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Abstract

Background High temperature and ethanol are two critical stress factors that significantly challenge bioethanol
production using Saccharomyces cerevisiae. In this study, the tolerance mechanisms of the multi-tolerant S. cerevisiae
strain E-158 to heat stress and combined heat-ethanol stress were investigated using comparative transcriptomics.

Results Under heat stress at 44 °C, glucose transport and reactive oxygen species (ROS) scavenging were significantly
upregulated, while gluconeogenesis, acetate formation, and dNDP formation showed significant downregulation.
Under combined heat (43 °C) and ethanol (3% v/v) stress, glucose transport, glycolysis, acetate formation, peroxisome
activity, ROS scavenging, and ribosome synthesis were significantly upregulated, while glycerol formation, cellular
respiration and dNDP formation exhibited significant downregulation. Fourteen transcription factors (TFs), considered
to play a key role in both stress conditions, were individually overexpressed and deleted in S. cerevisiae strain KF-7

in this study. Among these TFs, Gis1p, Crz1p, Tos8p, Yap1p, Dal80p, Uga3p, Mig1p, and Opilp were found to contrib-
ute to enhanced heat tolerance in S. cerevisiae. Compared with KF-7, strains overexpressing DAL80 and CRZT demon-
strated markedly improved fermentation performance under stress conditions. Under heat stress at 44 °C, glucose
consumption increased by 10% and 12%, respectively, for strains KF7DAL80 and KF7CRZ1, while ethanol production
increased by 129 and 15%, respectively, compared to KF-7. Under combined stress conditions of 43 °C and 3% (v/v)
ethanol, glucose consumption increased by 67% and 44%, ethanol production by 116% and 77%, and ethanol yield
by 29% and 22%, respectively, for KF7DAL80 and KF7CRZ1 compared to KF-7. KF7CRZ1 performs comparably to E-158,
while KF7DAL80 outperforms E-158.

Conclusions This study provides valuable theoretical insights and identifies critical TF targets, contributing

to the development of robust S. cerevisiae strains for improved bioethanol production.
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Background

Bioethanol, characterized by its transportability, high
energy density, and low greenhouse gas emissions, is
considered a highly promising liquid fuel for low-carbon
transportation [1]. Saccharomyces cerevisiae, known for
its excellent ethanol production capacity and good toler-
ance to various stresses, has traditionally been the pre-
ferred strain for fuel ethanol production [2]. However,
in industrial ethanol production, yeast cells face multiple
stresses, such as high temperatures and elevated ethanol
concentrations [3, 4]. These stress conditions can inhibit
yeast growth, causing delays or complete stalls in fer-
mentation, thereby significantly hindering industrial
productivity. Moreover, to save time and reduce costs
in the production of ethanol from lignocellulosic and
starch-based feedstocks, the industry commonly employs
simultaneous saccharification and fermentation (SSF) [5,
6]. There is a significant difference between the optimal
temperature for enzymatic hydrolysis (45-50 °C) and
that for fermentation (30-35 °C), leading to increased
enzyme usage and higher cooling costs. Enhancing the
growth and fermentation performance of S. cerevisiae
under high-temperature conditions would, therefore,
greatly benefit the SSF process. While S. cerevisiae has
evolved certain mechanisms to tolerate individual stress,
enhancing its tolerance to multiple concurrent stresses
remains a critical challenge in industrial applications [7,
8]. Addressing this issue could significantly enhance the
efficiency and cost-effectiveness of bioethanol produc-
tion processes.

Several studies have attempted to isolate strains with
thermotolerance from natural environments. Pandey
et al. [9] isolated a S. cerevisiae strain, NGY10, from
sugarcane distillery waste, which produced 46.81 g/L of
ethanol during fermentation at 40 °C with an initial glu-
cose concentration of 100 g/L. Auesukaree et al. [10] iso-
lated a thermotolerant S. cerevisiae strain from tropical
fruits that produced 38 g/L of ethanol under fermenta-
tion conditions of 41 °C and an initial glucose concentra-
tion of 100 g/L. Despite these achievements, pursuing
higher thermal tolerance remains crucial for ensuring
enzymatic activity and fermentation efficiency. Therefore,
further improving the high-temperature tolerance of cells
is indispensable.

To identify potential targets for improving tolerance,
many researchers have employed omics technologies to
elucidate the stress—response mechanisms of S. cerevisiae
strains to high temperatures, ethanol, and other stresses.
Yang et al. [11] obtained an ethanol-tolerant mutant,
YNB81, using ultraviolet—diethyl sulfate (UV-DES)
mutagenesis. Through comparative transcriptomics, they
highlighted the importance of membrane-associated
genes for ethanol tolerance. Gan et al. [12] knocked out
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23 transcription factors (TFs) and identified three key
TFs associated with thermotolerance: Sin3p, Srb2p, and
Miglp. However, current research still has limitations.
Many studies have focused on single-stress conditions,
whereas fermentation processes typically involve mul-
tiple concurrent stresses. Furthermore, the strains used
in these studies often have weak inherent tolerance to
stresses, including ethanol, heat, and toxic inhibitors,
which makes their response mechanisms and gene tar-
gets less relevant for practical applications. Understand-
ing the response mechanisms of multi-stress-tolerant S.
cerevisiae strains under multiple stress conditions would
provide more valuable guidance for constructing robust
strains suitable for industrial production.

In our earlier work, a multi-tolerant industrial S. cer-
evisiae strain, E-158, was developed [13]. E-158 exhib-
ited superior tolerance to five stress conditions: high
temperature, high ethanol concentration, combined
heat and ethanol stress, high sugar concentration, and
high salt concentration [13]. A comparative transcrip-
tome analysis of strain E-158 and its original strain, KE-7,
under five stress conditions identified 28 shared differen-
tially expressed genes (DEGs) [14]. The overexpression
of CRZI and ENAS, along with the deletions of ASP3,
YOL162W, YOR0I2W, and TOS8 in strain KF-7, was
found to significantly enhance tolerance to multiple stress
conditions [14]. In the present study, a detailed compara-
tive transcriptome analysis was performed under two
stress conditions: high temperature (44 °C) and com-
bined heat-ethanol stress (43 °C and 3% v/v ethanol). The
study aims to identify key TFs involved in thermotoler-
ance and dual-stress tolerance to heat and ethanol. These
findings provide valuable theoretical insights and offer
promising targets for the development of robust strains
specifically tailored for industrial bioethanol production.

