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Abstract

A key aspect of a sustainable bioeconomy is the bioconversion of renewable,
agricultural waste streams by microorganisms for the production of high-value
compounds. A promising approach is the bioconversion of corn stover by the fungus
Ustilago maydis. U. maydis is able to grow on corn stover as the sole nutrient source.
However, the utilization of this abundant agricultural waste is often hindered by its
complex and heterogeneous nature and the need for an efficient breakdown into a
suitable feedstock. The specific corn stover components utilized by U. maydis and the

bottlenecks in the fermentation process remain largely unexplored.

To tackle this challenge, the first chapter of this thesis describes a platform to monitor
U. maydis performance growing on corn stover. It uses online measurements of
scattered light, fluorescence and pH to track fungal growth, combined with a detailed
biochemical characterization of the post-fermentation biomass. The results reveal that
U. maydis primarily feeds on the water-soluble carbohydrates present in corn stover,
while the lignocellulosic fraction remains underutilized. To improve conversion of the
abundant lignocellulosic fraction the effect on fungal performance of different
lignocellulose corn mutants and different lignocellulose pretreatments was evaluated.
The use of a lignin mutant (bm3) in combination with a commercial cellulolytic enzyme
cocktail proofed to be the most efficient performance boost and combined, increased

fungal performance by 120 % compared to wildtype corn stover (variety B73).

The second chapter focuses on the water-soluble carbohydrate fraction in corn stover,
which is the most influential on U. maydis biomass production. The results highlight
the substantial variability of this important fraction across a corn natural variation panel.
To identify the genetic basis of this variation, a genome wide association study was
conducted, which identified 37 quantitative trait loci associated with water-soluble
carbohydrate related traits. Haplotype-chemotype association studies identified three
candidate genes potentially involved in corn stover water-soluble carbohydrate traits.
Functional studies in Saccharomyces cerevisiae, Nicotiana benthamiana or in vitro
validated the roles of two of the candidate genes and revealed haplotype-specific
differences in protein activity for one candidate gene. These insights lay a foundation
for further studies to increase water-soluble carbohydrate content in corn stover and

thereby enhancing bioconversion by U. maydis.
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A. tumefaciens Agrobacterium tumefaciens
3-PGA 3-phosphoglycerate
A. niger Aspergillus niger
a.u. Arbitrary units
ADP Adenosine-diphosphate
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At Arabidopsis thaliana
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G-lignin Guaiacyl
GOPOD Glucose oxidase peroxidase
GT Glycosyltransferase
GWAS Genome-wide association study
H,S04 Sulfuric acid
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HCI Hydrochloric acid
H-lignin p-hydroxyphenyl
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HPAEC High-performance anion-exchange chromatography
KOH Potassium hydroxide
LD Linkage disequilibrium
LiAc Lithium acetate
M6P Mannose-6-phosphate
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MES 2-(N-Morpholino) ethanesulfonic acid
MgCl, Magnesium chloride
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N. benthamiana

Nicotiana benthamiana

NADP/NADPH Nicotinamide adenine dinucleotide phosphate (hydrogen)
NaOH Sodium hydroxide
oD Optical density
Os Oryza sativa
PAD Pulsed amperometric detector
pCA p-coumaric acid
PCR Polymerase chain reaction
PEG Polyethylenglycol
PGI Phosphoglucose isomerase
PMI Phosphomannose isomerase
QTL Quantitative trait loci
rpom rounds per minute
RT room temperature

S. cerevisiae

Saccharomyces cerevisiae

SD Standard deviation
SDS Sodium dodecyl sulphate
S-lignin Syringyl
SNP Single nucleotide polymorphism
Srtl High-affinity sucrose transporter
Suc Sucrose
SWEET Sugars Will Eventually be Exported Transporters
TFA Trifluoracetic acid
U. maydis Ustilago maydis
UDP-Glc Uridine diphosphate glucose
Ura Uracil
wt% weight percent
Xyl Xylose
Xylp Xylopyranosyl
Zm Zea mays
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1 Background

Increasing world population and ongoing depletion of fossil resources make the
transition towards a bio-based economy more and more relevant. A bio-based
economy focuses on replacing fossil-derived materials with renewable, environment-
friendly resources, thereby reducing dependence on non-sustainable energy sources
and mitigating the environmental impact. A central strategy in this transition is
“bioconversion”, the microbial transformation of plant biomass, preferably agricultural
waste streams, into high-value products. Bioconversion involves breaking down the
complex polysaccharides in plant biomass into smaller, fermentable sugars, ideally by
the enzymatic repertoire of the employed microorganism. These sugars are then taken
up by the microorganism and metabolized into target compounds of industrial or
commercial interest. Therefore, selecting both an efficient microorganism and a

suitable plant biomass source is critical to optimizing the bioconversion process.

Among various plant families, the grasses, or Poaceae, are of major importance to
modern agriculture, as many of the world’s most essential crops, such as sugarcane,
maize, wheat, rice and barley, are grasses (Soreng et al., 2022; van der Weijde et al.,
2013). Most crops are grown for their seeds, while their by-products, comprising stems
and leaves, referred to as “stover”, are often underutilized through inefficient practices
like burning. In Germany, maize (or corn; Zea mays) is among the most important
crops, and its stover, represents its most abundant by-product. Based on previous
calculations (Bichot et al., 2018) and FAO data (Food and Agriculture Organization of
the United Nations) (FAO, 2025), corn stover production in Germany reached nearly
1.5 million tons (MT) in 2023 (Table 1). Considering that approximately 25 % of stover
remains on the field post-harvest to enhance soil quality (Bichot et al., 2018), around
1.1 MT of corn stover was available for bioconversion in 2023, without taking into

account the relatively minor amounts already utilized for such processes.

Table 1: Corn stover production in Germany in 2023. Data sourced from FAO (FAO, 2025)
and calculations based on (Bichot et al., 2018).

Corn cob Ratio cro Residue Residue left Residue Residue available
Area (ha) duction (t) Yield (t/ha) residuesp production on the left on the | for bioconversion
production () ground (%) ground (t) (t)

466,400 4,498,900 9.65 0.33 1,484,637 25 371,159 1,113,478
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While real-world data may slightly differ from these calculations, especially as the crop
to residue ratio applied here is rather conservative compared to other studies (Scarlat
et al., 2010), it underscores the enormous, locally-available feedstock potential of corn
stover for bioconversion processes. Of the stover, the stems - long, straight structures
(“internodes”) interrupted by swollen joints (“nodes”) - constitute the largest fraction
and represent the most important agricultural residue for bioconversion processes
(Bichot et al., 2018; Pordesimo et al., 2005).

After harvest, the major components of corn stover are structural compounds
(60 - 80 wi%) of the plant cell walls, also referred to as “lignocellulose”, giving structural
support to the cells and the whole plant (Akter et al., 2020; Sekhon et al., 2016;
Templeton et al., 2009; Vogel, 2008). The lignocellulose consists of a mixture of
carbohydrates (mostly glucan ~32 wt% and xylan ~19 wt%), bound within the complex
polysaccharides cellulose and hemicellulose, the hydrophobic polymer lignin
(~13 wi%), minor fractions of proteins (>5 wt%) and inorganic residues, also called
ash, which are intracellular accumulated residues from soil or water contaminants
(>5 wit%) (Lacey et al., 2016; Templeton et al., 2009). The non-structural compounds
(18 - 35 wt%) comprise water-soluble carbohydrates (5 - 35 wt%, mostly glucose
(Glc), sucrose (Suc) and fructose (Fru)), extractible inorganic residues from soil,
collected during harvest (~3 wit%) and organic acids (~2 wt%) (Akter et al., 2020; Bian
et al., 2015; Cazetta & Revoredo, 2018; S. F. Chen et al., 2007; Sekhon et al., 2016;
Templeton et al., 2009; Vogel, 2008). Furthermore, the storage polysaccharide starch
is present in corn stover, solely consisting of Glc monomers, however only in small
quantities 0 - 2 wt% (Sekhon et al., 2016). While the water-soluble carbohydrates are
readily fermentable, the plant cell wall polysaccharides require breakdown into
fermentable carbohydrates prior bioconversion. Some microorganisms, particularly
fungi that naturally grow on plant biomass, possess the necessary enzymatic repertoire
to break down these complex polysaccharides into fermentable carbohydrates and

convert them into higher-value products.

As the main focus of this work will be on the suitability of corn stover as an agricultural
residue for the bioconversion by U. maydis, the following chapters will give a more
detailed overview of the major carbohydrate sources in corn stover potentially relevant

for bioconversion processes: water-soluble carbohydrates, starch and lignocellulose.
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1.1 Water-soluble carbohydrate metabolism and bioconversion potential in
grasses

In corn, the three major water-soluble carbohydrates are the disaccharide Suc, and its
monosaccharide building blocks Glc and Fru (Akter et al., 2020). Suc is the main
product of photosynthesis and the main transport sugar (Ruan, 2014). Furthermore, it
acts as an osmotic regulator, a signaling and response molecule, a modulator of gene
expression or as a storage molecule (Ruan, 2014). It is predominantly generated in the
mesophyll cells of “source” tissues, the carbohydrate producing tissues, from
photosynthetically fixed CO2 (Seifert, 2004). The CO: fixation is catalyzed by the
enzyme ribulose-1,5-bisphosphat-carboxylase/oxygenase (RubisCO), which uses
CO2 for carboxylation of ribulose-1,5-bisphosphat and generation of two
3-phosphoglycerate (3-PGA) (Brautigam & Gowik, 2016; Gowik & Westhoff, 2011).
3-PGA enters the Calvin-Benson cycle and is reduced and transformed via isomerases
into triose-phosphate (Schliter & Weber, 2020). Triose-phosphate is either used to
regenerate the CO:2 acceptor ribulose-1,5-bisphosphate, serves as precursor for starch
synthesis or is exported into the cytosol and condensed into hexose-phosphates, the
main precursors for uridine diphosphate glucose (UDP-Glc) (Jiang et al., 2015; Miyake,
2016; X. Ren & Zhang, 2013; Schliter & Weber, 2020; Verbanci¢ et al., 2018).
UDP-Gilc and additionally fructose-6-phosphate (F6P) are catalyzed by Suc-phosphate
synthases into Suc-6-phosphate (Lunn, 2016). Afterwards, Suc-phosphate
phosphatases transform Suc-6-phosphate into Suc (Ruan, 2014).

Suc is translocated from mesophyll cells into the phloem via two different pathways in
grasses, the symplasmic loading, via plasmodesmata that directly connect the cytosols
of adjacent cells, or the apoplastic loading, via first export into the apoplast, followed
by import into the phloem (Braun et al., 2014; Ruan, 2014). Most grasses, including
corn, wheat, barley and sugarcane, use apoplastic phloem loading, where Suc is
exported from the mesophyll cells into the apoplast via SWEET transporters (“Sugars
Will Eventually be Exported Transporters”) across a concentration gradient (Bihmidine
et al., 2015; Braun et al., 2014). From the apoplast, Suc is imported into the phloem by
Suc transporters, which simultaneously transport H* and Suc (Braun et al., 2014; Ruan,
2014).
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In the phloem, Suc is transported from the source tissues, to the “sink” tissues such as
meristems, developing leaves, roots, flowers and seeds that consume carbohydrates
(Verbandic et al., 2018). Furthermore, Suc concentration in the phloem is one of the
main osmotic driving forces, causing the translocation of all other solutes in the phloem
(Braun et al., 2014; Eom et al., 2015). Upon arrival in the destination tissue, Suc is
unloaded from the phloem via the same pathways as for phloem loading (Ruan, 2014).
In the apoplast, cell wall-localized invertases degrade Suc into Glc and Fru, lowering
the Suc concentration and thereby enhancing transport and unloading efficiency by
increasing the concentration gradient (Lunn, 2016). Alternatively, Suc transporters
facilitate direct cellular uptake into the cytosol (L. Q. Chen et al., 2015; Ruan, 2014). In
the cytosol, Suc is either hydrolyzed by invertases into Glc and Fru or cleaved into Fru
and UDP-Glc (the main building block for cell wall synthesis) by Suc synthases (Jiang
et al., 2015; Lunn, 2016; Ruan, 2014). Suc can also be transported further into the
vacuole, where it can be stored or alternatively degraded by vacuolar invertases into
Glc and Fru (Eom et al., 2015; Ruan, 2014).

In the context of bioconversion processes, especially the role of Suc as a storage
carbohydrate is of particular importance (Slewinski, 2012). Carbohydrate storage and
partitioning in plants are governed by a fine-tuned balance between source production
and sink demand relationships (Slewinski, 2012). When production exceeds the
metabolic demands, plants store surplus carbohydrates in their leaves, mostly in the
form of starch (Miyake, 2016). Some grasses, such as the tribes Bromeae or Triticeae,
or the subfamily Danthonioideae, also store Suc or Fru-oligosaccharides (Miyake,
2016). These storage pools are dynamic and subject to diurnal fluctuations, primarily
serving as carbon reserves to sustain metabolism during the night (Stitt & Zeeman,
2012). However, the grasses exhibit an additional strategy by storing considerable
quantities of excess carbohydrates not just in leaves, but also in the vacuoles of stem
parenchyma cells (Slewinski, 2012). The most notable example is sugarcane, which
can accumulate up to 54 % Suc by dry weight in mature stems (Alves et al., 2019;
Glassop et al., 2010). Other grasses similarly store Suc, along with Glc and Fru, in their
stems, with reports ranging from 5 % up to 35 % in mature maize (Akter et al., 2020;
Bian et al., 2015; Cazetta & Revoredo, 2018; S. F. Chen et al., 2007).

Unlike the transient carbohydrate storage in leaves, stem carbohydrate reserves in
grasses represent a long-term storage system (Slewinski, 2012). These reserves do
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not compete directly with other sink tissues for assimilated carbohydrates, as they
mainly sequester surplus carbohydrates (Slewinski, 2012). They function as a
carbohydrate “buffering system” to complement periods of drought, low light, or nutrient
limitation, when photosynthetic carbon assimilation may be compromised during the
plant’s life cycle (Cazetta & Revoredo, 2018; Sekhon et al., 2016; Setter et al., 2001;
Slewinski, 2012).

The reserve of water-soluble carbohydrates in grass stems has a high potential as
substrate for bioconversion processes. They are soluble in water and do not require
additional processing. Furthermore, they can be fermented by most microorganisms,
without the need of specialized carbohydrate active enzymes (CAZymes; (Drula et al.,
2022)).

1.2 Starch metabolism and bioconversion potential in grasses

Starch is the main carbohydrate storage in plants that ensures a consistent supply of
carbon in a variety of different tissues (Lopez-Gonzalez et al., 2022). Starch is either
generated in source tissues to store Glc generated from photosynthesis directly in the
chloroplasts, in sink tissues as dedicated starch storage (seeds and tubers), or as a
temporary storage (flowers or fruits) in plastids (Apriyanto et al., 2022; L6pez-Gonzalez
etal., 2022).

Starch consists of two types of glucan polymers - amylose (15 — 35 % of total starch)
and amylopectin - whose relative quantities differ among plants, tissues and
developmental stages (Apriyanto et al., 2022; Pérez & Bertoft, 2010). Amylose mostly
consists of a a-(1,4)-linked Glc backbone with a few a-(1,6)-linked glucan branches,
whereas amylopectin is highly branched with a-(1,6)-linkages (Pérez & Bertoft, 2010).
In source tissues, the Calvin-Benson cycle generates the starch precursor F6P, which
is converted by phosphoglucose isomerase (PGl) into Glc-6-phosphate (G6P) and
further into G1P by phosphoglucomutase (Apriyanto et al., 2022). In sink tissues, G1P
originates predominantly from Suc degradation by Suc synthases (Stein & Granot,
2019). Gi1P is converted by adenosine diphosphate-Glc (ADP-Gic)
pyrophosphorylases into ADP-Glc, the main building block for starch synthesis
(Apriyanto et al., 2022). In the plastids, starch synthases and plastidial phosphorylases
synthesize the a-(1,4)-linked Glc backbone and starch branching and debranching

enzymes introduce the a-(1,6)-linkages generating highly complex interconnected
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starch granules (Apriyanto et al., 2022; Pérez & Bertoft, 2010). The granules contain
regions of crystalline starch, which comprise highly ordered a-(1,4)-linked Gic chains
interconnected via hydrogen bonds in a helical structure, alternating with amorphous
starch, which are less ordered and less dense regions due to the intersection of
a-(1,6)-linkages (Apriyanto et al., 2022; Pérez & Bertoft, 2010).

Starch degradation happens during the night to provide a continuous supply of
carbohydrates and is more a combination of multiple reactions rather than a linear
degradation pathway (Stitt & Zeeman, 2012). It is initiated by glucose phosphorylation
at the granule surface via glucan water dikinases and phosphoglucan water dikinases
(Stitt & Zeeman, 2012). This disrupts the crystalline structure and enables access of
starch degrading enzymes (Stitt & Zeeman, 2012). The a-(1,4)-linkages are cleaved
by amylases and phosphorylases, and the a-(1,6)-linked branches are cleaved by
starch debranching enzymes (Apriyanto et al., 2022). The major starch breakdown
products are maltose and Gilc, which are exported to the cytosol and further
metabolized (Stitt & Zeeman, 2012).

Since starch consists solely of Glc, the bioconversion potential is high (Van Zyl et al.,
2012). However in crops, most starch is stored in the seeds, while the content in other
tissues such as stems is minimal (Miyake, 2016). In maize, starch levels in mature
stems range from 0 -2 wt% (Sekhon et al., 2016). Thus, the relevance of starch as a

carbohydrate source for bioconversion processes based on corn stover is limited.

1.3 Lignocellulose metabolism and bioconversion potential in grasses

After harvest, 45 — 70 wt% of the corn stover is plant cell wall or “lignocellulose”
(Templeton et al., 2009). Throughout their development, plant cell walls undergo
substantial compositional and structural changes (Loqué et al., 2015). During early
growth, grass cells are surrounded by primary cell walls which are composed mainly
of cellulose microfibrils, hemicellulosic polysaccharides and pectins (Loqué et al.,
2015). The water content of primary cell walls is around 60 — 70 % of total mass (Loqué
et al., 2015). As grass cells mature and cell elongation ceases, secondary cell wall
growth begins (Rao & Dixon, 2018). These secondary grass cell walls, contain primarily
the polysaccharides cellulose and hemicellulose and the hydrophobic polyphenol lignin
(Bulone et al., 2019; Gao et al., 2020; van der Weijde et al., 2013; Vogel, 2008). The
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water content is significantly reduced to around 5 % of the total mass (Christensen &
Rasmussen, 2019; Loqué et al., 2015).

As corn stover is senescent tissue, these secondary cell walls will be the focus of this
work. The following sections will focus on the individual components found in the
secondary cell walls of corn stover in more detail. Starting with the main component
cellulose (~35 % dry weight), followed by the main hemicellulosic polysaccharide
glucuronoarabinoxylan (GAX, ~20 % dry weight) and the minor hemicellulosic
polysaccharide mixed-linkage glucan (MLG, ~3 % dry weight) (Vogel, 2008; S. Wang
et al., 2023). Then the highly hydrophobic polyphenol lignin (12 - 14 % dry weight) will
be explained (Templeton et al., 2009; Vogel, 2008), followed by a section about the

three-dimensional interconnection within this lignocellulosic material.

Cellulose

To develop a deeper understanding of the bioconversion potential of corn stover, it is
necessary to examine its individual components. The best understood example of
synthesis and molecular architecture in lignocellulose is cellulose (Simmons et al.,
2016). It is the most abundant polysaccharide in nature and a fundamental component
of all plant cell walls, providing structural integrity and rigidity (Keegstra, 2010; Rongpipi
et al., 2019). In cell walls of corn stover, cellulose makes up ~35 % of the dry weight
and consists of hundreds to thousands unbranched B-(1,4)-glucose (Glc) units (Bichot
et al., 2018; Bulone et al., 2019; Vogel, 2008).

The pre-cursor for cellulose synthesis is the nucleotide sugar UDP-Glc, which is used
by plasma membrane localized cellulose synthase complexes, to create long
unbranched Glc chains (Cosgrove, 2014; Marriott et al., 2016). The cellulose synthase
complexes consist of multiple non-redundant cellulose synthase A proteins that enable
the synthesis of all 18 — 24 Glc chains necessary to form a single cellulose microfibril
towards the external membrane surface (Cosgrove, 2024; Marriott et al., 2016; R.
Zhong et al., 2019). These microfibrils are stabilized by extensive hydrogen bond
cross-linking (D. Harris et al., 2010; Somerville, 2006) and are deposited into the cell
wall in well-aligned distinct layers, whose orientations differ between adjacent layers
(Cosgrove, 2024). The microfibrils exhibit regions of high crystallinity, where the
cellulose chains are tightly packed and form an ordered structure, intersected with
amorphous regions that are less structured (Cosgrove, 2014).
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For bioconversion processes, cellulose has the highest substrate potential, but only
when it is broken down into Glc monomers (Bichot et al., 2018). Three different
activities of carbohydrate active enzymes (CAZymes; (Drula et al., 2022)) are
necessary to hydrolyze cellulose (Glass et al., 2013). Endo-(1,4)-B-glucanases cleave
internal bonds in the cellulose chain, exo-(1,4)-B-glucanases or cellobiohydrolases
cleave cellobiose from either the reducing or the non-reducing end of a cellulose chain
and B-glucosidases cleave cellobiose into two Glc molecules (Glass et al., 2013). The
crystallinity of cellulose greatly influences its degradability, as only the amorphous
regions of cellulose are easily accessible for CAZymes (Gao et al., 2020; Perrot et al.,
2022). Furthermore, the crystallinity of cellulose influences cross-linking with the other
two main building blocks of grass cell walls, xylan and lignin, and thus has a strong

impact on the three-dimensional structure of lignocellulose (Gao et al., 2020).

Glucuronoarabinoxylan

Glucuronoarabinoxylan (GAX), the main hemicellulosic polysaccharide in corn (~20 %
dry weight), consists of a B-(1,4)-xylose (Xyl) backbone decorated with various
substituents, including acetate, glucuronic acid (GlcA), 4-O-methylglucuronic acid
(MeGicA), hydroxycinnamic acids and arabinose (Ara) (Rennie & Scheller, 2014).
Their occurrence and quantity varies depending on the analyzed tissue (Rennie &
Scheller, 2014). The precursor for xylan biosynthesis is UDP-Gic, which is converted
into the necessary glycosidic building blocks UDP-Xyl, UDP-GIcA, UDP-Arafuranosyl
(Araf) or UDP-Arabinopyranosyl by specific cytosol localized enzymes (Reiter &
Vanzin, 2001; Seifert, 2004; R. Zhong et al., 2019). From the cytosol, these nucleotide
sugars are transported into the Golgi apparatus, where the xylan backbone and its side
chains are assembled before being transported to the cell wall via vesicles (R. Zhong
et al., 2019). The backbone is synthesized by xylan synthase complexes composed of
glycosyltransferase (GT) 47 proteins and two nonredundant groups of family GT43
proteins (R. Zhong et al., 2019). Substituents are added by specific enzymes: xylan O-
acetyltransferases mediate O-acetylation, xylan glucuronyltransferases of the GT8
family add GIcA, glucuronoxylan methyltransferases methylate GicA and clade A GT61

arabinosyltransferases attach Ara residues (R. Zhong et al., 2019).

There are two major xylan types in grasses: GAX, the predominant xylan type in maize,
and arabinoxylan (AX) (Gille & Pauly, 2012; Pauly et al., 2013). AX is a Xyl backbone
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decorated with O-acetyl, a-(1-2)- and/or a-(1-3)- (Araf) and very few a-(1-2)-
GIcA/MeGicA residues, while GAX contains substantially more (Me)GIcA substituents
(Gille & Pauly, 2012; Pauly et al., 2013; Pefa et al., 2016). The Araf residues of both
GAX and AX can be further decorated with Arafor xylopyranosyl (Xylp) units (Saulnier
et al., 1995). Furthermore, hydroxycinnamic acids, like ferulic acid (FA) or p-coumaric
acid (pCA), can be esterified to the O-5 position of Araf residues (Feijao et al., 2022;
Tryfona et al., 2023). However, the regulation of patterns of these various side chains
is not clearly understood in grasses and it might be related to functional specializations
of individual xylan polysaccharides (Tryfona et al., 2023).

Enzymatic degradation of GAX involves the activity of several enzymes, depending on
the side chain decorations (Van Den Brink & De Vries, 2011). The xylan backbone can
be cut into Xyl oligosaccharides by B-(1,4)-endoxylanases and further into Xyl by
B-(1,4)-xylosidases (F. Ren et al., 2024; Van Den Brink & De Vries, 2011). GIcA
sidechains are cleaved off by a-glucuronidases, Ara side chains by arabinoxylan a-
arabinofuranohydrolases, acetyl by acetylxylanesterases, FA by feruloyl esterases and
pCA by p-coumaric acid esterases (F. Ren et al., 2024; Van Den Brink & De Vries,
2011). These enzymes are required to work in synergy, as the presence of some
sidechains might interfere with the activity of specific hydrolases, e.g. the presence of
GIcA sidechains prevents the release of Ara from adjacent xylose with an Aspergillus
niger (A. niger) arabinoxylanhydrolase (Van Den Brink & De Vries, 2011; Verbruggen
et al., 1998).

Since the main building block of xylan is Xyl, a pentose, the bioconversion potential
compared to cellulose is lower, as many microorganism do not metabolize pentoses
as efficiently as hexoses (Van Vleet & Jeffries, 2009). Furthermore, the different xylan
substituents and its structural complexity increase the required metabolic variability in
the microbe for an efficient bioconversion process (Van Vleet & Jeffries, 2009).

Mixed-linkage glucan

One feature of grass cell walls is the presence of mixed-linkage glucan (MLG), another
hemicellulosic polysaccharide, which consists solely of Glc monomers, and can
accumulate up to 20 % of the dry mass in rapidly growing tissues (Carpita, 1996; Pauly
et al., 2013). Typically MLG is formed of B-cellotriosyl or B-cellotetraosyl units
intersected by B-(1,3)-linkages, but longer oligosaccharides were also observed
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(Bulone et al., 2019; Coomey et al., 2020). Three protein families were shown to be
involved in plant MLG biosynthesis from the substrate UDP-Gic, namely cellulose
synthase like F, H and J proteins (Bulone et al., 2019; Coomey et al., 2020; Kraemer
et al., 2021). In maize, antibody labeling showed (-(1,3)(1,4)-D-glucan
oligosaccharides localized at the Golgi apparatus, indicating Golgi-localized synthesis,
followed by vesicle transport of the oligosaccharides to the cell walls (Carpita &
McCann, 2010). In other grasses antibody detection indicated plasma membrane
localized synthesis, which would indicate a direct synthesis of MLG towards the

extracellular surface, similar to cellulose synthesis (Wilson et al., 2015).

The MLG content in cell walls fluctuates between developmental stages and diurnal
changes and its accumulation is a balance between constant synthesis and
degradation (Carpita, 1996; Kraemer et al., 2021; Pauly et al., 2013). MLG abundance
is high in expanding tissues, but it gets degraded concomitant with cell elongation
(Pauly et al., 2013). Licheninases (or (1,3)(1,4)-B-D-glucan 4-glucanohydrolase)
cleave the MLG specific B-(1,3)-linkages and cellulases or B-glucosidases hydrolyze
the B-(1,4)-linkages of the resulting Glc oligosaccharides (Fincher, 2009; Kraemer et
al., 2021; Pauly et al., 2013; Perrot et al., 2022). Due to this turnover, its function was
proposed to be a storage polysaccharide rather than a structural polysaccharide
(Bulone et al., 2019; Carpita, 1996; Pauly et al., 2013). However, due to the presence
of MLG in senescent stem tissues of rice its function might be dual (Vega-Sanchez et
al., 2013).

MLG has a high potential for bioconversion processes, as it is built solely from Gic in
a rather simple structure, which reduces the necessary CAZyme repertoire in the
microbe (Kraemer et al., 2021). However, the MLG content in mature corn stems is
rather low compared to the other polysaccharides (Kraemer et al., 2021).

Lignin

The last major component of secondary corn cell walls is lignin, a highly hydrophobic,
phenolic polymer (12 - 14 % dry weight) (Christensen & Rasmussen, 2019; Templeton
et al., 2009; Vogel, 2008). Lignin is composed of three monolignols, p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol (Ralph et al., 2019). These monolignols

are synthesized in the cytosol through the phenylpropanoid pathway from
phenylalanine and tyrosine, the latter substrate is grass-specific (Vanholme et al.,
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2019). Phenylalanine and tyrosine are converted into cinnamate or p-coumaric acid,
respectively, and further into p-coumaroyl CoA by 4-coumarate coenzyme A ligase
(4CL) (Christensen & Rasmussen, 2019). Then, p-coumaroyl CoA is either converted
into p-coumaryl alcohol via a two-step reaction catalyzed by cinnamoyl CoA reductase
(CCR) and cinnamyl alcohol dehydrogenase (CAD) or it is converted into feruloyl-CoA
via four enzymatic reactions (Christensen & Rasmussen, 2019). Feruloyl-CoA is
converted to coniferaldehyde by CCR and further into coniferyl alcohol by CAD, or into
sinapaldehyde via ferulate 5-hydroxylase and caffeic acid/5-hydroxyferulic acid O-
methyltransferase (COMT) and then converted to sinapyl alcohol by CAD (Christensen
& Rasmussen, 2019). From the cytosol, the monolignols p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol are exported to the cell walls, incorporated into the lignin
molecule and then termed p-hydroxyphenyl (H), guaiacyl (G) and sinapyl (S) units,
respectively (Marriott et al., 2016; R. Zhong et al., 2019). Depending on the monolignol,
the linkages in the final polymer differ, as H- and G-units link via B-5 or 5-5 coupling
with C-C linkages, while S-units are added via B-O-4 linkages (Christensen &
Rasmussen, 2019). The lignin polymer is elongated by non-enzymatic radical coupling,

making the resulting polymer very heterogeneous and complex (Ralph et al., 2019).

In nature, lignification of the cell wall serves the plant as a mechanical, defensive
barrier against pathogens (Christensen & Rasmussen, 2019). Since lignin is not a
polysaccharide, its bioconversion potential is very limited and furthermore, it blocks the
access of CAZymes and presents the main hurdle for efficient bioconversion
processes (Chang & Holtzapple, 2000). Among all lignocellulosic components,
enzymatic depolymerization of lignin is the most complex, as it requires a range of
different enzymes that are capable of oxidizing lignin and opening its phenyl rings (F.
Ren et al., 2024). The most prominent enzymes are laccases, which are capable of
forming radicals of phenolic compounds (F. Ren et al., 2024). As such, they are
involved in lignin biosynthesis, however, fungal laccases are effective in
depolymerizing lignin (Andlar et al., 2018; Hatfield et al., 2017). Peroxidases are
another class of important lignin-degrading enzymes that utilize H202 to oxidize lignin
(Andlar et al., 2018; F. Ren et al., 2024). Lignin-peroxidases oxidize nonphenolic
methoxyl-substituted lignin units and manganese-dependent peroxidases oxidize Mn?+
to Mn3*, which can diffuse into the lignin polymer and oxidize phenolic and nonphenolic
compounds (Andlar et al., 2018).
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This brief overview of lignin biosynthesis and its depolymerization highlights the
complex role of this polymer in lignocellulose biomass utilization. Additionally, the
entire overview of the main lignocellulosic building blocks shows the potential of
lignocellulose as feedstock for bioconversion processes, as it consists mostly of
carbohydrates bound into complex polysaccharides. However, in nature these
polysaccharides do not occur isolated, but in a highly interconnected three-dimensional
structure, which will be described in the next section.

Cross linking of corn stover lignocellulose

The lignocellulose of corn secondary cell walls gives structural support to the cells and
the whole plant and evolved as a structural barrier protecting the plant against microbial
degradation (F. Ren et al., 2024; Vogel, 2008). Its three-dimensional structure is based
on a cellulosic grid-like backbone, embedded in a variable matrix of structural
hemicellulosic polysaccharides crosslinked with lignin (Hatfield et al., 2017). The
interaction of xylan with cellulose varies depending on the Araf substitution pattern of
the xylan backbone, as different arrangements of Araf sidechains influence hydrogen
bonding with cellulose or other xylan chains (Kang et al., 2019; Tryfona et al., 2023).
A uniform distribution of Araf and acetyl-sidechains results in a linear xylan backbone
and enhances cross-linking with cellulose (Busse-Wicher et al., 2014; Tryfona et al.,
2023). In contrast, clusters of GlIcA substitutions, or uneven distributed acetyl groups
disrupt the structured, linear xylan-backbone and thereby prevent xylan crosslinking to
cellulose (Busse-Wicher et al., 2014; Gao et al., 2020; Tryfona et al., 2023). In
consequence, this distorted xylan backbone, which is the predominant form in grasses,
could extend into the matrix and interact with other cell wall components,
predominantly lignin, but also other hemicelluloses and amorphous cellulose (Gao et
al., 2020; Kang et al., 2019; Tryfona et al., 2023).

The hydroxycinnamic acids FA and pCA are essential binding molecules between
different lignocellulosic compounds (Hatfield et al., 2017). FA enables xylan-xylan
crosslinking via ferulic acid dimers and enables xylan-lignin crosslinking via diferulates
(Hatfield et al., 2017; Tryfona et al., 2023). Alternatively, FA participates in lignin
polymerization through free radical coupling, forming covalent lignin-carbohydrate
complexes, or serves as nucleation sites for lignin assembly (Hatfield et al., 2017). pCA
can generate cyclodimers that link xylan to lignin or it functions as a radical transfer
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system, aiding in the formation of monolignol radicals, without directly integrating into
the lignin polymer (Hatfield et al., 2017).

This intricate and heterogeneous architecture of the lignocellulose contributes to the
recalcitrance of plant biomass, posing a significant challenge for microbial degradation

and industrial bioconversion processes.

1.4 Strategies to enhance the bioconversion potential of corn stover

There are two main strategies to increase the bioconversion potential of corn stover.
One focuses on pretreating the harvested biomass to alter cell wall structure and
improve enzymatic digestibility. The other seeks to modify the plant itself, either
through naturally occurring variants or targeted genetic approaches that for example
change lignocellulose composition or enhance polysaccharide breakdown. The
following sections will outline different pretreatment method applied to corn stover and,
subsequently, approaches that exploit natural or engineered maize lines with improved
bioconversion potential. Often the efficiency of these strategies is evaluated by
comparing the saccharification yield of the biomass, i.e. how efficient is the release of
fermentable sugars from the lignocellulosic polysaccharides by means of enzymatic
hydrolysis (S. Wang et al., 2023).

Pretreatment of corn stover prior bioconversion

Pretreating lignocellulosic biomass enhances enzymatic degradation by disrupting the
plant cell wall architecture, and partially hydrolyzing polysaccharides (Fansuri et al.,
2024). A common initial step in most pre-treatment strategies is the particle size
reduction via cutting or milling (Kumar et al., 2020; Vu et al., 2020). While this does not
degrade the lignocellulosic polysaccharides into fermentable sugars, it enhances the
effect of follow up physical and/or chemical treatments (Kumar et al., 2020; Vu et al.,
2020).

Acid-based pretreatments of corn stover typically employ sulfuric acid (H2SO4), acetic
acid or phosphoric acid, at various temperatures (50 C —200°C) and different
concentrations (typically between 0.5 % and 10 % (w/v)), which directly hydrolyze the
hemicellulose or cellulose into fermentable carbohydrates, yielding between 60 % to
90 % of fermentable monosaccharides from the complex polysaccharides (Fansuri et
al., 2024; Galbe & Wallberg, 2019; Lorenci Woiciechowski et al., 2020). In comparison
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enzymatic hydrolysis of untreated biomass usually yields less than 20 % of
fermentable monosaccharides (Sindhu et al., 2016). The most common alkaline
pretreatments are based on sodium hydroxide (NaOH), lime or sodium carbonate,
again with a wide range of process conditions (Fansuri et al., 2024). Alkali-based
processes mainly deacetylate the hemicellulose and solubilize parts of lignin and
hemicellulosic fraction prior enzymatic degradation, by cleaving linkages between
lignin and polysaccharides (Y. Chen et al.,, 2013; Y. He et al., 2008; Lorenci
Woiciechowski et al., 2020). These alkali-based methods significantly increase
saccharification yields e.g., NaOH pretreatment of mature maize stem tissues from
different genotypes resulted in a 6-fold increased fermentable sugar yield compared to
untreated material (S. Wang et al., 2023). One downside of most chemical
pretreatments is the formation of by-products, like furfural, which originate from
monosaccharide hydrolysis and inhibit microbial growth through the blocking of
glycolysis (Jablonowski et al., 2022; Jilani & Olson, 2023).

Beyond chemical methods, physical pretreatments such as microwave irradiation have
also been explored (L. Wang et al., 2024). Microwave irradiation causes rapid heating
of polar bonds inside the lignocellulosic structure and increases enzymatic accessibility
(Jablonowski et al., 2022). Coupling this physical treatment with chemical treatment
further enhanced lignin removal and up to 87 % of the Glc was released from cellulose
in corn stover (L. Wang et al., 2024). Among the most widely adopted approaches is
steam explosion, where biomass is treated with high-pressure steam followed by rapid
depressurization (Fansuri et al., 2024; Galbe & Wallberg, 2019). This results in rupture
of cell wall structures and yields up to 75% of fermentable sugars, due to enhanced
enzymatic accessibility of the polysaccharides (Fansuri et al., 2024; Galbe & Wallberg,
2019).

Biological pretreatments offer an alternative approach without the need for specialized
equipment that withstands high temperature, corrosion or high pressure (Sindhu et al.,
2016). These methods exploit the CAZyme potential of microorganisms and often
focus on the capabilities of lignin-degrading fungi, like white rot fungi Pleutorus
ostreatus, Trametes versicolor or Ceriporiopsis subvermispora (Mustafa et al., 2016;
Taniguchi et al., 2005; Vasco-Correa et al., 2016; Vu et al., 2020). Lignin removal up
to 45 % is possible in corn stover, which in turn enhances the accessibility and
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degradability of hemicellulose and cellulose and boosts saccharification yields 7-fold
(Song et al., 2013).

Alternatively, instead of employing living organisms, the secretome of lignocellulose-
degrading fungi, like Aspergillus nidulans or Aspergillus niger, Trichoderma reesei or
Penicillium decumbens can be purified and used to degrade lignocellulose (Couturier
et al., 2012; G. Liu et al., 2013; Vu et al., 2020). Additionally, there are commercial
lignocellulolytic enzyme cocktails available, such as Cellic® CTec2 (Novozymes) or
Celluclast® (Novozymes). Compared to chemical or physical pretreatments, biological
processes including living organisms and enzyme cocktails, are usually the slowest,
especially those focusing on delignification which can take up to several weeks
(Sharma et al., 2019; Song et al., 2013; W. Zhong et al., 2011). However, these
biological pretreatments have benefits over other strategies, as they usually do not
form inhibitory by-products and since no toxic chemicals are used in these processes,
which could inhibit microbial growth, there is also no need for waste recycling (Sindhu
et al., 2016). While pretreatment with living organisms requires sterile conditions, which
is difficult on larger process scales, these requirements are eliminated when using the
secretome of fungi, which substantially reduces costs and process complexity (Sindhu
et al., 2016).

This overview shows that there is a wide variety of available pretreatment strategies
for corn stover. Importantly, the choice of the most suitable pretreatment is not
universal but depends strongly on the microorganism that will be employed in the
bioconversion process, as the pretreatment must increase accessibility without
inhibiting microbial metabolism.

Biotechnological strategies to increase bioconversion efficiency of corn stover
in planta

An alternative strategy to improve the bioconversion efficiency of corn stover is to
modify plant properties, either through naturally occurring mutants or genetically
engineered maize lines with altered lignocellulose composition or enhanced biomass

production.

The major barrier to efficient bioconversion is the presence of lignin. Several naturally
occurring lignin mutants have been identified in maize. They are named brown-midrib

(bm) mutants, for their characteristic reddish- brown pigmentation of the leaf midrib
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and stalk pith, and exhibit modified lignin contents and compositions, resulting in
increased feeding value for cows or other animals without compromising plant biomass
yield (Barriére, 2017). Of the bm mutants, bm3 is the most extensively studied, which
contains a mutation in the COMT gene, resulting in altered monolignol composition,
due to a reduced synthesis of S-lignin and increased saccharification yield (+ 25 %
compared to reference material) (Vignols et al., 1995; S. Wang et al., 2023). Another
example is the variety bm1 with a mutation in CAD2, resulting in reduced lignin content,
reductions in S- and G-lignin and increased saccharification yield (+ 25 % compared
to reference material) (Halpin et al., 1998; S. Wang et al., 2023). Four additional bm
mutants have been described in maize, which all exhibit increased saccharification
potential, without severe growth defects (Barriere, 2017). Several bm double mutants
were generated by crossing different bm mutants, however, these double mutants
showed increased susceptibility to pathogens or reduced growth rates compared to
the single mutants and wildtype maize (Christensen & Rasmussen, 2019; Tanaka et
al., 2014; Vermerris et al., 2010). In addition to the natural brm mutants, a lot of research
focused on reducing lignin content in planta by targeting the genes involved in lignin
biosynthesis (section 1.3) e.g., via RNA interference or antisense downregulation
(Christensen & Rasmussen, 2019). Key targets have included COMT (X. He et al.,
2003; Piguemal et al., 2002), CAD (Fornalé et al., 2012) or CCR (Park et al., 2012).
While these approaches often succeeded in altering lignin composition or reducing its
overall content, they were frequently accompanied by undesirable trade-offs such as
reduced plant growth or diminished resistance to pathogens (Christensen &
Rasmussen, 2019; Vanhevel et al., 2024).

Beyond lignin-focused strategies, efforts have also targeted cell wall polysaccharides
to improve saccharification yields. For example modifications to xylan, as its structure
and side chain decorations strongly influence cross-linking with lignin and cellulose,
thereby impacting bioconversion efficiency (Tryfona et al., 2023). In maize, efforts have
concentrated on reducing cross-linking between xylan and lignin via FA and pCA
(Buanafina et al., 2025, 2020; Chandrakanth et al., 2023; Fanelli et al., 2021). The
overexpression of a fungal ferulic acid esterase in senescent maize plants resulted in
increased saccharification yields (up to 125 % more fermentable carbohydrate yield
compared to reference material) without growth defects, potentially due to reductions
in polymer cross-linking (Buanafina et al., 2025). And the overexpression of a
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sugarcane BAHD acetyltransferase in maize resulted in reduced FA levels, which
could benefit biomass utilization due to decreased polymer cross-linking (Fanelli et al.,
2021). However in the same study, no improved digestibility of non-pretreated biomass
was detected (Fanelli et al., 2021). Other xylan modifications were explored in other
crops, for example, in rice it was attempted to reduce the xylan O-acetylation by
knocking down genes involved in this pathway in rice, which enhanced the
saccharification yield up to 20 % compared to reference material of rice biomass (B.
Zhang et al., 2017). However, xylan hypoacetylation often results in severe growth
defects, as acetylation is essential for the cross-linking of xylan to cellulose (Pauly et
al., 2019; Ramirez et al., 2018). Furthermore, increased saccharification of rice stover
was achieved by knock-out of UDP-xylose epimerase and xylan arabinosyl-
transferase, which decreased xylan arabinose decorations without growth defects,
which could be an interesting approach for other crops, including maize (C. Chen et
al., 2021).

Many microbes convert hexoses more efficiently than pentoses (Van Vieet & Jeffries,
2009), consequently, a lot of research focused on increasing the hexose/pentose ratio
in lignocellulose. The most simple structured cell wall polysaccharide is MLG and
increasing the MLG content in mature maize stems could result in increased
bioconversion potential and an increased hexose/pentose ratio (Kraemer et al., 2021).
Increased MLG accumulation was achieved by reducing MLG degradation by mutating
the MLG hydrolase 1 (Kraemer et al.,, 2021). The so called “cal?” (candy-leaf 1)
mutants showed enhanced MLG content in young and adult tissues, accompanied with
an increased saccharification yield (+ 30 % compared to reference material) (Kraemer
et al., 2021). In other grasses attempts were made to increase MLG content by
overexpression of MLG synthases in barley or Brachypodium dystachlon (Burton et al.,
2011; Kim et al., 2018; Vega-Sanchez et al., 2015). However, this resulted in severe
growth defects (Burton et al., 2011; Kim et al., 2018; Vega-Sanchez et al., 2015).
Similarly in other species, it was attempted to reduce in planta cellulose crystallinity,
which would increase cell wall digestibility due to increased fermentability of cellulose.
Attempts were made by mutating cellulose synthases or UDP-Gic epimerases in rice
(D. M. Harris et al., 2012; R. Zhang et al., 2020). However, the success was limited as
it severely restricts plant growth and development leading to a low plant biomass yield
(D. M. Harris et al., 2012; R. Zhang et al., 2020).
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An alternative approach to increase lignocellulose utilization is the expression of
microbial CAZymes directly in planta, which could increase bioconversion efficiency
and reduce the amount of enzymes necessary for biomass pretreatment (Biswas et
al., 2006; Brunecky et al., 2011; D. Zhang et al., 2011). For example, the thermostable
endocellulase Cel5A from Acidothermus cellulolyticus was expressed in maize and
resulted in 10 % increased saccharification yield of the stover after acid pretreatment
(Brunecky et al., 2011). Similarly, the expression of a xylanase from Dictyoglomus
thermophilum resulted in increased saccharification yield by 10 % of corn stover, which
was further increased (up to 20 %) by additionally expressing a feruloyl esterase from
A. niger in the same transgenic maize line (D. Zhang et al., 2011).

