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Abstract High tolerance towards ethanol is a desirable property for the Saccharomyces
cerevisiae strains used in the alcoholic beverage industry. To improve the ethanol tolerance
of an industrial Chinese rice wine yeast, a sequential batch fermentation strategy was used to
adaptively evolve a chemically mutagenized Chinese rice wine G85 strain. The high level of
ethanol produced under Chinese rice wine-like fermentation conditions was used as the
selective pressure. After adaptive evolution of approximately 200 generations, mutant
G85X-8 was isolated and shown to have markedly increased ethanol tolerance. The evolved
strain also showed higher osmotic and temperature tolerances than the parental strain. Labo-
ratory Chinese rice wine fermentation showed that the evolved G85X-8 strain was able to
catabolize sugars more completely than the parental G85 strain. A higher level of yeast cell
activity was found in the fermentation mash produced by the evolved strain, but the aroma
profiles were similar between the evolved and parental strains. The improved ethanol tolerance
in the evolved strain might be ascribed to the altered fatty acids composition of the cell
membrane and higher intracellular trehalose concentrations. These results suggest that adaptive
evolution is an efficient approach for the non-recombinant modification of industrial yeast
strains.

Keywords Adaptive evolution . Chinese rice wine . Saccharomyces cerevisiae .

Ethanol tolerance

Introduction

Saccharomyces cerevisiae is the most exploited and primary microbe used in industrial
fermentation processes such as the brewing of alcoholic beverages, ethanol production, and
bread manufacture. The enological characteristics of the different yeast strains greatly affect
their fermentation performance.
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Chinese rice wine, a traditional alcoholic beverage, is produced from glutinous rice by a
simultaneous saccharification and fermentation process using “wheat Qu” as the saccharifying
agent and S. cerevisiae as the fermentation starter [1–3]. This process protects yeast cells from
high concentrations of sugar, and contributes to high ethanol production, which can be over
20 % (v/v) in the final fermentation mash without distillation [3]. However, high concentra-
tions of ethanol are highly toxic to yeast growth and metabolism, which is one of the major
reasons for delay or sluggishness in a culture [3]. Therefore, to improve Chinese rice wine
production, it is essential to breed yeast strains with high ethanol tolerance.

Recently,many studies have indicated that ethanol tolerance is associatedwith the interplay of
complex networks at the genome level [4]. However, the use of genetically modified organisms
is poorly accepted by consumers and is also limited by many legal restrictions, especially in the
food industry. Therefore, an adaptive evolution approach (a non-genetic engineering process)
has been used as an effective strategy for the selection of non-genetically modified (non-GM)
strains with specific phenotypes [5]. This approach has attracted a lot of interest from the food
and alcoholic beverage industry [6–9]. Adaptive evolution defines a set ofmutations that occur in
response to a specific challenge and that are advantageous to some mutants under conditions in
which an increase of fitter variants occurs because of natural selection [5, 10–12].

To the best of our knowledge, only four studies have reported the use of this non-genetic
engineering approach to improve ethanol tolerance in yeast [13–16]. Brown and Oliver [13]
were the first to report the isolation of yeast mutants with increased tolerance to ethanol by a
continuous selection technique. Dinh et al. [14] investigated the adaptation process of a
laboratory S. cerevisiae for a high level of ethanol tolerance and confirmed the physiological
changes in the adapted strain compared with in the non-adapted strain. Stanley et al. [15]
generated two yeast mutants with increasing ethanol tolerance by subjecting mutagenized and
non-mutagenized populations of the parental strain to adaptive evolution employing extrane-
ous ethanol as the selection pressure. These yeast mutants had higher growth rates than the
wild type when grown in sublethal ethanol concentrations. In these studies, the adaptive
evolution experiments were carried out based on the long-time cultivation of parental strains
in a stressful medium produced by adding extraneous ethanol to the initial medium. In an
actual industrial fermentation process however, ethanol stress is not present at the beginning of
fermentation. Therefore, industries are more interested in increasing the ethanol tolerance of
yeast strains in the middle and late fermentation stages.

