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Abstract In this study, we investigated the diversity of
AAB from fermenting cocoa and the production of acetic
acid in response to various environmental conditions.
Ribosomal 16S gene sequence analysis and PCR-RFLP
showed a restricted microbiota mainly composed of Ace-
tobacter pasteurianus, Acetobacter tropicalis and Aceto-
bacter okinawensis sp., consistently found in all six regions
studied. Meanwhile Acetobacter malorum, Acetobacter
ghanensis and Gluconobacter oxydans were isolated as
minor species in specific regions. The dominant species
were mainly isolated in the first 72 h period of natural
cocoa fermentation while the minor species were present
toward the later stages. Acetobacter okinawensis, a newly
isolated species, was able to yield an unusually high
quantity, up to 62 g/L of acetic acid at 30 °C. However, a
shift of temperature to 35 °C severely impaired acid pro-
duction in most strains of this species. While acetic acid
production increases for up to 6 days in Acetobacter oki-
nawensis and Acetobacter pasteurianus, it decreases
beyond 4 days in Acetobacter tropicalis strains. The pro-
duction of acetic acid was strongly dependent on envi-
ronmental conditions, with optimal production between pH
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4 and 5, under ethanol concentration below 8% and tem-
peratures above 35-40 °C, corresponding to conditions
prevailing in the first half of fermentation process. Aceto-
bacter tropicalis was more productive at higher ethanol
concentration and Acetobacter okinawensis at low pH.
Species diversity and different behavior of strains highlight
the importance of valuable starter selection for well-con-
trolled cocoa fermentation.

Keywords Acetic acid bacteria - Diversity - Cocoa
fermentation - Phenotypic properties - Acid production -
Ivory Coast

Introduction

Fermentation of cocoa beans is the first step in the
chocolate-making process. It involves a 5- to 7-days fer-
mentation on the farm during which microorganisms grow
within the pulp material and induce biochemical changes
deep inside the beans (Afoakwa et al. 2007; De Vuyst and
Weckx 2016; Nielsen et al. 2007; Schwan 1998; Schwan
and Wheals 2004). The microbiota responsible for cocoa
fermentation is mostly dominated by yeasts, Lactic Acid
Bacteria (LAB), Acetic Acid Bacteria (AAB), and various
species of Bacillus whose growth follows a well-defined
microbial time-dependent succession (De Vuyst and
Weckx 2016; Nielsen et al. 2007; Schwan and Wheals
2004). At the onset of cocoa fermentation, in anaerobic
process, yeasts first produce ethanol from free sugars and
degrade the pulp by enzymatic activity of pectinolytic
enzymes (Camu et al. 2008a; Papalexandratou et al.
2011, 2013; Schwan and Fleet 2014). Further degradation
of the viscous and sticky pulp by Bacillus strains takes
place during the advanced stage of the process (Ouattara
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et al. 2008). The disappearance of the pulp allows air to
percolate through the fermenting cocoa bean heaps,
resulting in aerobic conditions favorable to AAB growth
(Schwan and Wheals 2004). At this stage, ethanol is oxi-
dized into acetic acid by the AAB and this diffuses deep
into the cotyledons, increasing the inner acidity of the
beans. This increase in acidity leads to the activation of
pH-dependent hydrolytic enzymes which, in turn, results in
the generation of free amino acids, from bean storage
proteins, identified as being specific precursors of choco-
late flavors and aromas (Biehl et al. 1993; De Vuyst and
Weckx 2016; Voigt et al. 1994). Two well-studied
enzymes, aspartic endoprotease and serine carboxypepti-
dase, both require an acidic pH (4-5) for their activity
(Camu et al. 2008a; Jinap et al. 2008; Voigt et al. 1994;
Ziegleder, 2009). The acidification of cocoa beans also
promotes the oxidation of polyphenols, resulting in the loss
of cocoa astringency and bitterness (Camu et al. 2008b;
Misnawi et al. 2003).

