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Microbial starter cultures have extensively been used to enhance the consistency and efficiency of industrial fermentations. De-
spite the advantages of such controlled fermentations, the fermentation involved in the production of chocolate is still a sponta-
neous process that relies on the natural microbiota at cocoa farms. However, recent studies indicate that certain thermotolerant
Saccharomyces cerevisiae cultures can be used as starter cultures for cocoa pulp fermentation. In this study, we investigate the
potential of specifically developed starter cultures to modulate chocolate aroma. Specifically, we developed several new S. cerevi-
siae hybrids that combine thermotolerance and efficient cocoa pulp fermentation with a high production of volatile flavor-active
esters. In addition, we investigated the potential of two strains of two non-Saccharomyces species that produce very large
amounts of fruity esters (Pichia kluyveri and Cyberlindnera fabianii) to modulate chocolate aroma. Gas chromatography-mass
spectrometry (GC-MS) analysis of the cocoa liquor revealed an increased concentration of various flavor-active esters and a de-
crease in spoilage-related off-flavors in batches inoculated with S. cerevisiae starter cultures and, to a lesser extent, in batches
inoculated with P. kluyveri and Cyb. fabianii. Additionally, GC-MS analysis of chocolate samples revealed that while most short-
chain esters evaporated during conching, longer and more-fat-soluble ethyl and acetate esters, such as ethyl octanoate, phenyl-
ethyl acetate, ethyl phenylacetate, ethyl decanoate, and ethyl dodecanoate, remained almost unaffected. Sensory analysis by an
expert panel confirmed significant differences in the aromas of chocolates produced with different starter cultures. Together,
these results show that the selection of different yeast cultures opens novel avenues for modulating chocolate flavor.

The flavor of chocolate is influenced by many parameters, in-
cluding the genotype and growing conditions of the cocoa

trees and the fermentation process of the cocoa pulp, with poor
fermentations resulting in astringent and bitter chocolate (1–5).
Cocoa pulp is still fermented spontaneously, with reliance on the
natural microbiota at cocoa farms. As a result, cocoa pulp fermen-
tations contain a wide variety of microorganisms, with lactic acid
bacteria (LAB), acetic acid bacteria (AAB), and yeasts being the
main players (6, 7). LAB occur in high numbers in the first phase
of the fermentation process. The main LAB metabolites are vari-
ous organic acids (mainly lactic and acetic acid), carbon dioxide,
ethanol, mannitol, and glycerol (8). LAB also produce volatiles,
such as diacetyl, acetoin, and acetaldehyde, but their impact on the
flavor of cocoa has not yet been investigated (9). However, recent
data suggest that these microbes might have only a slight influence
on cocoa flavor and quality, since cocoa fermentations lacking
LAB had similar shell weights and gave acceptable chocolates with
no differences in sensory rankings (10). AAB, which are present
mainly at later stages of fermentation, affect cocoa flavor by pro-
ducing acetic acid, which diffuses into the beans. Together with
the increased temperatures generated during the exothermic pro-
duction of acetic acid, this diffusion of acetic acid contributes to
the disruption of cocoa bean cells. As a consequence, various en-
dogenous enzymes involved in the degradation of pigments and
the production of flavor precursors, like reducing sugars, amino
acids, and peptides, are released (11). These precursors will act as
the substrate for Strecker degradation and Maillard reactions dur-
ing roasting and conching (4). Yeasts are present throughout the
fermentation process, with maximal population sizes reached in

the middle of the process (12–15). Apart from the primary metab-
olites ethanol and CO2, yeast cells produce numerous secondary
flavor-active metabolites, including aldehydes, carbonyl com-
pounds, esters, fatty acids, higher alcohols, organic acids, phenols,
and sulfur-containing compounds (16). Fruity volatiles, such as
esters, are especially important, because they impart the fruity
character of many fermented beverages (17–19) and are suggested
to positively contribute to cocoa flavor (20, 21). Importantly, the
production of fruity aroma compounds varies greatly between
yeast species (22) and strains (23). Additionally, yeasts have been
shown to indirectly impact the flavor of fermented beans, e.g., by
reducing acidity or improving the seed protein degradation (24).
This way, microbial activity leads (in)directly to the production of
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important aroma compounds, comprising ethyl-2-methylbu-
tanoate, 2-phenylethanol, 2- and 3-methylbutanoic acid, certain
pyrazines (such as tetramethylpyrazine), and short-chain volatile
free fatty acids (4, 25).

Given the economic importance of increased efficiency and
consistency of cocoa pulp fermentation, several research teams
have investigated the possibility of developing starter cultures for
controlled fermentation (20, 24, 26–30). An important finding of
these studies is that the success of the starter culture depends
largely on yeasts, since they have been shown to be indispensable
in the development of the chocolate flavor, while other microbes,
such as lactic acid bacteria, probably play a much less prominent
role (10, 26, 29, 31). Moreover, our research group recently
showed that yeast strains that show tolerance to high temperatures
are especially suited as starter cultures, because they can outcom-
pete and suppress the growth of the native cocoa microbiota,
which increases the consistency and quality of the end product
(29). Moreover, our trials also suggested that at least part of the
yeast-related flavor(s) (or flavor precursors) produced during fer-
mentation is retained in the final chocolate, despite the high tem-
peratures used during roasting and conching. A recent investiga-
tion of a mixed starter culture consisting of Lactobacillus
fermentum, Acetobacter pasteurianus, and a highly aromatic Pichia
kluyveri strain confirmed this hypothesis, since a significantly
higher phenylacetaldehyde concentration was observed in the
chocolate (21). However, triangle tests performed in that study
did not reveal any differences between the inoculated and sponta-
neously fermented chocolates. Similarly, Batista and coworkers
(30) investigated the influence of a mixed inoculum of Saccharo-
myces cerevisiae, P. kluyveri, and Hanseniaspora uvarum, but sen-

sory analysis again did not reveal a significant difference with
spontaneous fermentation. Therefore, to our knowledge, to date,
no study has effectively shown that the application of specific
starter cultures enables a reproducible modulation of chocolate
flavor.

We hypothesized that the limited success in modulating choc-
olate flavor with the use of starter cultures is due to the inability of
the inoculated flavor-active microbes to dominate the cocoa pulp
fermentation, so wild microbes quickly overgrow the inoculated
strain(s). In this study, we therefore investigated the possibility of
generating novel yeast hybrids that combine fruity flavor produc-
tion with thermotolerance, which is required for good growth and
survival throughout cocoa pulp fermentation. Our results show
that we can indeed create hybrids that combine these two proper-
ties and that these hybrids influence the final chocolate flavor both
directly (by producing aroma-active flavors) and indirectly (by
limiting the production of undesired off-flavors). Moreover, we
show that different starter cultures yield chocolates with very dif-
ferent sensorial characteristics, which opens novel routes to the
production of different chocolate types without the addition of
artificial flavor compounds.

MATERIALS AND METHODS
Yeast strains. All strains used in this study are listed in Table 1.

Screening for thermotolerance. Screening for thermotolerance was
performed using plate assays. After 16 h of pregrowth in 150 �l of 2% YPD
(1% [wt/vol] yeast extract, 2% [wt/vol] Bacto peptone, 2% [wt/vol] glu-
cose) at 30°C (900 rpm), yeast strains were spotted at an initial optical
density at 600 nm (OD600) of 0.1 on solid YPD agar (2% [wt/vol] agar)
using a high-density array robot (Singer RoToR HDA; Singer Instru-

TABLE 1 Overview of main yeast strains used in this study

Strain code Strain genotype Strain source or reference

Natural strains
Y115 Wild type (S. cerevisiae) Bioethanol industry (China)
Y181 Wild type (S. cerevisiae) Wine industry (Europe)
Y184 Wild type (S. cerevisiae) Wine industry (Europe)
Y274 Wild type (P. kluyveri) Isolated from cocoa pulp fermentation (Indonesia)
Y354 Wild type (S. cerevisiae) Beer industry (ale) (Canada)
Y397 Wild type (S. cerevisiae) Beer industry (ale) (the Netherlands)
Y689 Wild type (Cyb. fabianii) Isolated from Xylion adustus (South Africa)
Y927 Wild type (S. cerevisiae) Isolated from cocoa pulp fermentation (Malaysia) (29)

