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Cocoa is a highly consumed food with beneficial effects on human health. Cocoa roasting has an impor-

tant influence on its sensory and nutritional characteristics; therefore, roasting could also play a role in

cocoa bioactivity. Thus, the aim of this paper is to unravel the effect of cocoa roasting conditions on its

antioxidant capacity and modifications of gut microbiota after in vitro digestion-fermentation. HMF and

furfural, chemical markers of non-enzymatic browning, were analyzed in unroasted and roasted cocoa

powder at different temperatures, as well as different chocolates. The antioxidant capacity decreased with

roasting, most probably due to the loss of phenolic compounds during heating. In the case of the evalu-

ated chocolates, the antioxidant capacity was 2–3 times higher in the fermented fraction. On the other

hand, HMF and furfural content increased during roasting due to increasing temperatures. Moreover,

unroasted and roasted cocoa powder have different effects on gut microbial communities. Roasted

cocoa favored butyrate production, whereas unroasted cocoa favored acetate and propionate production

in a significant manner. In addition, unroasted and roasted cocoa produced significantly different gut

microbial communities in terms of composition. Although many bacteria were affected, Veillonella and

Faecalibacterium were some of the most discriminant ones; whereas the former is a propionate producer,

the latter is a butyrate producer that has also been linked to positive effects on the inflammatory health of

the gut and the immune system. Therefore, unroasted and roasted cocoa (regardless of the roasting

temperature) promote different bacteria and a different SCFA production.

1. Introduction

Cocoa and its related products are heavily consumed world-
wide, mostly due to their pleasant taste. In fact, cocoa beans
exported in 2017 reached a market value of USD 8.6 billion
and this is expected to keep growing, reaching a value of USD
16.3 billion in 2025.1 On the other hand, the chocolate indus-
try had a market value of USD 106.19 billion in 2017 and is
expected to grow to USD 189.9 billion by 2026.1 These figures

just give a sense of the importance of the cocoa and chocolate
industry around the world.

Considering this information, cocoa and chocolate have not
gone unnoticed by the scientific community and many studies
have been carried out to investigate possible benefits on
human health. As such, cocoa has demonstrated anti-inflam-
matory activity, positive effects on the immune system or on
cancer treatment, among others.2 Many of these benefits have
been linked to the polyphenolic content of cocoa, which has
been extensively studied and is characterized by high concen-
trations of flavan-3-ols (catechin and epicatechin) and procya-
nidins B1 and B2 and other compounds in lower amounts.3

Moreover, not only have naturally present phenolic com-
pounds been proven to be beneficial, but also their gut
microbial metabolites, especially different isomers of dihy-
droxyphenyl-gamma-valerolactone, have demonstrated biologi-
cal activities,4,5 as well as methylxanthines,6 and fibers.
However, the different processing steps that occur between
harvest and the final cocoa powder, including fermentation,
drying, alkalization and roasting, all have a significant impact
on cocoa powder final composition.7 Whereas fermentation
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and roasting are essential for the development of the final
flavor and color,8,9 both processes will cause a loss in polyphe-
nols (catechins, epicatechins and procyanidins) due to oxi-
dation, polymerization and degradation.10–12 However, some
of them will still remain intact while some others will bind
with proteins to form tannins, responsible for cocoa astrin-
gency. These polymers can also be substrates for gut
microbes.13 Additionally, during roasting non-enzymatic
browning gives rise to different chemical reactions14,15 and the
generation of high-molecular weight compounds named mela-
noidins, which exert a potent antioxidant activity.16 Such
melanoidins also reach the colon, where they can be
degraded by beneficial bacteria promoting their growth and
metabolism.17,18

Accordingly, cocoa is a source of different compounds that
can be used by gut microbes and therefore potentially modu-
late their growth and metabolic activity. As such, the phenolic
metabolism by gut microbes has been extensively studied both
in vitro and in vivo.3,5,19 While most research studies involving
cocoa and gut microbiota are focused on either a particular
bioactive compound or a cocoa formula enriched in some phy-
tochemicals, the effect that cocoa powder itself could have on
gut microbiota has barely been studied. Massot-Cladera20

studied the effect of a cocoa-rich diet in rats but gut micro-
biota was examined via FISH (fluorescence in situ hybridiz-
ation) and therefore, only targeted bacteria were accounted for.
On the other hand, Álvarez-Cilleros et al.21 investigated how a
cocoa-rich diet affected the gut microbiota of diabetic rats.

Therefore, since cocoa roasting results in a loss of bioactive
compounds, the aim of this research is to investigate whether
unroasted cocoa powder has a different bioactivity (i.e. anti-
oxidant capacity and effect on gut microbial communities)
from roasted cocoa powder. The roasting temperature is also
studied to establish, if any, the best temperature to generate a
stronger antioxidant capacity and a healthier gut microbiota
profile. All these assays were performed after in vitro digestion
and gut microbial fermentation to parallel the modifications
occurring along the human gastrointestinal tract.