The physiological pH of the bean is almost pH 7 and the
acidic pH required for hydrolytic enzyme activities is
provided by acetic acid diffusion into the beans (Biehl et al.
1993; Lefeber et al. 2010; Nielsen et al. 2007). Thus, acetic
acid production from AAB activities plays a central role in
the development of the desirable traits characteristic of
certain chocolate flavors. It is now established that an
efficient cocoa fermentation process should include an
acidification step (De Vuyst et al. 2010; Schwan and
Wheals 2004; Nielsen et al. 2007). However, cocoa fer-
mentation is still an empirical and traditional process that is
difficult to control, very often giving a variable quality
product (Schwan, 1998; Kongor et al. 2016; Ouattara et al.
2017a). Recently, we reported the isolation of valuable
AAB strains that have the ability to produce a high con-
centration of acetic acid (Soumahoro et al. 2015). Such
AAB could be selected for use as starter strains to improve
the fermentation process of cocoa. Thus, a study of AAB
strains is crucial for solving the problem of variable cocoa
fermentation quality. Until now, limited knowledge has
been available regarding the AAB microbiota diversity
involved in Ivorian cocoa fermentation as previous studies
have mainly focused on the response of AAB to fermen-
tation stress (Soumahoro et al. 2015; Yao et al. 2014).

In this paper, we first describe the diversity of the AAB
involved in cocoa fermentation from six different Ivory
Coast producing regions. Ivory Coast is the leading country
in term of cocoa production in the world and these regions
are among the most important producing region in this
country. Secondly, we characterize the high acid-producing
bacteria selected with regard to the conditions encountered
during cocoa fermentation. A better understanding of the
cocoa microbiota may help screening performant strains as
starter for further control of cocoa fermentation, and this

may in turn deliver a consistent quality of fermented and
dried beans.

Materials and methods

Fermentation, culture conditions and isolation
of bacteria

Cocoa pods were harvested from six cocoa producing
regions, namely Agneby-Tiassa (geographic coordinates 5°
59’ North 4° 28’ West), Guemon (6° 29’ 41” North 6° 57’
59" West), Indénié-Djuablin (6° 44’ North 3° 29" West),
Loh-Djiboua (5° 55’ North 5° 37" West), Nawa (5° 47" 00”
North 6° 36’ 00” West), Sud-Comoé (5° 28’ 06’ North 3°
12’ 25’ West), in Ivory Coast. Heap fermentations, of about
50 kg of cocoa beans, were conducted for six days using
banana leaves, as described by Samagaci et al. (2016).
Beans were laid out on, and then covered with, banana
leaves. During fermentation, a total of 100 g of beans were
collected from the top, the middle and the bottom layers of
the cocoa mass at 12 h intervals. Each sample was used for
the numeration and isolation of AAB. For this purpose, a
subset of 25 g of each sample were added to 225 mL of
0.1% (w/v) buffered (pH 7.2) peptone water (DIFCO,
Abidjan, Ivory Coast), contained in a 500 mL sterile flask,
and shaken for 2 to 5 min to disperse the bacteria in the
liquid (initial dilution). Next, this suspension was used to
prepare a serial dilution, up to 107°, using trypton saline
(DIFCO, Abidjan, Ivory Coast). 0.1 mL of each dilution
was spread onto a potato medium containing 0.5% (w/v) D-
glucose, 1% yeast extract (w/v), 1% peptone (W/v), 2%
glycerol (v/v), 1.5% potato extract (w/v) and 4% ethanol
(v/v), supplemented with 0.0016% bromocresol green (w/
v) to monitor pH variation and nystatin (50 pg/mL) to
inhibit fungal growth (Duthatai and Pathom-Aree 2007).

After a 48 h-incubation at 30 °C, colonies with yellow
areas, due to acidification of the green colored agar, were
selected for biochemical identification. The colonies that
were oxidase negative, showing Gram negative staining
and absolute aerobic metabolism were presumed to be
AAB (De Ley et al. 1984). These isolated strains were
stored in Eppendorf tubes, at — 80 °C, in Luria Bertani
medium supplemented with 20% glycerol, for further
studies.

