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ARTICLE INFO ABSTRACT

Keywords: Abscisic acid (ABA) is an important phytohormone with diverse applications. It currently relies on the

Abscisic acid fermentation of Botrytis cinerea, which suffers from limited availability of genetic engineering tools. Here, Yar-

zhytohom(’“e rowia lipolytica was engineered to enable de novo biosynthesis of ABA. To overcome the rate-limiting P450 en-
esquiterpene

zymes, systematic engineering strategies were implemented. Firstly, the dissolved oxygen was increased to boost
the activity of P450 enzymes. Secondly, the expansion of endoplasmic reticulum was implemented to improve
the functional expression of P450 enzymes. Lastly, rate-limiting enzymes were assembled to facilitate substrate
trafficking. Moreover, ABA production was further improved by strengthening the mevalonate pathway. Finally,
the engineered strain produced 1221.45 mg/L of ABA in a 5-L bioreactor. The study provides effective ap-
proaches for alleviating rate-limiting P450 enzymes to enhance ABA production and achieve competitive

Yarrowia lipolytica
P450 enzymes

industrial-level ABA production in Y. lipolytica.

1. Introduction

Abscisic acid (ABA), a sesquiterpenoid compound, was initially
identified in plants during the 1960s [1]. As a pivotal phytohormone,
ABA plays a crucial role in the agricultural sector, notably in regulating
seed dormancy and cell elongation [2,3]. ABA also mediates adaptive
responses to abiotic stress, such as drought or cold stress [4,5], and bi-
otic stress, including pathogen infestation [6]. Moreover, studies have
highlighted the potential health benefits of ABA supplementation. For
instance, dietary intake of ABA-rich fruit extracts has been associated
with lowered insulin and blood sugar concentrations in human [7].
Remarkably, elevated plasma ABA concentrations have been related to a
decreased susceptibility to malaria infection [8].

ABA is widely distributed in higher plants and also in certain plant
pathogenic fungi [9,10]. In plants, ABA is predominantly synthesized
via the plastid methylerythritol phosphate (MEP) pathway, whereas in
fungi, it follows the mevalonate pathway (MVA) [11]. Efforts to unveil
the biosynthetic pathway of ABA have been driven by its diverse func-
tionality. In Botrytis cinerea, ABA synthesis initiates with farnesyl
diphosphate (FPP). FPP is subjected to cyclization via
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a-ionylideneethane synthase (BcAba3), resulting in a-ionylideneethane.
Then, two P450 enzymes (BcAba2 and BcAba2) facilitates the oxygen-
ation of a-ionylideneethane to form a-ionylideneacetic acid and 1/,
4'-trans-dihydroxy-a-ionylideneacetic acid, respectively. Ultimately, a
dehydrogenase (BcAba4) catalyzes this compound to form ABA [12].
At present, ABA is industrially produced using the native fungus
B. cinerea [13]. However, the process involves significant costs as a
result of extensive separation procedures and extended fermentation
durations. Furthermore, B. cinerea has limited genetic engineering tools
available, posing significant challenges for metabolic engineering en-
deavors. Consequently, extensive exploration has been undertaken to
establish ABA biosynthesis to heterologous hosts with more accessible
molecular tools. Reconstructing the ABA biosynthesis pathway from
B. cinerea has facilitated ABA production in heterologous microbes such
as Aspergillus oryzae (8 mg/L) [12], Saccharomyces cerevisiae (11.4 mg/L)
[14], and Y. lipolytica (263.5 mg/L) [15]. Recently, the production of
ABA has a notable improvement compared with previous reports. Liu
et al. engineered Y. lipolytica for overproducing ABA and achieved a final
titer of 1.21 g/L by optimizing the MVA pathway, exogenous ABA syn-
thesis pathway, mitochondrial localization strategy, and adding
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Fig. 1. Schematic representation of the ABA biosynthesis pathway and summary of the metabolic strategies used in this study. BcAba3, B. cinerea a-ionylideneethane
synthases; BcAbal, B. cinerea cytochrome P450; BcAba2, B. cinerea cytochrome P450; BcAba4, B. cinerea dehydrogenase; BcCprl, B. cinerea cytochrome P450
reductase. FPP, farnesyl pyrophosphate; o-IE, a-ionylideneethane; a-IAA, a-ionylideneacetic acid; DH-a-IAA, 1',4-trans-dihydroxy-a-ionylideneacetic acid; ABA,

abscisic acid.

dodecane during fed-batch fermentation [16].

