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Chocolate is one of the most consumed foods worldwide and cacao fermentation contributes to the unique sensory characteristics
of chocolate products. However, comparative changes in volatiles occurring during fermentation of Criollo, Forastero, andNacional
cacao—three of themost representative cultivars worldwide—have not been reported. Beans of each cultivar were fermented for five
days and samples were taken every 24 hours. Volatiles from each sample were adsorbed into a solid phase microextraction fiber and
analyzed by gas chromatography-mass spectrometry. Aroma potential of each compoundwas determined using available databases.
Multivariate data analyses showed partial clustering of samples according to cultivars at the start of the fermentation but complete
clustering was observed at the end of the fermentation. The Criollo cacao produced floral, fruity, and woody aroma volatiles
including linalool, epoxylinalool, benzeneethanol, pentanol acetate, germacrene, 𝛼-copaene, aromadendrene, 3,6-heptanedione,
butanal, 1-phenyl ethenone, 2-nonanone, and 2-pentanone. Nacional cacao produced fruity, green, and woody aroma volatiles
including 2-nonanone, 3-octen-1-ol, 2-octanol acetate, 2-undecanone, valencene, and aromadendrene.The Forastero cacao yielded
floral and sweet aroma volatiles such as epoxylinalool, pentanoic acid, benzeneacetaldehyde, and benzaldehyde. This is the first
report of volatiles produced during fermentation of Criollo, Forastero, and Nacional cacao from the same origin.

1. Introduction

Chocolate is one of the most consumed foods worldwide
mostly because of the unique flavor and sensory character-
istics of this product. Cacao (Theobroma cacao) beans are
chocolate’s main ingredient and the amount and type of
volatile compounds in the beans are considered the most
important indicators of cacao quality [1]. In fact, cacao
varieties are generally classified as bulk/ordinary or fine-
flavor depending on the volatiles that confer the aroma of the
beans [2] and the characterization of volatile compounds has

been proposed as a mechanism to assess the authenticity of
fine-flavor cacao [3].

Bulk cacao is mostly produced in West Africa while fine-
flavor cacao ismainly cultivated in Latin American countries.
Bulk cacao represents more than 97% of the total cacao
production but fine-flavor cacao can be commercialized at
premium prices [4]. Around 29,500 cacao clones [5] and
more than 10 genetic clusters [6] have been reported, the bulk
cacao Forastero and the fine-flavor Criollo, Trinitario, and
Nacional being the most representative cultivars worldwide
[2]. In addition to the genotype, the flavor potential of raw
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cacao beans can be affected by the growing conditions of
the tree such as climate and soil composition [1]. However,
the final flavor profile of the beans is developed during
the postharvest stages including fermentation, drying, and
roasting. Fermentation is considered a crucial processing step
in which flavor precursors are formed [7] and fermentation
time has been reported as the key factor in the development
of aroma compounds in cacao [8].

Cacao fermentation is characterized by a series of reac-
tions occurring spontaneously after beans have been har-
vested, placed in containers, and allowed to stand for several
days [9]. A 5-day fermentation period is common for the
Forastero cultivar while shorter periods of about 2 to 3
days are required for Criollo and Nacional cultivars [10].
During fermentation, volatile flavor compounds are formed
through microbial and enzymatic reactions occurring under
both aerobic and anaerobic conditions. Compounds such as
alcohols, aldehydes, ketones, organic acids, esters, pyrazines,
and phenols, among others, are produced during fermen-
tation, contributing to the final flavor profile of chocolate
[2]. However, because the generation of volatile compounds
can be affected by the cacao cultivar and environmental
conditions [2], end products of highly variable quality are
often produced [9]. Understanding the dynamics of volatile
compounds occurring during fermentation of bulk and fine-
flavor cacao has the potential to provide the means for
assessing the beans quality during fermentation [11] and
contribute to the manufacturing of uniform high quality
products. Only few studies have characterized the dynamics
of volatile compounds during fermentation of cacao varieties,
including one report on the bulk Forastero cultivar [11, 12]
and another report on various cacao hybrids [13] but the
fine-flavor cultivars Criollo or Nacional were not assessed. A
significant amount of knowledge about fermentation is still
required to obtain good quality chocolate [14].