2. Materials and methods
2.1. Samples

Cocoa samples belonged to the “forastero” variety (Theobroma
cacao spp. sphaerocarpum) harvested in 2019 from two
different locations, Tibú and Zulia, Colombia. For each
sample, 1 kg of cocoa was harvested at random. Cocoa beans
were afterwards classified to remove any damaged beans or
those with flaws or defects. Cocoa beans were processed to
obtain the cocoa powder, which was then frozen and shipped
to the University of Granada (Spain). Cocoa beans processing
included a roasting step carried out at different temperatures
for 30 minutes: 50, 70, 90 and 120 °C. However, we have to
state that according to Beg et al.8 cocoa is industrially roasted
at a temperature between 90 and 145 °C. Accordingly, cocoa
samples included 4 (2 for each location) unroasted or raw

cocoa samples and 4 roasted samples for each roasting temp-
erature (all samples were analyzed in duplicate).

Nine different chocolates (8 dark and 1 mixed with milk)
were manufactured and processed by the company Somos
Cacao SAS (Colombia). The content of cocoa solids or cocoa
content, according to the label, was in the range of 40 to 80%.
All samples were stored at −80 °C and shipped in dry ice to the
University of Granada for subsequent analyses.

2.2. Reagents

Trolox ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), gallic acid, acetic
acid, propionic acid, butyric acid, Folin–Ciocalteu reagent,
sodium hydroxide, hydrochloric acid, ferric chloride hexa-
hydrate, sodium acetate, potassium chloride, potassium dihy-
drogen phosphate, sodium monohydrogen carbonate, sodium
chloride, magnesium chloride hexahydrate, ammonium car-
bonate, calcium chloride dihydrate, sodium dihydrogen phos-
phate, tryptone, cysteine, sodium sulphide, resazurin, salivary
α-amylase, porcine pepsin, bile acids (porcine bile extract),
pancreatin and ethanol were from Sigma-Aldrich (Darmstadt,
Germany).

2.3. In vitro gastrointestinal digestion and in vitro gut
microbial fermentation

2.3.1. In vitro gastrointestinal digestion. In vitro gastroin-
testinal digestion was carried out according to the protocol
described by Brodkorb et al.22 Five grams of cocoa powder was
mixed (1 : 1 w vol−1) with 5 mL of simulated salivary fluid con-
taining 150 U mL−1 of α-amylase and kept at 37 °C in oscil-
lation for 2 minutes. Then, 10 mL of simulated gastric fluid
with 4000 U mL−1 of pepsin was added and the pH was
adjusted to 3. The mixture was kept at 37 °C in oscillation for
2 hours. Finally, 20 mL of simulated intestinal fluid with 200
U mL−1 of pancreatin and bile salts of concentration 20 mM
were added and the pH was adjusted to 7. The mixture was
kept at 37 °C in oscillation for 2 hours. Digestion was halted
by immersion of the tubes in ice for 15 minutes. The tubes
were afterwards centrifuged at 3500g for 10 minutes and ali-
quots of the supernatant were taken and stored at −80 °C until
further analysis. The solid pellet or solid residue, representing
the fraction that reaches the large intestine, was used as input
for in vitro gut microbial fermentation.

2.3.2. In vitro gut microbial fermentation. In vitro gut
microbial fermentation was carried out according to the proto-
col described by Pérez-Burillo et al.23,24 Briefly, fecal material
was collected the morning of the experiment from 4 healthy
volunteers. They had an average BMI (body mass index) of
22.6, they had no history of intestinal disease, they had not
taken antibiotics for at least the 6 previous months and they
were not taking any pro- or prebiotics. Fecal materials from all
4 volunteers were pooled together to minimize inter-individual
variability. The fecal inoculum was obtained by adding 0.1 M
phosphate buffer at pH 7 to the fecal material to obtain a 32%
(w vol−1) inoculum. The fermentation medium was composed
of peptone (14 g L−1) at pH 7, 0.312 g L−1 of cysteine and
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0.312 g L−1 of hydrogen sulfide. 0.5 g of undigested residue
were weighted into tubes and 7.5 mL of fermentation medium
was added. Finally, 2 mL of fecal inoculum was added to each
tube. The whole process was carried out inside an anaerobic
chamber keeping N2, CO2, and H2 gas concentrations at 80%,
16% and 4%. The tubes were incubated at 37 °C for 20 hours in
oscillation. The fermentation was halted by immersion in ice.
The tubes were afterwards centrifuged at 3500 g for 10 minutes
and aliquots of the supernatant (potentially absorbable frac-
tion) were taken and stored at −80 °C until further analysis. In
vitro fermentation was carried out in duplicate.

