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Summary 

Ustilago maydis is a biotrophic plant pathogen that causes the corn smut disease. Sexual 

and pathogenic development of the fungus are tightly connected, U. maydis relies on its 

host, Zea mays, to complete its life cycle. Prerequisite for plant infection is the fusion of 

two compatible, haploid sporidia to form the infectious dikaryotic filament. Cell/cell 

recognition and the subsequent fusion event are regulated by the biallelic a-mating type 

locus. Perception of compatible pheromone triggers a G2 cell cycle arrest and conjugation 

tube formation. After formation of the infectious filament, the bE/bW-heterodimer, 

encoded by the multiallelic b-mating type locus, controls all further steps of pathogenic 

development, including maintenance of the G2 cell cycle arrest, filamentous growth and 

formation of appressoria to penetrate the plant surface.  

After plant penetration, U. maydis relies on the unfolded protein response (UPR), a 

conserved eukaryotic signaling pathway, to ensure efficient secretion of effectors to 

suppress the plant defense response and establish a compatible biotrophic interaction. The 

UPR is specifically activated in planta and continuously active during plant infection. 

However, premature UPR activity interferes with formation of the dikaryotic filament by 

inhibiting bE, bW and rbf1 expression.  

In this study, I show that the UPR affects pathogenic development on multiple levels. UPR 

activity not only has extensive inhibitory effects on the b-dependent transcription factor 

network, but also interferes with the transcriptional and morphological response to 

pheromone. UPR activity leads to increased dephosphorylation of the MAPK Kpp2 by the 

dual specificity phosphatase Rok1, leading to reduced activity of the pheromone response 

factor 1 (Prf1), and the Prf1-regulated a- and b-mating type genes. Crosstalk between the 

UPR and mating type pathways provide a regulatory feedback mechanism to dampen the 

a- and b-mating type pathways. In this way, hypervirulence is prevented and the compatible 

biotrophic fungal/plant interaction is preserved. Since effector gene expression is regulated 

by the b-pathway, increased UPR activity results in reduced effector gene expression, 

thereby effectively lowering endoplasmic reticulum (ER) stress levels.  

Moreover, I established a novel expression system, allowing the depletion or 

overexpression of any given gene at defined stages of biotrophic development in planta. 

Proof-of-principle experiments demonstrated that a functional UPR is not only required 

directly after plant penetration, but also crucial to ensure continuous suppression of plant 

defense responses at later stages of pathogenic development in planta. 



Summary 
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In summary, I uncovered novel regulatory cross-connections between pathways regulating 

the ER stress response and pathogenic growth of the fungus in planta. My results strongly 

suggest that efficient host colonization and maintenance of fungal biotrophy are balanced 

by negative feedback loops between pathways, aligning the intracellular physiology to the 

organismic interaction between the fungus and its host plant. 
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1 Chapter 1 | Introduction 

1.1 The Unfolded Protein Response 
The ER is the largest organelle in eukaryotic cells and a dynamic network. Synthesis, 

folding, modification and quality control of proteins take place at/in the ER (reviewed in 

Braakman and Hebert, 2013). After translation initiation in the cytosol, the 

ribosome-mRNA complex is recruited to the ER membrane by the signal recognition 

particle (SRP) and the protein is co-translationally inserted into the ER. During and after 

protein synthesis, secreted and transmembrane proteins are folded and further modified. 

Two of the most common modifications are N-glycosylation and the formation of disulfide 

bonds (Siberstein and Gilmore, 1996; Fassio and Sitia, 2002). These modifications can 

potentially affect stability, conformation/folding and function of a protein (Helenius, 2002; 

Hanson et al., 2009; Wallis and Freedman, 2011). To most secretory proteins, N-linked 

glycans are added by an oligosaccharyltransferase. This modification takes place during or 

soon after translocation of the polypeptide into the ER (Nilsson and von Heijne, 1993). 

Protein disulfide isomerases catalyze the formation, isomerization and reduction of 

disulfide bonds, thereby also assisting the correct folding of a protein (Braakman and 

Hebert, 2013). Correctly folded and modified proteins are targeted to the Golgi apparatus 

and are subsequently secreted or transported to the cell membrane. During protein folding 

and modification, truncated polypeptides, misfolded intermediates and non-natively 

modified proteins can form aggregates and accumulate in the cell (Dobson, 2003; Hartl and 

Hayer-Hartl, 2009). Acutely damaged proteins are either repaired or targeted for 

degradation by the ER-Associated protein Degradation (ERAD) machinery (Smith et al., 

2011; Ruggiano et al., 2014). An imbalance (ER stress) between protein demand of a cell 

and the capacity of the ER machinery induces an adaptive pathway called Unfolded Protein 

Response (UPR) (Ron and Walter, 2007). The UPR is a highly conserved eukaryotic 

signaling pathway to restore ER homeostasis. UPR activity inhibits the overall protein 

translation, increases expression of chaperones, folding enzymes, ERAD proteins and 

membrane lipids, the latter resulting in ER expansion (Schuck et al., 2009). Thereby, ER 

stress is relieved (Cox et al., 1997; Travers et al., 2000). If ER proteostasis cannot be 

restored, apoptosis is induced to protect surrounding cells from toxic effects (Shore et al., 

2011; Tabas and Ron, 2011; Hetz, 2012; Sano and Reed, 2013). 
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1.1.1 The three branches of UPR 

In mammals/higher eukaryotes, three parallel UPR pathways exist. Each pathway defines 

a distinct arm of the UPR and consists of a stress transducer integral to the ER membrane 

that senses un- or misfolded proteins in the ER lumen. The Activating Transcription 

Factor-6 (ATF6) and the Protein Kinase RNA-like ER Kinase (PERK) pathways are only 

found in metazoans. By contrast, the Inositol-Requiring Enzyme-1 (IRE1) induced pathway 

is conserved in all eukaryotes. ATF6 belongs to a class of ER stress transducers localized 

to the ER membrane, and contains a stress-sensing domain in the ER lumen (Haze et al., 

1999) (Figure 1.1A). Upon ER stress, ATF6 is transported to the Golgi apparatus where it 

is cleaved by Site 1 Protease (S1P) and Site 2 Protease (S2P). Cleavage by these proteases 

releases a cytosolic DNA-binding portion, ATF6(N). This fragment functions as a Basic 

Leucin Zipper (bZIP) transcription factor that enters the nucleus and induces expression of 

UPR target genes (Haze et al., 1999).  

The second stress-responsive factor, PERK, is also ER membrane localized (Figure 1.1B). 

It consists of a cytoplasmic protein kinase domain and a lumenal domain for sensing of ER 

stress. Upon ER stress, PERK oligomerizes and is activated by trans-autophosphorylation 

(Bertolotti et al., 2000). Phosphorylated PERK inhibits the α-subunit of eukaryotic 

translation Initiation Factor-2 (eIF2α) by phosphorylation. This globally reduces the 

amount of newly synthesized proteins by lowering the levels of translation initiation 

(Harding et al., 1999). Interestingly, phosphorylation of eIF2α also contributes to 

expression of UPR targets and translation of Activating Transcription Factor 4 (ATF4). 

ATF4 induces expression of factors involved in amino acid import, glutathione 

biosynthesis and resistance to oxidative stress (Harding et al., 2003). Among the 

transcriptionally activated genes is C/EBP-Homologous Protein (CHOP), a factor involved 

in growth arrest and apoptosis (Zinszner et al., 1998; Ma et al., 2002). 

The third branch consists of the evolutionary conserved kinase/RNase IRE1 (Ron and 

Walter, 2007) (Figure 1.1C). Ire1p was first identified in a screen for mutants defective in 

KAR2 (BiP in mammals) induction in Saccharomyces cerevisiae (Cox et al., 1993). Similar 

to PERK, Ire1p also consists of a stress sensor domain in the ER lumen and a cytoplasmic 

protein kinase domain (Cox et al., 1993; Mori et al., 1993; Harding et al., 1999; Bertolotti 

et al., 2000). Upon ER stress, binding of un- or misfolded proteins to the lumenal domain 

of Ire1p and dissociation of Kar2p/BiP result in oligomerization and activation of Ire1p via 

trans-autophosphorylation (Sidrauski and Walter, 1997; Korennykh et al., 2009; Walter 

and Gardner, 2011). In contrast to PERK, Ire1p exclusively phosphorylates itself and 
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contains an RNase domain that causes unconventional, cytoplasmic splicing of an mRNA 

encoding a bZIP transcription factor (Shamu and Walter, 1996; Sidrauski and Walter, 

1997). This factor is termed Homologous for ATF/CREB 1 (Hac1p) in S. cerevisiae/ X-Box 

Binding Protein1 (XBP1) in mammals (Cox and Walter, 1996; Kawahara et al., 1998; 

Rüegsegger et al., 2001; Yoshida et al., 2001). The spliced mRNA is translated into the 

active transcription factor Hac1p/XBP1, which functions as central regulator of the UPR 

by binding to Unfolded Protein Response Elements (UPREs) in target gene promoters 

(Mori et al., 1992). This induces expression of chaperones, components of the ERAD 

pathway and proteins mediating lipid synthesis resulting in relieve of ER stress (Cox et al., 

1997; Travers et al., 2000; Murray et al., 2004).   

 

 
Figure 1.1 Conserved UPR pathways. The three signal transducers (ATF6, PERK, IRE1) sense unfolded 
proteins in the ER lumen and transmit that information resulting in production of bZIP transcription factors 
that induce expression of UPR target genes. (A) The ATF6 pathway is only found in metazoans and is 
activated by proteolysis of ATF6. (B) The PERK pathway is also only found in metazoans and activated by 
phosphorylation of eIF2α. Thereby, translation of the ATF4 transcription factor is induced. (C) The IRE1 
pathway is highly conserved in all eukaryotes. UPR is activated by unconventional cytoplasmic splicing of 
the mRNA encoding the central UPR transcription factor XBP1/HAC1. Modified from Ron and Walter, 2011. 
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In S. cerevisiae, the unspliced HAC1 mRNA is present in the cytoplasm during phases of 

low ER stress. Two layers of post-transcriptional silencing ensure that no unspliced Hac1p 

is present and undesirably activates the UPR (Di Santo et al., 2016). Formation of a 

secondary structure by the 5’ UTR blocks translation initiation by preventing binding of 

the ribosome (Rüegsegger et al., 2001). Additionally, unspliced Hac1p is rapidly degraded 

by recognition of the unique C-terminus, ubiquitination and proteasomal degradation. Both 

layer rely on sequences found in the intron of the mRNA/protein (Di Santo et al., 2016).  

In mammals, both, the spliced and the unspliced form of XBP1 mRNA are translated but 

differ in their properties. The protein XBP1u functions as a negative regulator of the UPR. 

It contains a nuclear exclusion signal in its C-terminal, XBP1u-specific region, enabling the 

protein to shuttle between nucleus and cytoplasm, while XBP1s is exclusively localized in 

the nucleus (Tirosh et al., 2006; Yoshida et al., 2006). XBP1u and XBP1s form a complex 

in the nucleus which is exported to the cytoplasm and rapidly degraded by the proteasome 

due to the degradation motif present in XBP1u (Tirosh et al., 2006; Yoshida et al., 2006; 

Yoshida et al., 2009). 

 

 The UPR in pathogenic fungi 

The UPR is described as a conserved pathway and central regulator of virulence in human 

and plant pathogenic fungi (Heimel, 2015). A functional UPR is necessary for interaction 

with the host and adaption to changing environments during the infection. For the human 

pathogens Aspergillus fumigatus and Cryptococcus neoformans, being able to grow at body 

temperature of the host is essential for virulence. Deletion of HAC1 or IRE1 homologs lead 

to reduced thermotolerance (Richie et al., 2009; Cheon et al., 2011), indicating a conserved 

connection between the UPR and temperature-dependent growth. Additionally, loss of the 

UPR increased cell wall stress sensitivity in both fungi (Richie et al., 2009; Cheon et al., 

2011), demonstrating interplay between the cell wall integrity (CWI) pathway and the UPR. 

In S. cerevisiae, the UPR is activated by the CWI MAPK pathway during cell wall stress, 

suggesting that the connection between cell wall integrity and the UPR might be conserved 

(Scrimale et al., 2009).  

In the necrotrophic pathogen Alternaria brassicicola,, the UPR is also important for 

pathogenic development and adaption to the host (Joubert et al., 2011). Deletion mutants 

of the gene encoding the Hac1 homolog showed a complete loss of virulence, higher 

sensitivity towards cell wall stress and reduced secretory capacity (Joubert et al., 2011). 
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Additionally, besides ER-stress, the plant-derived compound camalexin is also able to 

activate the UPR in A. brassicicola, and UPR defective mutants showed higher sensitivity 

towards camalexin (Joubert et al., 2011). Camalexin most likely damages fungal 

membranes. In response, the fungus reacts with drug efflux and cell wall reinforcement 

(Sellam et al., 2007). The rice blast fungus Magnaporte oryzae also depends on the UPR 

for conidiation and virulence (Tang et al., 2015). 

While basic features of the Ire1-induced UPR pathway are conserved in most fungi, the 

fission yeast Schizosaccharomyces pombe and the human pathogen Candida glabrata 

constitute exceptions (Kimmig et al., 2012; Miyazaki et al., 2013). S. pombe does not 

contain a Hac1p homolog in its genome, and the ER-stress response solely depends on the 

homolog of Ire1p. Upon ER-stress, a subset of mRNAs encoding proteins of the secretory 

pathway are targeted for a process called Regulated Ire1-dependent decay (RIDD), which 

is normally only found in higher eukaryotes. RIDD is characterized by Ire1-dependent 

cleavage of various ER-associated mRNAs reducing the total load for the ER folding 

machinery (Kimmig et al., 2012). Additionally, Ire1 processes Bip1 mRNA resulting in its 

stabilization. In C. glabrata, Ire1 no longer splices Hac1 mRNA, but employs a pathway 

similar to RIDD to cope with ER stress (Miyazaki et al., 2013).  

The UPR in higher eukaryotes is not only important to counteract ER-stress, but is also 

implicated in a number of developmental processes in organisms like Drosophila, fish, 

mice and also humans. (reviewed in Mitra and Ryoo, 2019). For fungi, less is known about 

the role of the UPR in development. In S. cerevisiae, it was shown that activation of the 

UPR or expression of the spliced Hac1p transcription factor suppressed pseudohyphal 

growth and meiosis (Schröder et al., 2000). Splicing of HAC1 occurred under high nitrogen 

conditions, probably due to high protein translation rates and thus, higher amounts of 

unfolded proteins in the ER (Schröder et al., 2000). In the basidiomycete U. maydis, 

multiple connections between the UPR and (pathogenic) development have been 

demonstrated and will be further discussed in 1.5. 
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1.2 Ustilago maydis 
The corn smut pathogen U. maydis belongs to the phylum of Basidiomycetes, which 

constitute together with the Ascomycetes the subkingdom of higher fungi. U. maydis was 

first described/mentioned by the French biologists Bonnet, Aymen and Tillet around 1750 

(Christensen, 1963). 

As most smut fungi, U. maydis has a narrow host range and specifically infects corn (Zea 

mays) and its close relative teosinte (Euchlena mexicana) (Doebley, 1992). In order to 

successfully infect its host plant, U. maydis has to form a dikaryotic, infectious filament by 

mating with a compatible partner (Banuett 

and Herskowitz, 2006). Infection with 

U. maydis induces plant tumor formation 

(Christensen, 1963) (Figure 1.2). In the 

tumors, massive fungal proliferation and 

spore formation take place. At the end of a 

vegetative period, the diploid, melanin 

containing spores are released into the 

environment resulting in the typical 

“smutted” appearance of infected plants.  

U. maydis is an important organism in 

laboratory research. It is a well-established 

model organism to analyze basic 

recombination mechanisms as well as 

sexual development and fungal-plant 

interaction (Bakkeren et al., 2008; 

Steinberg and Perez-Martin, 2008; Brefort 

et al., 2009a; Lanver et al., 2018). 

U. maydis is easy to cultivate in the laboratory, has a fully annotated genome and a variety 

of established molecular techniques for genetic modification (Brachmann et al., 2004; 

Feldbrügge et al., 2004; Kämper et al., 2006; Steinberg and Perez-Martin, 2008). Finally, 

U. maydis completes its life cycle within two weeks under laboratory conditions, thus, it 

constitutes a well-suited model organism to study host-pathogen interactions. These 

properties establish U. maydis as an ideal model organism that provides advantage over 

other smut and related rust fungi that are often genetically difficult to access. 

 
Figure 1.2 Corn smut disease caused by U. maydis. 
Corncob infected by U. maydis. Photos were taken in 
September 2018, Göttingen. From Schmitz et al., 2018 
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 Life Cycle of U. maydis 

In U. maydis, pathogenic and sexual development is closely interlinked. Host infection is 

necessary for proliferation, formation of spores and completion of its life cycle (Banuett, 

1992). 

The life cycle of U. maydis can be divided in a saprophytic and a biotrophic phase. During 

vegetative growth, the haploid cells of U. maydis grow yeast-like by budding (Figure 1.3.1) 

and are not able to infect the host plant. The onset of the biotrophic stage is initiated upon 

fusion of two haploid cells and generation of an infectious dikaryotic filament (Banuett, 

1992). Sexual and pathogenic development are controlled by a tetrapolar mating type 

system (Hartmann et al., 1996a; Bölker, 2001; Feldbrügge et al., 2004). The biallelic 

a-mating type locus encodes a pheromone-receptor system which mediates cell/cell 

recognition and fusion of two genetically compatible cells (Schulz et al., 1990; Bölker et 

al., 1992). Only cells that differ in their mating type loci are able to fuse and form the 

infectious hyphae. Perception of compatible pheromone triggers a G2 cell cycle arrest and 

results in formation of conjugation tubes (Figure 1.3.2) to mediate cell fusion (Figure 1.3.3) 

(Spellig et al., 1994). After formation of the dikaryotic filament, different alleles of the 

multiallelic b-locus are necessary to maintain the cell cycle arrest, induce filamentous 

growth and infect the plant (Gillissen et al., 1992). On the leaf surface, dikaryotic filaments 

elongate by tip-growth with cytoplasm accumulating at the tip of the hyphae while older 

parts are sealed off by septa (Banuett and Herskowitz, 1994). Plant invasion is mediated by 

formation of appressoria (Snetselaar and Mims, 1992; Snetselaar and Mims, 1993) (Figure 

1.3.4), specific infection structures that facilitate plant penetration independent of turgor-

based mechanical force (Figure 1.3.5). A biotrophic interface for fungal-plant interaction 

is created by invagination of the plant cell plasma membrane. Only after successful plant 

penetration, the G2 cell cycle arrest is released and the fungus proliferates in planta by 

mitotic cell divisions and branching (Banuett and Herskowitz, 1996). Correct distribution 

of nuclei is achieved by formation of clamp cells (Scherer et al., 2006). Later during the 

infection, massive inter- and intracellular proliferation of the fungal hypha takes place in 

tumor tissue (Figure 1.3.6). After subsequent karyogamy, the hyphal sections fragment and 

differentiate into melanized diploid teliospores (Banuett and Herskowitz, 1996) (Figure 

1.3.7). These spores are released into the environment and are able to germinate under 

suitable conditions. By meiosis and budding of from the promycelium, haploid sporidia are 

produced (Figure 1.3.1) (Christensen, 1963). 
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 Mating of U. maydis 

Sexual reproduction of fungi is controlled by mating type loci. Basidiomycetes either have 

a bi- or a tetrapolar mating type system, whereby the tetrapolar system is predominant 

(Heitman, 2015). Fungi with a bipolar mating type system usually have bi-allelic mating 

type loci (a and α). Tetrapolar mating type systems rely on two independent loci that specify 

the mating type. Both loci can be multiallelic resulting in thousands of different possible 

combinations/mating types (Heitman, 2015). The tetrapolar mating type system in 

U. maydis is characterized by two independent loci, called a- and b-locus. These loci 

encode a pheromone/receptor system and homeodomain-transcription factors (Morrow and 

Fraser, 2009). The biallelic a-locus of U. maydis encodes the pheromone Mating factor a 

(Mfa1 or Mfa2) and the Pheromone receptor a (Pra1 or Pra2) (Figure 1.4). The pheromone 

precursor consists of 40 (Mfa1) or 38 (Mfa2) amino acids and is post-translationally 

modified by farnesylation and carboxyl methyl esterification of the C-terminus (Spellig et 

al., 1994). Additionally, the precursor is processed, resulting in a mature pheromone of 13 

and 9 amino acids, respectively. Pra1 and Pra2 show similarities to STE3 pheromone 

receptors, contain seven transmembrane domains and are coupled to heterodimeric 

G-proteins (Bölker et al., 1992).  

Figure 1.3 Life cycle of U. maydis. Schematic diagram of the different developmental stages during sexual 
and pathogenic development: (1) Yeast-like growth of the haploid sporidia by budding. (2) Conjugation tube 
formation and cell fusion. (3) Filamentous growth of the dikaryotic filament. (4) Formation of appressoria on 
the plant surface. (5) Penetration of plant tissue and release of cell cycle arrest. (6) Proliferation and branching 
of the fungal hypha, followed by karyogamy. (7) Differentiation into melanized diploid teliospores. Life cycle 
modified from Kämper et al., 2006. 
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A compatible pheromone is perceived by a receptor of the opposite mating type, resulting 

in a G2 cell cycle arrest and formation of conjugation tubes along the pheromone gradient 

(Spellig et al., 1994; Snetselaar et al., 1996; García-Muse et al., 2003). Transduction of the 

pheromone signal is achieved via two parallel cascades, the mitogen-activated 

protein-kinase (MAPK)- and the cAMP-dependent protein kinase A (PKA)-signaling 

pathway (see 1.3). Both converge on the key transcription factor Prf1 (see 1.4.1), which 

binds to pheromone response elements (PREs) in promoter regions of target genes. 

Thereby, expression of a large set of genes, including the a-mating type genes, is induced 

(Urban et al., 1996).  

After fusion of two haploid cells, further pathogenic and sexual development is controlled 

by the multiallelic b-mating type locus (Urban et al., 1996). Each b-locus encodes a pair of 

homeodomain proteins called bE and bW (Figure 1.5A), that comprise of 473 (bE) and 645 

(bW) amino acids (Schulz et al., 1990; Gillissen et al., 1992). Both proteins consist of a 

highly variable N-terminal domain of about 120 amino acids and a conserved C-terminal 

region that contains the homeodomain motif (Gillissen et al., 1992; Kämper et al., 1995). 

The variable N-terminal part is responsible for non-self-recognition and formation of a 

heterodimer  (Kronstad and Leong, 1990; Schulz et al., 1990; Gillissen et al., 1992). Only 

if the dikaryon contains nuclei with different b-mating type alleles (Figure 1.5B), bE and 

bW are able to dimerize and form the transcriptionally active bE/bW-heterodimer (Kämper 

et al., 1995).   

Formation of an active b-heterodimer is necessary and sufficient to induce filamentous 

growth and pathogenic development (Bölker et al., 1995). An active heterodimer 

suppresses expression of the a-mating type genes and, as a master regulator, induces a 

transcriptional cascade. By that, filamentous growth and the G2 cell cycle arrest are 

maintained and the host plant surface can be penetrated by formation of appressoria 

(Kahmann and Kämper, 2004; Wahl et al., 2010b). Haploid strains containing compatible 

bE and bW genes are pathogenic and can infect the host and complete the lifecycle without 

the need of a mating partner (Bölker et al., 1995; Kämper et al., 2006).  

Figure 1.4 Schematic organization of the a1- and a2-locus. mfa1 and mfa2 encode the pheromone 
precursor. pra1 and pra2 encode for the two pheromone receptors. Modified from Brachmann, 2001. 
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1.3 MAPK Signaling 
MAPKs are evolutionary conserved components of eukaryotic signaling pathways. They 

control a multitude of different physiological processes, such as proliferation, 

differentiation, cell death and adaption to various stress conditions (Pearson et al., 2001; 

Cargnello and Roux, 2011). MAPK cascades are present in all eukaryotes and activated 

upon sensing of diverse signals including pheromones or cellular stress (Kültz and Burg, 

1998; Widmann et al., 1999). A MAPK signaling cascade typically consists of three 

hierarchically acting kinases: the MAPK kinase kinase (MAPKKK) activates the MAPK 

kinase (MAPKK) that in turn activates the terminal MAPK. Common MAPK targets are 

transcription factors, which are phosphorylated to activate or inhibit expression of target 

genes. MAPKs are typically activated by phosphorylation of two specific threonine and 

tyrosine residues separated by a single amino acid. This conserved TXY motif is 

characteristic for MAPKs and essential for their enzymatic activity, as originally shown for 

the mammalian Extracellular Signal-regulated Protein Kinase 2 (ERK2) (Robbins et al., 

1993). All members of the ERK1/2 subgroup of MAPKs are activated by extracellular 

signals and contain the TEY motif (Pearson et al., 2001).  

MAPK pathways with varying in- and outputs use overlapping sets of components. 

Different strategies like organization into modules via scaffold proteins, docking site 

interactions, cross-pathway inhibition and isolation of components via stadium specific 

expression or localization are used to prevent undesirable leakage of signal or crosstalk 

between pathways (Bardwell, 2006; Dard and Peter, 2006; Saito, 2010; Good et al., 2011). 

Figure 1.5 Schematic organization of the b-locus. (A) The b-locus encodes the homeodomain proteins bW 
and bE. V indicates the variable N-terminal domains of bE and bW. (B) Dimerization and formation of the 
bE/bW heterodimer is only possible when the proteins derive from different mating type loci. Modified from 
Brachmann, 2001. 

