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Abstract

Background In microbial cell factories, substrate accessibility to enzyme is a key factor affecting the biosynthesis of
natural products. As a robust chassis cells for biofuels and bioproducts, Saccharomyces cerevisiae also encounters the
challenge since different enzymes and precursors are typically compartmentalized in different organelles. Such spatial
separation could largely limit the efficiency of enzymatic reactions. In this study, the production of the hydrophobic
product (vitamin A) was highly improved by metabolic engineering combined with degrading lipid droplets (the
primary organelle storing 3-carotene) to achieve efficient contact between [3-carotene and 15, 15"-3-carotene
monooxygenases in Saccharomyces cerevisiae.

Results To efficiently produce vitamin A in Saccharomyces cerevisiae, ten 15, 15'-3-carotene monooxygenases
(BCMOs) were firstly evaluated. The strain carrying marine bacterium 66A03 (Mb. BCMO) achieved the highest vitamin
A titer. Co-adding 10% dodecane and 1% dibutylhydroxytoluene increased vitamin A titer to 19.03 mg/L in two-
phase fermentation. Since most B-carotene is stored in LDs while BCMO is located in the cytosol, we developed a
strategy to release B-carotene from LDs to better contact with BCMO. By overexpressing TGL3 and TGL4 using an
ion-responsive promoter after high accumulation of 3-carotene in LDs, LDs were sequentially degraded, which
dramatically improved vitamin A production. Finally, by overexpressing tHMG1, ERG20, and Crtl and introducing
Vitreoscilla hemoglobin, vitamin A titer reached 219.27 mg/L, which was a 10.52-folds increase over the original strain
in shake flasks, and finally reached 1100.83 mg/L in fed-batch fermentation. The effectiveness of LDs degradation on
promoting the formation of B-carotene cleaved product has also been verified in 3-ionone synthesis with 44.07%
increased yield.

Conclusions Overall, our results highlighted the significance of sequential degrading LDs on vitamin A
overproduction in recombinant yeast, and verified that combining metabolic and LDs engineering is an efficient
strategy to improve vitamin A production. This integrated strategy can be applied to the overproduction of other
hydrophobic compounds with similar characteristics.
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Background

Vitamin A (retinoids), including retinol, retinal, and reti-
noic acid, is a kind of fat-soluble isoprenoid compound
[1, 2]. Vitamin A has been widely applied in foods, phar-
maceuticals, and cosmetics owing to its vital functions
in improving night blindness, dry eye, immune system
function, and skeletal development [3, 4]. The current
industrial processes to produce vitamin A rely on chemi-
cal synthesis using substances derived from petroleum,
such as acetone and acetylene [5]. However, due to the
high cost of reagents, complex purification steps, and the
possibility of hazardous compound residues, these manu-
facturing processes may not be ideal for safe and sustain-
able production [6]. Alternatively, the rapid development
of synthetic biology has enabled the industrial produc-
tion of vitamin A using microbial cell factories a more
cost-effective and environmentally friendly approach [7].

Vitamin A biosynthesis has been well characterized
and established in Escherichia coli, Yarrowia lipolytica,
and Saccharomyces cerevisiae [8—10]. Through intro-
ducing heterologous 15,15’--carotene monooxygenase
(BCMO), B-carotene was cleaved by BCMO to synthe-
size retinal, which was then oxidized or reduced under
the catalysis of retinal dehydrogenase or retinal reduc-
tase to produce retinoic acid or retinol, respectively [11,
12]. Until now, four major strategies have been adopted
in the optimization of vitamin A production in microbial
cell factories, including enhancing the precursor supply,
screening or engineering key enzymes, cofactor engi-
neering, and optimizing fermentation conditions. For
example, retinal production was increased by introduc-
ing an exogenous mevalonate (MVA) pathway in E. coli
[13]. Park et al. screened three sources of BCMOs and
achieved high production of retinol in Y. lipolytica [9].
NADH oxidase noxE was co-expressed with RDH12 and
Mb.BCMO in S. cerevisiae to achieve selective produc-
tion of retinol [10]. Additionally, fermentation conditions
optimization strategies such as choosing suitable carbon
sources [6], adding extractants for two-phase extraction
fermentation such as dodecane [14], Tween 80 [9], and
olive oil [6], and adding antioxidants were also supplied
to improve vitamin A biosynthesis [14].