2.4. Antioxidant capacity assays

2.4.1. FRAP assay. The reducing capacity of the digested
and fermented samples was measured according to the pro-
cedure described by Benzie & Strain,25 and adapted to a micro-
plate reader (FLUOStar Omega, BMG Labtech, Germany).
Briefly, each well of a 96-well plastic plate contained 280 μL of
FRAP reagent and 20 μL of the sample (both supernatants were
obtained after in vitro digestion and in vitro fermentation). The
FRAP reagent was composed of 25 mL of 0.3 mM sodium
acetate buffer at pH 3.6, 2.5 mL of a 10 mM solution of 2,4,6-
tri(2-pyridyl)-s-triazine (TPTZ) dissolved in HCl 40 mM and
2.5 mL of 20 mM ferric chloride solution. The absorbance
readings were taken every 60 seconds for 30 minutes at
595 nm. A calibration curve with Trolox was prepared in the
range of 0.01–0.4 mg mL−1. The results were expressed as
mmol Trolox equivalents kg−1 of the sample.

2.4.2. DPPH assay. The antiradical activity of the digested
and fermented samples was measured according to the pro-
cedure described in Navajas-Porras et al.26 Briefly, 280 μL of
DPPH solution (7.4 mg 100 mL−1 of methanol) was mixed with
20 μL of the sample (both supernatants obtained after in vitro
digestion and in vitro fermentation) in a 96-well plastic plate.
Absorbance readings were taken every 60 seconds for
60 minutes at 515 nm. A FLUOStar Omega microplate reader
was used (BMG Labtech, Germany). A calibration curve with
Trolox was prepared in the range of 0.01–0.4 mg mL−1. The
results were expressed as mmol Trolox equivalents/kg of the
sample.

2.4.3. Folin–Ciocalteu assay. Folin–Ciocalteu assay was
carried out as described by Singleton & Rossi,27 but adapted to
a microplate reader (FLUOStar Omega, BMG Labtech,
Germany). Briefly, in a 96-well plastic plate, 15 μL of Folin–
Ciocalteu reagent was mixed with 60 μL of sodium carbonate
(10%), 195 μL of Milli-Q water and 30 μL of the sample (both
supernatants obtained after in vitro digestion and in vitro fer-
mentation). The absorbance readings were taken every 60
seconds for 60 minutes at 765 nm. A calibration curve with
gallic acid was prepared in the range of 10–100 mg L−1. The
results were expressed as mg gallic acid equivalents per kg of
the sample.

2.5. 5-Hydroxymethylfurfural and furfural analyses

HMF analysis was carried out as described by Rufián-Henares
et al.28 Cocoa powder and chocolate samples were suspended

in Milli-Q water and clarified with Carrez I (potassium ferro-
cyanide, 15% w v−1) and Carrez II (zinc acetate 30% w v−1)
solutions. The resulting supernatant was filtered through a
0.22 μm nylon filter. The filtrate was injected into an HPLC
system (Accela 600). The HPLC system was composed of a PDA
detector, a multisampler and a quaternary pump. An RP C18

column was used. As mobile phase, 5% acetonitrile in water
was used. The flow rate was 1 mL min−1 and the wavelength
was 284 nm. The results were expressed as mg kg−1 of sample.

2.6. Short chain fatty acid analysis

Short chain fatty acids were analyzed as in Pérez-Burillo et al.18

In vitro fermentation supernatant was filtered through a
0.22 μm nylon filter and injected into the HPLC system (Accela
600). The HPLC system was composed of a PDA detector, a
multisampler and a quaternary pump. The detector was set at
210 nm; the mobile phase used was Milli-Q water with 1% of
formic acid/acetonitrile with 1% of formic acid at a rate of
99 : 1 v v−1 delivered at a 1.25 mL min−1 flow rate; the column
used was an Aquasil C18 reverse phase (Thermo Scientific) (150
× 4.6 mm, 5 µm), with a total run time of 30 min. Calibration
curves with standard acetate, propionate and butyrate were
made at a concentration range of 10–0.01 mM. The results
were expressed in mM.

