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ARTICLE INFO ABSTRACT

Keywords: The study investigated the behavior of seventeen amino acids during spontaneous (SF) and starter culture (SC)

Amma_m precursors fermentation of Criollo cocoa beans from Copallin, Guadalupe and Tolopampa, Amazonas-Peru. For this purpose,

Essgntialv liquid chromatography (UHPLC) was used to quantify amino acids. Multivariate analysis was used to differen-
ydrolysis

tiate the phases of the fermentation process. The percentage of essential amino acids during SC fermentation
(63.4%) was higher than SF (61.8%); it was observed that the starter culture accelerated their presence and
increased their concentration during the fermentation process. The multivariate analysis identified a first stage
(day O to day 2), characterized by a low content of amino acids that increased due to protein hydrolysis. The
study showed that adding the starter culture (Saccharomyces cerevisiae) to the fermentation mass increased the
concentration of essential amino acids (63.0%) compared to the spontaneous process (61.8%). Moreover, this
addition reduced the fermentation time (3-4 days less), demonstrating that the fermentation process with a
starter culture allows obtaining a better profile of amino acids precursors of flavor and aroma.

Multivariate analysis
Starter culture

1. Introduction

Cocoa (Theobroma cacao L.) is the primary raw material for chocolate
production, so its aromatic characteristic is a crucial point for the
development of its flavor (Hinneh et al., 2018); for this, the bean goes
through different processing stages that origins the aromatic profile to
be developed from precursors (volatile and non-volatile) (Afoakwa,

Paterson, Fowler, & Ryan, 2008; Balcazar-Zumaeta, Castro-Alayo, Cayo-
Colca, Idrogo-Vasquez, & Munoz-Astecker, 2023; Deus, Bispo, Franca, &
Gloria, 2021). Sari et al. (2023) indicate that the genotype of cocoa
beans is a factor that permits differentiating the profile and concentra-
tion of amino acids, highlighting the Criollo variety for having a sig-
nificant concentration of these compounds compared to other varieties
(Castro-Alayo, Idrogo-Véasquez, Siche, & Cardenas-Toro, 2019; Perez,

* Corresponding author at: Instituto de Investigacién, Innovacion y Desarrollo para el Sector Agrario y Agroindustrial (IIDAA), Facultad de Ingenieria y Ciencias
Agrarias, Universidad Nacional Toribio Rodriguez de Mendoza de Amazonas, Calle Higos Urco 342-350-356, Chachapoyas 01001, Peru.

E-mail addresses: cesar.balcazar@untrm.edu.pe (C.R. Balcazar-Zumaeta), editha.fero@gmail.com (E. Ferndndez-Romero), alessalopes@ufpa.br (A.S. Lopes),
nelson.ufpa@gmail.com (N.R. Ferreira), chagasjunior.gca@gmail.com (G.C.A. Chagas-Jtnior), ives.yoplac@untrm.edu.pe (I. Yoplac), 7439899620@untrm.edu.pe
(H.A. Lopez-Trigoso), 7703865720@untrm.edu.pe (M.L. Tuesta-Occ), Italo.Maldonado@untrm.edu.pe (I. Maldonado-Ramirez), jmaicelo@untrm.edu.pe
(J.L. Maicelo-Quintana), icayo.fizab@untrm.edu.pe (I.S. Cayo-Colca), efrain.castro@untrm.edu.pe (E.M. Castro-Alayo).

https://doi.org/10.1016/j.fochx.2024.101486

Received 4 March 2024; Received in revised form 13 May 2024; Accepted 15 May 2024

Available online 18 May 2024

2590-1575/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:cesar.balcazar@untrm.edu.pe
mailto:editha.fero@gmail.com
mailto:alessalopes@ufpa.br
mailto:nelson.ufpa@gmail.com
mailto:chagasjunior.gca@gmail.com
mailto:ives.yoplac@untrm.edu.pe
mailto:7703865720@untrm.edu.pe
mailto:7703865720@untrm.edu.pe
mailto:Italo.Maldonado@untrm.edu.pe
mailto:jmaicelo@untrm.edu.pe
mailto:icayo.fizab@untrm.edu.pe
mailto:efrain.castro@untrm.edu.pe
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2024.101486
https://doi.org/10.1016/j.fochx.2024.101486
https://doi.org/10.1016/j.fochx.2024.101486
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C.R. Balcazar-Zumaeta et al.

Lopez-Yerena, & Vallverda-Queralt, 2022; Sari et al., 2023). Peru is one
of the main areas where there are large cocoa crops with particular
relevance for its economy (Cadiz-Gurrea et al., 2020), especially in the
Amazonas region (Peru). One of the most important crops is Criollo
cocoa, which has the denomination of origin “Cacao Amazonas Peru”
and is produced in the provinces of Utcubamba and Bagua (Balcazar-
Zumaeta et al., 2023).

The fermentation is a stage responsible for producing aromatic pre-
cursor compounds that regulate the astringency and flavor of the fer-
mented cocoa pulp-bean mass (Velasquez-Reyes et al., 2023). During
fermentation (takes 4-7 days), the production of ethanol, acetic acid,
and heat causes the death of the bean embryos, which sets the
biochemical stage for a plethora of flavor- and color-forming reactions
between peptides, amino acids, carbohydrates, and other compounds
(Brunetto et al., 2020a; Castro-Alayo et al., 2019; Perez et al., 2022); in
particularity, the amino acids standing out for impact in the volatile
flavor formation (Gutiérrez-Rios et al., 2022; Marseglia et al., 2014).
These reactions are responsible for the formation of different bioactive
compounds such as reducing sugars, amino acids, peptides, acids,
flavan-3-ols, and anthocyanins, among others. These bioactive com-
pounds give chocolate its particular aroma and flavor (Balcazar-
Zumaeta, Castro-Alayo, et al., 2023; Chang et al., 2024) thanks to the
action of microorganisms and chemical reactions that occur inside the
bean (Balcazar-Zumaeta, Castro-Alayo, et al., 2023; Escobar et al., 2021;
Quelal, Hurtado, Benavides, Alanes, & Alanes, 2023). The amino acid,
which results from the microbial actions during the vicilin class globulin
(VCG) reaction (Castro-Alayo et al., 2019; Fang et al., 2020; Gutiérrez-
Rios et al., 2022), enters the cocoa bean by molecular diffusion and
confers the final characteristics of the chocolate.

The fermentation is responsible for forming the free amino acid
profile due to the protein cleavage in the cocoa bean (autolysis) (Bru-
netto et al., 2020b; Marseglia et al., 2014). The cocoa quality and
chocolate perception in flavor and aroma depend on the amino acid
profile (Dala-Paula, Deus, Tavano, & Gloria, 2021; Deus, Bispo, Franca,
& Gloria, 2020). Moreover, a well-fermented cocoa bean presents a
higher content of amino acids (Tchouatcheu, Noah, Lieberei, & Nie-
menak, 2019); in addition, they are responsible for different physio-
logical functions for humans (Salaria, Boatwright, Thavarajah, Kumar,
& Thavarajah, 2022), such as protein synthesis, repair tissues and
nutrient absorption, among others (Dala-Paula et al., 2021; Lopez &
Mohiuddin, 2022). However, the concentration of amino acids varies by
cacao origin, environmental conditions, and agricultural practices,
among others (de Araujo et al., 2021; Sari et al., 2023). Also, a stan-
dardized fermentation with a starter culture is a process that can regu-
late these variations (Balcazar-Zumaeta, Pajuelo-Munoz, et al., 2023).

The effect of the fermentation process on amino acids results in the
development of key volatile fractions (mainly alcohols and esters)
(Utrilla-Vazquez, Rodriguez-Campos, Avendano-Arazate, Gschaedler, &
Lugo-Cervantes, 2020), which results in the variation of aroma pre-
cursors (Rawel, Huschek, Sagu, & Homann, 2019). Therefore, deter-
mining the amino acid profile can help us to understand the behavior of
these compounds during fermentation (Brunetto et al., 2020a) since
fermentation is currently a non-standardized (spontaneous) process that
occasions differences in cocoa bean quality (Balcazar-Zumaeta, Castro-
Alayo, et al., 2023). Given this, the use of inoculums during fermenta-
tion allows the synthesis of flavor compounds and derivatives (Balcazar-
Zumaeta, Pajuelo-Munoz, et al., 2023); inoculums reported were yeasts
(Kluyveromyces marxianus, Pichia kluyveri, and Saccharomyces cerevisiae),
acetic acid bacteria (Acetobacter pasteurianus, A. aceti, and A. tropicalis),
and lactic acid bacteria (Lactobacillus fermentum and L. plantarum)
(Balcazar-Zumaeta, Pajuelo-Munoz, et al., 2023; Ooi, Ting, & Siow,
2020). In addition, the use of starter cultures is a method that improves
the chemical composition of the fermented cocoa bean (with emphasis
on amino acids) (Febrianto, Wang, & Zhu, 2022), can modulate the
fermentation time and influence the amino acids concentration
(Balcazar-Zumaeta, Castro-Alayo, et al., 2023; Castro-Alayo et al., 2019;
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Korcari et al., 2023; Sande et al., 2020; Schliiter, André, Hiihn, Rohn, &
Chetschik, 2022).