A B 
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 The pheromone response in U. maydis is mediated by MAPK- and 

PKA-dependent signaling cascades  

In U. maydis, signal transduction in response to pheromone perception is mediated by 

MAPK and PKA signaling cascades. Both pathways and their interaction control the 

processes of mating, morphogenesis and pathogenic development (Mayorga and Gold, 

1999; Andrews et al., 2000; Mayorga and Gold, 2001; Müller et al., 2003). The MAPK 

cascade consists of the MAPKKK Kpp4 (Ubc4) (Andrews et al., 2000; Müller et al., 2003), 

MAPKK Fuz7 (Ubc5) (Banuett and Herskowitz, 1994) and MAPK Kpp2 (Ubc3) (Mayorga 

and Gold, 1999; Müller et al., 1999) (Figure 1.6). The kinases were initially identified as 

Ustilago bypass of cyclase proteins (Ubc3, Ubc4 and Ubc5), because they can suppress the 

filamentous phenotype of the adenylate cyclase (uac1) mutant of U. maydis (Gold et al., 

1994; Mayorga and Gold, 1998; Mayorga and Gold, 1999). Two additional ubc genes, ubc1 

and ubc2, have been identified encoding the regulatory subunit of the protein kinase A 

(PKA) Adr1 and a Ste50-like protein (Gold et al., 1997). The cAMP-dependent PKA 

cascade and the pheromone dependent MAPK signaling cascade act in parallel and are 

interconnected (Mayorga and Gold, 1999). Ubc2, is a novel adaptor protein functioning 

upstream of the MAPK module (Mayorga and Gold, 1999; Mayorga and Gold, 2001; 

Klosterman et al., 2008). The N-terminal part of Ubc2 contains a sterile α motif (SAM) 

domain and a ras association (RA) domain (Mayorga and Gold, 2001). Both domains are 

potentially involved in protein-protein interactions and commonly present in Ste50-like 

fungal adaptor proteins. Ubc2 physically interacts with the MAPKKK Kpp4 via the SAM 

domain present in its N-terminus (Müller et al., 2003; Klosterman et al., 2008). The 

presence of an RA domain suggests a potential interaction with Ras or Ras-like proteins, 

including the family of small GTPases/GTP-binding proteins. U. maydis contains two Ras 

proteins, one of them, Ras2, functions upstream of the MAPK cascade (Lee and Kronstad, 

2002), but interaction of Ras2 and the adaptor Ubc2 could not be shown. Both, the SAM 

and the RA domain of Ubc2 are essential for filamentous growth (Klosterman et al., 2008). 

Pheromone binding to the cognate receptor activates the MAPK module resulting in 

phosphorylation and thereby activation of the terminal MAPK Kpp2 (Figure 1.6). Kpp2 is 

required for transcriptional and morphological response to a pheromone signal and thus for 

the mating process (Müller et al., 1999). It phosphorylates the pheromone response factor 1 

(Prf1), which in turn induces expression of a defined set of pheromone-responsive genes 
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(for details, see 1.4.1). By contrast, formation of conjugation tubes and appressoria as well 

as induction of the G2 cell cycle arrest are controlled by Kpp2 but are independent of Prf1 

(García-Muse et al., 2003; Müller et al., 2003). While Kpp2 phosphorylation and its kinase 

activity are necessary to induce conjugation tube formation, the transcriptional response to 

the pheromone stimulus only depends on phosphorylation of Kpp2 and is independent of 

its kinase activity (Müller et al., 2003). Initiation of a G2 cell cycle arrest ensures 

synchronization of the cell cycle during conjugation tube formation and cell/cell fusion 

(García-Muse et al., 2003).  

 

 

After fusion on the plant surface, the bE/bW heterodimer is formed and a second MAPK, 

Kpp6, is Rbf1-dependently expressed (for details see 1.4.2 (Brachmann et al., 2003; Heimel 

et al., 2010b)). It has been shown that Kpp6 is part of the same MAPK module and also 

phosphorylated by the MAPKK Fuz7 (Brachmann et al., 2003; Di Stasio, 2009a). Although 

Kpp6 can partially substitute Kpp2 during cell fusion, it is not involved in pheromone 

signaling. Phosphorylation of Kpp6 is required for penetration of the plant surface after 

appressoria formation (Brachmann et al., 2003). It has been shown that the factors 

Synthetic high osmolarity sensitive (Sho1) and Multicopy suppressor of a budding defect 

Figure 1.6 Schematic picture of the 
pheromone-dependent MAPK 
signaling cascade. Binding of the 
pheromone Mfa2 (Mfa1) to the 
compatible pheromone receptor Pra1 
(Pra2) activates the adaptor protein 
Ubc2. Ubc2 physically interacts with 
the MAPKKK Kpp4 and thereby 
activates the MAPK module 
(Kpp4/Fuz7/Kpp2). The terminal 
MAPK Kpp2 phosphorylates Prf1 
and, independent of Prf1, induces a G2 
cell cycle arrest and formation of 
conjugation tubes. The 
cAMP-dependent PKA pathway is 
also activated upon pheromone 
sensing. The catalytic subunit of the 
PKA, Adr1, also phosphorylates and 
activates Prf1. Phosphorylated Prf1 
induces expression of the a- and 
b-mating type genes. 
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(Msb2), which regulate appressorium development in response to a hydrophobic surface, 

function upstream of Kpp6 (Lanver et al., 2010a). Moreover, Sho1 directly interacts with 

Kpp6, providing a rationale of how appressoria formation and plant penetration are 

connected and regulated (Mendoza-Mendoza et al., 2009a; Lanver et al., 2010a). 

A third MAPK, Crk1, is also phosphorylated by the MAPKK Fuz7 (Garrido et al., 2004). 

Similar to Kpp2, Crk1 controls the transcriptional and morphological response to the 

pheromone signal, but is also required for filamentous growth after cell/cell fusion (Garrido 

et al., 2004). In addition to the common TEY phosphorylation motif, which is present in 

all three described MAPKs (Kpp2, Crk1, Kpp6), Crk1 contains two additional MAPK 

phosphorylation sites in its N-terminus. Phosphorylation of these sites is required for 

filament formation and most likely carried out by Kpp2 or Crk1 itself (Garrido et al., 2004). 

Constitutive active, unphosphorylatable or kinase-dead mutants of the MAPK module are 

available. The Fuz7DD mutant protein harbors two point mutations resulting in the amino 

acid substitutions S259D and T263D to mimic constitutive phosphorylation of Fuz7 

(Müller et al., 2003). Expression of fuzDD activates the MAPK module and thus mimics the 

pheromone response on transcriptional and morphological level (Müller et al., 2003). Other 

mutants, which are either kinase dead or non-phosphorylatable, are available for the 

MAPKs Kpp2, Kpp6 and Crk1. Kpp2AEF, Kpp6AEF and Crk1AEF contain two amino 

acid substitutions in the conserved TEY motif (Kpp2: T182A, Y184F; Kpp6: T355A, 

Y357F; Crk1: T253A, Y255F) rendering the MAPKs unphosphorylatable (Madhani et al., 

1997; Müller et al., 1999; Brachmann et al., 2003; Garrido et al., 2004). The amino acid 

substitutions K50R (Kpp2), K220R (Kpp6) and K106R (Crk1) on the other hand lead to a 

kinase-dead protein which is defective in ATP binding (Brachmann, 2001; Müller, 2003; 

Garrido et al., 2004). By using these mutants, effects depending on a specific function, i.e. 

the kinase-activity or effect of MAPK phosphorylation can be analyzed. 

 

 The dual specificity phosphatase Rok1 inhibits the pheromone response 

Phosphatases regulate kinase activity by dephosphorylation of specific amino acids. The 

group of MAP-Kinase-Phosphatases (MKP) specifically removes phosphate of tyrosine 

or/and threonine residues in the TXY motif of MAPKs. Three different types of MKPs 

exist: protein tyrosine phosphatases remove the phosphate of tyrosine residues, 

serine/threonine phosphatases dephosphorylate phosphothreonine and dual-specificity 

phosphatases (DSP) can remove tyrosine as well as threonine phosphorylation (Saxena and 
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Mustelin, 2000). In U. maydis, the dual specificity phosphatase Rok1 regulates activity of 

the pheromone dependent MAPK signaling pathway. Rok1 dephosphorylates and thereby 

reduces activity of the MAPKs Kpp2 and Kpp6. Overexpression of rok1 interferes with the 

transition from budding to conjugation tube formation upon pheromone stimulus, most 

likely by preventing accumulation of phosphorylated Kpp2 (Di Stasio et al., 2009). 

Additionally, rok1 overexpression reduces b-dependent filament formation and 

pathogenicity. By contrast, rok1 deletion results in a strong filamentous phenotype 

independent of a pheromone stimulus or active b-signaling possibly due to increased 

activity of the MAPK module. ∆rok1 strains display increased b-gene expression, 

appressoria formation and more efficient colonization of the host leading to increased 

virulence of the fungus (Di Stasio et al., 2009). Rok1 harbors a protein-tyrosine 

phosphatase domain containing the highly conserved HCXXXXXXR motif characteristic 

for DSP (Denu et al., 1996; Di Stasio, 2009a). Additionally, the N-terminus of Rok1 

contains one potential MAPK interaction site (D-box) and two potential MAPK 

phosphorylation sites. In the C-terminal extension, two of three total PEST sequences and 

three potential MAPK interaction sites are found (Jacobs et al., 1999; Di Stasio, 2009a). 

PEST sequences are rich in the amino acids proline, glutamate, serine and threonine and 

serve as proteolytic signals, leading to rapid protein degradation (Rogers et al., 1986; 

Rechsteiner, 1996). Furthermore, two potential Rok1 phosphorylation sites in the N-

terminus of the protein have been predicted (Di Stasio, 2009a). MKPs like the DSP Rok1 

are often regulated on a transcriptional as well as on a post-translational level (González-

Rubio et al., 2019). rok1 gene expression is induced upon pheromone stimulus/activation 

of the MAPK cascade, suggesting a role of Rok1 in a negative feedback loop controlling 

MAPK activity (Zarnack et al., 2008; Di Stasio et al., 2009). Post-translational regulation 

of MKPs is achieved by various mechanisms including protein-protein interactions, 

phosphorylation and reversible oxidation of the catalytic cysteine residue in the conserved 

DSP motif (Camps et al., 1998; Kamata et al., 2005; Patterson et al., 2009). Binding of 

DSP to their MAPK substrates can increase their catalytic activity by conformational 

changes (Camps et al., 1998; Fjeld et al., 2000). Moreover, phosphatases can be directly 

phosphorylated by their MAPK substrates leading to increased stability and activation 

(Brondello et al., 1999; Patterson et al., 2009). The exact mechanism of Rok1 regulation 

remains unknown, but possibly involves regulation on multiple levels as characteristic for 

proteins involved in fine-tuning of major signal cascades. 
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1.4 Prf1 and b-dependent signaling 

 The central transcription factor Prf1 

The high mobility group (HMG) transcription factor Prf1 is the central transcriptional 

regulator of pheromone signaling in U. maydis (Hartmann et al., 1996b; Kaffarnik et al., 

2003). Prf1 induces gene expression by binding to specific pheromone response elements 

(PREs) in promoter regions of target genes, including the a- and b-mating type genes 

(Hartmann et al., 1996b; Urban et al., 1996). Prf1 is regulated on a transcriptional and on 

a post-translational level. Upon phosphorylation by the MAPK Kpp2 and/or the PKA Adr1 

(Müller et al., 1999; Kaffarnik et al., 2003), it is activated and induces expression of 

different gene sets (Zarnack et al., 2008). Transcription of prf1 is regulated by interplay of 

at least four transcription factors downstream of the MAPKs Kpp2 and Crk1 and constitute 

a second level of regulation (García-Muse et al., 2003; Garrido et al., 2004). The 

transcription factors Rop1 and Hap2, Prf1 via autoregulation and an unknown factor 

controlled by Crk1 control prf1 expression (Hartmann et al., 1996a; Hartmann et al., 1999; 

Garrido and Pérez-Martín, 2003; Garrido et al., 2004; Brefort et al., 2005; Mendoza-

Mendoza et al., 2009b). Prf1 induces its own transcription via binding to two pheromone 

response elements (PREs) in its promoter (Hartmann et al., 1996b; Urban et al., 1996). The 

unknown factor most likely integrates nutritional inputs and binds to an upstream activating 

sequence (UAS) in the promoter of prf1 (Garrido and Pérez-Martín, 2003; Garrido et al., 

2004).  

 The b-dependent signaling cascade 

While the bE and bW proteins are already Prf1-dependently expressed in haploid sporidia 

during mating, the bE/bW heterodimer can only form after fusion of two compatible cells 

(Kämper et al., 1995). Subsequent sexual and pathogenic development, maintenance of the 

G2 cell cycle arrest and filamentous growth depend on an active b-heterodimer (Bölker et 

al., 1995; Brachmann, 2001; Wahl et al., 2010b). Binding of bE/bW to conserved DNA 

sequences, so called b-binding sites (bbs), in promoter regions of target genes induces 

expression of a large gene set (Romeis et al., 2000; Brachmann et al., 2001). 345 

b-dependent genes have been identified by microarray analysis (Heimel et al., 2010b). Four 

of them, lga1 (Romeis et al., 2000), frb52 (Brachmann et al., 2001), clp1 (Scherer et al., 

2006) and rbf1 (Heimel et al., 2010b) contain bbs in their promoters and are direct targets 

of the heterodimer. More than 90% of the b-dependent genes are regulated by the central 

Regulator of b-filament 1 (Rbf1), a C2H2 zinc finger transcription factor (Heimel et al., 
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2010b). These genes include additional regulators, such as the zinc finger transcription 

factor b-induced zinc finger 1 (Biz1), and the two homeodomain transcription factors 

Homeodomain protein 1 (Hdp1) and Homeodomain protein 2 (Hdp2) (Heimel et al., 

2010b). Rbf1 is necessary and sufficient for maintenance of the b-mediated G2 cell cycle 

arrest, filamentous growth, formation of appressoria and penetration of the plant surface 

(Figure 1.7A) (Heimel et al., 2010b).  

The protein Clampless1 (Clp1) is also a direct bE/bW target and required for release of the 

cell cycle arrest and proliferation in planta (Heimel et al., 2010a). clp1 mRNA can be 

detected rapidly after induction of the heterodimer, but the protein is only present after 

plant penetration (Scherer et al., 2006; Heimel et al., 2010a). Clp1 regulates development 

in planta by physical interaction with bW and Rbf1 (Heimel et al., 2010a). Interaction with 

bW blocks b-dependent gene expression and development (Scherer et al., 2006) while 

Figure 1.7 Prf1- and bE/bW-dependent regulation of initial stages of pathogenic development. 
(A) Formation of the active bE/bW heterodimer induces expression of rbf1. Rbf1 regulates maintenance of 
the G2 cell cycle arrest, elongation of the filament and appressoria formation to penetrate the plant surface. 
(B) After plant penetration, Clp1 interacts with bW and Rbf1 and thereby represses a- and b-dependent gene 
regulation. Interaction with the bZIP transcription factor Cib1 is necessary for stabilization of Clp1 (see 1.5). 
Modified from Heimel et al., 2010. 
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interaction with Rbf1 inhibits a-mating type gene expression and the morphological 

pheromone response (Figure 1.7B) (Heimel et al., 2010a). This releases the cell cycle block 

after plant penetration and facilitates proliferation of the fungus (Heimel et al., 2013). 

 

1.5 The UPR in U. maydis 
During penetration of the plant, the host plasma membrane invaginates and covers the 

fungal hyphae creating an interaction zone. This allows efficient secretion of effectors to 

suppress the plant defense and redirect nutrients to the fungal hyphae (Kämper et al., 2006; 

Skibbe et al., 2010; Djamei and Kahmann, 2012). Overall, 554 secreted proteins have been 

predicted for U. maydis (Müller et al., 2008). All of them have to be synthesized and further 

modified resulting in high stress levels imposed on the ER and secretory machinery. This 

is counteracted by activation of the UPR ((Walter and Ron, 2011), for details see 1.1). The 

Clp1 interacting bZIP1 (Cib1) is the main regulator of the UPR in U. maydis (Heimel et 

al., 2010a). Cib1 is the homolog of Hac1p in yeast and XBP1 in higher eukaryotes (Heimel 

et al., 2013). Similar to yeast and mammals, un- and misfolded proteins in the ER lumen 

are sensed by the functional homolog of the RNase/kinase Ire1p. Activated Ire1 processes 

cib1 mRNA via unconventional splicing (Heimel et al., 2013). The spliced transcript is 

translated into the active transcription factor, Cib1s, that induces expression of UPR target 

genes. 

Beside its function as central regulator of the UPR, Cib1 also coordinates biotrophic 

development (Heimel et al., 2013). After penetration of the plant surface, Cib1 physically 

interacts with Clp1 and thereby stabilizes the protein (Heimel et al., 2010a; Heimel et al., 

2013). This leads to accumulation of Clp1 and to the Clp1-mediated release of the cell cycle 

block and proliferation in planta (Heimel et al., 2013). Deletion of cib1 results in a loss of 

virulence and resembles the clp1 deletion phenotype where development stops directly after 

penetration of the plant surface (Scherer et al., 2006; Heimel et al., 2010a).  

Correct timing of UPR activity seems to be crucial for pathogenic development of 

U. maydis. Premature UPR activation inhibits expression of bE, bW and rbf1 and 

suppresses b-dependent filament formation (Heimel et al., 2013). The transition from 

yeast-like growth to formation of the infectious dikaryotic filament is blocked. Neither 

constitutive bE/bW expression nor clp1 deletion completely restored filament formation in 

cib1s expressing strains (Heimel et al., 2013). Thus, the UPR inhibits the b-pathway by at 
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least one additional, yet unknown, mechanism and is part of a regulatory network that 

coordinates pathogenic development of U. maydis (Heimel et al., 2013). 

 

1.6 Aim of this study 
The UPR is a highly conserved eukaryotic signaling pathway crucial for maintenance of 

ER homeostasis during growth in planta. Activation of the UPR after plant penetration is 

necessary for efficient effector secretion and supports development and proliferation. By 

contrast, premature activation of the UPR blocks early steps of pathogenic development by 

suppressing expression of the main regulators of filamentous growth. Thus, correct timing 

of UPR activation is crucial for developmental progression and pathogenicity of the fungus. 

It is known that the UPR and the developmental pathways interact at multiple levels. 

However, it has not been addressed where the crosstalk takes place and how this crosstalk 

affects pathogenic development in planta. The aim of this study is to identify the signal 

hub(s) that mediate crosstalk between the UPR and the developmental pathways and to 

analyze in which way the signaling cascade operating upstream of the bE/bW-heterodimer 

is affected. The role of the identified signal hub(s) and its function during pathogenic 

development in planta will be analyzed. A conditional gene expression system will be 

established to specifically address protein functions and the relevance of crosstalk between 

signaling pathway components during pathogenic growth in planta.  
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2.1 Abstract 
Biotrophic fungal pathogens of plants must sense and adapt to the host environment to 

complete their life cycles. Recent transcriptome studies of the infection of maize by the 

biotrophic pathogen Ustilago maydis are providing molecular insights into an ordered 

program of changes in gene expression and the deployment of effectors, as well as key 

features of nutrient acquisition. In particular, the transcriptome data provide a deeper 

appreciation of the complexity of the transcription factor network that controls the 

biotrophic program of invasion, proliferation and sporulation. Additionally, transcriptome 

analysis during tumor formation, a key late stage in the life cycle, revealed features of the 

remodeling of host and pathogen metabolism that may support the formation of tremendous 

numbers of spores. Transcriptome studies are also appearing for other smut species during 

interactions with their hosts thereby providing opportunities for comparative approaches to 

understand biotrophic adaptation. 

 

Keywords: Ustilago maydis, transcriptome, RNAseq, pathogenicity, regulators, effectors, 

nutrients, metabolism 

 

2.2 Introduction 
Fungal phytopathogens in the order Ustilaginales generally attack cereal and grass plants 

to cause smut diseases, so named because of the tremendous masses of sooty spores 

produced in infected tissue. Biotrophic pathogens such as the smut fungi are obligately 

dependent on living hosts to successfully complete their life cycles. Effective adaptation to 

the host environment is therefore critical for overcoming the plant immune response and 

successfully exploiting host nutrients through remodeling of metabolism and effective 

competition. The mechanisms by which biotrophic pathogens manipulate host metabolism 

to divert carbon, nitrogen or micronutrients such as iron for their own use are starting to be 

identified. Among the Ustilaginales, the Zea mays (maize) pathogen Ustilago maydis has 

emerged as an experimentally tractable model for studying the adaptation of biotrophic 

fungal pathogens to the host environment. As an example of the intricate interaction with 

the plant host, the life cycle of U. maydis involves germination of diploid teliospores on 

host tissue with subsequent mating between haploid meiotic progeny to form an invasive 

filamentous cell type (Brefort et al., 2009b; Heimel et al., 2010b). The filaments then form 
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appressoria (invasion structures) to penetrate host tissue with subsequent extensive 

proliferation, induction of tumors (galls) and eventual formation of melanized teliospores 

(Brefort et al., 2009; Lanver et al., 2014) (Figure 2.1). A large number of effectors are 

predicted for U. maydis and these proteins are thought to play key roles in managing the 

infection process. To date, characterized functions include the effectors Cmu1, Pit2, Pep1 

and Tin2 that influence host defense, and See1 and Rsp3 that influence tumor progression 

and defense, respectively (Lanver et al., 2017; Ma et al., 2018). 

In this review we focus on recent genome-wide transcriptome studies of the infection 

process that have provided insights 

into the transcriptional regulation 

associated with disease, the 

deployment of effectors by U. maydis 

to manage the infection process, and 

the remodeling of host metabolism 

during fungal proliferation. Although 

not covered here, earlier studies also 

examined the transcriptome of U. 

maydis in culture and during infection 

(Eichhorn et al., 2006; Doehlemann 

et al., 2008; Heimel et al., 2010b; 

Horst et al., 2010; Skibbe et al., 2010; 

Wahl et al., 2010b; Zahiri et al., 

2010; Jonkers et al., 2012; Martínez-

Soto and Ruiz-Herrera, 2013; Franco-

Frías et al., 2014; Lanver et al., 2014; 

Islamovic et al., 2015; Tollot et al., 

2016; León-Ramírez et al., 2017; 

Sánchez-Arreguin et al., 2017).   

We also refer readers to a wealth of 

primary literature and recent reviews on the role of transcription factors, regulators and 

effectors in the disease process for U. maydis (Flor-Parra et al., 2006; Heimel et al., 2010a; 

Lanver et al., 2010a; Wahl et al., 2010b; Zahiri et al., 2010; Heimel et al., 2013; Tollot et 

al., 2016). 

Figure 2.1 Tumor formation on maize by U. maydis. An 
infected maize cob found in a cornfield close to Göttingen, 
Germany, in September 2018. At the end of the growing 
season, infected kernels give rise to greatly enlarged and 
bulbous plant tumors filled with black teliospores. Tumors can 
develop on all aerial parts of the plant but are most prominent 
in infected cobs. 
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2.3 Transcriptome analysis throughout the infection process. 
A recent time-resolved and genome-wide study of transcriptional changes occurring during 

the U. maydis/maize interaction provides detailed insights into the processes underlying 

infection, tumor formation and sporogenesis (Lanver et al., 2018). Among 14 regulatory 

modules identified, three gene sets/developmental programs were "virulence-specific" and 

upregulated during discrete developmental stages (Figure 2.2). These gene sets are 

specifically expressed during: 1) growth on the plant surface (early); 2) biotrophic 

development in planta (middle) and; 3) tumor formation (late/sporogenesis). In all three 

sets, genes encoding secreted proteins (effectors) are significantly overrepresented, 

emphasizing their critical role during biotrophic development. Metabolic changes are also 

predicted and, importantly, several transcription factors with a strong connection to each 

respective module were identified as potential key regulators (Figure 2.2).  

 

For the early stage of infection, it is known that the zinc finger transcription factor Rbf1 is 

required and sufficient for the initial steps of pathogenic development (Heimel et al., 

2010b; Heimel et al., 2010a). The recent work by Lanver et al., 2018, revealed that Rbf1 

shows a strong regulatory connectivity to genes expressed at the early stage (0.5-1 days 

post inoculation). Among the 398 genes that are upregulated, 49 encode for secreted 

proteins that are enriched for hydrolytic enzymes with a predicted function in appressoria-

mediated plant penetration. Several genes induced on the leaf surface encode sugar and 

Figure 2.2 Regulators, effectors, and metabolism during Ustilago maydis infection of maize. Overview 
of transcriptional regulation, the timing of effector function, and metabolic changes and requirements during 
early, middle, and late stages of the U. maydis–maize interaction. DPI, days post inoculation. 
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nitrogen-related transporters, indicating priming of U. maydis for altered nutrient 

availability during plant colonization.  

The subsequent middle phase of biotrophic development (2-4 DPI) involves the re-

initiation of fungal proliferation, establishment of a compatible biotrophic interaction and 

the beginning of tumor formation. Enriched functional categories in the transcriptome 

include nitrogen and carbon source-related processes, and components of the secretory 

pathway including the unfolded protein response (UPR) (Lanver et al., 2018) 

Transcriptional regulation during the biotrophic stage is modulated by direct interaction 

between UPR components and key regulators of fungal development and pathogenicity 

(Heimel et al., 2013). Potential transcriptional regulators of this stage include the Rbf1-

regulated homeodomain transcription factor Hdp2 (Heimel et al., 2010b; Lanver et al., 

2014) and the C2H2-zinc finger transcription factor Biz1 (Flor-Parra et al., 2006).   

Among the 228 genes for effectors that were upregulated in the middle stage, 153 lack 

functional signatures. However, the characterized genes encoding the effectors pep1, pit2, 

cmu1, see1 and tin2, are highly induced at this stage, and these are required for full 

virulence of U. maydis and/or suppression of plant defense reactions (reviewed in Lanver 

et al., 2017). Cell type-specific transcriptome analysis revealed that genes encoding the 

core effectors Pep1, Pit2, Cmu1 and Tin2 are expressed independent of the plant organ or 

cell type, whereas See1 is exclusively expressed in leaf tissue (Schilling et al., 2014; Redkar 

et al., 2015). Tumor formation occurs by distinct mechanisms in hyperplastic bundle sheath 

derived tumor cells (HPT) or hypertrophic mesophyll derived tumor cells (HTT). See1 

mediates only bundle-sheath cell-derived tumor formation, whereas mesophyll-derived 

tumor formation is independent of See1 (Matei et al., 2018). 

