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Abstract

Background: Diterpenoids are a large class of natural products with complex structures and broad commercial
applications as food additives, important medicines, and fragrances. However, their low abundance in plants and high
structural complexity limit their applications. Therefore, it is important to create an efficient diterpenoid-producing
yeast cell factory of the production of various high-value diterpenoid compounds in a cost-effective manner

Results: In this study, 13R-manoy! oxide (13R-MO; 2.31 mg/L) was produced by expressing CfTPS2 and CfTPS3 from
Coleus forskohliiin Saccharomyces cerevisiae. The 13R-MO titer was increased by 142-fold to 328.15 mg/L via the step-
wise metabolic engineering of the original strain, including the overexpression of the rate-limiting genes (tHMG1 and
ERG20) of the mevalonate pathway, transcription and protein level regulation of FRG9, Bts1p and Erg20™p fusion,
and the overexpression of tCfTPS2 and tCfTPS3 (excision of the N-terminal plastid transit peptide sequences of CfTPS2
and CfTPS3). The final titer of 13R-MO reached up to 3 g/L by fed-batch fermentation in a 5 L bioreactor.

Conclusions: In this study, an efficient 13R-MO yeast cell factory was constructed, which achieved the de novo
production of 3 g/L of 13R-MO from glucose. To the best of our knowledge, this is the highest 13R-MO titer reported
to date. Furthermore, the metabolic engineering strategies presented here could be used to produce other valuable

diterpenoid compounds in yeast.
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Background

Plants have evolved to produce diverse secondary metab-
olites in order to adapt to their living environment and
protect themselves [1]. Terpenoids are the main compo-
nents of plant secondary metabolites, some of which are
important to humans as pharmaceuticals and biofuels
[2, 3]. In the field of medicine, many studies have been
performed on plant-derived terpenoid pharmaceuticals,
such as the anticancer drug taxol [4] and anti-malarial
drug artemisinin [5, 6]. Examples of plant-derived ter-
penoid biofuels include the jet air—fuel additives pinane,
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carane, and sabinane, monoterpenoids [3], and isopre-
noid alcohols [7].

Forskolin, a labdane-type diterpenoid, was discovered
in the roots of the medicinal shrub Coleus forskohlii and
has been used to treat hypertension, heart complica-
tions, and asthma [8]. Forskolin has also been used as a
cyclic AMP booster to treat glaucoma, hypertension,
and heart failure [9]. NKH477, a semi-synthetic forsko-
lin derivative, has been used commercially to treat surgi-
cal complications, heart failure, and cerebral vasospasm
[10]. However, the complete synthesis of forskolin has
not yet been achieved due to its stereospecific structure
[11]. Recently, 13R-manoyl oxide (13R-MO), which was
found in the root cork cells of C. forskohlii, was found to
be the precursor of forskolin [12]. By mining root tran-
scriptome data of C. forskohlii, CfTPS2 which synthesizes

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0002-4910-4025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-019-1123-z&domain=pdf

Zhang et al. Microb Cell Fact (2019) 18:73

the intermediate copal-8-ol diphosphate from GGPP and
CfTPS3 which catalyzes the stereospecific formation of
13R-manoyl oxide were confirmed to stereospecifically
biosynthesize 13R-MO from geranylgeranyl diphosphate
(GGPP) [12]. The large-scale production of forskolin is
challenging due to its complex structure and low abun-
dance in the native host [8]; however, when compared
with chemical synthesis and plant extraction, forskolin
biosynthesis is a feasible approach for commercial appli-
cations [11, 12].

