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A B S T R A C T   

Taxadiene is an important precursor for the biosynthesis of highly effective anticancer drug paclitaxel, but its 
microbial biosynthesis yield is very low. In this study, we employed Yarrowia lipolytica as a microbial host to 
produce taxadiene. First, a “push–pull” strategy was adopted to increase taxadiene production by 234%. Then 
taxadiene synthase was fused with five solubilizing tags respectively, leading a maximum increase of 62.3% in 
taxadiene production when fused with SUMO. Subsequently, a multi-copy iterative integration method was used 
to further increase taxadiene titer, achieving the maximum titer of 23.7 mg/L in shake flask culture after three 
rounds of integration. Finally, the taxadiene titer was increased to 101.4 mg/L by optimization of the fed-batch 
fermentation conditions. This is the first report of taxadiene biosynthesis accomplished in Y. lipolytica, serving as 
a good example for the sustainable production of taxadiene and other terpenoids in this oleaginous yeast.   

1. Introduction 

Paclitaxel is a derivative of tricyclic diterpenoids derived from Pa
cific yew trees, consisting of three parts, respectively, a taxane skeleton, 
skeleton modification groups, and a side chain [1]. Paclitaxel was 
approved by the Food and Drug Administration (FDA) in 1992 for the 
treatment of ovarian cancer [2] and was later confirmed to have a sig
nificant effect on some noncancer diseases [3]. Paclitaxel was originally 
isolated from the bark of Taxus brevifolia [4], but this species has a 
relatively long growth cycle, poor regeneration ability, and very low 
paclitaxel content in the bark [5]. These characteristics seriously hinder 
the development of paclitaxel as an excellent anticancer drug. Owing to 
the rapid development of synthetic biology and metabolic engineering, 
the microbial production of high value-added plant-originating com
pounds has become a promising alternative approach. Taxadiene is the 
first key intermediate in biosynthesis of paclitaxel, and high taxadiene 
production is an important prerequisite for the efficient biosynthesis of 
paclitaxel. 

Taxadiene is produced from the cyclization of geranylgeranyl pyro
phosphate (GGPP) by taxadiene synthase (TASY) [6]. GGPP is formed by 
the condensation of one dimethylallyl pyrophosphate (DMAPP) and 

three isopentenyl pyrophosphates (IPPs). DMAPP and IPP can be pro
duced by the mevalonate (MVA) pathway in eukaryotes (Fig. 1), or by 
the 2-C-methylerythritol 4-phosphate (MEP) pathway in prokaryotes 
[7]. In recent years, the biosynthesis of taxadiene has been investigated 
in different microbial organisms as host strains (Table 1). Among them, 
the highest taxadiene titer of 1020 mg/L was achieved in Escherichia coli 
by strengthening the MEP pathway and using multiple modular meta
bolic engineering strategies to optimize the balance between taxadiene 
synthesis and growth metabolism [8]. However, taxadiene must un
dergo 18 enzymatic steps to finally synthesize paclitaxel, including hy
droxylation, acetylation, and rearrangement [9]. The following 
expression of multiple heterologous P450 hydroxylases in E. coli may 
causes many unexpected difficulties owing to the lack of a complete 
endomembrane system and organelles [10]. 

Yarrowia lipolytica is recognized as a “Generally Recognized as Safe” 
(GRAS) by FDA [11] and with a complete inner membrane system which 
can express plant-derived cytochrome P450s more efficiently than 
E. coli. Owing to its high lipid production capacity, Y. lipolytica can 
supply sufficient acetyl coenzyme A (acetyl-CoA), adenosine triphos
phate (ATP), and nicotinamide adenine dinucleotide phosphate 
(NADPH) for the endogenous MVA biosynthesis pathways [12,13], 
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which is an effective strain for the production of terpenoids, such as 
squalene [14,15], farnesene [16], and α-humulene [17]. Furthermore, 
due to the absence of Crabtree effect, contrary to Saccharomyces cer
evisiae [18], and the compatibility to many inexpensive media [19], 
Y. lipolytica has become one of the most widely studied unconventional 
yeasts in recent years. 

