st ed. Wiesbaden: 

Vieweg+Teubner. 

Linssen, J.P.H.; Janssens, J.L.G.M.; Roozen, J. P.; Posthumus, M. A. (1993): Combined 

gas chromatography and sniffing port analysis of volatile compounds of mineral water 

packed in polyethylene laminated packages. In Food Chemistry 46 (4), pp. 367–371. DOI: 

10.1016/0308-8146(93)90006-2. 

McShea, Andrew; Ramiro-Puig, Emma; Munro, Sandra B.; Casadesus, Gemma; Castell, 

Margarida; Smith, Mark A. (2008): Clinical benefit and preservation of flavonols in dark 



 
 

39 
 

chocolate manufacturing. In Nutrition reviews 66 (11), pp. 630–641. DOI: 10.1111/j.1753-

4887.2008.00114.x. 

Meinert, Cornelia; Meierhenrich, Uwe J. (2012): Die umfassende zweidimensionale Gas-

chromatographie - eine neue Dimension für analytische Trennwissenschaften. In Angew. 

Chem. 124 (42), pp. 10610–10621. DOI: 10.1002/ange.201200842. 

Misnawi, Ariza (2011): Use of Gas Chromatography–Olfactometry in combination with Solid 

Phase Micro Extraction for cocoa liquor aroma analysis. In International Food Research 

Journal (18), pp. 829–835. 

Mohr, W.; Landschreiber, E.; Severin, Th. (1976): Zur Spezifität des Kakaoaromas. In Fette, 

Seifen, Anstrichm. 78 (2), pp. 88–95. DOI: 10.1002/lipi.19760780209. 

Mohr, W.; Röhrle, M.; Severin, T. H. (1971): Über die Bildung des Kakaoaromas aus seinen 

Vorstufen. In Fette, Seifen, Anstrichm. 73 (8), pp. 515–521. DOI: 

10.1002/lipi.19710730810. 

Motamayor, Juan C.; Lachenaud, Philippe; da Silva E Mota, Jay Wallace; Loor, Rey; Kuhn, 

David N.; Brown, J. Steven; Schnell, Raymond J. (2008): Geographic and genetic popula-

tion differentiation of the Amazonian chocolate tree (Theobroma cacao L). In PloS one 3 

(10), e3311. DOI: 10.1371/journal.pone.0003311. 

Nazaruddin, Ramli; Ayub, Mohd Yatim; Mamot, Said; Heng, Cheng Hok (2001): HPLC De-

termination of Methylxanthines and Polyphenols Levels In Cocoa and Chocolate Products. 

In Malaysian Journal of Analytical Sciences (7), pp. 377–386. 

Oberparleiter, Sabine; Ziegleder, G. (1997): Amyl alcohols as compounds indicative of raw 

cocoa bean quality. In Zeitschrift für Lebensmitteluntersuchung und -Forschung A 204 (2), 

pp. 156–160. DOI: 10.1007/s002170050053. 

Panlibuton, Henry; Lusby, Frank (2006): Indonasia cocoa bena value chain case study. 

Edited by Action for Enterprise. 

Petersen, Katharina D. (2013): Analytische Beurteilung des Erhitzungseinflusses auf die 

oxidative Stabilität von neuartigen Speiseölen. Friedrich-Schiller-Universität Jena. 

Pini, Gláucia F.; Brito, Edy S. de; García, Nelson H.P.; Valente, Antonio L. P.; Augusto, 

Fabio (2004): A Headspace Solid Phase Microextraction (HS-SPME) method for the chro-

matographic determination of alkylpyrazines in cocoa samples. In J. Braz. Chem. Soc. 15 

(2), pp. 267–271. DOI: 10.1590/S0103-50532004000200017. 

Plutowska, Beata; Wardencki, Waldemar (2008): Application of gas chromatography–olfac-

tometry (GC–O) in analysis and quality assessment of alcoholic beverages – A review. In 

Food Chemistry 107 (1), pp. 449–463. DOI: 10.1016/j.foodchem.2007.08.058. 

Quesnel, V. C. (1965): Agents inducing the death of cacao seeds during fermentation. In J. 

Sci. Food Agric. 16 (8), pp. 441–447. DOI: 10.1002/jsfa.2740160804. 

Quijano, Clara E.; Pino, Jorge A. (2009): Analysis of Volatile Compounds of Cacao Maraco 

(Theobroma bicolor Humb. et Bonpl.) Fruit. In Journal of Essential Oil Research 21 (3), 

pp. 211–215. DOI: 10.1080/10412905.2009.9700150. 

Ramli, Nazaruddin; Hassan, Osman; Said, Mamot; Samsudin, Wahid; Idris, Nor Aini (2006): 

Influence of roasting conditions on volatile flavor of roasted malaysian cocoa beans. In Jour-

nal of Food Processing and Preservation 30 (3), pp. 280–298. DOI: 10.1111/j.1745-

4549.2006.00065.x. 



 
 

40 
 

Ramos, Cíntia Lacerda; Dias, Disney Ribeiro; Miguel, Maria Gabriela da Cruz Pedrozo; 

Schwan, Rosane Freitas (2014): Impact of different cocoa hybrids (Theobroma cacao L.) 

and S. cerevisiae UFLA CA11 inoculation on microbial communities and volatile compounds 

of cocoa fermentation. In Food Research International 64, pp. 908–918. DOI: 

10.1016/j.foodres.2014.08.033. 

Reineccius, Gary A. (2010): Instrumental methods of analysis. In Andrew J. Taylor, Robert 

S.T. Linforth (Eds.): Food Flavour Technology. 2nd ed.: Blackwell Publishing, John Wiley & 

Sons, pp. 229–265. 

Reineccius, Gary A.; Keeney, Philip G.; Weissberger, Wendy (1972): Factors affecting the 

concentration of pyrazines in cocoa beans. In J. Agric. Food Chem. 20 (2), pp. 202–206. 

DOI: 10.1021/jf60180a032. 

Rodriguez-Campos, J.; Escalona-Buendia, H. B.; Contreras-Ramos, S. M.; Orozco-Avila, 

I.; Jaramillo-Flores, E.; Lugo-Cervantes, E. (2012): Effect of fermentation time and drying 

temperature on volatile compounds in cocoa. In Food Chemistry 132 (1), pp. 277–288. DOI: 

10.1016/j.foodchem.2011.10.078. 

Rodriguez-Campos, J.; Escalona-Buendía, H. B.; Orozco-Avila, I.; Lugo-Cervantes, E.; 

Jaramillo-Flores, M. E. (2011): Dynamics of volatile and non-volatile compounds in cocoa 

(Theobroma cacao L.) during fermentation and drying processes using principal compo-

nents analysis. In Food Research International 44 (1), pp. 250–258. DOI: 10.1016/j.food-

res.2010.10.028. 

Rohan, T. A. (1963): Precursors of chocolate aroma. In J. Sci. Food Agric. 14 (11), pp. 799–

805. DOI: 10.1002/jsfa.2740141105. 

Rohan, Terence A. (1964): The Precursors of Chocolate Aroma: A Comparative Study of 

Fermented and Unfermented Cocoa Beans. In Journal of Food Science 29 (4), pp. 456–

459. 

Rohan, Terence A.; Stewart, t. (1966): The Precursors of Chocolate Aroma: Changes in the 

Sugars During the Roasting of Cocoa Beans. In Journal of Food Science 31 (2), pp. 206–

209. 

Rohan, Terence A.; Stewart, t. (1967): The Precursors of Chocolate Aroma: Production of 

Free Amino Acids during Fermentation of Cocoa Beans. In Journal of Food Science 1967 

(32), pp. 395–398. 

Schnermann, Petra; Schieberle, Peter (1997): Evaluation of Key Odorants in Milk Chocolate 

and Cocoa Mass by Aroma Extract Dilution Analyses. In Journal of agricultural and food 

chemistry 45 (3), pp. 867–872. DOI: 10.1021/jf960670h. 

Schwab, Wilfried; Davidovich-Rikanati, Rachel; Lewinsohn, Efraim (2008): Biosynthesis of 

plant-derived flavor compounds. In The Plant journal : for cell and molecular biology 54 (4), 

pp. 712–732. DOI: 10.1111/j.1365-313X.2008.03446.x. 

Schwan, Rosane F.; Wheals, Alan E. (2004): The microbiology of cocoa fermentation and 

its role in chocolate quality. In Critical reviews in food science and nutrition 44 (4), pp. 205–

221. DOI: 10.1080/10408690490464104. 

Smit, Gerrit; Smit, Bart A.; Engels, Wim J. M. (2005): Flavour formation by lactic acid bac-

teria and biochemical flavour profiling of cheese products. In FEMS microbiology reviews 

29 (3), pp. 591–610. DOI: 10.1016/j.femsre.2005.04.002. 

