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A B S T R A C T

Yarrowia lipolytica, a safe yeast, efficiently metabolizes lipids for the production of food additives and agricultural 
products. Boosting its growth and lipid utilization capabilities is crucial to enhancing the overall efficiency 
Y. lipolytica. Herein, an integrated strategy was implemented to enhance lipid uptake, accumulation and meta
bolism and systematically promote the growth and lipid utilization of the commonly used Y. lipolytica Po1f strain. 
The engineered strain had a specific growth rate of 0.32 h− 1 and a lipid content of 67.66 % (g/g DCW), which 
were 54 % and 26 % greater than those of the original strain. β-Carotene was used to verify the production of 
lipophilic natural compounds, and the highest yield was obtained 48 h earlier using the engineered strain 
compared to the original strain when consuming same carbon source. These findings show promise in using 
engineered Y. lipolytica for rapid growth and improved lipid utilization to boost efficiency of lipophilic product 
production.

1. Introduction

Yarrowia lipolytica, an unconventional yet promising yeast species, 
has garnered great attention after it was granted generally recognized as 
safe (GRAS) status by the FDA. Its unique capabilities and ability to 
ensure its safety have positioned it as a versatile and reliable microbial 
platform for crafting food additives, pharmaceutical products, and 
cosmetic ingredients. Owing to its swift growth and exceptional ability 
to metabolize and assimilate hydrophobic substrates as the sole carbon 
source, it has emerged as a highly promising bioproduction platform 
that utilizes oils and fats [1,2]. Initially, renowned as a source of 
single-cell protein, Y. lipolytica can benefit the production of 
value-adding products. Recently, the production of squalene, a natural 
antioxidant, was greatly increased by improving the homologous 
recombination efficiency of Y. lipolytica [3]. Additionally, the efficient 

biosynthesis of retinol, a notable antiaging drug, was achieved by the 
fed-batch fermentation of Y. lipolytica in a 5 L bioreactor, resulting in a 
noteworthy total retinol yield of 5.4 g/L [4].

With advancements in genetic engineering tools and fermentation 
strategies, Y. lipolytica has emerged as a top contender for various large- 
scale biomanufacturing processes [5,6]. However, the engineered 
version of Y. lipolytica often has a slower growth rate than its original 
strain does, particularly following the extensive rewiring of its metabolic 
pathway, significantly impeding its use in bioproduction processes [7]. 
Optimizing chassis cells not only facilitates the synthetic biology 
modification process but also underscores its advantages in yielding a 
diverse range of products. Consequently, the cultivation of fast-growing 
Y. lipolytica holds great potential for improving bioproduction processes. 
Previous studies revealed that the deletion or overexpression of genes in 
a multigene family in Y. lipolytica, UP1–UP4, reduces or enhances 
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octanoic acid sensitivity, indicating their potential role in binding 
extracellular fatty acids [8]. Moreover, the overexpression of the 
multi-copy DGAT gene DGA1 profoundly influences the dimensions of 
lipid bodies present within Y. lipolytica cells, leading to an increase in 
lipid accumulation [9]. The β-oxidation pathway, a fundamental meta
bolic route for the degradation of fatty acids, is intricately orchestrated 
by six peroxisomal acyl-CoA oxidases, each encoded by POX1–6. These 
enzymes display specific preferences for fatty acid chains of different 
lengths, ensuring a tailored approach to the breakdown process. Previ
ous investigations revealed a crucial connection between the function
ality of these POX1–6-encoded oxidases and the overall fatty acid 
degradation capacity of Y. lipolytica strains. Specifically, mutations 
within the POX1–6 genes have been shown to compromise the ability of 
these strains to efficiently degrade fatty acids, resulting in a conspicuous 
accumulation of lipids within the biomass [10]. The subsequent stages of 
β-oxidation are facilitated by a multifunctional enzyme (MFE). Thus, 
disrupting or eliminating the functionality of MFE could halt the entire 
β-oxidation process [11]. The engineering of these genes may affect the 
absorption and utilization of lipid substrates by Y. lipolytica, thereby 
facilitating rapid growth and optimized lipid utilization.

In this study, an integrated strategy that consisted of creating mod
ules for the enhancement of lipid uptake, accumulation and metabolism 
was used to systematically promote growth and lipid utilization in the 
commonly used Y. lipolytica Po1f strain (Fig. 1). Specifically, Y. lipolytica 
yDTY214 had an increased growth rate and greater lipid content, with a 
specific growth rate of 0.32 h− 1 and a lipid content of 67.66 % (g/g 
DCW), which were 54 % and 26 % greater than those of the original 
strain yDTY201, respectively. Finally, β-carotene served as an output to 
evaluate the bioproduction efficiency of the engineered strain, which 
achieved efficient utilization of the substrate and significantly reduced 
the time needed for β-carotene production to reach its peak. The 
knowledge gained by studying the effects of the hydrophobic substrate 
supply on cell growth, metabolic synergistic utilization, and β-carotene 
production will aid in the development of economically viable biosyn
thetic methods for lipid-to-terpenoid production.

