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[taconic acid can be used as a bio-based building block for the synthesis of a lar-
ge number of chemicals and polymers. Since 1950, Asperqillus terreus is used
for the industrial production of itaconic acid. However, despite the long histo-
ry and experience, itaconic acid production in A. terreus remains challenging
and above all the required control of the morphology leads to high production
costs, which causes a relatively low market volume of itaconic acid despite its
chemical potential. Ustilaginaceae are promising alternative hosts that offer
new possibilities to achieve more efficient itaconic aid production.

In this thesis, Ustilago maydis and Ustilago cynodontis were applied as microbial
hosts to achieve efficient itaconic acid production from glucose. Itaconic aid
production in U. maydis and U. cynodontis was improved by metabolic engi-
neering. The itaconic acid titer was enhanced 4.2-fold in U. maydis and 6.5-fold
in U. cynodontis compared to corresponding wildtype strains. In order to ensure
robust and non-filamentous cells growing under certain relevant conditions for
itaconic acid production, the gene fuz7 was deleted in both strains. The gene
fuz7 is part of the Ras/mitogen-activated protein kinase pathway and plays an
important role in conjugation tube formation and filamentous growth.

Thus, for the first time, itaconic acid production in a bioreactor with the other-
wise strong filamentously growing U. cynodontis was realized. Further, by op-
timizing the pH value, using different feeding strategies and repeated-batch
systems titer up to 83 g L' could be reached in U. cynodontis. In U. maydis,
fermentations in combination with in situ product removal using calcium carbo-
nate precipitation resulted in a titer over 200 g L' itaconic acid.

Altogether, by an integrated approach of metabolic and morphological engi-

neering, coupled with process development, the efficiency of itaconic acid pro-
duction with U. maydis and U. cynodontis could be significantly enhanced.
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Summary

Summary

Itaconic acid is a versatile building block in the polymer industry due to its two functional
groups. Radical polymerization of the methylene group and/or esterification of the carboxylic acid
with a wide range of co-monomers enable a rapidly expanding application range. Since 1950,
Aspergillus terreus is used for industrial production of itaconate. However, despite the long history
and experience, itaconate production in 4. ferreus remains challenging and above all the required
control of the morphology leads to high production costs, which causes a relatively low market
volume of itaconate despite its chemical potential. Due to good scientific fundamentals and
robustness, Ustilaginaceae promises alternative hosts that offer new possibilities to achieve more
efficient itaconate production.

The overall aim of this thesis was to achieve efficient itaconate production from glucose with
Ustilaginaceae. In a screening of several Ustilaginaceae, genetic equipment for itaconate
production could be determined for all tested strains. In addition to Ustilago maydis, which is well
studied in the context of itaconate production, Ustilago cynodontis was chosen mainly due to its
tolerance to low pH.

Comparative analysis of the mitochondrial and extracellular transporters involved in itaconate and
(8)-2-hydroxyparaconate biosynthesis by U. maydis, and A. terreus elucidated that the
mitochondrial transporter of A. terreus (MttA) enabled a more efficient itaconate production in
U. maydis and U. cynodontis. Itaconate production could be further improved in both strains by
metabolic engineering using CRISPR/Cas9 and FLP/FRT systems for marker-free deletion of the
itaconate oxidase (Acyp3), knock-in of the strong and constitutive promoter Pees upstream of the
regulator-encoding gene ria in U. maydis or by overexpression of this regulator in U. cynodontis.
Thus, production could be enhanced 4.2-fold in U. maydis and 6.5-fold in U. cynodontis compared
to corresponding wildtype strains.

In order to ensure robust and non-filamentous cells growing in a yeast-like manner under certain
process-relevant conditions, both strains were modified in a morphological engineering approach.
The gene fuz7, which is part of the Ras/mitogen-activated protein kinase (MAPK) pathway and
plays an important role in conjugation tube formation and filamentous growth, was therefore
deleted in both strains. The obtained yeast-like-growing strains open up a range of possibilities in
the field of process development.

Thus, for the first time, itaconate production in a bioreactor with the otherwise strong
filamentously growing U. cynodontis could be realized. By optimizing the pH value, different
feeding strategies and repeated-batch systems titer up to 83 g L™, overall yields up to 0.45 grra
goic! and maximum productivities up to 1.4 g L' h' could be reached. In U. maydis,
fermentations in combination with in situ product removal using calcium carbonate precipitation
resulted in a titer of 220 g L™ itaconate, which is so far the highest reported value for microbially
produced itaconate.

In conclusion, by an integrated approach of metabolic and morphological engineering, coupled
with process development, the efficiency of itaconate production with U. maydis and U. cynodontis
could be significantly enhanced. The production strains engineered in this thesis enable new
process engineering strategies and ensure stable unicellular growth, thereby likely contributing to
the future expansion of the fields of application of itaconate as an important bio-based building
block in the near future.
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Zusammenfassung

Zusammenfassung

Itaconsiure ist aufgrund seiner beiden funktionellen Gruppen ein vielseitiger Baustein in der
Polymerindustrie. Durch radikale Polymerisation der Methylengruppe und/oder durch
Veresterung der Carboxylgruppen mit einer grolen Anzahl an méglichen Co-Monomeren wird
ein breites Anwendungsspektrum ermdglicht. Seit 1950 wird Aspergillus terreus zur Herstellung
von Itaconséure eingesetzt. Trotz der langen Historie und Erfahrung ist die Itaconséure-Produktion
in A. terreus eine anspruchsvolle Aufgabe und die Kontrolle der Morphologie fiihrt zu hohen
Kosten, die zu einem kleinen Marktanteil trotz seiner guten chemischen Eigenschaften fiihrt.
Aufgrund guter wissenschaftlicher Grundlagen und ihrer Robustheit sind Ustilaginaceae
vielversprechende alternative Biokatalysatoren, die neue Moglichkeiten bieten um eine
effizientere Itaconsdure-Produktion zu erreichen.

Das tlibergeordnete Ziel dieser Arbeit war eine effiziente Itaconséure-Produktion aus Glukose mit
Ustilaginaceae. In einem Screening mehrerer Ustilaginaceae konnten fiir alle getesteten Stimme
genetische Grundlagen fiir die Itaconsdure-Produktion bestimmt werden. Neben Ustilago maydis,
der ein gut untersuchter Wirt fiir die Itaconsdure-Produktion ist, wurde Ustilago cynodontis wegen
seiner Toleranz gegeniiber niedrigem pH-Werten gewéhlt. Die Untersuchung von an der Itaconat-
und (S)-2-hydroxyparaconatbiosynthese beteiligten mitochondrialen und extrazelluldren
Transportern von U. maydis und A. terreus ergaben, dass der mitochondriale Transporter von A.
terreus eine effizientere Itaconsdure-Produktion in U. maydis und in U. cynodontis ermdglicht.
Die Itaconsidure-Produktion konnte in beiden Stimmen durch Deletion der Itaconat-Oxidase,
tausch des nativen Promoter Pyi,; durch Peerin U. maydis oder durch eine Uberexpression vom
Regulator rial in U. cynodontis weiter verbessert werden. So konnte die Produktion in U. maydis
um das 4,2-fache und in U. cynodontis um das 6,5-fache gesteigert werden. Um diese genetischen
Verdnderungen umzusetzen, wurde CRISPR/Cas9 Technologie oder FLP/FRT-Systeme
angewandt. Um ein robustes Zellwachstum unter prozessrelevanten Bedingungen zu
gewihrleisten, wurden beide Stimme in einem morphologischen Ansatz modifiziert. Dazu wurde
das Gen fuz7, welches Teil der Ras/mitogen-aktivierten Proteinkinase (MAPK) Kaskade ist und
eine wichtige Rolle beim filamentésen Wachstum einnimmt, deletiert. Die dadurch entstandenen
hefedhnlichen Zellen erdffnen somit neue Moglichkeiten im Bereich der Prozessentwicklung.
Somit konnte erstmals die Itaconséure-Produktion in einem Bioreaktor mit dem sonst stark
filamentos wachsendem U. cynodontis realisiert werden. Durch Optimierung des pH-Wertes, der
Fiitterungsstrategien und durch Zellriickgewinnungssysteme konnten Titer bis zu 83 g L' mit einer
Ausbeute von 0,45 gira garc™! und einer maximalen Produktivitit von 1,4 g L' h'! erreicht werden.
Fir U. maydis wurden durch Fermentationen in Kombination mit der in situ Produktentfernung
mittels Calciumcarbonatfillung Titer von 220 g L™ Ttaconséure erreicht. Dieser Wert ist der bisher
hochste erreichte Itaconsédure-Titer der Mikrobiell hergestellt wurde. Zusammenfassend ldsst sich
sagen, dass durch einen integrierten Ansatz durch Metabolic- und Morphological Engineering
gekoppelt mit der Prozessentwicklung die Effizienz der Itaconsdure-Produktion mit U. maydis und
U. cynodontis deutlich gesteigert werden konnte. Die in dieser Arbeit entwickelten
Produktionsstimme ermdglichen aufgrund eines stabilen einzelligen Wachstums neue
verfahrenstechnische Strategien. Die Umsetzung dieser tragt zur zukiinftigen Erweiterung der
Anwendungsgebiete von Itaconsédure als wichtigem biobasierten Baustein bei.
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General introduction

1 General introduction
1.1 Transfer to a sustainable and environmentally friendly industry

Fossil resources have been used for more than a century to produce platform chemicals for
energy production and transportations [1]. The increasing wealth and world population (Table 1)
causes an higher demand for energy, food, and transportation fuels [1-4]. However, fossil
resources are limited and unequally distributed on earth, which can easily lead to conflicts between
countries. The main drawback of a fossil-based industry, however, is the high emission of
greenhouse gases, which contribute to global warming [5, 6]. The environmental crisis associated
with the exploitive use of fossil resources represents a prominent challenge for humanity. The
much-needed shift from the linear fossil-based economy to a circular biobased economy requires
renewable feedstocks based on biomass for the production of everyday commodities [7, 8]. In such
a scenario, the emitted carbon dioxide would be fixed by plants or dedicated microbes to generate
biomass that once again could be used as feedstock for bioproduction processes. Thereby a closed
carbon cycle would be established on a short-term basis [9, 10].

Table 1. World population and their development [2].

Population (millions)

Region 2017 2030 2050 2100
World 7750 8551 9772 11184
Africa 1256 1704 2528 4468
Asia 4504 4947 5227 4780
Europe 742 739 716 653
Latin America and the Caribbean 646 718 780 712
Northern America 361 395 435 499
Oceania 41 48 57 72

1.2 Organic acids as platform chemicals

Platform chemicals are small molecules that can be utilized as building blocks for the
production of chemicals and materials of higher value [11]. In 2004, the U.S. Department of
Energy (DoE) tested more than 300 chemicals with great biotechnological potential and identified
twelve building block chemicals that could potentially be produced competitively from biomass
[12]. The evaluation was organized in several rounds with different characteristics of the
compounds. The criteria for selection of the top 12 (Table 2A) was based on the potential markets
for the building blocks and their derivatives and the technical complexity of their synthesis
pathways. Further, the molecules should have multiple functional groups that possess the potential
to be transformed into new families of useful molecules. Among the top 12 building blocks, nine
organic acids including itaconate, fumarate, malate, and succinate were listed [12].
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Table 2. Building block chemicals. A) Top 12 building block chemicals assigned in 2004 [12] and B) Top 10 building block
chemicals assigned in 2010 [13].

A B
1,4-succinic, fumaric and malic acid ethanol
2,5-furan dicarboxylic acid furans
3-hydroxy propionic acid glycerol and derivatives
aspartic acid biohydrocarbons
glucaric acid lactic acid
glutamic acid succinic acid
itaconic acid hydroxypropionic acid/aldehyde
levulinic acid levulinic acid
3-hydroxybutyrolactone sorbitol
glycerol xylitol
sorbitol

xylitol/arabinitol

In 2010 the list was revisited using following criteria: 1) the compound or technology has
received significant attention in literature; 2) the compound illustrated a broad technology
applicable to multiple products; 3) the technology provides direct substitutes for existing
petrochemicals; 4) the technology is applicable to high-volume products; 5) a compound exhibits
strong potential as a platform chemical; 6) scale-up of the product or a technology to pilot, demo,
or full scale is underway; 7) The bio-based compound is an existing commercial product, prepared
at intermediate or commodity levels; 8) the compound may serve as a primary building block of a
biorefinery; 9) commercial production of the compound from renewable carbon is well established
[13]. Thus, the new criteria resulted in a new list of the top 10 building blocks (Table 2B). The
current market and technology will always influence the request on molecules and thus change the
order of the top platform chemicals. Glycerol, for example, has lost attraction, since biodiesel
production increased, and crude glycerol was flooding the markets. As a result, companies that
produced glycerol chemically lost competitiveness and had to close [14]. But the general desire
for low-cost monomers to compete with petroleum-derived molecules will not change [15].

One group of chemicals which is prominently represented in the lists are organic acids. Alone nine
of them were among the top 12 building blocks in 2004 [12], while still, five were present in 2010
[13]. This clearly demonstrates the great importance and potential of this group, which is also
reflected by its constant appearance in literature [8, 16-25]. The special character of organic acids
is that they can be naturally produced by a high number of microorganisms and that their functional
groups can be transformed into new families of usable compounds and used as a starting compound
for a broad range of applications [8, 20]. However, despite the good basic properties organic acids
bring with them, the market size for microbially produced organic acids is small. Only a very
limited number of economic processes such as whole-cell biocatalytic citric acid [26], lactic acid
[27], D-gluconic acid [28], itaconic acid [29], 2-keto-L-gluonic acid [30, 31] and succinic acid
production [32] are established, whereby citric acid is with more than 1 million tons per year the
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most prominent product.

An optimized fermentation process at lab-scale does not necessarily imply industrial applicability.
While certain consumer markets allow a bio-premium in the final price, e.g., Lego, the chemical
commodities most often not. Hence, to establish an industrial process, optimizations are needed,
which allow production at a lower price compared to the petrochemical route. This is truly
challenging as the petrochemical industry is optimized for the last 70 years. One requirement is
low-cost substrates like it is common for lactic acid production [8, 33-39]. Even reported repeated
fed-batch fermentations or cell retentions systems, enabling high-titer production, do not find
application in the industry since they are too complex and too costly [8, 40, 41]. Further, the
downstream process plays a significant role in how profitable a process can be. For example, the
most produced commodity from lactic acid is polylactide, which is used as low-value packaging
material. This automatically means that the production of lactic acid must also be cheap in order
for the process to be profitable, especially because the quality of the polymerized product depends
on the purity of the lactic acid [42-44]. Moreover, in order to lower production costs, it is required
to reduce the use of complex media components such as yeast extract as they lead to high
impurities in the fermentation broth and to reduce the production of by-products. In summary,
many parameters must be optimized simultaneously to enable a profitable process. In this context,
the selection of the microbial host, carbon source, reactor type, process conditions, purification
methods, and many other parameters must be carefully considered. However, the market on which
the product should be placed is a major determinant, because it specifies the price which ultimately
determines allowed production cost and thus the path that can be taken. In the following sections,
more detailed information on citric-, succinic-, lactic-, malic-, and itaconic acid are given, whereby
the focus is on itaconic acid due to its prevalent significance for this thesis.

1.2.1 Citric acid

Citric acid (Figure 1) (3-carboxy-3-hydroxypentane-1,5-dioic acid, 3-carboxy-3-
hydroxypentanedioic acid, 2-hydroxy-1,2,3-propanetricarboxylic acid) (CAS 77-92-9) is a
saturated, non-toxic, organic C6-tricarboxylic acid with a molecular mass of 192.12 g mol™'. Tts
solubility in water is 147.76 g L'! at 20 °C with pKa-values of 3.13 (pKa1), 4.76 (pKa2), and 6.39
(pKa3). Citric acid was discovered in 1784 by Carl Scheele and the first production was established
by extraction from citrus fruits. Historically speaking, the production of citric acid by the
filamentous fungus Aspergillus niger is the oldest known microbial process for high volume
organic acid production [45-51].

OH

Figure 1. Chemical structure of citric acid.

The main use for citric acid is as a flavoring agent in the food industry. Other applications are as
an acidifier and chelating agent in the chemical and pharma industry [17]. Since the demand was
constantly increasing, the development was quickly pushed forward. In 1893 first accumulation of
citric acid by microbes was observed and 1913 the first patent for citric acid production with
Aspergillus niger was published [45, 51]. In 1917, a first fermentation process with 4. niger was
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established [46]. The rapid development leads that 90 % of the theoretical yield was reached [47-
50]. Automatically, market size increased too. In 1998, the market volume was 879,000 tons [52]
and increased further until 2007 to 1.6 million tons. In 2016, the citric acid market increased further
and had a global market value of 2.5 billion USD and is estimated to reach 3.83 billion USD by
2025. [53, 54]. Thus, citric acid production is one of the largest biotechnological processes.

On the metabolic level, microbial production starts from pyruvate, which can be generated for
example from glucose by glycolysis. Microbial production of citrate starts from pyruvate. In the
mitochondrion, the pyruvate dehydrogenase complex converts one molecule pyruvate to one
acetyl-CoA, and second pyruvate is carboxylated to oxaloacetate by the pyruvate carboxylase in
the cytosol. Afterward, oxaloacetate is converted to malate and transported to the mitochondrion
where it is converted by the citrate synthase together with acetyl-CoA to citrate, which is then
transported out of the mitochondrion and subsequently out of the cell [55, 56].

1.2.2  Succinic acid

Succinic acid (Figure 2) (butanedioic acid, ethane-1,2-dicarboxylic acid) (CAS 110-15-6) is a
saturated, non-toxic, organic, C4-dicarboxylic acid with a molecular mass of 118.09 g mol™ . Tts
solubility in water is 58 g L™! at 20 °C with pK,-values of 4.2 (pKa1) and 5.6 (pKa2).

HO.
OH
¢}

Figure 2. Chemical structure of succinic acid.

First isolation of succinic acid was reported by Georgius Agricola from amber [57]. In the
beginning of industrial production, succinic acid was produced by fermentation but meanwhile,
commercial production is via the petrochemical route [57, 58]. Especially because of its high
production costs bio-based succinic acid could not assert itself so far [8]. Since it is part of the
TCA-cycle, it was investigated in many different organisms like Fusarium [59] and Aspergillus
[60] species, Penicillium simplicissimum [61), Basfia succiniproducens [62, 63] and yeasts, like
S. cerevisiae [64] and C. krusei [65] and bacteria [57, 58, 66]. The current discussion is on
succinate production from CO; [67]. Succinic acid is used for the synthesis of surfactant, detergent
or foaming agent, as an ion chelator, in the food industry and for pharmaceuticals and antibiotics,
and as a precursor for the production of different polymers, resins, and solvents [8, 20, 58].
Although a high number of various substances can be derived from succinic acid, the market size
of approximately 131.73 million dollars in 2018 is very small [68]. This is mainly due to the high
production costs that are incurred and empede its application although succinic acid would have
the chemical potential to replace petroleum-derived maleic anhydride, which has a market size of
213,000 tons per year. Further substances that can be derived from succinic acid are depicted in
Figure 3 [8].
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Figure 3. Various substances that can be derived from succinic acid by chemical conversion. The figure was adapted from Sauer
et al. [8].

Metabolically, three different pathways for microbial production are known: Oxidative and
reductive TCA-cycle and the glyoxylate bypass [17]. Advancing genetic tools and the ever-
increasing gain of knowledge allow rational modifications within the metabolism to increase
product formation in a metabolic engineering approach [69-72]. But also, applying non-rational
methods like adaptive laboratory evolution, the production and tolerance could be further
increased [73-75].

1.2.3  Lactic acid

Lactic acid (Figure 4) (2-hydroxypropanoic acid) (CAS 10326-41-7) is a non-toxic C3-organic
acid with a molecular mass of 90.078 g mol™'. Its solubility is so high that 1 part of lactic acid can
dissolve 12 parts of water at 20 °C with pKa-value of 3.86.

OH

OH

Figure 4. Chemical structure of lactic acid.

Lactic acid was discovered in 1780 by the Swedish chemist, Carl Wilhelm Scheele. He isolated it
from sour milk. Up to 1857, it was assumed that lactic acid is a milk component until Pasteur
discovered it as a microbial metabolite. Based on this discovery first fermentation and industrial
production of lactic acid took place in 1881 in the United States of America [76]. Lactic acid finds
many applications in food, pharmaceutical, cosmetic and chemical industry [44, 77]. The most
important application is the polymerization of lactic acid to form polylactic acid, which is a
polymer that can be produced from renewable resources and thus can replace petroleum-based
consumables [78-80]. Lactic acid can be produced by chemical synthesis or by fermentation,
whereby fermentation is preferred since it allows pure isomers and the use of renewable feedstocks
[81]. In the last decades, lactic acid production increased continuously because more and more
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new markets have been opened up. Alone in 2013, global lactic acid was estimated to be 714.2-
kilo tons and it is expected to be 1,960-kilo tons by 2020 [82]. Further, global lactic acid production
from microbial fermentation accounts for around 90% of total lactic acid production [81]. General
lactic acid bacteria (LAB) such as Lactobacilli and Carnobacterium are used for the production.
Further LAB are described in [81]. Depending on the final product, a distinction is made between
homofermentative and heterofermentative. While homofermentative LAB convert glucose almost
exclusively to lactic acid, heterofermentative LAB additionally form ethanol and CO; [81].
Furthermore, heterofermentative LAB can be subdivided in obligatory and facultative [81].
Further LAB have complex nutrient requirements especially because they are limited in
synthesizing B vitamins and amino acids. Therefore, nutritionally rich media must be used in LAB
fermentations [83]. But in literature also filamentous fungi such as Rhizopus oryzae and R. arrhizus
are described as a natural producer. They utilize glucose aerobically to produce lactic acid and are
well discussed in the literature [33, 84-89].

1.2.4 Malic acid

Malic acid (Figure 5) (hydroxybutanedioic acid or 2-hydroxysuccinic acid) (CAS 6915-15-7)
has an asymmetric C-atom and thus occurs as L- (CAS 97-67-6) and as D-isomer (CAS 636-61-3).
It is a saturated, non-toxic, organic, C4-dicarboxylic acid with a molecular mass of 134.09 g mol”
I, Its solubility in water is 558 g L at 20 °C for DL-malic acid and 363.5 g L' for D or L-malic
acid; its pKa-values are 3.46 (pKai) and 5.10 (pKa2).

HO.
OH
o OH

Figure 5. Chemical structure of malic acid.

In 1785, malic acid was isolated from apples, a source that was used for several decades [90]. It is
mainly used in the beverage and food industry, but also in smaller amounts in metal cleaning,
electroless plating, pharmaceuticals, infusions in hospitals, and in paints [18]. Due to high
production costs, malic acid has a small market compared to other chemicals [8]. Approximately
40,000 tons malic acid were produced per year [18]. Yet until today, malic acid is mainly produced
by hydration of maleic or fumaric acid resulting in a racemic mixture. Another option is the
biotransformation of fumaric acid with immobilized cells expressing the enzyme fumarase.
Depending on which organism is used yields for L-malic acid between 70 and nearly 100 % are
possible [18, 91-94]. Since L-malic acid is an intermediate of the TCA-cycle, it is produced by all
organisms. As is the case for many other organic acids, fungi are in focus of malic acid production,
since they can naturally produce high titers [18, 91, 95-98]. Next to fungal production, also for
some bacteria and S. cerevisiae strains malic acid production is reported [99-101]. Altogether there
are four reported malic acid pathways: 1) TCA-cycle, 2) cytosolic rTCA-cycle, 3) cyclic
glyoxylate pathway, and 4) non-cyclic glyoxylate pathway [99]. The biggest hurdle in microbial
malic acid production is attaining sufficient product yields as yields are mostly far below
theoretical, since always byproducts exist and the cumbersome purification from water, due to the
high solubility [102].
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1.2.5 Itaconic acid

Itaconic acid (Figure 6) (2-methylidenebutanedioic acid, 1-propene-2,3-dicarboxylic acid,
methylenesuccinic acid) (CAS 97-65-4) is an unsaturated, non-toxic, organic, C5-dicarboxylic
acid with a molecular mass of 130.1 g mol™". Its solubility in water is 83 g L' at 20 °C with pKa-
values of 3.84 (pKa1) and 5.55 (pKa2).

HO.
OH
¢}

Figure 6. Chemical structure of itaconic acid.

First documentation about itaconate and its production was in the year 1837 [103]. The first
production methods were based on chemical synthesis procedures [104-106]. Due to the high
production costs involved in chemical synthesis, it was not possible to establish a foothold in the
market [12, 107]. The first report about microbial production was published in 1931 with
Aspergillus itaconicus [108] following by the first patent by Charles Pfizer Co. for the production
with 4. terreus. Over time, the fermentation process with A. ferreus could be optimized, finally
outcompeting the chemical process [109]. Thus since 1950 A. terreus is used for industrial
itaconate production [110]. Due to its two functional groups, itaconate can be used versatile
building block in the polymer industry. Radical polymerization and/or esterification with a wide
range of co-monomers allow a rapidly expanding application range [25, 110]. Itaconate is mostly
used as a co-monomer in the production of styrene-butadiene rubber and acrylate latexes, which
are used in the paper and architectural industry [111]. Further polymerizations with acrylamide or
methyl-methacrylate results in superabsorbent hydrogels for pharmaceutical applications [112-
115]. Itaconate can be also polymerized with itself to obtain a polymer with high cation binding
capacity, whereby the derivatives can be used as detergent additives, scale inhibitors, and
dispersing agents [116]. Furthermore, itaconate is produced by mammalian macrophages where it
plays a key role in the human immune response [117-119] against microbial pathogens, with
possible applications as therapeutic agents for autoimmune diseases [ 120]. Further application can
be found in Okabe ef al. [110] or in Figure 7. Even though itaconate has so many potential
applications, in 2011 it’s market size and value was only 41,400 t and $74.5 million, respectively
[23, 111]. This is caused by the high price with around two dollars per kilogram and is an exclusive
criterion for further market penetration. To be competitive against petrol-based products, costs
need to reduce to around $0.5 per kg [121]. Assuming, that the price would decrease, itaconate has
the possibility to replace polyacrylic acid whose production is petroleum-based and has a market
worth of $11 billion [23, 107, 110].
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Figure 7. Derivatives of itaconate. The figure was adapted from Werpy [12].

To reduce the price of itaconate, more improvements are necessary. Certainly, fermentation
conditions and especially the downstream process influence the price of the product [8]. But also
used microorganism and C-sources influence the whole process, which in turn has an impact on
the price. Unquestionably, many other factors such as location and energy costs play a role, in the
following sections, only the influence of microorganism, fermentation, and downstream process
is discussed.

1.2.5.1 Microbial hosts and metabolism for itaconate

Currently, A. terreus is used for industrial itaconic acid production. First, 4. terreus strains
producing itaconate were isolated in 1935 [122]. A screen of more than 300 strains in 1945 resulted
in A. terreus NRRL 1960 as the best-producing strain, which was used for industrial itaconate
production by Pfizer Co. in Brooklyn, NY, USA [106, 123]. Further factories were founded in
England, Japan, and France. To reduce production costs facilities are nowadays located in the
Asia-Pacific region [110, 111]. Next to 4. terreus, also Ustilaginaceae such as Pseudozyma and
Ustilago species, [95, 124-127] Rhodotorula, [128] Candida [127,129], and Helicobasidium [130]
species are known to produce itaconate. An overview of itaconate producing wildtype strains
including titer, yield, and productivity is given in Table 3. Although the production parameters of
the other strains such as Ustilago are so far apart, the search for new production organisms
continues. Despite the long history and experience, itaconate production in A. ferreus remains
challenging and will be discussed in the next sections. Next, to the filamentous 4. ferreus, the
yeast-like growing U. maydis is well studied and is a naturally itaconate producing organism.
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Table 3. Itaconate production of wildtype strains generated by random mutagenesis [21].

Microorganism Substrate Itaconate (g L) (gnf:(l;(zc") P;;Tft:’ll;y Reference
A. terreus DSM 23081 glucose 129 0.58 1.15 [131]
A. terreus NRRL 1960 glucose 130 - - [22]
A. terreus DSM 23081 glucose 160 0.46 1 [132]
hydrolyzed

A. terreus SKR10 N45° corn starch 50 0.42 0.35 [133]
A. terreus R104* glucose 52.7 0.72 0.55 [134]
A. terreus IFO-6365 TN-484*  glucose 823 0.54 0.57 [135]
Candidia sp.strain B-1* glucose 35 - 0.29 [129]
Helicobasidium sp. - - - - [130]
P. antarctica NRRL Y-7808 glucose 30 0.38 - [124]
P. tsukubaensis HA88 glucose 74.7 0.49 0.36 [125]
U. cynodontis K470 glucose 28.4 - - [136]
U. maydis DSM 17144 glucose 445 0.24 0.31 [137]
U. rabenhorstina IFO 8995 glucose 15.7 - - [136]

2 Strains generated by random mutagenesis

In both organisms, the genes enabling itaconate biosynthesis are clustered and co-regulated [138,
139]. The biosynthetic pathway starts with the transport of cis-aconitate from the mitochondria to
the cytosol by a mitochondrial tricarboxylate transporter, encoded by Um_mtt] or At mttA [25,
139, 140]. Both transporters are assumed to do so by antiport exchange with cytosolic malate
[141]. In U. maydis, this transport poses the rate-limiting step in itaconate production, since
overexpression of mit] leads to a strong increase in itaconate production [139]. In A. terreus, the
cytoplasmic cis-aconitate is converted directly to itaconate by a cytosolic cis-aconitate
decarboxylase (cadA) [142-144]. In contrast, U. maydis first isomerizes cis-aconitate to
trans-aconitate by a cytosolic aconitate-d-isomerase (Adil). This trans-aconitate is subsequently
decarboxylated to itaconate by a trans-aconitate decarboxylase (Tad1) [139]. U. maydis can further
convert itaconate to (S)-2-hydroxyparaconate by an itaconate P450 monooxygenase (Cyp3). The
latter is the lactone of L-itatartarate, which is also found in the supernatants of U. maydis [126,
136, 140]. This was also reported for some A. terreus strains [126, 145], likely through a similar
P450 enzyme encoded by the cypC gene directly adjacent to the itaconate gene cluster [140, 146].
Interestingly (S)-2-hydroxyparaconate formation was not reported for 4. terreus production strains
[132, 147], maybe because these strains were selected by screening for high itaconate production
leading to the selection of a defect cypC expression. Further in both organisms itaconate is
transported out via a major facilitator superfamily transporter, encoded by Um_itpI and At mfsA.
Because both products (itaconate and (S)-2-hydroxyparaconate) are produced via the same
pathway, and the gene clusters of both organisms only contain one gene encoding a cytosolic
exporter, it is reasonable to assume that the same protein secretes both products. Metabolism and
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cluster structure are depicted in Figure 8. This knowledge about metabolism allowed optimization
by strain engineering in Ustilago and Aspergillus but also in other strains such as E. coli. Some
examples are given in Table 4.

Table 4. Itaconate production of genetically modified organism. [21].

