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Abstract
Background  Abscisic acid (ABA) is a phytohormone involved in regulating plant growth, development, and stress 
responses. Its various physiological activities in plants and animals make the molecule a high-value product with 
agricultural, medical and nutritional applications. We previously constructed an ABA cell factory by expressing the 
ABA metabolic pathway from Botrytis cinerea in the biotechnological workhorse Saccharomyces cerevisiae. In this 
study, we aimed to improve ABA production and explored various rational engineering targets mostly focusing on 
increasing the activity of the two cytochrome P450 monooxygenases of the ABA pathway, BcABA1 and BcABA2. We 
evaluated the effects of cell membrane transporters, expression of heterologous cytochrome b5, improving heme 
supply, altering ER homeostasis, expression of Arabidopsis thaliana proteins and improving the precursor supply.

Results  One of the genes involved in ER membrane homeostasis, PAH1, was identified as a promising engineering 
target. Knock-out of PAH1 improved ABA titers but also caused a severe growth defect. By replacing the PAH1 
promoter with a weak minimal promoter, it was possible to mediate the growth defect while still improving ABA 
production. However, we also found that, in terms of ABA titer, a strain expressing the A. thaliana genes encoding 
the membrane steroid binding protein 1 (AtMSBP1) and the putative transcription factor CONSTANS-like 4 protein 
(AtCOL4) outperformed a highly-engineered strain with two copies of bcaba1 and bcaba2, PAH1 knockdown and 
further genetic modifications. Solely overexpressing the two plant proteins increased ABA titers by more than fivefold.

Conclusions  In this report we were able to improve ABA titers and furthermore provide valuable insights for 
engineering other cell factories containing cytochrome P450 monooxygenases. Our results demonstrate that 
expressing heterologous plant proteins can be a simple yet highly effective engineering strategy to increase P450 
monooxygenase activity.

Keywords  Saccharomyces cerevisiae, Botrytis cinerea, Metabolic engineering, Abscisic acid, Cytochrome P450 
monooxygenases, Endoplasmic reticulum, PAH1, AtMSBP1, AtCOL4
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Background
The isoprenoid abscisic acid (ABA) has become a mol-
ecule-of-interest for a multitude of applications in agri-
culture and medicine as well as nutrition. Its central role 
in plant physiology has long been known and its complex 
physiological interactions are still being investigated [1, 
2]. Agricultural applications of ABA range from alleviat-
ing various abiotic stresses to regulating seed dormancy, 
germination and fruit ripening [3]. ABA can also act as 
a signalling molecule in organisms other than plants [4]. 
In recent years, ABA was shown to have various biologi-
cal activities in mammals, making it a promising drug 
candidate. For example, pharmacological activity against 
various inflammatory diseases, pathogen-mediated infec-
tions, type-2-diabetes and metabolic syndrome has been 
reported [5–7]. ABA was furthermore identified as a bit-
ter receptor blocker with potential applications in nutri-
tional products [8].

A sustainable and inexpensive product source will be 
required to utilise ABA in these applications. The plant 
pathogenic fungus Botrytis cinerea is a natural producer 
of ABA and has been used as a biotechnological pro-
duction host [9]. In B. cinerea, ABA is produced via the 

mevalonate (MVA) pathway from farnesyl-pyrophos-
phate (FPP) [10]. FPP is cyclised by the enzyme BcABA3 
and subsequently oxidised at multiple positions by 
BcABA1, BcABA2 and BcABA4 to form ABA (Fig.  1A) 
[11–14]. However, the shortage of genetic tools for B. 
cinerea, as well as its hyphal morphology and compara-
tively slow growth make the fungus a challenging cell 
factory.

Saccharomyces cerevisiae has long been a workhorse 
for biotechnological applications. Its capabilities for 
high-level production of sesquiterpenes or sesquiter-
penoids have been demonstrated previously, e.g. for the 
biofuel farnesene [16] or the anti-malarial drug precur-
sor artemisinic acid [17]. In a previous study, we estab-
lished a S. cerevisiae ABA cell factory by introducing 
the ABA pathway enzymes BcABA1, BcABA2, BcABA3 
and BcABA4 as well as the B. cinerea cytochrome P450 
reductase BcCPR1 [15]. We demonstrated that two cyto-
chrome P450 monooxygenases (CYPs, putatively of class 
II), BcABA1 and BcABA2, are limiting ABA titers in the 
current strain [15]. This pathway bottleneck was also 
observed in following studies [18–20].

CYPs are a large superfamily of enzymes that catalyse 
oxidation reactions using molecular oxygen and contain 
heme as a co-factor [21]. They are ubiquitous in plant 
and microbial biosynthetic pathways and have become 
a major engineering target in biotechnology [22, 23]. 
Class II CYP enzymes, the most common class in eukary-
otes, require cytochrome P450 reductases (CPRs) as co-
enzymes for the transfer of electrons from NADPH [24]. 
It was also shown that co-expression of cytochrome b5 
(CYB5) and the cognate reductase (CBR) can have a posi-
tive impact on CYP activities, most likely by acting as 
additional electron donors [17, 25, 26].

Eukaryotic CYPs, CPRs, CYB5s and CBRs are usually 
anchored in the ER membrane which poses additional 
engineering challenges. It is presumed that available 
membrane space and/or its lipid composition signifi-
cantly affect enzyme abundance and activity in the cell 
[22, 27]. Therefore, modulation and expansion of the 
ER membrane, also referred to as ER proliferation, has 
become a common engineering strategy for membrane-
associated enzymes like CYPs and their co-enzymes. Var-
ious native target genes, most commonly PAH1, INO2 
and OPI1, have been investigated regarding ER prolifera-
tion, some of which led to multi-fold titer increases [28, 
29]. PAH1 encodes phosphatidate phosphatase, a highly 
regulated enzyme catalysing the conversion of phospha-
tidates to diacylgylcerols, a key reaction for balancing 
levels of membrane phospholipids (PL) and triacylglyc-
eride (TAG) storage lipids [30]. Ino2 and Opi1 are tran-
scription factors regulating various lipid metabolism 
genes. The Ino2/Ino4 complex activates genes involved 
in PL biosynthesis, whereas Opi1 acts as a repressor 

Fig. 1  Overview of the engineered ABA production in S. cerevisiae. A ABA 
pathway in Botrytis cinerea [14]. The four pathway genes bcaba1, bcaba2, 
bcaba3 and bcaba4, as well as the B. cinerea cytochrome P450 reductase 
encoding gene bccpr1 were expressed in yeast to enable heterologous 
ABA production from the native precursor FPP [15]. B Schematic represen-
tation of different strategies explored in this study to enhance ABA pro-
duction. Image created with BioRender.com. FPP farnesyl pyrophosphate, 
α-IE α-ionylideneethane, α-IAA α-ionylideneacetic acid, DH-α-IE 1′,4ʹ-trans-
dihydroxy-α-ionylideneacetic acid, ABA abscisic acid, ER endoplasmic 
reticulum
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when interacting with Ino2 [31]. Knockout of PAH1 or 
OPI1 and overexpression of INO2 result in similar phe-
notypes with an enlarged ER [28, 29, 32]. However, the 
effect of individual target genes appears to be strain- or 
product-specific.

Other strategies to optimize CYP activity include 
improving heme supply (an essential co-factor of CYPs, 
CPRs and CYB5s) or improving the availability of dis-
solved oxygen [20, 33, 34]. Overexpression of copropor-
phyrinogen III oxidase gene HEM13 and deletion of the 
heme oxygenase gene HMX1 appear to be promising 
targets to increase heme production [35]. Heterologous 
expression of the bacterial hemoglobin gene from Vit-
reoscilla stercoraria, vsvhb, has been investigated before 
with the goal of enhancing oxygen uptake and utilization 
in cell factories [36, 37]. Vsvhb expression furthermore 
benefited cell growth and protein synthesis in a variety of 
hosts [38].