Bioconversion efficiency can additionally be enhanced by increasing the water-soluble
carbohydrate content in the stover as these carbohydrates can be directly utilized by
microbes. In the past a few agronomic strategies targeted this fraction. Increasing the
water-soluble carbohydrate content can be achieved by removing the plant’s ears
before maturity (Ralph Singleton, 1948), however, this practice would render the plant
useless for kernel harvest. Alternatively, it was attempted to delay the production of
fertile ears in the plant to decrease the ear sink strength and accumulate surplus
carbohydrates in the stem (Marten & Westerberg, 1972). This however, resulted in an
overall carbon loss for the plant compared to normal grain varieties (Marten &
Westerberg, 1972; Slewinski, 2012). Furthermore, increasing plant density in the field
increased the stem sugar content in some high stem sugar hybrid lines, however, these
lines are usually accompanied by reduced grain yield and higher susceptibility for smut
infections (B. L. Ma et al., 2017).

Altogether, these examples highlight how genetic engineering and breeding strategies
can alter the composition and accessibility of maize lignocellulose, thereby increasing
bioconversion potential. But, the efficiency of bioconversion potential is not only
determined by the feedstock, but similarly by the employed microorganism, which
either directly metabolizes the monosaccharides released by pretreating the plant
biomass, or is capable of further degrading the plant biomass into fermentable
carbohydrates.
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1.5 The potential of U. maydis for the bioconversion of corn stover

For bioconversion processes, plant pathogenic fungi are particularly interesting, due to
their host-specific sets of lignocellulolytic enzymes, which enable efficient degradation
of lignocellulose and utilization of the resulting monosaccharides for growth (King et
al., 2011). As mentioned above, corn stover lignocellulose consists mostly of cellulose,
hemicellulose, especially GAX, and lignin (Vogel, 2008). Thus, effective bioconversion
of corn stover requires organisms capable of producing a variety of CAZymes,
including cellulases, xylanases and lignin-modifying enzymes (Knezevi¢ et al., 2013).
One promising candidate for these processes is the biotrophic fungus U. maydis, a
natural pathogen of maize and its ancestor teosinte, causing agent of the corn smut
disease, with a highly specialized enzymatic repertoire for maize tissue degradation
(Lanver et al., 2014). U. maydis”genome encodes for 33 cell wall degrading enzymes
(Kamper et al., 2006), comprising five endo-glucanases, three endo-xylanases, three
arabinofuranosidases and two acetylxylan esterases, [-galactosidases and
B-glucosidases (Geiser et al., 2013; X. Li et al., 2022; Mueller et al., 2008).
Furthermore, six lignin-modifying enzymes were identified, i.e. four laccases and two
chloroperoxidases, of which one was shown to cleave the linkage between Araf and
FA (Mueller et al., 2008; Nieter et al., 2015).

The expression and secretion of U. maydis CAZymes can be induced by the addition
of complex plant-derived substrates to the growth medium (Cano-Canchola et al.,
2000; Couturier et al., 2012; Mueller et al., 2008). For example, maize apical meristem
tissue induced high pectate lyase and cellulase activities, while maize leave tissue
induced xylanase and cellulase activities (Cano-Canchola et al., 2000; Mueller et al.,
2008). Furthermore, in a comparative study, U. maydis” secretome induced with maize
bran showed superior wheat straw degradation compared to Trichoderma reesei
(T. reesei), the most investigated and industrially relevant plant biomass degrader
(Couturier et al., 2012). In this study, fungal CAZyme secretion was induced by addition
of maize bran to the growth media, followed by isolation and concentration of the
culture supernatant, containing the secreted CAZymes (Couturier et al., 2012). The
secretomes were then tested and compared for their release of glucose from wheat
straw, and U. maydis showed superior degradation abilities over T. reesei (Couturier
et al., 2012). The most abundant CAZymes in U. maydis secretome exhibit
arabinoxylan degrading activity, when induced with maize bran (Couturier et al., 2012;
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Reyre et al., 2022). In addition, U. maydis secretes a high number of oxido-reductases
(8 % of total protein) whose activity was shown to assist in lignocellulose degradation
(Andlar et al., 2018; Couturier et al., 2012). Together, these results suggest that
U. maydis has great lignocellulolytic potential for the degradation of complex plant
substrates.

Over the last decade, U. maydis emerged as a promising candidate for
biotechnological applications (Feldbrigge et al., 2013; Regestein et al., 2018;
Schlembach et al., 2020; Wierckx et al., 2021). In nature, U. maydis has a biphasic
life-cycle, which can be divided into a non-pathogenic, yeast-like phase outside the
host plant and a biotrophic, infectious and filamentous phase dependent on the host
plant (Banuett, 1992). For biotechnological applications, especially its yeast-like growth
is of interest due to easy handling under laboratory conditions (Wierckx et al., 2021).
In axenic cultures, it propagates through budding and is tolerant to media impurities
and hydromechanical stress (Feldbrigge et al.,, 2013; Wierckx et al., 2021).
Furthermore, the fungus naturally produces a variety of industrially relevant
compounds, including organic acids, polyols, lipids, and biosurfactants (Geiser et al.,
2014; Paulino et al., 2017; Richter et al., 2024; Wierckx et al., 2021). The publication
of its genome in 2006 (Kamper et al., 2006) has facilitated genetic engineering, leading
to strains with significantly improved yields compared to the wildtype isolates (Paulino
etal., 2017). In addition, U. maydis can utilize a wide variety of different carbon sources
ranging from monosaccharides, like Glc, Fru, Xyl, Ara, over disaccharides, like Suc
and cellobiose to complex substrates such as maize bran or freeze-dried maize leaves
(Cano-Canchola et al., 2000; Couturier et al., 2012; Geiser et al., 2016; Richter et al.,
2024).

This supports the notion that U. maydis is a fungus with substantial potential for the
bioconversion of corn stover. However, critical details, such as the specific
carbohydrate nutrient sources utilized by the fungus and the efficiency of corn stover
lignocellulose degradation have yet to be determined
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2 Aims of this thesis

Previous studies demonstrated that U. maydis can partially metabolize isolated
polysaccharides, such as cellulose and birch xylan (Geiser et al., 2013, 2016).
However, its capacity to utilize these polysaccharides within the complex,
heterogeneous structure of corn stover remains unclear. To address this, the first
chapter of this thesis will establish a small-scale microtiter plate cultivation platform
(BioLector®) to monitor the bioconversion performance of U. maydis in degrading corn
stover. By combining online monitoring data with a detailed compositional analysis of
the post-fermentation lignocellulosic residue, this approach aims to identify the
carbohydrate sources that are predominantly consumed by U. maydis, as well as those
that remain underutilized. Additionally, investigating the bioconversion of specific corn
lignocellulosic mutants and evaluating various pretreatment methods will help to
identify and overcome bottlenecks in lignocellulose degradation.

Building on the findings of the first chapter, the second chapter will focus on the
discovery that U. maydis is predominantly utilizing the abundant water-soluble
carbohydrates Glc, Suc and Fru in corn stover. This section will investigate how the
composition of water-soluble carbohydrates fluctuates in corn stover throughout the
day and varies across the genetic diversity of corn. By combining water-soluble
carbohydrate quantification with genetic data in a genome-wide association study,
potential genes involved in water-soluble carbohydrate metabolism in corn stover will
be identified. In the chapters three to five, the association between haplotypes and
chemotypes will be analyzed for each candidate gene and they will be functionally
characterized in different heterologous systems.
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3 Materials and Methods

3.1 Plant materials and growth
Zea mays

The maize material (varieties B73, bm3, bm1, cal1) used for the BioLector® screening
platform (section 4.1) was grown in the greenhouse under a 16 h/8 h light/dark-
regiment and temperatures between 20°C and 25.6°C. The plants were watered twice
per day and fertilized twice per week with 0.5 % (v/v) Wuxal® (S. Wang et al., 2023).
The maize material B73 and bm3 used for analyzing the influence of harvest time on
the water-soluble sugar content (section 4.2) were grown in the botanical garden at the
Heinrich Heine University Disseldorf in the year 2023 and 2024. Seedlings were pre-
cultivated for 2 weeks in a Fitotron® SGC 120 (Weiss Technik) before transferring them
to the soil. In the year 2023, the plants were not fertilized. In the year 2024, the plants
were fertilized every two weeks with a 7.5 % solution of “Wuxal Top N” fertilizer
(composition N/P/K: 12/4/6). Maize material used for the water-soluble carbohydrate
screening (section 4.2) was grown in the year 2021 at Corteva™ Agriscience
(Eschbach, Germany) as part of the project “Cornwall” (BMBF, grant 031B1303A).
Based on plant maturity, the internode below the first ear was harvested, dried and
used for subsequent analyses.

Arabidopsis thaliana

Arabidopsis thaliana plants (section 4.4), were grown either in soil, on plates or
hydroponic systems. Prior sowing in any system, the seeds were sterilized with
chlorine gas. Tubes containing the seeds were placed open in a desiccator jar. Within
the desiccator, 100 mL of bleach (Colgate Palmolive GmbH, Hamburg, Germany) was
mixed with 3 mL of 37 % hydrochloric acid (HCI, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany). Immediately afterwards, the desiccator was sealed air-tight and incubated
for 3 h, before ventilating. After 30 min of ventilation, the tubes were closed and the
seeds stored at room temperature.

For soil growth A. thaliana seeds were stratified in 2 mL of 0.1 % plant agar at 4°C for
2 to 4 days in the dark, before placing individual seeds on water-soaked 44 mm Jiffy-7
peat pellets. The plants were grown in walk-in climate chambers (2207_435_SON,
regineering GmbH) with a 12/12 h light/dark regimen, a temperature of 20/19°C and a
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humidity of 75/40 %. The first week, the plant trays were covered with a lid to ensure
sufficient humidity. The plants were watered twice per week. If not otherwise stated,

after 8 weeks, seeds, stems or leaves were harvested for subsequent analyses.

For plate growth, sterilized seeds were placed on 2 MS (Murashige & Skoog) plates
(Table 5) (pH 5.6 adjusted with 1 M KOH, Merck KGaA, Darmstadt, Germany) and
varying Glc (Merck KGaA) concentrations, ranging from 0 % to 5 % (w/v) (H. Y. Chen
et al., 2015). After stratification for 4 days (4 °C, dark), the plates were incubated at the
same conditions mentioned before for soil growth and grown for 14 days. Afterwards,
the plates were imaged and the total plant area determined with ImagedJ (version 1.54),
by manually marking the plant area in the software. Then, the plants were individually
collected, freeze-dried for 1day (Coolsafe™ system (Scanvac)) and used for

subsequent compositional analyses of the water-soluble fraction.

For growth in hydroponic systems, sterile plastic cones (Araponics, Liege, Belgium)
were filled with 2 MS media + 0.7 % plant agar (w/v; final concentration) without carbon
source, at room temperature. The filled cones were inserted into the holes of 1000 pL
pipette tip racks (Sarstedt) and transferred to pipette tip boxes containing 700 mL of
2 MS liquid media with either 0.5 % or 5% (w/v) final Glc concentration. With a
sterilized tweezer, single A. thaliana seeds were placed on each individual cone. Once,
all cones were filled, the box was closed and wrapped three times with Micropore™
tape (3M™; VWR, cat. No. 115-8172). The boxes were placed at 4°C in the dark for
two days and then transferred to a Fitotron® SGC 120 (Weiss Technik) for 17 days with
a 16 h/8 h light dark regimen. Light intensity was set to 9000 Lux, and the humidity was
65 % (light) and 80 % (dark). After completion of the growth phase, the roots were
separated from the plants by cutting and the root length was determined by taking
pictures with a scale bar and subsequent measurement using ImagedJ (version 1.54).
Afterwards, media residues were washed away with water and roots and plants
separately freeze-dried for 1 day, the materials weighed and used for subsequent

compositional analyses of the water-soluble carbohydrate fraction.

Two different T-DNA insertion A. thaliana lines were obtained from the European
Arabidopsis Stock Centre (Table 2).
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Table 2: A. thaliana TDNA knock-out lines and specific primers.

T-DNA line NASC ID AGI code Name in this work References
SALK_048430C N670685 At3g14770 Atsweet2-3 (H.Y.Chenetal.,
SALK_044600C N674782 At3g14770 Atsweet2-1 2015)

Homozygous plants were identified via PCR-based genotyping (Table 3 and Appendix
Figure 26) with T-DNA insert specific primers (Table 4), designed with the online tool
“T-DNA Primer Design” (http://signal.salk.edu/tdnaprimers.2.html).

Table 3: PCR protocol for genotyping of A. thaliana lines.

Cycles Step Temperature (°C) Time
Initial . o5 2 min

Denaturation
Denaturation 95 7 sec
10 Annealing 62 30 sec
Elongation 72 30 sec
Denaturation 95 7 sec
25 Annealing 56 30 sec
Elongation 72 30 sec
Final Elongation 72 7 min

Table 4: Specific primers used to identify T-DNA insertion plants. Primer sequences are
provided in Table 29. Exp. Size refers to the expected amplicon size.

T-DNA line Name in this T-DNA primers Exp. size WT spec. primers Exp. size Gel picture
work

SALK_048430C Atsweet2-3 P1+P3 464-764 P2 +P3 1143 Appendix

SALK_044600C Atsweet2-1 P1+P5 608-908 P4 + P5 1144 Figure 26

Nicotiana benthamiana

Nicotiana benthamiana (section 4.4) was grown by the green-house responsible
personnel at the Heinrich Heine University Disseldorf as described in (Gombos et al.,
2023). Seeds were soaked in water for 24 h at 20°C before being sown in a peat moss
substrate for growing in a growth chamber. After two weeks, uniform seedlings were
selected and transferred to a greenhouse for three weeks under long-day conditions
16 h/8 h light/dark cycle at 22°C/20°C and approximately 90 pmol/m?/s light intensity
and 60 % humidity.
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3.2 Plant biomass preparation

Milling

Individual corn stems were collected and processed as described in (S. Wang et al.,
2023). In short, the material was ground into powder in a GM200 mixer mill (Retsch)
and freeze-dried. The powder was then milled in 2 mL screw cap tubes containing two
5 mm steel balls for 3x2 min at 30 Hz in a MM400 mixer mill (Retsch). The fine powder
was resuspended in water (50 mg/mL) and sterilized by autoclaving (VX-120 autoclave
(Systec), 15 min, 121°C) for fermentation experiments or used as powder for the
preparation of alcohol-insoluble residues (sections 4.1 and 4.2). Alternatively, for the
water-soluble carbohydrate screening across the natural variation panel, a 1 cm
section of the middle of the internode below the first ear was manually cut into small
pieces. These pieces were then milled in 2 mL screw cap tubes containing two 5 mm
steel balls for 3x2 min at 30 Hz in the MM400 mixer mill. The following procedure was
similar to the process described above.

A. thaliana materials (stems, leaves, roots, (section 4.4)) were freeze-dried for 1 day,
followed by the addition of two 5 mm steel balls and milling for 2x1 min at 30 Hz in a
MM400 mixer mill. The fine powder was resuspended to a final concentration of
5 mg/mL and used for further analyses.

Lignocellulosic pretreatments

To test the effect of different lignocellulosic pretreatments (section 4.1), 70 mg of dried
and milled corn material (variety B73) were weighed into 2 mL screw cap tubes and
1 mL of sulfuric acid (H2SOs4, Carl Roth GmbH + Co. KG) or sodium hydroxide (NaOH,
Sigma-Aldrich) were added to final concentrations of 0.39 and 0.05 g H2SO4 per g B73
or 0.16 g or 0.05 g NaOH per g B73. The samples were heated for 45 min at 121°C
with subsequent cooling on ice. The hydrolyzed samples were neutralized by addition
of NaOH or H2SOs, respectively, and diluted to a final biomass concentration of
50 mg/mL by addition of 2-(N-Morpholino) ethanesulfonic acid (MES, Sigma-Aldrich)
buffer (pH 6) to a final concentration of 50 mM.

For trifluoracetic acid (TFA, Carl Roth GmbH + Co. KG) pretreatment, 15 mg dried and
milled B73 material was weighed into 2 mL screw cap tubes and resuspended in 300
uL of 2 M TFA. The suspensions were heated to 121 °C for 90 min, cooled down and
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the acid evaporated with air flow at 40°C. The remaining pellet was washed twice with
2-propanol (Carl Roth GmbH + Co. KG), dried and resuspended in sterile water to a
final concentration of 25 mg/mL.

Microwave pretreatment of 50 mg/mL biomass slurry preparations was performed in a
household microwave (DOMO DO1059CG) at 1000 W for 30 s. Slurries were cooled
to room temperature, the water loss during microwaving was measured gravimetrically,

and the lost water was replaced to reach the initial concentration of 50 mg/mL.

3.3 Biochemistry
Water-soluble carbohydrate quantification

Maize (50 mg/mL, (sections 4.1 and 4.2)) or A. thaliana (5 mg/mL (section 4.4) material
was centrifuged (10 min, 12000 rpm), and the solid was separated from the liquor for
compositional analyses. Additionally, residual material after fungal fermentation
(sections 4.1 and 4.2) was transferred from the fermentation plates to 2 mL screw-cap
tubes, centrifuged (10 min, 12000 rpm), and the solid was separated from the liquor

for compositional analyses.

The liquor fractions were filtered through PTFE membrane filters (0.2 um) and used
directly for soluble sugar analysis on a high-performance anion-exchange
chromatography (HPAEC) (Metrohm or Knauer Azura) equipped with a CarboPac
PA20 column (3 x 150 mm) and a pulsed amperometric detector (PAD) (Metrohm or
Antec Scientific Decade Elite). The following gradient was used: 21 min 1 mM NaOH,
9 min 700 mM NaOH and 13 min 1 mM NaOH, with a flow rate of 0.5 mL/min. Fucose
(Sigma-Aldrich) was used as an internal standard for maize material, and glucosamine
(GlcN, Sigma-Aldrich) for A. thaliana.

Solid fraction

Alcohol-insoluble residue preparation

The separated solid residue was dried with air flow. Alternatively, dried and milled plant
biomass powder was used (section 4.1) and alcohol-insoluble residue (AIR) was
prepared as described in (Foster et al., 2010a). In short, the material was washed once
with 70 % (v/v) aqueous ethanol (Carl Roth GmbH + Co. KG), three times with
chloroform methanol (1:1) (Carl Roth GmbH + Co. KG) and once with acetone (Carl
Roth GmbH + Co. KG). Each centrifugation was done at 12000 rpm for 10 min, to pellet



Materials and Methods | 27

the AIR. After the acetone wash, the material was dried at 40°C with air flow and

resuspended in water to a final concentration of 10 mg/mL.

Hemicellulosic monosaccharide and cellulose quantification

The simultaneous quantification of hemicellulosic monosaccharides and cellulose
content in the solid was performed according to (S. Wang et al., 2023), using fucose
as an internal standard. In short, paired AIR samples (1 mg) were resuspended with
internal standard and dried at 40°C with air flow. 50 pL 72 % (w/v) H2SO4 were added
to one sample and after an incubation of 1 h at room temperature (RT), 1.4 mL water
were added. The second sample was resuspended in 1.45 mL 4 % (w/v) H2SO4 and
incubated at RT for 1 h. Both samples were autoclaved at 121°C for 1 h in a VX-120
autoclave (Systec) and diluted with 0.5 M sodium acetate (Sigma-Aldrich) buffer
pH 5.2. Afterwards, monosaccharide mixtures were separated using the same HPAEC
system described above for the liquor fraction but using the following gradient: 23 min
2 mM NaOH, 7 min 490 mM NaOH, 3 min 700 mM NaOH, 24 min 2 mM NaOH, with a
flow rate of 0.4 mL/min.

Acetate quantification

Cell wall-bound acetate content was determined as described in (Ramirez et al., 2018).
In short, 1 mg AIR material was incubated in 0.25 M NaOH at 25°C for 1 h. After
neutralization HCI, acetic acid content was quantified using an Acetic Acid Assay Kit
(K-ACET, Megazyme), following the adaptation to a 96-well plate published in (Gille et
al., 2011). Solution 1 and 2 were mixed (30 pL + 12 pL per sample), added to each
sample and incubated at RT for 3 min with constant shaking. The absorption was read
at 340 nm (A0). Solution 3 was diluted in water (1:10) and 12 uL were added. The
solution was incubated at RT for 4 min with constant shaking and the absorption read
at 340 nm (A1). Finally, solution 4 was diluted 1:10 in water, 12 uL were added and the
sample incubated at RT for 12 min with constant shaking. The absorption was read at
340 nm (A2) and the amount of acetate was calculated with an acetic acid standard

curve according to the kit manual.

Starch quantification

The total amount of starch was quantified based on the Total Starch Kit (K-TSTA)
method (Megazyme) with slight modifications. AIR (1 mg) was treated with a
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thermostable a-amylase for 15 min at 100°C with inversion every 5 min. After cooling
down, 50 uL amyloglucosidase were added, vortexed and incubated for 30 min at
50°C. The Glc content was then quantified in 10 uL of the supernatant with the glucose
oxidase peroxidase (GOPOD) method according to (Kraemer et al., 2021). 300 uL of
the GOPOD reagent were added and the samples incubated at 50°C for 20 min. The
absorption was measured at 510 nm and the Glc content calculated based on a Gic
standard curve. The starch content was calculated from the difference between sample
with and without addition of a-amylase.

Lignin quantification

Acetyl bromide soluble lignin content was determined according to (Foster et al.,
2010a). 1 mg AIR material was resuspended in 100 uL 25 % v/v acetyl bromide
(Sigma-Aldrich) in glacial acetic acid (Sigma-Aldrich) and incubated at 50°C for 2 h,
followed by 1 h with thorough mixing every 15 min. Afterwards, 400 yL 2 M NaOH and
70 pL 0.5 M hydroxylamine hydrochloride (Sigma-Aldrich) were added and the solution
mixed. The volume was filled to 2 mL with acetic acid and centrifuged for 2 min at
10000 rpm. 200 uL were transferred to UV-specific 96-well plates and the absorption
monitored at 280 nm. The percentage of acetyl bromide soluble lignin was calculated
with the formula provided in (Foster et al., 2010a) using the grass specific coefficient
17.75.

Lignin composition analysis

Lignin composition was determined as published in (Foster et al., 2010a). 1 mg AIR
material of unfermented corn stover was resuspended in 200 uL of 2.5 % boron
trifluoride diethyl etherate (Sigma-Aldrich), 10% ethanethiol (VWR) in dioxane (Merck)
and the vials gas phase was replaced with nitrogen. The samples were heated for 4 h
at 100°C with gentle mixing every 60 min. After cooling for 5 min on ice, 150 uL of
0.4 M sodium bicarbonate (Sigma-Aldrich) were added and the solutions mixed. 1 mL
water and 0.5 mL ethyl acetate (Sigma-Aldrich) were added for phase separation.
150 uL of the ethyl acetate phase were transferred to 2 mL screw cap tubes and the
solvent was evaporated with air flow, followed by washing the samples twice with 200
uL acetone and evaporation. For trimethylsilyl derivatization, 500 uL of dry ethyl
acetate, 20 pL of pyridine (Sigma-Aldrich) and 100 uL of N, O- bis(trimethylsilyl)
acetamide (Merck) were added and the samples incubated for 2 h at 25°C. 100 pL of
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the solution were transferred to a GC-MS compatible vial containing 100 uL acetone,
and 2 pL were injected to gas chromatograph (7890B, Agilent) equipped with a
quadrupole electronic ionization mass analyzer (5977A) equipped with a 30 m x
250 um x 0.25 um SIb-5MS column (Sigma-Aldrich) and a helium flow rate of
1.1 mL/min. The oven gradient followed this protocol: initial temperature 210°C for 3
min, followed by a ramp of 3°C/min to 250°C and a final hold at 250°C for 5 min. The
mass analyzer screened for the three ions 239, 269 and 299 m/z.

Plant and fungal biomass separation

The following method was published before in (Robertz et al., 2024). For the estimation
of U. maydis biomass material in the solid residue, first, U. maydis was grown in
equivalent BioLector® conditions with 1 % (w/v) Glc as a carbon source instead of corn
stover. Monosaccharide composition from the solid residue was determined as
described before. Under these conditions, galactose (Gal), Glc, mannose, GIcN, and

ribose were detected.

The identity of the monosaccharides was confirmed by the alditol acetate method
based on (Foster et al., 2010b). In short, 1 mg of AIR was hydrolyzed with 2 M TFA,
the acid was evaporated, and the remaining pellet was washed once with propanol.
Next, the monosaccharides were reduced by the addition of sodium borohydride
(Sigma-Aldrich) in 1 M ammonium hydroxide (Sigma-Aldrich). The mixtures were
neutralized by addition of acetic acid and five washing steps with 9:1 (v:v) methanol
acetic acid and methanol were conducted. Acetylation was done by addition of acetic
anhydride (Sigma-Aldrich) and pyridine to the pellet. The solvents were evaporated,
and the samples were washed twice with toluene. Ethyl acetate and water were added,
and the organic phase was quantitatively transferred to a 2 mL screw cap tube,
evaporated and the pellet resuspended in acetone. The resulting alditol acetates were
injected into the above-mentioned GC-MS system. A Supelco SP-2380 (30 mm x
0.25 mm x 0.20 um film thickness) column was used with a helium flow rate of
1.5 mL/min. The oven gradient followed this protocol: initial temperature 80 °C for 3 min
followed by a ramp to 170°C with 30°C/min, afterwards a ramp to 240°C with 4 °C/min,
and a final hold at 240°C for 15 min.

In addition, a constant amount of corn stover AIR was mixed with increasing amounts

of U. maydis AIR grown on Glc, and the GIcN content was quantified, establishing a



Materials and Methods | 30

linear correlation between U. maydis AIR and the detected GIcN content. Finally, the
GlcN content in the solid residue from fermented samples (mixture of plant and fungus)
was used to estimate the amount of fungal material. Given that Gal and Glc are present
in both plant and fungal material, conversion factors were applied to determine the
proportion of these monosaccharides originating from each source based on the GIcN-
estimated fungal material.

Mass balance in glass flasks

For quantitative determinations of the post-fermentation residue, corn stover (variety
B73) fermentations were also carried out in pre-weighed glass shake flasks
(100 mm x 13 mm), with the same compositional setup used for the BiolLector®
fermentations. The cultures were shaken horizontally at 300 rpm, 28°C, angled at 44 °.
At the end of the fermentation, the flasks were centrifuged, and the liquor was
separated from the solid, which was dried by speedvac (Concentrator Plus, Eppendorf)
for 60 min at 45°C and quantified gravimetrically. Subsequently, AIR was prepared and
the remaining solid was quantified gravimetrically. Solid analyses were conducted as
described above to determine the hemicellulosic monosaccharide composition,

cellulose, lignin, acetate and starch content, as well as the amount of fungal material.

3.4 Microbiology
Growth media

All media was autoclaved prior use (Table 5). If a specific concentration of
carbohydrates, or amino acids was required in the final media, these components were
filter-sterilized (0.2 um) before addition to the autoclaved media.

Table 5: Growth media components.

Media Name Components Manufacturer
(Lqu?at;mitllI]er) Tryptone (10 g/L), yeast extract (5 g/L), sodium chloride (10 g/L), pH 7.0+ 0.2 Rotl’;(gcggt). No.
LB agar Tryptone (10 g/L), yeast extract (5 g/L), sodium chloride (10 g/L), agar-agar (15 Roth (cat. No.
(Luria/Miller) g/L), pH7.0+0.2 X969)
VPM Yeast extract (10 g/L), peptone (20 g/L), maltose (20 g/L)
For plates: agar-agar (20 g/L) was added
Yeast nitrogen base without amino acid and ammonium sulfate (Sigma-Aldrich
YNB = Ura cat. No. Y1251) (1.7 g/L), ammonium sulfate (5 g/L), maltose (20 g/L), histidine
(76 mg/L), tryptophan (76 mg/L), Leucine (360 mg/L)
For plates: agar-agar (20 g/L) was added
CcM Detailed component list is shown in appendix Table 29.
% MS (Murashige Cat. No. M0245 I.Juchefell
and Skoog) Biochemie
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Agar containing media was liquified before pouring into petri dishes by microwaving
and cooling down to 60°C before addition of either carbohydrates, amino acids or
antibiotics (not sterile; Table 6). After addition, the media was not heated again, to

prevent thermal degradation of these components.

Table 6: Antibiotics used in this work.

Antibiotic Concentration Purpose

Ampicillin 100 pg/mL E. coli selection

Kanamycin 50 pg/mL E. coli and A. tumefaciens selection

Rifampicin 50 pg/mL A. tumefaciens selection
Spectinomycin 50 pg/mL E. coli and A. tumefaciens selection

Ustilago maydis strain and corn stover fermentation

All fermentation experiments (sections 4.1 and 4.2) were performed with the
Ustilago maydis strain MB215%%"Pomabgl1. Therefore, the MB215Pomabgl1 strain
described in (Geiser et al., 2016) was further modified to express a cytoplasmic green
fluorescent protein (Gfp). This was achieved by collaborators in the Institute for
Microbiology, HHU, Dusseldorf, by stable genomic integration of the gfp open reading
frame under control of the constitutive promoter Poer into the ip locus using the
integrative plasmid pOTEF-SG (Spellig et al., 1996), according to previously described
protocols (Stock et al., 2012).

For the U. maydis inoculum, overnight pre-cultures were inoculated with U. maydis
grown on complete medium (CM) agar plates supplemented with 1 % (w/v) Gic
(Holliday, 1974) and used to inoculate main cultures to an optical density (ODeoo) of
0.2. The main cultures were grown for 5 h, washed once, and resuspended in sterile
water to a final ODsoo of 1.5. MTP-R48-BOH 1 round well microtiter plates were filled
with 1.5 mL suspension per well consisting of 600 uL corn stover (50 mg/mL), 750 pL
2x CM without Gilc, 50 uL sterile water and 100 uL U. maydis inoculum (final ODsoo of
0.1). The plates were incubated at 28°C with 1000 rpm constant shaking in a
BioLector® device (Beckman Coulter Life Sciences, Aachen, Germany). To test the
effect of Celluclast® (Novozymes) addition, 0.5 pL per mg plant biomass was included
in the suspension. Scattered light was measured at a wavelength of 620 nm and a gain
of 15. Additionally, Gfp fluorescence (Aex. = 488 nm; Aem. = 520 nm, gain = 80), and pH
(Aex. = 470 nm; Aem. = 525 nm, gain = 23) were measured, with readings every 30 min.
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Scattered light and Gfp fluorescence values were normalized to those obtained 2.5 h
after inoculation, once the corn stover particles in the wells had reached homogeneous

distribution.
Other microorganisms
Different strains of Escherichia coli were used throughout this work (Table 7).

Table 7: E. coli strains used in this work.

Strain name Company Use
E. coli TOP10F Restriction cloning; Plasmid amplification
. coli ® Th Fisher; . . . . I
Eifizioe“n(c);‘:s:::f”'\{lflxR cat. I(\el:)rT]TZIZSQ;CEIlG Gibson cloning; Gateway cloning, Plasmid amplification
E. coli DB3.1 Amplification of empty Gateway Vectors, as this strain

is resistant to the toxic effect of the ccdB gene

The Saccharomyces cerevisiae strain EBY4000 [hxt1-17A:loxP gal2A::loxP
sti1A::loxP agt1A::loxP ydi247wA::loxP yjr60cA::loxP] (Wieczorke et al., 1999) was
used for growth assays and localization of the SWEET2a transporter (section 4.4). This
strain is deficient in hexose transport and thus will be termed “transport deficient strain”
in the following. As comparison, the background strain CEN.PK2-1C [MATa leu2-1,112
ura3-52 trp1-289 his3-A1 MAL2-8° SUC2 hxt17A], used to create the transport
deficient strain, was used (Wieczorke et al., 1999). Both strains were kindly provided
by the Institute for Molecular Physiology, HHU Dusseldorf.

For transient expression of the SWEET2a gene in Nicotiana benthamiana three
different Agrobacterium tumefaciens strains were used (section 4.4). The background
of all strains was A. tumefaciens GV3101 (pMP90). One strain contained the p19
silencing suppressor from the tomato bushy stunt virus to enhance transgene
expression (Sawaguchi et al., 2001). Two other strains either contained the pSOUP
vector (Addgene plasmid #165419) or no additional plasmid and were used as carriers
for the binary plant expression vectors. All strains were kindly provided by the Institute
for Molecular Physiology, HHU Diisseldorf.

For long term storage of all microorganisms, cultures of interest were grown overnight
in appropriate media. On the following day, 800 uL of the culture were mixed with
200 pL 80 % glycerol in CryoPure tubes (Sarstedt) and stored at -60°C.
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3.5 Primers and vectors

In general, primers were designed based on the gene/vector sequence of interest
using the Primer3 Web tool (https://primer3.ut.ee/) (Koressaar et al., 2018; Koressaar
& Remm, 2007; Untergasser et al., 2012), with, if possible, a length of 20-24 bp, a G/C
content of 40-60 % a melting temperature around 55-62°C and a 3"-GC clamp. If
primers were used for Gibson cloning, they were designed with the NEBuilder online
tool (https:/nebuilder.neb.com). Primers were ordered desalted from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany) at a scale of 0.025 pmol

The following vectors were used in this work (Table 8). A list of primers is provided in
the appendix (Table 29).

Table 8: Vector backbones used in this work.

Vector backbone Use Source Sequence
Provided by the Institute for

Thermo Fisher Scientific Cat.

pDONR™-221 Gateway entry vector MolecularﬂPhysmIogy, HHU Nr. 12536017
Disseldorf
Gateway destination pDRf1-GW was a gift from Wolf
pDRf1-GW vector; EBY4000 Frommer & Dominique Loque Addgene plasmid #36026

expression (Loqué et al., 2007)

Gateway destination Provided by the Institute for

pDRf1-GFP-GW vector; EBY4000 Molecular Physiology, HHU Page 172

localization Disseldorf

Gateway destination
vector; N. benthamiana
localization; N-terminal tag
mVenus
Gateway destination

pRDO4 i. mVenus in vector; N. benthamiana

Provided by the Institute for
Molecular Physiology, HHU Page 173
Disseldorf

pMDC7NtmVenus

Provided by the Institute for

pAB111 localization; C-terminal tag MoIecuIarﬂPhysnoIogy, HHU Page 175
Disseldorf
mVenus
TNT® SP6 High-Yield
PF3AWG (BYDV) Wheat Germ Protein Promega Promega Cat. Nr. L5671

Flexi®

Expression System

3.6 Microbial transformation
Escherichia coli

Chemically competent E. coli cells of the strain TOP10F" and DB3.1 were provided by
Felix Roth, Institute for Plant Cell Biology and Biotechnology, HHU Disseldorf. They
were prepared as follows, single colonies were picked from a LB plate and used as
inoculum of a 10 mL LB broth overnight culture at 37°C and 225 rpm. 1 L of LB broth
was inoculated with the overnight culture and grown to an OD of 0.4, before placing
the culture on ice for 20 — 30 min. Afterwards, the cells were harvested by
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centrifugation in pre-cooled flasks for 15 min, 3000 g, 4°C. The pellet was carefully
resuspended in 100 mL ice cold 100 mM MgClz (Sigma-Aldrich) and centrifuged at
2000 g for 15 min, 4°C. The supernatant was replaced with 200 mL ice cold 100 mM
calcium chloride (CaClz, Sigma-Aldrich) and the cells incubated on ice for 20 min prior
another centrifugation (2000 g for 15 min, 4°C). The pellet was resuspended in 50 mL
of ice cold 85 mM CaClz, 15 % glycerol (v/v, Sigma-Aldrich) and centrifuged at 1000 g
for 15 min, 4°C, before a final resuspension in 2 mL of 85 mM CaClz, 15 % glycerol
(v/v). Aliquots of 50 uL were frozen in liquid nitrogen and stored at -60°C until use.

Competent E. coli cells of all strains (Table 7) were transformed with heat-shock, by
slowly defrosting them on ice. Up to max. 5 pL ligation reaction, Gateway reaction or
plasmid DNA (max. 100 ng) were added and the solution mixed by gently tapping the
tubes. The cells were incubated on ice for 30 min, before heat-shock in a water bath
at 42°C for 30 s. Afterwards, the cells were cooled on ice for 2 min and 500 pL LB broth
or SOC outgrowth media (New England Biolabs® cat. No. B9020S) were added. The
mixtures were incubated horizontally shaking at 37°C, 225 rpm for 60 min and finally
plated on LB + antibiotic selection plates and incubated at 37°C. After 1-2 days,
positive colonies were picked and the presence of the correct plasmid verified by
colony PCR with vector specific primers.

Saccharomyces cerevisiae

Chemically competent cells of the yeast EBY4000 were created and transformed with
the lithium acetate (LiAc, Sigma-Aldrich)/polyethylenglycol (PEG, Sigma-Aldrich)
method (Gietz & Schiestl, 2007) with minor modifications. Overnight YPM liquid
cultures of EBY4000 were inoculated from YPM plates and incubated at 30°C, 225
rom. On the following day, the cultures were diluted to an OD of 0.1 in 50 mL YPM and
incubated for another 5-6 h until they reached an OD of 0.8 — 1.0. The cultures were
pelleted 5 min, 3000 rpm and washed once with water and once with 1 mL sterile 0.1 M
LiAc. After resuspension in 0.5 mL 0.1 M LiAc, 50 uL aliquots were taken, pelleted and
used for transformation. To each sample, individual transformation mixtures were
added, containing 240 uL 50 % PEG, 36 uL 1 M LiAc and 10 uL denatured single
stranded DNA from salmon testes (heated to 100°C for 10 min and cooled on ice prior
using; Sigma-Aldrich, cat. No. D7656). 0.5 to 2 ug plasmid DNA were added and the
mixture filled to a final volume of 360 uL. After mixing thoroughly, the cells were
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incubated at 30°C for 30 min, heat shocked at 42°C for 30 min and centrifuged shortly.
The transformation mixtures were replaced by water and the cells streaked out on
selective media (YNB — Ura, Table 5). After 2-4 days, positive colonies were picked
and the presence of the correct plasmid verified by colony PCR with vector specific

primers.

For microscopy, yeast cells were grown over night in YNB — Ura medium (Table 5) and
resuspended in distilled water to a final ODeoo of 2.0 prior imaging. 10 puL were added
to the microscopy slide.

Agrobacterium tumefaciens

Competent Agrobacterium tumefaciens cells were provided by the Institute for
Molecular Physiology, HHU Dusseldorf. The cells (stored at -60°C) were defrosted on
ice, mixed with 100 — 200 ng of plasmid DNA and incubated for 30 min on ice.
Afterwards, the cells were heat-shocked in a water bath for 5 min at 37°C and
incubated for another 40 min on ice. 500 pL LB medium was added without antibiotics
and the mixtures incubated horizontally shaking, at 28°C for 2-3 h. Finally, the cell
suspensions were plated on selective LB plates and incubated at 28°C until colonies
formed (2-3 days). The presence of the correct plasmid was verified via colony PCR

with vector specific primers.

3.7 Molecular Biology
Genomic DNA extraction from A. thaliana

Leaf material of A. thalianawas collected in a 1.5 mL tube, 2-3 glass beads were added
and the material milled with a Retsch MM400 mixer mill for 2x 30s at 30 Hz. The milled
material was collected at the bottom and 500 uL extraction buffer (100 mM Tris-HCI
pH 8.0, 50 mM EDTA, 100 mM sodium chloride, 0.35% (w/v) sodium dodecyl sulphate
(SDS) were added (all chemicals from Sigma-Aldrich), and the solution mixed. 130 uL
ice-cold 5 M potassium acetate (Sigma-Aldrich) was added, and the tubes inverted
several times before the plant material was pelleted at 15000 g for 15 min. 450 pL of
the supernatant was mixed with 350 pL of ice-cold isopropanol and the tubes inverted
and centrifuged for 10 min at 16000 g to pellet the DNA. The DNA pellet was washed
with 500 pL 70 % ethanol and dried before resuspension in 100 pL TE buffer.
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Plasmid DNA extraction

Plasmid DNA was extracted from E. coli overnight cultures using the Zyppy Plasmid
Miniprep Kit (Zymo Research, cat. No. D4019) acc. to the manual.

DNA quantification and concentration

The DNA or RNA content was quantified using an Eppendorf BioSpectrometer
(uCuvette® G1.0, standard dsDNA settings or standard RNA settings). If necessary,
the DNA concentration was increased with the Zymoclean DNA Clean & Concentrator
Kit (Zymo Research, cat. No. D4003) acc. to the kit manual.

PCR

Throughout this work, two different polymerases were used for different purposes. Red
Taq DNA Polymerase (VWR) was used for colony PCRs of transformed microbes or
genotyping of A. thaliana plants. Phusion™ High-Fidelity DNA-Polymerase
(ThermoFisher Scientific, cat. No. F530S) and GC buffer (ThermoFisher Scientific, cat.
No. F539L) were used for single nucleotide polymorphism (SNP) confirmation in
Zea mays genomic DNA, Gibson cloning or addition of Gateway overhangs to DNA
fragments. In general, both polymerases were diluted according to the manufacturer’s
instruction. Primers were added to a final concentration of 0.2 uM and, if necessary,
dimethyl sulfoxide (Sigma-Aldrich) was added to a final concentration of 3 % (v/v). The
Thermocycler conditions were based on the manufacturers protocol. 2-5 min of initial
denaturation at 95°C, followed by 25 - 35 cycles of |) 30 s denaturation at 95°C; 1) 30 s
annealing at primer dependent temperatures (calculated with the ThermoFisher
Scientific Tm calculator); Ill) various time of elongation at 72 °C depending on amplicon
size (Red Taq 1 kb/min, Phusion 2 kb/min). These cycles were followed by a final

elongation at 72°C for 5 min.

For colony PCRs, cell material was mixed in 10 pL of water. 1 pL of this mixture was
used as template. For plasmid amplifications 10 ng of template plasmid was used.

Gel electrophoresis

DNA fragments were separated by size via gel electrophoresis using 1 % agarose in
1x TRIS-acetate-EDTA buffer gels and 1x TRIS-acetate-EDTA as running buffer. DNA
was detected by addition of 2.5 L GelRed™/50 mL to the gel. After a run time of 25-
45 min at 110-120 V, the DNA bands were visualized using the Bio-Rad ChemiDoc™
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XRS+, and compared to ready-to-use Gene Ruler 1kb or 1 Kb Plus DNA ladder
(ThermoFisher Scientific, cat. No. SM0313 or Invitrogen, cat. No. 10787018,
respectively). For DNA recovery from the gel, the bands of interest were cut out and
the DNA recovered using the Zymoclean Gel DNA recovery Kit (Zymo Research, cat.
No. D4002).

Sequencing

DNA fragments or plasmids were prepared and sent to Eurofins Genomics acc. to their
instructions. DNA samples for sanger sequencing were diluted based on the amplicon
length and mixed with 25 pmol of appropriate primer in a final volume of 10 pL. Whole
plasmid sequencing sample were diluted to 600 ng DNA in 20 uL final volume. The
obtained sequencing results were aligned with in silico generated templates in

Benchling.

3.8 Restriction/Ligation cloning and Gibson assembly of PMI3 haplotypes

The coding sequence of the PMI3 gene (haplotype 1) (acc. Nr. EU974512.1) flanked
C-terminally by the SfaAl restriction site (GCGATCGC) and N-terminally by the Mssl
restriction site (GTTTAAAC) was ordered synthesized in the pDONR™-221 vector
(GeneArt gene synthesis, ThermoFisher Scientific). The expression vector pF3A WG
(BYDV) Flexi® (Table 8) was obtained from Promega.

Both plasmids were digested with FastDigest DNA restriction enzymes SfaAl and Mssl
(ThermoFisher Scientific) in FastDigest Green Buffer (ThermoFisher Scientific, cat. No.
B72) at 37°C for 30 min to 2 h, followed by inactivation at an enzyme dependent
temperature. Dephosphorylation of the pF3A WG (BYDV) Flexi® vector backbone was
achieved by adding FastAP Thermosensitive Alkaline Phosphatase (ThermoFisher
Scientific, cat. No. EF0654) to the mixture, acc. to the manufacturer’s instructions. The
resulting DNA fragments were separated and isolated by gel electrophoresis and gel
extraction, followed by the Zymoclean DNA Clean & Concentrator Kit (Appendix Figure
27). The products were ligated using Thermo Scientific T4 DNA Ligase (New England
Biolabs®, cat. No M0202S). The ligation mix composition was set up according to the
NEBio Calculator (nebiocalculator.neb.com), and the reaction incubated at 16°C for
16 h followed by 10 min inactivation at 65°C. The final product was directly used to
transform competent E. coli cells. The presence of the correct plasmid was checked
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via colony PCR with vector backbone (P23 + P44) specific primers that flank the
insertion site (Figure 28) and additionally confirmed by whole plasmid sequencing.

To create the other haplotypes from the pF3A::PMI3_hap1 template, a two-fragment
Gibson assembly approach was used. The mutation-carrying primers for each
haplotype were created with the NEBuilder tool (nebuilder.neb.com). The primer
combinations are given below (Table 9) and the primer sequences are given in the
appendix (Table 29).

Table 9: Primer combination for two-fragment Gibson assembly of PMI haplotypes.

Haplotype

Primer combination fragment 1

Primer combination fragment 2

pF3A::PMI3_hap2

P21 + P16; amplicon 2228 bp

P22 + P15; amplicon 2409 bp

pF3A::PMI3_hap3

P21 + P18; amplicon 2549 bp

P22 + P17; amplicon 2088 bp

pF3A::PMI3_hap4

P21 + P20; amplicon 3273 bp

P22 + P19; amplicon 1364 bp

The fragments were amplified in a 50 yL PCR setup with Phusion™ High-Fidelity DNA-
Polymerase using 0.5 ng/uL template. The PCR protocol for the individual haplotypes
is shown below (Table 10). Furthermore, in parallel the same PCR setup was prepared
in 10 pL reactions with gradually increasing annealing temperatures. These
temperatures were 59.6°C, 61.9°C, 64,7 °C, 68,6°C, 71,7°C (Figure 29).

