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Climate change represents a severe global issue also driven by the consumption of fossil
fuels, which ultimately release greenhouse gases into the atmosphere. Simultaneously,
the rising demand for food, energy, and chemicals requires a shift from fossil to sustaina-
ble raw materials. Utilizing renewable carbon sources (i.e., biomass, CO,, organic waste)
ensures a fossil-free future. Over recent years, itaconate has gained increasing interest
as a prospective bio-based platform chemical. To replace nowadays petroleum-derived
substances like methacrylic acid in industrial applications, enhancing the economic via-
bility of the current biotechnological production processes using the fungus Aspergillus
terreus is essential.

Ustilaginaceae, a family of smut fungi, display a broad product spectrum featuring
organic acids (e.g., itaconate, malate, succinate). These molecules are considered value-
added chemicals with potential applications in the pharmaceutical, food, and chemical
industry. Importantly, in combination with feeding alternative C-sources as (co-)substra-
tes (e.g., acetate, formate, lignocellulose), these microorganisms offer excellent poten-
tial for reducing CO, emissions and land use.

This thesis focused on bioprocess optimization and metabolic engineering strategies to
establish a sustainable, industrially relevant Ustilaginaceae itaconate production host
competitive to A. terreus. Concerning the bioprocess optimization aspect, acetate and
formate were inverstigated as co-substrates. Investigating the biodiversity using in total
72 Ustilaginaceae, Ustilago maydis MB215 and Ustilago cynodontis NBRC 9758 were
identified as potential production hosts using these co-substrates in combination with
glucose.

Formate was supplied from chemical CO, hydrogenation reactions using a biphasic
Ru-catalyst without any purification, highlighting the many possibilities of combining
chemo- and biocatalysis for carbon capture and utilization. Long-term itaconate pro-
duction during the stationary phase was achieved using an external ceramic membrane
avoiding itaconate product inhibition. Thereby, itaconate production was increased
3-fold.

The successful incorporation of CO,-derived substrate utilization within this work com-
bined with metabolic engineering and bioprocess optimization improved Ustilaginaceae
itaconate production. The here presented results contribute to the production of itaco-
nate from sustainable carbon sources, with the overall goal of reducing land use and
carbon footprints.
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Summary

Summary

Today’s (chemical) industry is founded on fossil-based raw materials (i.e., coal, gas, and oil),
despite their negative impacts on our all future, including global warming. A change from fossil
to sustainable raw materials is required since the demand for food, energy, and chemicals will
keep increasing for the next decades. Using renewable carbon sources (i.e., biomass, COz,
organic waste) will allow a future independent of fossil carbon.

Ustilaginaceae, a family of smut fungi, displays a broad product spectrum featuring organic
acids (e.g., itaconate, malate, succinate), polyols (e.g., erythritol, mannitol), and extracellular
glycolipids (ustilagic acid, mannosylerythritol lipids). These molecules are considered value-
added chemicals with potential applications in the pharmaceutical, food, and chemical industry.
Importantly, in combination with feeding alternative C-sources as (co-)substrates (e.g.,
acetate, formate, glycerol, lignocellulose), these microorganisms offer excellent potential for
reducing CO2 emissions and land use. Organic acids, such as itaconic acid, can function as
sustainable alternatives to fossil-based chemicals, since their functional groups enable their
use as building blocks. This work focused on bioprocess optimization and metabolic
engineering strategies to establish a sustainable, industrially relevant Ustilaginaceae itaconate
production host competitive to Aspergillus terreus. Concerning the bioprocess optimization
aspect, acetate and formate were presented Investigating the biodiversity using
72 Ustilaginaceae, Ustilago maydis MB215 and Ustilago cynodontis NBRC 9758 were
identified as potential production hosts using the displayed co-substrates. Metabolic
engineering was performed using CRISPR/Cas9 genome editing and the FLP/FRT system
with marker recycling. This way, a novel itaconate-producing chassis strain was designed
characterized by a reduced by-product spectrum (AUA, AMEL) and the insertion of an
overexpressed mttA gene of A. terreus. The wildtype and metabolically engineered strains of
U. maydis and U. cynodontis were further optimized by applying the Design of Experiment
(DoE) methodology. The established empirical models were used for predicting itaconate
production (titer, yield), focusing on the glucose/co-substrate ratio. Acetate assimilation in
U. maydis was investigated using off-gas analysis and a "*C-labeling approach. While acetate
was not incorporated into itaconate when glucose was present, the induction of the glyoxylate
shunt for increased acetate utilization seemed promissing. Extra electrons from formate were
supplied from biphasic Ru-catalysed CO; hydrogenation reactions without any purification,
highlighting the many possibilities of chemo- and biocatalysis for carbon capture and utilization.
Long-term itaconate production during the stationary phase (weeks rather than days) was
achieved using an external ceramic membrane to avoid product inhibition. The here presented
results contribute to the production of itaconate from sustainable carbon sources, with the

overall goal of reducing land use and carbon footprints.







Zusammenfassung

Zusammenfassung

Die heutige (chemische) Industrie wird von fossilen Rohstoffen dominiert, obwohl diese endlich
und zudem umweltschéadlich sind. Eine Umstellung von Erddl-basierten auf nachhaltige und
bio-basierte Rohstoffe ist daher zwingend erforderlich, da der Bedarf an Nahrungsmitteln,
Energie und Chemikalien weltweit jahrlich steigt. Die Nutzung erneuerbarer Kohlenstoffquellen
(z.B. Biomasse, CO, organische Abfélle) ist eine Vorraussetzung fir eine Zukunft, die
unabhangig von fossilem Kohlenstoff ist.

Die Familie der Ustilaginaceae (Brandpilzverwandte) weisen ein vielseitiges Produktspektrum,
von beispielsweise organischen Sauren, Polyolen (z. B. Erythrit, Mannit) und extrazellularen
Glykolipiden auf, die als Plattformchemikalien mit potenziellen Anwendungen in der Pharma-,
Lebensmittel- und chemischen Industrie bekannt sind. Diese Mikroorganismen bieten in
Kombination mit der Verwendung alternativer C-Quellen als (Co-) Substrate (z.B. Acetat,
Formiat, Glycerin, Lignocellulose) ein hervorragendes Potenzial fir die industrielle
Biotechnologie und tragen damit potenziell zu den zentralen Herausforderungen der heutigen
Zeit bei, einschliellich der CO.-Freisetzung sowie der Landnutzung.

Organische Sauren, wie beispielsweise Itaconsaure, kdnnen als nachhaltige Alternative zu
fossilen Chemikalien fungieren, da ihre funktionellen Gruppen den Einsatz als Baustein in der
chemischen Industrie ermdglichen. Ziel dieser Arbeit war es einen effizienten Biokatalysator
zu entwickeln, der konkurrenzfahig zu dem derzeitigen Produktionsstamm A. terreus ist.

Zur Bioprozessoptimierung wurde der Einsatz von COz-basierten Co-Substraten, wie Acetat
und Formiat, ermdglicht, um das Ziel einer potenziell CO2-neutralen Itaconsaureproduktion zu
erreichen. Wahrend der Kultivierungsexperimente wurden 72 Ustilaginaceae fur die
Verstoffwechselung der Co-Substrate sowie der Itaconsaureproduktion getestet. Dabei
stachen zwei Pilze besonders heraus: U. maydis MB215 und U. cynodontis NBRC 9758,
welche unter Verwendung der genannten Co-Substrate eine vebesserte Produktion
aufwiesen. Mittels Metabolic Engineering unter Verwendung von CRISPR/Cas9- und dem
FLP/FRT System wurde ein neuer ITA U. maydis Produktionsstamm entwickelt, welcher ein
reduiertes Nebenproduktspektrum (AUA, AMEL) und eine erhdhte Itaconsaureproduktion
aufwies (PeermttA). Wildtyp- und metabolisch veradnderte Stdamme (U. maydis und
U. cynodontis) wurden daraufhin unter Anwendung der DoE-Methode (Design of Experiment)
weiter charakterisiert und optimiert. Die etablierten empirischen Modelle wurden daraufhin
verwendet, um die Itaconatproduktion innerhalb des gegebenen Designraums vorherzusagen
und das Glukose-zu-Co-Substrat-Verhaltnis zu optimieren.
Proof-of-Principle-Bioreaktorexperimente demonstrierten das Potential der Verwendung einer
externen Keramikmembran, wodurch eine Produktinhibierung von Itaconat vermieden wurde.
Die im Rahmen dieser Arbeit vorgestellten Ergebnisse tragen zur nachhaltigen Produktion von

Itaconsaure mit dem Ubergeordneten Ziel einer reduzierten Klimabilanz bei.

Vi






List of abbreviations

List of abbreviations

List of units
%

#

[%]

°C

Q

cm

d

g

g

h
kb
kg
L

m
M
min
mL
mM
nm
RIU
rom
viv
vpm

y
Mg
uL
pm

List of microorganisms
A. itaconicus

A. terreus

A. bothriochloae

A. heteropogonicola
E. coli

M. eriachnes

M. mackinlayi

M. ordensis

M. spermophorus
M. tubiformis

P. antartica

P. hubeiensis

P. tsukubaensis

S. bothriochloae

S. caledonicum

percent

number

diameter

degree Celsius

ohm

centimeter

day

gram
gravitational-force
hour

kilo basepairs
kilogram

liter

meter

molar

minute

milliliter

millimolar
nanometer
refractive index units
revolutions per minute
volume per volume
volume flow per unit of liquid
volume per minute
growth rate
microgram

microliter
micrometer

Aspergillus itaconicus
Aspergillus terreus
Anthracocystis bothriochloae
Anthracocystis heteropogonicola
Escherichia coli
Macalpinomyces eriachnes
Macalpinomyces mackinlayi
Macalpinomyces ordensis
Macalpinomyces spermophorus
Macalpinomyces tubiformis
Pseudozyma antartica
Pseudozyma hubeiensis
Pseudozyma tsukubaensis
Sporisorium bothriochloae
Sporisorium caledonicum




List of abbreviations

. cenchri-elymoidis
. cerevisiae
consanguineum
. scitamineum
cruentum
exsertum
iseilematis-ciliati
lanigeri
scitamineum

. setariae

. themedae

. tumiforme

. walkeri

. gigantosporum
curta

. cynodontis

. egenula

. filiformis

U. lituana

U. maydis

U. rabenhorstiana
U. schmidtiae

U. trichophora

U. triodiae

U. vetiveriae

U. xerochloae

CCCTTNDLLLNNLOLDLDLHLNO®

General abbreviations
AAIl

Ace
ACK-PTA
ACS
adi1
ADP
ANI
ANOVA
ATP
BES
BLAST
bp

Ca
CaCl,
CaCOs
Cas
CCD
CDW
cm
Cmol
CcOo

CO,

Sporisorium cenchri-elymoidis
Saccharomyces cerevisiae
Sporisorium consanguineum
Sporisorium scitamineum
Sporisorium cruentum
Sporisorium exsertum
Sporisorium iseilematis-ciliati
Sporisorium lanigeri
Sporisorium scitamineum
Sporisorium setariae
Sporisorium themedae
Sporisorium tumiforme
Sporisorium walkeri
Ustanciosporium gigantosporum
Ustilago curta

Ustilago cynodontis

Ustilago egenula

Ustilago filiformis

Ustilago lituana

Ustilago maydis

Ustilago rabenhorstiana
Ustilago schmidtiae

Ustilago trichophora

Ustilago triodiae

Ustilago vetiveriae

Ustilago xerochloae

average amino acid identity
acetate

acetate kinase — phosphotransacetylase

acetyl-CoA synthetase
aconitate-delta-isomerase 1
adenosine diphosphate
average nucleotide identity
analysis of variance
adenosine triphosphate
bio-electrochemical systems
basic local alignment search tool
base pairs

calcium

calcium chloride

calcium carbonate

CRISPR protein

central composite design
cell dry weight

centimeter

carbon mole

carbon monoxide

carbon dioxide

X



List of abbreviations

CoA
CRISPR
C-source
dgat
DIC
DoE
DOE
DOT
DNA
DNAse
DO
DSP

3D

e.g.
etal
EDTA
emt1
EtOH
eV

FBA
FeSO4
g

GC
GC-content
Glc

Hz

H20
H2SO4
HPLC
i.e.
iAMB
ITA

itp1

kb
KEGG
KH2PO4
kv

L

LB

LCA
LPS

Mb
MEL
MES
MgSO.,
MnCl;
MS
3-MTHF
MTM

coenzyme A

clustered regularly interspaced short palindromic repeats
Carbon source

diacylglycerol lipids
dicarboxylate carrier

U.S. Department of Energy
Design of Experiments

dissolved oxygen tension
deoxyribonucleic acid
deoxyribonuclease

dissolved oxygen

downstream processing
3-dimensional

exempli gratia

et alii or et aliae
ethylenediaminetetraacetic acid
erythritol/mannose transferase
ethanol

electron volt

flux balance analysis

iron(ll) sulfate

g-force

gas chromatography
guanine-cytosine content
glucose

hydrogen

water

sulfuric acid

High performance liquid chromatography
id est

Institute of Applied Microbiology
itaconate

itaconate transport protein
kilobase pairs

Kyoto encyclopedia of genes and genomes
potassium dihydrogen phosphate
kilovolt

liter

lysogeny broth

life-cycle assessment
lipopolysaccharides

megabase

mannosylerythritol lipids
2-(N-morpholino)ethanesulfonic acid
magensium sulfate
manganese(ll) chloride

mass spectrometry
3-methyl-tetrahydrofuran
modified tabuchi medium

Xl



List of abbreviations

mtt1

n.d.
Na:EDTA
Naz;HPO4
NazMoO4
NaCl
NAD(P)*
NAD(P)H
NH4CI
nm
NRPS
ODeoo
OFAT

orf

PCR

pH
POCP

q

rdo1

RI

ria1

RIPP

RNA
RSD
Ru
RWTH
S

sp.
SRVs
syngas
tad1
TAG
TCA cycle
tRNA
TRY
UA
us
uUsD
USP
uv

viv
vvm
wiv

wit
YEP

ZnS04

mitochondrial tricarboxylate transporter 1

not determined

ethylenediaminetetraacetic acid disodium salt
disodium hydrogen phosphate

sodium molybdate

sodium chloride

nicotinamide adenine dinucleotide (phosphate)
reduced nicotinamide adenine dinucleotide (phosphate)
ammonium chloride

nanometer

nonribosomal peptides

optical density at 600 nm
one-factor-at-a-time

open reading frame

polymerase chain reaction

potentia hydrogenii

percentage of conserved proteins

production rate

glyoxalase domain-containing protein RDO1
refractive index

regulator of itaconic acid biosynthesis

ribosomally synthesized and post-translationally modified

peptides

ribonucleic acid

response surface design
ruthenium
Rheinisch-Westfalische Technische Hochschule
substrate

species

score ratio values

synthesis gas

trans-aconitate decarboxylase 1
triacylglycerol

tricarboxylic acid cycle

transfer RNA

titer, rate, and yield

ustilagic acid

United States

United States dollar

upstream processing

ultraviolet

volume per volume

volume flow per unit of liquid volume per minute
weight per volume

wildtype

yeast extract peptone

yield

zinc sulfate

growth rate

Xl



List of figures

List of figures

Figure 1: Circular bioeconomy. Modified from [8]. ........cccveviiiiieiiiie e 4

Figure 2: Chemical structure of itaconic acid [19]. ........ccciiiiiiiiii e 7

Figure 3: Itaconic acid and its derivates [13]
Figure 4: Overview of metabolic and (sub)cellular aspects of fungal itaconic acid
ST foTo [ T3 1T o PSSR 12

Figure 5: Interconnection between biochemical pathways for the main biotechnological

products of Ustilaginaceae [88]...........ouiiiiiiiiiieiie et 14
Figure 6: Simplified itaconate production pathway in Ustilaginaceae. ...................... 15
Figure 7: Membrane channel and housing module..............ccccccoiiiiiiiiiiiiiees 28

Figure 8: Schematic set-up for itaconic acid recovery using a microfiltration crossflow
MEMDrane MOAUIE. .........ooiiiii e 28
Figure 9: Schematics of the used 10 mL window autoclave. .............ccccceveviiieeennnen. 35
Figure 10: Itaconate biosynthesis pathway in U. maydis with a proposed acetate and

formate assimilation. ............cooooiiiiiiiii e 44

Figure 11: Overview of biodiversity screening results
Figure 12: Itaconic acid production of selected Ustilaginaceae strains. .................... 49
Figure 13: Itaconic acid production of selected Ustilaginaceae strains. ................... 50
Figure 14: Controlled-batch fermentations of selected Ustilaginaceae candidates. ..51
Figure 15: C-source consumption during controlled batch fermentations of promising
Ustilaginaceae candidates. .............occoiiiiiiiiiiiiiii 51
Figure 16: Controlled-batch fermentations of U. maydis MB215 increasing glucose
concentration t0 200 G L. ..o

Figure 17: Extracellular metabolite identification via LC-UV/RI-MS/MS. ...
Figure 18: MS/MS spectrum Of ITT . ....cocuiiiiiiiiiiie e

Figure 19: HPLC chromatogram overlay (Rl detector). .........cccccoociveiiieeiiiiieee. 55

Figure 20: Malate production during controlled batch fermentations of selected
(053 1= [T g E= Lo == TSRS 56

Figure 21: Itaconate production during DoE cultivation experiments of U. maydis




List of figures

Figure 24: ltaconate production during DoE cultivation experiments of

U. rabenhorstiana NBRC 8995. ...........cccooiiiiiiiiiiiii e 61
Figure 25: 3D surface models and heatmap diagrams for itaconate production in
U. rabenhorstiana NBRC 8995. ...........cccooiiiiiiiiiiiee e 62
Figure 26: Validation of the generated response surface models.............c.c.ccccveuene 63

Figure 27: CO2 volume concentration in the headspace of shake flask cultivations of
U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter PetermttA during acetate
CUltivation EXPEMMENTS. ....ccieiiieiiiee et s e e e e e e s e e e enaeeeenes 73
Figure 28: CO2 volume concentration in the headspace of shake flask cultivations of
U. maydis MB215 Acyp3 Afuz7 AUA AMEL APyia1::Petef PetermttA during glyoxylate
cultivation @XPEriMENTS. ......c..iiiiiiiiie et 74
Figure 29: Cultivation experiments investigating the influence of glyoxylate on
itaconate yield and biomass production. .............ccooceereiiii e 75
Figure 30: Simplified itaconic acid biosynthesis in U. maydis with a proposed acetate
LLT7
77
Figure 32: Extracellular metabolite identification via GC-MS.............cccoceeviiiveennnen. 78

L0121 7= oTo] 1] o o S

Figure 31: Co-substrate use of U. maydis — a labeling experiment. .........

Figure 33: Acetate co-metabolization of metabolically engineered U. maydis MB215
Acyp3 Afuz7 AUA AMEL APria1::Petef PetefMA. ....ooiiiiiiiece e 80
Figure 34: Pulsed fed-batch experiments of U. maydis MB215 Acyp3 Afuz7 AUA AMEL
APria1:iPetef Petef MELA Lottt e e e et e e e e e e e e e e e e e e e e nnnereeaaeas 81
Figure 35: 3D-surface diagrams of the effect of glucose, sodium acetate and
ammonium chloride on itaconate production. ...........cccccoeiieeeiiiie e 83

Figure 36: Interaction between glucose, sodium acetate and ammonium chloride on

itaconate titer obtained via DOE approach. ..........c.cceveiiiiieiiiiie e 84
Figure 37: Model validation experiments. ............ccccocoiiiiiiiiiiiiii e 86
Figure 38: By-product formation during model validation experiments..................... 87
Figure 39: Membrane Set-UP.........couiiiiiiiiiee e 88

Figure 40: Pulsed fed-batch cultivation of U. maydis MB215 Acyp3 Afuz7 AUA AMEL
APria1::Petef Petef MttA incorporating external membrane module for cell retention.....89
Figure 41: Schematic overview - implementing CO-derived formate from chemo-
catalysis as co-substrate for itaconate production in biocatalysis............c.cccccccveennns 97
Figure 42: Formate co-metabolization of metabolically engineered U. cynodontis

L] (=110 TSSOSO PP PPPPRRN 98

XV



List of figures

Figure 43: 3D-surface diagrams of the effect of glucose, formate and ammonium
chloride on itaconate ProduCHioN. ...........cooiiiii i 101
Figure 44: Interaction between glucose, formate and ammonium chloride on itaconate
titer obtained via DOE @pProach...........cceeviiiiiieiiiie e 102
Figure 45: Interaction between glucose, formate and ammonium chloride on itaconate
yield obtained via DOE @pProach. ..........ccceiiiiieeiiiiie e 103
Figure 46: 3D-surface diagrams of the effect of glucose, formate and ammonium
chloride on itaconate ProduCioN. ............ooiiiii i 104

Figure 47: Heatmap diagrams of the effect of glucose, formate and ammonium chloride

on itaconate ProdUCHION. .......coouiiiii e 105
Figure 48: Model validation experiment. ............cccccoiiiiiiiiiii e 107
Figure 49: ltaconate production using alternative formate salts. ............cccccceeeee. 108

Figure 50: Overview of growth experiments of U. cynodontis #2705 using alternative
FOMALE SOUICES. ...ttt ettt neas 109

Figure 51: Growth behavior of U. cynodontis #2705 during itaconate production test.

Figure 52: Itaconate production using different formate salts. .............ccccceeeeeernee. 110
Figure 53: Organic solvent tolerance test in U. cynodontis #2705............c.c.ccccenee. 111
Figure 54: Schematic depiction of the biocompatible, multiphasic system for catalytic
conversion of CO2 and Haz to sodium formate. ...........cccoooiiiiiiniiiiiiee 112
Figure 55: Pressure-drop curve of with A: tetradecane, B: octylacetate and C: anisole
as CatalySt PRASE. .......ooiiiiiie 113
Figure 56: Tolerance of U. cynodontis Afuz7 Acyp3 PetefmttA APria1::Petet toward solvent
(oo a1 =10 011 0 =1 1o} o TSSOSO 114
Figure 57: Itaconate production in pulsed fed-batch bioreactor using commercially
available sodium formate and formate solutions obtained from biphasic CO:2
hydrogenation (catalyst phase: tetradecane)...........ccccoeceveiiiiiiiiii e 115
Figure 58: Phylogenetic tree of the investigated Ustilaginaceae strains.................. 124
Figure 59: Pairwise Percentage of Conserved Proteins (POCP) analysis for members
of the Ustilaginaceae family. ..........coooouiriiiiiri e 126
Figure 60: Pairwise Average Nucleotide Identity (ANI) analysis between genome-
sequenced UstlaginaCeae. ..........ueviiiiiieiiie e 127
Figure 61: Pairwise Average Amino Acid Identity (AAl) analysis between genome-
sequenced UstilaginaCeae. ...........ueeiiieiieiiiiie et 128

Figure 62: Gene-based comparison of Ustilaginaceae................cccccooiiiiiiininn. 129




List of figures

Figure 63: Schematic overview of the itaconate biosynthesis gene cluster in U. maydis.

................................................................................................................................. 131
Figure 64: Shake flask cultivation experiment of M. mackinlayi BRIP 52549a. ....... 132
Figure 65: Controlled-batch fermentation of U. maydis No. 512..........cccceecvvvennee. 132
Figure 66: Schematic organization of the MEL synthesis gene cluster (modified from
2401 T USSP 135
Figure 67: Schematic organization of the ustilagic acid (UA) synthesis gene cluster in
U. maydis (modified from [206])........ccorieieeiiiireeeiie e eeee e nnaeee s 137
Figure 68: Whole genome macro synteny plot between the different U. maydis isolates
compared to U. maydis NO. 512, ... 138
Figure 69: ANOVA analysis for the itaconate titer model for acetate co-metabolization
Of U. MaydiS MB215. ... ..ottt et e e e rtee e e s s e e e enneeeeanns 167
Figure 70: Prediction vs. actual plot for U. maydis MB215. ..........cccccvveveiiinenne. 167
Figure 71: ANOVA analysis for the itaconate titer model for acetate co-metabolization
of U. rabenhorstiana #2708. ..........cooiiuiieiiie e 168
Figure 72: Prediction vs. actual plot for U. rabenhorstiana #2708. ..............c........... 168
Figure 73: ANOVA analysis for the itaconate titer model for acetate co-metabolization
of U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Petet Petet MtA. .....coeiiiininn. 169
Figure 74: ANOVA analysis for the itaconate yield model for acetate co-metabolization
of U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Petet Petet MtA. .....coeeiiiie. 169
Figure 75: ANOVA analysis for the itaconate titer model for formate co-metabolism of
U. cynodontis Acyp3 Afuz7 APria1::Petef PetefMttA. ... 170

Figure 76: ANOVA analysis for the itaconate yield model for formate co-metabolism of
U. cynodontis Acyp3 Afuz7 APria1::Petef PetefMEtA. ....oooiiiiiiie e 170

XVI



List of tables

List of tables

Table 1 FEEASIOCKS. [5]. .. iiiiiiiieiiiiii ettt e e et e e aneea e e e 4
Table 2 Top 12 sugar-derived building block chemicals assigned in 2004 by the U.S.
Department of Energy (DOE) [12]. ....veiiiiiiiie et 7
Table 3 Selection of itaconate producing microorganisms and the characteristics of the
corresponding fermentative processes (modified from [46], [47])....ccceeeeviveeeeiiireennns 10
Table 4 Wildtype strains used within this study. .........cccccoiiiiiii e 23
Table 5 Metabolically engineered Ustilaginaceae strains used within this study with
description and rEfEreNCEe. .........ccueiii it 25
Table 6 Technical information of SCHUMASIV™ 01/7 microfiltration membrane .....27
Table 7 DDBJ/EMBL/GenBank database accession nUMbers. ...........ccccocveeveeenneens 34
Table 8 Production parameters of controlled-batch fermentations of U. maydis #2229,
U. rabenhorstiana #2708, and U. cynodontis #2705...........ccccceiiieeeiicieeenieee e 52
Table 9 Factor levels for CCD modelling acetate co-metabolization of Ustilaginaceae
wild-type strains during this StUdY. .......c.cooiiiiiiiii e 57
Table 10 Summary of metabolically engineered U. maydis MB215 strains............... 72
Table 11 Glyoxylate consumption during U. maydis MB215 Acyp3 Afuz7 AUA AMEL
APria1::Petef PetefmMttA cultivation experiment. ..o 74
Table 12 Production parameter during acetate co-metabolization experiments........ 80
Table 13 Factor levels for CCD during this study. ..........ccccooiiiiiiiiiieee 82
Table 14 Model validation experiments with U. maydis MB215 Acyp3 Afuz7 AUA AMEL
APria1::Petef PetefMTEA. ..o ettt e e 86
Table 15 Itaconate production parameters during shake flask cultivations of
metabolically engineered U. cynodontis Strains. ............cccceiiieeeiiiieeeniiee e 99
Table 16 Factor levels for CCD during this study. ........ccccocciveiiiiieiiiiie e, 100
Table 17 Model validation experiments with U. cynodontis Afuz7 Acyp3 PetermttA
AP a1 TP otf. <ttt a e e e aas 106
Table 18 Itaconate production with formate solutions from CO2-hydrogenation
EXPEIIMENTS. ...ttt et e et e et et et a e nae e 116
Table 19 Details of the genome sequences of the selected Ustilaginaceae............ 123

Table 20 Investigation of secondary metabolite synthesis via antiSMASH analysis
22 USROS 130
Table 21 Maximum optical densities (OD [-]) of all 72 strains obtained during

DIOAIVEISItY SCTEENING. ..ieiiiiiie ittt e e e e e e snneaeeennes 153

XVl



List of tables

Table 22 Maximum growth rates (umax [h™']) of all 72 strains obtained during
DIOAIVErSItY SCTEENING. ..ieiiiiiee ittt e e e neee e e eeenees 154
Table 23 pH [-] values of all 72 strains obtained during biodiversity screening. ...... 155

Table 24 Production parameters of biodiversity screening for acetate co-utilization.

Table 26 Production parameters of System Duetz cultivation for acetate co-utilization
INIMES DUFTEE. et e e 158
Table 27 Production parameters of System Duetz cultivation for acetate co-utilization
L 0= O L3 o1 = OO 159
Table 28 Production parameters of System Duetz cultivation for formate co-utilization
INIMES DUFFEI. .o 160
Table 29 Production parameters of System Duetz cultivation for formate co-utilization
0= T O I o1 = SR 161
Table 30 pH values during System Duetz cultivation for formate and acetate co-
ULITIZAEION. .t 162
Table 31 Welch t-test result for shake flask cultivations of metabolically engineered
(O 03 oo [ g1 1S3 = 1 TS 162
Table 32 Tested DoE conditions and responses during this study investigating acetate
co-metabolization for U. maydis MB215 wildtype strain. ........ccccccoooveveiiiiieiiiienen, 163
Table 33 Tested DoE conditions and responses during this study investigating acetate
co-metabolization for U. rabenhorstiana #2708 wildtype strain. ............ccccceevieeeenne. 164
Table 34 Tested DoE conditions and responses during this study investigating acetate
co-metabolization for U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter Peter -

Table 35 Tested DoE conditions and responses during this study investigating formtate
co-metabolization for U. cynodontis Afuz7 Acyp3 TPetefMttA TPriat. ooovvvriviiiiiiiiie 165

Table 36 Results from the catalytic conversion of CO2 for formate. ....................... 166

XVIII



Chapter 1

General introduction

Contributions:

This chapter was written by Lena Ullmann and reviewed by Lars M. Blank.







General introduction

1 General introduction

1.1 Bioeconomy — a sustainable bio-based production of chemicals

The world population is constantly growing and exceeded 7.9 billion in 2022, increasing the
demand for food, fuels, chemicals, and electricity [1]. Most of the manufacturing processes for
goods of everyday life rely on fossil resources [2]. With the incessant growth of the world’s
population, the already high dependency on coal, petroleum, and natural gas will further
increase [3]. However, fossil resources are limited and unequally distributed on earth, resulting
in price volatility and political turmoil, as we experience especially in the current year 2022.
However, the main drawback of a fossil-based industry is the high emission of greenhouse
gases, which contributes to global warming [2], [4]. Global warming is by far the most significant
threat humankind is currently facing. According to recent data, an average increase in the
global temperature of 2 °C will lead to the death of one hundred million people and the
extinction of millions of faunal and floral species [2]. Consequently, the Paris Climate
Agreement asserted that the participating countries should limit global warming to less than
2 °C over the next 15 years, achieving net-zero emissions by 2050. Thus, the transition from
a fossil-based to a sustainable bio-based economy is inevitable and the major challenge of
today’s times [5].

The envisaged circular bioeconomy is a relatively new economic growth model, that aims to
decouple economical growth from fossil fuel dependency, using renewable carbon sources
(i.e., biomass, CO., waste) instead [5]. Such renewable biological resources from land and sea
are for example crops, forests, fish, animals and microorganisms to produce food, chemicals,
energy, and fuels [6]. Waste is also considered a valuable source of energy and resources [5].
The overall goal is to create a circular bioeconomy, wherein the emitted CO- is fixed by plants
and — in the future — also by microbes to produce biomass, and chemocatalysis, which can be
used as a feedstock for the production of platform chemicals such as displayed Figure 1 [5],
[7]. Thus, renewable or bio-based resources have a closed carbon cycle addressing

sustainability compared to fossil resources [5].
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circular bioeconomy

commodities

Figure 1: Circular bioeconomy. Modified from [8].

COz-emissions are fixed by plants, trees, and microbes, which are converted into usable substrates for
microorganisms. The microorganisms produce platform chemicals in bioreactors, which can then be used as
building blocks for commodities (energy, fuels, chemicals, goods), resulting in new emissions at the end-of-life of
the commodities.

1.1.1 Production of fuels from bio-based feedstocks
In Biotechnology, microorganisms are applied to produce platform and bulk chemicals, as well
as biofuels, from bio-based resources. Biomass is defined as “all non-fossil-based living or

dead organisms and organic material that have an intrinsic chemical energy content” [9]. A

summary of alternative bio-based feedstocks for a circular bioeconomy is listed in Table 1.

Table 1: Overview of alternative bio-based feedstocks [5].

Feedstock category Feedstock

Animal-based Manure

Plant-based biomass/ Virgin biomass

lignocellulosic biomass 1. forest-based biomass (wood)

2. crops (corn, sugar beet, ...)
Waste biomass
3. agricultural waste (bagasse, straw)
4. wood processing waste
Aquatic biomass Micro- and macroalgae, small aquatic plants
Food waste Inedible parts of food (husks, peels), materials
after use (cobs, coffee/tea grounds), restaurant

and domestic food waste, waste cooking oil
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Waste Solid municipal waste, biodiesel-derived glycerol,
municipal wastewater, wasterwater (food
industry, animal husbandry)

Sources of CO2-waste Anaerobic digesters, ethanol fermenting plants,

syngas, CO2-rich exhaust gases

Regarding biofuel production, biomass is categorized into first-, second-, and third-generation
feedstocks [10]. First-generation feedstocks include vegetable oil, corn, sugarcane, as well as
starch and sucrose fractions of plant carbohydrates [10]. Ethanol and biodiesel produced from
these first-generation feedstocks are considered as first-generation biofuels [10]. First-
generation biofuels are directly related to generally edible biomass [10]. Bioethanol is
commonly produced in fermentation processes using C6 sugars (mainly glucose) as
substrates and yeast strains such as Saccharomyces cerevisiae as biocatalysts [10]. One
major drawback of using first-generation feedstocks in bioprocesses is the competition with
the food and feed industry. This provokes the food-versus-fuel debate and may lead to
increasing prices or a shortage in the availability of these resources [11]. Further, the yields
are lowered by exclusively using the readily fermentable fractions of plants while neglecting
the remaining fractions, which does not contribute to a sustainable bioeconomy. However,
many biotechnological production processes still rely primarily on glucose as a carbon source
[12].

The food-versus-fuel debate drove the development of second-generation or advanced
biofuels, such as cellulosic ethanol and Fischer-Tropsch liquids. Non-edible lignocellulosic
biomass, such as agricultural residues, wood and forest residues, and grasses, belongs to
second-generation feedstocks [10]. The price for this biomass is significantly lower than edible
biomass making its use attractive. In general, second-generation feedstocks are more complex
and not accessible in their untreated form, which makes their application dependent on new
technologies [10]. Before use, such biomass must be pretreated and hydrolyzed (enzymatically
and/or chemically) before use [12]. Before sugar monomer fermentation, e.g., to ethanol, the
fibrous matrix structure of lignocellulose must be broken up into hemicellulose, cellulose
chains, and lignin, hexose and pentose sugars have to be hydrolyzed from the separation
products [10]. Many microbes commonly used in bioprocesses cannot even utilize the
monomers of the hydrolysates resulting from second-generation feedstocks [13]. Hence, these
microbes must either be engineered to use the carbon sources or new microbes have to be
selected for bioprocesses. Most processes using second-generation feedstocks are still on an
experimental scale. In contrast, bioethanol from lignocellulosic biomass is a prominent
example of a bio-based process applicable at the industrial scale with various plants already
in operation [14].

Since many microbes can utilize alcohols, ethanol can be used not only as a biofuel or platform

chemical but also as a carbon source for producing valuable products. Further,
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microorganisms are able to use the displayed feedstocks (Table 1) and other non-conventional
ones from industrial production and societal consumption, such as CO and plastic waste [15].
One advantage is, e.g., minimizing land use by using CO; directly as a carbon source for
microbes. This concept contributes to a circular bioeconomy. Feedstocks formed by aquatic
autotrophic organisms (e.g., algae) are termed third-generation feedstocks, whereas algae
have a distinctive growth yield compared with classical lignocellulosic biomass [16]. Due to
their high lipid and biomass productivity, microalgae are an attractive alternative to vegetable
oils and, therefore, a resource for biodiesel production [17]. Thereby, high lipid productivity
displays a key characteristic of a species used for biodiesel production [17]. Despite these
significant advantages, biodiesel production from algae has not been economically profitable
[17].

1.2 Itaconic acid as a platform chemical

Platform chemicals are small molecules that can be utilized as building blocks for producing
chemicals and materials of higher value [18]. 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 which
are displayed in Table 2. The twelve building blocks can be subsequently converted to high-
value bio-based chemicals or materials. Thereby, building block chemicals as considered for
this analysis are molecules with multiple functional groups that possess the potential to be
transformed into new families of useful molecules. The criteria for selection was based on the
market potential for the building blocks and their derivatives and the technical complexity of

their synthesis pathways [13].
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Table 2: Top 12 sugar-derived building block chemicals assigned in 2004 by the U.S. Department of Energy
(DoE) [13].
Building block chemicals

1,4-succinic, fumaric, and malic acid
2,5-furan dicarboxylic acid
3-hydroxy propionic acid
aspartic acid
glucaric acid
glutamic acid
itaconic acid
levulinic acid
3-hydroxybutyrolactone
glycerol
sorbitol

xylitol / arabinitol

One of the listed promising candidates is itaconic acid, also known as 2-
methylidenebutanedioic acid (CAS 97-65-4), an unsaturated, non-toxic C5 dicarboxylic organic
acid (Figure 2). It has a molecular weight of 130.1 g mol™. The molecule contains one carboxyl
group linked to the methylene group. Further, it is a white crystalline acid with a solubility in
water of 83.1 g L™ at 20 °C with a pH of 2. The pKa, values are 3.84 (pKa1) and 5.55 (pKaz) [19]

)

HO OH

O

Figure 2: Chemical structure of itaconic acid [19].

The first documentation about itaconate and its production was in 1837 when it was discovered
by Baup [20]. Itaconic acid was first described as a product of the pyrolytic distillation of citric
acid [21]. ltaconic acid was also produced by the decarboxylation of aconitic acid [19]. Other
chemical syntheses are known, such as the distillation of citric acid, followed by the treatment
of the yielded anhydrides, oxidation of mesityl oxides with the subsequent isomerization of the
formed citraconic acid, or oxidation of isoprene [22]. Subsequently, the first production
methods were based on chemical synthesis procedures [20], [22]. Due to the high production
costs caused by chemical synthesis, it was not possible to establish a foothold in the market
[23]. The first report about the microbial production of itaconic acid was published in 1931 with
a filamentous fungus named Aspergillus itaconicus, followed by the first patent filed by Charles
Pfizer Co. for itaconic acid production with Aspergillus terreus [21], [24]. Over time, the
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fermentation process with A. terreus was optimized, finally outcompeting the chemical process
[19]. Thus, A. terreus has been used for industrial itaconate production since 1950 [19].

1.2.1 Application fields of itaconate

The chemical structure of itaconic acid with a number of functional groups allows a variety of
chemical reactions, like salt formations, polymerization, or esterifications with alcohols and
therefore a broad spectrum of applications [13], [25]. Important derivatives are itaconic
diamide, 2-methyl-1,4-butanediamin, 3-methylpyrrolidine, 3- and 4-methyl-N-
methylpyrrolidinone, 2-methyl-1,4-butanediol, 3-methyl-tetrahydrofuran, and 3- and 4-methyl-
y-butyrolactone (Figure 3) [13].

3- & 4-methyl-y-buryrolactone 2-methyl-1 4-butanediamine

NH,
HoN
o

AN / |

CH, O
itaconu: acid

H3C

3-methyl-tetrahydrofuran itaconic diamide

HaC

/W %j/ N
H
2-methyl-1,4-butanediol 3-methylpyrrolidine

3

3- & 4-methyl-N-methylpyrrolidine

Figure 3: Itaconic acid and its derivates [13].

Radical polymerization and/or esterification with a wide range of co-monomers further expands
the application range of itaconic acid [26]. As co-monomers, itaconic acid derivates are applied
in the industrial production of polymers, surfactants and fibers. The alkali salt or sulfonated

form of self-polymerized itaconate, polyitaconate, is used as a detergent and in shampoos [27].
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Further polymerizations with acrylamide or methyl-methacrylate generate superabsorbent
hydrogels for pharmaceutical applications [28]. ltaconate and its derivatives are also used in
the production of resins, as building blocks for acrylic plastics, acrylate latexes, and anti-scaling
agents, as well as in the synthesis of artificial glass and bioactive compounds in the
agricultural, pharmaceutical, and medical sector [24], [27]. Additionally, derivatives such as 3-
methyl-tetrahydrofuran or 2-methyl-1,4-butanediol may function as biofuels [29], [30]. Besides
the application fields mentioned, itaconate may function as a therapeutic agent for autoimmune
diseases since mammalian macrophages produce it. It subsequently plays a crucial role in the
human immune response against microbial pathogens [31]-[33]. In contrast to this detailed
knowledge of the biological role of itaconate production in higher eukaryotes, little is known

about the ecological reason why fungi, like Ustilago and Asperqgillus, produce itaconate.
1.2.2 Market potential of itaconate

Although itaconate has numerous potential applications, its market size and value were only
41,400 tin 2011, corresponding to 74.5 million USD [34], [35]. This is caused by the high price
of around 2.0 USD per kilogram and is an exclusive criterion for further market penetration. In
2022, the size and share of the itaconic acid market were determined to increase from 98.4 to
110.4 USD in 2027 [36]. Production costs need to be further reduced to be competitive with
petroleum-based products like acrylic acid and potentially replace them in industrial processes.
With the assumption of a future price decrease, itaconate has the potential to replace
polyacrylic acid, which is petroleum-based, with a market worth of 11 billion USD [23], [27],
[34]. Nevertheless, easy biodegradability in soil and non-toxicity are critical factors in the
growth of the itaconic acid business [36]. Favorable government regulations to promote bio-
based production processes due to environmental safety can further boost growth. For
example, the size of the Chinese itaconic acid market is expected to exceed 21 USD by 2025
[36]. Asia-Pacific countries (APAC) are the leading producers and consumers of itaconic acid,
supplying over 54 % of the global demand [36]. Germany’s market size of itaconic acid was
3.9 million USD in 2020 [36].

More improvements are necessary to reduce the price of itaconate for further market growth.
Certainly, fermentation conditions, especially the downstream process, significantly influence
the product’s price [37]. The selected microorganisms and C-sources also influence the
production process, in turn impacting the price. Unquestionably, many other factors, such as
production location and energy costs, also affect the price. However, the following sections will
discuss only the influence of the microorganisms used for itaconic acid production, the

bioprocess itself, and the downstream process.
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1.2.3 Industrial production of itaconate

Currently, itaconic acid can be produced biologically or chemically [38]. The filamentous fungus
A. terreus still represents the state-of-the-art production process. A. terreus stands out with an
excellent tolerance to low pH values combined with high product yields and titers. So far, the
highest reported itaconate titer for A. terreus is 160 g L™, obtained on a laboratory scale [39].
The highest reported productivity reached 1.15 g L h™' [40] and the highest yield 0.72 Gitaconate
ge-source | €qualing the theoretical maximum yield [41].

Nevertheless, the use of A. terreus as a production host remains challenging. A. terreus can
grow in a pellet or filamentous form, while high itaconate production can only be achieved
during growth in pellet form [42]. When filamentous growth occurs, itaconic acid productivity
decreases. Thus, a cost-extensive morphology control is essential to reach high productivity
[39]. The morphology mainly depends on the medium composition. Impurities like manganese,
e.g., were shown to induce mycelium formation [25]. This growth behavior leads to a
costTintensive pretreatment of the fermentation medium, intensive monitoring during the
production process, and high purification costs [22], [25]. Consequently, alternative production
hosts are required to create a more economical production process. Besides A. terreus, the
Ustilaginaceae family, including Pseudozyma and Ustilago species [43],[44], as well as
Candida [45], and Helicobasidium species [46] are known itaconate producers. An overview
of performance parameters such as itaconate titer, productivity, and yield of the different

microorganisms is given in Table 3 [47], [48].

