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The concentrations and relative ratios of various aroma compounds produced by fermenting yeast cells are essential for the sen-
sory quality of many fermented foods, including beer, bread, wine, and sake. Since the production of these aroma-active com-
pounds varies highly among different yeast strains, careful selection of variants with optimal aromatic profiles is of crucial im-
portance for a high-quality end product. This study evaluates the production of different aroma-active compounds in 301
different Saccharomyces cerevisiae, Saccharomyces paradoxus, and Saccharomyces pastorianus yeast strains. Our results show
that the production of key aroma compounds like isoamyl acetate and ethyl acetate varies by an order of magnitude between nat-
ural yeasts, with the concentrations of some compounds showing significant positive correlation, whereas others vary indepen-
dently. Targeted hybridization of some of the best aroma-producing strains yielded 46 intraspecific hybrids, of which some show
a distinct heterosis (hybrid vigor) effect and produce up to 45% more isoamyl acetate than the best parental strains while retain-
ing their overall fermentation performance. Together, our results demonstrate the potential of large-scale outbreeding to obtain
superior industrial yeasts that are directly applicable for commercial use.

During industrial fermentations, yeasts convert simple carbo-
hydrates into ethanol and CO2. However, in addition to these

primary metabolites, they also produce smaller quantities of sev-
eral other metabolites that have a marked effect on the product’s
sensory quality. These secondary metabolites include higher alco-
hols, aldehydes, sulfur-containing compounds, esters, phenols,
carbonyl compounds, and organic acids, all of which contribute to
the product aroma. Volatile acetate esters, such as isoamyl acetate
(IA) and ethyl acetate (EA), are considered one of the most im-
portant groups of aroma-active yeast metabolites. While EA is
often perceived negatively in excessively high concentrations, IA is
the main determinant of the often desired fruity characteristics of
fermented beverages (1). Volatile acetate esters are the product of
an enzyme-catalyzed condensation reaction between acyl-coen-
zyme A (CoA) and a higher alcohol (2). Being lipid soluble, acetate
esters diffuse through the cellular membrane of the fermenting
yeast cell into the medium. Although the exact genetic mecha-
nisms underlying the regulation of acetate ester production are yet
to be elucidated, it has been shown that several different enzymes
are involved, most notably the alcohol acyltransferases 1 and 2,
encoded by the genes ATF1 and ATF2, respectively (3–6). The
production of acetate esters during the fermentation process is
influenced by many parameters, including medium composition
(e.g., sugar profile and density, nitrogen content, and lipid con-
centration), oxygen availability, fermentation temperature, initial
yeast concentration, and fermentor design (1). Altering these fac-
tors therefore allows some adjustment of flavor formation al-
though the changes are often only minor. Moreover, adjusting
general fermentation parameters like aeration and medium com-
position may be prohibitively expensive and may also have un-
wanted side effects. Therefore, direct tuning of the yeast’s inherent
flavor production is a much better strategy.

There are several ways to tune the aroma production of indus-
trial yeast strains. Genetic engineering of genes coding for key
enzymes, such as ATF1 and ATF2, has been demonstrated to yield
remarkable changes in the production of acetate esters (5, 7, 8).

However, these strategies all entail the use of recombinant DNA
techniques and/or genetic transformation, which implies that the
resulting strains are classified as genetically modified organisms
(GMOs). Because of the complex legislation and (most impor-
tantly) negative consumer perception, these strains are only mar-
ginally used for commercial food and beverage production.
Therefore, non-GMO strategies, based on random mutagenesis
and/or directed evolution, are often more appropriate to improve
complex industrially relevant yeast traits (reviewed in reference
9). These approaches were already successfully applied to improve
several stress-related phenotypes of industrial yeast strains, in-
cluding ethanol tolerance (10), acetic acid tolerance (11), and cop-
per resistance (12). Perhaps the most important factor determin-
ing the success of these strategies is the availability of an easy way
to identify the few superior cells among a large pool of inferior
variants. While this can be readily achieved for stress tolerance by
simply applying the stress condition for which improvement is
desired, other phenotypes, like aroma production, are much more
difficult to select for. In these cases, sexual hybridization strategies
using phenotypically characterized haploid segregants of carefully
selected parental strains (cell-to-cell mating) is an appealing strat-
egy (9). However, the phenotypic characterization of the haploid
segregants to identify the ones that outperform the parental
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strains for the phenotype of interest is often an important bottle-
neck that can limit the success of this approach.

In this study, we measured the production of 15 different
aroma compounds for a set of 301 genetically diverse industrial
and natural (wild) Saccharomyces strains. The obtained data set
provides a comprehensive overview of the aromatic potential of
Saccharomyces yeasts. Our results show that the production of
aroma-active acetate esters shows extraordinary differences be-
tween different yeast strains and that industrial strains have clearly
been selected for high aroma production. Next, we selected three
genetically diverse heterothallic strains (designated Y141, Y354,
and Y397) with high IA production to serve as parental strains for
the production of 46 different intraspecific hybrids (both inbred
and outbred strains). Aroma production analysis of these hybrids
in lab-scale ale fermentations indicates that while inbreeding
yields only very minor improvements in IA production, outbreed-
ing with carefully selected parental strains can serve as a valuable
strategy to obtain superior hybrids, even beyond the phenotypic
borders of both parental strains (a phenomenon called best-par-
ent heterosis or hybrid vigor).