2. Materials and methods

2.1. Yeast strains and culture

E. coli TOP10 was used for plasmid construction and subsequent 
amplification. Y. lipolytica Po1f (ATCC MYA-2613) was provided by Dr. 
Yongkun Lv (Zhengzhou University). All strains in this study are listed in 
Table 1.

E. coli strains were cultured in lysogeny broth (LB) on agar plates 
supplemented with 100 μg/mL ampicillin. Yeast peptone dextrose (YPD) 
medium was formulated with 20 g/L peptone, 20 g/L glucose, and 10 g/ 
L yeast extract. Yeast peptone oleic acid (YPO) medium was prepared 
with 20 g/L oleic acid instead of glucose and was used for fermentation 
of the engineered strains, and 1 % Tween 80 was added as a surfactant to 
promote the utilization of oleic acid. SC dropout medium enriched with 
the relevant specific amino acids was used for the selection of recom
binant strains.

2.2. Plasmid construction and DNA manipulation

The BM Seamless Cloning Kit from Biomed Co., Ltd. (Beijing, China) 
was used to construct plasmids, which were subsequently transformed 
into Y. lipolytica strains with the Frozen-FZ yeast transformation IITM Kit 
from Zymo Research (USA). The plasmids and primers utilized in this 
study are outlined in Table 1 and Table S1. Furthermore, the relevant 
endogenous genes for this research were amplified from the genomic 
DNA of Y. lipolytica Po1f by PCR.

2.3. Assay of promoter strength

The strengths of the POX2 and LIP2 promoters were characterized via 
fluorescence intensity measurements of the red fluorescence protein 
DsRed. Following a 6-h cultivation in YPO medium, the cells were 
collected, rinsed, and diluted with phosphate-buffered saline to an 
OD600 value ranging from 0.3 to 0.4 for fluorescence analysis. To 
quantify DsRed fluorescence, black microplates (Microfluor™) were 
employed along with a Varioskan LUX Multimode Microplate Reader 
(Thermo Scientific™), with the excitation and emission wavelengths 
precisely set at 510 nm and 590 nm, respectively. The strength of each 
promoter was evaluated by calculating the ratio of the promoter 

Fig. 1. Flowchart of the development of a rapid growing Y. lipolytica strain.
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fluorescence intensity to the OD600 value for each individual strain.

2.4. Growth curve determination

Inoculation of cells that were cultivated overnight in YPO medium, 
was carried out at an initial OD600 of 0.5, with three biological repli
cates. Biomass production was subsequently monitored by measuring 
the OD600 values at regular intervals of 2 to 3 h. The cells cultured with 
oleic acid were washed twice with a 0.5 % solution of bovine serum 
albumin, followed by a single wash with 0.9 % saline, prior to the OD600 
measurement [12].

2.5. Nile red staining

DIC and fluorescence images were captured at 1000× oil immersion 
magnification using an OLYMPUS BX53 upright microscope. The cells 
were stained with Nile red dye at a concentration of 0.1 mg/L for 5 min. 
The sample emitted red fluorescence at an excitation wavelength of 552 
nm.

2.6. Metabolite quantification

For the detection of oleic acid in YPO culture medium, 200 μL of cells 
were mixed with 300 μL of KOH-methanol solution and incubated at 
65 ◦C for 2 h for methyl esterification. A total of 450 μL of n-hexane was 
added, and the mixture was vortexed for 10 min for extraction; this 
process was repeated 2 times. The extract was collected and dried under 
a vacuum, dissolved in 300 μL of n-hexane and used for GC-MS analysis.

To extract fatty acids, the strains were cultivated using identical 
media and conditions to those used for the growth curve experiments. 
This process was performed with three biological replicates. At three 
distinct growth stages, yeast cell samples were collected and centrifuged 
at 4000 rpm for 5 min. The resulting cell pellets underwent a two-step 
washing process: first, half the volume of 0.5 % bovine serum albumin 
was added, followed by a rinse with half the volume of 0.9 % saline. The 
cells were subsequently dried under a vacuum for 12–20 h until they 
were powdered. The next step involved adding 1 mL of 3 N HCl- 
methanol solution and 100 μL of chloroform, followed by incubation 
at 70 ◦C for 3 h. After cooling to room temperature, a few NaCl particles 
were introduced, and the mixture was vortexed for 15 s. Then, 1 mL of n- 
hexane was added, the mixture was vortexed for 20 min and centrifuged 
to separate the organic phase for further analysis using GC-MS.

Fatty acid methyl esters (FAMEs) were separated and analyzed via a 
GCMS-QP2020 system (SHIMADZU, Japan) with a DB-5MS column (30 
m × 0.25 mm × 0.25 μm, J&W Scientific, CA). The initial temperature 
was 70 ◦C for 5 min, and the temperature was increased to 300 ◦C at 
10 ◦C/min for 3 min. FAME concentrations were quantified through the 
utilization of a 37-component FAME mix standard from Sigma-Aldrich. 
The level of acetyl-CoA was detected via an A-CoA ELISA Kit purchased 
from Zeye Biotechnology Co., Ltd. (Shanghai, China).

