
Enhancing the thermotolerance
and erythritol production of
Yarrowia lipolytica by introducing
heat-resistant devices

Peixin Liang1,2†, Jing Li1,2,3, Qinhong Wang1,2 and Zongjie Dai1,2*
1Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin, China, 2National Center
of Technology Innovation for Synthetic Biology, Tianjin, China, 3College of Biotechnology, Tianjin University
of Science and Technology, Tianjin, China

Yarrowia lipolytica has been widely used in the food biotech-related industry, where
it plays the host’s role in producing erythritol. Nevertheless, a temperature of about
28°C–30°C has been estimated as the yeast’s optimal growth temperature, leading to
the consumption of a considerable quantity of cooling water, especially in summer,
which is obligatory for fermentation. Herein is described a method for improving the
thermotolerance and erythritol production efficiency at high temperatures of Y.
lipolytica. Through screening and testing different heat resistant devices, eight
refactored engineered strains showed better growth at higher temperature and
the antioxidant properties of the eight engineered strains were also improved. In
addition, the erythritol titer, yield and productivity of the strain FOS11-Ctt1
represented the best among the eight strains, reaching at 39.25 g/L, 0.348 g/g
glucose, and 0.55 g/L/h respectively, which were increased by 156%, 86% and
161% compared with the control strain, respectively. This study provides insight
into an effective heat-resistant device that could enhance the thermotolerance and
erythritol production of Y. lipolytica, which might be considered a valued scientific
reference for other resistant strains’ construction.
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1 Introduction

Yarrowia lipolytica has been broadly employed in the food-related industry due to its traits
of the utilization of inexpensive substrates, high cell density fermentation, and biosafety,
especially in the industrial production of the sugar alcohol named erythritol (Fickers et al., 2020;
Abbasi et al., 2021). Sources claim that the total erythritol production value is estimated to
exceed 150 million USD in 2023. This number corresponds to an increase of approximately
81 million USD compared to the recorded numbers for the year 2017 (Ross, 2018). On the other
hand, a temperature of 28°C–30°C has been suggested to be the optimal temperature interval for
yeast growth. Additionally, aerobic fermentation requires a large amount of oxygen, which then
generates a large amount of biothermal and mechanical heat during the industrial production
process (Schenk et al., 2017). Therefore, to avoid the metabolic decline and the risk of bacterial
infection caused by excessive temperature (>32°C) (Costa et al., 2014), it is of extreme
importance to consume large quantities of cooling water. However, the latter substantially
increases the cost of erythritol’s large-scale industrial production.

Recently, adaptive evolution and random mutagenesis found a broad application in
tolerance engineering with the ultimate goal of creating industrial strains with superior
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performance. For example, Qiu et al. identified four genes of the
thiamine metabolic pathway that seem to be responsible for the
thermostable phenotype of an evolutionarily adaptive mutation in
the strain of Y. lipolytica employing transcriptomic analysis. They
reported a rise in the fermentation temperature of about 3°C, reaching
33°C after overexpression of these genes in original strain (Qiu et al.,
2021). Previous work successfully screened out an erythritol hyper
producer in the benchtop fermenter at 35°C by combining the ARTP
mutagenesis and synthetic microbial biosensor (SMB) system (Qiu
et al., 2020). These semi-rational design strategies can produce strains
with improved fermentation performance, but the resulting
phenotypes are difficult to be transferred to new strains.

