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A B S T R A C T   

The fine flavor cocoa (FFC) market offers cocoa farmers better monetary and nonmonetary benefits than the bulk 
market. In this work, during cocoa fermentation, flavor formation was studied at different fermentation times 
based on sensory profiles, volatile compound contents and untargeted metabolomics. It was observed that 
chocolate quality is influenced by fermentation time. Thus, at 72 h, the sensory profiles showed no outstanding 
attributes, while at 96 h, the global quality presented a stronger influence of fine attributes, such as fruitiness, 
florality, spices and nuttiness. Finally, at 120/144 h, these FFC features diminished. Metabolomic fingerprint of 
cocoa beans (related to peptides, sugars, amino acids, and phenolic compounds) and the volatile fingerprint of 
chocolate showed a change according to the fermentation time. This allowed the proposal of 96 h as the optimal 
fermentation time to produce FFC beans. Additionally, 20 volatiles and 48 discriminating metabolites were 
defined as potential quality biomarkers.   

1. Introduction 

In general, bulk and fine flavor cocoa (FFC) can be distinguished 
from each other by their flavor quality. While FFC is characterized by its 
outstanding aromatic notes such as flowery, fruity, caramelly and nutty, 
bulk cocoa does not have these same notes, and it has a marked basic 
cocoa taste (Ríos et al., 2017). The FFC market offers very large eco
nomic and social benefits for cocoa farmers compared to the bulk market 
(Ríos et al., 2017). Therefore, it is imperative for cocoa farmers produce 
cocoa with high and stable quality to participate in the FFC market. 

Cocoa fermentation is essential for chocolate flavor formation. 
During this stage, the endogenous components of cocoa seeds, mainly 
proteins and carbohydrates, are transformed into simpler compounds, 
called flavor precursor metabolites, because during roasting, they react 
to generate the flavor molecules that are expressed as sensory attributes 
in chocolate (Santander et al., 2019). In short, depending on the 
fermentation method, the sensory quality of cocoa beans varies due to 
the difference in terms of the metabolites generated. Therefore, one of 
the goals for the cocoa sector is to define fermentation methodologies 

that allow the production of cocoa beans with higher quality to make 
chocolates with finer sensory attributes. 

On the other hand, farmers empirically ferment cocoa beans without 
considering product quality, applying their own traditional method and 
using any kind of fermentation equipment. Additionally, cocoa farmers 
in Latin America have cocoa plantations averaging 0.5 to 1 ha with an 
approximate yield of 600 kg/ha/year, which represents noncompetitive 
production capacity and difficulties when negotiating prices. Addition
ally, this situation results in cocoa with heterogeneous characteristics 
between each fermentation batch. This creates a gap that prevents the 
production of high-quality cocoa being competitive and ensuring regu
larity in the quality of the cocoa offered (Abbott et al., 2017). 

Operation under an associative model may be an alternative to 
facilitate cocoa farmers to carry out the transformation of seeds to cocoa 
beans in a central location with the same equipment under unified 
protocols based on producing the best quality FFC products (Abbott 
et al., 2017). This may increase competitiveness and ensure higher 
participation in the FFC market. 

Currently, research on cocoa quality has focused mainly on 
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postharvest processes and/or flavor formation, especially from a 
chemical point of view, considering the precursor metabolites in the 
cocoa beans and the volatile compounds in chocolate (D’Souza et al., 
2018; Megias-Perez et al., 2020; Utrilla-Vázquez et al., 2020). Although 
those studies contributed considerably to elucidate the flavor formation, 
they have missed the connection with the real sensorial impact on cocoa 
quality within the true context of “on-farm” production and failed to 
generate appropriate postharvest practices. 

A study on cocoa flavor formation should be more comprehensive 
and comprise the dynamics of the “on-farm” transformation from seeds 
to cocoa beans, considering a holistic approach that links analytical 
methods with reliable sensorial analysis. This is the objective of this 
paper, which aimed to analyze the variation in the metabolomic 
fingerprint of cocoa beans during “on-farm” fermentation, the volatile 
profile and the sensory attributes of chocolate produced with these 
beans. 

2. Materials and methods 

2.1. Large-scale postharvest cocoa transformation process 

On-farm postharvest cocoa bean transformation was carried out in 
the three main cocoa-producing regions in the southern Colombian 
Pacific located in the district of Buenaventura Harbour: Cisneros (Cis), 
Bajo Calima (Bcal) and Sabaletas (Sab). The same equipment and 
methodology were used in each region by implementing a central 
postharvest cocoa transformation unit. Stages such as the harvesting of 
the pods from the farms, transportation of the cocoa pods to the central 
postharvest transformation site, fermentation and drying strictly fol
lowed the same guidelines in all three regions (Fig. S1. A-H). For this, a 
total of 32 small cocoa farmers (with cocoa farms between 0.5 and 1 ha) 
in each region participated in the process, contributing to the mixture of 
cocoa materials available on their farms, all of them belonging to uni
versal and Colombian hybrid commercial cultivars. Cocoa pods were 
harvested during the peak harvesting season in November 2019. The 
cocoa pods were transported to the central transformation site the day 
after being harvested. 

2.1.1. Fermentation of cocoa seeds 
Fermentation was developed as reported by Santander, Vaillant, 

Sinuco, Rodríguez, & Escobar (2021) with some modifications. The 
cocoa pods were opened, and the cocoa seeds were manually extracted. 
All of the extracted cocoa seeds were mixed. Then, 300 kg from the total 
mass of cocoa seeds obtained was distributed in 6 batches of 50 kg each. 
Each batch of cocoa seeds was placed in independent compartments of 
the fermenter system shown in Fig. S1. G-H. Thus, per region, the six 
fermentation batches were considered 6 replicates that represent a mix 
of cocoa seeds from different farms. The first aeration of the cocoa mass 
was performed manually after 48 h with a shovel, moving the mass of 
seeds from one compartment to another empty compartment. Then, the 
cocoa mass was mixed every 12 h until 120 h of processing was reached 
in the case of Bajo Calima and Sabaletas; however, this time was 
extended to 144 h for Cisneros due to a particular reason in this region, 
and it was not possible to take the sample at 120 h. 

