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Cocoa fermentation is the first step in the post-harvest processing chain of cocoa
and is important for the removal of the cocoa pulp surrounding the beans and the
development of flavor and color precursors. In the present study, metagenomic and
metatranscriptomic sequencing were applied to Costa Rican cocoa fermentation
processes to unravel the microbial diversity and assess the function and transcription
of their genes, thereby increasing the knowledge of this spontaneous fermentation
process. Among 97 genera found in these fermentation processes, the major
ones were Acetobacter, Komagataeibacter, Limosilactobacillus, Liquorilactobacillus,
Lactiplantibacillus, Leuconostoc, Paucilactobacillus, Hanseniaspora, and
Saccharomyces. The most prominent species were Limosilactobacillus fermentum,
Liquorilactobacillus  cacaonum, and Lactiplantibacillus —plantarum among the
LAB, Acetobacter pasteurianus and Acetobacter ghanensis among the AAB,
and Hanseniaspora opuntiae and Saccharomyces cerevisiae among the yeasts.
Consumption of glucose, fructose, and citric acid, and the production of ethanol, lactic
acid, acetic acid, and mannitol were linked to the major species through metagenomic
binning and the application of metatranscriptomic sequencing. By using this approach,
it was also found that Lacp. plantarum consumed mannitol and oxidized lactic acid,
that A. pasteurianus degraded oxalate, and that species such as Cellvibrio sp.,
Pectobacterium spp., and Paucilactobacillus vaccinostercus could contribute to pectin
degradation. The data generated and results presented in this study could enhance the
ability to select and develop appropriate starter cultures to steer the cocoa fermentation
process toward a desired course.

Keywords: metagenomics, metatranscriptomics, cocoa fermentation, microbial diversity, yeasts, lactic acid
bacteria, acetic acid bacteria
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INTRODUCTION

The raw material needed to produce cocoa liquor or cocoa
mass, the basis for the manufacturing of chocolate products, are
cocoa beans, the seeds present in the pods of the tropical tree
Theobroma cacao L. (Schwan and Wheals, 2004; De Vuyst and
Weckx, 2016; De Vuyst and Leroy, 2020). Immediately after their
harvest, cocoa beans undergo the first steps in the processing
chain, namely fermentation and drying. This 4-10 days process
mainly takes place in boxes or heaps, usually with periodic
mixing, and enables the removal of the pulp surrounding the
beans. The fermentation causes biochemical changes within the
beans, leading to the formation of flavor and color precursors.
Due to their spontaneous nature, cocoa fermentation processes
occasionally fail, negatively impacting both the farmers and the
chocolate industry.

The pulp contains pectin and high concentrations of glucose,
fructose, and citric acid (Afoakwa, 2016; De Vuyst and Wecks,
2016; De Vuyst and Leroy, 2020), presenting a microaerobic
environment that favors a typical successive microbial growth
during the cocoa fermentation process, beginning with yeasts
and lactic acid bacteria (LAB) (Schwan and Wheals, 2004; De
Vuyst and Weckx, 2016; De Vuyst and Leroy, 2020). The yeasts
consume carbohydrates, produce ethanol, and play prominent
roles in aroma formation, as well as the pulp removal through
pectin degradation (Schwan et al., 1997; De Vuyst and Weckx,
2016; Samagaci et al.,, 2016; Meersman et al., 2017; De Vuyst
and Leroy, 2020). The LAB consume the carbohydrates and
citric acid, produce lactic acid, ethanol, diacetyl, and acetoin, and
reduce fructose to mannitol (Lefeber et al., 2010; De Vuyst and
Weckx, 2016; De Vuyst and Leroy, 2020). After the increase in
ethanol concentration and oxygen accessibility because of pulp
liquefaction, acetic acid bacteria (AAB) oxidize the ethanol into
acetic acid and, depending on the capacity of the strains present,
further into carbon dioxide and water (Lefeber et al., 2010; Moens
et al., 2014). Ethanol, acetic acid, and heat produced during
the fermentation cause the death of the cocoa bean embryos,
resulting in a cascade of events that sets the biochemical stage
for a plethora of flavor- and color-forming reactions between
peptides, amino acids, carbohydrates, and other compounds, in
particular during drying and roasting of the cocoa beans (Voigt
et al., 1994; Wollgast and Anklam, 2000; De Vuyst and Weckx,
2016; De Vuyst and Leroy, 2020; Muioz et al., 2020).

Years of research on the cocoa fermentation process have
indicated that yeasts, LAB, and AAB, are key players in
these fermentation processes. The resulting focus on these
microbial groups is reflected in the use of dedicated growth
media during culture-dependent studies that commonly
report on the yeast species Candida tropicalis, Hanseniaspora
guilliermondii, Meyerozyma guilliermondii (formerly Pichia
guilliermondii), Pichia kudriavzevii (formerly Issatchenkia
orientalis), and Saccharomyces cerevisiae; the LAB species
Limosilactobacillus ~ fermentum  (formerly  Lactobacillus
fermentum) and Lactiplantibacillus  plantarum  (formerly
Lactobacillus plantarum); as well as the AAB species Acetobacter
pasteurianus, Acetobacter ghanensis, and Acetobacter senegalensis
(Jespersen et al., 2005; Camu et al., 2007, 2008; Nielsen et al., 2007;

Daniel et al., 2009; Garcia-Armisen et al., 2010; Papalexandratou
and De Vuyst, 2011; Papalexandratou et al., 2011a,b,c, 2013;
Lefeber et al., 2012; Crafack et al., 2013; Ho et al., 2014, 2015,
2018; Hamdouche et al., 2015; Meersman et al., 2015; Bortolini
et al., 2016; Fernandez Maura et al., 2016; Jamili et al., 2016;
Koné et al, 2016; Magalhaes da Veiga Moreira et al., 2016;
Samagaci et al., 2016; Visintin et al., 2016; Balogu and Onyeagba,
2017; de Almeida et al, 2019). Culture-independent studies
have extended this knowledge and reported the presence of
additional microbial groups, such as enterobacteria and bacilli
(Nielsen et al., 2007; Papalexandratou et al., 2011a, 2013, 2019;
Illeghems et al., 2012, 2015; Hamdouche et al., 2015; Bortolini
et al,, 2016; Magalhdes da Veiga Moreira et al., 2016; Ouattara
et al., 2017; Agyirifo et al., 2019; Serra et al., 2019). However, to
show their active involvement, a link should be made between
their growth and metabolic activities. Whereas metagenomics
can map the microbial species diversity and predict its functional
potential (Illeghems et al., 2012, 2015; Agyirifo et al., 2019; Lima
et al., 2020), metatranscriptomics can reveal actively transcribed
genes that are likely to impact the microbial metabolism. Actual
metabolic activities can be assessed through a metabolomics or a
metabolite target analysis approach, in particular by measuring
the concentrations of predicted metabolites.

The aim of this study was to elucidate the microbial
diversity during cocoa fermentation, identify microbial species
present therein, and assess their behavior over time by
applying metagenomic sequencing on three Costa Rican cocoa
fermentation processes. Furthermore, the aim was to ascribe
potential functions to microbial groups from a temporal
perspective through the combined use of metagenomics,
metatranscriptomics, and metabolite target analysis.

MATERIALS AND METHODS

Fermentations and Sampling

Three cocoa fermentation processes (referred to as F1, F2, and F3)
were carried out with the Trinitario cocoa variety and sampled
on a cocoa farm in the Limén province of Costa Rica in August
2016 (F1) and September 2016 (F2 and F3). Fermentations F2
and F3 were performed in parallel, 2 weeks after the beginning
of fermentation F1. Immediately after the cocoa pod harvest,
mechanical opening and automated pod removal, the cocoa
pulp-bean mass was placed in 1.4 m x 2.0 m x 0.6 m boxes,
each containing approximately 1,700 kg. The mass was left
to ferment for the first 48 h, followed by daily mixing. The
fermentation lasted for 7 days, followed by drying and further
processing of the beans. Temperature and pH were monitored
on-line by means of a portable digital pH meter (pH 340i;
Xylem Analytics, Weilheim, Germany) for fermentations F1 and
F2. Samples for RNA extraction (F2 only), DNA extraction,
and metabolite target analysis were taken at time points 0 h
(when the boxes were full), 7, 20, 44, 68, 92, and 140 h, with
a 1 h delay for fermentation F3. For DNA extraction, three
cocoa beans with associated pulp (approximately 10 g) were
placed into a 50 mL centrifuge tube and stored at —20°C.
For RNA extraction, three cocoa beans with associated pulp
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were placed into 30 mL of RNAlater (Thermo Fisher Scientific,
Waltham, MA, United States). This suspension was mixed
and kept refrigerated for 24 h, followed by storage at —20°C.
For metabolite target analysis, two samples of approximately
300 g of cocoa pulp-bean mass were stored in freezer bags at
—20°C. The samples were transported on ice from the farm
to the laboratory at the Universidad Nacional de Costa Rica,
Heredia, Costa Rica.