The aims of this study were (i) to obtain a detailed overview of
the phenotypic diversity in aroma production of a genetically di-
verse collection of yeast strains, (ii) to use this data set as a tool to
select strains for further phenotypic improvement using sexual
hybridization, a non-GMO technique, (iii) to develop a breeding
scheme to improve complex, polygenic industrially relevant traits,
such as aroma production, and (iv) to test the industrial potential
of these resulting hybrids for production of fruity ales or flavorful
low-alcohol beers.

MATERIALS AND METHODS
Yeast strains and storage conditions. For this research paper, 301 indus-
trial and wild Saccharomyces strains were analyzed (Table 1). Part of this
collection is a set of 60 representative (homozygous diploid) Saccharomy-
ces cerevisiae and Saccharomyces paradoxus strains described previously
(13). Due to their limited industrial relevance, the lab/reference strains
and clinical isolates of this set were not included. Industrial strains were
ordered from various culture collections or directly provided by produc-
ers of fermented products. Wild strains were selected in order to cover a
broad geographical diversity (more details on the origin of the wild strains
are provided in Table S1 in the supplemental material).

All strains were stored long term at �80°C using a glycerol-based
standard storage medium (2% [wt/vol] Bacto peptone, 1% [wt/vol] yeast
extract, 2% [wt/vol] glucose, 25% [vol/vol] glycerol).

Sporulation, tetrad dissection, and mating type characterization.
Sporulation was induced on acetate medium (1% [wt/vol] potassium ac-
etate, 0.05% [wt/vol] amino acid mix, 2% [wt/vol] agar) after 5 to 10 days
at 25°C. The ascus wall was digested with 4 mg ml�1 Zymolyase (Seika-
gaku, Tokyo, Japan) suspension (dissolved in 2 M sorbitol) and incubated

for 3 min at room temperature. Tetrads were dissected using a microma-
nipulator (MSM manual micromanipulator; Singer, Somerset, United
Kingdom) on YPD-agar (2% [wt/vol] Bacto peptone, 1% [wt/vol] yeast
extract, 2% [wt/vol] glucose, 2% [wt/vol] agar). The hetero- or homothal-
lic nature of the parental strain was determined by mating type testing of
all viable spores originating from four different tetrads. Mating type was
determined by a PCR approach using MAT-A (5=-ACTCCACTTCAAGT
AAGAGTT-3=), MAT-� (5=-GCACGGAATATGGGACTACTTCG-3=),
and MAT-R (5=-AGTCACATCAAGATCGTTTATGG-3=) as primers and
a temperature profile consisting of an initial denaturation step (98°C for 2
min), followed by 30 cycles of 98°C for 30s, 55°C for 30s, and 72°C for 40s,
with a final extension of 72°C for 5 min.

Lab-scale fermentations in rich growth medium. Yeast precultures
were shaken overnight at 30°C in test tubes containing 5 ml of yeast extract
(1%, wt/vol), peptone (2%, wt/vol), and glucose (4%, wt/vol) medium
(4% YPGlu medium). After 16 h of growth, 0.5 ml of the preculture was
used to inoculate 50 ml of 4% YPGlu medium in 250-ml Erlenmeyer
flasks, and this second preculture was shaken at 30°C for 16 h. This pre-
culture was used for inoculation of the fermentation medium (YPGlu
containing 10% glucose [10% YPGlu]) at an initial optical density at 600
nm (OD600) of 0.5, roughly equivalent to 107 cells ml�1. The fermenta-
tions, 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 mea-
sured daily to estimate fermentation progress. After 7 days, the fermenta-
tion bottles were removed from the incubator, the fermentation medium
was filtered (0.15-mm-pore-size paper filter; Macherey-Nagel, Düren,
Germany), and samples for chromatographic analysis and density and
ethanol measurements were taken.

Screening of segregants for aroma production. A single colony of the
segregants to be analyzed was picked and inoculated in Erlenmeyer flasks
(250 ml) containing 50 ml of 10% YPGlu. The bottles were sealed with a
cotton plug and Parafilm and incubated at 30°C in a shaking incubator at
200 rpm. After 144 h of growth, the fermentations were analyzed senso-
rially and scored for fruitiness. To ensure correct identification of fruity
segregants and validate experimental robustness, all segregants were
tested in duplicate, and fruity (strains Y141, Y354, and Y397) and non-
fruity (strains Y137, Y325, and Y349) control strains were included in the
experiment. The most fruity segregants were subsequently used for the
hybridization experiments.

