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A B S T R A C T   

Astaxanthin is a high value carotenoid with a broad range of commercial applications due to its superior anti
oxidant properties. In this study, β-carotene-producing Yarrowia lipolytica XK17 constructed in the lab was 
employed for astaxanthin biosynthesis. The catalytic effects of β-carotene ketolase CrtW and β-carotene hy
droxylase CrtZ from various species were investigated. The PspCrtW from Paracoccus sp. and HpCrtZ# from 
Haematococcus pluvialis were confirmed to be the best combination in converting β-carotene. Several key bot
tlenecks in biomass and astaxanthin biosynthesis were effectively eliminated by optimizing the expression of the 
above enzymes and restoring uracil/leucine biosynthesis. In addition, the effects of astaxanthin biosynthesis on 
cell metabolism were investigated by integrated analysis of pathway modification and transcriptome informa
tion. After further optimization, strain DN30 was able to synthesize up to 730.3 mg/L astaxanthin in laboratory 
5-L fermenter. This study provides a good metabolic strategy and a sustainable development platform for high- 
value carotenoid production.   

1. Introduction 

Astaxanthin is a red-orange colored pigment, which widely exists in 
algae, bacteria and fungi. As a strong antioxidant, astaxanthin possesses 
tremendous commercial value in feed, nutraceutical and cosmetic in
dustries [1–3]. In current commercial market, the vast majority of 
astaxanthin is produced via chemical synthesis, but synthetic astax
anthin is not approved for use in human consumption due to the 
biosafety concern [4,5]. On the other hand, natural astaxanthin is more 
active and safer than synthetic one, but traditional extraction methods of 
natural astaxanthin are high-cost and difficult to scale up. Therefore, 
using microorganisms as efficient platforms for astaxanthin production 
has attracted considerable attentions [4–6]. In relevant studies, astax
anthin titers in engineered Escherichia coli, Saccharomyces cerevisiae, and 
Y. lipolytica strains varied from 404.78 mg/L to 3.3 g/L in different 
culture scales [7–9]. 

Although lots of efforts have been made for astaxanthin production 
in engineered microbes, a higher astaxanthin titer is urgently required 

for cost-effective commercialization, which is mainly due to the poor 
conversion efficiency of the precursor β-carotene to astaxanthin. 
Therefore, many strategies have been developed to improve the con
version efficiency of β-carotene to astaxanthin [9–13]. One of the most 
significant strategies was focused on optimizing the catalytic efficiency 
of β-carotene ketolase (CrtW) and β-carotene hydroxylase (CrtZ). Tra
montin et al. (2019) introduced CrtW and CrtZ derived from Paracoccus 
sp., Pantoea ananatis and Haematococcus pluvialis into Y. lipolytica with 
different copy numbers, and effectively doubled astaxanthin production 
[11]. By random mutation of gene CrtW, Di et al. (2020) increased the 
astaxanthin titer in E. coli by 5.35-fold. Besides, reducing the steric 
hindrance between the enzyme and the substrate to accelerate the cat
alytic reaction is also an effective strategy to improve the conversion 
efficiency. Ma et al. (2021) targeted the fusion of CrtW (Paracoccus sp.) 
and CrtZ (H. pluvialis) to the liposomes, endoplasmic reticulum and 
peroxisomes in Y. lipolytica, the engineered strains eventually produced 
139 mg/L astaxanthin in shake flask, which represents a 14-fold increase 
over the astaxanthin titer of the initial strain [14]. 
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Y. lipolytica as one of the most widely used unconventional yeasts is 
considered to be a generally recognized as safe (GRAS) microorganism. 
A series of studies have confirmed the great potential of Y. lipolytica as a 
host for terpenoid production, as it not only possesses sufficient acetyl- 
CoA supply for terpenoid biosynthesis and large amounts of lipid 
accumulation for the storage of highly hydrophobic compounds, but also 
is suitable for large-scale cultivation [15–17]. In addition, several ge
netic manipulation tools of Y. lipolytica have been developed for 
comprehensive metabolic engineering [18–21]. Especially, to address 
the limitation of selective markers, a CRISPR/Cas9 system was devel
oped for marker-free gene disruption and integration. A 
non-homologous end-joining (NHEJ) integration method was also 
developed for rapid optimization of biosynthetic pathways [22], which 
further relieved the limitation of the low efficiency of homologous 
recombination in Y. lipolytica [23]. 