During tumor formation in the middle stage, the ammonium transporters Ump1 and Ump2, 

and the oligopeptide transporters Opt2, Opt3, and Opt4, appear to mediate nitrogen 

acquisition. Ump1, Ump2, and Opt2 are induced already on the leaf surface and further 

upregulated in planta (Lanver et al., 2018; Paul et al., 2018). The fact that two secreted 

aspartic proteases are co-expressed with the OPTs suggests that breakdown of extracellular 

proteins and peptide uptake may be part of the biotrophic developmental program of U. 

maydis (Lanver et al., 2018). Carbon assimilation during biotrophic development is known 

to mainly occur via the high-affinity sucrose and glucose transporters Srt1 and Hxt1, 

respectively. While Srt1 is strongly induced during plant colonization, Hxt1 expression is 
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independent of the fungus/plant interaction (Wahl et al., 2010a; Schuler et al., 2015). 

At later developmental stages (4-8 DPI), a third wave of effectors guides tumor maturation 

and production of melanized teliospores. One important regulator after establishment of the 

biotrophic interaction is the APSES transcription factor Nlt1. Nlt1 appears to guide tumor 

formation on leaf tissue, but not anthocyanin and tumor formation on the base of the stem 

(Lanver et al., 2018). Another factor contributing to the regulation of effector gene 

expression at the later stage is the forkhead transcription factor Fox1. Fox1 is required for 

attenuation of plant defense responses and for full expression of 141 genes, of which 38 

encode potential effectors, as well as several proteins involved in sugar processing and 

transport, and secondary metabolism (Zahiri et al., 2010). Genes encoding effectors that 

are specifically expressed at late stages of biotrophic development are largely unexplored 

functionally. Potentially, they function to sustain tumor development and guide spore 

formation, as well as formation of a mucilaginous matrix in which spores are embedded. A 

key regulator of these late-stage events is the DNA-binding WOPR protein Ros1. Ros1 

function is essential for sporogenesis and the majority of Ros1 target genes are involved in 

metabolism and cellular transport. The Ros1-dependent induction of late effector genes and 

repression of early effector-encoding genes indicates that Ros1-mediated regulation occurs 

by direct and indirect mechanisms, involving additional regulators (Morrison et al., 2012). 

As described below, further insights into late stage changes in both host and pathogen gene 

regulation were obtained by examining transcriptomes specifically in tumors. 

 

2.4 Transcriptome changes reveal extensive metabolic remodeling in tumors.  
Recent transcriptome profiling experiments of the late stage of infection when tumors were 

evident identified host genes that were up- (4086) or down- (5237) regulated (Kretschmer 

et al., 2017a; Kretschmer et al., 2017b). Downregulated functional categories included 

metabolic pathways for amino acids, organic acids, lipids, and photosynthesis. By contrast, 

upregulated functional categories were related to plant defense, lipid and carbohydrate 

metabolism. As expected for proliferating maize cells during tumor formation, meristem 

maintenance functions were upregulated during infection. Additionally, maize transcription 

factors that are normally expressed in leaf tissue during plant development were 

downregulated in infected plants. In contrast, transcription factors normally expressed in 

flowers were upregulated in tumor tissue. Thus, U. maydis appears to inhibit the transition 
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to adult tissue development and instead induces a flowering program. Chloroplast functions 

related to vegetative tissue, such as photosynthesis, lipid production, amino acid formation 

and secondary metabolism, were downregulated while reproductive functions such as 

sucrose and starch metabolism were upregulated during infection. Maize mutants in host 

components related to the vegetative to flowering transition, the biogenesis of the 

chloroplast, or starch formation, respectively, all showed altered susceptibility to U. 

maydis. For example, impaired chloroplast formation in the why1 mutant led to increased 

susceptibility, while the inactive/delayed transition to a flowering state (id1) and the 

reduced starch formation leading to lower sink capacity (su1) led to increased plant 

resistance (Kretschmer et al., 2017a; Kretschmer et al., 2017b).  

Consistent with earlier work, transcriptome profiling of tumor tissue supported an 

important role of sugar transporters for metabolic exploitation of the host (Wahl et al., 

2010a; Schuler et al., 2015; Kretschmer et al., 2017a). Hexoses and other sugars represent 

major carbon sources for U. maydis, and the fungus possesses 19 proteins with similarities 

to sugar/hexose-like transporters. As mentioned above, transporters such as Hxt1 and Srt1 

play important roles during infection. Hxt1 is constitutively expressed and has transport 

activity mainly for glucose but also fructose and mannose. As a high-affinity glucose 

transporter, Hxt1 also possesses glucose-sensing activity and competes with the host for 

glucose molecules freed from sucrose by invertase. Previous work involving the deletion 

of the gene for this transporter or expression of a constitutive active (sensing but not 

transport activity) version resulted in strains with reduced or fully abolished virulence, 

respectively (Schuler et al., 2015). As indicated, the transporter Srt1 is only induced in 

planta and transports sucrose. Based on its extremely high-affinity to sucrose (up to 200-

fold vs. a typical plant transporter) it outcompetes the sucrose transport functions of the 

host. The virulence of deletion strains for srt1 was strongly reduced (Wahl et al., 2010a). 

Deletion of both hxt1 and srt1 further reduced fungal virulence thus indicating a 

simultaneous uptake and use of sucrose and glucose by the pathogen during infection. Other 

carbon sources such as organic acids (fatty acids or carboxylic acids) may also contribute 

to the carbon supply of the pathogen at early time points of infection on the cuticle and at 

a late stage during spore formation (Kretschmer et al., 2012). Monocarboxylic acids are a 

carbon source for U. maydis in vitro but can have detrimental effects on fungal longevity 

and ROS resistance (Kretschmer et al., 2018). Ustilago is known to inhibit the transition to 

C4 metabolism that is dependent on the dicarboxylate malate as transport acid between 
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cells. However, it is still unknown how and if different host derived carboxylic acids affect 

fungal virulence. 

In general, the transcriptome analyses of infected tissue support the idea that control of 

chloroplast functions is a critical aspect of the infection of maize by U. maydis. Moreover, 

primary and secondary metabolic functions, and plant defense contributions of the 

chloroplast appear to be suppressed or altered during infection. In particular, chloroplasts 

were observed to accumulate high amounts of starch, consistent with an overall increased 

starch content in tumor tissue (Doehlemann et al., 2008; Kretschmer et al., 2017a; Matei et 

al., 2018). However, the mechanisms by which U. maydis impacts the chloroplast are still 

unknown.  

 

2.5 Beyond U. maydis: transcriptome studies with other smut fungi  
A number of transcriptome studies have also been carried out for host-pathogen interactions 

involving other species in the Ustilaginales. For example, Que et al., 2014, examined the 

interaction between the sugarcane smut Sporisorium scitamineum and its host Saccharum 

officinarum, comparing the transcriptional responses of resistant (Yacheng05-179) and 

susceptible (“ROC”22) plant lines. This study focused on the transcriptional responses of 

the host at 24, 48 and 120 hours after inoculation (HAI) in resistant and susceptible 

cultivars. The susceptible line showed an overall increased number of differentially 

expressed genes (DEGs), whereas the resistant cultivar triggers a rapid response to 

pathogen infection. Consistently, most DEGs were associated with stress and defense 

responses to the pathogen. The resistant cultivar revealed a rapid peak in DEGs at 48 hours, 

and more DEGs were associated with disease resistance when compared to the susceptible 

cultivar. The susceptible cultivar showed a similar accumulation of disease resistance-

associated DEGs at the 120 hour time point, highlighting the difference in the timing of the 

response to infection by the resistant and susceptible lines. Categories of genes showing 

differential expression encoded metabolic functions associated with resistance, hormone 

signaling, flavonoid biosynthesis, cell wall fortification, and defense-related transcription. 

Interestingly, a total of 26 host chitinases were differentially expressed in the S. 

scitamineum-infected plants. Expression of two of the chitinases in tobacco led to increased 

disease resistance against Fusarium solani and Botrytis cinerea.  
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In a more recent transcriptome study, Wang et al., 2017, investigated the interaction 

between the edible culm-gall forming fungus Ustilago esculenta and the host Zizania 

latifolia, an aquatic grass. Interestingly, infected plant material is harvested as a prized 

vegetable in Asia. The transcriptome study compared infections for two strains of the 

fungus, the teliospore-forming strain Huijiao and the non-sporulating strain Jiaobai. In 

general, DEGs were more frequently observed in plants infected with the Jiaobai strain 

versus the Huijiao strain, although the proportion of fungal transcripts was lower in the 

former infection. Huijiao-infected plants exhibited a peak of 57 percent of total transcripts 

of fungal origin at 10 days after swelling (DAS), compared to only ~5 percent for Jiaobai.  

With regard to host gene expression, clear differences were observed over the course of 

infection. That is, for plants infected with the Jiaobai and Huijiao strains, 18 and 12 percent 

of the host genes were upregulated at each time point, while 52 and 60 percent were 

upregulated only at specific time points in comparison to uninfected controls. Only a small 

fraction of the Z. latifolia genes were found to be consistently upregulated across all time 

points: i.e., <1 percent for infection with Huijiao and ~2 percent for infection with Jiaobai 

indicating that most Z. latifolia genes are expressed in a developmental-stage specific 

manner. A similar expression pattern was also observed for downregulated host genes. 

Additionally, 170 and 205 DEGs with potential roles in culm-gall formation were identified 

at 1 and 10 DAS, respectively. These genes encoded proteins with predicted roles in 

primary and secondary metabolism, as well as in plant-pathogen interactions and plant 

hormone signal transduction.  

Comparisons between host genes consistently upregulated by Jiaobai and Huijiao point to 

an important role for developmental stage-specific gene expression in culm gall formation, 

this time on the part of the pathogen. This observation of stage specific gene expression in 

the fungal pathogen mirrors the observations by Lanver et al., 2018, with regard to U. 

maydis. Applying the criteria described above for host genes, 78 and 109 pathogen genes 

were identified at 1 and 10 DAS that may play roles in culm gall formation. Fungal genes 

which were specifically upregulated at 1 DAS included un-annotated genes and genes 

coding for proteins with predicted functions in nucleotide binding, transcriptional 

regulation, hydrolase activity, transferase activity and transport. Genes specifically 

upregulated at 10 DAS fell into the same categories. 
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In addition to U. maydis, other members of the Ustilaginales have been investigated as 

models for studying biotrophic phytopathology. For example, Rabe et al. (Kretschmer et 

al., 2012) carried out a comprehensive study of the genome, transcriptome and utility as a 

model system of the grass pathogen Ustilago bromivora and one of its hosts Brachypodium 

sp. Initially, a susceptible line, Bd28, was identified after screening a number of 

Brachypodium sp. accessions for susceptibility to U. bromivora. In addition to extensive 

characterization of U. bromivora and its interaction with the host, a transcriptome analysis 

compared fungal gene expression of U. bromivora in axenic culture with infected stems of 

Bd28. It was found that 7.3 percent of the identified fungal transcripts were upregulated 

while 16.8 percent were downregulated. It is notable that these percentages are far lower 

than those reported by Lanver et al., 2018, for differential expression of U. maydis genes 

during plant infection. For U. bromivora, transcripts encode potential effectors were 

enriched among upregulated transcripts during infection (30.8%). In comparison, only 

5.7% of the total transcripts overall were predicted to encode secreted proteins. Among the 

genes for predicted secreted proteins, 84.1% encoded proteins of unknown function, 

compared with a frequency of 46.4% for all of the proteins encoded by U. bromivora. This 

finding is consistent with other studies indicating that most secreted effectors of plant 

pathogenic fungi are uncharacterized and poorly conserved between species (Lanver et al., 

2018). The observation that all of the functionally characterized effectors identified in U. 

maydis also have homologs in U. bromivora highlights the importance of fungal model 

systems to investigate molecular principles of effector functions.  

 

2.6 Conclusions and future perspectives 
Overall, recent transcriptome profiling has revealed dynamic changes in transcription of 

pathogen genes encoding metabolic functions (e.g., for nitrogen and carbon metabolism) 

that likely reflect shifting environmental conditions throughout the disease process as U. 

maydis colonizes tissue, induces tumors, and sporulates. It is fascinating that the changes 

in pathogen gene expression are integrated with and driven by effector-mediated 

manipulation of host cell metabolism and plant immunity. Time-resolved analyses greatly 

increase our understanding of individual stages of pathogenic development and how 

transitions between those are coordinated. Future work will exploit the accumulated wealth 

of data to experimentally address predictions about pathogen effectors and their regulators, 

and the importance of specific metabolic changes for both the pathogen and the host. For 
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example, it is of keen interest to understand how different host environments are sensed 

and translated into adapted transcriptional programs. Also, future work will further examine 

the details of tumor formation. In this regard, comparisons between non-tumor forming 

smuts, such as U. esculenta, Sporisorium reilianum, and Ustilago hordei, and U. maydis 

may provide clues about the timing of tumor induction, and the corresponding specific 

pathogen and host functions. The sophisticated molecular tools established for U. maydis, 

and the emerging tools for U. bromivora, will provide novel insights that are relevant 

specifically for tumor induction and sporulation by other smut fungi, as well as generally 

for the mechanisms of biotrophy. 
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3.1 Abstract 
The basidiomycete Ustilago maydis depends on the unfolded protein response to maintain 

homeostasis of the endoplasmic reticulum (ER) during pathogenic development in planta. 

UPR activity is required for efficient secretion of effectors and suppression of the plant 

defense response. The UPR is specifically activated after plant penetration and connected 

to the b-mating type dependent signaling cascade that controls pathogenic development. 

Interaction between the UPR regulator Cib1 and the b-dependent regulator of development, 

Clp1, facilitates proliferation in planta. By contrast, premature UPR activation inhibits 

expression of the central regulators of pathogenic development, bE, bW and rbf1, thereby 

interfering with the formation of the infectious dikaryotic filament. We show that the UPR 

not only suppresses the b-regulatory network, but also interferes with the transcriptional 

and morphological response to pheromone. The MAPK Kpp2, which is part of the 

pheromone-responsive MAPK module, is dephosphorylated upon UPR activity, resulting 

in reduced activity of the central transcriptional regulator Prf1. Importantly, deletion of the 

dual specificity phosphatase rok1 restored Kpp2 phosphorylation. Since we observed that 

activity of the mating type pathway is suppressed by additional mechanisms, our study 

suggests that an extended regulatory crosstalk between the UPR and mating type pathways 

occurs during pathogenic growth inside the host plant. 

 

3.2 Introduction 
In fungal pathogens, crosstalk between signaling pathways is essential for accurate 

execution of developmental programs and adaption to the host environment. The biotrophic 

plant pathogen U. maydis is highly adapted to its host plant Zea mays (maize) and plant 

colonization is prerequisite for completion of its life cycle (Banuett, 1992). Pathogenic 

development depends on the formation of the filamentous dikaryon, which is formed upon 

fusion of two compatible cells and capable to infect the plant (Bölker et al., 1995). After 

plant penetration and establishment of a compatible biotrophic interaction, the fungus 

grows intracellular without disrupting the hosts plasma membrane, followed by extensive 

hyphal proliferation and tumor induction. 

The initial stages of pathogenic development are controlled by the biallelic a-mating type 

locus. The a locus encodes a pheromone (mfa)/receptor (pra) system mediating cell-cell 

recognition and mating of two compatible haploid cells (Bölker et al., 1992). Perception of 

compatible pheromone triggers a G2 cell cycle arrest, conjugation tube formation and 
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increased expression of pheromone-responsive genes. Signal transduction within the 

pheromone response is mediated by a cAMP-dependent Protein kinase A (PKA) and a 

Mitogen-activated protein kinase (MAPK) module. The MAPK module comprises the 

MAPKKK Kpp4 (Andrews et al., 2000; Müller et al., 2003), the MAPKK Fuz7 (Banuett 

and Herskowitz, 1994) and the terminal MAPK Kpp2 (Mayorga and Gold, 1999; Müller et 

al., 1999). Activity of Kpp2 controls conjugation tube formation and promotes 

phosphorylation of the pheromone response factor 1 (Prf1) (Müller et al., 2003). Prf1 

belongs to the class of high-mobility-group (HMG) box proteins and regulates, depending 

on its phosphorylation status, transcription of the a- and b-mating type genes (Urban et al., 

1996; Kaffarnik et al., 2003; Zarnack et al., 2008).  

After fusion of two compatible cells, the b-heterodimer, encoded by the multiallelic 

b-mating type locus, regulates all subsequent steps of sexual and pathogenic development. 

Transcriptional active, heterodimeric complexes are formed by the bE and bW 

homeodomain proteins only when derived from different alleles (Kämper et al., 1995). 

bE/bW-dependent gene regulation is orchestrated by a hierarchically transcription factor 

network that controls expression of approximately 340 genes (Heimel et al., 2010b). 

Activation of this pathway facilitates maintenance of the cell cycle arrest, filamentous 

growth and penetration of the plant surface (Schulz et al., 1990; Kämper et al., 1995). 

Direct targets of the b-heterodimer include clp1, the central regular of fungal development 

in planta, and rbf1 (Heimel et al., 2010a; Heimel et al., 2010b). Rbf1 is a C2H2 zinc finger 

transcription factor and key regulator downstream of the bE/bW heterodimer, it is required 

for regulation of more than 90% of the b-dependent genes (Heimel et al., 2010b). 

Consequently, Rbf1 is required and sufficient to induce filamentous growth, maintain the 

G2 cell cycle arrest, appressoria formation and plant penetration. Only after successful 

plant penetration, the cell cycle arrest is released and proliferation and mitotic division of 

the dikaryotic filament is initiated. This developmental switch is controlled by the Clp1 

protein that is post-transcriptionally regulated and specifically accumulates after plant 

penetration (Scherer et al., 2006; Heimel et al., 2010a). Clp1 mediates the release from the 

cell cycle block via physical interaction with bW and Rbf1, inhibiting the function of the 

b-heterodimer and the pheromone response pathway, respectively. Hence, establishment of 

a negative feedback loop leads to quenching of the a- and b-mating type pathways, 

releasing the cell cycle block and inducing fungal proliferation in planta. 
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To establish a compatible biotrophic interaction between U. maydis and its host plant 

maize, the fungus secrets a large number effector proteins (Lo Presti et al., 2015a; Lanver 

et al., 2017). The concerted upregulation of effector gene expression results in increased 

stress on the endoplasmic reticulum (ER) that is counteracted by the unfolded protein 

response (UPR). The UPR is a highly conserved eukaryotic signaling pathway to maintain 

ER homeostasis by increasing the ER folding capacity and increased degradation of 

terminally misfolded and potentially toxic proteins. The ER-membrane localized 

RNase/kinase Ire1p is activated upon sensing of un- or misfolded proteins, leading to 

unconventional cytoplasmic splicing of the mRNA encoding the central transcriptional 

regulator of the UPR termed Hac1p in yeast, XBP1 in mammals and Cib1 in U. maydis 

(Ron and Walter, 2007; Walter and Ron, 2011; Heimel et al., 2013). Ire1-dependent 

removal of the unconventional intron promotes expression of the Hac1-like transcriptional 

activator, thereby regulating UPR target gene expression (Cox et al., 1997; Kawahara et 

al., 1998; Rüegsegger et al., 2001). Although the overall UPR is protective, prolonged or 

hyper-activation of the UPR is deleterious for the cell and can lead to UPR-induced cell 

death (Shore et al., 2011; Tabas and Ron, 2011; Hetz, 2012). 

The UPR-mediated ER stress resistance is critical for virulence of pathogenic fungi. In 

U. maydis, the UPR is specifically activated after plant penetration and coordinates 

biotrophic growth in planta (Heimel et al., 2013). Upon physical interaction between the 

UPR regulator Cib1 and the Clp1 protein, Clp1 accumulates and initiates fungal 

proliferation in planta. By contrast, premature UPR activation interferes with the formation 

of b-dependent filaments and expression of bE, bW and rbf1 genes. This inhibitory effect 

is independent of Clp1, suggesting that additional crosstalk between the UPR and mating 

type pathways exist in U. maydis. 

Here, we show that an active UPR interferes with the mating type-dependent signaling 

cascade on multiple levels. Constitutive activation of the UPR inhibits the morphological 

and transcriptional response of haploid cells towards pheromone stimulus. We demonstrate 

that crosstalk between the UPR and the pheromone response pathway leads to almost 

abolished phosphorylation of the MAPK Kpp2. Phosphorylation can be rescued by deleting 

the dual specificity phosphatase rok1. Since both pathways are active in planta, and 

deletion of rok1 results in hypervirulence, our results suggest that the UPR effectively 

antagonizes mating type dependent signaling as a mechanism to maintain biotrophy. 



 Chapter 3 | UPR-dependent inhibition of mating type signaling 
 

39 
 

3.3 Results 

 UPR activity inhibits b-mating type dependent regulatory network  

In U. maydis, the bE/bW-heterodimer is the central regulator of pathogenic development 

(Schulz et al., 1990; Gillissen et al., 1992; Kämper et al., 1995; Heimel et al., 2010b). In 

the solopathogenic strain SG200, expression of the compatible bE1/bW2 genes supersedes 

the need of a mating partner to trigger the pathogenic program (Kämper et al., 2006).  

UPR activity is regulated by unconventional splicing of the cib1 mRNA, encoding the 

central regulator of the UPR in U. maydis. To study the effects of a constitutive active UPR 

on pathogenic development, the intronless cib1s mRNA under control of its endogenous 

promoter was integrated into the ip locus of strain SG200 in single (cib1s) or multiple copies 

(cib1s(x)) (Heimel et al., 2013). Expression of cib1s is sufficient to activate the UPR in an 

ER-stress independent manner. Previous studies demonstrated that filament formation of 

SG200 is suppressed by an active UPR by a dose-dependent reduction of bE, bW and rbf1 

transcript levels (Figure 3.1A) (Heimel et al., 2013). Since the b-regulatory network is 

composed of hierarchically arranged transcription factors, we determined expression levels 

of the key transcriptional regulators Biz1, Hdp1 and Hdp2 (Flor-Parra et al., 2006; Heimel 

et al., 2010b; Lanver et al., 2014) downstream of Rbf1 by quantitative reverse transcriptase 

(qRT)-PCR analysis. Consistent with the results obtained for the b-genes and rbf1, 

expression levels of all three transcription factors were significantly and dose-dependently 

reduced by cib1s (Figure 3.1B). This suggests that UPR activity leads to the suppression of 

the complete b-regulatory network. 

To address at which stage the UPR interferes with the mating type signaling pathway, we 

investigated the effects of UPR activity on the pheromone response pathway acting 

upstream of bE/bW. To this end, we determined expression levels of mfa1, pra1 (encoding 

the pheromone precursor and the pheromone receptor, respectively) and of prf1 in SG200 

(WT control) and the cib1s-expressing derivative. In comparison to SG200, expression of 

all three genes was significantly reduced in cib1s-expressing strains (Figure 3.1C). 

Moreover, expression of two transcriptional regulators of prf1, hap2 and rop1, and of 

additional Prf1 target genes was suppressed by the UPR (Zarnack et al., 2008) (Figure 

3.1D). Interestingly, UPR activity suppressed Prf1-dependent expression (UMAG_00306, 

UMAG_05348 and UMAG_06190) as well as repression (UMAG_10838) of target genes 

(Figure 3.1D). This suggests that the negative effect of the UPR leads to reduced Prf1 

activity and interferes with mating type signaling upstream of the b-heterodimer.
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Figure 3.1 UPR suppresses b-dependent filament formation and gene expression. (A) Analysis of 
b-dependent filament formation. SG200 and derivatives constitutively expressing cib1s or cib1s(x) were 
spotted on potato dextrose solid media supplemented with 1% charcoal. Photos were taken after 24 hours at 
28°C. White fuzzy colonies indicate the formation of filaments. (B-D) qRT-PCR analysis of gene expression 
in SG200 and derivatives expressing one (cib1s) or multiple copies (cib1s(x)) of cib1s. eIF2b was used for 
normalization. Expression values represent the mean of three biological replicates with two technical 
duplicates each. Error bars represent the SEM. Statistical significance was calculated using the students t test. 
*P value < 0.05, **P < 0.01, and ***P < 0.001 (B) Expression of rbf1-regulated transcription factors biz1, 
hdp1 and hdp2 and regulators of prf1 expression, rop1 and hap2. (C) Expression of the pheromone genes 
mfa1, pra1 and the central transcription factor prf1. (D) Expression values of genes UMAG_00306, 
UMAG_05348, UMAG_06190 and UMAG_10838, which are differentially expressed upon 
MAPK-dependent phosphorylation of Prf1. 
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 UPR represses morphological and transcriptional response to pheromone 

The solopathogenic strain SG200 expresses a compatible pheromone/pheromone receptor 

pair and compatible b-genes, leading to constitutive activation of a- and b-mating type 

pathways. Both pathways are regulated and connected by various feedback loops (Urban 

et al., 1996; Zarnack et al., 2008; Heimel et al., 2010a). Similar to the results obtained in 

the SG200 background, mating assays between compatible FB1 and FB2 strains revealed 

reduced filament formation in cib1s-expressing strains on charcoal containing solid media 

(Suppl. Figure 3.3). To specifically address the effect of the UPR on the pheromone 

response (controlled by the a-mating type locus), we treated liquid cultures of FB1 (WT 

control) and cib1s-expressing derivatives with synthetic a2 pheromone and quantified 

conjugation tube formation. This revealed that conjugation tube formation was reduced in 

cib1s-expressing strains when compared to FB1 (Figure 3.2A). In FB1, 32.9% of the cells 

formed conjugation tubes 6h after treatment with compatible a2 pheromone (2.5 µg/mL). 

By contrast, only 17.3% and 4.5% of the cells formed conjugation tubes in FB1 cib1s and 

FB1 cib1s(x) strains under identical conditions (Figure 3.2B). This demonstrates that the 

UPR inhibits the morphological response to pheromone in a dose-dependent manner. 

We next tested if suppression of the pheromone-induced morphological response correlates 

with an altered transcriptional response. To this end, expression levels of the a-mating type 

genes mfa1 and pra1 and of prf1 in pheromone treated FB1 (WT) and cib1s-expressing 

derivatives were determined by qRT-PCR. This revealed that basal expression levels of all 

three genes were significantly reduced in the cib1s-expressing strain compared to FB1. 

Pheromone treatment resulted in strongly increased transcript levels of mfa1, pra1 and prf1 

in FB1, whereas gene induction in the cib1s-expressing strain was only slightly increased 

and approximately 5-fold lower than in FB1 (Figure 3.2C). This suggests that an active 

UPR inhibits both, the morphological and the transcriptional response to pheromone. 

