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There is a strong demand from the wine industry for methodologies to reduce the alcohol content of wine without compromis-
ing wine’s sensory characteristics. We assessed the potential of adaptive laboratory evolution strategies under hyperosmotic
stress for generation of Saccharomyces cerevisiae wine yeast strains with enhanced glycerol and reduced ethanol yields. Experi-
mental evolution on KCl resulted, after 200 generations, in strains that had higher glycerol and lower ethanol production than
the ancestral strain. This major metabolic shift was accompanied by reduced fermentative capacities, suggesting a trade-off be-
tween high glycerol production and fermentation rate. Several evolved strains retaining good fermentation performance were
selected. These strains produced more succinate and 2,3-butanediol than the ancestral strain and did not accumulate undesir-
able organoleptic compounds, such as acetate, acetaldehyde, or acetoin. They survived better under osmotic stress and glucose
starvation conditions than the ancestral strain, suggesting that the forces that drove the redirection of carbon fluxes involved a
combination of osmotic and salt stresses and carbon limitation. To further decrease the ethanol yield, a breeding strategy was
used, generating intrastrain hybrids that produced more glycerol than the evolved strain. Pilot-scale fermentation on Syrah us-
ing evolved and hybrid strains produced wine with 0.6% (vol/vol) and 1.3% (vol/vol) less ethanol, more glycerol and 2,3-butane-
diol, and less acetate than the ancestral strain. This work demonstrates that the combination of adaptive evolution and breeding
is a valuable alternative to rational design for remodeling the yeast metabolic network.

Over the past 20 years, the alcohol content of wine has in-
creased considerably, by about 2% (vol/vol), as a result of the

high sugar content of the grapes currently used. This is mainly due
to developments in winemaking practices, with the harvest of very
mature grapes being favored to adapt to consumer demand for
rich and ripe fruit flavor in wine. This trend poses major problems
for the wine industry. The market is currently oriented toward
beverages with moderate alcohol contents, in line with public pre-
vention policies and consumer health issues and preferences. In
addition, as some countries impose taxes on alcohol content, this
trend raises economic issues. High levels of alcohol can alter the
sensorial quality of wines by increasing the perception of hotness
and, to a lesser extent, by decreasing the perception of sweetness,
acidity, and aroma (1, 2). Also, high ethanol levels generated dur-
ing fermentation may inhibit yeast activity and can lead to slug-
gish or stuck fermentations (3). Consequently, reduction of the
ethanol content of wine has been a major focus of wine research at
various steps of the wine-making process. Several viticulture strat-
egies are being developed to decrease sugar accumulation in
grapes. These approaches include the selection of adequate grape
varieties that accumulate less sugar and the modification of cul-
ture techniques to reduce the berry sugar accumulation, such as
irrigation, canopy management, or limitation of photosynthesis
(4). Physical techniques for dealcoholization—for example, re-
verse osmosis, nanofiltration, and distillation— have also been de-
veloped and are available in the short term (5, 6). However, deal-
coholization treatments are expensive to implement and may have
detrimental effects on the organoleptic quality of the wine (7).

An attractive and inexpensive option would be to use yeasts
that produce less alcohol from the same amount of sugar. Indeed,
there have been many efforts to develop engineered wine yeast
strains with reduced ethanol yield (6, 8). One of the most efficient

approaches was to divert metabolism toward increased produc-
tion of glycerol and thus away from ethanol (9, 10). In Saccharo-
myces cerevisiae, glycerol plays major roles in redox homeostasis
and in osmotic stress resistance: it is the main compatible solute in
yeast (11). Glycerol is usually found in wines at concentrations in
the range of 5 to 9 g/liter and contributes positively to the quality
of wine by providing body and sweetness (12). It may also confer
viscosity at very high concentrations (above 25 g/liter), as in Bot-
rytis wines. Rerouting carbon toward glycerol led to a substantial
decrease in ethanol production (13, 14, 15, 16) and accumulation
of various compounds, including acetate and acetoin, both unde-
sirable for wine sensorial quality (15, 17). Rational engineering of
key reactions at the acetaldehyde branch point allowed the accu-
mulation of these undesirable compounds to be limited. This re-
sulted in low-alcohol strains being obtained in which the carbon
flux was redirected toward glycerol and 2,3-butanediol, a polyol
with no sensorial impact in wines (9, 17).

These engineered wine yeasts have the potential to reduce the
alcohol content of wine by 1 to 3% (vol/vol). However, the poor
consumer acceptance of DNA recombinant technology in food is
a major barrier to their commercialization. Consequently, there is
a great interest in using alternative approaches not involving ge-
netic modification to improve the properties of wine yeast strains.
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One remarkable property of microorganisms is their ability to
adapt rapidly to different environmental conditions. This prop-
erty has been exploited in recent years by conducting adaptive
laboratory evolution (ALE) experiments to study the principles
and characteristics of evolution (18, 19, 20). Adaptive evolution,
based on long-term adaptation of yeast under environmental or
metabolic constraints, has been used to improve yeast strains for
biotechnological applications, including wine making (21, 22, 23,
24, 25, 26).

However, there has not previously been any description of an
evolutionary approach that successfully generated strains with
substantially reduced ethanol yield. We therefore exploited adap-
tive evolution, using selective conditions involving hyperosmotic
stress, to divert the metabolism of a commercial wine yeast strain
toward increased glycerol production and lower ethanol produc-
tion. Experimental evolutions using sodium chloride to generate
osmotic stress have been used to study evolutionary processes (19,
20, 27) and in more applied work to increase the tolerance of
baking strains to freezing (28). NaCl-resistant evolved industrial
strains were obtained, but the production of glycerol and ethanol
by the evolved strains was not affected.