In this study, we successfully constructed several Y. lipolytica strains 
capable of efficiently synthesizing astaxanthin using the in-house 
β-carotene-producing strain as the initial strain. The design and engi
neering of the above strains benefited from enzyme source screening and 
copy number optimization of genes encoding β-carotene ketolase and 
β-carotene hydroxylase, transcriptome analysis of multiple engineered 
strains, and laboratory DO-stat fed-batch fermentation. The results of 
this study provide a better understanding of the engineered strain and 
further improving its astaxanthin yield. 

2. Materials and methods 

2.1. Media and culture conditions 

E. coli strains were cultured in Luria-Bertani (LB) medium (1% 
tryptone, 0.5% yeast extract, and 1% NaCl) at 37 ◦C with shaking (220 
rpm). Ampicillin (100 μg/mL) or kanamycin (50 μg/mL) was used for 
plasmid selection. For Y. lipolytica strains, YPD medium (2% peptone, 
1% yeast extract, and 2% glucose) was used for cell growth, and YNB 
medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 
and 1.5% agar) was used for transformants selection. All Y. lipolytica 
strains were cultured at 30 ◦C with shaking (220 rpm). 

2.2. Construction of plasmids and strains 

E. coli DH10B was used for cloning and plasmid construction. The 
strain XK17 of Y. lipolytica was employed as the initial strain, which is 
deficient in both leucine and uracil biosynthesis [24]. All the strains 
constructed in this study are listed in Supplementary Table S1. All the 
plasmids used are shown in Supplementary Table S2, and the primers for 
plasmid construction are listed in Supplementary Table S3. All astax
anthin biosynthetic genes were codon-optimized towards Y. lipolytica 
and synthesized by Generay Biotechnology (Shanghai, China). PCR 
amplification was performed using super-fidelity DNA polymerase 
(Vazyme Biotech Co., Ltd, Nanjing, China). PCR fragments were 
assembled by using One Step Cloning Kit (Vazyme). Plasmids or line
arized plasmids were transformed into Y. lipolytica cells by using Yeast 
Transformation Kit (Zymo Research, Irvine, CA). 

In order to screen different genes and optimize gene expression ratio, 
the CRISPR/Cas9 system of Y. lipolytica was utilized [25,26], and several 
genomic sites have been selected for this strategy in our previous study 
[24]. To screen strains for higher astaxanthin production, plasmids were 
linearized and then integrated into the genome via NHEJ-mediated 
method. The restriction enzymes were purchased from Thermo Fisher 
Scientific (Waltham, MA). All genes mentioned in this study were placed 
under the control of the UAS1B8-TEF (136) promoter. 

2.3. Extraction and quantification of carotenoids 

About 50 μL aliquot of the fermentation broth were taken and 
centrifuged to collect cell pellets. The cell pellets were suspended in 500 

μL dimethyl sulfoxide (DMSO) prior to heating at 55 ◦C for 30 min, then 
500 μL acetone were added and the mixture was heated at 55 ◦C for 15 
min. After filtering through a 0.22 μm pore-size nylon membrane, the 
supernatants containing carotenoids were analyzed using the Shimadzu 
LC-20A high performance liquid chromatography (HPLC) instrument 
(Shimadzu Co., Kyoto, Japan) equipped with a variable-wavelength 
detector (450 nm) and a ZORBAX SB-Aq column (Agilent Technolo
gies Inc., Santa Clara, CA). The mobile phase (at 40 ◦C) was acetonitrile/ 
methanol/isopropanol/water (9:6:4:1, v/v) at speed of 1 mL/min. 
Standard curves of carotenoids (Sigma-Aldrich, St. Louis, MO) were 
generated by conducting the same extraction method. 

2.4. Quantification of byproducts and dry cell weight (DCW) 

Byproducts in cell supernatants were determined using an UPLC 
(Acquity UPLC H-Class, Waters) equipped with a triple quadrupole mass 
spectrometer (Xevo TQ-XS, Waters). Elution was performed using sol
vent A (water containing 0.1% formic acid) and solvent B (acetonitrile 
containing 0.1% formic acid) as the mobile phase at a flow rate of 0.4 
mL/min and a temperature of 45 ◦C. The gradient program was set from 
1% to 100% of solvent B. The parameter settings conducted in triple 
quadrupole MS were shown below: scan speed: 0.01 s/scan, multiple 
reaction monitoring (MRM) mode, capillary voltage: 1 kV (positive/ 
negative mode), source temperature: 150 ◦C, desolvation gas tempera
ture: 450 ◦C, desolvation gas (>99.5% Nitrogen) flow: 900 L/h, cone gas 
(>99.5% Nitrogen): 50 L/h. Data were acquired by software Masslynx 
4.2. 