Ribosomal 16S RNA gene amplification and RFLP
procedures

To get insight into the diversity of the AAB microorgan-
isms isolated, a genetic approach that consisted in
sequencing and realizing RFLP (Random Fragment Length
Polymorphism) from ribosomal 16S gene (16S rRNA), was
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performed. This technique is generally well-accepted as the
best target for studying phylogenetic relationships (Van-
damme et al. 1996; Rossello-Mora and Amann 2001). For
this purpose, a multiple alignment (https://npsaprabi.ibcp.
fr/NPSA/npsa_clustalw.html) of 16S rRNA genes, from
various species of AAB, enabled us to design the forward
(5-AGTGGCGGACGGGTGAGTA-3') and reverse (5'-
CCAACTCCCATGGTGTGACG-3')  primers.  These
specific primers anneal to the most highly conserved 5 and
3’ regions of the 16S rRNA gene, respectively, and after
PCR they generate an amplicon of approximately 1300 bp.
To perform the PCR reactions, bacteria grown for 24 h on
agar plates were suspended in 100 pL of sterile distilled
water and the resulting suspensions were used as DNA
templates (Ouattara et al. 2017b). PCR amplification was
carried out in a Sensoquest Labcycler, as described previ-
ously (Ouattara et al. 2011). Reactions were performed in a
final volume of 50 pL. containing 1 pl of bacterial sus-
pension, 1.25 U of Taq DNA polymerase (Biolabs, Lyon,
France), 5 pL of 10X standard buffer; 1 pL deoxynucle-
oside triphosphate (10 mM), 2 pL of each primer (10 uM)
(Eurofins Genomics, Allemagne) and 38.75 pL. of water.
After an initial denaturation, at 95 °C for 4 min, reactions
were run for 35 cycles, each cycle comprising: denaturation
at 95 °C for 1 min, annealing at 56 °C for 1 min and
extension at 72 °C for 1 min. Finally, a 10 min extension
at 72 °C was carried out. The presence and yield of specific
PCR products were monitored using agarose 0.8% (w/v)
gel electrophoresis at 70 V, for 2 h, in 1X Tris Borate
EDTA buffer and visualized with ethidium bromide
staining and UV transillumination.

For RFLP analysis, the 1300 bp PCR products were
digested with Alul, Haelll and Tagql (Thermo Scientific,
France) in separate reactions. The digestions were carried
out in 20 pL reaction volumes containing 12 pL of the
PCR product solution, 2 pL of the commercial buffer, 5 pL
of sterilized distilled water and 1 pL. (10 U) of restriction
enzyme (Thermo Scientific, France). Enzymatic reactions
were performed for 2 h, at 37 °C for Alul and Haelll and at
65 °C for Tagl. The digestion products were then subjected
to electrophoresis on 2% agarose gels in 1 x Tris-Borate-
EDTA buffer, at 35 V, overnight. The number and size of
the fragments obtained forming a restriction profile or
fingerprint were visualized and digitalized with a gel print
system. Strains were grouped based on their restriction
profiles.

16S rRNA gene partial sequencing and sequence
analysis

The hyper variable (HV) sections of the ribosomal gene of

16S RNA, including the fragments V;, V, and V¢ were
assessed to include specific sequences that allow for the
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identification of the bacterial species (Gray et al. 1984;
Woese et al. 1983). For sequencing and identification
purposes, this section of about 500 bp was targeted for
PCR amplification using the primers F27 (5'-AGAGTTT-
GATCCTGGCTCAG-3') and R520 (5'-
ACCGCGGCTGCTGGC-3") (Anzai et al. 2000), comple-
mentary to the positions 531-517 of conserved sequences
of the E. coli reference 16S gene. PCR reactions were
performed in the same conditions as described above. The
yield of amplification products was verified using 1%
agarose gel electrophoresis. Next, PCR amplicons were
purified using PCR Clean-up (Macherey Nagel, Germany)
and sequenced by Eurofin®, Genomics, (Germany) using
the primer F27. The basic local alignment search tool
(BLAST, blastN) from the NCBI database site
(blast.ncbi.nlm.nih.gov/) was used to find the closest
sequences relative to the amplified 16S rRNA genes in
order to identify our AAB strains.

Screening of high acetic acid producers

Strains identified as AAB were subjected to screening in
order to target the high acetic acid producers. The method
of screening was developed in two steps. In the first step,
we used a solid medium composed of 0.05% glucose (w/v),
0.3% peptone (w/v), 0.5% yeast extract (w/v), 1.5% CaCOs5
(calcium carbonate) (w/v), 1.2% agar (w/v), and 4%
ethanol (v/v) (Andelib and Nuran 2009). The calcium
carbonate imparts a white color to the medium. This
medium was inoculated with a drop from a pure 18-24 h
culture of the AAB strains and incubated, at 30 °C, for six
days. During incubation, calcium carbonate is neutralized
by the acetic acid produced by the bacterial strains, form-
ing a soluble salt of calcium acetate and CO,. The disap-
pearance of calcium carbonate, due to acid production, is
evident from the clear halo that develops around the drop
of culture and the size of this halo is relative to the amount
of acid produced.

