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Abstract

The Criollo cocoa bean is classified as “fine” or flavor cocoas, being perceived as aromatic or smooth
with fruity, raisin, floral, spicy, nutty, molasses, and caramel notes. In the present work, gas
chromatography coupled to mass spectrometry was used to study the volatile fingerprint of roasted and
unroasted Criollo cocoa from four Amazon districts: Nieva, Cajaruro, Copallin and La Peca located in the
Amazon Region of Peru. The results showed that the main sensory perception of cocoa is fruit, and this
decreases as the roasting intensity increases. A total of 96 volatile compounds were found, of which the
esters had a greater presence in the volatile fingerprint of Criollo cocoa. Propyl acetate (3.5%), acetoin
acetate (1.3%) and diethyl succinate (0.8%) were found as the characteristic compounds of Criollo cocoa
analyzed, which give it its fruit perception. The linalool/benzaldehyde ratio was between 0.56 and 0.89
for La Peca and Cajaruro cocoa. Principal component analysis revealed that the Criollo cocoa in each
district has a different volatile fingerprint, whether it is roasted or unroasted beans. The roasting
process generates a greater differentiation of the volatile fingerprint of Criollo cocoa.
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1. Introduction

The two main botanical groups of cocoa are
the Criollo and the Forastero (Caligiani et al.,
2014). The Criollo is classified as “fine” or
flavor cocoas, being perceived as aromatic
or smooth with fruity, raisin, floral, spicy,
nutty, molasses, and caramel notes
(Aprotosoaie et al., 2016). In Latin American
production, Peruvian cocoa is of interest for
its quality; however, its production is insuffi-
cient for international demand. In Amazo-
nas, Peru, dry fermented Criollo cocoa bean
is produced by the Multi-Service Coopera-
tive APROCAM for the Italian market, and
this product has received the designation of
the origin “Cacao Amazonas Peru” by the
Peruvian State (Castro-Alayo et al., 2019).
The popularity of cocoa products is the re-
sult of its peculiar flavor, mainly originating
from its volatile aromatic fraction (Rottiers

et al., 2019b; Ascrizzi et al., 2017; Counet et
al., 2002). Most major chocolate manufac-
turers have premium quality chocolate
products in their range, which require fine
or flavour cocoa from specific origins in
their recipes for the distinct taste or colour
of their chocolate (ICCO, 2017).

The sensory quality of cocoa (aroma, taste,
mouthfeel, and texture) is the key factor in
producing premium products that meet con-
sumer preference (Cordero et al, 2019).
The complex volatile profile of cocoa beans,
responsible for its unique aroma, is derived
from a mixture of more than 600 compounds
of different chemical classes, namely alco-
hols, aldehydes, ketones, acids, esters, and
pyrazines (Ziegleder, 2009; Frauendorfer
and Schieberle, 2006). Work by Ziegleder
(1990) suggested that monoterpenes such
as linalool are part of the components or
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molecules responsible for fine flavour in co-
coa and concluded that fine flavour cocoas
contain higher amounts of linalool than bulk
cocoa. The specific cocoa aroma and final
composition of cocoa liquors and choco-
lates are influenced by many factors, like the
cocoa genotype, place of origin of the cocoa
beans, season of harvesting, the practices
of local farmers, and all subsequent pro-
cessing steps (Tuenter et al., 2020; Hinneh
etal., 2019; Rottiers et al., 2019a; Kongor et
al., 2016; Caligiani et al., 2014; Afoakwa et
al., 2008). “Terroir” is concerned with the re-
lationship between the characteristics of an
agricultural product (quality, taste, style)
and its geographic origin, which might influ-
ence these characteristics. These effects
are challenging to study in other crops such
as cocoa where “Terroir” effects similar to
wines are implied in many origin specific
dark chocolates but have never been
systematically tested (Sukha et a/., 2017).
The attractive aroma of roasted cocoa is the
result of a sophisticated technological pro-
cess applied to the seeds of the cocoa tree.
Among the manufacturing steps, both, fer-
mentation and roasting are considered to be
the most important with respect to flavor for-
mation (Frauendorfer and Schieberle,
2008). In particular, roasting is an essential
step to develop flavour from the precursors
formed during fermentation and drying: the
compounds formed depend mainly on tem-
perature and duration of the roasting pro-
cess (Di Carro et al., 2015). Roasting helps
in the removal of undesirable volatile com-
pounds, provides desirable aroma and fla-
vor and makes cocoa beans more brittle (Tas
and Gokmen, 2016; loannone et al., 2015).
Roasting induces value-added chemical and
physical alterations, of which unique colour,
aroma and texture are most important (Van
Durme et al., 2016). During roasting, some
compounds increase in concentration, the
volatile fraction decreases, and new com-
pounds are formed (Djikeng et al, 2018;
Garcia-Alamilla et al, 2017). The normal
convection roasting method is commonly
used for roasting cocoa beans at different
temperature (120 - 250 °C) and time varying
from for 5 to 120 min (loannone et al., 2015;
Zzaman et al., 2014). Further compounds
formed during roasting are pyrazines, alde-
hydes, alcohols, ethers, furans, thiazoles,
pyrones, acids, esters, imines, amines,
oxazoles, and pyrroles (Frauendorfer and
Schieberle, 2008; Braga et al., 2018).