Methods

Strains and media

All strains used in this study are listed in Table 1. The
flocculating diploid industrial S. cerevisiae strain KF-7
was used as the original strain [15]. The multi-tolerant
strain E-158 was derived from KF-7 [13]. E. coli DH5«a
(Takara Bio Inc., Japan) was used for gene cloning and
manipulation.

YP medium (10 g/L yeast extract and 20 g/L peptone)
containing 20 g/L glucose (YPD20) was used for the rou-
tine cultivation of yeast cells. YPD20 agar plates were used
for cell activation. YP medium containing 50 g/L glucose
(YPD50) was used for pre-cultivation. YP medium with
150 g/L glucose (YPD150) was used for fermentation
under heat stress, while YP medium with 100 g/L glucose
and 3% (v/v) ethanol (YPDE100) was used for fermenta-
tion under combined heat-ethanol stress. YPD agar plates
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Table 1 Saccharomyces cerevisiae strains used in this study

Strains Description References

KF-7 MATa/a, Flo*, Spo™ [15]

E-158 KF-7, Random mutagenesis and hybridiza-  [13]
tion

KF7AYAP1 KF-7, Ayap1 This study

KF7ARPH1 KF-7, Arph1 This study

KF7ACRZ1 KF-7, Acrz1 This study

KF7AGIST KF-7, Agis1 This study

KF7APUT3  KF-7, Aput3 This study

KF7AMIGT KF-7, Amig1 This study

KF7APHD!1 KF-7, Aphd1 This study

KF7AOPI KF-7, Arph1 This study

KF7AYJL206C  KF-7, Ayjl206¢ This study

KF7ADAL80  KF-7, Adal8o This study

KF7AUGA3 KF-7, Auga3 This study

KF7AIME1 KF-7, Aimel This study

KF7ATOS8 KF-7, Atos8 This study

KF7YAP1 KF-7, Replacement of promoter Py, This study
0 Pryer

KF7RPH1 KF-7, Replacement of promoter Pgp,; This study
10 Pryer

KF7CRZ1 KF-7, Replacement of promoter Py, This study
10 Pryer

KF7GIS1 KF-7, Replacement of promoter P, This study
10 Pryer

KF7PUT3 KF-7, Replacement of promoter Pp 73 This study
10 Pryer

KF7MIGT KF-7, Replacement of promoter P, This study
10 Pryer

KF7PHD1 KF-7, Replacement of promoter Ppp; This study
0 Prye;

KF70PI KF-7, Replacement of promoter Py This study
10 Ppyer

KF7YJL206C  KF-7, Replacement of promoter Py, 5p6c This study
10 Prye

KF7DAL80 KF-7, Replacement of promoter Py, 59 This study
10 Prye

KF7UGA3 KF-7, Replacement of promoter P ;3 This study
10 Prye

KF7IME1 KF-7, Replacement of promoter P, This study
10 Prye

KF7TOS8 KF-7, Replacement of promoter Py This study
10 Pryer

KF7IFH1 KF-7, Replacement of promoter P, This study
10 Prye

supplemented with 100 pg/mL geneticin (G418), 50 pg/mL
nourseothricin (NAT), or both, were used to select yeast
transformants. All YP media were maintained at their nat-
ural pH without adjustment. Luria Bertani (LB) medium
(5 g/L yeast extract, 10 g/L peptone, 10 g/L NaCl, pH 7.0)
supplemented with 100 pg/mL ampicillin (Amp), 100 pg/
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mL kanamycin (Kan), or 50 ug/mL nourseothricin (NAT)
was used to select E. coli transformants.

Transcriptomic data analysis

In the preliminary study, RNA sequencing was conducted
on strains E-158 and KF-7 under two stress conditions: a
high temperature of 44 °C and a combined heat-ethanol
stress at 43 °C with 3% (v/v) ethanol [14]. For RNA extrac-
tion, cells were harvested at 16 h of fermentation under
44 °C and at 12 h under the condition of 43 °C with 3%
(v/v) ethanol. Total RNA was extracted using the Yeast
RNA Kit (Omega Bio-Tek, USA), adhering to the manu-
facturer’s guidelines. RNA degradation and contamination
were monitored through agarose gel electrophoresis. The
concentration and purity of the RNA were assessed using
Nanodrop2000 (Implen, CA, USA), while its integrity was
evaluated by Agilent 5300 (with RQN > 6.5). The RNA-seq
library preparation and sequencing were carried out on
an Illumina Novaseq 6000 platform by Shanghai Majorbio
Biopharm Technology Co. Ltd. (Shanghai, China). After
filtering the raw sequencing data, high-quality sequencing
data (clean data) were obtained.

The comparative transcriptome analysis was conducted
as previously described by Wang et al. [14]. Gene func-
tion annotations were obtained from the Saccharomy-
ces Genome Database (SGD, https://www.yeastgenome.
org/). Gene expression levels were estimated using tran-
scripts per million (TPM). Differential expression analy-
sis was performed using the DESeq2 software. Genes
with a false discovery rate (FDR)<0.05 and an absolute
fold change (FC)>1.5 were identified as differentially
expressed genes (DEGs). Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis of the DEGs
was performed using the KEGG database (http://www.
genome.jp/kegg/). KEGG pathways with a p,;;<0.05 and
enrichment ratio>0.01 were considered to be significantly
enriched. The enrichment ratio of each KEGG pathway
was the number of DEGs involved in each pathway to the
number of total DEGs. Transcription factor (TF) analysis
was performed using the YEASTRACT database (http://
www.yeastract.com/) based on DEGs with an absolute
FC>2. TFs with an absolute FC>1.5 were identified as
significantly differentially expressed transcription factors
(DETFs). The interactions among all DETFs were ana-
lyzed, and the regulatory ratio of a given DETF (X) to other
DETFs was calculated using the following formula:

Regulatory ratio of X = (Number of DETFs regulated by X
/Total number of DETFs) x 100%.

