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A B S T R A C T

Fermentation of Theobroma cacao L. beans is the most critical stage in the production of cocoa products such as
chocolates and its derivatives. There is a limited understanding of the complex response of microbial diversity
during cocoa bean fermentation. The aim of the present study was to investigate microbial communities in the
cocoa bean fermentation heap using a culture-independent approach to elucidate microbial diversity, structure,
functional annotation and mapping unto metabolic pathways. Genomic DNA was extracted and purified from a
sample of cocoa beans fermentation heap and was followed by library preparations. Sequence data was generated
on Illumina Hiseq 2000 paired-end technology (Macrogen Inc). Taxonomic analysis based on genes predicted from
the metagenome identified a high percentage of Bacteria (90.0%), Yeast (9%), and bacteriophages (1%) from the
cocoa microbiome. Lactobacillus (20%), Gluconacetobacter (9%), Acetobacter (7%) and Gluconobacter (6%) domi-
nated this study. The mean species diversity, measured by Shannon alpha-diversity index, was estimated at
142.81. Assignment of metagenomic sequences to SEED database categories at 97% sequence similarity identified
a genetic profile characteristic of heterotrophic lactic acid fermentation of carbohydrates and aromatic amino
acids. Metabolism of aromatic compounds, amino acids and their derivatives and carbohydrates occupied 0.6%,
8% and 13% respectively. Overall, these results provide insights into the cocoa microbiome, identifying
fermentation processes carried out broadly by complex microbial communities and metabolic pathways encoding
aromatic compounds such as phenylacetaldehyde, butanediol, acetoin, and theobromine that are required for
flavour and aroma production. The results obtained will help develop targeted inoculations to produce desired
chocolate flavour or targeted metabolic pathways for the selection of microbes for good aroma and flavour
compounds formation.
1. Introduction

Fresh cocoa bean pulp is rich in fermentable sugars such as glucose,
fructose and sucrose, and has a low pH of 3.0–3.5, mainly due to the
presence of citric acid. The activities of a variety of microorganisms result
in a change in the chemical composition of the pulp during fermentation
(Camu et al., 2008). The pulp is microbiologically sterile, when healthy
undamaged pods are opened aseptically (Jespersen et al., 2005). How-
ever, sterile pulp gets inoculated with a variety of microorganisms from
the machete, workers' hands, carrying-baskets, fermentation boxes, fruit
flies and other insects (Jespersen et al., 2005; Camu et al., 2008). Cocoa
rifo).
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bean fermentation is generally characterized by the production of me-
tabolites, such as organic acids (lactic and acetic acid) and flavouring
compounds, which are important components in defining cocoa bean
quality for chocolate production (Camu et al., 2008; Afoakwa et al.,
2009). The presence of various metabolites reflect the presence of related
genes in the microbial population and give a more direct collective
phenotypic view of the cocoa bean fermentation microbiome because of
the products of gene expression (Antony and Chandra, 1997).

Yeasts are the initial colonisers of cocoa pulp and their presence is
favoured by the relatively high acidity of pulp (pH 3.6), due to citric acid,
and together with low oxygen levels to utilise pulp carbohydrates under
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both aerobic and anaerobic conditions (Urso et al., 2008). The activities
of yeasts present in the pulp results in a changed fermentation environ-
ment that favours the development of lactic-acid bacteria (LAB). Yeasts
convert sucrose, glucose, and fructose present in the pulp to ethanol and
carbon dioxide. They also metabolise citric acid causing the pH value to
increase in the pulp leading to enhanced growth of bacteria. Several
yeasts isolates produce organic acids including acetic, oxalic, phosphoric,
succinic, and malic acids (Nielsen et al., 2005; Daniel et al., 2009). They
further produce volatile compounds important in the development of full
chocolate flavour (Leal et al., 2008; Smid and Kleerebezem, 2014). LAB
during fermentation, utilize glucose via the Embden-Meyerhof and the
hexose monophosphate pathways yielding more than 85% and 50%
lactic acid respectively. LAB is also involved in the production of ethanol,
acetic acid, glycerol, mannitol, and carbon dioxide (Vandamme and
Soetaert, 2002; Madorobaa et al., 2011). During cocoa bean fermenta-
tion, acetic acid bacteria (AAB) oxidize ethanol produced by yeasts into
acetic acid that infiltrates into the bean, lowering the inner pH. More-
over, the energy-yielding reactions of AAB increase the temperature of
the fermenting bean mass. The low inner pH of bean, coupled with the
heat, triggers the activation of endogenous enzymes, mainly proteolytic
enzymes (Noor-Soffalina et al., 2009; Yao et al., 2014), aminopeptidase,
invertase, polyphenol oxidase and glycosidases (Camu et al., 2007,
2008). This leads to a series of reactions responsible for the final quality
of the fermented bean and chocolate (Schwan and Wheals, 2004; Ouat-
tara et al., 2008; Lefeber et al., 2010).

