
Citation: Liu, M.; Cheng, H.

Discovery and Functional Evaluation

of Heat Tolerance Genes in the

Nonconventional Yeast Yarrowia

lipolytica. Fermentation 2023, 9, 509.

https://doi.org/10.3390/

fermentation9060509

Academic Editors: Bartłomiej Zieniuk

and Dorota Nowak

Received: 7 May 2023

Revised: 21 May 2023

Accepted: 22 May 2023

Published: 25 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Discovery and Functional Evaluation of Heat Tolerance Genes
in the Nonconventional Yeast Yarrowia lipolytica
Mengchan Liu and Hairong Cheng *

State Key Laboratory of Microbial Metabolism, School of Life Sciences and Biotechnology,
Shanghai Jiao Tong University, Shanghai 200240, China; lmc19940607@sjtu.edu.cn
* Correspondence: chrqrq@sjtu.edu.cn

Abstract: Yarrowia lipolytica, a GRAS (generally recognized as safe) nonconventional yeast, has
been used widely in industrial fermentation to produce chemicals, fuels, and functional sugars
such as erythritol and mannitol. Although Y. lipolytica is a promising organism for bioconversion
and has substantial potential in industrial production, its utilization is restricted by the high cost
of cooling during the fermentation process; the optimum growth or fermentation temperature of
Y. lipolytica is 28–30 ◦C, which is lower than that of some fermenting species. Therefore, it is necessary
to breed a thermoresistant Y. lipolytica for use in a fermentation system. Here, we report a new
thermoduric Y. lipolytica strain (a thermoresistant clone, HRC) that can grow at 35 ◦C—higher than
the starting strain Y. lipolytica CGMCC7326 (maximum growth temperature at 33 ◦C)—by laboratory
adaptive evolution. Based on the transcriptome analysis of the mutant strain HRC and the parental
strain Y. lipolytica CGMCC7326 at different temperatures, 22 genes with increased expression at
high temperatures were identified and 10 of them were overexpressed in Y. lipolytica CGMCC7326.
HRC1, HRC2, and HRC3 (with YALI0B21582g, YALI0C13750g, and YALI0B10626g overexpressed,
respectively) were assessed for growth at higher temperatures. This revealed that these three genes
were related to thermotolerance. This study provides insights into the metabolic landscape of
Y. lipolytica under heat stress, enabling future metabolic engineering endeavors to improve both
thermoresistance and sugar alcohol production in the yeast Y. lipolytica.

Keywords: Yarrowia lipolytica; thermoresistance; transcriptome analysis; laboratory evolution

1. Introduction

With global climate change and the energy crisis, microbial fermentation using re-
newable substrates and waste carbon is emerging as one of the best alternatives to bypass
conventional chemical syntheses, enabling sustainable bio-based chemical production [1,2].
Within this arena, yeast hosts have proven to be promising microbial factories for specialty
chemical production due to their capacity for fermentation [3–5]. Among these desirable mi-
crobial hosts, several nonconventional yeasts [5] have been selected, with Yarrowia lipolytica
garnering the strongest interest and showing utility in biotechnology applications [6].

Y. lipolytica, an oleaginous yeast, has been studied and widely reviewed for its pro-
duction of fatty acid-based fuels and chemicals such as lipids and biofuels [7–11], succinic
acid [12], α-ketoglutaric acid [13], and itaconic acid [14]. Recently, erythritol—a naturally
abundant sweetener—has drawn increasing attention because it prevents an increase in
blood glucose, improves glycemic control, and exerts antioxidative properties [15]. It has
been regarded as a safe and healthy sugar substitute for humans and is used as a sweetener
in calorie-reduced foods, candies, and bakery products. Notably, Y. lipolytica is widely used
for industrial erythritol production [16,17].

Although Y. lipolytica is a promising host for bioconversion and has substantial poten-
tial for industrial production, its utilization is restricted by some shortcomings. The most
significant one is that the optimum growth temperature of Y. lipolytica is 28–30 ◦C; this
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is lower than that of some other species, such as the thermotolerant yeast Kluyveromyces
marxianus, which can grow well at temperatures over 45 ◦C [18]. A large amount of heat
is produced in fermentation during production, exposing yeast strains to elevated tem-
peratures and significantly reducing cell viability and sugar alcohol production. Cooling
systems generally maintain the fermentation temperature at 30 ◦C, which leads to high
energy costs [19]. To mitigate this, it is necessary to breed thermoresistant Y. lipolytica for
the fermentation system.

