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| Summary

Engineered strains of the oleaginous yeast Y. lipolytica produce commercially
attractive polyunsaturated fatty acids (PUFAS). In a pioneering study, strain Af4
was shown to produce docosahexaenoic acid (DHA), a major industrial PUFA,
through expression of a myxobacterial PUFA synthase. This work aimed to
increase the production of DHA in Y. lipolytica Polh::Af4. In the first part, the
impact of nutrients on the complex fermentation process was studied, resulting
in different types of nutrient setups to trigger DHA production, including the
comparison of different C-sources. In shake flask cultures, an improoved medium
allowed to produce DHA up to a selectivity of 17% of TFAs. The second part
tackled DHA overproduction on the genetic level by optimizing the expression of
the PUFA cluster. A basic design, based on the commonly used pTEF, was
sufficient to drive DHA production. Beneficially, the incorporation of the late-
phase pminLEU2 plus additional genetic elements, such as UAS1B4 sequences,
5' introns, and intergenic spacers, DHA production increased up to 16-fold. The
control elements acted synergistically, whereby the UAS1B4 elements generally
increased expression, while the intron caused gene-specific effects. The
synthetic producer strains were found genetically stable over 185 h of cultivation.
A fed-batch fermentation, using the improved nutrient set-up with glucose as the
carbon source yielded a DHA titer of 350 mg L and a selectivity of 11% of DHA
among TFAs.



Il Zusammenfassung

Gentechnisch veranderte Stamme der 6lhaltigen Hefe Y. lipolytica produzieren
kommerziell attraktive mehrfach ungesattigte Fettsauren (PUFAS). In einer
innovativen Studie wurde gezeigt, dass der Stamm Y. lipolytica Polh::Af4 durch
Expression einer myxobakteriellen PUFA-Synthase Docosahexaensaure (DHA),
eine wichtige PUFA, produzieren kann. Ziel dieser Arbeit war es, die Produktion
von DHA in Y. lipolytica zu steigern. Im ersten Teil wurde der Einfluss von
Nahrstoffen auf den komplexen Fermentationsprozess untersucht, was zu
verschiedenen Arten von Medienkonfigurationen zur Auslosung der DHA-
Produktion fuhrte, einschliel3lich des Vergleichs verschiedener C-Quellen. Dies
ermdglichte ein optimales Medium und die Produktion von DHA bis zu einer
Selektivitat von 17%. Der zweite Teil befasste sich mit der DHA-Uberproduktion
auf genetischer Ebene, indem die Expression des PUFA-Clusters optimiert
wurde. Die Verwendung des minLEU2-Promotors und Einbau von UAS1B4-
Sequenzen, 5'-Introns und intergenen Spacern konnte die DHA-Produktion um
16-fache im Vergleich zum Basisstamm gesteigert werden. Die genetischen
Elemente wirkten synergistisch, wobei die UAS1B-Elemente die Expression
generell erh6hten, wahrend das Intron genspezifische Effekte verursachte. Die
Produzenten blieben tber 185 h Kultivierung genetisch stabil. Eine optimierte
Fermentation unter Verwendung des verbesserten Mediums ergab einen DHA-
Titer von 350 mg L' und eine Selektivitait von 11% DHA anteilig am
Gesamtlipids.



1 Introduction

1.1 General introduction

The oleaginous yeast Yarrowia lipolytica, which was identified in 1972 by David
Yarrow (Yarrow, 1972), is found in diverse environments, has a broad substrate
spectrum, and shows great versatility in growth conditions (Mamaev &
Zvyagilskaya, 2021). Due to its remarkable adaptability, Y. lipolytica has gained
significant interest in both research and industry. Additionally, advancements in
the genetic toolbox have expanded the possibilities for strain modification
(Bankar et al., 2009; Larroude et al., 2018). Y. lipolytica has various potential
applications, ranging from direct use as a feedstock to functioning as a cell
factory for producing bio-based chemicals, particularly in the field of lipids (Jach
& Malm, 2022; Miller & Alper, 2019). Lipids include various molecules that are
essential components of our diet and body, with long-chain polyunsaturated fatty
acids (LC-PUFASs) like eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) being particularly beneficial (Calder, 2018). Since LC-PUFAs cannot be
sufficiently synthesized by the human body, they must be obtained from the diet
(Das, 2006). Insufficient levels can disrupt cellular functions and play a crucial
role in eye health, cardiovascular health, inflammation response, and mental
health (Del Gobbo et al., 2016; Seddon et al., 2006; Zarate et al., 2017).

There are two distinct routes for the biosynthesis of LC-PUFAs: The aerobic and
anaerobic synthesis (Gurr et al., 2002). The aerobic pathway employs fatty acid
synthase (FAS) enzymes, while the anaerobic pathway utilizes polyketide
synthases (PKS) (Metz et al., 2001). In the widespread aerobic pathway
saturated fatty acid are synthesized, then elongated and reduced by additional
enzymes to generate LC-PUFAs. In contrast, anaerobic PKS-based systems
keep and rearrange the existing double bonds in the iterative chain elongation,
thus synthesize LC-PUFAs directly without the need of extra elongases and
desaturases (Metz et al., 2001). Only a small fraction of organisms in the
biosphere has the ability to produce EPA and DHA de novo, with organisms from
marine environments being the primary source (Sayanova & Napier, 2004;
Uttaro, 2006). Among these organisms, species of the Thraustochytrids genus

(e.g. Schizochytrium sp.) are known to be able to accumulate the highest
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amounts of LC-PUFAs (Gladyshev et al., 2013), while terrestrial organisms
contribute negligibly to global production (Kastovska et al., 2007). Despite
substantial production of LC-PUFAs in marine organisms, only a small
percentage (0.2%) is transferred to the terrestrial ecosystem and humans face a
deficiency in these health-promoting molecules (Gladyshev et al., 2009a).
Obtaining sufficient LC-PUFAs through fish, as the main source in the human
diet, poses risks due to anthropogenic pollution (Gladyshev et al., 2012).
Moreover, overfishing and climate change impact fish populations and reduce
the concentration of LC-PUFAs, posing a risk of insufficient supply for the
majority of the human population (Colombo et al., 2020; FAO, 2022). Therefore,
relying primarily on fish from marine source or aquaculture is unsustainable,

highlighting the need to explore alternative sources (Sijtsma & de Swaaf, 2004).

A production of high LC-PUFA-containing microorganisms as a nutrient source
for aquaculture or human nutrition could offer a more sustainable solution.
Microbial production allows for targeted production of specific fatty acids from
renewable resources. Single cell oils (SCO) extracted from microbial sources
offer advantages over fish oils, although challenges remain in terms of cost-
effectiveness due to product recovery, downstream processing, and purification
(Ochsenreither et al., 2016). While natural producers of LC-PUFAs, like
microalgae, have been utilized for commercial production, issues arise with
photosynthesis-based systems such as open-pond cultivation, which have low
cell densities, slow growth rates, sterility and scalability concerns (Gu et al.,
2022; Khozin-Goldberg et al., 2011). Heterotrophic microalgae have been
commercially utilized for the production of DHA (Fedorova-Dahms et al., 2014),
and efforts have been made to produce LC-PUFAs heterologously in organisms
such as Escherichia coli, lactic acid bacteria, and Pseudomonas putida (Amiri-
Jami & Griffiths, 2010; Amiri-Jami et al., 2014; Gemperlein et al., 2016). These
biotechnological workhorses potentially offer advantages for large-scale
production (Nielsen, 2019). In the search for potential LC-PUFA producers,
several organisms from the fungi kingdom have been investigated (Guo et al.,
2019; Johansson et al., 2016). Among them, oleaginous yeast Rhodosporidium
toruloides and Yarrowia lipolytica are promising candidates and have been
engineered to produce LC-PUFAs (Arbter et al., 2019; Xue et al., 2013b).

Y. lipolytica, in particular, has shown great potential for lipid production, with the



ability to accumulate lipids up to 30-50% of its cell dry mass (90% for GMOSs)
and proved to be a robust workhorse (Beopoulos et al., 2009a; Beopoulos et al.,
2009b; Blazeck et al., 2014; Qiao et al., 2015). Research efforts have focused
on establishing Y. lipolytica as a platform for producing fatty acids with tailored
chain lengths and variations in saturation levels (Wang et al., 2022). Genetically
modified strains have been developed by DuPont to produce EPA-enriched
SCOs for feed and food applications (Xue et al., 2013). Recent studies have
explored the incorporation of myxobacterial PKS-based PUFA synthases in
Y. lipolytica, resulting in various strains with distinct LC-PUFA profiles
(Gemperlein et al., 2019). This innovative approach holds promise for
manufacturing customized fatty acids mixtures or specific valuable fatty acids.
Importantly, compared to the DuPont process, significantly less NADPH is
needed, and fewer genetic modifications are required.



1.2 Main objectives

The present work aimed at the enhanced DHA production with the oleaginous
yeast Yarrowia lipolytica by bioprocess and strain development. In a first part,
the medium was subject of optimization. The previously used medium should be
analyzed first in regards of general cultivation characteristics and adapted to
gain stable conditions. Here, pH buffer systems should be tested for growth
characteristics, pH stability, as well as the influence on DHA production. Based
on the stable base medium, an advanced medium should be evaluated, aiming
at the identification of the most influential media components and concentrations
onto DHA productivity in Y. lipolytica Polh::Af4. Here, the carbon and nitrogen
source, as well as concentrations of media components were subject of the
analysis. The transition from shake flask to a fed-batch fermentation should be
evaluated to gain insights for the optimization of an industrial relevant process

design.

In the second part, the genetic architecture of the mxyobacterial PUFA cluster
from Y. lipolytica Polh::Af4 was targeted to gain insights of the different genetic
parts of the cluster onto the DHA productivity. For this purpose, two promoters,
different tandem repeats of UAS1B, the use of an intron and the influence of the
spacer sequence should be tested. The resulting cluster version are then
evaluated for expression levels, genetic stability, levels of DHA and its
precursors. Finally, a fed-batch fermentation should be conducted, using the
insights of the media development onto a bioreactor-based production process.



2 Theoretical background

2.1 Yarrowia lipolytica and its applications

The oleaginous yeast Yarrowia lipolytica was identified in 1972 by David Yarrow
from the Delft Microbiology Laboratory (Yarrow, 1972) and named in 1980 from
von Arx and van der Walt (van der Walt & von Arx, 1980), whereas lipolytica
refers to the ability to hydrolyze lipids. With its outstanding lipolytic and
proteolytic activities Y. lipolytica can be found ubiquitously in lipid or protein-rich
environments and was previously isolated from dairy and meat products or oil-
polluted waters, but can also be found in sea water and soils (Frohlich-Wyder et
al., 2019; Groenewald et al., 2014; Mamaev & Zvyagilskaya, 2021). The ability
to grow in such diverse environments results from Yarrowias’ broad substrate
spectrum (Figure 1), making use of both hydrophilic (e.g., D-glucose, glycerol,
D-fructose) and hydrophobic carbon sources such as fatty acids, alkanes, or
triglycerides. In addition, it is able to use organic acids and alcohols in some
extent. Current research is constantly expanding the substrate range by testing
complex mixtures from industry (e.g. olive oil mill waste or animal fats) and
metabolically engineering the cells catabolism (Ledesma-Amaro & Nicaud, 2016;
Madzak, 2021; Spagnuolo et al., 2018). Besides the broad substrate spectrum
Y. lipolytica is capable to survive and grow under various growth and stress
conditions. The pH range is reported to be from 3.5 - 8 for most strains and
extends to an even broader pH range of 2 - 9.3 for others (Sutherland et al.,
2014). In terms of temperature Yarrowia lipolytica grows from 4 - 37 °C, with an
optimum between 25 and 30 °C (Sutherland et al.,, 2014). Additionally,
Y. lipolytica is able to tolerate osmotically challenging salt concentrations of
7.5% NacCl, and in certain specific strains, this tolerance has been even reported
to be twice as high (Sutherland et al., 2014). With these outstanding versatility,
Y. lipolytica constantly gains interest in research and industry (Figure 2) and is
the most studied unicellular fungus after Saccharomyces cerevisiae (Bankar et
al., 2009). Consequently, the genetic toolbox to modify and optimize the strains
expanded over time. Multiple DNA assembly techniques such as Golden Gate,
Gateway or Gibson assembly have been successfully applied in Yarrowia

research.



The genetic parts for the construction of an expression cassette, such as
promoter, terminators or selection markers have been extensively studied, giving
access to a broad library for each genetic element to choose from (Larroude et
al., 2018).

TAGs
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Fructose Glucose Mannose Fatty acids  Glycerol  Acetate Organic acids
Fructose Glucose Mannose Glycerol Fatty acids  Ethanol — Alkanes

! ! !

Acetate Organic acids

|

-«—
«—

Acetyl-CoA .
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Figure 1: Substrate spectrum and assimilation pathways of Y. lipolytica.

Cyan: Substrates enabled by genetic engineering; Black: Natural substrates; Orange:
Assimilation pathways. Adapted from Ma et al. (2020)

Since its discovery the number of publications related to Y. lipolytica steadily
increased until today (Figure 2). On one hand its regarded as model organism
for non-conventional yeast in which several cellular mechanisms like protein
secretion, dimorphism, lipid body biogenesis or lipid homeostasis have been
investigated (Nicaud, 2012). On the other hand, it has been widely used in
biotechnological applications due to its ability to assimilate and produce
hydrophobic substances, especially fatty acids (Liu et al., 2015). Moreover, it has
been described as cell factory for a broad range of bio-based chemicals like
carotenoids, polyketides, polymers, terpenes, nanoparticles or proteins (Miller &
Alper, 2019).

Lipids and their derivatives (8.8%) are the second-most patented product group
synthesized with Y. lipolytica after peptides and proteins (65.1%) (Park &
Ledesma-Amaro, 2022). Due to its natural protein content of ~50%, its

outstanding nutritional values and vitamin content, Y. lipolytica is proposed to
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serve as food supplement not only as feed stock for animals but for human
nutrition as well (Jach & Malm, 2022). Skotan SA established a process to
produce single-cell protein (SCP) for human and animal consumption and
registered it for the distribution in the EU (Bornscheuer, 2018; Groenewald et al.,
2014). Y. lipolytica wildtype strains naturally secrete high amounts of lipases,
proteases, phosphatases, and RNases to degrade extracellular resources,
facilitating their transport across the cell membrane. (Barth & Gaillardin, 1996).
Consequently, the protein secretion machinery as well as post-translational
modification pathways, high secretion rates and low over-glycosylation (Belo,

2010) facilitate the production of industrial proteins in Yarrowia.
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Figure 2: Publications and milestones associated with Yarrowia lipolytica.

Numbers of publications per year, results from PubMed with “Yarrowia lipolytica” as search term
on the 21.09.2022. Milestones are marked as an orange dot in the year of
discovery/development; taken from Park and Ledesma-Amaro (2022).