Jiang and co-workers [39] adopted yet another 
approach to improve the activity of heterologous CYPs. 
By screening a cDNA library of Arabidopsis thaliana, 
they identified genes that positively affected two differ-
ent CYPs, one involved in betaxanthin production, and 
one involved in α-santalol production. Specifically, the 
membrane steroid binding protein 1 (AtMSBP1), the 
CONSTANS-like protein 4 (AtCOL4) and the glycine-
rich RNA-binding protein 7 (AtGRP7) proved to be ben-
eficial. AtMSBP1 is localized in the ER membrane and 
is suggested to have a chaperone-like function [40, 41]. 
AtMSBP1 also physically interacts with three monoli-
gnol biosynthetic CYPs, forming a complex on the ER 
membrane also known as a metabolon, which regulates 
the lignin biosynthetic process [40]. This organization 
presumably enhances enzyme stability and activity, for 
example through substrate channelling. AtCOL4 encodes 
a nuclear-localized protein that acts as a transcriptional 
repressor of flowering genes [42]. AtGRP7 encodes a 
glycine-rich RNA-binding protein that can facilitate 
alternative splicing for various mRNAs. It is involved in 
physiological processes such as promoting flowering, 
enhancing the innate immune system and stress response 
[43]. How AtCOL4 and AtGRP7 influence CYP activity is 
so far not elucidated.

Another engineering approach that is not directly 
related to CYPs but that was proven worthwhile in other 
cell factories that produce acidic compounds is modu-
lating transporter expression. When produced in yeast, 
ABA is predominantly found in the cell culture super-
natant [15]. As a weak organic acid with a pKa of 4.75 
[44], ABA is mostly present as the conjugate base in the 
cytosol of plants, with the membrane permeability of 
the ion being much lower than the protonated form [45, 
46]. In yeast, ABA is presumably exported by an unspe-
cific transporter. Complex regulatory networks mediate 

resistance to weak organic acids in S. cerevisiae with a 
multitude of transporters being involved in this process 
[47]. Upregulation of native transporters has been inves-
tigated for other cell factories with the goal of mediat-
ing product-related cell stress, such as increased turgor 
pressure or oxidative stress [47]. Nonetheless, downreg-
ulation of transporters could also be a valid engineering 
target by preventing the export of pathway intermediates, 
thereby increasing their local concentration in the cyto-
sol. Identifying transporters involved in the import or 
export of a given heterologous compound is challenging. 
An alternative approach is to overexpress or knock-out 
global regulators involved in transporter expression. The 
transcription factors Pleiotropic Drug Resistance 1 (Pdr1) 
and Yeast Reveromycin-A Resistant 1 (Yrr1) are two such 
global regulators, involved in the pleiotropic drug resis-
tance signalling network [48, 49]. Modulation of the PDR 
regulatory network could provide valuable insight for 
ABA-producing yeast strains and other S. cerevisiae cell 
factories producing weak organic acids.

Our previous proof-of-concept study demonstrated the 
feasibility of an S. cerevisiae cell factory, but ABA titres 
remained low. In this study, we aimed to overcome this 
limitation through rational engineering. We explore 
a variety of approaches including the modification of 
native gene targets and expression of heterologous pro-
teins (Fig. 1B).

Methods
Plasmid construction
For PCR reactions, PrimeSTAR HS DNA Polymerase 
(Clontech), Phusion High-Fidelity DNA polymerase 
(Thermo Fisher Scientific) or SapphireAmp (Takara Bio) 
were used, and the manufacturer’s instructions were fol-
lowed. Primer sequences can be found in Supplemen-
tary Table S1 (Additional file 1) and specific conditions 
of standard PCR reactions are listed in Supplementary 
Table S2 (Additional file 1). For plasmid and PCR prod-
uct purification, GeneJet Purification Kits (Thermo 
Fisher Scientific) were used. Sanger DNA sequencing was 
performed by Eurofins Genomics. Primers and other oli-
gonucleotides were ordered from Eurofins Genomics or 
Integrated DNA Technologies.

Plasmids used in this study are listed in Table 1. For 
construction of pMG138 the backbone of pCfB2312 was 
amplified by PCR using primers F-HR fwd and R-HR rev. 
The gRNA expression cassettes targeting YRR1 and PDR1 
were ordered as gene fragments. Subsequently, pMG138 
was constructed by Gibson assembly using the PCR 
product and the gene fragment.

The Golden Gate-based MoClo workflow [55–57] 
was followed to construct pX3-bcaba1 + 2, pXII2-
bccyb5 + cbr1, pX2-atcol4, pX2-atmsbp1, pX2-
atcol4 + atmsbp1, pXI2-vsvhb and pXI5-ERG20. All 
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MoClo assemblies are listed in Supplementary Table 
S3 (Additional file 1). First, primers pairs 306/357 and 
307/310 were used to remove a BsaI site from bcaba1 and 
to attach MoClo type-3 compatible overhangs via PCR. 
The resulting PCR products were fused together via a 
2-step PCR reaction. In the first reaction, the PCR prod-
ucts were mixed in a 1:1 ratio (≈100 ng) with PrimeStar 
PCR master mix but without primers (55  °C Tann, 1:15 
min telo, 15 cycles). In the second reaction, 2  µL of the 
first reaction was used as template with the primer pair 
306/307 (55  °C Tann, 1:40  min telo, 35 cycles). The PCR 
product of the second reaction was purified and sequence 
verified. Primer pairs 308/309 were used to attach type-3 
MoClo overhangs to bcaba2. DNA sequences lack-
ing BsaI, BsmbI and NotI sites for bccyb5 (UniProt 
identifier A0A384K1M2), bccbr1 (UniProt identifier 
A0A384JNH0), AtCOL4 (Uniprot identifier Q940T9), 
AtMSBP1 (UniProt identifier Q9XFM6) and vsvhb (Uni-
Prot identifier P04252) were codon-optimised for yeast 

and provided by Genscript Biotech Corp. Primer pairs 
292/293 and 294/295 were used to attach MoClo type-3 
overhangs to bccyb5 and bccbr1, respectively.

The MoClo compatible bcaba1, bcaba2, bccyb5 and 
bccbr1 fragments were inserted into the MoClo entry 
vector pYTK001 [56] (Supp. Table S3; Additional file 
1). For AtCOL4, AtMSBP1 and vsvhb, the strong Kozak 
sequence (TATACA) and type-3b overhangs were already 
included in the respectively cloning vector (pUC57-BsaI 
and BsmBI-free) containing each gene. Primer pairs 
oSMC 35/36, 37/38 and 39/40 were used to attach MoClo 
type-3a overhangs to the HHF2, TEF2 and CCW12 pro-
moters, respectively.

Subsequently, level-1 MoClo plasmids were assembled 
for each gene. The level-1 plasmids were combined with 
the backbones pMC-X3, pMC-XII2. pMC-X2 and pMC-
XI2 [57] to form pX3-bcaba1 + 2, pXII2-bccyb5 + cbr1, 
pX2-atcol4, pX2-atmsbp1, pX2-atcol4 + atmsbp1 and 
pXI2-vsvhb respectively.

