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Ergosterol, a terpenoid compound produced by fungi, is an economically important
metabolite serving as the direct precursor of steroid drugs. Herein, ergsosterol
biosynthetic pathway modification combined with storage capacity enhancement was
proposed to synergistically improve the production of ergosterol in Saccharomyces
cerevisiae. S. cerevisiae strain S1 accumulated the highest amount of ergosterol
[7.8 mg/g dry cell weight (DCW)] among the wild-type yeast strains tested and was
first selected as the host for subsequent metabolic engineering studies. Then, the push
and pull of ergosterol biosynthesis were engineered to increase the metabolic flux,
overexpression of the sterol acyltransferase gene ARE2 increased ergosterol content to
10 mg/g DCW and additional overexpression of a global regulatory factor allele (UPC2-
1) increased the ergosterol content to 16.7 mg/g DCW. Furthermore, considering the
hydrophobicity sterol esters and accumulation in lipid droplets, the fatty acid biosynthetic
pathway was enhanced to expand the storage pool for ergosterol. Overexpression of
ACCT1 coding for the acetyl-CoA carboxylase increased ergosterol content from 16.7 to
20.7 mg/g DCW. To address growth inhibition resulted from premature accumulation
of ergosterol, auto-inducible promoters were employed to dynamically control the
expression of ARE2, UPC2-1, and ACC1. Consequently, better cell growth led to an
increase of ergosterol content to 40.6 mg/g DCW, which is 4.2-fold higher than that of
the starting strain. Finally, a two-stage feeding strategy was employed for high-density
cell fermentation, with an ergosterol yield of 2986.7 mg/L and content of 29.5 mg/g
DCW. This study provided an effective approach for the production of ergosterol and
other related terpenoid molecules.

Keywords: ergosterol, lipid biosynthesis, Saccharomyces cerevisiae, metabolic engineering, two-stage fed-batch
fermentation
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INTRODUCTION

Ergosterol is the principal sterol in fungi cells and closely
related to the membrane properties, such as the integrity,
fluidity, permeability, and activity of membrane-bound proteins
(Parks and Casey, 1995). It is also an important pharmaceutical
precursor for the production of liposoluble vitamin D2 and
sterol drugs (i.e., cortisone and progesterone) (Jasinghe and
Perera, 2005; Karpova et al., 2016). In recent years, it has been
found potential applications in the development of anticancer
and anti-HIV drugs (Subbiah and Abplanalp, 2003; Kitchawalit
et al., 2014). Due to the complex structure of ergosterol, its
chemical synthesis is rather complicated and energy-consuming
(Wu et al,, 2012). Therefore, yeast fermentation has become the
most attractive method for ergosterol production. Saccharomyces
cerevisiae is a promising host due to its generally recognized as
safe (GRAS) status, industrial robustness, and ease of genetic
manipulation (Zhang et al.,, 2017). Moreover, S. cerevisiae with
high flux through the mevalonate (MVA) pathway has been
successfully engineered for efficient production of heterologous
and native terpenoids, such as artemisinic acid (Westfall
et al., 2012), a-santalene (Scalcinati et al., 2012), pB-farnesene
(Meadows et al., 2016), and squalene (Li et al., 2020). Various
strategies have been employed to enhance ergosterol production
in S. cerevisiage, including the screening of high ergosterol
accumulation strains (He et al., 2000), genetic manipulation of
the ergosterol biosynthetic pathway (Polakowski et al., 1999; He
et al., 2003), and the optimization of fermentation conditions
(Blaga et al., 2018).

The ergosterol biosynthetic pathway in S. cerevisiae is rather
complex with almost 30 enzymes involved and can be divided
into two modules: squalene biosynthetic module (covering MVA
pathway) and post-squalene biosynthetic module (Figure 1). Due
to the cytotoxicity of the accumulation of excessive ergosterol, the
ergosterol biosynthetic pathway and accordingly the intracellular
ergosterol content is strictly regulated. Ergosterol biosynthesis
is mainly controlled by feedback regulation at transcriptional,
translational, and posttranslational levels (Espenshade and
Hughes, 2007). In addition to the regulation of the biosynthetic
pathway, the esterification of ergosterol is another regulatory
mechanism (Jensen-Pergakes et al., 2001). Ergosterol and some
of the steroid precursors can be stored as steryl esters (SE) in
lipid droplets, serving as a sterol pool to maintain the balance of
intracellular sterols.