Tran, Phuong Diem; van de Walle, Davy; Clercq, Nathalie de; Winne, Ann de; Kadow, Da-

niel; Lieberei, Reinhard et al. (2015): Assessing cocoa aroma quality by multiple analytical 



 
 

41 
 

approaches. In Food Research International 77, pp. 657–669. DOI: 10.1016/j.food-

res.2015.09.019. 

van Praag, Michel.; Stein, Herbert S.; Tibbetts, Merrick S. (1968): Steam volatile aroma 

constituents of roasted cocoa beans. In J. Agric. Food Chem. 16 (6), pp. 1005–1008. DOI: 

10.1021/jf60160a011. 

van Ruth, Saskia M. (2001): Methods for gas chromatography-olfactometry: a review. In 

Biomolecular Engineering (17), pp. 121–128. DOI: 10.7312/broo10232-intro. 

van Ruth, Saskia M.; O'Connor, Catherine H. (2001): Evaluation of three gas chromatog-

raphy-olfactometry methods: comparison of odour intensity-concentration relationships of 

eight volatile compounds with sensory headspace data. In Food Chemistry (74), pp. 341–

347. 

Voigt, J.; Heinrichs, H.; Voigt, G.; Biehl, B. (1994): Cocoa-specific aroma precursors are 

generated by proteolytic digestion of the vicilin-like globulin of cocoa seeds. In Food Chem-

istry 50 (2), pp. 177–184. DOI: 10.1016/0308-8146(94)90117-1. 

Wollgast, Jan; Anklam, Elke (2000): Review on polyphenols in Theobroma cacao: changes 

in composition during the manufacture of chocolate and methodology for identification and 

quantification. In Food Research International (33), pp. 423–447. 

Zak, D. L.; Ostovar, K.; Keeney, P. G. (1972): Implication of Bacillus subtilis in the synthesis 

of tetramethylpyrazine during fermentation of cocoa beans. In Journal of Food Science 1972 

(37), pp. 967–968. 

Ziegleder, G.; Biehl, B. (1988): Analysis of Cocoa Flavour Components and Flavour Pre-

cursors. In Hans-Ferdinand Linskens, John F. Jackson (Eds.): Analysis of Nonalcoholic 

Beverages. Modern Methods of Plant Analysis: Springer-Verlag Berlin Heidelberg (8), 

pp. 321–393. Available online at https://link.springer.com/chapter/10.1007/978-3-642-

83343-4_14, checked on 6/30/2017. 

Ziegleder, Gottfried (1990): Linalool contents as characteristic of some flavor grade cocoas. 

In Zeitschrift für Lebensmittel-Untersuchung und -Forschung 191 (4-5), pp. 306–309. DOI: 

10.1007/BF01202432. 

Ziegleder, Gottfried (1991): Composition of flavor extracts of raw and roasted cocoas. In 

Zeitschrift für Lebensmittel-Untersuchung und -Forschung 192 (6), pp. 521–525. DOI: 

10.1007/BF01202506. 

 

  



 
 

42 
 

Appendix 

List of appendices 

Appendix 1 extended version of table 1 with detailed overview of studies and odour descrip-

tion of compounds in literature; DF= Detection frequency; how often a chemical compound 

is detected in other studies, KI = Kovats Index from NIST library…………………….…….43 

Appendix 2 integrated peak area of each chemical compound of all investigated cocoa sam-

ple; repetition one and two is listed separately; integration was performed with the integra-

tion tool in the ChemStation soft-

ware………………………………………………………..………………………………………52 

Appendix 3 Calculation of flavour scores; M =mean value of intensity rating, DF= detection 

frequency; FS = flavour score……………………………………………………….…..……...53 

Appendix 4 Chromatograms of a cocoa sample from traditionally fermented sample (TfC, 

red), fresh cocoa (FC0, grey) and cocoa sample of seven days incubation (IC7, black) 

peaks of odour-active compounds are labelled……………………………………………….55 

Appendix 5 Hierarchical clustering of traditionally fermented cocoa samples (TfC), fresh 

cocoa (FC0) and samples from fermentation-like incubation (IC1, IC2, IC3, IC4, IC5, IC6, 

IC7)...………………………………………………………………………………………….......56 

Appendix 6 ANOVA results of flavour scores for samples of traditional fermentation and day 

seven of incubated sample………………………………………………………………….......57 

Appendix 7 ANOVA results of flavour scores for samples of all incubated sample (IC1, IC2, 

IC3, IC4, IC5, IC6, IC7) and unfermented raw cocoa (FC0)………………...…...........……58 

Appendix 8 ANOVA results of content (peak area) for samples of traditional fermentation 

and day seven of incubated sample……………………………………………………….…...59 

Appendix 9 ANOVA results of content (peak area) for samples of all incubated sample (IC1, 

IC2, IC3, IC4, IC5, IC6, IC7) and unfermented raw cocoa (FC0)…………………………....60 

Appendix 10 pictures of fermentation-like incubation – from top to bottom-  sterilized cocoa 

fruits and sterilized instruments under a clean bench; equally distribution of cocoa seeds to 

sterile glass bottles; set-up of filled incubation glasses with sterile filter in a water bath with 

connected nitrogen flow……………………………………………………………………..…...61 

Appendix 11 – visual changes of cocoa seeds in incubation glasses from time zero, day 

one (IC1), day two (IC2), day three (IC3) and day four(IC4) (from left to right, from top to 

bottom)…………………………………………………………………………………………….62 

Appendix 12 – visual changes of cocoa seeds in incubation glasses from day five (IC5), day 

six (IC6) and day seven (IC7) (from left to right)………………………………………………63 



 
 

43 
 

Appendix 1 (part 1) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

Reten-
tion 
time 
[min] 

Compound Chemical 
group 

Odour description 
(panel) 

Odour description in literature 
(thegoodscentscompany, o.J.) 

Studies  KI 
(Ko-
vats 
In-
dex)  

  Aldehydes         
 

1,23 2-methylpropanal Aldehyde cocoa, chocolate, 
roasted, nutty, va-
nilla 

fresh, aldehydic, floral, pungent  Afoakwa et al. (2008)   
Ducki et al. (2008),  
Counet (2002)  
J. Rodriguez-Campos et al. (2011),  
Tran et al. (2015) (chocolate, cocoa) 
Schnermann, P. Schieberle, P. (1997) (malty) 
van Praag  

543 

1,81 3-methylbutanal Aldehyde cocoa, chocolate, 
roasted, caramel 

ethereal, aldehydic, chocolate, 
peach, fatty fruity, dry, green, 
peach 

Afoakwa et al. (2008) (chocolate)  
Ascrizzi et al. (2017) (malty, chocolate, bitter) 
Counet&Collin (2004) Counet (2002) choco-
late  
Ducki et al. (2008) 
Frauendorfer & Schieberle (2006) (malty) 
J. Rodriguez-Campos et al. (2012) 
(chocolate) 
Tran et al. (2015) (cocoa, chocolate, malt) 
Schnermann, P. Schieberle, P. (1997) (malty) 

643 

  Ketones         
 

2,47 2-pentanone Ketone vanilla, sweet, but-
ter, caramel, fruity 

sweet, fruity, ethereal, wine, ba-
nana, woody 
 
ethereal, sweet, banana, fer-
mented, woody Mosciano, 
Gerard P&F 20, No. 1, 31, 
(1995) 

Kadow et al. (2013) 
J. Rodriguez-Campos et al. (2011, 2012) 
(fruity) 
Quijano, C.,Pino, J. (2009) 

654 
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Appendix 1 (part 2) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

7,16 2-heptanone 

 

 

Ketone fruity, sweet/candy, 
nail polish, flowery 

cheesy, fruity, ketonic, green, 
banana, creamy (Mosciano, 
Gerard P&F 16, No. 4, 45, 
(1991)) 
 
fruity, spicy, sweet, herbal, coco-
nut, woody (Luebke, William 
tgsc, (1989)) 

Afoakwa et al. (2008)  
Ascrizzi et al. (2017) (fruity, cheese-like) 
Counet&Collins (2004) und Counet (2002) 
Kadow et al. (2013) 
J. Rodriguez-Campos et al. (2012) (fruity, flo-
ral) 
Tran et al. (2015) (banana-like, fruity) 

853 

13,51 2-nonanone Ketone sweet, citrus, 
green, soapy, 
spicy, earthy, 
woody 

fruity, sweet, waxy, soapy, 
cheese, green herbal, coconut  
Mosciano, Gerard P&F 16, No. 
5, 71, (1991) 
 
fresh sweet green weedy earthy 
herbal 

Counet&Collin (2004) 
Kadow et al. (2013) 
Misnawi, Ariza (2011) 
Ramli et al. (2006)  

1052 

 Alcohols      

2,11 ethanol Alcohol alcoholic, solvent, 
chemical 

strong, alcoholic, ethereal, medi-
cal 

Quijano, C.,Pino, J. (2009) 
Tran et al. (2015) 

