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Summary 

Fungal pathogens cause severe diseases, affecting public health, wildlife, and agriculture. 

A key for virulence in many fungal pathogens lies in their capacity for morphological 

plasticity, regulated through precise gene expression control. Understanding these 

infection strategies, particularly at the level of DNA and RNA, is vital to combat fungal 

diseases. However, our knowledge of the spatiotemporal regulation of gene expression 

at the RNA level in the fungal kingdom remains limited. In Ustilago maydis, the 

causative agent of corn smut, the morphological transition from yeast to hyphal growth 

is essential for infection. Previously, it was discovered that the multi-KH domain RNA-

binding protein (RBP) Khd4 is important for morphogenesis and pathogenesis in U. 

maydis. Khd4 recognizes the AUACCC sequence via its KH domains 5 and 6. Failure to 

recognize the sequence by mutating these RNA-binding domains caused aberrant cell 

morphology, disturbed hyphae formation, and reduced virulence. However, the direct 

mRNA targets of Khd4 and its corresponding function remained unknown.  

Presented in this thesis is the investigation into the regulatory role of Khd4 in determining 

infectious hyphae formation in U. maydis. To identify Khd4 mRNA targets, the RNA-

proximity labeling hyperTRIBE approach was employed, which involves fusing the 

RNA-editing ADAR enzyme to the RBP to mark the target mRNA. Validation using 

Rrm4, a well-studied RBP in U. maydis, demonstrated the effectiveness of hyperTRIBE 

in identifying known Rrm4-mRNA interactions. This in vivo approach revealed that 

Khd4 selectively binds mRNAs encoding regulatory proteins involved in membrane 

trafficking via the AUACCC motif. Khd4 degrades these mRNAs by specifically 

interacting with its AUACCC element in the 3´ UTR. This precise mRNA decay process 

dictates the induction kinetics of these mRNAs, enabling faster attainment of new steady-

state levels after transcriptional induction, and rapid clearance after transcriptional shut-

off. Consequently, in the absence of Khd4, membrane trafficking is dysregulated, 

resulting in fragmented vacuoles, affecting polar growth. Hence, Khd4 unites target 

mRNAs encoding regulatory proteins into membrane trafficking mRNA regulon, 

orchestrating the dynamics of intracellular transport crucial for hyphal growth. Studying 

Khd4 localization revealed that the protein exhibits cortical localization under heat stress, 
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reminiscing that of the endoplasmic reticulum. Given the central role of ER in membrane 

trafficking, it is conceivable that Khd4 might regulate a subset of its target mRNAs in 

the vicinity of ER. In essence, the RBP Khd4 regulates infectious hyphae development 

by determining the exact levels of regulatory proteins crucial for this process.  
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Zusammenfassung 

Pilzpathogene stellen eine erhebliche Bedrohung für die humane Gesundheit, die 

Tierwelt und die Landwirtschaft dar. Ein Schlüsselaspekt der Virulenz vieler 

Pilzpathogene liegt in ihrer Fähigkeit zur morphologischen Anpassung, die auf 

genetischer Ebene präzise reguliert wird. Das Verständnis dieser Infektionsstrategien, 

insbesondere auf der Ebene von DNA und RNA, ist entscheidend für die Bekämpfung 

von Pilzerkrankungen. Dennoch ist unser Wissen über die räumliche und zeitliche 

Regulation der Genexpression auf RNA-Ebene im Pilzreich gering. In Ustilago maydis, 

dem Erreger des Maisbrandes, ist der Übergang von Hefe- zu Hyphenwachstum 

entscheidend für die Infektion. Frühere Forschungen haben ergeben, dass das multi-KH-

Domänen-RNA-Bindungsprotein (RBP) Khd4 eine zentrale Rolle in der Morphogenese 

und Pathogenese von U. maydis spielt. Khd4 erkennt die Sequenz AUACCC über seine 

KH-Domänen 5 und 6. Mutationen in diesen RNA-Bindungsdomänen und das damit 

einhergehende Ausbleiben der Bindung führte zu abweichender Zellmorphologie, 

gestörter Hyphenbildung und verminderter Virulenz. Die direkten mRNA-Ziele von 

Khd4 und deren zugehörige Funktionen blieben jedoch unbekannt. 

In dieser Arbeit wurde die regulatorische Rolle von Khd4 bei der Entwicklung infektiöser 

Hyphen in U. maydis untersucht. Zur Identifizierung der  von Khd4 gebundenen mRNAs 

wurde die HyperTRIBE-Methode zur RNA-Entfernungs-Markierung eingesetzt. Dieser 

Technik beinhaltet die Fusion des RNA-Editierungs-Enzyms ADAR mit dem zu 

untersuchenden RBP zur Markierung der Ziel-mRNA. Die Validierung unter 

Verwendung von Rrm4, einem gut erforschten RBP in U. maydis, bestätigte die 

Effektivität von HyperTRIBE bei der Identifizierung bekannter Rrm4-mRNA-

Wechselwirkungen. Mithilfe dieses invivoAnsatzes konnte herausgefunden werden, dass 

Khd4 selektiv mRNAs über das Motiv AUACCC bindet, die für regulatorische Proteine 

kodieren und am Membrantransport beteiligt sind. Khd4 baut diese mRNAs gezielt ab, 

indem es spezifisch mit dem AUACCC-Element in der 3´-UTR interagiert. Dieser 

präzise Prozess des mRNA-Abbaus steuert die Induktionskinetik dieser mRNAs und 

ermöglicht ein schnelleres Erreichen neuer Steady-State-Werte nach der 

Transkriptionsinduktion sowie eine rasche Bereinigung nach dem Abschalten der 

Transkription. Infolgedessen ist in Abwesenheit von Khd4 der Membrantransport 

fehlreguliert, was zu fragmentierten Vakuolen führt und das hyphale Wachstum 
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beeinträchtigt. Khd4 vereint daher Ziel-mRNAs, die regulatorischen Proteine kodieren 

innerhalb eines mRNA-Regulon für den Membrantransport und orchestriert die Dynamik 

des intrazellulären Transports, der für das Hyphenwachstum entscheidend ist. Die 

Untersuchung der Lokalisierung von Khd4 ergab, dass das Protein unter Hitzestress eine 

kortikale Lokalisierung aufweist, die an die des endoplasmatischen Retikulums erinnert. 

Angesichts der zentralen Rolle des endoplasmatischen Retikulums beim 

Membrantransport ist es denkbar, dass Khd4 eine Teilmenge der Ziel-mRNAs in dessen 

Nähe reguliert. 

Im Wesentlichen steuert Khd4 die Entwicklung infektiöser Hyphen, indem es die exakte 

Menge an regulatorischen Proteinen bestimmt, die für diesen Prozess entscheidend ist. 
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1. Introduction 

1.1 Fungal pathogens: A Threat to healthcare, agriculture, and Ecosystem 

From being a source of sustenance and medical resources to playing a pivotal role in the 

decomposition of organic materials, the fungal kingdom emerges as a vital contributor 

that makes life on Earth habitable. About 450 million years ago, the partnership between 

fungi and plants allowed for the colonization of land, making it habitable for living 

organisms (PIROZYNSKI AND MALLOCH 1975, HUMPHREYS et al. 2010). However, over 

the past two centuries, fungi have emerged as critical pathogens, impacting the lives of 

humans, plants, and animals. 

It is estimated that globally 1.6 million deaths occur every year due to invasive fungal 

infections. Approximately 1 billion individuals across the globe suffer from various 

fungal infections (ANONYMOUS 2017). To illustrate, with a mortality rate of up to 95%, 

invasive aspergillosis caused by Aspergillus species affects 300, 000 individuals annually 

(SUGUI et al. 2014). Similarly, Candida albicans, the main etiologic Candida species 

responsible for invasive candidaemia, is predicted to impact around 300, 000 individuals 

across the globe (BROWN et al. 2012a).  

Recent times have witnessed a devastating upsurge of life-threatening secondary invasive 

fungal infections, such as aspergillosis, candidiasis, and mucormycosis, spurred by the 

Covid-19 pandemic (HOENIGL et al. 2022). Of significance, the Covid-19-associated 

mucormycosis, caused by filamentous fungi of the order Mucorales, became an epidemic 

in India, with a 36.5% mortality rate. This is likely attributed to the use of 

immunosuppressive drugs and systemic glucocorticoids to treat critically ill Covid-19 

patients (PASQUIER 2023). 

Fungal and fungal-like oomycete pathogens are also greater contributors to plant diseases 

compared to any other pests. The plant fungal epidemics have endangered the ecosystem 

and destroyed crop yield. Infections affecting crops like rice, wheat, maize, soybean, and 

potato endanger global food security. For example, the rice blast disease, caused by 

Magnaporthe oryzae, results in an annual loss of 30% in total rice production, and the 

infection of Phakopsora pachyrhizi leads to an 80% reduction in soybean yield (PENNISI 

2010,DOEHLEMANN et al. 2017). Notably, the corn smut fungus Ustilago maydis can 
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impact up to 20% of corn production in certain regions (FISHER et al. 2012). It is 

estimated that if these fungal-related food losses had been mitigated, an estimated 600 

million additional people could have been fed in 2011(FISHER et al. 2012).  

The heightened risk of fungal infection extends beyond humans and plants to encompass 

diverse animal species. Recent examples include the mass mortality of bat species caused 

by the fungus Pseudogymnoascus destructans and of amphibian species caused by 

Batrachochytrium destructans. Predictions indicate a potential 70% decline in bat 

populations over the next year, with some species, such as the little brown bat, Myotis 

lucifugus, facing a greater than 99% risk of local extinction (FRICK et al. 2010). 

Furthermore, Chytridiomycosis, caused by B. destructans, has obliterated the 

biodiversity of several amphibian species such as frogs and salamanders. The 

Amphibians are the world’s most endangered vertebrate class and Chytridiomycosis is a 

proximal driver of this event (FONES et al. 2017).  

Climate change and the increase in human activities, such as global trading, have 

heightened the opportunity for the emergence of new fungal pathogens in recent years 

(GARCIA-SOLACHE AND CASADEVALL 2010). An in-depth understanding of pathogenic 

development in fungal pathogens is therefore urgently demanded to protect the 

environment, agriculture, and human health from deadly fungal diseases. 

1.2 Hyphal morphogenesis and Gene expression control 

Fungal pathogens exhibit remarkable morphological plasticity, a crucial trait for their 

virulence (GOW et al. 2002, MIN et al. 2020). In many fungal pathogens, the 

morphogenesis to hyphal form is a hallmark of infection (BRAND AND GOW 2009). 

Interestingly, the evolution of hyphal growth in fungi, believed to be driven by the 

necessity to infect larger organisms, marks their adaptation to land (NARANJO-ORTIZ AND 

GABALDÓN 2019). In line with this, hyphal cells have proven highly efficient for tissue 

penetration (BRAND 2012).  

While C. albicans exhibits a range of morphologies, each with specific roles in infection, 

the invasive infection of host tissue and internal organs is mainly orchestrated by hyphal 

morphology (SUDBERY 2011, ERWIG AND GOW 2016, FERNANDES AND CARTER 2020). 

Similarly, the majority of fungal plant pathogens adopt filamentous, hyphal morphology 

as an efficient strategy to penetrate plant tissues and acquire essential nutrition for growth 

and survival (LO PRESTI et al. 2015).  



Introduction 

3 
 

The morphogenesis of fungal pathogens is a dynamic process, demanding constant 

optimization to respond to environmental cues. For instance, the formation of 

appressoria, an infection structure, in U. maydis is instigated by cues from plant surfaces, 

such as hydrophobicity (LANVER et al. 2010). This rapid adaptive response, in turn, relies 

on the precise orchestration of spatiotemporal gene expression control to navigate ever-

shifting environmental conditions.  

Since the emergence of the concept of genes as discrete heritable units from the 

experiments of Gregor Mendel, the inquiry of how the genotype of an organism manifests 

as its phenotype has held a profound fascination. While early investigation indicated that 

certain genes exert their influence on the phenotype only under specific conditions, the 

legendary work of Jacob and Monod underscored that the genes must be expressed before 

their corresponding phenotypes become evident (GANN 2010). From genome to 

proteome, gene expression is a complex process regulated at multiple levels. 

Traditionally, transcriptional networks have been attributed as the primary driver of gene 

expression control during hyphal growth and pathogenicity. For example, the activation 

of transcription factors, including Efg1, Cph1, and Cph2, in C. albicans (KUMAMOTO 

AND VINCES 2005, GOW et al. 2012). and the heteromeric master regulator bE/bW in U. 

maydis (HEIMEL et al. 2010a HEIMEL et al. 2010a KUMAMOTO AND VINCES 2005) are 

known to induce gene regulatory cascades that are crucial for hyphal morphogenesis in 

these pathogens. However, it is imperative to recognize that transcriptional activity alone 

does not serve as a proxy for RNA abundance, and the complexity of gene expression 

regulation extends well beyond transcriptional control. In particular, understanding RNA 

metabolism (Fig. 1.1), and the precise regulation of mRNA and protein levels to meet 

cellular demands is essential. Yet, our current knowledge of posttranscriptional control 

in fungal morphogenesis and pathogenesis remains limited. Given the rise of antifungal-

resistant strains (FISHER et al. 2016), investigating the post-transcriptional regulatory 

mechanism becomes paramount for developing novel antifungal treatment strategies. 

1.3 Post-transcriptional regulation of gene expression  

1.3.1 mRNA Maturation, Localization and Translation 

Posttranscriptional regulation of gene expression begins immediately after RNA 

polymerase II binds to promoters and initiates mRNA synthesis. As transcription 

proceeds, a series of processing steps occur on nascent and pre-mRNAs (Fig. 1.1). These 
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steps include 5' end capping: involving the addition of a 7-methylguanosine cap to the 

first nucleotide (RAMANATHAN et al. 2016); splicing: removing non-coding intronic 

regions and joining the coding exonic region to create matured, spliced mRNAs (CHEN 

AND MOORE 2015); and 3´ end processing: involving cleavage and polyadenylation, 

ultimately forming mature mRNA (NEVE et al. 2017). Importantly, pre-mRNA can 

undergo alternative splicing and alternative 3´ end processing, diversifying the cellular 

transcriptome and proteome.  

Fig. 1.1. Model depicting the posttranscriptional regulatory process that governs RNA life. Nuclear 
(transcription, splicing, capping, polyadenylation) and cytoplasmic (transport, localization, translation, 
degradation) steps of mRNA metabolism are depicted. In the nucleus, pre-mRNA undergoes co-
transcriptional modification, including splicing, capping, and polyadenylation. Once matured, the mRNA 
exits the nucleus to cytoplasm either for direct translation or localization for immediate translation, or 
localized to a specific subcellular region for translation before eventual degradation. (Figure and legend 
adapted from GEBAUER et al. 2021 under the terms of Springer Nature license No. 5625890803643). 

Following pre-mRNA processing, the resulting mature mRNA is exported to the 

cytoplasm, where its fate is closely linked to the precise timing and spatial context of 

translation (Fig. 1.1). Mainly, mRNA localization to specific subcellular regions is 

crucial for localized control over gene expression and the creation of translational 

hotspots. Transporting mRNAs to specific locations for translation proves to be more 

energy-efficient than ferrying individual proteins to these sites. Additionally, mRNA 

localization restricts protein concentration to specific subcellular regions, supporting in 
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situ protein translation, and preventing the deleterious effect of protein mislocalization 

(DAS et al. 2021).  

In polar growing cells, mRNA localization to the growth site is essential for local 

translation in response to external stimuli. One prevalent mechanism for mRNA 

localization in many cell types is the active transport of mRNA on cytoskeletons by 

motor proteins such as myosin, kinesin, and dynein. For example, in S. cerevisiae, 

specific zipcodes within the ash1 mRNA are recognized by the RNA-binding protein 

(RBP) She2. The She2-RNA complex then binds to the myosin motor protein, Myo4, via 

She3, facilitating the mRNP transport to the bud site along the actin cytoskeleton 

(NIESSING et al. 2018).  

In contrast, in highly polarized cells like fungal hyphae and neurons, where the growth 

site is distant from the nucleus, long-distance mRNA transport is carried out along 

microtubule tracks, offering both speed and directionality (BOURKE et al. 2023). A well-

characterized example is the transport of β-actin mRNA in dendrites and axons. Here, 

the RBP APC (adenomatous polyposis coli) binds to the mRNA and tethers it to the 

motor protein Kinesin-3 via the adapter protein KAP3, facilitating its movement along 

microtubule (BAUMANN et al. 2020).  

A novel mode of long-distance mRNA transport was first observed in the filamentous 

pathogen U. maydis. In this process, mRNAs hitchhike on early endosomes along 

microtubules, coordinated by kinesin type 3 and dynein motor proteins, influencing 

hyphal polar growth (BAUMANN et al. 2014). Interestingly, these shuttling endosomes 

also carry ribosomes, indicating that the transported mRNAs are actively translated 

(MÜNTJES et al. 2021). As expected, this energy-efficient, organelle-based transport 

mode extends beyond U. maydis and is operational in various organisms including plants, 

humans, zebrafish, Xenopus laevis an African clawed frog (TIAN et al. 2020,LIAO et al. 

2019,CIONI et al. 2019,SCHUHMACHER et al. 2023,POPOVIC et al. 2020). For instance, 

recent studies indicate that neuronal cells employ both early and late endosomes to 

distribute mRNAs to the distal site (CIONI et al. 2019, SCHUHMACHER et al. 2023). 

Importantly, in these systems, the mRNA transport is associated with membrane-coupled 

translation on the endosomal surface (CIONI et al. 2019, SCHUHMACHER et al. 2023).  

Once precise localization is achieved (Fig. 1.1), mRNA confluences with ribosomes, 

initiating protein synthesis. The regulation of translation which occurs at every step of 
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protein synthesis is not only essential for a swift response during stress but is also critical 

for general cellular physiology. This regulation is mediated by cis-regulatory elements 

present in mRNAs and trans-acting factors such as translational machinery, and RNA-

binding proteins (RBPs). For instance, during stress, phase-separated, membrane-less 

cytoplasmic granules form through interactions within and between RNAs and RBPs. 

These granules sequester translationally stalled mRNPs, ribosomes, and translation 

initiation factors, effectively reprogramming protein synthesis and promoting cell 

survival (PROTTER AND PARKER 2016).  

Besides cytoplasm, the endoplasmic reticulum (ER) constitutes the primary site for 

ribosomes. Traditionally, it was believed that mRNAs encoding secretory proteins are 

translated on ER-bound ribosomes, aiding their import into the ER for post-translational 

modification required for secretion. However, recent evidence challenges this 

conservative view, suggesting that ER-bound ribosomes are also involved in the 

translation of a significant proportion of mRNAs encoding cytosolic proteins (REID AND 

NICCHITTA 2015). This indicates a broader role for the ER in shaping cellular 

transcriptome and proteome, thereby impacting cellular behavior. 

1.3.2 mRNA stability control  

Apart from mRNA synthesis, processing, and nuclear export, cytoplasmic mRNA 

abundance is strictly controlled through mRNA decay regulation (Fig. 1.1). By 

facilitating the degradation of specific mRNAs, this process fine-tunes cytoplasmic 

mRNA levels, ensuring precise protein-coding gene expression which in turn influences 

effective adaptation in response to changing developmental and environmental cues.  

Although the model for mRNA decay was proposed as early as 1973 (APIRION 1973), 

the mRNA degradation process was initially regarded as a salvage pathway. However, it 

has become increasingly evident that mRNA stability control is far more critical than 

merely functioning as a waste-disposal system. One of the key factors, for example, 

influencing the steady-state level of an mRNA is its half-life (HARGROVE AND SCHMIDT 

1989). Unstable mRNAs, characterized by increased synthesis and decay rates, achieve 

a new steady state level more rapidly than stable mRNAs after a transcriptional induction. 

Interestingly, while increasing the synthesis rate does not affect the response time, 

decreasing the mRNA half-life further enhances the response speed (PALUMBO et al. 

2015).  
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This “increased mRNA synthesis and decreased half-life” strategy particularly applies to 

mRNAs encoding regulatory proteins that are rapidly produced in response to internal or 

external stimuli and tend to be unstable. For instance, immune response mediators like 

cytokines and chemokines are encoded by intrinsically unstable mRNAs, allowing for a 

quick response while restraining gene expression amplitude to prevent tissue damage 

(ANDERSON 2010). Similarly, the regulation of histone synthesis is determined at the 

level of mRNA stability, resulting in rapid increases in histone mRNA levels as cells 

enter S-phase and swift depletion at the end of the S-phase (KAYGUN AND MARZLUFF 

2005).  

mRNA degradation can be selectively utilized in a spatially restricted manner to increase 

the concentration of mRNAs in specific subcellular compartments. Examples include the 

Drosophila embryo, where mRNAs such as nanos and hsp83, are degraded throughout 

the cell via the RBP Smaug, except at the posterior pole, where their concentration is 

enriched. Similarly, in neurons, the microRNA, let-7, mediates mRNA decay in the 

soma, leading to a preferential enrichment of its target mRNAs in neurites (MENDONSA 

et al. 2023). Considering the importance of mRNA localization, accelerated decay might 

also prevent the adverse effect of mislocalized mRNAs (WALTERS AND PARKER 2014). 

Furthermore, by limiting the mRNA decay mechanism to distinct cellular locations, 

spatial regulation of mRNA decay can be achieved. For instance, Ire-1-mediated mRNA 

decay occurs exclusively in the ER to regulate mRNA degradation during ER stress 

(HOLLIEN AND WEISSMAN 2006).  

The mechanism of mRNA decay is a multi-step process that involves different 

ribonucleolytic activities, including endonucleases that cleave RNA internally or 

exonucleases that degrade RNA from either the 5´ or 3´ ends. The specific 

ribonucleolytic activity utilized depends on the mRNA substrate and cellular conditions.  

The canonical pathway of mRNA decay begins with deadenylation, where the poly(A) 

tail is shortened. This process is carried out by the Ccr4-Not complex or the poly(A)-

specific ribonuclease, Pan2-Pan3 complex (PARKER 2012). In the mammalian fungal 

pathogen C. neoformans, deadenylation plays a critical role in host adaptation and 

invasion. Loss of Ccr4 leads to attenuated virulence and increased sensitivity to stress in 

this pathogen (BLOOM et al. 2019). Following deadenylation, the 5´-cap structure is 

removed by the Dcp1-Dcp2 decapping complex, and then mRNA is digested from the 
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5´-end by the 5´ to 3´ exonucleases, Xrn1. The mRNA can also be degraded in a 3´ to 5´ 

direction by the exosome complex before decapping, but this process is considered to be 

slower than the activity of the decapping complex (PARKER 2012).  

The stability of mRNAs is determined by a combination of cis-acting elements within 

mRNAs and their corresponding trans-acting factors, which ultimately decide whether 

to recruit or exclude degradation machinery. One well-studied example is the AU-rich 

elements (AREs), commonly found in the 3´ UTR, which play a significant role in 

mediating mRNA decay (GARCÍA-MAURIÑO et al. 2017). The binding of RBPs like TTP, 

AUF1, and KRSP to ARE leads to the recruitment of deadenylation machinery for decay, 

while the RBP HuR binding stabilizes ARE-containing mRNAs. Similarly, GU-rich 

sequences (GREs) in the 3´ UTR promote mRNA decay by interacting with the RBP 

CELF1 (VLASOVA-ST LOUIS AND BOHJANEN 2011).  

Cis-elements present in the 5´ UTR, such as upstream ORF, and upstream start codon 

can also influence mRNA stability by instigating mRNA decay pathways like non-sense 

mediated decay (PÉREZ-ORTÍN et al. 2013). A study using the RNA-based uORF system 

revealed that the presence of RNA G-quadraplex and A-rich elements in the 5´ UTR 

triggers mRNA decay in a translation-independent manner, respectively. The cis-

elements in the coding regions can also shape the mRNA stability dynamic (JIA et al. 

2020). For instance, coding region determinant (CRD), a cis-element present in the c-

myc ORF modulates mRNA stability by inhibiting endonucleolytic specific cleavage 

(BERNSTEIN et al. 1992, TAFECH et al. 2007). 

Many studies have revealed that the targets of mRNA decay pathways are not single 

mRNAs (KEENE 2007, KEENE AND TENENBAUM 2002). Instead, mRNAs encoding 

proteins with related functions are coordinately regulated by one or more specific RNA-

binding proteins as mRNA regulons. Through this coordination, these RBPs control the 

fate of these mRNAs to determine their expression levels, thereby impacting their 

functional roles. For instance, the decay of ARE containing mRNAs encoding immune 

response proteins is co-regulated by the RBP TTP in mammals, by recruiting various 

decay factors (ANDERSON 2010). In S. cerevisiae, the RBP Cth2, the homolog of 

mammalian TTP, co-regulates the decay of mRNAs encoding iron-responsive elements 

by binding to the ARE elements in their 3´ UTR (PUIG et al. 2005). A more recent 

example is the co-regulation of mRNAs encoding cell cycle regulators by the RBP 

PTBP1 to control the cell cycle in pro-B cells (MONZÓN-CASANOVA et al. 2020). 
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Depending on the mRNP composition, a single mRNA can be a part of more than one 

regulon. Likewise, a single RBP can also be a member of more than one regulon (KEENE 

2007). Besides mRNA decay, this coordinated regulation also occurs at levels of other 

regulatory processes such as pre-mRNA processing, nuclear export, RNA localization, 

and translation (PÉREZ-ORTÍN et al. 2013).  

1.4 RNA binding proteins: A fundamental for RNA regulation 

From the birth of an RNA molecule to its ultimate fate, RNA-binding proteins are central 

players in the posttranscriptional regulation process, orchestrating RNA synthesis, 

splicing, translation, localization, and degradation. Ranging from single-celled bacteria 

to the more complex eukaryotes, RBPs are found ubiquitously across different 

organisms. 

Approximately 4,000 RNA-binding proteins (RBPs) have been identified in the human 

genome, of which around 1,500 RBPs are predicted to be involved in diseases, including 

neurological pathologies (GEBAUER et al. 2021). In fact, of all proteins in the human 

genome, a higher frequency of mutations observed in various Mendelian disorders are 

found to occur in RBPs, indicating their role in the maintenance of cellular homeostasis 

(GEBAUER et al. 2021). Examples include Fragile X syndrome, an inherited intellectual 

disorder, which arises from the expansion of CGG triplets within the 5´ UTR and/or 

mutations in the KH2 domain of the fmr1 gene encoding the RBP FMRP essential for 

mRNA transport and translation in neurons. Mutations in the RBP RBM10 cause TARP 

syndrome, an X-linked pleiotropic developmental disorder that primarily affects males. 

RBPM10 serves as a splicing regulator and splicing alterations have been observed in 

lymphoblastoid cell lines derived from patients with the syndrome (GEBAUER et al. 

2021). 

1.4.1 Molecular basis of Protein-RNA interaction 

RNA-binding proteins bind to mRNAs through molecular interactions between the 

chemical moieties present in protein residues and RNA nucleotides. The very same 

interactions that drive the formation of protein, and RNA tertiary structures also seal the 

RBP-RNA interaction, at a resolution where the boundaries between the RBP and RNA 

components begin to blend (CORLEY et al. 2020, MACKERETH AND SATTLER 2012). 

Specifically, sequence-specific RNA recognition occurs through various molecular 

interactions, including hydrogen bonding and electrostatic interactions with functional 
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groups, as well as hydrophobic and π-stacking interactions with nucleobases 

(MACKERETH AND SATTLER 2012). In contrast, non-sequence-specific contacts primarily 

rely on interactions with the sugar-phosphate backbone (MACKERETH AND SATTLER 

2012, CORLEY et al. 2020).  

