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First-class – biosynthesis of
6-MSA and bostrycoidin type I
polyketides in Yarrowia lipolytica
Mihaela Bejenari 1*, Eva Mie Lang Spedtsberg1,2,
Julie Mathiesen1, Alexandra Claire Jeppesen1, Lucia Cernat1,
Aouregane Toussaint3, Cristina Apostol1, Victor Stoianov1,
Tobias Bruun Pedersen1, Mikkel Rank Nielsen1

and Jens Laurids Sørensen1*

1Department of Chemistry and Bioscience, Aalborg University, Esbjerg, Denmark, 2Department of
Energy, Aalborg University, Esbjerg, Denmark, 3Université Grenoble Alpes, Laboratoire de Physiologie
Cellulaire Végétale, CEA, CNRS, INRA, IRIG-LPCV, Grenoble, France
Fungal polyketides are a large group of secondary metabolites, valuable due to

their diverse spectrum of pharmacological activities. Polyketide biosynthesis in

filamentous fungi presents some challenges: small yield and low-purity titers. To

tackle these issues, we switched to the yeast Yarrowia lipolytica, an easily

cultivable heterologous host. As an oleaginous yeast, Y. lipolytica displays a

high flux of acetyl- and malonyl-CoA precursors used in lipid synthesis. Likewise,

acetyl- and malonyl-CoA are the building blocks of many natural polyketides,

and we explored the possibility of redirecting this flux toward polyketide

production. Despite its promising prospect, Y. lipolytica has so far only been

used for heterologous expression of simple type III polyketide synthases (PKSs)

from plants. Therefore, we decided to evaluate the potential of Y. lipolytica by

targeting the more complex fungal polyketides synthesized by type I PKSs. We

employed a CRISPR-Cas9-mediated genome editing method to achieve

markerless gene integration of the genes responsible for bostrycoidin

biosynthesis in Fusarium solani (fsr1, fsr2, and fsr3) and 6-methylsalicylic acid

(6-MSA) biosynthesis in Aspergillus hancockii (6MSAS). Moreover, we attempted

titer optimization through metabolic engineering by overexpressing two

enzymes, TGL4 and AOX2, involved in lipid b-oxidation, but we did not

observe an effect on polyketide production. With maximum titers of 403 mg/L

6-MSA and 35 mg/L bostrycoidin, the latter being substantially higher than our

previous results in Saccharomyces cerevisiae (2.2 mg/L), this work demonstrates

the potential of Y. lipolytica as a platform for heterologous production of

complex fungal polyketides.
KEYWORDS

heterologous production, pigment, yeast, polyketide synthase (PKS), Fusarium,
fusarubin, 6-MSA, Yarrowia lipolytica
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1 Introduction

Polyketides represent a large group of natural products with

immense structural variation despite originating from the same

simple acyl precursors: acetyl- and malonyl-CoA (Staunton and

Weissman, 2001; Hertweck, 2009). The precursor subunits are

assembled through condensation reactions under the catalysis of

polyketide synthases (PKSs), categorized into three types (I, II, and

III). Type I PKSs are large, iterative, multidomain enzymes

consisting of three characteristic core domains – b-ketosynthase
(KS), acyltransferase (AT), and acyl-carrier protein (ACP) – along

with additional domains responsible for reduction, methylation,

and product release (McDaniel et al., 1994). By comparison, type II

PKSs are formed as aggregates of discrete proteins and represent

non-iterative, large enzyme complexes (Hertweck et al., 2007). The

simplest PKSs are the type III polyketide synthases, which are

homodimers of KS domains (Shimizu et al., 2017). The structural

diversity of polyketides is also reflected in their biological effects,

which can vary from potent carcinogenic compounds, such as

aflatoxin B1 (Rushing and Selim, 2019), to pharmaceutical

cholesterol-lowering drugs, such as lovastatin (Tobert, 2003).

These bioactive properties drive the scientific community’s

interest in polyketide biosynthesis, and heterologous hosts have

become a tool for polyketide discovery and production optimization

(Alberti et al., 2017; Kjærbølling et al., 2019). Due to an extensive

molecular toolbox (Harvey et al., 2018) and a lack of interfering

non-target metabolites (Bond et al., 2016), baker’s yeast

Saccharomyces cerevisiae became a popular choice for

heterologous production. However, the potential of S. cerevisiae

as a host for the heterologous polyketide production is limited by

the low flux of acetyl- and malonyl-CoA, with optimization of

metabolic fluxes being necessary to obtain higher yields

(Wattanachaisaereekul et al., 2008; Chen et al., 2013; Lian et al.,

2014; Cardenas and Da Silva, 2016; Tippelt and Nett, 2021).