Microorganism Substrate ;;alc;)lr)late ‘({;:g gerc) l:;o:_l;lchti\)/ity Reference
A. niger AB1.13 CitB#99 glucose 26.2 0.37° - [148]

A. terreus A729 glucose 45.5 - - [149]

C. glutamicum AO-2/pEKEx2-

malEcadopt glucose 7.8 0.29 0.16 [150]

E. coli ita23 glucose 32 0.49° 0.27 [151]

S. cerevisiae glucose 0.168 - - [152]
Synechocystis sp. PCC6803 CO; 0.0145 - - [153]

U. maydis MB215 Acyp3 Peerial glucose 63.2 0.23% 0.38 [140]

Y. lipolytica glucose 4.6 0.058 0.045* [152]

2 Maximum productivity
®Jtaconate per consumed glucose
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Despite the possibilities given by metabolic engineering, still 4. terreus is a highly efficient
filamentous fungus achieving nearly theoretical yields and titers over 100 g L' at low pH values
at suitable conditions [21, 131, 132].
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Figure 8. Itaconate metabolism in U. maydis and A. terreus. Itaconate cluster of 4. terreus (blue) (A): ATEG_09973 (cypC),
ATEG_09972 (mfsA), ATEG_09971 (cadA), ATEG_09970 (mtt4) and ATEG_09969 (iaR); TCA-cycle including metabolic steps
for itaconate in 4. ferreus (blue) and U. maydis (red) (B): citrate synthase (1), aconitase(2, 3), isocitrate dehydrogenase (4, 5), a-
ketoglutarate dehydrogenase (6), succinyl-CoA synthetase (7), succinate dehydrogenase (8), fumarase (9), malate dehydrogenase
(10), citrate malate antiporter (11,12), cis-aconitate decarboxylase cad (13), major facilitator superfamily protein mfsA4 (14, 16),
P450 monoxygenase cypC (15), aconitate- § -isomerase adil (17), trans-aconitate decarboxylase fadl (18), P450 monooxygenase
cyp3 (20) and itaconate transport protein ipl (19, 20); Itaconate cluster of U. maydis (red) (C): UMAG 05074 (cyp3),
UMAG_11229 (rdol), UMAG_05076 (tadl), UMAG_11777 (itpl), UMAG_11778 (adil), UMAG_05079 (mttl) and
UMAG 05080 (rial). Pathway of A. terreus was adapted from Steiger et al. [25].
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1.2.5.2 Itaconate production

To be competitive, the productivity of itaconate production should be 2.5 g L' h! [12], this is
far from best published values, since 4. ferreus has a long fermentation time of up to 45 days [21,
110]. The morphology of 4. terreus ranges from branched to densely mycelium masses [154] and
efficient itaconate production is only achieved in a pellet form with a diameter smaller < 0.5 mm
[23, 155, 156]. Thus, itaconate production is morphology-dependent in A. ferreus. Hence, the
control of morphology plays a major role in A. terreus; especially it is influenced by many factors.
In contrast, most Ustilaginaceae such as U. maydis produces itaconate with a stable yeast-like
growth behavior [95, 107, 137]. For many medium components like iron, zinc, calcium, cobalt,
nickel and especially manganese ions it is reported that they influence the morphology of 4. terreus
above a specific concentration or even inhibit key enzymes involved in itaconate production [22,
147, 156-160]. This represents a hurdle to decrease production costs with second generation
feedstock, such as (hemi)cellulosic fraction of wood, which contains a mixture of these elements.
This causes additional costs since the substrate has to be pretreated and if necessary, to purified
from the fermentation medium [157, 161]. Further, low pH values are necessary for mycelium
growth, otherwise, no itaconate is produced. It is assumed that low pH values induce relevant
enzymes for itaconate production [162]. Meanwhile, different pH strategies are established,
resulting in different titers, rates, and yields [131, 147]. Currently, highest titer with 160 g L1 is
achieved under pH control at 3.4 in the production phase [132]. For purification usually, itaconate
is crystallized by evaporation-crystallization systems. Different strategies were established to
achieve high quality and purity of itaconate [161, 163-169]. To reduce costs and purification steps
coming from by-product formations and impurities from substrates, reactive extraction can be
used. Since A4. terreus react sensitively against solvents, this method is in their infancy [107, 170].
Despite the drawbacks associated to the morphology of 4. terreus, A. terreus has been asserting
itself for 60 years as itaconate producing strain. Especially the fact that morphology is a burden to
improve itaconate production, new organisms should be established featuring a robust non-
filamentous phenotype that is insensitive towards feedstock impurities and thus allows itaconate
production in an efficient way. In the past, members of the Ustilaginaceae have particularly proven
themselves to be good organic acid producers [95]. Mainly because of their versatile range of
value-added chemicals, they became interesting for the biotechnology industry [126, 171, 172].
Since most of the members of Ustilaginaceae are plant pathogens, they were mostly investigated
in terms of pathogenicity. They mainly infect crops, such as maize, barley, corn, wheat, oats,
sorghum, and sugar cane [173]. They are responsible for high crop losses in the agricultural
industry and cause a great deal of economic damage. The most prominent member in terms of
itaconate production is U. maydis [171]. U. maydis is a well-established model organism for
studies of biotrophic plant-pathogen interaction [171, 174-176], cell biology, DNA repair, nRNA
transport and molecular methods and techniques [177-180]. In 2006, the genome sequence was
fully annotated which was the basis for further developments applying genetic engineering [181,
182] such as, FLP/FRT system [183], Golden Gate Cloning [184] and CRISPR/Cas9 system [185].
Further, strong and constitutive promoters (Potef, Poma) [186-188] and inducible promoters (crg!,
narl, mig, prfl) [189-191] were established and antibiotics (carboxin, hygromycin, nourseothricin,
phleomycin, geneticin) with their corresponding resistance cassettes are available [182, 192-196].
This development also made it possible to establish U. maydis as an itaconate producer. The
highest published titer for itaconate of 63 g L' so far was published by Geiser et al. [140].
However, especially its yeast-like growth behavior, resistance against osmotic pressure,
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hydromechanical stress, impurities, and its tolerance against high product concentrations, give
Ustilago a few advantages over Aspergillus [107, 171, 197]. Further, it can utilize several carbon
sources such as, glucose, glycerol, xylose, xylan, CM-cellulose, and homogenized plant tissue
[137, 171, 197-200]. So far U. maydis has not yet been able to assert itself against Aspergillus.
Although U. maydis has so many advantages, reached titers were still low compared to Aspergillus
and production was limited to pH values above 5. Lower pH values enable reduced base
consumption, easier downstream processing, and autosterility, which help to reduce the costs [8,
201]. But also members of Ustilaginaceae such as U. cynodontis are pH-tolerant organisms and
able to produce itaconate under low-pH conditions. [95]. Thus, U. cynodontis can be used as a pH-
tolerant production strain. It is also resistance against osmotic pressure, impurities, and is tolerance
against high product concentrations. Additionally, experience from U. maydis such as medium
composition and fermentation condition can be transferred from U. maydis to U. cynodontis.
However also, further improvement in U. maydis is possible, concerning the yield and the
fermentation process, especially its yeast-like growth makes it favorable in large-scale
fermentations [24, 140].
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1.3 Scope and outline of this thesis

The overall aim of this thesis was to establish efficient itaconate production hosts by strain
engineering and optimization of the fermentation process in the yeast-like Ustilago maydis and
pH-tolerant Ustilago cynodontis to enable a sustainable and bio-ecological process.
This chapter 1 is a general introduction and provides the necessary information for a bio-based
industry and the importance of building block chemicals, especially of the organic acids in terms
of market potential and applications. This includes advantages and disadvantages of itaconate
production in 4. terreus, U. maydis and U. cynodontis and their importance as microbial catalysts.

To enhance itaconate production in other Ustilaginaceae such as U. cynodontis, U. xerochloe, and
U. vertiveriae responsible gene cluster for itaconate biosynthesis were investigated in 13 strains
from seven species in chapter 3.1. The sequences of the gene cluster for itaconate synthesis were
analyzed and compared to the cluster of U. maydis, and the phylogenetic relationship of the
itaconate cluster transcription factor of Rialwas investigated. The itaconate gene cluster of
U. cynodontis was further investigated in chapter 3.3.

Chapter 3.2 investigates the roles of the extracellular and mitochondrial transporters which are
involved in itaconate production in U. maydis and A. terreus. In complementation studies and
systematic cultivation, it could be shown that involved transporters had different product affinities.
This knowledge enabled us to boost itaconate production remarkably in production strains
generated in chapter 3.3 and 3.5.

In chapter 3.3, the strong filamentously growing and pH-tolerant U. cynodontis was established as
itaconate production strain. Since no molecular tools were available, they were established based
on U. maydis plasmids and methods. After that morphological engineering was applied to modify
the strong filamentous growth into stable yeast-like growth. Responsible genes for filamentous
growth were determined by BLAST and compared to U. maydis. The deletion of these genes
resulted in stable yeast-like growth under process-relevant conditions. For further enhancement of
itaconate production in U. cynodontis by metabolic engineering, the clarification of the genes
belonging to the itaconate cluster, which was annotated in chapter 3.1 was necessary. These
findings allowed to increase U. cynodontis itaconate production up to 6.5-fold compared to the
wildtype. Furthermore, first fermentation experiments confirmed stable yeast-like behavior in
bioreactor systems.

In chapter 3.4, production strains that were generated in chapter 3.3 were further investigated in
bioreactors. Itaconate production with U. cynodontis could be further improved by determination
of the optimal pH value combined with process optimizations and different feeding strategies.
Thereby titer, rate, and yield could be increased drastically for itaconate.
In chapter 3.5, we could combine recently published metabolic engineering strategies with
discovered morphological improvements from chapter 3.2 and 3.3 in U. maydis. This powerful
combination led to the highest produced itaconate titer achieved in a biotechnological process.
This thesis clearly demonstrates the potential of the pH-tolerant U. cynodontis and yeast-like
U. maydis as itaconate production organisms. Building on previous works, significant increases
were achieved, and it was confirmed that Ustilago is on the right track to make the itaconate
production process more sustainable and cost-effective. Based on the results, further optimizations
should be continued in the future in order to achieve the primary goal of an environmentally
friendly and sustainable process.
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2 Material and Methods

2.1 Plasmid cloning- and strain engineering

All strains that were used and created in this thesis are listed with their genotypes, their origin,
and the internal institute number in Table 5. All Plasmids (instead of pETEF_CbxR_At mtt4 and
pETEF _CbxR At mfsA) were assembled by Gibson assembly [202] using the NEBbuilder HiFi
DNA Assembly kit (New England Biolabs, Ipswich, MA, USA). Primers were ordered as
unmodified DNA oligonucleotides from Eurofins Genomics (Ebersberg, Germany). As
polymerase Q5 High-Fidelity Polymerase was used. Detailed information about utilized primers
and plasmids are listed in Table 13 and Table 14. All assembled or ordered plasmids were
subcloned into E. coli 108 from New England Biolab or E. coli Dh5a and confirmed by PCR,
restriction or sequencing. Standard cloning techniques for E. coli were performed according to
Sambrook et al. [203].

To constitutively express the transporter genes m#tA (ATEG_09970) and mfs4 (ATEG_09972) in
Ustilago maydis, these genes were synthesized in vitro (GeneArt Life Technologies, Regensburg,
Germany). Since U. maydis tends to pre-maturely polyadenylate heterologous mRNA [204], the
sequence was di-codon optimized via the dicodon optimizer (http://dicodon-
optimization.appspot.com/). Repeats of >8 bp lengths were manually edited. The full synthetic
sequences are shown in the appendix (D1 and D2). The synthesized genes were subcloned into
vector pETEF_GFP_CBX Q018 [186, 188] using BamHI and Notl restriction sites resulting in
the plasmids pETEF CbxR At mittA and pETEF CbxR_At mfsA (Figure 51). The constructs
were confirmed by sequencing by Life Technologies, Germany.

For the deletion of genes in Ustilaginaceae, homologous recombination with 1,000 bp flanking
regions (F1, F2) and a hygromycin cassette were used. In some cases, constructs had FRT-sites
additionally and were recycled afterward by Flp-Frt recombination with pFLPexpC [183] and are
specified in the corresponding chapters. Marker recycled strains are indicated with a superscript ".
For transformation, preparation of protoplasts and isolation of genomic DNA of Ustilago maydis,
U. cynodontis, U. vetiveriae, U. xerochloae, P. tsukubaensis, P. hubeiensis and S. iseilematis
protocols according to Brachmann ef al. [182] were used. For random or site-specific integration
of overexpression constructs into the genome of the different Ustilaginaceae, plasmids (Peres
Pt rial, Pee Si rial, Peae Uc rial, Peor Umag rial-cbx, pETEF CbxR At mittA,
pETEF _CbxR_At mfsA, pNATIV_Uc rial and pUma43) were linearized by Sspl except of Peter
Pt rial which was linearized by Bsrgl and pETEF hyg mtt4 which was linearized by Xmnl. For
exchange of the promoter of rial CRISPR/Cas9 system was used according to [185] and sgRNA
has been selected online with http://www.e-crisp.org/E-CRISP/[205]._A donor-template was used

to exchange the native promoter with the strong and constitutive Peer. General integration was
verified by PCR and sequencing, and single or multiple integrations by southern blot.
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Table 5. Ustilaginaceae used in this study.

Strain designation Resistance | Reference/GenBank/ | iAMB
Ustilago maydis DSM 17144 (Ustilago maydis MB215) wild type AACP00000000 [206] | 2229
Ustilago maydis DSM 17144 Peer Umag_rial cbx® this study 2366
Ustilago maydis DSM 17144 Pt Uc_rial cbx® this study 4325
Ustilago maydis DSM 17144 Per Pt_rial cbx® this study 4324
Ustilago maydis DSM17144 Pt Si_rial cbx® this study 4327
Ustilago maydis DSM17144 AUmag_rial hygR [207] 2112
Ustilago maydis DSM17144 AUmag_rial Peer Umag rial hygR, cbx® | [207] 2374
Ustilago maydis DSM17144 AUmag _rial Peer Uc_rial hyg®, cbx® | this study 4302
Ustilago maydis DSM17144 AUmag_rial Peer Pt rial hygR, cbx® | this study 4300
Ustilago maydis DSM17144 AUmag_rial Peer Si_rial hyg®, cbx® | this study 4305
Ustilago maydis ATCC22892 wild type LY0000000000 2162
Ustilago maydis ATCC22904 wild type LZQT00000000 2172
Ustilago maydis ATCC22901 wild type LZNJ00000000 2169
Ustilago maydis ATCCbA22899 wild type LYZD00000000 2167
Ustilago maydis AB33P5A wild type [188]/ LZQU00000000 | 3260
Ustilago maydis AB33P5A Puer Umag rial cbx® this study 3562
Ustilago maydis AB33P5A Peer Uc_rial cbx® this study 4350
Ustilago maydis AB33P5A Peer Pt _rial cbx® this study 4348
Ustilago maydis AB33P5A Per Si_rial cbx® this study 4353
Ustilago vetiveriae CBS131474 wild type MAIMO00000000 2220
Ustilago vetiveriae CBS131474 Peer Umag_rial cbx® [208] 3550
Ustilago vetiveriae CBS131474 Pt Uc_rial cbx® this study 4314
Ustilago vetiveriae CBS131474 Pecs Pt _rial cbx® this study 4312
Ustilago vetiveriae CBS131474 Per Si_rial cbx® this study 4317
Ustilago xerochloae CBS131476 wild type MAIN00000000 2210
Ustilago xerochloae CBS131476 Pt Umag rial cbx® this study 3556
Ustilago xerochloae CBS131476 P Uc_rial cbx® this study 4321
Ustilago xerochloae CBS131476 Pewr Pt _rial cbx® this study 4319
Ustilago xerochloae CBS131476 Pt Si_rial cbx® this study 4323
Ustilago cynodontis CBS131467 wild type LZQV00000000 2217
Ustilago cynodontis CBS131467 Peer Umag_rial cbx® this study 4166
Ustilago cynodontis CBS131467 Peer Uc_rial cbx® this study 4308
Ustilago cynodontis CBS131467 Peer Pt _rial cbx® this study 4306
Ustilago cynodontis CBS131467 Peer Si_rial cbx® this study 4310
Ustilago cynodontis NBRC9727 wild type LZZ7700000000 2706
Ustilago cynodontis NBRC9727 Peer Umag rial cbx® this study 4164
Ustilago cynodontis NBRC9727 Peer Uc_rial cbx® this study 4338
Ustilago cynodontis NBRC9727 Peer Pt _rial cbx® this study 4334
Ustilago cynodontis NBRC9727 Pt Si_rial cbx® this study 4335
Pseudozyma tsukubaensis NBRC1940 wild type MATP00000000 2710
Pseudozyma tsukubaensis NBRC1940 Peer Umag rial cbx® this study 4169
Pseudozyma tsukubaensisNBRC1940 Pt Uc_rial cbx® this study 4340
Pseudozyma tsukubaensis NBRC1940 Per Pt _rial cbx® this study 4339
Pseudozyma hubeiensis NBRC105055 wild type MAIO00000000 2698
Pseudozyma hubeiensis NBRC105055 Peer Umag_rial cbx® this study 4162
Pseudozyma hubeiensis NBRC105055 Peer Uc_rial cbx® this study 4330
Pseudozyma hubeiensis NBRC105055 Pt Pt_rial cbx® this study 4328
Pseudozyma hubeiensis NBRC105055 Peer Si_rial cbx® this study 4332
Sporisorium iseilematis-ciliati BRIP60887a wild type MJEU00000000 2838
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Sporisorium iseilematis-ciliati BRIP60887aPucfUmag rial cbx® this study 4170
Sporisorium iseilematis-ciliati BRIP60887a Peer Uc_rial cbx® this study 4344
Sporisorium iseilematis-ciliati BRIP60887a Pews Pt _rial cbx® this study 4342
Sporisorium iseilematis-ciliati cbx® this study 4347
Ustilago maydis DSM17144 AUm_mtt] hygR [139] 2110
Ustilago maydis DSM17144 AUm_mttI4P o Um_mt] hygR®, cbx® | [207] 2318
Ustilago maydis DSM17144+P .o Um_mit] cbx® this study 2364
Ustilago maydis DSM17144 AUm_mtt1+PeerAt_mttA hygR, cbx® | this study 3092
Ustilago maydis DSM17144+P s At_mttA cbx® this study 3223
Ustilago maydis DSM17144 AUm _itpl hygR, [139] 2329
Ustilago maydis DSM17144 AUm_itp 1+Peer Um_itpl hygR, cbx® | [207] 2312
Ustilago maydis DSM17144+P .. Um_itp1 cbx® [139] 2360
Ustilago maydis DSM17144 AUm_itp 1+Peer At_mfsA hygR®, cbx® | this study 3150
Ustilago maydis DSM17144+P r At_mfsA cbx® this study 3153
Ustilago cynodontis NBRC9727 + pNEBUC cbx® this study 3709
Ustilago cynodontis NBRC9727 + pSMUT cbx® this study 3712
Ustilago cynodontis NBRC9727 + pNEBUN cbxR® this study 3710
Ustilago cynodontis NBRC9727 + pNEBUP cbx® this study 3711
Ustilago cynodontis NBRC9727 + pUMa43 cbx® this study 5240
Ustilago cynodontis NBRC9727 Aras?2 hygR this study 4135
Ustilago cynodontis NBRC9727 Afuz7 hygt this study 4136
Ustilago cynodontis NBRC9727 Aubc3 hygR this study 4137
Ustilago cynodontis NBRC9727 Afuz7" this study 4228
Ustilago cynodontis NBRC9727 Amttl hygR this study 4513
Ustilago cynodontis NBRC9727 Aitpl hygR this study 4514
Ustilago cynodontis NBRC9727 Afuz7" Acyp3 hygR this study 4470
Ustilago cynodontis NBRC9727 Afuz7" Acyp3" this study 4595
Ustilago cynodontis NBRC9727 Afuz7" Arial hygt this study 4482
Ustilago cynodontis NBRC9727 Afuz7 " Arial" this study 4596
Ustilago cynodontis NBRC9727 Afuz7" Acyp3" Priarial cbx® this study 4852
Ustilago cynodontis NBRC9727 Afuz7" Acyp3® PeemitA cbx®, hygt | this study

Priasrial 4853
Ustilago maydis DSM17144 Acyp3 Peerial cbx®, hygt | [140] 3025
Ustilago maydis DSM 17144 Acyp3 Joh. B. unpublished 3785
Ustilago maydis DSM17144 Acyp3 APiar::Peser #1 this study 4174
Ustilago maydis DSM17144 Acyp3 AP ia1::Pees #2 this study 4175
Ustilago maydis DSM17144 Acyp3 Afuz7 APjias::Peer hygt this study 4186
Ustilago maydis DSM17144 Acyp3 APyia::Peser Afitz7 PerggmttA | cbx®, hyg® | this study 4287

2.2 Culture conditions

E. coli strains were grown in medium containing 10 g L™ peptone, 5 g L! sodium chloride, 5 g
L glucose. Ustilaginaceae were grown in YEPS medium containing, 10 g L™ yeast extract, 10 g
L! peptone, and 10 g L' sucrose.

Growth and production experiments of Ustilaginaceae were performed using screening medium
according to Geiser et al. [95] with varying C-source concentrations, C-sources, supplements,
buffer concentrations of 2-(N-morpholino) ethanesulfonic acid (MES), and CaCOj as indicated.
This medium further contained various concentrations of NHCl as indicated, 0.2 g L
MgS04-7H,0, 0.01 g L' FeSO4-7H20, 0.5 g L' KH,PO4, I 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
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pantothenate, 1g nicotinic acid, 25 g myo-inositol, 1g thiamine hydrochloride, 1g pyridoxol
hydrochloride, and 0.2 g para-aminobenzoic acid. The trace element solution contained (per liter)
15 g EDTA, 0.45 g of ZnSO47H:0, 0.10 g of MnCl2>-4H-0, 0.03g of CoCl>:6H20, 0.03 g of
CuSO04-5H,0, 0.04 g of NaxM0O4-2H,0, 0.45 g of CaCl2-2H>0, 0.3 g of FeSO4:7H20, 0.10 g of
H3BO3, and 0.01 g of KI. Shaking cultures of Ustilaginaceae and mutants strains were performed
in System Duetz® (24 well plates, Enzyscreen, Netherlands) with a filling volume of
1.5mL (d =50 mm, n =300 rpm, T = 30 °C and ® = 80 %) or in 500 mL shaking flasks with a
filling volume of 50 mL (d=25 mm, n =200 rpm, T = 30 °C and ® = 80 %) as indicated. Cultures
were inoculated to a final ODgoo of 0.5 with cells from an overnight culture in 50 mL screening
medium containing 50 g L™ glucose and 100 mM MES buffer. If System Duetz® was used [209],
cultures were parallel inoculated into multiple plates, and for each sample point, a complete plate
was taken as a sacrificial sample in order to ensure continuous oxygenation. For repeated batch
cultivation in shake flask cultivation was performed in screening medium according to Geiser et
al. [95] containing 33 g L' CaCOs and 50 g L'! glucose. The cultures were centrifuged at 1,473 g
for 5 min at 30 °C with a Heraeus Megafuge 16R (Thermo Scientific) and a TX-400 rotor (Thermo
Scietific). For subsequent cultivation, the cells were re-suspended in screening medium containing
25 g L' CaCO; without NH4Cl and 50 g L™ glucose.

Controlled batch cultivations in chapter 3.2 were performed in a New Brunswick BioFlo® 110
(Eppendorf, Germany).In chapter3.3, 3.4, and 3.5. New Brunswick BioFlo®/CelliGen® 115 was
used (Eppendorf, Germany). The Eppendorf BioFlo® 120 bioprocess control station (Eppendorf,
Germany) was used in combination with the online glucose measurement system from Trace
Analytics (Trace Analytics, Germany) in chapter 0 as indicated. A total volume of 1.3 L and a
working volume of 0.5 L were used. For fermentations with CaCOj or if the glucose online
measurement system of Trace Analytics was used a total volume of 2.0 L and a starting volume of
1.0 L was used. All cultivations were performed in batch medium according to Geiser et al. [140]
containing 0.2 g L' MgS04-7H20, 0.01 g L FeSO4-7H20, 0.5 g L' KH2PO4, 1 g L yeast extract
(Merck Millipore, Germany),] mL L vitamin solution, 1 ml L trace element solution and
varying concentrations of glucose and NH4Cl, as indicated. During cultivation, pH 6 was
maintained by an automatic addition of 10 M NaOH or pH was kept above 6.2 by manual addition
of CaCOs, as indicated. The dissolved oxygen tension (DOT) was kept constant at approximately
80 % air saturation by automatic adjustment of the stirring rate (700—1200 rpm), otherwise stirring
rate was constant at 1000 or 1200 rpm, as indicated. The bioreactor was aerated with an aeration
rate of 1 L min! (2 vvm) for a working volume of 0.5 L or 2 L min™ (1 vvm) for total volume of
2 L, while evaporation was limited by sparging the air through a water bottle. The temperature was
set at 30°C. The bioreactor was inoculated to a final ODggo of 0.75 with cells from an overnight
culture in 50 mL screening medium containing 50 g L™! glucose and 100 mM MES buffer.

For repeated-batch in a bioreactor chapter 3.4, the culture was centrifuged for 5 min to 20 min at
80 g and afterward re-suspended in 0.5 L batch medium without NHsCL and 0.5 g ! yeast extract.

2.3 Analytical methods

Cell densities were measured by determining the absorption at 600 nm with an Ultrospec 10
Cell Density Meter (Amersham Biosciences, Chalfont St Giles, UK).
To measure the cell density non-invasively the cell growth quantifier (CGQ) was used (Aquila
biolabs GmbH, Germany) and every 15. measuring point is shown. For CDW determination 1 mL
culture broth was centrifuged at maximum speed (Heracus Megafuge 16R, TX-400 rotor, Thermo
Scientific) and the pellet was dried (Scan Speed 40 lyophilizer, Labogene ApS) for 24 h at 38 °C

22



Material and methods

and weighed afterward.

For microscopy the ODgoo of the culture was adjusted to 5 with 0.9 % NaCl. Differential
interference contrast (DIC) microscopy was performed with a Leica DM500 light microscope
(Leica Microsystems). Images were recorded with a Leica ICC50 digital microscope camera
(Leica Microsystems). Images were taken at 100-, 630-, and 1000-fold magnification. The cell
morphology was analyzed by microscopy at different time points in all cultivations.

The ammonium concentration in the culture supernatant was measured by a colorimetric method,
according to Willis et al.[210] using salicylate and nitroprusside.

Products and substrates in the supernatants were analyzed in a DIONEX UltiMate 3000 High
Performance Liquid Chromatography System (Thermo Scientific, Germany) with an ISERA
Metab AAC column 300 x 7.8 mm column (ISERA, Germany) with a DIONEX UltiMate 3000
Variable Wavelength Detector set to 210 nm and a refractive index detector SHODEX RI-101
(Showa Denko Europe GmbH, Germany) or in a Beckmann Coulter System Gold High
Performance Liquid Chromatography (Beckmann Coulter GmbH, Germany) with an Organic Acid
Resin 300 x 8 mm column (CS-Chromatography, Germany), a differential refractometer LCD 201
(MELZ, Germany) and  UV/VIS detector (Thermo Fischer, Germany).
As solvent 5 mM H>SO4 with a flow rate of 0.6 mL min™' and a temperature of 40°C was used. All
samples prepared with HCI were filtered with Acrodisc® Syringe Filters (GHP, 0.20 um, @
13 mm) and the rest with Rotilabo® syringe filters (CA, 0.20 um, @ 15 mm) and afterward diluted
with 5 mM HzSOa. All components were identified via retention time and UV/RI quotient
compared to corresponding standards.

Synthesized (S)-2-hydroxyparaconate (purity ~ 70%) was used as the HPLC standard for
quantification and hence the indicated (S5)-2-hydroxyparaconate values should be taken as rough
estimates only [140]. Since no standards of itatartarate are commercially available, this compound
was analyzed relatively based on HPLC peak area (mAU*min) using the UV detector.

All experiments were performed in four replicates unless stated. Otherwise, occasional analytical
outliers were excluded. Error indicates the deviation from the mean forn=2, if n> 2 error indicates
the standard error of the mean. In chapter 3.1 statistical analysis was performed using unequal
variances t-test with unilateral distribution (P values: <0.01 were considered significant and
indicated in figures with *). In chapter 3.2, Statistical differences between batch cultures in System
Duetz plates were determined by 1-way ANOVA with Turkey HSD for Post-Hoc analysis
(p<0.05). In chapter 3.3, 3.4, and 3.5 statistical significance was assessed by t-test (two-tailed
distribution, heteroscedastic, p < 0.05).

2.4 Genome sequencing

Genomic DNA was isolated by standard phenol-chloroform extraction [211]. Eurofins
Genomics (Ebersberg, Germany) created the library using the NEBNext® Ultra DNA Library Prep
Kit for Illumina® (Art No E7370), and sequenced the library using an Illumina HiSeq2500
machine with TruSeq SBS kit v3 both according to manufacturer’s instructions. The sequencing
mode was 1x100, and the processing used the HiSeq Control software 2.0.12.0 RTA 1.17.21.3
bel2fastq-1.8.4. A Quality check of the sequence data was performed with FastQC (Version
0.11.2). The SPAdes-3.7.0-Linux pipeline was used for de novo genome assembly of single-read
libraries and read error or mismatch correction including BayesHammer, [OnHammer, SPAdes,
MismatchCorrector, dipSPAdes, and truSPAdes. The k-mer size was determined to 55 using
VelvetOptimiser Version 2.2.5. The Whole Genome Shotgun sequences have been deposited in
DDBIJ/ENA/GenBank. Their accession numbers are listed in Table 5.
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2.5 Phylogenetic analyses

The evolutionary history of itaconate cluster DNA sequences was inferred using the Neighbor-

Joining method [212] after alignment via ClustalW algorithm with the MEGA 7: Molecular
Evolutionary Genetics Analysis version 7.0 for bigger datasets Alignment Explorer. The optimal
tree with the sum of branch length = 1.88603985 is shown. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Maximum Composite Likelihood method
[213] and are in the units of the number of base substitutions per site. The analysis involved 13
nucleotide sequences. All positions containing gaps and missing data were eliminated. There were
a total of 10874 positions in the final dataset. Evolutionary analyses were conducted in MEGA7
[214].
For the phylogenetic tree of Rial, protein sequences were aligned via ClustalW (codon) algorithm
with MEGA 7 [214]. The evolutionary history was inferred using the Neighbor-Joining method
[212]. The optimal tree with the sum of branch length = 2.49320505 is shown. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the Poisson correction
method [215] and are in the units of the number of amino acid substitutions per site. The analysis
involved 13 amino acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 269 positions in the final dataset. Evolutionary analyses were
conducted in MEGA7 [214].
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Results

3 Results

3.1 Evolutionary freedom in the regulation of the conserved itaconate cluster Rial in
related Ustilaginaceae

3.1.1 Abstract

Itaconate is getting growing biotechnological significance, due to its use as a platform
compound for the production of bio-based polymers, chemicals, and novel fuels. Currently,
Aspergillus terreus is used for its industrial production. The Ustilaginaceae family of smut fungi,
especially Ustilago maydis, has gained biotechnological interest, due to its ability to naturally
produce this dicarboxylic acid. The unicellular, non-filamentous growth form makes these fungi
promising alternative candidates for itaconate production. Itaconate production was also observed
in other Ustilaginaceae species such as U. cynodontis, U. xerochloae, and U. vetiveriae. The
investigated species and strains varied in a range of 0 to 8 g L! itaconate. The genes responsible
for itaconate biosynthesis are not known for these strains and therefore not characterized to explain
this variability. Itaconate production of 13 strains from 7 species known as itaconate producers
among the family Ustilaginaceae were further characterized. The sequences of the gene cluster for
itaconate synthesis were analyzed by a complete genome sequencing and comparison to the
annotated itaconate cluster of U. maydis. Additionally, the phylogenetic relationship and inter-
species transferability of the itaconate cluster transcription factor Rial was investigated in detail.
Doing so, itaconate production could be activated or enhanced by overexpression of Rial
originating from a related species, showing their narrow phylogenetic relatedness.

3.1.2 Introduction

Secondary metabolites are organic, naturally produced, bioactive compounds with low
molecular weight, that are produced by fungi, bacteria, and plants via pathways not belonging to
the primary metabolism of this organism [216, 217]. In 2000, a literature survey identified more
than 23,000 already discovered secondary metabolites mainly from the fungal kingdom [217,218].
Closely related species usually produce related compounds, and each compound is produced in a
highly-narrowed taxonomy [216, 219]. Genes coding for the biosynthesis of secondary metabolites
is usually co-localized in a gene cluster with a size of approximately over 10,000 bp depending on
the complexity of the metabolite and regions of non-coding base pairs of up to 2000 bp between
the coding genes [216, 220, 221]. In cases of polyketide synthases, these regions are more extended
[222]. These clusters contain genes coding for corresponding biosynthesis enzymes and
transporters, regulatory proteins like transcription factors, and optionally modifying enzymes.
Secondary metabolite clusters are often controlled by a complex regulatory network [223]. Several
levels of regulation exist, which allow the organism to respond to various environmental
influences. Transcription of these clusters can be regulated either by specific/narrow-domain or by
global/broad-domain transcription factors or regulators or a combination thereof. Alternatively,
regulation can be chromatin-mediated by histone acetylation or methylation [223].

