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Abstract Fermentation properties under the control of multiple genes of industrial
Saccharomyces cerevisiae strain are difficult to alter with traditional methods. Here, we
describe efficient and reliable genome shuffling to increase ethanol production through the
rapid improvement of stress resistance. The strategy is carried out using yeast sexual and
asexual reproduction by itself instead of polyethylene glycol-mediated protoplast fusion.
After three rounds of genome shuffling, the best performing strain S3-10 was obtained on
the special plate containing a high ethanol concentration. It exhibits substantial
improvement in multiple stress tolerance to ethanol, glucose, and heat. The cycle of
fermentation of S3-10 was not only shortened, but also, ethanol yield was increased by up
to 10.96% compared with the control in very-high-gravity (VHG) fermentations. In total,
S3-10 possesses optimized fermentation characteristics, which will be propitious to the
development of bioethanol fermentation industry.
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Abbreviations

PEG polyethylene glycol

EMS ethyl methane sulfonate

CFU  colony-forming units

HPLC high-performance liquid chromatography
FCAS flow-cytometry analysis

VHG very high gravity

Introduction

Due to the imminent decline in the availability of global fossil energy and increasing
concern over environment, partial substitution of fossil fuel with bioethanol has become an
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important renewable energy strategy. The demand of ethanol requires the engineering of
new strains that can produce ethanol more efficiently. However, the ethanol and osmotic
stress tolerance, the sugar-to-ethanol conversion rate, and the speed of fermentation are
complicate phenotypes controlled by multiple genes [1]. For example, it is conjectured that
more than 250 genes are involved in the ethanol tolerance of yeast [2]. These traits are
difficult to manipulate directly by classical breeding, metabolic engineering, or other
genetic methods with specific genes or pathways as target [3]. Hence, employing the whole
genome engineering strategy will be a productive way to manipulate yeast strains,
especially for industrial yeast strains with higher stress tolerances [4].

Genome shuffling, using the recursive multiparental protoplast fusion [5], is an
accelerated evolutionary approach by which the preferred multiple traits are achieved.
The strategy has been successfully applied in prokaryotic and eukaryotic cells [6-9].
However, genome shuftling in previous studies was carried out on the base of protoplast
fusion. The hybrids would be unstable due to the genetic background of the parents that
diverges in eukaryotes [10]. Therefore, protoplast formation and fusion induced by
polyethylene glycol (PEG) cannot be implemented with high efficiency. Furthermore, the
process of regeneration is laborious and time-consuming as it requires selection via many
generations under nonselective conditions. Besides, some useful mutations were not
obtained in the initial selection of variants. Genome shuffling cannot greatly accelerate the
improvement of more phenotypes of microorganisms [11].

In this study, novel genome shuffling was used to increase ethanol production of
industrial Saccharomyces cerevisiae strains by improving stress tolerance. Unlike most
other microorganisms, S. cerevisiae strains have both stable haploidy and diploidy state.
Thus, the genome can be shuffled using yeast meiosis and conjugation. The starting
population was generated by ethyl methane sulfonate (EMS) mutagenesis and then
subjected for the recursive sporulation of diploid cells [12] and cross of haploid cells. After
three rounds of genome shuffling, the best performing strain was isolated on the plates with
a high ethanol concentration.

Materials and Methods
Yeast Strains and Growth Conditions

The strain WT used in this study was the diploid industrial strains TH-AADY of S.
cerevisiae (Angel Yeast, China).

Serial dilution assay was carried out to evaluate the stress tolerance. The log-phase cells
were added to 1 ml fresh yeast peptone dextrose (YPD) medium (2% peptone, 1% yeast
extract, and 2% glucose). After cultivation at 30 °C for 2 h, the cells were serially diluted
(107'x107 cells/ml). Three microliters of the indicated dilutions were then spotted on YPD
plates containing 15% (v/v) ethanol, 30% (w/v) glucose, and nonselective (YPD) plates,
respectively. The plates were incubated at 30 °C or 40 °C for 3 days.

