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ABSTRACT

Fermentation is an essential process step to develop precursor compounds for aroma and flavour characteristics
of chocolate, as well as preventing germination of the cocoa bean. Despite the importance of the role of mi-
croorganisms during the chocolate production, to date, there are some discrepancies of the “cocobiota” com-
munity found during fermentation and the impact of starter culture in fermented cocoa beans. This review
provides both a detailed overview of the starter cultures used in fermented cocoa beans and the microbial
diversity involved during this process, and an in-depth discussion of the methods used to identify these mi-
croorganisms. In this review, we included only published articles from 2008 to 2018 in English language. A total
of forty-seven studies contributed to the description of the cocobiota from 13 different countries. In detail, we
observed that the most common fermentation method used is the wooden box, followed by heap. Interestingly,
37% of the studies cited in this review did not mention the type of cocoa variety studied. Most of the techniques
used to identify the microbiota are fingerprinting based (DGGE); however, few studies have been using next-
generation technologies to elucidate the possible functions and interactions among microbes. Our results showed
a greater diversity of yeasts if compared with bacterial involved in the fermentation. This review will help
researchers seeking to design starter cultures to drive cocoa bean fermentation, and thus achieve a homogenous
mass of fermented cocoa beans as well as serve as a guide for assessing methodologies for the identification of
microorganisms.

1. Introduction

fermentations are used such as lactic, alcoholic and acetic fermenta-
tions (Steinkraus, 2002). These can be performed simultaneously in

Fermentation is one of the oldest food-manufacturing methodolo-
gies used to add value to the raw materials. This process involves a
metabolic route in order to obtain energy from organic compounds,
without the participation of an oxidising agent of exogenous origin
(Bourdichon et al., 2012). Some of the advantages of a successful fer-
mentation are that it allows perishable products such as milk, meat, and
vegetables to have higher microbiological stability and safety (Cocolin
et al., 2016). Besides the bio-preservation of foodstuff, the microbes
involved during fermentation have a significant impact on the physi-
cochemical, microbiological, safety and sensorial quality of the pro-
ducts (Bortolini et al., 2016). In food production, three kinds of

some food matrices, such as cocoa beans for the production of chocolate
(De Vuyst and Weckx, 2016; Ho et al., 2015; Lima et al., 2011; Pereira
et al., 2016; Schwan and Wheals, 2004; Schwan et al., 2015).

The identification of microorganisms present on fermented cocoa
beans has been studied since the ‘60s. However, the use of DNA se-
quencing technologies to profile the microbial ecosystems of foodstuff
has been conducted only during the last 10 years, while DNA based
fingerprinting such as DGGE or RFLP have been widely used to identify
and quantify microbial species involved in food matrices (Cocolin and
Ercolini, 2015). This review showed data regarding the main microbial
population belonging to yeasts, lactic acid bacteria (LAB), acetic acid
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Fig. 1. Physical requirements and biochemical characteristics of the microbial growth of yeast, LAB, AAB and Bacillaceae genus during cocoa bean fermentation.

Adapted from (Kadow et al., 2015).

bacteria (AAB) and Bacillacellae involved in different varieties of fer-
mented cocoa beans from different origins, fermented by using different
methods, mainly box, heap or tray. In addition, a brief description of
the methods that have been used to identified microbial communities in
spontaneous fermentations to give new insights for standardising mi-
crobial communities as inoculum.

2. From cocoa tree to cocoa bean

Theobroma cacao L. is a perennial tree native to the South American
tropical region and is cultivated only in the equatorial zone. Nowadays,
this agricultural product serves as one of the main incomes for farmers
in world tropical countries. In general, Forastero, Criollo, and Trinitario
are the three main varieties of cocoa, and its pods are approximately 12
to 30 cm in length and composed of 30 to 40 seeds cover by a muci-
laginous white pulp. Interestingly, 95% of the world's cocoa production
comes from the Forastero and its varietal hybrids cross (International
Cocoa Organization, 2013).

Cocoa trees have been intensively grown in various part of the
globe. According to recently published figures, in 2015-2016 the an-
nual production of cocoa of the eight main producing countries, Ivory
Coast, Ghana, Indonesia, Cameroon, Brazil, Nigeria, Ecuador and Peru,
was estimated at 3985 thousand tonnes, of which 37% of the total
cocoa was produced in Ivory Coast. Besides the most important cocoa
producing countries, cocoa beans are also produced in Uganda,
Malaysia, India, Mexico, Venezuela and Colombia (FAO, 2018).