463 

3,69 2-methyl-3-buten-2-ol Alcohol fruity, sweetish, cit-
rus, flowery 

herbal, earthy, oily - 600 

5,7 2-pentanol  Alcohol sweet, fruity, sol-
vent 

alcoholic, fusel, fer-
mented, musty, sweet, winey,    
banana, ripe, banana, apple 
(Mosciano, Gerard, (2009)) 
 
mild, green, oily, fusel, fer-
mented 

Counet&Collins (2004) 
Kadow et al. (2013) 
J. Rodriguez-Campos et al. (2011, 2012) 
(green, mild) 
Tran et al. (2015) 

681 
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Appendix 1 (part 3) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

8,5 3-methyl-1-butanol Alcohol banana, flowery, 
citrus, honey (TfC) 
chocolate, earthy, 
forest, woody, 
musty, nutty (IC) 

fusel, oil, alcoholic, whiskey, 
fruity, banana 
 
fusel, oil, alcoholic, pungent, 
fruity, banana, molasses, ethe-
real, cognac (Mosciano, Gerard 
P&F 22, No. 4, 75, (1997)) 

Ascrizzi et al. (2017)  
J. Rodriguez-Campos et al. (2012) (malty, 
bitter, chocolate) 
van Praag et al. (1968) 
Ziegleder, G. (1991) 

697 

9,1 2-[(Z)-octadec-9-
enoxy]ethanol 

Alcohol fruity, sweet, green 
  

2336 

12,44 2-heptanol  Alcohol soapy, flowery/par-
fumy, green, fruity, 
citrus 

fresh, lemon, grass, herbal, 
sweet, floral, fruity, green 

Ascrizzi et al. (2017) (citrus, fresh, lemon-
grass-like) 
Counet&Collin (2004)  
Counet (2002) 
Frauendorfer & Schieberle (2006) 
Ramli et al. (2006) 

879 

14,39 1,2-oxolinalool Alcohol fruity, citrus, green, 
sweet, chemical 

- - 1133 

16,45 2-nonanol Alcohol green, savory, 
herbal, vegetal, 
green leaves, green 
pepper 

waxy, green, creamy, citrus, or-
ange, cheesy, fruity (Mosciano, 
Gerard P&F 15, No. 2, 69, 
(1990)) 

Misnawi, Ariza (2011)  1078 

16,6 1,2-dihydrolinalool Alcohol green, herbal, 
grassy, peppery, 
woody 

bois de rose, woody, citrus, 
blueberry, weedy (Luebke, Wil-
liam tgsc, (1994)) 

- 1092 

21,85-
22,16 

phenylmethanol Alcohol vanilla, sweet, flow-
ery, green 

floral, rose, phenolic, balsamic 
Luebke, William tgsc, (1981) 
 
sweet, floral, fruity, chemical 
Mosciano, Gerard P&F 15, No. 
4, 59, (1990) 

Afoakwa et al. (2008)  
Counet&Collin (2004) & Counet 2002 
Ducki et al. (2008)  
Quijano, C.,Pino, J. (2009) 
J. Rodriguez-Campos et al. (2012) sweet, flo-
ral 
Ziegleder, G. (1991) 

1036 
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Appendix 1 (part 4) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

22,35 2-phenylethanol  Alcohol smokey, burnt, 
woody, vanilla, 
flowery (TfC) 
sweet, fruity, flow-
ery, hay (IC) 

floral, rose, dried rose, flower, 
rose water 
Luebke, William tgsc, (1981) 
 
sweet, floral, fresh, bready, 
rosey honey 
Mosciano, Gerard P&F 18, No. 
4, 51, (1993) 

Afoakwa et al. (2008) (caramel-like, sweet, 
honey) 
Ascrizzi et al. (2017) (flowery, spicy, honey-
like, rose) 
Counet 2002 
Ducki et al. (2008) 
Frauendorfer & Schieberle (2006) flowery 
Misnawi, Ariza (2011)  
Jinap et al. (1998) 
J. Rodriguez-Campos et al. (2012) honey, 
spice, rose, lilac, flowery, caramel 
Schnermann, P. Schieberle, P. (1997) sweet, 
yeast-like 
van Praag et al. (1968) 
Ziegleder, G. (1991) 

1136 

23,45-
23,60 

phenol  Phenol soapy, flowery, va-
nilla, fruity 

phenolic, plastic, rubbery   Afoakwa et al. (2008)  
Counet 2002 
van Praag et al. (1968) 

 

  Esters         
 

2,27 propyl acetate Esters glue, fruity, sweet, 
flowery 

solvent, celery, fruity, fusel, 
raspberry, pear 
 
solvent, pungent, fusel, sweet, 
fruity 
Mosciano, Gerard P&F 21, No. 
5, 49, (1996) 

 
686 
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Appendix 1 (part 5) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

3,95 ethyl 3-methylbuta-
noate  

Esters nail polish, glue, 
fruity 

fruity, sweet, apple, pineapple, 
tutti frutti 
Luebke, William tgsc, (1987) 
 
sweet, diffusive, estry, fruity, 
sharp, pineapple, apple, green, 
orange 
Mosciano, Gerard P&F 23, No. 
2, 43, (1998) 

Quijano, C.,Pino, J. (2009) 820 

5,41 3-methylbutyl acetate  Esters banana, ice candy 
(TfC) 
fruity, flowery, 
sweet (IC) 

sweet, fruity, banana, solvent   
 
sweet, banana, fruity, ripe, es-
tery (Mosciano, Gerard P&F 16, 
No. 6, 43, (1991)) 

Ascrizzi et al. (2017)  
Counet&Collin (2004) 
Jinap et al. (1998)  
Misnawi, Ariza (2011)   
Quijano, C.,Pino, J. (2009) 
Ramos et al. (2014) fruity, banana 
J. Rodriguez-Campos et al. (2012) 
van Praag et al. (1968) 

820 

10,31 2-heptanol acetate Esters fruity, sweet, sol-
vent, glue, green, 
flowery 

green, waxy, fatty, citrus, alde-
hydic, winey, woody (Mosciano, 
Gerard P&F 21, No. 5, 49, 
(1996)) 
 
fresh, green, rum, ripe, fruit, 
pear, apricot, woody 
Luebke, William tgsc, (1984) 

Ascrizzi et al. (2017)  
Kadow et al. (2013) 

1019 

14,52 ethyl octanoate Esters green, herbal, veg-
etal, savory, green 
peas, forest 

fruity, wine, waxy, sweet, apri-
cot, banana, brandy, pear 
Luebke, William tgsc, (1986) 
 
waxy, sweet, musty, pineapple, 
fruity, creamy, dairy  
Mosciano, Gerard P&F 22, No. 
2, 69, (1997) 

Ascrizzi et al. (2017) (fruity, floral, pineapple) 
Bonvechi(2005) fruity, floral, pineapple 
Jinap et al. (1998) 
Counet 2002 
Misnawi, Ariza (2011)  
Quijano, C.,Pino, J. (2009) 
J. Rodriguez-Campos et al. (2012) fruity, flo-
ral 

1183 

 



 
 

48 
 

Appendix 1 (part 6) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

  Acids         
 

14,99 acetic acid Esters acid, sour, pungent, 
musty, sour dough 
bread 

sharp, pungent, sour, vinegar Afoakwa et al. (2008) (astringent, vinegar) 
Ducki et al. (2008) 
Misnawi, Ariza (2011)  
J. Rodriguez-Campos et al. (2012) 
Schnermann, P., Schieberle, P. (1997) (sour) 
Tran et al. (2015) (sour, vinegar-like) 
Ziegleder, G. (1991) 

576 

19,2 3-methylbutanoic acid Acids cheesy, musty, 
sour, sweet, rotten, 
yeasty 

sour, stinky feet, sweaty, 
cheese, tropical 
Luebke, William tgsc, (1989) 
 
cheese, dairy, acidic, sour, pun-
gent, fruity, stinky, ripe, fatty, 
fruity 
Mosciano, Gerard P&F 18, No. 
5, 39, (1993) 

Ascrizzi et al. (2017) (rancid, cheesy) 
Bonvechi(2005) (rancid, cheesy, faecal, 
hammy) 
Counet&Collin (2004) 
Ducki et al. (2008)  
Frauendorfer & Schieberle (2006) (sweaty) 
Misnawi, Ariza (2011)  
J. Rodriguez-Campos et al. (2012) (sweat, 
acid, rancid) 
Tran et al. (2015)  (unpleasant blue cheese, 
sweaty) 
van Praag et al. (1968) 
Ziegleder, G. (1991) 

811 
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Appendix 1 (part 7) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

 Pyrazines and Pyr-
roles 

     

12,62 2,3-dimethylpyrazine Pyrazine sweet, vanilla, 
honey, musty, nutty 

nutty, coffee, peanut, butter, 
walnut, caramel, leather 
 
musty, nut skin, cocoa, powdery, 
roasted, potato, coffee (Mosci-
ano, Gerard P&F 21, No. 6, 49, 
(1996)) 