Yeast is a particularly good host for terpenoid pro-
duction as it has a native mevalonate (MVA) pathway
and is robust for industrial fermentation and genetic
engineering [13]. In Saccharomyces cerevisiae, acetyl-
CoA is sequentially catalyzed by seven MVA pathway
enzymes to produce isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), which are the two
five-carbon building blocks required for the synthesis
of all terpenoids. Erg20p then catalyzes the condensa-
tion of IPP and DMAPP to produce the monoterpenoid
and sesquiterpenoid precursors geranyl diphosphate
(GPP) and farnesyl diphosphate (FPP), respectively [14].
GGPP is a diterpenoid precursor, derived from FPP and
IPP via Btslp catalysis [15]. A yeast strain that produces
high titers (40 g/L) of amorphadiene has demonstrated
potential for natural terpenoid production [16]; however,
the yields of diterpene were markedly lower than that of
sesquiterpenoids. Metabolic engineering to increase the
EPP pool, such as increasing precursor levels, inhibiting
the ergosterol synthetic pathway, and deleting branch
pathways, was shown to remarkably increased sesquiter-
penoid production [17, 18]. However, S. cerevisiae GGPP
synthase (Btslp) showed a higher K|, value (3.2 uM) for
FPP than for squalene synthase (2.5 uM) [19]. Therefore,
conversion of FPP to GGPP seems to be the rate-limiting
step for diterpenoid production [20]. Many studies have
attempted to increase the GGPP pool in order to increase
diterpenoid production, for example, by overexpress-
ing GGPP synthase [21], converting yeast endogenous
Erg20p to GGPP synthase [20], fusing Bts1p and Erg20p
[22], and repressing ERG9 expression with a Py s pro-
moter [23]. These efforts have made a significant contri-
bution to increasing the production of diterpenoids in S.
cerevisiae.

When an exogenous pathway is introduced into S. cer-
evisiae, regulating the overall metabolic pathway, and not
just the rate-limiting steps, is important for maximizing
the synthesis potential of the target product [24]. In this
study, CfTPS2 and CfTPS3 were expressed in S. cerevisiae
W303-1a, and 13R-MO was detected (2.31 mg/L). The
13R-MO titer was increased by 142-fold to 328.15 mg/L
via regulation of the key genes of the MVA pathway
and truncation of diterpene synthase (Fig. 1). The titer
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was further increased to 3001.46 mg/L by fed-batch
fermentation.

Results

Engineering a 13R-MO synthetic pathway in S. cerevisiae

In S. cerevisiae, the diterpenoid precursor GGPP is syn-
thesized from the condensation of FPP and IPP by Bts1p.
Two 13R-MO synthesis genes from C. forskohlii, CfTPS2
and CfI'PS3, were codon-optimized and integrated into
the ura3 site of S. cerevisiae W303-1a under the strong
promoters PGKIp and TDH3p respectively, result-
ing in the GW-1 strain. As shown in Fig. 2, a new peak
(RT=13.86 min) was identified as 13R-MO based on
previously reported mass spectra in the literature [25,
26]. Strain GW-1 could produce 2.31 mg/L of 13R-MO,
which was quantified by comparing its peak area with
the internal standard 1-eicosene, via 4 days cultivation in
YPD medium.

MVA pathway engineering to increase precursor supply

for efficient 13R-MO biosynthesis

FPP and GGPP are the two crucial precursors for diter-
penoid production in S. cerevisiae. Firstly, FPP supply
was optimized to improve the production of 13R-MO.
CfTPS2 and CfTPS3 were introduced into the well-estab-
lished chassis strain LWO03 (tHMGI and ERG20 overex-
pressed and the ERGY promoter replaced by MET3p),
which was constructed for the production of the ses-
quiterpene a-humulene in our previous study, resulting
in strain LZJ1 [18]. LZJ1 could produce 2.86 mg/L of
13R-MO, which was slightly higher than that produced
by the original strain GW-1. In order to reduce squalene
accumulation, the strain LZ]2 was constructed by fusing
a PEST (rich in Pro, Glu/Asp, Ser, and Thr) sequence [27]
to the C-terminal of Erg9p to accelerate its degradation.
The strain LZ]2 produced 3.52 mg/L of 13R-MO, which
was 1.5-fold higher than that produced by the original
strain GW-1.