2.2 Metabolic engineering of Yarrowia lipolytica

Genetic engineering is often a crucial step to unlock the full potential of a
microorganism. Generally, two methods to achieve such a genetic modification
can be distinguished: episomal vectors and chromosomal integration. Episomal
plasmids do not occur naturally in Y. lipolytica (Larroude et al., 2018), thus
researchers have to mimic a chromosome by integrating at least an
autonomously replicating sequence (ARS) and a centromere sequence on the
shuttle vector (Fournier et al., 1993; Matsuoka et al., 1993). These systems are
constantly improving (Cui et al., 2021a; Guo et al., 2020), however the use is
limited due to low-copy numbers of ARS-based plasmids (1 - 3 plasmids per
cell), a high loss frequency and the need for selection pressure to maintain the
plasmid (Madzak et al., 2004; Vernis et al., 1997). The preferred method to
engineer Y. lipolytica, especially in industrial settings is therefore the
manipulation of the chromosome, opening the possibility to extend, alter and
delete existing DNA loci, offering high stability and reproducibility. Integrative
vectors in Y. lipolytica are inserted by homologous recombination (HR), which
requires flanking regions of 0.5-1 kb to insert exogenous DNA into the desired
region with an efficiency of 0-36% (Schwartz et al., 2017). However, most of the
exogenous DNA is integrated randomly through non-homologous end joining
(NHEJ). The microbe prefers this method to cope with double-strand breaks
instead of HR (Richard et al., 2005). This eases the way of random chromosomal
integration, but renders the commonly favored targeted integration more difficult.
To increase the HR rate the gene ku70, which encodes for the enzyme
responsible for double-strand repair in NHEJ was deleted (Lustig, 1999). This
deletion drastically improves the HR efficiency, even with HR regions as low as
50 bp (Verbeke et al., 2013). When combined with hydroxyurea treatment, the
efficiency is further increased (Jang et al.,, 2018). Apart from classical HR
approaches, CRISPR/Cas9-based methods have been established to rationally
design the integration site, rather than relying on random DNA double-strand
breaks at the targeted integration site (Holkenbrink et al., 2018a). Here, targeted
integration techniques have reached an efficiency that enables the omission of
a selection marker, resulting in a reduction of time required metabolic
engineering of Y. lipolytica since there is no need for a second HR, Cre/loxP

system based excision (Zhou et al., 2021), or other techniques such as 5-
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fluoroorotic acid treatment to remove the marker gene afterwards (Widlund &
Davis, 2005).

Overall, the integration site of exogenous DNA significantly impacts its
expression and integration efficiency. Holkenbrink et al. (2018b) investigated
several integration sites and evaluated their integration efficiency, expression
strength, and their impact on cell viability. The tested integration sites facilitate
a useful base for integrating synthetic genes or clusters without the need for

extensive screening, as previously done by Gemperlein et al. (2019).

To efficiently express (heterologous) genes in a microorganism, a thorough
understanding of the mechanics of the individual genetic components is
necessary. Y. lipolytica, being an eukaryotic organism, has complex and multi-
level regulatory mechanisms, that start from transcriptional regulation by DNA
packaging, core promoter, as well as distal and proximal enhancing or silencing
sequences, and extend to post-processing and post-translational regulatory
features (Le Hir et al., 2003a). Until today the influence of each component is
not fully understood. In metabolic engineering, the genetic architecture of the
gene cassette is a critical component of the design process. Common designs
for Y. lipolytica often consist of a core or minimal promoter, an upstream
activating sequence (UAS) located upstream of the open reading frame (ORF),

as well as a terminator sequence located downstream of the ORF (Figure 3).
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Figure 3: Genetic architecture of a gene cassette and their functions in yeast.

Each gene cassette consists of a promoter region upstream of the open reading frame,
consisting of upstream activating sequences (UAS; optional) and a core promoter. UAS recruit
enhancer proteins (transcription factors), whereas the core promoter mainly recruits RNA
polymerase Il. Introns can contain several regulatory elements such as enhancer and silencer
binding sites and modulate multiple gene expression mechanisms (Le Hir et al., 2003b). The
terminator contains an efficiency and positioning element, as well as the poly(A) sighal. ORF:
open reading frame; UAS: upstream activating sequence; TSS: transcription start site; Pol II:
RNA polymerase II.
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The selection of a suitable promoter is a critical part of the genetic design
process. In Y. lipolytica, several core promoters, either constitutive or inducible,
have been tested and utilized (Larroude et al., 2018). The most prominent ones
are the constitutive promoters of the translation elongation factor-1 gene tef
(PTEF, (Mdller et al., 1998)) and the extracellular protease encoding xpr gene
(pXPR2). Due to the complexity of eukaryotic transcriptional regulation,
endogenous promoters are commonly implemented for heterologous gene
expression. Effects of sequence alterations are difficult to predict in eukaryotic
organisms (Lubliner et al., 2013; Weingarten-Gabbay & Segal, 2014) and until
today the exact functioning of core promoter elements is not fully understood
(Erb & van Nimwegen, 2011). Studies in Saccharomyces cerevisiae as budding
yeast model indicated that the highest promoter activity is achieved with an
overall low GC-content, T-rich motifs upstream, and A-rich motifs downstream
from the transcription start site (TSS) (Lubliner et al., 2013). Furthermore, the
TATA-box modulates the expression strength in Y. lipolytica, as demonstrated in
a core promoter architecture optimization by synthetic hybrid promoter designs
(Shabbir Hussain et al., 2016).

Upstream activating sequences in yeast are similar to enhancer sequences in
multicellular eukaryotes, as they are cis-acting regulatory sequences that bind
transcription factors and directly affect gene expression (Webster et al., 1988).
In Y. lipolytica, the UAS2 sequence of the pXPR2 for example dependents on
carbon or nitrogen source as well as the pH (Madzak et al., 1999). On the other
hand, UAS1B from the pXPR2 promoter, corresponding to the position -805
to -776 in the promoter pXPR2 was originally demonstrated to drive expression
in various media, insensitive of pH, carbon, and nitrogen source (Madzak et al.,
1999). Over the years, UAS1B has become one of the most common UAS in
genetic engineering of Y. lipolytica (Blazeck et al., 2013; Gemperlein et al., 2019;
Shabbir Hussain et al., 2016; Tai & Stephanopoulos, 2013). Up to 32 UAS1B
sequences can be fused to further modulate expression strength (Blazeck et al.,
2011b; Madzak et al., 2000).

In a hybrid promoter design Madzak and colleagues generated a set of promoters
consisting of the minimal LEU2 promoter and 1 to 4 copies of the UAS1B taken

from pXPR2 promoter (Madzak et al., 2000). These hybrid promoters have been
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widely utilized in biotechnological applications, since their expression is highest

in stationary phase, thus not interfering with growth.

In yeast, the terminator sequence is not only required for efficient termination of
expression but affects mMRNA stability and modulates overall protein levels
(Geisberg et al., 2014; Mischo & Proudfoot, 2013). The terminator consists of an
efficiency element, enhancing the efficiency of a second element, the positioning
element, which itself provides the information to the poly(A) polymerase where
to position the poly(A) tail determined by the poly(A) signal sequence.
Terminators have recently gained more attention, as optimized synthetic
terminators enabled increased mMRNA levels (4.4-fold) and protein levels
(3.7-fold) in Y. lipolytica (Curran et al., 2015). Furthermore, terminators act as
insulators by binding RNA polymerase Il at the efficiency element, thus
competing with downstream promoter sequences, making them important

engineering factors, especially in heterologous gene clusters (Song et al., 2016).

Introns play a unique role in gene expression regulation as they are not directly
part of the regulatory system. However, introns have been indicated to have
significant effects on gene expression at multiple levels. Firstly, introns influence
transcription by serving as repositories for enhancer/silencer sequences or by
modulating nucleosome positioning (Le Hir et al., 2003b). Additionally, splicing
signals within introns potentially stimulate RNA polymerase Il, particularly
promoter-proximal introns, which have been shown to enhance transcription
initiation in yeast and mammalian cells (Furger et al., 2002; Kwek et al., 2002).
On the level of mMRNA processing, an intron might improve mRNA stability by
enhancing polyadenylation, due to direct contacts between the spliceosome and
the poly(A) machinery. In addition, splicing has been associated with mRNA
export, localization, and translation (Le Hir et al., 2003b). In Y. lipolytica, 16% of
all genes contain introns, making it the intron-richest hemiascomycete currently
known (Gaillardin et al., 2013). The high level of introns and their
multidimensional impact on protein expression underline the importance to test
and implement them in heterologous gene expression. As a particular example
given, the first intron of the tef gene in combination with multiple promoters leads
to significant positive effects on transcription and protein levels (Cui et al.,
2021b; Tai & Stephanopoulos, 2013).
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2.3 Long-chain polyunsaturated fatty acids and their role in

human health

Lipids are a crucial component of our diet, serving as a source of energy through
B-oxidation, as well as being a substantial component in our body. Lipids
encompass a diverse range of molecules, including fatty acids (FAs) as the basic
component and all derivatives of FA, as well as associated biosynthetic
derivatives. FAs are aliphatic hydrocarbon chains ranging from C14 to C22 with
a terminal carboxyl group. They rarely occur outside this range (C2 to C36) or
with an odd-numbered chain length (Christie & Han, 2012). FAs occur either
saturated, i.e. without double bonds, or unsaturated, i.e. with one or more double
bonds (in cis or trans configuration). Double bonds are commonly
methylene-interrupted but occasionally occur in conjugated configuration. The
position of the last double bond is denoted according to the position relative to
the last C-atom - labeled as w in the aliphatic chain. The chain length acts as
the main classification, dividing them in short (C2-C6), medium (C7-C12), long
(C13-C22), very long (C23+).

Thereby, the group of long-chain polyunsaturated fatty acids (LC-PUFAs) are of
special interest in human nutrition and health. Here, the molecules
eicosapentaenoic acid (EPA; C20:5, w3) and docosahexaenoic acid (DHA;
C22:6, w3) are considered most beneficial (Calder, 2018). Health organizations
all over the world recommend the integration of these substances in the daily
diet to maintain good health (Li et al., 2021a). Humans are unable to de novo
synthesize LC-PUFASs, since they are metabolically incapable to introduce a
double bond beyond carbons 9 and 10 in a FA. This means that the molecules
linoleic acid (LA; 18:2, w6) and the a-linolenic acid (ALA; 18:3, w3) are essential
fatty acids (EFAs), which need to be taken up, whereas oleic acid (OL; C18:1,
w?9) is none (Das, 2006). Starting from ALA, the human body is able to build
longer fatty acids with different degree of saturation, however, it is controversial
that the conversion rates towards LC-PUFAs such as EPA and DHA are
insufficiently low (Metherel & Bazinet, 2019). It is therefore widely recommended
to ingest a certain amount with the diet. The optimal dosage of EPA and DHA
varies among health organizations, considering factors such as age and health
status. For instance, the U.S. Food and Drug Administration (FDA) recommends
a daily intake of 500 mg of EPA and DHA (Hussein et al., 2005; Li et al., 2021a).
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Insufficient levels of w3-LC-PUFASs result in a change in the w6/3 ratio, which in
turn lead to an imbalanced synthesis of eicosanoids - signaling molecules
disrupting cellular functions and other metabolic processes (Wijendran & Hayes,
2004). The recommended optimal ratio to maintain a healthy diet is 2:1
(Simopoulos et al., 2000) and should not exceed 10:1 for infants (Gerster, 1998).

LC-PUFAs are an important building block of most biological membranes,
constituting 10-15% of all FAs, and are responsible for both their functioning and
structure. LC-PUFAs serve as modulators for optimal membrane fluidity, as well
as for the integration of membrane enzymes, channels, and other vital
components (Koletzko et al., 2009). DHA is particularly abundant in the retina
and in the brain. In fact, the brain's gray matter contains a high concentration of
DHA, accounting for 18% of its total lipid content (Skinner et al., 1993) and 12%
in the retina (Makrides et al., 1994). Studies have demonstrated that
supplementation with w3 LC-PUFAs positively affects eye health, particularly in
protection against age-related macular degeneration (Seddon et al., 2006).

Further potential health benefits of LC-PUFAs are extensive and include the
prevention of a wide range of diseases. In terms of cardiovascular health (CVH)
- specifically coronary heart disease (CHD) - recent research has linked
adequate concentrations of EPA and DHA in blood plasma, serum, erythrocytes,
and adipose tissue with favorable CVH outcomes (Del Gobbo et al., 2016). This
effect is explained by the reduction of several risk factors, including
concentrations of triglycerides (TAGs), blood pressure, thrombosis, and
inflammation, as well as the improvement of cardiac and vascular function
(Breslow, 2006; Calder, 2004; Harris, 1996; Kris-Etherton et al., 2002; Leslie et
al., 2015; Saravanan et al.,, 2010). Interestingly, research investigating the
dietary habits of various nations has revealed an association between high
consumption of LC-PUFAs from marine sources and improved CVH, such as in
Alaska (Newman et al., 1993), Greenland (Bjerregaard & Dyerberg, 1988),
Northern Canada (Dyerberg et al., 1978) or Japan (Kris-Etherton et al., 2002).