Since these roasting techniques were intro-
duced to the chocolate industry, the roast-
ing time and temperature have been
studied. The results have showed data inde-
pendently or contradictory to the standpoint

of chemical characterization, which leads to
the need of specific studies for the type of
cocoa by region or roasting system (Garcia-
Alamilla et al., 2017; De Brito et al., 2000;
Jinap et al., 1998). Literature reviews sug-
gest that the impact of roasting on quality in-
dices should be studied by taking into ac-
count the general impact of process param-
eters; in fact, the degree of cocoa roasting
is dependent on both roasting time and tem-
perature (loannone et al., 2015). Therefore,
the objective of the present study was stud-
ying the influence of the roasting process
and place of cultivation on the volatile fin-
gerprint of Criollo cacao in the Amazon-Peru
Region within the influence of APROCAM.

2. Materials and methods

2.1. Materials

Approximately 14 kg of dried fermented co-
coa beans of Criollo variety were provided
directly from Multi-Service Cooperative
(APROCAM) in the Bagua province, Amazon
region, Peru; specifically from the districts

Nieva (17M173770, UTM9465500, 220
m.s.n.m), Cajaruro (17M0801549,
UTM9364819, 933 m.s.n.m), Copallin

(17M0787843, UTM9372723, 964 m.s.n. m
and La Peca (17M0786227, UTM9378161,
1014 m.s.n.m). These districts are within the
geographical area of cocoa cultivation
administered by APROCAM.

2.2. Roasting Process

According to Fernandez-Romero et al.
(2020), samples of cocoa bean from all dis-
tricts were subjected to different treatments
of time and temperature as conditions of the
roasting process (TO = unrorasted, T1=110
°C/20 min, T2=110 °C/35 min, T3 =140 °C/20
min, T4 = 140 °C/35 min). Prior to the roast,
the beans were selected according to their
size, choosing beans of uniform size. Criollo
cocoa samples (100 g) were roasted in a
roaster (IMSA, ERTC-51, Lima, Peru) in the
Agroindustry Plant Pilot at Universidad
Nacional Toribio Rodriguez de Mendoza de
Amazonas (UNTRM), Peru.

2.3. Analysis of volatile compounds by HS-
GCMS

2.3.1. Extraction with Solid Phase Micro
Extraction (SPME)

According to Alvarez et al. (2016) with some
modifications, 5.7 grams of roasted nib co-
coa were fragmented in a porcelain mortar
and deposited into a 22 mL vial plus 6.6 mL
of ultrapure water. The vials, were hermeti-
cally closed with a septum, leaving it until
the equilibrium time be reach. For the analy-
sis, SPME fibres, covered with polydime-
thylsiloxane (PDMS) film (Supelco, Milan,
Italy) with an outer diameter of 50/30 pm
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Carbowax/divinylbenzene (CWX) were used.
Before collecting a sample, the fibre was
conditioned in the chromatograph injector
at 270 °C for 1 hour and then it was exposed
to sample/headspace, at 1 mm of distance
from the interface between the fluid and
headspace. Headspace equilibration time
was at 50 °C, 15 min.

2.3.2. Gas Chromatographic Analytical
Conditions

capillary column was used through all the

time and temperature. The negative signs
correspond to the minimum values (t = 20
min, T=110 °C) and the positive signs corre-
spond to the maximum values (t=35 min, T
= 140 °C). A DOE was established for each
district.

Table 1
Experimental design for the roasting process obtained by
DOE

The gas chromatograph was an Agilent B HERTEITED
7890B Serie Il equipped with MSD 5977B M
and a60 m x 0.32 mm x 1 um (DB - 5MS Ul) -

o

work. The GC oven temperature was pro-
grammed to 180°C/5 min; 4°C/min to 250 °C.
Helium (flow rate 1.1 mL/min) was the car-
rier gas; and 55 min run time. Temperature
of the injector (operated on split 1:1) and of
the detector was 250°C; the SPME fiber de-
sorption time 5 min. The injected sample
volume was 1 pL.