In the search for more potent yeasts with higher polyketide

production prospects, Yarrowia lipolytica has emerged as one of the

most promising species. This dimorphic oleaginous yeast can use a

wide array of carbon sources, is naturally efficient at protein

secretion, but most notably, has high acetyl- and malonyl-CoA

fluxes natively used by fatty acid synthases to produce lipids at levels

exceeding 50% of the dry cell weight (Papanikolaou and Aggelis,

2002; André et al., 2009; Beopoulos et al., 2009; Barth and

Gaillardin, 1997). Moreover, Y. lipolytica has a well-equipped

molecular toolbox (Bredeweg et al., 2017; Markham and Alper,

2018), which includes methods for targeted gene integration and

multicomponent DNA assembly (Celińska et al., 2017; Wong et al.,

2017; Holkenbrink et al., 2018), as well as a suite of native or

engineered promoters (Madzak et al., 1999; Madzak et al., 2000;

Blazeck et al., 2011; Blazeck et al., 2013; Schwartz et al., 2016;

Shabbir Hussain et al., 2016; Xiong and Chen, 2020) and

terminators (Curran et al., 2015). The comprehensive toolbox

enables efficient genetic engineering of the yeast. Specifically,

genes can be integrated into the genome with, e.g., CRISPR-Cas9-

based systems, while the promoters and terminators allow
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inducible, repressible, and constitutive expression of these genes in

a tunable manner (Wong et al., 2017; Holkenbrink et al., 2018;

Schwartz et al., 2019).

Several reviews have hailed the capability of Y. lipolytica to

produce polyketides upon rewiring the acetyl- and malonyl-CoA

flow from lipid biosynthesis [e.g (Muhammad et al., 2020; Miller and

Alper, 2019; Ma et al., 2020)], and a few type III PKS products have

already been heterologously synthesized in this host (Table 1). The

structurally simple triacetic acid lactone (TAL; C6H6O3) was the first

polyketide produced in Y. lipolytica by inserting four copies of the

responsible PKS gene (g2ps1). The initial 2.1 g/L titers from tube

fermentations were further enhanced through genetic optimization of

the metabolic fluxes and cultivation in bioreactors, leading to a yield

of almost 36 g/L (Markham et al., 2018). Other studies have also

evaluated the capacity of metabolically engineered Y. lipolytica to

produce TAL, and yields of 2.6 g/L (Yu et al., 2018) and 4.8 g/L (Liu

et al., 2019b) were obtained. Additionally, Y. lipolytica has been

genetically engineered to use other acyl substrates, such as

4-coumaroyl-CoA, and the strain was subsequently used to

produce naringenin, resveratrol, and bisdemethoxycurcumin (Lv

et al., 2019; Palmer et al., 2020; Sáez-Sáez et al., 2020). The

resulting yields of 898 mg/L naringenin (Palmer et al., 2020) and

12.4 g/L resveratrol (Sáez-Sáez et al., 2020) are the highest titers of

these compounds obtained in any species, demonstrating the

potential of Y. lipolytica as a polyketide producer.

To date, the reported research has focused on type III PKSs in

Y. lipolytica, whereas the more complex type I PKSs have yet to be

expressed heterologously in this host. To expand the polyketide

production range in Y. lipolytica, we targeted two polyketides,

6-methylsalicylic acid (6-MSA), a model polyketide produced by a

wide range of fungal species, and bostrycoidin, a polyketide

naturally synthesized by the fungal genus Fusarium. 6-MSA is

assembled from the acetyl- and malonyl-CoA building blocks by

a 6-MSA synthase (6-MSAS), (Figure 1A) and has become a hub for

a multitude of complex secondary metabolites, among which

patulin, aculin, and terreic acid (Bejenari et al., 2023). Structurally

simpler, 6-MSA was one of the first polyketides produced in

heterologous hosts such as Streptomyces coelicolor (Bedford et al.,

1995), Escherichia coli, and Saccharomyces cerevisiae (Kealey et al.,

1998; Wattanachaisaereekul et al., 2007). As for the second

polyketide, bostrycoidin, the gene cluster responsible for its

biosynthesis is one of the three PKS clusters found in all

genomically sequenced Fusarium species (Brown et al., 2012;

Brown and Proctor, 2016; Nielsen et al., 2019). Besides the PKS

(encoded by fsr1), the gene cluster contains an O-methyltransferase

(FSR2, encoded by fsr2) and an FAD-dependent monooxygenase

(FSR3, encoded by fsr3), (Figure 1B) (Brown et al., 2012; Studt et al.,

2012; Frandsen et al., 2016). In a previous study, we used

S. cerevisiae for heterologous production of bostrycoidin based on

a galactose-inducible system, which yielded 2.2 mg/L (Pedersen

et al., 2020). In this work, we hypothesized that the yields could

significantly be improved by switching to Y. lipolytica as a

production host for the type I fungal polyketides 6-MSA

and bostrycoidin.
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2 Materials and methods

2.1 Strains, media, and growth conditions

Yarrowia lipolytica strain PO1f (MatA, ura3-302, leu2-270, xpr2-

322, axp-2), ATCC MYA-2613 (Madzak et al., 2000) was used as

parental strain for inserting the 6-MSAS encoding gene, bostrycoidin

gene cluster, together with the co-activating PPTase. Subsequently,

the bostrycoidin-producing strain was used as a parental strain for ß-

oxidation overexpression. Y. lipolytica strains were cultivated in YPD

medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose; for

growth in shake flasks, glucose concentration was increased to 10%).