The biosynthetic pathway of ABA involves two P450 enzymes,
BcAbal and BcAba2, which were identified as the rate-limiting steps
[15]. Low activity or poor expression of P450 enzymes is a widely
encountered challenge in biotechnology and synthetic biology. How-
ever, previous ABA production focused mainly on engineering the iso-
prenoid biosynthetic pathway and redox cofactor NADPH, no studies
have focused on improving the expression and activity of P450 enzymes
in the ABA biosynthesis pathway. Engineering P450 enzymes is
considered a major challenge [17], and manipulating two P450s in se-
ries within heterologous microbes presents a significant obstacle in ABA
biosynthesis.

The oleaginous yeast Yarrowia lipolytica is considered as a superior
chassis cell for heterologous expression of P450s for terpenoid modifi-
cation, which also has high concentration of acetyl-CoA [17,18]. In this
study, Y. lipolytica was tailored as an alternative host for ABA produc-
tion. In order to enhance the heterologous expression of P450s in ABA
pathway, systematic metabolic engineering was implemented, including
increasing dissolved oxygen, engineering the endoplasmic reticulum,
and assembling rate-limiting P450 enzymes with short peptide tags
(RIAD and RIDD) (Fig. 1). Furthermore, the efficient conversion of
acetyl-CoA to the downstream isoprenoid synthesis often acts as a
bottleneck for terpene production in microbial chassis cells [19]. The
established Y. lipolytica platform focused on overexpressing critical en-
zymes of the MVA pathway [15,16], while neglecting the manipulation
of gene expression across the entire pathway. In this study, the complete
MVA pathway was integrated into Y. lipolytica to enhance the synergistic
effect of the pathway and drive the metabolic flux to the MVA pathway.
The yield of ABA was gradually improved. Ultimately, Y. lipolytica was
engineered to achieve a gram-scale ABA titer (1221.45 mg/L). This
study not only improved abscisic acid production in yeast but also
provided a generic method for manipulating multiple P450 enzymes in
microbes.
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2. Materials and methods
2.1. Strains and media

The yeast strains were derived from Y. lipolytica Polf (ATCC MYA-
2613) (Supplementary Table 1). Y. lipolytica Polf-Aku70 was derived
from Polf by disrupting the KU70 gene to enhance homologous recom-
bination efficiency [20]. Yeast extract peptone dextrose (YPD) medium
(1 % yeast extract, 2 % tryptone, and 2 % glucose) was used for strain
growth. Synthetic complete medium devoid of uracil (SC-Ura) or leucine
(SC-Leu) was used for selecting strains harboring URA3-or LEU2-based
plasmids, which contain 2 % glucose, 0.67 % yeast nitrogen base
without amino acids, 0.077 % amino acid mix lacking Ura or Leu, and 2
% agar. 5-fluoroorotic acid (5-FOA) plates (YPD plate + 0.8 g/L 5-FOA)
were used to remove the URA3 marker. Shake-flask fermentation was
conducted in 250 mL non-baffled or baffled flasks with 50 mL YPD80
medium (1 % yeast extract, 2 % tryptone, and 8 % glucose). The strains
were cultured at 30 °C with continuous shaking at 200 rpm for 120 h,
starting with an initial inoculation ODggg of 0.5.

Escherichia coli DH5a was applied to the construction of plasmids.
The recombinant E. coli strains were cultivated at 37 °C in Lysogeny
Broth supplemented 0.1 % ampicillin.

