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Abstract

Objectives To engineer Yarrowia lipolytica for

improving the heterologous production of campesterol

(a key precursor to manufacture pharmaceutical

steroids).

Results By screening 7-dehydrocholesterol reduc-

tase (DHCR7) from diverse species, DHCR7 from

Danio rerio was the best candidate for campesterol

synthesis. Overexpression of ACL (ATP: citrate lyase)

or POX2 (peroxisome acyl-CoA oxidase 2) were key

to improving campesterol production. The highest

yield of campesterol was 942 mg/l was with the strain

overexpressing POX2 in a 5 l bioreactor via high cell

density fermentation process with a restricted supply

of carbon sourc, sunflower seed oil.

Conclusions A promising platform to synthesize

downstream steroid drugs was established. Efficient

approaches were provided to improve the production

of desired molecules in Y. lipolytica with high oil

utilization efficiency.
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Introduction

Yarrowia lipolytica has gained attention for the

synthesis of heterologous terpenoids (Yang et al.

2016). Among those, campesterol is an important

precursor to manufacture pharmaceutical steroids (Du

et al. 2016). In our previous study, campesterol

biosynthesis was realized in Y. lipolytica firstly by

introducing heterologous 7-dehydrocholesterol reduc-

tase (DHCR7) along with disrupting the bypass of

ergosterol formation (Du et al. 2016). Although the

titer (453 mg/l) is far more than other reported

productions achieved in Saccharomyces cerevisiae

(Lecain et al. 1996; Duport et al. 1998; Souza et al.

2011), it still does not satisfy the requirement for

production (Yao et al. 2013) and should be further

improved.

Screening enzymes plays an important role to

enhance the productivity of heterologous pathway

(Chen et al. 2016). Our previous study increased

campesterol production by selecting DHCR7 s only

from three sources (Du et al. 2016). Thus, the species

have been extended in this study. Selection of the

critical targets involved in the formation and distribu-

tion of acetyl-CoA is crucial to the production of its

derivatives like campesterol. For acetyl-CoA forma-

tion, overexpression of ACS (acetyl-CoA synthetase

in PDH bypass) and ATP: citrate lyase (ACL), which

are responsible to supply cytoplasmic acetyl-CoA,

should be tested for campesterol overproduction,

although manipulating these would not necessarily

bring positive effects in Y. lipolytica (Zhou et al. 2012;

Wang et al. 2016). For acetyl-CoA distribution, lipid

formation and campesterol synthesis competes the

same precursor acetyl-CoA, whereas lipid accumula-

tion can also provide store spaces for campesterol to

avoid the cell burden (Du et al. 2016). Y. lipolytica

strains only accumulate significant quantities of cel-

lular lipids when cultivated on hydrophobic substrates

(Friedlander et al. 2016). Therefore, the essential

targets to campesterol precursors (mevalonic acid,

MVA) synthesis as well as to fatty acid formation and

degradation should also be investigated. In this study,

campesterol production has been improved through

screening DHCR7 sources as well as identifying the

targets. These targets involve the rate limited enzymes

in carbon metabolism, lipid metabolism and the MVA

pathway and would be overexpressed mainly under

when cells are growing with plant oils.

Materials and methods

Strains, media and culture condition

All the strains used are summarized in Supplementary

Table 1. Escherichia coli DH5a, which was used for

plasmids construction and replication, was cultivated

at 37 �C in lysogeny broth (LB) complete medium

with 50 mg kanamycin/l or 100 mg ampicillin/l for

selection. Engineered Y. lipolytica strains were

selected and grown on synthetic complete drop-out

(SC) medium with supplementation of appropriate

amino acids. For campesterol production, Y. lipolytica

strains were cultured at 28 �C in YP medium supple-

mented with appropriate carbon source, glucose or

sunflower seed oil, according to Du et al. (2016). In

shake-flask culture, there was 50 g glucose/l in the

media. Sunflower seed oil concentration was stan-

dardized in moles of carbon equivalent to 50 g

glucose/l (i.e., 28.86 g/l) according to Sestric et al.

(2014). For the 5 l bioreactor experiment, 250 ml seed

culture was transferred into 2.25 l YP medium

supplemented with 28.86 g sunflower seed oil/l as

carbon source. The oil concentration was restricted

below 2 g/l by adjusting the feeding rate after the

batch oil was depleted (Du et al. 2016). Samples of

15 ml were collected to determine oil concentration,

cell density and campesterol production.