The volatile compounds present in Criollo, Forastero,
and Trinitario raw beans from the same origin have been
characterized [15] but changes occurring during fermentation
were not reported. Similarly, comparisons of the volatile
profile of dried-fermented beans of Criollo, Forastero, and
Trinitario [16] as well as cocoa liquors made from Criollo,
Forastero, Nacional, and Trinitario [8] have been carried out
but samples were from different origins and time-related
changes of volatile compounds during fermentation were not
investigated.

To the best of our knowledge, analysis of volatile com-
pounds produced during fermentation of Criollo, Forastero,
and Nacional cacao from the same origin cannot be found
in the literature. The objective of this research was to charac-
terize the changes in the volatile profile occurring during the
fermentation of Criollo, Forastero, and Nacional cacao from
Ecuador.

2. Materials and Methods

2.1. Samples and Fermentation Process. Ripen cacao pods of
the Forastero, Criollo, and Nacional cultivars were obtained
from selected trees growing in the coast of Ecuador. All
pods were harvested in mature stage, transported to the

lab (about two-hour transport), and processed immediately.
Pods were opened with a sterile knife and the beans were
manually removed and fermented as described elsewhere
[17, 18]. Briefly, 5 Kg of cacao beans was placed in cylindrical
plastic containers of about 16 cm diameter and 20 cm height
and covered with a plastic film. Holes were drilled at the
bottomof each container to allowpulp draining. Spontaneous
fermentation was carried out in a greenhouse at ambient
temperature (about 35∘C) and samples of fermenting beans
(about 50 g) were removed daily for five days and stored at
−18∘C until analyzed (approximately 5 days). Four different
fermentation batches were run for each cultivar. Cacao
samples were considered fully fermented after 3 (Criollo and
Nacional) or 5 (Forastero) days of fermentation [10] but
evaluation continued for 5 days for all cultivars.

2.2. Analysis of Volatiles. Volatiles were characterized in
each sample by headspace solid phase microextraction (HS-
SPME) following the methodology suggested in previous
studies [18] with few modifications. Beans from each sample
were ground under liquid nitrogen and about 0.5 g of ground
material was transferred into 50mL SPME vials. Samples
were then equilibrated at 55∘C for 30min in a water bath. A
50/30 𝜇m Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) SPME fiber (Supleco, Bellefonte, PA,
USA) placed in a 24 Ga manual holder was exposed to the
headspace of each sample for 30 minutes at 55∘C. The fiber
was then removed from the vial and splitlessly injected into
a 7890A GC coupled to a 5975C MS (Agilent Technologies,
Santa Clara, CA) with a DB5-MS column of dimensions 30m
× 250 𝜇m × 0.25 𝜇m. The injector temperature was 240∘C;
the oven was initially held at 70∘C and raised to 310∘C by a
7∘C min−1 increase rate without holding times. Ultrapure
helium was used as the carrier gas at 0.8mL/min. The MS
was tuned to maximum sensitivity in electron impact mode,
positive polarity, and the total ion current was recorded
for a mass range of 40–750 amu. The GC-MS interface was
set to 250∘C and the scan was recorded with a frequency
of 4 s−1. The SPME fiber was conditioned prior to its first
use at 270∘C for 1 h and at the start of every day at 240∘C
for 10min. Data was acquired using ChemStation E.02.02
(Agilent Technologies, Inc.) and volatile compounds were
putatively identified by MS spectra matching using both
NIST 11 and Wiley 9 databases. Metabolite identity was then
confirmed by comparing the linear retention index of each
compound with that of the pure standard using our internal
database and compounds were quantified by estimating the
peak area as suggested for untargeted analysis [19, 20]. The
peak area was calculated using the ChemStation software
which integrates the total ion current signal intensity (TIC)
over the retention time differential in minutes for each
metabolite. Preliminary GC-MS runs showed that peaks
were too close to each other throughout the chromatogram
and the use of internal standards would have interfered with
the chromatographic peaks. For this reason, normalization
and quality control (QC) techniques not relaying on internal
standards were applied, including normalization to the
total area [20, 21] and QC by running the same sample
after specific intervals [22, 23]. The quality of the headspace
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GC-MS runs was assessed by running one selected sample
after 5 consecutive sample runs and estimating the variations
in retention time and peak areas. Maximum acceptable
coefficient of variation was 30% for a given metabolite in
QC runs [22, 23]. Aroma descriptors were obtained for each
compound detected using the online databases Flavornet
[24] and The Good Scents Company [25] as suggested in
recent reports [26, 27]. All four fermentation batches were
analyzed twice at each fermentation time.