Lab-scale ale fermentations. Hybrid strains were tested in mimicked
ale fermentations, performed in industrial wort of 21.5° Plato (21.5°P)
supplied by a Belgian brewery. The wort was sampled aseptically from the
brewery and sparged with air for 1 h to saturation prior to the fermenta-
tion experiments. The yeasts were propagated as follows: a single colony
was used as inoculant for the preculture of each strain in 5 ml of YPGlu
with 2% [wt/vol] glucose (2% YPGlu) medium. This preculture was
grown for 16 h (shaking) at 30°C. Next, a second propagation step con-
sisting of the inoculation of 0.5 ml of the first preculture in 50 ml of 2%
YPGlu and incubation at 30°C for 16 h was executed. This culture was
used for inoculation of the industrial wort at an OD600 of 0.5, roughly
equivalent to 107 cells ml�1. Blank fermentations (containing no yeast
inoculum) were included to detect potential contaminations. Fermenta-
tions were carried out statically at 20°C for 7 days in 250-ml Schott bottles,
which were equipped with an Ankom gas production system (Ankom,
NY, USA) for online measurement of gas production. The headspace of
the fermentation was flushed with N2 prior to the experiment, and the
overpressure on the bottles was held constant at 7.38 lb/in2. After 7 days,
the fermentations were cooled on ice to prevent evaporation of volatiles,
and samples for chromatographic analysis and density and ethanol mea-
surements were taken. Lastly, descriptive sensory analysis of the leftover
fermented medium was performed. All fermentations were performed in
biological duplicates.

Analytical analysis of fermentation samples. Headspace gas chroma-
tography coupled with flame ionization detection (HS-GC-FID), cali-
brated for 15 important aroma compounds, including esters, higher alco-

TABLE 1 Overview of the yeast collection used in this study

Yeast source(s) No. of strainsa

Ale beer 104
Lager beer 29 (S. pastorianus)
Wine 63
Sake 13
Spirit 11
Bakery 10
Bioethanol 7
Wild (nondomesticated) isolates 36 (S. paradoxus), 28 (S. cerevisiae)
a All strains belong to S. cerevisiae unless otherwise noted.
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hols, and acetaldehyde, was used for the quantification of yeast aroma
production. The GC was equipped with a headspace autosampler (PAL
system; CTC Analytics, Zwingen, Switzerland) and contained a DB-
WAXeter column (length, 30 m; internal diameter, 0.25 mm; layer thick-
ness, 0.5 �m [Agilent Technologies, Santa Clara, CA]), and N2 was used as
the carrier gas. Samples were heated for 25 min at 70°C in the autosam-
pler. The injector block and FID temperatures were both kept constant at
250°C. Samples of 5 ml were collected in 15-ml glass tubes containing 1.75
g of sodium chloride each. These tubes were immediately closed and
cooled to minimize evaporation of volatile compounds. The oven tem-
perature was held at 50°C for 5 min, after which it was increased to 80°C at
4°C min�1. Next, the temperature was increased to 200°C at 5°C min�1

and held at 200°C for 3 min. Results were analyzed with Agilent Chem-
station software (Agilent, Santa Clara, CA).

Cell-to-cell mating. The screened haploid segregants of both parental
strains were streaked to single colonies on a YPD-agar plate. One colony of
each segregant was picked, and both were mixed on a second YPD-agar
plate. Ten microliters of distilled water was added to the mixed cell cul-
tures to increase mixing efficiency. The plate was dried and incubated at
room temperature for 24 h. A small fraction of the spot was picked with a
toothpick and streaked to single colonies on a new YPD-agar plate. After
48 h of incubation, the diploid status of the resulting colonies was verified
by mating type PCR.

Genetic fingerprinting. Genomic DNA was extracted in a 96-well for-
mat, executed in a TissueLyser II instrument (Qiagen, Venlo, Nether-
lands) according to the manufacturer’s instructions (ether extraction).
Two types of PCR-based genetic fingerprinting were performed: inter-
delta analysis and R3 randomly amplified polymorphic DNA (RAPD-R3)
analysis. The PCRs were executed in a C1000 Thermal Cycler (Bio-Rad,
Hercules, CA). For the interdelta analysis, primers delta12 (5=-TCAACA
ATGGAATCCCAAC-3=) and delta21 (5=-CATCTTAACACCGTATATG
A-3=) and the temperature profile described in Legras and Karst (14) were
used. For RAPD-R3, primer R3 (5=-ATGCAGCCAC-3=) was used, with
the temperature profile described in Corte et al. (15). The PCR products
were visualized using QIAxcel Advanced Systems (Qiagen, Venlo, Neth-
erlands).

Flow cytometry. The DNA content of yeast was measured by staining
of the DNA with propidium iodide (PI) combined with fluorescence-
activated cell sorting (FACS). As a reference, S288c haploid and diploid
strains were used.