DNA Extraction

An aliquot of 10 mL of NaCl solution (0.85% m/v) was
added to the tubes with the sampled beans and vortexed
for 30 s. After removal of the beans, centrifugation at 6,000
x g for 10 min, washing the pellet with 2 mL of sorbitol
buffer (1.5 M sorbitol, 50 mM Tris, RNase-free water, pH
8.5), and another centrifugation at 6,000 x g for 10 min,
the pellets were frozen for at least 1 h. After thawing, the
pellets were resuspended in 1 mL of lysis buffer [8% (m/v)
sucrose, 50 mM ethylenediaminetetraacetic acid (EDTA), 50 mM
Tris, 20 mg/mL lysozyme, 125 U mutanolysin, 30 mM B-
mercaptoethanol, RNase-free water, pH 8.5]. These suspensions
were incubated at 37°C for 45 min, after which 20 pL of
Lyticase (20 U/pL stock) and 20 wL of a LongLife Zymolyase
solution were added, followed by another incubation at 37°C
for 45 min. Then, 0.4 g of acid-washed 0.2 mm glass
beads, 100 pL of 20% sodium dodecyl sulfate (SDS), and
100 pL of a proteinase K solution (5 mg/mL) were added
to the mixture and the tubes were vortexed for 1 min,
followed by an incubation at 56°C for 45 min. One volume
of phenol:chloroform:isoamyl alcohol (49.5:49.5:1.0; Sigma-
Aldrich, St. Louis, MO, United States) was added to the
suspensions, followed by mixing for 1 min and centrifugation
at 6,000 x g for 10 min. The aqueous phase was transferred
to another 15 mL centrifuge tube, to which one volume
of AL buffer (Qiagen, Venlo, The Netherlands) and one
volume of absolute ethanol were added. The mixture was
repeatedly applied to a DNeasy Blood and Tissue column
in aliquots of 600 WL until the whole mixture was used,
followed by DNA purification with the DNeasy Blood and
Tissue Kit (Qiagen), and final elution in 200 pL of AE buffer
(Qiagen). After transport to Belgium, an RNase treatment was
performed by adding 4 wL of an RNase solution (Thermo
Fisher Scientific, Waltham, MA, United States) to 180 L of the
DNA solution and incubating the mixture at 37°C for 30 min,
followed by a second DNA purification step using the DNeasy
Blood and Tissue Kit.

RNA Extraction

The tubes containing the cocoa beans in RNAlater were
vortexed for 30 s. The beans were removed from the tubes
using sterilized forceps treated with RNase Away (Sigma-
Aldrich) and the remaining suspensions were centrifuged at
6,000 x g for 30 min. From pellet washing to the incubation
with proteinase K, the pellets were processed the same way
as described above for the DNA extraction protocol. After
centrifugation at 6,000 x g for 10 min, the supernatants were
transferred to a new 15 mL centrifuge tube, to which 3.5

volumes of RLT buffer (Qiagen) with B-mercaptoethanol and
2.5 volumes of absolute ethanol were added. The mixtures
were repeatedly applied to RNeasy Mini columns in aliquots
of 650 pwL until the whole mixtures were used, followed by
RNA purification with the RNeasy Mini Kit according to
the manufacturer’s protocol, including on-column DNase
treatment (Qiagen). The purity, quality, and integrity of purified
RNA were assessed using bleach-agarose gel electrophoresis

(Aranda et al, 2012), spectrophotometry (NanoDrop;
Thermo Fisher Scientific), and capillary electrophoresis
(Bioanalyzer 2100; Agilent Technologies, Santa Clara,

CA, United States).

Metagenomic and Metatranscriptomic

Library Preparation and Sequencing

All materials and machines used in this section were from
Thermo Fisher Scientific, unless stated otherwise. Metagenomic
libraries were prepared from RNA-free DNA samples for all time
points of F2 and representative time points of F1 and F3 (7,
20, and 68 h), using the Ion Torrent sequencing platform Kkits,
as described previously (Vermote et al., 2018), with a target
fragment length of approximately 300 bp. Thus, 13 metagenomic
libraries were prepared. Their names consisted of the notation
CRFxDy, whereby CR stood for Costa Rica, Fx represented the
fermentation process (F1, F2, or F3), D stood for DNA, and y
represented the time point.

Library preparation was followed by template preparation and
sequencing using an Ion Torrent PGM, as well as metagenomic
data quality control and trimming, as described previously
(Vermote et al., 2018). All metagenomic data sets were subjected
to quality control and quality trimming with FastQC v0.10.1"
and PRINSEQ 0.20.2 (Schmieder and Edwards, 2011). PRINSEQ
settings were adapted to each metagenomic data set based on the
output of FastQC.

Due to low RNA integrity and the presence of both
bacterial and eukaryotic RNA, which prevented universal mRNA
enrichment without significant losses, three samples with the
highest integrity were chosen for total RNA sequencing, covering
three representative time points in fermentation process F2
(7, 20, and 68 h). Library preparation, reverse transcription,
and ¢cDNA sequencing were performed at Macrogen (Seoul,
South Korea), using a TruSeq Stranded mRNA kit (Illumina, San
Diego, CA, United States), a HiSeq 2500 sequencing platform
(Illumina), and the 100 bp paired-end sequencing chemistry. All
metatranscriptomic data sets were subjected to quality control
with FastQC v0.11.3, and adapter removal and quality trimming
using BBTools’. Thus, three metatranscriptomic data sets were
obtained, namely CRF2R7, CRF2R20, and CRF2R68, where
R stood for RNA.

All  thirteen metagenomic data sets and three
metatranscriptomic data sets are accessible at the European
Nucleotide Archive of the European Bioinformatics Institute
(ENA/EBI) under the study accession number PRJEB38017.

Uhttp://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Zhttps://sourceforge.net/project/bbmap/
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Taxonomic Analysis of Metagenomic

Data

Taxonomic Analysis Using Metagenomic Profiling
Tools

The quality-trimmed metagenomic sequence reads were used
to assess the taxonomic composition of the cocoa fermentation
samples using DIAMOND (Buchfink et al., 2015), Kraken 2
(Wood et al., 2019), Kaiju (Menzel et al., 2016), and MetaPhlAn2
(Truong et al., 2015). BLAST (Altschul et al., 1990) was applied
for the metagenomic sequence data derived from F2 solely, as
the use of this computationally demanding tool for F2 resulted in
the detection of only one additional microbial genus compared
to the other methods combined, indicating a sufficient degree of
genus-level coverage without BLAST.

The BLAST algorithm blastn was used to compare the
metagenomic sequence reads to the National Center for
Biotechnology Information (NCBI; Bethesda, MD, United States)
non-redundant nucleotide database (NCBI-nt; accessed February
2017; NCBI Resource Coordinators, 2016) and a database
consisting of bacterial, archaeal, fungal, and viral genomes
from RefSeq (accessed February 2017; O’Leary et al, 2016).
DIAMOND was used to compare the metagenomic sequence
reads to the NCBI non-redundant protein database (NCBI-nr;
accessed February 2017; NCBI Resource Coordinators, 2016).
The output of BLAST and DIAMOND was parsed with MEGAN
6.7.11 (Huson et al., 2016), using the following parameters: Min
Score, 100; Max Expected, 0.01; Min Percent Identity, 0.0; Top
Percent, 10.0; Min Support Percent, 0.01; Min Support, 0.00;
and LCA Algorithm, Naive. When tabular BLAST/DIAMOND
output was used, Min Support was manually set to the equivalent
0f 0.01% of all reads in the data set.

Kraken 2 was used to compare the metagenomic sequence
reads on both the nucleotide level and the protein level to a
database composed of bacterial, fungal, archaeal, viral, protozoan,
plant, and human complete genome sequences from RefSeq,
or amino acid sequences derived thereof. Both databases were
constructed using the built-in database creation options of
Kraken 2 (accessed August 2018). Kaiju was used to compare the
sequence data on the amino acid sequence level to a database
constructed by using Kaiju’s built-in database creation options
and based on bacterial, archaeal, viral, fungal, and (other)
microbial eukaryotic protein sequences from NCBI-nr (accessed
July 2018). MetaPhlAn2 was used to estimate the structure of the
microbial communities in the samples using the default database
of marker gene sequences mpa_v20 (accessed April 2014).

Metagenomic Recruitment Plotting

Metagenomic recruitment plotting was performed as described
previously (Verce et al., 2019), based on genera represented by
more than 0.1% of all reads in any of the 13 metagenomes,
according to the results obtained with BLAST, DIAMOND,
Kraken 2, or Kaiju, as mentioned above. In the case that several
equally good hits were considered as the best hit during filtering
with an in-house Python script, a random one was chosen among
them to avoid bias, as in such cases the hits are alphabetically
listed according to the subject accession number (Shah et al,

2019). The results were adjusted for recent major taxonomic
changes regarding the genus Lactobacillus (Zheng et al., 2020).

Overall Taxonomic Analysis Based on Metagenomic
Profiling Tools and Metagenomic Recruitment
Plotting

The read-level outputs of several tools were merged to maximize
the number of assigned reads, taking the taxonomic changes
of the genus Lactobacillus into account (Zheng et al.,, 2020).
The outputs were ranked in the following, decreasing order
of priority: metagenomic recruitment plotting, Kaiju, Kraken 2
(nucleotide level), Kraken 2 (amino acid level), and DIAMOND.
Genus richness, Shannon’s diversity index, and Pielou’s evenness
index were calculated with the R package vegan (Oksanen et al.,
2019), using the genus-level assignments, whereby only taxa
represented by at least 0.1% of all reads were retained, and the
categories “Minorities,” “Above genus” and “Unassigned” were
retained as pseudo-taxa.