The fermentation medium was prepared from corn powder by the double enzyme
hydrolyzed method [13]. The medium contained different concentrations of glucose, 0.5 g/
1 (NH4),HPO,, and 0.5 g/l K,HPO,4. Anaerobic batch cultivations were performed in the
cap-covered flasks with a working volume of 150 ml at 200 rpm and 30 °C. Inoculum was
cultured in YPD media at 30 °C until ODggq reached 1.0. Then, preculture with the certain
number of cells was transferred to the above flasks. During fermentations, pH 5 was
maintained by regulation with 2 mol/l NaOH.
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Sampling and Analysis

Samples were taken to determine cell number and colony-forming units (CFU). CFU per
milliliter was determined by counting the number of colonies and multiplying the average
by the dilution factor. In the meanwhile, supernatant analysis was conducted to measure
concentrations of glucose, glycerol, and ethanol by high-performance liquid chromatogra-
phy (HPLC; HP1100, Japan). XDB-C8 column (Agilent, America) for determination of
ethanol was eluted with 0.25 mmol/l H,SO4 (pH 3.1) at 30 °C. Glycerol and glucose were
analyzed using ZORBAX carbohydrate column (Agilent) and eluted with 75% acetonitrile
at 30 °C. The flow rate was all 1 ml/min. Detection was performed via differential refractive
index detector.

EMS Treatment

EMS treatment was carried out as described by Lawrence [14] with some modifications.
The log-phase cells were recovered and washed twice with 0.1 mol/l potassium phosphate
buffer, pH 7.0. Subsequently, above 10 ml buffer containing 5x10® cells in a hood was
treated with EMS and incubated at 200 rpm and 30 °C for 30 min. An equal volume of a
freshly made 5% solution of sodium thiosulfate was then added to stop EMS mutagenesis.
The mutant cells were collected and washed twice with sterile water. The resulting cells
were appropriately diluted and spread onto YPD plates, culturing at 30 °C for 2 days to
allow for colony formation.

Efficient Sporulation

Yeast efficient sporulation was performed by means of a modified method [14]. The mutant
cells of the initial population or each round of shuffling were grown to ODgo=1.0 in YPD
medium and harvested by centrifugation (3,000 rpm, 5 min). Afterwards, the cells were
washed three times with sterilized water and incubated in the 200-ml shake flasks with
60 ml of YPK medium (20 g/l peptone, 10 g/l yeast extract, 10 g/l KAc) at 200 rpm and
28 °C for 1 day. The resulting cells were washed three times with sterile water, followed by
sporulation in the 200-ml flasks containing 60 ml of the medium (1% KAc, 0.1% yeast
extract, 0.05% glucose, 0.005% adenosine, 0.005% uridine, 0.01% tryptophan, 0.01%
leucine, and 0.01% histidine) at 200 rpm and 28 °C.

Spore Purification

Yeast spore purification was carried out using modified described methods [12]. Sporulated
cultures of the appropriate diploid cells were harvested by centrifugation (3,000 rpm,
10 min) and resuspended in softening buffer (10 mmol/l dithiothreitol, 100 mmol/l Tris—
SOy, pH 9.4) at 5 ODggg per milliliter and incubated at 30 °C for 10 min. Subsequently, the
cells and spores were collected, as above, and resuspended in spheroplasting buffer (1 mol/
1 sorbitol, 10 mmol/l potassium phosphate, pH 7.2) at 25 ODgq per milliliter. Zymolyase-
20T (Seikagaku America) was then added to a concentration of 0.5 mg per ODgqg, and the
spheroplasting reaction was carried out at 30 °C for 30 min. The above suspension was
spun at 3,000 rpm for 10 min and washed once with 0.5% (v/v) Triton X-100. The resulting
spore pellets were resuspended in the same solution whose amount was one fourth the
volume of spheroplasting buffer used in the previous step, followed by brief sonication to
disperse the spores.
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Random and Adequate Cross

The spores were cultivated in the 200-ml flasks containing 40 ml liquid YPD at 100 rpm
and 30 °C. The culture of 100 ul was removed every 4 h and diluted with sterile water. The
appropriately diluted cells were plated on YPD plates, and then the mating type of these
colonies were tested by switching assays [15].