Genetic stability test. To confirm genetic stability, hybrids were
grown in 250-ml Schott bottles containing 20 ml of industrial wort
(21.5°P). Initially, a single colony of each of the hybrids was picked and
inoculated in 5 ml of industrial wort and incubated overnight at 23°C with
shaking. Next, this preculture was used to inoculate a first Schott bottle
containing 20 ml of industrial wort at approximately an OD600 of 0.5
(�107 cells ml�1) and grown at 23°C for 7 days, reaching a cell density of
approximately 108 cells ml�1. Next, these cultures were resuspended in
the medium, and 0.5 ml of each culture was transferred to the next batch
of 20-ml industrial wort. This procedure was repeated six times to yield
approximately 36 yeast generations in total. Next, genetic fingerprinting
was used to compare the genotypes of the initial and stabilized hybrids. To
check the homogeneity of the population, six isolates of the same popu-
lation were genotyped.

Data analysis and data visualization. Analysis of the genetic finger-
print data was executed using BioNumerics (Applied Maths, Sint-Mar-
tens-Latem, Belgium). Preprocessing of the GC data consisted of a log
transformation and subsequent conversion to Z-scores to correct for
noise, calculated as follows: Z-score � (X � �)/�, where X is the log-
transformed concentration measurement, � is the mean log-transformed
value of all strains, and � is the standard deviation of log-transformed
values of all strains.

The BioNumerics software was used to analyze and cluster the strains
based on their genotypes by using the Dice correlation coefficient to build

a similarity matrix and an unweighted pair group method with arithmetic
mean (UPGMA) algorithm for clustering.

Prior to data analysis of the aroma production in lab-scale fermenta-
tion experiments, interstrain differences in fermentation capacities were
corrected for by equating total ethanol production to 5% (vol/vol) and
normalizing all data accordingly. Cluster analysis of the aroma com-
pounds was performed using the Pearson correlation coefficient for
building the similarity matrix and UPGMA algorithm for clustering. Sta-
tistical analysis tests that were performed when the aroma data were ana-
lyzed were the Pearson’s r test (correlation test), Shapiro-Wilk test (nor-
mality test), Mann-Whitney U test (test of stochastic equality), and
Levene’s test (test for equality of variances). Scatter, box, and dot plots
were developed in R (16).

RESULTS

In this section, we present and analyze the diversity of aroma pro-
duction in Saccharomyces yeasts, the correlation between the
production of different compounds, and differences in aroma
production between domesticated and nondomesticated strains
and demonstrate the applicability of this data set to select parental
strains for hybridization experiments.

Aroma production is a highly diverse trait and a domestica-
tion phenotype. To develop new hybrid strains with superior
aroma profiles, careful selection of the parental strains is of utmost
importance. We therefore measured the production of different
aroma-active acetate esters, ethyl esters, higher alcohols, and ac-
etaldehyde in a collection of 301 different Saccharomyces cerevi-
siae, Saccharomyces pastorianus, and Saccharomyces paradoxus
strains from various (industrial and natural) niches. The fermen-
tation experiments were performed in rich growth medium (10%
YPGlu) to avoid origin-specific biases in the experiment. An over-
view of the flavor profile of all strains is depicted in Fig. 1 and in
Table S1 in the supplemental material.

A first observation is that the production of aroma compounds
belonging to the same group of molecules (ethyl esters, acetate
esters, or higher alcohols) is correlated (Fig. 2). The highest cor-
relation values were measured for different acetate esters. More-
over, the production of specific acetate esters also correlates with
the production of the respective higher alcohol that serves as a
substrate to produce the ester (e.g., r � 0.77 for IA and isoamyl
alcohol production; P � 0.001). Interestingly, acetate esters
formed from different precursors often show very high correla-
tions (e.g., for IA and EA, r � 0.88 and P � 0.001). These data
confirm the presence of a shared, but not identical, metabolic
pathway of different acetate esters (e.g., IA and EA) and suggests
that enzyme activity (Atf1 and/or Atf2), more than precursor con-
centration, is the main limiting factor for acetate ester production,
as suggested earlier (5). Moreover, these correlations also indicate
that it may often be difficult to change the production of one
aroma compound without changing other compounds that show
a high positive correlation.

Two of the most important aroma compounds are IA (a fruity,
banana-like aroma) and EA (an alcoholic, fruity, but in high con-
centrations also solvent-like aroma). Interestingly, the production
of these aroma compounds is extremely variable among different
Saccharomyces strains, with the production of IA and EA differing
by 31- and 7-fold between the highest and lowest producing
strains, respectively (Fig. 3).

Figure 4 and Table S1 in the supplemental material show the
difference in IA and EA production levels between all 301 tested
Saccharomyces strains, revealing interesting trends. For example,
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FIG 1 Visual representation of the aroma production of the Saccharomyces yeasts analyzed in this study. All strains are S. cerevisiae strains unless noted
differently. Measurements were converted into Z-scores, pairwise similarities were calculated by Euclidean distance, and a UPGMA clustering algorithm was
applied to cluster the data.
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S. paradoxus (genetically the most closely related species to S.
cerevisiae) strains show, on average, only very low acetate ester
production compared to S. cerevisiae. To assess this further, the IA
and EA production profiles of 60 representative S. cerevisiae and S.
paradoxus strains (13) were compared. It became apparent that S.
cerevisiae generally produces significantly more IA and EA (P val-
ues for IA and EA production [PIA and PEA, respectively] of 0.0002
and 0.0007, respectively) than S. paradoxus (see Fig. S1 in the
supplemental material). This trend remains when only nondo-

mesticated S. cerevisiae strains were compared to S. paradoxus
strains (data not shown). Furthermore, despite the low genetic
diversity between S. cerevisiae yeasts compared to S. paradoxus
strains (as determined by Liti et al. [13]), the aroma profile of S.
cerevisiae yeasts is significantly more variable (i.e., shows higher
trait variability) than that of S. paradoxus (PIA � 0.0062 and PEA �
0.0059).