Efforts have been made to improve the thermotolerance of yeasts such as Saccharomyces
cerevisiae [20–22]. An in-depth understanding of the mechanism of yeast thermotolerance
lays the foundation for breeding robust strains. Since the discovery of the heat shock
phenomenon in prokaryotes and eukaryotes, the heat shock response has garnered much
attention [23]. Some molecules have been shown to contribute to heat resistance in yeast,
including Hsps, antioxidant enzymes, trehalose, ATPase, and ubiquitin ligase. Hsps
are important for most organisms to resist high temperatures since they assist in the
refolding of damaged proteins, clear irreversibly aggregated proteins, and improve the
thermal stability of soluble proteins in stressed cells [24]. Furthermore, antioxidant enzymes
remove the damage caused by ROS (including superoxide and hydrogen peroxide), which
are generated in heat stress [24,25]. Trehalose is a storage carbohydrate for yeast and can
stabilize biological membranes, proteins, and nucleic acids under stress conditions [26,27].
Notably, when S. cerevisiae is exposed to high temperatures, trehalose biosynthesis is
upregulated [28–30]. It was reported that ATPase is crucial for thermoresistance in yeast.
Reduced expression of Pma1, the major H+-ATPase in yeast, led to a significantly reduced
thermoresistance [24,31]. Further, ubiquitin ligase plays a role in protecting cells against
proteotoxic stress caused by high temperature [32]. Rsp5, an E3 ubiquitin-protein ligase,
has been shown to clear cytosolic misfolding proteins under heat stress in yeast [33,34].

Based on the mechanism of yeast thermoresistance, some heat-resistant devices have
been introduced into Y. lipolytica to improve its thermoresistance [35,36]; however, there
are a limited number of heat-resistant devices that could be used. Thus, it is crucial
to develop new heat-resistant devices that can be applied to improve the thermoduric
capacity of Y. lipolytica. Here, we report a new thermoduric Y. lipolytica strain (a heat-
resistant clone, HRC) that can grow at 35 ◦C—higher than the original strain Y. lipolytica
CGMCC7326 (maximum temperature of 33 ◦C) after adaptive evolution in the laboratory.
More importantly, the HRC strain has a comparable capacity to produce erythritol and
mannitol. To reveal the genetic determinants of the possible tolerance improvement,
an RNA-seq analysis was carried out. We analyzed the abundance of genes that were
differentially regulated according to the comparative transcriptomics analysis for the
thermotolerant strain HRC and the original strain Y. lipolytica CGMCC7326 [37] by cluster
analysis. We identified 22 genes with increased expression at high temperature by RT-
qPCR and overexpressed 10 of them in Y. lipolytica CGMCC7326. HRC1, HRC2, and HR3
(with YALI0B21582g, YALI0C13750g, and YALI0B10626g overexpressed, respectively) were
assessed for growth at higher temperatures. This revealed that these three genes were
related to thermotolerance. The proteins encoded by YALI0B21582g and YALI0C13750g are
transcription factors, and YALI0B10626g is an unknown gene. Our data provide insights
into the metabolic landscape of Y. lipolytica under heat stress, enabling future metabolic
engineering endeavors to improve both thermoresistance and sugar alcohol production in
Y. lipolytica.

2. Materials and Methods
2.1. Yeast Strains, Medium, and Culture Conditions

The Escherichia coli and Y. lipolytica strains used in this research are listed in Table S1.
The E. coli strains were grown at 37 ◦C in LB medium supplemented with 100 µg/mL
ampicillin (Amp). The Y. lipolytica strains were grown at 30 ◦C in YPD (YPD: yeast extract
10 g/L, tryptone 5 g/L, glucose 20 g/L) or YNB medium (10 g/L yeast nitrogen base
without amino acids, 5 g/L ammonia sulfate) supplemented with 200 µg/mL mycophenolic
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acid. Fermentation medium for Y. lipolytica: glucose 270 g/L, yeast extract 8 g/L, peptone
2 g/L, magnesium sulfate 0.1 g/L, zinc chloride 0.01 g/L.