It is possible to obtain a high concentration of amino acids and ar-
omatic compounds during roasting, as long as the fermentation is car-
ried out efficiently (Castro-Alayo et al., 2019); for this, considering an
adequate time and the use of starter cultures (such as Saccharomyces
cerevisiae) contribute to improving the conditions of this process.
Therefore, in this study, we report the reduction in spontaneous (SF) and
starter culture (S. cerevisiae, SC) fermentation time based on the amino
acid profile behavior, as we previously reported in another study based
on the antioxidant profile characterization of cocoa beans harvested in
Amazonas, Peru (Balcazar-Zumaeta, Pajuelo-Munoz, et al., 2023).

2. Materials and methods
2.1. Biological materials and reagents

Criollo cocoa bean varieties were collected from three localities
located in Bagua province (Amazonas region, Fig. 1); Guadalupe
(5°33'45.14" S, 78°32'50.53" W, 420 masl), Tolopampa (5°39'21. 25" S,
78°29'40.44" W, 514 masl), and Copallin (5°41'13.70" S, 78°24'20.58"
W, 869 masl) (Balcazar-Zumaeta, Pajuelo-Munoz, et al., 2023).

The starter culture Saccharomyces cerevisiae was from ATCC®
18,824™ (01066 K, Microbiologics, Saint Cloud, MN, USA). Other re-
agents and materials were trichloroacetic acid and 0.22 pm Millex-GP
syringe filters (Merck, Darmstadt, Germany). Methanol HPLC grade
and sodium phosphate - NaH,PO, were purchased from JT Baker
(Deventer, The Netherlands). The hydrochloric acid (HCl), petroleum
ether, acetonitrile, YPD agar, peptone water, and phosphoric acid were
from Sigma Aldrich (St. Louis, MO, USA). The glass vials (1.5 mL) were
from Wheaton (Millville, NJ, USA). The solutions of 17 amino acids
(AA), o-phthaldialdehyde (OPA), 9-fluorenyl methyl chloroformate
(FMOC), borate bulffer, filter membrane, Nylon 47 mm, pore size 0.20
pm were purchased from Agilent Technologies (Santa Clara, CA, USA).

2.2. Activation of starter culture Saccharomyces cerevisiae

The activation process of S. cerevisiae (derived from
ATCC®18824TM) was carried out according to the method described by
Chagas, Ferreira, Gloria, Martins, and Lopes (2021); for this, the col-
onies were deposited in a sterile YPD (Yeast Extract Peptone Dextrose)
agar plates, incubated at 28 °C for 72 h, and transferred to new plates
with peptonized water.

After the growth of the colonies, the culture was prepared in an
Erlenmeyer flask with 500 mL of peptone water; 16 plates containing the
activated strains were used, adding 2 mL of peptone water to each plate
(previous cleaning with a sterile swab). The content of each one was
transferred to the flask with peptone water (cell growth ~ 108 cells/mL).
Strain activation was performed in the Laboratory of Chemistry of the
Universidad Nacional Toribio Rodriguez de Mendoza de Amazonas
(UNTRM). Finally, the media with the strains were transferred to the
APROCAM cooperative to add to the cocoa fermentation processes.

2.3. Cocoa fermentation

The Criollo cocoa beans harvested from three population centers
were transported and processed at the APROCAM Multiple Services
Cooperative, located on Car. Bagua- Copallin Km.4 - Province of Bagua.

Two types of fermentation were used, spontaneous (SF) and
fermentation with a starter culture (SC), following the procedure
described by Castro-Alayo, Torrejon-Valqui, Medina-Mendoza, Cayo-
Colca, and Cardenas-Toro (2022). Both fermentation procedures were
similar; for this, 40 kg of flask cocoa was covered with polyethylene
bags. The turning and the box change were every 48 h; the fermentation
was carried out for one week; in the case of the SC, the cocoa beans were
mixed with ~10° cells of S. cerevisiae /gram of cocoa at the beginning of



C.R. Balcazar-Zumaeta et al.

Food Chemistry: X 22 (2024) 101486

IE326"W 78°29°4"W TEO26VW 787 230°W
¢ \ S
= h =
o \ . o [
“ N gk “
e !
T
ey A o
o .AI\..
LA PECA
w 4
- s I
s South f f
America
0 7
2 b
S S
o y /
oy COPALLI
LEGEND P 7 'N “' Copallin
® Sampling points :x( . £
O Boundary district
Altitude (m.a.s.0)
@ 358 - 500
SO0 -
& E:]I "(,)0 ;uqu M TMeters {
Amazonas gl & 840 - 3 500 0 150 -
region : Cocoa cultivation ?
18326 W 787294 TE26'2°W TE230°W

Fig. 1. Criollo cocoa bean origins (Amazonas, Pert).

the fermentation process.

The sampling procedure (Balcdzar-Zumaeta, Pajuelo-Munoz, et al.,
2023) was as follows: 150 g of cocoa beans (separated from the pulp,
under aseptic conditions) were extracted every 24 h, deposited in ster-
ilized bags and subjected to freeze shock with liquid nitrogen from the
beginning of fermentation (0 h) until the end of fermentation (168 h), to
preserve the conditions of the bean at each sampling time. The samples
were transported to the Food Engineering and Post-Harvest Research
Laboratory of the UNTRM for conservation under deep-freezing condi-
tions (Eppendorf, Premium 0410, Hamburg, Germany) until further
analysis.

2.4. Sample treatment

The collected samples were freeze-dried as described by Balcazar-
Zumaeta, Pajuelo-Munoz, et al. (2023); the beans were placed in Falcon
tubes (50 mL) at 0.008 bar and - 84 °C for 18 h in a freeze-dryer (Lab-
conco, model 710,402,010, Kansas City, MO, USA). Subsequently, the
freeze-dried cocoa beans were defatted (Hernandez-Hernandez, Viera-
Alcaide, Morales-Sillero, Fernandez-Bolanos, & Rodriguez-Gutiérrez,
2018) with a Soxhlet extractor (Daihan Scientific, Seoul, Republic of
Korea) using petroleum ether (solvent) and controlling eight siphons.
Finally, the defatted samples were left at room temperature to evaporate
solvent residues and stored in a dry place.

2.5. Determination of amino acids
The quantification of amino acids was determined by ultra-high

performance liquid chromatography (UHPLC); for this, the analysis
was performed according to the modified method of Hinneh et al.

(2018). Samples of 1 g of cocoa with 15% trichloroacetic acid were
centrifuged at 11800 RPM for 10 min at 4 °C; then, 1.5 pL of this solution
were filtered with a 0.22 pm Nylon filters (Merck, Millex, Germany).

Separation and quantification were performed by UHPLC (Agilent
Technologies, 1290 Infinity II, Waldbronn, Germany), coupled with a
multisampler (G7167B), a flexible pump (G7104A), a column oven
(G7116B) and diode array detector (G7117B). The separation was per-
formed with a Zorbax Eclipse-AAA 4.6 x 150 mm, 3.5 pm column
(Agilent PN 963400-902). Ortho-phthalaldehyde (OPA; Agilent PN
5061-3335) and 9-fluorenyl methyl chloroformate (FMOC; Agilent PN
5061-3337) were used for amino acid derivatization, while 0.4 mol*L-1
borate buffer (Agilent PN 5061-3339) (pH 10.2) was used as a buffer
solution. The following phases were used: (A) NaH2PO4 and ultrapure
water (5.5 g / 1 L, pH 7.8); (B) acetonitrile (ACN)-methanol (MeOH)-
water solution (45:45:10, v/v/v/v), both solutions filtered on 0.22
Millex LCR membranes. A mix of amino acid standards was used and
dissolved in 25 mL with HCI (0.1 N) for identification. The flow rate was
2 mL/min for 16 min each injection, and the column temperature was
40 °C. The quantification of amino acids was performed by comparing
the sample peak areas with each standard peak using the ChemStation
control software (version A.02.14 05-16, OpenLAB). The results were
expressed as mg amino acid/100 g sample.

2.6. Data analysis

The results were obtained in triplicate and subjected to analysis of
variance (ANOVA) for each type of cocoa fermentation and origin
(previously verifying three ANOVA assumptions: normality, homoge-
neity, and independence); then, a multiple comparisons test (Tukey,
95%) was performed. For the average values, a multivariate analysis was
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performed according to the quantified amino acids, for which a cluster
analysis (k-means) and principal component analysis (PCA) were
employed, using the complimentary software RMarkdown (RStudio, v.
2022.07.2 + 576, Boston, MA, USA).

3. Results and discussion
3.1. Amino acids quantification in Criollo cocoa beans SF and SC

The fermentation processes in Criollo cocoa under Amazonas con-
ditions average one week (seven days). However, previous studies under
similar conditions (Balcazar-Zumaeta, Castro-Alayo, et al., 2023,
Balcdzar-Zumaeta, Pajuelo-Munoz, et al. (2023); Castro-Alayo et al.,
2019, 2022) suggest reducing the fermentation days to optimize the
presence of precursor compounds. Since amino acids are responsible for
the aroma, it is necessary to study them to observe their variations
during the fermentation process (Tables 1, 2 and 3). These variations
have been previously reported by Calvo et al. (2021) and Sande et al.,
2020) and could be used to optimize the fermentation process (Deus
et al., 2021). Studies show that parts of the adhering pulp are removed
during this process, which promotes microbial activity and allows the
formation of amino acids (Balcazar-Zumaeta, Castro-Alayo, et al., 2023;
Haruna et al., 2024). Moreover, in this study, the analysis of K-means
and PCA helped better understand the fermentation time’s effect on the
cocoa bean’s amino acid profile.