Haploid segregants
H28-S1 Haploid segregant of H28 (�) 29
H28-S2 Haploid segregant of H28 (�) 29
Y115-S1 Haploid segregant of Y115 (a) 29
Y115-S2 Haploid segregant of Y115 (a) 29
Y115-S3 Haploid segregant of Y115 (�) 29
Y115-S4 Haploid segregant of Y115 (�) 29
Y354-S6 Haploid segregant of Y354 (�) 23
Y397-S2 Haploid segregant of Y354 (a) 23

Hybrids selected for pilot-scale fermentations
H28 Hybrid Y115 � Y927 29
H40 Hybrid H28-S1 � Y397-S2 This study
H42 Hybrid Y115-S3 � Y397-S2 This study
H57 Hybrid Y927 � Y184 This study

Screening reference strain
W303 Wild type NCYC 3467

Yeast Starters for Aromatic Chocolate Production

January 2016 Volume 82 Number 2 aem.asm.org 733Applied and Environmental Microbiology

http://aem.asm.org


ments, United Kingdom). The plates were incubated at 30, 37, and 39°C
for 48 h and at 40, 41, 41.5, and 42°C for 96 h. Thermotolerance was scored
(�, �, ��, or ���) as the colony size at 40°C normalized to that of S.
cerevisiae strain W303, a widely used thermotolerant model organism
(32). Strains with a thermotolerance comparable to that of W303 were
scored as ��.

Sporulation, tetrad dissection, and mating type characterization.
Yeast strains were sporulated, and tetrads were dissected in order to
determine the hetero- or homothallic nature of the strains, as de-
scribed in reference 33. Mating type was determined by PCR, using
MAT-a (5=-ACTCCACTTCAAGTAAGAGTT-3=), MAT-� (5=-GCACG
GAATATGGGACTACTTCG-3=), and MAT-R (5=-AGTCACATCAAGA
TCGTTTATGG-3=) as primers, with a temperature profile consisting
of 30 cycles of 45 s at 94°C, 45 s at 50°C, 40 s at 72°C, and a final
extension of 5 min at 72°C (34).

Genetic fingerprinting. To analyze the genetic diversity between yeast
strains and confirm the presence of both parental genomes in newly
formed outcrossed hybrids, a transposon-based PCR approach called in-
terdelta analysis was applied, as described previously (35). Genomic DNA
was extracted in a 96-well format using a standard ether extraction pro-
tocol (36). PCR was executed with the delta12 (5=-TCAACAATGGAATC
CCAAC-3=) and delta21 (5=-CATCTTAACACCGTATATGA-3=) primers
and the temperature profile described in reference 35.

Mass mating of cells. Mass mating of cells was used to obtain hybrids
between heterothallic yeast strains (37). First, sporulation was induced on
acetate medium (1% potassium acetate [wt/vol], 2% agar [wt/vol]) and
incubation was performed at 23°C. After tetrad dissection using a micro-
manipulator (Singer SMS manual; Singer Instruments, United King-
dom), two selected haploid segregants of opposite mating types from both
parental strains were picked, mixed on YPD agar with 10 �l of distilled
water (dH2O), and incubated at room temperature for 24 h. A small
fraction of the spot was streaked to single colonies and incubated for 48 h.
Four single colonies of each spot were subsequently checked for mating
type (see above) to identify hybrids; this procedure was repeated if no
hybrids were identified.

Mass mating of spore cultures. In the case of homothallic parental
strains, mass mating of spore cultures was used to quickly generate a large
number of yeast hybrids (33, 37). Concisely, strains were sporulated on
nutrient-poor acetate medium at 23°C (see above). After 5 to 10 days,
spores were harvested, and asci (together with the remaining vegetative
cells) were lysed by overnight incubation at 35°C (80 rpm) in dH2O sup-
plemented with Zymolyase (100 mg liter�1), chloramphenicol (50 mg
liter�1), and 2-marcaptoethanol (2 ml liter�1). Next, the last remainders
of vegetative cells were lysed by adding sterile glass beads and vigorous
vortexing. The asci were resuspended in dH2O supplemented with 0.75%
Triton X-100. To break the asci down into single spores, the cultures were
cooled to 4°C and sonicated for 30 s (amplitude, 50%), and this was
repeated three times in total. Next, the spore suspension was washed twice
with 1.5% Triton X-100, after which it was cooled and sonicated (20 s;
amplitude, 50%) two more times. The spores were washed with dH2O and
resuspended in 1 ml of 1� phosphate buffer solution. To start mating,
spore suspensions of both parental strains were mixed in 50 ml of GNA
(3% [wt/vol] peptone, 1% [wt/vol] yeast extract, and 5% [wt/vol] glu-
cose) and incubated overnight (30°C, 80 rpm). Highly thermotolerant
hybrids were consequently selected by incubation at high temperatures
(42°C) for 5 days. The genotypes of the strains able to grow under these
conditions were analyzed further using mating type PCR and genetic fin-
gerprinting (see above).

Lab-scale fermentations in nutrient-rich growth medium. Lab-scale
fermentations in nutrient-rich growth medium were used to assess the
aroma production of the yeast strains. Yeast precultures in 5 ml of 2%
YPD (4% [wt/vol] glucose) were shaken overnight at 30°C. After 16 h, 500
�l of the preculture was used to inoculate 50 ml of 4% YPD; this second
preculture was shaken at 30°C (200 rpm) for 16 h. This preculture was
then used to inoculate 10% YPD at an OD600 of 0.5, roughly equivalent to

107 cells ml�1. The fermentations, performed in 250-ml Schott bottles
with a water lock placed on each bottle, were incubated statically for 7 days
at 20°C. Weight loss was measured daily to estimate fermentation prog-
ress. After 7 days, the fermentation medium was filtered (0.15-mm paper
filter; Macherey-Nagel, Germany), and samples were taken and analyzed
with headspace gas chromatography coupled with flame ionization detec-
tion (HS-GC-FID). A total of 24 important aroma compounds, including
esters, higher alcohols, and acetaldehyde, were measured. For more de-
tails, see the work of Steensels et al. (23).

Lab-scale fermentations in cocoa pulp. To test strains on a small scale
in a cocoa environment, lab-scale fermentations in cocoa pulp were per-
formed in duplicate. Cocoa pulp was (i) separated directly from cocoa
beans after opening the cocoa pods by pressing them, (ii) frozen immedi-
ately, and (iii) shipped as such from the Ivory Coast to Belgium. Prior to
the experiment, the pulp was pasteurized for 5 min at 105°C to eliminate
contaminating microbes. Yeast propagation was performed by two prop-
agation stages; first, an overnight pregrowth in 5 ml of 2% YPD (30°C with
shaking) was performed, after which 500 �l of this culture was transferred
to 50 ml of 2% YPD and incubated overnight at 30°C (200 rpm). This
culture was used to inoculate 100 ml of cocoa pulp at an OD600 of 0.5,
roughly equivalent to 107 cells ml�1. Next, the cocoa pulp was vigorously
mixed to ensure a homogenous distribution of the inoculum. Flasks were
sealed with a water lock and incubated at 41°C for 96 h. The bottles were
weighed every 24 h to estimate fermentation progress.

Pilot-scale cocoa pulp fermentations. Pilot-scale cocoa pulp fermen-
tations were performed at the Barry Callebaut Cocoa Research Facility
(Pahang, Malaysia) during the main harvest season (October and Novem-
ber 2013). Ten different yeast strains were tested in duplicate, together
with two spontaneous controls, resulting in 22 fermentations in total. The
fermentations were performed in baskets (0.70 m by 0.50 m by 0.60 m)
containing 50 kg of beans and covered with banana leaves. The cocoa pods
were harvested and opened after 3 days. Only healthy and mature pods
were used for the fermentations, and the placenta was removed after
opening the pods. All equipment was thoroughly cleaned before every use.
The fermenting beans were turned once after 48 h, and fermentation was
stopped after 4 days by spreading the beans on a drying platform, where
they were dried in the sun for 10 to 14 days. Temperature and pH were
measured in real time in the middle of the fermenting mass using a digital
pH meter (pH 3310 SET 2, SenTixH 41; WTW GmbH, Weilheim, Ger-
many). Cocoa bean samples (200 g each) from the fermentations were
taken after 0 (fresh cocoa beans, right after opening the pods), 4, 24, 48, 72,
and 96 h. The bean samples were cooled to 4°C and analyzed within 1 h.
Therefore, a 40-g sample was mixed with 160 ml of 0.1% peptone water in
an aseptic stomacher bag. The suspension was powerfully shaken and
manually kneaded for 5 min, and a 10-fold serial dilution in 0.1% peptone
water was made of the homogeneous cocoa pulp solution. Next, 100 ml
from each dilution was spread over three different selective agar plates, de
Man-Rogosa-Sharpe medium (MRS) supplemented with 0.01% cyclo-
heximide for LAB (30°C, 2 days), acetic acid medium (AAM) (42°C, 4
days) with 0.01% cycloheximide for AAB, and 2% YPD (30°C, 2 days)
supplemented with 0.01% chloramphenicol for yeast growth (14).