In this study, multiple metabolic engineering approaches were 
introduced to achieve the enhanced production of taxadiene in 
Y. lipolytica. Firstly, a taxadiene producing Y. lipolytica strain YP11 was 
obtained by expressing the taxadiene synthase (TASY) gene from Taxus 
cuspidata, which produced about 0.02 mg/L of taxadiene. Then, a “push- 
pull” strategy was applied to increase the supply of precursors and 
decreased the bypass metabolism. Next, according the accumulation of 
geranylgeraniol (GGOH), the bottleneck of the taxadiene biosynthesis 
was supposed to be the step catalyzed by TASY, which were subse
quently alleviated by increasing the soluble expression and copy number 
of the TASY. Finally, the taxadiene titer reached 101.4 mg/L after fed- 
batch fermentation for 144 h under the optimized fermentation condi
tions, which is approximately 5000-fold compared with initial strain 
YP11. This is the first example for utilizing Y. lipolytica for taxadiene 
biosynthesis, which provides a foundation for the production of tax
adiene and other diterpenoids by Y. lipolytica. 

2. Results 

2.1. Construction of a taxadiene basal strain 

Previous reports have shown that expression of the genes encoding 
the taxadiene synthase (TASY) from Taxus cuspidate in S. cerevisiae 
resulted in taxadiene production [20]. In this study, TASY of the same 
origin controlled by a strong constitutive promoter, php4d, was inte
grated into Po1f genome, generating a basal strain YP11. The resulting 
strain produced approx. 0.02 mg/L taxadiene when cultured in YPD 
medium for 120 h (Fig. 2). 

The diterpene backbone contains 20 carbon atoms (Fig. 1). In 
Y. lipolytica, these carbon atoms derive from common terpene building 
blocks IPP and DMAPP, produced via the MVA pathway [21]. Therefore, 
increasing the MVA flux would enhance the terpene production by 

filling the building blocks pool. In the MVA pathway, 
hydroxymethylglutaryl-CoA reductase (HMG1) has been reported to be 
the rate-limiting enzyme [22]. The truncated form of HMG1 (tHMG1) 
without the N-terminal membrane-targeting signal can avoid the 
self-degradation mediated by its N-terminal domain and is more effec
tive in increasing isoprenoid production in Y. lipolytica [23,24]. The 
precursor of taxadiene, GGPP, is formed by the condensation of FPP 
(C15) with IPP (C5), which catalyzed by geranylgeranyl diphosphate 
synthase (GGSP1). The high flux of GGPP is very important for the 
production of downstream products. For example, when GGSP1 is 
overexpressed, the production of carotene and miltiradiene was signif
icantly increased [25,26]. To enhance the taxadiene concentration, one 
copy of endogenous tHMG1 and GGSP1 was co-expressed in the chro
mosome of strain YP11, the resulting strain YP12 produced 0.07 mg/L 
taxadiene after 120 h of flask fermentation (Fig. 2). These results indi
cated that the overexpression of rate-limiting enzymes in the MVA 
pathway could increase the taxadiene titer. 

2.2. Enhancing the titer of taxadiene by “push–pull” strategy 

To further improve the taxadiene titer, we adopted a “push–pull” 
strategy [27]. About the ‘push’ aspect, we overexpressed the key enzyme 
tHMG1 in the MVA pathway on the basis of strain YP12, the taxadiene 
titer of resulting recombinant strain YP21 reached 0.13 mg/L after 120 h 
of fermentation (Fig. 3a). To push the FPP to the direction of taxadiene 
synthesis, another one copy of GGSP1 was also overexpressed on the 
basis of strain YP12, the taxadiene titer of resulting recombinant strain 
YP22 reached 0.15 mg/L. To achieve higher accumulation of taxadiene, 
we simultaneously overexpressed tHMG1 and GGSP1, giving recombi
nant strain YP23, which resulted in a taxadiene production of 0.27 
mg/L. 