Although microbial synthesis of vitamin A has shown
promise in laboratory settings, to date, vitamin A titer
in engineered microorganisms still cannot meet indus-
trial production requirements. There are three chal-
lenges need to be addressed. Firstly, the catalytic activity
of key enzymes needs to be improved [9]. Screening of
enzymes and rational modification by protein engineer-
ing are proper approaches. Secondly, for lipophilic prod-
ucts like vitamin A, efficient separation and purification
remain significant challenges in industrialization. The
establishment of a two-phase fermentation system for in
situ extraction of the product to the organic phase can
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efficiently alleviate the metabolic burden on cells and
further promote its production [15]. Thirdly, the spa-
tial separation of precursors and enzymes greatly limits
catalytic efficiency [16]. Different enzymes, precursors,
and cofactors are usually embedded in different organ-
elles due to their unique physicochemical environments
[17]. Thus, organelle compartmentalization has been
developed through anchoring enzymes from metabolic
pathways to sub-organelles to induce substrate channel-
ing [18]. However, several substantial limitations might
hinder its further application. Firstly, linking localization
tags on enzymes may interfere with their structure and
folding, resulting in a decrease in enzyme activity [19].
Secondly, targeting plenty of enzymes to organelles can
increase metabolic burden and cause a negative impact
on the normal function of organelles [20]. Finally, the
targeted enzymes may only be relocated on the surfaces
of organelles and still cannot achieve complete contact
between substrates and enzymes [21]. Previous stud-
ies have shown that most -carotene was accumulated
in LDs [22], while heterologous expressed BCMO was
located in cytosol in yeast [23]. Accordingly, the spatial
separation between enzymes and substrates might be a
bottleneck limiting vitamin A overproduction.

In this study, we developed a combined strategy
that involves systematic metabolic and LDs engineer-
ing in S. cerevisiae, due to its safety (GRAS) and indus-
trial robustness [24], to try to overproduce vitamin A.
These included screening efficient BCMOs, co-add-
ing dodecane and dibutylhydroxytoluene (BHT) for
two-phase fermentation, sequential degrading LDs to
release P-carotene to efficient contact with BCMO by
overexpressing LDs degradation genes, and increasing
B-carotene supply by pathway engineering and improve
oxygen utilization by overexpressing Vitreoscilla hemo-
globin (VHb). After 96 h of fermentation, vitamin A titer
was increased to 219.27 mg/L in shake flask, which was
10.52-folds increment compared with original strain, and
the value finally reached 1100.83 mg/L in a 7 L fermen-
ter. The effectiveness of this LDs degradation strategy has
also been verified in another -carotene cleaved product,
B-ionone synthesis. Our results demonstrated that com-
bining metabolic engineering and LDs degradation with
two-phase extraction fermentation is an effective way to
improve vitamin A production using S. cerevisiae as cell
factory.

Materials and methods

Strains and cultivation

The starting chassis strain was [3-carotene producing
strain YBX-01 [25], and the related engineered strains are
listed in Table 1. E. coli DH5a was used for plasmids con-
struction and purification. The engineered yeast strains
were cultured in Yeast Extract-Peptone-Dextrose (YPD)
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Table 1 Strains used in this study