Table 10: PCR conditions to amplify Gibson fragments.

Cycles Step Temperature (°C) Time
Initial denaturation 95 2 min
Denaturation 95 30s
PMI3_hap2: 67
Annealing PMI3_hap3: 65 30s
25 PMI3_hap4: 65
PMI3_hap2: 1:45 min
Elongation 72 PMI3_hap3: 2:15 min

PMI3_hap4: 2:15 min
10 min

Final elongation 72

The fragments were separated via gel electrophoresis, cut out and pooled from the two
different PCR setups mentioned above and purified as described before. Finally, the
two isolated fragments for each haplotype were mixed with 2x DNA assembly mix
according to the recommendations of the NEBuilder assembly tool to a total amount of
0.5 pmol DNA in a total volume of 10 yL. The mixtures were incubated at 50°C
overnight. 2 uL of the assembly mix were used to transform E. coli DH5a. Positive
transformants were selected on ampicillin containing plates and used for plasmid
amplification followed by plasmid extraction and whole plasmid sequencing to confirm

the correct sequences.
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3.9 Gateway cloning of SWEET2a

The coding sequence of ZmSWEET2a (haplotype 1) (acc. nr.
Zm00001eb155660_T003) was ordered synthesized in the pDONR™-221 vector
(GeneArt gene synthesis, ThermoFisher Scientific). This plasmid was used as a
template to amplify the complete coding sequence (CDS) with the primer combination
P34 + P35 (Table 29) via PCR with Phusion™ High-Fidelity DNA-Polymerase using
0.5 ng/uL vector as template.

Table 11: PCR protocol used to amplify CDS of SWEET2a_hap1.

Cycles Step Temperature (°C) Time
Initial denaturation 95 2 min
Denaturation 95 30s
25 Annealing 66 30s
Elongation 72 45s
Final elongation 72 10 min

The cleaned and concentrated PCR product was used as template to create the
SWEET2a_hap2 coding sequence, as well as both haplotype coding sequences
without the stop codon containing the attB sites, via a two-step PCR protocol using the
following primer combinations (Table 12) and Phusion™ High-Fidelity DNA-
Polymerase with 0.5 ng/puL template. The primer sequences are provided in the
appendix (Table 29).

Table 12: Primer combinations for SWEET2a haplotype generation with and without stop
codon.

Construct Primer combination stepl Primer combination step2
SWEET2a_hap1l P32 + P30 P28 + P29
SWEET2a_hap1 w/o stop P32 + P31 P28 + P29
SWEET2a_hap2 P33 + P30 P28 + P29
SWEET2a_hap2 w/o stop P33 + P31 P28 + P29

The PCR protocol is shown below (Table 13). After step 1, the PCR product was
purified and eluted in 10 pL elution buffer. 5 yL was used as template for step 2.

Afterwards, all DNA fragments were cloned into the pDONR™221 vector in a BP
reaction, catalyzed by the Gateway™ BP Clonase™ Il Enzyme mix (ThermoFisher
Scientific, cat. No. 11789020) according to the manufacturer’s instructions, but all
volumes reduced by half and the incubation time was overnight. Of the reaction
mixture, 2 — 4 uL were used to transform E. coli DH5a and positive transformants were
selected on kanamycin containing medium. From the entry clones, the different
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haplotype constructs were subcloned into the destination vectors for the different
systems via LR reaction catalyzed by the Gateway™ LR Clonase™ Il Enzyme mix
(ThermoFisher Scientific, cat. No. 11791020) according to the manufacturer’s

instructions, but all volumes reduced by half.

Table 13: PCR conditions to add Gateway overhangs to SWEET2a haplotype CDS.

Step Cycles Step Temperature (°C) Time

Initial denaturation 95 2 min

Denaturation 95 30s

Step 1 13 Annealing mg;::::z; 22 30s
Elongation 72 1 min

Final elongation 72 2 min

Initial denaturation 95 2 min

Denaturation 95 30s

Step 2 21 Annealing 60 30s
Elongation 72 1 min

Final elongation 72 2 min

For subcellular localization in N. benthamiana, SWEET2a_hap1 and SWEET2a_hap2
were N-terminally tagged with mVenus by subcloning into the pMDC7NtmVenus vector
(Table 8). Both haplotypes without stop codon were cloned into the pRD04 i. mVenus
in pAB111 vector to add a C-terminal mVenus tag. For growth experiments in
EBY4000, both haplotypes were cloned into the pDRf1-GW and for subcellular
localization, both haplotypes without stop codon were cloned into the pDRf1-eGFP-
GW vector.

After the LR reactions, 4 pyL of the reaction mixtures were used to transform E. coli
DH5a or TOP10F" and positive colonies were selected on spectinomycin
(PMDC7NtmVenus and pRDO04 i. mVenus in pAB111) or ampicillin (pDRf1-GW and
pDRf1-eGFP-GW) containing medium. Positive transformants were used to amplify
the plasmids, followed by plasmid extraction and whole plasmid sequencing to confirm

correct sequences.

3.10 Phosphomannose isomerase expression and activity studies

For in vitro expression of PMI3_hap1 — PMI3_hap4, the TnT® SP6 High-Yield Wheat
Germ Protein Expression System (Promega, catalogue nr. L3261) was used, following
the manufacturer’s instructions. The master mix was stored at -60°C and prior use
quickly thawed by hand warming, before gentle mixing by pipetting up and down
several times. Plasmid DNA (20 uL), isolated and purified in nuclease-free water
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(provided with the Expression System Kit) directly prior use, was mixed with the master
mix (30 pL) by pipetting, and the mixtures incubated at 25°C for 2 h. Alternatively,
water without plasmid DNA was mixed with the master mix and used as negative
control (named “no protein”). Afterwards, the mixtures were directly used for the

following assays.

The catalyzation of the reaction from mannose-6-phosphate (M6P) to fructose-6-
phosphate (F6P) (section 4.5; named “F6P synthesis”) was measured in a coupled
enzymatic assay based on (Maruta et al., 2008), following the adaptations published
in (Hu et al., 2016). All components were obtained from Sigma Aldrich. 10 uL NADP
(Nicotinamide adenine dinucleotide phosphate, 13.5 mM, cat. No. N0505), 1 U
phosphoglucose isomerase (PGl; S. cerevisiae, cat. No. 10128139001), 1 U glucose-
6-phosphate dehydrogenase (G6PDH; Leuconostoc mesenteroides, cat. No. 346774)
were mixed in 50 mM Tris-HCI buffer pH 7.5 to a final volume of 265 L. 25 uL M6P
was added in different concentrations ranging from 0 — 2800 puM final concentration in
the assay and the mixtures equilibrated at 30°C with absorption measurements every
minute at 340 nm for 5 min. Once the readings were constant, 10 pL containing 1.5 uL
or 2.5 uL of protein extract from the TnT® expression system in 50 mM Tris-HCI buffer
pH 7.5 or 10 uL containing 0.5 U phosphomannose isomerase (PMI; E. coli, cat. No.
P2621) were added. The absorption increase was monitored for 90 min at 30°C, with
readings every minute at 340 nm. The increase in NADPH was determined from the
initial linear absorption increase rates of cofactor reduction after subtraction of
background PMI activity measured in the no protein control. The applied molar
extinction coefficient of NADPH corrected for the path length was 3.38 L/mmol. The
protein activity was then calculated as pmol (cofactor reduction) per min per total
protein, with the total protein concentration determined via a Bradford assay. The data
points for the Michaelis-Menten plots were generated by plotting the activity over the
substrate concentration. Furthermore, Lineweaver Burk plots were generated by
plotting the reciprocal activity over the reciprocal substrate concentration and with the
linear regression the Vmax value was calculated in units per mg total protein as the
reciprocal value of the y-intercept, and Km was determined by multiplying the slope
with Vmax. Both kinetic values (Km and Vmax) were then used to plot the curves in
the Michaelis-Menten graphs.
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The reverse reaction from F6P to M6P (termed “M6P synthesis” in section 4.5) was
measured as an endpoint reaction by mixing water, 5 pL of the TnT® cell free
expression system mixture and 25 uL of F6P as substrate to a final volume of 200 L
and incubating at 25°C for 40 min. Additionally, a "no protein” control samples was
included in this assay. The resulting mixtures of phosphate sugars were separated on
the HPAEC system mentioned before equipped with a CarboPac PA20 column
(3 x 150 mm) and a PAD detector (Metrohm). The following gradient was used: 30 min
420 mM NaOH followed by flushing with 700 mM NaOH for 10 min and an equilibration
phase of 15 min at 420 mM NaOH. The phosphate sugar concentration was then
determined via a standard curve with known concentrations of M6P, F6P and G6P.

3.11 Bradford

The total protein content (section 4.5) was determined based on the Coomassie Plus
(Bradford) Assay Kit manual (ThermoFisher Scientific, cat. No. 23236) with minor
modifications. 10 pL of the unknown protein sample in appropriate dilutions were mixed
with 200 pL of Bradford reagent (1:5 diluted in water) in a 96-well plate. After short
incubation at RT, the absorbance was read at 595 nm. The total protein content was

calculated based on a bovine serum albumin standard curve.

3.12 Transient gene expression in Nicotiana benthamiana

The day prior N. benthamiana infiltration (section 4.4), liquid A. tumefaciens overnight
cultures (5 mL LB + antibiotics) were inoculated in 50 mL Falcon tubes and incubated
at 28°C shaking at 225 rpm (rounds per minute). The overnight cultures were diluted
to an ODeoo of 0.1 in the morning and incubated for another 5-6 hours, until an ODeoo
of 0.8 was reached. The cultures were centrifuged and the media replaced with
infiltration buffer (10 mM magnesium chloride, 10 mM MES pH 5.6, 450 uM
acetosyringone (Carl Roth)). Expression vector carrying A. tumefaciens strains were
mixed with the p19 carrying strain to final ODs of 0.1 in a volume of 5 mL and the
mixtures incubated in the dark for at least 2 h. Leaves from 3-week-old N. benthamiana
plants were infiltrated on the abaxial side, using a 1 mL syringe. If not otherwise stated,
infiltrated leaves were sprayed two to three days after infiltration with B-estradiol
(20 uM B-estradiol (Sigma-Aldrich), 0.1 % v/v Tween-20 (Carl Roth) (Zuo et al., 2001)).

Induction times ranged from 30 min to 5 h. Prior microscopy, the leaves were infiltrated
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with 0.1 % (w/v) aniline blue and imaged immediately. A 1 cm section of the leave was

placed with the abaxial side facing up on microscope slides.

3.13 Confocal fluorescence microscopy

Confocal images (section 4.4) were obtained using a Zeiss LSM900 microscope,
equipped with Airyscan GaAsp-PMT detectors and diode lasers using a C-Apochromat
40x/1.20 W Korr FCS water objective or a Plan-Apochromat 63x/1.40 Oil DIC M27
objective. To visualize proteins of interest, mVenus was excited with a 488 nm laser
(0.5 -4 % laser power) and emission was detected at 538 nm. To visualize Gfp the
same excitation laser was used, but the emission set to 509 nm. Autofluorescence was
detected with excitation at 506 nm and emission at 751 nm.

3.14 Genome-wide association study

The R-script for computing the genome-wide association study (GWAS) (section 4.2)
associating the water-soluble carbohydrate content in corn stover with genomic
variations across a natural variation panel was provided by the Institute for Quantitative
Genetic and Genomics of Plants, HHU Disseldorf, within the scope of the “Cornwall”
project (BMBF; 031B0193A). First, the influence of the genotype on the phenotypic
trait was analyzed, while accounting for the effect of the field position and the replicate,
by fitting a linear mixed-effect model (using Ime4 package in R), to identify genotypes
with significantly higher or lower traits. The analyzed traits were water-soluble glucose,
sucrose, fructose content, the total water-soluble carbohydrate content and the relative
water-soluble carbohydrate composition with relative parts of glucose, sucrose and
fructose. To account for the unequal distribution of group sizes, the estimated marginal
means were calculated, which were then used as input values for the GWAS. Further,
a principal component analysis was conducted to reduce the dimensionality and
capture genetic variation among the genotypes and to account for genetic relatedness
based on the SNP data, a genetic relationship matrix was computed. Then, the GWAS
was conducted (Mixed Linear Model, using the sommer::GWAS() function in R) by
modelling the average trait value as a function of the first two principal components,
accounting for the relationship of the genotypes using the genetic relationship matrix
and the residual variance of the trait. In the last step, significant SNP identifiers
(p <0.0001) and their physical position in the maize genome were exiracted.
Furthermore, the results were plotted in a Manhattan-Plot (using the ggplot2 package
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in R). Since the SNP ID and their physical position were based on B73 RefGen_v2,
they were converted into B73 RefGen_v5, by copying the SNP identifiers into
MaizeGDB.org (Woodhouse et al., 2021) and extracting their respective v5 synonyms

and position.

The decay of linkage disequilibrium (LD) was calculated for each chromosome based
on the SNP data, using the built-in function in TASSEL5 (Bradbury et al., 2007) with
the LD threshold set to 0.1 and used to define an individual quantitative trait loci (QTL)
for each SNP. The physical position of each significant SNP from the GWAS was taken
as central reference point for its respective QTL. The boundaries of each QTL were
then determined by adding or subtracting the LD distance. The identified QTLs were
then transferred to the “EnsemblPlants” database (Yates et al., 2022), where gene
identifiers within each QTL were extracted. Using the “MaizeMine” platform (version
1.5), the gene identifiers were matched to their corresponding annotation based on
MaizeGDB. Based on the gene annotation data, candidate genes potentially involved
in water-soluble carbohydrate metabolism were selected for further analysis.

3.15 Haplotype-chemotype analysis

The physical position and the genomic DNA and cDNA sequences of each candidate
gene were obtained from their respective entries in MaizeGDB and imported into
Benchling. The introns and exons were then manually annotated based on the
alignment of genomic DNA with cDNA using the inbuild function in Benchling. To check
each candidate gene for SNP occurrence across the natural variation panel, whole
genome sequence data of 135 corn varieties were used, which were previously
published (Grzybowski et al., 2023). The SNPs in the coding sequence were then
filtered for non-synonymous SNPs, resulting in an amino acid change in the final
protein. Based on non-synonymous SNP occurrence, the 135 varieties were then
grouped into haplotypes. The haplotype detected in the reference variety B73 was
always set to haplotype 1. For each haplotype the average and standard deviation was
calculated for all seven traits analyzed in the GWAS (absolute glucose, fructose,
sucrose and total water-soluble carbohydrate content and relative glucose, sucrose,
fructose content). Then, the averages were compared for significant differences. For
the candidate genes ZmMSWEET2a and ZmSWI3C1 a pairwise comparison to
haplotype 1 was conducted with a two-tailed Students T-Test. For ZmPMI3 the data
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were first tested for a normal distribution with a Shapiro-Wilk test (p < 0.05). Since the
data for haplotype 1 and haplotype 2 were non-normal distributed for the absolute
fructose content, a Kruskal-Wallis Test was used for group comparisons, followed by
a Dunn’s multiple comparison test with an adjusted p-value according to Bonferroni
(p < 0.008). Additionally, the total water-soluble carbohydrate content was compared
for this candidate gene. Since the data followed a normal distribution for each
haplotype, a One-way ANOVA followed by Tukey-HSD test was conducted with
p < 0.05.

3.16 Software and analysis tools

Chromatograms from HPAEC were integrated either with ChlarityChrom (version
7.4.2.107, Kanuer) or MagIC Net (version 3.3, Metrohm). GC/MS data were analyzed
in the MSD ChemStation Data Analysis software (version F.01.03, Agilent).
Fermentation data from the BiolLector system were exported as .csv files from the
BioLection 2 software (m2p-labs GmbH, now Beckman Coulter) and further analyzed
in Excel (Office 2019). In general, all numerical data analysis was done in Excel (Office
2019) or in R (v4). For statistics in excel, the Real Statistics Resource Pack (real-
statistics.com) was used. If not otherwise stated, in silico molecular biology was done
with Benchling. Confocal microscopy pictures were analyzed with Omero (version 5.6)
or Imaged (version 1.54). The grammar and wording of this thesis were improved with
the assistance of the large language model ChatGPT-40. The model was solely used
to refine existing text. Sections of the text were copied into ChatGPT with the prompt
to “rewrite”. The revised output was then manually reviewed and selectively integrated
into the original text.
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4 Results and Discussion

4.1 Chapter 1: Corn stover as substrate for Ustilago maydis
4.1.1 Background

It was shown before that the fungus U. maydis can grow on a variety of different carbon
sources, ranging from easy-fermentable mono- and disaccharides to more complex
substrates like maize bran or milled maize seedling tissues (Cano-Canchola et al.,
2000; Couturier et al., 2012; Geiser et al., 2016; Richter et al., 2024). However, the
studies that used complex substrates did not focus on substrate degradation, but the
fungal secretome, thus, it is not known which carbohydrate-containing fractions of the
substrates U. maydis utilized (Cano-Canchola et al., 2000; Couturier et al., 2012).
Furthermore, it is unknown whether it can utilize corn stover for growth, which
comprises mostly complex lignocellulose from senescent corn stem tissue. U. maydis’
CAZyme repertoire points into the direction that it could be able to utilize this substrate,
since the fungus expresses a variety of cellulose-, xylan- and lignin-acting enzymes
(Couturier et al., 2012; Geiser et al., 2013; K&amper et al., 2006; X. Li et al., 2022;
Mueller et al., 2008; Nieter et al., 2015). Furthermore, its ability to grow on other corn
materials like seedling leaves and bran supports this notion (Cano-Canchola et al.,
2000; Couturier et al., 2012), however, these substrates differ substantially in their
composition from corn stover. Thus, to track potential fungal growth, an online
monitoring platform is necessary that allows the detection of fungal growth in a highly
turbid, complex media containing plant biomass particles.

Microtiter plate screening platforms play the predominant role for high-throughput
process developments on laboratory scale (Kensy et al., 2009; Ladner et al., 2016).
They allow the fast screening of a variety of different conditions i.e., different media,
strains, pretreatments, with less manual work than conventional Erlenmeyer flask
setups, which substantially accelerates process development (Ladner et al., 2016).
Conventional Erlenmeyer flasks require continuous probing during the fermentation to
detect parameters like optical density or light scatter, substrate consumption or product
production offline (X. Zhang et al., 2019). However, over the last decades, online
monitoring systems, like the BioLector® system or the u24 system, based on microtiter
plates have been developed that use optical measurements to detect important
process parameters, including scattered light, fluorescence, pH or dissolved oxygen
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tension, without the need to stop the shaking process for the read-out (Isett et al., 2007;
Kensy et al., 2009; Samorski et al., 2005). These systems allow the parallel culturing
of multiple microbial cultures under controlled environmental conditions, constant
shaking, and continuous online process monitoring, meaning that key parameters such
as optical density, pH, or dissolved oxygen are measured in real time (Isett et al., 2007;
Kensy et al., 2009; Samorski et al., 2005). Furthermore, it was shown that the results
obtained in laboratory scale fermentations based on these systems can be transferred
to larger scale fermenter systems, which simplifies process scale-up (Kensy et al.,
2009; Wewetzer et al., 2015).

The BioLector® platform was chosen in this work to monitor potential fungal growth on
corn stover. Due to the high turbidity of the fermentation media, optical density
measurements are impossible without previous sample dilution, since the light beam
has to pass through the entire culture liquid (Samorski et al., 2005). The BioLector®
platform circumvents this issue, as it detects media turbidity based on scattered light.
Scattered light measurements do not require penetration of the culture liquid, as only
the reflected light is used for detection, which makes this reading more suitable for
online monitoring of turbid media (Samorski et al., 2005). Additionally, the system
allows the parallel detection of fluorescence, pH and dissolved oxygen tension all
based on optical measurements (Ladner et al., 2016; Samorski et al., 2005).
Furthermore, it was shown before that this system is suitable to monitor U. maydis
growth in Glc or arabinose containing media (Hartmann et al., 2018; Hussnaetter et
al., 2021; Philipp et al., 2022). However, online monitoring of U. maydis growth on
complex substrates like corn stover was not attempted in this system before.
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4.1.2 Results
Monitoring of Ustilago maydis performance growing on corn stover

To determine whether the BioLector® platform can monitor the fungal performance, the
fungus was mixed with increasing concentrations of milled B73 material (Figure 1 A).
Fungal growth was monitored via scattered light reading, as it correlated with cell
density (Samorski et al., 2005). The previously characterized U. maydis Pomabgl1 strain
(Geiser et al., 2016) was modified to express the green fluorescent protein (Gfp) as a
second method to monitor and quantify fungal growth (Robertz et al., 2024). In the
control without corn stover, only a slight uptick in the scattered light signal was
observed, reaching a maximum of 13.9 £ 0.1 a.u. (arbitrary units), after 22 h (Figure
1 A). This increase is likely attributable to residual nutrients still present in the media.
In contrast, when the media was supplemented with corn stover, there was a notable
boost in the scattered light signal, indicative of fungal biomass production. This surge
begins around the 6 h mark in all corn stover concentrations tested. While the
maximum values of scattered light using 3 g/L or 10 g/L corn stover were observed
after 23 h, increasing the corn stover material to 20 g/L resulted in a maximum signal
(140.9 + 6.1 a.u.) after 14 h, followed by a stationary phase where the signal slightly
decreased to 131.7 £ 5.7 a.u. until the conclusion of the experiment (Figure 1 A). This
decrease is most likely caused by plant biomass particles sticking to the walls of the
microtiter plate, which results in decreasing turbidity of the media over time.
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Figure 1: Online performance monitoring of Ustilago maydis on B73 corn stover.
(A) Scattered light reading of fungal growth in medium supplemented with 3 g/L (blue), 10 g/L
(purple) or 20 g/L (black) ground B73 corn stem material from 4 individual plants in comparison
to medium without addition of B73 stem material (red) (n = 2). (B) Scattered light (black), Gfp
fluorescence (green) and pH (light blue) monitoring of fungal growth in medium supplemented
with 20 g/L of B73 plant material as carbon source. The data are shown as scattered light and
Gfp fluorescence in arbitrary units (a.u.) and pH over time (t) in hours (h) and are the results
of two independent fermentation experiments with independent fungal inoculums and 4 plants
variety B73. The average = SD is calculated from the resulting n = 8.

The growth performance of U. maydis on 20 g/L corn stover was further characterized
(Figure 1 B). Scattered light measurements in cultures can be influenced by cell shape,
cell size and the corn stover particles in the system (Kunze et al., 2014), so the Gfp
fluorescence was monitored as additional fungal biomass production indicator.
Furthermore, the pH was monitored throughout the fermentation, to gain insights into
the fungal metabolic activity. Together with the increase in scattered light signal after
6 h, the pH of the media dropped from an initial 5.8 to a minimum of 5.4 by 12 h. As
the cultures reached the stationary phase, the pH increased, reaching 6.3 by the end
of the cultivation period (Figure 1 B). Furthermore, the Gfp fluorescence signal emitted
by the fungus increased correlating to the scattered light signal, reaching the stationary
phase at 89.0 £ 4.1 a.u. after 14 h. Unlike the scattered light reading, the Gfp signal
remained constant until conclusion of the experiment, highlighting that the Gfp
fluorescence is not influenced by potential changes in media turbidity caused by plant

biomass particles (Figure 1 B).

These results indicate that the BioLector® platform allows a detailed characterization
of the fungal growth performance on corn stover. In addition, the simultaneous
monitoring of growth (scattered light and Gfp fluorescence) and metabolic activity (pH)
confirmed that U. maydis can grow on B73 corn stover as sole carbon source. Based
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on these results, the next step was to identify which of the carbohydrate sources
present inside corn stover U. maydis utilized for growth. As introduced before, these
can be separated into the non-structural carbohydrates, which comprise the
water-soluble carbohydrates and starch, and the lignocellulosic polysaccharides

cellulose and hemicellulose.

U. maydis " utilization of water-soluble carbohydrates in corn stover

To identify, which corn stover components were utilized by U. maydis, a compositional
analysis was conducted on the residue remaining after fermentation in the presence
(“post-fermentation residue”) and absence (“pre-fermentation residue”) of the fungus.
The suspensions were collected from the BioLector® plate at the end of cultivation and
the liquor fraction was separated from the solid fraction and dried for further analysis.
The pre-fermentation liquor fraction contained high amounts of water-soluble
carbohydrates, Glc, Suc and Fru (Table 14).

Table 14: Carbohydrate composition of the liquor fraction of B73 [wt%]. Soluble
carbohydrate quantification of not autoclaved, pre- and post-fermentation B73 material. Data
of the not autoclaved and pre-fermented water-soluble carbohydrate contents are shown as
average + SD of n=4 plants. The data for post-fermented water-soluble carbohydrate
contents are the results of two independent fermentation experiments with independent fungal
inoculums and 4 plants. The average = SD is calculated from the resulting n = 8. Bold values
indicate statistically significant differences between -/+ U. maydis conditions determined by
pairwise comparisons of not autoclaved vs. pre-fermented and pre-fermented vs. post-
fermented biomass by a two-tailed students t-Test at p-value < 0.05.

Condition Glucose Sucrose Fructose Total
B73 not autoclaved 9.1+1.1 23+1.1 9.3+1.0 20714
B73 pre-fermentation 9.0+0.9 2.4+0.9 9.6+0.6 21.0+0.8
B73 post-fermentation 0.3+0.04 0.1+0.03 0.04 +0.03 0.4 £ 0.05

Since the corn stover was autoclaved prior fermentation to prevent microbial
contamination, the potential impact of autoclaving on the composition and availability
of water-soluble carbohydrates was examined. No significant differences in Glc, Suc
and Fru content were detected between not autoclaved (Glc: 9.1 + 1.1 wi%, Suc:
2.3 £ 1.1 wt%, Fru 9.3 + 1.0 wit%) and pre-fermented corn stover (Glc: 9.0 + 0.9 wit%,
Suc: 2.4 £ 0.9 wit%, Fru 9.6 + 0.6 wt%) (Table 14). No differences were detected for
the total water-soluble carbohydrate contents either (not autoclaved 20.7 + 1.4 wt%
versus pre-fermented 21.0 £ 0.8 wit%) (Table 14).

In the post-fermentation residue, only trace amounts of the carbohydrates were
detected (Glc: 0.3 + 0.04 wt%, Suc: 0.1 + 0.03 wt%, Fru 0.04 £ 0.03 wt%), and the total
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water-soluble carbohydrate content in the post-fermentation residue was reduced to
0.4 £ 0.05 wit% (Table 14). This indicates that U. maydis is utilizing these abundant
water-soluble carbohydrates in corn stover for growth.

U. maydis " utilization of corn stover lignocellulose

The other major source of carbohydrates in corn stover is lignocellulose. To identify, if
U. maydis utilized specific compounds of this fraction, a detailed biochemical analysis
of the post-fermentation solid residue was conducted. However, to determine specific
utilization of lignocellulosic compounds, it is necessary to dissect the post-fermentation
residue into plant and fungal material, due to the extensive growth of U. maydis during

fermentation.

To achieve this, fungal markers are used as indirect measurements for fungal biomass
production (Duong et al., 2022; Y. Li et al., 2007; Manter et al., 2001). To identify a
suitable fungal carbohydrate marker, the cell wall monosaccharide composition of
U. maydis AIR was analyzed via HPAEC and alditol acetates (Figure 2 A). The main
carbohydrate detected in U. maydis cell walls was Glc (183.3 = 15.4 yg/mg AIR)
followed by Gal (29.9 + 1.7 yg/mg AIR). Additionally, mannose (13.9 = 1.6 ug/mg AIR),
GleN (12.2 £ 1.0 ug/mg AIR) and traces of ribose (6.6 + 3.1 ug/mg AIR) were detected
(Figure 2 A). Of these monosaccharides, GIcN was chosen as the most suitable
U. maydis marker, as it is absent in corn biomass.

A B 40
Monosaccharide c (ug/mg AIR) @ “u
= 30 .
Glucosamine 12.2+1.0 e o5
€ 20 J A~ R?=0.9931
Galactose 29.9+1.7 § 23
*
Glucose 183.3£15.4 2101 .
Mannose 13.9+1.6 0 . T T T )
Ribose 6.6+3.1 0 1 2 3 4

U. maydis AIR (mg)

Figure 2: U. maydis cell wall analysis. A) Monosaccharide composition of U. maydis AIR.
Data are shown as the average = SD of 5 replicates grown on Gilc containing CM media. The
concentrations are based on 72 % sulfuric acid hydrolysis followed by HPAEC quantification,
and the identity of galactose, glucose, mannose and ribose was confirmed via alditol acetate
analysis. B) Linear correlation between the GIcN content and 1 mg B73 AIR mixed with
increasing amounts of U. maydis AIR (0 — 3 mg). Data are shown as average + SD of 3
replicates. R? represents the coefficient of determination.
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Next, the suitability of GIcN as U. maydis marker in plant and fungal biomass mixtures,
similar to the post-fermentation biomass collected from the BioLector® plates, was
analyzed by mixing a constant amount of B73 AIR material with increasing amounts of
U. maydis AIR, grown on Glc-containing media (Figure 2 B). No GIcN was detected in
samples without fungal biomass addition, but the amount of GIcN increased linearly
with increasing amounts of U. maydis AIR material (R? = 0.99) (Figure 2).

These results show that the GIcN content detected in plant and fungal biomass
mixtures is a suitable indicator for U. maydis biomass production. Furthermore, the
presence of Gal and Glc in U. maydis material needs to be considered when analyzing
the post-fermentation residue, as these monosaccharides are present in both, fungal
and plant cell walls.

Based on these results, conversion factors were calculated that allow the estimation of
U. maydis biomass, U. maydis Glc and U. maydis Gal (ug/mg total AIR), based on the
amount of detected GIcN in the post-fermentation residue (pg/mg total AIR). The
detected GIcN content was multiplied by 80.65 to get the total U. maydis material, by
14.79 for U. maydis Glc and by 2.41 for U. maydis Gal.

Next, the amounts of U. maydis Gal and U. maydis Glc were subtracted from the total
Gal and Glc detected in the post-fermentation residue, resulting in the plant derived
Gal and Glc, which are shown below (Table 15). Furthermore, the other hemicellulosic
monosaccharides Ara and Xyl, the main lignocellulosic building blocks crystalline
cellulose and lignin, as well as acetate and starch were quantified, to analyze the
individual utilization of each component (Table 15).

Table 15: Relative biomass composition [% of AIR] of the pre- and post-fermentation
B73 residue. Data are the results of two independent fermentation experiments with
independent fungal inoculums and 4 plants of B73. The average + SD is calculated from the
resulting n = 8. Bold values indicate statistically significant differences between the material
determined by a two-tailed students t-Test at p-value < 0.05.

Condition Arabinose |Galactose|Glucose| Xylose HC cC Lignin Acetate Starch | U. maydis| Total
B73 pre-
fermentation

B73 post-
fermentation

25401 [0.7+£0.0|2.6+0.3]23.1£0.7(29.0£0.9(33.4+25(158+0.9| 5.0+x03 | 0.5£0.2 n.d. 83.7+34

26102 |0.8£0.0(2.8+0.3|]18.6£0.1/25.0£0.2|/326+1.2(16.5£06| 3.9+£0.2 | 0.8£0.0 (11.2£1.4]|90.0£1.1

n.d. = not detected; HC = sum of hemicellulosic monosaccharides; CC = crystalline cellulose; Total = Sum of plant and fungal components
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No significant reduction in lignin content between post- and pre-fermented residues
was observed. Starch was similarly unaffected, although only trace amounts of this
polymer were present in the pre-fermentation biomass (Table 15). A slight reduction in
total hemicellulose (-15 %) was detected in the post-fermentation samples. Analysis of
the hemicellulosic monosaccharide composition (Ara, Gal, Glc and Xyl) revealed that
the reduction in total hemicellulose was primarily attributed to a decrease in Xyl
(-21 %). The strongest decrease was observed in the proportion of wall-bound acetate
(-22 %, Table 15), mostly found as a substituent on the xylan backbone in corn stover.

In summary, the utilization of the lignocellulosic fraction is rather limited, with a
preferential reduction in Xyl and acetate (Table 15), indicating the utilization of
acetylated xylan. The quantification of fungal biomass in the post-fermentation residue
is essential, to distinguish between plant and fungal components and the use of GIcN
as a marker for fungal biomass quantity proved to be suitable method.

Mass balance of lignocellulose utilization in shake glass flasks

As it is virtually impossible to quantitatively harvest the post-fermentation solid fraction
from the BioLector® plate, parallel cultures were grown on material from one B73 plant
in shake glass flasks. These flasks are compatible with mass balance calculations and
were used to validate the calculations for the post-fermentation solid fraction from the
BioLector® fermentations. The analysis showed that the solid residue constituted most
of the post-fermentation residue, increasing from 67.8 + 2.7 wi% in pre-fermented
samples to 80.1 £ 1.2 wt% in post-fermented samples (Table 16). Further dissection
revealed that the solid fraction mainly consists of AIR. Of the AIR, 11.2 0.1 %
corresponded to U. maydis biomass (Table 17), which closely matches the fungal
biomass estimated in the BioLector® samples (11.2 + 1.4 %) (Table 15).

Table 16: Composition of the solid fraction of B73 material [mg] fermented in shake
glass flask experiments. Data are shown as the average + SD of 3 replicates from one B73

plant. Bold values indicate statistically significant differences between the material determined
by a two-tailed students t-Test at p-value < 0.05.

Solid AIR
Condition Starting weight| Solid total | Solid plant U. mayds AIR total AIR plant U. maydis
Pre-fermentation 30 21.6+1.2 21.6+1.2 n.d. 17.1+0.6 17.1+0.6 n.d.

Post-fermentation 30 25.6+0.5 19.2+0.3 6.4+0.3 21.5+0.7 19.1+0.6 24+0.1
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The composition of the post-fermentation biomass corroborated the results observed
in the BioLector® plate (Table 15). The Xyl and acetate content decreased by 15.8 %
and 22.3 %, respectively, indicating a utilization of acetylated xylan (Table 17).
Significant decreases in crystalline cellulose and lignin content were detected,
however, the pre-fermented material showed an unexpectedly high proportion of both
components, compared to previous analyses (Table 15). Interestingly, both applied
methods detected a small but significant increase in Gal content in the post-
fermentation residue.

Table 17: Relative biomass composition [% of total AIR] of the pre- and
post-fermentation residue in shake glass flasks. Data are shown as the average + SD of 3

replicates from one B73 plant. Bold values indicate statistically significant differences between
the material determined by a two-tailed students t-Test at p-value < 0.05.

Condition Ara Gal Glc Xyl cC Lignin Acetate Starch |U. maydis| Total

Pre-
fermentation
Post-
fermentation

25+%0.1(07+00|24+0.1|223+15(41.1+2.6|196+0.8| 5.2+0.1 | 0.8+0.0 n.d. 945+3.1

19+0.2|09+0.0|3.7+0.3 |16.8+0.5/30.6+1.0/{17.0£0.9| 3.8+0.2 | 0.7+0.1 |11.2+0.1|86.6 + 0.7

Ara: Arabinose; Gal: Galactose; Glc: Glucose; Xyl: Xylose; CC: crystalline cellulose; Total: Sum of all components
Overall, these results indicate that U. maydis is predominantly utilizing all easy-
accessible, water-soluble carbohydrates Glc, Suc and Fru (Table 14), accounting for
the rapid fungal growth and metabolic activity detected in the BioLector® platform
(Figure 1). The efficient utilization of the complex lignocellulosic fraction requires
further optimization, as only a limited degradation of acetylated xylan was detected.
Crystalline cellulose and lignin content remained unaffected in the BiolLector®
fermentations (Table 15), and only slightly decreased in the shake flasks experiment
(Table 17). This restricted utilization of lignocellulosic components likely explains the
cessation of growth and decline in fungal metabolic activity during the later stages of
fermentation, as observed through online monitoring (Figure 1). The next two sections
will focus on exploring different optimization strategies to enhance lignocellulosic
utilization by U. maydis. First, different pretreatment strategies of the corn stover
biomass prior fermentation will be tested and in a second step, different corn stover
mutants, exhibiting alterations in their lignocellulosic composition will be used as
substrate.
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Effect of pretreatments on U. maydis performance

Pretreating lignocellulosic biomass prior fermentation is a possible way to increase its
bioconversion potential. Thus, to assess if common pretreatments would enhance
U. maydis performance, several strategies were picked. The selected pretreatment
strategies were hydrolysis with acids (sulfuric acid (H2SO4) and trifluoracetic acid
(TFA)) or base (sodium hydroxide (NaOH)), as chemical pretreatments. Furthermore,
microwave irradiation was tested as physical pretreatment in comparison to the
standard autoclaving treatment. And as biological treatment, the direct addition of a
commercial CAZyme cocktail (Celluclast®) to the fermentation was tested. The effect
of these strategies on U. maydis performance was then monitored and evaluated in
the BioLector® platform. (Figure 3).
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Figure 3: Gfp fluorescence monitoring of Ustilago maydis fermenting variously treated
B73 corn stover. A) Standard autoclave treatment compared to microwave, alkaline
hydrolysis and enzyme supplementation. B) Standard autoclave treatment compared to acid
hydrolyses. Depicted is the increase in Gfp fluorescence in arbitrary units (a.u.) over time (1) in
hours (h). Standard autoclave treatment (20 g/L black line with dots (A/B); 10 g/L grey (B)),
microwave treatment (dark green) and Celluclast® addition (brown) was tested with 1 fungal
inoculum on 4 plants variety B73. TFA hydrolysis (4.5 g/g (light blue) was tested with 1 fungal
inoculum on duplicates of 4 plants variety B73. The sodium hydroxide (NaOH) (0.16 g/g (light
grey) and 0.05 g/g (yellow)) and sulfuric acid (H2SO4) (0.39 g/g (light green) and 0.05 g/g
(red)) hydrolyses were tested with material of one B73 plant in duplicates and the pH buffered
to 6 with the addition of 50 mM MES.

The fungus growing on 20 g/L autoclaved material showed normal growth
performance, reaching the stationary phase after 13 h (95.8 £ 6.4 a.u.). Hydrolyzing
the corn stover with 0.16 g NaOH/g B73 before fermentation resulted in barely any

fungal growth, showing a maximum Gfp fluorescence at 9.9 £+ 9.9 a.u. (-90 %) at
conclusion of the experiment (Figure 3 A). Reducing the NaOH concentration to
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0.05 g/g slightly improved fungal performance, reaching the stationary phase after 16 h
at 58.1 £ 2.1 a.u. (-38 %) (Figure 3 A). The hydrolysis with 0.39 g H2SO4/g B73
resulted in an extended lag phase. The stationary phase started after 14 h and reached
a maximum at 69.9 + 0.1 a.u. (-28 %) after 20 h. Reducing the acid concentration to
0.05 g/g B73 increased the fungal performance to 88.2 + 3.0 a.u. after 16 h, however
this was still 8 % lower than the performance on autoclaved material (Figure 3 B).

Another tested hydrolysis was 2 M (TFA) hydrolysis, a standard method used to
hydrolyze matrix polysaccharides from plant cell walls into monosaccharides (Foster
et al., 2010b). One potential advantage of this hydrolysis is the volatility of TFA; thus,
it can be evaporated after hydrolysis. In comparison to autoclaved B73 material
(10 g/L), U. maydis showed similar maximum Gfp fluorescence (autolclaved
70.3 £ 4.2 a.u. vs. TFA hydrolyzed 67.5 + 5.5 a.u.). However, the initial lag phase was
elongated and the exponential growth started after 12 h of fermentation, compared to
6 h for autoclaved material (Figure 3 B). In summary, none of the tested acid or base
hydrolyses resulted in increased growth performance of the fungus under the tested

conditions.

Microwaving the material prior fermentation resulted in a slightly accelerated growth
compared to the autoclaved reference material. Furthermore, the stationary phase was
reached at 109.4 £ 5.8 a.u. after 12.5 h, which represents a performance increase of
+14 % (Figure 3 A). The supplementation of the commercial CAZyme mixture
Celluclast® resulted in a slightly slower initial growth. However, while U. maydis
fermenting the other biomasses reached the stationary phase until the end of the
experiment, the cultures supplemented with Celluclast® were still growing after 24 h
and reached a maximum Gfp fluorescence of 145.2 £ 7.1 a.u. (+51 %) (Figure 3 A).

In conclusion, of the tested strategies, the addition of the commercial CAZyme mixture
Celluclast® was the most beneficial for fungal growth, with cultures continuing to grow
until the conclusion of the experiment. Microwaving the biomass prior to fermentation
modestly enhanced fungal growth performance, while the acid or alkaline hydrolyses
hindered U. maydis growth under the tested conditions.
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Effect of altered lignocellulose composition on U. maydis performance

Having observed the limited utilization of B73 lignocellulosic material, the question
arose, if using material from different corn varieties would enhance fungal performance
and lignocellulosic utilization. To address this, three well-described corn mutants,
exhibiting alterations in their lignocellulosic composition, namely cal1, bm1 and bm3,
were grown in parallel to the B73 material and U. maydis performance was monitored
(Figure 4).
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Figure 4: Performance monitoring of Ustilago maydis fermenting corn stover exhibiting
alterations in lignocellulosic composition. A) Gfp fluorescence and B) scattered light
monitoring of U. maydis fermenting B73 (black), cal? (orange), bm1 (grey) and bm3 (yellow).
The data are shown Gfp fluorescence and scattered light in arbitrary units (a.u.) over time (t)
in hours (h) and are the results of two independent fermentation experiments with independent
fungal inoculums and 4 plants variety B73 and 6 plants of each call, bm1 and bm3. The
average * SD is calculated from the resulting n = 8 (B73) or n = 12 (cal1, bm1, bm3).

Although there were no discernible differences in initial fungal growth between the
different mutants and the B73 material, the maximum scattered light and Gfp
fluorescence values differed. Fermenting B73 material, U. maydis reached stationary
growth after 14 h at a Gfp fluorescence of 89.0 £ 4.1 a.u. (Figure 4 A) and a scattered
light reading of 140.9 + 6.1 a.u. (Figure 4 B). The fungus fermenting cal7 reached the
stationary phase after 14.5 h with a Gfp fluorescence reading of 104.6 £ 19.1 a.u.
(+18%). U. maydis reached an even higher maximum growing on the lignin mutants
bm1 or bm3. The stationary phases were reached after 14.5h at 106.7 £ 17.0 a.u.
(+20%) and 121.0 £ 6.5 a.u. (+36 %), for bm1 and bm3, respectively (Figure 4 A).
These improved fungal performances were supported by the scattered light readings

showing increases of 6 % for cal1, 12 % for bm1 and 26 % for bm3 (Figure 4 B). In
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conclusion, these results show that fungal performance is enhanced by using material

of different lignocellulosic mutants.

This raised the question, whether the observed increase in fungal performance stems
from enhanced degradation of lignocellulose due to the mutations, or from greater
availability of other, more easily accessible carbohydrates in these mutants. To
determine, which carbohydrate source was utilized by U. maydis, detailed biochemical
analyses of the post-fermentation residues were conducted to identify utilization of the
water-soluble carbohydrates and the lignocellulosic material (Table 18 and Table 19).

Table 18: Carbohydrate composition of the liquor fraction of B73, cal1l, bm1 and bm3
[% of raw material]. Data of the soluble carbohydrate contents of the pre-fermentation (pre-f.)
samples are shown as average + SD of n = 4 plants variety B73 and n = 6 plants variety cal7,
bm1 and bm3. Data of the post-fermentation (post-f.) samples are shown as the results of two
independent fermentations with independent fungal inoculums and n = 4 plants variety B73
and n = 6 plants variety cal1, bm1 and bm3. The average * SD is calculated from the resulting
n =8 and n = 12. Bold values indicate statistically significant differences between the amount
of carbohydrates detected for the mutants compared to B73 tissue, determined by two-tailed
students T-tests. All values for the fermented tissue differ significantly from their respective
value in unfermented tissue, determined by two-tailed students T-tests. For simplicity this is
not indicated in the table.

Condition Glucose Sucrose Fructose Total

B73 pre-fermentation 9.0+0.9 2.4+0.9 9.6+0.6 21.0£0.8
call pre-fermentation 12.7+3.0 1.7+04 12.3+34 26.6+6.3
bm1 pre-fermentation 11.8+1.4 8.61+1.8 109+19 31.3+3.8
bm3 pre-fermentation 14.6 £ 0.5 3.0£0.8 13.7+£0.8 31.2+1.4
B73 post-fermentation 0.3+0.04 0.1+0.03 0.04 £0.03 0.4 +0.05
call post-fermentation 0.3+0.1 0.1+0.04 0.1+0.1 0.5+0.1
bm1 post-fermentation 0.4+0.1 0.1+0.1 0.2+0.2 0.8+0.3
bm3 post-fermentation 0.3+0.1 0.03+0.01 0.2+0.1 0.6+0.1

The reference material B73 contained 21.0 + 0.8 % total water-soluble carbohydrates,
consisting of 9.0 + 0.9 % Gic, 2.4 £ 0.9 % Suc and 9.6 + 0.6 % Fru (Table 18). The
total water-soluble carbohydrate content of cal? material was slightly increased to
26.6 + 6.3 % (+26 %), caused by slightly elevated amounts of Glc (+41 %) and Fru
(+28 %), compared to B73. In the post-fermentation biomass, only traces of the water-
soluble carbohydrates were detected (Table 18). In the post-fermentation
lignocellulosic fraction of cal1, Xyl was reduced by -16 %, acetate by -22 %, and total
hemicellulose by -11 %, which is similar to the reductions detected in B73 tissues (Xyl
-21 %, acetate -22 %, total HC -15 %). Crystalline cellulose and lignin content
remained unaffected (Table 19). The amount of U. maydis material detected in the
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post-fermentation biomass was comparable between cal1 (11.0 £ 3.0 %) and B73
(11.2+1.4 %) (Table 19). The higher standard deviation in cal1l samples reflects
greater variability in fungal growth, consistent with the larger spread observed in Gfp
fluorescence and scattered light data (Figure 4 A and B).