Itaconate and its lactone (S)-2-hydroxyparaconate are examples of secondary metabolites.
Itaconate is produced by fungi like Aspergillus terreus and Ustilago maydis, but also by less well-
known Ustilaginaceae species, such as Ustilago cynodontis, Ustilago vetiveriae, and Ustilago
xerochloae [95, 108, 126, 208]. Itaconate has industrial applications as a co-monomer, for
example, in the production of acrylonitrile-butadiene-styrene and acrylate latexes in the paper and
architectural coating industries [110]. According to an independent evaluation report of the U.S.
Department of Energy (DoE) in 2004 [12], itaconate was assigned to be among the top 12 building
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blocks with a high biotechnological potential, enabling a conversion into a range of new interesting
molecules such as 2-or 3-methyltetrahydrofuran with applications as novel biofuels [224, 225].
Recent studies showed that genes for the biosynthesis of itaconate are co-localized in the genome
and co-regulated in U. maydis [139], and therefore fulfilling the main criteria to be a secondary
metabolite. U. maydis’ itaconate cluster (GenBank: KT852988.1) contains two itaconate
biosynthesis genes UMAG_tadl and UMAG adil encoding a trans-aconitate decarboxylase
(Tadl) and an aconitate- d-isomerase (Adil), and two transporter genes UMAG itpl and
UMAG mitl encoding an itaconate transport protein (Itpl) and a mitochondrial tricarboxylate
transporter (Mttl), respectively (Figure 9). Their expression is co-regulated by the transcriptional
regulator Rial, also encoded in this cluster, which is considered as an itaconate cluster
specific/narrow domain transcription factor, triggering the transcription of the itaconate
biosynthesis genes [139]. Overexpression of UMAG rial upregulated the expression of
biosynthesis core-cluster genes and transporters [139]. Additionally, the (S)-2-hydroxyparaconate
biosynthesis gene UMAG cyp3 encoding the cytochrome P450 family three monooxygenase Cyp3
and UMAG rdol encoding a putative ring-cleaving dioxygenase is adjacent to the itaconate gene
cluster of U. maydis, the former of which converts itaconate to (S)-2-hydroxyparaconate [140].
Further, it was reported by Guevarra and Tabuchi that (S)-2-hydroxyparaconate is converted to
itatartarate by a lactonase [126, 136]. UMAG cyp3 and UMAG rdol are not part of the core cluster
and not directly upregulated by overexpression of UMAG rial [139]. However, all itaconate
cluster genes, including the two adjacent to the core cluster, UMAG cyp3, and UMAG rdol, are
strongly upregulated during teliospore formation in the late biotrophic growth stage during plant
colonization [226-228].
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Figure 9. Proposed intracellular organization of the (S)-2-hydroxyparaconate biosynthesis pathway in U. maydis. Cis-aconitate is
secreted by the mitochondrial tricarboxylate transporter Mttl. In the cytosol cis-aconitate is converted into itaconate via the
intermediate frans-aconitate. Itaconate can be further converted to (S)-2-hydroxyparaconate by Cyp3. (S)-2-hydroxyparaconate
might be converted to itatartarate with the help of Rdol. Secretion of itaconate and possibly (S)-2-hydroxyparaconate and
itatartarate into the medium is mediated by the major facilitator Itpl. Updated pathway from Geiser et al., 2016 [140].

The number of so far undiscovered secondary metabolites produced by enzymes encoded by
cryptic or orphan gene clusters is innumerably high [229, 230]. However, the availability of
numerous whole fungal genome sequences and in silico gene prediction by bioinformatic
algorithms, such as SMURF [231], MiBiG [232], antiSMASH [233], and FungiFun [234], allow
the identification of these cryptic gene clusters. These bioinformatic tools enable ‘genome mining’
via comparison of protein sequence and structure homology. Traditional ways of activating the
expression of secondary metabolites clusters include the variation in the cultivation conditions,
such as medium, pH, temperature, aeration, or light, or co-cultivation with other microbes to
simulate the natural expression conditions [223]. Often these physiological or ecological triggers
are not sufficient to activate these clusters, and therefore, several strategies have been developed
to induce undiscovered silent secondary metabolite cluster [223]. The most prominent strategies
are genetic engineering approaches: the overexpression of a cluster-specific transcription factor
gene allowing the increased expression of the whole cluster [229]. In this case, the overexpression
of the enzymes encoded within the cluster leads to various products, a potential challenge for
natural product production [229]. Also besides, the endogenous promoters of secondary
metabolism biosynthesis genes can be exchanged for strong inducible or constitutive promoters or
global regulators can be overexpressed or deleted. A prominent example of the activation of a
silent gene cluster is the overexpression of the transcriptional regulator gene apdR in Aspergillus
nidulans, which induced the expression of all cluster genes, leading to the discovery of the
cytotoxic aspyridones [229]. Itaconate production is naturally induced by nitrogen limitation in
U. maydis and was also observed in other related Ustilaginaceae species such as U. cynodontis,

31



Chapter 3

U. xerochloae, U. vetiveriae that show high potential to be promising and effective itaconate
producers [95, 208, 235]. However, the investigated species and strains varied in their product
spectra and the amount of secreted product. Among the species, individual strains of U. maydis
differed profoundly in their itaconate and (S)-2-hydroxyparaconate production [95]. Some of the
species investigated, for example U. vetiveriae strain CBS 131474, produced itaconate or
(8)-2-hydroxyparaconate only with glycerol as carbon source. Also, itaconate production varied
depending on extracellular pH. While in wild type U. maydis itaconate production is only possible
in the pH-range of 5 to 7, U. cynodontis strains also produce itaconate at pH values below 3. The
genes responsible for itaconate biosynthesis and how they are regulated to explain this variation
in production levels and environmental inputs are not known for these specific strains.

In the current study, 13 itaconate producers of the Ustilaginaceae family were further characterized
by their itaconate cluster sequence-function relationship. The itaconate gene clusters of these
strains were identified by genome sequencing [235] and comparison to the annotated itaconate
cluster of U. maydis strain MB215. To explore the evolutionary conservation of regulation of the
itaconate cluster in respect to itaconate production by members of the Ustilaginaceae family, the
phylogenetic relationship and inter-species transferability of the itaconate cluster transcription
factor Rial was investigated. Itaconate production could be activated or enhanced by
overexpression of Rial originating from related species. This is the first time that activation of
silent itaconate clusters by overexpression of a cluster-specific transcription factor in
Ustilaginaceae species other than U. maydis is shown.

3.1.3 Results and discussion

3.1.3.1 Variation in itaconate and (S)-2-hydroxyparaconate production among Ustilaginaceae

Previous studies showed a high variation in natural itaconate production among related
Ustilaginaceae species cultured on glucose and glycerol as carbon sources [95, 208]. Besides their
varying amounts of product and product spectrum, they also differed in their efficiency of carbon
utilization. Some of the species produced itaconate only on a single carbon source like glycerol or
glucose. These differences motivated us to investigate itaconate and derivates production on
glucose and glycerol in more detail (Figure 10 and Figure 11). U. maydis AUmag rial was used
as a negative control since the transcriptional regulator gene ria/ is deleted and therefore itaconate
production abolished. In U. maydis strain AB33P5A five extracellular proteases are deleted [188].
With these deletions, the strain is well suited for the secretion of heterologous or intrinsic
extracellular biomass degrading CAZymes. This strain would be an optimal candidate for the
synthesis of itaconate or other valuable chemicals directly from biomass-derived substrates[236].
However, it does not produce itaconate, and the lack of extracellular proteases significantly
reduces the growth rate of this mutant.
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Figure 10. Itaconate and (S)-2-hydroxyparaconate production by various species in the Ustilaginaceae cultivated on glucose and
glycerol. Itaconate and (S)-2-hydroxyparaconate concentrations after 120 h or 384 h System Duetz® cultivations in screening
medium with glucose or glycerol, respectively. The U. maydis AUmag_rial mutant derived from wild type strain MB215 was used
as a negative control. Error bars indicate standard deviation from the mean (n=3).
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Figure 11. Malate and itatartarate production by various Ustilaginaceae on glucose and glycerol. Malate concentrations and
itatartarate UV area after 120 h or 384 h System Duetz® cultivations in screening medium with glucose or glycerol, respectively.
U. maydis MB215 AUmag_rial was used as a negative control. Error bars indicate standard deviation from the mean (n=3).

All wild type strains consumed at least 50% of the glucose in the 120 h except
U. maydis AB33P5A, which utilized 40% (Figure 12). The growth on glycerol is slower in
comparison to glucose. Therefore samples were taken after 384 h. At this time point, all strains
consumed at least 30% of the glycerol, except of U. maydis AB33P5A, which used 13% (Figure
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12). Most U. maydis strains produced itaconate only on glucose as the carbon source, whereas
U. vetiveriae, P. tsukubaensis, and S. iseilematis-ciliati did so only on glycerol. U. cynodontis and
U. xerochloae produced itaconate on both carbon sources. U. maydis AB33P5A,
U. maydis AUmag_rial, and P. hubeiensis did not produce itaconate at all. Since
(S)-2-hydroxyparaconate and itatartarate are derivatives from itaconate [126], the production of
these compounds was also investigated. (S)-2-hydroxyparaconate production of the tested strains
on glucose and glycerol was similar to itaconate production (Figure 12), except of P. tsukubaensis,
which only produced itaconate. Also, estimated itatartarate production levels showed a similar
trend compared to (S)-2-hydroxyparaconate production except for S. iseilematis-ciliati, which did
not to produce itatartarate (Figure 11). Previous studies showed a negative correlation between
itaconate and malate production [97]. Therefore malate production was also determined. All strains
produced malate on glucose and glycerol except for U. maydis AB33P5A and S. iseilematis-ciliati,
which produced malate only on glycerol (Figure 11). In general U. maydis strains showed the
highest malate titers. These results are in accordance with our previous study [95].

A possible reason for these varying titers of itaconate and its derivatives could be differences in
the sequences of the itaconate and (S)-2-hydroxyparaconate biosynthesis genes, or the genetic
inventory of these genes. Furthermore, different regulation or relative expression levels of the
biosynthesis genes could cause varying production [217, 223]. Due to the targeted disruption of
the genes encoding its five proteases, U. maydis strain AB33P5A is a slow-growing strain in
comparison to wild type and other Ustilaginaceae strains, possibly caused by different timing of
the strains concerning C- or N-source utilization or their growth rate [237]. To gain a deeper
understanding of the sequence-function relationship between itaconate/(S)-2-hydroxyparaconate
biosynthesis genes and production, the genomes of 13 Ustilaginaceae were analyzed and genes
related to the synthesis of these secondary metabolites annotated and characterized.
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3.1.3.2  Genetic differences in the itaconate biosynthesis cluster

The Whole Genome Shotgun sequences of Ustilago maydis MB215 (DSM17144),

Ustilago maydis ATCC 22892, Ustilago maydis ATCC22904, Ustilago maydis ATCC22901,
Ustilago maydis ATCCbA22899, Ustilago maydis AB33P5A, Ustilago vetiveriae CBS131474,
Ustilago xerochloae CBS131476, Ustilago cynodontis CBS131467, Ustilago cynodontis
NBRC9727, Pseudozyma tsukubaensis NBRC1940, Pseudozyma hubeiensis NBRC105055, and
Sporisorium iseilematis-ciliati BRIP60887a have been deposited in DDBJ/ENA/GenBank [235].
Their accession numbers are listed in Table 5. To find the genes responsible for itaconate and
(S)-2-hydroxyparaconate biosynthesis in these sequenced strains, the protein sequences encoded
in the U. maydis MB215 itaconate biosynthesis cluster (GenBank KT852988.1) were used as
queries against the Whole Genome Shotgun sequences database using the tBLASTn algorithm
[140, 238]. Multiple hits with neighboring genes were defined as putative itaconate clusters. For
cluster annotation, the highest resulting homologous sequences were further analyzed using the
online tool “Augustus gene prediction” to identify start/stop codons and exons [239], followed by
manual curation. Furthermore, protein sequences of U. maydis MB215 were compared to the
predicted proteins of the investigated Ustilaginaceae using the global protein sequence multiple
alignment tool (BLOSUM 62) [240] in Clone Manager 9 Professional Edition. The protein
sequence identity of the investigated Ustilaginaceae proteins compared to the itaconate cluster of
reference strain U. maydis MB215 is presented in (Figure 13B). Additionally, the phylogenetic
tree based on the DNA sequences of itaconate clusters of different Ustilaginaceae indicates the
phylogenetic relationship among the chosen strains (Figure 13A).
Exact phylogenetic classification among Ustilaginaceae is challenging, with several species being
renamed based on a new analysis of indicator genes such as nuclear ribosomal RNA genes [241-
243]. Wang et al. especially mentioned that strains in the genus Pseudozyma have an uncertain
phylogenetic position due to the taxonomic confusion between their teleomorphic genera [244].
Therefore, a phylogenetic relation is shown based on the DNA sequence of the itaconate cluster
(Figure 13A).
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Figure 13. Itaconate cluster composition of selected Ustilaginaceae and a phylogenetic tree of these genes. A: Phylogenetic tree
based on the DNA sequences of itaconate clusters of different Ustilaginaceae. The optimal tree with the sum of branch length =
1.88603985 is shown. The evolutionary distances are in the units of 0.05 base substitutions per site. B: Itaconate cluster comparison
of selected Ustilaginaceae. Numbers given show sequence identity as percentage compared to the reference strain U. maydis
MB215 using global protein sequence multiple alignment tool (BLOSUM 62). Superscript number indicate number of exons for
each gene. Absent genes are indicated with a dash (-).

In all sequenced organisms, except P. tsukubaensis and P. hubeiensis, the complete gene cluster
for itaconate synthesis and a conserved synteny of all genes (gene orientation and chromosome)
were identified (Figure 13B). The cluster in P. tsukubaensis does not contain rdol and cyp3. For
these two genes, no likely homologous candidate was found elsewhere in the genome, explaining
the lack of (S)-2-hydroxyparaconate and itatartarate production in this strain (Figure 10). In
P. hubeiensis, mtt] is not present in the itaconate cluster or its direct surrounding DNA regions. In
U. maydis MB215, the deletion of UMAG mtt] led to a strong decrease in itaconate production
[139]. This transporter, which putatively shuttles malate and cis-aconitate between the
mitochondria and the cytoplasm, is the rate-limiting step in itaconate biosynthesis in U. maydis
MB215 [245]. Since itaconate formation was not completely abolished by Umag mttl deletion in
U. maydis, most likely other less specialized, and therefore less efficient, transport proteins
substituted its function, as most eukaryotic mitochondrial transporters have a diverse substrate
spectrum with different affinities [246]. At least one similar mitochondria tricarboxylate
transporter gene is present in the genome of P. hubeiensis, which could take over the function of
Mttl. This gene showed 54% sequence similarity on protein level in comparison to Umag_mitt]
and 98% to Umag_02365 upon tBLASTn analysis [238]. The latter gene, Umag_023635, is known
to be one of two related mitochondrial citrate transporters in U. maydis, with redundant function
to Umag_mttl [245]. This may explain why P. hubeiensis failed to produce itaconate. In general,
the conservation of a protein sequence could point to its evolutionary origin. The comparison
showed that among the tested U. maydis strains the itaconate cluster is conserved. At the DNA
level, the clusters in different U. maydis strains are > 98% similar and the clusters of the two
U. cynodontis strains have 99% sequence identity on DNA level. For the other species, the
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sequence identity of proteins encoded by the itaconate and (S)-2-hydroxyparaconate biosynthesis
(cyp3, tadl, and adil) and transporters (itpl and mtt1) genes were mostly conserved in a range of
56 to 89% compared to the U. maydis MB215 sequence. The most divergent protein of the
itaconate cluster is Rial, a transcription factor of approximately 380 amino acids. The annotated
Uc _rial of both U. cynodontis strains encodes a transcription factor of 471 amino acids. A
conserved helix-loop-helix structural motif could be found in all 13 regulators approximately in
position 100-AA by SMART analysis, which is a characteristic DNA-binding motif for one of the
largest families of dimerizing transcription factors [247, 248]. The phylogenetic tree of the
predicted Rial transcriptional regulators is shown in Figure 14. Rial proteins of U. maydis species
are very closely related. U. cynodontis and U. xerochloae are closely related [249], which is
reflected in the relatedness of their Rial proteins. However, U. maydis and U. vetiveriae are
phylogenetically closely related as well [249], even though their Rial proteins are only 43%
identical. This may indicate that the amino acid sequence of Rial proteins is evolving faster than
its actual function, for which just the DNA-binding motif is essential. The Rial sequence of
P. hubeiensis is phylogenetically the most distant of the species compared. In general, no accurate
subcategorization of the transcription factor according the species is possible. A reason might be
the difficulties mentioned above in the categorization of the Ustilaginaceae. In summary, all tested
strains have the genetic inventory for itaconate biosynthesis, and the synteny of the itaconate
cluster is preserved in most of the investigated Ustilaginaceae. P. tsukubaensis and P. hubeiensis
do not possess the complete itaconate cluster, partly explaining the differences in the product
spectrum. However, the variable itaconate and (S)-2-hydroxyparaconate titer, especially among
different U. maydis strains with highly similar clusters, could not be explained. As different
regulation or expression levels might be responsible for these production differences, the Rial
transcriptional regulator of the tested Ustilaginaceae was investigated in more detail.

U. maydis ATCC22892
U. maydis AB33P5A
U. maydis ATCCbA22899
U. maydis MB215
U. maydis ATCC22904
U. maydis ATCC22901

U. cynodontis CBS131467

U. cynodontis NBRC9727

‘—U. xerochloae CBS131476
L{ S. iseile is-ciliati BRIP60887a

U. vetiveriae CBS131474
P. tsukub is NBRC1940
P. hubeiensis NBRC105055

—
010

Figure 14. Phylogenetic tree of the Rial transcriptional regulator of different Ustilaginaceae based on similarities and differences
in their protein sequence. The optimal tree with the sum of branch length = 2.49320505 is shown. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances are in the units of 0.1 amino acid substitutions per site.

3.1.3.3 Inter-species transferability of Rial regulator

The itaconate clusters of the tested strains are mostly conserved, while production levels of
itaconate differ. As one example, the U. maydis AB33P5A gene cluster is 98% similar at the DNA
level to that of U. maydis ATCCbA22899; however, strain AB33P5A does not produce itaconate
or (S)-2-hydroxyparaconate while strain ATCCbA22899 does. Probably in some strains, like
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U. maydis AB33P5A, rial is functional but not expressed. To test whether production differences
are a result of different regulation, the inter-species transferability of Rial was investigated by
overexpression of various rial genes to activate the production of itaconate. We chose the
itaconate cluster regulator genes Umag rial, Uc_rial, Pt rial,and Si_rial of U. maydis MB2135,
U. cynodontis NBRC9727, P. tsukubaensis, and S. iseilematis-ciliati, respectively, due to their
considerable differences in the sequences of both the itaconate cluster and Rial. These regulators
were expressed under control of the constitutive promoter Peer in U. maydis MB215, U. maydis
AB33P5A, U. vetiveriae, U. xerochloae, U. cynodontis CBS131467, U. cynodontis NBRC9727,
P. tsukubaensis, P. hubeiensis, and S. iseilematis-ciliati, as well as in the control strain U. maydis
MB215 AUmag rial. Successful integration was verified by PCR.
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Figure 15. Overview of the influence of overexpression of Umag_rial, Uc_rial, Pt rial and Si_rial, on itaconate (ITA), (S)-2-
hydroxyparaconate (HP), and malate (MAL) production. Differences in production were determined after 120 h or 384 h System
Duetz® cultivations in screening medium containing either glucose or glycerol as the sole carbon source.

All strains tested consumed at least 35% of the applied glucose after 120 h and 30% of the applied
glycerol after 384 h except U. maydis AB33P5A, which used 13% glycerol (Figure 12). A
summary of the activation experiments is shown in (Figure 15) and (Figure 16). The itaconate and
(8)-2-hydroxyparaconate production yield (gram product per gram substrate) of the activated
strains was determined on both glucose and glycerol (Figure 17) as well as the malate yield and
the estimated relative itatartarate production (Figure 18). In U. maydis MB215 AUmag rial,
itaconate production could be restored by expression of all tested regulators (Umag rial, Uc rial,
Pt rial, and Si_rial), demonstrating the functionality of this expression system, as well as their
transferability of the genes between related species. It should be noted that quantitative differences
in production level may be caused by different copy numbers, or by the random ectopic integration
locus, of the integrated regulator, which were not determined in detail. Thus, these results should
be viewed mostly in a qualitative manner. In strains that do not produce itaconate on glucose, such
as U. maydis AB33P5A (derivative of U. maydis FBI1), U. vetiveriae, P. tsukubaensis,
P. hubeiensis, and S. iseilematis-ciliati itaconate production could be activated by expression of
all tested regulators, except Uc_rial. This suggests that in these wild type strains, the itaconate
cluster genes are silent because the regulator gene ria/ is silent and not transcribed. Constitutive
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expression of the itaconate regulator rial, even originating from different species, activated the
expression of the itaconate cluster genes, which resulted in itaconate production.

glucose glycerol
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Figure 16. Schematic overview of the influence of overexpression of Umag_rial, Uc_rial, Pt rial and Si_rial, on itatartarate
(ITT) production. Differences in itatartarate production were determined after 120 h or 384 h System Duetz® cultivations in
screening medium containing glucose or glycerol, respectively.

As already encountered for the wild type strains, (S)-2-hydroxyparaconate and itatartarate
production correlated with itaconate production. In general, activation or enhancement of itaconate
biosynthesis also activated or enhanced (S)-2-hydroxyparaconate and itatartarate biosynthesis
(Figure 15, Figure 16 Figure 18). An exception is P. tsukubaensis that does not possess the
(S)-2-hydroxyparaconate  biosynthesis  genes  rdol and c¢yp3, and therefore
(8)-2-hydroxyparaconate and itatartarate are not produced in the activated strains. Zambanini et al.
showed a negative correlation of itaconate and malate biosynthesis after overexpression of
Umag rial in U. vetiveriae CBS131474 on glycerol [97]. This is in line with our results. However,
for the other tested Ustilaginaceae this negative correlation could not be shown, as in most
activated strains, malate production resembled the wild type level (Figure 15 and Figure 18).
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Figure 17. Itaconate and (S)-2-hydroxyparaconate production by various Ustilaginaceae species and their mutants transformed with
Umag_rial, Uc_rial, Pt rial, Si_rial. ltaconate (gira gorc™', gira gary™) and (S)-2-hydroxyparaconate (gup gorc™ gre gory™)
yield after 120 h or 384 h System Duetz® cultivations in screening medium containing glucose (GLC) and glycerol (GLY),
respectively. A dash (-) indicates the negative control without an overexpression construct. Error bars indicate standard deviation
from the mean (n=3).
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Comparing the successfully activated or improved strains, those expressing Uc_rial perform
considerably less well than strains expressing the other regulators. The deletion of Uc rial in
U. cynodontis NBRC9727 completely abolished itaconate production (data not shown), indicating
that Uc_rial is essential for itaconate production. However, U. cynodontis NBRC9727 AUc_rial
could not be complemented by Uc_rial under control of the constitutive promoter Py, although
complementation experiments under control of the native promotor Pyc ries and terminator Tve rias
and a random genome integration was successfully (data not shown). This indicates that the
integration locus of genes under control of Peer plays a crucial role in heterologous expression in
U. cynodontis and that the chosen expression cassette design may have affected the outcome of
rial overexpression in different hosts. In U. cynodontis strains itaconate production could not be
considerably enhanced, even by overexpression of the native regulator Uc_rial. In contrast, strains
more closely related phylogenetically with a lower wild type production level, such as
U. xerochloae, could still enhance itaconate production by overexpression of Uc_rial. Since the
U. cynodontis strains were the best performing wild types, it might be possible that the natural
expression level of the cluster genes is already at a high level, and the rate-limiting factor lies
upstream of the itaconate production pathway. Alternatively, induction by Rial is in U. cynodontis
already at its maximum.

Although the itaconate production of P. tsukubaensis and S. iseilematis-ciliati strains is
comparatively low, the regulators P¢_rial and Si_rial seem to be the most universally applicable,
since they improved itaconate production in 80% of the tested strains when cultured on glucose or
glycerol. Therefore, Pt rial and Si_rial might open new possibilities to activate itaconate
production in other species through heterologous gene expression approaches.

In general, the differences in itaconate production in strains expressing the same regulator could
have several explanations. The chosen constitutive promoter Pe.s is a modified tef promoter
controlling transcription of the gene for the translation elongation factor 2 of U. maydis [186]. It
may be less efficient in other Ustilaginaceae than in U. maydis. However, its functionality was
verified in U. trichophora [98] and U. vetiveriae [208]. As mentioned before, different copy
numbers of the integrated regulators can cause differences in transcription levels and therefore, in
production levels. Especially for results on glycerol showing a similar overall trend than on
glucose, different growth kinetics, including, growth rates and substrate uptake rates can cause
differences in itaconate production. The growth rate on glycerol of Ustilaginaceae is lower in
comparison to that on glucose, hence less nitrogen for biomass synthesis per time is required,
which subsequently influences nitrogen limitation during cultivation. Nitrogen limitation is
necessary for the natural induction of itaconate production in U. maydis [137]. The maximum
theoretical yield of itaconate production is directly related to the consumed C/N ratio, and thus,
weak growth (low growth rate) could result in a lower yield given the chosen cultivation time.
Altogether, itaconate production could be activated or enhanced by overexpression of Rial
originating from a related species, even though the chosen Rial protein sequences are very
dissimilar. This is the first time that activation of silent itaconate clusters by overexpression of a
cluster-specific transcription factor across species and even genus boundaries was shown. Since
overexpression of Rial upregulates all genes of the itaconate core cluster in U. maydis MB215
[139], promoter regions of the co-regulated genes will likely have a common conserved regulator
binding domain. In this study, the phylogenetic relatedness and the feasible inter-species
transferability of Rial regulator originating from related species could be shown. To identify
potential common regulatory sequences, in silico analysis for conserved sequence motifs was
performed using the MEME algorithm Version 4.12.0 under standard settings [250]. This analysis
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revealed that promoters of Rial-regulated genes share a putative conserved Rial binding domain
with a short consensus sequence (CN[T/CINNNN[G/A]TCACG[C/T]) (Figure 19). This sequence
can be found in all tested Ustilaginaceae in either orientation in the promoter regions of all
annotated cluster genes in at least one copy with an average E-value of 1.8 x 103, Interestingly,
none of the rial promoters themselves contain this element. Since most of the tested regulators do
not seem to be very species-specific, this site likely binds regulators from multiple species.
Although the role of this motif as the binding site for Rial needs to be confirmed by biochemical
methods, its occurrence in the sequenced wild type strains (U. maydis MB215 (DSM17144),
U. vetiveriae CBS131474, U. xerochloae CBS131476, U. cynodontis CBS131467,
P. tsukubaensis NBRC1940 and P. hubeiensis NBRC105055, and S. iseilematis-ciliati
BRIP60887a) strongly suggests that despite the relatively low amino acid sequence similarity of
Rial in these species, the function of this regulator is the same.
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Figure 18. Malate and itatartarate production by various Ustilaginaceae and their mutants transformed with Umag_rial, Uc_rial,
Pt_rial, Si_rial. Malate (gmal gaLc™!, gita gary™) yield and itatartarate titer after 120 h or 384 h System Duetz® cultivations in
screening medium containing glucose (GLC) and glycerol (GLY), respectively. A dash (-) indicates the negative control without
an overexpression construct. Error bars indicate standard deviation from the mean (n=3).
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Figure 19. Common motif within the promoter regions of the itaconate cluster genes in all tested Ustilaginaceae was identified by
MEME analysis [250].

3.1.4 Conclusion

This study indicates phenotypically that itaconate production differences among related
Ustilaginaceae species are based on different transcriptional regulation of the itaconate cluster
genes, governed in turn by the expression level of Rial. All tested strains have genetic equipment
for itaconate production; also, itaconate non-producers. However, in some strains, the itaconate
clusters are silent because the itaconate regulator ria!/ is silent. By overexpression of itaconate
cluster-specific transcription factors Rial originating from related species, we could activate silent
itaconate clusters, even though the amino acid sequences of Rial regulators are relatively
dissimilar. In addition to the silent itaconate clusters being activated, itaconate production in weak
producers could be enhanced up to 4-fold. Notably, the activated form of U. maydis strain
AB33P5A might be a promising candidate for the combination of biomass degradation and
itaconate production in one strain [236]. As such, this study contributes to demonstrating the
industrial applicability of Ustilaginaceae for the biotechnological production of itaconate, and also
suggests that activation of silent secondary metabolite clusters can be achieved in a range of related
species with reduced genetic engineering efforts.
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3.2 The interplay between transport and metabolism in fungal itaconic acid production

3.2.1 Abstract

Besides enzymatic conversions, many eukaryotic metabolic pathways also involve transport
proteins that shuttle molecules between subcellular compartments, or into the extracellular space.
Fungal itaconate production involves two such transport steps, involving an itaconate transport
protein (Itp), and a mitochondrial tricarboxylate transporter (Mtt). The filamentous ascomycete
Aspergillus terreus and the unicellular basidiomycete Ustilago maydis both produce itaconate, but
do so via very different molecular pathways, and under very different cultivation conditions. In
contrast, the transport proteins of these two strains are assumed to have a similar function. This
study aims to investigate the roles of both the extracellular and mitochondrial transporters from
these two organisms by expressing them in the corresponding U. maydis knockouts and monitoring
the extracellular product concentrations. Both transporters from A. ferreus complemented their
corresponding U. maydis knockouts in mediating itaconate production. Surprisingly,
complementation with 4. terreus At MfsA from A. terreus led to a partial switch from itaconate
to (5)-2-hydroxyparaconate secretion. Apparently, the export protein from A. ferreus has a higher
affinity for (S)-2-hydroxyparaconate than for itaconate, even though this species is classically
regarded as an itaconate producer. Complementation with 47 MttA increased itaconate production
by 2.3-fold compared to complementation with Um-Mttl, indicating that the mitochondrial carrier
from A. terreus supports a higher metabolic flux of itaconic acid precursors than its U. maydis
counterpart. The biochemical implications of these differences are discussed in the context of the
biotechnological application in U. maydis and A. terreus for the production of itaconate and
(S)-2-hydroxyparaconate.

3.2.2 Introduction

Itaconic acid can be used as a bio-based building block for the synthesis of a large number of
chemicals and polymers. In 2004, the U.S. Department of Energy declared itaconic acid as one of
the top 12 bio-based platform chemicals with high biotechnology potential [12]. Nowadays, it is
mainly used in the production of synthetic fibers, for coatings, thickeners, anti-scaling agents in
water treatments, and in the pharmaceutical sector [107, 110, 111, 225, 251]. It’s role as central
mammalian immunoregulator has recently been reported opening novel uses, e.g., in the treatment
for autoimmune conditions [120]. Fungi can also convert itaconate into the chiral lactone
(S)-2-hydroxyparaconate [140, 252]. The functional groups within this product can be further
manipulated in many directions to access a multitude of high-value and different fine chiral
chemicals with a wide range of potential applications ranging from medicine to pesticides to
quantum computing [253, 254].

The unicellular basidiomycete Ustilago maydis and the filamentous ascomycete
Aspergillus terreus both naturally produce itaconate (Figure 20). In both organisms, the genes
enabling itaconate biosynthesis are clustered and co-regulated [139, 255]. The biosynthetic
pathway starts with the transport of cis-aconitate from the mitochondria to the cytosol by a
mitochondrial tricarboxylate transporter, encoded by Um_mttl or At mitt4 [139, 140, 256]. Both
transporters are assumed to do so by antiport exchange with cytosolic malate [141]. In U. maydis
MB2135, this transport poses the rate-limiting step in itaconate production, since overexpression of
mttl] leads to a strong increase in itaconate production [139]. In contrast, overexpression of mt4
has no significant impact on itaconate production by A. terreus LYT10 [257], although
heterologous overexpression of mtt4, along with cadA, did have a positive impact on itaconate
production in Aspergillus niger [255,258]. In A. terreus, the cytoplasmic cis-aconitate is converted
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directly to itaconate by a cytosolic cis-aconitate decarboxylase (cadA) [142-144]. In contrast,
U. maydis first isomerizes cis-aconitate to frans-aconitate by a cytosolic aconitate-d-isomerase
(Adil). This trans-aconitate is subsequently decarboxylated to itaconate by a frams-aconitate
decarboxylase (Tadl) [139].

itaconate
itaconate transport

protein
A. terreus conitate (MfsA)
decarboxylase
(CadA) (S)-2 hydroxyparaconate
cis-aconitate itaconate
P450
mitochondrial trlcarboxylate monooxygenase| | ?
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Figure 20. Comparison of the itaconate and (S)-2-hydroxyparaconate biosynthesis pathways of U. maydis and A. terreus.