Microbial isolation and identification during pilot-scale field trials.
For bacteria, six LAB and three AAB isolates were randomly picked from
the countable plates for all time points. Sixteen (at the onset of the fer-
mentation, when the largest yeast diversity was expected [14]) to 10 (at
other time points) random yeast isolates per time point were taken to
analyze the population dynamics. In total, 645 LAB, 274 AAB, and 1,148
yeast isolates were isolated. All isolates were identified in Belgium to the
species level by fingerprinting and rRNA sequencing, as described previ-
ously (14, 29). Concisely, viable bacterial isolates were identified using a
polyphasic approach, starting with a phenotypic characterization (cata-
lase and oxidase activity). Bacterial isolates suspected of being LAB or
AAB according to the phenotypic characterization (185 LAB and 230
AAB) were genetically fingerprinted [using (GTG)5 repetitive-element
sequence-based PCR (rep-PCR)] and clustered using the unweighted pair
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group method using average linkages (UPGMA) algorithm, after which
the 16S rRNA of several representatives of each observed cluster was se-
quenced. For LAB, primers LAC1 and LAC2 were used (38), and primers
27F and 1492R were used for AAB (39, 40). All bacterial sequences were
compared to type strain sequences using nucleotide-nucleotide BLAST
(blastn) and the EzTaxon database (41), and the percentages of identity
were reported when identity was �100%. All yeast isolates were identified
by sequencing the 26S rRNA D1/D2 domain amplified using NL1 and
NL4 (42), followed by a comparison to the type strain sequences, as with
bacterial isolates. In the case of ambiguities concerning identity, the ACT1
and internal transcribed spacer (ITS) regions were additionally amplified
using primer pairs CA21 and CA22R (43) and ITS1-F and ITS4 (44, 45),
respectively. The obtained sequences were compared to available type strain
sequences. In cases of �100% identity, the percentages of identity were re-
ported. For higher resolution, all S. cerevisiae strains isolated from inocu-
lated cocoa pulp fermentations were genetically fingerprinted using inter-
delta analysis.

Starter culture propagation for pilot-scale field trials. A starter cul-
ture consisting of a single yeast strain was added to the different inocu-
lated fermentations. Yeast propagation was performed in two propaga-
tion stages; first, cells were allowed to grow overnight in 5 ml of 2% YPD
(30°C, shaking), after which the entire pregrowth was transferred to 300
ml of 10% YPD and incubated overnight (30°C, 180 rpm). The cocoa pulp
fermentations were inoculated at an initial density of 106 CFU g�1 using
the second preculture. The inoculum was prepared by vacuum filtration
over a 0.45-�m-pore-size filter (Millipore, USA) and resuspension of the
cells in 0.85% NaCl. The inoculum size was confirmed by counting. Yeast
starter cultures were inoculated by pouring them onto the fermentation,
and they were manually mixed to ensure a homogeneous distribution.

Chocolate production and sensory analysis. Fermented cocoa beans
were used for cocoa liquor and chocolate production by Barry Callebaut
(Wieze, Belgium). According to general practices used for commercial
production, cocoa beans were roasted using medium roasting at 122°C.
The liquor of each fermentation batch was sampled and stored for gas
chromatography-mass spectrometry (GC-MS) analysis. In order to ob-
tain a sufficient mass for chocolate production, the cocoa liquors of the
fermentation duplicates were pooled and subsequently refined, supple-
mented with cocoa butter, and conched for 4 h. Chocolate with 60%
(wt/wt) cocoa solids was made, and the liquor and chocolate samples were
stored at �18°C for a maximum of 4 weeks before further analysis. All
chocolates derived from inoculated fermentation were sensorially ana-
lyzed by the Barry Callebaut chocolate expert panel, which consisted of 9
experienced panelists. All chocolates were tasted in comparison to the
reference sample, for which purpose the fermentations inoculated with
Y115 were picked. A standardized scorecard with 32 categories was used,
and panelists were asked to score all categories from 0 to 5; half points
were also allowed. In the initial session, the scores for the reference sample
were established by the panel. Afterwards, all other samples were ran-
domly divided into groups consisting of two chocolates. The expert pan-
elists tasted and scored two samples in one session and compared them to
the reference, Y115.

GC-MS analysis of cocoa liquor and chocolate. Volatiles of the cocoa
liquors and chocolates were extracted and quantified using GC-MS, ac-
cording to a protocol described previously (29). In short, 5 g of each
sample was liquefied at 50°C, spiked with 4 �l of a 4-heptanone internal
standard stock solution (0.32296 �g �l�1), and stirred. One hundred
micrograms was weighed in duplicate and transferred to a thermal de-
sorption unit (TDU) tube. The TDU temperature was set to 70°C for 30
min for thermal desorption of the volatiles. The GC oven temperature was
set at 35°C (held for 5 min) and increased to 240°C (at 5°C min�1, held for
4 min). Mass-to-charge ratios (m/z) between 40 and 300 were scanned,
with the mass selective detector operating at 70 eV in electron ionization
mode. To identify volatile compounds, the mass spectra of the sample
compounds were compared with those in the Wiley 275L database. Com-

pounds were semiquantified by comparing their peak area to the peak area
of the 4-heptanone internal standard.

GC-MS data were visualized using principal-component analysis
(PCA) performed using the BioNumerics 7.1 software (Applied Maths,
Belgium). Therefore, concentrations were first converted to Z-scores for
standardization by subtracting the mean value and dividing by the stan-
dard deviation of the aroma compound. To investigate whether samples
differed significantly, Wilk’s � likelihood ratio test was used. Correlations
were calculated using the Pearson or nonparametric Spearman correla-
tion coefficient.

Nucleotide sequence accession numbers. The DNA sequences of rep-
resentative isolates of the different species have been deposited in
GenBank (accession numbers KP190150, KP190151, KP190153 to
KP190159, KP190161, KP190164 to KP190168, KP190170, KP190171,
KP190174, and KR136365 to KR136368).

RESULTS

The goal of this study was to investigate whether it is possible to
tune chocolate flavor by inoculating highly aromatic yeasts in co-
coa pulp fermentations. We generated novel hybrids of the widely
used generally recognized as safe (GRAS) organism S. cerevisiae,
which carries the qualified presumption of safety (QPS) status,
with the aim of combining compounds with a high production of
flavor with characteristics important for an efficient cocoa pulp
fermentation process, such as high thermotolerance and fermen-
tation capacity. We generated hybrids from different parental
strains to investigate whether certain combinations yielded better
strains and to evaluate whether different hybrids would yield dif-
ferent chocolate flavors. Additionally, two non-Saccharomyces
strains with a high bioflavoring potential (P. kluyveri and Cyber-
lindnera fabianii) were included in these trials. All strains were
used as single-strain starter cultures for cocoa pulp fermentations,
after which the resulting beans were further processed into choc-
olate.

Selection of parental strains and aromatic non-Saccharomy-
ces yeasts. Robust S. cerevisiae strains (i.e., strains that thrive in the
highly selective cocoa pulp environment) were previously selected
and developed to increase the efficiency and consistency of cocoa
pulp fermentations (29). In this study, three such robust strains
were selected for further breeding: Y927, an indigenous cocoa
strain dominant in spontaneous fermentations; Y115, a bioetha-
nol strain that outcompetes Y927 in a cocoa pulp environment;
and their hybrid H28, which shows even better growth in cocoa
pulp (Table 2).