Selection of Mutant Cells

After concentrations of ethanol were determined at the end of fermentation with 30% (w/v)
glucose as carbon source, the spent media were collected by spinning down cells and debris.
Ethanol was removed from the media, recovered via distilling apparatus, and analyzed by
HPLC. Although ethanol cannot be distilled completely from an aqueous solution, the
remaining ethanol in the media had no effect on the selection of the desired mutant strains.
The resulting media were adjusted to pH=4.2 with 2 mol/l NaOH and added with 1.5% agar,
followed by sterilizing at 115 °C for 20 min. The special plates, made from the spent media
and the different concentrations of ethanol by volume, were used to screen the mutant strains
with high stress resistance. The concentration of ethanol in the plates was the summation of
the concentration of ethanol left after distilling and the concentration of ethanol added after
autoclaving.

Results
Novel Genome Shuffling

To determine the optimal mutagen doses of diploid industrial strain, 2.5%, 3.0%, 3.5%, and
4.0% (v/v) of EMS were tested. It is found that the lethal rate of four different doses was
75%., 88%, 94%, and 99%, respectively. Most efficient mutagenesis in haploid cells occurs
when a mutagen confers a high frequency of mutations in the range of 50% to 90%
lethality. Consequently, 3.5% and 4.0% (v/v) of EMS was excluded according to the lethal
rate of four different doses. Here, diploid strains were induced to obtain dominant
mutations, including many of the mutations to stress resistance [16]. Besides, diploid cells
have a high survival rate than haploid cells when the cells are treated with the mutagen. To
gain the frequency of mutations in diploid cells, 3% (v/v) EMS was thus used as the optimal
mutagen doses. After that, all resulting mutant diploid cells were plated onto the special
plates containing 8% (v/v) ethanol at 30 °C for 3 days. The 183 colonies were obtained
from the plates and used as the starting population. When wild-type diploid cells were
spread onto these special plates, as control, no colonies were observed. The plates were
incubated at 30 °C; therefore, chances were very little for ethanol evaporation to occur.
Further, the plates were airproofed to preclude the possibility of selection for mutants better
able to metabolize ethanol.

Novel shuffling was carried out within the initial population using yeast sexual and
asexual reproduction by itself. The process of sporulation continued until the efficiency of
sporulation was about 60%. Random and adequate cross of 24 h ensured that the rate of
cross was about 80%. All new zygotes were then cultivated in 50-ml, cap-covered flasks
with a working volume of 10 ml fermentation medium at 200 rpm and 30 °C for about
8 days until a few living cells remained in the culture medium. When CFU per milliliter
was about 100, the cells were harvested and subjected to next round of shuffling.
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Fermentation media containing 20%, 25%, and 30% (w/v) glucose was used for enrichment
of the mutant cells of the first, second, and third rounds of shuffling, respectively. After
enrichment in fermentation media of the third round of shuffling, the resulting cells were
harvested and spread onto the special plates containing 15% ethanol by volume. The plates
were then cultivated for 4 days, and 18 colonies were obtained. As a control, none of the
colony was observed when the initial mutagenic strains along with the first- and second-
round shuffled strains were also spread onto the special plates containing 15% (v/v) ethanol,
respectively. After that, the 18 mutant strains were evaluated in fermentation media at initial
glucose of 30% (w/v). It was found that the stress tolerance and ethanol production of the
18 mutant strains were better than those of the control strain WT and the starting population
(data not shown). The mutant strain S3-10 with the strongest stress resistance and the
highest ethanol production was selected. The remainder of this study focuses on the
selected strain S3-10 because it provides the most desirable phenotype with respect to
elevated alcohol tolerance and ethanol production.