DETFs with a regulatory ratio exceeding 25% were con-
sidered central nodes. Furthermore, the consistency ratio
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of expression between a given DETF (X) and its targeting
DEGs was calculated using the following formula:
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repair fragment for overexpression was amplified using
pMD19-HHF2p as the template with primers XX_RF_F2

Consistency ratio of X = ((Number of DEGs activated by X while showing consistent expression trends with X

+ Number of DEGs repressed by X while showing opposite expression trends to X)
/Total number of DEGs regulated by X)) x 100%.

gRNA plasmid construction

Details of the plasmids used in this study are provided in
Table 2, while the primers are listed in Additional file 2:
Table S1. A specific guide RNA (gRNA) sequence for
each gene was designed using the CRISPOR tool (https://
crispor.gi.ucsc.edu/) [16], and primers designated as
XX_gF, incorporating these gRNA sequences, were sub-
sequently synthesized. For the construction of the gRNA
plasmids, linearized plasmid backbones were amplified
from the pMEL13 plasmid using phosphorylated prim-
ers gRNA R and XX_gF. The resulting PCR products
underwent self-ligation to form the gRNA plasmids. All
sequences were confirmed by sequencing.

Repair fragment preparation

To achieve gene overexpression, the native promoters of
the target genes were replaced with the HHF2 promoter.
This promoter maintained moderate strength and stabil-
ity under all tested stress conditions, as detailed in Addi-
tional file 2: Table S2. The HHF2 promoter was amplified
from the KF-7 genome using primers HHF2_F and
HHF2_R and was integrated into the pMD19-T vector
to generate plasmid pMD19-HHF2p. Subsequently, the

Table 2 Plasmids used in this study

Plasmids Description References
Cas9-NAT Amp", NAT, Cas9 (8]
PMEL13 2 um, amp*?, KanMX, gRNA-CANT.Y 18]
pMD19-T 2 um, amp” TaKaRa Bio Inc
pMD19-HHF2p pMD19-T, HHF2 promoter This study
PMEL13-YAP1 PMEL13, gRNA-YAP] This study
PMEL13-RPH1 PMEL13, gRNA-RPH1 This study
pMEL13-CRZ1 PMEL13, gRNA-CRZ1 This study
PMEL13-GIS1 PMEL13, gRNA-GIST This study
pMEL13-PUT3 PMEL13, gRNA-PUT3 This study
pMEL13-MIG1 pPMEL13, gRNA-MIG1 This study
PMEL13-PHD1 PMEL13, gRNA-PHD1 This study
pMEL13-OPI1 PMEL13, gRNA-OPI1 This study
pMEL13-YJL206C PMEL13, gRNA-YJL206C This study
pPMEL13-DAL80 PMEL13, gRNA-DALSO This study
pPMEL13-UGA3 PMEL13, gRNA-UGA3 This study
PMEL13-IME1 PMEL13, gRNA-IMET This study
pMEL13-TOS8 pPMEL13, gRNA-TOS8 This study

and XX_RF_R2. This fragment comprised the HHF2 pro-
moter sequence (Additional file 2: Table S3), along with
the upstream and downstream homologous arms of the
target genes. For gene deletion, primers XX_RF_F and
XX_RF_R were used to anneal and form double-stranded
repair fragments. These fragments consisted solely of the
upstream and downstream homologous arm of the target
genes.

Strain construction

Genes were individually overexpressed or deleted using
the CRISPR/Cas9 editing system. Yeast transformation
was performed using the lithium acetate method as pre-
viously described [17]. First, the Cas9—NAT plasmid was
introduced into KF-7 to generate KF7Cas9. Subsequently,
gRNA plasmids and corresponding repair fragments
were co-transformed into KF7Cas9. Transformants were
selected on YPD agar plates supplemented with 100 pg/
mL G418 and 50 pg/mL NAT. Successful integration was
confirmed by colony PCR and Sanger sequencing. Cor-
rect transformants were then cultured in YPD media to
eliminate the Cas9—NAT and gRNA plasmids according
to Mans’ method [18].

Batch fermentation and analytical methods
Yeast cells were activated overnight on YPD20 agar plates
at 30 °C and then pre-cultivated in 500 mL Erlenmeyer
flasks containing 100 mL of YPD50 medium for 16 h.
After pre-cultivation, the cells were collected and inoc-
ulated into 300 mL flasks containing 100 mL of fermen-
tation media, with an initial cell density of 0.5 g dry cell
weight (DCW)/L. The flasks were incubated in a thermo-
statically controlled water bath and stirred at 200 rpm for
48 h. To test the strains’ performance under heat stress,
fermentations were conducted using YPD150 at 43 °C
and 44 °C, respectively. For the combined heat-ethanol
stress condition, YPDE100 was used. Due to the synergis-
tic effects of high temperature and ethanol causing more
severe cellular inhibition than high temperature alone,
fermentation was conducted at 43 °C to ensure sufficient
activity. All fermentation experiments were performed
independently in triplicate.

The fermentation broth was centrifuged, and the super-
natant was filtered through a 0.22 pm membrane filter for
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the determination of glucose, glycerol, and ethanol con-
centrations. Glucose and glycerol concentrations were
determined by HPLC (LC-10 ADVP, Shimadzu, Kyoto,
Japan) at 25 °C, with a mobile phase of 5 mmol/L sulfuric
acid at a flow rate of 0.6 mL/min. Ethanol concentration
was determined using gas chromatography (GC 2010
Pro, Shimadzu, Japan). DCW was measured according
to a previously published method [19]. All data repre-
sent the averages of triplicate experiments, with standard
deviations provided. Statistical significance was deter-
mined using an independent samples ¢ test.

Results

Mechanisms of tolerance to heat stress in strain E-158
Under heat stress at 44 °C, using a YP medium with
100 g/L glucose, strain E-158 exhibited a 31% increase
in glucose consumption and a 33% increase in etha-
nol production compared to KF-7 [13]. A comparative
transcriptomic analysis between E-158 and KF-7 identi-
fied 870 DEGs, of which 468 were upregulated and 402
were downregulated. All DEGs were subjected to KEGG
pathway enrichment analysis (Fig. 1la, Additional file 2:
Table S4).

Compared to KF-7, strain E-158 exhibited significant
regulation of genes related to central carbon metabo-
lism. Genes encoding hexose transporters (HXT2, HXTS,
HXTI10, HXT13, HXT14, HXTI15, and HXTI17) were
upregulated, particularly those for high-affinity glucose
transporters (HXT2, HXT8, HXTI10, and HXT14). This
upregulation likely contributes to the increased glucose
consumption observed in E-158. Several genes involved
in gluconeogenesis (MDH2, PYCI, and PCKI) and the
glyoxylate cycle (CIT2 and IDP2) were significantly
downregulated. In addition, ALD4 and ACSI were also
downregulated. The downregulation of these genes sug-
gests that E-158 may inhibit pathways associated with the
metabolism of non-fermentable carbon sources. Reduced
expression of ALD4 and ACSI has also been reported to
promote the conversion of acetaldehyde to ethanol and
minimize the production of toxic by-products like ace-
tate [20]. Consequently, E-158 showed enhanced glucose
transport and suppressed non-fermentable carbon source
metabolism, reducing the synthesis of toxic by-products
such as acetate. This metabolic reprogramming probably
plays a role in enhancing the thermotolerance of E-158.