2.3.3. Identification of the volatile fraction
According to Utrilla-Vazquez et al. (2020),
identification of the extracted analytes was
done by comparison of the corresponding
mass spectra in the GC-MS chromatograms
with the data of National Institute of
Standars and Technology-NIST library. All
samples were analyzed in duplicate. A max-
imal acceptable coefficient of variation was
30% for a given compound. Aroma de-
scriptors were obtained for each compound
detected using the online databases of the
Flavor and Extract Manufacturers Associa-
tion (FEMA) of the United States (FEMA,
2018) and the literature.

2.4. Statistical analysis

The roasting process was carried out using
the Design of Experiment (DOE) tool of the
Minitab 17 software, the experimental runs
were done in a random way with two repli-
cas (Table 1). The roasting parameters were

+ 0+ 0+ 4

Analysis of variance was performed for each
key aroma compound in all the district. This
analysis allowed to obtain the significant vol-
atile compounds of the roasted cocoa. The
optimization was done for these key com-
pounds, using Minitab's response optimizer,
as follows: for the pleasant volatile com-
pounds the time and temperature that max-
imized their concentration were found; while
for the unpleasant volatile compounds the
time and temperature that minimized their
concentration was found. According to
Rodriguez-Campos et al. (2012), the volatile
compounds concentrations were subjected
to Principal Component Analysis (PCA)
using Minitab 17.

3. Results and discussion

Criollo cocoa is of high value and is a fine
cocoa used to produce high-quality
chocolates. The fine aromas include fruit
notes (fresh and ripe), floral, herbal, wood,
nuts and caramel notes (Castro-Alayo et al/.,
2019).
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Figure 1. Sensory perception of Criollo cocoa beans during roasting.
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Figure 1 shows the sensory perception of
APROCAM Criollo cocoa of all districts
according to the intensity of the roasting
process. The main perception of the cocoa
beans of all the districts is fruit, but this
perception decreases as the intensity of
roasting increases in Cajaruro cocoa, while
the opposite occurs with cocoa from other
districts. Tuenter et a/ (2020) and Rottiers
et al. (2019a) studied the volatile aroma
composition of fine-flavor Trinitario,
Nacional and Forastero cocoa beans,
attribute the fruit characteristic to the
presence of 2-heptanol and 2-nonanone.
Another perception that the beans of all the
districts show is floral, and like the fruit
perception.

During fermentation, aroma precursors,
such as free amino acids, short-chain pep-
tides, and reducing sugars, are formed,
from which the typical cocoa aroma is sug-
gested to be generated during the subse-
quent roasting process (Frauendorfer and
Schieberle, 2008). The main aim of roasting
is twofold: the elimination of undesirable
compounds with low boiling point, such as
acetic acid, and the formation of the typical
flavor of roasted beans (Marseglia et al.,
2020). Figure 2 shows the chemical classes
of the volatie compounds found in
APROCAM Criollo cocoa beans. The number
of volatile compounds found is a function of
the roasting intensity, a greater amount be-
ing formed when roasting at a higher inten-
sity, as demonstrated in the Cajaruro T4
treatment (Figure 2a). The high percentage
of acidity found in cocoa beans is due to ace-
tic acid, which is found in a higher propor-
tion than the other acids (Figure 2b). The
largest number of volatile compounds found
in roasted and unroasted beans corre-
sponds to esters, followed by acids, alco-
hols, aldehydes and ketones. It should be
noted that the proportion of esters de-
creases as the intensity of roasting in-
creases. Therefore, these compounds are
characteristic of the cocoa variety, noting
that roasting, depending on the time and
temperature, reduces their amounts and
generates other compounds such as pyr-
roles, pyrazines and the Strecker alde-
hydes, coinciding with what was mentioned
by Marseglia et a/. (2020).

Maillard reactions are of utmost importance
during roasting, and initiate reactions be-
tween reducing sugars and amino acids.
Typical Maillard reaction products include
dicarbonyls, heterocyclic compounds, alde-
hydes formed by Strecker degradation, ke-
tones, esters, alcohols and phenolic com-
pounds. Furthermore, roasting also affects
the release of volatile acids (such as acetic