Afoakwa et al. (2008) (cooked, nutty) 
Ascrizzi et al. (2017) (caramel, cocoa) 
Bonvechi(2005) (caramel, cocoa, sweet 
chocolate) 
Counet&Collin (2004) 
Counet (2002) (hazelnut, roasted) 
Ducki et al. (2008)  
Jinap et al. (1998) 
Ramli et al. (2006) 
Tran et al. (2015) (hazelnut, roasted, baked) 
van Praag et al. (1968) 
Ziegleder, G. (1991) 

894 

13,9 2,3,5-trimethylpyrazine Pyrazine vanilla, earthy, 
musty, roasted, 
sweet  

nutty, musty, powdery, cocoa, 
potato, musty 
Mosciano, Gerard P&F 15, No. 
6, 35, (1990) 
 
nutty, musty, earthy, powdery, 
cocoa, roasted, peanut 

Afoakwa et al. (2008) (cocoa, roasted, 
cooked) 
Ascrizzi et al. (2017) (earthy, peanuts, cocoa, 
roasted nuts) 
Bonvechi(2005) (cocoa, rusted nuts, peanut) 
Counet&Collin (2004)  
Counet (2002)Ducki et al. (2008)  
Jinap et al. (1998) 
Frauendorfer & Schieberle (2006) (earthy) 
Ramli et al. (2006) 
Schnermann, P. Schieberle, P. (1997) 
(earthy, potato-like) 
Tran et al. (2015)  
van Praag et al. (1968) 
Ziegleder, G. (1991) 

1008 
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Appendix 1 (part 8) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

15,3 2,3,5,6-tetramethylpy-
razine 

Pyrazine musty, earthy, 
chocolate 

musty, nutty, chocolate, coffee, 
cocoa, soybean, lard, burnt  
 
nutty, musty, va-
nilla, dry, brown, cocoa  (Mosci-
ano, Gerard P&F 22, No. 2, 69, 
(1997)) 

Afoakwa et al. (2008) (milk-coffee, roasted) 
Ascrizzi et al. (2017) (roasted, green, coffee, 
cocoa) 
Bonvechi(2005) (chocolate, cocoa, coffee) 
Counet&Collin (2004) 
Counet 2002 (milk coffee, mocha, roasted, 
green) 
Ducki et al. (2008) 
Jinap et al. (1998) 
Misnawi, Ariza (2011)  
Ramli et al. (2006) 
J. Rodriguez-Campos et al. (2012) 
Tran et al. (2015) (milk coffee, mocha, 
roasted, green) 
van Praag et al. (1968) 
Ziegleder, G. (1991) 

1121 

16,23  3,5-diethyl-2-
methylpyrazine 

Pyrazine earthy, herbal, 
green, vegetal, 
green leaves, 
woody, mushroom 

nutty, meaty, vegetable Counet (2002) (cocoa, chocolate, rum, 
sweet, roasted) 
Jinap et al. (1998) 

1206 

23 1-(1H-pyrrol-2-yl)etha-
none  

Pyrrole overripe mango, 
grassy, woody, 
musty, smoky 

musty, nutty, coumarin, licorice, 
walnut, bread 
 
musty, nutty, coumarinic (Mosci-
ano, Gerard P&F 16, No. 2, 49, 
(1991)) 

Bonvechi (2005) (bread, walnut, licorice)  
Counet&Collin (2004) 
Counet 2002 (cocoa, chocolate, hazelnut, 
roasted) 
Ducki et al. (2008) 
Misnawi, Ariza (2011)  
Tran et al. (2015) (popcorn-like, musty, nutty-
like, coumarin-like) 
J. Rodriguez-Campos et al. (2012) (choco-
late, hazelnut) 
Ziegleder, G. (1991) 

1035 
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Appendix 1 (part 9) extended version of table 1 with detailed overview of studies and odour description of compounds in literature; DF= Detection frequency; how often a chemical com-
pound is detected in other studies, KI = Kovats Index from NIST library 

  Furan          
 

14,91 cis-linalool oxide Furan  musty, peas, 
earthy, vegetal 

earthy, floral, sweet, woody  Afoakwa et al. (2008) (fruity, flowery/floral) 
Ascrizzi et al. (2017) (sweet, nutty)  
Bonvechi(2005) (nutty) 
Counet 2002 
Quijano, C.,Pino, J. (2009) 
Ziegleder, G (1990) 
Ziegleder, G. (1991) 

1164 

  Hydrocarbons         
 

3,4 toluene Hydro-
carbons 

glue, fruity, sweet, 
alcoholic 

sweet Afoakwa et al. (2008)  
Counet&Collin (2004) 
Counet 2002 

794 

  Oxime         
 

20,69 methyl (Z)-N-hy-
droxybenzenecar-
boximidate 

Oxime fruity, earthy, 
woody, sweet/va-
nilla 

- - 1301 

 
Alkanes and Alkenes 

     

0,99 2,2,4-trimethylpentane Alkane musty, putrid, sulfur - - 668 

2,88 2,6-Dimethyl-2-octene Alkene glue, sweet, fruity, 
vanilla, solvent 

- - 936 
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Appendix 2 integrated peak area of each chemical compound of all investigated cocoa sample; repetition one and two is listed separately; integration was performed with the integration 
tool in the ChemStation software 

 

Chemical group Compound FC0-Rep 1 FC0-Rep 2 IC1-Rep 1 IC1-Rep 2 IC2-Rep 1 IC2-Rep 2 IC3-Rep 1 IC3-Rep 2 IC4-Rep 1 IC4-Rep 2 IC5-Rep 1 IC5-Rep 2 IC6-Rep 1 IC6-Rep 2 IC7-Rep 1 IC7-Rep 2 TfC1-Rep 1 TfC1-Rep 2 TfC2-Rep 1 TfC2-Rep 2

Acids acetic acid 8107535 6642745 7012007 10287237 88340580 70918951 107509792 104793791 124878159 96992558 171599586 96151545 229317684 129439324 195014923 128557958 163936785 220003962 112062582 125589361

Acids 3-methylbutanoic acid 233095 163563 375659 170665 364093 821261 234548 326889 320283 347501 213926 301708 207605 235071 257701 257709 31251446 30691783 24042999 29245683

Alcohol ethanol 20824171 11156722 20850462 19656487 8668454 6416655 5125627 1968958 2531261 2316523 1219467 3323341 443211 1269953 407718 817607 296193 228738 140766 124022

Alcohol 2-methyl-3-buten-2-ol 4528776 2789388 1441140 2131907 258863 423105 242727 167056 159641 150876 131950 179540 154125 136695 308218 319215 205040 172416 92052 63557

Alcohol 2-pentanol 40930315 27736913 11186100 13143863 4628683 4645364 1526459 1137300 1190816 1172349 816609 1182442 265970 424874 365292 393663 1218998 1243223 687037 757294

Alcohol 3-methyl-1-butanol 5887536 3377925 8231287 4620857 193976 891850 60815 675327 86979 123740 60097 115853 65778 80743 62538 98195 1562311 1549808 1015907 1305794

Alcohol

2-[(Z)-octadec-9-

enoxy]ethanol 636081 688669 599787 962318 760624 922461 467726 644289 400386 822971 780280 310022 661171 615515 620907 716793 359742 501054 222875 368391

Alcohol 2-heptanol 16484486 13208507 11637333 14124216 11282222 5652877 6342527 4714978 4985132 7996837 4668249 5923257 3779680 4536527 4510168 6723474 2190857 3077609 2441886 2648051

Alcohol 1,2-Oxolinalool 780075 527384 317187 422188 971365 553803 755538 523595 477344 595069 483158 622898 472308 503686 396427 383176 440057 548691 392717 403184

Alcohol 2-nonanol 1316625 589485 963859 1268146 1771456 335442 852348 370178 1529780 623378 1000207 414287 936359 670312 461194 647331 1172871 2355984 1031255 665485

Alcohol 1,2-Dihydrolinalool 1243819 415527 888275 1289548 1436894 797007 1373319 913208 583109 893513 1450702 1047308 1525710 878240 801434 1410416 624827 1848917 568489 947827

Alcohol phenylmethanol 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1167942 316806 369639 282395

Alcohol 2-phenylethanol 7823763 3236800 14686499 8037806 729500 422121 264463 252330 361889 210509 258809 229555 215696 181944 263661 173763 7578957 8094080 6000454 6311155

Aldehydes 2-methylpropanal 219210 68205 122963 32155 196265 403472 270415 248147 457895 342795 280768 322990 373181 314569 255435 372219 90612 35649 38371 27368

Aldehydes 3-methylbutanal 1614324 346666 642847 194381 2934664 2272154 2391765 1930584 2627974 2090466 2789842 1949380 3289830 1811879 2013369 2390647 522399 468529 381082 370303

Alkane 2,2,4-trimethylpentane 147752734 66478196 145368925 95885907 25505838 5753898 23732085 5947594 14748754 7337931 16576583 4696828 8146458 6762589 8480511 3741817 84725313 37096214 79988709 22670683