Flavour precursors of cocoa are developed during the primary pro-
cessing of fermentation and drying of the cocoa beans. This development
of flavour precursors involves the action of various microorganisms in the
cocoa pulp and the action of endogenous enzymes on carbohydrates,
proteins and polyphenols in the cocoa beans (Camu et al., 2008; Gar-
cia-Armisen et al., 2010). Fermented, dried cocoa bean are roasted and
this results in more than 500 volatile compounds such as aldehydes
formed by Strecker degradation of amino acids, methylpropanal, 2- and
3-methylbutanal, phenylacetaldehyde and pyrazines that are considered
as important contributors to the cocoa aroma (Smit et al., 2005a;
Frauendorer and Schieberlie, 2006; Afoakwa et al., 2008). The amyl al-
cohols are common compounds in food flavour, which are also found in
the cocoa fermentation process. These alcohols are used to evaluate
cocoa flavour and degree of fermentation (Oberparleiter and Ziegleder,
1997; Smit et al., 2005b). In addition, compounds such as 3-methyl-1-bu-
tanol and phenylacetaldehyde have been reported as derivatives from
amino acids catabolism released during fermentation (Afoakwa et al.,
2008).

During the last decade, the microbial diversity of spontaneous cocoa
bean fermentation processes have been investigated through the appli-
cation of culture-dependent and culture-independent techniques
(Papalexandratou et al., 2011a, 2011c; Illeghems et al., 2012). A
culture-independent technique such as PCR-DGGE had been employed
with the aim of identifying both cultivable and uncultivable but poten-
tially important contributors in a microbial ecosystem using whole mi-
crobial community (metagenomic) DNA. However, this method gives a
biased outcome for several reasons, as they are confronted with PCR
challenges such as preferential DNA amplification (Illeghems et al.,
2012). Currently, microbial ecological studies have seen the introduction
of metagenomics that deals with the direct genetic analysis of genomes
contained within an environmental sample has revealed several microbes
that were previously unculturable (Tyson et al., 2004; Venter et al., 2004;
Eisen, 2007; Thomas et al., 2012). This method provides access to the
functional gene composition of microbial communities and thus gives a
much broader description than phylogenetic surveys, which are often
based only on the diversity of one gene, for instance the 16S rRNA gene
for bacterial identification (Wilmes and Bond, 2006; Gilbert et al., 2008).
However, this great potential of metagenomics has not been exploited in
cocoa fermentation.

This current study reports utilizing a culture-independent approach to
elucidate the microbial species diversity and structure as well as
2

functional protein compositions in the cocoa bean fermentation micro-
biome using shotgun Illumina technology to overcome the limitations of
the culture-dependent techniques.

2. Materials and methods

Matured ripped cocoa pods from mixed hybrid cocoa Criollo and
Forastero tree plantations obtained from Cocoa Research Institute of
Ghana farms (Long. 0*210185”(W) and Lat. 6*13026” (N)) located at
Akyem Tafo in Ghana were harvested manually. These were transported
in baskets, and used for fermentation on the same day in Ghana. Plan-
tation workers cut the pods open with machetes, and the beans and
surrounding pulp were manually scooped out. Approximately 250 kg of
wet beans with pulp was heaped on banana leaves on the ground,
resulting in a heap of 62 cm high and 101 cm diameter and which were
covered with extra banana leaves completely and left to ferment.
Fermentation was carried out for 4 days and 400 g of fermented beans
was sampled at 24 hr, 48 hr, 72 hr and 96 hr. These samples were labelled
as A1, A2, A3, and A4 respectively. At 24 hr the initial colonisers, yeasts
species control fermentation, while LAB and AAB control fermentation at
48 and 72 hr. The samples were placed in sterile sample bags and
transported on ice to the laboratory for genomic DNA extraction.

2.1. Genomic DNA extraction and Illumina sequencing

Whole-community metagenomic DNA was isolated in quadruplicate
(A1, A2, A3 and A4), each time from 20 g of the sample being homog-
enized in a Stomacher® 400 (Seward Laboratory System Inc, Florida-
USA) for 5 min, with 70 ml saline (mixture). The fluid (mixture) was
decanted and subsequently centrifuged at 170 x g at 4 �C for 5 min to
remove large particles. The supernatant was filtered through cheesecloth
with an approximate pore size of 20-μm. The genomic DNAwas extracted
according to a modified method of Camu et al. (2008). For a purer DNA
sample to meet the sequencing standard, 400 mL CTAB lyse buffer
(AppliChem, GmbH, Darmstadt, Germany) was used for re-extraction to
remove excessive lipids. The genomic DNA was visualized on a 1%
Agarose gel with 1kb ladder (GeneScript) at a voltage of 80V for 45
minutes. The DNA quantity and quality was determined with Qubit.
Shotgun whole genome library was constructed using the TruSeq Sample
Prep kits (Illumina, California-USA) according to the manufacturer's
protocol. The four samples A1, A2, A3 and A4 were pooled together for
construction of the library. A paired-end sequencing of the library was
run on one lane of Illumina HiSeq 2000 flow cell for whole genome
shotgun metagenomic sequencing at Macrogen Inc. (Korea). The ob-
tained reads were subjected to quality control checks using FASTQC
v0.11.2 tool and normalisation of sequence data coming from the high
throughput sequencing pipelines. Bad sequences and sequence reads less
than 100 bases with a median quality score below 20 were removed. Host
plant sequences were also screened out. Metagenome analysis was car-
ried out using three consecutive steps: de novo read assembly (Luo et al.,
2012), species binning, open reading frames (ORFs) identification within
the sequence data using FragGeneScan version 1.19 (Rho et al., 2010).
The ORFs were subsequently screened for potential protein-encoding
genes (PEGs) via a BLASTX search against the SEED non-redundant
database. The assembled reads were uploaded to the online server Met-
agenome Rapid Annotation Using Subsystem Technology (MG-RAST)
(Meyer et al., 2008) under the name DSA Metagenome and was assigned
the Metagenome ID: 4572378.3. The MG-RAST v.3.5 online server
quality control pipeline was utilized to further remove reads of short
length and poor quality before annotation and the analysis of meta-
genomic data (Meyer et al., 2008). The organisms were classified based
on M5NR protein database, and functions annotated and classified based
on SEED subsystem incorporated in the online server MG-RAST. The
maximum e-value of 10�5, minimum 70% identity of, and a minimum
alignment length of 30 were applied as the parameter settings in the
analysis. The species alpha diversity was estimated using the Shannon
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diversity index (MG-RAST). The most abundant species were recruited
using the MG-RAST server.
2.2. KEGG pathway assignment

