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One sentence summary: Yeasts, lactic acid bacteria and acetic acid bacteria enable pulp removal and cocoa bean curing during cocoa fermentation and
drying processes, which precede roasting of the cured cocoa beans, the starting material for the production of chocolate.

Editor: Bas Teusink

ABSTRACT

Cured cocoa beans are obtained through a post-harvest, batchwise process of fermentation and drying carried out on farms
in the equatorial zone. Fermentation of cocoa pulp-bean mass is performed mainly in heaps or boxes. It is made possible by
a succession of yeast, lactic acid bacteria (LAB) and acetic acid bacteria (AAB) activities. Yeasts ferment the glucose of the
cocoa pulp into ethanol, perform pectinolysis and produce flavour compounds, such as (higher) alcohols, aldehydes,
organic acids and esters. LAB ferment the glucose, fructose and citric acid of the cocoa pulp into lactic acid, acetic acid,
mannitol and pyruvate, generate a microbiologically stable fermentation environment, provide lactate as carbon source for
the indispensable growth of AAB, and contribute to the cocoa and chocolate flavours by the production of sugar alcohols,
organic acids, (higher) alcohols and aldehydes. AAB oxidize the ethanol into acetic acid, which penetrates into the bean
cotyledons to prevent seed germination. Destruction of the subcellular seed structure in turn initiates enzymatic and
non-enzymatic conversions inside the cocoa beans, which provides the necessary colour and flavour precursor molecules
(hydrophilic peptides, hydrophobic amino acids and reducing sugars) for later roasting of the cured cocoa beans, the first
step of the chocolate-making.

Keywords: acetic acid bacteria; chocolate; cocoa fermentation; flavour; lactic acid bacteria; yeasts

INTRODUCTION

Fermentation of perishable raw materials originating from plant
agriculture and animal husbandry is an ancient biotechnological
process that is practiced to produce stable and safe fermented
food products of high microbiological, organoleptic, nutritional
and health-beneficial quality (Leroy and De Vuyst 2004; Bourdi-
chon et al. 2012; Wolfe and Dutton 2015; Tamang, Watanabe and
Holzapfel 2016; Marco et al. 2017; Rezac et al. 2018). This pro-
cess is based on environmental inoculation of the raw materi-
als (often referred to as natural or spontaneous fermentation),
intentional inoculation through backslopping (use of a part of
a finished fermented food product to inoculate a fresh batch
of raw material), or after addition of a microbial starter culture

(Leroy and De Vuyst 2004; Hutkins 2019). Whereas starter cul-
tures are in use for the production of fermented dairy prod-
ucts (e.g. yoghurt and cheese), fermented meat products (e.g. fer-
mented sausage), bread production (by means of bakers’ yeast)
and fermented alcoholic beverages (e.g. beer and wine) since
several decades, several processes for the fermentation of cere-
als (e.g. artisan sourdoughs), vegetables (e.g. sauerkraut), fruits
(e.g. vinegar), fish (e.g. fish sauce), etc. are still mostly of a
backslopping or spontaneous nature, but research on the use
of starter cultures for these fermentation processes is ongoing
(Hutkins 2019). Some of these spontaneous fermentation pro-
cesses are of great economic importance, as in the case of the
cash tree crop cocoa (Schwan, Fleet and Afoakwa 2015; Pereira,
Soccol and Soccol 2016). They hence would likely take profit of
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the introduction of starter cultures to carry out accelerated and
enhanced fermentation processes that lead to end-products of
improved and standardized quality.

Cocoa originated in the Amazon basin of South America
(Zarrillo et al. 2018; Coe and Coe 2019). It was cultivated and
consumed as a beverage constituent in Latin America since pre-
historic times. Its consumption, first as cocoa drink and later
on as chocolate, was first introduced into Europe in the 16th
century. Nowadays, cocoa trees are cultivated on plantations
in the equatorial zone globally. Their fruits have to undergo a
rather complex and often uncontrolled, on-farm, post-harvest,
batchwise process of fermentation and drying to be able to
use the fermented dry cocoa beans for further manufacturing
(Fig. 1; Schwan and Wheals 2004; Beckett 2009; Badrie et al.
2015; Afoakwa 2016; De Vuyst and Weckx 2016a,b; Figueroa-
Hernández et al. 2019; Muñoz et al. 2019). Ivory Coast, Ghana,
Indonesia, Ecuador, Nigeria, Cameroon and Brazil are the main
cocoa-producing countries in the cocoa belt, some 20◦ north and
south of the equator.

Fermented dry cocoa beans are the principal raw material
for the production of chocolates and other cocoa-based (food)
products (Schwan and Wheals 2004; Afoakwa et al. 2008; Lima
et al. 2011; Saltini, Akkerman and Frosch 2013; Badrie et al.
2015; Schwan, Fleet and Afoakwa 2015; Pereira, Soccol and
Soccol 2016; De Vuyst and Weckx 2016a,b; Ozturk and Young
2017; Muñoz et al. 2019). Whilst the demand for fermented
dry cocoa beans is increasing, chocolate manufacturers as well
as consumers are concerned about the economical, ethical,
environmental and social sustainability of cocoa manufactur-
ing throughout its whole production chain. High demands may
result in an expansion of the cocoa plantations at the cost of for-
est area, affect global warming, create potential irregular work
situations, intensify the use of agrochemicals (fertilizers and
pesticides), increase residual biomass if not dealt with properly
(cocoa pod husks, cocoa bean shells and cocoa pulp sweatings),
and parallel cocoa bean price fluctuations and speculations, etc.
(Wessel and Quist-Wessel 2015; Kongor et al. 2016; Konstantas
et al. 2018; Vásquez et al. 2019). Besides expansion of the cocoa
production area and improvement of the cocoa yields, alterna-
tive fermentation practices, such as novel fermentation meth-
ods or the use of functional starter cultures, can be applied to
improve the yield of well-cured cocoa beans and the farmers’
income.

Besides the early review of Schwan and Wheals (2004),
some recent reviews partially dealt with the potential of starter
cultures to improve the cocoa fermentation process (Saltini,
Akkerman and Frosch 2013; Pereira, Soccol and Soccol 2016;
De Vuyst and Weckx 2016a,b; Ozturk and Young 2017; Castro-
Alayo et al. 2019; Figueroa-Hernández et al. 2019; Muñoz et al.
2019). The present review provides a state-of-the-art overview
of the microbiology and biochemistry of cocoa fermentation
processes and the importance of controlled, starter culture-
initiated fermentation processes to produce fermented dry
cocoa beans. It will focus in particular on the functional role
of yeasts, lactic acid bacteria (LAB) and acetic acid bacteria
(AAB), thereby attempting to cover most of the studies published
since 2000.

Role of fermentation in cocoa curing

Fermentation is an essential step in the post-harvest process-
ing of cocoa pods, the big oval fibrous fruits of the cocoa tree
(Theobroma cacao L.) (Bartley 2005; Motamayor et al. 2008; Badrie

et al. 2015). These fruits differ in size, shape and surface colour.
After processing, their seeds, the cured cocoa beans, are used for
chocolate production (Fig. 1; Schwan and Wheals 2004; De Vuyst
and Weckx 2016a,b; Figueroa-Hernández et al. 2019; Muñoz et al.
2019). Morpho-geographically, distinction can be made between
bulk (basic or ordinary) cocoa (Forastero variety; 95% of the
world cocoa production) and fine (flavour) cocoa (Criollo and
Trinitario varieties; 5%). However, most cocoa crops in use are
hybrids of several varieties. The white to dark purple, fresh
cocoa beans (the colour depends on their anthocyanin contents)
are embedded in a white-grey, sticky, sour-sweet and viscous
pulp, the cocoa pulp-bean mass, which is manually or mechani-
cally scooped out of the cocoa pods after their harvest (Fig. 1).
When applying good agricultural and farming practices, only
mature, healthy and undamaged cocoa pods should be used.
The fresh cocoa pulp-bean mass, ideally depleted from placen-
tas and residual cocoa pod particles, is either piled into heaps on
banana or plantain leaves on the ground, tightened to remove
air and covered with extra leaves to keep the heat produced
upon fermentation inside, to activate the fermentation process
(the heap fermentation method), or brought into wooden boxes,
tightened and covered with leaves before the actual fermenta-
tion (the box fermentation method) (Fig. 1). These heap and box
fermentation methods represent the two main cocoa fermenta-
tion methods used worldwide. Other methods include baskets,
trays and platforms, besides a variety of local farm practices.
Once open to the air and during its transfer, the cocoa pulp-
bean mass—which is nearly sterile, depending on the intact-
ness of the cocoa pods, in turn depending on crop cultivation
management—is inoculated by microorganisms from the envi-
ronment. Such natural or spontaneous fermentation process is
not only driven by the microorganisms that originate from the
cocoa pod surfaces, of which the microbial load depends on the
pod ripeness, age and healthy status, but also those from the
banana and plantain leaves, the tools and utensils used on the
farms, the left-overs from previous fermentation runs in the
transport and collecting baskets and in the fermentation boxes,
insects or larger animals, as well as the surrounding soil, dust
and air (Jespersen et al. 2005; Camu et al. 2007, 2008a; Lefeber
et al. 2011a; Papalexandratou et al. 2011b,c, 2013; Maura et al.
2016; Ho, Fleet and Zhao 2018; John et al. 2019). The main pur-
pose of the fermentation of the cocoa pulp-bean mass is the
removal of the pulp surrounding the beans through endogenous
and yeast-mediated pectinolysis to improve the subsequent dry-
ing of the non-germinating beans as well as killing of the seed
embryo, which is made possible through the curing steps. This
is necessary for dry storage of the cocoa beans and their fur-
ther use as raw material for chocolate production. Indeed, the
degradation and conversion of the pulp substrates, in partic-
ular carbohydrates and organic acids, supports the avoidance
of seed germination (and even causes seed death). After enzy-
matic reactions inside the seeds, they also support the produc-
tion of flavour precursor and flavour-active molecules as well
as colour compounds in the cured beans, which are necessary
for their further processing into cocoa and chocolate products.
Some flavour compounds originate from the cocoa bean vari-
ety, which is determined by cultivar, genotype, environmen-
tal growth conditions (growth location, weather and soil con-
ditions) and agricultural practices, such as agroforestry man-
agement, fertilization, pruning and phytosanitary management
(Counet et al. 2004; Aculey et al. 2010; Cruz et al. 2013; Kadow
et al. 2013; Moreira et al. 2013, 2016, 2018; Trognitz et al. 2013;
Ali et al. 2014; Ramos et al. 2014; Sukha et al. 2014; Diomande
et al. 2015; Tran et al. 2015; Vázquez-Ovando et al. 2015; Acierno
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Figure 1. From cocoa fruit to chocolate. The first steps of the cocoa processing chain take place at farms in the cocoa-producing countries around the equator. Fermented

dry cocoa beans are further processed into chocolate and other cocoa products in factories worldwide. ∗Grinded cocoa nibs form cocoa mass or cocoa liquor, depending
on the temperature. Cocoa mass/liquor is used for the production of both dark and milk chocolates, together with cocoa butter and sugar. ∗∗Milk powder is used for
the production of milk and white chocolates, the latter further involving only cocoa butter and sugar.

et al. 2016, 2019; Kongor et al. 2016; Menezes et al. 2016; Chetschik
et al. 2018; Castro-Alayo et al. 2019; Utrilla-Vázquez et al. 2020).
However, possible pulp-preconditioning through pod storage,
depulping, or bean spreading/pre-drying (to reduce pulp volume,
fermentable carbohydrate content, moisture content, or acidity
and thus increase cocoa flavour) is of influence (Nazaruddin et al.
2006; Afoakwa et al. 2011, 2012, 2013a,b,c, 2014; Kongor et al. 2016;
D’Souza et al. 2017; Qin et al. 2017; Sukha, Umaharan and Butler
2017; Hinneh et al. 2018, 2019a,b; Megı́as-Pérez et al. 2018, 2020;
Hamdouche et al. 2019). Overall, fermentation and drying are

determining steps for the expression of the flavour potential of
cured cocoa beans (Rodriguez-Campos et al. 2011, 2012; Tran et al.
2015; Kongor et al. 2016; Moreira et al. 2016; Ascrizzi et al. 2017;
D’Souza et al. 2017; Castro-Alayo et al. 2019; Hamdouche et al.
2019; Muñoz et al. 2019; Utrilla-Vázquez et al. 2020). This flavour
potential is further expressed under the appropriate conditions
for the roasting of the cured cocoa beans and the conching of
the chocolate batter for texturization and final flavour devel-
opment during chocolate-making (Counet et al. 2004; Tran et al.
2015; Acierno et al. 2016; Kongor et al. 2016; Menezes et al. 2016;
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Moreira et al. 2016, 2018; Ascrizzi et al. 2017; Garcı́a-Alamilla et al.
2017; Braga et al. 2018; Hinneh et al. 2018, 2019a,b; Castro-Alayo
et al. 2019; Muñoz et al. 2019).