In the second step, strains presenting the largest haloes
were used for a second screening. These strains were
grown in liquid medium with the same composition as that
described above but without agar and calcium carbonate.
To this medium, 0.01% MgSO, (w/v) and 0.27% NaHPO,
(w/v) were added to promote acid production. For inocu-
lation purposes, a culture was prepared by growing the
bacteria in the liquid medium to an absorbance of ODgg.

=0.5 and 1 mL of this culture was used to inoculate
150 mL of liquid medium, contained in a 500 mL flask.
The cultures were incubated for 6 days at 30 °C, under
agitation at 160 rpm. During incubation, a 10 mL daily
sample of liquid medium was aseptically withdrawn and
analyzed to determine bacterial growth, the pH of the
medium, and to quantify acetic acid production.
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The quantification of total acetic acid yielded in the
medium was measured by titration of a cell free super-
natant with 0.1 N NaOH, in the presence of phenolph-
thalein as a pH indicator. Acetic acid concentration (Pa)
was calculated, as described previously (Nanda et al.
2001).

Quantification of acetic acid by HPLC

An aliquot of cell free supernatant was used to further
quantify acetic acid with a new method of separation using
High Performance Liquid Chromatography (HPLC) as we
have previously described (Ouattara et al. 2017b).

Influence of culture conditions on acetic acid
production

Variations in pH and temperature, together with alcohol
and acid accumulation, are the main environmental factors
encountered during cocoa fermentation. The effects of
these individual factors on acetic acid production were
analyzed using the selected high acetic acid-producing
strains as models. The standard inoculum of these strains
was calibrated as described above (see “Screening of high
acetic acid producers” section) and the ODggg = 0.5
allowed using approximately the same size of microor-
ganisms. Strains were grown, for 6 days, in a standard
liquid medium containing 0.5% p-glucose (w/v), 1% yeast
extract (w/v), 1% peptone (w/v), 2% glycerol (v/v), 1.5%
potato extract (w/v) and 4% ethanol (v/v), pH 6. To assess
the influence of temperature on acid production, bacterial
cultures were incubated at different temperatures ranging
from 30 to 50 °C, at pH 6. The pH effect was analyzed by
incubating the cultures using the same medium buffered
alternatively with HCl or NaOH at different pH levels,
from 3 to 6, at 30 °C. Concerning the effects of alcohol,
ethanol was added to the culture medium described above
at concentrations ranging from 4 to 15%. The same type of
experiments was performed individually with organic acids
(acetic acid, lactic acid and citric acid) added individually
to the medium at concentrations ranging from to 0.1 to 3%
and maintaining the culture pH medium at pH 6 using
NaOH. Bacterial growth and acid production in the med-
ium were monitored, respectively, by measuring the tur-
bidity (ODgog) and by HPLC quantification of acetic acid.

Results
Diversity of AAB isolated from fermenting beans

In the six different regions analyzed, a total of 672 AAB
strains were isolated from fermenting beans in this study.

The analysis of RFLP showed that these strains can be
classified into six distinct groups (Table 1). Tagl displayed
the highest discriminatory power and raised five distinct
profiles while Haelll and Alul generated only two profiles
(Table 1). A total of six species, namely Acetobacter
pasteurianus, Acetobacter tropicalis, Acetobacter oki-
nawensis, Acetobacter ghanensis, Acetobacter malorum
and Gluconobacter oxydans, were characterized (Table 1).
The RFLP group 1, corresponding to Acetobacter pas-
teurianus, accounts for 394 isolates and 58.63% of all
characterized AAB isolates (Table 1). The RFLP groups 2
and 3, corresponding to Acetobacter tropicalis and Aceto-
bacter okinawensis, account for 134 and 130 isolates,
respectively (20% for each species) (Table 1). The groups
4, 5 and 6, corresponding to Acetobacter malorum, Glu-
conobacter oxydans and Acetobacter ghanensis are
minority species (Table 1). Furthermore, the AAB 16S
rRNA gene sequence analysis revealed very weak intras-
pecies variation (less than 2%) within these different
restriction groups isolated from the six regions (Fig. 1).
Although, beside the identification methods used in ours
experiments, a typing method (Random Amplified Poly-
morphic DNA -RAPD- or Pulsed Field Gel Electrophoresis
-PFGE-) should provide additional accuracy to differenti-
ate the strains into each species.

