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Abstract: The simultaneous saccharification and fermentation (SSF) technique holds promise for the
conversion of lignocellulose to ethanol. However, the optimal fermentation temperature of yeast is
lower than the enzymatic hydrolysis temperature of the saccharification process, which leads to the
temperature of the actual production process of SSF usually being lower than 38 ◦C. In this work, two
ultraviolet (UV)-induced mutations were performed step by step using Saccharomyces cerevisiae BY4742
as the original strain to enable the yeast to perform well at higher temperatures. Thermotolerant strains
obtained through mutagenesis and screening, YUV1-1 and YUV2-2, were utilized for fermentation and
SSF at a targeted temperature of 40 ◦C. They obtained ethanol yields comparable to those at 38 ◦C in
SSF, whereas the ethanol yields of the original strain at 40 ◦C decreased by about 10% compared to
those at 38 ◦C. This study proves that thermotolerant strains adapted to elevated fermentation and SSF
temperatures can be obtained through UV mutagenesis and screening, thereby increasing the stability of
the fermentation and SSF processes and lowering the subsequent distillation costs.

Keywords: ultraviolet mutagenesis; simultaneous saccharification and fermentation; bioethanol;
thermotolerant yeast

1. Introduction

The world community largely recognizes the significance of energy security. Due
to the decrease in traditional fossil energy sources, such as coal, oil, and natural gas, on
which we are now largely dependent, and the carbon dioxide emissions from traditional
fossil fuel use, it is vital and urgent to build a renewable energy supply system. In the
past two decades, researchers have exerted considerable effort in the field of renewable
energy. Biomass energy is an important renewable energy source and one of the research
hotspots with non-toxic, biodegradable, and carbon-neutral characteristics [1]. By 2050, it is
anticipated that 50% of the world’s energy consumption will be derived from biomass [2].

Lignocellulosic ethanol, a well-known second-generation biomass energy, is attracting
increasing public attention [3–7]. In comparison to first-generation bioethanol, which
utilizes corn or other food grains as raw materials, second-generation bioethanol technology
based on agricultural residues such as wheat straw offers better environmental benefits with
fewer greenhouse gas emissions. Moreover, using lignocellulose-rich crop straw to produce
ethanol will reduce the environmental pollution caused by the improper treatment of straw
such as direct incineration and discarding [8]. Substituting food crops with abundant
lignocellulosic materials, which alleviates concerns about the impending food crisis [9–13],
makes lignocellulosic ethanol a promising alternative to conventional fossil fuels [14–17]. It
may potentially decrease our reliance on fossil fuels and address the global energy crisis.
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The simultaneous saccharification and fermentation (SSF) technique for converting
lignocellulose to ethanol would abate widespread microbial contamination (due to the
presence of ethanol in the culture broth), reduce osmotic stress because glucose is fermented
to ethanol instead of being allowed to accumulate, lessen the reducing sugar’s inhibition
on the enzyme, minimize the potential loss of sugar, and shorten the entire processing
cycle [10,18,19]. Despite the advantages of SSF, there exists a critical problem: the most
suitable temperature for cellulase differs from that of fermentative microorganisms [20].
The optimal temperature for yeast fermentation is usually 28–35 ◦C, but 40–50 ◦C for
enzymatic hydrolysis [9,21]. Reluctantly, SSF is usually carried out at 30–38 ◦C as a
compromise [22–27]. It is difficult to reduce the optimum reaction temperature of cellulase
through protein engineering. Therefore, the key to solving this problem is to elevate the fer-
mentation temperature by obtaining thermotolerant ethanol-producing yeast. Furthermore,
higher temperatures would help improve productivity while reducing cooling-related
costs, contamination chances, and subsequent distillation costs during SSF, as well as the
general fermentation process [28]. Given the magnitude of the worldwide bioethanol
industry, even a minor improvement in ethanol production efficiency through the adoption
of thermotolerant yeasts could have a significant economic impact [29].