To determine the dry cell weight, 2 mL aliquot of the fermentation 
broth were taken and centrifuged to collect cells. The cell pellets were 
washed with milli-Q water for three times, dried at 105 ◦C for 24 h and 
weighed after that. 

2.5. Analysis of transcriptome 

Total RNA extraction and transcriptome sequencing were conducted 
by Novogene Co. Ltd (Beijing, China). Briefly, RNA integrity was 
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 
system (Agilent). After using total RNA as input material for the RNA 
sample preparations, library quality was assessed on the Agilent Bio
analyzer 2100 system (Agilent). The clustering of the index-coded 
samples was performed on a cBot Cluster Generation System using 
TruSeq PE Cluster Kit v3-cBot-HS (Illumina Inc., San Diego, CA) ac
cording to the manufacturer’s instructions. After cluster generation, the 
library preparations were sequenced on an Illumina Novaseq platform 
and 150 bp paired-end reads were generated. Raw data (raw reads) of 
fastq format were firstly processed through in-house perl scripts. In this 
step, clean data (clean reads) were obtained by removing reads con
taining adapter, reads 1 containing N base and low-quality reads from 
raw data. At the same time, Q20, Q30 and GC content of the clean data 
were calculated. Transcriptome data analyzed in this study was pro
vided in Supplementary Table S5. Data analysis was performed on the 
online platform of the Novomagic Platform (https://magic.novogene. 
com/customer/main#/login). 

2.6. Shake flask culture and fermentation 

The engineered strains were firstly plated onto solid YPD medium, 
then single colony of strains was picked from plate and cultured in 2 mL 
YPD medium at 30 ◦C and 220 rpm. The seed culture was inoculated into 
250 mL shake flasks containing 50 mL YPD medium (initial OD600 =

0.01) and cultivated at 30 ◦C and 220 rpm for 4 days. 
The fed-batch fermentation was carried out at 30 ◦C in a 5-L 

fermenter (Baoxing Co., Ltd., Shanghai, China) containing 2 L of 2 ×
YPD medium (4% peptone, 2% yeast extract, and 4% glucose). Cells 
were grown in 50 mL YPD medium in a 250 mL flask at 30 ◦C with 
shaking (220 rpm) until OD600 value reached to between 8 and 10, then 
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50 mL of seed culture were inoculated into the fermenter containing the 
medium saturated by filtered air. The air flux and the agitation rate were 
set at 2 vvm and 900 rpm. The pH was maintained at 5.5 by feeding 5 M 
NaOH or 5 M HCl. During fermentation process, the antifoam solution 
was added to eliminate excessive foam. After complete consumption of 
glucose (20 h), 80% glucose was pumped into the fermenter to maintain 
dissolved oxygen (DO) concentration at 25–35%. 

3. Results and discussion 

3.1. Determination of the catalytic efficiency of CrtW and CrtZ derived 
from diverse species 

In our previous study, the strain Y. lipolytica XK17 has been suc
cessfully constructed, which was capable to synthesize a significant 
amount of β-carotene, the key precursor for astaxanthin production 
[24]. Although only two enzymes (CrtW and CrtZ) are required to 
convert β-carotene to astaxanthin, the conversion process occurs in six 

different ways, resulting in up to eight metabolic intermediates 
(Fig. 1A). It has been reported that CrtW and CrtZ showed diverse 
substrate affinity and enzymatic activity in different host microorgan
isms [27–31], suggesting that the conversion pathways of β-carotene to 
astaxanthin and the proportion of astaxanthin in total carotenoids are 
greatly affected by different sources of CrtW and CrtZ. Therefore, in 
order to obtain the appropriate CrtW/CrtZ combination for astaxanthin 
synthesis in Y. lipolyitca, we selected 7 CrtZs and 8 CrtWs from 9 bacteria 
and microalgae for CrtW/CrtZ combination expression experiments 
(Fig. 1B and C). 