In the Chinese rice wine fermentation process, yeast cells die gradually as high concentra-
tions of ethanol begin to accumulate in the medium. This process may have contributed to the
unintentional adaptive evolution of contemporary yeast strains. In this study, we describe the
creation of ethanol-tolerant mutants of S. cerevisiae using adaptive evolution in a Chinese rice
wine-like fermentation environment. The high level of ethanol stress that occurs during the
Chinese rice wine fermentation process was used as the selective pressure. Our hypothesis is
that, at stressful ethanol concentrations, ethanol-tolerant variants will live longer than less
tolerant variants in Chinese rice wine mash and will, therefore, dominate the fermentation
mash during long-term cultivation.

Materials and Methods

Yeast Strain and Culture Medium

The Chinese rice wine yeast G85 strain (S. cerevisiae) used in this study was provided by the
Guyuelongshan Wine Company (Shaoxing, China). The G85 strain was stored at 4 °C on
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slants of YPD (1 % yeast extract, 2 % glucose, 2 % peptone, 2 % agar; for the broth, agar was
not included).

The adaptive evolution medium was prepared as follows: 4.0 kg cooked glutinous rice was
mixed with 7 L water and 0.6 kg wheat Qu. Wheat Qu was used as a source of the
saccharification enzymes. The mixture of rice, water, and wheat Qu was incubated at 60 °C
for 4 h. During this time, the grains in the mixture were degraded by enzymes in the wheat Qu
into sugars, peptides, and amino acids that can be used by the yeast. After 4 h saccharification,
the mixture was filtrated with a filter cloth, and then filtrated again with filter paper. The sugar
content of the filtrate was adjusted to 22 °Bx with water. This filtrate is the “sugar juice,”
which, after sterilization by filtration (0.22 μm), was used in the chemical mutagenesis and
adaptive evolution experiments described below. The major chemical composition of the sugar
juice was as follows: sugar 207.25 g/L, α-amino nitrogen 0.283 g/L, pH 4.1.

Chemical Mutagenesis and Adaptive Evolution Experiments

To increase the genetic diversity in the starting G85 populations of the adaptive evolution
experiments, the chemical mutagen ethyl methane sulfonate (EMS) was used [17]. The G85
strain was grown in YPDmedium at 28 °C for 20 h and harvested by centrifugation (5,000×g),
then washed, and suspended in 0.1 M sodium phosphate buffer (pH 7.0). EMS (75 μL) was
added to 5.0 mL of the yeast suspension (about 4×108 cells/mL) and the mixture was incubated
at 25 °C for 60 min. The EMS mutagenesis reaction was stopped by adding 20 mL of 50 g/L
sodium thiosulfate. The mutagenized yeast cells were harvested by centrifugation and washed
twice with sodium thiosulfate (50 g/L), then resuspended in sterile saline water (9 g/L). The
yeast suspension was cultured in sugar juice medium for 24 h at 28 °C and used as the seed
culture for the adaptive evolution experiments.

The experiments were based on long-term serial batch transfer fermentation. The seed
culture of the mutagenized G85 strain was used to inoculate two 1 L flasks (labeled AE1 and
AE2), each containing 500 mL sugar juice medium. These flasks were incubated statically at
30 °C for 48 h, then 65 g (130 g/L) sterilized glucose (dry heat sterilization at 105 °C for 5 h)
was fed to each flask to continue the fermentation. After another 48 h of fermentation, the
flasks were transferred to 18 °C and maintained at post-fermentation until the proportion of
living yeast cells was lower than 1 %. Then, 10 mL of each culture was used to inoculate new
flasks with fresh medium. The new flasks were cultivated as described above. This serial
transfer was repeated 20 times (approximately 240 generations). During the course of this
adaptive evolution process, samples of the evolving populations were taken approximately
every 40 generations and maintained in a glycerol stock (30 % glycerol) at −80 °C. These
mixed cultures were rescued in YPD medium at 28 °C for 24 h before further analysis.