2.7. 16S rRNA amplicon sequencing and bioinformatic
analysis

DNA extraction from the solid residues derived from the fer-
mentation process was performed using a MagNA Pure LC
JE379 platform (Roche) and DNA Isolation Kit III, with initial
lysis using lysozyme at 0.1 mg ml−1. 12 ng of microbial
genomic DNA was used as the template for the amplification
of the V3–V4 hypervariable region of the 16S rRNA gene, fol-
lowing the Illumina protocol for 16S Metagenomic Sequencing
Library Preparation (Cod. 15044223 Rev. A). The PCR primers
used were as described by Klindworth et al.,29 with the forward
primer being 5′-TCGT CGGC AGCG TCAG ATGT GTAT AAGA
GACA GCCT ACGG GNGG CWGCA-G3′ and the reverse primer
being 5′-GTCT CGTG GGCT CGGA GATG TGTA TAAG AGAC
AGGA CTAC HVGG GTAT CTAA TCC3′. The primers contained
adapter sequences to make them compatible with the Illumina
Nextera XT Index kit. Amplicon libraries were pooled and
sequenced in an Illumina MiSeq sequencer in a 2 × 300 cycles
paired-end run (MiSeq Reagent kit v3).

The DADA2 (v1.8.0) package30 from R (v3.6.0) was employed
for sequence processing and read joining, as well as for the
generation and annotation of amplicon sequence variants
(ASVs). The filtering and trimming parameters were as follows:
maxN = 0, maxEE = c(2,5), truncQ = 0, trimLeft = c(17,21),
truncLen = c(270 220), and rm.phix = TRUE. A minimum
overlap of 15 nucleotides and a maximum mismatch of 1 were
required for the merging of forward and reverse sequencing
reads. Bowtie231 was employed to align the reads against the
human genome (GRCh38.p11) and the matches were dis-
carded. Sequences with 100% similarity were clustered into
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ASVs that were taxonomically annotated through comparison
to the SILVA132 reference database (v1.12).32

2.8. Statistics

Principal Coordinates Analysis (PCoA) with the Bray–Curtis dis-
similarity index was carried out for the exploratory analysis of
16S rRNA sequencing data. Canonical Correspondence Analysis
(CCA) and coinertia analysis were applied as interpretative
methods. Both methodologies try to find associations between
the two sets of variables; in the case of CCA, it tries to explain
the variability found in the microbial community via several
environmental explanatory variables. In the case of coinertia
analysis, it tries to find associations between the microbial com-
munity and SCFA; in this case, by finding the correlation
between the metabolite PCA and the microbial PCoA. The
strength of the association found with coinertia analysis is
measured via the RV coefficient. It is a number between 0 and 1
and the higher the coefficient the stronger the association.33

Random Forest was used as discriminant analysis. The impor-
tance that the random forest algorithm gives to each feature
(i.e.: each genus) to classify samples, in this case, as roasted or
unroasted, is given by two parameters: mean decrease accuracy
and mean decrease Gini. Mean decrease accuracy gives a rough
estimate of the loss in prediction performance when that par-
ticular variable is omitted from the training set. Mean decrease

Gini is a measure of node impurity; a node with the highest
purity is that which has only features of the same class (roasted
vs unroasted). By calculating the decrease in Gini when a
feature is omitted, we learn the importance of such feature for
classification of the data as roasted or unroasted.34 Statistical
significance was set at p < 0.05. Significance between pairs of
categories in antioxidant capacity, metabolites and genus abun-
dance was tested by the Wilcoxon test. All analyses were carried
out in R version 3.6.3.

3. Results and discussion
3.1. Antioxidant capacity of raw and roasted cocoa

Cocoa samples from two different locations (raw and roasted
at different temperatures) were subjected to in vitro gastroin-
testinal digestion followed by in vitro fermentation. We
obtained two supernatants: one resembling the potentially
absorbable fraction in the small intestine and another resem-
bling the fraction that can be absorbed in the large intestine.
Antioxidant capacity was evaluated in both fractions by means
of DPPH, FRAP and Folin–Ciocalteu methods.

The antioxidant capacity released after in vitro gut microbial
fermentation (Fig. 1) was always higher than that released after
in vitro digestion, though the difference was significant (p <

Fig. 1 Antioxidant capacity of raw (unroasted) and roasted cocoa powders at different temperatures. The upper three panels show the antioxidant
capacity obtained from the in vitro digestion supernatant. The bottom three panels show the antioxidant capacity obtained from the in vitro gut
microbial fermentation supernatant. Significance was tested via the Wilcoxon test (p < 0.05). Comparisons were made using raw cocoa as the refer-
ence group. Significance labels: ns: not significant; *: p < 0.05; **: p < 0.01.
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0.05) only in the case of the FRAP and Folin–Ciocalteu methods
(statistical differences not shown in Fig. 1). This has been pre-
viously reported, especially in the case of plant derived foods,
where bioactive components are less accessible to human diges-
tive enzymes.26,35 In addition, cocoa has an impressive load of
phenolic compounds, mostly flavan-3-ols and procyanidins,
which reach the colon and are extensively metabolized by gut
microbes into smaller molecules.36 Therefore, they could
increase the antioxidant capacity of this fraction.