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) mapping
method was used in recruiting and assigning metabolic pathways
(Kanehisa and Goto, 2000). The sequences that mapped unto KEGG
metabolic pathways were assigned enzyme commission (EC) numbers as
obtained in the pathway database.

3. Results

3.1. Paired –end sequencing

Paired-end sequencing of libraries generated 46 gigabytes (GB)
(462,844,468 reads) of data. Quality filtering retained 373,289,474
reads (approximately 38 GB). The identified OTUs and ORFs were
searched against databases such as RDP, M5NR/NCBI NR released 2/2/
2011 (Sayers et al., 2009), using Basic Local Alignment Search Tool
(BLAST) and BLAST-like alignment tool (BLAT) (Kent, 2002). The results
indicated that the taxonomic assignment of the Bacteria domain was the
most abundant (90%) within the cocoa beans fermentation metagenome
sequences. The domains Eukaryota and Viruses accounted for 9% and 1%
respectively of the total sequences reads. In the bacteria domain, the
Proteobacteria phylum represented half of the sequences (50%) and was
followed by the next largest phylum Firmicutes representing 38% of
cocoa beans fermentation metagenome sequences. Present also in this
metagenome sequences was the taxon Ascomycota that accounts for 8%
and a small number of the sequences representing 1% were derived from
Viruses (Fig. 1).

Most of the virus-derived sequences were identified with the virus
family Siphoviridae. Within the total sequence reads of the family
Siphoviridae, Lactobacillus bacteriophages were the highest occurring at
79.7%. Lactococcus bacteriophage and Leuconostoc bacteriophage were the
other dominant bacteriophages at 10.7% and 10.8% respectively. Some
phages were also derived from Bacillus, Pseudomonas, Staphylococcus,
Enterococcus and Enterobacteria, but were the least represented (Fig. 2).
Furthermore, the most abundant families were Acetobacteraceae (23%),
Lactobacillaceae (21%), Enterobacteriaceae, Leuconostocaceae, and
Fig. 1. Phylum distribution within Th
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Saccharomycetaceae with the relative abundance of 16%, 11% and 6%
respectively within the entire sequence data (Fig. 3). Subsequently, at the
genus level, Lactobacillus was the most abundant at 20%. Additionally,
three main genera of the Acetobacteraceae family were identified. These
were Gluconacetobacter, Acetobacter and Gluconobacter with 9%, 7% and
6% abundance respectively. Rare and low abundance genera included
Granulibacter, Acidiphilium and Roseomonas. Four genera of Leuconosto-
caceae family were represented, with the genus Leuconostoc (10%) being
the most abundant within the sequence dataset. The others were Oeno-
coccus, Weissella, and Fructobacillus. Worthy of note was the presence of
Pantoea, Escherichia, and Saccharomyceswith a relative abundance of 4%,
2%, and 2% respectively (Fig. 4).

3.2. Species diversity indices

The fermentation of cocoa beans was observed to have a great di-
versity of microorganisms after species binning. The estimated Shannon
alpha (α) diversity value from assembled contigs at the species-level
annotations was 142.819. The most abundant species were Lactoba-
cillus plantarum (10%), Acetobacter pasteurianus (6%), Gluconobacter
oxydans (6%), Leuconostoc mesenteroides (5%), Gluconacetobacter diazo-
trophicus (5%), Gluconacetobacter hansenii (4%), Leuconostoc citreum (2%),
Saccharomyces cerevisiae (2%), Lactobacillus brevis (2%), Lactobacillus
fermentum (2%), and Escherichia coli (2%) (Figs. 5 and 6). Other species
identified belong to the genera Streptococcus, Enterococcus, Pantoea,
Erwinia, Yersinia, Klebsiella. The major yeasts species identified were
Saccharomyces cerevisiae and Kluyveromyces lactis (Fig. 6).

3.3. Protein-coding genes in cocoa fermentation microbiome

Several functional categories were identified based on the Subsys-
tem annotation databases implemented in the MG-RAST server. The
number of sequences representing the carbohydrate metabolism cate-
gory was 13% of the total functions determined. Amino acids and
derivatives, and proteins metabolisms sequences accounted for 8% and
7% of the functions identified respectively. Metabolism of aromatic
compounds sequences was 0.6% of the entire metabolism process.
Approximately, 5% of the entire cocoa beans fermentation meta-
genome sequences were assigned to the metabolism of cofactors, vi-
tamins, prosthetic groups and pigments. Lipids, fatty acid and
eobroma cacao beans microbiome.



Fig. 2. Bacteriophage ORFs identified in the family Siphoviridae in the cocoa microbiome.

