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This research aimed to establish critical limits for the commercial classification and biochemical attributes of
cacao beans that would reflect an optimal quality range by classifying the observations of the samples by the
fermentation index (FI). Boundary line regressions represented the response of brown cacao beans, purple cacao
beans, partially brown cacao beans, acetic acid, lactic acid, sucrose, fructose, glucose, total protein, total free
amino acids, total lipids, theobromine, caffeine, (+)-catechin, (-)-epicatechin, and total phenolic substances as a
function of pH variations sensitive to prior fermentation. The elliptical clustering was used to delimit a normal
probability of occurrence of sample observations classified with FI values between 1 and 1.4. The optimal fermentation
condition for these attributes is in the pH range between 5.79 and 6.05. Purple cacao beans, lactic acid, and sucrose
were the most sensitive attributes to the FI quality range.
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Faixa de qualidade de atributos bioquímicos de amêndoas secas de cacau. O
objetivo desta pesquisa foi estabelecer limites críticos para os atributos da classificação comercial e bioquímicos
das amêndoas de cacau que refletissem uma faixa ótima de qualidade classificando as observações das amostras
pelo índice de fermentação (IF). As regressões da linha de fronteira representaram a resposta de amêndoas de
cacau marrons, amêndoas violetas, amêndoas parcialmente marrons, ácido acético, ácido lático, sacarose, frutose,
glicose, proteína total, aminoácidos livres totais, lipídios totais, teobromina, cafeína, (+) -catequina, (-)-epicatequina
e substâncias fenólicas totais em função das variações de pH sensíveis à fermentação prévia. O agrupamento
elíptico foi utilizado para delimitar uma faixa de probabilidade normal de ocorrência de observações amostrais
classificadas com valores de IF entre 1 e 1,4.  A condição ótima de fermentação para estes atributos é encontrada
na faixa de pH entre 5,79 e 6,05. Amêndoas de cacau violetas, ácido lático e sacarose foram os atributos mais
sensíveis à faixa de qualidade IF.
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regressões bioquímicas, agrupamento elíptico.
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Introduction

The cacao (Theobroma cacao L.) production and
its food quality are largely influenced by environmental,
technical, and social factors (Araujo, Q.R. de et al.,
2017, 2021; Araujo et al., 2018; Araujo et al., 2014,
2018; Franzen and Borgerhoff Mulder, 2007; Loureiro
et al., 2016, 2017; Ploetz, 2016) for obtaining the
biochemical profile of cacao beans that meets the
criteria for industrial use and of food safety (Araujo et
al., 2019; Cinar et al., 2021; Loureiro et al., 2017). For
this reason, food science has sought to characterize
and analyse the processes that define the quality
attributes of dry cacao beans (Cinar et al., 2021;
Loureiro et al., 2017). Cacao Quality Indexes (CQIs)
were proposed recently to integrate groups of
biochemical attributes according to the different
interests of this primary product, such as the
development of flavour and beneficial properties for
human health (Araujo et al., 2019; Araujo et al., 2014).
However, even with the literature support (Araujo et
al., 2019; Araujo et al., 2014; Loureiro et al., 2017),
the definition of the critical limits of the attributes used
in these indexes needs to be revised in the biochemical
context of the post-harvest processes of fermentation
and drying.

The quality of dry cacao beans (DCB), the raw
material for making chocolate results from biochemical
transformations that occur in the seeds beginning in
the fermentation process and ending in the drying
process. Therefore, the quality of beans must be defined
from thresholds (quality ranges) established
experimentally for specific attributes, through monitoring
and control of fermentation and drying conditions.
However, most of these thresholds in the literature lack
an analytical context because they are derived from
samples that omit the origin, genotype of the cacao, and
post-harvest processing conditions (Araujo et al., 2019;
Loureiro et al., 2017). Therefore, the establishment of
limits without due scientific basis may overestimate or
underestimate the quality of commercial lots of cacao
beans (MAPA, 2008), whose production and
processing conditions are equally unknown.