DNA manipulation and plasmids construction

Primers and plasmids used are given in Supplementary

Tables 1 and 2. All the endogenous genes employed in

this study (Supplementary Table 3) were amplified

from the genomic DNA of Y. lipolyticaATCC201249.

The genes encoding heterologous DHCR7 were codon

optimized (Supplementary Table 3) and synthesized

by Genscript Inc. (China). They were carried by

plasmid pUC57-Kan (Supplementary Table 1).

All the genes mentioned above were cloned into

integrative plasmid pINA1269 via In-Fusion assem-

bly, obtaining pINA1269 series plasmids (Supple-

mentary Table 1). These genes were under the control

of a strong constitutive promoter hp4d. Before trans-

formed into Y. lipolytica strains, all these plasmids

were linearized by NotI. Y. lipolytica transformation

was conducted with a kit Frozen-FZ yeast transfor-

mation II (Zymo Research, USA). The engineered

cells were selected on SC medium plates without
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leucine added and further verified via PCRwith primer

pINA1269_SEQ-F/pINA1269_SEQ-R.

Plasmids pEASY-blunt-101, pEASY-blunt-102 and

pUC57-Simple-101 from our previous study (Du et al.

2016) were also applied to disrupt the gene ERG5

(encoding C-22 sterol desaturase) and simultaneously

introduce the DHCR7 expression cassette (URA3-

EXP1p-DHCR7-XPR2t). Plasmids, pUC57-Simple-

DHCR7_Dr, pEASY-Blunt-101 and pEASY-Blunt-

102 were digested by NotI and co-transformed into the

wild-type Y. lipolytica ATCC201249, giving strain

SyBE_Yl02060056. The clones were selected on SC

medium plates without uracil and further verified via

PCRwith primers ofYl-DHCR7_Dr-F/Yl-DHCR7_Dr-

R and Yl-DHCR7_Dr-SEQ-F/Yl-chorosomeA-R.

Measurement of biomass and sterols compounds

Biomass determination, samples extraction and ster-

oids analysis were performed according to our previ-

ous study (Du et al. 2016). Before measuring the dry

cell weight (DCW), the harvested cells were washed

three times with hexane followed by distilled water to

remove residual oil (Papanikolaou et al. 2001).

Saponification was required in sample treatment

before GC-TOF/MS (Waters Corp., USA) analysis

(Du et al. 2016). Standards of campesterol and

ergosterol were purchased from Sigma. Ergosta-

5,22-dieneol was identified by Nist library search

2006 (the mass fragment 69, 255, 380 and 470 m/z,

Supplementary Fig. 1) and semi-quantitatively ana-

lyzed based on the standard curve of ergosterol. Data

was collected from at least three replicate samples.

Results and discussion

Danio rerio was the best DHCR7 source

for campesterol production

Screening enzymes fromdiversity sources is an efficient

strategy to improve the productivity of heterologous

pathway (Chen et al. 2016). In our previous study,

DHCR7 from X. laevis (DHCR7_Xl) achieved the

highest campesterol titer than other DHCR7 s from

Rattus norvegicus and Oryza saliva (Du et al. 2016).

Here, to extend the enzyme sources, DHCR7-Xl and

other five newly selected DHCR7 s (Fig. 1b) were

further screened initially in the host cells without gene

ERG5 deletion for higher campesterol production. As a

result, onlyDHCR7 fromDanio rerio (DHCR7_Dr) and

from Waddlia chondrophila (DHCR7_Wc) achieved

higher campesterol yield than DHCR7_Xl (228%

increase for DHCR7_Wc and 432% increase for

DHCR7_Dr, Fig. 1a). DHCR7_Dr was selected to

construct strain SyBE_Yl02060056 with ERG5 dele-

tion, to further avoid the bypass of ergosterol formation

(Supplementary Fig. 1). As expected, campesterol was

the unique detectable sterol compound in the product

(Supplementary Fig. 2). The campesterol yield in strain

SyBE_Yl02060056 reached to 19.3 ± 2.8 mg/g of

DCW, which was 156% increase compared with strain

SyBE_Yl01070028 harboring DHCR7_Xl with the

samegeneticmanipulation (Fig. 1c). This result verified

that D. rerio was the best DHCR7 source for campes-

terol overproduction. Strain SyBE_Yl02060056 would

therefore be the candidate to use for further

optimization.