Aromatic parents were selected out of a large pool of 236 in-
dustrial S. cerevisiae strains used for the production of beer, sake,
bread, bioethanol, and wine (23). Strains were selected for high
isoamyl acetate production, the main determinant of fruity flavors
in fermented beverages, and for the production of longer-chain
acetate esters that yield an apple-like flavor and are slightly less
volatile and more fat soluble. This led to the selection of four
aromatic parents, two industrial ale (Y354 and Y397) and two
industrial wine (Y181 and Y184) strains. Both ale yeasts have al-
ready been shown to yield highly aromatic hybrids in breeding
experiments (23). The wine strains Y181 and Y184 showed high
isoamyl acetate (Table 2) and phenylethyl acetate production (re-
spectively, 210% and 170% of the average phenylethyl acetate pro-
duction of the 236 industrial S. cerevisiae strains).

In addition to selecting the S. cerevisiae parental strains to gen-
erate novel hybrids, we selected two aromatic non-Saccharomyces
yeast strains. P. kluyveri Y274 and Cyb. fabianii Y689 produced
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very large quantities of the volatile acetate esters isoamyl acetate
and/or ethyl acetate (Fig. 1). Moreover, since a previous study
hypothesized that P. kluyveri starter cultures might influence the
aroma profile of cocoa liquor and chocolate (even though these
differences were not perceived by a consumer panel), we consid-
ered it a good reference for our assays (21). Importantly, the P.
kluyveri strain Y274 used in this study showed a lower thermotol-
erance than that of the selected S. cerevisiae parents, showing no
growth at 39°C (see Fig. S1 in the supplemental material). The
selected Cyb. fabianii strain, on the other hand, was the best-grow-
ing strain at 42°C.

Development of hybrids that combine robust and aromatic
characteristics. To generate S. cerevisiae hybrids that combine the
desired characteristics of both the efficiently fermenting domi-
nant parents (“robust parents”) and the aromatic S. cerevisiae par-
ents, mass mating of cells or spore cultures was performed, de-
pending on whether the parental strains were heterothallic or
homothallic. For strains that were able to produce stable haploid
segregants (H28, Y115, Y354, and Y397), mass mating of cells was
applied (Table 2). Previously identified thermotolerant segregants
of Y115 and H28 (29) were crossed with two previously identified
aromatic segregants of Y354 and Y397 (23). Next, six hybrids were
selected for further analysis: two between segregants of Y115 and
Y354 (H38 and H39), two with segregants of H28 and Y397 (H40
and H41), and two with segregants of Y115 and Y397 (H42 and
H43) (see Table S1 in the supplemental material).

For the homothallic wine strains Y181 and Y184, the mass mat-
ing of the spore culture technique was used to generate hybrids.
These two aromatic parents were mated with the robust parents
Y115 and Y927 by mixing parental spore solutions in all four pos-
sible pairwise combinations (the pairs always included one robust
and one aromatic strain). The resulting heterogeneous pools of
hybrids were subjected to a selection step at 42°C directly after
mass mating of spore cultures to select hybrids with tolerance to
high temperatures (see Materials and Methods for details). This
selection yielded 90 hybrids that were able to grow at 42°C. It has
to be noted here that the high temperature tolerance of the hybrids
might be due to either favorable mutations that occurred during
the experiment or factors related to the hybridization event (e.g.,
dominance complementation, overdominance, or a combination
of favorable, purging, or disadvantageous alleles). To distinguish
between hybrids of both parents (outcrossed hybrids) and inbred
hybrids, the strains were fingerprinted using interdelta analysis
(see Fig. S2 in the supplemental material). This analysis identified
16 outcrossed hybrids (H44 to H59 [two Y181 � Y115 hybrids,
one Y181 � Y927 hybrid, one Y184 � Y115 hybrid, and 12 Y184 �
Y927 hybrids]) (see Table S1 in the supplemental material), which
were further analyzed for their aroma production and ability to
ferment cocoa pulp, together with the six hybrids obtained
through mass mating of cells.

Hybrids combine desired characteristics of robust and aro-
matic parental strains. The fermentation capacity in cocoa pulp
and aroma production of the 22 newly generated S. cerevisiae hy-
brids were investigated and compared to those of the parental
strains to evaluate their potential as starter cultures for cocoa pulp
fermentation. These lab-scale trials confirmed that the aromatic
parents combined high isoamyl acetate production with a rela-
tively limited fermentation capacity in cocoa pulp at 41°C, while
the opposite was observed for the robust parents (Fig. 2). Interest-
ingly, many hybrids combined the two characteristics, producing
up to almost five times more isoamyl acetate than their robust
parents and utilizing up to eight times more sugar in cocoa pulp at
a high temperature than their aromatic parents. Additionally,
thermotolerance was investigated, confirming that the hybrids
showed an improved tolerance compared to that of the aromatic
parents (and sometimes even compared to that of the robust pa-
rental strains) (see Fig. S1 in the supplemental material).

Three hybrids, H40, H42, and H57, which showed a desired
combination of fruity aroma production and high fermentation

TABLE 2 Selected parental S. cerevisiae strains for the generation of novel hybridsa

Strain name Parent type Thermotoleranceb Isoamyl acetate production (AU)c Spore viability (%) Mating type segregantsd

H28 Robust ��� 0.5 75 a, �, or a/�
Y115 Robust ��� 0.7 100 a or �
Y181 Aromatic � 3.6 50 a/�
Y184 Aromatic �� 4.0 94 a/�
Y354 Aromatic �� 3.6 31 a or �
Y397 Aromatic � 2.7 44 a, �, or a/�
Y927 Robust ��� 1.6 100 a/�
a Strains Y115, Y927, and H28 were selected based on their thermotolerance and excellent performance during inoculated cocoa pulp fermentations. Y181, Y184, Y354, and Y397
were selected based on their high fruity aroma production.
b �, less than that of the reference strain; ��, equal to that of the reference; ���, more than that of the reference. The reference for thermotolerance was S. cerevisiae W303 (32).
c Isoamyl acetate production was measured in nutrient-rich growth medium (10% YPD) and compared to the average production of 236 S. cerevisiae strains (23). AU, arbitrary
units.
d Mating types were determined using mating-type PCR.

FIG 1 Aroma production of selected aromatic yeasts, P. kluyveri and Cyb.
fabianii. Levels of isoamyl acetate and ethyl acetate production in nutrient-rich
growth medium were compared in 236 industrial S. cerevisiae strains (the
strain collection and data were derived from reference 23).
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capacity in cocoa pulp, were selected for further pilot-scale tests
(Fig. 2). H40 and H42 were generated using mass mating of cells of
segregants Y397-S2 with H28-S1 and Y115-S3, respectively. H57
was the result of mass mating of spore cultures Y927 and Y184.

Pilot-scale testing in the field identifies interesting yeast
starter cultures. In order to assess the influence of the selected
strains on cocoa flavor, a series of inoculated cocoa pulp fermen-
tation field trials were set up in Malaysia under industrially rele-
vant conditions. In total, 10 strains (three selected hybrids, the five
parental strains of these three hybrids, and the two non-Saccharo-
myces strains) were tested in duplicate. All strains were inoculated
at a density of 106 CFU g�1 as single-strain starter cultures. Two
spontaneous fermentations (previously described in reference
29), carried out simultaneously with the inoculated fermenta-
tions, were used as a control, and temperature and pH were mea-
sured in real time in all fermentations (Fig. 3; see also Table S2 in
the supplemental material).