2.1. Nutritional composition of cocoa beans

Cocoa bean is composed of two cotyledons and an embryo enclosed
by a seed coat, enveloped in a sweet, white mucilaginous pulp. This
pulp is approximately 40% of the weight of the fresh seed and holds
10-15% sugars, mainly glucose, fructose, and sucrose (Ardhana and
Fleet, 2003; Camu et al., 2008a). However, when cocoa is unripe, the
pulp has a higher proportion of sucrose compared to a ripe pulp, which
is composed mainly of fructose and glucose (Packiyasothy et al., 1981).
Besides sugars, the cocoa pulp contains about 1-2% of pectin and other
polysaccharides, proteins, amino acids, minerals, and vitamins, mainly
vitamin C, as well as 0.5-2% of citric acid (Camu et al., 2008b).

From the nutritional point of view, cocoa beans are composed
mainly by water (32-39%), total fat (30-32%, of which 65% is satu-
rated fat), proteins (8-10%), cellulose (2-3%), starch (4-6%), pentoses
(4-6%), sucrose (2-3%), polyphenols (5-6%), organic acids, mainly
citric, oxalic, and malic (1%), theobromine (1-3%) and caffeine (0.2-0.
1%) (Bucheli et al., 2001; Schwan et al., 2015). This chemical com-
position of cocoa beans and pulp can be considered an appropriate
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medium for microbial growth (Ardhana and Fleet, 2003; Ozturk and
Young, 2017). Once the pulp and the cocoa beans are removed from the
pod (mechanically or manually), they interact with a vast variety of
microorganisms from the environment like the tools used to open them
or worker's hands.

3. Microbial dynamics during cocoa beans fermentation

Cocoa bean fermentation is one of the post-harvest operations that
have the most significant impact on the final quality of chocolate. This
process is regulated mainly by yeast, lactic acid bacteria (LAB), acetic
acid bacteria (AAB) and members of the Bacillaceae (especially Bacillus)
that use the pulp that covers the cocoa bean as a growing substrate.
During the microbial cocoa fermentation, several molecules are re-
leased, which give to the chocolate its characteristic aromatic profile,
reducing the bitter taste and astringency and finally kill the embryo to
avoid its germination (Kadow et al., 2013, 2015). Thus, most efforts
have been focused on the identification of the microbiota involved
during fermentation in the last decade. In this review, a total of 47
available published studies are discussed in deep to describe the mi-
crobial composition of fermented cocoa beans of different varieties on
cocoa plants, fermented by different process, and from different cocoa
producing countries (Afoakwa et al., 2013; Bortolini et al., 2016; Camu
et al., 2008a).

3.1. Microbial succession and biochemical changes in fermented cocoa
beans

Fermentation is a complex process involving autochthonous mi-
croorganisms (Crafack et al., 2013; Jespersen et al., 2005) originated
from post-harvest procedures (from knives, banana or plantain leaves),
pods surfaces, worker's hands and from the surface of the containers
where the fermentation process is carried out and were yeasts, LAB and
AAB play the leading role (Adler et al., 2014; Camu et al., 2007, 2008b;
De Vuyst and Weckx, 2016; Jespersen et al., 2005; Ostovar and Keeney,
1973; Schwan et al., 2015).

During cocoa bean fermentation, three main stages can be dis-
tinguished. An overview of the microbial and biochemical reactions
involved in cocoa bean fermentation is shown in Fig. 1. The first stage
involves the growth of yeasts which mainly belongs to Sacchar-
omycetaceae family, including Hanseniaspora, Saccharomyces, Kluyver-
omyces and Pichia (Dujon and Louis, 2017), these genera, that produce
ethanol, are favoured by the higher concentration of glucose and citric
acid and the low availability of oxygen. However, yeasts can also pro-
duce other compounds such as carbon dioxide, organic acids (acetic and
succinic acid) and glycerol (Ardhana and Fleet, 2003; Camu et al.,
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Table 1

Overview of the microbial diversity involved in spontaneous cocoa fermentation from main studies performed over the last decade.
Publication year ~ Australia  Bolivia Brazil Cameroon Cuba Ecuador Ghana Honduras Ivory Coast Malaysia Mexico Nigeria Philippines Total
2008 1 1 1 3
2009 2 2
2010 1 1 2
2011 3 2 3 1 9
2012 1 1 1 3
2013 3 1 2 6
2014 1 1
2015 1 1 1 1 1 5
2016 1 3 1 1 1 3 10
2017 2 1 3
2018 1 1 1 3
Total 2 1 16 2 1 2 6 1 9 4 1 1 1 47

2008b; Nielsen et al., 2005, 2007; Papalexandratou et al., 2011a,
2011b, 2011c, 2013). Yeasts are also involved in the degradation of
pectin found in the cocoa pulp, and in the production of a large number
of aroma compounds precursors, such as higher alcohols and esters,
that contribute significantly to the development of chocolate aroma
profile (Crafack et al., 2013; Ho et al., 2014).