Co-assembly of Metagenomes, Contig

Binning, and Contig Annotation

All 13 metagenomic data sets were co-assembled using the
MEGAHIT assembler (Li et al, 2015), with the following
parameters: min-count, 1; k-list, 21, 29, 39, 49, 59, 69, 79, 89,
99, 109, 119, 129, 139, 159, and 179; and min-contig-len, 1000.
The assembly was imported into anvi’o v5.1 (Eren et al., 2015),
wherein a contig database was set up from contigs of at least
2.5 kbp. Contigs longer than approximately 20 kbp were split
into parts called splits. An anvi’o profile database was set up
by mapping the metagenomic sequence reads from each data
set to the co-assembly using Bowtie 2 (Langmead and Salzberg,
2012). Taxonomic information was obtained by classifying the
anvi'o-generated gene calls using Kaiju, as mentioned above.
Contig/split binning was performed using CONCOCT (Alneberg
et al., 2014). The resulting bins were manually refined based on
the sequence composition and differential coverage, as well as the
completeness and contamination statistics calculated by CheckM
(Parks et al., 2015).

The metagenomic bins were annotated with PROKKA
(Seemann, 2014). As the primary reference for functional
annotation, RefSeq or GenBank protein sequences from
selected bacterial species were used, based on the results of
the taxonomic analysis, to represent all major bacterial groups
present in the metagenomes, namely A. ghanensis LMG 238487
(GCF_001499675.1), A. pasteurianus 386B (GCF_000723785.2),
Acinetobacter populi PBJ7T (GCF_002174125.1), Cellvibrio
japonicus Ueda 1077 (GCF_000019225.1), Dysgonomonas
capnocytophagoides  DSM 228357 (GCF_000426485.1),
Gluconacetobacter entanii LTH 45607 (GCF_003206495.1),
Komagataeibacter hansenii ATCC 23769 (GCF_000164395.1),
Liquorilactobacillus cacaonum DSM 211167 (GCF_001436735.1;
formerly Lactobacillus cacaonum), Liml. fermentum IMDO
130101 (GCA_900205745.1), Liquorilactobacillus nagelii DSM
136757 (GCF_001434225.1; formerly Lactobacillus nagelii),
Lacp. plantarum WCEFS1 (GCF_000203855.3), Paucilactobacillus
vaccinostercus  DSM 206347 (GCF_001436295.1; formerly
Lactobacillus vaccinostercus), Leuconostoc pseudomesenteroides
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PS12 (GCF_000686505.1), Pectobacterium carotovorum PCl1
(GCF_000023605.1), and Tatumella ptyseos NCTC 114687
(GCF_900478715.1). To facilitate further analyses, orthogroups
(OGs) were inferred from predicted protein products from
all metagenomic bins using OrthoFinder (Emms and Kelly,
2015). Contigs within the metagenomic bins corresponding to
Hanseniaspora opuntiae and S. cerevisiae were annotated with
MAKER2 (Holt and Yandell, 2011), using Saccharomycetales
protein sequences from Swiss-Prot (The UniProt Consortium,
2019) as references for functional annotation.

Metatranscriptomic Analysis

Bacterial, archaeal, and eukaryotic rRNA reads were removed
from the metatranscriptomic data sets using SortMeRNA
(Kopylova et al., 2012). The resulting sequences were mapped
using minimap2 (Li, 2018) to tRNA sequences from the
annotated metagenomic bins. Metatranscriptomic sequence
reads that did not match any rRNA or tRNA sequences were
presumed to be mRNA reads.

Kallisto (Bray et al., 2016) was used to map mRNA reads
to coding sequences (CDSs) obtained from the PROKKA or
MAKER?2 annotations of all metagenomic bins and to estimate
expression levels, expressed as transcripts per million (tpm).
Due to insufficient quality of the metagenomic bins in the
case of AAB, CDSs from the genomes of A. pasteurianus
386B (GCF_000723785.2) and A. ghanensis LMG 238487
(GCF_001499675.1) were used as references for these two major
species. The tpm values were initially calculated considering all
CDSs in the metagenomic assembly and then re-normalized
per metagenomic bin to enable the ranking of CDSs within a
metagenomic bin according to their transcription. The CDSs
that had less than five reads mapped to them at any time point
were excluded. The CDSs were ranked within metagenomic bins
according to corrected tpm values and assigned deciles and
percentiles, denoting the relative importance of the CDSs within
a genome. For instance, the CDS with the highest re-normalized
tpm in a given metagenomic bin at a certain time point would be
assigned to the 100th percentile and 10th decile.

Analysis of Genes Related to

Pectinolysis

The software tool dbCAN2 (Zhang et al, 2018) was used
to identify carbohydrate-active enzymes among the protein
sequences obtained from the PROKKA or MAKER?2 annotations,
or A. pasteurianus 386B and A. ghanensis LMG 238487
assemblies. Only those CDSs were retained that were identified
by at least two methods embedded within dbCAN2. After
multiple sequence alignment using MUSCLE (Edgar, 2004) and
comparison with other sequences using NCBI BLAST, truncated
protein sequences were not considered in further analyses.
Signal peptides in query protein sequences were identified within
dbCAN2 using SignalP 4.0 (Petersen et al, 2011). Due to
the presence of simple carbohydrates, the expression of genes
related to pectinolysis was assumed to be relatively low in the
main species and possibly high in other, less abundant species.
Therefore, to increase the detection, CDSs related to pectinolysis

with at least one mRNA read mapped were considered as
expressed genes. As glycoside hydrolase families GH2, GH3,
GH28, GH35, GH43, GH51, GH53, GH78, GH88, GH93, and
GH105; polysaccharide lyase families PL1, PL3, PL4, PL9, and
PL11; and carbohydrate esterase families CE1, CE8, and CE12
contain enzymes related to pectinolysis (van den Brink and
de Vries, 2011), they were further investigated, as well as
characterized using NCBI BLAST and the Conserved Domain
Database (CDD; Marchler-Bauer et al., 2017) when necessary.
Additional information was obtained from CAZypedia’, the
encyclopedia of carbohydrate-active enzymes.

Metabolite Target Analysis

Preparation of Aqueous Extracts From Cocoa Pulp
and Cocoa Beans

The cocoa pulp, together with the testa, was manually separated
from the cocoa beans using a scalpel and forceps. Aqueous
extracts were prepared from the cocoa pulp and the cocoa beans
separately, based on a protocol described for coffee (Zhang et al.,
2019). The cocoa pulp or cocoa mass was frozen in liquid nitrogen
and ground using a coffee grinder (DeLongi KG49, Treviso, Italy)
until a fine powder was obtained. A 0.4 g sample of powdered
cocoa pulp or cocoa beans was mixed with 28 mg of EDTA
(Merck, Darmstadt, Germany) and 10 mL of an ascorbic acid
solution (2.0 mg/mL; Merck). The extractions took place at room
temperature for 30 min, using a rotator Stuart SB3 (Cole-Parmer,
Stone, Staffordshire, United Kingdom). The mixture was then
centrifuged at 6,000 x g for 15 min, after which the aliquots of
the supernatants were frozen until analysis. All extractions were
performed in triplicate and each aqueous extract was analyzed as
described below.

Quantification of Simple Carbohydrates and Sugar
Alcohols

The concentrations of simple carbohydrates (arabinose, fructose,
galactose, glucose, and sucrose) and sugar alcohols (arabitol,
erythritol, glycerol, mannitol, myo-inositol, sorbitol, and
xylitol) were determined by high-performance anion exchange
chromatography with pulsed amperometric detection (HPAEC-
PAD) using an ICS-5000 chromatograph (Dionex, Sunnyvale,
CA, United States), as described before (Zhang et al., 2019).
Simple carbohydrates were separated using a CarboPac PA-20
column (Dionex). The mobile phase consisted of a mixture of
eluents A, B, and C [ultrapure water with 0, 95, and 736 mM
NaOH (J.T. Baker, Deventer, The Netherlands), respectively] at
a constant flow rate of 0.4 mL/min and the following gradient:
0.0-15.0 min, isocratic 11.0% B; 15.0-15.1 min, linear from 11.0
to 0% B and from 0 to 100% C; 15.1-25.0 min, isocratic 100%
C; 25.0-25.1 min, linear from 100 to 0% C and from 0 to 11%
B; and 25.1-35.0 min, isocratic 11.0% B. Sugar alcohols were
separated using a CarboPac MA-1 column (Dionex). The mobile
phase consisted of eluents A and C at a constant flow rate of
0.4 mL/min, according to the following gradient: 0.0-5.0 min,
isocratic 6% C; 5.0-31.5 min, linear from 6.0 to 34.0% C;
31.5-31.6 min, linear from 34.0 to 99.0% C; 31.6-50.0 min,
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isocratic 99.0% C; 50.0-50.1 min, linear from 99.0 to 6.0% C;
and 50.1-60.0 min, isocratic 6.0% C. Samples were prepared
by adding 100 pL of (diluted) aqueous extract to 900 WL of
an internal standard solution consisting of 50% acetonitrile
(Sigma-Aldrich) and 10 mg/L of rhamnose (Merck), followed
by vortexing for 5 min, microcentrifugation at 20,000 x g at
room temperature for 15 min, and filtration through a 0.2 pm
regenerated cellulose filter (Whatman Uniflo, GE Healthcare Life
Sciences, Little Chalfont, Buckinghamshire, United Kingdom).