To investigate the yeast population dynamics in the cocoa pulp
fermentations, samples were taken at regular time points, and a
large number of yeast isolates was identified by rRNA sequencing;
all S. cerevisiae strains isolated from the inoculated fermentations
were genetically fingerprinted using interdelta analysis for identi-
fication to the strain level (Fig. 3; see also Table S3 in the supple-
mental material). The spontaneous reference fermentations were
characterized by a large yeast diversity, with six to eight different
species identified. Hanseniaspora thailandica, S. cerevisiae, Schizo-
saccharomyces pombe, and Pichia manshurica were shown to be the
most abundant. The inoculation of an S. cerevisiae strain resulted
in a significant decrease in the number of yeast species (P 	 0.0131
for all S. cerevisiae strains in the pilot-scale tests). The yeast diver-
sity was the largest at the start of the fermentations, right after the
starter culture was added. H. thailandica was observed in all fer-
mentations at 4 h, except for Y397B. Hanseniaspora opuntiae/Han-
seniaspora lachancei was also frequently observed at the start, oc-
curring in 6 of the 20 inoculated fermentations. After 24 h of
fermentation, all inoculated strains reached an average fraction of
85% (Y397) to 100% (H40 and Y184) of the total yeast popula-
tion. Between 24 h and 48 h, the relative fraction of the starter

culture decreased slightly (Y115, Y397, and H42), remained stable
(Y184, H28, and H40), or increased further (Y927 and H57) but
always remained between 80% (H42 and Y397) and 100% (H40,
H57, and Y184). The robust S. cerevisiae parents Y115, Y927, and
H28 were characterized by their continuous presence until the end
of the fermentation, surviving the high temperatures observed
after turning (29). However, the aromatic parents Y184 and Y397
and the three hybrids disappeared after turning at 48 h. Despite
their faster disappearance, the aromatic parents and hybrids were
still able to repress the growth of naturally occurring yeasts, as
shown by a significant reduction in the yeast species present com-
pared to that in the spontaneous fermentations (P 	 0.0303,
Mann-Whitney test).

The two inoculated non-Saccharomyces strains, P. kluyveri and
Cyb. fabianii, never reached high relative population sizes and
quickly disappeared below the detection limit. Moreover, the in-
oculation of these strains did not result in a significant reduction
in the number of observed yeast species compared to that in spon-
taneous fermentations (P 	 0.4000, Mann-Whitney test). Up to
nine different yeast species were detected in the fermentation in-
oculated with Cyb. fabianii (Y689A). P. kluyveri was still detected at
4 h (Y274A) but disappeared thereafter. The inoculated Cyb. fa-
bianii strain was detected up until 24 h but reached a maximal
relative population size of only 40% (Y689B).

Interestingly, in some cases, the inoculation of different yeasts
led to significant differences in the bacterial populations. Fermen-
tations inoculated with the robust parental strains H28, Y115, and
Y927 contained fewer LAB and AAB at the turning at 48 h (PLAB �
0.0001, PAAB 	 0.0209, unpaired t test) but more at 72 h (PLAB 	
0.0174, PAAB 	 0.0263, unpaired t test) than the nonrobust
strains. Additionally, fewer LAB were found in the former fermen-
tations at 24 h (P � 0.0001). Maximal temperatures (typically
after 64 h) were lower in the fermentations inoculated with the
robust parents than in the other fermentations (P 	 0.0031, un-
paired t test), whereas no significant differences were found in the
times needed to reach these maximal temperatures after the turn-
ing. In line with previous studies, only a limited number of LAB
and AAB species were present in the inoculated fermentations (see
Table S4 in the supplemental material). Lactobacillus fermentum,
Leuconostoc pseudomesenteroides, and Acetobacter pasteurianus
were the most abundant species present in both the spontaneous
and inoculated fermentations.

Fruity aromas produced by yeasts during fermentation are
conserved in cocoa liquor. Next, we analyzed to what extent the
aromas produced by the starter culture were still present after the
downstream processing involved in the production of cocoa bean
to liquor, e.g., drying and roasting. To this end, fermented cocoa
beans from both inoculated and spontaneous fermentations were
further processed into cocoa liquor, and the volatile fractions of
these liquor samples were analyzed using GC-MS, enabling the
identification of 41 volatile compounds related to fermentation,
including esters, higher alcohols, aldehydes, volatile acids, and
ketones (Table 3). Principal-component analysis (PCA) was used
to determine the influence of the yeast starter culture and to com-
pare the flavor profiles of the duplicate fermentations (Fig. 4).
Liquors from spontaneous fermentations contained significantly
more of the rancid and buttery flavors isobutyric acid, diacetyl,
acetoin, ethyl lactate, and butanoic acid than did all inoculated
fermentations (P � 0.033, Wilk’s � likelihood ratio test). The sec-
ond principal component (PC2) indicated a clear separation be-

FIG 2 Aroma production and cocoa pulp fermentation capacities of parental
strains and 22 newly generated hybrids (all S. cerevisiae). Fermentation capac-
ity is expressed as CO2 production (a measure for sugar utilization) in cocoa
pulp at 41°C, relative to that of the robust parent Y115. Fruity aroma produc-
tion is expressed as isoamyl acetate production in nutrient-rich growth me-
dium (see Materials and Methods for details). Robust and aromatic parents are
indicated with black and orange squares, respectively; hybrids are represented
by filled gray circles. Hybrids selected for inoculated pilot-scale cocoa pulp
fermentations are outlined with a dark-gray circle.
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FIG 3 Yeast populations in spontaneous and inoculated cocoa pulp pilot-scale fermentations. Two spontaneous fermentations (SA and SB, previously described
in reference 29) and 20 inoculated fermentations (10 strains in duplicate; “A” replicates are shown here, and “B” replicates are shown in Fig. S3 in the
supplemental material) were monitored (see Materials and Methods for details). Temperature (T) (right y axis) is indicated by a dashed black line. The dashed
arrows indicate when the yeast cell count rises to or drops below the detection limit. Note that the scale for the total yeast count (left y axis) is logarithmic, whereas
individual yeast species in the population at a given time point (indicated by the colors) are presented as a fraction of the total population. The absolute
concentrations for individual species are given in Table S3 in the supplemental material. Percentages of identity are reported when there was �100% identity with
type strain sequences (see Materials and Methods). Cocoa beans were turned after 48 h of fermentation (arrows). Cyb., Cyberlindnera; C., Candida; H.,
Hanseniaspora; K., Kodamaea; P., Pichia; Ps., Pseudozyma; S., Saccharomyces; Sc., Schizosaccharomyces; St., Starmerella; T., Torulaspora.
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tween the fermentations inoculated with an S. cerevisiae strain on
one hand and the spontaneous controls and liquor samples inoc-
ulated with the two non-Saccharomyces yeasts on the other hand
(Fig. 4A). This corresponded to higher concentrations of acetate
and ethyl esters in the S. cerevisiae-inoculated fermentations (Fig.
4B). The influence of the P. kluyveri starter culture on isoamyl
acetate concentrations in the liquor was limited, while some S.
cerevisiae strains showed a much larger effect (Table 3). The P.
kluyveri liquor samples were characterized by the highest 2-pentyl
acetate and 2-heptanone concentrations (P 	 0.003 and 0.001,
respectively, Wilk’s � likelihood ratio test) (Table 3). Cyb. fabianii
liquors contained the most acetic acid (P 	 0.046, Wilk’s � likeli-
hood ratio test). All in all, the influence of the two non-Saccharo-
myces strains on the liquor volatiles was limited, likely because
these yeasts never dominated the fermentations and quickly dis-
appeared below the detection limit.

Next, we evaluated the influence of specific S. cerevisiae starter
cultures on the acetate ester fraction in cocoa liquor. Isoamyl ac-
etate, ethyl acetate, and phenylethyl acetate were quantitatively the
most prominent acetate esters, and the presence of these esters
varied greatly between strains (Table 3). Inoculation of the aro-
matic parents (Y184 and Y397) yielded the highest acetate ester
concentrations, but the variation between duplicates was also
large (Fig. 5A), which might limit their industrial potential. Fer-
mentations inoculated with a newly generated hybrid (H40, H42,
or H57) showed more consistent profiles, with an average increase
in acetate ester concentrations of �100% compared to those in
the spontaneous fermentations. Fermentations inoculated with
the robust parents and the spontaneous controls generally con-
tained the lowest acetate ester concentrations. Of all acetate esters,
isoamyl acetate was present at the highest absolute concentration
in the cocoa liquor (Table 3). Interestingly, the isoamyl acetate
concentration retained in the liquor correlated strongly and sig-
nificantly with the S. cerevisiae isoamyl acetate production in lab-
scale fermentation experiments, suggesting that the results ob-
tained in lab-scale trials can be extrapolated to industrial settings
(Pearson’s r 	 0.8270, P 	 0.0113) (Fig. 5B). Moreover, isoamyl
acetate production of the inoculated strains in lab-scale fermen-
tations also correlated with the sum of the Z-scores of the total
acetate ester fraction in liquor (Spearman r 	 0.9762, P 	 0.0004).