Strains Genotype/ Description Source
YBX-01 FY1679-01B, Agal1-10-7:T 4p-Crtl-Pess 1P -CrtYB-Teyer AGal80:T yp~CrtE-Pey 10 Buetal, [24]
YJL-01 FY1679-01B, Agall-10-7:Typyi-Crti-Pasy 15-Pent;-CrtYB-Teycrs AGAIBO:T sy -CrtE-Pey 1oPas - HS.BCMOTeye This study
YJL-02 FY1679-01B, Agal1-10-7:T yp11-Crtl-Pess 167Poa -CrtYB-Teyer AGal80:T ypy~CrtE-Pey 157Pops i~ Gg.BCMO-T ey This study
YJL-03 FY1679-01B, Agal1-10-7::T yp1-Crtl-Pes 10 P 17CrtYB-Teyers Agal80:T yoyCrtE-Pe gy 19-Pea - MM.BCMO-T This study
YJL-04 FY1679-018, Agal1-10-7:T pu=Crti-Pop 10Poa -CrtYB-Teyers AGaI80:T yppy1-CrtE-Pe sy 10-Poac - RN.BEMO-T ey This study
YJL-05 FY1679-01B, Agal1-10-7:T 4pp-Crti-Pess 15-Poa -CrtYB-Teyer AGal80:T ypy=CrtE-Peyy 157Pips - C5.BCMO-Try This study
YJL-06 FY1679-01B, Agall-10-7:Tapy-Crti-Pe 1oPea 1-CrtYB-Teye i AGAIBO:T ypyyy-CrtE-Pesy 16-Pen 1 SCBCMO-Teye This study
YJL-07 FY1679-01B, Agal1-10-7:T yp1-Crtl-Pess 15Poa -CrtYB-Teyer AGal80:T ypy=CrtE-Pey 15-Poas 1= SSP-BEMO-Tyey This study
YJL-08 FY1679-018, Agal1-10-7::Tppy-Crtl-Pp 15-Pen i-CrtYB-Teycy AGal8O:Typpy;-Crtt-Pey joPea - FEBCMO-Teye This study
YJL-09 FY1679-01B, Agall-10-7:Tao-Crti-Peas soPeat1-CrtYB-Teyer; AGaIBO:T upyyy-CrtE-P sy 16-Pen - 55.BCMO-T oy This study
YJL-10 FY1679-01B, Agal1-10-7:T yp11-Crtl-Pess 1657Par -CrtYB-Teyer; AGal8O:T ypy=CrtE-Pepy 157Pop i~ MB.BCMO-Teye, This study
Y11 YIL10, AHO: Ty BEMO-Pey 15Pep - MCS2T ey This study
YJL-12 YIL11, ATy4:T - BEMO-Piyy 157Pa -MCS2-Teyey This study
YJL-13 FY1679-01B, Agal1-10-7:T 4pp-Crti-Pes; 15-Poa 7CrtYB-Teyer AGal80:T yppy=CrtE-Pepy 157Pps i-PLN1-(G4S),-BCMO-T ey This study
YJL-14 FY1679-01B, Agall-10-7:Tapop-Crti-Pes 1oPa 1-CrtYB-Teye i AGAIBO:T ypyyy-CrtE-Pes, 14-Pon 1-01€0sin-(G,S),-BCMO-Teye This study
YJL-15 FY1679-01B, Agal1-10-7:T ypp1-Crtl-Pess 15Poa -CrtYB-Teyer; AGaI80:T pyy=CrtE-Pepy 19-Pp 1-DGAT-(G,S),-BCMO-T ey This study
YJL-16 FY1679-01B, Agal1-10-7:T 4p1-Crti-Pes; 157Poa -CrtYB-Teyer AGal80:T ypy=CrtE-Pe sy 157Pips i BOMO~(G,S)-PLNT-Tey This study
YIL-17 FY1679-018, Agal1-10-7:T ppui=Crti-Pon 10-Poar -CrtYB-Teyers AGaIS0:T yppy1=CrtE-Pe sy 10-Pea - BCMO(G,S),-0leosin-T ey, This study
YJL-18 FY1679-01B, Agal1-10-7:T 4p1-Crti-Pess 15-Poat 7CrtYB-Teyer Agal80:T yppy~CrtE-Pes 15-Pops - BOMO~(G,S),-DGAT Ty This study
YIL19 YIL10, AHO: Ty TGL3 Py 1g-Pop 1 TGLATeye This study
YJL-20 YIL-10, AHO: P g TGL3-Tryeys ATy4: Papey-TGLA Ty, This study
YJL-21 YJL-20, Adeltal:: Pupc;-TGL3- Ty Adelta: Pype - TGLA-T e This study
YIL-22 YIL-21, ADPP1:T oy tHMG 1-Pey 1P -ERG20Teyc) This study
YJL-23 YIL-22, ArDNA:: Py ~Crtl-Teye, This study
YJL-24 YIL10, ADNA: Py -Crti-Toye This study
YJL-25 YIL-23, ALPP1: Pegy 1 -VHDTeycs This study
YJL-30 YBX-01, ADPP1:: Py - WCCDT-Teye This study
YJL31 YIL-30, AHO: P TGL3Teyeys ATY4: P TGLA Ty This study

liquid medium (10 g/L yeast extract, 20 g/L peptone,
and 20 g/L glucose). For shake-flask fermentation, the
recombinant yeast colonies were inoculated into 3 mL
YPD medium and cultured at 30 °C on a rotary shaker
(220 rpm) overnight. The seed cultures were inoculated
into 250 mL flasks containing 50 mL YPD medium at an
initial ODg, of 0.05 and cultured under the same condi-
tions for 96 h. Dodecane with BHT (1%) was added to
the culture at a volumetric ratio of 1:10 to form a hydro-
phobic phase above the culture phase. LB (Luria-Bertani
broth) medium with antibiotics (50 pg/mL of kanamycin)
was used for the cultivation of recombinant E. coli.

Plasmid construction

All plasmids used in this study were listed in Table S1.
All primers (Table S2) were ordered from Sangon Bio-
tech (Shanghai, China). Genomic DNA from S. cerevi-
siae FY1679-01B was used for PCR amplification of DNA
fragments, promoters, and homologous arms. Plasmid
pUMRI-21 was used as a template for DNA construc-
tion in the yeast genome, which was kindly provided by
Prof. Hong-wei Yu. Plasmid DNA and PCR products
were purified using TIANprep Rapid Mini Plasmid Kit
(TIANGEN, Beijing, China) and HiPure PCR Pure Maxi

Kit (Magen, Guangzhou, China). The ClonExpress Ultra
One Step Cloning kits V2 were purchased from Vazyme
(Nanjing, China).

Yeast transformation and strain screening

To integrate pUMRI derivative plasmids into the yeast
genome, the plasmids were previously linearized from
the junction of homologous arms using correspond-
ing restriction enzymes. The integration was performed
using the lithium acetate/polyethylene glycol/single-
stranded carrier DNA transformation method [26].
G418 plates were used to select the recombinant strains.
The correct colonies were passaged overnight at 30 °C,
220 rpm. Recombination between the duplicated loxp
flanks resulted in 5-fluoroorotic acid (5-FOA) resistance
due to URA3 excision [27]. 5-FOA resistant colonies
were picked and checked for loss of the targeted marker
by replica-plating on YPD and YPD-G418 plates.