Metabolic engineering efforts have been devoted to increasing
the production of ergosterol in yeast. Polakowski et al. (1997)
overexpressed the catalytic domain of HMGI (3-hydroxy-3-
methylglutaryl coenzyme A reductase 1) to significantly increase
the supply of sterol precursor squalene (Polakowski et al,
1997). ARE2 encoding a sterol acyltransferase was further
overexpressed to enhance the esterification and accumulation of
ergosterol in lipid droplet (Polakowski et al., 1999). In addition,
overexpression of the positive regulators (i.e., ECM22, UPC2,
or their mutants) has been proven to deregulate the sterol
biosynthetic pathway, resulting in a significant increase in the
production of terpenoids (Ro et al., 2006; Wang et al., 2018;
Qiao et al.,, 2019). UPC2 (particularly the mutant UPC2-1) has

been reported to upregulate sterol biosynthesis by specifically
binding to the promoters of nine responsive ERG genes (ERGI,
ERG2, ERG3, ERG6, ERGS, ERG11, ERG12, ERG13, and ERG25),
most of which are involved in the post-squalene biosynthetic
pathway (Yang et al, 2015). Moreover, Shin et al. (2012)
reported that strains with upregulated fatty acid biosynthesis
contained higher amounts of sterols, which was caused by
increased transcription of the sterol biosynthesis related genes.
Similarly, Ma et al. (2019) overexpressed key genes associated
with fatty acid and triacylglycerol (TAG) biosynthesis to enlarge
the cell-storage capacity for lipophilic products and accordingly
promoted lycopene accumulation.

In this work, a combined strategy by coupling the increased
metabolic fluxes toward ergosterol biosynthesis and the expanded
storage capacity was employed to improve the production of
ergosterol in the selected yeast strain. First, several S. cerevisiae
strains was screened to determine a suitable host for ergosterol
production. Then, the push and pull of ergosterol biosynthesis
was engineered by increasing the supply of precursors and
enabling the acylation of ergosterol. The storage capacity for
hydrophobic products including ergosterol was enhanced by
facilitating fatty acid biosynthesis. Moreover, to relieve the
growth inhibition caused by ergosterol accumulation, ergosterol
production was decoupled with cell growth by using a modified
and auto-inducible GAL regulation system. Finally, high-cell
density fermentation with a two-stage feeding strategy was
performed in a 2 L bioreactor to fully explore the ergosterol
production potential in this industrial S. cerevisiae.

MATERIALS AND METHODS

Strains, Media, and Cultivation

Conditions

Yeast strains used in this study are listed in Table 1. Yeast strains
S1 (CICC 1746) and S2 (CICC 1306) were industrial strains
for ergosterol production and obtained from China Center of
Industrial Culture Collection. BY4741 and BY4742 were kind
gifts from Professor Zhinan Xu (Zhejiang University, China).
BY4741 genomic DNA was used for the amplification of tHMG1,
ARE2, UPC2, and ACCI. Escherichia coli Trans-T1 (TransGen
Biotech, China) was used as the host to construct, maintain, and
amplify plasmids.

Yeast and bacterial strains were stored in 25% glycerol at
—80°C. E. coli was cultivated at 37°C in LB medium and
ampicillin at 50 pg/mL was supplemented when necessary. Yeast
strains were grown in YPD medium (1% yeast extract, 2%
Peptone, and 2% glucose). When necessary, 200 mg/L G418
sulfate or 100 mg/L hygromycin B was added to the growth
medium. For ergosterol production, the 2% glucose in YPD was
replaced by 5% glucose.

Plasmid Construction

All plasmids and primers used in this study are listed in
Supplementary Tables 1, 2, respectively. Plasmid p42H-SpCas9
and pKan100-ADE2.1 (Lian et al., 2018), from Professor Huimin
Zhao (University of Illinois at Urbana-Champaign, Urbana, IL,
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FIGURE 1 | Schematic representation of the engineered metabolic pathways for ergosterol overproduction in Saccharomyces cerevisiae. Genes highlighted in red
boxes are overexpressed; genes shown in green are upregulated via UPC2-1 overexpression. The broken arrows represent multiple enzymatic steps, and the solid
arrows represent a single enzymatic step. The metabolite triacylglycerol (TAG) is stored in the form of lipid droplets together with sterol esters. tHMG1: the catalytic
domain of HMG-CoA reductase 1; AREZ2: sterol acyltransferase; ACC1: acetyl-CoA carboxylase.
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United States), were used for genome editing in yeast. Specific 20-
bp targeting sequence of the gRNA molecule was introduced in
the primers used for amplification of the entire pKan100-ADE2.1
plasmid by inverse PCR (Qi and Scholthof, 2008). The PCR
product was then digested by Dpnl (TransGen Biotech, Beijing,

TABLE 1 | Yeast strains used in this study.