Isolation of Ethanol-Tolerant Mutants

The fermentation performances of the mixed cultures taken at different times during the
evolution process were compared with performance of the parental G85 strain by batch
fermentation in glass flasks (1 L) with fermentation bungs on the top. The rescued mixed
cultures of the evolved strains and the parental G85 strain were inoculated into flasks with
500 mL sugar juice medium at a cell density of approximately 1×106 CFU/mL. The
fermentation procedure was carried out with one cycle of the adaptive evolution cultivation
process described above. Duplicate fermentations of the parental strain and the mixed cultures
were conducted. The concentrations of ethanol and residual sugar, and yeast death rate were
measured after 20 days of fermentation.
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Based on the batch fermentation results, single-colony clones were isolated by dilution
from the mixed cultures with the lower yeast death rates, spread, and incubated on YPD plate.
The fermentation performances of these isolates were compared with the performance of the
parental G85 strain by batch fermentation. Yeast strains were first inoculated into 10 mLYPD
and grown at 28 °C for 24 h. Batch fermentations were conducted by inoculating these strains
into 500 mL sugar juice medium at 4×106 cells/mL. The fermentations were performed as
batch fermentations of one cycle of the adaptive evolution cultivation process described above.
Duplicate fermentations of the parental strain and the evolved strains were conducted. The
fermentation rate, expressed as CO2 gram per liter loss in the first 72 h of fermentation, was
determined as described previously [18, 19]. The concentrations of ethanol and residual sugar,
and yeast death rate were measured after 20 days of fermentation.

Stress Tolerance Analyses

Yeast strains were inoculated into 20 mLYPD medium and grown to the stationary phase at
30 °C, then collected by centrifugation (5,000×g for 5 min at 4 °C), and washed with sterile
saline water. For the ethanol tolerance analysis, the yeast cells were resuspended in 20 mL
0.1 M, pH 4.0 lactic acid buffer containing 18 % (v/v) ethanol and 1 % glucose at 2×108 cells/
mL. The suspension was incubated statically at 30 °C for 7 days and the yeast death rate was
analyzed. For the osmotic stress tolerance analysis, the yeast cells were resuspended in sterile
saline water and adjusted to OD600=1. The suspension was 10-fold serially diluted and spotted
(5 μL) on YPD plates containing NaCl (1.0 mol/L) and different concentrations of sorbose
(1.0, 1.5, and 2.0 mol/L). After incubation at 30 °C for 4 days, stress tolerance was measured
by comparing the colony size or the proportions of viable cells in the cultures of the parental
and evolved strains. For the temperature stress tolerance analysis, the yeast cells were
resuspended in sterile saline water and adjusted to OD600=1. The suspension was incubated
in a water bath at 50 °C for 5 or 10 min, and then serially diluted and spotted on YPD plates.
Colony growth was inspected after 2–5 days of incubation at 30 °C. Duplicate experiments
were conducted for all the stress tolerance treatments.

Fatty Acid and Trehalose Analyses

Yeast cells were cultivated in 20 mL 22 °Bx sugar juice at 30 °C for 24 h without shaking.
Then, the cells were harvested by centrifugation (5,000×g for 5 min at 4 °C) and washed with
sterile saline water (9 g/L). Total fatty acid was extracted as described previously [20, 21].
Heptadecanoic acid was used as an internal standard, and the extract was analyzed by gas
chromatography. Trehalose content in the yeast cells was determined by the anthrone method
[22] and expressed as milligram per gram dry cells weight (DCW).

Laboratory-Scale Chinese Rice Wine Fermentation

Laboratory-scale Chinese rice wine brewing was carried out as described previously
[23]. Pre-cultured yeast cells were harvested and mixed with 1,000 g steamed gluti-
nous rice, 160 g wheat Qu, and 700 mL water in a 2-L jar. The inoculum concen-
tration of yeast cells was about 2×107 CFU/ml. The fermentation mash was incubated
at 30 °C for 4 days (the main fermentation) then at 18 °C for 16 days (the post-
fermentation). The experiments were carried out in duplicate. The ethanol and residual
sugar levels, and the yeast death rate were monitored during the Chinese rice wine
fermentation process. At the end of the fermentation, the mash was centrifuged and
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the supernatant (Chinese rice wine) was analyzed. The chemical composition of the
fresh Chinese rice wine was analyzed as reported previously [23].