The cal1 mutant was described to accumulate MLG in senescent stems (Kraemer et
al., 2021). This increase was detected by an increased Glc content in the
hemicellulosic fraction (Kraemer et al., 2021). However, in the plants analyzed in this
work, no significant difference to B73 was detected in hemicellulosic Glc content (Table
19). In addition, the other hemicellulosic components Ara, Gal and Xyl were
significantly reduced compared to B73 material (-20 %, -15 % and -9 %, respectively).
Therefore, the slight improvement in fungal performance on cal7 is most likely due to
the slight increase in water-soluble carbohydrate content, rather than enhanced
utilization of the lignocellulosic biomass.

Table 19: Relative biomass composition [% of AIR] of the pre- and post-fermentation
B73, cal1l, bm1 and bm3 residue. Comparison of the pre-fermentation biomass composition
(- U. maydis) and post-fermentation biomass (+ U. maydis). Data are the results of two
independent fermentation experiments with independent fungal inoculums and 4 plants of B73
and 6 plants of cal1, bm1 and bm3. The average * SD is calculated from the resultingn = 8 or
n = 12. ltalic values indicate statistically significant differences between the pre-fermentation
biomasses of cal1, bm1 or bm3 compared to the pre-fermentation B73 material. Bold values
indicate statistically significant differences between the pre- and post-fermentation materials
of each genotype. The fungal material (column U. maydis) detected in cal1l, bm1 or bm3
tissues was compared to the amount detected in B73 material. All statistically significant
differences were determined by two-tailed Students t-Tests at p-value < 0.05 comparing the
respective tissues.

Condition |Arabinose|Galactose| Glucose | Xylose HC cc Lignin | Acetate | Starch |U. maydis| Total
B73 pre-f. |25%£0.1|0.7+0.0|2.6+0.3|23.1+0.7|29.0£0.9/33.4+25|15.8+0.9|/50+0.3 | 0.5+0.2 nd. [83.7+34
B73 post-f. |2.6+0.2|(0.8+0.0|2.8+0.3 [18.6+0.1(25.0+£0.2|32.6+1.2|16.5+0.6(/3.9+0.2 | 0.8+0.0 |11.2+1.4(90.0+1.1
callpref. |2.0+03(06+£01(3.4+£0.9 |21.1+1.0(27.2+2.1|33.7+2.7|16.0+2.8/49+0.2|0.5+0.2 nd. |829=54
callpostf. |{2.2+03|0.8+0.1|3.4+05(17.7+1.1|24.2+1.5(33.8+1.4(178+14| 3.840.3 | 0.8+0.1 (11.0+3.0{91.3+3.7
bmlpref. |21+0.1|07+£0.0|33+£04|21.7+0.9|27.9+1.0/355+1.5(18.0+1.0/4.6+0.3|0.6%0.2 nd. |86.4+19
bmlpost-f. |2.2+£0.1|1.0£0.1|3.6+04 (165+1.1|123.4+1.3(31.7+1.4/179+0.7/3.1+0.1 | 08+0.1 (155%£1.3|92.5+1.3
bm3pref. |24+0.2|06+0.0|21+03 |23.6+0.8|28.7+0.8/354+1.5(154+1.2|5.0+0.2|04+0.2 nd. |849x29
bm3 post-f. |2.2+£0.1|1.0+£0.1|3.0+0.2 |18.0+1.0/24.2+1.1(33.31£0.8/14.2+0.8/3.5+0.2 | 0.71£0.0 (154+1.5|91.2+1.3

n.d. = not detected; HC = sum of hemicellulosic monosaccharides; CC = crystalline cellulose; Total = Sum of plant and fungal
components

The lignin mutant bm1 showed increased total water-soluble carbohydrate content
(+49 %), with high amounts of Suc (+258 %) and slightly increased Glc (+31 %) and
Fru (+13 %) contents, compared to B73 (Table 18). Only traces were detected of these
carbohydrates in the post-fermentation biomass. In the lignocellulosic fraction, the Xyl
content was reduced by -24 % and the acetate content by -33 %, indicating slightly
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improved degradation compared to B73 material B73 tissues (Xyl -21 %,
acetate -22 %) (Table 19). Additionally, the crystalline cellulose content was
significantly reduced by -11 %, while no significant reduction was observed in B73
material (Table 19). The bm1 post-fermentation residue contained 15.5%1.3 %
U. maydis material, which is an increase by 38 % compared to B73. The increased
fungal biomass production was also detected in the online monitoring (Figure 4 A
and B).

The mutant bm1 was described as containing reduced lignin content (Halpin et al.,
1998). However, the pre-fermented material analyzed here did not show reduced lignin
content, instead the lignin content was significantly increased by +13 %, compared to
B73 stems (Table 19). Similar variations in the bm1 lignin content were previously
reported ranging from -20 % reductions to no differences, depending on the study and
the methods used (Barriere et al., 2013; Halpin et al., 1998; Marita et al., 2003; S.
Wang et al., 2023; Xiong et al., 2020). In summary, the increased fungal performance
on bm1 material is mostly attributable to the presence of significantly more water-
soluble carbohydrates in the post-fermentation residues. In addition, a significant
reduction in crystalline cellulose content indicates a slightly improved utilization of the
lignocellulosic fraction of this mutant. The described bm1 chemotype was not detected
in the analyzed plants, thus, the reason for the improved utilization remains unclear

from the data presented here.

The lignin mutant bm3 contained slightly more Suc compared to B73 (+25 %), as well
as significantly higher amounts of Glc (+62 %) and Fru (+42 %), which resulted in a
significantly increased total water-soluble carbohydrate content by +49 % (Table 18).
After fermentation with U. maydis only traces of all water-soluble carbohydrates were
present, indicating that U. maydis is utilizing them as nutrient source (Table 18). In the
lignocellulosic fraction, the Xyl content was reduced by -24 % and the acetate content
decreased by -30 % (Table 19). This indicates slightly improved degradation compared
to B73 material (Xyl -21 %, acetate -22 %) (Table 19). In addition, the crystalline
cellulose content was significantly reduced by -6 %, while no reductions were detected
in B73 material. The fungal material comprised 15.4 £ 1.5 % of the post-fermentation
biomass (+38 % compared to B73) (Table 19). This increase in fungal biomass
production was also detected in the online monitoring, where U. maydis showed the
highest performance on bm3 material (Figure 4 A and B).
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Figure 5: Monolignol composition (%) of pre-fermentation B73 and bm3 material. Data
are shown as the average = SD of 2 plants per genotype for the three monolignols: H-lignin
(p-hydroxyphenyl, blue), S-lignin (Syringyl, grey) and G-lignin (Guaiacyl, orange).

The mutant bm3 was described as exhibiting a reduced S/G lignin ratio and slightly
reduced lignin content compared to B73 (Vignols et al., 1995). The pre-fermented bm3
material analyzed here showed a reduced S/G-lignin ratio of 0.74, compared to 1.46
of B73 (Figure 5), but the lignin content did not differ significantly. In summary, the
improved fungal performance on bm3 material is mostly attributable to the increased
water-soluble carbohydrate content detected in the pre-fermentation biomass. The
slightly increased reductions in Xyl, acetate and crystalline cellulose indicate that
U. maydis is utilizing the lignocellulosic fraction of bm3 material more efficiently than
B73 material, which could be due to the altered lignin composition influencing the
cross-linking of lignin to the other lignocellulosic components, like xylan.

In conclusion, these results show that the water-soluble carbohydrates are the most
important carbohydrate source for U. maydis performance across all four genotypes
B73, cal1, bm1 and bm3. The improved performances on both lignin mutants bm7 and
bma3 are attributable to significantly increased water-soluble carbohydrate contents. In
addition, the altered lignin composition in bm3 material most likely resulted in enhanced

utilization of the lignocellulosic components xylan and crystalline cellulose.

Effect of combined assisted enzymatic lignocellulose degradation and altered
lignin composition on U. maydis performance

The previous section identified two different strategies that enhance fungal

performance: enzymatic pretreatment and lignin modification in corn stover. The most
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effective strategy to enhance fungal performance on B73 material was the addition of
Celluclast® directly to the fermentation mix. And increased fungal performance was
detected on the lignin mutant bm3 (+38 % compared to B73), associated to
significantly more water-soluble carbohydrates and slightly increased utilization of the
lignocellulosic fraction, likely due to an indirect effect of the altered lignin composition
in the mutant. Now, both approaches were combined to analyze if U. maydis
performance can be further enhanced due to potential synergistic effects of Celluclast®
addition and altered lignin composition (Figure 6).
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Figure 6: Effect of Celluclast® addition on the growth performance of U. maydis.
Performance monitoring (scattered light (black), Gfp fluorescence (green) and pH (blue)) of U.
maydis fermenting B73 (A) and bm3 (B) material without (filled icons) and with (white icons)
addition of Celluclast®. Depicted are scattered light and Gfp fluorescence in arbitrary units
(a.u.) and pH over time (t) in hours (h). The data are the average + SD of one fungal inoculum
fermenting technical duplicates of 4 individual plants (variety B73) and 6 individual plants
(variety bm3).

Fungal performance on B73 and bm3 material without Celluclast® supplementation
exhibited comparable growth patterns to previous experiments (Figure 1 B and Figure

4). The exponential growth phase on B73 material began after 6.5 h, reaching the
stationary phase at 14.5 h, with scattered light and Gfp fluorescence readings of
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136.1 £10.9 a.u. and 101.1 £ 8.2 a.u., respectively (Figure 6 A). U. maydis growing on
bm3 material reached the stationary phase at 15.5 h at a scattered light value of
190.0 £ 8.6 a.u. and a Gfp fluorescence at 140.7 + 5.3 a.u. (Figure 6 B), highlighting
the reproducibility of superior performance on bm3 material. For both non-
supplemented fermentations of B73 and bm3, the pH dropped from an initial value 5.9
for B73 and 5.8 for bm3to approximately 5.5 by the end of the exponential phase, after
which it steadily increased to 6.5 for B73 and 6.2 for bm3 (Figure 6 A and B). During
the stationary phase, the non-supplemented bm3 fermentation exhibited a decrease in
scattered light, dropping from 190.0 + 8.6 a.u. at 15.5h to 132.4 £+ 19.8 a.u. at 36 h,
while the Gfp fluorescence slightly increased from 140.7 £ 5.3 a.u. to 146.2 £+ 8.4 a.u.
at 15.5 h and 36 h, respectively (Figure 6 B). A similar trend was also noticed before
for bm3 material (Figure 4), likely due to plant biomass adhering to the walls of the

plate.

With the addition of Celluclast®, a noticeable shift in growth dynamics occurred in both
substrates. The initial growth phase remained indistinguishable from the
non-supplemented fermentations, but while they reached their stationary phase, the
Celluclast®-supplemented samples entered a second, less rapid exponential phase,
similar to the results shown before (Figure 3). For B73 material, fungal performance
reached the stationary phase after 22 h, with fluorescence and scattered light readings
increasing to 153.0 £ 9.0 a.u. (+51 %) and 242.3 + 12.6 a.u. (+78 %), respectively
(Figure 6 A), comparable to the results shown before (Figure 3 A).

In Celluclast®-supplemented bm3 fermentations the second growth phase extended to
27 h, reaching a Gfp fluorescence and scattered light reading of 203.7 + 13.1 a.u. and
268.8 £ 9.7 a.u, respectively (Figure 6 B). This corresponds to a Gfp fluorescence and
scattered light increase of 101 % and 97 %, respectively, compared to non-
supplemented B73 material. Furthermore, the pH in Celluclast® supplemented
fermentations diverged from the non-supplemented fermentations. While the pH of
non-supplemented fermentations increased steadily to final values of 6.5 (B73) and
6.2 (bm3), the pH in Celluclast® supplemented fermentations remained lower, with final
values of 5.7 for B73 and bm3 (Figure 6 A and B).

To further understand the impact of Celluclast®? on fungal performance, a
comprehensive compositional analysis of the post-fermentation residue was performed
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following the established method, to identify increased utilization of individual
lignocellulosic components (Table 20).

Table 20: Relative biomass composition [% of AIR] of the post-fermentation residue of
B73 and bm3 supplemented without (“-“) and with (“+”) Celluclast®. The supplementation
of Celluclast® is shown as average + SD of two technical replicates for each individual plant,
i.e. n=8. Bold values indicate statistically significant differences between the material
determined by a two-tailed students t-Test at p-value < 0.05.

Condition Arabinose|Galactose| Glucose | Xylose HC cC Lignin Acetate | Starch |U. maydis| Total
B73 - Celluclast® | 1.7+0.2 [ 0.9+0.1 | 25+0.6 |[18.2+1.6(23.24+2.2(32.2+2.7|153+0.7/ 44403 | 0.7+0.0 |126+1.5|88.4+ 1.8
B73 + Celluclast® | 1.2+0.1 | 0.6+0.1 | 0.3+£0.3 147+ 1.0|/16.9+1.2|275+1.8|/16.6+0.9| 45+0.7 | 0.8+ 0.1 [24.1+1.9|90.4+ 2.1
bm3 - Celluclast® | 1.2+0.1 [ 0.8+0.1|2.2+0.4 (159+0.8/20.2+1.0(31.7+1.9|12.8+0.8/ 44+0.5| 0.7+0.1 |182+2.1{87.9+2.2
bm3 + Celluclast® | 0.9+0.1 | 0.5+0.1 n.d. 129+1.1|13.6+1.7(25.1+2.3|153+0.5| 46+0.4 | 0.9+0.1 |37.4%£5.7/969+5.1
n.d. = not detected; HC = sum of hemicellulosic monosaccharides; CC = crystalline cellulose; Total = Sum of plant and fungal components

The analysis of the post-fermentation solid residue confirmed the improved

performance detected in the online monitoring. In Celluclast®-supplemented B73
material, the amount of fungal material almost doubled (+91 %) compared to the non-
supplemented samples (Table 20). Furthermore, Celluclast®-supplementation
significantly decreased the relative abundances of all lignocellulosic carbohydrate
sources present in corn stover. The proportions of crystalline cellulose and total
hemicellulose decreased by -14% and -27 %, respectively (Table 20). All
hemicellulosic monosaccharides were reduced, particularly Glc where only trace
amounts were found in Celluclast®-supplemented samples.

In Celluclast®-supplemented bm3 material, the amount of fungal material reached
37.4 %, representing a 105 % increase compared to non-supplemented bm3 material
and a 196 % increase compared to non-supplemented B73 material (Table 20). This
increase in fungal biomass production attributable to Celluclast®-supplementation was
higher in bm3 compared to B73. Similarly, the post-fermentation residue composition
showed bigger reductions in the proportions of crystalline cellulose (-21 %) and total
hemicellulose (-33 %). This suggests that the altered lignin composition of bm3
mediates enhanced substrate accessibility and/or hydrolytic activity of the enzymes
present in the Celluclast® cocktail.

Unexpectedly, increments in the relative abundance of lignin and starch were detected
for both genotypes (Table 20). A possible explanation is that these values reflect the
relative decrease of the other components of the solid residue. Alternatively, it could
be due to fungal components influencing the measurements of these particular

components, primarily if large amounts of fungal biomass are present in the post-
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fermentation residue. Fungal cell membranes contain sterols which may interfere with
the spectrophotometric lignin quantification (Baloch et al., 1984). Similarly, U. maydis
might accumulate glycogen during corn stover fermentation which is indiscernible from

starch in the employed assay.

In summary, these data indicate that Celluclast® treatment during cultivation results in
additional substrates derived from the lignocellulosic fraction in corn stover for
U. maydis to continue growing upon consumption of the water-soluble carbohydrates.
Combining the lignocellulolytic activity supplementation with the use of bm3 corn stover
results in a synergistic effect, allowing a threefold build-up of fungal biomass compared
to the initial conditions set for B73.
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4.1.3 Discussion

Corn stover is an abundant agricultural byproduct, and its potential use as a substrate
for bioconversion is of major interest for the transition towards a bio-based economy.
Within the last decade, the natural corn pathogen U. maydis emerged as a promising
candidate for bioconversion processes (Feldbriigge et al., 2013; Regestein et al., 2018;
Schlembach et al., 2020; Wierckx et al., 2021). However, its ability to utilize corn stover
as sole carbon source was not studied so far. Thus, the first chapter of this thesis
focused on establishing a small-scale cultivation platform using the BioLector® system
to assess U. maydis growth performance on corn stover and to identify the
carbohydrate sources being metabolized.

The combination of online monitoring and biochemical quantification accurately

determines U. maydis growth performance on corn stover

The results of this chapter demonstrated that U. maydis is capable of utilizing corn
stover as a sole carbon source, making an important step towards its application in
lignocellulose bioconversion. While earlier studies showed its ability to metabolize
purified cellulose and birch xylan (Geiser et al., 2013, 2016), maize bran (Couturier et
al., 2012), or maize seedling tissue (Cano-Canchola et al., 2000), the results here
extend those findings by confirming fungal growth on the complex, heterogeneous

substrate corn stover.

The BioLector® system proved to be a reliable platform for monitoring U. maydis growth
in the turbid, corn stover-containing media (Figure 1). Despite the inherent turbidity,
scattered light and Gfp fluorescence signals closely aligned, validating their use as
complementary growth indicators. The observed pH dynamics, with a drop during
exponential growth and a sharp rise in stationary phase, further corroborated metabolic
activity and match previously reported shifts towards less acidic metabolic pathways
under nutrient limitation (Geiser et al., 2013; Terfriichte et al., 2018).

However, while online monitoring effectively captures growth trends, it provides only
relative measures. This limitation becomes particularly critical when assessing
substrate utilization, as increasing fungal biomass may dilute residual lignocellulose,
leading to an overestimation of degradation efficiency. To address this, absolute
biomass quantification was achieved through GIcN analysis, serving as a fungal cell
wall-specific marker due to its presence in chitin-like structures of U. maydis (Sanchez-
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Arreguin et al., 2022) and absence in corn stover. This approach not only confirmed
biomass production independently of online metrics but also enabled estimation of
fungal contributions to the post-fermentation residues.

Although GIcN serves as a suitable proxy for fungal biomass, it has inherent limitations.
Fungal cell wall composition can vary with growth conditions (Mitchell et al., 2006;
Steudler & Bley, 2015), which could mean that the cell wall compositions differ between
samples cultivated on Glc containing media and samples cultivated on corn stover
containing media. This could potentially introduce slight inaccuracies in the
quantification of fungal cell wall components and is likely reflected in the increase in
Gal and Gilc content at higher fungal biomass concentrations (Table 19 and Table 20).
Despite this, the combination of online monitoring and biochemical quantification of
fungal biomass presents a robust framework for evaluating U. maydis performance on
complex lignocellulosic substrates with an unprecedented level of detail. The suitability
of this platform as a fast-screening system was exemplified by testing the impact of
different lignocellulosic pretreatments or corn stover substrates on U. maydis
performance. Furthermore, it can be utilized to screen fungal strains (Robertz et al.,
2024), or potentially to assess the effect of heterologous CAZyme expression on
U. maydis performance and dissect enzymatic mechanisms in complex lignocellulosic
substrates. As such, the platform serves as a valuable tool to scale-up the

bioconversion process of corn stover by U. maydis from laboratory to fermenter scale.

U. maydis primarily utilizes water-soluble carbohydrates, but only limited
lignocellulose

Corn stover contains two primary carbohydrate fractions that can be potentially utilized
by U. maydis: water-soluble carbohydrates and structural polysaccharides
(hemicellulose and cellulose) within the cell walls. The platform developed here
enabled a detailed assessment of carbohydrate consumption by comparing the pre-
and post-fermentation composition of the biomass, while also accounting for the
contribution of fungal biomass (Table 15).

U. maydis efficiently metabolized the water-soluble carbohydrate fraction (Table 18),
likely due to the direct accessibility of these sugars. Furthermore, the water-soluble
carbohydrates are U. maydis primary carbohydrate source during plant infection (Billett
& Burnett, 1978; Doehlemann et al., 2008). In nature, the fungus hijacks the plants
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carbohydrate metabolism by converting source tissue into sink tissues and feeds on
the imported water-soluble carbohydrates, especially Suc (Billett & Burnett, 1978;
Doehlemann et al., 2008). Thus, its ability to efficiently uptake and metabolize Gic, Fru
and Suc is expected.

U. maydis possesses several well-described transporters that enable the uptake of
Glc, Fru or Suc, however in some cases, their expression during haploid, yeast-like
growth is unclear. Among them is a high-affinity Suc transport (Srt1) (Wahl et al., 2010).
Srt1 expression has only been observed during pathogenic growth, not under
laboratory conditions using mono- or disaccharides, suggesting its regulation may be
dependent on plant-derived signals (Wahl et al., 2010). Despite this, the complete
deletion of Suc from the post-fermentation biomass (Table 14 and Table 18) suggests
that U. maydis consumes this disaccharide in vitro. This may be mediated by
invertases, which cleave Suc into Glc and Fru for subsequent uptake via the hexose
transporter Hxt1 (Horst et al., 2008; Voll et al., 2011). However, expression of these
invertases has similarly been reported only during plant infection, but not in haploid
growth (Horst et al., 2008; Voll et al., 2011).

From the lignocellulose, U. maydis is capable of partially degrading xylan and minor
parts of cellulose (Table 19). This minimal utilization of this abundant fraction fits to the
previous finding that U. maydis” CAZymes cause minimal damage to lignocellulose in
planta to avoid plant immune responses triggered by degradation products (Geiser et
al., 2013). The degradation pattern is in line with previous studies that identified when
U. maydis was grown on media containing freeze-dried corn leaf or stem material from
seedlings, xylanase and cellulase were the predominant activities in U. maydis
secretome (Cano-Canchola et al., 2000). Furthermore, growth on maize bran resulted
in secretion of xylanases, arabinofuranosidases and oxido-reductases (Couturier et al.,
2012). While both studies focused on the fungal secretome, the work presented here
focused on the degradation of the complex substrate, an approach that was not done
before for U. maydis. This strategy allows the identification of enzymatic activities
under the applied conditions in greater detail. Furthermore, the developed monitoring
platform coupled with the biochemical substrate analysis could aid in characterizing
further enzymes and their activities in more detail. The slight, but significant reductions
in Xyl and acetate across all corn stover substrates suggests xylan degradation and
deacetylation, likely by secreted xylanases and acetylxylan esterases, respectively
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(Geiser et al., 2013; X. Li et al., 2022; Mueller et al., 2008). Degradation of xylan is in
line with results published before that showed that U. maydis wildtype isolate MB215
is able to partially degrade commercial birchwood xylan (Geiser et al., 2016).

Despite the presence of genes encoding for secreted arabinofuranosidases in
U. maydis genome (Couturier et al., 2012; Doehlemann et al., 2008; Geiser et al.,
2013; Lanver et al., 2014), no utilization of Ara was detected in any tested variety. This
could be due to the complex lignocellulose architecture, where Araf often serves as a
crosslink between the xylan backbone and lignin, via glycosidic and ester bonds to FA
dimers, respectively (Hatfield et al., 2017; Tryfona et al., 2023). While the glycosidic
bond might be cut by arabinofuranosidases, the ester bond requires additional
enzymatic activity. It could potentially be cleaved by a chlorogenic acid esterase that
was identified in U. maydis secretome (Nieter et al., 2015). However, its reduced
activity at pH 5.5 — 6.5 or temperatures below 30°C may limit efficiency under the
applied conditions (Nieter et al., 2015).

A slight reduction in cellulose indicates that U. maydis is expressing and secreting
cellulases under the applied conditions, however, potentially their access to the
cellulose is limited. Cellulose degradation is mediated by three enzymatic activities:
endo-1,4-B-glucanases cleave internal bonds in the cellulose chain, exo-1,4-B-
glucanases or cellobiohydrolases cleave cellobiose from either the reducing or the
non-reducing end of a cellulose chain and B-glucosidases cleave cellobiose into
monomers (Glass et al., 2013). The applied U. maydis strain overexpressed a
B-glucosidase (umag_00446), which was previously shown to hydrolyze cellobiose
(Geiser et al., 2016). Thus, it is unlikely that this reaction is the limiting factor.
Furthermore, it was shown that this strain is able to release small amounts of Glc from
the synthetic microcrystalline cellulose substrate Avicel (Geiser et al.,, 2016).
Considering the dense lignocellulosic structure in corn stover, it is more likely that the
endo- or exo-1,4-B-glucanases or cellobiohydrolases are either not able to penetrate
and cleave the cellulose chains or they are not active under the tested fermentation

conditions.

In summary, the primary carbohydrate source for U. maydis are water-soluble
carbohydrates, while the lignocellulose of corn stover remains underutilized. The
expression of some genes potentially involved in water-soluble carbohydrate



Chapter 1 - Discussion | 70

consumption and lignocellulose degradation was not shown during haploid growth.
Thus, a detailed profiling of the expressed and secreted enzymes would help to clarify,
which specific U. maydis enzymes are expressed during the fermentation and
characterize potential synergistic hydrolytic activities, especially focusing on xylanase
and cellulase activities. Only a handful of U. maydis” CAZymes are characterized in
detail so far. CAZyme knock-out or overexpressing strains could be developed and
tested on the complex corn stover substrate. Within the last two decades, especially
since the genome was published (Kamper et al., 2006), the genome editing tools for
U. maydis were continuously expanded (Wierckx et al., 2021). Targeted gene deletion
is possible via Golden Gate cloning (Terfrichte et al., 2014). Alternatively, promotor
exchange via homologous recombination, e.g. to the endogenous promoter Poma, for
the creation of overexpressing strains is a suitable method to test the catalytic potential
of individual enzymes (Geiser et al., 2016). This was done before for the strain used in
this work (overexpressing an endogenous B-glucanase under control of Poma) and other
strains overexpressing endogenous xylanases or endoglucanases, and their catalytic
potential on cellulose, xylan or cellobiose was evaluated (Geiser et al., 2016). With the
platform developed in this work, similar strain monitoring studies could be done and
the substrates expanded to highly complex substrates, including stover from corn or
other grasses.

U. maydis performance was significantly increased by enzymatic pretreatment
of corn stover with modified lignin composition

While U. maydis demonstrated efficient and extensive utilization of water-soluble
carbohydrates in corn stover, the lignocellulosic fraction remained largely
underutilized. This observation underscores limitations in the fungus” natural capacity
to degrade the lignocellulosic fraction and highlights the potential for further strategies
aimed at enhancing lignocellulose conversion efficiency. The online fermentation
monitoring of the BioLector® system enabled the rapid screening of six strategies
designed to improve fugal performance on corn stover, specifically targeting the
recalcitrant lignocellulose.

One strategy was the use of maize mutants with altered lignocellulosic architecture.
The tested corn varieties were: cal1, exhibiting increased MLG content; bm1, exhibiting
reduced lignin content; and bm3, exhibiting altered lignin composition (Halpin et al.,
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1998; Kraemer et al., 2021; Vignols et al., 1995). All three cell wall alterations were
previously shown to increase saccharification efficiency of the lignocellulose (Barriére,
2017; Christensen & Rasmussen, 2019; S. Wang et al., 2023). Thus, these varieties
were tested as substrate for U. maydis, to explore if the alterations in lignocellulose

enhance utilization of this fraction and enhance fungal performance.

The pre- and post-fermentation biomasses of cal1 corn stover did not show a difference
in hemicellulosic Glc compared to B73 material, consequently fungal performance was
also not improved on cal? corn stover (Table 15 and Table 19). Online monitoring
revealed that U. maydis performed better on biomass from bm mutants, particularly
bm3. However, further analysis indicated that this improvement was mostly due to
increased levels of water-soluble carbohydrates rather than improved degradation of
the lignocellulosic, as only minor lignocellulosic utilization differences were detected
compared to the reference variety (Table 18 and Table 19). The slight increased
utilization in bm3 lignocellulose could also be attributed to the changed S:G monolignol
ratio, which influences crosslinking of lignin to cellulose or xylan and overall cell wall
architecture and increases the saccharification yield (Barriere, 2017; Vignols et al.,
1995; S. Wang et al., 2023).

The other five tested strategies were lignocellulosic pretreatments. Pretreating the
biomass is a well-established step in bioconversion workflows, primarily aimed at
disrupting lignocellulose structure to improve enzymatic accessibility and release of
fermentable carbohydrates (Da Silva et al., 2010; Kumar et al., 2020; Leroy et al., 2021;
Lorenci Woiciechowski et al., 2020; Vu et al., 2020). Here, several strategies were
evaluated for their ability to enhance U. maydis growth on B73 corn stover (Figure 3).
These included alkaline treatment, acid hydrolysis and microwave irradiation.
However, all chemical treatments resulted in reduced fungal performance, while the
microwave irradiation only slightly increased fungal performance (Figure 3). The
negative impact of NaOH and H2SO4 pretreatments is noteworthy, particularly since
these treatments are widely reported to enhance lignocellulosic saccharification, i.e.
the release of fermentable carbohydrates from the lignocellulose after digestion with
CAZymes (Bichot et al., 2018; Y. Chen et al., 2013; Duguid et al., 2009; S. Wang et
al., 2023). However, they also introduce potential inhibitory factors, e.g. by dissociating
water-soluble carbohydrates (Akter et al., 2020). Despite pH neutralization and
buffering to pH 6 with MES, a buffer widely used for U. maydis cultivation (Geiser et
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al., 2014; Grebe et al., 2024; Richter et al., 2024; Volkmar et al., 2023), residual salts
and degradation by-products such as furfural and hydroxymethylfurfural, known
glycolysis inhibitors, may have negatively affected fungal growth or enzymatic activity
(Akter et al., 2020; Bichot et al., 2018; Jablonowski et al., 2022; Jilani & Olson, 2023;
Sharma et al., 2019). The observed improvement in fungal performance with reduced
concentrations of NaOH and H2SO4 supports the hypothesis that both strategies
exhibit inhibitory effects on fungal performance under the tested conditions. TFA
pretreatment, which benefits from its volatility and does not require neutralization, also
failed to improve fungal performance (Figure 3). Although TFA is effective in
hydrolyzing hemicellulose into monosaccharides (Foster et al., 2010b), it may still
generate inhibitory compounds during hydrolysis. These findings suggest that, despite
theoretical improvements in lignocellulose accessibility, the tested chemical
pretreatments were suboptimal for U. maydis fermentation. Future work could explore
whether additional steps, such as desalting, detoxification or closely monitored pH
controlling, might mitigate the negative effects observed here. Moreover, a
comprehensive metabolite profiling of hydrolysates, aiming especially at toxic
degradation products like furfurals, would help to clarify if substrate toxicity is the
primary bottleneck.

In contrast to the chemical pretreatments, short-term microwave treatment led to a
modest improvement in fungal growth compared to autoclaving (Figure 3). This aligns
with previous reports indicating that microwave treatment can enhance enzymatic
access by disrupting lignocellulose via selective heating of polar bonds (Jablonowski
et al., 2022; H. Ma et al., 2009; Saleem et al., 2015; Xu, 2015). While the observed
effect was relatively small, it nonetheless supports the broader conclusion that physical
pretreatments which enhance substrate accessibility, without introducing toxic
by-products, may offer more compatible strategies for improving U. maydis

bioconversion performance.

By far the greatest improvement in U. maydis performance was achieved by the
addition of Celluclast® to the fermentation, resulting in a 91 % performance increase
on B73 material (Figure 6). By combining the bm3 mutant with Celluclast®, fungal
biomass production was enhanced by +196 % compared to the B73 reference
material. The increased utilization of the lignocellulose in B73 and bm3 material was
most likely due to a complementary effect of U. maydis intrinsic enzymatic repertoire
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and Celluclast®. As introduced before, to effectively degrade lignocellulose, multiple
CAZymes must act in concert. U. maydis is superior in xylan degradation and secretes
superior quantities of auxiliary enzymes acting on lignin depolymerization, while
T. reesei (the production organism of Celluclast®) is a very efficient cellulose degrader
(Couturier et al., 2012; King et al., 2011). Similar to the results obtained here, it was
shown before that the combination of T. reesei and U. maydis secretomes shows
synergistic effects for the degradation of wheat straw (Couturier et al., 2012). In the
same study, it was hypothesized that U. maydis hemicellulases, especially the
arabinofuranosidases, depolymerize wheat arabinoxylan, which facilitates access to
cellulose for T. reesei cellulases, thus resulting in a higher saccharification yield of
wheat straw (Couturier et al., 2012). For the data presented here, the significantly
increased fungal performance on bm3 with Celluclast® addition, is due to multiple
synergistic effects. First, the bm3 material is more susceptible to degradation by
Celluclast®, due to the altered lignin composition, which enhances access to cellulose
(Barriére, 2017; Vignols et al., 1995; S. Wang et al., 2023). And second, the bm3
material contains more water-soluble carbohydrates compared to B73, which facilitate
fungal growth.

Taken together, the results of this chapter underline the central role of water-soluble
carbohydrates in the bioconversion of corn stover by U. maydis. Future work could
explore the effect of heterologous CAZyme secretion by U. maydis, which would omit
the need for enzymatic supplementation. Potential enzymes could be cellulases from
T. reesei or other effective cellulose degraders, like Aspergillus niger. While this
approach requires U. maydis strain engineering and potentially process optimization,
the water-soluble carbohydrates in corn stover are easily and directly accessible for
U. maydis and thus, an interesting target to immediately increase fungal performance
by selecting or engineering corn varieties with elevated water-soluble carbohydrate

levels.
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4.2 Chapter 2: Variability of water-soluble carbohydrates in corn stover
4.2.1 Background

Synthesis and accumulation of water-soluble carbohydrates is strongly driven by
photosynthetic activity, which in turn is dependent on the circadian rhythm (Liang et
al., 2019). Carbohydrate storage in corn stems functions as a long-term reserve that
buffers against suboptimal growth conditions during the plant’s life (Cazetta &
Revoredo, 2018; Sekhon et al., 2016; Setter et al., 2001; Slewinski, 2012). This storage
does not directly compete with other carbohydrate sinks, since it primarily stores
surplus carbohydrates (Slewinski, 2012). However, the identity and demand of sink
tissues vary across the maize life cycle, and little is known about the source-sink
dynamics in senescent field grown plants (Liang et al., 2019). During early growth
stages, the expanding stems serve as the primary carbohydrate sinks, whereas seeds
become the dominant carbohydrate sink after the onset of the reproductive phase
(Liang et al., 2019). Concomitant with this shift in sink priority, a decline in
photosynthetic carbon assimilation in source tissues was observed in various maize
hybrids (Liang et al., 2019). In consequence, it is possible that stem stored
carbohydrates may be mobilized to support seed filling, helping to offset reduced
carbohydrate production in the leaves. A similar physiological role was previously
identified for the water-soluble carbohydrates stored in rice stems (D. R. Wang et al.,
2017). However, in various maize hybrids it was identified that the total water-soluble
carbohydrate content in stems remains relatively constant throughout one day in the
reproductive phase, indicating that they do not contribute to seed filling (Liang et al.,
2019). If this applies to other corn varieties and whether the individual carbohydrates
Glc, Suc and Fru underly diurnal fluctuations in other growth phases is not known.
Thus, the first objective of this chapter is to investigate how water-soluble carbohydrate
content in corn stover is influenced by the circadian rhythm. By focusing on fluctuations
of these carbohydrates throughout one harvest day, it will be identified if the water-
soluble carbohydrate content in corn stover can be maximized by optimizing the

harvest time.

The second objective of this chapter is to identify genomic regions in corn that influence
the water-soluble carbohydrate content. This will be achieved by assessing the natural
variability of water-soluble carbohydrate content in corn stover across a natural
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variation panel of European maize lines. Based on these results, a genome-wide
association study (GWAS) will be conducted for water-soluble carbohydrate-related
traits. This GWAS could identify genomic regions associated with traits by linking the
observed phenotypic variation with the diverse genetic background of the natural
variation panel. The identified genomic regions will be analyzed in closer detail, and

three candidate genes will be picked for further analysis.
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4.2.2 Results

Fluctuation of water-soluble carbohydrate content in corn stover throughout the
day

To identify, whether the carbohydrate storage in senescent stems underlies diurnal
fluctuations, and if it is possible to predict the optimal harvest time for maximized
carbohydrate content, material of the reference variety B73 was grown in the botanical
garden (HHU Dusseldorf) in the year 2023 and 2024. Furthermore, bm3 plants were
grown under the same conditions, to additionally examine if the increased water-
soluble carbohydrate content detected in the greenhouse-grown plants used in the
previous chapter (Table 19) is reproducible in field-grown plants. Both genotypes were
harvested on the same day after 5-month growth (May to October), at three and five
timepoints in 2023 and 2024, respectively. The water-soluble carbohydrates Gic, Fru,

Suc were quantified in the internode below the first ear (Figure 7).
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Figure 7: Water-soluble carbohydrate content in the stems of B73 (A) and bm3 (B) plants
harvested at different timepoints throughout one day. Data are shown as AVG £ SD (lines)
as well as the individual datapoints for each individual plant (points) for glucose (grey), fructose
(orange), sucrose (blue) and total water-soluble carbohydrate content (yellow) at different
timepoints (t) within one day (h). In 2023, n = 8 per timepoint were harvested for B73 and bm3
(except bm3at 6 pm: n = 7). In 2024, 6 plants (n = 6) were harvested of B73 at 7 am and 7:30
pm,at10 am:n = 3,at 1 pmand 4 pm: n = 5. In the case of bm3, n = 5 for all timepoints except
at 1 pm (n = 4). Statistical analyses of these data are shown in Table 21.
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In both years 2023 and 2024, diurnal fluctuations in water-soluble carbohydrate
content were observed in B73 and bm3 corn stover, with bm3 exhibiting significantly
higher total water-soluble carbohydrate content in the morning than B73 (Table 21),
indicating that the results of the previous chapter 4.1 are reproducible in field-grown
plants. Furthermore, the Glc and Suc content of bm3 plants of the year 2023 was
significantly higher compared to B73 throughout the whole day (Table 21).

In 2023, three harvest timepoints (8 am, 1 pm, and 6 pm) were selected, revealing an
increase in total water-soluble carbohydrates throughout the day in both genotypes. In
B73 (Figure 7 A), the content rose from 31.1 £ 3.0 % at 8 am to 41.2 + 3.8 % at 6 pm,
with Glc and Suc following similar trends. Both carbohydrates showed a slight dip from
8am to 1 pm (Glc: 10.0 £3.8% to 7.1 £2.8 %; Suc: 10.9 +3.7 % to 9.1 £ 3.3 %)
before increasing significantly towards 6 pm (Glc: 13.8 £ 3.4 %; Suc: 18.1 £ 4.9 %)
(Table 21). Fru, however, exhibited a distinct pattern, peaking at 1 pm (21.6 £ 5.1 %)
before declining towards the evening (9.3 £ 4.9 %). The water-soluble carbohydrates
in bm3 followed a similar trend (Figure 7 B). The total water-soluble carbohydrate
content increased from 40.0 £ 9.9 % at 8 am t0 49.3 £ 9.3 % at 6 pm, with Glc and Suc
reaching their highest levels in the evening (Glc: 21.2 + 3.8 %; Suc: 24.1 £ 4.0 %). Fru
peaked at 1 pm (16.9 + 5.8 %) before decreasing sharply to 6 pm (4.0 £ 4.5 %) (Table
21).
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Table 21: Water-soluble carbohydrate content [wt%] and composition [%] of B73 and
bm3 stems harvested at different timepoints. Data are shown as the average + SD of the
plants (n indicated in column “plants”). “wt%” refers to the weight percentage of the dried raw
material and “%” refers to the relative composition of the total soluble carbohydrate fraction.
For the year 2023, significant differences of one carbohydrate among the harvest timepoints
are indicated by the letters “a” and “b”, determined by one-way ANOVA followed by Tukey-
HSD test (p < 0.05). In 2024, no significant differences were identified with the same tests.
Bold values indicate statistically significant differences between B73 and bm3 for the year 2023
or 2024, determined with a two-tailed Students T-Test (p < 0.05).

Time Glucose Fructose Sucrose Total Glucose Fructose Sucrose Plants
[wt?%] [wt%] [wt%] [wi%] (%] [%] [%]

8AM [10.0+3.8ab/10.2+8.1a| 109+3.7a| 31.1+3.0a(32.5+13.0a(32.0+25.3a(35.5+13.2ab| 8
2%723; 1PM | 7.1+28a|216+51b| 91+33a| 37.8+27b| 187+6.6b|57.6+14.4b|23.7+78 a| 8
6PM |13.8+3.4b| 9.3+49a| 181+49b| 41.2+38b| 33.1+57a|23.6+13.8a|43.3+84 b| 8
8AM |15.3+4.2 a| 8.9+8.2ab| 15.8+4.8a| 40.0+9.9a|40.1+11.5a(20.0+149a|39.8+7.9 ab 8
fg;i 1PM [12.0+3.6a|169+58b| 13.6+4.3a| 425+6.3a| 27.9+6.2b(40.2+14.2b|31.9+82 a| 8
6PM |21.2+3.8b| 40+45a| 24.1+4.0b| 493+93a| 433+3.6a| 7.3+7.6 a|49.4+44 b| 7
7AM | 6727 771223 8.614.0 23.0+6.0 29.1+8.8 33.9+89 |37.0+x174 6
10AM | 6.1+0.3 7.2120.7 15.1+4.2 28.4+4.2 21.9+3.7 26.0%+4.5 52.1+8.0 3
2807234.' 1PM 4.7+1.2 53+£13 11.7+6.3 21.7+6.8 [24.1+10.0 26.6+8.2 |49.2+18.0 5
4 PM 51+09 6.5+ 0.9 10.1+2.9 21.8+3.7 23.7+3.6 30.2+4.3 [46.0%+7.1 5
7:30PM| 7.6+3.3 8.0+£29 54+4.0 21.0+51 |[351+11.0 37.4+8.0 |27.5+18.7 6
7AM | 8.1t46 88+54 (241+11.7 41.1+4.8 [20.3+11.7 |22.0+133 |[57.71249 5
10AM | 44+1.7 50+£2.1 (199+14.0 (29.2%+16.9 18.3+6.0 21.1+7.8 60.7 £ 13.6 5
fg;i 1PM 70+19 84+22 |268%+6.3 42.2+5.3 16.9+4.8 20.0+5.6 63.1+10.4 4
4PM | 69t26 73129 |305t4.7 44.7+3.5 |15.4+5.2 16.1+6.0 |68.5111.1 5
7:30PM| 6.4+6.8 7.6+9.0 |232+140 |37.2+145 |152+134 |[17.0+183 [67.7131.6 5

In 2024, the harvest time frame was expanded to include early morning (before
sunrise) and evening (after sunset). Unlike in the previous year, B73 did not show an
evening increase (Figure 7 A). The total water-soluble carbohydrate content started at
23.0 £ 6.0 % at 7 am, peaked at 10 am (28.4 £ 4.2 %), and then slightly decreased to
21.0 £ 5.1 % by 7:30 pm (Table 21). Glc and Suc followed the same trends as in 2023
but with less pronounced changes, decreasing from 7 am to 1 pm (Glc: 6.7 £ 2.7 % to
4.7 £1.2%; Suc: 7.7 £ 2.3 % t0 5.3 £ 1.3 %) before slightly increasing again towards
the evening (Glc: 7.6 + 3.3 %; Suc: 8.0 £ 2.9 %). Fru peaked at 10 am (15.1 £ 4.2 %,
n = 3) before gradually declining to 5.4 £ 4.0 % at 7:30 pm (Table 21).

For bm3 in 2024, fluctuations in total water-soluble carbohydrate content were less
pronounced compared to 2023 (Figure 7 B), however the total water-soluble
carbohydrate content was higher than in B73 in plants harvested in the morning, noon
and afternoon (Table 21). The total water-soluble carbohydrate content in bm3
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remained relatively stable throughout the day, from 41.1+£48% at 7am to
42.2+53% at 1 pm and 37.2 + 14.5 % at 7:30 pm. Interestingly, the 10 am harvest
exhibited significant plant-to-plant variation, ranging from 9.3 % to 51.6 %. Unlike in
2023, Glc and Suc levels remained constant throughout the day without statistically
significant changes. Furthermore, Fru was consistently the dominant water-soluble
carbohydrate, comprising around 50 % of the total content. It increased from
241 £11.7 % at 7 amto 30.5 + 4.7 % at 4 pm before declining again to 23.2 + 14.0 %.

Since the field was in the botanical garden, the use of fungicides was not possible.
Thus, in 2023, roughly a third of the bm3 plants was infected by U. maydis, while B73
infection was minimal, which is in line with the higher susceptibility of bm3for U. maydis
infection detected before (Tanaka et al., 2014). In 2024, possibly due to the very wet
months May and June (Table 30), roughly two thirds of the plants were infected
regardless of the genotype, thus, influences of this biotic stress on the water-soluble
carbohydrate metabolism of both genotypes cannot be excluded.

Despite this, the results of this section highlight two main findings. First, the water-
soluble carbohydrate content in the stems of senescent corn plants is variable
throughout one day, with especially the Fru content exhibiting the highest variations.
Since the results of 2023 and 2024 are not consistent regarding the optimal harvest
time for maximized water-soluble carbohydrate content, future work is necessary to
clarify this relationship. The second highlight is that the genotype-specific increased
water-soluble carbohydrate content of bm3 observed in greenhouse-grown plants was
reproducible in field experiments, despite the additional biotic and abiotic factors

influencing plant metabolism.
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Variability of water-soluble carbohydrate content across a natural variation

panel of European maize lines

In the first chapter of this work, three greenhouse grown varieties (B73, bm1, bm3)
exhibited significant differences in their water-soluble carbohydrate content (Table 18).
Notably, the differences between B73 and bm3 were reproduced in field experiments
across two harvest seasons (Table 21). Building on these genotypic differences, the
variability of the water-soluble carbohydrates Gic, Fru and Suc was examined across
a broader range of maize varieties to evaluate their suitability for genome-wide
association studies.