Name Description Source
S1(CICC1746) MATa/a CICcC
S2(CICC1306) MATa/a CICC
BY4741 MATa hisBA 1 leu2 AO met15A0 ura3A0 ATCC
BY4742 MATo his3A1 leuAO lys2 AO ura3 A0 ATCC
S1-tHMGH1 ST, Aho::Ppgk1 -l‘HMG7-TADH1 This study
S1-ARE2 S1, ATy4::Ppgk1-ARE2-TapH1 This study
S1-tHA S1-tHMGH1, ATy4::Ppgk1-ARE2-TapH1 This study
S1-AU S1-ARE2, A Ty3::PacT1 -UPCQ-7-TADH2 This study
S1-tHAU S1-tHA, ATy3::Pact1-UPC2-1-TapH2 This study
S1-AUAC S1-AU, APacct::Prert This study
S1-G S1, Agal80 This study
S1-G-AUAC S1-G, ATy4::Pgar1-ARE2-TapH1, This study

AhO.’.’PGAU -UPC2-7-TADH2, APACCT O 'DGAL1

China) and transformed into E. coli. The suitable target sequence
was selected using E-CRISPR online tool (Heigwer et al., 2014).
Donor DNAs for integration consisted of the expression cassettes
and 50 bp homologous recombination arms. The expression
cassettes of tHMGI and ARE2 were prepared by fusing the
promoters, open reading frames and terminators through overlap
extension PCR (Heckman and Pease, 2007) using PrimeSTAR
Max Premix (TaKaRa Bio, China). Donor DNAs containing the
overexpression cassette of UPC2-1 was amplified from p42H-
Pacr1-UPC2-1. To construct the TEFI promoter donor DNAs
used for the replacement of the native promoter of ACCI, the
homologous arms were prolonged to 200 bp, and assembled
with TEFI promoter by overlap extension PCR. As for the
construction of the donor DNAs for GAL8O0 deletion, the 460 bp
upstream and 478 bp downstream fragments were amplified
from the genome of strain S1 and pieced together using overlap
extension PCR. The full-length donor DNA fragments were
gel purified and cloned into the pEASY®-Blunt Simple Cloning
Vectors (TransGen Biotech, Beijing, China). To construct the
donor DNAs for integration with inducible expression of ARE2,
UPC2-1, and ACCI, the constitutive promoters in the plasmid
containing the relative donor DNAs was replaced by GALI
promoter via homologous recombination using ClonExpress
II One Step Cloning Kit (Vazyme, Nanjing, China). The
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expression cassette of UPC2 with TEFI promoter was first
generated by replacing Cas9 in plasmid p42H-SpCas9, resulting
in the construction of the plasmid p42H-Prgr;-UPC2. The
pleiotropic mutation G888D of the regulation factor UPC2 was
introduced by inverse PCR using plasmid p42H-Prgp;-UPC2
as a template, generating p42H-Prpp;-UPC2-1. The plasmid
p42H-Pacr1-UPC2-1 was constructed by replacing the TEFI
promoter of plasmid p42H-Prgp;-UPC2-1 using ClonExpress II
One Step Cloning Kit.

Yeast Transformation and Strain

Construction

CRISPR/Cas9 guided gene knock out, integration, and
substitution were performed as previously described with
some modifications (Lian et al, 2018). Yeast cells were
transformed by the PEG/LiAc method (Gietz and Schiestl, 2007).
The Cas9 expressing strains were constructed by transforming
p42H-SpCas9 into the corresponding yeast strains. For the
co-transformation of gRNA expression plasmids and donor
DNAs into Cas9 expressing strains, heat shock time was
prolonged to 90 min, and the yeast strains were recovered in
2 mL YPD/Hyg for 13 h to allow sufficient expression of the
G418 resistance gene. Then the transformants were selected
on YPD/Hyg+G418 plates and confirmed by colony PCR
and DNA sequencing.

