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Abstracts

1. Abstracts

1.1. Summary

To combat the current challenges of overpopulation, global warming and the limited availability of fossil
resources, the linear petrochemical-based industry needs to be replaced by a more sustainable bioeconomy.
Therefore, economic production of bio-based platform chemicals such as itaconic acid is an emerging research
topic. Itaconic acid is a versatile monomer in the polymer industry and has also high relevance in the medical and
pharmaceutical sectors due to its anti-microbial and anti-inflammatory properties. Up to now, itaconic acid is
commercially produced by the fungus Aspergillus terreus, but its filamentous morphology poses major limitations
on bioprocess technology developments and elevates production costs. Thus, current efforts are focusing on the
dimorphic basidiomycete Ustilago as an alternative, natural itaconic acid producer, which offers several
advantages including a stable yeast-like morphology, robustness and biosafety.

In previous studies, Ustilago maydis und Ustilago cynodontis have already been deeply engineered to optimize
itaconate production. In frame of this thesis, established modifications from two different itaconate-
hyperproducing U. maydis strains were consolidated into one strain named U. maydis K14. This strain 1) features
stable yeast-like growth due to deletion of fuz7 involved in filamentous development, 2) produces less by-
products due to deletion of competing pathways (AMEL, AUA, Adgat, Acyp3), and 3) circumvents enzymatic
bottlenecks by overproduction of the itaconate cluster regulator Rial and the mitochondrial cis-aconitate
transporter MttA from A. terreus. A lower osmotolerance of U. maydis K14 as a side effect of this engineering
was counteracted by a continuous glucose feeding strategy in high and low cell-density fed-batch fermentations.
With the latter strategy, high product titers with the maximum theoretical substrate-to-product yield of
0.72 £ 0.02 gira 8o during the production phase were obtained, thereby mastering one of the main challenges
during fungal itaconate production.

However, improving economics is not just about optimizing individual parameters such as yield, titer and
productivity, but also about minimizing main cost drivers such as base and acid consumption during fermentation
and downstream processing, respectively. Using the previously engineered and naturally acid-tolerant
U. cynodontis ITA MAX pH (Afuz7 Acyp3 PetefmttA Prigirial), the process window of itaconate production with
regard to pH was systematically explored in continuous fed-batch fermentations aiming at a rational analysis of
operational costs. A subsequent techno-economic analysis exposed that a production pH of 3.6 provided the best
trade-off between yield, titer and productivity on the one hand, and the use of base and acid and associated salt
waste production on the other hand.

While such process optimizations are usually carried out using the conventional feedstock glucose, long-term
solutions for bio-based production processes envisage the usage of unprocessed, low-cost feedstocks in order to
further reduce production costs and meet the circular bioeconomy concept. In this context, this thesis revealed
the natural production of the amylolytic enzymes glucoamylase and a-glucosidase by U. cynodontis ITA MAX pH,
enabling the utilization of starch as feedstock for itaconate production. Production was optimized by
overexpression of an a-amylase gene otherwise not expressed under the applied conditions.

In addition to itaconate, Ustilago species produce the two itaconate derivatives 2-hydroxyparaconate and
itatartarate, which are potential novel anti-microbial drug candidates. To restore 2-hydroxyparaconate and
itatartarate production in U. cynodontis ITA MAX pH, the itaconate-oxidizing P450 monooxygenase gene cyp3
was overexpressed under a constitutive promotor, yielding a product mixture of itaconate, 2-hydroxyparaconate
and itatartarate. Derivatives specificity was increased by using glycerol as alternative carbon source, exchanging
the native itaconate transporter Itpl with the one from A. terreus (MfsA), and low pH conditions. In batch
fermentations on glycerol, this strain was able to produce 2-hydroxyparaconate and itatartarate with 100 + 0.0 %
derivatives specificity, allowing subsequent purification of both, not yet commercially available products for
structural and biochemical characterization.

In conclusion, this thesis demonstrates that an integrated approach of strain and process engineering can provide
major advances for optimizing economic feasibility of itaconate, 2-hydroxyparaconate and itatartarate
production with Ustilago species in a biorefinery context, thereby enabling an expanded production of bio-based
building blocks of industrial and potentially also pharmaceutical relevance.



Abstracts

1.2. Zusammenfassung

Um aktuelle Herausforderungen wie Uberbevélkerung, globale Erwarmung und die begrenzte Verfiigbarkeit
fossiler Ressourcen zu bewdltigen, muss die lineare petrochemische Industrie durch eine nachhaltigere
Biookonomie ersetzt werden. In diesem Zusammenhang ist die 6konomische Produktion von biobasierten
Plattformchemikalien wie Itaconsdure ein wichtiges Forschungsthema. Itaconsaure ist ein vielseitiges Molekiil in
der Polymerindustrie und hat aufgrund seiner anti-mikrobiellen und entziindungshemmenden Eigenschaften
auch grofRRe Bedeutung im medizinischen und pharmazeutischen Sektor. Bisher wird Itaconsdaure kommerziell
durch den Pilz Aspergillus terreus hergestellt. Jedoch stellt seine filamentése Morphologie eine grolle
Einschrankung fir die Entwicklung von Bioprozesstechnologien dar und tragt zu erhéhten Produktionskosten bei.
Daher konzentrieren sich aktuelle Studien auf den dimorphen Basidiomyceten Ustilago als alternativen,
natiirlichen Itaconsdureproduzenten, der mehrere Vorteile bietet, darunter eine stabile hefeartige Morphologie,
Robustheit und biologische Sicherheit.

In friiheren Projekten wurden Ustilago maydis und Ustilago cynodontis bereits stark modifiziert, um die Itaconat-
Produktion zu optimieren. Im Rahmen dieser Arbeit wurden etablierte Modifikationen von zwei verschiedenen
Itaconat-hyperproduzierenden U. maydis Stammen in einem Stamm namens U. maydis K14 konsolidiert. Dieser
Stamm zeigt 1) ein stabiles hefeartiges Wachstum durch die Deletion von fuz7, dass an der Filament-Entwicklung
beteiligt ist, 2) produziert weniger Nebenprodukte aufgrund der Deletion konkurrierender Stoffwechselwege
(AMEL, AUA, Adgat, Acyp3) und 3) umgeht enzymatische Engpésse durch Uberproduktion des Itaconat-Cluster-
Regulators Rial und des mitochondrialen cis-Aconitat Transporters MttA aus A. terreus. Einer geringeren
Osmotoleranz von U. maydis K14 als Nebeneffekt dieser Modifizierungen wurde durch eine kontinuierliche
Glukosezufuhr in Fed-Batch Fermentationen unter Hoch- und Niedrigzelldichte-Bedingungen entgegengewirkt.
Mit der letztgenannten Strategie konnten hohe Produkttiter mit der maximal moglichen Substrat-zu-Produkt
Ausbeute von 0,72 £ 0,02 gira geic ™ wahrend der Produktionsphase erzielt werden, wodurch eine der wichtigsten
Herausforderungen der Pilz-basierten Itaconat-Produktion gemeistert wurde.

Bei der Verbesserung der Wirtschaftlichkeit geht es jedoch nicht nur um die Optimierung einzelner Parameter
wie Ausbeute, Titer und Produktivitdt, sondern auch um die Minimierung von Kostentreibern wie Base- und
Sdureverbrauch wahrend der Fermentation bzw. der nachgeschalteten Produktaufarbeitung. Unter Verwendung
des zuvor fiir die Itaconat-Produktion optimierten und von Natur aus sduretoleranten U. cynodontis ITA MAX pH
(Afuz7 Acyp3 PetesmttA Pigirial) wurde das Prozessfenster fir die Produktion von Itaconat in Bezug auf den
pH-Wert in kontinuierlichen Fed-Batch Fermentationen systematisch untersucht, um eine rationale Analyse der
Produktionskosten zu ermoglichen. Eine anschlieBende techno-6konomische Analyse ergab, dass ein
Produktions-pH-Wert von 3,6 den optimalen Kompromiss zwischen Ausbeute, Titer und Produktivitdt auf der
einen Seite, und dem Verbrauch von Basen und Sduren und der damit verbundenen Produktion von Salzabfallen
auf der anderen Seite, darstellt.

Wihrend solche Prozessoptimierungen in der Regel mit dem konventionellen Substrat Glukose durchgefiihrt
werden, sehen langfristige Losungen fiir biobasierte Produktionsprozesse die Verwendung unverarbeiteter,
industrieller Nebenstrome vor, um die Produktionskosten weiter zu senken und dem Konzept der zirkuldren
Biookonomie zu entsprechen. In diesem Zusammenhang wurde in dieser Arbeit gezeigt, dass U. cynodontis ITA
MAX pH natirlicherweise amylolytische Enzyme wie Glucoamylasen und a-Glucosidasen sekretiert, was die
Verwertung von Stirke als Ausgangsmaterial fiir die Itaconat-Produktion erméglicht. Durch die Uberexpression
eines a-Amylase-Gens, welches unter den angewandten Bedingungen normalerweise nicht exprimiert wird,
konnte die Produktion optimiert werden.

Ustilago produziert neben ltaconat auch die beiden Itaconat-Derivate 2-Hydroxyparaconat und Itatartarat,
welche potenziell vielversprechende, neue anti-mikrobielle Wirkstoffe darstellen. Zur Wiederherstellung der
Produktion von 2-Hydroxyparaconat und Itatartarat in U. cynodontis ITA MAX pH wurde das Itaconat-oxidierende
P450-Monooxygenase Gen cyp3 unter einem konstitutiven Promotor liberexprimiert, was zur Bildung eines
Gemischs aus Itaconat, 2-Hydroxyparaconat und Itatartarat fiihrte. Die Spezifitat der Derivate konnte durch die
Verwendung von Glycerin als alternative Kohlenstoffquelle, den Austausch des nativen Itaconat-Transporters
Itpl mit dem aus A. terreus (MfsA) und niedriger pH-Bedingungen gesteigert werden. In Batch-Fermentationen
mit Glycerin war dieser Stamm in der Lage, 2-Hydroxyparaconat und Itatartarat mit einer Derivatspezifitdt von
100 £ 0,0 % zu produzieren, was eine anschliefende Aufarbeitung der beiden noch nicht kommerziell erhéltlichen
Produkte zur strukturellen und biochemischen Charakterisierung ermdoglichte.

Zusammenfassend zeigt diese Arbeit, dass durch einen integrierten Ansatz von Stamm- und Prozessentwicklung
wichtige Fortschritte erzielt werden konnen, um die wirtschaftliche Machbarkeit der Produktion von Itaconat,
2-Hydroxyparaconat und lItatartarat mittels Ustilago im Kontext einer Bioraffinerie zu optimieren. Dies
ermoglicht eine erweiterte Herstellung von biobasierten Chemikalien mit industrieller und maoglicherweise auch
pharmazeutischer Relevanz.
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2. Scientific context

2.1. Towards a sustainable bioeconomy

The world's population has grown considerably over the last century, from around 2 billion people
at the beginning of the 20" century to more than 8 billion at the end of 2022. According to
projections, this population growth will continue - albeit at a slower pace - and approach the 10
billion mark by 2050 (Gerland et al., 2022), thereby raising the global energy and food demand

and challenging global economy.

To date, our economy relies mainly on oil, gas and coal as fossil fuels for power generation,
electricity, heat, transportation and industrial production, accounting for more than 80 % of the
global energy mix in 2020 (Khan et al., 2022). However, combustion of fossil fuel emits high
amounts of CO;, and massively contributes to the current climate crises. Increasing global
temperatures have led to extreme weather events, challenging food production and threatening
human existence (Duchenne-Moutien & Neetoo, 2021). Global warming together with the limited
availability of these resources highlights the importance to reduce their anthropogenic
overexploitation and to develop sustainable, climate-friendly alternatives in order to meet the
Paris climate agreement and the 2-degree target (Kircher, 2021; Watson et al., 2016). Facing this
necessity, the initiated transition towards a sustainable, circular bioeconomy is considered a core
concept of the European Green Deal policy launched in 2019 (Figure 1) (European Commission,
2019; Liobikiené & Miceikiené, 2023). It aims at the utilization of renewable biological energy and
carbon sources for sustainable production of value-added, bio-based products and bioenergy
(referred to as bioeconomy), and at minimizing or valorizing waste (referred to as circular

economy) (Tan & Lamers, 2021).

Besides the electric power and transport sector (EIA, 2023), the chemical industry is considered
as one of the largest consumer of fossil fuels, as it uses fossil fuels both as energy source and as
feedstock for chemical production processes, causing approximately 5 % of the global CO,
emission. However, with more than 70,000 products, the chemical industry plays an essential role
in our daily life by directly touching almost all manufactured goods (Gabrielli et al., 2023; Levi &
Cullen, 2018; Philp, 2023; Rissman et al., 2020). The strong dependence of organic chemistry on
carbon-containing resources, coupled with the integration of chemical building blocks in
numerous supply chains of the manufacturing industry, has led to intensive research on
defossilization by microbial biosynthesis of commercially important chemicals from renewable
resources (Gabrielli et al., 2020). Yet, biotechnology faces several challenges when trying to

compete with the fossil-based chemical industry. This is not at least conditioned by 1) decades of
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process optimization in the petrochemical sector allowing rapid production of highly
concentrated chemicals and 2) the necessity to prevent interference of the utilized bio-based
feedstock with food supply chains to ensure food and nutrition security (Klement & Biichs, 2013;
Philp, 2023). On the contrary, the required feedstock transition offers opportunities to obtain
novel, sustainable products with improved properties (Klement & Blichs, 2013). In 2004, the
Department of Energy (DOE) has identified the twelve most promising platform chemicals from

over 300 bio-based building blocks, including itaconic acid (Werpy & Petersen, 2004).
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Figure 1: Effects of an increasing world population and fossil-fuel overexploitation on climate
development, and opportunities provided by the transition towards a sustainable, circular bioeconomy.
Schematic illustration of circular economy was designed based on Stegmann et al. (2020).

2.2. Itaconic acid: A value-added platform chemical

Itaconic acid (also known as methylenesuccinic acid or methylenebutanedioic acid) is a 5-C
dicarboxylic acid with one methylene group and an a,B-unsaturated double bond, that can be
chemically or biochemically synthesized (Kuenz & Krull, 2018). Due to its two carboxyl groups,
itaconic acid has two pK, values (pKa1 = 3.84 and pK,2 = 5.55 at 20 °C). As a result, the degree of
acid dissociation is significantly influenced by pH (Rychtera & Wase, 2007). At pH values below

3.8, predominantly the non-dissociated acid is present, while at a pH above 5.6, mostly the
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double-dissociated acid is prevalent. In the range of pH 3.8 to pH 5.6, a mixture of all dissociation

forms occurs. All key properties of itaconic acid are summarized in Figure 2.

o Molar mass pK, values Appearence
HO o 130.1 gmol" | 3.84 and 5.55 White crystalline powder
o) Solubility in H,0 Density Melting point Boiling point
ltaconic acid (CsHgO,) 83gL" 0°c)| 1.63g(cm>)"| 162-167°C 268 °C

Figure 2: Key properties of itaconic acid. Data was taken from Willke and Vorlop (2001).

Although it was excluded from an updated list of the top value-added platform chemicals in 2010
due to a lack of studies (Bozell & Petersen, 2010), research on itaconic acid production and usage
has increased substantially within the last years, as indicated by the number of itaconic acid-
related publications (Web of Science Core Collection). While exact numbers about the current
and projected market value for the next years vary dependent on the source used, they all agree
in anincreasing upward trend. According to the Verified Market Research (2022), this is reflected
by a current market value of US$ 98.4 million in 2022, predicted to grow to USS 168.7 million in
2030.

2.2.1. Versatile applications: Industrial building block and therapeutic agent

Due to its structural features and its biodegradability (de Witt et al., 2023), itaconic acid is a
valuable monomer for a wide range of chemical reactions such as anhydride formation,
esterification with alcohols, or homo- and copolymerization (Sollka & Lienkamp, 2021). Its
application fields are diverse and continuously growing, with the potential to develop green
analogs of existing fossil-derived materials (Figure 3). In particular, itaconic acid is considered as
a potential substitute for acrylic and methyl acrylic acid in polyesters used for coatings, paints,
fibers, resins, plastics etc. (Teleky & Vodnar, 2019). This addresses not only the inevitable
reduction of fossil fuel consumption by the chemical industry, but also the demand for a higher
biodegradation rate to combat plastic and microplastic pollution and its environmental impacts
(Kim et al., 2023). Besides being used as a co-monomer for the production of styrene-butadiene
rubber (SBR) and latex for paper coatings (Teleky & Vodnar, 2019), several fully bio-based itaconic
acid containing elastomer (e.g. PDBIB: poly(dibutyl itaconate-co-butadiene); PDMIB:
poly(dimethyl itaconate-co-butadiene)) have been developed, which even showed improved
mechanical properties compared to conventional synthetic rubbers (Ji et al., 2023; Li et al., 2020).

In addition, itaconic acid-containing polymers are utilized to produce hydrogels that serve as
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superabsorbents for water decontamination, intelligent food packaging, drug delivery and other
applications (Teleky & Vodnar, 2019). Just recently, polyitaconic acid was reported to be a bio-
based, sustainable superabsorbent polymer with potential applications for ice packs, hygiene
products and environmental packaging (Choi et al., 2022). Apart from that, itaconic acid serves as
a precursor for 3-methyltetrahydrofuran, a promising biofuel candidate and an eco-friendly

solvent (Hegde et al., 2016).

Besides its industrial applications, itaconic acid also has significant value in the medical and
pharmaceutical sectors. It is of great interest due to its therapeutic properties, such as its ability
to alleviate inflammatory diseases as recently reviewed by Shi et al. (2022) (Figure 3). It was
discovered to be an immunometabolite massively produced upon inflammatory and pathogen-
associated macrophage activation by decarboxylation of the TCA cycle intermediate cis-aconitate
via IRG1 (immune responsive gene 1) (Michelucci et al., 2013; Strelko et al., 2011). Through its
ability to reprogram immune cells at a transcriptional, metabolic or post-translational level,
itaconic acid is considered as a key player in linking immune response, metabolism and
inflammation (Shi et al., 2022). Its anti-inflammatory effects in mammals include for example the
activation of anti-inflammatory transcription factors, inhibition of succinate dehydrogenase and
regulation of TLR-mediated inflammatory cytokine production (Bambouskova et al., 2018;
Lampropoulou et al., 2016; Mills et al., 2018). Furthermore, itaconic acid shows also promising
anti-microbial properties. For instance, inhibition of the isocitrate lyase of the glyoxylate shunt
strongly impairs bacterial growth during infection (McFadden & Purohit, 1977). Moreover, the
cell-permeable derivative 4-octyl-itaconate showed anti-viral capacity by blocking for instance
influenza virus A and SARS-CoV-2 replication (Olagnier et al., 2020; Ribé-Molina et al., 2023; Sohail
et al., 2022), thereby representing a potent anti-viral drug candidate. Another itaconic acid
derivative, hexylitaconic acid, even showed antitumor activity. It prevents cells from becoming

cancerous by inhibiting the degradation of the tumor suppressor p53 (Tsukamoto et al., 2006).
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Figure 3: List of top value-added chemicals from biomass according to the DOE in 2004 and multifaceted
applications of itaconic acid, divided into industrial applications and therapeutic properties.

2.2.2. Microbial itaconic acid production: A historical perspective

Itaconic acid was first described in 1836 as the product of citric acid pyrolysis and subsequent
hydrolysis of the anhydrides formed and was therefore named “itaconic acid” as an anagram of
“aconitic acid” (Baup, 1836; Goldberg & Rokem, 2009). In these early days, chemical synthesis by
distillation of citric acid, decarboxylation of aconitic acid (Luskin, 1974), oxidation of isoprenes to
citraconic acid with subsequent isomerization (Berg and Hetzel, 1978), or carboxylation of
acetylene derivatives, was the only known way to obtain itaconic acid (Cunha da Cruz et al., 2018).
More than 90 years later, Kinoshita reported the first biosynthesis of itaconate (ITA) during the
fermentation of a filamentous fungus coining its name Aspergillus itaconicus (Kinoshita, 1931). In
1939, Aspergillus terreus was identified as a further, even better microbial production host and
its submerged cultivation process for industrial-scale ITA production was subsequently patented
and added to the product portfolio of Charles Pfizer & Co (Calam et al., 1939; Kane et al., 1945).
Since the 1960s, the biotechnological process for ITA production with A. terreus has been
continuously optimized, making it more economical than the chemical production processes
(Tate, 1981) (Gopaliya et al., 2021). Currently, the biotechnological process accounts for an annual
production of 80,000 tons (Okabe et al., 2009). Corresponding production facilities are highly
concentrated in the Asia-Pacific area with major companies such as Qingdao Kehai Biochemistry

Co., Ltd and Zhejiang Guoguang Biochemistry Co., Ltd. (Cunha da Cruz et al., 2018).
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The biotechnological production of ITA by A. terreus was intensively studied with respect to
nutrients, pH values, oxygen supply, and cultivation systems. Using a controlled pH of 3.4 during
fed-batch fermentation of A. terreus wildtype on glucose, titers of up to 160 g L'* were achieved
with an overall productivity of 0.56 to 0.99 g L'* h'* and a yield of 0.46 to 0.58 gira geic* (Krull et
al.,, 2017a) (Table 1, chapter 2.3.2). On the industrial scale, ITA is produced from pretreated
molasses and starch hydrolysates as an alternative to glucose (Kuenz & Krull, 2018). However,
despite decades of optimization efforts, the production cost of ITA remains higher than that of its
petrochemical-derived counterparts acrylic and methacrylic acid, hindering a more extended
usage of ITA (Kuenz & Krull, 2018; Okabe et al., 2009). According to the DOE report from 2004,
production cost for ITA needs to be reduced to 0.5 USS kg™ to be competitive with its fossil-based
analogs (Werpy & Petersen, 2004), although the exact number may have changed due to current
economic circumstances. Considering the already high yield (up to 80 % of the theoretical
maximum), high product titer, and decent productivity of the industrially established ITA
production process with A. terreus (Klement & Biichs, 2013), further process improvement
possibilities appear to be limited. This is due to several drawbacks when using A. terreus as
production host. In this filamentous growing fungus, ITA production is dependent on a specific
pellet-like morphology (Gyamerah, 1995), which showed a high sensitivity to medium impurities
like metal ions. This makes the usage of alternative low-costs feedstocks like lignocellulosic
biomass without expensive pretreatment challenging (Kuenz & Krull, 2018). Also, its filamentous
growth is usually associated with an increased viscosity of cultivation broth and impaired local
oxygen supply (Kuenz & Krull, 2018). Thus, a compromise between sufficient oxygen supply and
minimum mechanical stress due to increasing stirring intensities is required for morphological
control, overall entailing a more complicated handling and increased production cost (Klement &
Blichs, 2013). As a result, innovation is required in other aspects of the process window. Non-
conventional ITA-producing yeasts such as Ustilago, Candida, or Pseudozyma (Krull et al., 2020;
Levinson et al., 2006; Tabuchi et al., 1981) have the potential to revolutionize ITA production. This
is attributed to 1) their unicellular morphology providing a higher degree of freedom in handling
of the fermentation broth and 2) their reduced sensitivity to medium impurities, which is outlined

in more detail in the following chapters.

2.3. Ustilago as microbial production host for itaconic acid

Ustilago species are fungal plant pathogens belonging to phylum Basidiomycota (Banuett, 1995).
Their life cycle is characterized by a yeast-mycelium dimorphism, which is associated to its

pathogenicity. The life cycle starts with the germination of a diploid teliospore and meiotic



Scientific context

division leading to haploid basidiospores. These basidiospores multiply by cell budding and
represent the yeast-like, non-pathogenic growth phase of Ustilago. Pheromone signaling triggers
the formation of conjugation tubes that extend in the direction of the gradient to reach
compatible mating partners (Bélker, 2001; Vollmeister et al., 2012). The fusion of two haploid
basidiospores differing at both mating loci, a and b, initiates transition to filamentous,
pythopathogenic dikaryotes. Infection of plants is mediated by specialized cell structures at the
hyphal tips facilitating plant penetration, which finally leads to tumor formation upon enormous
proliferation of intracellular mycelial structures. Further morphological development results in
the formation of teliospores, which are released upon tumor rupture, completing the fungal life

cycle (Bolker, 2001; Vollmeister et al., 2012) (Figure 4A and B).
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Figure 4: Life cycle and cell morphology of Ustilago species.

(A) Life cycle of Ustilago species showing the yeast-mycelium dimorphism. Whereas haploid cells show
yeast-like growth, fusion of two cells with opposite mating types initiates transition towards pathogenic,
filamentous growth causing severe disease symptoms upon plant infection, as exemplified by the maize
smut caused by Ustilago maydis. The rupture of tumors releases mature spores into the environment,
which can germinate under favorable conditions to begin a new life cycle. Design of the figure was inspired
by Feldbriigge et al. (2004) and Saville et al. (2012). (B) Microscopic image of haploid Ustilago cynodontis
cells showing yeast-like growth.

Studies about these basidiomycetes focus mainly on the model species U. maydis, but there is
also a growing interest in U. cynodontis when it comes to ITA production. Their names were
coined by their pathogenic behavior causing maize smut and Bermuda grass smut, respectively
(Banuett, 1995; Garcia-Guzman & Burdon, 1997). In addition to their dimorphism, Ustilago
species harbor several features making them suitable production hosts for a broad variety of
compounds. In the haploid form, the unicellular, yeast-like morphology is accompanied by high
robustness to medium impurities and hydromechanical stress, a moderate doubling time of about

two hours, and the capability to achieve high cell-densities on glucose (Becker et al., 2023).
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Members of the family Ustilaginaceae harbor the natural ability to synthesize a broad portfolio
of valuable molecules including glycolipids, triacylglycerols, polyols like erythritol as well as
organic acids covering broad application fields (Paulino et al., 2017). However, while almost all
tested isolates are capable of producing malate and succinate, ITA production appears to be more
specific for single strains like for instance U. maydis, U. cynodontis or U. rabenhorstiana (Geiser
et al., 2014; Krull et al., 2020). The broad product spectrum is as favorable as it is challenging
when aiming at a high product specificity. Yet, U. maydis, U. cynodontis, and other species are
genetically accessible and modifiable allowing construction of chassis strains to overcome
enzymatic bottlenecks and reduce metabolic flux in competing by-product pathways (Bdsch et
al., 2016; Kamper et al., 2006; Ullmann et al., 2022a; Wege et al., 2021; Wierckx et al., 2021).
Moreover, Ustilago species benefit from a broad substrate spectrum, including glucose, fructose,
glycerol, sucrose, and xylose, among others (Liebal et al., 2022). Together with its genetic
repertoire for the production of secretory hydrolytic enzymes, this offers the potential to use low-
cost feedstocks like lignocellulosic and pectin-containing biomass or starch-containing side
streams from the food industry (Geiser et al., 2013; Helm et al., 2023; Mueller et al., 2008; Stoffels
et al., 2020), as discussed in further detail in chapter 4.2. Lastly, the biosafety level 1 of Ustilago
species in contrast to level 2 of A. terreus offers a substantial advantage for industrial production

in Europe in terms of handling and regulatory requirements (Nascimento et al., 2022).

2.3.1. Regulation of itaconic acid production in Ustilago species

As commercial ITA production began to emerge, the first studies of ITA biosynthesis in A. terreus
were undertaken. Using tracer studies with *C labeled substrates, ITA was shown to be the
product of cis-aconitate decarboxylation via cis-aconitate decarboxylase (Bentley & Thiessen,
1957). The subcellular compartmentalization of ITA synthesis and a direct involvement of the TCA
cycle in precursor supply was described almost 40 years later. The TCA cycle intermediate cis-
aconitate was revealed to be synthesized by the mitochondrial aconitase, and was found to be
subsequently exported via the mitochondrial tricarboxylate transporter MttA into the cytosol for

further conversion to ITA (Bonnarme et al., 1995; Jaklitsch et al., 1991).

According to the recently described biosynthetic pathway in U. maydis (Figure 5), conversion of
cis-aconitate to ITA involves two steps in this fungus. After Mttl-mediated transport into the
cytosol in antiport with malate, cis-aconitate is isomerized to trans-aconitate via aconitate-A-
isomerase Adil prior to decarboxylation via trans-aconitic acid decarboxylase Tad1 (Geiser et al.,
2016c). Since the negative charge of ITA prevents its passive diffusion through the cell envelop,

active transport via the specific transporter Itpl is required. However, low extracellular pH milieus
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favor protonation of ITA (cf. pKa, values in Figure 2), which is able to re-enter the cell by passive
diffusion and returns to its dissociated form again in a process called weak acid uncoupling. To
prevent intracellular acidification, protons are removed out of the cell by ATP-dependent proton
pumps allowing pH homeostasis. The respective energy requirement is met by a surplus of NADH

formed during conversion of glucose to ITA (reviewed by Wierckx et al., 2020).

Expression of the complete core gene cluster — tadl, itpl, adil, mttl — is activated by the
transcription factor Rial, whose expression level strongly correlate with ITA production (Geiser
et al., 2018; Geiser et al., 2016c). Moreover, ITA cluster regulation via Rial showed an
evolutionary conservation among the Ustilaginaceae family, which was verified by rial
overexpression and successful ITA production in otherwise non-producing Ustilago species
harboring silent ITA clusters (Geiser et al., 2018). In addition to the core genes, two other genes
called cyp3 encoding a cytochrome P450 family 3 monooxygenase and rdo1 originally assumed to
encode a ring-cleaving dioxygenase are located in close proximity (Geiser et al., 2016c). Cyp3
catalyzes the oxidation of ITA to the chiral molecule 2-hydroxyparaconate (2-HP), which can be
further converted to itatartarate (ITT), either abiotically or enzymatically catalyzed (Geiser et al.,
2016b; Guevarra & Tabuchi, 1990a, 1990b). The Cyp3-catalyzed reaction is assumed to

regenerate NAD(P)H, thereby contributing to NAD(P) redox homeostasis (Geiser et al., 2016b).

Besides conversion to 2-HP, there is an increasing evidence for alternative degradation pathways
of ITA. Such pathway was already described for the natural ITA producer A. terreus and involves
three enzymatic reactions, including conversion of ITA into itaconyl-CoA via itaconyl-CoA
transferase (IctA), hydration of itaconyl-CoA to citramalyl-CoA by itaconyl-CoA hydratase (IchA),
and cleavage of citramalyl-CoA into acetyl-CoA and pyruvate by citramalyl-CoA lysase (CclA) (Chen
et al., 2016). According to Geiser et al. (2016b), similar proteins are encoded on the U. maydis

genome pointing towards the existence of an analogous pathway in Ustilago species.
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Figure 5: Itaconate, 2-hydroxyparaconate, and itatartarate metabolism in Ustilago species and
annotation of the respective enzymes.

The figure design was inspired by Wierckx et al. (2020). The color gradient indicates the pH milieu with
greenish color representing neutral pH conditions and reddish color representing acidic conditions. Re-
uptake by passive diffusion and weak acid uncoupling is shown exemplarily for ITA (pKa: = 3.84 and
pKa2 = 5.55 at 20 °C), but also applies to 2-HP and ITT depending on the extracellular pH (2-HP: pKa = 2.78;
ITT: pKaz = 3.14 and pKaz = 4.92 at 20 °C). Rounded pKa values are shown in the figure. (Rial: pathway-
specific transcription factor; Mttl: mitochondrial tricarboxylate transporter; Adil: aconitate-A-isomerase;
Tadl: trans-aconitate decarboxylase; Itpl: itaconate transport protein; Cyp3: cytochrome P450
monooxygenase; Rdol: putative ring-cleaving dioxygenase).

Production of ITA, 2-HP and ITT occurs with delay to biomass production. Once nitrogen as the
growth-limiting nutrient is completely consumed, the specific promotors in the ITA cluster
become activated and initiate ITA synthesis (Zambanini et al., 2017c). Here, high expression levels
of mtt1 are of special importance since transport of cis-aconitate via Mtt1 into the cytosol is the
rate-limiting step in ITA biosynthesis (Zambanini et al., 2017c). During the production phase,
glucose is funneled into ITA production via continuous supply of cis-aconitate from the TCA cycle.
By varying the carbon/nitrogen (C/N) ratio, yield and productivity can be balanced with higher
nitrogen levels resulting in increasing biomass densities. Although this is expected to lead to a
higher productivity, it comes at the expense of a lower yield as less carbon is available for ITA

production (Maassen et al., 2014; Zambanini et al., 2017c).
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2.3.2. Genetic and process engineering towards increased itaconic acid production

Elucidation of the ITA pathway by Geiser et al. (2016c) opened the door to genetic engineering
approaches in order to optimize ITA production. So far, studies on ITA synthesis in Ustilago
species have mainly focused on the model species U. maydis, using haploid, yeast-like cells of one
mating type. A pH-controlled high cell-density pulsed fed-batch fermentation of the wildtype
strain U. maydis MB215 exposed moderate ITA production of 14 g L%, but yield and productivity
were extremely low. Instead, up to 21.3 g L'! 2-HP was measured in the fermentation broth,
resulting from ITA oxidation via Cyp3 and consequently lowering the final ITA titer. Accordingly,
first genetic engineering approaches aimed at the deletion of cyp3, which prevents further
conversion of ITA, and upregulation of the entire ITA core cluster by exchanging the native
promoter of the transcriptional regulator Rial with a strong, constitutive one (Pety). This already
led to an up to 4.5 fold increase in final ITA titers and an improved productivity and yield, the
latter being twice as high when reducing carbon and nitrogen concentrations (Geiser et al.,

2016b) (Table 1).

Based on these results, Hosseinpour Tehrani et al. (2019c) continued to develop the producer
strain by further rational genetic engineering. Although U. maydis normally exhibits stable, yeast-
like growth, certain stress conditions such as low pH or nitrogen limitation can provoke
filamentous growth (Lovely et al., 2011; Lovely & Perlin, 2011; Martinez-Espinoza et al., 2004),
potentially by inducing formation of conjugation tubes. This in turn complicates process handling
and is associated with several drawbacks that have already been discussed for A. terreus-based
ITA production (cf. chapter 2.2.2) (Wierckx et al.,, 2021). One protein essentially involved in
transition to filamentous growth is Fuz7. It is part of the Ras/mitogen-activated protein kinase
(MAPK) pathway and participates in conjugation tube and filament formation, but also in tumor
induction and teliospore formation during plant infection (Banuett & Herskowitz, 1994). Its
deletion was found to allow maintenance of yeast-like growth without negatively influencing ITA
production under process-relevant conditions (Hosseinpour Tehrani et al., 2019b). In addition to
the fuz7 deletion, overexpression of the mitochondrial transporter mttA from A. terreus
transporting cis-aconitate in antiport with oxaloacetate into the cytosol increased ITA production
in U. maydis (Hosseinpour Tehrani et al.,, 2019a; Scarcia et al., 2020; Steiger et al., 2016).
Combining all the explained mutations in the strain U. maydis Acyp3 APrig1::Petef Afuz7 PetefmttA
markedly improved ITA production during controlled low cell-density pulsed fed-batch
fermentation. By addition of CaCOs; for pH control and in situ product removal via ITA
precipitation, 140 g L' ITA were produced with an overall yield 0.39 gira ge.c’* and a productivity

of 0.32 g L't h'l, By increasing the biomass density, the final ITA titers could be further increased

13



Scientific context

to 220 g L*! with a higher, overall productivity of 0.45 g L'* h'%, even though at the expense of a
slightly reduced yield of 0.33 gira geic* (Hosseinpour Tehrani et al., 2019¢) (Table 1). Accordingly,
higher ITA titers have been achieved compared to A. terreus fermentations, although the

productivity and yield are still not competitive (Krull et al., 2017a).