Analytical Methods

Ethanol, residual sugar, and glycerol were determined by high-performance liquid chroma-
tography (HPLC). The yeast death rate was determined by staining with methylene blue. The
pH was measured using a pH meter. For the yeast DCW analysis, 5 mL of the sugar juice
culture was centrifuged (8,000×g for 10 min), washed twice with distilled water, and dried at
105 °C until a constant weight was achieved. Volatile aroma compounds in the Chinese rice
wine were analyzed by headspace solid-phase microextraction (HS-SPME) coupled with gas
chromatography–mass spectrometry (GC-MS) as described previously [23]. A sensory eval-
uation of Chinese rice wine samples was carried out by a group of trained panelists according
to the method described previously [24, 25]. Seven aroma terms was selected for the
descriptive analysis of the Chinese rice wine. The sensory data were analyzed by one-way
analysis of variance (ANOVA).

Statistical Analysis

Statistical analysis of the data was accomplished using one-way ANOVA with Tukey’s
honestly significant difference test (p<0.05) using the SPSS 15.0 software (SPSS Inc.,
Chicago, Illinois, USA).

Results

Adaptive Evolution and Isolation of Ethanol-Tolerant Yeast Strains

To generate yeast strains with enhanced ethanol tolerance, the industrial Chinese rice wine
yeast G85 strain was subjected to adaptive evolution through sequential batch fermentation
under Chinese rice wine-like fermentation conditions.

The long-term serial batch fermentation suspensions were sampled approximately every 40
generations. The fermentation performances of the mixed cultures taken at different generation
times were compared with the performance of the parental G85 strain by batch fermentation.
The results showed that after about 80 generations of adaptive evolution, the yeast death rate
began to reduce, indicating that adaptive mutation(s) had begun to accumulate (Fig. 1). After
200 generations of adaptive evolution, the yeast death rates in the evolving populations was
lower than 50 %, and more than 90 % in the parental strain population (Fig. 1). Residual sugar
levels in the fermentations carried out using the mixed cultures from the 200th and 240th
generations were below 8.0 g/L, lower than the result for the parental strain (10.3 g/L). These
results indicated that the evolved mutants were better able to complete the fermentation
process.

Single-cell colonies were isolated from mixed cultures of the 200th and 240th evolved
generations. The ethanol tolerance analysis showed that all the evolved mutants had better
tolerance to high concentrations of ethanol than the parental strain (Fig. 2). Apart from ethanol
tolerance, yeast strains for industrial use should maintain other important fermentation traits.
Nine mutant strains were selected to test for other fermentation parameters by batch fermen-
tation (Table 1). No statistical differences between the fermentation rate and the level of
ethanol production were found among the selected strains, showing that the evolved strains

1944 Appl Biochem Biotechnol (2014) 173:1940–1954



had maintained the fermentation traits of the parental strain after the long-term adaptive
evolution process. However, the residual sugar levels after fermentation showed clear differ-
ences among the evolved strains. The lowest concentrations of residual sugar were found in
mutant strains G85X-5 (7.35 g/L) and G85X-8 (7.03 g/L), while the highest levels of residual
sugar were found in mutant strains G85X-1 (15.36 g/L) and G85X-2 (13.12 g/L). Based on a
comprehensive comparison of the fermentation parameters, the G85X-8 and G85X-5 strains
were selected for further investigation.

Multi-stress Resistance of Evolved Mutants

Apart from the high levels of ethanol, yeast cells are also exposed to several other stresses
including high osmotic and high temperature during the Chinese rice wine fermentation
process. After the long-term adaptive evolution process, the tolerance of mutants G85X-8
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and G85X-5 for other stresses was investigated. Better growth status was found for the G85X-
8 and G85X-5 strains on YPD plates containing different concentrations of sorbose (Fig. 3).
For the parental G85 strain, no growth was observed on YPD plates containing 1.0 mol/L
NaCl, while clear colonies were seen for the G85X-8 and G85X-5 strains. Of these three yeast
strains, G85X-8 displayed the best osmotic stress tolerance. The heat shock test was carried out
for the G85X-8 and G85 strains (Fig. 4). The G85 strain showed poor growth after 5 min and
no growth after 10 min of heat shock treatment at 55 °C. However, the G85X-8 strain grew
well even after 10 min of heat shock treatment at 55 °C. These results indicated that the
evolved mutants not only showed increased ethanol tolerance but also osmotic and tempera-
ture tolerance compared with the parental strain.