In cellular redox processes, several genes are involved
in the scavenging of reactive oxygen species (ROS),
including those encoding superoxide dismutase (SOD2),
cytoplasmic catalase (CTTI), methionine-S-sulfoxide
reductase (MXRI), and glutathione peroxidase (GPX1I).
Research has shown that SOD2 plays a protective role
in thermotolerance, and its deletion leads to increased
sensitivity to high temperature [21]. Overexpression of
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CTT1I has been demonstrated to significantly reduce lipid
peroxidation and delay apoptosis induction under stress
conditions [22]. In addition, the glutathione system and
thioredoxin system contribute to rapid ROS clearance
from cells. These genes were upregulated in E-158, sug-
gesting that enhanced ROS scavenging capacity may be a
key factor in the improved thermotolerance of E-158.

It was observed that under heat stress, the genes RNR1,
RNR2, RNR3, and RNR4, which encode the subunits of
ribonucleotide—diphosphate reductase (RNR), were all
downregulated in E-158. The RNR complex catalyzes
the reduction of ribonucleotide diphosphates (NDPs) to
deoxyribonucleotide diphosphates (dNDPs), a process
that constitutes the rate-limiting step in DNA synthe-
sis [23]. This reaction also requires reducing equivalents
such as NADPH ([24]. Therefore, while the downregu-
lation of RNR-associated genes under heat stress may
limit the synthesis of ANDD, it could also lead to a redi-
rection of reducing power, like NADPH, toward antioxi-
dant protection. This metabolic adjustment might serve
as an adaptive strategy, allowing cells to allocate more
resources to combating oxidative stress induced by heat.

In summary, compared to strain KF-7, strain E-158
exhibits a multifaceted adaptive response to cope with
heat stress at 44 °C. This response includes enhancing
glucose uptake, inhibiting the metabolism of non-fer-
mentable carbon sources, reducing acetate formation,
increasing the capacity to clear ROS, reducing the
synthesis of dNTPs, and redirecting more reducing
equivalents toward antioxidant defenses (Fig. 2). These
adaptations likely contribute to E-158’s enhanced resist-
ance under high-temperature conditions.

Mechanisms of tolerance to combined heat and ethanol
stress in strain E-158

Under dual stress conditions of high temperature (43 °C)
and ethanol (3% v/v), using a YP medium with 100 g/L
glucose, strain E-158 exhibited significant improve-
ments in glucose consumption and ethanol production,
with increases of 82% and 81%, respectively, compared to
strain KF-7 [13]. A comparative transcriptomic analysis
identified 1646 DEGs in E-158 relative to KF-7, of which
805 were upregulated and 841 were downregulated. All
DEGs were subjected to KEGG pathway enrichment
analysis (Fig. 1b, Additional file 2: Table S5).

Compared to strain KF-7, strain E-158 exhibited sig-
nificant upregulation of genes encoding high-affinity
glucose transporters (HXT2, HXT6, HXT7, and HXTS),
which likely enhances glucose uptake into the cell. Con-
currently, several genes involved in glycolysis (EMI2,
HXK1, GLK1, and PYK?2) were also upregulated, suggest-
ing an increased flux of glucose through glycolysis. Fur-
thermore, the upregulation of PDC1, ALD2, ALD4, and
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Fig. 1 Enriched KEGG pathways for DEGs between E-158 and KF-7 under (a) heat stress and (b) combined heat-ethanol stress (p,q;<0.05
and enrichment ratio>0.01)
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ALDS was observed. The increased expression of PDCI
may lead to higher acetaldehyde production, providing
more precursors for ethanol synthesis. The upregula-
tion of ALD2, ALD4, and ALD5 not only increases ace-
tic acid production, supplying additional substrates for
acetyl-CoA metabolism, but also facilitates NADPH
regeneration [25]. In addition, genes involved in glycerol
production (GPDI1, GPP1, and GPP2) were significantly
downregulated, indicating reduced glycerol formation.
Consequently, E-158 demonstrated enhanced glucose
uptake, increased carbon flux through glycolysis and
NADPH regeneration, and reduced glycerol formation.
This metabolic reprogramming likely contributes to
E-158’s superior tolerance to combined heat and ethanol
stress.

KEGG enrichment analysis revealed significant
involvement in redox processes, particularly those
related to glutathione metabolism, ROS response, and
cytochrome c¢ function. Genes associated with glu-
tathione (GSH) metabolism (DUGI1, GSHI, and GSH2)
were all upregulated. GSH is one of the most important
antioxidants within cells, effectively handling free radi-
cals and peroxides and restoring protein function [26].

GSHI and GSH2 are both involved in GSH biosynthesis,
while DUG] is involved in GSH catabolism. The upregu-
lation of these genes suggests enhanced GSH metabolic
activity in E-158, likely as a mechanism to counteract
the combined stress of heat and ethanol. Concurrently,
genes associated with ROS scavenging, such as SOD2 and
MXRI, also showed increased expression. Superoxide
dismutase (encoded by SOD2) converts superoxide into
hydrogen peroxide, which can activate Yaplp, a key anti-
oxidant TF that plays a signaling role in ethanol tolerance
[27]. Peroxisomes are major sites for ROS production
and detoxification in yeast cells. In E-158, the upregula-
tion of peroxisome-related genes (PEXI, PEX2, PEX6,
PEX15, and PEX19) indicates strengthened peroxisomal
function, further promoting the cell’s ability to combat
oxidative stress. Impaired peroxisome function has been
reported to significantly reduce cellular tolerance to oxi-
dative and heat stress [28]. Moreover, genes participat-
ing in the redox process of cytochrome ¢ (COX1, COX2,
COX3, BI2, COB, and Al4) were downregulated, indicat-
ing suppression of the cellular respiratory chain electron
transport under dual-stress conditions. Similar to the
high-temperature stress condition described above, the
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expression of RNR genes (RNR2, RNR3, and RNR4) was
significantly reduced in E-158 under combined heat and
ethanol stress. This reduction likely decreases DNA rep-
lication capacity, conserving reducing equivalents for the
stress response. Consequently, E-158 exhibited enhanced
glutathione metabolism and ROS clearance activ-
ity, activated peroxisomes, suppressed respiration, and
minimized the loss of reducing equivalents to maintain
intracellular redox homeostasis under combined heat
and ethanol stress.