FPP is a common precursor of squalene and GGPP, while squalene 
was reported to be a precursor for the biosynthesis of ergosterol which is 
an important cell wall component and essential for the growth of mi
croorganisms [28]. Kildegaard and Arenesen replaced the native squa
lene synthase promoter (pERG9) with the relatively weak lanosterol 
14-a-demethylase promoter (pERG11) to prevent carbon loss to squa
lene and increase the titer of mono-, sesqui-, diterpenoid and carotenoid 

Fig. 1. Production pathways of taxadiene from glucose in Y. lipolytica. In Y. lipolytica, isoprenoids are synthesized from acetyl-CoA through the MVA pathway. Pink 
box represents the endogenous MVA pathway. Dashed boxes represent alternative metabolic pathways for the biosynthesis of taxadiene. Red arrows indicate 
overexpression and thin black arrows indicate reduced expression. 
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[21,23]. In order to reduce the flow of FPP to ergosterol, the endogenous 
promoter pERG9 of key gene erg9 in ergosterol biosynthesis was also 
replaced with a relatively weaker promoter pERG11 in the starting strain 
YP23, the taxadiene titer of resulting recombinant strain YP24 reached 
0.31 mg/L (Fig. 3a). Fusion proteins generated by fusing two genes with 
a linker region can shorten the distance between the enzyme and the 
substrate, and enhance the catalytic capacities of enzymes [29]. To 
further pull the flux of FPP to GGPP, the fusion protein of ERG20 and 
GGSP1 with different linkers (G3S, G4S, (G4S)2) was overexpressed in 
three recombinant strains (YP25, YP26 and YP27) based on the strain 
YP21. As shown in Fig. 3a, the titer of taxadiene was further increased 
after fusion expression of the two proteins, and the maximum titer 
reached 0.80 mg/L when the linker was (G4S)2. Besides, when the linker 
was G3S and G4S, the titers of taxadiene was 0.68 mg/L and 0.70 mg/L, 
respectively. 

However, GGOH, a hydrolysis product of GGPP, was observed to 
accumulate gradually with the increase of taxadiene titer, the titer of 
GGOH reached 115 mg/L especially in recombinant strain YP27 
(Fig. 3b). GGOH is known to form spontaneously through the degrada
tion of GGPP by endogenous phosphatase [30], while the titer of GGOH 
in the Po1f was relatively low with only 0.40 mg/L (Fig. 3b). The 
accumulation of GGOH and taxadiene demonstrate the feasibility of the 
“push-pull” strategy, but the large accumulation of GGOH reveals the 
metabolic bottleneck on the pathway of taxadiene biosynthesis. 

2.3. Solubilizing tags and multiple-rounds of genomic integration to 
enhance taxadiene production 

Fusion tags has been shown to increase the solubility and stability of 
exogenous proteins, and increase the titer of compounds of interest [31]. 
According to previous studies, the soluble expression of taxadiene syn
thase in S. cerevisiae is poor, and fusion with soluble tag can increase the 
taxsdiene titer [20]. To increase the taxadiene levels by increasing the 
soluble expression of taxadiene synthase, five solubilizing protein tags, 
including small ubiquitin modifying protein (SUMO) [32], glutathione 
S-transferase (GST) [33], maltose-binding protein (MBP) [20,34], 
N-utilization substance protein A (NusA) [35], and thioredoxin A (TrxA) 
[36], was fused to the N-terminus of TASY respectively, then integrated 
into genome, obtaining a set of recombinant strains (YP–51S, YP-51G, 
YP-51 M, YP-51N, and YP-51T). The ORF-tasy was also integrated into 
genome alone, the resulting recombinant strain YP51 served as a 
negative control (Fig. 4a). Different fusion tags performed differently. 
After fusion expression with the SUMO and MBP, the titers of taxadiene 
reached 3.55 mg/L and 3.45 mg/L respectively. However, over
expression of ORF-tasy alone produced only 2.01 mg/L taxadiene 
(Fig. 4b). However, the taxadiene production was only increased by 
12.4% when TASY was fused with NusA, and even decreased by 15.3% 
when fused with TrxA. This might be related to the varied degree to 
which the correct folding of taxadiene synthase was affected during the 
fusion expression. 