Characterization of the Ethanol-Tolerant Yeast Strains

The cell plasma membrane is the major point at which ethanol can affect the activity of the
yeast cell. Under ethanol stress conditions, yeast cells can change the composition of the
membrane to adjust membrane fluidization and stabilize the plasma membrane [26–28].
Therefore, the fatty acid composition of the plasma membrane in the evolved mutant and
parental strains was analyzed (Table 2). No statistical differences in the total fatty acid content
of the plasma membranes were found between the parental and evolved strains; however, there
were clear differences in the fatty acid composition of the plasma membranes between the
strains. The evolved strains had markedly higher proportions of oleic acid and linoleic acid and
lower proportions of myristic acid than the parental strain. The ratio of C18/C16 fatty acids was
also higher in the plasma membranes of the evolved strains.

The correlation between trehalose content and stress resistance has been reported for a
variety of stresses, especially ethanol stress [29, 30]. For the strains grown in sugar juice
medium, the amounts of trehalose in the mutant G85X-8 and G85X-5 strains were 85.62 and
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Fig. 2 Determination of ethanol stress tolerance of different yeast strains. The yeast cells were suspended in
0.1 M lactic acid buffer (pH 4.0) containing 18 % (v/v) ethanol and 1 % glucose, at 18 °C. Yeast cell death rate
was measured after 7 days
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68.53 %, respectively, higher than of the amount in the parental strain (Fig. 5). These results
indicate that the evolved mutant yeast strains might accumulate trehalose in their cells as a
protective response to ethanol stress.

Laboratory-Scale Chinese Rice Wine Fermentation with Evolved Yeast Strain

Laboratory-scale Chinese rice wine fermentation was conducted using the G85 and G85X-8
strains to verify the fermentation performance of the evolved strain. Residual sugar concen-
trations, ethanol production, and yeast death rate were monitored during the fermentation
process (Fig. 6). Similar variations in residual sugar and ethanol were found for both strains,

Fig. 3 Determination of osmotic stress tolerance of strains G85, G85X-5, and G85X-8. Yeast cells were grown
in YPD medium at 30 °C to the stationary phase. Tenfold serial dilutions of each sample were spotted onto a
YPD plate containing different concentrations of sorbose or NaCl. Stress tolerance was measured by comparing
the colony size or viable cells among the different strains in the stressed cultures

Fig. 4 Determination of heat shock tolerance of strains G85 and G85X-8. Yeast cells were grown in YPD
medium at 30 °C to the stationary phase, then were incubated at 50 °C in a water bath for 5 or 10 min. Tenfold
serial dilutions of each sample were spotted onto a YPD plate. Stress tolerance was measured by comparing the
colony size or viable cells among the different strains in the stressed cultures
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indicating that the evolved G85X-8 strain maintained the important fermenting properties of
the parental strain during the Chinese rice wine fermentation process. Slightly lower residual
sugar concentrations and higher ethanol levels were found for the G85X-8 strain after 100 h
fermentation, indicating the evolved strain may be better able to complete fermentation than
the parental strain. During the fermentation process, the yeast death rate of the parental strain
increased quickly after 3 days fermentation and was higher than 80 % after 14 days fermen-
tation, while the cell viability of the evolved G85X-8 strain was stable after 14 days when the
yeast dead rate was below 20 %.

General oenological parameters of fresh Chinese rice wine were analyzed after fermentation
(Table 3). No statistical differences for most of the general oenological parameters of the