Besides ITA, U. maydis also produces lipidic products like extracellular glycolipids and intracellular
triacylglycerol (Aguilar et al., 2017; Hewald et al., 2006; Teichmann et al., 2007). In an alternative
approach to optimize ITA production, Becker et al. (2020) abolished lipid by-product formation to
channel metabolic flux towards ITA synthesis. For this purpose, the ustilagic acid (UA) cluster and
the mannosylerythritol lipids (MEL) cluster were genetically disrupted. To further reduce
intracellular triacylglycerol (TAG) formation, a single gene deletion encoding a putative
diacylglycerol acyltransferase was introduced as well. Shake flask cultivations with in situ product
removal with CaCOs enabled a 1.2-fold improved ITA production in terms of final titer, yield and
productivity of the final ITA chassis strain U. maydis Acyp3 AMEL AUA Adgat APriq1::Petes cOmpared
to its progenitor strain U. maydis Acyp3 APria1::Petes (Becker et al., 2020) (Table 1).

In addition to U. maydis, U. cynodontis has also been found to produce ITA. Contrary to U. maydis
requiring pH values above 5.0 for ITA production, U. cynodontis has a high tolerance to acidic
conditions and the wildtype strain NRBC9727 does not produce any glycolipids (Geiser et al.,
2014; Morita et al., 2008). These properties could make industrial ITA production more
economical by reducing the costs for pH adjustment and saline waste disposal as well as by
facilitating a more streamlined DSP due to fewer by-products. Lower process pH values would
also enable autosterility, leading to further cost reductions (Hosseinpour Tehrani et al., 2019b;
Roa Engel et al., 2011). However, U. cynodontis NRBC9727 showed strong filamentous growth
during high cell-density pulsed fed-batch fermentations and only low production of 5.1 g L' ITA
at pH 6.0. At pH 3.8, ITA production was almost completely absent, most likely due to strong
filamentous growth triggered through the low pH conditions. Morphological engineering by
deletion of fuz7 enabled stable, unicellular growth and resulted in markedly increased product
titers of 21.2 g L'* ITA at the pH of 3.8. Further metabolic engineering by introducing analogous
mutations as in the ITA hyper-producing U. maydis strain led to the construction of the
U. cynodontis ITA MAX pH strain (Afuz7 Acyp3 PetesmttA Priasrial) (Hosseinpour Tehrani et al.,
2019b). This strain showed 2.1-fold increased production of ITA as well as an improved
productivity (0.23 g L h'!) and yield (0.39 gira geic?) compared to the morphology-engineered
strain U. cynodontis Afuz7 during pH-controlled low cell-density pulsed fed-batch fermentations.
Comparable fermentations under high cell-density conditions even resulted in a further increase

in product titer (83.0 g L) and productivity (0.59 g L'* h'?), but came at the expense of a reduced
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yield of 0.30 gira geic’™. The best ITA production in terms of yield (0.45 gira geict) was achieved in
a high cell-density fed-batch fermentation with a constant glucose feed controlled by an inline

glucose sensor (Hosseinpour Tehrani et al., 2019d) (Table 1).

Table 1: Selected fermentation performances of wildtype and genetically engineered strains of A. terreus,
U. maydis, and U. cynodontis with regard to ITA production.

Obtained key performance indicators (KPIs) are color-coded with the green coloration increasing as
performances improves.

Prod.
gL'h?

Yield
gita gGI.c'1

Titer
gLt

Cultivation
condition

Strain

e Reference
modification

A. terreus DSM-23081

-1
pulsed fed-batch Zﬁjoccg)slé
fermentation, pH control g start 160
5.9 mM
at pH 3.4 after second day KH,PO. (Krull et al
Wildtype v
180gL? 2017a
pulsed fed-batch Iucgse )
fermentation, pH control g strt 160
0.7 mM
at pH 3.4 after second day KH-PO
2PO4
U. maydis MB215
High cell-density pulsed 200g L
Wildtype fed-batch fermentation, glucosestart, 14 0.09 0.05
pH control between pH 75 mM NH.Cl
6.0-6.5 N
High cell-density pulsed 200 g L1
fed-batch fermentation, Iucgse 63.2 038 0.23 (Geiser et al.,
pH control between pH 55 mMsl:laI:’ a ’ ’ : 2016b)
6.0-6.5 ¢
Acyp3 APrial::Pet‘ej"
Low cell-density pulsed 50g L1
fed-batch fermentation, &
pH control between pH glucosestan, 248 0.33
6.0-6.5 15 mM NH4CI
Low cell-density pulsed
fed-batch fermentation S0glL?
with 66 g L1 CaCOs forin | glucosestart, 140 0.32 0.39
situ product removal, pH 30 mM NH,4CI
- Hosseinpour
ACyP3 BPriozi:Peces control at pH 6.0-6.5 'f'ehrani ell; .
Bfuz7 PetemttA High cell-density pulsed 2019c¢)
fed-batch fermentation 200gL?
with 66 g L2 CaCOsforin  glucosestar, 0.45 0.33
situ product removal, pH 75 mM NH,CI
control at pH 6.0-6.5
shake flask cultivation
. . 100glL?
th L1 CaCOs f
Acyp3 BPaziiPeey o EOB LT CACOsTorin ) 43.7 0.22 0.39
situ product removal, pH 15 mM NH.Cl
control at pH 6.0-7.0 4 (Becker et al
shake flask cultivation 1008 L 2020)
Acyp3 AMEL AUA  with 66 g L1 CaCOs for in &
. . glucose, 53.5 0.28
Adgat APrigy::Peter | Situ product removal, pH 15 mM NH.CI
4

control at pH 6.0-7.0

15



Scientific context

Continuation of Table 1:

Strain

modification

Cultivation
condition

Titer

gLt

Prod.
gL'h?

Yield

8ITA gGLc'1

Reference

Wildtype

Afuz7

Afuz7 Acyp3

PetefmttA Prigsrial

16

High cell-density pulsed
fed-batch fermentation,
pH control at pH 6.0

High cell-density pulsed
fed-batch fermentation,
pH control at pH 3.8

Low cell-density pulsed
fed-batch fermentation,
pH control at pH 3.8

Low cell-density pulsed
fed-batch fermentation,
pH control at pH 3.6

High cell-density pulsed
fed-batch fermentation,
pH control at pH 3.6

Continuous high cell-
density fed-batch
fermentation, pH control
atpH 3.6

200g Lt
glucosestart,
75 mM NH,CI

200gL?
glucosestart,
75 mM NH,4CI

50gL?
glucosestart,
15 mM NH4CI

50gL?
glucosestart,
15 mM NH,CI

200g Lt
glucosestart,
75 mM NH,4CI

20g Lt
glucoseconstant,
75 mM NH.C

U. cynodontis NRBC9727

5.1

21.2

44.5

83.0

78.6

0.03

0.07

0.23

0.59

0.42

0.22

0.39

0.30

(Hosseinpour
Tehranietal.,
2019b)

(Hosseinpour
Tehranietal.,
2019d)
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2.4. Scope of this thesis

The aim of this thesis was to explore and expand the process window in which the Ustilago-based
ITA production process operates. This was tackled by strain engineering to push yields to the
theoretical maximum, through process engineering to balance yield, titer, productivity against pH
and associated titrant use and salt waste co-production, through expansion of the substrate

range, and through expansion of the product range to potentially higher-value derivatives.

e For the model species U. maydis, two previously engineered ITA hyper-producing strains
are described in literature (Table 1). In order to further optimize ITA production,
established modifications of both strains were consolidated into one strain to stabilize
the yeast-like morphology, to alleviate enzymatic bottlenecks and to reduce by-product
formation at the same time. The performance of this strain was investigated under
industrially relevant conditions in high and low cell-density fed-batch bioreactor
experiments and compared with respect to the KPIs (chapter 3.1).

e In recent years, U. cynodontis has emerged as an additional ITA producing non-
conventional yeast, mainly due to its high acid tolerance, which significantly reduces base
and acid use as well as saline waste co-production during fermentation and downstream
processing. Based on the knowledge from previous engineering of U. maydis, several
genetic modifications were also integrated into U. cynodontis. However, the optimal pH
value for ITA biosynthesis as well as additional key parameters of the ITA production
process have not been determined for this strain. Thus, chapter 3.2 focused on the
investigation of the ITA production capabilities of this acid-tolerant strain through
controlled fed-batch fermentations, combined with an operational cost analysis to
evaluate the impact of different production pH values on overall process economics.

e In addition to improving the ITA production from pure glucose, this thesis also dealt with
the cultivation of Ustilago species on alternative carbon sources (chapter 3.3). Since
starch is a low-cost and relatively clean carbon source, we selected this substrate and
evaluated the amylolytic properties of U. maydis and U. cynodontis. This evaluation
included initial enzyme characterizations and bioreactor cultivations on starch.

e Besides ITA, Ustilago species produce other value-added chemicals such as the two ITA
downstream products 2-HP and ITT. In order to allow efficient production of these novel
chemicals, the pH-tolerant, ITA hyper-producing U. cynodontis strain was subjected to
further genetic engineering approaches. The resulting strains were characterized on
glucose, but also on the alternative carbon source glycerol, a waste product from
biodiesel production (chapter 3.4). This chapter also focused on the downstream process

development as well as on the structural characterization of the two compounds.
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3. Publications and manuscripts

Research presented in this thesis was mainly funded by the following projects:

Slaukos

“Glaukos will develop bio-based textile fibers and textile coatings that are adapted to the
needs of the 21 century. The complete life cycle of clothing and fishing gear will be
redesigned, their sustainability performance will be enhanced significantly, while their

technical performance will be matched to end-user requirements. The ambition is to
significantly reduce the carbon and plastic footprint of clothing and fishing gear.”

(taken from glaukos-project.eu)

Biookonomie® \
»,

REVIER

Upcycling organischer Reststoffe fiir die chemische Industrie (UpRePP): ,Die stoffliche
Aufwertung von organischen Reststoffstromen aus der Land- und Lebensmittelwirtschaft des
Rheinischen Reviers steht im Mittelpunkt des Innovationslabors UpRePP. In Kooperation mit
lokalen Unternehmen werden Upcycling-Prozesse entwickelt, die als Schlisseltechnologien
die wettbewerbsfahige Herstellung von hochwertigen biobasierten Plattformchemikalien und
Komponenten (z. B. Zuckertensiden) ermoglichen.”

(taken from Bio6konomieREVIER: UpRePP)
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Publications and manuscripts

Contributions of the

listed authors to the manuscripts were described using the

Contributor Roles Taxonomy (CRediT)’ (CRediT — Contributor Roles Taxonomy (niso.org)):

CONTRIBUTOR ROLE

DEFINITION

CONCEPTUALIZATION

DATA CURATION

FORMAL ANALYSIS

FUNDING ACQUISITION

INVESTIGATION

METHODOLOGY

PROJECT
ADMINISTRATION

RESOURCES

SOFTWARE

SUPERVISION

VALIDATION

VISUALIZATION

WRITING - ORIGINAL
DRAFT

WRITING — REVIEW
AND EDITING

Ideas; formulation or evolution of overarching research goals and
aims

Management activities to annotate (produce metadata), scrub
data and maintain research data (including software code, where it
is necessary for interpreting the data itself) for initial use and later
re-use

Application of statistical, mathematical, computational, or other
formal techniques to analyze or synthesize study data

Acquisition of the financial support for the project leading to this
publication

Conducting a research and investigation process, specifically
performing the experiments, or data/evidence collection

Development or design of methodology; creation of models

Management and coordination responsibility for the research
activity planning and execution

Provision of study materials, reagents, materials, patients,
laboratory samples, animals, instrumentation, computing
resources, or other analysis tools

Programming, software development; designing computer
programs; implementation of the computer code and supporting
algorithms; testing of existing code components

Oversight and leadership responsibility for the research activity
planning and execution, including mentorship external to the core
team

Verification, whether as a part of the activity or separate, of the
overall replication/reproducibility of results/experiments and other
research outputs

Preparation, creation and/or presentation of the published work,
specifically visualization/data presentation

Preparation, creation and/or presentation of the published work,
specifically writing the initial draft (including substantive
translation)

Preparation, creation and/or presentation of the published work
by those from the original research group, specifically critical
review, commentary or revision — including pre- or post-
publication stages
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3.1. An Optimized Ustilago maydis for Itaconic Acid Production at Maximal

Theoretical Yield

J. Becker”, H. Hosseinpour Tehrani’, P. Ernst”, L. M. Blank, and N. Wierckx

*These authors contributed equally to this work.

Journal of Fungi (Basel), 2021. doi: 10.3390/jof7010020

Conceptualization N. Wierckx, L. M. Blank

Data curation N. Wierckx, J. Becker, H. Hosseinpour Tehrani, P. Ernst
Formal analysis J. Becker, H. Hosseinpour Tehrani, P. Ernst
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Investigation J. Becker, H. Hosseinpour Tehrani, P. Ernst
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Overall contribution: 30 %

J. Becker performed the strain engineering and the System Duetz cultivations associated to Figure
6-9. H. Hosseinpour Tehrani performed the high cell-density pulsed fed-batch fermentation
associated to Figure 10 and Figure S1. | performed the high and low cell-density fed-batch
fermentations with continuous feed associated to Figure 11 and Figure 12. J. Becker wrote the
original draft. J. Becker and | were significantly involved in the visualization of the figures. All

authors, but especially N. Wierckx and I, were involved in the review and editing process.
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Abstract: U. maydis, member of the Ustilaginaceae family, is a promising host for the production of
several metabolites including itaconic acid. This dicarboxylate has great potential as a bio-based
building block in the polymer industry, and is of special interest for pharmaceutical applications.
Several ITA-overproducing Ustilago strains have been generated by metabolic and morphology
engineering. This yielded stabilized unicellular morphology through fuz7 deletion, reduction of by-
product formation through deletion of genes responsible for ITA oxidation and (glyco)lipid production,
and the overexpression of the regulator of the ITA cluster rial and the mitochondrial tricarboxylate
transporter encoded by mttA from A. terreus. In this study, ITA production was further optimized by
consolidating these different optimizations into one strain. The combined modifications resulted in
ITA production at theoretical maximal yield, which was achieved under biotechnologically relevant
fed-batch fermentations with continuous feed.

Keywords:

Itaconic acid; Ustilago maydis; Metabolic engineering, Fungi, Yeast

3.1.1. Introduction

Itaconic acid and its derivatives are found in many application fields, such as the production of
paper, paints, and fibers, or in waste water treatment (Klement et al., 2012; Okabe et al., 2009;
Steiger et al., 2017; Willke & Vorlop, 2001), providing a stable market for this bio-based chemical.
In 2004, the organic acid was classified as one of the top 12 value-added platform chemicals
derived from biomass (Werpy & Petersen, 2004). There is also a strong interest in this molecule
in the medical and pharmaceutical sectors, both as an anti-bacterial compound (Michelucci et al.,
2013) and as an immunoregulator for the treatment of autoimmune diseases (Mills et al., 2018)
and viral infections including SARS-CoV2 (Olagnier et al.,, 2020). However, its relatively high
production cost compared to fossil counterparts like acrylic acid prevents an even more expanded
usage range (Hosseinpour Tehrani et al., 2019c; Klement & Blichs, 2013). Given the already high

yield, titer, and productivity of the industrially established ITA production process with A. terreus
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(Hevekerl et al., 2014), a qualitative breakthrough in other dimensions of the process window is
needed. Non-conventional ITA producing yeasts like Ustilago, Candida, or Pseudozyma (Krull et
al., 2020; Levinson et al., 2006; Tabuchi et al., 1981) may offer such a breakthrough because of
their unicellular morphology as well as their lower sensitivity to medium impurities. It also
enables easier handling and scale-up using cheaper raw substrates or even waste streams
(Hosseinpour Tehrani et al.,, 2019c; Regestein et al., 2018; Wierckx et al., 2020). However,
compared to the filamentous ascomycete A. terreus, the substrate-to-product yield has to be
improved to make U. maydis competitive, and this yield also needs to be achievable under

industrially relevant conditions (Straathof et al., 2019).

In nature, U. maydis is known for its pathogenicity towards maize (Zea mays) causing corn smut
disease (Kahmann et al., 2000; Kdmper et al., 2006). To penetrate and invade maize tissue,
U. maydis switches from a yeast-like, non-pathogenic to a filamentous, pathogenic cell form
(Christensen, 1963). This switch is governed by a complex regulatory pathway which has been
investigated in detail (see for extensive reviews Kahmann and Kamper (2004) and Brefort et al.
(2009). Although predominantly growing in its yeast form in fermentation processes, U. maydis
can switch to filamentous growth under stress conditions such as the presence of hydrophobic
lipids, low pH, or nitrogen deficiency (Klose et al., 2004; Lovely et al., 2011; Lovely & Perlin, 2011).
Filamentous growth causes issues such as high viscosity, reduced oxygen supply, and cell
adherence to reactor walls (Klement & Biichs, 2013). This can be avoided through the deletion of
fuz7, the product of which plays an essential role in regulating pathogenicity and the switch to
filamentous growth (Klose et al., 2004). This deletion stabilizes the yeast-like morphology of
U. maydis and U. cynodontis without impacting the fitness of the cells under biotechnologically

relevant stresses (Hosseinpour Tehrani et al., 2019d; Hosseinpour Tehrani et al., 2019b).

U. maydis produces ITA as one product from a potpourri of metabolites including organic acids
such as malate, succinate, 2-HP, and ITT, polyols such as erythritol and mannitol, and different
lipidic products including glycolipids and triglycerides (Aguilar et al., 2017; Bolker et al., 2008;
Feldbriigge et al., 2013; Geiser et al., 2014; Guevarra & Tabuchi, 1990a; Moon et al., 2010). It can
also metabolize a range of renewable carbon sources, which besides sugar also include glycerol
(Zambanini et al., 2017b), galacturonic acid (Mdller et al., 2018), cellulose (Schlembach et al.,
2020), xylan (Geiser et al., 2016a), and pectin (Stoffels et al., 2020). Although these features make
U. maydis an attractive candidate for industrial applications (Klement & Bilichs, 2013; Maassen et
al., 2014; Olicén-Hernandez et al., 2019), it also poses a drawback because often multiple
products are produced simultaneously. This hinders handling and downstream processing, and it

also reduces yield on substrate by diverting carbon flux away from the main product (Becker et
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al., 2020). If ITA is to become a bulk chemical, yield is one of the most relevant production
parameter because substrate cost is the decisive price-determining factor. For ITA production
from glucose, the reported maximal theoretical yield is 0.72 gmagecl, which equals
1 molira moleic™. The yield achieved in practice is affected by different factors such as cell-density,
the metabolic pathway leading up to ITA (i.e., anaplerosis), bottlenecks in the ITA biosynthesis
pathway itself, side product formation, redox cofactor balancing, and cell-maintenance demand

(Karaffa & Kubicek, 2019; Kuenz & Krull, 2018).

In previous studies several knockouts, promotor replacements and overexpression of genes were
implemented to increase ITA production, reduce by-product formation, and stabilize the
unicellular morphology (Becker et al., 2020; Geiser et al., 2016b; Hosseinpour Tehrani et al.,
2019c; Hosseinpour Tehrani et al., 2019b; Zambanini et al., 2017a). Those metabolic engineering
approaches resulted in several ITA hyper-producing Ustilago strains with individual modifications.
In this study, these modifications are consolidated into one strain, based on the previously
engineered U. maydis ITA chassis (Becker et al., 2020). The resulting strain K14 produces ITA from
glucose at maximum theoretical yield. The catalytic vigor of the strain was demonstrated in

fed-batch cultures.

3.1.2. Materials and methods

Media and culture conditions

All strains used in this work are listed in Table 2. U. maydis strains were grown in YEPS medium
containing 10 g L yeast extract, 10 g L' peptone, and 10 g L™ sucrose. As screening medium for
production experiments, U. maydis was cultivated in modified Tabuchi medium (MTM) according
to Geiser et al. (2014). Besides varying glucose concentrations and different buffers 2-(N-
morpholino)ethanesulfonic acid (MES) or calcium carbonate (CaCOs), this medium contained
15 mM NH4CI, 0.2 g L' MgS04-7H,0, 0.01 g L' FeSO47H,0, 0.5 gLt KH,PO4, 1 mLL? vitamin
solution, and 1 mL L trace element solution. The vitamin solution contained (per liter) 0.05 g
D-biotin, 1g D-calcium pantothenate, 1g nicotinic acid, 25g myo-inositol, 1g thiamine
hydrochloride, 1 g pyridoxol hydrochloride, and 0.2 g para-aminobenzoic acid. The trace element
solution contained (per liter) 1.5g EDTA, 0.45g ZnSO.,7H,0, 0.10g MnCl;-4H,0,
0.03 g CoCl,'6H,0, 0.03g CuSO45H,0, 0.04g NaMo04-2H,0, 0.45g CaCl,-2H,0, 0.3 g
FeS04-7H,0, 0.10 g H3BOs, and 0.01 g KI. When using CaCOs;, medium components were added
relative to the total volume of solids plus liquid, leading to a higher aqueous concentration of
soluble components. Shaking cultures of U. maydis were performed in 24-well System Duetz

plates with a filling volume of 1.5 mL (shaking diameter =50 mm, n =300 rpm, T=30°C and
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® =80 %) (Duetz et al., 2000) or in 500 mL shaking flasks with a filling volume of 50 mL (shaking
diameter =25 mm, n=200 rpm, T =30 °Cand ® = 80 %). When using System Duetz, cultures were
inoculated in parallel into multiple plates in order to ensure continuous oxygenation by taking a

complete plate as sacrificial sample for each sample point.

Table 2: U. maydis MB215 strains used in this study.

U. maydis MB215 (Hewald et al., 2005)
U. maydis MB215 Acyp3 APria1::Petef (Hosseinpour Tehrani et al., 2019c)
U. maydis MB215 AUMAG_05079 PetefmttA HygR, Cox®  (Hosseinpour Tehrani et al., 2019a)

U. maydis MB215 Acyp3 Afuz7 APriaz::Petes

3 N . .
PeresmttA_K14 Hyg"®, Cbx (Hosseinpour Tehrani et al., 2019c)

U. maydis MB215 Acyp3 AMEL AUA Adgat

Beck tal.,, 2020
DPriaz::Petes (= ITA chassis) (Becker etal., )

U. maydis MB215 Acyp3 AMEL AUA Adgat

APrigi::Petef Afuz7 Al sitviel;
U. maydis MB215 Acyp3 AMEL AUA Adgat R .
DPriag::Petef Dfuz7 PetesmttA_K3 Cox this study
U. maydis MB215 Acyp3 AMEL AUA Adgat .
Cbx? this stud
DPriag::Petef Dfuz7 PeteimttA_K8 X 15 stucdy
U. maydis MB215 Acyp3 AMEL AUA Adgat .
Cbx? this stud
DPriag::Petef Dfuz7 PetefmttA_K9 X Is stucdy
U. maydis MB215 Acyp3 AMEL AUA Adgat .
Cbx? this stud
DPrias::Petes Dfuz7 PetefmttA_K10 X 15 stucdy
U. maydis MB215 Acyp3 AMEL AUA Adgat Cbx®R this study

APriag::Petef Afuz7 PetermttA_K14 (= K14 strain)

Pulsed fed-batch fermentations were performed in New Brunswick BioFlo 115 bioreactors
(Eppendorf, Germany) as described in Hosseinpour Tehrani et al. (2019c). Fed-batch
fermentations with continuous feed were performed in a 2.3 L DASGIP Bioblock bioreactor
(Eppendorf, Germany) with a starting volume of 1.0 L. The medium contained 120 g L glucose,
15 mM or 75 mM NHCl, 0.2 gL'MgS04s7H,0, 0.01gL'FeSO4-7H,0, 0.5gL* KH,PO,,
1 mL L vitamin solution as specified above, 1 mL L' trace element solution as specified above,
and 1gL!yeast extract. When the glucose concentration reached approximately 50 g L%, a
constant feed of a 50 % glucose solution was started. Feeding rates of 2.8 and 0.75 g h* were
estimated from the glucose consumption rates of previous pulsed fed-batch fermentations under
similar conditions. During cultivation, the pH was controlled by automatic addition of 5 M NaOH
and 1 M HCI. 0.5 mL Antifoam 204 (Sigma Life Science, USA) was added manually every 24 h to
avoid foam formation. The dissolved oxygen (DO) was controlled at 30 % by using a cascade mode

including stirring 800-1200 rpm, air flow 1-2 vwvm and the addition of pure oxygen. The CO,
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formation was determined with the DASGIP GA4 module, employing infrared (IR) sensors
(BlueSens). The cultivations were performed at 30 °C. Bioreactors were inoculated to an optical
density measured at a wavelength of 600 nm (ODeggo) of 0.75 from a 48 h preculture in 50 mL
MTM.

Analytical methods

When using CaCOs as buffer, 1 mL culture broth was taken for ODgoo and high performance liquid
chromatography (HPLC) analysis. The CaCOs; was dissolved 1:1 with 4 M HCI prior to further
measurements as described in (Zambanini et al.,, 2016a). Cell-densities were measured by
determining the absorption at 600 nm with an Ultrospec 10 Cell-Density Meter (Amersham

Biosciences, UK).

For HPLC analysis, all samples were filtered with Rotilabo (CA, 0.2 pm, @ 15 mm) or Acrodisc (GHP,
0.2 um, @ 13 mm) syringe filters and diluted 1:5 or 1:10 with 5 mM H,SO4 or ddH,0. Products in
the supernatant were analyzed using a DIONEX UltiMate 3000 HPLC System (Thermo Scientific,
Waltham, Massachusetts, USA) or a Agilent 1260 Infinity HPLC system (Agilent, Waldbronn,
Germany) with an ISERA Metab-AAC column 300 x 7.8 mm column (ISERA, Diiren, Germany). As
mobile phase, 5 mM H,SO4 with a constant flow rate of 0.6 mL mintand a temperature of 40 °C
was used. When using the DIONEX UltiMate 3000 HPLC System, detection was carried out by a
DIONEX UltiMate 3000 Variable Wavelength Detector set to 210 nm and a SHODEX RI-101
detector (Showa Denko Europe GmbH, Munich, Germany). When using the Agilent 1260 Infinity
HPLC system, detection was undertaken by a diode array detector (DAD) at 210 nm and a
refraction index (RI) detector. Analytes were identified via retention time and UV/RI ratio
compared to corresponding standards. All values are the arithmetic mean of at least two
biological replicates. For n = 2, error bars indicate the deviation from the mean and for n > 2 error
bars indicate the standard error of the mean. Statistical significance was evaluated by t test (two-

tailed distribution, heteroscedastic, p < 0.05).

Plasmid cloning and strain engineering

Plasmids were constructed by Gibson assembly (Gibson et al., 2009) using the NEBuilder HiFi DNA
Assembly Cloning Kit (New England Biolabs (NEB), Ipswich, MA, USA). Primers were ordered as
DNA oligonucleotides from Eurofins Genomics (Ebersberg, Germany). As polymerase, Q5 High-
Fidelity DNA Polymerase (NEB) was used. Detailed information about utilized primers and
plasmids are listed in Table 3 and supplementary Table S1. Competent E. coli DH5a were used for
standard cloning and plasmid maintenance according to Sambrook and Russell (2006). Plasmids
were confirmed by polymerase chain reaction (PCR) or sequencing. Generation of protoplasts and
transformation of U. maydis were performed according to Brachmann et al. (2004). Genomic DNA
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of U. maydis was isolated according to Hoffman and Winston (1987). For the deletion of fuz7,
homologous recombination with 1000 bp flanking regions including FRT-sites and a hygromycin
resistance cassette were used (Khrunyk et al., 2010). Successful integration and deletion was
verified by PCR and sequencing. For the overexpression of mttA, the plasmid Pewr-Cbx-AT_mttA

was used (Hosseinpour Tehrani et al., 2019a).

Table 3: Plasmids used in this study.

pJET1.2/blunt Ori ColE1; AmpF Thermo Scientific, Germany

Purgz promoter; synthetic FLP Prof. M. Feldbriigge, Heinrich-

pFLPexpC recombinase gene; Cbx®: ARS; Amp® Heine University Dusseldorf,
Germany
pUMa1523 FRTm1-HygR-FRTm1 cassette; Gent® Ker.‘c’t'n SCh'p.Per’ Heinrich-Heine
University Disseldorf, Germany
pJET1.2-fuz7 5'- pJET1.2 with 5’- and 3’-UTR flank of
UTR flank -FRTm1-Hyg"- UMAG_01514 as deletion construct; this study

FRTm1-fuz7 3’-UTR flank Hyg®; FRT m1 recombination sites

constitutive Petes promoter, dicodon-
Petef -Cbx-AT_mttA optimized version of A. terreus (Hosseinpour Tehrani et al., 2019a)
ATEG_09970 (mttA), Cbx®, AmpF

Quantitative PCR (qPCR) was applied to determine the copy number of mttA integrated into the
U. maydis genome using Luna Universal gPCR Master Mix (NEB, Frankfurt, Germany). Primers
were designed using “GenScript Real-Time PCR (TagMan) Primer Design” tool (Gen Script,
Piscataway, New Jersey, USA). Primer sequences are given in Table S1. As reference genes,
UMAG_02592 and UMAG_03726 were amplified with the primer pairs JB-126/JB-127 and JB-
128/JB-129. Primers JB-132/JB-133 specifically bound within the mttA sequence (supplementary
Table S1). Amplification curves were taken by Bio-Rad CFX ConnectTM Real-Time PCR Detection
system and data were analyzed by using Bio-Rad CFX ManagerTM 3.1 software (Bio-
Rad Laboratories, Hercules, CA, USA) using the ACt method according to Pfaffl (2001).

3.1.3. Results and discussion

Prevention of filamentous growth by fuz7 deletion and its influence on itaconate production

In previous work, ITA production with Ustilago has been significantly improved. The
characterization and upregulation of the ITA gene cluster (Geiser et al., 2018; Geiser et al., 2016b;
Geiser et al., 2016c) as well as the engineering of the mitochondrial carrier for cis-aconitate

(Hosseinpour Tehrani et al.,, 2019a) has laid the foundation for this improvement. Those
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achievements were combined with further modifications including the deletion of genes
responsible for ITA oxidation (cyp3) and (glyco)lipid production (MEL, UA, dgat), resulting in the
U. maydis MB215 ITA chassis (Acyp3 AMEL AUA Adgat APrigi::Petes) With reduced by-product
formation (Becker et al., 2020). Filamentous growth was observed for this strain, similar to other
engineered U. maydis variants (Hosseinpour Tehrani et al., 2019c¢). The morphology switch is likely
induced by the additional stress imposed by the metabolic engineering itself, and the resulting
high ITA titers and associated low pH. This drawback can be overcome by the deletion of fuz7
(UMAG_01514) (Hosseinpour Tehrani et al.,, 2019d; Hosseinpour Tehrani et al., 2019b). The
influence of this knockout in the U. maydis MB215 ITA chassis was assessed in System Duetz
cultivations in MTM containing 15 mM NH4Cl, 100 mM MES pH 6.5, and 50 g L* glucose (Figure
6). Under these conditions, the Afuz7 strain produced 1.3-fold more ITA than the reference ITA
chassis strain (Figure 6A, Table 4). Full consumption of glucose by both strains resulted in an
equivalently improved yield of the Afuz7 strain to 0.45 + 0.01 gira geic’t. The overall productivity

was increased by 12 % and the maximal productivity even by 26 % (Table 4).
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Figure 6: System Duetz cultivations of morphology-engineered U. maydis MB215 strains in MTM with
15 mM NH4Cl, 100 mM MES pH 6.5, and 50 g L glucose.

(A) Concentration of itaconate (continuous lines) and glucose (dotted lines) and (B) ODsoo (continuous lines)
and pH (dotted lines) of U. maydis MB215 Acyp3 AMEL AUA Adgat APria1::Petes (A ) and the same strain with
additional fuz7 deletion (®) (n = 3 biological replicates).

These results clearly illustrate the benefit of preventing filamentous growth. In these deeply
engineered strains of U. maydis, cells start to adhere to the walls of the culture plates during the
production phase, likely as a result of the combined stress of ammonium limitation, low pH and
increasing product concentrations (Klose et al., 2004; Lovely et al., 2011; Lovely & Perlin, 2011).
This adhesion has been described in detail in Hosseinpour Tehrani et al. (2019c). The resulting cell
accumulations likely encounter oxygen, buffer, and nutrition heterogeneities, leading to
limitations for cells deeper within the clumps. The accumulation on the walls was reflected in

decreasing optical density values after 72 h (Figure 6B) and a decreasing ITA productivity (Figure
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6A). This is in contrast to the fuz7 mutant, which showed a constant ITA productivity in the

production phase until glucose was depleted.

Overexpression of mttA from A. terreus and its impact on itaconate production

The transport of cis-aconitate from the mitochondria to the cytosol is the rate-limiting step in the
ITA production pathway of U. maydis (Geiser et al., 2016b; Geiser et al., 2016c). In the ITA chassis
this bottleneck is addressed through the overexpression of mttl caused by the promoter
exchange of the ITA cluster regulator encoded by rial (Becker et al., 2020; Geiser et al., 2016c).
However, the mttA transporter from A. terreus was shown to cause a higher metabolic flux
towards ITA than its U. maydis counterpart mtt1 (Hosseinpour Tehrani et al., 2019c; Hosseinpour
Tehrani et al., 2019a). Overexpression of both mtt1 and mttA further enhances ITA production.
Therefore, a PetefmttA construct was targeted to the ip-locus on the genome of the novel Afuz7
strain.

Targeted integration of Cbx® constructs into the ip-locus is not perfect. Often, multi-copy
integration and/or ectopic insertion into random genomic sites occurs. Therefore, several clones
were picked to identify the best ITA producer. Insertion of at least one mttA copy was verified by
PCR for five clones resulting in the strains listed in Table 4. The strains significantly differed from
each other regarding ITA production, glucose consumption, and growth. Corresponding

cultivations are depicted in Figure 7 and Figure 8.

Table 4: Itaconate production parameters of engineered strains of the U. maydis MB215 ITA chassis
Acyp3 AMEL AUA Adgat APriaz::Petes (n = 3 biological replicates).
Symbols refer to Figures 6, 7, and 8. a) overall ITA productivity; b) maximum ITA productivity; c) yield ITA

per consumed glucose.