2.2. Experimental Evolution

Laboratory adaptive evolution was performed as previously described with minor
modifications [38]. Y. lipolytica CGMCC7326 cells from a single colony were streaked on
solid YPD medium plates and incubated at 30 ◦C for 24 h. Next, single colonies were
selected and inoculated into 2 mL liquid YPD to incubate at 30 ◦C for 24 h. Cells were then
collected and gradient diluted to plated on solid YPD medium and placed at 35 ◦C for
72 h. After that, large single colonies were selected and inoculated into 2 mL liquid YPD at
30 ◦C for 24 h. The procedure was repeated 10 times, and large colonies were picked for
the aerobic fermentation and thermoresistance tests.

2.3. Cell Growth Profiling

Strains were inoculated in 30 mL of YPD medium for 24 h under 220 rpm agitation at
30 ◦C. Cells were then transferred to an initial OD600nm of 0.4 into a new flask containing
30 mL of fresh medium under 220 rpm agitation at the indicated temperatures. The OD600nm
values were recorded every 6 or 8 h until the strains reached stationary phase. Each test
was performed in biological triplicates. Then, the average OD600nm of triplicate samples
was calculated, and the cell growth profiles were depicted in GraphPad Prism 6.01.

2.4. Estimation of Tolerance to Temperature Stress

The strains were first inoculated on a YPD plate and cultured at 30 ◦C for 15 h. Then,
plated cells were transferred into 30 mL of YPD medium and cultured at 30 ◦C for 24 h to
ensure that they reached the stationary phase. The cells were then diluted using sterilized
water to an OD600nm of 10. A cell suspension of 2.5 µL from the heated sample was serially
diluted tenfold, spotted onto a YPD plate, and cultured at 35 ◦C for 24 h.

2.5. Transcriptome Analysis

The cells of Y. lipolytica CGMCC7326 were collected at an OD600nm of 12 after culturing
at 30 ◦C and 33 ◦C. The cells of the thermoduric strain HRC were collected at an OD600nm
of 12 after culturing at 30 ◦C, 33 ◦C, and 35 ◦C (Figure 1a). Cell pellets were resuspended
in deionized water. After centrifugation at 6000× g for 10 min, the cell pellets were flash
frozen in liquid nitrogen and stored at −80 ◦C. The samples were prepared in triplicate.

RNA extraction and sequencing were carried out at BGI Gene Technology Co., Ltd.
(Wuhan, China). The mRNA: PolyA-tail messenger RNAs (mRNAs) were enriched by
magnetic beads with oligo(dT). Ribosomal RNA was hybridized with DNA probes, and
RNase H was used to selectively digest the DNA/RNA hybridization chain. Then, the
DNA probe was digested by DNase I. The obtained mRNA was segmented and reverse
transcribed with random N6 primers to synthesize the complementary DNA. Synthesized
double-stranded DNA was flattened and phosphorylated at the 5′ end. The 3′ end formed a
sticky end with a protruding “A”, which was connected to a bubbly joint with a protruding
“T” at the 3′ end. The ligation products were amplified by polymerase chain reaction (PCR)
with specific primers. The PCR products were heat denatured into single-stranded DNA
and then cyclized with a bridge primer to obtain a single-stranded circular DNA library.
To analyze the original sequencing data, we first filtered out raw reads with low quality,
contaminated joints, and high unknown base content. The clean reads were then blasted
against the reference genome GCA_000002525 (NCBI database). After that, new transcripts
were predicted, and SNP/InDel and differential splicing genes were detected. The new
transcripts with protein-coding potential were added to the reference gene sequence, and
the gene transcription level was calculated. Relevant data have been uploaded to the NCBI
database (PRJNA948389).
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Figure 1. Transcriptomic analysis of HRC and Y. lipolytica CGMCC7326 at different temperatures.
(a). Flow chart of sample preparation and sequencing. (b). Venn diagram comparing the differences
in gene expression between Group A and Group B, Group A and Group C, and Group B and Group C.
(c). Venn diagram comparing the differences in gene expression between Group B and Group E and
Group A and Group D.