To do so, a natural variation panel comprising 289 corn varieties was cultivated in a
field in southern Germany in the year 2021. Plants were harvested based on maturity
and water-soluble carbohydrates were quantified in the internode below the first ear.
While most varieties were harvested in groups of three plants grown closely together,
a few varieties were grown and harvested in more replicates spread out across the
field. This design allowed assessment of positional effects on the phenotype and
determination of whether inter-genotypic variation within the population exceeded
intra-genotypic variation, which would make the dataset suitable for a genome-wide
association study (GWAS). The genotypes harvested at multiple locations across the
field are: F268, F10, H49 (n = 6); B73 (n = 13); A619 (n = 14); F7, FAP1360A (n = 15)
(Table 22 and Figure 8).
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Figure 8: Soluble carbohydrate composition (% of raw material) of 7 varieties with more
than 3 biological replicates. Data are shown as AVG = SD and individual measurements of
n=6 for F268, F10, H49; n =13 for B73; n =14 for A619; n =15 for F7 and FAP1360A.
Depicted is the glucose (grey), fructose (orange), sucrose (blue) and total water-soluble
carbohydrate content (yellow). Letters above the bars indicate statistically significant
differences within one sugar among the genotypes, determined by a Kruskal-Wallis test
followed by Dunn’s multiple comparison with a corrected alpha according to Bonferroni set to
0.002.

Among the varieties harvested in multiple replicates across the field, distinct
differences in water-soluble carbohydrate compositions were detected (Table 22 and
Figure 8). Of these seven varieties, F268 and F7 had the lowest total water-soluble
sugar content, with an average of 10.8 % and 10.2 %, respectively, and their average
Glc, Fru and Suc contents were consistently below the populations average (Table 22).
In contrast, A619 and H49 had the highest total water-soluble carbohydrate contents,
at 34.3 % and 28.3 %, respectively, with ranges of 27.0 % and 16.5 %, respectively
(Figure 8). Interestingly, A619 was particularly high in Suc content (22.3 %, range
30.4 %), while H49 contained predominantly Glc (12.9 %, range 8.6 %) and Fru
(14.6 %, range 10.2 %) (Table 22). F10 and FAP1360A showed a comparable
composition to A619, with comparable Suc levels, but less Glc and Fru (Figure 8). And

B73 and H49 exhibited low Suc levels but high Glc and Fru contents. Notably, the
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water-soluble carbohydrate composition of B73 was very similar to the greenhouse
B73 plants analyzed in the previous chapter (Table 14).

Table 22: Descriptive statistics for the natural variation panel. Glucose (Gic), fructose
(Fru), sucrose (Suc) and total water-soluble carbohydrate content (Total) in the natural
variation panel. Replicated varieties are shown separately. n indicates the number of individual
plants per genotype.

Minimum Average Maximum Standard deviation Range
Trait (wt%) (wt%) (wt%) (wt%) (wt%)
Natural Glc 0.0 7.1 19.4 4.0 19.4
variation Fru 0.1 5.9 16.9 3.6 16.8
panel Suc 0.0 12.7 37.6 8.9 37.6
289 varieties Total 2.0 25.7 52.4 10.7 50.4
Glc 1.3 10.2 19.8 4.6 18.5
B73 Fru 1.6 9.1 13.5 2.9 11.9
n=13 Suc 0.0 3.1 13.1 3.6 13.1
Total 2.9 22.4 36.0 8.5 33.1
Glc 4.4 7.2 10.4 2.0 6.0
A619 Fru 3.1 4.7 6.5 1.0 3.4
n=14 Suc 7.3 22.3 37.7 9.0 30.4
Total 19.8 34.3 46.8 9.4 27.0
Glc 3.0 4.1 5.7 0.9 2.7
FAP1360A Fru 1.4 2.8 4.5 0.9 3.1
n=15 Suc 7.8 15.2 22.5 4.4 14.7
Total 13.5 22.1 31.7 4.8 18.2
Glc 0.0 3.2 7.9 2.4 7.9
F7 Fru 0.0 2.3 7.0 2.0 7.0
n=15 Suc 0.0 5.3 14.3 4.8 14.3
Total 0.0 10.8 28.9 7.9 28.9
Glc 0.4 3.8 8.0 2.6 7.6
F268 Fru 0.2 2.7 5.4 1.7 5.2
n=6 Suc 0.0 3.7 21.3 7.9 21.3
Total 0.6 10.2 34.8 11.3 34.2
Glc 1.5 4.4 8.8 2.5 7.3
F10 Fru 1.6 3.9 7.6 2.1 6.0
n=6 Suc 9.6 16.7 26.2 5.8 16.6
Total 17.1 24.9 29.5 4.0 12.4
Glc 7.9 12.9 16.5 2.6 8.6
H49 Fru 10.7 14.6 20.9 3.5 10.2
n==6 Suc 0.0 0.8 4.6 1.7 4.6
Total 18.5 28.3 35.0 5.5 16.5

For the entire population (289 varieties), Glc in the corn stem was on average 7.1 %
with a wide range of 19.4 % (Table 22). The Fru content was similarly distributed
across the entire population with an average of 5.9 % and a range of 16.8 % (Table
22). Both monosaccharides correlated with r = 0.87 across all varieties (Table 23). The
Suc content was even more variable with an average of 12.7 % and a range of 37.6 %
(Table 22). Furthermore, the Suc content weakly correlated to the other water-soluble
carbohydrates (Table 23). Finally, the total water-soluble carbohydrate content across
the entire population was on average 25.7 %, with a wide range of 50.4 % (Table 22).
As Suc is the most abundant water-soluble carbohydrate in most analyzed varieties,
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the correlation to the total water-soluble carbohydrate content is higher (0.74) than for
Glc (0.57) and Fru (0.53) (Table 23).

Table 23: Pearson correlations between the individual water-soluble carbohydrates in
the natural variation panel.

Glucose Fructose Sucrose
Fructose 0.87
Sucrose -0.12 -0.14
Total 0.57 0.53 0.74

In summary, these results show that the water-soluble carbohydrate content and
composition are a highly variable trait in corn stover. Both are influenced by the plants’
position in the field as can be seen intra-genotypic variability. However, the inter-
genotypic variability across the entire natural variation population exceeds the intra-
genotypic variation. Thus, this population is suitable for GWAS. Interestingly, while
most corn varieties seem to accumulate Suc as main water-soluble carbohydrate in
their stems, some varieties, such as H49 or B73 predominantly accumulate Glc and
Fru, which also potentially explains differences in water-soluble carbohydrate contents
in literature reported before (S. F. Chen et al., 2007; Setter & Flannigan, 1986;
Slewinski, 2012).

Correlation of U. maydis performance to water-soluble carbohydrate content in
corn stover

The water-soluble carbohydrate content is highly variable across the natural variation
of corn, which in consequence could result in highly variable fungal performances
across different corn varieties. To assess this relationship between U. maydis
performance and the abundance of water-soluble carbohydrates, specific corn
varieties were selected from the natural variation panel for fermentation experiments.
For each individual water-soluble carbohydrate (Glc, Suc, Fru) and the total water-
soluble carbohydrate traits, the three lines from the natural variation panel exhibiting
the highest and lowest values were picked. In addition, as the lignocellulosic biomass
exhibits substantial differences across these varieties, Xyl, total hemicellulose,
crystalline cellulose and lignin traits were also selected (Appendix Table 31). The
lignocellulosic composition data of the natural variation panel were kindly provided by
Dr. Shaogan Wang (Institute for Plant Cell Biology and Biotechnology, HHU
Dusseldorf), as they were quantified within the scope of the “Cornwall” project (BMBF;
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031B0193A). U. maydis performance was monitored on the resulting 43 selected corn
varieties. The fungal performance was evaluated based on the detected Gfp
fluorescence, as it could not be excluded that the different biomass compositions of
the corn varieties differentially influence the scattered light readings (Figure 9).
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Figure 9: Ustilago maydis growth performance on 43 different corn varieties. The data
are shown as the average of 3 plants of 41 corn varieties and 2 plants of 2 corn varieties for
Gfp fluorescence in arbitrary units (a.u.) and pH over time (t) in hours (h). The material of the
reference variety originated from one plant and was included as an internal control to assess
the reproducibility of the different fermentations. Highlighted are the reference variety B73
(black), a low performing variety F292 (orange) and the best performing varieties A619 (yellow)
and FC13 (blue) with their standard deviations.

U. maydis fermenting the reference variety B73, which was used as a control to ensure
consistency of the fermentation setups, reached the stationary phase after 14 h with a
Gfp fluorescence of 86.0 +2.0 a.u. (Figure 9). The least growth was detected on
variety (F292) with a maximum Gfp fluorescence of 71.6 + 0.6 a.u. by the end of the
experiment. The pH increased from 5.8 at the start to 7.6 by the end, the highest across
all tested varieties. Interestingly, the exponential growth phase ended after 16 h
(59.9 £ 1.4 a.u.), however, the cultures continued into another less steep growth phase
until the end of the experiment. This variety exhibited very low water-soluble sugar
content, but the amount of hemicellulosic fraction and especially Xyl was among the
highest across the whole sample set, which could serve as a carbohydrate source for

U. maydis (Appendix Table 31). As identified in the previous chapter the U. maydis
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strain used in this work is capable of digesting fractions of the arabinoxylan in corn
stover. Thus, it is possible that the second, less rapid growth phase might be caused
by U. maydis digesting the lignocellulosic fraction and especially the arabinoxylan of

this variety.

The fastest fungal growth was observed with the variety A619 with a Gfp fluorescence
of 219.5 £ 6.5 a.u., after 15 h and a minimal pH of 5.3 after 12 h. One variety (FC13)
reached a slightly higher maximum Gfp fluorescence and a slightly lower pH (5.0), but
the growth on this variety was slower (227.5 + 3.1 a.u., 18 h) (Figure 9). Both of these
varieties are among the highest in water-soluble carbohydrate content, with the highest
amounts of Suc (Appendix Table 31). FC13 contains more total water-soluble
carbohydrates than A619, which causes the increased Gfp fluorescence, however,
potentially its slight increase in hexoses (27.5 %) compared to A619 (24.0 %) might
result in slower growth due to metabolic shifts in U. maydis (Appendix Table 31).

Fermenting Mo17, a variety with high Glc and Fru, but low Suc levels (Appendix Table
31), U. maydis exhibited slightly reduced performance compared to A619 and FC13,
achieving a stationary phase Gfp fluorescence of 192.1 £+ 17.8 a.u. after 17 h (Figure
9). This aligns with its total water-soluble carbohydrate content compared to A619 and
FC13 (Appendix Table 31). The exponential growth phase was less steep compared
to A619, which would support that U. maydis growth slightly slower on Glc and Fru,
compared to Suc.

To further clarify the correlation between fungal performance and water-soluble
carbohydrates, the Gfp fluorescence was correlated with the pre-fermentation biomass
composition (Table 24 and Figure 10).

Table 24: Pearson correlation coefficients of U. maydis performance and the individual
corn stover components in the pre-fermentation biomass.

Glucose | Fructose | Sucrose Total Xylose HC Cellulose Lignin

U. maydis

0.46 0.37 0.76 0.92 -0.22 -0.02 0.16 -0.19
performance

The highest correlation was detected for total water-soluble carbohydrate content
(r=0.92). The correlation to individual water-soluble carbohydrates was lower, with
Suc content being the highest at r=0.76 (Table 24 and Figure 10), which can be
explained by Suc being the major water-soluble carbohydrate in most of the analyzed
corn varieties across the entire population (Table 22).
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Figure 10: Correlation of Ustilago maydis performance to water-soluble carbohydrates
(% of raw material). Fungal performance is determined by the maximum detected Gfp
fluorescence. The data are shown as individual data points for maximum Gfp fluorescence in
arbitrary units (a.u.) over the total water-soluble carbohydrate content (soluble sugars) (% of
raw material) of 3 plants for 41 corn varieties and 2 plants for 2 corn varieties. r shows the
Pearson correlation coefficients.

The correlations of fungal performance with Glc or Fru content were lower (Table 24
and Figure 10). However, this is mostly because varieties containing less Glc or Fru,
still contained substantial amounts of Suc (Appendix Table 31), which served as
carbohydrate source for U. maydis. Even lower were the correlations of fungal
performance to the lignocellulosic components Xyl (r=-0.22), total hemicellulose

(r=-0.02), crystalline cellulose (r = 0.16) and lignin (r=-0.19) (Table 31).

Overall, high levels of water-soluble carbohydrates were the most important factor for
U. maydis performance (Table 31 and Figure 10). While the composition of these
carbohydrates slightly affected growth speed, as shown for the different Gfp
fluorescence curves of the varieties A619, FC13 and Mo17, maximum performance
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remained largely unaffected. Low correlation coefficients were detected for the
abundance of lignocellulosic components in pre-fermentation biomass and the fungal

performance.

U. maydis utilization of the lignocellulosic fraction across a large set of corn

varieties

Even though the correlations between fungal performance and lignocellulosic
components were low, it is still possible that they represent a carbohydrate source for
U. maydis. Thus, it was evaluated whether variations in lignocellulosic attributes
present in a larger set of corn varieties influence corn stover utilization by U. maydis.
A compositional analysis of the lignocellulosic material was conducted by comparing
pre- and post-fermentation biomass. The difference between pre- and post-
fermentation biomass of each individual lignocellulosic component was then correlated
to the maximum Gfp fluorescence detected during the fermentation (Table 25). A
positive Pearson correlation indicates that for higher Gfp fluorescence, the
lignocellulosic component was reduced, which can be interpreted as U. maydis
utilization. Contrary, a negative Pearson correlation indicates that for increasing Gfp

fluorescence values, the lignocellulosic component was increased.

Table 25: Pearson correlation coefficients between U. maydis performance and the
utilization of lignocellulosic components of 43 different corn varieties. The components
are arabinose (Ara), galactose (Gal), glucose (Gilc), xylose (Xyl), total Hemicellulose (HC),
crystalline cellulose (CC), lignin and acetate.

Ara Gal Glc Xyl HC cC Lignin Acetate

U. maydis
performance

Ara (r=0.61), Xyl (r=0.61), acetate (r= 0.52) and CC (r= 0.57) all positively correlate
to fungal performance (based on Gfp fluorescence). This could indicate that U. maydis

0.61 -0.43 -0.46 0.61 0.39 0.57 0.27 0.52

utilizes these components for growth (Table 25), which would be in line with the
lignocellulose utilization identified in Chapter 1 (Table 17). The negative correlations
for Gal (r=-0.43) and Gic content (r=-0.46) are most likely caused by increased
contents of these components in the post-fermentation biomass.

Overall, U. maydis can utilize corn stover of all tested varieties, highlighting the
flexibility and the potential of corn stover as substrate for U. maydis fermentation
(Figure 9). While water-soluble carbohydrate content in the pre-fermented biomass is
the primary influence on fungal performance, the composition of these carbohydrates
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has limited impact (Table 31 and Figure 10). For the lignocellulosic fraction, the results
show that fungal performance correlates mostly to a reduction in acetylated
arabinoxylan and cellulose (Table 25), which is in line with the lignocellulose utilization
results of chapter 1. However, in comparison to the water-soluble carbohydrate
fraction, the impact on overall fungal performance is limited (Appendix Table 31).
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Genome-wide association study of the water-soluble carbohydrate content in

corn stover

The correlation between fungal performance and water-soluble carbohydrate content
highlights the importance of this trait for further investigation, as it is a main contributor
to the bioconversion potential of corn stover by U. maydis. Furthermore, the detected
high variability of this trait across the natural variation panel makes it a suitable basis
for GWAS. In this work, a SNP matrix comprising 44,293 SNPs across 212 corn
varieties of the natural panel served as the genomic dataset. The phenotypic traits
were absolute glucose (Glc), fructose (Fru), sucrose (Suc) and total water-soluble
carbohydrate content (Total), as well as the relative composition of the water-soluble
carbohydrate fraction (Glc%, Fru%, Suc%). The SNP information, as well as the GWAS
R-script was provided by the Institute for Quantitative Genetic and Genomics of Plants,
HHU Dusseldorf, within the scope of the “Cornwall” project (BMBF; 031B0193A).

First, Manhattan plots were generated to visualize the association between each
individual SNP and the trait, plotted against the physical SNP position in the maize
genome (Appendix Figure 30). In total, 40 SNPs showed significant associations with
the seven analyzed traits. Three of these SNPs were excluded due to annotation
inconsistencies in the updated MaizeGDB database annotation (RefGen_v2 versus
RefGen_v5) (Table 32). For the remaining 37 SNPs, quantitative trait loci (QTL) were
defined by taking the SNP position as the central point and extending the region
upstream and downstream according to the linkage disequilibrium (LD) decay for the
corresponding chromosome (r? =0.1) (Table 26 and Appendix Figure 31). The
distribution of QTLs varied across chromosomes, with the highest number (12)
detected on chromosome 1, followed by six QTLs each on chromosomes 3 and 7
(Figure 11). Chromosomes 4, 8, and 9 each contained three QTLs, chromosome 5 had
two, and chromosomes 2 and 6 had one each (Figure 11). No QTLs were identified on
chromosome 10 (Figure 11).
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Table 26: Overview of all QTL regions for water-soluble carbohydrate traits and
candidate genes in maize.

Physical position B73
RefGen_v5 Putative
QTL detected for multiple genesin | Candidate Bin
Name Trait | Chr. 5’ start Size traits? QTL gene locus

Glc 1.1 Glc 1 | 244978795 | 400 Kb 9

Glc_2 1 Glc 2 33085853 600 Kb 13

Glc_3_1 Glc 3 3455532 600 Kb Overl. Glc%_3_1 32

Glc 51 Glc 5 84614765 400 Kb 6

Glc_6_1 Glc 6 42714540 500 Kb 8 6.01
Glc_7_1 Glc 7 182224830 600 Kb 29

Glc_8 1 Glc 8 3067614 800 Kb 20

Glc_8_2 Glc 8 102980217 | 800 Kb 17
Glc%_1 1 | Glc% 1 42713701 400 Kb 13
Glc%_1_2 | Glc% 1 207073252 | 400Kb Eq. Suc%_1_1; Fru%_1_1 9 1.07
Gle% 3 1 | Glcw | 3 3454820 | 600 Kb overl. Glc_3_1 32
Glc%_3_2 | Glc% 3 210446242 600 Kb 20 SWEET2a

9 .

Glc%. 4 1 | Glc% | 4 | 230857952 | 800 Kb O‘é:'_"si‘:;/jiil’ 11

Glc%_5_1 | Glc% 5 189123384 | 400 Kb 14 5.05
Glc% 91 | Gle% | 9 | 156415497 | 800 Kb Eq. Fru%_9 1;Suc%_ 9 1 37

Suc_1_1 Suc 1 248016003 400 Kb 9

Suc_3_1 Suc 3 140863822 600 Kb 9 Swi3c1

Suc_3_2 Suc 3 209375293 600 Kb 25

Suc_7_1 Suc 7 545208 600 Kb 16
Suc%_1 1 | Suc% | 1 | 207073252 | 400 Kb Eq. Glc%_1_2; Fru%_1_1 9 1.07
Suc%_1_2 | Suc% 1 230398209 | 400Kb 6 1.07
Suc% 4 1 | Suc% | 4 | 230857934 | 800Kb | Overl.Suc%_4 2;Glc% 4 1 11

o .

Suc% 4 2 | Suc% | 4 | 230857952 | 800 Kb O‘IIEZiI.GSIE‘;foIL 11
Suc%_7_1 | Suc% | 7 | 125030985 | 600 Kb Eq. Fru%_7_1 19
Suc%_9_1 | Suc% | 9 156415497 | 800 Kb Eq. Glc%_9_1; Fru%_9_1 37

Fru_1 1 Fru 1 193352471 400 Kb Overl. Fru_1 2;Fru_1 3 16

Fru_1_2 Fru 1 | 193583734 | 400Kb overl. Fru_1_1; Fru_1_3 16

Fru_1 3 Fru 1 193583872 | 400 Kb Overl. Fru_1 1;Fru_1 2 16

Fru_1_4 Fru 1 250499962 400 Kb 8

Fru_1_5 Fru 1 277412674 | 400Kb 8

Fru_7_1 Fru 7 109596853 600 Kb 9

Fru_8_1 Fru 8 11556275 800 Kb 13 PMI3

Fru% 1 1 | Fru% | 1 | 207073252 | 400Kb Eq. Glc%_1 2;Suc% 1 1 9 1.07
Fru%_3_1 | Fru% 3 139090412 600 Kb 7

Fru%_7_1 | Fru% 7 125030985 | 600 Kb 18

Fru%_9 1 | Fru% | 9 | 156415497 | 800 Kb Eq. Glc%_9_1; Suc%_9_1 37

Total_7_1 | Total 7 645208 600 Kb 12

The traits are: the amount of glucose (Glc), fructose (Fru), sucrose (Suc) in absolute and relative (%) abundance and the
total water-soluble carbohydrate content (Total); Overl.: overlapping QTLs, meaning their genomic region partially
overlaps; Eq.: equal QTLs, meaning they are based on same SNP; the column Bin locus refers to the loci identified in
(Bian et al., 2015) associated with maize stalk Suc content determined via Brix measurement.
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Eight QTLs were associated with Glc, seven with Glc% and Fru, six with Suc%, four
each with Suc and Fru% and one with total water-soluble carbohydrate content.
Several QTLs were associated with multiple traits i.e., the same SNP was significantly
associated with multiple traits. These are: Glc%_1_2 equal to Suc%_1_1 and
Fru%e_1_1; Glc%_9 1 equal to Suc%_9_1 and Fru%_9 1. In addition, Suc%_7_1 is
equal to Fru%_7_1 and Glc%_4 1 is equal to Suc%_4 2 (Table 26). Some QTLs
overlap within or across traits i.e., their genomic region partially overlaps. Fru_1_1,
Fru_1_2, Fru_1_3 overlapped and were identified within the same trait, while Glc_3 1
overlapped with Glc%_3_1. Suc%_4 1 overlapped with the QTLs Glc%_4_1 and
Suc%_4 2 (Table 26).
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Figure 11: Physical position of the significant quantitative trait loci across the maize
genome. Each data point represents one QTL detected for the different traits, i.e. the amount
of glucose (Glc), fructose (Fru), sucrose (Suc) in absolute (squares) and relative (%; triangles)
abundance and the total water-soluble carbohydrate content (Total). Red circles highlight
QTLs containing candidate genes (Table 26).

Furthermore, a previous study identified several bin loci associated with corn stem Suc
content, quantified by Brix measurement (Bian et al., 2015). Some of the QTLs
identified in this work here, are located in the bin loci identified in (Bian et al., 2015).
These are the three equal QTLs Glc%_ 1 2, Suc%_1 1 Fru%_1_1, as well as QTL
Suc%_1_2 all located in bin locus 1.07 (Table 26). Furthermore, Glc%_5 1 was

located in bin locus 5.05 and Glc_6_1 in bin locus 6.01 (Table 26).

The genome annotation data of all QTLs were then manually analyzed for genes
putatively involved in water-soluble carbohydrate metabolism. Three candidate genes
were picked for further detailed analyses. These candidate genes were: ) a putative
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subunit of a chromatin remodeling complex (ZmSWI3C1, “SWITCH3C 17 Acc. Nr.:
Zm00001eb138850) located in the genomic region defined by QTL Suc 3 1 (Table
26), which could be involved the transcriptional regulation of synthesis/accumulation
of water-soluble carbohydrates; Il) a putative bi-directional transporter from the
SWEET family (“Sugars Will Eventually be Exported Transporter”) (ZmSWEET2a, Acc.
Nr.: Zm00001eb155660), located in the region defined by QTL Glc%_3_2 (Table 26),
which could be directly involved in water-soluble carbohydrate transport; and Ill) a
putative phosphomannose isomerase (ZmPMI3, Acc. Nr.: Zm00001eb335020),
located in the genomic region defined by QTL Fru_8 1 (Table 26), which could
catalyze the reversible reaction of mannose-6-phosphate to fructose-6-phosphate,
which are both central metabolites of carbohydrate metabolism as precursors for e.g.
ascorbic acid and Suc.
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4.2.3 Discussion

The previous chapter 1 identified the water-soluble carbohydrates as the most
influential carbon source for U. maydis during the bioconversion of corn stover.
Accordingly, this chapter focuses on this fraction, aiming to identify genomic regions
and specific genes in maize associated with the accumulation and composition of

water-soluble carbohydrates in corn stover.

The accumulation of substantial water-soluble carbohydrate reserves in the stems of
senescent maize plants has been known for decades (Ralph Singleton, 1948; Van
Reen & Singleton, 1952). Nevertheless, relatively few studies available in English have
examined this trait across a wide range of field grown maize varieties. It is well
established that water-soluble carbohydrate contents fluctuate over the plant’s life
cycles, reflecting shifts in source-sink dynamics (Akter et al., 2020; Liang et al., 2019;
Sekhon et al., 2016; Slewinski, 2012) and that they also differ between internodes of
the same plant (Bian et al., 2014). To control for these temporal and tissue-specific
variations, water-soluble carbohydrate content in this study was consistently measured
in the internode immediately below the first ear at physiological maturity.

In the European natural variation panel examined here, all water-soluble
carbohydrates showed considerable variability: 16.8 wt% for Fru, 19.4 wt% for Glc and
37.6 wt% for Suc content (Table 22). The variation in Suc content is particularly
striking, exceeding the 7 wt% range previously reported across eighteen maize
varieties (Sekhon et al., 2016). This broader range is likely attributable to the larger
number of genotypes analyzed in the present study. Furthermore, the variation was
substantially greater than the Brix (a proxy for Suc content) values of 10 -15 % (w/v)
previously reported across 202 recombinant inbred lines (Bian et al., 2015). The
discrepancy likely reflects methodological differences: Brix values were derived from
juice pressed from maize stalks (Bian et al., 2015), whereas in this study, sections of
the stem were finely milled and resuspended in water, thereby extracting all
intracellular water-soluble carbohydrates. Differences in population structure, ie.
recombinant inbred line versus a natural variation panel, may also contribute to the
contrasting results. Supporting the broad variation of the water-soluble carbohydrates
identified here, another study reported that total water-soluble carbohydrate content in
maize stems ranged from 0 to 450 mg/g dry weight, determined by near-infrared
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spectroscopy, across 350 different samples collected from field grown plants (Gofi et
al., 2024). This range is comparable to the 50.4 wt% observed here (Table 22). Taken
together, this extensive phenotypic variation underscores the suitability of the analyzed
panel as a basis for GWAS.

Apart from this substantial phenotypic variation, maize is further characterized by
remarkable genetic diversity, coupled with high abundance of SNPs and rapid LD
decay (Mazaheri et al., 2019). These features allow GWAS to detect trait-associated
loci with high resolution, as abundant genetic variants provide markers for association
and rapid LD decay narrows the genomic intervals linked to each trait. In this work,
GWAS was performed using 44,293 SNPs of 212 diverse maize lines from a natural
variation panel phenotyped in one harvest season. Seven traits related to water-
soluble carbohydrate content in corn stover were analyzed and a total of 37 QTLs were
identified across 9 of the 10 chromosomes (Figure 11). Given differences in population
structures, experimental locations and trait measurements, substantial colocalization
with previously reported QTLs was not expected. However, six QTLs identified here
overlapped with bin loci reported by Bian et al. (2015). Especially interesting is that
four of these QTLs were located in the bin loci 1.07 on chromosome 1: three QTLs
(Glc%_1_2, Fru%_1_1, Suc%_1_1) linked to the same significant SNP, and one
additional QTL Suc%_1_2 (Table 26). Because bin 1.07 has been associated with Brix
(Suc) measurements of stalk juice, the colocalization of two Suc-related QTLs further
reinforces the robustness of the present findings. The other two colocalizing QTLs were
associated with absolute and relative Glc content (Glc_6_1 in bin 6.01 and Glc%_5 1
in bin 5.05) (Table 26). Importantly, the QTLs detected in this work refine the bin loci
from multi-megabase regions to intervals of less than 500 Kb, substantially narrowing
down the number of potential candidate genes involved in water-soluble carbohydrate
metabolism. For example, the four QTLs colocalizing in bin 1.07 reduced potential
candidates from 83 genes to fifteen genes (Table 26).

In addition to the colocalizing QTLs, 31 additional genomic regions were associated
with water-soluble carbohydrate traits in corn stover. Future work could be done to
adjust statistical models to better account for population structure, potentially
uncovering additional loci from the presented data set. Additionally, expanding the
phenotyping data from one harvest season to multiple seasons across different
locations would further increase the GWAS strength. Nevertheless, the genomic
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regions identified in this work provide a valuable starting point for a more detailed gene-
level analysis, including haplotype-chemotype association and functional studies. The
results for the three chosen candidate genes are presented in the following chapters
(4.3 - 4.5).
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4.3 Chapter 3: ZmSWI3CT1 is associated with sucrose content in corn stover
4.3.1 Background

The first identified candidate gene from the GWAS, ZmSWI3C1 (Zm00001eb138850),
was located in Suc_3_1 (Table 26) and is a predicted SWI3 subunit of a SWI/SNF
adenosine triphosphate (ATP)-dependent chromatin remodeling complex (Depge-
Fargeix et al., 2011). It is located on the negative strand of the long arm of chromosome
3 (B73 RefGen_v5; chr3: 141,362,300 — 141,370,233). In MaizeGDB, it is listed as
MYBR14 (MYB-related-transcription factor) and it was previously also named
ZmCHB106 (CHROMATIN REMODELING COMPLEX SUBUNIT B 106) (X. Yu et al.,
2016) or ZmSOCT (SUPPRESSOR OF OVEREXPRESSION OF CONSTANTS 1) (C.
Li et al., 2025). However, the name SWI3C1 will be kept throughout this work in
accordance to (Depge-Fargeix et al., 2011).

Four domains were previously identified in ZmSWI3C1 (Figure 12 A) (Depge-Fargeix
et al., 2011). These are: the SWIRM domain (named for its presence in SWI3, Rsc8,
Moira proteins; amino acid (aa) 186 — 276) involved in DNA binding; the ZZ-type zinc
finger domain (aa 364 — 390) potentially involved in protein-protein interactions; the
SANT domain (named for its presence in SWI3/ADA2/N-Cor/TFIll proteins;
aa 418 — 466) involved in histone interaction and the leucine rich domain (aa
585 — 654), which is shared across many SWI3 proteins (Depge-Fargeix et al., 2011).
SWI/SNF complexes are highly conserved across eukaryotes and function by utilizing
the energy from ATP hydrolysis to remodel chromatin structure, thereby influencing
gene expression (Boyer et al., 2004; X. Chen et al., 2024; Han et al., 2020; Nelissen
et al., 2015; Vercruyssen et al., 2014). The SWI3 subunit, a core component of these
complexes is essential for their correct assembly and activity (Boyer et al., 2004; X.
Chen et al., 2024; Han et al., 2020; Nelissen et al., 2015). Thus, this gene candidate
could be involved in transcriptional regulation controlling water-soluble carbohydrate

content in corn stover.
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4.3.2 Results

MaizeGDB lists two transcript isoforms of this gene, differing in the presence of exon
10 (Figure 12 A), and both were considered in the haplotype-chemotype analysis.
Whole genome sequences were available for 135 of the corn varieties used in this work
(Grzybowski et al., 2023). Using this data, the CDS of ZmSWI3C1 was compared to
identify non-synonymous SNPs and group the 135 corn varieties into distinct
haplotypes. These haplotypes were then compared for differences in Suc content,
since ZmSWI3C1 was identified in a region associated to Suc content in corn stover.
This allows the detection of genetic variants that are associated with differences in Suc
and helps identify genetic factors that contribute to the phenotypic variation across the
tested varieties.

The predicted domains are marked in accordance with Depge-Fargeix et al. (2011) in
Figure 12 B. It contains the SWIRM and the SANT domain (green and blue Figure 12
B). Furthermore, it contains a ZZ-type zinc finger domain and a leucine rich region,
(orange and grey Figure 12 B). Across all varieties, transcript isoform 1 (T001)
contained three non-synonymous SNPs: SNP1 (G/A; location chr3_141369544) in
exon 2 (L133F), SNP2 (A/C; location chr3_141368966) in exon 3 (S290A) and SNP3
(C/T; location chr3_141362325) in exon 10 (S785N) (Figure 12 A to C). In contrast,
transcript isoform 2 (T002) includes only SNP1 and SNP2, as exon 10 is absent (Figure
12 D). Due to the absence of SNP3 in T002, the three haplotypes identified in this
isoform are more prevalent across varieties. In contrast, rare alleles in TO01, formed
by the presence of SNP3 in combination with either SNP1 or SNP2, are found in less
than 5 % of the analyzed varieties and these rare alleles were excluded from the
haplotype analysis.

SWI3C1 was located in the QTL Suc_3_1. In consequence, the average Suc contents
of the three distinct haplotypes were compared (hap1 to hap3). For isoform TO01, hap2
(17.3 £ 9.0 wt%; n = 33) contained significantly more Suc than hap1 (13.2 £ 9.5 wt%;
n = 80), corresponding to an increase of + 31 % (Figure 12 E). For T0O02 however,
hap1 (13.0 £ 9.5 wt%; n = 88) and hap2 (16.6 £ 9.1 wt%; n = 38) the Suc content did
not differ significantly (Figure 12 F).
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Figure 12: SWI3C1 haplotype-chemotype analysis. A) Schematic representation of the SNP
positions in coding sequence of SWI3C1. The sizes of the exons (Ex) and introns are according
to the scale bar. B) Schematic representation of the SNP positions and domain organization
in the SWI3C1 protein sequence. The positions of the SWIRM (green), Zinc finger (orange),
SANT (blue) and Leucine rich domain (grey) are according to (Depge-Fargeix et al., 2011). aa
stands for amino acids. Sizes are according to the scale bar. C/D) Non-synonymous single
nucleotide polymorphism and the distribution across the haplotypes for transcript isoform 1
(TO01) (C) and 2 (T002) (D). n refers to the number of varieties for each haplotype. E/F) Suc
content (wt%) of the individual haplotypes for T0O01 (E) and T002 (F). Data are shown as the
AVG = SD of the varieties. Asterisk indicates statistically significant differences identified with
a two-tailed Students T-Test with p < 0.05 comparing hap2 and hap3 to hap1. ns indicates not
significant differences.
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4.3.3 Discussion

The ZmSWI3C1 gene was identified within QTL Suc_3_1, which is associated to Suc
content in corn stover. Three haplotypes of the ZmSWI3C1 gene were defined across
the studied maize varieties, with SWI3C1_hap2 showing a significant +31 % increase
in Suc content for transcript isoform 1. This haplotype is defined by SNP2, which
causes a substitution of serine, a polar and hydrophilic amino acid, with alanine, which
is non-polar. SNP2 is located 14 amino acids downstream of the SWIRM domain, a
region primarily involved in DNA binding (Depge-Fargeix et al., 2011). Such an amino
acid change may influence local protein conformation and thereby indirectly affect
SWIRM-mediated DNA-binding efficiency. Nonetheless, experimental validation is
required to determine whether SNP2 exerts a functional effect.

Future work is also necessary to clarify whether ZmSWI3C1 directly contributes to
variation in Suc content. A possible explanation is that the gene influences tissue
development, thereby indirectly promoting photosynthate production. In A. thaliana,
the closest homolog AtSWI3C regulated cell proliferation during leaf development:
overexpression increases leaf area, whereas knock-out mutants display dwarfism,
aberrant morphology and delayed development (Sarnowski et al., 2005; Vercruyssen
et al., 2014). Accelerated leaf development at early growth stages could extend the
period of photosynthate production, thereby increasing the accumulation of Suc and
other water-soluble carbohydrates stored in maize stems as a surplus photosynthate
reserve (Slewinski, 2012). Supporting this, Bian et al. (2014) reported a QTL for stem
Suc content that colocalized with a QTL for leaf area in maize (Bian et al., 2014). While
the connection is only speculative, since no evidence is provided in the data presented
here and the studies that worked on AtSWI3C did not focus on water-soluble
carbohydrates metabolism, functional conservation across plants was shown before
within the SWI3 family. For instance, loss of function in the closely related SWI3D
subunit caused similar phenotypes (leaf curling, developmental defects) in both maize
and A. thaliana (Sarnowski et al., 2005; X. Yu et al., 2016). So, it could be possible that
AtSWI3C and ZmSWI3C1 perform similar functions in planta. Thus, ZmSWI3C1 could
be associated with Suc content in the stems through the control of photosynthate
production and vegetative growth.
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To establish a causal relationship between ZmSWI3C1 and corn stem Suc content,
experimental validation is essential. For example, the maize BonnMu mutant lines
(BonnMu0370552::Mu, BonnMu0370553::Mu or BonnMu0558913::Mu (Marcon et al.,
2020)) harboring insertions in SWI3C1 exons could be screened for the water-soluble
carbohydrate content in their stover. Phenotypic screening for traits such as delayed
development, semi-dwarf growth, or reduced root systems, similar to those observed
in A. thaliana swi3c mutants, would provide additional insight (Sarnowski et al., 2005).
Importantly, maize harbors a paralog, ZmSWI3C2 (Zm00001eb201260) (X. Chen et
al., 2024), which raises the possibility of functional redundancy. Thus, generating
double knock-out lines of both SWI3C genes may be necessary. These lines could
then additionally be complemented with individual ZmSWI3C1 haplotypes to assess if
the mutant phenotype could be recovered, and if the haplotypes mediate differential
phenotype recovery. This would provide additional information about potential SNP
effects. In addition, tissue- and stage-specific expression profiling of ZmSWI3C1 in
varieties carrying different haplotypes could help clarify whether changes in expression

patterns contribute to variation in Suc content in the stover.

It should also be noted that the haplotype-chemotype analysis was based only on a
subset of the natural variation panel for which whole-genome sequencing data were
available. As more maize varieties are sequenced in the future, haplotype-chemotype
associations can be refined, and rare alleles with potential effects may be identified.
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4.4 Chapter 4: ZmMSWEETZ2a is associated with glucose content in corn stover
4.4.1 Background

The second gene candidate from the GWAS was ZmSWEET2a (Zm00001eb155660),
which encodes a putative member of the bi-directional sugar transporter family SWEET
and is located on the negative strand of the long arm of chromosome 3 (B73
RefGen_v5; chr3: 210,739,191 — 210,741,096). Previously, it was also referred to as
ZmSWEETDb-2 (Zhu et al., 2022), as ZmSWEET7 (Vinodh Kumar et al., 2023) or as
ZmSWEET2 in NCBI. However, in MaizeGDB.org and (Sun et al., 2024), it is referred
to as ZMSWEET?2a, which will also be used throughout this work.

According to the SWEET family nomenclature, the SWEET transporters should be
numbered based on the closest homologous protein in A. thaliana or rice (Eom et al.,
2015). Following this nomenclature, the number gives information about the putative
subcellular localization of the SWEET transporter. For example, SWEET2 is a
tonoplast localized transporter, whereas SWEET1 or SWEET7 are plasma membrane
localized transporters (H. Y. Chen et al., 2015; L. Q. Chen et al., 2010; Eom et al.,
2015; L. Zhang et al., 2021; X. Zhang et al., 2021). Due to the inconsistencies in
naming ZmSWEET2a across the publications and since no biological evidence of its
subcellular localization or function has been provided so far, it is unclear whether
ZmSWEET?2a is a plasma membrane or tonoplast localized transporter. Furthermore,
it is similarly unclear which carbohydrate is preferentially transported as it was recently
mentioned as a Suc transporter, without providing functional evidence (Kaderbek et
al., 2025), however its closest homologs in rice and A. thaliana are Glc transporters
(H. Y. Chen et al., 2015; Tao et al., 2015). Thus, both localization and transport
specificity are controversial.
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4.4.2 Results
Haplotype-chemotype analysis for ZmSWEET2a

MaizeGDB lists three transcript isoforms of ZmSWEET2a, but the canonical transcript
is version 3, which comprises 6 exons, 5 introns (CDS: 693 bp; (Figure 13 A)) and
encodes a 230 amino acid protein (25.17 kDa; isoelectric point 8.75). This transcript
will be the focus of this section. The protein contains seven predicted transmembrane
domains, which are characteristic for SWEET transporters (L. Q. Chen et al., 2010)
and a C-terminal dileucine signal peptide DSSAPLLA (Bonifacino & Traub, 2003)
(Figure 13 B).
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Figure 13: SWEET2a haplotype-chemotype analysis. A) Schematic representation of the
SNP position in the coding sequence of SWEETZ2a. The sizes of the exons (Ex) and introns
are according to the scale bar. B) Schematic representation of the SNP position, the seven
transmembrane domains (red) and the C-terminal signal peptide (blue) in the protein sequence
of SWEET?2a. Sizes are according to the scale bar. aa stands for amino acids. C) Non-
synonymous single nucleotide polymorphism and the distribution across the haplotypes. n
refers to the number of varieties representing each haplotype. D) Relative glucose content (%
of total water-soluble carbohydrate) of both ZmSWEET2a haplotypes. Data are shown as the
AVG = SD of the varieties. Asterisk indicates statistically significant differences between hap1
and hap2 identified with a two-tailed Students T-Test with p < 0.05.
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Two distinct haplotypes were detected across all varieties, distinguished by one non-
synonymous SNP (G5A; location chr3_210740835) in exon 1 causing an S to N
change in the second amino acid (Figure 13 A and B). Haplotype 1 comprised 118
varieties, including the maize reference variety B73, while haplotype 2 was much rarer
and included 9 varieties (Figure 13 C).The candidate gene SWEET2a was located in
the QTL Glc%_3_2 associated to relative Glc content (Table 26). In consequence, the
relative Glc content was compared among the haplotyes, which was 31 % higher in
hap1 varieties (30.1 + 13.4 %) compared to hap2 varieties (20.9 + 8.0 %) (Figure 13
D).

In summary, these results show that two distinct haplotypes were present for the
SWEETZ2a gene, which differed by a SNP close to the N-terminal end. The significant
differences in relative Glc content between hap1 and hap?2 are in line with the QTL and
the associated trait in the GWAS analysis, indicating that ZmSWEET2a might be

involved in the transport of Glc in corn stover.

A. thaliana sweet2 mutants

The closest homolog to ZmSWEET2a in A. thaliana is AtSWEETZ2, a tonoplast
localized Gilc transporter (H. Y. Chen et al., 2015). Two T-DNA insertion mutants were
previously described for the AtISWEET2 gene, namely sweet2-1, carrying an insertion
in the first intron, and sweet2-3, with an insertion in the fifth exon (H. Y. Chen et al.,
2015). These insertions resulted in no detectable full-length AISWEET?2 transcripts in
homozygous mutants (H. Y. Chen et al., 2015).

One potential approach to examine the function of ZmSWEET2a in planta is to
complement the knock-out mutations of the A. thaliana sweet2-1 and sweet2-3 lines,
by inserting the ZmSWEET2a gene and analyzing, if the expression recovers the
mutant phenotypes. Furthermore, both ZmSWEET2a haplotypes could be expressed
in the knock-out mutants, and the resulting plants could be analyzed for differential
phenotype recovery, which would indicate SNP-dependent differences in protein
activity. Two phenotypes were previously described for sweet2-1 and sweet2-3, a
reduced total leaf area of plants grown on high Glc media and reduced water-soluble
carbohydrate content in soil grown leaves (H. Y. Chen et al., 2015). Thus, these

homozygous T-DNA insertion lines and Col-0 wildtype plants were obtained from the
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European Arabidopsis stock center and examined for these mutant phenotypes, which
in a second step could be complemented by the addition of the ZmSWEET2a gene.

First, the plants were grown on 2 MS plates with varying Glc concentrations (0 %, 1 %,
2.5 %, 5 %). Instead of total leaf area quantified in (H. Y. Chen et al., 2015), the total
plant area was measured and additionally, the water-soluble Glc content was

quantified in these plants (Figure 14).
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Figure 14: A. thaliana phenotyping on 2 MS plates with increasing Glc concentrations.
A) Plant area (cm?) of A. thaliana plants grown on 2 MS plates supplemented with different
glucose concentrations (indicated on the x-axis). Depicted are the average + SD of 15 plants
for the plant area. B) Soluble glucose content in the dried material (ug/mg dry material) in the
same samples shown in A. For the glucose content, the material of 5 plants was pooled. The
graph represents the average + SD of the resulting three pools per genotype. No statistical
differences were detected comparing the T-DNA insertion lines (sweet2-1 and sweet2-3) to
the Col-0 wildtype with a two-tailed Students T-Test with p < 0.05.

Plants growing on 2 MS media without Glc showed the highest variability in plant area,
regardless of the genotype. From 1 % to 5 % Gic, the plant area showed greater
consistency and decreased with increasing Glc concentrations. However, no
significant differences in plant area were observed between Col-0 and the two T-DNA
lines sweet2-1 and sweet2-3 (Figure 14 A). The water-soluble Glc content in plant
material increased with higher Glc concentrations in the media, but no genotype-
dependent differences were detected (Figure 14 B). In consequence, this mutant

phenotype could not be reproduced under the tested conditions.

The mutant phenotyping was then extended to senescent stem tissue, and the water-

soluble carbohydrate content was quantified in samples harvested after 8 weeks of
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growth (Appendix Figure 32). However, no significant differences were observed within
the water-soluble carbohydrate contents of the three genotypes (Appendix Figure 32).

In previous studies it was shown that AISWEET2 is predominantly expressed in the
tonoplast of root cells (H. Y. Chen et al., 2015). The knock-out of AISWEET2 could
potentially result in differences in root growth or carbohydrate accumulation. Thus, both
A. thaliana T-DNA lines and the wildtype were analyzed for potential differences in root
length and the water-soluble carbohydrate content in roots (Table 27). To obtain clean
roots free from soil or agar contaminations, the plants were grown in a sterile
hydroponic system using 2 MS liquid media supplemented with 5 % Glc. Root length
was imaged after 17 days and measured with ImagedJ, but no significant differences
were detected between the genotypes (Table 27).