. Qpa dp, maxh yPISc
Condition  Symbol
. (6L'hY)  (gL'hY)  (gmaBac?)
A control 19.4+0.3 0254001  035+0.02  0.36+0.02
+ + + +
15 mM . Dfuz7 24.4+0.5 0.28+0.01  044+0.03  0.45%0.01
NH4Cl, 100 n P o /MItA_K3 23.5+0.6 0.20£0.00  046+0.02  0.53+0.01
mM MES
' P__mttA_K8 + + + N
oH 6.5 n e A 29.1+0.1 035+0.01  049+0.03  0.54+0.01
50gL? n P o/MttA_K9 289403 024+0.00  044+001  057+0.01
|
glucose - P /NttA_K10 323£08  037:0.00 0544001  0.60%0.02
n P, /MttA_K14 29.9+0.7 025+0.00  0.44+001  0.64+0.03
o Dfuz7 48.8+13 042+0.01  070+0.07  0.47+0.01
15mMm
NH.Cl, o P ofMtA_K3 33.8+0.5 0.29+0.00  0.43+0.06  0.58+0.04
66gL" O P ./MtA_K8 56.5+1.7 0.48+0.01  0.74%+0.09  0.51+0.02
CaC03
pH 7.5 o P /MtA_K9 48.1%2.9 0414002  052+0.02  0.56+0.03
1?0 gLt O P /MttA_K10 49.0+3.8 0.42+0.03  0.64+0.07  0.44+0.03
glucose
o P /MttA_K14 54.4+0.2 0.46+0.00  0.82+0.01  0.57+0.00
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Figure 7: System Duetz cultivations of U. maydis MB215 strains expressing mttA in MTM with 15 mM
NH4Cl, 100 mM MES pH 6.5, and 50 g L glucose.

(A) Concentration of itaconate (continuous lines) and glucose (dotted lines) and (B) ODsoo (continuous lines)
and pH (dotted lines) of U. maydis MB215 Acyp3 AMEL AUA Adgat APria1::Petes Afuz7 (@) and five PetermttA
transformants named K3 (m), K8 (m), K9 (m), K10 (m), and K14 (m) (n = 3 biological replicates).

With the exception of K3, all mttA transformants outperformed the reference strain with
18-32 % improvements in titer (Figure 7A, Table 4). Clones K3, K9, and K14 did not consume all
glucose during 120 h of cultivation (Figure 7A), which further boosted the yield. All mttA
transformants achieved a higher yield than the reference (Table 4), with K14 reaching
0.64 +0.03 gira gaic', which is 89 % of the theoretical maximum. Strains K8 and K10 had the
highest rates, which were 25 % and 32 % higher, respectively, compared to the reference.
Overexpression of mttA also had a strong impact on the growth (Figure 7B). While U. maydis
MB215 Acyp3 AMEL AUA Adgat APrigi::Petesr Afuz7 reached ODegoo values above 30, all mttA
transformants remained well below this value. A similar effect was observed in other mttA
overexpressing strains, where growth and glucose consumption were also strongly decreased
(Hosseinpour Tehrani et al., 2019a). The constitutive P.:.s promoter causes expression of mttA
during the growth phase (Zambanini et al., 2017c). It is assumed that this forces cis-aconitate

export from the mitochondria to the cytosol, leading to the observed growth defects.

The trends regarding ODeoo, Yield, and productivity were similar under screening conditions with
a higher substrate concentration and CaCOs as buffer (Figure 8, Table 4). Much higher titers of up
to 56.5+ 1.7 gL! were reached compared to the MES-buffered cultivation due to the higher
buffer capacity of CaCOs, higher substrate concentration, and in situ precipitation of calcium ITA,

which alleviates product inhibition.
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Figure 8: System Duetz cultivations of six U. maydis MB215 mutants in MTM with 15 mM NH4ClI,
66 gL' CaCOs pH 7.5, and 100 g L! glucose.

(A) Concentration of itaconate (continuous lines) and glucose (dotted lines) and (B) ODsoo of U. maydis
MB215 Acyp3 AMEL AUA Adgat APria1::Petes Afuz7 (0) and five PetesmttA transformants of U. maydis MB215
Acyp3 AMEL AUA Adgat APriaz::Petes Afuz7 PetesmttA, K3 (1), K8 (), K9 (1), K10 (), and K14 (o) (n = 3
biological replicates).

Correlation between copy number of P...smttA and impact on itaconate production

In order to test whether these differences in production parameters and growth are a result of
differences in the copy number of PefmttA, the copy number was determined by qPCR. Primer
efficiencies and C: values of mttA and two reference genes, UMAG_02595 and UMAG_03726,
were 2.014 for JB-126/JB-127 (R? = 0.999), 1.994 for JB-128/JB-129 (R? = 0.999), and 1.976 for JB-
132/JB-133 (R* = 1.0). Ratios between mttA and each reference gene were calculated
independently according to Pfaffl (2001) and the resulting mean of both ratios was rounded to an
integer value. As positive control, U. maydis MB215 AUMAG_05079 PeiefmttA was used. This
strain was previously proven to be a single-copy mttA transformant by Southern blot
(Hosseinpour Tehrani et al., 2019a), which was confirmed by the qPCR method. For the mttA

transformants, copy numbers between 1 and 4 were determined (Table 5).
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Table 5: Determination of PetefmttA copy number in five U. maydis MB215 Acyp3 AMEL AUA Adgat
DPria1::Pete Afuz7 PetesmttA transformants by qPCR (n = 3 biological replicates).

C: value C: value C: value mliiz‘:o mliiz‘:o Rounded
L Oe Uo“é';i— Uo“;'fz":— mttA UMAG_ UMAG_  mean
02595 03726

wildtype 27.6 £0.10 27.910.29 35.9+1.20 0.0 0.0 0
AUMAG_05079 ::PetefmttA 25.7+0.14 25.8+0.24 25.7 £0.32 1.0 1.0 1
PetesmttA_K3 28.3+0.12 28.4+0.31 26.7 £ 0.36 3.2 3.1 3
PetesmttA_K8 27.8+0.10 27.9+0.11 28.5+0.21 0.7 0.6 1
PetesmttA_K9 28.2+0.27 28.5+0.16 26.4+0.18 3.7 3.9 4
PetesmttA_K10 26.8+0.17 26.6 £ 0.35 26.6 £0.10 1.2 0.9 1
PetesmttA_K14 26.6 £0.03 27.0+£0.13 25.2+0.13 2.8 3.3 3

Cells of strain K8 with a single mttA copy reached the highest OD¢oo and ITA productivity (Figure
9). The transformants with higher copy numbers showed lower ODgso and production rates, but
significantly higher yields. Transformant K3 represents an outlier, which is most apparent in the
direct comparison to K14 having the same copy number of 3. Possibly, one or more copies of the
mttA construct were inserted into a different locus, which may lead to different expression levels
or to defects in growth due to gene disruption. Overall, transformant K14 showed the best
balance of high yield with minimal reduction in growth and production rates. Therefore, this strain

was selected for further characterization.
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Figure 9: Production parameters of U. maydis MB215 Acyp3 AMEL AUA Adgat APriai::Petes Dfuz7
transformants with different mttA copy numbers incubated in MTM with (A) 15 mM NH4Cl, 100 mM MES
pH 6.5, and 50 g L! glucose and (B) 15 mM NHa4Cl, 66 g L'* CaCOs pH 7.5, and 100 g L glucose (n = 3
biological replicates).

Evaluation of itaconate production with the novel engineered strain K14 in a bioreactor

The final consolidated U. maydis MB215 Acyp3 AMEL AUA Adgat APrigs::Peter Afuz7 PeresmttA_K14,
henceforth named strain K14 for ease of reference, was deeply engineered to reduce by-product
formation, to stabilize the yeast-like morphology, and to alleviate bottlenecks in the ITA

production pathway. This engineering strongly impacted growth, and thus might also affect its
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catalytic vigor under stress. To assess the performance of the novel engineered strain K14 under

more industrially relevant conditions, fed-batch bioreactor experiments were performed.

Previously, in situ precipitation of calcium ITA was successfully used to achieve very high titers
with U. maydis MB215 Acyp3 APrigi::Peter Dfuz7 PeregmttA (Hosseinpour Tehrani et al., 2019c).
Under similar conditions with 200 g L glucose and 75 mM NH4Cl in the presence of CaCOs, strain
K14 achieved very similar yield, titer, and productivity of ITA production (supplementary Table
S2). A titer of 205.6+1.1g L ITA was achieved within 481 h with an overall productivity of
0.43+0.00gL*h?!and ayield of 0.32 + 0.00 gira geic* (Figure 10). Although a very high titer was
reached under these conditions due to the alleviation of product inhibition, the yield is relatively
low compared to the shaken cultures. After the fermentation, extensive clumping of solids
attached to reactor walls and components was discovered, indicating that the shown ITA
production from broth samples during cultivation may be an underestimation. Although the
in situ precipitation of ITA is a very promising strategy, it clearly requires extensive optimization

of solids feeding and reactor mixing in order to realize the full potential of the engineered strain.
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Figure 10: High cell-density pulsed fed-batch fermentations of U. maydis strain K14.

(A) Concentration of glucose (®) and ODsoo values (A) and (B) concentration of itaconate (m) during
fermentation in bioreactors containing batch medium with 75 mM NH4Cl, CaCOs as buffer, and
200 g L glucose (n = 2 biological replicates). The stirrer was equipped with a pitched blade impeller on the
top and a Rushton impeller on the bottom. Arrows indicate the addition of 80 g glucose + 50 g CaCOs (black
arrow), 80 g glucose (grey arrow), or 50 g CaCOs (light grey arrow).

The intermittent stress imposed by the pulsed feeding strategy likely also negatively affected
production. This is especially apparent in NaOH-titrated pulsed fed-batch fermentations, where
only 60.0 g L1 ITA was produced with a yield of 0.42 gira geic* (supplementary Figure S1). Although
this is a considerable improvement compared to a similar fermentation with U. maydis MB215
Acyp3 APrigs::Peter Afuz7 PetesmttA (Hosseinpour Tehrani et al., 2019c) (supplementary Table S2),
the achieved yield is still far lower from that obtained in shake flasks. This indicates that the strain

modifications, especially the overexpression of mttA, reduced the tolerance of the engineered
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strains to osmotic stress. Consequently, the novel engineered strain was cultivated in fed-batch
fermentations with continuous feed to achieve a lower baseline glucose concentration. High cell-
density fermentations with 75 mM NH4CI (Figure 11) as well as low cell-density fermentations
with 15 mM NH4CI (Figure 12) were performed. A starting glucose concentration of 120 g L't was
allowed to drop to approximately 50 g L™ during growth, at which point a constant feed of 2.8 or

0.75 g h't was started, for the high and low cell-density fermentation, respectively.
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Figure 11: High cell-density fed-batch fermentations with continuous feed of U. maydis strain K14.

(A) Concentration of glucose (), itaconate (m), ammonium ( V'), and ODeoo values ( A ) and (B) filling volume
(continuous black line), CO2 production (dotted black line), and the added volumes of 5 M NaOH (orange
line) and 50 % glucose (blue line) during fermentation in bioreactors containing batch medium with 75 mM
NH4Cl and 120 g L™ glucose (n = 2 biological replicates). The pH was kept at 6.5 by automatic titration with
5 M NaOH. Cultures were fed with an additional 130 g glucose at a rate of 2.8 g h™* during the indicated

time interval.
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Figure 12: Low cell-density fed-batch fermentations with continuous feed of U. maydis strain K14.

(A) Concentration of glucose (@), itaconate (m), ammonium ( V), and ODsoo values ( A ) and (B) filling volume
(continuous black line), CO2 production (dotted black line), and the added volumes of 5 M NaOH (orange
line) and 50 % glucose (blue line) during fermentation in bioreactors containing batch medium with 15 mM
NH4Cl and 120 g L glucose (n = 2 biological replicates). The pH was kept at 6.5 by automatic titration with
NaOH. Cultures were fed with an additional 130 g glucose at a rate of 0.75 g h'! during the indicated time
interval.
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In the high cell-density fermentation, 74.9 + 1.3 g L' ITA was produced by U. maydis strain K14
within 140 h with an overall productivity of 0.53 + 0.01 g L' h* and a yield of 0.54 + 0.02 gta geic*
(Figure 11). The low cell-density fermentation resulted in a similar ITA titer of 75.7 + 1.3 gL?
(Figure 12). The five-fold reduction in NH4Cl as growth limiting nutrient only resulted in an
approximately two-fold reduction of the maximum ODgoo value as well as of the overall
productivity (supplementary Table S2). A similar trend was observed previously for both ITA and
malate producing strains (Geiser et al., 2016b; Zambanini et al., 2016a). The lower substrate
requirement for biomass formation enabled a higher yield of 0.66 + 0.02 gira geic? (Figure 12).
Compared to the low cell-density pulsed fed-batch (supplementary Figure S1), the fed-batch with
continuous feed increased the titer by 27 %, the overall productivity by 14 % and the yield by
57 %. These results clearly illustrate the benefit of the lower glucose concentration, probably due
to a reduced osmotic stress and the absence of osmo shocks caused by glucose pulses. A similar
trend was observed for an engineered U. cynodontis strain, where a constant glucose feed
controlled by an in-line glucose sensor significantly increased the production parameters, while
lowering the production of erythritol as an osmoprotectant (Hosseinpour Tehrani et al., 2019d).
Erythritol production was not observed in our U. maydis cultures, which is in good accordance
with previous studies (Geiser et al., 2014; Guevarra & Tabuchi, 1990a). However, this species can
tolerate over 2.5 osmol L'? (Klement et al., 2012) and is known to produce other osmotically active
compounds when exposed to such extreme osmotic conditions. Salmerdn-Santiago et al. (2011)
reported that U. maydis cells treated with 1 M sorbitol accumulated an increased level of
trehalose, probably functioning as an osmoprotectant. The trehalase activity in these cells was
increased at the same time, indicating cellular mechanisms for a rapid adaption of the trehalose
content. Cervantes-Chavez et al. (2016) found that U. maydis mutants with a disrupted trehalose
biosynthesis pathway were more sensitive to osmotic stress than the wildtype. Assuming that the
ITA produced and the 0.5-1.0 M glucose pulses had a similar effect, it is reasonable to assume
that the U. maydis cells were stressed during the pulsed fed-batch fermentations. This stress,
combined with the drain of carbon posed by the synthesis of compatible solutes, likely caused

the lower itaconate yield.

The yield of 0.66 + 0.02 gira gaic? is the highest yield ever reported for U. maydis, and it is also
higher than most reported yields achieved with A. terreus (Kuenz & Krull, 2018). In fact, the low
cell-density fermentation achieved the theoretical maximal yield during the production phase.
When disregarding the glucose consumed during the first 24 h in the growth phase, the yield was

0.72 £0.02 gi7a gGLc_l, or 1.00 £ 0.03 molira mOlGLc_l.
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3.1.4. Conclusion

This study explored the limits of microbial ITA production with U. maydis by combinatorial
metabolic and morphological engineering. These modifications, especially the overexpression of
mttA, had a major effect on growth of the final strain U. maydis K14. This reduction in growth did
affect its performance in fed-batch fermentations, but this effect could be avoided by reducing
the glucose concentration with a continuous feeding strategy. Under these conditions, ITA was
produced from glucose at 100 % of the theoretical maximum yield during the production phase
in a low cell-density fermentation. Looking forward, osmotolerance of U. maydis may be
enhanced by laboratory evolution. Further, production of ITA at low pH values is also paramount.
Although U. maydis grows relatively poorly at low pH, the shaken cultures clearly indicate that
the K14 strain is able to produce ITA at pH levels below 4. A pH shift between growth and
production may therefore enable low-pH production. Since substrate cost is usually the main
price-determining factor for commodity products, the high yield achieved in this work will
significantly contribute to the establishment of an Ustilago-based industrial ITA production

process, further enabled by the facile, yeast-like growth of this strain.
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Background: Itaconic acid is a promising bio-based building block for the synthesis of polymers,
plastics, fibers, and other materials. In recent years, U. cynodontis has emerged as an additional ITA
producing non-conventional yeast, mainly due to its high acid tolerance, which significantly reduces
base and acid use and associated saline waste co-production during fermentation and downstream
processing. As a result, this could likely improve the economic viability of the ITA production process
with Ustilaginaceae.

Results: In this study, we characterized a previously engineered ITA hyper-producing U. cynodontis
strain in controlled fed-batch fermentations to determine the minimal and optimal pH for ITA
production. Under optimal fermentation conditions, the hyper-producing strain can achieve the
theoretical maximal ITA yield during the production phase in a low cell-density fermentation at pH 3.6,
but at the expense of considerable base addition. Base consumption is strongly reduced at the pH of
2.8, but at cost of production yield, titer, and rate. A techno-economic analysis based on the entire
process demonstrated that cost savings due to an additional decrease in pH control reagents and
saline waste cannot compensate the yield loss observed at the highly acidic pH value 2.8.

Conclusions: Overall, this work provides novel data regarding the individual strain properties and
production capabilities, contributing to a better understanding of the ITA production process with
U. cynodontis, especially from an economic perspective.
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Figure 13: Graphical abstract showing the relationship of cell dry weight, yield, productivity, titer, and
NaOH consumption during ITA production at different pH values in U. cynodontis ITA MAX pH (not
submitted as part of the manuscript).
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3.2.1. Introduction

Itaconic acid is considered as a promising renewable building block for the synthesis of plastics,
synthetic resins, fibers and other materials (Klement et al., 2012; Okabe et al., 2009; Steiger et
al., 2017; Willke & Vorlop, 2001). While ITA and its derivatives also hold great potential in the
medical and pharmaceutical sectors (Michelucci et al., 2013; Mills et al., 2018; Olagnier et al.,
2020), a major opportunity exist in replacing acrylic acid and methacrylic acid in the polymer
industry. However, this is only possible if the efficiency of the fermentation process can be
increased to a point where it can compete with the petrochemical production (Bafana & Pandey,
2018; Klement & Biichs, 2013). In view of the already high yield, high titer, and high productivity
of the industrially well-established ITA production process with the filamentous fungi A. terreus
(Hevekerl et al., 2014), the possibilities for further process improvements seem to be largely
exhausted, requiring a qualitative breakthrough in other dimensions of the process window.
Therefore, we focus on Ustilago, which with its stable yeast-like morphology, may enable such
further efficiency gains in scaled up fermentation processes by providing greater degrees of
freedom in handling of the fermentation broth (Krull et al., 2020; Tabuchi et al., 1981). These
gains may be further boosted by utilizing untreated industrial feedstocks (Regestein et al., 2018),
as the substrate cost remains a critical factor in ITA production (Saur et al., 2023). Moreover, the
long history of safe use and lower biosafety level of Ustilago simplifies the ITA production process

in Europe compared to A. terreus.

In previous work, ITA production with a deeply engineered U. maydis strain was optimized in
terms of glucose feeding strategies (Becker et al., 2021). A continuous fed-batch fermentation
with a reduced glucose baseline concentration enabled ITA production at 100 % of the theoretical
maximal yield during the production phase in a low cell-density fermentation. Since U. maydis’s
pH sensitivity is largely uninvestigated, these fermentations were performed at a neutral pH.
However, acidic pH values are beneficial for organic acid production (Roa Engel et al., 2011; van
Maris et al., 2004). Therefore, we investigated U. cynodontis, an additional natural ITA producer
that has recently been engineered to higher efficiencies (Hosseinpour Tehrani et al., 2019d;
Hosseinpour Tehrani et al., 2019b). The advantage of this strain lies in the amalgamation of yeast-
like morphology with high acid tolerance, thus enabling both easier handling and the utilization

of the benefits from lower process pH values. On the one hand, low pH values reduce bacterial
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growth, which generally reduces the risk of process contamination and may also allow to use a
semi-sterile process, reducing costs. On the other hand, a low pH is crucial for downstream
processing (DSP) efficiency (Magalhdes et al., 2019; Okabe et al., 2009). Like other carboxylic
acids, ITA can be purified by various unit operations such as crystallization (Okabe et al., 2009),
extraction (Eggert et al., 2019), adsorption, chromatography (Gonzalez et al., 2006; Ortiz-de-Lira
et al., 2022), and membrane separation. Most of the ITA purification techniques require the free
acid. Therefore, the fully protonated state is required to obtain high yields during DSP (Biselli et
al., 2022; Eggert et al., 2019; Holtz et al., 2021; Lépez-Garzén & Straathof, 2014; Ortiz-de-Lira et
al., 2022; Saur et al., 2023). As a result, the pH needs to be lowered after fermentation by acid
addition. In the industrially used crystallization, this leads to the formation of a co-salt with the
base from the fermentation. While for A. terreus, this is not an issue due to its low fermentation
pH, the concentration and composition of the co-salt limits the yield and increases the cost of
waste disposal for U. maydis (Gausmann et al., 2021; Saur et al., 2023). A techno-economic
analysis already revealed that a slightly lower fermentation yield with U. cynodontis could be
compensated by its low fermentation pH of 3.6 when compared to U. maydis (Saur et al., 2023).
According to previous research, it is known that U. cynodontis is capable of producing ITA even at
pH values below 3.6 (Hosseinpour Tehrani et al., 2019d). Considering the pK, values of ITA (3.84
and 5.55 at 20 °C), further reduction of the fermentation pH would shift ITA dissociation towards
the fully protonated species, significantly reducing the addition of pH control reagents and
therefore costs. As a result, this could likely improve the economic viability of the ITA production

process with Ustilaginaceae.

A major factor in the establishment of U. cynodontis as a non-conventional ITA producer was the
deletion of fuz7, which arrested the cells in a yeast-like morphology thereby avoiding filamentous
growth. Hosseinpour Tehrani et al. (2019d) determined the pH optimum for ITA production at 3.6
with this morphology-engineered strain, but additional modifications were later performed to
enhance ITA production. These genetic modifications include the deletion of the P450
monooxygenase encoding cyp3, the overexpression of the transcription regulator rial, and the
heterologous overexpression of the mitochondrial tricarboxylate transporter mttA from
A. terreus. Since this metabolic engineering altered the product spectrum and interfered with the
regulation of the ITA gene cluster, the pH optimum for ITA production with this optimized strain
may have shifted. In this study, we therefore investigated the ITA production capabilities of the
new ITA hyper-producing U. cynodontis strain through controlled fed-batch fermentations. We
identified the pH optimum of this strain and explored process window boundaries of key
parameters such as the maximum ITA titer and the lowest pH value possible. Additionally, the

impact of pH on overall process economics was evaluated in a techno-economic analysis. Our
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findings revealed that additional cost savings could be achieved by minimizing pH control
reagents and reducing saline waste. Although ITA can be produced with the optimized
U. cynodontis strain at pH values as low as 2.1, there is a clear optimum balance between the KPls
that is not reached by simply maximizing individual parameters. In summary, this study provides
insight into the specific characteristics and production capabilities of the new ITA hyper-
producing U. cynodontis strain, which improves our understanding of the ITA production process

with this microorganism, particularly from an economic standpoint.

3.2.2. Results and discussion

Comparison of U. maydis K14 and U. cynodontis ITA MAX pH for itaconate production at low
pH values

Despite the advantage of acidic pH values for organic acid production, previous fermentations of
U. maydis MB215 Acyp3 AMEL AUA Adgat Prig1::Petef Afuz7 PetefmttA_K14, henceforth named strain
K14 for ease of reference, were performed at a neutral pH of 6.5 due to the largely uninvestigated
growth- and production characteristics of this strain at lower pH values. In shake flask cultivations,
engineered U. maydis hyper-producers do not grow at acidic pH conditions, but still produce
significant amounts of ITA at lower pH values (Becker (b. Loevenich), 2019; Hosseinpour Tehrani
et al., 2019c). Hence, ITA production of U. maydis K14 was assessed in fermentations with
different pH values for growth and ITA production phase (Figure 14A). To gain a comprehensive
comparison, U. cynodontis NBRC9727 Afuz7 Acyp3 PetefmttA Prgirial, henceforth named strain
ITA MAX pH for ease of reference, was cultured under similar conditions (Figure 14B). To study
the effect of reduced ammonium concentrations on the product to substrate vyield in
U. cynodontis ITA MAX pH, an additional low cell-density fed-batch fermentation was performed

(Figure 14C).
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Figure 14: Fed-batch fermentations with continuous feed of U. maydis K14 with high ammonium
concentration (A) and U. cynodontis ITA MAX pH with high (B) and low (C) ammonium concentration.
Bioreactor cultivations were performed in batch medium with 75 mM NH4Cl and approximately 120 g L!
glucose (n = 2 biological replicates). The pH was controlled by automatic titration with 5 M NaOH. After the
depletion of nitrogen (24 h and 48 h), the pH was allowed to drop from pH 6.5 to pH 3.6 through the
production of ITA. Cultures were fed with an additional 130 g glucose (50 % w/v feeding solution) at a rate
of 2.8 g ht for U. maydis K14 and 2.2 g h™* or 0.65 g h' for U. cynodontis ITA MAX pH during the indicated
time interval. The feeding rates were estimated from glucose consumption rates of previous fermentations,
aimed at keeping the glucose concentration at a relatively constant level of approximately 50 g L. The low
cell-density cultures were overfed between 72 h and 96 h.

Until 72 h, both high cell-density fermentations behaved similarly (Figure 14A, B). The depletion
of nitrogen was achieved and ITA accumulated to approximately 30 g L. However, upon reaching
lower pH levels, difference became apparent between the two species. In the case of you
U. maydis K14, production almost completely stopped once the pH reached values below 4.0. On
the contrary, U. cynodontis ITA MAX pH produced an additional 30 g L™ ITA after reaching acidic
pH values. Remarkably, the U. maydis K14 culture did not even reach the final pH value 3.6,
although the glucose concentration still declined until the end of the fermentation. This continued
glucose uptake in the absence of further production indicates a very high metabolic energy
demand for maintaining intracellular pH homeostasis. These results show that U. maydis K14 is
not suitable to produce ITA at lower pH values and is possibly more sensitive towards weak acid
stress. Consequently, U. cynodontis ITA MAX pH was identified as a preferable candidate for
subsequent characterization. If ITA is to become a bulk chemical, yield is one of the most relevant
production parameter because substrate cost is a decisive price-determining factor (Saur et al.,
2023). The availability of nitrogen and the resulting C/N ratio offer a dimension to optimize the
product to substrate yield by controlling the biomass density. Typically, lower nitrogen levels
result in higher yields but also lower productivities (Zambanini et al., 2017c). In previous fed-batch
fermentations of U. maydis K14 with a reduced ammonium concentration, ITA was produced at
the maximal theoretical yield of 0.72 + 0.02 gira gcic? during the production phase (Becker et al.,
2021). A similar trend was observed for U. cynodontis ITA MAX pH during the low cell-density

fermentation (Figure 14C). This fermentation resulted in a similar ITA titer of 67.8 0.7 g L*
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compared to the high cell-density fermentation. Interestingly, the 5-fold reduction in ammonium
chloride as growth-limiting nutrient only resulted in an approximately 2-fold reduction of the
maximum ODsoo value as well as of the overall productivity (0.22 +0.01g L h). A similar
phenomenon was observed for U. maydis (Becker et al., 2021). The lower substrate requirement
for biomass production enabled a higher yield of 0.55 + 0.02 gira geic't. When disregarding the
glucose consumed during the first 24 hours in the growth phase, this fermentation achieved the
theoretical maximal yield of 0.72 + 0.01 gira gaic' 2. This yield is the highest yield ever reported for
U. cynodontis. Compared to previously published low cell-density pulsed fed-batch fermentation
with a pH shift from 6.0 to 3.6, the fed-batch with continuous feed increased the titer by 62 %
and the yield by 41 %, while the overall productivity remained nearly constant. These results
clearly illustrate the benefit of a continuous glucose feed, preventing osmotic shocks caused by
pulsed feeding. However, it is to note that the baseline glucose concentration during feeding was
significantly higher than in the pulsed fed-batch fermentation. Although a higher osmotic stress
due to elevated glucose concentration would be expected, it is also plausible that approximately
100 g L glucose represents a threshold concentration for achieving more efficient ITA production
while maintaining relatively low osmotic stress. These findings are in line with those reported for
ITA production with A. terreus, where the highest yields were obtained at glucose concentration
between 120 to 200 g L! (Karaffa et al., 2015). Almost the same is reported for citrate production
in A. niger (Xu et al., 1989). This phenomenon should be further investigated for ITA production

with Ustilaginaceae.

Comparison of the itaconate production capabilities of U. cynodontis ITA MAX pH at neutral
and acidic pH values

Previous research has demonstrated that U. cynodontis is also able to grow at the acidic pH value
3.6 (Hosseinpour Tehrani et al., 2019d). To investigate the impact of reduced pH values
throughout the entire fermentation process, additional continuous fed-batch fermentations were
conducted as described above. Growth and production capabilities achieved at pH 3.6 were

compared to values obtained from fermentations at pH 6.5 (Figure 15).
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Figure 15: High cell-density fed-batch fermentations with continuous feed of U. cynodontis ITA MAX pH
at pH 3.6 (A) and pH 6.5 (B).

Bioreactor cultivations were performed in batch medium with 75 mM NHa4Cl and approximately 110 g L!
glucose (n = 2 biological replicates). The pH was controlled by automatic titration with 5 M NaOH. Cultures
were fed with an additional 130 g glucose (50 % w/v feeding solution) at a rate of 2.2 g h? during the
indicated time interval. The feeding rates were estimated from glucose consumption rates of previous
fermentations, aimed at keeping the glucose concentration at a constant level of approximately 50 g L.

In the neutral pH fermentation, 64.7 + 10.5 g L ITA was produced within approximately 160 h
with an overall productivity of 0.40 + 0.06 g L'* h'* and the yield 0.42 + 0.02 g7a geic* (Figure 15B).
Previous fed-batch fermentation with a pH-shift from 6.5 to 3.6 achieved similar KPIs (Figure 14B).
However, the low pH fermentation resulted in a higher ITA yield of 0.49 + 0.01 gira ge.c* (Figure
15A). In addition, the overall productivity was increased by 39 % (0.57 £ 0.01 g L h') and the titer
by 22 % (79.2 + 1.3 g L'%). These results show that U. cynodontis ITA MAX pH not only tolerates
acidic conditions, it actually produces better at lower pH values. This result is promising, given
that the acidic pH fermentation required approximately 3.5-fold less NOH compared to the
neutral pH fermentation (112 mL and 398 mL 5 M NaOH solution). The KPIs are in good
accordance with those previously achieved with this strain using a constant glucose feed
controlled by an inline glucose sensor (78.6 g L%, 0.45 gira geict, 0.42 g L't h't (Hosseinpour Tehrani
et al., 2019d). Less optimal progenitor strains of U. cynodontis ITA MAX pH are capable of
producing ITA even at pH levels below 3.6 (Hosseinpour Tehrani et al., 2019d). Given the pK;
values of ITA of 3.84 and 5.55 (at 20 °C), further reduction of the fermentation pH is expected to
still significantly reduce base consumption (Krull et al., 2017a). Thereby, costs associated with pH
adjusting reagents can be further reduced. In addition, less HCl is necessary for DSP. This leads to
a lower amount of co-salt in the fermentation broth, which can therefore be further concentrated
which increases the crystallization yields. As shown by Saur et al. (2023), this increased yield in
DSP is able to compensate for partial yield loss in fermentation (cf. introduction). As a result, this
capability holds the potential to improve the economic viability of the ITA production process

with U. cynodontis.
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Identification of the pH optimum for itaconate production with U. cynodontis ITA MAX pH

The pH plays a crucial role as it determines the ITA species distribution during the fermentation
process. On the one hand, protonated ITA negatively impacts the efficiency of the fermentation
as it leads to weak acid uncoupling, which increases maintenance demand through energy-driven
export of protons, and it possibly increases product inhibition by raising the intracellular ITA
concentration. On the other hand, the protonated acid greatly facilitates DSP as it avoids
additional acid use and salt co-production as described above. Therefore, it is crucial to carefully
determine the optimum pH value in order to balance these effects and achieve the overall most
efficient ITA production. However, the pH optimum for ITA production with U. cynodontis has so
far only been determined with the sub-optimal production strain containing only the fuz7
deletion. To examine the pH optimum of the new ITA hyper-producing strain, a series of pH
controlled fed-batch fermentations were conducted in standardized conditions (Figure 16). To
avoid growth defects due to pH values below 3.6, the initial biomass production phase was
performed at pH 3.6 for all fermentations. Following the depletion of the nitrogen source, the pH
was allowed to drop to the corresponding lower pH value. To adjust the pH value above values of

3.6, NaOH was added.
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Figure 16: Fed-batch fermentations for the determination of the pH optimum for itaconate production
with U. cynodontis ITA MAX pH.

(A) Distribution of protonation states of ITA, (B) yieldita, (C) added volumes of 5 M NaOH and (D)
concentration of glucose (®) and ODeoo (A ) during fermentation at different pH values in bioreactors
containing batch medium with 75 mM NH4Cl and approximately 110 g L glucose (n = 2 biological
replicates). The colors in Figure D indicate fermentations at the pH values as shown in the panels A-C. The
pH was controlled by automatic titration with 5 M NaOH. After the depletion of nitrogen (48 h), the pH was
allowed to naturally drop to the corresponding lower pH value. pH values above 3.6 were adjusted with
5 M NaOH. pH 2.1 represents the lowest possible pH value that can be achieved with U. cynodontis ITA
MAX pH. This pH value was determined in a high cell-density batch fermentation with 75 mM NHaCl,
approximately 200 g L glucose, and an uncontrolled pH value during the production phase. All other
cultures were fed with an additional 130 g glucose (50 % w/v feeding solution) at a rate of 2.2 g h™ during
the indicated time interval in B.

During the initial biomass production phase, a similar growth was observed across all
experiments. However, after the pH was adjusted to the corresponding value being tested,
differences in the cell-densities became apparent. pH values below 3.6 resulted in decreased
optical densities (Figure 16D), indicating acid stress of the cells. The stress is most likely caused
by weak acid uncoupling, which is more prominent at low pH values due to higher fractions of the
double-protonated species (Figure 16A). The increased weak acid uncoupling at these lower pH
values is also reflected in reduced yields (Figure 16B). The lowest yield was observed at the
minimal pH value of 2.1, which was identified in a batch fermentation without pH control during
the ITA production phase. However, the NaOH consumption during this fermentation was 36-fold
reduced compared to the fermentation at pH 5.5 (Figure 16C, Figure S2). The highest yield with

moderate base addition was achieved at pH 3.6, similar to what was previously determined for
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the morphology-engineered strain. The double-protonated form remained relatively constant
within the pH range of 2.8 and 3.4, suggesting a potential inhibitory threshold for the cells (Figure
16A). At pH 3.6, there is a significant reduction in H.ITA. This reduction could explain the high KPIs
observed at this pH value, indicating that H,ITA concentrations are key to achieving maximum
KPls. Considering only the yield, the additional genetic modification did not change the pH
optimum. The morphology-engineered strain also achieved the highest ITA titer at 3.6, and
showed afterwards declining titer with increasing pH values. Regarding ITA titers, it consequently
appears that higher pH values negatively impact the regulation of the ITA cluster genes of the
fuz7 variant. The new ITA hyper-producing strain however, showed increasing titers with
increasing pH values until a pH of 5.0 (Figure 16A). This may be due to the interference in the
regulatory mechanisms of the ITA cluster genes by the rial overexpression. The overexpression
of rial may have contributed to an increased tolerance of the strain towards higher product
concentrations. It may also be possible that the overexpression of rial reduced the pH
dependency of the regulation of the ITA cluster genes. One of the main potential benefits of
production at more neutral pH values lies in the potentially higher titers (Hevekerl et al., 2014;
Krull et al., 2017a). In order to determine the maximum ITA titer with this strain, an additional

fed-batch fermentation was performed with a prolonged feeding phase (Figure 17).
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Figure 17: High cell-density fed-batch fermentations with a prolonged feeding phase of U. cynodontis ITA
MAX pH.