Observation of yeast LDs by confocal microscopy

Confocal microscopy for LDs staining and image acquisi-
tion followed the method of Lv et al. [28]. with a slight
modification. Yeast cells were harvested at an optical
density of 5.0 (ODgy,), washed, and re-suspended with
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500 pL PBS. 20 pL of Nile red staining solution (0.1% Nile
red in DMSO) was added, and the solution was mixed
thoroughly and incubated for 10 min in the dark at room
temperature. Images were acquired using an Olympus
AX70 Fluorescence Microscope (Olympus, Tokyo, Japan)
with a fluorescence excitation at 488 nm.

Analytical methods

The intracellular p-carotene was extracted using hot
HCl-acetone [29]. The analyses of -carotene were per-
formed on a HPLC system (Agilent 1200 LC) equipped
with a C18 column (4.6 mmx150 mm) and the UV/VWD
signals were detected at 450 nm. The mobile phase con-
sisted of acetonitrile-methanol-isopropanol (50:30:20
v/v) with a flow rate of 1 mL/min at 40 °C.

The protocol for quantification of vitamin A in dodec-
ane and intracellular was based on the method of Hu et
al. [30] with a slight modification. For intracellular vita-
min A analysis, cells were harvested by centrifugation
and disrupted by RETSH Mixer Mill MM 400. The cell
extracts were diluted using methanol and then analyzed
on a HPLC system (Agilent 1200 LC) equipped with a
C18 column (4.6 mmx150 mm) and the UV/VWD sig-
nals were detected at 352 nm. The mobile phase con-
sisted of 92.5% acetonitrile and 7.5% acetic acid solution
(2% v/v) at a flow rate of 0.6 mL/min at 40 °C. The stan-
dard curves of retinal, retinol and retinoic acid were pre-
pared for quantification.

For B-ionone quantification, the culture was centri-
fuged at 8000 rpm for 3 min, and the dodecane layer was
collected [31]. Samples were measured by gas chroma-
tography—mass spectroscopy (GC—MS) using an Agilent
6890 gas chromatograph coupled with Agilent 5975 C
mass spectrometer according to the methods of Meng et
al. [32].

Quantitative real-time PCR (qRT-PCR) analysis

The protocol for qRT-PCR analysis was based on the
method of Bu et al. [22] with a slight modification. Spe-
cific primers for the analysis of gene expression were
designed and used in qRT-PCR (Table S3). The house-
keeping gene ACT1 was used as the reference gene to
normalize the different samples. The relative gene expres-
sion analysis was performed using the 2—AACT method
[33].

Yeast intracellular ATP determination

The intracellular ATP was extracted and measured from
the harvested yeast cells by using the ENLITEN® ATP
Assay System Bioluminescence Detection Kit (Promega,
USA) according to the manufactures’ instructions [25].

Page 4 of 12

Fed-batch fermentation

The protocol for fed-batch fermentation was based on
the method of Xie et al. [24]. with a slight modification.
Single colonies were picked into a 500 ml flask contain-
ing 125 ml YPD and culturing at 30 °C and 230 rpm for
12 h to an ODygy, of 8-12. Four flasks of seed culture
were inoculated into a 7-L bioreactor (Shanghai Baoxing
Bio-Engineering Equipment Co., Ltd., China) containing
4.5 L of fermentation medium, which consisted of 25 g/L
glucose, 15 g/L (NH,),SO,, 8 g/L KH,PO,, 3 g/L MgSO,,
0.72 g/L ZnSO,.7H,0, 10 ml/L trace metal solution, and
12 ml/L vitamin solution. Fermentation was carried out
at 30 °C with an agitation speed of 200 to 500 rpm and an
airflow rate of 1 vvm to 2 vvm. pH was controlled at 5.5
by automatic addition of 28% ammonia hydroxide.

A two-stage fed-batch strategy with dodecane in situ
extraction was employed in this study. In the first stage,
feeding solution I containing 500 g/L glucose, 9 g/L
KH,PO,, 2.5 g/L MgSO,, 3.5 g/L K,SO,, 0.28 g/L Na,SO,,
10 ml/L trace metal solution and 12 ml/L vitamin solu-
tion was used to achieve fast cell growth. In the second
stage, feeding solution II contained the same mineral
salts and trace elements as described above, but was
supplemented with 250 g/L glucose and 250 g/L glycerol,
along with 10 g/L yeast extract and 20 g/L peptone. This
concentrated medium was used for inducing the accu-
mulation of product. The glucose concentration in the
fermentation broth was measured by a glucose assay kit
(Beyotime, Shanghai, China). The ethanol concentration
was analyzed using HPLC (Agilent 1200 LC) [10].