Tables 1, 2, and 3 show the concentration of 17 amino acids in the
cocoa bean. It can be observed that the fermentation time affected the
amino acids content (p < 0.05), similar to that reported by Rottiers et al.
(2019), evidencing that the fermentation process degrades the proteins
due to the presence of microorganisms and enzymes (Dominguez-Pérez,
Beltran-Barrientos, Gonzalez-Cordova, Hernandez-Mendoza, & Vallejo-
Cordoba, 2020; Febrianto et al., 2022), which contribute to the forma-
tion of aromas during the cocoa bean processing (Schliiter et al., 2022;
Tamimi, Hidayat, Utami, & Witasari, 2023). An atypical behavior was
observed in the identification of amino acids in SF in cocoa beans (day 3,
Guadalupe), which could be related to the microbial behavior (lactic
acid bacteria and nitrogenous yeasts) and carbon metabolism in a
spontaneous (uncontrolled) fermentation (Balcazar-Zumaeta, Castro-
Alayo, et al., 2023; Deus et al., 2021) however, further studies are
needed to explain this behavior.

It can be observed in the SF and SC that the main hydrophobic amino
acids precursors of aroma, such as alanine (Ala), had the highest con-
centration of 64.23 and 30.56 mg/100 g, respectively, in cocoa from
Guadalupe (Table 2), values that are within the range reported by Deus
et al. (2021). On the other hand, the content of phenylalanine (Phe) was
34.60 and 34.78 mg/100 g in the SF and SC in cocoa from Copallin;
correspondingly (Table 1), these two amino acids were the greatest
between the third and fourth day of fermentation, similar to what was
reported by Rottiers et al. (2019) who mentioned that during the first
days of fermentation develops a high concentration of these amino acids
due the proteolysis stimulated by lactic and acetic acid (Febrianto et al.,
2022; Gutiérrez-Rios et al., 2022). In this hydrophobic group, tyrosine
(Tyr) reached concentrations of 16.59 mg/100 g (Copallin, Table 1) in
the SF and 17.38 mg/100 g (Tolopampa, Table 3) in the SC from the
third day of fermentation, and leucine (Leu) reached content of 37. 35
and 43.32 mg/100 g in the SF and SC, respectively (Tolopampa,
Table 3).

In the case of valine (Val, hydrophobic), a concentration of 15.74 and
18.63 mg/100 g in cocoa from Tolopampa at the end of fermentation
(Table 3), similar to that reported by Olugosi, Agbede, Adebayo, Onibi,
and Ayeni (2019); however, its concentration increased after the second
day only for SC unlike what was said by Rottiers et al. (2019) who
observed same after the first day, possibly due to the genetic variation of
the crop (Balcazar-Zumaeta, Castro-Alayo, et al., 2023; Servent et al.,
2018). In the case of isoleucine (Iso) concentration, it was detected up to
6.90 mg/100 g (Copallin) in the SF and between 0.38 (Guadalupe) and
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7.57 mg/100 g (Tolopampa) in the SC of cocoa bean (criollo). It can also
be observed that from the third day of fermentation, high concentrations
of this amino acid are achieved, which agrees with what was reported by
Rottiers et al. (2019), where its formation is due to the interaction of Val
and Leu with the acetohydroxy acid synthase that acts on pyruvate and
generates acetolactate (Salaria et al., 2022).

Umami amino acids induce a palatable flavor due to aspartic and
glutamic acids (Dala-Paula et al., 2021). In the SF, glutamic acid (Glu)
disappeared after the third day in the bean (Tables 1, 2, and 3); this
decrease is a disadvantage since it is a desirable compound of fermented
cocoa (Deus et al., 2021). However, though it decreased in the SC
(except for Tolopampa that disappeared after day 5, Table 3), it
remained at a considerable concentration in the bean, which may be due
to the metabolism of S. cerevisiae during fermentation (Balcazar-
Zumaeta, Pajuelo-Munoz, et al., 2023; Castro-Alayo et al., 2019),
demonstrating that it is possible to modulate the fermentation process
by inoculating with this yeast (Korcari et al., 2023; Ooi et al., 2020). In
the case of aspartic acid (Asp), a significant concentration could be
detected from the second day in the SF, reaching a maximum of 2.12
mg/100 g (Tolopampa, Table 3). In contrast to this, this amino acid was
not present in cacao from Guadalupe (Table 2); on the other hand, the
concentration of the amino acids in the SC varied among each place,
highlighting that only in cacao from Guadalupe a concentration of
12.85 mg/100 g was found in the first days of fermentation, which
disappeared on day 4, behavior similar to that reported by Brunetto
et al. (2020b), who indicated that its degradation (or possible absence)
favors the formation of hydrophobic amino acids (John et al., 2019), in
addition the low concentration reported is characteristic of a well-
fermented bean (de Araujo et al., 2021).

The concentration of arginine (Arg) was similar to that reported by
Dala-Paula et al. (2021); in addition, it was observed that in the SF, a
higher concentration of 54.20 mg/100 g was achieved (Guadalupe,
Table 2), similar concentration in the same fermentation time (day 4)
was reported by Deus et al. (2021), in contrast to SC, which was 34.18
mg/100 g on day 7 (Tolopampa, Table 3). Arg ensures a slightly bitter
taste in cocoa (Deus et al., 2021); its content increases considerably
during the fermentation of Criollo cocoa, in a higher proportion than
what was reported in cocoa clones (Deus et al., 2020), which demon-
strates its resistance to degradation by carboxypeptidases (Tamimi et al.,
2023). Regarding glycine (Gly) content, its concentration was 5.55 mg/
100 g in the SF, lower than in the SC, which reached up to 6.04 mg/100 g
(Copallin, Table 1), similar to what was reported by Brunetto et al.
(2020a); likewise, the presence of this amino acid is due to enzymatic
hydrolysis product of the Maillard reaction (John et al., 2019; Purba-
ningrum, Hidayat, Witasari, & Utami, 2023). Gly recorded high con-
centrations from day 2 to day 5, a period that is close to that reported by
Deus et al. (2021), evidencing the increase during fermentation
(Balcazar-Zumaeta, Castro-Alayo, et al., 2023; Calvo et al., 2021; Fang
et al., 2020), which reinforces the formation of pyrazines due to the
presence of amino acids (Purbaningrum et al., 2023).

Proline (Pro) is an amino acid characteristic of Criollo cocoa
(Balcazar-Zumaeta, Castro-Alayo, et al., 2023); it was observed at a
concentration of 1.73 mg/100 g in the SC (Guadalupe, Table 2), slightly
higher compared to SF, which was 1.59 mg/100 g (Copallin, Table 1).
According to Gutiérrez-Rios et al. (2022), this difference is due to the
starter culture’s metabolism, which transports a fraction of the carbon to
the Krebs cycle, forming aromatic precursors associated with amino
acids. Proline (Pro) gives rise to 2-acetyl-1-pyrrole (De Vuyst & Leroy,
2020), which in turn provides caramel, sweet and toasted notes (Sari
et al., 2023). The concentration of Lysine (Lys) increases considerably
from the second fermentation day, reaching up to 25.21 and 25.78 mg/
100 g in the SF and SC, correspondingly (Copallin, Table 1); this
behavior, demonstrates that the first days of fermentation is character-
ized by a low concentration due to the anaerobic phase (Deus et al.,
2021; Spizzirri et al., 2019), this content considerable increased from
the third day of the process coinciding with what was reported by de