Table 1  Plasmids used in this study
Plasmid name Use Backbone Expression cassette Reference
p416TEF Episomal expression – Empty [50]

p413TEF Episomal expression – Empty [50]

pRS316 + prTEF1 + HEM
13 + terADH1

Episomal expression pRS316 pTEF1-HEM13-tADH1 [35]

pPM28 Episomal expression pRS316 pTDH3-eroGFP-tCYC1 [51]

pSPGM-INO2 Episomal expression pSP-GM1 pTEF1-INO2-tADH1 [52]

p423-INO2(L119A) Episomal expression p423 + TDH3 pTDH3-INO2(L119A)-tCYC1 This study

p426-ICE2 Episomal expression p426 + TDH3 pTDH3-ICE2-tCYC1 This study

pCfB2904-ABA1-CPR Genomic integration in XI-3 pCfB2904 pPGK1-bcaba1-tADH1 pTEF1-bccpr1-tCYC1 [15]

pCfB2909-ABA2-ABA4 Genomic integration in XII-5 pCfB2909 pPGK1-bcaba2-tADH1 pTEF1-bcaba4-tCYC1 [15]

pCfB3035-ABA3 Genomic integration in X-4 pCfB3035 pTEF1-bcaba3-tCYC1 [15]

pX3-bcaba1 + 2 Genomic integration in X-3 pMC-X3 pTDH3-bcaba1-tTDH1 
pCCW12-bcaba2-tENO2

This study

pXII2-bccyb5 + cbr1 Genomic integration in XII-2 pMC-XII2 pHHF2-bccyb5-tPGK1 pTEF2-bccbr1-tSSA1 This study

pX2-atcol4 Genomic integration in X-2 pMC-X2 pHHF2-AtCOL4-tPGK1 This study

pX2-msbp1 Genomic integration in X-2 pMC-X2 pTEF2-AtMSBP1-tENO2 This study

pX2-atcol4/atmsbp1 Genomic integration in X-2 pMC-X2 pHHF2-AtCOL4-tPGK1 pTEF2-AtMSBP1-tENO2 This study

pXI2-vsvhb Genomic integration in XI-2 pMC-XI2 pCCW12-vsvhb-tTDH1 This study

pXI5-ERG20 Genomic integration in XI-5 pMC-XI5 pTEF2-ERG20-tTDH1 This study

pCfB2312 Cas9 expression pTEF1-Cas9-tCYC [53]

pCfB3020 gRNA expression for X-2 integration [53]

pCfB3041 gRNA expression for X-3 integration [53]

pCfB3044 gRNA expression for XI-2 integration [53]

pCfB3046 gRNA expression for X-5 integration [53]

pCfB3051 gRNA expression for X-3, XI-2, XII-2 
integration

[53]

pMG138 gRNAs expression targeting PDR1 and YRR1 pCfB2312 pTEF1-Cas9-tCYC1
pSNR52-gRNA-tSUP4

This study

pWS172/pWS158 Cas9 expression and gRNA expression target-
ing HIS3, IRE1, INO2, HMX1, HAC1

pWS158 (Add-
gene ID: 90517)
pWS172 (Add-
gene ID: 90519)

pPGK1-Cas9-tPGK1
ptRNAPhe-gRNA-tSNR52

This study

pMEL10 gRNA expression backbone used for knock-
out of PAH1 and OPI1

pSNR52-gRNA-tCYC1 [54]
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For the construction of pXI5-ERG20, genomic DNA 
from CEN.PK113-5D was used as a template. Primer 
pairs oSMC123/124 were employed to attach type-3 
MoClo overhangs to ERG20. The purified DNA fragment 
was then combined with pYTK014, pYTK056, and the 
preassembled level-2 MoClo backbone, pMC-XI5 [57], 
to create pXI5-ERG20 (Supp. Table S3; Additional file 1). 
To generate p426GPD-INO2 (L119A) and p426-ICE2, 
INO2 (L119A) was amplified from genomic DNA using 
the primer pair oSMC 25/26 with the template being the 
PCR product obtained from the colony that was success-
fully mutated and prior to the plasmid curation process, 
as is explained in the results. The ICE2 coding sequence 
was amplified from genomic DNA of CEN.PK113-11C 
using the primer pair oSMC 27/28. Both obtained PCR 
products were digested with the restriction enzymes 
XmaI and XhoI before being ligated into the correspond-
ing restriction sites in p423GPD and p426GPD plasmids 
[50]. Primer pair oSMC 78/84 was used for sequencing 
and validation of the cloning of p423-INO2 (L119A) and 
p426-ICE2.

Microorganisms and media
Plasmids were used to transform NEB® 5-alpha compe-
tent E. coli cells (New England Biolabs). E. coli was cul-
tivated at 37 °C in liquid lysogeny broth (LB) medium or 
on LB agar plates with appropriate antibiotics. S. cerevi-
siae strains are listed in Table  2 and a pedigree chart is 
shown in Supplementary Figure S1 (Additional file 1). E. 
coli was cultivated at 37 °C in liquid lysogeny broth (LB) 
medium or on LB agar plates with appropriate antibiot-
ics. Yeast was cultivated at 30  °C in liquid yeast extract 
peptone dextrose (YPD) medium or mineral medium 
(adapted from [58]) while shaking at 220 rpm. For culti-
vation on agar plates YPD medium or synthetic defined 
(SD) medium was used. For all yeast media, 20 g/L glu-
cose was used. Unless stated otherwise, SD medium 
was supplemented with 100  mg/L uracil or histidine 
for strains with uracil or histidine auxotrophy. Detailed 
media compositions can be found in Supplementary 
Table S4 (Additional file 1).

Strain construction
Yeast strains were transformed according to the protocol 
by Gietz and Woods [61]. The plasmids pX3-bcaba1 + 2, 
pXII2-bccyb5 + cbr1, pX2-atcol4, pX2-atmsbp1, pX2-
atcol4 + atmsbp1, pXI2-vsvhb and pXI5-ERG20 were 
used for genomic integrations. The procedure described 
in Jessop‐Fabre et al. [53] was followed, using the Cas9-
encoding plasmid pCfB2312 and the gRNA-helper plas-
mids pCfB3020, pCfB3041, pCfB3044, pCfB3046 and 
pCfB3051.

For the PDR1 and YRR1 deletion or overexpression, 
gRNAs were designed using Benchling. These gRNAs 

targeted sites upstream of the start ATG of the respective 
ORF, so that the same gRNA could serve for both dele-
tion and overexpression purposes. The repair fragments 
for deletion of YRR1 and PDR1 were ordered as 120-bp 
oligonucleotides (Supp. Table S5, Additional File 1). 
Hybridized fragments were used along with pMG138 to 
transform CEN.PK113-11C. For promoter replacement, 
the promoter sequences pTDH3 and pTEF1 were ampli-
fied from genomic DNA of CEN.PK113-11C using prim-
ers pTDH3-PDR1 fwd + rev and pTEF1-YRR1 fwd + rev, 
respectively. Homology to PDR1 and YRR1 was intro-
duced by reamplifying pTDH3 and pTEF1 with prim-
ers pTDH3-PDR1 ampl OL fwd + rev and pTEF1-YRR1 
ampl OL fwd + rev, respectively. Purified fragments were 
used along with pMG138 to transform CEN.PK113-11C. 
Obtained clones were verified by colony PCR using prim-
ers PDR1 fwd + rev and YRR1 fwd + rev, respectively.

PAH1 and OPI1 were deleted following the protocol 
by Mans et al. [54], using the plasmid pMEL10 for gRNA 
expression and the Yeastriction tool (​h​t​t​p​​:​/​/​​y​e​a​s​​t​r​​i​c​t​​i​o​n​​.​
t​n​w​​.​t​​u​d​e​l​f​t​.​n​l​/). The sequences of the gRNA fragments 
and repair oligos can be found in Supplementary Table S5 
(Additional file 1). Primers pairs 366/367 and 1260/1261 
(Supp. Table S1 and Supp. Table S2; Additional file 1) 
were used to validate the pah1Δ and opi1Δ genotype, 
respectively.