Although research on non-conventional heat-resistant yeast is an idea to improve the
temperature of SSF, certain non-traditional yeasts demonstrate poorer ethanol yields or
recovery viability when compared to conventional Saccharomyces cerevisiae (S. cerevisiae) [30].
S. cerevisiae is widely utilized in the bioethanol sector and can readily be engineered to
produce a variety of additional important products [12]. Therefore, from an industrializa-
tion standpoint, it is valuable to try to improve the heat resistance of conventional yeast.
Currently, mutation breeding is frequently utilized to alter strains to satisfy production
requirements. With the development of an increasing number of innovative mutation breed-
ing techniques, such as high-energy particle flow, heavy-ion irradiation, atmospheric and
room-temperature plasma breeding, and other techniques, it is possible to select thermotol-
erant yeast strains precisely and efficiently [30–33]. Among these, ultraviolet (UV)-induced
mutation is a sensible and straightforward method for altering specific microbe traits. The
simplicity of the equipment and the lack of extra chemical additives distinguish UV mutage-
nesis from other cutting-edge target-strain creation procedures. In comparison to adaptive
evolution, which might take several months with equivalent benefits, UV mutagenesis and
screening take substantially less time and can be finished in a few days [34]. UV radiation
causes the pyrimidines of deoxyribose nucleic acid (DNA) molecules to polymerize into
pyrimidine dimers, thereby affecting the replication and transcription of DNA, resulting
in the reversion, frameshift, transversion, or deletion of gene sequence [35]. Screening
and selection after UV mutagenesis treatment have traditionally been used to obtain the
preferred yeast strain. Related studies have demonstrated the feasibility and effectiveness
of enhancing yeast’s tolerance to certain restrictive circumstances. After UV radiation and
massive screening, Sridhar et al. obtained the yeast mutants VS1 and VS3 strains, whose
ethanol yields were 10.7% and 1.6% greater than those of the parent strain at 42 ◦C using
150 g/L glucose as the substrate [29]. However, additional research is needed to determine
whether UV mutagenesis might help common S. cerevisiae perform better in SSF with more
complicated environments and higher temperatures.

This research aims to obtain thermotolerant yeast through UV mutagenesis and screen-
ing using S. cerevisiae, the yeast most commonly used and industrially suitable for sustain-
able fuel and chemical production, as the original strain [36], to mitigate conflicts between
the optimal temperature of the enzyme and fermentation strain, which is inconsistent in SSF.
The mutants were evaluated in a sequencing batch reactor for glucose fermentation and
straw SSF at 40 ◦C, which is within cellulase’s ideal working temperature range, to verify
whether the mutants can achieve outstanding ethanol output at an elevated temperature.
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2. Materials and Methods
2.1. Materials
2.1.1. Strain

Saccharomyces cerevisiae BY4742 (S. cerevisiae BY4742) was the original strain for muta-
genesis. The pre-culture was conducted in a biochemical incubator (LRH-250, BLUE PARD,
Shanghai, China) with a rocking device inside (WSZ-100A, BLUE PARD, Shanghai, China)
at 37 ◦C and 180 rpm for 16 h and then used to inoculate 500 mL baffled shake-flasks
containing 250 mL of the yeast extract peptone dextrose (YPD) medium with the same con-
ditions to obtain sufficient yeast cells for the subsequent experiments. After recovery and
cultivation, the yeast suspension was diluted to approximately 50 g/L with sterilized water.

2.1.2. Media

The yeast was recovered and pre-cultured in a YPD medium, which contained yeast
extract (10 g/L), glucose (20 g/L), and peptone (20 g/L). The solid culture medium used
for plate screening contained 10 g/L of agar in addition to the YPD medium. Before use,
each culture medium was maintained at a pH between 4.0 and 4.5 and sterilized for 25 min
at 121 ◦C. The components of the fermentation medium are detailed in Table S1.

2.2. Ultraviolet Mutagenesis

About 10 mL of a yeast suspension at a concentration of 50 g/L was stirred with a
magnetic stirrer (MS5, LAB FISH, Huzhou, China) in a petri dish and exposed to a 15 W
UV light at a distance of 35 cm for 2 min. Samples were withdrawn every 10 s and the cells’
survival rate was assessed using methylene blue to determine the exposure time of the cells
to UV. All the operations were conducted on a super-clean worktable (JJ-CJ-1F, JINJING,
Suzhou, China).

2.3. Survival Screening and Separation of the Thermotolerant Yeast

Spread plates were used to screen mutants that can grow well at elevated temperatures.
The yeast suspension was coated in a standard solid YPD medium and cultivated for
5 d in a biochemical incubator (LRH-250, BLUE PARD, Shanghai, China). The culture
temperatures of the first mutagenesis and second mutagenesis were 42 ◦C and 43.5 ◦C,
respectively. The dominant independent colonies were chosen and cultured for subsequent
fermentation screening. Purification took another 5 d at 42 ◦C or 43.5 ◦C in the biochemical
incubator. All the plates were kept away from light during the culture process to prevent the
genetic materials of the mutants from being repaired under illumination. For subsequent
experiments, the yeast was grown in a YPD medium at 37 ◦C for 16–18 h, with shaking at
180 rpm until a sufficient amount of yeast cells were obtained for the fermentation assays.