The antioxidant capacity, on the other hand, was no
different depending on the location of the cocoa crop (data not
shown). However, roasting did have a strong influence on anti-
oxidant capacity, regardless of the assay. Raw cocoa samples
were significantly more antioxidant than roasted cocoa
samples. In fact, as depicted in Fig. 1, the antioxidant capacity
decreased as the roasting temperature increased. This has
been previously described in undigested-unfermented cocoa
samples,37,38 and it has been linked to the loss of phenolic
compounds that occurs during roasting.6 In our study, this
loss of antioxidant power was more apparent in the fermenta-
tion supernatant. A potential explanation could be that the
antioxidant capacity released during gut microbial fermenta-
tion was highly dependent on those metabolites derived from
flavan-3-ols and procyanidins, which could reach the colon in
much lower concentrations due to roasting.

3.2. HMF and furfural as thermal damage markers of roasted
cocoa

HMF and furfural are chemical compounds produced during
non-enzymatic browning (Maillard reaction) and carameliza-
tion.39 Therefore, they are often used as quality parameters to
control roasting or heating processes in foods,39,40 also in
cocoa.41 Our results showed that the location of the crop did
not have any influence on the formation of HMF or furfural
during roasting (data not shown). This is not surprising since
their formation will depend on common ingredients (reducing
sugars, amino acids or vitamins) whose concentrations should
be barely affected by the crop location.

On the other hand, HMF and furfural concentrations
increased during roasting (Fig. 2), which is in agreement
with other studies.41 In the case of furfural, the largest pro-
duction was observed till 70 °C and then a decrease of fur-
fural generation was observed. This could be explained by
taking into account that furfural is a volatile compound, so
that it can be volatilized with a hardest roasting process
(contrary to HMF, which is not volatile). HMF has proven, in
animals, to be hepato- and nephrotoxic via previous for-
mation of 5-sulfooxymethylfurfural (SMF).42 Therefore, these
chemical compounds could be useful in controlling the
roasting process, not only of cocoa but other foods too, with

Fig. 2 (A) HMF and furfural concentrations of raw and roasted cocoa powders. (B) Short chain fatty acid concentration after in vitro gut microbial
fermentation of raw and roasted cocoa powders. Significance was tested via the Wilcoxon test (p < 0.05). Comparisons were made using raw cocoa
as the reference group. Significance labels: ns: not significant; *: p < 0.05; **: p < 0.01.
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the aim to reduce HMF content and its potential health
damaging effect.

3.3. Gut microbiota community structure and functionality

The gut microbial communities resulting from in vitro fermen-
tation of raw and roasted cocoa powder obtained from two
different locations were also studied. Gut microbiota commu-
nity structure or composition (i.e. the abundance of each bac-
terial genus) was investigated by 16S rRNA gene sequencing
whereas their functionality was assessed by analyzing short
chain fatty acid (SCFA) production since they are known to be
the main gut microbial fermentation products.43

As shown by PCoA with Bray–Curtis dissimilarity (Fig. 3A),
gut microbial communities seemed to be especially affected by
roasting, with a large dissimilarity between raw and roasted
(regardless of the temperature) cocoa samples. The location of
the crop, however, did not seem to play a differential role in
the structure of the microbial community, though some dis-
similarity between locations can be noticed in Fig. 3A. Then a
canonical correspondence analysis (CCA) was performed using
the following as the explanatory variables of the gut microbial
community structure: (i) location of the crop; (ii) whether
cocoa was roasted or raw; and (iii) HMF and furfural concen-
trations (Fig. 3B). This interpretative analysis is usually applied

Fig. 3 (A) Principal Coordinates Analysis (PCoA) with Bray–Curtis dissimilarity of the gut microbial community structure after in vitro gut microbial
fermentation of raw and roasted cocoa powders. (B) Canonical Correspondence Analysis (CCA) of the gut microbial community structure after
in vitro gut microbial fermentation of raw and roasted cocoa powder using as explanatory variables raw/roasted, location of the crop, and HMF and
furfural concentrations. The arrows point in the direction at which metabolite concentrations are higher. (C) Coinertia analysis between the SCFA-
based PCA and the genus-abundance-based PCoA. The significancy of the model is given by a p value < 0.01 and a RV = 0.61 (level of correlation).
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to find associations between explanatory variables and the
response variables (in this case, gut microbial community
composition). According to CCA, whether cocoa samples were
roasted or not had a significant influence (p = 0.001) on the
composition of the microbial community whereas location (p
= 0.330) and HMF (p = 0.407) and furfural (p = 0.063) concen-
trations did not. It makes sense that roasting could have a sig-
nificant influence on shaping gut microbial communities.
During this process, the cocoa chemical composition is dra-
matically changed and so could be the substrates that reach
the colon. On one hand, during roasting, the phenolic profile
changes as previously described.6 Moreover, and probably
more importantly, during roasting there will be a formation of
melanoidins as end products of the chemical browning, which
are not present in raw cocoa. These polymers have proven to
behave as fibers (including cocoa melanoidins), reaching the
colon where they can be degraded by gut bacteria.17,18 In
addition, it has been described how the roasting process of
coffee beans translates into a loss of poly- and oligosacchar-
ides.44 Cocoa bean poly- and oligosaccharides could likely
suffer the same fate during roasting. Therefore, given that
fiber and other polysaccharides are the main gut bacterial sub-
strate,45 it is not surprising that roasting was found to pro-
foundly impact the utilization of cocoa powder by gut
microbes.