We first selected β-carotene ketolase from multiple sources and 
evaluated their ability to convert β-carotene into echinenone and 
canthaxanthin in Y. lipolytica. The tested CrtWs were taken from Bre
vundimonas vesicularis DC263 (BvCrtW), Brevundimonas sp. SD212 
(BspCrtW), Sphingomonas melonis DC18 (SmCrtW), Alcaligenes sp. PC-1 
(AspCrtW), Paracoccus sp. N81106 (PspCrtW), Chlamydomonas rein
hardtii (CrCrtW) and H. pluvialis (HpCrtW), respectively, as well as a 
truncated CrCrtW (trCrCrtW) because of its reported higher catalytic 

Fig. 1. Screening β-carotene ketolase (CrtW) and 
hydroxylase (CrtZ) from diverse organisms. (A) The 
biosynthetic pathway from β-carotene to astaxanthin. 
(B) Comparing the efficiency of different CrtWs in 
converting β-carotene to echinenone and canthaxan
thin. (C) Comparing the efficiency of different CrtZs 
in converting β-carotene to β-cryptoxanthin and 
zeaxanthin (β-cryptoxanthin not detected). Evolu
tionary trees are constructed by maximum likelihood 
method, the percentage of trees in which the associ
ated taxa clustered together is shown above the 
branches. Blue circle, bacteria. Green circle, algae. 
Error bar represents standard deviation of triplicate 
experiments.   
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activity in astaxanthin synthesis [32,33]. Each CrtW gene was 
codon-optimized and individually integrated into the genome of strain 
XK17 (A1 locus) by using CRISPR/Cas9 strategy to obtain the con
structed strains W1 to W8. As shown in Fig. 1B, all CrtWs except HpCrtW 
could catalyze the conversion of β-carotene into echinenone or cantha
xanthin, where PspCrtW and trCrCrtW showed higher conversion effi
ciency compared with other CrtWs. In addition, PspCrtW could convert 
most β-carotene to echinenone and canthaxanthin, while trCrCrtW 
showed a better conversion performance of echinenone to canthaxan
thin. Consistent with the literature results, we also found that the 
truncated CrCrtW had a higher β-carotene conversion efficiency 
compared to CrCrtW, and it is therefore necessary to further evaluate its 
effect on the synthesis of astaxanthin. 

Next, we focused on seven CrtZs to evaluate their ability of con
verting β-carotene into zeaxanthin, in which PagCrtZ from Pantoea 

agglomerans, PanCrtZ from P. ananatis, PspCrtZ from Paracoccus sp. 
N81106, AspCrtZ from Alcaligenes sp. PC-1, BvCrtZ from B. vesicularis 
DC263, BspCrtZ from Brevundimonas sp. SD212, and HpCrtZ# from a 
variant CrtZ of H. pluvialis with a site mutation K82R (HpCrtZ# has been 
proven to be stable without being ubiquitinated) [34,35]. The efficiency 
of each β-carotene hydroxylase to convert β-carotene to zeaxanthin was 
evaluated (no accumulation of β-cryptoxanthin was detected in any of 
these cases). Each CrtZ gene was codon-optimized and individually in
tegrated into the genome of strain XK17 (E1 locus) by using CRISPR/
Cas9 strategy, resulting in strains Z1 to Z7 (Fig. 1C). Surprisingly, only 
four CrtZs showed limited hydroxylation of β-carotene. Even PagCrtZ 
with the best catalytic effect could only convert approximately 48% of 
β-carotene into zeaxanthin. 

In order to further evaluate the co-expression effects of CrtW and 
CrtZ on astaxanthin biosynthesis from β-carotene, we introduced the 

Fig. 2. Combinatorial optimization of CrtW and CrtZ from diverse organisms. Carotenoids titers were determined in 13 strains expressing CrtW and CrtZ from 
various sources (other hydroxycarotenoids not detected). The different CrtW/CrtZ combinations are marked with asterisks under each group of bars. Error bar 
represents standard deviation of triplicate experiments. 