Table 27: Root length of A. thaliana plants grown in hydroponic systems supplemented

with 5 % glucose. The data are shown as the average + SD of 24 individual plants per
genotype.

Col-0 sweet2-1 sweet2-3
Root length (cm) 4,19 +£0.97 4.05+0.92 410+1.35

To quantify the water-soluble carbohydrate content, roots from 2 or 3 plants were
pooled, resulting in 8 individual pools per genotype. Root dry weight was determined
by weighing the pools and normalizing values based on root number per pool. In
addition to 5 % Glc media, plants grown in 0.5% Glc media were also included in the
analysis. However, no significant differences were detected between the A. thaliana
lines for root weight (Appendix Figure 33 A) or Glc and Fru content (Appendix Figure
33 B and C).

In addition to the roots, the above-ground material was also analyzed for the individual
plant dry weight and water-soluble carbohydrate content (Glc and Fru) (Figure 15).
Again, no differences were detected in plant dry weight at 0.5% Glc media (Figure
15 A). However, Col-0 plants growing in 5 % Glc weighed 3.4 + 0.8 mg, while sweet2-1
plants showed a significant reduced weight with 2.8 + 0.6 mg, which corresponds to a
reduction by 17.7 %. sweet2-3 plants showed a reduction of 14.8 % (2.9 £ 0.6 mg),
which was not significantly different from Col-0 (Figure 15 A).
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Figure 15: A. thaliana phenotyping of hydroponics-grown plants at different Glc
concentrations. A) Dry Weight (mg) of A. thaliana plants grown in hydroponic systems
supplemented with 0.5 % or 5 % glucose. B) Soluble glucose and C) Soluble fructose content
(Mg/mg dry material) of these plants. Data are depicted as the average + SD of = 23 plants.
Datapoints show the individual measurements. Significant differences between a knock-out
line (sweet2-1 or sweet2-3) and Col-0 are indicated by an asterisk and determined by a one-
way ANOVA followed by Tukey-HSD test with p < 0.05.

A similar trend was also detected for the Glc content. No differences were found for
the plants grown at 0.5 % Gilc. However, at 5 % Gic, the Glc content of sweet2-1
(40.8 + 15.4 pug/mg) was reduced by 20.0 % compared to Col-0 (50.9 + 16.1 pug/mg).
In sweet2-3, the Glc content was significantly reduced by 34.5 % to 33.2 + 10.8 pug/mg
(Figure 15 B). No significant differences in the Fru content were detected in any of the
conditions tested (Figure 15 C), suggesting that the decrease in Glc was not due to an
overall reduction in water-soluble carbohydrates, but a specific reduction in Gic

content.

Overall, no significant differences were detected between the genotypes for most of
the tested conditions. Only in plants growing in hydroponic systems at high Gic
concentrations the T-DNA insertion line sweet2-1 produced less biomass, whereas
sweet2-3 accumulated less water-soluble Glc than Col-0. Both results are in line with
the hypothesized function of AISWEETZ2, as it was shown that sweet2 knock-out plants
develop smaller leaves and accumulate reduced Glc contents in leaf tissue (H. Y. Chen
et al., 2015). However, it was not attempted to complement these phenotypes with
ZmSWEET2a_hap1 and ZmSWEET2a _hap2. Although the data are significant, the
variation between the individual plants is relatively large. As ZmSWEET2a_hap1 and

ZmSWEET2a _hap?2 differ only in one non-synonymous SNP a complete loss in activity
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is highly unlikely. Thus, to determine differences between both haplotypes and
determine slight variations in protein activity, the A. thaliana system is most likely not
sensitive enough, and a different approach was tested to determine haplotype-specific
differences in protein activity, based on a hexose transport deficient yeast strain.

Transport activity studies of SWEET?2a in S. cerevisiae

One often used system to examine the activity and localization of potential Gic
transporters is the heterologous expression in a hexose transport deficient
S. cerevisiae EBY4000 strain, from now on called “transport deficient” strain (H. Y.
Chen et al., 2015; L. Q. Chen et al., 2010; Sosso et al., 2015; Tao et al., 2015;
Wieczorke et al., 1999). This transport deficient strain was generated by knocking-out
18 hexose transporters in the S. cerevisiae CEN.PK2-1C strain, from now on called
“wildtype” (Wieczorke et al., 1999). The wildtype strain grows on Glc containing media,
while the transport deficient strain can only grow on maltose containing media
(Wieczorke et al.,, 1999). Expression of several plant plasma membrane hexose
transports have been shown to successfully complement the growth on Gic of the
transport-deficient strain. For example, this system was previously used to
characterize the plasma membrane Glc transporter AISWEET1 (L. Q. Chen et al.,
2010), the maize ZmSWEET4c (Sosso et al., 2015) or the poplar PagSWEET7 (L.
Zhang et al., 2021). Furthermore, it was used to analyze the influence of amino acid
mutations in AISWEET1 (Xuan et al., 2013). Thus, the transport deficient strain could
be a suitable system to clarify if ZmSWEET?2a is involved in hexose transport and in
how far the SNP affects transport, following the same approach as described for the
A. thaliana mutants, by studying the complementation of the mutant phenotype.

The transport deficient strain was transformed with the non-integrative vector pDRf1
containing either of the two ZmSWEET2a haplotypes. AISWEET2, ZmSWEET2a
closest homolog in A. thaliana, and the empty pDRf1 vector were also included as
controls. The growth behavior of all strains was monitored under different growth
conditions (Figure 16).The wildtype was able to grow on both Glc- and maltose-
containing media, while the transport deficient strain only grew on maltose media as
previously reported (Wieczorke et al., 1999) (Figure 16). The pDRf1 vector contains
the URA3 gene, which complements uracil auxotrophy (Loqué et al., 2007). In
consequence, under auxotrophic conditions (without uracil supplementation) only
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successfully engineered strains grew, while growth of the wildtype and the transport
deficient strain were inhibited, as these strains cannot synthesize uracil (Figure 16).
However, growth in the successfully transformed strains was only detected on Maltose
containing media, while no growth was detected on Glc containing media (Figure 16).
Furthermore, no growth was detected under similar conditions on Fru or Suc containing
media (Appendix Figure 34). This indicates that neither the ZmSWEET2a haplotypes
nor the AISWEET2 control complement the transport deficiency of the transport
deficient strain.

Transoort Transport Transport Transport Transport
Condition Wildtype deficipent deficient + deficient + deficient + deficient +
SWEET2a_hapl |SWEET2a_hap2 | AtSWEET2 Empty vector
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Figure 16: S. cerevisiae growth assay. Different yeast strains i.e., the wildtype strain, the
transport deficient strain and the transport deficient strain transformed with
ZmSWEET2a_hap1, _hap2, AASWEET2 or the empty pDRf1-vector were spotted on synthetic
medium containing different carbon sources maltose (M), glucose (G) or 2-deoxy glucose
(DOG). The amino acids histidine, tryptophan, leucine and uracil were added to the media.
Uracil was used as selection marker for the pDRf1 vector and not added to the media indicated
with Aux. The plates were incubated at 28°C for four days before taking pictures. Individual
spots from left to right show 10-fold dilutions. Brightness was adjusted for all pictures by +20 %.

The toxic Glc-analogue 2-deoxy glucose (DOG) is an often-used tool to characterize
hexose transporters. If DOG is added to the media and taken-up by the yeast, it will
block glycolysis and inhibit growth (Laussel et al., 2022). Previous studies showed that
even though AISWEET2 did not recover Glc growth of the transport deficient strain,
the transformed yeast cells were sensitive to the addition of DOG to the media,
indicating that AISWEET2 mediated DOG import (H. Y. Chen et al., 2015). Thus, 0.2 %
DOG was added to plates containing either Glc or maltose (Figure 16). The wildtype
strain did not grow on media containing Glc + 0.2 % DOG, which confirms the toxicity
of DOG for S. cerevisiae (Figure 16). The transport deficient strain was unaffected by
the addition of 0.2 % DOG to maltose containing media, indicating that the strain is
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unable to import it, reducing the toxicity of the compound (Figure 16). Similarly, none
of the transformed transport deficient strains showed increased sensitivity to 0.2 %
DOG (Figure 16), which further confirms that the ZmSWEET2a haplotypes do not
complement the hexose transport deficiency under these conditions.

Previous results showed that the DOG sensitivity of the transport deficient strain
transformed with AtSWEET2 can be enhanced by increasing the pH of the synthetic
media from 5to 7 (H. Y. Chen et al., 2015). Thus, the pH was adjusted to 7, the growth
assay repeated and the colony forming units (CFUs) were counted (Figure 17).
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Figure 17: Colony forming units (CFU) of S. cerevisiae strains expressing different
SWEET transporters on deoxy glucose containing media at pH 5 (A) and pH 7 (B). The
media was supplemented with 1 % maltose, amino acids for auxotrophic growth requirements
and with (blue) or without (orange) addition of 0.2 % deoxy glucose. Depicted are the CFUs of
the transport deficient strain transformed with the empty pDRf1 vector (EV), two individual
transformants of ZmMSWEET2a_hap1 (hap1 T1 and T2), ZmSWEET2a_hap2 (hap1 T1 and
T2) and AISWEET2 (T1 and T2). The blue bars are AVG and SD of 3 individual plates. The
values were compared for each strain between pH5 and pH7 as well as each transformant to
the empty vector at pH5 or pH7 with two-tailed Students T-Tests, p < 0.05, but no significant
differences were detected. Orange bars are the CFUs counted on one plate.

However, no significant differences were detected between the DOG sensitivity of
transport deficient strain expressing either the empty vector control or any of the

SWEET constructs (Figure 17). In addition, the CFUs of the individual strains did not
differ between pH 5 or pH 7, suggesting that under the tested conditions, the pH does
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increase the DOG sensitivity. These results further indicate that neither of the
ZmSWEET?2a haplotypes nor the AISWEET2 mediates DOG transport.

In summary, the results of these experiments show that ZmSWEET2a does not
complement the hexose transport deficiency of the yeast strain. This could have
multiple reasons. For example, if ZmSWEET2a does not localize to the plasma
membrane in yeast, but to another compartment, the transport deficiency cannot be
recovered. Alternatively, the transporter might not be actively expressed in the yeast
system, or it might not be a functional transporter. To further investigate the
ZmSWEET2a transport it was next attempted to analyze its subcellular localization in
the transport deficient strain.

Subcellular localization of SWEET?2a in S. cerevisiae

As mentioned before, there is controversy regarding the subcellular localization of
ZmSWEET2a in literature. The inability to complement the transport deficiency in the
hexose transport deficient yeast strain indicates that ZmSWEET?2a could be tonoplast
localized. This hypothesis is further supported by the presence of the predicted C-
terminal signal peptide (Figure 13 B and Appendix Figure 39).

To investigate ZmSWEET2a’s subcellular localization and assess potential SNP
effects, both haplotypes were tagged with Gfp at the C-terminus and expressed in the
transport deficient yeast strain. Although it is possible that the Gfp-tag masks the
C-terminal signal peptide, previous work has shown that OsSWEET2b (the closest
homolog of ZMSWEET?2a in rice , which contains a similar C-terminal signal peptide
(Appendix Figure 39)) localizes to the vacuole in the same system using a C-terminal
Gfp-tag (Tao et al., 2015). This is in line with the postulation of (Wolfenstetter et al.,
2012) that the distance between the signal peptide and the transmembrane domain is
important for efficient tonoplast localization, rather than the length of the C-terminus.
Furthermore, the same subcellular localization system was previously used to identify
AISWEET1 localization to the plasma membrane (Zhu et al.,, 2022). Both, the
OsSWEET2b and the AISWEET1 were used as subcellular localization controls here
(Figure 18).

AISWEET1 localized to both the plasma membrane and the tonoplast (white arrows
Figure 18 A) in the transport deficient yeast cells, consistent to previous reports on its
localization (Tao et al., 2015). As anticipated, in the empty vector control, fluorescence
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was detected throughout the yeast cell, indicating cytosolic localization of Gfp (Figure
18 B). Some cells expressing OsSWEET2b showed a fluorescent vacuole (white arrow
Figure 18 C), while others exhibited a more diffuse fluorescent signal. In these cells,
no distinct vacuole was visible in the transmission images. However, in line with
previous data, OsSWEET2b did not localize to the plasma membrane (Tao et al.,
2015).
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Figure 18: Subcellular localization of GFP tagged SWEET transporters in transport
deficient S. cerevisiae strain. Transmission and GFP pictures were taken by laser
scanning confocal microscopy. Depicted are transport deficient cells transformed with
AISWEET1 (A), empty vector (B), OSSWEET2b (C), ZmSWEET2a_hap1 (D) and _hap2 (E).
White arrows indicate clear vacuolar localization. Each picture is the overlay of 4 z-stack
pictures. Scale bar: 5 um.

The transport deficient cells expressing SWEET2a_hap2 displayed well-defined

structures that could resemble vacuoles (white arrow Figure 18 E). The fluorescence

signal in these structures suggests that SWEET2a_hap2 localizes to the tonoplast.

Furthermore, no fluorescence was detected associated with the plasma membrane.

The cells expressing SWEET2a_hap1 did not exhibit similar defined structures.
Instead, the Gfp signal appeared diffuse, making it difficult to attribute fluorescence to
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a specific compartment in the transmission images. With the applied method, it cannot
be ruled out that this diffuse fluorescence results from the yeast vacuole fragmenting
into smaller vesicles, which can occur for example under hypertonic stress conditions
(S. C. Li & Kane, 2009). Notably, no fluorescence was observed associated with the
plasma membrane (Figure 18 D).

In order to better interpret the results in this experiment, multiple individual cells from
each genotype were analyzed for their fluorescence signal pattern. Based on the
observed Gfp signal, each cell was categorized as “Tonoplast”, “Diffuse” and “Not
expressing” for both ZmSWEET2a haplotypes and OsSWEET2b (Figure 19). The
number of cells in each category was then counted and plotted. Individual pictures are
shown in the appendix (Appendix Figure 35 to Figure 37).
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Figure 19: Quantitative summary of subcellular localization of SWEET2a_hap1,
SWEET2a_hap2 and OsSWEET2b in transport deficient strain. A) Number of cells
expressing SWEET2a_hap1:Gfp (hap1), SWEET2a _hap2:Gfp (hap2) or OsSWEET2b:Gfp
showing tonoplast localized (blue), or diffuse (orange) Gfp fluorescence or no fluorescence
(“Not expressing” grey). The individual bars represent the absolute number of cells, while the
values represent the relative distribution. The data were compared with a Chi-square test of
independence (p < 0.05), but no significant differences were detected. B) Example pictures of
yeast cells not expressing the fusion protein or showing diffuse localization or tonoplast
localization. Scale bar: 5 um.

The majority of cells expressing OsSWEET2b:Gfp (46 %) showed a tonoplast localized
fluorescence (Figure 19). In 36 % of the cells, the fluorescence appeared diffuse and

in 18 % no fluorescence was detected, suggesting that the fusion protein was not
properly expressed or to very low levels (Figure 19). Among the cells transformed with
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the SWEET2a_hap1:Gfp construct, 28 % did not show fluorescence (Figure 19).
Additionally, 38 % exhibited diffuse fluorescence, while 33 % of the cells displayed
tonoplast localized fluorescence. For SWEET2a_hap2, 9 % of the cells showed no
fluorescence (Figure 19), 24 % exhibited diffuse fluorescence, and 67 % showed
tonoplast fluorescence (Figure 19). These data did not differ significantly, thus, it would
be necessary to expand this analysis to a larger number of cells, before drawing
conclusions regarding a potential SNP-effect on the subcellular localization in the
transport deficient strain.

In conclusion, these results suggest that ZmSWEET2a localizes predominantly to the
tonoplast in yeast, while no fluorescence was detected associated with the plasma
membrane. The potential tonoplast localization is consistent with the previously
published localization of ZMSWEET2a’s homologs AISWEET2 and OsSWEET2b (Tao
et al., 2015), thus, the number “2” is more suitable for this putative transporter, than
the previously used number “7” (Vinodh Kumar et al., 2023).

Subcellular localization of SWEET?2a in N. benthamiana

In order to extend the results observed in the yeast system, subcellular localization
was next attempted in Nicotiana benthamiana. Unlike yeast, N. benthamiana provides
a plant-specific cellular environment including native endomembrane systems,
trafficking pathways, and post-translational modifications that are more similar to those
in maize. Additionally, transient expression in N. benthamiana allows for rapid
assessment of protein localization without the need for stable transformation.

Both SWEET2a haplotypes were C-terminally tagged with mVenus (in the following
named SWEET2a_hap1:mVenus and SWEET2a_hap2:mVenus). In addition,
N-terminally tagged mVenus fusion proteins of both haplotypes were generated (in the
following named mVenus:SWEET2a_hap1 and mVenus:SWEET2a_hap2), all
constructs transiently expressed in N. benthamiana and imaged with laser scanning
confocal microscopy. Furthermore, to avoid mislocalization artifacts related to protein
overexpression in the cells, an inducible protein expression system was used. Initially,
protein expression was induced 5 h before imaging and the mVenus fluorescence
signal was detected for all constructs (Appendix Figure 38). However, for all four
constructs punctuated agglomerations were detected across the entire cells (Appendix
Figure 38). Comparable agglomerations were previously interpreted as side-effects of
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protein overexpression or proteins that were still transported in the cell (Lin et al., 2014;
Wolfenstetter et al., 2012; Xuan et al., 2013). To reduce this effect, the expression was
not induced, and leaky expression was monitored (Figure 20).

SWEET2a_hap1:mVenus SWEET2a_hap2:mVenus mVenus:SWEET2a_hap1 mVenus:SWEET2a_hap2

mVenus Autofluorescence

Merge

Figure 20: Subcellular localization of mVenus tagged SWEET2a hap1 and
SWEET2a_hap2 in N. benthamiana leaf cells. Pictures were taken 3 days post infiltration
with laser scanning confocal microscopy. Red arrows indicate potential tonoplast localization,
blue arrows indicate potential nuclear envelope, green arrows indicate agglomerations and
white arrows indicate net-like structures. Scale bar = 50 um. The pictures of both C-terminal
fusion proteins are single layers, while the pictures of both N-terminal fusion proteins are the
overlay of multiple z-stack images.

For all constructs, leaky expression of the fusion proteins was detected (Figure 20).
The vacuoles of N. benthamiana cells are huge and fill most of the intercellular space.
In consequence, it is difficult to distinguish tonoplast from plasma membrane, as they
are tightly pressed together for most of the cell. However, the chloroplasts (visible in
the autofluorescence pictures (Figure 20)) are located between tonoplast and plasma
membrane and the tonoplast is dented around the chloroplasts, which aids in
identification of the tonoplast (F. Li et al., 2024). For both SWEET2a_hap1:mVenus

and SWEET2a_hap2:mVenus the fluorescence signal was mostly dented inwards
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around the chloroplasts (white arrows Figure 20), which could indicate a predominant
tonoplast localization of both fusion proteins. However, due to additional, weaker
fluorescence signals on the plasma membrane facing side of the chloroplasts, a
plasma membrane localization cannot be excluded. Furthermore, for both C-terminal
fusion proteins structures that could indicate the nuclear envelope were fluorescent,
which could either be again the dented tonoplast, or hint at a localization in the
endoplasmic reticulum (ER) network (blue arrows Figure 20). Similar putative ER
staining was previously associated to protein that was still in traffic (Wolfenstetter et
al., 2012).

The N-terminal mVenus fusion proteins of both haplotypes showed net-like patterns
across the entire cell (Figure 20). A similar pattern was previously also detected for
N-terminal Gfp:AISWEET1 fusions in rice protoplasts 3-days post transformation and
was interpreted as potential artifacts due to fusion protein misfolding, resulting in ER
protein retention (Wolfenstetter et al., 2012). The di-leucine tonoplast localization motif
is on the C-terminal end of the ZmMSWEET?2a protein (DSSAPLLA) (Bonifacino & Traub,
2003) (Appendix Figure 39). Thus, the tonoplast localization should not be influenced
by the addition of an N-terminal tag. However, the N-terminal tag could influence the
protein folding, or alternatively, the functional N-terminal end of the ZmSWEET2a
fusion protein is required for ER release.

In summary, the results for the subcellular localization in N. benthamiana and the
transport deficient yeast strain support the hypothesis that ZmSWEET2a localizes
predominantly to the tonoplast. This also fits the localization of its closest homologs in
A. thaliana and rice. While future work needs to determine the transported sugar
molecule, it is likely that ZmSWEET?2a similarly transports hexoses as its close
homologs do. The influence of the non-synonymous SNP on the activity or the
localization of ZmSWEET2a is not evident from the data presented here. Slight
differences in subcellular localization were detected in the transport deficient yeast
strain. However, it cannot be excluded that these originate from different vacuole
physiologies. No obvious differences were identified in N. benthamiana, thus, other
systems are necessary to clarify if the SNP causes differences in transport activity or
localization.
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4.4.3 Discussion

The second gene candidate identified by the GWAS was ZmSWEETZ2a, a putative
member of the bi-directional sugar transporter family SWEET. ZmSWEET2a was
identified in QTL Glc%_3 2 associated with the relative Glc content in corn stover
(Table 26). Furthermore, the localization experiments showed that ZmSWEET2a
predominantly localizes to the tonoplast in S. cerevisiae (Figure 18) and in
N. benthamiana (Figure 20), providing the first experimental evidence for a previously
controversial subcellular localization. These results, combined with its previously
identified primarily expression in senescent stem tissue (Stelpflug et al., 2016), suggest
that ZmMSWEET?2a could participate in vacuolar carbohydrate storage in mature maize

stems.

Although the transported carbohydrate cannot be determined from the presented data,
Glc is the most likely candidate based on protein homology with the two tonoplast
localized Gilc transports OsSWEET2b and AISWEET2 (H. Y. Chen et al., 2015; Tao et
al., 2015). This would be consistent with the GWAS trait (relative Glc content), and with
the identification of two ZmSWEETZ2a haplotypes, of which one exhibited significantly
lower Glc levels in stover (Figure 13). The defining SNP of haplotype 2 lies near the
vacuole-facing, N-terminal end of the protein and results in the exchange of serine to
asparagine. Since many SWEET transporters interact with carbohydrates through
hydrogen bonds involving asparagine residues (Tao et al., 2015; Vinodh Kumar et al.,
2023), the additional asparagine at the vacuolar-facing N-terminus could strengthen
carbohydrate binding. For ZmSWEET?2a, this might favor enhanced Gilc binding on the
vacuolar side and increased efflux, leading to reduced vacuolar Glc accumulation. As
the vacuole represents the major Glc storage compartment in senescing tissues, this
could explain the significantly reduced relative Glc content in haplotype 2 maize
varieties (Figure 13). In the cytosol, Glc could be further metabolized by hexokinase to
G6P, which is the starting point of glycolysis as well as a known activator for Suc
synthases (Ruan, 2014), which would promote energy production in plant cells or

storage of Suc, respectively.

In addition to its potential role in substrate binding, the SNP may also affect tonoplast
targeting or transporter activity. Localization experiments in the transport deficient
yeast strain showed that SWEET2a_hap2:Gfp predominantly localized to the vacuole,
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whereas SWEET2a_hap1:Gfp appeared more diffuse (Figure 18). While this pattern
could suggest a haplotype-dependent difference in subcellular localization, the
observed differences were not statistically significant and require future confirmation.
The yeast vacuole itself is a highly dynamic organelle that alters its morphology in
response to various internal and external stimuli (S. C. Li & Kane, 2009). Under normal
conditions, cells usually contain multiple medium-sized vacuoles, which merge into a
single vacuole during stationary phase, Glc deprivation or hypotonic stress (S. C. Li &
Kane, 2009). In contrast, under hypertonic stress, the vacuole fragments into multiple
smaller vesicles (S. C. Li & Kane, 2009; Zieger & Mayer, 2012). In this work, cells were
resuspended in water prior imaging, creating hypotonic and carbohydrate depleted
conditions. This typically results in vacuole merging and swelling (Desfougeéres et al.,
2016; S. C. Li & Kane, 2009), and this vacuole morphology was observed in most cells
expressing SWEET2a_hap2. However, vacuoles in cells expressing SWEET2a_hap1
were fragmented, resembling the vacuoles seen during hyper-osmotic stress (Zieger
& Mayer, 2012). This difference, although not statistically significant, could indicate
haplotype-specific changes in the osmotic regulation across the vacuolar membrane,
potentially caused by differences in ZmSWEET2a’s vacuolar localization. Under
hypotonic conditions, this imbalance could impair vacuole swelling and fusion
(Desfougeres et al., 2016; S. C. Li & Kane, 2009). However, the altered morphology
might also reflect secondary effects on vacuolar fusion dynamics or stress signaling
pathways, both of which are tightly linked to vacuolar stability and cellular responses
(Bonangelino et al., 2002; Zieger & Mayer, 2012). Further quantitative analyses will
therefore be required to clarify whether haplotype-specific effects impact the vacuole
morphology observed here.

Lastly, the SNP could influence ER release of the protein in planta. Both N-terminal
haplotype fusion proteins showed net-like patterns across the N. benthamiana cells
(Figure 20). Similar patterns were previously interpreted as ER retention for
Gfp:AISWEET1 in A. thaliana protoplasts (Wolfenstetter et al., 2012). This observation
suggests that the N-terminal region could be important for correct ER export, and the
serine-to-asparagine substitution might subtly influence this process. Such an effect
could in turn impact the efficiency with which ZmSWEET2a reaches the tonoplast,
thereby altering its functional abundance in planta. If so, this might contribute to the
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observed differences in stem Gic levels between haplotypes, although further work is

required to establish a direct mechanistic link.

To further clarify ZmSWEET2a’s function in maize, mutant varieties carrying insertions
in ZMSWEETZ2a, like the BonnMu0382607::Mu or BonnMu0382608::Mu lines (Marcon
et al., 2020), could be analyzed for their Glc content in mature stems. Additionally,
other phenotypes as reduced Glc content in leaves or reduction in leaf size, similar to
those observed in Atsweet2 mutants (H. Y. Chen et al., 2015), could be explored.
Functional redundancy is possible because maize contains another ZmSWEET2
homolog (Acc. nr. Zm00001eb342040), so double knock-out lines may be required to
reveal phenotypes. Complementation of the double knock-out lines with either the
active ZmSWEET2a gene or an inactivated version would allow assessment of
phenotypic recovery and evaluation of gene function in planta. To clarify the SNP effect
on ZmSWEET2a protein activity, potentially reconstitution in lipid vesicles followed by
14C-labelled Glc (or Suc, Fru) uptake assays could help, according to the protocol
published for OsSWEET2b (Tao et al.,, 2015). Both haplotype proteins could be
synthesized in P. pastoris and purified via a C-terminal His-tag and reconstituted into
E. coli polar lipid (Avanti Research) (Tao et al., 2015). By incubation in labelled
carbohydrate-containing solution followed by liquid scintillation measurement, potential
differences in carbohydrate uptake activity can be determined. Furthermore, it could
be tested to re-direct the ZmSWEET2a to the plasma membrane in e.g., the transport-
deficient yeast strain, by exchanging the C-terminal localization signal peptide
(DSSAPLLA). Replacing the di-leucine sequence with alanine was previously shown
to results in an efficient re-routing of a tonoplast transporter to the plasma membrane
(Wolfenstetter et al., 2012). This could be similarly tested in the transport-deficient
yeast strain, followed by subcellular localization monitoring and growth assays as
described in this work. If ZmSWEETZ2a is a functional Glc transporter, this would
complement the hexose transport deficient phenotype of the yeast. Additionally, by
monitoring growth via CFU counting on plates, or online monitoring of liquid cultures in
growth systems like the BioLector®, SNP-effects on transport efficiency could be
identified, due to differential growth.

In conclusion, ZmSWEET2a was identified in a QTL associated with relative Glc
content in maize stover, and varieties carrying the two haplotypes showed differences
in Glc levels. Experimental data showed its predominant localization to the tonoplast
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in yeast and N. benthamiana. Together, these findings suggest that ZmSWEET2a may
play a role in carbohydrate storage in corn stover and represents a promising target
for further research on enhancing water-soluble carbohydrate content.
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4.5 Chapter 5: ZmPMI3 is associated with fructose content in corn stover
4.5.1 Background

The third candidate gene identified from the GWAS (Zm00001eb335020) encodes a
putative phosphomannose-isomerase (PMI) and is located on the positive strand of
the short arm of chromosome 8 (B73 RefGen_v5; chr8: 11,689,365 - 11,693,144).
PMIs (enzyme commission number: 5.3.1.8) catalyze the reversible reaction between
mannose-6-phosphate (M6P) and fructose-6-phosphate (F6P), a central reaction in
plant carbohydrate metabolism, as F6P is a direct precursor for glycolysis and M6P for
ascorbic acid (AsA) metabolism (Figure 21).
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Figure 21: Schematic representation of the central role of F6P and M6P in carbohydrate
metabolism. The figure is based on information from the KEGG PATHWAY database
(Kanehisa, 2019; Kanehisa et al., 2024; Kanehisa & Goto, 2000) and is not exhaustive.
Abbreviations are: Glc: Glucose; Fru: Fructose; G6P: Glucose-6-Phosphate; PGI:
Phosphoglucose isomerase; F6P: Fructose-6-Phosphate; PMI: Phosphomannose isomerase;
M6P: Mannose-6-Phosphate; PGM: Phosphoglucose mutase; PFK: 6-Phosphofructokinase;
PMM: Phosphomannose mutase; G1P: Glucose-1-Phosphate; F1,6P.: Fructose-1,6-
bisphosphate; M1P: Mannose-1-Phosphate; GDP-Glc: Guanosine diphosphate Glucose;
UDP-Gilc: Uridine diphosphate glucose; ADP-Glc: Adenosine diphosphate Glucose; ALD:
Fructose-1,6-bisphosphate Aldolase; GDP-MP: GDP Mannose Phosphorylase; G3P:
Glycerinaldehyde-3-Phosphate

For a long time, PMIs were considered nonexistent in most higher plants, due to the
absence of detectable enzyme activity (Hu et al., 2016; Reed et al., 2001; Stoykova &
Stoeva-Popova, 2011). However, functional PMIs have been identified in A. thaliana
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or rice (Hu et al., 2016; Maruta et al., 2008). In A. thaliana it was shown that PMI1 is
essential for ascorbic acid synthesis in planta via the Smirnoff/Wheeler pathway from
Glc to L-AsA (Wheeler et al., 1998), while PMI2 expression was only induced during
sugar starvation conditions and might be related to plant cell wall polysaccharide
degradation (Maruta et al., 2008).

MaizeGDB currently lists two other phosphomannose isomerase genes: ZmPMI1 (B73
RefGen_v5 chr3: 23.825.301 — 23.834.443) and ZmPMI2 (B73 RefGen_v5 (chr4:
7.870.887 — 7.879.674). However, besides that their expression levels are low during
normal growth and under abiotic stress conditions, little is known about their function
in planta (Forestan et al., 2016; C. Yu et al., 2021).



Chapter 5 — Results [122

4.5.2 Results
Gene sequence analysis of ZmPMI3

The gene Zm00001eb335020 is located in the QTL Fru_8_1 and annotated as
producing a single transcript. The gene comprises two exons and one intron and
encodes a 168 amino acid protein. However, after closer inspection of the CDS from
MaizeGDB, no stop codon was detected, raising questions about the completeness of
the annotation. Interestingly, a second putative PMI gene, Zm00001eb335030 (B73
RefGen_v5; chr8: 11.717.745 - 11.721.770), is annotated 26 kb downstream. This
gene consists of three exons and two introns and encodes a 244 amino acid protein.
Both genes are marked in MaizeGDB as “possibly represents two tandemly repeated
genes” and “NCBI LOC Annotation category: suggests misassembly”, indicating

potential issues in genome assembly or gene annotation.

To assess whether these two genes represent distinct functional entities or fragments
of a single gene, their predicted encoded protein sequences were aligned with known
PMls from rice (OsPMI1) (Hu et al., 2016) and Candida albicans (Cleasby et al., 1996)
(Figure 22). The sequence alignment revealed that the protein sequences of the two
putative genes do not align with each other, indicating that they are not a repetition of
the same gene (Figure 22). Furthermore, it revealed high sequence conservation
between both fragments and the described PMIs (Figure 22). The eukaryotic PMI class
1 consensus sequence “YxDxNHKPE”, characteristic of zinc-dependent PMI enzymes
(Coulin et al.,, 1993), is present in protein sequence 1 (Zm00001eb335020).
Additionally, four zinc-ligand binding residues were previously identified in CaPMI
(Cleasby et al., 1996) and also conserved in OsPMI1 (Hu et al., 2016). Three of these
residues are present in protein sequence 1 (Zm00001eb335020), while the fourth is
present in protein sequence 2 (Zm00001eb335030) (green dots in Figure 22 and
Figure 23 B). Furthermore, the predicted catalytic domain, based on the domain
identified in CaPMI (Cleasby et al., 1996), is split between the two protein sequences
and contains highly conserved amino acid sequences (black bars in Figure 22; blue
boxes in Figure 23 B). In addition, both other predicted functional domains are similarly
split between both protein sequences. These are the predicted C-terminal domain
(green bars in Figure 22; green boxes in Figure 23 B) and the helical domain (grey
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bars in Figure 22; grey box in Figure 23 B). This suggests that both protein sequences
1 and 2 are potentially two parts of a single PMI protein.

*
CaPMI T oo e SSEKLFRIQEGYANYDWGEKIGSSSAVAQFVHNSDPSITIDETKPYAELWM 50
ZmPMI|_1 1MENPPALPSPEPEPETEVSQAPPRRLLRLRCAVAHYEWGQRGAASLVARLADH----NNPDPARPYAELWM 67
ZMPMI_2 = oo sesoie e ce e e e e e e e et e e oo eeseeeececoisccescieeeeeee e
OsPMI1 Voimms sy MAGPTPPPPE---EEPSSPSLRLRCAVAQHYEWGRRGEASLVARLSDANADDHGPDPARPYAELWM 62

—
[ K J
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ZMPMI2 - oo oot
OsPMI1 63 GTHPSAPSSLLADG- - LLRDWLA-RHPAALGPAVAARWG - -GDLPFLFEKVLSVAKALS IQAHPDKDLAEVL 128

0
CaPMI 122 HAADPKNYPDDNHKPEMA | AVTDFEGFEGF KPLDQLAKTLATVPELNE | IGQELVDEF I SG I KLPAEVGSQ 192
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* PMI class 1 motif

CaPMI 193 DDVNNRKLLQKVEGKLMNTDDDV | KQQTAKLLERTDREPQVFKD IDSRLPELIQRLNKAFPNDIGLFCGCL 263
T R VS e e R T TR R e e e N T e

ZmPM| 2 9 GVSEVKSTLQSAFAKLMTASKDMVSEAVAKLISRLNTESKIRTLT--DKEQLLLSLERQYQDDVGVLA-AL 76
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@

CaPM| 264 LLNHVGLNKGEAMF LOQAKDPHAY I SGD | lECMAASDNVVRAGF TPKF KDVKNLVEMLTYSYESVEK- QKMP 333
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ZmPMI_2 77 FFNYVKLSPGEALY IGANEPHAYLSGEC IECMATSDNVVRAGLTPKYRDVQTLCSMLTYKQAFPEILRGVP 147
OsPMI1 262 FFNY | KLSPGEALY |IGANEPHAYLSGECIECMATSDNVVRAGLTPKYRDVQTLCSMLTYKQVFPEILRGVP 332

CaPMI 334 LAEFPRSKGDAVKSVLYDPP I AEFSVLQTIFDKSKGGKQMIEGLNGPS IVIATNGKGTIQITGDDSTKQK | 404
FHPME B s o v Sl 5 B b e 5 I B T LT M e G B e Bt S o f SR s
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Figure 22: Primary sequence alignment of the putative PMI amino acid sequence 1
(Zm00001eb335020) and sequence 2 (Zm00001eb335030) and the described CaPMI and
OsPMI1. The alignment was done with Clustal Omega (1.2.4) using the default parameters
and visualized with Jalview (2.11.4.1). Identical and conserved amino acids across sequences
are color coded in dark and light blue, respectively. Four zinc-ligand binding residues (green
dots; based on OsPMI1) and the PMI class 1 consensus sequence are indicated acc. to (Hu
et al., 2016). Red asterisks indicate the positions of the non-synonymous SNPs. Black bars
above the sequences indicate the catalytic domain, grey bars the helical domain and green
bars the C-terminal domain based on CaPMI (Cleasby et al., 1996).

The predicted molecular weights for protein sequences 1 and 2 are 18.5 kDa and
26.8 kDa, respectively. Individually, these values are considerably lower than those
reported for other plants PMIs such as OsPMI1 (46.93 kDa), OsPMI2 (44.18 kDa) and

Chlorella variabilis PMI1 (45.85 kDa) (Hu et al., 2016), as well as AfPMI1 (48.5 kDa)
and AtPMI2 (49.2 kDa) (Maruta et al., 2008). However, the combined molecular weight
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of protein sequences 1 and 2 is 45.3 kDa, closely aligning with the molecular weights
of these plant PMIs. Furthermore, a closer inspection of available full-length cDNA
sequencing data identified an entry (accession number EU974512.1), containing both
gene sequences along with a small intervening segment within a single open reading
frame (Alexandrov et al., 2009; Soderlund et al., 2009).

In conclusion, all these points suggest that the two MaizeGDB entries
Zm00001eb335020 and Zm00001eb335030 could be misannotated and are part of
one single PMI protein. This single predicted gene (LOC100272536) comprising five
exons and four introns, including a 26 kb intron (Figure 23 A), encodes a 435 amino
acid protein with a molecular weight of 48 kDa. From now on, the candidate gene will
be named ZmPMI3.
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Haplotype-chemotype analysis of ZmPMI3

The PMI3 gene was further analyzed for genetic variation (Figure 23). Four distinct
haplotypes were detected across all varieties and the non-synonymous SNPs are
located in exon 1, exon 2 and exon 5 (Figure 23 A and asterisks in Figure 22).
Furthermore, SNP1 is located in the sequence corresponding to the catalytic domain,
SNP2 in the helical domain and SNP3 in the C-terminal domain (Figure 22 and Figure
23 B), according to the nomenclature used in (Cleasby et al., 1996). PMI3_hap1 was
found in 85 varieties, PMI3_hap2 (SNP1 G/A; location chr8 11691207; aa seq: A59T)
in 28 varieties (Figure 23 C). PMI3_hap3 (SNP2 G/T; location chr8 11691635; aa seq:
G166C) and PMI3_hap4 (SNP3 C/A; location chr8 11721334, aa seq: P407Q) were
much rarer and detected in 7 and 6 varieties, respectively (Figure 23 C). The PMI3 was
detected in the QTL Fru_8 1 associated with absolute Fru content in corn stover, thus,
the Fru content was compared between the four haplotypes (Figure 23 D). However,
no significant differences were detected (Figure 23 D), which could be due to the
GWAS being conducted on 212 varieties, while the haplotype-chemotype analysis
included only 135 varieties. In addition to the Fru content, the total water-soluble
carbohydrate content was compared among the same haplotypes (Figure 23 E).
PMI3_hap1 did not differ significantly to the other haplotypes (Figure 23 E). However,
PMI3_hap2 and PMI3_hap3 exhibited on average +88 % and +107 % more total
water-soluble carbohydrate content than PMI3_hap4, respectively (Figure 23 E).
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Figure 23: PMI3 haplotype-chemotype analysis. A) Schematic representation of the SNP
positions in the CDS of PMI3. If not specified, the sizes of the exons (Ex) and introns are acc.
to the scale bar. B) Schematic representation of the SNP position, the PMI class 1 motif
(orange), the predicted catalytic domains (blue), the helical domain (grey), the C-terminal
domain (green), the Zinc binding residues (green dots) and the cut between protein sequence
1 and 2 (red) in the protein sequence of PMI3. Sizes are according to the scale bar. aa stands
for amino acids. Domains are determined based on homology to CaPMI and the results of
(Cleasby et al., 1996). C) Non-synonymous single nucleotide polymorphisms and their
distribution across the individual haplotypes. D) Fructose (Fru) content and E) total water-
soluble carbohydrate content (Total) in wt% of ZmPMI_hap1 to ZmPMI_hap4. Data are shown
as the AVG = SD. No significant differences were found for Fru, determined with a Kruskal-
Wallis test, followed by Dunn’s multiple comparison test with Bonferroni adjusted p < 0.008,
due to non-normal data distribution. (D). Letters in E indicate statistically significant differences
between the haplotypes, identified with a One-Way ANOVA followed by a Tukey-HSD test with
p < 0.05.



Chapter 5 — Results [127

F6P and M6P synthesis activity of PMI3 haplotypes

PMlIs catalyze the reversible reaction converting mannose-6-phosphate (M6P) to
fructose-6-phosphate (F6P). To assess PMI activity in the direction of F6P synthesis a
coupled in vitro assay was employed, where phosphoglucose isomerase (PGl)
converts F6P into G6P. G6P is then oxidized by D-glucose-6-phosphate
dehydrogenase (G6PDH), into gluconate-6-phosphate, concomitantly reducing
B-NADP+ to NADPH, which is quantified spectrophotometrically as a measure of PMI
activity (Hu et al., 2016; Maruta et al., 2008) (Figure 24 A). To test, if the identified
maize PMI3 is a functional PMI and to confirm the prediction that it is one annotated
protein, PMI3_hap1 (present in maize reference variety B73) was expressed in the the
TnT® SP6 High-Yield Wheat Germ Protein Expression System. The total protein
content was determined with a Bradford assay (Appendix Table 33) and the F6P
synthesis activity tested without further purification. TnT® SP6 expression mix samples
without expression vector were included as “no protein” control. Two different
PMI3_hap1 protein concentrations were added to the reaction mixtures containing
PGl, G6PDH, B-NADP and various concentrations of the M6P substrate. The
absorption increase at 340 nm was monitored as a proxy for the reduction of B-NADP+
to NADPH over time. The detected absorbance was blanked against the background
absorbance measured in the no protein controls. The initial enzyme activity was
determined based on the initial linear absorption increase and plotted over the
substrate concentration (Figure 24 A). And the results show that PMI3_hap1 exhibits
F6P synthesis activity (Figure 24 A). Furthermore, the reaction kinetic for F6P
synthesis followed Michaelis-Menten kinetics. The Km and Vmax values of this
reaction were then estimated from the Lineweaver Burk plot as 335.1 £ 35.9 uM and
217.7 £ 12.5 pmol/min/mg total protein, respectively (Figure 24 A).

To determine if PMI3_hap1 additionally exhibits M6P synthesis activity, an endpoint
measurement was used. The protein produced in the TnT® SP6 expression system
was incubated with F6P for one hour and the resulting sugar phosphate mixtures
separated via HPAEC and quantified using standards (Figure 24 B). In the no protein
control sample, no M6P was detected, indicating that the TnT® SP6 expression system
has no background PMI activity (Figure 24). However, an unexpectedly high
concentration of G6P (62.0 % of total phosphate sugars) was observed (Figure 24 B
orange bar), which indicates that background PGl activity is present, further converting
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F6P to G6P. For PMI3_hap1, M6P (3.6 % of total phosphate sugars) was detected
(Figure 24 B black bar), which indicates that PMI3_hap1 exhibits M6P synthesizing
activity. Due to the PGl background activity, G6P (62.3 % of total phosphate sugars)
was also formed in the PMI3_hap1 sample (Figure 24 B). Since both PMI and PGl
compete for the same F6P substrate (Figure 21), the presence of PGI could result in

reduced M6P synthesis.
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Figure 24: Characterization of PMI3_hap1 activity. A) Enzyme kinetics of PMI3_hap1 F6P
synthesis activity measured in coupled enzymatic assay. PMI: phosphomannose
isomerase, PGI: phosphoglucose isomerase, G6PDH: D-glucose-6-phosphate
dehydrogenase. In the final reaction NADP is reduced to NADPH, which results in an
absorption increase at a wavelength of 340 nm. For the Michaelis-Menten plot, the results are
depicted as the individual measurements of two different protein concentrations (points and
crosses) in activity (umol/min/mg total protein) over concentration of substrate M6P (uM). The
curves are calculated based on the Vmax and Km values determined with the Lineweaver Burk
plot, which is depicted in 1/activity over 1/substrate concentration. B) M6P synthesis activity
measurement of PMI3_hap1. Phosphate sugar composition (% of total phosphate sugars)
after mixing PMI3_hap1 and a negative control (“No protein”) with F6P as substrate. Detected
were fructose-6-phosphate (F6P, blue), mannose-6-phosphate (M6P, black) and glucose-6-
phosphate (G6P, orange).

Together these results indicate that the produced PMI3_hap1 protein has both M6P
and F6P synthase activities, which supports the hypothesis that it is a functional PMI

and that the annotation of the two MaizeGDB entries as a single protein is correct. To
now further analyze potential SNP-related effects on the protein activity, the different
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haplotypes were expressed with the same TnT® SP6 system and their kinetic
parameters for the F6P synthesis activity compared (Figure 25 and Appendix Figure
40). The high PGI background activity in the TnT® SP6 system interferes with the
quantitative determination of M6P synthesis activity of PMI3. Hence, this reaction was

not compared among the haplotypes.

Measuring the F6P synthesis, all four haplotypes showed increasing absorbance at
340 nm over time, indicating that M6P is converted to F6P by all protein versions.
Based on this, the initial activity was calculated following the same procedure as
described for PMI3_hap1. These values were then used to plot the Michaelis Menten
and Lineweaver Burk graphs (Appendix Figure 40) to further calculate the haplotype-
specific Vmax (umol/min/mg total protein) and Km (uM) values (Figure 25).
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Figure 25: Kinetics of F6P synthesis activity of distinct PMI3 haplotypes. Significant
differences are indicated by the letters and were determined with a one-way ANOVA followed
by a Tukey HSD/Kramer test with p < 0.05. Data are shown as the average + SD of the two
concentrations tested in the activity assay for each haplotype. No significant differences were
found for the Km values.