On the other hand, when the production of SCFA was
studied, a similar tendency was observed: whereas the
location of the crop did not have any influence, the roasting
process changed the SCFA profile (Fig. 2B). Raw cocoa pro-
duced significantly higher concentrations of acetate and pro-
pionate whereas roasted cocoa fermentation resulted in sig-
nificantly higher production of butyrate. All three SCFA are
essential for the host’s gut health. Among many other investi-
gated properties, all three SCFA play a main role in maintain-
ing the gut barrier, while butyrate is used as a substrate by
epithelial cells and has also been linked to anti-inflammatory
activity, having a major impact in keeping the gut healthy.46

As stated above, the chemical changes that originated during
roasting could be the reason behind these differences in
SCFA production. Although fiber is the main source for SCFA
production, melanoidins have been demonstrated to be a
source of SCFA when fermented by gut microbes.18 The
higher production of butyrate in roasted samples suggests
that some bacterial species that are able to produce butyrate
could be growing better than in raw samples, or at least, that
they can use non-enzymatic browning compounds (i.e. mela-
noidins) to generate a better yield of butyrate. In order to
confirm whether the microbial community structure and
SCFA production were correlated or associated, we performed
a coinertia analysis. As it can be seen in Fig. 3C, there is a
strong correlation (RV = 0.61; p = 0.01) between the SCFA-
based PCA and the genus-based PCoA coordinations, since
the distance between the same samples (depicted with an
arrow) is usually less than that between different samples.
This indicates that SCFA and gut microbial composition ana-
lyses supported each other.

According to the information presented so far, whether
cocoa beans are roasted or not has a deep and significant
impact on both the gut microbiota composition and its ability
to produce SCFA. Therefore, the next step would be to unravel
the most discriminant genera between the microbial commu-
nities resulting from raw and roasted cocoa fermentations (i.e.
the genera that best describe or represent raw or roasted
samples). A random forest was performed as discriminant ana-
lysis, since it is widely used to find features (in this case bac-
terial genera) to distinguish between different microbial com-
munities.47 The most important genera to classify the
samples, in this case as raw or roasted, are given by the vari-
ables Mean Decrease Accuracy and Mean Decrease Gini (see
Material and methods section) and the higher they are the
more influence they have in the classification. As depicted in
Fig. 4A and B, among the top five positions for both variables
can be found Veillonella, Faecalibacterium and Lachnospiraceae
UCG 004. Whereas Veillonella is a propionate producer,
Faecalibacterium is a butyrate producer and it also plays a posi-
tive role in the regulation of the immune system.43 Veillonella
was found in much higher abundance in raw samples
(Fig. 3C), which could explain in part the higher propionate
concentrations in those samples. It is also especially signifi-
cant to have found Faecalibacterium as a top discriminant bac-
terium, since it is a well-known butyrate producer and there-
fore it could explain, at least in part, the higher butyrate pro-
duction with roasted samples. In addition, this could mean
that Faecalibacterium can use non-enzymatic browning pro-
ducts (such as melanoidins) as fermentation substrates. This
result would be in line with previous research showing that
Faecalibacterium was favored by melanoidin fermentation.18

On the other hand, Roseburia and Butyricicoccus, both of them
butyrate producers,43 were also found at higher abundance in
roasted samples. Fig. 4C shows all those differentially (p <
0.05) abundant genera between raw and roasted samples,
some of them having been proven to have beneficial health
effects or to produce SCFA.43,46