2.7. Genes transcriptional analysis

Relative expression levels of modified genes in this study were 
analyzed by Quantitative Real-Time PCR (qPCR). Strains were cultured 
in shake flasks and harvested at three distinct growth stages. Total RNA 
extraction, reverse transcription, and qPCR were carried out by Tsingke 
Inc. (China). The gene actin1 was used for normalization.

2.8. β-Carotene fermentation and determination

For β-carotene fermentation, a colony was seeded on agar plates in 
YPD medium and incubated overnight. This colony was subsequently 
transferred to YPO media for scaled-up cultivation. The cells were grown 
under continuous agitation at 220 rpm and 28 ◦C for a total duration of 
96 h, culminating in the harvesting of the fermentation product.

Table 1 
Strains and plasmids used in this study.

Strain or 
plasmid

Relevant properties or genotype Source

Strains
E. coli TOP10 F-, mcrAΔ(mrr-hsdRMS-mcrBC), φ80, lacZΔM15, 

ΔlacX74, recA1, araΔ139Δ(ara-leu)7697, galU, galK, 
rpsL, (strR), endA1, nupG

Biomed

Y. lipolytica 
Po1f

MatA, ura3-302, leu2-270, xpr2-322, axp-2 ATCC

yDTY201 Y. lipolytica Po1f, ΔIntA::PEXP1-ERG20-TXPR2-PFBA1in- 
HMG1-TCYC1-PEXP1-HMG1-TXPR2, ΔIntC::Php8d-ERG8- 
TXPR2-PFBA1in-ERG19-TCYC1-PEXP1-IDI-TXPR2, ΔIntE:: 
PFBA1in-ERG12-TXPR2-PFBA1in-ERG10-TCYC1-PEXP1- 
ERG13-TT8

Our lab

yDTY202 yDTY201, ΔIntB::PPOX2p-DsRed-TT8 This 
study

yDTY203 yDTY201, ΔIntB::PLIP2p-DsRed-TT8 This 
study

yDTY204 yDTY201, ΔKu70::PLIP2p-UP1-TT8 This 
study

yDTY205 yDTY201, ΔKu70::PLIP2p-UP2-TT8 This 
study

yDTY206 yDTY201, ΔKu70::PLIP2p-UP3-TT8 This 
study

yDTY207 yDTY201, ΔKu70::PLIP2p-UP4-TT8 This 
study

yDTY208 yDTY201, ΔKu70::PLIP2p-UP1-TT8-PLIP2p-UP4-TT8 This 
study

yDTY209 yDTY201, ΔIntD::PLIP2p-DGA1-TT8-PLIP2p-SCD-TT8 This 
study

yDTY210 yDTY201, ΔKu80::PLIP2p-MFE2-TT8 This 
study

yDTY211 yDTY201, ΔKu80::PLIP2p-POT1-TT8 This 
study

yDTY212 yDTY201, ΔKu80::PLIP2p-PEX10-TT8 This 
study

yDTY213 yDTY201, ΔKu80::PLIP2p-POX2-TT8 This 
study

yDTY214 yDTY201, ΔKu70::PLIP2p-UP1-TT8-PLIP2p-UP4-TT8, 
ΔIntD::PLIP2p-DGA1-TT8-PLIP2p-SCD-TT8, ΔKu80:: 
PLIP2p-MFE2-TT8

This 
study

yDTY215 yDTY201, ΔIntF::PTEF1in-Mc_CarB-TCYC1-PEXP1- 
Mc_CarRP-TT8-PFBA1in-Tm_CrtE-TT8

This 
study

yDTY216 yDTY214, ΔIntF::PTEF1in-Mc_CarB-TCYC1-PEXP1- 
Mc_CarRP-TT8-PFBA1in-Tm_CrtE-TT8

This 
study

Plasmids
pYRSB IntB site deletion cassette in pUC57 Our lab
pYRSD IntD site deletion cassette in pUC57 Our lab
pYRSF IntF site deletion cassette in pUC57 Our lab
pYRS70 Ku70 deletion cassette in pUC57 Our lab
pYRS80 Ku80 deletion cassette in pUC57 Our lab
pDTY201 PPOX2p-DsRed-TT8 cassette in pYRSB This 