Fig. 3. Taxonomic distribution of Family within cocoa fermentation metagenome.
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isoprenoid metabolism represented 2% abundance of the entire se-
quences. As much as 2% of the entire sequences was coding for stress
response by these microbes (Fig. 7). DNA and RNA metabolism, cell
wall and capsule, virulence, diseases and defense, phages and pro-
phages are among several predicted protein function categories that
were identified (Fig. 7).
4

3.4. Common pathway for synthesis of aromatic compounds (DAHP
synthase to chorismate)

Several aromatic genes sequences encoding for three types of DAHP
synthase and functions of genes involved at each stage were identified
(Table 1). These sequence reads are part of the common pathway for



Fig. 4. Taxonomic distribution of genera within cocoa fermentation microbiome.
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aromatic biosynthetic compounds that starts with 2-keto-3-deoxy-D-ara-
bino-heptulosonate-7-phosphate synthase (DAHP synthase) and pro-
ceeds through seven more steps to the major intermediate, chorismate.
The first step of the pathway: DAHP synthase I alpha and DAHP synthase
I beta are homologous proteins (AroAI alpha and AroAI beta), and DAHP
synthase II (AroAII). The second step is 3-dehydroquinate synthase
(AroB). The third step has two non-homologous types of 3-dehydroqui-
nate dehydratase, (AroCI and AroCII). The aroma gene 3,7-dideoxy-D-
threo-hepto-2,6-diulosonate synthase (AroB0) was also identified. Shiki-
mate dehydrogenase involved in the fifth step, with its subgroups of four
homologous groups (AroDI alpha, beta, gamma, delta) were also iden-
tified. The sixth step, shikimate kinase (AroEI and AroEII), 5-Enolpyru-
vylshikimate-3-phosphate synthase (EPSPS) (AroF), and chorismate
synthase (AroG) were all identified in the cocoa fermentation micro-
biome (Table 1).
3.5. Aromatic amino acids and derivatives metabolism

The aromatic amino acids and derivatives metabolism processes
category had ORFs sequences encoding for enzymes in common path-
ways for the synthesis of aromatic compounds, that is, the 3-deoxy-D-ara-
binoheptulosonate-7-phosphate (DAHP) synthase to chorismate at 27%
abundance. Sequence reads representing chorismate synthesis was 28%,
5

Tryptophan catabolism and synthesis was 7% and 12% abundance
respectively and aromatic amino acids degradation metabolic processes
was 8% in abundance of the category aromatic amino acids and de-
rivatives (Fig. 8). Some sequences encoding enzymatic reactions for the
biosynthesis of aromatic compound phenylacetaldehyde (Fig. 9) and
purine alkaloid theobromine (Fig. 10) through the metabolism of aro-
matic amino acids were also identified. Sequences reads encoding for the
enzyme aromatic aminotransferase, which catalyses the transamination
step in the conversion of the aromatic amino acids tyrosine, phenylala-
nine, and tryptophan to their corresponding alpha-keto acids, were
detected and associated with L. plantarum, and L. brevis. The subcategory
pathway for aromatic amino acid ORF sequences reads were annotated to
enzymes such as 3-dehydroquinate synthase (7.2%), 5-enolpyruvylshiki-
mate-3-phosphate synthase (22.8%), Shikimate kinases (10.6%), Cho-
rismate synthase (33.9%). Furthermore, lactic and acetic acid bacteria
significantly expressed shikimate 5-dehydrogenases (4.5%) and 2-keto-3-
deoxy-D-arabino-heptulosonate-7-phosphate (DHAP) synthase II (5.6%)
during the period of cocoa beans fermentation (Fig. 11).
3.6. Carbohydrate metabolism

In relation to only the carbohydrate metabolic processes functional
category, there were ORF sequences reads encoding for processes such as



Fig. 5. Species diversity during cocoa fermentation based on MG-RAST annotation online web server.

Fig. 6. Species diversity of the top fifty most abundant species in the cocoa fermentation microbiome.
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fermentation (8.8%), Di- and oligosaccharides (11.8%), a mono-
saccharide (21.1%) and other central carbohydrates metabolism (27.1%)
(Fig. 12). Furthermore, in relation to the carbohydrate functional
6

category, the subcategory monosaccharides metabolism included se-
quences for such processes as fructose (2%), xylose (2%), D-gal-
acturonate and D-glucuronate (1%) utilization, Manose, (2%) and D-



Fig. 7. Predicted protein coding genes in cocoa fermentation metagenome sequence data.

Table 1
Identified fermentation genes in aromatic amino acids metabolic pathways an-
notated in SEED-subsystem.

Genes Functional Role

AroAIα 2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase I alpha (EC
2.5.1.54)

AroAIβ 2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase I beta (EC
2.5.1.54)

AroAII 2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase II (EC
2.5.1.54)