EPA and DHA serve as precursors for numerous bioactive lipid mediators,
although the functions of many remain poorly understood. However, a significant
proportion of these mediators are known to play a role in inflammation and
infection response (Zarate et al., 2017). In addition to their function as precursors

for a range of bioactive substances, EPA and DHA exhibit anti-inflammatory
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effects, in particular therapeutic benefits for inflammatory diseases such as
rheumatoid arthritis (Miles & Calder, 2012), inflammatory bowel disease (Calder,
2009) and asthma (Calder, 2006). Additionally, research has linked LC-PUFA
consumption during early childhood and pregnancy to a reduced risk of
developing autoimmune diseases. Given that allergic tendencies often develop
during infancy, a sufficient LC-PUFA supply during this critical period will lower
the risk factors for allergies over the whole life span (Reynolds & Finlay, 2017).
The supply of LC-PUFAs during pregnancy and infancy has further positive
effects. Harris et al. (2015) reported a significant reduction in the risk of preterm
birth from 5.7% to 1.7% in subjects who received DHA supplementation.
Similarly, a meta-analysis of studies examining the effects of LC-PUFA
supplementation during pregnancy even found a 17% reduction in preterm birth
risk. (Kar et al., 2016). Given the importance of LC-PUFAs as building blocks,
particularly for the brain and eye, it is not surprising that ensuring adequate
supply during fetal development is highly recommended. Fetal brain
development in particular, requires an even higher amount of DHA since
approximately 50% of the brain's DHA is accumulated during pregnancy. This
underscores the importance of meeting a 5-fold increased DHA requirement
compared to that of an adult brain during this critical period of development
(Haag, 2003). Furthermore, DHA supplementation was positively associated with
general physical and mental development as for example improved eye-hand
coordination (Dunstan et al., 2008), problem-solving skills (Drover et al., 2009),

and general cognitive abilities could be improved (Drover et al., 2011).
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Mental health problems are becoming more prevalent in modern society (Kieling
et al., 2011). Interestingly, LC-PUFAs have been found to have positive effects
on mental health, including mitigation of depression symptoms, impulsivity, and
suicidal intent. Garland et al. (2007) found EFA levels in patients inversely
correlated with depression and impulsivity scores. Especially low DHA levels
were associated with elevated susceptibility for depression (Sublette et al.,
2006). The risk of suffering from mental disorders is largely determined in the
early stages of life, with about 50% of patients experiencing disorders before the
age of 15 (Kessler et al., 2005). Studies have investigated the use of LC-PUFAs
in the treatment of mental health problems, reducing suicidal behavior and
improve well-being after 12 weeks of LC-PUFA supplementation. (Hallahan et
al., 2007).
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2.4 Biosynthesis of LC-PUFAs

Until today two routes for the biosynthesis of PUFAs can be distinguished, an
aerobic and an anaerobic synthesis. The most common aerobic pathway is
based on the ubiquitous fatty acid synthase (FAS) pathway, in which saturated
fatty acids are assembled up to a certain chain length (Figure 4). FAS are divided
in Type | and Type Il synthases, consisting of a multienzyme complex or separate
enzymes, respectively. FASI occurs in animals, bacteria, and yeast, whereas
FASII occurs in bacteria and plants. Additionally, FASIII commonly referred to as
elongases complement FASI and FASII systems ubiquitously (Gurr et al., 2002).
The product of FAS varies between organisms and FAS types. However,
hexadecanoic acid (C16:0) is the major product of most FAS systems (Vagelos,
1974). The biosynthesis starts with the condensation of acyl carrier protein
(ACP)-bound acetyl-CoA as a primer molecule with malonyl-ACP to form a
B-ketoacyl-ACP intermediate, followed by a reduction and subsequent
dehydration. In the final step the double bond is reduced to gain butyryl-ACP,
which elongated subsequently with malonyl-CoA. This cycle is repeated until the
targeted saturated fatty acid (SFA) is synthesized. From this SFA base molecule
most other FAs are derivatized by elongases (FASIII) and desaturases to gain
longer and more desaturated FAs. Since elongases are specific to the molecule
and position of the intended double bound, numerous enzymes are needed to
synthesize LC-PUFAs via the aerobic pathway. For example: in order to
synthesize DHA, approximately 30 different enzymes and 70 reactions are
needed (Metz et al., 2001), making it a highly complex synthesis. Looking at the
energy balance, the aerobic PUFA synthesis is inefficient since the needed
double bonds are initially oxidized consuming one NADPH and later incorporated
again in the desaturation step at the expense of another NADPH. Despite its
inefficiency, the aerobic way is the most widespread in eukaryotes and most

prokaryotes.
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Figure 4: Aerobic fatty acid synthesis by FAS system.

Aerobic pathway representation by the FAS system in E. coli. In the first cycle acetyl-CoA is
used as a primer molecule, thus the residual R of the Acyl-S-ACP is a methyl group (CHa3),
whereas in every subsequent cycle it is prolonged by an aliphatic C2 unit. Elongase and
desaturase reaction is optional and specific to the organism. ACC: acetyl-CoA carboxylase,
ACP: acyl carrier protein, KS: keto synthase, KR: keto reductase, DH: dehydrogenase, ER:
enoyl reductase, PUFAs: poly-unsaturated fatty acids.

Initially, it was hypothesized that organisms which synthesize high levels of
LC-PUFAs would primarily use the aerobic FAS-based pathway (Watanabe et
al., 1997). Later, Metz et al. (2001) proposed an alternative pathway which
involves polyketide synthases (PKS) and is today referred to as the anaerobic
LC-PUFA synthesis pathway (Figure 5).
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Figure 5: Anaerobic fatty acid synthesis by PKS-like PUFA synthases.

Anaerobic PKS-like PUFA synthesis pathway representation in Aetherobacter spp. (A) Acetyl-
CoAis used as a primer molecule, thus the residual R of the Acyl-S-ACP is a hydrogen molecule
(H), whereas in every following cycle it is prolonged by an aliphatic C2 unit. Following the
elongation and dehydratase reaction, the double bond is either reduced or isomerized into a
cis-bond. The final product is determined by the enzyme complex. (B) Fatty acid intermediates
after each cycle during the synthesis of DHA (Adapted from Ye et al. (2015). Yellow: Non-
reductive cycle; Grey: Reductive cycle; ACP: acyl carrier protein, acyl transferase, KS: keto
synthase, KR: keto reductase, DH: dehydratase/isomerase, ER: enoyl reductase, AGPAT: 1-
acylglycerol-3-phosphate-O-acyltransferase.
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As FAS and PKS systems are generally similar in their structure and enzyme
complex, also the synthetic steps are rather similar. This includes the acetyl- and
malonyl-ACP condensation (Figure 6A), followed by the reduction of the ketone
group and the hydratase reaction. However, unlike FAS systems PKS-like
systems comprise a reductive and a non-reductive route. The reductive route is
chemically identical with the reaction in FAS-based systems (Figure 6B),
whereas in the non-reductive route the generated double bond is not reduced
but isomerized directly in the iterative process of chain elongation, which saves
reducing equivalents in form of NADPH both in the oxidation and later reduction
step (Figure 6C). The double bond is isomerized depending on the configuration
as the trans-double bond is converted to a cis-double bond. Additionally, the
double bond is shifted from the a,B-position to either the B,y- or y,6-position,
generating a methylene-interrupted polyene (Ye et al., 2015). This biosynthetic
route enables microorganisms to synthesize PUFAs directly within an iterative
chain elongation process, whereby specific double bonds are kept and
rearranged. Which PUFA type is produced depends on the respective enzyme
complex and the organism-specific PKS-like PUFA synthase (Gladyshev et al.,
2013). The exact mechanism is not fully understood, but genetic shuffling,
interchanging and multiplying certain enzyme domains created novel hybrid and
cross-species PUFA synthases, thus the product spectrum could be rationally

modulated (Gemperlein et al., 2019).
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Figure 6: Enzymatic bio-catalysis of acyl-CoA in PKS-based PUFA synthases.

(A) Decarboxylative Claisen condensation. Due to a deprotonation, CO:z is cleaved from
malonyl-CoA following a nucleophilic attack at C: of the respective acyl-CoA (R=H or acyl
chain). CoA is cleaved resulting in a B-keto-ester. Depending on the cycle and PKS synthase
either (B) the B-keto-ester is reduced twice by NADPH or (C) reduced once and isomerized from

a trans-a,B-double bond to a cis-8,y-double bond. Enz = Enzyme; A = acid; B = base.
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2.5 The origin of LC-PUFAs

Most organisms are unable to synthesize LC-PUFAs de novo due to the lack of
desaturases that introduce a double bond after C9/10 in a fatty acid chain (Das,
2006). Thus, only a minority of organisms in the biosphere is able to produce
EPA and DHA de novo. These organisms belong to the group of algae, fungi,
mosses, and some bacteria (Sayanova & Napier, 2004; Uttaro, 2006), from which
microalgae and species of the Thraustochytrids genus (e.g. Schizochytrium sp.)
are known to be able to accumulate by far the highest amounts of LC-PUFAs
(Gladyshev et al., 2013). Only a small percentage of the ~30,000 microalgae
analyzed for fatty acid composition have been found to produce significant
amounts of LC-PUFAs (Cohen et al., 1995). A list of organisms able to de novo
synthesize LC-PUFAs is available in Gladyshev et al. (2013). Terrestrial LC-
PUFA producers, like the myxobacteria Aetherobacter spp. (Garcia et al., 2016),
are rare and contribute negligibly to global production (Kastovska et al., 2007).
Looking at the global production, algae produce more than half of the DHA and
EPA existing world-wide (Guschina & Harwood, 2009b). Marine phytoplankton is
producing 331.8 x 10° kg yt, marine macroalgae 1.2 x 10° kg y* and freshwater
phytoplankton 28 x 10° kg y* (Gladyshev et al., 2013).

2.6 Shortage of LC-PUFA for human consumption

Despite the vast production of LC-PUFAs in marine organisms, only a small
percentage of 0.2% is transferred into the terrestrial ecosystem. Water birds are
the highest extractors with 432 x 10° kg y?, followed by human fishery with
180 x 10°kg y*. Other factors contributing to extraction include amphibiotic
insects, riparian predators, drift of carrion or seaweeds (Gladyshev et al., 2009a).
This indicates that there is no global scarcity of LC-PUFAs, yet humans still face
a deficiency in these health-promoting molecules. The average human consumes
about 16 kg fish (being their main source of EPA and DHA) per year, thus taking
up 0.1 g LC-PUFAs per day (Gladyshev et al., 2009a), whereas for an general
adult it is recommended to consume at least 0.5 g per day to maintain a healthy
lifestyle (The French food safety agency with the lowest published
recommendation of all food agencies; Li et al. (2021a)). Consuming fish to obtain

sufficient LC-PUFA levels can increase the risk of harmful side-effects caused
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by anthropogenic pollution. Heavy metals such as copper (Cu), cadmium (Cd),
and particularly lead (Pb), accumulate in fish through the food chain, raising the
need for benefit-risk ratios for fish consumption (Gladyshev et al., 2001;
Gladyshev et al., 2009b). The same applies to pesticides, petroleum-based
chemicals, or radionuclides (Barescut et al.,, 2011; Foran et al., 2005).
Additionally, heavy metal pollution affects the efficiency of LC-PUFA transfer
through the trophic chain, leading to even lower concentrations (Gladyshev et
al., 2012). As industrialization progresses, maintaining a healthy diet becomes
increasingly difficult due to factors such as intransparent supply chains, the
addition of new food additives, and the pervasive impact of environmental
pollution caused by human activities. In terms of LC-PUFAs, a good example for
this challenge is the consumption of fish during pregnancy. While in 2004 the US
Environmental Protection Agency recommended to limit the amount of fish
consumed to 340 g per week due to heavy metal pollution (Lands, 2009), studies
indicated that the intake of seafood of less than 340 g per week during pregnancy
is associated with a risk for the infant to end up in the lowest quartile of the 1Q
distribution (Hibbeln et al., 2007).

Apart from the risk for the individual, it is in general not feasible for humanity to
increase fish consumption since the oceans are already overfished (FAO, 2022),
soon leading to a collapse of numerous fish populations (Brain & Prosser, 2022).
Furthermore, fish as a resource is strongly dependent on season, location, and
increasingly uncertain environmental conditions. Additionally, the LC-PUFA
concentration declines with ongoing global warming as algae modulate their
membrane fluidity by changing the membrane fatty acid saturation level. As
water temperatures rise, the amount of unsaturated FAs decreases,
consequently decreasing the levels in the whole trophic chain, including in the
fish population (Colombo et al., 2020; Guschina & Harwood, 2009a). Ultimately,
96% of the human population may be at risk of not receiving sufficient supply of
LC-PUFAs in the worst-case scenario (Colombo et al., 2020). Consequently,
relying on fish as the primary source of LC-PUFAs for human consumption is no
sustainable solution and there is an urgent need to find alternative PUFA

sources.
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2.7 Single-cell oils as possible future source for LC-PUFAs

Since the primary source of LC-PUFAs is microalgae, the supply of fish in
aquaculture relies on external sources of harvested LC-PUFAs. The natural
amount of microalgae present in aquaculture is often insufficient. As a result, the
majority of produced fish oils (70%) from cheap fish feed, wild-caught fish and
invertebrates are deployed as a PUFA source for fish feed (Sijtsma & de Swaaf,
2004). Therefore, aquaculture is not sustainable in its current form. For instance,
in salmon aquaculture, the amount of fish biomass dissipated as feed exceeds

the amount of fish harvested (Pauly et al., 2002).

A more sustainable and environment-friendly solution would be the decentralized
production of high LC-PUFA containing microorganisms that serve as nutrient
source in aquaculture or directly in human nutrition. The advantages over fish
oils are numerous, as microbial production allows for targeted production of
certain FAs from cheap and renewable resources at high yield without need for
caught fish to obtain the LC-PUFAs. Microbial oil, normally referred as
single-cell oils (SCO) as proposed by Colin Ratledge in 1976 (Ratledge, 1976)
is defined as follows: “single cell oil is the edible (triacylglycerol) oil that can be
extracted from a microbial cell” (Kyle & Ratledge, 1992). The idea of SCOs dates
back to the late 19" century. Back then, the first organism being evaluated was
Claviceps purpurea with a lipid content of 30% (w/w), followed by the analysis of
S. cerevisiae in 1878. SCO research gained attention in Germany during the first
World War when an alternative source for animal and plant oils was needed due
to the disruption of trade relationships. The importance of SCOs further
increased during World War Il, when German researchers established a
biotechnological process using Geotrichum candidum (milk mold) and other
molds to produce SCOs. However, post-processing issues arose, leading to the
direct use of biomass as feed for army horses. The German research remained
dominant, leading to the Nobel prize for Professor F. Lynen in 1964 for the
biosynthesis of fatty acids in yeast (Kyle & Ratledge, 1992). Over the years, the
product spectrum increased from complex lipid mixtures for nutritional purposes
to a wide variety of specific lipids and purified FAs.

Driven by the ongoing depletion and the negative impact of crude-oil usage on
the environment, alternative bio-based sources for oleochemicals were intended
to be established in the market. Oleochemicals are lipid-based molecules like
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simple FAs, fatty alcohols (wax ester) or FA methyl esters (like Biodiesel) that
find applications in various industries for the production of flavors, cosmetic
additives, detergents, fuels or pheromones (Noweck & Grafahrend, 2006; Steen
et al., 2010). The high demand of biodiesel cannot be accomplished by plant or
animal-based lipids, since the require huge amounts of land and resources,
consequently competing with the food production. Additionally, dependencies on
climate, season and labor are further factors of uncertainties. Consequently, it is
predicted that SCOs become the major producer of biodiesel in the future
(Mathew et al., 2021). Nevertheless, as long as fossil-based products are
cheaper and more demanded, SCO-based oleochemicals and fuels cannot
compete since their cost-to-value ratio is not economically viable yet. The main
cost driver here is product recovery, downstream processing, and purification.
Since SCOs are stored intracellularly, the cell disruption and product extraction
is the major obstacle to overcome to achieve a price-competitive bioproduct
(Ochsenreither et al., 2016). However, high-value SCO enriched in LC-PUFAs
could be already produced commercially (Madzak, 2021). Here, downstream
processing costs are still high, but due to increasing demand, rarity in nature and
high market price, profitable production is possible. As of today, several
companies are producing LC-PUFAs which find application in DHA-
supplemented infant formulas (Ochsenreither et al., 2016), human diet or fish
feed (Tocher et al., 2019).
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2.7.1 Natural producers of LC-PUFAs

Owing to their natural ability to produce LC-PUFAs (Gladyshev et al., 2013),
autotrophic (photosynthetic) and heterotrophic, in particular decomposing
microalgae are deployed to commercially produce SCO LC-PUFAs.
Photosynthesis-based systems are cultivated in either open-pond systems or
photobioreactors. However, open-pond systems are associated with challenges
such as low cell densities, low growth rates, and issues with sterility, which often
require the use of unfavorable high salinity media (Khozin-Goldberg et al., 2011).
Photobioreactors on the other hand showed promising results in small-scale
studies, but scale-up remains challenging. In a recent study by Gu et al. (2022),
various microalgae species were tested in a small-scale screening, aiming to
identify an process that has the potential to be scaled up to industrial production
reliably. However, the researchers found no promising candidates, due to weak
reproducibility and strain constraints, such as the inability to grow in suspension,
fluctuations in light intensity, and hydrodynamic stress. These findings highlight
the importance of developing more robust microalgae strains for industrial-scale
production (Gu et al.,, 2022). Nevertheless, companies are interested in
photosynthetic organisms for EPA production, like species from the genus

Nannochloropsis (Khozin-Goldberg et al., 2011).