In this study, we developed adaptive evolution methodology
based on sequential increases of osmotic/saline stress to divert
carbons toward glycerol and away from the production of ethanol.
We subjected a commercial, diploid, heterozygous wine yeast
strain to evolutionary pressure under hyperosmotic conditions
for 450 generations. We then studied the fermentation and meta-
bolic characteristics of the evolved strains in the laboratory to
elucidate the metabolic basis of the phenotypes resulting from the
evolution. We also generated an intrastrain hybrid from the
evolved strain and performed a pilot-scale assessment of the po-
tential of these strains for the wine market.

MATERIALS AND METHODS
Yeast strain and growth conditions. The S. cerevisiae wine yeast strain
Lalvin EC1118 was used as the ancestral strain. Strains were propagated in
rich YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glu-
cose) or in synthetic SD medium (0.67% Difco yeast nitrogen base with-
out amino acids, 2% glucose) and maintained on YPD plates (2% agar) at
4°C or stored at �80°C in 20% glycerol.

KCl resistance assay. EC1118 was grown in 60 ml YPD with KCl in
concentrations ranging from 0.5 to 3 M, at 28°C, under agitation. The
optical density at 600 nm (OD600) was measured each 6 h until 240 h, and
growth rates were compared for the different conditions.

Adaptive evolution experiments. Adaptive evolution was based on a
long-term serial transfer procedure using KCl as stress inducer. The strain
EC1118 was cultured overnight at 28°C in 5 ml of YPD, and the resulting
cell suspension was used to inoculate capped tubes (13 ml), each contain-
ing 5 ml medium with 1% Bacto yeast extract, 2% Bacto peptone, 8%
glucose, and 1.25 M KCl (Sigma-Aldrich). Duplicate evolution experi-
ments and also a control experiment without stress were performed. The
cultures were incubated at 28°C under agitation at 225 rpm. During the
first phase (175 days), the KCl concentrations were sequentially increased
from 1.25 M to 2.4 M, corresponding to an average increase of about 0.05
M at each transfer. During the second phase (475 days), the concentration
of KCl was maintained at 2.4 M; after 7 days, corresponding to about 7
generations, the optical density of the culture at 600 nm (OD600) was
measured, and an aliquot was used to inoculate a fresh medium such that
the OD600 was 1. Such serial transfers were repeated for 450 generations.
Every 50 generations, 1-ml samples of the evolving population were taken
and stored at �80°C in 20% glycerol for subsequent analysis.

Wine fermentation. (i) Laboratory scale. Batch fermentation exper-
iments were carried out in synthetic medium (MS), which mimics a stan-
dard grape juice. MS medium was prepared as described by Bely et al. (29)
with the following modifications: 260 g/liter glucose, 210 mg/liter assim-
ilable nitrogen, 7.5 mg/liter ergosterol, 0.21 g/liter Tween, and 2.5 mg/liter
oleic acid (MS210 medium). Fermentations in grape must were carried
out under the same conditions, using Chardonnay-Coursan 2011 previ-
ously flash pasteurized. The fermentations were performed in 330-ml fer-
menters containing 300 ml medium, inoculated with 0.5 � 106 cells per
ml, and incubated at 28°C with continuous stirring (350 rpm). To study
the metabolic flexibility of the evolved and ancestral strains, different
temperatures were used (16, 20, 24, 32, and 34°C).

Fermentation kinetics were monitored by calculation of the amount of
CO2 released determined by weighing the fermenters manually. All fer-
mentation experiments were performed in triplicate.

Extracellular metabolites and volatile compounds were assayed at the
end of the fermentation.

(ii) Pilot scale. Pilot-scale fermentations were performed in 1-hl cy-
lindrical stainless-steel tanks with Syrah variety grape must. Syrah must
contained 255 g/liter sugars and 138 mg/liter nitrogen. Grape musts were
flash pasteurized and stored at 2°C before fermentation. Grape musts were
inoculated at 25 g/hl with EC1118 or K300.1(b) active dry yeasts (Lalle-
mand, Toulouse, France) and at 5.106 cells/ml with the H2 strain.

CO2 production was determined using a Brooks 5810 TR series gas
flow meter (Brooks Instrument, Hatfield, PA), as described by Aguera and
Sablayrolles (30). Fermentations were carried out under isothermal con-
ditions at 28°C. Dissolved oxygen was added during fermentation to limit
the risk of stuck fermentation, as described by Blateyron (31). Transfers of
3, 5, and 17 mg/liter oxygen were performed when the CO2 released
reached 7.2, 13.5, and 45 g/liter, respectively. Nitrogen (72 mg/liter) was
added under the form of 25 g/hl diaminopimelic acid (DAP) and 20 g/hl
FermaidE at 45 g/liter of CO2 released.

Sporulation and breeding. Sporulation of strain K300.1(b) was per-
formed on solid medium (Bacto yeast extract, 0.1%; glucose, 0.05%; po-
tassium acetate, 1%; adenine, 0.002%). After about 10 days, sporulation
was confirmed by microscopic examination. The asci were dissected with
a dissection microscope (Singer MSM300) to isolate the spores. Since
EC1118 and K300.1(b) are heterozygotes for the HO gene, half of the
progeny were expected to be haploid and the other half diploid. The
spores were therefore tested for ploidy using mating-type PCR (32). A
total of 156 haploid spores were selected and further characterized during
wine fermentation at laboratory scale in synthetic must MS as described
above. After 15 and 30 days of fermentation at 28°C, a sample of the
supernatant was analyzed to determine the glycerol concentration. High-
glycerol-producing strains were selected for further breeding. Crosses be-
tween haploids of different mating types were conducted on YPD agar
plates, and diploid cells were checked by the absence of mating using Mata
and Mat� strains. Spores of the hybrid strain were generated as described
above, and a second-generation hybrid H2 was obtained by mating spores
producing the highest glycerol levels.