Exhilaratingly, we also noticed for the first time, that the recombi
nant strain YP51 with an additional copy of TASY showed a 173% in
crease in taxadiene production (Fig. 4b) and significant decrease in 

GGOH level (Fig. 4c) when compared with the starting strain YP27. To 
improve the conversion rate of GGPP to taxadiene, the tasy gene should 
be integrated in multiple copies. In Y. lipolytica, plasmid-based gene 
expression systems are less stable compared with chromosomes, the 
number of selectable markers in Y. lipolytica is limited, and homologous 
recombination is less efficient. These features limit our ability to 
perform multiple rounds of efficient gene integration. In Y. lipolytica, on 
the other hand, there are more than two hundred 26s rDNA loci that can 
be used to randomly integrate heterologous pathways genes [37]. Here 
we employed the method described by Xu et al. [38] which combines the 
Cre-loxP system with multicopy site 26s rDNA. In brief, we employed 
(SUMO-TASY)*2 as a unit for modular assembly of SUMO and TASY to 
integrated in the position between loxp-ura3-loxp and downstream 26s 
rDNA (Fig. 5a). The expression of Cre recombinase effectively removed 
the marker and facilitated the next round of gene integration. After one 
round of integration, about 20 transformants were randomly selected 
from the transformed plates and cultivated in 24 deep-well plates for 
120 h, the recombinant strain with the highest titer was selected for the 
next round of integration. After three rounds of integration, taxadiene 
production reached a new maximum of 23.7 mg/L (Fig. 5b). In 
S. cerevisiae, increasing the copy number of TASY also increased the titer 
of taxadine [20]. 

The three recombinant strains with the highest titers of each round of 
integration were selected and designated as M1-1 to M1-3, M2-1 to M2- 
3, and M3-1 to M3-3, respectively. We analyzed the copy number of tasy 
in these nine recombinant strains and the negative control strain YP-51 
(Fig. 5c). The titers of taxadiene in corresponding recombinant strains 
increased gradually with the increasing number of integrations (Fig. 5b). 
With the copy number of the tasy increasing, the level of GGOH 
decreased gradually. After three rounds of iterative integration, the 
production of undesired GGOH decreased significantly from 115 mg/L 
to 31.4 mg/L (Fig. 5c). 

2.4. Medium optimization and fed-batch fermentation 

Before fed-batch fermentation, four key parameters that might affect 
the final titer of taxadiene of recombinant strain M2-3 were optimized, 
including temperature, pH, Mg2+ concentration, and initial glucose 
concentration in the medium. The taxadien titer was highest at culture 
temperature of 25 ◦C, controlled pH at 6.5, and initial glucose concen
tration of 20 g/L and without Mg2+ addition (Fig. S1). As the auxotro
phic strain could not perform high-density fermentation [39], strain M4 
was constructed by supplementing the M3-3 with Leu marker. To 
examine the potential of engineered strain M4 for large-scale taxadiene 
production, we used a 5-L bioreactor for fed-batch fermentation. During 
the fed-batch cultivation process, the temperature was controlled at 
25 ◦C, and 3 M NaOH solution was used to maintain a pH around 6.5 
because a large amount of acid was produced during the fermentation 
process. The initial glucose concentration was set as 20 g/L. Once the 
glucose concentration in the medium decreased to ≤5 g/L, it was 
increased to 20 g/L using a feed solution of 200 g/L glucose. The cor
responding fermentation curves are shown in Fig. 6. Strain growth rate 
was faster during the fermentation for 0–72 h and slowed down after 72 

Table 1 
Production of taxadiene by various engineered microorganisms.  