2.1.2. Cocoa sampling and drying 
All cocoa seeds were sampled from the center of the mass of each of 

the 6 compartments of the fermenter system at 72, 96 and 120/144 h. All 
samples were stored at − 18 ◦C. For the metabolomic analysis, 50 g of 
fermented cocoa was sampled and dried by forced convection with hot 
air at 50 ◦C for 24 h (Rodriguez-Campos et al., 2012). Additionally, a 
sample of 1,500 g of cocoa seeds was collected and subsequently dried 
by forced convection with hot air at 50 ◦C for 72 h to produce chocolate 
and perform the sensory and volatile analyses. 

2.2. Chocolate sensory analysis 

Chocolates from the cocoa fermented for 72, 96 and 120/144 h from 
the three regions with 67% (w/w) cocoa solids were produced. These 
samples were obtained under a standard protocol in the chocolate- 
making laboratory. The fermented and dried cocoa beans were roasted 
at 125◦ C for 60 min. The roasted cocoa nibs were subsequently desh
elled. 67% cocoa liquor was mixed with 33% sugar before the refining 
stage. A three-roll refiner was used. The refined chocolate mass was 
conched for 6 h at 80 ◦C with the addition of 5% cocoa butter and 0.01% 
soy lecithin (as emulsifier). The tempering stage consisted of initial 
heating of the chocolate above 40 ◦C, then cooling to 29◦ C and finally 
heating to 32 ◦C before being molded. 

A descriptive sensory analysis was performed using the consensus 
profile method (International Organization for Standardization, 2016) 
in the sensory analysis laboratory. The chocolate sensory analysis was 
developed according to Santander et al. (2021). The chocolate samples 
were blindly tasted by eight trained judges with experience evaluating 
chocolate (more than five years). Each sample was evaluated twice (one 
replication). The panel consisted of three females and five males, aged 
between 25 and 50 years old. They were selected based on their abilities 
to identify and describe differences in chocolate samples and for having 
good reproducibility. Continuous panel performance and monitoring 
methods are applied to ensure all judges maintained a high level of 
competence. 

There were two types of evaluation sessions. First, the judges agreed 
on a vocabulary with sensory attributes to evaluate the samples. 12 
descriptors were selected to describe the flavor of chocolate samples. 
The descriptors were classified as basic flavors: sweetness, acidity, 
bitterness, astringency; fine flavors: cocoa taste, cocoa aroma, fruitiness, 
nuttiness, floral, spices, and off-flavors: burned and animal. Finally, 
global quality was also considered. In the second session, they were 
seated in individual booths, and the chocolates (5 g) were served at 
room temperature (at 20 ± 1 ◦C) on identical plastic plates pre-labeled 
with a random three-digit code. Samples were presented successively, 
one by one, in a monadic sequence presentation order. A completely 
randomized design was used for the sample presentation. Judges scored 
chocolate samples using a 10-point scale from 0 (not perceivable) to 10 
(very intense) regarding the sensory attributes defined initially. For 
neutralization between samples, unsalted crackers and non-carbonated 
water (at 37 ◦C) were available. 

For analysis of the results from the sensorial panel, Cronbach’s alpha 
coefficient (CA) was measured to analyze the internal consistency and 
agreement among the panelists (or reproducibility). Table S1 shows that 
there was a high concordance between all judges. Subsequently, a 
formative model of partial least squares structural equation modeling 
(PLS-SEM) was performed in order to describe the contribution of the 
attributes to the sensory profile. The sensory attributes, as measured 
variables, were grouped to generate three latent variables as “flavor- 
type descriptors” (Fig. S2. A). The latent variable “Fine” referred to the 
sensory attributes of fruitiness, florality, nuttiness, cocoa aroma, cocoa 
taste, and spices. The latent variable “basic” referred to the chocolate’s 
basic flavors that include acidity, sweetness, astringency, and bitterness. 
The latent variable “off” refers to deleterious flavors, which are animal 
and burned. Moreover, global quality was also measured, and the vari
able “quality” was defined. The basic, fine, and off flavors influenced the 
global quality (Fig. S2. B). Finally, collinearity based on the variation 
inflation factor (VIF), the coefficient of determination (R2), and the 
significance of each construct in the model (p-value) were indicators of 
the performance of the model (Hair et al., 2019). This analysis was 
performed using R v.3.6.0 with the package “semPLS”. Additionally, the 
details about PLS-SEM methodology are available in the Supplementary 
material. 
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2.3. Analysis of volatile organic compounds in chocolate 

The volatile organic compounds (VOCs) of chocolate samples (2.5 g) 
were extracted using solid phase microextraction in the headspace 
(SPME-HS) as described by Assi-Clair et al. (2019), using a 50/30-µm 
divinylbenzene/carboxene/polydimethylsiloxane (DVB/CAR/PDMS) 
fiber provided by Supelco. The extraction conditions were previously 
optimized by combining the exposure time of the fiber at different 
temperatures. The fiber was pre-conditioned in the chromatograph 
injector at 250 ◦C for 3 min and then, to reach equilibrium, it was 
exposed to the chocolate sample headspace at 50 ◦C for 45 min. 

