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INTRODUCTION
β-Carotene is a carotenoid that has been applied to pharmaceuticals, nutraceuticals, cosmetics, feed additives, and as 

food colorants [1,2]. Currently, most β-carotene is produced through chemical synthesis or fermentation by microorganisms [3]. 
Large-scale fermentation by Blakeslea trispora is a commercially important source of natural β-carotene, but it cannot satisfy the 
demand of the growing market due to its associated complicated method of mixed strain fermentation [4]. With the development 
of synthetic biology and metabolic engineering, the heterologous expression of β-carotene biosynthesis genes has become a 
potential strategy to solve the current dilemma. Now the heterologous expression of the β-carotene has made a series of progress 
in Escherichia coli [3,5] and yeast system. Yield of β-carotene in Saccharomyces cerevisiae [6] and Pichia pastoris [7] were lower than 
that in E. coli, but the E.coli was not a generally recognized as GRAS (generally recognized as safe) organism using in food industry. 
Therefore, it is necessary to optimize or investigate other yeast systems to product the β-carotene. Yarrowia lipolytica has emerged 
as a GRAS organism for production high value-added chemicals in recent years, such as Eicosapentaenoic Acid (EPA), which has 
been a commercial product for nutritional supplement [8]. Barth et al. constructed a Y. lipolytica strain producing lycopene through 
optimization of metabolic pathways [9]. A β-carotene-producing strain was created by introducing carotenoid gene from Mucor 
circinelloides, however the yield was low [10]. Although β-carotene biosynthetic pathway of B. trispora was elucidated [11], previous 
studies have demonstrated poor heterologous expression. The objectives of this study are to determine whether these genes are 
functional in Y. lipolytica and further to assemble multiple copies of β-carotene biosynthesis genes into the genome of Y. lipolytica 
to improve β-carotene production. 

MATERIALS AND METHODS
Strains, Medium and Culture Conditions

E. coli DH5α (Beijing ConWin Biotech Co., Ltd) was used as the host for plasmid construction. Y. lipolytica ATCC20362 
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purchased from the American Type Culture Collection (ATCC) was used as the host for the β-carotene biosynthesis pathway. All 
engineering strains are shown in supplementary Table 1.

LB medium (1% peptone, 0.5% yeast extract, and 1% NaCl) was used to cultivate E. coli. YPD medium (2% glucose, 2% 
peptone, and 1% yeast extract) was used to cultivate Y. lipolytica. Minimal medium (MM medium) described by Barth was applied 
to cultivate recombinant Y. lipolytica [9].

Construction of Plasmids

The primers and plasmids used in our study are listed in supplementary Tables 2 and 3. Sequence of carB and carRA 
(GenBank: AY176662) from B. trispora strain F-744, and carB(M) (Genbank: AJ238028) and carRP (Genbank: AJ250827) from 
M. circinelloides strain NRRL 2457 were codon-optimized according to the codon bias of Y. lipolytica, based on the Codon Usage 
Database. The geranylgeranyl diphosphate synthase gene (GGS, GenBank: XM_502923) and the homology arms (INTF.5N and 
INTF.3N) for integration into INTF (GenBank: YALI0F3161413 to YALI0F3162449) were amplified from the genome of ATCC20362. 
The carB, carRA, carB (M), carRP, and GGS, obtained by NcoI/NotI digestion, were inserted into the plasmids pWSV-FBAin-lip1, 
pWSV-GPD-lip2, and pWSV-YAT1-lip2 respectively, to construct the expression cassettes pWSV-FBAin-carB-lip1, pWSV-GPD-carRA-
lip2, pWSV-FBAin-carB(M)-lip1, pWSV-GPD-carRP-lip2, and pWSV-YAT1-GGS-lip2. Subsequently, the homology arms INTF.5N and 
INTF.3N, together with the expression cassettes FBAin-carB-lip1, GPD-carRA-lip2, and YAT1-GGS-lip2, were successively inserted 
into pSK-URA3 to generate pSK-B-RA-GGS-INTF-U (Figure 1A). Then FBAin-carB(M)-lip1 and GPD-carRP-lip2 were then substituted 
for FBAin-carB-lip1 and GPD-carRA-lip2 of pSK-B-RA-GGS-INTF-U to generate pSK-B(M)-RP-GGS-INTF-U (Figure 1B).

HMG-CoA reductase gene (HMG, GenBank: XM_503558) and homologous arms (INTB.5N and INTB.3N) for integration into 
INTB (GenBank: YALI0B700678 to YALI0B701707) were amplified from the genome of ATCC20362. HMG cut by NcoI/NotI was 
ligated into pWSV-EXP-Aco to generate pWSV-EXP-HMG-Aco. Next, INTB.5N, INTB.3N, and EXP-HMG-Aco were ligated into pSK-
URA3 to generate pSK-HMG-U-INTB (Figure 1C).