study
pDTY202 PLIP2p-DsRed-TT8 cassette in pYRSB This 

study
pDTY203 PLIP2p-UP1-TT8 cassette in pYRS70 This 

study
pDTY204 PLIP2p-UP2-TT8 cassette in pYRS70 This 

study
pDTY205 PLIP2p-UP3-TT8 cassette in pYRS70 This 

study
pDTY206 PLIP2p-UP4-TT8 cassette in pYRS70 This 

study
pDTY207 PLIP2p-UP1-TT8-PLIP2p-UP4-TT8 cassette in pYRS70 This 

study
pDTY208 PLIP2p-DGA1-TT8-PLIP2p-SCD-TT8 cassette in pYRSD This 

study
pDTY209 PLIP2p-MFE2-TT8 cassette in pYRS80 This 

study
pDTY210 PLIP2p-POT1-TT8 cassette in pYRS80 This 

study
pDTY211 PLIP2p-PEX10-TT8 cassette in pYRS80 This 

study
pDTY212 PLIP2p-POX2-TT8 cassette in pYRS80 This 

study
pDTY213 PTEF1in-Mc_CarB-TCYC1-PEXP1-Mc_CarRP-TT8-PFBA1in- 

Tm_CrtE-TT8 cassette in pYRSF
This 
study
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β-Carotene extraction from the strains was achieved through acid 
treatment [13]. First, harvested cells were rinsed with ddH2O and sus
pended in 3 N HCl. The cells were lysed by boiling the solution. Next, the 
cellular debris was washed twice with ddH2O and resuspended in 
acetone containing 1 % (w/v) butylated hydroxytoluene. To facilitate 
further extraction, glass beads were added, and the mixture was vor
texed until it turned white. Finally, the acetone phase was separated by 
centrifugation and filtered through 0.22 μm organic membranes for 
HPLC analysis.

β-Carotene analysis and quantification were performed with a SHI
MADZU SPD-20A system equipped with a BDS Hypersil C18 column 
(Thermo Scientific) for UV detection. The mobile phase was composed 
of a mixture of acetonitrile:water (9:1 v/v) and methanol:isopropanol 
(3:2 v/v) and was mixed at a rate of 1 mL/min at 25 ◦C. β-Carotene 
standards were sourced from Sigma-Aldrich.

3. Results and discussion

3.1. Rapid import of extracellular free fatty acids

Y. lipolytica was renowned for its ability to metabolize hydrophobic 
substrates, including methyl oleate [14] and oleic acid [15]. Oleic acid 
was used as the substrate in this study to investigate the lipid utilization 
efficiency of Y. lipolytica. The promoters POX2p and LIP2p are 
commonly used oleic acid-inducible promoters that have been success
fully used to drive gene expression [16]. To identify the promoter that 
exhibited a heightened response to oleic acid, the DsRed fluorescent 
protein was used to assess the induction levels of POX2p in strain 
yDTY202 (POX2p-DsRed) and LIP2p in strain yDTY203 (LIP2p-DsRed), 
both of which were cultivated in YPO medium. Fig. 2A depicts the 
specific fluorescence, which was corrected for biomass. In YPO medium 
supplemented with oleic acid as the carbon source, LIP2p induction 
surpassed that of POX2p, which aligns with previous findings that sug
gest that LIP2p was the preferred promoter for the production of re
combinant proteins [16]. Therefore, the LIP2p promoter was selected for 

gene expression in this study.
In the metabolic pathway of hydrophobic substrates, the initial stage 

involves their translocation into the cell. Previous studies have sug
gested intriguing possibilities regarding the potential involvement of the 
YlUP1p-UP4p transporter family in the intricate process of extracellular 
fatty acid import in Y. lipolytica. These studies suggest that these proteins 
play critical roles in facilitating the efficient translocation of fatty acids 
across the cell membrane, thereby enabling the yeast to harness these 
valuable nutrients from its external environment. The proposed function 
of YlUP1p-UP4p as a fatty acid importer underscores its importance in 
maintaining the metabolic balance and growth performance of 
Y. lipolytica, as well as its potential for use in biotechnology applications 
aimed at increasing lipid production and improving metabolic engi
neering strategies [8]. However, the precise mechanism of action of both 
the individual genes belonging to the YlUP1p-UP4p family and the 
combination of those genes, remains to be elucidated. In this study, the 
LIP2p promoter was utilized to express the UP1–UP4 genes, and the 
yDTY204-yDTY207 strains were obtained. Analysis of the growth pat
terns of the cells cultured in YPO media revealed a noteworthy phe
nomenon: the overexpression of the UP1–UP4 gene family significantly 
increased the specific growth rate of the yeast. Specifically, UP4 was a 
particularly potent enhancer, increasing the growth rate of the control 
strain yDTY201 from a baseline of 0.22–0.28 (Fig. 2B). This enhance
ment underscores the pivotal role that UP4, and potentially the entire 
UP1–UP4 gene suite, plays in promoting cellular proliferation. Concur
rently, the analysis revealed a favorable effect on two key metabolic 
parameters: the substrate consumption rate (YS) and the growth yield 
(YX/S). The increase in the YS signifies an increased capacity of the cells 
to efficiently utilize the available nutrients from the medium, whereas 
the increase in YX/S indicates a more productive conversion of these 
substrates into biomass (Fig. 2C). Thus, the overexpression of the 
UP1–UP4 genes can increase the rate at which oleic acid was consumed, 
resulting in the production of more lipids. These findings collectively 
underscore the multifaceted benefits of UP1–UP4 overexpression, not 
only in accelerating growth but also in optimizing metabolic processes 