The volatile compounds were analyzed using an Agilent 6890 N gas 
chromatography–mass spectrometry (GC–MS) instrument equipped 
with a Hewlett Packard capillary column DBWAX, 30 m length × 0.25 
mm internal diameter × 0.25 µm film thickness (Palo Alto, CA, USA). 
The GC oven temperature was initially set at 40 ◦C for 5 min, increased 
to 140 ◦C at a rate of 2 ◦C/min and then increased at a rate of 10 ◦C/min 
to 250 ◦C for 66 min. The carrier gas was high-purity helium at 1 ml 
min− 1. The splitless injection mode was at 250 ◦C (2 min). The selective 
mass detector was a quadrupole (Hewlett Packard, Model 5973), with an 
electronic impact ionization system at 70 eV and at 230 ◦C (Assi-Clair 
et al., (2019). VOCs were tentatively identified using the three criteria 
previously defined by Assi-Clair et al. (2019): (i) comparison of the 
retention index with those in an in-house database, (ii) probability- 
based matching of mass spectra with those obtained from the Wiley 
275L library of mass spectra, and (iii) in some cases, identification was 
confirmed using standards of the components. For each chocolate 
sample, three replicates were carried out. The dispersion coefficients in 
the headspace and absorption on the fiber were neglected. The moisture 
content of the chocolates was determined using the oven-drying method 
according to the International Organization for Standards (ISO 
1666:1996) method. The content of each volatile compound was 
calculated according to Equation (1) (Assi-Clair et al., 2019). 

qi
(
μgg− 1) =

25 × Ai

Abut × me × W
(1)  

where qi is the amount of compound i, Ai is the area of compound i, Abut 
is the area of butanol (standard), 25 is the content of butanol in mg kg− 1, 
me is the mass of sample introduced into the vial in g and W is water 
content of the sample (Assi-Clair et al., 2019). Odor activity values 
(OAVs) were calculated by dividing the detected headspace concentra
tion by the respective odor threshold value (OTV) to estimate the 
contribution of the volatiles to the overall chocolate aroma. The OTVs in 
oil media used were from van Gemert (2011). 

A principal component analysis of the concentrations of the volatile 
organic compounds was performed to visualize the behavior of the 
volatiles on chocolates derived from cocoa beans processed at the three 
fermentation times. The data were mean-centered and autoscaled. Then, 
orthogonal partial least squares discriminant analysis (OPLS-DA) was 
applied by group comparison between 96 h of fermentation and the 
other fermentation times (72, 120 and 144 h) in order to obtain 
discriminating VOC quality markers. The discriminant power of each 
VOC was evaluated by the variable importance in projection (VIP) score. 
The first 20 VOCs with VIP > 1.0 were considered relevant (Efenberger- 
Szmechtyk et al., 2018). The quality of the model was evaluated 
considering its fitting capacity (R2Y) value, the prediction capacity 
(Q2Y), the cross-validated analysis of variance (CV-ANOVA) and the 
permutation test to evaluate overfitting of the data. The statistical 
analysis was performed using the software R Studio. 

2.4. Untargeted metabolomic analysis in fermented and dried cocoa beans 

The extracts derived from fermented and dried cocoa beans were 
obtained through a procedure described by Santander et al. (2021). A 
UPLC-ESI-QTOF-MS system (Acquity, Waters, Milford, Massachusetts, 

USA) was used. Chromatographic separation was performed using a CSH 
C18 column (130 Å, 1.7 µm particle size, 2.1 mm × 100 mm, Waters) 
coupled to a Vanguard CSH C18 precolumn (130 Å, 1.7 µm particle size, 
2.1 mm × 5 mm, Waters). The method and conditions of analysis were 
developed in the same way as previously described by Santander et al. 
(2021). 

For the ESI-MS/MS analyses, an electrospray ionization source and a 
QTOF analyzer (Waters) were used. Positive ionization mode under a 
full scan from 100 to 1500 Da was employed in continuous mode. The 
conditions of the ESI + -QTOF-MS system were the same as those of the 
protocol of Santander et al. (2021). 

For the data processing, Raw files were collected in continuous mode 
and centered with the lock mass using MassLynx software V3.1 SCN 639 
(Waters Inc., Milford, Massachusetts, USA). Then, these data were pro
cessed using Progenesis QI software (Waters Inc.), with which the 
chromatographic peaks were selected and aligned. Subsequently, the 
effects of the drift on the quality control baseline were corrected using 
the Metabodrift tool (Thonusin et al., 2017). For this, the data were 
normalized using the LOESS method with an alpha of 0.5, and the ions 
were filtered with a relative standard deviation>30% in the quality 
control samples. The data were treated with the dilution factor that 
relates the mass of the ground cocoa and the resuspended mass of the 
sample. 

Data tidying was complemented by removing the masses of ions that 
had a value of zero in 90% of the samples. Then, these zeros were 
replaced with the minimum value detected in order to represent the 
baseline signal. Additionally, the logarithmic transformation gLog and 
autoscaling were applied to the data. 

For metabolomic multivariate analysis, a hierarchical cluster anal
ysis (HCA) using the correlation distance followed by multiscale boot
strapping resampling was carried out to differentiate the metabolomic 
profiles between the time of fermentation and the region. The analysis 
included the confidence estimates of the clusters based on the Approx
imately Unbiased p-value (AU-P) and Bootstrap Probability p-value (BP- 
P) Second, OPLS-DA was performed to identify discriminating metabo
lites in the fermentation process and associate them to the quality. For 
this, an independent comparison was made between the different times 
of fermentation. It was compared 72 h, 96 h, 120 h/144 h among the 
treatments. Then, R2Y, Q2Y, and Cross-Validation test was measured to 
evaluate the model performance. Finally, the 20 features with the 
highest VIP were chosen with the aim to be identified. The multivariate 
analysis was carried out using R with the package “ropls”. 