The interactions between RBPs and RNA are highly dynamic. Upon binding, the site of 

RNA-RBP interactions tends to become rigid, while the neighboring regions in both 

RNA and proteins undergo a loosening effect to counteract the decrease in entropy. As a 

result, apart from the direct binding sites, adjacent residues, and nucleotides that are not 

directly involved in the interaction can still be instrumental in the overall binding 

processes (CORLEY et al. 2020). Importantly, unstructured regions in RNA and proteins 

are critical for such structural rearrangements during binding. For example, the 

intrinsically disordered region, the Arg-Gly-Gly motif, in the RBP, FMRP, co-folds with 

its target mRNA, enabling tight shape complementarity and base-specific recognition 

(HENTZE et al. 2018). Indeed, a substantial fraction of protein-RNA interaction occurs 

through unstructured regions that adopt structure after binding (CORLEY et al. 2020)  

1.4.2 RNA binding domains (RBDs) 

RNA-binding proteins are classified based on the presence of discrete domains that 

recognize specific sequences and structural elements within RNA. These domains, 

known as RNA-binding domains (RBDs), are typically short, with fewer than 100 amino 

acids, and recognize degenerate RNA sequences spanning 4-6 nucleotides 

(GERSTBERGER et al. 2014). Among the classic RNA-binding domains are the RNA-

recognition motif (RRM), K-homology domain (KH domain), Zinc finger domains (Znf), 

and Pumilio homology domain (PUF), which are commonly associated with proteins 

binding to single-stranded RNA (ssRNA). Whereas, the double-stranded RNA Binding 

Domain (dsRBD), helicases domain, and pseudouridine synthase and archaeosine 

transglycosylase (PUA) domains recognize the double-stranded RNA (CORLEY et al. 

2020).  

For example, the RNA Recognition Motifs (RRM), one of the most abundant RNA-

binding domains is composed of 90 amino acids and contains two conserved RNP motifs 

within its β3 and β1 sheets. These motifs expose three conserved aromatic residues on the 

β-sheet surface, creating a primary RNA-binding site (CORLEY et al. 2020, CLÉRY AND 

ALLAIN 2012). 
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Most RBPs contain multiple RBDs, often in multiple repeats. This modularity of RBD 

domains enables RBPs to efficiently bind to their target RNAs with high affinity and 

specificity (LUNDE et al. 2007). For example, the RBP hnRNPA1 relies on both of its 

RRM domains to achieve a high binding affinity and function in splicing repression 

(CORLEY et al. 2020). The linker regions connecting RBDs are also critical for facilitating 

protein-RNA interaction. The flexibility of these inter-domain contacts determines 

whether these multi-domain arrangements function cooperatively or independently. For 

instance, a rigid tandem configuration of RBDs can lead to RNA looping, either exposing 

or concealing access to specific regions of the RNA (MACKERETH AND SATTLER 2012). 

1.4.3 K-Homology domain 

Initially discovered in the RBP, hnRNPK, the K-Homology domains (KH) are relatively 

short, consisting of approximately 70 amino acids, and can bind both ssRNA and ssDNA 

(VALVERDE et al. 2008). The KH domains can be classified into two folds: Type I 

domains are predominantly found in eukaryotes, exhibiting a β1α1α2β2β3α3 confirmation, 

forming a β-sheet composed of three antiparallel β-strands against three α-helices (Fig. 

1.2A). In contrast, type II KH domains are commonly present in prokaryotes and feature 

an α1β1β2α2α3β3 topology, wherein the β2-strand and β3-strand run parallel to each other 

with the β1-strand being antiparallel to both (VALVERDE et al. 2008). Both types of KH 

domains contain a variable loop situated between the β2-strand and β3-strand in Type I 

KH domains, or between the β1-strand and β2-strand in Type II KH domains (Fig. 1.2A). 

The length of these variable loops varies, ranging from 3 amino acids to more than 60 

amino acids. KH domain contains the conserved GXXG motif, which consists of the 

(I/L/V)-I-G-X-X-G-X-X-(I/L/V) sequence (I-Isoleucine, L-Leucine, V-Valine, G-

Glycine), located between α1 and α2-helices. However, in some cases, the GXXG motif 

is either altered or interrupted, leading to diverged KH domains (CLÉRY AND ALLAIN 

2012, VALVERDE et al. 2008).  

The RNA binding surface of the KH domain comprises the GXXG motif on one side, 

and the β-sheet and the variable loop on the other side. Together, they form a binding 
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cleft that accommodates 

four nucleotides, with a 

preference for A/C-rich 

sequences (Fig. 1.2B; 

VALVERDE et al. 2008, 

NICASTRO et al. 2015). 

For example, the KH1 

domain of the RBP 

PCBP2 recognizes the 

CCCU motif, whereas 

the KH3 domain of RBP 

Nova2 selectively binds 

the UCAC motif on 

target mRNA (DU et al. 

2007, LEWIS et al. 2000, 

VALVERDE et al. 2008). 

The two KH domains of ZBP1, KH3, and KH4 recognize the bipartite RNA sequences, 

C/A-CA-C/U and CGGAC, respectively. The center of the RNA binding cleft is 

hydrophobic and involves additional interactions such as hydrogen bonds which are 

coordinated by the GXXG motif to stabilize the protein-RNA interaction. However, 

stacking interactions between the KH domain and RNA are relatively scarce which also 

explains the lower binding affinity of this domain with single-stranded mRNAs (CORLEY 

et al. 2020). It is noteworthy that the third KH domain of the RBP, KSRP exhibits a 

binding preference for the G-rich sequences, highlighting the versatility of the KH 

domain in interacting with diverse nucleotide panels (NICASTRO et al. 2015; 

HOLLINGWORTH et al. 2012). 

A recent finding has revealed that the small domain (SD) present in bacterial 

ribonucleases E/G belongs to the KH family, giving rise to the Type III KH characterized 

by αβααββ topology (PEREIRA AND LUPAS 2018). 

The presence of augmented RBDs or multiple-KH domain repeats can help increase 

binding surface, affinity, and specificity either independently or synergistically. For 

instance, KH domains are often found to be augmented with the Quark domain and RNA 

Fig. 1.2. Structure of the KH domain. (A) Crystal structure of NOVA 
KH3 domain. The GXXG loop (GKGG) is highlighted in magenta. 
Topology diagram of the KH fold is shown below. GXXG motif and 
minimal KH motif are labeled. (B) Solution structure of KH3 domain 
of hnRNPK interacting with a single-stranded DNA oligonucleotide. 
The GXXG loop (GKGG) is colored in magenta. KH3 domain 
specifically recognizes TCCC sequences (T- light blue; C- dark blue). 
(A-B) PDB ID- Identification code for the corresponding structure in 
the Protein Data Bank (PDB). 
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star domain for signal transduction and extension of binding surface to increase affinity, 

respectively (CORLEY et al. 2020).  

RNA-binding proteins featuring KH domains are versatile in diverse RNA regulatory 

processes, including splicing, localization, translation, and stability. One prominently 

studied RBP, hnRNP K, with three KH domains, plays a pivotal role in regulating diverse 

biological processes and is implicated in various disease contexts. It engages in signal 

transduction and gene expression control by recognizing poly(C) stretches on RNA, 

influencing transcription, translation, and stability (WANG et al. 2018).  

Another KH domain-containing RBP, KSRP, originally identified as part of a complex 

associated with intronic splicing enhancer elements (MIN et al. 1997), demonstrates a 

broad influence on RNA regulation. KSRP is linked to processes encompassing 

localization, mRNA decay, and translational repression. For instance, KSRP engages 

with RNA exosome complex for the degradation of mRNAs such as fos, tnf, and il2 

mRNA, thereby modulating the immune response in HeLa cells (GHERZI et al. 2004, 

BRIATA et al. 2005).  

1.5 Methods for identifying in vivo binding of an RBP 

To identify the RNA regulatory process, one must first characterize the RBP-RNA 

interactions involved. Approaches to study such interactions can be broadly categorized 

into protein-centric or RNA-centric. The protein-centric approaches comprise identifying 

the RNA repertoire bound by a specific RBP, while the RNA-centric involves exploring 

the RNA-bound proteome.  

A common protein-centric strategy for identifying RBP targets involves 

immunoprecipitation of the specific RBP along with its associated RNAs. This method 

includes techniques such as RNA immunoprecipitation (RIP) or cross-linking and 

immunoprecipitation (CLIP) (HAFNER et al. 2021). In recent times, novel methods for 

identifying RBP targets through proximity RNA labeling have emerged. These methods 

involve fusing an RNA base editor with the RBP of interest which enables selective 

labeling of RNAs that are bound by the RBP (RAHMAN et al. 2018, BRANNAN et al. 

2021). 
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1.5.1 CLIP 

CLIP methods serve as the current gold standard for elucidating RBP target mRNAs. 

Among the diverse CLIP variants, such as high-throughput sequencing of RNA isolated 

by CLIP (HITS-CLIP), individual-nucleotide resolution CLIP (iCLIP), enhanced CLIP 

(eCLIP), infrared CLIP (irCLIP), and photoactivatable ribonucleoside-enhanced CLIP 

(PAR-CLIP) and proximity CLIP, these protocols share a fundamental core workflow 

(Ramanathan et al., 2019, Hafner et al., 2021).  

To capture the in vivo RNA binding pattern of an RBP, all CLIP methods initiate with 

UV irradiation of living cells to irreversibly crosslink the RBP-RNA contact sites. 

Following crosslinking, the cells are lysed and subjected to careful RNase digestion to 

restrict the length of RNA fragments while simultaneously preventing excessive 

digestion that could compromise RBP binding sites. The cross-linked RNP of interest is 

then immunoprecipitated using RBP-specific antibodies, followed by proteinase K 

digestion to release crosslinked RNA fragments from the RBP. The resultant RNAs are 

converted into cDNA for high-throughput sequencing (Fig. 1.3A; BUSCH et al. 2020, 

HAFNER et al. 2021).  

After sequencing, the reads are processed and mapped to the genome to identify the 

genomic positions of the nucleotides that crosslinked to the RBP. This information is 

then used to derive peaks, indicative of regions characterized by high density of RBP 

crosslinking. These peaks are subsequently used to identify binding features such as 

RNA-binding motifs or structures that drive the dynamic RBP-RNA interactions. 

Because these peaks are derived from RNA sequences bound by the immunoprecipitated 

RBP, the CLIP techniques offer identification of the RBP binding site at nucleotide 

resolution (BUSCH et al. 2020, HAFNER et al. 2021). 

1.5.2 HyperTRIBE 

Although the CLIP methods offer high-resolution RBP binding site information, they 

suffer from notable drawbacks: 1. The requirement of large amounts of input material, 2. 

Biases are introduced by biochemical steps such as immunoprecipitation, RNase 

digestion, ligation, and target mRNA expression, 3. Influence of nucleotides (e.g., Uracil) 

in UV crosslinking, affecting the detected targets (RAMANATHAN et al. 2016). The low 

efficiency of UV crosslinking during host-microbe interaction and the scarcity  
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Fig. 1.3. Schematic overview depicting the CLIP and hyperTRIBE methods. (A) Schematics representing 
the key steps involved in the CLIP protocol. The process initiates with UV irradiation (indicated by the red 
triangle) to covalently crosslink RBPs with their bound RNA molecules. Following cell lysis, RNAs are 
fragmented, resulting in the formation of RBP-bound RNA fragments. In the subsequent step, the RBP 
(Rbp) of interest is immunoprecipitated and the adapter is ligated to bound RNA. The immunoprecipitated 
RBP-RNA complex is then purified using SDS-PAGE. The RBP is digested using proteinase K to release 
the bound RNA fragments, leaving a short peptide at the cross-linking site. The RNA fragments are 
subjected to reverse transcription to generate cDNA libraries for RNA-seq and RBP binding site 
identification. (B) In the hyperTRIBE method, the Rbp of interest is fused with the catalytic domain of 
ADAR (Ada). When the fusion protein (Rbp-Ada; red) binds its target mRNA (grey; grey circle- 5´ cap; 
AA- poly(A) tail), the Ada domain catalyzes the conversion of nearby adenosine (A) into inosine (I; 
orange), which is recognized as guanine (G; orange) by cellular enzymes. Total RNAs are subsequently 
isolated and used to generate cDNA libraries for RNA-seq analysis. “I” indicates the position of 
deaminated adenosine in the edited mRNA. This editing process leads to the conversion of A-T base pairs 
to G-C base pairs. Sequencing reads are aligned to the reference genome to identify RBP targets containing 
the editing sites. 

of fungal biomass within the host tissues further complicate the application of this 

laborious method in fungal pathogens.  

Recently, an RNA proximity labeling technique called hyperTRIBE was developed as 

an alternative to identify mRNA targets of RBPs in Drosophila melanogaster 

(MCMAHON et al. 2016, RAHMAN et al. 2018). HyperTRIBE utilizes the fusion of the 

catalytic domain of ADAR (Adenosine deaminase acting on RNA) with the RBP of 

interest. The endogenous Drosophila ADAR contains a dsRBD domain for RNA 

recognition and a catalytic domain that deaminates nearby adenosine to inosine. In 

hyperTRIBE, the ADAR catalytic domain carrying the hyperactive E488Q mutation is 

used for improved editing (RAHMAN et al. 2018 RAHMAN et al. 2018). When the 

hyperTRIBE fusion protein interacts with mRNAs through the RNA-binding domain of  
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the RBP, the linked catalytic domain irreversibly deaminates nearby adenosine to inosine 

on the mRNA, which is recognized as guanosine both in vivo and in vitro. The 

transcriptome is then sequenced to identify RBP-bound target mRNAs with novel “A-

to-G” footprints (Fig. 1.3B).  

The crystal structure of the human ADAR2 catalytic domain revealed a zinc ion 

positioned at the catalytic center directs the water molecule to displace ammonia during 

the nucleophilic hydrolytic deamination of adenosine. The coordination of the zinc ion 

is mediated by a histidine residue (H394), and two cysteine residues (C451, and C516). 

Furthermore, the glutamate residue (E396) engages in hydrogen bonding with a water 

molecule to contribute to this coordination (MACBETH et al. 2005). This catalytic zinc 

center is surrounded by the positive electrostatic potential, serving as a binding site for 

the dsRNA target (MACBETH et al. 2005). Since the site of nucleophilic attack for 

deamination lies in the major groove of the dsRNA, the ADAR catalytic domain employs 

base-flipping mechanisms to access the reactive base, a necessary step for the reaction 

(MATTHEWS et al. 2016). Interestingly, the heightened editing after replacing the 

negatively charged glutamate (E488) residue with the neutral glutamine (Q) caused 

protonation-independent hydrogen binding with N3 of the orphan cytidine in the dsRNA, 

resulting in efficient base flipping, and so increased catalytic rate (KUTTAN AND BASS 

2012, DOHERTY et al. 2021). 

In contrast to techniques such as iCLIP, hyperTRIBE offers a simple experimental 

procedure to determine the RBP targets. Especially, the absence of RBP 

immunoprecipitation and cross-linking, combined with the requirement of less input 

material, make hyperTRIBE an ideal tool for the identification of RBP targets during 

fungal pathogenesis. In addition to fruit flies, the hyperTRIBE approach has also been 

successfully established in mammalian, as well as plant systems for RBP target detection 

(NGUYEN et al. 2020,JIN et al. 2020,ARRIBAS-HERNÁNDEZ et al. 2021,CHENG et al. 

2021). Interestingly, even though the plants lack ADAR orthologues akin to fungi, the 

functional viability of the hyperTRIBE technique remains intact in plants. In line with 

this, it is worth noting that the expression of human ADAR2 in S. cerevisiae leads to the 

deamination of yeast transcripts, suggesting the potential applicability of this potent 

technique in U. maydis (EIFLER et al. 2013).  
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1.6 Ustilago maydis: A dimorphic fungal pathogen 

Ustilago maydis is a basidiomycete fungal pathogen, a causative agent of smut disease 

in maize plants (Fig. 1.4A). The pathogen exclusively infects the maize (Zea mays) and 

its ancestor, teosinte (Z. mays subsp. mexicana), and affects all aerial organs of the plant. 

Infection of U. maydis is characterized by the induction of anthocyanin production and 

the formation of large tumors where fungal spores develop (DE LANGE et al. 2014, 

LANVER et al. 2017). Consequently, the smut disease leads to diminished plant growth, 

lower crop yield, and subsequent economic losses (MARTÍNEZ-ESPINOZA et al. 2002). 

U. maydis exists in two morphologies: a saprophytic yeast-like form and a pathogenic 

hyphal form. The life cycle of U. maydis initiates with the germination of diploid spores 

which undergo meiosis to create a promycelium wherein haploid nuclei migrate (Fig. 

1.4B). The haploid cells bud off from the promycelium following mitosis to enter the 

vegetative life cycle. These haploid yeast-like cells proliferate via budding (Fig. 1.4C). 

The vegetative life cycle culminates when two non-pathogenic haploid cells of 

compatible mating type are recognized on the leaf surface (Fig. 1.4D; VOLLMEISTER et 

al. 2012, LANVER et al. 2017, LANVER et al. 2018). This recognition is mediated by a 

pheromone response system involving seven transmembrane domain receptors and the 

ligand, small lipopeptide pheromones, encoded at the biallelic a-mating type locus. 

Pheromone binding initiates the MAPK signaling pathway that orchestrates gene 

expression to induce conjugation tubes and cell cycle arrest (VOLLMEISTER et al. 2012). 

The developed conjugation tubes orient towards the pheromone gradient of the mating 

partner for fusion. Central to this regulation is the transcription factor Prf1, which not 

only contributes to conjugation tube formation but is also essential for the expression of 

b mating-type genes bE and bW (VOLLMEISTER et al. 2012).  

The fusion results in the formation of dikaryotic hyphae, a hallmark infectious structure 

that grows polarly by elongating at the tip and inserting retraction septa at the basal end 

(Fig. 1.4E). This morphological shift from yeast to hyphae is facilitated by the bE and 

bW proteins, which by forming a heterodimeric complex orchestrates a hierarchical, 

multilayered transcriptional network controlling more than 340 genes (HEIMEL et al. 

2010b). These genes encode proteins that play vital roles in the transition from budding 

to polarized growth and cell cycle arrest sustainment (HEIMEL et al. 2010b). Notably, the 

bE/bW heterodimeric complex commences only when derived from the different alleles 

of the multiallelic b locus. The bE/bW transcription factor does not directly regulate 
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numerous b-responsive genes; rather, their activation requires the participation of a 

secondary central regulator, Rbf1, induced by bE/bW (HEIMEL et al. 2010b). 

Upon perceiving plant signals, dikaryotic filaments develop appressoria, specialized 

infection structures that facilitate the penetration of plant cells by degrading the cell wall 

(Fig. 1.4F-G; SCHIRAWSKI et al. 2005,LANVER et al. 2014). Inside the plant, the 

resumption of cell cycle arrest, results in cell division. During this phase, a clamp-like 

structure is developed for proper nucleus distribution (SCHERER et al. 2006). A key for 

this process is the Clp1 protein, which interacts with bW proteins and Rbf1 (HEIMEL et 

al. 2010a). This leads to the inactivation of the bE/bW complex and the subsequent 

downregulation of the pheromone-response pathway via Rbf1 (SCHERER et al. 2006, 

HEIMEL et al. 2010a).  

After entering the plant, hyphae initially grow intracellularly, enclosed by plant plasma 

membrane to establish a tight interaction zone for colonization. Later, they proliferate 

intercellularly, resulting in massive proliferation and hyphal fragmentation (Fig. 1.4H). 

Together with the irregular division of host cells, these events give rise to the 

development of large tumors at all aerial parts of the plants. Within these tumors, the 

black teliospores are formed through karyogamy. Mature spores are then released and 

dispersed by the wind (Fig. 1.4I-K; VOLLMEISTER et al. 2012, LANVER et al. 2017, 

LANVER et al. 2018).  

U. maydis is a biotrophic fungal pathogen, sustain by feeding off the host cell without 

killing them. During infection, the pathogenic fungi secrete an arsenal of effector 

proteins, to suppress plant defense and reprogram the host metabolism (LANVER et al. 

2017). Effectors like Pep1 and Pit2 hinder the plant defense system by inhibiting the host 

peroxidase Pox12 and cysteine proteases, respectively (DOEHLEMANN et al. 2009, 

MUELLER et al. 2013). The abundant expression of these critical proteins during the 

biotrophic phase imposes enormous stress on ER, necessitating the unfolded protein 

response (UPR) pathway to preserve ER homeostasis and secretion (LANVER et al. 2018). 

In U. maydis, the UPR is tightly linked to the establishment of biotrophic development 

and altered specifically after plant entry (HEIMEL et al. 2010a,HEIMEL et al. 2013,PINTER 

et al. 2019). Mainly, this interaction renders U. maydis resistant to ER stress, increasing 

its secretion capacity before host colonization and promoting long-term UPR activity 
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(HEIMEL et al. 2010a,HEIMEL et al. 2013,PINTER et al. 2019,HARTING AND HEIMEL 

2020). 

 
Fig. 1.4. The life cycle of the dimorphic fungal pathogen Ustilago maydis. (A) Symptoms of a cob infection 
by U. maydis in a maize field. The infection is locally confined and characterized by the induction of 
anthocyanin biosynthesis and the formation of large tumors in which fungal spores develop. (B) Diploid 
spores are released when tumors break open. They are dark colored owing to their high melanin content 
and have a characteristic round shape and surface ornamentation. Meiosis takes place in germinating 
spores; the four resulting haploid nuclei migrate into a promycelium, in which they become delineated by 
septa. (C) Following mitotic divisions, haploid cells bud off from these compartments. (D) After detection 
of a compatible mate, the budding program ceases and cells develop conjugation tubes that are directed 
towards each other. (E) After cell fusion, a filamentous cell cycle-arrested dikaryon is produced. Only the 
growing tip of this filament is filled with cytoplasm (yellow), whereas older parts are vacuolated (grey) 
and become sealed off by regularly spaced septa. These retraction septa enable filament elongation and the 
formation of an infective structure (appressorium) in extended infectious hyphae. (F)-(G) Hyphal tip cells 
develop appressoria in specific locations on the leaf surface and then penetrate plant cells. (H) During early 
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stages of infection, the cell cycle arrest is released, hyphae begin to branch and clamp-like structures 
(orange) assure correct segregation of the two nuclei. During these intracellular stages, hyphae are 
completely encased by the host plasma membrane (red). (I) With the onset of plant tumor formation, fungal 
hyphae are mainly detected intercellularly. (J) Subsequently, the two nuclei of the dikaryon fuse, followed 
by the substantial proliferation of diploid cells that form huge aggregates in apoplastic cavities. Aggregated 
hyphae become embedded in a gelatinous polysaccharide matrix (pink). (K) Hyphae then fragment and 
undergo spore development. In all panels, white and dark grey nuclei indicate that they are haploid and 
have different mating-type genes. Nuclei that are half white and half dark grey indicate diploid nuclei that 
are generated through the fusion of white and dark grey nuclei. Image in part a courtesy of R. Rösser, Max 
Planck Institute for Terrestrial Microbiology, Marburg, Germany. (Figure and legend adapted from 
LANVER et al. 2017 under the terms of Springer Nature license No. 5617680925598). 

In spite of decades of extensive research, a comprehensive understanding of the 

posttranscriptional regulatory network underlying the pathogenesis of U. maydis remains 

poorly understood. Nevertheless, the existence of a well-established molecular toolbox 

positions U. maydis as the suitable model system for studying RNA biology during 

fungal virulence (BRACHMANN et al. 2001, STEINBERG AND PEREZ-MARTIN 2008, 

TERFRÜCHTE et al. 2014, MÜNTJES et al. 2020, LANVER et al. 2017). For example, a 

recent time-resolved transcriptional profiling via RNA sequencing offers valuable 

insights into the gene expression modules across various fungal developmental stages 

(LANVER et al. 2018). Haploid laboratory strains like AB33 and SG200 have streamlined 

fungal research. In AB33, the bE/bW transcription factor is expressed under the control 

of the nitrate-inducible Pnar1 promoter. This enables the synchronous induction of hyphal 

polar growth through a mere change in the nitrogen source (BRACHMANN et al. 2001). 

Whereas, the solo pathogenic strain SG200, expressing compatible mating genes in a 

single genetic background, facilitates infection experiments without the requirement for 

an appropriate mating partner (BÖLKER et al. 1995). 

Moreover, the conservation of biological processes such as mitosis, and long-distance 

transport between U. maydis and metazoan (VOLLMEISTER et al. 2012, STEINBERG AND 

PEREZ-MARTIN 2008), extends the potential of the pathogenic fungi to probe complex 

biological questions beyond pathogenesis, providing insights into cellular biology at a 

broader scale. Studying U.  maydis as a model pathogen also revealed a significant 

interplay between RNA biology and membrane trafficking. For a more detailed 

discussion on this topic, please refer to Appendix 1 (Chapter 5), which contains a review 

published in PLOS Pathogens (SANKARANARAYANAN et al. 2023b). 
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1.7 Khd4: A key RBP for morpho- and pathogenesis in U. maydis  

In U. maydis, the investigation into 27 RBPs, consisting of well-recognized RNA-

binding domains, via reverse genetic approaches, unveiled three candidates- Khd4, 

Rrm4, and Khd1- associated with aberrant phenotypes upon their deletion (BECHT et al. 

2005). Among these, Khd4, characterized by its multi-KH domain, emerged as a crucial 

component for the proper morphology and pathogenicity of U. maydis. Deletion of khd4 

causes pleiotropic phenotype, resulting in cytokinesis defective yeast cells, aberrant 

hyphal cells characterized by shortened and thickened morphology, and reduced 

virulence (VOLLMEISTER et al. 2009; Fig. 1.5C-E).  

 
Fig. 1.5. The multi-KH RBP Khd4 is indispensable for the morphology and pathogenicity of U. maydis. 
(A) Conservation of the multi-KH domains (green) in Khd4 and homologs from pathogenic fungi. (B) 
Structure model of Khd4 predicted by Alphafold2. Khd4 contains 8 central KH domains. KH5-6 is 
necessary and sufficient for AUACCC binding (grey). GXXG motif is shown in magenta color. (C) AB33-
derived wt (left) and khd4Δ (right) yeast cells. Scale bar: 10 µm. (D) AB33-derived wt (top) and khd4Δ 
(bottom) hyphal cells. Arrow mark indicates the growth direction. Scale bar: 10µm (E) Typical symptoms 
of maize seedling infection experiments. While the wildtype induces the formation of characteristic 
tumours (white arrowheads), khd4∆ strains only elicit anthocyanin formation and chlorosis. 

Additionally, the absence of Khd4 leads to diminished pheromone production and 

conjugation hyphae formation. Remarkably, although the khd4Δ cells can form infectious 

hyphae capable of penetrating the plant cells, the elicitation of the plant defense system 

substantially inhibits further fungal growth (VOLLMEISTER 2009; Personal 

communication with Lea Geißl).  

Khd4 is a large protein, about ~151 kDa in molecular weight, formed by 1416 amino 

acids. Initially reported to contain six KH domains, recent structural predictions using 
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AlphaFold 2 have revealed that Khd4, in fact, comprises eight KH domains, including 3 

classic domains having GXXG loop (KH2, 5, and 6), and 5 divergent domains. In line 

with the structural predictions, the domains KH5 and 6 (formerly known as KH3 and 

KH4, respectively), containing the conserved KH domain topology, are crucial for RNA 

binding (Fig. 1.5A-B). By employing yeast three-hybrid analysis, it was previously 

revealed that KH5 and 6 bind mRNAs by recognizing the AUACCC motif, an RNA 

binding element that is necessary and sufficient for Khd4 binding. Mutations in the 

GXXG domains of KH5 and KH6 domains abolished the RNA binding property of Khd4 

and caused a phenotype akin to khd4 deletion. This strongly implies that the RNA-

binding property of Khd4 is essential for its function, indicating the necessity of the 

systematic identification of Khd4 RNA targets (VOLLMEISTER 2009).  

Furthermore, homologs of Khd4 with a comparable number of KH domains, are also 

present in mammalian fungal pathogens like C. albicans, C. neoformans, and A. 

fumigatus. This underscores the strong conservation of Khd4 function in fungal 

pathogenic programs and emphasizes the significance of characterizing this protein to 

combat fungal diseases (Fig. 1.5A).  

Beyond its KH domains, the N- and C- terminus of Khd4 are predicted to be highly 

disordered. It has been known that such intrinsically disordered regions can interact with 

protein and RNA, forming higher-order assemblies such as membrane-less 

compartments (DECKER AND PARKER 2012). Notably, the C-terminal region features a 

region with a high prevalence of glutamine (Fig. 1.5A; Q-rich regions), commonly 

associated with prion-like domains (PrLDs). The combination of RNA-binding domains 

and PrLDs in proteins often points to a heightened tendency for phase separation 

(WIEDNER AND GIUDICE 2021). Indeed, in line with this, Khd4 demonstrates the ability 

to undergo phase separation, forming membrane-less cytoplasmic stress granules under 

heat stress (VOLLMEISTER 2009). This behavior persists despite its predominant 

cytoplasmic distribution under normal conditions.  