Fig. 2. Characterization of the cell growth module. (A) Relative fluorescence intensity of the POX2 and LIP2 promoters in oleic acid medium. (B) Specific growth rate 
μ of strains expressing UP1–UP4. (C) rate YS and YX/S of strains expressing UP1–UP4. (D) μ, YS and YX/S of strains co-expressing UP1 and UP4. The control refers to 
strain yDTY201.
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that are essential for cellular fitness and productivity. The growth of 
strains co-expressing UP1–UP4 was subsequently examined (Fig. S1), 
revealing that the co-expression of UP1 and UP4 increased the specific 
growth rate to 0.29 h− 1. This combination further increased the sub
strate consumption rate (YS) to 0.84 and the production yield (YX/S) to 
0.51 (Fig. 2D). qPCR results demonstrated that the relative expression of 
UP1 increased mainly in the early stage of cell growth (1/5 ODmax), 
while the relative expression of UP4 increased in the late stage (ODmax) 
(Table S4 and Fig. S6). The co-expression of UP1 and UP4 accelerated 
the absorption of extracellular fatty acids and constructed a rapid cell 
growth module. A previous study demonstrated that the role of UP1 in 
the import of C10, C12, and C14 fatty acids. Despite the overexpression 
of UP1 in a strain deficient in UP1–4, minimal growth was observed. 
Interestingly, UP4 overexpression seemed to partly mitigate the growth 
inhibition by promoting the import of the medium-chain fatty acids 
mC12 and mC14, indicating their specific preference for these fatty acid 
types [8]. This study revealed that the overexpression of UP1–4 has a 
positive effect on the utilization of C18 oleic acid, especially the 
simultaneous overexpression of UP1 and UP4.

3.2. Increased lipid accumulation through the overexpression of DGA1 
and SCD

Y. lipolytica predominantly sequesters lipids within lipid bodies, 
which serve as the epicenter of lipid accumulation and energy homeo
stasis. These dynamic organelles primarily harbor intracellular neutral 
lipids, with triglycerides constituting 85 % of the lipid content [10]. 
Genes that increase lipid accumulation are well characterized and 
available for production [17,18]. By co-expressing diacylglycerol acyl
transferase (DGA1) and delta-9 stearoyl-CoA desaturase (SCD), strain 
yDTY209 was successfully generated. The effects of DGA1 and SCD 
overexpression on lipid production were evaluated through shake flask 
experiments (Fig. 3). To assess the maximum capacity for lipid storage, 
the cellular lipid content was analyzed at multiple intervals. From the 
growth curves, three specific time points were chosen, spanning from 
the early exponential phase to the plateau phase. The specific time 
points closely aligned with the one-fifth, half, and full maximum OD600 
(ODmax) values (Fig. S2). For lipid extraction, cellular samples were 
collected from three biological replicates at approximately these three 
growth curve-derived time points. The lipid contents were subsequently 
quantified at three designated time points: 1/5, 1/2, and 1 ODmax. As 
shown in Fig. 2A, the control strain had a lipid content of 51.99 % (g/g 
DCW) at the highest point (1/2 ODmax), exhibiting comparable perfor
mance to that of wild-type strains cultured with oleic acid as the carbon 
source [15]. The relative expression levels of DGA1 and SCD increased 
during the whole period (Table S4 and Fig. S6). Co-expression of DGA1 
and SCD increased the lipid content to 60.37 % (g/g DCW) at the same 

time point. In the two strains, the accumulation of C12–C18 compounds 
was prominent, with the increase in lipid content attributed to the 
combined effects of C16:0 and C18:2 fatty acid (Fig. S3). Intracellular 
staining for triacylglycerols (TAGs) and subsequent imaging analysis of 
yDTY201 and yDTY209 (Fig. 3B and C) showed an increased in lipid 
body volume and lipid accumulation.