Our data also provide an interesting basis to study whether
industrial yeasts show signs of domestication and/or selection for

FIG 2 Correlation study of aroma compound production. (a) Pair plots of all aroma compounds. The correlation coefficient r is indicated by the color of each
graph (red, positive correlation; blue, negative correlation; white, no correlation). (b) UPGMA clustering of the production of all aroma compounds. Colors
indicate the type of aroma compound (red, aldehydes; yellow, acetate esters; green, higher alcohols; purple, ethyl esters).
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increased aroma production. Analysis of the IA production of the
S. cerevisiae strain collection (237 strains, of which 209 were in-
dustrial strains and 28 were wild strains) revealed a significant
difference in production of this acetate ester between wild isolates
and strains used in different industrial fermentation processes.
Strains used in industrial food and beverage fermentations (the
domesticated strains) generally produced more of this compound

than wild (nondomesticated) strains (Fig. 4). For example, when
the strains are grouped according to their origins, we found that
strains used in the sake industry generally showed the highest IA
production (PIA � 0.001 compared to wild isolates). Looking at
individual strains, we found that the strains with the highest IA
production, however, originate from the ale industry. These data
suggest that production of certain desirable aroma compounds,
such as IA, might have been selected for in industrial yeasts and is
therefore a domestication phenotype. Additionally, the variability
in IA production levels was higher in domesticated than in the
nondomesticated S. cerevisiae strains, with the highest variability
in strains used in the ale industry (coefficient of variation for IA
production in ale [CVIA(Ale)] � 0.686, which is 77% more variable
than for wild isolates, with PIA � 0.0022). This might indicate a
selection for sensorial extremes in these ale yeasts, which may
contribute to obtaining diverse ale types.

Interestingly, the production of acetaldehyde, a mostly undesir-
able flavor compound, did not show strong signs of selection except
in wine strains, which show a significantly reduced production of
acetaldehyde compared to wild strains (PAcetaldehyde � 0.0041), sug-
gesting counterselection for the production of this compound.

Selection of parental strains to generate hybrids with high
aroma production. To generate hybrids with improved aroma
production, three S. cerevisiae parental strains that showed high IA
production (without excessively high EA production) and limited
genetic relatedness (thereby maximizing the chance for a different

FIG 3 Different Saccharomyces strains show a wide range of isoamyl acetate (a) and ethyl acetate (b) production in 10% YPGlu fermentations. Strains are
color-coded based on their origins. Arrows indicate the selected parental strains (cf. “Selection of parental strains to generate hybrids with high aroma
production” below).

FIG 4 Comparison of isoamyl acetate production of Saccharomyces cerevisiae
strains from different origins. Values are normalized to the average of all 301
yeasts in the data set. Statistical significance of differences between pairwise
comparisons of domesticated strains (ale, bakery, sake, spirits, and wine) and
nondomesticated strains (wild) is indicated. The asterisks indicate the level of
significance (*, P � 0.05; **, P � 0.01).
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genetic basis for their high aroma production) were selected (Fig.
5). Moreover, this selection was also based on the strain’s ability to
produce stable haploid segregants that are needed to generate hy-
brids using the cell-to-cell mating approach (T. Snoek, unpub-
lished data). In total, 53 strains of the collection were shown to
possess this ability. Based on these criteria, we selected three ge-
netically diverse S. cerevisiae strains (Y141 originating from the
sake industry and the ale beer strains Y354 and Y397) that produce
high concentrations of IA (2.02	, 1.46	, and 1.43	 the popula-
tion average, respectively) as parental strains for the hybridization
experiments (Fig. 3).

