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Summary

Summary

The biotrophic pathogen Ustilago maydis causes smut disease on maize (Zea mays) and
induces the formation of tumours on all aerial parts of the plant. Unlike in other biotrophic
interactions, no gene-for-gene interactions have been identified in the maize-U. maydis
pathosystem. Thus, maize resistance to U. maydis is considered a polygenic, quantitative
trait. In this study, the molecular mechanisms that underlie the interaction of U. maydis
with maize lines of quantitatively different resistance levels were investigated. This aimed
at elucidating whether the fungus’ virulence strategy is adapted to different host
genotypes and at identifying host processes involved in quantitative disease resistance
(QDR) to U. maydis.

Based on quantitative scoring of disease symptoms in 26 maize lines, an RNA-Seq
analysis of six U. maydis-infected maize lines of highly distinct resistance levels was
performed. In accordance with the complex nature of QDR, the different maize lines
showed specific responses of diverse cellular processes to U. maydis infection. On the
fungal side, 406 genes were differentially expressed between maize lines, of which 102
encode predicted effector proteins.

Furthermore, correlation analysis of co-expressed U. maydis genes to the susceptibility
levels of the different maize lines suggested differences in host nutrient availability as well
as cell wall composition to be involved in QDR to U. maydis. On the host side, expression
of genes related to cell division or photosynthesis was correlated with low or high
resistance levels, respectively.

Based on the enrichment of predicted effector genes in differentially expressed U. maydis
genes, U. maydis CRISPR/Cas9 knock-out mutants for selected maize line-specific
effector sets were generated to investigate, if and how U. maydis effectors are adapted to
the host genotype. Infections of different maize lines with the fungal mutants identified
effectors with quantitative, maize-line-specific virulence functions. RNA-Seq revealed
auxin-related processes as a possible target for one of those effectors, UMAG_02297.

To identify genetic loci contributing to QDR to U. maydis in maize seedlings, a QTL
mapping experiment using a population derived from a cross of two maize lines with
highly distinct U. maydis resistance was performed in the field. Preliminary data identified
one QTL on chromosome 9 that contributes to heavy tumour formation.

Taken together, this study showed that both transcriptional activity and virulence function
of fungal effectors are modified according to the infected maize line, which provides new
insights into the molecular mechanisms underlying the quantitative interaction of

U. maydis and maize.
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1. Introduction

1 Introduction

One of the major challenges for humankind is to supply sufficient food for a growing world
population, intensified by harshening conditions due to climate change (Alexandratos and
Bruinsma 2012). Grain crops are the main food supply and provide more than half of the
world population’s food energy intake. Cultivation success of such crop plants highly
depends on the prevalent abiotic and biotic environmental conditions, which include light,
temperature, soil properties, nutrient availability, and interactions with microbiota.
Outbreaks of plant diseases have struck humans throughout history, such as the infamous
Irish potato famine caused by the oomycete Phytophthora infestans (Turner 2005).
Nowadays, diseases caused by parasitic microbes are still a persistent problem that
seriously limits agricultural productivity (Figure 1.1). Pathogens including bacteria, fungi
and viruses are estimated to account for 16% of crop losses (Oerke and Dehne 2004;
Oerke 2006). Especially fungi and oomycetes are the causal agents of some of the most
notorious plant diseases posing a true threat to global food security, and cause severe
economic damage with annual losses of more than 200 billion USD (Birren et al. 2002;
Fisher et al. 2012).

common rust fusarium wilt grey mould

anthracnose corn smut potato blight

Figure 1.1. Plant diseases. Plant pathogenic microbes cause severe losses in agricultural production and are
a true threat to global food security. Pictures from: Lim et al. 2006; Alves et al. 2011; Galicia-Garcia et al.
2016; Fu et al. 2019; Petrasch et al. 2019; Giménez-lbanez 2020.



1. Introduction

To develop new strategies for high yields in a sustainable agriculture, a deep
understanding of the fundamental molecular processes that underlie the interactions of
plants and pathogens is required.

1.1 Plant defence and microbe counteractions

In natural environments, plants are constantly exposed to a myriad of microbes that they
associate with in various ways. The establishment of symbiotic plant-microbe interactions
is a highly complex and sophisticated process, which can have beneficial (mutualism),
neutral (commensalism) or detrimental (parasitism) outcomes for the plant. Plant
pathogens aim to colonise their host plants to gain nutrients and fulfil their life cycle, which
often has substantial negative effects for the host. To this end, pathogens have evolved
different lifestyles and strategies of infection: some actively kill host cells to live on the
decomposing organic compounds (necrotrophy; Horbach et al. 2011), others, in contrast,
feed on nutrients provided by the living host cells (biotrophy). Therefore, biotrophs
establish an intimate and highly adapted interaction with the colonised tissue and
manipulate diverse host processes to avoid recognition, and redirect nutrient supply
towards their needs (Lo Presti et al. 2015). Combinations of these nutritional strategies
exist, in which pathogens first go through an initial biotrophic phase, followed by a
necrotrophic lifestyle (hemibiotrophy; Horbach et al. 2011). In all cases, pathogens must
cope with various plant defence mechanisms to successfully colonise the host tissue.

1.1.1 Plant innate immunity

To ward off herbivores or (unwanted) microbes, plants hold a first line of constitutive
defence components, which include preformed physical barriers such as rigid cell walls,
thorns or hairs and wax layers as well as chemical barriers including saponins,
glucosinolates or antimicrobial enzymes (Heath 2000; Muthamilarasan and Prasad 2013).
In addition to these constitutive barriers, effective defence responses are crucial for plant
survival following pathogen attack. Plants have therefore evolved a sophisticated
signalling network to mediate adequate responses depending on the invading pathogen’s
infection strategy. This signalling network is partly linked to the defence hormones salicylic
acid (SA) and jasmonic acid (JA)/ethylene (ET; Bari and Jones 2009). The SA and JA/ET
pathways act antagonistically: SA signalling is generally involved in activation of defence
responses to biotrophic and hemibiotrophic pathogens, whereas JA/ET induce defence
responses to necrotrophic pathogens and herbivorous insects (Glazebrook 2005;
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1. Introduction

Gamalero and Glick 2012; Wasternack and Hause 2013). SA signalling leads to the
production of reactive oxygen species (ROS), which are highly toxic and can damage
invading pathogens (Tamaoki 2008). ROS additionally serve as signaling molecules to
control defence and induce programmed cell death at the site of pathogen attack, thereby
hindering the spread of biotrophic pathogens (Apel and Hirt 2004). In contrast, JA acts as
an antagonist to cell death, thereby counteracting necrosis induced by necrotrophic
pathogens (Rao et al. 2000).

To respond appropriately, plants need to be able to perceive invading pathogens through
the signals they produce (Mdiller et al. 2016). In contrast to mammals, which carry mobile
defence cells and a somatic adaptive immune system, plants rely on the multi-layered
innate immunity of each cell and on systemic signals emitted from sites of pathogen attack
(Jones and Dangl 2006; Jones et al. 2016). The first layer is based on the recognition of
broadly conserved pathogen- or microbe-associated molecular patterns (PAMPs/MAMPS),
for example bacterial flagellin or fungal chitin, by cell surface-localised pathogen
recognition receptors (PRRs), which include receptor-like kinases (RLKs) and receptor-
like proteins (RLPs; Zipfel 2008; Yu et al. 2017, Figure 1.2). PRRs can form complexes
with other RLKs or RLPs, leading to increased specificity and allowing cross-talk between
multiple pathways, and thereby balancing PRR-signaling output (Couto and Zipfel 2016;
Tang et al. 2017). Besides PAMP-recognition, PRR signaling can also be triggered by
plant-derived damage-associated molecular patterns (DAMPs) that are released through
e.g. cell wall degradation by an invading pathogen (Boller and Felix 2009; Brown and
Tellier 2011; Albert 2013). PRR activation results in rapid responses leading to the
induction of pattern-triggered immunity (PTI), which involves early and late defence
responses (Boller and Felix 2009; Monaghan and Zipfel 2012, Figure 1.2, step 1). One of
the first responses is the rapid influx of calcium (Ca®*) into the cell and the generation of
extracellular ROS, resulting in the activation of defence-related mitogen-activated protein
kinase (MAPK) cascades and ultimately expression changes of defence genes (Boller and
Felix 2009; Seybold et al. 2014; Lee et al. 2015; Couto and Zipfel 2016). In later defence
responses, signals released upon PTI can be amplified by phytohormones like SA or JA,
which additionally induce the accumulation of antimicrobial compounds and reinforce cell
wall components such as callose or lignin as well as the expression of pathogenesis-
related (PR) genes like chitinases and glucanases (Lee et al. 2015; Couto and Zipfel
2016). In general, PTl is pathogen-unspecific and can elevate the responsiveness to other
PAMPs and therefore might prime further defence responses (Zipfel et al. 2004).

To overcome PTI, successful pathogens secrete numerous molecules called effectors into
the plant cell or the apoplast (Giraldo and Valent 2013, Figure 1.2, step 2). On the one
hand, these effectors can contribute to virulence and cause effector-triggered
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susceptibility (ETS); on the other hand, they can be targets of immune receptors, the
resistance (R) proteins, which constitute the second branch of the innate immune system
(Jones and Dangl 2006, Figure 1.2, step 3 and 4). Most R genes encode intracellular
nucleotide-binding leucine-rich repeat proteins (NLRs), and hundreds of diverse NLR
genes can be found in plant genomes (Dangl and Jones 2001; McHale et al. 2006; Cui et
al. 2015). Depending on their specific N-terminal domain, NLRs can be grouped into two
different classes: TIR-NLRs (TNLs) contain a Toll-interleukin 1 receptor (TIR) domain and
are only present in dicots; CC-NLRs (CNLs) contain a coiled-coil (CC) domain and are
present in both monocots and dicots (Jacob et al. 2013; Cui et al. 2015). R-gene
recognition of effectors, which are then called avirulence factors, mounts effector-triggered
immunity (ETI, Figure 1.2, step 5). The recognition of effectors by R proteins is highly
specific and can either be direct by receptor binding of the effector, or indirect (Cesari
2018; Monteiro and Nishimura 2018). The process of indirect effector recognition is
currently described by three different models: the guard model, the decoy model and the
integrated decoy model (Cesari et al. 2014; Wu et al. 2015). In the guard and decoy
model, NLRs monitor the integrity of host-effector targets or their structural mimics
(decoys). In the integrated decoy model, the effector target decoy is directly integrated
into the NLR (Cesari et al. 2014; Jones et al. 2016, Figure 1.2, step 4). Moreover,
increasing evidence suggests that many NLRs function synergistically or antagonistically
in pairs to trigger ETI responses by dimerization of their N-terminal regions (Wang et al.
2020; Feehan et al. 2020).

During ETI, PTI-triggered defence responses are amplified, and the accumulation of ROS
and SA is induced. This leads to hypersensitive response (HR) and systemic acquired
resistance (SAR), which result in programmed cell death of host cells and long-term
priming for further pathogen attack (Dangl and Jones 2001; Dodds and Rathjen 2010; Fu
and Dong 2013; Conrath et al. 2015). Again, successful pathogens need to secrete
effectors to interfere with ETI, which yet again can be recognized by new plant R genes.
In this arms race of pathogen and host, severe selective forces lead to the co-evolution of
new pathogen effectors and plant R proteins, resulting in complex effector-R protein
networks, as described in the ‘zig-zag model’ (Jones and Dangl, 2006).
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Figure 1.2. Schematic of the plant immune system. Damage-, pathogen- and microbe-associated
molecular patterns (DAMPs, PAMPs and MAMPs, respectively) are perceived as danger signals through
pattern recognition receptors (PRRs) and initiate PRR-mediated immunity (PTI, step 1). Pathogens deliver
virulence effectors to both the apoplast and to the cytoplasm (step 2). These effectors can suppress PTI and
facilitate virulence (step 3). Intracellular NLRs can perceive effectors in three ways: first, by direct receptor
ligand interaction (step 4a); second, by sensing effector-induced changes in a decoy protein that structurally
mimics an effector target, but has no other function in the plant cell (step 4b, integrated decoy model); and
third, by sensing effector-induced changes of a host virulence target, like the cytosolic domain of a PRR (step
4c). Effector perception results in NLR-dependent effector-triggered immunity (ETI, step 5). Modified from
Boller and Felix (2009); Dangl et al. (2013). Created with BioRender.com.

However, with new emerging knowledge, the two layers of plant immunity described by
this model have been blurred. Since not all effectors are translocated into the host cell,
they can also be recognised in the apoplast by extracellular receptors that are similar to
PRRs, and can sometimes be widely conserved among pathogens, making them
comparable to PAMPs. On the other side, similar to effectors, PAMPs can also exhibit
some sequence diversity (Thomma et al. 2011; Kanyuka and Rudd 2019; van der Burgh
and Joosten 2019). Furthermore, transcriptome analyses showed an important overlap of
genes involved in PTI and ETI, suggesting that PTI and ETI activate interacting pathways
leading to plant immunity (Navarro et al. 2004; Dong et al. 2015). Therefore, revised
models of plant immunity that do not sharply discriminate between PTI and ETI have been
proposed. The ‘spatial invasion model’, for example, is based on the spatial localisation of
the receptors that recognise the immunogenic pattern and that induce immune responses
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(Cook et al. 2015; Kanyuka and Rudd 2019). Therein, two spatially separated host
receptor types detect microbe- or host-derived molecules that signal invasion (‘invasion
molecules’, IMs) either in the apoplast (‘cell surface immune receptors’, CSIRs) or inside
the host cell (‘intracellular immune receptors’, 1IRs), triggering mechanistically distinct
defence responses.

1.1.2 Effectors in plant-pathogen interactions

Plants can be colonised by fungi that have developed highly diverse lifestyles such as
necrotrophy, biotrophy or mutualism (Chapter 1.1). Irrespective of their lifestyle, all fungi
that colonise plants are recognised by the plant immune system. Therefore, they must
avoid eliciting host defence responses, cope with or suppress them in order to establish
compatible interactions (Lo Presti et al. 2015). This is facilitated by secretion of effectors
that e.g. mask the fungus, suppress PTI or ETI, or manipulate host cell physiology to
provide nutrients (de Jonge et al. 2011; Giraldo and Valent 2013; Okmen and
Doehlemann 2014; Zuccaro et al. 2014). Most commonly, effectors are defined as small
proteins that are secreted by a pathogen during host invasion and that promote
colonisation (Dodds and Rathjen 2010; de Jonge et al. 2011). In addition to proteins,
secreted small RNAs and secondary metabolites can act as effectors as well (Collemare
et al. 2019). Pathogen effectors are employed in a spatio-temporal manner, acting either
in the apoplast or within plant cells (Doehlemann and Hemetsberger 2013; Torufio et al.
2016). Apoplastic effectors often contain cysteine residues, that can form disulfide bridges
and stabilise the protein in the harsh environment of the host apoplast, and many target
host proteases (Doehlemann and Hemetsberger 2013; Wang and Wang 2018).
Intracellular effectors are translocated to various cellular compartments where they
interfere with plant physiology or target vulnerable immunity hubs (Lo Presti and Kahmann
2017). Effectors from gram-negative bacteria are delivered into the host cells through a
type lll secretion system (Navarro et al. 2008; Dangl et al. 2013). How effectors from
filamentous pathogens are trafficked is in contrast poorly understood (Dodds et al. 2009;
Giraldo and Valent 2013; Petre and Kamoun 2014). Often, effectors from filamentous
pathogens bear a signal peptide for secretion via the endoplasmic reticulum, but delivery
to the host also occurs via unconventional secretion (Lo Presti et al. 2015). In oomycetes,
effector proteins lack a secretion signal but contain a conserved N-terminal RXLR motif
which is required for their secretion (Whisson et al. 2007). Another frequent feature of
effectors from filamentous pathogens is the lack of sequence identity with any known
functional domain, which reflects the evolutionary pressure as a driver of effector
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diversification (Stergiopoulos and de Wit 2009; Okmen and Doehlemann 2014; Mukhi et
al. 2020). As a result of the continuous selection pressure that is exerted from the host’s
immune system, effectors frequently represent the fastest evolving genes within a
pathogen’s genome and consequently are commonly species- or even race-specific
(Sanchez-Vallet et al. 2018; Plissonneau et al. 2018; Depotter and Doehlemann 2020).
However, also highly conserved effector proteins exist (Orbach et al. 2000; de Jonge et al.
2010; Djamei et al. 2011; Mentlak et al. 2012; Gan et al. 2013; Stergiopoulos et al. 2014;
Hemetsberger et al. 2015).

Common effector targets in host plants

Because plants depend on conserved defence strategies, invading pathogens must
overcome similar defence responses. Hence, despite the high diversity of effectors, often
a limited number of central defence processes are their targets (Okmen and Doehlemann,
2014).

Plant proteases are involved in the perception and signaling upon pathogen attack and
degrade effectors secreted by invading pathogens. This makes them one of the key
targets of various effectors, such as EPIC1 and EPIC2B from the oomycete P. infestans,
which inhibit host cysteine proteases (Tian et al. 2007; Song et al. 2009; Mueller et al.
2013). Plant immune receptors are crucial for pathogen perception and therefore
represent another common target (Géhre and Robatzek 2008). For example AvrPto from
Pseudomonas syringae impedes PTI signaling through kinase inhibition of FLS2 and EFR
(Xiang et al. 2008). As chitin is an important structural component of the fungal cell wall
and absent in plants, it represents an ideal PAMP recognised by plant immune receptors.
Host chitinases degrade the fungal cell wall, resulting in loss of cell integrity and release of
chitin fragments, which can trigger PTI. To counteract chitinases, fungal pathogens have
developed different strategies: in the tomato pathogen Cladosporium fulvum, Avr4
protects the fungal cell wall against chitinase degradation (van den Burg et al. 2006; van
Esse et al. 2007), while the LysM domain effector Ecp6 sequesters released chitin
fragments to avoid PAMP recognition through CERK1 (de Jonge and Thomma 2009; de
Jonge et al. 2010; Sanchez-Vallet et al. 2013). In addition to chitinases, also glucanases
are secreted to attack the cell wall of invading pathogens, making them another important
effector target (Rose et al. 2002; Sanchez-Rangel et al. 2012). Due to their fundamental
role in plant defence and physiology, phytohormone pathways are manipulated by many
effectors (reviewed by Kazan and Lyons 2014). The phytohormone SA is a key molecule
in defence signaling against biotrophs and for induction of cell death. Therefore, biotrophic
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pathogens have developed strategies to prevent SA accumulation. For example, the
oomycete pathogen Phytophthora sojae secretes the isochorismatase Pslsc1 to inhibit SA
synthesis (Liu et al. 2014). JA is mainly induced in resistance against necrotrophic
pathogens and acts as an antagonist of SA signalling. Therefore, some biotrophic
pathogens induce the JA pathway to suppress SA-mediated defences, as for example
through the effector HopZ1a from P. syringae (Jiang et al. 2013; Plett et al. 2014).
Because ROS serve as signalling molecules inducing defence responses like HR (Apel
and Hirt 2004), biotrophic pathogens secrete effectors preventing their accumulation. The
obligate biotrophic fungus Blumeria graminis f. sp. hordei for example secretes the
catalase catB to scavenge H>O: at sites of fungal germ tube invasion during infection
(Zhang et al. 2004).

Following the definition of effectors as proteins and small molecules that alter host-cell
structure and function, all genomes of plant pathogenic fungi and oomycetes contain
hundreds of putative effector genes (Hogenhout et al. 2009; Doehlemann and
Hemetsberger 2013). As the effector repertoire is a major determinant of the success of
plant-pathogen interactions, the discovery of effectors is of great interest. Proteomics,
comparative genomics, as well as in planta expression studies have been employed as
tools for effector discovery. Recently, association mapping approaches, the analysis of
pan genomes, as well as machine learning bioinformatics pipelines such as EffectorP2.0
(effectorp.csiro.au; Sperschneider et al. 2018) have helped identifying effector candidates
in pathogen genomes (reviewed in Kanja and Hammond-Kosack 2020). However, to date
only few pathogen effectors have been characterised in depth. The further functional
characterisation of the complex effector repertoires secreted by pathogens and their
respective virulence targets will help to shed light into the mechanisms involved in plant
defence and guide the development of effective disease control strategies.
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1.1.3 Quantitative disease resistance

Large-effect R genes such as NLRs, which lead to either almost complete resistance or
susceptibility, are crucial determinants of plant innate immunity (Chapter 1.1.1).
Accordingly, R gene-mediated resistance is often also referred to as qualitative resistance
(Figure 1.3A). However, both in natural populations as well as in crops, mostly incomplete
resistance is observed, as shown by a continuous distribution of susceptible to resistant
phenotypes (Bartoli and Roux 2017). This is usually referred to as quantitative disease
resistance (QDR; Roux et al. 2014). Here, the disease resistance phenotype is
determined by multiple quantitative trait loci (QTLs) that form an intricate network
integrating multiple response pathways to several pathogen factors and environmental
signals (Poland et al. 2009; St.Clair 2010; Roux et al. 2014; Niks et al. 2015; Corwin and
Kliebenstein 2017, Figure 1.3B). Hence, genetic variation at hundreds of causal genes

can determine QDR outcomes.
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Figure 1.3. Qualitative versus quantitative plant disease resistance. A) Principles of qualitative disease
resistance. For qualitative resistance, the disease resistance phenotype follows a binary ‘susceptible or
resistant’ distribution, resulting from the perception of a single pathogen effector (Avr) by a plant resistance (R)
gene. B) Principles of quantitative disease resistance. For quantitative disease resistance (QDR), a
continuous distribution from susceptibility towards resistance is observed in the population, which is the result
of the integration of multiple perception pathways each having a relatively minor contribution to the overall
resistance phenotype. Modified from Roux et al. 2014. Created with BioRender.com.
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Current studies in molecular plant pathology have mainly focused on understanding the
molecular mechanisms of qualitative resistance, as the large-effect genes are more easily
available for detailed molecular analysis. In contrast, mechanisms controlling QDR still
remain poorly understood (Poland et al. 2009; Roux et al. 2014; Corwin and Kliebenstein
2017). Even though many QDR loci have been mapped in the past, the underlying
complex genetic architecture has limited the molecular characterisation of mechanisms
involved (Corwin and Kliebenstein 2017). Still, several QDR genes with various functions
have been cloned recently. In several cases, kinases have been shown to play important
roles in QDR. Two maize wall-associated kinases, ZmWAK-RLK1 and ZmWAK, confer
QDR to Northern leaf blight and head smut, respectively (Zuo et al. 2015; Hurni et al.
2015). Other QDR genes encode putative transporters, the ABC (adenosine triphosphate
[ATP]-binding cassette) transporter encoded by Lr34 confers resistance to diverse fungal
pathogens in wheat (Krattinger et al. 2009). A caffeoyl-CoA O-methyltransferase
connected to lignin production was shown to confer QDR to various necrotrophic
pathogens of maize (Yang et al. 2017). Antimicrobial metabolites are implicated in QDR to
several pathogens as well. GSH1, a gene involved in the biosynthesis of glutathione, is
important for limiting the spread of virulent P. syringae and for establishing disease
resistance to Phytophtora brassicae in Arabidopsis thaliana (Parisy et al. 2006). Genes
influencing plant growth, development and architecture often also have pleiotropic effects
on QDR. For example, genes controlling flowering time have been found to be strongly
correlated with QDR to many necrotrophic pathogens and in addition, several
developmental stage-specific resistance QTLs have been identified (Thompson and
Bergquist 1984; Steffenson et al. 1996; Collins et al. 1999).