2.2. Plasmids and strain construction

The codon-optimized genes were synthesized by GenScript (Nanjing,
China) (Supplementary Table 4). The endogenous genes, promoters and
terminators were PCR amplified using Phanta Super Fidelity DNA Po-
lymerase (Vazyme, Nanjing, China), with the genome of Y. lipolytica
Polf-Aku70 as the template. All gene fragments were obtained via PCR
amplification using specific primers (Supplementary Table 3). PCR
fragments were isolated using the DNA Fragment Purification Kit
(Takara, Dalian, China), and the recombinant plasmids were prepared
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Fig. 2. Reconstruction and optimization of abscisic acid pathway in Y. lipolytica. (A) Abscisic acid gene cluster, responsible for ABA biosynthesis, originates from the
Botrytis cinerea. (B) Different gene configuration of abscisic acid gene cluster. (C) ABA production by strains expressing ABA gene cluster in different configuration.
(D) Results of HPLC chromatograms of the engineered strain SM203, the control strain tHE and authentic ABA standard. (E) The effect of a second abscisic acid gene
overexpression on the titer of ABA. (F) The effect of dissolved oxygen concentration on the titer of ABA.

using the ClonExpress MultiS One Step Cloning Kit (Vazyme, Nanjing,
China) (Supplementary Table 2). The methods for strain construction
and positive clones verification were described previously [21].

2.3. Sample preparation for abscisic acid analysis

To quantify the intracellular ABA concentration, 1 mL of culture
broth was centrifugated at 10, 000 g for 5 min, and the cell pellets were
resuspended in water. This washing process was repeated. Subsequently,
1 mL of methanol and 0.5 g of glass beads were added. The mixture
underwent thorough dispersion by employing a homogenizer through
ten cycles, each lasting 10 s at 5500 rpm. Subsequently, centrifugation at
10000g for 5 min was conducted. Finally, the supernatant methanol was
used for HPLC analysis.
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To quantify the extracellular ABA concentration, 1 mL of the culture
broth was centrifuged at 10000 g for 5 min, and the resulting superna-
tant was used for product quantification. In certain instances, the culture
broth should be diluted prior to analysis.

2.4. Product quantification

The samples were analyzed using high-performance liquid chroma-
tography (HPLC) (Agilent 1260 Infinity II, USA) with an ultraviolet
detector (Agilent 1260 VWD, USA). The HPLC detection were conducted
with C18 column (4.6 x 150 mm, 4 pm) (Agilent Poroshell 120, USA).
The injection volume is 5 pL and the temperature was maintained at
30 °C. The eluent was 70 % methanol and the pH is adjusted to 3.0 with
phosphoric acid. Flow was set at 0.4 mL/min. The ABA concentrations
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were calculated from authentic calibration standards. Biomass and the
concentration of glucose was measured as described before [21].

2.5. Fluorescence detection

A single colony was picked in 5 mL of YPD medium (200 rpm, 24 h).
Afterward, red and green fluorescence were examined using confocal
laser scanning microscopy (Olympus FV3000, Japan). The excitation
wavelengths were 485 nm (sfGFP) and 588 nm (mCherry).

2.6. Fed-batch fermentation

A single colony was picked to 5 mL YPD, then shaken at 200 rpm for
20-24 h until the ODgq reached approximately 5.0. The primary culture
was inoculated in 500 mL non-baffled flasks with 100 mL YPD to initial
inoculation ODggg of 0.5. Incubation of the shake flask to achieve the
second seed culture with an ODggg of around 10.0.