Generation of hybrid strains by cell-to-cell mating. Complex,
polygenic traits can vary significantly among meiotic segregants.
Therefore, after sporulation and tetrad dissection, 142 segregants
(93 of strain Y141, 29 of Y354, and 20 of Y397) were screened to
identify the ones that showed high production of fruity aroma
compounds. Seventeen haploid segregants (nine from Y141, six
from Y354, and two from Y397) were subsequently selected for
hybridization. Thirty different hybrids were constructed using the
cell-to-cell mating procedure. Next, sporulation and subsequent
screening of the segregants of two of these hybrids (H3 and H16)
yielded eight more high-IA-producing haploids (six from H3 and
two from H16), which were used to develop 16 more hybrids,
bringing the total number of hybrids to 46 (see Table S2 in the
supplemental material). For each of these 46 strains, we used in-

terdelta fingerprinting to confirm the hybrid nature of the ge-
nomes. Furthermore, we used propidium iodide staining and flow
cytometry to measure the DNA content of parental and hybrid
strains. While most hybrids showed a DNA content correspond-
ing to a diploid genome, aberrant genotypes indicative of haploid,
diploid, or aneuploidy genomes were also observed. For example,
while H31 (a hybrid of Y397 segregant 1 [Y397-S1] and Y141-S8)
is a diploid strain, H32 (a hybrid of S397-S1 and Y141-S6) was
identified to be triploid. A subset of these hybrids (H12, H20, H41,
and H46) was subsequently checked for genetic stability by per-
forming six consecutive fermentations (where the yeast strain was
serially reinoculated into the next fermentation batch) in wort
medium. No differences in the fingerprinting profiles were ob-
served before and after the stabilization procedure, and a homo-
geneous yeast population was observed (examined using two dif-
ferent fingerprinting methods, interdelta analysis and RAPD-R3)
(see Fig. S2 in the supplemental material). This suggests that the
hybrids are genetically stable.

Outbreeding yields hybrid ale yeasts with superior aroma
production. To test the newly developed hybrids for their poten-
tial to produce aroma-rich ale beer and compare their perfor-
mance to that of their respective parental strains, all hybrids and
the parental strains were tested in duplicate in lab-scale wort fer-
mentations mimicking industrial-scale ale fermentations. Three
additional ale strains, designated Y137, Y325, and Y349, were in-
cluded in the experiments and were used together with the ale
parental strains Y354 and Y397 as reference strains for the fermen-
tation performance (ale reference strains). The aroma profile was
measured analytically using HS-GC-FID as well as by sensory
analysis. Moreover, we also monitored the kinetics of the fermen-
tations to evaluate the hybrid’s fermentation efficiency in ale fer-
mentations (Fig. 6). The results show that the hybrids differ
greatly in their fermentation efficiencies, with most hybrids per-
forming at levels similar to those of the parental strains but others
showing significantly worse or better fermentation efficiencies.

FIG 5 Genetic relatedness (based on interdelta analysis) of the 53 strains in the
collection able to produce stable haploid segregants. The three strains selected
for the breeding experiment are indicated. Color codes are identical to those
on Fig. 1.

FIG 6 Fermentation characteristics of the 46 developed hybrids (open circles)
and the three respective parental strains (colored circles). The total volume of
gas produced (a proxy for the conversion of sugars into CO2 and ethanol)
during the fermentations was measured using an automated online system (see
Materials and Methods for details). All values were normalized to the average
value of five ale reference strains (Y137, Y325, Y349, Y354, and Y397). Gray
shading indicates 2 standard deviations of values for the five reference ale
strains. a.u., arbitrary units.
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Analysis of the aroma production of the 46 different hybrid
strains revealed that inbreeding yielded only minor changes in
aroma production (even when multiple rounds of inbreeding
were performed) (see Table S2 in the supplemental material). In
contrast, outbreeding, especially when Y397 was used as one of the
parental strains, resulted in large differences in aroma production,
with some hybrids showing IA concentrations exceeding the levels
of the parental strains (Fig. 7). Production of other acetate esters,
such as EA, was also increased, although to a lesser extent. A sum-
mary of the 10 strains with the most pronounced fruity aroma
profile, their respective parental strains, and reference strains (ale
strains with average acetate ester production) is given in Table 2.

Fourteen hybrids (�30%) showed best-parent heterosis for IA
production. Hybrid H44, a hybrid strain developed from Y354-S5
and Y397-S2, showed the greatest increase in the production of IA
(2.745 ppm) compared to both parental strains (152% and 145%
higher IA production than that of the parental strains Y354 and
Y397, respectively). Similarly, H45, a hybrid strain developed
from Y354-S5 and Y397-S1, showed 39% and 33% increases in IA
production compared to its parents Y354 and Y397, respectively.
Since this strain showed normal fermentation kinetics, it may be
an interesting candidate for the efficient production of ale beers
with distinct fruity notes.

DISCUSSION

The beer market has become global and increasingly competitive,
with a high demand for new, distinctive products (17). New yeast
variants, capable of producing distinct flavor profiles, enable
brewers to tailor the sensory characteristics of their products and
develop novel, highly aromatic specialty beers. This study de-
scribes the development of 46 new hybrids using a large-scale se-
lective breeding approach, starting from three parental strains se-
lected from 301 candidate Saccharomyces strains on the basis of
their aroma production, genetic relatedness, and sexual life cycle.
Some of the resulting hybrids showed increased IA production
and appear directly applicable for commercial beer fermentations.

The quantitative analysis of the aroma production of a large
collection of different wild and industrial Saccharomyces strains
also yielded a deeper understanding of aroma production in yeast.
First, the production of IA was revealed to be a so-called domes-

FIG 7 Production levels of isoamyl acetate (a) and ethyl acetate (b) of the 46 different hybrids. The concentrations are normalized to the value of the parent with
the highest production of this compound. Thus, hybrids scoring more than 1 show best-parent heterosis. a.u., arbitrary units.