Matching defence responses to the lifestyle of the invader is of critical importance. Hence,
it is not surprising that also genes involved in the regulation of the SA and JA/ET
pathways contribute to QDR. For example the A. thaliana WRKY33 gene, encoding a
WRKY transcription factor balancing the cross-talk between JA- and SA-regulated disease
response pathways, is involved in resistance to Botrytis cinerea and Alternaria
brassicicola (Zheng et al. 2006). Other genes identified in QDR correspond to previously
uncharacterised defence genes, such as the soybean wound-inducible domain protein
WI12, the soybean serine hydroxymethyltransferase RHG4 and the rice proline-containing
protein Pi21, which lack similarity to any currently known defence-related genes (Fukuoka
et al. 2009; Cook et al. 2012). Additionally, studies of QDR by RNA-Seq approaches
indicated highly interconnected and multifaceted defence responses, which were mostly
distinct from functions previously identified for plant immunity (Kebede et al. 2018; Pan et
al. 2018; Delplace et al. 2020). However, some components of PTl and ETI have also
been found to condition quantitative differences in disease resistance. Mutations in the
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chitin receptor CERK1 or the flagellin receptor FLS2, which both play essential roles in
PTI, have been reported to result in quantitatively reduced resistance to the biotrophic
fungal pathogen Erysiphe cichoracearum or bacterial colonisation, respectively (Zipfel et
al. 2004; Ramonell et al. 2005; Wan et al. 2008). In rare cases, also NLR genes can
underlie QDR (Poland et al. 2009; Barbacci et al. 2020), which drives the hypothesis that
allelic variants, i.e. weak alleles, of R genes can cause incomplete resistance. This is also
supported by the physical co-localisation of resistance QTLs and R genes in genomes of
several species, including rice, maize and potato (Wang et al. 1994; Gebhardt and
Valkonen 2001; Xiao et al. 2007). Thus, the dichotomy of qualitative versus quantitative
disease resistance is obliterated, as strong-effect R genes might be eroded through
pathogen evolution, converting them into quantitative resistance genes. Nonetheless, this
form of QDR likely primarily accounts for resistance towards biotrophic pathogens for
which R gene-mediated defence is mostly effective (Poland et al. 2009). However, QDR
against biotrophs is rarely described, and QDR is mostly considered to be the
predominant form of defence against generalist necrotrophs such as
Sclerotinia sclerotiorum and B. cinerea (Denby et al. 2004; Perchepied et al. 2010).
Compared to qualitative resistance, the molecular functions underlying QDR are highly
diverse and involve aspects such as plant morphology and development, components of
signal transduction systems, antimicrobial compounds such as phytoalexins, and other
previously unknown factors. In general, even though some mechanisms of QDR were
found to overlap with genes mediating qualitative resistance, the predominant
mechanisms of QDR extend beyond pathogen recognition (Corwin and Kliebenstein
2017). Due to the high selective pressures exerted by large-effect R genes on adapted
pathogens, qualitative resistances are expected to be overcome rapidly in the field. In
contrast, breakdown of QDR is considered less likely because of the smaller effects of
QDR genes and their presumed broader specificity, rendering QDR more durable and
therefore of special interest for sustainable crop protection strategies (Parlevliet 2002;
Poland et al. 2009; St.Clair 2010; Roux et al. 2014; Niks et al. 2015).
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1.2 Ustilago maydis: the causative agent of corn smut disease

The biotrophic basidiomycete fungus Ustilago maydis causes smut disease in maize
(Zea mays) and its wild relative teosinte (Euchlaena mexicana; Martinez-Espinoza et al.
2002). Characteristic disease symptoms include local tumours in which spores develop
and that can be formed on all above-ground organs in less than a week, including leaves,
ear and tassel (Figure 1.4f; Basse and Steinberg 2004; Kamper et al. 2006). U. maydis
has the potential to cause severe yield losses, since stunting, reduction of grain and even
death of plants can be the consequences of infection. Nevertheless, smut galls, then
named “huitlacoche”, also serve as a delicacy in several regions of the world (LiUbberstedt
et al. 1998).

1.2.1 Pathogenic development of U. maydis

As for most smuts, U. maydis displays a dimorphic life cycle. Under favourable conditions,
the diploid teliospores germinate, undergo meiosis and form a pro-mycelium, in which four
haploid nuclei migrate into different compartments (Figure 1.4a; Snetselaar and Mims
1992). Haploid cells then bud off after mitosis and enter the non-pathogenic vegetative
state, in which the fungus grows as saprophytic yeast-like sporidia which proliferate via
budding (Figure 1.4b; Christensen 1963; Banuett and Herskowitz 1996). The infection
cycle is initiated by recognition and fusion of sporidia with compatible mating types on an
appropriate host surface, leading to a morphological switch to diploid pathogenic filaments
(Figure 1.4c; Bolker et al. 1992; Spellig et al. 1994).

Upon perception of a hydrophobic surface and cutin monomers, the filaments form
specialised infection structures, the appressoria, and thereby penetrate the plant
epidermis using turgor pressure and lytic enzymes (Figure 1.4d; Mendoza-Mendoza et al.
2009). During colonisation, the fungal hyphae are surrounded by the host plasma
membrane and form a tight interaction zone. This interaction zone, the so-called
biotrophic interface, is the site of nutrient and signal exchange as well as of effector
secretion (Figure 1.4e; Bauer et al. 1997; Brefort et al. 2009; Doehlemann et al. 2009;
Lanver et al. 2017). As the infection progresses, the hyphae reach the mesophyll and
grow mostly along or inside the vascular bundles, likely to access nutrients (Matei and
Doehlemann 2016). The formation of tumours is initiated around 4 days post infection
(dpi) on the cellular level and becomes macroscopically visible 5 dpi (Banuett and
Herskowitz 1996; Doehlemann et al. 2008a). Tumour development is associated with both
plant cell enlargement and an increase of cell divisions (Doehlemann et al. 2008a; Matei
et al. 2018). Then, inside the mature tumours, fungal hyphae form large aggregates within
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apoplastic cavities and become embedded in a gelatinous polysaccharide matrix
(Snetselaar and Mims 1994). After fragmentation of the hyphae, black ornamented
teliospores, which mainly perform the dispersal of fungal inoculum, are formed (Figure
1.4f; Banuett and Herskowitz 1996; Begerow et al. 2006).

Cell fusion, appressorium formation, and penetration

Conjugation
tube
formation

Haploid

Growth al
sporidia rowth along

vascular bundles
b

Teliospore Tumour and spore
germination and formation
meiosis

Figure 1.4. The life cycle of Ustilago maydis. The dimorphic life cycle of U. maydis can be divided into a
yeast-like saprophytic and filamentous biotrophic phase. Characteristic disease symptoms are tumours that
can be formed on all above-ground organs including leaves, ear, and tassel. (a) Teliospores germinate and
undergo meiosis to form haploid sporidia, which grow saprophytically (b) until they encounter their compatible
mating partners. (c) Cell fusion of two haploid mating types on a host plant leads to the development of
infectious dikaryotic hyphae. (d) U. maydis forms appressoria to penetrate the host. Biotrophic hyphae grow
both inter- and intracellularly, whereas intracellular hyphae are invaginated by the plant plasma membrane
building the biotrophic interface. (e) During colonisation, effector proteins are secreted into the host to
modulate host defence and metabolism. As the infection progresses, the hyphae reach the mesophyll and
mostly grow along vascular bundles. (f) Tumour formation is initiated, and fungal hyphae form large
aggregates within them. At the late stage of infection, mature tumours break open and release black
teliospores for a new round of infection. Modified from Zuo et al. 2019. Pictures from A. Redkar.
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Due to its uniqgue morphological features, rapid symptom development, very compact
genome, easy in-vitro cultivation and accessibility to genetic manipulation, U. maydis has
advanced to an important model system for the study of fungal cell biology and biotrophic
fungal pathogens (Kamper 2004; Brefort et al. 2009; Dean et al. 2012; Schuster et al.
2016; Zuo et al. 2019; Zuo et al. 2020a). The generation of the solopathogenic strain
SG200, which can form infectious filaments without prior mating, has furthermore greatly
facilitated the investigation of U. maydis pathogenic development (Kamper et al. 2006).
Yet, many of the molecular mechanisms that underlie U. maydis infection are still not
understood.

1.2.2 Maize responses to U. maydis infection

On the host side, very early responses to U. maydis infection involve the induction of
genes with a function in immunity, stress response and redox regulation, showing that
U. maydis is initially recognised and elicits plant defence reactions. However, already 24
hours post inoculation (hpi) with establishment of the biotrophic interaction, these initial
responses are attenuated as several genes involved in redox regulation and defence are
downregulated compared to the very early time point. Furthermore, levels of the
antioxidant gluthathione (GSH) are elevated 24 hpi and increase further during the
infection process (Doehlemann et al. 2008a). In addition to its correlation to the induction
of PR genes, GSH plays a major role in secondary metabolite synthesis (Loyall et al.
2000; Gomez 2004; Senda and Ogawa 2004). Correspondingly, genes involved in the
shikimate and phenylpropanoid pathways are upregulated as well, which goes along with
an induction of genes involved in the synthesis of lignin and other phenolic compounds
(Doehlemann et al. 2008a; Kretschmer et al. 2017a).

In general, infection leads to establishment of tumour tissue as a strong sink organ for
carbohydrates (Horst et al. 2008). In infected tissue, chloroplast and photosynthetic
functions are impaired, which is accompanied by a decrease of photosynthetic pigments
(Horst et al. 2008; Doehlemann et al. 2008a; Kretschmer et al. 2017a; Matei et al. 2018).
The reduction of photosynthetic pigments is likely responsible for prevention of leaf
maturation from sink to source organ, resulting in increased carbon supply and enhanced
susceptibility to U. maydis (Kretschmer et al. 2017a; Kretschmer et al. 2017b; Matei et al.
2018). The changes of carbon allocation can directly promote fungal growth and might
also influence plant defence, given the involvement of sugars in plant immunity signalling
(Roitsch et al. 2003; Bolouri Moghaddam and Van den Ende 2013; Kretschmer et al.
2017b).
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Similarly, amino acid homeostasis is perturbed and nitrogen-rich amino acids substantially
increase during tumour formation (Horst et al. 2010). This probably contributes to defence
rather than serving as a nitrogen source for the fungus (Kretschmer et al. 2017a). Taken
together, a broad reprogramming of maize physiology occurs during U. maydis infection,
and carbon as well as nitrogen assimilates are rerouted towards the tumour.

Additionally, various phytohormones are altered upon U. maydis infection. JA signalling
components antagonising the SA pathway and JA defence genes such as defensins and
chitinases are upregulated immediately after infection (Doehlemann et al. 2008a).
Furthermore, the Bax-inhibitor 1 and cystatin genes are induced, while caspases are
repressed, suggesting that U. maydis infection goes along with an inhibition of the plant
cell death programme (Doehlemann et al. 2008a). Auxin plays an important role during
U. maydis infection too, as tumours contain elevated auxin levels (Turian and Hamilton,
1960) and auxin synthesis as well as auxin-responsive genes are induced during tumour
development (Doehlemann et al. 2008a). Elevated plant-derived auxin levels likely govern
the observed cell enlargement in U. maydis-induced tumours. In addition, auxins could
also play a more direct role in plant resistance by antagonising the SA pathway (Wang et
al. 2007).

For leaf tumour formation, U. maydis actively triggers DNA synthesis and cell division
(Redkar et al. 2015). Bundle sheath cells proliferate and convert to hyperplasic tumour
cells, while mesophyll cells enlarge and convert to hypertrophic tumour cells (Matei et al.
2018). In the different tumour cell types, genes involved in the regulation and performance
of the cell cycle are differentially regulated, reflecting the distinct cell behaviours
(hyperplasia vs hypertrophy; Villajuana-Bonequi et al. 2019). In the tassel however, cell
division is already active and tumours largely result from re-channelling of development
into a tumour pathway (Gao et al. 2013).
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1.2.3 Effectors in the U. maydis-maize interaction

Throughout the infection cycle, U. maydis highly depends on the secretion of effector
proteins to mitigate early defence responses as well as in later stages of pathogenesis for
tumour formation (Kamper et al. 2006). The U. maydis genome is predicted to encode 553
secreted effector proteins, of which the majority is novel and lacks known functional or
structural domains (Dutheil et al. 2016; Schuster et al. 2018). A subset of effectors,
referred to as core effectors, is shared between species and is thought to facilitate initial
host colonisation and target conserved immune responses. In contrast, accessory
effectors are more diversified and act in host-, organ- or cell type-specific ways (Schuster
et al. 2018; Zuo et al. 2019). Many effectors reside in clusters in the genome, which likely
are the result of gene duplications for effector diversification (Kamper et al. 2006).
Furthermore, effector genes are encoded in genome regions of low sequence
conservation, while the rest of the genome is well-conserved when comparing to related
smut fungi, which probably reflects the ongoing co-evolution in the arms race of effectors
with their host targets for efficient defence suppression (Schirawski et al. 2010).

Several effectors with virulence functions have been identified, but the molecular mode of
action has still only been elucidated in a few cases (Kamper et al. 2006; Lanver et al.
2017; Zuo et al. 2019). In the following, the diverse functions of U. maydis effectors that
have been characterised so far are described.

As U. maydis effectors are crucial during all stages of colonisation, they act in the
apoplast as well as within host cells after translocation. The core effector Pep1 for
example is essential for successful penetration and suppresses pattern-triggered ROS
bursts via inhibition of the apoplastic maize peroxidase POX12 at the very early infection
stage (Doehlemann et al. 2009; Hemetsberger et al. 2012). Other apoplastic U. maydis
effectors protect the fungus from host-derived lytic enzymes. Rsp3 for example binds and
shields the fungal cell wall from the antifungal activity of the maize mannose-binding
proteins AFP1 and AFP2 (Ma et al. 2018). In addition, Fly1, a fungalysin metalloprotease,
cleaves maize chitinase A to reduce its activity (Okmen et al. 2018) and the effector Pit2
inhibits papain-like cysteine proteases through a conserved microbial motif to prevent SA
signalling during early stages of infection (Doehlemann et al. 2011; Mueller et al. 2013;
Misas Villamil et al. 2019). Effectors translocated into the host cell modulate its biology
and reprogram different maize metabolic pathways: The chorismate mutase Cmu1, for
example, reduces SA biosynthesis via lowering the pool of the SA precursor chorismate
(Djamei et al. 2011). More recently, Cmu1 was also found to interact with the defence-
related maize kiwellin KWL1, which significantly inhibits the chorismate mutase activity of
Cmu1 (Han et al. 2019). Tin2, which is translocated into the host cell as well, reduces

-16 -



1. Introduction

lignin production via stabilisation of the maize protein kinase TTK1, which results in
redirection of the lignin biosynthesis pathway towards anthocyanin production (Tanaka et
al. 2014). The reactivation of DNA synthesis and cell division in host leaf tissue are
essential for tumour formation. These processes are promoted by the intracellular effector
Seel, which interacts with the maize cell-cycle regulator and host-resistance protein
SGT1, preventing its phosphorylation (Schilling et al. 2014; Redkar et al. 2015). In
summary, U. maydis effectors characterised so far mostly either directly or indirectly
suppress plant defence responses.

Overall, U. maydis effectors are expressed specifically during biotrophic development
compared to axenic culture (Kamper et al. 2006) and are enriched in three distinct co-
expressed temporal groups, which correspond to the infection stages on the plant surface,
establishment of biotrophy and tumour induction (Lanver et al. 2018). These waves of
effector expression are likely key determinants for U. maydis virulence. Unlike other smut
fungi such as Sporisorium reilianum and Ustilago hordei, which exclusively cause disease
symptoms in the inflorescences (Hu et al. 2002; Schirawski et al. 2010), U. maydis can
cause disease in different organs of the plant. Accordingly, effector gene expression in
U. maydis is also specifically tailored to the colonised organ, and several of the organ-
specifically expressed effectors, including the leaf-specific effector Seet, also have a
corresponding organ-specific function for virulence (Skibbe et al. 2010; Schilling et al.
2014). Furthermore, some U. maydis effectors are expressed in a cell type-specific
manner, as shown by transcriptome profiling of infected mesophyll and bundle sheath
cells (Matei et al. 2018). This fine tuning of effector expression to the colonised organ and
cell type suggests that the fungus is able to sense differences in its surrounding tissues,
however neither the host signals that are perceived nor the transcription factors that could

be involved are currently known.

-17 -



1. Introduction

1.2.4 Quantitative disease resistance in the U. maydis-maize interaction

Despite U. maydis being a predominant model organism of biotrophic plant pathogens,
plant resistance to U. maydis is rarely described (Llbberstedt et al. 1998; Baumgarten et
al. 2007). Unlike in other biotrophic interactions, no gene-for-gene interactions are known
in the U. maydis-maize pathosystem, although they provide durable resistance to other
smut fungi. For example, six avirulence genes with corresponding host resistance genes
have been identified in the interaction of U. hordei and barley (Tapke 1937; Linning et al.
2004). In contrast, crosses of U. maydis-resistant and -susceptible maize lines indicated
that U. maydis resistance is a polygenic, quantitative trait (Immer 1927; Hoover 1932).
Using natural as well as artificial inoculation experiments, several QDR loci that contribute
to U. maydis infection frequency and severity have been mapped. Equivalent to the organ-
specificity of certain U. maydis effectors (Skibbe et al. 2010; Schilling et al. 2014), some
studies suggested that specific maize loci may contribute to U. maydis resistance in an
organ-specific manner (LUbberstedt et al. 1998; Baumgarten et al. 2007). Additionally,
significant QTL-environment interactions occurred frequently, suggesting that climatic
conditions as well as the genetic structure of local U. maydis populations can affect
U. maydis infection (LUbberstedt et al. 1998b; Baumgarten et al. 2007; Ding et al. 2008).
In agreement with the absence of major resistance genes in the interaction of maize and
U. maydis, the identified QTLs explained only a rather small fraction of the resistance
phenotype (Lubberstedt et al. 1998; Baumgarten et al. 2007). Interestingly, several QDR
loci conferring resistance to U. maydis contain genes with a known role in defence against
pathogens, such as NLRs, a pathogenesis-related (PR) protein, a chitinase, a basal
antifungal protein, and a wound-inducible protein (Baumgarten et al. 2007; Brefort et al.
2009). Yet, it has not been demonstrated whether these genes contribute to the activity of
the detected QTLs. Recently, the maize lipoxygenase 3 (LOX3) was identified as an
U. maydis susceptibility factor (Pathi et al. 2020). Lox3 mutant plants display quantitatively
decreased susceptibility towards U. maydis and react with an enhanced PAMP-triggered
ROS burst. LOX3 might play a role in JA biosynthesis, as JA levels in leaves of lox3
mutant maize plants are reduced and, correspondingly, SA levels are increased (Gao et
al. 2008). This increase of SA in lox3 mutant plants might explain the observed impact on
U. maydis infection.

For one U. maydis effector, ApB73, a quantitative maize line-specific reduction of
virulence has been observed (Stirnberg and Djamei 2016). This suggests that the fungus’
effectors might target certain QTL gene products. However, the molecular basis of QDR in
maize and how U. maydis interferes with its components is still mostly unknown.

Deciphering these molecular mechanisms would greatly help to draw a more
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comprehensive picture of the biotrophic interaction of U. maydis and maize and
furthermore facilitate the efforts to produce U. maydis-resistant maize populations.

1.3 Aims and objectives of the study

The major aim of this study was to investigate the molecular mechanisms that underlie the
interaction of U. maydis with maize lines of quantitatively different resistance levels and
thereby elucidate whether the fungus’ virulence strategy is adapted to different host
genotypes. Additionally, this study aimed at identifying host processes involved in QDR to
U. maydis. Accordingly, the main objectives of this study were:

(1) To analyse the transcriptome of selected maize lines colonised by U. maydis in
order to identify fungal effector genes expressed in a maize line-dependent
manner as well as of maize genes differentially regulated between maize lines in

response to U. maydis infection.

(2) To assess maize line-specific virulence functions of effectors that are differentially
expressed between maize lines in order understand if and how U. maydis effectors
are adapted to the host genotype.

(3) To identify maize genetic loci quantitatively contributing to QDR towards U. maydis
via QTL mapping using a population derived from a cross of two maize lines with
highly distinct U. maydis resistance levels.
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2 Results

2.1 U. maydis disease development in different maize lines

To investigate quantitative disease resistance in the maize-U. maydis interaction, | first
evaluated the susceptibility of different maize lines to U. maydis infection. For this,
U. maydis resistance levels were assessed in the 26 inbred founder lines of the Nested
Association Mapping recombinant inbred lines (NAM RILs; Yu et al. 2008; McMullen et al.
2009), a set of maize lines selected to represent world-wide maize diversity. In addition,
the sweet corn Early Golden Bantam (EGB) was used, which is the most common maize
line in U. maydis research (Zuo et al. 2019). Seedling infections were performed in three
independent biological replicates under controlled conditions with an average of 102
plants per line being scored for U. maydis disease symptoms (Figure 2.1A). In this
experimental set-up, resistance levels were highly diverse and ranged from very
susceptible to very resistant (>94% vs. <35% tumours, respectively), while no maize line
showed complete resistance to U. maydis infection (Figure 2.1A). Agglomerative
hierarchical clustering of disease indices as a measure of U. maydis infection severity
identified five susceptibility groups (Figure 2.1B). Two groups consisted only of the most
resistant line CML322 and of the most susceptible line Tx303, respectively, and three
groups were of comparable sizes, indicating a mostly even distribution of U. maydis
resistance levels within the NAM founder lines and EGB. The U. maydis SG200 strain
used in this study was derived from a field isolate from a temperate region (Minnesota,
USA; Kamper et al. 2006). Strikingly, among the maize lines with highest susceptibility,
most were local to regions close to the origin of SG200 (e.g. Oh43 from Ohio, Mo18w
from Missouri, 1114H from lllinois). In contrast, all four most resistant maize lines were of
tropical origin (CML322, NC350, NC358, Ki3). Thus, maize lines of close provenance to
SG200 were generally more susceptible, indicating a possible adaptation of the local
U. maydis strain to the local host lines. Based on resistance level, origin, growth
soundness and seed production, 1-2 lines were chosen from each group for subsequent
investigations (CML322, B73, EGB, Ky21, Oh43 and Tx303).
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Figure 2.1. U. maydis disease development in the 26 maize NAM founder lines and EGB. A) Disease
symptom classification. Maize seedlings were infected with U. maydis SG200 at the three-leaf stage. Three
independent experiments were performed, and the average values are expressed as percentage of the total
number of infected plants. Disease symptom classification was done 12 days post infection (dpi) as described
in Redkar and Doehlemann (2016a). Average number of infected plants per line: 102. Maize lines selected for
RNA sequencing are highlighted in bold. Representative pictures of infected leaves at 12 dpi for each maize
line are shown at the top. B) Agglomerative hierarchical clustering of disease indices. Clustering is based
on Euclidean distances of disease indices using complete linkage clustering. Maize lines selected for RNA
sequencing are highlighted in bold. The maize lines’ provenances are depicted by black symbols. C) Fungal
biomass quantification based on the amount of genomic DNA. A gPCR with plant-specific (GAPDH) and
fungus-specific (ppi) primers was performed at 1, 3, 6, and 9 dpi in the maize lines selected for RNA
sequencing. Solid points indicate mean ratios of fungal DNA to plant DNA (2-2¢) of three biological replicates,
transparent points indicate individual values, error bars denote the standard deviation.
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To further characterise disease progression of U. maydis within the different maize lines
and to select a time point suitable for transcriptome analysis, relative fungal biomass was
assessed by gPCR using genomic DNA (Figure 2.1B) and fungal growth within leaf tissue
was visualised by WGA-AF488/propidium iodide co-staining throughout the infection
process at 1, 3, 6 and 9 dpi (Figure 2.2). At 1 and 3 dpi, relative fungal biomass did not
differ significantly between the maize lines. At 6 dpi however, fungal biomass in Tx303,
the most susceptible maize line, was increased approximately two-fold compared to the
other maize lines. In line with previous observations, relative fungal biomass decreased at
the late infection time point (9 dpi), which might be due to an impaired teliospore formation
in the genetically engineered haploid SG200 strain (Lanver et al. 2018).