Morphology and Ploidy of the Selected Strain

Cell morphology such as size and shape was observed using phase-contrast microscope.
The microscopic observation indicated that it was not a contaminant. No significant
variation in cell shape was found. However, the cell size of S3-10 (about 4-7 um diameter)
is slightly larger than that of WT (about 4—6 pm diameter). Regarding whether S3-10 had a
different ploidy than the parent strains, analysis of switching assays suggested that it was a
diploid yeast strain. To further examine the ploidy of S3-10, flow-cytometry analysis
(FCAS) was performed [17]. The log-phase cells were fixed with 70% EtOH and stained
with propidium iodide, which bound DNA quantitatively and emitted red fluorescence with
an intensity corresponding to DNA content [18]. Figure 1 displays ploidy state of S3-10
and WT as determined by FCAS. The data further demonstrated that S3-10 was a diploid
yeast strain.

Improved Tolerance of the Selected Strain to Several Stress

To examine the effect of several adverse conditions on yeast strains, serial dilution assay
was carried out under several stress conditions (heat, ethanol, and osmotic stress). Figure 2
shows the results of the selected strain S3-10 and the control strain WT under different
stress conditions. Significant differences between S3-10 and WT can be observed in ethanol
and osmotic stress resistance. Although thermotolerance of S3-10 was slightly stronger,

Fig. 1 FCAS of the selected o7 3
strain S3-10 (a) and the control
strain WT (b). The horizontal
axis indicates DNA content and
the vertical axis indicates number
of cells. The first and second
peaks in the histogram represents
prereplication and postreplication
cells, respectively
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Fig. 2 Serial dilution assay of the selected strain S3-10 and the control strain WT on different plates. a
Nonselective (YPD) plates and incubation at 30 °C; b nonselective (YPD) plates and incubation at 42 °C; ¢
YPD plates containing 15% (v/v) ethanol and incubation at 30 °C; d YPD plates containing 30% (w/v)
glucose and incubation at 30 °C. Experiments were carried out at least in triplicate. One representative
experiment is shown

ethanol and osmotic stress tolerance of S3-10 was greater than the control. The result
demonstrated that genome shuffling modified in this study could greatly accelerate the
improvement of more phenotypes of yeast. Thermotolerant breeding of yeast strain would
be focused on in our future work since thermotolerance is another key trait in ethanol
fermentation.

Fermentations of the Selected Strain

The selected strain S3-10 and the control strain WT was evaluated using fermentation
media with an initial concentration of 30% glucose. Figure 3 shows fermentation details
including cell count, CFU, consumption of glucose, formation of glycerol, and production
of ethanol. As can be seen from Fig. 3a, b, important differences were present between the
strains S3-10 and WT. The growth characteristics of S3-10 with a prolonged exponential
growth phase were superior to those of WT. It was interesting that cell number of S3-10
was inferior (Fig. 3a), but CFU was superior (Fig. 3b) compared with the control.

Table 1 indicates dry weight, residual sugar, and ethanol production at the end point of
fermentation. Biomass of S3-10 was higher than that of WT, suggesting the metabolic
activity of S3-10 was stronger than the control. In the case of glucose consumption,
improvement in glucose utilization of S3-10 was achieved (Fig. 3c), resulting in the faster
overall consumption of substrate and the faster overall ethanol production. The cycle of
fermentation shortened from 49 to 42 h, thus reducing fermentation cost relative to the
control. At the end of fermentation, remaining sugar of S3-10 decreased 51.32% compared
with the control. Moreover, obvious difference in glycerol formation of the two strains was
observed (Fig. 3d). It was noted that S3-10 provided up to 10.96% improvement in ethanol
yield compared with the control.