Alkene 2,6-dimethyl-2-octene 2864944 788881 666824 1878540 3339223 1344996 2045510 2444796 1141119 1191053 2783466 2059814 2751785 1445450 1547919 2784292 920347 849774 624018 718112

Esters propyl acetat 87300 41003 63949 84319 165938 308230 186834 216207 97687 192983 163525 374237 276639 221806 1238472 1357456 195181 63486 38482 26604

Esters ethyl 3-methylbutanoate 0 33690 36304 48647 56644 35296 25964 40972 45846 29876 18806 39006 33884 26202 22781 55416 185158 194780 153523 161080

Esters 3-methylbutyl acetate 268475 115906 174470 112358 77342 54573 69472 61103 60053 56061 74279 39977 140394 38799 63946 49390 9620752 10433111 5011644 6829095

Esters 2-heptanol acetate 653583 448833 397004 414418 774220 556998 610367 511140 734765 811551 663501 455652 528590 459388 611097 716016 2343696 4301230 3016379 2708505

Esters ethyl octanoate 273509 71190 233134 237358 874994 227128 387215 231415 1045970 321170 327740 299201 340076 252434 225811 269062 1162662 868571 289024 336764

Furan cis-Linalool Oxide 812984 566803 318100 631462 777658 417300 443511 158491 189778 343234 852 190127 1955 94781 6068 4705 5933 8481 26541 8791

Hydrocarbons toluene 686413 369462 629345 459514 768058 505826 912778 437028 746961 470394 744990 519484 1294806 521500 923950 610427 209901 498292 583390 359654

Ketones 2-pentanone 13153049 8087845 2225666 2313080 453400 626706 303091 416881 202979 392766 292622 421849 384117 278493 119569 485534 1570893 730391 692142 396917

Ketones 2-heptanone 10326900 9365692 5238307 5095145 5664305 3483173 3784032 2908811 3313515 5465727 2593128 3836893 2257488 2517935 2510893 4323187 2515333 2659242 2358097 2821335

Ketones 2-nonanone 2070353 1494430 1389365 1977918 1685742 1029019 2295115 678355 906146 2445939 2629970 824637 2818008 1015169 888180 1839111 1890969 7337513 2752682 2721925

Oxime

methyl (Z)-N-

hydroxybenzenecarboximi

date 1553613 212071 819968 517725 832417 610091 877287 576735 834971 399192 528465 924030 752641 508849 859925 883482 1713283 1208295 1757488 1569401

Phenol phenol 384652 154310 226229 200869 650948 80779 52665 73276 1393142 155239 160948 64522 124900 56002 90503 82023 176956 27322 146253 26202

Pyrazine&Pyrroles 2,3-dimethylpyrazine 318185 166583 997590 829229 1823725 1186322 815797 253780 257027 312918 235131 615213 115357 155571 116766 125333 638611 571982 426972 533429

Pyrazine&Pyrroles 2,3,5-trimethylpyrazine 239517 141660 83117 110623 233088 113676 198332 144311 126654 128157 173215 168018 143485 137099 139502 125136 2626712 2655176 1259099 1812263

Pyrazine&Pyrroles 2,3,5,6-tetramethylpyrazine 1279586 1452712 487152 819048 346909 537571 550235 521723 216925 482688 379552 545441 362608 401014 252640 391372 70759728 70258575 24543416 34390958

Pyrazine&Pyrroles

3,5-diethyl-2-

methylpyrazine 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 304290 305065 111233 147346

Pyrazine&Pyrroles 1-(1H-pyrrol-2-yl)ethanone 192863 114363 261670 69194 308317 201866 200154 127487 202169 127734 141483 421800 159853 139131 142672 142053 398518 283055 178266 248634
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Appendix 3 (part 1) Calculation of flavour scores; M =mean value of intensity rating, DF= detection frequency; FS = flavour score 

 

 

 

 

Retention 

time

Odour 

description

Chemical 

comound M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS

0,99

musty, putrid, 

sulfur

2,2,4-

trimethylpentane 1,9 5,0 9,5 2,0 3,0 6,0 2,2 6,0 13,2 2,1 6,0 12,5 1,2 3,0 3,5 1,4 4,0 5,5 2,0 3,0 6,0 1,8 6,0 11,0 1,4 5,0 7,0 2,7 5,0 13,5 1,8 5,0 9,0 2,3 6,0 13,5 2,3 4,0 9,0 2,0 5,0 10,0 1,8 5,0 9,0 3,1 4,0 12,5 1,6 4,0 6,5 2,0 3,0 6,0 1,2 5,0 6,0 2,0 4,0 8,0

1,33

cocoa, 

chocolate, 

roasted, nutty, 

vanilla

2-

methylpropanal 0,0 0,0 0,0 3,0 1,0 3,0 0,0 0,0 0,0 0,0 0,0 0,0 2,6 5,0 13,0 2,5 4,0 10,0 2,6 4,0 10,5 2,4 4,0 9,5 2,2 5,0 11,0 2,8 5,0 14,2 2,3 4,0 9,0 3,3 6,0 19,5 2,4 6,0 14,5 2,6 5,0 13,0 2,5 3,0 7,5 3,8 5,0 19,0 0,0 0,0 0,0 3,0 1,0 3,0 0,0 0,0 0,0 1,8 2,0 3,5

1,81

cocoa, 

chocolate, 

roasted, caramel 3-methylbutanal 2,0 4,0 8,0 2,7 6,0 16,0 2,1 5,0 10,5 2,6 5,0 13,0 2,8 6,0 16,5 3,7 6,0 22,0 3,5 6,0 21,0 3,0 5,0 15,0 2,9 6,0 17,5 4,3 5,0 21,5 3,0 6,0 18,0 4,2 6,0 25,0 3,4 6,0 20,4 3,3 6,0 20,0 3,6 6,0 21,5 4,3 6,0 26,0 2,3 6,0 13,5 3,4 5,0 17,0 1,8 5,0 9,0 3,1 6,0 18,5

2,11

alcoholic, 

solvent, chemical ethanol 1,8 4,0 7,0 2,8 6,0 17,0 1,8 5,0 9,0 2,6 5,0 13,0 1,5 6,0 9,0 2,5 4,0 10,0 2,6 4,0 10,5 2,2 5,0 11,0 1,7 6,0 10,0 3,3 5,0 16,5 1,3 3,0 4,0 2,9 6,0 17,5 2,7 4,0 10,7 2,1 6,0 12,5 3,1 6,0 18,5 2,8 5,0 14,0 1,8 2,0 3,5 2,8 5,0 14,0 1,5 4,0 6,0 2,8 3,0 8,5

2,27

glue, fruity, 

sweet, flowery propyl acetat 1,5 2,0 3,0 2,2 5,0 11,0 1,5 2,0 3,0 1,5 2,0 3,0 0,0 0,0 0,0 1,3 3,0 4,0 2,0 3,0 6,0 2,0 3,0 6,0 1,8 2,0 3,5 2,3 4,0 9,0 1,0 1,0 1,0 2,1 4,0 8,5 1,0 1,0 1,0 1,0 2,0 2,0 1,7 3,0 5,0 2,0 1,0 2,0 2,0 2,0 4,0 2,7 5,0 13,5 2,4 4,0 9,5 2,2 5,0 11,0

2,47

Vanilla, sweet, 

butter, caramell, 

fruity 2-pentanone 1,0 3,0 3,0 2,0 2,0 4,0 2,1 5,0 10,5 3,0 4,0 12,0 1,3 2,0 2,5 3,2 3,0 9,5 2,5 3,0 7,5 2,6 4,0 10,5 1,9 6,0 11,5 2,3 5,0 11,5 1,5 4,0 6,0 2,1 3,0 6,4 1,5 2,0 3,0 2,0 5,0 10,0 1,8 3,0 5,5 2,6 4,0 10,5 2,3 6,0 14,0 4,4 5,0 22,0 2,8 4,0 11,0 3,8 4,0 15,0

2,88

glue, sweet, 

fruity, vanilla

2,6-dimethyl-2-

octene 1,0 3,0 3,0 1,0 1,0 1,0 1,0 1,0 1,0 2,0 1,0 2,0 1,0 2,0 2,0 0,0 0,0 0,0 1,7 6,0 10,0 2,0 1,0 2,0 1,5 3,0 4,5 1,0 1,0 1,0 1,1 4,0 4,5 2,5 2,0 5,0 1,5 2,0 3,0 2,3 4,0 9,0 1,0 2,0 2,0 1,5 2,0 3,0 1,0 3,0 3,0 2,0 5,0 10,0 1,3 2,0 2,5 2,2 5,0 11,0

3,4

glue, fruity, 

sweet, alcoholic toluene 1,0 2,0 2,0 2,5 3,0 7,5 1,6 5,0 8,0 2,1 4,0 8,5 1,0 2,0 2,0 1,0 1,0 1,0 1,8 5,0 9,0 0,0 0,0 0,0 1,5 4,0 6,0 1,8 2,0 3,5 1,2 3,0 3,5 1,3 2,0 2,5 1,3 2,0 2,5 0,0 0,0 0,0 1,8 2,0 3,5 0,0 0,0 0,0 1,5 1,0 1,5 0,0 1,3 2,0 2,5 1,0 2,0 2,0