For the PAH1 promoter replacement, the gRNA was 
designed using the Benchling CRISPR Guide tool (Supp. 
Table S5) and its coding sequence inserted into pMEL10. 
For construction of the linear promoter replacement 
cassettes, primer pairs 417/418, 422/423, 424/425 were 
used. The primers were designed to contain homolo-
gous regions for replacing 771 base pairs upstream of 
the PAH1 start codon. The resulting PCR products were 
used as repair fragments in a transformation according 
to Mans et al. [54]. Primers 426/427 were used to vali-
date the pPAH1 replacement. The colony PCR product of 
strain yMO36 was sequenced for verification.

To delete HIS3, IRE1, INO2 and HMX1, the protocol 
described by Shaw et al. [62] was used. Briefly, two oli-
gonucleotides encoding the gRNA were annealed in vitro 
and integrated into the CRISPR/Cas9 expression plasmid 
pWS158 or pWS172 using a BsmBI Golden Gate assem-
bly. Primer pairs oSMC: 57/58, 29/30, 1/2 and 48/49, 
were used to generate sgRNA for HIS3, IRE1, INO2 and 
HMX1, respectively.

The constructed plasmids pWS158 or pWS172were 
used to transform the respective yeast strain together 
with the donor DNA to facilitate homology-directed 
repair at the double-strand break. Donor DNA was cre-
ated by no-template PCR of partially overlapping prim-
ers, consisting of the 60 nucleotides upstream of the 
start codon, followed by the 60 nucleotides downstream 
of the stop codon, as previously described [63]. The 

http://yeastriction.tnw.tudelft.nl/
http://yeastriction.tnw.tudelft.nl/
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Table 2  Strains used and constructed in this study
Strain name Parent strain Genomic modifications Plasmid Reference
CEN.PK113-5D – MATa MAL2-8 c SUC2 ura3-52 – [59], 

provided 
by P. Kötter, 
University 
of Frankfurt, 
Germany

CEN.PK113-11C – MATa MAL2-8 c SUC2 ura3-52 his3Δ – provided 
by P. Kötter, 
University 
of Frankfurt, 
Germany

yMG01 CEN.PK113-11C pTEF1-YRR1 pTDH3-PDR1 – This study

yMG02 CEN.PK113-11C yrr1Δ pdr1Δ – This study

SCIGS22a CEN.PK113-5D lpp1Δ::loxP dpp1Δ::loxP
pERG9 Δ::loxP pHXT1
gdh1Δ::loxP pTEF1-ERG20
pPGK1-GDH2 pTEF1-tHMG1

– [60]

SABA3 SCIGS22a pPGK1-bcaba1 pPGK1-bcaba2
pTEF1-bcaba3 pTEF1-bcaba4
pTEF1-bccpr1

– [15]

yMO22 SABA3 pTDH3-bcaba1 pCCW12-bcaba2 – This study

yMO23 yMO22 pHHF2-bccyb5 pTEF2-bccbr1 – This study

yMO26 yMO23 pah1Δ – This study

yMO35 yMO26 – p416TEF This study

yMO36 yMO23 pPAH1Δ::pREV1 – This study

yMO38 yMO23 pPAH1Δ::pHXT1 – This study

yMO39 yMO23 pPAH1Δ::pminCYC1 – This study

yMO40 yMO23 – pRS316 + prTEF1 + HEM13 + t
erADH1

This study

yMO41 yMO23 – pSPGM-INO2 This study

yMO42 yMO23 – p416TEF This study

yMO48 SABA3 – p416TEF This study

yMO49 yMG01 pPGK1-bcaba1 pPGK1-bcaba2
pTEF1-bcaba3 pTEF1-bcaba4
pTEF1-bccpr1

p416TEF, p413TEF This study

yMO50 yMG02 pPGK1-bcaba1 pPGK1-bcaba2
pTEF1-bcaba3 pTEF1-bcaba4
pTEF1-bccpr1

p416TEF, p413TEF This study

yMO51 yMO23 opi1Δ p416TEF This study

ySMC001 SABA3 his3Δ – This study

ySMC003 CEN.PK113-11C INO2 (L119A) – This study

ySMC017 ySMC001 ino2Δ p423TDH3-INO2 (L119A) 
p426TDH3-ICE2

This study

ySMC019 ySMC001 ire1Δ HAC1i pPM28 This study  

ySMC020 ySMC001 hmx1Δ pRS316 + prTEF1 + HEM13 + t
erADH1

This study

ySMC023 ySMC001 pTEF2-AtMSBP1 – This study

ySMC024 ySMC001 pHHF2-AtCOL4 – This study

ySMC025 ySMC001 pHHF2-AtCOL4 pTEF2- AtMSBP1 – This study

ySMC026 ySMC025 pTEF2-ERG20 – This study

ySMC027 yMO39 pTEF2-AtMSBP1 – This study

ySMC028 yMO39 pHHF2-AtCOL4 pTEF2- AtMSBP1 – This study

ySMC029 ySMC028 pTEF2-ERG20 – This study

ySMC030 ySMC001 pCCW12-vsvhb – This study
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DNA sequences can be found in Supplementary Table 
S5 (Additional file 1). Primer pairs oSMC: 89/90, 11/14, 
5/6 and 59/60 were used were used to validate the his3Δ, 
ire1Δ, ino2Δ and hmx1Δ genotypes, respectively.

To introduce the point mutation L119A in INO2, CEN.
PK113-11C was transformed with pWS158 expressing a 
gRNA targeting the locus and the donor DNA contain-
ing the desired mutation (together with a synonymous 
mutation in the target sequence to prevent Cas9 cleavage 
after repair) [63]. Primer pairs oSMC 1/2 and oSMC 5/6 
were used to generate gRNA and for sequence validation, 
respectively.

To obtain the HAC1i genotype, the gRNA-Cas9 expres-
sion plasmid pWS172 was cotransformed with the donor 
DNA. The gRNA targeting the HAC1 intron was gener-
ated by annealing the oligos oSMC33 and oSMC34. The 
donor DNA for repair consisted of the spliced HAC1 ver-
sion (HAC1i), obtained by fusing two DNA fragments of 
HAC1 using primer pairs oSMC 15/16 and oSMC 17/18 
through overlap extension PCR. Primers oSM31 and 
oSM32 were used to validate the intron deletion by col-
ony PCR and sequencing.

Codon-optimized sequences of heterologous genes 
used in this study can be found in Supplementary Table 
S6 (Additional file 1).

Cultivation for ABA analysis
Single colonies were picked from agar plates for precul-
tures (1.5  mL mineral media) in 14  mL round-bottom 
cultivation tube (Greiner Bio-One). Precultures were 
grown for 48 or 72 h (for slow growing pah1Δ strains) and 
main cultures (2.5 mL mineral media) were inoculated at 
OD600 0.1 in 24-deepwell microplates (square wells, pyr-
amid-bottom, EnzyScreen). Cultures were grown for 48 h 
(Figs. 3, 4) or 60 h (Fig. 5), OD600 was measured, cultures 

were centrifuged (5 min, 1500×g) and 1 mL supernatant 
was transferred to 2-mL Eppendorf tubes.