2.3. Statistical Analysis. The peak area of each volatile was
obtained and aligned using an in-house alignment protocol.
Principal components analysis (PCA) and cluster analysis
were carried out to compare to overall volatile profile of
each sample. Significant differences in the levels of individual
volatile compounds were estimated using 𝑡-test at 95% confi-
dence level. All data analyses were carried out using XLSTAT
2015.4 (Addinsoft, Paris).

3. Results and Discussion

3.1. Analysis of Volatile Profile. A total of 121 volatile com-
pounds were detected of which 62 were positively identi-
fied including nine organic acids, 12 alcohols, 14 aldehydes
and ketones, five esters, 12 hydrocarbons, two amines, two
furans, one sulfur, and five others. Table 1 shows the aroma
descriptors and the samples in which identified compounds
were detected. Results are similar to previous observations
in which 136 mases (36 identified) of volatile organic com-
pounds in chocolate [28] as well as 53 identified volatiles in
raw cacao beans [15] were reported. The main compound
groups detected are in agreement with previous studies
reporting volatile acids, alcohols, aldehydes, ketones, esters,
hydrocarbons, and furans in beans of Criollo, Forastero, and
Trinitario cacao [15].

Before the start of the fermentation, differences in the
volatile profile of the three cultivars tested were mostly
quantitative (Figure 1), similar to what was observed in
previous studies [15]. The predominant volatiles in fresh
beans of Criollo cacao were hexanal, pentanal, and 1,3-
cyclohexadiene, potentially contributing to the almond and
grass aroma notes previously reported for raw beans of
this cultivar [15]. Similarly, Nacional cacao showed high
amounts of butanal, ethanol, and 5-hepten-2-ol. The high
amounts of butanal potentially provide the fruity aroma
characteristic of fresh beans of Nacional cacao. Interestingly,
the diversity of predominant volatiles observed in fresh
beans of Forastero cacao was high as aroma compounds
such as 1-phenyl ethenone (flower-like aroma), cyclohex-
anol (camphoreous aroma), 𝛼-copaene (woody aroma), 2-
nonanone (fruity aroma), and 2-acetoxytetradecane were
detected. Previous reports on volatiles from Forastero cacao
products have diverged as this cultivar showed the lowest
volatile diversity when compared to Criollo and Trinitario
in some studies [15] but other researchers reported a similar
number of unique volatiles in Forastero and Criollo cacao
liquors [8]. Additionally, liquors made from Forastero cacao
showed the highest aroma levels when compared to Nacional

and Trinitario liquors [8]. Results suggest that environmental
variables can have a significant role in the volatile profile
of cacao beans. Other compounds such as thiobis-methane,
furan, hexanoic acid, and octacosane were predominant in
the three cultivars analyzed (Figure 1).

