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Abstract

Background Continuous fermentation offers advantages in improving production efficiency and reducing costs,
making it highly competitive for industrial ethanol production. A key requirement for Saccharomyces cerevisiae strains
used in this process is their tolerance to high ethanol concentrations, which enables them to adapt to continuous
fermentation conditions. To explore how yeast cells respond to varying levels of ethanol stress during fermentation, a
two-month continuous fermentation was conducted. Cells were collected at different ethanol concentrations (from
60 g/L to 100 g/L) for comparative transcriptomic analysis.

Results During continuous fermentation, as ethanol concentration increased, the expression of genes associated
with cytoplasmic ribosomes, translation, and fatty acid biosynthesis progressively declined, while the expression of
genes related to heat shock proteins (HSPs) and ubiquitin-mediated protein degradation gradually increased. Besides,
cells exhibited distinct responses to varying ethanol concentrations. At lower ethanol concentrations (nearly 70 g/L),
genes involved in mitochondrial ribosomes, oxidative phosphorylation, the tricarboxylic acid (TCA) cycle, antioxidant
enzymes, ergosterol synthesis, and glycerol biosynthesis were specifically upregulated compared to those at 60 g/L.
This suggests that cells enhanced respiratory energy production, ROS scavenging capacity, and the synthesis of
ergosterol and glycerol to counteract stress. At relatively higher ethanol concentrations (nearly 80 g/L), genes involved
in respiration and ergosterol synthesis were inhibited, while those associated with glycolysis and glycerol biosynthesis
were notably upregulated. This suggests a metabolic shift from respiration towards enhanced glycerol synthesis.
Interestingly, the longevity-regulating pathway seemed to play a pivotal role in mediating the cellular adaptations to
different ethanol concentrations. Upon reaching an ethanol concentration of 100 g/L, the aforementioned metabolic
activities were largely inhibited. Cells primarily focused on enhancing the clearance of denatured proteins to preserve
cellular viability.

Conclusions This study elucidated the mechanisms by which an ethanol-tolerant S. cerevisiae strain adapts to
increasing ethanol concentrations during continuous fermentation. The findings suggest that the longevity-
regulating pathway may play a critical role in adapting to varying ethanol stress by regulating mitochondrial
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respiration, glycerol synthesis, ergosterol synthesis, antioxidant enzyme, and HSPs. This work provides a novel and
valuable understanding of the mechanisms that govern ethanol tolerance during continuous fermentation.

Keywords Saccharomyces cerevisiae, Continuous ethanol fermentation, Dynamic response mechanism, Ethanol

stress, Comparative transcriptome

Background

Continuous fermentation is a key technology in the
industrial production of bioethanol, as it helps to
increase productivity, minimize non-productive down-
time, and reduce overall production costs [1, 2]. How-
ever, the fermenting microorganisms are continuously
exposed to high ethanol concentrations. Ethanol has
adverse effects on cells, such as inhibiting cell growth and
viability, limiting fermentation productivity, and reduc-
ing ethanol yield [3]. The inhibitory effect of accumulated
ethanol on ethanol-producing microorganisms is one of
the key challenges affecting the performance of the fer-
mentation system [4]. To achieve high ethanol titer and
productivity, industrial production typically employs
multistage systems or tanks-in-series systems, combined
with cell recycling or cell immobilization techniques [1,
5-8]. However, the use of multiple fermentation tanks
and cell recycling or immobilization techniques increases
production costs. To further reduce production costs and
improve fermentation efficiency, enhancing microbial
ethanol tolerance is crucial.

Saccharomyces cerevisiae is an ideal species for large-
scale bioethanol fermentation due to its good tolerance
to high osmotic pressure and high ethanol concentra-
tions [9]. Although S. cerevisiae can tolerate up to 120 g/L
of ethanol, a concentration of around 40 g/L can cause
50% growth inhibition, thereby limiting ethanol produc-
tion [10, 11]. A deep understanding of the toxic effects of
ethanol on yeast cells and the response mechanisms of
yeast cells to ethanol can provide guidance for improving
ethanol tolerance. Studies have shown that ethanol inter-
feres with cell membrane structure, protein homeostasis,
energy status, and the cell cycle [3, 10, 12]. Accordingly,
yeast cells develop several tolerance mechanisms, such
as adjusting the cell membrane composition, inducing
the H"-ATPase pump, enhancing antioxidant resistance,
strengthening energy supply, synthesizing protective
substances, inducing heat shock proteins (HSPs), and
maintaining redox balance [13, 14]. However, these con-
clusions are based on the response of cells to short-term
ethanol stress in laboratory batch fermentations and do
not accurately reflect the response of cells to long-term
high ethanol stress during continuous fermentation.
Exploring how vyeast cells respond to persistent high
ethanol stress can provide guidance for constructing
ethanol-tolerant strains suitable for continuous ethanol
fermentation.