The importance of DGA1 in promoting growth and lipid synthesis has 
been underscored. In the yeast Y. lipolytica, the trio of acyltransfer
ases—DGA1, DGA2, and PDAT—orchestrate the culminating step of 
converting diacylglycerol to TAG. Eliminating these acyltransferases 
simultaneously leads to pronounced impairments in the lag phase as 
well as the growth rate, thereby implying an intricate link between oil 
biosynthesis and healthy growth [19]. With the aim of increasing lipid 
accumulation, a strategic dual-overexpression approach was imple
mented to target both the DGA1 and ACC1 genes in Y. lipolytica. This 
innovative genetic manipulation led to a remarkable increase in the lipid 
content, resulting in a substantial increase to 41.4 % of the total dry cell 
weight (DCW) [18]. Notably, SCD emerged as a pivotal metabolic reg
ulatory enzyme that catalyzes the Δ9 desaturation of palmitoyl-CoA and 
stearoyl-CoA to palmitoleoyl-CoA and oleoyl-CoA, respectively. When 
SCD was overexpressed, the fatty acid biosynthesis pathway was acti
vated, and the inhibitory effects of two intermediates in the pathway, 
palmitoyl-CoA and stearoyl-CoA, on ACC1 were effectively relieved. 
Consequently, the alleviation of these inhibitory increases the efficiency 
of fatty acid biosynthesis, ultimately enhancing the lipid production 
capabilities of Y. lipolytica [9]. When DGA1 was concurrently activated 
alongside SCD, a harmonious interplay ensues, facilitating a delicately 
balanced redirection of carbon flux toward TAG production. This 
orchestrated process not only optimizes the overall yield of TAG but also 
effectively minimizes the accumulation of intermediate metabolites, 
which could impede the efficiency of the lipid synthesis pathway by 
exerting inhibitory effects. By maintaining this fine balance, the system 
ensures that resources are allocated efficiently and that production 
proceeds smoothly. In summary, the co-expression of DGA1 and SCD 
greatly increases the volume of the lipid body, allowing the fatty acids 
absorbed into the cells to be efficiently utilized and building a lipid 
accumulation module.

3.3. Regulating β-oxidation to increase the acetyl-CoA supply

Once internalized and activated, fatty acids are metabolized via 
β-oxidation or ω-oxidation. β-Oxidation is preferred because of its en
ergetic efficiency and is crucial for acetyl-CoA production when fats are 
the primary carbon source [10,20]. Therefore, to obtain a sufficient 
supply of acetyl-CoA, we overexpressed four key genes in the β-oxida
tion pathway, including MFE2, POT1, PEX10 and POX2. Results showed 
the overexpression of MFE2 significantly increased the acetyl-CoA level 

Fig. 3. Characterization of the lipid accumulation module. (A) Lipid contents of the control yDTY201 and yDTY209 strains in shaking flask cultures. Differential 
interference contrast microscopic and fluorescence microscopy images of (B) control yDTY201 cells and (C) yDTY209 cells containing DGA1 and SCD. All the cells 
were stained with Nile red before being viewed under a fluorescence microscope along with DIC imaging. The scale bars represent 10 μm.
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by 52 %, from 1.88 ng/L/OD to 2.87 ng/L/OD (Fig. 4).
For medium- and long-chain fatty acids, degradation typically occurs 

via β-oxidation in peroxisomes following their activation [10]. Among 
them, MFE2, a critical enzyme in the β-oxidation pathway, is integral to 
fatty acid metabolism. Mutations or deletions in MFE2 impede 
β-oxidation. This specific approach has garnered considerable attention 
in lipid production research, owing to its simplicity compared with de
leting six POX genes [11]. Deleting the MFE2 gene increases pentane 
production, mainly because of its ability to promote lipid accumulation 
and specifically increase linoleic acid content [21]. In essence, the 
overexpression of the MFE2 gene elicited a multifaceted response within 
the cellular machinery, resulting in a substantial increase in the intra
cellular content of acetyl-CoA [22–24]. This augmented pool of 
acetyl-CoA, a crucial metabolic intermediate, subsequently serves as a 
potent activator of the β-oxidation pathway, initiating a cascade of 
enzymatic reactions that facilitate the efficient breakdown of fatty acids. 
Furthermore, this orchestrated process effectively constructed an 
acetyl-CoA accumulation module, which was a dynamic system that not 
only enhances the retention of this valuable metabolite but also posi
tions it as a pivotal hub for various biosynthetic and catabolic pathways, 
thereby broadening the metabolic versatility and capabilities of 
Y. lipolytica.

3.4. Integration of modules for efficient utilization of lipids

Previously, we screened the optimal genes for each module by co- 
expressing UP1 and UP4, DGA1 and SCD, and MFE2. Next, we inte
grated the overexpression plasmid pDTY207-pDTY209 with the three 
modules into the control strain yDTY201 to obtain strain yDTY214. 
When cultured in the same YPO medium, the specific growth rate of 
strain yDTY214 increased to 0.32 h− 1, which was 45.4 % greater than 
that of the control yDTY201 (0.22 h− 1) (Fig. 5A). The observed specific 
growth rate of the control strain yDTY201 in oleic acid-containing me
dium was comparable to that reported in previous studies, indicating 
that the experimental conditions effectively supported the proliferation 
of this yeast strain utilizing oleic acid as the sole carbon source [15,25]. 
This similarity underscores the consistency and reproducibility of 
Y. lipolytica growth behavior in oleic acid media across different 
experimental setups and conditions. Moreover, the substrate consump
tion rate and growth yield also increased to 0.48 g/h and 0.68 g/g, 
respectively. Co-expression of UP1 and UP4 may accelerate the transport 

of extracellular fatty acids into the cell, and cells can quickly utilize 
substrates to increase biomass and achieve rapid cell growth.