The second stage is characterised by the increment of lactic acid
concentrations, as a consequence of the increase of LAB populations
and the decrease of yeasts. However, the importance of the role of LAB
during the fermentation of cocoa has been controversial. According to
Ho et al. (2015) LAB may not be essential in cocoa bean fermentation.
However, several studies prove the presence of a limited diversity of
LAB, mainly Lactobacillus fermentum, which is heterofermentative and
produced volatile compounds such as diacetyl, acetoin and 2,3-buta-
nediol to support bacterial growth and allowed a slight increase of pH
in cocoa pulp (Adler et al., 2013; Camu et al., 2007, 2008b; Lefeber
et al., 2010, 2011; Papalexandratou et al., 2013).

Finally, in the third stage, LAB population begins to decrease and
simultaneously increases the population of AAB, which are responsible
for the simultaneous oxidation of ethanol produced by yeasts and the
conversion of lactic acid produced by LAB to acetic acid and acetoin
(Adler et al., 2014; Moens et al., 2014). Subsequently, acetic acid can be
overoxidized to carbon dioxide and water. The rise in temperature, the
decrease in pH from 6.5 to 4.8 and the penetration of acetic acid and
ethanol to the cocoa bean are the cause of the death of the embryo
(Ardhana and Fleet, 2003; Camu et al., 2008b; Cleenwerck et al., 2008;
Garcia-Armisen et al., 2010; Lefeber et al., 2012; Nielsen et al., 2005).
Besides the well-known bacteria described above, Bacillus has been
often isolated from fermented cocoa beans, however, its contribution to
this process remains to be elucidated. According to Ouattara et al.
(2011), Bacillus subtilis, B. pumilus and B. fusiformis isolated from cocoa
fermentation were the main producers of pectin lyase which may play
an important role during cocoa fermentation. In addition, it seems that
Bacillus could be implicated in the production of other pectinolytic
enzymes such as polygalacturonase during cocoa fermentation
(Ouattara et al., 2008). However, it should be pointed out that members
of the Bacillus genus can release off- flavour on fermented cocoa beans
due to the production of short- chain fatty acids (Schwan and Wheals,
2004; Schwan et al., 2015).

Despite the biochemical changes described above, a cell disruption
occurs inside the cocoa bean. This phenomenon causes the release of
cellular components of the cotyledon and produced favourable en-
vironments to develop taste precursors and pigment degradation by the
enzymatic action of invertases, glycosidases, and proteases as en-
doproteinases, carboxylases, aminopeptidases and polyphenol oxidases
(Rabadan-Chavez and Lugo-Cervantes, 2018). Also, enzymatic hydro-
lysis of cocoa bean proteins, mainly vicilin and albumins, occurs during
this process. These biochemical reactions can produce peptides with a
wide range of molecular weights, amino acids and reducing sugars that
are substrates needed for Maillard reactions which are necessary for the
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full development of aromas and flavours during drying and roasting of
cocoa bean (Caligiani et al., 2016; D'Souza et al., 2018; Kongor et al.,
2016).

3.2. Main microorganisms involved in cocoa bean fermentation

The study of microbial diversity during the fermentation process of
cocoa has been addressed in many studies using culture dependent and
independent methods. Microbial diversity of fermented cocoa beans in
the last ten years has been carried out in Ivory Coast (Bortolini et al.,
2016; Hamdouche et al., 2015; Koné et al., 2016; Lefeber et al., 2012;
Ouattara et al., 2008, 2011, 2017; Papalexandratou et al., 2011a;
Papalexandratou and Vuyst, 2011; Samagaci et al., 2016), Ghana
(Bortolini et al., 2016; Cleenwerck et al., 2008; Crafack et al., 2013;
Daniel et al., 2009; Garcia-Armisen et al., 2010), Brazil (Bastos et al.,
2018; Batista et al., 2015; Garcia-Armisen et al., 2010; Illeghems et al.,
2012; Leal et al., 2008; Menezes et al., 2016; Moreira et al., 2013, 2016;
Papalexandratou et al., 2011a, 2011c; Papalexandratou and Vuyst,
2011; Pedroso Da Cruz et al., 2017; Pereira et al., 2013a, 2013b),
Malaysia (Lefeber et al., 2012; Meersman et al., 2013; Papalexandratou
et al., 2013; Papalexandratou and Vuyst, 2011), Mexico (Arana-Sanchez
et al., 2015), Honduras (Romanens et al., 2018) Ecuador
(Papalexandratou et al., 2011b; Papalexandratou and Vuyst, 2011),
Cuba (Fernandez- Maura et al., 2016), Cameroon (Bortolini et al., 2016;
Mota-Gutierrez et al., 2018), Bolivia (Miescher Schwenninger et al.,
2016), Nigeria (Kostinek et al., 2008), Philippines (Gibe and Pangan,
2015), and Australia (Ho et al., 2014, 2015) as shown in Table 1.