acid) (Van Durme et al, 2016). MS-
fingerprinting on the cocoa headspaces ap-
peared to be a powerful and fast classifica-
tion technique (Tran et al., 2015). Table 2
shows the volatile compounds identified by
HS-SPME-GCMS in APROCAM's Criollo co-
coa and its odor description obtained from
FEMA. Considering the roasted and un-
roasted beans, 95 volatile compounds were
identified, which were grouped by their
chemical class. 40 compounds were identi-
fied in the unroasted beans. Aldehydes, 2-
methylpropanal (burnt, caramel, cocoa,
green, malt), 2-isopropyl-5-methyl-2-
hexenal (floral), 2-phenyl-2-butenal (cocoa,
roast, rum), 5-methyl-2-phenyl-2-hexenal
(cocoa), were identified in roasted beans, so
their presence is due to this process. A high
concentration of aldehydes and ketones is
desired in cocoa beans (Marseglia et al,
2020), 2-butanone (fragrant, fruit, pleasant),
acetoin (butter, creamy, green pepper), 2-
heptanone (banana-like, fruity) and aceto-
phenone (almonds, flower, meat, must) were
produced during roasting. The presence of
alcohols increases the quality of the cocoa
bean (Rodriguez-Campos et al., 2011), alco-
hols such as 2-pentanol (fermented, ripe ba-
nana), isoamyl alcohol (burnt, cocoa, floral,
malt), 2,3-butanediol (sweet, flowery), 2-
heptanol (citrus, earth, fried, mushroom, oil)
and 2-phenethyl alcohol (fruit, honey, lilac,
rose, wine) were identified in the beans of all
the districts, their presence in beans un-
roasted means that they were produced in
fermentation, most of them produced by
yeasts (Marseglia et al., 2020). Other alco-
hols, such as phenylmethanol (boiled cher-
ries, moss, roasted bread, rose) and 1-
phenylethanol (floral, honey, rose), were
identified in the cocoa beans of Nieva, Ca-
jaruro and La Peca. It is beneficial for aro-
matic cocoa quality to have 2-phenylethyl
acetate and ethylphenyl acetate in high con-
centrations, due to the flavour notes associ-
ated with them (Rodriguez-Campos et al,
2012). 2-phenylethyl acetate (flower, honey,
rose) and ethylphenyl acetate (floral, fruit,
honey, rose) were found in the beans of all
districts. Ethyl 2-methylbutyrate (apple, es-
ter, green apple, kiwi, strawberry) in
Copallin and La Peca were identified; hexyl
acetate (apple, banana, grass, herb, pear)in
Nieva, diethyl succinate (cotton, fabric, flo-
ral, fruit, wine) in Nieva and La Peca, ethyl
decanoate (brandy, grape, pear) in Nieva
(Table 2). The production of these esters
can be a result of yeast metabolism during
the fermentation process, which produces
key cocoa aromas such as flowery and
honey flavour notes (Marseglia et al., 2020;
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Aculey et al, 2010; Frauendorfer and
Schieberle, 2008).

Pyrazines are considered the most im-
portant of the volatile components in cocoa
beans. They originate in part by microbio-
logical processes during fermentation but
especially by Strecker degradation that ac-
companies the Maillard reaction during
roasting (Marseglia et al, 2020). 2,3-
dimethylpyrazine (caramel, cocoa, hazel-
nut, peanut butter, roasted) and 2,3,5-
trimethylpyrazine (cocoa, earth, must, po-
tato, roast) were the only pyrazines identi-
fied in unroasted beans (Table 2), therefore
they were produced during fermentation
and its concentration increased during
roasting. Terpenes are related to the aro-
matic and antioxidant properties of some
plants that contain them (El Atki ef a/ 2020;
Ahmed et al. 2019). Myrcene (balsamic,
fruit, geranium, herb, must), 3-carene
(lemon), trans-linalool oxide (floral) and lin-
alool (coriander, floral, lavender, lemon,
rose) were identified in the beans roasted
and unroasted from all districts except
Nieva, which was found only in unroasted
beans and then disappeared during all treat-
ments (Table 2). The presence of these ter-
penes could be related to the antioxidant
properties of the studied cocoa. These com-
pounds were also identified in Criollo cocoa
from other geographic locations studied by
Qin et al. (2016).

According to Utrilla-Vazquez et al. (2020),
key-aroma markers and technological mark-
ers determining the aromatic properties and
quality of cocoa beans. The 16 key-aroma
markers and technological markers finding
by Utrilla-Vazquez et al. (2020) were finding
in APROCAM Criollo cocoa beans (Figure 3).
Acetic acid (acid, fruit, pungent, sour, vine-
gar) is considered an unpleasant volatile
compounds, was found in values higher than

a
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30% in the roasted beans (T2) of Copallin,
followed by Nieva with values higher than
25%, while the lowest percentage of acetic
acid it was obtained in the roasted beans
(T4) of Cajaruro; which indicates that a
higher roasting intensity allows the release
of acetic acid.