2.6. RNA Isolation and Transcript-Level Quantification

Cultures were grown in shaken flasks containing rich medium. Cells were collected at
an OD600nm of 2.0 and stored at −80 ◦C in TRIzol solution from Sangon Biotech (Shanghai,
China). Total RNA was extracted using liquid nitrogen and the TRIzol kit. cDNA was
obtained using HiScript® III-RT SuperMix for qPCR with gDNA wiper (Vazyme Biotech
Co., Ltd., Nanjing, China). These cDNA samples were used as templates for quantitative
real-time PCR analysis (qRT-PCR) with the specific primer sets listed in Table S1. The
qRT-PCRs were performed using ChamQ™ Universal SYBR®qPCR Master Mix (Vazyme
Biotech Co., Ltd.) and an ABI7500 Real-Time PCR system. The qPCRs proceeded as follows:
initial denaturation at 94 ◦C for 1 min, followed by 40 cycles of denaturation at 94 ◦C for
10 s, annealing at 62 ◦C for 30 s, and elongation at 72 ◦C for 20 s. Specific amplification
was confirmed by analysis of melting curves from 65 ◦C to 95 ◦C. Gene expression was
normalized to that of the 18S rRNA gene (∆CT method). The differences in gene expression
between the transformed and control strains of Y. lipolytica CGMCC7326 were calculated
by the 2−∆∆CT method. All samples were analyzed in triplicate.

2.7. Overexpression of Selected Genes to Verify Their Thermoresistance in Y. lipolytica CGMCC7326

The ten selected genes (Table S2) were PCR amplified from the genomic DNA of
strain CGMCC7326 using the primers listed in Table S1. Forward (F) and reverse (R)
primers (named according to gene nomenclature) were designed to introduce KpnI sites
into the resulting amplicons. Then, genes were expressed using KpnI-treated pSWV-guab
expression cassettes (5′-26S rDNA-hp4d-gene of interest-TT-guab-TT-26S rDNA-3′) (Sequences
1–11 in the Supplementary Information). Y. lipolytica CGMCC7326 was streaked on a YPD
plate and incubated at 30 ◦C for 24 h. Then, yeast cells were collected and resuspended
in 200 µL of transformation buffer (400 g/L PEG 4000, 150 mM lithium acetate (pH 6.0),
150 mM dithiothreitol, and 0.2 mg/mL single-stranded salmon sperm DNA). Samples of
3–5 µg of a pSWV-guab expression cassette were added to the transformation system. The
system was then vortexed thoroughly and incubated at 39 ◦C for 60 min with shaking at
regular intervals to prevent cells from sinking to the bottom of the tube. After incubation,
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cells were spread directly on a YNB medium plate (with 200 µg/mL mycophenolic acid
added) for 5 days, and transformants of 10 strains were streaked on solid YNB medium
(with 200 µg/mL mycophenolic acid added) and cultivated at 35 ◦C for 30 h. The growth
of these transformants was observed to judge the thermoresistance of the transformants.
Transformants grown on this medium were verified by PCR using the primers listed
in Table S1.

3. Results
3.1. Thermotolerance Improvement after Adaptive Evolution

First, we tested the temperature sensitivity of Y. lipolytica CGMCC7326. It grew
well at 30 ◦C, slowly at 33 ◦C, and was almost inviable at 35 ◦C (Figure S1). To obtain
thermoresistant strains by laboratory adaptive evolution, the wild-type strain was streaked
on solid YPD medium plates and incubated at 30 ◦C for 24 h. Next, single colonies
were selected and inoculated into 2 mL liquid YPD at 30 ◦C for 24 h; cells were then
collected, gradient diluted, and plated onto solid YPD medium and placed at 35 ◦C for
72 h. After that, large single colonies were selected and inoculated into 2 mL liquid
YPD at 30 ◦C for 24 h. The procedure was repeated 10 times, a HRC was selected, and
its thermotolerance was verified by measuring the growth curve at 35 ◦C (Figure S1).
According to the growth curve, Y. lipolytica CGMCC7326 and HRC both grew well at 30 ◦C,
with the upper level of OD600nm nearly reaching 25 in 20 h (with the specific growth rate of
0.19 h−1 vs. 0.17 h−1 for CGMCC7326 and HRC). When the temperature increased to 33 ◦C,
Y. lipolytica CGMCC7326 grew slower than HRC, with the maximum OD600nm reaching
approximately 22 in 30 h, whereas the HRC still grew well, with the peak value of OD600nm
reaching 25 in 20 h (with the specific growth rate of 0.14 h−1 vs. 0.20 h−1 for CGMCC7326
and HRC). When the temperature was 35 ◦C, Y. lipolytica CGMCC7326 was almost inviable,
and HRC grew slightly slower than at 30 ◦C and 33 ◦C, with the upper level of OD600nm
reaching approximately 23 after cultivation for 25 h (with the specific growth rate of 0.03 h−1

vs. 0.17 h−1 for CGMCC7326 and HRC). A spot assay at 35 ◦C (Figure S2) also showed
that Y. lipolytica CGMCC7326 grew more poorly than HRC, which demonstrated that the
thermoresistance of HRC was remarkably improved after laboratory evolution.