Quantification of Short-Chain Fatty Acids and
Low-Molecular-Mass Volatile Organic Compounds
The concentrations of short-chain fatty acids (acetic acid,
propionic acid, isobutyric acid, valeric acid, isovaleric acid,
and hexanoic acid) and low-molecular-mass volatile organic
compounds (acetaldehyde, ethanol, diacetyl, acetoin, ethyl
acetate, ethyl lactate, and isoamyl acetate) were determined
by gas chromatography with flame ionization detection (GC-
FID), using a Focus GC chromatograph, equipped with an
FID-80 detector (Thermo Fisher Scientific), and a Stabilwax-
DA column (Restek, Bellefonte, PA, United States), as described
before (Zhang et al., 2019). Samples of 1 WL were directly injected,
applying a split ratio of 1:20. The injector temperature was set to
240°C, the oven temperature increased from the initial 40°C up
to 140°C at 10°C/min and then to 230°C at 50°C/min, whereas
the detector temperature was set to 250°C. The carrier gas was
hydrogen gas, flowing at a rate of 1 mL/min. The make-up gas
was nitrogen gas (Praxair, Schoten, Belgium). 1-Butanol was used
as an internal standard.

Quantification of Organic Acids

The concentrations of citric acid, fumaric acid, gluconic acid,
isocitric acid, 5-ketogluconic acid, lactic acid, malic acid, oxalic
acid, succinic acid, and quinic acid were determined by ultra-
performance liquid chromatography coupled to tandem mass
spectrometry (UPLC-MS/MS), using an Acquity UPLC system,
equipped with an HSS T3 column and a TQ tandem mass
spectrometer with a ZSpray electrospray ionization source
(Waters, Milford, MA, United States), as described before (Zhang
et al, 2019). The mobile phase consisted of eluents A and
B [ultrapure water-methanol mixtures in ratios of 98:2 (v/v)
and 5:95 (v/v), respectively, both with 0.2% (v/v) formic acid],
according to the following gradient at 0.23 mL/min: 0.0-1.5 min,
isocratic 8.0% B; 1.5-3 min, linear from 8.0 to 89.8% B; 3.0-
6.0 min, isocratic 89.8% B; 6.0-6.5 min, linear from 89.8 to
8.0% B; and 6.5-10 min, isocratic 8.0% B. Quantification was
performed through external calibration in triplicate.

RESULTS

Changes of Temperature and pH During
Cocoa Fermentation

Temperature and pH were measured continuously within the
fermenting cocoa pulp-bean mass of the Costa Rican cocoa box
fermentation processes F1 and F2 (Figure 1). In fermentation
process F1, the temperature increased from an initial 26.2 to

40.2°C after 94 h, after which it stabilized and slowly decreased to
a final temperature of 39°C (from 132 to 140 h). In fermentation
process F2, the temperature increased from an initial 28.3°C
to a maximum of 49.1°C after 115 h, ultimately reaching
48.4°C after 139 h.

The pH changed in a similar fashion in both fermentation
processes, starting at pH 3.72-3.87, followed by a temporary
increase to pH 4.28-4.33 after 20 h and 15 h in fermentation
processes F1 and F2, respectively. After a drop, the pH
steadily increased to a final value of 4.23-4.24 in both
fermentation processes.

Taxonomic Analysis of Metagenomic
Data

Metagenomic sequencing of 13 samples from three similar Costa
Rican cocoa box fermentation processes obtained as a function
of time resulted in 13 quality-trimmed data sets with a total
size of 11.2 Gbp and with read lengths between 20 and 420 bp
(Supplementary Table 1).

The overall taxonomic analysis of the metagenomic data
derived from the results of the metagenomic recruitment
plotting, Kaiju, Kraken 2 and DIAMOND revealed 23 major
microbial genera, arbitrarily defined as genera that were
represented by more than 1.0% of all reads in any of the 13
samples (Figure 2 and Table 1). The AAB genus Acetobacter, the
LAB genera Lactiplantibacillus, Leuconostoc, Limosilactobacillus,
Liquorilactobacillus, and Paucilactobacillus, the yeast genus
Hanseniaspora, and the oomycete genus Phytophthora reached
more than 5.0% of all reads in at least one sample. Acetobacter
and Hanseniaspora were considered as major genera in all 13
metagenomic data sets. Contamination with Theobroma DNA
reached up to 47.3% of all reads in the metagenomic data set
CRF3D8, but it dropped to 12.6% and below by time point 20 h
in all three fermentation processes (Figure 2).

Genus richness, diversity, and evenness were the highest
in the beginning of the fermentation processes (0-7 h) and
exhibited an overall decreasing trend (Figure 2). Of the 97
genera represented by at least 0.1% of all reads in at least
one data set, 69 exhibited a generally decreasing trend from
the beginning of the fermentation processes, of which 22 and
4 exhibited a transient increase in the middle and at the
end of the fermentation processes, respectively (Supplementary
Figure 1). Twenty-four microbial genera reached the highest
percentages in the middle of the fermentation processes (20-
92 h; Supplementary Figure 1) and they comprised 22 LAB
genera, the yeast genus Saccharomyces, as well as the bacterial
genus Empedobacter. The most prominent among them were
Limosilactobacillus, Liquorilactobacillus, and Lactiplantibacillus,
which were represented by up to 27.4, 18.2, and 16.6% of
all reads between time points 20 and 44 h, respectively.
Viral DNA, mostly from families Siphoviridae and Myoviridae,
also followed this trend. In contrast, four microbial genera
exhibited an increasing trend toward the end of the fermentation
processes (92-140 h), namely Acetobacter, Komagataeibacter,
Gluconacetobacter, and Zymomonas. At time points 92 and 140 h,
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FIGURE 2 | Temporal dynamics of the genus-level diversity based on an overall taxonomic analysis of the metagenomic data sets from the Costa Rican cocoa box

of the genus richness, Shannon’s diversity index, and Pielou’s evenness index

Acetobacter represented the largest fraction of all reads, with 39.4
and 44.2%, respectively.

On the species level, 119 species or their close relatives
were found in one or more of the metagenomic data sets
(Supplementary Figure 2 and Supplementary Table 2). Of

these species, 40 were regarded as major species, arbitrarily
defined as those represented by at least 0.5% of all reads in a
data set (Figure 3). Sixteen major species belonged to 8 LAB
genera, 12 to the AAB genera Acetobacter, Gluconacetobacter,
and Komagataeibacter, 4 belonged to the yeast genera Candida,
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TABLE 1 | Maximum and minimum percentages of reads attributed to microbial genera represented by more than 1.0% of all metagenomic sequence reads in at least
one cocoa fermentation sample of the three Costa Rican cocoa box fermentation processes (F1, F2, and F3), according to the overall taxonomic analysis of the

metagenomic data and ordered according to the maximum percentage of reads.

Genus Maximum percentage of reads Maximum sample Minimum percentage of reads Minimum sample
Acetobacter 44.18 CRF2D140 1.11 CRF3D21
Limosilactobacillus 27.45 CRF2D20 0.05 CRF3D8
Liquorilactobacillus 18.15 CRF2D44 0.95 CRF2D0
Lactiplantibacillus 16.59 CRF2D20 0.14 CRF3D8
Hanseniaspora 12.36 CRF3D8 1.51 CRF3D69
Phytophthora 8.10 CRF1D20 0.04 CRF3D69
Leuconostoc 8.06 CRF3D21 0.52 CRF2D0
Paucilactobacillus 5.64 CRF2D20 0.07 CRF3D8
Pectobacterium 4.97 CRF1D7 0.08 CRF3D21
Komagataeibacter 4.79 CRF2D140 0.13 CRF3D21
Levilactobacillus 4.31 CRF2D7 0.15 CRF2D0
Saccharomyces 3.88 CRF3D69 0.03 CRF2D0
Cellvibrio 2.91 CRF2D0 0.01 CRF2D92
Tatumella 2.77 CRF2D7 0.22 CRF2D140
Cellulosimicrobium 2.67 CRF3D8 0.00 CRF2D92
Candida 2.1 CRF3D8 0.31 CRF3D69
Diaporthe 2.08 CRF2D0 0.01 CRF2D92
Lentilactobacillus 1.72 CRF2D92 0.01 CRF3D8
Acinetobacter 1.48 CRF3D21 0.07 CRF2D92
Pseudomonas 1.28 CRF2D0O 0.07 CRF3D69
Pichia 1.15 CRF2D7 0.15 CRF3D69
Flavobacterium 1.09 CRF2D0 0.04 CRF2D92
Dysgonomonas 1.02 CRF2DO 0.03 CRF2D92
Hanseniaspora, and Saccharomyces, whereas 6 belonged Mbp metagenomic co-assembly consisted of 155,723 contigs of

to the vy-Proteobacterial genera Acinetobacter, Cellvibrio,
Pectobacterium, and Tatumella. Two species of plant pathogens
were also considered to be major species, namely Phytophthora
palmivora and Thielaviopsis ethacetica. The five microbial
species that reached the highest percentages of all reads were
A. pasteurianus (maximum 26.9%), Liml. fermentum (maximum
26.0%), Ligl. cacaonum (maximum 12.3%), H. opuntiae
(maximum 11.5%), and Lacp. plantarum (maximum 10.85%).
Minor bacterial species were for instance A. senegalensis,
Acetobacter tropicalis, Citrobacter koseri, D. capnocytophagoides,
Enterococcus  italicus, Frateuria —aurantia, Fructobacillus
pseudoficulneus, Gluconobacter japonicus, Klebsiella variicola,
Komagataeibacter saccharivorans, Lentilactobacillus farraginis
(formerly  Lactobacillus  farraginis), — Pantoea  dispersa,
Secundilactobacillus  collinoides ~ (formerly  Lactobacillus
collinoides), and Zymomonas mobilis. Among the minor
yeast species were Candida ethanolica, Hanseniaspora
pseudoguilliermondii, Pichia occidentalis, and Torulaspora
delbrueckii, whereas minor species from other eukaryotic groups
were for instance Phytomonas serpens and Moniliophthora roreri.