3,69

fruity, sweetish, 

citrus, flowery

2-methyl-3-buten-

2-ol 2,1 4,0 8,5 2,8 6,0 16,5 2,2 6,0 13,0 2,6 6,0 15,5 1,8 5,0 9,0 2,8 6,0 17,0 2,9 5,0 14,5 2,8 6,0 17,0 2,3 6,0 14,0 3,1 6,0 18,5 1,7 6,0 10,0 2,9 6,0 17,5 2,3 5,0 11,3 2,6 6,0 15,5 2,1 4,0 8,5 2,9 5,0 14,5 2,2 6,0 13,0 2,9 6,0 17,5 2,3 5,0 11,5 2,8 6,0 17,0

3,9

nail polish, glue, 

fruity

ethyl 3-

methylbutanoate 1,8 6,0 11,0 2,8 6,0 16,5 2,3 6,0 14,0 2,3 5,0 11,5 1,6 6,0 9,5 2,6 5,0 13,0 2,4 6,0 14,5 2,0 4,0 8,0 2,1 4,0 8,5 3,4 6,0 20,5 1,8 4,0 7,0 3,4 5,0 17,0 2,5 2,0 5,0 2,1 4,0 8,5 2,1 4,0 8,5 2,7 5,0 13,5 2,3 5,0 11,5 2,7 5,0 13,5 2,1 6,0 12,5 3,3 5,0 16,5

5,41

banana, ice 

candy (I & J)

fruity, flowery, 

sweet

3-methylbutyl 

acetate 2,0 1,0 2,0 2,3 5,0 11,5 1,0 1,0 1,0 2,0 1,0 2,0 0,0 0,0 0,0 1,0 1,0 1,0 1,3 2,0 2,5 1,5 2,0 3,0 0,0 0,0 0,0 2,0 2,0 4,0 0,0 0,0 0,0 1,0 1,0 1,0 1,0 3,0 3,0 1,0 1,0 1,0 0,0 0,0 0,0 2,3 3,0 7,0 2,1 5,0 10,5 3,2 5,0 16,0 1,9 4,0 7,5 2,8 3,0 8,5

5,7

sweet, fruity, 

solvent 2-pentanol 2,3 3,0 7,0 0,0 0,0 0,0 1,8 4,0 7,0 1,9 5,0 9,5 1,2 5,0 6,0 2,3 3,0 7,0 2,2 5,0 11,0 1,9 5,0 9,5 1,2 6,0 7,0 2,7 5,0 13,5 1,2 5,0 6,0 2,0 5,0 10,0 1,3 3,0 4,0 2,0 1,0 2,0 2,0 3,0 6,0 2,7 3,0 8,0 1,0 3,0 3,0 0,0 0,0 0,0 1,5 2,0 3,0 1,0 2,0 2,0

7,16

fruity, 

sweet/candy, nail 

polish, flowery 2-heptanone 1,0 1,0 1,0 1,8 4,0 7,0 1,0 2,0 2,0 1,3 3,0 4,0 1,0 1,0 1,0 1,7 3,0 5,0 1,5 2,0 3,0 1,5 4,0 6,0 1,0 2,0 2,0 1,6 6,0 9,6 1,0 2,0 2,0 2,3 4,0 9,0 2,0 2,0 4,0 1,5 5,0 7,5 1,3 3,0 4,0 1,3 2,0 2,5 1,4 4,0 5,5 1,6 4,0 6,5 1,3 5,0 6,5 1,3 2,0 2,5

8,58

Banana, flowery, 

citrus, honey (I & 

J)

chocolate, 

earthy, forest, 

woody, musty, 

nutty

3-methyl-1-

butanol 1,0 2,0 2,0 2,5 2,0 5,0 2,0 4,0 8,0 1,5 2,0 3,0 1,0 2,0 2,0 1,5 2,0 3,0 1,7 3,0 5,0 1,3 2,0 2,5 1,0 2,0 2,0 1,0 1,0 1,0 1,0 1,0 1,0 1,5 1,0 1,5 2,3 3,0 7,0 1,5 3,0 4,5 0,0 0,0 0,0 0,0 0,0 0,0 1,0 1,0 1,0 1,0 1,0 1,0 1,8 5,0 8,8 2,0 1,0 2,0

9,11

fruity, sweet, 

green

2-[(Z)-octadec-9-

enoxy]ethanol 1,0 3,0 3,0 0,0 0,0 0,0 1,0 1,0 1,0 1,0 2,0 2,0 1,0 3,0 3,0 2,0 2,0 4,0 1,7 3,0 5,0 1,7 3,0 5,0 1,0 4,0 4,0 1,7 5,0 8,5 2,3 2,0 4,5 1,8 3,0 5,5 1,8 4,0 7,0 2,3 2,0 4,5 1,6 4,0 6,5 1,7 3,0 5,0 1,8 3,0 5,5 1,5 2,0 3,0 0,0 0,0 2,0 1,0 2,0

10,31

fruity, sweet, 

solvent, glue, 

green, flowery

2-heptanol 

acetate 1,4 5,0 7,0 2,6 4,0 10,5 2,0 6,0 12,0 1,9 4,0 7,5 2,1 5,0 10,5 2,5 5,0 12,5 2,7 6,0 16,0 2,4 5,0 12,0 1,7 6,0 10,0 2,9 6,0 17,5 2,4 5,0 12,0 2,8 6,0 16,5 2,3 6,0 14,0 2,3 5,0 11,5 2,6 6,0 15,5 2,8 6,0 16,5 2,5 4,0 10,0 3,7 3,0 11,0 2,1 5,0 10,5 2,3 5,0 11,5

12,44

soapy, 

flowery/parfumy, 

green, fruity, 

citrus 2-heptanol 2,5 6,0 15,0 3,1 6,0 18,5 2,6 6,0 15,5 2,7 6,0 16,0 2,5 6,0 15,0 2,8 6,0 16,5 2,9 5,0 14,5 2,3 6,0 14,0 2,1 5,0 10,5 2,4 5,0 12,0 2,3 3,0 7,0 3,2 3,0 9,5 2,5 2,0 5,0 2,7 3,0 8,0 2,0 5,0 10,0 3,0 5,0 15,0 1,0 2,0 2,0 1,8 2,0 3,5 2,3 2,0 4,5 1,3 2,0 2,5

TfC1- Rep1 TfC1- Rep2 TfC2- Rep1 TfC2- Rep2FC0- Rep1 FC0- Rep2 IC1- Rep1 IC1- Rep2 IC2- Rep1 IC2- Rep2 IC3- Rep1 IC3- Rep2 IC6- Rep1 IC6- Rep2 IC7- Rep1 IC7- Rep2IC4- Rep1 IC4- Rep2 IC5- Rep1 IC5- Rep2
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Appendix 3 (part 2) Calculation of flavour scores; M =mean value of intensity rating, DF= detection frequency; FS = flavour score 

 

 

Retention 

time

Odour 

description

Chemical 

comound M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS M DF FS

12,62

sweet, vanilla, 

honey, musty, 

nutty

2,3-

dimethylpyrazine 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,0 4,0 8,0 1,5 2,0 3,0 0,0 0,0 0,0 2,0 2,0 4,0 0,0 0,0 0,0 0,0 0,0 0,0 2,0 2,0 4,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,0 1,0 2,0 0,0 0,0 0,0 4,0 1,0 4,0 3,0 2,0 6,0 1,4 4,0 5,5 2,0 3,0 6,0 2,4 4,0 9,5

13,51

sweet, citrus, 

green, soapy, 

spicy, earthy, 

woody 2-nonanone 1,5 2,0 3,0 2,3 4,0 9,0 1,3 2,0 2,5 2,0 2,0 4,0 2,5 2,0 5,0 2,0 1,0 2,0 1,8 2,0 3,5 1,0 2,0 2,0 1,0 1,0 1,0 2,5 2,0 5,0 2,0 2,0 4,0 2,8 2,0 5,5 1,4 4,0 5,5 2,0 2,0 4,0 1,5 3,0 4,5 2,3 4,0 9,0 1,3 4,0 5,0 2,0 2,0 4,0 1,0 2,0 2,0 2,0 1,0 2,0

14

vanilla, earthy, 

musty, roasted, 

sweet 

2,3,5-

trimethylpyrazine 2,0 1,0 2,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 1,5 1,0 1,5 0,0 0,0 0,0 2,0 1,0 2,0 1,7 3,0 5,0 1,3 3,0 4,0 1,5 2,0 3,0 1,7 3,0 5,0 0,0 0,0 0,0 2,2 3,0 6,5 1,5 2,0 3,0 2,0 1,0 2,0 2,8 5,0 14,0 3,3 5,0 16,5 2,8 5,0 14,0 3,0 6,0 18,0