At the microscopic level, the infection progress was comparable for 1 and 3 dpi in all
maize lines as well. At 6 dpi, strong differences could be observed, as for CML322, the
most resistant maize line, hyphae were still only mostly proliferating, whereas for the more
susceptible maize lines, fungal aggregates, fragmented hyphae and enlarged maize cells
were visible. Size and number of fungal aggregates and maize cell enlargements
increased with susceptibility levels of the maize lines (Figure 2.2). Based on these fungal
quantification and microscopic growth data, the 3 dpi time point was chosen for
transcriptome analysis. At this time point, the different maize lines showed comparable
growth of biotrophic hyphae while levels of fungal colonisation allowed sufficient coverage
of U. maydis genes by RNA-Seq.
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Figure 2.2. Microscopic disease development in maize lines selected for RNA sequencing. WGA-
AF488/propidium iodide co-stained maize leaves infected with U. maydis. Samples were collected at 1, 3, 6,
and 9 days post infection (dpi). Fungal hyphae were visualised by staining with WGA-AF488 (green), plant cell
walls were visualised by staining with propidium iodide (red). Scale bars = 200 um.
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2.2 Transcriptome analysis of U. maydis infecting maize lines of
distinct disease resistance levels

To analyse the gene expression changes induced by different maize lines of distinct
resistance levels, maize seedlings of CML322, B73, EGB, Ky21, Oh43 and Tx303 were
infected with U. maydis SG200 or water (mock control). Infected and mock-treated leaf
sections were collected 3 dpi in biological triplicates and their transcriptome was
subsequently analysed via RNA-Seq. After filtering for low expression, 6284 of 6766
U. maydis genes remained for the analysis (93%). Variability between the samples was
evaluated through a multi-dimensional scaling (MDS) plot (Figure 2.3A). To additionally
examine whether the infection stage in the different maize lines was comparable and to
demonstrate that gene expression differences were not caused by faster infection
progression in the more susceptible maize lines, we included transcriptome data
previously published by Lanver et al. (2018), where the maize line EGB was infected with
the more virulent U. maydis wildtype crossing FB1xFB2 and the fungal transcriptome was
mapped during different stages of the infection process. All our samples clustered with the
2 dpi samples of Lanver et al. (2018), which likely reflects the slower disease progression
of SG200 compared to FB1xFB2. Again, this showed no pronounced differences in
infection progression between the different maize lines at the time point tested.

To analyse whether U. maydis gene expression is influenced by the colonised maize line,
| compared expression in all 15 possible pairs of the six different maize lines. This
analysis showed that in total 406 of the 6284 expressed genes (6.4%) were differentially
expressed (logz expression fold change >0.5 or <-0.5, adjusted p value <0.05) in at least
one of the 15 comparisons. The number of differentially expressed U. maydis genes
(DEGs) ranged from 0 to 300 genes in the different comparisons and only a few genes
were differentially expressed in several of the 15 comparisons (Figure 2.3B, C). The
majority of DEGs was only differentially expressed in one to three comparisons (approx.
75%) and only 1% of DEGs was differentially expressed in more than half of the
comparisons, which suggests that not a shared set of genes is responsive to different host
environments, but that different maize lines lead to rather diverse changes in gene

expression.
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Figure 2.3. A) Multi-dimensional scaling plot of U. maydis RNA sequencing data. The top 1000 variable
genes were used to calculate pairwise distances between the samples. FB1xFB2 RNA-Seq data were
previously published and represent different time points in the U. maydis disease cycle in EGB (Lanver et al.
2018). B) UpSet plot of the distribution of differentially expressed U. maydis genes across maize lines.
Genes with a log2 expression fold change >0.5 or <-0.5 and adjusted p value <0.05 were considered
differentially expressed (DE). In total, 406 of 6284 expressed genes were differentially expressed between
maize genotypes. Number of DE genes (DEGs) for each of the 15 possible comparisons is shown by set size
(horizontal bars). Overlaps of DE genes between comparisons are depicted by connected black dots.
Intersection size (vertical bars) indicates the size of overlaps. C) Number of differentially expressed genes
by frequency of differential expression within comparisons. The categories of the bar plot show the
percentage of all DEGs that are DE in the indicated number of comparisons. DE: differential expression. D)
Enrichment of candidate secreted effector proteins in differentially expressed genes. Frequency of
CSEPs in all 6284 expressed U. maydis genes compared to the frequency of CSEPs in genes DE between
maize genotypes. Within DE genes, CSEPs show a 3.3-fold enrichment (hypergeometric test, p value 5.65e-
30). EG: expressed genes. DEG: differentially expressed genes. CSEP: candidate secreted effector protein.
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Strikingly, amongst the 406 DEGs, 102 encode candidate secreted effector proteins
(CSEPs, Dutheil et al. 2016), which represents a significant 3.3-fold enrichment
(hypergeometric p value 5.65e-30, Figure 2.3D). A heatmap based on the expression
profiles of the 102 line-specific CSEPs shows distinct groups of CSEPs with similar
expression patterns (Figure 2.4). Of the 102 CSEPs, one group of 38 genes is
upregulated on the most resistant maize line CML322 and downregulated in more
susceptible maize lines, except for Oh43, while another group of 29 CSEPs shows the
opposite expression pattern. Besides these two main expression patterns, some CSEPs
show no clear correlation to the resistance level. Consequently, a dominant expression
pattern that underlies all maize line-specific CSEPs cannot be observed.
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Figure 2.4. Expression profile of differentially expressed U. maydis CSEPs across maize lines.
Heatmap shows logz expression fold changes compared to mean expression across all samples. CSEP:
candidate secreted effector protein. FC: fold change.
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2.2.1 Weighted gene co-expression analysis of U. maydis genes during infection
of maize lines of distinct disease resistance levels

To elucidate which processes could be involved in colonising maize lines of different
resistance levels, the correlation of U. maydis gene expression to the resistance level of
the colonised maize line was assessed. To this end, first a weighted gene co-expression
network analysis (WGCNA) using the U. maydis expression data of the different maize
lines was performed. WGCNA identifies modules of co-expressed genes and represents
the modules by summary expression profiles, referred to as the module eigengene (Zhang
and Horvath 2005; Langfelder and Horvath 2008). This analysis identified eleven colour-
coded modules with differential expression profiles of the module eigengenes, ranging in
size from 1073 (‘turquoise’) to 65 genes (‘purple’; Figure 2.5A). Subsequently, in order to
identify modules associated with the severity of the infection, the correlation of each
module eigengene with the disease indices of the different maize lines was calculated
(referred to as gene significance, GS; Figure 2.5B). The ‘purple’ module showed a
significant positive correlation (GS >0.5, p value <0.05) and the ‘greenyellow’ module
showed a significant negative correlation to the disease index (GS <-0.5, p value <0.05),
i.e. expression of genes in the ‘purple’ module was higher in more susceptible maize lines
and expression of genes in the ‘greenyellow’ module was higher in more resistant maize
lines. Expression of the other modules was either independent from the colonised maize
line (‘green’ and ‘pink’ modules), only differed in one or two maize lines (‘black’, ‘blue’,
‘brown’, ‘magenta’, ‘red’ and ‘yellow’ modules) or was highly variable between maize lines

but did not correlate with the infection severity (‘turquoise’ module).
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Figure 2.5. A) Modules of co-expressed U. maydis genes across maize lines. The RNA sequencing data
was subjected to weighted gene co-expression network analysis (WGCNA) to detect modules of co-expressed
genes. Each plot represents the expression profile of the module eigengene (ME), which can be considered
as representative of the expression of the respective co-expression module. Error bars indicate standard
deviation of three biological replicates. The modules are named according to their colour, and the size of each
module is shown in parentheses. Modules significantly correlated with disease index are highlighted in bold
and their respective colour. B) Module-disease index association. Correlation of modules of co-expressed
genes with the disease index of the colonised maize line. Numbers in the heatmap show the correlations with
disease index and p values in parentheses for the respective module eigengene (ME). Correlation was
considered significant for correlation >0.5 or <-0.5 and p value <0.05.
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To evaluate which biological processes were associated with the colonisation of more
resistant and more susceptible maize lines, the ‘purple’ and ‘greenyellow’ modules were
subjected to enrichment analysis of Gene Ontology (GO) terms and CSEPs (Ashburner et
al. 2000; The Gene Ontology Consortium 2017; Figure 2.6). In summary, mostly ion
transport processes were significantly enriched in the ‘purple’ module. lon transmembrane
transport through H*-ATPases is a crucial driving force for nutrient exchange between
host plants and fungi (Palmgren 1990; Glaninazzi-Pearson et al. 1991; Sondergaard et al.
2004; Wang et al. 2014). Furthermore, different nutrient transporters were found to be
important virulence factors tied to biotrophic development in U. maydis (Lanver et al.
2018). As indicated by the enrichment of ion transport processes in the module with
higher gene expression in more resistant maize lines, different availability of nutrients in
more resistant vs. more susceptible maize lines could therefore be involved in QDR to
U. maydis. Additionally, ‘oxidation-reduction’ was the GO term with the most genes.
Oxidation-reduction processes are involved in metabolism as well, but can also have a
signalling function or be related to detoxification of reactive oxygen species (ROS). In the
‘greenyellow’ module, all significantly enriched GO terms were related to carbohydrate
metabolism. In addition, CSEPs were significantly enriched in this module and
represented the biggest category. Carbohydrate utilisation has been directly linked to
plant cell wall degradation in other plant pathogenic fungi (Tonukari et al. 2000; Ospina-
Giraldo et al. 2003). Since carbohydrate metabolism is enriched in the module with higher
gene expression in more resistant maize lines, it could be speculated, that the fungus
might need to overcome enhanced cell wall reinforcements as part of increased
resistance. The enrichment of CSEPs in this module might represent an attempt of the
fungus to suppress enhanced defence mechanisms in more resistant host lines.
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Figure 2.6. GO and CSEP enrichments in modules correlated with disease index. GO biological process
terms and additionally CSEPs (candidate secreted effector proteins) were tested for significant enrichment in
the ‘purple’ (positive correlation to disease index) and ‘greenyellow’ (negative correlation to disease index)
modules. Gene sets were considered significantly enriched for p value <0.05 (hypergeometric test). Dot size is
representative for the number of analysed genes in the respective term. Only genes with a gene significance
to disease index of >0.5 (‘purple’) or <-0.5 (‘greenyellow’) and p value <0.05 were considered for the analysis
and only terms with a set size >3 are shown.
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2.3 Transcriptome analysis of U. maydis-infected maize lines of
distinct disease resistance levels

To identify maize genes involved in QDR to U. maydis, maize line-dependent
transcriptional changes in response to U. maydis were analysed via RNA-Seq. Of all
63477 maize annotated loci, 40056 were expressed in the samples (63%). To assess the
variability between the samples a multi-dimensional scaling plot was used (Figure 2.7A).
U. maydis-infected and control samples formed two distinct groups, within which the
samples of each maize line clustered together, indicating both treatment-specific and
genotype-specific expression patterns. To identify genes which differentially respond to
U. maydis infection between maize lines, | compared expression fold changes of the
U. maydis-infected samples to the respective mock control samples for all 15 possible
pairs of six different maize lines (i.e. difference between genotypes in response to
infection). This analysis showed that in total 8675 of 40056 transcripts (22%) responded
differentially to U. maydis infection (log> expression fold change >0.5 or <-0.5, adjusted p
value <0.05) in at least one of the 15 comparisons. The number of DEGs ranged from 358
to 1283 genes in the different comparisons and the fraction of genes differentially
expressed in several of the 15 comparisons was very small (Figure 2.7B). Around 50% of
DEGs were differentially expressed in only one of the comparisons and only 4% of DEGs
were differentially expressed in more than half of the comparisons. Together, this shows
that genes differentially responding to U. maydis infection are highly diverse between

maize lines.
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Figure 2.7. A) Multi-dimensional scaling plot of maize RNA sequencing data. The top 5000 variable
genes were used to calculate pairwise distances between the samples. B) UpSet plot of the distribution of
genes differentially expressed between maize lines in response to U. maydis. Genes with a log
expression fold change >0.5 or <-0.5 and adjusted p value <0.05 were considered differentially expressed
(difference between genotypes in response to infection). In total, 8675 of 40056 expressed genes were
differentially responding to U. maydis between maize genotypes. Number of differentially expressed genes
(DEGs) for each of the 15 possible comparisons is indicated by set size (horizontal bars). Overlaps of DEGs
between comparisons are depicted by connected black dots. Size of overlaps is indicated by intersection size
(vertical bars).
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The expression changes between SG200-infected and mock-treated samples of the
DEGs are depicted in Figure 2.8A. This illustrated that genes generally upregulated or
downregulated in response to U. maydis infection are significantly differently expressed
between maize lines.

To identify biological processes which were associated with the maize line-specific gene
expression responses, all maize DEGs were subjected to enrichment analysis of GO
terms (Ashburner et al. 2000; The Gene Ontology Consortium 2017), highlighting
processes involved in transport, response to stimulus, cellular processes and metabolism
(Figure 2.8B). The GO terms with most genes were ‘transmembrane transport’ as well as
‘oxidation-reduction’ and ‘protein phosphorylation’, which could indicate a special
importance of these processes in genes differentially regulated in response to U. maydis
between maize lines. Transport processes play a pivotal role in signalling, nutrient uptake
as well as growth and development. Oxidation-reduction processes are involved in
metabolism but can also have a signalling function. Protein phosphorylation occurs during
kinase signalling processes. A predominant role of genes related to metabolism as well as
kinase-signalling cascades for QDR has been proposed before (Delplace et al. 2020).
Taken together, this suggests that maize line-specific responses to U. maydis involve
various cellular activities, consistent with the complex nature of QDR.
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Figure 2.8. A) Expression profile of differentially expressed maize genes in response to U. maydis.
Heatmap shows logz expression fold changes of SG200-infected vs mock-treated samples. B) GO
enrichments in differentially expressed maize genes. GO biological process terms were tested for
significant enrichment in all genes differentially expressed between maize lines in response to U. maydis.
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Gene sets were considered significantly enriched for p value <0.05 (hypergeometric test). Dot size is
representative of the number of analysed genes in the respective term.

To examine, if the maize DEGs include genes associated with other forms of immunity, |
compared A. thaliana orthologues of the DEGs with A. thaliana genes previously found to
be linked to PTI and/or ETI responses (Dong et al. 2015; Hatsugai et al. 2017; Mine et al.
2018). Of the 3264 DEG A. thaliana orthologues, only about 11% (363 and 360 genes)
were found in common with either PTI- and/or ETl-associated genes (Figure 2.9). This
result might suggest that processes differentially regulated between maize lines in
response to U. maydis are likely distinct from canonical PTI and ETI pathways.
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Figure 2.9. Identification of genes previously associated with PTI or ETlI immune responses within
maize DEGs. A. thaliana orthologues of maize differentially expressed genes (DEGs) were examined for
overlaps to genes previously identified to be associated with PAMP-triggered- (PTI, left) or effector-triggered
immunity (ETI, right; Dong et al. 2015; Hatsugai et al. 2017; Mine et al. 2018).
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2.3.1 Correlation analysis of maize gene expression to disease resistance levels

To assess which processes could be connected to either resistance or susceptibility to
U. maydis, the correlation of U. maydis-induced transcriptional changes to the disease
index in the respective maize lines was calculated. All DEGs were then filtered for genes
with a significant positive (GS >0.5 and p value <0.05) or negative (GS <-0.5 and p value
<0.05) correlation to the disease index. This identified two sets of genes that were either
more strongly upregulated in response to infection in the more susceptible maize lines, or
more strongly downregulated in response to infection in the more resistant maize lines
(positive correlation to disease index, Figure 2.10A), or vice versa (negative correlation to
disease index, Figure 2.11A).
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Figure 2.10. A) Expression profile of genes positively correlated with the disease index. Genes with a
gene significance for the disease index >0.5 and p value <0.05 were considered significantly positively
correlated to the disease index. Heatmap shows logz expression fold changes of SG200-infected vs mock-
treated samples. B) GO enrichments of genes positively correlated with the disease index. GO biological
process terms were tested for significant enrichment in all genes differentially expressed between maize lines
in response to U. maydis and positively correlated to the disease index. Gene sets were considered
significantly enriched for p value <0.05 (hypergeometric test). Dot size is representative of the number of
analysed genes in the respective term.
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Next, these two gene sets were again subjected to enrichment analysis of GO terms
(Figure 2.10B, Figure 2.11B). In the DEGs with positive correlation to the disease index,
i.e. upregulated in more susceptible maize lines, enrichments were found in four main
cellular activities: cellular processes, response to stimulus, transport, and metabolism
(Figure 2.10B). The enriched GO term with the largest number of genes was ‘protein
phosphorylation’, one of the most important cellular regulatory mechanisms involved in
signal transduction. Furthermore, biological process terms that can be linked to cell
division processes (‘DNA replication’, ‘microtubule-based movement’) and ‘sexual
reproduction’/’recognition of pollen’ were significantly enriched. In DEGs negatively
correlated to the disease index, i.e. genes upregulated in the more resistant maize lines,
enrichments were found in transport and metabolism (Figure 2.11B). The enriched GO
term with the largest number of genes was ‘translation’, and a process that could be
involved in photosynthesis (‘porphyrin—containing compound biosynthetic process’) was
most strongly enriched.

The re-activation of cell division processes including DNA replication are crucial for
formation of U. maydis-induced tumours (Doehlemann et al. 2008b; Redkar et al. 2015;
Matei et al. 2018; Villajuana-Bonequi et al. 2019). Hence, enrichment of such processes in
more susceptible maize lines is not surprising since there, U. maydis induces more and
larger tumours compared to the more resistant lines. Suppression of photosynthesis-
associated genes is a typical process in U. maydis-infected tissue, where the normal
development from sink to source is prevented (Doehlemann et al. 2008a). The finding that
processes related to photosynthesis were enriched within maize genes upregulated in
more resistant maize lines indicates that here, the induction of such genes could be less
reduced by U. maydis infection.
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Figure 2.11. A) Expression profile of genes negatively correlated with the disease index. Genes with a
gene significance for the disease index <-0.5 and p value <0.05 were considered significantly negatively
correlated to the disease index. Heatmap shows logz expression fold changes of SG200-infected vs mock-
treated samples. B) GO enrichments of genes negatively correlated with the disease index. GO
biological process terms were tested for significant enrichment in all genes differentially expressed between
maize lines in response to U. maydis and negatively correlated to the disease index. Gene sets were
considered significantly enriched for p value <0.05 (hypergeometric test). Dot size is representative of the
number of analysed genes in the respective term.
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2.4 Identification of U. maydis CSEPs targeting components of

quantitative disease resistance

As U. maydis genes encoding CSEPs were enriched both in genes differentially
expressed between maize lines, as well as in the co-expression module correlated to
infection severity, | decided to investigate whether line-specifically expressed CSEPs also
have line-specific functions for virulence. To this end, 12 candidate maize line-specific
(MiIs) CSEP genes were selected from all 102 differentially expressed CSEPs based on a
high logz expression fold change and an expression pattern with higher expression in
resistant and lower in susceptible maize lines or vice versa (sum of logz expression fold
change across all samples >2; Figure 2.12A). CSEPs with similar expression patterns
were targeted for simultaneous knock-out (KO) in the SG200 background using the
CRISPR/Cas9 system (Figure 2.12A,B, Schuster et al., 2016).
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Figure 2.12. A) Selection of maize line-specific effector candidates for functional characterization.
CSEP: candidate secreted effector protein. Mls: maize line-specific. B) Expression profile of selected maize
line-specific effector candidates across maize lines. Heatmap shows log2 expression fold changes
compared to mean expression across all samples.

-39 -



2. Results

In addition to the first set of candidates (Figure 2.12A), further criteria were applied to all
differentially expressed CSEPs. As the high variance of expression fold changes used for
the first set of candidates resulted in a slight bias towards genes with low expression
values, the second set of candidates was selected only from the top 50% of highest
expressed maize line-specific CSEPs and by filtering for genes with an average logo
expression fold change across all maize lines of 0.5 (i.e. with a sum of log> expression fold
change across all samples >3; Figure 2.13A). Furthermore, CSEPs of which all
paralogues were among the maize line-specific genes (Figure 2.13B) and CSEPs from
virulence clusters (Kamper et al. 2006) with a large number of maize line-specific genes
(Figure 2.13C) were selected as interesting candidates for further analysis because such
genes could result from effector diversification in order to adapt to different host
genotypes. As for the first set of candidates, CSEPs with similar expression patterns were
targeted for simultaneous knock-out in the SG200 background using the CRISPR/Cas9
system (Schuster et al., 2016).
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Figure 2.13. Expression profiles of additional maize line-specific effector candidates. A) Expression
profile of highly expressed candidate maize line-specific effectors. Candidate genes were selected within
the 50% most highly expressed maize line-specific CSEPs which displayed total log2 fold changes across all
samples >3. Heatmap shows logz expression fold changes compared to mean expression across all samples.
B) Expression profiles of paralogue candidate maize line-specific effectors. Candidate genes were
selected based on maize line-specific expression of all CSEP paralogues. Heatmap shows logz expression
fold changes compared to mean expression across all samples. C) Expression profiles of cluster candidate
maize line-specific effectors. Candidate genes were selected within virulence clusters (K&mper et al. 2006)
enriched for maize line-specifically expressed CSEPs. Heatmap shows logz expression fold changes
compared to mean expression across all samples. CSEP: candidate secreted effector protein.
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Plant infections with the generated U. maydis mutant strains identified line-specific
virulence functions for the CSEP genes UMAG_02297 and/or UMAG_05027. While
virulence of the double mutant KO_UMAG_02297/ KO_UMAG_05027 was not reduced on
B73 or EGB, a significant reduction was observed on CML322 and Oh43. For reasons of
seed availability, subsequent analyses of the mutants were focussed on the maize line
CML322. Here, the virulence defect could be restored by introducing single copies of both
genes into the jp locus of the double mutant strain, demonstrating specificity of the
observed virulence reduction (Figure 2.14).

Furthermore, a maize line-specific virulence function was observed for UMAG_05318
and/or UMAG_11416 (Figure 2.14). Here, the double mutant KO_UMAG_05318/
KO_UMAG_11416 showed reduced virulence on EGB, but not B73. Re-introducing single
copies of the KO genes into the jp locus of the double KO strain restored the virulence
defect here as well (Figure 2.14), confirming specificity of the observed phenotypes. As
the single KO strain KO_UMAG_11416 did not show any virulence defect (Supplementary
Figure 6.3) and a reduction of virulence on EGB for a UMAG_05318 deletion strain had
already been reported previously (Schilling et al. 2014), these CSEPs were not further
investigated. For all other tested mutants of the first candidate set, either no reduction of
virulence (KO_UMAG_01422/ KO_UMAG_04557, KO_UMAG_11070/ KO_UMAG_00309,
KO_UMAG_11444/ KO_UMAG_11002) or a reduction of virulence on all tested maize
lines was observed (KO_UMAG_05027/ KO_UMAG_02297/ KO_UMAG_05319/
KO_UMAG_03154, Figure 2.14).