Results and discussion

Mining BCMOs for vitamin a biosynthesis in S. Cerevisiae
In our previous work, an engineered S. cerevisiae strain
YBX-01 producing p-carotene was constructed by intro-
ducing CrtE, CrtYB, and Crtl from Xanthophyllomy-
ces dendrorhous under Gal promoter, which uncoupled
the cell growth and the product accumulation [25]. This
strain was chosen as starting strain to produce vitamin
A in this study. To efficiently produce vitamin A from
[B-carotene, we firstly assessed 10 BCMOs derived from
various organisms in YBX-01 strain after codon optimi-
zation under the control of GAL promoter, respectively.
These BCMOs included Homo sapiens (Hs.BCMO), Gal-
lus gallus (Gg.BCMO), Mus musculus (Mm.BCMO),
Rattus norvegicus (Rn.BCMO), Chlorella sorokiniana
(Cs.BCMO), Schaalia cardiffensis F0333 (Sc.BCMO),
Sphingomonas sp. PP-CC-3 A-396 (Ssp.BCMO), Fusar-
ium flagelliforme (FEBCMO), Streptomyces stelliscabiei
(Ss.BCMO) and Marine bacterium 66A03 (Mb. BCMO).
Ten recombinant strains were thus generated (YJL-
01 ~10). Among them, Cs. BCMO was truncated before
introduction due to possessing a predicted signal pep-
tide at the N-terminus (Fig. S1). As shown in Fig. 1A, in
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the fermentation process of 96 h, all recombinant strains
showed a similar growth pattern to the parent strain
YBX-01, indicating that the overexpression of these het-
erologous BCMOs did not interfere with cell growth.
Among the tested strains, the strain YJL-10 carry-
ing Mb. BCMO produced the highest vitamin A titer at
1.30 mg/L after 96 h fermentation, including 0.24 mg/L
retinal and 1.06 mg/L retinol (Fig. 1B). This indicates
Mb. BCMO is the most efficient BCMO for vitamin

A production in S. cerevisiae. Compared with other
sources of BCMO, it shows the highest activity toward
[-carotene, followed by B-cryptoxanthin, a-carotene, and
y-carotene, leading to the highest vitamin A titer [34].
Mb. BCMO also showed the high production activity in
Y. lipolytica and E. coli genetic strains [9, 13]. Therefore,
Mb. BCMO was chosen for the subsequent work and
renamed BCMO. It should be pointed out that no reti-
noic acid was detected in all strains. In addition, the titer



Lin et al. Microbial Cell Factories (2024) 23:317

of retinol was much higher than retinal, indicating that
there are endogenous reductases in S. cerevisiae could be
responsible for conversion of retinal to retinol, such as
Adh6, Adh7 and Env9 [7, 14].

Enhancing vitamin A production via two-phase
fermentation

Enhancing the production of lipophilic compounds
through metabolic engineering often faces the bottleneck
of limited storage capacity within cells [10]. Using syn-
thetic or natural oils as extractive agents for two-phase
fermentation can partially solve this problem [9]. Addi-
tionally, vitamin A is chemically unstable and easy to be
decomposed when exposed to lights or oxygen [11]. The
addition of antioxidants, such as BHT and butyl hydroxy-
anisole (BHA) can efficiently prevent the decomposition
of vitamin A [14]. Herein, we co-added 10% dodecane
and 1% antioxidant BHT after 12 h cultivation of strain
YJL-10 for two-phase fermentation. The results of 96 h
fermentation showed that the vitamin A titer was sig-
nificantly increased to 19.03 mg/L (9.16 mg/L retinal,
9.37 mg/L retinol and 0.50 mg/L retinoic acid) with 13.64-
folds enhancement compared to that without organic
phase (Fig. 2A), and no vitamin A was detected in cells.
This indicated the high extraction efficiency of dodecane
on vitamin A, and also proved combined adding extract-
ant with protective agent is greatly beneficial for vitamin
A synthesis and accumulation. Due to the secretion of
lipophilic product, the metabolic burden was alleviated,
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as indicated by a slight improvement of cell growth
(Fig. 2B) [9]. Compared with the addition of dodec-
ane alone, simultaneous addition of dodecane and BHT
increased the titer of vitamin A by 24.14%, indicating
that the extraction by dodecane has the major contribu-
tion to the great enhancement of vitamin A production.
For lipophilic products such as retinal and retinol, add-
ing specific organic solvents at a proper concentration
for in situ extraction of the product can effectively pro-
mote the targeted product synthesis by overcoming the
limitation of intracellular storage capacity and reducing
the possible feedback inhibition of an end-product. How-
ever, it should be emphasized that the specific added sol-
vent should possess high extraction selectivity, which can
only efficiently extract the end-product without extract-
ing its substrate. In this study, only very small amounts
of B-carotene (1.82 mg/L) was detected in the dodecane
phase compared to 46.83 mg/L B-carotene remained in
cells. Due to the largely lower level of retinoic acid com-
pared to retinal and retinol, the titer of retinoic acid was
not shown in the following study.