Few studies have focused on the response mechanisms
of S. cerevisiae during continuous ethanol fermentation
[15, 16]. Li et al. analyzed the transcriptional differences
in cells from the first, third, and fifth fermentors, which
had ethanol concentrations of approximately 30, 60, and
80 g/L, respectively, in a continuous ethanol fermentation
process using 11 serial fermentors [15]. Since the first two
fermentors primarily support cell growth and supply cells
to the later fermentors, it is difficult to accurately assess
the impact of ethanol on cell growth and fermentation.
Zhang et al. conducted very high gravity (VHG) continu-
ous ethanol fermentation using a 2.5 L fermenter with
280 g/L glucose in the feed [16]. They observed a periodic
oscillation in the levels of residual glucose, ethanol, and
biomass over a period of approximately 150 h. Specifi-
cally, the ethanol concentration oscillated between 40 g/L
and 70 g/L. The study primarily explored the mechanisms
underlying the process oscillation. Therefore, further
studies are needed to elucidate the response mechanisms
of S. cerevisiae to the accumulating ethanol during con-
tinuous ethanol fermentation.

In this study, we established a one-stage continuous
ethanol fermentation system using an ethanol-tolerant S.
cerevisiae strain. Over a two-month fermentation period,
the ethanol concentration in the fermenter was increased
by gradually raising the feeding glucose concentration
from 130 g/L to 260 g/L. Cells were collected at five dif-
ferent time points for comparative transcriptomic analy-
sis. The aim of this research is to reveal the response
mechanisms of ethanol-tolerant S. cerevisiae strain to
increasing ethanol concentrations from 60 g/L to 100 g/L
during continuous fermentation, thereby providing valu-
able information for the development of ethanol-tolerant
strains.

Methods

Strains and medium

In our previous study, we developed a multiple stress-
tolerant flocculating S. cerevisiae strain E-158, which has
strong tolerance to high ethanol, high temperature, and
high osmotic stress, through the following approach:
Atmospheric and Room Temperature Plasma (ARTP)
mutagenesis and four rounds of genome shuffling were
applied to the parental strain KF7, generating a pool
of mutant strains. The most ethanol-tolerant mutant
C4-189, screened under 15% ethanol stress, and the
most heat-tolerant mutant W3-9, screened at 44°C, were
crossed to generate heterozygous diploids. From these,
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the multi-stress tolerant strain E-158 was obtained [17].
A homozygous diploid strain, ES-42, which exhibits tol-
erance comparable to that of E-158, was obtained from
E-158 through sporulation, spore isolation, and cultiva-
tion. In the present study, ES-42 was utilized for continu-
ous fermentation.

The YP medium (10 g/L yeast extract and 20 g/L pep-
tone) containing 20 g/L glucose (referred to as YPD20)
was used for the routine cultivation of yeast cells. YP
medium supplemented with 50 g/L glucose (YPD50) was
used for pre-cultivation. YP media with various glucose
concentrations were used throughout the continuous fer-
mentation process: 130 g/L (YPD130), 200 g/L (YPD200),
and 260 g/L (YPD260). Additionally, the NYPD260
medium, which contains 17 g/L yeast extract, 34 g/L pep-
tone, and 260 g/L glucose, was also utilized in the con-
tinuous fermentation process.

One-stage continuous ethanol fermentation

The device was composed of three main components: a
fermentation tank (MDL series, BE. MARUBISHI Co.,
Ltd, Japan), a feeding and discharging system, and an air
pump. The fermentation tank had a total capacity of 1 L
and a working volume of 0.6 L. Medium inflow and cul-
ture outflow were managed through peristaltic pumps,
which controlled the dilution rate by adjusting their flow
rates. Sterilized air was introduced uniformly from the
bottom of the fermentation tank via a ventilation system,
with its flow regulated by adjusting the gas flow meter.
Previous studies have demonstrated the positive effect of
aeration on cellular activity during continuous fermenta-
tion [18, 19]. Therefore, this study adopted a continuous
micro-aeration strategy in the one-stage fermentation
process to achieve higher ethanol concentrations.