The above-mentioned limitations explain why light-independent heterotrophic
microalgae are favored as LC-PUFA producers. The class of
Thraustochytriaceae (e.g. Schizochytrium sp.) and the dinoflagellate
Crypthecodinium cohnii (Mendes et al., 2009) are prominent LC-PUFA producing
microalgae that have been commercialized by companies such as DSM for the
production of DHA (Fedorova-Dahms et al., 2014). The first commercially
available DHA-containing oil for infant formulas was DHASCO by Martek and
OmegaTech made with C. cohnii (Ochsenreither et al., 2016). Currently, the lipid
powder is manufactured using Schizochytrium sp and sold under the name
DHASCO-B by DSM (Fedorova-Dahms et al., 2014). In these processes,
microalgae are typically cultivated in artificial seawater and provided with
glycerol or glucose as carbon source. However, raw sugar as substrate may
become economically unfeasible in large-scale production (Du et al., 2021).
Efforts were undertaken to substitute expensive raw materials by crude glycerol

from biodiesel production (Lung et al., 2016; Pyle et al., 2008), wastewaters

28



(cheesemaking (Humhal et al., 2017); meat industry waste (Villarroel Hipp &
Silva Rodriguez, 2018); spent media (Bagul & Annapure, 2020)), lignocellulosic
hydrolysates (Patel et al., 2019), and many more to lower production costs.
Increasing efforts and resources are spent to optimize all aspects of the process,
including cultivation strategies, media optimization, bioreactor design, scale-up,
downstream purification, and genetic engineering, with the aim to establish a
cost-effective production process that is able to compete with fish oil-based
processes (Du et al., 2021). Especially in microalgae, genetic engineering is a
challenging task due to the complex nature of this novel biotechnological
workhorse. Although there are some methods available for genetic modification,
the efficiency of these methods remains poor today. In near future, newly
developed techniques might improve the genetic engineering of microalgae (Du
et al., 2021).

Besides, algae-based processes, the use of yeast and bacteria is an emerging
option to produce LC-PUFAs, although exclusively in an academic context.
Bacterial production was demonstrated in natural LC-PUFA producers like
Colwellia species for DHA production (Kusube et al., 2017), albeit at very low
growth rate and cell density (Wan et al., 2016). The same applies to the
production of EPA by Shewanella electrodiphila (Zhang & Burgess, 2017) or
recently discovered Vibrio strains (Estupifian et al., 2020). It is noteworthy that
all the stated bacteria were isolated in (deep) seawater, highlighting the unigue

role of LC-PUFASs in cold water as membrane structure modulators.

2.7.2 Heterologous producers of LC-PUFAs

Efforts have been undertaken to heterologously produce LC-PUFAs in
established biotechnological organisms such as Escherichia coli (Amiri-Jami &
Griffiths, 2010), lactic acid bacteria (Amiri-Jami et al., 2014) or Pseudomonas
putida (Gemperlein et al., 2016). In general, established workhorses have
several advantages over natural producers. When it comes to large-scale
production, natural producers may not always possess the necessary attributes
required for biotechnological processes. In short, a producer strain needs to
bring (1) robustness against the industrial conditions and contaminants (2) ease

of genetic engineering (3) tolerance (pH, temperature, osmotic stress, toxic
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compounds, reactive oxygen species (ROS), target product), (4) genetic stability,
(5) high growth rate, (6) high possible cell densities, (7) a broad substrate
spectrum, (8) use of biomass as byproduct, and a broad knowledge base
(Nielsen, 2019). These abilities are either already given by the strains’ nature or
are achieved by genomic modifications or adaptive laboratory evolution (ALE,
random mutagenesis). Every chassis strain once started as a wild-type organism
with moderate basic features. In a proposed chart for the development of a
chassis strain from scratch by Calero and Nikel (2019) the sequencing of the
genome is the first step to become a potential cell factory chassis, followed by
the establishment of robust genetic tools and metabolic models, which goes hand
in hand with the physiological characterization by all forms of -omics
technologies (genomics, transcriptomics, proteomics, metabolomics, lipidomics,
fluxomics). Lastly, the strain could be streamlined by reducing the genome
(deletion of undesired by-product formation and unnecessary cellular functions
and structures etc.) and the development of a mutant collection for more specific
applications. Understandably, no Swiss army knife was ever created; strain
properties might be beneficial for one application but detrimental for another.
Consequently, the selection of the right chassis strain is the base for a good

process.

Potential organisms from the fungus kingdom have been tested for LC-PUFA
production. Ashbya gossypii has been engineered to produce LC-PUFAs
including EPA and DHA by inserting genes for elongases and desaturases.
S. cerevisiae was engineered to produce the LC-PUFA eicosadienoic acid (EDA)
but poor viability due to LC-PUFA-triggered increase in ROS (Guo et al., 2019;
Johansson et al., 2016). Finally, oleaginous yeasts have proven suitable to
produce and store high amounts of FAs in form of lipid bodies, such as
Rhodosporidium toruloides (Arbter et al., 2019) and Yarrowia lipolytica,

rendering them ideal candidates for heterologous PUFA production.

30



2.8 Yarrowia lipolytica as an oleaginous cell factory

In addition to the advantageous properties and applications already discussed,
Y. lipolytica exhibits specific benefits and the necessary lipid machinery for the
hyper-production of lipids. It is able to naturally accumulate lipids up to 30-50%
of its cell dry mass (CDM) under certain starvation conditions. Meanwhile,
genetically engineered strains are reaching lipid contents of up to 90%, known
as obese strains (Beopoulos et al., 2009b; Blazeck et al., 2014; Dulermo &
Nicaud, 2011; Qiao et al., 2015). Y. lipolytica naturally maintains high metabolic
flux to the fatty acid precursors acetyl-CoA and malonyl-CoA. Lipid accumulation
is triggered by nutrient limitation, whereas nitrogen starvation is convenient to
realize thus the common choice (Beopoulos et al., 2009c). Additionally, excess
concentrations of the carbon source combined with iron, phosphate, inositol, or
zinc limitation stimulates de novo lipid biosynthesis (Beopoulos et al., 2009a).
When Y. lipolytica detects a nutrient starvation, it switches from the biomass
production to the lipogenesis, redirecting central carbon metabolism towards
lipid storage until the excess carbon source is depleted. In need for energy, lipids
are then catabolized on demand via B-oxidation. (Makri et al., 2010). As a result
of the lipid accumulation, Y. lipolytica naturally maintains an elevated acetyl-CoA
pool and a high pentose phosphate pathway (PPP) activity (Christen & Sauer,
2011). These properties render it an ideal chassis strain for all CoA
thioester-based products (Lazar et al., 2018). Y. lipolytica has been the subject
to produce SCOs, owing to its ability to produce the highest known
concentrations of linoleic acid (LA; 50% of total fatty acids (TFA) (Beopoulos et
al., 2009c; Liu et al., 2021). Y. lipolytica is able to intracellularly sustain up to
30% free FAs (Beopoulos et al., 2012; Tsigie et al., 2011). As demonstrated in
studies with S. cerevisiae, exposure to high concentrations of unsaturated fatty
acids result in elevated levels of reactive oxygen species (ROS) and radicals,
ultimately leading to cell death (Johansson et al., 2016). Due to the high level of
desaturation the risk for lipid peroxidation increases (Howlett & Avery, 1997),
which propagates leading to a chain-reaction of radical generation. Y. lipolytica
however exhibits high stress resistance towards oxidative stress in general. The
yeast activates antioxidizing enzymes (foremost superoxide dismutase) and cell

repair mechanisms upon oxidative stress (Lopes et al., 2009).
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In the past, intense research aimed at producing various types of FAs and
derivatives thereof. Wang et al. (2022) recently summarized the scientific efforts
to establish Y. lipolytica as workhorse for FAs with tailored chain-lengths,
opening the possibility to synthesize a broad lipid spectrum ranging from
short-chain FAs (SCFA; C6), over medium-chain (MCFA, C12) to very long-chain
FAs (VLCFA; C42) with variations in the degree of saturation (poly- or mono-
unsaturated, to fully saturated), and even odd-chain FAs (Gemperlein et al.,
2019; Park et al., 2020; Rutter et al., 2015; Wang et al., 2022).

Alternatively, PUFA-enriched biomass can be utilized directly e.g., as feed stock
or SCOs. Extracted and purified FAs find application in pharmaceuticals or as
food additives, thus belong to the group of nutraceuticals. A cornerstone of the
last decade was the establishment of a genetically modified (GM) Y. lipolytica
strain that has been engineered to produce EPA-enriched SCOs with a
concentration of 56.6% of TFAs. Strain and bioprocess were patented by DuPont
in 2009 (US2009/0093543A1), published in 2013 (Xue et al., 2013a) and since
then commercialized as EPA-enriched biomass or SCO for feed and food
applications: From 2010 to 2013, a SCO product for human consumption called
New Harvest™ was advertised as a fish alternative for vegetarians but was
eventually discontinued. Today, the EPA-rich biomass from DuPont is utilized for
the production of the LC-PUFA rich salmon Verlasso™ by the company
AguaChile (Madzak, 2021). The EPA process was the first commercialized
bioprocess relying on a GM Y. lipolytica. The genetic modifications comprised
the heterologous integration of elongases and desaturases with the aim to
extend the aliphatic chain starting with the native LA molecule (C18:2). EPA
yields were further improved by deleting competing pathways and adding
multiple gene copies of crucial enzymes (Xie et al., 2015; Xue et al., 2013a).
Using the same approach DuPont also patented a process for DHA production
(US8685682B2, US20060115881A1), but here they only reached 5.6% DHA of
TFAs (Wang et al., 2022).
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2.8.1 LC-PUFA production in Y. lipolytica expressing heterologous

myxobacterial polyketide synthase

Besides the above mentioned developments, recent efforts focused on the
expression of myxobacterial PKS-like PUFA synthases in Y. lipolytica
(Gemperlein et al., 2019). Strain Polh served as chassis to express multiple
myxobacterial PUFA synthases. Both native gene cluster variants and hybrid
constructs were tested, resulting in LC-PUFA-producing strains with distinct
LC-PUFA spectra depending on cluster design. Isolated soil bacteria
Aetherobacter fasciculatus (SBSr002) and Minicystis rosea (SBNa008) served
as donors for novel PUFA biosynthetic gene clusters (BGCs), along with a
4' phosphopantetheinyl transferase (PPTase), resulting in strains producing
either DHA or w6 LC-PUFAs (arachidonic acid, docosatetraenoic acid,
tetracosaenoic acid) as major FA, depending on the employed cluster. In order
to vary and extend the product spectrum certain PUFA BGC domains were
interchanged between the two cluster variants, resulting in strains with functional
hybrid gene clusters that allowed for the synthesis of novel FAs in the range of
C20:3 and C24:5. The combinatorial approach displays a promising tool to
manufacture tailor-made FAs or FA mixtures, as LC-PUFA biosynthesis with the
anaerobic PKS-based synthesis pathway demands significantly less redox power
in the form of NADPH, compared to the elongase/desaturase-based approach.
In particular for DHA, the PKS-based systems yielded DHA levels as high as
16.8% whereas the published results for DHA production by DuPont only reached
5.6% of TFAs. Consequently, the idea, i.e. strains and fermentation process
need to be further optimized and tested, as it displays a potential candidate for
an industrial application.
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3 Materials and Methods

3.1 Chemicals and Enzymes

All chemicals and kits were purchased from Sigma-Aldrich if not stated
otherwise. Restriction enzymes were FastDigest Enzymes from Thermo
Scientific, if not stated otherwise. Plasmid preparations were done with QlAprep
Spin Miniprep Kit (QIAGEN), PCR and Gel purifications of DNA were made with
Wizard SV Gel and PCR Clean-Up System (Promega).

3.2 Plasmids and Strains

E. coli DH10B (Thermo Fisher Scientific, Waltham, MA, USA) was used for
cloning purposes. The basic Y. lipolytica Polh (CLIB 882) was taken from
previous work (Gemperlein et al., 2019). Strains were maintained as glycerol
stocks at -80°C. The plasmids pUC19 (NEB, Ipswich, MA, USA), as well as
PACYC_assembly, pKG2-PIS and pSynPfaPptAf4, respectively (Gemperlein et
al., 2019), were used for cluster assembly. All used strains and plasmids are
listed in the supplement (Table S2 and S3).

3.3 Molecular design and genetic engineering

For the design of cloning strategies, the software SnapGene 6 (Insightful
Science, San Diego, CA, USA) was used. The workflow for assembly of different
PUFA cluster variants was as follows. In the first step, the gene sequence of
interest and the sequence of the Lip2t terminator were amplified from the plasmid
pSynPfaPptAf4. The corresponding promoter sequences were synthetized
(GenScript, Piscataway Township, NJ, USA). The different elements (promoter,
gene, and terminator) were then fused and integrated into the linearized vector
pUC19 using restriction enzymes and Gibson assembly. Optionally, the
respective number of UAS1B tandem repeats was integrated too (Smal). PCR
and sequencing were conducted to verify the correctness of each construct
(Genewiz, Leipzig, Germany). The plasmids were transformed into E. coli DH10B
by heat shock for amplification and isolation (Inoue et al., 1990).
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Four single-gene constructs were then assembled and integrated into
pACYC_assembly. The correct order of pfal, pfa2, pfa3, and ppt was achieved
using selective restriction (Sdal/ApaLl, Avrll/Pacl, ApaLl/Acll, Acll/Pacl,
FastDigest Enzymes, Thermo Fisher) and ligation cycles (Fast-Link DNA Ligation
Kit, Lucigen, Middleton, WI, USA). The plasmids were transformed into E. coli
DH10B by heat shock for amplification and isolation (Inoue et al., 1990). The
obtained four-gene clusters were validated by PCR and then integrated into the
plasmid pKG2-PIS using restriction (Sdal/Pacl, Thermo Fisher) and ligation
(Lucigen). The plasmid was amplified and isolated as described above, and once
again validated by PCR. Subsequently, the vector was linearized (Smil/Notl,
Thermo Fisher). The linearized DNA was integrated into Yarrowia lipolytica Polh
(YALIO_C05907g) using lithium acetate mediated heat shock transformation
(Barth & Gaillardin, 1996). In short, competent cells were prepared by
resuspending 5*107 cells in 600 pL lithium-acetate (LiAc) solution (0.1 M,
pH 6.0), followed by incubation for 1 h at 28°C. Afterwards, the cells were
harvested (4000 x g, 1 min, RT), resuspended in 40 uL of LiAc solution, amended
with 10 puL of Herring testes carrier DNA (10 mg mL! in TE buffer, denatured)
and 500 ng of linearized target DNA, and incubated for 15 min at 28 °C.
Afterwards, 350 pL of the LiAc-PEG solution (40% PEG 4000 in 0.1 M lithium
acetate, pH 6.0) was added, followed by further incubation for 1 h at 28 °C.
Finally, 40 uL DMSO was added, and the mixture was heat shocked at 39 °C for
10 min, resuspended in 600 pL LiAc solution, and plated on YNB-Gluio-Ns. After
3-4 days of incubation at 28 °C, the grown colonies were checked for the correct
integration by colony PCR. A positive clone was additionally checked for the
presence of each of the four PUFA genes and qualitatively evaluated for DHA
production using GC-MS analysis of its fatty acid composition after culturing in

glycerol-based medium (see below), prior to cryo-conservation.
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3.4 PUFA Cluster stability test

The presence of the four PUFA genes was tested in a shake flask experiment,
cultivating the strains for seven days in YNB-Glyi0o-Ns. Based on the cell count
to ODsoo correlation of 5.4*10° cells at an ODsoo=1 for Yarrowia lipolytica GB20,
the corresponding volume for 100 cells was plated out on a YNB-Gluio-Ns agar
plate.(Holkenbrink et al., 2018a) After 2-3 days incubation cells were checked by
colony PCR with primers Pr33/Pr34, Pr35/Pr34, Pr36/Pr37 and Pr38/Pr34,
probing the ORFs of pfal/2/3 and ppt, respectively.