Once the discriminating metabolites were identified by multivariate 
analysis, MS/MS fragmentation was performed. The mass of each parent 
ion was compared with the Theobroma cacao peptide database published 
by D’Souza et al. (2018) with a tolerance of 10 ppm, from which the 
primary structure of the peptide was determined. Subsequently, this 
peptide was translated into SMILES nomenclature using the PepSMI 
online tool and an in-house web scraping script. Then, in silico frag
mentation of the peptide was performed using the CFM-ID 3.0 online 
tool. Finally, the experimental and in silico fragmentation patterns were 
compared using our own R script. The tolerance used for each ion was 
10 ppm, and the peptides that matched >5 ions were annotated. Addi
tionally, peptides that remained unknown were identified using 
SearchGUI 4.0.8 based on the methodology described by (D’Souza et al., 
2018). Finally, the metabolites were identified using the Theobroma 
cacao library in the Plant Metabolic Network database (https://plantcyc. 
org/) by comparison of the MS/MS reported spectra or by in silico 
fragmentation. 

3. Results and discussion 

3.1. Sensory profile variations in the chocolate produced by cocoa beans 
sampled at different fermentation times 

The results of the sensory analysis performed by a highly specialized 
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and experienced panel of judges were deemed highly reliable (Cron
bach’s alpha statistic coefficient > 0.9, see details in Table S1). Fig. 1. A- 
C shows the sensory profiles of the chocolate samples obtained after 72, 
96 and 120/144 h of spontaneous fermentation in the three regions of 
the Colombian Pacific: Cisneros, Bajo Calima and Sabaletas. The most 
important aspect to be highlighted is that the sensory profile of these 
chocolates showed the typical characteristics of a fine aroma with 
relatively high perceptions of the sensory attributes of fruitiness, nutti
ness, florality, and spices. 

For each region, significant differences between the attributes of the 
chocolate flavor profile as a function of fermentation time were found 
(Fig. S3. A-I). In general, an increase in the intensity of the fine attributes 
(fruitiness, nuttiness, florality and spices) was observed between 72 and 
96 h (Fig. S3. A, D, G). After 96 h, the sensory perception of almost all of 
these attributes tended to decrease. Notably, the chocolate samples from 
each of the three regions had the highest scores in global quality at 96 h. 
Therefore, in all regions the fine attributes and global quality are 
correlated and appear to show the same dynamic. In terms of undesir
able quality attributes, astringency and acidity perception were mostly 
present in the two chocolate samples from Bcal and Sab after 120 h of 
fermentation (Fig. S3. E, H). The same results were obtained for the 
chocolate samples from Bcal, Sab and Cis after 72 h, but these samples 
were also linked to the attribute of being burned (burnt-toasted) (Fig. S3. 
C, F,I). 

A structural equation model was built by PLS-SEM (Fig. 1) to 
objectively explain the influences of the sensory profile attributes on 
global quality. The model quantified the weights of the three latent 
variables that encompass basic, fine, and off-flavor attributes at different 
process times. The model quality indicators were statistically accept
able. The R2 values of each coefficient for each construct were > 0.4 
(Fig. 1. D-F) and the noncollinearity was validated with the inner VIF <
3 (Tables S2-S3 and Fig. S4) and outer VIF (Table S4) (Hair et al., 2019). 
The p-value calculated for the general model in which processing time 
was modeled showed that the basic and fine flavors contribute 

significantly to the quality. An extended explanation of the PLS-SEM 
model and the quality indicators are presented in the section 
“Extended methodology of PLS-SEM for sensory quality” in the Sup
plementary data. 

The data from the three regions were used to evaluate the PLS-SEM 
model’s behavior based on the time of fermentation (Fig. 1. D-F). The 
results showed that the vectors from the basic and off-flavors were 
negatively correlated with quality, indicating that when the sensory 
perception of the basic or off attributes is high, the perception of quality 
is lower. On the other hand, the fine variable weight was positive, 
indicating that the higher the perception of this attributes was, the 
greater the perception of the quality of the chocolate would be. As pre
viously observed at 72 h, the basic vector had a greater absolute value 
than that of either the fine or off vectors, indicating a greater influence of 
the former group of attributes on chocolate quality. The contribution of 
the fine flavors at 72 h was lower than the absolute values of both basic 
and off. Therefore, after 72 h of fermentation, chocolate presents a 
stronger basic flavor perception. At 96 h, the higher absolute value of the 
weight vector was for the fine flavors, which also had a positive sign 
indicating a direct relationship, while the off flavors had a very low and 
nonsignificant contribution. Thus, for the chocolate obtained at 96 h, the 
fine attributes are those that have the most significant influence on 
quality. At 120/144 h, the absolute values of the basic and fine flavor 
vectors were equal, indicating that the perception of quality at this 
processing time was influenced by both flavors, with the off flavors 
showing no influence. Additionally, at all time points, the variable off 
had no significant contribution to quality in our case. Therefore, in all 
cases, 96 h was the optimal time of fermentation. At 72 h, the weight of 
the basic vector was more negative than at 96 and 120/144 h and at 96 h, 
the fine vector had a greater contribution, with the chocolate after 120/ 
144 h of processing being influenced by both fine and basic flavors. 

When the model was run separately for each region and fermentation 
time, equivalent behavior was observed (Fig. S5). In all regions at 96 h, 
the perception of fine attributes had a greater influence on the quality 

Fig. 1. Sensory profiles of chocolates made by fermented cocoa at 72, 96 and 120/144 h, of mixtures of cocoa materials from: A) Cisneros, B) Bajo Calima, and C) 
Sabaletas. PLS-SEM formative approach of cocoa flavor for all regions at different fermentation times: D) 72 h, E) 96 h and F) 120/144 h. *** p-Value < 0.005. The 
vector of fine variable is highlighted in order to emphasize the change of fine attributes over time. 
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followed by 120/144 h, while at 72 h, there was a greater influence from 
the basic attributes. 

3.2. Volatile organic compounds 

A total of 83 volatile organic compounds (VOCs) were identified, and 
their semiquantitative headspace concentrations in chocolate samples 
are reported in Table S5. Each VOC was characterized by aroma de
scriptors, as reported in the scientific literature. To analyze the differ
ences between the processing time points according to the families of 
volatile compounds detected in the chocolate samples, PCA was per
formed by loading the concentrations of all detected VOCs as variables 
and the fermentation time points as the observations. Fig. 2 shows clear 
differentiation at all fermentation time points (72, 96, and 120/144 h) in 
each region based on the first two principal components of the PCA 
model. This indicates that the VOC profile in the derived chocolate 
varies depending on the fermentation time. These findings demonstrate 
that there is a dynamic change in the composition of the cocoa seeds as 
the fermentation time progresses. 