Elucidation of the thermal response and defence mechanism of the
model yeast Saccharomyces cerevisiae has provided valuable targets for
the rational breeding of thermotolerant strains. Reports suggest several
target molecules have been involved in thermotolerance, including
heat shock protein (Hsp), ATPase, trehalose, ubiquitin and
antioxidant enzymes, whose role in heat-resistant processes for
yeast species has been regarded as vital. Concerning Hsp104, it has
proven essential for thermotolerance in S. cerevisiae. Sanchez et al.
discovered an interval of 100- to 1000-fold difference, accompanied by
a temperature increase of 44°C in the Hsp104Δ and wild-type cells’
viability (Sanchez et al., 1992). Pma1 in yeast species is one of the most
well-known ATPases. Authors have confirmed its pivotal impact on
maintaining cells’ structural integrity (Mason et al., 2014) and
thermotolerance. The last discovery was based on the significant
decrease in the resistance of mutant yeast in which a reduction in
PMA1 expression was observed at temperatures like 50°C. The
Hul5 ubiquitin ligase was also reported to account for maintaining
cell fitness via the degradation of misfolded proteins with a short
lifetime (Fang et al., 2011). Furthermore, Shahsavarani and colleagues
confirmed a positive correlation between overexpression of the S.
cerevisiae ubiquitin ligase Rsp5 and the increase of the yeast’s upper
limit of thermotolerance (Shahsavarani et al., 2012). When ubiquitin
ligase Rsp5 was expressed in Y. lipolytica, the findings demonstrated a
healthy growth of the engineered strain at 34°C and an efficient
production of erythritol at 33°C (Wang et al., 2020).

In addition, heat-inducible genes and thermozymes are
characteristic of thermophiles under high temperatures (Ahn et al.,
2003; Liu et al., 2014). Ten engineered thermotolerant S. cerevisiae
strains were constructed by transformation with heat-resistant devices
with Thermoanaerobacter tengcongensis Hsp and ubiquitin coding
genes (Liu et al., 2014). Among them, the strains overexpressing T.te-
Tte2469, T.te-Gros2, and T.te-IbpA had increased cell concentration
(above 25%) and considerably greater survival than the control cells
under high temperatures. Above all, the strain overexpressing Hsp
T.te-Gros2 demonstrated a four-fold rise in cellular growth at 42°C for
72 h compared to the control cells (Gao et al., 2016). Interestingly, Y.
lipolytica cells, overexpressing native Hsp90, had increased
thermotolerance when cultivated at temperatures rising from 30°C
to 35°C (Zhang et al., 2022). However, the genes from thermophiles
have not been reported to increase the thermotolerance of Y. lipolytica.

The current investigation aims to develop a thermotolerant Y.
lipolytica strain with enhanced erythritol production at 35°C. In that
sense, potential thermotolerance genes with diverse functions from
different thermal preference strains were screened. Based on these
genes, we have studied the thermotolerance and the ability of Y.
lipolytica cells, which were transformed with the selected genes, to
withstand oxidative stress. In the meantime, we proved that these cells

expressed and produced erythritol. Furthermore, based on these genes,
the effects of these cells’ growth and oxidative stress tolerance were
investigated. This work showcases a significant improvement in
thermotolerance and erythritol production of Y. lipolytica, which
would significantly reduce energy consumption and ultimately
favour the industrial production of erythritol.

2 Materials and methods

2.1 Chemical compounds and biological
substances

Erythritol, 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA, DCFH-DA) and propidium iodide solution were
obtained from Solarbio (Beijing, China). New England Biolabs
supplied the restriction endonucleases. KOD OneTM Master Mix
-Blue- and PrimeSTAR® HS DNA Polymerase for the polymerase
chain reactions (PCR) were purchased from Toyobo (Japan) or
TaKaRa.

2.2 Yeast strains, culture media, and
conditions

The E. coli and Y. lipolytica strains were employed here and are
displayed in Supplementary Table S1. The E. coli cells were cultured at
37°C in LB (Jira et al., 2018) for plasmid construction. Y. lipolytica cells
were grown at 30°C in YPD (Albers and Larsson., 2009). Where
necessary, media were complemented with ampicillin (100 mg/L),
nourseothricin (800 mg/L) or agarose (20 g/L). The shake-flask
cultures were grown at 30°C, 35°C and 220 rpm in 100 mL of
volume, containing 4 mL of fermentation medium, as previously
described (Wang et al., 2020). All shake flasks were weighed before
being placed into the shaker for incubation and then supplemented by
adding the exact weight of sterilized water every 24 h to keep the
volume unchanged.