Since signal transduction within the pheromone response is mediated by PKA- and 

MAPK-pathways, we first tested whether UPR activation affects the activity of the 

cAMP-dependent PKA pathway. To specifically activate the PKA pathway, we treated FB1 

(WT control) and FB1 cib1s cells with 6 mM cAMP and monitored expression of mfa1 and 

pra1. This revealed that cAMP-induced expression of mfa1 and pra1 was lower in cib1s 

expressing strains when compared to FB1 (Figure 3.2D). However, the inhibitory effect of 

an active UPR after cAMP treatment was only modest and less pronounced when compared 
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to pheromone treated cells. Therefore, the strong impact of an active UPR on the 

pheromone response pathway is most likely achieved via the MAPK signaling pathway.  

 

 

 

 

Figure 3.2 The morphological and transcriptional response to pheromone is inhibited by UPR activity. 
(A) Microscopic analysis of pheromone-induced conjugation tube formation. Wild type strain FB1 (WT) and 
derivatives constitutively expressing cib1s or cib1s(x) were treated with synthetic a2-pheromone or DMSO as 
negative control and grown for 6 hours at 28°C under rotation. Formation of conjugation tubes was monitored 
by bright field microscopy. Bar = 10 µm. (B) Quantification of conjugation tube formation. The bars represent 
mean value of three independent experiments. Error bars represent the SD. n = number of total cells counted. 
Statistical significance was calculated using the students t test. **P value < 0.01, and ***P < 0.001. (C) qRT-
PCR analysis of mfa1, pra1 and prf1 gene expression in FB1 (WT) and derivatives expressing cib1s after 
treatment with synthetic a2 pheromone. Cells were treated with synthetic a2 pheromone for 6 hours at 28°C. 
eIF2b was used for normalization. Expression values represent the mean of three biological replicates with 
two technical duplicates each. Error bars represent the SEM. Statistical significance was calculated using the 
students t test. *P value < 0.05, **P < 0.01, and ***P < 0.001. (D) qRT-PCR analysis of genes mfa1 and pra1 
in FB1 (WT) and derivatives expressing cib1s after treatment with cAMP. Cells were treated with 6 mM 
cAMP for 12 hours at 28°C. eIF2b was used for normalization. Expression values represent the mean of two 
biological replicates with two technical duplicates each. Error bars represent the SEM. 
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 Induced expression of fuz7DD rescues the morphological but not the 

transcriptional UPR-dependent inhibition of pheromone signaling  

To address at which stage the UPR and pheromone pathway interact, we expressed the 

active MAPK kinase fuz7DD under control of the arabinose-inducible crg promoter in FB1 

and FB1 cib1s strains (Brachmann et al., 2001; Müller et al., 2003). Arabinose-induced 

expression of fuz7DD leads to genetic activation of the MAPK pathway independent of 

pheromone sensing and results in formation of filamentous cells, resembling conjugation 

tubes (Müller et al., 2003). Induced expression of fuz7DD triggered formation of conjugation 

tube-like structures in 86.8% of the FB1 cells and in 95.9% of cib1s cells (Figure 3.3A and 

B). Conversely, transcript levels of the pheromone genes mfa1, pra1 and of prf1 were 

highly induced by fuz7DD in FB1 but significantly lower (3-fold) when cib1s was expressed 

(Figure 3.3C). Hence, the UPR inhibits the Fuz7DD-induced gene regulation but not the 

morphological response. Interestingly, the transcriptional regulation of the mfa1 and pra1 

genes is Prf1-dependent, whereas the morphological response is not (Müller et al., 2003; 

Brefort et al., 2005). This indicates that the UPR negatively affects Prf1 activity, which is 

regulated by phosphorylation of the MAPK Kpp2.  
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Figure 3.3 The UPR differentially affects Fuz7DD-induced morphological and transcriptional responses.  
(A) Microscopic analysis of fuz7DD-induced conjugation tube-like structures. Strain FB1 (WT), FB1 fuz7DD 

(fuz7DD expression under control of the arabinose-inducible crg1 promoter) and a derivative expressing cib1s 
were grown for 6 hours at 28°C in CM-glucose (non-inducing) or CM-arabinose (inducing) medium. 
Formation of conjugation tube-like structures was monitored by bright field microscopy. Bar = 10 µm. (B) 
Quantification of formation of conjugation tube-like structures. Cells were counted based on microscopic 
pictures and number of cells forming conjugation tubes was determined. The bars represent mean value of 
three independent experiments. Error bars represent the SD. n = number of total cells counted. Statistical 
significance was calculated using the students t test. **P value < 0.01. (C) qRT-PCR analysis of mfa1, pra1 
and prf1 gene expression in FB1 (WT), FB1 fuz7DD (fuz7DD expression under control of the arabinose-
inducible crg1 promoter) and a derivative expressing cib1s. Cells were grown for 6 hours at 28°C in CM-
glucose (non-inducing) or CM-arabinose (inducing) medium. eIF2b was used for normalization. Expression 
values represent the mean of three biological replicates with two technical duplicates each. Error bars 
represent the SEM. Statistical significance was calculated using the students t test. *P value < 0.05, and ***P 
< 0.001. 
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 Phosphorylation of Kpp2 is suppressed by the UPR 

To address if the UPR affects the MAPK cascade at the level of Kpp2, we expressed a 

functional Kpp2-GFP fusion protein under the control of its endogenous promoter from the 

endogenous genomic locus in WT (fuz7DD) and cib1s-expressing (fuz7DD cib1s) strains. 

Western hybridization revealed that abundance of Kpp2-GFP was not altered by fuz7DD or 

cib1s expression in all tested strains and conditions (Figure 3.4A). By contrast, 

phosphorylation of the Kpp2-GFP fusion protein was strongly increased in response to 

induced expression of fuz7DD compared to the non-induced control. Importantly, this effect 

was almost completely abolished in the cib1s-expressing strains under identical conditions 

(Figure 3.4A). Since Fuz7DD-mediated activation of the MAPK pathway relies on an 

artificial expression system, we monitored the effect of an active UPR on Kpp2 

phosphorylation in response to pheromone treatment. Consistent with the results obtained 

using fuz7DD-expressing strains, expression of cib1s did not affect abundance of Kpp2-GFP 

but resulted in strongly reduced phosphorylation of Kpp2-GFP (Figure 3.4B). This 

indicates that the UPR negatively affects phosphorylation and thereby activity of Kpp2. 

Figure 3.4 Expression of cib1s diminishes Kpp2 phosphorylation. (A) Immunoblot analysis of Kpp2-GFP 
protein levels and phosphorylation. Derivatives of strains FB1 fuz7DD (fuz7DD expression under control of the 
arabinose-inducible crg1 promoter, WT) and FB1 fuz7DD cib1s (cib1s) expressing a Kpp2-GFP fusion protein 
were grown in CM-glucose (non-inducing) or CM-arabinose (inducing) liquid medium for 6 hours at 28°C. 
Kpp2-GFP was visualized using a GFP-specific antibody. Phosphorylation of Kpp2-GFP was visualized 
using the α-phospho44/42 antibody that recognizes the phosphorylated TEY motif of MAPKs. The Ponceau 
stained membrane served as loading control. (B) Immunoblot analysis with the same strains as in (A) treated 
with synthetic a2 pheromone for 6 hours at 28°C. The same antibodies as in (A) were used to visualize 
Kpp2-GFP and MAPK phosphorylation. The Ponceau stained membrane served as loading control. 
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 UPR-dependent suppression of Kpp2 phosphorylation depends on the dual 

specificity phosphatase (DSP) Rok1 

The physical interaction between MAPK-pathway components is prerequisite for signal 

transduction within MAPK cascades and regulated by scaffold proteins to establish 

signaling modules and foster efficient phospho-transfer between interacting proteins (Choi 

et al., 1994; Dard and Peter, 2006). To analyze if the UPR affects the interaction between 

Fuz7 and Kpp2, we expressed Kpp2-GFP and Fuz7DD-HA fusion proteins in FB1 (WT 

control) and cib1s expressing strains. Cells were grown under fuz7DD-inducing conditions 

and immunoprecipitation of Kpp2-GFP was performed using GFP-trap beads (Chromotek). 

Co-immunoprecipitation of Fuz7DD-HA was tested using an HA-specific antibody (Sigma). 

This revealed that Fuz7DD-HA was co-precipitated in similar amounts in the WT and cib1s 

expressing strain. By contrast, Fuz7DD-HA was not co-immunoprecipitated in the control 

strain expressing free GFP instead of Kpp2-GFP (Figure 3.5A). This indicates that Kpp2 

and Fuz7 interaction is specific and not affected by UPR activity. 

Activity of MAPKs is regulated by relative activities of phosphorylating and 

dephosphorylating proteins. Previously, it has been shown that the DSP Rok1 mediates 

dephosphorylation of Kpp2 and thereby counteracts activity of pheromone response 

pathway (Di Stasio et al., 2009). To test if the inhibitory effect of an active UPR is mediated 

by Rok1, we generated rok1 deletion strains in the WT (FB1 fuz7DD) and the cib1s 

expressing derivative (FB1 fuz7DD cib1s). Consistent with our previous results, Kpp2-GFP 

abundance was not altered under any of the conditions tested. Strikingly, induced 

expression of fuz7DD resulted in Kpp2 phosphorylation in both, WT and cib1s expressing 

∆rok1 cells (Figure 3.5B). Hence, deletion of rok1 fully repressed the negative effect of an 

active UPR on Kpp2 phosphorylation.  

To test how the UPR regulates Rok1, we compared Rok1 transcript and protein levels 

between WT and cib1s-expressing strains. rok1 gene expression is approximately 2-fold 

increased by fuz7DD in both strains (Figure 3.5C), but only slightly reduced in 

cib1s-expressing strains, when compared to the WT control. This indicates that the UPR 

affects Rok1 in a posttranscriptional manner. To test for potential UPR-induced alterations 

of Rok1 protein levels, we expressed a Rok1-mCherry fusion protein under control of the 

endogenous promoter from the endogenous genomic locus in WT and cib1s-expressing 

strains. Since the fusion protein was not detectable by Western hybridization, 

Rok1-mCherry was enriched by immunoprecipitation. Total protein amounts of U. maydis 

protein extracts were adjusted and immunoprecipitation was performed with a higher 
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volume of mCherry-Trap beads (Chromotek) to prevent saturation of the beads and enable 

a quantitative comparison between both strains. While Rok1-mCherry was not detectable 

under non-induced conditions, protein levels were similar in both strains in response to 

fuz7DD-mediated genetic activation of the MAPK pathway (Figure 3.5D). Taken together, 

these results suggest that the UPR regulates Rok1 on posttranslational level, potentially by 

influencing Rok1 activity. 

Surprisingly, in contrast to the restored Kpp2 phosphorylation in rok1 deletion strains, 

expression levels of mfa1, pra1 and of prf1 were still cib1s-dependently suppressed. Hence, 

phosphorylation of Kpp2 is not sufficient for mfa1, pra1 and prf1 expression under these 

conditions (Suppl. Figure 3.3). In conclusion, this suggests that the UPR interferes with 

expression of Prf1 target genes on multiple levels. 
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 The UPR affects mating type-dependent signaling upstream and downstream 

of bE/bW  

To further examine the possibility of multiple interactions of the UPR and the pheromone 

and b-dependent signaling pathway, we tested if constitutive expression of the 

b-heterodimer is sufficient to suppress cib1s-dependent inhibition of filament formation and 

gene expression. To this end, we ectopically integrated cib1s into U. maydis strain HA103, 

in which the compatible bE1/bW2 genes are expressed under control of the constitutive 

active tef promoter (Hartmann et al., 1996b). Screening of two individual transformants 

revealed different cib1s expression levels, most likely depending on the place and number 

of integration events (Figure 3.6A). Spotting assays on charcoal containing solid media 

revealed extensive filament formation of HA103 that was suppressed by expression of cib1s 

in a dose-dependent manner (Figure 3.6A). Consistently, expression levels of the b-target 

genes rbf1, biz1, hdp1, hdp2, dik6 and of prf1 were reduced by cib1s (Figure 3.6B). To test 

if the reduced filament formation and b-target gene expression in cib1s-expressing strains 

affects virulence, plant infection assays were performed. This revealed that the virulence 

of cib1s-expressing strains was significantly reduced in comparison to the HA103 WT 

control (Figure 3.6C). These observations are reminiscent of the results obtained with the 

SG200 strain in previous studies (Heimel et al., 2013) and confirm that the UPR affects 

regulation of the pheromone and b-dependent signaling pathways in a complex manner.  

Figure 3.5 Dephosphorylation of Kpp2 upon cib1s expression depends on the DPS Rok1. (A) 
Co-immunoprecipitation analysis of Kpp2-GFP and Fuz7DD-HA. Derivatives of strains FB1 fuz7DD 

kpp2-GFP (WT) and FB1 fuz7DD kpp2-GFP cib1s (cib1s) containing a Fuz7DD-HA fusion protein under 
control of the arabinose-inducible crg1 promoter were grown in CM-arabinose (inducing) liquid medium for 
6 hours at 28°C. A strain expressing untagged Kpp2 served as negative control. Total protein extract was 
subjected to immunoprecipitation using GFP-specific beads. Co-immunoprecipitation of Fuz7DD-HA was 
visualized using an HA-specific antibody. Kpp2-GFP was visualized using an GFP-specific antibody. The 
Ponceau stained membrane served as loading control. (B) Immunoblot analysis of Kpp2-GFP protein levels 
and phosphorylation in rok1 deletion strains. Derivatives of strains FB1 fuz7DD (WT) and FB1 fuz7DD cib1s 
(cib1s) deleted for rok1 were grown in CM-glucose (non-inducing) or CM-arabinose (inducing) liquid 
medium for 6 hours at 28°C. Cells were subjected to immunoblot analysis, Kpp2-GFP levels were visualized 
using a GFP-specific antibody. Phosphorylation of Kpp2-GFP was visualized using the α-phospho44/42 
antibody that specifically recognizes the phosphorylated TEY motif of MAPKs. The Ponceau stained 
membrane served as loading control. (C) qRT-PCR analysis of rok1 gene expression in FB1 fuz7DD (WT) 
and a derivative expressing cib1s. Cells were grown for 6 hours in CM-glucose (non-inducing) or 
CM-arabinose (inducing) medium at 28°C. eIF2b was used for normalization. Expression values represent 
the mean of three biological replicates with two technical duplicates each. Error bars represent the SEM. (D) 
Immunoblot analysis of Rok1-mCherry protein levels. Derivatives of strains FB1 fuz7DD rok1-mCherry (WT) 
and FB1 fuz7DD rok1-mCherry cib1s (cib1s) were grown in CM-glucose (non-inducing) or CM-arabinose 
(inducing) liquid medium for 6 hours at 28°C. Rok1-mCherry protein was enriched from U. maydis total 
protein extract by immunoprecipitation with RFP-Trap beads. Total protein amount was normalized before 
subjected to immunoprecipitation. Rok1-mCherry was visualized using an α-RFP [G6G] specific antibody. 
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Figure 3.6 Constitutive expression of bE/bW does not restore filamentous growth or gene expression. 
(A) Analysis of b-dependent filament formation. HA103 (constitutive bE/bW expression) and derivatives 
with different cib1s expression level were spotted on potato dextrose solid media supplemented with 1% 
charcoal. Photos were taken after 24 hours at 28°C. White fuzzy colonies indicate the formation of filaments. 
(B) qRT-PCR analysis of rbf1, dik6, biz1, hdp1, hdp2 and prf1 gene expression in strains used for the 
filamentous growth test in (A). eIF2b was used for normalization. Expression values represent the mean of 
three biological replicates with two technical duplicates each. Error bars represent the SEM. Statistical 
significance was calculated using the students t test. **P value < 0.01, and ***P < 0.001. (C) Plant infection 
assay with the solopathogenic strain HA103 and derivatives used in (A). Strains were inoculated into 8 day-
old- maize seedlings. Disease symptoms were rated 8 days post inoculation (dpi) and grouped into categories 
as shown in the figure legend. n = number of inoculated plants. Photos were taken at 8 dpi and represent the 
most common infection symptom. Significance was calculated using the Mann-Whitney-test. ***P value < 
0.001. 
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 The MAPK Kpp2 is dispensable for biotrophic development in planta 

Due to the partially redundant function of Kpp2 and Kpp6, both MAPK are important but 

not essential for pathogenicity (Müller et al., 1999; Brachmann et al., 2003). Kpp2 is 

activated during the mating process and important for appressoria formation (Müller et al., 

1999), whereas phosphorylation of Kpp6 is required for plant penetration (Brachmann et 

al., 2003). To investigate the function of Kpp2 after plant penetration, we used a conditional 

gene expression approach allowing the stage-specific gene expression during development 

in planta. FB1 Δkpp2 and FB2 Δkpp2 strains were transformed with constructs expressing 

kpp2 under control of the conditional promoters PUMAG_12184 and PUMAG_03597. These 

promoters are active during the first two (PUMAG_12184) or four (PUMAG_03597) days post 

inoculation (the detailed description of our conditional gene expression approach will be 

published elsewhere) but show strongly reduced activity at subsequent stages of pathogenic 

growth in planta (Lanver et al., 2018). We used compatible combinations of FB1 and FB2 

(WT controls) and derivatives thereof for plant infection experiments. Consistent with 

previous studies, virulence of compatible combinations of Δkpp2 strains was significantly 

impaired compared to FB1/FB2 (Figure 3.7) (Müller et al., 1999). Importantly, strains 

expressing PUMAG12184:kpp2 or PUMAG_03597:kpp2 fully restored virulence (Figure 3.7). 

Hence, kpp2 is required for the mating process and important for appressoria formation but 

dispensable for pathogenic development in planta. We observed that Rok1 interacts with 

Kpp2 and Kpp6 in the Yeast-two-Hybrid system (Suppl. Figure 3.2) and that both MAP 

kinases are dephosphorylated by Rok1 (Brachmann et al., 2003; Di Stasio et al., 2009). 

Thus, it is conceivable that the biological role of the crosstalk between UPR and the 

mating-type pathways might affect the function of both proteins.  
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Figure 3.7 Kpp2 is dispensable for pathogenic development in planta. Plant infection assay with 
compatible combinations of the haploid strains FB1 x FB2 (WT), FB1 ∆kpp2 x FB2 ∆kpp2 (∆kpp2) and 
derivatives of ∆kpp2 strains expressing PUMAG_12184:kpp2 or PUMAG_03597:kpp2 were inoculated into 8-day-old 
maize seedlings. Disease symptoms were rated 8 days after inoculation and grouped into categories as shown 
in the figure legend. n = number of inoculated plants. Photos were taken at 8 dpi and represent the most 
common infection symptom. Significance was calculated using the Mann-Whitney-test. *** P value < 0.001. 
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3.4 Discussion 
In U. maydis, the UPR is connected to the control of biotrophic growth via the interaction 

between the Hac1-like UPR regulator, Cib1, and Clp1. In this study, we show that the UPR 

affects pathogenic development of U. maydis on additional levels. While the plant-specific 

activation of the UPR fosters pathogenic growth in planta, premature UPR activation 

inhibits pathogenic development prior host plant penetration. We observed that UPR 

activity counteracts pheromone-dependent signaling by suppression of Kpp2 

phosphorylation in a rok1-dependent manner, identifying Rok1 as a novel regulatory target 

of the UPR. 

Expression analysis confirmed the tight connection and the extensive inhibitory effects of 

the UPR on the b-dependent transcription factor network (Heimel et al., 2013).  

Analysis of the pheromone response pathway operating upstream of the b-heterodimer 

revealed that constitutive UPR signaling suppressed both, the morphological and 

transcriptional pheromone response. By contrast, in the human pathogenic fungus 

Cryptococcus neoformans, deletion of IRE1 resulted in increased pheromone gene 

expression, but defects in sexual mating (Jung et al., 2016). Sensing of compatible 

pheromone by haploid U. maydis cells results in activation of the cAMP-dependent PKA 

Adr1 and MAPK-mediated signaling pathway, finally leading to differential 

phosphorylation and activation of Prf1 by Adr1 and Kpp2. Kpp2 itself is activated by 

phosphorylation and regulates the transcriptional pheromone response via Prf1 and the 

morphological response in a Prf1-independent manner (Müller et al., 2003). After 

pheromone treatment, both responses are inhibited by an active UPR, whereas only 

pheromone gene expression but not the formation of conjugation tubes was suppressed after 

genetic activation of the pheromone pathway. These findings are in line with previous 

results, illustrating that the morphological and the transcriptional response bifurcate 

downstream of Kpp2 (Müller et al., 2003). Importantly, phosphorylation of Kpp2 was 

strongly reduced by the UPR under these conditions, suggesting that Kpp2 phosphorylation 

is dispensable for conjugation tube formation. This contrasts the finding that strains 

expressing non-phosphorylatable Kpp2AEF mutant proteins fail to form conjugation tubes 

upon pheromone stimulus (Müller et al., 2003). It thus appears possible, that the genetic 

activation of the pathway does not fully reflect the "natural" signaling dynamics. 

The interaction between the UPR and MAPK pathways is not limited to U. maydis. In the 

human pathogens Aspergillus fumigatus and C. neoformans, deletion of genes encoding 
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homologs of Hac1 or Ire1 resulted in increased susceptibility to cell wall stress, suggesting 

that a functional UPR is required for and connected to the cell wall integrity (CWI) pathway 

(Richie et al., 2009; Cheon et al., 2011; Feng et al., 2011). By contrast, deletion of cib1 did 

not affect resistance to cell wall perturbing agents (Pinter et al., 2019), indicating that this 

function is not conserved in U. maydis. In the baker’s yeast Saccharomyces cerevisiae, 

activation of the CWI pathway results in UPR activation (Scrimale et al., 2009) and the 

UPR is augmented by delayed PKA signaling, leading to an extended secondary response 

to ER stress (Pincus et al., 2014). However, since UPR activity in U. maydis did not affect 

PKA-dependent induction of the pheromone pathway genes mfa1 and pra1, it appears 

unlikely that PKA signaling is connected to the inhibitory role of the UPR on the 

pheromone pathway in U. maydis.  

Deletion of the DSP rok1 restored phosphorylation of Kpp2 in strains with active UPR, 

indicating a UPR-dependent regulation of Rok1. To allow tight control of signaling, MAP 

kinase phosphatases (MKP) are often regulated on multiple levels, including transcriptional 

and post-translational control (González-Rubio et al., 2019). Transcription of the rok1 

ortholog in S. cerevisiae, MSG5, is induced by the pheromone stimulus placing Msg5p in 

a negative feedback loop with the pheromone signaling cascade (Doi et al., 1994). 

Similarly, rok1 transcript levels in U. maydis were elevated upon activation of the MAPK 

module (Di Stasio et al., 2009). However, since neither transcript nor Rok1 protein levels 

were altered by an active UPR, additional, post-translational mechanisms regulating Rok1 

activity under these conditions must exist. Post-translational modifications of MKPs like 

phosphorylation and ubiquitination can alter subcellular localization, stability and 

specificity of phosphatases. S. cerevisiae Msg5p is phosphorylated by its MAPK targets 

Fus3 and Slt2 as part of a regulatory feedback mechanism  (Doi et al., 1994; Flández et al., 

2004). In the hemibiotrophic blast fungus Magnaporthe oryzae (Pyricularia oryzae), the 

MKP Pmp1 dephosphorylates the MAPKs Pmk1 (Fus3/Kpp2 ortholog) and Mps1 upon 

phosphorylation at a conserved serine residue (Wang et al., 2017). Accordingly, two 

potential Rok1 phosphorylation sites have been predicted in U. maydis (Di Stasio, 2009a), 

but the role of phosphorylation in activation of Rok1 has not been addressed, yet. 

Although deletion of rok1 restored Kpp2 phosphorylation, transcription of the genes mfa1, 

pra1 and prf1 was still inhibited, indicating that phosphorylation of Kpp2 is not sufficient 

to trigger Prf1-dependent gene expression under these conditions. This points towards 

existence of an additional layer of UPR/MAPK crosstalk that suppresses Prf1 function 
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and/or transcription. In line with this assumption, CHIPseq analysis revealed binding of 

Cib1 to the prf1 promoter. However, under the conditions tested, no influence on prf1 gene 

expression was observed (Pinter et al., 2019). Alternatively, prf1 might be suppressed via 

Hap2 and Rop1 (Brefort et al., 2005; Mendoza-Mendoza et al., 2009b), both of which are 

required for prf1 expression and transcriptionally suppressed by the UPR. Since these three 

transcription factors are part of various feedback loops within the pheromone response 

pathway, it is speculative whether these effects are direct or indirect. 

Deletion of rok1 results in hypervirulence of U. maydis reflected by an increase in 

filamentous growth, appressoria formation and host colonization. These effects were 

connected to the elevated expression of bE and bW genes (Di Stasio et al., 2009). 

Consistently, hypervirulence was also observed in strains overexpressing the pheromone 

receptor Pra (FB1 Potef:pra2) (Wahl et al., 2010). This suggests that activity of the a- and 

b-dependent signaling pathways is directly connected to aggressiveness of U. maydis. 

However, since U. maydis is a biotrophic pathogen, successful completion of its life cycle 

is dependent on the living host plant. Hence, effective control mechanisms are required to 

prevent excessive and potentially deleterious effects of host colonization. In this way, the 

UPR-dependently increased activity of Rok1 might quench activity of the mating type 

pathway to ensure the efficient and balanced development of U. maydis inside the host 

plant. Apparently, increased expression of a large number of effector-encoding genes 

during pathogenic development is controlled by the b-heterodimer or b-dependently 

regulated transcription factors, including Rbf1, Hdp2 and potentially Biz1 (Flor-Parra et 

al., 2006; Heimel et al., 2010b; Lanver et al., 2014; Lanver et al., 2018; Schmitz et al., 

2018). As a consequence, increased ER stress levels would initiate a negative feedback on 

these regulators leading to reduced effector gene expression, allowing the fungus to recover 

from ER stress.  