GGPP production was then optimized in the S. cer-
evisiae strain LZJ2. The co-expression of BTSI and
ERG20"°C at the HO site of strain LZJ2 resulted in the
strain LZJ3, which produced 7.78 mg/L of 13R-MO. A
GGGS linker was then used to fuse Bts1p with Erg20p or
Erg20°p in LZJ2, resulting in strains LZJ4 and LZ]J5,
which were able to produce 9.75 mg/L and 23.31 mg/L of
13R-MO, respectively.

CfTPS2 and CfTPS3 truncation to enhance 13R-MO
production

To generate pseudo-mature variants, the N-terminal
plastid transit peptides of CfTPS2 and CfTPS3 were pre-
dicted using ChloroP (https://www.cbs.dtu.dk/services/
ChloroP/) software and were removed to obtain tCfTPS2
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Fig. 1 Schematic overview of the 13R-MO synthesis pathway in S. cerevisiae. Heterologous genes are marked in purple, native MVA pathway genes
are marked in orange, overexpressed genes are marked in red are, and FRG9 was downregulated as shown in kermesinus. The Bts1p and Erg20f*“p
fusion protein is indicated in green. Acetyl-CoA acetyl coenzyme A, HMG-CoA 3-hydroxy-3-methylglutaryl-CoA, tHMG1 truncated HMG-CoA
reductase gene, IPP isopenteny! pyrophosphate, DMAPP dimethylallyl pyrophosphate, ERG20 farnesyl diphosphate synthetase gene, FPP farnesyl
diphosphate synthetase, FOH farnesol, ERG9 squalene synthetase gene, GGPP geranylgeranyl diphosphate, GGOH geranylgeraniol

Forskolin

13R-manoyl oxide

and tCfTPS3. The coding sequences of the plastid transit
peptides are shown in Additional file 1: Table S2. tCfTPS2
and tCfTPS3 were co-expressed in the § sites of strain
LZJ5 under the strong promoters TEFlp and TDH3p,
respectively. The resultant strain LZJ6 could produce
176.8 mg/L of 13R-MO, which was 6.6-fold higher than
that produced by its parental strain. The key rate-limit-
ing enzymes of the MVA pathway, tHmglp and Btsl-
GGGS-Erg20™“p, were over-expressed by the rDNA
site insertion to obtain strain LZ]7, further increasing
the production of 13R-MO to 328.15 mg/L. The stepwise
increase in the production of 13R-MO is shown in Fig. 3.

The performance of each engineered 13R-MO pro-
duction strain was evaluated in shake flasks by biphasic
cultivation. The biomass, 13R-MO, farnesol (FOH) and
geranylgeraniol (GGOH) content are listed in Table 1. A
slight accumulation of FOH was observed in the origi-
nal strain GW-1 (0.37 mg/L), and its production was
increased in a stepwise manner by the regulation of key
genes (tHMGI, ERG20, BTSI and ERGY) in the MVA
pathway, with the highest titer (33.62 mg/L) detected in
the strain LZJ3. GGOH also gradually accumulated to
40.91 mg/L via the stepwise MVA pathway engineering.
Bts1-GGGS-Erg20p/Erg20™°“p fusion (strains LZJ4 and
LZJ5, respectively) successfully drew FPP into the GGPP

pool, and the highest GGOH accumulation, 93.12 mg/L,
was detected in strain LZ]J5. The N-terminal truncation of
CfTPS2 and CfTPS3 in LZ]J6 increased the 13R-MO titer
by 7.5-fold compared to LZ]J5, and decreased the GGOH
titer to 51.13 mg/L from 93.12 mg/L, and decreased the
FOH titer from 15.2 to 5.54 mg/L. The accumulation
of GGOH and FOH were further decreased in the final
strain LZJ7 (Table 1).

Batch and fed-batch fermentation of LZJ7 ina5L
bioreactor

The strain LZ]7 was selected for the 5 L bioreactor scale-
up 13R-MO production. The glucose substrate concen-
tration was optimized in shake flasks; as shown in Fig. 4.
The highest 13R-MO titer, 469.26 mg/L, was achieved
with a glucose concentration of 40 g/L, therefore, 40 g/L
of glucose was used in the 5 L bioreactor scale-up
fermentation.