For reasons of seed availability, virulence of the additional set of KO mutants was
assessed in plant infections of different maize lines in only one biological replicate
(Supplementary Figure 6.4). Preliminary data suggested a maize line-specific reduction of
virulence for KO_UMAG_02178/ KO_UMAG_11908 and KO_UMAG_10861/
KO_UMAG_05222 (virulence reduction on EGB, but not on Ky21 or Oh43) as well as for
KO_UMAG_05928/ KO_UMAG_04503 (virulence reduction on B73 and EGB, but not on
Ky21). For KO_UMAG_00753 and KO_UMAG_02533/ KO_UMAG_02535/
KO_UMAG_02540, a strong reduction of virulence was observed on all tested maize
lines. KO_UMAG_02298/ KO_UMAG_04815 virulence levels were comparable to SG200.
Due to the lack of replicates, these results require further validation.
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Figure 2.14. Virulence functions of candidate maize line-specific effectors. Double and quadruple knock-
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number of infected plants per strain and maize line: 89.
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genes. KO/C indicates that a single copy of the respective genes was introduced into the KO strain for
complementation. Disease indices reflect disease symptom severity and are shown in relation to SG200,
which was set to unity. Asterisks label significant reduction in disease index compared to SG200 (student’s t-
test, p value <0.05). All experiments were performed in three independent biological replicates. Average
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To assess if both or only one of the genes contribute to maize line-specific virulence of
KO_UMAG_05027/ KO_UMAG_02297 on CML322, single KO mutants of UMAG_02297
and UMAG_05027 were tested for virulence on EGB and CML322. This experiment
showed that UMAG_02297 alone, but not UMAG_05027, was necessary for full virulence
on CML322. The virulence defect of KO_UMAG_02297 could be restored by introducing a
single copy of UMAG_02297 into the ip locus of the mutant strain (Figure 2.15A). To gain
more detailed insight into the expression profile of UMAG_02297 during infection
progression, relative expression levels were analysed via gqRT-PCR on the six different
maize lines (Figure 2.15B). Interestingly, UMAG_02297 was expressed at lowest levels on
CML322 throughout the infection process, the maize line on which it was required for full
virulence. Hence, high expression levels do not seem to determine the function for
virulence. To investigate the relation of expression level of the effector and U. maydis
virulence, | generated a strain in which UMAG_02297 was expressed under control of the
promoter ppit2, which is highly active throughout the infection process (Mueller et al.
2013), leading to a strong overexpression of the gene. EGB and CML322 seedlings were
infected with Ppit2:UMAG_02297 single and multiple integration strains (Figure 2.15C).
Interestingly, the overexpression strain showed a maize line-specific virulence defect as
well: on CML322, but not on EGB, the multiple integration strain was significantly reduced
in virulence compared to strain SG200. This shows that an adjusted expression level of
UMAG_02297 is required for virulence on maize line CML322. The finding that neither
KO, nor overexpression of UMAG_02297 had a significant effect on virulence on EGB
suggests that the host targets of this effector might either not be present, or not involved
in QDR to U. maydis in this maize line.
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Figure 2.15. A) Virulence functions of candidate maize line-specific effectors. Single knock-out (KO)
mutant strains of selected maize line-specific effectors were injected into maize seedlings of the indicated line
and symptoms were scored 12 days post infection (dpi). Gene names are shown at the top. KO refers to the
respective CRISPR/Cas9 KO strain. KO/C indicates that a single copy of the respective gene was introduced
into the KO strain for complementation. Disease indices reflect disease symptom severity and are shown in
relation to SG200, which was set to unity. Asterisks label significant reduction in disease index compared to
SG200 (student’s t-test, p value <0.05). All experiments were performed in three independent biological
replicates. Average number of infected plants per strain and maize line: 88. B) Expression of UMAG_02297
during disease progression in different maize lines. UMAG_02297 relative expression was quantified
during infection progression at 1, 3, 6, and 9 days post infection (dpi) via gqRT-PCR. Solid points indicate mean
ratios of UMAG_02297 to ppi (272CY of three biological replicates. Transparent points indicate individual
values; error bars denote the standard deviation. C) Impact of UMAG_02297 overexpression on virulence.
SG200, KO_UMAG_02297, KO_UMAG_02297/C and OE_UMAG_02297 strains were injected into CML322
and EGB seedlings and symptoms were scored 12 dpi. OE: overexpression. S.l.: single integration. M.I.:
multiple integration. Disease indices reflect disease symptom severity and are shown in relation to SG200,
which was set to unity. Asterisks label significant reduction in disease index compared to SG200 (student’s t-
test, p value <0.05). All experiments were performed in three independent biological replicates. Average
number of infected plants per strain and maize line: 86.
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2.4.1 Intraspecific variation of UMAG_02297

Allelic variation between host genotypes in genes that contribute to resistance or
susceptibility is assumed to build the genetic basis of QDR (Niks et al. 2015).
Consequently, to maintain efficient interaction with their targets, pathogen effectors
targeting components of QDR are expected to display allelic variation as well. Therefore,
the intraspecific sequence variation of the maize line-specific effector UMAG_02297 was
analysed. To this end, the amino acid sequences of UMAG_02297 from all publicly
available U. maydis genomes (Kéamper et al. 2006; Zuo et al. 2020;
https://www.ncbi.nIm.nih.gov/assembly/organism/5270) and from genomes of a collection
of field isolates from different regions of Mexico (Kahmann et al., unpublished) were
compared with each other (Table 2.1, Figure 2.16).

Table 2.1. Origins of sequenced U. maydis strains. Geographic origins of the U. maydis strains used for
sequence variation analysis of UMAG_02297 (Figure 2.16).

Strain Origin
SG200 Minnesota, USA
521 USA

A,B,CD,E Irapouto, Mexico
F,G,HIJ Oaxaca, Mexico
K,L, M, N, O Pachuca, Mexico
P,Q,R Sinaloa, Mexico
S T,U,V Toluca, Mexico
ASM166006 | Marburg, Germany
ASM166200 | Marburg, Germany
ASM173615 | Marburg, Germany
ASM173618 | Dusseldorf, Germany
ASM173621 | Marburg, Germany
JCM2005 Japan
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This identified four different UMAG_02297 orthologues, with amino acid identities ranging
from 99.3% to 98.6%. The first orthologue was present in three strains originating from
different geographic locations in Mexico (strains B, Q, V from Irapouto, Sinaloa and
Toluca, respectively). The second orthologue was present in all other Mexican strains as
well as the Japanese strain JCM2005. SG200 and 521, both from the USA, and three
strains from different German locations (ASM166200, ASM173621 from Marburg and
ASM173618 from Dusseldorf) carried a third UMAG_02297 orthologue. Two other strains
collected in Marburg, Germany (ASM173606 and ASM173615) shared a fourth
orthologue. In summary, some strains that originated from highly distinct geographic
locations had identical UMAG_02297 sequences, while other strains from similar locations
displayed different UMAG_02297 sequences. This implies that geographic origin is not the
main determinant of UMAG_02297 sequence variation and one could therefore speculate
that the host genotype plays a larger role in UMAG_02297 sequence variation. It could
therefore be insightful to compare from which maize lines the different strains were
isolated. However, such information is not available for the analysed strains.
Nevertheless, it should also be noted that conclusions drawn from variation in only one
gene are rather limited. Therefore, for future studies, a detailed analysis of variation in all
effector genes in different U. maydis strains would provide a more comprehensive view of
adaptation of U. maydis to different environments.
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Furthermore, to compare the extent of variation in UMAG_02297 to overall variation in
U. maydis effector genes, the fraction of non-synonymous substitutions per non-
synonymous site was calculated as a measure of sequence diversification for all effector
genes. Then, based on the calculated values, the effectors were ranked from low variance
to high variance. Here, UMAG_02297 was ranked in the top 15% of genes with highest
variation, i.e. displayed higher sequence variation than most other U. maydis effectors
(Figure 2.17). As stated above, high rates of sequence variation between genotypes are
expected for genes involved in QDR. Together with the maize line-specific virulence
function of the KO and the overexpression of UMAG_02297, this further indicates that
UMAG_02297 could target components of QDR.

Sequence variation

0.05 A

(non-synonymous substitution/non-synonymous site)

&

Figure 2.17. Intraspecific sequence variation within U. maydis effector genes. Boxplot of sequence
variation between different U. maydis genotypes as the fraction of non-synonymous substitutions per non-
synonymous site. Sequence variation was calculated for effectors of all publicly available U. maydis genomes
and a collection of field isolates from different regions of Mexico (Table 2.1). Orange dot highlights
UMAG_02297, orange line represents the median.

- 48 -



2. Results

2.5 Host transcriptional changes induced by UMAG_02297

To investigate, which host processes might be influenced by the maize line-specific
effector UMAG_02297, leaf samples of CML322 maize seedlings infected with SG200 and
KO_UMAG_02297 were analysed by RNA-Seq at 3 dpi. Of all 63477 maize annotated
loci, 30637 were expressed in these samples (48%). Variability between the samples was
assessed in a multidimensional scaling plot (Figure 2.18A). Both U. maydis-infected
samples formed one cluster highly distinct from the mock-treated samples, indicating that
maize gene expression was mostly influenced by infection in general, rather than by the
different U. maydis strains.

To identify genes which were uniquely responsive to infection with SG200 or the
UMAG_02297 KO strain, expression fold changes to the CML322 mock sample of the
different infected samples were compared (log> expression fold change >0.5 or <-0.5,
adjusted p value <0.05). This analysis identified the highest number of DEGs in
comparison with the SG200-infected sample (6046 genes upregulated and 3646 genes
downregulated compared to mock). The KO strain induced slightly milder transcriptional
changes (5699 genes upregulated and 3212 genes downregulated compared to mock),
which is in line with its reduced virulence. Most of the DEGs were jointly regulated: 91% of
the upregulated genes (5486) and 81% of the downregulated genes (2962) were
equivalently regulated in response to both strains. Only around 9% and 4% (560 and 213
genes) were uniquely upregulated in response to SG200 or KO, respectively, and around
19% and 8% (684 and 250 genes) were uniquely downregulated in response to SG200 or
KO, respectively. Taken together, this indicates that maize gene expression is slightly and
specifically altered by UMAG_02297.
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Figure 2.18. Maize gene expression changes in response to U. maydis KO_UMAG_02297 and SG200.
The transcriptome of CML322 maize seedlings infected with SG200, KO_UMAG_02297 and mock was
analysed via RNA sequencing 3 days post infection (dpi). KO: knock-out. A) Multi-dimensional scaling plot
of maize RNA sequencing data. The top 5000 variable genes were used to calculate pairwise distances
between the samples. B) UpSet plot of maize genes differentially expressed in response to SG200 and
KO_UMAG_02297 infections in comparison to mock. Genes with a logz expression fold change >0.5 or <-
0.5 and adjusted p value <0.05 were considered differentially expressed (DE). In total, 10155 of 30637
expressed genes were DE. Number of differentially expressed genes (DEGs) for each of the 15 possible
comparisons is indicated by set size (horizontal bars). Overlaps of DEGs between comparisons are depicted
by connected black dots. Size of overlaps is indicated by intersection size (vertical bars).
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To gain insight into which host processes could be targeted by UMAG_02297, genes
uniquely responsive to each of the strains were additionally filtered for genes that were
differentially expressed in response to U. maydis SG200 infection between CML322 and
EGB, where UMAG_02297 was not found to have a function for virulence (426 genes).
Within these, genes predicted to encode auxin efflux transporters were strongly enriched
(12-fold enrichment, hypergeometric p value 0.002). Interestingly, additionally several
other genes predicted to be related to auxin were found within these (Figure 2.19). The
auxin-efflux carrier pin12 (GRMZM2G160496_P01) and auxin-responsive SAUR32
(GRMZM2G466229_P01) were similarly regulated in CML322 in response to KO and in
EGB in response to SG200, while SAUR56 (GRMZM2G414727_P01) and the auxin-efflux
carrier pin5 (GRMZM2G025742_P01) differed more strongly between the maize lines
(SG200- and KO-infected CML322 vs SG200-infected EGB). This observed specific
regulation of auxin-related genes identifies the manipulation of the auxin pathway as a
potential maize line-specific target of UMAG_02297.

log,FC infected vs Mock

420 2 4

_ GRMZM2G160496_P01 Auxin efflux carrier component pin12

———— GRMZM2G414727_P01 Auxin-responsive protein SAUR56

- - GRMZM2G466229 P01 Auxin-responsive protein SAUR32

GRMZM2G025742_P01 Auxin efflux carrier component pin5

GRMZM2G175983_P01 Auxin efflux carrier

$G200 SG200 KO
EGB CML322 CML322

Figure 2.19. Expression profile of auxin-related maize genes in response to U. maydis SG200 and
KO_UMAG_02297 in EGB and CML322. Heatmap shows logz expression fold changes of infected vs mock-
treated samples.
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2.6 QTL mapping for U. maydis disease resistance

2.6.1 Identification of local compatible U. maydis field isolates

To identify genetic loci contributing to QDR towards U. maydis in maize seedlings, a QTL
mapping experiment was conducted. For this, the third filial generation (Fs) of a cross of
B73 and Tx303, maize lines which displayed highly distinct U. maydis disease resistance
phenotypes (Figure 2.1A), was used. As the number of plants needed for this study would
have surmounted the greenhouse space available, the experiment was conducted in the
field. Since only local wildtype strains were permitted to be used in field trials, suitable
wildtype strains needed to be identified first. To this end, field isolates collected in the
Marburg area in Germany (strain IDs 45-50) and in Luxemburg (strain IDs 51-56) were
tested for compatibility. All possible strain combinations were dropped on PD-charcoal
plates to assess filament formation (Figure 2.20A). Filamentation is manifested by white,
fuzzy colonies and indicates successful mating in compatible mixtures. As control, all
strains alone and the solopathogenic SG200 strain were used.

In mixtures 45x48, 47x52, 48x52, 48x54, 48x56 and 52x55 filament formation was visible.
From these, 45x48 and 52x55 were selected for virulence assessment, as these were the
only compatible mixtures of the same geographic origin. For this, B73 and Tx303
seedlings were inoculated with 45x48 and 52x55 in the greenhouse and symptoms were
scored 12 dpi (Figure 2.20B). On B73, infection of both wildtype mixtures resulted in 42-
62% of dead plants. The remaining plants displayed mostly chlorosis and normal tumours.
Almost 95% of Tx303 plants infected with 45x48 and 52% of those infected with 52x55
were dead 12 dpi. In most remaining plants heavy tumours were observed. Taken
together, this shows that both strain mixtures are highly virulent, and that the previously
observed difference in resistance between Tx303 (highly susceptible) and B73 (relatively
resistant) is also apparent using the tested wildtype mixtures. Because of closer origin of
45x48 to the location of the field, these isolates were selected for the QTL mapping

experiment.
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Figure 2.20. Mating and virulence of U. maydis field isolates. A) Mating test of U. maydis field isolates.
Filamentation of mixtures of U. maydis field isolates was assessed by dropping 2.5 pl of culture mixtures on
PD charcoal plates. The solopathogenic SG200 strain was used as control. Strains 45-50 were collected from
a maize field in the Marburg area, Germany. Strains 51-56 were collected from a maize field in Luxembourg.
B) Disease symptom classification of U. maydis field isolates. B73 and Tx303 maize seedlings were
inoculated with the indicated mixtures of compatible U. maydis isolates at the three-leaf stage. Disease
symptom classification was done 12 days post infection (dpi) as described in Redkar and Doehlemann
(2016a) and values are expressed as percentage of the total number of infected plants. N: number of infected
plants.
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2.6.2 Genetic map construction

To identify correlations between genetic loci and U. maydis resistance by QTL mapping,
first the B73xTx303 segregating progeny were genotyped. For this, 111 molecular
markers evenly distributed across the genome that were polymorphic and showed no
heterozygosity between the parental lines were selected from single nucleotide
polymorphisms (SNPs) identified by Ganal et al. (2011). The selected SNP markers were
genotyped by competitive allele-specific PCR (KASP) on a bulk of five plants per F3 family
derived from the B73xTx303 cross. Markers that were monomorphic and with more than
30% missing data and families with more than 20% missing data were omitted
(Supplementary Figure 6.5) as well as markers with strong segregation distortion (p value
<107%), leaving 76 markers and 93 families for the analysis. Segregation distortion, also
referred to as meiotic drive, leads to strong deviation from the expected genotypes and
often indicates problematic markers, as unlinked markers appear to be linked. The genetic
map was constructed chromosome-wise by checking all possible orders of markers in a
sliding window approach. Finally, the marker orders that minimised the obligate number of
crossovers were chosen. The resulting genetic map displayed a total size of 1812 cM,
with an average marker spacing of 27.5 cM (Table 2.2 and supplementary Figure 6.6).

Table 2.2. Genetic map properties. Number of markers, length and spacing of markers within chromosomes
and the complete genome. Chr: Chromosome. No.: Number. The genetic map was constructed with R/qgtl
v1.46-2 (Broman et al. 2003) using Haley-Knott regression in collaboration with Benjamin Stich.

Chromosome No. of Length | Average spacing Maximum
markers [cM] [cM] spacing

1 12 252.5 23.0 82.6
2 8 286.1 40.9 92.8
3 6 245.2 49.0 154.8
4 7 97.4 16.2 22.3
5 9 193.1 24 1 79.6
6 7 110.1 18.4 49.6
7 5 174.5 43.6 82.3

8 8 137.3 19.6 58.3

9 8 162.4 23.2 36.2
10 6 153.6 30.7 491

all 76 1812.3 27.5 154.8
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2.6.3 QTL analysis

For the phenotypic analysis of the B73xTx303 segregating progeny, approximately 20
seedlings of 100 B73 x Tx303 Fs families and of the parental lines were inoculated with
U. maydis 45x48 in two independent biological replicates in the field. Because of the
extraordinarily strong virulence of the selected strains, the inoculum was reduced to 50%
(ODegoo of inoculum was 0.5 instead of ODeg 1). Disease symptoms were scored 11 dpi
(Figure 2.21A). QTL detection identified the marker PZE-109112175 on chromosome 9 to
significantly contribute to heavy tumour formation (Figure 2.21B, a = 0.05). The QTL was
extended to the neighbouring markers and spanned a 10.89 Mb region containing 884
predicted genes. Figure 2.21C depicts the effect of the genotype of the identified marker
on heavy tumour frequency. In families carrying the B73 allele at the identified marker
(AA), heavy tumours were slightly reduced compared to families carrying the Tx303 allele
(BB). Families that were heterozygous at the identified marker showed heavy tumour
levels comparable to those homozygous for the B73 allele, suggesting a dominant
negative effect on heavy tumour formation of the B73 allele. For the other symptom
categories as well as for the disease index, no significant QTL was identified.

QTL mapping was repeated in two additional biological replicates in the subsequent year.
Due to high variation of the observed phenotypes between replicates, results from the first
year could not be confirmed, indicating a strong influence of environmental factors on
U. maydis resistance (results not shown). Therefore, QTL mapping should be repeated
using more plants per family and/or more stable conditions to validate the identified QTL.
Comparison with the transcriptome data of different maize lines infected with U. maydis
revealed 34 genes within the QTL being differentially expressed between B73 and Tx303
in response to U. maydis (Chapter 2.3). In case the identified QTL will be confirmed in
subsequent analyses, these genes would represent promising candidates that could
underlie the effect of the QTL on U. maydis resistance.
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Figure 2.21. QTL mapping for U. maydis disease resistance. A) Symptom scoring of B73xTx303 Fs-
families and parental lines. Seedlings grown in the field were inoculated with U. maydis 45x48 wildtype
isolates at the three-leaf stage in two independent biological replicates in 2018. Disease symptom
classification was done 11 days post infection (dpi) as described in Redkar and Doehlemann (2016a) and
values are expressed as percentage of the total number of infected plants. Average number of infected plants:
18. Benjamin Stich generated the Fs-families and kindly provided seeds. B) LOD scores for heavy tumours.
LOD scores are a measure of the likelihood of linkage of loci to the quantitative trait. LOD threshold for a =
0.05 is indicated by red line (=3.85). LOD: logarithm of the odds. C) Effect plot for genotypes at the
identified marker. AA corresponds to the B73 allele and BB corresponds to the Tx303 allele. Adjusted entry
means (aems) for the shown genotypes for heavy tumours are indicated by the y axis. Means of the aems are
indicated by red lines and error bars indicate the standard error +/- 1. QTL detection was done in collaboration
with Benjamin Stich.
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3 Discussion

The maize pathogen U. maydis serves as a model system to study the molecular
mechanisms of biotrophic plant-pathogen interactions and causes important yield losses
in the world’s major crop maize. Unlike in most biotrophic interactions, resistance of maize
to U. maydis is a polygenic, quantitative trait. However, the molecular basis of QDR in the
U. maydis-maize interaction is mostly unknown. Therefore, the molecular mechanisms
underlying QDR in maize and how U. maydis’ virulence strategy is adapted to different
host genotypes were investigated in this study.

3.1 U. maydis resistance levels of diverse maize lines

Plant inoculation experiments revealed that U. maydis resistance levels of the NAM
founder lines and EGB are highly diverse, which further corroborates the quantitative
nature of the U. maydis-maize interaction and indicates that several genes are involved in
determining resistance or susceptibility. Resistance levels of the NAM founder lines to
other diseases such as Northern leaf blight or aphids have been previously analysed,
which showed distinct patterns from the U. maydis resistance levels observed in this
study. B73 for example is highly susceptible to Northern leaf blight, while CML322 is very
resistant and Ky21, Oh43 and Tx303 showed medium susceptibility levels (Poland et al.
2011). Aphid resistance is high on Tx303, Oh43 and Ky21, whereas CML322 is highly
susceptible and B73 displays medium aphid susceptibility (Meihls et al. 2013). For
U. maydis, CML322 displayed highest resistance levels, followed by B73, and Ky21, Oh43
and Tx303 were moderately to highly susceptible. This suggests that specific defence
mechanisms rather than general disease robustness determine the outcome of maize
interactions with different pathogens and pests.

Furthermore, maize lines of tropical origin were generally more resistant, while maize lines
of temperate origin, i.e. of close provenance to SG200, were generally more susceptible.
This could indicate that the local U. maydis strains might adapt to the local host lines.
However, this is based on the observation of the maize resistance phenotypes towards
only one U. maydis strain. Tropical maize lines might also display higher resistance levels
to U. maydis infection in general, as pressure from pathogens and pests tends to be
higher in such habitats, which probably results in a stronger focus on disease resistance
breeding in tropical regions (Schemske et al. 2009; Rasman and Agrawal 2011). Hence,
investigating the resistance levels of different maize lines towards U. maydis strains of
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diverse geographical origins is required to clarify possible mechanisms of geographic
adaptation.

3.2 Maize processes involved in QDR against U. maydis

To elucidate the molecular mechanisms underlying the quantitative maize-U. maydis
interaction, | performed an RNA-Seq analysis of maize lines of distinct resistance levels
colonised by U. maydis. Investigations of the genotype-dependent transcriptional changes
in maize in response to U. maydis aimed at identifying host processes involved in QDR to
U. maydis.

In general, maize responses towards U. maydis infection involve a broad physiological
reprogramming, which includes suppression of photosynthesis-associated genes in
infected leaves (Horst et al. 2008; Doehlemann et al. 2008a). This is accompanied by an
increase of free hexose levels and a decrease in chlorophyll content, reflecting that the
fungus blocks the transition to a photosynthetically active source tissue (Doehlemann et
al. 2008a; Matei et al. 2018). Free hexoses within tumour cells are thought to serve as an
easily accessible carbon source for the fungus, as well as help to build up osmotic
pressure for tumour cell-expansion (Horst et al. 2008; Horst et al. 2010). Infection
experiments using maize mutants with distorted starch metabolism furthermore showed
that alterations in carbon allocation are an important factor influencing U. maydis growth
and plant defence (Kretschmer et al. 2017b). Similarly, U. maydis infection goes along
with redirection of nitrogen-rich amino acids towards tumour tissues, where they are
thought to contribute to defence rather than serving as nutrients for the fungus (Horst et
al. 2010; Kretschmer et al. 2017a). Changes in phytohormones such as JA, SA and auxin
are also associated with U. maydis infection (Turian and Hamilton 1960; Doehlemann et
al. 2008a). Additionally, the fungus actively triggers cell division and reactivates DNA
synthesis for tumour formation in leaves, which goes along with cell type-specific
alterations of genes involved in cell-cycle regulation (Redkar et al. 2015; Matei et al. 2018;
Villajuana-Bonequi et al. 2019).

Of these general U. maydis-induced host responses, several were identified to be
specifically altered depending on the maize line. Correlation analysis of gene expression
to resistance levels via WGCNA identified genes involved in photosynthesis to be
upregulated in the more resistant maize lines. This suggests that there, the induction of
photosynthesis is not as strongly suppressed as in the more susceptible maize lines by
U. maydis. Inefficient suppression of photosynthesis might result in changes in carbon
allocation and consequently lead to a reduced fungal proliferation, either directly through
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limitation of nutrient supply for the fungus or indirectly via alterations in plant defence
signalling (Roitsch et al. 2003; Bolouri Moghaddam and Van den Ende 2013; Kretschmer
et al. 2017a).