TABLE 2 Characteristics of the 10 hybrids with highest production of
isoamyl acetate as measured in the industrial wort fermentationsa

Strain group and name
EA production
(ppm)

IA production
(ppm)

Fermentation
efficiency (au)b

Parental strains (source)
Y141 (sake) 12.21 
 2.88 1.47 
 0.45 0.94 
 0.05
Y354 (ale) 13.24 
 4.91 1.81 
 0.32 1.02 
 0.00
Y397 (ale) 14.25 
 2.25 1.89 
 0.32 0.96 
 0.00

Additional ale reference
strains

Y137 6.80 
 1.59 0.32 
 0.09 1.03 
 0.06
Y325 6.01 
 1.19 0.27 
 0.03 1.03 
 0.00
Y349 10.19 
 0.78 0.39 
 0.07 1.02 
 0.04

Y354 	 Y397 strains
H41 16.55 
 2.64 2.65 
 0.44 0.97 
 0.03
H42 12.27 
 4.66 2.00 
 0.66 0.99 
 0.00
H43 16.20 
 1.33 2.39 
 0.39 0.95 
 0.01
H44 17.39 
 1.13 2.75 
 0.12 0.93 
 0.02
H45 14.69 
 3.32 2.52 
 0.09 0.98 
 0.01
H46 16.08 
 1.73 2.16 
 0.37 1.00 
 0.01

Y141 	 Y397 strains
H34 15.82 
 1.81 2.13 
 0.42 0.87 
 0.12
H35 16.64 
 1.07 2.28 
 0.33 0.97 
 0.01
H37 14.38 
 1.60 2.03 
 0.32 0.96 
 0.00
H39 15.54 
 3.42 2.03 
 0.38 0.94 
 0.02

a Values for the parental strains and three additional reference ale yeasts are also
included.
b Fermentation efficiency is represented as the total gas production at the end of the
fermentation, relative to the average of the five ale reference strains. au, arbitrary units.
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tication phenotype, a phenotype that has been selected for by hu-
mans. The production of certain aromatic compounds was previ-
ously suggested to be a domestication phenotype for wine strains
(18), but here it was shown that S. cerevisiae strains used in the
production of ale, bread, sake, and spirits also generally produce
more IA than their wild counterparts. While the high production
of fruity aromas of yeast strains used to produce fermented bev-
erages is perhaps not surprising given the importance of these
compounds for the organoleptic quality of beverages, it was sur-
prising to discover the same trend for bread yeasts. Despite the
recent report on the (slight) influence of baker’s yeast on bread’s
ester profile (19), these volatile esters are generally quickly evapo-
rated during the baking process and are therefore present only in a
concentration well below the detection limit. The high production
of flavor compounds by baker’s yeasts is therefore more likely a
consequence of their close link with beer yeasts. Indeed, baker’s
yeasts have been proposed to originate from a relatively recent
allotetraploidization event between domesticated ale and wine
strains (20).

Domestication phenotypes in industrial yeasts have been pro-
posed to be artifacts of population bottlenecks, allowing many
loss-of-function mutations to get fixed in the population by ge-
netic drift (21, 22). Many previously described domestication
phenotypes might, therefore, merely reflect the confounding in-
fluence of a shared population history, and thus a bias in the
strains analyzed, and are not caused by a selection for this pheno-
type in the fermentation environment. To estimate the potential
effect of a bias in our strain collection due to shared population
histories, we repeated our analysis with strains showing �80%
similarity of their genetic fingerprint (calculated using the Dice
correlation) to diminish the number of genetically identical or
very similar strains in the collection. Whereas this correction re-
duced the number of strains analyzed by 43%, the average IA
production of strains from different origins did not show impor-
tant changes. This suggests that IA production may be a true do-
mestication phenotype that has been selected for in several indus-
trial processes.

The production of acetate esters such as IA and EA was found
to be both significantly higher and significantly more diverse in S.
cerevisiae than in S. paradoxus. These results are in line with pre-
vious studies (13, 21), where S. paradoxus strains, despite their
greater single-nucleotide polymorphism (SNP) diversity, gener-
ally show less phenotypic variability than S. cerevisiae. However, S.
paradoxus generally produces more ethyl esters (especially ethyl
propionate). Whereas most genetic studies on aroma production
focus on S. cerevisiae, our data highlight that a quantitative trait
locus (QTL) analysis of ethyl ester production in S. paradoxus
could lead to the identification of superior alleles for this indus-
trially relevant phenotype.