Distribution of AAB strains in the six cocoa
producing regions

The six AAB species are not homogenously distributed
throughout the six cocoa producing regions (Fig. 2). The
regions of Guemon and Indenié recorded the greatest
diversity of AAB, with five distinct species. The most
prevalent AAB species isolated in these two regions were
Acetobacter okinawensis (41.94%) and Acetobacter tropi-
calis (37.09%) in Indenié, whilst Acetobacter pasteurianus
(28.88%) and Acetobacter tropicalis (53.76%) dominated
in the Guemon region (Fig. 2). The minor species in these
regions were Acetobacter malorum (3 to 8%) and Glu-
conobacter oxydans (2 to 3%). In the region of Sud-
Comoé, four AAB species were present with Acetobacter
pasteurianus (76.19%) and Acetobacter okinawensis (20%)
as the dominant species. The weakest biodiversity was
found in the Loh-Djiboua, Agneby-Tiassa and Nawa
regions, where only three distinct species were present,
namely A. pasteurianus, A. okinawensis and A. tropicalis,
with varying proportions from one region to another
(Fig. 2). Globally, A. pasteurianus, A. tropicalis and A.
okinawensis are the most prevalent species in all the
selected regions, while the minority species, A. malorum,
A. ghanensis and G. oxydans, are restricted to specific
regions.
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Number of RFLP

strains

Tagl restriction fragments (bp)

Haelll restriction
fragments (bp)

Alul restriction fragments (bp)

16S rRNA gene
length (bp)

Table 1 AAB species isolated and their RFLP group

Species

@ Springer

group

(550 + 300 + 180 + 150) (500 + 380 + 300 + 120) 394

(450 + 320 + 200 + 280)

1300

Acetobacter

pasterianus

(500 + 380 + 300 + 120)

(1000 + 250)

(350 + 220 +

1300

Acetobacter

200 + 180 + 150 + 120)
(350 + 220 + 200 + 180 + 150 + 120)

ghanensis

134

(550 + 300 + 180 + 150) (500 + 380 + 150 + 130 + 140)

1300

Acetobacter

tropicalis

130

(1000 + 250) (650 + 380 + 270)

(350 + 220 + 200 + 180 + 150 + 120)

1300

Acetobacter

okinawensis

(550 + 300 + 180 + 150) (800 + 380 + 120)

1300

Acetobacter

malorun

(550 + 300 + 180 + 150) (380 + 200 + 160 + 130 + 120 + 110 + 100 + 100) 4

1300

Gluconobacter

oxydans

Evolution of the AAB population during cocoa
fermentation

Regardless their regions of origin, all the 672 strains were
analyzed for the time at which they could be isolated
during cocoa fermentation. This allowed monitoring the
general trend of dynamic changes in AAB species during
fermentation (Fig. 3). Overall, the AAB population size
increased gradually up to 48 h and then declined. The clear
reduction in the AAB population size at the end of fer-
mentation indicates that this medium is extremely delete-
rious for AAB and very few of them survive. The dominant
species, A. pasteurianus, A. tropicalis and A. okinawensis,
were isolated during almost the entire fermentation pro-
cess, with the exception of the very late phase. However,
54% of the A. pasteurianus strains were isolated between
36 and 72 h of fermentation, with the highest number at
48 h post-initiation of the process. Likewise, most of the A.
okinawensis strains (73.84%) were isolated during a fer-
mentation time spanning from 24 to 72 h. While A. pas-
teurianus and A. okinawensis were the only species isolated
at the beginning of the fermentations, they were absent at
the end of the process (144 h). Hence, A. pasteurianus and
A. okinawensis appear to be the first AAB colonizing
species during cocoa fermentation. In contrast, the popu-
lation of A. tropicalis remained relatively constant between
24 and 120 h of fermentation. This species was absent at
the beginning of fermentation but was present at the end of
the process. As regards the minority species, G. oxydans
was isolated in the middle period of fermentation, between
36 and 84 h, while A. malorum and A. ghanensis were
mostly found in the advanced and final steps of the fer-
mentation process, between 60 and 144 h. Therefore, all
the species were not found at the same time points during
the fermentation process. A. pasteurianus and A. oki-
nawensis completely disappeared at the end of the fer-
mentation, suggesting that they cannot survive under the
hostile conditions resulting from advanced fermentation.
Minority species emerged when the overall AAB popula-
tion size declined, indicating a higher tolerance to harsh
fermentation conditions in these bacteria.