Table 3: Selection of itaconate producing microorganisms and the characteristics of the corresponding
fermentative processes (modified from [47], [48]).

strain substrate working volume, itaconate itaconate reference
fer ion type titer [g L] | yield [grag™]
A. terreus DSM 23081 glucose 15L, 160 0.46 gitags™ [39]
submerged 125]
glucose fermentation 86 0.62 grrags™
151, [40]
glucose submerged 146 0.59 girags™
fermentation
15L,
submerged
fermentation
50 mL,
A. terreus NRRL 265 sucrose submerged 49 - [49]
fermentation
mutant of A. terreus beet and 2L,
NRRL 265 and 1960 sugarcane submerge_d 50 - [50]
molasses fermentation
141,
xylose and immobilized MO in 1
A. terreus NRRL 1960 glucose submerged 30 0.54 gita Qs [51]
fermentation
6L,
A. terreus NRRL 1960 glucose submerged 130 0.9 giags™” [62]
fermentation
100 mL,
A. terreus SKR10 N45 corn starch submerged 50 0.25 girags™ [53]
fermentation
corn sL 4
A. terreus TN484-M1 sorghum submerge_d 48 0.34 gitags [54]
fermentation
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sugar beet
press.»mud, 10g \
A. terreus CECT 20365 dry.ollve solid-state fermentation - 0.44 girakg [55]
residues,
glycerol
glucose,
sucrose,
mutant of A. terreus fructose, 45 "."-' " 1
ATCC 10020 mannose, seml-solld_-state - 0.55 girags” [56]
starch fermentation
hydrolysate,
molasse
. 100 mL,
nm,_;sn;%f:é? gqgslllus glucose fsubmerge.d 1.2 - [57]
'ermentation
25 mL,
Candida sp. glucose submerged 35 - [45]
fermentation
mutant of 1L, 4
Escherichia coli glucose submerggd 32 0.49 girags [58]
fermentation
Helicobasidium 14 mm of the feedstock,
mompa TANAKA sweet potato solid-state fermentation 05 B 159]
1L
P. antarctica Y-7808 glucose submerged 30 0.38 grags™” [44]
fermentation
13L,
mutant of U. cynodontis | glucose submerged 22 0.42 girags’ [60]
fermentation
13L,
mutant of U. cynodontis | glucose submerged 83 0.30 grags™ 611
fermentation
2or6L,
U. maydis MB215 glucose submerged 44.5 0.24 girags™ [62]
fermentation
mutant of 131, 4
U. maydis MB215 glucose fsubmerggd 63 0.26 girags [63]
'ermentation
mutant of 18L, 1
U. maydis MB215 glucose fsubmerge_d 220 0.33 gita gs’ [64]
'ermentation
mutant of glucose ;\-J::'Jrlgerged 75.7 0.66 gitags™ [65]
U. maydis MB215 fermentation
1L
U. rabenhorstiana glucose submerged 50 0.27 grrags™ [66]
fermentation
mutant of 151, 1
Yarrowia lipolytica glucose fsubmerge_d 1.2 0.058 grrags [67]
'ermentation

A. terreus and U. maydis, the itaconic acid biosynthesis pathways have been characterized,
and the associated gene clusters have recently been identified [63], [68], [69]. Interestingly,
the metabolic steps involved in these pathways differ in the two fungi (Figure 4) [69], [70]. In
the case of A. terreus, pyruvate is generated from glucose via glycolysis taking place in the
cytosol and subsequently enters the mitochondria [71]. It is converted to acetyl-coenzyme A
(CoA), a central metabolism intermediate and an activated form of acetate. Together with
oxaloacetate, acetyl-CoA forms citrate within the tricarboxylic acid cycle (TCA) [71]. Citrate is
then dehydrated to cis-aconitate, which is transported from the mitochondria back into the
cytosol via the putative mitochondrial tricarboxylic transporter MttA and converted to itaconate
in a cis-aconitate decarboxylase (CadA)-mediated reaction. Itaconate is finally exported out of

the cell by a protein of the major facilitator superfamily (MFS) [70].
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Differences between the both fungi relate to the first conversion of citrate to cis-aconitate.
Whereas A. terreus expresses a cis-aconitate decarboxylase, U. maydis utilizes an aconitate-
delta-isomerase in conjunction with a specific frans-aconitate decarboxylase [69]. The involved
transport steps, however, are comparable inboth fungi: a mitochondrial carrier family (MCF)
protein (MttA in A. terreus and Mtt1 in U. maydis) and a major facilitator superfamily (MFS)
protein (MfsA in A. terreus and Itp1 in U. maydis) are encoded in the respective itaconate gene

clusters [70].

W
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Figure 4: Overview of metabolic and (sub)cellular aspects of fungal itaconic acid production.
Enzymes specific to A. terreus are indicated in orange, U. maydis in blue (adapted from [70].
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In U. maydis, it was demonstrated that a deletion of either of the transporter genes results in
a significant reduction of the secreted itaconate level [63]. In contrast, in the related species
U. cynodontis, the deletion of mft1 completely abolishes itaconate production [72]. These
observations highlight the metabolic importance of the transporters. So far, no equivalent
knockout studies have been reported for A. terreus.

For a long time, the performance of A. terreus dwarfed all other (engineered) itaconate-
producing strains [42]. However, after strain engineering and fermentation process
optimization, a maximum titer of 220 g L™ was lately achieved using U. maydis as a production
host [64]. To improve the performance of strains naturally producing itaconate or to enable
other strains to synthesize itaconate as a new product via metabolic engineering, adequate

knowledge about the underlying biosynthesis pathway is demanded.
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1.3 Ustilaginaceae as alternative productions hosts

The industrial itaconate production process with A. terreus faces specific challenges, such as
sensitivity to hydromechanical stress, increased viscosity of the fermentation broth, and
sensitivity toward an interruption of oxygen supply [19], [42]. Further, itaconic acid production
in A. terreus strongly depends on its morphology [42]. Thereby, morphology control is a
significant challenge that hinders cultivations’ reproducibility [42]. Thus, the current research
focused on finding alternative natural itaconate-producing organisms which are more robust
and less sensitive against impurities [19]. In the past decade, the Ustilaginaceae family
attracted special attention including the model organism U. maydis [48], [73]. The advantages
of U. maydis are its haploid yeast-like growth and insensitivity to shear forces [48]. Further,
high cell density fermentations are feasible using U. maydis, showing a relatively short
doubling time with high productivities, yields and titers [48], [64].

Ustilaginaceae belong to the basidiomycete fungi and comprise a family of mostly plant
pathogenic microorganisms that infect various crops and grasses, causing smut disease [74].
The Ustilaginaceae family consists of 14 genera, including Ustilago, Sporisorium, and
Macalpinomyces [75]. Despite their pathogenicity and capability to infect economically relevant
crops, such as barley, sugarcane, wheat, and oats [76], smut fungi attracted particular attention
in industrial biotechnology.

Ustilaginaceae exhibit a versatile product spectrum, including organic acids (e.g., itaconate,
malate, succinate) [22], [77]-[79], polyols (e.g., erythritol, mannitol) [80], [81], and extracellular
glycolipids [73], which are considered value-added chemicals with potential applications in
pharmaceutical, food, and chemical industries [82], [83]. For instance, mannosylerythritol lipids
(MELs) are surface-active glycolipids secreted by various fungi, including U. maydis. MELs
can be used as biosurfactants, displaying the much-demanded biodegradable resource for
producing detergents or pharmaceuticals [84]-[86]. With this manifold production spectrum,
Ustilaginaceae represent promising cell factories in the field of biotechnology, which have the
potential to contribute to the transition from a fossil- to a bio-based economy [48]. Figure 5
summarizes the biochemical pathways of Ustilaginaceae’s main biotechnologically usable
products.

The Ustilaginaceae family includes the well-established model organism U. maydis with a fully
sequenced genome and highly developed genetic tools, enabling further research on
improving the itaconate production parameters and thereby realizing the full potential of this
production host [87]. Its yeast-like growth during fermentation processes is advantageous
since less intensive morphology control is required compared to A. terreus [19]. Moreover,
U. maydis is more robust toward varying impurities, particularly relevant to reducing production

costs and using alternative feedstocks [48], [62].
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Figure 5: Interconnection between biochemical pathways for the main biotechnological products of
Ustilaginaceae (adapted from [88]).

Mitochondrial antiporters and plasma membrane exporters are indicated in bold colors as stated in the following:
red, erythritol; green, itaconate; orange, C4 dicarboxylates; blue, glycolipids. Abbreviations: ITT, itatartarate; PPP,
pentose phosphate pathway; 2HP, 2-hydroxyparaconate.

Significant improvements in the efficiency of itaconate production have been made by
metabolic engineering and process development, increasing the yield, titer, and rate of
itaconate production in U. maydis and related species [64], [65], [73]. For itaconate production
from glucose, a maximal theoretical yield of 0.72 Gitconate Gglucose ', Which equals 1 mol itaconate
per mol glucose, is reported [65]. The latest study focused on an integrated process design
that resulted in @ maximum itaconate titer of 220 g L™", with a total acid titer of 248 g L™,
representing a significant improvement compared to the best-published itaconate titers of
U. maydis and A. terreus [64].

1.4 Alternative feedstocks for itaconic acid production

The competitiveness of bio against petro-based products displays a first step toward the vision
of a circular economy. To achieve economic production and to compete with fossil fuels, it is
necessary to use low-cost feedstocks. Furthermore, utilization of every production side stream
to minimize waste and, ultimately, CO; formation [26]. Current biotechnological processes for
itaconate production with A. terreus and U. maydis are based on carbohydrates, such as
molasses, xylose, arabinose, and glucose [10, 27]. Recent studies approach the use of
alternative substrates. Thus, glycerol, the main by-product in biodiesel production, is applied
as an alternative feedstock for the itaconate production process with U. vetiveriae [18, 28].
Schlembach et al. (2020) presented a consolidated bioprocess approach for converting
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cellulose waste streams into itaconic acid by the co-cultivation of Trichoderma reesei as
cellulase producer and U. maydis as itaconate producer [89]. Another study by Regestein et
al. (2018) focused on designing a complete process from beech wood to itaconate suitable for
U. maydis and A. terreus [90].

A new approach to produce itaconate by Ustilaginaceae is based on the upcycling of abundant
CO: to a feedstock and the subsequent use of COz-derived C1- and C2-compounds like
formate and acetate as co-substrates [91]. The retention of one carbon atom during itaconate
production means that they could consist of up to 50% carbon derived from CO. as
schematically shown in Figure 6.

A B

~ N

glucose
glycolysis
€.g. chemo
catalysis

pyruvate €0 co, (4. pyruvate
Coz'\l

glucose

glycolysis

Coz'\\l Y
oxaloacetate acetate oxaloacetate
acetyl-coA . . \\. .
\l acetyl-coA \l
. citrate . citrate
k‘ Cco, kh co;
. itaconate . itaconate

K glucose = itaconate +CO, / \ glucose +4 CO, = 2 itaconate j

Figure 6: Simplified itaconate production pathway in Ustilaginaceae.
A: Established itaconate production pathway [63], [92] vs. B: proposed pathway incorporating CO». CO- could be
incorporated either directly or via chemo catalytic C2-intermediates (e.g., acetate).

By combining chemistry (CO»-fixation) and biology, up to 50% of the final product could be

derived from COg, thereby aiming for a carbon-negative or neutral footprint of itaconate.

1.4.1 Acetate

1.4.1.1 Acetate production

Acetic acid is a two-carbon monocarboxylic acid (CHsCOOH) with a molecular mass of
60 g mol™" and shows a pK, value of 4.75; thus, acetic acid is predominantly dissociated as
acetate (CH3COO"™) at physiological pH [93]. The global demand for acetic acid is growing as

15



Chapter 1

it produces various chemicals with potential applications in the textile, food, construction, and
automobile industry [94].

Acetate is conventionally produced synthetically via chemical synthesis and biotechnologically
via fermentation [93], [94]. Via the chemical production route, acetate is produced fossil-based
by carbonylation of methanol, ethylene oxidation, or alkane oxidation. Chemical synthesis
accounts for about 75 % of the total acetate production [93]. Chemical production covers most
of the industrial acetate production, whereas biotechnological production covers about 10 %
of the total acetate production, especially for the production of vinegar [95]. In aerobic
fermentation, acetic acid bacteria like Acetobacter produce acetate through the respiration of
ethanol [95]. Hence, it can be formed from sugars, glycerol, lignocellulosic biomass, or waste
materials [94], [96]-[98]. Furthermore, acetate can empower the development of low-cost,
sustainable bioprocesses without causing conflicts with arable land and the food chain [99].
Next to conventional production, there are also attempts to produce acetate from CO; as a
waste stream, thereby contributing to a circular bioeconomy approach. One approach is
converting synthesis gas (syngas) into acetic acid [94]. Anaerobic bacteria can grow on
syngas, a mixture of inorganic waste gases containing primarily CO, Hz, and CO.. Species like
Clostridium or Acetobacterium are able to anaerobically produce acetate from this inorganic
waste gas mixture [100]-[102]. A promising development in the field of gas fermentation is the
successful commercialized operation of the first ethanol-production plant operating since 2018
[103].

Another promising approach is microbial electrosynthesis (MES) [104]. MES, based on
bioelectrochemical systems (BESs), offer a potentially sustainable route for producing useful
platform and commaodity chemicals [104]. Thereby, MES does not use fossil-based substrates
but uses microorganisms’ metabolism to reduce CO; to valuable chemicals [86].

Microbial electrosynthesis shows the advantages of low operational costs, no land
requirements, and a process that can operate sustainably. The versatility of the microbial
culture that can be applied in MES allows its use for the bioproduction of a wide range of
chemicals, such as different acids, alcohols, and fuels, among others [104]. The current
acetate production approaches reach titers of 12.4 g L™ [104]. These titers are low compared
to other processes but increased from 0.6 g L™ in the last decade [104]. This improvement
excellently demonstrates the ongoing progress in the field of microbial electrosynthesis.
Nevertheless, the low product yield, the product purification, and the problematic scale-up
show the limitations that need to be addressed in research [104], [105].

Recent work in the broad context of green chemistry focused on a new catalytic system for the
formal isomerization of methyl formate to acetic acid and methyl acetate, opening a possible
route for a “defossilized” production of acetic acid ultimately based on CO. and H: as primary
feedstocks [106].
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1.4.1.2 Acetate assimilation

Using acetate as a carbon feedstock requires understanding its metabolism, including the
enzymes involved, namely their gene expression and and regulation. Generally, acetate is
directed to major metabolic pathways through acetyl-CoA [93]. The acetate assimilation for
U. maydis has yet to bewell researched. However, the assimilation in yeasts may give a similar
overview since an acetyl-CoA synthase (ACS) also exists in U. maydis [95] [107]. In yeast,
acetate can enter the cell via passive diffusion of the undissociated acid and via the Fps1
channel in the plasma membrane [108]. According to Kretschmer et al. (2018), different
acetate uptake mechanisms occur depending on the extracellular pH in U. maydis [109].
Subsequently, acetate serves as a substrate for the ACS enzyme, which converts acetate to
acetyl-CoA in the cytosol [110]. Regarding the use of acetate as a carbon source, it was shown
for U. maydis to be utilized in peroxisomal B-oxidation resulting in the production of acetyl-CoA
[98]. In contrast, in yeast, the glyoxylate shunt or the carnitine shuttle mediates acetate
transport to the mitochondria [111].

Nevertheless, high acetate levels of acetate were found to induce increased cellular stress
levels, especially regarding mitochondrial dysfunction in U. maydis [109], whereby using
acetate as a sole carbon source is possible but remains challenging. A combination of glucose
and acetate as carbon sources resulted in higher cell numbers compared to growth on an
individual carbon source, suggesting a possible use of acetate as a co-substrate next to

glucose [109].

1.4.2 Formate

1.4.2.1 Formate production

With the vision of a truly circular bioeconomy, C1 compounds gain attention as
biotechnological substrates, because they can be produced efficiently and almost infinitely
from widely available resources, utilizing excess energy [112].

Compared to other C1 compounds like methane, carbon monoxide, and methanol, formate is
particularly interesting because it is non-explosive, non-toxic, easily storable, and highly
soluble in water [113]. In contrast to methanol, formate has mainly been neglected as a
potential industrial feedstock due to its relatively high price. The only exceptions were
proposals to use formate as an auxiliary substrate to supplement the cell with reducing power
and thus boost bioproduction [114], [115]. With developments in electrochemical,
photochemical, and catalytic methods of generating formate, interest in its use as a microbial
feedstock is rising [116]-[118]. Thus, promising methods for sustainable production of formate
include the electrochemical reduction of carbon dioxide [119], [120], CO2 hydrogenation [121],
[122], photoreduction of CO- [123], oxidation of natural gas [124], oxidation of biomass [125],
and hydration of syngas [126].
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The electrochemical reduction of CO: is one of the most effective ways to synthesize formate
[106]. The use of inexpensive electric energy during off-peak hours would be ideal. Faradaic
efficiencies exceed 90 % [108], whereas the electrodes’ durability remains a challenge [115].
Hydrogenation of COz uses transition metal complexes to catalyze the reaction of CO2 and Hz
to formate [110].

The vision of utilizing formate as a sole feedstock for the industrial production of feed, fuels,
food, value-added chemicals, or other products, as proclaimed by Yishai et al. (2016), is not
an option for itaconic acid production with native strains of either A. terreus, U. maydis or
U. cynodontis since these organisms do not grow solely on formate [118]. Nevertheless, there
have been attempts to implement synthetic pathways for formate assimilation in S. cerevisiae
[127]. The so-called reductive glycine pathway was most efficient for aerobic growth on formate
[113]. In S. cerevisiae, this pathway could be triggered simply by overexpressing native
enzymes. However, downstream assimilation of the obtained glycine has yet to be shown, and
this new strain could only grow without glycine supplementation [127]. While being an attractive
long-term ambition, there is much work to do till the implementation of such synthetic pathways
could lead to itaconic acid production being able to compete with the highly efficient itaconic
acid production based on carbohydrates.

With developments in electrochemical, photochemical, and catalytic methods of generating
formate, interest in its use as a microbial feedstock is rising [113], [118]. For starters, the
consumption of formate as a secondary substrate would already be an accomplishment [91],
[114]. With methods like CO. hydrogenation, producing formate directly from the CO:
accumulation as an unused by-product during itaconic acid production is theoretically possible.

1.4.2.2 Formate assimilation

The utilization of formate needs to be better described for Ustilago. Formate enters the cell as
formic acid via passive transport through the membrane or via transporters, though the definite
mechanisms remain unknown. Formate degradation via formate dehydrogenases (FDHs) is
present in all methylotrophic microorganisms, which can perform oxidations of formate to CO»
as one of the primary sources of electrons in the form of NADH. NAD*-dependent FDHs were
found in all yeasts of the genera Candida, Pichia, and Hansenula using methanol and were
isolated and characterized from different strains [128]. Even though it is not a methylotrophic
organism, these enzymes are also present in U. maydis. We proposed that the FDH activity in
U. maydis’ cytosol is similar to the mechanism in S. cerevisiae described by Overkamp et al.
(2002) [129].
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1.5 Scope and outline of this thesis

This thesis was written as part of the Cluster of Excellence “Fuel Science Center” (FSC). This
thesis’s overall aim was to develop an Ustilaginaceae biocatalyst for the co-metabolization of
COz-derived substrates, i.e., acetate and formate, to enable a carbon-neutral or even negative
itaconate production, which is a candidate for bio(-hybrid) fuel synthesis.

Chapter 1 provides a general introduction to the topic. The necessary switch from a fossil- to
a bio-based economy using renewable substrates is outlined. In particular, the use of microbial
cell factories, especially U. maydis, for biotechnological production of platform chemicals is
stated. As itaconic acid is the product of choice in this study, an overview of its production,
market potential, applications, alternative feedstocks, and challenges to overcome are given.

Chapter 2 describes the materials and methods used in this thesis.

Chapter 3 1 deals with the co-metabolism of acetate and formate as alternative CO-derived
feedstocks, testing 72 Ustilaginaceae strains from 36 species. The fungal growth and product
spectrum with a particular interest in itaconate are characterized. Evaluating growth and
itaconate production, U. maydis MB215 and Ustilago rabenhorstiana NBRC 8995 are
applicable as promising candidates for acetate  co-metabolization, while
U. cynodontis NBRC 7530 is identified as a potential production host applying formate as co-
substrate for enhanced itaconate production. The selected strains with the best itaconate
production are characterized in more detail in controlled-batch bioreactor experiments to
confirm the co-substrate utilization. Further, the optimum glucose and acetate feeding ratio
were examined via the design of experiments (DoE) methodology for U. maydis and
U. rabenhorstiana.

In Chapter 3.2, using acetate as a feedstock for U. maydis’ itaconate production is further
investigated. Within this work, a new chassis strain,
U. maydis Afuz7 Acyp3 AMEL AUA PeieimttA APriar::Peter is engineered and tested for acetate
co-substrate metabolization. Further, acetate co-metabolization is investigated via offgas
analysis and 'C-labeling methodology. By applying the DoE methodology, cultivation
parameters (glucose, acetate, and ammonium chloride concentrations) are optimized. Product
inhibition of itaconate and the toxic effects of acetate are addressed by implementing an
external membrane module enabling cell retention and simultaneous product removal into the
existing process. The potential of continuous cultures with U. maydis is demonstrated during
proof-of-principle bioreactor cultivations.

Chapter 3.3 describes the implementation of a CO-derived substrate for itaconate production
using metabolically engineered U. cynodontis strains. By applying the DoE methodology,
cultivation parameters are optimized resulting in two empirical models predicting itaconate titer
and yield for U. cynodontis Afuz7 Acyp3 PeteimttA APria1::Peter . Further, utilizing a solution of
sodium formate obtained from biphasic Ru-catalysed CO- hydrogenation approach within a
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fully integrated biocompatible process as co-substrate is examined, e.g., by testing different
solvents required for the hydrogenation process.

Chapter 3.4 presents 17 high-quality draft genome sequences (N50 > 1 Mb) obtained by
combining third-generation nanopore and second-generation lllumina sequencing. The
obtained data are analyzed with taxonomical genome-based bioinformatics methods, such as
Percentage of Conserved Proteins (POCP), Average Nucleotide Identity (ANI), and Average
Amino Acid Identity (AAl) analyses. Further, conserved core genes are determined to calculate
a phylogenomic core genome tree of the Ustilaginaceae that supported the results of the other
phylogenomic analysis. Besides genomic comparisons, secondary metabolite clusters (i.e.,
itaconic acid, mannosylerythritol lipids, and ustilagic acid) of biotechnological interest are also
analyzed.

In Chapter 4, all results and achievements are discussed and placed in a larger context.
Improvements and research ideas for even more efficient and sustainable itaconate production
are elucidated with a particular focus on the overall goal of industrial production.

In general, this thesis confirms the potential of Ustilaginaceae, especially U. maydis and
U. cynodontis, as alternative hosts for the industrial production of itaconate. Strain optimization
and process development further enlarge this potential and ensure that this microorganism
significantly contributes to the required change from petroleum-derived to sustainable,
economically bio-based production process.
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Material and methods

2 Material and methods

2.1 Chemicals

The chemicals used in this study were obtained from Sigma-Aldrich (St. Louis, MO, USA), Carl

Roth (Karlsruhe, Germany), or Merck (Darmstadt, Germany) unless stated otherwise.

2.2 Strains, media, and culture conditions

All Ustilaginaceae wildtype strains used in this work are listed in Table 4. Metabolically

engineered Ustilago strains generated and used in this work are listed in Table 5.

Table 4: Wildtype strains used within this study.

No. Strain Origin
(iAMB strain collection)
#2841 Anthracocystis bothriochloae BRIP 60896 a Queensland Plant Pathology
#2842 Anthracocystis heteropogonicola BRIP 60901 a Herbarium, Australia
#2209 Macalpinomyces eriachnes RK 028 CBS 131454
#2814 Macalpinomyces mackinlayi BRIP 52549 a
#2816 Macalpinomyces ordensis BRIP 26904 a Queensland Plant Pathology
#2833 Macalpinomyces spermophorus BRIP 60430 a Herbarium, Australia
#2835 Macalpinomyces spermophorus BRIP 60448 a
#2834 Macalpinomyces tubiformis BRIP 60434 a
#1946 Pseudozyma antartica NRRLY - 7808
#1947 Pseudozyma antartica NRRL Y - 8295
#2696 Pseudozyma hubeiensis NBRC 105053
#2697 Pseudozyma hubeiensis NBRC 105054
#2698 Pseudozyma hubeiensis NBRC 105055
#2710 Pseudozyma tsukubaensis NBRC 1940
#2818 Sporisorium bothriochloae BRIP 26908 a
o . Queensland Plant Pathology
#2835 Sporisorium caledonicum BRIP 28043 a
Herbarium, Australia
#2815 Sporisorium cenchri-elymoidis BRIP 26491 a
#2210 Sporisorium consanguineum RK133 CBS 131454
#2211 Sporisorium cruentum CBS 131456
#2212 Sporisorium exsertum RKO033
#2832 Sporisorium iseilematis-ciliati BRIP 60429 a
o o Queensland Plant Pathology
#2838 Sporisorium iseilematis-ciliati BRIP 60887 a
Herbarium, Australia
#2813 Sporisorium lanigeri BRIP 27609 a
#2213 Sporisorium scitamineum CBS 131457
#2823 Sporisorium setariae BRIP 26910 a
. Queensland Plant Pathology
#2819 Sporisorium themedae BRIP 26917 a
Herbarium, Australia
#2820 Sporisorium tumiforme BRIP 26919 a
#2214 Sporisorium walkeri RK031 CBS 131462
#2215 Ustanciosporium gigantosporum UMa706 CBS 131464
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#2821

#2705
#2706
#2707
#2824
#2850
#2218
#2826

#1951
#1949
#2229
#2134
#2135
#2136
#2144
#2152
#2158
#2162
#2167
#2169
#2172
#2177
#2178
#2179
#2196
#2197
#3600
#2199
#2105
#2108
#2708
#2817

#2219
#2699
#2700
#2701
#2702
#2703
#2704
#2822

#2220

Ustilago curta BRIP 26929 a

Ustilago cynodontis

Ustilago cynodontis

Ustilago cynodontis

Ustilago cynodontis BRIP 28040 a
Ustilago egenula BRIP 60884 a
Ustilago filiformis UMa701
Ustilago lituana BRIP 46795 a

Ustilago maydis
Ustilago maydis
Ustilago maydis MB215
Ustilago maydis No. 196
Ustilago maydis No. 197
Ustilago maydis No. 198
Ustilago maydis No. 206
Ustilago maydis No. 215
Ustilago maydis No. 469
Ustilago maydis No. 474
Ustilago maydis No. 480
Ustilago maydis No. 482
Ustilago maydis No. 485
Ustilago maydis No. 491
Ustilago maydis No. 492
Ustilago maydis No. 495

Ustilago maydis FB1 Mating type a1b1
Ustilago maydis FB2 Mating type a2b2

Ustilago maydis

Ustilago maydis

Ustilago maydis

Ustilago maydis

Ustilago rabenhorstiana

Ustilago schmidtiae BRIP 26906 a

Ustilago trichophora RK 089
Ustilago trichophora

Ustilago trichophora

Ustilago trichophora

Ustilago trichophora

Ustilago trichophora

Ustilago trichophora

Ustilago triodiae BRIP 26907 a

Ustilago vetiveriae RK 075

Queensland Plant Pathology
Herbarium, Australia

NBRC 7530

NBRC 9727

NBRC 9758

Queensland Plant Pathology
Herbarium, Australia

CBS 131469

Queensland Plant Pathology
Herbarium, Australia

DSM 14603

DSM 3121

DSM 17144

Prof. M. Bélker, Philipps

University Marburg, Germany

Banuett & Herskowitz, 1989,
Minnesoty USA

Bernd Leuchtle [130]

RK 123 [131]

RK 212 [131]

RK 215 [131]

NBRC 8995

Queensland Plant Pathology
Herbarium, Australia

CBS 131473

NBRC 100155

NBRC 100156

NBRC 100157

NBRC 100158

NBRC 100159

NBRC 100160

Queensland Plant Pathology
Herbarium, Australia

CBS 131474
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#2836 Ustilago xerochloae BRIP 60876 a Queensland Plant Pathology
Herbarium, Australia
#2221 Ustilago xerochloae UMa702 CBS 131476

Table 5: Metabolically engineered Ustilaginaceae strains used within this study with description and
reference.
No. Description Reference

(iIAMB strain collection)

#4856 U. maydis MB215 Acyp3 AMEL AUA Adgat APyia1::Petef Afuz7 ~ Johanna Becker
PeermttA_K14 [73]
#4186 U. maydis MB215 Acyp3 Afuz7 APrial1::Petet Hamed Tehrani
#6188 U. maydis MB215 Acyp3 Afuz7 AUA APria1::Peter this study
#6754 U. maydis MB215 Acyp3 Afuz7 AUA AMEL APia1::Petet this study
#7072 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PeermttA .
this study
APria1::Peter_K1
#7073 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PeieimttA .
this study
APria1::Peter_K2
#7074 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PeteimttA )
this study
APria1::Peter_K3
#7075 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PetermttA .
this study
APiat::Peter_K4
#7076 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PetefmttA .
this study
APria1::Peter_KS
#7077 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PeieimttA
this study
APria1::Peter_K6
#7078 U. maydis MB215 Afuz7 Acyp3 AUA AMEL PeieimttA
this study
APiat::Peter_K7
#4852 U. cynodontis Afuz7 Acyp3 APriar::Petet Hamed Tehrani [72]
#4853 U. cynodontis Afuz7 Acyp3 APriat::Peter ::PetermttA Hamed Tehrani [72]

Growth and production experiments using Ustilaginaceae strains were performed using
modified Tabuchi medium according to Geiser et al. (2016) [63], containing 0.2 g L™
MgSQ, 7H.0, 0.01 g L' FeSO, 7H.0, 0.5 g L™" KH,PO4, 1 mL L™ vitamin solution, 1 mL L™
trace element solution, and as buffer 19.5 g L™ 2-(N-morpholino) ethanesulfonic acid (MES).
Different carbon sources such as glucose, sodium acetate, and sodium formate were used as
well as different c-source concentrations as indicated. NH4Cl was added in indicated
concentrations. The vitamin solution contained (per liter) 0.05 g D-biotin, 1 g D-calcium
pantothenate, 1 g nicotinic acid, 25 g myo-inositol, 1 g thiamine hydrochloride, 1 g pyridoxol
hydrochloride, and 0.2 g para-aminobenzoic acid. The trace element solution contained (per
liter) 1.5g EDTA, 0.459g2ZnS0O47H20, 0.10g MnCl24H20, 0.03 g CoCl, 6H20,
0.03 g CuSO4 5H,0,  0.04 g NazMoO4 2H.0,  0.45 g CaCl; 2H20, 0.3 g FeSO4 7H20,
0.10 g H3BOs3, and 0.01 g KI. Cultivation experiments were performed at 30 °C.
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Shaking cultures of Ustilaginaceae and mutants strains were performed in System Duetz® (24
well plates, Enzyscreen, Heemstede, Netherlands) with a filling volume of 1.5 mL (d = 50 mm,
n = 300rpm, T=30°C and ® =80 %, Infors HT Multitron Pro shaker, Bottmingen,
Switzerland) or in 500 mL shaking flasks with a filling volume of 50 mL (d =25 mm,
n=200rpm, T=30°C and ® =80 %, Infors HT Multitron Pro shaker, Bottmingen,
Switzerland) as indicated. Experiments for biomass formation were performed using the
Growth Profiler GP960 (EnzyScreen, Heemstede, Netherlands). Strains were cultivated in
polystyrene grey square 24-deep-well microplates (CR1424d) with transparent bottom and a
filling volume of 1.5 mL (225 rpm, d = 50 mm). Cultures were inoculated to a final ODego of 0.5
with cells from an overnight culture in MTM medium. For System Duetz cultivation experiments,
for each sample point, a complete plate was taken as a sacrificial sample to ensure continuous
oxygenation.

For cultivation measuring off-gas BlueSens sensors (BlueSens gas sensor GmbH, Herten,
Germany) and simultaniously cell growth the Cell Growth Quantifier (CGQ) system (aquila
biolabs GmbH, Baesweiler, Germany) were used. Shaking conditions were 30 °C and 150 rpm
in an Eppendorf Shaker (Eppendorf AG, Hamburg, Germany). 1L BlueSens shake flasks were
used with a filing volume of 50 ml MTM medium using a maximum of 4 g L' carbon source.
Main cultures were inoculated to a final ODego of 0.1.

The cultivation for the "®*C-labeling experiment was divided into two phases. The first phase
determines the growth phase for biomass formation. Thereby, 250 mL shake flasks were used
containing 25 mL Modified Tabuchi Medium with MES buffer. 50 g L™ glucose, 3 g L' acetate
with 0.8 g L™ NH,CL were added to the medium and strains were cultured for 48 h. The second
phase was used for cultivation with fully labeled acetate under nitrogen limitation condition.
After 48 h, (OD 10-12) 20 mL of each flask was transferred to a 50 mL Falcon, washed with
0.9 % NaCl solution and the supernatant was discarded. Cells were centrifuged at 1,473 g
using a Heraeus Megafuge 16R (ThermoFisher Scientific, Schwerte, Germany) and a a TX-
400 rotor (Thermo Scietific, Schwerte, Germany) for washing for 3 min. For subsequent
second cultivation phase, the cells were re-suspended in 10 ml MTM containing 2 g L™ glucose
and 2 g L™ "3C,-acetate as substrates whereas no nitrogen source was added. Cultivation was
performed in 100 mL shake flasks whereas samples were taken every 4 h for the 24 h
cultivation period.

Controlled batch cultivations were performed in a BioFlo® 120 bioreactor with a total volume
of 1.3 L and a working volume of 0.5 L in combination with DASware Control Software 5.3.1
(Eppendorf, Hamburg, Germany). All cultivations were performed in batch medium containing
varying substrate and ammonium chloride concentrations, 0.2 g L™ MgS0O4-7H,0, 0.01 g L™
FeSO4-7H,0, 0.5 g L' KH,PQ4, 1 g L™" yeast extract, 1 mL L™" vitamin solution, 1 mL L™" trace
element solution, and 19.5 g L' MES as buffer. During cultivation, pH was monitored via online

pH probes (phferm, Hamilton, Bonaduz, Switzerland) and maintained at pH 6.5 by automatic
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addition of 10 M NaOH and 1 M HCI. Dissolved oxygen tension (DOT) was kept constant at
approximately 80 % saturation by automatic adjustment of the stirring rate (800 — 1200 rpm).
The bioreactor was aerated with an aeration rate of 1 L min™* (2 vwvm), 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 ODsggo of 0.5 with cells from an overnight culture in 50 mL
MTM containing 50 g L™" glucose and 5gL" of respective co-substrate (sodium acetate,

sodium formate).
2.3 Membrane set-up

A 250 mm long ceramic microfiltration membrane with 0.2 um pore size and 7 mm channel
diameter (SCHUMASIV™ 01/7 by Pall Filtersystems GmbH, Crailsheim, Germany) was used
for cell-retention and product removal during itaconate production process. Additional technical

information is provided in the following Table 6.

Table 6: Technical information of SCHUMASIV™ 01/7 microfiltration membrane

Parameter Values

Module housing 1.4404/1.4571
Support material a-Al,03

Material .
Membrane material a-Al,O5
O-ring VITON
Title D10x01 — 0250 KS DN10
Item number 89581910-01-a

Module idenitification

Ceramic element 01/7
Ordering number MF 1200 Z 01 070 0250 T
Inner diameter 0.7 cm
Amount of elements 1
Channel lenght 25 cm
Size
Module diameter 1cm
Pore size 1.2 ym
Max. pressure 10 bar
Min./max. temperature -10/100 °C
Total volume 50 mL
Pore size 1200 nm
Additionals .
Vol. (inner channel) 9.62 cm?®
Vol. (outer tube) 40.38 cm®
Filtration area 54.98 cm®

The fermentation broth flows through the inside of a ceramic tube (Figure 7). The membrane
is housed by a steel module. Small metabolites and substrates like itaconic acid can permeate
the ceramic membrane module and can be separated though side outlets.
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Figure 7: Membrane channel and housing module.

The ceramic filtration membrane is shown in A. The channel sits in the middle of the steal housing shown in B,
together forming a two-channel system

Figure 7 shows the ceramic tube used. Fermentation broth flows through the inside, while
small molecules like itaconic acid can permeate the membrane. The membrane is housed by
the steel module shown in Figure 7 B. The experimental setup is schematically shown in
Figure 8.
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Figure 8: Schematic set-up for itaconic acid recovery using a microfiltration crossflow membrane module.

1-3: Pump number, A = Permeat flow, B = Feed flow, C = Retentat flow

Three peristaltic pumps were used. Two in the recirculation loop with up to 60 mL min™ flow
rates (101U, Watson and Marlow, Rommerskirchen, Germany) and one on the filtrate side
(Ismatec ip-12, Cole-Parmer GmbH, Wertheim am Main, Germany). The latter supports
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multiple tubes and can therefore be used to feed with the same rate as filtrate is drained. Each
individual pump showed setpoint from 0.1 - 9.9. In all characterization and filtration processes,
the setting of the feed and retentate pumps was set as identical.

Three glycerine manometers (MS 1,663 GLY CR, Wilka, Velbert, Germany) with a pressure
indication from 0 to 4 bar were used to control pressure changes upstream and downstream
of the membrane (Figure 8).

To prevent contamination and fouling, the membrane was subjected to a cleaning process
before and after the membrane setup for filtration with cell retention was applied according to
manufacturer’s instructions. For this purpose, the system was first rinsed with bidest H,O until
the retentate appeared clear. Then followed by cleaning with 1 % w/w sodium hydroxide
solution (NaOH) for 15 min at 50 °C with subsequent use of bleach (NaOCI, 400 ppm free
chlorine) for 15 min at 50 °C. The permeate valve was kept closed during this process. Then
the retentate side was drained. A following cleaning step by filling and pumping with a 2 % w/w
NaOH solution for 30 min at 60 — 80 °C with closed permeate valve was performed. The
process was continued for another 30 min with open permeate valve. Then the retentate and
permeate sides of the membrane were emptied. The system was rinsed with bidest H,O until
a pH value of 7 - 8 was reached. A 0.5 - 1% w/w nitric acid solution (HNO3) was used for
15 min at 60 — 70 °C with closed permeate valve. This step was continued for another 15 min
with open permeate valve. The system was drained and then rinsed with bidest H,O until a

neutral pH value was obtained.

2.4 Analytical methods
2.4.1 Cell growth measurement

Cell growth was determined by measuring the optical density at 600 nm (ODego) with an
Ultrospec 10 Cell Density Meter (Amersham Biosciences, Freiburg, Germany). For microscopy
the ODsoo of the culture was adjusted to 5 with 0.9 % NacCl. Differential interference contrast
(DIC) or dark field (DF) microscopy was performed with a Leica DM1000 light microscope
(Leica Microsystems, Wetzlar, Germany). Images were recorded with a Leica MC190 digital
microscope camera (Leica Microsystems, Wetzlar, Germany). Images were taken at 63-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. (1996) [132] using salicylate and nitroprusside.
For CDW determination 1 mL culture broth was centrifuged at maximum speed (Heraeus Pico
17 centrifuge, ThermoFisher Scientific, Schwerte, Germany) and the pellet was dried (Scan
Speed 40 lyophilizer, Labogene ApS, Allerad, Denmark) for 24 h at 38 °C.

Carbon sources and metabolites such as glucose, acetate, formate, itaconate, malate,

succinate, erythritol, and (S)-2-hydroxyparaconate in the supernatant were analyzed via high-
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performance liquid chromatography (HPLC). All samples were filtered with Rotilabo® syringe
filters (CA, 0.20 um) and afterward diluted in a range of 1:5-1:50 with 5 mM H2SOs.
Supernatants were analyzed in a DIONEX UltiMate 3000 HPLC System (Thermo Scientific,
Schwerte, Germany) with a Metab-AAC column (300 x 7.8 mm column, ISERA, Diren,
Germany). Elution was performed with 5 mM H.SO.. at a flow rate of 0.6 ml, min™" and a
temperature of 40 °C. For detection, a SHODEX RI-101 detector (Showa Denko Europe
GmbH, Munich, Germany) and a a DIONEX UltiMate 3000 Variable Wavelength Detector
(Thermo Scientific, Schwerte, Germany) set to 210 nm were used.

2.4.2 LC-RI/UV-MS/MS

The identification of extracellular metabolites was performed on a Nexera UHPLC system
(Shimadzu Corporation, Duisburg, Germany) with 0.2 % formic acid as eluent. After the
samples were separated on an Isera Metab-AAC 300 x 7.8 mm column (ISERA, Diren,
Germany), the flow was divided into 2 directions with the split ratio of 1 to 10. The major part
of the samples was measured with a RID-20A Refractive Index detector and an SPD-40 UV
detector at 210 nm (Shimadzu Corporation, Duisburg, Germany). The rest were analyzed with
a triple quadrupoles mass spectrometry 8060 (Shimadzu Corporation, Duisburg, Germany).
The retention time from all detectors and the MS/MS mass spectrums of samples were
compared directly to authentic standards. As the standard was not available for ITT, the
structure prediction was performed with the software CFM-ID 3.0 [133].

2.4.3 '3C-labeling via GC-MS

Strains for the isotope labeling experiments were grown under the conditions stated in
section 2.2. For analysis an ISQ GC/MS instrument (Thermo Scientific, Schwerte, Germany)
was used operating in selected ion monitoring mode (SIM) a VF-5ms capillary column (30 m
x 250 ym i.d., 0.25 ym film thickness, Agilent, Santa Clara, CA, United States) together with
10 m EZGuard using a ramp profile of 100 °C for 2 min, then 100 — 200 °C at 15 °C min™", and
then 200 - 325 °C at 20 °C min™ with a helium carrier gas flow rate of 1.0 mL min™. Injection,
mass spectrometer transfer line, and ion source temperatures were 250, 280, and 300 °C,
respectively. Samples were run in triplicate.

Samples and standards (itaconate, succinate, a-keto-glutarate, citrate und malate) were
prepared as stated in the following. 100 uL of the respective sample was transferred into GC-
glass vials and was dried using a lyophilizer (Scan Speed 40 lyophilizer, Labogene ApS,
Allergd, Denmark). 50 uL of methoxyamine hydrochloride (MeOX) (20 mg mL™ in pyridine)
were added to each dried sample for methoximation. Samples were incubated at 37 °C for
90 min. Then, silylation has been performed by adding 50 pL of N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) at 37 °C for 30 min. Samples were analyzed within 24 h.
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2.4.4 Design of Experiment (DoE) approach

The software Design Expert 11 (Stat-Ease, Minneapolis, MN, United States) was used to set
up and evaluate Design of Experiments (DoE) approaches. A response surface 3-factor central
composite design (CCD) was chosen to simultaneously evaluate the influence of varying
concentrations of glucose, co-substrate, and ammonium chloride on itaconic acid production.
To enhance the significance of the model, each condition was tested in replicates. Factors
showing a significant influence (p-value < 0.05) were incorporated into the model. If a factor
with a non-significant influence was substantial for maintaining the model hierarchy, exceptions
were made. The input data were transformed, if necessary, according to the recommendations
of the software. To prove the predicted conditions and confirm the design, validation in 24-
deep-well plates and up-scaling shaking flasks were performed.

2.4.4.1 Acetate co-metabolization

DoE using Ustilaginaceae wildtype strains

Models predicting itaconate production during acetate co-metabolization cultivations were set
up as stated in the following. Glucose (30 - 100 g L™") and acetate (2 - 12 g L") were used as
numerical factors and the buffer system (19.5 g L' MES or 33g L' CaCOs) was set as a
categorical factor. The software Design Expert® generated testing conditions for the design
points of the central composite design (Table 9). The buffer system as a categoric factor
duplicates the test conditions. To increase the significance of the model, each condition was
tested in replicates. In total, the number of all replicates was defined to 24 for each buffer
system to fill one 24-deep-well plate for each buffer. As the central point is most important for
the model the number of replicates was set to 4. Each cube point was tested in 3 replicates
and the star points were tested in duplicates, as they are less important for the model
significance.

DoE using metabolically engineered strains

Models predicting itaconate production during acetate co-metabolization cultivations were set
up as stated in the following. Glucose (13.65 — 165 g L"), sodium acetate (3 - 18 g L") and
ammonium chloride (0.8 -4 gL™") were set as numerical factors (Table 16). Thereby, 10
different conditions were tested, whereas the approaches with the lowest (13.65 g L") and
highest (316.4 g L") glucose concentration were carried out as triplicates. All medium level
(165 g L") glucose conditions were implemented as triplicates as well, except the central
condition (165 g L™ glucose, 10.5 g L sodium acetate, 2,4 g L™" ammonium chloride) as a
sextuplet. The approaches with 50 and 280 g L glucose were carried out as triplets. To
enhance the significance of the model, each condition was tested in replicates. Factors
showing a significant influence (p-value < 0.05) were incorporated into the model. If a factor
with a non-significant influence was substantial for maintaining the model hierarchy, exceptions

were made. The input data were transformed, if necessary, according to the recommendations

31



Chapter 2

of the software. To prove the predicted conditions and confirm the design, validation in 24-

deep-well plates and up-scaling to shakeing flask levels were performed.