Drop tests. Drop tests were carried out from a 1-day culture in syn-
thetic defined (SD) medium inoculated at 1 OD600 unit/ml from a precul-
ture on the same medium. Cells were washed with sterile water, suspended
at 0.75 OD600 unit/ml, and then serially diluted from 10�1 to 10�3 in
sterile water. Serial dilutions of cells were spotted onto SD plates as a
control. For resistance assays, serial dilutions were spotted onto SD me-
dium with either 2 or 4 M KCl, 2 or 4 M NaCl, or 2 or 4 M sorbitol.
Alternatively, cells were diluted to 0.75 OD600 unit in a salt solution (either
2 or 4 M KCl or 2 or 4 M NaCl), incubated for 24 h at 28°C, washed, serially
diluted, and spotted onto SD plates. Plates were incubated for 2 days at
28°C, and growth was compared to that of the parental strain.

Viability of evolved strains. Ancestral and evolved cells were grown in
50 ml of YPGluKCl (1% Bacto yeast extract, 2% Bacto peptone, 8% glu-
cose, 2.4 M KCl) inoculated at 0.1 OD unit/ml from an overnight precul-
ture in YPD. The size of the cell population, extracellular metabolites, and
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viability were monitored for 7 days. The assays were performed in tripli-
cate. Viability was determined using a flow cytometer (Accuri, BD Biosci-
ences) to count 20,000 cells diluted and washed in 300 �l 1� phosphate-
buffered saline (PBS) (137 mmol/liter NaCl [Sigma-Aldrich], 2.7 mmol/
liter KCl, 100 mmol/liter Na2HPO4 [Sigma], 2 mmol/liter KH2PO4

[Sigma], pH 7.5) with 3 �l of propidium iodide (Calbiochem) previously
diluted to 0.1 mg/ml in sterile water.

Analytical methods. Cell densities were determined by measuring the
OD600 with a Secomam UVILine 9400 or by using a Coulter ZBI cell
counter linked to a C56 Channelyzer fitted with a probe with a 100-mm
aperture (Beckman Coulter). Dry weight was determined gravimetrically
by filtering 10 ml of sample through a Millipore filter (pore size, 0.45 �m)
and drying the sample for 24 h at 100°C. Extracellular glucose, glycerol,
ethanol, pyruvate, succinate, and acetate concentrations were determined
by high-pressure liquid chromatography (HPLC), using an HPX-87H ion
exclusion column (Bio-Rad). The ethanol concentration of the wine pro-
duced from Syrah grape must was determined by HPLC and by densitom-
etry.

Volatile aromatic compounds (acetoin and 2,3-butanediol) were as-
sayed by gas chromatography (GC). Acetoin and butanediol were ex-
tracted into chloroform according to the Hagenauer-Hener protocol (33),
with the following modifications: 1 ml of hexanol (Sigma) as an internal
standard (1:1,000 [vol/vol]) in 10% ethanol (VWR) was added to 1 ml of
sample. The organic phase was dried and 1 �l was injected into a 30-m
Megabore column (DB-WAX; J&W Scientific) on a GC apparatus, HP
6890. The acetaldehyde concentrations were determined enzymatically
according to the Lundquist method (34).

The osmolality was measured using a Vapro 5520 device (Wescor)
with a sample volume of 10 �l.

RESULTS
Adaptive evolution under hyperosmotic KCl medium and iso-
lation of high-glycerol-producing evolved strains. To evolve
strain EC1118, we performed batch cultures in YPD– 8% glucose
with a gradual increase of osmotic stress. KCl stress was chosen
because it generates osmotic and salt stresses, but unlike NaCl, it
does not cause cation toxicity (35). We used a relatively high sugar
concentration (8%) to maintain good fermentative performances
of the evolved strain in rich sugar medium. In preliminary exper-
iments, we tested the effects of various KCl concentrations on
EC1118 growth and found that the addition of 1.25 M KCl on
YPD– 8% glucose reduced the growth of EC1118 4 times (data not
shown). We thus started the adaptive laboratory evolution (ALE)
experiments in YPD– 8% glucose containing 1.25 M KCl. The os-
molality of this medium was 2,105 mmol/kg, compared to 480
mmol/kg for YPD– 8% glucose. The concentrations of KCl were
progressively increased up to 2.4 M, corresponding to an osmola-
lity of 3,730 mmol/kg, and were maintained at that level thereaf-
ter. Duplicate ALE experiments were performed for each condi-
tion, and one control ALE experiment, without osmotic stress,
was done.

We analyzed samples collected each 50 generations until 400
generations to monitor the dynamics of each evolution experi-
ment. The populations obtained were characterized during fer-
mentation of the synthetic must MS210 at 28°C. The glycerol con-
centration in the growth medium was measured at the end of the
fermentation as a first indicator of the success or failure of the
adaptation. Adaptation on KCl medium generated evolved popu-
lations with increased glycerol production during wine fermenta-
tion (Fig. 1), whereas no increase of glycerol was observed in the
control experiment (evolution of EC1118 without stress). A sim-
ilar increase in glycerol production was observed in the two par-

allel KCl experiments a and b. In fermentations with both a and b
lineages, the concentration of glycerol produced by fermentation
reached 12 g/liter for evolved populations at 200 generations; the
value for the ancestral EC1118 was 8.5 g/liter. The KCl ALE exper-
iment was pursued for 450 generations (total duration of almost 2
years), but only little variation in glycerol production was ob-
served after 200 generations.