Fed-Batch Fermentation

Single colonies were inoculated into 5 mL YPD medium and
cultured at 30°C for 24 h and then transferred into 250 mL
flasks containing 50 mL of YPD medium. After 20 h cultivation,
two flasks of cultures were used to inoculate 0.9 L fermentation
medium (10 g/L glucose, 10 g/L (NH4),SO4, 8 g/L KH,POy, 3 g/L
MgSOy, 0.72 g/L ZnSO4.7H,0, 10 mL/L trace metal solution,
and 12 mL/L vitamin solution) in a 2 L glass bioreactor (T &
J-MiniBox, Shanghai, China). Fermentations were carried out
at 30°C, and pH was controlled at 5 by automatic addition
of 5 M NH4OH. Dissolved oxygen (DO) was maintained at
>15% saturation by adjusting the agitation rate (300-1,000 rpm)
and airflow rate (1-3 vvm). After the batch culture phase, a
feeding solution containing 500 g/L glucose and 12 mL/L vitamin
solution was used to achieve fast cell growth with the pseudo-
exponential feeding model. For the last phase, ethanol was fed
to the fermenter until the end of the fermentation to improve
the intracellular accumulation of ergosterol. The feeding rate
Fs during the pseudo-exponential phase was determined by the
following equations (Zhao et al., 2016):

XoVi
F5=( i +m).g.ew
Yy/s S

where Xy, Vo, and S were the initial biomass density [g dry
cell weight (DCW)/L], the initial culture volume (L), and the
glucose concentration (g/L) in the feeding medium; Yx,s was
the yield of the cell on glucose (g DCW/g glucose); i was the
specific growth rate (h~1), m was the maintenance coefficient
(g glucose - g DCW~! . h™1), and t was the time (h) after
starting the feeding. A predetermined specific growth rate of
0.13 h™! was used to avoid overflow metabolism. The values of

Yx/s and m were 0.5 and 0.05, respectively, according to the
previous study (Mendoza-Vega et al., 1994). The feeding rate was
not corrected for the amount of ammonium hydroxide added
or the total volume of the culture samples withdrawn from the
fermenter. The feeding rate was adjusted every hour, according
to the theoretical model.

Quantitative Analysis

Cells growth was monitored by measuring optical density at
600 nm (ODggp) using a visible spectrophotometer (721G,
INESA, Shanghai, China). DCW was determined from plots of
ODgpp and DCW. The total ergosterol and squalene in yeast
cells were extracted as previously described (Rodriguez et al.,
2014) with some modification. As for ergosterol extraction,
500 WL of yeast cell culture was harvested and washed twice
with sterile distilled water, 500 WL of alcoholic KOH solution
[25% (w/v) in 50% EtOH] was added to the yeast pellets and
mixed by vortexing for 1 min. Cell suspensions were then
boiled for 1 h. After cooling on ice, ergosterol was extracted
with 1 mL petroleum ether, followed by vigorous vortexing
for 3 min. Four hundred microliter of petroleum ether (top)
layer was collected and dried with a vacuum dryer. Dried
samples were dissolved in 500 pL ethanol and analyzed by
high-performance liquid chromatographic (HPLC), using a C-
18 column (Hypersil BDS 5pum, 4.6mm x 250mm), with a UV
detector at 280 nm. Methanol/acetonitrile (80: 20, v/v) was used
as the mobile phase with an elution rate of 1 mL/min. As for
the quantification of squalene, cells from 1.8 mL culture were
collected and saponified in 600 pwL alcoholic KOH solution
followed by extraction with 600 wL petroleum ether. A total
of 400 pnL of the top layer was dried by vacuum dryer, then
dissolved in 500 pwL ethanol, and subjected for HPLC analysis
using 100% acetonitrile as the mobile phase with an elution
rate of 1.5 mL/min and a UV detector at 215 nm. All results
were reported as the average of biological triplicates. Glucose
and ethanol concentrations were determined off-line using a
biosensor (SBA-40C; Biology Institution of Shandong Academy
of Science, Jinan, China).

RNA Isolation and Transcript

Quantification

Real-time reverse-transcription PCR (qRT-PCR) analysis was
performed to confirm the overexpression of the genes integrated
into the genome. The RNAiso Plus Kit (TaKaRa, China) was used
for the extraction of total RNA from the harvested yeast cells.
The residual genomic DNA in RNA samples was digested by
DNasel (TransGen Biotech, Beijing, China). The cDNA templates
were synthesized from the DNasel treated total RNA using
LunaScript™ RT SuperMix Kit (NEB, China). Then quantitative
PCR (qPCR) reactions were performed in a StepOne Plus Real-
time PCR System (Applied Biosystems, United States) using Luna
Universal gPCR Master Mix (NEB, China). The ACTI gene was
selected as the internal control gene to normalize the amount of
the total RNA in different samples. The relative transcriptional
level for each gene was determined using the 2744 method
(Livak and Schmittgen, 2001).
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RESULTS AND DISCUSSION