AroB 3-dehydroquinate synthase (EC 4.2.3.4)
AroCI 3-dehydroquinate dehydratase I (EC 4.2.1.10)
AroCII 3-dehydroquinate dehydratase II (EC 4.2.1.10)
AroDIα Shikimate 5-dehydrogenase I alpha (EC 1.1.1.25)
AroDIβ Shikimate/quinate 5-dehydrogenase I beta (EC 1.1.1.282)
AroDIγ Shikimate 5-dehydrogenase I gamma (EC 1.1.1.25)
AroDIδ Quinate/shikimate 5-dehydrogenase I delta (EC 1.1.1.25)
AroEI Shikimate kinase I (EC 2.7.1.71)
AroEII Shikimate kinase II (EC 2.7.1.71)
AroEIII Shikimate kinase III (EC 2.7.1.71)
AroF 5-Enolpyruvylshikimate-3-phosphate synthase (EC 2.5.1.19)
AroG Chorismate synthase (EC 4.2.3.5)
TyrR Transcriptional repressor protein TyrR
TrpR Transcriptional repressor protein Trp
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gluconate and ketogluconate metabolism (3%) abundance in sequence
proportion (Fig. 13). The subcategory Di- and oligosaccharides metabo-
lisms sequences had 2% of lactose and galactose uptake utilization pro-
cesses with respect to the carbohydrate metabolism functional category
(Fig. 13). The ORF reads that make-up only the fermentation metabolism
functional category were mixed acid fermentation at 34.5%, fermenta-
tion lactate utilization process sequence reads was 21.8%, acetone
butanol, ethanol synthesis was 16.2%, Acetoin butanediol metabolism
was 10.6% and butanol biosynthesis was 9.6% (Fig. 14). A high number
of ORF sequence reads encoding for enzymes involved in Entner-
Doudoroff pathway, glycolysis and glucogenesis pathways, pyruvate
metabolisms, pentose phosphate pathways among many others in the
central carbohydrate metabolisms were identified (Fig. 13). Notable
enzymes in the Entner-Doudoroff pathway were enolase, Gluconokinase,
7

glucose-6-phosphate 1- dehydrogenase, pyruvate kinases, 6-Phosphoglu-
conolactonase and Phosphoglycerate mutase (Fig. 15).

Most of the assembled ORFs annotated to protein gene tags of
Lactobacillus plantarum, and Acetobacter pasteurianus in the subsystem
database mapped to phenylalanine, tyrosine and tryptophan biosynthesis
in the KEGG pathways database (Fig. 16). This indicated the roles played
by these microbes for the formation of aromatic amino acid and de-
rivatives biosynthesis processes.

3.6.1. Lactobacillus plantarum
The recruited sequences for Lactobacillus plantarum when mapped to

the reference genome of Lactobacillus plantarum ATCC 14917 down-
loaded from NCBI FTP site showed 6587 features were covered. The
calculated GC content was 43.3%. The prominent features as annotated
by RAST server were sequences encoding biotin, riboflavin, lipoic acid
biosynthesis, phages and prophages elements. Sequences encoding for
membrane transport were highly detected as well as fatty acid metabo-
lisms. The recruited Lactobacillus plantarum showed a high number of
sequence reads encoding for osmotic, oxidative, cold shock and detoxi-
fication stress responses (Fig. 17).

3.6.2. Acetobacter pasteurianus
The recruited sequences for Acetobacter pasteurianus when mapped to

the reference genome of Acetobacter pasteurianus IFO 3283-01 down-
loaded from NCBI FTP site on the RAST server for annotation showed
1127 contigs of protein-encoding genes (PEGs) (Fig. 18). The GC content
calculated for this submitted sequences was 55.4%. The RAST server
revealed several ORF sequence reads encoding for features such as
biosynthesis of vitamins and pigment, cell wall and capsule components
metabolisms, phages, prophages and transposable elements, respiration
enzymes, osmotic and oxidative stress responses mapped unto Aceto-
bacter pasteurianus during the fermentation period.

4. Discussion

High-throughput sequencing approach has the potential to identify
rare microbial taxa responsible for shifts in the community structure



Fig. 8. Aromatic amino acids.

Fig. 9. Metabolic biosynthesis of phenylacetaldehyde as obtained from Kegg database.
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(Hartmann et al., 2015). The dominant taxonomic phyla Proteobacteria
and Firmicutes as observed were similar to findings in earlier studies
carried out in Ghana (Camu et al., 2007) and Ecuador (Papalexandratou
et al., 2011b). The co-dominance of Proteobacteria and Firmicute in
cocoa is attributed to the rich source of carbohydrates, glucose, sucrose
and glycerol in the pulp of cocoa beans (Camu et al., 2007). The substrate
of fermentation environment and other environmental factors such as pH
and temperature usually defines presence and succession of microbes
(Nielsen et al., 2007). Aeration of the cocoa beans fermentation heap
favours the growth of Acetobacter and Gluconobacter. These genera were
significantly observed in this study are known to oxidize lactic acid to
acetic acid and succinic acid. The presence of Bacillus pp in this study and
8

filamentous fungi, such as Aspergillus, Penicillium are known to be po-
tential microbes that cause off-tastes of the fermentation products if
fermentation is allowed to continue beyond five days (Camu et al., 2007).

Additionally, the present study based on whole-genome shotgun
sequencing revealed a rich microbial diversity with an alpha-diversity
estimated at 142.81 with Lactobacillus plantarum and Acetobacter pas-
teurianus as dominant species as compared to a low alpha-diversity of
42.6 reported for kimchi (Park et al., 2009) which had Leuconostoc
mesenteriodes as the most abundant species. Similarly, research on mi-
crobial diversity in Ghanaian cocoa fermentation had employed the
method of culturing, biochemical test, PCR-DGGE and sequencing 16S
rRNA amplicons but that resulted in only 16 species identified (Camu



Fig. 10. Metabolic biosynthesis of purine alkaloid theobromine as obtained from Kegg database. The blue coloured boxes (Figs. 9 and 10) with EC numbers indicate
enzymes that were obtained from the cocoa beans fermentation sequence data, but the box EC number in red represent link to this KEGG map. The unidentified genes
could be a result of the random fragmentation of the genomic DNA during library preparation. In this process there is the likelihood some of the genomic DNA segment
could not be present in the library for sequencing.