Fig. 3. Effects of copy number of the PspCrtW, trCrCrtW and HpCrtZ# genes on carotenoids biosynthesis (hydroxycarotenoid not detected). The copy number of the 
corresponding gene is indicated by the number of asterisks. Error bar represents standard deviation of triplicate experiments. 
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above 7 CrtZ genes into strains W5 and W8, respectively, using the same 
CRISPR/Cas9 integration method and resulting in 14 engineered strains 
with different CrtW/CrtZ combinations. Similarly, except PspCrtW and 
trCrCrtW genes, the other six CrtW genes were expressed respectively 
into strain Z1 which showed better hydroxylation of β-carotene. Inter
estingly, astaxanthin synthesis was detected in only 13 of the 20 engi
neered strains (Fig. 2). We observed that the amount of astaxanthin 
synthesized and the amount of β-carotene remaining in the above strains 
were significantly affected by the combination of CrtW and CrtZ. In 
accordance with the strain W5 in Fig. 1B, the introduction of PspCrtW 
always resulted in efficient ketolation of β-carotene and intracellular 
β-carotene content below 40 mg/L. Although the strain co-expressed by 
PagCrtZ and PspCrtW (DN4) and the strain co-expressed by PagCrtZ and 
trCrCrtW (DN6) showed high astaxanthin biosynthesis, replacing 
PagCrtZ with HpCrtZ# increased astaxanthin production by approxi
mately 30% (strains DN1 and DN3, respectively). Considering the fact 
that HpCrtZ# could not hydroxylate β-carotene into zeaxanthin 
(Fig. 1C), we inferred that HpCrtZ# might have higher catalytic speci
ficity and activity only for ketocarotenoids. Another interesting obser
vation was that astaxanthin production of strain DN2 (CrCrtW/PagCrtZ) 
was about 50% higher than that of strain DN6 (trCrCrtW/PagCrtZ). 
Since Fig. 1B shows that more canthaxanthin was ketolated from 

β-carotene by trCrCrtW than by CrCrtW, we may conclude that CrCrtW 
can catalyze the ketolation of hydroxylated carotenoids more efficient 
than trCrCrtW, a product of 117 amino acids truncated from the C-ter
minus of CrCrtW. 

3.2. Optimization of CrtW/CrtZ expression ratio 

Strain DN1 harboring PspCrtW/HpCrtZ# and strain DN3 harboring 
trCrCrtW/HpCrtZ# both showed good astaxanthin synthesis and were 
selected to investigate the effect of copy number of these genes in these 
two strains. By comparing DN14 with DN1, and DN15 with DN3, we 
found that the introduction of one additional PspCrtW gene or trCrCrtW 
gene promoted more canthaxanthin synthesis, but had no effect on 
astaxanthin synthesis. So did the strain DN18, in which one PspCrtW and 
one trCrCrtW were introduced together with an HpCrtZ# (Fig. 3). These 
results suggested that hydroxylation of ketocarotenoids is critical for 
astaxanthin biosynthesis in these engineered strains. This was well 
demonstrated by the introduction of another HpCrtZ# in either strain 
DN1 or DN3, which resulted in a 40%–50% increase in astaxanthin 
biosynthesis with a significant reduction in canthaxanthin content 
(strains DN16 and DN17 in Fig. 3). Encouraged by this, we further 
increased the copy number of HpCrtZ# in strain DN16 to 5 copies 
(strains DN19 to DN21). Each additional copy number of HpCrtZ# 

resulted in a 1.3 – 1.5-fold increase in astaxanthin production. The strain 
DN21 with one PspCrtW and five HpCrtZ# could produce approximately 
19 mg/L astaxanthin, 5-fold higher than that in strain DN1. Accordingly, 
the proportion of astaxanthin in carotenoids increased significantly from 
2% in strain DN1 to 12% in strain DN21. 

3.3. Effect of auxotrophy on cell growth and astaxanthin production 

Since the above studies were based on the uracil and leucine auxo
trophic strain, the restoring of nutritional requirements may greatly 
affect cell growth and the biosynthesis of target product. Linear DNA 
fragment containing LEU2 or URA3 was constructed and transformed 
into strain DN21 to obtain strains DN22 and DN23, respectively 
(Fig. 4A). The results showed that restoring uracil biosynthesis doubled 
the cell growth and tripled the astaxanthin titer (approximately 2.5 mg 
astaxanthin/g DCW, DN23), while restoring leucine biosynthesis was 
not effective in promoting cell growth and astaxanthin synthesis (strains 
DN22 and DN24, Fig. 4B). These findings were not consistent with the 
report of Schwartz et al. (2017) that Y. lipolytica growth and lycopene 
biosynthesis were increased only when both nutritional requirements 
were complemented [36]. Interestingly, the total carotenoids produced 
by strains DN22 to DN24 did not change much compared with that of 
strain DN21 (Fig. 4B), so astaxanthin synthesized by strains with 
restored uracil or uracil/leucine synthesis rapidly increased to about 
50% of the total carotenoids. 