First characterization of the evolved strains during wine fer-
mentation. After several generations, due to the natural accumula-
tion of mutations, nonhomogeneous populations of yeasts should be
present in samples obtained from ALE experiments. The yeast pop-
ulation sampled at different times during the KCl-ALE experiment
was streaked on YPD plates, and isolated colonies were selected.
These isolates, here called “evolved strains,” were characterized dur-
ing wine fermentation on MS210 medium (Fig. 1). All of the evolved
strains obtained after 200 generations produced more glycerol than
the ancestral strain; glycerol production remained stable after 200
generations. Consistent with the rerouting of carbons and NADH
oxidation resulting from increased glycerol production (14), all
evolved strains showed reduced ethanol yield. The ethanol yield was
between 0.450 and 0.440 for the evolved strains and 0.464 for the
reference ancestral strain (Fig. 1A and B). The evolved mutants
showed reduced sugar consumption (Fig. 1C and D). Thus, there was
a correlation between high glycerol yield, reduced ethanol yield, and
diminution of fermentative properties.

We studied in more detail six KCl-evolved strains producing high
glycerol levels while retaining good fermentative performance and
obtained from populations isolated after 200, 250, and 300 genera-
tions, including three from lineage (a)—K200.1(a), K250.1(a), and
K300.2(a)—and three from lineage (b)—K200.1(b), K250.3(b), and
K300.1(b). The EC1118 origin of these strains was confirmed by
karyotype analysis (data not shown).

High-glycerol-producing strains survive better under condi-
tions of osmotic stress and carbon restriction. The resistance of
the evolved strains to hyperosmotic stress was assessed by growth
on KCl, NaCl, or sorbitol SD plates. Under these conditions, we
did not observe any significant difference in growth between
EC1118 and the evolved strains (data not shown): under the con-
ditions of the ALE experiment (YPD, 80 g/liter glucose, 2.4 M
KCl), the specific growth rate and maximal cell number reached
by the evolved strains were similar to those of the ancestral strain.
Therefore, yeast cells that evolved under these conditions did not
display growth adaptation to osmotic stress. We therefore exam-
ined whether other components of fitness, such as viability, had
been improved during the evolution experiment. Cell viability was
monitored during culture involving a 7-day transfer cycle under
the conditions of the evolution experiment (YPD, 80 g/liter glu-
cose, 2.4 M KCl). After complete glucose exhaustion (about 4
days), the evolved mutants survived better than the ancestral
strain. After 7 days (corresponding to the time of transfer to fresh
medium during the evolution experiment), almost all EC1118
cells had died, whereas the number of viable cells of the evolved
mutants was considerably higher (Fig. 2). The viability of the
evolved mutants at 7 days correlated with glycerol production at
the same time point (data not shown). Therefore, the main adap-
tation to the selective pressure imposed on yeast cells during the
adaptive evolution experiment is improved survival under condi-
tions of salt stress and carbon restriction.

Characterization of the selected KCl-evolved strains during
wine fermentation. The characteristics of the six selected KCl-
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FIG 1 Glycerol concentration (bars) and ethanol yield (Y [g/g glucose consumed]) (black diamonds) (A and B), and glycerol concentration (bars) and residual
glucose after 15 (white triangles) and 30 (black triangles) days of fermentation (C and D) for evolved populations (dark gray) and isolates (evolved strains) (light
gray) from the independent lineages a (A and C) and b (B and D). Fermentations were carried out in 300 ml MS210 containing 260 g/liter glucose at 28°C in
triplicate.
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evolved strains and the ancestral strain were studied in detail dur-
ing wine fermentation in anaerobic batch cultures on MS me-
dium. All of the strains were able to complete the fermentation,
although the durations of the fermentation differed between the
evolved strains (Table 1). Two evolved strains, K200.1(b) and
K300.1(b), consumed all of the sugar in less than 2 weeks, like the

ancestral strain, whereas 1 month or more was required for the
four other evolved strains. Sugar was completely exhausted only
after 40 days by K250.1(a) and K300.2(a). The fermentation rates
of two evolved strains having distinct fermentation capacities,
K300.2(a) and K300.1(b), are shown in Fig. 3A. The evolved
strains exhibited an overall decrease of fermentation performance
in comparison to the ancestral strain, which is consistent with the
reduced sugar consumption observed before, but were neverthe-
less able to complete the fermentation. The final cell populations
were the same between the ancestral strain and these two evolved
strains, despite the fact that K300.2(a) showed slower growth than
K300.1(b) (Fig. 3B).

We determined the concentration of the most abundant by-
products after 30 days of fermentation (Table 1). Carbon and
redox balances were close to 100% for all strains. All evolved
strains produced glycerol at concentrations 48 to 67% higher than
that produced by EC1118, and the ethanol content in the synthetic
wines was reduced by 0.45 to 0.80% (vol/vol). The evolved strains
also produced larger amounts of succinate, 2,3-butanediol, and
acetaldehyde than the ancestral strain. Succinate production by
K200.1(a) and K300.2(a) was 22% and 88.9% higher than that by
EC1118; the production of acetaldehyde by K200.1(a) and
K300.2(a) was 45.5 to 181.8% higher, respectively, and that of
2,3-butanediol was 93% to 255.6% higher. The concentration of
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FIG 2 Selective advantage of the evolved strains. Viability of EC1118,
K300.2(a), and K300.1(b) during culture in YPD plus 8% glucose and 2.4 M
KCl at 28°C. Sugar exhaustion is observed after 100 h.

