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Abstract: Cocoa bean quality depends mainly on genetic material, edaphoclimatic factors and post-harvest
processes such as fermentation. The impact of the fermentation process on the chemical and functional
composition of different cocoa clones grown in southern Colombia was analyzed. A factorial design with
repeated measures over time was used to analyze the effect of clone and fermentation time on chemical
characteristics (bromatology, phenolic compounds and antioxidant activity). The bromatological
characteristics showed significant differences between clones and fermentation time. Clones EET-8 and CCN-
51 showed higher contents of acidity (0.51%), fat (63.61%), protein (12.85%) and carbohydrates (1.63 mg g).
Moisture, acidity and sucrose increased their values between day 4 and day 6 of fermentation (P<0.05). Phenolic
compounds and antioxidant activity had significant differences between clones, where clones CCN-51 and ICS-
95 had high contents of phenols (64.56 mg g), flavonoids (3.30 mg g"') and DPPH reducing capacity (325.55
pumol g1). In this sense, we consider the FSV-41 clone as the major grain quality index based on the results of
chemical composition at bromatological level, antioxidant activity and phenolic compounds.

Keywords: theobroma cacao; bromatological; phenolic compounds; antioxidant activity

1. Introduction

Cocoa (Theobroma cacao L.) is a cash crop with tropical distribution and its world production is
around 4.955 million tons for the period 2021/22 (International Cocoa Organization [1], production
that comes mainly from countries on the African and Latin American continent, which contribute
around 70 and 13% of world volumes, respectively|[2]. For producing countries, cocoa is an important
economic, social, and cultural activity that is mostly developed in family farming [3]. In Latin
America and the Caribbean, this activity is carried out by more than 350 thousand families and at
least 1.7 million people depend on or directly benefit from its production [4].

In Colombia, there are 52,000 cocoa-producing families that depend directly on this crop [5].
This is produced in 30 of the 32 departments, where the department of Huila is the fourth largest
producer of cocoa nationally, with a production of 4,197 t per year [6], production that is recognized
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for its quality, as it has the distinction "fine aroma", a situation that is recognized to only 7% of world
production [7]. The cataloging of fine aroma cocoa for the origin of the department of Huila generates
commercial opportunities for a sector that has been growing in area and production in recent years
and has also gained recognition abroad, having greater export opportunities [7].

Cocoa bean quality depends on factors such as clone, crop management, climatic and edaphic
factors, harvest, and post-harvest process (preconditioning of the pulp, fermentation, drying and
roasting) and value-added processes (transformation of the raw material) [8]. In cocoa, fermentation
is a prerequisite for the generation of flavor precursors [9], resulting in desirable changes in the
chemical and sensory attributes of the product [10]. During this process, different chemical reactions
occur that generate a large number of substances, among them, phenolic compounds and
antioxidants that affect the organoleptic characteristics of the grain [11]. In addition, during
fermentation, variations in temperature, pH and oxygen availability are generated, which affect
protein, fat, and carbohydrate content [8].

Another factor affecting bean quality is the clone [12]. In this regard, Ramirez et al. [13] indicated
that crosses between high quality clones ensure the production of fine cocoa beans. Likewise, Nazario
et al. [14] stated that the highest antioxidant activity against 1-1-diphenyl-2-picrylhydrazyl radical
(DPPH) is presented by clones ICS-95 and TSH-1188, whereas clones IMC-67 and CCN-51 did not
present good activity. In addition, bean weight and size are a genetically inherited trait, being the
clone and location determinants of some physical and chemical characteristics such as bean index,
cob index, husk content, fat, fiber and protein [15]. Therefore, the objective of this work was to
evaluate the effect of the fermentation process on the chemical and functional composition (content
of phenolic compounds and antioxidant activity) in different cocoa clones grown in southern
Colombia. To determine this variation, subindices (bromatological, antioxidant activity, phenolic
compounds) and a grain quality index were developed in order to obtain a clone with a better
chemical composition. The information generated will allow rural producers and cocoa associations
to have the necessary information on the chemical composition of different clones during the
fermentation process.

2. Materials and Methods

2.1. Study area and selection of cocoa clones

The study was carried out on farms in different municipalities located in the central region of
the department of Huila (Rivera, Campoalegre, Hobo, Gigante, Algeciras and Tarqui). For the
selection of the different farms (n=11), criteria such as: i. plots in production, ii. plots with an area
greater than 1 ha of which 80% of the trees correspond to the same clone, and iii. plots with a shade
canopy greater than 30%. Of the total number of selected farms, 32 plots were identified that had the
different cocoa clones under study (Table 1). For each clone, four samples of cocoa beans were
obtained from pods, each sample obtained from different plots. In each plot, they were harvested 250
mature pods of each clone were systematically harvested at a stage of development between 20 to 22
weeks [16], without the presence of pests (Monalonion dissimultum) and diseases (Moniliophthora roreri
and Phytophthora sp.) [17], activity that was carried out between the months of March to June 2018,
when the highest production pod is found. The cocoa clones found in the lots of the farms sampled
are described in Table 1 which correspond to universal clones which have been introduced
commercially and regional clones product of the identification of production traits by FEDECACAO
and AGROSAVIA.