Table 1
Average values” of amino acids during SF and SC in cocoa beans from Copallin.
Aminoacids Spontaneous Fermentation Starter Culture
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Asp 0.00 + 0.00 + 1.10 £ 0.64 + 1.43 £ 0.40 = 0.98 + 111+ 1.25 + 0.00 + 0.00 = 0.00 + 0.00 = 0.00 + 0.00 = 0.00 +
0.00f 0.00f 0.08b 0.01d 0.005a 0.05e 0.001c 0.003b 0.008a 0.00b 0.00b 0.00b 0.00b 0.00b 0.00b 0.00b
Gly 1.777 + 1.88 + 3.60 + 5.55 + 4.12 + 3.82 £ 3.05 + 2.88 + 1.72 £ 1.74 £ 3.07 £ 1.58 + 1.55 £ 6.04 + 2.28 + 2.54 +
0.04 g 001g 0.008d 0.03a 0.02b 0.07c 0.002e 0.08f 0.006e 0.02e 0.03b 0.01f 0.009f 0.03a 0.02d 0.02c
Ala 9.72 £ 7.89 + 17.05 + 23.04 £ 15.89 + 19.31 + 12.08 + 15.72 + 11.1 + 5.45 + 131 + 115+ 11.1 + 22.4 + 141 £ 19.9 +
0.02f 001g 0.09¢ 0.11a 0.12d 0.46b 0.06e 0.002d 0.09 0.14f 0.23d 0.01e 0.09e 0.26a 0.54c 0.47b
val 413 + 3.55 + 10.73 + 15.43 + 11.18 + 14.56 + 8.30 + 10.69 + 5.83 + 331+ 7.58 + 7.62 + 5.88 + 14.6 + 9.68 + 129 +
0.0le 0.008f 0.06¢ 0.12a 0.11c 0.41b 0.04d 0.17¢ 0.02e 0.02f 0.03d 0.03d 0.04e 0.29a 0.47c 0.23b
Lys 0.00 + 0.00 + 4.82 + 25.21 + 3.67 + 18.34 + 237 + 13.33 + 0.00 + 0.00 &+ 1.69 + 5.38 + 6.00 = 10.05 + 25.78 £ 16.07 +
0.00 g 0.00 g 0.26d 0.19a 0.05e 0.26b 0.02f 0.02c 0.00f 0.00f 0.06e 0.01d 0.06d 0.55¢ 0.66a 0.73b
Iso 111+ 0.75 + 391 + 6.90 + 3.81 + 5.49 + 3.03 + 3.68 + 1.68 = 0.98 + 2.33 + 291 + 2.46 = 6.36 = 291 + 5.10 +
0.08f 0.002 g 0.03c 0.05a 0.02 cd 0.08b 0.04e 0.07d 0.01e 0.0006f 0.07d 0.04c 0.08d 0.0la 0.17c 0.14b
Phe 312+ 2.56 + 16.72 + 34.60 + 12.41 + 27.79 + 10.59 + 22.64 + 3.51 + 213 + 8.22 + 13.02 + 13.09 + 34.78 + 16.36 + 24.01 +
0.04 g 0.01 h 0.09d 0.07a 0.04e 0.52b 0.07f 0.10c 0.05f 0.007 g 0.17e 0.05d 0.10d 0.32a 0.72c 0.48b
Tyr 3.49 + 2.60 + 8.65 + 16.59 + 7.63 + 13.31 + 6.40 9.18 &+ 3.57 + 2.24 + 4.70 = 5.80 + 5.68 = 15.10 = 7.56 = 11.61 +
0.03 g 0.008 h 0.03d 0.18a 0.07e 0.30b 0.08f 0.02¢ 0.10f 0.05¢g 0.08e 0.02d 0.06d 0.29a 0.19¢ 0.17b
Thr 0.93 + 0.81 + 0.33 + 1.40 £ 0.32 + 2.59 + 2.71 + 0.00 + 1.03 £ 0.77 + 227 + 0.71 + 0.65 + 7.30 + 1.07 + 215+
0.05d 0.02e 0.007f 0.0004c¢ 0.008f 0.04b 0.005a 0.00 g 0.01c 0.15¢ 0.05b 0.01c 0.01c 0.37a 0.11c 0.13b
Cys 0.00 + 0.00 + 0.00 + 0.39 + 0.00 + 0.84 + 0.16 + 0.30 + 0.00 + 0.00 + 0.00 + 0.22 + 0.37 + 0.35 + 0.35 + 0.19 +
0.00d 0.00d 0.00d 0.00b 0.00d 0.17a 0.007 cd 0.01bc 0.00c 0.00c 0.00c 0.01b 0.007a 0.01a 0.01a 0.003b
Met 0.00 + 0.00 + 1.58 + 5.14 + 0.08 + 0.16 = 0.48 + 4.23 + 0.00 + 0.00 + 0.430 + 0.00 + 1.18 + 6.72 + 1.01 + 0.27 +
0.00f 0.00f 0.01c 0.00a 0.01ef 0.13e 0.02d 0.05b 0.00f 0.00f 0.01d 0.00f 0.009b 0.07a 0.00c 0.007e
Ser 2.49 + 1.82 + 4.23 + 8.64 + 4.22 + 7.97 + 3.18 + 5.63 + 2.30 + 1.33 + 2.88 + 3.29 + 3.09 + 8.91 + 4.85 + 7.27 +
0.03f 0.0lg 0.01d 0.05a 0.02d 0.18b 0.02e 0.005¢ 0.01f 0.006 g 0.05e 0.009d 0.01de 0.11a 0.17c 0.18b
Leu 219 + 2.06 &+ 16.70 = 36.13 + 12.32 + 32.89 + 10.14 + 24.74 + 2.56 + 1.80 £ 7.64 = 14.47 + 14.61 + 41.28 + 19.79 + 29.08 +
0.01f 0.03f 0.08d 3.03a 0.04e 0.60b 0.06e 0.09¢ 0.05f 0.008f 0.15e 0.009d 0.09d 0.52a 0.97c 0.90b
Pro 0.37 £ 0.00 + 0.52 + 1.38 £ 0.74 £ 0.52 + 1.59 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.93 + 0.00 + 1.34 £
0.13bc 0.00c 0.21b 0.23a 0.20b 0.08b 0.12a 0.00c 0.00c 0.00c 0.00c 0.00c 0.00c 0.13b 0.00c 0.16a
Glu 4.89 + 3.77 + 5.32 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 1.19 + 222 + 2.53 + 2.87 + 6.73 £ 227 + 3.05 +
0.11a 0.98b 0.00a 0.00c 0.00c 0.00c 0.00c 0.00c 0.00f 0.02e 0.08d 0.07¢ 0.04b 0.10a 0.09d 0.04b
Arg 7.89 + 7.25 + 13.70 = 32.71 + 14.03 + 26.84 + 10.78 + 18.44 + 8.41 + 5.75 + 9.43 + 9.71 + 10.06 + 32.61 + 15.75 + 24.15 +
0.05f 0.04 g 0.05d 0.27a 0.13d 0.48b 0.11e 0.07¢ 0.05e 0.58f 0.14d 0.04d 0.09d 0.21a 0.30c 0.09b
Hist 1.38 + 0.90 + 242 + 3.66 + 235+ 2.23 £ 1.528 + 1.92 + 2.55 + 0.40 + 0.98 + 0.58 + 0.81 + 3.35+ 1.07 £ 1.49 +
0.07e 0.00f 0.02b 0.03a 0.03bc 0.10c 0.007e 0.03d 0.01b 0.01 h 0.01e 0.0lg 0.01f 0.03a 0.03d 0.02c

" Means and standard deviation (expressed in mg of the amino acid/100 g sample), with different lowercase letters in the same columns (time) indicating statistical differences (Tukey test, p < 0.05). Asp — Aspartic acid,
Gly - glycine, Ala — alanine, Val — valine, Lys — lysine, Iso - isoleucine, Phe — phenylalanine, Tyr — tyrosine, Thr — threonine, Cys — cysteine, Met — methionine, Ser — serine, Leu - leucine, Pro — proline, Glu — glutamic acid,
Arg - arginine, His - histidine.
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Table 2
Average values” of amino acids during SF and SC in cocoa beans from Guadalupe.
Aminoacids Spontaneous Fermentation Starter Culture
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
12.85 + 1.34 + 297 + 3.99 + 0.00 + 0.00 + 0.00 + 0.00 +
Asp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05a 0.03d 0.11c 0.09b 0.00e 0.00e 0.00e 0.00e
Gly 1.85 + 1.05 + 3.39 £ 0.00 £ 2.62 + 1.84 + 3.34 £ 1.43 + 294 + 1.06 + 1.40 + 3.93 £ 3.24 £ 3.62 £ 5.44 £ 581 +
0.06¢ 0.01le 0.03a 0.00f 0.04b 0.01c 0.33a 0.007d 0.01f 0.01h 00lg 0.02¢ 0.02e 0.02d 0.06b 0.09a
Ala 43.92 + 11.30 + 49.74 £ 0.00 + 64.23 £ 49.42 + 45.24 + 59.63 + 16.86 + 13.97 + 22.28 + 30.56 + 2292 + 27.43 £ 22.90 + 29.45 +
0.07d 0.22e 0.89¢ 0.00f 2.46a 1.92¢ 0.48d 0.05b 0.05d 0.07e 0.57¢ 0.39a 1.13c 0.13b 0.06¢ 0.47a
val 2.05 + 0.93 + 9.49 + 0.00 + 12.26 + 10.68 + 8.71 + 11.43 + 3.31 £ 2.68 + 12.10 + 15.60 + 14.12 + 16.67 + 12.89 + 14.40 +
0.01f 0.02g 0.10d 0.00 h 0.27a 0.62¢ 0.09%e 0.04b 0.00e 0.01le 0.18d 0.27b 0.61c 0.10a 0.04d 0.39¢
Lys 0.00 + 0.00 + 1.09 + 0.00 + 9.59 + 9.17 + 9.41 + 7.44 £ 0.00 + 0.00 + 2.58 + 10.97 + 12.31 + 16.75 + 16.02 + 21.59 +
0.00d 0.00d 0.03c 0.00d 0.39a 0.71a 0.09a 0.02b 0.00e 0.00e 0.15d 0.25¢ 1.17c 0.15b 0.39b 0.56a
Iso 0.87 £ 0.0004 + 3.42 + 0.00 + 4.51 + 3.97 £ 3.89 + 4.16 £ 0.38 + 0.62 + 4.81 + 5.60 + 6.08 + 7.08 + 5.77 + 6.20 +
0.01d 0.00e 0.10c 0.00e 0.19a 0.19b 0.05b 0.03b 0.00e 0.02e 0.22d 0.08¢ 0.41bc 0.09a 0.05bc 0.14b
Phe 1.37 + 6.31 + 9.31 £ 0.00 £ 21.69 + 19.37 + 21.35 + 18.01 + 097 + 1.55+ 13.98 + 25.72 + 27.51 + 31.31 £ 28.62 + 33.20 +
0.01c 4.84b 0.17b 0.00c 0.64a 0.60a 0.16a 0.01a 0.01f 0.00f 0.27e 0.29d 1.20c 0.24b 0.13c 0.57a
Tyr 1.43 + 0.75 + 6.63 + 0.00 + 9.77 £ 9.73 £ 10.38 + 10.62 + 0.17 £ 0.08 + 0.75 + 1.02 + 1.29 + 1.51 + 1.13 + 1.57 £
0.008d 0.07d 0.17c 0.00e 0.37b 0.26b 0.53ab 0.14a 0.00f 0.00f 0.02e 0.01d 0.06b 0.02a 0.07c 0.02a
Thr 0.72 + 0.016 + 2.57 + 0.00 + 1.84 + 1.51 + 2.49 + 2.22 + 1.27 + 0.78 + 1.80 + 2.23 + 2.00 + 3.10 + 6.84 + 3.51 +
0.20d 0.00e 0.08a 0.00e 0.10bc 0.12¢ 0.48a 0.03ab 0.01d 0.01d 0.09¢ 0.08¢ 0.24c 0.05b 0.40a 0.09b
Cys 0.00 £ 0.00 + 0.00 £ 0.00 £ 0.55 + 0.519 + 0.53 + 0.515 + 0.00 + 0.00 £ 0.28 £ 0.39 + 0.49 + 0.38 £ 0.22 £ 0.27 +
0.00c 0.00c 0.00c 0.00c 0.003a 0.02b 0.004ab 0.005b 0.00d 0.00d 0.04bc 0.11ab 0.03a 0.02ab 0.01c 0.01bc
Met 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 2.42 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 3.96 + 4.22 +
0.00b 0.00b 0.00b 0.00b 0.00b 0.00b 0.04a 0.00b 0.00c 0.00c 0.00c 0.00c 0.00c 0.00c 0.03b 0.12a
Ser 3.96 + 1.09 + 4.06 + 0.00 + 7.31 £ 6.63 £ 5.53 + 7.25 + 393+ 2.29 + 5.86 £ 7.49 + 7.05 £ 8.69 + 711 £ 853 +
0.14d 0.01le 0.07d 0.00f 0.25a 0.23b 0.05¢ 0.01a 0.07e 0.01f 0.17d 0.08b 0.32¢ 0.05a 0.02bc 0.11a
Leu 0.95 + 0.59 + 897 + 0.00 + 24.81 + 22.93 + 22.03 £ 21.92 + 0.81 + 1.86 + 13.82 + 27.80 £ 29.88 + 33.61 £ 29.02 + 33.88 £
0.0007d 0.02d 0.23c 0.00d 0.91a 0.92b 0.23b 0.02b 0.00e 0.01le 0.32d 0.33c 1.44b 0.23a 0.12bc 0.53a
Pro 0.067 + 0.00 + 0.28 + 0.00 + 0.74 £ 0.26 £ 0.088 + 0.78 £ 0.00 + 0.00 £ 0.07 £ 1.73 £ 0.88 + 1.40 £ 0.59 £ 0.85 £+
0.09bc 0.00c 0.10b 0.00c 0.16a 0.07bc 0.05bc 0.12a 0.00d 0.00d 0.00 cd 0.20a 0.29b 0.26a 0.27bc 0.12b
Glu 10.16 + 2.28 + 5.50 + 0.00 + 6.08 + 2.63 + 1.93 + 2.55 + 14.51 + 3.56 + 7.80 + 8.71 + 6.17 + 6.60 + 3.36 + 4.16 +
0.32a 0.04de 0.21c 0.00f 0.22b 0.039d 0.046e 0.046d 0.06a 0.01d 0.29bc 0.14b 0.31c 1.85¢ 0.09d 0.07d
Arg 16.62 + 15.86 + 27.47 £ 0.00 + 54.20 + 51.80 + 48.71 + 46.01 + 6.89 + 3.16 + 9.76 + 17.97 + 19.66 + 23.99 + 20.89 + 2717 +
8.33¢c 0.08¢c 0.11b 0.00d 0.94a 1.39a 0.27a 0.11a 0.04 g 0.03h 0.10f 0.12e 0.37d 0.13b 0.26¢ 0.32a
Hist 0.68 + 0.00 + 0.97 £ 0.00 + 1.16 + 1.00 + 1.39 + 0.28 + 1.31 + 0.00 £ 0.59 + 2.04 + 2.02 £ 222 £+ 2.28 £ 3.30 £
0.07d 0.00f 0.008c 0.00f 0.05b 0.01c 0.03a 0.009e 0.06d 0.00f 0.00e 0.05c¢ 0.03c 0.05b 0.01b 0.08a