The Km values were not significantly different across all four haplotypes and ranged
from 335.1 £ 35.9 uM for PMI3_hap1 to 417.7 £ 18.0 uM for PMI3_hap4 (Figure 25).
However, the Vmax values differed significantly between the haplotypes, indicating
that the proteins bind the substrate equally well, but their catalytic activities differ.
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Compared to PMI3_hap1, PMI3_hap2 showed significantly higher Vmax (217.7 £ 12.5
vs. 286.3 £ 16.3 umol/min/mg total protein, respectively) (Figure 25). PMI3_hap3
displayed similar Vmax at 228.0 + 2.7 umol/min/mg total protein as PMI3_hap1 and
PMI3_hap2 (Figure 25). And PMI3 hap4 showed reduced Vmax at
154.6 £ 7.8 umol/min/mg total protein, which did not differ significantly from
PMI3_hap1, but from both PMI3_hap2 and PMI3_hap3 (Figure 25). SNP3
(differentiating PMI3_hap4 from PMI3_hap1) is not located in a predicted functional
domain (Figure 23 B), the protein PMI3_hap4 exhibited the lowest Vmax (Figure 25).
In addition, corn varieties that contained PMI3_hap4 showed significantly reduced total
water-soluble carbohydrate content compared to PMI3_hap2 and PMI3_hap3
containing varieties (Figure 23 E), which could be an indication for an involvement of
PMI3 in water-soluble carbohydrate metabolism in maize. Furthermore, the significant
increase in Vmax detected for PMI3_hap2 compared to PMI3_hap1 and PMI3_hap4
is interesting, as the non-synonymous SNP1 is in the predicted active site (Figure 23
B). This could indicate that this SNP is beneficial for the F6P synthesis activity of PMI3.
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4.5.3 Discussion

The third candidate gene identified from the GWAS was ZmPMI3 identified in the QTL
Fru_8_1, which was associated with the Fru content in corn stover. The sequence
analysis suggests that ZmPMI3 corresponds to the two entries in MaizeGDB,
Zm00001eb335020 and Zm00001eb335030. While they are currently annotated as
two repeated genes, the sequence alignment coupled with domain comparisons with
characterized PMIs from rice and C. albicans indicates a missannotation in the
database. Each fragment contains conserved elements typical of PMIs, but only
together do they reconstitute the catalytical, helical and C-terminal domains described
in other species (Figure 22 and Figure 23 B). Consistently, the combined predicted
molecular weight of the two fragments matches that of other plant PMIs, while the
individual fragments are considerably smaller. Mining of maize full length cDNA
databases identified a reported open reading frame spanning both annotated regions
(Alexandrov et al., 2009; Soderlund et al., 2009). Furthermore, the results presented
here show that ZmPMI3 catalyzes the isomeric reaction between M6P and F6P, since
both M6P- and F6P-synthesizing activities were detected in the respective assays
(Figure 24). Taken together, these findings suggest that ZmPMI3 could be a single
gene encompassing both annotated entries.

In planta, PMIs occupy a central role in carbohydrate metabolism (Figure 21). ZmPMI3
was identified in a QTL associated with the Fru content in corn stover. Furthermore,
four distinct haplotypes of ZmPMI3 were detected across the maize varieties. While no
significant differences in Fru levels were detected between the haplotypes (Figure 23
D), it is still possible that changes in PMI activity could affect Fru accumulation in corn
stover. Specifically, changes in PMI3 activity may alter the size of the F6P pool, a
central glycolytic intermediate and the direct phosphorylated form of Fru generated by
hexokinases or fructokinases (Figure 21) (Granot et al., 2014). A reduction in F6P via
its conversion to M6P by ZmPMI3 could increase the demand for Fru phosphorylation,
thereby lowering free Fru pools.

Interestingly, the haplotypes differed significantly in total water-soluble carbohydrate
content (Figure 23 E), which correlated with differences in kinetic properties of the
ZmPMI3 proteins (Figure 25). All haplotypes displayed F6P synthesis activity, but
ZmPMI3 hap2 exhibited significantly higher catalytic activity compared to
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ZmPMI3_hap1 and ZmPMI3_hap4 (Figure 25). Furthermore, varieties carrying
ZmPMI3_hap2 accumulated significantly more water-soluble carbohydrates than
ZmPMI3_hap4 varieties (Figure 23 E). Future work is needed to identify a link between
PMI activity and total water-soluble carbohydrate content. One possible explanation is
that increased ZmPMI3 activity enhances the interconversion between M6P and F6P,
thereby influencing metabolic fluxes linked to carbohydrate homeostasis. Since this
reaction provides intermediates for the Smirnoff-Wheeler pathway from Glc to
L-Ascorbic acid (AsA) biosynthesis (Maruta et al., 2008; Wheeler et al., 1998), variation
in ZmPMI3 activity could indirectly affect stress physiology. AsA mediates abiotic
stress tolerance, including high light, drought, temperature, and salinity, and increased
AsA levels have been linked to higher photosynthetic rates in rice and can support ATP
production in maize chloroplasts (lvanov et al., 2007; Y. Liu et al., 2011; Venkatesh &
Park, 2014). Thus, it is conceivable that ZmPMI3 haplotypes indirectly affect water-
soluble carbohydrate accumulation via stress responses. In maize, these
carbohydrates act as reserves that buffer stress responses and only then contribute to
seed filling and plant function (Cazetta & Revoredo, 2018; Sekhon et al., 2016; Setter
et al., 2001; Slewinski, 2012) and a more stress-resilient plant might conserve these
carbohydrates more efficiently.

Two other PMI genes are predicted in maize, thus, functional redundancy or
involvement in different pathways is possible. The expression of ZmPMI1 and ZmPMI2
was found to be low during regular growth and transcript levels were not increased
during salt or drought stress, unlike other key genes involved in the Smirnoff/Wheeler
pathway, like ZmPGI2 (C. Yu et al., 2021). However, ZmPMI3 was not assessed in
that study, potentially because the two individual gene fragments lack features of a
functional PMI. Thus, it is possible that ZmPMI3 is involved in mediating stress
responses of the Smirnoff/Wheeler pathway. Expression analysis of ZmPMI3 during
regular and stress conditions, like prolonged light or darkness, would help to clarify if
it is involved in a stress response pathway. In A. thaliana, increased expression was
obtained for Atpmi1 during continuous lights, while Afpmi2 showed increased
expression during extensive darkness (Maruta et al., 2008), suggesting isoform-

specific regulation that could also occur in maize.

In maize, several mutant lines (BonnMu0205675::Mu to BonnMu0205677::Mu;
BonnMu0498735::Mu and BonnMu0498736::Mu) with insertions in the ZmPMI3 exons
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are available from the Bonn mutant project (Marcon et al., 2020), which could be used
to monitor the influence of ZmPMI3 knock-out or knock-down on stem carbohydrate
content. Further, the abiotic stress resistance mediated via AsA of these mutants could
be monitored and would help to identify a potential involvement of ZmPMI3. Following
the same approach as hypothesized for the other gene candidates, these knock-out
mutants could be used to study phenotype complementation of the different
ZmPMI3_haplotypes. Of the identified SNPs in, especially SNP1, distinguishing
ZmPMI3_hap1 and ZmPMI3_hap2 (Figure 23 B), is interesting, as it is located in the
predicted catalytic domain and the mutated protein exhibited significantly increased
Vmax for F6P synthesis activity. It would help to further study the protein in a purified
state. Purification could be achieved via GST- or His-tag purification after E. coli
expression, as previously shown for other plant PMIs (Hu et al., 2016; Maruta et al.,
2008). Doing activity assay with the purified proteins would allow the determination of
specific kinetic parameters of each haplotype, without background activity, as was the
case in this work. This would also help to compare the M6P synthesis activity across
all haplotypes and potentially identify different velocities or substrate affinities, which
could influence the carbohydrate homeostasis in planta.

In conclusion, the results of this work indicate that ZmPMI3 is a functional
phosphomannose isomerase that could be related to the water-soluble carbohydrate
content in corn stover. One superior haplotype was identified (ZmPMI3_hap2), which
showed increased total water-soluble carbohydrate content and the mutated protein
exhibited increased F6P synthesis activity. These findings highlight PMI3 as a
promising target for metabolic engineering aimed at improving corn stover biomass

composition for bioconversion processes.
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5 Conclusions

The aim of this thesis was to determine if and how U. maydis utilizes corn stover as a
carbon source and how maize genetic diversity shapes the availability of these
resources. By combining a microtiter plate cultivation platform with compositional
analysis, a genome-wide association study and functional characterization of
candidate genes, several key insights emerged, elaborated on in the following.

U. maydis is able to grow on corn stover as the sole carbon source, and its
performance can be robustly monitored by coupling online cultivation data with
biochemical residue analysis. The major bottleneck lies in the poor fungal utilization of
the lignocellulosic fraction. However, combining a lignin mutant (bm3) with a
lignocellulolytic enzyme pretreatment improved performance by 196 %, reflecting both
enhanced lignocellulose degradation and an intrinsically higher water-soluble
carbohydrate content in bm3 stover compared to the B73 wildtype. Across different
corn genotypes, the water-soluble carbohydrates emerged as the dominant carbon
source for U. maydis, with fungal performance correlating strongly with their
abundance (R = 0.92).

The water-soluble carbohydrate content in corn stover is a highly variable trait and
ranges from 2 — 52 wt% across a European natural variation panel. A genome-wide
association study identified 37 QTLs associated with seven water-soluble
carbohydrate-related traits. From within these QTLs, three candidate genes were
selected for further studies: ZmSWI3C1, a subunit of a Switch/Sucrose Non-
Fermenting chromatin remodeling complex, the ZmSWEETZ2a sugar transporter and a
misannotated ZmPMI3 phosphomannose isomerase gene involved in sugar
metabolism. A superior haplotype of ZmSWI3C1 was associated with increased Suc
content in corn stover, making it an interesting candidate to further investigate
transcriptional control of Suc content by chromatin remodeling complexes. The
putative carbohydrate transporter ZmSWEET2a localized predominantly to the vacuole
membrane in heterologous systems, suggesting a direct role in mediating Glc transport
across the tonoplast and contributing to vacuolar storage in mature maize stems.
Finally, this work reports ZmPMI3 as the first functionally characterized
phosphomannose isomerase in maize. A non-synonymous SNP in the catalytic domain
results in increased F6P synthesis activity and SNP-containing varieties exhibited
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increased water-soluble carbohydrate content, linking ZmPMI3 activity with sugar

metabolism and water-soluble carbohydrate accumulation in corn stover.

Together, these findings establish that water-soluble carbohydrates, rather than
lignocellulose, are the decisive carbon source influencing fungal bioconversion of corn
stover. The strong natural variation and the identification of candidate genes provide
entry points for potential breeding of maize varieties with optimized water-soluble
carbohydrate content for microbial utilization. More broadly, the platform developed in
this work could be expanded to study other bioconversion systems, including other
plant biomasses and fungal production organisms, and provides an important first step
to scale-up fermentation from laboratory scale to production scales.
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7 Appendix
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Figure 26: Genotyping of A. thaliana T-DNA mutant lines Aisweet2-3 and Atsweet2-1
used in chapter 4 (section 4.4). Numbers refer to individual plants, 1kb refers to the DNA
ladder used as marker, WT refers to A. thaliana Col-0 and C- refers to no template control.
Only amplification in sample A indicates a homozygous mutant line, amplification in B indicates
wildtype and amplification in A and B indicates heterozygous mutant plants. Note: the wildtype
control for the Atsweet2-3 primer combination was run on the gel for Afsweet2-1 and is
indicated by “WT with primers P2 + P3”. Primer sequences can be found in Table 29.
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Table 28: Complete medium components.

Component Final concentration
Casaminoacids (Difco) 0.25 % (w/v)
Yeast extract (Difco) 0.1 % (w/v)
vitamin solution 1.0 % (v/v)
salt solution 6.25 % (v/v)

DNA degr. Free acid (Sigma, D-3159)

0.05 % (w/v)

NH.NO; (Sigma, A9642)

0.15 % (w/v)

Glucose

1.0 % (w/v)

vitamin solution

Component Concentration [%o (w/v)]
Thiamine (Hydrochlorid, Serva 36020) 0.1
Riboflavin (Sigma R-4500) 0.05
Pyridoxine (Monohydr.chl., Sigma p-9755) 0.05
Ca-Pantothenat (Hemi-Ca.salt, Sigma P-2250) 0.2
Aminobenzoic acid (Free Acid, Sigma A-9878) 0.05
Nicotinic acid (Free Acid, Sigma N-4126) 0.2
Cholinchlorid (Sigma C-1879) 0.2
myo-Inositol (Sigma 1-5125) 1

Salt solution

Component Concentration [%o (w/v)]

KH,PO4 16.00

Na,S04 4.00

KCl 8.00

CaCl,*2H,0 1.32

Trace elements solution 8.00

MgSO, (Waterfree) 2.00

Trace elements solution

Component Concentration [%o (w/v)]
H3BO3 0.06
MnCI*4H,0 0.14
ZnCI2 0.4
Na;Mo0,*2H,0 0.4
FeCl;*6H,0 0.1
CuS04*5H,0 0.04
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Table 29: Primers used in this work.

# Primer sequence (5'-> 3) Purpose (FW refers to forward primer and REV to reverse primer)
P1 ATTTTGCCGATTTCGGAAC FW for SALK T-DNA mutants
P2 CGTACACATTCAGCCTTTTGC FW for SALK_048430C
P3 ATCACTCCAACCACAGCAAAC REV for SALK_048430C
P4 CCACACAAAAACAAAACCCAC FW for SALK_044600C
P5 ATCATGAGGAACAAATCGACG REV for SALK_044600C
P6 TTAGGGCTTGTGCTACAATGG FW for SALK_053545C
P7 ACGTCATCCATTTCTTCGTTG REV for SALK_053545C
P8 CTCCAACTGTTCAGCATCTCC FW for SALK_001774.38.20.x and for SALK_007346.50.40.x
P9 CAAGCACAGATGCATTTCATG REV for SALK_001774.38.20.x
P10 CAGCAAGATTTGGATCTCCTG REV for SALK_007346.50.40.x
P11 TTCTGAGAAAATTTCATCCCAAC FW for SALK_126880C
P12 ATTCAACATGACTCGGTCCAG REV for SALK_126880C
P13 ATGGCCCAAATCCAAATTAAG FW for SALK_070922.54.50.x
P14 CGTGAACTGTCGGAGAAAGAG REV for SALK_070922.54.50.x
P15 CCCCGACCCTACCCGCCCCTACGCAGAGC Gibson assembly FW primer for PMI3_hap2
P16 AGGGGCGGGTAGGGTCGGGGTTGTTGTGG Gibson assembly REV primer for PMI3_hap2
P17 CGGGTTTGCCTGTATTGAGGAGCTCAAGGATGTCCTG Gibson assembly FW primer for PMI3_hap3
P18 CCTCAATACAGGCAAACCCGCAAAGCGC Gibson assembly REV primer for PMI3_hap3
P19 TTCTTCGTCCAAGCATACACTGAGGTTAAG Gibson assembly FW primer for PMI3_hap4
P20 GTGTATGCTTGGACGAAGAAAACATCAC Gibson assembly REV primer for PMI3_hap4
P21 GAGGCGGATAAAGTTGCAGGACCACTTC Gibson assembly FW primer for pF3A WG (BYDV) Flexi® backbone
P22 CCTGCAACTTTATCCGCCTCCATCCAGTC Gibson assembly REV primer for pF3A WG (BYDV) Flexi® backbone
P23 GGTCCCCTTATTGCCTGACA Vector backbone forward primer for pF3A
P24 GAAATACAGGAACGCACGCT FW for sequencing backbone SNP in pF3A-PMI3 hap4
P25 GCTTCGCAACGTTCAAATCC FW for sequencing backbone SNP in pF3A-PMI3 hap4
P26 GCAGCGGCCATCATGAATTA pDRf1-GW backbone REV
P27 GCTCCCCTCCATTAGTTTCG pDRf1-GW backbone FW
P78 GGGGACAAGTTTGTACAAAAAAGCAGGCTC Primer to create the 5'overhar\]lgezi)orrrecombination into pDONR221
P29 GGGGACCACTTTGTACAAGAAAGCTGGGTC Primer to create the 3’ overhar\li:c:rrecombination into pDONR221
P30 CAAGAAAGCTGGGTCTCAGGCAAGCAACGGTGCTG Sweet2 REV with stop
P31 CAAGAAAGCTGGGTCGGCAAGCAACGGTGCTGACG Sweet2 REV without stop
P32 | TACAAAAAAGCAGGCTTCATGAGCTCCCTGTACGACGT Sweet2 hapl FW with overhang
P33 | TACAAAAAAGCAGGCTTCATGAACTCCCTGTACGACGT Sweet2 hap2 FW with overhang
P34 ATGAGCTCCCTGTACGACGT Sweet2 5’end primer FW
P35 TCAGGCAAGCAACGGTGCT Sweet2 3’end primer REV
P36 CCGACCCTACCCGCCC FW PMI3 hap2
P37 GGGCGGGTAGGGTCGG REV PMI3 hap2
P38 CGGGTTTGCCTGTATTGAGGA FW PMI3 hap3
P39 TCCTCAATACAGGCAAACCCG REV PMI3 hap3
P40 TTTTCTTCGTCCAAGCATACAC FW PMI3 hap4
P41 GTGTATGCTTGGACGAAGAAAA REV PMI3 hap4
P42 GCTGAACTTGTGGCCGTTTA REV pRDO4 i. mVenus in pAB111 backbone specific
P43 AAGGGCATCGACTTCAAGGA FW pMDC7NtmVenus backbone specific
P44 TCCTGCAACTTTATCCGCCTC Vector backbone reverse primer for pF3A
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pDRf1-GFP-GW sequence

ttgagatcctttitttctgcgegtaatctgetgettgcaaacaaaaaaaccaccgctaccageggtggtttgtitgccggatcaagagetaccaactcttittccgaag
gtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcectacatacctcgetct
gctaatcctgttaccagtggcetgcetgccagtggegataagtegtgtettaccgggttggactcaagacgatagttaccggataaggegeageggtcgggcetgaac
ggggggttcgtgcacacageccagettggagecgaacgacctacaccgaactgagatacctacagegtgagcetatgagaaagegecacgcticccgaaggg
agaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagegcacgagggagceticcagggggaaacgcectggtatctttatagtectgteg
gotttcgecacctctgacttgagegtegatittigtgatgetegtcaggggggcggagcectatggaaaaacgecagcaacgeggcctitttacggttectggecttit
gctggectitigctcacatgttctticctgegttatcecctgatictgtggataaccgtattaccgecttigagtgagetgataccgetegecgecagecgaacgaccgag
cgcagcgagtcagtgagcgaggaagcggaagagegceccaatacgcaaaccgectctccecegegegtiggecgattcattaatgcagetggecacgacaggtt
tcccgactggaaagegggeagtgagegcaacgcaattaatgtgagttagetcactcattaggcaccecaggctttacactttatgcttccggetegtatgtigtgtg
gaattgtgagcggataacaatticacacaggaaacagctatgaccatgattacgccaagcticctgaaacggagaaacataaacaggcattgctgggatcac
ccatacatcactctgtittgcctgaccttitccggtaatttgaaaacaaacccggtctcgaageggagatceggegataattaccgcagaaataaacccatacacg
agacgtagaaccagccgcacatggccggagaaactcctgecgagaatticgtaaactcgegegeattgeatctgtatticctaatgeggeacticcaggectegat
cgagaccgtttatccattgctttitgtigtcttittccctcgticacagaaagtctgaagaagctatagtagaactatgagctttttttgtttctgttttecttittititttttacctet
gtggaaattgttactctcacactctttagttcgtitgtitgtitigtttattccaattatgaccggtgacgaaacgtggtcgatggtgggtaccgcttatgetecectecattag
tttcgattatataaaaaggccaaatattgtattattitcaaatgtcctatcattatcgtctaacatctaatttctcttaaattttttctetttctitcctataacaccaatagtgaaa
atctttttttctictatatctacaaaaactttttttttctatcaacctcgttgataaattttitctttaacaatcgttaataattaattaattggaaaataaccattttttctctcttttata
cacacattcaaaagaaagaaaaaaaatataccccagcctcgactagtggatcecectacagtttgtacaaaaaagctgaacgagaaacgtaaaatgatata
aatatcaatatattaaattagattttgcataaaaaacagactacataatactgtaaaacacaacatatccagtcactatggcggcccctcgaggggecgcattag
gcaccccaggctttacactttatgcticcggetcgtataatgtgtggattttgagttaggatccgtcgagattttcaggagctaaggaagcetaaaatggagaaaaaa
atcactggatataccaccgttgatatatcccaatggcatcgtaaagaacattttgaggcatticagtcagttgctcaatgtacctataaccagaccgttcagctggat
attacggcctttttaaagaccgtaaagaaaaataagcacaagtittatccggectttattcacattctigccecgectgatgaatgetcatccggaattcegtatggcaa
tgaaagacggtgagctggtgatatgggatagtgttcacccttgttacaccgtittccatgagcaaactgaaacgttttcatcgetctggagtgaataccacgacgatt
tccggcagtitctacacatatattcgcaagatgtggegtgttacggtgaaaacctggcectatttccctaaagggtttattgagaatatgttiticgtctcagccaatcect
gggtgagtticaccagtitigatttaaacgtggccaatatggacaacttcttcgececcgttitcaccatgggcaaatattatacgcaaggecgacaaggtgcetgatge
cgctggegattcaggticatcatgeegtitgtgatggettccatgtcggcagaatgcttaatgaattacaacagtactgecgatgagtggcaggeggggcgtaatcta
gaggatccggcttactaaaagccagataacagtatgegtatitgegegcetgattitigcggtataagaatatatactgatatgtatacccgaagtatgtcaaaaaga
ggtatgctatgaagcagcegtattacagcgacagttgacagcgacagctatcagttgctcaaggcatatatgatgtcaatatctceggtctggtaagcacaaccat
gcagaatgaagcccgtegtctgegtgccgaacgetggaaagecggaaaatcaggaagggatggctgaggtcgeccggtitattgaaatgaacggctcttttget
gacgagaacaggggctggtgaaatgcagtttaaggtttacacctataaaagagagagccgttatcgtctgtttgtggatgtacagagtgatattattgacacgecc
gggcgacggatggtgatccecctggecagtgcacgtctgetgtcagataaagtccececgtgaactttacceggtggtgcatatcggggatgaaagetggegeat
gatgaccaccgatatggccagtgtgccggtetcegttatcggggaagaagtggcetgatctcagecaccgcgaaaatgacatcaaaaacgcecattaacctgatg
ttctggggaatataaatgtcaggctcccttatacacagccagtctgcaggtcgaccatagtgactggatatgttgtgttttacagtattatgtagtctgttttttatgcaaa
atctaatttaatatattgatatttatatcattitacgtttctcgtticagctitcttgtacaaagtggtgaagcttatggtgagcaagggcegaggagetgticaccggggtggt
gcccatectggtcgagetggacggegacgtaaacggecacaagticagegtgtccggegagggegagggcegatgecacctacggcaagetgaccttgaagt
tcatctgcaccaccggcaagctgeccgtgecctggeccaccetcgtgaccaccetgacctacggegtgeagtgettcagecgetacceecgaccacatgaagea
gcacgacttcttcaagtccgccatgeccgaaggcetacgtccaggagegeaccatettcttcaaggacgacggcaactacaagacccgegecgaggtgaagtt
cgagggcgacaccctggtgaaccgeatcgagetgaagggceategacttcaaggaggacggcaacatcctggggcacaagetggagtacaactacaacag
ccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacticaagatccgecacaacatcgaggacggeagegtgcagcetegecgac
cactaccagcagaacacccccatcggegacggeccegtgctgetgcccgacaaccactacctgagcacceagtecgecctgagcaaagaccccaacgag
aagcgcgatcacatggtectgetggagttcgtgaccgecgecgggatcactctcggeatggacgagetgtacaagtaactcgagggggggeccggtacecaa
ttcgccctatagtgagtegtattacgcgeggatccagcetttggacttcttcgccagaggtttggtcaagtctccaatcaaggttgtcggettgtetaccttgccagaaat
ttacgaaaagatggaaaagggtcaaatcgttiggtagatacgttgttgacacttctaaataagcgaatttcttatgatttatgatttitattattaaataagttataaaaaa
aataagtgtatacaaattttaaagtgactcttaggttttaaaacgaaaattcttattcttgagtaactctttcctgtaggtcaggttgctttctcaggtatagcatgaggteg
ctettattgaccacacctctaccggcatgccaattcactggecgtegttttacaacgtcgtgactgggaaaaccctggegttacccaacttaatcgecttgcageac
atccccctttcgccagetggegtaatagcgaagaggeccgeaccgatcgeccttcccaacagttgecgcagectgaatggegaatggegectgatgeggtatttte
tccttacgcatctgtgeggtatticacaccgcataatcggatcgtacttgttacccatcattgaatttigaacatccgaacctgggagttttccctgaaacagatagtat
atttgaacctgtataataatatatagtctagcgctttacggaagacaatgtatgtatttcggttcctggagaaactattgcatctattgcataggtaatcttgcacgtege
atccccggtteattttctgegtitccatctigcacttcaatageatatctitgttaacgaagcatctgtgcettcattttgtagaacaaaaatgcaacgcgagagegctaatt
tttcaaacaaagaatctgagctgcatttttacagaacagaaatgcaacgcgaaagcgctattttaccaacgaagaatctgtgcttcatititgtaaaacaaaaatge
aacgcgagagcgctaatitticaaacaaagaatctgagctgcatttttacagaacagaaatgcaacgcgagagcegctattitaccaacaaagaatctatacttctt
ttttgttctacaaaaatgcatcccgagagegctattittctaacaaagcatcttagattactttitttctccttigtgegcetctataatgcagtctettgataactititgcactgt
aggtccgttaaggttagaagaaggctacttiggtgtctattticicticcataaaaaaagectgactccacticccgegtitactgattactagcgaagcetgegggtge
attttttcaagataaaggcatcccegattatattctataccgatgtggattgcgeatacttigtgaacagaaagtgatagegttgatgaticticatiggtcagaaaatta
tgaacggtttcttctattttgtctctatatactacgtataggaaatgtttacattttcgtattgttttcgattcactctatgaatagttcttactacaatttttttgtctaaagagtaat
actagagataaacataaaaaatgtagaggtcgagtttagatgcaagttcaaggagcgaaaggtggatgggtaggttatatagggatatagcacagagatatat
agcaaagagatacttttgagcaatgtttgtggaagcggtattcgcaatattttagtagctcgttacagtccggtgegtttttggtttittgaaagtgegtcttcagagegcet
tttggttttcaaaagcgctctgaagttcctatactttctagctagagaataggaacttcggaataggaacttcaaagcegtttccgaaaacgagegcttccgaaaatg
caacgcgagctgcgcacatacagctcactgttcacgtcgcacctatatctgegtgttgectgtatatatatatacatgagaagaacggcatagtgegtgtttatgett
aaatgcgtacttatatgcgtctatttatgtaggatgaaaggtagtctagtacctcctgtgatattatcccattccatgcggggtatcgtatgettecticagcactacccttt
agctgttctatatgctgccactcctcaattggattagtctcatecticaatgctatcatttcctttgatattggatcgatccgatgataagcetgtcaaacatgagaattgggt
aataactgatataattaaattgaagctctaatttgtgagtttagtatacatgcatttacttataatacagttttttagtitigctggcegceatcttctcaaatatgeticccage
ctgctitictgtaacgttcaccctctaccttagcatcecttccetttgcaaatagtectceticcaacaataataatgtcagatectgtagagaccacatcatccacggttct
atactgttgacccaatgcgtctcccttgtcatctaaacccacaccgggtgtcataatcaaccaatcgtaaccttcatctettccacccatgtetctitgagcaataaag
ccgataacaaaatcttigtcgetcticgcaatgtcaacagtacccttagtatattctccagtagatagggagecctigcatgacaattctgctaacatcaaaaggect
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ctaggttcctitgttacttctictgccgectgceticaaaccgctaacaatacctgggeccaccacaccgtgtgeattegtaatgtetgeccattetgcetattctgtatacac
ccgcagagtactgcaatttgactgtattaccaatgtcagcaaattttctgtcticgaagagtaaaaaattgtacttggcggataatgectttageggcttaactgtgec
ctccatggaaaaatcagtcaagatatccacatgtgtttitagtaaacaaattttgggacctaatgcticaactaactccagtaattccittggtggtacgaacatccaat
gaagcacacaagtttgtttgcttitcgtgcatgatattaaatagcttggcagcaacaggactaggatgagtagcagcacgticcttatatgtagctticgacatgattta
tcticgtttcctgeatgtttttgtictgtgcagttgggttaagaatactgggceaatticatgtitcttcaacactacatatgcgtatatataccaatctaagtctgtgctecttect
tcgticticettctgticggagatiaccgaatcaaaaaaatticaaggaaaccgaaatcaaaaaaaagaataaaaaaaaaatgatgaatigaaaagctaatictt
gaagacgaaagggcctcgtgatacgcctatttitataggttaatgtcatgataataatggtttcttagacgtcaggtggceacttttcggggaaatgtgcgeggaacce
ctatttgtttattttictaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacattt
ccgtgtegceccttattcecttitttgcggeattttgecttectgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgg
gttacatcgaactggatctcaacagcggtaagatccttgagagttttcgccccgaagaacgtittccaatgatgagceacttttaaagttctgctatgtggegeggtatt
atcccgtattgacgccgggcaagagcaactcggtcgecgeatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatg
gcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgcggccaacttactictgacaacgatcggaggaccgaaggagcetaaccg
cttttitgcacaacatgggggatcatgtaactcgcecttgatcgttgggaaccggagcetgaatgaagcecataccaaacgacgagegtgacaccacgatgectgta
gcaatggcaacaacgttgcgcaaactattaactggcgaactacttactctagcticccggcaacaattaatagactggatggaggeggataaagtigcaggace
acttctgcgetcggeccttceggetggetggtttattgctgataaatctggagecggtgagegtgggtetegeggtatcatigcageactggggecagatggtaage
cctecegtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgcetgagataggtgectcactgattaagcattggtaa
ctgtcagaccaagtitacicatatatactttagattgatttaaaacttcatititaatttaaaaggatctaggtgaagatcctttitgataatctcatgaccaaaatcccttaa
cgtgagttttcgtticcactgagcgtcagaccccgtagaaaagatcaaaggatettc
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ctggacctaccaaggcaacgctatgttctcttgettitgtcagcaagatagccagatcaatgtcgatcgtggetggctcgaagatacctgcaagaatgtcattgege
tgccattctccaaattgcagttcgegettagetggataacgccacggaatgatgtegtcgtgcacaacaatggtgacttctacagegeggagaatctegcetetctec
aggggaagccgaagtttccaaaaggtcgttgatcaaagetcgecgegttgtitcatcaagecttacggtcaccgtaaccagcaaatcaatatcactgtgtggcette
aggccgccatccactgcggagcecgtacaaatgtacggccagcaacgteggticgagatggegetcgatgacgccaactacctctgatagttgagtcgatacttc
ggcgatcaccgcttcccccatgatgtttaactttgttitagggcgactgecctgetgegtaacategttgetgcetccataacatcaaacatcgacccacggegtaacg
cgcttgetgettggatgeccgaggceatagactgtaccccaaaaaaacagtcataacaagccatgaaaaccgecactgegecgttaccacegetgegttcggte
aaggttctggaccagttgcgtgagcegcatacgctacttgcattacagcttacgaaccgaacaggcttatgtccactgggttcgtgcccgaattgatcacaggeag
caacgctctgtcatcgttacaatcaacatgctaccctccgegagatcatecgtgtitcaaacccggeagcttagtigecgticticcgaatagcatcggtaacatga
gcaaagtctgccgecttacaacggcetctccegetgacgecgtcceggactgatgggetgectgtatcgagtggtgattitgtgccgagetgecggteggggaget
gttggctggetggtggcaggatatattgtggtgtaaacaaattgacgcttagacaacttaataacacattgcggacgtttttaatgtactgaattaacgccgaattga
attcgagctcggtacccgcecaticaggetgegeaactgttgggaagggegatcggtgegggectcticgetattacgeccagetggecgaaagggggatgtgetge
aaggcgattaagttgggtaacgccagggttttcccagtcacgacgttgtaaaacgacggccagtgaattcctcgactcggtacceectcgacacaaaaagecta
tactgtacttaacttgattgcataattacttgatcatagactcatagtaaactigattacacagataagtgaagaaacaaaccaatticaagacataaccaaagaga
ggtgaaagactgttttatatgtctaacattgcaccttaatatcacactgttagttcctttcttacttaaattcaacccattaaagtaaaaacaacagataataataatttga
gaatgaacaaaaggaccatatcatttattaactcttatccatccatttgcattttgatgtccgaaaacaaaaactgaaagaacacagtaaattacaagcagaaca
aatgatagaagaaaacagcttttccaatgccataatactcaaacttagtaggattctggtgtgtgggcaatgaaactgatgcattgaacttgacgaacgttgtcga
aaccgatgatacggacgaaagctgggaggcctggatcgactagttaattaagaattatcaaccactttgtacaagaaagctgaacgagaaacgtaaaatgat
ataaatatcaatatattaaattagattttgcataaaaaacagactacataatactgtaaaacacaacatatccagtcactatggtcgacctgcagactggetgtgtat
aagggagcctgacatttatattccccagaacatcaggttaatggegtttttgatgteattttcgcggtggetgagatcagecacttcticcccgataacggagacegg
cacactggccatatcggtggtcatcatgcgecagcttticatcccegatatgcaccaccgggtaaagticacgggagactttatctgacagcagacgtgcactgge
cagggggatcaccatccgtcgececgggegtgtcaataatatcactctgtacatccacaaacagacgataacggctctetctittataggtgtaaaccttaaactge
atttcaccagcccctgttctcgtcagcaaaagagcecgttcatticaataaaccgggegacctcagecateccttcetgattticegetticcagegttcggeacgeag
acgacgggcttcattctgcatggttgtgcttaccagaccggagatattgacatcatatatgccttgagcaactgatagetgtcgetgtcaactgtcactgtaatacgct
gcttcatagcataccictititgacatacttcgggtatacatatcagtatatattcttataccgcaaaaatcagegegcaaatacgceatactgttatctggcttttagtaag
ccggatccagatctttacgccecgecctgecactcatcgeagtactgtigtaattcattaageattctgecgacatggaagcecatcacaaacggcatgatgaacct
gaatcgccagcggcatcagceaccttgtcgecttgegtataatatttgcccatggtgaaaacgggggcgaagaagttgtccatattggecacgtitaaatcaaaact
ggtgaaactcacccagggattggctgagacgaaaaacatatictcaataaaccctitagggaaataggccaggttttcaccgtaacacgccacatcttigcgaat
atatgtgtagaaactgccggaaatcgtcgtggtattcactccagagcgatgaaaacgtttcagtttgctcatggaaaacggtgtaacaagggtgaacactatcce
atatcaccagctcaccgtctttcattgccatacggaattccggatgagcattcatcaggcgggcaagaatgtgaataaaggccggataaaacttgtgcettattttett
tacggtctttaaaaaggccgtaatatccagcetgaacggtctggttataggtacattgagcaactgactgaaatgcectcaaaatgttctttacgatgccattgggatat
atcaacggtggtatatccagtgatttttttctccattttagcttccttagctcctgaaaatctcgacggatcctaactcaaaatccacacattatacgagccggaagcat
aaagtgtaaagcctggggtgcctaatgcggecgecatagtgactggatatgttgtgttitacagtattatgtagtctgtittitatgcaaaatctaatttaatatattgatatt
tatatcattttacgttictcgttcagcttititgtacaaacttgtacctccgecgcttccaccgecteccttgtacagetegtccatgccgagagtgatcccggeggeggte
acgaactccagcaggaccatgtgatcgegctictcgttggggtetttgctcagggeggactggtagetcaggtagtggtigtcgggcageageacggggecgte
gccgatgggggtgtictgetggtagtggtcggegagcetgecacgecgecgtectegatgtigtggeggatcttgaagttggecttgatgecgttcttctgettgtcggeg
gtgatatagacgttgtggctgttgtagtigtactccagctigtgccecaggatgttgecegtcetccttgaagtcgatgeccticagetegatgeggttcaccagggtgte
gccctegaacttcacctcggegegggtctigtagttgeegtegtectigaagaagatggtgegcetectggacgtagecttcgggeatggeggactigaagaagtcg
tgctgcttcatgtggtcggggtagegggcgaageactgcaggecgtageccagggtggtcacgagggtgggccagggeacgggeagetigeeggtggtgea
gatcagcttcagggtcagcettgccgtaggtggeatcgeectegeccicgeeggacacgctgaacttgtggecgtttacgtcgecgtccagetcgaccaggatggg
caccaccccggtgaacagctectegeccttgetcaccatggtgaagggictigcgaagatectagagtcgagceatattacatggeattaccaccatatacatatee
atatacatatccatatctaatcttacctcgactgctgtatataaaaccagtggttatatgtacagtactgctgtatataaaaccagtggttatatgtacagtacgtcgag
gggatgataatgcgattagttttttagcctcgacctgcagceccaageggceatgcaagetgtcgaggggggatcaattcccgatctagtaacatagatgacaccge
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gcgcgataatttatcctagtitgcgegctatatttgttttctatcgegtattaaatgtataatigcgggactctaatcataaaaacccatctcataaataacgtcatgeatt
acatgttaattattacatgcttaacgtaattcaacagaaattatatgataatcatcgcaagaccggcaacaggattcaatcttaagaaactttattgccaaatgtttga
acgatcggggaaattcgggggatcagctigtgatcatgttacatcacctccaagatcccggacgagtgetggggegteggtttccactatcggegagtacttctac
acagccatcggtccagacggecgegctictgegggegatitgtgtacgececgacagtcceggetceggateggacgattgegtcgeatcgaccetgegeccaa
gctgcatcatcgaaattgccgtcaaccaagctctgatagagttggtcaagaccaatgcggageatatacgcccggagecgeggegatectgcaagetceggat
gectecgetegaagtagegegtetgetgetecatacaagecaaccacggectccagaagaagatgtiggegacctegtattigggaatccccgaacatcgectc
gctccagtcaatgaccgctgttatgcggcecattgtccgtcaggacattgttggagccgaaatccgegtgcacgaggtgecggacttcggggeagtecteggece
aaagcatcagctcatcgagagcectgcgegacggacgcactgacggtgtegtccatcacagtttgccagtgatacacatggggatcagcaatcgegcatatga
aatcacgccatgtagtgtattgaccgattccttgcggtccgaatgggecgaaccegctegtetggctaagatcggecgceagegategcatecatggectccgega
ccggctgcagaacagegggcagticggtttcaggcaggtettgcaacgtgacaccctgtgcacggecgggagatgcaataggtcaggcetetegetgaattceee
aatgtcaagcacttccggaatcgggagcegeggecgatgcaaagtgccgataaacataacgatctitgtagaaaccatcggegeagctatttacccgecaggac
atatccacgccctcctacatcgaagctgaaagcacgagattcticgcectccgagagetgcatcaggtcggagacgctgtcgaacttticgatcagaaacttcte
gacagacgtcgcggtgagttcaggcttiticatatctcattgcccceccgggatcttgcaggtcgagatectctageggatccggtgeagattatttggatigagagtg
aatatgagactctaattggataccgaggggaatttatggaacgtcagtggagcatitttgacaagaaatatttgctagctgatagtgaccttaggcegacttttgaacg
cgcaataatggtttctgacgtatgtgcttagctcattaaactccagaaacccgeggctgagtggcetecttcaacgttgeggtictgtcagtticcaaacgtaaaacgg
cttgtccegegtcatcggegggggteataacgtgactcecttaattctcegetcatgatcagattgtegtttccegecttcagtticaagcttgtttggggatctagtgtttt
actcctcatattaacticggtcattagaggccacgattigacacattittacicaaaacaaaatgtitgcatatctctiataatticaaattcaacacacaacaaataag
agaaaaaacaaataatattaatttgagaatgaacaaaaggaccatatcaticattaactcttctccatceatttccatticacagticgatagcgaaaaccgaataa
aaaacacagtaaattacaagcacaacaaatggtacaagaaaaacagttticccaatgccataatactcgaacaagctagcttactcagttaggtcgagtcatttt
tgatgaaacagaagctttttgatatttccatttgaatattitggtatctgattagtgatgatttcagctaacatctctgggaattccgccagggagcetctcagactgtggea
gggaaaccctctgectcececgtgatgtaatacttttgcaaggaatgegatgaagtagageccgceagtggecaagtggctttggteegtetectecacggatgec
cctccacggctagtgggegeatgtaggeggtgggegtecageatetccageageaggtcatagaggggeaccacgttcttgeacttcatgetgtacagatgete
catgcctttgttactcatgtgectgatgtgggagaggatgaggaggagetgggecagecgcetggtgctgetgetgcagggtcaggectgecttggecatcaggtg
gatcaaagtgtctgtgatcttgtccaggactcggtggatatggtecttctcticcagagacttcagggtgctggacagaaatgtgtacactccagaattaagcaaaa
taatagatttgaggcacacaaactcctctccctgcagattcatcatgcggaaccgagatgatgtagccagcagceatgtcgaagatctccaccatgecctctacac
attttccctggttcetgtccaagagcaagttaggagcaaacagtagcttcectgggtgetccatggagegecagacgagaccaatcatcaggatctctagecagg
cacattctagaaggtggacctgatcatggagggtcaaatccacaaagectggcaccctcttcgeccagttgatcatgtgaaccagcetcectgtctgccaggttggt
cagtaagcccatcatcgaagcttcactgaagggtctggtaggatcatactcggaatagagtatggggggctcagcatccaacaaggceactgaccatetggtcg
gccgtcagggacaaggcecaggctgttettcttagagegtttgatcatgagegggcettggccaaaggttggeagcetcteatgtetccagcagacggatceccaceg
tactcgtcaattccaagggcatcggtaaacatctgctcaaactcgaagtcggecatatccagagegecgtagggggeggagicgtggggggtaaatcccgga
ccecggggaatccecgtcecccaacatgtccagatcgaaategtctagegegtcggeatgegecategecacgteetcgecgtctaagtggagetegtececca
ggctgacatcggtcgggggggegctcgacggticaccggcagecacacgacctaccageggceaacccticticetcticctgcaacagacgaatccegegtg
atgcgccggaaacaatttcaataacgcectitgegtgecagegecttcagatgticticagcegegtttggggaacggaaccccaaacgcetgegegatitccgeac
gcgtcggeggcatacctgtetggetgatgtgatcacggatgagatcaaacacctcttgttgectggecgttaacgcetttcattccgececggaattggggatcecage
gtgtcctctccaaatgaaatgaacttccttatatagaggaagggtettgcgaaggatagtgggattgtgegtcateccttacgtcagtggagatggatcctctagag
gcacgtggcggcacgtggeggcacgtggeggeacgtggcaagcettggatccacgatatectgcaggcatgcaagcttagettgagettggatcagattgtegttt
cccgccttcagtttaaactatcagtgtttgacaggatatattggcgggtaaacctaagagaaaagagcegtitattagaataatcggatatttaaaagggegtgaaa
aggtttatccgttcgtecatttgtatgtgcatgccaaccacagggttcccctcgggatcaaagtactttaaagtactttaaagtactttaaagtactttgatccaaccect
ccgetgetatagtgcagteggcttctgacgttcagtgcagecgtcttctgaaaacgacatgtcgcacaagtcctaagttacgcgacaggetgecgecctgeccttt
cctggcegtitictigtcgegtgttttagtcgcataaagtagaatacttgcgactagaaccggagacattacgccatgaacaagagegecgecgetggectgetggg
ctatgccegegtcagcaccgacgaccaggacttgaccaaccaacgggecgaactgcacgeggecggetgcaccaagetgtittccgagaagatcaccgge
accaggcgcgaccgeccggagetggecaggatgettgaccacctacgecctggegacgttgtgacagtgaccaggcetagacegectggeccgeageacce
gcgacctactggacattgccgagegceatccaggaggecggegegggectgegtagectggcagagecgtgggecgacaccaccacgecggecggecge
atggtgttgaccgtgttcgccggeatigecgagttcgagegticectaatcatcgaccgecacccggagegggegegaggecgecaaggeccgaggegtgaag
tttggcccecgecctacectcaccceggeacagategegeacgeccgegagetgatcgaccaggaaggecgeaccgtgaaagaggeggcetgeactgcetigg
cgtgcatcgcetcgaccctgtaccgegceacttgagegcagegaggaagtgacgeccaccgaggecaggeggegeggtgcecttcegtgaggacgceattgaceg
aggccgacgcecctggeggecgecgagaatgaacgccaagaggaacaagcatgaaaccgecaccaggacggecaggacgaaccgtttttcattaccgaag
agatcgaggcggagatgatcgcggecgggtacgtgticgageecgeccgegeacgtctcaaccgtgeggcetgeatgaaatectggecggtttgtetgatgecaa
gctggeggcectggecggecagcttggecgetgaagaaaccgagegecgecgtctaaaaaggtgatgtgtatitgagtaaaacagcettgegtcatgeggtegcet
gcgtatatgatgcgatgagtaaataaacaaatacgcaaggggaacgcatgaaggttatcgctgtacttaaccagaaaggcgggtcaggcaagacgaccate
gcaacccatctagcccgegecctgcaactcgecggggecgatgttctgttagtcgattccgatccccagggeagtgeccgegattgggeggecgtgegggaag
atcaaccgctaaccgttgtcggcatcgaccgeccgacgattgaccgegacgtgaaggecatcggecggegegacttcgtagtgatcgacggagegecccag
gcggcggacttggcetgtgtccgegatcaaggecagecgacttcgtgetgattccggtgcagecaageccttacgacatatgggecaccgecgacctggtggage
tggttaagcagcgceattgaggtcacggatggaaggcetacaageggcectttgtcgtgtcgecgggegatcaaaggcacgegeatcggeggtgaggttgeecgagg
cgctggecgggtacgagetgeccattctigagtccegtatcacgcagegegtgagetacccaggeactgecgecgecggeacaaccgtictigaatcagaace
cgagggcgacgcetgeccgegaggtccaggegetggecgetgaaattaaatcaaaactcattigagttaatgaggtaaagagaaaatgagcaaaagcacaa
acacgctaagtgccggecgtccgagegeacgcageagcaaggcetgcaacgtiggecagectggecagacacgecagecatgaagegggtcaactttcagtt
gccggeggaggatcacaccaagctgaagatgtacgeggtacgeccaaggcaagaccattaccgagetgctatctgaatacatcgegeagetaccagagtaa
atgagcaaatgaataaatgagtagatgaattitagcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgacgecgtggaatgecccatgt
gtggaggaacgggcggtiggccaggegtaageggetgggtigtctgecggecctgcaatggeactggaaceeccaagececgaggaatcggegtgageggt
cgcaaaccatccggeccggtacaaatcggegeggegetgggtgatgacctggtggagaagttgaaggecgegeaggecgeccageggeaacgcatcgag
gcagaagcacgccccggtgaatcgtggcaageggecgcetgatcgaatccgcaaagaatcccggcaaccgecggeagecggtgegecgtegattaggaag
ccgcccaagggcgacgagcaaccagattttttcgttccgatgetctatgacgtgggeaccecgegatagtcgeageatcatggacgtggecgttttcegtetgtega
agcgtgaccgacgagctggcgaggtgatccgetacgagcettccagacgggeacgtagaggtttccgcagggecggecggeatggecagtgtgtgggattac
gacctggtactgatggcggtttcccatctaaccgaatccatgaaccgataccgggaagggaagggagacaageccggecgegtgticegtecacacgttgeg
gacgtactcaagttctgccggcgagecgatggcggaaagcagaaagacgacctggtagaaacctgceattcggttaaacaccacgcacgttgecatgecageg
tacgaagaaggccaagaacggccgectggtgacggtatccgagggtgaagcecttgattagecgetacaagatecgtaaagagegaaaccgggeggecgga
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gtacatcgagatcgagctagctgattggatgtaccgcgagatcacagaaggcaagaaccecggacgtgetgacggttcacccegattacttttigatcgatcceg
gcatcggecgttttctctacegectggecacgecgegecgecaggcaaggcagaagecagatggttgticaagacgatctacgaacgcagtggcagegecgga
gagttcaagaagttctgtitcaccgtgcgcaagcetgatcgggtcaaatgacctgecggagtacgatitgaaggaggaggeggggeaggctggeccgatectag
tcatgcgctaccgcaacctgatcgagggegaageatecgecggticctaatgtacggagcagatgetagggcaaattgecctagcaggggaaaaaggtega
aaaggtctctttcctgtggatagcacgtacattgggaacccaaagecgtacattgggaaccggaaccegtacattgggaacccaaagecgtacattgggaace
ggtcacacatgtaagtgactgatataaaagagaaaaaaggcgatttitccgcctaaaacictitaaaacttattaaaactcttaaaacccgectggectgtgeata
actgtctggccagegeacagecgaagagcetgcaaaaagegectacecttecggtegetgegetecctacgeccegecgcettcgegteggectatcgeggecgct
ggccgctcaaaaatggcetggectacggecaggcaatctaccagggegeggacaagecgegecgtcgecactcgaccgecggegeccacatcaaggeace
ctgectegegegtttcggtgatgacggtgaaaacctctgacacatgcagetcccggagacggtcacagcettgtctgtaageggatgeccgggageagacaagec
cgtcagggcgcegtcagegggtgtiggcgggtgtcggggcgcagecatgacceagtcacgtagegatageggagtgtatactggettaactatgeggeatcaga
gcagattgtactgagagtgcaccatatgcggtgtgaaataccgcacagatgcgtaaggagaaaataccgcatcaggegctcticegettectegetcactgacte
gctgegeteggtegticggetgeggegageggtatcagetcactcaaaggeggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtg
agcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgegtigetggegtititccataggetcecgeccccctgacgageatcacaaaaatcgacgct
caagtcagaggtggcgaaacccgacaggactataaagataccaggcegtttccecctggaagctecctegtgegetetectgttccgacectgecgcttacegga
tacctgtcegcectttctcecttcgggaagegtggegctitctcatagetcacgetgtaggtatctcagttcggtgtaggtegticgetccaagetgggcetgtgtgcacga
acccccegttcagecccgaccgcetgegcecttatceggtaactategtetigagtccaaccecggtaagacacgacttatcgecactggeageagecactggtaaca
ggattagcagagcgaggtatgtaggeggtgctacagagttcttgaagtggtggectaactacggctacactagaaggacagtatttggtatctgegcetetgetgaa
gccagttaccttcggaaaaagagttggtagetctigatccggcaaacaaaccaccgetggtageggtggtttititgtitgcaagcageagattacgegecagaaa
aaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgcatgatatatctcccaatttg
tgtagggcttattatgcacgcttaaaaataataaaagcagacttgacctgatagtttggctgtgagcaattatgtgcttagtgcatctaacgcttgagttaagccgege
cgcgaageggegteggcettgaacgaatttctagctagacattatttgccgactaccttggtgatctcgectttcacgtagtggacaaattcttccaactgatctgegeg
cgaggccaagcgatcttcttcttgtccaagataagectgtctagcticaagtatgacgggcetgatactgggecggcaggegcetecattgcccagtcggcagegac
atccttcggegegattttgccggttactgcgetgtaccaaatgcgggacaacgtaageactacatttcgetcatcgccageccagtcgggeggegagttceatag
cgttaaggtticatttagcgcctcaaatagatcctgttcaggaaccggatcaaagagttcctcegecg