Overexpression of ACL or POX2 under oil

condition was the key point to improve

campesterol production

Acetyl-CoA is the key molecule channeling the central

metabolism and heterologous synthesis. The key

enzymes associated with acetyl-CoA formation and

distribution were selected (Fig. 2) and overexpressed

in strain SyBE_Yl02060056 growing with sunflower

seed oil. When the oil was used as the carbon source,

overexpression of HMGR (3-hydroxy-3-methyl-glu-

taryl (HMG)-CoA reductase) did not significantly

increase campesterol yield (Fig. 2). Overexpression of

MAE (malic enzyme) decreased campesterol yield by

43% (Fig. 2). According to Blazeck et al. (2014),

MAE overexpression might enhance lipid synthesis

which would draw more acetyl-CoA flux away from

MVA pathway. Here, only overexpressing ACL and

POX2 (peroxisome acyl-CoA oxidase, POX) signifi-

cantly increased the campesterol yield (from

19.3 ± 2.8 mg/g of DCW to 25.3 ± 0.1 mg/g DCW

for ACL overexpression and to 24.7 ± 0.1 mg/g

DCW for POX2 overexpression, Fig. 2). Overexpres-

sion of these two genes wAS aimed to enhance

cytoplastic acetyl-CoA supply by improving citrate

cleavage or enhancing b-oxidation (Fig. 2). Since

ACL is generally inhibited by exogenous fatty acids in

the medium (Papanikolaou and Aggelis 2011), thus

overexpression of ACL might be of benefit to the
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output of citrate for cytoplastic acetyl-CoA supply

under oil growth conditions. By contrast, overexpress-

ing CS (citrate synthase) might enhance the TCA cycle

activity which directs more carbon towards to energy

metabolismwhen the activity of ACL is low. POX1–6,

which catalyze the first step of b-oxidation, exhibited
different activities and substrate specificities in Y.

lipolytica (Mlickova et al. 2004). Among POX1–6,

POX2 is the only enzyme processing highly catalytic

activity and specificity to long-chain fatty acids (Luo

et al. 2002). Since long-chain fatty acids (C16–C18)

are the main components of sunflower seed oil,

selection of the POX gene(s) should be targeted on

the constituents of the substrate oil. In Y. lipolytica,

MFE (multifunctional b-oxidation protein) and POT

(peroxisomal oxoacyl thiolase) were reported to

regulate the size and number of peroxisomes, which

then related to the level of b-oxidation proteins and the
rate of cell division, respectively (Smith et al. 2000).

At this stage, it is hard to explain why overexpression

of these two b-oxidation enzymes dramatically

decreased campesterol yield (Fig. 2). In the future,

transcriptional analysis of these targets might further

elucidate the mechanism. Fine-tuning of the expres-

sion level of these essential targets would be required

to improve campesterol synthesis. Strains

SyBE_Yl02060065 and SyBE_Yl02060069 overex-

pressing ACL and POX2, respectively, would be

Fig. 1 Screening 7-dehydrocholesterol reductase (DHCR7)

sources for campesterol biosynthesis in Y. lipolytica. a The

campesterol production in ERG5 undisrupted strains with

DHCR7 from different species. These strains were cultured in

shake-flask under glucose condition and campesterol yield for

each strain was determined by GC-TOF/MS. Xl, X. laevis, Hs,

H. sapiens, Gg, G. gallus, Dr, D. rerio, At, A. thaliana, Wc, W.

chondrophila. b Phylogenetic analysis of DHCR7 protein

sequences. c Comparison of campesterol yield in strain

SyBE_Yl01070028 (DHCR7_Xl) and SyBE_Yl02060056

(DHCR7_Dr) with disrupted EGR5
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employed in further fermentation optimization

experiments.