3.5 Media

Brain Heart Infusion Medium (BHI, Becton Dickinson, Heidelberg, Germany) in
liquid or solid form was used to grow E. coli DH10B. For Yarrowia lipolytica Polh
YPD medium was used containing 10 g L*! yeast extract, 20 g L* peptone and
22 g L1 Glucose. All other Yarrowia lipolytica strains were grown in a chemically
defined medium (YNB-Gly/Gluio-Ns) with 1,7 g L' YNB (Sigma-Aldrich,
Darmstadt, Germany), 10 g L'* Glycerol or Glucose, 5g Lt (NH4)2SO4 and
200 mM MES (2-(N-morpholino)ethanesulfonic acid; pH=6.7). For solidification
of media 20 g L! agar (Becton Dickinson, Heidelberg, Germany) was used. For
plasmid selection 100 pg mL* Ampicillin, 25 ug mLt Chloramphenicol or

50 pug mL-!t Kanamycin was used.

3.6 Shake flask cultivation.

Cultivation experiments were conducted in 500 mL baffled shake flasks, filled
with 50 mL of medium and incubated on an orbital shaker (5 cm shaking
diameter, 230 rpm, Multitron, Infors AG, Bottmingen, Switzerland) at 28 °C and
80% humidity. The preculture was inoculated with a single colony from a two-day
pre-incubated plate culture, grown overnight, harvested (4000 xg, RT, 1 min),
and used to inoculate the main culture to a starting ODsoo of 0.1. All cultivations

were conducted in biological triplicate.
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3.7 Mini-bioreactor cultivation

Yarrowia lipolytica was cultivated in micro-bioreactors (BioLector 1, M2Plabs,
Baesweiler, Germany) in 48-well flower plates (M2Plabs) with pH optodes for
screening purposes in triplicates. Online measurement for growth (light
scattering at 620 nm) and pH (optodes) in 10 min intervals. Temperature was set
to 28 °C and humidity to 85%. Shaker speed was 1300 rpm, filling volume was
600 pL of YNB-Gluio-Ns medium. Wells were inoculated from an over-night
preculture (YPD) to an ODesoo = 0,1.

3.8 Determination of cell concentration

The cell concentration was inferred from photometric measurement at 600 nm.
An experimentally obtained correlation for Y. lipolytica allowed to infer the
concentration of the cell dry mass (CDM) from ODeoo readings: CDM [g L] =
0.424 x ODsoo (Glaser et al., 2020).

3.9 Quantification of extracellular metabolites

3.9.1 Quantification of glycerol and citrate

Glycerol and citrate were quantified by HPLC (Agilent 1200 series, Agilent
Technologies, Waldbronn, Germany) using an anion exchange column (300 x
7.8 mm, Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) at 45°C and
12 mM H2S04 at a flow rate of 0.5 mL minl. The analytes were detected via
refractive index measurement and quantified using external standards. The

method allowed to assess also other organic acids and alcohols.

3.9.2 Quantification of phosphate.

lon chromatography (Dionex Integrion, Thermo Scientific) was used to quantify
phosphate in culture samples. The set-up included a carbonate-selective anion-
exchange column (lonPac AG9-HC, lonPac AS9-HC, Dionex Integrion) at 35 °C
as stationary phase and 12 mM Na2CO3 (0.25 mL min'!) as mobile phase and
was operated with eluent suppression (ERS 500 suppressor, 20 mA, Dionex
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Integrion). Phosphate was detected using a conductivity analysis and quantified

via external standards.

3.10 Extraction and transesterification of fatty acids

An amount of 5 mg of CDM was transferred into a glass vial, collected (12,000 xg,
4 °C, 5 min), and dried in a vacuum concentrator (Savant DNA 120 SpeedVac,
Thermo Fisher) for 60 min at 65 °C and 9 mbar. Then, 300 pL of a mixture of
methanol, toluene, and 95% sulfuric acid (50:50:2; v/v/v) was added for
simultaneous extraction and transesterification into the corresponding fatty acid
methyl esters (FAMESs). Hereby, n-3 heneicosapentaenoic acid methyl ester
(HPA, 22:5, Cayman Chemical, Ann Arbor, MI, USA) was added as internal
standard. The mixture was incubated at 80 °C for 24 h. After cooling down to
room temperature, the reaction was neutralized with 250 uL of a stopping
solution (0.5 M NH4HCO3s and 2 M KCl in H20). After phase separation
(12,000 xg, RT, 5 min), the organic phase was taken further for analysis.

3.11 Analysis of FAMEs by GC-MS

The analysis was conducted on a GC-MS instrument (6890 GC, 5973 inert MSD,
Agilent Technologies), whereby the FAMESs were separated on a fused silica high
polarity column (HP-88, 30 m, 0.25 mm, 0.2 um, Agilent Technologies). Samples
(1 pL) were injected at a 5:1 split ratio using helium as carrier gas. The column
was initially kept at 110 °C for 1 min and then heated until 240 °C at a heating
rate of 4 °C min-t. The injector, the MS transfer line, the ion source, and the
guadrupole were kept at 250 °C, 280 °C, 230 °C, and 150 °C, respectively. After
a 5 min solvent delay, the mass detector was operated in scan mode (m/z 25 -
500). The analytes were identified based on retention time and fragmentation
pattern using a mixed synthetic standard (Supelco 37 Component FAME Mix,
Sigma-Aldrich) and pure DHA (Cayman Chemical). Quantification was based on

HPA as internal standard.
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3.12 Extraction and quantification of intracellular CoA thioesters

The analysis of CoA thioesters was performed as described previously (Glaser
et al., 2020). In short, broth (containing 8 mg CDM) was transferred into the four-
fold volume of an extraction and quenching buffer (95% acetonitrile,
25 mM formic acid, -20 °C), followed by the addition of an internal *3C-enriched
CoA thioester standard. After incubation for 10 min on ice, the solution was
clarified from debris (15,000 xg, 4 °C, 10 min). The obtained supernatant was
mixed with 10 mL of ice-cold deionized water. The residual pellet was washed
twice with 8 mL ice-cold deionized water. All extracts were combined, frozen in
liquid nitrogen, and freeze-dried. The obtained pellet was dissolved in
500 pL buffer (25 mM ammonium formate, pH 3.0, 2% methanol, 4 °C) and the
obtained solution was filtered (Ultrafree-MC, GV 0.22 um, Millipore, Germany).
The CoA thioesters in the filtrate were analyzed by LC-ESI-MS/MS (Agilent
Infinity 1290 System, QTRAP 6500+, AB Sciex, Darmstadt, Germany) (Glaser et
al., 2020). Hereby, separation was based on a core—shell reversed phase column
(Kinetex XB-C18, 100 x 2.1 mm, 2.6 ym, 100 A, Phenomenex) at 40 °C as
stationary phase and a gradient of formic acid (50 mM, adjusted to pH 8.1 with
25% ammonium hydroxide, eluent A) and methanol (eluent B) as mobile phase
at 300 pL min-t: 0-7 min, 0-10% B; 7—10 min, 10-100% B; 10—11 min,100% B;
11-12 min, 100-0% B; 12-15 min, 0% B. Multiple reaction monitoring (MRM)

was used for detection. Samples were analyzed in biological triplicate.

3.13 Gene expression analysis using qRT-PCR

Cells were quickly collected by centrifugation (20,000 xg, 4 °C, 1 min). The
obtained pellet was immediately frozen in liquid nitrogen. Total RNA was isolated
using the RiboPure RNA Purification Kit (Invitrogen). RNA concentration and
RNA quality was evaluated (NanoDrop 1000, Thermo Scientific, Agilent 2100
Bioanalyzer, RNA 6000 Nano kit, Agilent Technologies). Then, the RNA (250 mg)
was converted into cDNA (Maxima First Strand Kit, with dsDNase, Thermo
Scientific). The cDNA samples were diluted 1:100 in DEPC-treated water
(Invitrogen, Waltham, MA, USA). The analysis was conducted in a real-time PCR
system (QuantStudio 3 System, Thermo Scientific) using the PowerUp SYBR
Green Master Mix (Applied Biosystems, Waltham, MA, USA) and Microamp Fast
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Optical 96-Well plates (Applied Biosystems). Primers (Table S4) were designed
using Primer3Plus, Primer-BLAST, and OligoCalc, respectively, and
experimentally validated by PCR and a standard curve test (Kibbe, 2007,
Untergasser et al., 2012; Ye et al., 2012). For normalization, the 25S rRNA gene
(YalifMr30) was used (Jain et al., 2018; Kozera & Rapacz, 2013). Samples were

analyzed in biological triplicate.

3.14 Flux balance analysis in Yarrowia lipolytica

Based on a genome-scale metabolic model (iYali4; MODEL1508190002) from
Kerkhoven et al. (2016) a reduced model with 86 reactions of the central
metabolism, including 86 metabolites and 6 compartments (cytoplasm,
endoplasmic reticulum, mitochondria, peroxisome, lipid body, extracellular
space) was created, including the heterologous reactions for DHA synthesis. The
model includes relevant substrates (e.g. glucose, glycerol, acetate) and side-
products. Metabolic demand for biomass formation (based on S. cerevisiae) was
taken from Gruchattka et al. (2013). The software CellNetAnalyzer (MATLAB

based) was used for the flux balance analysis (Klamt et al., 2007).

3.15 DHA production in a fed-batch process

The production performance of the DHA-producer Y. lipolytica
Polh::pSynPfaPptAf4 was evaluated in a fed-batch process. Fermentation was
carried out in glucose and in glycerol-based medium using 1L DASGIP
bioreactors (Eppendorf, Jilich, Germany). The initial batch medium (300 mL),
contained per liter: 25 g glucose or 25.6 g glycerol, 5 g (NH4)2SO4 (C/N ratio 11),
1.7 g YNB w/o amino acids, 1 g KH2PO4, 200 MM MES (pH 5.5), and 1 mL
antifoam (Antifoam 204, Sigma, Germany). The process was inoculated with
exponentially growing cells from an overnight pre-culture. Feeding (600 g L
glucose or 600 g L glycerol) was started at a rate of 1.5 mL h'!, when the
substrate was depleted. During the feed phase, the level of the carbon source
was monitored online. The data were used to re-adjust the feed rate in order to
avoid a limitation of the carbon source. Cultivation temperature was maintained

constant at 28 °C. The pH and the pO:2 level were monitored online with a pH
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electrode (Mettler Toledo, GielRen, Germany) and a pO:2 electrode (Hamilton,
Hochst, Germany). The pH was kept constant at 5.5 + 0.05 by automated
addition of 6 M NaOH and 6 M HCI. The dissolved oxygen level was maintained
above 30% of saturation during the batch phase and was reduced to 5% during
the feed phase (Qiao et al., 2017) by variation of stirrer speed and aeration rate.
Data acquisition and process operations were controlled by the DASGIP control

software 4.0 (Eppendorf, Julich, Germany).
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4 Results and discussion

4.1 Medium design for the production of DHA in Y. lipolytica

Previous work has successfully expressed myxobacterial PKS-like PUFA
synthases in Y. lipolytica aiming to produce various LC-PUFAs, however, only
low quantities were reached in the unoptimized media (Gemperlein et al., 2019).
To make biotechnological processes more attractive for industrial applications,
high product titers must be achieved. Optimizing the medium is a crucial aspect
of making the bioprocess economical. The choice of carbon, nitrogen and
phosphate sources and their concentrations can have a significant impact on the
metabolic pathways and consequently on the synthesis of the target product
(Singh et al., 2017). This is particularly crucial for the lipid production in
Y. lipolytica, as lipid accumulation is governed by complex and multifactorial
regulatory mechanism (Bellou et al., 2016; Kolouchova et al., 2016). Accordingly,
we conducted experiments to test the initial medium and establish stable initial
conditions. Based on this, we further investigated the influence of various media

components on DHA production to determine the most influential factors.

4.1.1 Basic DHA production in chemically defined minimal media at stable

conditions.

YNB contains all vitamins, trace elements and salts needed for yeast growth
(Wickerham, 1946). Commonly, a nitrogen source is contained in the commercial
product, but also amino acids (AA) containing variants and versions for nutrient-
based selection are available. For the conducted media development, the base
variant without AA or nitrogen source was used. Optimal growth conditions,
carbon and nitrogen sources, as well as concentrations and ratios thereof were

tested.
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As a reference, chassis strain Polh was cultivated on the YNB-Gluio-Ns medium
(pH=5.8) with 50 mM potassium phosphate buffer (Figure 7). The strain grew
exponentially at a specific growth rate (umax) of 0.36 £ 0.01 to a biomass
concentration of 5.29 + 0.12 g L%, which corresponds to a biomass yield of
0.49 gcom galut. Biomass concentration slightly decreased in stationary phase.
As the culture reached stationary phase after 13 h, pH has dropped from the
initial 5.8 to 2.3, likely due to citrate secretion (Madzak, 2021). As a stabile pH
is a crucial parameter in strain analysis, different buffer systems and their

buffering capacity were further investigated.
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Figure 7: Cultivation profile of Y. lipolytica Po1h.

Cultivation was conducted in YNB-Gluio-Ns medium supplemented with 50mM potassium
phosphate, measuring substrate concentration and pH. CDM: cell dry mass.