It was noted that there was still partial p-carotene
(4.88 mg/g DCW) remaining in YJL-10 strain. To fur-
ther improve the cleavage of p-carotene to overproduce
vitamin A, the expression of BCMO was increased by
enhancing the gene copy number, generating two recom-
binant strains YJL-11 and YJL-12. Unfortunately, the titer
of vitamin A was not significantly improved (Fig. 2A),
implied that only increasing the expression level of
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Fig. 2 Enhancing vitamin A production via two-phase fermentation. (A) The vitamin A titer via addition of dodecane, BHT, and increasing BCMO copy
numbers. (B) Cell growth of YJL-10 in different fermentation systems. ND: no dodecane; D: with dodecane; DB: with dodecane and BHT. All data represent

the meanzs.d. of biological triplicates
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BCMO cannot efficiently improve vitamin A, and there
are other bottlenecks limiting vitamin A overproduction.

Targeting BCMO to lipid droplets by fusion proteins for
improving vitamin A production

Our previous studies have shown that in S. cerevisiae,
above 80% [p-carotene is stored in LDs [22], the main
organelles storing hydrophobic compounds in vivo [35],
while according to previous literature [23], exogenously
expressed BCMO was located in cytosol. Therefore,
we speculated that the spatial separation of substrate
(B-carotene) and enzyme (BCMO) is the key factor limit-
ing the efficient production of vitamin A. To verify this
hypothesis, we applied subcellular compartmentalization
to minimize the substrate-enzyme distance, namely tar-
geting BCMO to the LDs through linking BCMO with
anchoring proteins. According to previous literatures,
PLN1, oleosin and DGA1 can locate on the surface of
LDs in S. cerevisiae [16, 36, 37]. Thus, we fused BCMO
with the three anchoring proteins at C-terminus with a
flexible linker spacer (GGGGSGGGGS), respectively.
The flexible linker spacer can well keep the two parts of
the fusion protein in close proximity and allow the inter-
action between domains [38]. The obtained fusion pro-
teins (anchor protein-GGGGSGGGGS-BCMO) were
introduced into strain YBX-01, and generated three
engineered strains YJL-13, 14 and 15, respectively. Like-
wise, BCMO was also fused at N-terminus respectively
(BCMO-GGGGSGGGGS-anchor protein) to construct
the strains YJL-16, 17 and 18. Unexpectedly, the fermen-
tation data showed that vitamin A titer in these recom-
binant strains all decreased drastically compared to the
reference strain YJL-10 (Fig. 3A). We speculated that
there might be two reasons accounting for the negative
results. Firstly, the fusion of anchor proteins with BCMO
might negatively affected the expression and (or) struc-
ture of BCMO, which highly decreased its catalytic activ-
ity, as reported by Stanislawska-Sachadyn et al. [39].
Secondly, the fusion proteins can only relocate BCMO on
the surfaces of LDs, while -carotene was stored inside
the cores of LDs, and thus targeted BCMO on the sur-
face of LDs cannot efficiently contact with [-carotene.
We determined the expression level of BCMO by RT-
PCR and found that the expression of fused BCMO
was significantly decreased (Fig. 3B), which verified the
negative effect of linking BCMO with a guided protein
on the expression of BCMO. Thus, in subsequent work,
we focused to verify the second assumption by devel-
oping an alternative strategy that breakdown LDs by
genetic modulating LDs degradation genes to disperse
[-carotene within the cells, which achieve the efficient
contact between p-carotene and BCMO. The correct-
ness of the hypothesis could be verified by the largely
improved production of vitamin A.
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Degradation of LDs for improved vitamin A production
LDs are small endoplasmic reticulum-derived organelles
for the storage of hydrophobic products [20]. Unlike
mitochondria and peroxisomes, degradation of LDs has
minimal negative effects on cells [40]. In S. cerevisiae,
TGL3 and TGL4 are primarily responsible for the degra-
dation of cellular LDs [41-43]. To achieve this purpose,
TGL3 and TGL4 were co-overexpressed by increasing
gene copy number under GAL promoter in YJL-10 strain,
which achieved the LDs degradation synchronized with
vitamin A synthesis, and YJL-19 strain was generated.
However, the fermentation data showed a simultaneous
sharp decrease in the production of f-carotene and vita-
min A in the YJL-19 strain, to 15.35 mg/L and 3.91 mg/L,
respectively. This could be attributed to the fact that
degrading LDs during 3-carotene synthesis is unfavorable
for B-carotene accumulation, which definitely resulted in
a significant reduction of vitamin A production.