The fermentation quality of Forastero or Trinitarian
cacao can be monitored by the anthocyanins
breakdown and formation of by-products such as
cyanidin-3-b-D-galactoside and cyanidin-3-a-L-

arabinoside (Gourieva and Tserevitinov, 1979; Kim and
Keeney, 1983). The oxidation of these products is
related to the formation of brown pigments in
completely fermented beans, which is detected by
spectrophotometry from the increase in absorbance
at 460 nm, and the decrease in absorbance at 530 nm
(bin Said, 1989; Gourieva and Tserevitinov, 1979;
Shahrir and Dimick, 1986). The absorbance ratio of
460 nm/530 nm is taken as the Fermentation Index
(FI) (Gourieva and Tserevitinov, 1979). The literature
indicated an FI quality range between 1 and 1.4
(Khairul Bariah, 2014; Romero-Cortes et al., 2013).
The under-fermentation range corresponded to values
lower than 1, and the over-fermentation range
corresponds to values higher than approximately 1.4.
Furthermore, an inverse relationship between the
Fermentation Index (FI) and the potential of hydrogen
(pH) was expected, which can be explained by the
increase in total acidity due to the formation of acidic
compounds during the fermentation process
(Ilangantileke et al., 1991; Apriyanto et al., 2016).
Therefore, from fermentation to drying, pH is a
fundamental attribute to monitor the beans’ acidity and
is widely used by the cacao industry (Araujo et al.,
2019; Loureiro et al., 2017).

Loureiro et al. (2023) implemented some techniques
for the graphical analysis of free amino acid
concentrations using FI and pH as predictive variables.
For an adequate interpretation of results, certain
particularities of the graphic analysis method need to
be considered. The FI cannot be determined on DCB.
Only pH or total acidity are variables capable of
indicating the fermentation degree of sample
observations. Although FI cannot be determined in
DCB samples, the quality range (1 < FI < 1.4) can be
detected and monitored by classifying cacao samples.
These sorted samples have their distribution and
probability domain. Therefore, it is also possible to verify
clusters of observations of ‘best fermented’ samples
within the two-dimensional space of the response of a
biochemical attribute to pH variability. To verify the
response trend of biometric or biochemical variables
as a function of a predictor variable, that is, whose
variability can be controlled or induced (by humans or
by the environment), the polynomial borderline
regression technique can be used (Walworth et al.,
1986; Webb, 1972, 1973).

Loureiro et al.
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Retrospective fermentation monitoring by FI was
carried out by clustering subsamples (Loureiro et al.,
2023). Elliptical geometry is commonly used for
clustering subsamples in the multivariate space
generated by covariance or correlation matrices
(Friendly et al., 2013; Jolicoeur, 1959). Elliptical clusters
are calculated with the average as the centre of the
subsample (Jolicoeur, 1959). The ellipse axis and its
directions are calculated based on the maximum
variation of the subsamples represented by the
standard deviations of both axes (Friendly et al., 2013).
Observations of samples sorted by FI values allowed
an elliptical area with a multivariate normal distribution
to be plotted on the scatterplot as the highest probability
domain of the best fermentation condition. Thus, this
research aimed to calibrate two-dimensional ranges
of the response of biochemical attributes of DCB to
pH variations through elliptical clustering of sample
observations classified by ideal FI values.

Material and Methods

Cacao origin, sampling, and post-harvest
processes

The fermented cacao beans (FCB) and DCB of
the Porto Híbrido 16 (PH-16) clone, from 12 cropping
sites in the south-eastern region of Bahia, are the origin
of the analysed material. The trial was conducted in a
completely randomized design with 36 observations
(samples), from 12 cultivation sites and three
replications by location. Fruit collections were carried
out in November 2008, during the region’s second
annual cacao harvest. Fermentation processes of 168
h (7 days) and drying of 192 h (8 days) are completely
reported by Loureiro, G.A.H. de A. et al. (2016, 2017).