YPD broth with 1 mg/mL of 5-FOA (Sigma Aldrich, St. Louis, MO,

USA) was used for the curation from the URA3-containing donor

plasmid. Transformants were selected on SDmediumwithout leucine

and uracil (0.67% Yeast nitrogen base without amino acids, 0.139%

Yeast synthetic drop-out medium without histidine, leucine,

tryptophan, and uracil, supplemented with histidine and

tryptophan (all components from Sigma Aldrich, St. Louis, MO,

USA), 2% glucose). The cultures were grown at 30°C and 200 rpm in

flat and baffled bottom shake flasks.

Escherichia coli NEB5a high-efficiency competent cells

(New England BioLabs, Ipswich, MA, USA) were used for plasmid

assembly, proliferation, and maintenance. The cells were grown at 37°C,

250 rpm, in SOC medium (New England BioLabs, Ipswich, MA, USA)

for recovery after transformation and in LB medium (Lennox, Sigma

Aldrich, St. Louis, MO, USA) with 100 mg/L ampicillin (Amp, VWR

Chemicals, Sanborn, NY, USA) for plasmid selection and propagation.
2.2 Plasmids and oligonucleotides

CRISPR-Cas9 plasmids used throughout this study were a gift

from Ian Wheeldon (Schwartz et al., 2016; Schwartz et al., 2017).
Frontiers in Fungal Biology 03
The plasmids can be accessed on Addgene through their respective

accession numbers: pCRISPRyl (#70007), pCRISPRyl_A08 (#84610),

pCRISPRyl_D17 (#84611), pCRISPRyl_AXP (#84608),

pCRISPRyl_XPR2 (#84609), pHR_A08::hrGFP (#84615), pHR_D17::

hrGFP (#84616), pHR_AXP::hrGFP (#84613), pHR_XPR2::hrGFP

(#84614). The donor plasmids will be referred to as pA08, pD17,

pAXP, and pXPR2.

All genes were codon optimized for Y. lipolytica with Gene

Optimizer (Thermo Fisher Scientific, Waltham, MA, USA) (Raab

et al., 2010) and ordered from GenScript (GenScript Biotech, NJ,

USA). Oligonucleotides for cloning the donor vectors, for genome

screening and amplification, were designed with the Primer3Plus

software (Untergasser et al., 2012). Oligonucleotides for cloning

sgRNA sequences were designed based on two publicly available

scoring algorithms (Doench et al., 2016; Hsu et al., 2013), integrated

into the Benchling software, using the Po1f genome of Y. lipolytica.

All oligonucleotides were purchased from Eurofins Genomics

(Ebersberg, Germany) and are listed in the Supplementary

Material (Supplementary Table 1), Supplementary Material

(Supplementary Table 2). The sgRNA sequences corresponding to

the A08, D17, AXP, and XPR2, designed by Schwartz et al., 2017

(Schwartz et al., 2017), are indicated in Supplementary Table 3 of

Supplementary Material.
2.3 Cloning of the 6-MSA and
bostrycoidin genes

The codon-optimized sequences of fsr1-3 and the helper enzyme

PPTase from Fusarium solani (FsPTT1), as well as 6MSAS from

Aspergillus hancockii, were amplified by PCR using primers with 30

bp extension tails for insertion into the expression cassette between

the UAS1B8-TEF (136) promoter and CYC1 terminator of the

homologous donor plasmids. All the final plasmids throughout this

study were generated through Gibson Assembly, using a Gibson

assembly kit (New England BioLabs, Ipswich, MA, USA)

(Supplementary Materials, Supplementary Figure 1).
2.4 Cloning procedures for manipulation of
ß-oxidation

Cas9 plasmids, targeting the immediate upstream location of the

Tgl4 and POX2 genes, were assembled using the pCRISPRyl plasmid

and the oligonucleotides encoding the corresponding designed

sgRNAs, as per Schwartz et al., 2018 (Schwartz and Wheeldon,

2018). The pAXP::hrGFP plasmid was modified through PCR by

adding a unique restriction site (RS), BglII, downstream the

homologous region 2 (HR2) and removing the hrGFP gene and

CYC1 terminator (Supplementary Material, Supplementary

Figure 2A). The newly modified plasmid permitted facile removal

and replacement of HR1 via restriction enzyme digestion with KspAI

and BcuI and HR2 with AvrII and BglII. Subsequent gel purification

of digested plasmid and Gibson Assembly with PCR amplified donor

regions resulted in the final plasmids consisting of the new homology

arms and the UAS1B8-TEF(136) promoter, ready for subsequent use
TABLE 1 Overview of heterologous production of polyketide-derived
compounds in Y. lipolytica.