Furthermore, cell division processes were upregulated in response to U. maydis in the
more susceptible maize lines. In the A. thaliana-Plasmodiophora brassicae interaction,
which is also accompanied by gall formation, genes involved in cell proliferation are
associated with QDR as well (Jubault et al. 2013). In addition to the obvious involvement
in tumour formation, cell-cycle deregulation can also have an impact on expression of
R genes and thereby modulates plant defence (Bao et al. 2013). Thus, one could
speculate that genes involved in cell division might also play a role in QDR against
U. maydis. However, based on the available data one cannot exclude that the positive
correlation of photosynthesis-repression and cell division with fungal infection could also
be consequence rather than cause of an enhanced susceptibility. Nevertheless, as the
developmental stages of the fungus in all my samples were comparabile, it is likely that the
observed resistance level-specific transcriptional changes directly contribute to the
outcome of the quantitative interaction with U. maydis.

Within all genes differentially regulated between maize lines in response to U. maydis
infection, the major functional classes were related to ‘transmembrane transport’ as well
as ‘oxidation-reduction’ and ‘protein phosphorylation’. Protein phosphorylation through
kinases is a central process for signal transduction in immune responses. Interestingly,
kinases have been shown to play important roles in QDR in several cases. Two maize
wall-associated kinases, ZmWAK-RLK1 and ZmWAK, confer QDR to Northern leaf blight
and a close relative of U. maydis, S. reilianum, respectively (Zuo et al. 2015; Hurni et al.
2015). Transport processes are essential for plant responses during interactions with
pathogens, and several QDR genes encode putative transporters. For example, the ABC
transporter encoded by Lr34 confers resistance to diverse fungal pathogens in wheat
(Krattinger et al. 2009). Hence, this suggests a possible role for kinases as well as
transport processes also in QDR against U. maydis.

Together, the analyses of maize line-dependent transcriptional changes induced by
U. maydis show that genes associated with QDR to U. maydis involve genes of various
functional classes. Furthermore, the finding that only a small fraction of the maize line-
specifically expressed genes was shared with genes previously found to be associated
with PTl and ETl in A. thaliana (Dong et al. 2015; Hatsugai et al. 2017; Mine et al. 2018),
assuming conservation of PTl and ETI between the different plant species, suggests that
QDR mechanisms are mostly distinct from canonical PTl and ETI gene networks. This is
in line with the generally complex nature of QDR and the idea that QDR extends beyond
pathogen perception (Corwin and Kliebenstein 2017).
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3.3 Maize line-specific gene expression in U. maydis

The major aim of this study was to elucidate whether the virulence strategy of U. maydis is
adapted to different host genotypes. To this end, | investigated changes in U. maydis
gene expression patterns induced by the interaction with maize lines of distinct disease
resistance levels via RNA-Seq.

WGCNA identified several modules of co-expressed genes, and two of them were
significantly correlated to the resistance level of the colonised maize line. In the co-
expression module positively correlated to colonisation of more resistant maize lines,
enriched biological processes included mechanisms connected to carbohydrate
metabolism, which has been directly linked to plant cell wall degradation in plant
pathogenic fungi (Tonukari et al. 2000; Ospina-Giraldo et al. 2003). During U. maydis
infection, degradation of cell walls is essential at very early stages to allow initial
penetration and intracellular growth, as well as in later stages when plant cell walls need
to be loosened to enable cell enlargement for tumour formation, rather than being used as
a nutrient source (Doehlemann et al. 2008b; Lanver et al. 2018). Furthermore, changes in
cell wall lignification play an important role in the restriction of U. maydis-induced tumour
formation (Tanaka et al. 2014; Matei et al. 2018). Consequently, one could speculate that
enhanced cell wall reinforcements or different cell wall compositions might be an
additional obstacle the fungus needs to overcome when colonising host lines of higher
resistance levels. Several studies have suggested differences in cell wall composition as
factors in other host-pathogen interactions as well (Vorwerk et al. 2004; Bacete et al.
2020). A. thaliana mutants of the GPIl-anchored putative pectate lyase PMR6 are highly
resistant to powdery mildew (Vogel et al. 2002). In wheat, variation in pectin composition
has been associated with resistance to the stem rust fungus Puccinia graminis (Wiethdlter
et al. 2003). In maize, significant differences in cell wall composition between maize lines
have been reported (Hazen et al. 2003). A detailed cell wall carbohydrate profiling of all
NAM founder lines would allow investigating if more resistant or more susceptible maize
lines share similar cell wall compositions and would thereby help to answer the question
to which extent natural variation in cell wall composition affects pathogen resistance.
Transport reactions are essential in all living cells to transfer metabolites or nutrients and
to interact with their environment. In U. maydis, different nutrient transporters are
important virulence factors tied to biotrophic development (Wahl et al. 2010; Horst et al.
2012; Schuler et al. 2015). The previously described high-affinity sucrose transporter Srt1
(Wahl et al. 2010), hexose transporter Hxt1 (Schuler et al. 2015) and nitrogen transporter
Nit2 (Horst et al. 2012) were not differentially expressed between maize lines. However,
nutrient uptake is not only dependent on specific nutrient transporters, but most

-60 -



3. Discussion

importantly driven by an ion gradient which is produced by the activity of plasma
membrane H*-ATPases that transport ions through the membrane (Palmgren 1990;
Gianinazzi-Pearson et al. 1991; Sondergaard et al. 2004; Wang et al. 2014). For example
during mycorrhizal symbiosis, plant H*-ATPases were found to energise nutrient uptake in
rice and Medicago truncatula (Wang et al. 2014). Within the co-expression module
positively correlated to the disease index, i.e. that contains genes generally upregulated
during infection of more susceptible maize lines, one significantly enriched functional
group is linked to ion transport processes and contains a putative H*-ATPase that could
be involved in nutrient uptake. Consequently, this could indicate that different availability
of nutrients in more resistant vs. more susceptible maize lines might influence U. maydis
growth and disease development, and thereby contribute to the observed resistance
phenotypes.

In general, the U. maydis-maize interaction follows a two-phased model, where first the
establishment of the interaction depends on universal pathogenicity factors that suppress
conserved plant defences (Skibbe et al. 2010). In the second phase, the fungus
encounters different cell types or cells of diverse physiological and nutritional stages,
probably depending on the plant organ, tissue, or genotype. Thus, a more adapted and
refined response, including highly specific regulation of CSEPs, is required upon disease
progression (Walbot and Skibbe 2010; Skibbe et al. 2010; Gao et al. 2013; Matei et al.
2018). So far, organ-specific as well as cell type-specific CSEP expression patterns have
been identified (Skibbe et al. 2010; Matei et al. 2018).

Within U. maydis genes being differentially expressed between host genotypes, CSEPs
were significantly enriched. Additionally, CSEPs were significantly enriched in the co-
expression module that was negatively correlated to the disease index, i.e. within genes
that were upregulated in the more resistant maize lines as well. Both these findings
indicate a predominant role of CSEPs in colonising host lines of different resistance levels
and point to an important involvement of CSEPs in targeting components of QDR. Also in
other pathogens, such as B. graminis ssp. hordei and Z. tritici, regulation of effector genes
was found to be dependent on the host genotype (Hacquard et al. 2013; Kellner et al.
2014).

Accordingly, in addition to organ- and cell type-specific regulation, U. maydis CSEPs are
also specifically regulated depending on the colonised maize line, which adds another
layer of specificity into this pathogenic interaction. How CSEP expression is altered
according to the plant organ, tissue or genotype remains unclear. In general, expression
of CSEPs can be regulated by a variety of mechanisms, including specific transcription
factors. In U. maydis, so far only infection stage-specific transcription factors have been
characterised (reviewed in Lanver et al. 2017). Hence, identifying the transcription factors
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or signals that could be involved in fine-tuning CSEP expression patterns would give
valuable insights into the highly sophisticated virulence strategy of U. maydis.

3.4 Maize line-specific activity of U. maydis CSEPs

It has been hypothesized that allelic variation between plant genotypes in genes
contributing to resistance or susceptibility likely builds the molecular basis of QDR (Niks et
al. 2015). This can lead to altered expression patterns or different modes of defence
reactions. If these QDR genes represent effector targets, allelic variation can also
influence the efficiency an effector can interact with and thereby manipulate its respective
host target. Therefore, the targets of pathogen effectors which quantitatively contribute to
virulence are potential candidates contributing to QDR in the host and thus, the
identification of these effectors and subsequently, their respective targets, can help to
elucidate the diverse genetic basis of QDR. One example which strongly supports the
hypothesis that allelic variations in effector targets may be the basis of QDR came from
the Phytophtora infestans effector EPIC1, which inhibits the papain-like cysteine protease
(PLCP) RCRS3 in tomato and potato (Song et al. 2009). Comparative analysis with the
Phytophtora mirabilis EPIC1 homolog, PmEPIC1, identified host-specific abilities to
suppress RCR3. PmECPIC1 failed to suppress potato and tomato RCR3, but was highly
effective in inhibiting an RCRS3-like protease in Mirabilis jalapa. These different
specificities resulted from single amino acid polymorphisms in both the host target and the
pathogen effectors (Dong et al. 2014). Similarly, one U. maydis effector conserved across
different species, Pit2, shows gradual adaptation to the host target (Misas Villamil et al.
2019). There, the S. reilianum Pit2 orthologue can only partially complement the virulence
defect of an U. maydis Pit2 KO mutant. Furthermore, the KO mutant of another U. maydis
effector, ApB73, displays a strongly reduced virulence phenotype in the maize line B73,
while in the more susceptible maize line EGB the virulence defect is less pronounced
(Stirnberg and Djamei 2016). The cause of this quantitative difference in virulence is
unclear. Taken together, these observations underpin the importance of effector
diversification and their possible quantitative influence on pathogen virulence.

Based on the enrichment of CSEPs in maize line-specifically expressed U. maydis genes,
the virulence functions of selected maize line-specifically expressed sets of CSEPs were
assessed in different maize lines to further investigate the importance of maize line-
specific adaptation of U. maydis effectors. By this, | identified two sets of effectors which
specifically contribute to U. maydis virulence depending on the maize line
(UMAG_02297/UMAG_05027 and UMAG_05318/UMAG_11416). Subsequent analysis of
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single CSEP mutants isolated UMAG_02297 as the gene that underlies the maize line-
specific virulence reduction of the UMAG_02297/UMAG_05027 KO mutant. Preliminary
data additionally suggest a maize line-specific virulence function for the CSEP sets
UMAG_02178/UMAG_11908 and UMAG_10861/ UMAG_05222. The other maize line-
specifically expressed sets of CSEPs either contribute to virulence in none or all the
tested maize lines. Hence, maize line-specific expression patterns do not always result in
maize line-specific function. Overall, the identification of several sets of CSEPs with maize
line-specific virulence functions further substantiates the importance of effectors in
targeting components of QDR and suggests specific adaptation of U. maydis effectors to
different host genotypes.

3.5 The maize line-specific effector UMAG_02297

In this study, | identified a maize line-specific virulence function for the effector gene
UMAG_02297. Unexpectedly, UMAG_02297 is required for full virulence in the maize line
in which expression levels are lower than in the maize lines where it does not affect
virulence throughout the infection. Furthermore, overexpression of UMAG_02297, similar
to its KO, resulted in a maize line-specific virulence defect. Both these findings underline
that manipulation of host processes by effectors requires a fine-tuned adaptation to the
host genotype. Similarly, in the barley pathogen Rhynchosporium commune, effector
transcript levels and functional importance do not always coincide either. Here, the three
necrosis-inducing effectors NIP1, NIP2, and NIP3 were found to impact virulence
differently depending on the host genotype, and NIP1 transcript levels did not correlate
with its functional importance (Kirsten et al. 2012).

These findings suggest that the specific functions of effectors do not only depend on their
expression levels, but could also be a consequence of functional specialisation that did
not necessarily require adaptation on the transcriptional level. Correspondingly, cross-
species analyses between U. maydis and S. reilianum effector orthologues highlighted
that adaptation of effector genes can be caused by changes on the transcriptional level as
well as through neo-functionalisation of the effector proteins (Zuo et al. 2020b). This is
furthermore supported by the observation that ApB73, which has a maize line-specific
function for virulence in U. maydis (Stirnberg and Djamei 2016), is not differentially
expressed between maize lines, at least not at the time point tested in this study.
Additionally, presence or variation of the respective effector host target probably also
strongly determine effector function. This is endorsed by the finding that UMAG_02297 is
upregulated in EGB, where it did not contribute to virulence, and that overexpression of
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UMAG_02297 in EGB did not affect virulence in this maize line. The relatively high
expression level of UMAG_02297 in EGB could represent an attempt of the fungus to
compensate loss of function by overexpression. Moreover, the S. reilianum ApB73
orthologue is able to complement the U. maydis ApB73 mutant phenotype in B73, even
though sequence identity is only about 44% (Stirnberg and Djamei 2016), suggesting that
interaction with the respective B73 target does not strongly depend on the particular
effector sequence, but that in fact, the effector target might be highly variable between
B73 and EGB, where ApB73 only has a minor contribution to virulence. Hence, variation
in effector host targets, in addition to variation in effectors themselves, plays an important

role in determining effector virulence function.

3.5.1 Sequence variation in UMAG_02297 orthologues

It is assumed that effectors involved in QDR exhibit sequence diversification, since allelic
variation in their respective targets probably forms the basis of QDR (Niks et al. 2015).
The identification of pathogen race-specific resistance QTLs in rice against the blast
fungus Magnaporthe grisea further substantiate the importance of allelic variation in both
the host and the pathogen in QDR (Talukder et al. 2004). In U. maydis, a hint that
variation between factors which target QDR components significantly influences QDR
came from the finding that some maize resistance QTLs were only functional in a specific
environment (LUbberstedt et al. 1998a). There, a QTL mapping approach using natural
U. maydis infections showed that the resistance phenotype of the same host genotype is
dependent on the supposedly variable locally prevalent U. maydis genotypes.

Comparison of the protein sequences of the maize line-specific effector UMAG_02297
from different U. maydis isolates identified four variable amino acid positions. One of
these variable positions lies within the signal peptide and might affect secretion of the
effector. Two other amino acid changes are conservative, the fourth change in contrast
(proline to asparagine) could influence protein function. Even though variation within
UMAG_02297 is rather limited (with minimal sequence identity of 98.3%), it ranked within
the top 15% of variable effectors in the investigated strains, meaning that effector variation
in general is very low in U. maydis. The low diversity of amino acid sequences observed
between isolates could be explained by the fact that evolutionary pressure is sometimes
exerted on only a few and precise amino acid positions involved in the interaction of the
protein with its target (Morales et al. 2020).

Still, single amino acid changes can have immense impact on protein function, as it is
demonstrated by e.g. the different inhibition specificities of the abovementioned EPIC1
effector from two different Phytophtora species. Here, a single amino acid polymorphism
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in the host protease and a reciprocal single amino acid change in the pathogen effectors
resulted in the host-specific inhibition of their target protease, underlining the importance
of ecological effector diversification (Dong et al. 2014). Furthermore, in the P. infestans
avirulence protein Avr3a, as little as one or two amino acid variations determine the
avirulence or virulence phenotype of the respective strain (Armstrong et al. 2005).
Strikingly, some strains from geographically distant origin displayed identical
UMAG_02297 sequences, while other strains from closer origin differed in their
UMAG_02297 sequence. In many sexual pathogens, as U. maydis, better-adapted
genotypes often emerge locally through recombination instead of gene flow through
immigrants, as it was shown for Leptosphaeroa maculans and Z. tritici (Daverdin et al.
2012). Accordingly, it could be speculated that the different UMAG_02297 variants were
independently established in similar host backgrounds where they were better adapted to
their target, as the strains that carry the advantageous allele in the respective maize line
would probably predominate other strains in the field. Unfortunately, correlation of the
effector variants to the maize lines from which the respective strains were isolated is not
possible due to the lack of such information. As a next step, it would therefore be of
interest to investigate whether the different variants of UMAG_02297 are functional in
different host genotypes.

To conclude, the relatively high level of intraspecific variation of UMAG_02297 compared
to overall effector diversity within U. maydis strains further strengthens its putative role in
targeting components of QDR. Overall, it has become clear that natural variation in both
pathogen and host are important factors that quantitatively influence the outcome of plant-
pathogen interactions.
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3.5.2 Manipulation of host gene expression by UMAG_02297

The analysis of transcriptional changes induced by the UMAG_02297 KO mutant in
comparison to wildtype infections identified auxin-related processes being a possible
target of this effector. In general, auxins play a cardinal role in controlling plant growth and
development. Additionally, auxin can act as an antagonist of the SA pathway in plant
defence, and thereby could promote fungal growth and disease development (Kazan and
Manners 2009). Previous studies have identified many auxin-related genes that underlie
QDR. For example in the soybean-Phytophthora sojae interaction, auxin catabolite
accumulation differed between a relatively resistant and a more susceptible soybean
cultivar, and the ability of resistant cultivars to cope with auxin accumulation could play an
important role in QDR in this pathosystem (Stasko et al. 2020). In maize, cloning of the
causal gene of the Giberella stalk rot resistance QTL qRfg2 identified ZmAuxRP1, which
encodes a plastid stroma-localized auxin-regulated protein, presumably modulating auxin
biosynthesis (Ye et al. 2019). Furthermore, increased auxin levels can generally lead to
enhanced susceptibility to several biotrophic pathogens (Navarro et al. 2006; Wang et al.
2007; Mutka et al. 2013) and a few pathogen effectors that target auxin-related processes
have been identified so far. The P. syringae effector AvrRpt2 for example initiates auxin
signalling through degradation of auxin/IAA proteins (Cui et al. 2013), and the effector
PSE1 from Phytophthora parasitica modulates local auxin levels through altered
distribution of auxin efflux transporters (Evangelisti et al. 2013).

For U. maydis, it has been proposed that auxin plays an important role in cell enlargement
during tumour formation, as auxin synthesis and auxin-responsive genes are induced
during this process (Turian and Hamilton 1960; Doehlemann et al. 2008a). Furthermore,
several gall-producing bacteria secrete auxins into the host to enable tumour or gall
formation and infection (Fu and Wang 2011; Patten et al. 2013). Hence, in addition to its
role in plant defence, regulation of developmental changes by auxin might be an important
factor during U. maydis disease development.

More precisely, the auxin-related genes that are possibly influenced by UMAG_02297 are
predicted to encode SAUR (small auxin up-regulated RNA) family proteins and PIN (PIN-
FORMED) auxin efflux transporters. Due to their extensive genetic redundancy, the
functions of most SAUR genes have remained elusive. Several lines of evidence suggest
that SAURs can positively and as well negatively regulate plant growth through controlling
cell expansion or division (Ren and Gray 2015). In addition, SAUR proteins might provide
a functional link between Ca?* and auxin responses (Ren and Gray 2015) and could
thereby also be involved in defence signalling processes. The correct localisation and
patterning of auxin levels is crucial for auxin-regulated processes, and the PIN family
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plays an important role in polarised auxin export (Ng et al. 2015). The inhibition of auxin
transport can differentially affect resistance to different pathogens (Kazan and Manners
2009), and the cyst nematode Heterodera schachtii was found to hijack the host’s PIN-
modulated auxin distribution network to facilitate infection and gall formation (Grunewald
et al. 2009).

Taken together, this renders auxin-related processes an interesting and promising target
of UMAG_02297, which however requires further functional validation. Protein-interaction
studies of UMAG_02297 as well as comparison of auxin-levels in tissues infected by the
UMAG_02297 KO strain and SG200 could further strengthen the hypothesis that this
effector might target auxin-related processes. Auxin measurements in infected tissues of
different maize lines would furthermore provide more general insights into the possible
roles of auxin in maize QDR against U. maydis.

3.5.3 Model for the maize line-specific function of UMAG_02297

The observations on the maize line-specific function of UMAG_02297 can be summarised
in a tentative model (Figure 3.1). The KO of UMAG_02297 resulted in a specific reduction
of virulence in the maize line CML322, but not in EGB. Hence, in CML322, UMAG_02297
successfully contributes to virulence probably via interaction or modification of its maize
target. In EGB, the respective maize target could display allelic variation, thereby inhibiting
UMAG_02297 to enhance fungal virulence. The finding that UMAG_02297 expression
was higher in EGB than CML322 throughout the infection could indicate that expression of
UMAG_02297 is upregulated in EGB as an attempt to compensate loss-of-function. It
could also be speculated whether the expression of the functional effector is suppressed
by the host in CML322, but that the remaining expression level is still sufficient to
contribute to virulence. However, the results from the UMAG_02297 overexpression
experiment do not support this hypothesis.
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Figure 3.1. Model for the maize line-specific function of UMAG_02297. In CML322, UMAG_02297 can
successfully interact with its maize target and contributes to virulence. In EGB, through presumed allelic
variation in the host target, the function of UMAG_02297 is inhibited. Loss of effector function might induce
overexpression of UMAG_02297 in EGB, without affecting virulence. In CML322, overexpression of
UMAG_02297 reduced fungal virulence potentially by recognition of the over-abundant effector. Allelic
variation in UMAG_02297 could in turn allow interaction with the allelic maize target.

In CML322, overexpression of UMAG_02297 resulted in a similar virulence defect as the
KO, rather suggesting that the effector might be recognised at higher abundance by the
host, which could be why expression levels are kept low. Furthermore, highly specific
tailoring of UMAG_02297 expression is necessary for correct virulence function. In EGB,
overexpression did not result in any changes of fungal virulence, further underlining that
UMAG_02297 is not functional or recognised in that maize line.

The identification of UMAG_02297 allelic variants in different U. maydis strains might point
towards a diversification of this effector to maintain its function for virulence in different
host genotypes. It could be speculated whether an allelic variant might in turn be
successful to interact or specifically modify its maize target in another maize line, e.g.
EGB, and thereby restore its function for virulence.
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3.6 QTL mapping for U. maydis resistance in maize seedlings

QTL mapping approaches have been successfully employed to ultimately identify genes
controlling complex, multigenic traits (e.g. Cook et al. 2012; Hurni et al. 2015; Zuo et al.
2015). Therefore, as an additional approach to the transcriptome analysis, | performed a
QTL mapping experiment to study the genetic basis of QDR in the maize-U. maydis
interaction. Using a segregating population derived from a B73xTx303 cross, this
identified one QTL on chromosome 9 that contributed to heavy tumour formation in two
biological replicates.

In previous studies, several QTLs associated with U. maydis disease resistance have
been identified. Using natural infections in different European locations, 19 distinct QTLs
distributed over all 10 chromosomes were mapped (LUbberstedt et al. 1998a). In addition,
12 QTLs contributing to frequency or severity of U. maydis infection across the entire plant
as well as in an organ-specific manner were found on all chromosomes except
chromosome 6 in field inoculation experiments (Baumgarten et al. 2007). Furthermore,
additive-effect QTLs on chromosomes 3, 5 and 8 were detected to influence U. maydis
infection frequency (Ding et al. 2008). All these QTLs explained only 3.2% to 58% of the
phenotypic variation, which further underlines the multigenic basis of U. maydis disease
resistance. Comparison of the genetic locations of the QTLs across these studies showed
some consistency, however no QTL was identified in all of them, and none of the QTLs
discussed above localised to the same genetic region as the one identified in the present
study.

Similar inconsistencies were reported for other complex maize traits, such as resistance
against grey leaf spot (Bubeck et al. 1993) or Puccinia sorghi (LUbberstedt et al. 1998b).
The lack of consistent QTLs could be explained by different sets of polymorphic
detectable QTLs in the different populations, low power of QTL detection, epistasis
between non-allelic genes or interactions with the environment. In small populations of
about 100 families, as it was the case also in the present study, the power of QTL
detection is low even for traits with high heritability, and the probability of the simultaneous
detection of the same QTL is estimated to be only about 10% (Utz et al. 1994).
Furthermore, the experimental set-up of the different QTL mapping experiments was
substantially different. In the discussed QTL studies, relatively mature plants were used,
and often only presence/absence of infection was scored rather than severity of
symptoms. In my approach, seedlings were used, and infection severity was assessed
using a quantitative scoring system. Plant stage-dependent phenotypic expression has
been commonly observed for various QTLs associated with plant disease resistance and
could explain the observed sparsity of overlapping QTLs. In barley for example, the QTL
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Rphq2 is effective in resistance against Puccinia hordei only in seedlings but not in adult
plants, while the QTL Rphqg4 is effective only at the adult plant stage (Qi et al. 1998; Wang
et al. 2010). The plant stage-specific effect of QTLs might in part be caused by changes in
growth-regulating phytohormones, which are involved in plant development as well as
defence pathways, however the exact mechanisms remain enigmatic (Develey-Riviere
and Galiana 2007; Chung et al. 2008; Wang et al. 2010).