TABLE 1 Metabolites measured for EC1118 and evolved strains after 30 days of fermentation on MS210 with 260 g/liter glucose at 28°C

Parameter

Result for strain:

EC1118 K200.1(a) K250.1(a) K300.2(a) K200.1(b) K250.3(b) K300.1(b)

Main compounds (g/liter)
Consumed glucose 259.9 � 0.1 258.5 � 1.4 250.7 � 4.5 251.3 � 5.0 260.0 � 0.1 258.6 � 1.5 259.8 � 0.3
CO2 117 � 0 112 � 1 110 � 1 109 � 1 112 � 0 112 � 2 110 � 1
Biomass (80%)a 4.0 � 0.1 3.8 � 0.1 4.0 � 0.2 3.7 � 0.2 3.6 � 0.2 3.9 � 0.0 4.0 � 0.1
Ethanol 120.6 � 0.6 116.3 � 1.3 112.9 � 1.5 113.2 � 1.0 116.3 � 0.7 115.5 � 1.6 114.0 � 0.8
Glycerol 8.5 � 0.1 13.2 � 0.1 12.7 � 0.1 12.6 � 0.2 13.3 � 0.5 13.9 � 0.2 14.2 � 0.3
Succinate 0.9 � 0.0 1.5 � 0.1 1.5 � 0.1 1.1 � 0.1 1.5 � 0.1 1.5 � 0.1 1.7 � 0.1
Pyruvate 0.22 � 0.03 0.20 � 0.00 0.20 � 0.01 0.19 � 0.00 0.20 � 0.01 0.19 � 0.01 0.19 � 0.02
Acetate 0.9 � 0.2 0.7 � 0.0 0.9 � 0.0 1.1 � 0.0 1.0 � 0.1 1.0 � 0.2 1.0 � 0.1
Acetaldehyde 0.011 � 0.001 0.016 � 0.001 0.023 � 0.002 0.031 � 0.007 0.025 � 0.005 0.031 � 0.010 0.029 � 0.001
Acetoin NDc ND ND ND ND ND ND
2,3-Butanediol 0.45 � 0.02 1.00 � 0.09 0.89 � 0.30 1.08 � 0.14 0.87 � 0.11 1.10 � 0.18 1.60 � 0.06

Balance (%)b

Carbon 97.6 � 0.6 96.9 � 0.8 97.2 � 2.5 97.0 � 2.7 96.4 � 0.8 96.7 � 0.8 95.9 � 0.5
Redox 97.4 � 0.6 97.3 � 0.7 97.5 � 2.1 97.3 � 2.1 96.6 � 0.8 97.1 � 1.7 96.4 � 0.6

Yield
EtOH (g/g glucose

consumed)
0.464 � 0.002 0.450 � 0.004 0.450 � 0.010 0.450 � 0.010 0.447 � 0.003 0.447 � 0.009 0.440 � 0.003

Glycerol (g/g glucose
consumed)

0.033 � 0.000 0.051 � 0.000 0.051 � 0.001 0.050 � 0.002 0.051 � 0.002 0.054 � 0.001 0.054 � 0.001

Glycerol/EtOH ratio (%) 7.05 � 0.07 11.32 � 0.09 11.27 � 0.11 10.09 � 0.23 11.46 � 0.40 12.01 � 0.26 12.38 � 0.27

Ethanol production (%
[vol/vol])

15.29 � 0.08 14.82 � 0.13 14.84 � 0.32 14.84 � 0.34 14.74 � 0.09 14.72 � 0.29 14.50 � 0.09

Glucose (g) required for 1%
(vol/vol) ethanol
production

17.00 � 0.07 17.53 � 0.09 17.52 � 0.11 17.52 � 0.23 17.64 � 0.40 17.67 � 0.26 17.97 � 0.27

Residual sugar (g/liter) at:
15 days 0.1 � 0.1 20.2 � 1.4 58.7 � 4.5 30.4 � 5.0 0.1 � 0.1 22.5 � 1.5 0.2 � 0.3
30 days 0.1 � 0.1 1.5 � 1.4 9.3 � 4.5 8.7 � 5.0 0.0 � 0.1 1.4 � 1.5 0.1 � 0.3

a Biomass measured at 80% of fermentation advancement.
b Carbon balance represents the ratio between carbon moles of fermentation by-products and carbon moles of glucose. Redox balance represents the ratio between the reductance
degree of fermentation by-products and the reductance degree of glucose.
c ND, not detected (�10 mg/ml).
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these compounds was also affected in strains overexpressing
GPD1, in which the carbon flux is redirected toward glycerol for-
mation at the expense of ethanol (14, 15, 17). In contrast, unlike
previously described engineered strains, we did not find signifi-
cant changes in the production of acetate and acetoin by the
evolved strains.

Although similar phenotypes were observed for the two repli-
cates, lineage b was characterized by slightly greater glycerol pro-
duction and better fermentative performances (faster fermenta-
tion rate and shorter duration of the fermentation). K300.1(b)
was the most promising evolved strain in terms of fermentation
performances and production of glycerol, succinate, 2,3-butane-
diol, and ethanol.