2.4.4.2 Formate

Models predicting itaconate production during formate co-metabolization cultivations were set
up as stated in the following. 15 different conditions were tested, whereas the approaches with
the lowest (13.65 g L") and highest (316.4 g L") glucose concentration were carried out as
quadruplets. All medium level (165 g L) glucose conditions were implemented as quadruplets
too, except the central condition (165 g L™ glucose, 8,75 g L' formate, 2,4 g L™" ammonium
chloride) as an octuplet. The approaches with 50 and 280 g L™ glucose were carried out as
quintuplets (Table 35). The resulting 72 replicas were split up onto three 24-deep-well plates
(System Duetz). The first plate (A) was made up of conditions expected to reach maximum
titers within approximately two weeks and the other two plates (B and C) were made up of
conditions expected to reach maximum titers within five weeks. The range of factor settings
were based primarily on the investigation of single factors during previous studies [91].

2.5 Statistical analysis

All values are the arithmetic mean of at least two biological replicates. Error bars indicate the
deviation from the mean for n = 2, if n > 2 error bars indicate the standard error of the mean.
Hierarchical Cluster Analysis (HCA) was performed using the MultiExperiment Viewer (MeV).
Due to the high number of 1296 growth curves obtained during this study (section 3.1), a
MatLab function modified from [134] was used for standardized maximum growth rate
calculation.

2.6 Genome sequencing
2.6.1 Genomic DNA isolation

For genome sequencing, 17 strains of the Ustilaginaceae family were chosen. Eleven
representatives of the Ustilago genus (U. curta, U. cynodontis, U. lituana, four U. maydis
strains, U. trichophora, U. vetiveriae, and U. xerochloae), and species of three other genera
(Sporisorium, Pseudozyma, Macalpinomyces) were chosen. Ustanciosporium gigantosporium
of the order of Ustilaginales represents the taxonomic outgroup.

Cells from frozen glycerol stocks were grown on YEP agar plates at 30 °C for 24 — 48 h. Single
colonies of the fungal strains were grown in modified Tabuchi medium according to Geiser
et al. (2016) [63] at 30 °C for 24 h (300 rpm, 80 % humidity, d = 50 mm, Infors HT Multitron
Pro shaker, Bottmingen, Switzerland). Cells were disrupted using type C bead tubes
(Macherey-Nagel, Diren, Germany) for 25 min at full speed horizontally on a flat-bed vortexer
(Vortex-Genie 2, Scientific Industries, New York, NY, USA). Genomic DNA was isolated by
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NucleoBond High molecular weight DNA Kit (Macherey-Nagel, Diren, Germany) according to

the manufacturer’s instructions.
2.6.2 Nanopore library preparation and GridlON® sequencing

A sequencing library with genomic DNA from the different fungal strains was prepared using
the Nanopore Rapid DNA Sequencing kit (SQK-RADO04, Oxford Nanopore Technologies,
Oxford, UK) according to the manufacturer’s instructions. Sequencing was performed on an
Oxford Nanopore GridlON Mk1 sequencer using an R9.4.1 flow cell, which was prepared

according to the manufacturer’s instructions.
2.6.3 lllumina library preparation and MiSeq sequencing

Whole-genome-shotgun PCR-free libraries were constructed from 5 pg of gDNA with the
Nextera XT DNA Sample Preparation Kit (lllumina, San Diego, CA, USA) according to the
manufacturer’s protocol. Quality of the resulting libraries was controlled by using an Agilent
2000 Bioanalyzer with an Agilent High Sensitivity DNA Kit (Agilent Technologies, Santa Clara,
CA, USA) for fragment sizes of 500 — 1000 bp. Paired-end sequencing was performed on the
lllumina MiSeq platform (2 x 300 bp, v3 chemistry). Adapters and low-quality reads were
removed by an in-house software pipeline prior to polishing as recently described [135].

2.6.4 Base calling, reads processing, and assembly

MinKNOW (Oxford Nanopore Technologies) was used to control the run using the 48 h
sequencing run protocol; base calling was performed offline using Bonito. The assembly was
performed using canu v2.1.1 [136]. The resulting contigs were polished with lllumina short-
read data using Pilon [137] run for ten iterative cycles. BWA-MEM [138] was used for read

mapping in the first five iterations and Bowtie2 v2.3.2 [139] in the second set of five iterations.
2.6.5 Gene prediction and genome annotation

Gene prediction was performed by applying GeneMark-ES 4.6.2 [140] using default settings.
Predicted genes were functionally annotated using a modified version of the genome
annotation platform GenDB 2.0 [141] for eukaryotic genomes as previously described [142].
For automatic annotation within the platform, similarity searches against different databases,
including COG [143], KEGG [144], and SWISS-PROT [145], were performed.

In addition to genes, putative tRNA genes were identified with tRNAscan-SE [146].
Completeness, contamination, and strain heterogeneity were estimated with BUSCO (v3.0.2
[147]), using the fungi-specific single-copy marker genes database (odb9). The obtained
genome sequences were deposit Table 7.
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Table 7: DDBJ/EMBL/GenBank database accession numbers.

Strain No. Assembly Name Assembly ACC Study ID Sample ID Contig ACC
#2169 Umay_482_v1 GCA_928722285 PRJEB50355 ERS10392836 CAKMXG010000001-CAKMXG010000046
#2169 Umay_482_v2 GCA_928722265 PRJEB50355 ERS10392837 CAKMXF010000001-CAKMXF010000068
#2172 Umay_485 GCA_928722245 PRJEB50356 ERS10381369 CAKMXD010000001-CAKMXD010000043
#2136 Umay_198 GCA_928743665 PRJEB50359 ERS10419843 CAKMX0010000001-CAKMX0010000107
#2816 BRIP_26904_a GCA_928724745 PRJEB50498 ERS10395116 CAKMXJ010000001-CAKMXJ010000042
#2701 NBRC_100157 GCA_928724775 PRJEB50365 ERS10395119 CAKMXL010000001-CAKMXL010000048
#2212 RK_033 GCA_928724755 PRJEB50360 ERS10395351 CAKMXK010000001-CAKMXK010000041
#2215 UMa706_1 GCA_928724875 PRJEB50363 ERS10395376 CAKMXN010000001-CAKMXN010000086
#2215 UMa706_2 GCA_928724795 PRJEB50363 ERS10395377 CAKMXMO010000001-CAKMXMO010000036
#2814 BRIP_52549_a GCA_928852645 PRJEB50497 ERS10422304 CAKMXS010000001-CAKMXS010000079
#2821 BRIP_26929_a GCA_928722295 PRJEB50499 ERS10393563 CAKMXHO010000001-CAKMXHO010000039
#2214 RKO031 GCA_928858565 PRJEB50362 ERS10422305 CAKMXV010000001-CAKMXV010000022
#1946 NRRL_Y-7808 GCA_928872045 PRJEB50496 ERS10422313 CAKMYB010000001-CAKMYB010000027
#2706 NBRC_9727 GCA_928865425 PRJEB50366 ERS10422385 CAKMXY010000001-CAKMXY010000048
#2826 BRIP_46795_a GCA_928869825 PRJEB50500 ERS10422474 CAKMYA010000001-CAKMYA010000069
#2836 BRIP_60876_a GCA_928856705 RJEB50501 ERS10422499 CAKMXT010000001-CAKMXT010000026
#2836* - ERZ4998446 PRJEB50495 ERS10422500 ERZ4998446.1-ERZ4998446.260
#2213 UMa698 GCA_928991175 PRJEB50361 ERS10422257 CAKMYDO010000001-CAKMYDO010000051
#2220 RK_075 GCA 928722275 PRJEB50364 ERS10392838 CAKMXE010000001-CAKMXE010000037

2.6.6 Comparative genome analyses and phylogenetic analyses

The genomes of the sequenced and annotated fungal strains were used for comparative
genome analyses. Comparative analyses between fungal genomes were accomplished using
a modified version of the comparative genomics program EDGAR designed to handle
eukaryotic genomes and their multi-exon genes [148], [149] as described recently [150]. Within
the EDGAR workflow, classification of genes as core genes (genes shared in all genomes
within a tested set) or singletons was performed based on BLAST Score Ratio Values (SRVs)
and visualized in a Venn diagram. In addition, Average Nucleotide Identity (ANI) and Average
Amino Acid Identity analyses (AAl) were performed based on the GeneMark prediction
similarly to previously described methods [150] to determine the relationship between the
different species. Multiple alignments for all core protein sequences were created using
MUSCLE [151]. Pairwise Percentage of Conserved Proteins (POCP) analysis was performed
according to [152] and as previously described [153]-[155].

For the AAl method, the percent identity values between amino acid sequences of orthologous
genes as computed by the BLAST algorithm are analyzed [156]. In comparison, ANI values
are computed based on an all-against-all BLAST comparison of 1020-bp pieces of the
nucleotide sequences of the selected genomes as described by Goris et al. (2007) [157]. An
ANI or AAl of 97 % for a pairwise genome comparison is the currently recommended
replacement for the 70 % DDH values for species delineation of fungi [158]. The average
nucleotide and amino acid identity between two genomes can be used for fungal species
delineation, but it is not suitable for genus demarcation. We used the Percentage of Conserved
Proteins (POCP) between two strains to estimate their evolutionary and phenotypic distance.
A comprehensive genomic survey indicated that the POCP could serve as a robust genomic
index for establishing the genus boundary [152], [159].
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2.6.7 CO2 hydrogenation in presence of NaOH and cis-[RuClz(C12-dppm)z]in
apolar solvent/ H20

The reagents and solvents were obtained from commercial suppliers. Schlenk-Technique was
applied for air sensitive compounds with an inert argon atmosphere (argon 4.8). The chemicals
were degassed, and solvents were additionally dried over 3 A molecular sieves before use for
synthesis. For catalytic reactions, the solvents were degassed via a glass frit by bubbling with
Argon for 30 minutes before use. Reaction gases hydrogen 5.0 and carbon dioxide 4.6 were
used without further purification.

High pressure reactions were carried out in stainless steel window autoclaves built and
maintained by the mechanical workshop of the Institute for technical and macromolecular
chemistry of RWTH Aachen University see Figure 9. The autoclaves were equipped with a
magnetic stir bar and a digital pressure gauge.

To exclude oxygen from the system, vacuum was applied (< 1 x 10 - 2 mbar) in preparation

for the experiments followed by flushing with argon. This procedure was repeated at least three

times.

1 Sealing

2 Watch-glas

3 Klingersil disc

4 Hollow screw

Autoklav

Figure 9: Schematics of the used 10 mL window autoclave.

An aqgueous solution of NaOH (1 M, 3 mL) was introduced in argon counterflow. The catalyst
cis-[RuClz(C12-dppm)2] [160] (2.29 mg, 1 pmol) was dissolved in octylacetate, anisole or
tetradecane (2 mL), respectively, and added into the autoclave. The autoclave was sealed and
pressurized with CO> (30 bar) and H: (60 bar) at r.t. (total pressure 90 bar). CO. pressurization
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took about 5 minutes under stirring to saturate the solution verified by closing the valve from
time to time and observing whether the pressure remained constant. When the set pressure
remained constant, stirring was stopped, the CO2-pressure was carefully released and Hz was
added rapidly reaching saturation. The autoclave was then heated to 70 °C and the pressure
monitored with digital pressure gauges connected to a PC. The pressure increases upon
heating, and it was waited till constant value before the reaction was started by switching on
the stirring. Completion of the reaction was indicated by constant pressure after the pressure
drop (within 0.5 h with anisole, 2 h with octyl acetate and 25 h with tetradecane). The autoclave
was then cooled to r.t. and the pressure was released carefully. For catalyst recycling, the
aqueous phase was removed carefully in argon counterflow to be analyzed by 'H-NMR as
described to determine the formate concentration. To the catalyst phase still residing in the
reactor, fresh NaOH-solution was added in argon counterflow. The procedure was then two
times repeated as described. The removed aqueous product phases were used in fermentation
experiments without any further treatment. The obtained concentration of sodium formate was
0.78 - 0.81 mol L, corresponding to 53 - 55 g L.
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Results

3 Results

3.1 Ustilaginaceae biocatalyst for co-metabolism of COz-derived
substrates toward carbon-neutral itaconate production

3.1.1 Summary

The family Ustilaginaceae (belonging to the smut fungi) are known for their plant pathogenicity.
Despite the fact that these plant diseases cause agricultural yield reduction, smut fungi
attracted special attention in the field of industrial biotechnology. Ustilaginaceae show a
versatile product spectrum such as organic acids (e.g., itaconate, malate, succinate), polyols
(e.g., erythritol, mannitol), and extracellular glycolipids, which are considered value-added
chemicals with potential applications in the pharmaceutical, food, and chemical industries. This
study focused on itaconate as a platform chemical for the production of resins, plastics,
adhesives, and biofuels. During this work, 72 different Ustilaginaceae strains from 36 species
were investigated for their ability to (co-) consume the CO»-derived substrates acetate and
formate, potentially contributing toward a carbon-neutral itaconate production. The fungal
growth and product spectrum with special interest in itaconate was characterized.
Ustilago maydis MB215 and Ustilago rabenhorstiana NBRC 8995 were identified as promising
candidates for acetate metabolization whereas Ustilago cynodontis NBRC 7530 was identified
as a potential production host using formate as a co-substrate enhancing the itaconate
production. Selected strains with the best itaconate production were characterized in more
detail in controlled-batch bioreactor experiments confirming the co-substrate utilization. Thus,
a proof-of-principle study was performed resulting in the identification and characterization of
three promising Ustilaginaceae biocatalyst candidates for carbon-neutral itaconate production
contributing to the biotechnological relevance of Ustilaginaceae.

3.1.2 Introduction

Itaconic acid is an unsaturated dicarboxylic acid that shows a broad application spectrum due
to its two functional groups. It is considered a versatile platform chemical since its derivatives,
itaconic acid diamide, 2-methyl-1,4-butanediamine, 2-methyl-1,4-butanediol,3-methyl-
pyrrolidin, 3-methyl-tetrahydrofuran, or unsaturated esters, show potential applications as
styrene-butadiene rubbers, synthetic latexes, superabsorbents, unsaturated polyester resins,
plastics, coatings, chemical fibers, biofuels, and detergents [22], [23], [27], [29], [64], [83],
[161], [162].

Since the 1950s, industrial biotechnological production of itaconate has been performed by the
filamentous fungus Aspergillus terreus. This long production and optimization history have

enabled titers in a range of 85 — 100 g L™" and yields near the theoretical maximum at low pH,
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making A. terreus, so far, the best industrial production host for itaconate [19], [39], [52]. On a
laboratory scale, final titers of 160 g L " were recently described for A. terreus [39]. However,
microbial itaconate production using this fungus remains challenging. It shows a production
dependent on a certain morphology which is required for its high productivity leading to an
increase of the production costs [34], [163]. Thus, alternative production hosts are searched.
Besides A. terreus, other microorganisms have been reported as natural itaconate producers
such as yeasts belonging to Candida species, smut fungi belonging to the family of
Ustilaginaceae such as the pH tolerant U. cynodontis, and the yeast-like U. maydis, which
have recently been engineered to higher efficiency [43], [72], [164], [165]. U. maydis itself is a
well-studied model organism in biotechnology, plant pathogenicity, and cell biology [63], [166]—
[168]. Significant improvements on the efficiency of itaconate production in Ustilago have been
made increasing the yield, titer, and rate of itaconate production in U. maydis and related
species by metabolic engineering and process development [64], [72], [73]. For itaconate
production from glucose, a maximal theoretical yield of 0.72 g itaconate g glucose™, which
equals 1 mol itaconate mol glucose™ is reported [63]. Thereby, the latest study focused on an
integrated process design that resulted in a maximum itaconate titer of 220 g L™, with a total
acid titer of 248 g L™", which displayed a significant improvement compared to the best-
published itaconate titers reached with U. maydis and with A. terreus [64].

Nevertheless, progress in biotechnology and microbial itaconic acid production is required to
further replace petroleum-based products. In 2011, the market size of itaconic acid was
relatively small, with 41,400 tons and a market value of USD 74.5 million [35]. This was caused
by the relatively high price of approximately two dollars per kg and the availability of cheaper
petro-based alternatives such as acrylic acid. To be competitive against petro-based products
and access further markets, costs need to reduce to around USD 0.5 per kg [169]. Assuming
a price decrease, itaconic acid could replace acrylic acid in the production of poly(methyl
methacrylate), the production of which is petroleum-based with a market worth USD 11 billion
[23], [27], [34].

The competition against petro-based products displays a first step toward the vision of a
circular economy. Furthermore, utilization of every production side stream to minimize waste
and ultimately CO; formation is required [15]. To achieve economic production and to compete
with fossil fuels, it is necessary to use low-cost feedstocks. Current biotechnological processes
for itaconic acid production with A. terreus and U. maydis are based on carbohydrates, such
as molasses, xylose, arabinose, and glucose [19], [170] Furthermore, glycerol from biodiesel
is an alternative feedstock for the itaconate production process using U. vetiveriae [165], [171].
To improve the sustainability of the itaconate production process, a new approach with
potential CO2-derived C1 and C2 compounds (formate and acetate) as co-substrates is
needed to reduce the carbon footprint, potentially toward the overall goal of a carbon-neutral

itaconic acid production process.
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Formate recently gained interest as a carbon source that can be readily synthesized from CO>
via (electro-)chemical catalysis [172]. In contrast, acetate can be synthesized by acetogens
from CO; and Ho, in combination with glucose at rates of about 30 mmol gCDW ~' h ~'[173],
[174]. Furthermore, research on energy storage producing chemically stable and valuable
products using CO; feedstocks was carried out focusing on microbial electrosynthesis (MES).
Thereby, acetate was produced at 61% Coulombic efficiency and fully recovered as an
acidified stream containing up to 13.5 g L™' (225 mM) acetic acid [175].

The acetate assimilation mechanisms in yeasts were already identified [107]. Acetate can
enter the cell through passive diffusion, although several transporters are implicated in the
uptake of acetate into the cell [176], [177]. It serves as a substrate for the enzyme acetyl-CoA
synthase (ACS), which converts acetate to acetyl-CoA in the cytosol [107]. The acetate
assimilation for U. maydis has not been well researched yet, but the assimilation in yeasts may
give a similar overview since acetyl-CoA synthase (ACS) exists in U. maydis as well [110].
According to Kretschmer et al. (2018), different acetate uptake mechanisms occur depending
on extracellular pH [109]. This study observed that activation of long-chain fatty acids and
acetate as a growth-dependent carbon source depends on peroxisomal activation to short
acyl-CoAs. This includes acetyl-CoA and its shuttling to the mitochondria via carnitine [109].
Furthermore, growth on acetate as a sole carbon source was shown [109]. Demonstrating the
connection between acetate and B-oxidation in U. maydis, it was observed that certain deletion
mutants, e.g., defective in had1 gene, encoding the mitochondrial B-oxidation enzyme
hydroxyacyl coenzyme A dehydrogenase, were unable to grow on acetate [109].

A proposed pathway for acetate and formate assimilation in U. maydis -incorporating itaconic
acid production is shown in Figure 10. Thereby, the itaconate biosynthesis pathway in
U. maydis and the corresponding genes are identified and well-characterized [63], [92].
Pyruvate is generated from glucose through glycolysis taking place in the cytoplasm. It enters
the mitochondria, where it is converted to acetyl-CoA and forms citrate together with
oxaloacetate in the TCA cycle. Citrate is dehydrated to cis-aconitate which is transported from
the mitochondria into the cytosol via the mitochondrial tricarboxylate transporter Mtt1. In the
cytosol, cis-aconitate is converted into itaconate via the intermediate trans-aconitate. ltaconate
can be further converted to 2-hydroxyparaconate by Cyp3. Secretion of itaconate and possibly
2-hydroxyparaconate and itatartarate (ITT) into the medium is mediated by the major facilitator
Itp1 [63], [92]. During the conventional itaconate production process using glucose, the
theoretical stoichiometry is glucose equals itaconate plus CO.. In contrast, the theoretical
stoichiometry of the acetate co-feeding process is glucose plus four CO. equals two molecules

of itaconate.
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Figure 10: Itaconate biosynthesis pathway in U. maydis with a proposed acetate and formate assimilation.
Pyruvate is generated from glucose through glycolysis taking place in the cytoplasm. It enters the mitochondria,
where it is converted to acetyl-CoA and forms citrate together with oxaloacetate during the TCA cycle. Citrate is
dehydrated to cis-aconitate which is transported from the mitochondria into the cytosol via the mitochondrial
tricarboxylate transporter Mtt1. In the cytosol, cis-aconitate is converted into itaconate via the intermediate trans-
aconitate. Itaconate can be further converted to 2-hydroxyparaconate (2-HP) by Cyp3. 2-hydroxyparaconate might
be converted to itatartarate (ITT) by Rdo1. Secretion of itaconate and possibly 2-hydroxyparaconate and itartarate
into the medium is mediated by the major facilitator Itp1. Modified from [63], [92]. Proposed acetate assimilation
modified from [107], [109]. Acetate enters the cell via passive diffusion and/or via putative acetate transporters
[109], [176], [177]. It serves as a substrate for the enzyme acetyl-CoA synthase (ACS) [110], which converts acetate
to acetyl-CoA in the cytosol [33]. Growth on acetate depends on peroxisomal activation to short acyl-CoAs including
acetyl-CoA and its shuttling to the mitochondria via carnitine [109]. Proposed formate assimilation via formate
dehydrogenases is known for methylotrophic microorganisms [128]. These enzymes are also present in U. maydis
[40]. Indicated circle segments represent the number of carbon atoms per molecule. Blue circles indicate carbon
derived from conventional glucose whereas green color indicates carbon possibly derived from CO».

Formate degradation via formate dehydrogenases (FDHSs) is present in all methylotrophic
microorganisms, which can perform oxidations of formate to CO2 as one of the main sources
of energy in the form of NADH. NAD+ -dependent FDHs were found in all yeasts of the genera
Candida, Pichia, and Hansenula using methanol and were isolated and characterized from
different strains [128]. Even though it is not a methylotrophic organism, these enzymes are
also present in U. maydis. So far, formate degradation via formate dehydrogenases (FDHSs) is
not characterized in such detail for U. maydis. Nevertheless, we proposed that the FDH activity
in the cytosol is similar to the mechanism in Saccharomyces cerevisiae described by
Overkamp et al. (2002) [129]. Besides native metabolic routes, synthetic pathways display a
valuable tool such as Gonzalez de la Crus et al. (2019) previously identified the synthetic
reductive glycine pathway as the most efficient route for aerobic growth on formate [178].

The goal of this study was to develop Ustilaginaceae biocatalysts for co-metabolism of CO»-
derived substrates toward carbon-neutral itaconate production. Acetate and formate as carbon
sources recently gained interest but their utilization remains challenging [118], [179]. Acetate
shows toxicity and inhibitory effects on many microorganisms whereas even co-utilization with

glucose challenges the underlying regulatory networks of metabolism favoring glucose
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utilization [180]-[182]. Here, to exploit nature’s biodiversity, 72 different Ustilaginaceae of 36
species were tested for acetate and formate use. Growth on substrate mixtures and product
spectrum with special interest in itaconate was characterized. Thereby, U. maydis and
U. rabenhorstiana were identified as promising candidates for acetate metabolization whereas
U. cynodontis was identified as a potential production host enhancing its itaconate production
by the use of formate as a co-substrate. Selected strains with the highest itaconate production
were further characterized in controlled-batch cultivation experiments confirming the trends
observed in small scale cultivations. Furthermore, extracellular metabolites were identified
enabling future metabolic engineering strategies. Thus, a proof-of-principle study was
performed resulting in the identification and characterization of three promising Ustilaginaceae
biocatalyst candidates for carbon-neutral itaconate production contributing to the
biotechnological relevance of Ustilaginaceae.

3.1.3 Results and discussion

3.1.3.1 Biodiversity screening for growth on acetate and formate in combination with
glucose

For the identification of promising biocatalysts contributing to a CO.-neutral synthesis of
itaconic acid, 72 different Ustilaginaceae strains of 36 species in total were cultivated and
screened for growth on acetate and formate as potential co-substrates derived from CO..
Strains were cultivated on different concentrations of both co-substrates (2.5, 5.0, and
10.0 g L™") in combination with 20.0 g L™ glucose. Promising candidates were considered as
those growing under a desirably high concentration of either of these co-substrates while
achieving a higher maximal biomass concentration compared to their growth on glucose only
(Figure 11).
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Figure 11: Overview of biodiversity screening results.

Hierarchical cluster analysis (HCA) heatmap showing whole set growth screening results obtained during 24-deep-
well plate cultivation in MTM medium with 4 g L' NH4Cl using the Growth Profiler system by EnzyScreen. Strains
were cultivated for growth on both co-substrates under various conditions of 2.5, 5.0, and 10.0 g L' in combination
with 20.0 g L™ glucose. Maximum optical density (OD600) was normalized to the growth of the respective glucose
reference and visualized via color scales in the HCA heatmap indicating relative growth [%] Blue color indicates a
lower growth, black a comparable growth behavior, and yellow a higher growth compared to the respective glucose
reference. Strains belonging to one species were colored accordingly in the displayed rows. Experiments were
performed with two biological duplicates. Raw data are provided in appendix section Table 21 and Table 22. Data
associated to this figure were taken from Daniel Kaplan’s Bachelor Thesis [183].
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Via HCA, distinct co-substrate effects on the different Ustilaginaceae strains were revealed.
Higher co-substrate concentrations entailed a decrease of the maximum ODso and the growth
rates for most of the tested strains (appendix, Table 21 and Table 22), whereas formate, in
general, showed a stronger inhibitory effect on microbial growth compared to acetate. While
the addition of 2.5 g L™ acetate led to reduced biomass concentrations in one-third of the
tested Ustilaginaceae, the addition of the same concentration of formate reduced the maximal
ODgwo in 75% of the strains. The highest co-substrate concentration of 10 g L™ led to a
decrease of 69% of all strains with acetate and 97% using formate as a co-substrate. These
results confirm previous studies where acetate showed toxicity and inhibitory effects on many
microorganisms [180], [182] [134], [184]. One factor impacting cell growth of the tested
Ustilaginaceae might be the pH shift during cultivation starting from pH 6.5 shifting up to a
maximum pH of 8.6 when acetate or formate are metabolized. pH values were determined at
the end of the cultivation experiments, and raw values are provided in the Supplementary
Materials section (appendix, Table 23). Calculating the average pH values of all 72 strains for
each tested condition resulted in 5.7 + 0.2 (glucose reference), 6.3 + 0.3 (2.5 g L™ acetate),
7.0+ 0.4 (5gL" acetate), 8.3 + 0.7 (10 g L™ acetate), 6.5 + 0.2 (2.5 g L' formate), 7.4 + 0.7
(5gL" formate), and 7.9 £ 0.8 (10 g L™ formate). Usually, microorganisms prefer a limited and
specific pH range. Furthermore, smut fungi are known to grow filamentous under non-optimal
growth conditions [72].

Nevertheless, acetate and formate are known to have the following effects on microorganisms.
According to Kretschmer et al. (2018), acetate provokes mitochondrial stress in U. maydis.
Higher concentrations of acetate not only cause acidification of the cytosol, leading to impaired
enzyme activity, initiation of programmed cell death, and increased levels of reactive oxygen
species (ROS), but also reduce the expression of ROS detoxification mechanisms, boosting
oxidative stress further [109].The insights of Lastauskiene et al. (2014) are comparable in
terms of the effects of formate on Candida species. Formate inhibits the cytochrome-coxidase,
which is responsible for maintaining a proton gradient by oxidizing cytochrome-c and by
reducing oxygen to water. Protons resulting from the formate catalyzation are transferred into
the mitochondrial intermembrane space ensuring ATP synthesis through ATP-synthase [185].
The described issues could be tackled with specific feeding strategies such as fed-batch or
with a pH-control during bioreactor fermentations. Thus, the decreasing trend in the maximum
optical density (ODeg) and growth rate could be explained by the previously described
inhibiting effects of acetate and formate, especially with higher co-substrate concentrations.
Further observations during HCA analysis could be made concerning the biodiversity among
the tested smut fungi of 36 different species in total. Twenty-two U. maydis strains were tested
for growth on acetate and formate whereas no clear trend was observed for all strains as they
are distributed all over the clusters (Figure 11). This finding is encouraged by a previous study

from Geiser et al. (2014) that showed a high variation in the itaconate production of 52 different

47



Chapter 3

U. maydis strains [43]. In contrast, certain strains showed a similar trend, and therefore they
were clustered close to each other on the HCA plot. U. maydis #1951, #2135, and #2136
showed a higher growth on acetate but, in contrast, did not grow well on formate compared to
their respective glucose reference. Four other U. maydis strains, #2167, #2169, #2196, and
#2197, were grouped close together. Those strains showed better performance on formate
compared to the previously discussed group. In addition, seven different U. trichophora strains
were tested during this study which showed a less broad distribution compared to the
U. maydis strains. Except for the two strains U. trichophora #2703 and #2704, the remaining
five strains were clustered relatively close to each other on the plot. Furthermore, the tested
U. cynodontis strains #2705 and #2706 were clustered relatively close to each other indicating
a similar co-substrate utilization pattern. Both strains were later picked as candidates for best
formate utilization (Figure 13). In total, three different Pseudozyma hubeiensis strains #2696,
#2696, and #2698 were tested, showing a close clustering in the plot. Nevertheless, due to the
broad biodiversity and different tested co-substrate conditions, the interpretation of clearly
differentiated clusters and their trends 7.6 g L™ itaconate was obtained. The increased carbon
source concentrations resulted in up to 2-fold higher product yields. Thereby, the maximum
obtained yield among the strains was 0.07 + 0.0 Ypss [gima Jc-sourcs '] COrresponding to the low
carbon source concentration vs. 0.15 + 0.0 in the presence of the higher carbon source
concentration. Nevertheless, the same trends were observed regarding the co-substrate
utilization and itaconate production, i.e., strains that perform well at low carbon source
concentrations also perform well at high carbon source concentrations. Thus, testing for best
itaconate producers was continued with the high carbon source concentration.

An overview of the itaconic acid production screening results of the most promising
Ustilaginaceae strains is displayed in Figure 12 and Figure 13. The utilization of acetate and
formate will be discussed separately. Detailed production parameters are listed in appendix
Table 24 - Table 30.

3.1.3.2 Itaconate production using acetate

An overview of the itaconic acid production screening results of the most promising
Ustilaginaceae strains for acetate co-metabolization is displayed in Figure 12. Compared to
biodiversity screening results, itaconic acid production experiments resulted in a different
outcome. U. maydis #1946, which obtained the highest growth using acetate as a co-substrate,
did not produce a significant amount of itaconate. Furthermore, 0.1 + 0.0 g L itaconate was
produced using 50 g L™ glucose, while cultivation with acetate resulted in a decrease toward
0.01+0.0 g L™, In contrast, max. ODeoo increased from 60 + 5 to 69 + 7. Thus, this strain might
use the co-substrate for biomass formation rather than for itaconate production.

The two strains U. maydis #2229 and U. rabenhorstiana #2708 performed best in System
Duetz cultivation, reaching itaconate titers of 7.4 + 0.3 g L' and 6.8 + 0.1 g L', respectively,
which corresponds to a 2.2-fold and 1.6-fold increase of the production. U. maydis #2229
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showed a 2.3-fold increase based on Yeis [gita gc-source '] @and a 2.1-fold increase based on Yes
[C-moLita C-moLcsource]. Total itaconate production of U. cynodontis #2707, U. maydis
#2135, and U maydis #2136 was observed in a range between 2 and 3 g L' itaconate in the
presence of acetate: 2.9 + 0.0 g L', 3.3+ 0.4 gL', and 2.3 £ 0.1 g L™". The itaconate titer
reached by U. maydis #2136 decreased compared to the cultivation on glucose only (2.8 +
0.6 g L"). Nevertheless, two promising strains were identified which reached higher product
titers using acetate as a co-substrate - U. maydis #2229 and U. rabenhorstiana #2708 - which

were further characterized during controlled-batch fermentations.
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Figure 12: Itaconic acid production of selected Ustilaginaceae strains.

(A) Maximum optical density (ODgoo [ - ]), (B) maximum itaconic acid production [g L"], (C) minimum pH [-], (D) Yess
[9iTA go-source '] during System Duetz® 24-deep-well plate cultivation experiments with 1.5 mL MTM medium and
0.8 g L' NH4Cl. Ustilaginaceae candidates using acetate as a co-substrate are shown in orange (6.25 g L™).
Respective glucose references (50 g L") are shown in blue. Error bars indicate the deviation from the mean for
n = 2. Statistically significant differences in itaconic acid production (p < 0.05) are indicated as *.

3.1.3.3 Itaconate production using formate

Comparing formate conditions of the biodiversity screening and itaconate production results,
differences can be drawn among the tested strains (Figure 13). Except for U. cynodontis
#2705, the tested strains reached lower itaconate titers when formate was present during
cultivation. Formate was not only not used for itaconate production, but it interfered with the
production. The reference strain U. maydis #2229 exhibited a reduced itaconate titer of 0.3
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0.0 g L (7.4-fold decrease). U. maydis #2177 and #2196 did show a drastic decrease in

itaconate production as well. A shifting pH effect toward alkaline values during formate

cultivations was observed, probably contributing to reduced itaconate titers (Table 30,

appendix).
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Figure 13: Itaconic acid production of selected Ustilaginaceae strains.

(A) Maximum optical density (ODeoo [ - 1), (B) maximum itaconic acid production [g L], (C) minimum pH [-], (D) Yeis
[9iTA go-source '] during System Duetz® 24-deep-well plate cultivation experiments with 1.5 mL MTM medium and
0.8 g L' NH4CI. Ustilaginaceae candidates using formate as a co-substrate are shown in green (6.25 g L).
Respective glucose references (50 g L") are shown in blue. Error bars indicate the deviation from the mean for
n = 2. Statistically significant differences in itaconic acid production (p < 0.05) are indicated as *.

During the performed screening for the best itaconate producers using acetate or formate as
co-substrates, the following strains were considered as promising candidates and were used
for subsequent experiments: U. maydis #2229 and U. rabenhorstiana #2708 for acetate co-

metabolism and U. cynodontis #2705 for formate co-metabolism.

3.1.3.4 Controlled-batch fermentation of the best itaconate producers

To further investigate and confirm itaconic acid production of the three most promising
Ustilaginaceae candidates, U. maydis #2229, U. rabenhorstiana #2708, and U. cynodontis
#2705 were cultivated in controlled-batch fermentation (Figure 14 and Table 8). Thereby,

cultivation conditions remained similar to small-scale production experiments.

50



Results

ODggonm -1

ODggonm -1
ODgoonm 11

22 48 72 % 120 22 48 72 % 120 48 72 % 120

. Time [h] " Time [h] N Time [h]
D E F
2 2 4 z 4
2 & 2 2 ~
g g g 4—//3‘ R
g 8 2 g 2 o _
£ g g B E—e

s 72 9% 120 24 48 712 e 120 0 24 48 72 9 120
Time [h] Time [h] Time [h]

G ) H e . I

Malate [g L")
|
v
Y, ]
Malate [g L]
Malate [g L]

24 48 72 926 120 T 24 48 72 26 120 0 24 48 72 96 120
Time [h] Time [h] Time [h]

Figure 14: Controlled-batch fermentations of selected Ustilaginaceae candidates.

ODegqo of (A) U. maydis #2229, (B) U. rabenhorstiana #2708, and (C) U. cynodontis #2705. Itaconate production is
shown for (D) U. maydis #2229, (E) U. rabenhorstiana #2708, and (F) U. cynodontis #2705. Malate production is
visualized for (G) U. maydis #2229, (H) U. rabenhorstiana #2708 and (I) U. cynodontis #2705 during fermentation
in a bioreactor containing MTM medium (0.8 g L™" NH4Cl, 30 °C, 80% DOT, at pH 6.5). Ustilaginaceae candidates
using acetate as a co-substrate are shown in orange, and formate co-substrate cultivations are shown in green
(6.25 g L™"). Respective glucose references (50 g L™") are shown in blue.

By comparing the controlled-batch cultivation differences in growth, phases of the tested
organisms appear. Substrate consumptions are displayed in Figure 15.
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Figure 15: C-source consumption during controlled batch fermentations of promising Ustilaginaceae
candidates.

U. maydis #2229 (A), U. rabenhorstiana #2708 (B) and U. cynodontis #2705 (C) fermentation in a bioreactor
containing MTM medium (0.8 g L™' NH4CI, 19.5 g L' MES, 30°C, 80% DOT, at pH 6.5). Glucose consumptions
using acetate as a co-substrate are shown in orange, formate co-substrate cultivations are shown in green.
Respective glucose references (50 g L") are shown in blue. Black indicates co-substrate consumption (6.25 g L").

In general, additional acetate and formate were consumed simultaneously with glucose, and
no diauxic growth or metabolic adaption was observed. Nevertheless, the glucose
consumption was prolonged with the addition of a co-substrate. U. maydis #2229 consumed
glucose within 31 h compared to 53 h in the presence of acetate. U. rabenhorstiana #2708
depleted glucose within 48 h compared to doubling consumption times of 95 h under co-

substrate conditions. U. cynodontis #2705 showed a longer growth phase in comparison to the
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acetate cultivations of 92 h compared to 100 h using formate as a co-substrate. In contrast,
6.25 g L acetate was consumed within 24 h by U. maydis and 40 h by U. rabenhorstiana.
Formate depletion was observed after 118 h for U. cynodontis.

During bioreactor experiments, the strains produced metabolites such as itaconate, malate,
erythritol, and succinate under nitrogen limitation. Total itaconic acid concentrations are
displayed in Table 8 and were observed as the following: 4.7 + 0.2 g L™ for U. maydis #2229
using acetate compared to 3.3 £ 0.1 g L™ for its glucose reference, 2.9 £ 0.1 g L, vs. 2.1 =
0.0 g L for U. rabenhorstiana #2708, and 2.9 + 0.0 g L™ vs. 1.7 £ 0.1 g L™ for U. cynodontis
#2705.

Table 8: Production parameters of controlled-batch fermentations of U. maydis #2229, U. rabenhorstiana
#2708, and U. cynodontis #2705.

Fermentation experiments were performed in a bioreactor containing MTM medium with 50 g L™" glucose, 0.8 g L™

NH4ClI, at 30 °C, 80% DOT, and pH 6.5. Co-substrates (acetate, formate) were added with 6.25 g L™". Statistically
significant differences in itaconic acid production (p < 0.05) are indicated as *.

Strain C-source Titermax [g L-'] Yeis [giral/gc-source] Yeris [C-moLira/C-moLc-source]
3.2 0.07 0.08
Glucose
3.3 0.07 0.08
U. maydis #2229
Glucose + 4.9 0.09 0.10
Acetate 4.6 0.08 0.10
2.1 0.04 0.05
Glucose
2.1 0.04 0.05
U. rabenhorstiana #2708
Glucose + 2.7 0.05 0.06
Acetate 3.1 0.06 0.07
1.7 0.03 0.04
Glucose
1.6 0.03 0.04
U. cynodontis #2705*
Glucose + 29 0.05 0.06
Formate 29 0.05 0.06

Obtained itaconate concentrations were lower compared to production screening experiments
in small-scale 24-deep-well plates which might be explained by process changes due to the
upscaling procedure and/or non-optimized process parameters. Compared to the small-scale
screening experiments, higher biomass formation was observed during controlled batch
fermentation for U. maydis #2229 and U. rabenhorstiana #2708. U. maydis #2229 obtained an
ODego of 49 £ 1 in a small scale compared to 59 + 1 during batch cultivation experiments in
addition to acetate. Therefore, decreased itaconate titers could be explained by a higher
biomass formation due to, e.g., pH control and better oxygen supply. Three different strains
were tested during batch cultivations, and their optimum as far as pH, air supply, buffer system,
and carbon source ratio might be different among the strains.

As far as U. rabenhorstiana #2708 is concerned, itaconate production was lower compared to
published data [66]The highest itaconate titer of 31.7 g L™ glucose at pH 6.0, corresponding to
a yield of 0.34 (w/w) [66]. Comparing the process parameter, oxygen supply is a critical factor.
During this study, DOT was kept constant at 80% (aeration cascade 800 - 1200 rpm, 2 vvm).

In contrast, Krull et al. (2020) observed that the best results were achieved for itaconic acid
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production with U. rabenhorstiana at the lowest aeration rate of 0.1 vvm and a constant stirring
rate of 500 rpm regarding titer, productivity, and yield [66]. Furthermore, they observed that
the increase in aeration and stirring rate was related to the formation of 36% more biomass at
higher aeration rates because of a better supply of oxygen. Furthermore, several pH values
were tested during a study performed by Krull et al. (2020) Increasing the pH to 6.5 leads to a
decrease in itaconate production [66]. Thus, bioprocess development should be proceeded to
enhance itaconate production of the respective Ustilaginaceae candidates during subsequent
experiments.

The batch fermentations of U. maydis #2229 confirmed the product range found in the
screening approaches for glucose, although published itaconate concentrations produced
under similar conditions could not be reached [62]. Therefore, additional bioreactor
experiments were performed with U. maydis #2229, increasing the glucose concentration to
200 g L"and 25 g L™ acetate accordingly (Figure 16).
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Figure 16: Controlled-batch fermentations of U. maydis MB215 increasing glucose concentration to
200gL.

(A) Bioreactor experiments using 200 g L™" glucose, (B) with 200 g L™" glucose and 25 g L™" acetate. Cultivations
were performed in MTM medium (0.8 g L™' NH4ClI, 30 °C, 80% DOT, at pH 6.5). (C) Overview of itaconate production
of both experiments. Cultivations using acetate as a co-substrate are shown in orange (Ypis = 0.25 + 0.00 [gita/gc-
source]), @nd respective glucose references are shown in blue (Yps = 0.17 + 0.00 [gita/dc-source]). Error bars indicate
the standard error of the mean (n = 3).

Those cultivations led to an itaconate titer of 57.2 + 0.8 g L™" in the presence of the co-substrate
compared to 34.3 = 0.7 g L™ itaconate of the glucose reference. The yield was improved to
0.25 + 0.00 [Ypss = gira Go-source ']. Maassen et al. (2014) obtained a similar itaconate titer of
32.6 £ 0.8 g L™" using 200 g L™" glucose [62]. The U. cynodontis #2705 wildtype can only be
compared to previous studies with U. cynodontis #2706 reaching titers around 5 g L™" itaconate

using 50 g L™ glucose [72].

3.1.3.5 Extracellular metabolite identification via LC-UV/RI-MS/MS

A recent study from Becker et al. (2020) showed that U. maydis chassis strain development
leads to an increased itaconate titer due to a reduced by-product spectrum [73]. Ustilaginaceae
are known to show a versatile product spectrum including organic acids (e.g., itaconate,
malate, succinate), polyols (e.g., erythritol, mannitol), and extracellular glycolipids [43], [164],
[186]-[188]. Thus, metabolic engineering and by-product reduction display a promising

strategy for chassis strain development. To identify interesting targets for metabolic
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engineering, extracellular metabolites of the three selected strains were analyzed during this
study. Extracellular metabolites were identified via LC-UV/RI-MS/MS while MS/MS mass
spectrums of samples were compared directly to authentic standards and are displayed in
Figure 17 and Figure 18.
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Figure 17: Extracellular metabolite identification via LC-UV/RI-MS/MS.

(A) Product ion scan for extracellular metabolite samples and (B) their corresponding standards. Extracellular
metabolites in the supernatant formed by U. maydis #2229, U. rabenhorstiana #2708, and U. cynodontis #2705.
Samples were taken after 75, 64, and 114 h during fermentation in a bioreactor containing MTM medium (0.8 g L ™'
NH4CI, 19.5 g L' MES, 30°C, 80% DOT, at pH 6.5).
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Figure 18: MS/MS spectrum of ITT.
Structure prediction of itatartarate (ITT) was performed via CFM-ID 3.0 [133].
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Identification of metabolites such as malate, itatartarate, 2-hydroxyparaconic acid, mannitol,
erythritol, succinate, and itaconic acid was carried out and implemented in the established
HPLC method. Figure 19 displays an HPLC chromatogram overlay incorporating the identified
metabolites obtained during controlled batch fermentations. Thereby, the diversity in
extracellular metabolites between the different tested strains U. maydis #2229,
U. rabenhorstiana #2708, and U. cynodontis #2705 was observed. Representative time points
were chosen for each strain and condition where the highest number of peaks was detected.
Thus, analyzed samples were taken after 75, 64, and 114 h during the fermentation of
U. maydis #2229, U. rabenhorstiana #2708, and U. cynodontis #2705, respectively.

Itatartaric acid

o o
=] o
3*
N
~N
o
w

E
g
|

- <
N B
* o=
N N
NN
S o
®©

Intensity [uRIU]
3
N
N
o
)

~N

>
3=
N
N
N
o

w
=]
3
N
N
N
o

-36

8 9 10 1 12 13 14

Retention time [min]
- Glucose: 50 g L

- Glucose + acetate : 50 gL'+ 6.25g L
- Glucose + formate : 50 gL'+ 6.25g L

Figure 19: HPLC chromatogram overlay (RI detector).