PKS
type

Polyketide product Titer Reference

Type III

Triacetic acid
lactone (TAL)

36 g/L Markham
et al. (2018)

2.6 g/L Yu et al. (2018)

4.8 g/L Liu et al. (2019b)

Naringenin

254.2
mg/L

Lv et al. (2019)

898 mg/L Palmer et al. (2020)

Resveratrol

48.7 mg/L Palmer et al. (2020)

12.4 g/L Sáez-Sáez
et al. (2020)

Bisdemethoxycurcumin 0.17 mg/L Palmer et al. (2020)

Type I 6-methylsalicylic acid
(6-MSA)

403 mg/L This study

Bostrycoidin 35 mg/L This study
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in overexpression (OE) experiments. The HRs were designed based

on the Po1f genome of Y. lipolytica, and the sgRNAs were selected

such that the PAM sequence and a few additional base pairs would be

removed after genomic integration. The HRs were PCR amplified,

and Gibson Assembly was performed iteratively for each 1kb

homology arm (Supplementary Material, Supplementary Figure 2B).
2.5 Transformation and validation of
Y. lipolytica

Transformation of Y. lipolytica was performed according to

Schwartz et al., 2018 (Schwartz and Wheeldon, 2018) with the

following modifications: 1) 500 mL stationary phase cells were

aliquoted to microcentrifuge tubes; 2) Sonicated Salmon Sperm DNA

(ssDNA, Abnova, Taipei, Taiwan) was denatured at 100°C for 5

minutes and used at a working concentration of 10 mg/mL; hence

only 2.4 mL were used to achieve the desired concentration of 24 mg; 3)
the amount of plasmid DNA was aimed at 1 mg of each, pCRISPRyl

and donor plasmid, with a maximum total volume of 10 µL DNA; 4)

the total volume of the transformation mix was 278, therefore

depending on the volume of used DNA, water could be added up to

12.8 mL; 5) instead of 15 mL triacetin mix, 12.8 mL of 1MDTT (Thermo

Fisher Scientific, Waltham, MA, USA) was used; 6) the final 100 mL of

transformed cells were plated on SD-Leu-Ura plates.

To obtain the YL::fsr1/3 strain, genes from the bostrycoidin

gene cluster were integrated in a successive manner where fsr1, fsr2,

fsr3, and FsPPT1 were integrated into the A08, XPR2, AXP, and
Frontiers in Fungal Biology 04
D17 sites, respectively, through CRISPR-Cas9 mediated

transformation guided by the associated pCRISPRyl guide

plasmids (Supplementary Material, Supplementary Figure 3).

Similarly, the YL::6MSAS strain was obtained by integrating 6-

MSAS into the A08 locus of YL::FsPPT1, a Y. lipolytica strain

already containing FsPPT1 in the D17 locus. Subsequently,

YL::fsr1/3 was transformed to overexpress the Tgl4 and POX2

genes, alone and combined. After each round, the resulting

transformants were curated with 5-FOA and validated by

diagnostic colony PCR (cPCR) (Schwartz and Wheeldon, 2018).

Strain screening and validation were conducted with a two-

primer cPCR for the YL::fsr1/3 strain and a three-primer cPCR for

the YL::6MSAS and Tgl4/POX2 OE strains. A fresh colony was

picked with an inoculation loop, and after streaking on a YPD plate

for library generation, the leftover cells were added directly to the

PCR mix containing 0.5 mM of each primer. The denaturation time

for the first PCR step was adjusted to 10 min to ensure cell wall

disruption and DNA release in the mix. Additionally, after the

transfer of the entire bostrycoidin gene cluster, validation of

YL::fsr1/3 strain was performed via sequencing using a R9.4.1

MinION Flow Cell (Oxford Nanopore Technologies, ONT,

Oxford, United Kingdom) according to the SQK-LSK109 protocol

from ONT. DNA extraction and purification were performed

according to Petersen et al., 2022 (Petersen et al., 2022) except for

the removal of small fragments step, which was skipped. Genome

assembly, relative to the reference genome of Y. lipolytica, and

visualization of mapped reads were performed in CLC Genomics

Workbench version 22.0 (QIAGEN, Aarhus, Denmark).
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FIGURE 1