The high-density fermentation was conducted in 5-L bioreactor (T&J
Bioengineering Co., Ltd, Shanghai, China) with an initial volume of 3 L.
The second seed cultures were injected into the bioreactor to reach
initial ODggg of 0.5. The culture medium contained 150 g/L glucose, 6 g/
L yeast extract, 12 g/L ammonium sulfate, 1.5 g/L MgS04-7H20, 6 g/L
KHoPOy4, 3 g/L NayHPO4-12H,0, 3 mg/L CaC1202H20, 1 mL/L trace
metals stock (1000 x ), and 1 mL/L vitamins stock (1000 x ) [22]. The
pH was controlled at 5.5 by automatically adding 10 M NaOH. The
stirring speed was automatically adjusted between 300 and 1000 rpm
and the air input was controlled at 6 vol per volume per minute (vvm) to
maintain the dissolved oxygen (DO) at 30 %. The feeding glucose and
ammonium sulfate with a C/N ratio of 30:1 was continuously pumped to
meet consumption after 48 h. Samples were collected every 12 h to
assess glucose concentration, dry cell weight (DCW), and ABA
composition.

2.7. Statistical analysis

The results were expressed as the mean + standard deviation for 3
biological replicates. All statistical evaluations (p-values) were per-
formed using a two-tailed t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results and discussion

3.1. Engineering Yarrowia lipolytica for de novo biosynthesis of abscisic
acid

The biosynthesis of ABA involves a gene cluster consisting of four
biosynthetic genes, denoted as BcABAI-BcABA4, derived from
B. cinerea, which catalyze a sequential four-step enzymatic process
(Fig. 2A). Previously, Y. lipolytica was engineered for enhanced flux of
MVA pathway and this corresponding strain, tHE, served as the starting
strain for this work [23]. The modifications included the overexpression
of truncated 3-hydroxy-3-methylglutaryl coenzyme A reductase
(tHmgl) and farnesyl diphosphate synthase (Erg20). In order to
construct the complete ABA biosynthesis pathway, the four biosynthetic
genes, BCABA1- BcABA4 were integrated into the tHE strain. Different
genetic constructs, varying in gene order and configuration, can impact
the gene expression level [24]. Thus, the four genes were assembled in
two configurations to explore the effects of different assembly modes of
the multi-step heterologous pathway (Fig. 2B). The two assembly modes
are: (A) BcABA1 and BcABA2 were integrated into the IntA site, B;(ABA3
and BcABA4 were integrated into the IntE2 site to generate the strains
SM101; (B) BcABA1, BcABA2, BcABA3 and BcABA4 were integrated in
the IntA site to generate the strains SM102. However, no ABA could be
observed in the two resultant strains.

It was speculated that the native Y. lipolytica cytochrome P450
reductase (CPR) might be incompatible with heterologous cytochrome
P450 enzymes (P450s, CYP) in ABA biosynthesis pathway. Therefore,
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the corresponding B. cinerea CPR gene, referred to as BcCPR1, was co-
expressed in SM101 and SM102 to generate the strain SM201 and
SM202, capable of producing detectable levels of ABA. Notably, strain
SM201 produced 6.29 mg/L ABA, marking a 48.7 % increase compared
to SM202 (4.23 mg/L) (Fig. 2C). There may be a transcriptional inter-
ference of multiple heterologous genes when the four genes were
expressed in the same site in strain SM202 [24]. This also indicates
co-expression of heterologous CYPs and their redox partners CPRs is
highly significant to ensure maximal catalytic efficiency of heterologous
CYPs.

Promoters are crucial elements that regulate gene expression levels.
Generally, increasing promoter strength is a common method to
enhance the transcriptional level of a target gene [25]. The TEF pro-
moter (from the translation elongation factor 1-a gene) is a constitutive,
strong promoter in Y. lipolytica, and when an 113bp intron is added to
the TEF promoter, the resulting TEFin promoter is 17 times more potent
than the TEF promoter [26]. Replacing the promoter in the BcABA3 and
BcABA4 expression cassette with the strong TEFin promoter in SM201
led to a significant increase in ABA levels, from 6.29 mg/L to 9.67 mg/L
(SM203, Fig. 2D). The results indicate that strong promoters are
conducive to balancing the metabolic flux of the multi-step heterologous
ABA biosynthesis pathway, thereby enhancing the synthesis of ABAin Y.
lipolytica.