Conversion of liquor into chocolate significantly reduces
short-chain ester concentrations. The different cocoa liquors

FIG 4 Principal-component analysis of volatile compounds in cocoa liquor
derived from spontaneous and yeast-inoculated fermentations. (A) Score plot
of two spontaneous controls (SA and SB, previously described in reference 29)
and 20 inoculated fermentations (10 strains tested in duplicate, represented as
A and B). All yeasts are S. cerevisiae strains, except for Y274 (P. kluyveri) and
Y689 (Cyb. fabianii). (B) Loading plot of 41 volatile compounds related to
cocoa pulp fermentation, identified using GC-MS.

FIG 5 Concentration of fruity aromas in cocoa liquors produced from the
different fermentation trials. (A) Sum of the Z-scores of all acetate esters de-
tected in cocoa liquor for the different spontaneous and inoculated fermenta-
tions. The bar graphs indicate the averages 
 SD of results from duplicated
fermentations. S, spontaneous; Y274, P. kluyveri; Y689, Cyb. fabianii; all other
strains are S. cerevisiae. (B) Scatter plot of isoamyl acetate detected in cocoa
liquor made from cocoa beans fermented using S. cerevisiae strains and their
concomitant isoamyl acetate production in 10% YPD (error bars indicate SD)
(see Materials and Methods for more details).
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were further processed into chocolates with 60% (wt/vol) cocoa
solids, according to the general practices used for commercial
chocolate production. In order to obtain a sufficient bean mass for
chocolate production, liquor pools from the two biological dupli-
cates were pooled. GC-MS analysis of the conched chocolates de-
tected 32 volatiles related to fermentation, indicating that nine
volatiles (all esters) dropped below the detection limits during the
conversion of liquor into chocolate (Table 4). Moreover, the ab-
solute concentration of all esters decreased, except for that of
methyl acetate. Interestingly, the proportion of the esters that was
conserved in the chocolate was positively correlated with the boil-
ing points of the esters (Pearson’s r 	 0.8981, P � 0.0001); short-
chain acetate esters, such as propyl acetate, isobutyl acetate, and
2-pentyl acetate, disappeared completely. Although isoamyl ace-
tate, ethyl acetate, and phenylethyl acetate were quantitatively the
most abundant esters in the liquor, this changed to phenylethyl
acetate and methyl acetate in chocolate. Isoamyl acetate and ethyl
acetate concentrations decreased by 93% 
 4% and 66% 
 30%
(means 
 standard deviations [SD]), respectively (Tables 3 and 4;
see also Fig. S4 in the supplemental material). For the ethyl esters,
a similar trend was observed. While short-chain ethyl esters were
not detected anymore in the final chocolate (ethyl propanoate,
ethyl isobutyrate, ethyl 2-methylbutanoate, and ethyl isovalerate)
or disappeared to a large extent (ethyl hexanoate), the longer,
more-fat-soluble ethyl esters, such as ethyl octanoate and espe-
cially ethyl decanoate and dodecanoate, remained almost unaf-
fected.

Inoculation of different yeast starter cultures introduces dif-
ferent chocolate flavors. Apart from fermentation-related aroma
compounds, GC-MS analysis detected 11 roasting-related vola-
tiles in the chocolates, mostly pyrazines (Table 4). Chocolates pro-
duced using the robust parents Y115, Y927, and H28 contained
significantly more 2-phenyl-2-butenal, 5-methyl-2-phenyl-2-
hexenal, 2-phenylethanol, 1-hydroxy-2-propanone, 2-butanone,
and the Strecker aldehydes 2-methylbutanal, 3-methylbutanal,
and phenylacetaldehyde (P � 0.014, Wilk’s � likelihood ratio
test). These Strecker degradation aldehydes are known precursors
of pyrazines during Maillard reactions (4). Moreover, the inocu-
lation of the robust parental strains led to significantly higher con-
centrations of all 11 roasting volatiles than in the other chocolates,
except for those of trimethylpyrazine and tetramethylpyrazine
(P � 0.029, Wilk’s � likelihood ratio test). Y115, Y927, and hybrid
H42 chocolates contained the highest acetic acid concentrations
(P 	 0.024, Wilk’s � likelihood ratio test). Y397 and the sponta-
neously fermented chocolate generally contained the lowest con-
centrations of the detected volatiles. These results were repre-
sented in a two-dimensional PCA plot (Fig. 6). Chocolates in the
upper left part of Fig. 6, the spontaneous control, Y397, and the
non-Saccharomyces strains Y274 and Y689 contained fewer vola-
tiles than the other chocolates (Table 4 and Fig. 6). The H40 choc-
olate contained the highest concentration of isoamyl acetate.
While the clear correlation for isoamyl acetate observed in liquor
was lost, a similar (but nonsignificant) correlation between iso-
amyl acetate production in lab-scale fermentations and the total
amount of acetate esters in chocolate was still apparent (Pearson’s
r 	 0.6805, P 	 0.0632).

Next, the chocolates produced were sensorially analyzed by an
expert panel. Significant differences between chocolates were
found for eight descriptors (P � 0.05) shown in Fig. 7 (see also
Table S5 in the supplemental material), indicating several clear

sensorial differences between the chocolates produced with differ-
ent starter cultures. Interestingly, the “fruitiness” of the chocolate,
as determined by the expert panel, was nonsignificantly linked
with the sum of the acetate esters in the chocolate (Spearman r 	
0.5273, P 	 0.1231), suggesting that acetate esters potentially in-
fluence, but are not the sole determinant of, the fruitiness of the
chocolate. Chocolate produced using H40 was perceived to be the
fruitiest, with a significant difference in fruitiness from that de-
tected with all except two other starter cultures (Y184 and Y115;
P � 0.05, Tukey’s multiple-comparison test). The expert panel
also detected other clear differences between the different starter
cultures, even beyond the strain properties that we targeted in this
study. For example, the use of H42 and the robust parents Y115,
Y927, and H28 as starter cultures resulted in very strong cocoa and
roasting notes, whereas the use of H57 led to a chocolate with
distinctly sweet flavors. This indicates that it is possible to modu-
late the overall chocolate flavor by using different microbial starter
cultures for cocoa pulp fermentation.

DISCUSSION

Gourmet premium-quality chocolate is the fastest-growing seg-
ment in the chocolate market globally, with an annual growth of
6% in 2014 (46). These chocolates stand out by their high quality,
special flavors, or fragrances, and they target a consumer market
that is willing to pay a premium for quality, consistency, and spe-
cific flavors. Our study shows that the development of specific
yeast starter cultures could provide a cheap, natural, and easy-to-
use method to expand the array of natural chocolate flavors. This
study describes the development of specific cocoa starter cultures
that are able to modulate the flavor of the final chocolate. While
the robust parental yeast strains used in this study successfully
dominate cocoa pulp fermentations, they do not yield chocolate
with fruity flavors and instead result in elevated cocoa and roasted
aromas. We therefore generated a set of novel hybrid strains that
combine thermotolerance with high acetate ester production.
Field trials with these strains and subsequent analysis of the result-
ing cocoa liquor and chocolate reveal that the different hybrids
yield chocolates that show significant and reproducible differ-
ences in their aromas. For example, the hybrid H40 seems espe-
cially promising for the commercial production of specialty choc-
olate with fruity notes, whereas other strains yield more floral,
roasted, and/or cocoa aromas.