Under laboratory conditions, Khd4 is a cytoplasmic protein with relatively low 

expression levels. Deletion of khd4 renders the cells a slow growth rate (doubling time 

~4h) accompanied by defects in cell wall composition (VOLLMEISTER 2009). Given its 

significance, attempts to genetically modify the khd4 gene for functional manipulation 

are challenging attributed to its critical role.  
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1.8 Aim of this study 

Despite its paramount importance, the significance of Khd4 in shaping the morphology 

and pathogenicity remained unknown. This study aimed to investigate the role of Khd4 

in orchestrating infectious hyphae development in the pathogen U. maydis.  

To understand RBPs, an essential first step was identifying their direct binding to mRNA 

targets. Previous endeavors to uncover Khd4 targets using conventional biochemical 

approaches, such as the CLIP method, proved unsuccessful due to its high molecular 

weight and low expression levels. Therefore, the primary objective of this thesis was to 

establish a novel method called hyperTRIBE in U. maydis, the first of its kind in a fungal 

system. To validate the feasibility of hyperTRIBE in fungal systems, we initially applied 

this method to the well-studied RNA-binding protein, Rrm4. Following successful 

validation, we utilized hyperTRIBE to unveil in vivo mRNA targets of Khd4, with the 

Khd4 binding site AUACCC serving as a stringent criterion for identifying high-

confidence target mRNAs.  

The second objective was to decode the regulatory potential of Khd4 in RNA regulation 

by employing Khd4 binding sites on high-confidence target mRNAs. Additionally, this 

study sought to explore how Khd4 mediates cellular processes that influence the polar 

growth of infectious hyphae. 

In summary, this thesis combined transcriptome-wide in vivo binding studies with 

computational techniques, fungal genetics, and cell biology to elucidate the role of Khd4 

in U.  maydis pathogenic development. Studying Khd4 sets a foundation for 

understanding the significance of RNA regulation in fungal pathogenesis, potentially 

paving the way for innovative anti-fungal therapies. Significantly, the successful 

application of hyperTRIBE to identify in vivo target mRNAs establishes a robust 

precedent for future studies on RNA-binding proteins in fungi.  
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2 Results 

The following chapters provide the study towards understanding the role of the multi-

KH domain RBP Khd4 in the pathogenic development of U. maydis. The complete study 

is organized into three distinct parts.  

• The first part (Chapter 2.1) presents a comprehensive study elucidating 

the novel role of Khd4 in the spatiotemporal gene expression control during infectious 

hyphae development in U. maydis. Additionally, it details the application of the RNA-

editing-based hyperTRIBE technique. This study has already been published in PNAS 

2023 under the title “The mRNA stability factor Khd4 defines a specific mRNA regulon 

for membrane trafficking in the pathogen Ustilago maydis”. Hence, it is adapted with 

minor changes without affecting the scientific content. In accordance with standard 

scientific protocol, the utilization of the personal pronoun "we" in this chapters refers to 

the reader and the writer, as well as my scientific collaborators and myself. 

o The detailed information about the pilot study, which serves as a proof-

of-principle for validating the hyperTRIBE technique using the well-studied RBP Rrm4, 

is described in Chapter 5, Appendix 2.  

• The second part (Chapter 2.2) describes the subcellular localization 

study of Khd4, providing insights into its potential role in the endoplasmic reticulum.  

• The third part (Chapter 2.3) predicts the potential mRNA regulons con-

trolled by Khd4 during the infection of U. maydis in plant hosts.   
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Significance  

Fungal pathogens cause severe diseases in humans, animals, and plants. To develop new 

defense strategies, we need to understand how infection is precisely regulated at the DNA 

and RNA levels. However, knowledge on RNA regulation in fungal pathogens is 

currently scarce. Here, we adopt a powerful in vivo RNA labeling technique for fungi. 

Thereby, we uncover how a key RNA-binding protein (RBP) orchestrates the polar 

growth of infectious hyphae by determining the exact stability of mRNAs encoding 

regulators of membrane trafficking. Thus, we disclose a different regulatory concept for 

infection: a single RBP determines the precise timing of expression for numerous 

regulatory proteins at the level of mRNA stability. This opens up the opportunity to use 

RBPs as novel fungicide targets 

Abstract  

Fungal pathogens depend on sophisticated gene expression programs for successful 

infection. A crucial component is RNA regulation mediated by RNA-binding proteins 

(RBPs). However, little is known about the spatiotemporal RNA control mechanisms 

https://doi.org/10.1073/pnas.2301731120
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during fungal pathogenicity. Here, we discover that the RBP Khd4 defines a distinct 

mRNA regulon to orchestrate membrane trafficking during pathogenic development of 

Ustilago maydis. By establishing hyperTRIBE for fungal RBPs, we generated a 

comprehensive transcriptome-wide map of Khd4 interactions in vivo. We identify a 

defined set of target mRNAs enriched for regulatory proteins involved, e.g., in GTPase 

signaling. Khd4 controls the stability of target mRNAs via its cognate regulatory element 

AUACCC present in their 3′ untranslated regions. Studying individual examples reveals 

a unique link between Khd4 and vacuole maturation. Thus, we uncover a distinct role for 

an RNA stability factor defining a specific mRNA regulon for membrane trafficking 

during pathogenicity. 

2.1.1 Introduction 

Fungal pathogens are ubiquitous and pose a serious threat to public health, agriculture, 

and wildlife. Fungal infections are estimated to cause more than 1.5 million deaths per 

year (BROWN et al. 2012b) and account for a 30% reduction in crop yield worldwide 

(FISHER et al. 2020). A widespread virulence strategy of these pathogens is their capacity 

for morphological plasticity, i.e., the alternation between yeast and hyphal growth forms 

(GOW et al. 2002,MIN et al. 2020). In particular, hyphae formation is a criterion for 

successful host invasion in many pathogenic fungi (BRAND AND GOW 2009). For 

example, the human pathogen Candida albicans requires the morphological transition 

from yeast-like to hyphal growth to invade host tissue and selectively escape the host 

immune system (SUDBERY 2011,ERWIG AND GOW 2016). In the plant pathogen Ustilago 

maydis, the switch from yeast to hyphal form is tightly linked to mating and is essential 

for plant entry and infection (LANVER et al. 2017).  

The polarized growth of fungal hyphae is intimately associated with intracellular 

membrane trafficking. Vesicle transport, for example, mediates the delivery of new 

plasma membranes and cell wall material to growth poles and therefore determines the 

shape and growth direction of hyphal cells (RIQUELME et al. 2018). Equally important is 

the recycling of excess plasma membrane components via endocytosis. Furthermore, the 

balance between endocytosis and exocytosis forms the basis for dynamic hyphal growth 

(COMMER AND SHAW 2020). The transport of cargo between different cellular 

compartments is robustly controlled by distinct regulatory proteins. In particular, small 

GTPases such as Rab, Rho, Arf, and Arl, and their interaction partners serve as master 

regulators of vesicle trafficking (DAUTT-CASTRO et al. 2021).  
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The link between membrane trafficking and infectious hyphal growth is well-studied in 

the plant pathogen U. maydis causing corn smut disease (MÜNTJES et al. 2021). To 

maintain its morphology and pathogenicity, this phytopathogen inordinately depends on 

endocytosis mediated by the bidirectional shuttling of early endosomes (WEDLICH-

SÖLDNER et al. 2000). Besides their role in endocytosis, the shuttling early endosomes 

also offer a transportation platform for organelles such as peroxisomes as well as mRNAs 

and associated polysomes throughout the hyphal cells (STEINBERG 2014, MÜNTJES et al. 

2021). For such a complex process to be coordinated, robust spatiotemporal control of 

the associated proteins is essential. At the post-transcriptional level, it was found that the 

RNA-binding protein (RBP) Rrm4 transports mRNAs of morphological regulators, such 

as all four septin-encoding mRNAs, along fungal hyphae, determining the local 

translation and the spatial distribution of the translation products (KÖNIG et al. 

2009,BAUMANN et al. 2014). 

Previously, we discovered that a second RBP, Khd4, is crucial for morphogenesis and 

pathogenesis in U. maydis. The loss of Khd4 resulted in cytokinesis defects in yeast-like 

cells, aberrant morphology of hyphae, and impaired virulence (Fig. 2.1A; Chapter 5, 

Appendix 2, Fig. 5.2A; VOLLMEISTER et al. 2009). Khd4 is a multi-KH domain-

containing RBP, with KH domains 3 and 4 being crucial for RNA binding. Based on 

binding studies in the heterologous yeast three-hybrid assay, Khd4 recognizes the RNA 

motif AUACCC, and its KH domains 3 and 4 are necessary and sufficient for binding. 

Mutations in KH domains 3 and 4 severely impact the morphology and virulence of U. 

maydis, suggesting that the RNA binding potential of Khd4 is responsible for its function 

(VOLLMEISTER et al. 2009). However, it is currently unclear how Khd4 tunes the 

morphological transition and pathogenic development. Here, we perform a 

transcriptome-wide identification of in vivo target mRNAs in infectious hyphae. We 

demonstrate that Khd4 regulates the expression of a distinct set of regulatory proteins 

involved in membrane trafficking and reveal a new link to post-transcriptional control of 

vacuole biogenesis.  

2.1.2 Results 

Loss of Khd4 causes defects in polar growth of infectious hyphae 

To study the role of Khd4 during pathogenic development, we focused on the formation 

of infectious hyphae. For this, we conducted a time-course analysis to determine the 

appropriate induction time needed for hyphae establishment. As the genetic background, 
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we used the laboratory strain AB33, which expresses the heteromeric master 

transcription factor (bE/bW) for hyphal formation under the control of the nitrate-

inducible Pnar1 promoter. By switching the nitrogen source, hyphal growth can be 

induced synchronously in a highly reproducible manner  

Fig. 2.1. Khd4 is important for hyphal growth. Differential interference contrast (DIC, Top panels) and 
Calcofluor white staining (Bottom panels; CFW, 18) of (A) wild-type (wt) and (B) khd4Δ hypha grown for 
6, 9, and 12 hours post induction (h.p.i.). All strains are derivatives of AB33. Basal septa and growth 
directions are marked by asterisks and arrows, respectively (scale bar: 10 μm.). 

(Fig. 2.1A; BRACHMANN et al. 2001). The resulting hyphae grow unipolarly by tip 

expansion up to a defined length of about 100 µm. This maximal length is maintained 

over time by the insertion of regularly spaced septa, generating characteristic cytoplasm-

free sections consisting of cell wall remnants at the basal pole (Fig. 2.1A; FREITAG et al. 

2011,BAUMANN et al. 2014). Observations of wildtype hyphae with basal septa were 

already evident at six hours post induction (6 h.p.i.; Fig. 2.1A). In contrast, the deletion 

of khd4 resulted in delayed hyphal development (Fig. 2.1A-B; Chapter 5, Appendix 2, 

Fig. 5.2B-E). Compared to wildtype hyphae, the khd4Δ hyphae were shorter, thicker, and 

aggregated at 6 h.p.i. (Fig. 2.1A-B; Chapter 5, Appendix 2, Fig. 5.2A, F). However, 

prolonging the induction time caused a gradual recovery of hyphal length, reduced the 

diameter, and increased the basal septa insertion in khd4Δ cells (Fig. 2.1B; Chapter 5, 

Appendix 2, Fig. 5.2B-E). A longer period of hyphal induction also diminished hyphal 

aggregation (Chapter 5, Appendix 2, Fig. 5.2F). Although khd4∆ hyphae can attain 

comparable lengths to wildtype, it is known that the virulence of khd4∆ strains is severely 

reduced, highlighting the critical role of Khd4-mediated RNA regulation also during later 

stages of pathogenic development (VOLLMEISTER et al. 2009). In essence, the loss of 

RNA-binding protein Khd4 disturbs the morphological dynamics during the formation 
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of infectious hyphae. Based on these results, we determine 9 h.p.i. as the optimal time 

point for further analysis. 

Establishing hyperTRIBE for fungal RNA-binding proteins  

Mutations in the RNA-binding domains mimic the loss-of-function phenotype of khd4 

deletion (VOLLMEISTER et al. 2009). Identifying mRNA targets of Khd4 is therefore 

crucial to dissect its function. Hence, we adapted hyperTRIBE, a technique well-suited 

for the investigation of proteins with high molecular weight or low expression that are 

difficult to purify (MCMAHON et al. 2016,RAHMAN et al. 2018,XU et al. 2018). 

HyperTRIBE exploits the RNA editing activity of the catalytic domain of ADAR 

(Adenosine Deaminase Acting on RNA) from Drosophila melanogaster carrying the 

mutation E488Q to increase editing (KUTTAN AND BASS 2012; designated Ada). We 

fused the codon-optimized catalytic Ada domain with the green fluorescent protein 

(enhanced version, designated Gfp, Clontech) to the C terminus of the RBP of interest 

(Fig. 2.2A-B). Expression of the fusion protein is controlled by the arabinose-inducible 

Pcrg1 promoter that is repressed by glucose (Fig. 2.2A-B; BOTTIN et al. 1996,BRACHMANN 

et al. 2001). The resulting construct was inserted ectopically at the ips locus (LOUBRADOU 

et al. 2001) in the deletion mutant of the RBP of interest. To assess RBP-Ada-Gfp 

functionality, we compared it to a control strain expressing RBP-Gfp (Fig. 2.2B).  

For a proof-of-principle study, we chose Rrm4, as its cognate mRNA targets have been 

extensively investigated at the transcriptome-wide level using iCLIP (individual-

nucleotide resolution Cross-Linking and ImmunoPrecipitation; OLGEISER et al. 2019). A 

detailed description of the experimental setup is given in the Chapter 5, Appendix 2 

(subsection 5.2.1, Supporting Information Text; Fig. 5.3-5.5). In brief, the expression of 

the Rrm4-Ada-Gfp protein by arabinose induction rescued the rrm4∆ phenotype 

(Chapter 5, Appendix 2, Fig. 5.3A-F), indicating that the fusion protein is functional. As 

a control for background editing, we used the strain expressing Ada-Gfp protein with N-

terminal mKate2 fusion (a monomeric form of the red fluorescent protein, designated 

Kat; MÜNTJES et al. 2020) in the wildtype background (control-Ada; Fig. 2.2B). Control-

Ada was expressed at higher levels than Rrm4-Ada-Gfp, localized uniformly throughout 

hyphae, and did not interfere with hyphal growth (Chapter 5, Appendix 2, Fig. 5.3D, Fig. 
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5.4A-C). To avoid potential artifacts caused by overexpression of RBPs, we did not 

attempt to express the RBP-Ada-Gfp levels similar to control-Ada.  

Fig. 2.2. HyperTRIBE identifies bona fide targets of Rrm4. (A) Schematics of the hyperTRIBE technique. 
The binding of the RBP–Ada–Gfp fusion protein to target mRNA results in the editing of adjacent 
adenosine (A) to inosine (I) which is converted to guanine (G) (Ada—hyperactive version of Drosophila 
ADAR catalytic domain; Gfp—green fluorescent protein; AA—poly(A) tail, 5′ cap structure is depicted 
by a gray circle). (B) HyperTRIBE constructs with arabinose inducible Pcrg1 promoter (on), which is 
repressed by glucose (off). Fusion proteins of RBP, Ada, Gfp, and/or Kat (Kat—mKate2, red fluorescent 
protein; Tnos—transcription terminator). (C) Overlap of reproducible editing events from Rrm4–Ada–Gfp 
(sea green) and control–Ada (gray). The number of reproducible editing events within each category is 
stated inside. (D) Histogram displaying the distance of editing events to the nearest Rrm4 iCLIP binding 
sites (Left) or the nearest UAUG-containing Rrm4 iCLIP binding sites (Right) in edited transcripts specific 
to Rrm4–Ada–Gfp (sea green) compared to control–Ada (gray). 

We sequenced mRNAs of hyphae expressing the hyperTRIBE constructs that were 

induced under promoter-on conditions (arabinose) for 6 hours. The A-to-G editing events 

in the sequencing data were detected using the published hyperTRIBE pipeline (RAHMAN 

et al. 2018). Editing events were deemed reproducible when detected in two independent 

experimental replicates (Chapter 5, Appendix 2, Fig. 5.5A). Notably, Rrm4-Ada-Gfp 

expression led to twice as many reproducible editing sites as control-Ada (Fig. 2.2C; 

Chapter 5, Appendix 2, Fig. 5.5A-). In our system, the control-Ada construct harboring 

only the catalytic domain of ADAR shows substantial background activity. This is 

different from the initial reports on mammalian and Drosophila hyperTRIBE systems 

but fits with observations for the more recently established plant hyperTRIBE system 

(31,25). Importantly, the increased background activity of control-Ada can be clearly 

separated from the editing events for the RBP of interest (see below). 

Comparing the hyperTRIBE data with Rrm4-bound transcripts from iCLIP data showed 

significant overlap, whereby, ~84% of the transcripts with unique Rrm4-Ada-Gfp editing 
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sites had also been detected as Rrm4-bound in the published iCLIP data, demonstrating 

a higher enrichment compared to the control-Ada (Chapter 5, Appendix 2, Fig. 5.5E-G).  

Interestingly, compared to control-Ada editing sites, the majority of editing sites on 

mRNAs unique to Rrm4-Ada-Gfp were predominantly located near the actual Rrm4 

binding sites (Fig. 2.2D; median distance=159 nucleotides (nt)). Additionally, only the 

Rrm4-Ada-Gfp editing sites demonstrated enrichment in proximity to the UAUG-

containing binding sites, a motif recognized by the third RRM domain of Rrm4 (Fig. 

2.2D; median distance=252 nt). In summary, we conclude that the specificity of Ada in 

hyperTRIBE is largely determined by the attached RBP. Our pilot study has thus laid the 

foundation for using hyperTRIBE for in vivo detection of Khd4 target mRNAs. 

Khd4 interacts with mRNAs enriched for its binding motif AUACCC 

Following the same experimental strategy (Fig. 2.2B; Chapter 5, Appendix 2, Fig. 5.6A-

B), we first verified that Khd4-Ada-Gfp rescued the mutant khd4∆ phenotype with 

respect to hyphal morphology, length, and thickness (Chapter 5, Appendix 2, Fig. 5.6C-

E). In line with Rrm4-Ada-Gfp, the levels of Khd4-Ada-Gfp were also lower compared 

to control-Ada (Chapter 5, Appendix 2, Fig. 5.6F-G). To assess the specificity of Khd4-

Ada-Gfp editing, we designed a reporter mRNA, containing six tandem copies of the 

previously identified Khd4 binding motif AUACCC (VOLLMEISTER et al. 2009) in the 3´ 

untranslated region (UTR) of the Kat coding sequence. This synthetic mRNA was 

constitutively expressed using the Ptef promoter (Chapter 5, Appendix 2, Fig. 5.6H). We 

harvested hyphae (6 h.p.i.) grown in the promoter-on condition and sequenced 

kat_(auaccc)6 mRNA using transcript-specific primers (see Chapter 5, Appendix 2, 

Materials and methods). Strikingly, we observed two reproducible A-to-G editing events 

in the reporter mRNA only after the expression of Khd4-Ada-Gfp (Chapter 5, Appendix 

2, Fig. 5.6H). Thus, the Khd4-Ada-Gfp fusion protein is fully functional, and the Ada 

domain can edit Khd4 mRNA targets with high specificity. Notably, this experiment also 

demonstrated for the first time that the AUACCC motif indeed serves as an in vivo Khd4 

binding motif in U. maydis.  
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Fig. 2.3. HyperTRIBE identifies highly specific targets of Khd4. (A) HyperTRIBE data of Khd4 on 
selected target transcripts (arl1, UMAG_10313; hok1, UMAG_11790; vma21, UMAG_11418). Tracks 
showing RNA-seq read coverage (Top) followed by editing tracks of Khd4–Ada–Gfp and control–Ada 
(#1-replicate 1, #2-replicate 2). The bottom track displays the position of the AUACCC motif. The gene 
model with the exon/intron structure below was extended by 300 nt on either side to include 5′ and 3′ UTRs 
(5′ and 3′, respectively). (B) Overlap of reproducible editing sites from the Khd4–Ada–Gfp (blue) and 
control–Ada (gray). The overlapping region is depicted in light blue color. The numbers of reproducible 
editing sites in each category are indicated. (C) De novo motif discovery analysis on sequences carrying 
unique Khd4–Ada–Gfp editing sites. Scatter plot compares the relative enrichment ratio of enriched motifs 
(blue; relative to the background control) with the percentage of each motif in the tested sequences. The 
enlarged region (indicated by dotted box) presents the sequence logo of motifs exhibiting both high 
enrichment and overrepresentation in Khd4–Ada–Gfp-edited sequences. For motif enrichment, a 501-nt 
window centered on Khd4–Ada–Gfp editing sites was used. (D) Histogram showing the distribution of 
editing sites from the nearest AUACCC (Left) or AGAUCU (Right; a point mutated version of AUACCC) 
motifs in transcripts specific to Khd4–Ada–Gfp (blue) compared to control–Ada (gray). (E). Schematic 
depiction of high-confident, Khd4-bound mRNA selection using hyperTRIBE. High-confident target 
mRNAs are those that contain Khd4–Ada–Gfp-specific editing sites (blue; A-to-G editing) and at least one 
AUACCC motif (green). (F) Stacked bar graph describing the percentage of AUACCC (green) or 
AGAUCU (gray) motifs per transcripts region (5′ UTR, ORF and 3′ UTR) for Khd4-bound mRNAs and 
all AUACCC-containing mRNAs. Statistical analysis was carried out using Fisher’s exact test. 
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To detect Khd4 targets, reproducible editing events were identified from two replicate 

experiments for Khd4-Ada-Gfp (Fig. 2.3A; Chapter 5, Appendix 2, Fig. 5.7A-B). In 

contrast to Rrm4-Ada-Gfp, editing events for Khd4-Ada-Gfp were substantially lower, 

however, the reproducibility was higher than for those obtained with Rrm4-Ada-Gfp or 

control-Ada (Chapter 5, Appendix 2, Fig. 5.5C-D, Fig. 5.7B-D). Comparing reproducible 

editing events from Khd4-Ada-Gfp and control-Ada showed that the majority of editing 

sites were unique to either Khd4-Ada-Gfp (n=269) or the control-Ada (n=1021), with 

108 editing sites overlapping between both sets (n=108; Fig. 2.3B). Importantly, de novo 

motif enrichment analysis using  

XSTREME identified only the motif AUACCC near Khd4-Ada-Gfp editing sites as 

highly enriched (Fig. 2.3C). About 81% of the transcripts with unique Khd4-Ada-Gfp 

editing events contained the AUACCC motif (Chapter 5, Appendix 2, Fig. 5.8A). In 

contrast, the control motifs, including the AGAUCU motif, a point-mutated version of 

AUACCC that demonstrated no binding by Khd4 in the yeast three-hybrid assay 

(VOLLMEISTER et al. 2009), the antisense motif GGGUAU and the scrambled sequence 

ACACUA were not significantly enriched compared to the entire transcriptome (Chapter 

5, Appendix 2, Fig. 5.8A). Moreover, neither of these motifs showed specific enrichment 

in transcripts unique to the control-Ada (Chapter 5, Appendix 2, Fig. 5.7E, Fig. 5.8A). 

Thus, Khd4-Ada-Gfp recognizes mRNAs via the AUACCC motif at the transcriptome-

wide level in vivo.  

Similar to Rrm4-Ada-Gfp, most of the Khd4-Ada-Gfp-specific editing sites were found 

within 500 nt from the nearest AUACCC motif (median distance=120 nt) and 

progressively declined with increasing distance (Fig. 2.3D). In contrast, the background 

editing sites from control-Ada were not enriched towards the closest AUACCC motif 

(median distance=863 nt) nor did the control motifs (AGAUCU, GGGUAU, ACACUC) 

show any spatial enrichment towards either type of editing sites (Fig 3D; Chapter 5, 

Appendix 2, Fig. 5.8B-D). 

The transcripts overlapping between Khd4-Ada-Gfp and control-Ada were nonetheless 

significantly enriched for the AUACCC motif (n=60 mRNAs with 66 editing sites), 

indicating Khd4-dependent editing, and were hence included as Khd4-Ada-Gfp targets 

in order to avoid false negatives (Fig. 2.3E; Chapter 5, Appendix 2, Fig. 5.8A). Based on 

these results, we defined a high-confident set of 201 Khd4-bound mRNA targets that 
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harbored Khd4-Ada-Gfp editing sites (n=296) and contained at least one AUACCC motif 

(Fig. 2.3E). Transcripts carrying Khd4-Ada-Gfp specific editing sites but lacking the 

AUACCC motif (n=74 mRNAs with 81 editing sites) did not show enrichment for other 

motifs and were not investigated further (Chapter 5, Appendix 2, Fig 5.9A-C).  

Examining the positional distribution of the AUACCC motifs in Khd4-bound mRNAs 

and other AUACCC-containing transcripts revealed a predominant occurrence in the 5´ 

and 3´ UTRs (Fig. 2.3F). The strong enrichment of AUACCC motifs in these regions 

was even more apparent when compared to the control motif AGAUCU, which was 

almost exclusively found in the open reading frames (ORFs), reflecting that ORFs are 

generally much longer than UTRs in U. maydis (Fig. 2.3F). Within the 3´ UTR, the 

AUACCC motifs preferentially occurred towards the beginning (Chapter 5, Appendix 2, 

Fig. 5.9D). Hence, our data suggest that AUACCC motifs present in the 3´ UTR 

constitute the major binding sites for Khd4 in the identified target mRNAs.  

To evaluate the biological roles of Khd4-bound mRNAs, we performed gene ontology 

(GO) enrichment analysis using the R package gProfiler2 (Ensembl annotation; 

RAUDVERE et al. 2019). We observed a significant overrepresentation of processes 

related to small GTPase-mediated signal transduction processes, such as Ras and Rho 

protein signaling and GTPase regulator activity (Chapter 5, Appendix 2, Fig. 5.9E, Fig. 

5.10A). The Khd4-bound mRNAs associated with these GO terms encode well-studied 

membrane trafficking regulators such as the small GTPase Arl1 that participate in the 

trans-Golgi network and secretion, the Ras GTPase activating protein (GAP) Sar1, and 

the Rho guanine nucleotide exchange factor (GEF) Rom2 that function in actin 

cytoskeleton regulation (Chapter 5, Appendix 2, Fig. 5.10A; MANNING et al. 

1997,BEREPIKI et al. 2011,GÖHRE et al. 2012,JUST AND PERÄNEN 2016,LABBAOUI et al. 

2017). In addition, by manually analyzing the Khd4-bound mRNAs for encoded 

functions and subcellular localization, we found that a distinct subset of target mRNAs 

was involved in the endomembrane system such as endoplasmic reticulum, Golgi 

apparatus, and vacuoles, with the most carrying the AUACCC motif in their 3´ UTR 

(Chapter 5, Appendix 2, Fig. 5.10B). Hence, Khd4 might be involved in the post-

transcriptional control of membrane trafficking regulators. Khd4 appears to coordinate 

the regulation of these functionally related mRNAs into an mRNA regulon, which 

enables robust and dynamic control over membrane trafficking. In summary, we find that 

Khd4-Ada-Gfp interacts specifically with a distinct set of target mRNAs in vivo via the 
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AUACCC binding motif, preferentially in the 3´ UTR. Intriguingly, the identified target 

mRNAs frequently encode regulatory proteins involved in membrane trafficking. 

Loss of Khd4 increases the abundance of mRNAs with AUACCC motif in their 3´ 

UTR  

Our previous microarray analysis in yeast cells showed that the AUACCC motif was 

enriched in the 3´ UTR of the transcripts that exhibited an increase in mRNA abundance 

in the absence of Khd4 (VOLLMEISTER et al. 2009). This suggests an impact on mRNA 

stability. Since our hyperTRIBE data showed that Khd4 binds only a subset of 

AUACCC-containing mRNAs in hyphae, we tested for a differential mRNA abundance 

between wildtype and khd4∆ hyphae using RNA sequencing (RNA-seq; khd4∆ hyphae 

vs. wt hyphae; 9 h.p.i. see Fig. 2.1A-B; Chapter 5, Appendix 2, Fig. 5.2B-F). 

