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Summary
Celastrol is a promising bioactive compound isolated from Tripterygium wilfordii and has
been proven to possess many encouraging preclinical applications. However, the celastrol
biosynthetic pathway is poorly understood, especially the key oxidosqualene cyclase (OSC)
responsible for cyclization of the main scaffold.

Here, we report on the isolation and characterization of three OSCs from T. wilfordii:
TwOSC1, TwOSC2 and TwOSC3. Both TwOSC1 and TwOSC3 were multi-product friedelin
synthases, while TwOSC2 was a β-amyrin synthase.
This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
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We further found that TwOSC1 and TwOSC3 were involved in the biosynthesis of celastrol
and that their common product, friedelin, was a precursor of celastrol. We then reconstituted
the biosynthetic pathway of friedelin in engineered yeast constructed by the CRISPR/Cas9
system, with protein modification and medium optimization, leading to heterologous
production of friedelin at 37.07 mg L-1 in a shake flask culture.

Our study was the first to identify the genes responsible for biosynthesis of the main scaffold
of celastrol and other triterpenes in T. wilfordii. As friedelin has been found in many plants,
the results and approaches described here laid a solid foundation for further explaining the
biosynthesis of celastrol and related triterpenoids. Moreover, our results provide insights for
metabolic engineering of friedelane-type triterpenes.

Key words: biosynthesis, celastrol, oxidosqualene cyclases (OSC), Tripterygium wilfordii,
triterpenes.

Introduction
Tripterygium wilfordii Hook.F is a medicinal plant known in traditional Chinese medicine as
‘Lei gong teng’ (also called thunder god vine), the debarked root of which has a long history
of use in the treatment of rheumatism and inflammation (Jiang, 1994; Tao & Lipsky, 2000;
Zhou, ZL et al., 2012). Some listed drugs developed from T. wilfordii including Tripterygium
glycoside tablets and Leigongteng tablets, have also been used to treat autoimmune and
inflammatory diseases in China since the 1970s (Li, 2000; Tao et al., 2001; Yang et al., 2005).
A lot of pharmacological studies have suggested that extracts of T. wilfordii can be used to
treat tumours (Wong et al., 2012), nephrotic syndrome (Xu et al., 2009), HIV (Duan et al.,
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Crews, 2007). Celastrol is a friedelane-type triterpene that was first isolated from the root of
T. wilfordii, and was found to be effective in the treatment of inflammatory, autoimmune
diseases (Astry et al., 2015), Alzheimer's disease (Allison et al., 2001) and cancer (Yang, H et
al., 2006; Pang et al., 2010). Interestingly, researchers also found this compound to be a
leptin sensitizer and a promising agent for the treatment of obesity (Liu et al., 2015; Ma et al.,
2015).
Despite considerable pharmaceutical interest, the low celastrol levels, slow growth rate
and restricted habitat of this plant have all limited the further study and application of
celastrol. To address the above issues, methods have been developed to obtain a sustainable
and reliable supply, such as cell culture systems and total synthesis (Su et al., 2014; Camelio
et al., 2015). In recent years, metabolic engineering in microorganisms has been proven to be
a promising method for the production of high-value natural products (Zhou, YJ et al., 2012;
Paddon et al., 2013; Galanie et al., 2015; Lau & Sattely, 2015). However, the biosynthetic
pathway of celastrol remains unknown. The pharmaceutical potential of triptolide has led

many researchers to investigate the biosynthetic pathway of this co2.1(s);6(und )-10.6(Foharnie)] TJETBT0 Tc0
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Most triterpene scaffolds are cyclized via the chair-chair-chair (CCC) conformation
catalysed by OSC, while sterols are cyclized via chair-boat-chair (CBC) conformation (Fig.2).
The cyclization of oxidosqualene involved four main steps:(a) binding of the substrate and
predetermination the ring system, (b) initiation of the reaction by protonation of the epoxide,
(c) cyclization and rearrangement of carbocation species, and (d) termination by
deprotonation or water capture to yield a final terpene product (Thimmappa et al., 2014).
More than 200 different triterpene skeletons have been discovered from natural resources or
enzymatic reactions (Xu et al., 2004). Friedelin is one of the most highly rearranged
triterpenes known in plants.
Here, we aimed to identify the OSCs responsible for the biosynthesis of celastrol. Three
candidate OSC genes were screened from the transcriptome of T. wilfordii. TwOSC1 and
TwOSC3 are friedelane-type triterpene cyclases responsible for the biosynthesis of celastrol,
while TwOSC2 is a β-amyrin synthase. Both TwOSC1 and TwOSC3 can cyclize 2,
3-oxidosqualene to friedelin as the major product, with β-amyrin and α-amyrin as the minor
products. We also proved that friedelin is a precursor of celastrol. In addition, the yield of
friedelin in the engineered yeast was also improved by using site-directed mutagenesis, the
CRISPR/Cas9 system and medium optimization. Our findings laid the foundation for
exploration of the biosynthetic pathway of celastrol and other friedelane-type triterpenes and
provided insights into the biosynthetic pathways of friedelane-type, oleanane-type and
ursane-type triterpenes in T. wilfordii and other plants.