Bioreactor cultivations were performed in batch medium with 75 mM NHa4Cl and approximately 120 g L*
glucose (n = 2 biological replicates). The pH was controlled by automatic titration with 5 M NaOH. After
approximately 48 h, the pH was adjusted to pH 5 and afterwards maintained at this value until the end of
the fermentation. Cultures were fed with an additional 540 g glucose (70 % w/v feeding solution) at rates
between 0.25-2.2 g h'! during the indicated time interval. The feeding profile is shown in Table S3. The
feeding rates were manually adjusted aimed at keeping the glucose concentration at a constant level of
approximately 50 g L.
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In the fed-batch fermentation with a prolonged feeding phase, the ITA titer kept linearly
increasing up to 264 h up to approximately 92.3 + 10.7 g L'* at a productivity of 0.34 + 0.01 g L1 h!
and a yield of 0.42 + 0.01 gira geic* (Figure 17). During the remaining fermentation time, a linear
increase of the ITA titer could still be observed, however with a strongly reduced productivity as
the product inhibition became more and more prominent, taking another 434 h to produce only
32.9 + 4.0 g L' additional ITA. This fermentation reached a final ITA titer of 125.2 + 14.6 gL}, one
of the highest ITA titers reported for Ustilaginaceae with NaOH titration. The ITA concentration
remained constant between 696 h and 720 h, indicating that the maximum titer was finally
reached after approximately one month of fermentation time. In total, this fermentation resulted
in an overall productivity of 0.17 £+0.02 g L h'* and a yield of 0.36 + 0.01 gira gaic't. Although a
very high titer could be achieved through extended feeding, this came at the major expense of a
lower yield end rate. Despite the reduced weak acid stress at the pH value of 5.0 and the higher
ITA production per cell, this fermentation highlighted the strong inhibitory effect of elevated
product titers on the over KPls, indicating a major efficiency loss at titers above 92.3 + 10.7 g L*!
even at a higher pH value. This result highlights that not only elevated H,ITA concentrations are

inhibitory for the cells, but also higher overall product titers due to increased osmotic stress.

In summary, the engineered U. cynodontis ITA MAX pH strain shows an extended operational
range for ITA production compared to the previous morphology-engineered strain, particularly in
terms of ITA titers. The carbon balance of all fermentations is shown in Figure S3. Analogous to
the morphology-engineered strain, the achieved KPIs for the hyper-producing strain exhibited a
moderate decrease at pH values below 3.6, which became more prominent at pH values below
3.0 (Figure 16B). However, the volumes of NaOH added during these low-pH fermentations were
also significantly reduced (Figure 16C) and associated reductions in acid consumption and saline
waste production during DSP can be expected. To assess whether these can economically
compensate for the losses in fermentation yield at pH values lower than 3.6, an operational cost
analysis was performed. We also added the economic results for fed-batch fermentations at

higher pH values than 3.6 to provide a full picture of the cost structure changes.

Identification of the pH optimum by operative cost analysis
The process KPIs from the fed-batch fermentations served as an input parameter for the
simulation. Those consist of product titer, fermentation yield, and pH during product formation

phase (Figure 16A, B). The results of the cost analysis are displayed in Figure 18.
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Figure 18: Specific operational costs for fed-batch fermentations at different pH values.

As expected, the simulated costs associated to acid and base use and saline waste disposal
decrease with lower fermentation pH. Reduced amounts of HCl and saline waste could also be
confirmed in crystallization experiments using real cultivation supernatants from batch
fermentations (Figure S4). However, those costs comprise only a small fraction of the total
operational costs. Independent of the selected pH, the total operational costs are most strongly
influenced by overall substrate yield. The outstanding fermentation yield at pH 3.6 cuts costs
significantly while specific operational costs are visibly larger at high and low pH values due to the
poor substrate-to-product conversion. This cannot be outweighed by higher DSP yields as at lower
pH as discussed in Saur et al. (2023). The specific operational costs of approximately 1.04 EUR kg™
at pH 3.6 achieved in this work are approximately 0.40 EUR kg lower than those previously
obtained for this strain (Saur et al., 2023). Nevertheless, to successfully compete with the
petrochemical production of the counterparts acrylic acid and methacrylic acid, it is necessary to

further reduce the production costs (Werpy & Petersen, 2004).

3.2.3. Conclusion

From an economic perspective, the process pH should not be controlled below 3.6 as yield deficits
cannot be counterbalanced by reduced amounts of salt waste production. However, lower pH
values during the production phase may still offer advantages. Due to the further reduced risk of
process contamination, semi-sterile industrial feedstocks might be fed during the production
phase, reducing costs. The general feasibility to produce ITA at the highly acidic pH value 2.8 using
the side stream thick juice from the sugar industry could already be successfully demonstrated

(Figure S5). In addition in situ product removal is greatly facilitated by direct production of the
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protonated ITA at these lower pH values (Eggert et al., 2019; Pastoors et al., 2023). Therefore, the
low fermentation pH of 2.8 is expected to significantly enhance product removal efficiency, which
may further reduce the DSP costs. These effects should be investigated in the future. Further
studies could also comprise a techno-economic analysis excluding the initial biomass production
phase since Hosseinpour Tehrani et al. (2019d) showed that U. cynodontis ITA MAX pH can be
subjected to repeated batch fermentations. In this way, the same biomass could be used multiple
times for ITA production, potentially leading to a more improved cost analysis of the ITA

production process with Ustilaginaceae.

Overall, this study provides exquisite data regarding the production strain properties and
production capabilities, potentially enabling the development and implementation of a more

cost-effective ITA production process with Ustilaginaceae in the future.

3.2.4. Materials and methods

Chemicals and strains

All chemicals used in this study were obtained from Sigma-Aldrich (St. Louis, USA), Thermo Fisher
Scientific (Waltham, USA), or VWR (Radnor, USA) and were of analytical grade. Thick juice was
supplied by Pfeifer & Langen Industrie- und Handels-KG. The strain U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Prigirial (Hosseinpour Tehrani et al., 2019b) and the strain U. maydis MB215
Acyp3 AMEL AUA Adgat Prigs::Peter Afuz7 PerermttA_K14 (Becker et al., 2021) were used in this

study.

Bioreactor cultivations

As previously described in Becker et al. (2021), controlled fed-batch cultivations were performed
in a DASGIP Bioblock (Eppendorf, Germany). The process was controlled using the Eppendorf
DASware control software (Eppendorf, Germany). Vessels with a total volume of 2.3 L and a
working volume of 1.0 L were used. All cultivations were performed in batch medium according
to Geiser et al. (2014) containing 0.2 g L' MgS04-7H,0, 0.01 g L FeS04-7H,0, 0.5 g L™ KH,POy,,
1 g L yeast extract (Merck Millipore, Germany), 1 mL L vitamin solution, 1 ml L™ trace element
solution and varying concentrations of glucose and NH4Cl, as indicated. The vitamin solution
contained (per liter) 0.05 g D-biotin, 1 g D-calcium pantothenate, 1 g nicotinic acid, 25 g myo-
inositol, 1 g thiamine hydrochloride, 1 g pyridoxol hydrochloride, and 0.2 g para-aminobenzoic
acid. The trace element solution contained (per liter) 1.5 g EDTA, 0.45 g of ZnS0,-7H,0, 0.10 g of
MnCl,-4H,0, 0.03 g of CoCl,-6H,0, 0.03 g of CuSO4-5H,0, 0.04 g of Na;Mo0Q4-2H,0, 0.45 g of
CaCl,-2H,0, 0.3 g of FeS04-7H,0, 0.10 g of H3BO3; and 0.01 g of KI. During cultivation, the pH was

kept constant at the corresponding value by automatic addition of 5 M NaOH or 1 M HCI. The DO
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was controlled at 30 % by a cascade mode: first agitation 800-1200 rpm (0-40 % DOT controller
output); second air flow 1-2 vvm (40-80 % DOT controller output); third oxygen 21-100 % oxygen
(80-100 % DOT controller output). The cultivation was performed at 30 °C. The bioreactor was
inoculated to a final ODego of 0.75 from an overnight pre-culture grown in screening medium
according to Geiser et al. (2014) containing 50 g L glucose and 100 mM MES buffer. 0.5 mL
Antifoam 204 (Sigma, A6426) was added in the beginning of the cultivation and afterwards every
24 h.

Analytical methods

Identification and quantification of products and substrates in the supernatants was performed
using a HPLC 1260 Infinity system (Agilent, Waldbronn, Germany) with an ISERA Metab AAC
column 300 x 7.8 mm column (ISERA, Germany). Separation was achieved by using an isocratic
elution program at a flow rate of 0.6 mL min* and a temperature of 40 °C with 5 mM sulfuric acid
as a solvent (Becker et al., 2021). For detection, a DAD at 210 nm and a Rl detector was used. All
samples were filtered with Rotilabo syringe filters (CA, 0.20 um, @ 15 mm) and afterwards diluted
with ddH;0. Analytes were identified via retention time compared to corresponding standards.
Data analysis was performed using the Agilent OpenlLAB Data Analysis - Build 2.200.0.528
software (Agilent, Waldbronn, Germany). The ammonium concentration in culture samples was
determined using the colorimetric method after Willis et al. (1996). 10 plL culture supernatant
was combined with 200 plL reagent (8 g sodium salicylate, 10 g trisodiumphosphate, 0.125 g
sodium nitroprusside), followed by the quick addition of 50 uL hypochlorite solution. After color
development occurred (at least 15 min at RT), absorbance at 685 nm was measured in a flat-
bottomed MTP plate without lid using a spectophometer. Ammonium concentrations were
calculated using a standard curve of ammonium. Cell-densities were quantified by optical density
measurement at 600 nm wavelength by use of cuvettes and a spectrophotometer. Samples were
diluted appropriately with the respective medium to fall within the linear measuring range of the
photometer between absolute values of 0.2 and 0.4. For CDW determination, 2 mL culture broth
was centrifuged at maximum speed followed by drying the pellet for 48 h at 65 °C and afterwards

weighing it.

Process design and operative cost analysis
The presented cost analysis is performed based on the process design described by Saur et al.
(2023) for ITA production with Ustilago species. The according flowsheet is illustrated by a block

flow diagram in Figure S6.

The fermenter is fed with a diluted glucose feed of 500 g L. During ITA production, the pH is

maintained by base addition. The broth is separated from the cells by sterile filtration. Afterward,
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the filtered broth is concentrated by evaporation up to an ITA concentration of 350 g L. The pH
is then lowered by acid addition so that a pH of approximately 2.8 is attained after crystallization.
In the cooling crystallizer, the temperature is decreased to 15 °C at atmospheric pressure. To
increase the ITAyield in the DSP, the purification sequence is repeated. Water is further removed
from the mother liquor by a second evaporator up to a concentration at which a co-crystallization
of ITA and inorganic salt in a second cooling crystallizer can just be avoided. The inorganic salt-
containing liquid stream is subsequently disposed. However, the ITA solid fractions are dissolved
in water at 80 °C to remove residual contaminants and increase the purity of the final ITA crystals.
The elevated temperature requires only moderate amounts of water for dilution and avoids large
heat requirements for evaporation in succeeding process steps. To decolorize the dissolved ITA
stream, an activated carbon treatment is performed. Finally, the solution is fed to an evaporative
crystallizer. The mother liquor is recycled and mixed with the filtered fermentation broth while

the ITA crystals are fed to a dryer.

The process design requires the use of Mg(OH); as base in the fermenter. The subsequent acidic
pH shift in the DSP is performed with HCl to form the highly soluble co-salt MgCl,. To alleviate the
experimental investigation, fed-batch fermentations conducted for this work are pH-controlled
by 5 M NaOH solution instead of a Mg(OH); suspension, which easily causes blocking of small-

diameter tubing.

The flowsheet is modeled using Aspen Plus (V11) (Aspen Technology, Inc., Bedford, MA, USA).
Calculated material streams and energy demands are used for the cost analysis. The details of the

modeling framework and pricing are outlined in Saur et al. (2023).
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Abstract: U. maydis and U. cynodontis are natural producers of a broad range of valuable molecules
including itaconate, malate, glycolipids and triacylglycerols. Both Ustilago species are insensitive
towards medium impurities, and have previously been engineered for efficient ITA production and
stabilized yeast-like growth. Due to these features, these strains were already successfully used for
the production of ITA from different alternative feedstocks such as molasses, thick juice and crude
glycerol. Here, we analyzed the amylolytic capabilities of Ustilago species for metabolization of starch,
a highly abundant and low-cost polymeric carbohydrate widely utilized as a substrate in several
biotechnological processes. U. cynodontis was found to utilize gelatinized potato starch for both
growth and ITA production, confirming the presence of extracellular amylolytic enzymes in Ustilago
species. Starch was rapidly degraded by U. cynodontis, even though no a-amylase was detected.
Further experiments indicate that starch hydrolysis is caused by the synergistic action of glucoamylase
and a-glucosidase enzymes. The enzymes showed a maximum activity of around 0.5 U mL* at the fifth
day after inoculation, and also released glucose from additional substrates, highlighting potential
broader applications. In contrast to U. cynodontis, U. maydis showed no growth on starch
accompanied with no detectable amylolytic activity.

U. cynodontis ITA MAX pH
$ glucoamylase

o) Y
. “ﬁ —rzm—

(o]
0
J Glucose NO'
(o]

‘ itaconate
Gelatinized “ ‘ _m_ /

potato starch

a-glucosidase

Figure 19: Graphical abstract displaying the amylolytic capabilities of U. cynodontis ITA MAX pH.
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Ustilago cynodontis, starch, itaconic acid, low-cost substrates, glucoamylase, a-glucosidase

3.3.1. Introduction

In view of the growing world population and the overexploitation of fossil fuels, a transition from

the fossil-based to bio-based production of chemicals from renewable resources is indispensable
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(Stegmann et al., 2020). This has already been successfully done for different carboxylic acids like
citric, lactic, succinic or itaconic acid (Chen & Nielsen, 2016; Kuenz & Krull, 2018). ITA belongs to
the 12 most promising bio-based platform chemicals defined by the U.S. Department of Energy
in 2004 (Werpy & Petersen, 2004). It is of particular interest as an alternative for petrochemical-
based acrylic and methacrylic acid in the polymer industry (Teleky & Vodnar, 2019), but also has
a variety of biological activities that makes it relevant in medical and pharmaceutical sectors

(Michelucci et al., 2013; Mills et al., 2018; Olagnier et al., 2020).

To date, ITA is commercially produced using A. terreus achieving titers up to 160 g L' and yields
of up to 0.58 gira geic ™ in pulsed batch fermentations on glucose (Krull et al., 2017a). However, to
be competitive with the petrochemical sector, production costs need to be further reduced,
which are significantly influenced by the feedstock used (Saur et al., 2023). One alternative
feedstock offering potential cost reductions is the polysaccharide starch. Starch is highly
abundant in nature and the most widely utilized substrate for biofuel production. It can be
obtained from a variety of agricultural raw materials such as potatoes, wheat, and corn for
industrial production in relatively high purity, simplifying downstream processing (Celinska et al.,
2021; Singh et al.,, 2022). Its metabolization entails the liquefaction by an a-amylase and
subsequent saccharification into glucose by a glucoamylase (Ebrahimian et al., 2022). Since the
increased cultivation of starch-containing plants for industrial purposes can be negatively
perceived in public opinion, there is a growing interest in utilizing starchy side streams from food
processing industry (Jagadeesan et al., 2020; Kumar et al., 2023; Rodriguez-Martinez et al., 2023).
The usage of such industrial side- and waste streams not only reduces production costs, it also
makes it possible to achieve the circular bioeconomy concept without compromising food
security (Leong et al., 2021). Since A. terreus is highly sensitive to medium impurities, the use of
such more complex substrates requires pretreatment in order to remove trace elements, which
is in addition to the laborious handling and difficult oxygenation due to its filamentous growth

one major drawback of this production organism (Klement & Biichs, 2013).

Therefore, we focus on the basidiomycetes U. maydis and U. cynodontis as alternative natural ITA
producing strains. Both strains have already been metabolically and morphologically engineered
to maintain yeast-like growth and to enable high-level ITA production at the maximum theoretical
yield of 0.72 + 0.02 gira geic* in the production phase with a constant glucose feed (Becker et al.,
2021; Hosseinpour Tehrani et al., 2019d; Hosseinpour Tehrani et al., 2019b). The robustness of
Ustilago species to medium impurities and its repertoire of hydrolytic, secretory enzymes makes
it a promising candidate for ITA production based on more complex substrate in a consolidated

process (Becker et al., 2023; Mueller et al., 2008). This has already been demonstrated by the use
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of the untreated, sucrose-containing side streams molasses and thick juice from sugar industry as
well as crude glycerol from biodiesel production as feedstock for Ustilago-based ITA production
(Helm et al., 2023; Niehoff et al., 2023; Saur et al., 2023). Furthermore, activation of intrinsic
xylanases, cellulases, and pectinases enabled degradation of the plant cell wall components
hemicellulose, cellulose and pectin (Geiser et al., 2016a; Miiller et al., 2018; Stoffels et al., 2020),
even though direct usage of lignocellulosic biomass usually requires costly pretreatment to

destroy its recalcitrant structure (Regestein et al., 2018).

Here, we performed a proof-of-concept study on the amylolytic potential of U. maydis and
U. cynodontis for the direct utilization of potato starch as a feedstock for ITA production in a

consolidated bioprocess.

3.3.2. Results and discussion

Genetic inventory of amylolytic enzymes encoded in Ustilago species

The genome of U. maydis 521 encodes four putative amylolytic enzymes which cleave a-1,4 and
a-1,6 bonds between glucose molecules (Table 6). A tblastn analysis (Altschul et al., 1997; Gertz
et al., 2006) of these protein sequences against the whole-genome shotgun contigs database
identified putative orthologues of all enzymes in U. cynodontis NBRC9727 with protein sequence
similarities ranging between 66.2 and 87.3 % (Table 6). Putative orthologues of all enzymes were
also identified in U. maydis MB215. Interestingly, while high protein similarities were found for
the a-amylase and a-glucosidase, lower similarities were detected for the maltase and

glucoamylase.

55



Publications and manuscripts

Table 6: Putative enzymes present in Ustilago species cleaving a-1,4 and a-1,6-bonds between glucose
molecules.

EC U. maydis CAZy Protein similarity (%)

Action Reference

number 521gene  family U. maydis U. cynodontis
MB215 NBRC9727

a-1,4 bonds are cleaved

. Couturier et
within starch to (

a-amylase 3.2.1.1  release a-dextrins such UMAG—(.)Z?’OO GH13 al., 2012; 99.8 87.3
(putative) Kretschmer
as G2, G3, G6, and G7
. etal., 2017)
maltooligomers
a-1,4 and a-1,6 bonds (Couturier et
Glucoamylase 3213  orecleavedfromthe — UMAG 04064 o, al, 2012; 265 66.2
non-reducing ends of (putative) Kretschmer
starch to release glucose etal., 2017)
a-1,4 bonds are cleaved .
Maltase  3.2.1.20 in maltose to UMAG_15026 . 5 (Couturieret o, 79.9
(putative) al., 2012)
release glucose
a-1,4 bonds are cleaved
release glucone; (Couturier et
a-glucosidase 3.2.1.20 preferentially a-1,4 UMAG‘(.JZMO GH13& - al, 2012; 98.7 73.3
(putative) GH31 Mueller et
bonds are cleaved from
al., 2008)

the non-reducing ends of
starch to release glucose

Shake flask cultivations on potato starch as a sole carbon source

In order to test the expression of these genes in vivo in axenic cultures, cultivations of two
previously engineered ITA-overproducing Ustilago strains (U. cynodontis ITA MAX pH and
U. maydis K14) were performed with potato starch as a sole carbon source. To avoid the energy-
intensive initial gelatinization step, the first cultivations were performed with raw starch powder.
However, no growth was detected for either strain (data not shown). Consequently, gelatinized

starch was applied in the subsequent cultivations (Figure 20).
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Figure 20: Shake flask cultivations of U. cynodontis ITA MAX pH and U. maydis K14 on gelatinized potato
starch (A and B) and a-amylase pretreated potato starch (C) as a sole carbon source.

Shake flask cultivations were performed in MTM medium containing 15 mM NH4Cl, 100 mM MES pH 6.5,
and 10 g L'! gelatinized potato starch (n = 2 biological replicates).
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Significant differences between U. cynodontis ITA MAX pH and U. maydis K14 were observed in
terms of growth and starch degradation. Whereas U. cynodontis ITA MAX pH reached an optical
density of 8.9 + 0.2 and utilized all starch and ammonium within the first 48 h (Figure 20A),
U. maydis K14 showed almost no growth and no decrease of starch or ammonium (Figure 20B),
despite having the same genes present in the genome. Apparently, these genes are silent in
U. maydis K14 under the applied conditions. The basal expression of amylolytic enzymes may not
be sufficient to sense the presence of starch. However, U. maydis K14 was able to grow on
a-amylase pretreated starch up to ODggo values of 5.1 + 0.1 (Figure 20C), which is consistent with

previous literature (Kretschmer et al., 2017).

Lab-scale fermentations on gelatinized potato starch as a sole carbon source
Based on the obtained results, the cultivations were scaled up from shake flasks to bioreactors to

analyze ITA production on starch under more industrially relevant conditions (Figure 21).
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Figure 21: High cell-density batch fermentations on gelatinized potato starch (A and C) and a-amylase
pretreated potato starch (B and D) as a sole carbon source.

Bioreactor cultivations were performed in batch medium with 75 mM NHaCl and either 100 g L gelatinized
potato starch (A and C) (n = 2 biological replicates) or 200 g L! a-amylase pretreated potato starch (B and
D) (n =1 biological replicate). The pH was controlled at pH 3.6 by automatic titration with 5 M NaOH.
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In the first 72 h of the U. cynodontis ITA MAX pH fermentations on starch, the cell-densities
increased up to ODgoo values of approximately 70 + 1 (Figure 21A), and starch was converted to
sugar mono- and maltooligomers (Figure 21C), which was in line with the shake flask experiments.
Starch was mainly hydrolyzed to glucose with a high transient accumulation of approximately
34+ 8.6 g L! reached after 48 h. In addition, 11.6 + 0.6 g L™* of maltohexaose as well as small
amounts of maltose (2.3 + 1.8 g L) were detected. Glucose and maltose were constantly
metabolized until their complete depletion, whereas the concentration of maltohexaose
remained almost constant until the end of the cultivation (7.8 £ 0.9 g L'). This clearly indicates
the inability of U. cynodontis ITA MAX pH to utilize maltohexaose. In total, this fermentation
resulted in the production of 9.1 + 1.3 g L' ITA at a productivity of 0.08 + 0.00 g L'* h' and a yield
of 0.1 £ 0.01 gra 8starch (Unmetabolized sugars not accounted in the yield calculation). These KPls
are significantly lower than the ones achieved on pure glucose as a substrate (Hosseinpour
Tehrani et al., 2019d). Together with the carbon loss due to unmetabolized maltohexaose, this
clearly emphasizes the need of optimization, for instance by overproduction of additional
amylolytic enzymes. Such an approach was already successfully applied for production of ITA from
liquefied corn starch with A. terreus. While the wildtype strain produced less than 15 g L ITA,
heterologous overexpression of a glucoamylase gene from A. niger increased production to
approximately 60 g L™ (Huang et al., 2014). In comparison to U. cynodontis ITA MAX pH, the
U. maydis K14 fermentation on pretreated starch accumulated less biomass with an ODgoo of 44
after 72 h. Due to the a-amylase pretreatment, most of the starch was already converted to sugar
mono- and maltooligomers in the beginning of the fermentation, with a complete hydrolysis
obtained after 24 h. The detected glucose concentration was lower than that during the
U. cynodontis ITA MAX pH fermentation reaching a maximum of 25.5 g L't after 24 h, which was
fully consumed after 72 h. In contrast, higher concentrations of maltose (66.9 g L), maltotriose
(42.2 g L), and maltohexaose (48.7 gL!) were detected. The latter two remained almost
constant until the end of the cultivation. The maltose concentration started to decline after
approximately 120 h, however a large amount of this disaccharide remained in the final culture
supernatant as well. In total, this fermentation resulted in the production of 10.2 g L ITA, while
the productivity was reduced to 0.05 g L'* h'! compared to previous fermentation of U. cynodontis
ITA MAX pH due to the longer fermentation time of 192 h. The yield achieved with U. maydis K14
was slightly higher with 0.12 gira Estarch, but 125.6 g L'! of unmetabolized sugar (not accounted in
the yield calculation) in form of maltose, maltotriose and maltohexaose remained in the culture
supernatant. Hence, further optimization is needed to fully degrade accumulated maltooligomers

to glucose, as this appears to be the only sugar efficiently utilized by the strains.
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Analysis of the amylolytic enzyme activity in Ustilago species

To optimize the amylolytic activity by metabolic engineering, enzymes present in the secretome
needed to be identified and characterized. This is particularly interesting for U. cynodontis
ITA MAX pH, as this strain is capable of growing on starch. The distribution of sugar mono- and
maltooligomers detected during the fermentations showed relatively high levels of glucose,
hinting at the exo-enzymatic degradation of starch by the secretion of a glucoamylase and/or
a-glucosidase. Both enzymes have already been frequently reported for a variety of fungi
including for example A. niger, A. awamori, A. oryzae, Neurospora crassa,
Colletotrichum gloeosporioides (Kumar & Satyanarayana, 2009; Pandey et al., 2000). Contrary,
endo-enzymatic treatment of starch typically results in accumulation of G2 (maltose), G3
(maltotriose), G6 (maltohexaose), and G7 (maltoheptaose) maltooligomers as observed after the
a-amylase treatment (Figure 21D), but was less pronounced during U. cynodontis ITA MAX pH
fermentation. To test the hypothesis regarding the presence of a glucoamylase and/or
a-glucosidase and the absence of an a-amylase in the U. cynodontis ITA MAX pH secretome,
additional shake flask cultivations were performed on starch, and supernatants were analyzed for
their a-amylase activity using the commercial a-amylase assay from Phadebas (Kristianstad,
Sweden). Indeed, the culture supernatants did not exhibit any a-amylase activity, indicating the

absence or very low activity of this enzyme.

For a more detailed analysis of the U. cynodontis ITA MAX pH secretome, the supernatants were
subjected to SDS-PAGE and LC-MS/MS analysis with U. maydis K14 supernatants as comparison
(Figure 22). SDS-PAGE analysis of the culture supernatants exposed a set of extracellular proteins,
which are exclusively produced by U. cynodontis ITA MAX pH when grown on starch as a sole
carbon source (Figure 22). This confirms the enzymes as starch-induced proteins absent upon
cultivation on the conventional feedstock glucose. In contrast to U. cynodontis ITA MAX pH,
U. maydis K14 culture supernatants showed no detectable proteins when incubated with starch,

which was in line with the lack of growth on this carbon source (Figure 20B, Figure 22).
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Figure 22: SDS-PAGE and LC-MS/MS analysis of U. cynodontis ITA MAX pH and U. maydis K14 culture
supernatants.

Shake flask cultivations were performed in MTM medium containing 15 mM NH4Cl, 100 mM MES pH 6.5
and either 10 g L' gelatinized potato starch or 10 g L' glucose. Culture supernatants were 40x concentrated
using 10 kDa MWCO spin columns and afterwards separated electrophoretically using a 12 %
polyacrylamide gel. Two bands (indicated by the red arrows) were excised, trypsin-digested, and subjected
to LC-MS/MS analysis. The entire supernatant samples were also analyzed via LC-MS/MS. The predicted
signal peptide sequences as indicated in Figure S7-S9 are not accounted in the % coverage (95 %) values.

LC-MS/MS analysis did not identified the genome-encoded a-amylase (60.9 kDa), confirming the
absence of this enzyme under the applied conditions. Instead, the genome-encoded
glucoamylase could be detected (53.3 kDa, Table 6, Figure 22, Figure S7), supporting the initial
hypothesis. In contrast, the genome-encoded a-glucosidase (118.0 kDa) was not identified in the
secretome. In addition, a further enzyme belonging to the glycoside hydrolase family 93 (GH93)
was detected in high abundance (41.8 kDa, Figure 22, Figure S8). According to the carbohydrate-
active-enzymes (CAZy) database, this enzyme shows closest similarity to an exo-a-1,5-L-
arabinofuranosidase (Drula et al., 2022). Based on the functional description of a GH93 enzyme
in the pythopathogenic fungi Fusarium graminearum, this enzyme cleaves L-arabinose side chains
from arabinose-substituted oligosaccharides with a strict substrate specificity for linear a-1,5-
linked arabinans (Carapito et al., 2009). A similar enzyme activity has been reported for an exo-
a-1,5-L-arabinanase (GH93) from both Chrysosporium lucknowense C1 (Kihnel et al., 2011) and
Penicillium chrysogenum 31B (Sakamoto et al., 2004) releasing arabinobiose from the non-
reducing end of arabinose oligomers. Since arabinan polymers are an important substitution of
hemicellulosic and pectic oligosaccharides in plants (Yeoman et al., 2010), their hydrolysis plays
an important role in the complete degradation of the plant cell wall components and is assumed

to facilitate enzymatic access of the backbone (Thakur et al., 2019). LC-MS/MS analysis also
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revealed the presence of an enzyme with 82.3 % protein sequence similarity to UMAG_03246
(68.4 kDa, Figure 22, Figure S9). UMAG_03246 was previously detected in U. maydis when grown
on xylan (Geiser et al., 2013). This enzyme is classified as part of the AA3_2 subfamily of the
glucose-methanol-choline (GMC) flavin-dependent oxidoreductase family. The subfamily also
includes UMAG_04044, which is one of the most abundant enzymes in the secretome of
U. maydis when grown on maize (Couturier et al., 2012). Further characterization identified
UMAG_04044 as an aryl-alcohol oxidase (EC 1.1.3.7) with anisyl alcohol, a methoxylated lignin
model compound, as the main substrate. This suggests its functional role in lignocellulose
deconstruction through lignin degradation, presumably by producing hydrogen peroxide
(Couturier et al., 2016; Hernandez-Ortega et al., 2012). Although these latter two secreted
enzymes have no clear relation to starch degradation, a concomitant secretion of amylolytic
enzymes, the exo-a-1,5-L-arabinofuranosidase as well as the aryl-alcohol oxidase in U. cynodontis
ITA MAX pH on starch may be associated to its pythopathogenic lifestyle. Lignocellulose-
degrading enzymes are supposed to soft or partly degrade the plant cell wall (Doehlemann et al.,
2008), which may facilitate access to starch as the primary storage carbohydrate in plants. The
potato starch used in this study might retain trace amounts of lignin and heteropolysaccharides
from the potato peels, triggering secretion of these putative enzymes (Rodriguez-Martinez et al.,
2023). Additional proteins have been detected through SDS-PAGE, but could not be identified due
to their low abundance. This may be caused by the minimal expression of plant cell wall-degrading
enzymes to prevent triggering an immune response in the plants (Doehlemann et al., 2008).
Accordingly, it is reasonable to assume that further cellulases and/or xylanases required for

lignocellulose depolymerization are present in the secretome during growth on starch.

Among the identified enzymes — either via LC-MS/MS in the secretome or via tblastn analysis of
the U. cynodontis genome — the a-amylase, glucoamylase and a-glucosidase are typically related
to starch degradation (Vihinen & Mantsiila, 1989). Since no a-amylase or a-amylase activity could
be detected, we deleted the glucoamylase and a-glucosidase-encoding genes in the U. cynodontis

ITA MAX pH to test their involvement in starch hydrolysis (Figure 23).
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Figure 23: Shake flask cultivations of U. cynodontis ITA MAX pH deletion mutants on gelatinized potato
starch as a sole carbon source.

Shake flask cultivations were performed in MTM medium containing 15 mM NH4Cl, 100 mM MES pH 6.5,
and 50 g L? gelatinized potato starch (n = 1 biological replicate). All modifications were performed in
U. cynodontis ITA MAX pH. (A) Optical densities and (B) itaconate concentrations throughout the
cultivations are shown.

Remarkably, the knockout of either glucoamylase or a-glucosidase resulted in a reduced, but not
abolished growth and ITA production, thus indicating a redundancy of both enzymes in starch
degradation (Figure 23A and B). It is possible that the accumulation of limit dextrins occurs due
to the preferred a-1,4 bond hydrolysis of the a-glucosidase (Lee et al., 2013). Subsequently,
glucoamylase may efficiently degrade the remaining a-1,6 linkages. Based on these in vivo results
and the tblastn analysis (Table 6), the gene with the GenBank accession number
CAKMXY010000008 (region: 881932 to 885099) encoding the a-glucosidase is designated as aglA
and the gene with the GenBank accession number CAKMXY010000014 (region: 83686 to 85185)
encoding the glucoamylase is designated as glaA. The genes and enzymes are named according
to literature convention described in Murphy et al. (2011). Remarkably, the two highly abundant,
yet uncharacterized exo-a-1,5-L-arabinofuranosidase  (GenBank accession  number
CAKMXY010000018, region 665749 to 665919, 666077 to 666352, and 666447 to 667148) and
aryl-alcohol oxidase (GenBank accession number CAKMXY010000011, region 416218 to 416544

and 416702 to 418270) do not appear to be significantly involved in starch degradation.

The amylolytic activity of the secretome was determined using gelatinized potato starch as
substrate. To this end, starch degradation and reducing sugar accumulation during U. cynodontis
ITA MAX pH and U. maydis K14 cultivation on starch were monitored throughout the entire
cultivation via DNS and iodine assays (Figure 24). These assays enable a differentiation between

exo-enzymes, such as glucoamylases and a-glucosidases, and endo-enzymes, such as a-amylases.
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Figure 24: Amylolytic activity in supernatants of U. cynodontis ITA MAX pH and U. maydis K14 grown on
gelatinized potato starch as a sole carbon source.

Shake flask cultivations were performed in MTM medium containing 15 mM NH4Cl, 100 mM MES pH 6.5,
and 10 g L gelatinized potato starch (n = 3 biological replicates). (A) Amylolytic activity in pg min® mL*
during the cultivation, quantified via DNS (black line) and iodine assay (orange line). (B) Volumetric enzyme
activities in U mL? on potato starch, corn starch, wheat flour, and maltose, calculated based on the
molecular weight of glucose.