To solve this problem, we implemented a sequential
degradation of LDs strategy, in which p-carotene was
allowed to be accumulated in LDs before 72 h fermenta-
tion, after which the degradation of LDs was initiated to
release B-carotene. To achieve this purpose, we employed
promoter engineering to activate the expression of TGL3
and TGL4 by adding manganese ion after 72 h fermen-
tation to deliver an induction signal to cells, according
to previous work that ARG1 is highly induced by exog-
enous manganese ions [44, 45]. Thus, the manganese
ion responsive inducible promoter P,pg; was cloned
and linked with an additional TGL3 and TGL4 in YJL-10
and constructed YJL-20 strain. The RT-PCR data indi-
cated that adding 1.5 mM MnCl, after 72 h fermentation
boosted the expression of TGL3 and TGL4 by 3.42 and
2.91 folds respectively relative to those in strain YJL-10
after 2 h of addition (Fig. 4C and D). As fermentation
progressed, both genes showed a significant increased
pattern. Visualization of LDs in the YJL-20 strain using
confocal microscopy showed a significant decrease in
the number of LDs compared to the YJL-10 strain, con-
firming the effectiveness of overexpressing TGL3 and
TGL4 on LDs breakdown. As expected, the sequential
engineering LDs resulted in a 37.83% increase in vitamin
A titer, reaching 26.23 mg/L after 96 h of fermentation,
composed of 15.50 mg/L of retinal and10.70 mg/L of reti-
nol (Fig. 4A). The biomass of YJL-20 showed small dec-
rement compared with YJL-10 (Fig. 4B), suggesting that
LDs degradation only slightly affected cell growth. The
results verified the effectiveness of sequential degrade
LDs on improving vitamin A production (Fig. 4A).

Due to the presence of residual LDs in the cells, the
expression levels of TGL3 and TGL4 were further
increased by randomly integrating them at §-locus in
YJL-20 strain, and constructed strain YJL-21 strain. RT-
PCR experiment indicated that the expression levels of
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TGL3 and TGL4 were increased by 1.28-folds and 1.84-
folds compared to YJL-20, respectively (Fig. 4C and D).
Correspondingly, the number of LDs in YJL-21 fur-
ther decreased and no formed LDs were observed after
96 h fermentation (Fig. 4A). The genetic modulation
led to vitamin A titer further increased by 1.28-folds

compared with YJL-20 and reached 59.83 mg/L (includ-
ing 34.57 mg/L retinal, 25.26 mg/L retinol) (Fig. 4A). It
should be noted that there was still a small amount of
B-carotene (21.32 mg/L) remaining in the cell, which
could be ascribed to the fact that the partial -carotene
is stored in the cell membrane and LDs fragments [22,
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46]. To overproduce vitamin A, previous works tried
to strengthen the metabolic flux of MVA pathway and
[B-carotene synthesis module for providing sufficient
[B-carotene [7, 9]. However, due to the compartmental-
ization within lipid droplets, a considerable proportion
of the B-carotene remained undegraded. In the present
study, due to the degradation of LDs, the intracellular lev-
els of B-carotene decreased from 46.83 mg/L (strain YJL-
10) to 21.32 mg/L (strain YJL-21), which correspondingly
led to vitamin A level increase from 19.03 mg/L to
59.83 mg/L. These results indicated that the application
of LDs delay degradation strategy enhancing vitamin A
yield is mainly caused by increasing the conversion ratio
of B-carotene to vitamin A. Therefore, it is believed that
combining LDs delay degradation with strengthening
[-carotene production is a more efficient way to enhance
vitamin A production.

Enhancing vitamin A production via improving precursor
B-carotene and oxygen supply by genetic modulation

To further validate the above results, we overexpressed
tHMGI and ERG20, the key enzymes in the MVA path-
way, in strain YJL-21 to improve the metabolic flux of
MVA pathway for further enhancing vitamin A pro-
duction, and generated strain YJL-22. After 96 h of

fermentation, the vitamin A titer raised to 83.79 mg/L
with 40.05% increment compared to YJL-21 strain. In
the B-carotene synthesis module, upregulation of Crtl
can greatly promote [-carotene synthesis [47]. Thus, we
increased the expression of Cr¢l through randomly inte-
grating additional Cr¢/ at the rDNA sites in YJL-22, and
generated strain YJL-23. As expected, vitamin A titer
increased to 189.05 mg/L, which was 125.62% higher
than that of the YJL-22 strain (Fig. 5), confirming that
increasing B-carotene synthesis is favorable for improve-
ment of vitamin A production.

The cleavage of P-carotene by BCMO to form vita-
min A requires oxygen. The limitation of oxygen thus
might become another bottleneck for efficient produc-
tion of vitamin A in S. cerevisiae. It has been reported
that overexpression of Vitreoscilla hemoglobin (VHDb)
can improve oxygen supply under oxygen-limited con-
ditions [48-50]. The heterologous VHb was overex-
pressed in YJL-23 under the control of GAL promoter
and generated strain YJL-25. The resulting strain pro-
duced 219.27 mg/L vitamin A (including 133.35 mg/L
retinal and 85.92 mg/L retinol), which showed a 15.99%
increment relative to YJL-23 strain. We further analyzed
the cell growth and intracellular ATP content in YJL-
23 and YJL-25, and found that the highest biomass and
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ATP content in strain YJL-25 with VHb overexpression
were increased by 14.52% and 26.86%, respectively (Fig.
S4). These results indicated that providing extra oxygen
is critical for the improved production of vitamin A in
recombinant yeast cells. It should be pointed out that in
order to avoid oxidation of vitamin A, the oxygen con-
centration needs to be carefully optimized. To achieve
this purpose, the application of multi-stage oxygen sup-
ply strategy according to the cell growth and the stages of
product synthesis might be a suitable choice.
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Fed-batch fermentation of vitamin A in 7 L fermenter