Selection of Appropriate Yeast Strains

for Ergosterol Production

In S. cerevisiae, ergosterol biosynthesis is tightly controlled
(Henneberry and Sturley, 2005). It is necessary to select a strain
with a relatively high basal level of ergosterol for subsequent
metabolic engineering studies. The two industrial diploid yeast
strains [CICC1746 (S1) and CICC1306 (S2)] and two laboratory
strains (BY4741 and BY4742) were first cultivated in 50 mL
flask to investigate their growth characteristics (Figure 2A) and
ergosterol contents (Figure 2B). For the two industrial strains S1
and S2, ODggp was increased rapidly during the first 15 h and
finally reached up to 28 and 24. In contrast, the two laboratory
strains grew gradually and their final ODgg was approximately
14. As shown in Figure 2, strain S1 achieved the best values of
biomass and ergosterol productivities when compared with other
strains. The ergosterol content for S1 (7.8 & 0.2 mg/g DCW) was
significantly higher than that for BY4741 (3.4 & 0.2 mg/g DCW)
and was slightly higher than that for S2 (6.2 & 0.2 mg/g DCW).
Taking biomass and ergosterol accumulation into consideration,
strain S1 (69.9 £ 1.9 mg/L), was selected as the parent strain for
further manipulation.

Engineering of the Pull and Push of
Ergosterol Biosynthesis for Enhanced

Ergosterol Accumulation

Previous reports have determined that HMG-CoA reductase
is a rate-limiting enzyme in the MVA pathway and is highly
regulated (Rodwell et al., 1976). Overexpression of tHMGI can
eliminate the feedback regulation, thus increasing carbon flux
through the MVA pathway (Donald et al., 1997; Polakowski
et al., 1997). This strategy has been successfully used before
to boost the production of various isoprenoids in S. cerevisiae
(Tokubhiro et al., 2009; Paddon et al., 2013; Xie et al., 2014; Qiao
et al., 2019). As a first step toward an ergosterol-overproducing

yeast strain, the tHMGI expression cassette (controlled by
the PGKI promoter) was integrated into the chromosome of
S1 at the HO site, resulting in the strain SI-tHMGI. As
expected, its squalene production was obviously increased and
reached to 10.8 & 0.3 mg/L within 48 h flask fermentation,
while the squalene content in reference strain S1 was too
low to be detected (Supplementary Figure 1). Consistent
with prior reports that overexpression of tHMGI leads to
a reduction in growth rate (Donald et al, 1997), inferior
growth was observed in the squalene overproducing strain
S1-tHMGI1 (Supplementary Figure 2A). The maximum cell
density of the tHMGI overexpression strain was 18% lower
than that of the wild type strain. Subsequent qRT-PCR analysis
revealed that the transcriptional level of tHMGI in recombinant
strain S1-tHMG1 was about 10-fold higher than that in the
control strain S1 (Supplementary Figure 3). However, the
increased content of squalene did not lead to the noticeable
formation of ergosterol. Ergosterol production of strain S1-
tHMGI (8.2 = 0.7 mg/g DCW) was almost the same as that
of the parent strain S1 (Supplementary Figure 2B). Our result
is consistent with previousl studies that ergosterol was not
accumulated in tHMG1 overexpression strains (Polakowski et al.,
1997). This is because the post-squalene biosynthetic pathway
was under tight transcriptional regulation and limiting the
accumulation of ergosterol in yeast.

In S. cerevisiae, ergosterol can be converted to SE and
stored in lipid droplets (Yang et al., 1996; Polakowski et al.,
1999). Esterification enhancement may be an efficient strategy
in improving ergosterol accumulation in yeast. It has been
found that the sterol acyltransferases ARE2 is mainly responsible
for the esterification of sterols, especially ergosterol (Zweytick
et al., 2000). Thus, ARE2 expressing cassettes (controlled by
the PGKI promoter) were inserted in the genomes of strain
S1 and squalene accumulation strain S1-tHMGI, respectively,
generating the strains S1-ARE2 and S1-tHA. Overexpression of
ARE?2 increased ergosterol content to 10 & 0.4 mg/g DCW, which
was 28% higher than that of the parental strain (Figure 3B). As