Table 1. List of cocoa clones, their identification and origin.

Introduced commercial
Nomenclature Identification and origin Characteristics of interest

Commercially grown. High yield. Resistance to
Monilia[18].

CCN-51 Castro Naranjal (Ecuador)
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United Fruit Company (Costa

EET-8 Rica) Commercially grown. Good grain index[19].
Trinidad Selection Hybrid Resistance to Monilliphthora perniciosa, high
TSH-565 . .
(Trinidad) productivity[20].
Imperial College Selection . . . .
.. . Present in commercial crops in several countries.
ICS-1 (Trinidad, Nicaragua y . .
Good grain and cob index[19].
Venezuela)
Imperial College Selection . . . .
. ; Present in commercial crops in several countries.
1CS-60 (Trinidad, Nicaragua y . .
Good grain and cob index [19].
Venezuela)
Imperial College Selection . . . .
. ; Present in commercial crops in several countries.
1CS-95 (Trinidad, Nicaragua y . .
Good grain and cob index [19].
Venezuela)
Regional
leccid 1 . ;
SCC-61 Seleccion Colombia Corpoica High grain index[12].

(Santander), Hibrido trinitario
FSV-41 Fedecacao San Vicente

(Santander), Hibrido trinitario High grain rate, yield and quality[12].

2.2. Fermentation, drying and roasting of cocoa beans

After harvesting, fresh cocoa bean samples of 4 kg of each clone were obtained and fermented
in wooden crates of 1x1 m, located 1 m above the ground. This process was carried out at the cocoa
bean collection center located in the municipality of Campoalegre (department of Huila), belonging
to the Association of Small Cocoa Producers of Campoalegre, Huila (ASOPECA). The mass of each
cocoa sample was placed in a tulle bag duly labeled with the information of the clone, lot and farm,
samples that were subjected to the same fermentation process in order to avoid variations due to this
process [21]. From the second day on, the cocoa mass was turned, a process that was carried out every
24 hours until the end of fermentation (day 8). In order to determine the effect of the fermentation
process, samples were collected from four bags (replicates) for each clone at 0, 2, 4, 6 and 8 days of
fermentation. After this process, the grains of each sample were subjected to the drying process by
exposure to the sun until reaching between 7 and 8% moisture [22]. Subsequently, the grains were
roasted in a ROASTY model oven, of which the drying was programmed with a development time
of 15 minutes with initial and final temperature of 80 and 120 °C, respectively [23]. Finally, the husk
of the mass was removed manually, and the beans were ground manually to obtain the cocoa nibs.

2.3. Determination of chemical characteristics of beans from different cocoa clones during the fermentation
process

Different bromatological characteristics (8 variables), phenolic compounds (6 variables) and
antioxidant activity (2 variables) were determined in each cocoa sample following the methods
mentioned in Table 2.

Table 2. Bromatological variables, phenolic compounds and antioxidant activity characterized.

Component Variable Unit Method
pH Potentiometric [24]
Moisture % Gravimetric [24]
Ash % Incineration [25]
. Acidity % Titling [24]
B 1 1
romatologica Fat % Soxhlet [24]
Crude protein % Kjeldahl [26]
Sucrose °Brix Refractometry [22]
Total carbohydrates mg g’ Phenol-Sulfuric [27]
. Total phenols mg g! Folin-Ciocalteu colorimetry [28]
Phenol
enolic compounds Total flavonoids mg g! Aluminum chloride [29]

Catechin mg g! HPLC [30]
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4
Epicatechin mg g HPLC [30]
Theobromine mg g! HPLC [31]
Caffeine mg g! HPLC [31]
o - DPPH (umol g) Colorimetric [32]
Antioxidant activity FRAP (umol g Colorimetric [32]