Materials and Methods
Plant materials
T. wilfordii cell suspensions were initiated from calluses of T. wilfordii and cultured in
Murashige and Skoog (MS) medium containing 30 g L-1 sucrose with 0.1 mg L-1 kinetin (KT),
0.5 mg L-1 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.5 mg L-1 indole-3-butyric acid
(IBA). These cell suspensions were cultured in the dark at 25 °C with rotary shaking at 120
rpm as described previously (Guan et al., 2017). Mature T. wilfordii plant tissues were
collected from the Yongan national forest in Fujian Province, China. Samples of root, stem,
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MeJA-mediated induction of T. wilfordii suspension cells
The T. wilfordii suspension cells were treated with methyl jasmonate (MeJA) at a final
concentration of 50 μmol L−1 after subculturing. The control group was treated with the same
volume of carrier solution. After 0, 4, 8, 12, 24, 48, 72, and 360 h, the suspension cells were
harvested in liquid nitrogen and then stored at -80 °C before RNA extraction or UPLC
analysis. Four biological duplicates were prepared for each time point in each group.

Quantitative real-time PCR
The total RNA of the treated suspension cells was extracted by the modified CTAB method as
described above. First-stand cDNA for quantitative real-time PCR (qRT-PCR) was reverse
transcribed from the total RNA according to manufacturer’s instruction for the FastQuant RT
Kit (Tiangen Biotech, Beijing, China). qRT-PCRs were performed with gene specific primers
(Table S1) and the KAPA SYBR® FAST qPCR Kit (KAPA Biosystems, Massachusetts, USA)
on an Applied Biosystems QuantStudio 5 real-time PCR System (Applied Biosystems, New
York, USA). The PCR conditions were as follows: an initial incubation at 95
followed by 45 cycles of 95

for 3 s and 60

for 3 min,

for 30 s and then by a melting curve cycle.

Elongation factor 1 α (EF1α) was used as a reference gene (Miao et al., 2015). Relative
transcript abundance was evaluated using the 2-△△Ct method (Livak & Schmittgen, 2001) with
triplicate measurements from four biological replicates.

UPLC analysis of celastrol content in induced T. wilfordii suspension cells and plant
tissues
The T. wilfordii suspension cells and powders of plant tissues were stored at -80 °C for at
least 4 h prior to freeze drying for 48 h (Christ ALPHA 1-2, Germany). Approximately 50 mg
of each sample was suspended in 1 mL of 80% (v/v) methanol overnight at room temperature
(25 °C), and then extracted by sonication in an ultrasonic water bath for 60 min. After
centrifugation for 2 min, 10000× g and room temperature, the supernatant was filtered
through a 0.22-μm membrane filter (polytetrafluoroethylene) before UPLC analysis.
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The analyses were conducted using an Agilent 1290 Infinity II Efficient UHPLC system
quipped with a DAD detector. Chromatographic separation was conducted using a Waters
ACQUITY UPLC HSS T3 analytical column (2.1×100 mm, 1.8 μm) maintained at 40 °C.
The mobile phase, consisting of a mixture of 0.1% (v/v) formic acid in water (A) and
acetonitrile (C), was pumped at a flow rate of 0.4 mL/min. The gradient program was 30% C
at 0 min, 35% C at 5-8 min, 70% C at 15 min, and 90% C at 21 min. The detection
wavelength was 425 nm, and UV spectra from 190 to 500 nm were also recorded. The
injection volume was 5 μL.