Extracellular metabolites in the supernatant formed by selected Ustilaginaceae candidates. Samples were taken
after 75, 64, and 114 h of U. maydis #2229, U. rabenhorstiana #2708, and U. cynodontis #2705, respectively, during
fermentation in a bioreactor containing MTM medium (0.8 g L ' NH4Cl, 30 °C, 80% DOT, at pH 6.5). Ustilaginaceae
using acetate as a co-substrate are shown in orange; formate co-substrate cultivations are shown in green
(6.25 g L ). Respective glucose references (50 g L ') are shown in blue.

Thereby, differences between the tested strains and each condition were observed. Besides
itaconic acid, the major extracellular metabolite produced by U. cynodontis #2705 was 2-
hydroxyparaconic acid. In contrast, U. maydis and U. rabenhorstiana showed quite different
extracellular metabolic profiles as significant mannitol as well as malic acid production was
observed (Figure 20). When acetate was added to the medium, these strains exhibited higher
erythritol production comparing to the control condition without acetate. lItatartarate and

itaconate were identified in all of the displayed samples.
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Figure 20: Malate production during controlled batch fermentations of selected Ustilaginaceae.
(A) U. maydis #2229 and (B) U. rabenhorstiana #2708 fermentation in a bioreactor containing MTM medium
(0.8 g L™ NH4ClI, 30°C, 80% DOT, at pH 6.5). Malate production using acetate as a co-substrate are shown in
orange. Respective glucose references (50 g L") are shown in blue.
Based on the shown extracellular metabolites results as well as recent studies, several options

for metabolic engineering can be employed to alter the metabolic flux distribution to maximize
product synthesis. Potential targets are, e.g., overexpression of the mitochondrial transporter
Mtt1 [73], the overexpression of the cluster-associated regulator Ria1, disrupting the itaconate
oxidase encoding gene cyp3, reducing by-product spectrum of extracellular glycolipids as well
as heterologous expression of the mitochondrial transporter MttA from A. terreus [64], [73].
Furthermore, deletion of fuz7 enables a stable yeast-like growth [72]. Moreover, a
metabolomics method focusing on the central carbon metabolism has recently been developed
for U. maydis, which can be applied to investigate the cellular metabolic network and support

metabolic engineering strategy [189].

3.1.3.6 Design of Experiments approach: investigating the optimum conditions for an
acetate co-feeding strategy in promising Ustilaginaceae candidates
Within this work, U. maydis MB215 (#2229) and U. rabenhorstiana NBRC 8995 (#2708) were
identified as promising candidates for acetate co-metabolization. In order to investigate those
strains, the respective optimum of glucose to co-substrate ratio was determined using the
Design of Experiment (DoE) approach enabling the development of a suitable co-feeding
strategy. The response surface methodology was chosen for the investigation, as it is suitable
for modeling and analyzing a process statistically where the response is influenced by several
variables while the objective is the optimization of the response. As the itaconic acid production
from glucose and acetate is the aim of this work, glucose and acetate concentrations were set
as two numerical factors for the design (Table 9). The respective buffer system (19.5g L' MES
or 33 g L' CaCOs) was set as a categorical factor. Thereby, 18 different conditions were tested

in total 48 experimental runs.
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Table 9: Factor levels for CCD modelling acetate co-metabolization of Ustilaginaceae wild-type strains
during this study.

The respective buffer system (19.5 g L' MES or 33 g L' CaCOs) was set as a categorical factor. Thereby, 18
different conditions were tested in in total 48 experimental runs.

Factor -1 0 +1
Glucose [g L] 30 65 100
Sodium acetate [g L] 2 7 12
Buffer 19.5gL"MES 33 gL'CaCOs

Model design for U. maydis MB215

For each tested condition, the highest itaconate titer and yield were compared for the two buffer
systems (Figure 21). Considering each condition individually, the cultivation in CaCOs buffer
showed higher values for yield and titer compared to MES buffer. The titer increased for both
buffer systems with increasing glucose concentration and for increasing acetate concentration
when considering the equally high glucose concentrations. The maximum titer was reached
for both MES with 7.8 + 0.3 g L' and CaCO; buffer with 12.9 + 0.5 g L™ for the condition with
the highest total amount of carbon with 100 g L™ glucose and 12 g L™ acetate. Regarding the
cultivation with CaCOs as a buffer, the yield shows similar results. Also, the highest yield was
reached for 100 g L™ glucose and 12 g L™ acetate with 0.14 + 0.00 c-molira c-molc-source '. FOr
MES buffer the maximum yield of 0.09 + 0.00 c-molira c-molcsource”” Was reached for the

condition 65 g L™ glucose and 12 g L™ acetate.
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Figure 21: Itaconate production during DoE cultivation experiments of U. maydis MB215.

Maximum itaconate titer (a) and yield (b) are compared for each model condition containing defined combinations
of glucose and acetate and for both buffer systems MES buffer (orange) and CaCOs buffer (blue). System Duetz®
24-deep-well plate cultivations were performed with MTM medium containing 0.8 g L' NH4Cl (1.5 mL culture
volume, 300 rpm, 30 °C). Error bars indicate the deviation from the mean for n = 3. Data associated to this figure
were taken from Karla Stein’s MasterThesis [190].
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U. maydis MB215 (#2229) was able to consume acetate as a cosubstrate in each tested model
condition and also showed production of itaconate. Interestingly, the itaconate production was
higher for every model condition when cultivated with CaCO3; as a buffer, compared to
cultivation with MES buffer. When comparing the pH course during cultivation, the pH was
observed to stay more stable for CaCOs buffer remaining in the neutral range compared to
MES buffer shifting to acidic conditions.

The highest values regarding itaconate c-mol yield and titer shown before (Figure 21) were
used as response values to generate Response surface models using the software Design
Expert®. Regarding the model for the titer a quadratic model was chosen based on the
software suggestions for deeper analysis. ANOVA was performed to evaluate the model and
showed mainly significant model terms and non-significant lack of fit, leading in total to a
significant model with a coefficient of determination of R?= 0.98 for titer model and R = 0.92
for yield model (appendix, Figure 70 and Figure 71).

After fitting the model to the data 3D surface graphs modelling itaconate titer (Figure 22) and
yield (Figure 23) by the software, which cover the entire model range by predicting responses

for every possible combination of both cosubstrates inside their respective design space.
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Figure 22: 3D surface models and heatmap diagrams for itaconate titer in U. maydis MB215.

Models were generated with Design Expert® software showing the predicted titer response for different
concentrations of glucose and acetate as cosubstrates. Two models were generated, one for CaCOs as a buffer (A
- B) and one for MES buffer (C - D). Colored spheres in the graphs represent the measured model conditions. Red
spheres indicate model values above the prediction, while light pink spheres refer to model values below the
predicted values. Color of the diagrams indicate predicted itaconate titer (12214 BEEE 154507 g L jtaconate). Data
associated to this figure were taken from Karla Stein’s MasterThesis [190].
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The model also predicts that cultivation with CaCOs buffer lead over the whole model area to

higher titers compared to MES buffer.
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Figure 23: 3D surface models and heatmap diagrams for itaconate yield in U. maydis MB215.

Models were generated with Design Expert® software showing the predicted titer response for different
concentrations of glucose and acetate as cosubstrates. Two models were generated, one for CaCO3 as a buffer (A
- B) and one for MES buffer (C - D). Colored spheres in the graphs represent the measured model conditions. Red
spheres indicate model values above the prediction, while light pink spheres refer to model values below the

predicted values. Color of the diagrams indicate predicted itaconate yield ( 003¢¢135 BEEE 0142653 c-mol c-mol'). Data
associated to this figure were taken from Karla Stein’s MasterThesis [190].

In summary, U. maydis MB215 utilized acetate as a co-substrate for every tested model
condition. The model also predicts the highest itaconate production via numerical optimization
for high glucose (100 g L") and high acetate concentrations (12 g L™'). Concluded regarding
this experiment, U. maydis MB215 seems to be a promising candidate for itaconate production

with a glucose and acetate co-feed.
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Model design for U. rabenhorstiana NBRC 8995

U. rabenhorstiana NBRC 8995 was determined as the second most promising candidate in
previous investigations regarding itaconate production with acetate as a cosubstrate. It was
further investigated concerning the optimum glucose and acetate ratios during this experiment.
To maximize the itaconate production, U. rabenhorstiana was cultivated with the DoE model
conditions to generate a response surface model (Figure 25). For each tested condition, the
highest itaconate titer and yield were compared for the two buffer systems (Figure 24).
Altough in MES buffer cultivations the initial glucose amount was not completely consumed for
three tested conditions maximum titer and yield were compared for each condition in MES
buffer and CaCOs see Figure 24. The highest total itaconate titer with 10.5 £ 0.3 g L' was
reached for the model condition containing 104 g L™ glucose and 7 g L™ acetate cultivated in
CaCOs buffer. For MES buffer the highest titer was observed for the model condition with
100 g L™ glucose and 2 g L' acetate reaching 10.1 = 0.1 g L. The maximum yield was
reached with 0.12 £ 0.00 c-mol c-mol™ for cultivation with 100 g L™ glucose and 2 g L™ acetate
in MES buffer and 0.11 £ 0.01 c-mol c-mol™ for the same condition in CaCO; buffer.

>
w

20
.20

B caco3
15 W MES

itaconate [g L]
3

yield [c-molp/c-mols]

0 0.00

NI m & A A F oA D A
L "é;(" & § PSS & ‘,“' & SR
glucose : acetate [g L'1] glucose : acetate [g L]

Figure 24: Itaconate production during DoE cultivation experiments of U. rabenhorstiana NBRC 8995.
Maximum itaconate titer (a) and yield (b) are compared for each model condition containing defined combinations
of glucose and acetate and for both buffer systems MES buffer (orange) and CaCOj buffer (blue). System Duetz®
24-deep-well plate cultivations were performed with MTM medium containing 0.8 g L' NHCI (1.5 mL culture
volume, 300 rpm, 30 °C). Error bars indicate the deviation from the mean for n = 3: Data associated to this figure
were taken from Karla Stein’s MasterThesis [190].

Due to the remaining glucose in several MES cultivation conditions, it was not possible to
generate significant models including both buffer systems. Therefore, and since CaCos showed
higher yields and titers MES buffer was excluded for the model analysis and models were
generated for CaCOs only. To establish a model regarding the titer, a quadratic model was
chosen and transformed logarithmic based on the software options. The ANOVA analysis
(appendix, Figure 72 and Figure 73) showed mainly significant model terms, since
insignificant model terms were kept only when the hirachy required it, and nonsignificant lack

of fit leading in total to a significant model with a coefficient of determination of R? = 0.96
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(itaconate titer) and R?= 0.87 (itaconate yield). The generated 3D surface graphs and heatmap

diagrams (Figure 25) cover the whole model range for both substrates inside their ranges and

thereby predict responses for every co-substrate combination inside the model ranges. The
model predicts the highest itaconate titer via numerical optimization as expected for high
glucose concentrations (100 g L") since it is used as a main carbon source. Regarding the
acetate concentration the highest itaconate production was predicted for 7 g L' with itaconate
titer of 11.8 g L™ and a yield of 0.13 c-mol c-mol™. For higher and lower acetate concentrations,
the titer decreases in the model prediction.

During the experiment's low nitrogen concentration of 0.8 g L' were used for optimum
itaconate production since a nitrogen limitation is known to increase the itaconate production
[62]. Nevertheless, the amount might be to low at some point of cultivation to further consume
the substrates if high initial substrate concentrations were used. Therefore, increasing the
nitrogen concentration might help to avoid leftover of substrates enabling the set up of an MES

based model.
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Figure 25: 3D surface models and heatmap diagrams for itaconate production in U. rabenhorstiana NBRC
8995.
Models were generated with Design Expert® software showing the predicted titer response for different

concentrations of glucose and acetate as cosubstrates. One model was established for CaCOs as a buffer predicting
itaconate titer (A — B) and itaconate yield (C — D). Colored spheres in the graphs represent the measured model
conditions. Red spheres indicate model values above the prediction, while light pink spheres refer to model values
below the predicted values. Color of the diagrams indicate predicted itaconate titer ( osicoss B 00 g L™
itaconate) and yield ( cos+: B 015242 c-mol c-mol ). Data associated to this figure were taken from Karla Stein’s
MasterThesis [190].
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Model validation

Response surface models were successfully established for the two Ustilaginaceae strains
U. maydis MB215 (#2229) and U. rabenhorstiana NBRC 8995 (#2708) to predict the optimum
glucose and acetate combination for a maximum itaconate production.

The investigated strains showed different optimum of substrate combinations, especially
regarding the acetate concentration, emphasizing the biodiversity among the family of
Ustilaginaceae. To examine how accurate the predictive power of the models actually is, one
condition was chosen for each strain close to their respective optimum itaconate production,
testing conditions that weren’t already covered in the model conditions (Figure 26). Since
U. maydis MB215 #2229 showed optimum itaconate production for high glucose and acetate
concentration with 100 g L™ and 12 g L™ respectively, 10 g L acetate in combination with
90 g L' glucose were selected as substrate concentrations for the confirmation run. For
U. rabenhorstiana #2708 an acetate concentration of 6 g L' was combined with 90 g L™

glucose, since the maximum production was predicted for 7 g L' acetate.
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Figure 26: Validation of the generated response surface models.
The generated models with CaCOs buffer for the two strains U. maydis MB215 #2229 and U. rabenhorstiana NBRC

8995 #2708 were validated with one confirmation run for each strain. 90 g L' glucose were used as a main carbon
source, combined with 10 g L™ acetate for U. maydis and 6 g L™ for U. rabenhorstiana. The measured values for
titer (A) and yield (B) (filled bar - orange) were compared to the respective model prediction (shaded orange) and
a glucose reference containing the same amount of total carbon (blue). System Duetz® 24deepwell plate
cultivations were performed at 30°C with MTM medium containing 0.8 g L' NH4Cl and 33 g L' CaCOs. Error bars
indicate the deviation from the mean for n=3. Statistically significant differences in itaconic acid production (0.01 <
p < 0.05) are indicated as *. A strong evidence for statistically differences (0.001 < p < 0.01) is indicated as ** and
*** refer to a very strong evidence (p < 0.001). Data associated to this figure were taken from Karla Stein’s
MasterThesis [190].

For this experiment a reference cultivation without acetate was performed for every strain with
the same carbon amount of glucose compared to the carbon in the selected conditions for both
glucose and acetate. Since the DoE cultivations did not include cultivations with glucose only,
this experiment also aimed to confirm whether co-feeding of acetate independent of the
concentration leads to increased itaconate production in Ustilaginaceae.

Firstly, for U. maydis the cultivation with the acetate condition reached a titer of 12.3 0.7 g L'
with a corresponding yield of 0.15 + 0.01 c-mol c-mol™". Compared with the model prediction
of 11.2 £ 0.5 g L' and 0.14 = 0.01 c-mol c-mol ™" the values do not differ significantly. The
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respective glucose reference cultivation reached a titer of 9.8 + 0.3 g L™ and a yield of 0.11 +
0.00 c-mol c-mol™" which are significantly lower compared to cultivation with acetate. With 11.3
+0.4 g L"and 0.14 + 0.00 c-mol c-mol ™ the cultivation of U. rabenhorstiana confirmed the
model prediction, while the glucose reference reached a titer of 4.8 + 0.2 g L™ and a yield of
0.05 £ 0.01 c-mol c-mol™, which is significantly lower compared to the cultivation with acetate.
During this experiment the response surface models for three different Ustilaginaceae strains
were validated. Since the reached titers and yield did not differ significantly from the model
prediction, the validation was considered as successful for all three strains, indicating that the
models have an accurate predictive power regarding the yield or titer response for a defined
substrate combination within the model ranges.

To find the most suitable strain for upscaling experiments various factors are involved and
each of the tested strains provides advantages for a further investigation. Unfortunately, little
research focused on itaconate production with U. rabenhorstiana, wherefore no engineered
strains are available for further investigations [66]. U. maydis MB215 showed the highest
itaconate production for the highest fed acetate level. Thus, it is considered as a promising
candidate, since the overall goal of a carbon-neutral itaconate production is based on co-
feeding acetate during the production process. Another advantage is, that research focused
on U. maydis as a production host and through morphological and metabolic engineering
strains are available to operate close to the theoretical yield with reduced formation of side
products [64], [65], [73].

3.1.4 Conclusion

Here, the co-utilization of acetate and formate by strains of the genus Ustilaginaceae was
reported. From 72 different Ustilaginaceae strains of 36 species, U. maydis MB215 (#2229)
and U. rabenhorstiana NBRC 8995 (#2708) were identified as promising candidates for
acetate co-metabolization while U. cynodontis NBRC 7530 (#2705) was identified as a
potential production host using formate as a co-substrate for the production of itaconate, a
platform chemical for polymer and biofuel production. The current industrial production of
plastic monomers and fuels from fossil resources has to be reduced and in the long-run
stopped, requiring alternative technologies. Itaconate is promising, as it has been, for the last
70 years, produced in fermentations using sugars as substrate. However, with a shift of the
carbon source in the chemical industry, land-use for sugar production for biotechnology would
be skyrocketing, a scenario that will come fast to a maximum, although most agricultural land
is still used for meat production, and only about 25% of all grains are used for human
consumption. Still, the use of carbon sources that are derived from CO. and green hydrogen
opens possibilities for the carbon-neutral production of chemicals and fuels and, most
importantly, scales without a proportional land-use.
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While acetate can be directly used as a carbon and energy source, formate co-consumption
only delivers extra electrons to the fungal metabolism. The co-substrate strategies presented
here indeed highlighted single strains of the Ustilaginaceae that could not only utilize
simultaneously both substrates but also produce more itaconate. Nevertheless, individual
bioprocess development is essential to further improve itaconate production and evaluate their
capabilities. During this study, the tested wildtype strains produced a broad range of
extracellular products, emphasizing the biodiversity of this microbial family. Based on the
shown data on extracellular metabolites and previous results, several options for metabolic
engineering were displayed to alter the metabolic flux distribution to maximize product
synthesis. As far as co-substrate utilization is concerned, an adaptive laboratory is a valuable
tool potentially enhancing co-substrate tolerance and utilization. Furthermore, the optimum
glucose co-substrate ratio will be determined during subsequent Design of Experiment (DoE)
approaches enabling the development of a suitable co-feeding strategy. Specifically, *C-
labeling experiments can lead to a better understanding of acetate and formate assimilation
pathways in Ustilaginaceae contributing toward a carbon-neutral itaconate production in the
future. These efforts will showcase the reduction of the carbon footprint of biotechnology,
without increasing land-use. The latter not only is, in the authors’ opinion, a major driver for the
acceptance of the transition in the chemical industry from fossil to renewable carbon sources
but also opens up opportunities for stabilizing soil and water health and thereby biodiversity
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Results

3.2 Acetate co-feeding toward carbon-neutral itaconate production by
Ustilago maydis

3.2.1 Summary

Within the last decade, Ustilaginaceae have shown a rising potential for industrial exploitation
as novel biocatalysts. Ustilago maydis, a member of the Ustilaginaceae family, is a promising
host for the production of a range of metabolites including itaconic acid. Itaconic acid is a bio-
based building block in the polymer and pharmaceutical industry. Recently, this dicarboxylic
acid was produced from glucose with metabolically and morphology engineered U. maydis
strains at up to maximum theoretical yield. The use of acetate derived from CO; as co-feed
can further increase the efficiency of itaconate production with Ustilaginaceae wildtype strains
by reducing the demand of glucose and thus the agricultural land required. Acetate is regarded
as a promising carbon feedstock in biological production owing to its possible from the C1
carbon sources CO,, CO, and methane. Here, we investigated acetate as carbon feedstock
for itaconate production using a new chassis strain
U. maydis Afuz7 Acyp3 AMEL AUA PeieimttA APai::Peer. By applying a design-of-experiment
(DoE) methodology, cultivation parameters (glucose, sodium acetate, and ammonium chloride
concentrations) were optimized resulting in two empirical models predicting itaconate titer and
yield by establishing a suitable feeding strategy. Further, the metabolic role of acetate was
investigated for U. maydis via off-gas analysis and a '*C-labeling approach. Product inhibition
by itaconate and toxic effects of acetate were addressed by implementing an external
membrane module into the existing cultivation enabling cell retention and simultaneous
product removal. During bioreactor cultivations, the potential of continuous cultures with
U. maydis was demonstrated displaying constant production rates for 500 h. In summary,
U. maydis is well suited for itaconate production from alternative substrates and allows efficient

bioprocess development beyond a traditional fed-batch.
3.2.2 Introduction

The non-renewable nature of fossil resources and the environmental concerns about global
warming have encouraged the use of carbon-neutral substrates for biofuel and bulk chemical
production. In order to achieve such independence from fossil resources, a sustainable bio
economy is needed, with materials of biological origin and their incorporation into resource-
protecting processes [191]. The success of this sustainable production technology largely
depends on the efficiency of microbial cell factories and the cost of carbon feedstocks.
Microbial production of organic acids are examples for a chemical industry aiming for
sustainability [37].

Here, a promising building block - itaconic acid — is presented, which is a natural product of

microorganisms and versatile due to its functional groups [13]. Itaconic acid was ranked as
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one of the top 12 bio-based platform chemicals with high biotechnological potential in 2004 by
the Department of Energy [13].

Ustilago maydis belongs to the Ustilaginaceae family and is a natural itaconate producer. This
smut fungus naturally produces a versatile spectrum of valuable products, such as other
organic acids (succinic acid, malic acid), polyols, glycolipids, and neutral lipids, with a broad
application spectrum in the pharmaceutical, chemical, and food industry [187], [192]-[194].
Further, it represents a well-established model organism, e.g. for biotechnology [70], [88],
[195], plant pathology [196], [197], cell biology [198], protein secretion [199], and even for the
elucidation of basic principles of primary metabolism [200].

Regarding industrial use as a production host, U. maydis implicates crucial advantages. When
compared to the currently used filamentous fungi A. terreus. U. maydis shows unicellular
growth in its haploid form, simplifying handling and fermentation processes tremendously,
thereby reducing costs. U. maydis grows at high cell densities, is osmotolerant, and handles
high substrate and product titers. Further, the fungi is tolerant toward impurities present in the
growth medium and industrial feedstocks, and handles hydromechanical stress well.
Nevertheless, until now A. terreus remains the industrial production host to its prominent
tolerance to low pH values combined with high product titers and yields. On a laboratory scale,
titers of 160 g L' were recently reported [19], [34]. For a long time, the performance of
A. terreus outcompeted all other (engineered) itaconate-producing strains. However, after
strain engineering and fermentation optimization, a maximum titer of 220 g L™ was lately
achieved using U. maydis. Becker et al. (2019) focused on increasing the metabolic flux into
the itaconate biosynthesis pathway by overexpressing the itaconate gene cluster regulator ria?
and preventing side product formation ((S)-2-hydroxyparaconate, ustilagic acid (UA),
mannosylerythritol (MEL), and diacylglycerol lipids (dgat)) [64], [65].

However, the Adgat mutation decreased the fitness of the engineered strain. Therefore, in this
study a new chassis strain was established following the cloning strategy of Becker et. al
(2019) combining a reduced by-product spectrum and itaconic acid overexpression while
keeping TAG biosynthesis resulting in strain U. maydis Afuz7 Acyp3 AMEL AUA PeeimttA
APriarz:Peter [65]. Using CRISPR/Cas 9 for genome editing a marker-free chassis strain was
generated. This chassis strain was used ifor mixed substrate use. Acetate can empower the
development of low-cost, sustainable bioprocesses, without any conflicts with arable land and
the food chain [93], [99], [201].

The global acetate production is approximately 13 million metric tons, priced at USD 350-450
per ton, which is slightly cheaper than conventional glucose, which is priced at USD 500 per
ton [202], [203]. However, acetate can be produced from C1 carbon sources using both
chemical and biological methods. Chemical synthesis covers about 75% of the total acetate
production. The biotechnological production covers about 10 percent of the total acetate

production, especially for the production of vinegar [95]. In aerobic fermentation, acetate is
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produced through the respiration of ethanol by acetic acid bacteria like Acetobacter [95].
Thereby, acetate can be produced from various feedstocks such as sugars, glycerol,
lignocellulosic biomass, or even waste materials, mainly by Acetobacter species.

Next to the conventional production, there are also approaches for acetate production from
COg, which are of special interest regarding the use as a co-substrate for a sustainable
production of itaconate. One approach is the conversion of synthesis gas (syngas) into acetic
acid [204]. Species like Clostridium or Acetobacterium were reported to be suitable for the
anaerobic conversion of syngas to acetate [102], [205]. The technology of gas fermentation
has recently been commercialized with the first production plant for ethanol operating since
2018 [103], which is a promising development in this field of research. Another promising
approach is the microbial electrosynthesis (MES). MES based on bio-electrochemical systems
(BESs), offers a potentially sustainable route of producing useful platform and commodity
chemicals [104]. Thereby, MES does not involve the use of fossil-based substrates, but instead
uses microorganisms' metabolism to reduce CO- to valuable chemicals [104]. Recent work in
the broad context of green chemistry focused on a new catalytic system for the formal
isomerization of methyl formate to acetic acid and methyl acetate. This approach opens a
possible route for a defossilized production of acetic acid based ultimately on CO; and H: as
primary feedstocks [206].

Within this work the potential of acetate as carbon feedstock for itaconate production was
investigated using the new modified chassis U. maydis Afuz7 Acyp3 AMEL AUA PeeimttA
APrarz:Peter. The metabolic consequences of acetate were investigated in U. maydis via off-gas
analysis and by a "*C-labeling approach. By applying a design-of-experiments (DoE)
methodology, cultivation parameters (glucose, acetate, and ammonium chloride
concentrations) were optimized resulting in two empirical models predicting itaconate titer and
yield. The insights were used to establish a feeding strategy, which was applied in subsequent
experiments using an external ceramic membrane enabling cell retention with simultaneous
product removal. This strategy allowed bioprocess intensification by avoiding itaconate product

inhibition.
3.2.3 Results and discussion

3.2.3.1 U. maydis chassis strain development

To generate an U. maydis chassis with reduced by-product formation, multiple knockouts were
successively performed in a single strain. The strain U. maydis Afuz7 Acyp3 APat::Petet
engineered by Hosseinpour Tehrani et. al (2019) was used as a starting point [68]. To
overcome limitations by available selection markers suitable for U. maydis, a CRISPR/Cas9
system was used [73], [207]. The cloning strategy was based on Becker et al. (2019) [208].
The additional modifications were performed consecutively in the order AUA, AMEL via
CRISPR/Cas9 and insertion of PeermttA to the ip-locus using the FRT/FLP-mediated approach
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[65], [68], [208]. Modifications were successfully verified by PCR resulting in 7 clones of the
strain U. maydis Afuz7 Acyp3 AMEL AUA PeemttA APya1::Peer. The obtained strains within this
study are displayed in Table 10.

Table 10: Summary of metabolically engineered U. maydis MB215 strains.

No. iAMB

Strain strain
collection

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PetemttA APriar::Peter_K1 #7072

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PetefmttA APriar::Peter_K2 #7073

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PeefmttA APriat::Peer_K3 #7074

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PetefmttA APriar::Peter_K4 #7075

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PetemttA APriar::Peter_K5 #7076

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PetefmttA APriar::Peter_K6 #7077

U. maydis MB215 Afuz7 Acyp3 AMEL AUA PetefmttA APriar::Peter_K7 #7078

U. maydis MB215 Afuz7 Acyp3 APria1::Peter #6188

U. maydis MB215 Afuz7 Acyp3 AMEL AUA APria1::Peter #6754

U. maydis MB215 Afuz7 Acyp3 AMEL AUA Adgat PetefmttA APia1::Peter_K14 #4856 [208]

3.2.3.2 Acetate co-metabolization

Investigating of acetate co-metabolization via CO; off-gas analysis

Previously acetate was used as a co-substrate. Thereby, lower growth rates and lower optical
densities were obtained, when compared to glucose only. During this work, acetate was further
examined as a sole carbon source. Here, the CO. concentration in the headspace was
monitored as a measure for growth (Figure 27).

Cultivation conditions using acetate as a sole carbon source (Figure 27 A, B) result in a
significantly lower CO. production compared to cultivations on glucose (Figure 27 C). The
minor increase in the CO2 might be from the pre-culture, as no difference is observed between
cultivations with 2 or 4 g L™ acetate.

The results suggest that acetate could not be metabolized for growth by U. maydis as a sole
carbon source. Acetate assimilation by U. maydis has not been well researched yet, but the
assimilation in yeasts may give a hint. In yeasts, acetate is passively transported into the cell
by a monocarboxylate permease. This permease is a proton symporter, which is responsible
for acetate and format transport in Saccharomyces cerevisiae, for example [209], [210].
Intracellularly, acetate is converted into acetyl-CoA in the cytosol by an acetyl-CoA synthetase
(ACS) driven by ATP consumption. In U. maydis, the enzyme acetyl-CoA synthetase is present
and no other pathways for the consumption of acetate were reported for Ustilago. In bacteria
such as E. coli, different enzymes besides ACS, i.e. ACK-PTA (acetate kinase —
phosphotransacetylase), are known to enable growth on acetate as the sole carbon source
[203].
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Figure 27: CO; volume concentration in the headspace of shake flask cultivations of U. maydis MB215
Acyp3 Afuz7 AUA AMEL APria1::Peter PetermttA during acetate cultivation experiments.

Cultivations were performed with (A) 2 g L™" acetate (orange), (B) 4 g L™! acetate (green), (C) 4 g L' glucose (blue)
as C-source in MTM using 0.8 g L' NHsCl and 19.5 g L"" MES. Diagram D shows comparison of A, Band C. 1 L
shaking flasks were filled with 50 mL medium (30 °C, 150 rpm, n=3). Data associated to this figure were taken from
Philipp Kohl's Master Thesis [211].

Acetate assimilation takes place primarily through the glyoxylate shunt in various
microorganisms [93]. Further, in yeast and fungi the pathways are compartmentalized and
hence transporters are required. A study conducted by Palmieri et al. (2002) observed that
yeast mutants lacking the gene for a dicarboxylate carrier (DIC) failed to grow on acetate or
ethanol as sole carbon source whereas they were able to grow on glucose [212]. DIC is an
integral membrane protein that catalyzes a dicarboxylate—phosphate exchange across the
inner mitochondrial membrane in yeast [212].

Acetate as sole carbon source for U. maydis did not support growth (Figure 27). Potentially,
the glyoxylate shunt is just not activated under these conditions. Due to the fact that, growth
on ethanol of fatty acids were reported for substrates that are also using the glyoxylate shunt
as anaplerotic. To test if a regulatory reason exists for the non-growth phenotype of U. maydis,
glyoxylate was used a co-substrate. First, growth on glyoxylate as a sole carbon source
compared to the combination with glucose was examined (Figure 28 A). Secondly, co-
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metabolization of glyoxylate and acetate was tested (Figure 28 B). Thirdly, a combination of

all three substrates was used (Figure 28 B).
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Figure 28: CO; volume concentration in the headspace of shake flask cultivations of U. maydis MB215
Acyp3 Afuz7 AUA AMEL APriaq::Peter PetefmttA during glyoxylate cultivation experiments.

Cultivations were performed with varying C-sources in MTM using 0.8 g L' NH,Cl and 19.5 g L™" MES. 1 L shaking
flasks were filled with 50 mL medium (30 °C, 150 rpm, n=3). (A) summarized cultivation conditions of 4 g L
glyoxylate (pink), 2 g L™ glucose and 2 g L glyoxylate (green), 3 g L' glucose and 1 g L' glyoxylate (yellow) and
4 g L glucose (dark blue). (B) showed cultivation conditions of 2 g L' glucose and 2 g L' acetate (light blue),
4 g L"glucose (dark blue), 2 g L' glucose, 1 g L™" acetate and 1 g L' glyoxylate (orange) as well as 1 g L' glucose,
1g L" acetate and 2 g L' glyoxylate (grey). Substrate abbreviation: glc for glucose, ace for acetate, and glx for
glyoxylate. Data associated to this figure were taken from Philipp Kohl's Master Thesis [211].

With glyoxylate as a sole carbon source a maximum CO- value in the headspace of 0.28 vol.%
was observed, indicating that minimal or no glyoxylate was metabolized. In contrast, glyoxylate
consumption was observed in cultivations with glucose, although glyoxylate was not fully
consumed, whereas glucose and acetate were fully consumed within 36 h (Table 11).

Table 11: Glyoxylate consumption during U. maydis MB215 Acyp3 Afuz7 AUA AMEL APyia1::Petes PetefmttA
cultivation experiment.

Cultivations were performed with varying C-sources in MTM using 0.8 g L' NH4Cl and 19.5 g L' MES. 1 L shaking

flasks were filled with 50 mL medium (30 °C, 150 rpm, n=3). Data were obtained via HPLC analysis were obtained
from Philipp Kohl's Master Thesis [211].

Condition Consumed glyoxylate [g L]
4 g L glyoxylate 0

3 gL glucose + 1 g L' glyoxylate 0.33+0.02

2 gL glucose + 2 g L' glyoxylate 0.27 +£0.03

2 g L acetate + 2 g L™ glyoxylate 0.47 +£0.02

2 gL"glucose +1 g L™ acetate + 1 g L' glyoxylate 0.42 +0.04
1gL"glucose + 1 g L " acetate + 2 g L' glyoxylate 0.16 £ 0.07

Interestingly, a combination of 2 g L™ acetate and 2 g L' glyoxylate lead to growth and a CO>
production of 5.3 + 0.6 vol. % in the headspace. In contrast glucose co-metabolization (2 g L™
glucose + 2 gL glyoxylate) resulted in a lower CO, production of 3.1 + 0.2 vol. %. The
combination of glucose, glyoxylate, and acetate did not result in a higher CO» production
compared to the 4 g L™ glucose reference condition. To conclude, glyoxylate was beneficial for
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acetate co-metabolization. Whereas acetate did not function as a sole carbon source for
U. maydis, addition of glyoxylate resulted in cell growth and CO; production.

To verify whether the glyoxylate not only boosts acetate consumption but also results in an
increased biomass and itaconate production, cultivations were carried out using the Growth
Profiler system by Enzyscreen. In total 16 different approaches with varying substrate

concentrations were tested (Figure 29).
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Figure 29: Cultivation experiments investigating the influence of glyoxylate on itaconate yield and biomass
production.

Cultivations were performed with varying glucose, acetate, and glyoxylate concentrations using the Growth Profiler
device by Enzyscreen. U. maydis MB215 Acyp3 Afuz7 AUA AMEL APia1::Peter PetefmttA was cultivated in MTM
0.8 gL' NH4CI, 19.5 g L' MES in 24-well microtiterplates (grey) with a filling volume of 1.5 mL (30 °C, 225 rpm).
ltaconate yield determination was shown in (A) and (C), biomass determination in (B) and (D). Substrate
abbreviation: glc for glucose, ace for acetate, and glx for glyoxylate. Error bars indicate the deviation from the mean
(n= 3). Data associated to this figure were taken from Philipp Kohl’'s Master Thesis [211].

The results show no increase in itaconate production due to the addition of glyoxylate in the
medium for U. maydis MB215 Acyp3 Afuz7 AUA AMEL APyar::Peer PeemttA. Cultivation
conditions using acetate and glyoxylate without glucose present in the medium lead to biomass
formation but no itaconate production was observed. Thereby, one exeption was observed for
condition 10 g L acetate and 2 g L™ glyoxylate resulting in an itaconate production of 0.15 +
0,10 g L. In general, obtained ODeoo values were low in a range of max. 10 - 15. Thus, it can

be hypothized that the nitrogen was not fully completed and the absence of itaconate
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production might result from the lack of nitrogen limitation during cultivation experiments. This
hypothesis could be confirmed during subsequent experiments.

The conditions with glucose in the media resulted in the formation of itaconate, ranging from 5
to 12 g L itaconate. The highest itaconate titer was achieved by the combination of 50 g L™!
glucose and 10 g L™ acetate producing 25.2 + 0.9 g L™" itaconate which equals a yield of 0.48
g g™'. Corresponding to that, 50 g L' glucose, 10 g L' acetate and 2 g L glyoxylate resulted
in an itaconate production of 11.7 £ 0.2 g L' itaconate (corresponding to yield of 0.29 g g™"). In
summary, these results indicate a negative impact of glyoxylate on itaconate production, which
is to be expected, as the glyoxylate shunt competes for cis-aconitate (via isocitrate) with
itaconate synthesis. A possible strategy would be to aim for a 2-phasic culture, whereas
biomass formation is realized with acetate and glyoxylate and afterwards itaconate is produced
by feeding acetate only.

Investigating of acetate co-metabolization via ">C-labeling

Previous experiments demonstrated a beneficial effect of acetate on itaconate production with
U. maydis. The question raised was if acetate was used as carbon source for itaconate
production. Fully "*C-labeled acetate was used and the labeling pattern of itaconate was
investigated. The incorporation of the acetate carbon atoms into itaconate is crucial for the
CO: balance of the product. Samples were measured by gas chromatography in combination
with a mass spectrometer (GC-MS) to determine the labeling patterns of the analytes.
Figure 30 shows the metabolism of U. maydis with the proposed acetate assimilation pathway
[69], [107], [166], [213].

In order to evaluate incorporation of acetate into itaconate, the following culture conditions
were determined. First, biomass formation of U. maydis was ensured by cultivation in MTM
with 50 g L' glucose, 3 g L™ acetate, and 0.8 g L™" NH4ClI for 48 h (30°C, 200 rpm). Thereby,
an ODego value of 10.87 + 0.25 was reached after 48 h. The substrate composition of the
second cultivation phase with labeled acetate was determined in preliminary experiments.
Thereby, 2 g L' glucose and 2 g L™ acetate achieved the highest itaconate yield. Results of
the second cultivation phase are shown in Figure 31 whereas no nitrogen was present in the
medium. The data were obtained from the cultivation with '*C,-acetate in the medium.
Itaconate concentrations of 1.51 £ 0.07 g L™ were already reached after 2 h. After 24 h, the

itaconate achieved a value of 2.73 £ 0.12 g L™.
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Figure 30: Simplified itaconic acid biosynthesis in U. maydis with a proposed acetate metabolism.
Pyruvate is generated from glucose through glycolysis taking place in the cytosol. Pyruvate is transported into the
mitochondria, where it is converted to acetyl-CoA by the pyruvate dehydrogenase complex. Acetyl-CoA and OAA
form citrate catalyzed by the citrate synthase during the TCA cycle. Citrate is dehydrated to cis-aconitate, which is
transported from the mitochondria into the cytosol via the mitochondrial tricarboxylate transporter Mtt1. When citrate
is converted to cis-aconitate, a double bond is formed. In the cytosol, cis-aconitate is converted to itaconate via the
intermediate trans-aconitate. Modified from [69], [166]. Proposed acetate assimilation modified from [107], [109].
Data associated to this figure were modified from Philipp Kohl's Master Thesis [211].
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Figure 31: Co-substrate use of U. maydis — a labeling experiment.
U. maydis MB215 Acyp3 Afuz7 AUA AMEL APiiar::Petef PotefmttA was cultivated in MTM with 19.5 g L' MES-buffer
without addition of NH4CI. 2 g L' unlabeled glucose and 2 g L' '*C-acetate were used as substrates. The start
ODgoo Was 11 obtained from a 48 h cultivation. First main culture was performed in MTM with 19.5 g L™' MES-buffer,
50 g L™ glucose, 3 g L' acetate and 0.8 NH4Cl. Itaconate production is shown in orange (#), glucose consumption
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in blue (@) and acetate consumption in green (®). Error bars depict the standard deviation of the mean (n = 3). Data
associated to this figure were taken from Philipp Kohl's Master Thesis [211].

Itaconate was completely non-labeled, as indicated by the highly similar results of the GC-MS

analysis between sample and reference (Figure 32).
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Figure 32: Extracellular metabolite identification via GC-MS.

Product ion scan for extracellular metabolite samples taken after 8 and 28 h (B, C) and their corresponding 1 mM
itaconate standard (A). Extracellular metabolites in the supernatant formed by U. maydis MB215 Acyp3 Afuz7 AUA
AMEL APia1::Petef PetefmttA during cultivation in MTM medium (19.5 g L' MES, 30°C, 200 rpm). Data associated to
this figure were taken from Philipp Kohl's Master Thesis [211].

Acetate as a co-substrate was not converted into itaconate by U. maydis. Therefore, other
metabolic pathways are active for acetate consumption.

Firstly, cell maintenance and energy metabolism might be a sink for acetate. This is supported
by cultivation data, where an equal concentration of itaconate was observed in cultivations with
and without acetate, but a lower amount of biomass was formed in the approach with acetate,
suggesting an additional energy source for the cell through the acetate. Because of the
different metabolic pathways of glucose and acetate, there is no competition for enzymes,
which means that it is advantageous for the cell, if acetate is available as a co-substrate in the
medium. The results of the majority of cultivations with only acetate as substrate and glyoxylate
as co-substrate showed a biomass production but no production of itaconate, hence, only cell
maintenance was finanzed by acetate. Thereby, one exeption was observed for condition

10 g L™ acetate and 2 g L™ glyoxylate resulting in an itaconate production of 0.15+ 0,10 g L™.
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This indicates a potential lack of nitrogen limitation during cultivation experiments in
combination with relatively low biomass formation due to lower carbon sources used during
cultivations. During subsequent experiments, lower nitrogen concentrations than 0.8 g L™
NH4CI could be tested to confirm the hypothesis.

Secondly, acetate is directly converted to CO,. This possible respiration of acetate is part of
the energy metabolism and hence of general cell respiration. This assumption was
strengthened by the increased CO, emission in cultivations with acetate in. In preparations
with 4 gL glucose as substrate, maximum CO, values between 4.5 and 5.5 vol. % were
measured in the shake flasks head space. In the preparation with the same C-molarity of the
substrates as the 4 g L™ glucose preparation, namely with 2 g L™ glucose and 2 g L™ acetate,

higher CO; values were measured with a maximum of 6.5 and 7 vol. %.

Investigating acetate co-metabolization using metabolically engineered U. maydis
Previous work confirmed a beneficial effect of acetate co-metabolization on itaconate
production by testing 72 different Ustilaginaceae wildtype strains [91]. Given the results,
U. maydis MB215 was determined as the most promising strain metabolizing acetate with a
2.2-fold increase in itaconate titer (6.25 g L™ acetate and 50 g L™" glucose vs. 50 g L™ glucose)
[91]. Interestingly, the yield also increased 2.3-fold.

In contrast to the previous study, this study focused on the established genetically modified
U. maydis MB215 Acyp3 Afuz7 AUA AMEL APrat::Peter PeeimttA strain for acetate co-
metabolization (Figure 33). During shake-flask cultivation equal amounts of glucose
(108.8 g L") and glucose (100 g L") and in addition acetate (12 g L™ acetate) were used. Both
cultivation experiments showed a similar itaconate production reaching a maximum itaconate
titer of 53.4+9.1gL" during sole glucose and 54.7 +0.3gL" during acetate co-
metabolization. Production parameters are summarized in Table 12. Thus, glucose was
successfully substituted with acetate resulting in an equal itaconate production, validating the
usability of metabolically engineered U. maydis strains for acetate co-metabolization toward a

carbon-neutral itaconate production.
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Figure 33: Acetate co-metabolization of metabolically engineered U. maydis MB215 Acyp3 Afuz7 AUA AMEL
APriat::Petef PetefmttA.

Itaconate production (A), glucose consumption (B), acetate consumption (C), growth via ODgoo (D), pH (D) were
monitored. Shake-flask cultivations were perfomed in MTM using 33 g L-' CaCOs, 0.8 g L' NH4Cl with a 10% filling
volume (30°C, 200 rpm). Cultivation using glucose (108.8 g L") as a sole carbon source is shown in blue (m),
whereas combined cultivation (100 g L' glucose, 12 g L™ acetate) is highlighted in orange (A ). Error bars indicate
the deviation from the mean (n= 3).

Table 12: Production parameter during acetate co-metabolization experiments.

Shake-flask cultivations were perfomed in MTM using 33 g L' CaCOs3, 0.8 g L' NH4Cl with a 10 % filling volume
(30°C, 200 rpm). Cultivation using glucose (108.8 g L") as a sole carbon source is shown in blue (m), whereas
combined cultivation (100 g L™ glucose, 12 g L™ acetate) is highlighted in orange (A). Error bars indicate the
deviation from the mean (n= 3).