Fig. 11. Aromatic enzymes in common pathway for aromatic compounds.
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Fig. 12. Carbohydrate category based on subsystem annotation in MG-RAST online server.

Fig. 13. Carbohydrate category and subcategory functional annotation based on subsystem database implemented in MG-RAST online webserver.
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et al., 2007) as compared to the current research, which identified over
fifty species. The low diversity associatedwith the 16S ampliconsmethod
can be attributed to the challenges of primer selectivity as compared to
the metagenomic approach of directly sequencing genetic material from
the environment. As noted in the present study, a higher number of
species was achieved with a large dataset of sequence reads suggesting a
contribution to the identification microbial species, especially low
abundant and rare ones (Hasan et al., 2014; Sims et al., 2014). In an
earlier study on cocoa fermentation, Acetobacter pasteurianus,
10
Lactobacillus plantarum were identified as the most dominant (Camu
et al., 2007). The current study concurred with that report with the
identification of A. pasteurianus, L. plantarum, Gluconobacter oxydans,
Gluconacetobacter diazotrophicus and Gluconacetobacter hansenii and, a
further thirty-two more Lactobacillus species were identified as important
microorganisms in cocoa bean fermentation. Previous studies (Nielsen
et al., 2007; Papalexandratou et al., 2011a, b, c) failed to identify
G. oxydans and G. diazotrophicus because these species cannot be grown
easily under laboratory conditions, thereby supporting the need for use of



Fig. 14. Fermentation category based on subsystem annotation in MG-RAST online server.

Fig. 15. Some enzymes of the Entner-Doudoroff pathway identified in a cocoa metagenomic data set related to fermentation based on SEED subsystems.
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metagenomics and shotgun sequencing (Schwan and Wheals, 2004;
Camu et al., 2007; Hasan et al., 2014). The presence of Gluconobacter sp
reflects their preference for ethanol and sugars as energy sources while
the yeast population reported in this study metabolize sugars and citric
acid for production of ethanol under anaerobic conditions below pH 4 in
the carbohydrate-rich pulp (Koma et al., 2012). The presences of func-
tional groups for vitamins, and pigment metabolism in this study can be
correlated to microbial species such as yeast and LAB that have been
widely employed in food fermentation processes for the biosynthesis of
certain important products or metabolites. Yeasts and LAB are important
probiotics because they are capable of synthesizing essential bio-
molecules such as vitamins or bioactive peptides to improve the nutri-
tional and organoleptic properties of the final products. For example,
S. cerevisiae is able to concentrate large quantities of thiamine, nicotinic
acid and biotin and thus form enriched products (Patel et al., 2013). This
study further reports the presence of bacteriophages in cocoa fermenta-
tion. Bacteriophages are of great economic importance in fermentation
(Smid and Hugenholtz, 2010). They lyse bacterial cells leading to the
release of bacterial content into the fermentation matrix thereby posi-
tively influencing the aroma profiles (Cardoso et al., 2012; Smid and
Kleerebezem, 2014). The observation of ORFs encoding for
11
peptidoglycan hydrolases (PGHs) and bacteriophages in the study was an
indication of the lysing of lactic acid bacteria and other fermenting mi-
croorganisms cell wall and capsules that lead to the release of intracel-
lular enzymes into the fermentation matrix. Many of these released
enzymes further metabolize substrates in the food matrix with the
accompanying release of aroma as noted in lactic acid fermentation
(Smid and Hugenholtz, 2010; Smid and Kleerebezem, 2014). Although
the lysing of bacteria by bacteriophage and expulsion of its contents may
result in enhanced aroma profile, an excessive infestation of the fer-
menting mass with bacteriophage could lead to under-fermentation of
the beans and thereby reducing the economic value of the beans. This
phenomenon of under-fermentation caused by bacteriophages had also
been observed in milk fermentation by LAB species (Marc�o et al., 2012;
Smid and Kleerebezem, 2014).

Predicting the function of the protein-coding genes enhances the
understanding of microbial communities on how they are influenced by
their environment (Weckx et al., 2011). DNA and RNA metabolism,
membrane transport proteins, protein metabolism, regulation and cell
signaling, respiration, nucleosides and nucleotides metabolisms among
many others were functional proteins that were observed in this study.
Nucleic acids are critical for the storage and use of genetic information,