By the end of the fermentation of Criollo cacao (3
days), predominant amounts of volatiles with floral, fruity,
and woody aromas including linalool, epoxylinalool, ben-
zeneethanol, pentanol acetate, germacrene, 𝛼-copaene,
aromadendrene, 3,6-heptanedione, butanal, 1-phenyl ethen-
one, 2-nonanone, and 2-pentanone were detected. Results
are similar to previous studies reporting fruity and floral
aroma characters in dried-fermented Criollo cacao [29].
However, volatiles with potentially undesirable rancid, waxy,
or sulfurous aroma including propanoic acid, cyclohexanol,
and thiobis-methane, as well as compounds with no database
aroma records such as 1-amino-1-ortho-chlorophenyl-2-
(2-quinoxaliny)ethene, and undecylamine were among the
main compounds in Criollo cacao after a 3-day fermentation
period. Normal presence of waxy, rancid, and sulfurous
aroma compounds has been reported in cocoa samples from
various origins [30] and has been related to inappropriate
posthandling of the pods [31] but the reported overall effect
of undesirable compounds on sensory scores of fermented
Criollo cacao has been low [29]. Similarly, Nacional cacao
showed predominant amounts of volatiles with fruity,
green, and woody aromas at the end of the fermentation
(3 days), including 2-nonanone, 3-octen-1-ol, 2-octanol
acetate, 2-undecanone, valencene, and aromadendrene.
Results are in agreement with the fruity, floral, and green
aroma descriptions of fermented Nacional cacao clones from
Ecuador [32]. Similar to the Criollo cultivar, potentially
undesirable sulfur and pungent aroma compounds were
observed in Nacional cacao, including thiobis-methane and
naphthalene, as well as compounds with no database aroma
records including 6-undecylamine, 3-fromyl-N-methyl-
9-[phenylethynyl]dibenzo[2,3-a:5,6-a](1,4)-thiazine, and
1,3 cyclohexadiene. A 5-day fermentation period of the
Forastero cacao yielded predominant amounts of floral and
sweet aroma volatiles such as epoxylinalool, pentanoic acid,
benzeneacetaldehyde, and benzaldehyde but compounds
with potential undesirable rancid, fatty, fishy, cheesy, and
acid aroma including butanoic acid, hexanoic acid, pyridine,
heptanoic acid, and peracetic acid as well as 1-phenylpent-
4-en-2-ol with no aroma record were also among the main
compounds found in fermented samples of this cultivar
(Figure 1). Results are in agreement with previous studies
showing that identical aroma characters with differences
in few of the volatiles as pentanoic acid, pyridine, and
peracetic acid were not observed in previous reports of
the Forastero cultivars [11, 12, 33]. Both pentanoic acid [7]
and pyridine [28] have been reported in cacao products
made from unidentified cultivars. Differences in cultivars
and fermentation practices may affect the formation of
various volatiles. In this study, the presence of epoxylinalool
and peracetic acid suggests oxidation reactions during
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Table 1: Volatile compounds and aroma descriptors found at different sampling stages.

Chemical group Compound Aroma descriptor∗ Sample∗∗

Acids

Carbamic acid NF C0, C2, F0, F1, F2, N1, N2

Acetic acid Pungent, stinging sour C1, C2, C3, C4, C5, F1, F2, F3, F4, F5, N1,
N2, N3, N4, N5

Peracetic acid Pungent, stinging sour C4, C5, F4, F5, N4, N5

Propanoic acid Pungent, rancid, soy C1, C2, C3, C4, C5, F2, F3, F4, F5, N2, N3,
N4, N5

Butanoic acid Rancid, cheese, sweat C2, C3, C4, C5, F2, F3, F4, F5, N2, N3,
N4, N5

Hexanoic acid Fatty C5, F5, N5
Heptanoic acid Cheesy C4, C5, F4, F5, N4, N5

Pentanoic acid Sweat C2, C3, C4, C5, F2, F3, F4, F5, N2, N3,
N4, N5

4-Hexanoic acid Fatty C0, F0, N0

Alcohols

Ethanol sweet C0, C1, F1, N0, N1
2-Pentanol Green C1, F1, N1
1-Butanol Medicine, fruit, wine N1

2,3-Butanediol Fruit, onion C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

5-Hepten-2-ol NF C0, C1, F0, F1, N0, N1

Cyclohexanol Camphoraceous C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

2-Heptanol Citrus C0, C1, C2, C4, F0, F1, F2, F3, F4, F5, N0,
N1, N2, N4, N5

L-Linalool Flower, lavender C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