The results of the batch and fed-batch fermentation
of LZJ7 in the 5 L bioreactor are shown in Fig. 5. Glu-
cose was quickly exhausted within 20 h, while the etha-
nol concentration reached 16.2 g/L at 12 h (Fig. 5a). With
the depletion of ethanol (about 30 h), the 13R-MO titer
increased to 602.05 mg/L, which was 1.28-fold higher
than that in the shake flasks. According to the substrate
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Fig. 2 13R-MO production and identification in S. cerevisiae. a The chromatogram for 13R-MO production by strain GW-1 and the original strain
W303-1a. b GC-MS spectra for 13R-MO reported in the literature [25, 26]. ¢ GC-MS spectra of the chromatographic peak at RT=13.86 min

consumption curve, the feeding medium was added at
18 h and 3 g/L of 13R-MO was obtained at 120 h (Fig. 5b).

Discussion

To date, 15,804 diterpenoid compounds have been dis-
covered in plants [28]. However, most diterpenoid com-
pounds cannot be produced commercially due to their
low concentrations in the native host. An efficient dit-
erpenoid-producing yeast cell factory would be of broad
interest as it could be used to produce a variety of high-
value diterpenoid compounds in a cost-effective manner.
In yeast, terpenoid synthesis begins with the common
precursors IPP and DMAPP, which are derived from
the MVA pathway in the cytoplasm. The diterpenoid

precursor GGPP is systematically synthesized by Erg20p
and Btslp in S. cerevisiae. Erg9p plays a vital role in the
distribution of FPP flux between FPP-derived terpe-
noid products and sterols [29]. In our previous study,
the ERGY promoter was replaced with MET3p in S. cer-
evisiae to produce levopimaradiene, a type of diterpene
produced by plants at a titer 8.5-fold higher than that
produced by its parental strain. However, this strategy
needs the addition of methionine, which could be metab-
olized by the cell [18, 29]. In this study, a well-established
sesquiterpene-producing yeast platform, LWO03, was
used to produce 13R-MO by overexpressing CfTPS2
and CfTPS3, but the titer of 13R-MO did not increase
significantly. In our previous study, LW03 was found to
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Table 1 Performance of the engineered strains in shake-
flask cultivation

Strains Biomass (mg/L) 13R-MO GGOH FOH (mg/L)
(mg/L) (mg/L)
GW-1 6693.21 +88.56 2314+0.11 1.25+0.18 037+£0.04
LZn 6762.8+169.07  286+0.13 6.56+184 596+067
Lz)2 680347410296  352+0.11 12324£069 20.11£1.69
LZJ3 55759342318 7781097  3391£101 33624439
LZJ4 6458.1+147.06  9.754+056 42864223 1633+235
LZJ5 4968.76 16827 23314+031 93124492 1524079
LZJ6 5956454+133.06 1768+4.09 51.134£061 554+127
LzJ7 73447 4+260.29 32815£256 1732+£015 4.1340.17

"+ "represent the standard deviation of three independent experiments

accumulate squalene (3.73 mg/g CDW) during fermenta-
tion anaphase, although ERG9 was controlled by HXT1p,
an efficient promoter for repressing ERG9Y transcrip-
tion under glucose-limiting conditions [29]. To block
squalene synthesis, a PEST (rich in Pro, Glu/Asp, Ser,
and Thr) sequence was added to the C-terminal of Erg9p
(LZJ2) to trigger endoplasmic reticulum-associated pro-
tein degradation [27]. This strategy improved the titer
of the sesquiterpene nerolidol by 86% and decreased the

level of squalene to that of the wild-type control strain
[27]. Indeed, the squalene content of the LZJ2 strain
was decreased to 0.12 mg/g CDW, but the 13R-MO titer
remained low and the FOH and GGOH titers increased
by 3.53-fold and 1.87-fold, respectively. The level of FOH
and GGOH accumulation often reflects the intracellular
content of the FPP and GGPP pools [3]. The increases
observed in the FPP and GGPP pools indicate that com-
bining the regulation of transcription and protein desta-
bilization effectively reduces FPP consumption by Erg9p
and redirects the carbon flux from squalene to FPP and
GGPP.