Figure 1. Plasmids maps used in this study. (a) pSK-B-RA-GGS-INTF-U harboring YAT1-GGS-lip2, GPD-carRA-lip2, FBAin-carB-lip1, URA3, 
INTF.5N, and INTF.3N. (b) pSK-B(M)-RP-GGS-INTF-U carrying YAT1-GGS-lip2, GPD-carRP-lip2, FBAin-carB(M)-lip1, URA3, INTF.5N, and INTF.3N. 

(c) pSK-HMG-URA3-INTB containing EXP-HMG-Aco, URA3, INTB.5N, and INTB.3N.

Construction of the remaining plasmids are shown in supplementary data transformation and cultivation of Y. lipolytica: A 
URA3 deficient strain was transformed with linear DNA using the protocol of Barth and Gaillardin [12]. A 100-ml flask containing 
5 ml YPD medium (pH 4.0, adjusted using 1 M citric acid-Na citrate buffer) was inoculated with a single colony and shaken at 
28°C for 16 h. Then, 500 μl cultures were transferred into a 250 ml flask containing 10 ml YPD medium and incubated overnight. 
When the OD600 was approximately 5.0, all cells were harvested by centrifugation at 3500 × g for 5 min and washed twice with 
TE buffer (pH 7.5). Approximately 20 ml of 100 mM lithium acetate (pH 6.0) was used to resuspend the cells and the sample was 
incubated at 28°C for 1 h. Finally, the treated cells were centrifuged at 3500 × g for 5 min and resuspended in 2 ml of 100 mM 
lithium acetate to obtain competent cells. Approximately 1 μg of linearized plasmid mixed with 50 μg of denaturized carrier DNA 
(Sigma) and 100 μl of competent cells were incubated at 28°C for 15 min. Then, 700 μl of 40% PEG4000 was added and the 
sample was shaken at 100 rpm and 28°C for 1 h. Heat shock at 39°C for 10 min was performed and then 1.2 ml of 100 mM 
lithium acetate was added. The mixture were spread on solid MM medium and incubated for 4 days at 28°C. Transformants that 
appeared yellow on the plate were picked and cultivated at 28°C for 96 h supplementary Figures 1 and 2.

Recycling of the URA3 Marker

Engineered Y. lipolytica, inoculated in 20 ml of YPD medium, was shaken at 28°C until the OD600 was approximately 1.0. 
Cells (100 μl) were spread on solid MM medium containing 100 μg/ml 5-fluoroorotic acid (5-FOA), 75 μg/ml uridine, and uracil, 
and incubated for 4 days at 28°C. A yellow colony was selected for the next integration.
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Analysis of HMG-CoA Reductase Activity

One transformant colony was inoculated in 5 ml MM medium and incubated at 28°C until the OD600 was approximately 
1.0. Subsequently, 1 ml of culture medium was transferred into 20 ml of MM medium and incubated at 28°C overnight. Ten 
milliliters of culture medium were centrifuged at 3500 × g for 10 min and washed with 50 mM phosphate buffer (pH 7.0). Pelleted 
cells were resuspended in 600 μl of lysis buffer and glass beads were added at a volume of 50% of the liquid. The suspension 
was vortexed five times for 1 min each and placed on ice immediately. The extract was centrifuged at 3500 × g and 4ºC for 5 min, 
and the suspension was transferred to a new tube on ice for activity assays.

The HMG-CoA reductase activity assay was modified according to the description by Asadollahi and Donald [13]. For this, 50 
μl of 3 mM NADPH and 50 μl of cell extract were added to a 1 ml quartz cuvette containing 850 μl of 100 mM phosphate buffer. 
After 5 min of equilibration at 30°C, 50 μl of 3 mM HMG-CoA was added to the cuvette and the change in absorbance at 340 nm 
(A340) was recorded over 1 min. Enzyme activity (U) was defined as the quantity of NADP (nmol) produced per min [14].

The protein content of the cell extract was determined using a BCA Protein Assay Kit (Beijing ComWin Biotech Co., Ltd) with 
bovine serum albumin as the standard.

Carbon Source Optimization for the Genetically Modified Strain in Shake-flasks

One colony of genetically modified strain was inoculated in 5 ml YPD liquid medium and incubated at 28°C until the OD600 
was approximately 1.0. Subsequently, 1 ml of the culture was transferred into 20 ml medium containing different concentrations 
of glucose and glycerol (2% glucose, 4% glucose, 1% glucose and 1% glycerol, 2% glycerol, 4% glycerol) and cultivated at 28°C 
for 96 h.