Host Taxadiene concentration Engineering strategy Cultivation condition Reference 

E. coli 94% of total product  A cell-free assay was conducted [44] 
E. coli 1.3 mg/L Engineering Isoprenoid pathway 1 L LB medium culture, 37 ◦C [45] 
S. cerevisiae 1.0 mg/L Engineering Isoprenoid pathway 700 mL Selective SG-URA medium [46] 
S. cerevisiae 8.70 ± 0.85 mg/L Engineering Isoprenoid pathway 500 mL baffled shake flask, 28 ◦C [47] 
E. coli 1.02 ± 0.08 g/L Optimizing MEP pathway 1 L fed-batch cultivation, 22 ◦C [8] 
S. cerevisiae 20 mg/L Engineering Isoprenoid pathway 5 mL YP-galactose medium culture, 30 ◦C [31] 
N. benthamiana 56.6 ± 3.2 μg g− 1 FW Engineering Isoprenoid pathway and chloroplastic compartmentalize  [48] 
S. cerevisiae 129.0 ± 5.6 mg/L Engineering Isoprenoid pathway and diterpenoid synthase 500-mL MiniBio bioreactor, 20 ◦C [20] 
Y. lipolytica 101.4 mg/L Engineering Isoprenoid pathway and multi-copy integration 5 L fed-batch cultivation, 25 ◦C This study  
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h, the biomass reached an OD600 of 175 at 72 h. With fermentation 
proceeding, the taxadiene production also increased steadily. At the end 
of fed-batch fermentation, the OD600 was stably maintained at 210, 

meanwhile the taxadiene production reached 101.4 mg/L. 

3. Materials and methods 

3.1. Strains and medium 

E. coli strain DH5α was used for plasmid construction, propagation 
and storage, which was cultivated at 37 ◦C in a Luria-Bertani (LB) me
dium (agar plate containing 15 g/L Bacto agar (Difco) supplementing 
with ampicillin (100 mg/L) or kanamycin (50 mg/L) for selection. 
Y. lipolytica strain ATCC MYA2613 (Po1f) were cultivated at 30 ◦C in a 
yeast rich medium, which was prepared with 10 g/L yeast extract, 20 g/ 
L peptone and 20 g/L glucose, supplemented with 15 g/L Bacto agar 
(Difco) for solid plates. The selective YNB medium, which was made of 
0.67% yeast nitrogen base without amino acids, 20% glucose, and 1.5% 
agar, was supplemented with an appropriate amount of uracil or leucine. 
YNB-5-FoA (YNB medium with 1 g/L 5-fluoroorotic acid (5-FoA)), CSM- 
LEU-5-FoA (YNB medium without leucine but with 1 g/L 5-FoA) and 
CSM-URA-5-FoA (YNB medium without uracil but with 5-FoA) were 
used for recycling of the URA3 selection marker. All strains constructed 
and used in this study are listed in supplementary Information. 

3.2. Construction of vectors 

Taxadiene synthase (TASY) from Taxus cuspidate were codon opti
mized and synthesized from the Generay Biotech Co., Ltd. (Generay, 
Shanghai, China). Sequences of codon-optimized gene are list in Sup
plementary Information, Table S3. All primers used in this study are also 
shown in supplementary Information, Table S2. The plasmids for 
CRISPR/Cas9 system including homologous donor and single gRNA 
plasmids, were used for gene knock-in and knock-out. For example, 
firstly we used the restriction enzyme Spe I and Avr II to digest the donor 
plasmid, then the tasy sequences were inserted into the Spe I and Avr II 
sites of plasmid pHR_F1_hrGFP to generate the homologous donor 
plasmid pHR_F1_tasy. The F1-n20 containing 20-bp homologous arms to 
the plasmid backbone in both ends was inserted into the Asc I site of 
blank plasmid pCRISPRyl-F1 to produce the F1 site sgRNA. To integrate 
genes into the 26s rDNA locus on the Y. lipolytica genome, tandem of two 
SUMO-TASY expression cassette was inserted into the EcoR I site of 
plasmid pUC19-rDNA to generate the plasmid pUC19-rDNA-(SUMO- 
TASY)*2, then the vector was linearized by Avr II restriction enzymes 
prior to Y. lipolytica transformation. 