Biological hydrogen ion buffers keep pH changes within an acceptable range and
thus assure reproducible and balanced growth of a microbe. Microorganisms
depend on a certain pH range that allows their cell machinery, especially
enzymes, energy generation and transport mechanisms, to function optimally.
Simple buffering agents such as citric acid, acetic acid or phosphate offer a
cheap solution for fermentation processes. However, these substances are
potentially metabolized and may have undesired side effects or interfere with

cellular processes, thus Norman Good and colleagues established a selection of
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biological buffers called Good’s buffers (Good et al., 1966). These currently
twenty buffers vary in their applicable pH range and pKa value and meet
important chemical criteria such as good solubility, low toxicity, membrane
impermeability and stability. As Yarrowia is known to secrete citrate and grows
best at a pH around 6, the two buffering agents MES and ACES with one of the
lowest pKa values of all Good’s buffers were chosen to be tested in Yarrowia
cultivations. MES offers the lowest pKa of all Good’s buffers with a maximum
buffer capacity at a pH of 6.1 (at 25 °C) and a usable pH range of 5.5 to 6.7.
ACES buffers in a slightly higher pH range of 6.1-7.5 with a pKa of 6.78. Together
with the initially utilized phosphate buffer, MES and ACES were tested at varying
concentrations and compared in the resulting growth rate and absolute pH drop
(Figure 8).
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[45]
T
o 0.5
0.0
0.2 -
A —
g 041
=
0.0 T

T T T T T T
50 100 150 200
Buffer conc. [mM]

Figure 8: Biological pH buffer test for Y. lipolytica cultivations.

Test was conducted in a microbioreactor system in triplicates for every condition. pH shift was
calculated in real time by on-plate reference wells for calibration. pmax was calculated from the
obtained growth data. ACES: N-(2-Acetamido)-2-aminoethanesulfonic acid, MES:
2-(N-morpholino)ethanesulfonic acid.
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The comparison was carried out in a micro-bioreactor, parallelly testing
15 conditions in triplicates in a 48-well flower plate. After the cultures reached
their maximal cell density, cultivation was stopped and analyzed for growth and
pH. The maximal growth rate of all buffer systems remained between 0.14 and
0.15 hl, whereas ACES and MES resulted in a stable and similar pmax for all
buffer concentrations, confirming the properties of Good’s buffer having no
influence on growth. Phosphate buffer seems to affect growth rate leading to
slight fluctuation in growth. As for the shift in pH throughout the cultivation, all
buffer systems improved by increasing the buffer concentration. An increase to
200 mM of each buffer led to moderate pH shift of 0.2, 0.16 and 0.07 for ACES,
MES, and phosphate buffer, respectively. Phosphate as a simple and cheap
buffer resulted in the best buffering performance and potential growth benefits,
whereas MES with its properties as a Good’s buffer exhibits sufficient buffering
capacity and has the most acidic buffering range. For further investigation MES
and phosphate buffer were selected to be tested in a standardized cultivation
setup (Table 1). Since the buffers have different pKa values, the initial pH was
set to 6.7 for phosphate and 5.8 for MES. Y. lipolytica is able to grow in a broad
range of pH from 3.5 to 8 (Sutherland et al., 2014), however within that range
cell morphology and growth rate differ. Y. lipolytica is more likely to grow in a
yeast-like morphology with decreasing pH (Ruiz-Herrera & Sentandreu, 2002).
Optimal growth was observed at pH 5.6 (Timoumi et al., 2017)

Table 1: pH buffer performance of MES and phosphate buffer.

Shake flask cultivations were conducted in YNB-Glu1o-Ns (n=3). pH shift was measured from
the difference from inoculation to the lowest point during cultivation. Initial pH in the media:
phosphate - 6.5 and MES - 5.8, respectively.

Buffering 100 mM 200 mM
agent Hmax [h7] pH shift Hmax [h71] pH shift
MES 0.26 % 0.02 2.20  0.08 0.26 + 0.02 0.55 + 0.01

Phosphate 0.27 £ 0.01 0.56 % 0.01 0.25 + 0.01 0.25 + 0.01

Both buffering enabled maximal growth rates independent from the chosen
concentration. pH dropped in 100 mM MES. Here, the buffer capacity was
insufficient to buffer at the lower acidic end of its pH range of 5.5 to 6.7. For all

other conditions moderate pH shifts of 0.55 and 0.25 for MES and phosphate,
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respectively, were measured. Consequently, both buffers were considered
suitable for a production medium and were further tested on DHA-producing
Yarrowia strains, since pH range and phosphate availability may influence DHA

biosynthesis.

DHA production tests were conducted with strain Y. lipolytica Polh::Af4, in
standard YNB-Gluio-Ns medium in combination with the preselected buffer
systems (Figure 9). As a reference, the base condition with 50 mM phosphate
buffer was set to pH = 6.5, as phosphate buffers best at neutral pH (Figure 9A).
The culture grew exponentially with a pmax of 0.23 + 0.01 h! reaching a maximal
cell concentration of 5.9 £ 0.1 g L'1. As for the wild type Y. lipolytica Polh, OD
decreased slightly in stationary phase and pH dropped by 3 from 6.65 to 3.5 and
increased again to 6 in stationary phase, likely upon citrate re-uptake, which later
analysis of extracellular citrate concentrations in Yarrowia cultivations revealed.
DHA concentration reached a maximal CDM of 5.7 mg gcowm™ after approximately
20 h. When increasing the buffer capacity to 200 mM phosphate, pH was stable
at around 6.5 whereas the DHA end concentration of 4.85 mg gcaw* was about
15% lower compared to 50 mM (Figure 9B). The maximal specific growth rate
was higher (0.32 + 0.01 h'!) although maximal cell concentration was lower
(4.85 g L1). First DHA accumulation could be detected 70 hours after glucose

depletion, about 30 h later than in the lower buffered condition.

MES buffered cultivations at 5.6 and 6.5 maintained their pH and reached DHA
end concentrations of 5.25 and 7.64 mg gcaw* after 210 h, respectively (Figure
9C and D). Both MES-based conditions reached similar maximum cell
concentrations (5.6 g L1) but differed in growth rate. At higher pH, cells grew
faster than at lower pH (0.34 ht vs. 0.28 hl). Due to the substitution of
phosphate buffer with MES, the phosphate level was decreased from 207.35 mM
(200 mM of phosphate buffer and 7.35 mM from YNB) to 7.35 mM (from YNB
only). This positively influenced DHA production regarding DHA content and
yield, which will be investigated in the later stages of media optimization in detail.
As the utilization of MES at a pH of 6.5 offers unaffected growth, stable pH and
improved DHA production performance, buffer system and pH were applied

further media development.
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Figure 9: Influence of buffer and pH on cell growth and DHA production in Y. lipolytica.

Cultivations were conducted in YNB-Gluio-Ns medium with four different buffer/pH setups. (A)
50 mM phosphate buffer; pH 6.5. (B) 200 mM phosphate buffer; pH 6.5. (C) 200 mM MES buffer;
pH 5.6. (D) 200 mM MES buffer; pH 6.5. Dotted line indicates carbon source depletion.
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4.1.2 Advanced DHA production by media design

For further media optimization, a combinatorial component test was set up to
improve DHA production. Thereby, three carbon and two nitrogen sources,
namely acetate, glucose, and glycerol, as well as ammonium chloride and
ammonium sulfate were tested. Additionally, the influence of YNB was included
in the study. Concentrations of the components were altered in such a way that
different C/N and C/P ratios were achieved. Yarrowia lipolytica as an oleaginous
yeast triggers the de novo lipid accumulation when sensing a nutrient limitation
in combination with an excess of the carbon substrate. Commonly, nitrogen
limitation is employed as a means of controlling metabolic shift, but other
constraints have been utilized in order to achieve this goal (Beopoulos et al.,
2009b). As indicated in the previous pH experiment, limitation in phosphate as a
substantial ingredient in YNB might positively influences DHA productivity. To
this end, YNB was once supplemented at recommended concentrations
(1.7 g L'1) and once at limited levels (0.85 g L) and growth and production was

compared.

DHA-producer strain Polh::Af4 was cultivated in shake flask at various growth
conditions and rated by relevant performance parameters, i.e., final DHA titer,
product and biomass yield (Table 2). The cultivations were conducted in shake
flasks experiments with a duration of around seven days (~180 h) and analyzed
for substrate, ammonium, citrate as a side product, DHA, total lipid, and biomass.
From these values the performance of the condition was evaluated. The media
composition of each condition is stated in Table 2. As a reference, initial DHA
production setup, as well as two previous setups were analyzed (Table 2;
Conditions 0-3).
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Initially, different nutrient limitations were tested (Figure 10). To achieve the
desired restriction, the carbon source concentration was increased to ~1 C-mole
concomitant with an excess in carbon. A common approach to trigger lipid
accumulation is the application of high ratios of C-to-N (Table 2, Condition 3;
Figure 10A). At C/N of 35, ammonium and glucose depleted after 20 and 40 h,
respectively and a maximal cell concentration of 13.4 g L* could be achieved.
DHA production started during stationary phase at around 90 h reaching 0.6 mg
gceowL. Citrate accumulated extracellularly in the late exponential phase peaking
at 3.4gL?! and was subsequently reconsumed. When halving the YNB
concentration to 0.85 g L1, DHA production performance improved and a final
titer of 1.9 mg gcow! was reached (Table 2, Condition 4; Figure 10B). The
reduction of YNB led to a constraint supply of essential vitamins, and trace
elements, of which several have been reported to modulate de novo lipid
biosynthesis (Beopoulos et al., 2009a). Additionally, a reduction in phosphate
and magnesium supply has been suggested as potential cues to initiate lipid
accumulation (Bellou et al., 2016; Wierzchowska et al., 2021). As each YNB
component may potentially have beneficial or detrimental effects on fatty acid
and lipid biosynthesis investigation of each component will likely allow for further

modulation of DHA production.

In the next scenario, both nitrogen and phosphate were lowered compared to the
carbon source glucose (C/N ratio 35, C/P ratio 269) to provoke lipid accumulation
(Kolouchové et al., 2016). The substitution of phosphate buffer by MES buffer,
resulted in a 5-fold increased DHA production (Figure 10C, Figure 11B).
Compared to phosphate buffer-based growth, maximal cell concentration was
reached significantly later at ~80 h, specific growth rate was 11% lower and

maximal cell density was 25% lower.

The lowered initial phosphate concentration of 3.6 mM potentially results in an
early restriction of phosphate, which triggers the transition from exponential
growth phase to lipid accumulation phase, in which growth slows down
(Papanikolaou & Aggelis, 2011). In this phase, total lipid content increases until
the carbon source is depleted. The excess carbon in form of citrate is channeled
from the mitochondria into the cytosol via the citrate-malate shuttle where it is

cleaved by ATP-citrate lyase (ACL) into acetyl-CoA and oxaloacetate:
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Citrate + HS-CoA + ATP - Acetyl-CoA + oxaloacetate + ADP + P;j

Excess citrate which cannot be converted is exported into the medium.
Consequently, elevated citrate level of up to 12 g L were detected in the culture
supernatant, which was slowly re-consumed by the cells (Figure 10C). This setup
resulted in 10 mg gcow* DHA with a final titer of 79 mgona L't. An unrestricted
supply of ammonium (C/N 13) in combination with MES buffer led to minor
improvement DHA production performance underlining the importance of
phosphate limitation over that of nitrogen (Figure 10D). In this setup
11.4 mg gcow™* was reached with a titer of 105 mgpra L1 (Table 2, Condition 6;
Figure 10D).

Final performance indicators are summarized in Figure 11 A and B. Intracellular
DHA concentration could be increased 18-fold, the DHA fraction in total fatty
acids about 7-fold (Figure 11A), achieved by restriction of YNB and phosphate
supply. Less pronounced, the unlimited supply of nitrogen allowed for even
higher DHA titers exceeding 100 mgpHa L™t within 190 h, which corresponds to a
space-time yield (STY) of 0.55 mgpna L h-! (Figure 11B). An improved cell
viability and consequently a higher cell density though positively affected DHA

accumulation.
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Figure 10: Investigation of the influence of buffer system, C/N and C/P ratio, as well as
YNB supplementation on DHA production in Y. lipolytica Polh::Af4

Cultivations were conducted in shake flasks for 190 h with various media setups. Puffer
concentration was 200 mM. (A) N limitation: C/N = 35, phosphate buffer, 1.7 g L-* YNB. (B) N
limitation: C/N = 35, phosphate buffer, 0.85 g L-* YNB level. (C) N+P limitation: C/N = 35 and
C/P = 269, MES buffer, 0.85 g L' YNB. (D) P limitation: C/N = 13, C/P =269, MES buffer.
Dotted lines indicate carbon source depletion and entry into stationary phase.
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A comparable picture emerged when glucose was replaced by glycerol. Again,
the substitution of phosphate buffer with MES resulted in an overall superior
production performance (cultivation profiles not shown, Figure 11C & D).
Glycerol has been described as the preferred substrate for Y. lipolytica,
particularly offering fast growth rates and high substrate uptake rates regardless
of various concentrations (Rywinska et al., 2013; Workman et al., 2013). Crude
glycerol from biodiesel production displays a cheap substrate (Gao et al., 2016)
and Y. lipolytica exhibits a high tolerance against toxic compounds and
hydrophobic substances. As glycerol forms the C3 backbone of triacylglycerides
(TAGSs) it displays a metabolically cheap precursor in this regard (Dulermo &
Nicaud, 2011). Upon examining the stoichiometry of glycerol assimilation and
generation of the precursor acetyl-CoA in the cytosol, it is found that an extra
NADH and ATP is generated in comparison to an equimolar (C-mole) amount of

glucose:

1 Glycerol +1 ADP +3 NAD* +1 CoA > 1 Acetyl-CoA +1 ATP +3 NADH
0.5 Glucose +2NAD* +1 CoA > 1 Acetyl-CoA +2 NADH

In Y. lipolytica, glycerol can entry central carbon metabolism by (1) oxidation to
dihydroxyacetone and subsequent phosphorylation to dihydroxyacetone-
phosphate (DHAP) or (2) phosphorylation to glycerol-3-phosphate (G3P) and
oxidation to DHAP. Both cases result in the generation of one reduction
equivalent (NADH/FADH2) and consumption of one ATP.
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Figure 11: DHA production improvement by optimization of media composition.

Shake flask cultivations of Y. lipolytica Polh::Af4 were carried out in triplicates. Performance
parameters were determined after 200 h of cultivation. YNB-based medium varying carbon
source, nitrogen source, YNB concentration and buffer system was used.
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Overall, the substitution of glucose with glycerol doubled the final titer in both
phosphate and MES-based media improving from 20 mgora L™* to 48 mgpHa L
and 39 mgpra Lt to 78 mgoHa L1, respectively (Figure 11D). When equimolar
mixtures of glucose and glycerol were supplied, both substrates are co-
consumed from the start of the cultivation, however glycerol is consumed with a
higher rate, thus depleting first while glucose consumption is suppressed
(Yuzbasheva et al., 2018). Y. lipolytica generally prefers glycerol over glucose
(Workman et al., 2013), which is converse to most organisms preferring glucose
as the most abundant monosaccharide in nature (Erian et al., 2022).
Interestingly, the overall performance of the 1:1 mixture corresponds to the
averaged performance when using each substrate individually (see Table 2),

thus was not significantly beneficial.