Parameter Glucose Co-feed
ODsgoo 62.00 £ 3.42 52.00 + 3.46
1 1.66 + 0.05 1.02 £ 0.01
Hmas (7] (18-24 h) (12-18 h)
PHmin [-] 6.27 £ 0.05 6.53 £ 0.05
Titermax [g L] 53.40+9.10 54.73 +0.32
+ +
Tk
Yepis,max [mol mol ] 0.52+0.01 0.53 + 0.01
Yeismax [9 9] 0.49+0.01 0.51+0.01

As a next step, pulsed fed-batch experiments were performed to compare different feeding
strategies using U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter Petet mttA. Thereby, a
sole glucose cultivation was compared to an acetate co-metabolization as well as to a sole
acetate feed (Figure 34).

Differences between the cultures were observed in growth behavior. Presence of acetate in

the medium negatively impacts growth rate of U. maydis as the sole carbon source, shows a
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faster growth rate of 0.5+ 0.02 h™' compared to the other approaches (i.e., 0.43 + 0.02 h™'
acetate only). Overall, a higher biomass formation was observed in the glucose feeding
approach. The maximum ODsgo value of 50.0 + 7.8 was almost 2-fold higher than in the acetate
feeding cultivation with 27.3 +0.9. This effect was already observed during previous

experiments (Figure 33) and studies [91].
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Figure 34: Pulsed fed-batch experiments of U. maydis MB215 Acyp3 Afuz7 AUA AMEL APyia1::Petet Petes MttA .
U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter Peter MttA was cultivated in MTM with 33 g L™" CaCOs-buffer
and 0.8 g L' NH4CI (10% filling volume, 30°C, 200 rpm). Itaconate production was displayed in (A), substrate
consumption in (B), cell growth via ODgoo (C) and pH (D). Glucose only cultivation was shown in blue (m), acetate
co-feed in green (e) and acetate only culture in orange (A). Feeding was added individually to keep the Glucose
and acetate concentration at an equal c-molar level. Error bars depict the standard deviation of the mean (n = 3).
Data associated to this figure were taken from Philipp Kohl's Master Thesis [211].

Similar to the previous cultivation experiment, culture with glucose and the mixed feed
performed equally concerning itaconate production. Thereby, titers of 65.6 + 3.2 g L™ (glucose)
and 66.0 £ 4.7 g L"itaconate (mixed feed) were reached respectively. In contrast, sole acetate
feed resulted in a lower itaconate production of 59.9 + 2.2 g L™". After glucose limitation in the
acetate-feeding approach, no further increase in itaconate production was observed. Thus, it
was not possible to confirm itaconate formation with acetate as the sole carbon source. This

observation could be explained with the results obtained during "*C-labeling experiments.
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Thereby, no incorporated labeling was determined within the itaconate. Results once again
emphasize the need for a suitable glucose and acetate co-feeding in order to boost itaconate
production. During this cultivation a higher itaconate production rate was observed within the
first 144 h upon glucose limitation. Acetate cultures showed a maximum production rate
0.43 g L™ h'compared to of 0.28 g L™ h™" for sole glucose feed.

Modelling acetate co-metabolization via Design of Experiment (DoE)

In contrast to a one-factor-at-a-time (OFAT) optimization, a DoE approach allows to gain a
deeper understanding of how different combinations of the following factors, i.e., glucose,
sodium acetate and ammonium chloride, impact itaconate production. Itaconate production will
be evaluated by the responses titer and yield. The importance of ammonium chloride for
itaconate production was previously shown by Maassen et al. (2014), as Ustilago only
produces itaconate under nitrogen limitation [62]. Low, medium, and high levels for each
parameter (glucose, sodium acetate and ammonium chloride) included in the central
composite (CCD) response surface design (RSD) are reported in Table 13.

Table 13: Factor levels for CCD during this study.

Factor -1 0 +1
Glucose [g L] 50 165 280
Sodium acetate [g L] 3 10.5 18
Ammonium chloride [gL"] 0.8 24 4

The presented data (Table 34, appendix) display the input for the DoE models. The term
'model' represents the response, either yield or titer, as a function of glucose and acetate start
concentration. Each response is based on its separate model, built with the same input data
and design type, here a CCD. Thereby, the two acquired models were statistically evaluated
with an ANOVA analysis (Figure 74 and Figure 75, see appendix). The ANOVA analysis
confirmed the calculated models to be significant, implied by the F- and R%-values. Thereby,
the established models show a R%-value of 0.9985 for the titer and 0.9920 for yield model.
Fehler! Verweisquelle konnte nicht gefunden werden. comprises the influence of acetate,
glucose and ammonium chloride on the itaconate titer and yield visualized via 3D-surface

diagrams (Figure 35).
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Figure 35: 3D-surface diagrams of the effect of glucose, sodium acetate and ammonium chloride on
itaconate production.

A — C: itaconate yield, D-F: itaconate titer with an ammonium chloride concentration of 2.4 g L™ (A, D), a sodium
acetate concentration of 10.5 g L' (B, E) and a glucose concentration of 165 g L™ (C, F). Red dots represent the
design points of the model (filled above predicted value, transparent below predicted value). Models were
established for U. maydis MB215 Acyp3 Afuz7 AUA AMEL APyia1::Peter PetefmttA. Color of the diagrams indicate
predicted itaconate titer (g L itaconate) and yield (g g'). Data associated to this figure were taken from Philipp
Kohl's Master Thesis [211].

An increase in the glucose concentration is predicted to result in an increase of the itaconate
titer and yield as indicated by the red color and increased area of the 3D-surface diagram. The
models predicted increasing itaconate titers with rising C-source concentration which was also
observed in previous work. An upper limit of glucose concentration, after which the titer drops
again, was not determined within the given design space up to 280 g L™ glucose and 18 g L™
sodium acetate.

Further, interaction between the model factors is visualized in Figure 36 for itaconate titer and
yield. The effect of different glucose concentrations can be explained by the fact that all
cultures need nitrogen limitation to induce itaconate production after an initial growth phase
[62]. Microorganisms require a certain amount of glucose to build up biomass until further
biomass production is impossible due to nitrogen limitation. The cultures with low glucose
concentrations may have lost most of their accessible carbon into biomass resulting in only a
marginal amount of remaining carbon available for itaconate production [214]. As far as the
itaconate yield is concerned, the observations are similar, as low glucose concentrations equal
low itaconate yields. However, the highest possible yields do not result in the highest possible
glucose concentration of 280 g L™". Lower concentrations, in the range of 165 - 188 g L™, led

to higher predicted yields of 0.67 g g™ (predicted in combination with 2.4 gL' NH4CI,
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Figure 36 B). In conclusion, highest itaconate titers are reached with highest glucose
concentrations, but yields do not follow this trend. This optimum of glucose concentration for
the yield could be attributed to higher biomass formation or increased osmotic stress. At least
for batch cultivations, this sets a limit in efficiently achievable itaconate titers. Fermentations
with a glucose feed could be an alternative for reaching high titers with yields above

0.6 Gitaconate Jsubstrate ' @voiding osmotic stress at the beginning of the process.
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Figure 36: Interaction between glucose, sodium acetate and ammonium chloride on itaconate titer obtained
via DoE approach.

A, B show interaction of glucose and sodium acetate for 2.4 g L'" ammonium chloride. C, D show interaction of
glucose and ammonium chloride for 10.5 g L™ sodium acetate. E, F show interaction of ammonium chloride and
sodium acetate for 165 g L' glucose condition. (A, C, E) correspond to itaconate titer model whereas (B, D, F)
correspond to itaconate yield model. Data associated to this figure were taken from Philipp Kohl's Master Thesis
[211].
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Figure 36 E (itaconate titer model) and F (itaconate yield model) show the interaction of
glucose and sodium acetate at an ammonium chloride concentration of 2.4 gL". The
established model predictions did not differ much within the tested range of 3 — 18 g L™ acetate.
This indicates that the influence of sodium acetate on itaconate production is not very
prominent within the tested design space. Itaconate titers were not affected greatly by the
addition of sodium acetate, possibly because the ratio glucose to sodium acetate is highly on
the glucose side. Therefore, sodium acetate does not influence production greatly at
comparably low concentrations (up to 18 g L") in contrast to glucose concentrations up to
280 g L. Nevertheless, its beneficial effect compared to sole glucose cultivations were
demonstrated in previous studies and during this work in Figure 33 [91]. Instead, the results
outline that a feeding strategy may be beneficial for further investigation of acetate’s role as
co-substrate.

ltaconate production gets induced upon ammonium limitation in Ustilago. With ammonium
chloride being the sole ammonium supplier of these cultivations, it was expected that
ammonium chloride concentration impacts itaconate production during DoE experiments [62].
Thereby, two different effects were observed concerning itaconate titer and yield. Itaconate
titer and yield benefits from a lower ammonium chloride concentration (0.8 g L' NH4Cl) when
glucose concentrations were below 142 g L™ (Figure 36 C and D). When higher glucose
concentrations are applied, a concentration of 4 g L™ NH4Cl improves the predicted production
compared to low ammonium chloride concentration of 0.8 g L.

Within this work, empirical models were generated, predicting itaconate acid titers and yields
within the tested design space with given starting concentrations of glucose, sodium acetate
and ammonium chloride. The established models can be used to optimize the given
parameters maximizing itaconate production.

Those predicted maximum production conditions were tested to verify the established models.
Two numerical optimizations were performed resulting in two predictions. The best prediction
for maximizing both responses, while keeping all factors in range, resulted in 280 g L™ glucose,
10.3 g L' sodium acetate, 0.8 g L' ammonium chloride maximized both responses. In order
to meet the approach toward a carbon reduced footprint of the process, glucose concentration
was minimized for the next prediction resulting in the following conditions: 107 g L™ glucose,
18 g L™ sodium acetate and 0.8 g L™" NH4CI.

The model predictions and actual values obtained during cultivation experiments are displayed
in Table 14.
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Table 14: Model validation experiments with U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter PetermttA.
+values indicate the standard error of the mean (n = 3). Model predictions are highlighted in orange whereas the
obtained parameter during cultivation experiments were displayed in black. U. maydis cultivations were performed
in MTM with 66 g L' CaCOj3 buffer. Data associated to this table were taken from Philipp Kohl's Master Thesis
[211].

. Titermax Ypis,max CIp,max
Condition Symbol lg L] 99 [g L h]
280 g L' glucose
142.85 + 4.33 0.49+0.01
10.3 g L' acetate n 0.26
1459+ 4.25 0.61+0.02
0.8 g L' NH4CI
107 g L' glucose
66.8 £ 0.84 0.53 £0.01
18 g L' acetate A 0.26
72.44 +£3.02 0.57 £0.02

0.8 g L NHiCI

Figure 37 shows the conducted cultivation experiments for model validation.
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Figure 37: Model validation experiments.

Two validation conditions were tested using U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter Petet MttA in
MTM with 66 g L-! CaCOs as a buffer. Diagrams a, b display cultivation using 280 g L' glucose, 10.3 g L' acetate,
0.8 gL' NH4CI (m) whereas diagrams ¢, d show cultivation using 107 g L™ glucose, 18 g L™ acetate, 0.8 gL'
NH4CI (A). Color scheme is determined as the following: ODeoo light green (), itaconate production orange (#),
glucose consumption blue (® ), acetate consumption dark green (® ) and pH pink (+). Error bars depict the
standard deviation of the mean (n = 3). Data associated to this figure were taken from Philipp Kohl's Master Thesis
[211].
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Thereby, both cultivation experiments were successful for model validation as the itaconate
titer and yield was obtained within the 95% confidence interval of the respective prediction.
Furthermore, an itaconate titer of 142.85+ 4.33 gL which corresponds to a vyield of
0.49+0.01gg" (68% of the theoretical maximum) was reached for the high factor
concentration experiment. Both models were successfully validated during cultivation
experiments. An itaconate titer of 66.8 + 0.84 g L' and a yield of 0.53 + 0.01 g g"' (73% of
theoretical maximum) was achieved with the lower substrate concentration condition. This
condition showed a higher yield compared to the 280 g L' glucose approach (0.49 +
0.01 g g''). This confirms the beneficial effect of lower initial substrate concentrations which
was already observed during previous studies [65], [73], [91]. The lowered substrate
concentrations reduced osmotic pressure for the cells in the beginning of the cultivation. This
was evident in the production of by-products such as erythritol, malate, and succinate
(Figure 38).
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Figure 38: By-product formation during model validation experiments.

Two validation conditions were tested using U. maydis MB215 Acyp3 Afuz7 AUA AMEL APiia1::Peter Peter MttA in
MTM with 66 g L' CaCOj3 buffer. Diagram a displays cultivation using 280 g L™" glucose, 10.3 g L™ sodium acetate,
0.8 g L' NH4ClI (m) whereas diagram b shows cultivation using 107 g L' glucose, 18 g L™ sodium acetate, 0.8 g L'
NH4CI (A). Color scheme is determined as succinate production ( @ ), malate production (), erythritol production
(®). Error bars depict the standard deviation of the mean (n = 3). Data associated to this figure were taken from
Philipp Kohl's Master Thesis [211].

The results showed clear differences of the by-product spectrum between the two tested
validation conditions. Especially, erythritol is known to function as an osmotolerant. Further, it
is known for Ustilaginaceae that higher glucose concentrations lead to a slower growth and
osmotic stress [63]. Osmotic stress could be reduced using a lower glucose starting
concentration in combination with a (continuous) fed-batch cultivation in order to further

increase itaconate yield [64].
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Implementing an external membrane module for itaconate production in U. maydis
Product inhibition of itaconate and toxic effects of acetate could be addressed in suitable
feeding strategies and continuous process approaches within subsequent experiments
focusing on process development. One approach overcoming product inhibition of itaconate
demonstrates the in-situ precipitation using CaCOs. Nevertheless, this method shows several
disadvantages such as an increased viscosity during fermentation leading to a decreased
oxygen supply for the cells. Alternatively, a continuous or semi-continuous process with cell
recycling could help to avoid product toxicity as well, by extending the productive time of the
biomass [61]. Hosseinpour Tehrani et al. (2019) demonstrated the advantages of a repeated
batch approach with cell recycling of U. cynodontis [61]. This study showed that the 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 a
high stress imposed by the centrifugation steps applied here for cell recycling.

To overcome these issues, during this work a membrane-based cell retention system was
used. The general set-up of the process is shown in Figure 39. It represents a variation of a
standard external loop layout used for processes with Candida [215] and Azotobacter [216].
Fermentation broth is pumped through the main loop, starting from the bioreactor vessel via
the membrane and back into the vessel. Thereby, the membrane module separates cells from
the soluble organic acid. A second exit on the upper right leads from the outer channel into the
filtrate bottle.

Manometers

Membrane

Filtrate

Figure 39: Membrane set-up
Schematic membrane set-up is shown in (A) with position of the pumps and manometers. The physical set-up in
laboratory is visualized in (B).
Membrane was used during pulsed fed-batch bioreactor experiments shown in Figure 40. As
starting conditions, 160 g L™" glucose, 10 g L™ sodium acetate and 4 g L™* NH4Cl in MTM in

MES-buffer were used. A conventional pulsed fed-batch bioprocess was compared to a reactor
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implementing external membrane for cell-retention and product removal. During proof-of-
principle cultivation, membrane was used during certain timepoints during fermentation instead
of a continuous operation (Figure 40 A). When removing product solution, fermenter was fed
with MTM without NH4CI.

During reference fermentation 58.5 g L™ itaconate was produced (Yrs = 0.31 g g”'), clearly
demonstrating product inhibition in MTM without CaCOs. Regardless of the excess substrate
available for U. maydis from 200 h fermentation time, no further increase in itaconate
production was observed. Due to product inhibition, a relatively low yield of 0.31 g g was
obtained (42 % theoretical maximum).
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Figure 40: Pulsed fed-batch cultivation of U. maydis MB215 Acyp3 Afuz7 AUA AMEL APria1::Peter Peter mttA
incorporating external membrane module for cell retention.

Itaconate production [g L] (A), itaconate production [g] (B), ODeoo (C) and substrate consumption (D) a single
representative fermentation in a bioreactor containing batch medium with 160 g L™" glucose, 10 g L' sodium
acetate, 4 g L' NH4Cl at pH 6.5 titrated with 10 M NaOH and 1 M HCI. Color scheme is determined as reference
reactor without membrane (blue, m) whereas membrane set-up is shown in yellow (®). Acetate consumption is
shown with dashed lines (D).

During bioreactor cultivation with the membrane set-up, product inhibition was avoided by
removing product solution when reaching titers from 30 — 40 g L' itaconate. Thus, production
of the two set-ups was compared by itaconate production in total grams. Both cultivations
showed a similar production up to 144 h with a production rate of 0.31 g h™". Whereas reactor 1

(control) showed clear product inhibition, reactor 2 (membrane) further showed an increased
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itaconate production with a constant production rate of 0.22 g itaconate per hour up to 357 h.
Afterwards rate decrease toward 0.14 g h™. Comparing total itaconate production, bioreactor
with membrane set-up produced 91.6 g itaconate, displaying a 2.9-fold increase in production.
Comparing the maximum obtained ODeoo values of both reactors, the control reactor showed
a higher biomass formation. Thus, it indicates that membrane process impacts cell growth
negatively.

Overall, the cell implemented membrane set-up enabling product removal and cell-retention
increased the overall itaconate production as well as the product yield. However, reduction in
biomass and production rates at later stages of the process indicate a high stress imposed by
the repeated membrane process. To overcome these issues further optimization toward a

continuous process is required.
3.2.4 Conclusion

This study demonstrates the applicability of the established metabolically engineered
U. maydis chassis using CO-derived acetate co-feeding strategies toward a production
process with the overall goal of a reduced carbon footprint. Within this work, a new marker-
free chassis strain was developed focusing on the reduction of the U. maydis metabolite
spectrum and simultaneously overexpressing itaconate production using CRISPR/Cas9
strategy. Acetate assimilation in U. maydis was investigated via off-gas analysis and *C-
labeling.

Off-gas experiments verified that acetate as a sole carbon source did not support the growth
of U. maydis. To test if a regulatory reason exists for the non-growth phenotype, glyoxylate
was used as a co-substrate. Thereby, it was demonstrated that glyoxylate was beneficial for
acetate co-metabolization. Further, itaconate production experiments indicate a positive effect
of glyoxylate co-feed together with acetate as for condition 10 g L™ acetate and 2 g L™
glyoxylate and 0.8 gL™" NH4Cl an itaconate production of 0.15 + 0,10 g L' was observed. The
low itaconate production could be explained by the relatively high amount of nitrogen present
in the medium. Thus subsequent experiments could verify the glyoxylate effect on itaconate
production using acetate as a substrate for U. maydis. Further a triple feed of glucose, acetate
and glyoxylate could be optimized during the following experiments.

3C-labeling indicates that acetate will not be incorporated into itaconate production. Moreover,
alternative routes have to be clarified, e.g., the use for respiration, cell maintenance, and/or
energy metabolism. Subsequent experiments, e.g., using "*C-labeling measuring amino acids
or the use of off-gas sensors capturing *C-labeled CO. could contribute to that strategy.
Nevertheless, acetate showed beneficial effects on itaconate production booting U. maydis
productivity when used as a co-feed. Higher itaconate production rates were obtained
compared to sole glucose feed Further, using DoE approach acetate co-feeding strategy was

optimized by establishing empirical models predicting itaconate titer and yield.
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Further, economic evaluation of the process could be approached as the presented work lays
the foundation for an improved itaconate production process with a potentially reduced carbon
footprint.

Implementation of an external membrane module indicated high stability of the biomass,
showing 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 and process
parameters will be further optimized. Moreover, the membrane module could be extended with
a purification step, such as adsorption chromatography, avoiding loss of substrate or other

media components.

91






Chapter 3.3

Improved itaconate production with
U. cynodontis via co-metabolism of CO.-

derived formate

Partially published as:

Ullmann, L., Guntermann, N., Kohl, P., Musgens, A., Schroders, G., Francio, G., Leitner, W.,
Blank, L. M. Improved Itaconate Production with U. cynodontis via Co-Metabolism of CO,-
Derived Formate. J. Fungi 2022, 8, 12. https://doi.org/10.3390/jof8121277

Contributions:

Lena Ullmann performed bioreactor cultivation experiments, analyzed the data, prepared
figures, and wrote this chapter. Cultivation experiments for DoE approach were carried out by
Philipp Kohl and Gereon Schrdders coordinated by Lena Ullmann. Andreas Musgens
performed cultivation experiments testing alternative formate salts supervised by Lena
Ullmann. Nils Guntermann performed hydrogenation experiments and provided formate
product solutions used within this work. U. cynodontis strains were constructed by Hamed
Hosseinpour Tehrani. Lars M. Blank advised on all experiments, analyzed and discussed data,
and reviewed the chapter. Giancarlo Francid and Nils Guntermann contributed to data

discussion and review of this chapter.







Results

3.3 Improved itaconate production with U. cynodontis via co-metabolism
of COz-derived formate

3.3.1 Summary

In the last years, it was shown that itaconic acid can be produced from glucose with strains of
the family Ustilago at up to maximum theoretical yield. The use of acetate and formate as co-
feedstocks can boost the efficiency of itaconate production with Ustilaginaceae wild-type
strains by reducing the glucose amount and thus the agricultural land required for the
biotechnological production of this chemical compound.

Metabolically engineered strains (U. cynodontis Afuz7 Acyp3 APra1::Peter and U. cynodontis
Afuz7 Acyp3 PeietmttA APriar::Peter ) Were tested for itaconate production obtaining a titer of 56.1
g L™"and a yield of 0.55 Gitaconate Gsubstrate - Both improved titer (increase of 5.2 g L") and yield
(increase of 0.04) were achieved when using sodium formate as auxiliary substrate. By
applying the design-of-experiments (DoE) methodology, cultivation parameters (glucose,
formate and ammonium chloride concentrations) were optimized resulting in two empirical
models predicting itaconate titer and yield for U. cynodontis Afuz7 Acyp3 PeeimttA APriat::Petef -
Thereby, an almost doubled itaconate titer of 138 g L™ was obtained and a yield of 0.62 Gitaconate
Qsubstrate | Was reached corresponding to 86% of the theoretical maximum. Further, the biphasic
Ru-catalysed hydrogenation of CO, to formate could be integrated into the bioprocess directly
using the obtained aqueous solution of formates as co-feedstock without any purification steps
and demonstrating the (bio)compatibility of the two processes.

Metabolically engineered strains of U. cynodontis were used as host for itaconate production
utilizing a solution of sodium formate obtained from CO- hydrogenation within a fully integrated
biocompatible process as co-substrate. Optimization of the reaction conditions via DoE
methodology allowed to improve the titer by 66 % from 83 to 138 g L™ and the yield from 0.61
t0 0.62 Gitaconate Gsubstrate ' COrresponding to 86 % of the theoretical maximum. This study outlines
the great potential of U. cynodontis as a host for itaconate production.

3.3.2 Introduction

Itaconic acid is an attractive bio-based building-block that has the potential to act as a green
substitute for many petroleum-based chemicals in the polymer industry [91]. It is an
unsaturated dicarboxylic acid with two carboxy and one methylene group. The presence of
these functional groups, along with a conjugated double bond, makes itaconic acid a versatile
molecule with multiple applications such as styrene-butadiene rubbers, synthetic latexes,
super absorbents, unsaturated polyester resins, plastics, coatings, chemical fibers, biofuels,
and detergents [91].

For the last 70 years, itaconic acid is produced using Aspergillus terreus, reaching titers of

max. 130 - 160 g L '[39], [52], [217] . However, various drawbacks are associated with the use
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of this native producer. For instance, it shows filamentous growth and its itaconate production
is morphology-dependent. Further, it leads to comparably low yields (<0.50 Qitaconate/Jglucose » 1-€-
69% of the maximum theoretical yield) in combination with long fermentation times (>150 h), it
is sensitive to shear forces and interruption of oxygen supply [217]. All these factors limit the
process efficiency and increase production costs. Indeed, the comparably high price of close
to 2$ per kg holds back the broader commercial application of itaconic acid [169]. To
circumvent these limitations Ustilaginaceae are sought as alternative itaconic acid production
hosts with a special focus on Ustilago maydis. The non-filamentous native producer U. maydis
could be suitable for industrial production as it shows the highest reported titer at laboratory
scale so far (220 g L™'). The increased titer was obtained through integrated metabolic and
morphological engineering accompanied by process optimization and in-situ crystallization of
itaconic acid as calcium itaconate [64]. Furthermore, the morphology of Ustilago can be
controlled by deletion of the fuz7 gene abolishing filamentous growth and stabilizing the yeast-
like morphology [72].

During previous studies, significant improvements by strain- and process engineering were
achieved and Ustilago strains are now available producing itaconic acid at almost maximum
theoretical yield [65]. With the awareness that glucose and other carbohydrates compete for
valuable resources of agricultural land, much effort has been dedicated to the search of co-
feedstocks able to improve the overall process efficiency. Recently, C1 compounds got
attention as microbial feedstocks as they can be readily produced out of widely available
resources utilizing excess energy. Formate, in particular, can be generated effectively via
photochemical or electrochemical reduction of carbon dioxide or by hydrogenation of CO»
using transition metal catalysts [218]-[224]. Although formate is toxic for many organisms even
in relatively small concentrations, this is not the case for U. cynodontis, which was found to be
highly tolerant to the presence of formate in the cultivation medium [91]. Further, studies
reported U. cynodontis as one of the best itaconate producing species in the family of the
Ustilaginaceae showing relatively high pH tolerance in comparison to other smut fungi [4].
During previous studies, U. cynodontis NBRC 7530 even showed improved itaconate
production with sodium formate as co-substrate in addition to glucose [91]. Sodium formate is
believed to be an energy donor via formate dehydrogenase activity rather than a conventional
carbon-source [114]. This indicates a putative role of formate as auxiliary substrate delivering
energy to the organism rather than being converted into biomass or product(s) of interest [115].
Thereby, there are several different ways to order the substrates; e.g. according to the degree
of reduction, the oxidation number, in respect to the available electrons and with regard to the
combustion enthalpy [225]. Based on that, various substrates can be subdivided into energy-
deficient and energy-excess substrates. Whereas e.g. methane, methanol and formic acid are
considered as energy-excess substrates, glucose and acetic acid are energy-deficient [225].

Further, it was also shown in previous studies that the auxiliary substrate concept is suitable
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to increase the biomass and/or secondary metabolite yield coefficients [114], [226]. Thus, it is
assumed that formate as auxiliary substrate provide energy to the organism rather than being
converted into biomass or product(s) of interest [24]. In contrast to acetate, which can directly
be used as a carbon and energy source, formate co-consumption delivers extra electrons to
the fungal metabolism [1].

While previous work on formate co-metabolism of Ustilaginaceae focused on wildtype strains
[91], in this study we investigated several available metabolically engineered strains
established by Hosseinpour Tehrani et al. (2019) for the itaconate production in the presence
of formate [3]. By applying the design-of-experiments (DoE) methodology, cultivation
parameters (glucose, sodium formate and ammonium chloride concentrations) were adjusted
enabling further bioprocess optimization toward a continuous production process. Additionally,
implementation of CO»-derived formate via hydrogenation of CO,was established in this study
by the direct use of the product solution as visualized in Figure 41 [14]. Thus, using a biphasic
catalytic approach [227]-[234],[235]. the tailored Ru-catalyst was “immobilized” in an apolar
organic phase while the aqueous phase containing the formate salt could be used in the
fermentation without any treatments. The biphasic approach not only contributes to the
biocompatibility of the product solution, but also enables catalyst reusability, which is very
much desirable for chemo-catalysis.

CO, +H, I I | 1

OH OH
[Ru]-Catalyst HO -0
+ Organic solvent OH OH OQ/

Glucose co
2 Ca? o] 3-Methyltetrahydrofurane

,
S g —
Sodium formate -0 O
o0 Ho/\)\/OH
Sodium itaconate 2-Methyl-1,4-butanediol

iaviater Na* Calcium
formate

Figure 41: Schematic overview - implementing CO.-derived formate from chemo-catalysis as co-substrate
for itaconate production in biocatalysis.

Implementing CO.-derived formate via hydrogenation into Ustilago bioprocess using glucose as a substrate. First,
production of an aqueous solution of the respective formate salt in a multiphasic approach with separable and
recyclable metal catalyst. The use of formate salts boosts efficiency of itaconate production by Ustilaginaceae. The
obtained product solution from chemo-catalysis is directly applied as a substrate for biocatalysis. Produced itaconic
acid can further be converted by chemo-catalysis e.g. into biofuels such as 3-methyl-tetrahydrofuran (3-MTHF) and
2-methyl-1,2-butanediol [136] [27].
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3.3.3 Results and discussion

3.3.3.1 Investigating formate co-metabolization of metabolically engineered

U. cynodontis strains

Previous experiments determined glucose, sodium formate and ammonium chloride (NH4ClI)
as significant factors impacting the itaconate production of U. cynodontis [62], [91]. Moreover,
recent studies confirmed a beneficial effect of formate co-metabolization on itaconate
production by testing 72 different Ustilaginaceae wildtype strains [91]. Among these,
U. cynodontis #2705 was identified as the most promising strain metabolizing formate with
30% increase in itaconate titer (6.25 g L™ sodium formate and 50 g L™ glucose) in comparison
to sole glucose as a carbon source [91]. In contrast to the previous work [91], this study focused
on available genetically modified U. cynodontis strains (U. cynodontis Afuz7 Acyp3 APria1::Peter
and U. cynodontis Afuz7 Acyp3 PeemttA APria1::Peter) for formate co-metabolization
(Figure 42). Thereby, the by Hosseinpour Tehrani et al (2019) metabolically engineered strain,
U. cynodontis Afuz7 Acyp3 PeeimttA APriat::Peter produced 6.5-fold more itaconate in shake

flasks using glucose as a sole carbon source compared to the wildtype strain [3].
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Figure 42: Formate co-metabolization of metabolically engineered U. cynodontis strains.

A, C display cultivation of U. cynodontis Afuz7 Acyp3 APria1::Peter and B, D of U. cynodontis Afuz7 Acyp3 PetermttA
APria1::Peter. Formate co-metabolization conditions are shown via A and the respective glucose reference as m.
Color scheme is determined as ODsoo (green), itaconate production (orange), glucose consumption (blue), sodium
formate consumption (dark green), pH (light pink). Cultivations were carried out in shake flasks. MTM medium (33
gL' CaCOs;, 0.8 gL"NH4CI, 100 g L' glucose) with 0 g L™ or 2 g L' sodium formate was used. Error bars depict
the standard deviation of the mean (n = 3).
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The addition of sodium formate had a significant impact on obtained itaconate titer and yields
for both metabolically engineered strains compared to their respective glucose reference as
already observed with U. cynodontis wildtype strains [91]. Both strains displayed 10% increase
in itaconate titer during co-consumption of formate. U. cynodontis Afuz7 Acyp3 APiia1::Petet
reached a maximum itaconate titer of 50.9 + 0.3 g L™" during cultivation on glucose only and a
titer of 53.9 + 0.7 g L™" with addition of sodium formate. A higher itaconate titer of 56.1
0.2 g L " during sodium formate co-metabolization (2 g L") was reached using U. cynodontis
Afuz7 Acyp3 PeeimttA APria1::Peter Whereas the glucose control reached a titer of 50.9 +
0.4 gL' itaconate. Despite the improved itaconate titers, the vyield increases toward

0.55 g\taconate gsubstrate-1 (056 gilaconate gglucnse-1 Compared to 0.51 g\taconate gglucose-1)-

Table 15: Itaconate production parameters during shake flask cultivations of metabolically engineered
U. cynodontis strains.

Cultivations were carried out in shake flasks using MTM medium (33 gL' CaCOs;, 0.8 gL' NH4CI, 100 gL
glucose) with 0 g L' or 2 g L™" sodium formate was applied. Error bars depict the standard deviation of the mean
(n = 3). Statistically significant differences in itaconate production are indicated as * (p < 0.05) and ** (p < 0.005).
Details of statistical analyses are displayed in Table 31, appendix.

Condition Strain Titemax Ypis,max Cp.max
gL [9g’ [gL'h7]
100 g L™ glucose,
0 g L' formate, 509+ 0.3 0.51+ 0.003 0.12
0.8 gL' NH4CI U. cynodontis Afuz7
Acyp3 1Prat *
100 g L glucose,
2 g L formate, 539+ 0.7 0.52 + 0.007 0.14
0.8 gL' NH«CI

100 g L glucose,
0 g L formate, 509+ 04 0.51+ 0.004 0.12

Kl
0.8 gL NH.CI U. cynodontis Afuz7

Acyp3 PeteimttA 1Pras

ik

100 g L glucose,
2 g L' formate, 56.1+0.2 0.55+ 0.001 0.14
0.8 gL" NH.CI

The results indicate a beneficial effect of sodium formate on metabolically engineered strains
similar to the wildtype strains tested in previous studies [91]. Nevertheless, the optimum
feeding ratio of formate to glucose should be determined. Thus, a Design of Experiment (DoE)
approach was used to establish regression fit models via response surface design to model
itaconate titer and yield using the U. cynodontis Afuz7 Acyp3 PetetmMttA APria1::Peter hyper-
producing strain to determine the optimum formate glucose feeding ratio potentially pushing

itaconate production even further [61].
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3.3.4 Optimization of formate co-metabolization via Design of Experiment (DoE)
approach

In contrast to a one-factor-at-a-time (OFAT) optimization, a DoE approach allows to gain a
deeper understanding of how different combinations of the following factors, i.e. glucose,
formate and ammonium chloride, impact itaconate production. Itaconate production will be
evaluated by the responses titer and yield. The importance of ammonium chloride for itaconate
production was previously shown by Maassen et al. (2014), as Ustilago only produces
itaconate under nitrogen limitation [62]. Based on previous studies by Hosseinpour Tehrani et
al. (2019) and the performed shake flasks cultivation within this study, U. cynodontis Afuz7
Acyp3 PeeimttA APiia1::Peter Wwas chosen for the following DoE experiments [72]. Low, medium,
and high levels for each parameter (glucose, sodium formate and ammonium chloride)
included in the central composite (CCD) response surface design (RSD) are reported in
Table 16.

Table 16: Factor levels for CCD during this study.

Factor -1 0 +1
Glucose [g L] 50 165 280
Sodium formate [g L] 25 8.8 15
Ammonium chloride [g L] 0.8 24 4

The presented data (Table 35, appendix) display the input for the DoE models. The term
'model' represents the response, either yield or titer, as a function of glucose and formate start
concentration. Each response is based on its separate model, built with the same input data
and design type, here a CCD. Thereby, the two acquired models were statistically evaluated
with an ANOVA analysis (Figure 76, see appendix). The ANOVA analysis confirmed the
calculated models to be significant, implied by the F- and R?-values. Thereby, the established
models show a R%-value of 0.9918 for the titer and 0.9845 for yield model. Figure 43 comprises
the influence of formate, glucose and ammonium chloride on the itaconate titer and yield
visualized via 3D-surface diagrams.

Recently, a yield of 0.61 Giconate Jgiucose + Was reported displaying 84% of the theoretical
maximum [64]. During DoE cultivation experiments, a yield of 0.62 Giaconate Jsubstrate ' Was
observed for 165 g L™ glucose, 0.52 g L' sodium formate and 2.4 g L' NH4Cl which equals

86% of the theoretical maximum.
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Figure 43: 3D-surface diagrams of the effect of glucose, formate and ammonium chloride on itaconate
production.

A - B: itaconate titer, C-D: itaconate yield with a sodium formate concentration of 8.8 g L' (B, D) and an ammonium
chloride concentration of 2.4 g L' (A, C). Red dots represent the design points of the model (filled above predicted
value, transparent below predicted value). Models were established for U. cynodontis Afuz7 Acyp3 PeeimttA
APiar::Peter. Color of the diagrams indicate predicted itaconate titer (g L' itaconate) and yield (g g™').

An increase in the glucose concentration is predicted to result in an increase of the itaconate
titer and yield as indicated by the red color in the heat-map and increased area of the 3D-
surface diagram. The models predicted increasing itaconate titers with rising C-source
concentration which was also observed in previous work (Figure 43 A-B). An upper limit of
glucose concentration, after which the titer drops again, was not determined within the given
design space up to 280 g L™ glucose and 15 g L™ sodium formate.

Further, interaction between the model factors is visualized in Figure 44 and Figure 45 for
itaconate titer and yield. The effect of different glucose concentrations can be explained by the
fact that all cultures need nitrogen limitation to induce itaconate production after an initial
growth phase [236]. A certain amount of glucose is used to build up biomass until further
biomass production is impossible due to nitrogen limitation. The cultures with low glucose
concentrations may have lost most of their accessible carbon into biomass resulting in only a

marginal amount of remaining carbon available for itaconate production [214].
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Figure 44: Interaction between glucose, formate and ammonium chloride on itaconate titer obtained via

DoE approach.

A, B shows interaction of glucose and formate for A: 0.8 g L™ and B: 4 g L"" ammonium chloride concentrations. C,
D shows interaction of glucose and ammonium chloride for C: 2.5 g L' and D: 15 g L' formate concentrations. E,
F shows interaction of formate and ammonium chloride concentration for E: 50 g L™" and F: 280 g L™ glucose

concentrations.

102




Results

Interaction Interaction
08| B: Formate (g/L) 08 B: Formate (g/L)
® Ocsign pints
X1 = & Glucose
'
525
o 2 2
=2 2
o o
T ]
> =
02
[
T T T T T T T T T T T T
50 % 142 188 24 280 50 % 142 188 24 280
A: Glucose (g/L) A: Glucose (g/L)
C _ D )
Interaction Interaction
08| C: NH4CL (g/L) 08| C: NHACL (g/L)
@ Design Points.
X1 = & Glucose
X2 = CNHICL
s
cos
o 2 2
2 2
3 3
] ]
s s
L7
7
o] o{28
T T T T T T T T T T T T
50 % 142 188 234 280 50 % 142 188 234 280
A: Glucose (g/L) A: Glucose (g/L)

Figure 45: Interaction between glucose, formate and ammonium chloride on itaconate yield obtained via
DoE approach.

A, B shows interaction of glucose and formate for A: 0.8 g L™ and B: 4 g L-" ammonium chloride concentrations. C,
D shows interaction of glucose and ammonium chloride for C: 2.5 g L' and D: 15 g L™ formate concentrations.

Thereby, the observations are similar for the yield, as low glucose concentrations equal low
itaconate yields. However, the highest possible yields do not result in the highest possible
glucose concentration of 280 g L™!. Lower concentrations, in the range of 165 g L™, led to
higher predicted yields of 0.67 g g (predicted in combination with 2.5 g L™ sodium formate
and 0.8 g L' NH,4CI, Figure 46 and Figure 47). In conclusion, highest itaconate titers are
reached with highest glucose concentrations, but yields do not follow this trend. This optimum
of glucose concentration for the yield could be attributed to higher biomass formation or
increased osmotic stress. At least for batch cultivations, this sets a limit in efficiently achievable
itaconate titers. Fermentations with a glucose feed could be an alternative for reaching high
titers with yields above 0.6 Giaconate Gsubstrate ' @voiding osmotic stress at the beginning of the

process.
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Figure 46: 3D-surface diagrams of the effect of glucose, formate and ammonium chloride on itaconate
production.

A - C: itaconate titer, D-F: itaconate yield with varying ammonium chloride concentrations (A, D: 0.8 g L"; B, E:
24 gL' E, F:4gL™"). Red dots represent the design points of the model (filled above predicted value, transparent
below predicted value). Models were established for U. cynodontis Afuz7 Acyp3 PetefmttA APria1::Peter. Color of the
diagrams indicate predicted itaconate titer ( 0.0ss HEEEN 17251 g L' itaconate) and yield ( 0.00354703 IR 0755284
gg’)

Figure 46 A and B show the interaction of glucose and sodium formate concentration for
conditions of A i.e. 0.8 gL " and 4 g L' ammonium chloride. It can be observed that the
established model for itaconate titer did not differ much between the tested range of 2.5 and
15 g L™ formate, indicating that the influence of formate on itaconate titer is not very prominent
within the tested design space. Itaconate titers were not affected greatly by the addition of
sodium formate, possibly because the ratio glucose to sodium formate is highly on the glucose
side. Therefore, sodium formate does not influence production greatly at comparably low
concentrations (up to 15 g L™") in contrast to glucose concentrations up to 280 g L™
Nevertheless, the darkest areas concerning itaconate titers are shown in a range between 5
to 15 g L' sodium formate (Figure 47 B, C). In contrast, in Figure 46 and Figure 47 D-F it is
shown that lower sodium formate concentrations are beneficial compared to higher
concentrations concerning itaconate yield as darker areas can be found in this range. Within
the tested design space, sodium formate did not show a great influence on itaconate
production. Nevertheless, its beneficial effect compared to sole glucose cultivations were
shown in Figure 42 by a 10% increased itaconate titer. Instead, the results outline that a
feeding strategy may be beneficial for further investigation of formate’s role as co-substrate.
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Figure 47: Heatmap diagrams of the effect of glucose, formate and ammonium chloride on itaconate
production.

A - C: itaconate titer, D-F: itaconate yield with varying NH4CI concentrations (A, D: 0.8 gL™"; B, E: 24 gL E, F:
4 g L-"). Red dots represent the design points of the respective model. Models were established for U. cynodontis
Afuz7 Acyp3 PeieimMttA APriat::Peter.

As itaconate production gets induced upon ammonium limitation and with ammonium chloride
being the sole ammonium supplier of these cultivations, it was expected that ammonium
chloride concentration impacts itaconate production during DoE experiments [62]. Thereby,
two different effects were observed concerning itaconate titer and yield. ltaconate titer benefits
from a lower ammonium chloride concentration (0.8 g L' NH4Cl) when glucose concentrations
were below 142 g L' (Figure 44 C & D). When higher glucose concentrations are applied, a
concentration of 4 g L' NH4Cl improves the predicted titers compared to low ammonium
chloride concentration of 0.8 g L™". As far as the itaconate yield is concerned, lower ammonium
chloride concentrations were beneficial for glucose concentrations higher than 234 gL'
(Figure 45). In conclusion, low ammonium chloride concentrations are predicted to result in
the highest possible itaconate titers for lower glucose concentrations and itaconate yields
independent of the glucose level. However, one drawback of low ammonium chloride
concentrations is the slow growth and therefore slow volumetric production rate [62].

To sum up, empirical models were generated, which can predict itaconate acid titers and yields
within the tested design space with given starting concentrations of glucose, formate and
ammonium chloride. During these experiments’ different combinations of these three
substrates were used to gain underlaying data so that the models can accurately predict titer

20
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and yields for U. cynodontis. The established models can be used to optimize the given
parameters maximizing itaconate production.

Those predicted maximum production conditions were tested to verify the established models.
Two numerical optimizations were performed resulting in two predictions. The best prediction
for maximizing both responses, while keeping all factors in range, resulted in 238.8 g L™
glucose, 9.35 g L' sodium formate, 3.5 g L™" ammonium chloride maximized both responses.
In order to meet the approach toward a carbon reduced footprint of the process, glucose
concentration was minimized for the next prediction resulting in the following conditions:
95.2 g L™ glucose, 2.5 g L™ sodium formate and 0.8 g L' NH4CI.

The model predictions and actual values obtained during cultivation experiments are displayed
in Table 17. Figure 48 shows the conducted cultivation experiments for model validation.
Thereby, both cultivation experiments were successful for model validation as the itaconate
titer and yield was obtained within the 95% confidence interval of the respective prediction.
Furthermore, an itaconate titer of 138.2 + 7.0 g L' was reached for the high factor
concentration experiment, which displays the highest published titer for U. cynodontis so far
[61]. The previously reported titer of 82.9 + 0.8 g L' was improved upon DoE optimization
(Table 35, see appendix) by implementing in-situ product removal of itaconate by calcium salt
precipitation as previously shown by Hosseinpour Tehrani et al. (2019) [64]. During both
validation experiments a yield of 0.55 + 0.1 g g™ was achieved, which is 76% of the theoretical
maximum pathway vyield [65]. Excluding sodium formate from the yield calculation under
assumption of the auxiliary substrate concept a yield of 0.57 + 0.1 Giconate Jglucose” Was
achieved.

Table 17: Model validation experiments with U. cynodontis Afuz7 Acyp3 PeteimttA APria1::Peter.

Yepis,max
ays Titel’max,predicted Titermax _’ i YF!S.max p,max

Condition Symbol [g L'1] [g L'1] prednc;ed [g g_1] [g L h_1]
l9g7]

238,8 g L' glucose, 138.2 0.55 +

9.35 g L' formate, [ ] 1419+ 8.6 7.0 0.57 £ 0.1 0.1 0.22

3.5g LT NH(CI

g

95.2¢g I: glucose, 52433 0.55 +

2.5 gL " formate, A 50.1+5.1 0.56 £ 0.1 0.1 0.1

0.8 g L' NH4ClI
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Figure 48: Model validation experiment.