Biosynthetic pathway of 6MSA and bostrycoidin. (A) 6MSA is synthesized by the PKS 6-MSA synthase (6-MSAS) from one acetyl-CoA and three
malonyl-CoA units. (B) Bostrycoidin is synthesized from one acetyl-CoA and six malonyl-CoA units. The PKS FSR1 assembles the units into 6-O-
demethylfusarubinaldehyde, and following the release of this intermediary product, incorporation of ammonia (non-enzymatically), oxygenation, and
o-methylation by FSR3 and FSR2, respectively, yield bostrycoidin. Domain names: SAT, starter acyl transferase; KS, ketosynthase; AT, acyl transferase;
PT, product template; ACP, acyl-carrier protein; TH, thioesterase; KR, ketoreductase; R, reduction domain for product release.
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2.6 Chemical analyses

Starter cultures of the Y. lipolytica strains for shake flask

fermentations were inoculated from single colonies and grown for

24 h. After measuring OD600 on a NanoDrop 2000c

spectrophotometer (Thermo Fisher Scientific, Waltham, MA,

USA), 50 mL of YPD (10% glucose) were inoculated with

approximately the same number of cells from the starter cultures

and grown for seven days. For bostrycoidin and 6-MSA analysis,

samples were prepared by centrifugation at 12,100 x g for 1 min and

mixing 400 mL supernatant with 100 mL methanol. For glucose

analysis, the samples were centrifuged at 12,100 x g for 1 min, and

500 mL supernatant was filtered through 0.45 mm Nylon syringe

filters (Frisenette, Knebel, Denmark) directly into 2 mL HPLC vials.

Bostrycoidin and 6-MSA analysis was performed on a Thermo

Vantage triple stage quadrupole mass spectrometer (Thermo Fisher

Scientific, San Joseı,́ CA, USA) with a heated electrospray ionization

probe operating in negative mode. The sample was injected and

separated on a C6-Phenyl column (Gemini, 3 mm x 50 mm x 2 mm,

110 A°C pore size, Phenomenex, Torrance, CA, USA) by using a

constant flow of 0.4 mL/min and applying a linear gradient of

acetonitrile and water, both containing 0.1% formic acid. The

gradient initiated at 5% acetonitrile, increasing to 100% over

10 min and being held at 100% for 3 min.

Glucose was quantified on an HPLC-RID system (Perkin Elmer

Series 200, Perkin Elmer, MA, USA) fitted with an Aminex HPX-

87H ion exclusion column (300 x 7.8 mm, Bio-Rad Laboratories,

Hercules, CA, USA) and a Perkin Elmer series 200a Refractive index

detector. The column oven was held at 65°C with 5 mM sulfuric

acid as the mobile phase, and the samples were analyzed using a

constant flow of 0.8 mL/min for 20 min. The calibration was

accomplished using glucose within the 1 - 100 g/L range.
3 Results

3.1 Generation of Y. lipolytica strains
capable of producing fungal polyketides

As an oleaginous yeast, Y. lipolytica appears to be a promising

heterologous host for complex fungal polyketide biosynthesis due

to the availability of acetyl- and malonyl-CoA building blocks. In

our pursuit to use this reservoir of polyketide precursors, we

generated strains capable of producing 6-MSA and bostrycoidin

while exploring possibilities of titer optimization. Successful

heterologous expression of a type I PKS requires co-expression of a

4´-phosphopantetheinyltransferase (PPTase) (Wattanachaisaereekul

et al., 2007; Rugbjerg et al., 2013) due to its activating effect on the

PKS. Namely for FSR1, bioinformatic characterization of which has

previously identified the domain architecture to consist of a starter

acyl transferase (SAT), a ketosynthase (KS), a malonyl-CoA

transferase (MAT), a product template (PT) domain, two acyl-

carrier protein (ACP) domains and a reduction domain for

product release (Brown et al., 2012; Studt et al., 2012; Frandsen
Frontiers in Fungal Biology 05
et al., 2016), the PPTase activates the two ACP domains responsible

for moving the growing polyketide chain between the various

domains of the PKS (Majerus et al., 1965). To ensure compatibility

between the FSR1 PKS and the PPTase, we chose the PPTase from F.

solani (FsPPT1), which we previously used for bostrycoidin

production in S. cerevisiae (Pedersen et al., 2022). The same

PPTase was used for the expression of 6-MSAS PKS.

For 6-MSA and bostrycoidin production in Y. lipolytica, we chose

the CRISPR-Cas9 system developed by Schwartz et al., 2017 (Schwartz

et al., 2017) for targeted genomic integration of the expression cassettes.

This system uses the strong constitutive hybrid promoter UAS1B8-

TEF (136), which contains eight upstream activation sequence

(UAS1B) elements and a 136 bp region of the TEF promoter

upstream of the ATG start site (Blazeck et al., 2011). Plasmids were

sequentially transformed into Y. lipolytica, and plasmid integration was

subsequently validated via diagnostic cPCR with two or three primers

(Supplementary Material, Supplementary Figures 4A–D).