Recently, Geiser et al. [140] demonstrated that in U. maydis, itaconate is further converted to
(8)-2-hydroxyparaconate by an itaconate P450 monooxygenase (Cyp3). The latter is the lactone
of L-itatartarate, which is also found in the supernatants of U. maydis [126, 136]. Some A. terreus
strains have also been reported to produce these products [126, 259], likely through a similar P450
enzyme encoded by the cypC gene directly adjacent to the itaconate gene cluster [140, 146].
However, (S)-2-hydroxyparaconate production is not reported for strains such as 4. terreus NRRL
1960 or A. terreus DSM 23081 [132, 147], possibly because these strains were selected by
screening for high itaconate production leading to the selection of a defect in cypC expression.
Both U. maydis and A. terreus possess a major facilitator superfamily transporter, encoded by
Um_itpl and At mfs4A, which are assumed to be itaconate exporters [140, 148, 255].
Overexpression of mfsA4 in A. terreus and A. niger led to an increase in itaconate production [255,
257], while itp] overexpression in U. maydis did not increase production [140]. However, in light
of the fact that both itaconate and (S)-2-hydroxyparaconate are produced via the same pathway,
and that the gene clusters of both organisms only contain one gene encoding a cytosolic exporter,
it is reasonable to assume that the same protein secretes both products. Although the functions of
the transporters involved in the production of itaconate and it’s derivative
(S)-2-hydroxyparaconate are likely similar in both U. maydis and A. terreus, the differences in
their protein sequence, and their underlying biosynthetic pathways may affect their specific
activity and/or substrate affinity. In addition, the mechanism of (S)-2-hydroxyparaconate transport
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has thus far not been investigated. Thus, this study aims to characterize these transporter proteins
in the unicellular fungus U. maydis and to investigate their influence on the production of itaconate
and (S)-2-hydroxyparaconate.

3.2.3 Results and discussion

3.2.3.1 Comparing the role of Itpl from U. maydis and MfSA from A. terreus in itaconic acid
production

Both  Ustilago  maydis and  Aspergillus  terreus can oxidize itaconate to
(S)-2-hydroxyparaconate, but they each only carry one gene encoding a Mfs-type cytoplasma
membrane transporter in their itaconate gene clusters. In order to compare the exporters of these
two genera in the same biological background, both At mfsA from A. terreus and Um_itp] from
U. maydis were expressed under control of the P..s promoter in U. maydis MB215 AUm _itp1. The
At _mfsA gene was dicodon-optimized to enable expression in U. maydis [204]. To ensure
comparability, the constructs were integrated into the ip-locus, and single copy insertions were
selected by diagnostic PCR and Southern blot analysis. Subsequently, in targeted single copy
transformants, itaconate and (S)-2-hydroxyparaconate production, glucose consumption, and
ODgoo were analyzed in order to elucidate the role of the exporters encoded by Az mfs4 from
A. terreus and Um_itpl from U. maydis in the corresponding U. maydis deletion strain (MB215
AUm _itpl) (Figure 21A, D, C, F). Exponential growth takes place in the first 18-24 h, after which
nitrogen is depleted from the medium, and further ODgoo changes are considered secondary growth
as described previously [137, 197]. In the growth phase, determined through the ODeoo after 24 h,
the engineered strains did not differ significantly from each other, except for U. maydis MB215
AUm_itpl. This indicates that except for the latter strain, which likely grew worse due to
intracellular product accumulation, volumetric production can be used as proxy for specific
production. Surprisingly, although the expression of At mfs4 did lead to a slight itaconate
production, it did not fully restore the production of U. maydis AUm _itpl to the level of the
wildtype (Figure 21). In contrast, the control strain U. maydis AUm_itp1+PewefUm_itp1 produced
1.4-fold more itaconate than the wildtype (Figure 21A). Conversely, AUm_itpI1+Pee/Um_itpl
produced less (S)-2-hydroxyparaconate than the wildtype, while AUm_itp1+PeerAt_mfsA produced
1.7-fold more (S)-2-hydroxyparaconate than the wildtype (Figure 21D). The P450 monooxygenase
encoded by cyp3 converts itaconate to (S)-2-hydroxyparaconate in the cytoplasm [140]. The fact
that complementation with both transporters significantly elevates the extracellular concentration
of both products in comparison to the AUm_itpl deletion strain indicates that Um_Itpl and
At MfsA can both transport itaconate as well as (S)-2-hydroxyparaconate. However, when both
products are produced simultaneously, our data suggest that competitive inhibition between these
metabolites takes place, with Um_Itpl having a higher affinity for itaconate, and Az MfsA
favoring (S)-2-hydroxyparaconate (Figure 21B, E and Table 6).
An explanation for the low concentration of (S)-2-hydroxyparaconate produced by
AUm_itp1+PeeUm_itpl compared to the wildtype could be that the overexpression of Um_lItpl
with the strong and constitutive promoter Pe.r enables a more efficient secretion of itaconate,
thereby lowering its concentration in the cytoplasm. This would lower the substrate concentration
of Cyp3, reducing the (S)-2-hydroxyparaconate production rate as long as the enzyme is not
operating under substrate-saturating conditions. The reverse effect likely occurs in U. maydis
AUm_itp1+PeeAt mfsA, resulting in higher itaconate and lower (S)-2-hydroxyparaconate
concentrations in the cytoplasm, thereby increasing Cyp3 activity. In this way, product export and
the metabolic rates of the branched production pathway are inherently linked. Although this is
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likely an essential driver for product specificity in the natural habitats of U. maydis and A. terreus,
it may be less relevant in optimized itaconate production strains, which do not produce
(S)-2-hydroxyparaconate. However, it does suggest that the K value of Az MfsA for itaconate is
higher than that of Um_Itpl. If this is indeed the case, the resulting elevated cytosolic itaconate
concentration could lead to product inhibition of CadA or Tad1, suggesting that Um_Itp1 could be
a better itaconate exporter even if (S)-2-hydroxyparaconate is not produced.
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Figure 21. Acid production and growth of various U. maydis strains expressing itaconate transport proteins. Itaconate (A-B), (S)-
2-hydroxyparaconate (D-E), and glucose concentration (C), as well as growth (ODeoo) (F) of itp! / mfsA expressing mutants in
comparison to wildtype and AUm_itp! controls during System Duetz® cultivation in screening medium. Error bars indicate the
standard error of the mean (n=4).

3.2.3.2 Comparing the role of Mttl from U. maydis and MttA from A. terreus in itaconic acid
production

In order to quantitatively compare mitochondrial transporters in the same biological
background, both A¢ mttA from A. terreus and Um_mttl from U. maydis were expressed under
control of the Per promoter in U. maydis MB215 AUm_mtt] in the corresponding U. maydis
deletion strain (MB215 AUm_mttA) as described above for mfsA. Both constructs complemented
the itaconate producing phenotype of the AUm_m¢t] deletion strain, confirming that Az MttA and
Um_Mtt]l have a similar biochemical function. The complementation strains reached higher
maximum titers than the wildtype (Figure 22A, D), likely due to the higher expression from the
strong, constitutive Per promoter [140, 188, 260]. However, U. maydis AUm_mtt1+P oAt _mttA
produced 1.3-fold more itaconate than U. maydis AUm_mtt1+PeefUm_mitl (Figure 22A). The fact
that the AUm_mtt1+PoeiAt mittA strain also grew significantly worse indicates that its specific
production rate is likely increased even further. The production rates of (S)-2-hydroxyparaconate
in the complementation strains were also increased, although the maximum titer was not affected
(Table 6). The fact that the strain expressing At mit4 produces more itaconate indicates that the
mitochondrial transporter from A. terreus can sustain a higher cis-aconitate flux compared to Mtt1
from U. maydis. An alternative explanation would be that the two mitochondrial carriers have
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different antiport substrates. Circumstantial evidence suggests that cis-aconitate is mostly likely
exchanged for malate by 47z MttA [141, 256]. The fact that this protein can complement a
AUm_mittl deletion suggests that the U. maydis protein transports the same substrates, while the
improved itaconate production with 4z MttA suggests that this protein either has a higher Vimax or
a lower K.
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Figure 22. Acid production and growth of various U. maydis strains expressing mitochondrial transporters. Itaconate (A-B), (S)-
2-hydroxyparaconate (D-E), and glucose concentration (C), as well as growth (ODeoo) (F) of mtt1 / mttA expressing mutants in
comparison to wildtype and AUm_mtt! controls during System Duetz® cultivation in screening medium is shown. Error bars
indicate the standard error of the mean (n=4).

Given the already higher titers of these complementation strains, we sought to improve itaconate
further and/or (S)-2-hydroxyparaconate production by selecting transformants with multicopy
insertions of PeeAt mttA in wildtype U. maydis MB215. However, this resulted in a decreased
production of itaconate compared to the complementation strain AUm_mtt1+PeeAt_mtt4 (Figure
22B). Biomass growth and glucose consumption were strongly decreased in the overexpression
strain (Figure 22C, F). Similar growth defects were observed by Huang et al. [257] upon
overexpression of mtt4 in A. terreus, even though itaconate production was not increased in this
strain. A burden of membrane protein overexpression per se is unlikely since a control strain with
multiple copies of Pee/Um_mttl in wildtype U. maydis MB215 did not show this growth defect.
This control strain still produces less itaconate than the single copy complementation strain
AUm_mtt1+PeaeAt mittA (Figure 22A, B), which indicates that a higher expression level doesn’t
cause the increased itaconate production of the At mttA-expressing strain. In wildtype U. maydis,
genes of the itaconate cluster are induced upon the depletion of nitrogen from the medium [137,
139, 261], thereby separating itaconate production from biomass growth. The use of the
constitutive Perpromoter for expression of A¢_mttA leads to the production of MttA in the growth
phase, thus posing a drain of the central metabolite cis-aconitate from the mitochondria, which is
likely responsible for the growth defect. The fact that this was not observed upon overexpression
of Um_Mttl is in line with the other indications that Az MttA is a more effective transporter of
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cis-aconitate. To evaluate the potential of U. maydis AUm_mittI1+Pees At mttA for itaconate
production, this strain was cultured in pH-controlled high-density pulsed fed-batch fermentations
with 4 g L' NH4Cl and a starting concentration of 188 + 1.3 g L! glucose (Figure 23).

Table 6. Production parameters of U. maydis MB215 and transporter mutants during System Duetz® cultivation in screening
medium is shown. Errors indicate the standard error of the mean (n=4).

titermax T,

b P
(g L1y Yes (gL
ITA4 2-HP© ITA 2-HP ITA 2-HP
WT 3.0+0.1 1.0+£0.0 0.07+0.00 0.02+0.00 0.03+0.00 0.003 +0.004
AUm_itpl 0.7+0.1 0.4+0.1 0.02+0.00 0.01+0.00 0.01 £0.00 0.003 +0.001
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PeeiUm _itpl 32402 02400 [0.07+£0.00 0.00+0.00 |0.03%0.00 0.0020.000
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PeetdT mfsA 25401 12+0.1 |0.06%0.00 0.02+0.00 |0.02+0.00 0.01=0.00
AUm_mitl 05+0.0 05+00 [0.01+£0.00 0.01£0.00 [0.00%0.00 0.00:0.00
AUm mitl+PeeiUm mutl |58+02 13£00 |0.14+0.00 0.03£0.00 [0.06+0.00 0.01=0.00
PeeiUm_mitl 68+00 09+0.1 [0.15£001 0.02£0.00 |0.07%0.00 0.01+0.00
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titermax; Mmaximum titer.

®Ypss; overall yield product per consumed glucose.

¢ rp; overall production rate.

dITA; itaconate

¢ 2-HP; (8)-2-hydroxyparaconate

Under these conditions, the engineered strain produced 33 + 3 g L' itaconate and an estimated 24
+ 2 g L' (§)-2-hydroxyparaconate after 190 h. Under similar conditions wildtype, U. maydis
MB215 produces 14.0 + 0.3 g L' itaconate and 21.3 + 0.7 g L' (S)-2-hydroxyparaconate with
similar ammonium consumption and growth [140]. U. maydis AUm_mtt1+P ey At_mttA produced
itaconate at an overall rate of 0.29 = 0.00 g L' h'! and a yield of 0.15 £ 0.00 giwa geic”', Which is
2.1-fold, respectively 3.6-fold higher than the wildtype. It is interesting to note that both in shaken
cultures and in controlled fed-batch, the engineered strains did not produce more
(S)-2-hydroxyparaconate, even when itaconate production was increased. This indicates that the
Cyp3 P450 monooxygenase that catalyzes the conversion of itaconate to (S)-2-hydroxyparaconate
cannot support a higher flux. In total, U. maydis AUm_mtt1+PetefAt_mttA produced 0.29 g L' h!
acids (itaconate + (S)-2-hydroxyparaconate), which is comparable to itaconate production values
achieved by Geiser ef al. [140] after overexpression of rial and deletion of cyp3. Although these
values are still relatively low, especially compared to 4. terreus cultures, which can achieve
itaconic acid titers up to 160 g L' with a maximum productivity of 1.9 g L™ h'!, the combination
of the abovementioned modifications with the tuned overexpression of A¢_mttA could further
enhance itaconate production without (S)-2-hydroxyparaconate as a by-product.
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Figure 23. Controlled high-density pulsed fed-batch fermentation of U. maydis AUm_mtt1+PeuetAT mttA. A: DCW (A), glucose
(@) and ammonium concentration (m) and B: Concentration of itaconate (V') and (S)-2-hydroxyparaconate (0) during fermentation
in a bioreactor containing batch medium with 200 g L' glucose, 4 g L' NH4ClI at pH 6.0 titrated with NaOH. Arrows indicate
addition of 100mL of 50 % glucose. Error bars indicate the standard error of the mean (n=4).

3.2.3.3 Transporters involved in itaconate production do not affect pH optimum

The optimal extracellular pH for the itaconate production of 4. terreus and U. maydis is very
different. With A. terreus, itaconic acid is usually produced at a pH below 3.8, and limitations
mostly govern the optimal pH range in cell morphology and pathway induction [22, 132, 147].In
contrast, wildtype U. maydis only produces itaconate at a pH above 5.5 [95]. One hypothesis could
be that transporters involved in itaconate production, as crucial interaction points between cellular
compartments and the intracellular and extracellular space, might be responsible for this
difference. To test this hypothesis, the engineered complementation strains were cultivated in
screening media with different buffers. The use of 33 g L™! CaCO3 maintains pH values above 6
(Figure 24D). In contrast, by varying the concentration of a soluble MES buffer between 20 and
100 mM, the pH decreases to different extents during growth and itaconate production (Figure
24A, B, C). In wildtype U. maydis MB215, this results in the production of different final
concentrations of itaconate, due to the difference in the concentration where pH drops below 5.5
and inhibits further production [95]. If the expression of the A. terreus transporters affects the pH
optimum for itaconate production by U. maydis, the relative itaconate concentrations of these
strains are expected to be higher than those of the controls expressing the native U. maydis
transporters in the media with low buffer concentrations. However, this effect is not observed.
Instead, the same trend of lower itaconate production with lower buffer capacity is observed for
all strains (Figure 24B, E). However, strains that produce more itaconate in CaCOj3 buffer, such as
U. maydis AUm_mitt1+PectAt_mttA, also consistently make more acids with limiting buffer
concentrations (40, 70, and 100 mM MES). Such overproducing strains also reach a lower final
pH, indicating that a low pH per se does not inhibit itaconate and (S)-2-hydroxyparaconate
production in U. maydis (Figure 24B, C, E, F). One explanation for this could be that the inhibition
of itaconate production at low pH values is the result of a dynamic equilibrium between uptake
and secretion. Below pH 5.5, a significant fraction of fully protonated itaconic acid (pKa; = 3.8)
is formed. This protonated form, and not the dissociated from, can freely diffuse across the
cytoplasmic membrane, facilitating itaconate reuptake into the cell [140]. Lower pH values will
lead to higher extracellular concentrations of the protonated form, thus increasing the
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diffusion-driven reuptake rate. This will reduce the net production of itaconate to zero when the
reuptake rate equals the production rate, leading to an accumulation of intracellular itaconate,
which would likely inhibit its production, and also places a burden on the maintenance of
cytoplasmic pH homeostasis through weak acid uncoupling. This mechanism would explain why
strains with a higher itaconate production rate can sustain a lower extracellular pH. In addition,
the increase in intracellular itaconate would also enhance the rate of intracellular oxidation to
(S)-2-hydroxyparaconate, while the reuptake of this oxidation product is lower than that of
itaconate due to its lower pKa value of 2.8 [126]. The fact that A. terreus can sustain efficient
itaconate production at low pH values indicates that it has a higher specific production rate, likely
supported by a higher intrinsic pH tolerance.
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Figure 24. Influence of buffer concentration on itaconate and (S)-2-hydroxyparaconate production by various U. maydis MB215
mutants. pH values (A, D), itaconate (B, E), and (S)-2-hydroxyparaconate (C, F) concentrations after 72h cultivation in calcium
carbonate (D, E, F) or different MES concentrations (A, B, C), respectively containing screening medium. Error bars indicate the
deviation from the mean (n=2).

3.2.4 Conclusion

Comparative analysis of the mitochondrial and extracellular transporters involved in itaconate
and (S)-2-hydroxyparaconate biosynthesis by Ustilago maydis, and Aspergillus terreus revealed
striking differences, which strongly influence the absolute and relative production rates of these
two secondary metabolites. This work suggests that fungal production of itaconate and
(S)-2-hydroxyparaconate involves a complex interplay between metabolism, transport, and
extracellular pH. It also provides valuable information for the rational design of efficient itaconate
and (S)-2-hydroxyparaconate producing strains, which was demonstrated by the increased
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production of A¢ mit4-expressing strains. However, further biochemical characterization of the
investigated transporters is needed and will be the subject of a future study. The Ar MfsA
transporter is a promising target for the future metabolic engineering of an
(8)-2-hydroxyparaconate producing strain since it will help to increase product specificity. In
general, this study sheds light on the role of compartmentation, and the associated transporters, of
the fungal biosynthesis pathway of itaconate and (S)-2-hydroxyparaconate. It also highlights the
relevance of U. maydis, both as a model organism and as an industrial workhorse for the production
of organic acids.
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3.3 Engineering the morphology and metabolism of pH tolerant Ustilago cynodontis for
efficient itaconic acid production

3.3.1 Abstract

Besides Aspergillus terreus and Ustilago maydis, Ustilago cynodontis is also known as a natural
itaconate producer. U. cynodontis was reported as one of the best itaconate producing species in
the family of the Ustilaginaceae, featuring a relatively high pH tolerance in comparison to other
smut fungi. However, in contrast to U. maydis, it readily displays filamentous growth under
sub-optimal growth conditions. In this study, U. cynodontis is established as an efficient
pH-tolerant itaconic acid producer through a combination of morphological and metabolic
engineering. Deletions of the genes ras2, fuz7, and ubc3 abolished the filamentous growth of
U. cynodontis, leading to a stable yeast-like growth under a range of stress-inducing conditions.
The yeast-like morphology was also maintained in a pulsed fed-batch production of 21 g L
itaconic acid and 9.3 g L' (S)-2-hydroxyparaconate at a pH of 3.8. The genetic and metabolic
basis of itaconic acid production in U. cynodontis was characterized through comparative
genomics and gene deletion studies. A hyper-producer strain was metabolically engineered using
this knowledge resulting in a 6.5-fold improvement of titer.

3.3.2 Introduction

Itaconic acid is a versatile building block in the polymer industry due to its two functional
groups. Radical polymerization of the methylene group and/or esterification of the carboxylic acid,
with a wide range of co-monomers, allow for a rapidly expanding application range [25, 110].
Itaconate is most widely used as a co-monomer in the production of styrene-butadiene rubber and
acrylate latexes, which are used in the paper and architectural industry [111]. Further
polymerization with acrylamide or methyl-methacrylate results in superabsorbent hydrogels for
pharmaceutical applications [112-115]. Itaconate can also be polymerized with itself to obtain a
polymer with high cation binding capacity, whereby the derivatives can be used as detergent
additives, scale inhibitors, and dispersing agents [116]. Due to these polymer applications, itaconic
acid has been an established industrial bio-based chemical since the 1950s [110]. In addition, the
U.S. Department of Energy identified it as a promising platform chemical, which can be converted
into a range of useful derivatives [12]. More recently, itaconate has also been identified as a key
metabolite in the human immune response [262], with possible applications of its membrane-
permeable dimethyl ester as a therapeutic agents for autoimmune diseases [120]. Currently,
Aspergillus terreus is used for industrial itaconic acid production. Given the right conditions, this
highly efficient filamentous fungus achieves near theoretical yields and titers over 100 g L' at low
pH values [132, 263, 264]. Ustilago maydis is also a well-studied itaconic acid producer, its main
differences to A. terreus being its yeast-like growth [139, 140]. In both organisms, the genes
encoding the itaconate production pathway are clustered and co-regulated, and the metabolic
pathway is well studied [136, 139, 142, 143, 146, 255, 256, 259]. Process optimization and strain
engineering drastically enhanced the performance of both organisms, with 4. ferreus still being
the better producing strain in terms of yield, titer, and rate [23, 264]. That said, the process-
associated advantage of the yeast-like growth of U. maydis, although hard to express in numeric
terms, may make this organism more favorable, especially at large scale [24]. Itaconate production
is not uncommon in Ustilaginaceae, and this trait is also found in other Ustilago species like
Ustilago vetiveriae [208], as well as in some Pseudozyma and Sporisorium species [95]. The
itaconate gene cluster is conserved in almost all of these species and in many cases it can be
activated through overexpression of the cluster-associated regulator Rial, even across genus
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boundaries [265]. One species of particular interest is Ustilago cynodontis, a relatively unknown
pathogen of Cynodon dactylon, an invasive plant in parts of Europe [136, 266]. Geiser et al.
reported in a screening that U. cynodontis is one of the best itaconate producing strains, especially
at low pH [95]. Furthermore, this strain doesn’t produce glycolipids [267]. These two traits will
cause benefits later in process-engineering, such as reduced base consumption, easier downstream
processing, and autosterility [201]. However, due to its strong filamentous growth, this species
was thus far not intensively investigated [95]. In all known smut fungi, morphology is coupled to
sexual development and pathogenesis, where haploid cells of different mating types fuse together
to build up a dikaryotic filament, which penetrates the plant [175]. However, haploid cells can also
grow filamentously under non-optimal growth conditions, like low pH values, nitrogen limitation,
and in the presence of sunflower oil [137, 268-273]. In this study, we employ a combination of
morphological and metabolic engineering to make U. cynodontis accessible as an efficient, yeast-
like, alternative host for itaconic acid production at low pH. This is achieved by disrupting the
signal transduction pathway involved in the sexual cycle of this species to avoid the morphological
switch, and by overexpressing and/or deleting essential itaconate cluster genes to enhance
itaconate production titer, rate, and yield.

3.3.3 Results and discussion

3.3.3.1 Comparing production behavior of U. cynodontis and U. maydis

Ustilago cynodontis was previously identified as a potent itaconate producer with a higher pH
tolerance, but more distinct filamentous growth, than Ustilago maydis [95]. In order to confirm
this, cultivation studies were performed in batch cultures with different buffers, leading to different
pH values upon acid production. U. maydis MB215 and U. cynodontis NBRC9727 were cultured
in System Duetz® 24-well plates, in screening medium buffered with 30 mM MES, 100 mM MES,
and 33 g L'! CaCO; (Figure 25 and Figure 26). In all used buffers, U. cynodontis produced more
itaconate than U. maydis. This difference was especially apparent in 30 mM MES, where
U. cynodontis produced 2.6 + 02 g L' itaconate and an estimated 9.6 = 0.2 g L
(8)-2-hydroxyparaconate after 96 h, while U. maydis did not produce any detectable acid. The pH
of the U. cynodontis culture decreased to 2.0 under these conditions, while that of the U. maydis
culture did not drop below 4 (Figure 25D). The glucose consumption rate and growth of U. maydis
were higher than that of U. cynodontis, indicating that the lack of acid production of the former
can’t be attributed to a general cellular inhibition (Figure 25E). A regulatory switch to other
products is more likely, as it is known that U. maydis produces glycolipids at low pH conditions
[206, 274]. Unfortunately, U. cynodontis grew strongly filamentously. Although this morphology
did not affect itaconate production much in the well-aerated small-scale System Duetz® plates,
scaling up to 1.3 L bioreactor was not successful as we encountered the same issues as described
by Geiser et al. [95]. Only 5.1 = 0.2 g L' itaconate was produced at pH 6 and nearly none at pH
3.8 after 192 h (Figure 27 and Figure 28). Attempts to maintain yeast-like morphology in the
bioreactor by changing culture condition as described by Zapata-Morin et al. [275] and Durieu-
Trautmann et al. [276] were unsuccessful. Although challenging, a bioprocess with filamentous
fungi is undoubtedly possible [19]. This would, however, negate the main benefit of Ustilago over
Aspergillus, and we, therefore, opted for a genetic engineering approach to control the morphology
of U. cynodontis.
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Figure 25. Acid production and growth of U. maydis MB215 (red) and U. cynodontis NBRC9727 (green). Itaconate (m) and (S)-2-
hydroxyparaconate concentration(A) (A), growth (ODeoo) (B), pH values (D), glucoses consumption (E) DIC images of
U. cynodontis (C) and from U. maydis (F) (magnification 630x), during System Duetz” cultivation in screening medium with
100 g L' glucose buffered with 30 mM MES is shown. Errors indicate the standard error of the mean (n=3).

10 ~
10
Eald 2 —~
B B 7
2 H El
2 © ©
s s s @ 50
N H H
¢ S 2
2, H C)
s
i3
ofr * ¥ v 1 =0
o 24 48 72 96 o 24 a8 72 96
time (h) time (h)
50 L)'
40 i‘:ttz
6
g 30 o)
a z
o 20 o
4
10
. T T | 2 T T T |
o 24 a8 72 96 0 24 48 72 96
time (h) time (h)

time (h)

Figure 26 Acid production and growth of U. maydis MB215 (red) and U. cynodontis NBRC9727 (green). Itaconate (A) and (S)-2-
hydroxyparaconate concentration (B), glucose consumption (C), growth (ODgoo) (D) and pH values (E) during System Duetz®
cultivation in screening medium buffered with 100 mM MES (A) or 33 g L' CaCOs (#) with 100 g L' glucose is shown. Error
bars indicate the standard error of the mean (n=3).
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Figure 27. Controlled high-density pulsed fed-batch fermentations of U. cynodontis NBRC9727. A: CDW (A ), glucose (m) and
ammonium concentration (@) and B: Concentration of itaconate ('V), (S)-2-hydroxyparaconate (0) and pH (o) in a bioreactor
containing batch medium with 200 g L' glucose, 4 g L' NH4Cl at pH 6.0 titrated with NaOH. Arrows indicate addition of 100mL
of'a 50 % glucose stock. Error bars indicate the deviation from the mean (n=2). The raw data originates from the Master Thesis of
Apilaasha Tharmasothirajan [277].
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Figure 28. Controlled high-density pulsed fed-batch fermentations of U. cynodontis NBRC9727. A: CDW (A), glucose (m) and
ammonium concentration (@) and B: Concentration of itaconate (V) and (S)-2-hydroxyparaconate (0) and pH (©) in a bioreactor
containing batch medium with 200 g L' glucose, 4 g L' NH4Cl at pH 3.8 titrated with NaOH. Arrows indicate addition of 100mL
of'a 50 % glucose stock. Error bars indicate the deviation from the mean (n=2). The raw data originates from the Master Thesis of
Apilaasha Tharmasothirajan [277]

3.3.3.2 Morphological engineering in Ustilago cynodontis NBRC9727

Ustilago cynodontis belongs to the smut fungi, a group of biotrophic parasites. The process of
plant colonization and infection is coupled with sexual development governed by a complex
regulatory system, which is well studied in Ustilago maydis. Haploid cells with different mating
types can recognize each other with a pheromone receptor system to fuse and build up a dikaryotic
filament. The dikaryon is afterward able to invade the maize plant via an appressorium [228, 278,
279]. Two signal cascades, namely a cyclic AMP-dependent protein kinase A pathway and a
Ras/mitogen-activated protein kinase (MAPK) pathway play a major role in plant-cell interaction
in U. maydis and are involved in mating, pathogenicity, and morphology (Figure 29). The deletion
of genes encoding components of these pathways causes U. maydis to lose the ability to induce
filamentous growth and to colonize the maize plant [268, 280-282]. A tBLASTn analysis [238] of
the proteins Ras2, Fuz7, and Ubc3, which are part of the U. maydis MAPK [175] signal cascades,
against the genome sequence of Ustilago cynodontis NBRC9727 (GenBank accession number:
LZZZ700000000; [235] identified putative orthologues with protein sequence identities between
89 and 99 %. Naming conventions of U. maydis genes will be adopted henceforth. In order to
maintain the yeast-like growth of U. cynodontis, single deletions of ras2, fuz7, and ubc3 were
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constructed and characterized in terms of cell morphology, organic acid production, and fitness.
Since no molecular tools were available for U. cynodontis, they were established based on
U. maydis plasmids and methods (appendix; Figure 52 and D3). The resulting mutants were
subjected to a variety of stresses typically encountered in biotechnological processes, including
low pH (30 mM MES buffer), the presence of solids (33 g L' CaCOs3), osmotic pressure (200 g L-!
glucose), and growth on a non-preferred carbon source (100 g L™ glycerol). As a positive control
for filamentous growth, the screening medium was supplemented with 7 % sunflower oil [268].
Morphology was analyzed macro- and microscopically at different time points of the cultivation,
the pH course was documented, and samples were analyzed by HPLC for organic acid production.
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Figure 29. The cAMP and MAPK signaling pathways in U. maydis adapted with minor modifications from Kahman and Kamper
[279], Brefort ez al. [175] and Lanver et al. [278]. Deleted genes in the MAPK cascade are highlighted with red borders (ras2, fuz7,

ubc3).
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Figure 30. Morphological engineering in U. cynodontis NBRC9727. DIC images at a magnification of 1000 X after 48 h @ and
72 h ® cultivation (A), yields of itaconate (filled bars) and (S)-2-hydroxyparaconate (patterned bars) per consumed glucose (B),
CDW (filled bars), growth rate (patterned bars) (C), and backscatter (D) during System Duetz® (A, B, ©)) or shake flask cultivation
(C, D @) of U. cynodontis wildtype (green), Aras2 (blue), Afiz7 (orange), and Aubc3 (pink) in screening medium with various
carbon sources, carbon source concentrations, and buffer systems. Error bars indicate the standard error of the mean (n=3).
Microscopy images were taken partially from the Master Thesis of Apilaasha Tharmasothirajan [277] and growth curve in D was
taken from the Bachelor thesis of Svenja Meyer [283]