The odor activity values (OAVs) of the volatiles were calculated to 
indicate whether a compound contributes to the flavor profile, as well as 
to link and highlight their relationship with the findings of the sensory 
analysis of the chocolate. The OAV results for the majority of the vola
tiles are given in Table S6. A volatile compound with an OAV ≥ 1 may be 
considered odor-active, which suggests that it is relevant for the aroma 
of chocolate. 

Table 1 shows the discriminating 20 volatiles that were defined by 
the OPLS-DA model by comparing 96 h with the other fermentation 
times. All validity tests were deemed statistically acceptable (Fig. S6; 
R2Y = 0.949, Q2Y = 0.914, and for the permutation test n = 1000, pR2Y 
and pQ2Y were below 0.05). From these data, we found that 2 volatiles, 
namely, 3-methyl butanal and 2-phenylethyl acetate, which were also 
reported by Magagna et al. (2017) and Utrilla-Vázquez et al. (2020), 
were considered as key aroma markers since their presence was funda
mental for the chocolate aroma properties, as they are related to desir
able aromatic notes such as fruity, flowery and cocoa-chocolate. 
Additionally, 2-furanmethanol, furfural and 2-phenyl-but-2-enal, which 
are associated with the fine flavor characteristics of flowery, sweet, 
chocolate and caramel, were discriminating, and these VOCs are of 
special interest because they are considered technological markers due 
to their susceptibility to change during the processing stages (Magagna 
et al., 2017). 

The discriminating volatiles were monitored according to 

fermentation time (72, 96, 120/144 h) to visualize the most character
istic volatiles from each treatment. This may contribute to defining the 
aromatic quality of chocolates made by fermented cocoa after the three 
processing times. The volatile compounds associated with desirable 
aroma descriptors (i.e., fruity, flowery, chocolate and almond), such as 
hexanal, benzeneacetaldehyde, 3-methyl butanal, furfural, 2-phenyl- 
but-2-enal, 2-acetylpyrrole, benzaldehyde, 5-methyl furfural, 2-furan
methanol, nonan-2-ol, ethyl octanoate, benzyl alcohol, nonan-2-one, 
cis-linalool oxide and 2-phenylethyl acetate, were found predomi
nantly in chocolates after 96 h, and the majority of these compounds 
exhibited their highest OAVs at that point during fermentation. They 
could be classified as high-quality key aroma markers. In contrast, 
ethanol is a low-quality key aroma marker because it is related to the 
undesirable alcoholic aroma that was mainly present in the chocolate 
samples from 72 h. These findings confirm that after 96 h of fermenta
tion, there is a significant improvement in the development of several 
key fine cocoa aroma volatiles associated with higher quality. 

Regarding volatile acids, acid perception in chocolates (regardless of 
the region) increased as the fermentation process progressed to 120 h 
(Fig. S3. B, E, H). This perception was confirmed by the increasing 
concentration of residual acetic acid in the chocolates (showing a sig
nificant OAV > 1 in all samples; Table S6) as fermentation progressed. 
This undesirable volatile that gives a sour and vinegar-like aroma 
(Frauendorfer & Schieberle, 2019) is mostly volatilized during roasting, 
but evidently some traces remained in the chocolate bars. Additionally, 
the highest amount of isobutyric acid (Table S5) was observed in the 
chocolate samples from the 144 h-fermented beans. This compound is 
mostly linked with overfermentation and generates hammy and putrid 
off flavors (Rodriguez-Campos et al., 2012). Isobutyric acid is correlated 
with the highest score for animal descriptors in the chocolate from Cis 
144 h (Fig. S3. C). 

High concentrations of some alcohols are favorable in order to obtain 
cocoa products with flowery, fruity and sweet flavors (Rodriguez-Cam
pos et al., 2012). Heptan-2-ol, characterized by citrus notes, is an active 
aroma that was predominant in the Bcal and Sab chocolate samples at 
96 h. 2-Phenylethanol, reported to have an aroma with flowery and 
spice notes, also stands out due its significant contribution to the overall 
flavor in Cis 96 h (Table S6). Furthermore, linalool is a terpene alcohol 
that is also relevant and may be mainly responsible for fruity and 
flowery aromas due to its considerable aroma activity (OAV > 1) in the 
chocolates after 96 h of fermentation. 

Esters and ketones are of special interest because they are associated 
with fruity and flowery aromas. As seen in Table S5, the contents of 
these groups of aromatic compounds increase as the processing time 
progresses (Barǐsić et al., 2019). The highest scores for fruity and floral 
attributes in the chocolate produced from beans fermented for 96 h and 
120 h (Fig. S3. A, D, G) are related to aromatically active esters (OAV >
1), such as methyl acetate, ethyl acetate, 2-phenylethyl acetate, butyl 
acetate and isoamyl benzoate. Actually, these esters may particularly 
affect chocolate aroma quality due to the induction of desirable flavor 
aromatic notes such as fruity, winey, flowery and rose (Nielsen et al., 
2005). These results were similar to those previously reported by Assi- 
Clair et al. (2019), who suggested that four fermentation days, instead of 
six fermentation days, significantly improved the development of key 
fruity aroma compounds. In addition, despite the unknown odor 
threshold in oil, the most abundant ester was 2,3-butanediol mono
acetate, which was previously reported in dark chocolate samples 
(Deuscher et al., 2019). 