14,39

fruity, citrus, 

green, sweet, 

chemical 1,2-Oxolinalool 1,7 5,0 8,5 2,3 3,0 7,0 1,5 2,0 3,0 2,5 2,0 5,0 1,3 4,0 5,0 2,1 4,0 8,5 1,7 3,0 5,0 2,0 2,0 4,0 1,7 3,0 5,0 1,0 1,0 1,0 1,0 3,0 3,0 1,5 2,0 3,0 1,5 3,0 4,5 2,3 2,0 4,5 2,0 3,0 6,0 1,8 2,0 3,5 1,8 4,0 7,0 2,3 4,0 9,0 1,8 2,0 3,5 2,5 2,0 5,0

14,52

green, herbal, 

vegetal, savory, 

green peas, 

forest ethyl octanoate 2,9 6,0 17,5 4,0 6,0 24,0 3,0 6,0 18,0 3,5 6,0 21,0 3,0 6,0 18,0 3,8 6,0 22,5 3,3 6,0 19,5 3,8 6,0 22,5 3,3 6,0 20,0 3,6 5,0 18,0 3,1 6,0 18,5 4,3 6,0 26,0 3,1 5,0 15,6 4,0 6,0 24,0 3,8 6,0 22,5 3,9 6,0 23,5 3,1 6,0 18,5 3,2 5,0 16,0 3,0 6,0 18,0 3,3 5,0 16,5

14,91

musty, peas, 

earthy, vegetal

cis-Linalool 

Oxide 2,3 4,0 9,3 2,8 5,0 14,0 1,8 5,0 9,0 2,4 4,0 9,5 0,0 0,0 0,0 2,5 3,0 7,5 2,0 0,0 0,0 3,7 3,0 11,0 2,3 2,0 4,5 2,7 3,0 8,0 0,0 0,0 0,0 3,5 3,0 10,5 0,0 0,0 0,0 2,8 3,0 8,5 4,0 1,0 4,0 3,3 2,0 6,5 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

14,99

acid, sour, 

pungent, musty, 

sour dough bread acetic acid 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,5 1,0 2,5 2,3 6,0 14,0 2,8 4,0 11,0 2,3 6,0 14,0 3,3 4,0 13,0 3,1 6,0 18,5 3,0 4,0 12,0 3,0 6,0 18,0 3,3 4,0 13,0 3,3 4,0 13,3 2,8 4,0 11,0 3,7 6,0 22,0 3,6 6,0 21,5 3,1 6,0 18,5 3,4 5,0 17,0 3,1 5,0 15,5 2,8 6,0 16,5

15,3

musty, earthy, 

chocolate

2,3,5,6-

tetramethylpyrazi

ne 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 3,8 0,0 3,0 1,0 3,0 0,0 0,0 0,0 0,0 0,0 0,0 1,7 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,5 3,0 7,5 2,0 2,0 4,0 2,0 5,0 10,0 2,5 2,0 5,0

16,23

earthy, herbal, 

green, vegetal, 

green leaves, 

woody, 

mushroom

3,5-diethyl-2-

methylpyrazine 1,3 3,0 4,0 1,9 6,0 11,5 1,0 4,0 4,0 1,3 3,0 4,0 1,4 4,0 5,5 1,5 3,0 4,5 1,0 1,0 1,0 2,3 2,0 4,5 2,3 3,0 7,0 1,5 1,0 1,5 1,3 3,0 4,0 2,0 2,0 4,0 3,0 1,0 3,0 2,0 2,0 4,0 1,5 2,0 3,0 1,0 1,0 1,0 1,5 3,0 4,5 2,0 1,0 2,0 1,7 5,0 8,5 2,0 5,0 10,0

16,45

green, savory, 

herbal,  vegetal, 

green leaves, 

green pepper 2-nonanol 2,7 5,0 13,5 3,6 4,0 14,5 2,7 5,0 13,5 2,3 4,0 9,0 3,8 4,0 15,0 3,1 5,0 15,5 2,5 3,0 7,5 3,3 3,0 10,0 2,3 3,0 7,0 2,7 3,0 8,0 2,5 4,0 10,0 3,1 5,0 15,5 2,3 3,0 7,0 3,0 5,0 15,0 1,0 4,0 4,0 3,4 4,0 13,5 2,8 6,0 17,0 3,3 3,0 10,0 3,1 4,0 12,5 4,5 2,0 9,0

16,6

green, herbal, 

grassy, peppery, 

woody

1,2-

Dihydrolinalool 0,0 0,0 0,0 3,3 4,0 13,0 2,0 1,0 2,0 3,1 6,0 18,5 0,0 0,0 0,0 3,0 1,0 3,0 2,5 3,0 7,5 1,8 3,0 5,5 2,5 2,0 5,0 3,2 3,0 9,5 2,8 4,0 11,0 2,0 2,0 4,0 3,2 5,0 16,0 3,0 1,0 3,0 3,5 4,0 14,0 3,3 3,0 10,0 0,0 0,0 0,0 4,3 2,0 8,5 0,0 0,0 0,0 1,5 2,0 3,0

18,50-18,70

fruity, overripe, 

flowery (I & J)

flowery, green, 

earthy, musty

1-

phenylethanone 1,0 2,0 2,0 1,5 2,0 3,0 1,0 3,0 3,0 2,5 2,0 5,0 2,0 1,0 2,0 1,5 1,0 1,5 1,5 2,0 3,0 2,3 3,0 7,0 1,8 2,0 3,5 3,0 2,0 6,0 1,5 2,0 3,0 2,0 2,0 4,0 1,0 2,0 2,0 2,3 3,0 7,0 2,0 3,0 6,0 2,3 3,0 7,0 2,3 2,0 4,5 3,0 2,0 6,0 0,0 0,0 0,0 1,8 3,0 5,5

19,2

foul-smelling, 

cheesy (cheesy 

feet), rotten

3-methylbutanoic 

acid 0,0 0,0 0,0 1,7 3,0 5,0 1,0 1,0 1,0 0,0 0,0 0,0 1,5 1,0 1,5 2,4 4,0 9,5 0,0 0,0 0,0 1,0 1,0 1,0 0,0 0,0 0,0 0,0 0,0 0,0 1,4 3,0 4,3 2,5 3,0 7,5 1,5 2,0 3,0 1,3 2,0 2,5 1,8 2,0 3,5 0,0 0,0 0,0 4,0 6,0 24,0 4,3 6,0 26,0 4,3 6,0 25,5 3,8 6,0 22,5

20,69

fruity, earthy, 

woody, 

sweet/vanilla

methyl (Z)-N-

hydroxybenzene

carboximidate 1,3 3,0 4,0 2,0 1,0 2,0 1,0 1,0 1,0 1,5 2,0 3,0 2,2 5,0 11,0 1,8 3,0 5,5 1,5 2,0 3,0 2,1 5,0 10,5 1,3 3,0 4,0 2,0 3,0 6,0 1,5 2,0 3,0 2,0 4,0 8,0 2,0 3,0 6,0 2,0 1,0 2,0 1,0 2,0 2,0 1,8 2,0 3,5 1,5 2,0 3,0 2,0 1,0 2,0 2,5 2,0 5,0 0,0 0,0 0,0

21,85-22,16

vanilla, sweet, 

flowery, green phenylmethanol 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 3,1 6,0 18,5 1,2 3,0 3,5 2,8 6,0 17,0 2,5 2,0 5,0

22,35

smokey, burnt, 

woody, vanilla, 

flowery (I & J)

sweet, fruity, 

flowery, hay 2-phenylethanol 0,0 0,0 0,0 1,8 3,0 5,5 1,0 1,0 1,0 2,5 1,0 2,5 2,5 2,0 5,0 2,0 0,0 0,0 1,0 1,0 1,0 0,0 0,0 0,0 0,0 0,0 0,0 2,0 1,0 2,0 2,0 1,0 2,0 0,0 0,0 0,0 2,0 3,0 6,0 2,5 4,0 10,0 1,5 1,0 1,5 1,5 2,0 3,0 2,0 3,0 6,0 2,3 4,0 9,3 3,0 1,0 3,0 2,7 3,0 8,0

23

overripe Mango, 

grassy, woody, 

musty, smokey

1-(1H-pyrrol-2-

yl)ethanone 0,0 0,0 0,0 1,9 4,0 7,5 1,5 1,0 1,5 1,3 3,0 4,0 1,5 2,0 3,0 0,0 0,0 0,0 1,5 1,0 1,5 2,3 2,0 4,5 1,0 3,0 3,0 1,0 1,0 1,0 1,0 2,0 2,0 0,0 0,0 0,0 2,5 2,0 5,0 0,0 0,0 0,0 2,0 2,0 4,0 1,0 1,0 1,0 2,0 2,0 4,0 1,5 2,0 3,0 2,2 3,0 6,5 2,5 2,0 5,0