Acetate is assimilated into the metabolism by the Acetate—Co0A synthetase
(ACS) forming acetyl-CoA.

1 Acetate +1 CoA +1 ATP > Acetyl-CoA +1 AMP +PP;

Since this is the starter unit for DHA and precursor for malonyl-CoA as an
elongation unit, an acetate-based cultivation displays an interesting carbon
source for fatty acid synthesis (Liu et al., 2016). When grown on 300 mM acetate
(0.6 C-mole), an intracellular DHA concentration of 16.4 mgpra gcom™t with
16.8% DHA of TFA could be achieved (Table 2, Condition 11). Nevertheless, the
use of acetate resulted in low biomass concentrations and low biomass yields,
which eventually leads to low overall titers. Additionally, acetate uptake involves
a protonation, resulting in basification of the media, which had to be neutralized
by acid titration. Consequently, to exploit the full potential of acetate, further
investigations are needed. Applying a mixed carbon source potentially renders a
possibility to overcome the low biomass yield, either as a batch or two-phase
fed-batch, where acetate feeds in the de novo lipid synthesis, whereas glycerol

would be metabolized for biomass generation.

To support the findings, flux balance analysis (FBA) was conducted for the
carbon sources acetate, citrate, glucose, and glycerol (see Figure S 1 to S5), to

estimate maximal theoretical DHA yields thereof (Figure 12). The calculated
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values represent maximal product yields based on the optimal stoichiometric flux
distribution through central carbon metabolism. As DHA requires a certain ratio
of precursors, an optimal carbon source would facilitate an efficient metabolic

flux resulting in the respective ratio of precursors and cofactors:

11 Acetyl-CoA +10 ATP +10 CO2 +14 NADPH - 1 DHA +10 (ADP + P;) +14 NADP

Apart from the precursor acetyl-CoA, metabolic pathways for ATP and NADPH
generation need to be active. For acetate and citrate sufficient ATP is generated
in the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (Figure S 5
and Figure S 4). For NADPH generation the pentose phosphate pathway (PPP)
is used, whereas malic enzyme (MAE) is not active under simulated optimal
DHA-producing conditions. The preference of PPP over MAE has been reported
in vivo, where the ratio has been found to be 2:1 (Wasylenko et al., 2015). As
acetyl-CoA is directly generated from acetate and citrate no other pathway needs
to be active in this regard and resulted in a theoretical yield of 0.18 g g* and

0.19 g g}, respectively (Figure 12).

Glucose on the other hand is metabolized through glycolysis and PPP, thus
generating sufficient amounts of ATP and NADPH without the need activate the
TCA cycle (Figure S 3). ATP is additionally generated by oxidative
phosphorylation from NADH and other reducing equivalents. Pyruvate is
converted into citrate in the mitochondria and then exported via the citrate-
malate shuttle. In the cytoplasm, ATP citrate lyase (ACL) generates acetyl-CoA
for DHA synthesis. The residual cytoplasmic oxaloacetate is converted into
malate which is again needed to drive the citrate-malate shuttle. The same
distribution was found when feeding glycerol, whereas PPP was less active since
an annotated glycerol dehydrogenase (GCY1l) could potentially generate
additional NADPH (Figure S 1). As for the obtained results from the direct
comparison of glucose and glycerol, the theoretical yield for glucose was found
to be lower than the yield for glycerol-based metabolism with 0.27 and 0.3 g g%,
respectively (Figure 12). Interestingly, an equimolar (C-mole) amount of glycerol
and glucose, results in yields and flow distributions representing the means of
the single substrates (0.285 g g''), which was found in the in vivo experiments

as well.
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Figure 12: Flux balance analysis for DHA production on different carbon sources.

Theoretical product yield per gram of substrate was calculated by FBA in CellINetAnalyzer from
the relative flux values. For the mixture of glucose and equimolar (C-mole) ratio was assumed.

Next to carbon sources, two nitrogen sources, namely ammonium sulfate and
ammonium chloride were compared to investigate their influence on growth and
production (Table 2; Condition 8 and 9). However, only minor improvement was

achieved when (NH4)2SO4 was used. It was therefore selected for further use.

Concluding the media development, phosphate restriction and the use of glycerol
a carbon source showed the biggest improvements (Figure 11). Additionally, a
lower level of YNB and excess nitrogen in form of ammoniumsulfate are
advantageous for DHA production. As acetate shows promising results, further
investigations are needed to fully elucidate its potential as carbon substrate. In
a later step, the most promising settings were tested in small-scale bioreactor
fermentations to test production performance in an industry-like production

setup.
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4.1.3 Comparison between shake flask and bioreactor production

Since biotechnological production processes are usually realized in large
fermenters, the transfer from shake flask to bioreactors is critical first step in
scale-up and commercialization of a new bioprocess. Due to the automatic
monitoring and control of process parameters like temperature, pH, dissolved
oxygen or foam formation, production performance might strongly differ from that
in shake flask experiments. One key factor is the supply of dissolved oxygen,
which is often inadequate in shake flasks due to limited measurement and control
capabilities. In contrast, bioreactors allow for precise regulation of dissolved
oxygen levels. Another advantage of bioreactor setups is the ability to maintain
a stable pH with minimal fluctuations, whereas pH control in shake flasks heavily
relies on buffer capacity. Temperature control, on the other hand, is generally
expected to be well-maintained at both systems and is less likely to pose

challenges during the transfer process.

The influence was assessed by conducting parallel cultivations of Y. lipolytica
Polh::Af4 in both shake flasks and a bioreactor under identical conditions
(Figure 13A and B; Table 3, Condition 1 and 2). The experimental conditions
were determined based on the findings from the previous media evaluation,
resulting in the use of higher concentration of glycerol (30 g L't; C/N=13), and
MES buffer. In addition to these conditions, the bioreactor cultivation was carried
out without the use of a buffer and with a lower pH (Figure 13C and D; Table 3,
Condition 3 and 4). Each experiment was inoculated from the same preculture
and the same medium was supplied (except buffer system).

The shake flask culture showed normal growth and glycerol consumption. CDM
reached maximum levels of 16.5 g L'* and decreased to 13 g L'! by the end of
the cultivation. The pH decreased from 6.5 to as low as 5.6 as a result of citrate
secretion (max. 4.5 g L'!). However, towards the end of the cultivation, the pH
increased to 6.2 due to the partial reuptake of citrate. DHA production started
after ~50 h and reached intracellular levels of 17.5 mgoxa gcom™? and a titer of
230 mgoHa Lt (Figure 13A; Table 3, Condition 1). In contrast, the corresponding
condition in the bioreactor exhibited significantly poorer performance, with only
63.5 mgona Lt and 5.8 mgpra gecom? achieved (Figure 13B; Table 3; Condition
2). Although the cell concentration reached similar levels (15.8 g L), it
decreased to 10 g L'! over time. Citrate levels were lower (max. 0.2 g L'!) and

58



was fully consumed after 160 h. The bioreactor without buffer and with the lower
pH (Figure 13C and D) showed similar behavior in all tested parameters. DHA
levels were slightly lower compared to the reference bioreactor condition, with

concentrations of 50.4 and 53.2 mgona L? (Table 3, Condition 3 and 4).
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Figure 13: Cultivation profiles of Y. lipolytica Polh::Af4 in bioreactor and shake flask.

Cultivation was conducted in YNB-Glyso-Ns (n=1), T = 28 °C (A) Shake flask cultivation with
MES buffer at pH=6.5, No pH or DO control (B) Bioreactor cultivation with MES buffer at pH=6.5;
(C) Bioreactor cultivation without buffer at pH=6.5; (D) Bioreactor cultivation with MES buffer at
pH=5.6; pH for Bioreactor cultivations were maintained using 5 M HCl and 6 M NaOH. Dissolved
oxygen was kept at 5% adjusting the stirrer rate. Coefficients of variation (CVs) across
biological replicates were below 5% for biomass, substrate, and below 10% for PUFA and native
fatty acid content.
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Table 3: Comparative analysis of DHA production in shake flask and bioreactor.

Cultivation was conducted in YNB-Glyso-Ns (n=1), MES buffer, T = 28 °C. For the bioreactor
cultivation pH was maintained at 6.5 using 5 M HCl and 6 M NaOH. Dissolved oxygen was kept
at 5% adjusting the stirrer rate. Shake flask cultivation: No pH or DO control.; Coefficients of
variation (CVs) across biological replicates were below 5% for biomass, substrate, and below
10% for PUFA and native fatty acid content.

4 Condition H Titer DHA Yeix Yeis
description P [mgoHa L] [% of TFAS] [mgoHa geom]  [MgbHa geiyl]
Shake flask

1 pre putter 65 229.8 14.4 17.5 7.66

o Bioreactor 6.5 63.5 6.7 5.8 2.11
MES buffer : : : : :

3 Bioreactor 6.5 50.4 5.2 4.2 1.68
no buffer

4 Bioreactor 5.6 53.2 7.6 5.0 1.80
MES buffer : : : : :

The observed differences in DHA production performance between cells grown
in uncontrolled shake flasks and controlled bioreactors suggest variations in the
metabolic mode between these two growth environments. While medium
composition and temperature are consistent, the controlled pH and dissolved
oxygen (DO) levels in the bioreactor may have a negative impact on DHA
production.

In the shake flask setup, the pH dropped to 5.6, while in the bioreactor, the pH
was strictly maintained at 6.5. Interestingly, when the pH in the bioreactor was
lowered to 5.6, the production levels were nearly the same as those observed at
pH 6.5, indicating that a less restricted pH control, allowing for a pH range, might
be beneficial for DHA production. Y. lipolytica is known to be sensitive to the
availability of dissolved oxygen (Bati et al., 1984; Kav&c&ek et al., 2015), favoring
citrate and lipid accumulation under uncontrolled oxygen-limited conditions by
down-regulating the TCA flux (Sabra et al., 2017). The strict oxygen supply of
5% may have an detrimental effect on DHA production. In contrast, in the shake
flask setup where oxygen is not controlled and potentially becomes insufficient
at a later stage, a metabolic shift may occur, which could explain the higher DHA
production observed. Other factors such as stirring and aeration may also
influence cell viability, morphology or metabolism. The transition from shake
flask to bioreactor-based DHA production appears to be a challenging task when

using Y. lipolytica, as multiple factors and their interaction may perturb biomass
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growth, by-product secretion (i.e. citrate) and DHA biosynthesis. The influence
of oxygen, in particular, should be further investigated as it plays a critical role
in growth and lipid accumulation in Yarrowia. These preliminary observations
provide interesting insights for future experiments in optimizing the bioprocess

for DHA production.
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4.2 Adapted PUFA cluster architecture

In the previous work the myxobacterial PUFA cluster was adapted by exchanging
parts of the PUFA genes yielding hybrid PUFA clusters from different species, in
order to alter the product spectrum (Gemperlein et al., 2019). The peripheral
design, in particular the promoter architecture was never changed. It is, however,
well known that the expression of genes in Y. lipolytica is based on a complex
genetic architecture, that involves various elements of control such as distal and
proximal upstream activating enhancers, promoters, terminators, and intron
sequences. The combinatorial use of such elements offered space for additional
improvement of DHA production (Le Hir et al.,, 2003b; Portela et al., 2017,
Shabbir Hussain et al., 2016), given the fact that our present knowledge on how

to express myxobacterial genes in the yeast is low.

Here, we explored different designs to overexpress the four-gene Af4 cluster for
DHA overproduction in Y. lipolytica. In an initial test round, different core
promoters, UAS tandem repeats, terminators, and introns were systematically
combined which yielded a set of different PUFA clusters to be genomically
integrated into the yeast. The obtained mutants were evaluated for performance.
In addition, multi-omics analysis unraveled several features of the strains,
including (i) genetic stability, (ii) individual expression levels of the PUFA genes,
and (iii) intracellular availability of the DHA precursors acetyl-CoA and malonyl-
CoA. Based on the gained understanding, further optimization cycles iteratively
balanced and optimized the expression of the individual genes in the cluster.
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4.2.1 Constitutive TEF promoter based PUFA cluster expression.

Towards recombinant DHA overproduction in Y. lipolytica, we aimed to optimize
the expression of a myxobacterial four-gene cluster, encoding a polyketide-like
PUFA synthase (Gemperlein et al., 2014). To streamline the experimental
workflow for the construction of different cluster variants, we set up a modular
cloning approach. Inspired by the recently developed YaliBrick concept for smart
genetic engineering of the yeast (Wong et al., 2017b), we used a set of highly
specific restriction enzymes to create unique cleavage sites during cloning
(Smal, Sdal, ApaLl, Acll, Avrll, Pacl, Ajul, Notl, Smil) which enabled a
straightforward combinatorial assembly of the cluster genes with different
genetic control elements of interest in the correct order (Figure 14, Figure 15A).
This approach also allowed for an easy replacement of individual sequence
elements during later optimization. At the start, we designed a basic cluster that
expressed each of the four genes (pfal, pfa2, pfa3, ppt) under control of the
constitutive TEF promoter (Pter), a common promotor used by various labs for
overexpression in Y. lipolytica (Muller et al.,, 1998). In the first step of
construction, individual gene-terminator fusion constructs were integrated into
plasmids that carried the well-characterized Pter promoter upstream of the
integration site. The plasmids were amplified in E. coli and used to obtain the
corresponding promoter-gene-terminator cassettes (Figure 14A). The four
single-gene cassettes were then cloned stepwise into an assembly vector using
restriction digest which provided the entire synthetic 19.1 kb PUFA cluster in the
vector (Figure 14 B and C)

63



(A)

Pfal Ter 0}( Pfal Yﬁ.pau

[ ' | I

Pfa2 Ter Gibson "X’ Pfa2 E}(”Ao |
| | Vector Assembly | I

Pfa3 Ter with an Pfa3 FXOA-«ru
[ | promoter | .

Ppt Ter an Ppt ')(opacl
| I |

(B)
sdal Y0 ApaLi avrit YA Paci ApaLl WACII acll A % paci

Empty L|gat|on ngatmn Ligation ' Ligation

assembly As sembled
vector ‘ Cluster

Sdal<)("y Pfal c)(QJNJHLI Avrl IPXj Ppt c)(‘PacI ApaLI? Pfa2 YACH ACHX" Pfa3 YP\W" ‘X)Sda\
| I | | | ]

(©)
SdaInX: Pfal Sdal+Pacl
! —) pes
HR1 HR2
Pfa2 L I,
Ligation ' . Restriction ' . . Integration
Empty Complete Linearized
Pfas + shuttle —> shuttle — > cluster —>
¥ —) ector shutle ‘
Pacl Ppt of' ‘%‘
- Notl Smil

Figure 14: Genetic workflow for engineering the genome of Yarrowia lipolytica using
highly specific restriction enzymes to enable correct modular assembly of synthetic four-
gene clusters.