The fruity and floral sensory attributes specifically detected in the 
chocolates samples from 96 h and 120 h were also linked to the highest 
production of ketones at these processing times (Table S5 and Fig. S3. A, 
D, G). Our findings are in accordance with the previous results of Assi- 
Clair et al. (2019) and Barǐsic (2019), who reported that the main ke
tones present in chocolate are heptan-2-one, pentan-2-one, nonan-2- 
one, acetophenone, and acetoin. Nonan-2-one was present in a consid
erable concentration that influences the overall aroma, imparting a 

Fig. 2. PCA-score plot from volatile profile data of chocolates samples pro
duced from 72 (blue points), 96 (violet points) and 120 (red points) / (green 
points)144 h fermented beans in Cisneros (Cis), Bajo Calima (Bcal) and Saba
letas (Sab) regions. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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fruity flavor due to a high OAV (Table S6). Previous works have also 
reported that nonan-2-one highly contributes to fruity aromatic notes 
(Rottiers et al., 2019; Tuenter et al., 2020). 

The aldehyde group-containing carbonylic compounds are also vital 
for the development of a desirable cocoa aroma. Ten aldehydes were 
identified, and certain increases of these compounds were observed in 
chocolate samples from the seeds fermented for 72 to 96 h in all regions. 
Strecker aldehydes such as benzeneacetaldehyde and benzaldehyde, 
obtained from 2-phenylalanine and phenylalanine, respectively, exhibit 
sweet and fruity notes, and their contribution to the overall flavor is 
likely preponderant due to their OAVs > 1 (Table S6). 2-Phenyl-but-2- 
enal is considered the key component of chocolate aroma related to 
chocolate and floral aromatic notes (Wang et al., 2019). 

The presence of benzaldehyde, 2-methyl propanal (derived from 
valine), 3-methyl butanal (from leucine), and 2-methyl butanal (from 
isoleucine), which are three Strecker aldehydes present at higher con
centrations in the chocolates from cocoa beans fermented for 96 h, 
confer a strong chocolate and cocoa flavor, as observed in Fig. S3. A, D, 
G (Barǐsić et al., 2019). The results are in line with the findings reported 
by Menezes et al. (2016), who obtained a high concentration of the al
dehydes 2-methylbutanal and 2-phenyl-2-butenal that favor chocolate 
quality, and nonanal that confers the cocoa with fruity notes. 

Pyrazines are the key type of nitrogenous heterocyclic volatiles and 
the main components forming the cocoa basic aroma. They exhibit 
cocoa, earthy, nutty and roasted aromas, so these volatiles are desirable 
in chocolate (Tuenter et al., 2020). The total concentration of pyrazines 
increased as fermentation time progressed (Table S5). Notably, the 
beans fermented for 96 h and 120 h were richer in pyrazines than those 
fermented for 72 h. These results are related to the cocoa aroma attri
butes of the sensory evaluation, as a slight increase in this perception 
was observed from 72 h to 96 h in samples from all three regions 
(Fig. S3. A, D, G). The major pyrazine detected was 2,3,5-trimethylpyr
azine, which is aromatically active (OAV > 1). Similar results were 
obtained by Barǐsić et al., (2019) and Hinneh et al. (2018). They re
ported that trimethylpyrazine is one of the most important compounds 
for the development of nutty flavor. In contrast, tetramethylpyrazine 

was not odor-active, and its contribution to flavor was negligible due to 
its low OAV < 1. 

The contents of furans, furanones and pyrroles increased until 96 h of 
fermentation (Table S5) and then drastically decreased. As they are 
characterized by desirable caramel and sweet-like flavors, this behavior 
was correlated with a slightly higher sweetness perception in the 
chocolate samples at 96 h (Fig. S3. B, E, H). The most representative 
compounds of this group, due their higher concentrations in chocolate 
samples, were furfural, 5-methyl furfural, 2-furanmethanol, 2-ace
tylpyrrole and 2,3-dihydro-3,5-dihydroxy-6-methyl-1-4H-pyran-4-one 
(Table S5). The presence of these same furans was reported in choco
lates in previous works (Hinneh et al., 2020; Tuenter et al., 2020), and 
specifically, 2-acetylpyrrole has been reported as a key odorant of dark 
chocolate due to its powerful aromatic nature (Deuscher et al., 2020). 

Our findings confirm that the chocolates produced from cocoa seeds 
fermented for 96–120 h present volatiles that are highly correlated with 
good-quality aroma descriptors. Consequently, better scores for the in
tensities of the desirable sensory attributes and overall quality were 
observed at these fermentation times. The decrease in fine flavor sensory 
attributes before and after this time window could be explained by the 
changes in the amounts and/or types of precursors of volatile com
pounds formed during fermentation, which react during the roasting 
stage when Maillard reactions take place (Assi-Clair et al., 2019). The 
hypothesis related to the quantity of flavor precursors was suggested by 
Marseglia, Musci, Rinaldi, Palla, & Caligiani (2020), who stated that a 
higher total sum of volatile compounds was obtained from higher 
amounts of flavor precursors as peptides and free amino acids. Likewise, 
other studies have reported that VOCs are also influenced by the bio
logical activity of microorganisms during spontaneous fermentation 
(Assi-Clair et al., 2019). 

3.3. Metabolomic fingerprint and discriminating metabolites as potential 
process biomarkers 

Hierarchical cluster analysis (HCA) was applied to visualize patterns 
that showed the changes and differentiation in the chemical constituents 

Table 1 
Discriminating key-aroma compounds.  
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of the cocoa beans according to fermentation time. As seen in Fig. 3, the 
first separation showed clear discrimination between the group of me
tabolites that conformed to the metabolomic fingerprint of the 72 h 
treatments on the main left branch, while those located on the main 
right branch were composed of those from the 96 and 120/144 h 
treatments. These results are in accordance with the sensory analysis, 
where there was also a clear distinction between the 72 h treatment and 
the 96 and 120/144 h treatments. Afterward, OPLS-DA was applied to 
the left branch built by the 72 h treatments versus the right branch 
composed of the other treatments to determine the differential metab
olites that could be potential biomarkers associated with quality. The 
potential fermentation biomarkers were selected using the VIP from the 
discriminant analysis, choosing the twenty biomarkers with the highest 
VIP scores. 