In S. cerevisiae, the diterpenoid precursor GGPP is
synthesized by the condensation of FPP and IPP by
Btslp. The coupling of FPP and GGPP synthesis was
found to be an important limitation of diterpene pro-
duction [20]. Selection of GGPP synthases from dif-
ferent sources and overexpression of native BTS1 were
all attempted to improve the supply of GGPP [21]. An
Erg20p mutant (Erg20t°°“p) was constructed to produce
GGPP, and was found to efficiently produce diterpenes
and carotenoids [20]. To draw the FPP pool to GGPP,
BTSI and ERG20F°C were co-expressed in LZJ3 caus-
ing an increase in FOH, GGOH, and 13R-MO produc-
tion compared with the parental strain LZ]J2. Although
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Erg20¥°“p produced GGPP, no obvious effect on FPP
formation was observed in vitro [20]. To further combine
FPP and GGPP synthesis, Btslp was fused with Erg20p
or Erg20“p; the two fusion proteins were able to effec-
tively draw FPP to GGPD, resulting in a decrease in FOH
accumulation of approximately 50% compared with the
parental strain LZJ3. The Bts1-GGGS-Erg20°“p fusion
protein was found to be more effective for GGPP produc-
tion and led to about threefold GGOH production when
compared with Bts1p and Erg20tCp co-expression. The
13R-MO titer was also increased to 23.21 mg/L. Erg20p
and Btslp fusion is an efficient method of improving dit-
erpene production [30, 31], and in our study the fusion of
mutant Erg20p (Erg207°“p) and Bts1p enabled FPP and
GGPP to be coupled more efficiently.

In plants, GGPP is synthesized in plastids through the
methylerythritol 4-phosphate pathway [32]. A plastid
transit peptide located at the N-terminal of diterpene
synthase was found to influence its catalytic activity when
the enzyme was expressed in S. cerevisiae [23]. In this
study, the N-terminal plastid transit peptides of CfTPS2
and CfTPS3 were truncated according to the predictions
of the ChloroP software, and the resulting enzymes were
integrated into the J sites of LZJ6 [12]. 13R-MO pro-
duction increased by 7.6-fold (176.8 mg/L) compared
with the level produced by the parental strain LZ]5. The
accumulation of GGOH and FOH decreased signifi-
cantly, which indicated that the precursor pool was suc-
cessfully converted to 13R-MO. The two limiting-nodes,
tHMGI and BTSI-GGGS-ERG20°C, were further over-
expressed in LZ]7, resulting in a higher level of 13R-MO
production (328.15 mg/L).

Conclusions

An efficient 13R-MO vyeast cell factory was constructed
in this study. Stepwise metabolic engineering strate-
gies were used to modify the MVA pathway leading to
13R-MO production. The highly efficient production of
GGPP from FPP and the high activity of diterpene syn-
thase were the two limiting steps for diterpenoids pro-
duction. Transcription and protein level regulation were
combined to transfer the metabolic flux from squalene
to FPP and then to GGPP, which was an efficient way of
modifying the Erg9p node. This strategy may also work
well for sesquiterpene production in yeast. In sum-
mary, the engineered S. cerevisiae strain LZ]7 produced
602.05 mg/L of the diterpene 13R-MO in batch culture
with 40 g/L of glucose, and the titer reached 3 g/L with
fed-batch fermentation. This study provides a new strat-
egy for the highly efficient production of diterpenoids
and potentially even tetraterpenes by using the microbial
cell factory.
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Methods