Flavor development in chocolate is a complex process that is
influenced by a broad array of factors. Specific chocolate flavor
notes have been related to cocoa tree variety and growing condi-
tions, postharvest treatments, and the chocolate manufacturing
process (4, 5). For example, it has been shown that different cocoa
tree genotypes influence the flavor of fermented beans and liquor
(2, 47–50). However, modulating chocolate flavor by changing the
cocoa cultivar would require elaborate plantation management by
planting (a combination of) specific cocoa tree varieties, which in
turn might be more disease susceptible or have a lower yield. Al-
ternatively, different fermentation techniques are shown to alter
the flavor characteristics of chocolate, with tray-fermented choc-
olates containing higher concentrations of volatiles (21). How-
ever, the possibility of generating a broad spectrum of chocolates
by varying the fermentation method seems limited, and the im-
plementation of tray fermentations would require additional in-
vestments in infrastructure, especially in regions where heap fer-
mentations are used, such as the Ivory Coast and Ghana (5, 51).
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TABLE 4 Volatiles identified using GC-MS in conched chocolate made from spontaneous and inoculated cocoa pulp fermentationsa

Volatile by stage Sensorial descriptor(s) (references)

Concn (�g/kg)

Robust parents
Aromatic
parents Hybrids

P. kluyveri
Y274

Cyb. fabianii
Y689 SY115 Y927 H28 Y184 Y397 H40 H42 H57

Fermentation
Aldehydes

2-Methylbutanal Chocolate (61), malty (62) 37.8 38.3 19.2 14.6 3.9 19.4 15.0 11.3 12.3 13.1 8.4
2-Phenyl-2-butenal Roasted (61), rum (61), cocoa (61),

sweet (61)
22.9 11.2 10.0 6.1 8.2 5.1 6.5 4.1 5.9 7.3 2.1

3-Methylbutanal Chocolate (61), malty (57, 62) 127.8 132.1 58.9 54.3 15.9 63.8 58.0 45.0 45.9 49.9 28.9
5-Methyl-2-phenyl-2-hexenal Roasted cocoa (63), sweet (63) 12.6 4.1 4.2 1.7 2.1 2.3 3.3 1.0 3.0 2.2 1.3
Benzaldehyde Almond (64) 37.0 41.7 30.1 31.5 12.1 38.7 30.4 27.0 22.1 17.0 11.7
Phenylacetaldehyde Floral (61), honey (57, 61, 62) 53.5 36.6 17.5 11.4 8.6 19.4 20.2 11.7 15.3 18.4 4.9

Alcohols
2-Methyl-1-butanol 0.1 3.7 0.8 3.7 1.2 2.3 2.0 2.3 1.2 0.8 0.2
2-Phenylethanol Floral (61, 62) 142.0 122.9 67.6 73.2 62.8 78.1 70.7 76.4 60.3 40.2 30.6
Isoamyl alcohol Malty (25), bitter (25),

chocolate (25)
0.1 27.1 7.0 16.3 2.7 17.4 5.4 11.6 10.9 4.6 1.2

Esters
2-Heptyl acetate 1.7 3.2 1.3 1.4 1.8 7.6 5.0 8.7 2.3 1.9 1.5
Ethyl acetate Solvent (64), fruity (17) 2.0 3.7 3.4 28.9 1.4 9.1 5.3 7.7 11.5 3.3 1.8
Ethyl decanoate Pear (58), grape (58), brandy (58),

floral (65)
3.4 3.7 1.4 0.9 0.6 2.2 1.8 3.6 1.4 0.9 0.6

Ethyl dodecanoate Fruity (58), floral (58) 7.1 3.1 3.1 1.5 1.4 2.2 3.2 2.7 4.0 1.4 1.6
Ethyl hexanoate Apple (64), fruity (57), banana (57) 0.1 0.1 0.1 2.4 0.1 2.5 0.1 2.4 0.1 0.1 1.5
Ethyl octanoate Apple (64), fruity (57), pineapple

(57)
7.5 19.1 5.0 15.8 7.3 9.2 14.7 8.8 4.5 4.4 2.5

Ethyl phenylacetate Sweet (57), waxy (57) 3.0 1.9 1.6 2.0 0.9 1.2 2.2 1.8 1.1 1.0 1.0
Isoamyl acetate Banana (64), fruity (17), pear (17) 2.4 5.5 11.9 6.8 2.4 12.4 5.1 6.6 5.5 2.7 7.2
Methyl acetate 17.7 13.7 33.0 35.7 16.6 30.0 25.7 42.6 20.3 20.1 14.1
Phenylethyl acetate Floral (62), fruity (57), sweet (57) 30.3 29.5 16.7 37.1 27.2 15.6 21.1 22.9 16.8 13.2 12.3

Ketones
1-Hydroxy-2-propanone 26.7 23.0 8.3 6.3 5.4 8.1 13.2 8.4 6.1 9.6 2.2
2-Butanone 5.1 5.3 4.3 3.3 1.1 3.2 3.0 2.0 1.9 2.0 1.8
2-Heptanone 1.5 1.9 2.5 2.4 1.1 5.2 2.3 4.0 4.3 1.4 2.9
2-Nonanone Floral (66), fatty (66) 9.5 15.6 6.3 6.3 5.1 22.4 13.1 33.5 15.6 7.6 4.2
Acetoin Buttery (67), cream (67) 278.7 276.5 106.0 147.5 52.3 252.8 238.9 258.3 505.2 260.7 55.5
Diacetyl Buttery (57, 61) 78.1 70.4 64.7 58.6 25.3 75.9 78.0 61.4 124.4 50.5 48.7

Sulfides
Dimethyl disulfide

Cabbage (66) 1.0 0.9 0.9 0.9 0.4 0.6 1.0 0.6 0.6 0.4 0.6
Volatile acids

2-Methylbutanoic acid Sweaty (57, 62) 0.1 48.1 35.0 19.7 0.1 16.7 22.1 18.7 11.0 17.4 5.8
Acetic acid Sour (57, 62) 2,555.7 2,489.6 1,087.5 1,984.2 734.0 1,711.0 2,907.2 2,303.5 1,818.9 1,983.9 279.7
Butanoic acid Sweat (62), buttery (57), rancid (57) 2,555.7 10.0 3.4 4.8 1.3 4.4 10.1 7.7 6.1 6.1 0.3
Isobutyric acid Sweaty (57, 62) 26.9 48.8 20.1 36.6 7.7 25.7 47.4 44.3 45.4 41.6 3.8
Isovaleric acid Sweaty (57, 62) 0.1 173.1 44.7 62.5 0.1 51.4 102.2 64.5 48.4 74.5 15.8
Propanoic acid Rancid (25) 24.0 24.8 12.9 18.8 8.8 17.7 28.3 25.8 15.6 19.3 8.2

Roasting
1-(2-Furanyl)ethanone Sweet (57), balsamic (57),

cocoa (57)
1.3 2.1 1.6 0.8 1.0 1.2 1.3 0.9 1.4 0.9 1.5

2,3,5-Trimethyl-6-ethylpyrazine Candy (67), sweet (67) 16.1 13.8 8.2 4.5 6.7 10.4 13.8 20.2 7.9 10.1 6.0
2,3-Dimethylpyrazine Caramel (58), cocoa (58), hazelnut

(61)
6.5 6.5 2.9 3.0 1.3 3.9 4.6 3.1 2.6 3.1 1.2

2,5-Dimethylpyrazine Cocoa (58), roasted nuts (58) 2.6 2.4 1.7 1.9 1.3 1.6 1.4 0.9 1.1 1.3 1.0
2,6-Dimethylpyrazine Nutty (58), coffee (58), green (58) 5.4 4.7 1.8 0.9 0.6 1.7 2.3 0.9 0.8 1.6 0.8
2-Acetylpyrrole Bread (58), walnut (58),

licorice (58)
91.6 42.4 23.8 8.0 24.9 17.4 43.2 11.6 13.8 25.9 10.2

2-Ethyl-3,5-dimethylpyrazine Earthy (62), potato-chip (57, 62) 17.5 10.7 4.9 1.9 4.9 3.6 7.8 3.8 2.5 5.5 3.6
2-Methyltetrahydro-3-furanone 8.6 4.9 3.3 1.3 0.8 1.3 3.1 1.1 0.9 1.8 1.5
Methylpyrazine Green (61), hazelnut (61), cocoa

(58), roasted nuts (58)
5.4 3.8 2.2 1.4 0.8 2.8 2.8 1.3 1.3 0.8 0.4

Tetramethylpyrazine Cocoa (58, 61), mocha (61), milk
coffee (58, 61)

212.9 247.7 123.1 86.1 86.7 198.5 336.1 288.4 198.2 316.7 396.9

Trimethylpyrazine Earthy (57, 62), cocoa (58, 61),
roasted (61), green (61)

30.1 29.2 13.0 7.2 8.1 15.5 26.8 14.0 9.3 19.5 15.2

a Two spontaneous (S) and 20 inoculated fermentations were performed, with 10 yeast strains tested in duplicate. The cocoa liquors of the fermentation duplicates were pooled
prior to being processed into chocolate (see Materials and Methods for details). 2-Pentyl acetate, ethyl 2-methylbutanoate, ethyl isobutyrate, ethyl isovalerate, ethyl lactate, ethyl
propanoate, isobutyl acetate, methyl lactate, and propyl acetate were detected in the cocoa liquors but not in the chocolates.
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Most studies describing cocoa starter cultures have focused on
fermentation efficiency (27), consistency (29), or influence on co-
coa sweatings (24, 28, 52). Our results confirm previous studies
that suggest that the flavor of chocolate is heavily influenced by the
fermentation process (1, 3, 26). Moreover, we also demonstrate
that the use of different “designer” starter cultures allows produc-
ers to obtain very different natural aromas.