 

Fig. 2.4. khd4 deletion increases the abundance of transcripts with 3′ UTR AUACCC. (A) Difference in 
mRNA abundance (khd4Δ hyphae vs. wt hyphae; wt-wildtype) in hyphal cells following khd4 deletion. 
Shown is the log2-transformed fold change plotted against the log10-transformed mean normalized RNA-
seq read counts. Blue dots represent values of transcripts with a significant change in their mRNA 
abundance (>1.5-fold change, P < 0.05, Benjamini–Hochberg correction, >10 average normalized reads), 
and gray dots represent remaining transcripts. Numbers inside the plots indicate genes with significantly 
increased or decreased mRNA abundance. (B) Stacked bar graph of the percentage of genes with 
differential mRNA abundance in hyphal cells after khd4 deletion for Khd4-bound mRNAs, all mRNAs 
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with AUACCC motif, all mRNAs with AGAUCU motif, and all expressed mRNAs in hyphae (>10 
average normalized reads). The dark and light blue bars represent the percentage of transcripts that are 
significantly increased and decreased in their mRNA abundance, respectively (>1.5-fold change, P < 0.05, 
Benjamini–Hochberg correction). The percentage of remaining transcripts is depicted by a gray bar. 
Statistical analysis of the percentage of transcripts with increased expression levels was performed using 
Fischer’s exact test. The number of transcripts in each set is represented at the Top. (C) Box plot of changes 
in mRNA expression (log2-transformed fold change, khd4Δ hyphae vs. wt hyphae) for Khd4-bound 
mRNAs (red), all mRNAs with AUACCC motif (salmon), mRNAs with AGAUCU motifs (dark gray), 
and all expressed mRNAs (light gray) in hyphal cells. Statistical significance between the mean mRNA 
expression level (log2-transformed fold change) was calculated using the Student’s t test. The number of 
transcripts in each set is given at the bottom. (D) Schematics of reporter constructs for testing the binding 
effect of Khd4 on the 3′ UTR AUACCC. The constitutively active Ptef promoter mediates the expression 
of the Kat fluorescent reporter in the genetic background of arabinose-inducible Khd4–Gfp. Reporter 
constructs carrying no binding motif (Top), the AUACCC binding motif (center), or the AGAUCU binding 
motif (Bottom) in their 3′ UTR are depicted chronologically. Tnos—transcription terminator. *—mutated 
nucleotides. (E) Shown are the relative fluorescence level of Kat proteins in on (dark gray; Khd4-induced) 
compared to off (light gray; Khd4-repressed) conditions in strains expressing kat mRNA tethered to 
different 3′ UTR regions (n = 3 independent experiments; error bars: SEM; auaccc6 or agaucu6—3′ UTR 
consisting of six repeats of the respective motifs; kat_spa2 (auaccc)—36 nt-long endogenous 3′ UTR 
sequence of spa2 gene that contains a single AUACCC motif; kat_spa2 (agaucu)—36 nt-long endogenous 
3′ UTR sequence of spa2 gene with mutated AUACCC motif). (F) The relative kat transcript level in on 
conditions (dark gray) compared to the transcript levels under off conditions (light gray), measured via 
RT-qPCR. Statistical significance between on and off conditions in E and F was calculated using multiple 
unpaired Student’s t tests. (n = 3 independent experiments; error bars: SEM). 

Differential expression analysis revealed that about one-fifth of all transcripts showed 

significant changes in mRNA abundance following khd4 deletion (1273 out of 6765 

protein-coding genes; >1.5 fold change; P<0.05; Benjamini-Hochberg correction, >10 

average normalized reads), most of which had increased mRNA levels (Fig. 2.4A). Loss 

of khd4 caused a significant increase in the expression levels of Khd4-bound mRNA 

targets compared to all transcripts, confirming that the hyperTRIBE-identified targets are 

indeed regulated by Khd4. Of note, this trend could not be observed when analyzing all 

AUACCC-containing mRNAs (Fig. 2.4B-C), underlining that the knowledge of binding 

motifs alone is not sufficient to dissect the regulatory function of Khd4. 

Interestingly, for the Khd4-bound mRNA targets as well as for all AUACCC-containing 

mRNAs with increased mRNA levels in khd4∆ hyphae, the AUACCC motif was 

primarily enriched in their 3´ UTR. (Chapter 5, Appendix 2, Fig. 5.11A). This indicates 

that AUACCC located in the 3´ UTR affects mRNA stability. Essentially, these results 

strengthen our hypothesis that the interaction of Khd4 with the 3´ UTR AUACCC 

determines mRNA stability. 
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AUACCC in the 3´ UTR functions as a Khd4-dependent mRNA stability element 

To test whether Khd4 binding causes increased mRNA turnover, we applied our Kat 

reporter system to quantify the regulatory potential of AUACCC motifs in the 3´ UTR. 

We inserted either six tandem repeats of AUACCC or an endogenous sequence of equal 

length carrying a single AUACCC motif from the 3´ UTR of spa2 mRNA 

(UMAG_04468), encoding a polarisome protein, into the 3´ UTR of the kat ORF 

(Materials and methods; CARBÓ AND PÉREZ-MARTÍN 2008,ZHENG et al. 2020). The spa2 

3´ UTR with mutated binding motif, AGAUCU, and the Kat construct without any motifs 

served as controls (Fig. 2.4D). All constructs were generated in the strain expressing 

arabinose-inducible Khd4-Gfp as mentioned before. The expression of the reporter 

constructs was controlled by the constitutively active Ptef promoter to exclude differences 

in mRNA amounts due to transcriptional regulation.  

Measuring the fluorescence intensity of Kat under the promoter-on condition revealed 

that the presence of a single AUACCC binding motif in the 3´ UTR was sufficient to 

significantly reduce the amount of kat reporter mRNA. Concurrently, turning off the 

Khd4 expression rescued the Kat fluorescence level (Fig. 2.4E; Chapter 5, Appendix 2, 

Fig. 5.11B-C), validating that the regulatory potential of the AUACCC motif is 

dependent on Khd4. Indeed, quantifying the reporter transcript level manifested the same 

expression pattern, implying that the decrease in Kat fluorescence is caused at the mRNA 

level by Khd4 binding to the 3´ UTR (Fig. 2.4F). At both protein and mRNA levels, the 

presence of six AUACCC repeats in the 3´ UTR caused a stronger reduction, indicating 

a dose-dependent response. This effect was lost when mutating the binding site (Fig. 

2.4E-F; Chapter 5, Appendix 2, Fig. 5.11B-C). Thus, the AUACCC in the 3´ UTR 

functions as a cis-regulatory mRNA instability element in a Khd4-dependent manner.  

Khd4 tightly regulates the expression of distinct targets involved in membrane 

trafficking  

In addition to rapid clearance, intrinsically unstable mRNAs reach steady-state levels 

faster than stable mRNAs after transcriptional induction. Therefore, regulatory proteins 

are often encoded by such unstable mRNAs permitting faster response time (see below, 

HARGROVE AND SCHMIDT 1989). Since Khd4 targets encode regulatory proteins involved 

in membrane trafficking, we wondered whether the Khd4-mediated mRNA instability 

controls the amount of protein produced during hyphal morphogenesis. Such mRNA 
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targets should be expressed upon hyphal induction and carry the regulatory element 

AUACCC in their 3´ UTR for increased turnover. 

 
Fig. 2.5. Khd4 regulates subcellular protein levels of membrane-trafficking regulators. (A) MA plot 
showing the differential mRNA abundance in wt cells upon hyphal induction (wt: hyphae vs. yeast). Shown 
is the log2-transformed fold change plotted against the log10-transformed mean normalized read counts. 
Blue dots represent values of transcripts with a significant change in their mRNA abundance (>1.5-fold 
change, P < 0.05, Benjamini–Hochberg correction, >10 average normalized reads), and gray dots represent 
remaining transcripts. Numbers inside the plot indicate upregulated and downregulated genes. Silhouette 
images of elongated hyphae and dividing yeast are shown. (B) Overlap (light red) between the 
differentially expressed genes (DEGs) in wildtype cells (gray) following the switch from yeast to hyphae 
(wt: hyphae vs. yeast; >1.5-fold difference, P < 0.05, Benjamini–Hochberg correction, >10 average 
normalized reads; gray) and Khd4-bound mRNAs (red). (C) Scatterplot comparing mRNA expression 
levels (log2-transformed fold change) of the overlapping high-confident Khd4-bound mRNAs from B in 
wildtype cells (wt: hyphae vs. yeast), and hyphal cells following khd4 deletion (khd4Δ: hyphae vs. wt 
hyphae). Transcripts with a 3′ UTR AUACCC motif are indicated by green dots. The numbers in black 
and green within each quadrant indicate the total number of target transcripts and the count of targets with 
3′ UTR AUACCC, respectively. We manually included vma21 in our analysis since it showed a significant 
increase in mRNA abundance when khd4 is absent, despite a marginal increase in expression during hyphal 
growth. In addition, 02267,00036 are shortened IDs representing UMAG_02267 and UMAG_00036, 
respectively. (D) Fluorescent micrographs in false color (black/blue—low intensity, red/white—high 
intensity) of hyphae (6 h.p.i.) constitutively expressing target genes (arl1—left, hok1—center, vma21—
right) under Khd4-repressed off (Top) and Khd4-induced on (Bottom) conditions. Arrowheads and arrow 
marks indicate the corresponding target protein’s location (Hok1 on early endosomes; Vma21 in the 
perinuclear region) and the growth direction, respectively (scale bar: 10 μm.). 

To identify hyphal-specific genes, we sequenced mRNAs from yeast cells and compared 

them with our hyphal transcriptome (9 h.p.i.). This analysis detected more than 3500 

genes with differential mRNA abundance as a response to hyphae formation (Fig. 2.5A). 
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Studying the Khd4-bound mRNAs identified by hyperTRIBE revealed that 61% of them 

showed a significant differential mRNA abundance during morphogenesis (122 out of 

201 transcripts), with most exhibiting increased mRNA amounts in hyphae compared to 

yeast cells, suggesting a hyphal-specific transcriptional induction (77 out of 122 

transcripts, 63%; Fig. 2.5B-C). Interestingly, 52% of these hyphal-specific targets also 

showed increased mRNA abundance in the absence of khd4 (40 out of 77 transcripts), 

with half containing the AUACCC motif in their 3´ UTR (25 out of 40 transcripts, 63%). 

In contrast, the minor fraction of hyphal-specific targets with decreased levels after khd4 

deletion showed enrichment of the motif in the 5´ UTR (17 out of 37 transcripts, 46%), 

suggesting a role of Khd4 in translation (Chapter 5, Appendix 2, Fig. 5.12A). 

Nevertheless, we noted that most of the Khd4-bound mRNA targets responded to khd4 

deletion with increased mRNA levels and harbored the AUACCC motif in their 3´ UTR 

(Fig. 2.5C).  

To validate whether Khd4 determines the steady-state levels of encoded proteins of its 

target mRNAs in vivo, we selected the target transcripts, namely arl1, hok1, and vma21, 

encoding proteins function in small GTPase signaling, early endosome transport, and 

vacuolar biogenesis, respectively (UMAG_10313 and UMAG_11418 exhibit high 

sequence identity with the respective Arl1 and Vma21 orthologs of other fungi; Chapter 

5, Appendix 2, Fig. 5.12B-C). In pathogenic fungi, the highly conserved Arf GTPase 

Arl1 participates in hyphal growth and virulence by regulating the endosomal trans-Golgi 

network and secretion (LABBAOUI et al. 2017,PATIÑO-MEDINA et al. 2019,YU AND LEE 

2017). Hok1 regulates the bidirectional movement of early endosomes by recruiting 

motor proteins Kin3 and split dynein Dyn1/2 during long-distance transport (BIELSKA et 

al. 2014). Vma21 is required for the precise assembly of the multi-subunit V-ATPase 

complex in the vacuole of the budding yeast Saccharomyces cerevisiae (FINNIGAN et al. 

2011). The three mRNAs encoding Arl1, Hok1, and Vma21 harbored 3´ UTR AUACCC 

motifs and showed increased expression levels during hyphal growth. Interestingly, loss 

of Khd4 enhanced this increase even further (Fig. 2.5C; Chapter 5, Appendix 2, Fig. 

5.12D).  

We ectopically expressed the target transcripts using the constitutively active Ptef 

promoter in the background of the arabinose-inducible Khd4-Gfp strain. To detect the 

abundance of the encoded proteins and their subcellular localization, the ORFs of the 

target transcripts were tagged with Kat, followed by the insertion of the corresponding 
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endogenous 3´ UTR (Chapter 5, Appendix 2, Fig. 5.12E). Indeed, as seen in our RNA-

seq analysis, the absence of Khd4 resulted in an increased amount of encoded protein in 

all three cases (Fig. 2.5D, Chapter 5, Appendix 2, Fig. 5.12F-G). These results reinforce 

that Khd4 regulates the expression of these target mRNAs at the level of mRNA stability. 

Despite the same constitutively active promoter and insertion at the same ectopic locus, 

each target mRNA exhibited a different protein expression level under promoter-on and 

-off conditions (Fig. 2.5D; Chapter 5, Appendix 2, Fig. 5.12G), suggesting the presence 

of an additional layer of regulation at the post-transcriptional or post-translational level.  

Based on these results, we hypothesize that Khd4 destabilizes mRNAs encoding 

regulatory proteins and thereby functions as a key variable for achieving faster steady-

state levels of these transcripts during hyphal development (Fig. 2.5C). Using a single-

compartment model, we simulated the impact of mRNA stability on gene expression 

(HARGROVE AND SCHMIDT 1989,WHITE et al. 2013). Our analysis confirmed that 

unstable mRNAs attain faster steady-state levels, enabling quick response times. Thus, 

intrinsically unstable mRNA is indispensable for rapid on-off kinetics for faster cellular 

responses (Chapter 5, Appendix 2, Fig. 5.13A).  

Building upon these findings, we used the mathematical model to investigate the 

dynamics of mob1 mRNA, a Khd4 target encoding a kinase regulator in the presence and 

absence of Khd4. Using the measured mob1 expression levels (Chapter 5, Appendix 2, 

Fig. 5.13B) and an estimated mRNA half-life (t1/2) of 8 min (as determined in S. 

cerevisiae; MILLER et al. 2011), we simulated mob1 induction kinetics during hyphal 

induction (Chapter 5, Appendix 2, Fig. 5.13C). Accordingly, the loss of Khd4 resulted 

in the stabilization of mob1 mRNA to a half-life of t1/2=22 min, which was sufficient to 

explain the elevated initial and new steady-state levels, without changing the synthesis 

rate. Furthermore, this stabilization caused a significant delay in mob1 induction kinetics, 

reaching the new steady state only after 2 hours of morphogenesis. While termination of 

mob1 synthesis rapidly cleared the mRNA in wildtype cells, stabilized mob1 took 

considerably longer to return to its original steady-state levels (Chapter 5, Appendix 2, 

Fig. 5.13C).  

Thus, our model showcases that the absence of Khd4 causes the stabilization of mob1 

mRNA, resulting in delayed induction kinetics and an overshooting of absolute 

expression levels. These aspects will likely have adverse effects since regulatory proteins 
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should not accumulate excessively in the cell. We, therefore, propose that the continuous 

availability of Khd4 during hyphal morphogenesis (confirmed at the mRNA, protein, or 

subcellular localization level; Chapter 5, Appendix 2, Fig. 5.13D-H) is crucial to ensure 

the rapid response kinetics of its target mRNAs.  

Loss of Khd4 causes dysregulation of membrane trafficking genes in khd4∆ cells  

As Khd4 plays a vital role in controlling the precise expression levels of membrane 

trafficking regulators, we wondered if loss of Khd4 would cause compensatory effects 

through altered gene expression. Akin to the wildtype cells, we determined the hyphal-

specific transcripts in khd4∆ cells by evaluating our RNA-seq data of khd4∆ hyphae and 

yeast cells (9 h.p.i.; khd4∆: hyphae vs yeast; see Materials and methods) and detected 

~3500 genes with differential mRNA abundance in response to hyphae formation in the 

khd4∆ cells (Fig. 2.6A; >1.5-fold change, P<0.05, Benjamini-Hochberg correction, >10 

average normalized reads). Comparing genes with differential mRNA abundance 

revealed that the majority were regulated similarly in both wildtype and khd4Δ cells, 

suggesting that the hyphal growth program itself is not abolished in the absence of Khd4 

(Pearson correlation coefficient R=0.86, P<2.26e-16; Fig. 2.6B; Chapter 5, Appendix 2, 

Fig. 5.14A). However, we identified about 2000 genes exhibiting exclusive regulation in 

either wildtype or khd4Δ cells (Fig. 2.6B; 818 or 927 genes specifically regulated in the 

wildtype or khd4Δ cells, respectively). 

To distinguish the effect of khd4 deletion in hyphal cells, we performed a GO term 

analysis on upregulated genes that are specific either to wildtype or khd4Δ cells (n=349, 

upregulated exclusively in wildtype cells; n=437, upregulated exclusively in khd4Δ cells; 

Fig. 2.6B-C; Chapter 5, Appendix 2, Fig. 5.14B). Interestingly, in contrast to the wildtype 

cells, the genes upregulated exclusively in khd4∆ cells were mainly enriched for 

functional categories associated with the endomembrane system such as endoplasmic 

reticulum, Golgi vesicle transport, cytoplasmic vesicles, and cellular macromolecule 

localization. We also found enriched terms related to ER-Golgi metabolisms such as 

glycosylation, carbohydrate, and phospholipid metabolic processes (HEBERT et al. 2005; 

Fig. 2.6C; Chapter 5, Appendix 2, Fig. 5.14B), indicating that in comparison to wildtype 
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Fig. 2.6. Loss of Khd4 causes dysregulation of membrane trafficking. (A) MA plot showing the differential 
mRNA abundance in khd4Δ cells (khd4Δ: hyphae vs. yeast) following hyphae formation. Log2-transformed 
fold change values of genes are plotted against the log10-transformed mean normalized read counts. Blue 
dots represent transcripts with a significant change in their mRNA abundance (>1.5-fold change, P < 0.05, 
Benjamini-Hochberg correction, >10 average normalized reads), and gray dots represent remaining 
transcripts. Numbers inside the plots indicate the upregulated and downregulated genes. Silhouette images 
of elongated hyphae and dividing yeast cells are shown on Top. (B). Alluvial plot showing the distribution 
of upregulated (up; dark blue), downregulated (down; light blue), and nonregulated (none; gray) genes in 
wt and khd4Δ cells following the switch from yeast to hyphae. The labeled regions represent genes that are 
exclusively upregulated (n = 349 in wt, n = 437 in khd4Δ) or downregulated (n = 469 in wt, n = 490 in 
khd4Δ) in either wt or khd4Δ cells. Importantly, these genes were regulated exclusively in wt or khd4Δ 
cells but not in the corresponding regions of the other set. Two slender blue lines depict differentially 
expressed genes exhibiting opposite regulation between wt and khd4Δ cells. The central flow in the middle 
of the alluvial plot depicts the gene transition between different categories. The width of the flow accurately 
represents the number of genes undergoing this transition. (C) GO terms that are significantly (P < 0.05, 
multiple-testing correction with g: SCS algorithm) overrepresented in genes upregulated exclusively in 
khd4Δ cells after hyphal induction (orange; >1.5-fold change, P < 0.05, Benjamini–Hochberg corrections, 
>10 average normalized reads). The reference GO term sizes are given below. 

cells, the genes encoding membrane trafficking components are dysregulated during 

hyphal growth in the khd4Δ cells. Thus, loss of Khd4 causes specific alterations in the 

amounts of mRNAs encoding membrane trafficking components, supporting the notion 

that Khd4 is an important regulatory protein to orchestrate membrane trafficking during 

hyphal growth.  



Results 

43 
 

 
Fig. 2.7. Loss of Khd4 severely affects vacuole formation and localization. (A) False colored maximum 
projections of z-stacks acquired from hyphal cells (AB33 derivatives; 10 h.p.i.) stained with the vacuolar 
stain CMAC (Top). The line graphs below depict the fluorescent intensity profile of the respective hyphal 
cells. a.u.—arbitrary units (scale bar: 10 μm.). (B) Bar graph depicting the percentage of vacuole 
distribution (normal—light gray, disrupted—dark gray) in hyphal cells from AB33 derivatives (>25 hyphal 
cells per strain; n = 3, gray dots represent the mean value of independent experiments; error bars: SEM; 
unpaired Student’s t test). (C) Inverted micrographs of hyphal cells (10 h.p.i.) stained with CMAC dye to 
visualize the vacuole. (Scale bar: 5 μm.) (D) Percentage of hyphal cells containing aberrant cortical 
localizing vacuoles. The mean values from n = 3 independent experiments are shown as gray dots (>25 
hyphal cells were analyzed; error bar: SEM; unpaired Student’s t test). Quantification in B and D involved 
manual assessment through visual inspection. 

Loss of Khd4 causes defects in vacuole formation and localization 

To evaluate the impact of khd4 deletion on membrane trafficking in more detail, we 

examined the endocytic pathway leading to vacuole biogenesis in hyphal cells. As a 

control for defective membrane trafficking, we used cells lacking Did2, an ESCRT-III 

regulator involved in endosome maturation and identity (endosomal sorting complex 

required for transport; HAAG et al. 2017). Studying the endocytic pathway with FM4-64 

uptake assays revealed that loss of Khd4 heavily delayed endocytosis. In time-resolved 

microscopy of wildtype hyphae, FM4-64 first stained the plasma membrane followed by 

bidirectionally shuttling endosomes and finally the vacuoles. After 25 min of staining, 

most of the FM4-64 signals in the wildtype hyphal cells were static (49%), while about 

13% of the signals were found on processively moving early endosomes (Chapter 5, 

Appendix 2, Fig. 5.14C-D). By contrast, the loss of Khd4 caused a reduction in both 

static (36%) and processive signals (4%), and a significant increase (60%) in diffusively 

moving signals (Chapter 5, Appendix 2, Fig. 5.14C-D). A similar defect was observed 
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for cells lacking Did2, leading to a deficiency in vacuolar protein sorting. Also, both 

khd4Δ and did2Δ  cells showed a strong reduction in the intensity and distance between 

static signals throughout the hyphae (Chapter 5, Appendix 2, Fig. 5.14C-D).  

To analyze vacuole morphology more closely, we stained vacuoles with CMAC (7-

amino-4-chloromethylcoumarin; HAUGLAND 1995). In general, vacuoles were evenly 

distributed in wildtype hyphae (Fig. 2.7A-B). However, in khd4Δ and did2Δ hyphae, the 

vacuoles were smaller, less defined, and found scattered throughout the hyphal cells (Fig. 

2.7A-B). Interestingly, in about 80% of khd4Δ hyphae, the vacuoles were positioned 

aberrantly towards the cell cortex, neatly outlining the hyphal cells (Fig. 2.7C-D), 

whereas less than 10% of the wildtype cells and ~40% of the did2Δ cells contained 

cortically positioned vacuoles (Fig. 2.7C-D).  

In summary, loss of Khd4 results in defective vacuole formation that correlates with 

aberrant polar growth of infectious hyphae and discloses a novel link between RNA 

biology and vacuole formation. 

2.1.3 Discussion 

The morphogenesis of fungal pathogens is intensively regulated at the level of 

transcription. Key transcription factors, for example, the heteromeric master regulator 

bE/bW in U. maydis and Efg1 in C. albicans, control the dimorphic switch from yeast to 

hyphae as part of the underlying pathogenic program (KUMAMOTO AND VINCES 

2005,HEIMEL et al. 2010b). The precise expression output is, however, determined at the 

level of RNA regulation. Yet, little is known about how transcriptional and post-

transcriptional mechanisms cooperate during pathogenic development. Here, we report 

that in U. maydis, the RNA-binding protein Khd4 is a vital regulator of the polar growth 

of infectious hyphae. Mapping the RNA binding of Khd4 uncovers a distinct set of target 

mRNAs encoding regulatory proteins involved in membrane trafficking. We find that 

Khd4 is required to maintain the accurate levels of these target mRNAs by regulating 

their mRNA stability, thereby functioning at the core of the hyphal gene expression 

program.  

A key technical advance of our study is the successful application of the RNA editing-

based hyperTRIBE method (RAHMAN et al. 2018) to identify direct mRNA targets of 

RBPs in infectious hyphae of U. maydis. To this end, we conduct a pilot study with the 

well-known RBP Rrm4 and a detailed analysis of Khd4. In both cases, unique target 
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transcripts are identified, with editing sites consistently enriched near the RBP binding 

sites. This feature serves as a critical quality criterion for the obtained data set, enabling 

the discovery of unknown binding motifs for other RBPs in the future. In case of Khd4, 

de novo motif discovery analysis successfully recovers the AUACCC binding motif as a 

top candidate, which is found in over 80% of the edited transcripts. This implies that, 

despite the increased background editing observed in our control experiments, specific 

hyperTRIBE editing is guided by the tested RBP in the fungal system. Importantly, using 

this in vivo binding information rather than relying only on motif content enables the 

identification of Khd4-regulated RNA networks (see below). 

RBPs determine RNA regulation such as localization, translation, and stability by 

interaction with their cognate cis-regulatory elements. We discover that Khd4 functions 

at the level of mRNA stability by controlling the abundance of target mRNAs when the 

regulatory motif AUACCC is present in their 3´ UTR. Khd4 thereby regulates the 

spatiotemporal gene expression in hyphal cells by mediating mRNA turnover. In other 

systems, several RBPs are thought to mediate mRNA decay by directly recruiting the 

Ccr4-Not deadenylation complex. For instance, in D. melanogaster, the RBP Bicaudal-

C interacts with the NOT3/5 subunit of the Ccr4-Not complex, via its KH domain 

(CHICOINE et al. 2007,MINEGISHI et al. 2021). We hypothesize that Khd4 recruits the 

evolutionarily conserved Ccr4-Not complex for mRNA-specific poly(A) tail shortening 

(MILLER AND REESE 2012,COLLART et al. 2013). Studies on the roles of such cis and 

trans-acting factors in fungal pathogens are currently scarce. However, similar functions 

are known from the mammalian RBPs TTP and CELF1, which cause rapid mRNA 

turnover by binding to the AU-rich and GU-rich mRNA decay elements in the 3´ UTR 

of mRNAs, respectively (BARREAU et al. 2005,VLASOVA-ST LOUIS AND BOHJANEN 

2011).  

Interestingly, we observe that targets of the mRNA stability factor Khd4 encode 

numerous regulatory proteins such as GTPases. Consistently, regulatory proteins such as 

cytokines and transcriptional factors are commonly encoded by unstable mRNAs in other 

systems (ANDERSON 2010,THOMPSON et al. 2023). This permits the transient expression 

of these proteins, which otherwise would cause undesirable side effects from prolonged 

exposure. Furthermore, unstable mRNAs facilitate the rapid attainment of steady-state 

levels following transcriptional induction (Chapter 5, Appendix 2, Fig. 5.13A; 

HARGROVE AND SCHMIDT 1989, BRUCE AND WILKINSON 2006,WHITE et al. 2013,MOORE 
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et al. 2014). Consistently, we observe that Khd4-bound mRNAs are transcriptionally 

induced during the transition from yeast to hyphal cells, suggesting that mRNA 

destabilization is crucial for the precise expression of regulatory proteins during hyphal 

morphogenesis. Consequently, the loss of Khd4 changes the underlying regulatory 

dynamics, reflected in hyphae with a delayed polar growth program (Chapter 5, 

Appendix 2, Fig. 5.13A-C).  

Our findings implicate Khd4 as a regulator of membrane trafficking. By binding to 

AUACCC motifs in the 3´ UTR, Khd4 destabilizes a distinct subset of mRNAs encoding 

membrane trafficking regulators, dictating their exact subcellular protein levels. This 

coordinated regulation is consistent with the concept that RBPs co-regulate functionally 

related mRNAs, also referred to as mRNA regulons (KEENE 2007). Thus, we hypothesize 

that Khd4 defines a specific mRNA regulon for the coordinated regulation of membrane 

trafficking. Consistently, in the absence of khd4, the dynamic control of membrane 

trafficking is disturbed, as evidenced by aberrant vacuole biogenesis in fungal hyphae. It 

is already known that fungal RBPs such as Ssd1 (BAYNE et al. 2022, THAMMAHONG et 

al. 2019, GANK et al. 2008), Puf4 (KALEM et al. 2021), She3 (ELSON et al. 2009b) and 

Rrm4 (BAUMANN et al. 2014,MÜNTJES et al. 2021) play vital roles in the morphology 

and virulence of fungal pathogens. However, the concept of a defined RNA regulon for 

coordinating a specific biological process is predominantly described in higher 

eukaryotes. For example, by recognizing 3´ UTR AU-rich elements and stem-loop 

structures, RBPs such as TTP and Roquin promote the degradation of mRNA regulons 

that encode inflammatory regulators, such as cytokines, modulating immune responses 

(ANDERSON 2010,DIAZ-MUÑOZ AND OSMA-GARCIA 2022). 