Functional identification in yeast
The ORFs of TwOSCs were amplified and sub-cloned into the pYES2 expression vector
(Invitrogen) separately. The ORFs of TwOSC1 and TwOSC2 were inserted between the
KpnI-NotI sites of pYES2 via digestion by the corresponding restriction endonucleases.
TwOSC3 was inserted between the KpnI-BamHI sites of pYES2 in the same manner. All
primers are shown in Table S1. The constructed vectors were transformed into lanosterol
synthase-deficient yeast (Saccharomyces cerevisiae, purchased from ATCC, cell line number:
4021900, -ERG7, -ura) using the Frozen-EZ Yeast Transformation II Kit (ZYMO
RESEARCH). The pYES2 vector was transformed into yeast as a control.
The transformants were cultured on solid synthetic complete medium without uracil
(SC-Ura) for selection. The positive transformant was then cultured in 20 mL of Sc-Ura
medium containing 2% glucose and incubated with shaking at 220 rpm and 30 °C for 2 days.
Then, the cells were collected and induced in 20 mL of Sc-Ura medium with 2% galactose in
place of glucose and further cultured at 220 rpm and 30 °C for 12 h. After induction, the yeast
cells were collected and re-suspended in 0.1 M potassium phosphate buffer (pH 7.0) with 2%
glucose, and cultured at 220 rpm and 30 °C for 1 day. Finally, the yeast cells were collected
and lysed with 10 mL of 20% KOH and 50% EtOH by ultrasonic extraction for 1 h or
refluxed for 5 min with 10 mL of 20% KOH and 50% EtOH. The supernatant was extracted
with 10 mL of hexane three times. All the extracts were combined and then evaporated by
rotary evaporation.
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The extracts were dissolved in pyridine and derivatized with N-methyl-N-(trimethylsilyl)
trifluoroacetamide at 70 °C for 1 h. Then, the derived extracts were evaporated under N2 and
dissolved in 1 mL trichloromethane (CHCl3) for analysis by gas chromatography and mass
spectrometry (GC-MS). The analysis was performed on an Agilent 7000 gas chromatograph
(split, 20:1; injector temperature, 250

) with a DB-5ms (15 m×250 µm×0.1 µm) capillary

column. One microliter of the concentrated organic phase was then injected under a He flow
rate of 1 mL/min with a temperature program of 1 min at 50 °C, followed by a gradient from
50 to 260 °C at 50 °C min-1 and then, to 272 °C at 1 °C min-1 with a 4 min held. The ion trap
temperature was 230

. The electron energy was 70 eV. Spectra were recorded in the range

of 10-550 m/z.

RNAi study
A specific 300-500 bp fragment was selected based on the blast analysis in T. wilfordii
transcriptome database (Fig.S1 and Fig. S2) and amplified from the ORF of each TwOSC by
specific primers (Table S1) and thenerted the vector pK7GWIWG2D (Invitrogen) by
the Gateway cloning system (Invitrogen). The vectors containing each fragment were
transformed into E. coli and then verified by PCR and sequencing. The resulting vectors were
transformed into T. wilfordii suspension cells according to Zhao et al. (Zhao et al., 2017).
Suspension cells in the logarithmic growth phase were plated on MS solid medium (pH = 5.8)
and grown for 7 days before transformation. The empty vector was transformed into T.
wilfordii suspension cells as a control, and all samples had five biological duplicates. The
transformed cell suspensions were incubated for 7 days on MS medium and then transferred
o3to selection medium (solid MS medium supplemented with 0.5 mg L-1 2, 4-D, 0.1 mg L-1
KT, 0.5 mg L-1 IBA) supplemented with 100 mg L-1 kanmynfor selection of transformed
cell suspensions. Positive transformed cell suspensions were further inoculated in the
selectionS medium foculture growthithshng. After three generations of screening,
the transformed cell suspensions were harvested to measure gene expression and celastrol
levels.
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Strain construction and fermentation
Specific gRNAs targeting rox1, ypl062w and yjl064w were designed by the open-source tool
at http://yeastriction.tnw.tudelft.nl. Single and multiple gRNA expression vectors for yjl064w,
ypl062w and rox1 were constructed as described previously (Mans et al.
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Results
Cloning and sequence analysis of the TwOSCs
In our previous study, we sequenced and reported a transcriptomic library (SRA accession
number: SRR6001265) of T. wilfordii (Su et al., 2017). Transcripts of OSC candidates were
screened via homology-based searches of the transcriptome. Three full-length cDNA
sequences of OSCs (TwOSC1, TwOSC2 and TwOSC3) were obtained by polymerase chain
reaction and sequencing (GenBank accession numbers KY885467, KY885468 and
KY885469). Protein domain analysis showed that all the proteins have a terpenoid
cyclase/protein prenyltransferase alpha-alpha toroid domain, but only TwOSC2 has the
conserved site of terpene synthase (Fig. S4). Based on the multiple sequence alignments, all
three TwOSCs were homologous (average similarity identified as 76.46%) to OSCs in several
other species (Fig. S5).The three TwOSCs all have the conserved region DCTAE of the OSC
family (Abe & Prestwich, 1995), which is associated with substrate binding. The conserved
repetitive QW (QXXXXXW) motifs always appear as four to eight repeats in the OSC family
(Haralampidis et al., 2002) and appear as four repeats in the TwOSCs. In addition, the
TwOSC2 and TwOSC3 both have the MWCYCR motif, which is predicted to be a highly
conserved motif of β-amyrin synthase (Tetsuo Kushiro et al., 2000).