2.4. Statistical analysis

Data were analyzed using linear mixed models (LMM), where clone (CCN-51, EET-8, TSH-565,
ICS-1, ICS-60, ICS-95, SCC-61, FSV-41) and fermentation time (0, 2, 4, 6 and 8 days) were the fixed
factors and farms as lots were included as random effects. Assumptions of normality and
homogeneity of variance were assessed by exploratory analysis of residuals. Differences between
factors were analyzed using the LSD Fisher test. Subsequently, a principal component analysis (PCA)
was performed to determine the multivariate relationships between the variables evaluated and the
cocoa clones during the fermentation process [33]. In order to be able to assess the chemical quality
of cocoa, an indicator was generated [23], which was constructed by transforming the values of each
of the variables of the three components (Table 2) into scores with values from 0 to 1, using a
standardized scoring function, under the criteria: I. More is better, suitable for standardizing the
scores of cocoa properties (indicators) in cocoa quality, associated with values close to one (1), II. Less
is worse, those properties whose values were close to zero (0). The variables moisture, total acidity,
DPPH and FRAP were multiplied by (-1) to invert the value. Subsequently, the variables were
summed by components (Table 2) and transformed back to the interval [0, 1]. In this way, an index
was generated for each component, these indices were summed and transformed [0, 1] to obtain the
indicator of chemical quality of cocoa beans. Subsequently, a Pearson correlation analysis was
performed to determine the relationships between the variables characterized[33]; for the analysis,
the types of correlations used by Di Rienzo et al. [34] were taken into account: weak correlation (-0.01
to-0.1 or 0.01 to 0.1), medium correlation (-0.11 to -0.50 or 0.11 to 0.50), considerable correlation (-0.51
to -0.75 or 0.51 to 0.75), very strong correlation (-0.76 to -0.90 or 0.76 to 0.90) and perfect correlation (-
0.91to-1or 0.91 to 1). Finally, a Multiple Factor Analysis (MFA) was performed in which the variables
with the highest contribution for each component, their synergies and trade-offs were identified. The
LMMs were performed using the Ime function of the nlme package, the PCA and the graphical
outputs were performed in the packages ade4, ggplot2, factoextra and corrplot in the R language
software, version 4.2.0[35], using the RStudio interface [35].

3. Results

3.1. Bromatological characteristics of beans from different cocoa clones during the fermentation process

Bromatological characteristics showed differences (P<0.05) between clones and days of
fermentation, but no significant interactions were found (Table 3). Only for fat and total
carbohydrates between clones there were no differences, and for sucrase and total carbohydrates at
the level of fermentation time. As fermentation time increased, variables such as moisture and acidity
increased their values with respect to the initial value; however, ash, fat, and crude protein content,
as well as pH values, decreased as a function of fermentation time (Table 3).

Table 3. Bromatological characteristics evaluated in cocoa clones at different fermentation times
(MeantStandard error).

Total
Moisture o Acidity o Crude Sucrose
Factor Level %) Ash (%) pH %) Fat (%) Protein (%) Brix Carla;lglyg(illr)ates

CCN 51 2.98+0.162 3.03+0.09¢ 5.14+0.09 0.56+0.032> 53.25+2.56 12.07+0.18c  2.78+0.540 1.63+0.12

EET 8 2.54+0.18%bc 3.17+0.10°c 5.30+0.10 0.46+0.03¢ 63.61+3.10 12.40+0.21bc  3.42+0.612b 1.35+0.13

Clone FSV 41 1.98+0.26c 3.53+0.142 5.32+0.13 0.49+0.05c 60.66+4.99 12.60+0.28c 4.43+0.812> 1.55+0.18
ICS1  2.38+0.15b¢ 3.35+0.092b 5.16+0.09 0.54+0.032bc 58.26+2.56 12.85+0.182  3.51+0.522b 1.62+0.11

ICS60 2.65+0.182 3.21+0.10c 5.17+0.10 0.49+0.03b¢ 64.45+2.98 12.19+0.20c  3.23+0.59° 1.55+0.13
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ICS95 2.90+0.13> 3.37+0.072b 5.10+0.08 0.59+0.022 55.66+2.07 12.50+0.16>  4.57+0.462 1.55+0.10
SCC61 3.01+0.232 3.31+0.132b<5.35+0.12 0.52+0.042bc 59.83+3.72 12.82+0.26®>  3.97+0.76°° 1.22+0.17
TSH 565 2.61+0.152 3.15+0.08¢ 5.11+0.09 0.55+0.032> 60.80+2.50 12.12+0.18c  3.91+(0.52ab 1.53+0.11

P value 0.0031 0.0017 0.1937 0.0420 0.0624 0.0009 0.0324 0.2789
0 2.52+0.15%> 3.47+0.082 5.49+0.082 0.42+0.03> 65.44+2.382 12.90+0.172 3.29+0.51 1.49+0.11
2 2.21+0.14> 3.58+0.082 5.51+0.08 0.43+0.03 62.37+2.102b 12.87+0.162 3.28+0.48 1.52+0.11
Fermentation 4 2.75+0.142  3.15+0.08 4.99+0.08" 0.61+0.03* 56.69+2.14bc 12.21+0.16>  3.97+0.49 1.47+0.11

time(days) 6 2.86+0.14> 3.07+0.08" 4.98+0.08> 0.60+0.032 55.70+2.10c 12.14+0.16>  3.98+0.48 1.56+0.11
8 2.82+0.14> 3.05+0.08° 5.05+0.08b 0.58+0.032 54.96+2.10¢ 12.12+0.16>  4.12+0.48 1.46x0.11
P value 0.0004 <0.0001 <0.0001 <0.0001 0.0028 <0.0001 0.2568 0.8975

a b c: Different letters indicate significant differences between cocoa clones and fermentation time (LSD Fisher

test, p<0.05). Values represent the mean and standard error (n=4).