It should be mentioned that the identified QTL was not confirmed in the third and fourth
biological replicates in the subsequent year, and hence must be regarded as preliminary.
The observed phenotypes were highly variable between the years and between both
replicates of the second year, possibly due to large differences in weather conditions
during the experiments.

A strong influence of the environment on resistance to U. maydis was observed in all
other QTL mapping studies as well, where the effect of approximately 50% of QTLs was
significantly variable in different environments (LUbberstedt et al. 1998a; Baumgarten et
al. 2007; Ding et al. 2008), and variations in precipitation and temperature have been
shown to affect U. maydis infection in maize fields in general (Christensen 1963; Kostandi
and Geisler 1989). Different weather conditions might have influenced the expression of
QTLs involved in developmental, morphological, and chemical characteristics affecting
resistance against U. maydis, and also probably directly affected the fithess of the fungal
inoculum and fungal growth rate in the field. Hence, it is obvious that the environment
plays an important role in the complex nature of U. maydis resistance in the field.

Another factor that could have accounted for the high variance between the replicates was
the low number of plants per family for each replicate (on average 9), which was due to
low or irregular germination rates and damage caused by animal feeding. Even under
controlled greenhouse conditions, the phenotypes of individual maize plants of the same
genotype are highly variable. Therefore, generally around 30 plants per replicate are used
to generate reliable results. Increasing the amount of plants and stabilising the
environmental conditions might help to improve consistency between replicates and
enhance the power of QTL detection.
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3.7 Concluding remarks and perspectives

In recent years, even though fundamental progress in the field of plant-pathogen
interactions has been achieved through reductionist approaches, the need for more
comprehensive studies taking into account natural variation in both pathogen and host
has become more and more clear. In this study, the influence of different host genotypes
on U. maydis virulence was investigated, which revealed that activity and function of
effector genes are specifically dependent on the host line. Furthermore, transcriptome
analysis of six U. maydis infected maize lines of different resistance levels offered
unprecedented insights into the transcriptional changes associated with host disease
resistance.

Although it has been known for long that U. maydis effector gene expression is a highly
specific and adapted process, the cues and mechanisms determining the different
specialised expression patterns remain elusive. It would therefore be of particular interest
to investigate which signals or transcription factors might be involved in adaptation of the
particular ‘effector cocktail’ to the colonised maize line, organ, or tissue.

Carbohydrate metabolism genes were upregulated during colonisation of more resistant
maize lines, suggesting that different cell wall compositions might affect U. maydis
disease resistance. This is in line with the finding, that differences in cell wall composition
strongly influence disease resistance of maize to various pests and other diseases
(Santiago et al. 2013). A detailed cell wall carbohydrate profiling of the NAM founder lines
and correlation of these results with U. maydis disease resistance phenotypes could help
to address the question how natural variation in cell wall composition affects U. maydis
resistance. It could also be speculated whether eminent differences in cell wall
composition between maize lines might represent a signal perceived by the fungus that
could specifically influence gene expression.

Differences in nutrient availability might also play a role in QDR to U. maydis, as indicated
by the enrichment of ion-transport processes within U. maydis genes being upregulated
during colonisation of the more susceptible maize lines. On the maize side, inefficient
suppression of photosynthesis was suggested to take place in the more resistant maize
lines. This would result in changes in carbon allocation and influence nutrient availability
as well. Accordingly, determining how nutrient content differs between the maize lines
during U. maydis infection could help to further support these findings.

A maize line-specific virulence function was identified for the effector gene UMAG_02297,
and transcriptome data suggested auxin-related processes as a possible target.
Furthermore, preliminary data indicated maize line-specific virulence functions for several

other maize line-specific effector candidates. Further functional characterisation of these
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candidates as well as the validation of auxin-related processes as a target of
UMAG_02297 will provide more insights into the molecular mechanisms underlying QDR
in the maize-U. maydis interaction and how U. maydis interferes with them. Auxin
measurements in different U. maydis-infected maize lines could shed light on the possible
roles of auxin in maize QDR against U. maydis.

As an additional approach to identify maize genes involved in QDR against U. maydis, a
QTL mapping experiment was performed in the field. The lack of reproducibility of results
in the subsequent season highlighted the influence of environmental conditions on
U. maydis infection. Stabilising the conditions as well as increasing the amount of plants
tested per family would most likely enhance QTL detection power and help generate more
reliable results in follow-up experiments.

In the present study, the importance of variation in the host in the maize-U. maydis
interaction was investigated. For future studies it will be of great interest to also examine
natural variation on the fungal side in more detail. UMAG_02297 displays allelic variation
between different U. maydis strains, and it would consequently be of special interest to
determine whether different variants of the same effector are functional in different host
genotypes. Genome sequences from additional strains originating from highly diverse
backgrounds will be crucial to broaden the understanding on U. maydis effector diversity
and adaptation. As genetic diversity is generally higher in natural populations of the host
plants and pathogens (Forbes et al. 2013), it would be sensible to include strains from
more natural environments, i.e. that would be isolated from the wild maize relative
teosinte. Taken together, this would further help elucidate how a highly specific, biotrophic
pathogen like U. maydis co-adapts with its host maize in different ecologic backgrounds.
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4 Materials and Methods

The used materials and methods are summarised in the following.

4.1 Materials and source of supply
4.1.1 Chemicals

All chemicals used in this study were acquired from Biozym (Hessisch Oldendorf,
Germany), Difco (Augsburg, Germany), GE Healthcare Life Science (Freiburg, Germany),
Invitrogen (Carlsbad, USA), Merck (Darmstadt, Germany), Roche (Mannheim, Germany),
Roth (Karlsruhe, Germany), and Sigma-Aldrich (St. Louis, USA) unless stated otherwise.

4.1.2 Buffers and solutions

All buffers, media and solutions were prepared with H>Oyiq. unless stated otherwise and
autoclaved for 5 min at 121 °C. Heat-sensitive solutions were filter-sterilised (0.2 yum pore
size, GE Health Care Life Science, Freiburg, Germany). The composition of all buffers,
media and solutions are indicated in the respective methods.

4.1.3 Enzymes, antibodies, and additional materials

The restriction enzymes used in this study were purchased from New England Biolabs
(Ipswich, USA). DNA polymerases used in this study were Phusion® High Fidelity DNA
Polymerase, Q5° High Fidelity DNA Polymerase (New England Biolabs, Ipswich, USA) or
GoTaqg® Green Master Mix (Promega GmbH, Madison, USA). Ligation of DNA molecules
was performed with T4 DNA ligase (New England Biolabs, Ipswich, USA). Gibson
assembly of DNA fragments was done using NEBuilder® HiFi DNA Assembly Master Mix
(New England Biolabs, Ipswich, USA). For the enzymatic degradation of fungal cell walls
Novozyme234 (Novo Nordisk, Copenhagen, Denmark) was used. Additionally used
enzymes are indicated in the respective method sections. Antibiotics and size markers
used in this study are shown in Table 4.1 and Figure 4.1, respectively.
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Figure 4.1. Standard marker used in this study. Thermo Scientific™ GeneRuler™ 1 kb DNA ladder
(Thermo Fisher Scientific, Waltham, USA) used for size determination of DNA fragments on an agarose gel.

Table 4.1. Antibiotics used in this study.

- Workin
il Usage concentrationg[pg/ml]
Carbenicillin E. coli 100
Kanamycin E. coli 40
Carboxin U. maydis 2
Hygromycin | U. maydis 200

4.1.4 Commercial kits

Plasmid DNA extraction was done using the NucleoSpin® Plasmid Kit (Macherey-Nagel,

Daren, Germany). PCR clean-up and gel-extraction of nucleic acids was performed using

the NucleoSpin® gel and PCR Clean-up kit (Macherey-Nagel, Diren, Germany). Isolation

of genomic DNA from maize material was performed using the MasterPure™ Complete
DNA and RNA Purification Kit from Epicentre (Madison, USA). Enzymatic degradation of
DNA was done using the TURBO DNA-free™ Kit (Ambion® Thermo Fisher Scientific,
Waltham, USA). Synthesis of cDNA was performed using RevertAid H Minus First Strand

cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA).
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4.2 Media and cultivation methods for microorganisms

4.2.1 Media

The composition of the media used for cultivation of microorganisms used in this study is
shown in Table 4.2. The media were autoclaved at 121 °C for 5 min before use, unless
stated otherwise.

Table 4.2: Composition of media.

Name Composition
d¥YT liquid 1.6% (w/v) Tryptone
(Sambrook et al. 1989) 1.0% (w/v) Yeast extract
0.5% (w/v) NaCl
YT solid 0.8% (w/v) Tryptone

0.5% (w/v) Yeast extract
0.5% (w/v) NaCl
1.5% (w/v) Agar
YEPSiignt 1.0% (w/v) Yeast extract
0.4% (w/v) Peptone
0.4% (w/v) Sucrose
Potato-Dextrose-Agar (PD) | 2.4% (w/v) Potato-Dextrose Broth
2.0% (w/v) Agar

PD-Charcoal Agar addition of 1.0% (w/v) activated
charcoal to the PD-Agar medium

Regeneration Agar 1 M Sorbitol

(Schulz et al. 1990) 1.0% (w/v) Yeast extract

0.4% (w/v) Peptone
0.4% (w/v) Sucrose
1.5% (w/v) Agar

4.2.2 Cultivation of E. coli

E. coli was used for amplification of plasmid DNA. It was cultivated at 37 °C either on YT
solid medium or in dYT liquid medium with shaking at 200 rpm. Glycerol stocks for long
term storage of cultures were prepared by adding 25% (v/v) glycerol to a thickly grown
overnight culture in a total volume of 1.8 ml and stored in a screw cap vial at -80 °C. For
selection, media were supplied with carbenicillin (100 pug/ml) or kanamycin (40 pg/ml).
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4.2.3 Cultivation of U. maydis

U. maydis liquid cultures were cultivated in YEPSjgn at 28 °C with shaking at 200 rpm.
Solid cultures of U. maydis were cultivated on Potato Dextrose (PD) Agar at 28 °C.
Glycerol stocks for long term storage of cultures were prepared by adding 25% (v/v)
glycerol to a culture with a ODegoo= 0.6-1.0 in a total volume of 1.8 ml and stored in a screw
cap vial at -80 °C. After transformation of U. maydis, regeneration agar was used. For
selection, the media was supplied with 2 pg/ml carboxin.

4.2.4 Determination of cell density

To determine cell density, absorption at 600 nm (ODsoo) was measured in a Genesis 10S
VIS spectrophotometer (Thermo Fisher Scientific, Waltham, USA) by taking the
corresponding medium as reference. To ensure a linear dependence of the
measurements, cultures were diluted to absorption values below 0.8. For U. maydis, an
absorption of 1 at ODeso accounts for ~1.5 x107 cells. For E. coli, an absorption of 1 at
ODsoo accounts for ~1 x10°cells.

4.3 Microbial strains, plasmids, and oligonucleotides

The organisms used for this study are listed in the following with their characteristics and

references.

4.3.1 E. coli strains

For plasmid amplification during routine cloning procedures, E. coli K-12 Top10/DH10 [F-
mcrA A (mrr-hsd RMS-mcrBC) ®80lacZAM15 AlacO74 recA1 araA139 A (ara98leu) 7697
galU galK rpsL (StrR) endA1 nupG] (Grant et al. 1990; Invitrogen, Carlsbad, USA) and E.
coli K-12 DH5a [F- ®80d lacZ AM15 A (lacZYA-argF) U169 deoR recA1 endA1 hsdR17
(rK-, mK+) phoA supE44 A- thi-lgyr A96 relA1] (Hanahan 1983; GibcoBRL, Eggenstein,
Germany) were used.
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4.3.2 U. maydis strains

The U. maydis SG200 strain (Kamper et al. 2006) was used for most U. maydis

experiments. All plasmids generated for transformation of this strain as well as the

plasmids used for generation of the knock-out strains derived from this initial strain are

listed in chapter 4.3.4. As a summary, all U. maydis strains produced in this study are

listed in Table 4.3. For field experiments, compatible U. maydis wildtype isolates were

used (Table 4.4).

Table 4.3. U. maydis strains used in this study.

Strain (Genotype) Usage Reference
o . Kémper et al.
SG200 Maize infection 5006
SG200_KO_UMAG. 11444 KO_UMAG_11002 Maize infection SCh“;éﬁ%et al.

SG200 KO UMAG 05027 KO UMAG 02297 Maize infection This study

SG200 KO UMAG 11070 KO UMAG 00309 Maize infection This study

SG200 KO UMAG 05318 KO UMAG 11416 Maize infection This study

SG200 KO _UMAG 01422 KO UMAG 04557 Maize infection This study

$G200_KO_UMAG _05027_KO_UMAG 02297 KO_UMAG_ |y e o This stud

05319 KO UMAG 03154 y

SG200 KO UMAG 02178 KO UMAG 11908 Maize infection This study

SG200 KO UMAG 10861 KO UMAG_ 05222 Maize infection This study

$G200_KO_UMAG 02533 KO_UMAG_02535_KO_UMAG_ | /oo h

02540 aize infection is study

SG200 KO UMAG 00753 Maize infection This study

SG200 KO UMAG 02297 Maize infection This study

SG200 KO UMAG 05027 Maize infection This study

SG200_KO_UMAG_02297 Ppit2::UMAG_02297::Tnos Maize infection, This study

overexpression
SG200_KO_UMAG_02297_Ppit2::UMAG_02297-mCherry- Maize infection, .
- . This study
HA::Tnos localization

SG200_KO UMAG_02178 KO _UMAG_11908/C Maize infection, This study
complementation

SG200_KO_UMAG_10861_KO_UMAG_05222/C Maize infection, This study
complementation

SG200_KO_UMAG._05027/C Maize infection, | o oty
complementation

SG200 KO UMAG_05027 KO UMAG_02297/C Maize infection, This study
complementation

SG200 KO UMAG_05318 KO UMAG_11416/C Maize infection, This study
complementation

SG200_KO_UMAG. 02297/C Maize infection, | o ot gy

complementation
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Table 4.4: U. maydis wildtype isolates used in this study.

Name

Location

45

Ustilago maydis Wandertag #1

Marburg area, Germany

46

Ustilago maydis Wandertag #2

Marburg area, Germany

47

Ustilago maydis Wandertag #3

Marburg area, Germany

48

Ustilago maydis Wandertag #4

Marburg area, Germany

49

Ustilago maydis Wandertag #5

Marburg area, Germany

50

Ustilago maydis Wandertag #6

Marburg area, Germany

51

Ustilago maydis Luxemburg #1

Luxemburg

52

Ustilago maydis Luxemburg #2

Luxemburg

53

Ustilago maydis Luxemburg #3

Luxemburg

54

Ustilago maydis Luxemburg #4

Luxemburg

55

Ustilago maydis Luxemburg #5

Luxemburg

56

Ustilago maydis Luxemburg #6

Luxemburg

4.3.3 Oligonucleotides

All oligonucleotides used in this study were purchased from Sigma-Aldrich (St. Louis,

USA) and are listed in Table 4.5, Table 4.6 and Table 4.7.

Table 4.5: General oligonucleotides used in this study. KO: knock-out.

Name Sequence Purpose of use
Cloning of
PIRNA-Gly_scaf_F | COGTACTTI 11187 50 CACCTCAGA CRISPR/C%SQ-KO
plasmid
Cloning of
scaffold_R_Accesl | GO B O e A CRISPR/C%SQ-KO
plasmid
dlouFscar | CBGTGCTTTITTTGTGETACTCGATGTG | cpspnidcs ko
plasmid
SeqF_UMAG_ 00793 CTATCAGCCCGTTCAGCCTC KO verification
SeqgR_UMAG_00793 CTTGCTCCATGTCCTACAAC KO verification
SeqF_UMAG_11416 GGCCAAGTCCATCATTCTCC KO verification
SeqR_UMAG_11416 CTTGACCAGCGCGAGAAATC KO verification
SeqF_UMAG_11070 TTCGTTGATCGCCTCGGTTC KO verification
SeqR_UMAG 11070 GTAGCTCCCTGCCAGATTAG KO verification
SeqF_UMAG_00309 TGTCAGGACCAGGGATTACG KO verification
SeqgR_UMAG_00309 CTGCGTGTTGGAGGAGCTTC KO verification
SeqF_UMAG_01422 AGCTGCTGCCATCTACTGAG KO verification
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Name Sequence Purpose of use
SeqR_UMAG_01422 GCATTCTTGAGCGCAGTCAC KO verification
SeqF_UMAG_04557 CTTGCAAACTGCATCCTACC KO verification
SeqR_UMAG_04557 GCGGTTCAGCTACTGTAGGC KO verification
SeqF_UMAG_05222 ATCGCAGGCTTATTCGCTAC KO verification
SeqR_UMAG_05222 GATGCGCGAAGCAGATCCAG KO verification
SeqF_ UMAG_02533 CTGACCTCCTCACTACTAAG KO verification
SeqR_UMAG_02533 CTCTCCTTCTTCGCGTGTAG KO verification
SeqF_ UMAG_02535 TGCGTCCAGAGATTGTTAGG KO verification
SeqR_UMAG_02535 CCTCATCGGGCAATTAACAC KO verification
SeqF_ UMAG_02540 ATGTCCATCCTCGTCATCAG KO verification
SeqR_ UMAG_02540 TGATGCCGTCAATCTTGGTC KO verification
SeqF_ UMAG_05027 TCAGCTTGGGACGAAAGTAG KO verification
SeqR_ UMAG_05027 CCAAACGCAAACTCATCCTC KO verification
SeqF_ UMAG_02297 AGCAGCGATCATTCCAAACC KO verification
SeqR_ UMAG_02297 GTCTCAGCGTTGATCATTGC KO verification
SeqF_ UMAG_03154 AGCTCGACTGTGATGTGATG KO verification
SeqR_ UMAG_03154 GCGTGTGCTGAAATGTAGTG KO verification
SeqF_ UMAG_05319 TTAGTGCGAGTAGGGCTTC KO verification
SeqR_UMAG_05319 GCACGAGTTTGTGTCTGTTG KO verification
SeqF_ UMAG_05319 AGTGGGAGTATCGAGTCAAG KO verification
SeqR_UMAG_05319 GAAACCAAGAGATCGAGACG KO verification
SeqF_UMAG_11444 CGCTTTCCACCCAGTATACC KO verification
SeqR_UMAG_11444 GCCACTGATATGGGCTTTCC KO verification
SeqF_UMAG_11002 GAGCACTGGGATGTGTATGG KO verification
SeqR_UMAG_11002 CGATCGCCACAGCATTTGAC KO verification
SeqR_UMAG_02525_ GGGTATTGAGGCTCACTCAG KO verification
SeqF_U '\f]’;v(j—02525— ACTGGCTCTCGTGTCATTTG KO verification
UMAG_02298 SeqF TTGGCTCTCCGGCATTGCTC KO verification
UMAG_ 02298 _SeqR TTCGGACGTGGTGCCACTTC KO verification

HAGAGD48TS_Se CGAGCTAGCATCTTTGACAC KO verification

UMAG_04815_SeqR CCGAAGAAGGTAGCGAAGTC KO verification
UMAG_05928_SeqF ACGAGCTGACAAGACGAAGG KO verification
UMAG_ 05928 _SeqR GCCGTTTCGCCTAGAAGAAG KO verification
UMAG_04503_SeqF CTCCTGGCATGGGATTCAAC KO verification
UMAG_04503_SeqR ATTGCGCCGAAACGAGTAGG KO verification
UMAG_10861_SeqF CCCTGCTTTCACAGCTAGAC KO verification
UMAG_00753_SeqF_ CTTCCGTAGCTGTCGTTGTC KO verification
UMAG_ 10861_SeqR CCGACTTTGGTGTGAGTTTC KO verification
UMAG_02178_SeqF AACTACGCCTGCACTCATAC KO verification
UMAG_ 02178_SeqR GCTGGTAGTATTGCGAAGAG KO verification
UMAG_ 11908_SeqF CTTGCCTTCCAATACCATCC KO verification
UMAG_ 11908_SeqR TTTGACGCTTCTGGTGTGAG KO verification
UMAG_05027_compl_ CTTTCACAGCGCCAACTTTC Cloning of

fw

complementation
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Name Sequence Purpose of use
plasmid
UMAG_05027_compl_ | GAACTCGAGCAGCTGAAGCTGGAGGAA Comc'gr‘r‘:;% gﬁon
rev GAAGGAGCTCAAG plemer
plasmid
UMAG_02297_compl_ | GAAAGTTGGCGCTGTGAAAGGTTGGGC Cloning of
fw GTTGACGAATGAC complementation
plasmid
Cloning of
UMAG—02r§37—°°mp'— CGAGTTTAAGCCGCCCAATG complementation
plasmid
Cloning of
UMAG—O?’fw“—Comp'— CGGATCTGCTCGACTTTCTG complementation
plasmid
UMAG_03154_compl_ | CATTGGGCGGCTTAAACTCGACTGAGTA C'IO”'”Q of
rev AGCGCGTTTCAC complementation
plasmid
UMAG_05319_compl_ | CAGAAAGTCGAGCAGATCCGGAGCATC C'f’”'”g of
fw TTAGTCCGTTAGC complementation
plasmid
UMAG_05319_compl_ | CGATCTGCAGCCGGGCGGCCCTACTCT comCllc;rr]rl:]e% gﬁon
rev TGCGCGTGTCTCG plemer
plasmid
UMAG_02297_compl2 | CGATCTGCAGCCGGGCGGCCCGAGTTT Comc'g::;% gtion
_rev AAGCCGCCCAATG plemer
plasmid
UMAG_03154_compl2 | GAACTCGAGCAGCTGAAGCTACTGAGTA C'IO”'”Q of
rev AGCGCGTTTCAC complementation
— plasmid
UMAG_05027 compli | CGATCTGCAGCCGGGCGGCCCTTTCAC C'IO”'”Q of
fw AGCGCCAACTTTC complementation
— plasmid
UMAG_02297_compli | GAACTCGAGCAGCTGAAGCTGTTGGGC comCllc;rr]rl:]e% gﬁon
_fw GTTGACGAATGAC plemer
plasmid
UMAG_02297_compli | CGATCTGCAGCCGGGCGGCCCGAGTTT comCllc;rr]rl:]e% gﬁon
_rev AAGCCGCCCAATG plemer
plasmid
UMAG_03154_compli | CGATCTGCAGCCGGGCGGCCCGGATCT Cloning of
fw GCTCGACTTTCTG complementation
— plasmid
UMAG_03154 compll | GAACTCGAGCAGCTGAAGCTACTGAGTA Cloning of
rev AGCGCGTTTCAC complementation
— plasmid
UMAG_05319_compli | GAACTCGAGCAGCTGAAGCTGAGCATC Cloning of
fw TTAGTCCGTTAGC complementation
— plasmid
UMAG Cloning of
04557 compl_F GGCCTTCAGGTGACAGTCAG complementation
— — plasmid
UMAG_04557 compl | CGATCTGCAGCCGGGCGGCCTCCCACG Cloning of
R GCTCGTCTTTCAC complementation
plasmid
UMAG_01422 compl | CTGACTGTCACCTGAAGGCCTCGGGTG Cloning of
F ATGGATTCATACG complementation
plasmid
UMAG_01422_compl_ | ACTCGAGCAGCTGAAGCTGGAGGCGAT Cloning of
R GCGCACGAACAAG Comp'lemehéatlon
plasmi
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Name Sequence Purpose of use
UMAG_00793_compl_ | GTGGATCGCGAAGGAGATGAAGGGAGT C'l"”'”g of
F TGGGGGGAAACAG complementation
plasmid
UMAG_00793_compl_ | CGATTCAATGATGCAGAGGCGATAAACT Cloning of
R TGGGCTCGCTAC complementation
plasmid
Cloning of
UMAG_11 ?:1 6_compl_ TCATCTCCTTCGCGATCCAC complementation
plasmid
UMAG_11416_compl_ | CGATCTGCAGCCGGGCGGCCGCTCCG Cloning of
R GCCTGCTACATAAG complementation
plasmid
Cloning of
UMAG_05015_compl_ GCCTCTGCATCATTGAATCG complementation
plasmid
UMAG_00793_compl2 | ACTCGAGCAGCTGAAGCTGGGATAAACT Cloning of
R TGGGCTCGCTAC complementation
- plasmid
UMAG_02297 compl_ | GAAAGTTGGCGCTGTGAAAGATGTTGG C'l"”'”g of
F2 GCGTTGACGAATG complementation
plasmid
UMAG_02297_compl_ | CGATCTGCAGCCGGGCGGCCTGGGACS | SOmnaof
R2 ACTTAAACTTGTTC plemer
plasmid
Cloning of
UMAG_02f1W78_compI_ ACGACGATGTCTGGGTTCTC complementation
plasmid
Cloning of
UMAG_02178 compl_ | GAACTCGAGCAGCTGAAGCTGACATGC .
ev P CCCACAGATAC complementation
plasmid
UMAG_11908_compl_ | GAGAACCCAGACATCGTCGTCATCGCAT Cloning of
fw GCATCACGATTC complementation
plasmid
UMAG_11908_compl_ | CGATCTGCAGCCGGGCGGCCTTCCAGE | omndof
rev AGAGGCAATTTCC piemer
plasmid
UMAG_00753 compl_ | GAACTCGAGCAGCTGAAGCTGGCGGCC Cloning of
F ATTGTTCATTTC complementation
plasmid
UMAG_00753_compl_ | CGATCTGCAGCCGGGCGGCCATGCCAT C'f”'”g of
R CTTCAGCACCATC complementation
plasmid
UMAG_05928 compl_ | GTTCCTGGTTGCACGTTGTAGGCGCATA com%loe?:;:%gtion
F CTTGAGTTCTCC Dlasmid
UMAG_05928 compl | ACTCGAGCAGCTGAAGCTGGCTTTCCAT C'l"”'”g of
R TAGTGGCGTGTG complementation
plasmid
Cloning of
UMAG_04503_compl_ TACAACGTGCAACCAGGAAC complementation
plasmid
UMAG_04503_compl | CGATCTGCAGCCGGGCGGCCATTGTTG C'l"”'”g of
R GCTCAGGTCTCAC complementation
plasmid
UMAG_10861_compl_ | GATGTAGAGGGTTAGGAGCGTTCAACAA C'f”'”g of
F CCCGCTTCAGAG complementation
plasmid
UMAG_10861_compl_ | GAACTCGAGCAGCTGAAGCTGCGAGAA Cloning of