Phylogenetic tree construction
The results of the phylogenetic analysis showed that TwOSC2 was different from TwOSC1
and TwOSC3, which clustered with the previously characterized β-amyrin synthase genes
KsbAS, HhbAS and AebAS (Fig. 3). In contrast, TwOSC1 and Tw
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KdLUS, respectively). These results indicated that TwOSC1 and
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Functional characterization of TwOSCs in yeast
To identify the functions of the putative OSCs from T. wilfordii, the complete ORFs of all the
TwOSCs were sub-cloned into the vector pYES2 and then transformed into lanosterol
synthase-deficient yeast. In parallel, the empty vector was transformed into the yeast mutant
to serve as a negative control. After culturing and induction, the metabolite extracts were
extracted and analysed by GC-MS. Based on the results of GC analysis (Fig. 5), the extracts
from yeast harboring TwOSC2 contained only one product, which was confirmed to be
β-amyrin. Yeast harboring TwOSC1 and TwOSC3 contained friedelin, β-amyrin and α-amyrin,
with friedelin as the major product. The structures of all these products were explained by
comparison of mass spectral characteristics with those of authentic standards (Fig. S7, S8 and
S9). This result from GC-MS analysis suggested that TwOSC1 and TwOSC3 were
multi-product friedelin synthases and that TwOSC2 was a β-amyrin synthase.

RNAi identified candidate TwOSCs for biosynthesis of celastrol
To further investigate the TwOSC responsible for the biosynthesis of celastrol, TwOSC1,
TwOSC2 and TwOSC3 were selected as candidate genes for the RNA interference (RNAi)
study. In our early work, a stable and highly efficient transformation system suitable for T.
wilfordii cell suspensions was developed based on particle bombardment (Zhao et al., 2017).
Here,

we

used

this

transformation

system

to

transform the

candidate

genes.

pK7GWIWG2D(II)-TwOSC1, -TwOSC2, -TwOSC3 and the empty vector were separately
transformed into T. wilfordii cells and screened on MS solid medium with kanamycin.
TwOSC1 expression was suppressed by 42.5% and celastrol levels decreased by 32.0%
compared with the control. TwOSC3 expression was suppressed by 37.3%, and celastrol
levels decreased by 84.2%. In contrast, RNAi suppressed the transcription of TwOSC2 by 47%
and increased celastrol levels by 9.5% (Fig. 6a, b, c). RNAi combined with gene expression
analysis and UPLC analysis of celastrol profiles showed that TwOSC1 and TwOSC3 were
involved in the biosynthesis of celastrol and that TwOSC3 may have a stronger effect than
TwOSC1 on celastrol biosynthesis.
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Friedelin is a precursor of celastrol
Based on the results of the RNAi study and the observed tissue expression pattern, we
determined that TwOSC1 and TwOSC3 were responsible for the biosynthesis of celastrol. The
GC-MS analysis showed that both TwOSC1 and TwOSC3 can produce friedelin, which is also
a friedelane-type triterpene, similar to celastrol. To further investigate the potential role of
friedelin in celastrol biosynthesis, we fed friedelin to suspension cell cultures, which led to a
significant increase in celastrol accumulation compared with the control groups after 7 days
(Fig. 6d). This finding indicated that friedelin did serve as a precursor to celastrol.