The activity in the U. cynodontis ITA MAX pH culture increased almost linearly during the first
48 h, reaching approximately 82.3+ 5 pg min® mL? as measured by the DNS assay and
70 + 4 ug mint mL™? as measured by the iodine assay (Figure 24A). Nitrogen limitation after 48 h
(cf. Figure 20A) prevented further protein synthesis and led to a stabilization of the amylolytic
activity. The activity of the secreted enzymes remained at its maximum level, indicating high
stability. Since glucoamylases and a-glucosidases usually lead to a reduction in starch staining
capacity along with a significant release of reducing sugars (Glose et al., 1990), the comparable
activities measured by both methods serve as a further confirmation for the presence of these
two exo-enzymes. Contrary, a-amylase activity typically shows up by a rapid decrease in iodine
staining capacity with only a small amount of reducing sugars released. Overall, these results
clearly reflect the phytopathogenic lifestyle of Ustilago species. For bitrophic growth, fungal plant
degradation by carbohydrate-active enzymes needs to be restricted to a minimum level required
for penetration (Doehlemann et al., 2008). Higher, unregulated activity would cause severe
damage and trigger the plant immune system through sensing of plant cell wall oligomers (Wan
et al., 2021), which can be assumed to be also the case for rapid a-amylase-mediated release of
starch oligomers. In contrast, exo-enzymes like glucoamylases and a-glucosidases were shown to
primarily release glucose in a more controlled fashion, thereby probably circumventing strong

activation of the immune response.

To allow better comparison with amylolytic activities in other fungi, the volumetric enzyme

activities in umol mint mL? (U mL?) were calculated based on the DNS assay using the molecular
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weight of glucose (Figure 24B). A maximum enzyme activity of 0.5 + 0.04 U mL? was detected at
the fifth day after inoculation of U. cynodontis ITA MAX pH, which is probably a combination of
the activity of both identified exo-enzyme. This level of enzymatic activity is consistent with other
studies indicating fungal glucoamylase activities between 0.3 U mL? for culture supernatants
(Ogundero & Osunlaja, 1986), although much lower than 200 U mL? for commercially available
glucoamylases (Sigma Aldrich, St. Louis, US). The activities of a-glucosidases are mostly reported
as specific activities in U mg, which makes the comparison with activities directly measured in

culture supernatants without prior enzyme purification difficult.

The hydrolytic activity of the glucoamylase and a-glucosidase was also tested on additional
substrates (Figure 24B). With 0.4 + 0.03 U mL? on gelatinized corn starch and 0.4 + 0.04 U mL*
on gelatinized wheat flower, the activities were comparable to the one observed on potato
starch. Interestingly, no activity was determined on maltose, which is one of the preferred
substrates of most fungal a-glucosidases (Chiba, 1988; Chiba, 1997; Manjunath et al., 1983).
Based on substrate specificity, a-glucosidases can be classified into three main groups. Type-I
preferentially degrades heterogeneous linkages (e.g. in sucrose), while types Il and Il
preferentially hydrolyze homogenous linkages (e.g. in maltose, maltooligomers, and starch) with
Type-lll a-glucosidases being more efficient at degrading polysaccharides such as starch
compared to Type-ll a-glucosidases (Okuyama et al., 2016). Therefore, it appears that the
a-glucosidase present in our culture supernatant is a Type-lll a-glucosidase. This is relatively rare
among fungal a-glucosidase, as most of them tend to hydrolyze maltose more rapidly than soluble
starch (Chiba, 1988; Tanaka et al., 2002). To confirm this tendency, degradation of additional
maltooligomers with various chain lengths could be tested, which requires prior purification of
the glucosidase to prevent interference with the glucoamylase activity. The purified a-glucosidase
could also be examined regarding its transglycosylation activity. This activity has been already
reported for the a-glucosidase from Mortierella alliacea, which could use glycogen and soluble
starch to transfer a glycosyl residue to ethanol, thereby producing ethyl a-D-glucopyranoside, a

non-cariogenic sweetening and flavoring agent (Tanaka et al., 2002).

Optimization of the amylolytic activity in U. cynodontis ITA MAX pH

The efficient hydrolysis of starch to glucose typically involves the synergetic action of an
a-amylase and a glucoamylase. Initially, gelatinized starch is liquefied to maltooligomers, which
are then hydrolyzed to glucose by glucoamylases. Since no a-amylase could be detected in
U. cynodontis ITA MAX pH culture supernatants despite its genomic presence, we constitutively
overexpressed the native a-amylase gene with the GenBank accession number

CAKMXY010000005 (region: 1296343 to 1297953) (Figure 25).
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Figure 25: Shake flask cultivations of U. cynodontis ITA MAX pH constitutively expressing the native
a-amylase gene on gelatinized potato starch as a sole carbon source.

Shake flask cultivations were performed in MTM medium containing 15 mM NH4Cl, 100 mM MES pH 6.5,
and 50 g L! gelatinized potato starch (n = 1 biological replicate). (A) Optical densities and (B) itaconate
concentrations throughout the cultivations are shown. The ODeoo values and ITA concentrations of
U. cynodontis ITA MAX pH from Figure 23 are shown again for comparison. In addition, values form a
previous cultivation of U. cynodontis ITA MAX pH on 50 g L' glucose are shown.

The constitutive overexpression of the native a-amylase gene in U. cynodontis ITA MAX pH
significantly improved the growth on starch (Figure 25A), presumably due to a more efficient
starch degradation. This was accompanied by a slightly improved ITA production compared to the
progenitor strain (Figure 25B). Interestingly, similar KPIs were obtained on glucose and starch
during shake flask cultivations, whereas they significantly differed during bioreactor batch
fermentations (Figure 21). This may be due to variations in the C/N ratio, which could be

optimized by low cell-density and/or fed-batch fermentations in follow-up studies.

Since native expression of carbohydrate-active enzymes is expected to be on a low level to
minimize plant tissue damage (Doehlemann et al.,, 2008), conversion of starch to ITA by
U. cynodontis ITA MAX pH can likely be further optimized by constitutive overexpression of the
native amylolytic genes. This might also enable starch degradation by U. maydis K14. In addition,
the heterologous overexpression of a-amylases containing a starch-binding domain (Janecek et
al., 2003) could be tested for the utilization of raw starch. This would eliminate the energy-
intensive initial gelatinization step (Robertson et al., 2006) (cf. Figure 20), and has already been

successfully demonstrated for A. terreus (Wong et al., 2007).

3.3.3. Conclusion

In this work, we investigated the utilization of the low-cost substrate starch by U. cynodontis
ITA MAX pH and U. maydis K14, two Ustilago strains that have been previously engineered for
efficient ITA production. U. cynodontis ITA MAX pH was able to metabolize gelatinized potato

starch, reaching ITA titers of up 10 g L with a yield of approximately 0.1 gira gstarch™t during
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respective batch fermentations. This could be traced back to the activity of a glucoamylase and
an a-glucosidase in its secretome, which were shown to be synergistically involved in starch
degradation. In contrast, U. maydis K14 required a-amylase pretreated potato starch
hydrolysates for growth and ITA production. Although the KPIs are yet lower compared to those
achieved with glucose in batch fermentations, the utilization of starch has the advantage of
causing less osmotic stress. While high concentrations of monomeric glucose at the start of the
fermentation typically result in increased osmotic stress of the deeply engineered Ustilago
strains, continuous enzymatic liberation of single glucose molecules from glucose polymers and
their immediate consumption circumvent higher glucose accumulation. However, to exploit the
full potential of starch as a substrate for ITA production, further optimizations such as the
constitutive overexpression of the amylolytic genes or the utilization of partly in situ hydrolyzed
starch are required to achieve higher KPIs. Although further optimization is needed, U. cynodontis
ITA MAX pH has been successfully demonstrated to be a promising host for ITA production from

gelatinized potato starch.

3.3.4. Material and methods

Chemical and strains
The chemicals used in this study were obtained from Sigma-Aldrich, St. Louis, USA. Thermo Fisher
Scientific (Waltham, USA), or VWR (Radnor, USA) and were of analytical grade. All strains used in

this work are listed in Table 7.

Table 7: Ustilago strains used in this study.

Strain designation Resistance Reference

U. maydis MB215 Acyp3 AMEL
AUA Adgat APriaz::Petes Afuz7 Hyg® (Becker et al., 2021)
PetefmttA_K14 (198)

U. cynodontis NBRC9727 Afuz7 R R . .
Acyp3 PetesmttA Prasrial (223) Hyg", Cbx (Hosseinpour Tehrani et al., 2019b)
U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Priairial HygR, Cbx®?, G418R this study
Petesoi-amylase (2699)

U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Prigirial HygR, Cbx®?, G418R this study
AUMAG_04064 (2700)

U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Prigirial Petescyp3 HygR, Cbx®?, G418R this study
AUMAG_02740 (2701)
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Media and culture conditions

Ustilago strains were grown in YEPS medium containing 10 g L yeast extract, 10 g L' peptone,
and 10 g L sucrose. For growth and production experiments, Ustilago strains were cultured in
100 mM MES pH 6.5 buffered screening medium (MTM) according to Geiser et al. (2014) with
either glucose (10 g L) or gelatinized potato starch (10 g L' or 50 g L). The medium also
contained 15 mM NHCl, 0.2 g L' MgS04-7H,0, 0.01 g L'! FeS04:7H,0, 0.5 g L't KH,PO4, 1 mL L?
vitamin solution, and 1 mL L trace element solution. The vitamin solution contained (per liter)
0.05 g D-biotin, 1 g D-calcium pantothenate, 1 g nicotinic acid, 25 g myo-inositol, 1 g thiamine
hydrochloride, 1 g pyridoxol hydrochloride, and 0.2 g para-aminobenzoic acid. The trace element
solution contained (per liter) 1.5 g EDTA, 0.45 g of ZnSO,4-7H,0, 0.10 g of MnCl,-4H,0, 0.03 g of
CoCl-6H,0, 0.03 g of CuSO4-5H,0, 0.04 g of Na:Mo0Q4-2H,0, 0.45 g of CaCl,-2H,0, 0.3 g of
FeS04-7H,0, 0.10 g of H3BO5; and 0.01 g of KI. Cultivations were performed in 500 mL shaking
flasks with a filling volume of 50 mL (d=25 mm, n = 200 rpm, T = 30 °C and @ = 80 %). For growth
and production experiments, main cultures were inoculated to an ODgg of 0.5 with precultures

grown in the same media.

As previously described in Becker et al. (2021), the DASGIP Bioblock system (Eppendorf, Germany)
was used to conduct the fermentations, which were controlled using the Eppendorf DASware
control software (Eppendorf, Germany). Vessels with a total volume of 2.3 L and a working
volume of 1.0 L were used. The cultivations were performed in batch medium according to Geiser
et al. 2014 as described above. The medium also contained 1 g L' yeast extract (Merck Millipore,
Germany) and either 100 g L gelatinized potato starch or 200 g L a-amylase pretreated potato
starch. To avoid clumping of starch during autoclaving, a slurry was prepared beforehand by
mixing starch in hot water. For the a-amylase pretreatment, a 1 % (v/v) solution of heat-stable
Bacillus licheniformis a-amylase (Sigma-Aldrich, St. Louis, USA) was added through the septum
and incubated for approximately 2 h. The slurry was maintained at 80 °C during the pretreatment.
Afterwards, the temperature was adjusted to 30 °C, and the remaining medium compounds were
added through the septum. Finally, the bioreactor was inoculated to a ODgg of 0.75 from an
preculture grown in screening medium according to Geiser et al. (2014) containing 15 mM NH,CI,
100 mM MES pH 6.5, and 50 g L gelatinized potato starch. The pH was automatically controlled
by adding 5 M NaOH or 1 M HCI, while the DO was maintained at 30 % using a cascade that
involved agitation at 800-1200 rpm (0-40 % DOT controller output), air flow at 1-2 vwvm (40-80 %
DOT controller output), and oxygen at 21-100 % oxygen (80-100 % DOT controller output).
Additionally, 0.5 mL of Antifoam 204 (Sigma-Aldrich, St. Louis, USA) was added at the beginning

of the cultivation and every 24 h thereafter.
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Analytical methods

Identification and quantification of products and substrates present in the supernatants were
conducted using a HPLC 1260 Infinity system (Agilent, Waldbronn, Germany) equipped with an
ISERA Metab AAC column 300 x 7.8 mm column (ISERA, Germany). Separation was achieved
through isocratic elution at a flow rate of 0.6 mL min™® and a temperature of 40 °C, employing
5 mM sulfuric acid as a solvent (Becker et al., 2021). Detection involved a DAD at 210 nm and a Rl
detector. Analytes were identified based on their retention time compared to corresponding
authentic standards, and data analysis was performed using the Agilent OpenLAB Data Analysis -
Build 2.200.0.528 software (Agilent, Waldbronn, Germany). Ammonium concentrations in culture
samples were determined using the colorimetric method outlined by Willis et al. (1996). In this
method, 50 pL culture supernatant was mixed with 1 mL reagent (8 g sodium salicylate, 10 g
trisodiumphosphate, 0.125 g sodium nitroprusside), followed by rapid addition of 250 pL
hypochlorite solution. After color development, the absorbance was measured at 685 nm using
cuvettes and a spectrophotometer. Ammonium concentrations were calculated using an
ammonium calibration. Cell-densities were quantified by measuring the optical density at a
wavelength of 600 nm using cuvettes and a spectrophotometer. Samples were diluted
appropriately with the respective medium to ensure measurement within the linear range of the
photometer, falling between absolute values of 0.2 and 0.4. SDS-PAGE was performed according
to the manufacturer’s instructions using NUPAGE 12 % Bis-Tris precast gels and MOPS as the
running buffer. 10 uL of each sample and 5 pL of the protein ladder were loaded onto the gel.
After electrophoresis, the gels were stained with Coomassie (Gel Code Blue). For the detection of
residual starch in culture samples, 100 ul of clarified culture broth was combined with 100 uL of
Lugol’s iodine solution. 150 ul of the iodine-treated sample was transferred to a transparent flat-
bottomed 96-well microplate and the absorbance at 580 nm was measured using microplate

reader. The amount of starch was calculated using standard curves of starch.

Determination of amylolytic enzyme activity

1) Commercial a-amylase assay from Phadebas (Kristianstad, Sweden) — blue starch polymer
The assays were performed according to the manufacturer’s instructions. Briefly, covalently
attached dyes were liberated from starch polymers at a speed proportional to the a-amylase
activity. The concentration of the free dyes were detected spectrophotometrically at 580 nm and
converted into a-amylase activities using manufactures calibration. Both substrates are
exclusively designed for measuring a-amylase activity, as no other enzyme can act upon the

substrates due to the cross-linkages and the large dye molecules.
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2) Decrease of iodine-binding starch material according to Xiao et al. (2006)

40 pL culture supernatant was combined with 40 uL 0.1 M phosphate buffer pH 7.0 containing
0.2 % gelatinized potato starch and incubated at 30 °C for 30 minutes. Reactions were terminated
by adding 20 uL 1 M HCI. Following termination, 100 pL of Lugol’s iodine solution was added.
150 pL of the iodine-treated sample was transferred to a transparent flat-bottomed 96-well
microplate and the absorbance at 580 nm was measured using a microplate reader. The amount
of disappeared starch was calculated using standard curves of starch. The activity was defined as
the amount of culture supernatant required for the disappearance of an average of 1 ug of iodine-

binding starch material per mL and minute in the assay reaction.

min-t ml-t — Acggo control — Agg, sample ,
ng Asgo (g starch) = t* v

- Asgo control: abs. at 580 nm of starch without the addition of culture supernatant [-]
- Asgo sample: abs. at 580 nm of starch digested with culture supernatant [-]

- Asg (ug starch): abs. at 580 nm per 1 pg of starch as derived from the standard curve (uel]
- t:incubation time [min]
- v:volume of culture supernatant used [mL]
- D:dilution factor [-]

3) Increase of reducing sugar concentration according to Miller (1959)

40 pL culture supernatant was combined with 40 puL 0.1 M phosphate buffer pH 7.0 containing
0.2 % gelatinized potato starch and incubated at 30 °C for 30 minutes. Reactions were terminated
by adding 120 uL of DNS reagent and boiling reaction mixtures for 15 minutes at 95 °C. 150 pL of
the DNS-treated sample was transferred to a transparent flat-bottomed 96-well microplate and
the absorbance at 540 nm was measured using a microplate reader. The activity was defined as
the amount of culture supernatant required for the release of 1 ug or 1 umol glucose per mL and

minute in the assay reaction.

min-t mL-! = Acgo control — Agg, sample i
He Asgo (ug glucose) xt*v

Acgo control — Acg, sample
UmL™! = pmol min~! mL™! = =222 >80 P

"~ Aggo (umol glucose) * t * v *

- Asgo control: abs. at 580 nm of sample without the addition of culture supernatant [-]

- Asgo sample: abs. at 580 nm sample digested with culture supernatant [-]

- Asgo (1g glucose): abs. at 580 nm per 1 ug of glucose as derived from the standard curve [ug™]

- Asgo (umol glucose): abs. at 580 nm per 1 umol of glucose as derived from the standard curve [pumol?]
- t:incubation time [min]

- v:volume of culture supernatant used [mL]

- D: dilution factor [-]
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LC-MS/MS

For in-gel digestion, samples were prepared according to Lavigne et al. (2009). Briefly, the
decolorization of the gel pieces was carried out in 3 x 350 pL in NH4HCO3 in 50 % acetonitrile in
1.5 mL Eppendorf LoBind tubes, and were incubated 30 min, gently shaken by 300 rpm at room
temperature. For tryptic digestion the vacuum dried slices were treated with the Trypsin Singles
Proteomics Grade Kit (Sigma-Aldrich, St. Louis, USA) according to the manufacturer’s instructions
for in-gel digestion preparation without the reduction and alkylation step. After the incubation at
37 °C overnight, each of the samples were submerged in a new LoBind tube with 100 uL 20 mM
NH4HCOs and were sonicated for 20 min. This step was carried out twice with 50 uL of 5 % formic
acid in 50 % acetonitrile. The samples concentrated in the SpeedVac were taken up in 50 uL 0.1 %
formic acid and were stored at -20 °C before the next sample preparation step. The StageTipping
desalting step was carried out as described by Rappsilber et al. (2007). The tryptic peptide

samples were stored at -20 °C until use for MS measurements.

For analysis of entire supernatants, protein solutions of 150 uL were mixed with 0.25 volume of
100 % (w/v) TCA, incubated for 30 min on ice and the precipitated proteins were sedimented for
15 min at 16100 g and 4 °C. The supernatants were removed and the precipitated proteins
washed twice in 0.5 mL of ice-cold acetone. After centrifugation again (15 min, 16100 g, 4 °C), the
supernatants were discarded, the pellets were air-dried and the proteins were dissolved in 100 pL
TRB buffer (Trypsin Reaction Buffer: 40 mM NH4HCO; pH 8.2, 9 % acetonitrile). Before analyzing
the protein samples with LC-MS/MS, they were digested using trypsin to cleave the proteins into
peptides using the Trypsin Singles, Proteomics Grade kit (Sigma-Aldrich, St. Louis, USA) according
to the manufacturer's instruction. For this, 1 ug trypsin and 1 pL of Trypsin Solubilization Reagent
(contain 1 mM HCI) was added up to 100 ug of protein in a total volume of maximum 100 uL. The
tryptic digest was performed at 37 °C in an overnight reaction (18 h). The StageTipping desalting
step was carried out as described by Rappsilber et al. (2007). After drying, the sample was

resuspended in 30 ul solvent A (0.1 % formic acid in H;0).

Subsequent LC-MS/MS analysis of trypsin-digested samples was done as already described
previously (Hinnefeld et al., 2021). The IDA data were processed with ProteinPilot (5.02, Sciex)
using the Paragon algorithm for protein identification and for building an ion library. This data
was then compared with a database consisting of proteins from U. maydis 521 and U. cynodontis

NBRC9727.

Plasmid cloning and strain engineering
Plasmids were constructed via Gibson assembly (Gibson et al., 2009) using the NEBuilder HiFi DNA
Assembly Cloning Kit (New England Biolabs (NEB), Ipswich, MA, USA). The DNA oligonucleotides
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were purchased from Eurofins Genomics (Ebersberg, Germany), and Q5 High-Fidelity DNA
Polymerase (NEB) was used as the polymerase. Table 8 and Table S4 provide details on the
plasmids and primers used. Competent E. coli DH5a or PIR2 cells were used for standard cloning
and plasmid maintenance, following the protocols described in Sambrook and Russell (2006).
Plasmids were confirmed through PCR, restriction analysis, or sequencing. The protocols
described in Brachmann et al. (2004) were used for the generation of protoplasts, transformation,
and isolation of genomic DNA of Ustilago strains. To integrate PeramyA randomly into the
genome, the plasmid was linearized with Bgll. For the deletion of UMAG_04064 and
UMAG_02740, homologous recombination with 1000 bp flanking regions including a geneticin

G418 resistance cassette were used. Successful integration and deletion were confirmed by PCR.

Table 8: Plasmids used in this study.

Plasmid Description Reference
pJET1.2/blunt Ori ColE1, Amp® Thermo Scientific, Germany
Petergfp_G418 Constitutive Petes promotor, gfp gene, G418F (Przybilla, Roxense BioSC)

AUMAG 04064 Gaig ~ Deietion of Iﬁx&i&osﬂ?‘érlsu,; cynodontis this study
AUMAG _02740_GA18 Deletion of UMAG_02740 in U. cynodontis TSy

ITA MAX pH, G418

Funding

This project has received funding from the Bio-based Industries Joint Undertaking (JU) under the European Union’s
Horizon 2020 research and innovation program under grant agreement No 887711 for the project Glaukos. The JU
receives support from the European Union’s Horizon 2020 research and innovation program and the Bio-based
Industries Consortium. Further funding was received by the German Federal Ministry of Education and Research (BMBF,
project: “Modellregion, BioRevier-PLUS: InBio, Innovationscluster integrierte Bioraffinerie”, grant no. 031B1135A).

Acknowledgements

We thank all project partners for fruitful discussions.

Conflicts of interest:

The authors declare that they have no competing interests.

71



Publications and manuscripts

3.4. Production and Characterization of the Itaconic Acid-derived Compounds

2-Hydroxyparaconic and Itatartaric Acid

P. Ernst, F. Zlati, L. Kever, A. Wirtz, R. Goldbaum, J. Pietruszka, B. Wynands, Julia Frunzke, and
N. Wierckx

Submitted for publication (February 2024).

Contributor role Contributor

Conceptualization N. Wierckx

Data curation N. Wierckx, P. Ernst, F. Zlati, L. Kever, A. Wirtz, R. Goldbaum
Formal analysis P. Ernst, F. Zlati, L. Kever, A. Wirtz, R. Goldbaum
Funding acquisition N. Wierckx

Investigation P. Ernst, F. Zlati, L. Kever, A. Wirtz, R. Goldbaum
Methodology P. Ernst, F. Zlati, L. Kever, A. Wirtz, R. Goldbaum
Project administration N. Wierckx

Resources N. Wierckx, J. Frunzke, J. Pietruszka

Software -

Supervision N. Wierckx, J. Frunzke, B. Wynands, J. Pietruszka
Validation P. Ernst, F. Zlati, L. Kever, A. Wirtz, R. Goldbaum
Visualization P. Ernst

Writing — original draft P. Ernst

Writing — review and editing N. Wierckx, P. Ernst

Overall contribution: 75 %

| performed the strain engineering and all cultivations, partly supported by F. Zlati. L. Kever
performed the gPCR associated to Figure 27F. A. Wirtz supported the metabolite quantification
via HPLC. R. Goldbaum measured the *H and *C NMR spectra associated to Figure 31. P. Ernst
prepared all figures and wrote the original draft. All authors, but especially N. Wierckx and I, were

involved in the review and editing process.

A peer-reviewed version of the following manuscript was finally published in Metabolic

Engineering Communications (November 2024). doi: 10.1016/j.mec.2024.e00252

72



Publications and manuscripts
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Abstract: Itaconic acid is used in many application fields such as the production of paper, paints and
fibers. There is also a strong interest in this compound in the medical and pharmaceutical sectors,
both as an anti-bacterial compound and as an immunoregulator for the treatment of autoimmune
diseases and viral infections including SARS-CoV-2. ITA is naturally produced by several fungal hosts
including U. maydis, U. cynodontis, and A. terreus. Besides ITA, all hosts also produce the derivatives
2-hydroxyparaconic and itatartaric acid as downstream products of ITA. While the latter has been
studied extensively over the years, not much is known about these two derivatives, although their
structural characteristics could also open up several applications. In this study, we report the
production of these two ITA-derived compounds. By overexpressing the ITA P450 monooxygenase
Cyp3 in a previously engineered ITA-overproducing U. cynodontis strain, ITA was converted to its
lactone 2-hydroxyparaconate. The second product itatartarate is most likely the result of the
subsequent lactone hydrolysis. A major challenge in the production of 2-hydroxyparaconate and
itatartarate is their co-production with ITA, leading to difficulties in their purification. Achieving high
derivatives specificity was therefore the paramount objective. 2-hydroxyparaconate and itatartarate
were successfully produced from glucose and glycerol, with the latter resulting in a higher derivatives
specificity due to an overall slower metabolism on this non-preferred carbon source. The derivatives
specificity could be further increased by metabolic engineering approaches including the exchange of
the native ITA transporter Itpl with the A. terreus ITA transporter MfsA. Both 2-hydroxyparaconate
and itatartarate were recovered from fermentation supernatants following a pre-existing protocol.
2-hydroxyparaconate was recovered first through a process of evaporation, lactonization, and
extraction with ethyl acetate. Subsequently, itatartarate could be obtained in the form of its sodium
salt by saponification of the purified 2-hydroxyparaconate. Finally, several analytical methods were
used to characterize the resulting products and their structures were confirmed by NMR. This work
provides a promising foundation for obtaining 2-hydroxyparaconate and itatartarate in high purity and
quantity. This will allow to unravel the full spectrum of potential applications of these novel
compounds.
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Figure 26: Graphical abstract displaying strategies employed to increase product specificity.
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3.4.1. Introduction

Ustilaginaceae are dimorphic basidiomycetes naturally producing ITA as one of the top 12 value-
added platform chemicals derived from biomass with multiple application areas (Geiser et al.,
2014; Olicon-Hernandez et al., 2019; Werpy & Petersen, 2004; Wierckx et al., 2020). Besides being
used for paper, paint and fiber production, ITA is also of increasing interest in the medical and
pharmaceutical sectors due to its anti-inflammatory properties (Michelucci et al., 2013; Mills et
al., 2018; Olagnier et al., 2020). It has been discovered that human macrophages produce ITA to
inhibit pathogenic bacteria, however, some bacteria have evolved resistance by ITA degradation
(Martin et al., 1961; Sasikaran et al., 2014). A similar arms race may exist between ITA-producing
fungi and their natural competitors, which might serve as a simplified model for investigating
these interactions. Interestingly, Guevarra and Tabuchi (1990a) identified 2-HP and ITT as two ITA
downstream products in Ustilago species. Although the detailed functional characterization of
these compounds is still pending, initial studies have shown their potential as anti-microbial
agents (de Witt et al., 2023). Hypothetically, fungi evolved these compounds to counteract ITA
resistance, putting them one step ahead of the human immune system. Accordingly,
pharmaceutical use of these compounds may support the human immune system. To confirm this
hypothesis and explore potential further applications of 2-HP and ITT, high-purity substances are

obligatory.

As shown in the model host U. maydis, 2-HP is directly synthesized from ITA via the ITA P450
monooxygenase Cyp3 (Geiser et al., 2016b), which can be further converted to ITT, hypothetically
by abiotic lactone hydrolysis. Both acids are suggested to be secreted into the medium by the
major facilitator Itpl, which is also responsible for ITA export (Geiser et al., 2018; Hosseinpour
Tehrani et al., 2019a). Since low pH values (pKa, > pH) allow the re-uptake of ITA facilitating its
conversion to 2-HP (Geiser et al., 2016b; Guevarra & Tabuchi, 1990b), highly acid-tolerant
U. cynodontis is considered as the favorable production host for these downstream compounds.
Production of ITA in U. cynodontis has already been optimized by morphological and metabolic
engineering including the deletion of fuz7 allowing yeast-like growth and cyp3 encoding the ITA
P450 monooxygenase preventing further conversion of ITA, the heterologous overexpression of
the mitochondrial tricarboxylate transporter gene mttA from A. terreus as well as the

overexpression of the ITA cluster regulator encoding gene rial (Hosseinpour Tehrani et al., 2019d;
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Hosseinpour Tehrani et al., 2019b). Using this engineered ITA-overproducing strain as a basis for
further metabolic engineering, we optimized 2-HP and ITT production and purified both acids in
high purity to allow comprehensive characterizations. Conversion of ITA to 2-HP was restored via
overproduction of Cyp3 and exchange of the native ITA transporter Itpl with the A. terreus ITA
transporter MfsA leading to an accumulation of 2-HP and ITT upon batch fermentations on
glucose and glycerol. Highest 2-HP and ITT product yields were achieved in a low cell-density fed-
batch fermentation using glucose as a carbon source resulting in 13.5+0.4 g L 2-HP and
30.5+0.2 g L1 ITT. Both products were recovered from the fermentation supernatants according
to a protocol adapted from Guevarra and Tabuchi (1990b). Quantitative nuclear magnetic
resonance spectroscopy (QNMR) measured a product purity of 85.3 £ 3.7 % providing the basis

for exploring their pharmaceutical relevance in follow-up studies.

3.4.2. Results and discussion

Overexpression of the itaconate-oxidizing P450 monooxygenase Cyp3

Since 2-HP and ITT are metabolically linked to ITA, a previously engineered ITA-overproducing
U. cynodontis strain (referred to as U. cynodontis ITA MAX pH) served as the basis for strain
development. Production of the derivatives by this strain was restored through the Pet.sdriven
overexpression of the ITA P450 monooxygenase Cyp3, aiming at the conversion of ITA to 2-HP.
To this end, the plasmid designated as Pewrcyp3 was randomly inserted into the genome of
U. cynodontis ITA MAX pH. Given that random integration of constructs into the genome often
results in multi-copy and/or ectopic insertions, several clones of U. cynodontis ITA MAX
PH_Perescyp3 were characterized to identify the best 2-HP/ITT producer. From this initial screening
(Figure S10), six clones were subjected to further characterization regarding 2-HP and ITT
production in comparison to the progenitor strain as negative control and U. cynodontis Afuz7 as

positive control (Figure 27).
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Figure 27: Screening of different U. cynodontis ITA MAX pH_Petercyp3 clones regarding production of 2-HP
and ITT as the two downstream products of ITA.

(A) Growth, (B) glucose consumption, (C) ITA production, (D) 2-HP production and (E) ITT production of the
different clones and the reference strains during cultivation in shake flasks in MTM medium with 15 mM
NH.Cl, 30 mM MES pH 6.5, and 50 g L'? glucose (n = 1 biological replicate). (F) Correlation between relative
cyp3 copy numbers and product titers of ITA, 2-HP and ITT. Copy numbers of cyp3 were calculated via gPCR
in relation to tadl and rdol genes (both single copy) from biological triplicates measured as technical
duplicates. The linear fit is shown for the cyp3-bearing clones.

Engineered strains exhibited differences in growth in comparison to the Afuz7 control (Figure
27A). This can be traced back to the overexpression of PeesmttA as previously shown by
Hosseinpour Tehrani et al. (2019b). The constitutive promotor Pe.ts leads to high expression rates
already during the growth phase (Zambanini et al., 2017c), likely causing MttA to export cis-
aconitate from the mitochondria before the onset of production of ITA and its derivatives. The
Peiercyp3 overexpression does not seem to have an additional negative impact on growth, with all
strains except clone 1 showing similar ODggo values and glucose consumption rates as the
progenitor strain U. cynodontis ITA MAX pH (Figure 27A and B). In contrast, the strains
significantly differed from each other regarding 2-HP and ITT production (Figure 27C-E). Clone 2
achieved the highest 2-HP and ITT product titers, which were approximately two-fold higher than
the wildtype reference U. cynodontis Afuz7 (Figure 27D and E) (Hosseinpour Tehrani et al.,
2019b). The combined final titers of ITA, 2-HP and ITT of clone 2 add up to 18.7 g L'}, an amount
that corresponds well with the production of 18.4 g L ITA by the reference ITA-producing strain.
The second best performance regarding 2-HP and ITT production was detected for clone 4 with

product titers similar to those of the Afuz7 control, whereby the two clones C1 and C3 showed no
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conversion of ITAto 2-HP and ITT at all. To investigate whether the variation in product titers can
be attributed to differences in the copy number of Petercyp3, a qPCR analysis was performed. The
gene copy number of cyp3 relative to two reference genes tadl and rdol (both single copy)
strongly correlated with the level of conversion of ITA to 2-HP and ITT for all tested cyp3-bearing
clones resulting in decreasing ITA (r> = 0.8836) and increasing 2-HP (r? = 0.9938) and ITT

(r* = 0.9929) titers with increasing cyp3 copies (Figure 27F).

Based on these results, clone 2 harboring approximately 13 cyp3 copies was selected as the best
2-HP/ITT producer for the following experiments, henceforth named U. cynodontis 2-HP.
However, undesired ITA accumulation reaching a maximum concentration of 5.9 g L'? at 144 h
and a final concentration of 3.9 g L'! was observed. Apparently, Cyp3 activity poses a bottleneck
in the conversion of ITA to its derivatives, even for this best-performing strain. Consequently, we
introduced the derivatives specificity as a further KPI in addition to yield, titer, and rate, which is
defined as the percentage of the combined concentrations of 2-HP and ITT over the total acid
production. This derivatives specificity is a key factor for later downstream processing, which was
a target for optimization in this study. 2-HP and ITT can be converted into each other by
lactonization or saponification (Guevarra & Tabuchi, 1990b), but ITA will remain as undesired

contaminant upon purification.

Glycerol as an alternative carbon source for 2-HP and ITT production

Ustilaginaceae have a slower metabolism on glycerol than on glucose, potentially preventing an
ITA overflow caused by the rate-limiting Cyp3-catalyzed conversion of ITA to 2-HP and ITT as
illustrated in Figure 28A and B. With the aim of minimizing extracellular ITA accumulation,
cultivations on glycerol as an alternative carbon source were directly compared to glucose-based

cultivations (Figure 28A-C).
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Figure 28: System Duetz microcultivations of U. cynodontis 2-HP on two different carbon sources.
Cultivations were performed in System Duetz plates in MTM medium with 15 mM NH4Cl, 30 mM MES pH
6.5, and (A)50gL? glucose or (B) 50 g L glycerol (n = 2 biological replicates). For (A) and (B)
glucose/glycerol consumption was plotted on the left y-axis, while ITA, 2-HP and ITT titers were plotted on
the right y-axis. (C) Mean values of final product titers for direct comparison of different cultures. Product
titers obtained on glucose in shake flask cultivations from Figure 27 are shown as well for comparison.
Typically, a higher OTR is achieved in System Duetz microcultivations compared to shake flask cultivations
with a 10 % filling volume.