Strains, media, and culture conditions

Saccharomyces cerevisiae W303-1la (MATa; leu2-3112;
trpl-1; canl-100; ura3-1; ade2-1; his3-11,15) was used as
the original strain and was maintained in our laboratory.
YPD medium (2% glucose, 1% yeast extract, and 2% pep-
tone) was used for yeast cultivation, and SC medium (2%
glucose, 0.67% YNB, and amino acid drop-out mix) was
used for recombinant yeast strains selection. For shake
flask cultivation, a single yeast colony was inoculated in
3 mL of YPD medium and cultivated overnight; the over-
night culture was transferred to 250 mL shake flasks con-
taining 30 mL of YPD medium with an initial OD600 of
0.05 and incubated for 96 h at 30 °C, 220 rpm. Dodecane
(10%) was added for biphasic fermentation at 6 h after
inoculation. YPD medium with different glucose con-
centrations (30 g/L, 40 g/L, 60 g/L, and 80 g/L) was used
to optimize the fermentation of the strain LZJ7 in shake
flasks. All fermentations were performed in triplicate.

Engineering of S. cerevisiae strain for 13R-MO production
The strains established in this study are listed in Table 2.
The primers used for strain engineering in this study are
listed in Additional file 1: Table S1. CfTPS2 (GenBank:
KF444507) and CfTPS3 (GenBank: KF444508) were syn-
thesized and codon-optimized for S. cerevisiae by Jin-
sirui Biotechnology Co., Ltd. (Nanjing, China), and the
sequences are listed in Additional file 1. The gene expres-
sion modules were constructed according to our previous
methods (Additional file 1: Figure S1). Briefly, the promot-
ers, MVA pathway genes, and terminators were amplified
from S. cerevisiae W303-1a genomic DNA, and the frag-
ments were purified for gene expression module construc-
tion via fusion PCR. The Bts1-Erg20p fusion protein was
constructed with a widely used linker, “Gly-Gly-Gly-Ser”.
The primer pairs ERG20-F/F96C-R and F96C-F/ERG20-R
were used to construct Erg20p™®“, The constructed gene
expression modules, homologous arms of the integration
sites and selection markers were transformed into S. cer-
evisiae, according to the methods of Zhao et al. [33].

Detection and quantification of 13R-MO

The yeast cells were harvested by centrifugation, then the
cell pellets and supernatants were extracted with hexane.
The hexane phase was filtrated and analyzed using GC or
GC-MS. For biphasic-fermentation, the dodecane layer
was separated by centrifugation (12,000 rpm, 10 min) and
subsequently analyzed with GC or GC-MS. The samples
(1 pL) were analyzed using a Shimadzu GCMS-TQ8030
instrument equipped with an HP-5ms GC column (Agi-
lent technologies, 30 m x 0.250 mm x 0.25 pm) and with
helium as the carrier gas. The following temperature gra-
dient program was used: injection temperature, 250 °C;
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Table 2 Strains used in this study

Strain Description Source

W303-1a MATa; leu2-3112; trp1-1; can1-100; ura3-1; ade2-1; his3-11,15 Our lab

GW-1 W303-1a, ura3: Ppeyi=CITPS2-Tapu1, Prons~CITPS3-Tip This study

LZ)1 ade2:: Pocyy~ tHMG 1-Togks, TronsERG20-Tepcon: PercoPrs-ERGY; Ura3:: Pog~CATPS2-Ty iy, Props~CFTPS3-Trpms (18]

Lz12 ade2:: Ppeyi- tHMGT-Togkr, Toprs-ERG20-Tgpco0 PergePryri-ERG9-PEST, ura3:: Pock-CATPS2-T 41 Prpps-CFTPS3-Trpms This study

LZJ3 ade2: Pogy~ tHMGT Ty, TronsERG20-Tenca0i PenssPocriERGO-PEST; ura3: Pogi=CITPS2-Top, ProwsCATPS3-Trongi HO= Proys-BTST- - This study
TCYCIV PPGKfERGZO % 7TERGZO

LZ)4 ade2: Ppcy;- tHMGT-Togkr, Tropz-ERG20-Tepco0 PrroPryri-ERGY-PEST; ura3:: Pogi=CETPS2-T ypp1, PropsCITPS3-Trpys HO: Prpys-BTS - This study
GGGS-ERG20-Tgpe0