3.4. Transcriptome analysis of different carotenoid-producing strains 

The biosynthesis of astaxanthin has been improved by screening and 
optimizing copy numbers of the CrtW and CrtZ genes, and restoring 
uracil biosynthesis. Next, we conducted transcriptome analysis to study 
how the introduction of astaxanthin biosynthesis steps affects cell 
metabolism and regulation, so as to provide useful information for better 
promoting astaxanthin biosynthesis and improving the proportion of 
astaxanthin in total carotenoids. Therefore, the uracil requirements of 
β-carotene-producing strain XK17, astaxanthin-producing strains DN1 
and DN21 with different copy numbers of astaxanthin biosynthesis 
genes were complemented to obtain strains DN25, DN26, and DN23 
(Fig. 5A). The results showed that the total carotenoid production of 
strains DN23 and DN26 was about 60% lower than that of strain DN25, 
indicating that the excess introduction of the astaxanthin biosynthesis 
pathway affected the carbon flux toward the carotenoid biosynthesis. By 
analyzing the time course of β-carotene/astaxanthin production in 

Fig. 4. Restoring uracil or/and leucine biosynthesis in strain DN21. (A) Two 
linear DNA fragments harboring the URA3 marker and the LEU2 marker, 
respectively. Bent arrow: a promoter; T-shape bar: a transcription terminator. 
(B) Biomass and carotenoids production of strains restoring uracil or/and 
leucine biosynthesis. The copy number of the corresponding genes is indicated 
by the number of asterisks. Error bar represents standard deviation of triplicate 
experiments. 
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above three strains, two points with the highest and lowest productivity 
of astaxanthin and a transition point between them were determined 
and set as the first, second and third stage respectively (Fig. 5B, Sup
plementary Fig. S2 and Table S4). Subsequently, transcriptome analysis 
was performed on the obtained strains DN25, DN26, and DN23 at these 
three stages (Supplementary Fig. S1). Principal component analysis 
(PCA) showed that the gene transcription patterns of the above three 
strains were basically the same at the first and third stages. The tran
scription of strain DN25 (A) was, however, significantly different from 
strain DN26 (B) and strain DN23(C) at the second stage. Therefore, the 
following analysis only focused on the corresponding transcriptomic 
data. 

RNA-sequencing (RNA-seq) data analysis of strains DN25 and DN26 
in the second production stage (B2 vs A2) showed that a total of 1584 
differentially expressed genes (DEGs) (p < 0.05; |log2FC| ≥ 1), including 
631 up-regulated genes and 953 down-regulated genes in strain DN26 
when compared to strain DN25 (Supplementary Fig. S1B). As expected, 
KEGG pathway enrichment analysis indicated that compared to the 
genes in strain DN25, transcription levels of most genes involved in the 
mevalonate (MVA) pathway and ergosterol biosynthetic pathway were 
significantly down-regulated in strain DN26. Especially the HMG1, 
ERG1, ERG3 and ERG2-1 genes were down-regulated 8.8-fold, 5.3-fold, 
4.9-fold and 8.0-fold, respectively (Fig. 5C and Supplementary Fig. S1C). 
The MVA pathway is well-known to provide key precursors for carot
enoids biosynthesis in Y. lipolytica [37]. Sterol esters synthesized from 