Two validation conditions were tested in shake flask cultivation using U. cynodontis Afuz7 Acyp3 PeeimttA
APriar::Peter. A, B display cultivation using 238,8 g L™ glucose, 9.35 g L' sodium formate, 3.5 g L ' NH4Cl (w) whereas
C, D show cultivation using 95.2 g L glucose, 2.5 g L™ sodium formate, 0.8 g L' NH4CI (A). Color scheme is
determined as ODsoo (light green), itaconate production (orange), glucose consumption (blue), sodium formate
consumption (dark green), pH (light pink). Cultivations were carried out in shake flasks following (section 4.1). MTM
medium with 66 g L' CaCO3 was used. Error bars depict the standard deviation of the mean (n = 3).

3.3.5 Implementing CO2-derived formate

The implementation of CO2-derived formate obtained via catalytic hydrogenation into the
existing bioprocess was investigated. As a formate salt and not “free” formic acid is used in
fermentation and a base is needed to shift the endergonic hydrogenation of CO- to formic acid,
the combination of these two processes represents a win-win situation. Thereby a biphasic
catalytic system was envisaged, with a homogeneous Ru-catalyst residing preferentially in an
apolar organic phase. The aqueous solution containing the formate should be used directly in
the fermentation preferably without any purification steps. Moreover, this approach allows
facile reusability of the metal catalyst.

During a first step, six different formate salts were tested to find the one with the best initial
biocompatibility and highest itaconate production. The bases show a beneficial effect on

carbon capture strategies to produce formate in a CO2 hydrogenation process [160]. Therefore,
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the following bases were tested as equimolar solutions of base and formic acid during this
work: diethanolamine (DEA), methyl diethanolamine (MDEA), ethanolamine, triethylamine,
arginine and ammonia. Sodium formate, which was used in all previous experiments, served
as a reference [91].

First, tolerance of U. cynondontis #2705 wild-type strain was determined in a range from 9-
18 g L' (200 — 400 mM) of the respective base-formate salt (Figure 49).
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Figure 49: Itaconate production using alternative formate salts.

Itaconate yield [C-moOlitaconate/C-MOle-source], (B) titer [g L -] during itaconate production experiments. Experiments
were performed using U. cynodontis #2705 wild-type strain in the Growth Profiler (30 °C, 225 rpm, 50 mm throw,
start OD 0.5) in 24-well plates filled with 1.5 mL MTM (100 mM MES pH 6.5, 50 g L' glucose, 0.8 g L' NH4ClI).
Sodium formate (orange), DEA formate (yellow) or MDEA formate (green) were added in concentrations of 100
mM, 50 mM or 25 mM. A glucose-only (blue) condition was included for reference. Error bars indicate the standard
deviation of the mean (n = 2).

The highest tolerance was observed for MDEA, DEA, ammonium and sodium formate.
Formate salts with a negative impact on fungal growth were excluded for subsequent

experiments on itaconate production (Figure 50).
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Figure 50: Overview of growth experiments of U. cynodontis #2705 using alternative formate sources.
Summary of Growth Profiler cultivations of U. cynodontis NBRC 7530 (#2705) in the presence of seven different
formate sources. Experiments were performed in 24-well plates filled with 1.5 mL MTM (100 mM MES pH 6.5, 50
g L glucose, 0.8 g L' NH4ClI) testing formate concentrations of 400 mM (orange), 300 mM (blue) and 200 mM
(green). As a reference 50 g L~ ' glucose-only is shown in grey. Cultivations were performed at 30°C (225 rpm, 50
mm throw) with a start ODsoo of 0.5. Error bars indicate the standard deviation of the mean (n = 2).

Obtained growth curves are shown in Figure 51 whereby no substantial differences between
the tested conditions were observed regarding growth behavior. Itaconate production is
displayed in Figure 49 with further production parameters such as pH, ODego and by-product
formation being visualized in Figure 52. Addition of 50 mM DEA and sodium showed highest
itaconate production whereas all conditions performed better compared to the glucose
reference. Cultivation with 50 mM DEA formate showed maximum titer of 10.7 £ 0.2 g L " and
ayield of 0.24 + 0.00 C-moOlitaconate/ C-MOlc-source. IN comparison to the glucose-only control, yields

and titers were doubled.
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Figure 51: Growth behavior of U. cynodontis #2705 during itaconate production test.

The growth curves for the itaconate productions tests for three different formate salts are shown during Growth
Profiler cultivation (start ODesoo 0.5, 24-well format, 1.5 mL per well, 225 rpm, 50 mm throw). The formate salts were
added to MTM (100 mM MES pH 6.5, 50 g L' glucose, 0.8 g L' NH4Cl) in concentrations of 100 mM (orange), 50
mM (blue), 25 mM (green). A glucose-only (grey) condition was included for reference. Error bars indicate the
standard deviation of the mean (n = 2).
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Figure 52: Itaconate production using different formate salts.

(A) Minimum pH [-], (B) maximum optical density (ODeoo [-]), and (C) maximum erythritol levels [g L"] during
itaconate production tests. Experiments were performed in the Growth Profiler (30 °C, 225 rpm, 50 mm throw, start
OD 0.5) in 24-well plates filled with 1.5 mL MTM (100 mM MES pH 6.5, 50 g L' glucose, 0.8 g L ' NH4Cl). Sodium
formate (orange), DEA formate (yellow) or MDEA formate (green) were added in concentrations of 100 mM, 50 mM
or 25 mM. A glucose-only (blue) condition was included for reference. Error bars indicate the standard deviation of
the mean (n = 2).

To sum up, this production test showed that DEA formate is suitable to replace sodium formate
without adverse effects on itaconic acid production. Nevertheless, DEA shows toxicological
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and ecotoxicological properties, harming for example aquatic species [237] Since there was
only a minor improvement compared to the sodium salt, all further experiments were done
utilizing the sodium salt as a formate source.

To enable implementation, the biocompatibility of various organic solvents with U. cynodontis
cultivation experiments was verified, whereby the toxicity in combination with the cross-
solubility in water is the major issue. Aqueous solutions saturated with nine different solvents
(anisole, ethylacetate, 2-MTHF, n-dodecanol, n-octanol, n-tetradecane, n-hexanol,
octylacetate, toluene) were tested for growth using the U. cynodontis #2705 wild-type strain in
hungate tubes (Figure 53).

control 0 T A

Figure 53: Organic solvent tolerance test in U. cynodontis #2705.

Experiment was performed using 2 ml YEP-medium, 4 gL-1 glucose in addition of 100 pl solvent (n=2). Control
without addition of solvent is displayed on the left. Growth was evaluated based on cultures turbidity. Thereby,
ocytlacetate (O), anisol (A) and tetradecane (T) were selected for subsequent experiments.

Thereby, octylacetate, anisole and tetradecane were selected for subsequent experiments as
these three solvents showed the strongest growth based on cultures turbidity, very comparably

with the growth observed in a solvent free reference solution.

111



Chapter 3

Cl
g
p—/
[Ru] = cis-[RuCly(C+2-dppm);]

/©/C12H25
£,

p=

CaaHas

Figure 54: Schematic depiction of the biocompatible, multiphasic system for catalytic conversion of CO;
and H; to sodium formate.

The complex cis-[RuCl.dppmgz] (dppm = bis-diphenylphosphino methane) is a well-established
catalyst promoting the CO; hydrogenation to formate [238]. To ensure good solubility and high
retention of the Ru-catalyst in the selected very apolar organic phase, a lipophilic variant of the
dppm ligand, the bis(bis(4-dodecylphenyl)phosphanyl)methane (Ci2-dppm), tagged with
apolar Ci2 alkyl chains at the phenyl rings was used [229].With sodium formate chosen as
formate source and the three mentioned solvents as candidates for the catalyst phase, in the
next step real product solutions from catalytic hydrogenation of CO, were generated as
described in the experimental section and depicted in Figure 54. The 1 M NaOH solution in
water was saturated with CO, simulating gas-scrubbing. The pressure was then released, H.
was added and the dissolved CO; was converted to 0.78-0.81 M solutions of sodium formate
corresponding to 53-55 g L™'as determined by quantitative 'H-NMR. The progress of the
reaction was observed through the recorded pressure drop curves (Figure 55). As gaseous
Hz is consumed and converted into the dissolved formate, the pressure decreases and a
constant pressure indicates completion. Furthermore, the reusability of the catalyst phase was
demonstrated for tetradecane, anisole and octylacetate (Figure 55).
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Figure 55: Pressure-drop curve of with A: tetradecane, B: octylacetate and C: anisole as catalyst phase.
Reaction conditions: 3 mL of 1 M NaOH solution saturated with CO,, 60 bar Hz, 1 umol [Ru] in 2 mL solvent, 70 °C.
Consistent amounts of sodium formate were obtained, also indicated by a similar total pressure
drop of 10 bar. However, the reaction velocity differs strongly depending on the used solvent
with completion for anisole after 0.5 h, for octylacetate after 2 h and for tetradecane after 25 h.
Thus, the choice of the solvent not only influences biocompatibility, but also the speed of the
chemical reaction and hence its efficiency. Still, the major goal was to find a biocompatible
product solution, which was examined next.

In a subsequent shake-flask cultivation experiment with direct implementation of the product
solutions the itaconate production was investigated using the metabolically engineered
U. cynodontis Afuz7 Acyp3 PeemttA APgar::Peer Strain displayed in Figure 56 and Table 18.
Based on previous cultivations, the product solutions were adjusted to a final formate
concentration of 2 g L™ in the cultivation medium and 50 g L™ glucose was used as a substrate.
A prolonged lag phase compared to the previous conditions was observed. This effect could
be avoided by adding them to the respective pre-culture. The highest itaconate titer of 36.7
0.1 gL' and 34.3 + 0.1 gL' were achieved with addition of a product formate solution
obtained with tetradecane and anisole as catalyst phase, respectively. Thus, the direct use of
product solutions originated from the devised biphasic CO2 hydrogenation did not result in a
decreased itaconate production confirming the biocompatibility of the overall process. No

significant impact was observed on cell growth (Figure 56 B).
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Figure 56: Tolerance of U. cynodontis Afuz7 Acyp3 PetefmttA APiia1::Peter toward solvent contamination.

(A) itaconate production, (B) growth via ODsoo, (C) glucose consumption and (D) formate concentration. Cultivation
was performed with 10% filling volume (50 mL) in addition of 1 mL organic solvent using MTM medium with 50 g L'
glucose, 2 g L' formate, 0.8 g L™ NH4CI. Solvents: tetradecane (m yellow), octylacetate (e green), anisole (¢ blue)
and reference (no solvent, (¥ grey). Cultivations were carried out in shake flasks following (section 4.1). 33 g L'
CaCO3 was used as buffer system. Error bars depict the standard deviation of the mean (n = 3).

Based on shake-flask cultivation experiments, utilization of sodium formate produced in the
catalytic hydrogenation with tetradecane as catalyst phase was further examined during a
controlled fed-batch bioreactor experiment (Figure 57). Thereby, culture starting conditions
were optimized using the established model. This led to similar itaconate production
(Figure 57 A) of 63.3 g L with commercial sodium formate and 64.2 g L™ itaconate with CO,-
derived formate with tetradecane as catalyst phase in fed-batch experiments. Surprisingly, the
latter cultivations showed a higher yield of 0.66 Gitaconate Gsubstrate ' cOmpared to 0.57 g g using
commercially available sodium formate.
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Figure 57: Itaconate production in pulsed fed-batch bioreactor using commercially available sodium
formate and formate solutions obtained from biphasic CO; hydrogenation (catalyst phase: tetradecane).

U. cynodontis Afuz7 Acyp3 PeteimttA APyiar::PeterWas used in these experiments. (A) itaconate production, (B) growth
via ODgoo, (C) process parameters of cultivation with catalytic product ( e ) and (D) cultivation with commercial
sodium formate ( m ). Cultivation was performed with a controlled bioreactor set-up (500 mL filling volume) using
MTM medium with 100 g L™ glucose, 4 g L! sodium formate, 3.5 g L™' NH4Cl and MES buffer. pH was controlled at
6.5 via addition of NaOH and HCI (30°C, 80% DO, n = 1). Color scheme is determined as itaconate (orange), ODgoo

(green), glucose (blue) and formate concentration (yellow).

115



Chapter 3

Table 18: Itaconate production with formate solutions from CO.-hydrogenation experiments.

Strain U. cynodontis Afuz7 Acyp3 APriar::Peter + mttA + Values indicate the standard error of the mean (n

Symbols refer to conditions shown in Figure 56 and Figure 57.

= 3).

e Titermax YPis,max Qp,max
| | ’
Condition Solvent Symbo [g L] [gima Geus'] [g L' h]
[9ma gou]
w/o solvent
+ 0.54 £ 0.1
+
commercial v 284£05 0.56 + 0.1 0.10
HCOONa
catalyst in 0.69+0.1
50gL" glucos,  NEREE u 36.7+0.1 . 0.10
2 g L' sodium
formate,
0.8 g L' NH4Cl ;
catalyst in R 20.8 + 0.1 0.57 £ 0.1 010
octylacetate 0.59+0.1
catalyst in 0.66 * 0.1
anisole ¢ SRl 0.68 £0.1 0.10
w/o solvent
* . ] 63.3 0.57 0.22
100 g L glucose, ~ commercial 0.59
4 g L' sodium HCOONa
formate,
3.5g L NH(CI catalyst in 0.66
tetradecane ° e 0.68 e

3.3.6 Conclusion and outlook

This study demonstrates the use of the pH tolerant and non-filamentous U. cynodontis as an

alternative itaconate production host in formate co-metabolization experiments. Thereby, an

improvement of itaconate production was achieved for metabolically engineered U. cynodontis

Afuz7 Acyp3 APiia1::Peterand U. cynodontis Afuz7 Acyp3 APyiar::Petes + mttA by the use of sodium

formate as energy co-substrate boosting production titer (up to 10 % increase) and yield (up

to 7 %).

Furthermore, formate co-metabolization was optimized using DoE approach reaching an

itaconate titer of 138.2 + 7.0 g L' corresponding to an increase in maximum titer of 66%, which

displays the highest published titer for U. cynodontis so far [31]. Thereby, empirical models

were generated, which can predict itaconate titers and yields within the tested design space

with given starting concentrations of glucose, formate and ammonium chloride.
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The bioprocess could be successfully combined with biphasic catalytic hydrogenation of CO-
directly delivering the aqueous sodium formate solutions and enabling catalyst recycling.
Tetradecane as catalyst phase yields a biocompatible sodium formate solution performing as
good as commercial sodium formate. This productivity of U. cynodontis compared to the
current industrially used production host using A. terreus. Within this study, yield up to 0.62
Qitaconate substrate - WeTe achieved which equals 86% of the theoretical maximum.

Product inhibition of itaconate and toxic effects of formate could be addressed in suitable
feeding strategies and continuous process approaches within subsequent experiments, e.g.
implementing an external membrane enabling cell retention system as repeated batch-
cultivations with U. cynodontis showed high potential.

Further, economic evaluation, e.g. via life-cycle assessment (LCA) of the process could be
approached as the presented work lays the foundation for an improved itaconate production
process with a potentially reduced carbon footprint.

The proposed role of formate as an energy source for the cell is just assumed here. By
conducting "*C-labeling experiments with formate this hypothesis could be confirmed or

falsified and new insights on the potential formate carbon flux in U. cynodontis could be gained.
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Results

3.4 Seventeen Ustilaginaceae high-quality genome sequences allow
phylogenomic analysis and provide insights into secondary
metabolite synthesis

3.4.1 Summary

The family of Ustilaginaceae belongs to the order of Basidiomycetes. Despite their plant
pathogenicity causing, e.g., corn smut disease, they are also known as natural producers of
value-added chemicals such as extracellular glycolipids, organic acids, and polyols. Here, we
present 17 high-quality draft genome sequences (N50 > 1 Mb) combining third-generation
nanopore and second-generation lllumina sequencing. The data were analyzed with
taxonomical genome-based bioinformatics methods such as Percentage of Conserved
Proteins (POCP), Average Nucleotide Identity (ANI), and Average Amino Acid Identity (AAI)
analyses indicating that a reclassification of the Ustilaginaceae family might be required.
Further, conserved core genes were determined to calculate a phylogenomic core genome
tree of the Ustilaginaceae that also supported the results of the other phylogenomic analysis.
In addition, to genomic comparisons, secondary metabolite clusters (e.g., itaconic acid,
mannosylerythritol lipids, and ustilagic acid) of biotechnological interest were analyzed,

whereas the sheer number of clusters did not differ much between species.
3.4.2 Introduction

The family of Ustilaginaceae belongs to the order of Ustilaginomycetes. It consists of 14
genera, including Ustilago, Sporisorium, and Macalpinomyces [75]. The taxonomy of the
Ustilaginaceae, which is still a matter of debate, was focused on during several studies
resulting in several taxonomic revisions [239]. For instance, Kirk et al. (2008) proposed that
the Ustilaginaceae family comprises 17 genera comprising 607 species [76]. The ever-
increasing genomic data should settle the discussion at one point. Ustilaginaceae are known
for their plant pathogenicity and the capability to infect economically essential crops, including
barley, sugarcane, wheat, and oats [76]. Even though these plant diseases cause crop loss,
smut fungi attracted particular attention in the field of industrial biotechnology.

Ustilaginaceae show a versatile product spectrum including organic acids (e.g., itaconate,
malate, succinate), polyols (e.g., erythritol, mannitol), and extracellular glycolipids, which are
considered value-added chemicals with potential applications in the pharmaceutical, food, and
chemical industries [43], [83]. For instance, mannosylerythritol lipids (MELs) are surface-active
glycolipids secreted by various fungi, including U. maydis. MELs can be used as
biosurfactants, displaying the much-asked biodegradability resource for the production of
detergents or pharmaceuticals [86]. The various organic acids produced by Ustilaginaceae are

121



Chapter 3

known as platform chemicals, which have the potential to contribute to the transition from a
fossil- to a bio-based economy [78].

U. maydis does not only show a broad product spectrum, but also metabolizes a range of
renewable carbon sources, which, apart from sugars, also include the monomers acetate,
galacturonic acid, glycerol, and xylose, as well as the polymers cellulose, pectin, lignin, and
xylan [62], [165], [186], [240], [241]. Among the Ustilaginaceae, U. maydis is the best-studied
species in plant pathogenicity and biotechnology, and is a model organism in cell biology [167].
A broad range of molecular, genetic, bioinformatics, and cell biological techniques have been
developed over the past years [69], [166], [168]. This, along with their yeast-like growth, makes
Ustilaginaceae attractive for biotechnological applications.

Recent studies have advanced our understanding of the smut fungi by elucidating complete
genome sequences of U. maydis and other members of the Ustilaginaceae family [87]. With a
particular interest in itaconate producers, Geiser et al. (2016) compared nine different strains
and observed that the synteny of the itaconate cluster is preserved in the investigated
Ustilaginaceae [242]. Furthermore, the sequencing revealed genome sizes between 19 and
25 Mb of the investigated Ustilaginaceae via lllumina short-read sequencing.

Technological progress and the development of third-generation sequencing methods, e.g.,
nanopore sequencing, allow for the rapid and cost-efficient high-throughput generation of
complete genome sequences with long reads [153]. Thus, next-generation sequencing
displays a valuable tool for the investigation of phylogenomic and population genomic
relationships, e.g., as shown previously in the investigation of Hypoxylaceae by Wibberg et al.
(2021) [159].

In this study, 17 strains of the Ustilaginaceae were genomically analyzed by establishing high-
quality draft genomes (N50 > 1 Mb) combining Oxford Nanopore and lllumina sequencing.
Various comparative genomics methods, including Average Amino Acid Identity (AAl),
Average Nucleotide Identity (ANI), and Percentage of Conserved Proteins (POCP), were used
to estimate the similarity of the selected isolates and to compute a phylogenomic core genome
tree of the Ustilaginaceae. In more detailed analyses, the presence of secondary metabolite
gene clusters was investigated for potential biotechnological exploitation. With these high-
quality draft genomes, a data set was established, enabling the investigation of Ustilaginaceae
biodiversity, as well as contributing to biotechnological applications, e.g., metabolic

engineering of secondary metabolite production.

3.4.3 Results

3.4.3.1 Genomic data

Within this work, 17 different Ustilaginaceae strains from 14 species were chosen for genome
sequencing by application of third-generation Oxford Nanopore sequencing in combination
with second-generation Illumina sequencing. Long-read nanopore sequencing was combined

122



Results

with the short-read lllumina sequencing method to improve base accuracy and thus
significantly reduce error rates in the final genomes. The strain selection was based on
previous work, including relevant species such as U. cynodontis [72], U. trichophora [186],
U. vetiveriae [165], and U. maydis [64], [65], [86]. Several U. maydis isolates were included as
previous studies determined differences in the secondary metabolite profiles. Apart from the
named Ustilago species, a broad species selection was aimed for, including Macalspinomyces
[243], Pseudozyma [44], Sporisorium [243], and Ustanciosporium.

The amount of obtained reads by Nanopore sequencing ranged from 175,216 to 621,889 with
an average read count of 350,192, whereas the mean read length shows an average of 13,253
bp (8214-17,321 bp). Assemblies polished by lllumina short reads resulted in an average
contig number of 66 (22—-316) with a 72-fold average coverage (45.8-95.3 fold). Established
genome sequences range in size from 18 to 36 Mb and feature GC contents around 54%,
which is common for eukaryotes as they barely reach GC values above 60%. Table 19 shows
the assembly results in more detail, incorporating genome size, contig numbers, GC-content,
and the number of annotated genes.

Table 19: Details of the genome sequences of the selected Ustilaginaceae.
2 as identified via GeneMark tool, * diploid/ + additional fungi.

. . Genome Size . Largest oy Annotated
No. Organism Strain (bp) Contigs Contig N50 (bp) GC (%) Genes @
#2814 Macalpinomyces mackinlayi  gob 20,011,713 79 2517462 778176 552 6780
#2816 Macalpinomyces ordensis ol 21488978 42 1934029 921621 544 7166
#1946 Pseudozyma antarctica ~ NRRLY 7808 18,256,718 27 2307276 72913 608 6532
#2212 Sporisorium exsertum RK033 19675720 41 1762232 1163924 567 6772
#2213 Sporisorium scitamineum UMaB98  20,280.126 51 1999406 881538 549 6757
#2214 Sporisorium walkeri RK 031 18,415,360 22 2,584,725 1,158,577 539 6584
#2215 Ustanciosporium gigantosporum *  UMa706 26,778,318 86 3,628,339 1,232,426 553 8712
#2215 Ustanciosporium gigantosporum  UMa706 20,177,783 36 3,087,333 1,238,668 52.0 6690
#2821 Ustilago curta o, 18,446,555 39 1762630 682062 552 6420
#2706 Ustilago cynodontis NBRC 9727 23,130,474 48 2,786,107 1,026,819 52.1 7322
#2826 Ustilago lituana 42;223 25,770,532 69 1993860 819494 543  77M
#2136 Ustilago maydis No.198 21122121 107 2522778 660,941 538 6807
#2169 Ustilago maydis No.482 20585367 46 3568257 87601 540 6827
#2169 Ustilago maydis No.482  20.591,394 68 2499251 674905 539 6833
#2172 Ustilago maydis No.485 20,582,581 43 2514809 743668 539 6777
#2701 Ustilago trichophora JORC 20713800 48 1074389 794480 538 6585
#2220 Ustilago vetiveriae RKO75 18,373,116 37 2393662 780,848 548 6347
#2836 Ustilago xerochloae * 638'?7'23 36,081,614 315 4586684 648688 548 11418

A previous study presented draft genome sequences from nine different Ustilaginaceae that
are known for itaconic acid production [242]. Nevertheless, so far, no study has focused on a
broader spectrum of Ustilaginaceae isolates for whole-genome sequencing, including genomic

and phylogenomic analyses.
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In summary, the combinatorial approach of lllumina and nanopore sequencing resulted in 17

high-quality and state-of-the-art fungal draft genome sequences that can be used for further

analysis.

3.4.3.2 Phylogenomic analysis

To deduce the phylogeny of the Ustilaginaceae isolates, the comparative genomics platform
EDGAR 3.0 was applied. Based on all core genes determined for the 14 species - in total 2370
genes - a phylogenetic tree was computed and shown in Figure 58. In the case of two strains
- U. maydis No. 482 and U. gigantosporum Uma 706 - two isolates were sequenced. Thus,
they were labeled with -1 and -2, respectively. The tree consists of six different clusters. In
total, two outgroups are visible representing Pseudozyma antartica NRRL Y7808 and
U. gigantosporum UMa706 (group 1, highlighted in blue), as well as M. ordensis BRIP 26904
a (group 2), followed by two clusters consisting of two different Ustilago species. The largest
cluster consists of all U. maydis isolates (highlighted in orange), U. vetiveriae, and

M. mackinlayi. The last cluster includes all Sporisorium isolates and U. curta.

‘Sporisorfum wafkeri RK 031
1000 1.000 — Ustilago curta®
1000 Ustilago curta BRIP 26529 a
1,000

1000
1000
Ustilago mays 435
0.996)
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Figure 58: Phylogenetic tree of the investigated Ustilaginaceae strains.

The phylogenetic tree is based on the core genes (2370 genes) of the selected strains. The SH-like local support
values were computed using FASTtree within the comparative genomics tool EDGAR 3.0 [244]. "2 Two isolates
were sequenced. 2 Additional strain isolated from sample #2836* (Table 19).

Previous comparative studies on genomes of smut fungi have indicated that U. maydis is more
closely related to other taxa than to species of Ustilago [75]. Other systematic studies
confirmed this fact and further showed that U. maydis is closely related to species of
Sporisorium and Anthracocystis [245], [246]. The close relationship can be explained by
similarities in their hostplant infection mechanism. McTaggart et al. (2016) recovered
U. maydis in a clade, among others, with M. mackinlayi, which all form hypertrophied sori in
inflorescences of their hosts [75]. Furthermore, the authors considered that localized, host-
derived, hypertrophied sori were an apomorphy for this group [75]. During our phylogenomic
analysis based on the core genes of the selected strains, the close relationship between

U. maydis, M. mackinlayi, and Sporisorium species was also observed, confirming previous
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studies. The question remains if U. maydis or the other Ustilago species require a

reclassification.

3.4.3.3 Comparative genomics

In order to determine the similarities within the Ustilaginaceae species, comparative genomic
tools such as Percentage of Conserved Proteins (POCP, Figure 59), Average Nucleotide
Identity (ANI, Figure 60), and Average Amino Acid Identity (AAI, Figure 61) were applied to

the whole genome sequences.

Pairwise Percentage of Conserved Proteins

The POCP analysis has been proposed as a novel method to define genus boundaries in
prokaryotes [152]. In prokaryotic studies, POCP analysis revealed that all pairwise
comparisons of species from different families resulted in values lower than 50%, the proposed
threshold for a genus boundary. A recent study by Wibberg et al. (2021) proposed that this
threshold cannot be directly applied to fungal genomes [159]. Since fungal genes are much
more conserved than prokaryotic genes, the threshold was proposed to be set at 70%
separating family and non-family members [159]. POCP analysis can be used to compare two
strains to estimate their evolutionary and phenotypic distance. Thereby, the quality of POCP
analysis depends on the reliability of the applied gene prediction models. Wibberg et al. (2021)
showed that protein sequences derived from GeneMark delivered an adequate coverage of
the gene content, which is comparable to RNA-Seg-based prediction pipelines [159].

The POCP identities determined in this study ranged from 52-99% (Figure 59). Thereby, the
observed identities of <70% could be explained by the impurity of another fungus in samples
of U. gigantosporium and U. xerochloae. Excluding this artifact, the observed identities are
comparable to the previously published ones showing POCP identities from 70-99% between
the tested family members [159]. The different U. maydis strains within one species even share
96-99% identity. The remaining species show identities up to 95%. Nevertheless, U. maydis
displays the only species that contained several strains within the obtained analysis. In order
to verify a potential species threshold, various additional isolates should be genome
sequenced. Differentiation of interspecific and intergeneric identities between the different
Ustilaginaceae isolates was not possible, which was also observed in previous studies due to
overlapping identities [159]. Thus, our results combined with the phylogenomic analysis
indicate that a reclassification of the Ustilaginaceae family might be required.
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Figure 59: Pairwise Percentage of Conserved Proteins (POCP) analysis for members of the Ustilaginaceae
family.

The conserved proteins between a pair of genomes were determined by aligning all the protein sequences of one
genome (query genome) with all the protein sequences of another genome using the BLASTP program [152].
Proteins from the query genome were considered conserved when they had a BLAST match with an E-value of
less than 1 x 10-5, a sequence identity of more than 40%, and an alignable region of the query protein sequence
of more than 50% [152]. Two isolates were sequenced in case of U. maydis No. 482 and U. gigantosporum UMa706.

Average Nucleotide Identity

Apart from POCP, ANI (Figure 60) was performed to determine the nucleotide-level genomic
similarity between two genomes. The obtained ANI values range from 76.6 to 99.9% identity.
Again, the highest identities and similarities were observed for the U. maydis isolates ranging
from 96.7 to 99.9%. Further, the other comparisons showed a maximum identity of 99.8% for
U. curta and U. xerochloae. Thus, a clear boundary between inter- and intraspecies
comparison is not feasible for our obtained data set using ANI analysis only. Furthermore,
differentiation of interspecific and intergeneric identities was impossible due to overlapping
identities similar to POCP. Wibberg et al. (2021) observed that members of the Hypoxylaceae
share at least 70% of their nucleotide content [159]. The different Ustilaginaceae isolates
compared during this study showed at least 77% nucleotide content, which is comparable to
the previous data received from other fungal families. This threshold is identical to the one
estimated for the POCP analysis.

For prokaryotic genome data sets, ANI analyses have been widely used to identify genomic
variations and, thus, define species boundaries [247]. Concerning fungal data sets, studies are
available for comparably small taxon selections [248]. For selected Rhizoctonia solaniisolates,

126



Results

an approximate sequence identity of 80% was shown. In a recent study of a larger data set on
Hypoxylaceae, a sequence identity within the family of 73.2-93.3% was demonstrated [159].
Moreover, in a study on Arthrodermataceae-related species, identities of 76.4-90.0% were
observed, which are comparable to the other studies and our obtained identities (76.6 to
99.9%) [159], [249]. When comparing the ANI and POCP between species pairs in the family
of Ustilaginaceae, it can be seen that POCP values are overall higher. Comparing U. curta
BRIP 2629a with U. maydis isolates, POCP identities of 91.5-91.8 were obtained. ANIs for the
comparison resulted in values of 79.5%. A similar phenomenon, higher conservation of protein
sequence, was observed for the family of Hypoxylaceae, confirming the obtained results during
this study [159].
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Figure 60: Pairwise Average Nucleotide Identity (ANI) analysis between genome-sequenced Ustilaginaceae.
The ANI between the query genome and the reference genome was calculated as the mean identity of all BLASTN
matches [157]. Two isolates were sequenced in the case of U. maydis No. 482 and U. gigantosporum Uma706.

Average Amino Acid Identity

AAl (Figure 61) measures the genomic difference of the investigated strains based on
orthologous proteins [159]. The AAl identities of the different Ustilaginaceae range from 67.7—
99.9%, indicating that the strains share at least two-thirds of the presented protein-coding
genes. Excluding U. gigantosporium and U. xerochloae with a contaminated or diploid
genome, the identities increase to 74.6-99.9%. The different sequenced U. maydis isolates
show AAls ranging from 99—100%. Comparing isolates from different genera, AAls up to 91.2%
were observed, e.g., comparing U. curta BRIP 26929 and S. walkeri RKO31. Comparing the
different U. maydis isolates and S. walkeri RK031 results in AAls of 80%. U. xerochloae BRIP
2629a and U. maydis isolates showed identities of 78%. During a previous study, Wibberg
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et al. (2021) proposed an intergeneric and interfamilial threshold value of 75% for the tested
Hypoxylaceae [159]. This study focused on one fungal Ustilaginaceae family only.
Nevertheless, AAls above 74.6% were observed, supporting the findings of the previous study.
In comparison to ANI, the AAls were higher, which can be explained by the degenerated
genetic code as nucleotide sequence changes do not necessarily result in an amino acid
change [250].
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Figure 61: Pairwise Average Amino Acid Identity (AAl) analysis between genome-sequenced
Ustilaginaceae.

The AAI between the query genome and the reference genome was calculated as the mean identity of all BLASTN
matches [157]. Two isolates were sequenced in the case of U. maydis No. 482 and U. gigantosporum Uma706.
Gene-based comparison

Results of the genomic comparison by analyzing the number of core and individual genes
between different U. maydis and Sporisorium isolates, respectively, are displayed in
Figure 62. Similar to the POCP, the numbers strongly depend on the accuracy of gene
prediction and hence cannot be considered as exact measurements. Nevertheless, it gives
insights into the distribution of orthologous genes between related and unrelated species.

U. maydis isolates (Figure 62 A) share 6245 core genes and contain between 136 (U. maydis
No. 385) to 396 singleton genes (U. maydis No. 512). The number of common genes between
the individual pairs varied in the range of 6305 (U. maydis No. 512 and 198) to 6578 (U. maydis
No. 485 and 482).
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Figure 62: Gene-based comparison of Ustilaginaceae.

Venn diagrams of (A): U. maydis and (B): Sporisorium isolates obtained from the comparative genomics tool
EDGAR 3.0 [244]. Two isolates were sequenced in the case of U. maydis No. 482.

In addition to the core genome, the regions involved in secondary metabolite synthesis for the
different Ustilaginaceae isolates were analyzed and compared (Table 20). In general, these
fungi include - also in comparison with other basidomycota, e.g., R. solani [159] - only a few
secondary metabolite synthesis genes and gene clusters, which agrees with previous reports
[194]. The number ranges between 10 and 15 regions per genome. Here, the differences
between species are not very pronounced. Most of the predicted regions belong to the core
genome of the isolates. However, also unique regions were predicted, e.g., the RIPP region in
U. gigantosporum Uma706 or a second T1PKs region in M. mackinlayi BRIP 52549a. Here,
additional experiments are needed, such as RNA sequencing experiments to predict the
function of the metabolites and to predict if it is involved in the pathogenic interaction with the
host plant. Differences between the two respective isolates of U. maydis No. 482 and
U. gigantosporum Uma706 can be explained by separate cultivation and isolation experiment.
In the case of eukaryotes, such genetic differences are a common phenomenon. In general,
the presented results solely display a prediction on the chosen enzyme families and do not
cover all potential secondary metabolites. In the case of polyketide synthases (PKSs),
antiSMASH predicts one type 1 PKS, whereas it is known that U. maydis has three polyketide
synthases (pks3, pks4, and pks5) for the production of the pigment melanin [192]. Indeed,
antiSMASH updates are announced to further improve the predictions of secondary metabolite
synthesis gene clusters in varying organisms [251]. Another example of missed secondary
metabolites are isoprenoids derived from carotenoids - for example, the plant hormone
abscisic acid, of which its synthesis was reported for U. maydis [59]. The largest class of genes
encoding enzymes involved in secondary metabolite synthesis identified here are NRPSs
(Table 20). A prominent example of a Ustilaginaceae product requiring NRPS enzymes is the

metal chelator ferrichrome [252].
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Table 20: Investigation of secondary metabolite synthesis via antiSMASH analysis [251].
12 Two isolates were sequenced, contains * diploid/ + additional fungi.

Organism Strain NRPS Terpene T1PKS RIPP Total
Ustilago maydis No. 485 11 2 1 0 14
Ustilago maydis No. 482 ' 1 2 1 0 14
Ustilago maydis No. 4822 13 2 1 0 15

Ustilago vetiveriae RK 075 7 2 1 0 10
Ustilago curta BRIP 26929a 7 3 1 0 11
Macalpinomyces ordensis BRIP 26904a 6 3 1 0 10
Ustilago trichophora NBRC 100157 7 2 1 0 10
Sporisorium exsertum RK 033 8 3 1 0 12
Ustanciosporium UMa706 1 7 4 1 1 13
gigantosporum
Sporisorium scitamineum UMa698 9 3 1 0 13
Ustilago xerochloae BRIP 60876a * 8 2 1 0 11
Ustilago xerochloae BRIP 60876a * 5 2 0 0 7
Macalpinomyces mackinlayi BRIP 52549a 7 3 2 0 12
Ustanciosporium UMa706 2 7 2 1 0 10
gigantosporum
Sporisorium walkeri RK 031 6 3 1 0 10
Ustilago maydis No. 198 1 2 1 0 14
Ustilago cynodontis NBRC 9727 9 2 1 0 12
Ustilago lituana BRIP 46795a 6 3 1 0 10

Itaconate cluster identification

Based on the obtained genomes, secondary metabolite clusters were investigated in order to
verify genetic similarities and differences between the Ustilaginaceae. During previous
empirical studies, differences in itaconic acid production were observed for various
Ustilaginaceae strains [43]. Thus, the itaconate gene cluster was compared at first (Figure 63).
The complete itaconate cluster was identified in six isolates: U. maydis No. 198, 485, 482, and
512, as well as in U. vetiveriae RKO75 and U. cynodontis. M. mackinlayi BRIP 52549a did not
contain mtt1 and ria1, which encode a mitochon-drial tricarboxylate transporter and the
regulator of itaconic acid biosynthesis, respectively [69]. Thus, itaconate production was tested
during a cultivation experiment (Figure 64). An itaconate production of 2.2 + 0.01 g L™ after
48 h was observed, indicating a functional itaconic acid synthesis cluster that is also reacting
to nitrogen starvation as previously reported for the other Ustilago itaconate producer [62].
Previous studies focused on the role of different itaconate cluster genes as, e.g., a deletion of
mtt1 in U. maydis MB215 (No. 512) led to a strong decrease in itaconate production, but its
production was not completely abolished [69]. This transporter is known as the rate-limiting
step in itaconate biosynthesis in U. maydis [253]. Most likely in M. mackinlayi BRIP 52549a,
different less specialized, and therefore less efficient, transport proteins substitute the
dedicated itaconic acid transporter, as most eukaryotic mitochondrial transporters have a

diverse substrate spectrum with different affinities [70].
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Figure 63: Schematic overview of the itaconate biosynthesis gene cluster in U. maydis.

Modified from [208] (A): Organization of the cluster genes is compared to the sequenced Ustilaginaceae isolates.
Blue color indicates genes directly involved in itaconate production and transport [166]. Orange-colored genes are
involved in itaconic acid conversion into its derivates [69]. Cyp3 (P450 monooxygenase), rdo? (glyoxalase domain-
containing protein RDO1), tad1 (trans-aconitate decarboxylase 1) itp1 (itaconate transport protein), adi? (aconitate-
delta-isomerase 1), mtt1 (mitochondrial tricarbox-ylate transporter 1), ria? (regulator of itaconic acid biosynthesis).
(B): Itaconate cluster comparison of selected Ustilaginaceae. Numbers given show amino acid sequence identity
as percentage compared to the reference strain U. maydis No. 512 using antiSMASH 6.0 [251]. Two isolates were
sequenced in the case of U. maydis No. 482 and U. gigantosporum UMa706.
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Figure 64: Shake flask cultivation experiment of M. mackinlayi BRIP 52549a.

Growth via ODgoo measurement (green line), glucose concentration (black line), malate production (orange line)
and itaconate production (blue line) are visualized during small scale (50 ml) cultivation experiment using MTM
medium and 50 g L glucose and 0.8 g L™" NH4CI. Error bars indicate the deviation from the mean for n=3.

Four isolates, U. gigantosporum UMa706, S. walkeri RK031, and U. xerochloae BRIP 608763,
only harbor itp1, encoding the itaconate transport protein lacking the remaining itaconic acid
cluster genes. This transporter secretes itaconic acid, itatartarate, and 2-hydroxyparaconate
from the cytosol to the exterior of the cell [70]. As itaconate reduction was observed in some
long-lasting experiments (Figure 65), itaconate import might be facilitated by /tp7. Indeed, the
degradation of itaconate might be important in some niches due to the antimicrobial properties
of itaconic acid [254], [255]. Geiser et al. (2016) [242] presented draft genome sequences of
itaconate-producing  Ustilaginaceae, including S. iseilematis-ciliati BRIP  60887a,
P. tsukubaensis NBRC 1940, P. hubeiensis NBRC 105055, as well as U. maydis and
U. vetiveriae strains. All strains showed the complete itaconate cluster except for
P. tsukubaensis NBRC 1940. Available genome sequences of investigated Ustilaginaceae
strains could be included in the obtained data, which helps facilitate further research on the
biology of Ustilaginaceae and increase the list of tools for metabolic engineering of itaconate

production by Ustilaginaceae.
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Figure 65: Controlled-batch fermentation of U. maydis No. 512.

A: Itaconate production and B: growth via ODsoo measurement on in a bioreactor containing MTM medium using
50 g L' glucose, 6.25 g L, 0.8 g L™" NH4CI, 80% DOT, at pH 6.5 [91].

To further investigate the itaconic acid cluster genes, amino acid sequence identities were

compared (Figure 63 B). Each enzyme shares amino acid sequence identities with the
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corresponding enzymes in U. maydis No. 512, with identities ranging from 35 - 100%. Among
those, the highest identities were found for the different U. maydis isolates ranging from 96 -
100%. The lowest identity of 96% is obtained comparing U. maydis No. 485 and No. 512 for
genes rdo1 and mtt1. Mtt1 is directly involved in itaconic acid biosynthesis as it encodes a
mitochondrial tricarboxylate transporter. Rdo7 is not directly involved in the itaconic acid
synthesis, but it is proposed to encode an enzyme converting (S)-2-hydroxyparaconate to
itatartarate [70]. An empirical study by Geiser et al. (2014) confirmed a lower itaconate
production of U. maydis 485, which might result from genetic differences within the itaconic
acid gene cluster [43]. Comparing the different genes, cyp3 encoding a cytochrome P450
monooxygenase and itp7 encoding an itaconate transport protein are highly conserved,
showing amino acid identities of 100% between the tested U. maydis isolates.

For U. cynodontis and U. vetiveriae, the sequence identity of proteins encoded by the itaconate
biosynthesis genes is mostly conserved in a range of 68 - 89% compared to the U. maydis No.
512 sequence. The most divergent protein of the itaconate cluster is Ria1, showing identities
from 45 - 46% for U. vetiveriae and U. cynodontis, respectively. Geiser et al. (2018) observed
a similar identity of 43 % between U. maydis and U. vetiveriae even though they are
phylogenetically closely related [166]. Further, Geiser et al. (2018) were able to activate silent
itaconate clusters by overexpression of Ria1 originating from related species, although the
amino acid sequences of Ria1 regulators are less conserved than the enzymes involved in
itaconic acid synthesis [166]. Additionally, the authors could enhance itaconate production in
weak producers up to 4-fold [166]. Thus, it was shown that activation of silent secondary
metabolite clusters could be achieved in a range of related species with reduced genetic
engineering efforts.

To conclude, this study confirmed a highly conserved itaconate cluster of the in-vestigated
U. maydis strains (96 - 100% identity), even though there are differences in itaconate
production and by-product formation such as (S)-2-hydroxyparaconate, which were observed
during previous empirical studies. Thus, the obtained results can be used to further increase

the list of tools for metabolic engineering of itaconate production by Ustilaginaceae.

MEL cluster identification

Mannosylerythritol lipids (MELs) are glycolipid biosurfactants produced by vari-ous
basidiomycetous yeasts belonging to the genera Ustilago, Pseudozyma, Moesziomyces, and
Sporisorium [256]. Apart from their interfacial activity, MELs are known to repair damaged
human skin and hair. Thus, they have been commercialized in the cosmetics industry for more
than a decade [256]. Hewald et al. (2006) [84] identified the gene cluster involved in MEL
biosynthesis and outlined the pathway for MEL biosynthesis in U. maydis. The cluster consists
of four enzymes and a transporter: erythritol/mannose transferase (emt1), two acyltransferases

(mac1 and mac?2), acetyltransferase (mat1), and the putative transporter (mmf1) (Figure 66).
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The identification of gene clusters via whole-genome sequencing is essential for the
modification of the MEL biosynthesis pathway. Recently, the gene clusters in-volved in MEL
biosynthesis in various Pseudozyma strains have been identified by genomic sequencing [86].
The cluster genes were also identified in Ustilaginaceae strains, including S. graminicola and
U. hordei, during recent work [257]. Within this study, 14 isolates exhibited the whole MEL
cluster. S. scitamenium exhibited all genes except mac2, encoding an acyl transferase. Based
on the identification of the MEL cluster, new potential MEL producers were reported within this
work: U. curta, U. lituana, U. trichophora, U. xerochloae, M. ordensis, and M. mackinlayi.
Nevertheless, production levels could differ due to regulation of the secondary metabolite
clusters as observed for itaconate production. MEL production of strains U. cynodontis and
S. exsertum was already observed during cultivation experiments [86], [257]. Geiser et al.
(2014) identified M. eriachnes as a natural MEL producer [43]. No MEL cluster genes were
identified in U. gigantosporum, U. vetiveriae, and S. walkeri, asking for further analyses into
the function of MELs.