Site-directed mutagenesis of TwOSC proteins
The reaction catalysed by OSCs is one of the most complicated reactions, and can yield a
wide array of triterpene skeletons derived from the same simple substrate 2, 3-oxidosqualene.
However, the exact mechanism underlying this product diversity remains unknown. Enzymes
with a single product and high yield will be helpful for exploration of the subsequent
biosynthesis pathway and further commercial application. Thus, we wanted to identify the
crucial amino acids that are involved in the production of friedelin. Recently, Souza-Moreira
et al. found that the amino acid two positions upstream of the DCTAE site in friedelin
synthase, usually a Leucine (L) residue, was required for friedelin production (Souzamoreira
et al., 2016). Multiple sequence alignment of the friedelin-producing OSCs and molecular
docking of TwOSC1 and TwOSC3 showed that the L residue was unique to
friedelin-producing OSCs and was near the active sites of these enzymes (Fig. 7a, b).
To further investigate this residue in friedelin synthase, we constructed additional
mutants by site-directed mutagenesis. Substitution of the L residue with phenylalanine (F),
histidine (H), proline (P) or arginine (R) in TwOSC1 and substitution of the L residue with F,
P, R, or alanine (A) in TwOSC3 abolished all the products, but substitution of the L residue
with valine (V) decreased the production of friedelin and increased the production of
β-amyrin. Substitution of the L residue with Serine (S) in TwOSC3 also abolished the
production of friedelin and increased the production of β-amyrin (Fig. S10 and S11).
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Moreover, substitution of the L residue with isoleucine (I) in TwOSC1 and TwOSC3 did not
impact friedelin production much but increase the production of β-amyrin. In addition, we
also constructed a mutant of TwOSC2 to determine whether substitution of the V residue at
the same position with L could change the product to friedelin. However, this substitution in
TwOSC2 did not lead to friedelin production and decreased the yield of β-amyrin. Fortunately,
we found a residue in TwOSC1 (Threonine (T) 502) that can increase the production of
friedelin. The best mutant was T502E (Glutamic acid), which produced 10.63 mg L-1
friedelin in a shake flask culture. The levels of all the products of the TwOSCs and mutants
are shown in Fig. 7c and Table S3.

Improvement of the yield of friedelin in engineered S. cerevisiae
To improve the yield of friedelin, two key genes in the triterpene pathway were overexpressed
to enhance the metabolic flux towards (3S)-2, 3-oxidosqualene. ERG9 and tHMG1 from S.
cerevisiae were separately cloned into the pESC-leu vector then transformed into the yeast
BY4741. In addition to overexpressing the key genes in the triterpene pathway, three genes
were deleted to further improve the production of friedelin (Fig. 8a). These genes included a
transcriptional regulator, rox1 and two other genes, namely, ypl062w and yjl064w. Rox1 was
reported to repress genes in the MVA pathway and ergosterol biosynthesis while ypl062w and
yjl064w could improve MVA pathway flux when knocked out and especially when combined
(Özaydın et al., 2013). When pYES2-TwOSC1T502E was transformed into strain ZH1, strain
BY4741 and the lanosterol synthase-deficient strain cultured under the same conditions, the
highest yield was 22.52 mg L-1 in strain ZH1, which was higher than yield in the lanosterol
synthase-deficient strain and almost two-fold higher than the yield in the parent strain
BY4741(Fig. 8b). After medium optimization, the highest yield of strain ZH1 could be
improved to 37.07 mg L-1. This is the first study on the biosynthesis of friedelin in engineered
yeast with a high yield.
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Discussion
T. wilfordii is known to contain a diversity of triterpenes, and celastrol was one of the
valuable compounds isolated from T. wilfordii. Here, we focused on the OSCs that were