23,45-23,60

soapy, flowery, 

vanilla, fruity phenol 1,0 2,0 2,0 1,5 2,0 3,0 1,0 1,0 1,0 0,0 0,0 0,0 1,0 0,0 0,0 1,5 2,0 3,0 0,0 0,0 0,0 1,2 3,0 3,5 1,8 2,0 3,5 1,0 2,0 2,0 1,0 2,0 2,0 0,0 0,0 0,0 0,0 0,0 0,0 1,0 1,0 1,0 1,0 2,0 2,0 0,0 0,0 0,0 2,3 2,0 4,5 2,8 2,0 5,5 1,3 3,0 4,0 2,5 2,0 5,0

FC0- Rep1 FC0- Rep2 IC1- Rep1 IC1- Rep2 IC2- Rep1 IC2- Rep2 IC3- Rep1 IC3- Rep2 IC4- Rep1 IC4- Rep2 IC5- Rep1 IC5- Rep2 TfC1- Rep2 TfC2- Rep1 TfC2- Rep2IC6- Rep1 IC6- Rep2 IC7- Rep1 IC7- Rep2 TfC1- Rep1
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Appendix 4 Chromatograms of a cocoa sample from traditionally fermented sample (TfC, red), fresh cocoa (FC0, grey) and cocoa sample of seven days incubation (IC7, black) 
peaks of odour-active compounds are labelled 
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Appendix 5 Hierarchical clustering of traditionally fermented cocoa samples (TfC), fresh cocoa sample (FC0) and samples 
from fermentation-like incubation (IC1, IC2, IC3, IC4, IC5, IC6, IC7) 
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Appendix 6 ANOVA results of flavour scores for samples of traditional fermentation and day seven of incubated sample  

Odours p-value signifi-
cant 

acid, sour 0,007 Yes 

alcoholic, solvent 0,086 No 

banana, chocolate 0,319 No 

banana, Ice candy 0,116 No 

cheesy, rotten 0,000 Yes 

cocoa, caramel 0,055 No 

cocoa, nutty 0,038 Yes 

earthy, green leaves 0,206 No 

fruity, candy 0,251 No 

fruity, citrus 0,520 No 

fruity, earthy 0,885 No 

fruity, musty 0,295 No 

fruity, solvent 0,001 Yes 

fruity, sweet, green 0,153 No 

fruity, sweetish 0,322 No 

glue, alcoholic 0,861 No 

glue, flowery 0,130 No 

glue, vanilla 0,290 No 

green 0,048 Yes 

green pepper, savory 0,441 No 

green, herbal 0,004 Yes 

musty, earthy, choco-
late 

0,030 Yes 

musty, peas 0,002 Yes 

musty, putrid 0,033 Yes 

nail polish 0,325 No 

overripe, grassy, smo-
key 

0,216 No 

smokey, woody, flo-
wery 

0,110 No 

soapy, flowery 0,006 Yes 

soapy, vanilla 0,009 Yes 

sweet, citrus, green 0,120 No 

sweet, fruity 0,015 Yes 

sweet, vanilla, honey 0,062 No 

vanilla, butter, caramel 0,121 No 

vanilla, earthy, roasted 0,001 Yes 

vanilla, sweet 0,135 No 
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Appendix 7 ANOVA results of flavour scores for samples of all incubated sample (IC1, IC2, IC3, IC4, IC5, IC6, IC7) and fresh 
cocoa (FC0) 

Odours p-value significant 

acid, sour 0,000 Yes 

alcoholic, solvent 0,892 No 

banana, chocolate 0,091 No 

banana, ice candy 0,606 No 

cheesy, rotten 0,318 No 

cocoa, caramel 0,098 No 

cocoa, nutty 0,043 Yes 

earthy, green leaves 0,546 No 

fruity, candy 0,956 No 

fruity, citrus 0,150 No 

fruity, earthy 0,477 No 

fruity, musty 0,355 No 

fruity, solvent 0,322 No 

fruity, sweet, green 0,084 No 

fruity, sweetish 0,935 No 

glue, alcoholic 0,366 No 

glue, flowery 0,630 No 

glue, vanilla 0,473 No 

green 0,839 No 

green pepper, savory 0,433 No 

green, herbal 0,943 No 

musty, earthy, 
chocolate 

0,493 No 

musty, peas 0,755 No 

musty, putrid 0,221 No 

nail polish 0,829 No 

overripe, grassy, smo-
key 

0,978 No 

smokey, woody, flo-
wery 

0,156 No 

soapy, flowery 0,005 Yes 

soapy, vanilla 0,691 No 

sweet, citrus, green 0,631 No 

sweet, solvent 0,192 No 

sweet, vanilla, honey 0,859 No 

vanilla, butter, caramel 0,216 No 

vanilla, earthy, roasted 0,283 No 
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Appendix 8 ANOVA results of content (peak area) for samples of traditional fermentation and day seven of incubated 
sample  

Chemical component p-value significant 

1-(1H-pyrrol-2-yl)ethanone 0,122 No 

1,2-dihydrolinalool 0,833 No 

1,2-oxolinalool 0,353 No 

1-phenylethanone 0,165 No 

2,2,4-trimethylpentane 0,098 No 

2,3,5,6-tetramethylpyrazine 0,051 No 

2,3,5-trimethylpyrazine 0,018 Yes 

2,3-dimethylpyrazine 0,003 Yes 

2,6-dimethyl-2-octene 0,024 Yes 

2-[(Z)-octadec-9-en-
oxy]ethanol 

0,027 Yes 

2-heptanol 0,015 Yes 

2-heptanol acetate 0,019 Yes 

2-heptanone 0,223 No 

2-methyl-3-buten-2-ol 0,022 Yes 

2-methylpropanal 0,003 Yes 

2-nonanol 0,244 No 

2-nonanone 0,286 No 

2-pentanol 0,054 No 

2-pentanone 0,240 No 

2-phenylethanol 0,001 Yes 

3,5-diethyl-2-methylpyra-
zine 

0,047 Yes 

3-methyl-1-butanol 0,003 Yes 

3-methylbutanal 0,000 Yes 

3-methylbutanoic acid 0,000 Yes 

3-methylbutyl acetate 0,013 Yes 

acetic acid 0,885 No 

cis-linalool Oxide 0,311 No 

ethanol 0,041 Yes 

ethyl 3-methylbutanoate 0,000 Yes 

ethyl octanoate 0,260 No 

methyl (Z)-N-hydroxy- 
benzenecarboximidate 

0,021 Yes 

phenol 0,900 No 

phenylmethanol 0,575 No 

propyl acetat < 0,0001 Yes 

toluene 0,085 No 

 

 

 



 
 

60 
 

Appendix 9 ANOVA results of content (peak area) for samples of all incubated sample (IC1, IC2, IC3, IC4, IC5, IC6, IC7) 
and fresh cocoa (FC0) 

Chemical component p-value significant 

1-(1H-pyrrol-2-yl)ethanone 0,736 No 

1,2-dihydrolinalool 0,844 No 

1,2-oxolinalool 0,279 No 

1-phenylethanone 0,034 Yes 

2,2,4-trimethylpentane 0,010 Yes 

2,3,5,6-tetramethylpyrazine 0,002 Yes 

2,3,5-trimethylpyrazine 0,415 No 

2,3-dimethylpyrazine 0,004 Yes 

2,6-dimethyl-2-octene 0,729 No 

2-[(Z)-octadec-9-en-
oxy]ethanol 

0,779 No 

2-heptanol  0,007 Yes 

2-heptanol acetate 0,102 No 

2-heptanone 0,002 Yes 

2-methyl-3-buten-2-ol 0,000 Yes 

2-methylpropanal 0,057 No 

2-nonanol 0,934 No 

2-nonanone 0,995 No 

2-pentanol  < 0,0001 Yes 

2-pentanone 0,000 Yes 

2-phenylethanol  0,007 Yes 

3-methyl-1-butanol 0,002 Yes 

3-methylbutanal 0,066 No 

3-methylbutanoic acid 0,213 No 

acetic acid 0,010 Yes 

cis-linalool Oxide 0,014 Yes 

ethanol 0,000 Yes 

ethyl octanoate 0,507 No 

methyl (Z)-N-hydroxy- 
benzenecarboximidate 

0,992 No 

phenol 0,523 No 

phenylmethanol 0,253 No 

propyl acetat < 0,0001 Yes 

toluene 0,874 No 
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Appendix 10 pictures of fermentation-like incubation -  from top to bottom-  sterilized cocoa fruits and sterilized instru-
ments under a clean bench; equally distribution of cocoa seeds to sterile glass bottles; set-up of filled incubation glasses 
with sterile filter in a water bath with connected nitrogen flow 
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 Appendix 11 – visual changes of cocoa seeds in incubation glasses from time zero, day one (IC1), day two (IC2), day 
three (IC3) and day four(IC4) (from left to right, from top to bottom) 
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Appendix 12 – visual changes of cocoa seeds in incubation glasses from day five (IC5), day six (IC6) and day seven (IC7) 
(from left to right) 
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