Furthermore, significant enrichment was observed in
the ribosomal metabolic pathway, involving 34 DEGs,
with 88% showing upregulation. Most of these genes
encode proteins for both the large and small ribosomal
subunits. This substantial upregulation indicates that
under dual-stress conditions of heat and ethanol, strain
E-158 might demonstrate robust ribosome synthesis.
Consequently, E-158 likely possesses a higher capacity for
protein synthesis compared to KF-7. The enhancement of
ribosome synthesis and the maintenance or boosting of
translational efficiency may serve as adaptive strategies
for E-158 to counteract the adverse effects of combined
heat and ethanol stress.

In summary, compared to strain KF-7, strain E-158
responds to combined heat (43 °C) and ethanol (3% v/v)
stress by enhancing glucose uptake, increasing carbon
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flux through glycolysis and NADPH regeneration, boost-
ing antioxidant defenses through activation of the
glutathione system and enhanced ROS scavenging, sup-
pressing respiratory activity, and redirecting more reduc-
ing equivalents toward antioxidant defenses (Fig. 3). In
addition, it promotes protein synthesis capacity. These
adaptations likely contribute to E-158’s enhanced resist-
ance under combined heat and ethanol stress.

Regulatory networks of E-158 under two stress conditions
Considering the intricate regulatory mechanisms govern-
ing tolerance phenotypes, enhancing multi-tolerance by
manipulating only a few functional genes presents a sig-
nificant challenge. Therefore, an in-depth analysis of dif-
ferentially expressed transcription factors (DETFs) under
stress conditions was conducted to identify key tran-
scriptional regulators influencing stress resistance.

This study revealed that under heat stress, 41 TFs
showed significant differential expression (Additional
file 2: Table S6). By analyzing the regulatory relation-
ships among these 41 DETTFs, it was found that 14 DETFs
had a regulation ratio exceeding 25%, positioning them
at central nodes within the interaction network. YAPI,
PDRI, MIG1, and CRZ1 exhibited over 70% consistency
in expression with their targeting DEGs, suggesting that
these TFs may play crucial roles in global transcriptional

bas ~ base base
00 / | 00' ® @'
OH OH \ == OH ‘ oH
NDP RNR complex dNDP  Nucleoside dNTP
& diphosphate kinase

RNR2 RNR3 RNRE

Peroxisomes

Methionine-S-sulfoxide reductase
MXR1

Glutathione =
GSHI GSI2 DUGH y \

Superoxide dismutase
S0D2

J RPS221 RPSI6B PRL26A RPL35 A ...
« —

S Ribosome synthesis

Fig. 3 Transcriptional differences between E-158 and KF-7 under combined high-temperature and ethanol stress. Key pathways were identified
through KEGG enrichment analysis. Red indicates upregulation; Green indicates downregulation. ROS reactive oxygen species, RNR ribonucleotide—
diphosphate reductase, NDP ribonucleotide diphosphates, dNDP deoxyribonucleotide diphosphates, dNTP deoxynucleoside triphosphate
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regulation under heat stress. Miglp is involved in glucose
repression. Previous studies have shown that the deletion
of MIGI enhances thermotolerance in a laboratory yeast
strain, whereas overexpression of MIGI benefits ther-
motolerance in an industrial yeast strain [29]. Moreover,
under abiotic stress conditions, elevated intracellular cal-
cium ion concentrations activate the TF Crzlp, which
binds to heat shock elements (HSEs) located upstream
of heat shock protein genes to promote their transcrip-
tional upregulation [30]. Therefore, it is inferred that
Crzlp might play a regulatory role in thermotolerance.
Yaplp serves as the master regulator of oxidative stress
responses in yeasts, with its activity being induced when
cells are exposed to various stress conditions, including
oxidative stress, metal ions, ethanol, and different car-
bon sources [31, 32]. However, prior to this study, no
direct association had been established between Yaplp or
Pdrlp and thermotolerance. The present study elucidated
the regulatory relationships among Yap1lp, Pdrlp, Miglp,
and Crzlp, and revealed that they collectively regulate
the expression of DEGs related to central carbon metabo-
lism, RNR, and amino acid metabolism (Fig. 4a).

Under combined heat and ethanol stress, 61 TFs
exhibited significant differential expression (Additional
file 2: Table S7). Among these, 9 DETFs were identified
as central nodes in the interaction network (regulatory
ratio >25%). Yaplp, Met32p, Met31p, Met28p, and Cbflp
exhibited a regulatory ratio exceeding 70% over the 61
DETFs. Meanwhile, Yaplp showed over 70% consist-
ency in expression with its targeting DEGs. These TFs
may play crucial roles in global transcriptional regula-
tion under combined heat and ethanol stress. Previous
studies have shown that Yaplp is associated with ethanol
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tolerance [27, 32]. Met28p and Cbflp are integral com-
ponents of the Cbflp—Metdp—Met28p complex, which
participates in sulfur metabolism regulation. Met32p and
Met31p are involved in the regulation of sulfur amino
acid metabolic and the mitotic cell cycle. Besides Yaplp,
the direct association of these TFs with thermotolerance
or ethanol stress resistance has yet to be established.
This study revealed a tight connection among these five
TFs, which collectively regulate DEGs involved in cen-
tral carbon metabolism, cytochrome c¢ oxidase, RNR,
glutathione biosynthesis, and methionine metabolism
(Fig. 4b).

Identification of key transcription factors relevant to heat
and ethanol stress resistance

To identify key TFs active under both stress conditions,
41 DETFs identified under heat stress were compared
with 61 DETFs identified under dual heat-ethanol stress,
revealing 14 common DETFs: Yaplp, Rphlp, Crzlp,
Gislp, Put3p, Miglp, Phdlp, Opilp, Ifhlp, Yjl206c,
Dal80p, Uga3p, Imelp, and Tos8p. Yaplp and Miglp are
known for their roles in ethanol tolerance and thermo-
tolerance [29, 32]. Crzlp activates stress response genes,
affecting cell wall synthesis, ionic homeostasis, lipid and
sterol metabolism, and glucose metabolism [30, 33].
Rphlp represses autophagy-related genes under nutri-
ent-rich conditions, while Gislp regulates gene expres-
sion during nutrient limitation [34, 35]. Tos8p is linked
to chromatin changes during meiosis and cell damage;
Imelp activates early meiotic genes; Phdlp regulates
pseudohyphal growth [36]. Opilp controls phospholipid
biosynthesis, and Ifhlp regulates the transcription of
ribosomal protein genes [37]. Put3p, Dal80p, and Uga3p
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regulate nitrogen and amino acid metabolism [38].
Yjl206¢ is a putative TF with an unknown function. To
further investigate their contributions to stress tolerance,
each of these 14 TFs was individually overexpressed or
deleted in the strain KF-7. Due to the lethality of IFHI
deletion, 14 overexpression strains and 13 knockout
strains were obtained.