Fermentation index
The FI determination is based on the method

adapted from Gourieva and Tserevitinov (1979).
Samples of 0.5 g of milled FCB were homogenized
with 50 ml of a mixture of CH

4
O (methanol) and

HCl (hydrochloric acid) in a 97:3 volume ratio. The
homogenate was left in a refrigerator at 8°C for 20
hours and then vacuum filtered. The FI, characterized
by the percentage of beans that underwent different
levels of fermentation indicated by their colour
(completely brown, partially brown, violet, and slate)

in each sample, was obtained by calculating the ratio
between the absorbance at 460 nm and the absorbance
at 530 nm on the spectrophotometer (FEMTO® 600
plus, FEMTO, Brazil).

pH
The hydrogen ionic potential (pH) of the DCB was

determined by method 970.21-1974 of the Association
of Official Analytical Chemists (AOAC) International
(2005a).

Longitudinal cut for commercial classification
The longitudinal cut of DCB for commercial

classification was determined according to
Normative Instruction 38/2008 of the Ministry of
Agriculture, Livestock and Food Supply (MAPA)
from Brazil.

Organic acids and simple carbohydrates
The contents of organic acids (acetic acid - AA

and lactic acid - LA) and simple carbohydrates
(glucose - GLC, fructose - FRU, and sucrose - SUC)
in DCB were determined by High-Performance Liquid
Chromatography (HPLC) according to the method
described by Schwan and Souza (1986), modified for
this study. The samples triplicate of 20 g of milled DCB
(endosperm) were weighed in a 300 ml beaker to which
200 ml of distilled water was added, then homogenised
and centrifuged at 3000 revolutions per minute (rpm)
for 10 minutes at 20 °C. Approximately 4 ml of the
supernatant was placed in 2 Eppendorf Tubes® and
centrifuged again at 14,000 rpm at 4°C for 10 minutes.
The extracts were filtered through a 0.45 ìm
polyvinylidene fluoride (PVDF) membrane filter, and
an aliquot (20 μl) was injected into the HPLC system
(model-302, Gilson, Middleton, WI) equipped with a
refractive index detector (RID-300, Japan
Spectroscopic Co., Ltd., Tokyo). The separation of
organic acids and simple carbohydrates was
performed on an Aminex Ion Exclusion HPX-87H
column (300 x 7.8 mm) using 0.005 N sulfuric acid
as the eluent. Peak acquisition and integration were
conducted using Star Chromatography Workstation
6.0 software (©Varian, Inc. 2004, Walnut Creek, CA,
USA), based on previously prepared standard curves,
with HPLC grade standards (Sigma-Aldrich, Merck,
St Louis, MO, USA).

Biochemical attributes of cacao beans
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Protein and total free amino acids
Total protein (PRO) content in DCB (endosperm)

was estimated based on conversion factor of 6.25 of
the total nitrogen, which was determined using the
micro-Kjeldahl assay according to the method 31.1.08
(AOAC International, 2005a). The steps for the
analysis and determination of free amino acid (FAA)
contents in DCB by HPLC were described by Loureiro
et al. (2023).

Total lipids
The total lipid (LIP) content of DCB was

determined according to the modified method 963.15-
1973 of AOAC International (2005b). Samples of 5 g
of milled DCB (endosperm) were placed in a Soxhlet
extractor (including a heating plate and circulator with
refrigeration). The 250 ml round-bottom flask with a
24/40 ground edge, and glass beads, was previously
dried in an oven at 105 ºC for 1 hour and weighed.
The samples were placed in the round-bottom flask.
The fat present in the cacao material was extracted in
a Soxhlet extractor by siphoning petroleum ether
(distillation range 30-60 °C; density at 15 °C 0.625-
0.660 g ml-1) for six hours. Petroleum ether was added
in excess so that the fat extracted in the flask did not
dry above the condenser. The fat was deposited at the
bottom of the flask along with a small amount of
petroleum ether and transferred to a beaker into a
rotary vacuum evaporator to evaporate the petroleum
ether. After evaporation, the fat (cream-coloured
substance) that remained as a residue was weighed
and expressed as a percentage.

Purine alkaloids
DCB milled (endosperm) was used for quantifying

theobromine (THB) and caffeine (CAF)
simultaneously with HPLC according to the method
described by Brunetto et al. (2007).