This is in accordance, with Tuenter et al.
(2020) who analyzed National cocoa liquor
from Ecuador and Forastero form West Af-
rica, finding acetic acid as the dominant
compound in both samples. The aldehyde
Strecker 3-methylbutanal has been ob-
served a compound quite often proposed as
an important aroma compound in roasted
cocoa (Frauendorfer and Schieberle, 2008),
the highest  concentration of  3-
methylbutanal was found in the Cajaruro
cocoa beans, followed by Copallin, La Peca
and Nieva. In these districts, the
concentration of 3-methylbutanal was
increased according to the intensity of the
roasting process (Figure 3), coinciding with
Frauendorfer and Schieberle (2008) who
suggest that these odorants should
contribute most to the changes in the overall
aroma after roasting. Considering that the
statistical model of 3-methylbutanal for the
districts of Cajaruro, Nieva and La Peca was
not significant, it was only possible to
optimize the roasting process for Copallin
beans, in which roasting at 122.4 °C for 35
minutes was necessary to maximize the
concentration of 3-methylbutanal up to
6.54% (Table 3). More intense roasting
parameters will cause the reduction of the
Strecker aldehyde content, since as
explained by Afoakwa (2010), the
degradation of these aldehydes can serve
as precursors of other types of pyrazines
due to heterocyclization reactions, being
verified by Hinneh et al. (2019).
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Figure 2. Volatile compounds identified by HS-SPME GC-MS during the roasting process of Criollo cocoa beans.
Number of identified compounds (a) and concentration of chemical classes (b).
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Table 2
Volatile compounds of Criollo cocoa beans during roasting process
N Nieva Cajaruro Copallin La Peca
Eoe Clemperi PEEERHEN TO T1 T2 T3 T4 70 T1 T2 T3 T4 70 T1 T2 T3 T4 70 T1 T2 T3 T4
Aldehydes
A1 2-methylpropanal Burnt, caramel, cocoa, green, malt [a] X X X X
A2 3-methylbutanal Chocolate [a] X X X X X X X X X X X X X X X X X
A3 2-methylbutyraldehyde Almond, cocoa, fermented, hazelnut, malt [a] X X X X X X X X X X X X X X X X X X X
A4 3-furancarboxaldehyde X X X
A5 5-methylfurfural Flavoring agents [a] X X X
A6 Benzaldehyde Sweet, bitter almond, cherry [a] X X X X X X X X X X X X X X X X X X X X
A7 Benzeneacetaldehyde Berry, geranium, honey, nut, pungent [a] X X X X X X X X X X X X X X X X X X X X
A8 2-isopropyl-5-methyl-2-hexenal Floral [a] X X X X X X X X X X
A9 2-phenyl-but-2-enal Cocoa, roast, rum [a] X X X X X X X X
A10 5-methyl-2-phenyl-2-hexenal Cocoa [a] X X
Ketones
K1 Diacetyl! Butter, pastry, yeast [a] X
K2 2-butanone Fragrant, fruit, pleasant [a] X
K3 2-pentanone Fruit, pungent [a] X
K4 3-methyl-2-butanone Flavoring agents [a] X X X X X X
K5 Acetoin Butter, creamy, green pepper [a] X X X X X X X X X X X
K6 2-heptanone Banana-like, fruity [b] X X X X X X X X X X X X X X X X X X X
K7 Acetophenone Almonds, flower, meat, must [a] X X X X X X X X X X X X X X X
K8 3-(hydroxymethyl)-2-nonanone X X X X X X X X
Alcohols
AL1 3-methyl-2-butanol Flavoring agents [a] X X X X
AL2 2-pentanol Fermented, ripe banana [a] X X X X X X X X X X X X X
AL3 Isoamyl alcohol Burnt, cocoa, floral, malt [a] X X X X X X X X X X X X X X X
AL4 Amyl alcohol Balsamic, fruit, green, pungent, yeast [a] X X X X X X X X X X
AL5 2,3-butanediol Sweet, flowery [b] X X X X X X X X X X X X X X X X X X X X
AL6 2-heptanol Citrus, earth, fried, mushroom, oil [a] X X X X X X X X X X X X X X X X X
AL7 2-butoxyethanol Flavoring agents [a] X X
AL8 Phenylmethanol Boiled cherries, moss, roasted bread, rose [a] X
AL9 1-phenylethanol Floral, honey, rose [a] X X X X
AL10 2-nonanol Cucumber [a] X X X X X X X
AL11 2-phenethyl alcohol Fruit, honey, lilac, rose, wine [a] X X X X X X X X X X X X X X X X
Esters
E1 Methyl acetate Ester, green [a] X X X X X X X X X X
E2 Ethyl ethanoate Pineapple [c] X X X X X
E3 Vinyl acetate Flavoring agents [a] X
E4 Propy| acetate Celery, floral, pear, red fruit [a] X X X X X X X X X X X
E5 2-butyl acetate Flavoring agents [a] X X X X X
E6 Isobutyl acetate Apple, aanana, floral, herb [a] X X X X X X X X X X X X X X X X X X X X
E7 Butyl acetate Apple, aanana, glue, pungent [a] X
E8 1-methylbutyl acetate Fruit [a] X X X X X X X X X X X X X X X X X X X X
E9 Ethyl 2-methylbutyrate Apple, ester, green apple, kiwi, strawberry [a] X
E10 Ethyl isovalerate Apple, fruit, Pineapple, Sour [a] X X X X X X X X X X
E11 3-methylbutyl acetate Apple, banana, glue, pear [a] X X X X
E12 2-methylbutyl acetate Apple, banana, pear [a] X X X X X X X X X X X X X X X X
E13 Amyl acrylate X X
E14 Acetoin acetate Fruit [a] X X X X X X X X X X X X X X X X X X X
E15 Pentyl acetate Flavoring agents [a] X
E16 Prenyl acetate Putty [a] X X
E17 3-ethoxypropyl acetate X X X X X
E18 Ethyl hexanoate Apple peel, brandy, fruit gum, overripe fruit, pineapple [a] X X X X X X X X X X X X X X X X X X X X
E19 Hexyl acetate Apple, banana, grass, herb, pear [a] X X