3.2. Identifying rate-limiting steps via multi-copy strategy

For multigenic pathway engineering, metabolic flux imbalances are a
widely encountered challenge due to the accumulation of metabolic
intermediates caused by the different expression strength of multiple
genes in the pathway. The absence of commercial reference standards
for intermediate metabolites has posed challenges in identifying meta-
bolic bottlenecks in ABA pathway. Therefore, all the enzymes in ABA
biosynthesis pathway were overexpressed in strain SM203 to explore the
bottleneck, resulting in strains SM204-SM207 (Fig. 2E). The strain
SM204 (BcABA1) and SM205 (BcABA1 and BcABAZ2) produced 19.80
and 24.60 mg/L ABA, respectively, representing a 2.05 and 2.54-fold
increase in ABA titers compared to SM203. The overexpression of
BcABA3 and BcABA4 in strain SM205 was continued to generate strain
SM206 and SM207. Nevertheless, the concurrent expression of these
genes led to a reduced ABA concentration compared to SM205 (Fig. 2E).
It was speculated the expression of BcABA3 and BcABA4 caused the
accumulation of intermediate that cannot be converted to ABA effi-
ciently, which may have feedback inhibition on the enzyme. Conse-
quently, the two P450 enzymes were considered the primary bottleneck
in the ABA biosynthetic pathway, aligning with findings from prior
studies [14,15].

In aerobically engineered microorganisms, the dissolved oxygen
concentration is an important factor for the productivity during the
fermentation process. In addition, BcABA1 and BcABA2 belong to the
P450 enzyme family, which uses oxygen and the cofactor NAD(P)H
(mediated by redox chaperones) to facilitate the incorporation of oxygen
atoms into C-H bonds (Fig. 1) [18,27]. The hydroxylation reaction
catalyzed by P450 enzymes requires oxygen, therefore, improving the
oxygen supply is an important way to improve the efficiency of aerobic
reactions and cell growth [17]. To evaluate the effect of oxygen avail-
ability on ABA production, different types of 250 mL shake flasks
(non-baffled or baffled shaker) and bottle plug (silicone plugs and
gauze) were used to cultivate SM205 for ABA production
(Supplementary Fig. 1). As shown in Fig. 2F, the titer of ABA varies
greatly under different culture conditions. The highest titer of ABA
(103.23 mg/L) was achieved in 250 mL baffled flasks with gauze as the
bottle plug. Y. lipolytica is a strict aerobic microorganism, and the
increased oxygen contributes to better growth. The biomass increases
from 14.70 g/L to 28.30 g/L. Therefore, specific titers, expressed as
mg/g DCW rather than mg/L, are used for strain evaluation, with the
latter being less sensitive to variations in biomass. The highest specific
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titer (3.68 mg/g DCW) was obtained in 250 mL baffled flasks with gauze
as the bottle plug. This suggests that the increased oxygen supply not
only promotes cell growth but also boosts the efficiency of the ABA
pathway in Y. lipolytica.

3.3. Rewiring endoplasmic reticulum size to enhance P450-mediated
metabolic conversion

Most P450 enzymes are naturally situated in the endoplasmic retic-
ulum (ER), with a few residing in mitochondria [28]. As
membrane-bound proteins, confirming the subcellular localization of
P450 enzymes in heterologous systems is crucial. This information can
guide rational engineering efforts to enhance the expression and cata-
lytic efficiency of these proteins. The prediction results of subcellular
localization for BcAbal and BcAba2 indicate their localization within
the ER (Supplementary Fig. 1). To confirm the actual sublocation in
Y. lipolytica, BcAbal and BcAba2 were individually fused with sfGFP.
Concurrently, the ER marker protein Sec61 was linked with mCherry.
BcAbal-sfGFP  and  BcAba2-sfGFP  were co-expressed  with
Sec61-mCherry, respectively, resulting in strain VA-01 and VA-02.
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Fluorescence microscopy revealed the colocalization of BcAbal-sfGFP
and BcAba2-sfGFP with Sec61-mCherry (Fig. 3A). These findings indi-
cate that the two P450 enzymes, BcAbal and BcAba2, were localized to
the ER, in accordance with the in silico results in native organisms.