Functional Analysis of Metagenomic and

Metatranscriptomic Data

To enable a functional analysis relying on both metagenomic and
metatranscriptomic data obtained, the metagenomic sequence
reads first had to be assembled into contigs. The resulting 303.5

at least 1,000 bp. After filtering out contigs shorter than 2.5
kbp, the resulting 116.2 Mbp co-assembly consisted of 25,020
contigs with lengths of up to 86.8 kbp. The co-assembly was
used for binning and bin refinement, ultimately producing 153
metagenomic bins. Of these bins, five had a completion higher
than 90% (Table 2) and four had a redundancy lower than 5%, all
belonging to the LAB.

After filtering out the rRNA and tRNA sequence reads,
the metatranscriptomic data sets consisted of 1,084,654 reads,
1,647,960 reads, and 1,343,560 reads for data sets CRF2R?7,
CRF2R20, and CRF2R68, respectively. After mapping the
metatranscriptomic sequence reads to the CDSs from the
metagenomic bins, the top five bins according to the number
of mapped reads were those representing Liml. fermentum,
H. opuntiae, A. pasteurianus, S. cerevisiae, and Lacp. plantarum
(Table 2). The general functional analysis below will focus mainly
on these species.

LAB Metabolism

At 7 h of fermentation, 44,230 mRNA reads were mapped to
the Liml. fermentum metagenomic bin, rising to a maximum of
670,260 mRNA reads at time point 20 h, and dropping to 165,574
mRNA reads by 68 h. The mRNA reads mapped to the Lacp.
plantarum metagenomic bin followed a similar pattern, namely
21,632 at time point 7 h, 48,284 at time point 20 h, and 22,220 at
time point 68 h.
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FIGURE 3 | Temporal dynamics of the microbial species during Costa Rican cocoa box fermentation processes (F1, F2, and F3), based on an overall taxonomic
analysis of the 13 metagenomic data sets. As major species were considered those that were assigned at least 0.5% of all reads in at least one sample for at least
one time point.

The simple carbohydrates typical of cocoa pulp are glucose
and fructose, and also sucrose, in the case of unripe cocoa
pods. Based on gene expression, both Liml. fermentum and
Lacp. plantarum could import glucose, and possibly fructose
via a mannose-specific PTS; Lacp. plantarum could also import
fructose through a fructose-specific PTS component (Figure 4).
In Liml. fermentum, the expression of fructose-specific PTS
components was not found at time point 7 h. In contrast,

Liml. fermentum could import sucrose through a sucrose-
specific PTS and metabolize it, but Lacp. plantarum could
not. The expression of a mannitol 2-dehydrogenase gene in
Liml. fermentum throughout the fermentation process enabled
the conversion of fructose into mannitol. In contrast, Lacp.
plantarum could be importing and metabolizing mannitol as a
cluster of genes that encode mannitol-specific PTS components
and a mannitol-1-phosphate 5-dehydrogenase was expressed.
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TABLE 2 | Basic statistics of the bacterial and fungal metagenomic bins with the highest completion or the highest proportion of metatranscriptomic sequence reads
mapped from any metatranscriptomic data set of the Costa Rican cocoa box fermentation process F2. All other metagenomics bins were less than 90% complete, and

fewer than 10,000 metatranscriptomic reads were mapped to them at any time point.

Metagenomic bin Size [Mbp] Completion [%] Redundancy [%] Maximum metatranscriptomic reads mapped [%]
Limosilactobacillus fermentum 1.63 97.12 1.44 79.30
Liquorilactobacillus cacaonum 1.67 95.68 0.72 1.30
Leuconostoc sp. 1.62 92.81 0.72 3.68
Paucilactobacillus vaccinostercus 2.10 92.09 4.32 3.53
Liquorilactobacillus nagelii 1.66 91.37 6.47 2.50
Lactiplantibacillus plantarum 2.44 80.58 5.76 7.37
Saccharomyces cerevisiae 10.28 7711 10.84 8.00
Hanseniaspora opuntiae 6.53 57.83 2.41 33.0
Acetobacter pasteurianus 0.99 25.18 0.00 12.6
Acetobacter ghanensis 1.01 21.58 1.44 3.40

The gene encoding a xylulose-5-phosphate phosphoketolase,
the key enzyme of the heterofermentative pathway, was highly
expressed in Liml. fermentum (Figure 4). In Lacp. plantarum,
this gene was expressed to a much lower degree than a gene
encoding a fructose-1,6-bisphosphate aldolase, the key enzyme of
the homofermentative pathway. A glyceraldehyde-3-phosphate
dehydrogenase gene was not found in the Lacp. plantarum
metagenomic bin, due to a relatively low metagenomic bin
completeness (Table 2). In both LAB species, acetyl-P, an
important intermediate of the heterofermentative pathway, could
be converted into acetate or acetyl-CoA by an acetate kinase and
a phosphate acetyltransferase, respectively. Acetyl-CoA could be
converted further into ethanol in Liml. fermentum because of the
expression of a gene encoding a bifunctional aldehyde-alcohol
dehydrogenase. Such a gene was not found in the Lacp. plantarum
metagenomic bin.

Pyruvate, a key branching point in the carbohydrate
metabolism, could be converted into L-lactate or D-lactate,
in both LAB species, depending on the time point, due to
the expression of lactate dehydrogenase genes (Figure 4).
Furthermore, Lacp. plantarum could oxidize L-lactate into
pyruvate using molecular oxygen as an electron acceptor,
especially at time point 68 h, due to the expression of a
lactate oxidase gene. The expression of an adjacent pyruvate
oxidase gene rose from the bottom decile to the top decile
of expressed genes, enabling the oxidative decarboxylation of
pyruvate into acetyl-P.

Pyruvate could also be converted into a-acetolactate and
further into acetoin in Lacp. plantarum thanks to the expression
of acetolactate synthase and a-acetolactate decarboxylase genes
(Figure 4). Despite the absence of the latter in the metagenomic
bin, Liml. fermentum would be able to reduce diacetyl,
spontaneously formed from a-acetolactate, into acetoin and
further into 2,3-butanediol. Alternatively, Liml. fermentum could
convert pyruvate into acetyl-CoA because of highly expressed
pyruvate dehydrogenase component genes at time point 68 h. The
number of reads mapped to these genes in Lacp. plantarum was
under the cut-off value.

Citrate could be metabolized by Liml. fermentum by cleavage
into acetate and oxaloacetate, and further converted into

pyruvate, as the genes necessary were highly expressed at
7 h (Figure 4). Their expression dropped in rank over time.
The expression of genes encoding some of the citrate lyase
components was too low in the Lacp. plantarum metagenomic
bin to be considered, and the expression levels of the components
present showed a less clear trend than for Liml fermentum.
Malate could be converted into fumarate and further into
succinate, particularly in Liml. fermentum.

Genes encoding F-ATPase components were highly expressed
in Liml. fermentum at time points 7 h and 20 h, followed by a drop
at 68 h (Figure 4). Although only four of the seven subunits were
found in the Lacp. plantarum metagenomic bin, they followed a
similar trend. In Lacp. plantarum, five genes encoding universal
stress proteins were prominently transcribed, two of which
throughout the fermentation. The expression of genes encoding
universal stress proteins behaved differently in Liml. fermentum.
An endopeptidase Clp gene was highly expressed in Lacp.
plantarum throughout the fermentation process, whereas a gene
encoding an ATP-binding subunit CIpE was highly expressed
at time points 20 and 68 h. Although the former gene was not
found in Liml. fermentum, the expression of genes encoding the
ATP-binding subunits CIpL and CIpE increased sharply by time
point 68 h. Genes encoding the chaperonins GroES and GroEL
and a multicopper oxidase were highly expressed in both LAB
species. Genes encoding an arginine deiminase and an arginine-
ornithine antiporter were highly expressed in Liml. fermentum at
time point 68 h. Additionally, the expression of genes encoding
two small heat-shock proteins and an NADH peroxidase showed
an increasing trend in Lacp. plantarum.

Yeast Metabolism

The highest number of mRNA reads was mapped to the
S. cerevisiae metagenomic bin at time point 7 h (17,872 mRNA
reads), which dropped to 13,373 mRNA reads by 68 h. For
H. opuntiae, the number of mRNA reads dropped from 90,261
at time point 7 h to 2,765 at time point 68 h.

Expression of invertase genes was not detected for S. cerevisiae,
except for four reads mapped at 68 h. For both yeast
species, multiple genes encoding hexose transporters were
expressed at different time points (Figure 5). In H. opuntiae,
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two genes likely encoding hexose transporters were highly
expressed. In S. cerevisiae, the transcription of genes encoding
hexokinases/glucokinases exhibited contrasting trends. No such
genes were found in the H. opuntiae metagenomic bin.

