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A B S T R A C T   

Yarrowia lipolytica is a modern workhorse for biotechnology that is amenable to genetic manipulations and can 
produce high levels of various enzymes. The present study was designed to engineer Y. lipolytica for the over
expression of α-bisabolene, a valuable biofuel precursor and pharmaceutical, making use of this yeast’s ability to 
accumulate lipids, and with the use of a golden gate DNA assembly (GG) toolbox. By transforming Y. lipolytica 
with a GG genetic construct involving truncated 3-hydroxy-3-methyl-glutaryle coenzyme A reductase (tHMG) 
and α-bisabolene synthase (Bis) genes controlled by the strong TEF promoter and Lip2 terminator, the engineered 
yeast was able to produce 489 mg l− 1 of α-bisabolene. This was increased to 816 mg l− 1 by transforming a lipid- 
over-accumulating Y. lipolytica strain with the same genetic construct. Higher production titers of up to 1243 mg 
l− 1 could be also achieved by varying the culture conditions of the transformed strains.   

1. Introduction 

Yarrowia lipolytica is a nonconventional yeast that can accumulate 
lipids up to 20–50% of its dry cell weight depending on culture condi
tions.1,2 Y. lipolytica is amenable to genetic manipulations, can secret 
enzymes at high levels, tolerate a wide range of conditions, and utilize 
many different substrates. Together, this fueled a growing scientific 
interest in Y. lipolytica as an effective bio-factory for the productions of 
various natural products and biofuels. 

Terpenoids (also called isoprenoids or terpenes) are natural hydro
carbons used as fragrances and flavoring agents and have been recently 
identified as effective precursors of biofuels with high energy density, 
high combustion heat and efficient performance under cold tempera
ture.3,4 The sesquiterpene compounds, which are terpenoids containing 
15 carbon atoms such as farnesene and bisabolene are particularly 
highly effective jet fuel precursors. Farnesene has been already pro
duced on an industrial scale by the company Amyris employing engi
neered yeasts fermenting sugar cane (https://farnesene.net/). 
Bisabolene has been synthesized by engineered Escherichia coli and 
Saccharomyces cervisiae strains.3,5 It was then chemically hydrogenated 
into bisabolane that was shown to be an effective alternative to the D2 
diesel fuel.3 The D2 diesel is an improved grade of diesel that is used for 

compression ignition engines. Bisabolane showed comparable proper
ties to the D2 diesel fuel including a similar carbon chain length, cetane 
number and cold properties. The presence of an organic ring also in
creases the energy density of bisabolane as a fuel.3 The precusor bisa
bolene has also useful applications as a fragrnace, flavoring agent, 
anti-inflammatory and anti-cancer compound.6,7 

More recently, Y. lipolytica was engineered to produce α-bisabolene 
from cooking waste.8 However, this work employed a classical approach 
for engineering the yeast and did not make use of its ability to over
acumulate lipids. This ability was shown to increase the production of 
β-carotene, an important terpenoid molecule, by a Y. lipolytica strain 
engineered to overproduce lipids.9 This suggests that the ability of 
Y. lipolytica to accumulate lipids can be harnessed for increasing the 
production of other terpenoids including α-bisabolene. 

To this end, we sought to employ the golden gate (GG) assembly 
protocol to generate a multigene expression cassette aimed to produce 
α-bisabolene in Y. lipolytica. We used a GG toolbox that involves the TEF 
strong promoter driving the expression of two key genes in the synthesis 
pathway of α-bisabolene. This toolbox has proven to be an efficient, 
modular tool for engineering Y. lipolytica.10 However, it has not been 
used for the production of industrial products including biofuels. We 
report the effectiveness of this protocol to engineer Y. lipolytic to produce 
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α-bisabolene and could increase the production titer of this biofuel 
precursor by employing the ability of the yeast to over-accumulate 
lipids. 