2.3 Creation of thermotolerant gene devices
and strains

Functional genes were obtained via PCR using the genome of S.
cerevisiae Y-581 as templates, and others were chemically synthesized
by Genewiz Inc., Suzhou, China. These genes were cloned into the
pLPX-002 plasmid to give a series of plasmids. The detailed
procedures of lithium acetate transformation for constructing the
engineered strains are described in Holkenbrink et al. (Holkenbrink
et al., 2018). Affirmative clones were verified on YPD-nourseothricin
petri dishes and established by PCR detection and DNA sequencing.
Information about the used primers, plasmids and engineered strains
is provided in Supplementary Table S1.

2.4 Determination of cell concentration

The growth characteristics of the strains were measured under
fermentation conditions. Each strain was at a primary cell density of
OD600 = 0.1 and was grown in 100 mL of shake flasks with 4 mL of
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fermentation media and then cultured for 72 h at 35 C and shaking at
220 rpm. The UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan)
was used for cell growth optical density measurements (OD600).

2.5 Measurements of oxidative stress
tolerance

The ability of the cells to tolerant oxidative stress was done following
the protocol by Konzock et al. (Konzock andNorbeck., 2020). H2O2 was
applied for oxidative stress induction at 50 mM final concentration. The

cells were successively diluted in 1/10 steps. Cellular drops of 5 μL were
grown on YPD-nourseothricin petri dishes at 30°C. At the same time,
the cells were dissolved in PBS and 5 μg/mL PI (1 mg/mL stock in
water). Cells were incubated for 20 min in the dark at room temperature
(Kwolek-Mirek and Zadrag., 2014), and the cell viability based on the
fluorescent dye was measured by flow cytometry (BD FACSAria III)
(Qiu et al., 2021). The ROS concentration was measured following
previously established procedures (Xu et al., 2017). Cells were collected
and diluted to 0.3 OD600. They were mixed with 5 nmol of DCFH-DA
for each sample and incubated at 37°C for an hour. Fluorescence was
measured at 495 nm.

TABLE 1 Information of the functional genes used in this study.

Categories Functions Genes Sources

Stress response
proteins

Proteins that can protect against heat-induced oxidative and environmental stress. Hsf1 (SC), Skn7, Msn2 (SC), Msn4 Saccharomyces cerevisiae

Msn2 (KM), Hsf1 (KM) Kluyveromyces marxianus

Heat shock proteins Proteins that can protect thermally damaged proteins and improve the thermal
stability of soluble proteins, SOD and proton pumps in stressed cells.

Hsp104, Hsp12 Saccharomyces cerevisiae

Hsp10 Thermus thermophilus HB8

SHsp Pyrococcus furiosus

Sso2427 Sulfolobus solfatara

Gros2, Ibpa, Groes Thermoanaerobacter
tengcongensis MB4

ATPases ATPase can transport hydrogen against the concentration gradient through
membrane-integrated glycoproteins and stabilize the intracellular pH.

Pma1, Vma2, Vma3 Saccharomyces cerevisiae

Ubiquitin ligases Ubiquitin ligases play a significant role in protecting cells against acute proteotoxic
stress.

Hul5, Hrd1, Rma1, San1 Saccharomyces cerevisiae

Tte2469 Thermoanaerobacter
tengcongensis MB4

Antioxidant enzymes Antioxidant enzymes are the primary protectors against oxidative damage. Sod1, Cta1, Ctt1, Tsa1, Ahp1, Prx1 Saccharomyces cerevisiae

Bifunctional glutathione synthase
gene (GCSGC)

Streptococcus thermophilus

Nucleic acid
protectors

Nucleic acid protectors are helpful for transcriptional regulation and the
establishment of new protein homeostasis.