2.4. Fermentation and SSF Process

For the fermentation, 2 g/L of yeast was added to the fermentation medium in a
500 mL automatic reactor (BIOTECH-8, BAOXING, Shanghai, China) containing 300 mL of
fermentation reaction liquor. The process was conducted at a shaking speed of 180 rpm, pH
of 4.0, and temperature of 40 ◦C or 42 ◦C. The fermentation duration was 60 h overall, with
samples obtained from the reactor every 12 h and frozen at 4 ◦C. To describe the mutants’
thermotolerance properties in comparison to the original strain, cell growth, glucose intake,
and ethanol production were examined. SSF was carried out in 100 mL DURAN glass
bottles (SCHOTT, Mainz, Germany) containing a total liquid volume of 30 mL. Bottles were
agitated at 180 rpm in a shaking incubator with a constant temperature. The substrate used
for the SSF process was wheat straw that had been prepared with 1.0% NaOH, dried at
105 ◦C, crushed, and sieved through 80 mesh in accordance with Zhang’s procedures [9].
The initial solid content (dry weight of pretreated wheat straw) was set at 16.0% for all
samples, and the pH was controlled with 50 mM of citrate buffer at 4.0. The temperature
was set to 38 ◦C or 40 ◦C. The cellulase (purchased from Sigma-Aldrich, St. Louis, MO, USA)
from Trichoderma reesei ATCC 26921 was a mixture of cellobiohydrolases, endoglucanases,
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and β-1,4 glucosidases, and its filter-paper activity (FPA) was 82.22 FPU/mL. The enzyme
loading amount was determined based on our previous optimization experiments, set
at 30 FPU/g substrate, which can ensure efficient substrate hydrolysis without causing
enzyme waste [9]. The initial yeast concentration was set at 8.0 g/L. The total SSF time was
120 h, and samples were drawn from the reactor every 24 h and decanted into centrifugal
tubs, then centrifuged at 4000 rpm for 10 min. The supernatant was filtered through
0.45 µm membrane filters and stored at 4 ◦C in 2 mL bottles. The analyses of the reducing
sugars and ethanol concentrations were conducted to confirm the SSF effects of the strains.

2.5. Analytical Methods

The optical density (OD) at 600 nm was measured using a spectrophotometer (UV2600,
SHUNYUHENGPING, Shanghai, China) to determine yeast growth. An inverted mi-
croscope (X71, OYMPUS, Kyoto, Japan) was used to examine cell morphology. The re-
ducing sugars and ethanol concentrations of fermentation and SSF were evaluated using
high-performance liquid chromatography (HPLC) (LC-10AD, SHIMADZU, Kyoto, Japan)
equipped with a refractive index detector (RID-10A, SHIMADZU, Kyoto, Japan) according
to Zhang and Pessani’s protocol [9,37].

2.6. Calculation

According to the stoichiometric relationship described by Equation (1), i.e., 100 g of
glucose can create 51.1 g of ethanol, the maximum theoretical ethanol concentration from
glucose was computed. The ethanol yield based on the total starting glucose concentration
was determined according to Equation (2) as follows:

C6H12O6→2CH3CH2OH+2CO2 (1)

YE(%) =
CE

CC × 0.511
× 100% (2)

where YE stands for the actual ethanol yield (g/g, %), Cc for the concentration of glucose
(g/L), and CE for the ethanol concentration (g/L).

Since, theoretically, 100 g of cellulose could produce 56.8 g of ethanol, the ethanol yield
from the wheat straw’s initial cellulose was estimated using Equation (3)

YE(%) =
CE

Cs × PC × 0.568
× 100% (3)

where YE is the ethanol yield (g/g, %), Cs is the initial dry wheat straw concentration (g/L),
0.568 is the transformation coefficient of ethanol per gram of cellulose, CE is the ethanol
concentration of the SSF liquid (g/L), and PC is the percentage of cellulose in the initial
wheat straw.

3. Results and Discussion
3.1. Ultraviolet-Induced Mutagenesis and Screening

As shown in Figure 1, UV mutagenesis and screening were gradually carried out
twice. UV radiation was applied to the parent strains, and survival screening was carried
out at specific elevated temperatures. The strains that passed the survival screening were
selected for fermentation experiments, and the desired strains produced the best level
of fermentation.
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3.1.1. Determination of Mutagenesis Time

UV mutagenesis was performed twice in this study. The parent strains of the first and
second mutagenesis processes were S. cerevisiae BY4742 and the first mutated strain with
the best fermentation performance at 42 ◦C, respectively. The lethality rates, judged by the
proportion of cells stained with methylene blue (an example of the staining picture is shown
in Figure S1), of yeasts exposed to radiation during the two mutagenesis processes were
basically the same. UV radiation lethality rates increased with exposure time. After 50 s of
radiation, the lethality rates reached approximately 80%, and after 70 s, the lethality rates
were 100% (Figure S2). When the lethality rate reaches 70–80%, the chance of mutation is
relatively high. Therefore, 50 s was chosen as the UV mutagenesis period in this experiment,
and the yeast suspension exposed to UV light for 50 s was employed for further screening.