Table 2 Fatty acids composition of evolved strains and parental strain

Fatty acidsa G85# G85X-8 G85X-5

Myristic acid (C14:0) 0.92±0.08 a 0.67±0.06 b 0.76±0.10 ab

Myristoleic acid (C14:1) 0.59±0.06 a 0.62±0.04 a 0.60±0.06 a

Palmitic acid (C16:0) 5.51±0.34 a 5.15±0.37 a 5.25±0.28 a

Palmitoleic acid (C16:1) 7.69±0.62 a 7.80±0.80 a 7.60±0.97 a

Stearic acid (C18:0) 1.17±0.11 a 1.29±0.07 a 1.09±0.08 a

Oleic acid (C18:1) 3.05±0.17 a 3.44±0.15 b 3.54±0.08 b

Linoleic acid (C18:2) 0.36±0.04 a 0.49±0.05 b 0.41±0.04 ab

Total fatty acid 19.29 19.46 19.25

Unsaturation index (%)b 57.51 60.29 60.01

C18/C16 (%)c 34.68 40.30 39.21

C18:1/total acids (%) 15.80 17.66 18.37

Values in same row with different letters (a, b) are significantly different (p<0.05)
a Amounts of fatty acids (mg/g DCW) were average of three replicates
b Unsaturation index showed the amounts of all unsaturated C14, C16, and C18 fatty acids as a percentage of the
total amount of C14 to C18 fatty acids
c C18/C16 ratio showed the sum of all C18 fatty acids divide by the sum of all C16 fatty acids
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superscripts are significantly different (p<0.05)
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Chinese rice wine samples fermented by either the G85X-8 or G85 strains were found. The
exceptions were residual sugar and α-amino nitrogen, which were significantly lower in the
Chinese rice wine sample fermented with the evolved G85X-8 strain (4.13 and 0.49 g/L,
respectively) than in the sample fermented with the parental strain (6.71 and 0.58 g/L,
respectively). The levels of the major aroma compounds, which correlated with the yeast
metabolism, were analyzed in the Chinese rice wine samples produced by the evolved and
parental yeast strains (Table 4). In general, the differences between the samples were small.

Table 3 General oenological parameters of Chinese rice wines produced by parental strain G85 and evolved
strain G85X-8.

Parameters Yeast strains Significance

G85 G85X-8

pH 4.01±0.08 4.27±0.16 ns

Ethanol (% vol/vol) 19.77±0.28 20.15±0.24 ns

Residual sugar (g/L) 6.71±0.25 4.13±0.21 ***

Total acid (g/L)a 4.51±0.17 4.3±0.13 ns

Volatile acidity (g/L) 0.35±0.02 0.30±0.03 ns

Glycerol (g/L) 4.85±0.30 5.33±0.21 ns

α-Amino nitrogen (g/L) 0.58±0.04 0.49±0.03 *

ns no significantly difference

*p<0.05 (significant); ***p<0.001 (significant)
a Expressed as lactic acid

Table 4 Concentrations of aroma compounds in Chinese rice wine produced by parental strain G85 and evolved
strain G85X-8

Aroma compounds Strains Significance

G85 G85X-8

Ethyl acetate (mg/L) 23.03±0.75 20.22±0.83 ns

Ethyl butanoate (μg/L) 183.67±7.46 179.12±1.39 ns

3-Methylbutyl acetate (μg/L) 151.37±11.15 189.35±8.94 *

Ethyl hexanoate (μg/L) 242.96±20.20 185.86±15.05 ns

Ethyl octanoate (μg/L) 118.54±12.32 103.64±5.71 ns

1-Propanol (mg/L) 53.43±2.31 47.58±3.38 *

2-Methylpropanol (mg/L) 71.10±3.18 60.23±4.256 *

3-Methylbutanol (mg/L) 218.71±7.42 192.77±8.30 *

3-Methylthiopropanol (mg/L) 3.23±0.23 3.61±0.37 ns

2-Phenylethanol (mg/L) 109.87±5.29 102.55±6.76 ns

Acetic acid (mg/L) 517.05±13.75 423.53±20.87 ***

Butanoic acid (μg/L) 1,822.98±158.82 1,514.45±24.54 *

3-Methylbutanoic acid (μg/L) 537.04±23.87 576.37±8.44 ns

Hexanoic acid (μg/L) 672.97±44.86 327.09±109.79 **

ns no significantly difference

*p<0.05 (significant); **p<0.01 (significant); ***p<0.001 (significant)
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The higher alcohols (1-propanol, 2-methylpropanol, and 3-methylbutanol) were about 14 %
lower in Chinese rice wine samples made by the G85X-8 strain. Acetic acid and ethyl acetate
were roughly 22 and 14 % higher, respectively, in Chinese rice wine made with the G85 strain
compared with Chinese rice wine made with the G85X-8 strain, while the concentration of 3-
methylbutyl acetate was about 19 % higher in Chinese rice wine made by the G85X-8 strain
compared with Chinese rice wine made by the G85 strain. Although there were differences
between the concentrations of some of the major aroma compounds, no significant sensory
differences were observed between the G85X-8 and G58 strains (data not shown).