Benzeneethanol Honey, spice, rose, lilac C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

Epoxylinalol Flower C3, C4, C5, F4, F5, N5
3-Octen-1-ol Fruity C3, F3, F4, N3, N4, N5

1-Phenylpent-4-en-2-ol NF C5, F5

Aldehydes & Ketones

Butanal Fruity, green,
banana/pungent

C0, C1, C2, C3, C4, C5, F0, F1, F2, F4, F5,
N0, N1, N2, N3, N4, N5

2-Pentanone Fruity C1, C2, C3, C4, C5, F2, F3, F4, F5, N2, N3,
N4, N5

2-Butanone NF C1, C2, C3, C4, C5, F1, F2, F3, F4, F5, N1,
N2, N3, N4, N5

Pentanal Almond, malt, pungent C0, C2, F0, N1, N2
Hexanal Grass, tallow, fat C0, C1,

2-Heptanone Fruity Floral C0, C1, C2, C3, C4, C5, F1, F2, F3, F4, F5,
N0, N1, N2, N3, N4, N5

Benzaldehyde Cherry, candy, almond,
burnt sugar

C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

3,6-Heptanedione NF C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

Benzeneacetaldehyde Green C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

Ethanone, 1-phenyl Must, flower, almond C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

2-Nonanone Fruity C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

Decanal Soap, orange peel, tallow C1, C2, F1, F2, F3, N1, N2

2-Undecanone Fruity C1, C2, C3, C4, C5, F1, F2, F3, F4, F5, N1,
N2, N3, N4, N5

Tetramethoxyisoquino(1,2-
b)quinazolin-8-one NF C0, C1, C2, C3, C4, C5, F0, F1, F2, F4, F5,

N0, N1, N2, N3, N4. N5
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Table 1: Continued.

Chemical group Compound Aroma descriptor∗ Sample∗∗

Esters

2-Pentanol acetate Bananas C0, C1, C3, C4, F0, F1, F3, F4, N0, N1, N4

2-Heptanol, acetate NF C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

2-Octanol, acetate Fruity C0, F0, F1, N0, N3
2-Octenyl-acetate NF F1, N4

Benzoic acid, pentyl ester Floral C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N4, N5

Hydrocarbons

2,4-Diacetoxypentane NF C0, F0, N0, N1
1,3-Cyclohexadiene NF C0, N3

Naphthalene Pungent, dry, tarry C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

2-Acetoxytetradecane NF C0, C1, C2, C3, C4, F0, F1, F2, F3, F4, F5,
N0, N1 N2, N3, N4, N5

Nonacosane NF C2, C3, C4, C5, F2, F3, N2, N4, N5

𝛼-Copaene Wood, spice C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N4, N5

Germacrene Wood C3, F3
Valencene Green oil C3, N3

Trimethylacenaphthylene NF F1, F2, F3, F4, F5, N4
Aromadendrene Wood C3, N3
Octacosane NF C0, F0, N0

Octane Alkane C1, C2, C3, C4, C5, F1, F2, F3, F4, F5, N2,
N4, N5

Amines Pyridine Fishy C4, C5, F4, F5, N4, N5
6-Undecylamine NF C3, N3

Furans Trimethyltetrahydrofuran NF C0, C1, N1
Furan NF C0, F0, N0

Sulfur Methane, thiobis- Sulfurous C0, C3, C4, F0, F3, F4, N0, N3, N4

Others

Carbon dioxide NF C3, C4, C5, F3, F4, F5, N3, N4, N5
1-Amino-1-ortho-chlorophenyl-

2-(2-quinoxaliny)ethene NF C0, C1, C2, C3, C4, C5, F0, F1, F2, F3, F4,
F5, N0, N1, N2, N3, N4, N5

3-Fromyl-N-methyl-9-
[phenylethynyl]dibenzo[2,3-

a:5,6-a](1,4)-thiazine
NF C0, C1, C2, C3, F0, F2, N0, N1, N2, N3

Caffeine NF C1, C2, C3, C4, C5, F5, N1, N4
2-Methil-5H-dibenz[b,f]-azepine NF C0, C1, C2, C3, F0, F1, F2, F3, N1, N2, N3

∗NF = not found. ∗∗First digit represents the cultivar (C = Criollo, F = Forastero, and N = Nacional) and the second digit the fermentation time in days.

fermentation. Oxidation reactions commonly occur during
fermentation of cacao [7].