Fig. 16. Lactobacillus plantarum and Acetobacter pasteurianus sequences mapped to a metabolic pathway for phenylalanine, tyrosine and tryptophan biosynthesis based
on KEGG database. The boxes in blue indicate enzymes that were mapped from the cocoa microbiome sequence data.
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and its interpretation through the processes of transcription and protein
biosynthesis. Coenzymes allow cells to use a small set of metabolic in-
termediates to carry chemical groups between different reactions. They
act as a bridge between catabolism and anabolism. Membrane proteins
are required to enable the specific passage or transport of selected sub-
stances across membranes (Klaenhammer et al., 2005; Weckx et al.,
2011). They also act as receptors and signal sensors of environmental
cues such as pH and temperature changes during cocoa bean fermenta-
tion. Similar observations were obtained for marine environment
(Gilbert et al., 2008), kimchi (Park et al., 2011), snail gut (Cardoso et al.,
2012) and human saliva (Hasan et al., 2014) microbiomes. Carbohy-
drate, amino acids and derivatives, aromatic compounds, are key func-
tional categories that were identified in the current study. The observed
results lend credence to the importance of LAB and AAB in the biosyn-
thesis of carbohydrates, amino acids and their derivatives. This is evident
in the presence of many ORFs reads annotated to LAB and AAB in
accomplishing fermentation through the Glycolysis -
Embden-Meyerhoff-Parnas pathway (EMP) and Pentose Phosphate
12
Pathway (PPP) because the cocoa bean pulp is rich in glucose, sucrose,
proteins, fatty acids that enhance metabolism (De Filippo et al., 2012).
Furthermore, identification of ORFs sequence reads encoding for alcohol
dehydrogenase, and series of enzymes sequence reads in the
Entner-Doudoroff, glycolysis and pentose phosphate pathways by
L. plantarum, A. pasteurianus and many other identified microbes were
indicative of active utilization of glucose, sucrose, fructose, lactose,
maltose and galactose by microorganism present during cocoa beans
fermentation (Schwan and Wheals, 2004; Papalexandratou et al.,
2011b). These bacteria synthesize pyruvate from glucose and generating
cellular energy for cells metabolic activities. The pyruvate is converted to
lactate by lactic acid bacteria and other mixed acid fermentation prod-
ucts of acetate, succinate, formate, and ethanol that are released into the
fermenting mass to enhance flavour characteristics (Miguel et al., 2010;
Nalbantoglu et al., 2014).

The observation of ORFs assigned to proteins, lipids, fats and fatty
acid metabolism was highly indicative of the abundant aromatic com-
pounds profile within cocoa beans fermentation, potentially impacting



Fig. 17. Recruitment plot of Lactoba-
cillus plantarum from metagenome to the
reference genome Lactobacillus planta-
rum ATCC 14917 in MG-RAST. The
outmost circle represents forward strand
genes (Red: protein, Black: RNA). The
second circle is contigs for the reference
genome. The third circle is the reverse
strand genes (Red: protein, Black: RNA).
The inner circle is abundant information
of metagenome query microorganism
based on color-coded by e-value expo-
nent as: blue, �3 to �5; green, �5 to
�10; yellow, �10 to �20; orange, �20
to �30; red, less than �30.
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on the aroma profile of the fermented food product (Steen et al., 2005;
Samson andMoineau, 2013; Smid and Kleerebezem, 2014). Additionally,
the presences of ORFs encoding respiratory functional group in this study
suggests the activities of aerobic acetic acid bacteria that is highly linked
to the aerobic stage of the fermentation. Fermentation usually takes place
in the absences of oxygen where it converts NADH and pyruvate pro-
duced in glycolysis into NADþ. However, in some instances during
fermentation the availability of oxygen causes bacteria to use NADH and
pyruvate to generate energy in respiration (Weckx et al., 2011; Illeghems
et al., 2013). Periodic turning or mixing of beans for uniform fermenta-
tion results in the aeration of the heap and subsequently the onset of
aerobic respiration due to the presence of acetic acid bacteria,Acetobacter
and Gluconobacter sp.

The overlapping nature of microbial succession during cocoa
fermentation confirms the evidence that most bacteria possess genes that
enable them to survive at different times during the fermentation period.
The presence of oxidative, osmotic and heat shock stress response se-
quences reads are suggestive of the adaptation mechanisms the microbes
engage in to survive the varying changes in temperature, pH and me-
tabolites during cocoa beans fermentation, which could play a role in
detoxification of toxic compounds. The bacterial stress response enables
bacteria to survive adverse and fluctuating conditions in their immediate
surroundings. Various bacterial mechanisms recognize different envi-
ronmental changes and mount an appropriate response. In addition, the
observation of ORFs encoding for virulence, disease and defence and
antibiotic resistance associated genes is expected in a heterogeneous and
13
uncontrolled fermentation of cocoa beans fermentation. This is attributed
to the microbial species succession whereby toxic compounds released by
other bacteria in their defence towards survival and changing environ-
mental conditions during fermentation which is the result of changing
microbial community in the fermentation matrix. This inhibitory and
defence mechanism is directed towards other species of the same genera
or different genera by inhibiting cell wall synthesis and preventing RNase
and DNase activities (Nes et al., 2007; Vaibhav et al., 2014). Further, this
study also identified ORFs encoding for lactate fermentation, acetoin,
and butanediol metabolism, which was consistent with previous studies
(Park et al., 2011). This fermentation process produces aroma com-
pounds. Functional enrichment of the microbiome showed that cocoa
fermentation had high metabolic versatility with regard to amino acids,
carbohydrate, amino acids metabolism and stress response. The func-
tional distribution of protein-encoding ORFs in this study is similar to the
findings reported in metagenomics study of kimchi (Park et al., 2011).