3.2. Phenolic content and antioxidant activity of beans from different cocoa clones during the fermentation
process

For the variables associated with the content of phenolic compounds and the antioxidant activity
of the cocoa beans, there was no interaction between clones and fermentation time, nor was there an
effect of fermentation time; only the clone factor was significant for some variables (Table 4). The
content of phenolic compounds (total phenols and flavonoids, catechin, epicatechin, theobromine
and caffeine) showed statistical differences between clones (P<0.05) (Table 4). The highest
concentrations of total phenols were recorded in clones TSH-565 and CCN-51 with values 60.97 and
64.56 mg g respectively, while clones SCC-61 and ICS-60 had the lowest concentrations decreasing
by 45.2 and 38.1% with respect to clone CCN-51. Clones CCN-51 and ICS-60 had higher total
flavonoid contents, with values of 3.30 and 2.84 and mg g respectively; on the contrary, clones TSH-
565 and ICS-1 presented the lowest contents, decreasing their concentration significantly by 61 and
48% with respect to CCN-51 (Table 4).

Catechin and epicatechin had higher contents in clones CCN-51 and ICS-60, with concentrations
of 1.90 and 1.95 mg g ' and 0.48 and 0.49 mg g, respectively, while clones TSH-565 and ICS-1 obtained
the lowest values, with a reduction of 12.30 and 8.71% for catechin and 10.20 and 6.1% for epicatechin.
Clone TSH-565 presented lower theobromine and caffeine contents, decreasing by 6.7 and 7.9% with
respect to clone ICS-60 (Table 4). Ferric reducing antioxidant power (FRAP) and 1-1-diphenyl-2-
picrylhydrazyl radical (DPPH) decolorization did not show significant differences between clones
(Table 4). Their behavior at the clone level ranged from 169.51 to 356.18 pmol g' and 350.01 to 168.71
pumol g, respectively (Table 4).

Table 4. Phenolic content and antioxidant activity evaluated in cocoa clones at different fermentation

times.
Total . . . . .
Factor Level Total Phenols Flavonoids Catechin  Epicatechin =~ Theobromine Caffeine (ng DPPH FRAP
(mg g") (mg &) (mg g") (mg g") (mg g") g" (umol g")  (umol g)

CCN-51 64.56x11.74 3.30£0.57* 1.95+0.06*  0.49£0.01° 0.30+0.01° 0.37+0.01°  325.55+33.30331.00+34.29
EET-8 42.7147.63:%¢ 2.73+0.54*  1.90£0.07*  0.48+0.01 0.29+0.01° 0.37+0.01°  251.47+40.26244.72+41.45
FSv-41 46.46+19.3720  2.25+0.78% 1.82+0.09%  0.47+0.022°< 0.29+0.01® 0.37+0.01°> 168.71+64.91169.51+66,84
ICs-1 47.55+7.30%¢ 1.72+0.44% 1.78+0.05>  0.4620.01% 0.29+0.01 0.36+0.01%> 245.23+33.30248.29+34.29
Clone 1CS-60 39.93+7 .54« 2.84+0.53* 1.93#0.07¢  0.48+0.01* 0.30+0.012 0.38+0.01°  224.42+38.79226.87+39.94
ICS-95 52.23+7.73% 2.55+0.43* 1.88+0.05®  0.48+0.01* 0.30+0.012 0.37+0.01°  256.22+26.95259.61+27.75
SCC-61 35.36+7.66° 2.41+0.69% 1.87+0.08  0.48+0.02:® 0.29+0.012* 0.37+0.01°>  275.00+48.38278.95+49.82
TSH-565 60.97+8.27 1294042 1.71x0.05¢  0.44+0.01c 0.28+0.01° 0.35+0.01°  350.01+32.56356.18+33.42

P value 0.0238 0.0063 0.0022 0.0213 0.0195 0.0117 0.0678 0.0678
0 39.32+8.77 2.64+0.46  1.900.06  0.48+0.01 0.30+0.01 0.37+0.01  256.11+32.88259.50+30.43
2 48.91+8.62 2.44+044  1.88£0.05  0.47+0.01 0.29+0.01 0.37+0.01 272.95+29.00276.84+29.86
Fermentation 4 52.91+8.64 2.36+0.46  1.85:0.05  0.47+0.01 0.29+0.01 0.37+0.01  291.95+29.55296.40+30.43
time (days) 6 50.50+8.62 2.18+0.41  1.82+0.05  0.47+0.01 0.29+0.01 0.36+0.01  260.08+29.00263.59+29.86
8 51.97+8.62 2.31+0.43  1.83+0.05 0.47+0.01 0.29+0.01 0.37+0.01  283.11+29.00287.30+29.86