" Means and standard deviation (expressed in mg of the amino acid/100 g sample), with different lowercase letters in the same columns (time) indicating statistical differences (Tukey test, p < 0.05). Asp — Aspartic acid,
Gly - glycine, Ala — alanine, Val — valine, Lys — lysine, Iso - isoleucine, Phe — phenylalanine, Tyr — tyrosine, Thr — threonine, Cys — cysteine, Met — methionine, Ser — serine, Leu - leucine, Pro — proline, Glu — glutamic acid,
Arg - arginine, His - histidine.
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Table 3
Average values” of amino acids during SF and SC in cocoa beans from Tolopampa.
Aminoacids Spontaneous Fermentation Starter Culture
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Asp 0.00 + 0.00 = 0.00 = 1.06 £ 117 £ 0.98 + 1.47 £ 212+ 0.00 + 0.00 + 0.00 = 0.00 = 0.00 + 1.82 + 0.89 + 1.44 £
0.00e 0.00e 0.00e 0.01d 0.01c 0.009d 0.07b 0.03a 0.00d 0.00d 0.00d 0.00d 0.00d 0.04a 0.01c 0.02b
Gly 2.65 + 231+ 3.52 + 3.33 4.53 + 4.15 + 3.64 + 3.61 + 1.79 £ 4.61 + 5.45 + 4.42 + 4.66 + 2.08 + 1.70 £ 2.38 +
0.008c 0.01c 0.02b 0.02b 0.02a 0.01a 0.02b 0.46b 0.01f 0.02b 0.0la 0.005¢ 0.05b 0.05e 0.01f 0.09d
Ala 14.68 = 12.82 &+ 17.00 = 19.03 + 20.72 £ 20.45 + 19.30 + 21.98 + 11.72 + 18.03 + 20.25 + 25.70 £ 21.89 + 22.52 + 19.66 + 25.23 +
0.03e 0.02f 0.16d 0.14c 0.35b 0.18b 0.20c 0.56a 0.26e 0.08d 0.27c 0.96a 0.73b 0.23b 0.07c 0.78a
val 10.16 + 8.09 + 11.50 + 13.12 + 15.73 + 15.22 + 4.17 + 15.74 + 2.89 + 8.73 + 12.53 + 16.75 + 12.99 + 15.92 + 13.67 + 18.63 +
0.03d 0.02e 0.48c 0.05b 0.26a 0.05a 0.05f 0.30a 0.03 g 0.03f 0.13e 0.46b 0.36de 0.07c 0.22d 0.45a
Lys 4.28 + 7.41 + 14.28 + 15.59 + 21.29 + 19.06 + 0.00 + 20.87 + 0.00 + 1.98 + 10.25 + 18.73 + 20.51 + 19.86 + 17.32 + 25.49 +
0.04f 0.0le 0.14d 0.21c 0.33a 0.38b 0.00 g 0.42a 0.00 g 0.02f 0.08e 0.54c 0.56b 0.19bc 0.02d 1.11a
Iso 3.84 + 3.48 + 5.25 + 4.90 + 6.07 + 5.83 + 1.23 £ 5.69 + 1.21 £ 3.39 + 491 + 7.15 = 6.42 & 6.82 + 5.71 + 7.57 £
0.008e 0.07f 0.13c 0.08d 0.09a 0.13ab 0.02g 0.18b 0.02g 0.02f 0.06e 0.23b 0.10c 0.08bc 0.04d 0.29a
Phe 14.94 + 16.76 + 24.10 = 27.37 £ 33.34 + 31.63 + 3.94 + 3215+ 2.39 + 6.36 + 23.65 + 31.08 + 33.06 + 34.59 + 29.77 £ 38.61 +
0.03d 0.08d 1.58¢ 0.18b 0.58a 0.14a 0.05e 0.70a 0.03 g 0.009f 0.26e 1.48 cd 0.85bc 0.27b 0.08d 1.58a
Tyr 7.56 + 7.85 + 10.78 = 12.45 + 16.22 + 14.93 + 5.28 &+ 14.50 + 2.43 + 7.09 = 11.66 + 13.98 + 14.45 &+ 15.69 + 13.63 + 17.38 &+
0.02¢ 0.02c 0.69b 0.36b 1.72a 0.17a 0.10d 0.22a 0.03f 0.23e 0.20d 0.57bc 0.28bc 1.44ab 0.57¢ 0.23a
Thr 1.22 + 112 + 1.74 + 3.61 + 4.51 + 4.18 + 1.93 £ 271 + 1.01 £ 295 + 4.02 + 1.89 + 1.74 £ 4.22 + 3.71 + 513 +
0.01a 0.01a 0.05a 0.22a 0.22a 0.01a 0.01a 4.11a 0.01f 0.0d 0.06bc 0.21e 0.15e 0.05b 0.01c 0.15a
ays 0.38 + 0.28 + 0.39 + 0.25 + 0.68 + 0.71 + 0.00 + 0.59 + 0.00 + 0.00 + 0.34 + 0.39 + 0.37 + 0.45 + 0.50 + 0.78 +
0.005¢ 0.007d 0.009¢ 0.04d 0.01a 0.01a 0.00e 0.01b 0.00e 0.00e 0.01d 0.01d 0.01d 0.02¢ 0.008b 0.02a
Met 0.00 = 1.40 + 2.54 + 0.21 + 0.44 + 0.45 + 0.00 + 6.59 + 0.00 + 0.00 + 0.73 + 0.00 = 2.51 + 0.00 = 0.09 + 0.44 +
0.00f 0.02c 0.07b 0.009e 0.007d 0.02d 0.00f 0.07a 0.00d 0.00d 0.008b 0.00d 0.10a 0.00d 0.01d 0.02¢
Ser 4.56 + 4.34 + 6.34 + 0.343 + 0.31 + 0.342 + 4.03 + 7.69 + 3.07 + 5.69 + 7.16 + 8.73 + 8.15 + 8.36 + 0.31 + 0.37 +
0.01c 0.002¢ 0.04b 0.10e 0.0le 0.07e 0.04d 0.22a 0.03e 0.01d 0.07c 0.27a 0.09b 0.13b 0.005f 0.06f
Leu 15.39 &+ 17.77 + 27.98 £ 30.85 + 37.35 + 34.95 + 2.48 &+ 36.18 + 1.84 £ 6.58 + 24.16 + 36.83 + 37.01 = 39.51 £ 33.00 + 43.32 +
0.02¢g 0.03f 0.23e 0.39d 0.41a 0.32¢ 0.05 h 0.65b 0.027f 0.029% 0.30d 1.30b 0.77b 0.49b 1.40c 1.67a
Pro 0.00 + 0.00 + 0.00 + 0.14 + 0.95 + 0.95 + 0.80 + 1.29 + 0.00 + 0.41 + 0.00 + 0.066 + 0.049 + 0.00 + 0.00 + 0.42 +
0.00c 0.00c 0.00c 0.05¢ 0.09b 0.03b 0.25b 0.00a 0.00b 0.20a 0.00b 0.00b 0.00b 0.00b 0.00b 0.26a
Glu 2.78 + 1.81 + 3.02 + 0.00 + 0.00 &+ 0.00 &+ 0.00 0.00 + 5.78 + 7.84 + 4.50 + 4.32 + 3.51 + 0.00 + 0.00 + 0.00 +
0.007b 0.01c 0.05a 0.00d 0.00d 0.00d 0.00d 0.00d 0.08b 0.22a 1.45bc 0.25bc 0.05¢ 0.00d 0.00d 0.00d
Arg 11.56 + 14.03 + 20.83 £ 24.36 + 30.71 + 28.94 + 9.96 + 29.34 + 8.42 + 14.40 = 17.86 + 24.10 + 28.69 + 27.41 £ 24.24 + 34.18 +
0.02f 0.04e 0.22d 0.12¢ 0.26a 0.16b 0.05g 0.18b 0.05¢g 0.02f 0.05e 0.32d 0.18b 0.35¢ 0.23d 0.82a
Hist 1.84 + 1.94 £ 3.00 £ 233 + 2.89 + 3.01 + 2.32 + 4.00 + 0.91 + 2.24 + 3.37 £ 3.13 + 3.40 + 2.56 + 217 + 3.39 +
0.01f 0.0le 0.03b 0.03d 0.03c 0.01b 0.04d 0.03a 0.02e 0.02d 0.01a 0.003b 0.03a 0.04c 0.02d 0.04a