The fermentation performance of the engineered
strains was first assessed under heat stress at 43 °C, with
an initial glucose concentration of 150 g/L (Additional
file 1: Figs. S1 and S2). After 24 h of fermentation, strain
KEF-7 consumed 109.44 +4.08 g/L glucose, and produced
45.87+2.32 g/L ethanol with a yield of 0.42+0.03 g/g
consumed glucose (Table 3). The impact of TF modifi-
cations on thermotolerance was assessed by quantify-
ing improvements in glucose consumption and ethanol
production. Among the TF-knockout strains, deletion of
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GISI, CRZ1, YAPI, and TOS8 significantly enhanced glu-
cose consumption and ethanol production, with increases
exceeding 8% compared to KF-7 (Table 3; Fig. 5a, b). The
GIS1-knockout strain exhibited the strongest thermotol-
erance, showing a 13% increase in glucose consumption,
a 30% increase in ethanol production, and a 15% higher
ethanol yield relative to KF-7 (Table 3). Conversely, dele-
tion of specific TFs, such as PUT3, MIG1, and OPII,
significantly impaired thermotolerance, highlighting
their critical roles in the heat stress response. The PUT3-
knockout strain showed the most pronounced decline in
performance, with a 23% reduction in glucose consump-
tion and a 16% decrease in ethanol production compared
to KE-7.

Among the TF-overexpression strains, overexpres-
sion of MIGI, DAL80, TOS8, OPI1, and CRZ1 resulted
in significant increases in ethanol production compared

Table 3 Fermentation performance of engineered strains at 43 °C with 150 g/L glucose

Consumed glucose (g/L) Improvement (%)

Ethanol
concentration (g/L)

Improvement (%) Ethanol yield (9/g

consumed glucose)

KF-7 10944 £4.08 -
KF7AYAP1 119.68 £ 1.96** 9.36
KF7ARPH1 113.50+1.62 3.71
KF7ACRZ1 12047 £3.46** 10.07
KF7AGIST 123.93£1.59** 13.24
KF7APUT3 84.13 £0.27**** —23.13
KF7AMIGT 93.95+1.74%* - 1415
KF7APHD1 108.11+£1.67 -1.21
KF7AOPI 99.01 +£0.08** -953
KF7AYJL206C 108.07+3.15 -125
KF7ADALSO 112.95+£0.64 3.21
KF7AUGA3 106.96+6.06 —226
KF7AIMET 100.57+£3.31*% -8.10
KF7ATOS8 118.50+1.58* 8.28
KF7YAP1 94.51+£2.17%* - 1364
KF7RPH1 108.53+£0.67 -0.83
KF7CRZ1 110.02+233 0.53
KF7GIST 92.76 £0.03*** —15.24
KF7PUT3 101.38+1.34* -737
KF7MIG1T 124.04£2.86** 13.35
KF7PHD1 87.11£3.90%* —2041
KF7OPI 121.41£0.58** 10.94
KF7YJL206C 89.87 £2.81%** -17.88
KF7DAL8O 124.33£1.35%** 13.61
KF7UGA3 11359+2.77 3.79
KF7IME1 101.70£0.92* —-7.08
KF7TOS8 118.46+2.88* 8.24
KF7IFH1 111.42£7.19 1.81

45.87+2.32 - 042+0.03
54.18+0.16%* 18.12 045+0.01
46.25x0.13 0.84 041+001
56.17 £0.80*** 22.46 047+0.01*
59.99+0.66**** 30.79 0.48+0.01**
38.24+2.09* -16.63 045+0.03
40.36+£042** -11.99 043+0.01
42.96+4.56 -6.33 0.40+0.04
43.90+0.86 -429 044+0.01
46.61+£2.85 1.62 043+0.03
47.38+0.99 330 042+001
4550+2.57 —-0.80 043+0.01
48.89+0.30 6.59 049+0.02*
49.75+1.89 847 042+0.02
39.66+0.59%* - 1354 042+0.01
43.29+1.30 -5.63 040001
50.26+1.22% 9.58 046+0.01
43.53+0.38 =510 047+0.01*
42.38+0.05 - 761 042+0.01
54.31+1.29% 1841 044+0.01
37.64£0.171%%% -17.95 043+0.02
51.24+0.11% 11.72 042+0.01
40.69+2.78% -11.30 045+0.02
53.51+040% 16.67 043+0.01
48.14+1.74 4.96 042+0.01
46.64+0.71 1.69 046+0.01
51.44+1.90% 12.15 043+0.01
47.16£3.31 2.82 042+001

All data were calculated based on 24 h of fermentation. Values indicate mean + standard deviation of three biological replications. Statistical significance was
determined using an independent samples t test. Difference is indicated as significant (*p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001) when compared to the

control strain KF-7
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Fig. 5 Contribution of TFs deletion (a, b) and overexpression (¢, d) to thermotolerance at 43 °C after 24 h fermentation. Impact of TFs engineering

on heat tolerance at 44 °C (e, f) after 48 h fermentation

to KF-7 (Table 3; Fig. 5¢, d). The DAL80 and MIGI over-
expression strains showed substantial improvements,
both exhibiting 13% increases in glucose consumption
and more than 16% increases in ethanol production com-
pared to KF-7 (Table 3). However, the overexpression of

TFs including YAPI, GIS1, PUT3, PHDI, YJL206C, and
IMEI1 led to significantly reduced thermotolerance. The
PHDI-overexpression strain exhibited the worst toler-
ance, with a 20% decrease in glucose consumption and
an 18% decrease in ethanol production compared to
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KE-7. Overall, knocking out YAPI and GIS1 enhanced
thermotolerance, while their overexpression reduced it.
Conversely, MIGI and OPI1 showed opposite effects:
their knockouts impaired thermotolerance, whereas their
overexpression improved it. Both knockouts and overex-
pression of CRZI and TOS8 enhanced thermotolerance.
In contrast, modifications to PUT3, PHDI, and YJL206C
were detrimental to thermotolerance.