In detail, the most representative microbial species of fermented
cocoa beans from 13 different geographical locations include a total of
274 microbes, comprising 132 yeasts, 59 LAB and 46 AAB and 11
Bacillus as shown in Table 2. One notes, that the yeast community
showed greater diversity compared with bacteria (Table 2). Differences
between the main microorganisms found during the process according
to the type of fermentation used as well as the variety of cocoa used
were observed (Table S1). Overall, the most commonly identified mi-
crobial species involved in fermented cocoa include yeasts (Pichia ku-
driavzevii, Hanseniaspora opuntiae, and Saccharomyces cerevisiae), LAB
(Lactobacillus fermentum, and Lactobacillus plantarum), and AAB (Acet-
obacter pasterianus). Additionally, in some studies, the presence of
member of the Bacillus genus, Enterobacteriaceae, and filamentous fungi
have also been reported (Copetti et al., 2011; Garcia-Armisen et al.,
2010; Mounjouenpou et al., 2008). Interestingly, it appears that the
dominating microbial species are not at all present in every country
studied, as observed in Fig. 2. The following results indicate that mi-
crobial composition can be discriminated by geographical location. In
detail, Malaysia and Brazil reported the presence of all the most com-
monly identified microorganisms involved in cocoa bean fermentation
(P. kudriavzevii, H. opuntiae, H. uvarum, S. cerevisiae, Lb. fermentum, Lb.
plantarum, and A. pasterianus), while Cuba and Mexico reported only
the presence of yeasts. In general, further studies are needed to
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Fig. 2. Occurrence of dominating microbial species over the last decade in fermented cocoa beans.

elucidate the bacterial ecology in fermented cocoa beans from the
American continent to provide a better knowledge of the cocobiota in
this region.

3.3. Fermented cocoa varieties studied in food microbiology

Thus, fermented cocoa beans have been extensively studied; it is
alarming that 37% of the total amount of studies published do not
mention the type of cocoa variety investigated as shown in Fig. 3. Ex-
cluding the studies where the cocoa variety used was not mention, the
mixed of cocoa varieties (Trinitario, Criollo and/or Forastero) have been
more investigated rather than single varieties (Fig. 3). Clearly, there is a
lack of studies exploring the fermentation of single cocoa varieties. In
addition, we also strongly encourage researchers to explicitly state in
their research the type of cocoa variety investigates.

3.4. Geographical location of microbial fermented cocoa communities

Over the last decade, there has been a growing interest in studying
fermented cocoa beans from leading producing countries, except
Indonesia and Peru, from which to our best knowledge, no update or
none information has been generated concerning microbial diversity. In
contrast, we observed that over the last decade the microbial commu-
nity of fermented cocoa beans of Brazil has been extensively studied,
followed by Ivory Coast, and Malaysia (Table 1). It is expected that the
minor and main producing cocoa countries will begin to close these
gaps. Concerning the microbial fermented cocoa beans species found by
country, interesting data are driving to the conclusion that minor mi-
crobial species discriminate cocoa beans by origin (Table 2).

3.5. Fermentation method and duration

There are several methods of fermentation employed for cocoa
bean, and these can vary according to the region where the cocoa is
fermented as shown in Table 3. The most frequent methods studied over
the last decade are the following: (i) heap (Daniel et al., 2009; Samagaci
et al.,, 2016), (ii) trays (Crafack et al., 2013, 2014; Kostinek et al.,
2008), (iii) box (Arana-Sanchez et al., 2015; Papalexandratou et al.,
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2011c, 2013), (iv) basket (Schwan et al.,, 2015), and (v) platform
(Papalexandratou et al., 2011b). However, as shown in Fig. 4 most of
the fermented cocoa in the world is produced by using the box fer-
mentation method and the quantity of cocoa beans processed varies
between 5 and 2000 kg (Schwan et al., 2015). However, this amount of
beans depends on the production capacity of the local cocoa farm.