3.2. Differential Expression Analysis through Comparative Transcriptome Gene Quantification

To thoroughly understand the HRC mechanism of thermotolerance, we designed
an elaborate RNA-seq analysis to compare the differences in gene expression for HRC
and Y. lipolytica CGMCC7326 at different temperatures. The HRC strain was cultured at
30 ◦C (Group A), 33 ◦C (Group B), and 35 ◦C (Group C) separately, while the Y. lipolytica
CGMCC7326 strain was cultured at 30 ◦C (Group D) and 33 ◦C (Group E). Y. lipolytica
CGMCC7326 was not included in the 35 ◦C group because it was almost inviable at 35 ◦C
(Figure S1). After reaching the midpoint of log phase (OD600nm = 12), the total mRNA was
enriched and sequenced (Figure 1a).

Transcriptome analysis of the strains was performed with RNA-seq technology using
the Illumina Hi-Seq platform. First, we analyzed the change in gene transcription in
HRC strains with altered expression at higher temperatures. Comparative transcriptomic
analyses were applied between Groups A, B, and C. In total, 532 and 2460 genes were
significantly different when comparing the 33 ◦C and 35 ◦C groups to the 30 ◦C group,
respectively. Additionally, 924 genes were differentially expressed between the 33 ◦C
group and the 35 ◦C group. Across these 3 comparisons, 77 genes had no differential
expression. Gene expression was also compared between Y. lipolytica CGMCC7326 and
HRC strains at different temperatures. At 30 ◦C, only 496 genes were expressed differently;
however, 1153 genes were expressed differently in HRC at 33 ◦C (Figure 1b,c), suggesting
that HRC gene expression was remodeled for thermoresistance. Furthermore, comparison
of gene expression in Group C and Group D revealed that there were 2864 differentially
expressed genes (DEGs), including 1339 upregulated genes and 1252 downregulated genes.
These results provided useful information about the genes that were engaged in the heat
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stress response in Y. lipolytica CGMCC7326. GO enrichment analysis of Group C and
Group D indicated that most DEGs were enriched in organic acid metabolic process,
carboxylic acid metabolic process, oxoacid metabolic process, and small molecule metabolic
process (Figure S3a). KEGG analysis showed that DEGs were significantly enriched in the
mitogen-activated protein kinase (MAPK) signaling pathway, biosynthesis of antibiotics,
biosynthesis of amino acids, pyruvate metabolism, arginine and proline metabolism, and
carbohydrate metabolism (Figure S3b).

Based on our definition of DEGs as having a |log2 ratio| ≥ 1 and p value < 0.05,
22 significant genes (Table S3) were selected, including 4 membrane proteins and 18 solu-
ble proteins. The transcriptomic results were further validated by RT-qPCR. The mRNA
levels of these genes were almost all upregulated in the HRC after thermal stimuli, except
YALI0C19404g, YALI0B10626g, and YALI0F11121g (Figure 2a,b). Almost all the selected
genes were induced when comparing HRC strains with Y. lipolytica CGMCC7326 at 33 ◦C
(Figure 2c). Furthermore, the mRNA levels of 13 genes (Table S4) were significantly upreg-
ulated (more than twofold) at 30 ◦C in HRC strains compared to Y. lipolytica CGMCC7326,
suggesting that some thermoresistance-related genes are nearly continuously activated in
the HRC strains, even without thermal stimuli. These genes might be helpful to stabilize
the intracellular environment and increase cell growth during upcoming stress.