Metabolic properties of the evolved strain K300.1(b) at vari-
ous temperatures on synthetic and natural grape musts. Wine
can be produced in a large range of fermentation temperatures—
usually from 16°C for white wines to 28°C and higher for red
wines. We therefore compared the metabolic properties of the
ancestral strain and the evolved strain K300.1(b) over a wide range
of temperatures (16, 20, 24, 28, 32, and 34°C) in MS210 medium
containing 260 g/liter sugars. For temperatures between 16 and
28°C, both strains consumed all or most of the sugar, while for the
two highest temperatures, residual sugar concentrations of 43 and

53 g/liter for EC1118 and 47 and 59 g/liter for K300.1(b) were
observed at 32 and 34°C, respectively.

The yields of by-products were determined after 30 days of
fermentation (Fig. 4). At all temperatures, K300.1(b) was clearly
differentiated from EC1118 on the basis of high glycerol, high
succinate, and low ethanol yields. We found that the yields of
glycerol and succinate increased with increasing temperature,
whereas the ethanol yield decreased. Therefore, temperature af-
fects yeast metabolism, confirming earlier findings (36). The dif-
ferences in these metabolites between K300.1(b) and EC1118 were
larger for the three highest temperatures. Compared to EC1118,
the ethanol yields of the evolved strain were reduced by 0.14%
(vol/vol), 0.18% (vol/vol), and 0.24% (vol/vol) at 16, 20, and 24°C
and by 0.61% (vol/vol), 0.80% (vol/vol), and 0.87% (vol/vol) at
28, 32, and 34°C, respectively. Therefore, a metabolic shift is ob-
served between 24 and 28°C. To examine whether a similar behav-
ior can be observed on natural must, fermentation was carried out
in Chardonnay-Coursan, under similar conditions, at 24 and
28°C. Under these conditions, the ethanol levels were reduced by
0.12% (vol/vol) at 24°C and 0.42% (vol/vol) at 28°C, confirming
the results obtained in synthetic must. These results highlight a
more flexible metabolism in the evolved strain regarding temper-
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FIG 3 Fermentation performance (A) and cell population (B) for the ancestral strain EC1118 (black) and the evolved strains K300.2(a) and K300.1(b) (dark and
light gray) on MS210 medium containing 260 g/liter glucose at 28°C. dCO2/dt, first derivate of CO2 produced with respect to time (t).
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ature, with the reduction of ethanol yield maximized at a temper-
ature of 28°C and above.

Enhanced glycerol production by breeding. To further in-
crease the ability of the evolved strain K300.1(b) to produce glyc-
erol and to decrease its ability to produce ethanol during an alco-
holic fermentation, we further submitted strain K300.1(b) to
conventional breeding. To this end, we produced about 150 hap-
loid yeast spores from K300.1(b) and selected haploid strains of
opposite mating type having the highest capacity to produce glyc-
erol. Mating between two spores producing 20.9 and 16.2 g/liter
glycerol during fermentation on MS medium generated a first-
generation hybrid. After sporulation and spore mating, a second-
generation hybrid, H2, which produced 16.8 g/liter glycerol, was
obtained.

Pilot-scale assessment of the K300.1(b) evolved strain and of
the hybrid H2. To validate the results obtained at laboratory scale,
we compared the behaviors and metabolic properties of K300.
1(b), H2, and EC1118 during pilot-scale fermentation, using a
Syrah grape must, at 28°C (Table 2). To be as close as possible to
industrial conditions, the strains K300.1(b) and EC1118 were
used in the form of active dry yeast and inoculated after a standard
rehydration procedure (see Materials and Methods). To avoid
stuck fermentation, oxygen and nitrogen were added during fer-
mentation (Fig. 5). H2 had a fermentation rate slightly lower than

those of EC1118 and K300.1(b), but all strains were able to com-
plete the fermentation, despite the high sugar concentration (255
g/liter). K300.1(b) and H2 produced more glycerol (14.1 g/liter
and 17.9 g/liter versus 10.8 g/liter) and slightly more succinate
than EC1118. The ethanol contents of the wines produced by
K300.1(b) and H2 were reduced by 0.6% (vol/vol) and 1.3% (vol/
vol). These results are in agreement with those obtained at labo-
ratory scale. The production of acetic acid by the evolved and
hybrid strains was greatly reduced compared to that of EC1118.
The production of acetic acid for EC1118 and K300.1(b) was
much lower than on synthetic must, which is in agreement with
previous observations (unpublished data). In summary, the re-
sults obtained in grape must at pilot scale confirm the metabolic
shift of the evolved strain and show a greater metabolic repro-
graming of the hybrid derived from the evolved strain. In addi-
tion, this standard analysis of the wine obtained did not reveal
adverse side effects.

DISCUSSION

In this study, we used adaptive laboratory evolution (ALE) to de-
velop low-alcohol wine yeasts by redirecting the metabolism of
strain EC1118 toward glycerol. Yeast cultures were serially trans-
ferred under hyperosmotic conditions during 450 generations us-
ing KCl as osmotic and salt stress agent. The stress imposed was