The workflow involves amplifying the single PUFA cluster genes (pfal-3 and ppt) and fusing
them with the Lipt2t terminator. The resulting gene fragments are then integrated into a pre-
configured promoter vector using Gibson assembly, and the vector is linearized using the
restriction enzyme Ajul (A). The single gene cassettes are subsequently integrated in a defined
order (pfal, ppt, pfa2, and pfa3) using unique restriction sites (B) to create the complete four-
gene cluster. The final step involves integrating the cluster, flanked by two homologous regions,
into a shuttle vector using restriction and ligation. The cluster is then linearized for chromosomal
integration into Y. lipolytica (C).
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Genomic integration of the cluster into the non-producing host Y. lipolytica Polh
yielded strain Y. lipolytica TEF Af4. When grown on a glycerol-based minimal
medium the mutant formed 0.8 mg g* of DHA within 185 h, displaying 1.3% of
total fatty acids (Figure 15B). Hereby, the strain exhibited consumed all glycerol
during an initial phase of exponential growth (1 = 0.34 h') and reached a
maximum concentration of cell dry mass of 6.3 g L' (Figure 16A). Citrate, an
often-observed overflow metabolite of the yeast, was formed only in traces
(< 1 mM). DHA was only detectable after 85 h. The parent non-producing host
Y. lipolytica Polh did not form DHA (as expected) but otherwise revealed similar
growth behavior (data not shown). Taken together, a simple Af4 cluster design
was sufficient to enable DHA formation in Y. lipolytica. However, DHA was
formed only at low level, and it was surprising to see that the product
accumulated only during the late stationary phase, given the presumably

constitutive nature of the used promotor (Wong et al., 2017a).

Towards improved production, we created four Prer-based variants. In
comparison to the basic strain TEF Af4, the second-generation mutants
comprised different sets of additional genetic control elements, upstream and
downstream of the TEF promoter. Hereby, the established workflow proved very
efficient, as the new design could be quickly, easily, and precisely realized. The
incorporation of the 5’ TEF intron between the promotor and the corresponding
gene resulted in strain Y. lipolytica TEF INT Af4 which, favorably, revealed
four-fold increased DHA production (Figure 15B). The implementation of blocks
of four upstream activating elements, upstream of each of promotor, resulted in
the production of nine-fold more DHA in Y. lipolytica UAS1B4 TEF Af4, as
compared to the parent strain (Figure 15B). Y. lipolytica UAS1B4 TEF INT Af4,
comprising both modifications, achieved an even higher DHA content of
7.3 mg gcom? (Figure 15B). Favorably, the two modifications acted
synergistically. It was interesting to note that strain UAS1B4 TEF INT Af4 visibly
formed DHA already after 40 h, and that the cells maintained high productivity
until the end of the process, while the overall growth behavior remained rather

unaffected.

Previously, it had been shown that more than four UAS1B copies can result in
even stronger gene expression in Y. lipolytica (Blazeck et al., 2011b). This option
appeared promising to be tested, because the UAS1B elements were obviously
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beneficial for DHA overproduction (Figure 15B). Therefore, we constructed an
extended 26.3 kb cluster variant that additionally comprised a block of sixteen
UAS1B elements in front of each Prer. The synthetized and assembled cluster
was genomically integrated into the wild type, yielding strain UAS1B16 TEF INT
Af4. Different to the expectation, this version, however, did not produce any DHA
(Figure 15B) but was otherwise unaffected in substrate use, growth, and biomass

formation (Figure S 6).

Taken together, all Pter-based strains (except the one with sixteen UAS1B
repeats) enabled DHA production. As shown, the genetic architecture of the
heterologous PUFA cluster influenced the achieved DHA level, indicating that
the production performance was transcriptionally limited. All Prer-based strains
exhibited similar characteristics regarding the use of glycerol and phosphate as
well as growth. Therefore, neither the expression of the PUFA cluster nor the
accumulation of DHA production seemed to have an impact on the gross
metabolic strain characteristics.
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Figure 15: Metabolic engineering of Yarrowia lipolytica for the overproduction of
docosahexaenoic acid (DHA) using synthetic heterologous gene clusters with different
genetic architecture.

The study explored different genetic control elements in a combinatorial manner, including
UAS1B elements of different length, the two core promoters Pter and Pminceuz, the 5' TEF intron,
200 bp spacers, and the Lip2t terminator (A). The first-generation strains based on the TEF
promoter are shown in panel B, along with their corresponding genomic layouts and DHA
production performance. The third-generation strains based on the minLEU2 promoter are
shown in panel C and D. Intracellular DHA levels were measured in glycerol-grown cultures
after 185 hours. The data represent the mean value and the standard error (n=3).
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4.2.2 Stationary-phase minimal LEU2 promoter based PUFA cluster

expression.

As shown above, the recombinant strains formed DHA mainly during the
stationary phase (Figure 16). We therefore included the minimal LEU2 promotor
(PminLeu2) for further development. This promotor was supposed to act as a quasi-
constitutive promoter (Madzak et al., 2000) with high activity during the early
stationary phase (Nicaud et al., 2002). We constructed a set of third-generation
strains, following the established modular workflow. For comparison, we included
different numbers (4 and 16) of UAS1B tandem repeats. Two genomic mutants
were generated, namely Y. lipolytica UAS1B4 LEU2 Af4, and UAS1B16 LEU2
Af4, respectively (Figure 15C). After validation by PCR and sequencing, the two

strains were evaluated.

The variant with four UAS1B tandem copies accumulated 8 mg gcom® DHA
(Figure 16C), significantly more than the corresponding Pter counterpart. The
strain UAS1B16 LEU2 Af4 was found less efficient (Figure S 6). We focused on
the UAS1B4 strain for a fourth optimization round. The additional insertion of
TEF introns at the 5’ end of each gene increased DHA production to 10 mg gcom™?
in the mutant Y. lipolytica UAS1B4 LEU2 INT Af4, almost 25% more than in the
strain without the intron (Figure 16D). Alternatively, we placed 200 bp spacer
sequences between each terminator and promoter sequence, to reduce the
competition for protein binding (Song et al., 2016). Likewise, this yielded
improved DHA production. Finally, we used introns and spacers in combination
and constructed the fifth-generation strain Y. lipolytica UAS1B4 LEU2 INT S Af4
(Figure 15C). When evaluated in the production set-up, it achieved 12 mg DHA
gcom?t, the highest value among all constructed producers. In this regard, the
best setup enabled 16-fold better production than the Prer-based design used
initially.
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lipolytica mediated through

synthetic PUFA clusters with a streamlined genetic architecture.

Time [h]

of glycerol depletion is indicated by a dotted line. The data display mean values and standard

The strains were cultivated in a glycerol-based minimal medium over 185 hours. The time point
errors from three biological replicates. NFA = native fatty acids.

Figure 16: Enhanced DHA production in recombinant Y.



As shown, we created a spectrum of novel DHA-producers by combinatorically
exploring a set of regulatory control elements, including the promoters Prer
(Dulermo et al., 2017a) and Pmin,ev2 (Gemperlein et al., 2019), upstream
activating sequence blocks (UAS1B) of different lengths (Blazeck et al., 2011b),
introns (Tai & Stephanopoulos, 2013), and intergenic spacers (Song et al.,
2016). We generally designed the different cluster variants in monocistronic
form. Each gene was expressed from its own promotor and separated from
upstream transcription by a terminator. This architecture was chosen to avoid
transcriptional inhibition effects that may have resulted in the case of multi-gene
expression from one promoter (Shearwin et al., 2005) and non-functional mMRNA
maturation, observed for pseudo-operon configurations in the yeast (Wong et al.,
2017hb).

The different synthetic cluster mutants strongly varied in DHA accumulation
(Figure 15, Figure 16). The configuration with blocks of four UAS1B elements
upstream of the PminLeu2 and an intergenic spacer, upstream of the promoter,
respectively, worked best. The corresponding mutant accumulated 20% more
DHA than the second-best strain and sixteen-fold more than the basic strain that
expressed a minimal cluster. This finding demonstrated that (i) DHA production
efficiency was transcriptionally limited. Furthermore, it revealed the potential of
streamlining the promoter architecture of bacterial multi-gene clusters for

optimized performance in Y. lipolytica.

As shown, strains that expressed the DHA-cluster under control of Pter yielded
less product (Figure 15). This finding was a bit surprising, given the fact that Pter
mediates strong constitutive expression and is often preferred for metabolic
engineering of Y. lipolytica (Blazeck et al., 2011a; Dulermo et al., 2017b; Sun et
al., 2022). Here, it was indeed active in all culture phases, but Ptege-driven
expression fluctuated over time (Figure 18). A previous study of the related
promoter of the gene TEF1 in Pichia pastoris encoding the translation elongation
factor alpha-1 revealed growth-associated expression (Ahn et al., 2007). In this
regard, the expression of the cluster under control of Prer might not have
optimally matched with DHA biosynthesis, occurring only during the stationary
phase (Figure 16). On the other hand, the intuitive use of PminLeuz in the initial

DHA producer (Gemperlein et al., 2019) in retrospect proved to be a good choice.
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4.2.3 PCR-based cluster stability test.

As shown, strains with 16 UAS1B elements upstream of each of the four cluster
genes failed to efficiently produce DHA, independent whether the Pter or the
PminLeu2 promoter was used (Figure 15, Figure S 6). Interestingly, two of these
strains showed a superior production performance during early stages of the
process bevor fading out (Figure 17B, Figure S 6). Genetic instability was one of
the possible reasons for this behavior. We therefore screened for the stability of
the genomic PUFA cluster during production. Because sequencing of the cluster
appeared challenging due to the highly repetitive sequence, we used PCR to
determine the presence of each heterologous gene (Figure 17A). The PCR-
based approach had been established for the synthetic biology work to verify the
presence of the intact cluster in newly generated mutants, prior to inoculating
them for cryo preservation. Here, we applied it to screen for cluster stability
during the DHA production process, i. e. during the exponential phase (12 h) and
during the late stationary phase (185 h) of the main culture, inoculated from a
two-day pre-incubated culture. Altogether, cells were grown for about two weeks
in each set-up. For each strain, 40 clones were analyzed (Figure 17A, Table 4).

The analysis revealed that higher UAS1B copy numbers caused genetic
instability, partially leading to significant loss of production performance. Strains
without UAS1B tandem repeats were found completely stable over the entire
cultivation period (Figure 17B and C). Mutants with four UAS1B tandem repeats
in front of each gene remained largely intact (Figure 17B and C). However,
selected clones exhibited the loss of one of the genes during the production
process, namely pfal or pfa3. These mutation events were rare, and this picture
did not change in related strains that were based on another promoter and an
additional intron. Approximately, 98% of the tested clones were still intact at the
end of the process. However, the findings revealed the occurrence of undesired

recombination events within UAS1B4-based clusters.
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Table 4: Mutation frequency of PUFA cluster genes.

Investigation of genetic stability of the heterologous four-gene cluster pfal, pfa2, pfa3 and ppt
expressed in the genome of recombinant Y. lipolytica for the production of the omega-3 fatty
acid DHA. After culturing for two weeks, the cell populations were analyzed for the presence of
the intact cluster. For each strain, 40 clones were analyzed for the presence of the individual
cluster genes using PCR. The obtained patterns provided the genetic layout of each clone,
providing an overview on the frequency of different mutation events, given as relative fractions

in percent.
Mutation frequency
UAS1B4 UAS1B16
TEF TEF minLEU2 TEF minLEU2  minLEU2
Relative fraction [%] Af4 Int Af4 Af4 -Int Af4 Af4 Int Af4

[ prat | praz |[pfa3 | NERE Y 97 97 0 42 13
x [] o 0 3 5 5 11
x BB o 0 0 0 11 0
x B s 3 0 0 8 2
x x [ o 0 0 90 24 37
X x x [] o 0 0 5 11 37

UAS1B16-based gene clusters were found structurally unstable (Figure 17B and
C). The two mutants Y. lipolytica U16-minLEU2 Af4 and U16-minLEU2-Int Af4
gradually lost parts of the cluster during cultivation. After 12 h, up to 90% of the
tested clones still contained all cluster genes. At the process end, however, only
60% of the U16-minLEU2 Af4 clones were found intact. The population of U16-
minLEU2-Int Af4 comprised even only 20% of genetically correct cells, indicating
that the additional intron sequence further decreased stability. The population of
strain UAS1B16-TEF-Int Af4 had largely lost the genes pfa2 and pfa3 already at
the beginning of the production process. Obviously, this was the reason for the
lack in DHA production, observed for this mutant. It furthermore appeared that
the strain had already decomposed during pre-culturing. Taken together, strains
with four UAS1B elements appeared optimal, as they offered high stability
together with high production efficiency. It was interesting to note that the last

cluster gene ppt was not affected in stability in any of the mutants.
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Figure 17: Evaluation of genetic stability in recombinant Y. lipolytica strains expressing
synthetic four-gene clusters for heterologous DHA production.

The strains were sampled from the DHA production process after 12 hours and 185 hours. From
each culture, 40 clones were simultaneously analyzed by colony PCR for the presence of each
of the four cluster genes, pfal, pfa2, pfa3, and ppt, respectively, using gene-specific primers.
The primer pairs resulted in PCR products with different lengths, 1.72 kb (pfal), 0.91 kb (pfa2),
0.73 kb (pfa3), and 0.61 kb (ppt), allowing for clear discrimination (A). The genetic stability of
the PUFA clusters was evaluated after 12 h (B) and 185 h (C). The relative DHA production was
inferred from the cultures during the early production phase (40 h). For every strain and
sampling time point, 40 clones were evaluated for their stability.
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As shown, the use of UAS1B elements strongly enhanced the expression of all
cluster genes (Figure S 7), matching the previous observation that Yarrowia
promoters are enhancer limited (Blazeck et al., 2011a). Functional clusters with
blocks of sixteen elements in front of each cluster gene enabled the highest DHA
production, as observed during the early phase of production (Figure 16).
However, these cluster configurations were found unstable over time.
Recombination events resulted in the loss of genes, preferentially the genes in
the middle of the cluster. In rare cases, the first gene pfal was lost too, whereas
ppt, located outside of the potentially recombining homology domains, was found
stable. As shown, only a subpopulation of cells was still capable to form the
product during later stages of the process (Figure S 6). The additional repetitive
use of the TEF intron destabilized the cluster further (Figure 17). Strain U16-
TEF-Int Af4 unfavorably even failed to produce DHA in the main culture (Figure
S 6). Almost all cells exhibited a damaged PUFA cluster already during early
stages of the production process. At a low frequency, also mutants with four
tandem repeats lost parts of the cluster (Figure 17). Without doubt, genetic
stability is a crucial factor of microbial cell factories to ensure reproducible
performance and constant product quality (Moore et al., 2022) but little has been
reported on Y. lipolytica in this regard. Notably, cloning of the five-step violacein
pathway vyielded Y. lipolytica phenotypically different clones (Wong et al.,
2017b). This observation indicated the possibility of genetic instability of the
cluster among other effects,