2. Materials and methods 

2.1. Cultures and growth conditions 

Cultures used in this work are described in Table 1. Y. lipolytica 
strains were grown on the YPD agar (BD Difco, Maryland, USA) at 30 ◦C 
for 24 h. The yeast nitrogen base dextrose (YNBD) minimal agar was 
used for the selection of Y. lipolytica transformants. YNBD consisted of 
glucose (10 g l− 1), yeast nitrogen base without amino acids and without 
ammonium sulphate (1.7 g l− 1), ammonium chloride (5 g l− 1) and 
phosphate buffer pH 6.8 (50 mM) [10]. YNBD was used for the selection 
of the transformed Y. lipolytica JMY1212 cells (Bis1212), whereas YNBD 
+ hygromycin (200 μg ml− 1) were used for the selection of the trans
formants resulting from the JMY 3501 strain (Bis3501). Escherichia coli 
DHα5 was grown LB agar (BD Difco) at 37 ◦C for 24 h. For the selection 
of antibiotic-resistant E. coli transformants, ampicillin (100 μg ml− 1) or 
kanamycin (50 μg ml− 1) (Sigma-Aldrich, St. Louis, Missouri, USA) was 
added to the LB agar as relevant. 

2.2. Golden Gate assembly 

Golden gate (GG) assembly was conducted using the modular GG 
toolbox described by Larroude et al.10 Plasmids pre-cloned with gene 
promoters and terminators were mixed with other plasmids containing 
the coding domain sequence (CDS) of a truncated 3-hydroxy-3-methyl-
glutaryle coenzyme A reductase (tHMG) and α-bisabolene synthase (BiS) 
genes and the backbone vector GGE114. A reaction mixture of a total 
volume of 25 μl were formulated using 50 fmol or 75 ng of each plasmid. 
BsaI (1 μl), T4 ligase (1 μl), T4 ligase buffer (2 μl) and nuclease-free 
water (NFW) (to a final volume of 25 μl) were then added. Those en
zymes, buffer and NFW were all supplied by New England Biolabs 
(Hitchin, Hertfordshire, UK). The GG reaction mixture was subjected to 
a thermal program consisting of 50 cycles of heating at 37 ◦C for 5 min 
followed by 16 ◦C for 5 min and 1 cycle of heating at 37 ◦C for 10 min 
followed by 60 ◦C for 5 min. A final cooling step at 4 ◦C was conducted 
overnight. GG reactions were conducted by using a PCR thermal cycler 
(Veriti, Applied Biosystems, USA). 

The components of the GG toolkit were kindly provided by Prof. 
Tristan Rossignol of INRA, France. The CDS of tHMG9 and Bis from Abies 

grandis3,11 were codon optimized and designed as to contain relevant 
BsaI restriction sites and 4 nucleotides at each end for the golden gate 
assembly.10 They were finally synthesized and supplied pre-cloned into 
plasmids by TWIST Bioscience (California, USA). The sequence of parts 
of the GG toolkit can be retrieved on https://www.addgene.org/kits 
/rossignol-yarrowia-lipolytica-golden-gate/#protocols-and-resources. 
Whereas, sequences of the edited tHMG and Bis genes are depicted in 
Figs. S1 and S2. Restriction enzymes were supplied by New England 
Biolabs (Hitchin, UK). 

2.3. Assessment of DNA concentration 

DNA concentration was measured by using the Qubit 4 fluoremeter 
(ThermoFisher Scientific, Waltham, Massachusetts, USA) and the 
Qubit™ 1X dsDNA BR Assay kit (ThermoFisher Scientific). 

2.4. Transformation of Y. lipolytica with GG genetic constructs 

The product of the GG reactions described above was used to 
transform E. coli DHα5 by the use of the heat shock method.12 White 
E. coli colonies were selected as successful transformants (Fig. S3) and 
used for plasmid extraction employing the QIAprep spin miniprep kit 
(Qiagen, MD, USA). Plasmid preparation was then digested by the Not1 
restriction enzyme and the product was used to transform Y. lipolytica 
using the lithium acetate, one-step transformation method.13,14 Trans
formants were selected on the YNBD minimal agar as described above. 
They were then confirmed using PCR and DNA sequencing. 