Yeast cells were activated on a YPD20 agar plate and
then inoculated into a 500 mL Erlenmeyer flask contain-
ing 100 mL of YPD50 medium. The cells were cultivated
at 30 °C and 160 rpm for 16 h. After this, cells from 60
mL of the culture broth were harvested by centrifuga-
tion. The collected cells were then inoculated into the fer-
mentation tank containing 600 mL of YPD130 medium.
The continuous fermentation process was conducted at
33 °C and 200 rpm. The fermentation process was divided
into three distinct operational periods based on the glu-
cose concentrations in the feed. For the first period, the
inlet glucose concentration was set at 130 g/L. The dilu-
tion rate was maintained at 0.05 h™!, while the aeration
rate was progressively increased from 0.01 vvm to 0.05
vvm in order to enhance cellular activity. For the second
period, the inlet glucose concentration was increased to
200 g/L. During this period, the dilution rate remained
constant at 0.05 h™!, and the aeration rate was gradu-
ally increased from 0.01 vvm to 0.07 vvm in order to
enhance cellular activity. To further enhance the ethanol
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titer, the aeration rate was kept at 0.07 vvm, and the dilu-
tion rate was reduced from 0.05 h™! to 0.025 h™!. Reduc-
ing the dilution rate extended glucose retention time in
the reactor, increasing glucose consumption and thereby
boosting ethanol concentration. For the third period, the
inlet glucose concentration was increased to 260 g/L,
and the aeration rate was kept at 0.07 vvm. The dilution
rate was kept at 0.025 h™! for 7 days and then reduced to
0.0125 h™! to increase the ethanol concentration. Finally,
the nitrogen source content was increased to investigate
its effect on ethanol production.

Analytical methods

Every 24 h, fermented broth was drawn from the fermen-
tation tank and centrifuged at 10,000 rpm for 2 min. Due
to the flocculating properties of ES-42, the cell pellet was
resuspended in 0.1 M EDTA for effective deflocculation
and dispersion. The cell suspension was then stained
with a methylene blue solution (0.01 g/L) for 5 min
before being used for counting with a hemocytometer.
Dead cells appeared blue, whereas viable cells remained
unstained.

Meanwhile, the supernatant was filtered through a
0.22 pm membrane filter and used for the measure-
ment of glucose, ethanol, and glycerol concentrations
as previously described [20]. Glucose and glycerol were
determined by high-performance liquid chromatogra-
phy (HPLC) equipped with a RID-20 A refractive index
detector (Shimadzu, Japan) and an Aminex HPX-87 H
column (Bio-Rad, USA). Ethanol was measured by gas
chromatography (GC) equipped with a flame ionization
detector (FID) and a TC-1 capillary column. Isopropanol
was used as the internal standard.

RNA extraction and sequencing

Fermentation broth was collected at multiple time points
during continuous fermentation, each corresponding
to different ethanol concentrations. Three individual
samples taken from the same point served as replicates.
Following centrifugation at 5,000 rpm for 2 min, the cells
were used for RNA extraction using the Yeast RNA Kit
(Omega, USA). The quality and concentration of the total
RNA were measured using a Nanodrop 2000 (Thermo
Scientific, USA) and a 2100 Bioanalyzer (Agilent, USA).
High-throughput RNA sequencing analysis was con-
ducted using the Illumina Novaseq 6000 platform by
Shanghai Majorbio Technology Co., Ltd. Approximately
6 GB of clean data per sample was used for conducting
the transcriptional analysis. The raw sequence data are
accessible via the SRA accession number PRINA1114950.

Comparative transcriptomic analyses
After the sequencing data underwent quality con-
trol and statistical analysis, the remaining reads were
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aligned to the S. cerevisiae S288C reference genome via
the Hisat2 software. Gene expression levels were quanti-
fied in Transcripts per Million reads (TPM) through the
RSEM software. To investigate the inter-sample relation-
ship patterns, Principal Component Analysis (PCA) was
conducted on the full gene expression profiles using the
FactoMineR package in R. Weighted Gene Co-expres-
sion Network Analysis (WGCNA) was performed on 15
RNA samples using the WGCNA package in R [21, 22].
The analysis consists of three main parts. First, the data
were preprocessed. Genes with TPM <10 in over 90%
of the samples and TPM =0 in over 80% of the samples
were removed. Gene expression data were then normal-
ized using log,(TPM + 1), and samples were clustered to
exclude outliers. Second, the co-expression network was
constructed. An appropriate soft threshold was chosen
to create the topological overlap matrix (TOM). A cor-
relation matrix was then established based on pairwise
Pearson correlations among all genes. Hierarchical clus-
tering was performed on the TOM matrix to identify
gene modules with similar expression profiles, and the
DynamicTreeCut algorithm was used to merge modules
with comparable expression patterns. Third, the associa-
tion between modules and traits was analyzed. PCA was
performed on the gene expression matrix of each mod-
ule, and the first principal component (identified as ME)
was used to represent the module’s expression pattern.
The correlations between each module ME and the traits
were calculated. Gene significance (GS) values, repre-
senting the correlation between each gene and the trait,
and module membership (MM) values, representing
the correlation between each gene and its module, were
obtained. Genes with MM >0.8 and GS>0.2 in the inter-
ested modules were selected as potential key candidate
genes for further analysis [22].