Remarkably, constitutive expression of bE/bW is not sufficient to restore filamentous 

growth and pathogenicity in cells with active UPR. We consider it likely that i) this might 

result from Clp1, which becomes stabilized by the UPR and directly interferes with the 

function of the b-heterodimer (Heimel et al., 2010a; Heimel et al., 2013) or ii) by a 

cumulative effect of Clp1-dependent repression and the parallel inhibition of the central 

components within the pheromone pathway, some of which have been speculated to be 

important for pathogenic development in planta. 
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However, conditional gene expression suggests that Kpp2 is not required at later stages of 

biotrophic development in planta. By contrast, the MAPK Kpp6 is part of the same MAPK 

module, but important for appressorial function during penetration of the plant surface 

(Brachmann et al., 2003). Kpp6 is highly similar to Kpp2 (66% identity) and 

dephosphorylated by Rok1 (Brachmann et al., 2003; Kaffarnik et al., 2003; Mendoza-

Mendoza et al., 2009a; Di Stasio et al., 2009). Thus, it is tempting to speculate that the 

UPR also inhibits Kpp6 function, which might be important for fungal pathogenicity after 

plant penetration.  

Taken together, we uncovered crosstalk between the UPR and mating type-regulated 

pathways that affect the pathogenic program on multiple levels. We consider it likely that 

this is of relevance to maintain fungal biotrophy during the interaction with the host plant. 

3.5 Material and Methods 
Strains and Growth Conditions 

Escherichia coli TOP10 strain was used for cloning purposes and amplification of plasmid 

DNA. U. maydis cells were grown at 28°C in YEPS light medium (Tsukuda et al., 1988), 

complete medium (CM) (Holliday, 1974) or yeast nitrogen base (YNB) medium (Mahlert 

et al., 2006; Freitag et al., 2011). Media and growth conditions used to induce gene 

expression driven by the crg1 promoter was performed according to the protocol of 

Brachmann et al., 2001. Yeast-two-hybrid analysis was performed according to the 

Matchmaker 3 manual (Clontech). S. cerevisiae cells containing Y2H plasmids were grown 

in SD medium with -Leu/-Trp DO Supplement (Clontech) and spotted on SD solid media 

with -Leu/-Trp DO Supplement (Clontech) or -Ade/-His-Leu-Trp DO Supplement 

(Clontech). U. maydis strains used in this study are listed in Suppl. Table 3.2. 

DNA and RNA Procedures 

Molecular methods followed described protocols (Sambrook et al., 1989). DNA isolation 

from U. maydis and transformation procedures were performed according to Schulz et al., 

1990. For gene deletions, a PCR-based approach and the SfiI insertion cassette system was 

used (Brachmann et al., 2004; Kämper, 2004). Linearized plasmid DNA or PCR amplified 

DNA was used for homologous integration into the genome. Correct integration was 

verified using Southern hybridization. Total RNA was extracted from exponentially 
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growing cells in axenic culture using Trizol reagent (Invitrogen) according to the 

manufacturer’s instructions. To check RNA integrity, total RNA was run on an agarose-gel 

and visualized by ethidium bromide staining. Residual DNA was removed from RNA 

samples using the TURBO DNA-freeTM Kit (Ambion/Lifetechnologies). cDNA was 

synthesized using the RevertAid First Strand cDNA Synthesis Kit, Thermo Scientific. 

Primers used in this study are listed in Suppl. Table 3.1. 

 

Quantitative RT-PCR  

qRT-PCR analysis was performed as described before (Hampel et al., 2016). For all 

qRT-PCR experiments, three independent biological replicates and two technical replicates 

were analyzed using the MESA Green qPCR Mastermix Plus (Eurogentec). qRT-PCR was 

performed using the CFX Connect Real-Time PCR Detection System and analyzed with 

the CFX Manager Maestro Software (BioRad). 

 

Plasmid Construction 

For the kpp2-GFP fusion, 1 kb upstream of the kpp2 startcodon and 1 kb of the kpp2 open 

reading frame (ORF) were PCR amplified from genomic DNA and ligated to the 3.7 kb 

SfiI GFP-HygR fragment of pUMa317 (Becht et al., 2006). The resulting ligation product 

was integrated into the pCR2.1 TOPO vector (Invitrogen) generating plasmid pCR2.1 

pUMa317-kpp2. For generation of the fuzDD-3xHA fusion, the fuzDD gene was amplified 

from the p123Pcrg1:fuz7DD plasmid (Müller et al., 2003) adding a C-terminal HA-tag and 

two NdeI restriction sites. The resulting 1.3 kb NdeI fuz7DD-HA fragment was ligated to the 

8.1 kb NdeI fragment of the p123Pcrg1:fuz7DD backbone resulting in plasmid 

p123 fuz7DD-HA. To generate the rok1-mCherry fusion, 1 kb upstream of the rok1 

startcodon and 1 kb of the rok1 ORF were PCR amplified from genomic DNA and ligated 

to the 3.1 kb SfiI mCherry-G418 fragment of plasmid pUMa1723. The ligation product was 

integrated into the pCR2.1 TOPO vector (Invitrogen) generating plasmid pCR2.1 

rok1-mCherry. 

To generate rok1 deletion construct, 1 kb upstream of the rok1 start codon and 1 kb 

downstream of the rok1 stop-codon were PCR amplified and ligated to the 2.4 kb SfiI 

PhleoR fragment of vector pUMa263.  
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To replace the carboxin resistance in vector Pcib1:cib1s (Heimel et al., 2013) by 

nourseothricin resistance, the 4.2 kb HindIII NatR fragment of vector pNEB-NatR and the 

4.1 kb HindIII fragment of vector Pcib1:cib1s were ligated to generate the plasmid 

pNEB-NatR-cib1s. 

To obtain the promoter fusions/gene replacement constructs for plant infection, 1 kb 

flanking regions up- and downstream of the genes UMAG_12184 and UMAG_03597, the 

kpp2 ORF and the HygR of vector pUMa1442 were PCR amplified. Thereby, SfiI restriction 

sites were added to the kpp2 gene, a SfiI restriction site was added to the 3’end of the 

upstream flanking region, SfiI (N-terminal) and a BamHI (3’end, for UMAG_12184) or 

KpnI (3’end, for UMAG_03597) restriction site were added to the HygR, and a BamHI 

(5’end, for UMAG_12184) or KpnI (5’end, for UMAG_03597) restriction site was added 

for the downstream flanking region of the respective gene. The obtained fragments were 

ligated to obtain a LB-kpp2-HygR-RB fragment. The fragment was then integrated into the 

pCR2.1 TOPO vector (Invitrogen) generating plasmids pCR2.1 PUMAG_12184:kpp2 (HygR) 

and pCR2.1 PUMAG_03597:kpp2 (HygR). 

For generation of the yeast-two hybrid fusion proteins, the rok1, kpp2 and kpp6 were PCR 

amplified adding SfiI restriction sites and ligated to modified versions of the vectors 

pGBKT7 and pGADT7 (Clontech) containing SfiI restriction sites generating plasmids 

pGBKT7-Rok1, pGADT7-Kpp2 and pGADT7-Kpp6. 

Mating assay/ Filamentous growth assay 

Mating assays were performed as described in Brachmann et al., 2001. Cells were grown 

in CM-glucose medium overnight, OD600 was measured and adjusted to 0.2 in fresh 

CM-glucose medium. Cells were grown for 4h at 28°C. OD600 was then adjusted to 1.0 in

CM-glucose medium. For mating assay, compatible FB1 and FB2 strains and derivatives

were mixed 1:1 and 5 µl of the mixture was spotted on potato dextrose medium

supplemented with 1% charcoal (PD-CC) (Holliday, 1974). To test for filamentous growth,

5 µl of SG200 and derivatives was spotted on PD-CC medium. Cells were grown for 2 days

at 28°C.
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Pheromone and cAMP Treatment 

To test for conjugation tube formation of cells in liquid culture, cultures of U. maydis strains 

were grown for 6 hours at 28°C in CM-glucose medium. OD600 was measured and adjusted 

in fresh CM-glucose medium to reach an OD600 of 0.25-0.4 after 16 hours of growth at 

28°C. The following day, 2 µl a2 pheromone (f.c.: 2.5 µg/mL) or DMSO as negative control 

was added to 2 mL of the over-night culture and cells were rotated in a 15 mL reaction tube 

on a rotating wheel with 6 rpm for 6 hours. Cells were then microscopically analyzed using 

an Axio Imager.M2 equipped with an AxioCam MRm camera (ZEISS). Images were 

processed using ImageJ. Cells were harvested by centrifugation and flash frozen in liquid 

nitrogen for subsequent mRNA isolation. 

For cAMP treatment, U. maydis strains were grown for 6 h at 28°C in CM liquid medium 

supplemented with 1% glucose (CM-glucose to reach an OD600 of 0.2 and treated with 6mM 

cAMP (f.c.) for 12 h at 28°C, harvested by centrifugation and flash frozen in liquid nitrogen 

for subsequent mRNA isolation. 

Protein Procedures 

Protein isolation and Western hybridization experiments were performed as described in 

(Lanver et al., 2010). Commercially available α-GFP (Sigma-Aldrich, 1:4000), α-HA 

(Sigma-Aldrich, 1:4000) or α-RFP [G6G] (Chromotek, 1:1000) antibodies were used to 

detect GFP-, HA- or mCherry-fusion proteins, respectively. Horseradish 

peroxidase-conjugated α-mouse or α-rabbit IgG (Promega, 1:4000) were used as secondary 

antibodies. The Luminata Crescendo Western HRP substrate (Merck Millipore) was used 

for chemiluminescence based detection of the fusion proteins.  

For immunoprecipitation of proteins, over-night cultures of U. maydis were adjusted to an 

OD600 of 0.25 in CM supplemented with 1% glucose (non-inducing) or arabinose (induction 

of crg1-dependent gene expression) and grown for 6h at 28°C. Cells were then harvested 

by centrifugation, washed once with IP lysis buffer (25 mM Tris-HCl, pH7.4, 150 mM 

NaCl, 1 mM EDTA, 1% NP-40, 5% Glycerol) supplemented with 2x Complete protease 

inhibitor (PI, ROCHE). The pellet was frozen in liquid nitrogen and disrupted in a cell mill 

(Retsch MM400, 30Hz, 2 min, 2x). The disrupted cells were then resuspended in 750 µl IP 
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lysis buffer + 2x PI and centrifuged at 22000 rpm for 30 min at 4°C. The supernatant was 

added to 25 µl of agarose GPF-Trap or RFP-Trap beads (Chromotek) and incubated for 3h 

at 4°C on a rotating wheel. After incubation, beads were washed 3-5 times with IP lysis 

buffer +1x PI. 50 µl 2x Roti Load 1 (Carl-Roth) was added to the beads and boiled at 95°C 

for 5 mins. Samples were run on a 10% (Kpp2-GFP/Fuz7DD-HA) or 8% (Rok1-mCherry) 

SDS-PAGE and subsequently subjected to Western hybridization. All experiments were 

repeated three times. 

Yeast-Two-Hybrid Analysis 

Yeast-Two-Hybrid analysis was performed using the Matchmaker III system (Clontech). 

The S. cerevisiae strain AH109 was co-transformed with plasmids pGBKT7-Rok1 and 

pGADT7-Kpp2 or pGADT7-Kpp6, pGBKT7-p53 and pGADT7-T as negative control and 

pGBKT7-lam1 and pGADT7-T (Clontech) as positive control. Cells were grown on 

SD-Leu/-Trp solid media or liquid culture. To test for interaction, wells were spotted on 

SD-Ade/-His/-Leu/-Trp solid media and grown for 48 hours at 28°C. 

Plant Infection Studies 

For infection studies of maize (Z. mays), the solopathogenic strain SG200 and derivatives 

or FB1 and FB2 and their respective derivatives were grown to an OD600 of 0.6-0.8 in 

YEPS light medium, adjusted to an OD600 of 1.0 in water, FB1 and FB2 strains and 

derivatives were mixed 1:1 with a compatible mating partner. 0.5 mL of the resulting 

suspension was used to inoculate 8-day-old maize seedlings of the variety Early Golden 

Bantam. Plants were grown in a CLF Plant Climatics GroBank with a 14h (28°C) day and 

10h (22 °C) night cycle. Symptoms were scored according to disease rating criteria reported 

by Kämper et al., 2006. Three independent clones were used for the plant infection 

experiment and the average scores for each symptom are shown. Photos from infected 

leaves were taken und represent the most common infection symptom for the respective 

mutant. 
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Statistical Analysis 

Statistical significance was calculated using students t test. The statistical significance of 

plant infection phenotypes was calculated using the Mann-Whitney test as described 

previously (Freitag et al., 2011). Results were considered significant if the P value was 

<0.05. 

Accession numbers 

Sequence data from this article can be found in the National Center for Biotechnology 

Information database under the following accession numbers:  

biz1, UMAG_02549, XP_011388956.1; hdp1, UMAG 12024, XP_011391576.1; hdp2, 

UMAG_04928, XP_011391247.1; hap2, UMAG_01597, XP_011387600.1; rop1, 

UMAG_12033, XP_011392517.1; mfa1, UMAG_02382, XP_011388682.1; pra1, 

UMAG_02383, XP_011388683.1; prf1, UMAG_02713,  XP_011389082.1; UMAG_00306, 

XP_011386216.1; UMAG_05348, XP_011392050.1; UMAG_06190, XP_011392560.1; 

UMAG_10838, XP_011389822.1; fuz7, UMAG_01514, XP_011387552.1; kpp2, 

UMAG_03305, XP_011389711.1; rok1, UMAG_03701, XP_011390174.1; kpp6, 

UMAG_02331, XP_011388645.1; eIF2b, UMAG_04869, XP_011391708.1 

Supporting Information 

Suppl. Figure 3.1 Mating is reduced in strains expressing cib1s. Mating assay with of FB1, FB2, FB1cib1s 
and FB2 cib1s. Compatible mixtures of strains were spotted on PC-DD solid media as shown in the figure. 
Photos were taken after 24 hours at 28°C. White fuzzy colonies indicate the formation of filaments. 
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Suppl. Figure 3.2 rok1 deletion does not restore expression of the a-mating type genes and prf1. 
qRT-PCR analysis of mfa1, pra1 and prf1 gene expression.  Derivatives of strains FB1 fuz7DD (WT) and 
FB1 fuz7DD cib1s (cib1s) deleted for rok1 were grown in CM-glucose (non-inducing) or CM-arabinose 
(inducing) liquid medium for 6 hours at 28°C. eIF2b was used for normalization. Expression values represent 
the mean of three biological replicates with two technical duplicates each. Error bars represent the SEM. 

Suppl. Figure 3.3 Rok1 does physically interact with the MAPKs Kpp2 and Kpp6. Yeast strain AH109 
was transformed with pGBKT7-Rok1 and pGADT7-Kpp2 or pGBKT7-Rok1 and pGADT7-Kpp6 and 
spotted on SD-Leu/-Trp and SD-Ade/-His/-Leu/-Trp solid media. AH109 transformed with pGBKT7-p53 
and pGADT7-T or pGBKT7-lam1 and pGADT7-T (Clontech) served as positive and negative control, 
respectively. Yeast strain AH109 was transformed with pGBKT7-Rok1 and pGADT7 and spotted on 
SD-Leu/-Trp and SD-Ade/-His/-Leu/-Trp solid media to test for auto-activation of Rok1. 
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Suppl. Table 3.1 Primers used in this study 

Purpose Name Sequence Reference 
qRT-PCR RT_eIF2b_f ATCCCGAACAGCCCAAAC Heimel et al., 2010a 

RT_eIF2b_r ATCGTCAACCGCAACCAC Heimel et al., 2010a 

RT-Biz1_f CTGACCGAGGCTACTGGC This study 

RT-Biz1_r ATCAATCGGCGGGTTGGATG This study 

RT_hdp1_f CCGAAAGCGTCTGGGATGAG Kellner et al., 2014 

RT_hdp1_r GTCGTGCGTACATCGTACGG Kellner et al., 2014 

RT_hdp2_f GGCGCTTTGCATTGGAAC Kellner et al., 2014 

RT_hdp2_r AGCTTGAAGCCGATCGAC Kellner et al., 2014 

RT_hap2-f AGACTCGCGACAAGGCCC This study 

RT_hap2_r CCTCCAGGACCTCTTGGC This study 

RT_rop1_f ACTGGCTACACCACAATCGCC This study 

RT_rop1_r TGACGCGGTGGCTGCTGTT This study 

RT_mfa1_f ATGCTTTCGATCTTCGCTCAGAC Heimel et al., 2010 

RT_mfa1_r TAGCCGATGGGAGAACCGTTG Heimel et al., 2010 

RT_pra1_f  AACCGAAGGCATCTGCACTGC Heimel et al., 2010 

RT_pra1_r CCCGCATGTCGATGTCAGACT Heimel et al., 2010 

RT_prf1_f TCGGTAGAACGAGCTGTGATG Zarnack et al., 2008 

RT_prf1_r CTGTTGGACGATGTTGGAGTTG Zarnack et al., 2008 

RT-um05348-f CGAGGGACGAAATCGTGGTC This study 

RT-um05348-r CAGTCCATGAACGCTTTTGCTC This study 

RT-um10838-f GGCTCAAGACGATCTCGTTCA This study 

RT-um10838-r CCCGTTCCATCGATTCTGCAT This study 

RT-um06190-f AGTATTGGGACGACTGCTCCG This study 

RT-um06190-r ATGCTGATACCGGCGATGCC This study 

RT-um00306-f GTGAGTGGATGGCGTTTAGCA This study 

RT-um00306-r TTCGCTTCGTGAATGTACCATG This study 

RT_rok1_r GAGCAGGATATCCACCTTGC This study 

RT_rok1_f CTGTCTTCTTCGTCGTCGTC This study 

RT_rbf1_f AGTACGAGCTACGACGGATTC Scherer et al., 2006 

RT_rbf1_r GGGTAGGTGTTGGACACATTC Scherer et al., 2006 

RT_dik6_f TTGTTCCACCCATCCTTCACGC Scherer et al., 2006 

RT_dik6_r GGATCGAGCGTCGAAACACAGC Scherer et al., 2006 

Kpp2-GFP kpp2_fus_lf CGTACAAGGTCGTCGATGTG This study 

kpp2_fus_lr TTTGGCCGCGTTGGCCGCACGCAT

GATCTCGTTATAAATCAAC 

This study 

kpp2_fus_rf AAAGGCCTGAGTGGCCCGAATTCG

CTCCGCTCTAG 
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Purpose Name Sequence Reference 
 kpp2_fus_rr GCACTGGCCTCAACTCTAAG  

Fuz7DD-

HA 

Fuz7DD-HA_f TATACATATGCTTTCGTCCGGTGC This study 

 Fuz7DD-HA_r TATACATATGTTAGGCATAGTCGG

GCACGTCGTAGGGGTACTTCATCC

CATCGGCCCAT 

This study 

Rok1-

mCherry 

rok1_fus_rf TTTGGCCTGAGTGGCCACTTGAAT

CAATATTTTTGAGGATGCG 

This study 

 rok1_fus_lf GCTCAGGATCGACTCGAGG This study 

 rok1_fus_lr TTTGGCCGCGTTGGCCGCCGAGAG

GCTGTCGCTGTC 

This study 

rok1 

deletion 

rok1_KO_lf CAGCTGGCACTTTGTCACTCACG This study 

 rok1_KO_lr GTGGGCCATCTAGGCCGTGTGTGG

TCGAGATTTGACAGC 

This study 

 rok1_KO_rf CACGGCCTGAGTGGCCGGATGCGA

TCAACACATACAGTGAAGG 

This study 

 rok1_KO_rr GTTGCCAACTCTGTCGGCTATCG This study 

kpp2 

promoter 

fusion 

kpp2_SfiI_for TATAGGCCTGAGTGGCCATGTCAC

ATGCCCACGGAC 

This study 

 kpp2_SfiI_rev TATAGGCCATCTAGGCCTCAACGC

ATGATCTCGTTATAAATC 

This study 

 Hyg_f TATAGGCCTAGATGGCCAGAAGTT

C 

This study 

 Hyg_r_BamHI TATAGGATCCGAAGTTCCTATACT

TTCTAGAGAATAG 

 

This study 

 um12184_LB_f CCAAGGCTAACGTGATGGATAC This study 

 um12184_lr_SfiI 

 

TATAGGCCACTCAGGCCGGTAACT

TTCTGTCTTGTACAAGGT 

This study 

 um12184_rf_BamHI 

 

TATAGGATCCAGCAGAGTAGGAA

CGAGTGGT 

This study 

 um12184_RB_r GACTCACAGACTCGACTGTG This study 

 um03597_KO_lf GGTGCCAGAGAGGATGCAAG 

 

This study 

 um03597_KO_rr GACGGTAACAACGCGTATACC 

 

This study 
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Purpose Name Sequence Reference 
 um03597_lr_SfiI TATAGGCCACTCAGGCCGGTGCAG

AGCTGACGGAAG 

This study 

 um03597_rf_KpnI TATAGGTACCCGTCAAGTCAACTT

TACCGGTC 

This study 

Y2H  kpp2_Y2H_for TATAGGCCATTACGGCCATGTCAC

ATGCCCACGGAC 

This study 

 Y2H_kpp2_rev ATATGGCCGAGGCGGCCTCAACGC

ATGATCTCGTTATAAATC 

This study 

 rok1_Y2H_for TATAGGCCATTACGGCCATGGATT

TACGCAACGCTAACCT 

This study 

 Y2H_rok1_rev ATATGGCCGAGGCGGCCCTACGAG

AGGCTGTCGCT 

This study 

 kpp6_Y2H_for TATAGGCCATTACGGCCATGTCGA

TTGCCAATGCCTCTT 

This study 

 Y2H_kpp6_rev ATATGGCCGAGGCGGCCTCAACGA

AGAAGCGGCTGAAAT 

This study 

 

Suppl. Table 3.2 Strains used in this study 

Strain Relevant Genotype Reference 
FB1  a1 b1 Banuett and 

Herskowitz, 1989 

FB2 a2 b2 Banuett and 

Herskowitz, 1989 

HA103 a1 bW2bE1con Hartmann et al., 1996 

SG200 a1mfa2 bE1bW2 Kämper et al., 2006 

SG200 cib1s a1mfa2 bE1bW2 ipr Pcib1:cib1s ips Heimel et al., 2013 

SG200 cib1s(x) a1mfa2 bE1bW2 mipr Pcib1:cib1s ips Heimel et al., 2013 

FB1 cib1s (ULS1) a1 b1 ipr Pcib1:cib1s ips This study 

FB1 cib1s(x) (ULS2) a1 b1 mipr Pcib1:cib1s ips This study 

FB2 cib1s(x) (ULS3) a2 b2 mipr Pcib1:cib1s ips This study 

HA103 cib1s (ULS5) a1 bW2bE1con Pcib1:cib1s This study 

HA103 cib1s (ULS7) a1 bW2bE1con Pcib1:cib1s This study 

FB1 fuz7DD (ULS29) a1 b1 ipr Pcrg:fuz7DD ips This study 

FB1 fuz7DD cib1s 

(ULS35) 

a1 b1 ipr Pcrg:fuz7DD ips Pcib1:cib1s This study 

ULS61 a1 b1 ipr Pcrg:fuz7DD ips Pkpp2:kpp2-GFP This study 

ULS111 a1 b1 ipr Pcrg:fuz7DD ips Pkpp2:kpp2-GFP Pcib1:cib1s This study 
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Strain Relevant Genotype Reference 
ULS139 a1 b1 ipr Pcrg:fuz7DD ips Pkpp2:kpp2-GFP Δrok1 This study 

ULS142 a1 b1 ipr Pcrg:fuz7DD ips Pkpp2:kpp2-GFP Pcib1:cib1s 

Δrok1 

This study 

ULS147 a1 b1 Pkpp2:kpp2-GFP ipr Pcrg:fuz7DD-3xHA ips  This study 

ULS161 a1 b1 Pkpp2:kpp2-GFP Pcib1:cib1s ipr Pcrg:fuz7DD-

3xHA ips 

This study 

ULS162 a1 b1 ipr Pcrg:fuz7DD ips Pkpp2:kpp2-GFP Prok1:rok1-

mCherry 

This study 

ULS165 a1 b1 ipr Pcrg:fuz7DD ips Pkpp2:kpp2-GFP Pcib1:cib1s 

Prok1:rok1-mCherry 

This study 

ULS169 a1 b1 Pcrg:fuz7DD-3xHA ips Potef:GFP This study 

ULS302 a2 b2 Δkpp2 ΔUMAG_12184::kpp2 This study 

ULS331 a1 b1 Δkpp2 ΔUMAG_12184::kpp2 This study 

ULS343 a2 b2 Δkpp2 ΔUMAG_03597::kpp2 This study 

ULS355 a1 b1 Δkpp2 ΔUMAG_03597::kpp2 This study 
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4.1 Abstract 
Ustilago maydis is a model organism to study biotrophic plant-pathogen interactions. 

Sexual and pathogenic development of the fungus are tightly connected, fusion of 

compatible haploid sporidia is prerequisite for infection the host plant Zea mays. After plant 

penetration, the unfolded protein response (UPR) is activated and required for biotrophic 

growth. The UPR is continuously active throughout all stages of pathogenic development 

in planta. However, since development of UPR deletion mutants stops directly after plant 

penetration, the role of an active UPR at later stages of development has/could not be 

examined, yet. Here, we establish a gene expression system for U. maydis that uses 

endogenous, conditionally active promoters to either induce or repress expression of a gene 

of interest at different stages of plant infection. Integration of the expression constructs into 

the native genomic locus and removal of resistance cassettes was required to obtain a wild 

type-like expression pattern. This indicates that genomic localization and chromatin 

structure are important for correct promoter activity and gene expression. By conditional 

expression of the central UPR regulator Cib1 in U. maydis, we show that a functional UPR 

is important for plant defense suppression at later stages of development and that U. maydis 

relies on a robust control system to prevent deleterious UPR hyperactivation. 

 

4.2 Introduction 
The phytopathogenic basidiomycete U. maydis causes the smut disease on Z. mays (maize) 

and is an important model organism to study basic cellular processes, such as DNA 

recombination and vesicular transport, but also sexual development and biotrophic 

fungal/plant interactions (Banuett, 1995; Kahmann and Kämper, 2004; Bakkeren et al., 

2008; Dean et al., 2012; Lanver et al., 2018).  

The available genome sequence and a broad range of molecular techniques and tools enable 

the efficient genetic manipulation of U. maydis (Brachmann et al., 2004; Kämper, 2004; 

Kämper et al., 2006; Terfrüchte et al., 2014; Schuster et al., 2016). Common and frequently 

used ways to characterize gene functions are deletion or overexpression of genes, as well 

as the generation of gene fusions for fluorescence microscopy or epitope tagging. 