Even though some genes involved in ethanol fermentation
were not found in either metagenomic bin, all other genes
involved were in the top decile (Figure 5), demonstrating the
importance of this pathway for both yeast species. Besides
the decarboxylation of pyruvate into acetaldehyde, pyruvate
decarboxylase enables the formation of one acetoin molecule
from two acetaldehyde molecules. Acetoin could be reduced into

2,3-butanediol due to an (R,R)-butanediol dehydrogenase that
was in the top decile in S. cerevisiae at time point 68 h. Genes
encoding an alcohol O-acyltransferase and a medium-chain fatty
acid ethyl ester synthase/esterase were expressed at mediocre
levels, the former only at time point 68 h (Figure 5).

In S. cerevisiae, several active genes were related to the
environmental conditions, their changes, and the resulting stress.
Genes encoding the cell wall proteins CCW12, CWP2, HSP150,
and SED1 were highly expressed throughout the fermentation
process, whereas the expression of genes encoding the cell wall
proteins CCW14, CIS3, DAN1, TIR1, TIR2, and TIR4, the
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FIGURE 5 | Expression of selected genes at 7, 20, and 68 h of fermentation during the Costa Rican cocoa box fermentation process F2 by Saccharomyces
cerevisiae and Hanseniaspora opuntiae, according to the mapping of the metatranscriptomic sequence reads to the coding sequences from the metagenomic bins.
Shading represents the decile of a coding sequence after ranking according to the expression in a microbial species, with number 10 representing the top 10% of
the expressed genes.

seripauperins PAU13 and PAU15, the cell wall mannoproteins  (Figure 5). Genes encoding several other heat-shock proteins,
PIR3 and PST1, the heat-shock protein HSP26, and the protein  the glutathione-independent glyoxalase HSP31, profilin PFY1,
YRO?2 with a putative role in acid stress all changed over time and the cell wall protein SPI1 were only highly expressed at
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time point 68 h. Changes in oxygen availability during the cocoa
fermentation process were reflected in the gene transcription
related to oxygen-sensing and stress. The expression of the gene
encoding the oxygen-dependent coproporphyrinogen-III oxidase
HEM13 dropped sharply between time points 20 and 68 h. In
contrast, the genes encoding a cytochrome c oxidase polypeptide
5A and subunit 6A, a superoxide dismutase, and peroxiredoxin
AHP1 were highly expressed at time point 68 h, but not at time
point 7 h. The expression of genes encoding the protein YPGI,
cerevisin PRBI1, and the sporulation protein SPO24 showed an
increasing trend.

In H. opuntiae, genes encoding the cell wall (manno)proteins
CCW12 and PIR3, as well as the peroxiredoxin TSA1, were highly
expressed at all time points (Figure 5). In contrast, the expression
of the gene encoding the 1,3-beta-glucanosyltransferase GAS1
decreased from the top to the bottom decile as the fermentation
progressed. The expression of a gene encoding the cytochrome
c is0-2 was high at time point 20 h, but undetected at 68 h. The
genes encoding the heat-shock proteins HSP78 and HSP104, the
ATPase GET3, and the peptidyl-prolyl cis-trans isomerase CPR6
were highly expressed at time points 20 and 68 h.

AAB Metabolism

The number of CDSs from A. pasteurianus and A. ghanensis
genomes, to which at least 5 mRNA reads were mapped, was the
highest at time point 68 h (2,250 out 0f 2816 and 1,373 out of 2610
CDSs, respectively), whereas these numbers were much lower at
7 and 20 h (maximally 157 and 356 CDSs, respectively). Due to
this difference, the focus will be on time point 68 h.

High expression of pyrroloquinoline quinone (PQQ)- and
cytochrome o ubiquinol oxidase-related genes, as well as
genes encoding the subunits of a PQQ-dependent alcohol
dehydrogenase, emphasized the importance of the respiratory
metabolism of ethanol for both AAB species (Figure 6).
The genes encoding the three subunits of a PQQ-dependent
aldehyde dehydrogenase were expressed to a slightly lower degree
(Figure 6). The expression of genes encoding the membrane-
bound glucose dehydrogenase and the membrane-bound sorbitol
dehydrogenase subunits was even lower in both AAB species.
Lastly, most of the genes encoding the ATP synthase subunits
were in the top two deciles in both AAB species.

The gene expression related to the tricarboxylic acid cycle
in both AAB species ranged mainly between the 9th and the
10th decile (Figure 6). The expression of 16 genes encoding
the NADH-quinone oxidoreductase subunits ranged between the
2nd and the 7th decile in A. pasteurianus, whereas the expression
of the eight subunits with a sufficient number of mapped reads in
A. ghanensis was spread between the 1st and the 8th decile.

Ethanol assimilation was made possible by the expression of
NAD-dependent alcohol dehydrogenase genes in the top 2 deciles
in both AAB species (Figure 6). However, the acetate—CoA
ligase genes were in the bottom third of all expressed genes in
both AAB species.

The expression of lactate utilization-enabling genes was found
in both AAB species (Figure 6). Although the expression of
an L-lactate permease gene was low, the genes encoding a
D-lactate dehydrogenase and a lactate utilization protein were

highly expressed in both AAB species. The conversion of lactate
into pyruvate would provide input for gluconeogenesis, as well
as acetolactate and acetoin formation. The genes encoding
the acetolactate synthase subunits were in the top decile in
A. pasteurianus (Figure 6). Another acetolactate synthase gene
was in the 8th decile, whereas an acetolactate decarboxylase gene
directly upstream was in the 9th decile in both AAB species.

The gluconeogenesis-related genes were expressed in the
range between the 8th and the 10th decile in A. pasteurianus and
between the 5th and the 9th decile in A. ghanensis (Figure 6).
In both AAB species, the expression of the bifunctional
transaldolase/glucose-6-phosphate isomerase gene was lower
than the expression of other gluconeogenesis-related genes. The
pentose phosphate pathway-related genes were expressed in the
range between the 7th and the 8th decile in A. pasteurianus,
except for the glucose-6-phosphate dehydrogenase gene, whose
expression was very low. In contrast, in A. ghanensis, all pentose
phosphate pathway-related genes were in the bottom half of the
expressed genes, and the number of mRNA reads mapped to the
6-phosphogluconolactonase gene being under the cut-off value.

The expression of genes encoding the Dps protein, which
is involved in DNA protection during starvation, two HU
family DNA-binding proteins, the ATP-dependent Clp protease
proteolytic subunit, the subunit ClpB, and the ATP-binding
subunits ClpA and ClpX, the molecular chaperones GroEL,
GroES, DnaK, and HtpG, the nucleotide exchange factor GrpE,
and a CsbD family protein was in the top decile in both AAB
species (Figure 6). In A. ghanensis, expression of the ATP-
dependent Clp protease adapter ClpS gene was also in the top
decile. In A. pasteurianus, the expression of genes encoding four
Hsp20 family heat-shock proteins and two cold-shock proteins
was in the top decile, whereas in A. ghanensis, the expression
of genes encoding two heat-shock proteins and one cold-shock
protein was in the top decile. A gene encoding a superoxide
dismutase was among the top 1 and 3% of all expressed genes
in A. pasteurianus and A. ghanensis, respectively.

Genes necessary for oxalate detoxification were found in
A. pasteurianus solely and were expressed between the 9th and
the 10th decile. Expression of an esterase-related gene was also
in the top decile. In contrast, motility genes were found in
A. ghanensis solely and the gene encoding flagellin was among
its top 2% of expressed genes. However, expression of other genes
involved in motility and chemotaxis was spread across the whole
range from the 4th to the 89th percentile.

Analysis of Genes Related to Pectinolysis

In total, 61 CDSs that encoded carbohydrate-active enzymes
from protein families relevant to pectinolysis were expressed
(Figure 7). They were associated with AAB species, Cellvibrio
sp., the enterobacterial genera Pectobacterium and Tatumella,
LAB species, H. opuntiae, S. cerevisiae, and T. cacao itself. The
families that contain enzymes involved in the cleavage of the
main chain of pectins, namely GH28, PL1, PL3, PL4, PL9,
and PL11, were represented in A. pasteurianus, Acetobacter
sp., Cellvibrio sp., Pectobacterium sp., Liml. fermentum, Paul.
vaccinostercus, an unidentified LAB species, and S. cerevisiae
(Figure 7). Signal peptides were found in GH28 family proteins
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FIGURE 6 | Expression of selected genes at 68 h of fermentation during the Costa Rican cocoa box fermentation process F2 by Acetobacter pasteurianus and
Acetobacter ghanensis, according to the mapping of the metatranscriptomic sequence reads to the coding sequences from the reference genomes. Shading
represents the decile of a coding sequence after ranking according to the expression in a microorganism, with number 10 representing the top 10% of the

expressed genes.
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encoded by Cellvibrio sp. and Acetobacter sp., PL1 family proteins
encoded by an unidentified LAB species and a Tatumella sp.,
and PL4 and PL9 family proteins encoded by Pectobacterium
spp. The protein family GH43, containing enzymes involved
in the degradation of the arabinan side chains of pectins, was