3.1.2. Survival Screening of Thermotolerant Strains

In light of the benefits of higher operating temperatures, the objective of this study
was to increase the suitable temperature for fermentation and the SSF process to 40 ◦C
by enhancing yeast’s heat tolerance. In order to adapt the strains to higher temperatures,
the survival screening temperatures were set at 42 ◦C and 43.5 ◦C in the first and second
UV-induced mutagenesis processes, respectively, which is higher than the optimal temper-
ature range of the original yeast strain S. cerevisiae BY4742 (below 37.5 ◦C) and the target
temperature (40 ◦C).

After receiving 50 s of UV radiation, the S. cerevisiae BY4742 yeast solution was diluted
100 times and grown for 5 days at 42 ◦C in the first UV-induced mutagenesis process. Yeast
colonies with a smooth surface, white hue, and clear boundary were obtained. It was
demonstrated that mutant yeasts can thrive and reproduce effectively at a temperature
of 42 ◦C. Five thermotolerant strains, designated YUV1-1, YUV1-2, YUV1-3, YUV1-4, and
YUV1-5, were finally developed by streak-culturing colonies showing dominant growth
at 42 ◦C. The parent strain of the second mutagenesis was YUV1-1, which obtained the
highest ethanol yield in the subsequent fermentation screening. The second mutagenesis
process followed the same procedure as the first, but the survival screening temperature
was increased to 43.5 ◦C to help the strain better adapt to a higher temperature. As a result,
five strains were obtained and designated YUV2-1, YUV2-2, YUV2-3, YUV2-4, and YUV2-5.

3.1.3. Fermentation Screening of Thermotolerant Strains

The first mutants, YUV1-1, YUV1-2, YUV1-3, YUV1-4, and YUV1-5, and the second
mutants, YUV2-1, YUV2-2, YUV2-3, YUV2-4, and YUV2-5, as well as their parent strains,
were subjected to more severe temperature fermentation at 42 ◦C to assess their fermen-
tation performance. After diluting the NaOH pretreatment, the proportions of cellulose,
hemicellulose, and lignin in our SSF substrate (wheat straw) were 58.8%, 22.9%, and 11.8%,
respectively. As cellulose is essentially a large polysaccharide composed of a large number
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of glucose monomers, and our pretreated wheat straw contained more than half cellulose,
it can be presumed that glucose would account for a large proportion of the SSF hydrolysis
products. Our previous research on the optimization of enzymatic saccharification of wheat
straw pre-treated with sodium hydroxide also supported this finding [38]. In order to better
align with the SSF process, glucose was selected as the substrate for fermentation screening.
The substrate concentration was set at 80 g/L, which, according to our previous research,
would not inhibit the growth of the original strain S. cerevisiae BY4742 [39]. Variations in
biomass, glucose consumption, and ethanol output during fermentation can indicate the
yeast’s growth and fermentation activity.

For the first fermentation screening, the initial yeast concentration was 2.0 g/L. As
depicted in Figure 2a, YUV1-1, YUV1-2, YUV1-3, and YUV1-4 grew well in the process
of fermentation at 42 ◦C and achieved their maximum concentrations of 3.1, 2.5, 3.3, and
2.8 g/L after 60 h, 12 h, 12 h, and 36 h, respectively. In addition, the concentrations of
YUV1-5 and the original strain S. cerevisiae BY4742 remained below 2.0 g/L throughout
the fermentation process. YUV1-5 grew well on the YPD culture medium but could not
replicate massively in a more complex fermentation environment. Except for heat tolerance,
UV-induced mutagenesis may have altered other features of YUV1-5, resulting in its distinct
developmental state during the fermentation process.
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As depicted in Figure 2b, during the ongoing fermentation process, the glucose uti-
lization rate of each strain exhibited a steady upward trend. YUV1-1 and YUV1-4 exhibited
excellent glucose consumption, and the glucose utilization rate of these two mutated
strains exceeded 60% at the end of the fermentation process. YUV1-2 and the original
strain S. cerevisiae BY4742 had a low glucose utilization rate below 30% at the end of the
fermentation process at 42 ◦C. YUV1-5 had a higher glucose consumption rate compared to
S. cerevisiae BY4742 while having a similar cell concentration. However, YUV1-3, which had
a substantially higher cell concentration compared to YUV1-5, did not have a significantly
higher glucose utilization rate compared to YUV1-5. This demonstrates that the mutated
strain’s cell concentration and glucose utilization rate did not always correspond positively.
The reason for this could be that the various mutant strains have varied metabolic pathways
and substrate assimilation abilities. There are precedents for mutagenesis altering yeast
substrate utilization and product formation. Yi et al. obtained yeast mutants with the ability
to ferment xylose by UV and γ-ray mutagenesis of S. cerevisiae CICC-1517RM [40]. Yao et al.
created a superior isoprene synthase mutant ISPSLN through saturation mutagenesis,
leading to an almost fourfold improvement in isoprene production [41]. In comparison,
YUV1-3 exhibited stronger assimilation and YUV1-5 showed stronger alienation after the
first mutagenesis in this study.