Results have clearly shown how the gut microbial fermenta-
tion of roasted and raw cocoa results in fairly different
microbial communities and SCFA production. However, it is
also important to know whether the degree of roasting gener-
ates significant differences. We studied the effect of the roast-
ing degree in the top 7 discriminating genera (i.e. those genera
with Mean Decrease Accuracy above 4 and Mean Decrease Gini
above 0.3). As depicted in Fig. 5A, the roasting degree (temp-
erature applied) did not have an influence on these bacteria.
However, as it has been described before,48 furanic com-
pounds such as HMF and furfural could inhibit the growth of
certain bacteria. Thus, the potential inhibitory effects were
checked by searching for Spearman correlations between HMF
and furfural and any of the genera observed in our microbial
communities. Negative correlations were found between those
compounds and Blautia and Veillonella (Fig. 5B), though these
correlations were significant only in the case of HMF. Still, as
these are only correlations, other interactions could be
involved, such as inhibition by other compounds generated
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during roasting or competition by other bacteria that are
especially favored by other compounds generated during roast-
ing. Conversely, a positive significant correlation between
HMF and Alistipes was found. Similarly, this correlation is
likely to be due to other compounds that appear during roast-
ing and that can be used by bacteria (such as melanoidins) or
to the fact that roasting causes the loss of compounds essen-
tial for other bacteria (such as poly- or oligosaccharides), allow-
ing Alistipes to out-compete them and grow in their place.
Finally, though acetate and propionate production seemed to
decrease with temperature, differences between different roast-
ing temperatures were not significant (Fig. 5C). Butyrate pro-
duction was also affected differentially by temperature, reach-
ing the highest concentrations at 50 and 70 °C. However,
again, differences were only significant between raw and
roasted cocoa.

3.4. Antioxidant capacity and thermal damage markers of
chocolates

Antioxidant capacity and thermal damage markers were also
analyzed in the chocolates that contain the studied cocoa
powder (provided by cocoa roasters). As shown in Table 1, the
antioxidant capacity of the digested fraction was 2–3 times
lower than that of the fermented fraction, except in the case of
the Folic-Ciocalteu method, where similar results were found.
In this sense, for the total phenolic compound analysis, the
results obtained in this study were in line with those of other
vegetable products26 and tailor-made chocolate products37 and
10–20 times higher than those reported by other authors for
chocolate products.49 This could be related to the absence of
the in vitro digestion-fermentation, which is known to release
more antioxidant compounds than those obtained using
solvent extraction.23

Fig. 4 (A) The mean decrease accuracy values for each genus included in random forest analysis. Mean decrease accuracy gives a rough estimate of
the loss in prediction performance when that particular genus is omitted from the training set. (B) Mean decrease Gini values for each genus
included in random forest analysis. Mean decrease Gini is a measure of node impurity; a node with the highest purity is that that only has features of
the same class (roasted vs unroasted). By calculating the decrease in Gini when a feature is omitted, the importance of such feature for classification
of the data as roasted or unroasted is highlighted. (C) Violin plot of all the differentially abundant genera between roasted and unroasted (raw)
cocoa. Note the log scale (y axis). Significance labels: ns: not significant; *: p < 0.05; **: p < 0.01; and ***: p < 0.001. Statistical differences were cal-
culated via Wilcoxon test using raw cocoa as the reference group.
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Fig. 5 (A) Relative abundance at each roasting temperature of the top 7 discriminant genera according to random forest. (B) Relative abundance at
each roasting temperature of the genera that significantly correlated with either HMF or furfural concentration. Rs means Spearman correlation
coefficient between relative genus abundance and metabolite concentration. Significance labels: ns: not significant; *: p < 0.05. (C) SCFA production
at each roasting temperature.
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The antioxidant capacity followed the same tendency
observed for cocoa powder: it decreases as the temperature
applied is higher. The drop in antioxidant capacity becomes
greater at 115 and 125 °C, especially in the digested fraction.
On the other hand, in the fermentation fraction, though the
antioxidant capacity still decreases, the differences are weaker.
A possible explanation could relate to the different compounds
produced during microbial metabolism that may compensate,
up to a certain extent, for the loss of natural antioxidants
present in cocoa. These could be some newly generated com-
pounds such as phenolic metabolites or compounds produced
from melanoidin metabolism, but also other compounds that
could be attached to polymers that reach the colon and are
released once those polymers are degraded. In either case,
during microbial fermentation neo-formed compounds are
likely to appear, which not only makes the antioxidant capacity
of this fraction higher than that of the digestion fraction
(Table 1) but also softens the loss of antioxidant capacity due
to roasting.50,51 In addition, as expected, the antioxidant
capacity was higher in those chocolates with a higher cocoa
percentage.

Finally, as with cocoa powder, HMF and furfural increased
during roasting (Table 2) and a higher temperature resulted in
higher concentrations of these compounds. The largest

increase appeared from 70 to 110 °C. Irrespective of the
thermal treatment, the HMF levels of those chocolates
included in our study were 10–30 times lower than those
reported by Teixidó et al52 (from 42.1 to 74.4 mg kg−1 for dark
and milk chocolates, respectively). The differences in HMF
levels could be related to different thermal treatments and the
cocoa percentage, since no information about these para-
meters was reported in that study.