Due to the pigmentation of bostrycoidin and the intermediates

in the pathway, a change in the color of the strains could

immediately be observed after a successful transformation and

genomic integration (Figure 2). Additionally, the YL::fsr1/3 strain

was ultimately validated via whole genome sequencing

(Supplementary Material, Supplementary Figure 5).

We evaluated the possibility of rewiring the metabolism of

Y. lipolytica towards preferential polyketide biosynthesis as a

potential means for increasing bostrycoidin production and

considered increasing acetyl- and malonyl-CoA pools by enhancing

oxidation and degradation of lipids. With b-oxidation being the

primary degradation process of free fatty acids (FFA) into the

precursor acetyl-CoA, we targeted two key enzymes, TGL4 and

AOX2, encoded by Tg4 and POX2, respectively, for overexpression

by inserting the UAS1B8-TEF(136) promoter in front of the two

corresponding genes. We generated two CRISPR-Cas9 plasmids

containing sgRNAs targeting a region of 5 bp upstream of the start

codons of Tgl4 and POX2 and the matching donor plasmid with

corresponding HR. The plasmid pairs were used to transform the YL::

fsr1/3 strain to overexpress Tgl4 and POX2, alone or in combination,

resulting in the strain YL::fsr1/3+POX2, YL::fsr1/3+Tgl4, and YL::fsr1/

3+POX2+Tgl4, which were validated with three-primer cPCR

(Supplementary Material, Supplementary Figures 4E, F).
3.2 Development of an LC-MS/MS method
for 6-MSA and bostrycoidin quantification

To enable fast and reliable quantification of 6-MSA and

bostrycoidin, we developed an LC-MS/MS-based, which could be

directly used on the cultivation medium without tedious extraction.

The parameters were obtained by automatically adjusting the

selected reaction monitoring (SRM) settings (Table 2). 6-MSA

was detected using the precursor ion ([M-H]- 150.92) and

quantifier/qualifier ions (106.99/91.98), and bostrycoidin was

detected using the precursor ion ([M+H]+ 286.20) and quantifier/

qualifier ions (159.1/242.8).
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6-MSA and bostrycoidin were quantified as single peaks

(Figure 3A) using the transition 150.9>107.0 and 286.1 > 242.9,

respectively, in a linear manner (R2 = 0.995 and R2 = 0.998;

Figure 3B) in the standard series (0.02 – 100 mg/L). These

standard curves were subsequently used to quantify 6-MSA and

bostrycoidin in the Y. lipolytica samples.
3.3 Biosynthesis of 6-MSA in Y. lipolytica

The effects of biosynthetic pathway transfers were evaluated

based on product biosynthesis during shake flask fermentation in

YPD (10% glucose) media. First, we investigated the production of

the simple 6-MSA polyketide by transferring the PKS gene 6MSAS

from Aspergillus hancockii into Y. lipolytica. The production of

6-MSA was evaluated for biological triplicates of the YL::6MSAS

strain grown in flat and baffled bottom shake flasks. The results

showed that 6-MSA accumulated faster in the baffled flasks, and the

concentration was significantly higher than in the flat bottom flasks

on days 3-6. After four days, the yield was 310 mg/L and reached a

maximum of 370 mg/L after six days. In the flat bottom flasks,

6-MSA was produced more slowly but amounted to 403 ± 36 mg/L

after seven days (Figure 4A). While 6-MSA production was similar

in the strains grown in either flask type, the growth patterns differed

according to biomass and final glucose consumption. The wild-type

strain, YL::WT, displayed overall a more proliferous growth, both in

terms of biomass and glucose consumption measured on the 7th day

of cultivation. Nonetheless, for both strains, YL::WT and

YL::6MSAS, growth in baffled bottom flasks led to more biomass,

25 g/L and 19.2 g/L dry cell weight (DCW), respectively, as well as a

higher level of glucose consumption, with almost all glucose being

consumed for YL::WT and 80% of the glucose consumed by the

YL::6MSAS strain (Figures 4B, C).
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3.4 Biosynthesis of bostrycoidin in
Y. lipolytica

In the context of an entire biosynthetic pathway transfer, the core

genes, fsr1/fsr2/fsr3 from the fusarubin biosynthetic gene cluster (BGC)

of Fusarium solani (PKS3 gene cluster) were transferred into Y.