ABA extraction and quantification
For Figs. 2, 3, 4 and 5, ABA was extracted similarly to 
the procedure described in [15]. One mL of ethyl acetate 
(>99.9% Sigma-Aldrich) containing 0.5% (v/v) formic acid 
(>98%, Sigma-Aldrich) was added to the 2-mL Eppen-
dorf tubes containing 1 mL culture supernatant. The 
tubes were vortexed for 10 s, then centrifuged (10  min, 
13,000×g, 4 °C), and 0.8 mL of the supernatant was trans-
ferred to a new Eppendorf tube. The solvent was evapo-
rated using a Genevac miVac (45 min, 20 mBar, 45  °C). 
The pellet was reconstituted in 0.8 mL methanol (>99.9%, 
Sigma-Aldrich), centrifuged (10 min, 13,000×g, 4 °C) and 
≈0.5 mL of the supernatant was transferred to an HPLC 
(high-performance liquid chromatography) vial.

A simpler sample preparation procedure was used for 
the experiments displayed in Fig.  6 and Supplementary 
Figures S4 (B, C) and S5 (Additional file 1). Cell cultures 
were centrifuged (5 min, 2000×g), then 1 mL of superna-
tant was filtered using a 0.22‐µm nylon filter and trans-
ferred to an HPLC vial.

The samples were analysed in an Agilent 6120 Single 
Quadrupole mass spectrometer (MS) with an Agilent 
Infinity 1260 HPLC system consisting of a binary pump, 
autosampler and thermostat column compartment. Ion-
ization was performed using an atmospheric pressure 
electrospray ionization (API-ES) source (positive mode). 
Compounds were separated on an Agilent Poroshell 
120 EC-C18 (2.7  μm, 3.0 × 50  mm) column (maintained 
at 40  °C) using a water-acetonitrile gradient with 0.04% 
formic acid in both solvents. The gradient started with 
95% water and, over 5  min, gradually changed to 95% 
acetonitrile (> 99.5%, Sigma-Aldrich). After a 2-min hold, 
the gradient was ramped back to 95% water over 3 min. 

Fig. 2  Effects of native transporter expression modulation in ABA-producing strains. Genes encoding the transcription factors Pdr1 and Yrr1 were either 
overexpressed (yMO49) or knocked out (yMO50) and compared to a control strain with wild-type PDR1 and YRR1 expression (yMO48). OD600 (beige), ABA 
titer (green), ABA titer normalized to OD600 or biomass (blue), and ion count ratio of ABA to unknown metabolite MZ233 (orange) are shown after 48 h 
of cultivation in mineral medium (24-deepwell microplates). Supernatant and cell pellet were analysed separately. Grey circles show the individual data 
points used to calculate the mean and standard deviation. Only traces of ABA (<0.05 mg/L) and MZ233 were detected for yMO49. Significance is shown 
as compact letter display above the bars. Shared letters indicate no significant difference. Wt wild-type, OE overexpression, KO knockout
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The sample injection volume was set to 10 µL. ABA was 
quantified by selected ion monitoring (m/z = 265) and 
(S)-(+)-ABA standard (>98%, Cayman Chemicals) was 
used to fit a calibration curve (2nd polynomial).

Growth Profiler analysis
Growth (Fig.  5B) was analysed using a Growth Profiler 
960 (Enzyscreen). Precultures were prepared as described 
above and cultures were subsequently grown in transpar-
ent bottom 96-well plate (Enzyscreen) with 250 µL min-
eral media per well. Pictures were taken every 30 min.

Software and statistical analysis
Besides the manufacturer’s software for the Growth Pro-
filer (Enzyscreen) and the HPLC–MS (Agilent), R Studio 
[64] was used to analyse the data. Relevant R packages 
include tidyverse [65], emmeans [66], multcomp [67] 
and growth rates [68]. Benchling (www.benchling.com) 
was used for planning and analysing DNA constructs. 
For supplementary figures S4 and S5 (Additional file 1) 
data were plotted using GraphPad Prism 9.5.1 (GraphPad 
Software).

One-way ANOVA followed by Tukey's honest signifi-
cance test (⍺ = 0.05) was used to determine significant 
differences between the strains. Results are displayed 

Fig. 4  Effects of pah1Δ, opi1Δ or INO2 overexpression on ABA production. Genetic modifications additional to yMO42 (yMO23 carrying an empty plas-
mid) are displayed below the bars and include knockout of PAH1 (yMO35) or OPI1 (yMO51) and episomal overexpression of INO2 (yMO41). OD600 (beige), 
ABA titer in the supernatant (green) and ABA titer normalized to OD600 (blue) are shown after 60 h of cultivation in mineral medium (24-deepwell micro-
plates). Grey circles show the individual data points used to calculate the mean and standard deviation. Significance is shown as compact letter display 
above the bars. Shared letters indicate no significant difference. OE overexpression

 

Fig. 3  Effects of expressing additional copies of bcaba1 and bcaba2, as well as expressing the B. cinerea CYB5 (bccyb5) and its cognate CBR (bccbr1). “X” 
indicates presence of the genetic modification in the strain. OD600 (beige), ABA titer in the supernatant (green) and ABA titer normalized to OD600 (blue) are 
shown after 48 h of cultivation in mineral medium (24-deepwell microplates). Grey circles show the individual data points used to calculate the mean and 
standard deviation. Strain SCIGS22a not containing any ABA pathway genes was used as control. Significance is shown as compact letter display above 
the bars. Shared letters indicate no significant difference

 

http://www.benchling.com
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as compact letter display above the bar charts. For two 
groups’ comparison of data, an unpaired student’s t-test 
was used.

Results and discussion
Effects of transporter expression modulation on ABA 
production
Overexpression or knock-down of native transporters 
could be beneficial for ABA production, either by alle-
viating product-related cell stress, as was shown for the 
anti-malaria drug precursor artemisinic acid [69], or by 
preventing the export of pathway intermediates.

To test the two hypotheses, the endogenous genes 
encoding two global transcriptional regulators involved 
in transporter expression, Yrr1 and Pdr1, were either 
overexpressed using strong, constitutive promoters, 
or deleted. Altered transporter activity in the resulting 
strains was confirmed by evaluating the response to the 

antifungal fluconazole. As expected, while overexpres-
sion of PDR1 and YRR1 resulted in increased fluconazole 
resistance, their deletion resulted in increased flucon-
azole sensitivity (Supp. Fig. S2, Additional file 1).

Next, the B. cinerea genes bcaba1, bcaba2, bcaba3, 
bcaba4 and bccpr1 were integrated in the strains’ 
genomes to establish ABA production. Figure  2 shows 
the measured OD600, ABA titer, ratio of ABA to OD600, 
and ratio of ABA to an unknown compound with the 
mass-to-charge (m/z) value 233.15, referred to as MZ233. 
MZ233 was earlier detected in the supernatant of ABA-
producing strains and is assumed to be an intermedi-
ate or side-product in the ABA pathway [15]. ABA and 
MZ233 were quantified separately in the supernatant and 
cell pellet.