4. Culture-dependent and independent methods used to identify
the diversity of microorganisms in fermented cocoa beans

Methods for investigating the cocobiota have been either studied
through  culture-dependent or culture-independent methods.
Traditional microbial culturing approach has been extensively used for
enumeration and identification of microbial communities in fermented
cocoa beans (Kostinek et al., 2008; Mota-Gutierrez et al., 2018;
Papalexandratou et al., 2011c; Papalexandratou and Vuyst, 2011).
However, this technique fails to reproduce the ecological niches and
symbiotic relationships encountered in a complex natural ecosystem
(Besnard et al., 2000). Through culture-independent methods mole-
cular techniques including direct cloning or sequencing of DNA frag-
ments of fingerprinting methods (restriction fragment polymorphism
(RFLP), denaturing gradient gel electrophoresis (DGGE), temperature
gradient gel electrophoresis (TGGE), single strand conformation poly-
morphism (SSCP) and denaturing high-performance liquid chromato-
graphy (DHPLC)) has been used to identified the microbial community
(Nocker et al., 2007).

Over the last decade, we observed that the microbial communities
of fermented cocoa beans have been mostly assessed through culture-
independent technique like PCR-DGGE (Arana-Sanchez et al., 2015;
Hamdouche et al., 2015; Ho et al., 2014, 2015; Moreira et al., 2013;
Papalexandratou et al., 2011b, 2011c, 2013; Papalexandratou and
Vuyst, 2011), while only few studies have been using amplicon based
next generation sequencing to analyse microbial communities as shown
in Fig. 5 (Bortolini et al., 2016; Daniel et al., 2009; Fernandez- Maura
et al.,, 2016; Meersman et al.,, 2013; Mota-Gutierrez et al., 2018).
However, misidentification of microbial species is a limiting factor that
also influences in all independent and dependent techniques (Mota-
Gutierrez et al., 2019; Ozturk and Young, 2017). Therefore, the
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Table 2
Frequency distribution of main microbial species found in fermented cocoa beans.

Main microbes Australia Bolivia Brazil Cameroon Cuba Ecuador Ghana Honduras Ivory Coast Malaysia Mexico Nigeria Philippines Total

Acetobacter calcoacetis

Acetobacter cerevisiae

Acetobacter fabarum 1

Acetobacter ghanensis 1

Acetobacter lovaniensis

Acetobacter pasteurianus 2 1

Acetobacter pomorum

Acetobacter senegalensis 1

Acetobacter sp.

Acetobacter syzygii

Acetobacter tropicalis

Acinetobacter sp.

Bacillus cereus

Bacillus fusiformis 1

Bacillus pumilus 1 1

Bacillus sp. 2

Bacillus subtilis 2 1

Candida krusei 1

Candida magnoliae 1

Candida nitrativorans 1

Candida pseudotropicalis 1

Candida sorbosivorans 2

Candida tropicalis 1 3

Enterobacteriaceae 1

Enterococcus italicus 1

Fructobacillus sp. 1

Fructobacillus pseudoficulneus 1

Fructobacillus tropaeoli 2

Galactomyces geotrichum 3

Gluconobacter frateurii 2

Gluconobacter oxydans

Hanseniaspora guilliermondii 2

Hanseniaspora opuntiae 1

Hanseniaspora sp.

Hanseniaspora thailandica 1 1

Hanseniaspora uvarum 7 1 1 1 2 12

Klebsiella sp. 1 1

Kluyveromyces marxianus 2 2 4

Lactobacillus brevis 2 2

Lactobacillus cacaonum 1 1
1
1
1
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Lactobacillus casei 1

Lactobacillus curieae 1

Lactobacillus durianis 1

Lactobacillus fermentum 2 1 10 3 2 2 1 1 3 2 27

Lactobacillus mali 1 1

Lactobacillus nagelii

Lactobacillus pentosus 2 1 3

Lactobacillus plantarum 2 1 9 1 1 2 2 18

Lactobacillus rhamnosus 1

Lactobacillus sp. 1

Leuconostoc mesenteroides 1

Leuconostoc pseudomesenteroides

Lysinibacillus fusiformis

Pediococcus acidilactici 1

Pichia caribbica

Pichia galeiforms 3

Pichia kluyveri

Pichia kudriavzevii 2 2 1 3 6 2 16

Pichia manshurica 1 2 1 4

Pichia membranifaciens 1 1

Pichia mexicana 1 1
2
2

W N W=
N

EN

Pichia pijperi 2

Pichia sp. 2

Saccharomyces cerevisiae 2 1 12 2 2 1 1 4 4 1 30
Schizosaccharomyces pombe 1 1
Tatumella punctata 2 2
Tatumella saanichensis 2 2
Torulaspora delbrueckii 2 2
Wickerhamomyces anomalus 3 3
Total 18 9 101 16 3 24 10 14 39 28 2 8 2 274
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Fig. 3. Relative frequency of the cocoa varieties studied from 2008 to 2018.