A ——SI B
371 —@—s2
1 —A—BY4741
309 —w—BY4742 =
1 /E =
254 — /§‘¥___§/ %D
—— =
20 ©
g | =
Qs 5 ©
T T__/‘—"——!¥f =
10 S,
4 —
] m
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Fermentation time (h)

FIGURE 2 | Comparison of cell growth and ergosterol production in wild-type S. cerevisiae strains. (A) Growth curves of different strains in 250 mL shake flasks with
50 mL of YPD medium containing 50 g/L glucose. (B) Ergosterol production in shake flasks by different strains after 48 h cultivation.
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shown in Supplementary Figure 1, squalene content in strain
S1-tHA was decreased by 62% compared with strain S1-tHMGI,
suggesting that enhancing ergosterol esterification is beneficial
to increase the metabolic flux from squalene to ergosterol.
Ergosterol contents of S1-ARE2 and SI-tHA were determined
to be nearly the same, indicating that enhanced supply of the
precursor squalene didn’t promote the excessive synthesis of the
final product ergosterol.

Since the enzymes involved in the post-squalene pathway
are tightly regulated in yeast via transcriptional regulation,
overexpression of positive regulators can be effective for
metabolic engineering. UPC2 is a global transcription factor
that positively regulates the transcription of genes involved
in the ergosterol biosynthesis and facilitates exogenous sterol
uptake under low oxygen conditions (Davies et al., 2005; Zavrel
et al., 2013). The mutation of UPC2, UPC2-1(G888D), results
in the constitutive activation of the transcription factor, leading
to the upregulation of ergosterol synthesis pathway in yeast.
Therefore, overexpression of UPC2-1 is usually employed to
improve the produciton of terpenoids. The well-known case
is that the overexpression of UPC2-1 in the engineered yeast
resulted in significantly improved production of artemisinin
precursors (Ro et al., 2006; Westfall et al., 2012). In this study,
the UPC2-1 expressing cassette under the control of a strong
constitutive promoter (Pscr1) was inserted to the genome of
S1-ARE2 and S1-tHA, resulting in the construction of strains
S1-AU and S1-tHAU. The growth rate of strain S1-AU was
further decreased when compared with SI-ARE (Figure 3B),
indicating that overexpression of UPC2-1 leads to metabolic
burdens and growth inhibition. As shown in Figure 3B,
118 mg/L ergosterol yield with a content of 16.7 mg/g DCW
was synthesized in strain S1-AU, which were 116.8 mg/L and
16.8 mg/g DCW in strain S1-tHAU (Supplementary Figure 2B).
Overall, the overexpression of tHMGI failed to increase the
production of ergosterol either individually or in combination
with ARE2 and/or UPC2-1 overexpression. Therefore, tHMGI

overexpression was not included for further optimization of
ergosterol biosynthesis.

Expanding Ergosterol Storage Pool via

Enhancing Fatty Acids Biosynthesis

Sterols and lipids, both of which are stored in lipid droplets,
play crucial roles in cell membrane fluidity and permeability
(Figure 1). Under normal conditions, the relative ratio of these
membrane components is very stable, and variation in the
production of one component will affect the biosynthesis of
the other (Aguilera et al., 2006). It has been revealed that the
biosynthetic pathway of sterol is co-regulated to other pathways
involved in the biosynthesis of lipids (Veen and Lang, 2005; Klug
and Daum, 2014). Sun et al. (2016) showed that both p-carotene
and ergosterol productions were significantly increased with
the addition of oleic acid and palmitoleic acid to the cultures.
Therefore, modulating fatty acid biosynthesis might benefit
ergosterol production in the industrial yeast. Accordingly, the
key enzyme ACCI that determines the fatty acid biosynthesis
was overexpressed in strain S1-AU by replacing the native
promoter of ACCI with a strong constitutive promoter Prgri,
generating strain S1-AUAC. The growth curve of the S1-AUAC
remained almost synchronous with that of S1-AU (Figure 3A).
Chromosomal replacement of the ACCI promoter with Prgr;
led to an ergosterol content of 20.7 mg/g DCW, a 25% increase
over that of S1-AU (Figure 3B). Ergosterol yield was increased
from 118.5 to 144 mg/L. Analysis by qRT-PCR confirmed that
the transcription levels of ARE2, UPC2-1, and ACCI in strain
S1-AUAC were 5. 9-, 4. 6-, and 2.4-fold higher than those in the
parent strain (Supplementary Figure 3).