Exemplary DIC images after 48 h or 72 h with 100- and 1000-fold magnifications are shown in
Figure 30A, and in the appendix in Figure 53 and Figure 54. Typically, a mixture of filamentous
and yeast-like cells was observed for the wildtype, with high glucose concentration, sunflower oil,
and glycerol causing more filamentous cells. In contrast, no filamentous growth was observed in
the fuz7 and ubc3 knockout strains under all tested conditions, while U. cynodontis Aras2 grew
filamentously in the high glucose concentration and partially also in the other conditions.
Macroscopic differences were also apparent, especially on glycerol, where U. cynodontis Afiz7
had a yellowish color, while all other strains became highly pigmented and showed extensive
clumping (appendix; Figure 55). However, this did not correlate with filamentous growth, which
was only observed in the wildtype. Taken together, these results are in good accordance with the
phenotypes observed in ras?2, fuz7, and ubc3 knockout strains of U. maydis [268], indicating that
these genes have a similar function in U. cynodontis. While this will need to be confirmed in the
context of plant-pathogen interaction with C. dactylon, for the purposes of this study it can be
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concluded that the disruption of these genes, especially fiuz7, is instrumental for morphology
control under biotechnologically relevant conditions. Because the focus of this work was to
optimize itaconate production in U. cynodontis, cultures were also analyzed by HPLC and pH was
determined to ascertain the effect of the knockouts on organic acid secretion (Figure 30B, Table
7, and in the appendix Figure 56). While deletion of ras2 and ubc3 resulted in a strong decrease in
itaconate production for all buffer conditions, the Afuz7 strain reached a significantly higher titer
in all tested conditions, except 100 mM MES buffer, in which the mutant produced significantly
less than the wildtype. Especially large differences were observed in weakly buffered conditions,
where the Afuz7 strain produced 2.3-fold more itaconate than the wildtype and 8.3-fold more than
the Aras2 strain. In contrast, U. cynodontis Aras2 produced more (S)-2-hydroxyparaconate than
either the wildtype or the Afuz7 strain, especially if stronger buffers were used with glucose as
carbon source. These differences in production achieved by disruption of the same MAPK signal
cascade at different entry points indicate an unexpected link between the regulation of Ustilago’s
life cycle and the itaconate gene cluster. Partly, these differences may be attributed to cell
morphology, like in A. ferreus where itaconate is only efficiently produced in a specific pellet
morphology [132, 284, 285]. That said, the differences between knockout strains displaying the
same morphology indicates a more intricate regulatory network, which connects different levels
of the MAPK signal cascade with secondary metabolite production like it is the case for several
other fungi [286].
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Table 7. Production parameters of various U. cynodontis strains during System Duetz® cultivation in screening medium with
various carbon sources, carbon source concentrations, and buffers. Errors indicate the standard error of the mean (n=3).

conditions U. cynodontis Aras2 ANfuz7 Aubc3

Yeis(gragorc™)? 0.05 + 0.00 0.02 +0.00 0.09 +0.01 0.00 + 0.00

é é Yeis(gurgarc™)® 0.13+0.00 0.17+0.00 0.11+0.01 0.03 +0.00
% Tjn ITA® (g L)¢ 2.10+0.05 0.57+0.01 4.75+0.20 0.08 +0.02
w7 HPe (g L) 5.66+0.10 5.07+0.11 5.77+0.18 1.07 £0.02
- Yeis(gragarc) 0.13+0.00 0.04 +0.00 0.12+0.00 0.03 +0.00
E é Yeis(gurgorc™)* 0.14+0.00 0.25+0.00 0.12+0.00 0.06 + 0.00
E En ITA (gL 6.28 +£0.08 1.20+0.06 5.25+0.07 1.11£0.03
=@ HP (g L) 6.95+0.04 7.39+0.13 5.14+0.03 2.03+0.03
. Yes(giragore)? 0.09 + 0.00 0.10 £ 0.00 0.13+0.00 0.03 +0.00
% E Yes(gnrgorc)* 0.09 +0.01 0.19 +0.00 0.11+0.00 0.06 + 0.00
_I:]n fo ITA (g L") 4.70+0.12 3.62+0.04 5.88 +0.05 1.08 £ 0.09
- @ HP (gL")¢ 4.35+0.34 6.83 +0.06 4.80+0.04 2.31+0.04
S = Yeis(gragory™)° 0.06 = 0.00 0.04+0.01 0.07+0.01 0.02 +0.00
E ?D Yeis(gurgory™)® 0.07 +0.00 0.05+0.01 0.05+0.00 0.03 +0.00
_fn En ITA (g L") 5.15+0.13 1.83+£0.54 8.39+0.80 1,61 +0.07
Q= HP (gL")¢ 6.00 +0.29 2.56 +0.69 5.30+0.06 2.85+0.11

2Ypss; overall yield product per consumed glucose
YITA; itaconate

¢ HP; (S)-2-hydroxyparaconate

4 maximum titer

¢Ypss; overall yield product per consumed glycerol

The abovementioned knockouts drastically impact the life cycle of Ustilago and may therefore,
also affect the fitness of the cells. To determine whether this is the case, growth rates of the mutants
were determined using the Cell Growth Quantifier® with screening medium including 50 g L™
glucose and 30 mM MES (Figure 30D). With exponential growth rates of 0.18 = 0.01 h™! for the
wildtype, 0.20 = 0.02 h™! for the Aras2 strain, 0.18 + 0.01 h™! for Afuz7, and 0.21 + 0.01 h™! for
Aubc3, these deletions didn’t negatively affect the growth rate of U. cynodontis, and the Aubc3
strain even showed a minor but significant increased rate compared to the wildtype. Final ODsoo
(33.67 £ 0.58 for the wildtype, 39.3 + 1.15 for the Aras2 strain, 32.33 = 1.15 for Afuz7, and 39.67
+ 1.53 for Aubc3) and CDW (Figure 30C) were also determined to exclude any effects of
morphology on the biomass analysis in later stages, where secondary growth is a significant factor
[137, 197]. Also here there was no significant difference between the wildtype and the mutants.
As a final test, U. cynodontis Afuz7 was applied in pulsed-fed-batch cultures in a 1.3-L bioreactor
stirred at 1,200 rpm. The culture was started at pH 6, and allowed to drop down to pH 2.1, after
which it was further maintained at pH 3.8 through the addition of NaOH. This regime is similar to
that described by Heverkerl et al. [263] for A. terreus. Also under these conditions, U. cynodontis
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Afuz7 showed stable yeast-like growth and a homogenous broth for the whole 284 h of
fermentation, resulting in the production of 21.2 + 0.0 g L™! itaconate, with a yield of 0.22 + 0.01
aira gore! and a productivity of 0.07 g L' h'l. Further 9.25 g L' (S)-2-hydroxyparaconate was
produced (Figure 31). In total 30.42 + 0.11 g L' acid was produced, which corresponds to a yield
0f 0.32 + 0.01 gacio gorc™!. In all, these results show that deletions in the MAPK pathway, which
governs the sexual cycle of Ustilago enable the control of cell morphology under
biotechnologically relevant conditions, without significantly affecting cell fitness. The achieved
stable yeast-like morphology will likely positively affect bioprocess parameters such as the oxygen
transfer rate, viscosity, clogging, and reduced the sensitivity to hydro-mechanical stress [197].
U. cynodontis Afuz7 was chosen for further study since it was the goal of this study to increase
itaconate production at low pH.
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Figure 31. Controlled high-cell density pulsed fed-batch fermentations of U. cynodontis Afuz7. A: CDW(A), glucose (m) and
ammonium concentration(e) and B: Concentration of itaconate (V') and (S)-2-hydroxyparaconate (0) and pH (continuous line) in
a bioreactor containing batch medium with 50 g L-1 glucose, 0.8 g L-1 NH4Cl at an initial pH of 6, which was allowed to drop
until 21.3 h, after which it was controlled at 3.8 with NaOH. The stirring rate was constant at 1200 rpm. Arrows indicate addition
of 100 mL of 50 % glucose. Error bars indicate the deviation from the mean (n=2). Raw data were taken from the Master Thesis
of Apilaasha Tharmasothirajan [277].

3.3.3.3 Metabolic engineering of U. cynodontis to improve itaconate production

In Ustilago maydis, the characterization of the itaconate production pathway and the associated
gene cluster enabled significant enhancements in product yield, titer, and rate by metabolic
engineering [139, 140]. Further, the itaconate cluster is conserved in several Ustilaginaceae,
including Ustilago cynodontis NBRC9727 [265]. To confirm the putative functions of the most
important genes in this cluster, deletion mutants of genes encoding the mitochondrial transporter
(Uc_mit]) and extracellular transporter (Uc_itp1) were constructed in the wildtype background.
Further deletions of the regulator (Uc_rial) and the P450 monooxygenase (Uc cyp3) were
constructed in U. cynodontis Afuz7" (r = recycled hygromycin cassette). To characterize these
deletion mutants, cultivation studies in screening medium with 50 g L' glucose buffered with
30mM MES and 100 mM MES were performed, using U. cynodontis NBRC9727 and
U. cynodontis Afuz7" as controls (Figure 32, and in the Appendix Figure 57, and Figure 58).
Deletion of both transporters (Uc_mttl, Uc _itpl) and the regulator Uc_rial abolished or strongly
reduced itaconate and (S)-2-hydroxyparaconate production. In U. maydis deletion of the
transporters resulted in a decrease of itaconate production but not in a complete loss like observed
here [139]. The deletion of cyp3 led to a complete loss of (S)-2-hydroxyparaconate production and
yielded three times more itaconate. This matches the results of Geiser ez al. [139] for U. maydis
with the exception that itaconate production was not increased to the same relative extent. The
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characterization of these deletion strains demonstrates that the genes rial, cyp3, mttl, and itpl,
and in addition to that also likely the rest of the gene cluster in U. cynodontis, are involved in the
itaconate biochemical pathway, thereby providing the fundamental knowledge needed to optimize
itaconate production through metabolic engineering.
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Figure 32. Organic acid production of various U. cynodontis deletion strains. Itaconate and (S)-2-hydroxyparaconate production
by various U. cynodontis mutants in comparison to wildtype and Afiz7" controls during System Duetz® cultivation in screening
medium with 100 mM MES and 50 g L' glucose. Error bars indicate the standard error of the mean (n=3).

In U. maydis a combination of cyp3 deletion and rial overexpression drastically improved
itaconate production, with a 4-fold higher production compared to the wildtype [139, 140]. Also,
overexpression of the mitochondrial transporter mtt/ led to a similar increase of itaconate in the
rial overexpression mutant [139]. Recently we could show that the mitochondrial transporter
At MttA from A. terreus enables higher itaconate production in U. maydis [287]. These
modifications were thus sequentially introduced into U. cynodontis Afuz7". To overexpress
At_mttd, the gene was controlled by the promoter Pe.r and the terminator T, from U. maydis,
while the overexpression construct was integrated randomly into the genome. Overexpression of
the native rial was also achieved by random genome integration, but in this case, rial was
controlled by its native promoter and terminator since previous complementation experiments with
Peerand Tos were not successful for rial [265]. Overexpression of this gene was thus achieved by
an increase in copy number, maintaining its native regulation. To exclude locus-dependent
negative effects of the random genomic insertion, four individual transformants of the rial
construct and 63 transformants of the m#tA4 construct were evaluated and the best performing clone
was selected for further study (appendix; Figure 59 and Figure 60 and Figure 60). The resulting
strains were characterized in screening medium buffered with 30 mM MES (Figure 33) or with
100 mM MES (Figure 34). Overexpression of rial led to a 1.7-fold increase in itaconate production
compared to U. cynodontis Afuz7" Acyp3". Additional overexpression of the mitochondrial
transporter encoding At mttA in U. cynodontis Afuz7'Acyp3" Priairial increased production a
further 49 %. Compared to the wildtype U. cynodontis Afuz7" Acyp3" PewepmitA Priarrial produced
6.5-fold more itaconate with a titer of 22.3 0.2 g L' and a yield of 0.42 + 0.003 gira garc™!. All
engineered strains showed the same yeast-like morphology as previously observed for
U. cynodontis Afuz7, whereas the wildtype showed a mixture of yeast-like and filamentous cells.
In contrast to U. maydis, no malate was observed, and instead low concentrations of erythritol
were transiently produced as a byproduct. At least one unknown product was also detected by

70



Results
HPLC as a peak with the Rl-detector. Since no peak was observed with the UV detector, the
compound might be an unknown polyol or glycolipid. When 100 mM MES was used as buffer,
same patterns were observed with only marginally higher titers (Figure 34). With 30 mM MES,
the optimized strain shows a linear itaconate production rate between 48 and 96 h, in spite of the
fact that in this timespan, the pH was between 2.9 and 2.46. These two observations highlight the
pH tolerance of U. cynodontis and the fact that the modifications did not significantly impact the
fitness of the strain.
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3.3.4 Conclusion

This study addressed one of the main drawbacks of Ustilago compared to Aspergillus in itaconic
acid production, namely pH tolerance. We could transform the strong filamentous growth of the
pH tolerant U. cynodontis NBRC9727 into a stable yeast-like growth by morphological
engineering under process-relevant conditions. Combined with metabolic engineering, itaconate
production was increased 6.5-fold with minimal impact on host fitness and pH tolerance. This
powerful combination of stable yeast-like morphology and pH tolerance opens up a range of
possibilities in the field of process development. Given its unstable morphology, basic operations
like pumping or filtration of fermenter broth are complicated with A. terreus. Fermentation
intensification is now becoming possible with the optimized U. cynodontis, enabling efficiency
gains through the development of continuous processes, in situ product removal, or cell retention.
Thus, the process window of itaconic acid production has been greatly expanded into new
dimensions.
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Results

3.4 Process engineering of pH tolerant Ustilago cynodontis for efficient itaconic acid
production

3.4.1 Abstract

Ustilago cynodontis ranks among the relatively unknown itaconate production organisms. In
comparison to the well-known and established organisms like Aspergillus terreus and
Ustilago maydis, genetic engineering and first optimizations for itaconate production were only
recently developed in this thesis for U. cynodontis, enabling this pH tolerant organism to produce
itaconate efficiently. Its filamentous phenotype thus far hindered the effective application of this
strain. This problem was recently solved by morphological engineering, which, combined with
metabolic engineering, yielded new hyperproducing U. cynodontis strains. These strains were so
far mostly characterized in small scale shaken cultures. Here, we characterize engineered
U. cynodontis strain in controlled bioreactors and optimize the process for itaconate production.
In pH-controlled fed-batch experiments, an optimal pH of 3.6 could be determined for itaconate
production in U. cynodontis Afuz7. With the optimized U. Afuz7" Acyp3” PeieymitA Priairial, titers
up to 82.9 + 0.8 g L' were reached in a high-density pulsed fed-batch fermentation at this pH. The
use of a constant glucose feed controlled by in-line glucose analysis increased the yield in the
production phase to 0.61 gira garc™, which is 84 % of the theoretical maximum. Productivity could
be improved to a maximum of 1.44 g L' h'!, and product toxicity could be prevented by a repeated-
batch application. The results obtained are discussed in a biotechnological context and show the
great potential of U. cynodontis as an itaconate producing host.

3.4.2 Introduction

Itaconic acid is an unsaturated dicarboxylic acid with two pKa values at 3.84 and 5.55.
Depending on the pH value, the undissociated form H2ITA, the single dissociated form HITA™ and
the double dissociated form ITA2" can exist [107, 132]. Further it consists a methylene group, and
its functional groups are especially interesting for the polymer industry. Depending on the groups
chosen for polymerization, polymers with different properties can be synthesized and further used
for different applications in the industry like in the pharmaceutical sector [110, 112, 114, 115, 288-
291). Aspergillus terreus, Ustilago maydis and Ustilago cynodontis are known as good itaconate
producing organisms [21, 140, 292]. The biochemical pathways and underlying gene clusters
responsible for itaconate production in these organisms are well-studied [139, 140, 255, 265]
(chapter 0). Since over 60 years A. terreus is used for itaconate production by batch fermentation
[110,251]. What exactly triggers itaconate production in A. ferreus, and especially why it produces
itaconate, is still unknown [21] . In general production is initiated at low pH-values [23, 29, 293].
After initiating efficient itaconate production, it could be shown that increasing pH-value can
enhance itaconate titers, whereby time point of increasing pH is important [131, 132]. By
controlling the pH at 3.4 after the itaconate initiating phase, product titers up to 160 g L™ could be
achieved [132]. Further productivity could be increased by media optimization and pH-shift
experiment to 1.15 g L' h™! [131] and the highest known yield with 0.72 gira gorc™' was reached
by optimizing oxygen transfer [134] . Following submerged fermentation with A. terreus, the
itaconic acid is typically purified by repeated crystallization in industrial settings [294]. Although
A. terreus is a highly efficient itaconate producer, some drawbacks exist for this host. One feature
that causes high costs is the ability to grow as pellet or mycelia, respectively [285]. While pellet
sizes between 0.1 to 0.5 mm resulted in the highest itaconate productivity [155], growing in
mycelial form leads to a stop of itaconate production [132, 285]. This morphology is strongly
influenced by media compositions. Currently molasses is used as carbon source to reduce costs.
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Since impurities like manganese are known to induce mycelium formation, this impure substrate
must be pretreated to remove impurities by ion exchange chromatography or ferrocyanide
treatment [22]. This additionally steps make medium preparation costly. But also, pH- and shear
stress can induce mycelial growth and abolish itaconate production in A. terreus [21].

Besides A. terreus many members of Ustilaginaceae are known to produce itaconate naturally [95].
The most well studied member of this family is U. maydis. In wildtype U. maydis, itaconate
production is initiated by nitrogen limitation [261] and production takes place above pH-values of
5.5 [95]. While its yeast-like growth behavior is a benefit especially for production in a bioreactor,
current values for titer, yield and productivity on glucose are far away from that what is published
for A. terreus [140, 265]. U. cynodontis is another promising Ustilaginaceae which, however,
displayed strong filamentous growth [95, 126]. Unlike U. maydis, U. cynodontis has a high pH
tolerance, which poses major benefits for itaconate production. Recently we could overcome the
strong filamentous growth behavior under biotechnologically relevant conditions through the
deletion of fuz7, encoding a MAPK protein involved in the regulation of tube formation and
filamentous growth. Further it was possible to increase itaconate production up to 6.5-fold
compared to the wildtype by metabolic engineering, involving the deletion of P450
monooxygenase cyp3 and the overexpression of the itaconate cluster regulator Rial and by
heterologous expression of mitochondrial transporter MttA from A. terreus [292]. In this study,
we apply this optimized U. cynodontis strain in controlled bioreactors. The optimal pH value for
itaconate production is determined, followed by process optimization to enhance itaconate
production by different glucose feeding strategies and by repeated batch. By this means, we
demonstrate the potential of U. cynodontis as alternative pH-tolerant itaconate producer with a
stable yeast-like morphology.

3.4.3 Results and discussion

3.4.3.1 Influence of pH and yeast extract on itaconate production by engineered U. cynodontis
Previously we reported that by deletion of fuz7 the strong filamentous morphology of Ustilago
cynodontis was switched to stable yeast-like growth, resulting in a better production of itaconate.
Shaking flask experiments in different buffered media indicated that U. cynodontis has high pH
tolerance, but the optimum for itaconate production could not be determined in this setup. Since it
is known that the pH is a key factor in itaconate production with considerable influence on later
downstream processes and that protonated itaconate leads to weak acid uncoupling [21, 107, 131,
132], we determine the optimal pH for itaconate production in U. cynodontis Afuz7 by pH-
controlled fed-batch fermentations (Figure 35). Cultures were performed at pH value of 1.9, 2.5,
3.2,3.4,3.6,3.8,5.5 and 6.0, these values were set from the beginning of inoculation by manual
addition of HCI and controlled afterward with NaOH. The stirrer was set to 1000 rpm in batch
medium without yeast extract, 0.8 g L' NHsCl and 50 g L' glucose at the beginning of
fermentation. Corresponding titers, yields and ODsoo are depicted in Figure 35A, B. Strong growth
inhibition was observed at pH 1.9 compared to the other cultures. However, U. cynodontis Afuz7
both grew and produced itaconate at the second lowest pH of 2.5, although the yield was 1.9-fold
lower than at the optimal pH of 3.6 where a titer of 24.7 g L'! and a yield of 0.27 grra gorc™ were
reached. This difference in production is likely related to the fact that itaconate has three
protonation stages, as mentioned in the introduction. Below a pH value of 3.83 the undissociated
form H>ITA is predominant, above 3.83 the single dissociated form HITA" and above 5.55 the
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double dissociated ITA? is predominantly present. In the fully protonated form (H2ITA) weak
acids can diffuse through the plasma membrane and acidify the cytoplasm resulting in stress or
growth inhibition for the cell. In contrast, HITA™ and ITA% cannot freely cross the membrane and
stay in the fermentation broth [132,295-297]. To determine the concentrations of each dissociation
form of itaconic acid in this study, CurTiPot was used [298]. Between a pH value of 2.5 and 3.6,
the concentration of protonated H2ITA at the end of the cultures was 14.6 + 0.8 g L' (Table 8).
This concentration is relatively constant, especially considering the much larger differences in total
titer, indicating that this protonated product level is inhibitory for the cells. Interestingly, with
further increasing pH itaconic acid concentrations decrease, although the relatively harmless
dissociated forms are predominant. This was also observed in itaconic acid production in
A. terreus, where the optimum for production was determined at a pH of 3.4 [132]. However, with
A. terreus, a morphological change was the main reason for this decrease. Such a morphological
change was excluded with U. cynodontis Afuz7. Likely, the pH optimum for itaconate production
is at least in part governed by regulatory mechanisms of the genes in the itaconate cluster.

Table 8. Protonation distribution of controlled high-density pulsed fed-batch fermentation of U. cynodontis Afuz7 at different pH
values. Titer, undissociated form H2ITA, single dissociated form HITA" and double dissociated ITA? during fermentation in a
bioreactor containing batch medium without yeast extract with 50 g L' glucose and 0.8 g L' NH4ClI controlled at different pH
values titrated with NaOH. Error bars indicate the deviation from the mean (n=2) instead of fermentation at pH=3.6 (single
representative bioreactor).

oH Titer * HLITA ® HITA ¢ ITA% ¢
(gL (gL-1) gL" (gL"
1.9 0.0 +0.0 0.0+ 0.0 0.0 0.0 0.0+ 0.0
25 150£12 14112  09%0.1 0.0+ 0.0
32 209+05  159+£04  5.0%0.1 0.140.0
34 220+ 1.1  146+07 72403 0.1+0.0
3.6 24.7 13.7 10.7 0.3
38 246+04 107402 133402  0.6+0.0
55 201+04  0.1+0.0 6.2+0.1 13.8+02
6 170400  0.0£0.0 2.140.0 14.9£0.0

2 titer: final titer

b H2ITA: undissociated

¢ HITA™: single dissociated
4ITA?: double dissociated

For all used pH values, no filamentous growth was observed like in shaking cultures in
Hosseinpour Tehrani ez al. [292]. Differences in the color of the fermentation broth were observed.
While at low pH-conditions the fermenter broth was yellowish or white, at higher pH-values it
became more pigmented. Low amounts of erythritol as side product were measured, which did not
show any particular trend. Another major side product was (S)-2-hydroxyparaconate. It has a lower
pKa-value than itaconate [136], and in U. maydis, low pH values stimulate the conversion of
itaconate to (S)-2-hydroxyparaconate, likely by facilitating its uptake [140]. Hosseinpour Tehrani
et al. [292] could shown that by deletion of cyp3, (S)-2-hydroxyparaconate production could be
abolished and simultaneously, itaconate production could be increased. A further major increase
in itaconate production was achieved by overexpression of rial and mittA. Possibly, these
modifications affect the pH optimum at which U. cynodontis produces itaconate, which should be
investigated in the future.
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Figure 35. Controlled high-density pulsed fed-batch fermentation of U. cynodontis Afuz7 at different pH values. A: yield in gira
garc’(filled bars) and itaconate concentration (patterned bars) and B: ODeoo during fermentation in a bioreactor containing batch
medium without yeast extract with 50 g L' glucose, and 0.8 g L' NH4Cl controlled at different pH values titrated with NaOH.
Error bars indicate the deviation from the mean (n=2) instead of fermentation at pH=3.6 (single representative bioreactor). The
figure is modified and partially adapted from the Master thesis of Apilaasha Tharmasothirajan [277]

The above-mentioned determination of the pH optimum was performed in a fully mineral medium.
Previous fermentations with U. maydis were often performed with 1 g L! yeast extract added to
the starting medium [95]. To see if this addition influences production behavior, the same
fermentation with same settings was prepared with U. cynodontis Afuz7, at determined optimal pH
3.6 with the exception that this time 1 g L™ yeast extract was not omitted from batch medium
(Figure 36). The maximum titer of 25.5 + 1.1 g L' itaconate and yield of 0.25 = 0.01 grra gorc™
was similar to the determined production parameter during fermentation in batch medium without
yeast extract. In contrast, maximum (S)-2hydroxyparaconate production was increased by 3.5-fold
to 17.3 £ 1.1 g L'! ,and consequently the total acid concentration in batch medium with yeast
extract was 1.4 fold higher. The key factor that could be improved in the case for itaconate was
productivity (Figure 36B, D). Without yeast extract, 288 h was necessary, in contrast, addition of
yeast extract reduced the time to 206 h and allowed a better and faster production of itaconate.
Thus, we decided to following experiments to use batch medium (which includes 1 g L' yeast
extract) at a pH of 3.6.
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Figure 36. Controlled high-density pulsed fed-batch fermentation of U. cynodontis Afuz7. A, B: ODeoo (A), glucose (m) and
ammonium concentration (V¥), C, D: Concentration of itaconate (e), (S)-2-hydroxyparaconate (o) and erythritol (A) during
fermentation in a bioreactor containing batch medium without (A,B) or with yeast extract (C, D) with 50 g L' glucose, 0.8 g L*!
NH4Cl at pH 3.6 titrated with NaOH. Arrows indicate addition of 50 mL of 50 % glucose. Error bars indicate the deviation from
the mean (n=2) instead of A and B (single representative bioreactor).

3.4.3.2 Enhanced itaconate production in a bioreactor

While pH optimum was determined with U. cynodontis Afuz7, the new hyperproducing strains
described in Hosseinpour Tehrani et al. [292] were developed in parallel. With U. cynodontis
Afuz7" Acyp3" PeepmittA Priairial a strain was engineered which produced 6.5-fold more itaconate
compared to the wildtype. This fact led us to perform the following fermentations with this new
strain. In order to assess the performance of this new strain in controlled fed-batch fermentation,
it was cultured in batch medium at a constant pH of 3.6. Cultures of 4. terreus are often started at
a more neutral pH, letting the pH drop during growth after which pH control is switched on [131,
132]. This pH shift can have a positive impact on the growth phase by reducing pH stress, but it
may also pose a higher risk of bacterial contamination. To test the effect of such a pH shift, another
fermentation was started at pH 6.0, letting the pH drop to 3.6 during growth, after which it was
controlled at pH 3.6 with NaOH for itaconate production (Figure 37 and Table 10). As expected,
itaconate production could be increased in these fed-batch fermentations compared to in shaken
batch cultures with the optimized Afuz7" Acyp3" Peemttd Priairial strain [292] and also compared
to U. cynodontis Afuz7 in fed-batch cultures (Figure 36).
Starting directly at pH 3.6 had no negative impact on production compared to starting at pH 6.0.
On the contrary, the maximum titer of 44.5 + 1.6 g L'! in the fermentation with a constant pH of
3.6 culture was slightly, but not significantly, higher than that of the fermentation with the pH shift
with 41.8 £ 0.3 g L' (Figure 37C and Table 10). Also, similar values for biomass and CO
formation were observed for both settings (Table 9 and Figure 37B, D). Further, nitrogen limitation
was achieved faster in fermentation with constant pH at 3.6 (Figure 37B). For both conditions, the
same yield was observed (Table 10). Interestingly 1.59 = 0.07 mol mol"! NaOH was consumed per
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mol itaconate in pH shifting fermentation, which is 2.1-fold more than fermentation with a constant
pH of 3.6. Since the carbon balance is not closed (Table 9) for either condition, unidentified
components have to be found in the future, especially because side product formation of further
acids like ustilagic acid is known for Ustilaginaceae [95].

Table 9. Carbon distribution of various fermentation conditions with U. cynodontis NBRC 9727 Afuz7" Acyp3" Pegmitd Priairial
in batch medium with various glucose and NH4Cl concentrations. Errors indicate the standard error of the mean (n=3).

constant pH 3.6 PH shift 6 - 3.6 high nitrogen

itaconate (%) 448+0.2 451+04 31.5+1.1
CDW (%) 15.0+1.8 16.2+0.6 19+1.1
erythritol (%) 09+04 0.4+0.1 1.8+0.1
CO2 (%) 22.0+2.0 23.0+1.5 23.7+09
unaccounted (%) 17.3+24 15.7+£3.1 240+3.1
C used (mol) 22+0.1 2.1+0.0 6.0+0.1

Overall, the production parameters achieved here at pH 3.6 were similar to those achieved with
U. maydis at pH > 6 where a maximum titer of 54.8 + 2.8 g L', the productivity of 0.33 £0.02 g
L' h' and a yield of 0.48 = 0.02 grra gorc! were reached [140]. Depending on the process setup,
the low pH optimum of U. cynodontis can provide significant benefits such as lower consumption
of titrating base and facilitated downstream processing [8, 201]. Also, the lower pH reduces the
risk of contamination [107], possibly enabling auto-sterile conditions, although this is not given
even for low pH processes [299]. Given these advantages and the fact that no differences in
itaconate production were observed, further fermentations were performed at a constant pH of 3.6.

Table 10. Production parameter for itaconate of various fermentation conditions in different variants of batch medium with U.
cynodontis NBRC 9727 Afuz7" Acyp3" PeepmttA Priarrial. Errors indicate the error from the mean (n=3) while fermentation with a
constant glucose feed is a single representative approach.

constant pH 3.6  pH shift 6-3.6  high nitrogen constant glucose

feed
titer™ (g L)? 445+ 1.6 41.8+0.3 83.0+0.8 78.6
Yess (gira gonc™)® 0.4+0.0 0.4+0.0 0.3+0.0 0.45
YeisM (gira gorc)? 0.5+0.0 0.4+0.0 0.4+0.0 0.61
rp (g L h)e 0.2+0.0 02+0.0 0.6 +0.0 0.42
M (gL'hh)f 0.4+0.0 0.3+0.0 1.4+0.0 0.85
NaOH ITA"! (mol mol)# 0.7+0.1 1.6 +0.1 0.8+0.1 0.66

@ titer: maximum titer

b Ypss: overall yield product per consumed glucose

©YpisM: maximum yield product per consumed glucose during production phase
41p: overall production rate

¢1pM: maximum production rate

fNaOH ITA"': amount NaOH consumed per itaconate
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Figure 37. Controlled high-density fed-batch fermentation of U. cynodontis NBRC 9727 Afuz7" Acyp3" PeeymttA Priairial A: glucose
concentration; B: ODg0o and ammonium concentration; C: itaconate and erythritol concentration and D: CO: off-gas concentration
during fermentation in a bioreactor containing batch medium with 50 g L' glucose, 0.8 g L' NH4Cl with a natural pH shift from
6 to 3.6 (filled legends/ continious grey line) or a constant pH at 3.6 (empty legends/continuous black line) controlled with NaOH.
Arrows indicate addition of 100 mL of 50 % glucose. Error bars indicate the standard error of the mean (n=3). This figure is
modified and adapted from the Master thesis of Katharina Saur [300]

Previous high-density fermentations with U. maydis have resulted in higher titers and
productivities [ 137, 140], potentially reducing process and investment costs in an industrial context
[301, 302]. However, they often come at the cost of lower yields, although the relation between
cell density and production yield, titer, and rate and often non-linear [303]. In order to investigate
the effect of higher cell densities of U. cynodontis Afuz7" Acyp3" PeepmittA Priairial, fermentations
with 200 g L' glucose and 4 g L' nitrogen were performed. For U. maydis, it is reported that
higher titers are possible with these increased starting glucose and nitrogen concentrations [137,
140]. With this change, however, it must also be taken into account that problems can arise such
as limitation and/or inhibition of substrates, high evolution rates of CO; and heat, and high oxygen
demand with increasing viscosity of the medium [304].

The five-fold increase in ammonium as growth-limiting nutrient resulted in a maximum titer of
82.9 + 0.8 g L itaconate after 140 h. This maximum was followed by a gradual decrease of
itaconate, even though glucose was still present (Figure 38). Simultaneously, CO> in exhaust gas
dropped from 0.4 % to 0.04 %, and glucose consumption stopped (Figure 38A, B and Figure 39).
Maximum productivity of 1.44 + 0.02 g L'! h! was reached between 46 and 73 h, which is 3.8-
fold more compared to fermentation with low nitrogen content (Table 10).
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Figure 38. Controlled high density fed-batch fermentation of U. cynodontis NBRC 9727 Afuz7" Acyp3” PeegmitA Priairial. glucose
(*) and ammonium (V) concentration; B: CO2 concentration (continuous line) and ODeoo (A ); C: itaconate (@) and erythritol (A)
concentration during fermentation in a bioreactor containing batch medium with 200 g L' glucose, 4.0 g L' NH4Cl at pH 3.6
titrated with NaOH. Arrows indicate addition of 100 mL of 50 % glucose. Error bars indicate the standard error from the mean
(n=3). This figure is modified and adapted from the Master thesis of Katharina Saur [300].