Our study unveils a novel link between RNA regulation and vacuole maturation. Correct 

vacuole biogenesis plays an instrumental role in the virulence of fungal pathogens 

(PALMER et al. 2005,LIU et al. 2006,LI et al. 2017,HU et al. 2021) Notably, appressoria-

like infection structures in phytopathogens are strongly related to the development of 

vacuole-dependent basal septa (FREITAG et al. 2011), a process that is severely disturbed 

in khd4Δ hyphae. Therefore, Khd4-mediated control of the membrane trafficking mRNA 

regulon might also impact early infection processes such as plant entry.  

Strikingly, the Khd4-bound mRNAs are enriched for regulatory proteins involved in 

small GTPase signaling. Small GTPases participate in a wide range of biological 
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processes (ROJAS et al. 2012,ARKOWITZ AND BASSILANA 2015,DAUTT-CASTRO et al. 

2021). For example, Arl1, an Arf-like small GTPase, regulates secretion in C. albicans 

(LABBAOUI et al. 2017). The small GTPases Rac1 and Cdc42 control the morphology 

and pathogenicity of U. maydis (MAHLERT et al. 2006). Our findings reveal that Khd4 is 

essential for the exact levels of Arl1 in hyphal cells. While most studies on small GTPase 

regulation focus on the GTP hydrolysis cycle and post-translational modifications (BOS 

et al. 2007,AHEARN et al. 2011), our study discloses a regulation at the level of the 

mRNA amounts. Khd4 also determines the precise subcellular levels of mRNAs 

encoding other endomembrane regulators, such as Hok1 and Vma21, which act in 

endosomal motor function (BIELSKA et al. 2014) and V-ATPase assembly in the vacuole, 

respectively (MALKUS et al. 2004). Thus, RNA regulation appears to play a major role 

in the membrane trafficking pathway during infectious hyphal growth.  

In essence, we find that the RBP Khd4 functions as a key mRNA stability factor 

orchestrating membrane trafficking during pathogenic development. Identifying direct 

target mRNAs has been highly rewarding in resolving the underlying RNA regulation 

and disclosing new links to cell biological processes such as vacuole maturation. Our 

study thereby demonstrates the importance of RBPs during fungal pathogenicity and will 

serve as a blueprint to study the role of RBPs in other fungal/host pathosystems. 

Noteworthy, hyperTRIBE is very well suited to identify target mRNAs when the 

pathogen is in intimate contact with the host. This will be central to developing our 

understanding of the role of RNA biology in fungal virulence and creating new avenues 

of research into antifungal therapeutic strategies. 

Materials and methods 

All strains and plasmids were generated following standard methods and incubation 

procedures (BRACHMANN et al. 2004). The mRNA targets of RBPs were identified using 

HyperTRIBE. De novo motif discovery analysis was conducted using the XSTREME 

tool from the MEME suite. Differential gene expression analysis comparing RNA-seq 

data was performed using DESeq2. The GO term enrichment analysis was carried out 

using the R package gProfiler2 and visualized with the Cytoscape plugin, 

EnrichmentMap (KOLBERG et al. 2020, MERICO et al. 2010). Relative fluorescence levels 

were measured using the Infinite M200 plate reader (Tecan Group Ltd., Männedorf, 

Switzerland). RT-qPCR analysis was performed using the exp(-∆Ct) method in 

Stratagene Mx3000P (Agilent Technologies). Western blotting analysis, microscopy, 
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and image processing were performed as described previously (DEVAN et al. 2022). For 

detailed methods, Chapter 5, Appendix 2, Materials and Methods. 

Data, Materials and Software Availability 

All sequencing data are available in the NCBI Gene Expression Omnibus (GEO) under 

the SuperSeries accession number GSE224487. The collection contains RNA-seq data 

from khd4Δ and wildtype hyphae and yeast cells (GSE224486), as well as hyperTRIBE 

data from strains expressing Rrm4-Ada-Gfp, Khd4-Ada-Gfp and control-Ada in U. 

maydis hyphae (GSE224485). 
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2.2 Khd4 condensates at the sites of polar growth under heat stress 

Stress granules are dynamic biomolecular condensates implicated in mRNA translation, 

storage, stabilization, and localization of mRNAs. This membrane-less compartment 

forms exclusively in response to stress, and is primarily composed of RBPs, poly(A) 

mRNAs, stalled translation-associated factors, including the 40s ribosomal subunit, and 

translation initiation factors (MARCELO et al. 2021,DECKER AND PARKER 2012). 

RNA-binding proteins are key constituents of stress granules, attributed to the 

multivalency capacity of their RNA-binding domains, and intrinsically disordered 

regions (MARCELO et al. 2021,DECKER AND PARKER 2012). The formation of stress 

granules involves the phase separation of RNA and protein molecules, driven by the 

combination of protein-protein, protein-RNA, and RNA-RNA interactions (VAN TREECK 

AND PARKER 2018). Although only a limited number of RBPs are essential for the core 

stress granule formation, others play auxiliary roles by facilitating the inclusion of their 

target mRNAs (WOLOZIN AND IVANOV 2019). By sequestering these mRNP complexes, 

stress granules effectively stall mRNA translation, allowing cells to cope with cellular 

stress by prioritizing the translation of cytoprotective proteins (DECKER AND PARKER 

2012).  

Previous research discovered that Khd4 forms cytoplasmic stress granules in yeast cells 

during heat stress (VOLLMEISTER 2009). This chapter extends this finding, underscoring 

that Khd4-positive granules resemble the site of polar growth in yeast and infectious 

hyphal cells. Due to the importance of the stress response network in fungal pathogens, 

studying the RNP granules under different stress conditions might also reveal novel 

effects of posttranscriptional control mechanisms in fungal virulence.  

2.2.1 Localization of Khd4 during heat stress 

As a marker for stress granule assembly, the DEAD-Box RNA helicase Dhh1 

(UMAG_10655), well-known for its role in the RNP granule assembly (DECKER AND 

PARKER 2012), was employed. To study stress-induced localization, both Khd4 and 

Dhh1 were C-terminally tagged with Gfp and Kat, respectively, and co-expressed from 

their endogenous loci. A strain constitutively expressing Gfp served as a negative control. 

Heat stress was induced by incubating the cells at 40 °C for 20 minutes (Fig. 2.8A; 

Materials and methods).  
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Under normal conditions, Khd4-Gfp and Dhh1-Kat were predominantly found in the 

cytoplasm (Fig. 2.8B-C). Even without heat stress, a significant portion of the Dhh1-Kat 

signal consistently appeared in the cytoplasmic granular bodies, highlighting the 

recognized role of Dhh1 in P-bodies, cytoplasmic membrane-less organelles involved in 

mRNA degradation (Fig. 2.8B-C; DECKER AND PARKER 2012).  

 
Fig. 2.8. Khd4 accumulates at the cortex of the growth pole under heat stress. (A). Schematic illustration 
of stress granule induction by heat shock. The onset of heat stress causes phase separation of RNP granules 
into cytoplasmic condensates (Red), which are disassembled (Blue) after the stress has abated. (RNAs- 
grey; RBPs- colored elliptical structures). (B). Inverted fluorescent micrographs of yeast cells under 
normal (top; 28 °C) and heat shock (bottom; 40 °C for 15 minutes) conditions. Fluorescent proteins are 
labeled accordingly Scale bar: 10 µm. Silhouette images of yeast cells are indicated at the top (blue- 
untreated cells; red- heat-stressed cells; maximum projections images of z-stacks). (C). Inverted 
fluorescent micrographs of AB33-derived hyphal cells under normal (Left; 28 °C) and heat shock (Right; 
40 °C for 15 minutes) conditions. Scale bar: 10 µm. Silhouette images of the hyphal cells are shown in the 
top (blue- untreated cells; red- heat-stressed cells; maximum projections images of z-stacks) Yellow 
arrowheads in B and D indicate the accumulation of Khd4-Gfp signal at the growth apex  

Upon heat stress induction, both RBPs promptly accumulate into granular bodies with 

prominent co-localization between Khd4-Gfp and Dhh1-Kat, consistent with previous 
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results (VOLLMEISTER 2009). Interestingly, in contrast to Dhh1-positive stress granules, 

Khd4-positive granules primarily congregated at the cell periphery, especially at the 

growth pole of yeast and hyphae, despite its lower expression levels compared to Dhh1 

(Fig. 2.8B-C). Cytoplasmic foci formation was not observed in the Gfp control, affirming 

the specificity of the assembled biomolecular condensate to RNA-binding proteins (Fig. 

2.8B-C).  

 
Fig. 2.9. Distribution of Khd4 under heat stress visualized by SR-SIM. False colored maximum projection 
images of z-stacks acquired from yeast (A) and hyphal cells (B) after heat stress, visualized by the super-
resolution Structured Illumination Microscopy (SR-SIM). The arrowhead (yellow) indicates the 
predominant localization of Khd4 signals at the growth pole, a pattern that is less pronounced in the case 
of the RNA-helicase Dhh1 and the poly (A) binding protein Pab1. In (A), the arrow head also indicates 
cortical accumulations for Khd4 signals (Heat shock- 40 °C for 15 minutes). (C) Boxplot showing the 
number of stress granules at the growth tip in yeast (left) and hyphal (right) cells after elicitation of stress 
granule formation by heat stress, visualized by the super-resolution SIM. The data represent a single 
experimental run (n=1), and the number of cells quantified is provided inside. The schematics at the top 
indicate the specific region of interest considered for this quantification.  

To gain clear insights into the subcellular localization pattern, super-resolution structured 

illumination microscopy (SR-SIM) was utilized to visualize Khd4 under heat stress (Fig. 

2.9A-C). Besides Dhh1, the study also included the multi-functional, poly(A) binding 

protein Pab1 (UMAG_03494) as an RBP control. Like Khd4, both RBPs were C-

terminally tagged with Gfp and expressed endogenously. 

SR-SIM analysis unequivocally demonstrated a distinct subcellular localization pattern 

for Khd4 under heat stress: Khd4-positive granular bodies exhibited a prominent 

accumulation at the growth pole, forming a characteristic crescent-shaped configuration 

in nearly all quantified cells (Fig. 2.9A-C). This specific localization pattern was not 

observed for Pab1- and Dhh1-positive granules. Furthermore, the Khd4-positive granules 
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were observed to accumulate cell cortex in both yeast and hyphal cells (Fig. 2.9A-B). 

This suggests a unique functional role for Khd4 in this subcellular region. 

The dispensability of Khd4 for stress granule formation in U. maydis (VOLLMEISTER 

2009) suggests that its condensation at polar growth sites may be a result of elevated 

RBP concentration in these subcellular locations under normal conditions, rather than 

being a specific response to stress-induces cytoplasm to cortical movement. This stress-

induced localization of Khd4 bears a resemblance to endoplasmic reticulum localization 

in U. maydis (WEDLICH-SÖLDNER et al. 2002,SCHIRAWSKI et al. 2005), indicating a 

potential link between the post-transcriptional regulatory function of Khd4 and the ER.  

In essence, the subcellular-localization patterns of Khd4 during heat stress mirror the 

localization of the ER in the cell cortex. This observation suggests a potential regulatory 

role for Khd4 in this specific subcellular region.   
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2.3 Prediction of potential Khd4-regulated mRNA regulon in plantae 

In addition to polar growth, membrane trafficking regulation also determines the success 

of fungal pathogens during infection. This includes the precise secretion of effectors 

proteins for manipulating host metabolism and acquiring nutrients from the host for 

energy. Recently, it has been observed that the transcriptional upregulation of genes 

responsible for regulating membrane trafficking is closely associated with the process of 

plant penetration and the establishment of early biotrophic interactions in U. maydis 

(LANVER et al. 2018).  

To this end, this study has demonstrated that Khd4 might be involved in the coordinated 

regulation of mRNA encoding proteins engaged in membrane trafficking into an mRNA 

regulon. This chapter aims to predict Khd4-mediated mRNA regulons involved in 

pathways related to membrane trafficking and other virulence-related processes during 

infection. AUACCC-containing mRNAs served as a proxy to predict potential Khd4 

mRNA regulons involved in the infection process. Besides the position of AUACCC, 

their co-expression pattern in planta is also considered, which provides insights into 

which mRNA molecules are simultaneously active.  

In order to identify transcripts involved in the pathogenic program, a systematic approach 

was adopted. Specifically, AUACCC-containing mRNAs exhibiting increased 

expression profiles within the host plant were selected. This relied on pre-established co-

expression modules in U. maydis derived from an extensive infectious time-course study 

(LANVER et al. 2018). Within these modules, genes exhibiting similar expression 

patterns were organized into distinct color-coded clusters (LANVER et al. 2018). For 

instance, the red module consists of genes that were expressed exclusively on the plant 

surface (0.5-1 days post inoculation). The light-green module was expressed during the 

plant penetration stage (1-2 d.p.i.), whereas the magenta module was induced at 0.5-2 

d.p.i. and persisted until 12 d.p.i. The cyan module also known as the tumor module was 

induced after biotrophy establishment (2-4 d.p.i.), commencing tumor formation 

(LANVER et al. 2018). 

In the first step, the AUACCC-containing mRNAs within the virulence-related modules, 

specifically those categorized as red, light-green, magenta, and cyan were singled out. 

Due to the crucial roles in ER-related processes such as protein catabolism, autophagy, 

and cell cycle regulation, the genes present in the light-cyan and yellow modules were 
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also integrated into the regulon analysis (LANVER et al. 2018). It is worth noting that 

the expression profiles of genes within these two modules remained the same irrespective 

of the bioinformatics tools used, indicating the robust functional relationships between 

these genes (LANVER et al. 2018).   

 
Fig. 2.10. Expression levels of AUACCC-containing mRNAs involved in pathways associated with 
membrane trafficking process during infection. (A) Heatmap showing the distribution of expression levels 
for AUACCC-containing mRNAs associated with protein processing in the ER. Columns indicate the eight 
developmental stages of U. maydis (axenic (yeast stage), 0.5, 1, 2, 4, 6, 8, 12 dpi). The left annotation 
indicates the co-expression module to which the transcript belongs following LANVER et al. 2018: cyan, 
magenta, light-green, yellow, and light-cyan. The position of the AUACCC motif (green) in 5´ UTR (5´), 
ORF (O), and 3´ UTR (3´) is also indicated (grey box). Transcripts in bold encode proteins function in N-
glycosylation while those in blue represent SEC proteins involved in COP II vesicle formation. Due to 
functional redundancy, transcripts associated with the N-glycosylation pathway are grouped with those 
linked to protein processing in the ER. (B) Heatmap displaying the expression level distribution of mRNAs 
containing the AUACCC motif associated with endocytosis and (C) autophagy. 

This systematic selection process yielded a total of 1043 AUACCC-containing mRNAs 

distributed across six distinct infection-related expression modules. Subsequently, these 

transcripts were subjected to KEGG Mapper analysis to identify mRNA regulons 

encoding functionally related proteins participating in analogous metabolic or signaling 

pathways. Only pathways with at least 5 genes were selected for further analysis (Table 

5; KANEHISA AND SATO 2020,KANEHISA et al. 2022; 

https://www.genome.jp/kegg/mapper/).  

https://www.genome.jp/kegg/mapper/
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2.3.1 Membrane trafficking regulon 

The comprehensive analysis resulted in 41 pathways, among which 26 exhibited a slight 

yet discernible increase in enrichment for AUACCC-containing mRNAs when 

contrasted with all KEGG annotated genes from U. maydis (Table 5). These pathways 

encompass crucial cellular processes such as endocytosis, N-glycan biosynthesis, and 

autophagy, intricately linked to membrane trafficking mechanisms. This finding 

corroborates the previous results in infectious hyphae, further underscoring the potential 

involvement of Khd4 in the regulation of membrane trafficking during plant infection. 

Although not enriched in comparison to reference, the protein processing in the ER 

pathway was also included in the analysis due to its pivotal role in governing the 

membrane logistics and the observed redundancy with genes associated with N-

glycosylation, which are shared between these sets (Fig. 2.10A). 

In agreement with the importance of secretion, examining gene expression levels in 

transcripts related to protein processing in the endoplasmic reticulum (ER) pathway, 

including eight transcripts involved in the N-glycosylation process, revealed a significant 

surge precisely at the 2 d.p.i., a stage for establishing biotrophy (Fig. 2.10A). Similarly, 

transcripts containing the AUACCC motif associated with endocytosis and autophagy 

displayed induction at 1-2 days post inoculation (d.p.i.), persisting throughout late 

infection stages (Fig. 2.10B-C), underscoring the significance of cellular recycling 

mediated by autophagy during the early as well as late biotrophy establishment phase.  

Endocytosis plays a fundamental role in nutrient uptake, intercellular communication, 

and cell signaling by internalizing plasma membrane components destined for either 

vacuole degradation or plasma membrane recycling when the pathogen is in close contact 

with the host. Recent findings indicate that autophagy also involves receptor recycling 

and signaling (BIRGISDOTTIR AND JOHANSEN 2020). These interdependencies 

between endocytosis and autophagy are further illustrated by their prominent role in 

ensuring vacuole biogenesis and quality control (BIRGISDOTTIR AND JOHANSEN 

2020).  

Notably, most of the AUACCC-containing transcripts associated with autophagy exhibit 

a sharp increase at 0.5 d.p.i, a crucial stage for plant penetration (Fig. 2.10C). In the rice 

blast fungi M. oryzae, autophagy is known to be essential for the formation of 

appressorium required for plant penetration (ZHU et al. 2019). A key step in 
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autophagosome formation involves the conjugation of ubiquitin-like ATG-8 proteins to 

the phosphatidylethanolamine on the autophagic membrane (ZHOU et al. 2022). 

Interestingly, three ATG8-interacting proteins, namely ATG3 (UMAG_00169), ATG4 

(UMAG_05142), and ATG5 (UMAG_11704), involved in ubiquitin-like conjugation 

machinery, the PI3K complex protein ATG6 (UMAG_04265), involved in lipid kinase 

complex, are encoded by transcripts containing the AUACCC motif. ATG5, however, 

carries the motif in its 3´ UTR, while the rest contains the binding site in the ORF region 

(Fig. 2.10C). This suggests that Khd4 may coordinately regulate these transcripts into an 

mRNA regulon thereby dynamically regulating autophagy. 

The protein processing in the ER pathway also includes genes responsible for COPII 

vesicle formation. Of all the COPII-regulating proteins– Sar1, Sec13, Sec31, Sec23, and 

Sec24, the transcripts encoding three of them, namely, Sec23 (UMAG_01624), Sec24 

(UMAG_03209) (inclusive of its paralog, Sec24C (UMAG_02378)), and 

Sec31(UMAG_05747), not only share the same expression pattern when the fungus is 

inside the host but also carry the AUACCC motif within their ORF region (Fig. 2.10A; 

FROMME et al. 2008). Also, many transcripts involved in ER protein processing, 

endocytosis, and autophagy carry the AUACCC motif within their ORF region.  

These observations strongly suggest that Khd4 may coordinate these transcripts into an 

mRNA regulon, thereby dynamically regulating N-glycosylation, COPII vesicle 

formation, endocytosis, and ATG-8 assembly posttranscriptionally. This coordination is 

likely to exert a significant influence on secretion and cellular recycling during pathogen-

host communication (Fig. 2.10A-C). 

2.3.2 Cell cycle regulon 

In addition to pathways related to membrane trafficking, the KEGG mapper analysis 

suggests that the posttranscriptional regulatory potential of Khd4 extends to various 

processes during infection, including cell cycle regulation, MAPK pathway, 

spliceosome, ribosome biogenesis, mRNA surveillance pathway, RNA degradation, 

DNA replication and repair, secondary metabolites biosynthesis, steroid biosynthesis and 

phosphatidylinositol signaling pathway (Table 5).  

Precise control of the cell cycle is a vital determinant for successful plant infection in 

U. maydis. Studying the expression of the AUACCC-containing transcripts functioning 

in the cell cycle revealed heightened expression in axenic culture, reflecting the dividing 
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yeast cell stage, followed by a secondary induction at 2 d.p.i., signifying the release of 

the cell cycle arrest after plant penetration and early biotrophic growth (Fig. 2.11A; 

LANVER et al. 2018). Notably, many of these transcripts contain AUACCC in their 3´ 

UTR, highlighting the pivotal role of Khd4 in rapidly modulating their steady-state levels 

following transcriptional induction during cell cycle regulation (Fig. 2.11A). Markedly, 

the deletion of khd4 resulted in cell-cycle-defective yeast cells (Fig. 5.2A), and the 

mutant did not display hyphal proliferation in planta.  

 
Fig. 2.11. Expression levels of AUACCC-containing mRNAs encoding proteins involved in cell cycle and 
MAPK signaling process. (A) Heatmap showing the distribution of expression levels for AUACCC-
containing mRNAs associated with cell cycle regulation. Columns indicate the eight developmental stages 
of U. maydis (axenic (yeast stage), 0.5, 1, 2, 4, 6, 8, 12 dpi). The left annotation indicates the co-expression 
module to which the transcript belongs following LANVER et al. 2018: cyan, magenta, light-green, red, 
yellow, and light-cyan. The position of the AUACCC motif (green) in 5´ UTR (5´), ORF (O), and 3´ UTR 
(3´) is also indicated (grey box). Transcripts in bold encode proteins function in the Mitotic Exit Network 
(MEN) pathway. Due to functional redundancy, transcripts associated with meiosis, and DNA replication 
are grouped with those linked to cell cycle regulation. (B) Heatmap displaying the expression level 
distribution of mRNAs containing the AUACCC motif associated MAP-Kinase signaling pathway. 

One key observation is that several members of the evolutionarily conserved GTPase 

module of the mitotic exit network (MEN) contain AUACCC sequences in the 3´ UTR 

of the encoding mRNAs (Fig. 2.11A). Furthermore, their expression is increased in 

planta after penetration, suggesting a cell cycle regulon. This includes the small GTPase 
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Tem1 (UMAG_11050), its guanine-nucleotide exchange factor Lte1 (UMAG_05063), 

the protein kinase Dbf2 (UMAG_03446), and the Dbf2-associated protein Mob1 

(UMAG_04352). 

Although the cognate GTPase activating protein Bfa1 (UMAG_02890) involved in the 

MEN pathway is not annotated in KEGG, it is noteworthy that Bfa1 also features the 

AUACCC motif in its 3´ UTR and exhibits expression in planta (cyan; LANVER et al. 

2018). Recently, it was shown that mitotic exit regulation is essential for pathogenicity 

in Fusarium graminearum (MIAO et al. 2023). Numerous AUACCC-containing 

transcripts encode proteins participating in the MAPK module, a conserved signaling 

pathway governing morphological and pathogenic development (Fig. 2.11B; 

VOLLMEISTER et al. 2012). 

Overall, this systematic analysis identifies a potential Khd4-mediated mRNA regulon 

that orchestrates membrane trafficking and cell cycle during U. maydis infection in 

plants, thus underscoring the potential function of Khd4 during infection.  
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3 Discussion and Perspectives 

From synthesis to decay, RNA-binding proteins (RBPs) guide every aspect of RNA life. 

While mRNA synthesis initiates with transcription factors (TFs), it is worth noting that 

RBPs account for a substantial 20% of the expressed protein-coding transcriptome in 

human cells (GERSTBERGER et al. 2014). In contrast, TFs, although encoded by a similar 

number of genes, represent only a modest 3% of the total transcript abundance within the 

cell (GERSTBERGER et al. 2014). This contrast underscores the paramount importance of 

posttranscriptional regulatory mechanisms in orchestrating gene expression control.  

Despite the central role of RNA regulation in gene expression control, its impact on 

fungal virulence remains largely unexplored. Previous studies have indicated that Khd4, 

a multi-KH domain containing RBP, is a prerequisite for the proper morphology and 

pathogenicity of U. maydis. Efforts to decipher its RNA-binding potential, including the 

use of a heterogenous yeast three-hybrid system, unveiled the AUACCC sequence as a 

pivotal and sufficient motif for RNA interaction. However, the precise role of Khd4, 

especially its direct binding RNA targets involved in U. maydis virulence, proved elusive 

(VOLLMEISTER et al. 2009). 

Hence, this thesis aimed to uncover the Khd4-RNA interaction networks involved in the 

formation of the infectious hyphae in the pathogenic fungi U. maydis. The establishment 

of hyperTRIBE in this investigation, an RNA proximity labeling technique, allowed the 

detection of Khd4 targets and related Khd4-binding to Khd4-dependent changes in 

mRNA abundance, offering a transcriptome-wide view of the regulation of Khd4-bound 

mRNAs. The findings disclosed that Khd4 binds mRNAs encoding regulatory proteins 

involved in membrane trafficking and regulates their mRNA stability. Furthermore, it 

was demonstrated that by rendering mRNAs instable, Khd4 efficiently regulates their 

steady-state levels following hyphal morphogenic cues. In essence, this thesis 

underscores that gene expression control at the RNA level is indispensable for infectious 

hyphae development. It revealed a novel role for an RNA-binding protein in the 

regulation of membrane trafficking. Additionally, this study provides preliminary 

insights into the potential function of Khd4 in proximity to the endoplasmic reticulum, 

paving the way for new research directions. 
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3.1 Successful establishment of hyperTRIBE to detect targets of fungal RBPs 

In this study, the successful adaptation of the hyperTRIBE technique, originally 

developed in D. melanogaster, enabled the identification of RBP targets for fungi. This 

method has proven effective in identifying RBP targets in various systems, including 

mammalian cells, and plants, such as Arabidopsis thaliana, Physcomitrium patens as 

well as malarial parasites (MCMAHON et al. 2016,LIU et al. 2017,RAHMAN et al. 

2018,LIU et al. 2019,JIN et al. 2020,NGUYEN et al. 2020,ARRIBAS-HERNÁNDEZ et al. 

2021,BISWAS et al. 2021,CHENG et al. 2021,ZHOU et al. 2021).  

HyperTRIBE is particularly attractive to fungal pathogens for three main reasons. Firstly, 

this method capitalizes on the proximity labeling technique, relying on the expression of 

Ada fusion proteins for target RNA detection. Secondly, hyperTRIBE streamlines target 

identification by requiring less starting material (RAMANATHAN et al. 2019,MCMAHON 

et al. 2016). On the other hand, standard CLIP-based methods demand large input 

requirements, complicating the RNA detection from discrete, small-cell populations such 

as fungal biomass inside the host tissues (RAMANATHAN et al. 2019). Furthermore, the 

CLIP-based methods may fail to work for high-molecular-weight and low-abundant 

RBPs such as Khd4, and or RBPs with limited interactome (RAMANATHAN et al. 

2019,MCMAHON et al. 2016). Thirdly, the hyperTRIBE approach facilitates the potential 

to detect stage-specific mRNA targets by controlling the expression of RBP-Ada fusion 

proteins. In addition to chemical or light-inducible promoters, such as the TetON system 

(INGOLE et al. 2022), this can also be achieved by endogenous conditionally active 

promoters such as UMAG_03597 which can be used to identify mRNA targets of RBP-

ADA fusion protein during the biotrophic establishment phase of U. maydis (SCHMITZ et 

al. 2020). HyperTRIBE can also function as a straightforward in vivo RBP-RNA binding 

assay, enabling the assessment of RBP interactions with specific mRNA molecules using 

Sanger sequencing. To ensure efficient deamination of adenosine, the catalytic activity 

of Ada requires approximately 24 seconds, underscoring the necessity for persistent 

contact between the RBP-Ada fusion protein and RNA (KUTTAN AND BASS 2012). This 

capability holds promise for future investigations into the strength of RBP-RNA binding. 

3.2 HyperTRIBE editing reflects the precise binding properties of RBPs 

To assess the applicability of hyperTRIBE in fungal systems, as a proof-of-principle 

study, a pilot experiment was conducted using the well-studied RBP Rrm4. The 

comparative analysis between Rrm4-Ada-Gfp and Khd4-Ada-Gfp confirmed that the 
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fusion proteins were catalytically active, and efficiently edited mRNAs in a reproducible 

manner. However, notable differences emerged in their editing patterns strongly 

indicating that RBPs are the main drivers of Ada editing specificity: 

Rrm4-Ada-Gfp, consistent with previous iCLIP findings indicating that Rrm4 binds to 

over 50% of the U. maydis transcriptome (OLGEISER et al. 2019), exhibited a threefold 

increase in editing sites compared to Khd4-Ada-Gfp. This suggests that Ada editing is 

influenced by the RNA-binding capacity of the associated RBP. In contrast, Khd4-Ada-

Gfp exhibited highly consistent editing efficiencies across replicates, underscoring the 

enhanced affinity and specificity of Khd4 for its target mRNAs. For instance, Khd4 

showed stronger binding to the AUACCC-containing sequence compared to the 

interaction of Rrm4 with its known target RNA sequence (KÖNIG et al. 