application of both dependent and independent culture techniques has
been extensively used to reveal the microbial ecology in fermented
cocoa beans (Camu et al., 2007, 2008a; Daniel et al., 2009; Jespersen
et al., 2005; Lagunes- Galvez et al., 2007; Meersman et al., 2013; Mota-
Gutierrez et al., 2018; Nielsen et al., 2005; Papalexandratou et al.,
2011b, 2011c; Papalexandratou and Vuyst, 2011). Overall, the study of
microbial diversity through culture-dependent methodologies is an es-
sential step to select potential starter culture with relevant biochemical
or physiological features as high aromatic compounds producing, heat-
tolerant, acid-tolerant, ethanol-tolerant, phenolic compounds-tolerant,
pectin, and citric acid strains. These two methodologies complement
and provide a better understanding of the complexity of the cocoa bean
fermentation process, as well as the growth kinetics and presence of the
microorganisms involved. Therefore, it is highly recommended to use a
polyphasic approach to study the microbial ecology to decrease the risk
of misidentification of microorganisms.

Besides molecular biological techniques, the identification of mi-
crobes using either intact cells or cell extracts have been also detected
by Matrix Assisted Laser Desorption Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS) and Biolog system. In addition to these
techniques, conventional morphological and biochemical studies, have
been used to profile the microbial diversity in fermented cocoa beans
(Pedroso Da Cruz et al., 2017).

5. Use of starter cultures in the cocoa bean fermentation process

Several attempts on designing a microbial starter culture have been
addressed for cocoa bean fermentation process (Batista et al., 2015;
Crafack et al., 2013, 2014; Leal et al., 2008; Lefeber et al., 2010, 2011,
2012; Meersman et al., 2016; Menezes et al., 2016; Mota-Gutierrez

et al., 2018; Schwan, 1998; Visintin et al., 2016, 2017). Interestingly,
the first evaluation of the performance of a mixed starter culture
composed of S. cerevisiae var. chevalieri, L. lactis, Lb. plantarum, A. aceti,
and G. oxydans subsp. suboxydans for fermented cocoa beans was done
by Schwan (1998). According to Schwan (1998), it was concluded that
starter cultures could be a viable option to obtain a reliable fermenta-
tion process and consequently desirable characteristics of chocolate.
However, it should be pointed out that member of Gluconobacter genus
has also been known as producers of acids and off-flavours and caused a
late yeast development into cocoa fermentation (Adler et al., 2014; De
Vuyst and Weckx, 2016; Moens et al., 2014; Papalexandratou et al.,
2011c).

Over the last decade, K. marxianus, P. kluyveri, S. cerevisiae, T. del-
brueckii, Lb. fermentum, and A. pasteurianus have also been extensively
studied., Leal et al., 2008 evaluated the capacity of a hybrid strain of K.
marxianus, as a starter culture, finding that the chocolate produced with
these strain were more accepted by the sensorial panellist in compar-
ison with those obtained from a spontaneous fermentation process. In
addition, the cocoa beans previously inoculated with K. marxianus in-
creased the volume of the sweating and modified the microorganism's
dynamics and protein degradation.

P. kluyveri a recognised strain for its high production capacity of
aromatic compounds has also been evaluated as inoculum to conduct
this process. The use of this yeast had pronounced differences in the
composition of volatile organic compounds (VOCs) in the roasted cocoa
liquors and chocolates when compared with those obtained from a
spontaneous fermentation process. The chocolates produced with the
inoculated cocoa beans were described as fruity, acid, yoghurt and
balsamic flavours, whereas the spontaneously fermented chocolates
were described as sweet, cocoa and caramel flavours. However, despite

Table 3

Type of cocoa fermentation used over the last decade.
Fermentation type  Australia Bolivia Brazil Cameroon Cuba Ecuador Ghana Honduras Ivory Coast Malaysia Mexico Nigeria Philippines Total
Box 4 1 1 3 9
Heap 2 1 3 7 2 1 16
Mixed 1 1
Not mentioned 1 1
Plastic box 1 1 1 1 4
Plastic bucket 1 1
Platform 2 2
Stainless tank 1 1
Tray 1 1 2
Wooden box 1 1 14 1 1 1 3 1 23
Total 2 1 21 3 1 4 S5 1 12 6 1 2 1 60

46



C. Figueroa-Herndndez, et al.

/)

Fig. 4. Relative frequency of the type of cocoa fermentation method used.

these differences, the perception by consumers did not show a sig-
nificant change (Crafack et al., 2014).

The differences between the composition of VOCs between in-
oculated and non-inoculated cocoa beans is also supported by Visintin
et al. (2017). According to this study, a positive impact on the aromatic
profile of the chocolates produced with beans inoculated with a mixed
starter culture composed by S. cerevisiae and T. delbrueckii and a
monoculture of T. delbrueckii was observed in comparison to those
obtained through spontaneous fermentation. However, a recent study
observed no significant difference between the composition of VOCs
between inoculated and non-inoculated cocoa beans using the same
inoculated yeast strains at the end of the fermentation (Mota-Gutierrez
et al., 2018).