2.5. Assessment of the production of α-bisabolene using the GC-FID 
protocol 

Two sets of experimental conditions were used for the production of 
α-bisabolene from transformed Y. lipolytica. In both cases, a 24 h culture 
of the transformant Y. lipolytica strains grown in YPD broth was inocu
lated as to obtain OD600 of 0.1 in YP broth supplemented with 80 g L− 1 

glucose. Two volumes of YP broth were used; 2 ml in glass tubes and 50 
ml in shake flasks (250 ml). Dodecane (Sigma) was added (10% v/v) as 
an overlay on each volume of the YP broth. The 2 ml cultures were 
incubated at 30 ◦C for 72 h with shaking at 120 rpm,15 whereas the 50 
ml cultures were incubated at the same temperature for 120 h with 
shaking at 200 rpm. The dodecane overlayer was separated by centri
fugation at 5000×g for 5 min. The overlayer was then subjected to the 
GC-FID analysis using an MXT-1 Restek column (60 m, 053 mm ID, 5 μm 
film) and a GC system SRI-8610C (SRI Instruments, California, USA). 
The oven temperature for the column was kept at 35 ◦C for 3 min, fol
lowed by an increase to 240 ◦C (5 ◦C per min), and 300 ◦C (10 ◦C per 
min), at which the temperature was maintained for 70 min. 

3. Results 

3.1. Engineering of Y. lipolytica to produce α-bisabolene 

Yeasts can be engineered to produce bisabolene via the mevalonate 
pathway (MEVP) following transformation with a relevant synthase 
enzyme. As shown in Fig. 1, MEVP is a multi-step pathway that produces 
FPP, which can be converted into bisabolene by a bisabolene synthase 
(Bis) enzyme. It has been shown that the overexpression of a truncated 
version of the HMG gene (tHMG) resulted in an overproduction of FPP in 
Saccharomyces cervisiae and Y. lipolytica.16,17 We thus designed a genetic 
construct using the golden gate toolkit, for the overexpression of both 
the tHMG and Bis genes by placing them under the control of the strong 
TEF promoter (Fig. 2A). 

This generated a GG genetic construct that was used to transform 
Y. lipolytica JMY 1212. Transformants were subjected to the GC-FID 
analysis. A well-separated peak with a retention time of approximately 
11 min could be recognized in the GC-FID pattern of the transformed 

Table 1 
Microbial strains used in the study.  

Strain Genotype Phenotype Source 

Y. lipolytica 
JMY1212 

MATA ura3-302 leu2- 
270-LEU2-zeta xpr2- 
322 Δlip2 Δlip7Δ lip8 

Leu+, Ura- Tristan 
Rossignol’s 
lab, INRA 

Y. lipolytica 
JMY3501 

Δpox1-6 Δtgl4 pTEF- 
DGA2-LEU2ex pTEF- 
GPD1-URA3ex 

Lipid 
overaccumulating 

Tristan 
Rossignol’s 
lab, INRA 

Y. lipolytica 
Bis1212 

JMY1212 strain 
transformed with 
pTEF-tHMG-pTEF-Bis 
construct 

α-bisabolene 
producing, 
Leu+, Ura+

This study 

Y. lipolytica 
Bis3501 

JMY3501 strain 
transformed with 
hygro- pTEF-tHMG- 
pTEF-Bis 

Lipid 
overaccumulating, 
α-bisabolene 
producing, 
Hygromycin resistant 

This study 

Escherichia 
coli DHα5 

Φ80dlacZΔm15, 
recA1, endA1, gyrA96, 
thi-1, hsdR17 (rk-, 
mk+), supE44, relA1, 
deoR, Δ(lacZYAargF) 
U169 