Phenolic substances
The phenolic substances (-)-epicatechin (EPI) and

(+)-catechin (CAT) contents of DCB (milled endosperm)
were determined using the procedure described by Elwers
et al. (2009). The total phenolic substances (PHE) of
dried and milled cacao endosperm were determined
using the Folin-Ciocalteu procedure described by
Singleton and Rossi (1965) and Elwers et al. (2009).

Data analysis
The statistical procedures used in this study were

performed using the R software (R Development Core
Team 2021) and were described integrally by Loureiro
et al. (2023).

Results and Discussion

According to the percentage of defects identified
by the cut test of the cacao commercial classification
(MAPA, 2008), all the observations in the sample
correspond to DCB of Type I: mouldy (0-4%), smoky
(0-1%), damaged by insects (0-4%), slate (0-5%),
germinated (0-5%) and flattened (0-5%). Also, the
moisture of the DCB is below the value of 8%
established for Type I. The commercial classification
of DCB by the cut test as Type I indicates that the
post-harvest processing of fermentation and drying are
within the standards required by Brazil and the world.
The percents of brown, purple, and partially brown
cacao beans corroborate this result (Table 1; Figure
1). None of these attributes were considered ‘defects’
when determining the commercial class of a batch of
DCB. However, the presence of purple cacao beans
(PCB) or bright PCB from the Forastero group or
Trinitarian hybrids indicated either immature harvested
fruit or insufficient fermentation (MAPA, 2008; Millena
et al., 2023; Rahardjo et al., 2022). Brown cacao beans
(BCB) indicated proper fermentation before drying
(MAPA, 2008; Millena et al., 2023; Rahardjo et al.,
2022). According to Hernández-Hernández et al.
(2016), the dispersion of polyphenols during
fermentation, followed by oxidation and reduction
reactions due to external chemical substrates, produces
this brown colour.

According to the Shapiro-Wilks test, the data
obtained from the samples for the variables pH, LA,
CAF, CAT, and EPI of DCB do not exhibit normality
(Table 1). Loureiro et al. (2023) attribute these
deviations from normality primarily to the reduction in
sample observations. The data set used in this analysis
corresponds to the sample observations from the study
by Loureiro et al. (2023). Outliers in FAA, FI, and
extreme outliers related to analytical errors were the
main criteria used to eliminate 10 observations from
the initial sample of 36 observations. Despite detecting
some observations outside the interquartile range, some

Loureiro et al.
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Figure 1. Boundary lines fitting of the polynomial regressions of the colour characterization by the cut test of commercial
classification as a function of pH of dry cacao beans. Significance level of regression coefficients by the F test: p     0.01 (**), and 0.01
> p     0.05 (*). Coefficient of determination (R2). A confidence interval at 95% level. Ellipse area calculated with multivariate normal
distribution. Porto Híbrido 16 cacao clone; Humid region of southeastern Bahia, Brazil.

≤ 
≤ 

were retained as they did not represent typical chemical
analysis errors and did not affect the frontier regression
trend (Table 1; Figures 1-4).

The internal variability of the sample observations
classified into four intervals was robust based on the
GVF and TAI indices (Armstrong et al., 2003). The
average was used as a class limit on the x- and y-axis
of Figures 1 to 4, as explained by Evans (1977). GVF
values equal to or higher than 0.90 for all variables in
the graphical analysis (Table 1) indicate a good fit for
the method of determining class intervals (Smith, 1986).

Only the variables BCB (Figure 1a), FRU (Figure 2d),
and CAF (Figure 4b) showed TAI values lower than
0.70, suggesting some information loss due to sample
size reduction or an inadequate number of classes to
capture internal variability.