In Table 2, we report the 20 features with the highest VIP scores as 
potential biomarkers for the 72 h treatment, which were not differen
tiated by fine attributes but were rated as intermediate-low quality. 
Then, the 20 features with the highest VIP scores for the 96 h treatment 
were rated as potential biomarkers of high quality, according to sensory 
analysis (PLS-SEM), in which the fine attributes characterized the sen
sory profile. Additionally, the 120 h treatments were compared with the 
other treatments to extract the features with a greater VIP score, and 
these were classified as intermediate quality potential biomarkers. 
Finally, there was a specific cluster for Cisneros 144 h, which was the 
sample with the poorest quality in the sensory profile and was placed in 
an independent branch of the HCA. 

From the eighty features statistically deemed to be discriminating 
metabolites (the most discriminant first twenty from each fermentation 
stage), forty metabolites were tentatively selected. The other forty fea
tures that were not selected are presented in Table S7. Thirty-three of the 
selected features corresponded to peptides with lengths varying between 
2 and 12 residues. The remaining seven corresponded to other 
discriminating metabolites classified as products of peptides, hydroxy 
amino acids, one oligosaccharide, and one flavonoid (Table 2). 

Peptides can be precursors of the aroma and taste of roasted cocoa 
beans and chocolate. The discriminant peptides found in this study have 
also been reported in other studies (D’Souza et al., 2018; Scollo et al., 
2020). According to (D’Souza et al., 2018), cocoa aroma is mainly 
associated with methionine (M), leucine (L), valine (V), isoleucine (I), 
phenylalanine (F), and alanine (A) at the N-terminus because these 

amino acids are more reactive with the reducing sugars in the initial 
stages of the Maillard reaction. In our study, only at 96 h of fermentation 
did most of the peptides annotated present these amino acids at their N- 
terminus (first residue of the peptide). In addition, peptides with tyro
sine (Y), glutamine (Q) and glycine (G) at the C-terminus are selectively 
substrates for exopeptidases, and these peptides are also present in 
higher concentrations at 96 h. On the other hand, peptides with threo
nine (T) and valine (V) at the C-terminus have been reported to be un
stable with a short lifespan. In this work, these peptides were mostly 
found after 144 h of fermentation. 

The length of the peptide also plays a major role because smaller 
peptides are potentially more reactive in the Maillard reaction, and it 
has been shown that these peptides have taste-modulating properties 
(Salger et al., 2019). Di- or tripeptides appear to exhibit higher in
tensities after 144 h of fermentation (WF, LT, CAM, IPH and the glu
tamyl peptide QIR), and they may have a role in the generation of off 
flavors. This hypothesis is aligned with the previous findings of Salger, 
Stark, & Hofmann (2019), who isolated and reported a large list of short 
peptides (2–5 amino acids) from overfermented cocoa beans that also 
showed attributes associated with off flavors for chocolate, such as 
umami (i.e., SPV), salty (i.e., pEEE, VP, SP, PS), bitter taste (i.e., PA, SP, 
RP, PP, and KP), and kokumi perception (i.e., VPA), which seems to 
enhance and prolong the mouthfeel of off-flavors. 

It was also reported by D’Souza et al., (2018) that as fermentation 
time progressed, the length of the peptides decreased and the diversity 
of the peptides increased. In this study, we also found the same phe
nomenon with some of the peptides annotated as potential biomarkers. 
For example, after 96 h of fermentation, we found the larger peptide 
VDNIFNNPDESY. Then, at 120 h, we observed a product of its degra
dation, the shorter fragment IFNNPDESYF. Additionally, at 120 h, 
smaller peptides such as AM and AMF were present, and at 144 h, 
oxidized dimers of the amino acid alanine were found. These results are 
aligned with the findings presented by Kumari et al. (2018), who 
concluded that the peptide profile can represent the level of physico
chemical transformation of cocoa seeds. 

Some oligopeptides observed in this study have also been reported as 
relevant in previous works, including AGGGGL (from albumin) and 
FGVPSK and IFVPHYN (from vicilin). GAGGGGL was identified as a 
peptide of considerable interest because it is one of the 37 most 
discriminant metabolites due to its variation in the time of fermentation 

Fig. 3. Cluster dendrogram from the Hierarchical Cluster Analysis of the metabolomics data.  
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Table 2 
Discriminating metabolites as potential biomarkers of quality.  
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(Marseglia et al., 2014; Mayorga-Gross et al., 2016). Moreover, the 
peptides FGVPSK and IFVPHYN were identified, which have been 
considered relevant peptides as precursors of a strong cocoa-specific 
aroma after in vitro reactions between proteolysis products derived 
from the interaction of proteases and vicilin-class (7S) globulin and 
reducing sugars (Voigt et al., 2018). Additionally, we found that as a 
putative biomarker of fermentation time, the tripeptide SPG from the 47 
kDa vicilin fragment appeared at higher intensities at the late times of 
fermentation (120–144 h) and may have a prominent role in flavor 
formation. We interpret that this peptide might come from the precursor 
PVNSPGKY, which was reported by John, (2019), who observed its 
higher intensity at later stages of fermentation and showed its greatest 
decrease in intensity upon roasting. Therefore, they concluded that its 
loss during roasting suggests that it participates directly in the Maillard 
reaction to generate flavor compounds or be further broken down into 
smaller reactive peptide fragments, such as SPG. 

In this study, we found that after the fermentation process, peptides 
from vicilin were more abundant than peptides from albumin at a ratio 
of 5 to 1 (15 peptides from vicilin and 3 peptides from albumin). These 
results are in accordance with those of Scollo et al. (2020), who 
demonstrated that compared with albumin, vicilin is more extensively 
degraded during fermentation, and its peptides are more abundant. 
Moreover, it is worth highlighting that the amino acid region of the 
vicilin peptides found in this study were between residues 171 and 538. 
Similarly, Kratzer et al., (2009) found that the amino acid region of 
vicilin in which cocoa aroma precursors are derived is between residues 
131 and 566. 