Fed-batch Fermentation for β-carotene Production

For lab-scale culture, fed-batch fermentation was carried out in a 5 l fermenter. A 250 ml seed shake flask with 25 ml of 
YPD medium was inoculated with one loop of YC607 and incubated at 28°C for 24 h. Subsequently, three 750 ml seed shake 
flasks with 100 ml of YPD medium each were inoculated with 5 ml of culture and incubated at 28°C for 24 h. Finally, 300 ml of 
seed culture were inoculated into 3000 ml of YPD medium in the fermenter and incubated at 28°C. Dissolved oxygen was kept 
at 30% and pH was maintained at 5.5 using ammonia. During the fed-batch fermentation, 70 g/l of glycerol was fed to maintain 
the glycerol above 2%.

Extraction and Quantification of β-carotene

Quantification of β-carotene was performed by high-performance liquid chromatography (HPLC) [6]. One milliliter of fermentation 
broth was centrifuged at 13200 X g for 2 min and lyophilized overnight to measure dry cell weight. Equal quantities of cells were 
harvested for β-carotene extraction. The pelleted cells were resuspended in 1 ml acetone and agitated with ultrasound for 30 min. 
The acetone extract was centrifuged at 13200 X g for 2 min and the suspension containing β-carotene was filtered with a 0.45 
μm filter for subsequent analysis.

The β-carotene content of the extract was determined using an HPLC system (Agilent 1260 Infinity) equipped with a C18 
column (Hypersil ODS 5 μm, 4.6 mm × 250 mm) [15]. A sample (10 μl) was injected into the C18 column and detected at 472 nm 
with the mobile phase as shown in supplementary Table 4 [10].

Statistical Analysis

Statistical analysis is performed with the statistical software SPSS18.0. All data, which were obtained from at least three 
independent experiments, are expressed as means ± standard deviations. The t-test is used to compare the difference between 
various groups, and p<0.05 or p<0.01 indicates statistically different.

RESULTS AND DISCUSSIONS
Comparison of β-carotene Biosynthetic Genes from B. Trispora and M. Circinelloides

High-level carotenoid was achieved in E. coli by expressing bacterial carotenoid genes [3], however expressional activity of 
bacterial carotenoid genes were poor in yeast system [16]. Xie et al. also showed that carotenoid genes from eukaryotic organisms 
are more suitable than that from bacteria in S. cerevisiae [17]. Therefore, the codon-optimized biosynthetic genes (carRA and carB 
from B. trispora, and carB (M) and carRP from M. circinelloides) from two important microorganisms for producing of β-carotene 
were expressed in Y. lipolytica. The plasmid pSK-B-RA-GGS-INTF-U or pSK-B(M)-RP-GGS-INTF-U were integrated into the host strain 
Y2224 (URA3-deficient strain from Y. lipolytica ATCC20362) respectively, and the positive colonies were selected to analyze the 
β-carotene productivity. The transformants with highest β-carotene yield were designed YC202 (from B. trispora) and YM202 
(from M. circinelloides). Table 1 shows that the biomass of strain YC202 and YM202 are similar to ATCC20362, indicating that 
introduction of β-carotene biosynthetic pathways does not affect the strain growth. The β-carotene yield of YC202 was 4.35 ± 
0.14 mg/l while that of YM202 was 3.86 ± 0.13 mg/l, and there is significantly difference between β-carotene yield of two strains 
(p<0.05). The results showed that carRA and carB of B. trispora or M. circinelloides were functional in Y. lipolytica, however 
expression level of β-carotene biosynthetic gene from B. trispora was better than that from M. circinelloides in Y. lipolytica.
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Table 1. Comparison of biomass and β-carotene yield between strains integrated β-carotene biosynthetic genes from B. trispora or M. 
circinelloides.
Biomass (g/l) β-carotene yield (mg/l)

ATCC20362 11.63 ± 0.62 0
YC202 11.42 ± 0.74 4.35 ± 0.14
YM202 11.71 ± 0.57 3.86 ± 0.13

Metabolic Engineering of Y. Lipolytica to Produce β-carotene

HMG-CoA reductase is a rate-limiting enzyme in the mevalonate pathway, and mevalonate is generally considered an 
effective supplier of the isoprenoid precursor [18]. Overexpression of HMG-CoA reductase enhances isoprenoid production in 
several yeast species such as S. cerevisiae [13] and Candida utilis [19]. One copy HMG-CoA reductase gene (HMG) of was inserted 
into YC202 by plasmid pSK-HMG-U-INTB to create the YC306. HMG-CoA reductase enzymatic activity was assayed for YC202 and 
YC306. Overexpression of HMG increased enzymatic activity from 1.06 ± 0.04 U/(mg protein) in YC202 to 1.77 ± 0.06 U/(mg protein) 
in YC306, and the difference was significant (p<0.01). Meanwhile, β-carotene production increased from 4.35 ± 0.14 mg/l in YC202 
to 6.96 ± 0.15 mg/l in YC306, and the difference was significant (p<0.01). Overexpression of the HMG enhanced catalytic activity by 
approximately 65%, which simultaneously stimulate an increase in β-carotene yield of approximately 60%.