Discussion

The high level of ethanol produced during alcohol fermentation was used as a selective
pressure to trigger adaptive evolution in the parental yeast G85 strain. Most of the yeast
mutants that were obtained showed enhanced ethanol tolerance compared with the parental
strain after 200 generations of adaptive evolution. A mutant G85X-8 strain was selected for its
markedly enhanced ethanol tolerance and fermentation characteristics. A laboratory-scale
Chinese rice wine fermentation process confirmed the improved ethanol tolerance of the
G85X-8 strain compared with the parental strain, and no significant changes were observed
in the profile of the yeast-derived aroma compounds in the wine produced with the mutant
strain.

The generation of ethanol-tolerant yeast mutants using adaptive evolution strategy has been
described previously [13–16]. In all of these reports, extrinsic ethanol was used as the selective
pressure in the initial adaptive medium. In our study, the high level of ethanol that was
produced during fermentation was used as the selective pressure, which is closer to the real
environment during the Chinese rice wine fermentation process. By monitoring the adaptive
evolution process, we found that after about 80 generations, the advantageous mutants began
to accumulate. The rate of evolution achieved in this study was faster than the rates reported
previously, where more than 150 generations were required for adaptation to occur [6, 9]. The
EMS mutagenesis treatment of the parental strain before beginning the adaptive evolution
process may be the reason for the higher adaptive efficiency obtained in our study. The rate of
evolution is determined by mutation rate, population size, and the strength of selection.
Adaptive evolution can be accelerated by increasing the genetic variation in the starting culture
[5]. Our results are in good agreement with the results of Stanley [15] who reported that the
adaptive evolution of mutagenized yeast cultures required considerably less time to generate
ethanol-tolerant mutants than the non-mutagenized cultures.

In our study, after 200 generations of adaptive evolution, all the evolved strains showed
significantly increased ethanol tolerance, indicating that these strains were likely to be better
adapted to the stressful Chinese rice wine fermentation environment. Interestingly, the ethanol-
tolerant evolved yeast strains also showed increased tolerance to high osmotic and temperature
stresses. These characteristics will be highly prized by Chinese rice wine-makers because high
osmotic pressure and temperature are common stresses faced by yeast cells during Chinese rice
wine fermentation. A similar result was reported by Aguilera et al. [7], who isolated a freeze-
tolerant industrial baker’s yeast by adaptive evolution in a dough-like environment that also
showed a progressive increase in salt tolerance.

We found that some physiological characteristics changed between the parental and evolved
strains; for example, the higher ethanol-tolerant strains had higher ratios of C18 to C16 fatty
acids and higher oleic acid (C18:1) content in their plasma membranes than the parental strain.
The results from this study correlated well with the results of Tao et al. [31], but not with the
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results reported by Dinh et al. [14] who found that the palmitic acid content rather than oleic
acid content changed after adaptation. Higher proportions of unsaturated fatty acids, especially
oleic acid, in the plasma membrane might be the principal mechanism used by yeast to adapt to
the presence of ethanol [32]. In the present study, for fatty acids analysis, the yeast cells were
harvested at the early stationary stage when there was no obvious ethanol stress, suggesting
that the observed differences in fatty acids composition between the evolved and parental
strains were present even before the cells became ethanol-stressed. These results suggest that
the fatty acids composition of the plasma cell membrane of the evolved strains changed after
the long-time adaptive evolution process.

The present work introduces an efficient tool for food industrial strain breeding. To the best
of our knowledge, this report is the first to generate ethanol-tolerant yeast strains using an
adaptive evolution strategy under an industrial fermentation-like environment. The evolved
strains obtained in this study can be used directly in the Chinese rice wine industrial. Our
results show that the stresses generated during fermentation are useful selective pressures for
adaptive evolution. This proposed strategy could also be applied to other trait improvements or
to other microorganisms. However, without using genome analysis techniques, the mutations
responsible for the improved ethanol tolerance of the evolved variants could not be identified
and further work is required to determine the underlying mechanisms involved.
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