P value 0.5806 0.8314 0.3330 0.8945 0.2962 0.2282 0.9101 0.9101

a b c: Different letters indicate significant differences between cocoa clones and fermentation time (LSD Fisher
test, p<0.05). Values represent the mean and standard error (n=4).
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Figure 1 shows the association of the variables evaluated both at the clone level (Figure 1a) and
fermentation time (Figure 1b) in the biplot plane obtained from the principal components analysis.
The principal component analysis (PCA) at the clone level in its first two components explained 70.8%
of the variance, component one related attributes such as crude protein and fat content with clones
EET-8, TSH-565, ICS-1 and SCC-61. In component two, clones ICS-1 and TSH-565 were related to total
phenol content, as were clones ICS-95 and CCN-51 to attributes such as caffeine, theobromine,
catechin, epicatechin, total flavonoids, FRAP and DPPH (Figure la). As for sugar content (total
carbohydrates and sucrose), these were related to clones FSV-41 and ICS-60, while moisture and total
acidity did not show any relationship. At the level of fermentation time, the PCA explained 84.6% of
the variance, where component one separated the fermentation days in which high contents of fat,
crude protein, ash, and pH were higher both at time zero and day two (Figure 1b). In component two

the samples were separated by high phenol contents.
6.00y 5.004
Flavonoids b

CCN-51
Total Acidit; 8 days
Sy Theobromine .

%0 Humidity

Phenols

Carbohydrate Caffiias
1¢s-95 Flavonoids @_Epicatechin
Catechin
Epicatechin
TSH-565 o 1CS-1 Ca‘_r;li'll:;:(»bromm::
0.00 A SCC-6 FRAP

A Crude Protein gaPH:
Crude Prolcx;\ > days A rar

EET-8 MBrix chrcc\.PH FSV-41 e
Ash A

Brix Degree
Humidity
Total Acidity

Catechin
0 days

0.004 A

CP 2 (23.6%)
CP2 (23.1%)

6 days
DPPH o

-2.50
Fat FRAP
Carbohydrate

=6.00 -3.00 0.00 3.00 6.00 -5.00 -2.50 0.00 250 5.00
CP 1(47.2%) CP 1(61.5%)
Figure 1. Biplot result of principal component analysis between cocoa bean chemical characteristics

at the clone level (Figure 1a) and fermentation time (Figure 1b).

When relating the different variables measured in sub-indicators proposed to measure quality
in terms of chemical composition, at the clone level we found that FSV-41 presented the highest
values for the grain quality index (P<0.05, Figure 2A). Likewise, at the clone level, the bromatological
and phenolic compound sub-indicators showed significant differences (P<0.05), with FSV-41 and
TSH-565 presenting the highest values, respectively (Figure 2a). At the level of fermentation time,
both at the initial moment and on the second day, the highest values were found for the grain quality
index and the bromatological sub-indicator (Figure 2b, P<0.05). Finally, the antioxidant activity sub-
indicator on days 4 and 6 showed the lowest values for the phenolic compounds index (Figure 2b,
P<0.05).

A Grain Quality Index Bromatological Index Grain Quality Index Bromatological Index

L a
b b b b p p
c b
C c c c
Antioxidant Activity Index Phenolic Compound Index Antioxidant Activity Index Phenolic Compound Index
1.00 - 1.00°

% b

5\ <>
ST \C% 05 \& o c.;.<\ &

0.75

0.50°
- . I

0.00-

Index

0.75

a
. a &
by
0.50"
a a a
a a
i - - - - .
e 0 2 4 6 8 0 2 4 6 8

o

0.00 -

0.00-

45\ cv 4 CC":SJ ‘—?’

Clone Days of fermentation

Figure 2. Indicator and sub-indicators representing cocoa bean quality at both A. clone level and B.
fermentation time. Values represent the mean and standard error (n=4). » > < mean statistical
differences between each of the factors for clone and days of fermentation.
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3.3. Correlations between the different bromatological characteristics, phenolic compounds and antioxidant
activity of cocoa beans

From the Multiple Factor Analysis performed with the 16 variables, 54.4% of the variance was
explained, where those that contributed the highest proportion in principal component one (Figure
3a, P<0.05) were DPPH and FRAP of the phenolic compounds variables (Figure 3b), followed by
epicatechin, caffeine, theobromine, flavonoids, catechin and phenols that make up the antioxidant
activity variables (Figure 3b). In the principal component two, the variables that contributed the

highest proportion (P<0.05) were the majority that make up the bromatological component excluding
sucrose and carbohydrates (Figure 3c).
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Figure 3. Most important variables in each sub-indicator that impact the cocoa quality index. a:
Contribution of the variables for each sub-indicator in the principal component (PC) 1 and 2. From
red to blue means from highest to lowest contribution. b, ¢: distribution of the variables in a biplot
plane obtained through a principal component analysis, obtained through a multiple factor analysis.
The variables above the dotted line presented the highest contribution. AA: Antioxidant Activity;
Brom: Bromatological; PC: Phenolic Compound.
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According to the spatial distribution of the variables of each of the components (Antioxidant
Activity, Bromatological, Phenolic Compound) in the plane of each of the factors analyzed, clone and
fermentation time (Figure 3a and 3b), it is possible to determine the positive relationships as well as
the degree of contribution of the variables in each factor. For example, total acidity correlated
negatively with pH, ash and fat, and a similar situation occurred between phenols and different
variables FRAP, DDPH, among others. When analyzing the contribution of the variables, we found
different contributions per factor, as shown by the variables above the red line (Figure 3b and 3c). For
example, FRAP and DDPH were the variables with the highest contribution in the clone factor, the
opposite behavior in the fermentation time factor. In the case of the variables with the highest
contribution in the fermentation time factor, pH and total acidity presented the highest contributions.