Other metabolites were also tentatively identified (Table 2). Two 
hydroxy amino acids, hydroxy-leucine and hydroxy-isoleucine, are 
secondary products derived from the oxidation pathway of leucine and 
isoleucine. Both amino acids suffer deamination by amino acid de
hydrogenases. The free hydrophobic amino acids leucine and isoleucine 
are products released by the Ehrlich pathway (Smit et al., 2009). For 

isoleucine, the derived volatiles are 2-methylbutanal, 2-methylbutanol 
and 2-methylbutanoic acid. In this work, these aldehydes and the 
aforementioned alcohols were detected in the 72 h and 144 h chocolate 
samples. 

Another discriminating metabolite was the A-type procyanidin dimer 
arabinoside, which is a glycosylated flavonoid that was also reported in 
chocolate samples by various authors (Cambrai et al., 2017; Fayeulle 
et al., 2019). Notably, Fayeulle et al., (2019) found that the A-type 
procyanidin dimer O-pentoside is one of the 50 most relevant flavonoids 
for discriminating chocolate samples into four sensory poles/groups 
with different qualities. Cambrai et al. (2017) also found that the pres
ence of this glycosylated derivative of flavan-3-ols and other flavonoids 
in the chocolate matrix allows their discrimination by geographical and 
varietal origin. In general, when establishing a link between the flavo
noids present in the beans and their sensory qualities, flavonoids are 
mainly involved in the perceptions of bitterness and stringency. O-gly
cosides have been reported to cause velvety, silky, astringent and 
mouth-coating sensations (Fayeulle et al., 2019). The above reports may 
explain the high bitterness of the chocolates after 144 h of fermentation 
considering that this dimer exhibited a higher intensity at this fermen
tation time. The same result was observed at 120 h. The relatively higher 
intensity of this flavonoid in the beans after 120 h is also related to the 
high scores of astringency and bitterness attributes perceived by the 
judges. In contrast, the cocoa beans at 96 h showed the lowest relative 
intensity of this compound and exhibited the lowest astringency and 
bitterness scores. 

The oligosaccharide b-D-xylopyranosyl-a-L-rhamnopyranosyl-D- 
fucose exhibited higher relative intensities after 96 and 120 h of 
fermentation and decreased after 144 h. This suggests that the presence 
of this carbohydrate could be a product of the enzymatic degradation of 
a higher molecular weight polysaccharide. Actually, Megias-Perez et al., 
(2020) reported the absence of disaccharides and a lower content of 
oligosaccharides during the last fermentation stage. However, the 

Fig. 4. Scheme of tracking of potential process biomarkers of fine quality. Numbers show the main steps followed to define biomarkers. The arrows in the potential 
flavor precursors indicate whether their relative intensity increases or decreases at 96 h. *Table 1 presents in more detail the volatiles related to the sen
sory attributes. 
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degradation mechanism of low molecular weight carbohydrates during 
the fermentation of cocoa is still unknown. 

Adenine was also found to be a discriminant metabolite presenting a 
higher relative intensity after 72 h of fermentation. This metabolite 
belongs to the purine chemical class and has been reported as the most 
efficient precursor of xanthines (theobromine and caffeine) through the 
xanthosine pathway (Ashihara et al., 2017). Similar to kynurenine, 
which was reported as a tryptophan derivative present in cacao (Yilmaz 
& Gökmen, 2018), although these compounds were highlighted during 
our fermentation process, there are still no reports of their influence on 
chocolate flavor. Only Yilmaz & Gökmen (2018) found that kynurenic 
acid, a compound derived from the kynurenine transformation pathway, 
was present in cocoa powder. 

4. Conclusions 

Sensory analysis is the cornerstone that supports the differences 
between fine flavor and bulk cocoa production. In this sense, we pro
posed, for the first time, a series of statistical analyses that allowed us to 
validate the panel reliability and the chocolate flavor profile of the 
different treatments. Moreover, it was possible to determine the most 
significant sensory features of the chocolate profile that allow discrim
ination between cocoa bean fermentation times. In addition, statistical 
analysis and validation tests enabled us to compare the proposed 
treatments and define which chocolates presented superior character
istics regarding their fine flavor attributes. 

We would like to highlight that this research is pioneering, showing 
that the flavor profile of chocolate varies according to the fermentation 
time of cocoa beans between 72 h (3 days) and up to 144 h (6 days). An 
integral approach considering highly reliable sensory evaluation, the 
volatile profiles of the chocolate samples and metabolomic data allowed 
the ideal time of fermentation to be defined to obtain cocoa with fine 
flavor attributes such as fruitiness, spices, nuttiness and florality. We 
found that for the three different regions studied, a fermentation time of 
96 h (4 days) was optimum. At 120 h (5 days), the quality was slightly 
reduced, and at 144 h (6 days), off flavors appeared. On the other hand, 
chocolate produced with cocoa beans fermented for only 72 h (3 days) 
did not have fine aroma quality attributes but only the quality of a bulk 
cocoa product. 

Considering that the optimum quality is reached at 96 h, we can 
propose some potential precursor compounds/process biomarkers that 
also peaked at 96 h. These process biomarkers could potentially be 
associated with fine attributes and related to key aromatic compounds 
(VOCs). Fig. 4 summarizes how this approach may allow tracking to fine 
flavor precursor compounds. However, in order to confirm these as
sumptions, it will be necessary to test these pure compounds in vitro by 
inducing the Maillard reaction and analyzing the aroma compounds 
released. This will be a fundamental step to elucidate and understand 
cocoa flavor formation and help to optimize postharvest operations to 
improve quality. 
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