Key genes from modules of interest were subjected to
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis
using Metascape [23]. GO terms and KEGG pathways
with an adjusted pvalue (padj)<0.05 were considered
to be significantly enriched. To compare gene expres-
sion across different time points, the TPM values of
the target genes were linearly normalized to scale the
expression levels between 0 and 1 using the formula:
X — z—min(z)

max(z)—min(z)

Results

Performance of continuous ethanol fermentation

The one-stage continuous fermentation process extended
over 61 days, segmented into three distinct periods
according to the inlet glucose concentration (Fig. 1). In
the first period, the inlet glucose concentration was set at
130 g/L, with a dilution rate of 0.05 h™'. The aeration rate
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was gradually increased from 0.01 vvm to 0.05 vvm over
the course of 15 days, during which all glucose was con-
sumed. Initially, the ethanol concentration was recorded
at 55.7 g/L. As fermentation progressed, the ethanol
concentration initially climbed to 60.0 g/L before drop-
ping to 58.3 g/L. Meanwhile, the glycerol concentration
decreased from approximately 2.3 g/L to about 1.8 g/L,
with its yield relative to consumed glucose decreas-
ing from 0.018 g/g to 0.014 g/g. Notably, enhancing the
aeration rate from 0.025 vvm to 0.05 vvm led to a signifi-
cant increase in the total and viable cell counts (Fig. 1b).
This indicated that a slight increase in oxygen supply can
markedly boost cell viability and activity during continu-
ous fermentation.

The second period extended for 25 days, during which
the inlet glucose concentration was set at 200 g/L. Ini-
tially, the dilution rate was kept constant at 0.05 h™?,
while the aeration rate was gradually increased from
0.01 vvm to 0.07 vvm. As a result, the ethanol concen-
tration rose from 65.4 g/L to 73.7 g/L, with a concurrent
reduction in residual glucose. Meanwhile, the glycerol
concentration remained stable at approximately 3.5 g/L,
though its yield decreased from 0.027 g/g to 0.021 g/g.
These findings indicated that an adequate oxygen sup-
ply can significantly promote ethanol fermentation.
Despite these improvements, it was noted that complete
glucose consumption was not achieved within the aver-
age retention time of 20 h. To further elevate the etha-
nol concentration, the dilution rate was subsequently
lowered to 0.025 h™!. Consequently, the ethanol concen-
tration reached approximately 86.9 g/L, while the resid-
ual glucose concentration dropped to around 12.1 g/L.
Although the glycerol concentration remained stable, the
yield further decreased to 0.019 g/g.

In the final period (spanning 21 days), the inlet glucose
concentration was elevated to 260 g/L, while maintaining
an aeration rate of 0.07 vvm. Initially, with a dilution rate
of 0.025 h™!, the ethanol concentration settled around
80 g/L, accompanied by a residual glucose concentra-
tion of about 70 g/L. These results suggested that high
glucose concentration might have an inhibitory effect on
ethanol fermentation to some extent. During this phase,
the glycerol concentration was around 5.1 g/L, with a
yield of 0.026 g/g. To further optimize ethanol produc-
tion, the dilution rate was reduced to 0.0125 h™’. This
adjustment led to an increase in the ethanol concentra-
tion to 101.9 g/L, while the residual glucose concentra-
tion decreased to 30.3 g/L. Concurrently, the glycerol
concentration rose to nearly 7.3 g/L, with its yield reach-
ing 0.036 g/g. Further increasing the nitrogen source did
not result in any increase in ethanol concentration. This
indicated that nitrogen supply was not the primary fac-
tor influencing cell metabolism during this phase. Over-
all, compared to the first two periods, the third period
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Fig. 1 Continuous ethanol fermentation of strain ES-42 under different glucose concentrations in the influent. (a) Ethanol, glycerol, and residual glucose
concentrations. (b) Number of cells, budding cells, and living cells. S1,S2, S3, S4, and S5 denote the distinct time points at which RNA was extracted

showed significant fluctuations in both ethanol produc-
tion and residual glucose levels. These fluctuations may
be similar to the process oscillations commonly observed
in continuous ethanol fermentation under VHG condi-
tions, which are primarily caused by ethanol toxicity [4,
16].