responsible for the main scaffold cyclization of celastrol1 Tizl3574 TL1JET.1ecelastw7( m( sc)8.5etion)11 c la
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The mechanistic diversity of OSCs remains intriguing. Although many attempts have
been made to study the underlying mechanism (Hart et al., 1999; Herrera et al., 2000; Tetsuo
Kushiro et al., 2000; Liu et al., 2012; Salmon et al., 2016; Xue et al., 2018), the mechanism
of conversion between scaffolds remains poorly understood. Sequence analysis showed that
all three TwOSCs contained terpenoid cyclase/protein prenyltransferase alpha-alpha toroid
domains, but only TwOSC2 contained conserved sites of terpene synthase, which is rich in
aromatic residues, in the C-terminal region. Multiple sequence alignments showed that all
these protein contained the conserved DCTAE motif and four conserved repetitive QW
motifs. Moreover, TwOSC2 and TwOSC3 both had the MWCYCR motif, which is important
for β-amyrin synthase. However, we found that TwOSC1 (containing the IWCYCR motif) as
well as TwOSC2 and TwOSC3 could produce β-amyrin. Tetsuo et al. found that the
Tyrptophan residue in the MWCYCR motif was responsible for the formation of pentacyclic
triterpenes and that substitution of this residue with H resulted in the production of tetracyclic
dammaradienols (Tetsuo Kushiro et al., 2000). Here, our results suggested that the
methionine residue in the MWCYCR motif was not necessary for the production of β-amyrin.
To identify the key residues involved in functional conversion between friedelin and
β-amyrin, we performed site-directed mutagenesis. Our results showed that substitution of L
residuedn ou21.32.ph5.5 I
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residue with L in TwOSC2 did not lead to friedelin production and decreased the yield of
β-amyrin, which also confirmed this inference. This result strongly indicated that the L
residue was important for the biosynthesis of friedelin but not the only factor influencing the
production of friedelin. In the other site of TwOSC1 (T502), we found that substitution of T
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Figure Legends
Fig. 1 Proposed biogenetic pathway for celastrol in Tripterygium wilfordii. The red solid
arrow indicates a biosynthetic reaction step identified in this work, and each dashed arrow
indicates one or multiple proposed step reactions. All triterpenoid intermediates in the
proposed pathway have been reported in T. wilfordii.

Fig. 2 The proposed oxidosqualene cyclization mechanisms. Friedelin is a most rearranged
friedelane-type triterpene found in many plants including Tripterygium wilfordii.

Fig. 3 Phylogenetic tree of TwOSCs and the characterized oxidosqualene cyclases (OSCs)
from other species. The phylogenetic tree was created by MEGA 6.0and the
neighbour-joining method. The bootstrap confidence values were obtained based on 1000
replicates. The TwOSCs from Tripterygium wilfordii are highlighted with red diamond.

Fig. 4 Analysis of methyl jasmonate (MeJA)-induced and tissue expression of TwOSCs
combined with celastrol distribution. (a) Relative expression of TwOSCs in the MeJA induced
Tripterygium wilfordii suspension cells. CK: control group; MJ: MeJA treated group. (b)
Celastrol content in MeJA-induced T. wilfordii suspension cells. CK: control group; MJ:
MeJA treated group. (c) Relative expression of TwOSCs in different T. wilfordii tissues. (d) T.
wilfordii plant and distribution of celastrol in T. wilfordii. Error bars represent SDs based on
triplicate measurements of at least four biological replicates.

Fig. 5 Gas chromatography-mass spectrom61.96035] TJ(r)3C-MSi.) 61.9635] TJsSD61.96sSD o TJf(r)3. 2(61.965
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after 0 and 7days. Student’s t-test was used to test statistically significant difference of
increased celastrol levels between control group and feeding group. The data represent the
average ± SD of at least four independent lines of suspension cells.

Fig. 7 Molecular docking and mutagenesis assay of TwOSCs from Tripterygium wilfordii. (a)
Sequence representation in the DCTAE motifs of TwOSCs. Accession numbers and
abbreviations are provided in Supporting Information Table S4. (b) Molecular docking of
TwOSC1 and TwOSC3 with friedelin. (c) Product analysis of the mutants. The activities of
wild-type and all the mutants are presented as the means ± SDs, n = 5.

Fig. 8 Strain construction and friedelin production using TwOSC1T502E from Tripterygium
wilfordii. (a) A strategy to construct strain ZH1. (b) The levels of products in the three strains
containing TwOSC1T502E. BY4741 stands for strain BY4741 containing TwOSC1T502E; GIL77
stands for the lanosterol synthase-deficient strain containing TwOSC1T502E; ZH1 stands for
strain ZH1 containing TwOSC1T502E; and ZH1-MO stands for strain ZH1 containing
TwOSC1T502E in the optimization medium. The data are presented as the means ± SDs, n = 3.
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