FIG 4 By-product yields (Y [g/g glucose consumed]) for strains EC1118 and K300.1(b). Metabolites were measured after 30 days of fermentation in 300 ml of
MS210 containing 260 g/liter glucose at 16, 20, 24, 28, 32, and 34°C.
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severe, from osmolalities of 2,105 to 3,730 mmol/kg. These levels
of stress are above those generally used under laboratory condi-
tions to study responses to osmotic stress (20 g/liter glucose, 1.2 M
NaCl, corresponding to an osmolality of 2,070 mmol/kg). The KCl
stress generated strains in which the carbon flux was redirected
toward glycerol. In comparison, we also used sorbitol as an os-
motic agent (from 1.5 to 2.4 g/liter, corresponding to 1,480 to
2,105 mmol/kg), but these conditions failed to generate strains
with increased glycerol production (data not shown). This clear
difference in effect may be a consequence of the different natures
of the stress agent (salt versus osmotic stress) and/or the higher
level of stress in the KCl-ALE experiment than the sorbitol-ALE
experiment. The evolved strains obtained from the KCl-ALE ex-
periment were not more resistant than the ancestral strain to os-
motic or salt stress but showed a gain of fitness due to better
viability under conditions of salt stress and carbon starvation, the
conditions under which cells were transferred to a fresh medium.
No increase in glycerol production was observed in the ALE con-
trol experiment with EC1118 without KCl stress (data not shown).
Therefore, it is likely that the redirection of carbon fluxes toward
glycerol was driven by the combination of high KCl concentration
and carbon starvation stresses.

The link between survival and glycerol is intriguing. Usually,
cells die after the culture enters the stationary phase, when one or
all of the nutrients are missing. However, if the only nutrient miss-

ing is the carbon source, cells survive longer (37). Under carbon
limitation, nutrient sensing depends on the Sch9, Tor, and Ras
proteins, which are activated and converge on the protein kinase
Rim15; Rim15 regulates the transcription factors Msn4/Msn2 and
Gis1, involved in cellular protection and longevity, also called
“chronological life span” (CLS). Recent work indicates that glyc-
erol production is required for CLS regulation (38), and various
distinct mechanisms have been suggested. Unlike glucose and eth-
anol, glycerol does not inhibit the transactivation of Msn2/Msn4
and Gis1, which play important roles in general stress resistance
and longevity (38). However, glycerol production may affect ag-
ing through the modulation of the intracellular redox balance,
because its production contributes to the maintenance of the
NAD�/NADH ratio. Overexpression of the malate-aspartate
NADH shuttle was also demonstrated to extend the CLS (39).
Also, high osmolarity extends the life span by activating Hog1,
leading to an increase in the biosynthesis of glycerol from glyco-
lytic intermediates (40). Links between aging and redox metabo-
lism during wine fermentation have also been highlighted (41).

Our detailed characterization of the KCl-evolved mutants dur-
ing wine fermentation revealed that the evolved strains had un-
dergone substantial changes to their central carbon metabolism:
carbons in these strains are mainly rerouted toward glycerol, 2,3-
butanediol, and succinate at the expense of ethanol. The absence
of a stress resistance phenotype and the improved fitness under
carbon-restricted and stress conditions suggest that the primary
target of evolution is not the HOG pathway. The origin of the
observed phenotype might rely on indirect mutations disturbing
the redox balance, causing a redirection of carbon flux. Other
factors, such as a lower glucose uptake rate, might also play a role
in the phenotype. Indeed, the net flux through the tricarboxylic
acid (TCA) cycle increased significantly with decreasing glucose
uptake (42), which is reminiscent of the increased succinate pro-
duction and lower fermentation rate in the evolved strains. On the
other hand, the same study found that glycerol production is less
dependent on the rate of glucose uptake and more influenced by
environmental conditions. Other studies using genome-wide ap-
proaches are necessary to elucidate the underlying mechanisms.

As observed previously in engineered strains overexpressing
GPD1 (14, 15, 17), increased glycerol production is associated
with a reduction of ethanol synthesis due to lower carbon avail-

FIG 5 Kinetics of wine fermentation on Syrah for EC1118, K300.1(b), and H2.
Nitrogen (72 mg/liter) was added in the form of 25 g/hl DAP and 20 g/hl
FermaidE at 45 g/liter of CO2 release (time point indicated by an arrow).
dCO2/dt, first derivate of CO2 produced with respect to time (t).

TABLE 2 Metabolites measured in wines obtained by fermentation of
Syrah must with EC1118, K300.1(b), and H2 at pilot scale (1 hl)a

Parameter

Result for strain:

EC1118 K300.1(b) H2

Main compounds
(g/liter)

Consumed sugar 254.6 � 0.1 254.5 � 0.0 254.7 � 0.2
Ethanol 118.4 � 1.2 113.6 � 0.9 107.8 � 0.8
Glycerol 10.8 � 0.4 14.1 � 0.4 17.9 � 0.8
Succinate 1.3 � 0.1 1.8 � 0.1 1.5 � 0.1
Pyruvate 0.13 � 0.01 0.16 � 0.01 0.15 � 0.01
Acetate 0.5 � 0.1 0.1 � 0.0 NDb

Acetaldehyde 0.016 � 0.008 0.021 � 0.001 0.020 � 0.006
Acetoin ND ND 0.024 � 0.005
2,3-Butanediol 1.11 � 0.18 1.98 � 0.38 3.93 � 0.30

Yield
EtOH (g/g glucose

consumed)
0.465 � 0.005 0.446 � 0.003 0.423 � 0.003

Glycerol (g/g
glucose
consumed)

0.042 � 0.002 0.055 � 0.000 0.070 � 0.003

Glycerol/EtOH (%) 9.09 � 0.34 12.37 � 0.05 16.57 � 0.84

Ethanol production
(% [vol/vol])