2007,VOLLMEISTER 2009). Furthermore, de novo motif discovery analysis emphasized 

the prominence of the Khd4-binding sequence, AUACCC, in sequences edited by Khd4-

Ada-Gfp, highlighting the sequence-specific RNA recognition of Khd4. Conversely, 

such motifs were not found in Rrm4-Ada-Gfp edited sequences.  

Rrm4 contains 3 RNA Recognition Motifs (RRM3) and it is known from the previous 

iCLIP experiments that the third RRM domain binds the UAUG motif specifically, which 

constitutes only about one-third of all Rrm4 binding sites (OLGEISER et al. 2019). The 

absence of UAUG motifs in the de novo motif analysis for Rrm4-Ada-Gfp edited 

sequences could be due to the high prevalence of short UAUG motifs throughout the 

genome, making it difficult to distinguish them from background sequences. 

Alternatively, this might suggest that RNA recognition by RRM1 and 2 predominates in 

Rrm4-Ada-Gfp targets.  

The findings presented in this study demonstrate that independent of the RBP 

characteristics, the RBP-Ada editing results in highly specific target transcripts and 

binding sites in the hyperTRIBE system. For instance, over 80% overlap was observed 

between Rrm4-Ada-Gfp edited transcripts and the iCLIP-derived target mRNA 

repertoire of Rrm4. Similarly, more than 80% of the transcripts edited specifically by 

Khd4-Ada-Gfp contained at least one AUACCC motif in their transcript regions. 

Furthermore, the editing sites for both RBPs were found near their respective binding 

sites, affirming that hyperTRIBE editing effectively captures in vivo RBP binding in 

fungal cells. 
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3.3 Low editing efficiency of Drosophila Ada in fungal cells 

In comparison to the global Rrm4 binding profile from iCLIP (OLGEISER et al. 2019), 

Rrm4-Ada-Gfp expression identified significantly fewer target mRNAs. Despite the 

binding by Rrm4-Ada-Gfp, numerous functionally relevant Rrm4 targets, including cts1 

and septin, remained undetected in the hyperTRIBE system due to sub-threshold editing 

(<5%) observed in these mRNAs (Appendix 3, Fig. 5.15A). The binding of Rrm4 with 

cts1 mRNA is crucial for proper secretion of the endochitinase, while its binding to septin 

mRNAs like cdc3, cdc10, cdc11, and cdc12 ensures the formation of septin filament at 

the growth tip (KOEPKE et al. 2011,BAUMANN et al. 2014,ZANDER et al. 2016).  

Similar low editing efficiency for Drosophila Ada was also observed in the plant 

hyperTRIBE systems (ARRIBAS-HERNÁNDEZ et al. 2021,CHENG et al. 2021). Given that 

fungi and plants lack ADAR orthologs (JIN et al. 2009), their cellular conditions may be 

less conducive to Ada activity than those in Drosophila and mammalian systems (XU et 

al. 2018,NGUYEN et al. 2020). Strikingly, the Drosophila Ada also showed lower editing 

efficiency in the human prostate cancer line than its human ortholog (JIN et al. 2020). 

While the cytidine deaminase, APOBEC-1, catalyzing C-to-T edits, functioned 

efficiently in mammalian cells, no substantial editing was found in the fruit fly system 

(ABRUZZI et al. 2023). These studies emphasize the variation in editing efficiency among 

different RNA base editors across different systems. Therefore, in future, attempts must 

be made to select the appropriate RNA base editor to further improve the efficacy of the 

hyperTRIBE method in fungal systems. Recent developments in the hyperTRIBE system 

in S. cerevisiae have indicated that human ADAR2 exhibits higher activity and increased 

signal-to-noise ratio in baker’s yeast than the Drosophila Ada (PIAO et al. 2023).  

It is noted that in U. maydis, and plant hyperTRIBE systems, Drosophila Ada displays 

substantial background editing in the absence of the RBP fusion (ARRIBAS-HERNÁNDEZ 

et al. 2021,CHENG et al. 2021). This aberrant activity can be partially attributed to the 

increased expression levels of control-Ada in comparison to RBP-Ada fusions in the 

current hyperTRIBE system (Fig. 5.4A-B). Nonetheless, it is crucial to acknowledge that 

control-Ada editing tends to lack specificity in target selection when compared to RBP-

Ada fusion proteins. To address the issue of control-Ada-induced false negatives in 

future experiments, maintaining consistent expression levels across hyperTRIBE 

constructs is paramount. Furthermore, normalizing ADAR expression levels to the 

editing proportion can also mitigate the impact of inconsistent expression levels on target 
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mRNA detection (ARRIBAS-HERNÁNDEZ et al. 2021). It is also recommended to 

incorporate deep sequencing and use cDNA library kits with unique molecular indices 

(UMIs) to enhance the resolution of target detection (KIVIOJA et al. 2011).  

The synthetic derivative of human ADAR2, RESCUE, has the potential to replace 

Drosophila Ada in fungal hyperTRIBE. RESCUE offers high editing efficiency with 

increased specificity and the unique capability of concurrent A-to-G and C-to-U editing, 

significantly expanding the editable window (ABUDAYYEH et al. 2019,BURGESS 2019). 

Recently, PIE-seq, an RBP target detection method that combines dual RNA base editors, 

Apobec1 and ADAR2, with the target RBP, has shown promise for future applications. 

It enhances RBP target discovery by mitigating nucleotide biases associated with 

different RNA base editors (RUAN et al. 2023). 

3.4 AUACCC within the 3´ UTR causes mRNA instability 

RBPs typically control RNA regulation by recognizing the regulatory cis-elements 

present in target mRNAs. Studying the distribution of Khd4 binding sites revealed that 

the RBP binds mRNAs preferentially through the UTR regions, mainly via 3´ UTRs. 

Interestingly, the deletion of khd4 in hyphal cells increased the expression of transcripts 

carrying the 3´ UTR AUACCC motif. Subsequent analysis confirmed that the AUACCC 

motif in the 3´ UTR functions as a destabilizing element upon binding by Khd4. This 

suggests that Khd4 mediates spatiotemporal gene expression in hyphal cells by 

governing mRNA turnover.  

While studies on the roles of such cis and trans-acting factors in fungal pathogens are 

currently scarce, comparable functions are known for mammalian RBPs. For instance, 

RBPs, tristetraprolin (TTP), and CELF1 cause rapid mRNA turnover by binding to the 

AU-rich and GU-rich mRNA decay elements in the 3´ UTR of mRNAs, respectively 

(BARREAU et al. 2005,VLASOVA-ST LOUIS AND BOHJANEN 2011).  

RBPs facilitate mRNA degradation by specifically recruiting and activating the mRNA 

decay machinery to target mRNAs. For instance, the RBP TTP induces mRNA 

destabilization by directly interacting with the CNOT1 subunit of the CCR4-NOT 

deadenylation complex via its C-terminal domain (FABIAN et al. 2013). Mutations in the 

TTP- CNOT1 interface have been found to impair TTP-mediated mRNA degradation 

(FABIAN et al. 2013). Some RNA-binding domains are capable of mediating protein-

protein interaction, in concert with RNA binding (CORLEY et al. 2020). For example, in 
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D. melanogaster, the RBP Bicaudal-C interacts with the NOT3/5 subunit of the Ccr4-

Not complex, via its KH domain (CHICOINE et al. 2007,MINEGISHI et al. 2021). The 

hypothesis put forward is that Khd4 recruits the evolutionarily conserved Ccr4-Not 

complex for mRNA-specific poly(A) tail shortening (MILLER AND REESE 2012,COLLART 

et al. 2013). Furthermore, the co-localization of Khd4 with the decapping activator Dhh1 

suggests a potential connection between Khd4-mediated mRNA deadenylation and the 

subsequent decapping process (FISCHER AND WEIS 2002,VIJJAMARRI et al. 2023). 

Consistently, the RBP Roquin-mediated mRNA decay, besides deadenylation, also 

involves mRNA decapping (ESSIG et al. 2018). However, it is important to note that 

further investigation is necessary to fully elucidate the mechanistic details underlying the 

processes.  

Significantly, the KH5 and 6 domains of Khd4 exhibit high conservation across 

mammalian fungal pathogens. Furthermore, the KH domains display a general 

preference for C-rich sequences in target RNA (VALVERDE et al. 2008,NICASTRO et al. 

2015). This robustly supports the idea that the Khd4-AUACCC regulatory mechanism 

remains conserved among these pathogenic fungi.  

3.5 mRNA destabilization governs gene expression during hyphae formation 

The virulence of many fungal pathogens is tightly associated with their ability to shift to 

hyphal morphology, a process involving significant transcriptional rewiring. In U. 

maydis, this shift is driven by the master transcriptional factors bE and bW, triggering a 

multi-layered transcriptional network of over 300 genes (HEIMEL et al. 2010b). However, 

it is unclear how the posttranscriptional program is altered during infection and how these 

two complex gene regulatory networks are coordinated at these different levels of 

regulation. Investigation into Khd4-bound mRNAs revealed that many of these 

transcripts were not only transcriptionally induced during the yeast-to-hyphae transition 

but also counterintuitively contained the AUACCC motif in their 3´ UTR for mRNA 

instability. This underscores the multifaceted role of Khd4-mediated mRNA decay 

beyond mere repression of target gene expression. 

The target analysis revealed that the mRNA stability factor, Khd4, primarily targets 

mRNAs encoding regulatory proteins such as GTPases. A similar trend was observed in 

other systems where regulatory proteins like cytokines, kinases, and TFs are encoded by 

unstable mRNAs (ANDERSON 2010,THOMPSON et al. 2023). Utilizing a single-
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compartment mathematic model (HARGROVE AND SCHMIDT 1989), this study 

demonstrated that Khd4-mediated mRNA decay governs the precise induction kinetics 

of its target mRNAs after transcription. This promotes rapid production of these 

regulatory proteins upon hyphal induction, followed by faster clearance after 

transcription ceases. Consistently, deletion of khd4 alters the underlying regulatory 

dynamics, resulting in hyphal cells with a delayed polar growth program. Thus, during 

infectious hyphae morphogenesis, the tight coupling of transcriptional activation with 

mRNA instability, regulated by trans-acting factors like RBP Khd4, precisely fine-tunes 

the induction dynamics of the respective mRNAs involved in hyphal morphogenesis.  

mRNA degradation plays a crucial role in coordinating transcription and translation. In 

S. cerevisiae, the global decrease in mRNA synthesis is counterbalanced by decreased 

degradation to maintain gene expression homeostasis (SUN et al. 2013). Notably, decay 

factors like the Ccr4-Not complex and the 5´-3´ exonuclease Xrn1 can translocate from 

the cytoplasm to the nucleus, directly influencing transcription activation, highlighting 

the interplay between mRNA synthesis and decay (CHÁVEZ et al. 2016,HECK AND 

WILUSZ 2018). Recently, a single-molecule imaging study uncovered a positive correla-

tion between increased decay and active translation (DAVE et al. 2023). This discovery 

aligns with earlier observations suggesting that decay factors operate in concert with ri-

bosomes during translation (TUCK et al. 2020,DAVE et al. 2023). In the future, under-

standing the intricate relationship between mRNA synthesis, translation, and decay is 

crucial for deciphering the regulatory network during infectious hyphae development. 

3.6 Khd4 promotes mRNA stabilization by 5´ UTR AUACCC binding  

Many RBPs exhibit multifunctionality, participating in various aspects of gene 

expression. For instance, the RBP NOVA plays regulatory roles in alternative splicing 

as well as in poly (A) site usage in neurons (VAN NOSTRAND et al. 2020). When analyzing 

the distribution of the AUACCC motif in Khd4-bound mRNAs, a notable pattern 

emerges: targets exhibiting reduced abundance in the absence of Khd4 showed 

significant enrichment of this binding site within their 5´ untranslated regions (UTR). 

Examples include don1 (UMAG_10152) encoding an FYVE domain-containing guanine 

nucleotide exchange factor (FREITAG et al. 2011,GÖHRE et al. 2012) and kin3 

(UMAG_06251) encoding Kinesin-3 motor protein, involved polar hyphal growth and 

membrane trafficking (SCHUCHARDT et al. 2005,BAUMANN et al. 2012). This suggests 

that in a binding position-dependent manner Khd4-mediated posttranscriptional 
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regulation stabilizes its mRNA targets, potentially unveiling a novel link between RNA-

binding position and stabilization regulation. 

The 5´ UTRs, positioned upstream of the start codon, are actively involved in directing 

translation (HINNEBUSCH et al. 2016). Although many conundrums still exist regarding 

translation and mRNA stability (see above), efficient translation is also known to protect 

mRNA from degradation (PARKER 2012,HINNEBUSCH et al. 2016,THEIL et al. 2018). For 

example, the poly(A) leader in 5´ UTR enables cap-independent mRNA translation by 

recruiting PABP1, enhancing mRNA stability, but causing mRNA destabilization during 

translation inactivity (JIA et al. 2020). Based on this context, it is conceivable that the 

increased stability resulting from Khd4 binding to the 5´ UTR could facilitate the 

recruitment of translation machinery, promoting translation. Further reinforcing the 

notion, the interaction of the RBP SF3B4 with the 5´ UTR cis-element AG-(X)3-

ACA/G/C increases the translation of mRNAs encoding secretory proteins at the ER by 

associating with the ribosome receptor, p180 (UENO et al. 2019). Additionally, in human 

cells, the RBP eIF3 stimulates translation by directly recruiting of 43S preinitiation 

complex upon recognizing the m6A sites in the 5´ UTR, enabling cap-independent 

translation (MEYER et al. 2015).  

Alternatively, the 5´ UTR AUACCC binding by Khd4 may keep the mRNA in a 

translationally inactive state until specific signals warrant its translation. This mechanism 

is exemplified in other systems such as in C. neoformans, where Puf4 binds to the 5´ 

UTR of mRNAs like fks1, involved in cell wall biogenesis, resulting in translational 

repression, thereby mRNA stabilization (KALEM et al. 2021). Loss of Puf4 releases 

translation repression but decreases mRNA stability which is negatively influenced by 

the increased translation rate (KALEM et al. 2021,ROY AND JACOBSON 2013). This 

ultimately provides echinocandin resistance to the pathogen (KALEM et al. 2021). 

Similarly, in D. melanogaster, the female-specific RBP sex-lethal (SXL) inhibits 

translation of the limiting component of the dosage compensation complex, male-

specific lethal-2 (msl-2) mRNA, through its interaction with the 5´ UTR of the mRNA, 

hindering ribosomal scanning (BECKMANN et al. 2005).  

In U. maydis, maintaining proper Clp1 levels is crucial for fungal proliferation, and UPR-

mediated gene expression during ER stress in planta. While the clp1 transcript levels are 

detectable upon b induction, the protein only becomes evident during hyphal penetration 
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of the plant (Chapter 1.5; HEIMEL et al. 2010a). Notably, clp1 mRNA features an 

AUACCC motif in its 5´ UTR. Furthermore, it is also edited by Khd4-Ada-Gfp, albeit 

with low efficiency (Appendix 3, Fig. 5.15B). The interaction between Khd4 and the 5´ 

UTR AUACCC motif may maintain the clp1 mRNA in a translationally inactive state 

until penetration, ensuring a timely Clp1 protein level (Appendix 3, Fig. 5.15B). Of note, 

clp1 mRNA also carries an AUACCC motif in its 3´ UTR. After plant penetration, Khd4 

might differentially bind to the 3´ UTR AUACCC, contributing significantly to the 

maintenance of steady-state Clp1 protein levels. 

Khd4 also binds mRNAs by interacting with the AUACCC binding motif in their coding 

sequences (CDS), a binding interface also known to impact the translation efficiency of 

an mRNA (GRZYBOWSKA AND WAKULA 2021). In future, investigating the significance 

of the AUACCC motif in the 5´ UTR and CDS will offer insights into other roles of 

Khd4, particularly its role in translation regulation. The spa2 mRNA, which encodes a 

polarisome component involved in fungal polar growth (CARBÓ AND PÉREZ-MARTÍN 

2008,ZHENG et al. 2020), contains three AUACCC motifs distributed in the 5´ UTR, 

ORF, and 3´ UTR regions. The 3´ UTR AUACCC of spa2 mRNA functions as a 

destabilizing element (Fig. 2.4E). Ultimately, exploring the significance of these binding 

sites and whether the regulatory potential of Khd4 in these distinct binding sites operates 

co-operatively or alternatively, would be intriguing. Nonetheless, it is worth noting that 

the majority of the mRNA targets display increased levels in the absence of Khd4 with 

significant enrichment for 3´ UTR AUACCC. This indicates that mRNA destabilization 

constitutes the major role of Khd4. 

3.7 Posttranscriptional regulation of membrane trafficking 

In khd4Δ cells, delayed polar growth coincides with wider hyphal cells, reminiscent of 

defects in intracellular membrane trafficking. Similar phenotypes have been observed in 

fungi with aberrant membrane trafficking. In A. nidulans, myoE deletion, essential for 

actin-dependent vesicle trafficking, results in thicker cells and slower hyphal growth 

(TAHERI-TALESH et al. 2012), whereas in C. albicans, deletion of the formin encoding 

bni1 disrupts Spitzenkörper formation, leading to wider, slow growing hyphae (PUERNER 

et al. 2021). 

Studying Khd4-bound mRNAs demonstrates Khd4 as a regulator of membrane 

trafficking. By interacting with 3´ UTR AUACCC, Khd4 destabilizes a subset of mRNAs 
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encoding regulatory proteins involved in membrane trafficking, controlling their 

subcellular protein levels. This coordinated regulation is in line with the concept of 

mRNA regulon, where RBPs co-regulate functionally related mRNAs (KEENE 2007). 

Consequently, the absence of Khd4 disrupts membrane trafficking, leading to the 

misregulation of process-associated genes and the formation of aberrant vacuoles (Fig. 

3.1). Similar regulatory networks are well-established in higher eukaryotes; for instance, 

in immune cells, RBPs like TTP and Roquin target mRNA regulons containing 

inflammatory regulators, such as cytokines, to effectively modulate immune responses 

(ANDERSON 2010,DIAZ-MUÑOZ AND OSMA-GARCIA 2022).  

This study discloses a distinct link between RNA regulation and vacuole maturation. 

Proper vacuole biogenesis is instrumental for fungal pathogens’ virulence (PALMER et al. 

2005,LIU et al. 2006,LI et al. 2017,HU et al. 2021). Loss of Khd4 severely impairs the 

formation of vacuole-dependent empty sections in hyphae, a process closely related to 

appressoria-like infection structure formation in phytopathogens (FREITAG et al. 2011). 

Therefore, Khd4-mediated control of the membrane trafficking mRNA regulon may also 

impact early infection processes such as plant entry. Of note, autophagy, a catabolic 

process involved in vacuole biogenesis, is vital for appressoria formation in the rice blast 

fungus M. oryzae (ZHOU et al. 2022). Persistently, the expression of autophagy genes 

coincides with the plant penetration stage in U.  maydis, with four ATG proteins (ATG3-

6) involved in autophagosome membrane formation harboring the AUACCC motif.  

Asymmetric intracellular vesicle trafficking is a highly dynamic process, adapting to 

varying cellular demands. This is of particular importance to polarized cells like fungal 

hyphae and neurons, where membrane trafficking is essential for maintaining cell shape 

and promoting growth (STEINBERG et al. 2017,RIQUELME et al. 2018). In addition to 

conventional posttranslational modification, regulating the abundance of trafficking 

components is also crucial for modulating the transport process. For instance, in 

mammalian cells, endocytosis of the plasma membrane depends on the concentration of 

the vesicle coat protein Clathrin (MOSKOWITZ et al. 2005).  

This study underscores the significance of Khd4-mediated mRNA decay in maintaining 

the exact levels of endomembrane regulators. Notable examples include the small 

GTPase Arl1–involved in secretion (LABBAOUI et al. 2017), Hok1–critical for endosomal 

motor function (BIELSKA et al. 2014), and Vma21–necessary for V-ATPase assembly in 



Discussion and Perspectives 

69 
 

the vacuole (MALKUS et al. 2004). Khd4-bound mRNAs also exhibit enrichment for 

regulatory proteins associated with small GTPases signal transduction, which is pivotal 

for cytoskeletal remodeling and membrane trafficking (DAUTT-CASTRO et al. 2021, 

OLAYIOYE et al. 2019). In addition to the GTP hydrolysis cycle and post-translational 

modifications (BOS et al. 2007,AHEARN et al. 2011), these findings indicate that the small 

GTPase regulation also occurs at the level of mRNA stability, implying an additional 

layer of regulation.  

Similar insights are emerging in other systems. Alternative splicing, governed by RBPs 

such as CELF1, RBFOX, and Nova, has been shown to govern membrane trafficking 

dynamics in muscles, epithelial, and neuronal cells, respectively (BLUE et al. 2018). 

Additionally, miRNAs have been implicated in modulating the expression levels of 

components like Sar1A, and Sec23A of COPII machinery, required for vesicle formation 

(BISNETT et al. 2021). It is worth noting that U. maydis Sec proteins (Sec23, Sec24, 

Sec24C, and Sec31), feature the AUACCC motif in their coding sequences. In essence, 

these findings highlight that the dynamics of membrane trafficking during hyphal polar 

growth are decided at the level of RNA and in U. maydis, it relies on the presence of 

Khd4. 

Fig. 3.1. Khd4-mediated mRNA destabilization governs subcellular levels of membrane trafficking 
regulators. Schematic representation of wildtype (left; wt;) and khd4Δ (right; thicker) hyphae. Left: Khd4 
(red) recognizes the 3´ UTR AUACCC motif and orchestrates the destabilization of mRNAs encoding 
membrane trafficking regulators into an mRNA regulon, potentially recruiting mRNA decay factors 
(mRNAs, encoding their corresponding regulatory proteins, are illustrated in dark green, light green, and 
grey; AAA-poly(A) tail). This action regulates the induction kinetics of these mRNAs, fine-tuning their 
steady-state levels post-transcriptionally. This process orchestrates the membrane trafficking dynamics, 
ensuring the proper morphology and polar growth of infectious hyphae. Right: In the absence of Khd4, 
these mRNAs are stabilized, resulting in delayed responses and excessive regulatory protein levels. This 
leads to dysregulated membrane trafficking, evident in fragmented vacuoles, thicker hyphal cells, and 
delayed polar growth. Bluish-grey pacmans represent mRNA decay factors, and speedometers denote polar 
growth rates. The arrow indicates the growth direction. Endomembrane compartments such as ER, Golgi 
apparatus, vacuoles, and endosomes are labeled accordingly. 
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3.8 Khd4-mediated RNA regulation might be involved in ER stress response 

Analysing Khd4 localization revealed that the protein is consistently found to be 

cytoplasmic throughout hyphae development, with no specific subcellular accumulation. 

However, when exposed to heat stress, Khd4 relocated to stress granules. Interestingly, 

these Khd4-positive granular bodies concentrated at specific subcellular regions, 

including the cell cortex, nuclear periphery, and specifically, the growth tip. This pattern 

is reminiscent of the endoplasmic reticulum (ER) network seen in U. maydis and plant 

cells (WEDLICH-SÖLDNER et al. 2002,GRIFFING et al. 2017). In particular, the 

concentration of these granules at the growth tip coincides with the presence of a 

prominent ER cap in the hyphal apex (WEDLICH-SÖLDNER et al. 2002). Emerging 

evidence suggests that the ER membrane surface can trigger the formation of cellular 

condensates (SNEAD AND GLADFELTER 2019), suggesting that the Khd4-positive granule 

localization might indeed be proximal to the cortical ER.  

Remarkably, truncating the C-terminal region of Khd4 (Khd4∆865-1416), which includes 

the KH7-8 domains, and Q-rich regions, consistently led to its cortical localization. This 

implies that Khd4 can reside at the cell cortex under normal conditions, possibly 

regulated by RNA-binding capacity, protein-protein interaction, and posttranslational 

modifications in these regions. In S. cerevisiae, the cytoplasmic RBP Puf2 transiently 

associates with the plasma membrane depending on the Ypk1-mediated phosphorylation 

status (GALEZ et al. 2021). Additionally, posttranslational modification of nuclear RBPs 

like Fus and TDP-43 leads to their cytoplasmic localization, which is associated with 

disease development (STERNBURG et al. 2022).  

The ER plays a central role in the membrane trafficking pathway by directly interacting 

with endomembrane compartments (WENZEL et al. 2022). ER-associated UBE2J1 

protein positions endosomes to the perinuclear region for selective cargo delivery for 

degradation (CREMER et al. 2021,WENZEL et al. 2022). 

Loss of Khd4 results in defects indicative of disrupted ER homeostasis. This is evidenced 

by vacuole fragmentation, a known TORC1-mediated ER-stress response in S. cerevisiae 

(STAUFFER AND POWERS 2015). Vacuoles are also involved in the selective degradation 

of damaged ER, a process referred to as micro-ER-phagy (FERRO-NOVICK et al. 2021). 

Additionally, the absence of Khd4 also makes cells sensitive to ER stress inducers like 
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tunicamycin (Appendix 3, Fig. 5.15C) and results in secretion defects (M. Sc. Lea Geißl. 

Data not shown).  

During the U. maydis pathogenic program, the UPR regulates the ER-dependent 

secretory pathway to resolve ER homeostasis (SCHMITZ et al. 2018). Based on the 

findings, it is plausible to speculate that Khd4 regulates a subset of mRNAs, such as those 

encoding membrane trafficking proteins, at the vicinity of the ER, a localization-specific 

interactome. In humans, the RBP TIS11B mediates the formation of TIS-granule at the 

ER, where it enriches membrane proteins mRNAs containing ARE-elements in their 3´ 

UTR (MA AND MAYR 2018). Translation in this specialized subcellular compartment, 

TIGER, facilitates the assembly of encoded proteins into specific protein complexes, 

which are critical for the trafficking of plasma membrane proteins (MA AND MAYR 2018).  

Recently, a novel pathway known as ERAS (ER-associated RNA silencing) was 

discovered in C. elegans. In this pathway, the general RNA silencing machinery, 

including Argonaute protein AGO2, actively degrades mRNAs encoding secretory 

proteins during ER stress at the cytoplasmic surface of the ER. This unconventional 

mechanism functions to further impede the influx of additional proteins into the ER 

during periods of “traffic jam” caused by misfolded proteins (EFSTATHIOU et al. 2022).  

Furthermore, beyond its established role in translating mRNAs encoding secretory 

proteins, there is a growing body of evidence suggesting that the ER also participates in 

the translation of mRNAs encoding cytosolic proteins (REID AND NICCHITTA 2015). It is 

conceivable that Khd4 binds to a subset of target mRNAs encoding proteins associated 

with ER-dependent processes, thereby regulating their stability. In the absence of Khd4, 

this regulatory dynamic is disrupted causing ER stress. Thus, hypothesizing that Khd4-

mediated mRNA regulation may play a novel role in ER quality control in U. maydis. 

In conclusion, the findings in this thesis demonstrate the pivotal role of RNA regulation 

in governing spatiotemporal gene expression control in fungal pathogens. The results 

have unveiled a regulatory concept for fungal infection, where the multi-KH RBP Khd4 

orchestrates infectious hyphae polar growth by modulating the stability of mRNA 

regulons, which consist of regulatory proteins encoding mRNAs with the AUACCC 

motif, thereby regulating membrane trafficking (Fig. 3.1). These insights are expected to 

catalyze further comparative studies exploring the roles of RNA regulation in the 

infection of related fungal pathogens, thus laying a foundation for advancing the 
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understanding of fungal pathogenesis and fostering the development of novel anti-fungal 

therapies. 

3.9 Future perspectives 

This study, using functional transcriptomics and loss-of-function analyses, has advanced 

the understanding of Khd4 as an mRNA stability regulator and its role in orchestrating 

membrane trafficking during pathogenic development. It has opened up new avenues for 

exploring the precise mechanism of Khd4, elaborately addressing when, where, how, and 

the context in which the RBP operates.  