Chemically competent 
strain 

Jose 
Jimenez’s lab, 
Imperial 
College 
London.  
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Fig. 1. A simplified illustration of the mevalonate pathway leading to the production of bisabolene in yeasts [3]. HMG-CoA: hydroxymethylglutaryl-CoA, HMG: 
HMG-reducatase, IPP: isopentenyl diphosphate, DMAPP: dimethylallyl diphosphate, GPP: geranyl/farnesyl diphosphate, FPP: farnesyl diphosphate, BiS: α-bisabolene 
synthase. Dashed arrow indicates multi-step reaction. 

Fig. 2. Genetic constructs synthesized using the GG toolkit for overexpressing α-bisabolene in Y. lipolytica. Each construct involved CDS of the tHMG and Bis genes, 
which were lined to pTEF promoter and TLip2 terminators. The construct also contained a Uracil (Ura) (A) or hygromycin resistant (hyg) (B) marker and Zeta el
ements (InsUp and InsDown) sequences for integrating the construct into the cell’s chromosome. 
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Y. lipolytica (designated Bis1212) strain (Fig. 3A). This peak was absent 
in the GC-FID pattern of the parent, non-transformed Y. lipolytica 
JMY1212 (Fig. 3B), which indicated that it presented α-bisabolene. This 
suggested that the transformed Y. lipolytica Bis1212 strain was able to 
produce α-bisabolene. 

The production of α-bisabolene by the transformed Y. lipolytica 
Bis1212 strain was quantified. The production titer was found to be 
significantly influenced by the culture conditions. As shown in Table 2, 
growing the Bis1212 strain using 50 ml culture with shaking at 200 rpm 
for 120 h was associated with more than 2-time increase (1150 mg l− 1) 

in the amount of α-bisabolene as compared to the use of 2 ml culture 
with shaking at 120 rpm for 72 h (489 mg l− 1). 

3.2. Effect of lipid-overaccumulation by Y. lipolytica on increasing 
α-bisabolene production 

To study the effect of lipid-overaccumulation by Y. lipolytica on 
α-bisabolene production, Y. lipolytica JMY3501, a lipid over- 
accumulating strain,18 was transformed with a GG genetic construct 
involving a tHMG and Bis synthase genes under the control of the TEF 
promoter. Since the JMY3501 strain did not contain antibiotic or 
nutritional (Ura or Leu) selection makers, the genetic construct was built 
with a hygromycin resistant gene (Fig. 2B). The production of α-bisa
bolene by the transformed Y. lipolytica strain designated Bis3501 was 
indicated by the appearance of a well-separated peak with a retention 
time of approximately 11 min in the GC-FID pattern of this strain 
(Fig. 3C). This peak was absent in the chromatogram of the parent, 
un-transformed JMY3501 strain (Fig. 3D). 

Table 2 compares α-bisabolene production by a transformed 
Y. lipolytica JMY1212 strain (Bis1212) with that of a transformed 
JMY3501 strain (designated Bis3501). It could be seen that the 

Fig. 3. GC-FID chromatograms of α-bisabolene-producing Y. lipolytica Bis1212 (A) and Bis3501 (C) and un-transformed Y. lipolytica JMY1212 (B) and JMY3501 (D).  

Table 2 
Production of α-bisabolene by transformed Y. lipolytica 1212 and JMY3501 
strains.   

Strain 
Production of α-bisabolene as mg l− 1 caryophyllenea 

± Standard deviation 

2 ml/120 rpm/72 h 50 ml/200 rpm/120 h 

Y. lipolytica Bis1212 489 ± 21 1150 ± 50 
Y. lipolytica Bis3501 816 ± 15 1243 ± 45  

a Caryophyllene was used as a standard in the GC-FID analysis. 
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expression of α-bisabolene in the Bis3501 strain (816 mg l− 1) was 
approximately 1.7-times that of the transformed Bis1212 strain (489 mg 
l− 1) under the 2 ml/120 rpm/72 h production conditions. This was 
increased to the highest titer of 1243 mg l− 1 with the use of 50 ml/200 
rpm/120 h. This suggests that lipid overaccumulation allowed higher 
production of α-bisabolene. It also confirms that the use of 50 ml culture 
in 250 ml shake flask agitated at 200 rpm for 120 h increased the pro
duction titer. 