Through a series of genetic modifications, the titer of
vitamin A in strain YJL-25 reached 219.27 mg/L after
96 h of fermentation in shaking flask, which was 10.52-
folds increase compared with that of original strain Y]JL-
10 (Fig. 5). To maximize vitamin A production, fed-batch
fermentation was conducted in a 7 L fermenter at pH 5.5
using YJL-25, in which the auxotroph marker {/RA3 had
been complemented during construction. A two-stage
fed-batch strategy with dodecane in situ extraction was
adopted in which dodecane with BHT (1%) was added at
a volumetric ratio of 1:10 at 12 h. In the first stage, feed-
ing solution I was supplied to allow the biomass accumu-
lation as rapidly as possible, and in the second stage, gene
expression was induced to accumulate vitamin A at the
highest level possible. When the glucose in the initial fer-
mentation medium was consumed and ethanol content
was less than 3 g/L, the feeding solution I was supplied.
When the cells entered the mid-log phase that the bio-
mass (ODy,) reached around 70, the solution II contain-
ing a mixture of glucose and glycerol was fed to induce
the high accumulation of vitamin A. During fermen-
tation, 1.5 mM MnCl, was added at 72 h to initiate the
degradation of LDs. The rapid accumulation of vitamin
A was observed at the second feeding stage, especially
after the addition of MnCl, at 72 h (Fig. 6). At the end
of the fed-batch fermentation, 1100.83 mg/L of vitamin
A was obtained, which consisted of 595.38 mg/L retinal
and 505.45 mg/L retinol (Fig. 6). It should be noted that
there was 322.18 mg/L of B-carotene remaining in the
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Fig. 6 High-density fermentation of YJL-25 with dodecane in situ extraction for vitamin A production. Profile of biomass, glucose, ethanol, -carotene
and vitamin A accumulation during fed-batch fermentation. Error bars represent standard deviations from three detections of each sample
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cell membrane and LDs fragments. To further enhance
vitamin A production, specific genetic strategies could
be applied, such as altering the composition of cell mem-
brane to release B-carotene into cytoplasm or anchoring
BCMO on the cell membrane.

In the present work, due to the truth that the separation
of substrates and enzymes limits vitamin A formation,
the strategy of delayed degradation of LDs was developed,
which successfully greatly improved the yield of vitamin
A. In order to verify the universality of this strategy, we
also construct the B-ionone production strain YJL-30 by
introducing the carotenoid cleavage dioxygenases from
Vitis vinifera L. cv. Cabernet Sauvignon (VvCCD1) [32]
in YBX-01, which can cleavage B-carotene at the 9, 10 (9,
10’) position to produce p-ionone. LDs degradation mod-
ule was further integrated in YJL-30 and generated YJL-
31 strain. The fermentation results showed that the yield
of B-ionone in YJL-31 was increased by 44.07% compared
to YJL-30 with 13.58% decreased of -carotene content
(Fig. S5). It well proved that this strategy could be applied
to overproduce other B-carotene cleaved products. The
results of the present study also confirmed that obtain-
ing high-efficiency BCMO and increasing precursor
supply are the key to improving vitamin A synthesis. To
further promote vitamin A synthesis, protein engineering
and metabolic engineering could be applied to rationally
modify BCMO and increase the synthesis of -carotene,
respectively. Until now, vitamin A biosynthesis has been
established in E. coli, Y. lipolytica, and S. cerevisiae [8—
10]. Due to the risk of endotoxin and phage infection,
the application of E. coli in natural products biosynthe-
sis is limited. Yeasts thus become promising chassis for
microbial production [24]. It should be pointed out that
the vitamin A level in this study is still lower than that
of Y. lipolytica. This is mainly because Y. lipolytica has
a natural advantage in the biosynthesis of lipid-soluble
terpenoids due to its rich content of acetyl CoA, and the
strong ability to form LDs compared to S. cerevisiae [51].
Therefore, it is expected that the adoption of LDs delayed
degradation strategy in Yarrowia lipolytica cell factory
could achieve more significant increase of vitamin A
level.

Conclusion

In this study, we attempted to integrate multiple meta-
bolic engineering to enhance vitamin A biosynthesis in
S. cerevisiae. By screening efficient BCMOs, co-adding
extracts and antioxidant agents, sequential degrading
LDs, and overexpressing key genes and heterologous
VHb, the vitamin A yield was increased to 219.27 mg/L
with 10.52-folds enhancement compared to the original
strain in shake flasks, and finally reached 1100.83 mg/L
in fed-batch fermentation. The effectiveness of this
delayed LDs degradation strategy has also been verified
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in another pB-carotene cleaved product, f-ionone synthe-
sis. In summary, our results specifically highlighted the
key effect of degrading LDs on overproducing vitamin A
in yeast chassis. This integrated strategy can be applied
to the overproduction of other hydrophobic derivatives
compounds such as astaxanthin, and other yeast chassis
cells, such as Yarrowia lipolytica.
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