ER is a dynamic organelle and its dramatic expansion will facilitate
the functional expression of ER-localized proteins. Furthermore,
increasing the ER volume enhances the capacity for protein synthesis
and folding within the ER, while simultaneously alleviating metabolic
constraints caused by enzyme deficiencies [29]. Consequently, efforts
are directed towards engineering Y. lipolytica to expand the ER, thereby
increasing the probability of active expression and correct folding of
P450s enzymes. The ER is regulated by numerous factors [28,30].
Notably, phospholipids constitute the predominant constituent of the ER
membrane, the comprehensive regulation of phospholipid synthesis
involves transcription factors such as INO2, INO4, and OPII [30].
Boosting the expression of INO2 or INO4 (which encode a transcription
factor complex essential for controlling ER size) and deleting OPI1 gene
(which encodes a suppressor for the INO2/INO4) are frequently targeted
modifications for expanding the ER. The INO2 and INO4 complex has
been extensively studied for improving the production of terpenoids in



M.-L. Sun et al.

A

BcAb;\‘l%V\A

&
>
o

Synthetic and Systems Biotechnology 10 (2025) 165-173

BcAba1 \/\BcCpH
BcAba2 \/\ BcCpr1

S1 82

BcAba1
BcAba2
“= > BcCpr1 J\BcAba1
BcAba1
/BcAba2 gaibal BcCpri \/\BcAbaZ
\
/B
SM213 - H
BcAba1-(GGGGS)3-BcCpr1  sm301 4 |_|
BcAba2-(GGGGS)3-BcCpr1  SM302 - |_|
soH
BcCpr1-(GGGGS)3-BcAbal SM303 - —
BcCpr1-(GGGGS)3-BcAba2 SM304- H
BcAba1-RIDD/BcAba2-RIAD  SM305- —
1 1 1
0 50 100 150 200
\ ABA (mgl/L) J

Fig. 4. Effects of different assembly strategies of rate-limiting enzyme on the titers of abscisic acid. (A) Illustration of strategies for facilitating substrate trafficking by
assembling rate-limiting enzymes in ABA biosynthesis pathway. S1 (Strategy1), rate-limiting enzymes fused with RIAD and RIDD. S2 (Strategy2), CYPs and CPRs
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S. cerevisiae. Overexpression of YINOZ2 resulted in ER membrane
expansion and improved lipid production in Y. lipolytica [22]. Never-
theless, the impact of overexpressing INO2/INO4 on terpenoid engi-
neering in Y. lipolytica has yet to be investigated. Additionally,
YAS1/YAS2, has been identified to share some similarity with
INO4/INO2, which upregulates genes involved in phospholipid synthe-
sis [31]. The disruption of PAHI, encoding phosphatidic acid phos-
phatase, is a common strategy for expanding both the outer nuclear
membrane and the ER, a phenomenon termed ER proliferation [32].
HACI acts as a transcription factor, regulating the unfolded protein
response triggered by ER stress [22]. Due to the complex regulation of
the organelle by numerous factors, manipulation of different targets had
varying effects on product synthesis. For example, disrupting the PAH1
gene in S. cerevisiae resulted in an 8-fold increase in the accumulation of
triterpenoid, p-amyrin, a 6-fold increase in medicagenic acid, and a
16-fold increase in saponins [32]. Although overexpressing INO4 and
deleting OPI1 did not enhance squalene and protopanaxadiol produc-
tion, overexpression of INO2 improved squalene and protopanaxadiol
yields significantly, by 71-fold and 8-fold respectively [30]. The
disruption of OPII1 significantly enhanced the yield of costunolide,
whereas the production of parthenolide was enhanced by HAC1 over-
expression [28].