High cell density fermentation in bioreactor

achieved the highest campesterol production

The high cell density fermentation was conducted in a

5 l bioreactor under a carbon source restriction strat-

egy. The initial oil concentration in batch medium was

set as 28.86 g/l to be consistent with that in the shake-

flask. After the initial oil was depleted after 46 h, oil

was fed into the medium to keep its concentration

lower than 2 g/l (Fig. 3a, b). At this point, all the strains

have entered their stationary phase with biomasses of

20.2 ± 1.6 mg/g of DCW and 26.4 ± 1.1 mg/g of

DCW for ACL and POX2 overexpressed strains,

respectively (Fig. 3a, b). Therefore, the supplementary

oil wouldmainly be used to accumulate campesterol or

lipid bodies. Eventually, the highest campesterol

reported titer of 942 ± 50.1 mg/l was achieved after

142 h cultivation in strain SyBE_Yl02060069 was

overexpressing POX2 (Fig. 3b). This is 18% higher

than that in the strain with overexpressed ACL

(801 ± 36.4 mg/l, Fig. 3a). Moreover, compared with

the data in shake-flask, the biomass conversion yields

(YX/S) was decreased by 21%, while the product yields

(YP/S)was increased by 20% in bioreactor for theACL-

overexpressed strain SyBE_Yl02060065. For the

POX2 overexpressing strain, SyBE_Yl02060069, YX/

S was nearly equal, while YP/S was enhanced by 45%

through the carbon source restriction strategy

(Fig. 3c).

Fig. 2 Identification of the critical targets for campesterol

synthesis in Y. lipolytica under oil condition. Acetyl-CoA

associated metabolism under oil condition was divided into

acetyl-CoA formation (from central metabolism or from b-
oxidation) and acetyl-CoA distribution (to MVA pathway for

sterol synthesis or to lipids accumulation). The data for

overexpressing the targets was presented besides the associated

pathway. The endogenous proteins were indicated as blue, while

the heterologous enzyme DHCR7 was presented by red. Solid

arrows represented the one-step conversions, while dashed

arrows represented multiple steps. Line thickness represented

metabolic flow. Significance levels of Student t test: *P\ 0.05,

**P\ 0.01, ***P\ 0.001. CS citrate synthase, ACL, ATP

citrate lyase, ACS acetyl-CoA synthetase, POX1–6 peroxisome

acyl-CoA oxidase 1–6; MFE multifunctional b-oxidation
protein, POT peroxisomal oxoacyl thiolase, HMGR 3-hy-

droxy-3-methyl-glutaryl (HMG)-CoA reductase, MAE malic

enzyme, TCA tricarboxylic acid cycle, TAG triacylglycerol,

FFA free fatty acid
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The alteration on YX/S and YP/S indicated that the

cell growth had been effectively controlled in the

batch fermentation, directing more carbon metabolic

flux towards the desired product. The YX/S and YP/S

(46.5 ± 1.8 and 1.7 ± 0.1%) achieved by strain

SyBE_Yl02060069 in bioreactor here was higher than

that in our previous study [39.9 and 0.8%, (Du et al.

2016)]. Through further metabolomics analysis along

with culture condition optimization, it would obtain a

more balance state between biomass formation and

product accumulation for higher campesterol

production.
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Supplementary information Supplementary Table 1—Plas-

mids and strains used in this study.

Fig. 3 Bioreactor

fermentation under carbon

source restriction strategy.

Y. lipolytica strains

SyBE_Yl02060065 (with

overexpressed ACL, a) and
SyBE_Yl02060069 (with

overexpressed POX2, b)
were cultured in a 5 l

bioreactor with sunflower

seed oil as the carbon

source. The oil

concentration (green line)

was maintained less than

than 2 g/l by controlling the

oil feeding rate. Biomass

and campesterol production

were indicated by blue line

and red line, respectively.

YX/S (yield of total biomass

achieved per unit of

substrate consumed) and YP/

S (yield of product

synthesized per unit of

substrate consumed) for fed-

batch bioreactor cultures

were compared with those

from the shake-flask

experiments (c)
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Supplementary Table 2—Primers used in this study.

Supplementary Table 3—The Codon-optimized sequences

of 7-dehydrocholesterol reductase (DHCR7) involved in this

study.

Supplementary Fig. 1—Analysis of sterols profile of

Y . l i p o l y t i c a s t r a i n s S yBE_Y l 0 2 0 6 0 0 0 2 a n d

SyBE_Yl02060004–08 for DHCR7 screening.

Supplementary Fig. 2—GC-TOF/MS analysis of campes-

te ro l p roduc ing s t r a ins SyBE_Yl02060006 and

SyBE_Yl02060056.
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