Loureiro et al. (2023) classified the sample
observations with FI values equal to or higher than 1.0
(Ilangantileke et al., 1991; Tchouatcheu et al., 2019)
as a category of the retrospective fermentation
process. They grouped these samples with the
multivariate elliptical analysis technique (Murdoch et

Loureiro et al.
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Figure 2. Boundary lines fitting of the polynomial regressions of the organic acids (a and b), and simple carbohydrates (c, d, and e)
as a function of pH of dry cacao beans. Significance level of regression coefficients by the F test: p     0.01 (**), and 0.01 > p    0.05
(*). Coefficient of determination (R2). A confidence interval at 95% level. Ellipse area calculated with multivariate normal distribution.
Porto Híbrido 16 cacao clone; Humid region of southeastern Bahia, Brazil.

≤  ≤ 

al., 2022; Wickham et al., 2020), projecting the clusters
on scatterplots of the relations between pH and FAA.
This study also verified which pH quality ranges are
related to FI values equal to or higher than 1.00 for
the 16 analysed attributes (Table 1; Figures 1-4). The
boundary lines estimated by exponential polynomial
regressions show the distribution trend of the selected
extreme values in each class interval (Figures 1-4).
Except for sucrose (Figure 4a), all boundary regressions
show an inverse relation between response variables
and pH. The scatterplots (Figures 1-4) illustrate how
the variables behave as a function of pH and FI
(retrospective). The FI cluster in Figure 1b clearly
shows that samples with a lower percentage of PCB
are better fermented. Therefore, the PCB attribute is
a potential indicator of fermentative quality when
corroborated by pH analysis. Similar clustering patterns
appear in the graphs for LA (Figure 2b) and SUC
(Figure 2c). The ideal FI cluster in the AA samples

suggests an ideal pH range associated with an optimal
range for this variable (Figure 2b). Regarding SUC, it
is evident that an increase in this attribute’s
concentration is not related to the good fermentative
quality of the DCB.

Boundary line regressions are useful to represent
biological processes or behaviours (Walworth et al.,
1986; Webb, 1972, 1973). In this study, we use this
technique to observe the biochemical processes in
beans related to the monitoring of cacao quality.
Furthermore, the elliptical cluster area (with the set of
observations within the FI quality range) in the graphical
analysis of bivariate relations, as well as the technique
applied in multivariate analysis (Friendly et al., 2013;
Jolicoeur, 1959), can be used to establish critical limits
for these biochemical attributes for the same cacao
genotype in different cropping sites.

The more density points observed in the scatterplot,
the better the graphical analysis of the boundary line

Biochemical attributes of cacao beans
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≤ 
Figure 3. Boundary lines fitting of the polynomial regressions of the structural substances as a function of pH of dry cacao beans.

Free amino acids (FAA). Significance level of regression coefficients by the F test: p    0.01 (**). Coefficient of determination (R2). A
confidence interval at 95% level. Ellipse area calculated with multivariate normal distribution. Porto Híbrido 16 cacao clone; Humid
region of southeastern Bahia, Brazil

will be (Walworth et al., 1986; Webb, 1972). In addition,
large samples (n > 100) seem more convincing because
they meet the normal distribution criterion (Guttman and
Smith, 1969). For example, the literature suggests
detecting and eliminating outliers before performing a
graphical analysis of boundary lines (Shatar and
McBratney, 2004; Walworth et al., 1986), similar to the
assumptions of an analysis of variance. However, an
outlier in the interquartile range should not always be
eliminated and may sometimes be overlooked, especially
when dealing with small samples (n < 100). When the
sample is small, as in this study, the number of gaps
increases, meaning there is not always an ideal density

of observations. Therefore, each ‘outlier’ must be
analysed in its analytical context to rule out the possibility
that the values found are not commonly cited in the
literature. Furthermore, increasing the number of
repetitions of an experiment can result in unnecessary
financial expense. For this reason, this study sought to
solve the problem of critical limits through graphical
techniques that are simple to execute and statistically
feasible. Instead of eliminating all outliers from the
sample and reducing the data set, they were identified
graphically (Figures 1-4). Figures 1 to 4 show that the
outliers are within the expected variability for the cacao
bean attributes.
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On the other hand, the estimated FI quality range
was able to simultaneously delimit the critical limits
of pH and other biochemical attributes (Table 1;
Figures 1-4). By averaging the pH range values of
all DCB attributes (Table 1; Figures 1-4), we obtain
the following critical limits 5.79 and 6.05. This range
indicates a higher probability of best-fermented
cacao samples, and, consequently, a greater potential
for using the biochemical and sensory characteristics
of the beans for the chocolate industry, for example.
However, the FI quality range is two-dimensional,
that is, pH is not the only limiting variable, and each
response variable (y) has its critical limits (Table 1;
Figures 1-7). In practice, the FI quality range is an
ideal or optimal one, and from it, it is possible to
establish other critical ranges such as “over
fermented “ or “under fermented”. For example,
the optimal range for total acidity lies between the
values of 11.56 and 17.30 meq NaOH 100g-1, and