-81-




4. Materials and Methods

Name Sequence Purpose of use
R CTGGTGAGAAATG complementation
plasmid
Cloning of
UMAG_05|2:22_compI_ CGCTCCTAACCCTCTACATC complementation
plasmid
Cloning of
UMAG_05222_compl_ | CGATCTGCAGCCGGGCGGCCTCCCGGA .
R ACTGCTGACATAC complementation
plasmi
UMAG_02297_F_Ppit | ACGACCAAACGCAGCACCGCATGAAGC Overexpression
2 TATCCCGCATGTT P
UMAG_02297_R_mC | GTGGCGATCGAGCGTTCTAGCTGTGAG Overexpression with
h TCTAATACGGGC mCherry tag
UMAG_02297_R_Tno | CGATCTGCAGCCGGGCGGCCCTACTGT Overexpression
s GAGTCTAATACGG P

Table 4.6: Oligonucleotides used as sgRNA for CRISPR/Cas9-mediated KO in this study. sgRNA

spacer sequence is underlined.

Target

| gene Sequence Comments
UMAG | TCGAATCCCGTCTGGTCAAGGTGGCGACGACCAGCAAGGGTT |  ptRNALeu
00793 TTAGAGCTAGAAATAGC overhang
UMAG | TCGATTCCCCGTCGATGCAGTTTCTCTGGCAAAAAGTGCGTTT ptRNAGIy
11416 TAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGACTGGTTTACGCCGATAGTGTTT | (oo W
05318 TAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGATCCATACGGTAGCAACGTGTTT | (oo W
11070 TAGAGCTAGAAATAGC P 9
UMAG | TCGAATCCCGTCTGGTCAAGTTCGAGGCCGGGTTCGCCGGTT ptRNALeu
00309 TTAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGTTCCCGGAACCAGAAGAATGTTT | (o
01422 TAGAGCTAGAAATAGC P 9
UMAG TCGAATCCCGTCTGGTCAAGCTCAACCAGCAGCTCGCCTGTTTTAGAGCTAGA
04557 AATAGC PtRNALeu

overhang

UMAG | TCGATTCCCCGTCGATGCAGCAGCTCGTAGCCACCAGTGGTT PtRNAGIly
05222 TTAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGCCATTGCTGGGCCTTTCGIGTTT | (oo W
05027 TAGAGCTAGAAATAGC P g
UMAG | TCGAATCCCGTCTGGTCAAGTCACTGGGGCCTCAGACACGTT ptRNALeu
02297 TTAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGGAAAATGCAGCTAGGCAGAGTTT | (o
05319 TAGAGCTAGAAATAGC P 9
UMAG | TCGAATCCCGTCTGGTCAAGGACAAGCGACGCTGGAAAAGTT ptRNALeu
03154 TTAGAGCTAGAAATAGC overhang
UMAG CAAAATTCCATTCTACAACGCTCTCGCCACTAAATCCAT U6 overhan
02533 GTTTTAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGTTCGAGAAGCGTCCTGATGGTTT | (o
02535 TAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGTATCACGTCGCTCGTATCGTTTTA [ (o
02540 GAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGTCACTGGGGCCTCAGACACGTTT | (e 0
02297 TAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGCTGCAAAGCGAGACAGCGTGTTT | (oo
03154 TAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGCAGGCGAACAGAGGTTTGAGTTT | pU6 overhang
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Target
| gene Sequence Comments
00793 TAGAGCTAGAAATAGC
UMAG | CAAAATTCCATTCTACAACGGGTGCATGCTACGAAGAGAGTTT | w0
11444 TAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGCATACACCTGCGCAGAGAGGTTT | /s o uorhan
11002 TAGAGCTAGAAATAGC proov 9
UMAG | CAAAATTCCATTCTACAACGTTTCTCTGGCAAAAAGTGCGTTTT | e
11416 AGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGCCTCCCAGAAATTGTCGCCGTTT US overhan
02298 TAGAGCTAGAAATAGC P 9
UMAG | TCGATTCCCCGTCGATGCAGATCCTGGTGTGCTCAACATGTTT PtRNAGIy
_04815 TAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGATCTGCACCTTTGCCGGAAGTTT US overhan
05928 TAGAGCTAGAAATAGC P 9
UMAG | TCGATTCCCCGTCGATGCAGCTCTTCATTCCCGAAGGAAGTTT PtRNAGIy
_04503 TAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGCTGTTCGACTACAAGCCACGTTT US overhan
10861 TAGAGCTAGAAATAGC P 9
UMAG | CAAAATTCCATTCTACAACGTGCACTGGCGTGTCGGCGCGTT U6 overhan
02178 TTAGAGCTAGAAATAGC P 9
UMAG | TCGATTCCCCGTCGATGCAGGCGTATGTTGTGCCTTTCCGTTT PtRNAGly
11908 TAGAGCTAGAAATAGC overhang
UMAG | CAAAATTCCATTCTACAACGCGATCAACAAGCTCACCGGGTTT | s ouerhan
00753 TAGAGCTAGAAATAGC P 9
Table 4.7: Oligonucleotides used for quantitative PCR in this study.
Target gene Name Sequence
UMAG_00793 UMAG_00793 gPCR_F CAAGGATTCCGCTGGAAAG
UMAG_00793 UMAG_00793 gPCR R CATCCATCGGAAGCTCTTG
UMAG_11416 UMAG11416 qPCR _F TACTCGGCGATATTCAGCAC
UMAG_11416 UMAG11416 qPCR R GCGAAGCCTTTGACAAGAG
UMAG_05318 UMAG_05318 gPCR F ACCTTTGGCGGAACATACG
UMAG_05318 UMAG_05318 qPCR R GAAGGTCGAGTATGCAAAGG
UMAG_01422 UMAG_01422 gqPCR_F CAAACTGGCTCTCCCTCTTC
UMAG_01422 UMAG 01422 gPCR R TTCACCTGGGAATCGTTGAG
UMAG_04557 UMAG_04557 gPCR_F GCTCGACGACAAGATCAAG
UMAG_04557 UMAG_04557 _gqPCR_R CTGTCGAACTTGGGCTTGAG
UMAG_05027 UMAG_05027 gPCR_F GCTCTCGCTCTACCTCTTTC
UMAG_05027 UMAG 05027 gPCR R TGATTCACCCGCGTAGTTG
UMAG_02297 UMAG_02297 gPCR F ACTTGATGCTCCTGTGTCTG
UMAG_02297 UMAG_02297 gPCR R GCCGAAGGGTCATATTGGAG
UMAG_02297 UMAG_02297 gqPCR F2 CTCTGGCAGCCGAGTAAATC
UMAG_02297 UMAG_02297 gPCR_R2 CTGTCAGAGGTGCTAGGATG
UMAG_05027 UMAG 05027 gqPCR F2 CAATGGCGGTGCAAACTAC
UMAG_05027 UMAG_05027 gqPCR_R2 GCTCGTGATGGATCCGTAG
UMAG_00753 UMAG_00753 gPCR_F GACGCGATCAACAAGCTCAC
UMAG_00753 UMAG_00753 gPCR_R CCGAGGACGAGTTGTTCTTG
UMAG_11908 UMAG_11908 gPCR_F CTCGTCACTTCAGGCGTATG
UMAG_11908 UMAG_11908 gPCR R TCTTGTAGACGGGCACAGAC
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Target gene Name Sequence
UMAG_02178 UMAG_02178 gPCR F TTCAGAAGCGATCCGTTGTC
UMAG_02178 UMAG 02178 gPCR R TACGTTGGTGAGCCATGTAG
UMAG_05928 UMAG_05928 gPCR F TTGTATCAGAGGCGCGAATC
UMAG_05928 UMAG_05928 gPCR R TCTGTGCCCAATACACATGC
UMAG_04503 UMAG 04503 gPCR F GCCATCCTCAGTGCTACAAG
UMAG_04503 UMAG 04503 gPCR_R CAGAAGCATCACGGCTAGTC
UMAG_10861 UMAG_10861 qPCR F GCTCTCGTCGTCGTACAATC
UMAG_10861 UMAG_10861 gPCR R GTCTTAGCGTCACGGTCTAC
UMAG_05222 UMAG_05222 gPCR F TTCAACGCGGATGACGATAC
UMAG_05222 UMAG_05222 gPCR R TGGCACATCTTGCACGTTAG
UMAG_03175 (pit2) pit2_RT_for CAAGAATCCGCCTGCCAAC
UMAG_03175 (pit2) pit2_ RT rev AGGATCTGTCGGCATGACC
ppi RT ppi F ACATCGTCAAGGCTATCG
ppi RT ppi R AAAGAACACCGGACTTGG
ZmGAPDH GAPDH-RT-for CTTCGGCATTGTTGAGGGTTTG
ZmGAPDH GAPDH-RT-rev TCCTTGGCTGAGGGTCCGTC

4.3.4 Plasmids for transformation of U. maydis

All plasmids used in this study were tested via restriction enzyme digest. In case of
insertion of plasmid parts that were generated by PCR, the newly generated sequence
was verified via sequencing (Eurofins Genomics, Luxembourg, Luxembourg).

For CRISPR/Cas9 plasmid construction, 59 nt oligomers containing the specific spacer
sequence and an upstream 19 nt overlap to the corresponding promoter and a 20 nt
overlap downstream to the scaffold sequence were assembled with the Cas9 plasmid
backbone via Gibson assembly. The sgRNA spacer sequences were designed by E-
CRISP (http://www.e-crisp.org/E-CRISP/, Heigwer et al. 2014, Table 4.5) using the
“medium” setting and purchased from Sigma-Aldrich (St. Louis, USA). The plasmid
backbones used for cloning are listed below. The plasmids used for transformation of
U. maydis are given in Table 4.8.

pPMS73 (Schuster et al. 2016; Schuster et al. 2018)

Self-replicating plasmid containing a codon-optimised Cas9 under control of the U. maydis
hsp70 promoter, U. maydis U6 promoter for expression of sgRNA and cbx resistance
marker for selection of U. maydis transformants. Transient expression of all CRISPR
components from this plasmid allowed easy clean-up of Cas9 from transformed cells. For
multiplexing sgRNAs, the U. maydis tRNA-Gly and tRNA-Leu promoters derived from
pMS77 (Schuster et al. 2018) were used.
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pCas9HF1 (Zuo et al. 2020a)
Self-replicating plasmid derived from pMS73, in which Cas9 was replaced by the high-
fidelity variant Cas9HF1.

p123 (Aichinger et al. 2003)
Plasmid backbone used for cloning of complementation constructs containing cbx
resistance and enabling integration into the U. maydis ip locus via homologous
recombination. For this, the plasmids were linearised via SSpl or Xcml before
transformation of U. maydis.

Table 4.8: Plasmids used for transformation of U. maydis.

Backbon c Referenc
onstruct
e e

oMS73 | pCas9_pU6::sgRNA_UMAG_11070_ptRNALeu::sgRNA_UMAG_00309 STtS(iij
oMS73 | pCas9_pU6::sgRNA_UMAG_01422_ ptRNALeu::sgRNA_UMAG_04557 STtS('ij
73 | PCas9_pU6:sgRNA_UMAG 05318 ptRNALeu:sgRNA_UMAG_00793 |  This
P _ptRNAGIy::sgRNA_UMAG 11416 study
oMS73 | pCas9_pU6::sgRNA_UMAG_05027 ptRNALeu::sgRNA_UMAG_02297 STtS('ij
oMS73 | pCas9_pU6::sgRNA_UMAG_05319_ptRNALeu::sgRNA_UMAG_03154 STtS('ij
73 | PCas9_pU6:sgRNA_UMAG 02533 ptRNALeu::sgRNA_UMAG_02535 |  This
P _ptRNAGIy::sgRNA_UMAG 02540 study
oMS73 0Cas9_pU6::sgRNA_UMAG_05027 STtS('ij
oMS73 0Cas9_pU6::sgRNA_UMAG 05318 STtS('ij
. This
oMS73 pCas9_pU6::sgRNA_UMAG_11416 oty
pcaﬁgHF 0Cas9HF1_ pU6::sgRNA_UMAG 02297 STtS(ijsy
pcaﬁgHF 0Cas9HF1_pU6::sgRNA_UMAG 00753 sTtSésy
pCas9HF | pCas9HF1_pU6::sgRNA_UMAG_02178_ptRNALeu::sgRNA_UMAG_1 This
1 1908 study
pCas9HF | pCas9HF1_pU6::sgRNA_UMAG_02298 ptRNALeu::sgRNA_UMAG_O0 This
1 4815 study
pCas9HF | pCas9HF1_pU6::sgRNA_UMAG_05928 ptRNALeu::sgRNA_UMAG_O0 This
1 4503 study
pCas9HF | pCas9HF1_pU6::sgRNA_UMAG_10861_ptRNALeu::sgRNA_UMAG_0 This
1 5222 study
pcaﬁgHF 0Cas9HF1_pU6::sgRNA_UMAG 00753 sTtSésy
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Backbon Construct Referenc
e e
p123 0123 pnat:UMAG_05027::Tnat_pnat:UMAG _02297::Tnat STtS('ij
p123 0123 pnat:UMAG_05318::Tnat_pnat:UMAG_11416::Tnat STtS('ij
p123 0123 pnat:UMAG_02178::Tnat_pnat:UMAG_11908::Tnat STtS('ij
p123 0123 _pnat::UMAG_02297::Tnat This

- " - " study
123 123_pnat::UMAG_00753::Tnat This
P ples_pnat- - " study
0123 0123_pnat:UMAG_10861::Tnat_pnat:UMAG_05222::Tnat STtS('jsy
123 123_pnat:UMAG_05027:Tnat This
P ples_pnat-: - ' study
0123 0123 _pnat::UMAG_05928::Tnat_pnat::UMAG_04503::Tnat STtS('jsy
123 123_ppit2:UMAG_02297::Tnos This
p p123_ppit2:UMAG_02297:: study
p123 p123_ppit2:UMAG_02297 mCherry HA:Tnos STtS('jsy

4.4 Plant material and plant methods

4.4.1

Maize varieties

The maize varieties used in this study are listed in Table 4.9. The NAM population inbred
parents are described in Yu et al. (2008), McMullen et al. (2009) and Venkatesh et al.

(2016).

Table 4.9: Maize varieties used in this study.

Maize variety

Broad Group

Collection

Early Golden northern flint Heirloom maize

Bantam

B73 temperate NAM population inbred reference parent
CML322 tropical NAM population inbred parent
NC350 tropical NAM population inbred parent

Ki3 tropical NAM population inbred parent
NC358 tropical NAM population inbred parent
M162W temperate NAM population inbred parent
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Maize variety Broad Group Collection

HP301 northern flint NAM population inbred parent
CML228 tropical NAM population inbred parent
Ms71 temperate NAM population inbred parent
P39 northern flint NAM population inbred parent
CML52 tropical NAM population inbred parent
CML69 tropical NAM population inbred parent
CML333 tropical NAM population inbred parent
B97 temperate NAM population inbred parent
M37W mixed NAM population inbred parent
CML247 tropical NAM population inbred parent
Oh7B temperate NAM population inbred parent
Ky21 temperate NAM population inbred parent
Tzi8 tropical NAM population inbred parent
Ki11 tropical NAM population inbred parent
CML103 tropical NAM population inbred parent
Mo18W mixed NAM population inbred parent
CML277 tropical NAM population inbred parent
114H northern flint NAM population inbred parent
0Oh43 temperate NAM population inbred parent
Tx303 mixed NAM population inbred parent

4.4.2 Cultivation of maize

Maize was grown in a greenhouse or phytochambers at 28 °C on a long day period (16 h
light) with 80% humidity and a 8 h night period at 22 °C in VM soil (Einheitserde®, Sinntal,
Germany).

4.4.3 Virulence assay of U. maydis on maize

Virulence assays of U. maydis on maize were performed and symptoms were classified
as described in Redkar and Doehlemann (2016a). The disease index was calculated
using the following formula: The number of plants sorted into category 1 (small tumours),
category 3 (normal tumours), category 5 (heavy tumours) and category 7 (dead plants)
were multiplied by the number of the category (1, 3, 5 or 7), summed and then divided by
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the total number of plants: {[(symptom category Xxnumber of plants in category
X)X+ (...)"4/total number of plants}.

4.5 Microbiology standard methods

4.5.1 Production of competent E. coli cells

The production of chemocompetent E. coli cells was carried out at 4 °C on ice using ice
cold solutions and equipment. E. coli cells of a single colony were grown in liquid dYT-
medium at 37 °C with shaking at 200 rpm until they reached an ODsoo of approximately
0.6. Cells were then cooled on ice for 30 min and centrifuged for 8 min at 4°C and
1250 xg. The supernatant was discarded, and the cells were resuspended in 1/3 of the
initial culture volume of RF1-solution, followed by incubation at 4 °C for 30 min. The cells
were then centrifuged for 8 min at 4 °C and 1250 xg. The supernatant was again
discarded, and the cells were resuspended in 1/20 of the initial culture volume of RF2-
solution and incubated at 4 °C for at least 30 min. The cells were finally aliquoted to 50 pl
in pre-chilled reaction tubes, shock-frozen with liquid N2 and stored at-80 °C until further
use.

RF1 solution 100 mM RbClI
50 mM MnClz x 4 H20O
30 mM potassium acetate
10 mM CaClz x 2 H20
15% (w/v) Glycerol
pH 5.8

RF2 solution 10 mM MOPS
10 mM RbCl
75 mM CaClz x 2 H20
15% (w/v) Glycerol
pH 5.8
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4.5.2 Heat-shock transformation of E. coli

For transformation chemically competent cells of E. coli K-12 Top10/DH10B or E. coliK-12
DH5a were used. To 50 pl of cells ca. 1-5 ng of plasmid DNA were added and incubated
on ice for 15 min. The cells were then heated to 42 °C for 1 min and then directly cooled
on ice for 3 min. For regeneration, 200 pl dYT liquid medium were added and the cells
were incubated for 1 h at 37 °C and 200 rpm. The cells were plated on YT solid plates
containing the appropriate antibiotic for selection and incubated at 37 °C overnight.

4.5.3 Preparation of U. maydis protoplasts

To protoplast U. maydis, an overnight culture was diluted to ODg=0.2 in 50 ml YEPSiignt
and incubated at 28°C until it reached ODegp0=0.6-1.0. The culture was then centrifuged at
2000 xg for 5 min. The pellet was resuspended in 10 ml SCS and again centrifuged at
2000 xg for 5 min. The pellet was then resuspended in 2 ml SCS containing 7 mg/ml
Novozyme234 (Novo Nordisk, Copenhagen, Denmark; filtered sterile). The cells were
incubated for 10-15 min at room temperature until 30-40% of the cells were protoplasted
and the others looked like pinheads. Then, 10 ml ice cold SCS was added and the cells
were centrifuged at 4 °C at 1300 xg for 5 min. The pellet was carefully resuspended in
10 ml ice cold SCS and the cells were then centrifuged at 4 °C at 1300 xg for 3 min twice.
The pellet was then carefully resuspended in 10 ml ice cold STC and the cells were again
centrifuged at 4°C at 1300 xg for 3 min. The pellet was resuspended in 600 pl ice cold
STC and aliquoted to 100 pl in pre-cooled reaction tubes and stored at -80°C.

SCS solution 20 mM Na-Citrate, pH 5.8
1 M Sorbitol
sterile filtered

STC solution 10 mM Tris-HCI, pH 7.5
100 mM CaCl;
1 M Sorbitol
sterile filtered
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4.5.4 Transformation of U. maydis

For transformation, U. maydis protoplasts were thawed on ice and 1.5-5 pg linearised (for
homologous recombination) or non-linearised plasmid DNA (for CRISPR/Cas9-mediated
gene editing) in a maximal volume of 10 yl and 1 pl heparin solution (1 mg/ml) were
added. After incubation on ice for 10 min, 500 yl STC/PEG solution were added and the
protoplasts were incubated on ice for 15 min. This mixture was then carefully spread on a
freshly prepared regeneration agar plate consisting of a 10 ml bottom layer containing 2x
selection marker and a 10 ml top layer without selection marker. The plates were
incubated for 4-7 days at 28 °C until colonies appeared. Colonies were transferred to PD
plates containing the appropriate selection marker. To remove CRISPR/Cas9 plasmids,
single colonies were transferred to PD plates without selection marker twice. The resulting
colonies were used for DNA extraction (see Chapter 4.6.2) and verified either via
sequencing of the target gene (for CRISPR/Cas9) or Southern blot analysis (for
homologous recombination, see Chapter 4.6.14).

STC/PEG solution 15 ml STC
10 g PEG4000
sterile filtered

4.5.5 Test for filamentous growth of U. maydis

To verify filamentous growth of newly generated U. maydis strains, the strains were grown
in YEPSignt medium at 28 °C, 200 rpm to an optical density of ODeg=0.6-1.0. After
pelleting the cells at 2000 xg for 10 min, the pellet was resuspended in H2Oyig. and the
ODesoo was set to 1.0. Then, 5 pl of each strain were dropped on PD-charcoal plates to
induce filament formation and incubated at 28 °C for 2-3 days.