Small, but significant differences were detected in 
the OD600 at 48 h, with yMO49, overexpressing PDR1 
and YRR1, exhibiting a higher OD600 compared to the 

Fig. 5  Effects of PAH1 promoter replacement. The PAH1 promoter was exchanged for pREV1 (yMO36), pHXT1 (yMO38) or pminCYC1 (yMO39) and the 
effect was compared to the parent strain with wild-type pPAH1 (yMO23) or a pah1Δ strain (yMO26). Grey circles show the individual data points used 
to calculate the mean and standard deviation. Significance is shown as compact letter display above the bars. Shared letters indicate no significant dif-
ference. Wt wild-type. A OD600 (beige), ABA titer in the supernatant (green) and ABA titer normalized to OD600 (blue) are shown after 60 h of cultivation 
in mineral medium (24-deepwell microplates). B Growth profiles and maximum growth rate μmax are shown for the background strain SCIGS22a (no B. 
cinerea genes, grey), the wild-type PAH1 control yMO23 (brown), the pah1Δ strain yMO26 (red) and yMO39 carrying the pminCYC1-PAH1 modification (dark 
blue). Lines in the growth profiles show the mean OD600 of three replicates and ribbons visualize their standard deviation. Cells were grown in mineral 
media (96-well microplates)
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control, yMO48, and the double-knock-out strain, 
yMO50 (Fig.  2). Surprisingly, only traces of ABA and 
MZ233 were detected in the supernatant and pellet of 
the overexpression strain yMO49. About 50% less ABA 
was detected in the supernatant of the knock-out strain 
yMO50 compared to the control; however, the amount of 
ABA in the cell pellet remained the same. In the superna-
tant, the control strain showed a significantly higher ratio 
of ABA/MZ233 compared to yMO50, though the differ-
ence was only 20%. In contrast, the ABA/MZ233 ratio 
was 70% higher for yMO50 in the cell pellet. This shows 
that, when normalized to ABA, the double-knock-out 

strain contains more MZ233 in the supernatant and less 
MZ233 in the cell pellet.

Neither overexpression of PDR1 and YRR1, nor their 
deletion improved ABA production. In the overexpres-
sion strain yMO49, ABA intermediates, likely upstream 
of MZ233, might be exported rapidly, thereby remov-
ing substrates from the product pathway and resulting 
in only traces being detectable. However, no additional 
peaks of postulated intermediates were identified in the 
HPLC–MS chromatogram of the supernatant when com-
paring yMO49 to yMO48 (Supp. Fig. S3, Additional file 
1) and high-resolution MS analysis would be necessary 

Fig. 6  Effects of AtMSBP1 and AtCOL4 expression and ERG20 overexpression. The Arabidopsis genes were integrated in the ySCM001 background (single 
copies of bcaba1/2/3/4 and bccpr1) or yMO39 background (two copies of bcaba1/2, expression of bccyb5 and bccbr1 as well as the pminCYC1-PAH1 
modification). An additional copy of ERG20 was added to improve precursor supply. “X” indicates presence of the genetic modification in the strain. OD600 
(beige), ABA titer in the supernatant (green) and ABA titer normalized to OD600 (blue) are shown after 48 h of cultivation in mineral media (24-deepwell 
microplates). Grey circles show the individual data points used to calculate the mean and standard deviation. Significance is shown as compact letter 
display above the bars. Shared letters indicate no significant difference
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to confirm this hypothesis. The increase in OD600 for 
yMO49 indicates that the strain experiences less weak-
acid-related stress [47, 69]. The reasons for the reduced 
ABA titers in yMO50 compared to the wild-type control 
are unclear. Nonetheless, the higher intracellular ABA/
MZ233 ratio for yMO50 (Fig. 2) suggests that, ratio wise, 
more MZ233 is converted to ABA in yMO50 (assum-
ing that MZ233 is a pathway intermediate). The results 
indicate that one or multiple Pdr1/Yrr1-regulated trans-
porters facilitate the transport of ABA pathway interme-
diates—if not of the product itself. Pdr1 and Yrr1 control 
the expression of several genes encoding ATP-binding 
cassette (ABC) transporters involved in the multidrug 
response in yeast, such as YOR1, SNQ2, PDR5, PDR10 
and PDR15 (reviewed in [70]). Modulating individual 
transporters could still be worth investigating in future 
studies. This is exemplified by a study investigated the 
effect of expressing A. thaliana ABA transporters in 
an ABA-producing Y. lipolytica strain, with the aim of 
reducing cellular stress; however, ABA titers remained 
unchanged [18]. In another recent study native ABC 
transporters were overexpressed or deleted in an ABA-
producing Y. lipolytica strain [71]. Specifically, overex-
pression of the gene encoding the transporter YlGcn20 
(named due to its similarities to the S. cerevisiae pro-
tein Gcn20) improved ABA production by about 10%, 
while the overexpression of other transporters nota-
bly decreased ABA levels and/or biomass accumulation 
[71]. Wang et al. [72] demonstrated how disruption of 
the transportome in S. cerevisiae can be used to identify 
native genes involved in the transport of heterologous 
products. The same approach could be followed for an 
ABA-producing strain.

Genomic integration of additional pathway gene copies 
and improving co-enzyme and co-factor availability
The previously engineered S. cerevisiae strain SABA3 was 
used as the starting strain in this study [15]. This strain 
is derived from the terpenoid platform strain SCIGS22a 
with increased flux through the MVA pathway and 
improved NADPH supply [60, 73], and contains single 
copies of the B. cinerea genes bcaba1, bcaba2, bcaba3, 
bcaba4, and bccpr1 (Fig.  1A; Table  2). In our previ-
ous study, we showed that plasmid-based expression 
of additional gene copies increased the ABA titer more 
than fourfold [15]. Genomic integration of expression 
cassettes is mostly preferred to episomal expression for 
biotechnological applications, since it results in less cell-
to-cell variability and higher genetic stability [56, 74]. 
Therefore, additional copies of bcaba1 and bcaba2 were 
integrated into the genome of SABA3 resulting in the 
strain yMO22. Bcaba1 and bcaba2 were expressed using 
the strong promoters pTDH3 and pCCW12, respectively. 
Furthermore, we investigated the effect of expressing 

the B. cinerea cytochrome b5, encoded by bccyb5, and 
cognate cytochrome b5 reductase, encoded by bccbr1. 
The strain yMO23 (originating from yMO22) contains 
an expression cassette with pHHF2-bccyb5 and pTEF2-
bccbr1 integrated in the genome.

As expected, the additional copies of bcaba1 and 
bcaba2 resulted in an increase in ABA production, 
both in the absolute titer and titer normalised to OD600 
(Fig.  3). The 2.6-fold increase when comparing SABA3 
and yMO22 was lower than the 4.1-fold increase that was 
previously observed in the plasmid-carrying strain [15]. 
This was anticipated since plasmid-based gene expres-
sion levels are often higher when compared to genomic 
integrations [56, 75], likely due to cells carrying on aver-
age more than one copy of centromeric plasmids [76]. 
These results indicate that CYP activity still limits ABA 
titers.

Conversely, expression of bccyb5 and bccbr1 in yMO23 
did not result in an increase of ABA titers (Fig. 3) which 
highlights the complex roles of CYB5s. For some CYPs, 
the co-enzyme is required for the reaction to be catalysed 
while in other cases CYB5s have a modulating effect 
(stimulatory or inhibitory) [77].

We also tested if the supply of heme is limiting pro-
ductivity; however overexpression of the coproporphy-
rinogen III oxidase gene HEM13 did not improve ABA 
titers (Supp. Fig. S4A; Additional file 1) and only a slight 
improvement of 20% was observed when combined with 
the deletion of the heme oxygenase gene HMX1 (Supp. 
Fig. S4B; Additional file 1). We also expressed vsvhb with 
the goal of improving oxygen availability. However, this 
did not benefit ABA titer nor cell growth (Supp. Figure 
S4 C; Additional file 1). These data indicate that oxygen 
availability and heme supply is sufficient in the current 
strain.