represented in Paul. vaccinostercus and a Ligilactobacillus species.
The protein family GH53, containing enzymes involved in the
degradation of galactan side chains of pectins, was represented in
Liml. fermentum and Leuconostoc spp. A pectin methyl esterase
was expressed by T. cacao.
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FIGURE 7 | Number of coding sequences encoding carbohydrate-active enzymes from families related to pectin degradation per metagenomic bin derived from the
13 metagenomes of the Costa Rican cocoa box fermentation processes examined, expressed as a heatmap.
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Course of Simple Carbohydrates and Sugar Alcohols
The most abundant simple carbohydrates in the cocoa pulp
in the beginning of the Costa Rican cocoa box fermentation
processes were fructose (ca. 83 mg/g) and glucose (ca. 80 mg/g),
which were almost depleted by 44 h (F3)-68 h (F1 and F2;
Figure 8). Low concentrations of sucrose (up to ca. 10 mg/g,
F1) in the cocoa pulp were depleted already by 7 h. In the
cocoa beans, the concentrations of fructose and glucose slowly
increased over time, whereas the concentrations of sucrose
decreased over time during all three fermentation processes. The
concentrations of galactose in the cocoa pulp increased until the
end of the fermentation processes, however, it only increased
until the middle of the fermentation processes in the cocoa
beans. Arabinose was not quantifiable in the cocoa pulp, but
was quantifiable at some time points in the cocoa beans and it
followed an increasing trend with a small drop at the end of the
fermentation processes (Figure 8).

The concentrations of mannitol increased throughout the
three fermentation processes in both cocoa pulp and cocoa
beans (Figure 8). In the cocoa pulp, it reached the highest
concentration at 92 h during fermentation processes F1 and
F3 (ca. 16-19 mg/g) and at 140 h in fermentation process F2
(ca. 29 mg/g). The concentrations of glycerol in the cocoa pulp
increased until the middle of the fermentation processes, followed
by a decrease. In contrast, the concentrations of glycerol in

the cocoa beans steadily increased. The concentrations of myo-
inositol in the cocoa pulp and cocoa beans increased only slightly
or remained relatively stable, respectively. The concentrations of
sorbitol, arabitol, and erythritol slightly increased in the cocoa
pulp, whereas in the cocoa beans, they were under the limit
of quantification. In contrast, xylitol could only be quantified
in the cocoa beans, where it was depleted by the end of the
fermentation processes.

Course of Short-Chain Fatty Acids and
Low-Molecular-Mass Volatile Organic Compounds
The main volatile organic compounds produced during the cocoa
fermentation processes were ethanol and acetic acid (Figure 9).
Both compounds were present in the cocoa pulp and cocoa beans.
The concentrations of ethanol in the cocoa pulp peaked at 44 h
(F1 and F2) or 68 h (F3), generally followed by a decrease,
and a similar trend was found in the cocoa beans, albeit with
a delay. The concentrations of acetic acid in the cocoa pulp
increased in fermentation processes F2 and F3, reaching the
highest concentration at 140 h, but not in F1. Similarly, the
concentrations of acetic acid in the cocoa beans increased in
fermentation processes F2 and F3 more than in FI1.

The concentrations of acetoin in the cocoa pulp increased
sharply in all three fermentation processes between 7 and 20 h.
This was followed by a decrease in fermentation process F1, a
transient decrease in F2, and a generally stable concentration
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FIGURE 8 | Concentrations of simple carbohydrates and sugar alcohols measured in the cocoa pulp (P) and cocoa beans (B) during the Costa Rican cocoa box
fermentation processes F1, F2, and F3. The concentrations were determined in triplicate. The error bars represent standard deviations.

in F3. In the cocoa beans, the concentrations of acetoin
generally increased by the end of the fermentation processes,
although the increase was low for F1. The concentrations of
acetaldehyde in the cocoa pulp increased by the end of the
fermentation processes; however, its concentrations remained
stable throughout the fermentation processes in the cocoa
beans. Ethyl acetate and ethyl lactate were also produced in all
fermentation processes. Their concentrations increased in both
cocoa pulp and cocoa beans, although the concentrations of ethyl
acetate increased more than those of ethyl lactate, especially in
the cocoa beans (Figure 9). The concentrations of propionic
acid, isobutyric acid, isovaleric acid, valeric acid, hexanoic acid,
and isoamyl acetate were between 0.4 and 1.0 mg/g in both the
cocoa pulp and cocoa beans and remained stable throughout the
fermentation processes (Supplementary Figure 3).

Course of Organic Acids

Initially, the most abundant organic acids in the cocoa pulp were
citric acid (ca. 15 mg/g) and malic acid (ca. 3 mg/g), although
both were depleted by 20 h of fermentation (Figure 9). The
most abundant organic acid produced during the fermentation
processes was lactic acid, which peaked by 68 h (ca. 20-30 mg/g),
followed by a decrease. In the cocoa beans, the decrease in citric
acid and malic acid concentrations, as well as the increase in lactic
acid concentrations, were slower. The gluconic acid and succinic
acid concentrations exhibited an increasing trend in the cocoa
pulp. The former were barely quantifiable in the cocoa beans
and the latter increased slightly. The concentrations of isocitric
acid and oxalic acid decreased in the cocoa beans. However, the
concentrations of oxalic acid increased in the cocoa pulp, whereas
the trend was variable for isocitric acid.
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FIGURE 9 | Concentrations of organic acids, short-chain fatty acids, and volatile organic compounds measured in the cocoa pulp (P) and cocoa beans (B) during
the Costa Rican cocoa box fermentation processes F1, F2, and F3. The concentrations were determined in triplicate. The error bars represent standard deviations.

DISCUSSION

Up to now, cocoa fermentation processes have been studied
using culture-dependent methods, as well as PCR-based culture-
independent methods, with few exceptions (Illeghems et al., 2012;
Agyirifo et al., 2019; Lima et al., 2020), revealing key players
for these fermentation processes, as well as major metabolic
activities. Besides a significant expansion of cocoa fermentation

shotgun metagenomic data available, the present study of
Costa Rican cocoa box fermentation processes introduced
metatranscriptomics into cocoa fermentation research, providing
a deeper characterization of metabolic activities of previously
established key players, as well as an insight into previously
overlooked microbial processes and interactions therein.

In general, the cocoa fermentation processes performed in the
present study exhibited temperature, pH, microbial communities,
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FIGURE 10 | Summary of the anaerobic (above) and aerobic (below) metabolism in the Costa Rican cocoa box fermentation processes based on the metagenomic
and metatranscriptomic analyses, as well as metabolite target analysis. Arrow colors indicate the (micro)organisms mainly influencing specific metabolite conversions
based on gene expression and representation in metagenomic data. Dashed arrows indicate reactions likely occurring based on previous knowledge but without
direct support from the metagenomic and metatranscriptomic data. Percentages of reads attributed to the seven main microbial species were derived from
metagenomic data sets of fermentation process F2.

and metabolite profiles typical for this kind of spontaneous the differences between the fermentation processes examined,
fermentation processes (Figure 10; Schwan and Wheals, 2004;  especially in the temporal trends of the microbial species and
De Vuyst and Weckx, 2016; De Vuyst and Leroy, 2020). Yet, metabolites, underlined the variable nature of spontaneous
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cocoa fermentation processes. For instance, agricultural practices
influence the level of microbial diversity (Papalexandratou et al.,
2011b, 2013). Indeed, the practices at the farm where the
fermentations were performed were more standardized than on
an average farm; however, in contrast to manual cocoa pod
opening, the high throughput of the mechanical opening of cocoa
pods did not allow occasional pieces of cocoa pod husks to
be removed, likely leading to a higher microbial load from the
outside of the cocoa pods in the beginning of the fermentation
processes. The decrease of the microbial diversity over the
course of the three fermentation processes indicated increasing
environmental pressures, due to the consumption and depletion
of simple carbohydrates, increasing ethanol concentrations,
increasing acidic stress caused by the production of lactic acid
and acetic acid, and an increasing temperature of the fermenting
cocoa pulp-bean mass.

The major microbial species found in the present study,
namely Liml. fermentum, Ligl. cacaonum, Lacp. plantarum,
A. pasteurianus, A. ghanensis, H. opuntiae, and S. cerevisiae,
have been found in most cocoa fermentation processes before,
reaffirming their role as the key players during the fermentation
of cocoa pulp-bean mass (De Vuyst and Weckx, 2016; De
Vuyst and Leroy, 2020), whereas Ligl. cacaonum has been found
less frequently than the other LAB species since its discovery
in 2009 (De Bruyne et al, 2009). This indicated a sufficient
coverage of the major microorganisms by culture-dependent
methods so far. Moreover, it could be shown that the yeast
species H. opuntiae was the most prominent key species in
the very beginning of the cocoa fermentation processes under
investigation, followed by a quick rise of Liml. fermentum, Lacp.
plantarum and Ligl. cacaonum, and then persistence of the
former two LAB species and the rise of A. pasteurianus and
A. ghanensis until the end of these processes. Although the
prevailing yeast species was H. opuntiae, S. cerevisiae reached
a similar level by the middle of the fermentation processes.
This confirms the common microbial community dynamics
of cocoa fermentation processes, which can be ascribed to
the changing environmental conditions (substrate availability
and/or competition and metabolites produced) and microbial
interactions (such as cross-feeding, for instance between yeasts
and AAB; De Vuyst and Weckx, 2016; De Vuyst and Leroy, 2020).