4. Discussion

In general, we found a variation in the chemical composition at the clone level and during the
fermentation process, in this sense, we highlight how the bromatological variables and those related
to antioxidant capacity vary significantly among clones. Likewise, when analyzing the incidence of
the fermentation process, differences were found in the bromatological variables and phenolic
components. The incidence of these factors on the variables evaluated is discussed below.

4.1. Bromatological characteristics of beans from different cocoa clones during the fermentation process

During the fermentation process, there were no significant variations in some variables; for
example, the average moisture content was 2.74%, an adequate value to ensure the storage, transport,
and processing of the product[36] as well as the preservation of the product[37]. Regarding the
percentage of ash found for clones such as FSV, SCC, CCN and ICS are similar to those reported by
Perea et al.[38], with values ranging between 2.7 and 3.5%, while for EET clones it coincides with that
stated by Vera et al.[39], who found an average value of 3.2%. In addition, the percentage of ash for
all clones is within the stipulations of the AOAC[40] standard, as Perea et al.[38] mention that ash
values for cocoa should be less than 4%.

It was verified that as the acidity increased the pH decreased, behavior generated by
fermentative reactions under microbiological action on the carbohydrates present in the mucilage
[36]. During this process, high levels of acetic acid are generated, which is the predominant acid in
the cocoa bean and the cause of their acidification, which is why the less fermented grains have lower
acidity and higher pH, because in the absence of an adequate fermentation process, the degradation
of carbohydrates is not carried out and these are not released during the drying and roasting
process[41].

The fat content for the evaluated clones is adequate, since it presents a value higher than 48% as
indicated by NTC 793, and similar to that reported by Perea et al.[38]. Some authors have studied [38,
42] the variability of fat content and have concluded that the increase in temperature has a significant
effect on the stearoyl-acyl transport protein protein, since it decreases the transfer of glycerides such
as oleic, palmitic and stearic acid, reducing the fat percentage since it is mostly constituted by these
acids [43]. In addition, fat was reduced during the fermentation process due to the increase in
temperature in the first 48 hours that causes a release of fat in the almonds[44], at which time the fatty
acids that compose it begin to be lost by leaching [43].

The crude protein percentages of the FSV, SCC, CCN and ICS clones are similar to those reported
by Perea et al.[38], with values ranging from 12.9 to 14.2%. Adequate protein range, which is
demanded by companies that produce feed mixtures, because raw materials with contents higher
than 10% protein have a greater impact on the nutritional quality of the product[45]. As for the
content during the fermentation process, there is a variation due to the microbiological activity that
develops during this process and the requirement of substrates (proteins and minerals) to carry it
out, as well as the dragging effect of these by the draining that occurs during fermentation[36].

The sucrose content (°Brix) in the evaluated clones shows a significant increase, being different
from that reported by Loureiro et al.[22] and Barrientos et al.[46], since in their research they obtained
values of 1.3 and 0.5%, respectively, for fermented cocoa beans. This increase may be related to the
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shade of the cocoa plantations evaluated, showing that more shade causes a delay in ear maturation
by a few days [47], increasing the mucilage content in the bean and thus increasing the concentration
of sugars (carbohydrates)[22]. Although these sugars did not present statistical differences in both
the clone factor and the fermentation time, there are reactions that are generated specifically during
the roasting process that can affect the content of this variable [48,49], specifically during the roasting
process. At this moment, a series of transformations are generated that originate aromatic compounds
due to the reduction of carbohydrates and proteins that are concentrated in the cocoa bean[11].

4.2. Phenolic content and antioxidant activity of beans from different cocoa clones during the fermentation
process

The total phenol content coincides with that reported by Zapata et al.[50], with values ranging
from 21.69 to 38.64 mg g in unfermented grains and from 22.58 to 50.23 mg g in fermented grains,
for clones such as CCN-51, ICS-1, ICS-60, ICS-95 and TSH-565. In addition, the variability of the
results obtained may be due to the characteristics of each clone, since according to Ramon et al.[23]
and Zapata et al.[11] there are internal and external factors that affect the quality and quantity of
phenolic compounds in plants, such as genetic diversity, maturity stage, environmental variables,
extraction method, processing and storage. On the other hand, the content of total phenols although
not was significant presented higher values during the first days, this is mainly due to the formation
of polymeric proanthocyanidins during this process, since these are equivalent to 58% of the total
phenols in the cocoa bean[50].