Heatmap analyses revealed two main sample clusters,
including one group with samples from 0 to 2 fermentation
days and another group with samples from 3 to 5 fermen-
tation days. No clustering of cacao cultivars was observed
in heatmap analysis (Figure 1). Heatmaps are tools used for
visualization of metabolite levels and are commonly built
using average values with no consideration of the variation
among samples. Other multivariate tools including PCA take
into account the variance of the samples, allowing additional
clustering. In this study, the PCA run using the overall volatile
profile of each sample showed partial clustering of the raw

beans from the different cacao cultivars. However, a more
notorious clustering was observed when fermented beans
of the three cultivars were compared. The main volatiles
responsible for the clustering included organic acids such
as propanoic, butanoic, and heptanoic acids; alcohols such
as linalool, benzeneethanol, 2,3-butanediol, cyclohexanol, 2-
heptanol, 2-octanol, and 3-octen-1-ol; aldehydes and ketones
such as 1-phenyl ethenone, 2-undecanone, and butanal; esters
like 2-pentanol acetate, hydrocarbons such as nonacosane
and 1,3 cyclohexadiene, among others (Figure 2). In general,
fresh beans of cacao are considered bitter and astringent
but aroma compounds are developed after fermentation.
The more notorious clusters observed in fully fermented
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Figure 2: Principal components analysis score and loading plots of fresh (a) and fully fermented (b) beans. Sample codes are as in Table 1.
Values in parenthesis represent the percentage of variance explained by each component.

beans suggest cultivar-dependent production of volatile
compounds and characteristic volatile profiles of fermented
beans. To the best of our knowledge, this is the first report
of volatile profiling of fermented beans of Criollo, Forastero,
and Nacional cacao cultivars.

3.2. Analysis of Individual Volatiles. Statistical 𝑡-test analysis
of individual metabolites showed significant differences in
28 identified compounds, including four organic acids, six
alcohols, four esters, and eight hydrocarbons, among others.
Figures 3, 4, 5, 6, and 7 show the dynamics of the acid,
alcohol, ester, hydrocarbon, and other volatiles, respectively,
showing significant differences between cultivars (significant
volatiles).

Among the significant volatiles, no organic acids were
detected in any cacao cultivar at the start of the fermentation.
Small chain fatty acids such as propanoic and butanoic acids
were produced from day 2 whereas big chain fatty acids like
heptanoic and hexanoic acids were produced from day 5 in
all cacao cultivars. Production of significant organic acids
during cacao fermentation has been reported to start from
day two and has been attributed to the metabolism of sugars
from the pulp [30]. The Criollo cacao produced significantly
higher amounts of organic acids including propanoic and
butanoic acids when compared to Nacional and Forastero
cultivars at day 3 of fermentation. Chocolate made from
Criollo cacao has been reported to have more acidic tones
than chocolate produced from other cultivars [34]. At the

end of a regular fermentation period for fine-flavor cacao
(3 days), the Nacional cacao showed the lowest amounts of
all acids. Similarly, after a 5-day fermentation, the levels of
hexanoic acid were the lowest (𝑝 < 0.05) in Nacional cacao
but no significant differences were observed in the other
acids (Figure 3). Results correlate with the weak acid aroma
character reported for liquors produced fromNacional cacao
[32].