During fermentation, continuous physicochemical changes
occur in the cocoa bean cotyledons, driven in particular by tem-
perature and pH courses as well as ethanol and organic acid
(mainly acetic acid) ingress, together with changes in the nature
and concentrations of the pulp nutrients, some of which act
as fermentation substrates, and of the microbial metabolites
formed. This causes a temporal succession of the growth and
metabolic activities of the different microbial groups that par-
ticipate in the cocoa fermentation process, namely yeasts, LAB
and AAB, which occur in the aqueous phase of the cocoa pulp,
therefore often referred to as cocoa pulp-bean mass fermenta-
tion process. In other words, this process is situated outside the
cocoa beans, which are cured as a result of the microbial fer-
mentation of the pulp followed by drying (Fig. 2; Schwan and
Wheals 2004; De Vuyst and Weckx 2016a,b; Figueroa-Hernández
et al. 2019; Muñoz et al. 2019). The ethanol, acetic acid and high
temperature that are produced during microbial fermentation,
along with a variable yet increasing oxygen availability due to
pulp drainage, cause physicochemical changes in the seeds, in
particular a pH decrease and a temperature increase. These lead
to the death of the seed embryo and a damaged and reorga-
nized subcellular seed cotyledon structure, originally consist-
ing of separated lipid-protein-starch storage cells and polyphe-
nol storage or pigment cells. This allows enzymatic and non-
enzymatic conversions in the cotyledons to produce flavour pre-
cursor molecules, because endogenous substrates and enzymes
can now migrate and mix. In addition, leakage or preservation
of several seed compounds occurs. The indirect role of acetic
acid (and ethanol) in flavour precursor formation and polyphe-
nol dynamics has been shown during fermentation-like incuba-
tions of cocoa beans (Andersson, Koch and Lieberei 2006; Ali et al.
2014; Kadow et al. 2015; De Taeye et al. 2016; Evina et al. 2016; John
et al. 2016, 2019, 2020; Muñoz et al. 2019). Acetic acid migrates
into the cotyledon tissue with the water stream upon initia-
tion of seed germination during the initial phase of fermenta-
tion of the cocoa pulp-bean mass through a pressure-induced
opening of the shell (testa or seed coat) at the micropyle and
hilum of the swelling seeds. The colour and flavour of the cured
beans are determined to a large extent by the leakage of pur-
ple anthocyanins, causing bleaching of the cocoa beans, and by
the oxidation of polyphenols and their polymerization into high-
molecular-mass compounds as well as condensation and com-
plex formation with proteins, oligopeptides, free amino acids
and monosaccharides (forming complex tannins), depending on
the fermentation time (and pod storage/pulp-preconditioning)
(Wollgast and Anklam 2000; Nazaruddin et al. 2006; Camu et al.
2008b; Suazo, Davidov-Pardo and Arozarena 2014; Albertini et al.
2015; De Taeye et al. 2016; Evina et al. 2016; Hue et al. 2016;
Mayorga-Gross et al. 2016; Racine et al. 2019). The bitterness
and astringency of the raw cocoa beans are reduced due to the
leakage of flavonoid polyphenols [flavanols (flavan-3-ols or cat-
echins) and proanthocyanidins (oligomers of flavan-3,4-diols)]
and methylxanthine alkaloids (1,3,7-trimethylxanthine or caf-
feine and 3,7-dimethylxanthine or theobromine), besides effects
originating from the formation of insoluble tannins. From a
health point of view, the leakage of anti-oxidative polyphe-
nols, (psycho)stimulatory methylxanthines and most probably
other possibly health-related cocoa bean compounds, such as
amines (e.g. mood-elevating phenylethylamine), other alkaloids

(e.g. neuroprotective and psychoactive salsolinol), hydroxycin-
namic acid amides (e.g. anti-inflammatory and neuroprotec-
tive clovamide) and organic acids (e.g. anti-oxidative caffeic
acid), whether or not modified during the curing process, seems
to be disadvantageous (Paoletti et al. 2012; Badrie et al. 2015;
Tuenter, Foubert and Pieters 2018; Rawel et al. 2019). Strategies
for their recovery can nevertheless be envisaged, either from
the pulp drainage or the cocoa beans. To this end, laboratory-
scale (2 L) and pilot-scale (15 L) model fermentation processes
in polypropylene boxes, placed in an incubator with controlled
temperature and aeration, have been proposed, using a cocoa
pulp simulation medium (CPSM; Lefeber et al. 2010) and rehy-
drated unfermented dry cocoa beans, to assess the impact
of controlled fermentation conditions on bioactive compounds
present in cocoa beans (Lee et al. 2019; Racine et al. 2019). Finally,
it is unclear if the fat content of the cocoa beans varies dur-
ing fermentation, but its content should be as high as possible,
as the cocoa bean fat (cocoa butter) is a basic ingredient of the
final chocolate (Lima et al. 2011; Ndife et al. 2013; Trognitz et al.
2013; Krähmer et al. 2015; Servent et al. 2018; Sirbu et al. 2018).
Further processing of the cured cocoa beans involves, amongst
other steps, roasting to start up the chocolate manufacturing
process, conching to give chocolate its appropriate final flavour
and texture, and tempering to give the chocolate bar or praline
its appropriate appearance and durability (Fig. 1; Beckett 2009;
Afoakwa 2016; Engeseth and Pangan 2018).

Microbial species diversity and community dynamics
during cocoa fermentation

The microbial ecology and succession of cocoa fermentation
processes is complex (Schwan and Wheals 2004; De Vuyst and
Weckx 2016a,b; Figueroa-Hernández et al. 2019; Muñoz et al.
2019). Cocoa fermentation processes differ in microbial species
and counts as well as in substrate and metabolite compounds
and concentrations over time, hence leading to variable fermen-
tation quality and cocoa flavour. Moreover, cocoa fermentation
processes are characterized by changing interactions with the
environment and among the indigenous microorganisms (Adler
et al. 2013, 2014; Moens, Lefeber and De Vuyst 2014; Illeghems,
Weckx and De Vuyst 2015b; Moreno-Zambrano et al. 2018; Mota-
Gutierrez et al. 2018). This variability not only depends on the
cocoa variety, agricultural and farm practices, fermentation
method and duration, etc., but even occurs for fermentation pro-
cesses carried out on the same farm, under the same conditions
and with the same cocoa variety (Afoakwa et al. 2008; Cevallos-
Cevallos et al. 2018; Rottiers et al. 2019). Nonetheless, as further
outlined below, these complex successive microbial activities
and diversity of the cocoa fermentation process also account for
its robustness.

The actual fermentation of the cocoa pulp-bean mass is car-
ried out by a temporal succession of activities of yeasts, LAB
and AAB, whose interactions are determined mainly by their
ethanol, lactic acid and acetic acid concentrations produced as
well as the temperature increase upon fermentation. A well-
performed cocoa fermentation process, implying good agricul-
tural and farm practices, is finished within 4–6 days (Schwan
and Wheals 2004; Lima et al. 2011; Saltini, Akkerman and Frosch
2013; De Vuyst and Weckx 2016b; Muñoz et al. 2019). Although
4 days seem to be optimal, the fermentation may last from 2
to 10 days or it may even be that no intentional fermentation
set-up is foreseen (Schwan and Wheals 2004; Rodriguez-Campos
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Figure 2. Overview of the fermentation of the cocoa pulp-bean mass through the succession of an anaerobic phase, involving yeasts and lactic acid bacteria (LAB),
and an aerobic phase, involving acetic acid bacteria (AAB), and the concomitant bioconversion reactions taking place inside the cocoa beans. Uptake of substrates
and secretion of metabolites by the microbial cells are not represented. EMP, Embden-Meyerhoff-Parnas pathway. HeFe, heterofermentation. HoFe, homofermentation.
PKP, phosphoketolase pathway. TCA, tricarboxylic acid cycle.

et al. 2011, 2012; Lefeber et al. 2012; Papalexandratou et al. 2013;
Maura et al. 2016; Mayorga-Gross et al. 2016; De Vuyst and Weckx
2016b; Muñoz et al. 2019). Overall, the fermentation duration
depends on the cocoa variety and the local farming practices
applied. If the fermentation lasts longer than 4 days, bacilli
can also grow under the aerobic conditions, but they are rather
undesirable because of the production of off-flavours, such as
short-chain fatty acids and ammonia (Ardhana and Fleet 2003;
Schwan and Wheals 2004; Nielsen et al. 2007a; Lima et al. 2011;
Pereira et al. 2012, 2013a; Pereira, Magalhães-Guedes and Schwan
2013b; Ho, Zhao and Fleet 2014; Kouamé et al. 2015a,b; De Vuyst
and Weckx 2016b; Miguel et al. 2017; Agyirifo et al. 2019; Ham-
douche et al. 2019; Papalexandratou et al. 2019). Similarly, the
growth of filamentous fungi can cause off-flavour and myco-
toxin formation (Ardhana and Fleet 2003; Schwan and Wheals
2004; Guehi et al. 2007, 2008; Sánchez-Hervás et al. 2008; Copetti
et al. 2010, 2011, 2014; Mounjouenpou et al. 2010; Lima et al.
2011; Kedjebo et al. 2015; De Vuyst and Weckx 2016b; Agyir-
ifo et al. 2019). These bacilli and filamentous fungi may thus
cause spoilage, although they are sometimes considered as ben-
eficial contributors to pectinolysis; certain Bacillus species are
even linked with pyrazine production (Ardhana and Fleet 2003;
Schwan and Wheals 2004; Ouattara et al. 2008, 2011; Lima et al.
2011; Kouamé et al. 2015a,b; De Vuyst and Weckx 2016b). Enter-
obacterales (e.g. soil- or plant-associated Erwinia, Pantoea and
Tatumella species) occur transiently in the beginning of the fer-
mentation of the cocoa pulp-bean mass and may participate in
the degradation of pulp pectin and citric acid (Garcia-Armisen
et al. 2010; Lefeber et al. 2011a; Papalexandratou et al. 2011c, 2013,

2019; Illeghems et al. 2012; Pereira et al. 2012; Pereira, Magalhães-
Guedes and Schwan 2013b; Ho, Zhao and Fleet 2014; Hamdouche
et al. 2015, 2019; Illeghems, Weckx and De Vuyst 2015b; De Vuyst
and Weckx 2016b). They can be responsible for the production of
gluconic acid from glucose as well, which is considered undesir-
able and impacts the glucose-dependent growth of yeasts and
LAB, although gluconic acid may provide the cocoa beans with
a mild herbal flavour and mask bitterness caused by caffeine
(Lefeber et al. 2011a; Papalexandratou et al. 2011c, 2019).

Whereas the microbiology of the cocoa fermentation process
was initially studied culture-dependently only [since the 1950s;
reviewed in Schwan and Wheals (2004), Thompson et al. (2013)
and De Vuyst and Weckx (2016a)], cocoa fermentation studies
from 2000 on started with phenotypic identification of picked
colonies [e.g. Ardhana and Fleet (2003) and Kostinek et al. (2008)].
This was later followed by molecular identification and ampli-
con sequencing of the isolates [since 2005; e.g. Jespersen et al.
(2005) and Camu et al. (2007)], culture-independent community
profiling methods such as DNA-based fingerprinting [since 2005;
e.g. Nielsen et al. (2005) and Camu et al. (2007)] and (shotgun)
metagenomics (since 2012) that can both unravel the microbial
species diversity [e.g. Garcia-Armisen et al. (2010), Illeghems et al.
(2012) and Agyirifo et al. (2019)] and the metabolic potential of
the microbial communities detected, including meta-pathway
reconstruction [e.g. Illeghems, Weckx and De Vuyst (2015b) and
Agyirifo et al. (2019)]. All these studies have brought deeper
insights into the microbial community dynamics and species
diversity of the complex cocoa fermentation process. Some of
these studies have been accompanied with a metabolite target
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analysis of pulp and/or beans, unravelling the dynamics of the
pulp substrate consumption and conversions as well as those of
the microbial metabolite production and conversions in the pulp
and/or beans, now also including volatile organic compounds of
seed and microbial origin [e.g. Ardhana and Fleet (2003), Camu
et al. (2007), Aculey et al. (2010) and Moreira et al. (2016)]. Recent
multi-omic approaches and multivariate analyses have linked
the microbiology and biochemistry of cocoa pulp-bean mass fer-
mentation processes with the flavour profiles of the cured cocoa
beans and chocolates produced thereof [e.g. Ho, Fleet and Zhao
(2018) and Mota-Gutierrez et al. (2018)].