3.3. Construction of strains 

For iterative integration of genes into the genome we used the 
CRISPR/Cas9 system [40]. To integrate TASY into the multicopy 26s 
rDNA loci, we used the homologous recombination through linearized 
plasmids. The exogenous DNAs were transformed to Y. lipolytica by the 
kit Frozen-EZ yeast transformation II. All colonies were screened by PCR 
and about 10–20 clones were selected for analysis of each strain. All 

Fig. 2. Engineered taxadiene biosynthesis pathways in Y. lipolytica. Taxadiene production in engineered strains overexpressing TASY alone and simultaneously 
overexpressing MVA pathway rate-limiting enzymes tHMG1, GGSP1, and TASY. Experiments were conducted in triplicate, with error bars representing the standard 
deviation from the mean value. 

Fig. 3. “Push–pull” strategy analysis of taxadiene biosynthesis. (a) Taxadiene 
production in engineered strains obtained from increasing the gene copy 
number, decreasing SQS expression by replacing the strong promotor, and 
fusion by expressing ERG20 with GGSP1. (b) Concentration of GGOH in strains 
WT, YP12, YP23, YP24, and YP27 after 140 h of cultivation. Experiments were 
conducted in triplicate, with error bars representing the standard deviation 
from the mean value. 
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strains are listed in supplementary Information, Table S1. 

3.4. Strain cultivation and fed-batch fermentation 

The Y. lipolytica strains were first pre-cultured in 4 mL YPD medium 

at 30 ◦C (24 h, 220 rpm), then 1 mL of the preculture was inoculated into 
50 mL YPD medium contained in a 250-mL shake flask (covered with 
10% dodecane) with an initial OD600 of 0.02 and fermented for 120 h 
under the same condition. 

During the fermentation process, the engineered Y. lipolytica was first 
pre-cultured in 4 mL of YPD medium at 30 ◦C (220 rpm) for 18 h, then 

Fig. 4. Test of fusion tag universality. (a) Scheme of chromosomally integrated 
fusion tags with tasy genetic constructs. SUMO, GST, MBP, NusA, and TrxA were 
fused with TASY before being integrated into the chromosome XPR2 site. (b) 
Taxadiene production in the engineered strains by overexpressing TASY with 
different fusion tags. (c) Concentration of GGOH in the engineered strains 
detected at 140 h. Experiments were conducted in triplicate, with error bars 
representing the standard deviation from the mean value. 

Fig. 5. Multicopy integration of 26s rDNA into genome to improve taxadiene 
production. (a) Multicopy integration scheme of (SUMO-TASY)*2 in 
Y. lipolytica. After two loxP sequences were recognized by Cre, the ORF-URA 
between the loxP sites was excised for the next round of genes integration. 
(b) Effect of increasing rounds of integration of (SUMO-TASY)*2 into the 
genome on the formation of taxadiene in engineered Y. lipolytica. (c) The copy 
number of tasy and GGOH concentration in the highest titer strain per inte
gration. Experiments were conducted in triplicate, with error bars representing 
the standard deviation from the mean value. 
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transferred to a 250-mL flask containing 50 mL YPD, and cultivated at 
30 ◦C, 220 rpm for 16–18 h. Lastly, the seed culture was inoculated into 
a 5-L bioreactor (Zhenjiang Grenada, China) loaded with 2 L YPD me
dium (20 g/L glucose, 20 g/L yeast extract and 40 g/L peptone) and the 
initial OD600 was set to 0.5. During the fermentation, the dissolved ox
ygen (DO) concentration was controlled to be around 35% by adjusting 
agitation rate between 200 and 800 rpm, and the pH was controlled 
around 6.5 through addition of 3 M NaOH or 3 M HCL. A 10✕ YPD 
medium, consisting of 200 g/L yeast extract, 400 g/L peptone and 200 
g/L glucose, was fed into the bioreactor when the glucose concentration 
was lower than 5 g/L during fermentation. Dodecane 20% (V/V) was 
added to the medium, when the fermentation reached 36 h. 