Interestingly, although five times more nitrogen was used, the ODsoo was only three times higher
compared to fermentation with 0.8 g L' NH4Cl, suggesting a possible limitation in other medium
components like in U. maydis [197]. Further, Klement ef al. [197] and Zambanini et al. [208] could
show that inhibition by high NH4ClI concentrations can affect biomass growth, which might be
avoided by pulse-feeding the nitrogen source. A gradual decrease in productivity, biomass
formation, and drop in COz production are visible after 72h indicating cell stress was initiated at
this time point. The relatively sudden drop in the CO; evolution rate at 140h indicates that at this
point a critical product concentration is reached, at which the cells are unable to maintain their
viability, likely because at this point they are unable to counteract weak acids uncoupling due to
the reduced substrate uptake rate. It is known that itaconate can inhibit the isocitrate-lyase, fructose
2,6-bisphosphate synthesis or substrate phosphorylation in mitochondria [118, 305, 306], which
may further contribute to lowering the substrate uptake rate. However, in general, the high-cell-
density cultures significantly increased the maximum titer and productivity compared to the low
cell density cultures, at a relatively small cost to the product yield (Figure 38 and Table 10). The
pulsed feed in the above-mentioned high-density culture significantly affected the production rate,
likely due to cumulative osmotic and weak acid stress. In addition, it is known for Ustilaginaceae
that high glucose concentration leads to slower growth and osmotic stress [140]. For these reasons,
fermentation with a constant glucose concentration (20 g L") was performed whereby other
parameters were equivalent to the fermentation with high nitrogen. In order to ensure a constant
substrate concentration, an in-line system for the analysis of glucose from Trace Analytics
(Braunschweig/Germany) was used. The in-line sampling was enabled by a dialysis probe where
the molecules diffused through a membrane into a transport buffer. The glucose measurement itself
is based on an enzymatic reaction with glucose oxidase, which catalyzes B-D-Glucose to D-
Glucono- é-lactone and hydrogen peroxide in the presence of oxygen. The glucose content is then
measured indirectly by the formed peroxide, which is oxidized to water and oxygen. The resulting
current at the electrode is directly proportional to the amount of oxidized glucose [307]. The inline
System of TraceAnalytics was further connected to the BioFlo 120® system from Eppendorf and
was coupled to a pump which regulates the glucose feed, depending on the measured glucose
concentration. Thus the glucose uptake rate could be determined by the rate of the pump. As an
additional control, the consumption of the glucose stock solution was measured by means of a
scale. Using this setup, nearly the same titer could be reached compared to the equivalent
fermentation with pulsed glucose feeds, however, with a lower overall (0.42 g L-!' h') and
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maximum (0.84 g L-! h') production rate (Figure 39 and Table 10). Interestingly, glucose
consumption could be reduced by 30 % compared to the pulsed fed batch (Figure 40), leading to
a much higher overall yield of 0.41 gira geLc™'. During the production phase between 43 and 186
h, a yield of 0.61 gira gerc™! was achieved, which is 84% of the theoretical maximum. This much
higher yield, along with the lower erythritol formation, strongly indicates that the cells suffer less
from osmotic stress compared to the pulsed fed-batch. This is also corroborated by the decrease in
productivity upon the pulse in the fermentation with high nitrogen, where the combined stress of
substrate and product concentrations is about 4-fold higher. Despite the improvements achieved
with the constant glucose concentration, the problem of product toxicity remains. This is
confirmed by the decrease in productivity above 50 g L'! itaconate, as also observed in the pulsed
fed-batch, which is also reflected in the glucose uptake rate (Figure 40).
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Figure 39. Controlled high density fed-batch fermentation of U. cynodontis NBRC 9727 Afuz7" Acyp3" Pegmttd Priairial. A:
glucose (m) and ammonium (V') concentration and ODgoo (A ); and B: itaconate () and erythritol (A) concentration during a single
representative bioreactor cultivation in batch medium with constant glucose concentration, 4.0 g L' NH4Cl at pH 3.6 titrated with
NaOH.
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Figure 40. Glucose consumption of U. cynodontis NBRC 9727 Afuz7" Acyp3” PeemttA Priairial. Glucose consumption of
fermentation in batch medium with pulsed-feed () or constant glucose concentration (continious line), 4.0 g L' NH4Cl at pH 3.6
titrated with NaOH. Error bars indicate the standard error of the mean (n=3) while fermentation with a constant glucose feed is a
single representative approach.

Both fermentation approaches (pulsed fed-batch and constant glucose concentration) show clear
signs of product toxicity at around 80 g L'! itaconate at a pH of 3.6 (Figure 38, Figure 39, Figure
40 and Table 10). One way to overcome this would be in situ product removal by calcium salt
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precipitation, as shown for U. vetiveriae [208] or by reactive extraction methods [308].
Alternatively, a continuous or semi-continuous process with cell recycling can help to overcome
product toxicity as well [309].

3.4.3.3 Repeated batch to overcome Product-toxicity

In order to assess the stability of the biocatalyst under low pH, a repeated batch approach with
cell recycling was applied to overcome product toxicity. The same conditions as in the
fermentation with 4.0 g L' NH4Cl were used. Above all, attention was paid to maintaining the
productivity of 1.44 +0.02 g L' h'! observed in the early phase of the high-density cultures. After
120 h, cells were centrifuged and re-suspended in fresh batch medium without NH4Cl. Yeast
extract (0.5 g L") was added to the medium because this addition greatly improved cell recovery
in initial pilot experiments. In the initial batch phase, 77.6 g 1" itaconate was produced which
corresponds to a yield of 0.4 gira goic! (Figure 41). In the first repeated batch phase, 49 g L™
itaconate with a yield of 0.5 grra gorc™! and in the second repeated batch 38 g L™! with a yield of
0.5 gira goLc™! were produced. Base totalizer revealed that in the first 39 h of the first repeated
batch and 28 h of the second batch, a lag phase occurred in which no itaconate was produced
(Figure 41B). This lag phase can likely be attributed to the centrifugation steps used for the
recycling, which deprive the cells of oxygen under low pH conditions. This lag phase was absent
in shake flasks with CaCOs at neutral pH (Figure 42), and in addition no yeast extract was
necessary for shake flask to recover the cells after the centrifuging step. The difference in the lag
phases may be explained by different centrifugation times. While the first batch was centrifuged
for 20 min, the second batch was only centrifuged for 5 min to minimize oxygen limitation. Cell
density decreased with each repeated batch, which was reflected in the productivity. After the 3™
batch, subsequent batches failed to produce itaconate. Overall, cell recycling positively affected
the product yield, which was stable across two repeated batches. However, significant lag phases
and reductions in biomass and production rates indicate high stress imposed by the centrifugation
steps applied here for cell recycling. To overcome these issues, a membrane-based cell retention
system could be used [310].
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Figure 41. Controlled high density fed-batch fermentation of U. cynodontis NBRC 9727 Afuz7" Acyp3" PewmittA Priarrial. A: ODeoo
(A) and pH (green line); B: glucose (m) itaconate (@) and total itaconate (dashed line) concentration, and used NaOH (red line)
during single representative fermentation in a bioreactor containing batch medium with 200 g L' glucose, 4 g L"' NH4Cl at pH 3.6
titrated with 10 M NaOH. For repeated batch phase culture broth was centrifuged and subsequently re-suspended in 0.5 L batch
medium without nitrogen, 170 g L' glucose and 0.5 g L' yeast extract.
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Figure 42. Repeated batch approach for itaconate production in U. cynodontis NBRC 9727 Afuz7" Acyp3" PewegmttA Priairial.
Glucose (m), itaconate () and total itaconate (e, dashed line) concentration in screening medium containing 33 g L' CaCO3 and
glucose during repeated batch cultivation in shaking flasks. For repeated batch phase culture broth was centrifuged for 5 min at
800 g and subsequently re-suspended in screening medium without nitrogen, 50 g L' glucose and 25 g L' CaCOs. Error bars
indicate the standard error from the mean (n=4).

3.4.4 OQutlook

This study demonstrates the applicability of the pH tolerant Ustilago cynodontis in controlled
batch cultivations, reaching high yield, titer, and rate at a low pH value. High-density fermentation,
especially coupled with a continuous glucose feed, provided the overall best balance of production
parameters, reaching high titers and yields with a minimal loss in productivity. Titers of up to
82.9 ¢ L'! were reached, which imposed significant product toxicity onto the cell, completely
inhibiting the substrate uptake rate. Repeated-batch cultures indicated the potential to overcome
product toxicity in a continuous itaconate production system with cell retention, especially if
centrifugation steps can be avoided in the future. In all, this study demonstrates the possibilities
enabled by the stable yeast-like morphology of the engineered U. cynodontis strain, while retaining
the benefit of low pH fermentation.
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3.5 Integrated strain- and process design enable production of 220 g L' itaconic acid with
Ustilago maydis

3.5.1 Abstract

Ustilago maydis is besides many other traits studied as an itaconate production host. Recently
itaconate performance parameters could be increased significantly by metabolic- and bioprocess
engineering. In this study, we could further increase itaconate production in U. maydis with an
integrated approach of strain and process engineering. Next generation itaconate hyper-producing
strains were generated using CRISPR/Cas9 and FLP/FRT genome editing tools for deletion,
knock-in, and overexpression of genes. The strain performances in combination with in situ
product crystallization with CaCOs, resulted in a maximum titer of 220 g L', This is a significant
improvement compared to best-published itaconate titers reached with U. maydis and with
Aspergillus terreus.

3.5.2 Introduction

More than 300 potential bio-based building blocks were selected from the U.S. Department of
Energy according to criteria such as estimated processing costs, estimated selling price, and the
technical complexity, in order to determine the most important chemicals that can be produced
from biomass. In the top selection, nine belong to the group of organic acids [12], underlining the
importance of this class of chemicals. One of these compounds is the unsaturated dicarboxylate
itaconic acid. It was first described in 1837 [103] and primary reports about microbial production
with Aspergillus itaconicus date back to 1931 [108]. Due to its two functional groups, radical
polymerization of the methylene group and/or esterification of the carboxylic acid with different
co-monomers is possible [25, 110, 311]. Thus, itaconate and its derivatives can be utilized in a
variety of ways. This leads to a wide range of applications, like in the paper-, architectural-,
pharmaceutical-, paint-, lacquer, and medical industry [21, 107, 111-115, 166]. It can also be used
as an intermediate for biofuel production [225]. Further, itaconate production by mammalian
macrophages is reported, where it plays a key role in the human immune response [117-119], with
possible applications as therapeutic agents for autoimmune diseases [120].
In spite of this wide variety of potential applications, the market size of itaconic acid in 2011 was
relatively small, with 41,400 tons and a market value of $74.5 million [111]. This is caused by the
relatively high price of approximately two dollars per kg and the availability of cheaper petrol-
based alternatives such as acrylic acid. The reduction of this price is, therefore, an exclusive
criterion for access to further markets. To be competitive against petrol-based products, costs need
to reduce to around $0.5 per kg [121]. Assuming that the price would decrease, itaconic acid can
replace acrylic acid whose production is petroleum-based and has a market worth of $11 billion
[23, 107, 110]. Since 1950 Aspergillus terreus is used for the industrial production of itaconate
[110]. Charles Pfizer Co. was granted the first patent for the production of itaconate with this
filamentous fungus A. ferreus by submerged cultivation [106]. During the last decades, the
responsible metabolic pathways and regulatory mechanisms of itaconate production in 4. terreus
were studied in detail [25]. Above all, sinificant advances could be achieved through process
optimizations. This long history of optimization has enabled titers above 100 g L' and yields near
the theoretical maximum at low pH, making A. terreus the current best production host for
itaconate production [21, 131, 138, 141, 142, 146, 147]. However, despite the long history and
experience, itaconate production in 4. terreus remains challenging. A specific pellet growth form
is required for high productivity [23, 284], and therefore, morphology has to be strictly controlled.
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A. terreus reacts very sensitively to certain medium impurities, which can induce mycelium
formation, stopping itaconate production [21, 132, 285]. Thus, the medium must be pretreated to
remove impurities from production medium, especially when using less pure industrial substrates
such as molasses [22, 110]. Consequently, morphological control influences the manufacturing
process tremendously, leading to increased operational costs and failed batches.

Besides 4. terreus, also E. coli [151] or Ustilaginaceae like the pH tolerant Ustilago cynodontis or
the yeast-like Ustilago maydis are known as good itaconate producer [95, 126, 208, 292]. Among
the Ustilaginaceae U. maydis is the most studied species in the fields of plant pathogenicity, cell
biology, and biotechnology [140, 178, 265, 278, 312]. The Ustilaginaceae produce a broad
spectrum of exciting products such as organic acids [95, 98, 126], glycolipids [171, 313], polyols
[95, 314], and enzymes [171]. This, along with their yeast-like growth, makes them attractive for
biotechnological applications [95].

That said, certain stresses can induce filamentous growth in U. maydis [268, 315] but efficient
itaconate production with this species is, at least a small scale, not coupled to a specific
morphology. In wildtype U. maydis, itaconate production is induced by nitrogen limitation [261]
and requires pH values above five [95]. Like in A. terreus, the genes encoding the itaconate
production pathway in U. maydis are clustered and co-regulated [138, 139]. Considerable progress
has been made in increasing the yield, titer, and rate of itaconate production in U. maydis and
related species by metabolic engineering and process development. Geiser et al. [139]
characterized the itaconate production pathway and identified an itaconate oxidase Cyp3, which
produces the downstream product (S)-2-hydroxyparaconate. The disruption of this oxidase, and
overexpression of the cluster-associated regulator Rial led to a 4.5-fold increase in ITA production
in U. maydis [140].In U. vetiveriae itaconate production from glycerol could be increased 2.5-fold
by overexpression of rial or 1.5-fold by overexpression of the mitochondrial transporter mit/
[208].

In another study, we could show that the heterologous expression of the mitochondrial transporter
MttA from A. terreus in U. maydis enables more efficient itaconate production than the native
mitochondrial transporter [287]. Further, by deletion of fuz7 in U. cynodontis a strong, stable yeast-
like growth could be established for several relevant itaconic acid production conditions [292].
This is especially favorable for large scale fermentation [24]. Furthermore, with media
optimization and optimization of the fermentation process such as pulsed fed-batch strategies
product titers can be significantly increased [95, 236], especially when combined with in situ
product removal approaches such as reactive extraction or calcium precipitation [107, 208, 308,
316].

These optimizations have individually made a significant impact on the efficiency of itaconate
production in Ustilago. In this study, we consolidate several of these metabolic and bioprocess
engineering strategies to achieve itaconate titers that surpass those currently achieved by any other
host.

3.5.3 Results and discussion

3.5.3.1 Engineering of a marker-free U. maydis MB215 for enhanced itaconate production
Previously Geiser et al. reached titers up to 63.2 = 0.7 g L™! with production rates up to 0.38 +

0.00 g L' h'! and a yield up to 0.48 £ 0.02 gira goic ! in bioreactor experiments by deletion of the

itaconate oxidase encoding cyp3 gene and overexpression of the transcriptional regulator Rial
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encoding gene (Acyp3 Peesrial) [140]. Unfortunately, two out of five possible antibiotic resistance
markers available for U. maydis were genomically incorporated in this design, which limited
further modification steps. Recently Schuster et al. [185] established a CRISPR/Cas9 system for
U. maydis enabling scarless and marker-free genome editing [317]. This technology, along with
the FLP/FRT system for marker recycling already used in U. maydis [183] removes previous
limitations of available antibiotic markers. For these reasons, we re-engineered the modifications
described by Geiser ef al. [140] using the CRISPR/Cas9 system from Schuster ef al. [185]. To
delete the oxidase encoding gene c¢yp3 which produces the downstream product
(8)-2-hydroxyparaconate, a repair template was used to delete the whole gene. It consisted of 1000
bp flanks homologous to sequences up- and downstream of c¢yp3. This strain was provided by
Johanna Becker (data unpublished). The overexpression of rial was not achieved by the in trans
insertion of an expression cassette, but rather by a direct replacement of the native P,i,; promoter
by the strong and constitutive Peer promoter was implemented. Here the same strategy was chosen
as for cyp3, including P..r between the flanks of the repair templates. Promoter exchanges were
previously shown to effectively upregulate native genes [236]. Two chosen transformants of the
resulting strain (Acyp3 APyiar::Pees #1 and Acyp3 APyiar::Pees #2) were compared to the control
strain from Geiser et al. [140] in System Duetz® 24-well plates [209], in screening medium with
50 g L' glucose buffered either with 30 mM MES or 33 g L' CaCO; (Figure 43). As expected,
itaconate production was lower using 30 mM MES compared to 33 g L CaCOs, since U. maydis
prefers pH values above 5 [95]. In both tested conditions, the transformants showed no difference
to the control except for one notable exception. Itaconate concentrations in the cultures with the
Acyp3 Peerial strain decreased markedly at 96 h with 30 mM MES (Figure 43A). This rapid
decrease shows that U. maydis can degrade itaconate, likely through a similar pathway as described
for A. terreus [71, 140]. Possibly, the expression of the genes encoding this degradation pathway
is affected by the promoter replacement, which removed the native P,; promoter. For further
investigations, we selected the strain U. maydis Acyp3 AP iar::Peres #2.
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Figure 43. Itaconate production and growth of engineered U. maydis strains. Itaconate concentration (A), growth (ODsoo, B), pH
(C) and DIC images at an magnification of 630x (D-I) with Acyp3 APrial::Peer#1 (green, V) and Acyp3 APrial::Peer#2 (black,
@) in comparison to Acyp3 Peerial (red, #) during shake flask cultivation in screening medium with 30 mM MES (open symbols)
or 33 g L' CaCO:s (filled symbols) with 50 g L-1glucose. Error bars indicate the standard error of the mean (n=3). The raw data
originates from the Master thesis of Isabel Bator [318].
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In the cultures of these overproducing strains, we also observed a degree of filamentous growth.
Although this is by far not as prominent as described for U. cynodontis 0[292], elongated cells and
filaments were formed in all strains for all conditions, especially upon the addition of CaCOs3
(Figure 43G-I).
3.5.3.2 Morphological engineering in U. maydis Acyp3 APria1::Peter

Usually, filamentous growth in U. maydis is investigated in terms of pathogenicity. In its natural
habitat, filamentous growth is indispensable to U. maydis for infection of Zea mays. This is
strongly coupled with sexual development, including a complex regulatory system [228, 278, 279].
Filamentous growth can also occur in haploid cells when they encounter stresses such as low pH,
nitrogen limitation, or the presence of sunflower oil [268, 272]. This ability to grow filamentously
is rather an obstacle in a biotechnological context, as it strongly influences bioprocess parameters
such as oxygen transfer, viscosity, and clogging, and it increases the sensitivity to hydro-
mechanical stress [197]. In order to solve this problem and to restore robust yeast-like growth, the
fuz7 gene was deleted in the marker-free Acyp3 APiar::Pees #2 strain by replacement with a
hygromycin marker through homologous recombination, followed by FLP/FRT-mediated marker
excision [183]. Fuz7 is part of the Ras/mitogen activated protein kinase (MAPK) pathway, which
plays an important role in conjugation tube formation and filamentous growth [280]. By deletion
of fuz7 in the strongly filamentous U. cynodontis, filamentous growth was repressed without
influencing itaconate production and cell fitness under biotechnologically relevant conditions
[292]. Deletion of fuz7 in U. maydis is known to abolish filamentous growth, and it also renders
the strain completely apathogenic [268, 280]. This inability to colonize the maize plant is an
additional advantage in a biotechnological context, as it may alleviate possible regulatory hurdles
for industrial applications.
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Figure 44. Itaconate production and growth of morphology-engineered U. maydis strains. U. maydis Acyp3 APriai::Peter (black, Da-
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3), 100 mM MES (®, Da4-6+ca-6) and 33 g L' CaCOs (@, Dui-3+d1-3) and 50 g L' glucose. Error bars indicate the standard error of the
mean (n=3).

In order to assess the effect of fiz7 deletion, cultivation studies in screening medium with 30 mM
and 100 mM MES, and 33 g L' CaCOs were performed (Figure 44). As expected, U. maydis
Acyp3 APriar::Peer Afuz7 grew completely yeast-like in all tested conditions. In contrast, U. maydis
Acyp3 APiar::Peer grew filamentously (Figure 44C), resulting in extensive adherence to the walls
of the culture plates (Figure 44D). This striking difference in morphology in the fuz7 mutant
greatly improves the handling of these cultures, while it did not negatively affect itaconate
production. Rather, production was significantly better at the end of cultivation for 30 mM and
100 mM MES.

3.5.3.3 Mitochondrial transporter engineering in U. maydis Acyp3 APra1.:Peet Afuz7

Recently we could show by complementation experiments that overexpression of the
mitochondrial transporter encoded by m#tA from A. terreus enables higher itaconate production in
U. maydis than overexpressing the native mtt/ [287]. Thus, in order to further increase itaconate
production, we expressed mttA of A. terreus in U. maydis Acyp3 APriar::Peres; Afuz7 using plasmid
pETEF_CbxR_At mtt4 [287]. The best of three individual transformants were selected for further
study. Upon the cultivation of this transformant with CaCOs, a white precipitate was observed in
samples of these cultures, indicating that the solubility limit of calcium itaconate was reached. As
described for malic acid production with U. trichophora, and itaconate production with
U. vetiveriae, calcium salts of these organic acids have a lower solubility, leading to in situ
precipitation in cultures where high titers are reached, usually preceded by a transient
supersaturation of the product [97, 208]. In order to assess the effect of in situ itaconate
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precipitation in the engineered U. maydis strains, they were cultivated in System Duetz® plates in
screening medium with 100 g L' glucose and 66 g L' CaCOs. Samples were analyzed with, and
without HCI treatment to re-solubilize the precipitated Ca-itaconate (Figure 45). With the higher
glucose concentration, the difference between strains with and without fiz7 deletion becomes more
apparent, with the filamentous strains having a lower substrate uptake rate and a residual glucose
concentration between 33.1 + 2.6 g L' and 38.2 + 2.9 g L'\, Consequently, the strain with fizz7
deletion reached higher final titers, with U. maydis Acyp3 APriar::Peier Afuz7 PeemitA producing
33.6 + 1.6 L' itaconate,
An even more pronounced effect was observed with similar cultures using glycerol as C-source
(Figure 46). Glycerol is a very poor substrate for wildtype U. maydis MB215 [97], and it invokes
a high degree of filamentation and pigmentation in U. cynodontis (chapter 3.3). Especially the fuz7
deletion had a very positive effect on the glycerol uptake rate and itaconate production, with the
Acyp3 APiar:Perer Afitz7 strain producing 13.1 £ 0.04 g L', compared to 4.3 + 0.4 g L! produced
by the Acyp3 APia1::Peer control strain. Titers could be further increased with U. maydis Acyp3
APriar::Peres Afitz7 Peremitd to 16.1 £ 0.4 g L' itaconate (Figure 46).
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Figure 45. Comparison of aqueous and total itaconate concentrations in culture of engineered U. maydis strains. Itaconate
production (e), glucose consumption (m) and macroscopic image of 24 well-plate after 96h (F) of U. maydis Acyp3 Peerial (A,
Fa1-3)), Acyp3 APriarz:Perer (B, Faa-6)), Acyp3 APriarz:Perer Afuz7 (C, Fb1-3)) and Acyp3 APriaiz:Perer Afuz7 PeregmittA (D, Foa-6)) during
System Duetz® cultivation in screening medium with 66 g L' CaCOs and 100 g L' glucose. Dotted lines represent samples treated
with HCI and continuous lines represents untreated supernatant samples. Error bars indicate the standard error of the mean (n=3).
Glucose values were combined for untreated and treated samples (n=6).
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3.5.3.4 Optimized itaconate production in a stirred bioreactor

In principle, the alleviation of product inhibition provided by the in situ precipitation of calcium
itaconate enables much more extended cultures, in which productivity is only limited by the
availability of the substrate and the stability of the biocatalyst. Therefore, in order to achieve high
itaconate production, U. maydis MB215 Acyp3 APriar::Perer Afuz7 PeeymitA was cultivated in pulsed
fed-batch fermentations with CaCOs. The batch phase was started in screening medium containing
50 g L glucose and 1.6 g L' NH4ClI (Figure 47). The CaCOs was added manually whenever pH
dropped below 6.2, in the first 313 h as a liquid suspension and after 313.5 h CaCO3 as a powder.
Glucose was also pulsed into the fermenter to keep the concentration above 20 g L. The feeding
schedule of CaCOs and glucose is given in (Table 11). The resulting titer of 140 g L™! itaconate
was reached after 437 h. This is 2.2-fold more than the best published 63.2 = 0.7 g L' from Geiser
et al. [140] with U. maydis. Biomass formation mainly occurred in the first 72 h and reached ODso0
values around 90, staying relatively constant for the rest of the fermentation. An overall yield of
0.39 grra gorc! was reached and the overall productivity was 0.32 g L' h'!, with maximum
productivity between 24-120 h of 0.65 g L' h'l, after which it stayed relatively linear at
0.23 gL' h'!. This decrease in productivity might be caused by the high solids load of 10-15%
CaCO; and Ca-itaconate in the fermentation broth, which could result in inhomogeneous mixing
with pockets of low oxygen tension. For itaconate production, sufficient supply of oxygen is very
important, with even transient oxygen limitations leading to a decrease of production [197, 319].
Future process development should thus focus on better mixing with these high solids loads, i.c.,
by changing stirrer geometry, which can promote better oxygen distribution in viscous media
[320]. In addition to itaconate, the production of 31 g L' malate was also observed, thereby
increasing the total acid production to 170 g L' and the total acid yield to 0.48 grra gorc™!. This
could be the result of the additional supply of CO2 by CaCOs. The efficient microbial production
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of malate via pyruvate relies on COz as co-substrate [97], and the additional CO» provided by the
CaCOs might imbalance the precursor supply of itaconate.
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Figure 47. Controlled pulsed fed-batch fermentation of U. maydis MB215 Acyp3 APjiai::Peies Afuz7 PeymttA in the presence of
CaCO:s. A: growth (A), and glucose concentration (m) and B: Concentration of itaconate ('¥), malate (V), and pH (continuous
line) during a single representative bioreactor cultivation in batch medium with a starting concentration of 50 g L' glucose and 1.6
g L NH4Cl. pH was kept above 6.2 by manual addition of CaCOs. Feeding schemes of glucose and CaCOs are listed in Table 11.
The raw data originates from the Bachelor thesis of Svenja Meyer [283].

In a similar approach where pH was controlled by titration with NaOH, a drastic decrease in
production was observed (Figure 48), reaching a maximum titer of only 35.9 = 1.5 g L"! with a
yield of 0.2 = 0.01 gira gorc™ and overall productivity of 0.12 = 0.004 g L' h'l. In this titrated
fermenter less than 1 g L™ malate was produced, further indicating that the additional CO, from
CaCOs increases malate production. The overall decrease of productivity in the titrated culture is
likely caused by the overexpression of m#t4, which significantly stresses the cells leading to
reduced growth productivity as described previously [287]. The application of in situ itaconate
crystallization with CaCOs3 thus greatly reduced product inhibition, which is especially relevant
with this genuinely engineered strains, leading to almost threefold higher production rates.
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Figure 48. Controlled high-density pulsed fed-batch fermentation of U. maydis MB215 Acyp3 APriai::Petes Afuz7 Peremitd with
NaOH titration. A: CDW (A), glucose (m) and ammonium concentration (®) and B: Concentration of itaconate (V) and offgas
CO:2 (continuous line) during fermentation in a bioreactor containing batch medium with glucose, 0.8 g L' NH4Cl at pH 6.0 titrated
with NaOH. Arrows indicate addition of 100 mL of 50 % glucose. Error bars indicate the error from the mean (n=3).
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To further improve the production rate, the cell density was increased by increasing the NH4Cl
concentration to 4 g L' and the starting glucose concentration to 200 g L™! (Figure 49). A similar
feeding strategy of glucose and CaCO; as above was applied (Table 12). As expected, higher
biomass formation was observed with higher ammonium concentration, although the 2.5-fold
higher nitrogen concentration only led to a moderate increase of the ODgop to around 110 g L. A
similar trend was observed with A. terreus, where a fourfold increase in phosphate as the growth-
limiting nutrient only led to a twofold increase in biomass (Krull et al., 2017). In spite of this, the
overall production rate was increased significantly to 0.45 g L' h'!. The higher overall production
rate was also reflected in a higher maximum rate of 0.74 g L' h™! between 24 h and 189 h followed
by a fairly linear rate of 0.35 g L' h™! for the rest of the fermentation. This higher rate enabled the
production of 220 g L! itaconate in the same timeframe as the lower density culture. Occasional
spikes in the measured itaconate concentration can be observed, likely due to the re-dispersion of
Ca-itaconate clumps from the headspace into the broth. Indeed, extensive clumping could be
observed owing to the very high solid loads of 20-25%. As expected, the higher rates come at the
cost of a yield reduction to 0.33 gita gcLc, as more glucose is consumed for biomass production
and maintenance.
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Figure 49. Controlled high-density pulsed fed-batch fermentation of U. maydis MB215 Acyp3 APriar::Peter Afitz7 PegmttA in the
presence of CaCOs. A: growth (A), and glucose concentration (m) and B: Concentration of itaconate ('V), malate (V), and pH
(continuous line) during a single representative bioreactor cultivation in batch medium with a starting concentration of 200 g L™!
glucose and 4 g L' NH4Cl. The pH was kept above 6.2 by manual addition of CaCOs. Feeding schemes of glucose and CaCOs are
listed in Table 12. This figure is modified and adapted from the Bachelor thesis of Svenja Meyer [283].

3.5.4 OQutlook

In this study, the combination of metabolic and morphological engineering together with in situ
crystallization of itaconate yielded a titer of 220 g L™ itaconate, which corresponds to 284 g L!
calcium itaconate. This titer exceeds the 160 g L™ achieved with 4. terreus [132], although the
yield and production rate achieved with A4. terreus are still higher [21]. Especially the yield
achieved with U. maydis could be further increased by the reduction of byproduct formation, as
illustrated by the relatively high levels of malate production under these conditions. The strategy
of in situ crystallization has not been reported in a biotechnological context with 4. terreus, likely
because the used pH values and the presence of solids strongly affect its morphology (Krull et al.,
2017). In all, this study demonstrates the power of an integrated approach of strain and process
engineering by steering Ustilago-based itaconate production into a quantitatively new dimension.
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General discussion and outlook

4 General discussion and outlook
4.1 Organic acids and their potential to initiate change

The world’s population is continuously increasing, which leads to an elevated demand for raw
materials [3, 321]. To overcome challenges such as CO2 emission, climate change, and pollution
of the environment resulting from a petroleum-based industry, microbial production of bio-based
products is required [8, 322]. The shift to a sustainable industry using renewable resources for the
production of value-added compounds will be one of the main challenges of our society. One
impressive group of compounds that have the potential to substitute petrochemical-derived
chemicals and thus could decrease their production are the organic acids. Organic acids are a key
group among the building block chemicals that can be produced in microbial processes [8, 20, 111,
323]. Above all, their functional groups make them an excellent starting material for the chemical
industry [8, 23]. Organic acids possess many beneficial properties that make them promising
molecules for industrial applications. For example, succinic, fumaric, and malic acid can replace
the petroleum-derived commodity chemical maleic anhydride, and itaconic acid can substitute
methyl methacrylate or polyacrylic acid, which all have large markets up to 3.2 billion t/a [8, 20,
25, 323]. This is the potential, while the current markets are small [8, 21, 23, 323]. The reason why
organic acids have not been able to establish themselves so far is the enormous process costs
compared to petroleum-based chemicals and the general challenges/requirements for industrial
scale-up for microbial organic acid production [8, 21, 23]. High costs often result from low-
performance microbial processes, costly downstream processing, or expensive feedstocks [8]. One
prominent organic acid with a high potential for industrial applications is itaconate. Improving its
microbial production using the smut fungi Ustilago as biocatalyst was the focus of this thesis.