Effects of ER proliferation on ABA production
ER proliferation is a promising engineering strategy for 
ABA cell factories since it was successfully applied for 
other isoprenoid-producing strains and does not require 
engineering of the heterologous CYP itself [28, 29]. Three 
of the most commonly targeted native genes for ER pro-
liferation are PAH1, INO2 and OPI1. We investigated the 
effects of a PAH1 or OPI1 knockout (strains yMO35 and 
yMO51 respectively) and INO2 overexpression (strain 
yMO41). Even though the addition of bccyb5 and bccbr1 
in yMO23 did not result in higher ABA titers (Fig. 3), we 
decided to use the strain for further experiments, since 
BcCYB5 activity could also be affected by ER expan-
sion. INO2 was overexpressed using a centromeric plas-
mid while the other strains analysed in this experiment 
were transformed with an empty plasmid to render them 
prototrophic.
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Figure  4 shows the OD600, ABA titer and ABA titer 
normalized to OD600 for strains with engineered PL 
metabolism. OD600 and ABA titers were comparable for 
all strains, with exception of the pah1Δ strain yMO35. 
yMO35 exhibited a severe growth defect with ≈70% 
lower OD600 after 60 h compared to the control strain 
yMO42. Absolute ABA titers for yMO35 were decreased 
by ≈35%; however, the ABA titer relative to the OD600 
was increased 2.2-fold. The results suggest that pah1Δ-
mediated ER expansion was beneficial for ABA produc-
tion. However, the positive effects of the PAH1 knockout 
came with impaired growth, a phenotype that has been 
observed before [78–80].

We decided to also investigated other strategies to 
modulate the ER microenvironment including overex-
pression of ICE2 (encoding a protein indirectly involved 
in Pah1 regulation), de-regulation of Ino2 via an L119A 
point mutation and provoking the ER-based unfolded 
protein response (UPR) (via simultaneous knockout of 
IRE1, HAC1i expression and eroGFP expression) in strain 
ySMC019 [81–84]. Interestingly, integrating the L119A 
mutation in INO2 in the genome was highly unstable 
and reverted within 72 h (data not shown). Instead, we 
explored episomal expression of the L119A mutant. 
However, none of these modifications resulted in higher 
ABA titer (Supp. Fig. S5; Additional file 1). A higher ABA 
yield was observed for the strain with upregulated UPR, 
ySMC019, but the strain also exhibited a severe growth 
defect (Supp. Fig. S5; Additional file 1).

Even though modification of the target genes PAH1, 
OPI1, INO2 and ICE2 all resulted in ER expansion in 
other reports, they did not all affect CYP activity in the 
ABA-producing strains. A previous study compared the 
effects of pah1Δ, opi1Δ and overexpression of INO2 for 
the production of isoflavonoids [85]. In that study, flavo-
noid titers were improved by either knocking out OPI1 
or by overexpressing INO2. No beneficial effects were 
observed for pah1Δ, and severe growth defects were 
only seen for a pah1/opi1 double-knock-out strain and a 
strain with opi1Δ and simultaneous INO2 overexpression 
[85]. Interestingly, another report showed that deletion 
of PAH1 in Y. lipolytica resulted in an improvement in 
ABA production, whereas INO2 overexpression or OPI1 
deletion had no effect [20]. This is in accordance with our 
observations in S. cerevisiae (Fig. 4).

As expected from previous reports, the beneficial 
effects of ER proliferation are strain- and/or product-
specific, potentially depending on other genetic modifi-
cations or being specific to the heterologous CYP. In this 
context it is noteworthy that the ABA-producing strains 
of this study are based on the sesquiterpenoid platform 
strain SCIGS22a, in which the genes DPP1 and LPP1 
were deleted to prevent the dephosphorylation of farne-
syl-pyrophosphate to farnesol [60, 73, 86]. Like PAH1, 

DPP1 and LPP1 encode phosphatidate phosphatases. 
Dpp1 and Lpp1 only have minor effects on PL and TAG 
levels [87], but their deletion potentially influenced the 
growth and ABA titer of the pah1Δ strain yMO35.

Exchanging of the native PAH1 promoter to mediate 
growth deficiency
The deletion of PAH1 in yMO35 led to a severe growth 
defect, making the strain unsuitable for further engineer-
ing or future biotechnological uses. However, encouraged 
by the improved relative ABA titer of yMO35 (Fig.  4), 
we investigated if a gene knock-down could mediate the 
growth defect and still benefit ABA production. Expres-
sion levels of the PAH1 promoter during growth in glu-
cose are comparable to the REV1 promoter and are <1% 
of the commonly used strong TEF1 promoter (unpub-
lished data).

The native PAH1 promoter was exchanged for three 
different promoters to investigate their effects on growth 
and ABA production. We chose the constitutively weak 
promoter pREV1 (strain yMO36), the glucose-concentra-
tion-dependent promoter pHXT1 (strain yMO38) and a 
synthetic minimal promoter named pminCYC1 (strain 
yMO39) [88]. pHXT1 is repressed in low glucose condi-
tions and is used in the background strain SCIGS22a to 
regulate ERG9 expression with the goal of separating cell 
growth and production phase [73, 89]. Different trun-
cated versions of the CYC1 promoter have been used in 
other studies before and minimal expression levels were 
observed [88, 90]. In our study, we used a substantially 
truncated version (144 bp, sequence in Supplementary 
Table S6, Additional file 1), in which only one of three 
TATA elements remain [88, 91].

Figure 5A shows the OD600, absolute and relative ABA 
titers of strains with replaced pPAH1, the control strain 
with wild-type pPAH1 (yMO23) and the pah1Δ strain 
(yMO26). The strains with wild-type PAH1 and promoter 
replacement showed no significant difference in OD600. 
The pHXT1-PAH1 and pREV1-PAH1 modifications did 
not significantly improve ABA titers. However, the strain 
carrying the pminCYC1-PAH1 modification, yMO39, 
produced 15.8 mg/L ABA, ≈1.3-fold the titer produced by 
the wild-type PAH1 control yMO23. For all strains with 
modified PAH1 promoters, the ABA titer normalized to 
OD600 remained at PAH1 wild-type levels, which is about 
40% lower than for the pah1Δ strain yMO26 (Fig. 5A).

In addition, we compared the growth profile and 
maximum growth rate μmax of the background strain 
SCIGS22a, the wild-type PAH1 strain yMO23, the pah1Δ 
strain yMO26 and the pminCYC1-PAH1 strain yMO39 
(Fig.  5B). The growth profiles and μmax of yMO23 and 
yMO39 were similar, both had a lower μmax and slightly 
lower final OD600 than the background strain. Among the 
analysed strains, the pah1Δ strain yMO26 had the most 
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severe growth defect in terms of μmax and final OD600. 
Interestingly, yMO26 did not show bi-phasic growth. 
Deletion of PAH1 has been reported to cause respira-
tory deficiencies [92], potentially explaining the growth 
defect.

In conclusion, by exchanging pPAH1 for the weak 
minimal promoter pminCYC1, we were able to avoid 
the growth defect observed in the pah1Δ strain yMO26, 
while still improving ABA titers. The relative ABA titer 
per OD600 was higher for yMO26 than for yMO39, indi-
cating that ABA production might be further improved 
by fine-tuning ER proliferation. We assume that pPAH1 
replacement could be a promising engineering strategy in 
Y. lipolytica ABA cell factories.