the range of lower acidity (< 11.56 meq NaOH 100g-

1) corresponds to an under fermented condition
(Loureiro et al., 2023). The range of higher acidity
(> 17.30 meq NaOH 100g-1) may indicate over
fermentation. But the extreme values estimated by
the ellipse area may require an operational correction
as is the case for PCB, PBCB, GLC, and CAT,
whose new lower bounds will be zero (Table 1;
Figures 1b; 1c; 2e; and 4c). Furthermore, the
interpretation of extreme values must be carried out
according to the biochemical behaviour of the
variable in the fermentation and drying processes.
SUC, for example, breaks down to form the other
sugars FRU and GLC. Therefore, SUC values
above the upper limit of the FI quality range (> 1.96
g kg-1) may indicate under-fermentation. Thus, the
interpretation of the upper limits for FRU and GLC
carbohydrates is inverted; their upper limits within
the FI quality range indicate over-fermentation.

≤ 
Figure 4. Boundary lines fitting of the polynomial regressions of the purine alkaloids (a and b), and phenolic substances (c, d, and

e) with as a function of pH of dry cacao beans. Significance level of regression coefficients by the F test: p     0.01 (**). Coefficient of
determination (R2). A confidence interval at 95% level. Ellipse area calculated with multivariate normal distribution. Porto Híbrido 16
cacao clone; Humid region of southeastern Bahia, Brazil.
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As in this research, because all post-harvest
processes (fermentation and drying) were controlled,
the variability found in most of the attributes may be
related to the plant nutrition, as well as the degree of
maturity of the fruits, their storage time and transport,
until the beginning of the fermentation process of
unfermented cacao beans (Araujo et al., 2017; Cruz
et al, 2013; Dang and Nguyen, 2019; Loureiro et al.,
2017).  PCB, LA, and SUC are variables whose limits
of the FI quality range (y-axis) have a good
discriminatory potential. That is, the values of the y-
variable corroborate the values of the pH range. For
the other variables, only the pH range allows for
discriminating the fermentative quality of the sample
observations. The interpretation of these critical
limits must be based on the specialised literature;
however, only new experimental treatments could
induce variability capable of improving and correcting
the FI quality range area as a two-dimensional
probability space.

Conclusion

The projection of the elliptical clustering area in
two-dimensional space, representing the response of
biochemical attributes to variations in the pH of dry
cacao beans, proved to be a viable technique for
monitoring samples within the optimal fermentation
index range (1-1.4), a variable arising from the end of
the controlled fermentation process.

The pH values between 5.79 and 6.05 represent
an overall range in which the biochemical attributes of
dry cacao beans (organic acids, simple carbohydrates,
structural substances, purine alkaloids, and phenolic
substances) are found in an optimal condition of
fermentation quality.

Boundary line regressions represent the response
trends of biochemical attributes as a function of pH
prediction, a variable sensitive to different fermentation
and drying conditions of cacao beans. However, the
classification of samples outside the two-dimensional
quality range must be interpreted within the biochemical
context of each variable to accurately represent
conditions of over- and under-fermentation.

In addition to the pH range, the upper limits of the
FI quality range for purple cacao beans, lactic acid,
and sucrose attributes have good discriminatory

potential. The critical limits of cacao quality were
calibrated for the fermented and dry beans from the
PH-16 clone; therefore, they should not be extrapolated
to different cultivars or genetic varieties.
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