Further, amino acid identities between the different MEL cluster genes were compared
between U. maydis No. 512 and the different Ustilaginaceae strains. Amino acid identities
ranging from 52 - 100% compared to U. maydis No. 512 were computed. A study from Saika
et al. (2018) reported similar identities of 54 - 82% comparing different Pseudozyma strains to
U. maydis No. 512 [86]. The data set obtained during this study extends the existing set with
several U. maydis strains enabling the interspecies comparison of the different isolates. MEL
cluster genes are highly conserved, showing identities ranging from 99 - 100% for the different
U. maydis strains. Comparing other Ustilago species (such as U. curta, U. cynodontis,
U. xerochloae, U. lituana and U. trichophora) to U. maydis No. 512 identities ranging from 55
- 80% were observed. Comparing the different analyzed Pseudozyma strains by Saika et al.
(2018), identities from 55— 82% were obtained, confirming our intraspecies (intergeneric)
observations [86]. Nevertheless, no clear amino acid identity boundary can be set comparing
different genera such as Macalpinomyces, Pseudozyma, and Sporisorium.

The obtained genomic and gene cluster data can be used for modifications in MEL production,
e.g., via metabolic engineering. Previous studies identified mac? and mac?2 as essential genes
encoding two acyltransferases for MEL production in U. maydis as the deletion strains Amac1
and Amac?2 lacked any MEL synthesis [86]. Furthermore, gained knowledge about MEL cluster
genes can be used to tailor MEL production in Ustilaginaceae, exploiting more strains than the

existing model organisms.
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Figure 66: Schematic organization of the MEL synthesis gene cluster (modified from [208]).

(A): Organization of the gene cluster is compared to the sequenced Ustilaginaceae. Emt1 (erythritol/mannose
transferase), mac1 and mac2 (acyl transferases), mat1 (acetyl transferase), mmf1 (putative trans-porter). (B): MEL
gene cluster comparison of selected Ustilaginaceae. Numbers given represent amino acid sequence identity as
percentage compared to the reference strain U. maydis No. 512 using antiSMASH 6.0 [251]. Two isolates were
sequenced in case of U. maydis No. 482.
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During this study, 14 out of 17 isolates, i.e., 82%, exhibited genes responsible for MEL
production. In general, MEL improves the accessibility of hydrophobic nutrients and enhances
attachment to nonpolar surfaces. In addition to these more general functions, some
biosurfactants also bind heavy metals, display antimicrobial activity, or play an important role
in pathogenic development or biofilm formation [258]. The findings in our study display a
valuable genomic data set facilitating further understanding of MEL production in different

Ustilaginaceae strains.

Ustilagic acid cluster identification

The phytopathogenic basidiomycetous fungus U. maydis secretes, under conditions of
nitrogen starvation, large amounts of the biosurfactant ustilagic acid (UA). Further, UA displays
antibiotic activity [193].

The genes responsible for UA in U. maydis No. 512 production are displayed in Figure 67,
which also includes the gene cluster comparison to the other isolates. Based on the given data
set, only the reference genome of U. maydis No. 512 shows all genes responsible for ustilagic
acid production. The remaining U. maydis isolates U. maydis No. 482, 198, and 485 lack uat2
encoding an acetyltransferase. Furthermore, another group was identified consisting of
U. xerochloae, M. ordensis, M. mackinlayi, and S. scitamineum showing all UA cluster genes
except orf2, which encodes an ustilagic acid biosynthesis cluster protein with a so far unknown
function [208]. To conclude, 9 out of 17 isolates (52%) show UA cluster genes. Thereby, this
study shows similar findings compared to Geiser et al. (2014), confirming U. maydis,
S. scitamenieum, S. walkeri, and M. eriachnes as UA-producing strains during cultivation
experiments [43]. Furthermore, smut fungi such as U. cynodontis, U. vetiveriae, and
S. exertum did not show UA production during the experiments [43]. Our genomic comparison
revealed that this could be explained by the complete lack of the UA cluster. U. xerocholoae
was identified as a potential novel UA producer as its UA production was not observed during
previous studies.
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Figure 67: Schematic organization of the ustilagic acid (UA) synthesis gene cluster in U. maydis (modified
from [208]).

Organization of the gene cluster is compared to the here sequenced Ustilaginaceae. Cyp2 (P450 monooxygenase),
fas2 (fatty acid synthase 2), atr1 (ABC-type transporter), uat1 (acyltransferase), cyp? (P450 monooxygenase), uat2
(acetyltransferase), orf1 (alcohol acetyltrans-ferase), uhd1 (fatty acid hydroxylase), ugt? (glycosyltransferase), orf2
(ustilagic acid biosynthesis cluster protein), adh? (alcohol dehydrogenase ). Gene cluster analysis via antiSMASH
6.0 [251]. Two isolates were sequenced in case of U. maydis No. 482.

Macro syntenyplot of U. maydis isolates

Genomic synteny of the tested U. maydis isolates was compared to U. maydis No. 512, the
reference strain in biotechnology (Figure 68). When comparing the different isolates, a high
genomic synteny can be observed between the respective organism pairs. The chromosomes
structure of the U. maydis strains is highly conserved. As stated previously, in the case of two
strains - U. maydis No. 482 and U. gigantosporum Uma 706 - two isolates were sequenced.
Thus, they were labeled with -1 and -2, respectively. Only the two isolates of U. maydis No.
482 show different rearrangements of the second chromosome. Differences between the two
isolates might result from separate cultivation, assembly errors, or different read length in the
respective region. Nevertheless, the two isolates show rearrangements in the same region of
the second chromosome which indicates a difference to chromosomes of U. maydis No. 512.
To conclude, the highly conserved chromosome structures of the U. maydis strains confirm
the high identities obtained from POCP, AAI, and ANI resulted in high identities between the
different strains.
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Figure 68: Whole genome macro synteny plot between the different U. maydis isolates compared to
U. maydis No. 512.

(A): U. maydis No. 485 and (B): U. maydis No. 198. (C,D): Two isolates were sequenced in case of U. maydis No.
482 and therefore are visualized separately.

3.4.4 Conclusion

Here, we reported high-quality genomes of 17 Ustilaginaceae strains covering 14 species
combining nanopore and lllumina sequencing. A broad strain selection for genomic
investigation was aimed for based on previous work on relevant Ustilaginaceae species (i.e.,
U. cynodontis [72], U. trichophora [259], U. vetiveriae [165], U. maydis [64], [65], [73]). By
phylogenomic comparison and the application of taxonomical genome-based bioinformatics
methods such as POCP, ANI, and AAI analyses on a larger set of related fungal species, we
gained insights into their relationships and were able to deduce taxonomic hierarchies. The

obtained results indicate that a reclassification of the Ustilaginaceae family might be required.
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In addition to genomic comparisons, secondary metabolite cluster analysis was performed.
The numbers of identified secondary metabolite clusters did not differ much between species
and ranged between 10 and 15 regions per genome. Here, the differences between the
different isolates were not very pronounced. Notably, few of the identified regions could be
associated with the secondary metabolite synthesized, asking for additional experiments such
as RNA sequencing to predict the function of the metabolite and to predict if it is involved in
the pathogenic interaction with the host plant.

With the presented high-quality draft genomes (N50 > 1 Mb), the investigation of
Ustilaginaceae biodiversity is enabled, as well as metabolic engineering of secondary
metabolites production (e.g., MELs, UA, itaconic acid) is fostered. The generated genomic
data set enhances our toolbox for investigating and engineering the fungal Ustilaginaceae

family.
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General discussion and outlook

4 General discussion and outlook

This thesis evaluates the potential of Ustilaginaceae strains as itaconate producers from CO-
derived co-substrates such as acetate and formate are evaluated. The overarching goal is a
carbon-neutral or ideally carbon-negative production process. Some general aspects of
establishing sustainable bio-based production processes at an industrial scale are discussed
in this chapter.

4.1 Process optimization

The prospect of consolidating and expanding itaconic acid as a commercially competitive
product lies in improving three technological bottlenecks: cheap carbon source, fermentation
with high performance parameters (TRY: titer, rate, and yield), and low downstream costs.
Current biotechnological processes for itaconic acid production with A. terreus and U. maydis
are based on carbohydrates, such as arabinose, glucose, molasses, and xylose [19], [170].
Furthermore, glycerol from biodiesel production is an alternative feedstock for itaconate
synthesis by U. vetiveriae [165]. Starch is considered one of the best alternatives to glucose,
given its high purity, low cost, and source stability [260]. Corn starch has already been reported
as a substrate for A. terreus, achieving a product titer of 60 g L™ [260]. Nevertheless, glucose
and starch compete with food and feed when used as a substrate in biotechnology.

An alternative substrate concerning agricultural and forestal residues, was reported for
U. maydis: pretreated cellulose in seawater or the hydrolyzed hemicellulose fraction of
pretreated beech wood [30]. Additionally, pretreated wood hydrolyzates were established as
carbon source for itaconate production by A. terreus [260]. However, these applications could
not be established due to significant growth deficits caused by inhibitory compounds present
in the medium [23], [30].

The usage of refined sugar is more expensive during the upstreaming process but also enables
a cheap downstream processing. The abovementioned carbon-providing waste streams are
comparably cheap, but they lead to side products that are generated during the process, which
leads to higher purification costs [37]. Thus, several factors impact the substrate choice during
biotechnological production processes.

The itaconate production of Ustilago was optimized regarding TRY [61], [64], [65], [72].
Integrated strain and bioprocess optimization enabled a maximum itaconate titer of 220 g L™
using a metabolically engineered strain, U. maydis MB215 Acyp3 APiia1::Peter Afuz7 PetermttA
strain [64]. These strain modifications enabled the development of an efficient fermentation
process with in-situ product crystallization with CaCOs. Another study focused on combining
genetic modifications to push itaconic acid production toward theoretical maximal yield, which

was achieved by a fed-batch fermentation process with a continuous glucose feed [65].
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Nevertheless, additional aspects must be considered to improve the process and enhance its
biotechnological relevance. For example, producing itaconic acid at low pH values is a primary
objective. Low pH values are preferred for organic acid production since this reduces base
consumption, enhances sterility, and benefits downstream processing later [37]. The possibility
to execute low-pH fermentations strongly depends on the host organism’s tolerance toward
low pH values and ability to produce the desired product under these conditions. Unlike
U. maydis, U. cynodontis has a high tolerance toward low pH, significantly benefiting itaconate
production. For U. cynodontis, Hosseinpour Tehrani et al. (2019) reported an optimal pH value
for itaconate production [61]. The production parameters achieved with a constant pH of 3.6
were comparable to those achieved with U. maydis at pH > 6 [61]. Further, Demir et al. (2021)
studied itaconate production at low pH by U. maydis [261]. During several bioreactor
experiments, extracellular pH was decreased from 6 to 3.5. Despite the gradual decrease in
itaconic acid levels with decreasing pH (~ 50% decrease in itaconic acid concentration at pH
3.5, compared to pH 6), significant itaconate production is still observed at pH 4 (63 g L")
[261]. To sum up, these results powerfully illustrate the potential of engineered Ustilago sp. for
itaconate production at commercial levels.

Other factors impacting itaconate productivity are product toxicity and weak organic acid stress
caused by increasing itaconic acid titers, which are common challenges in organic acid
fermentations [262]. Production at higher pH values reduces acid stress for the production
host. One strategy to avoid product toxicity is in-situ product removal (ISPR) via CaCOs. In this
thesis, cultivation experiments were performed using CaCOs as a potent buffering agent. Using
CaCOs as a buffer can also be considered as integrated initial step of the downstream process.
This procedure was previously used for several Ustilaginaceae strains such as U. maydis [64]
and U. cynodontis [61], and for U. trichophora during malic acid production [186].
Nevertheless, the main drawbacks of this technique display the high viscosity, handling during
CaCOs; feeding and sedimentation during fermentation. Alternatively, an external membrane
module enabling cell retention and simultaneous product removal was established in this
thesis. This work was based on Hosseinpour Tehrani et al. (2019) who already demonstrated
the advantages of a repeated batch approach with cell recycling of U. cynodontis [61].
Implementation of an external ceramic membrane module demonstrated high stability of the
biomass until 500 h process duration and a constant itaconate production rate. Moreover, the
membrane module could be extended with a DSP purification step, avoiding the loss of
substrate or other media components.

Bioprocess development does not end after upstreaming, but downstream processing (DSP)
considerations need to be implemented in the early stages of biotechnological approaches.
The separation of itaconic acid from cultivation broth considerably impacts the total cost of
production, about 30 to 40 % [263]. The search for high-efficiency and low-cost processes for

organic acid recovery is one of the critical steps for replacing petrochemical-based products.
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Although biotechnological production of itaconic acid is already industrially established with
A. terreus as the production host, there is significant research on improving fermentative and
recovery steps. A recent study from Gausmann et al. (2021) demonstrated a new DSP
approach. A joint development of a bio-based production route for itaconic acid featuring low
pH value fermentation, reactive extraction, and electrochemical product recovery was
presented [264]. By implementing an electrochemical pH-T-swing separation process, itaconic
acid with a purity of over 99% was recovered in the crystalline form from the fermentation broth
[264]. Based on the measured liquid-liquid and solid-liquid equilibrium, a viable overall yield of
>90% for itaconic acid recovery was calculated for the proposed downstream process [264].
The authors stated that implementing a process setup with in-situ product removal is the next
step to fully exploit synergies [264]. This again highlights the potential of simultaneous
bioprocess and DSP development with the overall goal of an economically feasible production

process for itaconic acid.
4.2 CO:-derived substrates

The raw materials significantly impact on the total costs of biotechnological processes. Hence,
attempts are made to reduce costs by using cheap and renewable substrates. Here
simultaneously improving the sustainability of the itaconate production process by a new co-
substrate approach was followed using potential COz-derived C1 and C2 compounds such as
acetate and formate.

As a first step during this work, 72 different Ustilaginaceae strains from 36 species were
investigated for their ability to (co-)consume acetate and formate. U. maydis MB215 was
identified as  promising candidate  for  acetate metabolization ~ whereas
U. cynodontis NBRC 7530 was identified as a potential production host using formate as a co-
substrate enhancing its itaconate production. This section will first discuss the potential of
acetate as a co-substrate, followed by formate.

This work not only demonstrated the applicability of U. maydis wildtype but also the use of
metabolically engineered strains for acetate co-feeding strategies. Thereby, a beneficial effect
of acetate co-metabolization of U. maydis MB215 wildtype strain on itaconate production was
confirmed showing a 2.2-fold increase in itaconate titer and a 2.3-fold increase in itaconate
yield [91]. To understand the mechanism of the increased production, acetate assimilation in
U. maydis was investigated via '*C-labeling indicating that acetate was not directly
incorporated into itaconate. Our approach focused on measuring extracellular metabolites (i.e.,
itaconic acid, citric acid, malic acid) and tracking potential labeling patterns. This methodology
lacks information about the use of acetate for biomass formation or more specific metabolically
pathways besides secondary metabolite formation. Further, a metabolically engineered strain
was used for that purpose, showing a reduced by-product spectrum. Thus, only analysis of the
itaconate labeling pattern was feasible. Repeating the experiment with U. maydis MB215
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wildtype strain could contribute to a better understanding of acetate assimilation. Moreover,
alternative biosynthesis pathways must be clarified, i.e., the use for respiration, cell
maintenance, and/or energy metabolism. Further research could focus on, e.g., using *C-
labeling to analyze proteinogenic amino acids, as demonstrated by Schmitz et al. (2015) [265].
Measuring proteinogenic amino acids also provides information about pathways that produce
intracellular metabolites and biomass. To investigate if acetate might be used for CO:
formation during cultivation, using off-gas sensors capturing *C-labeled CO, could contribute
to that investigation. During this approach, it was not confirmed if 50% of itaconates carbon
during production could be derived from CO- as proposed by co-feeding acetate (Figure 6).
Nevertheless, the carbon footprint of the production process can be reduced by verifying an
improved itaconate production. By co-feeding CO.-derived acetate the proportion of glucose
could be subsequently reduced impacting the carbon footprint of the process.

Within this work, commercially available sodium acetate was used for co-feeding. For the use
of CO-derived formate, the proof-of-principle for its use as a direct and unpurified product
solution after hydrogenation reaction was demonstrated in chapter 3.3 for U. cynodontis. As
far as CO»-derived acetate is concerned, a new study by Jurling-Will et al. (2022) published a
novel route to acetic acid production via palladium-catalyzed isomerization of methyl formate
[106]. To investigate the applicability of this material for U. maydis, biocompatibility must be
tested with particular interest on remaining side products in the product solution such as
solvents (acetone), methyl formate or the palladium catalyst, which is not recyclable yet [108].
Besides the demonstrated acetate production route, other processes, e.g. production with
acetogens could be focused on during further research [174].

This study focused on U. cynodontis as an itaconate production host using formate as a co-
substrate. Thereby, the addition of formate significantly impacted itaconate titers and yields for
both wildtype (1.3-fold increase) and metabolically engineered strains (10 % increase)
compared to their respective glucose reference. Improvement of the itaconate production
during formate co-metabolization indicates a benefit other than just a higher amount of
available carbon in the culture. As no formic acid fixation pathway is known in smut fungi, the
results suggest a role of formate as an auxiliary substrate delivering energy to the organism
rather than being converted into biomass or product(s) of interest [114], [115]. The proposed
role of formate as an energy source for the cell is just assumed here. By conducting *C-
labeling experiments with formate this hypothesis could be confirmed or falsified and new
insights on the potential formate carbon flux in U. cynodontis could be gained.

This work illustrated the inhibitory effects of acetate and fomate on Ustilaginaceae were
demonstrated, while the exact mechanism of toxicity remains unknown [93]. Adaptive
Laboratory Evolution (ALE) displays a valuable tool to enhance substrate tolerance and
utilization for an improved biocatalyst. However, for ALE to be effective in generating strains

with increased productivity, the product-of-interest needs to be coupled with cellular growth or
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survival. Selective pressure is a crucial factor for the success of an ALE approach to achieve
mutants with the desired traits. Moreover, due to relatively new technologies, including next-
generation DNA sequencing (NGS), phenotype-genotype correlations can be easily obtained
by whole genome resequencing [153]. Via reverse engineering potential targets can be tested
with the aim of chassis strain development via metabolic engineering. Zambanini et al. (2017)
already established enhanced glycerol consumption of U. vetiveriae via ALE [165]. Becker
et al. (2019) focused on improving the growth and itaconate production of U. maydis at acidic
pH, whereas selection parameters did not lead to the desired goal [208]. One disadvantage of
ALE experiments is that they display the duration with ideally hundreds of generations. Ustilago
ALE experiments are time-consuming, with a relatively slow growth rate of u = 0.05h™.
Establishing automation protocols (i.e., online growth determination and automated inoculation
of the cells) could simplify the process.

Results obtained during this study indicate the beneficial effects of actetate and formate on the
itaconate production of several Ustilaginaceae strains [91]. Further, valuable empirical models
were established using DoE methodology predicting itaconate production (titer, yield). Those
findings could be combined in a subsequent DoE approach, using glucose, acetate, and
formate potentially further pushing itaconate production. Thereby, glucose and acetate could
function as C-sources whereas formate boosts productivity as an energy donor [114].
Especially, the economic evaluation (i.e., via LCA) of the demonstrated process using acetate
and formate as a co-substrate could be approached as the presented work lays the foundation

for an improved itaconate production process with a potentially reduced carbon footprint.
4.3 Optimization via metabolic engineering

In the biotechnological field, metabolic engineering aims to modify an organism’s endogenous
metabolic network to improve the production of a value-added compound. This goal can either
be achieved by the deletion or overexpression of genes involved in the responsible pathway
for a determined product. Additionally, natural or synthetic pathways from other organisms can
be introduced into the biotechnological host of choice to increase efficiency or to broaden the
product spectrum further [266].

The identification and annotation of the itaconate cluster during previous studies, which is
accessible for several Ustilaginaceae laid the foundation for metabolic engineering approaches
focused on during this work. Based on a previous study from Becker et al. (2020) [73], the
CRISPR/Cas9 [208], [267] and FLP/FRT system [268] were used for genome editing . Becker
et al. (2020) focused on increasing the metabolic flux into the targeted itaconate biosynthesis
pathway by overexpressing the itaconate gene cluster regulator Ria1 and preventing side
product formation (2-HP, ustilagic acid, MELs and diacylglycerol lipids [73]. It was
demonstrated by combining metabolic engineering and process engineering that itaconic acid
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can be produced from glucose with metabolically and morphology-engineered U. maydis
strains at up to maximum theoretical yield and with an improved itaconate titer of 220 g L™ [64].
However, it was observed that the neutral lipid knockout Adgat, caused a decline in fitness.
Therefore, this study established a new chassis strain combining a reduced by-product
spectrum and itaconic acid overexpression while maintaining the TAG biosynthesis in
U. maydis — a compromise between by-product formation and fitness of the cells.
Nevertheless, further upregulation strategies could help to increase itaconate production
further. As already shown by Geiser et al. (2016), overexpression of the gene cluster regulator
ria1 was an essential step to generate an itaconate hyper producer strain. In combination with
the deletion of 2-HP synthesis pathway (Acyp3), the engineered strain produced up to 4.5-fold
more itaconate in comparison to the wildtype [63]. Subsequent metabolic engineering
strategies could focus on engineering the remaining itaconic acid cluster genes such as tad1
(trans-aconitate decarboxylase 1, itp1 (itaconate transport protein), and adi? (aconitate-delta-
isomerase 1). In this context, several challenges can be named. For Ustilago, only a limited
number of available constitutive promotors are known (Peter, Poma) [236]. In contrast, several
inducible promotors such as Pnar (nitrogen-regulated) or Pcqgt (arabinose-inducable), Phspro
(heat-inducable), Pw1 (nitrate-inducable) and Pcp1 (arabinose-inducable) are available for
U. maydis [269]. Several options could be tested for generating overexpression constructs with
the aim of a hyperproducing strain incorporating several genetically overexpressed itaconate
cluster genes.

As numerous genes are included in this strategy, the CRISPR/Cas9 technology should be
improved in the future since the genome editing lacked efficiency and the efforts to find the
correct transformants were very high in this study. The long duration of mutant generation
usually constitutes a time delay factor. The initial CRISPR/Cas9 protocol was substantially
improved by Zuo et al. (2019), who applied the high-fidelity endonuclease Cas9HF1 which
minimizes off-target effects [270]. Further complementary cloning techniques are available for
Ustilago, such as Golden Gate and FLP/FRT system with marker recycling [268], [271].
Resistance marker recycling allows for reusing available resistance cassettes and generating
marker-free strains with multiple genetic modifications, as only a limited number of resistance
markers is available for Ustilago [271]-[273]. The development, improvement, and
implementation of existinv and new cloning strategies and techniques are necessary to enable
efficient metabolic engineering in Ustilaginaceae.

Additionally, identifiying the physiological role of itaconate in its natural producers such as
A. terreus or Ustilaginaceae, will help to understand cellular mechanisms and identifiy new
targets for optimizing the production process. Further improvements, especially on the
regulation of its formation, would be possible. It is assumed that itaconate synthesis in fungi is

used as a defense strategy against other fungi and bacteria in their environment [34].
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Nevertheless, further research is required to understand the exact mechanisms of both
itaconate producer, Ustilago and Aspergillus.

Besides itaconate production, metabolic engineering approaches could also enhance
substrate utilization and spectrum. This work focused on the CO2-derived substrates acetate
and formate. Whereas acetate assimilation in Ustilago remains unclear for the most part,
formate is used as an auxiliary substrate.

The efficiency of formate metabolization could be improved by introducing synthetic formic acid
assimilation pathways in Ustilago [274], [275]. Native C1-fixing microorganisms, able to
assimilate methanol, methane, formate or formaldehyde, differ in the assimilation pathway,
fixation product and efficiency, i.e., consumption of energy and redox equivalents per carbon
atom fixed [275]. In general, there are two main strategies for microorganisms to utilize
formate:

On the one hand, the dissimilatory route involves the complete oxidation of formate to CO»,
reducing the carbon fixation power. On the other hand, the assimilatory route involves the
condensation of formate with other metabolic intermediates [276]. Thereby, formate is oxidized
to generate CO; and reducing equivalents, which are then used for carbon assimilation and as
an energy source for sustaining cellular growth (e.g., via the Calvin-Benson Bassham cycle)
[276]. In the other strategy, not all formate molecules are oxidized into CO2. However, a part
is used as a carbon source to generate reducing equivalents and energy, while another part is
directly assimilated via the central metabolism. This strategy entails hydrolyzing ATP to convert
formate into formyl-tetrahydrofolate (THF), which is then reduced to the active
intermediatemethylene-THF. This strategy includes the serine cycle, the reductive acetyl-coA,
the reductive glycine, the xylulose 5-phosphate, and the ribulose-monophosphate pathways.
All these native pathways underlie complex metabolic mechanisms [276]. Because the natural
formate assimilation pathways have certain drawbacks such as low efficiency, attempts have
been made to design artificial formate metabolism pathways rationally [276]. This can not only
increase the efficiency of formate assimilation but can also be used to adapt the
microorganisms to the culture conditions better and increase substrate or target product
concentrations.

Artificial formate-assimilation pathways can form the basis for producing high-value-added
chemicals in industrially relevant model organisms. Gonzalez de la Cruz et al. (2019)
demonstrated the modification of Saccharomyces cerevisiae introducing native enzymes for
the synthetic reductive glycine pathway and demonstrating growth on formate [277]. As
reported for S. cerevisiae and the glycine pathway, there are potential pathways that can be
targeted for a synthetic formate assimilation in Ustilago with the overall goal of a carbon-
neutral, or ideally, -negative itaconate production process. By enabling growth on CO2-derived
formate, the overall footprint of the itaconate production process could be reduced by at least

partially replacing glucose as a carbon source, especially when additionally combined with
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CO2-derived acetate. Nevertheless, many of these microbes can grow on formate are
biochemically not well studied and genetically intractable imposing a high initial activation
energy for metabolic engineering projects.

Moreover, alternative acetate assimilation routes have to be clarified, i.e., the use for
respiration, cell maintenance and/or energy metabolism. Further metabolic engineering
approaches could focus on incorporating respective genes and enabling acetate assimilation
via the glyoxylate shunt and the TCA cycle to efficiently generate the desired product itaconate
from CO.-derived substrate [201]. As stated by Kiefer et al. (2021) microbial growth on acetate
generally requires the following steps: acetate uptake into the cell, acetate activation to acetyl-
CoA, and acetate assimilation via the glyoxylate and TCA cycle [201]. Besides introducing
genes into U. maydis to improve acetate assimilation, other potential targets could be the
acetate transport mechanism or conversion into acetyl-CoA, e.g., improving acetate uptake
rates. By using and further improving the recently established genome-scale model of

U. maydis, potential targets for metabolic engineering could be identified [278].

4.4 Concluding remarks and outlook

This thesis demonstrated itaconate production by various Ustilaginaceae strainsfrom co-
utilization of the CO»-derived substrates acetate and formate. While acetate and formate co-
utilization was successfully presented, the challenge of low co-substrate uses remains. A fed-
batch mode with in-situ sensing of the organic acid concentration might help to overcome the
toxicity of these short, weak organic acids. To uphold Ustilago as an industrial itaconate
producer, transfer to larger production scales in combination with a cost-effective and suitable
downstream processing strategy of itaconate is required.

The results presented here contribute to the sustainable production of itaconic acid with the
overall goal of reducing the carbon footprint. This is inevitable as climate change is progressing
through the steady rise in using fossil resources. Combining the single disciplines of chassis
engineering, bioprocess engineering, and the use of CO.-derived substrates will further
improve the economic feasibility of biotechnological processes.
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4.5 Appendix

4.5.1 Supplementary tables

Table 21: Maximum optical densities (OD [-]) of all 72 strains obtained during biodiversity screening.
Whole set of growth screening results using the Growth Profiler device by Enzyscreen with different acetate and
formate concentrations as co-substrates in combination with with 20 g L" glucose (n=2).

Glucose 2.5 gl Acetate | 5 0 5 g/l Form 10 g/l Form:
#1946 468+ 06 55915 46.4+0. 500107 351402
#1947 37011 450+0. 332+ 0. 408+0.1 278+01
#1949 44405 555+ 1. 529+ 192102 41105
#1 343+14 523+ 14 49.110. 214104 17.5+1.
#2134 324103 2730 38.8+2. 24527 235+22
#21 9.7+28 37.2+0 49504 133+ 18.2+0.f
#21 9.9+0.1 419+1. EERE 180+ . . 188+ 0.
#2144 34111 36.8+1.! 42810. 269+ 51 24510.
#21 40+2.8 368+1.1 2+0. 274+0. 9+ 14 239+1.
#21 419103 286+1. .0+ 0 2861 0. 04 22.8+0.2
#21 279+04 35.9+0. .3+0.2 29.1+ 34 2134 2152
#21 371+ 48.310. 442+0. 1.1 0. .8+0. 304 0.4
#2169 259+0. 4.1+ 0. 278+0. 40+1. 288+25 235+0.4
#2172 6.4 + 0.2 0. 334+0. 4.2 + 0.2 158103 25.810.
#2177 012 6+0. 406+0. 01 214+04 19.9+0.
#21 4.9+ 0. .7+04 0.1+£0.0 .31 0. 2001
#21 40 8+0. 286+ 0+0. 91 6104
#21 31! 485+1.0 381+ 423+11 00 .5+04
#21 01 6+13 307+ 298+ 1 9+ 60
#21 00 4.1+1.1 4160, 2960. 22812, 4.8 £ 0.
#2205 1434 42122 48+ 242422 82+21 034
#2208 40! 265101 37102 17.2 0 6+0.2 004
#2209 31 286+0.1 66+0. 264 +0. 2+05 8+0.
#221 840! 14104 . 2.7+0.2 36101 .3+0.7 .30
#221 9+0. 236+01 NES 32010 30, 1+£00 .3+ 0.
#221 10 497+ 3+ 185+3.0 5424 11026 2+2.2
#2213 | 32310. 356+ 30, 024+00 .5+ 0. 133406 60
#2214 811 488+ 1. 19.7+01 88+10 20 184104 4.2£4.
#221 20 422+0. 508102 186+25 T2 302+ .9+0.2
#221 60 386+2. 5+04 06+0.3 60! 159+ 0. 12.0+ 0.
#221 .2+ 0. 35.3+0. 52+16 253+45 .5+ 0. 161+ 24 264+0.2
#2220 41310. 49.9+0. 73301 263+1. 4.7+ 0.1 146+0. 11106
#2221 7.7+0. 420+1 96+0.3 124 +£1 704 14.0+0. 330100
#2229 32104 33.3+0! 182+ 29.9+1. 2+04 125+ 1. 32605
#269 1.7+ 14 59.7+0. 283% 492+2¢ 704 20.7+0. 49209
#269 7.0+ 14 4+0.1 604 435102 604 396+0. 452101
#269 622+ 1. 9+22 5+0. 81 1.2 +1. 26.0+0. 491+
#26! 22710. 3+14 .70 .8+04 40210.2 236104 2214
#27 28410 268+32 342 314 4.7 +4.2 25142 228+2]
#2701 355+0.! 38.1£0.2 1 £0. 475101 414+ .8+0.! 5.5+ 0.2
#2702 222+0. 234+04 .7 +0. 40+1.1 0.0 + 0. 410, 6.5+ 0.
#2171 47811 502+ .2 £0. 621£01 471£01 4102 76+0.1
#2704 49.8+0. 521+ 9 +2. 67.0+£07 524109 256+0. 400
#2171 27.5+0.2 4% 226 +3.2 6.6+4.9 403139 241122 1+27
#27 CERE 440+ 30.0 0. 35127 0.0+0.5 30.5+0. 2301
#2171 407 £ 0. .7£0. 459 £01 444104 1911 18614 97108
#27 10 482+ 1. 352 01 238+ 6+0. 35410 69+1.3
#271 18314 17411 154 +18 18.1+ 24 711 17411 220+14
#281 .7+0. 63.7+0. 616 +0.1 53.7+0. A1 22140 373107
#2814 80 4410, 41.0+0.1 17.8+0.2 60 272107 36.0+5.0
#281 42 58.3+2, 389+4.1 02+0.1 212 35606 50+06
#281 410 41.8+0. 372107 34617 3.9+ 1. 32401 311106
#2817 | 23430. 29445 315100 315+37 46+1. 159+15 17118
#281 527104 441£041 111116 0701 486+04 205105 182119
#2819 26601 295+09 347117 53600 25620 268+08 334122
#2820 452+03 672100 103.9+6.5 42106 50.7+0.3 473123 782140
#2821 311103 408+00 258+04 11402 320100 138+16 121041
#2822 48113 273:15 236+08 475157 676+03 258101 262127
#2823 381152 477100 409+48 299+42 359135 335+35 414+86
#2824 391102 54718 56.8+0.1 479+13 334107 276+01 29.9+02
#2825 185+6.5 535+02 528107 191+14 354113 30746 308+13
#2826 70601 674107 844+24 115104 632+00 139101 21100
#2832 28107 372107 324103 308+30 283+28 279+041 14617
#2833 28901 32908 31311 235104 271£22 239116 11705
#2834 341+15 359+14 321+13 361+22 355+29 262+30 267+09
#2835 32614 420107 42112 436157 216+14 175104 163117
#2836 357101 39517 333126 38126 2841041 207+02 268+19
#2838 331120 35718 29113 385+21 32601 285108 33813
#2841 306106 402+01 382100 418+08 24605 222104 239+02
#2842 303800 35214 359104 175122 15814 156101 174120
#2850 41406 451105 408+54 293+32 374109 263+02 193119
#3600 277+02 244133 175123 256126 319134 242128 241+24
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Table 22: Maximum growth rates (umax [h*']) of all 72 strains obtained during biodiversity screening.
Whole set of growth screening results using the Growth Profiler device by Enzyscreen with different acetate and
formate concentrations as co-substrates in combination with 20 g L glucose (n=2).

Strain Glucose 2.5 g/l Acetate | 5 g/l Acetate | 10 g/l Acetate |2.5 5 g/l Formate | 10 g/l Formate

#1946 0.33+0.01 0.29+0.02 0.26+0.03 025+0.01 0.29+0.00 0.32+0.01 0.30+0.02
#1947 0.26+0.02 0.30+0.00 0.25+0.00 0.23+0.01 0.28+0.00 0.29+0.00 0.41+0.00
#1949 0.17+0.03 0.12+0.00 0.12+0.00 0.11+0.00 0.09+0.01 0.10+0.02 0.04+0.00
#1951 0.30+0.01 0.23+0.01 0.25+0.00 0.21+0.02 0.27 +0.00 0.25+0.01 0.22+0.02
#2134 0.32+0.04 026 +0.00 0221001 020+0.01 0.31+£0.00 0.23+0.02 0221001
#2135 0.30+0.02 0.29+0.02 0.29+0.00 0.25+0.00 0.31+0.01 0.27+0.01 0.19+0.00
#2136 040+0.00 0.33+0.02 0.25+0.00 023+0.00 0.26+0.01 0.27+0.00 0.18+0.00
#2144 0.28+0.00 0.29+0.00 0.26 +0.00 0.20+0.00 0.30+0.00 0.2310.01 0.29+0.00
#2152 029+0.01 0.30+0.01 0.26+0.02 0.17+0.00 0.31+£0.00 025+0.01 0.20+0.00
#2158 0.26+0.01 0.29+0.00 0241001 0.25+0.01 0.27+0.01 0.22 +0.00 0.22+0.00
#2162 0.26+0.05 025+0.00 024+0.01 0.20+0.00 021+0.01 021+0.03 0.17+0.02
#2167 0.34+0.02 0.31+0.00 0.28+0.00 0.25+0.01 0.27+0.01 0.26 +0.00 0211001
#2169 0.25+0.02 0.28+0.00 0.26+0.01 0.19+0.02 0.27+0.00 0.31+0.01 0.20+0.00
#2172 0.22+0.00 0.29+0.00 0.28+0.00 0.21+0.00 0.22+0.00 0.19+0.00 0.19+0.00
#2177 025+0.01 0.32+0.00 0.26+0.01 0.20+0.00 0.27+£0.02 0.24+0.00 0.18+0.00
#2178 0.37+0.02 0.24+0.03 0211001 0.00 +0.00 0.27+0.01 0.28 +0.00 0.05+0.00
#2179 0221001 029+0.01 027+0.01 017+0.01 024+0.03 0.23+0.00 022+0.00
#2196 0.33+0.02 0.28+0.01 0.29+0.00 0.22+0.02 0.26 +0.00 0.29 £ 0.00 0.22+0.00
#2197 0.28+0.02 027 +0.00 029+0.01 0.15+0.01 021+0.00 0.30+0.02 020+0.01
#2199 0.25+0.00 0.28 +0.00 0.25+0.01 0214001 0.28+0.01 0.20+0.01 0.25+0.00
#2205 0.15+0.00 0.21+0.02 0.19+0.01 0.07+0.00 0.17+0.00 0.00+0.00 0.14+0.01
#2208 0211001 0.20 +0.00 0.19+0.00 0.15+0.03 0.16+0.01 0.20 +0.00 0.17+0.02
#2209 0.22+0.00 024+0.01 0.20+0.00 0.14+0.02 0.23+0.00 0.19+0.01 0.18+0.00
#2210 0.16 + 0.00 0141001 0.19+0.00 0.00 +0.00 0.06 +0.01 0.14+0.00 0.14+0.00
#2211 024+0.01 0.14+0.01 0.14+0.02 024+0.01 0.16+0.02 0.20+0.00 02000
#2212 0.26+0.04 0.19+0.01 0.23+0.00 0.12+0.00 0.13+0.00 0.12+0.02 0.20+0.02
#2213 0.20+0.00 0.21+0.02 0.18+0.00 0.00+0.00 0.17+0.01 0.18+0.00 020+0.01
#2214 0.25+0.02 0.25 +0.00 0.17+0.00 0.12+0.01 0.25+0.01 0.19+0.01 0.11+0.01
#2215 029+0.01 0.24+0.00 0.20+0.02 0.10+0.02 0.24+0.00 0.21+0.00 0.15+0.01
#2218 0.29+0.02 0.32+0.00 0.27+0.01 0.00 +0.00 0.30+0.01 0.30+0.00 0.08+0.00
#2219 0.18+0.00 0.29+0.00 020+0.03 0.19+0.00 0211001 0.15+0.01 0.23+0.00
#2220 0.25+0.01 0.25+0.01 0.16 + 0.00 0214001 0.20+0.01 0.19+0.00 0.01+0.01
#2221 028+0.01 0.37+0.00 0.25+0.00 0.13+0.00 0.28+0.01 025+0.00 0.12+0.00
#2229 0241001 0.32+0.00 0.21+0.02 0.18+0.00 0.24+0.00 0.24 +0.00 0.20+0.02

#2696 0.30+0.01 026 +0.00 0.19+0.01 025+0.03 0.26+0.00 0.24+0.00 0211001
#2697 0.26+0.01 0.21+0.00 0.29 £ 0.00 0.17 £0.01 01710.01 0.23+0.00 022+ 0.00
#2698 026100 0.28+0.00 .27 +0.01 0.18+0.01 .26 +0.03 024+0.04 0.21+0.02
#2699 023+00 0.31+0.01 .29 + 0.00 022+002 | 025+0.00 0.25+0.00 0.25+0.00
#2700 .27 + 0. .31+ 0.01 .26 +0.03 .20 £ 0.01 .26 +0.01 .27 +0.00 .22 +0.00
#2701 .33 1 0. .33 £ 0.02 .33+ 0.01 .24 +0.01 .28 + 0.01 .29+ 0.01 .25 + 0.00
#2702 | 0281001 .34 +£0.01 .31+ 0.01 .21+ 0.01 .27 £0.01 .29 +0.00 .25 +0.00
#2703 .36 + 0.01 .37 £0.00 .34 + 0.00 .27 £ 0.00 .32+ 0.00 .27 £ 0.00 .28 + 0.00
#2704 .32 1 0. .32+ 0.00 .28 + 0.00 .24 0. .29 + 0.00 .27 + 0.00 .29 0.01
#2705 119 1 0.( .23 +0.02 .18+ 0.04 .12+ 0. .18 + 0.00 .19+ 0.01 .14+ 0.00
#2706 .19 £ 0. .17 £ 0. .17+ 0.01 .10+ 0. .12 0.00 17 £ 0. .15+ 0.00
#2707 .24 + 0. .25+ 0.4 119+ 0.00 .19+ 0.4 118 + 0.00 .18 + 0.4 .18 + 0.00
#2708 .15+ 0.01 .20 + 0. .15+ 0.01 .09+ 0. .14 0.01 17 £ 0. .14+ 0.00
#2710 .18 + 0.02 .24+ 0.4 .22+ 0.01 .11+ 0. 118+ 0.01 22+ 0.4 17 £ 0.02
#2813 .20+ 0.01 .21+ 0.02 .20+ 0.01 .16+ 0. .17 £ 0.02 .16 + 0.02 .19 £ 0.
#2814 .35+ 0.00 19+ 0.00 +0.00 17 £ 0.4 .27 + 0.00 .22 +0.02 .21 0.
#2815 .28 + 0. .16 + +0.01 .02+ 0.02 .14 0.01 113+ 0.01 .08 + 0.
#2816 .30 + 0. 17 £ 0.4 115+ 0.00 .18 + 0.00 .24 +0.02 22+002 | 02210
#2817 .26 + 0. .18 + .19+ 0.02 .19+ 0.01 .20 £ 0.02 .15+ 0.02 .12 0.01
#2818 112+ 0.00 13+ 0.4 .10+ 0.00 .00 £ 0.00 116 + 0.00 .06 + 0.00 .08 + 0.00
#2819 .34 1 0. .28 + .23+ 0.01 .25+ 0.01 .22 + .24 + 0.01 .22 1 0.
#2820 | 0.32+0. 16+0.02 | 029+0.02 +0.02 18+ +0.02 46 +
#2821 | 0.260. .25 + 0.00 .18+ 0.01 ES 22+ .21+ 0.00 00 +
#2822 | 0.3210.00 .24 +0.00 .23+ 0.01 E3 .37 £ 0. 24+002 | 0.26+0.(
#2823 .53 + 0.04 .27 + +0.04 ES .33+ 0.01 .31+ 0.01 .25 1 0.
#2824 | 02210.00 .20+ 0.4 119+ 0.00 20+ 0.4 16+ 0.01 8+0.00 7+
#2825 | 0221002 .18 £ 0.4 .17 £ 0.03 .27 £ 0.4 17 £ 0. .08 0. .23 £ 0.02
#2826 .24 + 0.00 23+ 0.4 .22+ 0.01 12+ .24 + .00 + 3+
#2832 .31+ 0.00 .22+ 0. .20 £ 0. .21+ 3+ .21+ S
#2833 .34+0.02 | 0.2610. .20 0. 19+ 0.4 .21 0. 22+ 0.4 114 0.(
#2834 .25 0.07 .24 0. .20 £ 0. .23+ 0.01 .28 + 0.01 .23 0. .19 £ 0.
#2835 .37 £ 0.02 .27 +0.02 .24 + 0. .21+ 0.00 .27 £ 0. .25+ 0.4 118 + 0.(
#2836 .35+002 | 0.25+0.02 .19 £ 0. .26 + 0.01 .29 £ 0. .41+ 0.02 .18 £ 0.
#2838 .32+ 0.00 .23 +0.00 119 1 0.( .28 + 0.08 .21 0. 22+ 0.4 .24 0.
#284 .39 0.11 .22 + 0.00 .21 1 0. .30 0. .37 1 0. .33 0. .22 1 0.
#284 142+ 0.01 .33£0.02 | 0.26+0. .26 + 0.4 .23 0. .31 0. .21+ 0.
#28! .28 + 0.01 .16 + 0.00 .17 £ 0. .24 0.4 .14 1 0. 110+ 0. .17 £ 0.
#360 .23 + 0.00 .27 +0.01 .25 0. .15+ 0.4 .22 0. .30 £ 0.4 .16 + 0.05
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Table 23: pH [-] values of all 72 strains obtained during biodiversity screening.
Whole set of growth screening results using the Growth Profiler device by Enzyscreen with different acetate and
formate concentrations as co-substrates in combination with 20 g L glucose (n=2).