Effects of environmental conditions on acetic acid
production

Acetic acid production from ethanol is a key property for an
efficient fermentation of cocoa. Therefore, all the isolates
were screened for their potential for acetic acid production.
We observed that AAB strains produced acetic acid on solid
medium containing 4% of ethanol to form a halo with a
diameter of 3.4 cm. Only strains producing a halo diameter
superior to 1.7 cm, equivalent to 50% of the maximum halo
diameter, were arbitrarily considered as the best producers.
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Fig. 1 Phylogenetic tree of
AAB strains isolated from
Ivorian cocoa fermentation. The
partial sequences of the hyper
variable region of the 16S rRNA
genes were aligned using
ClustalW and the evolutionary
history was inferred using the
Maximum Likelihood method
based on the General Time
Reversible model. The tree with
the highest log likelihood

(— 1023.9028) is shown. The
percentage of trees in which the
associated taxa clustered
together is shown next to the
branches. Initial tree(s) for the
heuristic search were obtained
automatically by applying the
Maximum Parsimony method.
The tree is drawn to scale, with
branch lengths measured as the
number of substitutions per site.
The analysis involved 39
nucleotide sequences. All
positions with less than 95% site
coverage were eliminated, i.e.
fewer than 5% alignment gaps,
missing data, and ambiguous
bases were allowed at any
position. There were a total of
358 positions in the final
dataset. Evolutionary analyses
were conducted in MEGA6
(Tamura et al. 2013)

0.02
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On this basis, 135 strains out of the 672 isolates were
retained for further analysis in liquid medium at 30 °C. Of
these, 35 strains produced more than 25 g/L of acetic acid,
as determined by titration with sodium hydroxide in the
presence of phenolphthalein or with HPLC (Table 2). Thus,
less than 5% (35/ 672) of the total AAB strains could be
considered as high acetic acid producers.

These 35 Acetobacter strains belonged to the species A.
pasteurianus (14 strains), A. tropicalis (12 strains), A.
okinawensis (8 strains) and A. malorum (1 strain). Table 2

A. tropicalis 156D

also presents the different patterns of acetic acid production
in AAB strains in response to changes in temperature.
Maximum acid production, at 30 °C, was 62.20 g/L of
acetic acid in the A. okinawensis strain Ti;1s. However,
acid production in this strain was severely reduced to
35.12 g/ when the growth temperature was increased to
35 °C (Table 2). Furthermore, at 35 °C, half of the isolates
failed to produce acetic acid although the growth capacity
remained high. Remarkably, only a few A. tropicalis strains
are able to produce acetic acid at temperatures up to 45 °C
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Fig. 2 Distribution of AAB
isolates in the different cocoa
producing regions
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(Table 2). Six AAB strains, presenting the ability to sig-
nificantly produce acetic acid at 40 °C (highlighted in
Table 2), were retained as model strains for evaluating the
effect of pH, alcoholic and acidic conditions on acetic acid
production. These are the Acetobacter species tropicalis
(ToGs, ToGg, T3N7, T11Gg), okinawensis (T3G,) and pas-
teurianus (TsNjg).

Two tendencies in acetic acid production were observed
when changing the pH from 3 to 6. All the A. tropicalis
strains demonstrated acetic acid production with a peak at
pH 5, while the optimum pH was 4 for A. okinawensis, and
A. pasteurianus (data not shown).

@ Springer

Likewise, the major metabolites produced during cocoa
fermentation, notably ethanol, lactic acid and acetic acid
(Ouattara et al. 2011; Schwan and Wheals 2004), were
tested for their impact on acetic acid production in the
AAB strains. When the ethanol content in the growth
medium was increased from 4 to 15%, changes in the
behavior of the strains were observed. Acetic acid pro-
duction in A. pasteurianus and A. okinawensis appeared to
be relatively dependent on ethanol while the A. tropicalis
T3N7 strain retained approximately 25% of its potential of
acid production in the presence of 12% ethanol. The other
A. tropicalis strains displayed an intermediate behavior
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Fig. 4 Influence of different compounds on acetic acid production in AAB isolates. Strains were grown in standard medium containing different
concentrations of the compounds. Error bars indicate standard deviation between two biological replicates