Consequently, SM205 was engineered to increase the size of the ER
by overexpression of INO2, INO4, YAS1, YAS2 and HAC1 and disruption
of OPI1 and PAHI1, with the aim of reducing ER stress (Fig. 3B). As
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demonstrated in Fig. 3C, both the deletion of PAH1 and the over-
expression of HACI improved ABA production, with the knockout of
PAHI achieving the highest titer of 126.67 mg/L (SM213). Conversely,
the overexpression of YASI or YAS2 led to a reduction in ABA produc-
tion, potentially attributed to the fact that YAS1/YAS2 exclusively
upregulates CYP genes in response to alkanes but not other P450 en-
zymes in the ABA biosynthetic pathway [31]. INO2/INO4 and OPI1 are
key transcriptional regulators of phospholipid biosynthetic genes [28].
In addition to their role in regulating the ER, they also function as global
regulators of lipid metabolism. Recent studies have shown that over-
expression of INO2/INO4 upregulates genes involved in lipid biosyn-
thesis, which shares acetyl-CoA as a common precursor with ABA
synthesis [29]. Disruption of PAHI not only leads to a significant
expansion of the ER but also positively influences ER-associated P450
enzymes involved in sesquiterpenoid biosynthesis, such as artemisinic
acid [32]. This may explain why PAHI knockout enhances ABA
production.

3.4. Facilitating substrate trafficking by assembling rate-limiting enzymes

Facilitating substrate trafficking within synthetic pathways is crucial
for optimizing product yield through local confinement of the rate-
limiting enzymes. Modular enzyme assembly approaches have been
used to regulate these concentrations. This involves linking rate-limiting
enzymes through either a short protein linker [33] or a peptide pair
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(Fig. 4A) [34]. These fusion closely mimic natural metabolic regulation
mechanisms, facilitating the activation of enzyme cascades with
elevated local concentrations of intermediates through enhanced
enzyme proximity [35]. Notably, in the case of P450 enzymes, the fusion
of CYP with CPR using a short protein linker has proven successful in
facilitating electron delivery and improving the enzyme catalysis [36,
37]. Additionally, the construction of multi-enzyme complexes, based
on short peptide tags (RIAD and RIDD), has also been used to optimize
the synthesis of terpenoids. The specific binding of the RIAD peptide to
the RIDD dimer guides the fused enzymes to adopt a 2:1 binding stoi-
chiometry, resulting in higher catalytic efficiency compared to enzyme
fusion with a linker in some cases [33,38].

To relieve the bottlenecks in ABA biosynthesis pathway, the P450
enzymes were fused through a short protein linker or a pair of short
peptide tags described above. With the aim to improve electron transfer
efficiency, the rate-limiting enzymes BcAbal and BcAba2 were fused to
BcCprl with different enzyme orientation via a short protein linker
(GGGGS3). Here, four strains were constructed: SM301 (BcAbal-
GGGGS;3. BcCprl), SM302 (BcAba2-GGGGSs- BcCprl), SM303 (BcCprl-
GGGGS3- BcAbal), SM304 (BcCprl-GGGGSs-Bcaba2). The RIDD or
RIAD were attached to the C-terminus of BcAbal and BcAba2, resulting
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Fig. 6. Abscisic acid production by strain SM309 in 5-L fed-batch fermentation.
Quantification of extracellular and intracellular ABA, glucose and biomass was
conducted every 12h.
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in the strain SM305 (BcAbal-RIDD/BcAba2-RIAD). As shown in Fig. 4B,
strain SM305 yielded 175.34 mg/L of ABA, marking a 38.4 % increase
compared to the control strain SM213. The improved production of ABA
in SM305 can be attributed to two factors. First, the assembly of BcAbal
and BcAba2 using RIDD/RIAD shortens the spatial distance between the
rate-limiting enzymes, creating substrate channeling that improve
abscisic acid synthesis. Second, the increased copies of BcAbal with
RIDD tags efficiently release the rate-limiting step. However, the direct
fusion of rate-limiting enzymes results in a decrease of their function-
ality. One possible reason for this could be that the active site is located
in the N- or C-terminal region, causing enzyme inactivation due to fusion
expression [33]. Additionally, fusion of large enzyme may experience a
reduction of the activity, potentially leading to complete loss of function
[39].