-604-



E20
E21
E22
E23
E24
E25
E26
E27
E28
E29
E30
E31
E32
E33

AC1
AC2
AC3
AC4
AC5

P1
P2
P3
P4
P5
P6
P7
P8

T
T2
3
T4
5
6

P1

F1
F2
F3

S1
S2
S3

H1

01
02
03
04
05
06

2-heptyl acetate
2,3-butanediol, diacetate
Methoxyacetic acid, 3-methylbutyl ester
2-butoxyethyl acetate
Trimethylene acetate
Linalyl formate
Benzyl acetate
Diethyl succinate
Ethyl benzoate
Ethyl octanoate
Ethylphenyl acetate
2-phenylethyl acetate
Ethyl decanoate
1-methylbutyl benzoate
Acids
Acetic acid
Isobutyric acid
Isovaleric acid
2-methylbutanoic acid
4-hydroxybutanoic acid
Pyrazines
Methylpirazine
2,5-dimethylpyrazine
2-ethylpyrazine
2,3-dimethylpyrazine
2-ethyl-6-methylpyrazine
2,3,5-trimethylpyrazine
3-ethyl-2,5-dimethylpyrazine
Ethyltrimethylpyrazine
Terpenoids y terpenes
Myrcene
3-carene
Trans-linalool oxide
Linalool
Alloocimene
Alpha-pyronene
Pyrrols
2-Acetylpyrrole
Furans, furanones, pyrans, pyrones
2-Ethyl-5-methylfuran
2-Acetylfuran
Butyrolactone
Sulfure compounds
Dimethyl sulfide
Dimethyl sulfone
Disulfide, dimethy!
Hydrocarbons
Styrene
Others
1,3-Dioxolane, 2,4,5-trimethyl-
Dimethoxymethane
Heptyl tiglate, 4-
1H-1,2,4-Triazol-5-amine, 1-methyl-

Bicyclo[3.1.1]hept-2-ene, 3,6,6-trimethyl-
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Flavoring agents [a] X
X
X
Citrus, coriander [a] X

Fruit [a]

Cotton, fabric, floral, fruit, wine [a]
Camonmile, celery, fat, flower, fruit [a]
Apricot, brandy, fat, floral, pineapple [a]
Floral, fruit, honey, rose [a]

Flower, honey, rose [a]

Brandy, grape, pear [a]

XX XX XXX

Acid, fruit, pungent, sour, vinegar [a]
Burnt, butter, cheese, sweat, rancid [a]
Cheese, pungent, sweat, rancid [a]
Butter, cheese, fermented, sour [a]

xX X

Cocoa, green, hazelnut, popcorn, roasted [a]

Cocoa, roast beef, roasted nut [a]
Burnt, green, iron scorch, must, peanut butter, roasted, rum, wood [a]
Caramel, cocoa, hazelnut, peanut butter, roasted [a]

Cocoa, roasted, green [d]

Cocoa, earth, must, potato, roast [a] X

Earthy, roasted [d]

Candy, sweet [c]

Balsamic, fruit, geranium, herb, must [a] X
Lemon [a]

Floral [e]

Coriander, floral, lavender, lemon, rose [a]

Flavoring agents [a]

Bread, Cocoa, Hazelnut, Licorice, Walnut [a]

Flavoring Agents [a] X
Balsamic, Cocoa, Coffee [a]

Caramel, Cheese, Roasted Nut [a]

Cabbage, Organic, Sulfur, Wet Earth [a]

Cabbage, Garlic, Onion [a]

Flavoring Agents [a]

Flavoring Agents [a]