Our results also show that targeted cell-to-cell mating is a
promising approach to obtain industrial yeasts with superior
aroma production. The single biggest advantage of this approach
is the phenotyping of the haploid segregants of the selected par-
ents prior to the breeding experiment (23). Since parental traits
can be transferred to the F1 generation unequally due to allele
segregation during meiosis, this additional screening step in-
creases the chances of obtaining superior hybrids. Indeed, after
sporulation, only �10% (Y397) or �20% (Y141 and Y354) of the
segregants showed a sensory profile with a level of fruitiness sim-
ilar to or higher than that of the parental strain. This indicates that

production of IA is a polygenic trait and underscores the impor-
tance of haploid segregant screening. Additionally, haploid-hap-
loid mating (especially between segregants from the same species)
yields hybrids which are genetically more stable than hybrids de-
veloped with other hybridization techniques, such as rare mating
or protoplast fusion of diploid cells (24). As a consequence, the
risk of losing phenotypes of interest by genome rearrangements in
the hybrids is reduced. Indeed, the proliferation phase on agar
plates directly after the mating procedure and subsequent separa-
tion in single-cell-derived colonies, equivalent to approximately
40 yeast generations, is probably sufficient to establish a stable
hybrid genome (at least in this experimental setup), and further
stabilization in liquid wort medium is not necessary.

Interestingly, the ploidy level of the developed hybrids, even
between hybrids originating from the same parental strains, was
variable. In most cases the obtained hybrids were diploid, but in
some cases, triploid hybrids were identified. This might be ex-
plained by the surprising and interesting observation that some
haploid segregants (especially those originating from Y397) have
the ability to relatively quickly duplicate their genome and form
diploids with only one mating type (a/a or �/�) (data not shown),
a phenomenon often encountered in experimental evolution ex-
periments (25). Therefore, some hybrids might be the result of a
hybridization event between two haploid segregants, while others
might result from hybridization between a haploid and a diploid
cell, homozygous at the mating type locus.

When hybrids originating from the same parents (inbreds) and
hybrids from two different parents (outbreds) are compared, it
becomes apparent that inbreeding generally does not yield
strongly increased IA production (at least not for the selected pa-
rental strains in this study), with a maximum of a 15% IA increase
for H2 (a Y141 inbred). Further inbreeding of these strains (e.g.,
H9, a hybrid of selected segregants derived from H3) (see Table S2
in the supplemental material) did not yield significant further im-
provements. It has to be noted that we could not obtain inbreds of
Y397 since only haploid segregants with mating type a could be
isolated from this strain. On the other hand, when Y397 segregants
were crossed with Y141 or Y354 segregants, several hybrids show-
ing a significant best-parent heterosis effect for IA production
were identified (e.g., H44 showed a 45% increase of IA). Such
best-parent heterosis has already been observed for other pheno-
types in S. cerevisiae hybridization experiments (26, 27), but it
does not seem to occur for all traits (28). However, it was recently
shown that best-parent heterosis occurs relatively frequently
when genetically distant domesticated strains are crossed, while
the incidence is lower in wild strains (29). Interestingly, this ex-
treme effect could not be detected in hybrids of Y141 and Y354,
possibly because these strains share the same genetic polymor-
phisms that are driving their aroma production or because of
complex epistasis between their polymorphisms.

It is important that there are several potential side effects of
hybridization. First, selective breeding contains the risk of yielding
so-called crippled strains, i.e., strains that show improvement for
the selected trait but perform worse for other industrially impor-
tant phenotypes that were not selected for. This was encountered,
for example, in the study of Bellon et al. (30), where three out of
five developed hybrids showed inferior fermentation perfor-
mance. Therefore, the fermentation kinetics of the newly devel-
oped hybrids was monitored during the ale fermentations. These
measurements indicate that although some hybrids show defects
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in their fermentation efficiencies, most hybrids show fermenta-
tion profiles that are comparable to the established ale production
strains used as a reference in this study.

A second potential risk of selecting for a specific phenotype is
the hitchhiking of undesired traits. In our case, selection for IA is
often accompanied by an increase in other acetate esters, espe-
cially EA (Pearson r of 0.88; P � 0.001) (Fig. 2) since these com-
pounds share part of their metabolic pathway. Despite the fact that
EA often contributes positively to the flavor of fermented prod-
ucts, it can sometimes be perceived negatively because it can im-
part a solvent-like aroma when it is present in high concentra-
tions. However, in our study, EA production of the hybrids did
not reach critically high levels; the maximal concentration mea-
sured was 17.39 ppm in H44, while the odor threshold was mea-
sured to be approximately 30 ppm in beer (31). Indeed, solvent-
like off-flavors were not detected during the sensory analyses of
the fermentation products, while distinct notes of banana and
pineapple (characteristic for high IA levels) were clearly perceived
(data not shown). Therefore, in these lower concentrations, EA
does not induce any detectable off-flavor but, rather, contributes
to the overall flavor balance and is perceived as sweet or fruity.

In conclusion, our results provide an overview of the natural
diversity in yeast aroma production and put this knowledge into
practice by demonstrating how targeted breeding, a non-GMO
approach, yields ale yeasts with superior IA production without
increasing EA production to undesired levels. These new strains
are readily usable in industrial applications, where they could be
used to brew new, fruity types of ale beer or to help obtain more
flavorful low-alcohol beers.
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