PCR-based methods for gene replacement via homologous recombination as well as 

promoters for constitutive, inducible or titratable (over)expression of genes like the tef, otef, 

or nar1, crg1 or tet-Off promoter are available (Banks et al., 1993; Spellig et al., 1996; 
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Brachmann, 2001; Bottin et al., 2002; Brachmann et al., 2004; Kämper, 2004; Zarnack et 

al., 2008). These promoters can be fused to a gene of interest and either integrated in the 

native gene locus or into the locus of the succinate dehydrogenase-encoding gene 

(UMAG_00844) (ip locus) by homologous recombination (Keon et al., 1991). However, 

gene expression analysis using metabolism-dependent promoters may result in pleiotropic 

effects due to metabolic changes and unwanted overexpression of the gene of interest. 

Other conditional gene expression systems in fungi include for example estrogen-, 

orzearalenone-, or light-inducible expression systems for Aspergillus sp. (Pachlinger et al., 

2005), Gibberella zeae (Lee et al., 2010), or Neurospora crassa (Salinas et al., 2018), 

respectively (for comprehensive overview see: Kluge et al., 2018). These systems are all 

suitable to control gene expression in axenic culture. However, tools to specifically address 

the function of genes during organismal interactions, such as fungal/plant interactions, are 

not well established, yet.  

U. maydis is a dimorphic fungus, specifically infecting its host plant maize. Sexual and 

pathogenic development are interconnected processes, since plant infection requires 

cell/cell fusion of compatible haploid sporidia to generate the infectious, dikaryotic 

filament. Accordingly, mating, filamentous growth and plant penetration are controlled by 

a tetrapolar mating-type system (Hartmann et al., 1996b; Bölker, 2001; Feldbrügge et al., 

2004). The a-mating type locus encoded pheromone-receptor system regulates cell-cell 

recognition and fusion (Bölker et al., 1992), whereas all subsequent steps of pathogenic 

development are controlled by the b-mating type locus encoded bE/bW-heterodimer 

(Schulz et al., 1990; Kämper et al., 1995; Heimel et al., 2010b; Wahl et al., 2010b). After 

penetration of the plant surface, U. maydis establishes a compatible biotrophic interaction 

with the host plant via secretion of effectors that suppress plant defense reactions (Lo Presti 

et al., 2015a; Lanver et al., 2018). Typically, expression of effector encoding genes is 

plant-specifically induced (Kämper et al., 2006; Lanver et al., 2018), resulting in increased 

stress imposed on the endoplasmic reticulum (ER). Activation of the unfolded protein 

response (UPR) is critical to counteract elevated ER stress levels and required for efficient 

secretion of effector proteins (Lo Presti et al., 2015b; Hampel et al., 2016; Pinter et al., 

2019). ER stress is sensed by the ER-membrane spanning kinase/RNase Ire1. Ire1 activity 

enables unconventional cytoplasmic splicing and the subsequent translation of the mRNA 

encoding Hac1 in Saccharomyces cerevisiae, XBP1 in higher eukaryotes and Cib1 in 

U. maydis (Cox and Walter, 1996; Kawahara et al., 1998; Rüegsegger et al., 2001; Heimel 
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et al., 2013). In U. maydis, the UPR is required for pathogenicity and active throughout all 

stages of biotrophic growth inside the host plant. However, since growth of cib1 mutant 

strains is2q 

 arrested early after plant infection, the importance of a functional UPR for later stages of 

biotrophic development in planta has not been addressed, yet.  

Here, we describe a new approach for conditional and stage-specific gene expression during 

plant infection of U. maydis. Based on previously published transcriptome data of fungal 

gene expression during biotrophic growth, genes with desired in planta expression patterns 

were identified and their promoters were used for conditional gene expression. Importantly, 

maintenance of the genomic context and removal of resistance cassettes is prerequisite to 

facilitate correct promoter activity and expression pattern. As a proof of principle, we used 

different conditional promoters to address the function of the UPR regulator Cib1 and the 

effect of stage-specific overexpression at later stages of biotrophic development. We 

demonstrate that a functional UPR is not only essential for establishment of biotrophy, but 

also important at later stages of development in planta. 

 

4.3 Results 

 Identification of conditional promoters 

Aiming for a system that allows gene expression with a defined pattern, candidate genes 

expressed during early biotrophic development of U. maydis were identified. Using 

RNAseq data published by Lanver et al., 2018, we identified the genes UMAG_12184 and 

UMAG_03597. Both genes are expressed in axenic culture and at early stages of pathogenic 

development, but considerably reduced in expression two (UMAG_12184) or four days 

post inoculation (dpi, UMAG_03597) (Figure 4.1A). To test if these genes are involved in 

virulence, the haploid, solopathogenic strain SG200 and derivatives deleted for either 

UMAG_12184 or UMAG_03597 were tested in plant infection experiments. SG200 

expresses a compatible bE/bW-heterodimer, and thus is capable of forming filaments and 

infecting its host plant, Z. mays, without the need of a compatible mating partner (Kämper 

et al., 2006). Deletion strains were not affected in virulence (Figure 4.1B), demonstrating 

that these genes are dispensable for pathogenic development. When spotted on charcoal 

containing solid media, SG200 forms white fuzzy colonies indicating filamentous growth. 

Consistent with results obtained in the plant infection experiment, SG200ΔUMAG_12184 
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and SG200ΔUMAG_03597 were not (ΔUMAG_12184) or only slightly (ΔUMAG_03597) 

affected in filament formation (Suppl. Figure 4.1). Since SG200ΔUMAG_03597 showed 

full virulence, this phenotype does not impair the fungus’ ability to infect its host. 

Additionally, none of the deletion strains showed increased sensitivity towards ER or cell 

wall stress (Suppl. Figure 4.1). Based on these results, the chosen genes were regarded as 

suitable candidates to facilitate conditional gene expression. 

 

Figure 4.1 Identification and testing of promoters for conditional gene expression. (A) Fragments Per 
Kilobase Million (FPKMs) of the UMAG_12184 and UMAG_03597 genes up to 8 days post inoculation (dpi). 
6 day-old maize seedlings were injected with a mixture of compatible haploid strains FB1 and FB2 and plant 
material was harvested at the indicated time points. Raw data was extracted from Lanver et al., 2018. (B) 
Plant infection assay with the solopathogenic strain SG200 and derivatives. SG200, SG200ΔUMAG_12184 
and SG200ΔUMAG_03597 were inoculated into 8 d-old maize seedlings. Disease symptoms were rated 8 
days after inoculation (dpi) and grouped into categories as shown in the figure legend. n = number of infected 
plants. 
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 Cib1 is required throughout biotrophic development in planta 

cib1 encodes the central regulator of the UPR in U. maydis coordinating pathogenic 

development and efficient secretion of effectors to suppress the plant defense response 

(Heimel et al., 2013). In cib1 deletion strains, fungal development stops directly after plant 

penetration and virulence is strongly attenuated, only leading to formation of chlorosis but 

not tumors (Heimel et al., 2013). To test if cib1 is only important directly after plant 

penetration (release of the cell cycle block and establishment of the biotrophic interaction), 

or if it is necessary also at later stages of pathogenic development, we expressed cib1 under 

control of promoters of UMAG_12184 and UMAG_03597 (shut off at 2 and 4 dpi, 

respectively). To this end, cib1 was integrated into the native genomic loci of 

UMAG_12184 and UMAG_03597, respectively, in strain FB2Δcib1 (Heimel et al., 2010a). 

Thereby UMAG_12184 or UMAG_03597 was replaced with the cib1 open reading frame 

(ORF), generating strains FB2Δcib1 ΔUMAG_12184::cib1 and FB2Δcib1 

ΔUMAG_03597::cib1.  

The generated strains were tested for correct expression of cib1 by analysis of ER stress 

resistance using Tunicamycin (TM) or dithiothreitol (DTT). Both mutants showed ER 

stress resistance similar to the WT (FB2) control, demonstrating that cib1 expression driven 

by the conditional promoters is sufficient to suppress the ER-stress hypersensitivity of the 

FB2Δcib1 progenitor strain (Figure 4.2A) (Heimel et al., 2013). Additionally, when 

compatible mixtures of FB1, FB2, FB1Δcib1, FB2Δcib1 and derivatives FB2Δcib1 

ΔUMAG_12184::cib1 or FB2Δcib1 ΔUMAG_03597::cib1 were spotted on charcoal 

containing media (Figure 4.2B), all tested combinations developed white fuzzy colonies 

(Banuett and Herskowitz, 1989), indicating that mating is not affected.  

In plant infection assays, symptom development after inoculation of compatible mixtures 

of FB1Δcib1xFB2 were similar to the FB1xFB2 (WT) control (Figure 4.2C), demonstrating 

that one functional copy of cib1 is sufficient for full virulence of the fungus. However, 

when cib1 was expressed under the control of PUMAG_12184 (FB2Δcib1 

ΔUMAG_12184::cib1), virulence was strongly attenuated, resembling the Δcib1 

phenotype. By contrast, cib1 expression under the control of PUMAG_03597 (FB2Δcib1 

ΔUMAG_03597::cib1) lead to formation of anthocyanin and small tumors, indicating 

further progression of fungal development in planta. 
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To assess at which step biotrophic development of the fungus stopped, infected leaves were 

harvested at 2, 4 and 6 dpi and stained with Chlorazol Black E (Figure 4.3A). Microscopic 

analysis revealed extensive proliferation and clamp cell formation when plants were 

inoculated with combinations of FB1xFB2 or FB1xFB2∆cib1 WT strains. By contrast, 

cells expressing cib1 under the control of PUMAG_12184 (FB1∆cib1xFB2Δcib1 

ΔUMAG_12184::cib1) formed filaments and penetrated the plant surface via appressoria 

(2 dpi). However, pathogenic development did not progress further. Subsequent steps of 

Figure 4.2 Conditional cib1 expression restores ER-stress resistance, but not pathogenicity. (A) ER 
stress assay of strains FB2 (WT), FB2Δcib1, and derivatives. Serial 10-fold dilutions were spotted on YNBG 
solid medium supplemented with TM (0.5 μg/mL) or DTT (0.5 mM). Pictures were taken after 48 hours of 
incubation at 28 °C. (B) Mating assay with FB1, FB1∆cib1 and FB2Δcib1 ΔUMAG_12184::cib1 and 
FB2Δcib1 ΔUMAG_03597::cib1. Compatible mixtures of strains were spotted on potato dextrose solid media 
supplemented with 1% charcoal. Photos were taken after 24 hours at 28°C. White fuzzy colonies indicate the 
formation of filaments. (C) Plant infection assay with FB1 and FB2, FB1Δcib1 and FB2, FB2Δcib1 
ΔUMAG_12184::cib1 and FB2Δcib1 ΔUMAG_03597::cib1. 8 d-old maize seedlings were co-inoculated 
with compatible strain mixtures as indicated in the figure. Disease symptoms were rated 8 dpi and grouped 
into categories as shown in the figure legend. n = number of inoculated plants. Pictures of leaves were taken 
at 8 dpi and represent the most common infection symptom. Significance was calculated using the 
Mann-Whitney-test. *P value < 0.05, **P < 0.01, and ***P < 0.001. 
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pathogenic development, including clamp cell formation and extended fungal proliferation 

was not observed. By contrast, PUMAG_03597:cib1 (FB2Δcib1 ΔUMAG_03597::cib1) 

expression enabled the fungus to induce proliferation, hyphal branching and clamp cell 

formation in planta. Importantly, proliferation was still reduced compared to the controls 

(FB1xFB2 and FB1∆cib1xFB2). 

Previous studies revealed that plants inoculated with ∆cib1 mutant strains showed 

increased plant defense reactions as evident by elevated expression of pathogenesis related 

(PR) genes at 2 dpi (Heimel et al., 2013). It is conceivable, that this observation is related 

to the requirement of a functional UPR for efficient processing and secretion of effectors 

(Lo Presti et al., 2015b; Hampel et al., 2016; Pinter et al., 2019). To test if Cib1 is also 

required to suppress the plant defense at later stages, we determined expression levels of 

PR1, PR3 and PR5 at 2, 4 and 6 dpi in plants inoculated with strains conditionally 

expressing cib1. All three PR genes are markers for salicylic acid (SA)-related defense 

responses that are typically suppressed by biotrophic plant pathogens like U. maydis 

(Glazebrook, 2005). Consistent with the results obtained in infection studies, 

PUMAG_12184-driven expression of cib1 resulted in increased expression of PR3 and PR5 

genes at 2 dpi, whereas expression of PR1 was not induced (Figure 4.3B). By contrast, 

when cib1 was expressed under the control of PUMAG_03597, PR gene expression was 

significantly induced at 6 dpi, although PR3 and PR5 levels were already elevated at earlier 

time points. Hence, our data indicate that cib1 expression under control of the promoter of 

UMAG_12184 is not sufficient to establish a compatible biotrophic interaction in planta 

leading to a block in pathogenic development. By contrast, when cib1 is expressed for an 

extended time (PUMAG_03597), a compatible interaction appears to be established, allowing 

further proliferation. This suggests that cib1 is required for plant defense suppression not 

only at the onset, but also later stages of biotrophic development in planta. 
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Figure 4.3 Analysis of fungal morphology and plant defense response of conditional cib1 mutant 
strains. (A) Fungal proliferation of compatible mixtures of FB1 and FB2, FB1Δcib1 and FB2, FB2Δcib1 
ΔUMAG_12184::cib1or FB2Δcib1 ΔUMAG_03597::cib1investigated by Chlorazol Black E staining of 
infected leaf samples at 2, 4 and 6 dpi. Arrows mark clamp cells indicative of fungal proliferation in planta. 
Scale bar = 20 µm. (B) qRT-PCR analysis of PR1, PR3 and PR5 gene expression of infected maize leaves at 
2, 4 and 6 dpi. Maize seedlings were inoculated with the indicated strains. GAPDH was used for 
normalization. Expression values represent the mean of three biological replicates with two technical 
duplicates each. Error bars represent the SEM. Statistical significance was calculated using the students t test. 
*P value < 0.05, **P < 0.01, and ***P < 0.001. 
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 Genomic localization and presence of a resistance cassette affects gene 

expression levels  

The mig2 gene cluster contains five highly homologous genes which are plant-specifically 

induced but not involved in virulence of U. maydis (Basse et al., 2002). The five mig2 

genes (mig2_1, mig2_2, mig2_3, mig2_4 and mig2_5) differ in their expression strength 

and time of activation. Thus, their promoters represent suitable targets for controlled and 

plant-specific expression of a gene of interest. To assess the effect of overexpressing the 

spliced version of the cib1 mRNA (cib1s in the following), encoding the UPR regulator 

Cib1, during pathogenic development in planta, we integrated a Pmig2_1:cib1s promoter 

fusion into the ip locus of SG200. The ip or cbx locus is commonly used for integration of 

linear DNA in U. maydis by homologous recombination, conferring resistance against 

carboxin (Brachmann, 2001). Since virulence of strain SG200Pmig2_1:cib1s was severely 

attenuated in plant infection experiments (Figure 4.4A), we investigated at which stage 

pathogenic development was blocked. This revealed the inability of SG200Pmig2_1:cib1s to 

induce filamentous growth on charcoal containing solid media and on the leaf surface 

(Figure 4.4B).  

Since previous studies showed that constitutive expression of cib1s inhibits the formation 

of infectious filaments (Heimel et al., 2013), we checked expression levels of cib1s in 

SG200Pmig2_1:cib1s in axenic culture. This revealed increased levels of cib1s in strain 

SG200Pmig2_1:cib1s, although the mig2_1 promoter is considered to be "plant-specific". 

Since elevated cib1s levels might result from increased activity of the cib1 WT ORF that is 

also present in SG200Pmig2_1:cib1s, or from "leaky" Pmig2_1-driven expression, we used the 

∆cib1 background for further analyses. To study if this effect might be specific for the ip 

locus, we integrated cib1s into the mig2_1 locus, replacing the mig2_1 ORF, generating 

U. maydis strain FB1∆cib1 ∆mig2_1::cib1s (mig2_1 locus (+NatR)). To exclude potential 

effects of the resistance cassette used for integration, the nourseothricin (NatR) resistance 

cassette was removed by FLP/FRT recombination (Khrunyk et al., 2010). This revealed 

that elevated cib1s-levels indeed resulted from Pmig2_1 activity and only strains in which the 

nourseothricin resistance marker (mig2_1 locus (-NatR)) was removed, were devoid of any 

detectable cib1s expression (Figure 4.4C). In summary, our data strongly suggest that both, 

the place of integration and the presence of a resistance marker contribute to the increased 

activity of the mig2_1 promoter in axenic culture.  
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To pinpoint if this effect is specific for cib1s, we performed an analogous experiment with 

the pit1 and pit2 genes, both of which are divergently transcribed from the same promoter. 

Under normal conditions, expression of both genes is barely detectable in axenic culture, 

but highly induced during biotrophic growth in planta (Doehlemann et al., 2011; Lanver et 

al., 2018). We determined expression levels of both genes when 1) (re-)integrated in the ip 

locus or their native locus, using either 2) NatR or 3) hygromycin resistance (HygR) cassettes 

and 4) after removal of the resistance marker (Figure 4.4D). Transcript levels of both, pit1 

and pit2, were drastically increased (approximately 400-fold and 800-fold, respectively) 

compared to the SG200 (WT) control when integrated in the ip locus. When re-integrated 

into the native locus, expression was still significantly increased (pit1: 49-fold (NatR) and 

10-fold (HygR); pit2: 134-fold (NatR) and 13-fold (HygR)) and only after recycling of the 

resistance marker (pit1/2 locus (-HygR)) expression was similar to the WT control. Taken 

together, these data show that the locus of integration and presence of a resistance cassette 

can drastically influence gene expression levels.  
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 Overexpression of cib1s does not disturb pathogenic development in planta 

The UPR is specifically induced after plant penetration and remains active throughout 

development in planta (Heimel et al., 2010a; Heimel et al., 2013). Activity of the UPR is 

controlled on posttranscriptional level by Ire1-mediated unconventional splicing (Heimel 

et al., 2013). However, it is conceivable that long-term UPR activity in planta requires 

efficient mechanisms to modulate the UPR and counteract deleterious hyperactivation 

(Heimel et al., 2013; Pinter et al., 2019). To specifically increase cib1s levels in planta and 

address the effect of UPR hyperactivation on pathogenic development, we expressed cib1s 

under control of the mig1 and mig2_1 promoter. To this end, the mig1 or mig2_1 ORFs 

were replaced by cib1s, followed by the removal of the resistance cassette in U. maydis 

strain FB1∆cib1 (Heimel et al., 2010a). When spotted on solid media supplemented with 

TM or DTT, the hyper-susceptibility of the FB1∆cib1 progenitor strain was not suppressed, 

demonstrating that both, Pmig1 and Pmig2_1, are not active in axenic culture (Figure 4.5A). 

Consistently, mating was not affected (Figure 4.5B) in any of the tested combinations.  

Compatible mixtures of strains FB1, FB2, FB1Δcib1, FB2Δcib1, and the derivatives 

∆mig1::cib1s and ∆mig2_1::cib1s were used for plant infection studies (Figure 4.5C). 

Pmig1-or Pmig2_1-mediated overexpression of cib1s did not affect pathogenicity when strains 

were combined with the compatible FB2 WT strain. This indicates that the mechanisms to 

prevent UPR hyperactivation in planta are robust and efficient in U. maydis. This is 

consistent with previous results, demonstrating that constitutive expression of cib1s 

negatively affects pathogenic development before plant penetration, but not in planta 

Figure 4.4 The locus of integration and presence of a resistance cassette influence gene expression. (A) 
Plant infection assay with the solopathogenic strain SG200 and derivative. SG200 and SG200 Pmig2_1:cib1s 

(ip locus) were inoculated into 8 d-old maize seedlings. Disease symptoms were rated 8 dpi and grouped into 
categories as shown in the figure legend. n = number of infected plants. (B) Analysis of b-dependent filament 
formation on PD-CC solid media and on the leaf surface. SG200 and SG200 Pmig2_1:cib1s (ip locus) were 
spotted on PD-CC solid media. Photos were taken after 24 hours at 28°C. White fuzzy colonies indicate the 
formation of filaments. Fungal hyphae were stained 24 hours after inoculation with calcofluor to visualize 
the fungal hyphae. Scale bar =10 µm. (C) qRT-PCR analysis of cib1s gene expression when integrated in 
different loci and after removal of the resistance cassette. Primers specifically detecting the spliced cib1 
transcript were used. RNA was isolated from exponentially growing U. maydis strains SG200, SG200 
Pmig2_1:cib1s (ip locus integration), FB1∆cib1 ∆mig2_1::Pcib1s (mig2_1 locus, +NatR) and FB1∆cib1 
∆mig2_1::cib1s (mig2_1 locus, -NatR). eIF2b was used for normalization. Expression values represent the 
mean of three biological replicates with two technical duplicates each. Error bars represent the SEM. 
Statistical significance was calculated using the students t test. *P value < 0.05, **P < 0.01, and ***P < 0.001. 
(D) qRT-PCR analysis of pit1 and pit2 gene expression when integrated in different loci and after removal of 
the resistance cassette. RNA was isolated from exponentially growing U. maydis strains SG200, SG200 
Ppit1/2:pit2/1 (ip locus integration), SG200 Ppit1/2:pit2/1 (pit2/1 locus, +NatR), SG200 Ppit1/2:pit2/1 (pit2/1 locus, 
+HygR)  and Ppit1/2:pit2/1 (pit2/1 locus, -HygR). eIF2b was used for normalization. Expression values represent 
the mean of three biological replicates with two technical duplicates each. Error bars represent the SEM. 
Statistical significance was calculated using the students t test. *P value < 0.05, **P < 0.01, and ***P < 0.001. 
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(Heimel et al., 2013). Interestingly, when ∆mig1::cib1s and ∆mig2_1::cib1s strains were 

co-inoculated with the compatible FB2Δcib1 strain, virulence was reduced, but 

significantly higher in comparison to the FB1∆cib1xFB2∆cib1 control. This is in line with 

previous investigations, confirming the assumption that the UPR is specifically required 

during biotrophic development in planta (Heimel et al., 2010a; Heimel et al., 2013).  
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4.4 Discussion 
Analysis of gene functions typically involves the generation of gene deletion and 

overexpression strains. To test for functions related to the virulence of plant pathogenic 

fungi, deletion strains are inoculated into the host plant and scored for development of 

disease symptoms (Dean et al., 2012). However, the analysis of virulence factors that are 

essential for pathogenic development relies on the description of the first phenotype that is 

observed, e.g. the stage when pathogenic development is blocked. Hence, potential 

functions of these factors important at later stages of pathogenic development have not been 

addressed and remain elusive. Suitable tools to approach this have, to the best of our 

knowledge, not been developed, yet. 

In this study, we report a conditional gene expression system for U. maydis that enables the 

study of gene functions at different stages of pathogenic development in the plant. We 

identified suitable promoters that are active during axenic growth and repressed during 

pathogenic growth in planta. We furthermore demonstrate that promoters (e.g. Pmig2_1 or 

Ppit1/2), previously used for plant-specific gene expression are active during axenic growth 

and produce considerable amounts of transcripts (up to 800-fold induced expression for 

pit2) when integrated into the ip locus or resistance cassettes are located in the vicinity. 

Only integration into the native genomic locus of mig2_1 or pit1/2, respectively, and 

removal of the resistance marker restored gene expression to a basal level. Similar to the 

mig2 gene cluster, the virulence factors pit1 and pit2 are part of a gene cluster that is 

specifically upregulated in planta (Basse et al., 2002; Doehlemann et al., 2011). 

Interestingly, gene expression of both clusters is induced in strains deleted for the histone 

deacetylase hda1 (Reichmann et al., 2002a; Treutlein, 2007). Since Hda1 regulates gene 

expression via deacetylation of histones (Reichmann et al., 2002b), we speculate that both 

gene clusters are subject to epigenetic regulation. Chromatin-based regulation of effector 

Figure 4.5 Overexpression of cib1s in planta does not affect pathogenicity of U. maydis. (A) ER stress 
assay of strains FB1, FB1Δcib1, FB1Δcib1 ∆mig1::cib1s and FB1Δcib1 ∆mig2_1::cib1s. Serial 10-fold 
dilutions were spotted on YNBG solid medium supplemented with TM (2.0 μg/mL) or DTT (1 mM). Pictures 
were taken after 48 hours of incubation at 28 °C. (B) Mating assay with compatible mixtures of FB1, FB2, 
FB1∆cib1, FB2∆cib1, FB1Δcib1 ∆mig1::cib1s and FB1Δcib1 ∆mig2_1::cib1s. Mixtures were spotted on PC-
CC solid media as shown in the figure. Photos were taken after 24 hours at 28°C. White fuzzy colonies 
indicate the formation of filaments.  (C) Plant infection assay with compatible mixtures of FB1 and FB2, 
FB1Δcib1, FB2Δcib1, FB1Δcib1 ∆mig1::cib1s and FB1Δcib1 ∆mig2_1::cib1s.  8 d-old maize seedlings were 
co-inoculated with the indicated strain mixtures. Disease symptoms were rated 8 dpi and grouped into 
categories as shown in the figure legend. n = number of inoculated plants. Pictures of leaves were taken at 8 
dpi and represent the most common infection symptom.  
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genes appears to be a common feature in plant pathogenic fungi (Soyer et al., 2014). 

Although the underlying molecular details remain to be addressed, it is tempting to 

speculate that de-repression results from alterations of the chromatin structure. It is well 

established that the RNA polymerase II complex is closely interacting with histone 

modifying enzymes, including the SWI/SNF complex and histone acetyltransferases 

(Wittschieben et al., 1999; Wittschieben et al., 2000). This complex is supposed to function 

as a chromatin snowplow leading to increased accessibility of the genomic neighborhood 

(Barton and Crowe, 2001). Hence, high expression of the sdh2 gene (ip locus), or of 

resistance marker genes might de-repress silent promoters in their vicinity.  