Among significant alcohols, only linalool and benze-
neethanol were present in all cultivars at the start of
the fermentation. The presence of both alcohols has been
reported in fresh beans of Criollo, Forastero, and Trini-
tario [15]. Alcohol production was observed from days 1,
2, 3, and 5 for cyclohexanol, benzeneethanol, 3-octen-1-ol,
and 1-phenylpent-4-en-2-ol, respectively. Alcohol production
during the first fermentation days of cacao beans has been
previously observed [12] and is probably associated with
microbial and enzymatic activities occurring during fermen-
tation. Samples from Criollo cacao produced significantly
higher amounts of cyclohexanol than the Nacional cacao and
significantly increased quantities of benzeneethanol, linalool,
and epoxylinalool were observed in Criollo cacao when com-
pared to the other two cultivars after a 3-day fermentation.
Benzeneethanol, linalool, and epoxylinalool potentially pro-
vide the honey-like and flowery aroma characters reported
in Criollo [29]. The Forastero cacao produced significantly
higher amounts of 1-phenylpent-4-en-2-ol and epoxylinalool
than theNacional cacao after a 5-day fermentation (Figure 4).
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Figure 3: Levels of significant organic acids inCriollo, Nacional, and Forastero beans at different fermentation times. Levels of eachmetabolite
are presented as peak area (total ion current times the differential retention time for each metabolite in minutes).

At the start of the fermentation, the Forastero cultivar
showed the highest levels of significant esters including 2-
pentanol acetate, 2-heptanol acetate, and 2-octanol acetate.
The presence of esters have been reported in fresh beans of
Criollo, Forastero, and Trinitario cultivars [15]. In general,
production of esters was the highest at 2–4 fermentation days,
decreasing afterwards. Except for the significant esters, most
esters decreased when increasing fermentation time in all
cultivars tested (Figure 1). In general, the total concentration
of esters has been reported to decrease during the fermenta-
tion of Forastero cacao [12] but certain individual esters such
as 2-pentanol acetate have been reported to increase as the
fermentation progressed, probably due to yeast activity [33].
TheNacional cacao yielded the lowest amounts of 2-pentanol
acetate but the highest amounts of 2-octanol acetate (𝑝 <
0.05) after 3 days of fermentation, potentially contributing
to the fruity and floral aroma notes previously observed in
liquors of this cultivar [32]. Similarly, the Nacional cacao
produced the highest levels of benzoic acid pentyl ester at day
2 but the levels were negligible after day 3 (Figure 5).

Hydrocarbons have been considered among the impor-
tant contributors to the aroma of cacao beans [15, 35]. At
the start of the fermentation, the Forastero cacao showed
the highest levels of 𝛼-copaene (𝑝 < 0.05) while Nacional
cacao presented the lowest levels of octacosane (𝑝 < 0.05).
Results are different to previous reports showing higher

amounts of 𝛼-copaene in fresh beans of Criollo when com-
pared to Forastero [15] suggesting potential differences in
the cacao genotype and environmental growth conditions
in the different regions the studies took place. No signifi-
cant differences were observed when comparing the rest of
hydrocarbons at time zero. Nacional cacao showed the lowest
levels of 𝛼-copaene and nonacosane but the highest levels of
valencene and 1,3 cyclohexadiene at day 3 of fermentation
potentially contributing to the green aroma described for
liquors of this cultivar [32]. Similarly, at day 3, Forastero cacao
showed the lowest levels of aromadendrene but the highest
levels of trimethylacenaphthylene. Additionally, Forastero
cacao showed significantly higher amounts of germacrene
than Nacional cacao at day 3. However, the levels of aro-
madendrene, valencene, germacrene, 1,3 cyclohexadiene, and
octacosane were negligible after 4 days of fermentation in
Forastero cacao (Figure 6). Results are in agreement with
previous studies in which hydrocarbons were not reported
among the volatile compounds found during fermentation of
Forastero [11, 12, 33]. Results suggest that hydrocarbons are
one of the main contributors to the aroma differentiation of
fermented fine-flavor cacao.