(Fig. 4a). When considering the impact of acetic acid, the
reaction product, on the behavior of the strains (Fig. 4b), a
constant decrease in acetic acid production was observed in
the presence of 0.5% to 2% acetic acid with the A. tropi-
calis strains ToGs, T;1Gg and ToGg, while A. tropicalis
strain T3N7 still retained 25% of its potential acetic acid
production in the presence of 2% acetic acid. In the same
conditions, A. okinawensis expressed up to 37.33% of its
acid production capacity whereas A. pasteurianus was the
most productive at high acetic acid concentrations (2.5%),
retaining 60.49% of its potential acid production (Fig. 4b).
When varying the lactic or citric acid concentration from
0.1 to 1%, a decrease in acetic acid production was
observed in all AAB strains (Fig. 4c, d). However, A.
okinawensis and A. pasteurianus retained 50% of their
acetic acid producing capacity in the presence of 1% lactic
or citric acid while, at the same lactic acid concentration
(1%), A. tropicalis strains failed to produce any acetic

acid,with the exception of the strain T9Gs which retained
38% of its production capacity (Fig. 4c, d). These strains
retained approximately 20% of their potential acid pro-
duction in 1% citric acid (Fig. 4d).

Kinetics of acetic acid production during AAB
growth

Acetic acid production in AAB isolates was monitored for
six days, corresponding to the duration of natural cocoa
fermentation. The dynamics of acid production, reported in
supplemental material (Fig S1), indicate two groups of
strains. In the first group, composed of A. tropicalis strains,
a progressive increase in acid production was measured,
reaching 30 to 40 g/L on the fourth day of culture. There
was a moderate decrease in acid production during the
remaining growth period. Interestingly, the second group,
including A. okinawensis and A. pasteurianus strains, was

@ Springer
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characterized by a lag phase on the first day of culture with
very low acid production (less than 3 g/L). Thereafter, the
quantity of acetic acid produced by these AAB strains
steadily increased, reaching up to 45-52 g/L at the end of
the culture period. The increase in acetic acid production
was particularly evident between 24 (1 day) and 96 h
(4 days) in the A. okinawensis strain, compared with the
other strains. Thus, the data obtained with the six AAB
strains studied highlights their importance complementary
roles in an efficient fermentation of cocoa.

Discussion

AAB are the main microbial actor reported to have a direct
impact on the formation of the chocolate flavor precursors
during cocoa fermentation (Schwan and Wheals 2004;
Camu et al. 2008a). This study is the first investigation into
the diversity and the physiology of AAB isolated from
fermenting cocoa in six main cocoa producing regions from
Ivory Coast. Three species, Acetobacter pasteurianus,
Acetobacter tropicalis and Acetobacter okinawensis, rep-
resenting more than 80% of total isolates, were consistently
present in all of the six selected Ivory Coast regions. Three
minor AAB species, Acetobacter ghanensis, Acetobacter
malorum and Gluconobacter oxydans, representing less
than 2% of the total isolates, were only found in specific
regions. Some of the dominant AAB species, particularly
Acetobacter pasteurianus, have worldwide distribution
since they have been isolated from fermenting cocoa beans
in Malaysia, Brazil, Ecuador and Ghana (Nielsen et al.
2007; Papalexandratou et al. 2011, 2013). Another domi-
nant AAB species, Acetobacter tropicalis, seems to have a
more restricted distribution since it has only been isolated in
Ghana and Brazil (Nielsen et al. 2007; Pereira et al. 2012).
In addition, Visintin et al. (2016) have isolated Acetobacter
pasteurianus as a dominant AAB species from cocoa fer-
mentation in Ivory Coast. However, the role of Acetobacter
suzygii as an important species in Ivorian cocoa fermenta-
tion reported previously (Visintin et al. 2016) could not be
confirmed in this study. With the exception of Acetobacter
okinawensis, the AAB species identified in this study have
been previously identified in Ghanaian cocoa fermentation
(Nielsen et al. 2007). The resemblance in the general
composition of the AAB flora involved in Ivorian and
Ghanaian cocoa fermentation may be due, in part, to the
geographic proximity of these neighboring countries.
However, this microflora is unequally distributed in the six
Ivorian regions, indicating the variability of the sponta-
neous microbial community that ferments cocoa from one
region to another. These observations led to the hypothesis
that this diversity could be the main determining factor in
the variability of cocoa quality.