On the other hand, Crafack et al. (2013), studied the potential im-
pact of P. kluyveri (aromatic) and K. marxianus (pectinolytic) on cocoa
flavour during fermentation coupled with Lb. fermentum L18 or with A.
pasteurianus A149. They concluded that the starter culture composed by
P. kluyveri CH/Lb. fermentum L18/A. pasteurianus A149 seemed to have
a positive effect on the flavour profile compared with spontaneously
fermented bean by obtaining the highest scores for sensorial descriptors
such as sweetness, fruitiness, cocoa aroma and general liking from a

Sequencing LSU
Sequencing ITS IRNA
Sequencing ACT1
Sequencing 16S rRNA
REP-PCR
RAPD-PCR
q-PCR
PCR-RFLP
PCR-DGGE
MALDI-TOF MS
M13-PCR

Biolog system
ARDRA
Amplicon sequencing

(GTG)5-PCR fingerprinting

o
w

10 15

International Journal of Food Microbiology 301 (2019) 41-50

= Box
= Heap
= Mixed

Not mentioned
= Plastic box
= Plastic bucket
= Platform
= Stainless tank
= Tray
= Wooden box

panel of an un-trained panellist. Besides the most studied microorgan-
isms also Bacillus pumilus and Pichia mexicana have been shown to
provide an acceptable level or degree of cocoa fermentation (Gibe and
Pangan, 2015).

Based on knowledge of bacterial metabolism and physiology as on
the microbial diversity within fermented cocoa beans, two bacterial
species, Lb. fermentum and A. pasteurianus can be considered good
candidates for starter cultures. In detail, the heterofermentative meta-
bolism, fructose-growth capacity, citrate conversion, mannitol produc-
tion, and acid-heat, and ethanol tolerance of Lb. fermentum are suitable
characteristics of a starter strains in cocoa fermentation (Adler et al.,
2013; Camu et al., 2007; De Vuyst and Weckx, 2016; Lefeber et al.,
2010, 2011), while A. pasteurianus, a relevant AAB in the cocoa bean
fermentation process, shows ethanol-, mannitol-, and lactic acid- oxi-
dising capacity and heat-tolerance (Ardhana and Fleet, 2003; De Vuyst
and Weckx, 2016; Moens et al., 2014; Papalexandratou et al., 2013).
Finally, the great diversity of yeasts involved in the cocoa bean fer-
mentation process has a pronounced effect on the fermentation effi-
ciency and the quality of the fermented cocoa bean. The most out-
standing yeast species, such as Saccharomyces, Pichia, and Hanseniaspora
have suitable characteristics, such as the production of aromatic

20 25 30
Relative frequency (%)

35 40 45 50

Fig. 5. Relative percentage of the type of independent methodology used to identify fermented cocoa microbial diversity.
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compounds, high growth capacity and pectinolytic activity (De Vuyst
and Weckx, 2016; Ho et al., 2014; Meersman et al., 2013). In general,
we can conclude that a proper starter culture can direct the cocoa
fermentation process and must be composed of at least one strain of
each microorganism's group (yeast, LAB, and AAB). However, it is ne-
cessary to select the strain of LAB properly to avoid overproduction of
lactic acid during this process and therefore having a negative impact
on cocoa bean quality.

Regarding the application of starter cultures at an industrial level,
only yeasts cultures have been employed for cocoa fermentation. In
detail, the company Barry Callebaut executed a project called “Cocoa
Horizons” in Ivory Coast promoting the use of a yeast starter culture,
mainly Saccharomyces strains, to conduct the fermentation process of
cocoa to obtain a chocolate with a high content of aromatic compounds
Terra cacao®, in which more than 8000 cocoa beneficiaries participated
(Nielburg, 2014). Also, a starter culture company Lallemand, a French
chocolate producer Cémoi together with an agriculture research centre
(CIRAD) launched a research program in 2016 focused on conducting
the cocoa bean fermentation process by using starter cultures to obtain
a consistent quality of chocolate. To achieve this objective, commercial
yeast strains used in wine production, as well as commercial AAB, were
used. However, during the execution of this five-year project, it is also
intended to isolate and characterise the wild yeasts strains during this
process to also be considered as potential starter cultures strains
(Nielburg, 2016).