ergosterol is one of the main components of lipid droplets, which plays a 
key role in carotenoid accumulation [38–41]. SRE1 is reported as a 
regulatory element that positively regulates ergosterol biosynthetic 
pathway genes and the MVA pathway genes in Xanthophyllomyces den
drorhous [42–44]. If SRE1 has a similar function in Y. lipolytica, the 
nearly 4-fold down-regulation in its transcription was probably 
responsible for the significant decrease in transcription levels of genes in 
the MVA and ergosterol biosynthetic pathways in strain DN26 (Sup
plementary Table S5). In addition, an adequate supply of NADPH 
generally facilitates lipid and terpenoid biosynthesis [45–47]. It has 
been reported that the oxidative pentose phosphate (PP) pathway is the 
primary source of NADPH in Y. lipolytica [48], and we found most DEGs 
in the PP pathway of strain DN26 were also down-regulated (Supple
mentary Table S5). Thus, improving the PP pathway flux to increase the 
supply of cofactor NADPH may also be necessary to promote total 
carotenoid production and astaxanthin biosynthesis. Both β-carotene 
and astaxanthin can effectively protect membrane phospholipids and 
other lipids against the toxicity from reactive oxygen species (ROS) [49]. 
Therefore, DEGs involved in stress response were also analyzed based on 
the obtained transcriptome data. Most DEGs in the antioxidant system of 
strain DN26 were also down-regulated, such as the genes encoding su
peroxide dismutase SOD1, peroxiredoxin PRDX5 and catalase CTT1 
(Supplementary Table S5). Among them, a gene encoding catalase CTT1 
(YALI0_E34265g) was 24-fold down-regulated in strain DN26 compared 
with that in strain DN25. Catalase CTT1 is known to play an important 

Fig. 5. Transcriptome analysis of different carotenoid-producing strains. (A) Carotenoid production of strains DN25, DN26 and DN23. (B) β-carotene/astaxanthin 
production curves of strain DN25, strains DN23 and DN26. For each strain, we selected three samples (A, B, C) with different β-carotene/astaxanthin productivity for 
transcriptome analysis. Pink circle: early stage; Red circle: middle stage; Brown circle: final stage. (C) Expression pattern of genes involved in the MVA pathway and 
steroid biosynthesis pathway. Green or red arrows represent the down-regulation or up-regulation of gene transcriptions in Group B2 relative to Group A2. Values 
represent the corresponding fold changes. (D) Carotenoids production and biomass of strains overexpressing key genes based on transcriptome analysis. 
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role in the prevention of oxidative damage. Considering that the cell 
yield of astaxanthin (even total carotenoids) in strain DN26 was much 
lower than that of β-carotene in strain DN25 (Fig. 5A), the above results 
strongly suggested that the accumulation of astaxanthin and other ca
rotenoids such as canthaxanthin could more effectively alleviate 
oxidative stress in Y. lipolytica. 

Based on the transcriptome analysis, we overexpressed the SRE1 
gene using the CRISPR/Cas9 system in the astaxanthin-producing strain 
DN21 to increase the amount of carotenoids flux. However, the results 
indicated that the additional introduction of the SRE1 gene (strain 
DN27) did not lead to more accumulation of astaxanthin and total ca
rotenoids, which suggested that the expression of SRE1 gene is probably 
regulated by other factors in Y. lipolytica (Fig. 5D). Transcriptome 
analysis also showed that the transcription levels of the HMG1 gene that 
encodes a key rate-limiting enzyme of the MVA pathway, and the GND1 
gene that encodes phosphorgluconate dehydrogenase in the oxidative 
PP pathway to provide reducing equivalent of NADPH, were positively 
related to astaxanthin production. Further enhancement of these two 
genes in the strain may also promote the biosynthesis of astaxanthin. 
The strain DN28 with overexpressed GND1 gene and the strain DN29 
with overexpressed HMG1 gene were therefore constructed based on the 
strain DN21. We observed that the additional supply of NADPH 
increased astaxanthin biosynthesis by about 21%, while the introduc
tion of additional HMG1 gene led to a rapid increase in astaxanthin 
production of nearly twice as much (Fig. 5D). 

3.5. Synthetic construction of astaxanthin-producing strain by NHEJ- 
mediated integration and DO-stat fermentation 

In addition to the above results, it was observed that the introduction 
of an additional copy of HpCrtZ# also helped to further pull carotenoid 
synthesis flow towards astaxanthin biosynthesis (data not shown). As an 
unconventional yeast, Y. lipolytica shows a strong preference for 
repairing DNA double-strand breaks by NHEJ [23]. In the process of 

NHEJ-mediated integration, the DNA fragments can be randomly inte
grated in different chromosomal locations, which may lead to inser
tional mutagenesis [50]. Therefore, this method is helpful to quickly 
generate an insertional mutagenesis library to screen out engineered 
strains with higher yield than expected. In order to synthetically include 
several genes and necessary nutritional requirements that could effec
tively promote astaxanthin synthesis into strain DN21, we established a 
combinatorial library by the NHEJ-mediated method. Two linear DNA 
fragments, one with codon-optimized gene HpCrtZ# and URA3, the other 
with endogenous genes HMG1, GND1, and LEU2, were constructed and 
simultaneously transformed into strain DN21 (Fig. 6A). Twenty dark red 
colonies were picked up by visualization and cultivated in flasks for 4 
days (Supplementary Fig. S3). The synthetically engineered strain with 
the highest astaxanthin production in shake-flask culture was therefore 
obtained, and the resulting strain DN30 accumulated 99.3 mg/L astax
anthin (about 68% of the total carotenoids), which was approximately 
27 times that of strain DN1 and 1.6 times that of strain DN23 (Fig. 6B). 