4.2  Morphology

The morphology of fungi is a central criterion for efficient organic acid production, and in many

cases, a defined and simple morphology is required for optimal production [156]. However, many
parameters can negatively influence the morphology, including media components, bioreactor
setups, and the pH. Therefore, stringent control of the process parameters for optimal morphology
is required which considerably influences production costs [17, 324, 325]. In this thesis, one of the
main challenges was the filamentous growth behavior of U. cynodontis and U. maydis. Both
organisms belong to the Ustilaginaceae and are plant pathogens. Usually, U. maydis is described
as a unicellular yeast-like growing organism while U. cynodontis is described as a strong
filamentous fungus [95]. In this thesis filamentous growth was also for U. maydis production
strains observed, thus the advantage of unicellular growth, especially for later bioprocessing was
compromised strongly.
The filamentous growth in U. maydis is not unusual and rather normal or even necessary in its life
cycle. The process of plant colonization and infection is coupled with sexual development
governed by a complex regulatory system, which is well studied in U. maydis. In Figure 50, a
simplified illustration of the life cycle is depicted. Haploid cells with different mating types can
recognize each other with a pheromone receptor system to fuse and form a dikaryotic filament.
The dikaryon is afterward able to invade the maize plant via an appressorium [228, 278, 279]. Two
signal cascades, namely the cyclic AMP-dependent protein kinase A pathway and the
Ras/mitogen-activated protein kinase (MAPK) pathway play a major role in plant-cell interaction
in U. maydis and are involved in mating, pathogenicity, and morphology.

101



Chapter 4

®

®
(0]O)
/ @ aspore

h) Karyogamy and hyphal formation

T
fragmentation &\
/ b) Haploid @

cell \
g) Formation of lobed structures

- —
and tumor induction c) Conjugation \
tube

\

f) Profileration
And branching

d) Dikaryotic
filament
e) Appresorium
formation
--q

s

Figure 50. Life cycle of U. maydis. Simplified illustration of infestation process by U. maydis to infect the maize plant. Adapted
from Feldbriigge et al. [326] with minor modifications.

The deletion of genes encoding components of these pathways causes U. maydis to lose the ability
to induce filamentous growth and to colonize the maize plant [268, 280-282]. However also in
haploid cells, filamentous growth is not wunusual as mentioned in chapter 3.5.
By deletion of fuz7, which is necessary for morphologic transition, filamentous growth was
completely abolished in U. maydis and U. cynodontis under relevant itaconic acid production
conditions. Strains featured stable yeast-like growth under several biotechnological conditions
offering strong advantages during fermentation and general cell handling, as mentioned in chapter
3.3, 03.4, and 3.5. This newly acquired property in strain robustness / stress resistance is one key
factor to reduce costs and open new possibilities for researchers working in this field. The deletion
of different genes of the Ras/mitogen-activated protein kinase pathway resulted in different
production abilities in this study. Fuz7 deletion mutants showed the best itaconate production
properties, while the Ras2 deletion resulted in better (S)-2-hydroxyparaconate producing strains.
Although all deletion strains showed comparable yeast-like growth under the microscope, the
differences in production were enormous. That's not unusual for fungi. For example, itaconate
production using A. terreus is also only efficient when the host shows specific pellet morphology
[156, 284, 285]. A high number of genes are involved in the lifecycle of U. maydis. They were
analyzed and characterized in terms of pathogenicity only, but this thesis demonstrates that strains
modified regarding the MAPK signaling pathway can be promising hosts for biotechnological
applications. The first attempts regarding this approach were also carried out in 7. reesei where
growth rate and cellulose production could be increased [156]. In future studies, involved genes
from the cAMP and MAPK signaling pathway should be deleted in producing Ustilaginaceae to
prepare a knock out library. Since the genes are highly conserved, this could be achieved, for
example, applying CRISPR/Cas9 by choosing a common sgRNA in a way that it can be used for
several strains in parallel to minimize the effort. The transformants could then be examined for
their product diversity and their production performance to determine new hosts for new products
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since Ustilaginaceae have a versatile metabolism [95]. For example, this approach could be used
in U. trichophora for malic acid production [97] or in U. vetiveriae for itaconic acid production
[208]. In this context, screening for strains with higher tolerance towards specific products or
specific pH values would be also beneficial for organic acid production to overcome common
challenges such as product toxicity and low-pH inhibition.

Since (S)-2-hydroxyparaconate can be advantageous for high-value application, such as the
production of pheromones [254], U. cynodontis Aras2 strain could be further optimized for the
production of this compound as it was shown in chapter 3.3 that U. cynodontis is more efficient
regarding the synthesis of (S)-2-hydroxyparaconate. Since Geiser et al. [139] demonstrated that
overexpression of cyp3 led to increased (S)-2-hydroxyparaconate production, this approach would
be interesting in U. cynodontis Aras2. Especially since it could be shown in chapter 3.3 that cyp3
has the same function in U. cynodontis as in U. maydis. For further improvements of
(S)-2-hydroxyparaconate production, the extracellular transporter ip/ should be replaced by mfs4
of A. terreus, as it could be shown in chapter 3.3 that heterologous expression of MfsA is beneficial
for (S)-2-hydroxyparaconate production.

4.3 Metabolic Engineering

Metabolic engineering is a strategy to increase product to substrate yield, space-time yield, and
titer. This can be achieved by deletion or overexpression of genes to improve the flux of a
responsible pathway for a determined product. Further natural or synthetic pathways from other
organisms can be introduced into the biotechnological host of choice to enable higher efficiency
or unique functionality [327]. Since the itaconate cluster was identified and annotated for several
Ustilaginaceae in chapter 3.1, the foundation was laid for the following steps. In this thesis,
CRISPR/Cas9 and FLP/FRT were used for genome editing, including the deletion, insertion, and
overexpression of genes, which dramatically increased itaconate production in U. maydis and
U. cynodontis. In U. maydis production could be increased 4.2-fold, and a titer of 220 g L™ was
reached. In U. cynodontis production could even be improved to 6.2-fold compared to wildtype.
For further improvement, the own mitochondrial transporter should be deleted since it could be
shown in chapter3.1 that single integration of m#t4 from A. terreus boosts the production of
itaconate.

Further up-regulation strategies of metabolic steps upstream from itaconate precursors, could help
to increase itaconate production. In 4. niger with this strategy, itaconate production could be
enhanced drastically by nearly 50 %. This was achieved by the introduction of a truncated version
of a 6-phosphofructo-1-kinase that showed reduced inhibition by citrate and ATP [58, 328]. To
upregulate the metabolism also sufficient intracellular oxygen supply is necessary. Especially
because itaconate production in Ustilago is highly dependent on continuous aeration and already
short interruptions of oxygen supply led to a lower itaconate yield [146]. Thus, reducing oxygen
sensitivity to oxygen limitation might be a benefit for itaconate production in Ustilago. In
A. terreus, this was achieved by expressing hemoglobin from Vitreoscilla [329]. Possibly this
strategy is also successful for Ustilago.

Since cis-aconitate decarboxylase (cadA) from A. terreus was successfully expressed
heterologously in several organisms, such as E. coli, S. cerevisiae, Yarrowia lipolytica, Candila
lignohabtiants Snechocystis sp., and Corynebacterium glutamicum and could improve itaconate
production [25], this approach could be used also in Ustilago to reduce the conversation steps in
the cytosol. Additionally, the identification of the physiological role of itaconate in its natural
producers such as 4. terreus or Ustilago could help to understand cellular mechanisms that could
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improve the process and find new targets for further improvements, especially on the regulation
of its formation. It is assumed that itaconate is used as a defense strategy to combat competitors
[23], but more research will be necessary for the future to understand the exact mechanisms in the
natural habitats of Ustilago and Aspergillus.

To further increase especially the yield for itaconate, down-regulation or deletion of side products
is a well-known strategy. For U. maydis glycolipids like ustilagic acid and mannosylerythritol
lipids production is known, in contrast, U. cynodontis doesn’t produce glycolipids [267, 330, 331].
Deletion of these compounds could help to drive the flux towards itaconate production and thus
enhance the yield since more carbon would be available for itaconate anabolism. For U. maydis it
was already shown that by deletions of cyp! (Psso monooxygenase involved in ustilagic acid
biosynthesis) or/and emt! (glycosyltransferase in the mannosylerythritol lipid biosynthesis)
corresponding glycolipid production could completely be abolished [206], but unfortunately,
itaconate production couldn’t be improved [245]. In order to benefit from these modifications in
the context of itaconate production as well, maybe simultaneous deletion of the whole gene cluster
of ustilagic acid and mannosylerythritol lipids in one itaconate-hyperproducing strain would be
advantageous. Since the production of glycolipids complicates sample handling and product
recovery because of their hydrophobic droplet nature, with the abovementioned deletions sample
preparation could be facilitated. Additionally, intracellular lipids could be deleted, especially
because they are formed under nitrogen limiting conditions and thus under itaconate producing
conditions [107] and are the reason why the pellet always floats on top and thus makes sample
processing more difficult. Thus with the elimination of intracellular lipids not just the yield for
itaconate could be improved but also for the further process.

Instead of preventing the formation of mannosylerythritol compounds, one could strive for their
production as they are an interesting compound for biotechnological applications and can be used
for different products [332]. U. maydis could be established in the future as a production host,
especially due to the availability of a high number of molecular tools for this organism. In this
context, U. cynodontis could also be established as a microbial cell factory for the synthesis of
other organic acids such as malic acid, to exploit the advantage of pH tolerance. To further reduce
by-product formation, the downregulation of other organic acids such as malic acid secretion in
U. maydis could be taken into consideration. Since several organic acids are absolutely necessary
as intermediates of the TCA cycle, deletions of associated reactions have to be considered with
care. Therefore, the downregulation of respective enzymes using weak promoters could be a
possibility.

Further, itaconate production could be increased by identifying associated degradation pathways
like it was found recently for 4. niger. By deletion of the key genes ict4 and ichA Hossein et al.
could increase itaconate production significantly. BLAST analysis with subsequent deletion of
possible genes could possibly show the same effect in U. maydis or U. cynodontis [333]. Since in
both strains, product toxicity was observed, adaptive laboratory engineering could be performed
to generate more tolerant strains. The subsequent whole-genome sequencing could allow the
identification of mutations in potential targets to further enhance the production in future with
reverse engineering approaches.

Another critical factor is the screening procedure during the process of metabolic engineering. In
order to reduce the required time, work and resources, pH Sensorspots technology from PreSens
(PreSens, Germany) could be used. This would allow high-throughput screening for itaconate
production strains by pH decreasing pH-values since better-producing strains lower the pH value
more in the screening medium. However, also CRISPR/Cas9 technology should be improved in
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the future, since the process lacked efficiency and the efforts to find the right transformants were
very high in this study.

To exclude locus-dependent adverse effects of the random genomic insertion such as copy number
effects, hot/cold spots on the genome, ip-locus site-specific integration like in U. maydis should
be established for U. cynodontis to overcome this problem.

4.4 Process Engineering: A long journey with challenges

Other factors that increase production costs are the fermentation and downstream process.
Parameters such as temperature, pH, media composition, and the used organism can have a
significant influence on these two parameters.

The medium composition can have a significant influence on the physiology of microorganisms
and influence in this way enormous production behavior. As mention in chapterl. A. terreus is
very sensitive towards medium impurities, and the medium must be purified. Otherwise 4. terreus
would undergo morphological changes that disturb itaconic acid production [21, 23, 156]. This
leads to additional costs in the process. In contrast, U. cynodontis and U. maydis production strains
engineered in this thesis showed stable yeast-like growth under several biotechnological relevant
itaconate production conditions. This was achieved by rational modifications in lifecycle-
associated proteins in both strains. Their robust morphological phenotype offers an enormous
advantage for the fermentation process [25]. The fact that higher amounts of nitrogen did not yield
in an equivalent increase of biomass indicates limitation by other medium components or toxic
effects like Klement et al. reported for U. maydis [197]. High nitrogen concentration enables
higher biomass formation, higher production rates but a decrease in the yield. To achieve this and
avoid toxic effects, ammonium chloride could be added by a feeding profile. Additionally, the
screening medium should be optimized to exclude a limitation by another component. These
measures allow hopefully to reach more biomass resulting in better production behavior.
Especially also, alternatives to yeast extract should be identified that are not as expensive as yeast
extract but show the same effect. To achieve this and be able to test as many medium combinations
as possible, automated robot techniques should be used to minimize the effort. Alternatively, also
DOE software can be used to limit the selection of components. One component of the media
which can drive up process costs is the carbon source. Refined sugar is an expensive carbon source,
but due to its purity, it allows comparably cheap product purification [8]. However, the use of
glucose as a substrate competes with human food production. Therefore alternative feedstock’s
such as agricultural wastes become more and more interesting since they are cheap and abundantly
available [8]. Thus, the itaconate production costs could be further decreased and additionally in a
bio-economy context.

For U. maydis pretreated cellulose in seawater and hydrolyzed hemicellulose fraction of pretreated
beech wood were used successfully as substrate [197]. Also, for itaconate production by A. terreus
pretreated wood hydrolysates [159, 334, 335] were established as a carbon source. However so
far, none of the applications could assert itself due to strong growth deficits caused by inhibitory
compounds [107, 197]. In this thesis itaconate production on glycerol was increased from nearly
none to high amounts by deletion of Fuz7 in U. maydis and U. cynodontis. In preliminary
experiments, itaconate production from carrot extract as cheap carbon source was tested, with very
comparable results to glucose. Further the deletion of fiiz7 in engineered U. maydis Acyp3 Afuz7
PeregmittA AP iar::Peeror U. cynodontis Afuz7 Acyp3 PeemttA Priairial enabled the efficient itaconate
production in a co-culture with cellulase-secreting Trichoderma reesei using cellulose as acarbon
source for itaconate (personal communication Ivan Schlembach). In all these experiments, the
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strains showed over the whole cultivation time a stable and yeast-like growth. U. maydis can grow
on various substrates and expresses a set of lignocellulose-degrading enzymes which are necessary
for plant invasion [137, 198-200, 336-338]. Based on these properties and on the results achieved
in this work, especially the stable morphology on unwanted carbon sources, new experimental
approaches with regard to lignocellulose as carbon source should be carried out. Many other
processes also focus on cost reduction through alternative carbon sources like for instance lactic
acid with red lentil flour in India [34, 35], kitchen waste in Japan [36], barley hydrolysates in the
European Union [37] or liquefied cornstarch from cassava bagasse [38, 39]. Since organisms often
cannot metabolize these sources directly a two-step utilization is a possibility. For succinic acid,
wheat flour is first converted by a fungal bioprocess, and afterwards, it is fermented by
Actinobacillus succinogenes to succinate [339]. However, these approaches are still in their initial
stage and require further development since most organisms react sensitively to impurities that are
often present in alternative feedstocks [8]. This underlines the importance of this thesis in which
is clearly demonstrated that cell robustness and fitness and the possibility to handle several unlike
conditions are essential factors that bring advantages for subsequent bioprocess optimization. The
optimal carbon source must be chosen regarding the complete production process. Refined sugar
is expensive but enables cheap downstream processing. Abovementioned carbon-providing waste
streams are cheap, but they can comprise a large number of side products that interfere with
bioprocess and thus lead to higher purification costs [8]. Ecologically speaking, alternative carbon
sources are more sustainable because they are not in direct competition with the human food chain.
Research is ongoing in this field, as mentioned above and will undoubtedly be one main criterion
if microbial organic acid production can assert itself. Next to medium components also production
parameters such as pH and temperature, among others have a high influence on the microbial
physiology of the production costs.

For organic acid production, low pH values are preferred since this reduces base consumption,
enhanced sterility, and benefits for later downstream processing [8, 201]. The possibility to execute
low-pH fermentations depends strongly on the biocatalytic host organism, its tolerance towards
low pH values, and its ability to produce the desired product under these conditions. In 4. terreus,
for example low pH values are necessary to induce itaconate production. After the initial induction,
different pH shift experiments were performed to study the production behavior under multiple
pH conditions. At a pH of 3.4, the best production was achieved [21]. Also, in some
Saccharomyces and Yarrowia strains, organic acid production could be improved under low pH
conditions. In contrast, most Ustilaginaceae are only able to produce sufficient amounts of organic
acids above pH values of 5 [137]. Below a pH 5 itaconic acid and (S)-2-hydroxyparaconate
production decreased drastically in U. maydis, and biomass formation was significantly decreased,
which is depicted and discussed in chapter3.3. However also, fermentations with high pH values
have their advantages. Under this condition, organic acids are present in their double dissociated
form and cause lower stress levels for the cell. Contrarily, under low pH value, organic acids are
present in their undissociated form. In this form, the acid can diffuse freely across the membrane
and cause weak organic acid stress. Product toxicity and weak organic acid stress are common
challenges in organic acid fermentations [340, 341]. The option to produce organic acids at high
pH values is beneficial due to the lowered acid stress. In this context, U. maydis is an ideal
production host. In this thesis, high-pH fermentations were performed using CaCOs3 as a strong
buffering agent. Itaconic acid was constantly removed from the media by complexation with
CaCOs3. Thus the use of CaCOj as buffer integrated initial steps of the downstream process into the
production process. This procedure was previously used for malic acid production with
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U. trichophora [97]. The main drawback of this technique was the high viscosity and
sedimentation during fermentation, which made the process in general quite difficult. To prevent
sedimentation effects, guarantee a better homogenization and oxygen supply combination of
Rushton impeller and pitched blade impeller could be used in the future. The pitched impeller
helps to create a suction towards the bottom of the fermenter and thereby whirling up solid
components and the Rushton impeller supports more efficient oxygen distribution in the
fermentation broth (personal communication Lars Regestein). In the future, CaCOs should be
replaced by CaCl; since in this case no solid medium components are present in the fermentation
broth which facilitates product. Further, to prevent CaCO;3 and calcium-itaconate deposits, the
cultivation of immobilized cells in an airlift reactor could be an option, since solids would sediment
to the bottom and could then remove periodically [342]. Moreover, airlift reactors are cheaper than
stirred reactors. U. cynodontis is the exception under the Ustilaginaceae and produces organic
acids for a wide range of pH values. Thereby best production was achieved at pH 3.6 in this thesis
for itaconic acid production and enable the abovementioned advantages. Because product toxicity
was observed for itaconate in U. cynodontis, in the future strategies must be developed to overcome
this challenge. Since optimal production takes place at pH = 3.6 complexation with CaCOj3 as it
was done for U. maydis is not possible. To further improve itaconic acid production in U.
cynodontis in the future, in situ product removal by reactive extraction could be investigated. ISPR
is an attractive option for product removal combined with the fermentation process. This would
lead to reduced purification and downstream costs [343] and would further economize base for pH
regulation since itaconate is constantly removed [344]. Reactive extraction is an efficient method
for the recovery of carboxylic acids from fermentation broth. It is suitable for high substrate
concentrations, and the reaction equilibrium can be adapted as required [344]. Trioctylamine is the
most common reactive extractant for organic acid, and its high molecular weight and aliphatic
tertiary amine combines high extraction efficiency with low water solubility [343, 345-347]. For
extraction, the un-dissociated carboxyl groups of itaconate are complexed by TOA, thereby
increasing the solubility in the organic phase. Since the dissociated form of the acid is not
complexed by TOA, low pH values are necessary for efficient extraction and thus make this
method possible for U. cynodontis. ISPR by reactive extraction of itaconate with TOA is already
established for 4. terreus [308]. In literature also further possibilities such as continuous cultures,
repeated-batch cultures and, as mentioned above, genetic modifications are discussed to overcome
product toxicity. [329, 341].

Another critical and significant parameter is temperature. Organic acid production can differ
drastically depending on temperature [136, 170]. It could be shown in the past for U. cynodontis
that the highest titers were reached at 25 °C [136]. In the future, temperature shift experiments
could be performed to characterize the optimal temperature for the growth and production phase.
This was also the case for malic acid production with U. trichophora with a temperature of 28°C
for the growth phase and 37 °C during the production phase [102]. However, since cooling costs
can decide about the success of a product and makeup one major part of the overall costs,
production at higher temperature is more useful.

4.4.1 Conclusion

In this thesis, itaconate production was immensely enhanced using Ustilago as a biocatalytic
host. Thereby, it was achieved to close the gap in performance to the best itaconate producer
A. terreus. Strong filamentous growth could be abolished in U. maydis, and U. cynodontis
production strains by morphological engineering. This was achieved by the deletion of the fuz7
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gene, which is involved in the lifecycle of Ustilaginaceae and plant infection. With this approach,
stable and robust U. maydis and U. cynodontis strains were established for a high number of
conditions which are relevant for itaconate production. This robustness enabled further media
optimization, especially growth on not preferred C-sources, such as glycerol and carrot extract.
Further, the engineered yeast-like growth of U. cynodontis enabled its first successful application
in a bioreactor. Additionally the performance of U. maydis was enhanced by the deletion of fuz7
what enhanced its performance in a fermenter. In both strains (U. maydis and U. cynodontis),
itaconate production could be further increased drastically using metabolic engineering. In
U. cynodontis production was increased to 6.5-fold and with U. maydis a titer of 220 g L was
achieved, which is the highest value for itaconate with any microorganism. Further, this study
solved one of the main drawbacks of Ustilago compared to Aspergillus, namely pH tolerance.
With U. cynodontis, a pH-tolerant organic acid producer could be established, which has its pH
optimum for itaconate at 3.6.

The powerful combination of stable yeast-like growth, pH tolerance in U. cynodontis and CaCO3
precipitation with U. maydis open up a range of possibilities in the field of process development.
While with CaCOs3 product toxicity could be prevented in U. cynodontis repeated-batch strategy
could be developed to overcome product toxicity to continue itaconate production to a higher level
and are the basis for future cell retention systems.

Especially the stable yeast-like morphology with the created strains generate a range of
possibilities in the field of process development such as the transfer to larger systems and the
investigation in retention systems and should be the basis for further research to achieve necessary
production parameters to assert Ustilago as an industrial itaconate producer.
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Supplemental tables

Table 11. Feeding procedure during high-density pulsed fed-batch fermentation of U. maydis MB215 Acyp3 APriar::Peter. Afuz7
PeigmitA. CaCO3 and glucose feed protocol during fermentation in a bioreactor containing batch medium with glucose, 1.6 g L™!

NH4ClI above pH 6.0 controlled with CaCOs.

feed hours (h) glucose (mL) CaCOs3
1 24 100
2 58 80
3 95 50
4 96 50 mL (L)
5 102 50 mL (L)
6 120 50
7 151 50 mL (L)
8 167.5 25 mL (L)
9 173.5 25
10 191 25
11 201 30 30 mL (L)
12 223 30
13 247 30
14 269.5 30 30 mL (L)
15 311.5 50 mL (L)
16 3135 30
17 315.5 50 g (S)°
18 360.5 30
19 387.5 30
> () 432 192.5

2L: Liquid

®S: Solid
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Table 12. Feeding procedure during high-density pulsed fed-batch fermentation of U. maydis MB215 Acyp3 APriar::Perer. Afuz7
PeemitA. CaCOs and glucose feed protocol during fermentation in a bioreactor containing batch medium with glucose, 4.0 g L™!
NH4Cl above pH 6.0 controlled with CaCOs.

feed hours (h) glucose (mL) CaCoOs
1 45 50 mL (I)*
2 46.5 50 mL (I)*
3 68.5 50
4 70.5 60
5 77 100
6 116 60 50 mL (I)*
7 124.5 30
8 141 50 mL (I)*
9 147 30 30 mL ()
10 169.5 50
11 189 50 mL (I)*
12 191 100
13 193 50 g (s)°
14 238 100
15 265 50 g (s)°
16 286.5 100
17 335 50g(s)°
18 358.5 100
19 383.5 100 50 g (s)®
> (@) 704 340

2L: Liquid

®S: Solid
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Table 13. Oligonucleotides used for cloning, diagnostic PCRs and sequencing procedures. Shown are the respective designations,
description and sequence. Specific binding sequence are capitalized and lower case letters indicate overhangs.

Primer Sequence (5" 2> 3") description
HT-0 AGGATCTTACCGCTGTTG fwd. primer for verification of pSMUT integration
HT-0a GAAAGGGCCTCGTGATAC rev. primer for verification of pSMUT integration
HT-4a ACAGACGTCGCGGTGAGTTC fwd. primer for verification of fuz7 deletion in U. maydis
HT-8a GTCGAGCTCGGTACGGGT fwd. primer for amplification of CRISPR_P.., target
HT-9 CCTTGCAATTCGCGCACACC rev. primer for verification of right assembly of
pCas9 Per 1
HT-10 GCTCGGTACGGGTACTAATG rev. primer for verification of right assembly of
pCas9 Per 1
HT-12 CGTTGTAGAATGGAATTTTG fwd. primer for amplification of pTARGET-P,i;
HT-21a CGAGACTCCTCGAGATTC fwd. primer to amplify deletion construct for mst/ from
pJet_UcN_mit] and to verify m#t] deletion in U.
cynodontis
HT-22a CAAACCCGTAGTACAGAC rev. primer to amplify deletion construct for m#t] from
plet_ UcN_mtt] and to verify mtt] deletion in U.
cynodontis
HT-27 TGGTGCCAGCTCTGTATATG fwd. primer to amplify deletion construct for itp/ from
plet_UcN_itpl and to verify itp! deletion in U.
cynodontis
HT-28 CCTATTTGCGTCAGGCATTC rev. primer to amplify deletion construct for ip/ from
pJet_UcN itpl and to verify itpl deletion in U.
cynodontis
HT-42 CAAAATTCCATTCTACAACG rev. primer for amplification of CRISPR_P..s target
HT-43 AAAGTGTGCCGCAGGTGAGG for sequencing and verification of pCas9_Per 1
HT-45 ctegagtttttcagcaagat ACTCTCCCAATCT | fwd. primer for amplification of F2-mzt] to construct
GATGG plet UcN _mittl
HT-46 acgecatggt TGCCCAACGACCTTTTTT | rev. primer for amplification of F2-mtt] to construct
C plet UcN mittl
HT-47 tegttgggcaACCATGGCGTGACAATTG | fwd. primer for amplification of Hyg® mit] to construct
plet_ UcN_mit]
HT-48 cteteactttTATTAATGCGGCCGCACAG | rev. primer for amplification of HygR mtt/ to construct
plet UcN _mitl
HT-49 cgcattaata AAAGTGAGAGGCGAGCG | fwd. primer for amplification of F1-mtt1 to construct
TCCCTTAAAAC plet UcN_mit]
HT-50 aggagatcttctagaaagatCCGCCACGCCTG | rev. primer for amplification of F1-mtt] to construct
CGGACT plet UcN_mit]
HT-51a ctegagtttttcagcaagat ACAGTAGATTCC | fwd. primer for amplification of F2-itp] to construct
ACACTTGC plet UcN _itpl
HT-52a acgecatggt AGATTTTGCGCATCTGCG | rev. primer for amplification of F2-itp] to construct
pJet UcN itpl
HT-53a cgcaaaatct ACCATGGCGTGACAATTG | fwd. primer for amplification of Hyg® ifp! to construct
plet UcN itpl
HT-54a ctggecagtgTATTAATGCGGCCGCACA | rev. primer for amplification of HygR mitl to construct
G plet UcN _itpl
HT-55a cgcattaataCACTGGCCAGAAAGTACA | fwd. primer for amplification of F1-izp/ to construct
GTC plet UcN itpl
HT-56a aggagatcttctagaaagatGGTCAGCTCGAG | rev. primer for amplification of F1-itp/ to construct
CTGGTATG plet UcN ipl
HT-82 gagcttcatgatacggatcgGTTTTAGAGCTA | rev. primer for amplification of pTARGET-P,ia;
GAA
HT-83 ctegagtttttcagcaagat TTTGGTGCGATCT | fwd. primer for amplification of F1-Pyua
CGTTC
HT-84 rev. primer for amplification of F1-Poua