At the start of the fermentation, the levels of benzaldehyde
and 2-nonanone were the highest (𝑝 < 0.05) in Nacional and
Forastero beans, respectively, but no significant differences
were observed after 1 day of fermentation. Previous studies
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Figure 4: Levels of significant alcohols in Criollo, Nacional, and Forastero beans at different fermentation times. Levels of each metabolite
are presented as peak area (total ion current times the differential retention time for each metabolite in minutes).

reported no benzaldehyde and low amounts of 2-nonanone
in fresh Forastero beans, suggesting differences in the cacao
genotype as well as growth and fermentation conditions [15]
in the different regions where the studies took place. The lev-
els of 1-phenyl ethenone were significantly higher in Criollo
cacao when compared to the other cultivars at day 3 of fer-
mentation and potentially contribute to the flowery/almond-
like aroma character previously reported for the Criollo
cultivar [29]. Similarly, the Nacional cacao produced signifi-
cantly higher amounts of butanal than the other cultivars at
day 3, potentially contributing to the fruity aroma reported

for this cultivar [32]. The levels of 3-fromyl-N-methyl-9-
[phenylethynyl]dibenzo[2,3-a:5,6-a](1,4)-thiazine were neg-
ligible in Forastero cacao (𝑝 < 0.05) from day 3 onwards.
Levels of 6-undecylamine were only detected at day 3 of
fermentation in Criollo and Nacional cultivars (Figure 7).

Cacao fermentation is a key processing step for chocolate
production. Various reports have characterized the volatile
compounds in cacao and chocolate produced from different
cultivars and different origins as Forastero cacao is predom-
inantly produced in Africa while Criollo and Nacional can
be found in South America. Additionally, genetic variations
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Figure 5: Levels of significant esters in Criollo, Nacional, and Forastero beans at different fermentation times. Levels of each metabolite are
presented as peak area (total ion current times the differential retention time for each metabolite in minutes).

within cultivars have been reported in different countries
due to locally adapted varieties [34, 36]. Also, different envi-
ronmental growth and fermentation conditions have been
reported to affect the final flavor profile of the beans as cocoa
batches of the same cultivar but from different countries have
shown significant differences in various flavor attributes [34].
Therefore, further research is needed to assess the effect of
environmental conditions in the aroma of cacao products
and fully characterize the main commercial cultivars. To the
best of our knowledge, this is the first fermentation report
of Criollo, Forastero, and Nacional cultivars from the same
origin.

4. Conclusions

This work characterized for the first time the dynamics of
volatile compounds during fermentation ofCriollo,Nacional,
and Forastero cacao beans from the same origin.

The volatile profile of fresh beans of each cultivar allowed
a partial PCA grouping of the samples, but a complete group-
ing was observed at the end of the fermentation. Fermen-
tation of Criollo cacao was characterized by the production
of volatiles with floral, fruity, and woody aromas including
linalool, epoxylinalool, benzeneethanol, pentanol acetate,
germacrene, 𝛼-copaene, aromadendrene, 3,6-heptanedione,

butanal, 1-phenyl ethenone, 2-nonanone, and 2-pentanone.
Similarly, fermentation of Nacional cacao produced volatiles
with the characteristic fruity, green, and woody aromas
including 2-nonanone, 3-octen-1-ol, 2-octanol acetate, 2-
undecanone, valencene, and aromadendrene. The fermenta-
tion of Forastero cacao yielded predominant amounts of flo-
ral and sweet aroma volatiles such as epoxylinalool, pentanoic
acid, benzeneacetaldehyde, and benzaldehyde. Volatiles with
undesirable aroma descriptors were also produced during
the fermentation of all tested cultivars but the impact on
the overall aroma of fermented beans is expected to be
low. Fine-flavor cultivars were characterized by the presence
of significant amounts of hydrocarbons such as valencene,
aromadendrene, germacrene, 1,3 cyclohexadiene, and octa-
cosane while fermented beans of the Forastero bulk cacao
showed negligible levels of these volatiles.
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Figure 6: Levels of significant hydrocarbons in Criollo, Nacional, and Forastero beans at different fermentation times. Levels of each
metabolite are presented as peak area (total ion current times the differential retention time for each metabolite in minutes).
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Figure 7: Levels of significant volatiles classified as others in Criollo, Nacional, and Forastero beans at different fermentation times. Levels of
each metabolite are presented as peak area (total ion current times the differential retention time for each metabolite in minutes).
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