The steady accumulation of ethanol during fermentation is shown in Figure 2c. After
36 h of fermentation, the ethanol yield for the original strain of S. cerevisiae BY4742 stabilized,
and the ultimate ethanol yield was under 20%. Other than YUV1-4, which reached its
maximum ethanol yield of 31.9% after 48 h, all other mutant strains reached their maximum
ethanol yields after 60 h of fermentation, with YUV1-1 having the highest ethanol yield at
42.6%. It is worth noting that YUV1-4 exhibited the highest glucose utilization rate among
the five mutated strains, as shown in Figure 2b. However, its ethanol yield was not the
highest and began to decrease after 48 h, and its cell concentration steadily declined after
36 h. The following reason may account for this phenomenon: UV increased the cell’s
heat resistance while decreasing its tolerance to ethanol. As a result, the cell concentration
started to decline, and the metabolic mode of living cells changed after the accumulation of
ethanol to a certain concentration at the later stage of fermentation [36]. Cells growing on
glucose initially switched from a fermentative metabolism that mostly relied on glycolysis to
produce ethanol to a respiratory metabolism that utilized the tricarboxylic acid, glyoxylate,
and mitochondrial electron transport chains to break down the ethanol produced during the
earlier stages of growth [42]. All mutated strains produced more ethanol than the original
strain at the end of fermentation, proving that the mutants were verified by fermentation at
a higher temperature. However, their ethanol yield was still less than 45%.

To summarize, YUV1-1 maintained a high biomass throughout the fermentation
process, particularly in the late fermentation stage, where its biomass and ethanol yield
were the highest, showing that its heat resistance and ethanol tolerance were both good.
Therefore, the original strain selected for the second UV mutagenesis was YUV1-1. The
glucose utilization rate and ethanol yield of YUV1-2 were both poor, being only slightly
higher than those of the original strain. Although YUV1-3 had a relatively high biomass,
it did not stand out among the other four mutants in terms of its ability to use glucose or
produce ethanol. The biomass of YUV1-5, however, was lower than 2 g/L and comparable
to that of the original strain, whereas its ethanol output was higher than that of YUV1-3. The
ethanol output, biomass, and glucose utilization rate of YUV1-4 were all quite high in the
first 48 h of fermentation. However, because YUV1-4 had a low ethanol tolerance, ethanol
inhibition during the late fermentation period caused a drop in the biomass and ethanol
output. As can be seen, despite the strains after one mutation passing the high-temperature
survival screening, they did not all have the same levels of stability in production due to
variances in substrate tolerance, product tolerance, and substrate metabolic route.

The first mutagenesis yielded five strains that enhanced ethanol yield in the higher-
temperature fermentation screening test. However, the ultimate ethanol yield was less than
45%, which is not ideal. So, YUV2-1, YUV2-2, YUV2-3, YUV2-4, and YUV2-5 were produced
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through secondary mutagenesis. Cell growth, glucose uptake, and ethanol production
were still used to gauge their performance during the 42 ◦C fermentation process.