Ethyl 2-(5-methyl-5-vinyltetrahydrofuran-2-yl)propan-2-yl carbonate

X X X X

x xX X

X X X X X

xX X

X X X X X

X X X

X X X X

X X X X

XXX X X

xX X

X X X X

X X X

X X X

XX XX X

X X X

xX X

x

X X XX X

xX X

X X X

XX XXX XXXX

x xX X

XXX X

X X X X

X X X X

XXX X XX

xX X

X X X

X X X

X X X

xX X

xX X

X X X

x

XX XXXXXXX

x xX X X X X xX X xX X

XX XX XXX

X X X

X X X X X X XX

X X X

X XXX

XXX X

XXX X

xX X

XXX X

X X X

X X X

XXX X xX X

X XXXXX XX

xX X

[a] (FEMA); [b] (Tran et al., 2015); [c] (Aprotosoaie et al., 2016); [d] (Hinne et al., 2019); [e] (Ascrizzi et al., 2017).
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Isovaleric acid (cheese, pungent, sweat,
rancid) is considered an unpleasant volatile
compounds, may be formed by aerobic pu-
trefactive bacteria from leucina and valine,
respectively, a high amount of these acid,
mostly linked with over-fermentation
Rottiers et al. (2019a). Concentrations of
this compound exceeding 2% were found in
cocoa from all districts, however, this con-
centration was reduced with roasting until
reaching values below 1% (Figure 3). Some
fine volatiles were assumed to be pulp-
derived (e.g. linalool, B-myrcene, 2-heptyl
acetate) or intrinsic to the bean (e.g. 2-
heptanol, 2-heptanone, 2-pentanol)
(Rottiers et al, 2019a). 2-heptanol (citrus,
earth, fried, mushroom, oil) was found in
considerable concentrations (7%) in Nieva
beans. Also, because Copallin and La Peca
presented a significant interaction of roast-
ing time and temperature, the optimization
of the process allowed us to find the roasting
parameters of 122.4 °C for 35 min to obtain
a maximized concentration of 3.91% of 2-
heptanol in Copallin and 122.6 °C for 20 min
in La Peca to obtain a maximized concentra-
tion of 4.86% (Table 3).

The cocoa beans from Copallin and La Peca
had 2,3,5-trimethylpyrazine concentrations
that exceeded 5% in the most intense
roasting conditions, therefore the
production of 2,3,5-trimethylpyrazine by the
roasting process is demonstrated, but it
should also be noted that amounts of 2,3,5-
trimethylpyrazine less than 1% were
produced in fermentation (Figure 3), in
accordance with what was established by
Hinneh etal. (2019) and Schwan and Wheals
(2004). Likewise, the parameters necessary
to maximize 2,3,5-trimethylpyrazine content
up to 2.93% in Copallin were 122.4 °C for 35
min, while in La Peca they were 122.6 °C for
20 min to maximize up to 2.28%.

Strecker aldehydes are formed during fer-
mentation and roasting (Cordero et al,

Table 3

2019), benzeneacetaldehyde or phenyla-
cetaldehyde (berry, geranium, honey, nut,
pungent), were produced in small concen-
trations in the unroasted beans as a conse-
quence of fermentation, these concentra-
tions increased as roasting intensified;
reaching significant values in the beans
from Copallin, so the roasting parameters
that maximized the concentration of ben-
zeneacetaldehyde (2.15%) were 122.4 °C
and 35 min.

The high production of alcohols could be ex-
plained by fermentation of cocoa mucilagi-
nous pulp sugars (Koné et al, 2016).
Schwan and Wheals (2004) have reported 3-
methyl-1butanol, 2,3-butanediol and 2-
phenethyl alcohol as desirable for high qual-
ity cocoa products. The highest concentra-
tion of 2-phenethyl alcohol (fruit, honey,
lilac, rose, wine) was found in Copallin, La
Peca and Nieva, with concentrations
exceeding 10%. The highest concentrations
of 2-phenethyl acetate (flower, honey, rose)
had the unroasted beans of Copallin and La
Peca, reaching 7% (Figure 3). Acetoin could
be produced by alcohol fermentation from
piruvate, and butanodiol and it appears to
be a precursor of tetramethylpyrazine
(Rodriguez-Campos et al., 2011), then, this
compound is desirable for flavor develop-
ment in the fermentation process (Utrilla-
Vazquez et al., 2020). Because it was not
found in other references, we consider pro-
pyl acetate (celery, floral, pear, red fruit),
acetoin acetate (fruit), and diethyl succinate
(cotton, fabric, floral, fruit, wine) as the key
aroma markers for APROCAM Criollo cocoa,
acetoin acetate was found in all districts, in
different concentrations. Nieva was the dis-
trict with the highest concentration of propyl
acetate, while Cajaruro had the highest
concentration of acetoin acetate. Diethyl
succinate was only found in Nieva and La
Peca cocoa beans (Figure 3).