The actual cocoa fermentation process can be split into two
progressive phases that differ in environmental conditions, in
particular oxygen availability, which are further referred to as an
anaerobic phase and an aerobic phase. Besides microbial activ-
ities in the pulp, different enzymatic activities take place inside
the beans during these two cocoa fermentation process phases.

Anaerobic yeast and lactic acid bacteria phase

Yeasts and LAB
Yeasts and LAB grow simultaneously for about 24–36 h of fer-
mentation during the anaerobic phase of the cocoa fermenta-
tion process, which takes off at an environmental temperature
of around 25–30◦C under carbohydrate-rich and acidic condi-
tions (Schwan and Wheals 2004; De Vuyst and Weckx 2016a,b;
Figueroa-Hernández et al. 2019; Muñoz et al. 2019). These con-
ditions are characterized by high glucose and fructose con-
centrations in the mature pulp (formed from sucrose through
mainly pulp invertase activity and—to a lesser extent—yeast
invertase activity) and a low pH of approximately 3.0 (because
of the presence of citric acid), respectively. This simultane-
ous growth of yeasts and LAB may be ascribed to their non-
competitive interactions. The yeasts preferentially grow on the
available glucose, fermenting it to pyruvate through glycolysis
for ATP and reducing equivalent production and further pro-
ducing ethanol and carbon dioxide (which maintains the anaer-
obic conditions) for redox balancing (Fig. 2). Alternatively, the
LAB species that first grow in the cocoa pulp-bean mass and do
not require oxygen for growth prefer to consume fructose and
perform citric acid conversion (Fig. 2). Fructose is metabolized
either homofermentatively (glycolysis) or heterofermentatively
(phosphoketolase pathway) to pyruvate, while citric acid is con-
verted into acetic acid and oxaloacetic acid. The latter is further
converted into pyruvate as well, which will finally yield either
lactic acid, acetic acid, or pyruvate metabolites, in particular
2,3-butanedione (diacetyl; buttery notes), 3-hydroxy-2-butanone
(acetoin; buttery notes) and 2,3-butanediol (Gänzle 2015; von
Wright and Axelsson 2019). The conversion of citric acid into lac-
tic acid and acetic acid causes an increase of the pH from 3.0 to
4.0, because of the higher pKa values of the latter organic acids
compared to citric acid. This low pH course contributes to the
maintenance of a microbiologically stable environment, which
is dominated by dedicated acid-tolerant yeast and LAB species.
The growth of LAB may even be favoured by the carbon dioxide
production by the yeasts and, later on, by the release of vita-
mins and other nutrients from yeast cells that autolyze upon
fermentation (Agyirifo et al. 2019). It is assumed that yeasts do
not contribute to citric acid conversion during cocoa fermenta-
tion, as citric acid metabolism by yeasts is aerobic (De Vuyst and
Weckx 2016b). Nonetheless, citric acid assimilation can some-
times be shown in vitro for yeast isolates from fermenting cocoa
pulp-bean mass (Jespersen et al. 2005; Daniel et al. 2009; Ho, Zhao

and Fleet 2014; Samagaci et al. 2016). However, the yeasts are
responsible for the depectinization of the pulp through pecti-
nase (pectin methylesterase and polygalacturonase) activities
(Schwan and Wheals 2004; Meersman et al. 2015, 2017; Sama-
gaci et al. 2016). This causes the so-called sweatings of the cocoa
fermentation process, consisting of a drainage of the depoly-
merized pulp as white-yellow to reddish liquid, that either pen-
etrate into the ground or are collected for further valorization
(Schwan and Wheals 2004; Vásquez et al. 2019). Yet, studies
focusing on the (bio)chemical analysis of sweatings are very
scarce (Schwan and Wheals 2004; Papalexandratou et al. 2011c;
Vásquez et al. 2019). Also, the protease activity of the yeasts may
contribute to a reduction of the shell material of the cocoa beans,
which may make them weaker and hence more accessible to an
influx of pulp and/or microbial metabolites upon fermentation
(Ho, Zhao and Fleet 2014; Visintin et al. 2016). Furthermore, the
yeasts produce glycerol through glycolysis, which contributes
to a sweet taste and enhanced mouthfeel (Fig. 2; Rodrigues,
Ludovico and Leão 2006; Dzialo et al. 2017). Organic acids are
also formed by yeasts, including acetic acid and succinic acid
through pyruvate metabolism and tricarboxylic acid (TCA) cycle
activity, respectively (Fig. 2). They contribute to the acidity of
the beans. Further, the yeasts produce acetoin from acetalde-
hyde (green apple notes), which can be further reduced to 2,3-
butanediol; similarly, diacetyl can be reduced to acetoin and 2,3-
butanediol (Fig. 2). Moreover, the yeasts generate both flavour
precursor molecules and flavour-active compounds, such as
higher alcohols (e.g. 3-methylbutanol and 2-phenylethanol) and
esters (e.g. ethyl acetate, ethylphenyl acetate and phenylethyl
acetate), contributing to the floral and fruity notes of the cocoa
beans (see below). Yeasts produce higher alcohols either catabol-
ically, via the Ehrlich pathway involving consecutive transam-
ination, decarboxylation and dehydrogenation of amino acids,
or anabolically, as side-products of amino acid biosynthesis
starting from pyruvate (Fig. 2; Rodrigues, Ludovico and Leão
2006; Dzialo et al. 2017). Esters are the condensation products
of ethanol and medium-chain fatty acids or higher alcohols
and acetic acid, yielding ethyl esters and acetate esters, respec-
tively. The production of these flavour-active compounds makes
the yeasts indispensable for a successful cocoa fermentation
process, as these compounds can influence the final chocolate
aroma profile (Lefeber et al. 2012; Ho, Zhao and Fleet 2014; Meers-
man et al. 2015, 2016; Papalexandratou and Nielsen 2016; Ho,
Fleet and Zhao 2018).

During the anaerobic phase, the temperature of the ferment-
ing cocoa pulp-bean mass increases from around 25–30◦C to 35–
40◦C, due to the fermentation activities. Depectinization and
drainage of the cocoa pulp, which enhances with the increas-
ing temperature (either by irreversible degradation of struc-
tural components of the pulp pectin or by increased activ-
ity of yeast endopolygalacturonase), reduces the pulp viscosity
and, together with regular mixing of the cocoa pulp-bean mass,
allows air ingress, which favours the growth of the residing bac-
teria (Schwan and Wheals 2004; De Vuyst and Weckx 2016b;
Meersman et al. 2017). The ethanol produced by the yeasts partly
penetrates into the seed cotyledons, is oxidized into acetic acid
by AAB later in the fermentation process, flows away with the
sweatings, or evaporates (Fig. 2; Schwan and Wheals 2004; De
Vuyst and Weckx 2016b).

A rather wide yeast species diversity has been recovered from
fermenting cocoa pulp-bean mass, belonging to mainly the gen-
era Candida, Hanseniaspora, Pichia and Saccharomyces (Ardhana
and Fleet 2003; Jespersen et al. 2005; Nielsen et al. 2005, 2007a;
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Gálvez et al. 2007; Daniel et al. 2009; Nielsen, Jakobsen and Jes-
persen 2010; Papalexandratou and De Vuyst 2011; Papalexandra-
tou et al. 2011c, 2013, 2019; Illeghems et al. 2012; Pereira et al. 2012,
2013a, 2017; Crafack et al. 2013; Meersman et al. 2013; Moreira
et al. 2013, 2016, 2017; Pereira, Magalhães-Guedes and Schwan
2013b; Ho, Zhao and Fleet 2014, 2015; Ramos et al. 2014; Arana-
Sánchez et al. 2015; Batista et al. 2015, 2016; Hamdouche et al.
2015, 2019; Koné et al. 2016; Maura et al. 2016; Menezes et al. 2016;
Miescher Schwenninger, Freimüller Leischtfeld and Gantenbein-
Demarchi 2016; Samagaci et al. 2016; Visintin et al. 2016; Koffi
et al. 2017; Miguel et al. 2017; Bastos et al. 2018; Ho, Fleet and
Zhao 2018; Mota-Gutierrez et al. 2018, 2019a,b; Romanens et al.
2018; Agyirifo et al. 2019; Almeida et al. 2019; Lee et al. 2019; Ooi,
Ting and Siow 2020). The most frequently isolated yeast species
are Hanseniaspora opuntiae in the beginning to the middle of the
cocoa fermentation process, and Saccharomyces cerevisiae—and
in some cases Pichia kudriavzevii—from the middle and later time
points of the fermentation process. However, other species of
Hanseniaspora and Pichia, and even diverse Candida species (and
species of other genera) may occur, reflecting a great species
diversity among the predominant yeast genera occurring dur-
ing cocoa fermentation processes; this also reflects their vari-
ous and independent origins (Jespersen et al. 2005; Meersman
et al. 2013; Ludlow et al. 2016; Maura et al. 2016; Koffi et al. 2017;
Pereira et al. 2017). All these yeast species mainly differ in acidic,
ethanol and heat tolerances, explaining their successive growth
and prevalence, although substrate competitiveness may not
be excluded (Daniel et al. 2009; Pereira et al. 2012; Crafack et al.
2013; Maura et al. 2016; Samagaci et al. 2016; Visintin et al. 2016).
Another factor that may determine the abundance of certain
yeast species is killer toxin production, i.e. the production of
oligopeptides that inhibit the growth of other yeasts that do not
show killer activity, albeit in a temperature-dependent manner
(Samagaci et al. 2014, 2016; Meersman et al. 2015; Romanens et al.
2019; Ruggirello et al. 2019). From the above it can be concluded
that yeasts, being represented by several species, have a deter-
mining impact on the efficiency and outcome of the cocoa fer-
mentation process, either directly or indirectly.

LAB
Once the yeast counts start to decline, because of less favourable
environmental conditions (less glucose, less anaerobic condi-
tions, a slightly higher pH and an increasing temperature) and
an increasing competitiveness for growth with the LAB, the lat-
ter microbial group further proliferates thanks to the appro-
priate growth conditions arising after 24–72 h of fermenta-
tion (Schwan and Wheals 2004; De Vuyst and Weckx 2016a,b;
Figueroa-Hernández et al. 2019; Muñoz et al. 2019). At the start
of the cocoa fermentation process, the prevailing fructophilic
LAB species use fructose as energy source, with or without citric
acid conversion, thereby avoiding too much competition from
the yeasts. After the prevailing yeast phase, mainly heterofer-
mentative LAB species grow, which ferment glucose to lactic
acid, acetic acid, ethanol, carbon dioxide and/or mannitol (Fig. 2;
Ardhana and Fleet 2003; Camu et al. 2007, 2008a; Gálvez et al.
2007; Nielsen et al. 2007a; Kostinek et al. 2008; Lefeber et al.
2010, 2011a, 2012; Papalexandratou et al. 2011a,b,c, 2013, 2019;
Pereira et al. 2012, 2013a; Adler et al. 2013; Crafack et al. 2013;
Meersman et al. 2013; Moreira et al. 2013, 2016; Pereira, Mag-
alhães-Guedes and Schwan 2013b; Ouattara et al. 2014, 2017;
Ramos et al. 2014; Ho, Zhao and Fleet 2015; Ho, Fleet and Zhao
2018; Mota-Gutierrez et al. 2018; Romanens et al. 2018, 2019; Lee
et al. 2019). Mannitol production is caused by the use of fruc-
tose as alternative external electron acceptor, which results in a