Figure 3a shows the concentration changes of the five strains obtained through the
second mutagenesis process, as well as their parent strain YUV1-1 during fermentation at
42 ◦C. In the fermentation process, there was no significant difference in the cell concen-
trations among the five mutated strains. The cell concentrations of the second-mutated
strains reached about 2.5 g/L after 12 h of fermentation, then remained relatively stable
and only decreased slightly with substrate consumption and ethanol accumulation in the
later period of fermentation, which was better than the general level of the first mutated
strains. Among them, YUV2-2 has the highest biomass and maintained a cell concentration
of about 3 g/L between 12–48 h of fermentation. The consumption of cells as a carbon
source might account for the drop in cell concentrations in the later period of fermentation.
In general, the second mutants screened at 43.5 ◦C had greater and more stable biomass
compared to the first mutants screened at 42 ◦C during the fermentation phase.
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Figures 3b and 4c compare the glucose utilization rates and ethanol yields of the
second-mutated strains, as well as their parent strain YUV1-1. Although the glucose
intakes and ethanol yields of the five second-mutated strains varied slightly, they were
all noticeably superior to their parent strain YUV1-1. YUV2-2 showed a high glucose
utilization rate of more than 70%. In contrast to the original strain S. cerevisiae BY4742,
whose ethanol yield was steady after 36 h (Figure 2c), the ethanol yields of the six mutant
strains grew steadily throughout the 60 h fermentation. The original strain was increasingly
difficult to maintain at a higher temperature; thus, the mutant strains that had survived
higher-temperature survival screening had more obvious advantages in the later stages
of higher-temperature fermentation screening. In addition to YUV2-1, the final ethanol
yields of the other four strains exceeded 45%, of which YUV2-2 and YUV2-3 exceeded 50%
(54.87% and 52.15%, respectively).
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In addition, at 35 ◦C, neither a glucose concentration of 80 g/L nor an exogenous
ethanol addition of 10 g/L hindered yeast growth in our prior work on substrate and prod-
uct inhibition in ethanol fermentation [39]. In this study, when fermentation was carried out
at 42 ◦C for 12 h, although the quantities of glucose and ethanol in the fermentation broth
were lower than the inhibitory values, the parent strain showed a reduction in concentra-
tion, whereas the majority of the mutagenic strains showed an increase. This demonstrated
that the screened strains’ improved fermentation performance was mainly due to their
improved heat resistance rather than their improved ethanol or glucose tolerance.

The second-round mutated strains with YUV1-1, which had already exhibited cer-
tain heat tolerance, as the parent and survived screening at 43.5 ◦C, showed higher cell
viability and more stable fermentation activity at 42 ◦C. This shows that step-by-step mu-
tagenesis and the use of appropriate stringent screening conditions can aid in acquiring
better and more stable performance when obtaining specific traits of S. cerevisiae through
UV-induced mutagenesis.

3.2. Fermentation Performance of Mutated Strains

To compare their performance to that of the common strain S. cerevisiae BY4742,
YUV1-1 obtained in the first mutagenesis and YUV2-2 obtained in the second mutage-
nesis, which had the highest ethanol yield in fermentation screening, were utilized for
fermentation using glucose as the substrate at a target temperature of 40 ◦C. The whole
fermentation process lasted 60 h. The final fermentation data, including the yeast cell and
ethanol concentrations, calculated ethanol yields, and ethanol volumetric productivity, are
presented in Table 1.

Table 1. The final yeast cell mass concentration (CY), ethanol concentration (CE), calculated ethanol
yields (YCE, the ratio of the final ethanol mass to the consumed substrate mass), and final ethanol
volumetric productivity (VPE, the final ethanol concentration produced per unit time) at the end of
the fermentation and SSF processes.

Condition Strain Name CY, g/L CE, g/L YCE, g/g VPE, g/L/h

Fermentation at 40 ◦C for 60 h
S. cerevisiae BY4742 2.52 16.82 0.34 0.28

YUV1-1 3.07 22.85 0.39 0.38
YUV2-2 3.03 23.44 0.39 0.39

SSF at 40 ◦C for 120 h
S. cerevisiae BY4742 - 33.01 0.21 0.28

YUV1-1 - 41.31 0.26 0.34
YUV2-2 - 41.69 0.26 0.35

SSF at 38 ◦C for 120 h
S. cerevisiae BY4742 - 38.33 0.24 0.32

YUV1-1 - 39.68 0.25 0.33
YUV2-2 - 40.41 0.25 0.34

“-” indicates that no values are available.

The initial cell concentrations were set at about 2 g/L. Figure 4a shows that at
the initial stage of fermentation, the cell concentrations of the three strains, YUV1-1,
YUV2-2, and S. cerevisiae BY4742, increased rapidly and reached the maximum values of
3.27, 3.41, and 3.07 g/L at 24 h, followed by a slight decrease. The cell concentrations
finally maintained at about 3 g/L, which were all higher than those of the strains in the
fermentation environment at 42 ◦C, indicating that the mutagenic strains could function
at 42 ◦C but their activity was higher at a lower temperature. The consumption of the
glucose substrate, whose concentrations below 40 g/L were insufficient to support a
significant amount of yeast growth, may be the cause of the decline in cell concentrations
in the late stage of the process. The yeast lived in a challenging environment with few
accessible reducing sugars and a high concentration of ethanol during the late stages of
fermentation. Cells entered the decay phase and used polysaccharides, lipids, poly-β-
hydroxybutyrate, and other self-stored energy substances for endogenous respiratory
metabolism to survive or potentially initiate cellular autolysis. The concentration of
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YUV2-2 was slightly higher than that of YUV1-1, and both mutants had higher con-
centrations compared to the original strain S. cerevisiae BY4742. Compared to the cell
concentrations in the fermentation environment at 40 ◦C, the cell concentration of the
original strain at 42 ◦C decreased by 1.62 g/L, whereas the cell concentrations of YUV1-1
and YUV2-2 at 42 ◦C decreased by 0.27 and 0.47 g/L, respectively. So, the mutated strains
were more adaptable to a higher temperature compared to the original strain. Compared
to the original strain, the mutant strains showed more obvious growth advantages at
higher temperatures.