15.01 � 0.15 14.40 � 0.11 13.67 � 0.10

Glucose (g) required
for 1% (vol/vol)
ethanol
production

16.99 � 0.07 17.71 � 0.07 18.66 � 0.08

a Metabolites were determined by HPLC, GC, or enzymatically. Ethanol was measured
by HPLC and by distillation and electronic densitometry. Means and standard
deviations of 3 to 4 independent measurements are shown.
b ND, not detected (�10 mg/ml).
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ability and NADH shortage, and this is accompanied by perturba-
tions at the acetaldehyde and pyruvate nodes. For example, strains
overexpressing GPD1 and producing large amounts of glycerol
but low levels of ethanol, accumulate succinate and 2,3-butane-
diol but also undesirable compounds, including acetaldehyde, ac-
etate, and acetoin (15, 17). Our evolved strain did not accumulate
high levels of the latter compounds, possibly due to the smaller
increase in glycerol production than that in the engineered strains
or due to a different metabolic strategy. In yeast, acetoin is reduced
to 2,3-butanediol by the 2,3-butanediol dehydrogenase (43). We
previously showed that the balance between acetoin and 2,3-bu-
tanediol in the engineered strains is influenced by the amounts of
glycerol produced (15). In strains producing high glycerol levels,
acetoin accumulated because of the limited capacity of the 2,3-
butanediol dehydrogenase and the decreased availability of
NADH, as this cofactor is mainly reoxidized through glycerol syn-
thesis (9). In our previous study (14), we found that strains over-
producing glycerol at moderate levels (such as W18GPD1 or
W6GPD1), comparable to those produced by the evolved mutants
in this study, did not accumulate acetoin. As the evolved strains,
these strains also accumulated acetaldehyde at low levels, which
can be explained by a limitation of the alcohol dehydrogenase.
These levels remain in the range of usual concentrations in wines
and are unlikely to cause a sensory problem. In contrast, the re-
duced accumulation of acetate by the evolved mutants is surpris-
ing because there was acetate accumulation in all cases, indepen-
dent of the level of glycerol accumulated by the GPD1 strains (11).
This suggests that the modifications of the metabolic network in
the evolved mutants differ from those in the genetically engi-
neered strains. In particular, these data may suggest an uncou-
pling of the response to the stress used as selection pressure and
carbon metabolism-related glycerol production. Another major
difference involves the compromised fermentation performances
of the evolved strains, suggesting that the mutations responsible
for the rerouting of metabolism in these strains also negatively
affect the glycolytic rate. This finding contrasts with the improved
fermentation performances of GPD1 strains during the stationary
phase of wine fermentation (15, 17). It therefore appears that
adaptive evolution resulted in the utilization of routes different
from those operating in rationally engineered strains.

We provide herein a description of a non-genetically modified
organism (non-GMO) strategy allowing a substantial increase in
glycerol production and decrease in the alcohol yield of a com-
mercial wine yeast strain. Importantly, we also demonstrate that
the evolved strain obtained can be further improved by using a
conventional breeding strategy. A greater glycerol increase and
ethanol reduction were obtained in hybrids derived from the
evolved strain, which may result from an optimal combination of
K300.1(b) ALE selected mutated alleles and original alleles from
the heterozygous background.

Similar characteristics were found for the evolved strain
K300.1(b) in synthetic and natural grape musts, except that ace-
tate production was reduced in wines obtained from grape musts.
Interestingly, evolved strain K300.1(b) has a higher metabolic
flexibility than the ancestral strain with respect to temperature,
with metabolic differences between the two strains being greatest
at temperatures higher than 24°C. Although understanding the
bases for this temperature-dependent phenotype requires further
studies, this indicates that the evolved strain might be particularly
useful for the production of red wines, which are usually produced

in a temperature range of 25 to 30°C and are most affected by very
high alcohol levels (for example, above 15% [vol/vol]). Whether
the hybrid H2 has retained this characteristic or not remains to be
determined.

Pilot-scale trials with the evolved strain at 28°C showed ethanol
level reductions of 0.45% (vol/vol) in Grenache (data not shown)
and 0.61% (vol/vol) in Syrah (Table 2). A preliminary Grenache
wine tasting by a panel of seven wine experts did not reveal any
defect of the wines produced at pilot scale, confirming the good
overall attributes of the evolved strains reported in this study. The
H2 hybrid strain showed a more marked phenotype, with a reduc-
tion of the alcohol content of wine by 1.3% (vol/vol) in Syrah. For
both strains, the diversion was explained by marked increased
synthesis of glycerol and 2,3-butanediol, which were both used as
carbon and redox sinks. Thus, compared to previous attempts to
divert carbons toward the pentose phosphate pathway (26) or
toward glycerol by adaptive evolution using sulfites (25), this evo-
lutionary strategy resulted in a much higher diversion of carbons.

Our study demonstrates that a combination of adaptive evolu-
tion and breeding strategies is a valuable alternative to rational
engineering for the generation of non-genetically modified, low-
ethanol-producing yeasts. Further pilot-scale trials on different
grape must varieties and wine making conditions, as well as sen-
sorial analysis of the wines obtained, are required to fully evaluate
the value of these strains for the wine market. Several studies high-
lighted the interest in non-Saccharomyces yeasts to produce wine
with a lower ethanol concentration, when used in a sequential
inoculation regimen with an S. cerevisiae wine strain (44). Al-
though the use of an S. cerevisiae strain with low ethanol yield is
much easier to implement and monitor than a mixed culture,
combining the advantages of evolved S. cerevisiae and non-Sac-
charomyces strains might allow further reduction in the ethanol
levels of wines. In the future, these strains could represent an es-
sential tool in a global strategy involving a combination of inte-
grated approaches (vine-plant variety and physical and biological
methods) to fine-tune the alcohol content of wines.
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