Throughout the entire continuous fermentation pro-
cess, a declining trend was observed in the numbers of
total cells, living cells, and budding cells (Fig. 1b). Dur-
ing the first period, the number of live cells fluctuated
between 9.6x10% cells/mL and 17x10% cells/mL. Upon
entering the second period, the number of live cells

gradually decreased from 11.2x10% cells/mL to 2.2x10%
cells/mL. In the third period, the number of live cells
further reduced from 2.8x10% cells/mL to approximately
1.2x10% cells/mL. Notably, as the ethanol concentration
increased, both the survival rate and the budding rate of
the cells showed a corresponding gradual decline (Fig.
S1). These observations indicated that ethanol concen-
tration plays a crucial role in influencing cell growth and
viability.
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Weighted co-expression network construction and key
modaules identification

To elucidate the response mechanism of ES-42 to
increasing ethanol concentrations during continuous fer-
mentation, RNA was extracted at five distinct time points
(S1 to S5) for comparative transcriptomic analysis. The
specific conditions were shown in Table 1. At S1, the inlet
glucose concentration was 130 g/L and the ethanol con-
centration was 59 g/L. At S2, the inlet glucose concen-
tration was 200 g/L and the ethanol concentration was
71.5 g/L. At S3, the inlet glucose concentration remained
at 200 g/L, but the ethanol concentration increased to
86.9 g/L by reducing the dilution rate to 0.025 h™!. At
S4, the inlet glucose concentration was 260 g/L and the
ethanol concentration was 79 g/L. At S5, the ethanol con-
centration increased to 101.9 g/L by reducing the dilution
rate to 0.0125 h™!. For each time point, three biological
replicates were prepared, resulting in a total of 15 RNA
samples. The PCA analysis results indicated that as the
ethanol concentration increased, the differences among
samples became more pronounced (Fig. S2).

We applied WGCNA to obtain a systemwide under-
standing of groups of genes whose co-expression patterns
were highly correlated during continuous fermenta-
tion. After data filtering, 5826 genes were included in
the WGCNA analysis. First, 15 samples were clustered
to detect any potential outliers. The sample size was not
confined by height, as the cutoff value was set at 120
(Fig. S3a). The “pickSoftThreshold” function was uti-
lized to determine the optimal soft-power threshold.
The scale-free topology fit index did not reach 0.8 (Fig.
S3b) and the mean connectivity remained relatively high
(Fig. S3c), which might be due to an intriguing biologi-
cal variable. Therefore, the recommended default value
of =9 was adopted. For the clustering segmentation, the
minimum module size was set to 50, and the deepSplit
parameter was adjusted to 2 (indicating a medium level
of sensitivity). The hierarchical clustering dendrogram in
Fig. 2a illustrated co-expressed genes with high correla-
tion, while their relative expression levels were visualized

Table 1 Phenotypic characteristics at the five time points for
RNA extraction

S1 S2 S3 S4 S5
Ethanol (g/L) 59.00 71.50 86.90 79.00 101.90
Inlet glucose (g/L) 130 200 200 260 260
Aeration rate (vwm) 0.05 0.05 0.07 0.07 0.07
Dilution rate (h™") 0.05 0.05 0.025 0.025 0.0125
Residual glucose (g/L) 0.70 4220 12.10 71.10 3030
Glycerol (g/L) 1.80 3.69 3.78 497 7.1
Glycerol yield (g/g) 0014 0023 0020 0026 0031
Days 12 30 38 45 51

vvm (air volume per culture volume per minute); The glycerol yield was
calculated based on the amount of consumed glucose
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through a heat map. Five distinct co-expression modules
that exhibited diverse patterns of gene expression were
identified. Notably, the blue module showed the most
significant correlation with ethanol, and also showed a
strong correlation with living cells (Fig. 2b). Therefore,
the blue module, consisting of 2105 genes, was consid-
ered a key module for further investigation. To assess
the relevance of each gene to the blue module and traits
such as ethanol and living cells, the MM and GS values
for each gene were calculated (Fig. 2c, Fig. S4). Applying
the criteria of MM >0.8 and GS>0.2, 1756 genes within
the blue module were identified as hub genes. These hub
genes were considered pivotal to the function of the blue
module.

A dynamic gene expression landscape during continuous
fermentation

The 1756 key genes were subjected to GO and KEGG
enrichment analysis. The results showed that 88 GO
terms were significantly enriched (padj<0.05), which
could be grouped into 16 categories (Table S1, Fig. 3a).
Simultaneously, 25 KEGG pathways were significantly
enriched (padj <0.05) (Table S2, Fig. 3b). These processes
and pathways may reflect how yeast cells cope with
ethanol stress during continuous fermentation. Genes
involved in these processes and pathways were ana-
lyzed for their expression patterns and classified accord-
ingly (Fig. 4). Specifically, genes related to cytoplasmic
ribosomes, translation, V-type ATPase, and fatty acid
biosynthesis consistently decreased. Genes involved in
mitochondrial ribosomes, oxidative phosphorylation, the
tricarboxylic acid (TCA) cycle, the pentose phosphate
pathway (PPP), actin cytoskeleton, ergosterol synthesis,
and antioxidant enzymes peaked at S2 and then gradually
declined. Glycolysis-related genes increased, peaking at
S4, and then sharply dropped. Notably, glycerol synthesis
genes and longevity-regulating genes showed a bimodal
pattern, with higher levels at S4. Additionally, genes
encoding HSPs and those involved in ubiquitin-medi-
ated degradation showed a rising trend throughout the
fermentation. The following sections provide a detailed
analysis.