Indeed, accumulation of ITA was strongly reduced on glycerol, with its concentration remaining
below 1.9 + 0.1 g L'? throughout the entire cultivation and a complete conversion to 2-HP and ITT
after 288 h resulting in a derivatives specificity of 100 + 0.0 % (Figure 28B). Although glucose
yielded slightly more total acid production, the specificity of derivatives production was only
89 + 0.2 %. Final cumulative product titers of 2-HP and ITT were even slightly higher on glycerol
than on glucose (Figure 28C), but the high derivatives specificity did come at the expense of a
lower productivity, which was reduced from 0.12 + 0.00 g L'* h'* on glucose to 0.07 +0.00 g L'* h'!
on glycerol. The substrate-to-product yield was comparable on both carbon sources, amounting

t0 0.40 + 0.01 and 0.42 * 0.02 g wp+i7T Gsubstrate - ON glucose and glycerol, respectively.

Lab-scale fermentation for production of 2-HP and ITT from glycerol

High cell-density batch fermentations with a working volume of 1 L were performed on glycerol
(Figure 29B and D) and on glucose as a control (Figure 29A and C) in order to evaluate 2-HP and
ITT production at a larger scale, and to obtain larger volumes for initial downstream process
development. In all fermentations, the pH was controlled at pH 3.6 during the initial biomass
production phase, and then allowed to drop to pH 2.8 through the production of the organic acids
(Figure 29A and B). In the glucose fermentation, the pH was further lowered to 2.2 after 120 h in

an attempt to further stimulate ITA re-uptake and conversion.
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Figure 29: High cell-density batch fermentations of U. cynodontis 2-HP on two different carbon sources.
Bioreactor cultivations were performed in batch medium with 75 mM NHaCl and (A) 200 g L™ glucose or (B)
100 g L? glycerol as carbon source (n = 2 biological replicates). Concentrations for glucose, glycerol and
ammonium as well as growth as ODsoo were plotted on the left y-axis, while pH values were plotted on the
right y-axis. Corresponding product titers of ITA, 2-HP and ITT are shown in (C) for glucose-based cultivation
and in (D) for glycerol-based cultivation. (E) Mean values of final product titers for direct comparison of
different carbon sources. The pH was controlled by automatic titration with 5 M NaOH. After approximately
24 h (A) and 72 h (B), the pH was allowed to drop from pH 3.6 to pH 2.8 through the production of ITA and
its two derivatives. Further pH reductions during the fermentation on glucose were performed by the
manual addition of 1 M HCI.

The batch fermentation on glucose resulted in the production of a mixture of all three metabolites
ITA, 2-HP and ITT (Figure 29C). The highest 2-HP concentration of 11.2 + 1.0 g L was reached
after 120 h, but it was subsequently converted almost completely to ITT. The final ITT
concentration was about 21.4 + 2.1 g L'X. A concentration of 15.8 + 0.9 g L'! of ITA was not
converted into the other products, resulting in a derivatives specificity of only 58 + 2.6 % (Figure
29E). Even further decreased pH values, which should facilitate ITA re-uptake, did not result in a
complete conversion of ITA to its two downstream products. It is important to note that the
equilibrium constant between 2-HP and ITT is theoretically influenced by pH with lower pH values
shifting the equilibrium towards 2-HP. However, the time required to reach this equilibrium
through non-enzymatic conversion is more than 70 days at conditions comparable to the
fermentation (Figure S12), and more than 20 days at neutral pH conditions in Guevarra and
Tabuchi (1990a). This is much longer than the fermentation time and we therefore expect biotic

effects to be the dominant determinant of 2-HP and ITT concentrations.
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Under this high cell-density condition with 200 g L™ glucose, the ITA productivity is apparently too
high resulting in an overflow caused by the rate-limiting conversion of ITA to 2-HP and ITT (cf.
Figure 28). However, on glycerol, ITA accumulated to a much lesser extent and reached its
maximum of only 6.3 + 0.1 g L after 144 h (Figure 29D). In contrast to the batch fermentation
with glucose, the produced ITA was completely converted to 2-HP and further to ITT yielding
99 + 0.3 % derivatives specificity. A similar production pattern was previously observed in System
Duetz cultivation (Figure 28). With that, the glycerol fermentation resulted in an ITA-free
supernatant with 9.1+ 0.4 g L'* 2-HP and 6.0 + 0.0 g L™ ITT (Figure 29E), making the subsequent

purification steps much easier.

Noteworthy, the final cumulative product titers (21.7 + 1.5 g L't on glucose and 15.1 £+ 0.3 gL't on
glycerol), yields (0.10 + 0.00 g-up«i1r 8cic* and 0.15 + 0.00 ga-np+i1r gorv*) as well as the volumetric
productivity (0.13 + 0.01 g L' h't on glucose 0.07 + 0.00 g L' h' on glycerol) were reduced during
the batch fermentations in comparison to System Duetz microcultivations. This might be caused
either by differences in medium acidity over time, which was not controlled in the System Duetz
microcultivation system, or by lower initial NH4Cl concentrations in System Duetz cultivations
(15 mM) compared to batch fermentations (75 mM). Differences in the OTR between

microcultivations and bioreactor cultivations might also contribute to the different product KPls.

Product purification and characterization

After successful production of larger quantities in glycerol batch fermentations, 2-HP and ITT were
purified. Of note, these compounds are not commercially available, and only very small amounts
of chemically synthesized 2-HP of unknown purity were thus far available as analytical standard

(Geiser et al., 2016b).

Both 2-HP and ITT were successfully obtained from the glycerol fermentation supernatant
following a protocol adapted from Guevarra and Tabuchi (1990b) (Figure 30). 2-HP was recovered
first through a process of evaporation and lactonization of ITT, followed by 2-HP extraction with
ethyl acetate. The obtained 2-HP could subsequently be converted to ITT in the form of its sodium

salt by saponification.
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Figure 30: Schematic representation showing the purification procedure of 2-HP and ITT from culture
supernatants.

The shown procedure resulted in 2-HP with a purity of 85.3 + 3.7 % (rounded to 85 % in the scheme)
measured via qNMR. The purified 2-HP was saponified with NaOH to Na-ITT.

The concentration of 2-HP that could be identified in the remaining impurities dissolved in ddH,0
was lower than 0.5 g L% In total, 91.7 % of the 2-HP initially measured in the fermentation
supernatant was recovered. However, when considering the 2-HP produced from ITT
lactonization as well, the purification yield was only 49.7 %. This indicates that 2-HP was lost

during the purification process, which requires further evaluation in the future.

The obtained products were subsequently characterized by NMR analysis (*H, 3C, and
quantitative), elemental analysis, gas chromatography coupled to time-of-flight mass
spectrometry (GC-ToF-MS) and dilute-and-shoot flow-injection-analysis tandem mass
spectrometry (DS-FIA-MS/MS) (Reiter et al., 2022). Using *C NMR analysis, the following carbon
atoms of 2-HP were identified: CH, at 6 40.43, CH; at 6 76.47, C(OH)(COOH) at 6 76.84, COOH at
5 172.30 and C=0 at 6 173.81. The *H NMR identified the four H atoms of the two CH, groups at
the following chemical shifts: 2.63 (*H, d), 3.18 (*H, d), 4.31 (*H, d) and 4.61 (*H, d). The 3C NMR
analysis of ITT identified the following carbon atoms: CH, at 6 42.42, CH, at  67.04, C(OH)(COOH)
at § 77.51, COOH at 6 179.08 and COOH at & 180.27. The *H NMR identified also for ITT the four
H atoms of the two CH; groups at the following chemical shifts: 2.39 (H, d), 2.56 (*H, d), 3.52 (*H,
d) and 3.62 (*H, d). The *C NMR spectra of 2-HP and ITT are shown as an example in Figure 31,
confirming the structures published by Guevarra and Tabuchi (1990b). 2-HP was further analyzed
by gNMR revealing a purity of 85.30 + 3.7 % (n = 6). The identities of both products 2-HP and ITT
were also confirmed by GC ToF-MS and DS-FIA-MS/MS.
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Figure 31: 3C NMR spectra and corresponding structures of 2-HP and ITT. Each peak with different
chemical shift and unique shape corresponds to a carbon atom.

Additionally, the elemental composition of 2-HP was determined. Table 9 shows the expected
and detected results for 2-HP. The measured composition correlates well with the expected
values. The measured percentages of C, Hand O add up to about 99.4 0.3 %, meaning that there
are likely no other elements in the impurities. Potential contaminants could consist of
hydrocarbons, given that the 2-HP samples seem to contain a slight excess of C and H. Moreover,
no N was detected, thus excluding protein contaminants from the fermentation. The values
indicated for N represent detection limits based on sample weight. In the future, additional
purification steps such as activated carbon/celite treatment, nanofiltration, or crystallization may

be implemented into the purification process to further increase the purity.

Table 9: Elemental analysis of the purified 2-HP.

% C (ww?) % H (w w?) % 0 (ww?) % N (ww?)

2-HP, expected 41.1 4.1 54.8 0.0

2-HP (85.3 + 3.7 %),

+ + +
detected (n = 6) 41.7%0.3 45+0.1 53.2+1.6 <0.5

Strain engineering to enhance derivatives specificity

In addition to evaluating the impact of alternative carbon sources on 2-HP and ITT derivatives
specificity, we also investigated the effects of additional metabolic engineering approaches
(Figure 32). The first approach was the deletion of the jtp1 ITA transporter gene, which could

increase the intracellular concentration of ITA and thus its conversion to the products of interest.
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Itpl was also exchanged with the heterologous ITA transporter MfsA from A. terreus, which was

described to have a higher affinity for 2-HP export than Itp1 (Hosseinpour Tehrani et al., 2019a).
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Figure 32: System Duetz microcultivations of U. cynodontis 2-HP_Aitpl and U. cynodontis

2-HP_Aitp1::mfsA (henceforth named U. cynodontis 2-HP MfsA) on two different carbon sources for

analyzing ITA, 2-HP and ITT production.
Cultivations were performed in System Duetz plates in MTM medium with 15 mM NH4Cl, 30 mM MES pH

6.5, and (A and B) 50 g L™ glucose or (D and E) 50 g L* glycerol (n = 2 biological replicates). Cultivations of
U. cynodontis 2-HP_Aitp1 (A and D) and U. cynodontis 2-HP MfsA (B and E). (C and F) Mean values of final
product titers for direct comparison of the different strains. Product titers obtained for U. cynodontis 2-HP
shown in Figure 28C are again displayed for comparison. For all time courses, carbon source consumption
was plotted on the left y-axis, while ITA, 2-HP and ITT titers were plotted on the right y-axis.

The Aitp1 strain was not able to secrete ITA anymore throughout the entire cultivation, and the
2-HP concentration was also significantly reduced (Figure 32A). This confirms its role as ITA and
2-HP exporter as described for U. maydis, although the Aitpl mutant of this strain produced

0.7 +0.1 g L'*ITA (Hosseinpour Tehrani et al., 2019b). This mutant even showed an increased 2-HP
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titer in ITA feeding experiments, which points towards an additional 2-HP transport mechanism
in U. maydis under certain conditions, which is apparently absent in U. cynodontis. However, in
that previous manuscript ITT could not be quantified due to a lack of a suitable analytical
technique and standard. With the produced Na-ITT standard, this was now addressed.
Interestingly, the measured ITT concentration of 5.3 + 0.1 g L'! was higher than the one obtained
for the control with intact itp1 gene (Figure 32C), which strongly suggests the existence of a
different transport system for ITT. The exchange of itp1 by mfsA in the U. cynodontis 2-HP MfsA
strain reduced maximum ITA accumulation by approximately 80+ 0.7 % compared to the
progenitor strain U. cynodontis 2-HP (Figure 32B), resulting in an increased derivatives specificity
of approximately 99 + 0.3 %. However, overall derivatives titers were greatly reduced and the
knockout also strongly affected substrate uptake rates, likely as a result of the stress of
intracellular ITA and 2-HP accumulation. This was ameliorated by the complementation with
mfsA. Analogous to the Aitpl modification, a reduced transport of ITA via MfsA is assumed to
result in higher intracellular titers for enhanced conversion into 2-HP and ITT, but this
accumulation is less severe. Consequently, there was a greater cumulative production of the
derivatives to 17.0 + 0.3 g L' (Figure 32C), although titers of the two downstream products were
reduced compared to the progenitor with Itpl transporter. Hence, the improved derivatives
specificity came at the expense of a reduced substrate-to-product yield (0.40 + 0.01 and
0.33 + 0.01 gz np+i7 Eoc t for U. cynodontis 2-HP and U. cynodontis 2-HP MfsA, respectively) and a
reduced volumetric productivity of 0.10 + 0.00 g L'* hl. Here, one can assume that elevated
intracellular ITA concentrations may favor its degradation limiting further conversion. Although
an ITA degradation pathway has not been published for Ustilago, decreasing ITA concentrations
have been observed in U. maydis during prolonged cultivations (Geiser et al., 2016b; Hosseinpour
Tehrani et al., 2019c). Possibly, the degradation occurs through a similar pathway as described
for A. terreus (Chen et al.,, 2016). It might also be possible that the higher intracellular ITA
concentration reduces production efficiencies. The latter seems likely, given that the Aitp1 strain

has a greatly reduced glucose uptake rate.

Additionally, System Duetz microcultivations of these strains were also performed on glycerol,
showing analogous behavior compared to glucose (Figure 32D and E). Deletion of itp1 caused a
strong reduction in ITA and 2-HP accumulation in comparison to the progenitor strain
U. cynodontis 2-HP (Figure 32F), while ITT levels were increased. Related to glucose as carbon
source, performance of U. cynodontis 2-HP MfsA on glycerol was slightly worse in terms of the
achieved yield (0.30 + 0.01 gz wp+i17 gaic't) and the calculated productivity (0.06 £ 0.00 g L h?),
favoring cultivation of this improved strain on glucose for specific 2-HP and ITT production in up-

scaled fermentations.
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Besides a reduction of ITA export, the re-uptake of ITAis also a possible factor that can contribute
to 2-HP and ITT production (Geiser et al., 2016b), especially in later production stages when ITA
production slows down. To further characterize this effect, additional System Duetz
microcultivations were performed with CaCOs as buffer (Figure 33). This should prevent ITA re-
uptake by avoiding the formation of fully protonated ITA (Hosseinpour Tehrani et al., 2019c;
Zambanini et al., 2016b), which may consequently allow to more precisely conclude on initial
metabolic fluxes. In addition, calcium carbonate should reduce product inhibition and weak acid

stress and thus may allow to reach higher 2-HP and ITT titers.
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Figure 33: System Duetz microcultivations of U. cynodontis 2-HP and U. cynodontis 2-HP MfsA on glucose
using CaCO:s as buffer.

Cultivations were performed in System Duetz plates in MTM medium with 15 mM NHCl, 33 g L'? CaCOs
pH 7.4, and 50 g L™ glucose (n = 2 biological replicates). (C) Mean values of final product titers for direct
comparison of the different strains.

Cultivation of U. cynodontis 2-HP showed similar cumulative end titers of ITA, 2-HP and ITT when
using MES (Figure 28C) or CaCOs (Figure 33C) as buffer component. For CaCOs, all product titers
continuously increased until the end of cultivation, which was not the case for cultivation with
MES buffer due to re-uptake and further conversion of ITA facilitated by acidic pH values, which
are shown in Figure S11. The conversion of ITA to its downstream products was markedly reduced
in the presence of CaCOs, which prevents acidification of the media (Figure 33A and B). This
demonstrates a major contribution of the re-uptake of protonated ITA to 2-HP and ITT production
(Figure 28A and C and Figure 33A and C). Compared with the progenitor strain U. cynodontis 2-HP,
cultivation of U. cynodontis 2-HP MfsA on glucose with CaCOs buffer showed reduced absolute
and relative accumulation of ITA, while more 2-HP and ITT was secreted. This supports the

hypothesis that MfsA has a higher affinity for 2-HP and lower affinity for ITA (Hosseinpour Tehrani
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et al., 2019a) and it further suggests that it also facilitates ITT transportation (Figure 32C and
Figure 33B and C). The fact that these differences are observed with the CaCOs buffer proves that
the increased specificity of derivatives production is caused by MfsA and not by altered ITA re-
uptake dynamics. However, ITA is reduced but not entirely abolished, and therefore a

combination of specificity-driving strategies is needed to achieve full conversion.

Bioreactor cultivations on glucose

The exchange of itp1 with mfsA resulted in a substantially increased derivatives specificity, which
was further enhanced in cultures with a low pH facilitating ITA re-uptake (Figure 32). We
therefore sought to leverage these strategies to maintain the high productivity on glucose

compared to glycerol while still achieving full conversion in a high cell-density batch fermentation.

Previous high cell-density batch fermentation of U. cynodontis 2-HP resulted in the production of
a mixture of all three metabolites (Figure 29). Presumably, the ITA productivity was too high under
these conditions resulting in an overflow caused by the rate-limiting conversion of ITA to 2-HP
and ITT. Analogous batch fermentation of the newly generated U. cynodontis 2-HP MfsA
harboring the Aitp1::mfsA modification showed a similar production pattern. Although there is
overall reduction in extracellular ITA accumulation of 69 + 0.5 % likely due to the transporter
exchange, the ITA is not fully converted even after prolonged incubation and a further decrease
of pH (Figure 29C and Figure 34A, B and G). Of note, once the pH value was adjusted to 2.6, a
strong decrease in the 2-HP concentration was observed. This decrease most likely resulted from
the re-uptake of 2-HP at this pH value, as it is around the pK, value of 2-HP (2.78 at 20 °C)
(Guevarra & Tabuchi, 1990a). While U. cynodontis 2-HP metabolized all glucose within 168 h,
U. cynodontis 2-HP MfsA required an additional 120 h for the complete conversion. The strain
also showed a much longer lag phase, indicating that the transporter exchange caused significant
stress to the production host especially in this high glucose concentration. However, the final
cumulative product titers of 2-HP and ITT were higher with 26.2 + 0.1 g L compared to

U. cynodontis 2-HP, resulting in an increased derivatives yield (Table 10).

Since the high cell-density batch fermentations on glucose did not result in the production of pure
2-HP and ITT, a low cell-density fed-batch fermentation with a reduced glucose starting
concentration was assessed next (Figure 34C and D). To further reduce stress in the initial biomass
production phase, the starting pH value was set to 6.5 (Niehoff et al., 2023). Afterwards, the pH
value was allowed to drop through the production of ITA and its two downstream products 2-HP
and ITT. However, since the pH value only dropped slowly, it was manually adjusted to 3.6 after
130 h by adding HCI. Despite the low cell-density and reduced glucose concentration, ITA

accumulated up to 15.7 + 1.3 g L', comparable to the previous high cell-density batch
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fermentation (Figure 29C and Figure 34C, D and G). The high ITA accumulation may be due to the
elevated pH value during the initial biomass production phase, preventing secreted ITA from re-
entering the cells. Due to the already high ITA concentration, glucose was fed only for a short
period of 24 h, and the pH value was further decreased to facilitate the re-uptake of ITA. ITA was
continuously converted into its downstream products until it was completely depleted at the end
of the fermentation accounting for a derivatives specificity for 2-HP and ITT of 99 + 0.2 %. After
288 h of fermentation, the ITT concentration remained constant, while the 2-HP concentration
increased despite a pH value of 2.2, which theoretically allows 2-HP to be re-uptaken and
transformed into ITT. This suggests that a threshold of 30.5 + 0.4 g L ITT may exists, beyond
which the ITT productivity is strongly reduced, possibly due to feedback inhibition, or
precipitation. The final broth contained more ITT than 2-HP with a combined product titer of
44.0+ 0.2 g LY. Guevarra and Tabuchi (1990b) reported higher product titers with the wildtype
progenitor of the engineered strains described in this study, but we were unable to reproduce
these results due to strong filamentous growth and lower productivities of this non-engineered
strain. Perhaps this can be attributed to minor differences in cultivation conditions, such as the
use of urea as alternative nitrogen source. Hosseinpour Tehrani et al. (2019d) observed the
accumulation of 2-HP during a pulsed fed-batch fermentation of the wildtype U. cynodontis Afuz7
strain at a concentration of 17.3 + 1.1 g L? at otherwise comparable cultivation conditions as in
the low cell-density fed-batch cultivation presented here, but ITT was not analyzed in this study.
Additionally, for all published data potential inaccuracies deriving from standards with unknown
purity should be taken into account, further complicating direct comparisons. Apart from 2-HP,
high concentrations of ITA (25.5 + 1.1 g L'!) were reported to accumulate during cultivation of
U. cynodontis Afuz7, highlighting the improved derivatives specificity obtained by rational
metabolic strain engineering and optimized cultivation conditions described here. Another study
reported 2-HP product titers of 21.3 + 0.7 g L during high cell-density fed-batch fermentation of
the U. maydis MB215 wildtype strain after 163 h on 200 g L glucose and 75 mM NH4CI. This
corresponds to volumetric productivity of 0.13 + 0.01 g L'* h't 2-HP and a comparatively low yield
of 0.08 + 0.01 gywp gaict, (Geiser et al., 2016b). Comparable to the fermentation results of
Hosseinpour Tehrani et al. (2019d), 2-HP production was accompanied by accumulation of ITA,
again pointing out the requirement for strain and process optimization to obtain a high 2-HP and

ITT derivatives specificity as successfully done in this work.

To evaluate the derivatives specificity of 2-HP and ITT over ITA across the cultivation time on
glycerol as a carbon source, an additional fermentation was performed with the newly engineered
U. cynodontis 2-HP MfsA (Figure 34E, F, and G). Accumulation of ITA during fermentation was

substantially lower than on glucose reaching a maximum value of 3.3 + 0.4 gL, but final
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cumulative product titers of 2-HP and ITT were markedly lower during cultivation of U. cynodontis
2-HP MfsA on glycerol as well. When compared to the progenitor strain's performance on
glycerol, approximately 52 + 0.5 % reduction in ITA accumulation was observed (Figure 34F).
Moreover, whereas product titers of 2-HP and ITT were almost comparable for U. cynodontis 2-HP
and U. cynodontis 2-HP MfsA on glycerol, the latter exhibited a faster conversion of ITA to 2-HP
and ITT, achieving complete conversion in just 192 hours, whereas the progenitor strain required
216 hours (Figure 29D and Figure 34F). The growth of both strains was similar, with ammonium
depletion occurring after 120 h and glycerol depletion after 168 hours in both fermentations
(Figure 29B and Figure 34). This is in contrast to the glucose cultures, where the transporter
exchange caused decreased growth and production rates. Likely, the overall reduced metabolic
fluxes on glycerol led to a better balancing of substrate uptake, ITA production, and product
secretion rates, preventing excessive intracellular ITA accumulation while still improving 2-HP and

ITT specificity.
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Figure 34: Fermentation approaches of U. cynodontis 2-HP MfsA to optimize 2-HP and ITT production.
(A) High cell-density batch fermentation with 75 mM NHa4Cl and 200 g L glucose with corresponding
product titers of ITA, 2-HP and ITT shown in (B). (C) Low cell-density fed-batch fermentation with 15 mM
NH4Cl and 120 g L? glucose including an additional 12 g glucose fed with corresponding product titers of
ITA, 2-HP and ITT shown in (D). (E) High cell-density batch fermentation with 75 mM NH4Cl and 100 g L*!
glycerol with corresponding product titers of ITA, 2-HP and ITT shown in (F). In case of (A, C and E), carbon
source consumption, ammonium concentration and growth were plotted on the left y-axis, while pH values
were plotted on the right y-axis. The pH was controlled by automatic titration with 5 M NaOH. After
approximately 48 h (A) and 72 h (C and E), the pH was allowed to drop from pH 3.6 to pH 2.8 (A and E) and
from 6.5 to 3.6 (C) through the production of ITA and its two derivatives. Further pH reductions during the
fermentations on glucose were performed by the manual addition of 1 M HCI. (F) Mean values of final
product titers for all performed lab-scale fermentations of strain U. cynodontis 2-HP and U. cynodontis 2-HP
MfsA (n = 2 biological replicates).
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3.4.3. Conclusion

This study explores different strategies to increase derivatives specificity for the production of
2-HP and ITT over ITA, including process parameters such as substrate and pH, as well as strain
engineering focused on Cyp3 expression and product export. A high copy number of cyp3 was
essential for efficient 2-HP production, but still posed a bottleneck even in the best-performing
strain. The linear correlation between copy number of the P.rcyp3 cassette and production
suggests that Cyp3 activity may still be boosted by further overexpression. Knockout of the
exporter gene itpl abolished ITA production, but with a drastic reduction in overall production.
Exchange of the Itpl transporter for MfsA from A. terreus increased specificity with a much
smaller effect on production efficiency, but overall, strain engineering alone could not increase
derivatives specificity to 100 % without significantly reducing vyield, titer, and rate. Specificity
could be driven to 100 + 0.0 % by a combination of the transporter exchange, low pH to facilitate
ITA re-uptake, and use of glycerol to reduce ITA production rate. However, the best yield, titer,
and productivity for 2-HP and ITT were achieved when performing a low cell-density fed-batch
fermentation on glucose combining high product titers (44.0 + 0.2 g L%), high derivatives
specificity (99 + 0.2 %), the highest yield (0.32 + 0.00 g.1p+i17 goic'l), and one of the highest
volumetric productivities (0.11 + 0.00 g L' h?) (Table 10). Nevertheless, significant amounts of
ITA still accumulated during this fermentation, which may be addressed in the future by further

strain engineering to optimize Cyp3 expression and activity as a main focus.

In summary, 2-HP and ITT of relatively high purity were produced, building upon the pioneering
work of Guevarra and Tabuchi (1990b). This now enables the study of these ITA derivatives for
potential pharmaceutical applications, in light of recent discoveries on the anti-bacterial
relevance of their ITA precursor (de Witt et al., 2023; Z. Li et al., 2023; O’Neill & Artyomov, 2019;
Peace & O'Neill, 2022).
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Table 10: KPIs of the different fermentation approaches, calculated for the endpoint titers.
The darker the color, the better the parameter value achieved during cultivation.

Strain Fermentation Product Titer Yield Productivity Derivatives
(g L_l) (gproduct gsuhstrate-l) (g L h_l) specificity (%)
2-HP +ITT 21.7+1.5 0.10 £ 0.00
200gL?
2-HP 0.3+0.1 0.00 £ 0.00 0.00 + 0.00 58+2.6
glucose
o ITT 21.4+1.5 0.10 £ 0.00
~ 2-HP +ITT 15.1+0.3 0.15 £ 0.00 0.07 £ 0.00
100gL?
2-HP 9.1+0.3 0.10 £ 0.00 0.04 £ 0.00
glycerol
ITT 6.0+ 0.0 0.06 + 0.00 0.03 £ 0.00
2-HP +ITT 26.2+£0.8 0.14 £ 0.00 0.07 £ 0.00
-1
200gL 2-HP 5.3+0.7 0.03 £ 0.00 0.01 +0.00 80+0.6
glucose
ITT 20.9+0.1 0.11 £ 0.00 0.05 + 0.00
< 2-HP + ITT
= -1
= 10elt o, 135404 0.10+0.00  0.04+0.00
< glucose
N ITT 30.5+0.2 0.22 £ 0.01 0.08 £ 0.00
2-HP +ITT 16.4+0.2 0.17 £ 0.00 0.08 £ 0.00
100gL?
2-HP 11.3+0.5 0.11+£0.01 0.05 + 0.00
glycerol
ITT 5.1+0.3 0.05 + 0.00 0.02 £ 0.00
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3.4.4. Materials and methods

Chemicals and strains
All chemicals used in this study were obtained from Sigma-Aldrich (St. Louis, USA), Thermo Fisher
Scientific (Waltham, USA), or VWR (Radnor, USA) and were of analytical grade. All strains used in

this work are listed in Table 11.

Table 11: U. cynodontis strains used in this study.

Strain designation Resistance Reference

U. cynodontis NBRC9727 Afuz7 (162) - (Hosseinpour Tehrani et al., 2019b)

U. cynodontis NBRC9727 Afuz7

. HygR, Cbx® H i Tehrani et al., 201
Acyp3 PetefmttA Priazrial (223) vg’, Cbx (Hosseinpour Tehrani et al., 2013b)
U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Priairial Petecyp3 HygR®, Cbx®, Nat® this study
(1375)
U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Prigirial Peteicyp3 HygR, Cbx®, Nat®, G418FR this study

Aitp1 (2694)

U. cynodontis NBRC9727 Afuz7
Acyp3 PetefmttA Prigirial Petercyp3 HygR, Cbx®, Nat®, G418 this study
Aitp1::mfsA (2695)

Media and culture conditions

U. cynodontis strains were grown in YEPS medium containing 10 g L yeast extract, 10 g L*
peptone, and 10 g L sucrose. For growth and production experiments, U. cynodontis was
cultured in 30 mM MES or 33 g L'! CaCOs buffered screening medium according to Geiser et al.
(2014) with either 50 g L' ! glucose or glycerol. The medium also contained 15 mM NH4Cl, 0.2 g L?
MgS04-7H,0, 0.01 g L' FeS0O4-7H,0, 0.5 g L't KH,PO4, 1 mL L vitamin solution, and 1 mL L' trace
element solution. The vitamin solution contained (per liter) 0.05 g D-biotin, 1 g D-calcium
pantothenate, 1 g nicotinic acid, 25 g myo-inositol, 1 g thiamine hydrochloride, 1 g pyridoxol
hydrochloride, and 0.2 g para-aminobenzoic acid. The trace element solution contained (per liter)
1.5 g EDTA, 0.45 g ZnS04-7H,0, 0.10 g MnCl,-4H,0, 0.03 g CoCl,-6H,0, 0.03 g CuSO4-5H,0, 0.04 g
Na;Mo0,-2H,0, 0.45 g CaCl,-2H,0, 0.3 g FeS0O,4-7H,0, 0.10 g H3BOs, and 0.01 g KI. Cultivations
were conducted in System Duetz plates (24 well plates, Enzyscreen, Netherlands) with a filling
volume of 1.5 mL (d = 50 mm, n =300 rpm, T =30 °C and ® = 80 %) (Duetz et al., 2000) or in 500
mL shaking flasks with a filling volume of 50 mL (d=25 mm, n =200 rpm, T =30 °C and @ = 80 %).
For growth and production experiments, main cultures were inoculated to an ODgg of 0.5 with

overnight precultures grown in the same media. When performing System Duetz cultivations,
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cultures were simultaneously inoculated into multiple plates. A full plate was designated as a

sacrificial sample for each time point to maintain continuous oxygenations.

As previously described in Becker et al. (2021), controlled fed-batch cultivations were carried out
in a DASGIP Bioblock (Eppendorf, Germany), controlled using the Eppendorf DASware control
software (Eppendorf, Germany). Vessels with a total volume of 2.3 L and a working volume of 1.0
L were used. All cultivations were performed in batch medium according to Geiser et al. (2014)
as described above. The medium also contained 1 g L yeast extract (Merck Millipore, Germany)
and varying concentrations of glucose, glycerol and NH4Cl, as indicated. The pH was controlled by
automatic addition of 5 M NaOH or 1 M HCI, and the DO was controlled at 30 % by a cascade
mode including agitation 800-1200 rpm (0-40 % DOT controller output), air flow 1-2 vvm (40-80 %
DOT controller output), and oxygen 21-100 % (80-100 % DOT controller output). The cultivation
was performed at 30 °C and the bioreactor was inoculated to a final ODgoo of 0.75 from an
overnight preculture grown in screening medium according to Geiser et al. (2014) containing 50
g L' glucose or glycerol, 15 mM NH4Cl and 100 mM MES pH 6.5. 0.5 mL Antifoam 204 (Sigma,

A6426) was added in the beginning of the cultivation and subsequently every 24 h.

Analytical methods

When CaCOs was used as buffer, it was dissolved in a 1:1 ratio with 4 M HCl before subsequent
measurements, according to the procedure described by Zambanini et al. (2016a). Identification
and quantification of products and substrates in the supernatants were performed using a HPLC
1260 Infinity system (Agilent, Waldbronn, Germany) equipped with an ISERA Metab AAC column
300 x 7.8 mm column (ISERA, Germany). Separation was performed using an isocratic elution
program at a flow rate of 0.6 mL min and a temperature of 40 °C with 5 mM sulfuric acid as a
solvent (Becker et al., 2021). Detection was performed using a diode array detector at 210 nm
and a Rl detector. All samples were filtered with Rotilabo syringe filters (pore size 0.22 um) and
then diluted with ddH,0. Analytes were identified on the basis of retention time compared to
corresponding standards, and data analysis was performed using the Agilent OpenlLAB Data
Analysis - Build 2.200.0.528 software (Agilent, Waldbronn, Germany). Ammonium concentrations
in culture samples were determined by the colorimetric method described by Willis et al. (1996).
In this method, 50 uL culture supernatant was mixed with 1 mL reagent (8 g sodium salicylate,
10 g trisodium phosphate, 0.125 g sodium nitroprusside), followed by rapid addition of 250 pL
hypochlorite solution. After color development (at least 15 min at RT), the absorbance was
measured at 685 nm using cuvettes and a spectrophotometer. Ammonium concentrations were
calculated using an ammonium standard curve. Cell-densities were quantified by measuring the

optical density at a wavelength of 600 nm using cuvettes and a spectrophotometer. Samples were
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diluted appropriately with the respective medium to fall within the linear measuring range of the

photometer between absolute values of 0.2 and 0.4.