Optimization parameters of the roasting process for the key aroma and technological markers found in APROCAM

Criollo cocoa beans

District Compound Parameters Optimal Prediction
Time (min) Temperature (°C) value (%) interval

Isovaleric acid 0.00 0.00-2.02

Cajaruro Acetic apid ) 35 110 0.00 0.00-14.44
2,3,5-Trimethylpyrazine 2.92 2.22-3.62
2,3-Dimethylpyrazine 0.89 0.35-1.43

2-heptanol 3.91 2.87-4.94

. Benzeneacetaldehyde 2.15 1.40-2.90
Copallin 4 Vibutanal 35 1224 6.54 4.26-8.81
2,3,5-Trimethylpyrazine 2.93 2.41-3.45

2-heptanol 4.86 2.58-7.13

La Peca 2-Phenylethyl acetate 20 122.6 6.10 3.77-8.44
2,3,5-Trimethylpyrazine 2.28 1.99-2.58
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Figure 3. Key markers identified by HS-SPME GC-MS during the roasting process of Criollo cocoa beans.
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Figure 4. Principal components analysis of Criollo cocoa beans unroasted (A) and roasting for T1 (B).

Linalool (coriander, floral, lavender, lemon,
rose) and benzaldehyde (sweet, bitter al-
mond, cherry) are identified (Table 2). Linal-
ool obviously proves to be an important key
compound, which classifies the origins of
cocoa. During the roasting process, the lin-
alool content slightly decreases due to vola-
tility but the relative difference between
basic and flavour grade cocoas remains
(Ziegleder, 1990). This component was iden-
tified mainly in roasted cocoa beans from
Cajaruro and La Peca and its concentration
decreased as there was a more intense
roasting process (Figure 3). Ziegleder
(1990) establishes the linalo-
ol/benzaldehyde ratio as an indicator of in-
dustrial quality control of unroasted cocoa,
and a ratio of linalool/benzaldehyde higher
than 0.3 indicates typical flavour grade
cocoas and may be used as a flavour index.
This ratio can only be observed in the cocoa
beans from the districts of Cajaruro and La
Peca, because linalool was produced only
during roasting. The values of these ratios
were between 0.56 and 0.82 for Cajaruro
and between 0.57 and 0.89 for La Peca.

As reported for unroasted cocoa beans, the
volatile fingerprint showed interesting po-
tential for origin authentication of both un-
roasted and roasted cocoa beans
(Marseglia et al, 2020). Therefore, the
roasting treatments were subjected to a
Principal Component Analysis (PCA) to find
groups of districts formed according to the
volatile fingerprint of the cocoa beans from
each one. The PCA of the unroasted beans
show a clear separation between districts,
Figure 4A shows that the total variability of
the samples was demonstrated in two PCs
that explain 75% of the variance. It is shown
that when the beans are not roasted, there
is a clear separation between the Copallin
and Nieva districts. This separation is
caused by the greater number of esters that
Copallin has, which are precisely those that
give cocoa beans the fruity aroma. We can
also note that La Peca and Cajaruro make up

a group that distinguishes them from the
other districts, mainly due to their contentin
pyrazines and terpenes. As the roasting pro-
cess is carried out, the districts begin to
form new groups; for example: in Figure 4B
we can notice the presence of two PCs that
explain 73% of the variance, so we can affirm
that T1 (roasted at 110 °C for 20 min), causes
Cajaruro and Copallin to form a group char-
acterized mainly due to the presence of al-
dehydes, esters and linalool. This group dif-
fers considerably from Nieva, whose differ-
ences are characterized by pyrroles and es-
ters (among them acetoin acetate); which in
turn differs from La Peca. Another separa-
tion of groups can be noticed in the other
districts (Figures S1, S2, S3 in supple-
mentary).

4. Conclusions

APROCAM-Amazonas Criollo cocoa has a
mainly fruit, floral and nutty sensory percep-
tion. It was possible to find new key aroma
markers (propyl acetate, acetoin acetate,
and diethyl succinate) for Criollo cocoa ana-
lyzed, which have not been identified in
other Criollo or Trinitarian cocoas grown in
other countries. The most abundant amount
of volatile compounds related to the aroma
of Criollo cocoa was found in roasted beans,
since the roasting process caused the con-
centration and number of these compounds
to decrease and allowed the generation of
others such as pyrazines. The fingerprint of
volatile compounds in Criollo cocoa
changed according to the roasting parame-
ters, finding that these parameters allow the
formation of different groups between the
districts where it is grown; therefore, alt-
hough the cocoa belongs to the same pro-
duction region, there is variability in its vola-
tile fingerprint that is specific to each geo-
graphical location. For this reason, we rec-
ommended that to optimize the roasting pro-
cess, the origin of each cocoa bean must be
taken into account, and the appropriate
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parameters must be used in order to
preserve the aroma of the bean and make
chocolates with aromatic profiles according
to origin. This should be considered mainly
in the manufacture of fine chocolates to
maintain the "Terroir" of Peruvian fine
chocolate.
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