In order to enhance the productivity of β-carotene by multiple genes expression strategy, a recyclable URA3 marker was 
used to introduce many copies of β-carotene biosynthesis genes by sequential integrations. The URA3 marker in URA3-phenotype 
transformants can be excised by homologous recombination and ura3-phenotype transformants are identified by FOA-resistant 
selection for subsequent rounds of transformation [20]. The construction steps of β-carotene biosynthesis in recombinant Y. 
lipolytica are shown in Figure 2. First, pSK-B-RA-GGS-GUT2-U was inserted into YC306 to create YC413, which introduced the 
second copy of β-carotene biosynthesis genes and yielded 37.45 ± 0.87 mg/l of β-carotene. Strain YC413 was transformed 
using pSK-B-RA-GGS-POX2-U to create YC511, which introduced the third copy of β-carotene biosynthesis genes and increased 
the yield of β-carotene to 53.97 ± 0.83 mg/l. Second copy of HMG, using pSK-HMG-U-INTA, was introduced into YC511 to create 
YC607. The genetically modified strain YC607, which contained three copies of β-carotene biosynthesis genes, two copies of HMG, 
accumulated 72.89 ± 1.09 mg/l of β-carotene. Each gene integration resulted in an increase in the yield of β-carotene, and the 

Figure 2. Metabolic engineering of Y. lipolytica to produce β-carotene. (a) HMG-CoA reductase activity assay of YC202 and YC306 where U was 
defined as the quantity of NADP (nmol) produced per min. (b) Biomass and β-carotene content produced by the engineered Y. lipolytica when 

the strains were cultivated in YPD medium for 96 h.
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difference was significant (p<0.01) (Figure 3B). The β-carotene yield displayed a 16.8 fold increase compared to YC202 with one 
copy of β-carotene biosynthesis gene, indicating that overexpression of the rate-limiting step could effectively increase the yield of 
the target product in a heterologous host. However, when another copy of HMG was inserted into YC607 strain, β-carotene yield 
was decreased due to lower biomass. The result indicated that more HMG-CoA reductase might have resulted in accumulation of 
isopentenyl diphosphate (IPP), farnesyl diphosphate (FPP) and other intermediate pyrophosphate metabolites [21], and the excess 
of isoprenoid pyrophosphates may cause potentially toxic effect on cells [22].

Fermentation for β-carotene Production

In a previous study, optimization of a fermentation process was shown to enhance carotenoid production in yeast [6]. Effect of 
carbon sources on production of β-carotene by the YC607 was investigated in shake-flask culture, and 4% glycerol could improve 
β-carotene production by 12% compared to 2% glucose (p<0.01). Sucrose gradient centrifugation experiment showed that most 
lycopene was stored in lipid body fraction in lycopene-producing Y. lipolytica strain [9]. The glycerol can increase synthesis of lipid 
body catalyzed by glycerol kinase resulting in storing more β-carotene in lipid body [20]. 

Furthermore, fed-batch cultivation was conducted in a 5l bioreactor for YC607. The time course of fermentation is shown in 
Figure 3A. During the process the glycerol was fed to be maintained at 10-20 g/l. As can be seen in Figure 3B, the biomass and 
β-carotene content increased sharply at initial 50 h and then the biomass started to drop, but maximum production of β-carotene 
was up to 613.87 mg/l at 80 h. The result indicated that the Y. lipolytica YC607 could produce higher content of β-carotene by 
high-density culture method.

Figure 3. The effect of carbon source on β-carotene production by YC607. (a) Production of β-carotene in medium containing different content 
of glucose or glycerol by shake-flask culture. (b) Time course of growth and β-carotene production by Y. lipolytica YC607 in 5-l bioreactor with 

feeding glycerol.

CONCLUSION
In conclusion, our results represent the first report of the expression of β-carotene biosynthesis genes from B. trispora in 

yeast. We showed that the introduction of multiple copies of GGS, carB, carRA, and HMG could significantly enhance β-carotene 
production. Finally, using glycerol as carbon source during fermentation process enhanced β-carotene production, indicating that 
Y. lipolytica could be a potential microorganism factory for the synthesis of carotenoids.
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