Cspl Bacillus coagulans 2–6

FIGURE 1
The cell density of engineered and control strains after 72 h cultured at 35°C. (A). Engineered strains transformed with plasmids containing different heat
shock protein genes. (B). Engineered strains transformed with plasmids containing different ATPase genes. (C). Engineered strains transformed with plasmids
containing different ubiquitin ligase genes. (D). Engineered strains transformed with plasmids containing different antioxidant enzyme genes. (E). Engineered
strains transformed with plasmids containing different nucleic acid protector genes.
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2.6 Analytical methods for erythritol and
glucose measurements

Erythritol and glucose were detected by HPLC (Prominence
UFLC, Shimadzu Corporation). The mobile phase was 5 μM
sulfuric acid solution on an organic acid column (Aminex HPX-
87H Ion Exclusion Column 300 mm × 7.8 mm; Catalog 125-0140;
Bio-Rad Laboratories, Inc., United States). The entire protocol was
published previously (Wang et al., 2020).

3 Results and discussion

3.1 Selection of heat-resistant genes

Improving the heat resistance of yeast strains is of great
significance for reducing the energy cost required for cooling
bioreactors in industrial production processes. However,
thermotolerance is a complex phenotype involving various aspects
of cellular physiology and metabolism (Alper et al., 2006; Liu et al.,
2021). Large amounts of reactive oxygen species (ROS) are generated
under higher temperatures, causing severe oxidative damage to cells,
such as lipid peroxidation in cellular membranes, nucleic acid damage
and increased toxicity by oxidation of proteins (Ahn et al., 2003).
Several molecules have been reported to play essential roles against
heat-induced oxidative stress in S. cerevisiae (Morano et al., 2012).
Furthermore, recent data show that proteins synthesized by heat-
inducible genes from different thermotolerant species, also designated
as thermophiles, enhance heat resistance and thermotolerance in yeast
species (Liu et al., 2014; Luan et al., 2014; Wang et al., 2015).

The high content of specific amino acids, such as Ile, Pro, Glu, Arg,
and lower content of amino acids such as Cys, Ser, Thr, Asn and Asp
make the heat-inducible proteins to natural proteins and valuable

biological components for improving the thermotolerance of yeast
(Ahn et al., 2003; Liu et al., 2014; Luan et al., 2014; Wang et al., 2015).
In addition, trehalose accumulation and increased energy supply by
affecting some heat-inducing genes in yeast itself (such as TPS1 and
CDC19) can help the strain resist heat damage (Gao et al., 2016).
Furthermore, overexpression of the heat-inducing genes may
contribute to maintaining cell wall integrity (Liu et al., 2014).
Therefore, to improve the thermotolerance of Y. lipolytica, we
screened and classified thirty potential heat-inducible genes which
coded for stress-responsive proteins such as the Hsp family, ATPases,
ubiquitin ligases, antioxidant enzymes and nucleic acid protectors
from S. cerevisiae and different thermophilic strains such as Thermus
thermophilus HB8, Thermoanaerobacter tengcongensis MB4,
Pyrococcus furiosus and others. Information about all these genes
was provided in Table 1; Supplemenetary Table S2. These stress-
related genes were obtained by PCR or gene synthesis.

3.2 Screening of effective heat-resistant gene
devices

Considering the possible metabolic burden on cell growth by
protein expression, we selected the medium-strength promoter
EXP1p and the low-copy plasmid pLPX-002 to construct the heat-
resistant modules. The resulting plasmids were transformed into Y.
lipolytica strain FOS11 and allowed the generation of different
engineered strains for preliminary screening by detecting the
optical cell density at 35°C. As shown in Figure 1, the engineered
strains FOS11-Hsp12, FOS11-Vma2, FOS11-Hul5, FOS11-San1,
FOS11-Tsa1, FOS11-Prx1, FOS11-Hsp10 and FOS11-Ctt1 showed
better growth compared with the control strain FOS11-pLPX-002.
Among them, the OD600 values of FOS11-San1, FOS11-Hsp10 and
FOS11-Ctt1 showed 27.71%, 36.49% and 30.95% increase compared