4. Discussion 

The current study created two Y. lipolytica strains, Bis1212 and 
Bis3501, engineered for the production of α-bisabolene, a sesquiterpene 
of various industrial and medical applications and a precursor of an 
advanced biofuel. The observed production titers of α-bisabolene by 
those strains, 1150 mg l− 1 and 1243 mg l− 1, respectively, are higher than 
those reported for engineered Saccharomyces cervisiae (994 mg l− 1)3 and 
previously engineered Y. lipolytica (973.1 mg l− 1).8 Another recent study 
also reported the production of 1058.1 mg l− 1 of α-bisabolene by engi
neered Y. lipolytica,19 which was still lower than the production titers 
observed in the present study. This could be attributed to the use of the 
strong TEF promoter in overexpressing the tHMG and Bis genes. The use 
of strong promoters was previously shown to increase the transcription 
rate by 6 times, compared with a 2 time increase with cloning cells with 
an additional gene copy.20 The TEF promoter is reported to be one of the 
strongest promoters for initiating gene expression in Y. lipolytica.20 

Another reason for the present higher production titer of α-bisabo
lene is the use of a lipid overaccumulating Y. lipolytica strain. We engi
neered the lipid-overaccumulating JMY3501 strain that was deleted in 
the triglyceride lipase gene y1TGL4 and the beta-oxidation genes 
ylPOX1-621 and overexpressed in the major acyl-CoA: diacylglycerol 
acyltransferase (ylDGA2) gene22 and the glycerol-3-phosphate dehy
drogenase (ylGPD1) gene.23 Transforming this strain with the tHMG and 
Bis genes resulted in approximately 1.7 time increase in α-bisabolene 
production compared to the JMY1212 strain that had lower lipid over
accumulation capacity. In consistent with this, a previous report showed 
that lipid overaccumulation was associated with an increased produc
tion of β-carotene in Y. lipolytica.9 This was ascribed to the production of 
higher concentrations of Acetyl Co-A in lipid overproducing Y. lipolytica 
strains. Abundance of Acetyl Co-A could increase the production of 
α-bisabolene and β-carotene since it is a precursor in the MEVP (Fig. 1). 
Accumulation of lipids also increases the storage of those terpenoids 
inside the lipids bodies, which could reduce the toxicity associated with 
their accumulation in the plasma membrane. 

The golden gate assembly protocol applied in this work has facili
tated and modulated the design and assembly of the genetic constructs 
leading to α-bisabolene overexpression. The GG toolkit also offers strong 
promoters and terminators for highly efficient gene expression. It em
ploys Zeta elements for integrating the transformed genes into the 
yeast’s chromosomes, which allows genetic stability and persistent 
production of α-bisabolene. 

The Y. lipolytica strains engineered in the present study for the over- 
expression of α-bisabolene could be further exploited in the valorization 
of different wastes including waste oils and lignocellulosic plant wastes. 
As an oleaginous yeast, Y. lipolytica can produce and metabolize lipids, 
which allows the conversion of waste oils into α-bisabolene by the 
engineered strains. To use lignocellulosic materials, the engineered 
strains will be further transformed with cellulolytic genes to degrade 
polysaccharides into fermentable sugars that can be used for the pro
duction of α-bisabolene. Conferring cellulolytic ability to Y. lipolytica to 
metabolize cellulose in a consolidated bioprocessing, where the yeast 
can both degrade polysaccharides and ferment the product has been 
reported in the literature.24 
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