higher competitiveness due to extra ATP production by convert-
ing acetyl phosphate into acetic acid instead of ethanol forma-
tion (Zaunmüller et al. 2006; Gänzle 2015; von Wright and Axels-
son 2019). This lowers the ratio of the concentrations of lactic
acid to acetic acid, which contributes to a lower acidity of the
cured beans (Lefeber et al. 2010, 2012). As lactic acid, such as
the volatile acetic acid, may penetrate into the beans during the
fermentation process, it may yield too acidic beans for choco-
late production. Moreover, because of its non-volatility, lactic
acid cannot be removed easily during bean drying and the roast-
ing and conching steps of chocolate manufacturing. Hence, the
growth of LAB is sometimes considered as undesirable or even
unnecessary for the fermentation process. Whereas the former
concern is related to the acidic defects that may occur (lac-
tic acid and acetic acid contribute fresh acid and vinegar-like
acid notes, respectively), the latter is mainly based on the fact
that LAB do not contribute to desirable ester formation, which
is necessary for the floral and fruity aromas of the beans (Ho,
Zhao and Fleet 2015; Meersman et al. 2015; Miguel et al. 2017;
Ho, Fleet and Zhao 2018; John et al. 2019). Besides those of the
yeasts, the metabolic contributions of the LAB should neverthe-
less be considered as key to a successful cocoa fermentation
process, encompassing their early growth on fructose, their cit-
ric acid conversion, as well as their production of lactic acid,
acetic acid and mannitol, when growth on both glucose and
fructose occurs (Lefeber et al. 2010, 2011b; Adler et al. 2013, 2014;
De Vuyst and Weckx 2016a,b). Although lactic acid itself may not
play the same role as acetic acid in modulating bean pH, pep-
tides and flavanols, the effects of citric acid conversion in the
pulp (avoiding citric acid transfer into the beans) and reduction
of fructose to mannitol (possibly diffusing into the beans) can
result into other processes that contribute to the cocoa flavour
than those caused by acetic acid. This refers in particular to the
conversion of amino acids in the pulp (contributing to cocoa
flavour production as yeasts do) and the provision of a sweet
and cool taste due to mannitol accumulation (Lefeber et al. 2010,
2011b; De Vuyst and Weckx 2016a,b; John et al. 2020). As is the
case for acetic acid, lactic acid may display a flavanol-protective
effect, i.e. reducing polyphenol degradation (Evina et al. 2016;
John et al. 2019). Desirable volatile organic compounds contribut-
ing to the cocoa flavour produced by LAB encompass pyru-
vate metabolites (diacetyl and acetoin; buttery/creamy notes)
and amino acid conversion metabolites, such as the aldehy-
des 2-methylbutanal and 3-methylbutanal (malty and chocolate
notes) produced from isoleucine and leucine, respectively, as
well as benzaldehyde (almond and bitter notes) produced from
phenylalanine (see below).

The exhaustion of the energy sources glucose and fructose, a
continuous increase of the ethanol, lactic acid and acetic acid
concentrations, and a rise in temperature of the fermenting
cocoa pulp-bean mass eventually cause a decline of the LAB
counts and a further decline of the yeast counts (Schwan and
Wheals 2004; De Vuyst and Weckx 2016b).

The LAB species diversity recovered from fermenting cocoa
pulp-bean mass is rather restricted. Fructophilic species that
occur in the early stages of the cocoa fermentation process
encompass Fructobacillus pseudoficulneus, Fructobacillus tropeaoli
and Leuconostoc pseudomesenteroides, as well as Lactobacillus plan-
tarum, the latter species being reclassified as Lactiplantibacillus
plantarum (Ardhana and Fleet 2003; Camu et al. 2007, 2008a;
Gálvez et al. 2007; Nielsen et al. 2007a; Kostinek et al. 2008;
Lefeber et al. 2011a; Pereira et al. 2012, 2013a; Papalexandratou
et al. 2013; Snauwaert et al. 2013; Pereira, Magalhães-Guedes and
Schwan 2013b; Ho, Zhao and Fleet 2014, 2015; Ramos et al. 2014;
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Hamdouche et al. 2015; Bortolini et al. 2016; Miescher Schwen-
ninger, Freimüller Leischtfeld and Gantenbein-Demarchi 2016;
Moreira et al. 2016, 2017; Visintin et al. 2016; Miguel et al. 2017;
Bastos et al. 2018; Romanens et al. 2018; Agyirifo et al. 2019; Lee
et al. 2019). Strictly heterofermentative LAB species that prevail
during the middle and late phases of the cocoa fermentation
process are mostly represented by Lactobacillus fermentum, which
has been reclassified as Limosilactobacillus fermentum (Camu et al.
2007, 2008a; Nielsen et al. 2007a; Kostinek et al. 2008; Lefeber
et al. 2011a; Illeghems et al. 2012; Pereira et al. 2012, 2013a; Mor-
eira et al. 2013, 2017; Papalexandratou et al. 2013, 2019; Pereira,
Magalhães-Guedes and Schwan 2013b; Ho, Zhao and Fleet 2014;
Ramos et al. 2014; Hamdouche et al. 2015, 2019; Illeghems, De
Vuyst and Weckx 2015a; Batista et al. 2016; Bortolini et al. 2016;
Miescher Schwenninger, Freimüller Leischtfeld and Gantenbein-
Demarchi 2016; Visintin et al. 2016; Miguel et al. 2017; Bastos et al.
2018; Mota-Gutierrez et al. 2018; Romanens et al. 2018; Agyirifo
et al. 2019; Lee et al. 2019). These species differ in their capaci-
ties to use glucose, fructose and/or citric acid. The fructophilic
LAB species use fructose as energy source and ferment it to lac-
tic acid with or without citric acid as co-substrate. The use of
the glycolysis as main carbon flux by strains of Lacp. plantarum
may explain the low competitiveness of this LAB species upon
further fermentation, despite their tolerance toward acidity and
ethanol, as opposed to heterofermentation that can lead to extra
ATP generation as mentioned above (Lefeber et al. 2010; Adler
et al. 2013; Illeghems, De Vuyst and Weckx 2015a). The preva-
lence of strictly heterofermentative Liml. fermentum strains can
be ascribed to their conversion of citric acid, production of man-
nitol and tolerance toward acidity, ethanol and heat (Lefeber
et al. 2010, 2011b; Adler et al. 2013; Illeghems, De Vuyst and
Weckx 2015a). However, distinction can be made between het-
erolactic Liml. fermentum strains that consume glucose as energy
source, fructose as alternative external electron acceptor and
citric acid as co-substrate, to maintain their redox balance and to
increase their intracellular pH and ATP generation for compet-
itiveness, and strains that consume fructose as energy source
and citrate as co-substrate, to increase their citrate flux toward
lactic acid to produce enough ATP under glucose-limiting con-
ditions (Adler et al. 2013). In the beginning of the cocoa fermen-
tation process, also species belonging to the genera Enterococcus
and Weissella may occur (Camu et al. 2007,2008a; De Bruyne et al.
2008, 2010; Snauwaert et al. 2013; Bortolini et al. 2016; Papalexan-
dratou et al. 2019), whereas sometimes other species of the Lacto-
bacillaceae (encompassing lactobacilli, Lactobacillus-related gen-
era and pediococci) are found during the main LAB fermenta-
tion phase (Nielsen et al. 2007b; Kostinek et al. 2008; De Bruyne
et al. 2009; Illeghems et al. 2012; Moreira et al. 2013; Papalexan-
dratou et al. 2013, 2019; Ramos et al. 2014; Ho, Zhao and Fleet
2015; Batista et al. 2016; Menezes et al. 2016; Miescher Schwen-
ninger, Freimüller Leischtfeld and Gantenbein-Demarchi 2016;
Miguel et al. 2017; Agyirifo et al. 2019).

Aerobic acetic acid bacteria phase

The AAB species that are already present from the beginning of
the cocoa fermentation process and have survived the anaer-
obic yeast and LAB growth phases start to grow during the
aerobic phase, which occurs after approximately 48 h of fer-
mentation (Schwan and Wheals 2004; De Vuyst and Weckx
2016a,b; Figueroa-Hernández et al. 2019; Muñoz et al. 2019). This
is enabled by further air ingress upon sweating and regular mix-
ing of the cocoa pulp-bean mass during fermentation. They

reach their maximal counts after 72–96 h of fermentation. Pos-
sessing a non-functional glycolysis, AAB, in particular Aceto-
bacter species, oxidize the ethanol produced by the yeasts into
acetic acid (partial oxidation for ATP generation) (Fig. 2). Because
of this exothermic reaction, they increase the temperature to
and even beyond 50◦C. Whereas ethanol serves as the main
energy source, lactate produced by the LAB is the main carbon
source for the Acetobacter species (Camu et al. 2007, 2008a; Adler
et al. 2014; Moens, Lefeber and De Vuyst 2014; Pelicaen et al.
2019). Simultaneously with the oxidation of ethanol, lactic acid
is oxidized mainly into acetoin (via α-acetolactate) and, to a low
extent, into acetic acid because of a low pyruvate decarboxylase
activity of Acetobacter (Fig. 2; Adler et al. 2014; Moens, Lefeber and
De Vuyst 2014; Pelicaen et al. 2019). Moreover, lactic acid can be
used as the sole carbon source by Acetobacter pasteurianus (Peli-
caen et al. 2019). Hence, the highest acetic acid concentrations
are produced in the presence of both yeasts and LAB, under-
lying the importance of the latter microbial group, as balanced
concentrations of ethanol and lactic acid are necessary for opti-
mal growth of Acetobacter (Adler et al. 2014). This produces the
necessary acetic acid for bean curing. Acetoin is an overflow
metabolite of the formation of pyruvate from lactic acid that
takes place instead of pyruvate oxidation through the TCA cycle
in the case that ethanol (repressing the TCA cycle and hence pre-
venting catabolic breakdown of acetic acid) is oxidized to acetic
acid (Fig. 2). As a result, biomass formation from lactic acid accel-
erates, for instance through the amino acid supply from pyru-
vate (Adler et al. 2014). The oxidation of the non-volatile lactic
acid contributes to the acidity (pH-lowering effect) and flavour
(less acidic taste, buttery flavour) of the cured cocoa beans. As for
the growth of LAB, the growth of AAB is sometimes considered
unnecessary for cocoa fermentation, as too high acetic acid con-
centrations may cause too acidic beans and as they have no sig-
nificant direct impact, compared to yeasts, on the production of
desirable volatile organic compounds in both beans and choco-
lates (Ho, Zhao and Fleet 2015; Ho, Fleet and Zhao 2018). How-
ever, the acetic acid produced by AAB is indispensable for cocoa
bean curing (Schwan and Wheals 2004; Misnawi 2008; Kongor
et al. 2016; De Vuyst and Weckx 2016a,b; Muñoz et al. 2019). The
minimization of the role of LAB and AAB by Ho and collabora-
tors has been based on the investigation of controlled cocoa fer-
mentation processes, carried out in small plastic boxes, in the
presence and absence of appropriate antibiotics to investigate
the role of individual microbial groups, in particular yeasts (Ho,
Zhao and Fleet 2014, 2015; Ho, Fleet and Zhao 2018). However,
during these small-scale plastic box fermentations, the growth
of LAB and AAB was not prevented completely and neither could
the effect of increased concentrations of reducing sugars, amino
acids and pyrazines be explained by favoring the growth of
yeasts only.

Although part of the acetic acid evaporates, the highest tem-
peratures in the fermenting cocoa pulp-bean mass are reached
if further overoxidation of acetic acid, and also of lactic acid
(and mannitol), into carbon dioxide and water takes place by
the prevailing AAB (Fig. 2; Schwan and Wheals 2004; De Vuyst
and Weckx 2016b; Figueroa-Hernández et al. 2019; Muñoz et al.
2019). This overoxidation causes a slight pH increase, whereas
the high temperature finally halts the cocoa fermentation pro-
cess, resulting in a decline of the yeast, LAB and AAB community
counts but possibly favouring the outgrowth of residing Bacillus
spores (Schwan and Wheals 2004; De Vuyst and Weckx 2016b;
Figueroa-Hernández et al. 2019; Muñoz et al. 2019).