4. Conclusions

This study describes the effect that different roasting tempera-
tures, including no roasting, could have on the bioactivity of
cocoa powder (antioxidant capacity and use by gut microbes)
as well as the levels of HMF and furfural, as thermal damage
markers. In the study, we analyzed cocoa samples from two
different locations, but this factor did not show a significant
influence on the experiments carried out. However, we did
observe important differences depending on the roasting
temperature. Whereas the antioxidant capacity decreased as
the roasting temperature increased, HMF and furfural did the
opposite. The loss of phenolic compounds during roasting has
been stated to be the main cause for the drop in antioxidant
capacity. On the other hand, during roasting, chemical brown-
ing takes place and HMF and furfural increase in
concentration.

Gut microbial communities were significantly affected
depending on whether cocoa was roasted or not regardless of
the roasting temperature. Two of the most affected genera were
Veillonella and Faecalibacterium. The former is a propionate
producer and was found in significantly higher abundance in
the raw cocoa samples, whereas the latter is a butyrate produ-
cer and was significantly more abundant in the roasted
samples. This strengthens the findings regarding SCFA pro-

Table 1 Antioxidant capacity of chocolate products (different letters indicate significant differences (p < 0.05) between the digested and fermented
groups)

Sample Step
Roasting
temperature

DPPH mmol
Trolox per kg

FRAP mmol
Trolox per kg

Folin–Ciocalteu mg
Gallic acid per kg

80% cocoa Digestion 50 98.9a ± 5.35 52.5a ± 2.13 915a ± 28.0
80% cocoa Digestion 70 98.3a ± 6.46 62.2b ± 4.52 921a ± 5.42
80% cocoa Digestion 110 92.7a ± 0.53 54.2a ± 1.56 675b ± 16.3
80% cocoa Digestion 115 93.1a ± 5.34 33.7c ± 1.05 572c ± 23.2
80% cocoa Digestion 125 89.0b ± 1.28 30.8c ± 0.34 574c ± 5.32
73% cocoa Digestion 110 88.2b ± 1.54 57.0a ± 0.68 615b ± 27.1
70% cocoa Digestion 110 90.8b ± 0.73 46.1d ± 0.38 624b ± 31.3
50% cocoa Digestion 110 80.8b ± 2.14 50.3a ± 1.95 567c ± 19.3
40% cocoa with milk Digestion 110 82.7b ± 3.01 46.9d ± 2.70 579c ± 32.0
80% cocoa Fermentation 50 238a ± 6.36 126a ± 2.66 1013a ± 47.0
80% cocoa Fermentation 70 246a ± 3.54 139b ± 6.00 950a ± 33.0
80% cocoa Fermentation 110 242a ± 13.9 131a ± 7.43 902b ± 27.0
80% cocoa Fermentation 115 225a ± 1.29 118a ± 2.92 894b ± 6.90
80% cocoa Fermentation 125 222b ± 15.0 110c ± 6.26 830b ± 39.7
73% cocoa Fermentation 110 218b ± 0.66 120a ± 1.02 648c ± 20.5
70% cocoa Fermentation 110 226a ± 3.95 111c ± 1.55 678c ± 36.0
50% cocoa Fermentation 110 213b ± 3.51 112c ± 0.52 544d ± 32.9
40% cocoa with milk Fermentation 110 225a ± 6.91 109c ± 3.52 552d ± 14.8

Table 2 HMF and furfural contents of chocolate products (different
letters indicate significant differences (p < 0.05) between different
temperatures)

Sample
Roasting
temperature HMF mg kg−1 Furfural mg kg−1

80% cocoa 50 0.437a ± 0.464 0.120a ± 0.035
80% cocoa 70 1.144a ± 0.171 0.217b ± 0.025
80% cocoa 110 3.258a ± 0.286 0.828a ± 0.085
80% cocoa 125 3.125a ± 0.183 0.956a ± 0.141
40% cocoa with milk 110 3.707b ± 0.116 1.101c ± 0.162
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duction, since it was found that the raw samples produced
higher concentrations of acetate and propionate, while the
roasted samples produced higher concentrations of butyrate.
Additionally, Faecalibacterium has been associated with anti-
inflammatory effects and immune system modulation.
Changes in gut microbial communities could be explained by
the chemical changes that cocoa undergoes during roasting:
loss of polyphenols, decrease in carbohydrates and chemical
browning. In fact, it has been shown that melanoidins, the
end products of non-enzymatic browning, have a prebiotic
role. Therefore, consumption of roasted or unroasted cocoa
could be preferred depending on the desired effect on the gut
microbiota.
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