The content of total flavonoids is similar to that reported by Zzaman et al.[51] in roasted cocoa
beans. In addition, these authors also mention that the concentration of this compound is given by
the contents of flavanoiles, flavonols, flavones and anthocyanins present in cocoa, where the most
abundant flavonoids are catechin and epicatechin, which is why the total flavonoid content is more
abundant in clones CCN-51, EET-8 and ICS-60, since they present the highest concentrations in these
variables. The reduction of total flavonoid content in the roasting process can take place thanks to the
high oxidation during the method, due to the presence of oxygen, or also to the effect of oxidative
enzymes, which can also generate flavonoid losses during the conventional roasting process[51].

The catechin and epicatechin contents found in the cocoa beans in the study were adequate, since
they coincide with those reported by Zapata et al.[11] in clones such as CCN-51, ICS-1, ICS-60, ICS-
95 and TSH-565, which clarify that these compounds are influenced by clone and roasting. These
same authors report that clone CCN-51 has the highest catechin content in roasted grains, which is
similar to that found in this work. Epicatechin decreased considerably, this reduction may be due to
the increase in temperature in the roasting process, which causes this compound to modify its
structure and rearrange or transform into another from hydroxyl groups (H+ and OH-)[52]. Likewise,
the catechin content, although it does not present significant differences during the fermentation
process, there was a tendency to decrease this content. This is mainly due to the fact that this type of
polyphenols are oxidized to quinones and these compounds can complex with amino acids, peptides
and proteins and polymerize with other flavonoids to form tannins[11], in addition, the reduction
can also be caused by the diffusion of phenolic compounds in the exudates released during this
process[50].

Theobromine and caffeine values are similar to those reported by Zapata et al.[11], with ranges
from 0.41 to 3.11 mg g' and from 0.16 to 1.21 mg g for theobromine and caffeine, respectively,
determining the type of cocoa clone as a main source of variation in the content of these alkaloids[53].
However, during the fermentation process, although not was statistic significant the reduction of
theobromine and caffeine content is mainly due to the diffusion of these alkaloids with cell
liquids[53]; moreover, the content of these compounds is higher during the first days of fermentation,
and gradually decreases as fermentation time increases. The above is due to the accumulation
through the grain coat during the first days of the fermentation process which increases the
content[50,53]. However, theobromine and caffeine content decreases considerably after the roasting
process, because during this process there is an increase of substances related to dicetopiperazines,
which interact with these alkaloids and reduce their concentration [11].
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The antioxidant activity of the free radical DPPH presented values similar to those reported by
Zapata et al. [50] in five of the eight clones evaluated (CCN-51, ICS-1, ICS-60, ICS-95 and TSH-565),
obtaining values between 224.52 and 350.01 umol g'. These results are related by the total flavonoid
content, since there is a linear relationship between DPPH values and total flavonoids, because this
radical reacts with hydrogen (H) donors and phenolic compounds [50,54,55]. On the other hand, the
reducing capacity of the FRAP free radical presented values similar to those found by Perea et al. [56]
(2009) in fermented cocoa beans where they report an average value of 361.15 pmol g-.

4.3. Correlation of bromatological characteristics, phenolic compounds, and antioxidant activity of beans from
different cocoa clones during the fermentation process

The percentage of ash correlates positively with the percentage of fat, crude protein and pH, this
is due to the fact that these variables present higher values in the first days of fermentation and
gradually decrease with time. The decline in protein takes place thanks to the demand for these
molecules and minerals, plus the draining that occurs during fermentation [57]. The decline in fat
percentage is due to the increase in temperature that occurs during the first 48 hours [44], where
losses by leaching of fatty acids begin since this process only takes place from the third day [43].
Likewise, pH decreases due to the production of acetic acid [36], an acid that increases with the
passing of days in the fermentation process, which in turn is responsible for the increase in grain
acidity, negatively correlated with ash content.

On the other hand, the percentage of ash is reduced due to the exudation produced by the dough
during fermentation, so it tends to lose soluble minerals that lead to an imbalance in the concentration
of this substance in the kernel [58,59]. When the fermentation process is not carried out properly,
there is no demand for proteins, minerals, increased temperature, formation of acetic acid and
leaching, so that the protein, fat, pH and ash contents increase and acidity decreases.

Cocoa bean pH and acidity showed a significant negative correlation. Similar data were reported
by Jinap and Dimick [60] in cocoa beans from different cocoa bean producing countries, finding a
correlation coefficient of -0.94. This relationship may be given by the high concentration of acetic and
lactic acid presented by the almonds during the fermentation process [57], since the correlation
between acetic and lactic acid with pH was 0.86, while for total acidity it was 0.91, indicating that
these acids could be the main responsible for the high acidity and low pH in cocoa almonds in the
first days of fermentation[60].