The AAB species diversity recovered from fermenting cocoa
pulp-bean mass is even more restricted than that of the LAB.
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It encompasses Acetobacter ghanensis and Acetobacter senegalen-
sis that mainly occur at the start of the cocoa fermentation
process, whereas A. pasteurianus—and in some cases Acetobac-
ter lovaniensis, Acetobacter syzygii, or Acetobacter tropicalis—prevail
during the last phase of this process (Ardhana and Fleet 2003;
Camu et al. 2007, 2008a; Cleenwerck et al. 2007, 2008; Gálvez et al.
2007; Nielsen et al. 2007a; De Vuyst et al. 2008; Papalexandratou
et al. 2009, 2011a,b,c, 2013; Lefeber et al. 2011a; Illeghems et al.
2012; Pereira et al. 2012, 2013a; Romero et al. 2012; Romero-Cortes
et al. 2012; Crafack et al. 2013; Meersman et al. 2013; Pereira,
Magalhães-Guedes and Schwan 2013b; Ho, Zhao and Fleet 2014,
2015; Ramos et al. 2014; Yao et al. 2014; Soumahoro et al. 2015;
Batista et al. 2016; Bortolini et al. 2016; Miescher Schwenninger,
Freimüller Leischtfeld and Gantenbein-Demarchi 2016; Moreira
et al. 2016, 2017; Visintin et al. 2016; Bastos et al. 2018; Ho, Fleet
and Zhao 2018; Mota-Gutierrez et al. 2018; Romanens et al. 2018;
Agyirifo et al. 2019; Hamdouche et al. 2019; Lee et al. 2019).
These species differ in the speed with which they can oxidize
ethanol and lactic acid simultaneously (Moens, Lefeber and De
Vuyst 2014). The prevalence of A. pasteurianus strains is due
to their ethanol-, lactic acid- and mannitol-oxidizing capaci-
ties and their tolerances toward acidity and heat (Lefeber et al.
2011b; Illeghems, De Vuyst and Weckx 2013; Moens, Lefeber and
De Vuyst 2014; Illeghems et al. 2016). The growth of glucose-
oxidising Gluconobacter and Gluconacetobacter species that can be
present in the fermenting cocoa pulp-bean mass is not desir-
able, as this may lead to the production of gluconic acid, when
ethanol and lactic acid are depleted. This mainly occurs when
no appropriate substrate degradation and metabolite produc-
tion by the prevailing microorganisms occurs in the first phase
of the cocoa fermentation process, leaving glucose and gluconic
acid for AAB and yeast growth late in the fermentation pro-
cess and possibly producing off-flavours (Papalexandratou et al.
2011c; Moens, Lefeber and De Vuyst 2014).

Drying phase

Drying, either sun drying on platforms or artificial drying, of
the fermented cocoa beans reduces their moisture content and
hence the occurrence of living microorganisms (Schwan and
Wheals 2004; De Vuyst and Weckx 2016a,b; Figueroa-Hernández
et al. 2019; Muñoz et al. 2019). Under conditions of a higher tem-
perature, higher pH and higher availability of oxygen during the
drying step compared to the fermentation step, certain yeast,
LAB and AAB species can be recovered, besides bacilli and fil-
amentous fungi (Schwan and Wheals 2004; Hamdouche et al.
2015; Romanens et al. 2018). During the drying phase, several
cocoa bean compounds are degraded or modified and others can
be produced (e.g. tetra- and trimethylpyrazines through Maillard
reactions under the appropriate environmental conditions).

Enzymatic and non-enzymatic conversions inside the
cocoa beans during cocoa fermentation

Anaerobic and aerobic phases
The acetic acid produced by the AAB penetrates into the cocoa
seeds and decreases the pH of the cotyledons from 6.5 to 4.8;
due to this low pH in the cotyledons, the undissociated acetic
acid kills the seed embryo, together with the ethanol ingress
and the heat effect of the fermentation process (Fig. 2; Schwan
and Wheals 2004; Misnawi 2008; Kongor et al. 2016; De Vuyst
and Weckx 2016a,b; Muñoz et al. 2019). This prevents seed ger-
mination and destroys the internal seed cotyledon structure
completely. These physicochemical changes result in desirable

enzymatic and non-enzymatic conversions and the release of
seed compounds, as mentioned above. All this is affected by the
length of the anaerobic and aerobic phases, which is determined
by the fermentation progress that in turn determines the speed
of the courses of the pH decrease and temperature increase, the
duration and extent of the seed acidification, the final seed pH
(poorly fermented beans have a high pH of 5.5–5.8, whereas well-
fermented beans have a low pH of 4.7–5.4) and the oxygen ten-
sion (Schwan and Wheals 2004; Afoakwa et al. 2008; De Vuyst
and Weckx 2016a,b; Muñoz et al. 2019; John et al. 2020). Hence,
the different endogenous enzymes will become gradually acti-
vated and inactivated as a function of time during the fermen-
tation and drying steps [older literature reviewed in Schwan and
Wheals (2004), Kongor et al. (2016), De Vuyst and Weckx (2016a,b),
Muñoz et al. (2019) and Rawel et al. (2019)].

During the aerobic phase, the seed polyphenol oxidase
becomes active (Fig. 2). Its pH optimum is situated at a slightly
acidic pH of 5.4, but the enzyme is gradually inactivated dur-
ing fermentation and drying. Because it produces quinones from
(epi)catechin through oxidation, it contributes to the desirable
brown pigmentation of the cured cocoa beans. During the pre-
ceding anaerobic phase, the seed invertase, glycosidases and
proteases are active (Fig. 2). The invertase, optimally active at
an acidic pH of 4.5, is active mainly at the beginning of the
fermentation process and hydrolyses sucrose into the reduc-
ing sugars glucose and fructose that serve as flavour precur-
sors. Invertase loses its activity upon fermentation, due to the
increasing temperature. The glycosidases α-arabinosidase and
β-galactosidase, optimally active under acidic conditions (pH
4.0–4.5), elaborate sugar moieties from anthocyanins (arabinose
and galactose from cyanidin-3-α-L-arabinoside and cyanidin-
3-β-D-galactoside, respectively) and convert them into antho-
cyanidins. Moreover, glycosylated terpenoids (e.g. linalyl glyco-
side) are hydrolysed enzymatically. Proteases, mainly aspartic
endoprotease (optimally active at an acidic pH of 3.5) and ser-
ine carboxypeptidase (optimally active at a higher but slightly
acidic pH of 5.8), act on a vicilin-class (7S) globulin (composed of
three subunits of 47, 31 and 15 kDa, respectively) and an albu-
min (21 kDa), the main cocoa seed proteins. Major differences
in protein content of non-fermented cocoa beans are attributed
to their geographical origin (Kumari et al. 2018). However, a sim-
ilarity in protein profiles of cocoa beans from the same region
does not necessarily mean that they belong to the same cocoa
hybrid (Kumari et al. 2018). The cooperative action of both pro-
teases is necessary to form the desirable cocoa aroma precursors
to generate volatile organic compounds with cocoa-specific and
nutty notes (Voigt, Taube and Wöstemeyer 2018). This greatly
depends on the degree and time course of acidification, given
their different pH optima. In particular, the aspartic endopro-
tease releases a limited number of hydrophobic oligopeptides,
more from the cocoa seed vicilin than albumin, in a differen-
tial and sequential cleavage site-specific way. These hydropho-
bic oligopeptides are then converted by the cleavage-specific
exo-carboxypeptidase into tens to hundreds of hydrophilic pep-
tides. This lowers the ratio of vicilin to albumin seed proteins
and increases the amounts of oligopeptides and free hydropho-
bic amino acids, in particular isoleucine, leucine, valine, ala-
nine, phenylalanine and tyrosine. Such hydrophilic peptides and
hydrophobic amino acids serve as cocoa flavour precursors (de
Brito et al. 2000; Bucheli et al. 2001; Buyukpamukcu et al. 2001;
Amin et al. 2002, 2003; Laloi et al. 2002; Yusep et al. 2002; Schwan
and Wheals 2004; Guilloteau et al. 2005; Rohsius, Matissek and
Lieberei 2006; Jinap et al. 2008; Kratzer et al. 2009; Adeyeye et al.
2010; Bertazzo et al. 2011; Romero-Cortes et al. 2013; Marseglia
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et al. 2014; Kadow et al. 2015; Caligiani et al. 2016; Hue et al. 2016;
John et al. 2016, 2019, 2020; Kongor et al. 2016; Kumari et al. 2016,
2018; Mayorga-Gross et al. 2016; Sousa et al. 2016; Voigt et al. 2016;
Janek et al. 2016a,b; Apriyanto et al. 2017; D’Souza et al. 2018; Mor-
eira et al. 2018; Voigt, Taube and Wöstemeyer 2018; Rottiers et al.
2019; Scalone et al. 2019). The peptide profiles of cured beans in
terms of number, diversity and relative abundance reflect their
fermentation degree. This is independent of their geographi-
cal origin, which is not the case for the protein contents of the
beans (Mayorga-Gross et al. 2016; D’Souza et al. 2018; Kumari et al.
2018). A maximum number of peptides is found after 48–96 h
of fermentation (Mayorga-Gross et al. 2016; D’Souza et al. 2018;
Muñoz et al. 2019). However, the size of the peptides decreases
as a function of the fermentation time, although several small
peptides can originate from degradation of multiple proteins
(other than vicilin and albumin). These peptide profiles or the
number of the diverse peptides can thus serve as a biomarker
for the degree of fermentation and hence replace the classical
cut test (qualitative colour-based model) or fermentation index
measurement (quantitative colour-based model) (Misnawi 2008;
Aculey et al. 2010; Romero-Cortes et al. 2013; D’Souza et al. 2018;
Hinneh et al. 2018; Kumari et al. 2018). However, only certain
peptides are considered as being of influence on the unique
cocoa aroma, although their number is still a matter of debate
(Buyukpamukcu et al. 2001; Marseglia et al. 2014; Kumari et al.
2016, 2018; Voigt et al. 2016; D’Souza et al. 2018; Voigt, Taube
and Wöstemeyer 2018; Scalone et al. 2019). Moreover, in vitro
proteolytic digestions of cocoa vicilin indicate that short pep-
tides (formed at acidic pH of 4.4–5.2) might be cocoa-specific
aroma compound precursors, whereas slightly longer peptides
(formed at slightly acidic but higher pH of 4.8–5.6) might be
nutty-specific aroma compound precursors (Voigt, Taube and
Wöstemeyer 2018). Hence, cocoa fermentation processes that
result in a strong acidification inside the beans, the pH of which
decreases below 5.2, could result in cured cocoa beans with a
high cocoa aroma. In contrast, those processes that result in a
weak acidification inside the beans, leading to a pH above 5.2,
could result in cured cocoa beans with a high nutty aroma. This
again underlines the importance of the extent and speed of the
pH course inside the cocoa beans during fermentation.

Cocoa bean flavour formation
Chocolate possesses a characteristic aroma and taste,
composed of acidity, astringency and bitterness, and
cocoa/coffee/nutty/roasted, floral, fruity and spicy notes,
besides delivering a melt-in-the-mouth pleasure (Frauendorfer
and Schieberle 2006, 2008, 2019; Afoakwa et al. 2008; Diab
et al. 2014; Aprotosoaie, Luca and Miron 2016; Engeseth and
Pangan 2018; Barišić et al. 2019; Muñoz et al. 2019). The cocoa
and chocolate aromas, composed of a mixture of hundreds of
compounds, are determined by both volatile (mainly aldehydes,
esters, organic acids, pyrazines and diketopiperazines) and
non-volatile organic compounds (mainly amino acids, other
organic acids, saccharides and proanthocyanidins) (Aculey et al.
2010; Rodriguez-Campos et al. 2011, 2012; Owusu, Petersen and
Heimdal 2012, 2013; Crafack et al. 2014; Ho, Zhao and Fleet
2014;Tran et al. 2015; Batista et al. 2016; Meersman et al. 2016;
Menezes et al. 2016; Moreira et al. 2016, 2017, 2018; Pereira et al.
2017; Visintin et al. 2017; Cevallos-Cevallos et al. 2018; Cuellar
et al. 2018; Hinneh et al. 2018; Ho, Fleet and Zhao 2018; Mota-
Gutierrez et al. 2018, 2019b; Assi-Clair et al. 2019; Hamdouche
et al. 2019; Lee et al. 2019; Rottiers et al. 2019; Utrilla-Vázquez
et al. 2020). These flavour constituents can be of endogenous
(pulp and beans) or fermentation origin.

Besides mono- and disaccharides and organic acids (mainly
citric acid next to malic acid, succinic acid and oxalic acid), the
aqueous unfermented pulp contains acetophenone (1-phenyl
ethanone; floral/fruity notes), aldehydes (e.g. phenylacetalde-
hyde; floral/honey notes), esters (e.g. 2-pentyl acetate or amyl
acetate; fruity notes), methylketones (e.g. 2-heptanone; cheese-
like notes; precursor of 2-heptanol), secondary alcohols (e.g.
2-heptanol; fruity/floral/spicy notes) and monoterpenes [con-
tribute sweet and flowery notes; e.g. linalool (flowery/leafy/tea-
like notes), myrcene (spicy notes) and ocimene (floral/herbal
notes)] (Kadow et al. 2013; Chetschik et al. 2018). Monoterpenes
derive from the methyl-erythritol 4-phosphate (MEP) pathway
of the cocoa plant (with carbohydrates as precursors), whereas
methylketones (from secondary alcohols), secondary alcohols
and esters derive from the fatty acid metabolism of the cocoa
plant. Moreover, acetate ester formation may take place during
migration of acetic acid into the cotyledon tissue.