3.5. Improving abscisic acid production by strengthening the mevalonate
pathway

As a 15-carbon terpene derivative, ABA is synthesized by the MVA
pathway in Y. lipolytica. The MVA pathway commences with acetyl-CoA,
subsequently undergoing multiple reaction steps to generate the pre-
cursor FPP. Acetyl-CoA serves as a critical metabolic node, and its
availability significantly influences the biosynthesis of terpenes. The
efficient conversion of acetyl-CoA to the downstream isoprenoid syn-
thesis often acts as a bottleneck for terpene production in microbial
chassis cells [19]. Extensive engineering efforts have been attempted to
drive cytosolic acetyl-CoA towards MVA [40]. Given the synergistic ef-
fect of MVA pathway throughout the entire continuum, the entire MVA
pathway was overexpressed to divert acetyl-CoA toward ABA synthesis.
Specifically, tHMG1 was recognized as a critical rate-limiting enzyme in
the MVA pathway, with copy number increased to two.

The eight genes in the MVA pathway (Fig. 5A) were distributed
among four sets: (1) PFBAin'tHMGJ'TCyclt; (2) PEXP—IDI—TIDI and PGpD—
ERG13-Tgrg13; (3) PrBain-ERG10-TgrG10, PrEF-ERG8-TERGS, and Prpain-
ERG1 9'TERG19; (4) PGPD'ERGZO'TERGZO and PExp-ERGIZ—TERGlz.The four
sets were iteratively integrated into SM305 strain, resulting in strain
SM306-SM309. As shown in Fig. 5B, enhanced ABA production was
observed following consecutive genomic integration events. Compared
with SM305, the ABA titer in the resulting strains SM306-SM309
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exhibited varying degrees of improvement, which exhibited ABA titer
that were increased by 6.25 % (186.30 mg/L), 15.89 % (203.21 mg/L),
27.93 % (224.32 mg/L), and 36.90 % (240.08 mg/L), respectively. This
study substantiates the significance of synergistic expression of complete
MVA pathway, offering valuable insights for the overproduction of other
terpenoids.

3.6. Fed-batch fermentation for abscisic acid production

To evaluate the potential of SM309 as ABA cell factory, high-density
fermentation was carried out. Throughout the 192-h fermentation,
glucose concentration, cell growth, and both extracellular and intra-
cellular ABA concentration were monitored every 12 h (Fig. 6). During
the fermentation process, glucose was consistently controlled at low
levels. At 192 h, the ODggp peaked at approximately 324, meeting the
requirement for significant product accumulation. The final titer of
extracellular and intracellular ABA was 1046.24 and 175.34 mg/L,
respectively, corresponding to a yield of 6.10 mg/g glucose and a pro-
ductivity of 0.025 g/L/h. The results not only underscored the signifi-
cance of the employed strategy in enhancing ABA synthesis but also
demonstrated the remarkable capacity of the engineered Y. lipolytica for
ABA production. However, there was an observed increase in the
intracellular accumulation of ABA in fed-batch fermentation, which may
cause a metabolic burden, limiting the development of a highly efficient
microbial cell factory.

4. Conclusion

In this study, Y. lipolytica was successfully engineered for the accu-
mulation of ABA, scaling up production from milligrams to grams
(Supplementary Fig. 1 to Fig. 7). We achieved the highest reported de
novo ABA production from glucose in a heterologous yeast host by
implementing various metabolic engineering strategies, such as con-
structing a synthetic ABA pathway, addressing rate-limiting steps, and
enhancing the MVA pathway (Fig. 7). The strategies described here
could serve as a valuable reference for enhancing the production of
value-added compounds and improving the functional expression of
P450 enzymes in yeasts.
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