FIGURE 2
Characterization of the engineered strains treated with 50 mM H2O2. (A). Investigation of colony forming units of the engineered and control strains by
spotted plate method. (B). Detection of cell viability based on the fluorescent dye of engineered and control strains by flow cytometry. (C). Measurement of
the intracellular ROS levels of engineered and control strains based on the fluorescent by microplate reader.
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with the control strain, respectively. Except these eight modules
showed a positive effect on cell growth, the rest twenty-two
constructs led to worse cell growth, even almost lethality compared
with the control. Still, these results suggested that introducing heat-
resistant devices could improve the thermotolerance of Y. lipolytica,
especially in the yeast transformants with San1, Hsp10 and Ctt1.

Hsp10 (GroES) was obtained from Thermus thermophilus,
demonstrating optimum growth at 80°C (Laksanalamai et al.,
2004). Studies have shown that GroES was used firstly for
structural analyses among all heat shock proteins. Then, it
formed a GroESL system with GroEL (also called Hsp60, which
interacted with at least approximately 250 different cytosolic
protein), which potentiated the proteins in non-native
conformations to fold correctly and play an essential role in
improving cell heat resistance (Vabulas et al., 2010). Protein
homeostasis is finely regulated by protein quality control, which

allows the removal of misfolded or impaired proteins from the cells.
The process is mainly driven by the ubiquitin-proteasome system in
eukaryotic cells (Ibarra et al., 2016). San1, one of the ubiquitin
ligases, interacts directly with mismatched substrates in the nucleus
and eliminates them (Rosenbaum et al., 2011). Heat shock
induces significant oxidative stress, inducing the expression of
the catalase enzymes as the first and most potent response. It
was reported that the cytosolic catalase T, coded by Ctt1,
protects cells from oxidative damage caused by hydrogen
peroxide (Hiltunen et al., 2003; Martins et al., 2019). The
expression of Ctt1 may help cells clear away large amounts of
ROS produced at high temperatures. Taken together, these results
might be why the expression of Hsp10, San1 and Ctt1 enhanced the
growth of Y. lipolytica at 35°C.

Proteins with different functions could improve the growth of Y.
lipolytica at 35°C, suggesting that high-temperature conditions could

FIGURE 3
The production of erythritol and the consumption of glucose of control and engineered strains at 35°C. Data represent themean ± SD of three biological
replicates.

TABLE 2 Summary of fermentation profiles of engineered and control strains at 35°C.

Strains Erythritol (g/L) Qery (g/L/h) Yery (g/g glucose) OD600

FOS11-pLPX-002 15.33 ± 3.05 0.21 ± 0.042 0.187 ± 0.02 12.99 ± 0.47

FOS11-Hsp12 22 ± 1.4 0.31 ± 0.019 0.253 ± 0.017 13.37 ± 0.13

FOS11-Hsp10 31.58 ± 0.62 0.44 ± 0.009 0.338 ± 0.064 17.73 ± 1.17

FOS11-Hul5 20.32 ± 1.48 0.28 ± 0.02 0.233 ± 0.03 14.07 ± 0.87

FOS11-San1 29.95 ± 2.04 0.42 ± 0.028 0.307 ± 0.007 16.59 ± 0.46

FOS11-Vma2 19.75 ± 0.68 0.27 ± 0.01 0.244 ± 0.008 14.13 ± 0.55

FOS11-Ctt1 39.25 ± 4.6 0.55 ± 0.064 0.348 ± 0.026 17.01 ± 0.44

FOS11-Prx1 20.43 ± 0.34 0.28 ± 0.005 0.257 ± 0.016 12.9 ± 0.99

FOS11-Tsa1 21.26 ± 1.11 0.3 ± 0.015 0.269 ± 0.037 14.82 ± 0.91
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induce different physiological and metabolic stress. However, in our
studies, proteins with the same function resulted in little improvement
or even worse growth. The possible reason may be due to the
properties of the proteins themselves, such as enzyme activity and
protein expression level, and the specific mechanisms involved in
stress tolerance were not compatible with the growth and metabolism
of host strains.