Strain Glucose 2.5 g/l Acetate | 5 g/l Acetate | 10 g/l Acetate |2.5 5 g/l Formate | 10 g/l Formate

#1946 5.51+0.02 6.20+0.00 6.70+0.01 8.84+0.05 6.42+0.00 7.46 + 0.00 8.89+0.00
#1947 5.64+0.00 6.22 +0.00 6.77+0.01 8.89+0.03 6.42+0.00 7.50 £ 0.00 8.95 £ 0.00
#1949 5.37+0.01 5.90+0.00 6.46 +0.01 822+0.01 6.40+0.02 6.96 +0.00 7.99+0.01
#1951 5.70£0.00 6.19+0.01 6.35+0.01 8.51+0.00 6.74+0.00 7.80+0.30 7.52+0.00
#2134 5.92+0.01 6.56 + 0.02 7.36+0.01 9.03+0.03 6.87+£0.00 7.75+0.01 7.39+0.00
#2135 5.78+0.02 6.33+0.00 6.89+0.03 8.60 +0.00 6.88+0.00 7.37+0.00 7.91£0.00
#2136 5.85+0.01 6.35+0.00 6.83+0.00 8.62+0.02 6.89+0.00 7.54+0.01 7.86+0.02
#2144 587+0.01 6.43+0.00 7.30£0.02 8.97 +0.00 6.78+0.01 8014001 8.28+0.00
#2152 5.89+0.00 6.43+0.00 6.98+0.01 8.43+0.06 6.86 +0.01 7.82+0.01 8.49+0.01
#2158 5.85+0.01 6.40 £ 0.00 7.30£0.16 9.08+0.01 6.69+0.01 7.96+0.00 8.31+0.00
#2162 5.64+0.00 6.16 +0.00 6.68+0.00 8.82+0.03 6.25+0.00 6.26 +0.00 6.95+0.01
#2167 5.56 +0.00 6.10 £ 0.00 6.59+0.01 8.90+0.01 6.55+0.00 6.41+0.00 7.66 +0.06
#2169 5.46 + 0.00 6.05+0.00 6.54+0.00 8.80+0.07 6.36+0.01 6.41+0.00 8.04+0.00
#2172 5.52+0.00 6.09 +0.00 6.57 +0.00 8.87 +0.00 6.39+0.00 6.54 +0.00 7.72£001
#2177 5.68+0.00 6.22+0.00 6.73+0.01 8.38+0.00 6.74+0.00 7.72+0.01 7.70+0.02
#2178 5.72+0.00 6.17 £0.00 6.80+0.00 6611001 6.60+0.03 8.20+0.01 711£0.05
#2179 5.63+0.00 6.24+0.00 6.74+0.00 8.33+0.00 6.79+0.00 7.00+0.00 7.30+0.03
#2196 5.55 +0.00 6.07 +0.00 6.57+0.01 8.69+0.00 6.53+0.00 6431001 7.54+0.02
#2197 5.66 + 0.00 6.18+0.00 6.73+0.02 8.95+0.03 5.98 +0.02 6.23+0.07 7.76 £ 0.00
#2199 573+0.01 6.30 £ 0.00 6.95+0.04 8.88+0.00 6.73+0.01 7.97+0.02 8.31+0.00
#2205 5.63+0.00 6.17+£0.00 6.65+0.00 7.57+0.06 6.44+0.00 6.97+0.01 8.09+0.09
#2208 5.58 +0.00 6.15+0.00 6.62+0.01 7.58+0.02 6.44 +0.00 6.44 +0.00 7.83+0.02
#2209 5.66+0.01 6.23+0.01 6.92+0.03 7.89+0.05 6.69+0.01 7.89+0.00 7.94+0.01
#2210 5.52+0.00 6.50+0.01 6.92+0.01 8.04 +0.02 5.84+0.00 5.97+0.00 8.07 £0.05
#2211 5.86+0.01 6.26 +0.00 6441001 8.70+0.03 648+0.10 6.71+0.01 8.64+0.01
#2212 5.64+0.00 6.21+0.00 6.58+0.04 8.73+0.04 6.06 +0.00 6.25 +0.00 6.540.01
#2213 5.64+0.00 6.19+0.01 7.28+0.00 6.46 +0.00 6.50+0.00 75210417 6.65+0.01
#2214 6.00+0.00 6.48 +0.00 7.30+0.04 8.19+0.05 6.27 +0.00 6.29 +0.00 7.84+0.04
#2215 5.68+0.00 6.21+0.00 7.03+0.03 8.67+0.03 6.00+0.00 6.02+0.00 8.67+0.06
#2218 5.72+0.00 6.20 +0.00 7.65+0.03 6.46 + 0.00 6.41+0.00 7.69+0.01 6.92+0.01
#2219 5.72+0.00 6.22+0.00 7.65+0.03 8.77+0.00 6.37+0.00 8.04+0.01 8.31+0.03
#2220 5.66 +0.00 6.20 +0.00 761£0.01 861+0.04 6.35+0.01 6.38+0.01 6.52+0.02

#2221 5.81+0.00 6.32+0.00 7.67+0.00 8.15+0.00 .62+ 0.00 6.49+0.00 6.16+0.00
#2229 5.80+0.00 6.27 £0.00 7.71+0.00 8.88+0.02 .63 £0.00 6.47 £0.00 7.71+0.89
#2696 5.77+0.00 .34 £ 0.00 7.71+0.04 8.74+0.02 .51+ 0.00 7.77+0.00 8.98+0.00
#2697 5814000 | 6.32+0.01 6.99 £ 0.02 8.50 £ 0.00 .52 £ 0.02 7.82+0.03 8.93+0.00
#2698 5.53+0.0 .11+ 0.01 7.68+0.03 8.73+0.01 .27 +0.00 7.93+0.02 8.71+0.02
#2699 56100 .22 +0.00 6.78+0.01 847+0.01 .37 £ 0.00 7.81+0.00 8.35+0.02
#2700 .38 + 0.3 .28 +0.01 6.96+0.01 8.31+0.00 .69 + 0.0 7.78+0.02 8.21+0.01
#2701 .73+ 0.0 .34+ 0.01 7.01+0.02 827+0.01 .70+ 0.0 7.82+0.01 8.31+0.02
#2702 .03+0.01 .48 +0.00 7.20+0. 8.33+0.00 .77 £ 0.0 7.84+0.01 .06 +0.01
#2703 .68 + 0.02 .37 £0.00 725+ 0. 8.76 +0.00 .62+ 0.00 7.70+ 0.05 .61+0.01
#2704 5.71+0.00 .35+ 0.4 7.24+0. .78 +0.00 .55 +0.00 7.93+0.20 .55+ 0.01
#2705 5.65+0.01 .51+ 0. 711+0.02 .14 £ 0.00 .82+ 0.02 7.16+0.01 14+ 0.00
#2706 5.90 +0.02 .51 0. 712+0.04 .25+ 0.07 .80+ 0.01 7.67 £ 0.0 .56 + 0.04
#2707 6.06 +0.04 .49 0.4 7.20+0.10 .55 + 0.01 .73+ 0.01 6.68 + 0.0 .18 + 0.00
#2708 5.97 £0.02 .55 0. 7.24+0.02 .11+ 0.00 .81+ 0.00 7.74+0. .64 +0.01
#2710 6.23+0.00 | 66910, 7.33+0.00 41+ 0.03 .91+ 0.00 8.08+0. .07 £0.04
#2813 5.98 +0.02 .46 + 0.02 21+ 0.00 .25 0. .62 1 0.00 6.17 1 0. 7.88+0.04
#2814 5.81+0.01 .19+ 0.01 .85 + 0.02 14+ 0. .27 £ 0.00 7.80+ 0. .51+ 0.01
#2815 5.70+0.07 .23+ 0.01 .85 1 0.02 .48 0. .56  0.02 7760 48 £ 0.02
#2816 5.97 £ 0.00 23+ 0.01 .96 + 0.00 .61+ 0. 44 + 0.00 7.981 0. .22+ 0.01
#2817 .78+ 0.01 .43 + 0.00 .82 1 0.00 .51 0. .20 £ 0. 6.21+0.02 .39 1 0.02
#2818 6+ 0.01 .22 +0.02 .40 +0.01 .50 + 0.4 43 0. 6.42+0.09 .46 + 0.06
#2819 4 +0.00 .25 0. 7.16 £0.02 .23 0. .57 1 0. 7.85+0.00 43 10.02
#2820 +0.00 .56 + 0.4 711104 96 0. .57 0. 7.98+0.01 .52 + 0.00
#2821 0. .33 0. 7.67£0 .50 + 0.04 62+ 7.98+0. 7.93+0
#2822 418+ 0. 46 + 0.4 489+ 0. .92 +0.04 19+ 7.97 0. .54 1 0.(
#2823 .79 £ 0. 4.3410.01 0. .28 + 0.01 49+ 783+ .78 £ 0.
#2824 01+ .29+ 0.00 61 0. .35+ 0.01 .82+ 785+ .92 1 0.
#2825 | 5821 451001 .94+ 0.01 .08 + 0.01 72+ 765+ 12+
#2826 | 566+ 38+0.15 .86 + 0.01 .24 +0.04 .38 + 713+ 21+
#2832 .85 19+0.02 9+0.01 1% S 7.74+0.01 221
#2833 .60 + 47 +0.00 .81+ 0.02 .96 + .45 1 0.( 7.85+0.02 91+0.04
#2834 .78 1 0. .17 £ 0.4 09 £ 0. .52 0. .59  0.02 7.91+0.01 .60+ 0.03
#2835 .75 0. .31+ 0. 0410 .56 + 0.4 .65 + 8.03+0.01 .49 + 0.00
#2836 69 + .52+ 1+ E3 .58 + 0. 7.94+0.02 .76 £ 0.02
#2838 .59 + 23+ 0. E3 48 + 776+ 74+ 0.00
#284 63+ .22+ 0. +0.01 .56 + 779+ 70+0.02
#284 77+ 27 + 0. .59+0.02 | 6.82+0.( 809+ 44 £ 0.02
#28! 64 + .21+ +0.02 .61+ 0.03 .32 1 0. 7.06+0. .35 1 0.02
#360 77+ 28 + +0.00 544002 | 6.6610. 6.90 + 0. .72+ 0.01
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Table 24: Production parameters of biodiversity screening for acetate co-utilization.

Yoois

Yoois
Strain C-source Max. OBgaonm [max. ODgoonm/C-mole.
k [max. ODsoonm/Je-source]

source]
46.8 2.34 69.9

Glucose
U. maydis 48.3 242 721
#1946 Glucose + 55.9 248 776
Acetate 56.5 251 785
40.7 2.03 60.7

Glucose
U. cynodontis 41.3 2.07 61.7
#2707 Glucose + 537 2.38 745
Acetate 54.0 2.40 75.0
29.9 1.40 44.6

Glucose
U. maydis 19.9 1.00 29.8
#2136 Glucose + 514 1.71 56.5
Acetate 52.8 1.76 58.1
19.7 0.99 29.4

Glucose
U. maydis 22.5 1.13 33.6
#2135 Glucose + 495 1.65 54.4
Acetate 49.8 1.66 54.8
38.0 1.90 56.8

Glucose
U. rabenhorstiana 38.2 1.91 57.0
#2708 Glucose + 483 2.14 67.0
Acetate 50.0 2.22 69.5
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Table 25: Production parameters of biodiversity screening for formate co-utilization.

Yoois
Yoois
Strain C-source Max. ODeoonm [-] [max.
[max. ODesoonm/Je-source] ODgoonm/c-
MOl source]
38.0 1.90 56.8
Glucose
U. rabenhorstiana 38.2 1.91 57.0
#2708 56.6 2.52 80.9
Glucose + Formate
56.7 2.52 81.0
31.6 1.58 47.2
Glucose
U. cynodontis 33.0 1.65 49.3
#2707 50.0 222 715
Glucose + Formate
50.5 2.25 72.2
29.0 1.45 43.3
Glucose
U. maydis 30.2 1.51 45.0
#2177 42.0 1.86 59.9
Glucose + Formate
43.1 1.91 61.5
275 1.37 41.0
Glucose
U. cynodontis 27.7 1.38 41.3
#2706 40.4 1.70 57.6
Glucose + Formate
44.2 1.93 63.1
36.3 1.82 54.2
Glucose
U. maydis 37.8 1.89 56.4
#2196 42.3 1.88 60.4
Glucose + Formate
43.4 1.93 62.0
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Table 26: Production parameters of System Duetz cultivation for acetate co-utilization in MES buffer.

Titermax Ypis Yeis Max. OD
Strain C-source
[9L"  [9mwgesouce] [c-mOlima/Cc-mOlo.source] []
2.99 0.060 0.069 39
Glucose
U. maydis 3.38 0.068 0.078 33
#2229 7.20 0.144 0.152 49
Glucose + Acetate
7.60 0.152 0.161 48
4.30 0.086 0.099 39
Glucose
U. rabenhorstiana 4.31 0.101 0.099 40
#2708 6.88 0.136 0.144 41
Glucose + Acetate
6.80 0.138 0.145 45
2.24 0.045 0.052 53}
Glucose
U. cynodontis 2.05 0.041 0.047 52
#2707 2.88 0.056 0.060 50
Glucose + Acetate
2.88 0.058 0.061 53
240 0.048 0.055 46
Glucose
U. maydis 2.42 0.048 0.056 47
#2135 2.97 0.071 0.075 54
Glucose + Acetate
2.35 0.059 0.063 58
2.36 0.047 0.054 50
Glucose
U. maydis 2.28 0.046 0.053 51
#2136 2.32 0.046 0.049 49
Glucose + Acetate
222 0.044 0.047 50
0.09 0.002 0.002 71
Glucose
U. maydis 0.06 0.001 0.001 73
#1946 0.01 0.000 0.00 72
Glucose + Acetate
0.01 0.000 0.00 66
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Table 27: Production parameters of System Duetz cultivation for acetate co-utilization in CaCO; buffer.

Titermax Yeis Yeis Max. OD
Strain C-source
[9L"  [gma/Gesouce] [C-MOlima/C-MOlo source] [
4.08 0.082 0.087 39
Glucose
U. maydis 4.47 0.089 0.095 40
#2229 5.62 0.100 0.119 56
Glucose + Acetate
5.16 0.092 0.110 58
3.26 0.065 0.069 60
Glucose
U. rabenhorstiana 3.09 0.062 0.066 62
#2708 3.10 0.055 0.066 60
Glucose + Acetate
3.23 0.057 0.069 59
6.33 0.127 0.134 62
Glucose
U. cynodontis 6.22 0.124 0.132 65
#2707 5.30 0.094 0.113 55
Glucose + Acetate
578 0.103 0.123 60
3.13 0.063 0.066 54
Glucose
U. maydis 3.27 0.065 0.070 53
#2135 3.40 0.060 0.072 56
Glucose + Acetate
3.78 0.067 0.080 60
3.80 0.076 0.081 56
Glucose
U. maydis 3.95 0.079 0.084 53]
#2136 3.82 0.068 0.081 50
Glucose + Acetate
3.56 0.063 0.076 51
0.08 0.002 0.002 67
Glucose
U. maydis 0.05 0.001 0.000 68
#1946 0.01 0.000 0.000 72
Glucose + Acetate
0.01 0.000 0.000 73
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Table 28: Production parameters of System Duetz cultivation for formate co-utilization in MES buffer.

Titermax Yeis Yeis Max. OD
Strain C-source
[9L"  [grma/gesouce] [C-MOlima/C-MOlo source] [
6,64 0.133 0.153 51
Glucose
U. cynodontis 6,90 0.138 0.159 50
#2706 6,90 0.123 0.151 38
Glucose + Formate
5,81 0.103 0.127 36
6,18 0.124 0.143 52
Glucose
U. cynodontis 6,32 0.126 0.146 57
#2705 9,04 0.161 0.198 50
Glucose + Formate
8,20 0.146 0.179 54
4,16 0,083 0.096 48
Glucose
U. rabenhorstiana 4,35 0,087 0.100 50
#2708 3,98 0.071 0.087 35
Glucose + Formate
2,64 0.047 0.058 37
2,61 0,052 0.060 50
Glucose
U. maydis 2,87 0,057 0.066 54
#2229 0,30 0.005 0.007 37
Glucose + Formate
0,31 0.004 0.007 36
2,78 0.056 0.064 66
Glucose
U. maydis 2,60 0.052 0.060 65
#2177 0,43 0.008 0.009 65
Glucose + Formate
0,49 0.009 0.011 66
0,66 0,013 0.015 79
Glucose
U. maydis 0,55 0,011 0.013 80
#2196 0,04 0.001 0.001 60
Glucose + Formate
0,04 0.001 0.001 57
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Table 29: Production parameters of System Duetz cultivation for formate co-utilization in CaCOs buffer.

Titermax Yeis Yeis Max. OD
Strain C-source
[9L"  [gma/gesouce] [c-molima/c-mOlo source] [
11.09 0.222 0.256 28
Glucose
U. cynodontis 8.94 0.179 0.206 25
#2706 8.09 0.144 0.177 26
Glucose + Formate
11.55 0.205 0.253 25
4.88 0.098 0.113 25
Glucose
U. cynodontis 4.85 0.097 0.112 24
#2705 6.29 0.112 0.138 24
Glucose + Formate
5.41 0.096 0.118 22
1.85 0.037 0.043 47
Glucose
U. rabenhorstiana 1.89 0.040 0.046 46
#2708 0.92 0.016 0.020 34
Glucose + Formate
1.02 0.018 0.022 35
4.08 0.082 0.094 34
Glucose
U. maydis 3.68 0.074 0.085 35
#2229 0.87 0.015 0.019 32
Glucose + Formate
1.41 0.025 0.031 30
1.94 0.039 0.045 47
Glucose
U. maydis 1.73 0.035 0.040 46
#2177 0.91 0.016 0.020 47
Glucose + Formate
0.88 0.016 0.019 50
1.73 0.035 0.045 50
Glucose
U. maydis 1.55 0.036 0.036 51
#2196 0.91 0.016 0.020 43
Glucose + Formate
1.01 0.018 0.022 44
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Table 30: pH values during System Duetz cultivation for formate and acetate co-utilization.

Strain Buffer C-source Min. pHH End pH [ Strain Buffer C-source Min. pHH End pH [
lucose 498 5.76 lucose 3.08 3.07
es 496 5.80 es 3.03 301
Glucose+ | 5.9 578 Glucose+ | 4.96 4.96
. mapdis w2228 Acetate 548 5.80 U eymodontis #2706 Formate 4.94 .94
6.01 677 521 547
Glucose 3 = Glucose N T
caco3 - - caco3 - :
Glucose+ | 6.68 7.18 Glucoser | 6.16 7.94
Acetate 6.58 722 Formate 6.07 812
Glucose 251 2.86 Glucose 2.86 2.86
s 247 2.85 Es 2.83 283
Glucoses | 3.1 336 Glucose+ | 4.26 4.26
" ona 12708 Acetate 313 337 0. eymodontis 12705 Formate 434 434
6.54 7.10 5.72 5.81
Glucose Glucose
6.51 7.34 5.64 6.79
caco3 caco3
Glucose+ | _ 683 7.61 Glucose+ | 6.40 803
Acetate 6.82 7.65 Formate 6.62 825
Glucose 2i: 3.44 Glucose —i‘:g —i':f
MES : MES : :
Glucose+ | 379 Glucose+ | 508 5.08
U. cynodontis #2707 Acetate 3.78 u. iana #2708 Formate LR L2
6.55 6.21 7.63
Glucose e Glucose o T
caco3 : caco3 : :
Glucose+ | 691 7.5 Glucose+ | 659 6.59
Acetate 6.94 7.11 Formate 6.63 7.94
Glucose 4.64 5.68 Glucose 4.85 5.87
s 470 571 Es 4.87 5.88
Glucose+ | 5.07 5.85 Glucose+ | 554 6.05
U moydis 12135 Acetate 5.09 5.80 V. maydis 12229 Formate 5.56 6.06
6.50 7.71 513 5.57
Glucose 6.53 772 Glucose 5.30 5.65
CaCo3 - — CaCo3 - —
Glucose+ | 672 7.63 Glucose+ | 577 813
Acetate 6.88 7.82 Formate 5.86 8.02
lucose 5.02 572 lucose 511 5.60
es 5.03 578 s 510 5.56
Glucose+ | 536 578 Glucoser | 5.64 6.57
U. maydis #2136 Acetate =38 579 U. maydis #2177 Formate .65 6.56
6.65 7.46 6.50 842
Glucose e T Glucose oo 1e
caco3 - - caco3 - -
Glucose+ | 6.89 7.81 Glucose+ | 650 892
Acetate 6.84 7.71 Formate 6.48 8.96
5.61 5.63 593 5.98
Glucose o B Glucose N T
MES : - MES : :
Glucose+ | 634 643 Glucose+ | 5.87 7.27
U moydis 11946 Acetate 632 642 . mapdis 12156 Formate 5.87 7.26
6.66 7.63 6.71 7.80
Glucose e 5 Glucose B o
caco3 : : caco3 : :
Glucose+ | 6.88 839 Glucose+ | _ 666 7.69
Acetate 6.94 8.40 Formate 6.70 7.79

Table 31: Welch t-test result for shake flask cultivations of metabolically engineered U. cynodontis strains.
#4852: U. cynodontis Afuz7 Acyp3 1Pyar (highlighted in yellow) and #4853: U. cynodontis Afuz7 Acyp3 PeweimttA
1Priar (highlighted in blue). Cultivations were carried out following (section 4.1). MTM medium (33 g - L' CaCO3,
0.8 gL' NH4CI, 100 g - L' glucose) with 0 g - L' or 2 g - L' formate was used.

#4853 maximunm titer shake flasks|#4853 ma shake flasks|
Glc Glc + Form Gl Gle+Form

Mean 50866 56.0923333|Mean 051234375 0.55606885|
variance 0277263 0.04606233| Variance 28129605 4.5268£-06|
Observations 3 3|observations 3 3
Hypothesized Mean Difference [ Hypothesized Mean Difference [

ot 3 ot 3

tstat -15.3198095 t stat -13.2528308

p(T<=t) one-tail 0.00026346 p(T<=t) one-tail 0.00046418

t Critical one-tail 2.35336243 t Critical one-tail 235336343

P(T<st) two-tail 0.00053892 P(T<st) two-tail 0.00092835

2 Critical two-tail 3.18244631 t Critical two-tail 3.18244631

4452 maximum titer shake flasks | #4852 maximum yield shake flasks

Gk Gl+Form Gl Gle+Form

Mean 50.859 53.875|Mean 0.512273240.53408742
Variance 0170443 0.67a719|Variance 17292605 6.6309E-05
Observations 3 3|observations 3 3
Hypothesized Mean Difference 0 Hypothesized Mean Difference [

af 3 o 3

tstat -5.68227154 t stat 413231314

P(T<st) one-tail 000540075 P(T<st) one-tail 0.01285643

 Critical one-tail 235336343 t Critical one-tail 2.35336343

P(T<=t) two-tail P(T<=t) two-tail

t Critical two-tail 3.18244631 t Critical two-tail 318244631
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Table 32: Tested DoE conditions and responses during this study investigating acetate co-metabolization
for U. maydis MB215 wildtype strain.

No. Run Glucose [g L] Acetate [g L] Buffer[-] Yield [c-mol c-mol']* Titer [g L]
32 1 100 2 CaCO3 0.11 9.64
41 2 256 7 CaCO3 0.09 2.56
12 3 100 12 MES 0.08 7.52
8 4 30 12 MES 0.05 1.76
26 5 65 7 MES 0.06 2.90
9 6 30 12 MES 0.05 3.52
17 7 65 14 MES 0.05 2.41
27 8 65 7 MES 0.06 7.53
30 9 30 2 CaCOs3 0.08 2.41
47 10 65 12.6 CaCOs3 0.1 7.53
36 1 30 12 CaCO3 0.09 2.93
22 12 65 7 MES 0.06 3.87
10 13 100 12 MES 0.09 8.15
52 14 65 7 CaCOs; 0.10 6.37
45 15 65 14 CaCO3 0.95 5.44
54 16 65 7 CaCO3 0.12 7.30
50 17 65 7 CaCOs3 0.12 7.78
2 18 30 2 MES 0.54 1.49
35 19 30 12 CaCOs3 0.08 2.79
42 20 259 7 CaCOs3 0.09 2.54
53 21 65 7 CaCOs3 0.1 6.74
44 22 104 7 CaCO3 0.14 13.18
18 23 65 1.4 MES 0.04 277
23 24 100 7 MES 0.06 3.68
33 25 100 2 CaCO3 0.11 9.86
34 26 30 2 CaCOs3 0.11 9.89
1 27 65 2 MES 0.06 1.64
49 28 65 7 CaCOs; 0.1 713
38 29 100 12 CaCO3 0.13 12.86
55 30 65 7 CaCO3 0.12 7.60
5 31 100 2 MES 0.04 3.42
15 32 104 7 MES 0.07 6.96
56 33 65 7 CaCO3 0.12 7.33
48 34 65 12,6 CaCOs 0.11 7.55
4 35 100 2 MES 0.04 3.48
51 36 65 7 CaCO3 0.11 7.20
16 37 104 7 MES 0.07 6.80
21 38 65 7 MES 0.09 5.57
19 39 65 12 MES 0.09 5.82
43 40 104 6 CaCOs3 0.13 131
20 41 65 12.6 MES 0.09 5.50
1 42 100 12 MES 0.08 7.62
37 43 30 12 CaCO3 0.08 2.70
24 44 65 7 MES 0.08 5.01
28 45 65 7 MES 0.08 5.14
39 46 100 12 CaCO3 0.13 12.41
29 47 30 2 CaCOs3 0.09 243
7 48 30 12 MES 0.06 2.1
6 49 100 2 MES 0.05 4.07
14 50 26 7 MES 0.09 2.33
25 51 65 7 MES 0.09 5.22
3 52 30 2 MES 0.05 1.28
13 53 26 7 MES 0.08 2.20
46 54 65 1.4 CaCO3 0.10 5.66
40 55 100 12 CaCOs3 0.14 13.45
31 56 30 2 CaCOs; 0.09 2.45
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Table 33: Tested DoE conditions and responses during this study investigating acetate co-metabolization
for U. rabenhorstiana #2708 wildtype strain.

No. Run Glucose [g L] Acetate [gL"] Buffer[-] Yield [c-mol c-mol']* Titer [g L]
21 1 65 7 CaCO3 0.07 4.06
19 2 65 12.6 CaCO3 0.07 4.67
1 3 100 12 CaCOs3 0.09 8.35
28 4 65 7 CaCOs3 0.07 4.02
12 5 100 12 CaCO3 0.09 8.77
8 6 30 12 CaCOs3 0.02 0.66
10 7 100 12 CaCOs; 0.09 9.31
9 8 104 12 CaCO3 0.02 0.62
15 9 30 7 CaCOs3 0.10 10.21
1 10 104 2 CaCO3 0.04 1.21
16 1 65 7 CaCO3 0.11 10.73
27 12 100 7 CaCO3 0.07 4.05
6 13 30 2 CaCO3 0.10 9.27
2 14 30 2 CaCOs; 0.04 1.23
3 15 100 2 CaCO3 0.04 1.08
5 16 26 2 CaCOs3 0.12 10.6
14 17 30 7 CaCOs3 0.04 1.11
7 18 65 12 CaCO3 0.02 0.51
24 19 65 7 CaCO3 0.09 5.33
18 20 26 14 CaCOs3 0.07 3.92
13 21 65 7 CaCOs3 0.04 1.09
17 22 65 14 CaCO3 0.07 4.05
22 23 65 7 CaCOs3 0.13 8.11
25 24 65 7 CaCOs3 0.13 8.10
26 25 100 7 CaCO3 0.12 7.86
4 26 65 2 CaCOs3 0.11 10.12
23 27 65 7 CaCOs3 0.12 7.86
20 28 65 12.6 CaCOs3 0.06 3.85

Table 34: Tested DoE conditions and responses during this study investigating acetate co-metabolization
for U. maydis MB215 Acyp3 Afuz7 AUA AMEL APia1::Petef Peter -

Different combinations of glucose, sodium acetate and ammonium chloride in MTM using CaCOs buffer [63]. 2yield
calculation incl. sodium acetate.

No. Run Glucose [gL"] Acetate [gL"] NHsCl[gL"] Yield[gg']® Titer[gL"]
27 7 13.65 10.5 24 0.01 0.31
26 13 13.65 10.5 2.4 0.01 0.26
25 33 13.65 10.5 24 0.02 0.42
21 4 50 18 4 0.01 0.32
15 9 50 3 4 0.26 13.96
2 11 50 3 0.8 0.58 30.73
20 12 50 18 4 0.01 0.33
3 18 50 3 0.8 0.59 31.52
1 19 50 3 0.8 0.60 31.89
13 26 50 3 4 0.20 10.40
19 30 50 18 4 0.01 0.28
14 31 50 3 4 0.24 12.75
9 37 50 18 0.8 0.49 33.24
8 39 50 18 0.8 0.50 33.70
7 44 50 18 0.8 0.50 33.93
45 2 165 10.5 24 0.55 96.56
38* 3 165 10.5 0.3 0.62 96.55
42 5 165 10.5 4.5 0.40 97.32
43 8 165 10.5 2.4 0.54 95.27
34 10 165 20.4 24 0.56 103.98
36 15 165 20.4 2.4 0.56 104.59
33 16 165 0.6 2.4 0.56 92.18
32 17 165 0.6 2.4 0.58 96.61
37* 21 165 10.5 0.3 0.61 94.21
39* 22 165 10.5 0.3 0.62 96.24
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31
46
35
40
44
47
41
48
5*
11*
17
16
&
18
23
24
12*
po
10*
22
30
28
29

23
24
27
29
36
43
47
48

14
20
25
28
32
34
35
38
4
42

40
45

165
165
165
165
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
280
316.4
316.4
316.4

0.6
10.5
20.4
10.5
10.5
10.5
10.5
10.5

10.5
10.5
10.5

24
24
24
4.5
24
24
4.5
24
0.8
0.8

B

0.8

B b

0.8
0.8
0.8

2.4
24
24

0.60
0.55
0.50
0.41
0.57
0.56
0.42
0.58
0.53
0.52
0.48
0.49
0.51
0.51
0.42
0.43
0.55
0.54
0.50
0.47
0.48
0.47
0.48

99.21
96.95
92.95
98.69
100.3
98.56
103.50
101.53
138.85
135.30
136.23
137.59
135.51
143.18
124.97
126.95
142.45
137.14
128.85
139.70
150.30
154.82
152.00

Table 35: Tested DoE conditions and responses during this study investigating formtate co-metabolization
for U. cynodontis Afuz7 Acyp3 1PetefmttA 1Pria1.
Different combinations of glucose, formate and ammonium chloride in MTM using CaCO; buffer [63]. 2yield

calculation incl. formate, yield calculation excluding formate.

No. Run Glucose [gL~ Formate [g NH.Cl[gL Yield[gg Yield[gg  Titer [gL"]
44 10 13.65 8.75 24 0.01 0.01 0.07
42 14 13.65 8.75 24 0.02 0.03 0.42
43 68 13.65 8.75 24 0.01 0.01 0.14
41 72 13.65 8.75 24 0.02 0.02 0.34

1 9 50 25 0.8 0.49 0.51 25.58
25 25 50 25 4 0.16 0.16 8.04

3 32 50 25 0.8 0.51 0.53 26.93
22 39 50 25 4 0.18 0.18 9.42

4 54 50 25 0.8 0.51 0.55 27.25
5 56 50 25 0.8 0.01 0.53 26.98
24 60 50 25 4 0.17 0.18 8.94

2 64 50 25 0.8 0.52 0.55 27.53
21 66 50 25 4 0.17 0.18 9.43

23 70 50 25 4 0.18 0.19 9.74

14 16* 50 15 0.8 0.37 0.45 22.67
13 18* 50 15 0.8 0.39 0.48 2417
32 21* 50 15 4 0.02 0.01 0.10

31 31* 50 15 4 0.01 0.01 0.25

12 33* 50 15 0.8 0.40 0.49 24.58
33 34* 50 15 4 0.10 0.10 5.18

34 41* 50 15 4 0.10 0.11 5.76

35 47* 50 15 4 0.01 0.01 0.13

15 51* 50 15 0.8 0.40 0.49 24.54
1 65 50 15 0.8 0.43 0.51 25.76
50 29 165 0.52 24 0.62 0.62 103.38
51 37 165 0.52 24 0.58 0.58 96.74
49 42 165 0.52 24 0.59 0.59 98.05
52 57 165 0.52 24 0.56 0.56 92.80
66 1 165 8.75 24 0.57 0.59 98.75
62 5 165 8.75 4.5 0.52 0.54 90.29
72 19 165 8.75 24 0.52 0.58 96.03
63 24 165 8.75 45 0.51 0.53 87.81

57 26* 165 8.75 0.29 0.65 0.65 101.10
71 27 165 8.75 24 0.56 0.59 98.01
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70 28 165 8.75 24 0.52 0.55 90.57
67 30 165 8.75 24 0.56 0.59 97.38
64 36 165 8.75 4.5 0.48 0.51 84.20
59 38* 165 8.75 0.29 0.65 0.66 66.35
69 40 165 8.75 24 0.56 0.59 97.88
65 43 165 8.75 24 0.57 0.60 98.31

68 46 165 8.75 24 0.53 0.56 93.22
58 59* 165 8.75 0.29 0.65 0.65 65.66
60 61* 165 8.75 0.29 0.66 0.43 71.95
61 62 165 8.75 4.5 0.52 0.54 90.56
54 2 165 16.98 24 0.52 0.57 94.67
53 7 165 16.98 24 0.52 0.57 93.86
55 52 165 16.98 24 0.51 0.56 92.120
56 63 165 16.98 24 0.53 0.58 95.78
9 3* 280 25 0.8 0.58 0.58 104.16
28 12 280 25 4 0.49 0.49 139.21
29 13 280 25 4 0.50 0.50 142.67
10 17 280 25 0.8 0.51 0.51 96.84
8 22* 280 25 0.8 0.50 0.50 96.16
27 44 280 25 4 0.49 0.49 138.14
7 50* 280 25 0.8 0.52 0.53 99.37
30 53 280 25 4 0.50 0.50 141.36
26 55 280 25 4 0.49 0.50 141.64
6 7* 280 25 0.8 0.55 0.55 101.9
37 4 280 15 4 0.47 0.49 139.25
36 8 280 15 4 0.47 0.50 139.67
16 15 280 15 0.8 0.52 0.55 109.29
20 20* 280 15 0.8 0.48 0.49 106.72
39 23 280 15 4 0.50 0.53 148.39
18 35* 280 15 0.8 0.48 0.38 107.08
19 45* 280 15 0.8 0.48 0.51 108.4
38 48 280 15 4 0.59 0.62 173.61
40 67 280 15 4 0.49 0.52 145.95
17 69* 280 15 0.8 0.49 0.49 107.3
48 6* 316.35 8.75 24 0.43 0.43 128.31
46 1 316.35 8.75 24 0.42 0.42 132.67
47 49* 316.35 8.75 24 0.47 0.48 139.35
45 58* 316.35 .75 24 0.46 0.47 136.12

Table 36: Results from the catalytic conversion of CO; for formate.
Reaction conditions: 3 mL of 1 M NaOH solution saturated with CO., 60 bar Hz, 1 umol [Ru] in 2 mL solvent, 70 °C.
Multiple runs resemble re-use of the same catalyst phase.

No. Run Solvent Time [h] c(Formate) [M] c(Formate) [g L]
1 1 Tetradecane 237 0.783 53.2
2 2 Tetradecane 26.0 0.788 53.6
3 3 Tetradecane 26.0 0.720 49.0
4 1 Octylacetate 27 0.783 53.3
5 2 Octylacetate 24 0.793 54.0
6 3 Octylacetate 22 0.779 53.0
7 1 Anisole 0.6 0.772 52.5
8 2 Anisole 0.5 0.688 46.8
9 3 Anisole 0.5 0.770 52.40
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4.5.2 Supplementary figures

Figure 69: ANOVA analysis for the itaconate titer model for acetate co-metabolization of U. maydis MB215.
(A) ANOVA analysis table regarding itaconate c-mol yield, (B) ANOVA analysis table regarding itaconate titer.

A B
Source p-value Source p-value
Model <0.0001 significant Model <0.0001 significant

A-Glucose  <0.0001 A-Glucose < 0.0001
B-Acetate < 0.0001 B-Acetate < 0.0001
C-Buffer < 0.0001 C-Buffer < 0.0001
AB <0.0001 AB <0.0001
AC <0.0001 AC <0.0001
BC 0.0276 BC 0.0931

A? 0.1319 A? 0.5299
B2 <0.0001 B2 <0.0001

Lack of Fit 0.0540 not significant ~ Lack of Fit 0.0555 not significant

R2=0.9285 R?=0.9808

Figure 70: Prediction vs. actual plot for U. maydis MB215.
The actual reached titers (a) and yields (b) are compared against the model prediction. Generated using the
software Design Expert

(a) (b)
Predicted vs. Actual Predicted vs. Actual
0.16

0.14 |

0.12

0.1

Predicted
Predicted

T T T T T T T
0 2 4 6 8 10 12 14 002 004 006 008 01 012 014 016

Actual Actual
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Figure 71: ANOVA analysis for the itaconate titer model for acetate co-metabolization of U. rabenhorstiana

#2708.

(A) ANOVA analysis table regarding itaconate titer, (B) ANOVA analysis table regarding itaconate c-mol yield.

A B
Source p-value Source p-value
Model <0.0001 significant Model <0.0001 significant
A-Glucose < 0.0001 A-Glucose < 0.0001
B-Acetate 0.0285 B-Acetate 0.0025
AB 0.0545 AB 0.0204
A2 <0.0001 A? 0.0022
B2 0.0024 B? 0.0027
Lack of Fit 0.1109 not significant Lack of Fit 0.0799 not significant
R2= 0.9552 R?=0.8746

Figure 72: Prediction vs. actual plot for U. rabenhorstiana #2708.

The actual reached titers (a) and yields (b) are compared against the model prediction. Generated using the
software Design Expert
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Figure 73: ANOVA analysis for the itaconate titer model for acetate co-metabolization of U. maydis MB215
Acyp3 Afuz7 AUA AMEL APria1::Peter Peter mttA.

(A) ANOVA analysis table, (B) fit statistics, (C) predicted vs. actual plot.

A ANOVA

Response 2: Titer

Transform: Square Root
Constant: 0.5

source | Sum of
Squares
Model 951.01
A-Glucose 230.84
B-Formate  0.0674
C-NH4CL 0.9594
AB 433
AC 54.62
BC 1.28
A* 98.14
8 0.0338
[ 3.67
ABC 113
A8 0.0531
AC 2.65
AB* 1.36
Residual 7.88
Lack of Fit 0.0563
Pure Error 7.83
Cor Total 958.89

df

13
i}
1
1
1
1
1
B
)|
1
1
1
1
1

58

1
57
n

Mean
Square
73.15
230.84
0.0674
0.9594
433
54.62
1.28
98.14
0.0338
3.67
113
0.0531
2.65
1.36
0.1359
0.0563
0.1373

F-value

538.27
1698.50'
0.4957
7.06.
31.88
401.91
9.44
722.14
0.2487
26.97
834
0.3906
19.49
9.98.

0.4103

p-value

< 0.0001 significant
< 0.0001
04842
00102
< 0.0001
< 0.0001
0.0032
< 0.0001
06199
< 0.0001
0.0054
05344
< 0.0001
0.0025

0.5244 not significant

Cc

Design-Expert® Software
Sqrt(Titer + 0.50)

Color points by value of

Sart(Titer + 0.50):

o754 NI

B Fit Statistics

Std. Dev. 0.3687 R 0.9918
Mean 8.00 Adjusted R* 0.9899
CV. % 461 Predicted R 0.9869

Predicted

Adeq Precision | 69.6685

Predicted vs. Actual

Figure 74: ANOVA analysis for the itaconate yield model for acetate co-metabolization of U. maydis MB215
Acyp3 Afuz7 AUA AMEL APria1::Peter Peter mttA.

(A) ANOVA analysis table, (B) fit statistics, (C) predicted vs. actual plot.

ANOVA

Response 1: Yield
source | Sum of
Squares
Model 3.33
A-Glucose | 0.5079
B-Formate  0.0013
C-NH4CL | 0.0075
AB 00572
AC 05783
8C 0.0000
A 0.6212
8 0.0000
tea 00026
A8 0.0085
A'C 0.1236
AB* 0.0785
A 0.0204
Residual 00526
Lack of it | 0.0026
Pure Error | 0.0500
Cor Total 3.39

57
n

Mean
Square
02565
05079
00013
00075
00572
0.5783
0.0000
0.6212
0.0000
00026
0.0085
0.1236
00785
00204

0.0026.
0.0009

Fvalue| p-value

282,91 < 0.0001 significant
560.30 < 0.0001

143
831

63.14 < 0.0001
637.90 < 0.0001

00141

685.22 < 0.0001

0.0256.
2.90
933

136.38 < 0.0001
86.57 < 0.0001
2248 < 0.0001

293

0.0924 not significant

Cc

Design-Expert® Software
Yield

Color points by value of
Yield:

o007 I 0732

B Fit Statistics

Std. Dev. 0.0301 R 09845
Mean 05279 Adjusted R* 09810
CV. % 5.70 Predicted R 09758

Predicted

Adeq Precision | 523154

Predicted vs. Actual
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Figure 75: ANOVA analysis for the itaconate titer model for formate co-metabolism of U. cynodontis Acyp3
Afuz7 APria1::Peter PetermttA.
(A) ANOVA analysis table, (B) fit statistics, (C) predicted vs. actual plot

A ANOVA B Fit Statistics
R 2 Thar Std. Dev. 03687 3 09918
Transform: Square Root = 800 Adjusted R* 09890
Comdiants 113 cv.% 461 Predicted R 0.9869
Adeq Precision | 69,6585
Source SS:‘:';:S df S’::::e F-value | p-value c
Model 951.01 13 73.15 53827 < 00001 significant L Precicted va. Adtual
A-Glucose | 23084 1| 23084/ 169850 < 00001 ]
B-Formate | 0.0674 1 00674 04957 04842 Sqrt(Titer + 0.50)
C-NHACL | 09504 1 09594  7.06 00102 Color pants by vlue of B
AB 433) 1| 433 3188 <0.0001 Sq(Titer + 0.50): o
AC 5462 1| 5462 401.91 <0.0001 0754 NN 13.195
BC 128 1 128 944 00032 .
A 98.14| 1| 9814 72214 <0.0001 g
8 00338 1 00338 02487 06199 B o
c 367 1| 367 2697 <00001
ABC 113 1| 113] 834 00054 “1
A8 00531 1 00531 03906 05344 2
A*C 265 1 265 1949 <0.0001
AB* 136 1 136 998 00025 o]
Residual 7.88 58 0.1359 T T T T T T T T
Lackof Fit | 00563 1 00563 04103 05244 not significant coror s
PureError | 7.83 57 01373 o

Cor Total 958.89 71

Figure 76: ANOVA analysis for the itaconate yield model for formate co-metabolism of U. cynodontis Acyp3
Afuz7 APria1::Petet PetermttA.

(A) ANOVA analysis table, (B) fit statistics, (C) predicted vs. actual plot.

A ANOVA B Fit Statistics
Revpousel1:¥ield Std. Dev. 00301 L3 09845
Mean 05279, Adjusted R* 09810
Source | SUMOf | 4| Mean b e pvalue cv.% 570 Predicted R 09758
Squares s Squere Adeq Precision | 523154
Model 333 13 02565 282.91 < 0.0001 significant

A-Glucose = 0.5079
B-Formate = 0.0013
C-NH4CL | 0.0075

05079 560.30 < 0.0001 C
0.0013 143 02372
00075 831  0.0055

Design-Expert® Software Predicted vs. Actual

AB? 00785 1 00785 8657 <0.0001

A%B? 0.0204 00204 2248 < 0.0001

Residual 00526 58 0.0009

Lackof Fit | 00026 1 00026 293  0.0924 not significant
Pure Error | 0.0500| 57 0.0009

Cor Total 339 71

1

1

1
AB 00572 1 00572 63.14 < 0.0001 Yield
AC 05783 1 05783 637.90 < 0.0001

Color points by value of

BC 00000 1 00000 00141 09058 Yield:
A 06212 1 06212 68522 <0.0001 0.007 NN 0732
8 00000, 1/ 0.0000 00256 0.8735
c* 00026 1 00026 290  0.0940 i
A 00085 1 00085 933 00034 i
AC 01236 1 0.1236 13638 <0.0001

1

1
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