atccccggccATGCGCTTTGCAGGGAT
G
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HT-85 caaagcgcatGGCCGGGGATCCTGATA | Fwd. primer for amplification of Py, from pUMa 2326
G
HT-86 ggccagatac ACTTCTCGAGCAGGGGG | rev. primer for amplification of Py, from pUMa 2326
ATTC
HT-87 ctcgagaagtGTATCTGGCCAGCCAGCC | fwd. primer for amplification of F2-Py,
HT-88 aggagatcttctagaaagatGGTCGAGCCAG | rev. primer for amplification of F2-P.
GCGCATG
HT-89 TTTGGTGCGATCTCGTTC fwd. primer for amplification on donor construct
HT-90 GGTCGAGCCAGGCGCATG rev. primer for amplification on donor construct
HT-100 | AAGGGTGGCATCGAGGAGAG fwd. primer to amplify deletion construct of ras2 from
pFRTYT-UcN ras2
HT-101 CTCGAGCCACTTAGCCTTTC rev. primer to amplify deletion construct of ras2 from
pFRTY'-UcN ras2
HT-109 | TCCGCTTTGAGGTACAGTTG fwd. primer to amplify deletion construct of fiz7 from
pFRTY'-UcN _fuz7
HT-110 | CCACATTAGCAGGTGGTATC rev. primer to amplify deletion construct of fuz7 from
pFRTYT-UcN fuz7
HT-117 | GACAAGCTCAGTGCCCTCTC fwd. primer to amplify deletion construct of ubc3 from
pFRTYT-UcN _ubc3
HT-118 | CACTTCCATCGGAACATGTG rev. primer to amplify deletion construct of ubc3 from
pFRTYT-UcN ubc3
HT-119 | CGATCCCGCGATTATCAC fwd. primer for verification of ras2 deletion in U.
cynodontis
HT-120 | CCAGTCACTCGCTCATTC rev. primer for verification of ras2 deletion in U.
cynodontis
HT-121 ACGATTGTGCCAAGCTTC fwd. primer for verification of fiz7 deletion in U.
cynodontis
HT-122 | GCAGCTGATTGATGTTGG rev. primer for verification of fuz7 deletion in U.
cynodontis
HT-123 CCATGTCTAGCTCCTTTC fwd. primer for verification of ubc3 deletion in U.
cynodontis
HT-124 CGAGACAGGTTGACTTTC rev. primer for verification of ubc3 deletion in U.
cynodontis
HT-147 | ctcatcectgeaaagegcat TGGATGATGTTG | fwd. primer for amplification P from pETEF-
TCTGTGTATGGTATG 05080 CbxR
HT-148 | atggctggcetggecagatacAGCTTGCATGC | rev. primer for amplification Py from pETEF-
CTGCAGG 05080_CbxR
HT-168 | ctcgagtttttcagcaagatCTTCTACAAGCG | fwd. primer for amplification of F1-ras2 to construct
TGATTTACAAAGG pFRTYT-UcN ras2
HT-169 | acttctggeccGTGGTCAGTCAGAGGGCG | rev. primer for amplification of F1-ras2 to construct
pFRTYT-UcN ras2
HT-170 | gactgaccacGGCCAGAAGTTCCTATTC | fwd. primer for amplification of FRTVT+HygR ras2 to
construct pFRTYT-UcN ras2
HT-171 gttgecccaacGGCCAGAAGTTCCTATAC | rev. primer for amplification of FRTYT+HygR ras2 to
construct pFRTVT-UcN ras?2
HT-172 | acttctggeccGTTGGGCAACACTGTATT | fwd. primer for amplification of F2-ras2 to construct
C pFRTYT-UcN ras2
HT-173 aggagatcttctagaaagatGTCTCTCTCTCA | rev. primer for amplification of F2-ras2 to construct
AGCACAC pFRTYT-UcN ras2
HT-174 | ctegagtttttcagcaagatCCAAATCCGCCG | fwd. primer for amplification of F1-ubc3 to construct
TCGGAG pFRTYT-UcN _ubc3
HT-175 acttctggcc AAGTGGAAGTGTTGGAAG | rev. primer for amplification of F1-ubc3 to construct
CATTTC pFRTYT-UcN_ubc3
HT-176 acttccacttGGCCAGAAGTTCCTATTC fwd. primer for amplification of FRTY™+HygR ubc3 to
construct pFRTY"-UcN ubc3
HT-177 | ctettgetcaGGCCAGAAGTTCCTATAC | rev. primer for amplification of FRTYT+HygR ubc3 to
construct pFRTY'-UcN ubc3
HT-178 | acttctggccTGAGCAAGAGAGTGTGTT | fwd. primer for amplification of F2-ubc3 to construct
C pFRTYT-UcN _ubc3
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HT-179 | aggagatcttctagaaagatCACGATCACACT | rev. primer for amplification of F2-ubc3 to construct
TCCATC pFRTYT-UcN ubc3
HT-180 | ctegagtttttcagcaagat TCCGCTTTGAGGT | fwd. primer for amplification of F1-fiz7 to construct
ACAGTTG pFRTYI-UcN fuz7
HT-181 acttetggccGGTCGCCCCTGTGATAGT | rev. primer for amplification of F1-fiiz7 to construct
G pFRTWYI-UcN fuz7
HT-182 | aggggcgaccGGCCAGAAGTTCCTATT | fwd. primer for amplification of FRTYT+Hyg® fiz7 to
C construct pFRTY-UcN fuz7
HT-183 | ggetgecatcGGCCAGAAGTTCCTATAC | rev. primer for amplification of FRTYT+HygR fiz7 to
construct pFRTVI-UcN fuz7
HT-184 | acttctggccGATGGCAGCCCTAATGAG | fwd. primer for amplification of F2-fuz7 to construct
pFRTYT-UcN fuz7
HT-185 | aggagatcttctagaaagatGCCCACATTAGC | rev. primer for amplification of F2-fuz7 to construct
AGGTGG pFRTWYI-UcN fuz7
HT-204 | ctegagtttttcagcaagatCCGATCGCTGTT | fwd. primer for amplification of F1-fiz7 to construct
AGGACAC pFRTY-Um_fiz7
HT-205 acttctggccCGTGAAACGTTGCAAAAC | rev. primer for amplification of F1-fiiz7 to construct
AG pFRTY-Um_fuz7
HT-206 | acgtttcacgGGCCAGAAGTTCCTATTC | fwd. primer for amplification of FRTW™+HygR fuz7 to
construct pFRTY-Um_fiz7
HT-207 | tetcagtcggGGCCAGAAGTTCCTATAC | rev. primer for amplification of FRTYT+HygR fiz7 to
construct pFRTYT-Um_fiz7
HT-208 acttctggccCCGACTGAGAGATTATGG | fwd. primer for amplification of F2-fuz7 to construct
TC pFRTY-Um_fuz7
HT-209 | aggagatcttctagaaagatAATCGGAACCGT | rev. primer for amplification of F2-fuz7 to construct
GTACCTG pFRTY-Um_fuz7
HT-210 | TCGCTGTTAGGACACAACTG fwd. primer to amplify deletion construct of fiz7 from
pFRTY-Um_fuz7
HT-211 CCGTGTACCTGGCTGTGTAG rev. primer to amplify deletion construct of fiz7 from
pFRTY-Um_fuz7
HT-212 | GGATCCCGTGGATGATGTTG fwd-primer for amplification the backbone to construct
Pewes Uc_rial-cbx, Pees Pt_rial-cbx and Peer Si_rial-chbx.
HT-212 | GGATCCCGTGGATGATGTTG rev. primer for verification of fuz7 deletion in U. maydis
HT-213 TCTAGAGCGGCCGCCCGG rev-primer for amplification the backbone to construct
Py Uc_rial-cbx, Pees Pt_rial-cbx and Peer Si_rial-chbx.
HT-214 | CAACATCATCCACGGGATCCATGA | fwd-primer for amplification of rial from U. cynodontis
GCCTCTCGAACAGCAATC to construct P Uc_rial-chbx.
HT-215 AGCCGGGCGGCCGCTCTAGATCAT | rev-primer for amplification of rial from U. cynodontis
CGGTGCCGTCTCCTG to construct Peer Uc rial-chx.
HT-216 | CAACATCATCCACGGGATCCATGA | fwd-primer for amplification of rial from U. cynodontis
GCGTGTCAAACAGC to construct Pees Pt_rial-chx.
HT-217 | AGCCGGGCGGCCGCTCTAGATCAT | rev-primer for amplification of rial from U. cynodontis
CGGTAACGCCTCTTG to construct Pees Pt_rial-chx.
HT-218 CAACATCATCCACGGGATCCATGA | fwd-primer for amplification of rial from U. cynodontis
AGATTCTCATCGACC to construct Pees Si_rial-cbx.
HT-219 AGCCGGGCGGCCGCTCTAGATCAA | rev-primer for amplification of rial from U. cynodontis
CGATGACGTTTCTTTG to construct Pees Si_rial-cbx.
HT-228 | ctegagtttttcagcaagat TTACAATTCTTTG | fwd. primer for amplification of F1-cyp3 to construct
CCTCTC pFRTM-UcN cyp3
HT-229 | acttctggccCTCGCTATACTTGCAAAT | rev. primer for amplification of F1-cyp3 to construct
G pFRTM-UcN cyp3
HT-230 | gtatagegagGGCCAGAAGTTCCTATTC | fwd. primer for amplification of FRTM'+HygR cyp3 to
construct pFRTM'-UcN cyp3
HT-231a | aaacatgttcCCCGGGAAGTTCCTATAC | rev. primer for amplification of FRTM+HygR cyp3 to
construct pFRTM-UcN cyp3
HT-232a | ACTTCCCGGGGAACATGTTTCAGA | fwd. primer for amplification of F2-cyp3 to construct
ATGCTGC pFRTML-UcN cyp3
HT-233 | aggagatcttctagaaagatTCGGGGATACCA | rev. primer for amplification of F2-cyp3 to construct
TCACGAG pFRTML-UcN cyp3
HT-234 | TGATCTTCTGCGAGCCGAAC fwd. primer to amplify deletion construct of cyp3 from

pFRTM-UcN cyp3
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HT-235 GCTTGGAGGAAGCCGATCTG rev. primer to amplify deletion construct of ¢yp3 from
pFRTM-UcN cyp3
HT-236 | TTTGCCTGCCGTCAACACTG fwd. primer for verification of cyp3 deletion in U.
cynodontis
HT-237 | TTCGCCCACACGATGATCGG rev. primer for verification of cyp3 deletion in U.
cynodontis
HT-238 | ctegagtttttcagcaagatGAAAGATTGGCA | fwd. primer for amplification of F1-rial to construct
CTACTG pFRTM-UcN rial
HT-239 | acttctggccCACTCTCGATGCAAATTA | rev. primer for amplification of F1-rial to construct
ATG pFRTM-UcN rial
HT-240 | atcgagagtgGGCCAGAAGTTCCTATTC | fwd. primer for amplification of FRTM!+HygR rial to
construct pFRTM-UcN rial
HT-241 | ttacaactct CCCGGGAAGTTCCTATAC | rev. primer for amplification of FRTM!+Hyg® rial to
construct pFRTM!-UcN rial
HT-242 | acttcccggg AGAGTTGTAAGTTACCCT | fwd. primer for amplification of F2-rial to construct
G pFRTM-UcN rial
HT-243 | aggagatcttctagaaagast ACAATCAGTAA | rev. primer for amplification of F2-cyp3 to construct
GTGCAGAC pFRTM-UcN rial
HT-244 | TCTGGAAAGCGGGTACTG fwd. primer to amplify deletion construct of 7ial from
pFRTM-UcN rial
HT-245 TCAAATGCAGCCAGGATG rev. primer to amplify deletion construct of rial from
pFRTM!-UcN rial
HT-246 | GACACAGTTCATGCCTTGAG fwd. primer for verification of rial deletion in U.
cynodontis
HT-247 | CAACTACATCGCTGGGATGG rev. primer for verification of rial deletion in U.
cynodontis
HT-292 | CTCGAAATTGACGGTGGCTCGATT | fwd. primer for amplification backbone from
GATATTCTAG Petef CBX_A_ter_mitt to construct pETEF_hyg_mtt4
HT-293 GAAAGCGAGACGAGTTGAG rev. primer for amplification backbone from
Petef CBX_A_ter_mtt to construct pETEF hyg mttA
HT-294 | gagccaccgtcaatttcgagACCATGGCGTG | fwd. primer for amplification hyg® from pMF1-h to
ACAATTG construct pETEF hyg mttA
HT-295 getcaactegtetegetttc TATTAATGCGGC rev. primer for amplification hyg® from pMF1-h to
CGCACAG construct pETEF hyg mttA
HT-296 | CGGGTACCGAGCTCGAATTTC fwd. primer for amplification of native rial to construct
pNATIV-UcN rial
HT-297 | ATTATACATTTAATACGCGATAGA | rev. primer for amplification of native rial to construct
AAAC pNATIV-UcN rial
HT-298 | aaattcgagctcggtacccgGTACTGTACTGT | fwd. primer for amplification backbone from
ACTGTACAAGAAGC Petef CBX_A_ter_mtt to construct pNATIV-UcN rial
HT-299 | tcgegtattaaatgtataat CTCTGAAGGCGTC | rev. primer for amplification backbone from
TCGGC Petef CBX_A ter_mitt to construct pNATIV-UcN rial
Potef- CCAATAAAGGGCGCTGTCTC fwd-primer to verify genome-integration of P
fwd Uc_rial-cbx, Peer Pt _rial-cbx and Peer Si_rial-cbx
Tnos-rev | CAAGACCGGCAACAGGATTC fwd-primer to verify genome-integration of P
Uc_rial-cbx, Peer Pt _rial-cbx and Peer Si_rial-cbx
pJET1.2- | CGACTCACTATAGGGAGAGCGGC for sequencing and verification of pTARGET-Pygra4
fwdura
pJET1.2- | AAGAACATCGATTTTCCATGGCAG | for sequencing and verification of pTARGET-Pyr4
fwdura
pJET1.2- | CGACTCACTATAGGGAGAGCGGC | for sequencing and verification of pTARGET-P,4
fwdpriar
pJET1.2- | AAGAACATCGATTTTCCATGGCAG | for sequencing and verification of pTARGET-P,iu;
fwd viar
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Table 14. Plasmids. All plasmids used in this study are listed below with their relevant characteristics and references. If plasmid
was cloned as part of this study a description of the assembly is listed.

Characteristics /

FRTWT-sites, hyg® and
1000 bp flanking regions
up and downstream from
ras2

and F2-ras2 were amplified
from U. cynodontis
NBRC9727 genome, FRTVT
sites including hygR- cassette
from pstorl_Irh WT

Plasmid .. Assembly description Reference | iAMB
description
Peer Umag rial-cbx ampR [207] 3182
Peer Uc_rial-cbx amp® Backbone was amplified with | this thesis | 4183
HT-212 and HT-213 form Py
Umag_rial-cbx, rial was
amplified from U. cynodontis
NBRC 9727 genome with
HT-218 and HT-219.
Afterwards all fragments were
assembled.
Peer Pt_rial-cbx ampR Backbone was amplified with | this thesis | 4184
HT-212 and HT-213 form Py
Umag_rial-cbx, rial was
amplified from U. cynodontis
NBRC 9727 genome with
HT-214 and HT-215.
Afterwards all fragments were
assembled.
Peser Si_rial-cbx amp® Backbone was amplified with | this thesis | 4185
HT-212 and HT-213 form Py
Umag rial-cbx, rial was
amplified from U. cynodontis
NBRC 9727 genome with
HT-216 and HT-217.
Afterwards all fragments were
assembled.
pETEF_CbxR_At mitA ampR, di-codon See chapter 2 this thesis | 3010
oprimized m#t4 from A.
terreus
pETEF_CbxR_At mfsA ampR, di-codon See chapter 2 this thesis | 3007
oprimized mfsA4 from A.
terreus
pNEBUC Ori ColEl; ampR; [348] 2951
UARS; cbx®
pSMUT Ori ColEl; ampR; /iph, [349] 3149
hyg®
pNEBUN Ori ColEl; ampR; [348] 2984
UARS; nat®
pNEBUP Ori ColEl; ampR; [348] 2893
UARS; phi®
pUMa43 Ori ColE1; ampR;Per; [350] 2484
GFP, Tos, cbx®
pJET1.2/blunt Rep(pMB1); ampR; Thermo
ecodTIR; Piacuvs; T7 Fischer
promoter
pstorl_Irh_ WT(pUMal522) | FRT_WT; Phsp70; [184] 3261
Thsp70; hyg?
pstorl_1rh_MI1 (pUMal523) | FRT_M1; Phsp70; [188] 3262
Thsp70; hyg?
pFLPexPC Ori ColEl; ampR; [183] 2898
UARS; FLP-
Recombinase; Pergl;
cbxR®
pFRTYT-UcN ras2 pJET1.2/blunt with HIFI DNA assembly; Fl-ras2 | this study | 4127
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(FRT+HygR ras2).
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone

FRTM!sites, hygR and
1000 bp flanking regions
up and downstream from
rial

and F2- rial were amplified
from U. cynodontis
NBRC9727 genome, FRTM!
sites including hygR- cassette
from pstorl_1rh WT
(FRTM'+HygR? rial).
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone

pFRTYT-UcN_fuz7 pJET1.2/blunt with HIFI DNA assembly; F1-fuz7 | this study | 4128
FRTWT-sites, hygR and and F2- fuz7 were amplified
1000 bp flanking regions | from U. cynodontis
up and downstream from | NBRC9727 genome, FRTWT
fuz7 sites including hygR- cassette
from pstorl_1rh WT
(FRT+HygR fuz7).
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone
pFRTYT-UcN_ubc3 pJET1.2/blunt with HIFI DNA assembly; Fl1-ubc3 | this study | 4129
FRTW-sites, hyg® and and F2- ubc3 were amplified
1000 bp flanking regions | from U. cynodontis
up and downstream from | NBRC9727 genome, FRTWT
ubc3 sites including hyg®- cassette
from pstorl_1rh WT
(FRT+HygR_ubc3).
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone
pMF1-h Ori ColE1; ampR, hyg® [182] 2053
plet_UcN_mit] pJET1.2/blunt, hyg® and | HIFI DNA assembly; F1-mttl | this study | 3909
1000 bp flanking regions | and F2- mtt] were amplified
up and downstream from | from U. cynodontis
mttl NBRC9727 genome, hygR-
cassette from pMF1-h.
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone
plet_UcN _itpl pJET1.2/blunt, hyg® and | HIFI DNA assembly; Fl-itp/ | this study | 3718
1000 bp flanking regions | and F2- itp] were amplified
up and downstream from | from U. cynodontis
itpl NBRC9727 genome, hyg®-
cassette from pMF1-h.
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone
pFRTM-UcN cyp3 pJET1.2/blunt with HIFI DNA assembly; Fl-cyp3 | this study | 4447
FRTM!sites, hyg® and and F2- ¢yp3 were amplified
1000 bp flanking regions | from U. cynodontis
up and downstream from | NBRC9727 genome, FRTM!
cyp3 sites including hygR- cassette
from pstorl_Irh_WT
(FRTM+HygR cyp3).
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone
pFRTM-UcN rial pJET1.2/blunt with HIFI DNA assembly; Fl-rial | this study | 4471
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pNATIV-UcN rial cbx®, rial controlled by | HIFI DNA assembly; this study | 4727
native promoter and NATIV-rial including
terminator promoter and terminator
region was amplified from U.
cynodontis NBRC9727
genome. Backbone was
amplified from
Petef CBX_A_ter_mtt.
Afterwards all fragments were
assembled.
pETEF_hyg mttA hygR, mtt4 controlled by | HIFI DNA assembly; hygR® this study | 4726
constitutive promoter cassette was amplified from
Petef pMF1-h and Backbone
including m#t4 and Per from
Petef CBX_A_ter_mtt
pCas9 _sgRNA 0 ori: origin of replication, [185] 3595
bla: b-lactamase gene,
ARS: autonomously
replicating, cbx®, U.
maydis U6 promoter,
Pors: strong constitutive
promoter, T NOS
terminator
PTARGET-Pyr4 CRISPR_Puyra target (20 | CRISPR_Pura target was this study | 3669
bp region upstream of synthesized by Thermo
the Acc65] site in Fischer and subcloned in
pCas9_sgRNA 0, pJET1.2/blunt vector.
respective sgRNA
sequence, the guide
RNA scaffold, the U6
teminator, a 34
nucleotide stuffer
sequence and the 20 bp
region downstream of
Acc65T site in pCas9_
sgRNA 0) [185].
PTARGET-Pia1 CRISPR_P.target (20 | Self-ligation; pTARGET-Pura | this study | 3975
bp region upstream of was amplified with
the Acc651 site in phosphorylated primer HT-12
pCas9_ sgRNA 0, and HT-82 following by a
respective sgRNA self-liagtion.
sequence, the guide
RNA scaffold, the U6
teminator, a 34
nucleotide stuffer
sequence and the 20 bp
region downstream of
Acc65] site in pCas9
sgRNA 0) [185].
pCas9 Peer 1 pCas9_sgRNA 0+ HIFI DNA assembly; this study | 4019
SERNA_Pyiar CRISPR_P. target was
amplified from pTARGET-
Piar and pCas9_sgRNA 0
was linearized with Acc651.
Afterwards both Fragments
were assembled.
pDONOR_P,narial pJET1.2/blunt with HIFI DNA assembly; F1 and | this study | 4020
constitutive promoter F2 was amplified from U.
Poma and 1000 bp maydis genome and P, from
flanking regions. F1 is in | pUMa 2326. Afterwards all
Chr04 at 37427-38426 Fragments were assembled.
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and F2 is in Chr04 at
39761-40760

pDONOR_Perial

pJET1.2/blunt with
constitutive promoter
Peerand 1000 bp
flanking regions. F1 is in
Chr04 at 37427-38426
and F2 is in Chr04 at
39761-40760

HIFI DNA assembly;
Backbone was amplified from
pDONOR_P,parial, Peer was
amplified from

4072

PETEF-05080_CbxR

UMAG_05080
(regulator of itaconate,
Rial)

[140]

3182

pJET1.2/blunt

Rep(pMB1); ampR;
ecodTIR; Piacuvs; T7
promoter

Thermo
Fischer

PFRTY-Um_Afiiz7

pJET1.2/blunt with
FRTWT-sites, hyg® and
1000 bp flanking regions
up and downstream from
fuz7

HIFI DNA assembly; F1-fiz7
and F2-fiiz7 were amplified
from U. maydis MB215
genome, FRTWT sites
including hygR- cassette from
pstorl_Irh WT

(FRT+Hyg® ras2).
Afterwards all fragments were
assembled with pJET1.2/blunt
as backbone

this study

4182
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Supplemental figures

A B

Petet
ALMIA
Tnos

pETEF_CbxR_At_mttA
6453 bps rp—

pETEF_CbxR_At_mfsA™

6945 bps

Sspl

Figure 51. Plasmid maps of pETEF_CbxR_At mttA and pETEF_CbxR_At mfsA. Both plasmids contain, cbxR: carboxin
resistance, ampR: ampicillin resistance, ori ColE1: origin of replication E. coli, Pesy: constitutive promoter, Sspl, BamHI and NotI
as restriction sites, A: dicodon-optimized mfs4 and B: dicodon-optimized mtA.

w

40000

30000

20000

Ne—r

n 1 “
0 ug mL-* phi 1 pg mL- phi 3 g mL-* phi 10000

Fluorescence intensity (FU)

T phi 20 pg mL-" phl

5 g mL" phi 10m
Figure 52. Genetic tool development for U. cynodontis NBRC9727. A: drop test of U. cynodontis NBRC9727 culture with different
ODeoo (1, 0.1, 0.01, and 0.001) from top to the bottom on YEP plates containing different concentrations of phleomycin. B:
fluorescence intensity of U. cynodontis NBRC9727 and a pUMa43 transformant in screening medium with 50 g L' glucose and
100 mM MES is shown. As negative control pure media was used. Error bars indicate standard deviation from the mean (n=3).
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WT Aras2 Afuz7? Aubc3

sunflower oil ¢
50 g L glucose

33gL"CaCO,>°
100 g L-glycerol

30 mM MES b ¢
50 g L' glucose

30 mM MES 2 ¢
200 g L glucose

100 mM MES b ¢
50 g L glucose

100 mM MES 2 ¢
200 g L' glucose

Figure 53. Morphological engineering in U. cynodontis NBRC9727. DIC images at a magnification of 100X during System Duetz®
© or shaking flask () after 48 h @ or 72 h ® cultivation of U. cynodontis WT, Aras2, Afuz7, and Aubc3 in screening medium with
various carbon sources, carbon source concentrations, and buffer systems as indicated.
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wr Aras2 Afuz7 Aubc3

33gL7'CaCO,?
50 g L glucose

33gL1CaCO,° |
200 g L glucose

33gL"'CaCO,"
50 g L glucose |

33gL*CaCO;"
200 g L glucose

Figure 54. Morphological engineering in U. cynodontis NBRC9727. DIC images at a magnification of 100X during System Duetz®
© or shaking flask () after 48 h @ or 72 h ® cultivation of U. cynodontis WT, Aras2, Afuz7, and Aubc3 in screening medium with
various carbon sources, carbon source concentrations, and buffer systems as indicated.

Figure 55. Growth behavior of various U. cynodontis NBRC9727 strains. Macroscopic images of U. cynodontis, Aras2, Afuz7, and
Aubc3 after 384h cultivation in screening medium with 100 g L' glycerol and 33 g L' CaCOs.
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pH ()
PH ()
PH ()

o 24 48 72 96 o 24 48 72 96
time (h) time (h) time (h)

Figure 56. pH values of cultures of various U. cynodontis NBRC9727 strains. pH course of U. cynodontis WT (green), Aras2
(blue), Afiiz7 (orange), and Aubc3 (pink) during System Duetz® cultivation in screening medium with 50 g L' glucose, 30 mM
MES (A), 100 mM MES (B) and 33 g L*! CaCOs. Error bars indicate the standard error of the mean (n=3).
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Figure 57. Erythritol production and growth of various U. cynodontis strains. Growth (ODeoo) (A), pH course (B), glucose
consumption (C), and erythritol production in various U. cynodontis mutants in comparison to wildtype and Afiiz7" controls during
System Duetz® cultivation in screening medium with 100 mM MES and 50 g L' glucose. Error bars indicate the standard error of
the mean (n=3).
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Figure 58. Acid and erythritol production and growth of various U. cynodontis strains. Glucose consumption (A), growth (ODso0)
(B), pH course (C), (S)-2hydroxyparaconate (D), itaconate (E), and erythritol production (F) in various U. cynodontis mutants in
comparison to wildtype and Afuz7" controls during System Duetz® cultivation in screening medium with 30 mM MES and 50 g L!
glucose. Error bars indicate the standard error of the mean (n=3).
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Figure 59. Itaconate production of four individual Pyiusrial transformants of U. cynodontis Afuz7" Acyp3" and the respective controls
during System Duetz® cultivation in screening medium with 100 mM MES and 50 g L' glucose after 96 h. Error bars indicate the
standard error of the mean (n=3). Transformant #4 was selected for further study.
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30

N
=)

itaconate (g L")
=

= U.cynodontis ™= Afuz7'acyp3’ == Afuz7'acypd’P,,riatis

Figure 60. Itaconate production of 63 individual PemttA transformants of U. cynodontis Afuz7" Acyp3" Priairial (grey bars) and
the respective controls during System Duetz® cultivation in screening medium with 100 mM MES and 50 g L' glucose after 116 h.
Error bars indicate the standard error of the mean (n=3). The strain indicated with the green dot was selected for further study.
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Supplemental data
D1. Annotated sequence of m#tA dicodon-optimized for U. maydis.

61

121

181

241

301

361

421

481

541

601

661

721

781

cactataggg cgaattgaag gaaggccgtc aaggccgcat gtcggatcca tgggtcacgg

cgacaccgag tcgcccaacc ccacgaccac caccgaggge

gaagaagggt cgtgacatcc cgctctggeg caagtgegtc

e k k g r d 1

gatgacgctc gtggtcactt tctecgtcgac ctgtctgetg

caacgagttt gacatgaccg tcgagaccat caacatctcg

catgggctac tcgtcgetta tctggggtce catgaacaag

dicodon-optimized MttA

gtacaacctc gctatctcga tgctctgcge ttgctcggceg

cgaggagatg ttcatcgcct tccgegtget ctccggtetg

ctcgggtcag acggtgctcg ccgacatctt cgagcccgte

cttcttcatg geccggtacce tctegggtce cgctatcggt

dicodon-optimized MttA

cgtcaccttc acctcgtggc gtgtcatctt ctggctccag

tctcgtecte tcgectecctet tctteccccaa gatcgaggge

cgccttcaag cccaccacge tcgtcaccat catcagcaag

caagcagtgg gtctacccca acgtcttect cgetgaccte

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA

dicodon-optimized MttA >>......... >

tcgggtcaaa acgagcccga

.dicodon-optimized MttA....

tgctgtggte tgctecgecat
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841

901

961

1021

1081

1141

1201

1261

1321

1381

1441

.................... dicodon-optimized MttA

\ v y Pp n v f 1 a d 1

cacccagtac tcgatcctca cctcggecgeg tgccatcttce

.................... dicodon-optimized MttA

y s 1 1 t s a r a 1 f

cactgctctc gtctctggtc tcttctacct cgctcceggt
.................... dicodon-optimized MttA

1 v s g 1 f vy 1 a p g

gctcgttggt ggcaagctct cggaccgcac cgtccgccge
.................... dicodon-optimized MttA

g g k 1 s d r t v r r

ccgtctgececg caggaccgtc tccactcggg tctgatcacg

.................... dicodon-optimized MttA

P qg d r 1 h s g 1 1i t

cggtacgctc atctacggct ggacgctcca ggaggacaag

.................... dicodon-optimized MttA

1 i vy g w t 1 g e d k

catcgccgee ttcttcecgecg gectggggtcect catgggetceg
.................... dicodon-optimized MttA

a f £ a g w g 1 m g s

cgtcgeccgag gcgctgeccge gcaaccgttc cgccgtcatt
.................... dicodon-optimized MttA

e a 1 p r n r s a v 1

gtacaccttt tcggccggct cgtcggceget cgtcgtceccce

.................... dicodon-optimized MttA

f s a g s s a 1 v v p

cggcgagacc ttcacgctct gcgtcgtcge ctcgaccatc

.................... dicodon-optimized MttA

t f t 1 c v v a s t i

catcgctcge tggggtatca acatgcagcg atgggccgag
.................... dicodon-optimized MttA

r w g i n m g r w a e

NotT
JER,
ccagtgagcg gccgcccget gggcectcatg ggccttectt
>....>> dicodon-optimized MttA
t g -

tcactgcecg

ctttccag
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D2. Annotated sequence of mfsA dicodon-optimized for U. maydis.

61

121

181

241

301

361

421

481

541

601

661

721

781

cgaattgaag

ggactcgaag
>
m d s k
cggcaagcgce
D
r g k r
gatctcgatc
>

ccacgacgtc
>
n h d v
gctcgtegge
>
t 1 v g
ggcgctcteg
>

gtcgctccag
D
a s 1 g

gaaggccgtc aaggccacgt gtcttgtcca ggcgcgccag tcggatccat
dicodon-optimized MfsA >>

atccagacca acgtgccgct ccccaaggct ccgctcatcc agaaggcgcg
.......... dicodon-optimized MfsA...........coiiio.>
i g t n v p 1 p k a p 1 i q k a

accaagggca tccctgcget ggtcgctggt gcctgegecg gtgccgtcga
.......... dicodon-optimized MESA......oiiiiiinennen.>
t k g i p a 1 v a g a c a g a v

acctacccct tcgagtcgge caagacccgt gectcagctca agcgtcgcaa
.......... dicodon-optimized MfsA........ ... . >
t vy p f e s a k t r a g 1 k r «r

gccgccatca agcccggtat ccgcggectgg tacgccgget acggtgccac
.......... dicodon-optimized MfsA........ ... . >
a a i k p g i r g w y a g Yy g a

accaccgtca aggcgtcggt gcagttcgcc tcgttcaaca tctaccgatc
.......... dicodon-optimized MESA. ...t
t t v k a s v g f a s f n iy r

ggtcccaacg gtgagctctc gaccggtgcc tcggtgctcg ccggetttgg
.......... dicodon-optimized MESA......iiiiiiinnnen.>
g p n g e 1 s t g a s v 1 a g f£

accgaggcgg tcctcgecegt cacgecccgec gaggccatca aaaccaagat
.......... dicodon-optimized MfsA........ ... . >
t e a v 1 a v t p a e a 1 k t k

cgcaaggtcg gcaacgccga gctgtcgacc accttcggtg ccatcgccgg
.......... dicodon-optimized MfsA........ ... . >
r k v g n a e 1 s t t £ g a 1 a

gaccgtggtc cgctcggett cttctcggec gtcggtccca ccatcctgeg
.......... dicodon-optimized MfsSA.......iiiiininnen.>
d r g p 1 g f £ s a v g p t i 1

aacgccgcceg tcaagttcac cgtctacaac gagctcatcg gtctcgectcg
.......... dicodon-optimized MESA......iiiiiiinnnens.>
n a a v k £ t v y n e 1 i g 1 a

aagaacggcg aggacgtcca cccgctcgec tcgacgetgg tcggeteggt
.......... dicodon-optimized MfsA........ ... . o>
k n g e d v h p 1 a s t 1 v g s

tgctgtgcect ggtcgacgca gccgctcgac gtcatcaaga cgcgcatgca
.......... dicodon-optimized MfsA........ ... . >
c c a w s t qg p 1 d v i k t r m

gcgcgtcage tctacggcaa cacgttcaac tgcgtcaaga cgctgctgeg
.......... dicodon-optimized MESA......coviiiiiinnen.>
a r qgq 1 v g n t £ n c v k t 1 1
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841

901

961

1021

ctccgaggge atcggtgtct tctggtcggg tgtctggttc cgcaccggtc gtctctcget
D dicodon-optimized MfsA.......ciiiiinnenn. >
r s e g i g v f w s g v w f r t g r 1 s

cacctcggcc atcatgttcc ccgtctacga gaaggtctac aagttcctca cccagcccaa
D dicodon-optimized MfSA.....coviiiiiiennenn. >
1 t s a i m £ p vV y e k v y k £ 1 t g p

ctgagcggcc gcccgattaa ttaatggage acaagactgg cctcatggge cttectttea
>.>> dicodon-optimized MfsA
n -

ctgc
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D3. Tool adapting for genetic modification in Ustilago cynodontis

In order to enable the genetic modification of the filamentous character of Ustilago cynodontis
to a stable yeast-like growth behavior and further to enhance itaconate production with metabolic
engineering, tools for Ustilago maydis were adapted to work in U. cynodontis. In a first approach
antibiotics and their corresponding resistance cassettes were tested. Different concentrations for
carboxin (cbx), hygromycin (hyg), nourseothricin (nat) and phleomycin (phl), the most common
used antibiotics in U. maydis [139, 182, 192, 194], were tested by drop test on YEP plates. Most
used concentrations in U. maydis for this antibiotics are 2 mg L™ for cbx, 200 mg L' hyg, 150 mg
L' nat and 40 mg L' phl [351] . We used for cbx concentrations in a range from 1 — 15 mg L™,
for hyg 100 — 500 mg L', for nat 1 — 300 mg L and for phl 1 — 150 mg L"'. Every 24 h growth
was determined by visual analysis. Exemplary the results for phl are shown in Fig. S4A. No growth
was observed after 48 h if at least 2 mg L™ cbx, mg L™ hyg, 10 mg L' nat and 10 mg L"! phl were
used. Subsequently, U. cynodontis protoplasts were transformed with pNEBUC, pSMUT,
pNEBUN and pNEBUP, which contain cbx, hyg, nat, and phl resistance cassettes, respectively.
Visible transformants were selected on plates with the corresponding antibiotics, followed by
plasmid isolation from the protoplasts and re-transformation into E. coli. Re-isolated plasmids
from E. coli resulted in plasmids with the correct sizes for pPNEBUN, pNEBUP and pNEBUC.
Because pSMUT is not a self-replicating plasmid like pNEBUN, pNEBUP and pNEBUC, it was
integrated into the genome of U. cynodontis NBRC9727 and its presence was verified by PCR.
For later overexpression of genes to improve itaconate production also a functional promotor and
terminator were needed. Based on other Ustilaginaceae [98, 265], plasmid pUMa43 [350] , which
contains a cbx marker and a GFP-encoding gene controlled by the Promoter Perrand the terminator
Thos was used for integration into the genome of U. cynodontis to verify their functionality. After
integration, transformants were cultivated in screening medium for 96 h and fluorescence intensity
was measured with a well plate reader. As depicted in Fig. S4B, the U. cynodontis strain
transformed with pUMa43 showed significantly higher fluorescence than the wildtype, proving
that this species is now genetically accessible.
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