3.3 Antioxidant analysis of thermo-tolerant
engineered strains

High temperature makes yeast cells accumulate a large amount of
ROS, causing damage to cell growth and product biosynthesis
(Gómez-Pastor et al., 2010). To further test the antioxidative effect
of the eight effective heat-resistant transformant strains, we performed

FIGURE 4
Comparison of the intracellular ROS level of engineered and control strains during fermentation at 35°C. Data represent the mean ± SD of three
biological replicates.

FIGURE 5
Synthetic pathway of erythritol and potential protective mechanism of heat-resistant devices. GLU, glucose; G6P, glucose-6-P; F6P, fructose-6-P; FBP,
fructose-1,6-2P; DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde-P; Ru5P, ribulose-5P; X5P, xylulose-5-P; R5P, ribose-5-P; S7P, sedoheptulose-
7-P; E4P, Erythrose-4-P; 6GPL, 6-P-gluconolactone; GN6P, 6-P-gluconate; PEP, phosphoenolpyruvate; HK, hexokinase; GPI, glucose-6-phosphate
isomerase; FBP, fructose-1,6-bisphosphatase; PFK, 6-phosphofructokinase; RPE, ribulose-phosphate 3-epimerase; FBA, fructose-bisphosphate
aldolase; TIM, triosephosphate isomerase; ZWF, glucose-6-phosphate 1-dehydrogenase; RPI, ribose 5-phosphate isomerase; GND, 6-phosphogluconate
dehydrogenase; TKL, transketolase; TAL, transaldolase; GNL, 6-phosphogluconolactonase; E4PP, erythrose 4-phosphate phosphatase; XR, xylitol reductase.
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antioxidant analysis on engineered strains during the exponential
phase (Supplementary Figure S2) using hydrogen peroxide (H2O2) to
generate the ROS through the spotting test. As shown in Figure 2A,
there was little difference between the eight engineered strains and the
control. Therefore, introducing these heat-resistant devices did not
alter the reproductive capacity of the engineered strains.

Colourimetric or fluorescent methods for measuring cell viability are
faster and more correct than the standard approaches as they
simultaneously measure cells that can and cannot reproduce but are
still viable (Kwolek-Mirek and Zadrag., 2014). Staining cells with
methylene blue or propidium iodide (PI) is widely used. PI enters only
diseased cells and allows assessment of cellular viability on a single-cell level.
Figure 2B demonstrated the augmented cellular viability of the eight
engineered strains, especially FOS11-Hsp12, in which the cell viability
was improved to 97.5%, which was increased by 4.3% compared with the
control strain FOS11-pLPX-002 (93.5%). Welker et al. explored the
structure and heat-resistant mechanism of Hsp12 and showed that it
was fully unfolded and existed as a soluble cytoplasmic protein under
normal conditions. However, under heat shock conditions, it interacted
with negatively charged lipids to formhelical structure and inserted into the
cell membrane to increase its stability, thus protecting the cells from heat
damage (Welker et al., 2010). Our data showed that though the expression
ofHsp12 does not improve the engineered strain’s reproductive capacity, it
improved its cell viability under stress conditions. In yeast cells, negatively
charged lipids, such as phospholipid inositol, are the main components of
the membrane surface, accounting for about 20%–25% of the total lipid
content (Welker et al., 2010). Therefore, the expression of Hsp12 may
stabilize cell membranes by regulating cell membrane fluidity at 35°C.

DCFH-DA is a commonly applied fluorometric probe for measuring
oxidative stress. DCFH-DA penetrates the cells and is hydrolyzed to the
DCFH carboxylate anion, thus forming dichlorofluorescein (DCF),
which has fluorescence relevant to oxidation levels in the cells
(Yılancıoğlu et al., 2014). To confirm whether these heat-resistant
gene vehicles improved the antioxidant capacity of the studied strain,
we determined ROS production by DCFH-DA. As shown in Figure 2C,
the relative ROS level of all the engineered strains was considerably lesser
than in control. The relative ROS level was 27.47%–30.34% lower than in
the control strain FOS11-pLPX-002. The overexpression of the eight
heat-resistant genes reduced the ROS levels of the strains. It made Y.
lipolytica cells resistant to oxidative damage, which might be why the
engineered strains acquired thermotolerance.