In order to further evaluate the potential of strain DN30 to produce 
astaxanthin, fed-batch fermentation was performed in 5-L fermenter 
(Fig. 7A). It has been reported that DO-stat fed-batch fermentation 
contributes to the improvement of glucose utilization by reducing the 
Crabtree effect [51], thereby increasing biomass amount. The DO-stat 
strategy was employed to enhance cell growth and then promote 
astaxanthin production. YPD20 medium was used as the initial medium. 
After the initial glucose was exhausted, the rate of feeding (80% glucose) 
was controlled to maintain a balance between oxygen consumption and 
supply, automatically meeting the DO set point (30%). Finally, 730.3 
mg/L astaxanthin (i.e. 8.9 mg/g DCW) was obtained after 4 days of 
fermentation (Fig. 7B). However, we also observed that the in
termediates echinenone and canthaxanthin kept accumulating during 
the fermentation, suggesting that although β-carotene hydroxylases 
have been well screened and improved, their catalytic efficiency needs 
to be further optimized for large-scale fermentation (Fig. 7C). In addi
tion, the supernatant samples at 96 h of fermentation were measured by 
LC-MS, and we found that most of organic acids in the TCA cycle were 
secreted during the fermentation process (Supplementary Fig. S4). It is 
suggested that it is of great importance to balance the trade-off between 
the TCA cycle and terpene synthesis for efficiently directing carbon flux 
towards the astaxanthin biosynthesis. 

In previous studies, Ma et al. (2021) constructed a Y. lipolytica strain 
that could produce 453 mg/L of astaxanthin in 5-L fermenter through 
targeting the enzyme fusions (CrtW-Z) to subcellular compartment [14]. 
Zhu et al. (2022) adjusted the expression levels of CrtW and CrtZ, 
restored leucine biosynthesis, and performed fed-batch fermentation in 
the synthetic CSM-Ura medium supplemented with YAG concentrated 
medium, resulting in the production of 3.3 g/L astaxanthin [9]. Above 
studies enhanced the production of astaxanthin by promoting the cell 
growth and substrate conversion. In this study, we firstly obtained a new 
pair of CrtW and CrtZ for enhancing the conversion of β-carotene, then 
analyzed the effect of astaxanthin heterologous biosynthesis pathway on 
cell metabolism and finally determined the rate-limiting steps, which 
provides promising strategies for the study of microbial heterologous 
biosynthesis of astaxanthin. 

4. Conclusion 

Due to the high cost of astaxanthin extraction from nature, metabolic 
engineering of microorganisms for astaxanthin production has become 
an attractive strategy. In this study, based on an in-house β-carotene- 
producing strain and combined analysis of metabolic pathway and 
transcriptome, we successfully constructed a Y. lipolytica strain capable 
of efficiently synthesizing astaxanthin. Although only preliminary DO- 
stat fed-batch fermentations were performed, the engineered strain 
was still able to produce up to 730 mg/L astaxanthin. The results sug
gested that astaxanthin could be synthesized more efficiently under the 
optimized cell growth conditions, and could then be employed to a 

Fig. 6. Construction of strain DN30 by NHEJ-mediated integration. (A) Two 
linear DNA fragments used to overexpress HpCrtZ#, GND1 and HMG1 genes into 
strain DN21 by NHEJ-mediated integration. Bent arrow: a promoter; T-shape 
bar: a transcription terminator. (B) Astaxanthin production and biomass for
mation of strain DN30 in shake flasks. 
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variety of industrial scenarios. Additionally, little is known about tran
scription factors regulating terpenoid biosynthesis pathways in 
Y. lipolytica, and further studies are still required. On the other hand, the 
introduction of novel precursor supply pathway, like the isopentenol 
utilization pathway, may also contribute to the enhancement of carbon 
flux towards astaxanthin biosynthesis. 
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