3.5. Taxadiene and immediate metabolite quantification 

Before cultivation, 10% (V/V) dodecane was add to the medium to 
capture the metabolites taxadiene and GGOH. The supernatant of the 
fermentation broth (1 mL) was centrifuged at 8000 rpm for 3 min, and 
the dodecane layer was taken for taxadiene detection. We used octa
decane as an internal standard, so the samples with dodecane overlay 
were first mixed with octadecane (dissolved in dodecane, 50 mg/L) in an 
equal volume, and then analyzed by GC-MS (Agilent Technologies 6890 
N gas chromatography combined with 5975C mass spectrometry with 
triple-axis detector). 

3.6. Measurement of tasy gene copy number by quantitative PCR 

The tasy gene transcription was measured by quantitative PCR. 
Genimic DNA samples were prepared by using the EasyPure® Genomic 
DNA Kit (Transgene Biotech, Beijing, China). The qPCR was performed 
using One step SYBR® Green RT-qPCR with MMLV & hot-start Taq DNA 
Polymerase. A gapdh (glyceraldehyde-3-phosphate dehydrogenase) gene 
of Y. lipolytica was used as reference sequence. 

4. Discussion 

Due to its broad-spectrum anticancer effects, paclitaxel has become 
one of the most popular anticancer drugs in the market with a huge 
market demand. As a key intermediate for the biosynthesis of paclitaxel, 
taxadiene has attracted extensive attention. In this study, improving the 
solubility and copy number of the key rate-limiting enzyme taxadiene 
synthase in Y. lipolytica resulted in a significant increase in taxadiene 
production. This is the first report on the biosynthesis of taxadienes in 
Y. lipolytica, demonstrating the potential of Y. lipolytica as a platform for 
the biosynthesis of taxadiene. 

tHMG1 and GGSP1 are key enzymes for the biosynthesis of 

taxadiene. Overexpressing tHMG1 and GGSP1 on the basis of the strain 
YP11 increased the titer of taxadiene by 250%, which illustrates the fact 
that these two enzymes are key enzymes for the biosynthesis of tax
adiene. However, the absolute titer was still very low. The successful 
uses of “push-pull” strategies have improved the production of terpe
noids in various microorganisms, such as E. coli [41], S. cerevisiae [27], 
and Y. lipolytica [42]. In this study, we overexpressed above two en
zymes for the second time to push the carbon flux to the synthesis of 
GGPP, which improved the titer of taxadiene by 286%. About ‘pull’ 
aspect, the FPP was pulled to synthesize GGPP by weakening bypass 
through replacing the naive squalene synthade promoter (pERG9) of 
squalene synthetase with a relatively weak promoter (pERG11). In addi
tion, the fusion expression of ERG20 and GGSP1 accompanied with 
optimization of the linker for fusion protein dramatically increased the 
production of taxadiene by 296%. Owning to the fusion expression, the 
reduction of the shuttle distance between the substrate FPP and the 
enzyme GGSP1 might cause the pulling effect of FPP toward the direc
tion of GGPP synthesis, which led to the significant increase of taxadiene 
production. The titer of the recombinant strain YP27 was 11.4-fold 
higher than that of the strain YP12 after adopting the “push-pull” 
strategy. Combined with previous experimental results, it is confirmed 
that the "push-pull" strategy can effectively increase the precursor sup
ply of the interested product and redirect the carbon flow of metabolism, 
thereby improving the final titer of the target product. 