3.4 Enhanced erythritol production efficiency
in thermotolerant-engineered strains

Erythritol is broadly applied in food and pharmaceuticals
productions as it does not stimulate insulin production and produces
fewer calories than conventional sugar (Carly et al., 2017; Janek et al.,
2017). Several research teams have achieved great success in engineering
Y. lipolytica strains capable of efficiently producing sugar alcohols
(Mirończuk et al., 2017; Cheng et al., 2018; Mirończuk et al., 2019;
Fickers et al., 2020). However, these yeast strains grew best at relatively
low temperatures of 28°C–30°C (Gemperlein et al., 2019). Higher
fermentation temperatures endangered them by inhibiting the
functions of enzymes involved in PPP, which is responsible for
erythritol synthesis (Fang et al., 2011). Consequently, increasing the
thermotolerance of Y. lipolytica, even with several degrees, is of
enormous advantage for effective erythritol production.

The above-discussed results showed that the heat resistance of the
eight engineered strains had been improved. Because of this, we studied
the erythritol production effectiveness of these engineered strains at 35°C.
As shown in Figure 3; Table 2, these transformed strains had increased
erythritol production compared to the control strain FOS11-pLPX-002.
Significantly, the erythritol titer, yield and productivity of the strain
FOS11-Ctt1 were improved to 39.25 g/L, 0.348 g/g glucose, and 0.55 g/L/
h. This increased by 156%, 86% and 161%, respectively. For FOS11-San1,
these parameters were equal to 29.95 g/L, 0.307 g/g glucose, and 0.42 g/L
h, which was an estimated increase of 95%, 64%, and 100%, respectively.
For FOS11-Hsp10, we had 31.58 g/L, 0.338 g/g glucose, and 0.44 g/L h,
which increased by 106%, 81%, and 110%, respectively.

We also compared the intracellular ROS levels of the engineered and
control strains at 27 h of fermentation (exponential growth phase,
Supplementary Figure S2). As shown in Figure 4, the strains’ relative
ROS level was lower compared to the control strain. These results were
consistent with previous assay data and suggested that the lower ROS
level caused by the introduction of thermo-tolerant devices favoured the
erythritol production of Y. lipolytica. We also evaluated the erythritol
production capacity of the strains at 30°C. As shown in Supplementary
Figure S1, there was little difference between the engineered strains and
the control. This meant that the introduction of these heat-resistant
devices had no effect on the erythritol production efficiency of the strain
under average temperatures and further confirmed the acquired
thermotolerance and enhanced erythritol production was the result
of the expression of heat-resistant devices.

Previous study has shown that Wang et al. improved the
thermotolerance and the erythritol productivity of Y. lipolytica
(Wang et al., 2020). However, they only tested the ubiquitin ligase
Rsp5 from S. cerevisiae and the engineered strain only has an efficient
production of erythritol at 33°C but not 35°C. In our study, we screened
and tested thirty potential thermotolerant genes with diverse functions
from different thermal preference strains. The results showed that eight
proteins with different functions could improve the growth and
erythritol production of Y. lipolytica at 35°C (Figure 5). It indicated
that the co-expression of these heat-resistant genes may further improve
the performance of Y. lipolytica under high temperature conditions,
especially the three genes Ctt1, San1 and Hsp10. In conclusion, a
synthetic biology-based method was used to increase the
thermotolerance of Y. lipolytica cells and their capacity to synthesize
erythritol. This study provides a new heat-resistant device for improving
the thermotolerance and erythritol biosynthetic efficiency of Y.
lipolytica, laying the foundation for building a low-energy
consumption cell factory for sugar alcohols production.
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