Fermentation of the cocoa pulp-bean mass leads to the pro-
duction of (higher) alcohols, aldehydes, ketones, organic acids
and sugar alcohols (LAB and yeasts) and esters (yeasts), as
described above (Fig. 2; Schwan and Wheals 2004; De Vuyst and
Weckx 2016a,b; Figueroa-Hernández et al. 2019; Muñoz et al. 2019;
Mota-Gutierrez et al. 2019b). These compounds are produced
in the aqueous phase of the cocoa pulp and contribute to the
fermentative flavour of the cured cocoa beans. All these com-
pounds can diffuse into the beans, as has been shown during
fermentation-like incubations (Kadow et al. 2013; Ho, Zhao and
Fleet 2014; Sukha, Umaharan and Butler 2017; Chetschik et al.
2018; Ho, Fleet and Zhao 2018; Castro-Alayo et al. 2019). How-
ever, some studies on cocoa pulp-bean mass fermentation do
not clearly distinguish between flavour (precursor) formation in
the pulp, where the actual fermentation takes place, and those
processes that occur in the beans. In the latter case, volatile
organic compounds can be the result of influx of both micro-
bial and pulp metabolites and/or endogenous pathways or enzy-
matic conversions taking place in the cocoa beans. Hence, the
chocolate flavour is the result of an interplay between the ini-
tial composition of the cocoa pulp and beans and the post-
harvest treatments of the cocoa pulp-bean mass (methods,
duration and mixing frequency of fermentation and drying),
which determines the influx and efflux of flavour and health-
related cocoa compounds, and the subsequent processing of the
cured cocoa beans during chocolate-making (in particular roast-
ing, alkalization and conching) (Guehi et al. 2010; Rodriguez-
Campos et al. 2011, 2012; Owusu, Petersen and Heimdal 2012,
2013; Saltini, Akkerman and Frosch 2013; Suazo, Davidov-Pardo
and Arozarena 2014; Tran et al. 2015; Cevallos-Cevallos et al.
2018; Castro-Alayo et al. 2019; Hamdouche et al. 2019; Rottiers
et al. 2019; Hinneh et al. 2019a,b). All these subprocesses have
an impact on the dynamics and, therefore, end-concentrations
of the non-volatile and volatile organic flavour compounds that
lead to taste and aroma, respectively.

The volatile fraction of cocoa beans that are ready for
chocolate-making is mainly the result of Maillard reactions and
Strecker degradation among the flavour precursor molecules
[hydrophilic peptides, (hydrophobic) amino acids and reducing
sugars elaborated during the fermentation and/or drying steps]
that take place during the cocoa bean roasting process, with
which chocolate manufacturing actually starts (Afoakwa et al.
2008; Frauendorfer and Schieberle 2008; Huang and Barringer
2011; Owusu, Petersen and Heimdal 2012, 2013; Diab et al. 2014;
Engeseth and Pangan 2018; Barišić et al. 2019; Frauendorfer
and Schieberle 2019; Muñoz et al. 2019; Mota-Gutierrez et al.
2019b). These reactions produce Strecker amines, carboxylic
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acids [e.g. 2-methyl butanoic acid (or 2-methyl butyric acid)
and 3-methylbutanoic acid (isovaleric acid)], and—above
all—Strecker aldehydes and heterocyclic aroma compounds
(furans, furanones, imidazoles, oxazoles, pyrazines, pyridines,
pyrroles and thiazoles), which generate different flavour
notes in the final chocolate. Additionally, polymerization
reactions produce melanoidin pigments that are responsible
for the brown colour. 2,5-Diketopiperazines (bitter taste) are
semi-volatile cyclic dipeptides formed from specific pep-
tide precursors during roasting (Andruszkiewicz et al. 2019).
The most abundant Strecker aldehydes that contribute to
chocolate notes are acetaldehyde (originating from alanine;
fruity notes), benzaldehyde (phenylalanine; sweet, bitter and
almond notes), 3-methylbutanal (leucine; malty/chocolate
notes), 2-methylbutanal (isoleucine; malty/chocolate notes),
2-methylpropanal (valine; malty/nutty/chocolate notes)
and phenylacetaldehyde (phenylalanine; floral/honey
notes). The most abundant pyrazines that contribute to
burnt/cocoa/coffee/earthy/green/nutty/roasty/toasty notes
are 2,3,5,6-tetramethylpyrazine, 2,3,5-trimethylpyrazine, 2,5-
dimethylpyrazine and 2,3-dimethylpyrazine. Diacetyl and
acetoin are precursors for tetramethylpyrazine formation.
Subsequent reactions further produce various compounds,
such as the cocoa hexenal (5-methyl-2-phenyl-2-hexenal or
benzeneacetaldehyde; sweet, roasted, rhum- and cocoa-like
notes; bitter taste), produced from phenylalanine, in particular
during roasting and conching. Proline conversion leads to 2-
acetyl-1-pyrrole, which contributes to caramel/chocolate/roasty
(popcorn-like) notes. Some of the sweet and floral/flowery notes
can be obtained from the reduction of 2,3-butanedione and
acetoin to 2,3-butanediol upon prolonged conching, as well
as the conversion of benzaldehyde and phenylacetaldehyde
into benzyl alcohol and phenylethyl alcohol, respectively.
Degradation of monosaccharides yields furanones (e.g. 4-
hydroxy-2,5-dimethyl-3(2H)furanone or furaneol) and pyrones
(e.g. 3-hydroxy-2-methyl-4-pyrone), which contribute to the
caramel-like notes of chocolate.

Some of the compounds mentioned above are already ini-
tially present in the fermented, dry, unroasted cocoa beans.
Indeed, fresh cocoa beans contain secondary alcohols (e.g. 2-
heptanol and 2-phenylethanol; floral and fruity notes), alde-
hydes (e.g. 2-butanal and 2-hexanal; fruity and grassy notes,
respectively), ketones (e.g. methylketones, such as acetophe-
none and 2-heptanone; floral and fruity notes) and organic
acids (e.g. 2-methylbutanoic acid and 3-methylbutanoic acid;
sweaty notes). These compounds may increase (e.g. aldehydes
and organic acids) or decrease (e.g. ketones) upon curing of the
cocoa beans, being the result of biosynthesis or degradation
(seed metabolism), modification (Maillard reactions as described
above and oxidation of, for instance, linalool to linalool oxide)
and influx (transfer of compounds produced in the pulp micro-
bially) or efflux (leakage of compounds from the cocoa beans
or volatilization from the pulp and beans) (Rodriguez-Campos
et al. 2011, 2012; Castro-Alayo et al. 2019; Hamdouche et al. 2019;
Rottiers et al. 2019; Mota-Gutierrez et al. 2019b). For instance,
the microbial metabolites that are formed during fermentation
and the plant metabolites, which are cultivar- and genotype-
dependent, may transfer from the pulp through the seed shell
that is likely weakened by fermentation, when the cocoa fer-
mentation process proceeds. Here, the role of yeasts and LAB
is thus of primordial importance to produce (sugar/higher) alco-
hols, aldehydes and/or esters during fermentation of the cocoa
pulp-bean mass. Although pyrazines may also be produced by
bacilli during (prolonged) fermentation, they are mainly formed

during drying (in particular tetra- and trimethylpyrazine) and
roasting (all pyrazines).

However, the production of flavour-active compounds is not
always desirable and can in some instances lead to sensory
defects (Schwan and Wheals 2004; Afoakwa et al. 2008). Although
it is not always fully clear what is driving this problem of
off-flavours, over-fermentation and poor drying may be causal
factors, the former leading to an increase in certain bacilli
and filamentous fungi and the latter often being ascribed to
failing infrastructure that can both produce these off-flavour
compounds. Such off-flavours are mostly composed of amyl
acetates, short- and medium-chain fatty acids and phenols
(e.g. 2-methoxyphenol or guaiacol), which deliver undesirable,
hammy, putrid and smoky notes when formed in excess.

Use of starter cultures

The knowledge on the microbial succession and activities of
the most prevalent yeast, LAB and AAB species involved in
cocoa fermentation processes obtained during the last decades
has prompted the search for appropriate single- or mixed-
strain starter cultures for controlled and steered cocoa fermen-
tation processes (Schwan and Wheals 2004; Saltini, Akkerman
and Frosch 2013; Pereira, Soccol and Soccol 2016; De Vuyst
and Weckx 2016a,b; Ozturk and Young 2017; Castro-Alayo et al.
2019; Figueroa-Hernández et al. 2019; Muñoz et al. 2019; Mota-
Gutierrez et al. 2019b). It is now generally accepted that the
microbial activities during fermentation and the subsequent
transfer of volatile organic compounds into the beans play a
determining role in the flavour development of cured cocoa
beans and, possibly, chocolates produced thereof. In addition,
the cocoa genotype (in particular cocoa bean storage proteins,
polysaccharides and polyphenols) and the temperature and pH
courses during fermentation, which determine the enzymatic
activities in the beans, are of crucial importance (Schwan and
Wheals 2004; Lima et al. 2011; Saltini, Akkerman and Frosch
2013; De Vuyst and Weckx 2016a,b; Castro-Alayo et al. 2019;
Figueroa-Hernández et al. 2019; Muñoz et al. 2019). It is not clear
yet if the fermentation method applied may influence flavour
development, as literature on the comparison of heap, box and
tray fermentations is controversial, although there are indica-
tions that different fermentation methods may alter the flavour
characteristics of cocoa liquors and conched chocolates (Owusu,
Petersen and Heimdal 2012, 2013; Crafack et al. 2014; Ganeswari
et al. 2015; Mota-Gutierrez et al. 2018).

The use of starter cultures may allow faster, time-controlled
and efficient cocoa fermentation processes and deliver high
yields of cured cocoa beans of consistent and high quality.
In turn, this may result in more profit for the farmers, the
cocoa traders and the chocolate manufacturers, as further out-
lined below. Introducing the practice of starter culture-initiated
cocoa fermentation processes has of course been a challenge,
but once proof-of-principle was delivered the research focus
shifted from accelerated and time-controlled fermentation pro-
cesses (directed by the speed of pulp degradation and carbohy-
drate conversion) toward the use of starter cultures with extra
functional properties, in particular regarding flavour formation.
The first starter cultures that have been developed indeed have
targeted an enhanced flow of sweatings by means of pecti-
nolytic strains of dedicated yeast species applied as the sole
starter cultures, among which S. cerevisiae var. chevalieri and
Kluyveromyces fragilis (not necessarily fermenting cocoa pulp-
bean mass isolates), to improve the pulp breakdown. Although
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this may increase the aeration of the fermenting cocoa pulp-
bean mass and decrease the amounts of pulp monosaccharides
available for fermentation to organic acids, leading to reduced
bean acidity, it has not affected the cocoa bean quality sig-
nificantly [Sanchez et al. 1985; Samah, Ptih and Selamat 1992;
Buamah, Dzogbefia and Oldham 1997; Dzogbefia, Buamah and
Oldham 1999; reviewed in Schwan and Wheals (2004) and De
Vuyst and Weckx (2016a,b)]. Also, AAB have been used as the sole
inoculum, whereby the application of a starter culture strain of
Gluconacetobacter xylinus subsp. xylinus has resulted in a fermen-
tation process without intermediate LAB fermentation phase
and cured cocoa beans with lower pH and higher acetic acid
concentrations (Samah et al. 1993). However, less cocoa aroma
has been obtained than in naturally cured cocoa beans. Yet,
greater production of acetic acid by an A. pasteurianus starter
culture strain, in combination with a S. cerevisiae starter culture
strain, not only leads to a higher acidic taste but also preserves
polyphenols from leakage, resulting in a higher bitterness (John
et al. 2019).

Concerning functional starter cultures that prevail during the
cocoa fermentation process, a direct impact of such a starter
culture strain could be the production of flavour-active com-
pounds, whereas an indirect impact could be a limitation of
the production of undesirable off-flavours or compounds. How-
ever, the application of flavour-producing starter culture strains
assumes that the flavour precursor molecules or flavour-active
compounds are not only produced in the pulp, where the actual
cocoa fermentation process takes place, but also diffuse from
the pulp into the beans during fermentation, the bean shell
being the barrier for this transfer as outlined above (Kadow et al.
2013; Ho, Zhao and Fleet 2014; Sukha, Umaharan and Butler
2017; Chetschik et al. 2018; Ho, Fleet and Zhao 2018; Castro-
Alayo et al. 2019). Moreover, once inside the beans, the flavour-
active compounds have to be retained during the drying step
and to survive the chocolate-making process to be of impact
on the final chocolate flavour. The reason why many studies do
not reveal significant improvement of chocolate flavour upon
the use of starter cultures, compared with a spontaneous fer-
mentation process, may be ascribed to a production of off-
flavours by the background microbiota in the case that the
added starter culture is not competitive enough to allow for
its prevalence. Concerning the choice of candidate functional
starter cultures, distinction should be made between studies
that have tested culture collection or commercial strains that
do not necessarily originate from fermenting cocoa pulp-bean
mass and studies that have first initiated a thorough screen-
ing of strains with desirable functional properties. In almost all
studies the starter cultures were applied as liquid cultures. All
studies have used different fermentation recipients and batch
sizes.