The conditional overexpression of cib1s using the mig1 or mig2_1 promoter did not result 

in alterations of disease symptoms. Since especially the mig1 promoter is highly active in 

planta (Basse et al., 2000; Lanver et al., 2018), it is remarkable that high levels of cib1s are 

not detrimental for fungal proliferation in planta. This suggests that U. maydis established 

effective control mechanisms to prevent UPR hyperactivation, one of which is based on the 

functional modification of the UPR by the Cib1/Clp1 interaction, providing ER stress 

hyper-resistance of Clp1 expressing strains (Heimel et al., 2013; Pinter et al., 2019). A 

potential second mechanism might be reminiscent to UPR regulation in higher eukaryotes 

and involves the unspliced cib1 transcript, or the encoded Cib1u protein (Heimel et al., 

2013). In higher eukaryotes, the U-isoform of the Hac1-like UPR regulator XBP1 functions 

as a repressor of the UPR (Yoshida et al., 2006). Hence, a similar mode of action would 

allow to counteract increased cib1s levels, as expression of the unspliced cib1 transcript 

itself is subject to Cib1-dependent gene regulation. 

The increasing body of transcriptomic data provides a highly valuable treasure box to 

identify promoters with desired expression dynamics. In theory, this enables establishment 

of tailor-made expression systems and address gene specific functions in a sophisticated 

manner. However, our attempt to identify promoters that are constantly active during 

axenic growth, but strongly repressed at different stages of pathogenic development in 

planta revealed only a low number of candidates. Moreover, we observed that it is desirable 

to maintain the genomic context for correct function. Using Cib1, an essential virulence 

factor in U. maydis, we provide a proof-of-principle and demonstrate that a functional UPR 

is not only required directly after penetration of the leaf surface (Heimel et al., 2010a; 

Heimel et al., 2013), but also at later stages of pathogenic development. The increased 
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expression of PR genes strongly suggests that continuous suppression of the salicylic acid 

related plant defense depends on sustained UPR activity. This is consistent with the 

observation that not only early but also late effectors require the UPR for efficient secretion 

and/or processing (Lo Presti et al., 2015b; Hampel et al., 2016; Pinter et al., 2019).  

We provide a plasmid system for the community that allows the generation of constructs 

to be integrated into the genome in an efficient one step cloning procedure. Plasmids for 

conditional induction or repression of genes during biotrophic development in planta are 

cross compatible and harbor identical SfiI restriction sites for easy exchange of genes. Since 

the constructs can either be integrated in solopathogenic or in compatible haploid strains, 

future studies using combinations of conditionally expressed constructs will allow to 

address scientific questions (i.e. on phosphorylation/activity of a protein) related to fungal 

biotrophic growth in an efficient and sophisticated manner. 

 

4.5 Material and Methods 
Strains and Growth Conditions 

Escherichia coli TOP10 strain was used for cloning purposes and amplification of plasmid 

DNA. U. maydis cells were grown at 28°C in YEPS light medium (Tsukuda et al., 1988), 

complete medium (CM) (Holliday, 1974) or yeast nitrogen base (YNB) medium (Mahlert 

et al., 2006; Freitag et al., 2011). Mating assays were performed das described before 

(Brachmann et al., 2001). ER-stress assays were carried out on YNB or CM media 

containing the indicated concentrations of DTT or TM (Sigma-Aldrich). Sensitivity 

towards Calcofluor White or Congo red was tested by drop-assay on YNB solid media 

containing the indicated concentration of the respective compound. Filamentous growth 

assays were carried out using potato-dextrose media supplemented with 1% charcoal 

(PD-CC) (Holliday, 1974). Strains used in this study are listed in Suppl. Table 4.1. 

 

DNA and RNA procedures 

Molecular methods followed described protocols (Sambrook et al., 1989). For gene 

deletions, a PCR-based approach was used (Kämper, 2004). Isolation of genomic DNA 

from U. maydis and transformation procedures were performed according to Schulz et al., 

1990. Homologous integration was performed using linearized plasmid DNA or PCR 

amplified DNA. Integration was verified by Southern hybridization. Total RNA was 
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extracted from exponentially growing cells in axenic culture using Trizol reagent 

(Invitrogen) according to the manufacturer’s instructions. RNA integrity was checked by 

agarose-gel-electrophoresis. Residual DNA was removed from total RNA samples using 

the TURBO DNA-freeTM Kit (Ambion/Lifetechnologies). cDNA was synthesized using the 

iScriptTM cDNA Synthesis Kit. Primers used in this study are listed in Suppl. Table 4.2. 

 

Quantitative RT-PCR  

qRT-PCR analysis was performed as described before (Hampel et al., 2016). For all 

qRT-PCR experiments, three independent biological replicates and two technical replicates 

were analyzed using the MESA GREEN qPCR MasterMix plus for SYBR Assay with 

fluorescein (Eurogentech). qRT-PCR was performed using the CFX Connect Real-Time 

PCR Detection System and analyzed with the CFX Manager Maestro Software (BioRad). 

 

Plasmid construction 

For gene deletions, a PCR-based approach and the SfiI insertion cassette system was used 

(Brachmann et al., 2004; Kämper, 2004). 

For construction of plasmids for conditional gene expression, 0.5-1 kb flanking regions of 

chosen genes (UMAG_03597, UMAG_12184, mig1, mig2_1) were PCR amplified from 

genomic DNA, adding a SfiI restriction site to the 5’ of the left border (LB) and a BamHI 

(for UMAG_12184, mig1 and mig2_1) or KpnI (for UMAG_03597) restriction site to the 

3’end of the right border (RB). The gene of interest (GOI; GFP, mCherry, cib1 or cib1s) 

was also PCR amplified from genomic DNA or plasmid Pcib1:cib1s adding SfiI  restriction 

sites to the 5’ and 3’end. The resistance cassette was amplified from plasmid pUMa1442 

adding a BamHI (for UMAG_12184) or KpnI restriction site (for UMAG_03597) to the 

3’end and a SfiI restriction site to the 5’end. The resulting DNA fragments were ligated to 

obtain LB-GOI-HygR-RB or LB-GOI-NatR-RB. The final fragment was then integrated into 

the pCR2.1 TOPO vector (Invitrogen) or the pJet1.2 vector according to the manufacturer’s 

instructions to generate plasmids pCR2.1 PUMAG_12184:cib1(NatR), pCR2.1 

PUMAG_03597:cib1(HygR), pJet1.2 Pmig2_1:cib1s(NatR) and pJet1.2 Pmig1:cib1s(NatR). 

To construct the Pmig2_1:cib1s construct for ip locus integration, the vectors Mig2_1:clp1 

and pRU11-cib1s were cut with NdeI and EcoRI. The resulting 2.0 kb cib1s fragment of 
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pRU11-cib1s (Heimel et al., 2013) and the 5.2 kb backbone of Mig2_1:clp1 were ligated 

to obtain plasmid Pmig2_1:cib1s. 

 

Plant Infections 

The haploid, solopathogenic strain SG200 and its derivatives or FB1 and FB2 and their 

respective derivatives were grown to an OD600 of 0.6-0.8 in YEPS light medium, adjusted 

to an OD600 of 1.0 in water and mixed 1:1 with a compatible mating partner. 0.5 mL of 

the resulting suspension was used to inoculate 8-day-old maize seedlings of the variety 

Early Golden Bantam. Plants were grown in a CLF Plant Climatics GroBank with a 14 h 

(28°C) day and 10 h (22 °C) night cycle. Symptoms were scored according to disease rating 

criteria reported by Kämper et al., 2006. Three independent clones were used for each plant 

infection experiment and the average scores for each symptom are shown in the respective 

diagrams. Photos from infected leaves were taken und represent the most common infection 

symptom for the respective mutant.  

 

Chlorazole Black E staining and microscopy 

Infected leaf tissue was harvested at 2, 4 and 6 dpi and kept in 100% ethanol until further 

processing. Chlorazole Black E staining was performed as described in Brachmann et al., 

2001. Microscopic analysis was performed using an Axio Imager.M2 equipped with an 

AxioCam MRm camera (ZEISS). All images were processed using ImageJ. 

 

Quantification of U. maydis gene expression in planta and PR gene expression 

Infected leaf tissue was harvested at the indicated time points and samples of five infected 

maize seedlings were harvested and frozen in liquid nitrogen  according to Lanver et al., 

2018. Total RNA was extracted using Trizol reagent (Invitrogen) and used for qRT-PCR 

analysis as described above. For expression analysis of U. maydis genes, eIF2b expression 

levels were used for normalization. Expression of PR1, PR3 and PR5 from Zea mays were 

determined and normalized to GAPDH expression levels. 
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Statistical Analysis 

Statistical significance was calculated using Student’s t test. Results were considered 

significant if the P value was <0.05. 

 

Accession numbers 

Sequence data from this article can be found in the National Center for Biotechnology 

Information database under the following accession numbers:  

UMAG_12184, XP_011388913.1; UMAG_03597, XP_011390022.1; cib1, UMAG_11782, 

XP_011390112.1; mig2_1, UMAG_06178, XP_011392548.1; mig1, UMAG_03223, 

XP_011389652.1; pit1, UMAG_01374, XP_011387263.1, pit2, UMAG_01375, 

XP_011387264.1; PR1 (Zm.15280.1), BM351351; PR3 (Zm.1085.1), BM339391; PR5 

(Zm.6659.1), BM075306; GAPDH (NM001111943) 
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Supporting Information 

 

Suppl. Figure 4.1 ∆UMAG_12184 and ∆UMAG_03597 strains do not show increased sensitivity towards 
cell wall- or ER-stress. Cell wall-, ER-stress assay and test for filamentous growth of strains SG200, 
SG200Δcib1, SG200ΔUMAG_12184 and SG200ΔUMAG_03597. Serial 10-fold dilutions were spotted on 
YNBG solid media supplemented with Congo Red (100 µg/mL) or Calcofluor White (50 µM) to induce cell 
wall stress, and on YNBG solid media supplemented with TM (2.0 μg/mL) or DTT (1 mM) to induce 
ER-stress. Cells were spotted on PD-CC solid media to induce filamentous growth. Pictures were taken after 
48 hours of incubation at 28 °C. 

 

Suppl. Table 4.1 Strains used in this study 

Strain Relevant Genotype Reference 
FB1  a1 b1 Banuett and Herskowitz, 1989 

FB2 a2 b2 Banuett and Herskowitz, 1989 

SG200 a1 mfa2 bE1bW2 Kämper et al., 2006 

FB1Δcib1 a1 b1 Δcib1 Heimel et al., 2010 

FB2Δcib1 a2 b2 Δcib1 Heimel et al., 2010 

UMH168 a1mfa2 bE1bW2 Δpit1/2 ipr Ppit1/2:pit1/2 ips  Hampel, 2016 

UMH172 a1mfa2 bE1bW2 Δpit1/2:pit1/2 (NatR) Hampel, 2016 

UMH247 a1mfa2 bE1bW2 ∆pit1/2::pit1/2 (HygR) Hampel, 2016 

UMH268 a1mfa2 bE1bW2 ∆pit1/2::pit1/2 (-HygR) Hampel 2016 

SG200Δumag_12184 a1mfa2 bE1bW2 ΔUMAG_12184 This study 

SG200Δumag_03597 a1mfa2 bE1bW2 ΔUMAG_03597 This study 

ULS62 a1 mfa2 bE1bW2 mipr Pmig2_1:cib1s ips This study 

ULS251 a1 b1 Δcib1 Δmig2_1::cib1s (+NatR) This study 

ULS264 a1 b1 Δcib1 Δmig1::cib1s (-NatR) This study 
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Strain Relevant Genotype Reference 
ULS270 a1 b1 Δcib1 Δmig2_1::cib1s (-NatR) This study 

ULS282 a2 b2 Δcib1 ΔUMAG_12184::cib1 This study 

ULS299 a2 b2 Δcib1 ΔUMAG_03597::cib1 This study 

ULS352 a1 mfa2 bE1bW2 ipr Pmig2_1:cib1s ips This study 

 

Suppl. Table 4.2 Primers used in this study 

Purpose Name Sequence Reference 
qRT-PCR RT_cib1_rev CATCGACGTTGTTTCCGGCCT Heimel et al., 

2010a 

 RT_cib1_spliced_f GCCTCCCTGCAGCGGATGC Heimel et al., 

2010a 

 RT_eIF2b_f ATCCCGAACAGCCCAAAC Heimel et al., 

2010a 

 RT_eIF2b_r ATCGTCAACCGCAACCAC Heimel et al., 

2010a 

 RT_pr1_f ACTACGTGGACCCGCACAAC Doehlemann et 

al., 2008  

 RT_pr1_r CGGAGTGGATCAGCTTGCAGTC (Doehlemann et 

al., 2008) 

 RT_pr3_f GAACAACTACAGCAGCCAGGTG Doehlemann et 

al., 2008 

 RT_pr3_r GAGACAATAGCTGACATGCGTC Doehlemann et 

al., 2008 

 RT_pr5_f TATCGGCCGGAATAGGCTCTG Doehlemann et 

al., 2008 

 RT_pr5_r CGCGTACATACAAATGCGTGC Doehlemann et 

al., 2008 

 Pit1-RT-fw GCCCAGTCCCAGTCTATC Doehlemann et 

al., 2008, 

modified 

 Pit1-RT-rev GAAGGGGAGCAGGAGATG Doehlemann et 

al., 2011, 

modified 

 Pit2-RT-fw CAAGAATCCGCCTGCCAACA Doehlemann et 

al., 2011, 

modified 
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Purpose Name Sequence Reference 
 Pit2-RT-rev AGGATCTGTCGGCATGACC Doehlemann et 

al., 2011, 

modified 

UMAG_12184 

deletion 

um12184_LB_f CCAAGGCTAACGTGATGGATAC This study 

 um12184_LB_r TATAGGCCATCTAGGCCGGTAACT
TTCTGTCTTGTACAAGGT 

This study 

 um12184_RB_f TATAGGCCTGAGTGGCCAGCAGAG
TAGGAACGAGTGGT 

This study 

 um12184_RB_r GACTCACAGACTCGACTGTG This study 

UMAG_03597 

deletion 

um03597_KO_lr TATAGGCCATCTAGGCCGGTGCAG

AGCTGACGGAAG 

This study 

 um03597_KO_lf GGTGCCAGAGAGGATGCAAG This study 

 um03597_KO_rf TATAGGCCTGAGTGGCCCGTCAAG

TCAACTTTACCGGTC 

This study 

 um03597_KO_rr GACGGTAACAACGCGTATACC This study 

promoter 

fusions 

um12184_lr_SfiI TATAGGCCACTCAGGCCGGTAACT

TTCTGTCTTGTACAAGGT 

This study 

 um12184_rf_BamHI 

 

TATAGGATCCAGCAGAGTAGGAA

CGAGTGGT 

This study 

 um03597_lr_SfiI 

 

TATAGGCCACTCAGGCCGGTGCAG

AGCTGACGGAAG 

This study 

 um03597_rf_KpnI TATAGGTACCCGTCAAGTCAACTT

TACCGGTC 

This study 

 mig1_LB_f CCGTCAACTGCGCCAAGTG This study 

 mig1_LB_r_SfiI TATAGGCCACTCAGGCCCTTGATC

TGGAGGAAGAGAATGG 

This study 

 mig1_RB_f_BamHI TATAGGATCCAGGCTGCTACAAGA

TCACGCT 

This study 

 mig1_RB_r GACGCAACAGGATGTCTTGTC This study 

 mig2_1_LB_f CTGCACAGCGGATGGCAAAG This study 

 mig2_1_LB_r_SfiI TATAGGCCACTCAGGCCCTTCTCT

TGGCACGTGTTTTGG 

This study 

 mig2_1_RB_f_BamHI TATAGGATCCAAGACTAGCGTTGC

TGCGTAG 

This study 

 mig2_1_RB_r CAGACTGAGAATGTCGATGTGG This study 

 NatR_f_SfiI_frt TATAGGCCTAGATGGCCAGAAGTT

CCTATTCTCGAGAAAGTATAGGAA

CTTCAATTGCGGCCGCACCTAGAA

G 

This study 



 Chapter 4 | Tool for conditional gene expression 
 

97 
 

Purpose Name Sequence Reference 
 NatR_r_frt_BamHI TATAGGATCCAGAAGTTCCTATAC

TTTCTCGAGAATAGGAACTTCGCG

GCCGCACTCCTACA 

This study 

 Hyg_f TATAGGCCTAGATGGCCAGAAGTT

C 

This study 

 Hyg_r_KpnI TATAGGTACCGAAGTTCCTATACT

TTCTAGAGAATAG 

This study 

 cib1s_SfiI_f TATAGGCCTGAGTGGCCATGACTA

GCACCACCACGTCA 

This study 

 cib1s_SfiI_r 
TATAGGCCATCTAGGCCTCAAGCG

ACGATTGAGGCCAT 
This study 
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5 Chapter 5 | Discussion 
 

This study provides new insights into the crosstalk between the UPR and the mating type 

signaling cascades and addressed the role of a functional UPR during biotrophic 

development of U. maydis in planta. Previous studies demonstrated an intricate connection 

between the UPR and the b-dependent regulatory network that is established via the 

physical interaction between the central UPR regulator Cib1 and Clp1, the decisive factor 

for fungal proliferation in planta. Here, we identified that crosstalk between these 

signaling-cascades is realized on a second level. An active UPR pathway inhibits the 

mating-type regulated transcriptional response and morphological transitions prior to plant 

infection. This effect depends on the dual specificity phosphatase (DSP) Rok1, which 

dephosphorylates the MAPK Kpp2, reducing Kpp2 activity and likely 

phosphorylation-dependent activation of the pheromone response factor (Prf1). In this 

manner, active UPR signaling inhibits expression of the a- and b-mating type genes and 

ultimately suppresses pheromone-induced conjugation tube formation and b-dependent 

filamentous growth. We postulate that this interaction constitutes a regulatory feedback 

mechanism to fine-tune the mating type activity in planta to maintain biotrophy. By using 

a novel approach for conditional gene expression, we further show that UPR is not only 

essential to establish a biotrophic interaction after plant penetration, but is also important 

for the continuous suppression of plant defense responses at later stages of pathogenic 

development. Our study suggests that U. maydis utilizes robust control mechanisms to 

prevent deleterious effects from UPR hyperactivation, most likely established via negative 

feedback regulation of the Cib1 protein function. 
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5.1 UPR antagonizes MAPK dependent signaling 

 Active UPR signaling interferes with a- and b-mating type dependent gene 

expression and b-dependent filament formation 

 

Fusion of two compatible haploid sporidia is regulated by the a-mating type locus, while 

all subsequent steps of pathogenic development are under control of the b-mating type 

locus. The bE/bW heterodimer encoded by the b-mating-type locus facilitates maintenance 

of the G2 cell cycle arrest, filamentous growth, formation of appressoria and penetration of 

the plant surface (Bölker et al., 1995; Brachmann et al., 2001; Wahl et al., 2010b). 

However, fungal proliferation in planta requires modulation of the b-dependent pathway 

by the Clp1 protein. Clp1 is stabilized via the Cib1/Clp1 interaction and specifically 

accumulates after successful plant penetration suppressing the mating type dependent 

signaling pathways to release the cell cycle block and induce fungal proliferation (Heimel 

et al., 2010a; Heimel et al., 2013). Hence, the plant-specific activation of the UPR serves 

as a trigger for biotrophic growth. Consistently, Clp1 and Cib1 deletion strains are arrested 

in pathogenic development rapidly after plant penetration (Heimel et al., 2010a), 

demonstrating that both proteins are essential for pathogenic development. 

Conversely, premature activation of the UPR inhibits b-dependent filament formation and 

expression of bE, bW and rbf1 is dose-dependently reduced (Heimel et al., 2013). 

Expression of the Rbf1-target genes biz1, hdp1 and hdp2 is also suppressed by the UPR, 

suggesting extensive inhibitory effects of the UPR on the transcription factor network. Rbf1 

is required and sufficient to induce filamentous growth and controls expression of more 

than 90% of the b-dependently regulated genes (Heimel et al., 2010b). The transcription 

factors biz1, hdp1 and hdp2 have distinct functions during filamentous growth and 

penetration of the plant surface. The C2H2 zinc finger transcription factor Biz1 is required 

for the G2 cell cycle arrest and induction of appressoria formation to penetrate the plant 

surface (Flor-Parra et al., 2006). Deletion of hdp1 or hdp2 results in impaired filament 

formation and the loss of pathogenicity, respectively (Heimel et al., 2010b). Thus, reduced 

filament formation likely depends on the inhibition of rbf1 and of the Rbf1-regulated 

transcription factors biz1, hdp1 and hdp2.  

Interestingly, inhibition of filament formation was also observed in strains overexpressing 

bE and bW (Heimel et al., 2013). Thus, UPR-dependent inhibition of filamentous growth 
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is achieved by at least two distinct mechanisms, presumably involving factors operating 

upstream and downstream of bE/bW. Expression of bE and bW is controlled by the 

transcription factor Prf1. Consistently, transcription of prf1 and the Prf1-regulated genes 

mfa1 and pra1 (encoding the pheromone/pheromone receptor, respectively) was inhibited 

by an active UPR. prf1 gene expression is regulated by at least four different factors. In 

addition to autoregulation of Prf1 and an unknown, Crk1-dependent factor integrating 

environmental cues, the transcription factors Rop1 and Hap2 are required for prf1 

expression under axenic conditions (Brefort et al., 2005; Mendoza-Mendoza et al., 2009b). 

Interestingly, expression of both genes, although less pronounced for hap2, was 

significantly suppressed by an active UPR. Since the upstream MAPK Kpp2 regulates 

Hap2 activity via phosphorylation and is likely involved in the transcriptional regulation of 

rop1 (Brefort et al., 2005; Mendoza-Mendoza et al., 2009b), reduced expression of both 

genes might be an indirect effect of Kpp2 inhibition. In conjunction with the observation 

that genes whose transcription depend on phosphorylation of MAPK sites in Prf1 (Zarnack 

et al., 2008) showed differential expression, phosphorylation and thereby activity of Prf1 

is presumably reduced by the UPR. 

 

 UPR-dependent dephosphorylation of the MAPK Kpp2 represses the 

morphological and transcriptional response to a pheromone stimulus  

 

The haploid U. maydis wild type strain FB1 was used to analyze UPR-dependent effects 

that act specifically on the pheromone-induced signaling pathways. Pheromone treatment 

activates cAMP- and a MAPK-signaling cascades that converge on Prf1 through 

site-specific phosphorylation (Krüger et al., 1998; Hartmann et al., 1999; Müller et al., 

1999). Phosphorylation of Prf1 by the cAMP-dependent PKA Adr1 triggers a-mating type 

gene expression, while conjugation tube formation depends on the MAPK Kpp2 in a 

Prf1-independent process (Kaffarnik et al., 2003; Müller et al., 2003). Sensing of a 

compatible pheromone increases/induces both, a-gene expression and formation of 

conjugation tubes (Urban et al., 1996). By contrast, active UPR signaling suppressed the 

transcriptional and the morphological response to pheromone. In the human pathogen 

Cryptococcus neoformans, sexual differentiation is regulated by the UPR via the 

kinase/endoribonuclease Ire1, but independent from Hxl1 (HAC1 and XBP1-Like gene 1) 
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(Cheon et al., 2011). In contrast to U. maydis, IRE1 deletion strongly induces expression 

of the MFα1 pheromone gene, but inhibits pheromone-induced formation of conjugation 

structures and cell-cell fusion (Jung et al., 2016). 

Expression analysis revealed that an active UPR only has minor effects on cAMP-induced 

transcription of mfa1 and pra1, indicating that the inhibitory effect of the UPR acts mainly 

on the MAPK-signaling module. In S. cerevisiae, a MAPK module consisting of the 

MAPKKK Ste11, the MAPKK Ste7 and the MAPK Fus3 (Kpp2 ortholog) or Kss1 

regulates mating and filamentous growth in response to a pheromone stimulus and 

nitrogen/carbon starvation (Liu et al., 1993; Zhou et al., 1993). Activation of the MAPK 

Fus3p induces the pheromone (mating) pathway, but inhibits the filamentation pathway, 

while activity of the MAPK Kss1p activates both pathways (Cook et al., 1997; Madhani et 

al., 1997). Interestingly, nitrogen starvation-induced pseudohyphal growth is suppressed 

by the UPR (Schröder et al., 2000). Further results show that Hac1p interacts with the 

RPD3-SIN3 histone deacetylase complex to suppress expression of early meiotic genes, 

thereby repressing entry into meiosis and growth arrest (Schröder et al., 2004). However, 

the molecular mechanisms underlying UPR-dependent inhibition of pseudohyphal growth 

in yeast have not been fully resolved, yet. 

In U. maydis, genetic activation of the pheromone-responsive MAPK module by induced 

expression of the constitutive active MAPKK Fuz7 (fuz7DD) leads to increased expression 

of the a-mating type genes and formation of conjugation tube-like structures (Müller et al., 

2003). In strains with an active UPR, the transcriptional but not the morphological response 

to genetic activation of the pheromone pathway was inhibited. Consistently, it has been 

reported that the morphological and transcriptional pheromone response bifurcate 

downstream of Kpp2 (Müller et al., 2003). Induced expression fuz7DD resulted in Kpp2 

phosphorylation, however, Kpp2 phosphorylation was almost completely abolished in 

strains with an active UPR. Since phosphorylation is essential for catalytic activity of 

MAPKs (Cargnello and Roux, 2011), these results suggest that activity of Kpp2 is not 

required for conjugation tube formation. This is contrasting previous reports showing that 

strains expressing the non-phosphorylatable Kpp2AEF or the kinase-dead Kpp2K50R mutant 

protein do not form conjugation tubes upon pheromone stimulation (Müller et al., 2003). 

However, genetic activation of the MAPK module via fuz7DD might result in different 

signaling outputs based on the interference with feedback loops and signaling dynamics. 

Alternatively, Kpp2 might function independent of its phosphorylation status/catalytic 
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activity. In S. cerevisiae, the non-phosphorylated MAPK Kss1 binds to and thereby 

represses the transcription factor Ste12. By contrast, signals inducing the filamentation 

pathway lead to phosphorylation of Kss1, thereby weakening the interaction with Ste12 

which is in turn derepressed and promotes transcription of target genes required for 

filamentous growth (Cook et al., 1997; Bardwell et al., 2008).  