LZJ5 ade2: Pocy;- tHMGT-Togkr, Tropz-ERG20-Tepo0 PeroPryri-ERGO-PEST; ura3:: Pogky=CETPS2-T ypp1, PropsCITPS3-Trpyz HO: Prpys-BTS - This study
GGGS-ERG20™T gy

LZJ6 ade2:: Ppei- tHMGT-Togkr, Tiprs-ERG20-Tppeoo PercorPryri-ERGI-PEST: ura3:: Pogi-CITPS2-Typrit, PropsCITPS3-Trppz HO:: Prpyys-BTST- This study
GGGS-ERG20TT tpogi 62 PygetCFTPS2-T g iy Props tCATPS3-Trppo

LzJ7 ade2: Pocy;- tHMGT-Togkr, Tropz-ERG20-Tepo0 PengoPryri-ERGY-PEST; ura3:: Pogki=CFTPS2-T ypp1, PropsCITPS3-Trpyz HO: Prpys-BTS - This study

GGGS-ERG20T Tt 82 Pocirt CFTPS2-T oo PrppistCFTPS3-Trppps TONA: Py~ tHMG 1-T gy, Prons-BTS 1-GGGS-ERG20 %577%20

60 °C for 1 min, 15 °C/min to 200 °C, 10 °C/min to 280 °C,
and hold for 2 min; 20 °C/min to 300 °C; and hold for
2 min. The ion source temperature was set to 300 °C, and
the spectra were scanned from 30 to 550 m/z. 1-Eicosene
was used as the internal standard for 13R-MO quantifica-
tion, according to the method reported by Elias et al. [26].

Metabolite extraction and analysis

Glucose was quantified with an SBA-40C bio-analyzer
(Shandong Academy of Sciences, China), according to
the manufacturer’s instructions. The yeast cells were col-
lected by centrifugation, washed three times and OD600
was measured using a spectrophotometer (Oppler, 752N,
China). Squalene was extracted and quantified using
HPLC (Elite P2301I high-pressure pump system coupled
with UV detection at 203 nm; Hypersil C18 column,
4.6 mm x 250 mm, 5 um; Elite Analytical Instruments
Co., Ltd., Dalian, China), according to our previously
described methods [33]. FOH in the dodecane layer was
quantified using a standard curve and GC. The squalene
and FOH standards were purchased from Sigma (USA).

Batch and fed-batch scale-up fermentationina 5L
bioreactor

For batch and fed-batch fermentation, OYPD medium
(4% glucose, 1% yeast extract, and 2% peptone) was used
as the seed and fermentation medium. The strain LZ]J7
was prepared in a 500 mL shake-flask containing 100 mL
of OYPD medium at 30 °C and 220 rpm for 16 h. The pre-
culture was then inoculated at 10 vol % in a 5 L bioreac-
tor (ShangHai BaiLun Bio) containing 3 L (batch) or 2 L
(fed-batch) of OYPD medium. The pH was automati-
cally maintained at 5.5 using 5 N H,SO, and NH;-H,O.
The temperature was maintained at 30 °C, and the air
flow rate was set at 2 vvm. The dissolved oxygen (DO)

content was maintained above 35% by adjusting the agi-
tation speed between 300 and 600 rpm. For two-phase
fermentation, 10 vol % of dodecane was added after 6 h
of cultivation.

The feed solution was prepared according to our pre-
viously reported methods and was added automatically
according to the pH and DO after 18 h [18]. When the
pH was above 5.5 and DO was above 35%, the feed solu-
tion was added at a rate of 2 mL/min. NH;-H,O was used
as the nitrogenous source and was added automatically
when the pH dropped below 5.5.

Additional file

Additional file 1: Table S1. Primers used in this study. Figure S1. Expres-
sion cassettes construction and insertion. Table S2. Synthesized DNA
sequences.
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