Expression of genes associated with translation
Twenty terms were closely associated with translation,
encompassing various aspects such as cytosolic ribo-
some, cytosolic small ribosomal subunit, sequence-spe-
cific mRNA binding, ribosome assembly, and translation
reinitiation (Table S1). The enriched KEGG pathways also
included ribosome and N-Glycan biosynthesis (Fig. 3b).
Almost all genes related to cytoplasmic ribosomes
showed the highest expression levels at S1, after which
their expression declined in correlation with increasing
ethanol concentrations (Fig. S5). However, genes coding
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for mitochondrial ribosome displayed a distinct expres-
sion pattern. Their expression levels increased from S1
to S2, and remained relatively high at S3 (Fig. S5). Mito-
chondrial ribosomes synthesize proteins encoded by the
mitochondrial DNA. These proteins are primarily com-
ponents of the oxidative phosphorylation complexes,

which are essential for ATP production [24, 25]. The
results suggested that cytoplasmic translation is pro-
foundly affected by ethanol stress. However, the cells may
preserve protein synthesis within the mitochondria to
maintain vitality and ensure an adequate energy supply,
thereby countering the effects of ethanol stress.
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respectively

Expression of genes associated with mitochondria

Cellular respiration and oxidative phosphorylation were
significantly enriched in the GO and KEGG analyses,
respectively. Genes encoding key enzymes for oxidative
phosphorylation maintained high expression levels from
S1 to S3, with a peak at S2 (Fig. S6a). Similarly, genes
coding for mitochondrial enzymes essential for the
TCA cycle, such as LSC1, KGDI1, KGD2, and ACOI, also
peaked at S2 but then decreased by more than 50% at
S4 (Fig. 5). This suggested that the mitochondria were
in a highly active state at S2, likely producing a greater
amount of ATP to support cellular energy demands.

Expression of genes associated with central carbon
metabolism

Given the profound connection between the fermen-
tation process and central carbon metabolism, an
exhaustive analysis of the central carbon metabolism is
indispensable. The expression profiles of genes relevant
to central carbon metabolism are illustrated in Fig. 5.

GO and KEGG enrichment analyses revealed sig-
nificant enrichment in the PPP, acetyl-CoA synthesis,
and TCA cycle (Fig. 3). Besides the TCA cycle, genes
related to acetyl-CoA synthesis (ALD4, ACS2, PDAI,
PDBI, LATI) and the PPP (SOL3, GND1, GND2, RPE1,
RKI1, TKLI) reached their highest expression levels at

S2 (Fig. 5). Among these, SOL3, GNDI1, and GND2 are
responsible for NADPH production. The results sug-
gested an increased synthesis of NADPH and acetyl-CoA
at S2. In contrast, genes involved in glycolysis (HXK2,
GLK1, PFK1, PFK2, TDH2, GPM2, PGK3, ENO1, ENO2,
CDC19), glycerol biosynthesis (GPDI, GPD2, GPPI), and
ethanol synthesis (ADHI, ADH4, ADHS) reached their
highest levels at S4. Notably, glycerol synthesis genes
GPD1I and GPP2 also showed relatively high expression at
S2. Overall, throughout the fermentation process, genes
related to the TCA cycle and synthesis of NADPH and
acetyl-CoA showed higher expression at S1 and S2, while
genes associated with glycolysis and synthesis of glycerol
and ethanol reached their highest expression levels at S4.
All gene expression levels declined to their lowest at S5.

Expression of genes associated with fatty acid and
ergosterol biosynthesis

From S1 to S5, the expression levels of genes involved
in the synthesis of very long-chain fatty acids (VLCFAs)
gradually decreased (Fig. S6b). Meanwhile, the expres-
sion levels of genes involved in ergosterol synthesis
increased from S1 to S2 but then dropped significantly
thereafter (Fig. S6b). Fatty acids and ergosterol are crucial
components of the cell membrane, helping to maintain
its fluidity and stability [26, 27]. It has been reported that
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maintaining high membrane fluidity and stability under
ethanol stress can help cells combat the toxic effects of
ethanol [28, 29]. However, their synthesis processes
require substantial amounts of acetyl-CoA, ATP, and
NADPH [30, 31], which can be detrimental to the cell’s
survival under ethanol stress. It is likely that yeast cells
reduce the synthesis of fatty acids and ergosterol to avoid
energy depletion, thereby helping cells overcome increas-
ing ethanol stress.