Yeast starter cultures
Except for an early Brazilian study (Schwan 1998), the first
starter culture-initiated cocoa fermentation studies all dealt
with single- or mixed-strain starter cultures involving yeasts.
Indeed, Schwan (1998) was the first to evaluate the use of a con-
sortium of cocoa pulp-bean mass-derived strains as starter cul-
ture for cocoa fermentation processes carried out in wooden
boxes (200 kg, Comum hybrid), applying the microbial inocu-
lum either at the start of the fermentation process or through
phased addition. The selected strains in this study belong to the
pectinolytic, acid-tolerant and ethanol-tolerant yeast species S.
cerevisiae var. chevalieri, the lactic acid-producing, acid-tolerant

and heat-tolerant LAB species Lactobacillus lactis (now reclas-
sified as Lactobacillus delbrueckii subsp. lactis) and Lacp. plan-
tarum and the ethanol-(over)oxidizing, acetic acid-producing,
heat-tolerant AAB species Acetobacter aceti and Gluconobacter oxy-
dans. This has resulted in a fermentation process comparable
with a natural one, normally cured cocoa beans and accept-
able chocolates, but with no enhanced quality. This proof-
of-principle study has been followed by tests with pectinase-
producing or flavour-producing yeast strains to accelerate the
cocoa fermentation process (flow of sweatings) and improve
the flavour of the cured cocoa beans and chocolates produced
thereof. First, as follow-up of the study of Sanchez et al. (1985)
that has examined strains of several yeast species involved in
cocoa fermentation processes as to their capacity to ferment and
depectinize cocoa pulp, a yeast starter culture composed of a
Kluyveromyces marxianus hybrid strain (MMIII-41), not of cocoa
origin but with enhanced pectinolytic activity, has allowed to
not only increase the flow of sweatings but also obtain cured
cocoa beans of improved quality and chocolates with enhanced
sensory attributes, after fermentation of Brazilian cocoa beans
(45 kg) in plastic baskets (Leal et al. 2008). The addition of a strain
of S. cerevisiae (UFLA CA11) to cocoa pulp-bean mass of different
cocoa hybrids from Ecuador and Brazil (CCN51, CEPEC2004, FA13,
PH16, PS1030, FA13 and/or PS1319) has been tested in wooden
boxes (60–100 kg) and has shown an accelerated fermenta-
tion process. This has paralleled faster carbohydrate consump-
tion and ethanol production, preventing undesirable microbial
growth. An impact on the volatile organic compounds produced
and the resulting chocolate flavour attributes has been found,
although this depends on the hybrid used, likely due to differ-
ences in pulp composition (Ramos et al. 2014; Menezes et al.
2016). An enhanced pulp degradation by inoculating S. cere-
visiae var. chevalieri has been confirmed in the case of Indone-
sian Forastero cocoa fermentation in plastic bags (Cempaka
et al. 2014). An acceleration of the cocoa fermentation process
has also been achieved after simultaneous inoculation of the
cocoa pulp-bean mass (100 kg of the PS1319 hybrid in wooden
boxes) with selected strains of S. cerevisiae (UFLA CA11), Pichia
kluyveri (UFLA YCH194) and H. uvarum (UFLA YCH203), with a 2-
log higher cell density of S. cerevisiae, although H. uvarum was
suppressed by the two former yeast species. Eventually, the
final chocolates possessed a flavour described as bitter, cocoa,
coffee, fruity and sour (Batista et al. 2015, 2016). Given its fre-
quent isolation from fermenting cocoa pulp-bean mass, a Can-
dida sp. starter culture has been tested in Malaysia to ferment
cocoa pulp-bean mass (5 kg) in a basket, showing inhibition of
pathogenic bacteria (Mahazar et al. 2015).

Hybrid yeast strains of S. cerevisiae obtained through selec-
tive breeding to get an improved heat tolerance and fermen-
tation capacity, including high aroma production, have been
tested during laboratory- (100 mL of pulp in 250-mL glass bot-
tles) and pilot-scale fermentations (50 kg of cocoa pulp-bean
mass in baskets) as single-strain starter cultures (thus without
the addition of LAB and/or AAB strains) (Meersman et al. 2015,
2016). These Malaysian cured cocoa beans have led to the man-
ufacturing of high-quality chocolates, as reflected in the flavour
profiles of the cocoa liquors and conched chocolates. This has
been related to the production of flavour-active ethyl esters and
acetate esters, especially long and more fat-soluble ones, as
short-chain ethyl esters decrease or disappear upon process-
ing and a decrease in spoilage-related off-flavours, which was
however strain-dependent. Yet, some of the strains tested have
not prevailed during the whole fermentation process. This study
has further shown that moderate acidification, in combination
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with a slow and delayed temperature increase, can result in a
high flavour profile of the cocoa beans and chocolates therefrom
(Meersman et al. 2016; Papalexandratou and Nielsen 2016). Also
the application of strains of P. kluyveri (Indonesian cocoa isolate)
and Cyberlindnera fabianii (non-cocoa origin) that produce high
concentrations of fruity esters has enabled the modulation of
the flavour of the chocolates produced into a sweet taste with
fruity, cocoa and roasty notes. An influence on volatile organic
compound production has nonetheless been limited, as these
non-Saccharomyces yeasts could not prevail during fermentation
of the cocoa pulp-bean mass due to their poor competitiveness
in a cocoa fermentation ecosystem (Meersman et al. 2016).

Other screening studies have looked at the tolerance toward
acidity, ethanol, heat and osmotic stress and/or the enzymatic
potential of candidate yeast strains (Samagaci et al. 2014, 2015;
Visintin et al. 2016; Koffi et al. 2018). For instance, pectinolytic P.
kudriavzevii and Candida nitrativorans strains isolated from Ivo-
rian cocoa bean heap fermentation processes have been pro-
posed as candidate yeast starter cultures, solely or in combi-
nation (Samagaci et al. 2014, 2015, 2016). It has further been
shown that a great genetic and metabolic intraspecies diversity
occurs among P. kudriavzevii strains regarding the production of
volatile organic compounds during laboratory-scale fermenta-
tions (400 g of cocoa pulp-bean mass in 1-L glass bottles) (Pereira
et al. 2017). Hence, the selection of two highly aromatic strains
of P. kudriavzevii (LPB06 and LPB07) has led to an acceleration of
the cocoa fermentation process and yielded cured cocoa beans
with a rich aroma composition. The application of monocultures
of a strain of Torulaspora delbrueckii (IC103), possessing several
enzyme activities and co-cultures of this strain with a strain of S.
cerevisiae (IC67) has indicated the prevalence of S. cerevisiae upon
fermentation of 300 kg of cocoa pulp-bean mass (hybrids PS1319
and SJ02) in wooden boxes. A positive impact on the sensory pro-
file of the chocolates therefrom could be obtained in the pres-
ence of T. delbrueckii too, although this depended on the cocoa
hybrid (Visintin et al. 2017). In contrast, no differences have
been found in microbial community dynamics, physicochemi-
cal parameters and metabolite production when using two com-
mercial strains of S. cerevisiae (ID67) and T. delbrueckii (ID103)
as starter cultures during Forastero cocoa hybrid heap (100 kg)
and wooden box (200 kg) fermentation processes carried out
in Cameroon (Mota-Gutierrez et al. 2018). Although the authors
have indicated different fermentation practices, the cocoa vari-
ety and the use of different starter cultures as the main cause
of the limited success of the strains inoculated, it is most likely
that the non-cocoa origin and hence non-adaptiveness or non-
competitiveness of the strains can explain this. Similarly, the
use of bakers’ yeast (S. cerevisiae) produces unacceptable bready
notes in cured beans and chocolates therefrom (Bittenbender
et al. 2017). Yet, the application of two highly aromatic, com-
mercial strains of S. cerevisiae from wine origin have resulted in
favourable scores for the volatile organic compound production
profiles of cocoa beans and concomitant chocolates, leading to
intense fruity and floral notes in a strain-dependent way. These
results were obtained for cocoa fermentation processes carried
out in 45-L plastic boxes with 30 kg of cocoa pulp-bean mass of
an Ivorian hybrid (Assi-Clair et al. 2019).

Mixed-species and -strain starter cultures
Thorough screenings and kinetic analyses have been performed
to compose a mixed-strain starter culture representing the three
main microbial species involved in cocoa fermentation pro-
cesses, namely S. cerevisiae, Liml. fermentum and A. pasteurianus
(Lefeber et al. 2010, 2011b; Moens, Lefeber and De Vuyst 2014).

Therefore, fermentations with candidate yeast, LAB and AAB
strains have been performed in 10-L laboratory fermentors mak-
ing use of cocoa pulp simulation media (CPSM-LAB and CPSM-
AAB). This way, the competitiveness of dedicated strains of
heterofermentative, mannitol-producing and citrate-converting
Liml. fermentum, homofermentative and citrate-non-converting
Lacp. plantarum and ethanol- and lactic acid-oxidizing, acetic
acid-overoxidizing A. pasteurianus has been shown. An acceler-
ated cocoa fermentation process has been shown by the addi-
tion of a strain of Lacp. plantarum to cocoa pulp-bean mass
(16 g) of Indonesian cocoa beans in 50-mL glass bottles too
(Kresnowati, Suryani and Affifah 2013). CPSM-LAB and CPSM-
AAB has also been used to study the (meta)fluxome of LAB
and AAB strains, respectively (Adler et al. 2013, 2014). Further-
more, the cocoa fermentation process has been simulated in
CPSM-LAB during 10-L laboratory fermentations, compensat-
ing for the loss of ethanol due to the high fermentation tem-
perature and aeration, by means of a carefully selected tri-
culture, consisting of a consortium of three strains, namely
S. cerevisiae H5S5K23 (ethanol-producing and -tolerant, citric
acid-non-converting, acid- and heat-tolerant), Liml. fermentum
222 (formerly known as Lb. fermentum 222; heterofermentative,
citric acid-converting, mannitol-producing, moderately acid-
tolerant) and A. pasteurianus 386B (ethanol- and lactic acid-
oxidizing, acetic acid-producing and -overoxidizing, acid- and
heat-tolerant) (Lefeber et al. 2010, 2011b, 2012; Moens, Lefeber
and De Vuyst 2014). Whole-genome sequence analysis of these
LAB and AAB strains has confirmed their competitiveness and
functional properties, such as the presence of relevant and
unique carbohydrate and amino acid consumption genes as well
as genes for environmental adaptations and stress responses
(Illeghems, De Vuyst and Weckx 2013; Illeghems, Weckx and De
Vuyst 2015a; Illeghems et al. 2016; Pelicaen et al. 2019). The preva-
lence of facultatively heterofermentative Lacp. plantarum strains,
for instance, may be ascribed to possible heterofermentation of
carbohydrates, several stress responses and the possibility of
bacteriocin production to enhance their competitiveness under
cocoa pulp-bean mass fermentation conditions (Illeghems, De
Vuyst and Weckx 2015a; Illeghems, Weckx and De Vuyst 2015b).
Finally, this mixed-strain starter culture has been implemented
on farms in both Ivory Coast and Malaysia, by adding a liquid
yeast culture and/or rehydrated lyophilized LAB and AAB pow-
ders (Lefeber et al. 2012). Its application has shown that uni-
formly fermented cocoa beans can be obtained within four days
of fermentation, due to an early onset and accelerated carbohy-
drate fermentation, consistent ethanol production and fast cit-
ric acid conversion. This has also indicated the importance of
the inclusion of a yeast strain to manufacture bulk dark choco-
late without unfermented flavours (Lefeber et al. 2012), likely
ascribed to its added value concerning the production of flavour-
active compounds (Ho, Zhao and Fleet 2014, 2015; Ho, Fleet and
Zhao 2018).