To the best of our knowledge, the present study is the first to
concurrently, study the functional annotation of ORFs sequence reads in
chorismate synthesis, shikimate pathways and biosynthesis of phenyl-
acetaldehyde, acetoin and butanediol, and species diversity during cocoa
fermentation. Furthermore, observation of sequence reads for chorismate
synthesis involving identified series of aromatic enzymes such as cho-
rismate mutase, chorismate synthase and DAHP synthase among others,
in this study are involved in aromatic compound biosynthesis using
shikimate pathway. These pathways lead to the production of organic
acids and secondary metabolites and the release of aroma profiles (Koma



Fig. 18. Recruitment plot of Acetobacter
pasteurianus from metagenome to the
reference genome Acetobacter pasteur-
ianus IFO 3283-01 in MG-RAST. The
outmost circle represents forward strand
genes (Red: protein, Black: RNA). The
second circle is contigs for the reference
genome. The third circle is reverse
strand genes (Red: protein, Black: RNA).
The inner circle is abundant information
of metagenome query microorganism
based on color-coded by e-value expo-
nent as: blue, �3 to �5; green, �5 to
�10; yellow, �10 to �20; orange, �20
to �30; red, less than �30.
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et al., 2012). Chorismate biosynthetic pathway is central to most pro-
karyotes and several eukaryotes. Chorismate is an intermediate in the
synthesis of L-phenylalanine, L-tyrosine and L-tryptophan. These amino
acids serve as substrates and flavour precursors in other pathways for
secondary metabolites such as alkaloids, flavonoids, and indole deriva-
tive compounds (Wegley et al., 2007). Microorganisms identified in this
study were observed to use the Ehrlich pathways to produce aromatic
compounds; diacetyl, acetaldehyde, 2,3-butanediol and acetoin. They
transaminate the amine group to alpha-keto acids as was predicted in the
present study, with the conversion of phenylpyruvate to phenyl-
acetaldehyde and finally the aromatic compound. This property exhibi-
ted by these microorganisms is known to enhance the sensory
characteristics of fermented food products (Smid and Kleerebezem,
2014).

Lactobacillus plantarum, Lactobacillus fermentum, Gluconobacter oxy-
dans and Acetobacter pasteurianus among others in this study were
observed to encode the common precursors of aromatic amino acids and
secondary metabolites within the shikimate pathway with the transfer of
phosphoryl catalysed by shikimate kinase enzyme within the shikimate
pathway (Hartmann et al., 2006; Weckx et al., 2011). Similarly, the
observation of ORFs encoding enzymes within the citrate metabolic
pathway suggest the utilization and release of secondary metabolites and
flavour compounds such as diacetyl, acetoin, butanediol, and acetalde-
hydes, which have a profound impact on the aroma of fermented food
products. Acetaldehyde, an essential aroma compound synthesised from
pyruvate is a precursor metabolite for other aroma compounds such as
14
phenylacetaldehyde, acetate, ethanol and acetoin (Rademaker et al.,
2007; Lachenmeier and Sohnius, 2008). These microorganisms usually
secrete Acetoin, a colourless to pale yellow liquid with a pleasant, buttery
odour, during fermentation. Its presence can be associated with the
characteristic pleasant flavour observed during cocoa beans fermentation
(Smid and Kleerebezem, 2014). The results in this study have shown that
genes encoding for aromatic amino acids were found in the cocoa bean
microbiome with the observation of ORFs encoding for enzymes within
D-gluconate and ketogluconate, and L-ascorbate utilisation pathways.
The flavour compounds originate from amino acid conversion to the
corresponding alpha-keto acids through transamination with
alpha-ketoglutarate as the most important amino acceptor (Schmeisser
et al., 2007; Hehemann et al., 2010).

Among the significant findings of this study was the identification of
ORFs encoding for an important purine alkaloid, theobromine synthesis
that is related to caffeine. Cocoa plants accumulate theobromine instead
of caffeine as the major purine alkaloid. The major sites of theobromine
biosynthesis in cocoa plants are the young pericarp and cotyledons of
fruits (Zheng et al., 2004). Theobromine is a known methylxanthine
present in chocolate and other cocoa products which stimulates the heart,
relaxes the smooth muscles and dilates blood vessels, and has specifically
been used to treat high blood pressure and hardening of the arteries
(Afoakwa et al., 2009).

In addition, metabolic pathways for various microbial biosynthesis of
the substrate to secondary metabolites were elucidated based on protein-
encoding ORFs in this study. Saccharomyces cerevisiae and L. plantarum
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metabolisms of sucrose and starch confirm the functional similarity in
their metabolism. A similar result was observed in Lactobacillus planta-
rum, Acetobacter pasteurianus, Gluconobacter oxydans and Leuconostoc
mesenteroides utilizing the phenylalanine, tyrosine and tryptophan
biosynthesis pathways. A variety of microorganisms grow in the cocoa
fermentation heap, but they do not all grow at the same time. Yeasts are
the first to colonise the fermentation heap followed by LAB and finally,
the presence of oxygen and the lower pH favours the growth of acetic
acid bacteria such as Acetobacter and Gluconobacter. Their metabolic
strategies describe their ecological role and usefulness in the industry
(Hultman and Auvinen, 2010). Lactobacillus plantarum and Acetobacter
pasteurianus were highly recruited when mapped to the reference
genome. AAB are known to be actively involved in conversion of lactic
acids produced by LAB to acetic acid (Camu et al., 2007). In conclusion,
these results advocate the potential of a microorganism to synthesize
flavour compounds and their derivatives via the aerobic and anaerobic
pathways. Furthermore, the metabolic capabilities of these microorgan-
isms can be harnessed and applied in the production of high quality
starter cultures for controlled cocoa fermentation. High throughput
sequencing enhances species detection and functional annotation of
ORFs sequence reads.
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