@ Springer

Cocoa fermentation is a complex process, characterized
by the successive growth of different species of microor-
ganisms that have a strong impact on the final quality of the
products (Camu et al. 2008b; Schwan, 1998). In this study,
the dominant species were mostly isolated during the
24-72 h time period, while the minor species were more
generally isolated in the more advanced stages of the fer-
mentation process. As the prevailing conditions during
cocoa fermentation (pH, temperature, chemical composi-
tion, oxygen, etc.) were dynamic, each microbial species
grew when the conditions become favorable, resulting in
different times of emergence. Papalexandratou et al. (2013)
reported that A. pasteurianus and A. senegalensis domi-
nated the initial phase of Malaysian cocoa fermentation
while the growth of A. ghanensis occurred during the
middle phase. However, in Ecuador, A. pasteurianus was
rather isolated in the later stages of fermentation.

In an efficient natural cocoa fermentation, the maximum
AAB population size occurred in the 48—72 h time period
(Lefeber et al. 2010; Schwan and Wheals 2004), which is
in parallel with the timing of intensive acetic acid pro-
duction (Biehl et al. 1993; Lefeber et al. 2010). Thus, AAB
strains growing in the early stage of cocoa fermentation,
prior to 72 h, may play an important and/or different role
from that of the species growing during the later stages.

Moreover the peak of temperature of the fermenting
cocoa (40-43 °C) was generally reached in the period
48-72 h (data not shown). The dominant species particu-
larly A. pasteurianus was found with high rate of isolation
during this period, suggesting that the growth of this spe-
cies may be related to the raise of temperature considered
as an indicator of successful fermentation process (Barel
2013). This indicates the relevance of screening the starter
strains among these dominant species.

Additionally, the strains, screened from the AAB
microbiota isolated from fermenting cocoa, were able to
produce high levels of acetic acid, up to 60 g/L, as revealed
by HPLC analysis and NaOH titration. The strains charac-
terized in this study showed a higher level of activity than
most of the strains isolated in previous studies (Konate et al.
2014; Romero-Cortes et al. 2012; Soumahoro et al. 2015).
However, high acetic acid production in AAB could reach
up to 100 g/L in optimized specific processes (Sharafi et al.
2010). Our screening for AAB strains was performed par-
ticularly based on their high acetic acid production. Of the
672 isolated AAB strains, only 35 strains produced more
than 25 g/L of acetic acid. Thus, less than 5% of the total
AAB strains could be considered as being high acetic acid
producers, which may have a significant impact on choco-
late aroma development when using them as starter strains.

Ivorian cocoa fermentation was dominated by more than
99% of AAB belonging to the Acetobacter genus. This is
an important feature since this genus is characterized by its
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capacity to over-oxidize acetic acid which can, at a high
concentration, dissimulate the cocoa aroma (Raspor and
Goranovic 2016). An over-oxidation of excess acetic acid
(CO, + H,0) should have a role in homeostasis, modu-
lating the concentration of this acid in the fermenting
cocoa, as was observed in this study. Several features were
highlighted in our study, especially regarding AAB
behavior with respect to the environmental conditions. For
instance, some strains failed to produce acetic acid at
temperatures above 35 °C, while others were still actively
producing acetic acid at 45-50 °C. Likewise, acetic acid
production was affected by acidic conditions induced by
1% lactic acid or citric acid to a differing extent depending
on the AAB strain. This indicates some diversity in the
physiological properties of various AAB strains that may
help to maintain a high level of acetic acid production as
the bacteria can function in relay throughout the changes in
the fermentation conditions.

Conclusion

This study reveals a limited diversity of AAB species in
Ivorian cocoa fermentation, dominated by A. pasteurianus,
A. tropicalis and A. okinawensis although the AAB
microbiota varies from one region to another. The AAB
microbiota studied is characterized by a significant vari-
ability in its phenotypic properties, with a different level
and kinetics of acetic acid production and different
behavior related to the environmental conditions. Further-
more, the occurrence of Acetobacter okinawensis, which
shows particular characteristics, demonstrated the com-
plexity of the cocoa fermentation ecosystem. This, in turn,
indicates the possibility of finding strains that exhibit par-
ticular biological properties, which could be exploited
within a controlled cocoa fermentation.
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