Fat percentage presents a negative correlation with total carbohydrate content; this is probably
due to the glyoxylate cycle that takes place during the fermentation process. In this cycle, glucose is
generated from fatty acids because most of the metabolic energy required for its development is in
the form of triacylglycerols, decreasing fat and increasing sugar content [61]. In addition, the
percentage of fat also presents a negative correlation with the content of total phenols, agreeing with
Locatelli et al. [62], who report a decrease in lipids in cocoa beans with the presence of phenolic
compounds. This is because the concentration of phenols increases with the fermentation process,
reducing the fat content, due to the fact that phenols promote the lipoperoxidation process [63], which
reduces the oxidative degradation of lipids, causing them to be lost by the diffusion of exudates
released during fermentation.

Total phenols show a negative correlation with flavonoids, flavanols (catechin and epicatechin),
methylxanthine-type alkaloids (theobromine and caffeine) and fat. This is due to the increase of
phenols and the reduction of flavonoids, flavonols, methylxanthines and fat during the fermentation
and roasting processes. In fermentation, the formation of polymeric proanthocyanidins responsible
for the increase of phenols takes place[50]. In addition, in this process also takes place the oxidation
of epicatechin and catechin turning into quinones, which help to reduce the astringency and bitter
taste of cocoa[ll]. The decrease of these flavanols is also caused by the diffusion of phenolic
compounds in the exudates released during this process[50].

The content of total alkaloids is given by the values of methylxanthines (theobromine and
caffeine) which causes a decrease in the fermentation process, in addition, the reduction of these
compounds is also influenced by the roasting process, where oxidation takes place due to the
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presence of oxygen or the effect of oxidative enzymes [51]. Likewise, the content of methylxanthines
in cocoa beans decreases after the roasting process[11], during this process there is an increase of
dicetopiperazine amide (DKP), a compound that interacts with alkaloids, decreasing the content of
theobromine and caffeine. On the other hand, the decrease in fat is due to the reduction of fatty acids
(oleic, palmitic and stearic acid) due to the increase in temperature in the fermentation process after
the third day [64]. However, flavonoids present a positive correlation with antioxidant activity,
estimated by FRAP and DPPH technique; this is because the flavonoid content largely determines
the scavenging capacity of DPPH radicals, due to the fact that this radical reacts with H donors and
phenolic compounds [55]. Likewise, the flavonoids of cocoa beans present high iron (Fe3+) reducing
power doing this work by donating hydrogen or singlet oxygen carrying out the redox power[65].
Authors such as Szeto et al. [66] also reported that flavonoids have antioxidant properties through
electron donation, which is related to the number of phenolic compounds and the location of the
hydroxyl groups and the presence of the galloyl group (gelotannins).

Likewise, total flavonoids present a positive correlation with flavanols (catechin and
epicatechin), this correlation is carried out because flavonoids are composed of chalcones, xanthones,
flavonols, flavones, flavanones, isofiavonones, anthocyanidins, flavanols and condensed tannins [59]
where flavanols comprise 37% of flavonoids. Similarly, the main catechin is epicatechin, which
accounts for about 30% of the flavonoid content of the bean [67], thus, increasing flavonoid content
increases flavanols. In addition, total flavonoids also show a positive correlation with
methylxanthine-type alkaloids (theobromine and caffeine). To date this relationship is not clear [68],
and it is known that there is a possible synergistic interaction between flavonoids and
methylxanthines, but further studies are needed to corroborate this claim[50]. Also, total flavonoids,
catechin, epicatechin, caffeine and catechin present a positive correlation with DPPH and FRAP. This
is because the molecules responsible for the antioxidant activity of cocoa are procyanidins,
anthocyanins, flavonones and glycosidic flavonols[58], which are mostly present in flavonoids.

The positive correlation between catechin and epicatechin is due to the fact that catechins are
comprised of epicatechin, epigallocatechin, gallocatechin, and catechin [69]. On the other hand, the
positive correlation between methylxanthines (caffeine and theobromine) and flavanols (catechin or
epicatechin) occurs because they are the secondary metabolites most synthesized by the plant [24].
The positive correlation between caffeine and theobromine is associated with the fact that these two
alkaloids are the most abundant within the methylxanthine family [70], which comprise between 0.8
and 2% of the total dry weight of the cocoa bean in the case of theobromine, while caffeine in cocoa
ranges around 0.2%, varying by clone type and degree of fermentation [71]. In addition, the positive
correlation between the antioxidant activity estimated by FRAP and DPPH techniques is due to the
fact that both are used to estimate the oxidation capacity of cocoa [65].

5. Conclusions

The fermentation process of the cocoa beans only significantly affected different variables of the
bromatological composition (moisture, ash, pH, acidity, fat and crude protein) without affecting the
antioxidant activity and phenolic compounds. At the clone level and based on the results obtained
with the quality indices in terms of chemical composition (Bromatological, Antioxidant Activity,
Phenolic Compound), the FVS-41 clone was the best qualified.
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