Discussion

During very-high-gravity fermentations (VHG), yeast cells are exposed to greater glucose
stress in the first stage and greater ethanol stress at the last stage compared with
conventional fermentations [19]. Yeast cells also encounter other environmental stress, such
as a decrease in the amount of nutrients and the accumulation of by-products produced by
its normal fermentation [20]. The stress leads to a decrease in cell growth and the
production of ethanol [21]. Therefore, enhancing the stress resistance which was closely
related to ethanol productivity was a useful approach to improve fermentation performance
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Fig. 3 Changes in measured parameters of ODg (a), colony-forming units (b), consumption of glucose (¢),
formation of glycerol (d), and ethanol production (e) of S3-10 (white triangle) and WT (white square) during
fermentations with 30% (w/v) glucose as carbon source. Data are averages from three independent
experiments. Error bars are the maximum and minimum of duplicate experiments

[1]. Here, the novel genome shuffling was applied to enhance ethanol production of the
industrial strain by improving the stress tolerance.

Lethal mutation in diploid yeast cells can be compensated by other mutations,
whereas in haploid cells, it probably causes cell death. Thus, the initial population from
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Table 1 Fermentation parameters of the selected strain S3-10 and the control strain WT at the end of
fermentations.

Parameter WT S3-10

Dry weight (g/1) 19.12+0.23 21.87+0.28
Residual sugar (g/1) 31.07+0.45 15.12+0.86
Ethanol production (g/1) 105.80+1.02 118.83+1.16

The table shows the mean values and standard deviation of at least three independent experiments (variance
analysis is <0.01)

mutated diploid cells contains more beneficial mutations, which are probably not
maintained in the case of mutated haploid cells used as the starting population. In the
present work, the rate of mating is high since meiosis and conjugation is a natural way
for the sexual reproduction of yeast. On the contrary, the maximal fusion rate of
protoplasts is only 10.5% when the PEG concentration is 35% [22]. Furthermore, the
regeneration process increases the formation probability of polyploid yeast strains which
appear to enhance chromosome loss level [23]. The regeneration process needs at least five
batch growth cycles (about 20 generations). Besides, the selection approaches in this study
provided better conditions to screen the cells with higher stress tolerance. Through the
selection of enrichment, only the cells with higher stress resistance associated with
desirable phenotypes can survive in the environment of decreasing of carbon source and
increasing of ethanol. Moreover, the special plates made from the spent media and
supplemented with ethanol are used to isolate the desired progeny. The methods of selection
presented here enabled genome shuffling to greatly accelerate the improvement of more
phenotypes involved in ethanol production and ethanol and osmotic stress tolerance. As
such, the novel genome shuffling is more efficient than that based on PEG-mediated
protoplast fusion.

The fermentation results (Fig. 3a, b) suggested high cell number of yeast strains was not
essential to high viable cell count. Low number of cells resulted in less glucose consumed
for cell growth and more substrates converted towards ethanol. On the other hand, high
viable cell count indicated high resistance to greater glucose and ethanol stress, which was
the most important reason of elevated ethanol production (Fig. 3e) during VHG
fermentations [21]. The longer exponential growth phase and stronger metabolic activity
of S3-10 are also key reasons of the increase in ethanol production. Besides, little residual
sugar (Fig. 3c and Table 1) was not only a saving of substrate, but it was also advantageous
in the downstream processing [24]. Additionally, higher production of glycerol (Fig. 3d)
resulted in stronger stress tolerance, which is another important reason of high-level
production of ethanol.

In conclusion, the success of novel genome shuffling depends on the selection of initial
variants, the efficiency of the genetic shuffling during meiosis and conjugation, and the
power of the selection approaches. The selected strain S3-10 possesses optimized
fermentation characteristics under VHG conditions which will be propitious to the
development of the starch- and sugar-based ethanol industry. In addition, the strategy can
be explored to improve other desired traits in yeast strains which can also undergo efficient
mating and sporulation.
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