Expression of genes associated with longevity regulatory
pathway

The longevity regulatory pathway was significantly
enriched. In yeast, lifespan and aging are modulated in
response to nutrients via the TOR/Sch9 and Ras/PKA
pathways [32, 33]. Both pathways ultimately rely on the
serine-threonine kinase Rim15 and transcription factors
(TFs) Gisl and Msn2/4 to activate genes involved in anti-
oxidant stress, energy metabolism, glucose metabolism,
and HSPs protection [32, 33] (Fig. 6a).

In this study, the gene CYRI, which encodes adenylate
cyclase and is essential for cAMP production, showed
highest expression level at S2 and subsequently decreased
as ethanol concentration increased (Fig. 6b). Genes
encoding subunits of cAMP-dependent protein kinase
(PKA), TPK1 and TPK2, also exhibited a similar expres-
sion trend. These results suggested that Cyrl and PKA
may have the highest activity at S2 and the lowest at S5.
Simultaneously, the expression levels of MSN2, RIMIS,
and GISI gradually increased from S1 to S4. Notably, the
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expression trend of MSN4 differed from that of MSN2,
instead aligning with TPK1 and TPK2.

Downstream genes regulated by these TFs also showed
diverse expression trends. For instance, SODI, SOD2,
and CTT1I, coding for antioxidant enzymes, reached their
highest levels at S2, matching the expression trend of
MSN4. Glycolysis genes had the highest expression lev-
els at S4, consistent with the expression trend of MSN2,
RIM15, and GISI. Glycerol synthesis genes exhibited
high expression levels at both S2 and S4, suggesting they
might be regulated by these TFs in a dual manner. Addi-
tionally, genes related to HSPs and ubiquitin-mediated
proteasomal degradation showed expression trends
similar to those of MSN2, RIM1S, and GISI from S1 to
S4, but reached their highest levels at S5. Overall, at S2,
antioxidant enzyme and glycerol synthesis genes were
activated; at S4, glycolysis, glycerol synthesis, HSPs, and
protein degradation genes were activated. These changes
are likely closely related to the longevity regulatory path-
way. These findings suggested that the longevity regu-
latory pathway may play a crucial role in helping cells
tolerate increasing ethanol stress.

In summary, the ethanol-tolerant S. cerevisiae strain
ES-42 was found to cope with persistent ethanol stress
through the regulation of energy metabolism, carbohy-
drate metabolism, and protein quality control (Fig. 7).
Notably, cytoplasmic protein synthesis and fatty acid
synthesis were suppressed to conserve ATP, while HSPs
and ubiquitin-mediated proteolysis were activated to
refold or degrade denatured proteins. These effects
became more pronounced as the ethanol concentration
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increased. Beyond these general responses, distinct adap-
tations emerged at different ethanol concentrations. At
approximately 71.5 g/L ethanol, cells activated the PPP,
acetyl-CoA synthesis, and mitochondrial respiration to
boost the production of NADPH, acetyl-CoA, and ATP,
thereby supporting cell growth and metabolism. Con-
currently, SOD and catalase were upregulated to coun-
teract reactive oxygen species (ROS) generated during
mitochondrial respiration. Additionally, the synthesis of
ergosterol and glycerol was enhanced, contributing to
greater ethanol resistance. At approximately 79 g/L etha-
nol, mitochondrial respiration, PPP, acetyl-CoA synthe-
sis, and ergosterol synthesis were suppressed. In contrast,
glycolysis, glycerol synthesis, and ethanol production
were promoted. At an ethanol concentration of 86.9 g/L,
the cellular response appeared to be an intermediate state
between those observed at 71.5 g/L and 79 g/L, suggest-
ing a gradual transition in metabolic strategies. These
transitions in cellular responses across the range from
71.5 to 86.9 to 79 g/L ethanol may be regulated by the
longevity regulating pathway. Finally, at an ethanol con-
centration of 101.9 g/L, all aforementioned activities were
suppressed, and cells relied mainly on HSPs and protein
degradation pathways to maintain protein homeostasis
under extreme conditions.

Discussions

Currently, most studies have focused on the transcrip-
tional changes in S. cerevisiae during short-term etha-
nol exposure [34-36]. However, these ethanol-induced
responses may be transient, quickly returning to their
original state after physiological adjustment. Investigat-
ing the transcriptional and regulatory mechanisms under

long-term ethanol exposure is of great importance and
urgency.

We compared our results with a previous study on
the transcriptional profiles of yeast during continuous
ethanol fermentation [15]. They also found repressed
ergosterol synthesis and upregulated unfolded protein
responses. The repression of ergosterol synthesis was
attributed to the synergistic effect of ethanol and hypoxia
in multistage fermenters. In the present study, genes
related to ergosterol synthesis were upregulated at S2 but
downregulated at S3-S5 compared to S1. Ergosterol helps
maintain membrane stability and plays a role in ethanol
tolerance [26, 37]. It is speculated that cells may enhance
ergosterol synthesis at S2 to resist ethanol stress. After
S2, the repression of ergosterol synthesis may be partly
due to high ethanol concentration. Since ergosterol syn-
thesis requires significant amounts of ATP, acetyl-CoA,
and NADPH [30, 31], limited precursors or energy con-
servation could be reasons for the inhibition of synthesis.