Crosstalk between the UPR and MAPK signaling cascades appears not to be restricted to 

U. maydis, but to be common in fungi. In Aspergillus fumigatus and C. neoformans, 

deletion of the genes encoding Hac1 or Ire1 homologs increased sensitivity towards cell 

wall stress (Richie et al., 2009; Cheon et al., 2011; Feng et al., 2011). In S. cerevisiae, 

∆ire1 mutants have defects in cell wall integrity and upon cell wall stress, the UPR is 

induced via the CWI MAPK Mpk1p (Scrimale et al., 2009). However, in U. maydis, 

sensitivity towards cell wall stress-inducing agents was not increased in cib1 deletion 

strains (Pinter et al., 2019), indicating that the UPR is not required for the cell wall stress 

response.  

 

 UPR-dependent suppression of Kpp2 phosphorylation depends on the DSP 

Rok1 

 

Signal transduction in MAPK modules is promoted by scaffold proteins, gathering 

individual module components, bringing them in close proximity to each other, thereby 

fostering and stabilizing protein interactions. Hence, scaffolds can influence/control the 

activity of MAPK modules (Bardwell, 2006; Dard and Peter, 2006; Good et al., 2011). In 

S. cerevisiae, the scaffold protein STE5 is essential for the mating process by providing an 

interaction platform for kinases of the pheromone-dependent MAPK module (Elion, 1995). 

Moreover, scaffolds can induce conformational changes of kinases or recruit phosphatases 

to inactivate MAPKs (Willoughby et al., 2003; Mapes and Ota, 2004; Good et al., 2009). 

The scaffold protein Nbp2p binds the MAPK Hog1p, which is part of the osmoregulatory 

signal transduction cascade, and mediates Hog1p dephosphorylation by recruiting the 

phosphatases Ptc1p and Pbs2p (Mapes and Ota, 2004). However, no such scaffold protein 

has been identified in U. maydis, yet. In addition, the interaction between Fuz7DD and Kpp2 

is not affected by UPR activity, suggesting that reduced Kpp2 phosphorylation is not 

connected to scaffold proteins or an altered interaction between MAPKK and MAPK.  
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Another level of regulation of kinase activity is mediated by phosphatases that serve as 

suppressors of kinase-dependent signaling by dephosphorylation of their target kinases 

(González-Rubio et al., 2019). In U. maydis, Kpp2 is dephosphorylated by the DSP Rok1. 

Deletion of rok1 leads to increased and overexpression to strongly reduced Kpp2 

phosphorylation, respectively. This correlates with enhanced or reduced activity of the 

pheromone pathway, as evidenced by the regulation of target genes, including bE and bW 

(Di Stasio et al., 2009). Importantly, Rok1 activity appears to be increased by the UPR, 

leading to Kpp2 dephosphorylation and inactivation of the MAPK signaling module.  

Mitogen activated kinase phosphatases (MKP) are regulated on multiple levels to ensure 

tight control of the corresponding signaling pathway. This includes transcriptional as well 

as post-translational regulation. Commonly, expression of MKPs is transcriptionally 

induced upon activation of the corresponding signaling cascade placing them in a negative 

feedback loop. Consistently, expression of rok1 and the rok1 ortholog in S. cerevisiae, 

MSG5, is upregulated upon pheromone stimulation (Doi et al., 1994; Di Stasio et al., 2009). 

Hence, elevated Rok1 protein levels are likely linked to the increased rok1 expression but 

might as well be connected to altered protein stability. Since UPR activity neither affected 

transcription nor protein levels of Rok1, it appears likely that the UPR regulates Rok1 

activity.  

Post-translational modifications of Rok1-like MKPs include phosphorylation and 

ubiquitination and can alter localization, stability and activity of the phosphatase (Lawan 

et al., 2013). Two potential Rok1 phosphorylation sites have been predicted by in silico 

analysis. However, their role in regulation of Rok1 is unknown (Di Stasio, 2009b), and 

although phosphorylation of Rok1 could be confirmed by LC-MS analysis, no effects of 

UPR activity on Rok1 phosphorylation were detectable (data not shown). In the 

hemibiotrophic blast fungus Magnapothe oryzae (Pyricularia oryzae), the tyrosine-protein 

phosphatase Pmp1 is phosphorylated at a conserved serine residue and subsequently 

dephosphorylates the MAPKs Pmk1 (Fus3/Kpp2 ortholog) and Mps1 (Slt2 ortholog) 

(Wang et al., 2017). In yeast, phosphorylation of the MKP Msg5p by the target kinases 

Fus3 and Slt2 results in increased Msg5p activity (Doi et al., 1994; Flández et al., 2004). 

This establishes a negative feedback loop in which Msg5p is phosphorylated by Slt2 upon 

cell wall stress and in turn dephosphorylates Slt2. In mammals, phosphorylation of MKP-1 

on serine 359 and 364 by ERK1/2 enhances its stability (Brondello et al., 1999), whereas 

phosphorylation of serine 296 mediates ubiquitination and proteasomal degradation of 
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MKP-1 (Lin et al., 2003; Lin and Yang, 2006). Moreover, acetylation of MKP-1 in 

macrophages promotes the interaction and dephosphorylation of the MAPK p38 (Cao et 

al., 2008).  

While Kpp2 is localized in the cytoplasm, it is translocated to the nucleus upon pheromone 

stimulation (Müller, 2003). Rok1 is presumably localized to the plasma membrane and 

septa and re-localizes to the ER upon pheromone stimulus (Di Stasio, 2009a). However, 

due to low rok1 expression levels, the subcellular localization of Rok1 in strains with active 

UPR could not be addressed, yet. In S. cerevisiae, Msg5 is evenly distributed in the 

cytoplasm and the nucleus independent of pheromone stimulus, while Fus3p is 

predominantly found in the nucleus under inducing conditions. However, during recovery 

from the pheromone stimulus, Fus3p is dephosphorylated by Msg5p resulting in a decrease 

of nuclear Fus3p (Blackwell et al., 2003; Blackwell et al., 2007). Localization studies of 

Kpp2 and Rok1 in strains with and without active UPR could provide important insights 

into the underlying regulatory mechanisms. 

Deletion of rok1 restored phosphorylation of Kpp2 upon UPR activity, demonstrating 

dephosphorylation of Kpp2 by Rok1 in response to UPR activation. However, expression 

of pheromone pathway genes was still suppressed, strongly suggesting that additional 

UPR-mediated mechanisms affect Kpp2 activity. In S. cerevisiae, Msg5p and the two 

tyrosine-specific phosphatases Ptp2 and Ptp3 coordinately dephosphorylate Fus3 (Zhan et 

al., 1997). Overexpression of PTP3 inactivates Fus3p, thereby reducing expression of 

pheromone-responsive genes and promoting recovery from cell cycle arrest. An 

orthologous gene to PTP3, UMAG_10534, has been identified in U. maydis. However, 

attempts to delete UMAG_10534 failed, indicating essential functions of the gene (Di 

Stasio, 2009b). Interestingly, ChIPseq data suggest that Cib1 directly binds to the promoter 

region of UMAG_10534 (Pinter et al., 2019). However, no effects on gene expression were 

observed upon UPR activation. 

Alternatively, an additional layer of crosstalk between the UPR and the MAPK signaling 

cascade might exist that affects transcription or activity of prf1. Hence, the regulators of 

prf1 expression, Rop1 and Hap2, or a mechanism acting via the MAPK Crk1 (Garrido and 

Pérez-Martín, 2003; Garrido et al., 2004; Brefort et al., 2005; Mendoza-Mendoza et al., 

2009b), might account for reduced expression of prf1 and a-mating type genes under these 

conditions. It appears unlikely that the cAMP-dependent PKA pathway is involved since 
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transcriptional profiling did not reveal major alterations of regulatory genes or target gene 

expression by the UPR. 

 

 The UPR and mating type-dependent signaling cascades interact on multiple 

levels 

Crosstalk between the UPR and the a-mating type pathway inhibits a- and b-mating type 

gene expression and b-dependent filament formation. Surprisingly, constitutive expression 

of the bE/bW heterodimer did neither restore expression of the b-dependent transcription 

factors nor filament formation in strains with active UPR. This suggests that the 

pheromone-dependent signaling cascade and the b-dependent transcription factor network 

are indeed regulated by two distinct, UPR-dependent mechanisms as previously 

hypothesized (Figure 5.1) (Heimel et al., 2013). The inhibition of bW and Rbf1 by binding 

to the developmental regulator Clp1 (Scherer et al., 2006; Heimel et al., 2010a) could 

account for reduced expression of rbf1, Rbf1 target genes, and inhibition of filamentous 

growth. UPR activation results in stabilization and accumulation of Clp1 and therefore is 

expected to enhance the inhibitory effects of Clp1 on bW and Rbf1 (Heimel et al., 2010a; 

Heimel et al., 2013). In conclusion, deletion of rok1 and clp1 would be expected to disrupt 

the UPR-dependent inhibition and restore filament formation and gene expression.  

An alternative explanation for reduced rbf1 levels in strains constitutively expressing 

bE/bW would be a post-translational modification of the bE/bW-complex, potentially 

caused by inhibition of the MAPK pathway and Prf1. In addition to the b-dependent 

regulation of gene expression, rbf1 is also induced by the pheromone pathway (Zarnack et 

al., 2008). Thus, the UPR-dependent inhibition of prf1 and the a-mating type genes might 

result in reduced rbf1 expression independent of bE/bW. However, constitutive expression 

of bE/bW under these conditions is expected to prevent negative feedback regulation. 

 

 Role of the Kpp2-Rok1 interaction during pathogenic development in planta 

The UPR is specifically activated after penetration of the plant surface, while the MAPK 

Kpp2 is mainly active during the mating process, filamentous growth on the plant surface 

and appressoria formation (Müller et al., 1999). We observed that, although Kpp2 is 

constitutively expressed during plant infection (Lanver et al., 2018), it is dispensable for 

pathogenic development in planta. Thus, the relevance of the UPR-Kpp2 crosstalk via the 

phosphatase Rok1 during pathogenic development remains elusive. Interestingly, the 
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related MAPK Kpp6 acts in the same MAPK module and  is partially redundant to Kpp2 

(Brachmann et al., 2003; Müller et al., 2003). Thus, Kpp6 might substitute Kpp2 during 

later stages of development. Kpp6 is also phosphorylated by the MAPK Fuz7 and 

controlled by the DSP Rok1 (Di Stasio et al., 2009). Yeast-2-Hybrid analysis confirmed a 

direct interaction with Prf1 (Mendoza-Mendoza et al., 2009a) and Rok1 (this study). 

Although Kpp6 is rbf1-dependently expressed, two PRE motifs in the promoter have been 

identified indicating additional regulation by Prf1 (Brachmann et al., 2003). Besides being 

partially redundant to Kpp2 during mating and development on the plant surface, Kpp6 is 

specifically required for appressorial function (Brachmann et al., 2003). Furthermore, 

Kpp6 contains a unique N-terminal extension, suggesting additional functions/regulation 

of Kpp6. Since U. maydis forms appressoria-like structures during cell-to-cell growth 

(Doehlemann et al., 2009), Kpp6 is potentially also required after plant penetration. The 

surface sensing protein Sho1 acts upstream of Kpp6 and regulates formation of appressoria 

together with Msb2. Sho1 interacts with the N-terminal extension of Kpp6 and thereby 

destabilizes Kpp6 (Lanver et al., 2010a). It was hypothesized that Sho1 and Msb2 have 

additional, Fuz7-dependent functions during biotrophic development in planta, which 

potentially involve fine-tuning of Kpp6 levels. However, the possibility that Kpp6 replaces 

Kpp2 during biotrophic growth in planta and a potential UPR-dependent regulation of 

Kpp6 has to be further elucidated.  

Biotrophic pathogens like U. maydis rely on a living host to complete their life cycle. 

Hence, control mechanisms are required to ensure efficient host-colonization and to 

maintain the biotrophic interaction. It is conceivable that the UPR-mediated inhibition of 

the mating type signaling pathways after plant penetration provides a regulatory feedback 

control to balance the activity of the signaling cascades. In rok1 deletion strains, 

phosphorylation of the MAPK Kpp2 and Kpp6 is strongly enhanced leading to increased 

b-gene expression and hypervirulence (Di Stasio et al., 2009). Regulation of Rok1 by UPR 

activity might constitute a mechanism to dampen the a- and b-mating type signaling 

pathways and prevent hypervirulence. Moreover, effector gene expression is largely 

controlled by the b-heterodimer and b-dependent transcription factors, such as Rbf1, Hdp2 

and Biz1 (Flor-Parra et al., 2006; Heimel et al., 2010b; Lanver et al., 2014; Lanver et al., 

2018; Schmitz et al., 2018). Hence, inhibition of the signaling cascades by increased UPR 

activity would reduce effector gene expression and thereby reduce ER stress levels. 
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Figure 5.1 Model of the crosstalk between the UPR and mating type signaling pathways. (A) Pheromone 
sensing activates a MAPK (blue) and a PKA (yellow) signaling cascade, resulting in phosphorylation and 
increased expression of the central transcriptional regulator Prf1. This induces a- and b-gene expression and 
a-mediated formation of conjugation tubes and mating. After fusion of two cells, the transcription factors bE 
and bW (green) form a heterodimer and regulate further pathogenic development. (B) After penetration of 
the plant surface, the UPR (dark red) is activated and remains active throughout pathogenic development in 
planta. An active UPR is required to suppress the plant defense response and to establish the biotrophic 
interaction. The UPR regulator Cib1 helps to trigger release of the cell cycle block and proliferation in planta. 
During further pathogenic development, crosstalk of the UPR and the DSP Rok1 constitutes a regulatory 
feedback mechanism that leads to inhibition of the a- and b-dependent signaling pathways, thereby lowering 
effector gene expression and reducing ER-stress levels. 

 

5.2 A new approach for conditional gene expression 

 Promoters with conditional activity enable stage-specific gene expression 

Gene deletion or overexpression are common ways to characterize gene function. However, 

both methods only display an on/off situation and are thus limited with respect to the 

conclusions that can be drawn from these studies. Moreover, genes with essential cellular 

or developmental functions cannot be analyzed by conventional gene deletion approaches. 

Overexpression or induced expression on the other side, facilitated by constitutive 

promoters like the U. maydis otef promoter, or the nutrient-dependent crg (arabinose-

inducible) and nar promoters (nitrate inducible) (Spellig et al., 1996; Brachmann et al., 

2001), may affect cellular metabolism and result in pleiotropic effects. Therefore, systems 

that are metabolism independent and titratable have been established. The widespread 

tetracycline-based expression system has been adapted for U. maydis (Zarnack et al., 2006). 

This system is based on the E. coli TetR repressor that binds to the tetO operator. 

Tetracycline binds TetR and prevents DNA binding, thereby gene expression is induced. 

In variations of the system, such as the Tet-Off system, TetR is fused to an activator domain 

and induces gene expression when bound to the tetO element. Other inducible expression 

systems like the estrogen-induced system for Aspergillus sp. (Pachlinger et al., 2005) or 

the orzearalenone-induced system in Gibberella zeae (Lee et al., 2010) also require 

addition of an external compound to induce transcription. However, all these systems do 

not allow to manipulate gene expression during fungal/plant interactions.  

Our approach aimed for a system that allows controlled/specific gene expression during 

plant infection. We used promoters that are either inactivated or activated after plant 

penetration enabling a conditional expression pattern for any given gene of interest. To 

obtain promoters facilitating a gene ‘shut off’, genes were chosen based on the following 

criteria: constitutive expression until 2 or 4 dpi, respectively, followed by a clear decrease 
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in gene expression. Candidate promoters were identified based on recent RNAseq-based 

transcriptome analyses during various stages of biotrophic growth (Figure 5.2) (Lanver et 

al., 2018).  

The previously established, plant-induced expression system based on the maize-induced 

(mig) genes was adapted for this purpose. The mig1 gene and the mig2 gene cluster are not 

expressed during yeast-like growth of U. maydis, but specifically induced in planta (Basse 

et al., 2000; Basse et al., 2002). However, the exact time of activation and expression 

strength differ within the genes (Figure 5.2). The parallel deletion of all mig genes did not 

affect pathogenic development of the fungus. The promoters of genes mig1 and mig2_1 

were chosen due to the differences in their expression strength, facilitating high or average 

expression levels, respectively (Basse et al., 2000; Basse et al., 2002; Lanver et al., 2018). 

Pilot experiments fusing the mig2_1 promoter to the intronless cib1s transcript followed by 

integration in the ip locus of U. maydis revealed de-regulation and high expression levels 

in axenic culture (see 5.2.2), suggesting that the genomic context is important for proper 

activity and regulation of the respective promoters. 

 

 

Figure 5.2 Expression pattern of conditionally expressed genes. Expression pattern of the UMAG_12184, 
UMAG_03597, mig1 (UMAG_03223) and mig2_1 (UMAG_06178) genes up to 12 days post inoculation 
(dpi). 6-day-old maize seedlings were injected with a mixture of compatible haploid strains FB1 and FB2 
and plant material was harvested at the indicated time points. Normalized read counts of the genes were 
normalized to the exon length and the highest expression value for each gene was set to 1. Raw data was 
extracted from Lanver et al., 2018 
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 The locus of gene integration and the presence of resistance cassettes affect 

gene expression 

Since integration of expression constructs into the ip locus (Figure 5.3A) failed to produce 

the desired expression pattern, we tested if this was related to the genomic context. Indeed, 

only when the construct was integrated into the native genomic locus of the conditionally 

expressed genes and the resistance marker was removed by FLP/FRT recombination 

(Figure 5.3B), correct and conditional expression of cib1s was achieved. 

This effect is not specific for cib1s since similar results were obtained for the pit1/2 genes. 

When integrated into the ip locus, expression of pit1 and pit2 (under control of their native 

promoter) was 400- and 800-fold higher than in WT cells, respectively. When integrated 

into the native pit1/2 locus, gene expression was still elevated, and only after removal of 

the resistance marker with the FLP/FRT recombinase system (Figure 5.3B) (Khrunyk et 

al., 2010), pit1/2  expression was restored to wild type-like levels. 

pit1 and pit2 are virulence factors and part of a gene cluster that is, similar to the mig2 gene 

cluster, plant-specifically upregulated (Basse et al., 2002; Doehlemann et al., 2011). 

Position specific effects are potentially caused by alterations of the chromatin structure that 

might affect promoter activity and gene expression. Chromatin is a dynamic structure, and 

histone modifications like acetylation and methylation determine accessibility of DNA for 

a variety of factors including the transcription machinery (Seto and Yoshida, 2014; Freitag, 

2017; Elías-Villalobos et al., 2019). Acetylation and deacetylation of histones affect their 

positive charge, thereby loosening or tightening the interaction between histone and DNA, 

respectively (Bannister and Kouzarides, 2011). In U. maydis, the histone deacetylases Hda1 

is required for sporogenesis. Microarray analysis of hda1 deletion strains showed a total of 

21 regulated gene clusters (Treutlein, 2007). Interestingly, expression of the mig2 as well 

as of the pit1/2 gene cluster were induced in hda1 deletion strains, suggesting that these 

gene clusters are subject to epigenetic regulation. Control of effector genes by influencing 

the chromatin structure appears to be a common feature of plant pathogenic fungi (Soyer 

et al., 2014). 

Differences in gene expression when expression constructs were integrated into the native 

genomic were also related to the presence of the resistance cassette. Marker genes 

conferring resistance to a fungicide are normally under control of strong, constitutive 

promoters and could potentially also affect gene expression. Interestingly, in case of pit1/2, 
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the choice of resistance cassette also affected expression level. The nourseothricin 

resistance cassette (NatR) increased expression of pit1 and pit2 49- and 134-fold, 

respectively, whereas the hygromycin cassette increased expression 10- (pit1) and 13-fold 

(pit2). Hence, the application of conditional expression systems requires control 

experiments and the preservation of the genomic context.  

 

 

 UPR activity is important at later stages of biotrophic development in planta 

It has been shown that correct timing of UPR activation is crucial for pathogenic 

development (Heimel et al., 2013). During early stages of pathogenic development, the 

unprocessed cib1 transcript is approximately 20-fold more abundant than the spliced cib1s 

transcript, the latter mediating Cib1 expression and UPR activity. After plant penetration, 

a large number of effectors is secreted to suppress the plant defense response and establish 

the biotrophic interaction. This results in increased ER-stress levels activating the UPR by 

Figure 5.3 Cloning strategies for conditional gene expression. (A) Integration of cib1s under control of the 
mig2_1 promoter into the ip locus of U. maydis. (B) Integration of a gene of interest (GOI) into the locus of 
a conditionally expressed gene. 1) GOI is deleted from its native genomic locus. 2) The GOI is integrated 
into the genomic locus of the conditionally expressed gene, thereby replacing the native gene. 3) The 
resistance marker (here: NatR) is removed using the FLP/FRT recombination system. 
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unconventional splicing and increased expression of the cib1 transcript. UPR activation 

stabilizes Clp1, thereby promoting the release of the cell cycle block and proliferation in 

planta. UPR activity is detectable throughout all stages of pathogenic development (Heimel 

et al., 2010b, Heimel et al., 2013), suggesting that the UPR is not only necessary to establish 

the biotrophic interaction, but also important for further pathogenic development in planta. 

Deletion of cib1 leads to strongly attenuated virulence (Heimel et al., 2013) that was not 

suppressed by conditional expression of cib1 using the UMAG_12184 promoter. By 

contrast, expression of cib1 by the UMAG_03597 promoter at least partially restored 

pathogenic development. This correlates with the extended activity of the UMAG_03597 

promoter compared to the promoter of UMAG_12184 (Lanver et al., 2018). Additionally, 

microscopic analysis revealed that the strain expressing cib1 under control of PUMAG_12184 

formed filaments and appressoria on the plant surface, whereas proliferation in planta was 

blocked. 

On the plant surface, U. maydis is recognized via pathogen-associated molecular patterns 

(PAMP) by the plant immune system, leading to transient upregulation of plant defense 

genes (Doehlemann et al., 2008). During establishment of the biotrophic interaction after 

plant penetration, these plant defense genes are suppressed in wild type strains. High 

PR-gene expression in strains expressing cib1 under control of the UMAG_12184 promoter 

at 2 dpi indicate that the fungus was detected by the plant immune system on the plant 

surface and could not counteract the defense response. Consistent with previous data 

(Doehlemann et al., 2008), PR1 is not induced during this early defense response. Thus, 

cib1 gene expression under control of PUMAG_12184 was not sufficient to establish a 

compatible biotrophic interaction. 

Strains expressing cib1 under control of the UMAG_03597 promoter were able to penetrate 

the plant surface, to induce hyphal branching and, to some extent, proliferation. Formation 

of clamp cells indicate release of the cell cycle block (Scherer et al., 2006). In comparison 

to PUMAG_12184-driven expression, induction of PR gene expression was delayed, indicating 

that the fungus was recognized by the plant immune system at later stages.  

In U. maydis, deletion of cib1 leads to expression of the PR1, PR3 and PR5 genes at 2 dpi 

(Heimel et al., 2013). This shows, together with our observations, that an active UPR is 

required for sustained suppression of the plant defense. Consistently, it has been observed 

that the UPR is important for efficient processing and secretion as well as for regulation of 
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effectors (Lo Presti et al., 2015b; Hampel et al., 2016; Pinter et al., 2019). Cib1 binds to 

UPRE elements in the promoter of the pit1/2 genes, deletion of the UPRE element 

abolished expression of pit2 and significantly affected virulence (Hampel et al., 2016). 

Additionally, the signal peptide peptidase Spp1 has been identified as part of an 

UPR-regulated core gene set (Pinter et al., 2019). Spp1 is a key factor for fungal virulence 

and required to suppress the plant defense, deletion or mutation of the catalytic domain lead 

to a complete loss of virulence. 

 

 Overexpression of cib1s in planta does not lead to UPR hyperactivation 

After plant penetration, unconventional cytoplasmic splicing of the cib1 transcript leads to 

expression of cib1s and activation of the UPR. UPR activity is detected at all stages of 

pathogenic development in planta (Heimel et al., 2010a). Although premature expression 

of cib1s negatively affected pathogenic development before plant infection, increased levels 

of cib1s did not affect pathogenic growth in planta. 

We used our conditional expression system to investigate if high-level expression of cib1s 

results in UPR hyperactivation and disturbs the pathogenic development in planta. 

Interestingly, infection symptoms of Pmig2_1:cib1s or Pmig1:cib1s strains when used in 

combination with a compatible wild type strains were both similar to the WT control. This 

suggests, that robust control mechanisms efficiently prevent UPR hyperactivation by cib1s. 

One of these mechanisms is based on Clp1-dependent modulation of the UPR, conferring 

hyperresistance towards ER stress (Heimel et al., 2013). Interestingly, this correlates with 

reduced expression of conserved UPR marker genes including bip1, pdi1, cne1, ero1 and 

cib1 itself (Pinter et al., 2019). Moreover, strains lacking the unspliced cib1 transcript were 

highly susceptible towards cib1s-dependent UPR hyperactivation (Heimel et al., 2013). 

Thus, it is conceivable that in addition to Clp1, the unspliced cib1 transcript (and thereby 

the Cib1u protein) contributes to efficient pathogenic development during phases of high 

ER-stress/ high UPR activity. This idea is supported by the inability to express cib1s under 

control of its native promoter in Δcib1 strains (Heimel et al., 2013). Under these conditions, 

the UPR is hyperactivated due to autoregulation of cib1s. In higher eukaryotes, it has been 

shown that XBP1s and XPB1u, the spliced and unspliced version of the UPR regulator, can 

form homo- and heterodimers with XBP1u acting as a negative regulator of XBP1s (Yoshida 

et al., 2006). XBP1u shuttles between the nucleus and the cytoplasm while XBP1s acts in 
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the nucleus and induces transcription of target genes. Interaction of XBP1u and XBP1s leads 

to nuclear export of the heterodimer and degradation via the proteasome (Tirosh et al., 

2006; Yoshida et al., 2006). Consistently, Cib1s and Cib1u form homo- and heterodimers 

and overexpression of Cib1u suppresses Cib1s-dependent gene regulation. Hence, it is 

conceivable that Cib1u acts as a negative regulator to control Cib1s activity (Hampel, 2016). 

Taken together, our results illustrate that a well-timed activation of the UPR is important 

for full virulence and efficient host colonization by U. maydis and that mechanisms to 

prevent UPR hyperactivation in planta are highly effective and most likely rely on the 

function of Clp1 and Cib1u proteins.
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