The current hypothesis postulates that Khd4 may also influence ER homeostasis. To 

initiate this investigation, confirming whether the cortical accumulations of Khd4-

positive granules under heat stress are indeed at the ER is crucial. This can be addressed 

by expressing an existing ER-marker, where the Kat reporter is fused with the signal 

peptide of ER calreticulin and the ER-retention HDEL sequence at its N- and C-terminus, 

in strains expressing Khd4-Gfp for co-localization studies.  

For an in-depth understanding of the role of Khd4 in ER homeostasis, spatial proteomics, 

and transcriptomics, including biochemical fractionation followed by mass spectrometry 

can be employed. This approach enables the analysis of changes in ER fractions under 

various conditions, including khd4 deletion. Additionally, the “localized RNA 

recording” technique (MEDINA-MUNOZ et al. 2020), involving the fusion of an ER-

membrane resident protein, such as Sec61, with the RRM domain of Pab1 and an RNA-

base editor like Ada, can be employed. This fusion allows for the editing of ER-localized 

RNA after interaction with the RRM of Sec61, thereby enabling the quantification of 

mRNA abundance in the vicinity of ER during stress conditions by RNA-seq. Utilizing 

these methods in conjunction can help investigate the impact of Khd4 on ER homeostasis 

through loss-of-function analysis at the levels of RNA and protein. 

As previously noted, the C-terminal truncated version of Khd4 (Khd4∆865-1416), 

encompassing KH domain 7 and 8 along with unstructured regions, consistently localizes 

to the cortical regions. The prior study also demonstrates that deleting the N-terminal 

regions containing KH domains 1 and 2 results in an aberrant phenotype. Therefore, it is 

essential to map the domains of Khd4 by truncations. Firstly, this aims to pinpoint 

domains critical for potential ER association, and secondly, it seeks to identify other 

functionally important regions in a broader context such as proper morphology, and 
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pathogenicity. Leveraging the AlphaFold-predicted structure, a systematic analysis of N- 

and C-terminal regions can uncover functionally critical domains. Subsequently, these 

critical domains can be assessed for their impact on loss-of-function phenotype, mRNA 

stability regulation, and subcellular localization. Once the functionally important domain 

is elucidated, single-point mutations can be carried out to decode minimal functional 

regions.  

The regulatory potential of any RBP relies on its interactions with other proteins and 

protein complexes, playing a pivotal role in RNA processing. Gaining insights into the 

mechanism of Khd4’s action requires the identification of its protein interaction partners. 

This can be achieved through techniques like Khd4 co-immunoprecipitation and in vivo 

proximity-dependent protein labeling approach such as turbo biotin ligase tag (TurboID), 

which can reveal the protein interactome of Khd4 (SHI et al. 2023). Combining these two 

approaches enhances the precision of identifying true Khd4-interaction partners.  

To deepen knowledge, conducting a differential protein binding analysis by comparing 

functionally critical truncated Khd4 versions, particularly those involved in cortical 

localization, with the full-length protein is essential. Subsequently, the functional 

relevance of the identified protein partners can be validated through knockout and 

overexpression experiments to confirm their roles in the Khd4-mediated processes. This 

can help identify the dynamics of these interactions with Khd4, including whether they 

occur exclusively under specific conditions or developmental stages. 

Combined with mathematical modeling, this study described the mechanistic insights 

into the Khd4-mediated gene expression regulation during hyphal morphology 

development. It has unveiled the role of Khd4 in mRNA destabilization by binding to the 

3´ UTR AUACCC sequence, fine-tuning their steady-state levels for a rapid response. 

However, the exact quantitative changes in the steady-state levels of Khd4-bound 

mRNAs remain undisclosed. To understand the dynamic behavior of Khd4 targets, 

quantifying their mRNA turnover rates is imperative. In future, adopting metabolic RNA 

labeling techniques, such as SLAM seq (HERZOG et al. 2017), is recommended to 

uncover global shifts in mRNA half-lives in the presence and absence of Khd4 in U. 

maydis. Such mRNA half-life analysis can also reveal other mRNAs with highly stable 

or rapidly degraded profiles, thereby unveiling broader gene regulatory networks in U. 

maydis.  
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Studying Khd4 targets revealed that binding the AUACCC motif in the 5´ UTR stabilizes 

mRNA, potentially impacting translation regulation. Further analysis has shown that 

AUACCC-containing targets involved in membrane trafficking regulation during U. 

maydis infection often feature these cis-elements in their 5´ UTR or ORF region. To 

investigate the positional effect of Khd4 binding in these regions, the established Kat 

reporter assay can be adapted. This involves introducing hexameric repeats of the 

AUACCC motif or the endogenous 5´ UTR sequence of Khd4 targets into the 5´ UTR of 

the Kat reporter. Incidentally, the “AUA” sequence of the binding site AUACCC can 

function as a cryptic start codon, recruiting the initiator tRNA, Met-tRNAiMet, and 

facilitating the synthesis of full-length proteins (KEARSE AND WILUSZ 2017). To confirm 

cryptic translation, the epitope tags, such as HA-tag, can be placed in the 5´ UTR under 

examination. In addition to fluorescent assays, it is essential to conduct ribosome 

profiling assays to assess the impact of 5´ UTR AUACCC binding on ribosome 

association and translation efficiency. This multifaceted approach promises to shed light 

on the intricate relationship between Khd4 binding, mRNA stability, and translation 

regulation, unraveling the molecular intricacies governing these processes. 

Khd4 is crucial for the proper virulence of U. maydis. Loss of Khd4 causes reduced 

virulence, with mutant hyphae unable to proliferate in plants. Additionally, the lack of 

Khd4 disrupts the secretion process, vital for delivering effectors during plant 

colonization. Although infectious hyphae form, the deletion of khd4 arrests mutant 

hyphae development following plant penetration. To understand the role of Khd4 in 

virulence, it is critical to determine the developmental stages it regulates. The use of 

conditional promoters, active during specific U.  maydis infection stages (SCHMITZ et al. 

2020), can help assess the significance of Khd4 in these phases. 

Recent research has unveiled how U. maydis adapts transcriptionally during infection 

(LANVER et al. 2018). However, a significant knowledge gap exists regarding the 

analogous posttranscriptional regulatory networks involved in this process. In the future, 

it is crucial to identify stage-specific Khd4-bound mRNAs to bridge this gap and reveal 

the plasticity of mRNA regulons during infection.  

HyperTRIBE emerges as the preferred method for identifying RBP target mRNAs when 

the pathogen intimately interacts with the host. Establishing hyperTRIBE to uncover 

Khd4 targets in plantae will yield valuable insights into the adaptability of the Khd4-
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mediated mRNA regulon across various infection stages and within the host 

environment. Addressing the low editing efficiency observed with Drosophila Ada is 

essential for more effective target mRNA identification in plants. Consideration should 

be given to employing more efficient RNA-base editors like RESCUE (ABUDAYYEH et 

al. 2019). Additionally, the low percentage of fungal-origin sequencing reads at two days 

post-infection underscores the need for deep sequencing to comprehensively capture 

Khd4-bound mRNAs. To optimize cost-efficiency in sequencing, one approach is to 

constitutively express the RNA base editor alone as a control, ensuring the capture of all 

potential editing sites controlled by Ada.
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4 Materials and methods 

All methods pertaining to Chapter 2.1 are elaborated in Chapter 5 (Appendix 2, 

subsection 5.2.2), which provides comprehensive detail. It is important to note that these 

methods are part of the published dataset. 

4.1 Heat stress analysis and microscopy  

For heat stress analysis, yeast cells were grown in 20 ml of complete medium (CM; 

supplemented with glucose) at 28 ° C until the OD600 of 0.5. Hyphal growth was induced 

by shifting 20 ml of yeast culture in CM-medium to NM medium (NM-nitrate minimal 

medium) and grown for 6. h.p.i. at 28 °C on a rotary shaker at 200 rpm. Microscopic 

analyses were performed using laser-based epifluorescence microscopy, Zeiss Axio 

Observer Z1 (Oberkochen, Germany) as described before (BAUMANN et al. 2012). Image 

processing was carried out using the MetaMorph software package (version 7.7.0.0, 

Molecular Devices, Seattle, IL, USA). SR-SIM was conducted using the Zeiss Elyra PS 

at the Center for Advanced Imaging (CAI) at Heinrich Heine University Düsseldorf. To 

induce heat stress, 1 ml of the cell culture was transferred into 2 ml centrifuge tubes and 

placed on the preheated thermo-block of temperature 40 °C for 20 min, with agitation at 

200 rpm. Subsequently, 1 µl of heat-stressed cell culture was placed on the agarose 

cushion (2%) and promptly visualized under microscopy. Since the stress granules are 

transient structures, the visualization must be carried out as quickly as possible.  

4.2 Identification of potential Khd4-mediated mRNA regulons in infection 

To identify transcripts involved in the pathogenic program, AUACCC-containing 

mRNAs showed increased expression in the virulence-associated modules, including red, 

light-green, magenta, and cyan, sourced from a published infection time-course dataset 

(LANVER et al. 2018). Moreover, the AUACCC-containing transcripts from the light-

cyan and yellow modules were also integrated into the analysis. The rationale for 

including these modules in the analysis is given in the corresponding results section 

(chapter 3.3). The resulting transcripts were used for KEGG mapper analysis to detect 

mRNAs encoding functionally related proteins engage in analogous metabolic and 

signaling pathways (Table 5; KANEHISA AND SATO 2020,KANEHISA et al. 2022; 

https://www.genome.jp/kegg/mapper/). Only pathways with a minimum of 5 genes were 

considered for further analysis. 

https://www.genome.jp/kegg/mapper/
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5 Appendix 

The Appendix is divided into three distinct parts.  

• The first part (Appendix 1) presents the published review of “The RNA world of fungal 

pathogens” in PLOS Pathogens 2023, and it is adapted with minor changes without 

affecting the content.  

• The second part (Appendix 2) presents the supplemental information pertaining to 

Chapter 2.1. This is a part of the published results in PNAS 2023 and therefore included 

with minor changes.  

• The third part (Appendix 3) contains additional results concerning Chapter 3 but not 

included in Chapter 2. 
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5.1 Appendix 1 

The RNA world of fungal pathogens 

Srimeenakshi Sankaranarayanan1,$, Seomun Kwon1,$, Kai Heimel2, and Michael Feldbrügge1, *  

1 Heinrich-Heine University Düsseldorf, Institute for Microbiology, Cluster of Excellence on Plant 
Sciences, Universitätsstr. 1, 40225 Düsseldorf, Germany 

2 Georg-August University Göttingen, Institute for Microbiology and Genetics, Göttingen Center for 
Molecular Biosciences (GZMB), Grisebachstr. 8, 37077, Göttingen, Germany 

* feldbrue@hhu.de 

$ Authors contributed equally 

This pearls review is accepted for publication in PlosPathogens. 

 

Fungal pathogens execute well-defined infection programs that are intensively regulated 

at the posttranscriptional level. RNA biology determines the precise timing and 

subcellular expression of the encoded proteins. This temporal coordination is especially 

vital for membrane trafficking in order to synchronize the intracellular organelle 

network. This includes vacuole maturation, intra- and extracellular vesicle transport, 

protein entry into mitochondria, peroxisomes, and the ER. Here, we explore the intimate 

link between membrane trafficking, organelle function, and the RNA world during 

fungal plant pathogenesis, with a specific emphasis on the corn smut Ustilago maydis.  

Endosomal mRNA transport generates and prevents intracellular gradients in 

infectious hyphae 

Many fungal pathogens require regulation of hyphal morphology for host invasion. These 

highly polarised hyphae rely on active transport along the cytoskeleton to deliver proteins 

to distinct subcellular regions. A fundamental mechanism is the transport of mRNAs, 

providing precise spatial and temporal control of protein synthesis. RNA-binding 

proteins (RBPs) play central roles in dictating the fate of mRNA from synthesis to 

degradation. Key RNA-binding proteins, for example, She3 and Rrm4, mediate actin- 

and microtubule-dependent mRNA transport in Candida albicans and U. maydis, 

respectively (ELSON et al. 2009a,BÉTHUNE et al. 2019). Importantly, studying Rrm4 has 

uncovered a novel transportation mechanism: mRNAs hitchhike on the cytoplasmic 

surface of endosomes, linking mRNA and membrane trafficking (BÉTHUNE et al. 2019). 
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Rrm4 harbors three N-terminal RRM domains for RNA-binding, with notable cargo 

mRNAs including all four septins: Cdc3, Cdc10, Cdc11 and Cdc12 (OLGEISER et al. 

2019). During transport, endosome-coupled translation ensures the formation and 

assembly of heterooctameric septin complexes on endosomes. These complexes are 

ultimately delivered to the growth pole, resulting in the formation of septin filaments 

with a defined gradient emanating from the hyphal tip (Fig. 5.1A).  

A transcriptome-wide iCLIP analysis revealed that Rrm4 interacts with hundreds of 

mRNAs, primarily through their 3´ UTR (OLGEISER et al. 2019). This finding highlights 

the critical role of endosomal mRNA transport in efficiently distributing bulk mRNAs 

and associated ribosomes throughout hyphae, thereby preventing concentration gradients 

around the nucleus (BAUMANN et al. 2014,MÜNTJES et al. 2021). Interestingly, a 

substantial number of mRNAs encoding mitochondrial proteins contain the Rrm4 

binding site within their 3´ UTR. Thus, Rrm4-mediated mRNA transport and endosome-

coupled translation might facilitate mitochondrial protein entry, similar to processes 

observed in polar growing neurons (CIONI et al. 2019).  

An outstanding question is how mRNAs are linked to transport endosomes. In plants, 

endosomal transport RBPs directly interact with the small GTPase Rab5, while in animal 

cells, the FERRY complex and annexin have been implicated in this process (MÜNTJES 

et al. 2021). In U. maydis, the scaffold protein Upa2 interacts with the poly(A)-binding 

protein, Pab1, to stabilize endosomal mRNA transport complexes (JANKOWSKI et al. 

2019). Furthermore, the C-terminus of Rrm4 contains a novel binding platform 

comprising three MLLE domains that operate in a strict hierarchy: while MLLE1 and 

MLLE2 serve accessory functions, MLLE3 is essential for the endosomal attachment of 

Rrm4 (DEVAN et al. 2022). Specifically, MLLE3 recognizes two PAM2-like sequences 

in the endosomal adaptor protein Upa1, which, through its FYVE zinc finger domain, 

anchors the mRNP complex to the endosome by recognizing phosphatidylinositol 3-

phosphate, the characteristic lipid of early endosomes (Fig. 5.1A). Recently, the first 

evidence of endosomal mRNA transport was also discovered in hyphae of Sordaria 

macrospora (MÜNTJES et al. 2021) suggesting that related fungal pathogens, such as 

Aspergillus fumigatus, may also utilize this mRNA transport process for hyphal 

development. 
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Regulation of mRNA stability determines membrane trafficking dynamics  

Human pathogens such as Cryptococcus neoformans and C. albicans as well as plant 

pathogens such as U.  maydis regulate RBP-mediated mRNA stability to control their 

virulence (HALL AND WALLACE 2022,SANKARANARAYANAN et al. 2023a). In U. maydis, 

the multi-KH domain RBP Khd4 is crucial for morphology and pathogenicity 

(VOLLMEISTER et al. 2009). A transcriptome-wide target mRNA detection analysis was 

performed using hyperTRIBE (Targets of RBP Identification By Editing). In this 

method, Khd4 was fused with the hyperactive version of the heterologous RNA-editing 

enzyme ADAR (Adenosine Deaminase Acting on RNA), enabling the marking of target 

mRNAs through adenosine editing, which were subsequently identified using high-

throughput sequencing. This in vivo approach, revealed that Khd4 binds mRNAs 

encoding regulatory proteins involved in membrane trafficking and specifically interacts 

with AUACCC regulatory elements in their 3´ untranslated region (UTR) triggering 

degradation (SANKARANARAYANAN et al. 2023a). Without this regulation, target mRNAs 

are stabilized, leading to a delayed response time during hyphal induction and 

pathological overshooting of their expression levels (Fig. 5.1B). As a consequence, 

membrane trafficking dynamics are disrupted, causing aberrant vacuole biogenesis, and 

temporally altered hyphal polar growth. Hence, Khd4 unites target mRNAs encoding 

regulatory proteins into a defined membrane trafficking RNA regulon to ensure 

coordinated control of intracellular trafficking during hyphal growth 

(SANKARANARAYANAN et al. 2023a). Given the significance of proper vacuole 

biogenesis in the development of appressoria-like infection structures in phytopathogens, 

the regulatory potential of Khd4 expands the influence of RBPs in affecting pathogen 

entry into plant hosts.  

Cytoplasmic mRNA splicing coordinates UPR and ER trafficking during infection  

Another tight link between RNA biology, protein, and membrane trafficking is the 

regulation of the unfolded protein response (UPR) mediating ER homeostasis during 

secretion. Unconventional splicing of cib1 mRNA occurs on the cytoplasmic surface of 

ER membranes and is mediated by the transmembrane kinase/RNase Ire1 in response to 

ER stress (Fig. 5.1C). The mature mRNA encodes the key bZIP transcription factor 

eliciting UPR. Importantly, human- and plant-pathogenic fungi rely on a functional UPR 

for virulence, as it plays a central role in thermotolerance, antifungal drug resistance, and 

proper protein secretion (HEIMEL 2015). In U. maydis, the UPR is adapted to the  
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Fig. 5.1. In fungal hyphae, mRNA-dependent processes drive membrane trafficking. Schematic depiction 
of U. maydis hyphae (left) interacting with its plant host, Zea mays (right). Distinct cellular processes 
within the hyphae have been marked and magnified. (A) Early endosomes act as a platform for the transport 
of mRNAs. Rrm4 (red) facilitates the mRNA transport by hitchhiking onto Rab5-positive early endosomes. 
Interactions between Rrm4, the poly(A)-binding protein, Pab1, and the FYVE domain-containing adapter 
protein Upa1 enable the attachment of mRNAs to early endosomes. The scaffold protein Upa2 stabilizes 
the transport complex. This bidirectional movement relies on motor proteins, kinesin, and dynein, traveling 
along anti-parallel microtubules. The local translation of the cargo mRNAs like septin (blueish grey) on 
early endosomes is essential to generate higher-order septin filaments extending from the hyphal tip. (B) 
Khd4 (red) orchestrates membrane trafficking by regulating the subcellular levels of regulatory proteins 
crucial for this process. The RBP coordinates the destabilization of mRNAs encoding membrane 
trafficking regulators (grey) into an mRNA regulon through the recognition of the AUACCC motif present 
in their 3' UTRs. This mRNA decay process determines the induction kinetics of these mRNAs, fine-tuning 
their steady-state levels following transcriptional induction. Pacmans in bluish-grey depict mRNA decay 
factors. (C) Unconventional splicing of cib1 mRNA in the cytoplasm elicits the unfolded protein response 
(UPR), required to preserve ER homeostasis during infection. Upon ER stress, the ER membrane-localized 
Ire1 kinase/RNase (red) is activated through its direct interaction with unfolded or misfolded proteins 
(orange) or by reduced Ire1-Bip1 interaction. This activation prompts the splicing of an intron from the 
cib1 mRNA (brown) in the cytoplasm. The resulting spliced cib1 mRNA is translationally active, leading 
to the production of the Cib1 protein (brown) -a bZIP transcription factor, which in turn, induces the 
expression of UPR genes to restore ER homeostasis and secretion. These include genes such as pit1, pit2, 
and pep1, encoding effector proteins vital for fungal infection. (D)-(E) Posttranscriptional regulation 
determines the dual targeting of peroxisomal proteins. (D) Alternative splicing of gapdh mRNA leads to 
the expression of an isoform containing peroxisomal targeting sequence (blue), which facilitates 
peroxisomal targeting after translation. The spliceosome complex is represented in red (gapdh- 
glyceraldehyde-3-phosphate dehydrogenase). (E) Ribosomal readthrough past stop codon (red box) of 
pgk1 mRNA integrates cryptic peroxisomal targeting sequence (blue) at the C-terminus, facilitating 
peroxisomal entry. The ribosome executing the stop-codon readthrough is depicted in red (pgk1- 3-
phosphoglycerate kinase). (F) Fungal mRNAs (red) encoding effector proteins are packaged within 
extracellular vesicles (EVs) as a means to transport into the host plant. The internalization of these fungal 
EVs into the plant host (light green) might be aided by clathrin-mediated endocytosis. Following their 
entry into plant cells, the delivered fungal mRNAs are subsequently translated using the plant’s own 
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translation machinery, thus outsourcing the production of fungal effector proteins within the plant for 
pathogenic development. In addition to RNAs, the cargoes of fungal EVs encompass proteins, and 
secondary metabolites, both depicted in grey. 

biotrophic lifestyle of the fungus and exerts additional virulence-related functions that 

connect cellular physiology with the development and even transcriptional regulation of 

host-manipulating effectors.  

During the pathogenic program, the UPR is specifically activated after plant invasion. 

This correlates with increased expression of more than 200 effectors many of which 

follow the classical ER-dependent secretory pathway (SCHMITZ et al. 2018). During 

infection, the interaction between  

Cib1 and the regulatory protein Clp1 promotes mutual stabilization and accumulation of 

both proteins (HEIMEL et al. 2013,PINTER et al. 2019). As Clp1 levels are decisive for 

initiating fungal proliferation (SCHERER et al. 2006,HEIMEL et al. 2010a), this interaction 

ensures elevated secretory capacities of fungal cells prior to host colonization. In parallel, 

the Cib1/Clp1 complex promotes modulated UPR gene expression, enabling long-term 

UPR activity (HEIMEL et al. 2013). Transcriptome-wide analysis revealed 

comprehensive upregulation of genes involved in membrane transport and protein 

processing in the ER (PINTER et al. 2019), consistent with the increased demand for 

membrane traffic and effector delivery throughout infection.  

Excessive ER stress is suppressed by the negative feedback of the UPR on the signaling 

network, which controls the expression of the vast majority of effector genes (SCHMITZ 

et al. 2018). Importantly, some effector genes are a direct target of the UPR regulator 

Cib1 (HAMPEL et al. 2016) and thus may escape this global repression, arguing for an 

important contribution of these effectors in virulence. Indeed, 3 of the 4 directly regulated 

effector-related genes encode essential virulence factors (Fig. 5.1C; pit1, pit2, pep1) 

(SCHMITZ et al. 2018). Interestingly, another mode of fine-tuning UPR kinetics is found 

in C. neoformans. Here, binding of the pumilio-type RNA-binding Puf4 to the mRNA 

encoding the Cib1-like protein Hxl1 supports unconventional splicing during UPR 

activation and mRNA degradation during recovery from ER stress (GLAZIER et al. 2015). 

In essence, RNA regulation at the level of unconventional splicing is upstream of a 

defined transcriptional response regulating correct ER-dependent membrane trafficking.  
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Diverse RNA regulation determines peroxisomal protein entry  

Peroxisomes are essential organelles involved in myriad cellular processes including 

lipid homeostasis, reactive oxygen metabolism, and secondary metabolite production. In 

U. maydis, several glycolytic enzymes such as glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and 3-phosphoglycerate kinase (PGK-1) are targeted to 

peroxisomes through alternative splicing and translational readthrough, respectively. In 

both cases, the C-terminus gains a functional peroxisomal targeting sequence (Fig. 5.1D-

E) (FREITAG et al. 2012). As peroxisomal membranes are impervious to NAD+/NADH, 

the cryptic peroxisomal localization of these enzymes coordinates redox cycling between 

cytoplasm and peroxisomes. Significantly, stop-codon readthrough stands out as the 

predominant mechanism employed by both fungi and mammals to generate cryptic 

peroxisomal targeting sequences, whereby ribosomes continue translating past a 

termination codon to produce peroxisomal isoforms. This low rate of stop-codon 

readthrough rates enables the release of small but steady amounts of these enzymes to 

support peroxisome metabolism (SCHUEREN et al. 2014,BITTNER et al. 2022). For 

translational readthrough, both U.  maydis and human cells require a specific sequence 

context involving the UGA stop codon followed by the dinucleotide CU (STIEBLER et al. 

2014). A recent discovery revealed another mechanism involving translation initiation 

with non-AUG start codons that target 6-phosphogluconate dehydrogenases of the 

pentose phosphate pathway to peroxisome (KREMP et al. 2020). Notably, removing the 

peroxisomal targeting sequence from these bona fide cytosolic enzymes reduces the 

virulence of U. maydis, underscoring the significance of RNA regulation-dependent 

peroxisomal protein targeting in pathogenic development. 

Extracellular vesicle-mediated transport of RNAs determines host communication  

Intracellular membrane and RNA trafficking processes can influence the extracellular 

milieu via secretion. Pathogenic fungi secrete molecular weapons, termed effectors, to 

manipulate the host during infection. Extracellular RNAs (exRNAs) are emerging as a 

novel class of effectors that can modulate host gene expression. The phenomenon of 

bidirectional cross-kingdom RNAi (ckRNAi) has been particularly well documented in 

plant-pathogen interactions, whereby both partners secrete small RNAs (sRNAs) that 

silence genes in one another (CHENG et al. 2023). The first sRNA effectors were 

discovered in Botrytis cinerea, which is loaded into AGO1-RISC of the host Arabidopsis 

thaliana to downregulate plant defense-related genes (WEIBERG et al. 2013). ckRNAi is 



Appendix 

84 
 

a widespread phenomenon; sRNA effectors have been found in various other fungal, 

oomycetes, and even in bacterial pathogens and symbionts (CHENG et al. 2023).  

The routes of secretion and uptake of RNA during host-pathogen interaction are 

contentious, due to several possible mechanisms and a large variability between the 

systems. Extracellular vesicles (EVs) are one of the ubiquitous means of RNA secretion. 

In plant-pathogen interactions, A. thaliana sRNAs targeting B. cinerea transcripts were 

found associated with EVs, and DEAD-box RNA helicases and annexins have been 

implicated in their secretion (HE et al. 2021). As for the uptake of exRNAs, clathrin-

mediated endocytosis of fungal EVs is a likely route of fungal sRNA effector delivery, 

but it remains to be elucidated how these sRNAs escape endosomes and are loaded into 

host AGOs (CHENG et al. 2023). 

Besides canonical sRNAs and mRNAs, tRNAs and tRNA fragments, circular RNAs, and 

even rRNAs can be secreted (CHENG et al. 2023). As EVs can carry much larger RNAs, 

there is an intriguing possibility of fungal mRNA delivery and translation into functional 

effector proteins in host cells (Fig. 5.1F). EV-associated mRNAs of Paracoccidiodes 

brasiliensis are translation-competent, yielding protein products in vitro. A 

comprehensive analysis of mRNAs associated with EVs from U. maydis cultures, 

designed to mimic infectious hyphae, has identified several candidate mRNA effectors 

that meet the following criteria: relatively enriched in EVs compared to the cells and up-

regulated during infection (KWON et al. 2021). As expected for a pathway parallel to 

conventionally secreted effectors, ER-targeted mRNAs and those encoding proteins with 

signal peptides were underrepresented in EVs. Notable among mRNA effector 

candidates are those encoding metabolic enzymes, which may reflect the capacity of U. 

maydis to reprogram the host metabolism (KWON et al. 2021). The biological relevance 

of these diverse RNA species from pathogens remains to be discovered, whether they 

serve as virulence factors or elicitors of host immunity during interaction with the host, 

or alternatively as mediators of intraspecies communication between fungal cells. 

Conclusions and future directions  

Studying U. maydis as a model pathogen reveals an intricate interplay between RNA 

biology and membrane trafficking. The regulation of RNA processes like splicing, 

localization, translation, and stability, precisely governs the exact translation levels of 

virulence factors. This investigation unveils a novel connection involving small GTPase 
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regulation, septins, UPR, peroxisomal function, and the pathogen RNA trafficking to 

host cells.  

Understanding RNA biology is essential for studying the fundamental biology of fungal 

pathogens. A recent demonstration showcased that in Magnoporthe oryzae tRNA 

modification and codon usage regulate unconventional secretion of protein effectors (LI 

et al. 2023). Advances in techniques like iCLIP and HyperTRIBE have propelled the 

investigation of RBPs in fungal pathogens, enabling detailed mapping of RBP-binding 

across the transcriptome. HyperTRIBE, in particular, offers a unique avenue to delve into 

the host-pathogen interaction interface at the RNA level. These methods promise 

discoveries that advance fungal pathogenesis understanding, fostering novel anti-fungal 

therapies. 
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5.2 Appendix 2 

5.2.1 Supporting Information Text 

Rrm4 is a key RBP for endosome-dependent RNA transport in U. maydis 

In highly polarized cells such as fungal hyphae, the active trafficking of mRNA 

determines the spatial and temporal regulation of subcellular protein expression levels. 