The total lipid content of strain yDTY214 reached 67.66 % (g/g 
DCW) (1/2 ODmax), which was also clearly observed in the Nile red 
staining images of intracellular lipids (Fig. 5C and D). The lipid accu
mulation of strain yDTY201 was similar to that of wild-type strain Po1f, 
demonstrating that modification of the MVA pathway did not signifi
cantly change fatty acid accumulation (Table S3 and Fig. S4). On the 
contrary, all the other genetic modification involved in this study 
significantly increased lipid accumulation, mainly as saturated fatty 
acids (including saturated fatty acids C12, C16 and C18, Fig. S5). 
Notably, the co-expression of DGA1 and SCD most notably increasing the 
ratio of unsaturated fatty acid C18:2. The proportion of unsaturated 
fatty acid C18:2 in strain yDTY214 was 22.73 % higher than that in 
strain yDTY201 at the time point 1/2 ODmax. It has been reported that 
upregulation of SCD effectively increased the relative abundance of 
unsaturated fatty acids in yeast cells and would enhance cellular toler
ance to various stresses [26,27]. That might have explained the reason 
why the specific growth rate of strain yDTY214 (0.32 h− 1) is higher than 
that of yDTY208 (0.29 h− 1). DGA1 contribute distinctly to the modu
lation of lipid storage processes and have beneficial effects particularly 
on the accumulation of hydrophobic terpenoids [28,29]. In conclusion, 
concurrent overexpression of DGA1 and SCD notably increased the 
liposome volume, enabling proficient harnessing of intracellular fatty 
acids and modulating the levels of their unsaturated forms.

The acetyl-CoA content of strain yDTY214 increased to 3.42 ng/L/ 
OD, which was 82 % greater than that of the control (1.88 ng/L/OD) 
(Fig. 5B). At the same time, the relative expression level of MFE2 
significantly increased in the late stage of cell growth (ODmax) (Table S4
and Fig. S6), which can increase the accumulation of acetyl-CoA in the 
product synthesis stage, providing important precursors for various 
downstream biological products [30]. Research has demonstrated that 
the overexpression of MFE2 in Y. lipolytica increases the acetyl-CoA 
content, facilitating ample precursor availability for amorphadiene 
biosynthesis [31]. In parallel, elevated MFE2 expression may create 
additional β-oxidation sites, enabling the efficient synthesis of 
acetyl-CoA from these fatty acids.

The aforementioned findings conclusively demonstrate the success
ful acquisition of a genetically engineered Y. lipolytica strain, designated 
yDTY214, which has remarkable capabilities. This recombinant strain 
exhibits exceptional proficiency in efficiently harnessing oils as a pri
mary carbon and energy source, leading to notable enhancements in its 
growth kinetics. Specifically, yDTY214 undergoes rapid cell prolifera
tion, which is indicative of its robust metabolic fitness and adaptability. 
Additionally, this strain is adept at swiftly accumulating lipids and 
acetyl-CoA, two vital metabolic intermediates that play pivotal roles in 
various biosynthetic and catabolic pathways. This dual capacity for 
rapid growth and metabolite accumulation underscores the trans
formative potential of the yDTY214 strain and its potential applications 
in biotechnology and industrial fermentation processes.

3.5. Natural product output of fast-growing strains

β-Carotene, a naturally occurring lipophilic compound, has been 
extensively applied as an additive across diverse industries, such as the 
food, textile, chemical, and cosmetic industries. Its widespread accep
tance is attributed to its health benefits, red-to-yellow pigmentation, and 
GRAS status [32]. Additionally, β-carotene possesses antioxidant prop
erties and serves as a precursor for the synthesis of numerous 
carotenoid-based drugs [28]. Owing to its distinct color, it can serve as a 
model for studying microbial natural product synthesis [33]. Since 
β-oxidation of fatty acids generates acetyl-CoA, the key building block 
for terpene synthesis via the natural mevalonate pathway, Y. lipolytica 
can function as a lipid-to-terpenoid platform [34]. An engineered strain 
of Y. lipolytica exhibited remarkable β-carotene production, achieving a 
yield of 39.5 g/L in fed-batch bioreactor fermentations [7]. Although the 

Fig. 4. Characterization of the acetyl-CoA accumulation module. Effect of 
acetyl-CoA content in strains expressing β-oxidation genes, including MFE2, 
POT1, PEX10 and POX2. The control refers to strain yDTY201.
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yield was high, the fermentation cycle was very long (240 h). To solve 
the problem of a long yeast fermentation cycle, we generated a strain 
with efficient oil utilization and tested its ability to produce large 
amounts of β-carotene.