Figure 2. RT-qPCR analysis for differential gene expression of HRC and Y. lipolytica CGMCC7326
in different groups. (a). HRC at 30 ◦C 33 ◦C. (b). HRC at 30 ◦C 35 ◦C. (c). HRC vs. Y. lipolytica
CGMCC7326 at 33 ◦C. (d). Y. lipolytica CGMCC7326 vs. HRC at 30 ◦C. In each sample, 18S was used
as an internal control. Total RNA was isolated from cells cultured at 48 h in biological triplicate.

3.3. Improving the Thermotolerance of Wild-Type Y. lipolytica CGMCC7326

Among the twenty-two genes (Table S3) that were validated by RT-qPCR to verify
relative expression levels (Figure 2), we found that nine genes were highly expressed in
Groups B and C when compared to the wild-type Groups D and E (Table S2); these data may
demonstrate that the nine genes were induced by temperature stimuli. YALI0C13750g was



Fermentation 2023, 9, 509 7 of 13

another gene that attracted our attention, since it is the homolog of the msn4 transcriptional
activator in S. cerevisiae, which is proven to be related to the heat response [39].

These ten genes were selected to further validate the thermotolerant effects. The ten
genes were overexpressed in wild-type Y. lipolytica CGMCC7326 to determine if the cells
could exhibit thermotolerance (Figure 3a). Among the 10 genes (Table S2), overexpression
of YALI0B21582g, YALI0C13750g, and YALI0B10626g improved the thermotolerance of
Y. lipolytica CGMCC7326 (Figure 3a). YALI0B21582g and YALI0C13750g belong to the
MAPK signaling pathway, which plays a part in responding to environmental fluctuations,
especially osmotic and heat stresses [39]. The overexpression of the three genes was
verified by PCR (Figure 3b). YALI0B21582g—also called Mhy1—contains C2H2 zinc finger
motifs and functions as a transcription factor in response to environmental stress [40].
YALI0C13750g encodes a protein homolog of the S. cerevisiae msn4 transcriptional activator.
Msn4 is known to promote the formation of pseudohyphae in yeast [40]. Consistent
with previous reports, YALI0C13750g can dramatically induce the formation of mycelia,
especially in the HRC2 strain (Figure S4), and it is a novel gene involved in the yeast-to-
hyphae transition of the dimorphic yeast Y. lipolytica. The third gene, YALI0B10626g, has
an unknown functionality.
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The thermoresistance properties of YALI0B21582g, YALI0C13750g, and YALI0B10626g
were further confirmed with the spot assay. After gradient diluted, the cells were dropped
on the solid YPD medium and cultured at 35 ◦C for 72 h, HRC1, HRC2, HRC3 and HRC
grew well, while the wild-type strain Y. lipolytica CGMCC7326 grew poorly and could not
survive when diluted to 10−2 (Figure 3c). A growth curve at 34 ◦C showed that Y. lipolytica
CGMCC7326 grew slowly with a cell density of the upper level of OD600nm reaching nearly
2, but HRC1, HRC2, and HRC3 grew well with a cell density of the upper level of OD600nm
reaching nearly 20 in 18 h, which demonstrated that the overexpression of these three
genes conferred Y. lipolytica CGMCC7326 thermotolerance. However, HRC grew faster
than HRC1, HRC2, and HRC3, with the maximum OD600nm reaching nearly 25 in 18 h,
which implied that there may be other heat-resistant devices that have not been discovered
yet (Figure 4).
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3.4. Polyols Synthesis Analysis of Y. lipolytica CGMCC7326 and HRC

To evaluate the synthesis ability of erythritol and mannitol by the 2 strains, fermenta-
tion was carried out in a 250 mL flask containing 270 g/L glucose at 30 ◦C and 33 ◦C. The
fermentation times of Y. lipolytica CGMCC 7326 and HRC were nearly consistent at 30 ◦C
(Figure 5a). At 30 ◦C, the concentration of erythritol produced by Y. lipolytica CGMCC 7326
was 178.4 4.2 g/L, and the mannitol concentration was 10.4 2.1 g/L at 84 h. HRC produced
32.8 g/L mannitol, which is threefold that of Y. lipolytica CGMCC 7326; however, the
erythritol titer of HRC was 152.7 5.2 g/L (Figure 5c). When the temperature was elevated to
33 ◦C, we found that the mannitol titer was increased in both Y. lipolytica CGMCC 7326 and
HRC to 14.4 2.2 g/L at 96 h and 43.7 4.2 g/L at 92 h, respectively. Thus, we suspected that
the strains reacted to thermal stimuli by increasing mannitol production. For erythritol, the
titers of Y. lipolytica CGMCC 7326 and HRC decreased to 170.2 3.5 g/L and 141.2 3.7 g/L,
respectively, indicating that erythritol synthesis is sensitive to high temperature.