Major genera that have not been reported in cocoa
fermentation processes before included Cellvibrio and
Dysgonomonas. Whereas the former genus is typically
saprophytic, the latter one is found in many terrestrial
environments and is particularly enriched in insect systems
(Gardner, 2016; Bridges and Gage, 2020). Acinetobacter and
Pectobacterium have previously been identified in cocoa
fermentation processes through shotgun metagenomics or
amplicon sequencing (Illeghems et al., 2012; Bortolini et al,
2016; Agyirifo et al., 2019; Serra et al., 2019). Other bacterial
genera, such as Flavobacterium and Pseudomonas, have been
isolated and identified phenotypically before (Balogu and
Onyeagba, 2017). All these genera were the most prominent in
the beginning of the three fermentation processes, when the
microbial diversity was the highest, reflecting a wide inoculation
event, likely from a plant-related origin. Notably, the AAB

genus Komagataeibacter has been reported before as different
Gluconobacter and Gluconacetobacter species, as the genus name
Komagataeibacter was only established in 2012 (Garcia-Armisen
et al., 2010; Papalexandratou et al., 2011¢; Yamada et al., 2012;
Hamdouche et al.,, 2015; Visintin et al., 2016). Similarly, most
LAB species found in this study have recently been reclassified
and were thus reported accordingly (Zheng et al., 2020).

The microorganisms belonging to the minor genera found
in the present study likely originated from soil and other
environmental sources, for instance Sphingobacterium spp. and
Streptomyces spp. (Goodfellow et al., 2010; Kampfer, 2012). The
present study also revealed the presence of plant-associated or
endophytic microorganisms in the fermenting cocoa pulp-bean
mass, whether or not pathogenic, represented by the genera
Thielaviopsis, Phytomonas, Colletotrichum, Moniliophthora,
Chryseobacterium, and Acholeplasma (the latter possibly
Phytoplasma; Mitchell, 2004; Mejia et al., 2008; Kube et al., 2014;
Mbenoun et al, 2016). Some of these microorganisms have
not been detected in cocoa fermentation processes before, but
they likely have more relevance to plant health than to cocoa
fermentation. For instance, Phytophthora and Moniliophthora
contain species that cause cocoa tree diseases and they were
presumably detected due to small pieces of infected cocoa
pods inadvertently being present in the sample during DNA
extraction, most likely due to the automated pod opening method
applied at the farm, not allowing a full manual removal of pod
particles. As their presence in cocoa fermentation would only be
expected if some of the cocoa pods came from infected plants,
which should generally be prevented by careful pod selection on
the plantations, not much is known about their possible impact
on the cocoa fermentation process.

The temporal dynamics of the metabolites in the cocoa pulp
resulted from the interplay of the different microbial groups
involved in the three cocoa fermentation processes. For instance,
the rapid depletion of citric acid and the accumulation of
mannitol in the cocoa pulp could be linked to the growth
and activities of Liml. fermentum, as reported for isolates of
this LAB species before (Lefeber et al., 2010). Furthermore, the
differences in the temporal dynamics of acetoin between the
three fermentation processes could be attributed to a varying
presence or capability of microorganisms to reduce acetoin,
produced by yeasts and LAB, to 2,3-butanediol, before AAB
produce more acetoin (Lefeber et al., 2010, 2011; Moens et al.,
2014). Apart from lactic acid utilization by AAB, some decrease in
the lactic acid concentrations could be attributed to its utilization
by Lacp. plantarum under aerobic conditions, as described
before (Murphy et al., 1985). However, lactate dehydrogenases
and not lactate oxidases are thought to enable this activity
in Lacp. plantarum (Goffin et al., 2004), obscuring the role
of the lactate oxidase gene expressed. Lactate utilization is
supported by the expression of pyruvate oxidase and an NADH
peroxidase (de Angelis and Gobbetti, 2004; Gofhin et al., 2004).
Oxalic acid is naturally present in cocoa beans and may play
a role in the final flavor (Holm et al., 1993; Afoakwa, 2016).
The decrease of its concentration in the cocoa beans could
be due to its diffusion into the cocoa pulp and subsequent
degradation by A. pasteurianus. Besides fructose and glucose,
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other monosaccharides and sugar alcohols, either present in the
plant tissues, emerging from the degradation of plant tissues, or
produced by the microorganisms present, may act as resources
for the persistence of microbial activity. For instance, galactose,
which was never measured during cocoa fermentation processes
before, was likely made accessible by the degradation of the
rhamnogalacturonan components of pectin (Meersman et al.,
2017) and/or the hydrolysis of anthocyanins such as cyanidin-
3-B-D-galactoside and cyanidin-3-a-arabinoside (De Taeye et al,,
2016; De Vuyst and Leroy, 2020). Similarly, mannitol produced
by Liml. fermentum could partly be consumed by AAB species
and Lacp. plantarum, resulting in the production of fructose and
lactic acid and/or acetic acid, respectively (Chakravorty, 1964;
Sedewitz et al., 1984; Zaunmiiller et al., 2006; Moens et al., 2014).

The environmental conditions in the fermenting cocoa
pulp-bean mass became increasingly stressful, as indicated by
the expression of genes related to heat, acid, and oxidative
stress responses (Papadimitriou et al, 2016). For instance,
temperatures approaching 40°C are already beyond the
growth temperature optimum of yeasts such as S. cerevisiae
and H. opuntiae, and can be considered high, relative
to the common temperature range for growth of these
microorganisms (Lawrence et al, 1959; Vaughan-Martini
and Martini, 2011). Furthermore, it has been shown before
that heat shock proteins are produced by S. cerevisige at
temperatures approaching 40°C, presumably to allow the cells
to develop an induced thermotolerance in anticipation of
possibly higher temperatures to come, for instance in the case
of Hspl04 (Sanchez and Lindquist, 1990). Also, multicopper
oxidase genes were expressed in Liml fermentum and Lacp.
plantarum, contributing to copper stress response, biogenic
amine degradation, or possibly as a response to the presence
of cocoa polyphenols (Rademacher and Masepohl, 2012;
Callejon et al., 2016).

Pectinolysis has previously been attributed to endo-
polygalacturonase activity by yeast species (Schwan et al,
1997; Crafack et al., 2013; Samagaci et al., 2016; Meersman
et al., 2017) and to pectinolytic bacteria such as Bacillus and
the enterobacteria Erwinia, Pantoea and Tatumella (Ouattara
et al, 2008; Papalexandratou et al., 2013, 2019; Hamdouche
et al, 2015; De Vuyst and Leroy, 2020). The present study
suggested that other microorganisms may play a role in the
degradation of the main pectin chains as well, such as species
of Cellvibrio and Pectobacterium, which are known degraders
of plant cell wall materials (Hugouvleux-Cotte-Pattat et al.,
2014; Gardner, 2016). It has been hypothesized that Cellvibrio
species degrade pectins mainly to liberate cellulose from the
surrounding pectin (Gardner, 2016). Yet, other microorganisms
may play a role in the degradation of pectin side chains as well.
For instance, several genes encoding the family GH43 enzymes
were attributed to Paul. vaccinostercus, a nutritionally fastidious
LAB species depending on, for instance, pentoses (Dellaglio
et al., 2006). It has been found in the fermentation step of wet
coffee processing too (Zhang et al., 2019). This family of enzymes
includes  a-L-arabinofuranosidases, —endo-a-L-arabinanases,
and B-xylosidases. Finally, the pectin methyl esterase expressed
by T. cacao may have made the pectin breakdown easier

for the microorganisms, indicating a synergistic action of
endogenous and microbial enzymes. However, as plant gene
expression was not targeted, expression of other genes potentially
involved in pectinolysis could not be investigated. Based on
the presence of this diverse set of (micro)organisms with the
ability to contribute to cocoa pulp pectinolysis, it could be
hypothesized that the pectin degradation process could benefit
from dedicated microbial interactions, and indeed, synergistic
effects in the pectin degradation process have been indicated
before (Ouattara et al., 2020).

CONCLUSION

This study dealt with three similar Costa Rican cocoa
fermentation processes and revealed the presence of
microbial species known to be major players in cocoa pulp-
bean mass fermentations, in particular H. opuntiae, Liml.
fermentum, Lacp. plantarum, S. cerevisiae, A. pasteurianus,
and A. ghanensis. The consumption of major carbohydrates
and organic acids was linked to H. opuntiae, S. cerevisiae,
Liml. fermentum, and Lacp. plantarum, producing mainly
ethanol, lactic acid, acetic acid, mannitol, and acetoin. In
the later stage of the fermentation processes, ethanol and
lactic acid were consumed by AAB, producing acetic acid
and acetoin. However, genes enabling previously overlooked
metabolic activities were expressed too, for instance regarding
lactic acid and mannitol utilization by Lacp. plantarum.
Although the present study revealed a wide variety of
microorganisms in the beginning of the fermentation processes,
their diversity decreased over time, which paralleled the
increasing stress in the cocoa fermentation environment.
Some of the microorganisms present in the beginning of
the fermentation processes had a potential role in pectin
degradation, emphasizing the complexity of this process and
presenting it as a synergistic effort of different microbial
communities, and possibly that of the host plant too. The
knowledge gained in this study could be beneficial in the search
and development of adapted functional starter cultures to steer
cocoa fermentation processes.
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