Synchronization between sterol and lipid synthesis is essential
for cells to maintain lipid homeostasis and adequate response
to changes in environmental conditions (Guo et al, 2018;
Scodelaro Bilbao et al., 2020). Shin et al. (2012) revealed that
improvement of fatty acid biosynthesis induced a significant
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increase of the total sterols including zymosterol and ergosterol.
More specifically, overexpression of ACCI significantly increased
the expression level of ERG11, ERG28, ERG5, ERG2, and ERG20.
Ma et al. (2019) revealed that increased fatty acid biosynthesis
and TAG production could improve the cell-storage capacity
for lipophilic compounds, which resulted in the overproduction
of lycopene. The improved sterol storage caused by lipid
droplet formation might also promote ergosterol accumulation.
Our study showed that in addition to pathway engineering
of ergosterol biosynthesis, expanding the storage pool by
modulating the lipid metabolic pathway offers another promising
approach to stimulate the production of ergosterol in yeast.

GAL-Based Autonomous Induction
System for Dynamic Regulation of

Ergosterol Biosynthesis

Compared with the parent strain SI, although ergosterol
production was significantly improved, severe growth inhibition
was observed in recombinant strains overexpressing the selected
genes under the strong constitutive promoters. This can be
attributed to the increased metabolic burdens in the exponential

phase and the cytotoxicity of free sterols on cells. In order to
obtain high ergosterol-producing strain without growth defects,
an alternative option is to separate biomass accumulation (cell
growth) and ergosterol production into two-independent phases
(Wu et al.,, 2016). This can be achieved by the introduction of
inducible promoters that responds to bioprocess conditions (Xie
et al., 2014). In this work, the galactose-inducible expression
system, one of the most commonly used in yeast, was employed
to control the expression of ergosterol overproduction related
genes (Da Silva and Srikrishnan, 2012). Nevertheless, it is rather
expensive to induce gene expression by galactose for industrial
production. Fortunately, previous studies have shown that the
disruption of GAL80 resulted in transcriptional activation of
genes under the control of GAL promoters without the presence
of galactose when the glucose concentration is low. In other
words, the target genes driven by GAL promoters can be
repressed in the cell-growth phase when glucose concentration
is high and automatically activated when glucose becomes low in
the fermentation media (Xie et al., 2014).

In the current study, S1-G was first constructed based on S1
by deleting GAL80 to eliminate the dependency on galactose
induction. With the ARE2 and UPC2-1 overexpression cassettes
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FIGURE 4 | Effect of gal80A-GAL1 promoter constructs on growth and ergosterol production. (A) Cell growth curves of strain S1-G-AUAC and the control strain
S1-G; time course of (B) ergosterol yield and (C) ergosterol content of strains S1-G and S1-G-AUAC. Samples were collected at 16, 32, 48, 72, and 96 h during the
flask fermentations. (D) Comparison of high-performance liquid chromatographic (HPLC) profiles of strains S1 (parent strain), S1-AUAC (constitutive overexpression
of ARE2, UPC2-1, and ACCT), and S1-G-AUAC (inducible overexpression of ARE2, UPC2-1, and ACC1). All the strains were cultivated in 250 mL shake flasks with
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controlled by GALI promoter integrated into the genome of S1-
G and the native ACCI promoter replaced by GALI promoter,
S1-G-AUAC was constructed. As shown in Figure 4A, the growth
of strain S1-G-AUAC was nearly the same as that of S1-G
during the first 12 h of cultivation. At the later stage, slight
growth inhibition was observed in S1-G-AUAC, probably due
to the biosynthesis and accumulation of ergosterol. During the
whole fermentation process, there was no significant change in
ergosterol content in the control strain S1-G (~6-8 mg/g DCW),
and its final ergosterol yield was ~100 mg/L (Figures 4B,C).
In contrast, the engineered strain S1-G-AUAC produced little
ergosterol in the first 32 h, whereas ergosterol was continuously
accumulated until the steady-state (32-96 h). Finally, maximum
ergosterol yiled in the shake-flask reached up to 421.1 mg/L
with a content of 40.6 mg/g DCW after 72 h of cultivation
(Figures 4B,C), which is 3.2 and 3.6 higher than that of S1-G,
respectively. Overall, these results indicated that the expressions
of the target genes were strictly controlled by the GAL regulatory
network as anticipated. In addition, higher ergosterol production
with comparable biomass was achieved in S1-G-AUAC owing to
the decoupling of cell growth and ergosterol accumulation.