" Means and standard deviation (expressed in mg of the amino acid/100 g sample), with different lowercase letters in the same columns (time) indicating statistical differences (Tukey test, p < 0.05). Asp — Aspartic acid,
Gly - glycine, Ala — alanine, Val — valine, Lys — lysine, Iso - isoleucine, Phe — phenylalanine, Tyr — tyrosine, Thr — threonine, Cys — cysteine, Met — methionine, Ser — serine, Leu - leucine, Pro — proline, Glu — glutamic acid,
Arg - arginine, His - histidine.
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C.R. Balcazar-Zumaeta et al.

Brito et al. (2001 and Deus et al. (2021), demonstrating the importance
of the fermentation time.

Threonine (Thr), methionine (Met), and histidine (His) are amino
acids in low concentrations during fermentations in cocoa beans, as can
be seen in Tables 1, 2, and 3, which coincides with the studies reported
by Balcazar-Zumaeta, Castro-Alayo, et al. (2023). At the beginning of
the fermentation process, Thr showed a low content similar to that re-
ported by Dala-Paula et al. (2021) and Spizzirri et al. (2019) due to an
increase in the temperature during fermentation (Balcazar-Zumaeta,
Pajuelo-Munoz, et al., 2023), which affects protein digestibility resulting
in a low concentration (Dala-Paula et al., 2021); in addition, a high
concentration was achieved in the SC (7.30 mg/100 g, Table 1)
compared to SF (4.51 mg/100 g, Table 3), in both cases this content was
obtained between the fourth and fifth day of bean fermentation.

On the other hand, in our study, during SF and SC, the concentration
of Met was high from the third day to final fermentation process (6.59
and 6.72 mg/100 g, respectively), different from what was observed in
Sari et al. (2023), this finding can be explained due to the previous
separation of the pulp from the bean; demonstrating the contribution of
the pulp to the presence of amino acids (Balcazar-Zumaeta, Pajuelo-
Munoz, et al., 2023). Regarding His, its concentration during fermen-
tation was relatively low compared to the study of Deus et al. (2021); it
barely exceeded 4.0 mg/100 g (Table 3) in the SF and 3.40 mg/100 g in
the SC (Table 3), the low concentration in the SC agrees with that re-
ported by Korcari et al. (2023) when using starter cultures, which is
explained by a low capacity of this yeast to produce His by decarbox-
ylation (Delgado-Ospina et al., 2021).

Balcdzar-Zumaeta, Castro-Alayo, et al. (2023) mentioned that
cystine (Cys) is a hydrophobic amino acid reported in Trinitario, For-
astero, and clones (Deus et al., 2020, 2021). In our study, the Criollo
cocoa contained Cys in the SF (0.28 to 0.84 mg/100 g) and in the SC
(0.19 to 0.77 mg/100 g); these low concentrations favor the consump-
tion of chocolate that can be obtained from this cocoa since Cys is a
sulfur amino acid (Lasta, da Silva Pereira Ronning, Dekker, & da Cunha,
2021). Finally, the presence of serine (Ser) has been detected in the
cocoa bean, an amino acid characteristic of cocoas (Dala-Paula et al.,
2021); a high concentration was achieved between the third and fifth
day (except for SF in Tolopampa cocoa, Table 3), confirming the findings
of Balcazar-Zumaeta, Castro-Alayo, et al. (2023), who found high con-
centrations of this amino acid after day 2 of the process. In addition, the
concentration of Ser in the SC reached 8.91 mg/100 g, slightly higher
than SF, which was 8.64 mg/100 g. The study allowed us to observe how
the type of fermentation and time can affect the concentration of amino
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acids; however, the origin of the cocoa is a factor that can affect the
concentration of amino acids (Calvo et al., 2021). Additional studies are
required in this regard.

Fig. 2 reports the content of free amino acids (FAA); at the beginning
of fermentation, it was 43.5 mg/100 g (Copallin, Fig. 2a), and from day
3 until the end of fermentation, an increase of >150 mg/100 g of FAA
was observed (except for cocoa from Guadalupe, day 3), where a
maximum content (221.3 mg/100 g) for FAA was registered on day 4;
thus, there was a 5-fold increase in FAA levels compared to what was
reported at the beginning of the fermentation. This finding is higher than
the report of Deus et al. (2021), where the increase was up to 2.6 times.
On the other hand, in Fig. 2a, the cocoa from Copallin registered a low
content during almost the entire fermentation process. The FAA content
was below the value mentioned by Tchouatcheu et al. (2019), where a
fermented bean contained around 800 to 1400 mg/100 g; this may be
because the study was performed in an aerobic process (with turnovers)
(Balcazar-Zumaeta, Pajuelo-Munoz, et al., 2023), producing the oxida-
tion of flavan-3-ols, which reacted with nucleophilic groups of amino
acids to form insoluble complexes (Schliiter et al., 2022), and the pres-
ence of microorganisms which limited the production of FAA content
(Rahardjo et al., 2022).

Fig. 2b indicates that the FAA level at the beginning of fermentation
in the SC was 43.4 mg/100 g and started to increase from day 2 until the
end of the process, where FAA levels were higher than 150 mg/100 g;
also, high content was obtained on day 5 (233.3 mg/100 g, Copallin), 5
times higher compared to the beginning of the fermentation, and above
to that reported by Deus et al. (2021). A more illustrated behavior can be
observed in the increase of FAA during fermentation (SC) with starter
culture, where the cocoa from Copallin showed again lower content
compared to the bean from the other two places; these differences could
be due to the variety, origin, maturity, and harvesting time (Perez et al.,
2022; Rottiers et al., 2019). It could be evidenced that in the SC, there is
a slight increase in FAA content during the fermentation process; this
increase in FAA has been shown to generate an increased content of
desirable volatile compounds in cocoa (Purbaningrum et al., 2023).

In both fermentations, there was a growth in the level of FAA as
fermentation elapsed, particularly the hydrophobic ones (while Asp and
Glu decreased) behavior similar to that reported by Rottiers et al.
(2019). This increase in the FAA content was previously reported
Balcdzar-Zumaeta, Castro-Alayo, et al. (2023) and Delgado-Ospina et al.
(2021), and it was associated with a decrease in the pH of the cocoa
bean, agreeing with (Afoakwa et al., 2008; John et al., 2019).