Product purification and characterization

Following the successful production of 2-HP and ITT, the corresponding fermentation broths were
centrifuged at 10,000 rpm for 30 to 60 min using a Beckman Avanti J-25 Centrifuge from Beckman
Instruments (Fullerton, USA). The cell pellet was discarded, and the resulting supernatant was
filtered (pore size 0.22 um). The products 2-HP and ITT were recovered from the fermentation
supernatant through a process adapted from Guevarra and Tabuchi (1990b). The lactonization
was started with the evaporation of water from the supernatant in a rotary evaporator, resulting
in a syrup. Biichi R-210 Rotavapor Evaporator from BUCHI Labortechnik GmbH (Essen, Germany)
was used, which was equipped with a Blichi B-491 Heating Bath and a diaphragm vacuum pump
CVC 2 from VACUUBRAND (Wertheim, Germany). The temperature of the water bath was set to
50-60 °C, and the pressure was gradually decreased to approximately 60 mbar, yielding in a
concentrated syrup in about 1 h. Subsequently, the temperature of the water bath was gradually
raised to 90 °C, the pressure gradually reduced to the minimum of approximately 20 mbar, and
the syrup was further heated for at least 6 h to lactonize ITT to 2-HP. The resulting mass was dried
with the high vacuum pump TRIVAC D 4 B from Leybold (Kéln, Germany) and simultaneously
heated with a heating mantle to eliminate residual water over a period of about 2-3 h. The dry
mass was dissolved in the same volume of hot ethyl acetate as the initial volume of supernatant.
The extraction with ethyl acetate involved continuous stirring and heating (50-60 °C) for
approximately 6-7 h, utilizing a reflux condenser to prevent solvent evaporation. Depending on
the experiment, 2 to 5 extraction steps were performed with fresh solvent to enhance product
recovery. Insoluble impurities were removed through decantation and subsequent filtration (pore
size 0.22 um). The solvent phases from the extraction steps were combined and concentrated
using the rotary evaporator. The resulting volume was aliquoted into pre-weighed Eppendorf
tubes, and the remaining ethyl acetate was evaporated in the Vacufuge Concentrator Model 5301
from Eppendorf (Hamburg, Germany) to obtain dry 2-HP. The tubes were reweighed to determine
the final product quantity. The sodium salt of ITT was obtained by saponifying the 2-HP recovered
from the fermentation supernatant, following the procedure described by Guevarra and Tabuchi
(1990b). A known mass of 2-HP was dissolved in ddH,0 to obtain a solution of known molarity.
The volume of 5 M NaOH required to neutralize the acidic solution was calculated, and twice this
volume was added to the 2-HP solution. The mixture was shaken and heated (60-70 °C) for
approximately 10-15 min to saponify 2-HP. Finally, the Na-ITT was dried in the Vacufuge

Concentrator Model 5301 from Eppendorf (Hamburg, Germany). Several analytical methods were
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employed for product characterization. NMR spectroscopy analyses, including *H NMR, 3C NMR,
and gNMR, were performed with the Avance DRX600 NMR Spectrometer from Bruker
Corporation (Billerica, USA). For the NMR analyses, dry 2-HP was dissolved in deuterated acetone,
while dry Na-ITT was dissolved in deuterated water. For gNMR, approximately 5 mg of 2-HP and
a similar mass of the standard 1,3,5-trimethoxybenzene (to obtain similar molarities) were mixed
and dissolved in deuterated acetone. The elemental analysis was conducted with the vario EL
cube system from Elementar (Langenselbold, Germany). Small amounts of the products (2 mg)
were analyzed in both CHN and O modes. The products were also analyzed by GC-ToF-MS with a
method adapted from Paczia et al. (2012). The pH of the samples was adjusted to fall within the
neutral range of 6.7 to 7.3 using a NaOH solution and the 766 Laboratory pH Meter from Knick
(Berlin, Germany). Dry products were dissolved either in ddH,0 or in 50 mM phosphate buffer
with pH 7.0. Samples with volumes of 13 uL or 130 pL and with concentrations not exceeding
5 mM were prepared, shock-frozen in liquid nitrogen and stored at -20 °C. The samples were
afterwards Iyophilized overnight in a Christ LT-105 freeze dryer from Martin Christ
Gefriertrocknungsanlagen GmbH (Osterode am Harz, Germany). Following lyophilization, the
dried samples were derivatized with 50 uL. MeOX (20 mg mL™* O-methylhydroxylamine in pyridine)
for 90 min at 30 °C and 600 rpm in a ThermoMixer from Eppendorf (Hamburg, Germany). This
was followed by an incubation with 80 pL of MSTFA (N-methyl-N-(trimethylsilyl)-
trifluoracetamide) for 90 min at 40 °C and 600 rpm. The analysis was conducted using an 8890N
double SSL gas chromatograph from Agilent (Santa Clara, USA) equipped with a LPAL3-5S15 liquid
autosampler from LECO (Monchengladbach, Germany). The gas chromatograph was coupled to
a GCxGC HRT+ 4D high-resolution time of flight mass spectrometer from LECO
(Monchengladbach, Germany). A volume of 1 pL of sample was injected into a split/splitless
injector at 280 °C at varying split modes. The constant helium flow was set to 1 mL min™! for the
active injector and column, and to 0.5 mL min for the passive injector. For peak identification,
the Retention time Index value, the baseline noise subtracted fragmentation pattern and the
fragment elemental composition were compared to an in-house m/z database JuPoD and the
commercial database NIST20 (National Institute of Standards and Technology, USA). Purified
products were also subjected to analysis by DS-FIA-MS/MS (Reiter et al., 2022). The obtained 2-HP
and ITT were dissolved in ddH,0 or in 50 mM phosphate buffer with pH 7.0 prior to analysis.
Accurate mass spectra were acquired using the ESI-QqToF MS TripleTOF6600 from AB Sciex
(Darmstadt, Germany). An Agilent 1100 system, along with an Agilent 1260 Infinity I
Multisampler from Agilent Technologies (Waldbronn, Germany), coupled to an ESI-QqQ API14000

from AB Sciex (Darmstadt, Germany) was employed for the analysis.
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Plasmid cloning and strain engineering

Plasmids were constructed via Gibson assembly (Gibson et al., 2009) employing the NEBuilder
HiFi DNA Assembly Cloning Kit (New England Biolabs (NEB), Ipswich, MA, USA). DNA
oligonucleotides were purchased from Eurofins Genomics (Ebersberg, Germany), and Q5 High-
Fidelity DNA Polymerase (NEB) served as the polymerase. Details about the utilized primers and
plasmids are shown in Table 12 and Table S5. Standard cloning and plasmid maintenance were
carried out using competent E. coli DH5a or PIR2 cells according to Sambrook and Russell (2006).
Plasmids were confirmed by PCR, restriction or sequencing. For the generation of protoplasts,
transformation, and isolation of genomic DNA of U. cynodontis NBRC9727, protocols according
to Brachmann et al. (2004) were used. For the integration of Percyp3, the plasmid was linearized
with Fspl and integrated randomly into the genome. For the deletion of itp1, homologous
recombination with 1000 bp flanking regions including FRT-sites and a geneticin G418 resistance
cassette were used. For the exchange of itp1 with mfsA, homologous recombination with 1000
bp flanking regions and a geneticin G418 resistance cassette were used. Successful integration,

deletion and exchange were confirmed by PCR.

Table 12: Plasmids used in this study.

Plasmid Description Reference

Constitutive Peter promotor, cyp3 gene from

Petef05074_Chbx U. maydis MB215, Chx®

(Geiser et al., 2016c)

Kerstin Schipper, Heinrich-Heine

pUMa3479 FRTm2-NatR-FRTm2 cassette University Disseldorf, Germany
pJET1.2/blunt Ori ColE1, Amp® Thermo Scientific, Germany
pUMa3414 FRTm7-NatR-FRTm7 cassette 'Ber:fjg;:tc;’g’f;;l:z'r?rgzr:?:\f
Petergfp_G418 Constitutive Petes promotor, gfp gene, G418% (Przybilla, Roxense BioSC)
Constitutive Peter promotor, dicodon-optimized (Hosseinpour Tehrani et al.,

PeteAT_mfsA_Cbx version of A. terreus ATEG 09972 (mfsA), Cbx® 2019a)
Constitutive Peter promotor, cyp3 gene from

U. maydis MB215, Nat®, FRTm2 this study

Petercyp3_Nat

Deletion of the itp1 gene in U. cynodontis 2-HP,
G418%, FRTm7

Exchange of the itp1 gene in U. cynodontis 2-HP

Aitpl::mfsA_G418 with the mfsA gene from A. terreus ATEG this study
09972, G418F

Aitp1_G418 this study

Determination of the cyp3 gene copy number was performed via quantitative real-time PCR. After
isolation of genomic DNA, concentrations were adjusted to 0.2 ng pL™. For gPCR, 5 pL of the

diluted genomic DNA (corresponds to 1 ng) was mixed with 10 pL 2x Luna Universal gPCR Master

96



Publications and manuscripts

Mix (New England BioLabs, Ipswich, MA, USA) and 1 uL of each oligonucleotide (Table S5) and
adjusted to a final volume of 20 uL with ddH,0. Measurements were performed in 96-well plates
in the gTOWER 2.2 (Analytik Jena, Jena, Germany). For the determination of cyp3 copy number,
the relative concentration of the cyp3 gene to two single-copy genes (tadl and rdol) was
calculated via 'Relative quantification method’ of the qPCRsoft 3.1 software (Analytik Jena, Jena,

Germany).
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4. General discussion and perspectives

The world’s growing population has led to a corresponding increase in global demand for energy
and chemicals. As our economy continues to rely heavily on fossil raw materials, this has resulted
in high levels of CO, emissions, which are a major contributor to the current climate crisis. To
address this issue, a transition from the petrochemical-based industry towards a more
sustainable one is necessary (cf. chapter 2.1). Microbial hosts, such as Ustilago, can produce
platform chemicals like ITA from renewable resources. ITA is considered as a promising
alternative to petrochemical-derived acrylic acid and methacrylic acid, and has the advantage of
being rapidly degradable by engineered microbial hosts (de Witt et al., 2023; Teleky & Vodnar,
2019). However, its production cost is relatively high compared to its fossil-based counterparts,
which limits its usage. To be competitive with the petrochemical-derived analogs, the cost of
fermentative production must be significantly reduced. According to Werpy and Petersen (2004),
the fermentation cost needs to be lower than 0.5 USS kg!, although the exact number will likely
differ in the current economy. Costs can for instance be reduced by improving the microbial host
to achieve higher yields, lowering downstream processing costs, and utilizing inexpensive,
untreated feedstocks. The overall aim of this thesis is to address these challenges in order to make
ITA production with Ustilago more economically feasible. In addition, this thesis focuses on the
production of 2-HP and ITT, two chiral ITA downstream products in Ustilago of potentially higher
value, which may serve as stepping stones towards establishing Ustilago as a biotechnological

production host.

4.1. Itaconic acid hyper-producing Ustilago strains: Current limits and

optimization approaches

For the model species U. maydis, two previously engineered ITA hyper-producing strains are
described in literature (cf. chapter 2.3.2) (Becker et al., 2020; Hosseinpour Tehrani et al., 2019c).
In order to further optimize ITA production, we consolidated the established modifications of
both strains into one strain to stabilize the yeast-like morphology, to alleviate enzymatic
bottlenecks and to reduce by-product formation at the same time (Becker et al., 2021). These
modifications, especially the overexpression of mttA, had a major effect on growth of the final
strain U. maydis K14, and also reduced the osmotolerance of this strain. However, investigation
of ITA production with this strain under industrially relevant conditions in high and low cell-
density fed-batch bioreactor experiments revealed no negative effect on the catalytic vigor of the

strain, and osmotic stress could be avoided by reducing the glucose concentration with a
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continuous feeding strategy. Under these conditions, we achieved ITA production from glucose
at 100 % of the theoretical maximal yield during the production phase in a low cell-density
fermentation. Since substrate cost is usually the main price-determining factor for commodity
products, the high yield achieved in this work will significantly contribute to the establishment of
an Ustilago-based industrial ITA production process. However, improving the economic feasibility
does not just imply the optimization of individual parameters such as yield, but to find the
optimum balance between all KPIs as well as to minimize additional main cost drivers such as
base consumption and acid usage during fermentation and DSP, respectively (Saur et al., 2023).
While U. maydis-based ITA production is dependent on pH values above pH 5.0, U. cynodontis, a
second non-conventional natural ITA producer, is characterized by a high acid tolerance
(Hosseinpour Tehrani et al., 2019d), thus making it a superior host for reducing costs associated
with pH control reagents and saline waste co-production. U. cynodontis ITA MAX pH (Afuz7 Acyp3
PetesmttA Prigirial) has been previously engineered to higher production efficiencies without
significantly affecting the fitness of the strain (Hosseinpour Tehrani et al., 2019b). Although
almost identical KPIs were obtained for the deeply engineered strains U. maydis K14 and
U. cynodontis ITA MAX pH using the continuous feeding strategy in low cell-density fed-batch
fermentations (Table 13), base consumption was more than 5-fold reduced due to the lower pH
value of 3.6 during the production phase in the U. cynodontis cultivations. Previous research has
shown that U. cynodontis can produce ITA even at pH values below 3.6, which further reduces
base consumption considering the pK, values of ITA (3.84 and 5.55 at 20 °C), but also decreases
the production yield. A techno-economic analysis based on a detailed characterization of the KPIs
at different pH values identified pH 3.6 as the best trade-off between yield, titer, and productivity
on the one hand, and base and acid use as well as accociated salt waste co-production on the

other hand.

Table 13: KPIs obtained during optimized continuous low cell-density fed-batch fermentations.

Titeriora (g L) 75.7+1.3 67.8+0.7
Yieldmax (gma 8eic™?) 0.72 +0.02 0.72+0.01
Productivityota (g L h™) 0.24 +0.00 0.22 £0.01
5 M NaOH (mL) 340+ 4 61+1

(cf. chapter 3.1)

(Becker et al., 2021) (cf. chapter 3.2)
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To potentially further reduce costs associated with pH adjusting agents and saline waste, NaOH
could be replaced by Mg(OH), for pH control. During the subsequent DSP, acidification of the
fermentation broth via HCl would lead to the formation of the co-salt MgCl, instead of NaCl, which
can be thermally decomposed to recover HClI and Mg(OH), (De Haan et al., 2013; Saur et al.,
2023). Thereby, this process would also significantly reduce saline waste co-production. However,
an additional techno-economic assessment is needed to evaluate whether the reduction in saline

waste can outweigh the higher energy demand for the thermal decomposition.

Despite years of process optimization, the volumetric productivity achieved with the current
Ustilago strains are still far below the 2.5 g L' h', which is required to successfully compete with
the petrochemical production (Werpy & Petersen, 2004). One possible solution to increase the
productivity would be to shorten the overall process duration. This may be accomplished by
changing the microbial production host towards a prokaryotic one, as they typically have shorter
generation times and increased growth rates, thereby potentially increasing productivity.
However, attempts for heterologous ITA production, e.g. in E. coli or C. glutamicum failed to
compete with the titers and yields achieved with our Ustilago strains. This can most likely be
traced back to the lack of compartmentalization in prokaryotic cells, which plays a key role for
efficient ITA production (Diankristanti & Ng, 2023; Gopaliya et al., 2021). In the following,
potential solutions to increase bioprocess efficiency with the natural ITA producing Ustilago

strains are discussed.

Optimizing nutrient supply and uptake

A potential approach to improve productivity could rely on increasing the carbon uptake rate by
metabolic engineering, assuming that an increased substrate uptake rate would result in an
increased productivity while maintaining a similar yield. This could not only reduce the overall
process time and therefore production cost, but could also be beneficial in reducing exposure
time to elevated ITA titers in prolonged production environments. The success of such an
approach was already demonstrated in lactate overproducing S. cerevisiae. Overproduction of
the high-affinity hexose transporter Hxt7 and the transcriptional activator of the low-affinity
hexose transporter Hxtl, either in combination or separately of each other, resulted in an
increased glucose uptake as well as increased productivity (Kim et al., 2015). Although our
knowledge about glucose uptake in Ustilago is still limited, the hexose transporter Hxtl has
already been identified as one of overall 19 putative hexose transporters. It is considered to be
the major hexose transporter during yeast-like growth and shows high affinity for glucose,
fructose and mannose (Schirawski, 2015; Schuler et al.,, 2015). However, whether its

overproduction results in increased glucose uptake and especially in increased ITA production
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rates needs to be determined. Liebal et al. (2022) revealed that the growth rate negatively
correlates with extracellular glucose concentrations. More precisely, decreasing initial glucose
availability leads to an increasing growth rate, substrate uptake rate and biomass yield per carbon
with highest values achieved at 50 g L. Currently, our fermentations typically start with at least
120 g L glucose. In this context, constitutive expression of the hexose transporter-encoding gene
could be favorable under the assumption that increasing protein levels of the transporter would
counteract reduced growth rates at elevated glucose concentrations. Besides engineering the
host, one could also adjust process conditions during the growth phase by reducing initial glucose
concentrations, combined with continuous glucose feeding strategy throughout the entire

process to accelerate and increase biomass production and reduce osmotic stress.

Comparing process parameters in high and low cell-density fermentations exposed another
dimension to fine-tune the balance between a high productivity and a high yield. As nitrogen is
required for protein and DNA metabolism, the availability of nitrogen is the limiting factor for
biomass accumulation and its depletion initiates the switch to ITA production (Klement et al.,
2012; Maassen et al., 2014). In this context, variations in C/N ratio by adjusting initial nitrogen
concentrations might be a further optimization strategy. However, first attempts in this regard
have disproved this optimization approach by exposing an unintended reduction in yield (P. Ernst,
unpublished). Our results also revealed a non-linear behavior between nitrogen availability and
biomass concentration, as indicated by only a 2-fold increase in optical density and productivity
at a 5-fold increased nitrogen concentration. This may hint at a potential secondary substrate
limitation under high cell-density conditions (Becker et al., 2021) (cf. chapter 3.2). In order to
increase biomass accumulation as well as cell fitness and thus productivity, the cultivation
medium could be screened for limited compounds. Besides medium optimizations, Ullmann et al.
reported an alternative approach to boost KPIs by co-utilizing glucose with the CO,-derived
substrate acetate and formate for U. maydis and U. cynodontis strains, respectively. This resulted
in higher production titers and productivities, and may enable a carbon-neutral ITA production
process (Ullmann et al., 2022b; Ullmann et al., 2021). However, it should be kept in mind that co-
feeding of formate and its conversion to CO; via formate dehydrogenase reduces NAD* to NADH
(Ullmann et al., 2021), thereby contributing to a redox imbalance anyway occurring during ITA

production as discussed in more detail in chapter 4.3.

Counteracting product inhibition

The ITA productivity is limited by product inhibition. As empirically determined, ITA levels above
80 g L completely inhibit ITA synthesis in the U. maydis wildtype (Klement et al., 2012). This is

consistent with the presented fermentations of both, U. maydis and U. cynodontis, where ITA

101



General discussion and perspectives

production either remained below 80 g L™ or was substantially reduced above this threshold. It is
assumed that these observations are a result of increased weak acid stress impairing cell vigor
(Hosseinpour Tehrani et al., 2019d). In order to improve productivity, product inhibition could be
reduced by in situ product removal. ITA precipitation by addition of CaCO; was already performed
during U. maydis fermentation, leading to an enormous increase in titer and productivity
(Hosseinpour Tehrani et al.,, 2019c), which even exceeded the product titers obtained with
A. terreus (Krull et al., 2017a). Nonetheless, a direct comparison of the yields obtained in high
cell-density fed-batch fermentation of U. maydis K14 in the presence and absence of CaCO;
revealed a reduction upon calcium ITA precipitation from 0.54 to 0.32 gira geic’?, presumably by
interference of solids with oxygen supply due to wall adherence and poor mixing. However, this
could possibly be counteracted by evolving Ustilago towards lower oxygen demands or by
heterologous expression of hemoglobin from Vitreoscilla, the latter already suggested by
Hosseinpour Tehrani (2019) as it was shown to mitigate sensitivity of A. terreus-based ITA
production towards oxygen fluctuations (Lin et al., 2004). In addition, it could also be interesting
to remove the solids by connecting centrifuges for continuous solids discharge to the bioreactor,
assuming that these solids can be specifically separated from the biomass. Furthermore, Ca(OH),
could be tested as an alternative to CaCOs, allowing precipitation of ITA as calcium ITA without
releasing CO,. However, a general drawback of this approach is that calcium ITA precipitates have
to be dissolved with equimolar amounts of HCI (Zambanini et al., 2016a), increasing DSP steps
and costs. Moreover, this in situ precipitation is not suitable for U. cynodontis fermentation
processes at acidic pH due to the immediate dissociation of CaCOsz and Ca(OH), upon lower pH
values. Pastoors et al. (2023) successfully proved in situ adsorption with activated carbon as an
alternative, energy-efficient strategy for ITA recovery at acidic pH values. To this end, an
adsorption column with activated carbon was integrated in an external loop. This led to a 1.6-fold
increase in ITA titer and a 1.1-fold increase in productivity and yield during U. cynodontis ITA MAX
pH fermentation when using four ITA separation cycles. Such product removal via adsorption
does not just positively affect the production process itself, but also allows easy and cost-effective
DSP. However, since the highest affinity to activated carbon was reported for the fully protonated
form, this kind of in situ product removal is mainly advantageous for low pH fermentations as
established for U. cynodontis ITA MAX pH. At higher pH values of around 6.0, mainly the fully
dissociated form is present, which shows a lower adsorption affinity to activated carbon than
glucose (Pastoors et al., 2023). In addition to in situ adsorption, reactive extraction represents an
additional approach for ITA removal at low pH conditions. It has already been used in A. terreus
fermentations and was found to increase the final product titer and thus the volumetric

productivity. In this setup, ITA reacts with an organic extractant and is transferred to a
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biocompatible organic phase that is not miscible with the aqueous phase (Kreyenschulte et al.,
2018). In a continuous setting, reactive extraction can be performed in an external loop with prior
biomass separation via filtration and nutrient recirculation (Eggert et al., 2019). The
corresponding DSP was conducted by pH-controlled back extraction with NaOH and pH-shift
crystallization with HCI. An alternative setup for a pH-reversible reactive extraction, which avoids
the production of saline waste, involves a direct pH-shift water electrolysis. After the transfer of
ITA into the organic phase at low pH, back extraction of ITA into the aqueous phase is induced by
an electrochemical pH shift towards alkaline conditions, followed by acidification at the anode for
ITA protonation and subsequent cooling crystallization. This concept has already been applied for
ITA production with U. cynodontis ITA MAX pH after fermentation and has great potential for

in situ product removal (Gausmann et al., 2021).

Another potential strategy towards circumventing process limitations via product inhibition is an
adaptive laboratory evolution experiment of genetically engineered ITA hyper-producing strains
towards increased weak acid tolerance, especially at low pH conditions used for U. cynodontis ITA
MAX pH. This method has already been successfully employed to increase tolerance of

S. cerevisiae to different organic acids such as L-malic acid or propionic acid (M. Li et al., 2023).

Diploidization of haploid cells

Another interesting approach to increase productivity could aim at the diploidization of haploid
yeast cells. Such phenomenon was already systematically studied in S. cerevisiae (Harari et al.,
2018). Whole-genome duplication, also called endoreduplication, could be triggered in long-term
laboratory evolution experiments under different stress conditions, for example in KCI- or
ethanol-containing medium. Experimentally, development of diploid cells was monitored by
staining pretreated cells from the exponential phase with propidium iodide and analyzing the
stain intensity of single cells via flow cytometry, which indicates the DNA amount per cell. Once
endoduplicated, the DNA content was stable for hundreds of generations even in absence of the
applied stressor. Interestingly, homozygous diploid cells showed faster growth and were able to
outcompete their haploid progenitors in various, partly stressful, conditions (Harari et al., 2018).
Based on these findings, it may be worth testing whether such stress-induced endoreduplication
could also be triggered in Ustilago, potentially providing a fitness advantage in fermentation
processes. This could allow a faster conversion of glucose to ITA, as well as a reduced sensitivity
towards weak acid stress and elevated product titers. Generally, diploid cells of U. maydis have
already been extensively studied decades ago. These studies showed that diploid, heterozygous
cells (a1a2b1b2) can be obtained via plate mating, and that they exhibit filamentous, pathogenic

growth under certain conditions (Holliday, 1961; Puhalla, 1968). Interestingly, UV irradiation of
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these heterozygous diploids can induce mitotic crossing-over, resulting in diploid cells that are
homozygous for the a or b locus, which exhibit more stable, yeast-like growth (Banuett &
Herskowitz, 1989; Holliday, 1961, 2004; Kronstad & Leong, 1989). These cells were used to study
the importance of a and b alleles for filamentous growth and pathogenicity (Banuett &
Herskowitz, 1989; Kronstad & Leong, 1989), but have not yet been analyzed in the context of

production capabilities.

4.2. Implementation of itaconic acid production in a circular bioeconomy

concept

The long-term solution for a sustainable bioeconomy implies the use of feedstocks that do not
compete with food production, unlike sugary and starchy first generation feedstocks (Figure 35)
(Lips, 2022). While initial strain and process development is usually done with the conventional
feedstock glucose, transferring this knowledge to alternative, low-cost feedstocks is an important
step in reducing overall process costs and increasing sustainability. Around 1.3 billion tons of
edible or inedible food waste are annually generated throughout the supply chain from farm to
fork, which can contain high amounts of carbohydrates, proteins, lipids, among others (Mamma,
2020; Roy et al., 2023). Valorization of this waste is not just favorable to reduce its environmental
impacts, but also represents an opportunity to integrate bio-based production into the circular

economy without compromising food availability (Roy et al., 2023).

Recently, industrial starchy by-products have received a growing interest as second generation
feedstock for production of value-added compounds (Galhano dos Santos et al., 2016) (Figure
35). In addition to the high abundance and relatively low-cost of starch, its polymeric structure
reduces osmotic stress, which is typically caused by high levels of monomeric glucose. In this
thesis, we conducted a proof-of-concept study for the usage of gelatinized starch as sole carbon
source for ITA production with two engineered Ustilago strains. Interestingly, growth and ITA
production could exclusively be observed for U. cynodontis ITA MAX pH. This was in line with the
presence of glucoamylase and a-glucosidase enzymes in its secretome, which degrade starch to
single glucose molecules (cf. chapter 3.3). The production efficiency was further optimized by
constitutive expression of a a-amylase gene for starch liquefaction, which otherwise seemed
silent during yeast-like growth. Accordingly, it is reasonable to assume, that the robustness of
Ustilago to medium impurities and its hydrolytic potential could make a consolidated
bioprocessing with liquefaction, saccharification and fermentation on more complex starchy
waste such as potato peel waste feasible. Performance of U. cynodontis ITA MAX pH on starch

could potentially be further optimized by elevating expression levels of the two detected
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saccharification enzymes as well as constitutive overproduction of the genetically-encoded
maltase. In case of U. maydis, all required enzymes for starch utilization are indeed encoded on
the genome, but are not expressed under the tested conditions. However, it was confirmed that
the addition of a commercially available a-amylase enables growth and ITA production on starch.
In the future, this could be achieved more cost-effectively by activating production of the intrinsic
a-amylase in U. maydis. ITA production from liquefied corn starch has also been reported for a
genetically modified strain of A. terreus, which was generated by overproduction of a
glucoamylase and exchanging the native signal peptide with a stronger one (Huang et al., 2014),
the latter being worth testing in Ustilago. However, efficient ITA synthesis from starchy
feedstocks like potato starch waste required prior hydrolysis and deionization due to the
sensitivity of A. terreus to micronutrients like metal ions (Bafana et al., 2019), which is assumed

to be expendable for Ustilago.

In addition to the metabolization of starch, the knowledge about cultivation and process
conditions gained in this PhD thesis (cf. chapter 4.1) has been instrumental for enabling ITA
production from other second generation feedstocks such as the low-cost, industrial side stream
molasses from the regional sugar industry. While trace elements present in the molasses had to
be removed for ITA production with A. terreus (Willke & Vorlop, 2001) and citrate production with
A. niger in submerged fermentations (Shankaranand & Lonsane, 1994), such pretreatment was
not necessary during ITA production with our Ustilago strains. Sucrose as the main constituent of
molasses was successfully converted to ITA during fed-batch fermentation of the ITA hyper-
producer U. maydis K14 with a yield of 0.38 gita geic’t, a productivity of 0.38 g L h'%, and a final
titer of 54.2 g L'* (Helm et al., 2023). ITA production could be further improved through a dual
feedstock strategy. By applying molasses in the batch phase and crude glycerol, a low-cost and
abundant waste stream from biodiesel industry, during feeding, the productivity was increased
1.4-fold while the yield remained almost constant (Helm et al., 2024). U. cynodontis ITA MAX pH
was also found to convert molasses to ITA, however with slightly reduced KPIs due to a lower
extracellular invertase activity for hydrolysis of sucrose to glucose and fructose (Helm et al.,
2023). Both Ustilago strains were also able to produce ITA from the sugar industry’s side stream
thick juice in an extended high cell-density batch fermentation at pH 6.5 with comparable
substrate-to-product vyields, but improved productivities compared to our glucose-based
continuous high cell-density fed-batch fermentations (Niehoff et al., 2023; Saur et al., 2023). This
interesting observation could be due to the presence of trace elements in the thick juice, which
may be limited in the standard cultivation medium and indicate its optimization potential (cf.

chapter 4.1).
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The utilization of lignocellulosic biomass as second generation feedstock is generally more
complex. It comprises forestry and non-edible agricultural residues (Figure 35) and represents the
most abundant and globally distributed terrestrial biomass on earth. It mainly consists of
cellulose, hemicellulose like xylan, and lignin. Its complete decomposition is naturally recalcitrant
and requires a pretreatment to reduce the structural complexity and increase accessibility to a
variety of different enzymes in order to obtain metabolizable monomers (Preethi et al., 2021;
Zoghlami & Paes, 2019). However, as phytopathogenic organisms, Ustilago species are genetically
equipped with such hydrolytic enzymes as indicated by the detection of a putative exo-a-1,5-L-
arabinofuranosidase and a putative aryl-alcohol oxidase in the secretome of yeast-like
U. cynodontis ITA MAX pH (cf. chapter 3.3), although their expression is usually restricted to
filamentous, pathogenic growth (Doehlemann et al., 2008). Geiser et al. (2016a) successfully
demonstrated Ustilago’s ability to saccharify the main plant cell wall component cellulose and
xylan to fermentable sugar by promotor exchanges, which activated enzyme production even
during saprophytic growth. Similarly, degradation and further conversion of the main pectin
component polygalacturonic acid was enabled by co-expression of intrinsic and foreign endo- and
exoenzymes, respectively (Stoffels et al., 2020). Besides broadening the substrate range by
homologous or also heterologous overexpression, co-cultivation with organisms specialized in
hydrolysis of such alternative feedstocks was revealed as an alternative option for a consolidated
bioprocess. While the fungus Trichoderma reesei as sophisticated producer of plant cell wall
hydrolyzing enzymes was used for degrading cellulose to single glucose molecules, U. maydis
could focus on conversion of glucose to ITA (Schlembach et al., 2020). Although the performance
of Ustilago species on these more complex feedstocks is usually not yet comparable to that on
pure glucose as carbon source, these initial studies can serve as a basis for further process
optimization. A subsequent techno-economic assessment will determine whether the reduction
in substrate cost as the main cost factor of bio-based bulk chemicals can outweigh the cost of the
required lignocellulose pretreatment and the increased effort in product purification (Preethi et

al., 2021).
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Feedstock generations

1¥ generation: 2" generation: 3" generation: 4" generation:
Edible biomass Non-edible Algal biomass Breakthrough
biomass

Sugary & starchy Industrial side & waste streams, Microalgae, macroalgae Genetically modified
biomass lignocellulosic biomass & cyanobacteria biomass

Figure 35: Overview of feedstock generations for bio-based production. Images of first to third
generation feedstocks were taken from Lips (2022).

Facing the issues associated with the recalcitrance of lignocellulosic biomass and the removal of
lignin, microalgae or cyanobacteria as third generation feedstock represents an emerging
alternative (Figure 35). Besides their ability to grow on non-arable land and wastewater, their
high biomass productivity and lignin-free cell walls, these photosynthetic microorganisms are
able to convert CO,, H,0 and sunlight into carbohydrates more efficiently than plants (Singh et
al.,, 2019). This capacity is particularly important in light of the current climate crisis. Even if
anthropogenic CO, emission can be completely eliminated, its atmospheric longevity will affect
our climate for generations and highlights the need for additional measures in order to capture
CO; from the atmosphere (Moreira & Pires, 2016). CO,-dervied, photosynthesized carbohydrates
can either be incorporated into the microalgal cell wall, in the case of cellulose, hemicellulose and
pectin, or accumulate intracellularly, mainly in the form of starch in microalgae or glycogen and
sucrose in cyanobacteria (Levasseur et al., 2020). The general ability of Ustilago to hydrolyze the
respective carbohydrates and convert the monomers to ITA was already discussed above. In
addition, U. maydis encodes a variety of further enzymes like, for instance, lysozyme, lipases and
proteases (Mueller et al., 2008). Accordingly, the use of algal extracts for Ustilago-based ITA
synthesis is expected to allow simultaneous saccharification and fermentation in a net
CO;-reduced manner. Assuming that such process can eventually be carried out efficiently
without prior pretreatment, co-cultivation approaches of phototrophic cyanobacteria or
microalgae with heterotrophic Ustilago species might provide a promising long-term solution

(ACCeSS project: Active Carbon Capture for Sustainable Synthesis, https://www.access.hhu.de/).

However, although attractive from an environmental perspective, the development of large-scale
cultivation platforms is costly and the use of third generation biomass has not yet been

economically feasible. Genetic modifications of algae as fourth generation biomass, e.g. to
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increase photosynthetic efficiency or to enable production of value-added compounds prior to its
utilization as feedstock, may have the potential to overcome some of these issues, but come with
its own technical challenges and legislative limitations due to environmental and health concerns

(Abdullah et al., 2019; Kumar et al., 2020).

4.3. Production of value-added compounds beyond itaconic acid

In addition to expanding the substrate range, the ITA hyper-producing U. cynodontis ITA MAX pH
strain was further engineered to produce additional compounds such as the two ITA downstream
products 2-HP and ITT (2-HP: pK, = 2.78; ITT: pKa: = 3.14 and pK.; = 4.92 at 20 °C) (Guevarra &
Tabuchi, 1990b). The functional groups within 2-HP can be manipulated in various ways to
produce a diverse range of high-value and novel chemicals (Brandt et al., 2017; Mori &
Fukamatsu, 2010). Hence, these chemicals have potential applications in fields such as medicine,
agriculture, and even quantum computing (Brandt et al., 2017). By overexpressing the ITA-
oxidizing P450 monooxygenase cyp3 in this strain, ITA was converted to its chiral lactone 2-HP (cf.
chapter 3.4). The second product ITT is most likely the result of the hydrolysis of 2-HP, resulting
from either enzymatic conversion by a putative 2-HP lactonase or abiotic conversion in aqueous

solutions (Geiser et al., 2016b; Guevarra & Tabuchi, 1990a, 1990b).

Notably, despite the overexpression of cyp3, significant amounts of ITA accumulated during
cultivation, suggesting Cyp3-mediated conversion as rate-limiting step. The qPCR on pre-selected
clones showed a clear correlation between genomic cyp3 copies and 2-HP synthesis.
Consequently, it needs to be investigated if a further increase in copy numbers and/or expression
levels by using a stronger promotor such as P,ms would allow a complete conversion of ITA.
Interestingly, the initial screening for cyp3 integration via colony PCR revealed positive results for
several clones without any detectable conversion of ITA to 2-HP. This may be due to locus-
dependent negative effects of the random genomic integration and potentially hint towards silent
integration of single copies. This could be circumvented by newly establishing a targeted
integration protocol for U. cynodontis. Besides limiting laborious screenings, this approach could
potentially even further increase Cyp3-mediated 2-HP synthesis by elevating promotor activity
and thus transcription levels, as it was shown in another context for targeted gene integration
into the ip-locus of U. maydis (Schmitz et al.,, 2020). Alternatively, as demonstrated for
S. cerevisiae, the introduction of synthetic DNA landing pads can enable targeted multi-copy gene
integration in a single transformation with a tight control of gene copy number (Bourgeois et al.,
2018). In contrast to constitutive expression of target genes, the Tet-on/Tet-off systems can be

used for tunable gene expression and have already been established in U. maydis (Ingole et al.,

108



General discussion and perspectives

2022; Zarnack et al., 2006). The Tet-off system utilizes tetracycline to prevent the binding of a
constitutively expressed Tet-responsive transactivator to its target promotor, thereby switching
off transcription initiation of a GOI (Zarnack et al., 2006). Conversely, the Tet-on system employs
a reverse Tet-responsive transactivator that can only bind to a Tet-responsive promotor and thus
activate gene expression upon the addition of tetracycline (Ingole et al., 2022). Such a system
could also be established in U. cynodontis, allowing the controlled expression of selected ITA and
2-HP biosynthetic genes upon transition from growth to production phase, thereby reducing for
example growth defects during the initial biomass accumulation phase caused by constitutive

Peter-driven mttA overexpression (cf. chapter 3.1 and 3.4).