4.6 Molecular biology standard methods

4.6.1 Plasmid isolation from E. coli

Plasmid isolation from E. coli was performed using the NucleoSpin® Plasmid Kit
(Macherey-Nagel, Diiren, Germany) according to the manufacturer’s instructions.
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4.6.2 Genomic DNA isolation from U. maydis

For the isolation of genomic DNA (gDNA) from U. maydis, a modified version of the
protocol from Hoffman and Winston (1987) was used. For that, 2 ml of a thickly grown
U. maydis overnight culture were pelleted at 12000 xg for 2 min in a 2 ml reaction tube.
After discarding the supernatant, ~ 0.3 g glassbeads (0.4-0.6 mm), 400 ul Ustilago lysis
buffer and 500 ul phenol/chloroform were added to the pellet. The reaction tube was then
incubated for 20 min on a Vibrax-VXR shaker (IKA, Staufen, Germany) at 2500 rpm for
15-20 min. For separation of the phases, the sample was centrifuged for 15 min at
12000 xg. The upper agueous phase containing the extracted DNA was transferred to a
fresh 1.5 ml reaction tube and precipitated by addition of 1 ml 100% EtOH and
centrifugation at 12000 xg for 5 min. The supernatant was discarded, and the resulting
pellet was washed with 400 pl 70% EtOH for 5 min at 12000 xg and then dried for 10 min
at room temperature. The pellet was finally dissolved in 100 pl H2Ovig. in @ Thermomixer
(Eppendorf, Hamburg, Germany) at 55 °C, 1200 rpm for 30 min and stored at -20 °C.

Ustilago lysis buffer 50 mM Tris-HCI, pH 7.5
50 mM Nax-EDTA
1% (w/v) SDS

Phenol / Chloroform 50% (v/v) Phenol (equilibrated in TE buffer)
50% (v/v) Chloroform

4.6.3 Genomic DNA isolation from colonised maize tissue

For isolation of genomic DNA from maize tissue, the tissue was frozen in liquid N2 and
homogenized using a mortar and pestle under constant liquid N2 cooling. Isolation of
genomic DNA then was performed using the MasterPure™ Complete DNA and RNA
Purification Kit from Epicentre (Madison, USA) according to manufacturer‘s instructions.

4.6.4 Total RNA isolation from colonised maize tissue

For isolation of total RNA, the maize tissue was frozen in liquid N2 and homogenised using
a mortar and pestle under constant liquid N> cooling. TRIzol® reagent (Invitrogen,
Carlsbad, USA) was used for extraction of RNA according to the manufacturer’s
instructions. To approximately 400 ul of homogenized tissue 1 ml TRIzol® reagent was
immediately added and the sample was mixed. After centrifugation at 12000 xg for 10 min
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at 4 °C, the supernatant was transferred to a fresh reaction tube and 200 pl of chloroform
were added. The sample was mixed by inversion of the tube and incubated at room
temperature for 2-3 min. After centrifugation at 12000 xg for 15 min at 4 °C the upper
aqueous phase was transferred to a fresh reaction tube containing 500 pl isopropanol and
incubated at room temperature for 10 min. For precipitation of RNA, the tube was
centrifuged at 12000 xg for 10 min at 4 °C and the supernatant was discarded. The
resulting pellet was washed with 1 ml 75% EtOH at 7500 xg for 5 min and then dried for
5 min at room temperature. The pellet was finally dissolved in 35 yl RNase-free H-O at
55 °C for 10 min. RNA concentration was assessed by photometric measurement in a
NanoDrop ND_1000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA).

4.6.5 DNase digest after RNA isolation

Digest of contaminating DNA after RNA isolation was performed using the Turbo DNA-
Free™ Kit from Ambion Life technologies™ (Carlsbad, USA) according to the
manufacturer’s instructions. For that, 10 ug of total RNA were treated in a 50 pul reaction
containing 5 pl 10X TURBO DNase Buffer and 1 ul TURBO DNase with incubation at
37 °C for 30 min. The DNase was inactivated by adding 5 pl DNase Inactivation Reagent.
After incubation for 5 min at room temperature with occasional mixing, the sample was
centrifuged at 10000 xg for 2 min and 44 ul of the supernatant was transferred to a fresh
reaction tube. RNA concentration was assessed by photometric measurement in a
NanoDrop ND_1000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA) and
quality was afterwards assessed by loading 1 pl of RNA on a 1% agarose gel (see
Chapter 4.6.13).

4.6.6 Synthesis of cDNA

Synthesis of cDNA was performed using the Thermo Scientific RevertAid H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA) according to
manufacturer’s instructions. For this, a 6 pl reaction containing 1-5 pg of template RNA
and 0.5 pl oligo(dT)ss primer was set up and incubated at 65 °C for 5 min. Then, 2 ul
5X Reaction Buffer, 0.5 pl RiboLock Rnase inhibitor, 1 ul 10 mM dNTP Mix and 0.5 pl
RevertAid H Minus M-MuLV Reverse Transcripase was added and the sample was
incubated at 42 °C for 60 min. The reaction was terminated by heating at 70 °C for 5 min.
The cDNA was stored at -80 °C until further use.
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4.6.7 AQuantification of nucleic acids

Quantification of nucleic acids was performed using a NanoDrop ND_1000
spectrophotometer (Thermo Fisher Scientific, Waltham, USA) according to manufacturer's
instructions in a volume of 1 pl and using the appropriate buffer as a blank control.

4.6.8 Polymerase chain reaction (PCR)

For specific amplification of DNA fragments, polymerase chain reaction (PCR) was
performed in T100 Thermal cyclers from Bio-Rad Laboratories GmbH (Hercules; USA).
Depending on the purpose, different polymerases were used. For analytic purposes, the
GoTag® Green Master Mix (Promega GmbH, Madison, USA) was used. For the
amplification of long fragments or coding sequences for vector construction the Phusion®
High Fidelity DNA Polymerase or Q5® High Fidelity DNA Polymerase (New England Biolabs,
Ipswich, USA) were used. Reactions were carried out with the supplied buffers and

solutions according to the manufacturer’s instructions.

4.6.9 Quantitative real-time PCR (qRT-PCR)

As a template for quantitative real-time PCR (gqRT-PCR), cDNA (Chapter 4.6.6)
synthesized from freshly isolated RNA was used. The gRT-PCR reactions were set up
using the GoTag® qgPCR Mastermix (Promega GmbH, Madison, USA) according to the
manufacturer’s instructions in a total volume of 15 pl. For one reaction, 5 ul of a 1:500
dilution of cDNA was used. All gRT-PCRs were performed in an iCycler system (Bio-Rad,
Hercules, USA) with the following program: 95 °C / 2 min-(95 °C / 30 s-62 °C / 30 s-72 °C
/ 30 s) x 45 cycles.

4.6.10 Restriction enzyme digestion of DNA

Restriction digestion of DNA was performed via type |l restriction endonucleases (New
England Biolabs, Ipswich, USA). The amount of digested DNA ranged from 1-5 pg. The

restriction reaction was set up according to the manufacturer’s instructions.
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4.6.11 Ligation of DNA fragments

Ligation of DNA fragments was performed using the T4 DNA ligase (Thermo Fisher
Scientific, Waltham, USA) according to the manufacturer’s instructions.

4.6.12 Gibson assembly cloning

Gibson assembly cloning makes use of homologous recombination of DNA fragments
(Gibson et al. 2009). DNA fragments were designed to have 20 nt overlap with the DNA
fragments to assemble them with. Gibson assembly was performed using the NEBuilder®
HiFi DNA Assembly Master Mix (New England Biolabs, Ipswich, USA) according to the

manufacturer’s instructions.

4.6.13 Agarose gel electrophoresis

Separation of DNA fragments by size was done by agarose gel electrophoresis. Samples
were prepared by adding 1/5 of sample volume of 6x DNA loading dye. Depending on the
size of the DNA fragment of interest, the agarose concentration of the gel was 0.8-2%
(w/v) with 0.25 pg/ml ethidium bromide in 1x TAE buffer. For size estimation of the
separated DNA fragments a DNA marker of defined size was run on each gel. The
electrophoresis was run at constant voltage in 1x TAE at 80-150 V for 20-60 min. DNA
was then visualised by UV radiation using a gel documentation unit (Peglab/VWR,
Radnor, USA).

To prepare DNA from the gel the agarose gel piece containing the fragment of interest
was cut out. The DNA was extracted using the NucleoSpin® Gel and PCR Clean-up Kit
(Macherey Nagel, Diren, Germany) following the manufacturer’s instructions.

50x TAE-buffer 2 M Tris-Base
2 M Acetic acid
50 mM EDTA pH 8.0

6x DNA loading dye 50% Sucrose

0.1% (v/v) Bromophenol blue
in TE-Buffer
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4.6.14 Southern Blot analysis

Specific DNA fragments in complete genomic DNA were detected by Southern Blot as
described by Southern (1975). First, the genomic DNA was restricted with an appropriate
endonuclease. To increase concentration and purity of the DNA a sodium acetate/ethanol
precipitation was performed subsequently: 1/10 volumes of 3 M sodium acetate and
2 volumes of 100% EtOH were added after the restriction to the reaction mixture. The
DNA was precipitated and pelleted by incubation at -20 °C for 1 h and centrifugation for
30 min at 4 °C and 12000 xg. The pellet was solved in 20 pl 1x DNA loading dye. Then
the DNA fragments were separated by gel electrophoresis at 100 V for 2 h using a 0.8%
agarose gel. For depurination, the gel was then incubated in depurination solution for
15 min until the marker colour shifted from blue to yellow and subsequently neutralised in
transfer buffer for 30 min. By upward blotting using transfer buffer the DNA was
transferred over night to an Amersham Hybond-XL membrane (GE Health Care Life
Sciences, Freiburg, Germany). After blotting the DNA fragments were fixed to the
membrane by UV cross-linking using an ultraviolet cross linker (Amersham Biosciences,
Little Chalfont, UK). The membrane was then incubated in 20 ml hybridisation buffer in a
hybridisation oven (UVP HB-1000 Hybridizer, Ultra-violet products Ltd., Cambridge, UK)
with turning at 65 °C for 2 h. Detection of nucleic acids was done using dioxigenin (DIG)-
labelled DNA probes. Probes were synthesized using the PCR DIG Labelling Mix kit
(Roche, Mannheim, Germany) following the manufacturer’s instructions. DIG-labelled
PCR products were added to 20 ml hybridisation buffer and boiled for 10 min for
denaturation. The membrane was incubated in probe-containing hybridisation buffer in a
hybridisation oven with turning at 65 °C overnight and then washed three times for 15 min
with southern wash buffer at 65 °C. The membrane was then incubated in DIG wash
buffer for 5 min, then incubated in 50 ml DIG buffer 2 for 30 mins and finally incubated in
20 ml antibody solution for 30 mins, all in a hybridisation oven with turning at room
temperature. The membrane was subsequently washed 3 times for 15 min with DIG wash
buffer and then equilibrated for 5 min with DIG buffer 3. After that, the membrane was
incubated in a cut, small autoclaving bag with 2.5 ml CDP-star solution for 15 min at
37 °C. The membrane was then put in a fresh, small cut autoclave bag and luminescence
was detected in a ChemiDoc™MP (Bio-Rad Laboratories GmbH, Hercules; USA).

Depurination solution 0.25 M HCI
Transfer buffer 0.5 M NaOH
1.5 M NaCl
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Southern hybridization buffer

Southern wash buffer

DIG buffer 1

DIG buffer 2

DIG buffer 3

DIG wash buffer

Southern antibody solution

CDP-star solution

0.5 M NaPOq, pH 7
7% (w/v) SDS

0.1 M 1M NaPOs, pH 7
1% (w/v) SDS

0.1 M maleic acid
0.15 M NaOH
set pH to 7.5 with NaOH

autoclave

1 g skimmed milk powder
100 ml DIG buffer 1

0.1 M Tris-HCI (pH 9.5)
0.1 M NaCl
0.05 M MgCl2

6 ml Tween20
2 L DIG buffer 1

2 ul Anti-Dioxigenin-AP, Fab fragments (Roche,

Mannheim, Germany)
20 ml DIG buffer 2

200 pl CDP-star solution (Roche, Mannheim,

Germany)
20 ml DIG buffer 3
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4.6.15 Purification of DNA

Nucleic acids were purified using the NucleoSpin® gel and PCR Clean-up kit (Macherey-
Nagel, Diren, Germany) according to the manufacturer's instructions.

4.6.16 Sequencing of DNA

Sequencing reactions were performed by Eurofins (formerly GATC, Luxembourg,
Luxembourg). Prior to sequencing of plasmids or PCR fragments, DNA was purified using
Nucleospin® Gel and PCR Clean-up kit (Macherey-Nagel, Diiren, Germany) as described
in 4.6.1 and 4.6.15. DNA sequencing results were analysed and validated using the
program Clone Manager 9 (Sci-Ed, Denver, USA).

4.6.17 Sequencing of RNA

Sequencing library preparation was done using the lllumina TruSeq mRNA stranded Kit
(lllumina, San Diego, USA) or NEB Next® Ultra™ RNA Library Prep Kit (NEB, Ipswich,
USA). lllumina sequencing of mRNA was performed with 150 bp paired-end reads at the
Cologne Center for Genomics (CCG, Cologne, Germany) on an lllumina HiSeq 4000
(Numina, San Diego, USA) and at Novogene (Peking, China) on an lllumina NovaSeq
6000 (lllumina, San Diego, USA). Approximately 60 million 150 bp paired-end reads per
U. maydis-infected sample and 40 million paired-end reads per mock-treated sample were
created.

4.6.18 KASP sequencing

From 56,110 single nucleotide polymorphisms (SNPs) identified by Ganal et al. (2011),
111 SNP markers were selected to genotype the individuals of the segregating
populations. Selected SNP markers were polymorphic between the two parental inbreds
and showed no heterozygosity in the parental inbreds. SNP marker selection was
optimized for equal distribution across the physical map. The selected SNP markers were
genotyped using competitive allele-specific PCR (KASP) SNP technology by
TraitGenetics GmbH (Gatersleben, Germany) on a bulk of 5 F3 plants per genotype in the
respective populations.
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4.7 Tissue fixation, staining and microscopy
4.7.1 WGA-AF488/Propidium iodide co-staining of colonised maize tissue

Visualisation of growth and morphology of U. maydis in maize using WGA-AF488 and
propidium iodide co-staining was performed as described in Redkar et al. (2018).

4.7.2 Fluorescence microscopy

WGA-AF488/propidium iodide stained samples were analysed using a Zeiss Axio Zoom
V16 using the GFP filter for WGA-AF488 and the DsRed filter for propidium iodide

visualisation. Image processing was done using ImageJ.

4.7.3 Confocal laser-scanning microscopy

For analysis of effector secretion, maize leaves infected with U. maydis strains expressing
mCherry-tagged effectors were analysed with a Leica TCS SP8 Confocal Laser Scanning
Microscope. mCherry fluorescence was visualised 2 dpi with an excitation wavelength of
561 nm and detection wavelength of 580-630 nm using a 561 DPSS laser. Plant cell wall
auto fluorescence was visualised with an excitation wavelength of 405 nm and a detection
wavelength of 435-480 nm using a 405 Diode. Images were processed using the Leica
software LAS AFLite.

4.8 Bioinformatics
4.8.1 RNA-Seq analysis

lllumina reads (see Chapter 4.6.17). were filtered using the Trinity software (v2.9.1) option
trimmomatic under the standard settings (Grabherr et al. 2011). The reads were then
mapped to the reference genome using Bowtie 2 (v2.3.5.1) with the first 15 nucleotides on
the 5-end of the reads being trimmed (Langmead and Salzberg 2012). As reference
genome the U. maydis genome assembly (Kamper et al. 2006) and the Z. mays B73
version 3 (Schnable et al. 2009) genome assembly combined in one file were used.
Reads were counted to the U. maydis and Z. mays loci using the R package Rsubread
(v1.34.7) (Liao et al. 2019). On average, 640 thousand read counts were mapped to the
U. maydis genome per sample for the data set of different maize lines (1.3% of total read

-98 -



4. Materials and Methods

counts) and 783 thousand read counts for the data set of CML322 infected by SG200 or
KO_UMAG_02297 (1.8% of total read counts). For maize, approximately 50 million read
counts for the U. maydis inoculated samples and 43 million read counts for the mock
samples were mapped to the genome. Pre-filtering was applied to keep only genes with at
least 10 counts in 3 samples (6284 genes for U. maydis, 40056 genes for the data set of
different maize lines and 30637 genes for the data set of CML322 infected by SG200 or
KO_UMAG_02297). Counts mapped to U. maydis or maize were normalised and
differential gene expression was analysed by DESeq2 v1.26.0 (differential expression
analysis for sequence count data 2, Love et al. 2014) in R. For U. maydis, the design
formula was ~ genotype, for maize, the design formula was ~genotype + condition +
genotype:condition to identify differences in condition effects (SG200-infected vs Mock)
between genotypes. Genes with a log> expression fold change >0.5 or <-0.5 and
Benjamini-Hochberg-adjusted p value < 0.05 were considered differentially expressed.

4.8.2 WGCNA

To identify co-expressed genes, a weighted gene co-expression network analysis
(WGCNA) was done using the WGCNA package (v1.69) (Zhang and Horvath 2005;
Langfelder and Horvath 2008) in R. Only genes with at least 10 counts in 50% of the
analysed maize samples or in 90% of the analysed U. maydis samples were considered.
For U. maydis 4013 genes and for maize 29729 genes passed this filtering. Logz-
transformed DESeg2-normalized counts were used as input for the network analysis. The
function blockwiseModules was used to create a signed network of a Pearson correlated
matrix, only positive correlations were considered. For U. maydis, all genes were treated
in a single block. For maize, the maximum blocksize was set to 15000. The soft power
threshold was set to 4 for U. maydis and for maize because this was the lowest power
needed to reach scale-free topology (R? = 0.901 and 0.871 respectively). Modules were
detected using default settings with a mergeCutHeight of 0.15 and a minimal module size
of 25 genes. For each module, the expression profile of the module eigengene was
calculated, which represents the modules by summary expression profiles of all genes of
a given module. For each gene and module eigengene, the Pearson correlation to the
disease index of the different maize lines was calculated (= gene significance for the trait).
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4.8.3 GO enrichment analysis

GO term enrichment analysis (Ashburner et al. 2000; The Gene Ontology Consortium
2017) for U. maydis was performed with the Gene Ontology Panther Classification System
(Mi et al. 2019) using a p value cut-off of <0.05. For the enrichment analysis of the
modules correlated to the disease index, only genes were considered that had a gene
significance for disease index > 0.5 or < -0.5 and p value <0.05. For maize, Gene
Ontology (GO) terms were annotated to the version 3 protein annotation of maize line B73
using InterProScan (v5.42-78.0; Schnable et al. 2009; Jones et al. 2014; El-Gebali et al.
2019). Significance of GO term enrichments in a subset of genes were calculated for all
expressed genes with a Fisher’s exact test with the alternative hypothesis being one-sided
(greater).

4.8.4 Mapping of maize genes to Arabidopsis

For comparison of maize genes to genes previously described to be involved in PTI or ETI
in Arabidopsis, mapping of maize gene IDs to Arabidopsis was performed on the
Monocots PLAZA 4.0 workbench (https://bicinformatics.psb.ugent.be/plaza/; Van Bel et al.

2018) using the PLAZA orthologous genes integrative method with standard settings and

a minimum number of required evidence types of three.

4.8.5 Intraspecific sequence variation analysis

For comparison of effector amino acid sequences between different U. maydis strains, the
number of nonsynonymous substitutions per nonsynonymous site (ds) was calculated.
From the 5 strains with highest ds with the reference strain 521 the median was
calculated. All effectors were then ranked based on their ds from low divergence to high
divergence. For this analysis, only genes upregulated in planta in the Lanver et al. (2018)
data set, with a minimum expression level of 150 tpm, that do not contain a functional
domain that is related to sugar metabolism and do not contain multiple transmembrane

domains were considered as effectors (214 genes).
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4.8.6 QTL Mapping

A consensus genetic linkage map was calculated chromosome-wise using the allele
frequencies identified by KASP with the R package R/qtl v1.46-2 (Broman et al. 2003).
Cross type was set to 2. Markers that had been genotyped in less than 70% of individuals
and individuals with less than 80% of markers genotyped were omitted from the analysis.
Markers with high levels of segregation distortion were dropped (X? p< 107%). Linked
markers localised on different chromosomes were moved to the same chromosome and
switched alleles were switched to the correct alleles. To choose marker orders minimising
number of obligate crossovers, the ripple function with a window size of 6 was used. For
QTL mapping, adjusted entry means of the phenotypic data were estimated as follows: A
linear model containing the overall mean, error and a fixed genotype effect was fitted in R.
QTL detection was performed using Haley-Knott regression with the R package R/qtl
v1.46-2 (Broman et al. 2003). LOD thresholds to detect QTL for each trait were
determined by 1000 permutations in the scanone function and the global type | error was
set to 5%.

4.8.7 Further bioinformatics tools

Clone Manager 9.0 software (Sci-Ed Software, Cary/USA) was used for planning cloning
strategies in silico. National Center for Biotechnology Information (NCBI;
www.ncbi.nlm.nih.gov; Altschul et al. 1997). Maize Genetics and Genomics Database
(maizeGDB; https://www.maizegdb.org/; Portwood et al. 2019) and the Ensembl Fungi
database (https:/fungi.ensembl.org; Howe et al. 2020) was used to obtain nucleotide
sequences of interest. Protein domains were analysed using the SignalP 5.0 online tool
(http://www.cbs.dtu.dk/services/SignalP; Almagro Armenteros et al. 2019).

4.8.8 Data availability

All RNA sequencing data has been submitted to NCBI Genbank and is available under the
BioProject ID PRUNA673988.
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Figure 6.1. Expression profile of candidate maize line-specific effectors. Relative expression was quantified
via gRT-PCR during infection progression at 1, 3, 6, and 9 days post infection (dpi). Solid points indicate mean
ratios of the candidate effector gene to ppi (2-2%) of three biological replicates, transparent points indicate
individual values, and error bars denote the standard deviation. Respective gene names are shown at the top of
each plot. pit2 (UMAG_01375) was used as maize line-unspecific control.
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Figure 6.2. Secretion of UMAG_02297 during U. maydis infection. Maize seedlings were infected with
SG200_mCherry (negative control), SG200_Pit2-mCherry (positive control) and SG200_ UMAG_02297-mCherry.
mCherry fluorescence was observed 2 dpi. Scale bar: 25 um. Intensity profiles are shown at the bottom.
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Figure 6.3. Virulence function of UMAG_11416 in different maize lines. The single knock-out (KO) strain of
UMAG_11416 was injected into maize seedlings of the indicated line and symptoms were scored 12 days post
infection (dpi). KO refers to the respective CRISPR/Cas9 KO strain. Disease indices reflect disease symptom
severity and are shown in relation to SG200, which was set to unity. The experiment was performed in three
biological replicates. Average number of infected plants per strain and maize line: 76.
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Figure 6.4. Virulence functions of selected additional candidate maize line-specific effectors. Single,
double, or triple knock-out (KO) mutant strains of selected maize line-specific effectors were injected into maize
seedlings of the indicated line and symptoms were scored 12 days post infection (dpi). Gene names are shown at
the top. KO refers to the respective CRISPR/Cas9 knock-out (KO) strain. Gene names separated by slash
indicate multiple KO of these genes. Disease indices reflect disease symptom severity and are shown in relation
to SG200, which was set to unity. All experiments were performed in one biological replicate. Average number of
infected plants per strain and maize line: 26.
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Figure 6.5. Data quality assessment for genetic map construction. A) Missing genotype data for
individuals and markers. Black points represent missing data points after filtering. B) LOD scores and
recombination fraction of molecular markers. C) Recombination fractions and LOD scores for tests of
linkage for all pairs of markers. The LOD scores are for a test of r = 1/2. The recombination fractions are
shown in the upper left triangle, the LOD scores are shown in the lower right triangle. Yellow corresponds to a
large LOD score or a small recombination fraction (markers linked), purple corresponds to a small LOD score or a
large recombination fraction (markers not linked).
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Figure 6.6. Genetic map of molecular markers. The genetic map was constructed with R/qgtl v1.46-2 (Broman
et al. 2003) using Haley-Knott regression in collaboration with Benjamin Stich.
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