(b) Fermentation inoculated with S. cerevisiae
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Fig. 2. Free amino acid (FAA) levels during spontaneous fermentation (SF) and fermentation with starter culture (SC) of cocoa bea.
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3.2. Amino acid percentage (%) based on human nutritional requirements

The percentage contribution of amino acids classified according to
their nutritional contribution to human health; their structural confor-
mation have unique properties due to their amides and carboxylic
chemical composition (Salaria et al., 2022) that conforms the protein
fundamental units (Niemenak et al., 2020). The percentage of essential
amino acids in the SF and SC increased considerably on day 2 (Fig. 3),
representing 60% in the SF on day 3 (Tolopampa) and 30% on day 4
(Guadalupe). In the case of fermentation with S. cerevisiae inoculum
(SC), it was observed that from day 2, the percentage of essential amino
acids was high and remained like that until the end of fermentation
(Fig. 4). It is evident that the yeast contributes to modulate the per-
centage of essential amino acids in cocoa (Balcazar-Zumaeta, Castro-
Alayo, et al., 2023; Deus et al., 2021).

As for conditionally essential amino acids, although they can be
produced by the human body, a precursor amino acid or a nitrogen
donation from other amino acids is required (Hasan & Rima, 2021). Five
amino acids contributed to the group, where they represented in the SF a
percentage between 20% and 44% of the total during the whole process
(Fig. 3), while in the SC, it was between 12% and 35% (in cocoa from
Guadalupe it does not exceed 20%, Fig. 4B); it is essential to note that
this group of amino acids under certain conditions of physiological stress
cannot be produced in the organism (Hasan & Rima, 2021; Lopez &
Mohiuddin, 2022), so the presence of this group in Criollo cocoa gua-
rantees the disponibility of these amino acids, since their abundance
may decrease conditionally (Salaria et al., 2022).

Finally, four amino acids contribute to the group of non-essential
amino acids the human body can synthesize, hence their dispensable
status (Lopez & Mohiuddin, 2022; Salaria et al., 2022). According to our
study, in both types of fermentation, they decreased considerably,
around 11% in the SF (Fig. 3C) and 12% in the SC (Fig. 4C). Their high
percentage at the beginning of the fermentation process may be due to
acidic amino acids amount, because they will start fermenting (Marse-
glia et al., 2014).

3.3. Percentage variation of amino acids grouped according to R group
nature

Carenzi, Sacchi, Abbondi, and Pollegioni (2020) mention that amino
acids are structured from a central carbon atom (a-carbon) attached to
amino and carboxyl groups. From this, the amino acids identified in the
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study, depending on the incorporation of R groups to proteins, confer
different properties to each of these groups (Dewangan, Berdimurodov,
& Verma, 2023; Emery, 2013).

The small neutral group consisted of Gly and Ala, which participate
as metabolic intermediates because they have lateral small side chains,
hydrogen atoms, and a methyl group (Dewangan et al., 2023; Emery,
2013). In our study, Gly and Ala were in high percentages concerning
the total amount in the cocoa bean during fermentation (Fig. 5), espe-
cially at the beginning (54%, Fig. 5b), except on the third day when no
amino acid content was reported (possibly due to meager amounts to be
detected by the chromatograph). A tendency to decrease (between 12%
and 13%) was observed as the fermentation process progressed (Fig. 5a
and c). Regarding SC, there was a high percentage (45.6%) at the
beginning of the process (day 1, Fig. 6b). However, as fermentation
progressed, it decreased to 12% in cocoa from the three origins, this
group with other amino acids were crucial because they contributed to
the formation of pyrazines by Maillard reaction (Purbaningrum et al.,
2023).

In the branched-chain group represented by Val, Iso, and Leu in
cocoa, amino acids of voluminous and non-polar side chains (Yoo,
Shanmugalingam, & Smith, 2022) increased from the second day of
fermentation, and the highest contribution (28 to 30%) was observed
between day 3 and day 5 (Fig. 5a and c). The cocoa from Guadalupe
recorded a maximum of 19.6% (day 5, Fig. 5b). Maximum concentra-
tions of 31.5% (day 3, Fig. 6a), 32.1% (day 5, Fig. 6b) and 31.4% (day 6,
Fig. 6¢) were recorded in the SC; likewise, this group of amino acids is
characterized by producing sweet aromatic notes, characteristic of
chocolate (Castro-Alayo et al., 2019).

Within the aromatic group, we find Phe and Tyr, which are pre-
cursors of tyramine and phenylethylamine (Deus et al., 2021), and are
responsible of chocolate aroma due to their aromatic ring (Gutiérrez-
Rios et al., 2022; Tamimi et al., 2023). According to Dewangan et al.
(2023) these compounds are bulky non-polar-amino acids capable of
interacting with other hydrophobic molecules. In the SF of the cocoa
from Copallin (Fig. 5a) and Tolopampa (Fig. 5¢), Phe and Tyr remained
relatively stable between 15% and 25%. Meanwhile, in the cocoa from
Guadalupe, the lowest percentage of this group was recorded on day
0 and day 3 (Fig. 5b). In the same way, low percentages (< 5%) were
recorded in the SC of cocoa from Guadalupe between day 0 and day 1
(Fig. 6b). In addition, the highest rates of aromatics were obtained be-
tween days 4 and 6 of fermentation; these values were slightly higher
than SF may be due to the yeast contributing to increase these aromatic

(A) Copallin (B) Guadalupe (C) Tolopampa

=
| I

Fig. 3. Percentage contribution of amino acids during spontaneous fermentation (SF) in cocoa beans grouped according to human nutritional requirement: Essentials
(Val, Lys, Iso, Phe, Thr, Met, Leu, and His), Conditionally essentials (Gly, Tyr, Cys, Pro and Arg), and Non-essentials (Asp, Ala, Ser, and Glu).
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(A) Copallin (B) Guadalupe (C) Tolopampa
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Fig. 4. Percentage contribution of amino acids during starter culture (SC) fermentation in cocoa beans grouped according to human nutritional requirement: Es-
sentials (Val, Lys, Iso, Phe, Thr, Met, Leu, and His), Conditionally essentials (Gly, Tyr, Cys, Pro and Arg), and Non-essentials (Asp, Ala, Ser, and Glu).

amino acids precursor such as aldehydes (Purbaningrum et al., 2023).

The hydroxyl-containing group comprises Thr and Ser amino acids,
which are weak and soluble acidic polar molecules capable of forming
hydrogen bonds (Emery, 2013; Salter, Wierzbicki, & Honkanen, 2020).
Thr contributes to the flavor profile (savory, pleasant), and Ser to the
fats’ and fatty acids’ metabolism. According to Fig. 5, the percentage of
this group in the SF remained below 8%, with the highest value (7.8%)
recorded in the first day of fermentation (Copallin, Fig. 5a), while at the
end was 5.0% (Tolopampa, Fig. 5c). On the other hand, the percentage
in the SC was <10% (Fig. 6), being higher (9.5%) 24 h later (Tolopampa,
Fig. 6¢), after that decreased to 6.0% (Guadalupe, Fig. 6b). The sulfur-
containing group, such as Cys (polar) and Met (non-polar), form weak
hydrogen bonds with oxygen and nitrogen, and is barely found in the
active site of enzymes (Dewangan et al., 2023). During SF, it was <2%.
However, at the end of the process, it registered 3.3% in the cocoa from
Copallin (Fig. 5a) and Tolopampa, which reported 3.5% (Fig. 5¢). On the
other hand, this group was not identified in the SC on day 1 (Fig. 6) but
increased gradually to 3.0% on day 5 (Copallin, Fig. 6a). Since this group
contains sulfides, it is recommendable to be kept at low levels or null, as
corroborated by the study of Calvo et al. (2021).

The imino acid group is conformed by Pro, which contains a sec-
ondary amine instead of a primary one, can form peptide bonds, and is
incorporated into proteins as an amino acid (Patriarca et al., 2021).
During the spontaneous fermentative process, the percentage was below
1% until day 5; but, the maximum percentage (2% and 1.3%) was
recorded on the sixth day (Copallin and Tolopampa, respectively). In the
cacao from Guadalupe, its percentage was <0.5% (Fig. 5b), whereas, in
the SC, a higher percentage (1.05%) was obtained on the third day of
fermentation (Guadalupe, Fig. 6b) and 0.8% on the end of fermentation
(Copallin, Fig. 6a). We can observe that in the SC, this group shows low
participation. Another group present was acidic side chains formed by
Glu and Asp, amino acids located on the protein surface that participate
in transamination reactions and equilibration with oxaloacetate and 2-
oxoglutarateketoacids, respectively (Emery, 2013). At the beginning of
the SF, this group content was high (12.0%) in cocoa from Guadalupe
(Fig. 5b), followed by Copallin (11.2%; Fig. 5a). During fermentation,
they tended to decrease below 1% for the three places; likewise, it was
observed in the SC that this group was high (41.3% and 13.3%) on Day 1
(Guadalupe, Fig. 6b and Tolopampa, Fig. 6¢; respectively), but after the
second day of fermentation it dropped below 1% as in the case of

Tolopampa at the end of fermentation (Fig. 6¢). 6¢). In the case of cocoa
from Copallin, its percentage was <5.0% (Fig. 6a). The low participation
of this group is because, during fermentation, these acid amino acids
concentration is reduced to generate the increase of hydrophobic amino
acids (Balcazar-Zumaeta, Castro-Alayo, et al., 2023; Brunetto et al.,
2020b).

Finally, the basic side chains group (Lys, Arg, and His) varied during
cocoa fermentation; they are hydrophilic amino acids positively charged
at neutral pH (Emery, 2013) and are one of the principal groups in cocoa
(Zong et al., 2023). We observed that in the SF, the percentage was
higher than 20% in all three locations. Higher rates were recorded be-
tween the second and fifth day of fermentation, reaching a maximum of
39.4% (day 2), followed by 28.3% (day 3) and 27.8% (day 4) for cocoa
from Guadalupe, Copallin, and Tolopampa, respectively. For SC, this
group increased as fermentation progressed, reaching high percentages
from day 4, registering a maximum content of 28.0% at the end of
fermentation (Fig. 6¢). This trend has been reported previously in the
study of Rottiers et al. (2019), which is due to the proteolytic activity of
aspartic endoprotease and carboxypeptidase, which releases this group
of amino acids from the proteins contained in the cocoa beans.