Protein denaturation was observed both in long-term
and short-term exposure to ethanol stress [15, 38]. The
unfolded protein response (UPR) signals the accumu-
lation of misfolded proteins and activates HSPs and
ubiquitin-mediated degradation to clear the misfolded
proteins [39]. In the present study, genes related to HSPs
and ubiquitin-mediated degradation were consistently
upregulated, likely helping cells clear the ethanol-induced
denatured proteins. Therefore, we speculate that the
rapid degradation of denatured proteins may be a neces-
sary condition for yeast cells to possess excellent ethanol
tolerance.

Transcriptional changes in genes associated with mito-
chondrial ribosomes, observed in the present study, have
not been previously reported. Specifically, compared to
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S1, genes associated with mitochondrial ribosomes were
upregulated at S2, concurrent with the activation of oxi-
dative phosphorylation. Mitochondrial ribosomes are
responsible for translating mitochondrial DNA, which
predominantly encodes components of oxidative phos-
phorylation complexes [25]. This result suggested that
cells may enhance mitochondrial function to ensure an
adequate energy supply under ethanol stress. However,
as the ethanol concentration increased, mitochondrial
function was progressively inhibited. This phenomenon
could be attributed to the fact that, while respiration pro-
duces ATP, it also produces ROS in the electron trans-
port chain, which can damage cellular components [40].
Reducing respiration might therefore be beneficial to
limit such damage.

One interesting finding is that the lifespan regulation
pathway may play a protective role in cells under contin-
uous ethanol stress. The lifespan and aging of yeast cells
are controlled by the Ras-PKA signaling pathway and its
downstream TFs, Msn2/4, and Gis1 [32, 33]. Besides reg-
ulating genes related to general stress response and HSPs,
the lifespan regulation pathway also controls the meta-
bolic shift from the TCA cycle and respiration to gly-
colysis and glycerol synthesis to extend lifespan [33]. The
role of glycerol synthesis in lifespan regulation includes
providing nutritional support for long-term cell survival,
enhancing resistance to osmotic stress, and regulating
redox homeostasis [33, 41]. In this study, glycerol syn-
thesis genes showed similar expression trends to those
involved in the lifespan regulation pathway, exhibiting
bimodal expression at S2 and S4 (Fig. 4). This suggested
that the lifespan regulation pathway may partly enhance
cellular tolerance to ethanol stress by regulating glyc-
erol synthesis. Currently, the role of the lifespan regula-
tion pathway in ethanol tolerance is unclear, and further
investigation in this regard is warranted.

Finally, to develop an S. cerevisiae strain with enhanced
ethanol tolerance, several key TFs within the longevity-
regulating pathway may serve as promising engineering
targets. Under low ethanol stress, deleting MSN2, RIM 15,
and GISI and overexpressing MISN4 might enhance etha-
nol tolerance by activating mitochondrial respiration
and promoting the synthesis of antioxidant enzymes and
glycerol. Conversely, under high ethanol stress, overex-
pressing MSN2, RIM15, and GISI might induce a meta-
bolic shift from respiration towards glycerol production
and enhance the cellular capacity for clearing denatured
proteins. These targets provide a foundation for develop-
ing genetic engineering strategies to improve yeast strain
performance under ethanol stress.
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Conclusion

This study conducted a 61-day one-stage continuous
ethanol fermentation and elucidated the response mech-
anisms of the ethanol-tolerant S. cerevisiae strain ES-42
to increasing ethanol concentrations through compara-
tive transcriptomics analysis. Based on these findings,
we proposed potential mechanisms by which yeast cells
tolerated increasing ethanol concentrations. Under low
ethanol stress, cells activated respiration to supply energy
and enhanced the synthesis of NADPH, acetyl-CoA,
ergosterol, and glycerol to resist stress. Under relatively
high ethanol stress, cells inhibited respiration, increased
glycerol synthesis, and promoted the refolding and degra-
dation of denatured proteins to protect cells. As ethanol
concentration increased, the ability to clear denatured
proteins became progressively more critical for maintain-
ing cellular function and viability. The longevity-regulat-
ing pathway likely played a crucial role in mediating the
transition between these different response mechanisms
as ethanol concentrations rose. This study provides a
deeper insight into the dynamic response mechanisms
of ethanol-tolerant yeast cells during continuous ethanol
fermentation, offering valuable information for engineer-
ing strains with enhanced ethanol tolerance.
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