Our study also shows the potential of developing designer hy-
brid yeasts that combine efficient cocoa pulp fermentation with
desirable aroma production. Specifically, we developed strains
with increased acetate ester production. Acetate esters are pro-
duced by yeast alcohol acetyl transferases, encoded by ATF1 and
ATF2, and are responsible for the fruity notes in many fermented
beverages (18). Moreover, we show that high isoamyl acetate pro-
duction in lab-scale fermentations (our main selection criterion
for parental strains and hybrids) leads to high acetate ester con-
centrations in cocoa liquor and chocolate (r 	 0.8732 and 0.6805,
respectively). Field trials show that fermentations performed with
the aromatic parents yield the highest acetate ester concentrations
on average; yet, the aroma profiles of the cocoa liquors show the
highest variability between duplicates. The robust parents, on the
other hand, result in reproducible liquor aroma profiles but low
acetate ester concentrations. Interestingly, fermentations per-

formed with the newly developed hybrids show both high acetate
ester concentrations and a reproducible aroma profile. Increased
acetate ester concentrations in chocolates generally lead to a
higher perception of fruity notes in the chocolates (r 	 0.5273)
during sensory analysis by an expert panel. Chocolate produced
using the hybrid H40 contains the highest isoamyl acetate concen-
tration and is perceived as the fruitiest. These results indicate that
acetate esters play a prominent role in determining the fruitiness
of chocolate and that the selection or development of high-acetate
ester-producing strains can yield fruitier chocolates. Moreover,
since the presence of different esters can have a synergistic effect
on the individual flavors, the ratios of different esters might also
influence the perception of fruitiness (17). A determination of the
sensory thresholds for esters in cocoa liquor and chocolate and a
more in-depth study on the synergetic effects of different flavor
compounds will give a more comprehensive image of the influ-
ence of acetate esters on chocolate aroma.

In addition to the variation in fruitiness levels, several remark-
able differences between chocolates produced using different
starter cultures were detected. For example, several chocolates dif-
fered significantly in cocoa, bitter, sour, and floral notes. This
indicates that apart from influencing the fruity notes derived from
volatile esters that are produced by fermenting yeast cells, the fer-
mentation process influences many other aromas, either directly
or indirectly. Yeasts have been reported to influence storage pro-
tein degradation and reduce the acidity of fermented cocoa beans
(24). This acidification is a prerequisite for the proteolytic forma-
tion of important flavor precursors during fermentation, such as
hydrophobic amino acids and hydrophilic peptides, and therefore
has a large impact on chocolate flavor (53, 54). Strong acidifica-

FIG 6 Principal-component analysis of volatile compounds related to fer-
mentation and roasting in chocolate. (A) Score plot derived from spontaneous
fermentations and fermentations inoculated with 10 different yeasts. All inoc-
ulated yeasts are S. cerevisiae strains, except for Y274 (P. kluyveri) and Y689
(Cyb. fabianii). (B) Loading plot of 43 volatile compounds related to cocoa
pulp fermentation and roasting, identified using GC-MS.

FIG 7 Flavor profiles of chocolates made from inoculated cocoa pulp fermen-
tations. The chocolates were sensorially analyzed by an expert panel, and de-
scriptors that showed significant differences are displayed here (see Materials
and Methods for details; see also Table S5 in the supplemental material for
significant differences). All inoculated yeasts are S. cerevisiae strains, except for
Y274 (P. kluyveri) and Y689 (Cyb. fabianii).
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tion accompanied by a rapid steep temperature rise leads to strong
unspecific proteolysis and hence a lower flavor potential. How-
ever, moderate acidification, together with a slower and delayed
temperature rise, yields a higher flavor potential (55). Therefore,
any factor that influences bean acidification or temperature rise
might impact chocolate flavor. As an example, yeast starter cul-
tures with different metabolic respiration-to-fermentation ratios
produce different quantities of ethanol, which can be exothermi-
cally metabolized by AAB (56); these in turn lead to different
acetic acid concentrations and fermentation temperatures. How-
ever, further research on the physiology and properties of the ap-
plied starter culture and an in-depth analysis of the physiochemi-
cal changes within the cocoa bean during fermentation are
required to strengthen these hypotheses.

Thermotolerance of the yeast starter culture seems to play an
important role in the dominance observed toward the end of the
fermentation (29). However, this study points out that other yet-
to-be-determined factors contribute to robustness, as increasing
the thermotolerance of the hybrids did not ensure dominance
throughout the whole fermentation course. Therefore, other
traits, such as acetic or lactic acid tolerance or pH tolerance, might
be interesting targets for further strain improvement.

Chocolates produced using the robust thermotolerant strains
show high cocoa and roasting notes, which may be explained by
higher concentrations of Maillard products, such as 1-(2-fura-
nyl)ethanone, 2-acetylpyrrole, 2-methyltetrahydro-3-furanone,
various pyrazines, and the Strecker aldehydes 2-methylbutanal,
3-methylbutanal, and phenylacetaldehyde (2, 57, 58). Hydropho-
bic amino acids and hydrophilic peptides released during bean
acidification are important precursors for Strecker aldehydes and
pyrazines. Therefore, the nonester aroma differences between
starter cultures might be explained by the variability in their abil-
ities to acidify the bean. It seems plausible that the quickly fer-
menting robust yeasts affect the formation of these flavor precur-
sors by producing large quantities of ethanol. This hypothesis is in
keeping with the high acetic acid concentrations found in these
chocolates and the large AAB population sizes at 72 h, when bean
proteolysis occurs (24). The slower increase in temperature ob-
served in fermentations inoculated with the robust yeasts most
likely allowed moderate acidification and a high flavor potential
(55). This observation clears the path for in-depth investigation of
these traits, which in turn might allow further exploitation of the
potential of yeasts to modulate chocolate flavor.

Several recent studies target the use of starter cultures consist-
ing of bacteria and non-Saccharomyces yeasts, such as P. kluyveri
and Kluyveromyces marxianus, to improve cocoa flavor or fermen-
tation efficiency (20, 21, 30, 59). Although conceptually interest-
ing, these studies conclude that sensorial differences between
chocolates produced from inoculated and spontaneous fermenta-
tions are small or even undetectable, thus limiting industrial ap-
plicability. In line with these results, the fruity P. kluyveri and Cyb.
fabianii strains investigated in this study do not yield significantly
higher ester concentrations in the liquor. This can be explained by
the poor competitiveness of these non-Saccharomyces strains in a
cocoa environment, in which they disappear quickly after inocu-
lation and do not dominate the yeast population at any given time
point. GC-MS analysis and sensorial tests performed by an expert
panel describe that the outcomes with P. kluyveri- and Cyb. fabia-
nii-inoculated chocolates closely resemble the profile of sponta-
neous fermentations and are perceived as more bitter and vegetal

than the S. cerevisiae-inoculated chocolates. Taken together, our
results show that these non-Saccharomyces yeasts might not be the
best choice for cocoa starter cultures.

Our results also highlight the influence of conching on flavor.
Conching is a ripening step at high temperatures for a long time,
which is required for texture and flavor improvement (5). It re-
duces the fractions of many volatiles, including those producing
fruity flavors (60). In line with these findings, we established a
clear correlation between the boiling point of a compound and its
retention in the final chocolate (r 	 0.8981). Short-chain esters
largely disappear during conching, while longer-chain esters, such
as phenylethyl acetate, ethyl phenylacetate, ethyl octanoate, ethyl
decanoate, and ethyl dodecanoate, are largely retained. Optimiza-
tion of the conching parameters, e.g., duration, temperature pro-
file, and stirring speed, might reduce this large loss of flavor and
potentially increase even further the effect of the developed starter
cultures on chocolate flavor.
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