CarB and CarRP derived from Mucor circinelloides and CrtE derived 
from Taxus x media (β-carotene synthesis module) were integrated into 
strain yDTY214 to obtain yDTY216. The β-carotene synthesis module 
was also integrated into the control to obtain strain yDTY215. β-Caro
tene production was determined in YPO media supplemented with 2 % 
oleic acid. The results revealed that strain yDTY216 rapidly accumu
lated β-carotene during the logarithmic growth phase, and the biomass 
growth rate was also significantly greater than that of the control 
(Fig. 6A). Within the same fermentation time (48 h), strain yDTY216 can 
produce more β-carotene with less raw material, which is nearly double 
that of the control strain yDTY215, and the speed of product synthesis 
becomes faster. During the fermentation experiments conducted with 
the yDTY215 strain, a discernible transformation occurred within the 
cellular landscape. Specifically, lipid droplets, which are initially 
dispersed throughout the cytoplasm, undergo a progressive 

agglomeration process, ultimately coalescing into lipid bodies. This 
aggregation served as a crucial step in the sequestration and contain
ment of the newly synthesized β-carotene, effectively isolating it within 
the confines of these lipid bodies during the initial 48 h of fermentation 
(Fig. 6B). As the fermentation process progresses toward its latter stages, 
the lipid bodies become increasingly difficult to discern, primarily 
because of the breakdown of these TAGs. This metabolic shift led to a 
more widespread and dispersed distribution of accumulated β-carotene 
throughout the intracellular environment. Compared to the yDTY215 
strain, the yDTY216 strain presented a distinct metabolic profile char
acterized by a heightened rate of extracellular fatty acid absorption and 
accelerated lipid accumulation. As a result, even during the later stages 
of fermentation, lipid bodies remained conspicuously visible, providing 
ample additional space for the accumulation of β-carotene. This unique 
capacity for lipid storage not only facilitated the sequestration of 
β-carotene but also potentially enhanced its overall production and 
stability within the cellular environment (Fig. 6B). During the stationary 
phase of growth, strain yDTY216 exhibited a metabolic adaptation that 
involved TAG degradation. This process, which was primarily mediated 

Fig. 5. Characterization of the lipid utilization effects of the integrated three-module strain yDTY214 and the control strain yDTY201. (A) μ, YS YX/S. (B) Acetyl-CoA 
content. (C) Lipid contents. (D) Fluorescence microscope image after Nile red staining. The scale bars represent 10 μm.

Fig. 6. Verification of the ability of the efficient oil utilization strain yDTY215 and the control strain yDTY216 to produce β-carotene. (A) β-carotene titer and 
biomass. (B) Microscopy image of cells during the β-carotene fermentation cycle. Three independent experiments were repeated with similar results.
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through β-oxidation, resulted in the generation of acetyl-CoA, a key 
metabolic intermediate. By harnessing this pathway, the strain was able 
to replenish its pool of carbon skeletons, which subsequently served as 
building blocks for the increased synthesis of β-carotene. Therefore, 
strain yDTY216 demonstrated a remarkable ability to optimize its 
metabolic resources and maximize the production of this valuable 
carotenoid. Moreover, strain yDTY216 demonstrated remarkable profi
ciency in efficiently harnessing lipid substrates as a source of energy and 
carbon, resulting in a significant increase in metabolic efficiency. This 
optimized utilization of available resources not only facilitated the rapid 
progression of cellular processes but also led to a notable reduction in 
the overall fermentation cycle duration. Specifically, the product accu
mulation rate of strain yDTY216 (2.90 mg/L/h) was twice that of strain 
yDTY215 (1.45 mg/L/h), highlighting the strain’s capacity for acceler
ated β-carotene production and increased productivity. The expedited 
growth of the chassis effectively reduces the fermentation period while 
increasing the yield of the target product. Additionally, researchers have 
devised a cell growth model rooted in coarse-grained proteome parti
tioning for rapidly proliferating bacteria. Their findings revealed that 
the coordinated regulation of ribosome- and tRNA-associated proteins 
aligns with the observed growth rate dependencies, leading to near- 
optimal resource allocation across diverse growth rates [35]. Through 
a combination of gene knockout and adaptive evolution, the highly 
efficient strain of B. subtilis A4003 was engineered to exhibit an excep
tional specific growth rate of 0.75 h− 1 in M9 medium, surpassing that of 
the original strain by a remarkable percentage of 54.69 %. This rapidly 
growing strain shows great potential for increasing valuable compound 
and heterologous protein production, exemplified by its ability to pro
duce RNA, acetoin, GFP, and ovalbumin [36].

4. Conclusions

In this study, the co-expression of UP1 and UP4 promotes fatty acid 
absorption, the co-expression of DGA1 and SCD enhances lipid accu
mulation, and the overexpression of MFE2 increases the acetyl-CoA 
pool, resulting in efficient utilization of hydrophobic substrates by 
Y. lipolytica. A recombinant Y. lipolytica strain that can efficiently utilize 
oil was obtained, and the duration of the fermentation process for 
β-carotene production was significantly reduced, decreasing from an 
initial 96 h to an efficient 48 h. This study has great potential for 
increasing the synthesis rate of lipophilic natural products and provides 
new ideas for the development of economically viable biosynthetic 
methods for lipid-to-terpenoid production.
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