Interestingly, the yield of all cyp3-overexpressing strains was significantly lower when cultivations
were scaled up from System Duetz or shake flask cultivations to bioreactor experiments. This
could be conditioned by differences in the acidification. While the pH value during the production
phase in bioreactors was controlled mostly at pH 2.8, the uncontrolled pH value during small-
scale cultivations reached final values of around pH 2.1, which might be beneficial for 2-HP and
ITT production. In order to rule out negative effects of the applied pH control on production
parameters, follow-up studies should investigate the pH optimum for 2-HP and ITT producing
strains, as it was already done for ITA production (Hosseinpour Tehrani et al., 2019d) (cf. chapter
3.2). Furthermore, it cannot be excluded that MES buffer used in small-scale cultivations
positively influences ITA conversion via Cyp3. Such differences in production capabilities were
already reported by Hosseinpour Tehrani et al. (2019b), when comparing different morphological
mutant strains regarding organic acid production. During this screening, it also became apparent
that a Aras2 strain lacking another component of the same MAPK signaling cascade than Fuz7
achieved higher 2-HP titers. Accordingly, deleting ras2 instead of fuz7 in an optimized producer
strain seemed to be a reasonable approach in the first place. Yet, it has to be noted that this strain
showed filamentous growth on elevated glucose concentrations and glycerol (Hosseinpour

Tehrani et al., 2019b), making the handling during bioprocessing more challenging.

Another important aspect for high-level production is an appropriate cofactor balancing. In case
of ITA production, a surplus of NADH is generated through glycolysis and the TCA cycle (Hartmann
et al., 2018), whose depletion is dependent on an electron acceptor. In U. maydis, ITA production
is usually accompanied by production of malate (Hosseinpour Tehrani et al., 2019c), which is
assumed to originate from the NADH-dependent reduction of oxaloacetate and contributes to
cofactor regeneration (Zambanini et al., 2017b). In contrast, cultivations with U. cynodontis
revealed lower malate production than U. maydis (Hosseinpour Tehrani et al., 2019b), thereby

potentially having a higher activity of other regeneration paths. Besides the NADH-dependent
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cytosolic malate dehydrogenase, the primary NAD* regeneration during the ITA production phase
in Ustilago is assumed to occur via the alternative electron transport chain consisting of an
external NADH dehydrogenase (NDH-2) and an alternative oxidase (AOX). Unlike the regular
mitochondrial respiratory chain, this alternative electron transport chain is not coupled to ATP
synthesis (Juarez et al., 2004; Juarez et al., 2006). However, as pH homeostasis requires more ATP
at low pH values due to increased weak acid stress (Kane, 2016), it may be beneficial for
U. cynodontis to have an active regular electron transport chain during ITA production phase to
generate this ATP from NADH. Consequently, there could be a dynamic system where the activity
of the alternative electron transport chain NDH-2/A0X predominates in the initial production
phase, potentially transitioning to the regular mitochondrial respiratory chain in response to
increased weak acid stress at higher ITA concentrations. The exact mechanisms of cofactor
regeneration could be investigated in follow-up studies to potentially further improve ITA
production, and thus also 2-HP and ITT production. In the 2-HP overproducing U. cynodontis
strain, the NAD*/NADH cofactor balancing is likely supported by the conversion of ITA to 2-HP via
Cyp3, which is expected to utilize NAD(P)H as a specific cofactor (Geiser et al., 2016b). The
simultaneous overexpression of a putative redox partner cypOR (cytochrome P450
oxidoreductase, UMAG_06273) did not significantly alter titers of 2-HP and ITT (data not shown).
However, Cyp3 is reported to belong to the family of CYP504, which is known to be responsible
for the oxidation of the plant growth hormone phenyl acetate in a NADPH-dependent manner
(Mingot et al., 1999). Since oxidation of ITA to 2-HP is a rather unusual reaction for this P450
monooxygenase family, further studies are required to evaluate if conversion via Cyp3 is indeed
dependent on a redox partner. If so, CypOR might not be the appropriate redox partner and
additional ones should be screened in the future to potentially improve cofactor balancing and
thus production. Nevertheless, it should be kept in mind that some monooxygenases can directly
interact with NADH in absence of any redox partner or do not need NADH at all (Cre$nar & Petric,
2011; Lamb & Waterman, 2013), which could be elucidated by in vitro assays. Notably, 2-HP
accumulation has also been observed in A. terreus (Guevarra & Tabuchi, 1990a), but its
biosynthesis has not yet been sufficiently studied to draw any conclusions about 2-HP synthesis

for Ustilago.

Currently, this limited knowledge hampers targeted optimizations in this direction and requires
alternative measures to increase product specificity. To this end, the native ITA transporter Itpl
was 1) eliminated and 2) substituted with the A. terreus ITA transporter MfsA, which is anticipated
to exhibit a higher affinity for exporting 2-HP (Hosseinpour Tehrani et al., 2019a). Both
modifications yielded an increased product specificity as they either completely abolished (Aitp1)

or strongly reduced ITA accumulation (Aitpl::mfsA). Interestingly, the Aitpl mutant strain of
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U. maydis MB215 produced 0.7 + 0.1 g L' ITA (Hosseinpour Tehrani et al., 2019a), and even
showed an increased 2-HP titer in ITA feeding experiments (Geiser et al., 2016b). This hints
towards an alternative 2-HP transport mechanism in U. maydis under certain conditions, which is
not present in U. cynodontis. The overall product titers and yields of the new transporter mutant
strains of U. cynodontis were reduced compared to cyp3 overexpressing progenitor strain,
potentially due to feedback inhibition or triggered ITA degradation upon elevated intracellular
product levels. The latter could be tackled by deleting the potential degradation pathway (cf.
chapter 2.3.1). In addition to genetic engineering approaches, utilization of glycerol as alternative
carbon source turned out to increase product specificity, probably due to an overall reduced
metabolism on this non-preferred carbon source, and a direct conversion of ITA to 2-HP. Although
this came at the expense of a lower productivity, the high product specificity obtained on this
low-cost industrial waste stream will most likely be an important aspect for future 2-HP

production processes.

Given the high product specificity obtained on glycerol, both products could be recovered with a
purity of 85 % from the fermentation supernatants according to a protocol adapted from
Guevarra and Tabuchi (1990b). The remaining impurities could be due to the co-extraction of
other compounds from the fermentation broth via ethyl acetate. To enhance the purity, one could
try to crystallize 2-HP from ethyl acetate by adding chloroform, a solvent that is miscible with
ethyl acetate but does not dissolve 2-HP. Alternatively, additional solvents for extraction could
be tested to increase 2-HP selectivity and solubility, as the latter seemed to be low during the
extraction experiments. However, no appropriate solvent could be identified in a first screening.
Moreover, removing pigments and colorants in the fermentation broth via prior nanofiltration
did not improve the purity as evidenced by preliminary HPLC results. A cooling crystallization step
prior to the lactonization did also not improved the purity (data not shown). Accordingly, follow-
up studies could focus on the integration of additional purification techniques such as

chromatography into the current DSP workflow.

4.4. Bioactivity of Ustilago-derived organic acids: An ecological perspective

Besides its relevance as a platform chemical for production of bio-based plastics and various other
applications, ITA is a macrophage-produced immunometabolite and shows strong anti-bacterial
properties by inhibiting the isocitrate lyase in the glyoxylate shunt (cf. chapter 2.2.1). However,
several pathogenic bacteria have evolved resistance to ITA through its degradation and use as a
sole carbon source (Martin et al., 1961; Sasikaran et al., 2014). This gives an indication for an

ongoing evolutionary arms race between ITA-producing cells and ITA-degrading pathogenic
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microorganisms such as P. aeruginosa. Whereas initial studies disproved production of 2-HP and
ITT by LPS-activated macrophages (P. Ernst and D. Hiller, unpublished), production of the ITA
derivatives 2-HP and ITT in Ustilago could be a strategy to compete with and combat resistant
bacteria in the same ecological niche. To test this hypothesis, we supplemented supernatants
from U. cynodontis 2-HP fermentations on glycerol containing a mixture of 2-HP and ITT to
cultivations of P. putida KT2440 harboring an ITA-degrading cluster from P. aeruginosa. Indeed,
this mixture was shown to interfere with the ITA degradation of this strain, and to inhibit growth
on glucose and acetate. The anti-microbial effect is assumed to derive from 2-HP and was
substantially more pronounced under acetate-metabolizing conditions. A similar growth

inhibition has also been detected in the pathogenic yeast Candida albicans (de Witt et al., 2023).

Interestingly, growth phenotypes comparable to those of the ITA-degrading P. putida in the
presence of 2-HP were observed for the P. putida KT2440 wildtype upon addition of ITA (de Witt
et al., 2023). ITA is known to be a competitive inhibitor of the isocitrate lyase as key enzyme of
the glyoxylate cycle required for acetate metabolization (McFadden & Purohit, 1977).
Accordingly, results gained for growth-inhibiting activity of 2-HP might reflect a comparable point
of attack. Considering the structural differences between ITA and 2-HP, a non-competitive
inhibition of the isocitrate lyase by 2-HP could be assumed. Further C2 substrates like ethanol as
carbon source could be tested in the future to confirm the hypothesis of an inhibited glyoxylate
shunt. Moreover, to unravel the mechanism of action of 2-HP as a promising drug candidate,
in vitro enzymes assays with the isocitrate lyase and 2-HP as potential inhibitor could be
performed using ITA-mediated inhibition as positive control. In the same way, one could try to
identify a possible enzymatic target in the inhibited ITA degradation pathway. Moreover,
identification of suppressor mutants in an adaptive laboratory evolution experiment under 2-HP

pressure might expose its bacterial or fungal interaction partners.

Another aspect to consider is that 2-HP is a chiral molecule. GC-ToF-MS analysis of the
fermentation broth from U. cynodontis 2-HP already revealed the presence of two compounds
with the same m/z ratio, but whether these indicate the presence of both enantiomers of 2-HP
or a reaction intermediate is currently under investigation. According to previous reports, P450
monooxygenases are generally capable of producing both enantiomers (Tang et al., 2010), but
contribution of a further, yet unknown enzyme cannot be excluded as well. Given the presence
of two compounds with the identical m/z ratio, it remains to be clarified whether the anti-
bacterial activity is associated with one or both enantiomers of 2-HP, or potentially with an
intermediate compound. Interestingly, ITA-degrading P. putida KT2440 was already found to

convert 2-HP to ITT in an enantioselective manner, whereas the other enantiomer remained in
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the culture supernatant (de Witt et al., 2023). Although it was anticipated that conversion of 2-HP
to ITT is mediated by the Rdo1l present in the ITA-degrading cluster, ongoing research with the
respective P. putida KT2440 strain provided preliminary evidence that 2-HP can also be converted
to ITT in absence of Rdol. In line with that, deletion and overexpression of the Ustilago-derived
Rdol in the cyp3 overexpressing 2-HP producer strain did not significantly affect product
distribution of 2-HP and ITT (data not shown). A complementary approach by purifying Rdo1 of
U. maydis from E. coli showed no enzymatic conversion of purified 2-HP as well (data not shown).
Accordingly, further investigations are required to analyze the enzymatic participation in ITT

production.
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5. Conclusion

This thesis focused on Ustilago as a biotechnological workhorse for the production of value-added
compounds such as ITA, an important bio-based industrial building block and therapeutic agent
(cf. chapter 2.2.1). Using a combinatorial approach of strain and process engineering, we have
optimized ITA production with U. maydis K14 and U. cynodontis ITA MAX pH in terms of the
substrate-to-product yield and the production pH (cf. chapter 3.1 and 3.2), thereby bringing
Ustilago-based industrial ITA production closer to reality. In addition, we have opened up ITA
production from the readily available and low-cost substrate starch (cf. chapter 3.3), which is
expected to further improve economic viability of the ITA production process in the future.
Finally, the production and purification of the two ITA downstream products 2-HP and ITT (cf.
chapter 3.4) provides the basis for investigating these derivatives regarding their potential
pharmaceutical applications, and serves as an important step towards establishing Ustilago as a

biotechnological production host.
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Appendix

7. Appendix

7.1. Appendix to 3.1: An Optimized Ustilago maydis for Itaconic Acid Production

at Maximal Theoretical Yield

Table S1: Oligonucleotides used for deletion and overexpression constructs.

Primer
name

JB-89
JB-90
JB-91
JB-92
JB-93
JB-94
JB-126_fwd
JB-127_rev
JB-128_fwd
JB-129_rev
JB-132_fwd
JB-133_rev
HT-4a_rev
HT-202_fwd
HT-203_fwd
HT-210_fwd
HT-210a
HT-211
HT-220

Tnos

Sequence (5’-3’) and description

ctcgagtttttcagcaagatCCGATCGCTGTTAGGACAC
Amplification of 5’-UTR flank for generation of fuz7 deletion construct
acttctggccCGTGAAACGTTGCAAAACAG
Amplification of 5’-UTR flank for generation of fuz7 deletion construct
acgtttcacgGGCCAGAAGTTCCTATTC
Amplification of FRT_m1-HygR-FRT_m1 cassette for generation of fuz7 deletion construct
tctcagtcggCCCGGGAAGTTCCTATAC
Amplification of FRT_m1-HygR-FRT_m1 cassette for generation of fuz7 deletion construct
acttcccgggCCGACTGAGAGATTATGGTC
Amplification of 3’-UTR flank for generation of fuz7 deletion construct
aggagatcttctagaaagatAATCGGAACCGTGTACCTG
Amplification of 3’-UTR flank for generation of fuz7 deletion construct
ATGGCTTCTCAATCGCAC
Amplification of reference gene UMAG_02592 during qRT-PCR
CCTGGTGTTGAGGATGAG
Amplification of reference gene UMAG_02592 during qRT-PCR
ACATCGTCAAGGCTATCG
Amplification of reference gene UMAG_03726 during qRT-PCR
AAAGAACACCGGACTTGG
Amplification of reference gene UMAG_03726 during qRT-PCR
AACACGTTCAACTGCGTCAA
Amplification of mttA during qRT-PCR
GAACATGATGGCCGAGGTG
Amplification of mttA during qRT-PCR
ACAGACGTCGCGGTGAGTTC
Verification of FRT-HygR-cassette based insertions
TCCTGCGTCAGTCGTCCAAC
Verification of PeesmttA integration
GTCCGAGGGCAAAGGAATAG
Verification of fuz7 deletion
TCGCTGTTAGGACACAACTG
Amplification of fuz7 deletion construct
TCGGTGTGCGGCGATTTCTG
Verification of fuz7 deletion
CCGTGTACCTGGCTGTGTAG
Amplification of fuz7 deletion construct
GATTCTGTGGGACAAGAAGC
Verification of fuz7 deletion
CAAGACCGGCAACAGGATTC
Verification of PeesmttA integration
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Figure S1: Low cell-density pulsed fed-batch fermentations of U. maydis strain K14.

(A) Concentration of glucose (®), ammonium (7 ), and ODsoo (A ) and (B) concentration of itaconate (m)
during fermentation in bioreactors containing batch medium with 15 mM NHaCl and 50 g L™ glucose (n = 3
biological replicates). The pH was kept at 6.5 by automatic titration with 5 M NaOH. Arrows indicate the
addition of 80 g glucose.

Table S2: Production parameters of two engineered U. maydis MB215 strains in two different types of
fed-batch fermentations.

Fermentations with 75 mM NHaCl, 200 g L' glucose, and CaCOs as buffer (n = 2 biological replicates) and
fermentations with 15 mM NH4Cl, 50 g L glucose, and NaOH as pH control reagent (n = 3 biological

replicates). a) maximum ITA titer; b) overall ITA productivity; c) yield ITA per consumed glucose.

Cultivation Titermas® qe° yp/s©
condition (gL (gL*h?) (gma geic?)
U. maydis MB215 Acyp3
200 g L glucose, Pulsed Afuz7 DP oz Petes PerefmttA 220.3 0.46 0.33
75 mM NH,C,
CaCOs Pulsed U. maydis strain K14 205.6+1.1 0.43 +0.00 0.32 +0.00

U. maydis MB215 Acyp3

Pulsed 359+15 0.12 £ 0.00 0.20+0.01
Afuz7 DPrigr::Petef PetefmttA
50 g L' glucose,
15 mM NH4CI, Pulsed U. maydis strain K14 59.6+5.9 0.21 £0.02 0.42 £0.02
NaOH
Continuous U. maydis strain K14 75.7+1.3 0.24 £0.01 0.66 £ 0.02
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7.2. Appendix to 3.2: Balancing pH and Yield: Exploring Itaconic Acid Production

in Ustilago cynodontis from an Economic Perspective
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Figure S2: Scatter plot of yield versus volumes of 5 M NaOH.
The colors indicate fermentations at the pH values as shown in Figure 16 A-C.
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Figure S3: Carbon balance of all fermentations.
*1: with a prolonged feeding phase. *2: without pH control after the growth phase; final pH value of 2.1.

*3: with thick juice as a sole carbon source.
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Figure S4: Crystallization of ITA from batch fermentations conducted at pH 3.6 and pH 2.8.

Bioreactor cultivations of U. cynodontis ITA MAX pH were performed in batch medium with 75 mM NHCl
and approximately 200 g L™ glucose (n = 2 biological replicates). During the fermentation at pH 3.6, the pH
was maintained at a constant level throughout the entire fermentation process (A). For the fermentation
at pH 2.8, the pH was controlled at 3.6 for approximately 30 h and was then allowed to naturally decrease
to 2.8 (B). Following fermentation, the cell-free broths with pH 3.6 (C) and pH 2.8 (D) were concentrated
by rotary evaporation using an IKA RV10 auto Hb rotary evaporator and an IKA VACSTAR digital vacuum
pump (IKA Werke GmbH & Co. KG, Staufen, Germany) at 60-65 °C and 100 mbar. Afterwards, the
crystallization was performed with an EasyMax 102 Titration calorimeter (Mettler Toledo, Columbus, OH,
USA) equipped with a SIMDOS 02 FEM 1.02 S pump (KNF Holding AG, Sursee, Switzerland) and an InLab
Semi Micro pH electrode (Mettler Toledo, Columbus, OH, USA) (n = two technical replicates). The cooling
rate of 0.3 K starting from 68 °C to reach 15 °C was applied and the pH was controlled at 2.8 by addition of
5 M HCI. Crystals were filtered from mother liqguor with a Whatman Grade 50 Thin filter (Cytiva Europa
GmbH, Freiburg im Breisgau, Germany) and afterwards dried in a VT 6060 VACUTHERM vacuum oven
(Fisher Scientific GmbH, Schwerte, Germany) at 200 mbar vacuum and 40 °C for 72 h.
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Figure S5: High cell-density batch fermentation of U. cynodontis ITA MAX pH with thick juice as a sole

carbon source.

Bioreactor cultivation was performed in batch medium with 75 mM NHa4Cl and approximately 200 g L*
sucrose from thick juice (n = 1 biological replicate measured as technical triplicates). The pH was controlled
by automatic titration with 5 M NaOH. After approximately 28 h, the pH was allowed to naturally drop from
pH 6.5 to pH 2.8 through the production of ITA. Upon reaching this highly acidic pH value, ITA production
continued up to a titer of approximately 65 g L' at a productivity of 0.46 g L'* h'* and a yield of 0.4 gira gaic™.
These values are higher than the ones achieved on pure glucose. This might be due to the fact that thick
juice includes some other compounds such as amino acids resulting in fitter biomass and a higher carbon

load.
Biomass
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Figure S6: Block flow diagram of multiple crystallization process (simplified from Saur et al. (2023).
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Table S3: Feeding profile with 70 % w/v glucose solution during high cell-density fed-batch fermentation
with a prolonged feeding phase of U. cynodontis ITA MAX pH (Figure 17).

32-53 2.2
53-120 15
120-144 1.0
144-173 0.75
173-316 0.5
316-648 0.25
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7.3. Appendix to 3.3: Establishing an Itaconic Acid Production Process with

Ustilago species on the Low-cost Substrate Starch

MTRPTSQRRSKPMVLLGSAGLALLLICLCAFSSNANA%ASVARSLlGLDKETNRLEPRA\/SSSYAYQR
MIANIGGASSSAGGSQVPNVQTGAVIASPSTAGPDYFYSWVRDAALTMKVVISQPTLDRTLVTNYANA
EKVHQQNAAKSSSSQGEPKFNADGSLFTGPWGRPQLDGAGLRASSLMAFAKRIGLNDPFTTSTLYQ
SSLSGGSLIKTDLEYVAHNWQSSGFDLWEEVQGTHFFTLIVQYRSLIDGAKFATSMNDPGAATYYNQQ
AAAIKAKLQAFWDSNNGYIQAYQGVSGR GWDTTNNTAAVDASVFGPASDKVLAT
HRKYVDSFRSLYSINKNAAPPAAVGTGRYAEDVFNGVSTSQGNPWYICTLAAAEVLNTAVAVSNSRGS
LSVTSTSLPFYKQFSSSATTGTFNSGSSQYTALTSGMRAMAKGFVDIVNSH DTG
FNQGARDLTWSYAAFVSNDLASQGKFLYV

Molecular weight =53.3 kDa, 502 aa (9 Trp, 20 Tyr and 4 Cys)
Potential N-linked glycosylation sites = 2 (bold/underlined)

Theoretical pl =8.95

-/+ aa =33/39

Figure S7: Amino acid sequence of putative glucoamylase encoded by the gene with the GenBank
accession number CAKMXY010000014 (region: 83686 to 85185) in U. cynodontis ITA MAX pH identified
by LC-MS/MS.

The peptide confidences are ranged by a color code - black: no match; red: 0-50; yellow: 50-95; green: 95-
100. The first 38 aa are predicted as the signal peptide according to Teufel et al. (2022).

MRFFAKALGLVSLAMSIASATPLQKR™D LGPVTIYTPPSNYTSDRSLYARTLMLTVNDNTGTLLSTWE
NYSGGKTWFPIYRSTDHGYTWSPFSAVTDQVNGWGLRYQPFLYELKQSFAGYPAGSILLAGNSIPED
LSKTQLDLYISTDKGKTWKFLSHIAAGGKAVPNNGETPYWEPFLLYNNGQLICYYSDQRDPKYGQKL
VHQTTSDLKNWGSVVDDVTESFYSARPGMPVVAQMGDGNYIMTFEYGGAPEGNFAVYYKISNDPFS
WADKKQQVLKATDGTVPRSSPYVMWTPIGSRSGATANGTVVVSAYTDTGLYLNRANGAPNAWTRLS
VSNAPAAYSR GFNPKDIMIAGSGAIGQGSTNRVTFSARDVNGCATC

Molecular weight =41.8 kDa, 385 aa (10 Trp, 22 Tyr and 3 Cys)
Potential N-linked glycosylation sites = 3 (bold/underlined)

Theoretical pl =8.72

-/+ aa =29/33

Figure S8: Amino acid sequence of putative exo-a-1,5-L-arabinofuranosidase encoded by the gene with
the GenBank accession number CAKMXY010000018 (region 665749 to 665919, 666077 to 666352, and
666447 to 667148) in U. cynodontis ITA MAX pH identified by LC-MS/MS.

The peptide confidences are ranged by a color code - black: no match; red: 0-50; yellow: 50-95; green: 95-
100. The first 26 aa are predicted as the signal peptide according to Teufel et al. (2022).

MTRLTLRLAVVVGLVASFSDVLT - YPVQDDHVNRRLLPGLGGSTTDTYDYVVVGGGTSGMTLAARLSENKGVT
VAVLEAGIDYRSNLVNQQLVDTPGYDTFGVGASPSDWVNGNIDWGFVTEGEPGYDNRKVKYARGKCIGGSSAR
NFMLYHRPPKDAQQTWVSLTGDNQWSFDNVLPYYQKSFTAFGPRHDIRKDDPPAQYNPAAFPGNGPVSVGFP
NYAQPFSGPLLNSLNEVGVPTSTDMSSGNILGAQYSTVTVEATNGKRATSRSFYQQAQDEKRANLNVIFEALAK
KVVFDTSGRQPTAVAVDYTLPFGVKKTIKARKEIISAGAFQSPQLLMVSGIGPADQLKAQNIPVLVENSNVGQHM
QDHVFFGPTYTVNIDTPTKEANDPIFLAASIADFNLRNRGIFTNNVADLIGFEKWNNTYLDSIQAGALKSNPSDWP
EIEYLSGPGYIGDFTNLVINNIVNGLTLQQFASLLVAIVAPISEGSVTLKSADTADLPAIRPNWLSSPVDQQVAIAAFK
RARQVFAANAMKSTRTSDNETFPGFEVATDDQILASIRKNLMTVWHAASTCRMARNAQSGVLDSNFKVFGVYDG
LRVVDASSFPRLLPGHPQAVCYMIAERAADIIAAANK

Molecular weight = 68.4 kDa, 632 aa (8 Trp, 20 Tyr and 3 Cys)
Potential N-linked glycosylation sites = 3 (bold/underlined)

Theoretical pl =6.04

-/+ aa = 58/54

Figure S9: Amino acid sequence of putative aryl-alcohol oxidase encoded by the gene with GenBank
accession number CAKMXY010000011 (region 416218 to 416544 and 416702 to 418270) in U. cynodontis
ITA MAX pH identified by LC-MS/MS.

The peptide confidences are ranged by a color code - black: no match; red: 0-50; yellow: 50-95; green: 95-
100. The first 23 aa are predicted as the signal peptide according to Teufel et al. (2022).
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Table S4: Oligonucleotides used for the generation of deletion and overexpression constructs.

Primer
name

Sequence (5’-3’) and description

gttcttctagGATCACTCTCGGCATGGAC
PE1_fwd Amplification of pJET1.2 backbone for the generation of U. cynodontis a-amylase
overexpression construct
gcgagacgaaGATAATAATGGTTTCTTAGACGTCAG
PE2_rev Amplification of pJET1.2 backbone for the generation of U. cynodontis a-amylase
overexpression construct
cattattatcTTCGTCTCGCGCGTTTCG
PE3_fwd Amplification of the Pe:s promotor for the generation of U. cynodontis a-amylase
overexpression construct
aggaagccatGATCCCGTGGATGATGTTGTC
PE4_rev Amplification of the P promotor for the generation of U. cynodontis a-amylase
overexpression construct
ccacgggatcATGGCTTCCTCTGCCAAC
PE5_fwd Amplification of the a-amylase gene for the generation of U. cynodontis a-amylase
overexpression construct
gagagtgatcCTAGAAGAACTGACGGTGC
PE6_rev Amplification of the a-amylase gene for the generation of U. cynodontis a-amylase
overexpression construct
cagactgactggATCTTTCTAGAAGATCTCCTAC

AT Amplification of pJET1.2 backbone for the generation of UMAG_04064 deletion construct
PES rev tgaattgattctATCTTGCTGAAAAACTCG
- Amplification of pJET1.2 backbone for the generation of UMAG_04064 deletion construct
PE9 fwd ttttcagcaagatAGAATCAATTCAAGCGGTG
- Amplification of 5’-UTR flank for the generation of UMAG_04064 deletion construct
PE10 rev ggcaagcttcgcgGGCTTCAAGATCGTGGTTAAC
- Amplification of 5’-UTR flank for the generation of UMAG_04064 deletion construct
PE11 fwd gatcttgaagccCGCGAAGCTTGCCGGCAG
- Amplification of G418R cassette for the generation of UMAG_04064 deletion construct
PE12 rev aagtggagatatcGCCGCACTCCTACAGCTTG
- Amplification of G418R cassette for the generation of UMAG_04064 deletion construct
PE13 fwd taggagtgcggcGATATCTCCACTTGCCGG
- Amplification of 3’-UTR flank for the generation of UMAG_04064 deletion construct
PE14 rev cttctagaaagatCCAGTCAGTCTGTCAGTC
- Amplification of 3’-UTR flank for the generation of UMAG_04064 deletion construct
PE15 fwd tggttttgcctaATCTTTCTAGAAGATCTCCTAC
- Amplification of pJET1.2 backbone for the generation of UMAG_02740 deletion construct
PEL6 rev ttgcgatgcttctATCTTGCTGAAAAACTCG
- Amplification of pJET1.2 backbone for the generation of UMAG_02740 deletion construct
PE17 fwd tttcagcaagatAGAAGCATCGCAACGCAAG
- Amplification of 5’-UTR flank for the generation of UMAG_02740 deletion construct
PE1S rev gcaagcttcgcgAAGATTCCCACGATGCTATAAC
- Amplification of 5’-UTR flank for the generation of UMAG_02740 deletion construct
PE19 fwd tcgtgggaatcttCGCGAAGCTTGCCGGCAG
- Amplification of G418R cassette for the generation of UMAG_02740 deletion construct
PE20 rev ggcctcctccaagGCCGCACTCCTACAGCTTG
- Amplification of G418R cassette for the generation of UMAG_02740 deletion construct
PE21 fwd taggagtgcggcCTTGGAGGAGGCCCAATC
- Amplification of 3’-UTR flank for the generation of UMAG_02740 deletion construct
PE22 rev cttctagaaagatTAGGCAAAACCAAGAACATGC

Amplification of 3’-UTR flank for the generation of UMAG_02740 deletion construct
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7.4. Appendix to 3.4: Production and Characterization of the Itaconic Acid-

derived Compounds 2-Hydroxyparaconic and Itatartaric Acid
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Figure S10: Initial screening of 22 clones in System Duetz plates — endpoint measurement after 240 h.

Several clones (22) were cultivated in System Duetz plates in MTM with 15 mM NH4Cl, 30 mM MES pH 6.5,
and 50 g L't glucose (n = 1 biological replicate). ITA (black bar), 2-HP (green bar) and ITT (orange bar).
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Figure S11: pH values during System Duetz microcultivations of U. cynodontis 2-HP, U. cynodontis

2-HP_Aitp1, and U. cynodontis 2-HP MfsA.
Cultivations were performed in System Duetz plates in MTM medium with 15 mM NH4Cl, 30 mM MES pH
6.5, and 50 g L glucose or 50 g L™* glycerol (n = 2 biological replicates).
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Figure $12: Non-enzymatic equilibration between 2-HP and ITT under acidic conditions (pH 2.3) at room

temperature.
The purified 2-HP was dissolved in ddH20 to approximately 26 mM. No other products were observed by

HPLC during this equilibration.

141



Appendix

Table S5: Oligonucleotides used for deletion, exchange and overexpression constructs.

Primer
name

Sequence (5’-3’) and description

gcetgagtggccTCTTGATATATCATATCGTTCTTTCC

AFELLT Amplification of cyp3 cassette for the generation of cyp3 overexpression construct
PE24 rev gaacttctggccGGTCGGTGTGGATGTATG
- Amplification of cyp3 cassette for generation the of cyp3 overexpression construct
PE25 fwd atccacaccgaccGGCCAGAAGTTCCTATTCTCAAG
- Amplification of FRT_M2-NatR cassette for the generation of cyp3 overexpression construct
PE26 rev tgatatatcaagaGGCCACTCAGGCCAGAAG
- Amplification of FRT_M2-NatR cassette for the generation of cyp3 overexpression construct
PE27 fwd ctgagtggccTCCTCTTCCTCGCCTCTG
- Amplification of 5-UTR flank for the generation of itp1 deletion construct
PE28 rev ctagaaagatTGCCAGCAGAGTCAGAGAG
- Amplification of 5-UTR flank for the generation of itp1 deletion construct
PE29 fwd tcagcaagatGCTGGTGCCAGCTCTGTATATG
- Amplification of 3'-UTR flank for the generation of itp1 deletion construct
PE30 rev acttctggccGTCGAGGACGTTGTTTGTG
- Amplification of 3-UTR flank for the generation of itp1 deletion construct
PE31 fwd tctgetggcaATCTTTCTAGAAGATCTCCTAC
- Amplification of pJET1.2 backbone for the generation of itp1 deletion construct
PE32 rev tggcaccagcATCTTGCTGAAAAACTCG
- Amplification of pJET1.2 backbone for the generation of itp1 deletion construct
PE33 fwd cgtcctcgacGGCCAGAAGTTCCTATTCTCTATAAAG
- Amplification of FRT_M7 cassette for the generation of itp1 deletion construct
PE34 rev aggaagaggaGGCCACTCAGGCCAGAAG
- Amplification of FRT_M7 cassette for the generation of itp1 deletion construct
PE35 fwd accatggcgtCGCGAAGCTTGCCGGCAG
- Amplification of G418R cassette for the generation of jtp1 deletion construct
PE36 rev tctgacttgcGCCGCACTCCTACAGCTTG
- Amplification of G418R cassette for the generation of jtp1 deletion construct
PE37 fwd cgtcctcgacATGGGTCACGGCGACACC
- Amplification of mfsA cassette for the generation of itp1::mfsA exchange construct
PE38 rev aagcttcgcgACTATAGGGAGACCGGCAGATC
- Amplification of mfsA cassette for the generation of itp1::mfsA exchange construct
PE39 fwd ggagtgcggcTCCTCTTCCTCGCCTCTG
- Amplification of backbone for the generation of itp1::mfsA exchange construct
PEAD rev cgtgacccatGTCGAGGACGTTGTTTGTG
- Amplification of backbone for the generation of itp1::mfsA exchange construct
PE41 fwd tccctatagtCGCGAAGCTTGCCGGCAG
- Amplification of G418R cassette for the generation of itp1::mfsA exchange construct
PE42 rev aggaagaggaGCCGCACTCCTACAGCTTG
- Amplification of G418R cassette for the generation of itp1::mfsA exchange construct
acgctaaaagtaaggccgct
PE43_fwd Amplification of cyp3 during qPCR
ggatgggcgatttcctcaca
PEA4_rev Amplification of cyp3 during qPCR
cgtctacattcacgcttgeg
PEAS_fwd Amplification of reference gene tad1 during qPCR
agtgcagccgaagtccaatt
PE46_rev Amplification of reference gene tad1 during qPCR
ttgatcttctgegagecgaa
PEA7_fwd Amplification of reference gene rdol during gPCR
PE4S_rev agcgcgatctatccgtcaag

Amplification of reference gene rdo1 during gPCR
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