pRDO04 i. mVenus in pAB111 sequence

taagcacatacgtcagaaaccattattgcgcegticaaaagtcgcctaaggtcactatcagcetagcaaatatttctigtcaaaaatgctccactgacgttccataaatt
ccccteggtatccaattagagtctcataticactctcaatccaaataatctgcaccggatccgetagaggatctcgacctgcaagatcccggggggcaatgagat
atgaaaaagcctgaactcaccgcgacgtctgtcgagaagttictgatcgaaaagttcgacagegtctccgacctgatgcagcetctcggagggegaagaatcte
gtgctticagcticgatgtaggagggegtggatatgtcectgecgggtaaatagetgegecgatggttictacaaagategttatgtitatcggeactttgcatcggecge
gctcecgattccggaagtgettgacatiggggaattcagegagagcectgacctatigeatctccegecgtgcacagggtgtcacgttgcaagacctgectgaaac
cgaactgcccgctgttctgcagecggtcgeggaggecatggatgegatcgetgeggecgatettageccagacgagegggttcggeccattcggaccgcaagg
aatcggtcaatacactacatggcgtgatitcatatgcgegattgctgatccccatgtgtatcactggcaaactgtgatggacgacaccgtcagtgegtcegtegege
aggctctcgatgagctgatgctttgggccgaggactgecccgaagtccggeacctegtgcacgeggatttcggetccaacaatgtectgacggacaatggecg
cataacagcggtcattgactggagcgaggcgatgttcggggattcccaatacgaggtcgcecaacatcttettctggaggecgtggttggcttgtatggagcagea
gacgcgctacttcgagcggaggcatccggagcettgcaggatcgecgeggceteecgggegtatatgetecgeattggtettgaccaactctatcagagettggttga
cggcaatttcgatgatgcagcettgggegcagggtcgatgcgacgceaategtccgatccggagecgggactgtcgggegtacacaaatcgeccgeagaageg
cggccgtetggaccgatggcetgtgtagaagtactcgecgatagtggaaaccgacgecccageactegtccgggatetiggaggtgatgtaacatgatcacaag
ctgatcccecgaatttcccegategttcaaacatttggcaataaagtticttaagattgaatcctgttgecggtetigegatgattatcatataatttctgttgaattacgtta
agcatgtaataattaacatgtaatgcatgacgttatitatgagatgggtttttatgattagagtcccgcaattatacatitaatacgcgatagaaaacaaaatatageg
cgcaaactaggataaattatcgcgcgeggtgtcatctatgttactagatcgggaattgatccccectcgacagcettgeatgecgcetigggcetgcaggtcgaggceta
aaaaactaatcgcattatcatcccctcgacgtactgtacatataaccactggttitatatacagcagtactgtacatataaccactggtittatatacagcagtcgacg
tactgtacatataaccactggttttatatacagcagtactgtacatataaccactggttitatatacagcagtcgaggtaagattagatatggatatgtatatggatatgt
atatggtggtaatgccatgtaatatgctcgactctaggatcttcgcaagacccticctctatataaggaagttcatttcattiggagaggacacgctgaagctagteg
actctagcctcgaggegegecaagctatcaacaagttigtacaaaaaagctgaacgagaaacgtaaaatgatataaatatcaatatattaaattagattitgcat
aaaaaacagactacataatactgtaaaacacaacatatccagtcactatggcggccgcattaggcaccccaggctttacactttatgcttccggctegtataatgt
gtggattttgagttaggatccgtcgagattttcaggagctaaggaagcetaaaatggagaaaaaaatcactggatataccaccgttgatatatcccaatggeatcgt
aaagaacattttgaggcatttcagtcagttgctcaatgtacctataaccagaccgttcagctggatattacggectttttaaagaccgtaaagaaaaataagcaca
agttttatccggcctttattcacattcttgcccgectgatgaatgcetcatcecggaattcecgtatggcaatgaaagacggtgagetggtgatatgggatagtgttcacect
tgttacaccgttttccatgagcaaactgaaacgttttcatcgctctggagtgaataccacgacgatttccggeagtttctacacatatattcgcaagatgtggegtgtta
cggtgaaaacctggcctatttccctaaagggtttattgagaatatgtttttcgtctcagccaatccctgggtgagtttcaccagttttgatttaaacgtggcecaatatgga
caacttcttcgcccccgttttcaccatgggcaaatattatacgcaaggcgacaaggtgetgatgecgetggegattcaggttcatcatgecgtttgtgatggcttecat
gtcggcagaatgcttaatgaattacaacagtactgcgatgagtggcagggeggggegtaaagatctggatceggettactaaaagecagataacagtatgegt
atttgcgcgctgatittigcggtataagaatatatactgatatgtatacccgaagtatgtcaaaaagaggtatgctatgaagcagegtattacagtgacagttgacag
cgacagctatcagttgctcaaggcatatatgatgtcaatatctccggtctggtaagcacaaccatgcagaatgaagecegtegtetgegtgccgaacgetggaa
agcggaaaatcaggaagggatggctgaggtcgecceggtitatigaaatgaacggctcettitgctgacgagaacaggggetggtgaaatgeagtitaaggtttac
acctataaaagagagagccgttatcgtctgttigtggatgtacagagtgatattattgacacgccecgggegacggatggtgatceccctggecagtgeacgtetge
tgtcagataaagtctccegtgaactttacccggtggtgcatatcggggatgaaagetggegeatgatgaccaccgatatggecagtgtgecggteteegttatcgg
ggaagaagtggctgatctcagccaccgcgaaaatgacatcaaaaacgcecattaacctgatgtictggggaatataaatgtcaggcetcecttatacacagecagt
ctgcaggtcgaccatagtgactggatatgtigtgttitacagtattatgtagtctgttititatgcaaaatctaatttaatatattgatatitatatcattitacgtttctcgticag
ctttcttgtacaaagtggttgatcattccttaattaaaatggtgagcaagggcgaggagctgttcaccggggtggtgeccatcctggtcgagetggacggegacgt
aaacggccacaagttcagcgtgtccggcgagggcgagggcgatgecacctacggcaagetgaccctgaagctcatctgcaccaccggcaagcetgeccgtg
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ccetggeccaccctegtgaccacceteggetacggectgeagtgeticgecegetacecccgaccacatgaagecageacgacttcttcaagtcecgecatgecceg
aaggctacgtccaggagcgcaccatcttcticaaggacgacggcaactacaagacccgegecgaggtgaagticgagggegacaccctggtgaaccgeat
cgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagetggagtacaactacaacagecacaacgtctatatcaccgeccgacaag
cagaagaacggcatcaaggccaacttcaagatccgccacaacatcgaggacggeggegtgcagetcgeegaccactaccagcagaacacceccatcgg
cgacggccccgtgctgetgecccgacaaccactacctgagetaccagtccaagetgagcaaagaccccaacgagaagegegatcacatggteetgetggagt
tcgtgaccgecgeegggatcactctcggeatggacgagetgtacaagtaactagtcgatccaggecteccagcetitegtcegtatcateggtttcgacaacgttegt
caagttcaatgcatcagtttcattgcccacacaccagaatcctactaagtttgagtattatggcattggaaaagctgttttcttctatcatttgttctgcttgtaatttactgt
gitctttcagttittgtittcggacatcaaaatgcaaatggatggataagagttaataaatgatatggtecttitgticatictcaaattattattatctgttgtttttactttaatg
gottgaatttaagtaagaaaggaactaacagtgtgatattaaggtgcaatgttagacatataaaacagtctttcacctctctttggttatgtcttigaattggtttgtttcttc
acttatctgtgtaatcaagtttactatgagtctatgatcaagtaattatgcaatcaagttaagtacagtataggctttttgtgtcgagggggtaccgagtcgaggaattc
actggccegtegttitacaacgtcgtgactgggaaaaccctggegttacccaacttaatcgecttgcagcacatceccctttcgccagetggegtaatagegaaga
ggcccgceaccgatcgeccttcccaacagttgegcagectgaatggegggtaccgagcetecgaattcaattcggegttaaticagtacattaaaaacgtccgcaat
gtgttattaagttgtctaagcgtcaatttgtttacaccacaatatatcctgccaccagccagecaacagcetcccecgaccggeagcetcggeacaaaatcaccacteg
atacaggcagcccatcagtccgggacggegtcagegggagagecgtigtaaggeggeagactttgetcatgttaccgatgetattcggaagaacggceaacta
agctgcegggtttgaaacacggatgatctcgeggagggtageatgttgatigtaacgatgacagagegtigctgectgtgatcaaticgggcacgaacccagtg
gacataagcctigttcggttcgtaagetgtaatgcaagtagegtatgegetcacgcaactggtccagaacctigaccgaacgcageggtggtaacggegeagtg
geggtiticatggctigttatgactgttitittggggtacagtctatgcctcgggeatccaagecagcaagegegttacgeegtgggtegatgttigatgttatggageag
caacgatgttacgcagcagggcagtcgccctaaaacaaagttaaacatcatgggggaageggtgatcgcecgaagtatcgactcaactatcagaggtagtigg
cgtcatcgagegccatctcgaaccgacgttgetggecgtacatttgtacggctccgeagtggatggeggectgaagecacacagtgatattgatttgetggttacg
gtgaccgtaaggcttgatgaaacaacgcggegagctttgatcaacgaccttttggaaacttcggcticcectggagagagegagattctcegegetgtagaagte
accattgttgtgcacgacgacatcattccgtggegttatccagctaagegegaactgcaatttggagaatggcagegcaatgacattcttgcaggtatcttcgage
cagccacgatcgacattgatctggctatcttgctgacaaaagcaagagaacatagegttgecttggtaggtccagecggeggaggaactetttgatccggttectg
aacaggatctatttgaggcgctaaatgaaaccttaacgctatggaactcgcecgeccgactgggetggegatgagegaaatgtagtgcttacgttgtccegeatttg
gtacagcgcagtaaccggcaaaatcgcgecgaaggatgtecgetgecgactgggceaatggagegectgecggeccagtatcageccgteatacttgaagcta
gacaggcttatcttggacaagaagaagatcgcttggcctcgcgegeagatcagttggaagaatttgtccactacgtgaaaggcgagatcaccaaggtagtegg
caaataatgtctagctagaaattcgttcaagccgacgecgcticgcggegeggcttaactcaagegttagatgcactaagcacataattgctcacagccaaacta
tcaggtcaagtctgcttitattattittaagcgtgcataataagcecctacacaaattgggagatatatcatgcatgaccaaaatcccttaacgtgagttttcgttccactg
agcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttitctgcgegtaatctgetgetigcaaacaaaaaaaccaccgctaccageggtggtit
gtttgccggatcaagagctaccaactcttittccgaaggtaactggcttcagcagagecgeagataccaaatactgtecttctagtgtagecgtagttaggecaccac
ttcaagaactctgtagcaccgcctacatacctegctetgctaatectgttaccagtggetgetgecagtggegataagtegtgtettacegggtiggactcaagacg
atagttaccggataaggcgcageggtcgggetgaacggggggticgtgcacacageccagcetiggagegaacgacctacaccgaactgagatacctacag
cgtgagctatgagaaagcgcecacgcticccgaagggagaaaggeggacaggtatccggtaageggeagggtcggaacaggagagegeacgagggage
ttccagggggaaacgcectggtatctttatagtcctgtegggtitcgecaccictgactigagegtegatittigtgatgetcgtcaggggggeggagectatggaaaa
acgccagcaacgceggcctttttacggttcctggecttitgctggecttttgctcacatgttctttcctgegttatceectgattetgtggataacegtattacegectttgagt
gagctgataccgctcgecgeagecgaacgaccgagegcagegagtcagtgagcgaggaageggaagagegcectgatgeggtatttictecttacgeatetgt
gcggtatttcacaccgcatatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagtatacactccgctatcgctacgtgactgggtcatggetge
gccccgacacccgcecaacaccegcetgacgegecctgacgggcttgtetgeteceggeateegettacagacaagcetgtgaccegtcetccgggagetgeatgtgt
cagaggttttcaccgtcatcaccgaaacgcgcgaggcagggtgecttgatgtgggegecggeggtegagtggegacggegeggcttgtecgegecctggtag
attgcctggecgtaggecagcecatttttgagcggecageggecgegataggecgacgcgaageggeggggegtagggagegeagegaccgaagggtagg
cgctttttgcagctettcggetgtgegetggecagacagttatgcacaggecaggegggttitaagagtittaataagtittaaagagttttaggcggaaaaatcgect
tttttctcttttatatcagtcacttacatgtgtgaccggttcccaatgtacggcetttgggticccaatgtacgggttceggttcccaatgtacggcetttgggticccaatgtac
gtgctatccacaggaaagagaccttitcgaccttittccectgctagggeaatitgcectageatctgetecgtacattaggaaccggeggatgettcgecctegate
aggttgcggtagegceatgactaggatcgggecagectgeccegectectccttcaaatcgtactccggeaggteatitgaccegatcagcetigegcacggtgaaa
cagaacttcttgaactctccggegctgecactgegticgtagatcgtettgaacaaccatctggetictgectigectgeggegeggegtgecaggeggtagagaa
aacggccgatgccgggatcgatcaaaaagtaatcggggtgaaccgtcagcacgteegggtictigecttetgtgatetcgeggtacatccaatcagetagetega
tctcgatgtactccggecgeccggtticgetctitacgatcttgtageggetaatcaaggcttcaccctcggatacegtcaccaggeggecgticttggecttcttegta
cgctgcatggcaacgtgegtggtgtttaaccgaatgcaggtttctaccaggtegtetttctgetttccgecatcggetegecggeagaacttgagtacgtecgeaac
gtgtggacggaacacgcggccgggcttgteteectteccttcccggtateggttcatggattcggttagatgggaaaccgecatcagtaccaggtegtaatcccac
acactggccatgccggecggecctgeggaaacctctacgtgeccgtctggaagetegtageggatcacctegecagcetegteggtcacgettcgacagacgg
aaaacggccacgtccatgatgctgcgactatcgcgggtgcccacgtcatagagcatcggaacgaaaaaatctggttgetegtcgeccttgggeggcttectaat
cgacggcgcaccggcetgecggeggttgcecgggattetttgcggattcgatcageggecgcttgecacgattcaccggggegtgettctgectegatgegttgecg
ctgggeggectgegeggcecttcaacttctccaccaggtcatcacccagegecgegecgatttgtaccgggecggatggttigegaccgetcacgecgattccteg
ggcttgggggttccagtgecattgcagggecggcagacaacccagecgcttacgectggecaaccgeccgttcctccacacatggggceattccacggegteg
gtgcctggttgttcttgatiticcatgccgectectttagecgetaaaattcatctacteatitattcatitgctcatttactctggtagetgegegatgtattcagatagcagcet
cggtaatggtcttgcctiggegtaccgegtacatettcagettggtgtgatcctccgecggeaactgaaagttgaccegeticatggetggegtgtetgecaggetgg
ccaacgttgcagcecttgetgetgegtgegetcggacggecggeacttagegtgttigtgctittgeteatitictctttacctcattaactcaaatgagttitgatttaattica
gcggccagegcectggacctcgegggeagegtegeccetegggttetgattcaagaacggttgtgecggeggeggceagtgectgggtagetcacgegetgegtg
atacgggactcaagaatgggcagctcgtacccggecagegectcggeaacctcaccgecgatgegegtgecttigatcgcecgegacacgacaaaggecg
cttgtagecticcatccgtgacctcaatgegetgcetiaaccagcetecaccaggteggeggtggeccatatgtegtaagggettggetgcaccggaatcageacga
agtcggctgecttgatcgecggacacagecaagtcegecgectggggegetecgtegatcactacgaagtegegecggecgatggecttcacgtcgeggtcaat
cgtcgggceggtcgatgccgacaacggttageggttgatcettcccgecacggecgeccaatcgegggeactgecctggggatcggaatcgactaacagaacate
ggccccggegagttgcagggegegggctagatgggttgegatggtegtettgectgaccegectttctggttaagtacagegataaccttcatgegttceccttgeg
tatttgtttatttactcatcgcatcatatacgcagcgaccgceatgacgcaagctgttttactcaaatacacatcacctttttagacggcggegctcggtttcttcagegge
caagctggccggccaggecgcecagcettggcatcagacaaaccggecaggatttcatgcagecgeacggttgagacgtgegegggeggcetcgaacacgtac
ccggcecgegatcatctccgectegatetettcggtaatgaaaaacggttcgtectggecgteetggtgeggtttcatgettgticetettggegtteattctcggeggec
gccagggcgteggcecteggtcaatgegtectcacggaaggcaccgegecgectggecteggtgggegteacttectegetgegetcaagtgegeggtacagg
gtcgagcgatgcacgccaagcagtgcagecgectetttcacggtgeggecttectggtegatcagetcgegggegtgegegatetgtgecggggtgagggtag
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ggcgggggccaaacttcacgectcgggectiggeggectegegecegetcegggtgeggtegatgattagggaacgcetcgaactcggeaatgecggegaac
acggtcaacaccatgcggcecggecggegtggtggtgtcggeccacggetetgecaggetacgcaggececgegecggectectggatgegeteggeaatgtee
agtaggtcgcgggtgctgegggecaggeggtctagectggteactgtcacaacgtcgecagggegtaggtggtcaageatectggecagetcegggeggteg
cgcctggtgecggtgatctictcggaaaacagcttiggtgcagecggecgegtgeagttcggeccgtiggtiggtcaagtectggtegtcggtgetgacgegggeat
agcccagcaggccageggcggcegctcttgticatggegtaatgtctecggttctagtcgcaagtattctactttatgcgactaaaacacgcgacaagaaaacgcec
aggaaaagggcagggcggceagcctgtcgegtaacttaggactigtgcgacatgtegttticagaagacggetgcactgaacgtcagaagecgactgeactata
gcagcggaggggttggatcaaagtactttaaagtactttaaagtactttaaagtactttgatcccgaggggaacccetgtggttggcatgcacatacaaatggacg
aacggataaaccttttcacgcccttttaaatatccgattattctaataaacgctcttttctcttaggtttacccgccaatatatcctgtcaaacactgatagtttaaactga
aggcgggaaacgacaatctgatccaagctcaagctaagcttgcatgectgcaggatatcgtggatccaagcettgecacgtgecgecacgtgecgecacgtge
cgccacgtgectctagaggatccatctccactgacgtaagggatgacgcacaatcccactatccttcgcaagacccttectctatataaggaagttcatttcatttg
gagaggacacgctgggatccccaattccgggeggaatgaaagegttaacggccaggcaacaagaggtgtttgatctcatcegtgatcacatcagccagaca
ggtatgccgecgacgegtgecggaaatcgegeagegtttggggttccgticcccaaacgeggctgaagaacatctgaaggegetggcacgcaaaggegttatt
gaaattgtttccggcgcatcacgegggaticgtetgttgcaggaagaggaagaagggttgcegetggtaggtegtgtggetgecggtgaaccgtegagegecce
cccgaccgatgtcagectgggggacgagcetccacttagacggegaggacgtggegatggegeatgecgacgegcetagacgatttcgatctggacatgtiggg
ggacggggattcccegggtcecgggatttaccecccacgactcegeccectacggegcetctggatatggecgacttcgagtttgageagatgtttaccgatgecctt
ggaattgacgagtacggtggggatcegtctgctggagacatgagagetgccaacctttggccaageccgctcatgatcaaacgcetctaagaagaacagcectg
gectigtcectgacggecgaccagatggtcagtgecttgtiggatgetgagecceccatactctaticcgagtatgatcctaccagacccttcagtgaagcticgatg
atgggcttactgaccaacctggcagacagggagctggttcacatgatcaactgggcgaagagggtgccaggctitgtggatttgaccctccatgatcaggtcea
ccttctagaatgtgcctggcetagagatcctgatgattggtetegtetggegcetccatggagcacccagggaagcetactgtttgetectaacttgetettggacaggaa
ccagggaaaatgtgtagagggcatggtggagatcticgacatgetgctggctacatcatctcggticcgeatgatgaatctgcagggagaggagtttgtgtgecte
aaatctattattttgcttaattctggagtgtacacatttctgtccagcaccctgaagtctctggaagagaaggaccatatccaccgagtcctggacaagatcacaga
cactttgatccacctgatggccaaggcaggcectgaccetgcagcageageaccageggctggeccagcetectectcatectctcccacatcaggcacatgagt
aacaaaggcatggagcatctgtacagcatgaagtgcaagaacgtggtgcccctctatgacctgetgctggagatgetggacgeccaccgectacatgegece
actagccgtggaggggcatccgtggaggagacggaccaaagccacttggecactgecgggctcetacttcatcgceattecttgcaaaagtattacatcacggggg
aggcagagggtttccctgccacagtctgagagetccctggeggaatticccagagatgttagctgaaatcatcactaatcagataccaaaatattcaaatggaaat
atcaaaaagcttctgtticatcaaaaatgactcgacctaactgagtaagctagettgticgagtattatggcattgggaaaactgtttticttgtaccatttgttgtgcttgt
aatttactgtgttttitattcggttttcgctatcgaactgtgaaatggaaatggatggagaagagttaatgaatgatatggtccttttgttcattctcaaattaatattatttgtit
tttctcttatitgtigtgtgtigaattigaaattataagagatatgcaaacattitgtittgagtaaaaatgtgtcaaatcgtggectctaatgaccgaagttaatatgagga
gtaaaacactagatccccaaacaagctigaaactgaaggcgggaaacgacaatctgatcatgagcggagaattaagggagtcacgttatgaccccegecga
tgacgcgggacaagccgtittacgtttggaactgacagaaccgcaacgttgaaggagccactcagecgegggttictggagtttaatgage
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1kb+ HI e PDONR: 1kb+ pF3A WG DDONR +
ladder (BYDV) .?mPMI_hapl i (BYDV) ZmPhl hap
s — lkb+ PFAWG  pDONR: : i
ladder  (BYDV) ZmPMI_hapl = & i,
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Figure 27: Restriction enzyme digest of pF3A WG (BYDV) and pDONR:ZmPMI3_hap1.
Both vectors were digested with the enzymes SfaAl and Mssl for 2 h. The resulting DNA
fragments were separated via gel electrophoresis (A) and compared to the virtual digest
prepared in Benchling (B). Accordingly, the respective bands of the pF3A WG (BYDV) vector
backbone and the ZmPMI3_hap1 were cut out and used for molecular cloning (C).

1 kb+
ladder Colony number

1R2 3 4 5 6 7 8 O 10 117 1S 14 15 161 7 1R R 10BN 200 CF1 N C+2 G-

P T O 07 0 Al ) 0 ) e ) 0 0 e W A Vo
L4

1.6kb ——

Primer comb: P23 + P44

Amplicon size in positive colonies: 2.6 kb
Amplicon size in C+1: (commercial vector) 1.6 kb
C+2: ligation mix, expected size 2.6 kb

C- no template control

Figure 28: Colony PCR of E. coli transformed with the ligated pF3A WG (BYDV)
Flexi®::PMI_hap1 vector. The P23 and P44 primers (Table 29) bind to the vector backbone
flanking the insertion site for PMI3_hap1. The expected amplicon size in positive colonies is
2.6 kb; in C+1 (the commercial pF3A WG (BYDV) Flexi® vector) the amplicon size is 1.6 kb; in
C+2, the ligation mixture used initially to transform E. coli, the expected amplicon size is 2.6
kb; no amplification was expected in C-.
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1: 50 pL sample

1kh+ PFIAZZmPMI_hap PF3AZZmPMI_hap2 | . i
i fragment 1 fragment 2 2-6: 10 pl aliquots with gradient PCE
with the following annealing T: 55.6°C;
s IR W e i s EIN R LT T o B s i :
61.8°C, 64,7°C, 68,6°C, 71,7°C (from &-
C i L - ) ) " ot 2,12 6:717,5:686:_)
i C-1: no Polymerase
C-2: no template
1kb+  PF3AZZMPMI_hap3 pPE3AZZmPMI_hap3 1:50 pul sample
ladder fragment 1 fragment 2 2-6: 10 pl aliquots with gradisnt PCR
1 2 3 4 5 5 C1C2 a B S SRR T [ i) with the following annealing T: 58.6°C;
P T ey — [P —— £1.9°C, 64,7°C, 68,6°C, 71,7°C (from &-
3 2,j.e.6:71.7, 5: 68.6;....)
C-1: no Polymerase
C-2: no template
= F3A::ZmPMI_hapd
S DFSA;‘FEIZR;{J::{_;E]N ? fra;nem_l = LAyl sample
ladder s 2-6: 10 pL aliguots with gradient PCR
1 2345680102 1 234550102 with the following annealing T: 59.6°C;
Ny —— it a B L] B, £
T R pp—— 61.9°C, 64,7°C, 68,6°C, 71,7°C {from 6
2 ie 6:71.7 5:686; )
C-1: no Polymerase
C-2: no template
Haplotype Primer combination fragment 1 Primer combination fragment 2
PF3A::PMI3_hap2 P21+ P16; amplicon 2228 bp P22 + P15; amplicon 2408 bp
PF3AZPMIS_hap3 P21+ P1E; amplicon 2545 bp P22+ P17; amplicon 2088 bp
PF3APMIZ _hapd P21+ P20; amplicon 3273 bp P22 + P15; amplicon 1364 bp

Figure 29: Separation of the amplified Gibson fragments for pF3A::PMI3_hap2 to
pF3A::PMI3_hap4 via gel electrophoresis. C-1 is always the no Polymerase control, where
no Phusion polymerase was added and C-2 is the no template control. Primer combinations
and expected amplicon sizes are given below the gels, as well as in table Table 9 (section
3.8). Details regarding PCR protocol and primer generation are additionally provided in section
3.8 and all primer sequences are listed in Table 29.
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Table 30: Average temperatures (°C) and rainfall (mm) during the planting season of
2023 and 2024 in Dusseldorf. Corn plants were grown outdoors in the botanical garden at
HHU Disseldorf and were used in chapter 2 (section 4.2). Data from meteostat.net.

Year 2023 Year 2024

Month T(°C) Rainfall (mm) T(°C) Rainfall (mm)
May 14.4 44.6 15.9 144.3
June 20.7 66.2 17.0 102.1
July 19.4 130.2 19.3 80.3
August 18.6 148.2 20.7 66.9
September 18.8 85.4 16.6 63.6
October 13.8 108.3 12.7 66.3
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Table 31: Distribution of water-soluble carbohydrates and lignocellulosic components
among corn varieties digested by U. maydis (section 4.2.2). Relative distribution based on
the minimum and maximum detected for the whole data set. “+ + +” indicates the highest 10 %,
“+ +” indicates the highest 30°%, “+” indicates lower than 30 % but higher than 50 % ; “-

“indicates lower than 50 %, but higher than the lowest 30 % (“- -“) and “- - -” indicates the lowest
10%%. Table is sorted by total water-soluble carbohydrate content.
U. maydis
Variety Glucose Fructose | Sucrose Total Xylose HC Cellulose Lignin performance
B76 + + + +++ -- -- ++ +++
cle4 + + + +++ + + + - ++
F886 - - ++ +++ + ++ + + ++
FC13 - -- +++ +++ + - + + +++
Mo1l7 +++ +++ -- ++ - - - - ++
FC1819 -- -- +++ ++ ++ + + + +++
A619 -- -- +++ ++ + ++ - + +++
NC232 -- -- +++ ++ - - - - +++
F2834T + - + ++ - - +++ -- ++
MoG + + + ++ -- - +++ -- +++
CI28A - - + ++ - + + -- ++
AR210 - - ++ ++ --- -- + - ++
NC306 -- -- ++ ++ + + + -- ++
F918 + + + ++ - + - +++
NC222 ++ +4++ --- + - - + - -
NC314 ++ +++ --- + + + + - +
FC352 --- --- ++ + + ++ - + -
H49 + +++ --- + - - + - +
NC326 - - - + ++ ++ -- + +
B46 ++ ++ --- + -- -- + + +
CML9 - - - - + -- -- - -- -
A251 - - + + + + +++ - +
H91 + ++ --- + + + --- - -
NC320 - - - + ++ ++ -- - +
FAP1360A_1 - - - - + + ++ + ++ +4++ +
NC356 - -- + + + + ++ +++ +
SC357 - - - - ++ + - - - - - -- +
F916 + - - + - + -- +
F335 --- --- + + + + + -
C0125 - - + + - - + -- ++
F331 -- + --- - - + + + ---
F9003 + + --- - + + - -
F284 --- -- - - +++ ++ + - ---
B52 -- - --- - --- --- + + ---
H95 + - - - - + + --- - -
FAP1360A_2 -- -- - - ++ + ++ +++ -
CH10 - -- -~ - + - + -- -
4226 - -- -- - - -- ++ - ---
F7 -- -- --- -- ++ + + ---
F345 - - -- - - - - + -
F7 ++ + - +
F268 --- --- --- --- + + + + ---
FP1 --- --- --- --- + + - - ---
F292 --- --- --- --- +++ +++ - + ---
F76 --- --- --- --- + - -- + ---

r = Pearson coefficient; Total = sum of water-soluble carbohydrates; HC = sum of hemicellulosic components; CC = crystalline
cellulose
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Figure 30: Manhattan-plots of genome-wide association study (section 4.2.2). The plots
display the negative logarithm of the p-values for 44,293 SNPs across 212 corn varieties. Each
dot represents one SNP, whose physical location in the genome is shown on the x-axis.
Different colors distinguish the individual chromosomes. The horizontal line indicates the
significance threshold of p < 0.0001. The traits are glucose (Glc), fructose (Fru), sucrose (Suc)
in total and relative (%) abundance and the total water-soluble carbohydrates (Total). Red
circles indicate the SNPs that define the QTLs which contain the selected candidate genes.
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Table 32: Significant SNPs correlating to the 7 traits and their physical position in B73
RefGen_v2 and RefGen_v5 (section 4.2.2). The analyzed traits are absolute content of
glucose (Gilc), fructose (Fru), sucrose (Suc) and total soluble carbohydrate content (Total), as
well as their relative composition (Glc%, Fru%, Suc%).

Physical Physical
position (bp) | -log(P- position (bp)
Trait SNP ID/Locus Chr B73v2 value) Synonyms B73v5
Glc PZE.101192764 1 239535224 4.10 rs131868092 $s196431219 245178795
Glc SYN19476 2 31830162 4.14 rs131181960 5196508254 33385853
Glc SYN6755 3 3701505 4.09 rs131186087 $ss196526637 3755532
Glc PZE.105075111 5 82881987 4.16 rs131538537 $s196463853 84814765
Glc SYN26542 6 35091333 4.48 rs130247068 $s196513963 42964540
Glc PZE.107134586 7 173482344 4.31 rs132449772 ss196481431 182524830
Glc PZE.108002910 8 3159216 4.09 rs131640778 $5s196481646 3467614
Glc PZE.108056460 8 101409730 4.26 rs130826224 $5196485451 103380217
Glc% PZE.100001759 1 202758306 4.27 rs128290545 $s196422021 207273252
Glc% SYN2604 1 43062814 4.25 rs128425899 $ss196513566 42913701
Glc% PZE.103151399 3 205260873 4.36 rs129589441 $s196450046 210746242
Glc% SYN6756 3 3700793 4.03 rs129536762 5196526639 3754820
Glc% | PUT.163a.74232765.3578 4 224036678 4.05 rs129938789 $s196420761 231257952
Glc% PZE.105128384 5 185626663 4.37 rs132256532 55196467696 189323384
Glc% PZE.107017579 7 15157101 4.47 No records found in MaizeGDB
Glc% PZE.109109692 9 150354622 4.66 rs132566677 $5196494292 156815497
Fru PZE.101196778 1 244906397 4.22 rs128918254 ss196431418 250699962
Fru PZE.101219678 1 271111712 4.04 rs131892013 55196432348 277612674
Fru SYN28099 1 189586308 4.47 No records found in MaizeGDB
Fru SYN28100 1 189588905 4.47 rs131826954 $s196515234 193783734
Fru SYN28108 1 189589043 4.47 rs131183513 $s196515240 193783872
Fru SYN3135 1 189359106 4.21 rs131826870 $s196517981 193552471
Fru PZE.107053846 7 105221578 4.18 rs130599888 $s196478842 109896853
Fru PZE.108010908 8 11504308 4.16 rs130713930 5196481916 11956275
Fru% PZE.100001759 1 202758306 6.47 rs128290545 $s196422021 207273252
Fru% PZE.103083198 3 137788044 4.04 rs132033286 $5196447284 139390412
Fru% PZE.107063028 7 120107334 4.17 rs130620836 ss196479442 125330985
Fru% PZE.109109692 9 150354622 4.52 rs132566677 55196494292 156815497
Suc PZE.101195302 1 242541772 4.43 rs128913628 $s196431307 248216003
Suc PZE.103084194 3 139508679 4.24 rs132034133 $s196447370 141163822
Suc SYN8972 3 204363992 4.15 rs129395180 $5196528450 209675293
Suc PZE.107000798 7 988177 4.03 rs131179431 $s196475190 845208
Suc% PZE.100001759 1 202758306 5.54 rs128290545 $s196422021 207273252
Suc% SYN21134 1 225041422 4.03 rs131857318 $s196509665 230598209
Suc% | PUT.163a.74232765.3576 4 224036660 4.22 rs129938788 $s196420757 231257934
Suc% | PUT.163a.74232765.3578 4 224036678 4.33 rs129938789 ss196420761 231257952
Suc% PZE.107063028 7 120107334 4.44 rs130620836 $s196479442 125330985
Suc% PZE.109109692 9 150354622 5.04 rs132566677 55196494292 156815497
Total PZE.101171014 1 214648677 4.26 No records found in MaizeGDB
Total PZE.107000798 7 988177 4.25 rs131179431 ss196475190 845208
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Figure 31: Chromosome specific linkage disequilibrium decay plots (section 4.2.2).
Plotted is the r? between the SNPs against the physical distance between them. The red line
shows the linkage disequilibrium decay, and the blue bars show the threshold of 0.1 and its
corresponding physical distance.
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Figure 32: Water-soluble carbohydrate content stem material of soil-grown A. thaliana
T-DNA lines and wildtype (Col-0) (section 4.4.2). Data are shown as average + SD in ug
per mg dry material. The stems of 17 Col-0, 18 sweet2-1 and 16 sweet2-3 plants were
analyzed after 8 weeks. Significant differences between a T-DNA line (sweet2-1 or sweet2-3)
and Col-0 are indicated by an asterisk and determined by a one-way ANOVA followed by
Tukey-HSD test with p < 0.05. No significant differences were detected.
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Figure 33: Root weight and water-soluble carbohydrate content in A. thaliana lines
(section 4.4.2). A) Root weight of A.thaliana plants grown in hydroponic systems
supplemented with 0.5 % or 5 % glucose. Depicted is the average = SD of the individual root
weight, determined by normalization of the pools to the number of roots within the pool. B/C)
Soluble glucose (B) and fructose (C) content of these roots. Depicted are the average + SD of
8 pools of roots (containing 2-3 individual roots) for each genotype. Datapoints represent
individual measurements. Significant differences between a T-DNA line (sweet2-1 or sweet2-
3) and Col-0 are indicated by an asterisk and determined by a one-way ANOVA followed by
Tukey-HSD test with p < 0.05. No significant differences were detected.
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Figure 34: Growth of S. cerevisiae strains on different carbohydrate containing media
(section 4.4.2). Different yeast strains i.e., the wildtype strain, the transport deficient strain
and the transport deficient strain transformed with ZmSWEET2a_hap1, _hap2, AtSWEET2 or
the empty pDRf1-vector (EV) were spotted on synthetic medium containing different carbon
sources. T1 and T2 refer to individual transformants. The amino acids histidine, tryptophan
and leucine were added to the media. Uracil was used as selection marker for the pDRf1 vector
and not added to the media, as indicated by Aux. The plates were incubated at 28°C for four
days before taking pictures. Individual spots from left to right show 10-fold dilutions. Neither
the wildtype nor the transport deficient strain can grow on any media due to the absence of
uracil, while the pDRf1-containing yeast strains grow only on maltose containing media, due
to the absence of Fructose or Sucrose transport ability.
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Transmission

Figure 35: Localization of GFP tagged ZmSWEET2a_hap1 in transport deficient
S. cerevisiae strain (section 4.4.2). Transmission and GFP pictures were taken by laser
scanning confocal microscopy. White arrows indicate clear vacuolar localization, red arrows
indicate diffuse localization, and blue arrows indicate not expressing cells. Scale bar: 5 um.
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Transmission

Figure 36: Localization of GFP tagged ZmSWEET2a_hap2 in transport deficient
S. cerevisiae strain (section 4.4.2). Transmission and GFP images were taken by laser
scanning confocal microscopy. White arrows indicate clear vacuolar localization, red arrows
indicate diffuse localization, and blue arrows indicate not expressing cells. Scale bar: 5 um.
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Transmission Gfp Merge Transmission Gfp Merge

Figure 37: Localization of GFP tagged OsSWEET2b in transport deficient S. cerevisiae
strain (section 4.4.2). Transmission and GFP pictures were taken by laser scanning confocal
microscopy. White arrows indicate clear vacuolar localization, red arrows indicate diffuse
localization, and blue arrows indicate not expressing cells. Scale bar: 5 um.
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‘hap1:mVenus

Figure 38: Subcellular localization of mVenus tagged SWEET2a_hap1i and
SWEET2a_hap2 in N. benthamiana leaf cells (section 4.4.2). Pictures were taken 3 days
post infiltration and 5 h post induction with laser scanning confocal microscopy. Pictures are

the overlay of multiple z-stacks. Scale bar = 50 um.
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Figure 39: Primary sequence alignment of ZmSWEET2a hap1 and 2 and OsSWEET2b
proteins (section 4.4.2). The alignment was done with Clustal Omega (1.2.4) (Madeira et al.,
2024) using the default parameters and visualized with Jalview (2.11.4.1). Extra-/Intrafacial
gate, substrate binding pocket and transmembrane domain were marked based on the
OsSWEET2b sequence (Tao et al., 2015). The position of the signal peptide was predicted
with DeepLoc (2.0).

Table 33: Bradford assay of PMI3 haplotypes and a no protein control (section 4.5.2).
Protein concentrations were calculated with a bovine serum albumin standard curve.

Sample c (total protein) (ug/uL)
ZmPMI3_hapl 6.15
ZmPMI3_hap2 6.27
ZmPMI3_hap3 6.66
ZmPMI3_hap4 7.13

No protein 7.15
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Figure 40: Kinetics of F6P synthesis of ZmPMI3 haplotypes (section 4.5.2). For the
Michaelis-Menten plots (A), the results are depicted as the individual measurements of two
different protein concentrations (points and crosses). The curves are calculated based on
the Vmax and Km values determined with the Lineweaver Burk plots (B).
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large-scale forwerd genetic screen for maize mutants with altered
lignocellulosic properties”™ in my upcoming PhD thesis.

httez.l/dal org/l8 3383/ folz 2623 1833¢09

I understand thet the article is publizhed under the terms of Crestive
Commons Attribution License (CC BY), which permits reuse of content
provided that proper attribution iz given. While thiz licensze allows for
such use, I would like to obtain formsl spproval from the Journsl ez
courtesy and to comply with acedemic best prectices, perticularly az my
institution advizes obtaining explicit perwission when reusing
previcusly publizhed material in a doctorel thesis.

The thesiz will be submitted to Heinrich-Heine-Universitdt Dusseldorf
and may be made publicly svailsble through the university's
institutionsl repository.

Please let me know, if sny further information iz required, or if there
are specific conditions I should observe when reusing this meterial.

Thank you very much for your time and considerstion!
Kind regardsz,
Stefan Robert:
Institute for Plant Cell Biology and Biotechnology
Figure 42: Permission to reuse published data, figures and text from the publication “A

large-scale forward genetic screen for maize mutants with altered lignocellulosic
properties” (S. Wang et al., 2023).
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