3.4. Multivariate analysis of amino acid content changes during
fermentation (SF and SC) of cocoa beans

To group the fermentation days according to the amino acid content
in the cocoa bean, a multivariate analysis was performed (Figs. 7 and 8)
using k-means analysis. Accordingly, the ratio between the sum of
squares between groups and the total sum of squares in the SC was
80.9% higher than SF, which was 77.9%. From this, Figs. 7a and 8a
suggest that the grouping according to the fermentation days is
considerably reliable and similar to previous studies reported by
Balcazar-Zumaeta, Pajuelo-Munoz, et al. (2023), Chagas et al. (2021),
and Deus et al. (2021).

In the SF, the grouping in three clusters was determined (Fig. 7a and
b); cluster 1 grouped day 0, day 1, and day 2 and included day 3 in the
cacao from Guadalupe, where no amino acids were reported. This
cluster was characterized by presenting lower mean values of the amino
acids studied with a Glu content higher than cluster 2 (Fig. 6b). The low
values of Asp and Glu in the first days of fermentation were because they
are degraded to promote the progressive increase of hydrophobic amino
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Fig. 5. Percentage contribution of amino acids during spontaneous fermentation (SF) in cocoa beans according to R groups: Small neutral (Gly and Ala), Branched-
chain (Val, Iso and Leu), Aromatic (Phe and Tyr), Hydroxyl-containing (Thr and Ser), Sulfur-containing (Cys and Met), Imino acid (Pro), Acidic side chains (Glu and
Asp), and Basic side chains (Lys, Arg and His).
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Fig. 6. Percentage contribution of amino acids during starter culture (SF) fermentation in cocoa beans according to R groups: Small neutral (Gly and Ala), Branched-
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Fig. 7. K-means and principal component analysis (PCA) in cocoa bean SF: (a) K-means clustering shows three stages according to amino acid concentration; (b)
Mean values of amino acid concentration in each group; (c) Biplot of principal component analysis of amino acid concentration; (d) Principal component analysis
(PCA) of fermentation times as a function of the contribution of each observation. The data used are presented in Tables 1, 2, and 3.

acids (Brunetto et al., 2020Db).

The second cluster of the SF was characterized by grouping mainly
day 3, day 4, and day 5 of fermentation, which is highlighted by high
mean values of Asp, Gly, Val, Lys, Iso, Phe, Tyr, Thr, Met, Leu and His,
these increase as the fermentative process advances (Brunetto et al.,
2020b), similarly Apriyanto, Sutardi, Supriyanto, and Harmayani
(2017) and Deus et al. (2021) reported that in the case of Asp, Val, Lys,
Iso, Phe, Thr and Leu remain high during this period (Tchouatcheu et al.,
2019). Finally, cluster 3 grouped the last days of fermentation (day 6
and day 7), where high mean values of Ala, Ser, Glu, and Arg were
recorded. The mean value of Cys was similar among the three clusters.
The high content of Arg agrees with fermentation times of 6 days on-
wards, as reported by Deus et al. (2021). In addition, the principal
component analysis (PCA) of the SF demonstrates that the first compo-
nents (PC1 + PCA2) explained 72.7% of the data variance (Fig. 7c and
d). In addition to this, considerably high eigenvalues (9.5 and 2.8,
correspondingly) were determined. In the first component, PCA showed
that amino acids such as Tyr, Phe, Leu, Iso, Val, Lys, His, Cys, and Gly
were the variables with the highest contribution to the first component
(Fig. 6¢, the highlighted amino acids were those with the highest cor-
relation, > 93%), similar to that obtained by Schliiter et al. (2022) where
Gly, Tyr, and Phe contributed the highest and were correlated in the PCA
correlation circle; while Ala, Arg, Asp, Glu, His and Ser were the amino
acids with the highest contribution (Fig. 7c, the highlighted amino acids
were those with the highest correlation, > 75%).

In the fermentation inoculated with S. cerevisiae (SC), the k-means
analysis (Fig. 8a and b) can be distinguished as a group formed by the
first days of fermentation (day 0, day 1 and day 2, cluster 3). This group
is characterized by high mean values of Asp, Gly, and Cys, where the

13

concentration of Asp decreased while the other amino acids increased
(Brunetto et al., 2020b). The second cluster grouped day 2, day 3, and
day 4 of the fermentation process, we can observe the highest mean
values of Ser and Pro (cluster 2) and considerable mean values of Ala,
Val, Lys, Iso, Phe, Tyr, Thr, Met, Leu, Arg and His. Finally, the third
group was formed by the last days (day 5, day 6, and day 7, cluster 1)
that presented high mean values of Ala, Val, Lys, Iso, Phe, Tyr, Thr, Met,
Leu, Arg and His, these amino acids similarly were reported in the study
of Deus et al. (2021) from the third day and maintained until day 6 (Phe,
Lys, Leu, Ala and Thr) within the range determined in this study. Like-
wise, Arg and His (from day 6) are included; these results are similar to
Apriyanto et al. (2017) in their fermentation study with inoculum. Ac-
cording to Deus et al. (2021), the period comprising clusters 2 and 3 is
characterized by the presence of amino acids conferring sweetness (Ala,
Gly, Pro, Ser, and Thr) and bitterness taste (Arg, His, Iso, Leu, Met, Phe,
and Val), agreeing with Febrianto et al. (2022).

Likewise, PCA showed that the first components (PC1 + PC2) could
explain 80.9% of the data variance (Fig. 7d); conversely, PC1 and PC2
had high eigenvalues of 9.8 and 2.5, respectively. According to the
correlation circle (Fig. 8c), the first component contained Phe, Leu, Arg,
Lys, Iso, Val, His, Ala, and Cys (highlighted amino acids were those with
the highest correlation, >94%), similar to that reported by Schliiter et al.
(2022); whereas, in the second component the amino acids with the
highest contribution were Glu, Tyr, Ser, Pro, Gly and Asp (highlighted
amino acid with the highest correlation, >89%); behavior similar to SF.
In addition, multivariate analysis has shown that amino acids (primarily
hydrophobic) prevailed at the end of the fermentation, similar to that
reported by Deus et al. (2021), due to the ability of the inoculum to
modulate the change in the concentration of aromatic precursors (Sande
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Fig. 8. K-means and principal component analysis (PCA) in cocoa bean SC: (a) K-means clustering shows three stages according to amino acid concentration; (b)
Mean values of amino acid concentration in each group; (c) Biplot of principal component analysis of amino acid concentration; (d) Principal component analysis

(PCA) of fermentation times as a function of the contribution of each observation.

et al., 2020), and influenced by the cacao origin, soil characteristics,
climatic conditions, among others (Balcazar-Zumaeta, Pajuelo-Munoz,
et al., 2023; Marseglia et al., 2014; Servent et al., 2018; Spizzirri et al.,
2019), however further studies are warranted.

4. Conclusions

Our study allowed us to explore the variation of the amino acid
profile; it was found that the essential amino acids are the predominant
ones in the Criollo cocoa bean (where the origin of the cocoa may be an
attribute to be studied later). The essential amino acids in the SF
increased from the third day of fermentation. At the same time, in the
SC, the starter culture (S. cerevisiae) accelerated the increase of these
amino acids until the second day. Likewise, according to the structure of
the R group, a low concentration of sulfur-containing amino acids was
observed and could be associated with a better aroma in the fermented
beans, as previously reported by Balcazar-Zumaeta, Castro-Alayo, et al.
(2023), Balcazar-Zumaeta, Pajuelo-Munoz, et al., 2023).

The study made it possible to determine three stages in the fermen-
tation of cocoa beans. In the SF, the first stage (day O to day 2) was
characterized by a low level of amino acids disappearing on day 3 in the
Guadalupe cocoa bean. In the second stage (day 3 to day 5), high content
of Asp, Gly, Val, Lys, Iso, Phe, Tyr, Thr, Met, Leu, and His was observed,
while in the last stage, it was characterized by the presence of Ala, Ser,
Glu and Arg.

Concerning SC, although the same number of stages were identified,
they showed different features; in the first stage (day O to day 1), Asp
was the predominant amino acid. The second stage (day 2 to day 4) was
characterized by the presence of Ser and Pro, and in the third stage (day

The data used are presented in Tables 1, 2 and 3.

5 to day 7) by the majority of amino acids (Ala, Val, Lys, Iso, Phe, Tyr,
Thr, Met, Leu, Arg and His). The results suggest the need to reduce the
duration of the fermentation process of Criollo cocoa to get a more
significant aromatic profile.

This study demonstrates that the current fermentation time can be
improved, primarily through a starter culture such as S. cerevisiae. Also,
the farmers would optimize the time dedicated to obtaining higher-
quality cocoa based on the amino acid profile. Our findings, along
with what was previously reported by Balcazar-Zumaeta, Pajuelo-
Munoz, et al. (2023) and Castro-Alayo et al. (2022), are fundamental for
the optimization of the Criollo cocoa fermentation. It is also recom-
mended that further studies be carried out to learn about the various
flavor-related compounds produced by the fermentation microbiome in

cocoa.
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