To further assess the strains with improved thermo-
tolerance at 43 °C, fermentation at 44 °C was carried
out using an initial glucose concentration of 150 g/L
(Additional file 1: Fig. S3). After 48 h of fermenta-
tion, KF-7 consumed 87.83+4.09 g/L glucose, and pro-
duced 38.29+1.11 g/L ethanol, with an ethanol yield of
0.44-+0.01 g/g consumed glucose (Table 4). Similar to the
observations at 43 °C, both overexpression and knockout
of CRZ1 and TOS8 enhanced thermotolerance (Table 4,
Fig. 5e, f). In addition, overexpression of MIGI, DAL8O0,
and UGA3 also enhanced thermotolerance. In con-
trast to the observations at 43 °C, knocking out YAPI
and GISI, as well as overexpression of OPII, resulted
in decreased thermotolerance. Among all strains, the
DAL80 overexpression strain (KF7DAL80) and the
CRZ1 overexpression strain (KF7CRZ1) exhibited the
best thermotolerance. Specifically, KF7DAL8O showed a
10% increase in glucose consumption and a 12% increase
in ethanol production, while KF7CRZ1 showed a 12%
increase in glucose consumption and a 15% increase in
ethanol production, both compared to KF-7.

To evaluate their tolerance to multiple stresses,
KF7DAL80 and KF7CRZ1 were fermented under com-
bined heat (43 °C) and ethanol (3% v/v) stress, with an
initial glucose concentration of 100 g/L (Fig. 6). The com-
bined heat and ethanol stress exerted greater pressure on
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the strains compared to heat stress alone. After 48 h of
fermentation, KF-7 consumed only 25.87+1.25 g/L glu-
cose and produced 9.07 +£0.80 g/L ethanol, with an etha-
nol yield of 0.35+0.02 g/g (Table 5). Compared to KF-7,
KF7CRZ1 demonstrated increases of 44% in glucose
consumption, 77% in ethanol production, and 22% in
ethanol yield. In contrast, KF7ZDAL8O showed increases
of 67% in glucose consumption, 116% in ethanol produc-
tion, and 28% in ethanol yield. The multi-tolerant stain
E-158 consumed 37.03 +1.44 g/L glucose and produced
16.36 £2.02 g/L ethanol with a yield of 0.44+0.06 g/g
under these conditions (Table 5). Compared to E-158,
KF7CRZ1 showed nearly identical fermentation perfor-
mance, while KF7DAL80 exhibited superior fermenta-
tion performance. These results suggest that both CRZ1
and DALS8O play crucial roles in enhancing E-158’s toler-
ance to combined heat and ethanol stress.

Discussion

Currently, numerous studies have employed omics
approaches to investigate the mechanisms by which
S. cerevisiae strains respond to high temperatures,
encompassing dynamic transcriptional responses to
short-term heat stress [39, 40], as well as adaptation
mechanisms under long-term heat stress [41, 42]. How-
ever, the highest reported temperature tolerance of
existing thermotolerant strains does not exceed 42 °C
[43, 44]. In contrast, the multi-tolerant strain E-158
utilized in this study exhibits remarkable performance
under 44 °C heat stress. Comparative transcriptomic
analysis between E-158 and its parental strain KF-7 at
44 °C elucidated the unique thermotolerance mecha-
nisms inherent to E-158. In E-158, the activation of
ROS scavenging activity and glutathione metabolism

Table 4 Fermentation performance of engineered strains at 44 °C with 150 g/L glucose

Consumed glucose (g/L) Improvement (%)

Ethanol
concentration (g/L)

Improvement (%) Ethanol yield (g9/g

consumed glucose)

KF-7 87.83+4.09 -
KF7AYAP1 86.15+1.03 =191
KF7ACRZ1 91.74£3.17 445
KF7AGIST 92.14£1.10 4.91
KF7ATOS8 91.47+1.74 414
KF7CRZ1 98.90+1.49** 12.60
KF7MIG1T 94.62+0.05* 7.73
KF7OPI 83.73+0.77 —4.66
KF7DAL80 96.83+1.21% 10.25
KF7UGA3 93.24+1.72 6.17
KF7TOS8 94.31+0.76 7.38

3829+1.11 - 044001
35.99+1.25 - 6.01 042+0.01
40.66+1.56 6.19 044+0.01
36.48+0.54 —4.74 040+0.01**
39.91+0.95 4.21 044+0.01
44.04+1.20%%% 14.99 045+0.01
40.61+0.28% 6.03 043+0.01
33.62+0.86%* —1221 0.40+0.01*
43.10£0.83** 12.56 045+001
41.33£031% 7.94 044+0.01
4155+£0.52** 8.49 044001

All data were calculated based on 48 h of fermentation. Values indicate mean + standard deviation of three biological replications. Statistical significance was
determined using an independent samples t test. Difference is indicated as significant (*p <0.05, **p <0.01, and ***p <0.001) when compared to the control strain KF-7
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Fig. 6 Fermentation performance of strains under combined 43 °C and 3% (v/v) ethanol stress. a Glucose and ethanol concentrations. b Dry cell

weight and glycerol concentration

Table 5 Fermentation performance of strains under combined heat and ethanol stress with 100 g/L glucose

Strains Consumed glucose (g/L) Improvement (%) Ethanol Improvement (%) Ethanol yield (g/g
concentration (g/L) consumed glucose)

KF-7 2587+1.25 - 9.07+0.80 - 0.35+0.02

KF7CRZ1 37.39+£261% 44.53 16.10£1.22%* 77.54 0.43+£0.01**

KF7DAL80 43204 2.34%%4 67.00 19.61+£0.90%*** 116.32 045+0.01**

E-158 37.03+144 4313 16.36+2.02 80.40 044+0.06

All data were calculated based on 48 h of fermentation. Values indicate mean + standard deviation of three biological replications. Statistical significance was
determined using an independent samples t test. Difference is indicated as significant (*p <0.05, **p <0.01, and ***p <0.001) when compared to the control strain
KF-7. Difference is indicated as significant (*p <0.05) when compared to the control strain E-158

aligns with general heat response mechanisms; how-
ever, it does not involve the typical activation of heat
shock proteins or trehalose accumulation under heat
stress [43, 45, 46]. The unique upregulation of glucose
uptake genes and downregulation of acetate produc-
tion-related genes in E-158 may contribute to enhanced
glucose metabolism and ethanol production under heat
stress.