Expression of A. thaliana proteins to improve ABA 
production
The A. thaliana proteins AtMSBP1, AtCOL4 and 
AtGRP7 were previously found to significantly improve 
CYP activity in a betaxanthin-producing S. cerevisiae 
strain [39]. Motivated by this, we sought to investigate 
the proteins’ effects on ABA production. However, diffi-
culties were encountered during the chemical synthesis 
of the AtGRP7 gene. AtGPR7 also only had minor effects 
on CYP activity in previous work [39] and we therefore 
decided to exclude the protein from our study. AtMSBP1 
and AtCOL4 were individually expressed by integrating 
a single copy of each gene into the ySMC001 genome (a 
strain based on SABA3 with single copies of each bcaba 
gene and bccpr1), controlled by strong constitutive pro-
moters pTEF2 for AtMSBP1 and pHHF2 for AtCOL4, 
resulting in the strains ySMC023 and ySMC024, respec-
tively. The strain overexpressing AtMSBP1 produced 16.6 
mg/L ABA, a 3.5-fold increased ABA titer compared to 
ySMC001 (Fig.  6). While expression of AtCOL4 alone 
did not influence ABA production, co-expression of 
both, AtMSBP1 and AtCOL4, in strain ySMC025 signifi-
cantly increased the titer to 26 mg/L, a 5.5-fold increase 
compared to the starting strain ySMC001 and a 1.6-fold 
increase to ySMC023 carrying solely AtMSBP1. The 
relative ABA titer for ySMC023 and ySMC025 was also 
improved compared to ySMC001, however no signifi-
cant difference between ySMC023 and ySMC025 was 
observed (Fig. 6). Expression of the A. thaliana genes did 
not affect OD600.

To further improve ABA production, we added the 
AtMSBP1 cassette alone or in combination with AtCOL4 
to the previously best performing strain yMO39, result-
ing in strains ySMC027 and ySMC028. Besides the A. 
thaliana genes, these strains also carry additional cop-
ies of bcaba1 and bcaba2, express bccyb5 and bccbr1 
and include the pPAH1Δ::pminCYC1 modification. 
Expression of AtMSBP1 in strain ySMC027 did not alter 
OD600, nor did it affect absolute or normalized ABA titer 

compared to yMO39 (Fig. 6). Co-expression of AtMSBP1 
and AtCOL4 in ySMC028 severely reduced OD600 while 
no beneficial effect was visible for the absolute ABA titer. 
However, when normalized to the OD600, the ABA titer 
was increased in this strain.

Finally, we investigated whether further enhancing the 
MVA pathway flux could benefit ABA production. To 
achieve this, we expressed an additional copy of ERG20 
under the control of pTEF2 in the strains ySMC025 and 
ySMC028 resulting in strains ySMC026 and ySMC029, 
respectively. No significant increase in absolute ABA 
titers was achieved when compared to the respective 
parental strains (Fig.  6). While the addition of an extra 
ERG20 gene in the strain ySMC026 did not result in a 
higher ABA/OD600 ratio, in the ySMC029 strain, the 
additional copy resulted in the highest ABA/OD600 ratio 
of 9.3 (Fig. 6). These results support the idea that adding 
an extra copy of ERG20 directs the pathway flux toward 
product formation. The effect is particularly important 
in strains derived from the yMO39 background; how-
ever, the OD600 was severely impaired in this strain, likely 
due to the metabolic burden caused by extensive genetic 
engineering.

Strikingly, the titers of ABA achieved by the highly 
engineered strain ySMC027 (21.90 mg/L) were compara-
ble to those obtained in the less modified strain ySMC025 
(26.22  mg/L), in which only a single copy of the P450s, 
bcaba1 and bcaba2, are present (Fig. 6). The expression 
of the Arabidopsis genes seems to be the most straight-
forward and effective strategy, as it requires few engi-
neering steps and does not adversely affect the OD600.

We speculate that the enhancement in ABA produc-
tion observed with AtMSBP1 expression is likely due to 
its dual role as a chaperone-like protein and a structural 
scaffold for the assembly of ER-bound enzymes [40, 93–
95]. Subcellular localization studies showed that MSBP1 
from Saponaria vaccaria co-localizes with CYPs on the 
ER membrane of yeast [93, 94], suggesting a potential 
interaction that could be leveraged for enhanced ABA 
biosynthesis. The boost in ABA production observed 
when AtCOL4 is co-expressed with AtMSBP1, but not 
for AtCOL4 alone, suggests that the two Arabidopsis pro-
teins interact. While AtCOL4 is known to enhance abi-
otic stress tolerance and regulate ABA biosynthesis genes 
in Arabidopsis [96], its molecular mechanisms in yeast 
remains unclear. It is worth noting that the ABA biosyn-
thetic pathway differs substantially in plants and fungi 
[10] and the effect of AtCOL4 is not specific for enzymes 
involved in ABA production [39]. In ySMC027 the higher 
expression levels of bcaba1 and bcaba2, the presence of 
bccyb5 and bccbr1, and the PAH1-modulation-mediated 
ER alterations might result in non-optimal assembly 
of enzyme complexes (i.e. due to different stoichiom-
etries), potentially interfering with the AtMSBP1- and 
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AtCOL4-mediated effect. Further studies will be required 
to elucidate the underlying mechanism.

The hypothesis that enzyme complexes on the ER-
membrane can improve enzyme activity is also supported 
by a recent study by Sun et al. [20]. The authors found 
that linking BcABA1 and BcABA2 via short peptide tags 
improved ABA production in Y. lipolytica by 38%. This 
beneficial effect appears to be enzyme-specific since link-
ing BcABA3 and an ERG20 mutant with the same pep-
tide tags did not increase ABA titers [93].

During the revision of this paper, a new study reported 
that expression of AtMSBP1 broadly enhanced plant 
CYP performance in yeast [97], providing an additional 
example of its effectiveness. Importantly, the authors 
observed that AtMSBP1 expression induces not only ER 
expansion but also causes an increase in mitochondrial 
volume and inducing vacuole fission [97] . Furthermore, 
overexpression of the genes encoding proteins involved 
in organelle coordination such as RTN1 (reticulon 1), 
VMA2 (vacuolar ATPase subunit), AFG1 (ATPase family 
gene 1), MERG3 (mitochondrial genome regulator) and 
PHB1 (prohibitin 1) enhanced CYP efficiency. Interest-
ingly, co-expressing AtMSBP1 with these proteins did 
not result in an additive effect on 1-OH-N-methylcana-
dine production, suggesting redundancy in their roles as 
CYP-supporting proteins. This is similar to the appar-
ent redundancy we observed when combining AtMSBP1 
expression with the PAH1 knockdown. Nonetheless, our 
findings open new avenues for designing and fine-tuning 
strategies that integrate AtMSBP1 and AtCOL4 expres-
sion with additional organelle-remodeling targets to opti-
mize yeast cells factories for ABA production.

Conclusion
The microbial production of ABA through engineered 
cell factories offers a promising and sustainable alterna-
tive to other methods such as extraction from plants or 
chemical synthesis. While the ABA biosynthetic pathway 
can be successfully reconstituted in S. cerevisiae, opti-
mizing its performance remains challenging, particularly 
due to the complexity of CYP enzyme activity in rela-
tion to the cellular environment. We investigated various 
strategies to enhance ABA production in yeast, including 
modulation of transporter expression, adding additional 
CYP gene copies, expressing CYB5, improving heme and 
oxygen supply, ER proliferation and heterologous expres-
sion of A. thaliana genes. Surprisingly, we found that 
co-expression of the Arabidopsis genes AtMSBP1 and 
AtCOL4 improved ABA titers several fold. Combining 
the most promising engineering strategies, namely addi-
tional CYP gene copies, ER proliferation and Arabidopsis 
gene expression did not result in further improvements. 
This and other recent studies show that optimizing 
CYP functionality in cell factories is complex and its 

underlying principles are still not completely understood. 
In this regard, our findings provide valuable insights 
not just for heterologous ABA biosynthesis but also for 
potential CYP-expression platform strains.
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