As shown in Figures 4b and 5c, throughout the fermentation process, the yield of
ethanol gradually increased with the consumption of the glucose substrate. For the three
strains tested, most of the fermentation took place within the first 36 h, after which the
fermentation speed slowed down considerably with the decrease in the glucose concentra-
tions. In the last 48 h, the ethanol yield of the original strain S. cerevisiae BY4742 was stable,
whereas the ethanol yields of the two mutated strains slowly increased. The ethanol yields
of the two mutants were 55.84% and 57.09%, which were, respectively, 12.41% and 13.66%
higher than that of the original strain. At the same time, the fermentation performance of
the two mutated strains at 40 ◦C was better than that of their performance at 42 ◦C, with
final ethanol yields of 42.60% and 54.87%, respectively. In addition, the comprehensive re-
sults of the fermentation experiments at 40 ◦C and the fermentation screening experiments
at 42 ◦C mentioned above showed that the heat resistance of YUV2-2, which underwent
the second mutagenesis and higher-temperature survival screening, was better than that of
its parent strain YUV1-1.
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3.3. Performance of Mutated Strains in Simultaneous Saccharification and Fermentation

The mutated strains exhibited a better fermentation effect than S. cerevisiae BY4742
during the glucose fermentation process at 40 ◦C. To further verify whether they could
align perfectly with cellulase during the SSF process, YUV1-1, YUV2-2, and the original
strain S. cerevisiae BY4742 as the control, were utilized in the SSF experiments for 120 h
at a target temperature of 40 ◦C and a routine temperature of 38 ◦C. Wheat straw rich
in cellulose content was used as the substrate for SSF after alkali pretreatment. The
concentrations of cellulose hydrolysates, which consisted of two kinds of hexose (glucose,
and cellobiose) that can be used by yeasts, and a kind of pentose (arabinose) that can
scarcely be used by common yeasts, as well as ethanol, were detected every 24 h. The final
ethanol concentrations, yields, and volumetric productivity after 120 h of SSF are listed
in Table 1.

Figure 5 depicts the ethanol formation profiles and changes in carbohydrates during
the SSF process using the two mutated strains compared to the original strain S. cerevisiae
BY4742, at 40 ◦C and 38 ◦C. In all cases, more than half the fermentation was completed in
the first 24 h, and then the ethanol yield increased slowly, reaching a stable level after 96 h
and a maximum after 120 h. After 24 h, the concentration of hexose (glucose and cellobiose)
decreased gradually, whereas the concentration of pentose (arabinose) remained relatively
stable. During SSF at 38 ◦C, 2.6 to 3.1 g/L of xylose was detected and completely consumed
during the later stages of fermentation. This may be due to the lack of easily available
hexose in the later stages of fermentation, as the yeast needed to utilize a small amount
of xylose. In the SSF at 40 ◦C, a concentration of 5.6 to 6.1 g/L of xylose was detected,
which was higher than that at 38 ◦C. Furthermore, there was no significant decrease in
the xylose concentration, indicating that higher temperatures did indeed increase the
saccharification level of lignocellulose. Whether in ethanol production or reducing sugar
consumption, the performance of the two mutants at 40 ◦C was slightly better than that
at 38 ◦C, but the overall difference was not significant. At 38 ◦C, at the end of 120 h of
fermentation, the ethanol yields of YUV1-1, YUV2-2, and S. cerevisiae BY4742 were very
similar at 74.25%, 75.62%, and 71.73%, respectively, whereas the corresponding values at
40 ◦C were 77.30%, 78.01%, and 61.75%. At 40 ◦C, the ethanol yields of the two mutants
were slightly higher than those at 38 ◦C. Regarding S. cerevisiae BY4742, the consumption
of glucose and production of ethanol were slower at 40 ◦C, and the final ethanol yield at
40 ◦C was about 10% lower than that at 38 ◦C. The activity of S. cerevisiae BY4742 at 40 ◦C
was lower than that at 38 ◦C.