However, the fermentation ability of the three strains HRC1, HRC2, and HRC3 was
not as good as that of Y. lipolytica CGMCC 7326 and HRC, with less sugar alcohols and
delayed fermentation time. Interestingly, most HRC2 cells switched to mycelia formation
during fermentation (Figure S3).
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Figure 5. Glucose utilization and erythritol and mannitol production of Y. lipolytica CGMCC7326 and
HRC. (a) Glucose utilization of Y. lipolytica CGMCC7326 and HRC at 30 ◦C. (b) Glucose utilization of
Y. lipolytica CGMCC7326 and HRC at 33 ◦C. (c) Erythritol and mannitol production of Y. lipolytica
CGMCC7326 and HRC at 30 ◦C and 33 ◦C.

4. Discussion

Recent advances in improving yeasts’ thermoresistance have mainly focused on random
and rational strategies of conferring thermotolerance; these are based on yeasts’ own heat-
resistance mechanisms and the mechanisms of heat resistance in thermophiles. Random
strategies have focused on classical strain improvement methods such as natural breed-
ing, mutagenesis, adaptation, and modern biotechnology breeding, including genome
shuffling [24]. Evolutionary engineering approaches are very useful for developing ther-
motolerance in yeast. Qiu et al. selected a Y. lipolytica strain with improved thermoduric
capabilities and erythritol production by using laboratory evolution [38]. Rational strategies
emphasize the use of thermophiles. Heat-resistant proteins and heat-inducible genes from
thermophiles can be introduced into yeasts to improve their thermotolerance. Hsps and
ubiquitin are important for the cell to respond to high temperatures. Hsp- and ubiquitin-
encoding genes from Thermoanaerobacter tengcongensis were introduced into S. cerevisiae to
improve thermoduric capacity and overexpressed with a strong constitutive FBA1 promoter
by Liu et al. [41]. The engineered strain T.te-Gros2 showed the best thermotolerance when
cultured at 42 ◦C for 72 h. Notably, Liang et al. [35] introduced potential thermotolerance
genes that encode Hsps, stress response proteins, ATPases, ubiquitin ligases, antioxidant
enzymes, and nucleic acid protectors into Y. lipolytica. The results showed that expres-
sion of Hsp10, San1, and Ctt1 enhanced the growth of Y. lipolytica at 35 ◦C. Additionally,
Wang et al. [36] and Hosein Shahsavarani et al. [33] overexpressed Rsp5 in Y. lipolytica and
S. cerevisiae, respectively, which contributed to the increase in the upper limit of yeast
thermotolerance. This is because Rsp5 is an essential gene encoding E3 ubiquitin-protein
ligase, which improves heat resistance by targeting cytosolic misfolded proteins following
heat stress in yeast [42].

In our study, we obtained the heat-tolerant strain HRC by laboratory adaptive evo-
lution. On the basis of transcriptome analysis and RT-qPCR data, we found that the
transcription levels of YALI0B21582g, YALI0C13750g, and YALI0B10626g were substan-
tially upregulated in HRC compared to the wild-type strain when the temperature was
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increased (Table S2). In particular, the overexpression of these genes confers a thermotoler-
ant phenotype to the wild-type strain (Figures 3 and 4).

Using bioinformatic analyses, we found that YALI0B21582g and YALI0C13750g belong
to MAPK signaling pathways. In particular, MAPK and its related transcription factors and
interacting proteins are the primary modulators of the heat shock response. In 1993, a kinase
was found to be essential for S. cerevisiae to survive in high osmolarity environments [43].
This led to the discovery of the HOG pathway, a MAPK pathway that is crucial to the
responses to a wide range of stress conditions in fungi [44]. MAPK signaling pathways are
essential sensor mechanisms that transduce environmental inputs to biochemical events,
ensuring adaptation to new physiological situations. These pathways are conserved in
eukaryotic organisms and control proliferation and stress responses [44,45]. Hog1, the
central kinase of the HOG signaling pathway, is activated by heat stress and plays a crucial
role in resisting heat stress [39]. Activated Hog1 helps promote recovery from cellular
damage caused by heat stress [46].