The modification of several key TFs identified under
44 °C heat stress significantly improved the thermotol-
erance of KF-7, providing crucial gene targets for engi-
neering robust thermotolerant strains. For instance,
individually deleting YAPI, CRZ1, GISI, and TOS8 or
overexpressing CRZ1, MIGI1, OPI1, DAL80, TOSS8, and
UGAS3, resulted in enhanced thermotolerance at 43 °C.
When the temperature is elevated to 44 °C, individual
knockouts of CRZ1 and TOSS8, as well as overexpression
of CRZ1, TOS8, MIG1, DAL8O, and LUGA3, contribute to
enhanced cellular thermotolerance. These findings indi-
cate that even a one-degree increase in temperature can

lead to significant differences in the mechanisms regulat-
ing thermotolerance.

Yaplp is a key TF that plays a critical role in responding
to oxidative stress. Studies have shown that overexpres-
sion of YAPI can enhance the yeast’s tolerance to vari-
ous stresses, including HMF, ROS, and ethanol [32, 47,
48]. Conversely, knocking out YAPI leads to increased
sensitivity to oxidative stress [49, 50]. However, in this
study, YAPI was downregulated in E-158 under both
stress conditions. In addition, YAPI knockout strain
exhibited improved fermentation performance at 43 °C,
but showed reduced performance at 44 °C. These results
suggest that the contribution of Yap1p to stress resistance
may be influenced by multiple factors, such as the type
of stress, the genetic background of the strains, and the
severity of the stress.

To date, no studies have investigated the relationship
between Opilp, Uga3p, Gislp, Dal80p and heat toler-
ance. Opilp is a regulator of phospholipid biosynthesis
genes and plays a key role in coordinating membrane
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biogenesis and fat storage. Previous research has dem-
onstrated that knocking out OPII leads to increased
fatty alcohol synthesis and enhanced resistance to lactic
acid [51, 52]. Uga3p is a TF involved in the induction of
y-aminobutyric acid (GABA) metabolism genes. Gut-
mann et al. [53] reported that overexpression of UGA3
improves yeast tolerance to lignocellulosic hydrolysates.
Gislp is essential for gene expression during nutrient
limitation, and its deletion results in significant growth
defects [54]. Dal80p regulates genes participating in the
metabolism of glutamine, glutamate, proline, and urea
[55]. The roles of these TFs in thermotolerance are not
clearly linked to their known functions. This study pro-
vides the first evidence that Opilp, Uga3p, Gislp, and
Dal80p are associated with heat stress tolerance in S.
cerevisiae.

Consistent with our previous findings, overexpression
of CRZ1 and knockout of TOS8 were shown to enhance
thermotolerance [14]. Previous studies have shown that
overexpression of CRZ1 in S. cerevisiae enhanced resist-
ance to high salt and low temperature [33, 56]. In this
study, we further demonstrate that knockout of CRZI
and overexpression of TOS8 also improve the thermotol-
erance of the strain. These results suggest that Crzlp and
Tos8p may possess dual regulatory roles within the tran-
scriptional regulation network, necessitating systematic
investigation in future studies.

Under high temperatures, cells exhibit increased sensi-
tivity to ethanol, and the mechanisms of thermotolerance
and ethanol tolerance in S. cerevisiae are interdependent
[57]. Most studies have primarily focused on single stress
conditions, whereas the combination of heat and etha-
nol stress remains relatively underexplored. The present
study elucidates the tolerance mechanisms of the multi-
tolerant strain E-158 under combined heat and ethanol
stress, providing new insights.

Similar to the response under heat stress alone, E-158
demonstrated enhanced ROS scavenging activity, glu-
tathione metabolism, and glucose uptake under com-
bined heat and ethanol stress. However, E-158 also
exhibited enhanced ribosome synthesis and acetate pro-
duction, as well as suppressed glycerol synthesis. This
result supports previous findings that ribosomal protein
genes are upregulated in ethanol-tolerant strains under
ethanol stress [58]. Under heat stress alone, acetate pro-
duction genes in E-158 were downregulated, poten-
tially reducing acetate accumulation. In contrast, under
dual heat-ethanol stress, these genes were upregulated
to promote NADPH generation. Both mechanisms are
beneficial for enhancing cellular stress resistance. Over-
production of glycerol has been reported to play a cru-
cial role in improving thermotolerance, osmotolerance,
and ethanol tolerance [41]. However, under heat-ethanol
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stress, glycerol production genes in E-158 were down-
regulated, suggesting that E-158 may resist stress through
mechanisms independent of glycerol synthesis. In sum-
mary, the tolerance mechanisms of E-158 under dual
heat and ethanol stress show both shared features with
those under heat stress alone and distinct characteristics
unique to the combined stress conditions.

Overexpression of DAL80 and CRZI significantly
enhanced the tolerance of KF-7 to combined heat and
ethanol stress. Notably, the recombined strain KF7CRZ1
displayed fermentation performance nearly identical to
that of E-158, whereas KF7DALBSO exhibited significantly
enhanced fermentation performance, surpassing that of
E-158. These results not only highlight the critical roles
of Crzlp and Dal80p in regulating both heat stress and
dual heat-ethanol stress tolerance in S. cerevisiae, but also
illustrate the effectiveness of reverse metabolic engineer-
ing in identifying key TFs from multi-tolerant strains.
Considering the functional differences of key TFs under
heat stress and dual heat-ethanol stress, a further evalu-
ation of the remaining 12 key TFs for their contributions
to dual heat-ethanol stress tolerance is warranted.

Conclusions

This study employed comparative transcriptomics to
investigate the tolerance mechanisms of the multi-toler-
ant S. cerevisiae strain E-158 under heat stress and com-
bined heat-ethanol stress. The results indicated that key
response pathways include transmembrane transport,
central carbon metabolism, antioxidant defense, and
ribosome metabolism. By conducting overexpression
and knockout experiments on the 14 common DETFs,
a series of important targets were identified that signifi-
cantly improve tolerance to both high temperatures and
ethanol stress. Notably, the overexpression of DAL80 and
CRZ1 significantly enhanced dual tolerance in S. cerevi-
siae. This study is the first to reveal that Dal80p plays a
role in heat and ethanol stress tolerance in S. cerevisiae.
The findings provide theoretical guidance and identifies
critical TF targets for constructing robust strains suitable
for bioethanol production.
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