In the recombinant strain YP27, a large amount of GGOH was 
detected, which revealed that the metabolic bottleneck of taxadiene 
biosynthesis may be located at the taxadiene synthase. It has also been 
reported that the low solubility and poor expression of TASY in 
S. cerevisiae were identified as critical bottlenecks for taxadiene 
biosynthesis [20,43]. We hypothesized that the majority of GGPP 
naturally hydrolyzes to GGOH due to the poor soluble expression of 
TASY in Y. lipolytica. In order to solve this problem, we measured the 
titers of taxadiene after respective fusion expression of five different 
solubilizing tags fusion with TASY at N-terminus. When the TASY fused 
with SUMO the taxadiene titer was 60.6% higher than that of the control 
strain (YP51), which showed the best performance. The application of 
these solubilizing tags also provides a good reference for the selection of 
solubilizing tags in Y. lipolytica. In addition, increasing the copy number 
of a gene is another approach to solve this problem and thus increase the 
conversion rate. We therefore integrated the unit of (SUMO-TASY)*2 
into the rDNA multi-copy loci. After three rounds of iterative integra
tion, the titer of taxadiene reached 23.7 mg/L, while the titer of GGOH 
was significantly reduced form 115 mg/L to 31.4 mg/L. These results 
indicated that GGPP hydrolysis is a competing pathway against the 
taxadiene biosynthesis in Y. lipolytica, and confirmed that increasing the 
soluble expression of the key enzymes and multi-copy integration of 
their encoding genes into chromosome can effectively improve the 
conversion efficiency of GGPP to taxadiene. 

In a word, the taxadiene biosynthesis was firstly achieved and opti
mized using Y. lipolytica as chassis cells in this study. We confirmed the 
feasibility of a “push–pull” strategy and multicopy loci integration to 
enhance the biosynthesis of taxadiene, achieving the maximum titer of 
101.4 mg/L taxadiene by optimizing the medium and fed-batch 
fermentation. Also, the above-mentioned strategies could provide 
important insights and powerful tools to further improved the produc
tion of taxadiene or other diterpene compounds by using Y. lipolytica. 

5. Associated content 

The Supporting Information is available free of charge on the ACS 
Publications website. Y. lipolytica strains used in this study (Table S1), 
oligonucleotide primers used in this study (Table S2), codon optimized 
gene used in this study (Table S3), and the optimization of fermentation 
conditions for the M2-3 strain in shake flasks (Fig. S1). 

Fig. 6. Fed-batch fermentation of metabolically engineered strain M4. Tax
adiene production of recombinant strain M6 in batch fermentation. Fermenta
tion was performed in a 5-L jar fermenter containing 2 L of medium. 
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Key points  

• First report of taxadiene biosynthesis accomplished in Y. lipolytica  
• The “push-pull” strategy significantly increased the titer of taxanediene  
• A multi-copy chromosomal integration led to efficient synthesis of 

taxadiene. 
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Abbreviations 

Y. lipolytica Yarrowia lipolytica 
FDA Food and Drug Administration 
DMAPP dimethylallyl diphosphate 
IPP isopentenyl diphosphate 
GPP geranyl diphosphate 
FPP farnesyl diphosphate 
MVA mevalonate 
MEP 2-C-methylerythritol 4-phosphate 
GRAS Generally Recognized as Safe 
ATP adenosine triphosphate 
NADPH nicotinamide adenine dinucleotide phosphate 
5-FoA 5-fluoroorotic acid 
DO dissolved oxygen 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 
TASY taxadiene synthase 
HMGR hydroxymethylglutaryl-CoA 
SQS squalene synthase 
yltHMG1 truncated 3-hydroxy-3-methyl-glutaryl-CoA reductase from 
Y lipolytica 
GGSP1 geranylgeranyl diphosphate synthase 
GGPP geranylgeranyl diphosphate 
GGOH geranylgeraniol 
SUMO small ubiquitin modifying protein 
GST glutathione S-transferase 
MBP maltose-binding protein 

NusA N-utilization substance protein A 
TrxA thioredoxin A 
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