Most genes induced by heat stress are controlled by msn2 and msn4, C2H2-type
zinc-finger proteins downstream of Hog1 [47]. Msn2 and msn4 regulate general stress
responses and therefore can regulate most heat-resistance genes [48,49]. In S. cerevisiae,
they regulate the expression of the Nth1 gene that encodes trehalose, thus regulating
trehalose hydrolysis under different stress conditions. Additionally, they maintain trehalose
concentrations under stress by regulating trehalose synthesis and hydrolase expression [50].
Msn2 can also regulate lipid metabolism, altering membrane fluidity when faced with high
temperatures [51]. In particular, YALI0B21582g and YALI0C13750g are transcription factors
containing the (C2H2) zinc finger motif [52]. The two genes are functional homologs of
msn2 and msn4 in S. cerevisiae. Interestingly, overexpression of YALI0C13750g induces the
formation of mycelia, and it is a novel gene involved in the yeast-to-hyphae transition of
dimorphic yeast (Figure S4). Previous studies have shown that Msn2p and Msn4p can be
constitutively synthesized during growth, and they are activated by translocation from
the cytosol into the nucleus in response to stress conditions such as heat shock, carbon
source starvation, osmotic stress, and the presence of ethanol or sorbate [53,54]. Therefore,
we speculated that overexpression of YALI0B21582g and YALI0C13750g promotes their
translocation to the nucleus, which helps strains survive heat stress.

However, the function of YALI0B10626g is unknown, and the characteristics of the
gene should be studied in future research. Given that Y. lipolytica CGMCC7326 was also
used in industry to produce functional sugar alcohols, engineering of the heat tolerant
strain HRC to improve sugar alcohol production has substantial industrial implications.

To adapt the changing environment, yeasts also take other actions through a thermal
response system that includes conservative signaling pathways, transcriptional regulatory
systems, physiological and biochemical processes, and phenotypic changes [55]. The heat
resistance mechanisms employed by yeast mainly consist of gene expression responses,
Hsps, trehalose, ATPase, ubiquitin, and antioxidant enzymes [24]. These mechanisms
might also be conserved in Y. lipolytica, and other heat-resistant devices may need to be
further discovered.

5. Conclusions

In summary, we obtained the thermoduric strain HRC through laboratory adaptive
evolution. The strain grows well at 35 ◦C and can produce more mannitol than the wild-
type strain, Y. lipolytica CGMCC 7326, which grows well at 28–30 ◦C. Using transcriptome
analyses, we discovered that heat stress alters the transcriptional profile of many genes
related to the MAPK signaling pathway, as well as cell wall and cytomembrane remodeling.
Among these genes, 22 were validated by RT-qPCR, showing that these genes were upregu-
lated with elevated temperature and may be associated with thermoduric conditions. Of
the twenty-two genes, overexpression of three genes—YALI0B21582g, YALI0C13750g, and
YALI0B10626g—led to the acquisition of thermoresistance. Among them, YALI0B21582g
and YALI0C13750g belong to MAPK signaling pathways. Our study highlights the im-
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portance of engineering thermoresistant phenotypes to improve sugar alcohol production
in Y. lipolytica, which may reduce the cooling cost in large-scale fermentation in industry.
Our data provided insights into the metabolic landscape of Y. lipolytica under heat stress,
enabling future metabolic engineering endeavors to improve both thermoresistance and
alcohol production in Y. lipolytica.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation9060509/s1, Figure S1: Growth curve of HRC and Y.
lipolytica CGMCC7326 at different temperatures; Figure S2: Spot assay of Y. lipolytica CGMCC7326
and HRC; Figure S3: Differentially expressed genes (DEGs) analysis of D group (HRC at 35 ◦C) vs. C
Group (CGMCC7326 at 30 ◦C); Figure S4: Morphological characteristics of HRC2 and Y. lipolytica
CGMCC7326. Table S1: Strains, gene cassettes, and primers used in this study; Table S2: Ten selected
genes which are overexpressed in Y. lipolytica CGMCC7326; Table S3: relative expression level of
22 genes; Table S4: 13 genes were significant upregulated in HRC strains at 30 ◦C compared with the
Y. lipolytica CGMCC7326.
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