lipolytica. Additionally, the strain capable of producing bostrycoidin

was modified to overexpress genes from the ß-oxidation cycle to

optimize polyketide titers. Production of bostrycoidin in all the

strains, including the strains with modified ß-oxidation, was

evaluated based on biological triplicates grown in shake flasks with

baffles or flat bottom to compare the effect on Y. lipolytica growth and

subsequently secondary metabolite production. All strains grown in flat

bottom flasks yielded significantly higher titers of bostrycoidin

(Figure 5A). For instance, the YL::fsr1/3 strain produced 34.6 ± 0.5

mg/L in flat bottom flasks and only 2 mg/L in the baffled flasks

(Figure 5D). However, we did not observe an effect from manipulating

b-oxidation genes, as insertion of the constitutive promoter in front of

POX2 and Tgl4 did not significantly impact bostrycoidin yields. In

parallel, the growth pattern of the bostrycoidin-producing strains was

compared to the YL::WT strain for the two cultivation set-ups, and in

both instances, theWT strain consumedmore glucose and resulted in a

higher DCW (Figures 5B, C, E, F).
4 Discussion

In our study, we chose bostrycoidin as the target compound for

heterologous production in Y. lipolytica due to its promising

electrochemical properties (Kristensen et al., 2020), enabling its use

in a redox-flow battery to store energy from renewable sources

(Wilhelmsen et al., 2023b; Wilhelmsen et al., 2023a). Simultaneously,

6-MSA is a precursor for multiple fungal secondary metabolites,
TABLE 2 Parameters for selected reaction monitoring (SRM) transitions for 6-MSA and bostrycoidin.

RTa Precursor ion Product ionsb S-lens CEc

6-MSA 3.89 150.9 107.0/92.0 47 17/30

Bostrycoidin 6.20 286.1 242.9/159.1 134 28/39
aRetention time; bQuantifier/qualifier/qualifier ions; cCollision energy (V) for product ions.
B C D E F GA

FIGURE 2

Visual confirmation of bostrycoidin biosynthetic pathway integration. (A) Wild-type strain of Y. lipolytica. (B—G) Strains expressing the bostrycoidin
pathway. A difference between the non-curated (B, D, F) and donor-plasmid-curated strains (C, E, G) could be observed, confirming that Y. lipolytica
requires curation with 5-FOA to eliminate the URA3-containing donor plasmid.
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including gentisyl quinone (hydroxymethyl-1, 4- benzoquinone) (Puel

et al., 2010), which stood out with a relatively high positive redox

potential among the other quinones with more complex structures,

making it equally relevant for this study (Kristensen et al., 2020).

The 403mg/L titers obtained for 6-MSA consolidate the position of

Y. lipolytica as a heterologous host for non-lipid compound

production, specifically polyketides. A comparison to titers of 200

mg/L (Wattanachaisaereekul et al., 2007), 367 mg/L (Hitschler and

Boles, 2019), and 1.7 g/L (Kealey et al., 1998) in the heterologous host S.

cerevisiae demonstrates a relatively similar production potential of Y.

lipolytica. With 6-MSA as an intermediate in the biosynthetic pathways

of several complex polyketide products, establishing a system that

enables 6-MSA biosynthesis offers a basis for transferring the pathways

into Y. lipolytica and producing multiple other compounds, including

patulin and terreic acid (Bejenari et al., 2023). Growth monitoring

through DCW and glucose measurements indicated that YL::6MSAS

and YL::WT have similar growth patterns given the same cultivation

conditions. While, as anticipated, the wild-type displayed a slightly

more prolific growth, the results suggest that 6-MSA production does

not pose a metabolic burden for the strain. 6-MSA production was not

affected by the type offlasks in which the strains were cultivated. On the

other hand, based on DCW and glucose consumption, better overall

growth was observed in the baffled bottom flasks. The observation
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could be attributed to a higher level of aeration generated by the baffles

since Y. lipolytica is a strictly aerobic organism, and increased oxygen

availability improves cellular growth, leading to growth in its yeast-like

form (Timoumi et al., 2017; Lopes et al., 2018).

The obtained bostrycoidin titers of approximately 35 mg/L are

significantly better than the 2.2. mg/L previously obtained by our

group in S. cerevisiae (Pedersen et al., 2020). It is, however, far from

the 305 mg/L we achieved in the native host, F. solani (Kristensen

et al., 2021), and future work will strive towards a similar output from

Y. lipolytica. The highest bostrycoidin titers resulted from Y. lipolytica

strains cultivated in flat bottom shake flasks, although in terms of

DCW and biomass, the baffled bottom shake flasks indicated more

prolific growth. We hypothesize that due to increased aeration,

bostrycoidin polymerizes in the cell or the medium (Frandsen

et al., 2016). In both instances, however, the higher biomass and

glucose consumption levels of the wild-type strain could suggest that

producing a complex polyketide, such as bostrycoidin, poses an

increased burden and metabolic load on the organism. After day 5,

a decrease in bostrycoidin titers was observed, which could be

explained by the intracellular accumulation of bostrycoidin due to

limited solubility in the media (Pedersen et al., 2020).