For the two mutants YUV1-1 and YUV2-2, which successfully adapted to a temperature
of 40 ◦C, the concentration of glucose and cellobiose that could be used decreased rapidly
with the reaction, and the utilization rates of hexose by the two strains at 40 ◦C were slightly
higher than that at 38 ◦C. At 40 ◦C, there was no glucose after 48 h because of the rapid
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consumption by the yeast. The increase in the ethanol yield after 48 h can be attributed to
the hydrolysis of cellobiose. β-glucosidase was active at 40 ◦C and continued to decompose
cellobiose into glucose, which was rapidly turned into ethanol by the mutated strains, so
there was almost no cellobiose accumulation. This also explains why the final ethanol yield
of the mutant at 40 ◦C was higher than that at 38 ◦C. The activity of the original strain at
40 ◦C was lower than that at 38 ◦C so the residual concentration of glucose at 40 ◦C was
higher than that at 38 ◦C.

Despite the different pretreatment methods and parameters used, the final ethanol
titers obtained in previous studies on the production of ethanol from wheat straw using
the SSF process were mostly in the range of 18–52 g/L [43]. At a target temperature of
40 ◦C, at the end of SSF, the ethanol concentrations of YUV1-1 and YUV2-2 were 41.31 g/L
and 41.69 g/L, respectively (detailed in Table 1). These values were 8.30 g/L and 8.68 g/L
higher than that of S. cerevisiae BY4742 (33.01 g/L) and were at an upstream level in the
studies of ethanol production from the same substrate. These phenomena can be explained
by the following factors: the heat tolerance of the mutated yeast increased, and the enzyme
activity of the mutated strains maintained a high level, thus increasing the concentration
and production of ethanol. A higher fermentation broth and ethanol concentration can
greatly reduce the distillation cost. Given the potentially huge scale of straw bioethanol,
the economic cost savings would be substantial.

Heat stress has been shown to activate various stress-responsive genes, including those
encoding heat-shock proteins (HSPs), enzymes involved in protein degradation such as
ubiquitin ligase, and proteins involved in trehalose and glycogen metabolism in yeast [44].
The following research focuses on the expression of these genes to reveal the mechanism of
improved heat resistance of mutated strains at the molecular-biology level.

Lignocellulose is the most important potential feedstock for bioethanol, and biologists
estimate that the total amount of biomass growing on Earth each year amounts to several
hundred billion tons. It serves as the material basis for biomass energy, which can be con-
verted into biofuels equivalent to 34 billion to 160 billion barrels of crude oil. Although the
production of lignocellulosic ethanol through the SSF process has many advantages, it also
faces many challenges such as the high cost of cellulase and the high energy consumption
per unit of product. Free cellulase is difficult to recover and its activity is highly sensitive
to the external environment. Factors such as high temperature, high pressure, acidity, and
alkalinity, as well as changes in the concentrations of reactants and products, can inhibit
enzyme activity. Immobilization of cellulase can improve its stability, catalytic activity,
selectivity, and resistance to inhibition, allowing it to be used repeatedly. The performance
of yeast is strongly inhibited by the high concentrations of the substrate and end products,
which restricts the generation of ethanol and the promotion of industrialized lignocellulose-
based ethanol production. In situ ethanol removal and batch-feeding strategies can reduce
the substrate and ethanol concentrations in the fermentation broth. When batch-feeding or
in situ ethanol removal processes are used with SSF, much higher ethanol concentrations
and cellulose conversion can be achieved with minimal enzyme dosage. Simultaneously,
ethanol production can be enhanced more effectively [45–48].

4. Conclusions

This work proved that the performance of Saccharomyces cerevisiae in glucose fermenta-
tion and wheat straw SSF can be improved by UV mutagenesis and higher-temperature
screening. Two thermotolerant strains, YUV1-1 and YUV2-2, were obtained through UV mu-
tagenesis and screening of high-temperature cultures, and the validity of high-temperature
fermentation experiments was confirmed. YUV1-1 and YUV2-2 achieved ethanol yields
of 55.84% and 57.09%, respectively, during the process of fermentation, and 77.30% and
78.01% during the process of SSF at 40 ◦C. These yields were higher than those of the
original yeast S. cerevisiae BY4742. A slight increase in the temperature of the ethanol
production process can result in significant cost savings for distillation, given the rising
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demand for bioenergy. Thermotolerant strains have high application value in increasing
the temperature of fermentation and SSF.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/fermentation9070608/s1. Figure S1: Yeasts stained with
methylene blue after 20 s of UV radiation treatment; Figure S2: Yeast lethally rates under UV
irradiation; Table S1: The components of the fermentation medium.
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