It is noteworthy that in addition to the promoted production
of ergosterol in S1-G-AUAC, ergosta-5,7,22,24-tetraene-3p-ol,
the direct precursor of ergosterol, was also accumulated to
a rather high level (Figure 4D). The peak area of ergosta-
5,7,22,24-tetraene-3p-ol in S1-G-AUAC was about 100-fold
higher than that in the parent strain S1. With the adequate
accumulation of intermediates of the ergosterol pathway, this
recombinant industrial strain should be further engineered for
optimal production of ergosterol as well as provided a potential
alternative for the production of other closely related terpenoids
such as brassinolide and 7-dehydrocholesterol.

High-Level Production of Ergosterol via

Fed-Batch Fermentation

The performance of the best ergosterol-producing strain
(S1-G-AUAC) was evaluated with fed-batch fermentation in a
2 L bioreactor. Glucose and ethanol are commonly used carbon
sources for production of terpenoids in yeast (Zhang et al.,
2015; Qiao et al., 2019). Compared with glucose, ethanol can
be utilized to directly supply cytosolic acetyl-CoA, resulting in
significantly increased metabolic flux to the MVA pathway and
accordingly terpenoid biosynthesis (De Jong-Gubbels et al., 1995;
Ebert et al., 2018). In addition, NADPH generated from ethanol
catabolism can provide sufficient reducing power for ergosterol
biosynthesis in S. cerevisiae. However, when growing on ethanol,
the rate of yeast biomass production is lower than that on glucose
(Zampar et al, 2013). With the aim to develop an effective
production process, a two-stage feeding process was employed:
glucose pseudo-exponential feeding stage and ethanol feeding
stage (Figure 5).

The profile of fed-batch fermentation indicated that the stages
of cell growth and ergosterol accumulation were clearly separated
by employing the two-stage feeding strategy (Figure 5). After 16 h
cultivation, both the glucose in the batch medium and the ethanol
produced was completely depleted. In pseudo-exponential
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FIGURE 5 | High cell density fermentation for ergosterol production with
S. cerevisiae S1-G-AUAC in a 2-L bioreactor. Time courses of ergosterol
production, cell growth, and ethanol and glucose concentration during the
fed-batch fermentation. The arrow indicates that the feeding solution of
glucose was replaced by ethanol.

feeding stage, glucose feeding rate was changed every 1 h
according to the model until DO dropped to 15% and the
agitation speed reached to its maximum (1,000 rpm). At
the end of this feeding stage, ODgoy reached 142.05 after
34 h fermentation, while ergosterol content remained at a
low level (8.7 mg/g DCW). During the ethanol feeding stage,
the production of ergosterol was greatly improved while the
cell growth rate was decreased. The final cell density reached
to 101.4 g /L (equivalent to ODggy of 296) after 122 h
fermentation. At the end of fermentation, 2,986.7 mg/L ergosterol
with a content of 29.5 mg/g DCW was obtained. Despite the
significantly increased ergosterol yield, ergosterol content was
lower than that using shaking flasks (40.6 mg/g DCW). This
might be caused by the different growth conditions of cells
in shake flasks and the fed-batch fermenter. During the whole
fermentation process, about 101 g glucose and 372 g ethanol were
fed, and the yield was 1.4 Cmol % (molar percentage of total
substrate carbon added to the fermentation incorporated into
ergosterol). As shown in Figure 5, high ethanol concentration
was detected between 58 and 82 h, which was accompanied with
the dramatically decreased ergosterol accumulation rate. The
increment of ethanol concentration in the culture medium may
lead to changes in the metabolic flux in the strain S1-G-AUAC,
which is not beneficial for the synthesis of ergosterol. Therefore,
the fermentation conditions should be further optimized to
increase the production of ergosterol in yeast.

CONCLUSION

In this work, combined metabolic engineering was established
as an eflicient approach to improve ergosterol productivity
in an industrial S. cerevisiae. Ergosterol production was
firstly increased via engineering of the pull and push of
ergosterol biosynthesis by enhancing ergosterol esterification
and systematically upregulating the transcription of ergosterol
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biosynthetic pathway genes. Then, ergosterol production was
further improved by storage pool expansion through facilitating
fatty acid biosynthesis. In addition, the decoupling of ergosterol
production from cell growth further improved -ergosterol
production. A titer of 2986.7 mg/L ergosterol was eventually
achieved using fed-batch fermentation by adopting a two-stage
feeding strategy. The engineered yeast strains constructed in
this work not only provides new ideas for enhancing ergosterol
production but can also be used as a compelling platform for the
production of other economically important terpenoids.
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