In parallel to heterologously producing these two compounds of

interest in Y. lipolytica, we hypothesized that overexpressing key genes
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in the lipid b-oxidation could lead to an increased pool of acetyl- and

malonyl-CoA, thereby increasing the polyketide production. For b-
oxidation overexpression, we focused on bostrycoidin biosynthesis and

chose Tgl4 and POX2 as target genes for overexpression. TGL4 is a

positive regulator of the TGL3 lipase, responsible for the hydrolysis of

triacylglycerols (TAGs) into free fatty acids (FFAs) that can

subsequently be fed into the b-oxidation cycle, while POX2 is the

most active of the six acyl-CoA oxidases (AOXs) and catalyzes the first,

rate-limiting step of b-oxidation (Beopoulos et al., 2009; Dulermo et al.,

2013). Therefore, by overexpressing these two genes, the expected effect

was an increase in bostrycoidin titers due to an increased pool of

polyketide precursors resulting from degraded FFAs (Figure 6).

We did not observe, however, a significant effect of the

overexpression experiments on the bostrycoidin titers and

hypothesize that the potential reason could lie in the transport at

an efficient rate of acetyl-CoA outside the peroxisome for subsequent

recycling. While the transport of acetyl-CoA between cellular

compartments, i.e., export from the peroxisome and import into

the mitochondria, to enter the TCA cycle after b-oxidation, is not
sufficiently studied in Y. lipolytica, it is an essential part of the lipid

metabolism that needs to be understood, to harness the full potential

of this heterologous host. The aspect becomes even more relevant

when considering that acetyl-CoA cannot freely traverse lipid

membranes and must be transported in other forms that allow its

recycling for the TCA cycle and gluconeogenesis (Liu et al., 2019a;

Van Roermund et al., 1995). At least two enzymatic systems are

reported in Y. lipolytica: the glyoxylate shunt pathway and the

carnitine/acetyl-carnitine shuttle (Van Roermund et al., 1995;
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Fickers et al., 2005; Messina et al., 2023). The glyoxylate shunt

pathway is a variation of the TCA cycle, which converts two units

of acetyl-CoA into malate and succinate (C4 intermediates of the

TCA cycle) (Liu et al., 2019a). Two key enzymes are involved in this

process: an isocitrate lyase (encoded by ICL1) and a malate synthase

(MLS1 gene) (Fickers et al., 2005; Messina et al., 2023; Kujau et al.,

1992). According to Messina et al., 2023 (Messina et al., 2023), the

carnitine system leads to the conversion of acetyl-CoA into carnitine

esters (acetylcarnitine) by a peroxisomal carnitine acetyltransferase

(encoded by pYlCat2), which, after diffusion through the peroxisomal

matrix, are transported by a mitochondrial carnitine/acetylcarnitine

carrier (YlCRC1) in the mitochondria, where they are at last

converted back to acetyl-CoA and free carnitine by a mitochondrial

carnitine acetyltransferase (encoded by mYLCat2) (Van Roermund

et al., 1995; Messina et al., 2023). If any of these processes happen to

be a rate-limiting step, the effect could be the transport of the acetyl-

CoA precursor outside the peroxisome at a too-slow rate to notice an

effect on the titers of the target polyketide. Markham et al., 2018

(Markham et al., 2018) have previously used a metabolic engineering

approach to redirect fluxes of acetyl- and malonyl-CoA by

overexpressing the peroxisomal matrix protein Pex10, and although

Pex10 is not directly involved in the b-oxidation of fatty acids, its

overexpression led to an increase in TAL yield from 2.1 g/L to 2.4 g/L.

Still, the most significant factor in titer optimization appeared to be

the cultivation conditions, demonstrated by an increase in yield to 36

g/L upon switch to a controlled bioreactor.

With the titers of 403 mg/L for the structurally simpler 6-MSA

and 35 mg/L for the complex bostrycoidin, these compounds are the
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first fungal polyketides, to date, produced in the heterologous host

Y. lipolytica. In light of these results, the present study demonstrates

and further supports the premise of Y. lipolytica being a production

workhorse for both simple and complex fungal polyketides.
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Celińska, E., Ledesma-Amaro, R., Larroude, M., Rossignol, T., Pauthenier, C., and
Nicaud, J. M. (2017). Golden Gate Assembly system dedicated to complex pathway
manipulation in Yarrowia lipolytica. Microb. Biotechnol. 10, 450–455. doi: 10.1111/
1751-7915.12605.

Chen, Y., Daviet, L., Schalk, M., Siewers, V., and Nielsen, J. (2013). Establishing a
platform cell factory through engineering of yeast acetyl-CoA metabolism.Metab. Eng.
15, 48–54. doi: 10.1016/j.ymben.2012.11.002.

Curran, K. A., Morse, N. J., Markham, K. A., Wagman, A. M., Gupta, A., and Alper,
H. S. (2015). Short synthetic terminators for improved heterologous gene expression in
yeast. ACS Synth Biol. 4, 824–832. doi: 10.1021/sb5003357.

Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F.,
et al. (2016). Optimized sgRNA design to maximize activity and minimize off-target
effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184–191. doi: 10.1038/nbt.3437.
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