6. Challenges and perspectives

The use of genomics and metabolomics techniques as well as
bioinformatic tools have generated a great amount of knowledge to
elucidated the cocobiota ecosystem. Current challenges -omics analysis
are related to accurate identification and the microbial community and
functions. These methods are characterised to be computationally in-
tensive and are again challenged by sequencing bias as well as under/
overestimation (Mota-Gutierrez et al., 2019). Despite these challenges,
culture-independent methods have revealed greater richness and
numbers of bacteria and yeast than found by culturing (Arana-Sanchez
et al, 2015; Ho et al, 2014; Mota-Gutierrez et al.,, 2019;
Papalexandratou et al., 2011b; Pedroso Da Cruz et al., 2017) and have
been providing novel insights into many food ecosystems and hold
great promising data access. However, culture dependent studies are
necessary to achieve the proper selection of the strains that will be part
of starter culture. In addition, it is highly recommended to combine a
methodological strategy that allows us to achieve the identification at
strain level with analytic and sensorial data to evaluate the potential of
each microorganism (yeast and bacteria) as starter cultures to conduct
the cocoa bean fermentation.

On the other hand, the success of the starter culture is highly in-
fluenced by on the environment and/or agricultural practices of the
country where the cocoa is produced (Mota-Gutierrez et al., 2018). For
this reason, it is recommended that each cocoa producing region
characterise the autochthonous microbial diversity involved in this
process. In this regard, most studies of microbial diversity in fermented
cocoa bean have been conducted in Africa (Ghana, Cameroon, Nigeria
and Ivory Coast), Southeast Asia (Malaysia, Philippines, Indonesia),
South America (Brazil, Bolivia and Ecuador), North America (Mexico),
Central America (Cuba, and Honduras) and Oceania (Australia). Inter-
estingly, in Mexico, a country with a deep-rooted tradition of produc-
tion and consumption of cocoa, we found only one study describing the
yeast diversity in fermented cocoa beans. Therefore, more studies are
needed to characterise the cocoa microbial diversity during fermenta-
tion to design a suitable mixed starter culture to conduct the fermen-
tation process and to obtain a fermented cocoa bean with competitive
quality in the international market.

Starter cultures will not be able to standardise the whole fermen-
tation process alone. Thus, the design and construction of a
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fermentation system that allows this process to be carried out under
controlled conditions and thus avoiding microbial contamination with a
probable reduction of the fermentation time need to be considered. A
fermentation system could allow us to have a standardised, mechan-
ised, and reproducible cocoa bean fermentation process. The design of
stainless steel bioreactors has been proposed to carry out this process
(Pereira et al., 2013b). However, other process conditions must be
taken into consideration, such as a specific rate of agitation, the ade-
quate control of temperature and pH following the microbial succession
pattern and they must have a system that allows the elimination of
waste from the process. It should be noted that the design of the starter
culture and a suitable fermentation system will allow us to control and
conduct this process.

Lastly, the -omics sciences seem to be an excellent alternative to
understand the diversity and functionality of the microorganisms in-
volved in the cocoa ecosystem. Illeghems et al. (2015) reconstructed the
microbial meta-pathways based on metagenomic data of a single re-
presentative sample of Brazilian spontaneous cocoa bean fermentation
(30h). The analysis of bacterial functionality showed that the central
metabolic pathways associated with LAB were heterolactic fermenta-
tion and citrate assimilation, while AAB, was only partially re-
constructed and was involved in responses toward stress. However,
although the data used in this study were representative for this fer-
mentation point since the sample was analysed several times by dif-
ferent techniques, it is necessary to perform more research with dif-
ferent fermentation cocoa bean samples in order to achieve a full
panorama of the complex microbial functionality of the cocoa bean
fermentation ecosystem. Challenges and opportunities in understanding
the complexity of microbial diversity and interactions in fermented
cocoa beans under a control fermentation system guided by a domi-
nated microbial species might help us to obtain high-quality chocolate.

7. Conclusions

In conclusion, the available knowledge highlights the lack of char-
acterising autochthonous microbial diversity by region of all or key
producing cocoa countries. As consequences, the conduction of cocoa
fermentative process by autochthonous starter cultures has not been
able to be industrialised yet. However, chocolate companies together
with research centres have started using commercial yeast starter cul-
tures or autochthonous microorganisms to direct this fermentation
process. It is imperative to select appropriately the microorganisms that
will be part of this starter culture, based on the functional, physiolo-
gical, and biochemical criteria of each of the microbial strains.

This review also highlights the limited availability of -omics analysis
to date, to compare microbial diversity and functionality involved in
cocoa bean fermentation ecosystem around the world. From a mole-
cular perspective, concerning the identification of especially yeast,
there is an evident need for more extensive identification of microbial
species to ensure innocuous fermented cocoa bean with homogenous
quality.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijffoodmicro.2019.05.002.
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