Another screening study has evaluated the technological
potential of yeast, LAB and AAB strains in CPSM supple-
mented with fresh cocoa pulp-bean mass and carried out in 2-L
glass bottles; the strains used have been isolated from natural
cocoa fermentation processes performed at bench-scale (plas-
tic containers of 0.5 L) and pilot-scale (stainless steel tank of
15 L) (Pereira et al. 2012). Several yeast species have been pro-
posed as candidate starter cultures, such as Candida humilis,
Debaryomyces etchellsii, P. kudriavzevii and P. kluyveri, together
with S. cerevisiae. However, their success will depend on their
prevalence, as mentioned above. These researchers have also
suggested a three-strain inoculum, composed of S. cerevisiae
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(UFLA CYC7.04; ethanol-producing and acid-, ethanol- and heat-
tolerant), Liml. fermentum (UFLA CBE8.12; citric acid-fermenting,
lactic acid-producing and acid-, ethanol- and heat-tolerant), and
A. tropicalis (UFLA CBE16.01; ethanol- and lactic acid-oxidizing,
acetic acid-producing and acid-, ethanol- and heat-tolerant).
Finally, the impact of yeast strains isolated from a spontaneous
Malaysian cocoa fermentation process, belonging to the genera
Candida, Hanseniaspora, Saccharomyces and Wickerhamomyces, on
the antioxidant properties of cured cocoa beans has been evalu-
ated, making use of a modified CPSM supplemented with fresh
cocoa pulp-bean mass (500 mL), and has emphasized the poten-
tial of strains of Hanseniaspora thailandica and P. kudriavzevii as
functional yeast starter cultures (Ooi, Sepiah and Khairul Bariah
2016; Ooi, Ting and Siow 2020).

Regarding other mixed-strain and -species starter cultures
tested, it has been shown that a starter culture composed of
strains of K. marxianus (KM16–6; pectinolytic Ghanaian cocoa
isolate), P. kluyveri (highly aromatic commercial wine strain),
Liml. fermentum (L18; Ghanaian cocoa isolate) and A. pasteuri-
anus (A149; Ghanaian cocoa isolate) results in minor physical
and chemical differences in fermentation characteristics dur-
ing small-scale heap and plastic tray (20 kg; mixed Forastero
hybrids) fermentation processes carried out in Ghana, com-
pared to a spontaneous control (Crafack et al. 2013, 2014). In
contrast, pronounced differences in flavour volatile compound
compositions have been found in the roasted cocoa liquors and
in the flavour profiles of the concomitant non-conched choco-
lates. However, the yeast strains added have never dominated
the cocoa fermentation process, likely because of the low-cell-
density inocula used and the poor drainage that occurred. Also,
besides yeast strains, several strains of LAB and AAB species
have been screened as to their tolerance toward acidity, ethanol,
heat and osmotic stress (Visintin et al. 2016). A reduction from
seven to three days of fermentation has been achieved with an
optimal inoculum size and microbial succession of a mixed-
strain starter culture consisting of S. cerevisiae MTCC 173, Lacp.
plantarum MTCC 5422 (formerly known as Lb. plantarum MTCC
5422) and A. aceti MTCC 3347, applied during 10-kg box fermen-
tations in India, resulting in consistently fermented cocoa beans
with desirable characteristics for the production of acceptable
chocolates (Sandhya et al. 2016). Also, the inoculation of strains
of S. cerevisiae UFLA CCMA 0200, Lacp. plantarum CCMA 0238
(formerly known as Lb. plantarum CCMA 0238), and A. pasteuri-
anus CCMA 0241 during box fermentations (100 kg of cocoa
pulp-bean mass from hybrid PH15) has resulted in faster glu-
cose and fructose consumption and chocolates with distinct
flavours (Moreira et al. 2017). The use of a starter culture com-
posed of a strain of S. cerevisiae (CCMA 0681) and a strain of
Liml. fermentum (UFLA CHBB 8.12; inoculum of 1.0 log less than
the yeast strain) and applied during Brazilian cocoa box fer-
mentations (100 kg of hybrid PH16) has affected the microbial
communities involved and has impacted the sensory quality of
the chocolates produced (astringent, bitter and sour taste; less
cocoa notes) (Miguel et al. 2017). Inocula consisting of strains
of S. cerevisiae, Lb. delbrueckii subsp. lactis (formerly known as
Lb. lactis), and A. aceti have been assessed as well (Apriyanto
et al. 2017). As mentioned above, Ho, Fleet and Zhao (2018) have
studied the impact of yeasts, LAB and AAB on the quality of
cured cocoa beans and chocolates produced thereof under care-
fully controlled conditions, making use of an Australian Trini-
tario variety and 12.5-L plastic containers containing 3.5 kg of
cocoa pulp-bean mass, thereby testing various inocula based on
different mixtures of strains of the yeasts Hanseniaspora guillier-
mondii, K. marxianus, P. kudriavzevii and S. cerevisiae, the LAB Liml.

fermentum and Lacp. plantarum and/or the AAB A. pasteurianus
and Gluconobacter frateurii. The use of these starter cultures has
resulted in cured cocoa beans with slightly different concentra-
tions of lactic acid and acetic acid, being highest in the pres-
ence of LAB and AAB, respectively, without significant differ-
ences regarding the sensory evaluation of the chocolates pro-
duced, underlining the primordial role of yeasts for cocoa fer-
mentation.

Still other studies have screened LAB strains, including them
as producers of organic acids and/or bacteriocins and yeast
strains, serving as producers of proteinaceous antifungal com-
pounds, in a slightly modified CPSM as to their capacity to use
them as co-cultures for the biological control of mycotoxin-
producing fungi (Essia Ngang et al. 2015; Ruggirello et al. 2019;
Romanens et al. 2019). This set-up has been successful to inhibit
an aflatoxin-producing strain of Aspergillus flavus. The combina-
tion of strains of Pichia mexicana and Bacillus pumilus has acceler-
ated the fermentation (in plastic bags containing 1.5 kg of fresh
cocoa pulp-bean mass) and drying (aluminium pans) processes
and has reduced the growth of mycotoxin-producing fungi dur-
ing a cocoa fermentation experiment carried out in the Philip-
pines (Gibe and Pangan 2015). Also strains of Bacillus species
have been screened as to their capacity to produce pectinase,
to degrade citrate and to be acid-, ethanol- and heat-tolerant
in view of potential starter culture applications for cocoa fer-
mentation processes (Yao et al. 2017a,b). Finally, a Lacp. plantarum
starter culture strain has been tested as to its capacity to inhibit
the growth of mycotoxin-producing fungi (Djaafar et al. 2019).

Challenges of starter culture use and opportunities within the
domain of ecological intensification
If all the experiments and proofs-of-principle mentioned above
will finally lead to on-farm use of functional starter cultures will
depend on several factors (De Vuyst and Weckx 2016a,b; Ozturk
and Young 2017). However, both farmers and chocolate produc-
ers will profit from it. First of all, good agricultural and farm-
ing practices and the use of high-quality raw material remain
primordial, as starter culture application cannot substitute for
that. Further, not only the introduction of the application of
starter cultures at farm level or in large estates, but also their
production, maintenance and distribution and the accompany-
ing farmers’ training and extra costs will be a great challenge
and should be covered by the chocolate industry. Hence, practi-
cal feasibility (taking into account geography and logistics) and
structural adoption by the cocoa farmers are still to be seen as
bottlenecks that lag behind the biotechnological state of affairs.
A potential way forward to overcome such important hurdles
is to firmly situate starter culture innovation in an overarch-
ing framework of sustainable agriculture. It is indeed the lat-
ter that is nowadays creating most of the momentum for food
innovations, as a comprehensive ecological intensification of
global agriculture will be needed to improve productivity and
sustainability by mid-century and beyond (Rusere et al. 2019).
The political and industrial will to do so is already becoming
more outspoken, which will facilitate the proper biotechnolog-
ical means in the Global South to, eventually, benefit resource-
poor farmers (Qaim, Krattiger and Von Braun 2000). One of the
key issues, however, will be to obtain farmer support by tailoring
such plans to the clear benefit of smallholder farming systems.
Dedicated analysis of the farming systems and farmer type het-
erogeneity will be required to interlink ecosystem characteris-
tics with potential ecological intensification (Rusere et al. 2019).
There are indeed many different types of farmers, who can be
categorized from aspirational innovators, over copy-cats, to the
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change-resistant type (Hammond et al. 2017). Depending on the
farmer profile, the adoption of starter cultures can be either a
smooth or difficult process. In any case, smallholder innova-
tion is not to be taken as self-evident but offers nonetheless
potential for increased sustainability and improved livelihoods,
provided that it is endorsed by the farmer families themselves.
For instance, agroecological transition based on agroforestry and
cashew intercropping on cocoa plantations is becoming a famil-
ial tool of social and ecological transition, ahead of the top-down
implementation by industry and politics (Ruf, Kone and Bebo
2019). The local use of starter cultures for cocoa fermentation
may help to achieve similar purposes by improving the yields
and reducing the losses, as long as its logistic implementation
is facilitated and its advantages are made clear to the smallhold-
ers that have to adopt them. If that is the case, the latter may as
well end-up catalyzing the transition to more controlled cocoa
fermentation processes and improved cured cocoa bean yields,
hence enhancing the supply of cocoa beans for chocolate pro-
duction and allowing uniform bulk as well as tailor-made choco-
lates. So, rather than relying on mere financial incentives at
farmer or cooperative level—driven by a consumer demand for
new flavours or a market benefit from higher standardization—a
real breakthrough can probably only be achieved if the technol-
ogy of starter culture use is understood by both industry and
farmers as a promising path to a more resilient production sys-
tem in an ecological and economic system of change.

Fermentation recipients

Except for common heaps, boxes, baskets and platforms, cocoa
fermentation processes have been carried out in drums and
stainless steel tanks (Schwan and Wheals 2004; Pereira et al.
2012, 2013a; De Vuyst and Weckx 2016a). The latter recipi-
ents have been used to control the environmental contami-
nation of the cocoa pulp-bean mass, to facilitate the use of
starter cultures, to improve the aeration of the cocoa pulp-bean
mass and to enhance the mixing of the fermenting cocoa pulp-
bean mass and thus have an impact on a homogeneous pH
and temperature control, given the importance of these exter-
nal factors. However, care has to be taken to keep the heat
inside the fermentor to allow a desirable increasing tempera-
ture course. Therefore, to take all these factors into account,
new fermentor designs and controlled fermentation methods
are needed. Temperature control, applying either a tempera-
ture regime or a constant temperature, has been examined on
laboratory-scale through controlled incubation of fermentation
recipients (Pereira et al. 2012, 2017; Ho, Zhao and Fleet 2014, 2015;
Mayorga-Gross et al. 2016; Apriyanto et al. 2017; Ho, Fleet and
Zhao 2018; Romanens et al. 2018; Lee et al. 2019; Racine et al.
2019). Experimentally, (micro)fermentation of cocoa pulp-bean
mass has been tested in glass bottles (Kresnowati, Suryani and
Affifah 2013; Apriyanto et al. 2017; Pereira et al. 2017; John et al.
2019), plastic bags (Cempaka et al. 2014; Gibe and Pangan 2015;
Bittenbender et al. 2017), plastic baskets, boxes, pots or vessels
(Leal et al. 2008; Lefeber et al. 2011a; Pereira et al. 2012; Ho, Zhao
and Fleet 2015; Cevallos-Cevallos et al. 2018; Ho, Fleet and Zhao
2018; Romanens et al. 2018; Assi-Clair et al. 2019; Lee et al. 2019;
Racine et al. 2019), polystyrene boxes or coolers (Ali et al. 2014;
Mayorga-Gross et al. 2016), etc. Some of these laboratory-scale
model systems provide useful tools to examine the influence
of cocoa genotypes, origins, particular process parameters, or
starter cultures on the cocoa fermentation process and final
cocoa bean quality for chocolate production.

CONCLUSIONS

Our understanding of the microbial ecology of cocoa fermen-
tation processes has increased substantially during the last
decade. Also, more detailed knowledge about the formation of
flavour precursors inside the beans upon fermentation is avail-
able now. However, as the influence of several factors that may
impact both the microbial dynamics and flavour compound pro-
duction kinetics during fermentation of the cocoa pulp-bean
mass is not fully known yet, further studies are necessary to
unravel this. Furthermore, appropriate fermentation methods
need to be applied when introducing new fermentation recip-
ients, such as wooden drums or stainless steel tanks. Finally,
there is still a long way to go to realize the practical implemen-
tation of (lyophilized) starter culture practices for cocoa fermen-
tation processes on-farm on a large scale.
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Pereira GV, Magalhães-Guedes KT, Schwan RF. rDNA-based
DGGE analysis and electron microscopic observation of
cocoa beans to monitor microbial diversity and distribution
during the fermentation process. Food Res Int 2013b;53:482–6.
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