A well-studied translocation mechanism is the endosome-dependent long-distance 

transport of mRNAs along microtubules in the dimorphic plant pathogen Ustilago 

maydis. The key transport unit of this machinery is Rrm4, one of the best-characterized 

RNA-binding proteins in fungal pathogens (MÜNTJES et al. 2021). Rrm4 contains three 

N-terminal RRM domains for RNA binding and three C-terminal MLLE domains for 

protein-protein interaction. Loss of Rrm4 abolishes mRNA transport, causing defective 

hyphae, with increased bipolar growth and reduced insertion of basal septa (Fig. 5.3C-

D). A recent in vivo iCLIP study revealed that Rrm4 binds to a diverse set of mRNAs, 

accounting for over 60% of protein-coding genes in U. maydis. The binding study also 

revealed that the third RRM domain specifically recognizes the UAUG motif present in 

the mRNA targets (iCLIP- individual-nucleotide resolution cross-linking and 

immunoprecipitation; Fig. 5.5E; OLGEISER et al. 2019). This comprehensive knowledge 

of Rrm4 in terms of its RNA binding property provides an excellent model to validate 

the target identification capacity of hyperTRIBE in fungi.  

Fusion of Ada preserves the function of Rrm4 

To develop Rrm4-hyperTRIBE, we fused Ada-Gfp to the C-terminus of Rrm4 and 

expressed the fusion protein using the arabinose-inducible Pcrg1 promoter in the ips locus 

of a strain carrying rrm4 deletion (Fig. 5.3A-B). Inhibiting Pcrg1 expression in this strain 

produces a typical rrm4 deletion phenotype, characterized by bipolar hyphal growth with 

reduced insertion of basal septa. The strain expressing Rrm4-Gfp without Ada served as 

a control (Fig. 5.3A-D). As expected, Rrm4-Gfp expression fully rescued the rrm4Δ 

phenotype, leading to unipolar growing hyphae akin to wildtype cells (Fig. 5.3C-D). 

While a similar effect was observed for Rrm4-Ada-Gfp expression, we also detected a 

significant number of bipolar hyphae, possibly due to its lower expression levels as a 

result of Ada fusion (Fig. 5.3C-D; Fig. 5.4B) Nevertheless, the fluorescence microscopy 

analysis revealed that the Rrm4-Ada-Gfp fusion proteins mainly localized to 

bidirectionally shuttling endosomes at a velocity similar to the Rrm4-Gfp control, 

suggesting that the Rrm4-Ada-Gfp fusion protein is functional (Fig. 5.3E-F). Expression 
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of the control-Ada did not affect the phenotype of hyphal cells (Fig. 5.3D; Fig. 5.4A-C). 

We confirmed the expression of full-length fusion proteins upon arabinose induction, 

and noticed higher expression levels for Rrm4-Gfp control, explaining the intense signal 

in transport endosomes (Fig. 5.3E; Fig. 5.4A-B). In summary, the full-length Rrm4-Ada-

Gfp fusion protein was successfully expressed in U. maydis, and the Ada fusion protein 

complements the function of wildtype Rrm4. 

Rrm4-Ada-Gfp identifies bona fide Rrm4 targets 

Despite being expressed at lower levels than control-Ada, Rrm4-Ada-Gfp expression 

yielded approximately 4000 editing sites per replicate, which is twice as many as control-

Ada editing events (Fig. 2.2C; Fig. 5.5A). This finding aligns with the broad target 

repertoire of Rrm4, suggesting that the magnitude of Ada editing is proportional to the 

binding landscape of the attached RBP. In addition to Ada editing frequency, the 

reproducibility of Ada editing was similar between Rrm4-Ada-Gfp and control-Ada, 

most likely due to the promiscuous and broad RNA binding tendencies of Rrm4 (Fig. 

5.5B-D). 

Comparing reproducible editing events from Rrm4-Ada-Gfp and control-Ada revealed 

1124 and 649 unique editing events, respectively, with 480 editing sites shared between 

the two sets (Fig. 2.2C). Notably, 84% of mRNAs with unique Rrm4-Ada-Gfp editing 

events were bona fide Rrm4 iCLIP targets, while the enrichment of Rrm4 iCLIP targets 

in mRNAs with editing sites unique to control-Ada was lower (Fig. 5.5E-F; 73% of 

transcripts). Transcripts specific to overlapping editing events showed higher enrichment 

for Rrm4 iCLIP targets than control-Ada, suggesting Rrm4-Ada-Gfp specific editing 

(Fig. 5.5F; ~83% of transcripts).  

Analyzing the spatial distribution of editing events relative to Rrm4 binding sites 

revealed that editing sites on mRNAs unique to Rrm4-Ada-Gfp were predominantly 

located in proximity to the actual Rrm4 binding site, with the number of editing events 

decreasing as the distance increased. (Fig. 2.2D, left panel; median distance=159 nt). 

Although there was significant enrichment for Rrm4 iCLIP targets, the editing sites in 

mRNAs specific to control-Ada were not enriched towards Rrm4 iCLIP binding sites 

(Fig. 2.2D, left panel; median distance=628 bp). Rrm4 contains three RNA Recognition 

Motifs (RRM3), and previous iCLIP experiments have shown that about one-third of 

Rrm4 binding sites encompass the UAUG motif that is bound by the third RRM domain 
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(OLGEISER et al. 2019). Notably, the editing sites on mRNAs specific to Rrm4-Ada-Gfp 

were also enriched in proximity to the UAUG-containing binding sites (Fig. 2.2D, right 

panel; median distance to nearest iCLIP site with UAUG motif: Rrm4-Ada-Gfp=252 nt, 

control-Ada=695 nt). These findings indicate that Ada editing is highly specific towards 

the true binding sites of the attached RBPs and distinct from background Ada editing. 

For instance, in target mRNA ubi1, encoding a natural fusion protein of ubiquitin and 

ribosomal 60S subunit protein L40 fusion protein, the editing site is found closer to the 

UAUG-containing binding site (KÖNIG et al. 2009; Fig. 5.5G). Nonetheless, a de novo 

motif prediction around the Rrm4-Ada-Gfp editing sites using XSTREME did not yield 

a conclusive motif, possibly because the UAUG binding motif is only bound by the third 

RRM domain of Rrm4 and no other motif for the other two RRM domains could be 

identified to date (OLGEISER et al. 2019). In summary, these results confirm that Ada 

editing events are guided by the attached RBP and hyperTRIBE can identify true RBP 

targets in fungal pathogens.  

Mathematical modeling to study dynamic mRNA concentration changes 

To test the effect of mRNA stability we have employed a well-established, single-

compartment mathematical model of mRNA, as presented in the original work by 

Hargrove and Schmidt (HARGROVE AND SCHMIDT 1989) and White, Brewer and Wilson 

(WHITE et al. 2013). mRNA concentrations can be modified by altering the rates of 

synthesis (𝑣𝑣synthesis) and/or degradation (𝑣𝑣degradation): 

𝑑𝑑[mRNA]
𝑑𝑑𝑑𝑑

= 𝑣𝑣synthesis − 𝑣𝑣degradation 

where mRNA synthesis is modeled with zero-order rate kinetics and rate of degradation 

with first-order kinetics. 

𝑣𝑣synthesis = 𝑘𝑘synthesis 

 

𝑣𝑣degradation = 𝑘𝑘decay ⋅ (mRNA) 

 

We assume that the rate of mRNA decay is inversely related to the mRNA half-life (t1/2): 

𝑡𝑡1/2 =
𝑙𝑙𝑙𝑙2
𝑘𝑘decay
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hence the longer half-time translates to a slower rate of mRNA decay 

𝑘𝑘decay =
𝑙𝑙𝑙𝑙2
𝑡𝑡1/2

 

For numerical integration, we implemented the model in Python and performed a set of 

experiments in silico to test the effect of perturbing either of the rates. The code is openly 

available under https://github.com/AnnaMatuszynska/mRNAturnoverkinetics.  

Change in mob1 steady-state levels during hyphal morphogenesis  

In this simulation, we have solved the initial value problem for mob1 in wildtype and 

khd4∆ cells during the morphological transition from yeast to hyphae. The steady-state 

mRNA levels of mob1 were quantified in Transcripts per million (TPM) using RNA-seq 

data from the yeast and hyphal transcriptome of both wildtype and khd4∆ cells. In our 

RNA-seq data, we observed ~10-fold induction in mob1 expression during hyphal mor-

phogenesis (Fig. 5.13B). In khd4∆ cells, the 10-fold increase persisted, but the expression 

levels were elevated in both yeast and hyphal stage (Fig. 5.13B). Based on these results, 

for the wildtype, the starting condition is set to 30 TPM corresponds to the steady-state 

level of mRNA in yeast. In the hyphal stage, the steady-state level reaches 300 TPM (Fig. 

5.13B). To obtain mRNA half-lives, we have utilized the estimated half-life from S. cere-

visiae (MILLER et al. 2011). Assuming that the half-life of mob1 is 8 minutes, we have 

fitted the rate constant for the synthesis to reach the 300 TPM in a steady state 

𝑑𝑑[mRNA]
𝑑𝑑𝑑𝑑

= 𝑣𝑣synthesis − 𝑣𝑣degradation = 0 

𝑣𝑣synthesis = 𝑣𝑣degradation 

𝑣𝑣synthesis =
𝑙𝑙𝑙𝑙2
𝑡𝑡1/2

(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) =
𝑙𝑙𝑙𝑙2

8
(300) 

and simulated the change in mRNA over time. In wildtype cells, the onset of hyphal 

morphogenesis led to a 10-fold increase in mob1 level, quickly reaching a new steady 

state within 57 min of induction. The rate of synthesis has been set to zero after 3 hours 

of induction (180 min) and we observed exponential mRNA decay leading to the original 

steady-state level within 80 min (Fig. 5.13C). Similarly, a change in mRNA 

concentration in the khd4∆ mutant has been simulated, using 80 TPM as a steady-state 

https://github.com/AnnaMatuszynska/mRNAturnoverkinetics
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level in the yeast stage, and 800 TPM as a steady-state level in the hyphal stage (Fig. 

5.13B). Notably, stabilizing the mob1 mRNA to a half-life of t1/2=22 min is sufficient to 

reach the increased steady-state levels without changing the rate of synthesis (Fig. 

5.13C). Moreover, the stabilized mob1 in khd4Δ cells takes longer than 6 hours to reach 

its original steady-state level after the termination of mRNA synthesis (Fig. 5.13C).  

We also utilized the simple model to study the impact of mRNA stability kinetics on the 

response time required for mRNAs to reach the steady-state level (Fig. 5.13A). The 

model has been parametrized to achieve a 10-fold increase for each mRNA type (Fig. 

5.13A; unstable, moderately stable, and stable mRNAs), starting from an initial concen-

tration of 1. The rate of synthesis was calibrated as earlier to reach a steady-state level 

that was 10-fold higher than the initial concentration. The half-lives of mRNAs were 

estimated from S. cerevisiae (MILLER et al. 2011). 

Our model revealed that the response times of mRNAs are based on their stability char-

acteristics. Unstable mRNAs, characterized by a faster synthesis rate (0.87 tran-

script/min) and faster decay (t1/2=8 min), exhibited a rapid response, reaching the steady 

state approximately in 1 hour after induction (Fig. 5.13A). In contrast, stable mRNA, 

with a slower synthesis rate (moderately stable mRNA=0.3 transcripts/min; stable 

mRNA=0.12 transcript/min) and slower decay (moderately stable mRNA, t1/2=22 min; 

stable mRNA, t1/2=60 min), required a longer time to reach the steady-state, indicating a 

delayed response (Fig. 5.13A). These findings highlight the importance of intrinsically 

unstable mRNA in achieving rapid on-off kinetics and facilitating faster cellular re-

sponse.  

Overall, our mathematical models emphasize the significant role of mRNA turnover ki-

netics in precisely controlling gene expression levels following transcriptional induction. 
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5.2.2 Materials and methods 

Plasmids, strains, and growth conditions 

For molecular cloning of plasmids, the E. coli K-12 derivative Top10 (Life Technologies, 

Carlsbad, CA, USA) was used. All U. maydis strains used in this study are derivatives of 

AB33 and generated by transforming the cells with linearized plasmids (BRACHMANN et 

al. 2001,BRACHMANN et al. 2004,TERFRÜCHTE et al. 2017). For ectopic integration of 

hyperTRIBE constructs (Fig. 2.2B), the plasmids were linearized with AgeI (New England 

Biolabs) and integrated into the ips locus (LOUBRADOU et al. 2001). For ectopic integration 

into the upp3 locus, the plasmids were linearized using SwaI (NEB) restriction enzyme 

(SARKARI et al. 2014). Genomic DNA of wildtype strain UM521 (a1b1) was used as a 

template for PCR amplification. For RNA-editing, the amino acid sequence of the ADAR 

catalytic domain from D. melanogaster (Accession number: AHN59262.1; starting from 

M271 till E669) carrying the hyperactive E488Q mutation (KUTTAN AND BASS 2012) 

was used (MCMAHON et al. 2016,XU et al. 2018). The DNA sequence corresponding to 

the ADAR catalytic domain was codon-optimized for U. maydis before fusing to the 

RNA-binding protein of interest. Proteins were tagged with eGfp (enhanced green 

fluorescent protein; Clontech, Mountain View, CA, USA), or mKate2 (Kat; SHCHERBO 

et al. 2009) for detection. All the plasmids were verified using Sanger sequencing. The 

homologous integration in U. maydis was validated by colony-PCR and Southern blot 

analysis. Detailed information about the strains, plasmids, and primers is given in Table 

1-4. The accession number of Ustilago  maydis genes used in this study: khd4 

(UMAG_03837), did2 (UMAG_05607), rrm4 (UMAG_10836), arl1 (UMAG_10313), 

vma21 (UMAG_11418), hok1 (UMAG_11790). 

The conditions for U. maydis cultivation are described elsewhere (BRACHMANN et al. 

2004). In short, yeast cells were grown in a complete medium (CM) medium 

supplemented with 1% glucose or 1% arabinose up to an OD600 of 0.5 at 28 °C on a rotary 

shaker at 200 rpm. To induce hyphal growth, yeast cells of 0.5 OD600 were shifted to 

nitrate minimal (NM) medium consisting of 1% glucose or 1% arabinose and grown for 

6, 9, 10, and 12 hours (h.p.i.; hours post induction) at 28 °C. In addition to CM medium 

supplemented with arabinose (1%), the strains expressing arabinose-inducible Khd4 

were also grown on CM medium supplemented with glucose (1%) in parallel to repress 

Khd4 expression, unless otherwise stated. 
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HyperTRIBE experiment and data processing 

HyperTRIBE strains were grown consistently under arabinose-induced promoter-on 

conditions. Hyphae were induced by shifting 50 ml of exponentially growing cells from 

CM to NM medium, each supplemented with 1% arabinose. After 6 hours, the hyphal 

cells were harvested by centrifugation at 7546 g for 10 min at 4 °C. Cell pellets were 

resuspended in 1 ml ice-cold nuclease-free water and transferred to a 2 ml centrifuge 

tube. Cells were harvested at 7546 g, for 10 min at 4 °C, and the supernatant was removed 

completely. The resulting cell pellets were flash-frozen in liquid nitrogen and stored at -

80 °C until further use. 

Total RNA was extracted using the RNeasy Plant Mini Kit (74904; Qiagen, Hilden, 

Germany) following the manufacturer’s instructions. Cell pellets were mechanically 

lysed at 30 Hz for 5 min at 4 °C in Mixer Mill MM400 (Retsch, Haan, Germany), in the 

presence of glass beads and Buffer RLC (+ß-mercaptoethanol). The resulting cell lysate 

was transferred to the QIAshredder spin column for further homogenization. The 

supernatant was transferred to a new centrifuge tube, mixed with 1 volume of 70% 

ethanol, and added to the RNeasy spin column. The subsequent steps were performed as 

per the manufacturer’s protocol. To eliminate genomic DNA contamination, the on-

column DNase digestion was performed using the RNase-Free DNase set (79254; 

Qiagen, Hilden, Germany). VAHTS® Universal V6 RNA-seq Library Prep Kit for 

Illumina (NR604-01/02; Vazyme) was used for cDNA library generation. All cDNA 

libraries expressing hyperTRIBE constructs sequenced using the HiSeq 3000 platform 

(Illumina), were processed simultaneously to obtain 151 nt single-end reads.  

The bioinformatics analyses were based on the U. maydis 521 genome sequence 

(Ustilago_maydis.Umaydi5.621_2.0.dna_rm.chromosome) and the associated gene 

annotation (Ustilago_maydis.Umaydi5.621_2.0.41.gff3; both downloaded from 

http://ftp.ensemblgenomes.org/pub/fungi/release-53/fasta/ustilago_maydis/dna/; 

KÄMPER et al. 2006). To incorporate potential 5´ UTR and 3´ UTR regions, which are 

not currently annotated in the Ustilago maydis genome, we manually extended all genes 

by 300 nucleotides (nt) on each side. This extension was determined based on the 

transcript read coverage profile (Fig. 5.14E-F; see Differential gene expression analysis). 

While the majority of UTRs were shorter than 150 nt, we observed a subset of transcripts 

with UTRs spanning 300 nt in length. To ensure comprehensive coverage of all potential 

editing sites, we decided to manually extend the genes by 300 nt on both sides of the 

http://ftp.ensemblgenomes.org/pub/fungi/release-53/fasta/ustilago_maydis/dna/
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open reading frame (ORF). The extended GTF file was converted to refFlat format using 

the UCSC gtfToGenePred tool. 

The A-to-G editing events on transcripts were identified using the wtRNA-RNA 

approach from the previously established hyperTRIBE pipeline (RAHMAN et al. 2018; 

https://hypertribe.readthedocs.io/en/latest/run.html#b-find-rna-edit-sites-using-wtrna-

rna-approaches). In brief, RNA-seq reads were trimmed based on sequencing quality 

(Phred score) using Trimmomatic (version 0.39; BOLGER et al. 2014). Specifically, reads 

with a Phred score of less than 25 were trimmed and removed when the read length fell 

below 19 nt. The trimmed reads were then mapped to the U. maydis genome sequence 

and gene annotation using STAR (version 2.5.2b; DOBIN et al. 2013), allowing reads that 

were mapped to exactly one location, had a minimum of 16 matched bases, and contained 

no more than 7% mismatches per mapped length. Uniquely mapped alignments in SAM 

format were loaded into a MySQL table with genomic coordinates. The nucleotides at 

each position in the test mRNA libraries (RBP-Ada-Gfp, control-Ada) were compared 

with those of the control mRNA library (wtRNA: RBP-Gfp) to identify A-to-G editing 

sites. Only editing events with a minimum of 20 read coverage and 5% editing were 

considered for further analysis. Editing sites that are assigned to more than one gene were 

removed from the analysis. From this, the list of reproducible editing sites that were 

consistently present in both replicates of either RBP-Ada-Gfp or control-Ada libraries 

was identified. The resulting reproducible editing events from RBP-Ada-Gfp and 

control-Ada were compared against each other to determine the editing sites that were 

unique to RBP-Ada-Gfp (Fig. 5.5A, 5.7A).  

Subcellular localization of proteins was defined using DeepLoc-2.0 (THUMULURI et al. 

2022; https://services.healthtech.dtu.dk/service.php?DeepLoc-2.0) and the cellular 

compartment ontology. Cellular compartment ontology annotations for U. maydis genes 

were downloaded from QuickGO (BINNS et al. 2009,HUNTLEY et al. 2015; 

https://www.ebi.ac.uk/QuickGO/annotations). A gene was assigned to more than one 

category if they were predicted to localize in more than one subcellular region.  

De novo motif discovery  

For de novo motif discovery, we first extracted sequences by extending 250 nt on both 

sides of the editing sites using Biostrings (R package; version 2.56.0). We employed 

XSTREME from the MEME suite for motif discovery and enrichment analysis (GRANT 

https://hypertribe.readthedocs.io/en/latest/run.html#b-find-rna-edit-sites-using-wtrna-rna-approaches
https://hypertribe.readthedocs.io/en/latest/run.html#b-find-rna-edit-sites-using-wtrna-rna-approaches
https://services.healthtech.dtu.dk/service.php?DeepLoc-2.0
https://www.ebi.ac.uk/QuickGO/annotations
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AND BAILEY 2021). Sequences of length 501 nt were randomly selected from the U. 

maydis genome and used as a background control (random genome background). 

XSTREME analysis was conducted using default parameters. The relative enrichment 

ratio (tested sequences vs. random genome background) of the identified motifs was 

compared against the absolute percentage of tested sequences with enriched motifs. Only 

motifs that exhibited both high enrichment and overrepresentation were considered 

potential RBP binding motifs. Motif logos were created using the ggseqlogo package 

(version 0.1) in R, utilizing the position-specific weight matrix (PWM) of the identified 

motifs. 

Motif analysis 

The genomic position of the AUACCC, AGAUCU, GGGUAU, and ACACUC motifs 

on the U. maydis 521 genome sequences (PEDANT database name 

p3_t237631_Ust_maydi_v2GB) was identified using the Bioconductor package 

GenomicRanges in R (version 1.40.0; 

https://bioconductor.org/packages/release/bioc/html/GenomicRanges.html). Sequence 

information was extracted using Biostrings (R package; version 2.56.0; 

https://bioconductor.org/packages/release/bioc/html/Biostrings.html). To determine the 

genomic position of the de novo discovered motifs. The matchPWM function from the 

Biostrings R package was employed to perform the motif-matching process.  

To calculate the distance between hyperTRIBE editing sites and the nearest motif, we 

first obtained the genomic coordinates of editing sites. We then proceeded to determine 

the distance of each editing site to the nearest motif using the nearest-methods function 

in the GenomicRanges R package.  

To assess motif enrichment across transcript regions (Fig. 2.3F; Fig. 5.11A; Fig. 5.12A), 

we first determined the relative position of the motifs within the specific transcript 

regions, namely the 5´ UTR, ORF, and 3´ UTR. This was achieved by calculating the 

ratio between the distance from the motif start and the start codon to the length of the 

coding sequence (CDS). A ratio value ranging from 0 to 1 indicates a position within the 

ORF, a negative value suggests motif occurrence in the 5´ UTR, and a value greater than 

1 suggests motif incidence in the 3´ UTR. For regions on the "-" strand, we multiplied 

the resulting position by -1, to appropriately represent the motif positions on the antisense 

strand, ensuring that the relative positions remained comparable between the two strands. 

https://bioconductor.org/packages/release/bioc/html/GenomicRanges.html
https://bioconductor.org/packages/release/bioc/html/Biostrings.html
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Motif enrichment analysis was then carried out by computing the relative proportion of 

motifs within different transcript regions.  

For relative motif position calculation in Appendix, Fig. 5.9D, we first selected a window 

of 1000 nt with a start or stop codon at the center. We then obtained the genomic 

coordinates of the AUACCC and AGAUCU motifs within the selected window. The 

relative position of the motif on target transcripts was calculated by measuring the 

distance between the motif start position and the start or stop codon.  

Differential gene expression analysis 

Total RNA from yeast and hyphal (9 h.p.i.) cells was extracted using RNeasy Plant Mini 

Kit (74904; Qiagen, Hilden, Germany) following the manufacturer’s protocol (see 

HyperTRIBE experiment and data processing). cDNA libraries were prepared using 

VAHTS® Universal V6 RNA-seq Library Prep Kit for Illumina (NR604-01/02; Vazyme) 

and sequenced using the HiSeq 3000 platform (Illumina), to obtain 151-nt single-end 

reads. Approximately, ~10 million raw reads for hyphal and ~20 million raw reads for 

yeast samples were obtained. 

Basic quality control checks on all sequencing datasets were performed using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). RNA-seq data analysis 

was carried out in Galaxy, an open-source platform (AFGAN et al. 2018). The raw 

sequencing reads were quality filtered based on their quality score and length with 

Trimmomatic (Version 0.36; BOLGER et al. 2014). Specifically, the reads were trimmed 

20 nt from the start, trimmed from the end when the Phred score dropped below 30, and 

discarded if the read length is less than 20 nt. STAR (version 2.7.2b) was used to align 

the trimmed reads to the U. maydis genome (see HyperTRIBE experiment and data 

processing; DOBIN et al. 2013), allowing up to 4% mismatches in the mapped read length 

while limiting the mapping to one locus. Uniquely mapped reads on each gene were 

counted using htseq-count (version 0.9.1; ANDERS et al. 2014). The resulting raw counts 

of mRNA libraries were used as input for the subsequent differential gene expression 

analysis. All differential gene expression analysis was performed using the 

R/Bioconductor package DESeq2 (LOVE et al. 2014). Genes with an absolute fold 

change>1.5 (after fold change shrinkage) and an adjusted P<0.05 (Benjamini-Hochberg 

correction) were considered differentially expressed.  

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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To identify differentially expressed genes in hyphae following a morphological switch 

from yeast, quantitative changes in transcript expression levels were calculated by 

comparing the hyphal against the yeast mRNA libraries (“hyphae vs. yeast”) for wildtype 

as well as khd4∆ strains. As a result, transcripts that were more expressed in the hyphal 

form obtained a positive log2-transformed fold change (log2 fold change), while 

transcripts that were more expressed in the yeast form obtained a negative log2 fold 

change. To identify differentially expressed genes in the hyphal cells after khd4 deletion, 

the mRNA libraries from the khd4∆ hyphal cells (9 h.p.i.) were compared against the 

mRNA libraries of wildtype hyphal cells (9 h.p.i.) (“khd4∆ hyphae vs. wildtype 

hyphae”). 

To identify potential UTR regions, the transcript read coverage profile was generated by 

analyzing the mapped BAM files (Fig. 5.14A). The coverage function from the IRanges 

package (R package version 2.32.0) was utilized to calculate the coverage of the mapped 

BAM file. Subsequently, each coverage value was normalized by dividing it by the total 

number of reads. To focus on regions surrounding the start or stop codons, we extracted 

the coverage values within a 501 nt window centered around these codons. These 

extracted values were then converted to z-scores by subtracting the mean of the 

respective row from each element in that row and dividing the result by the standard 

deviation of the row. 

Gene ontology (GO) term enrichment analysis 

Functional enrichment analysis was performed in R using the R package gprofiler2 

(e107_eg54_p17_bf42210; version 0.2.1;  https://cran.r-

project.org/web/packages/gprofiler2/vignettes/gprofiler2.html; RAUDVERE et al. 

2019,KOLBERG et al. 2020). For the g:Gost analysis, multiple testing correction was 

performed with the default g:SCS method and a p-value threshold of 0.05. Downloaded 

Generic EnrichmentMap (GEM) file from g:Profiler was loaded into the Cytoscape 

(version 3.8.0) plugin, EnrichmentMap (version 1.1.0) to visualize the GO term 

enrichment analysis (Jaccard coefficient cutoff of >0.25). The clusters were identified 

and annotated according to the GO-term annotation of the gene sets using the Cytoscape 

plugins AutoAnnotate (version 1.3.5) and the WorldCloud app (version 3.1.4) (MERICO 

et al. 2010,OESPER et al. 2011,KUCERA et al. 2016). 

 

https://cran.r-project.org/web/packages/gprofiler2/vignettes/gprofiler2.html
https://cran.r-project.org/web/packages/gprofiler2/vignettes/gprofiler2.html
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Reporter fluorescence measurement 

Hyphal growth was induced by shifting 20 ml of exponentially growing yeast cells in 

CM medium to NM medium, each supplemented with 1% glucose (promoter-off 

condition) or 1% arabinose (promoter-on condition). After 6 hours 1 ml of culture was 

harvested at 16000 g for 5 min at room temperature. Cell pellets were washed twice in 

double-distilled water. After harvesting, the supernatant was removed completely. The 

resulting cell pellets were resuspended using 1 ml of double-distilled water. 200 µl of 

samples were transferred into black 96-well plates (Greiner 96 Flat Bottom Black 

Polystyrene: Greiner, Frickenhausen, Germany). Optical density (OD600) and mKate2 

fluorescence level (excitation wavelength: 588 nm, emission wavelength: 633 nm) were 

measured in an Infinite M200 plate reader (Tecan Group Ltd., Männedorf, Switzerland). 

The fluorescence levels (mKate2) were normalized to the optical density of the cell 

culture (OD600). The strain constitutively expressing mKate2 (kat_no motif) was used for 

calculating relative mKate2 protein abundance (Table 1-2). Statistical significance was 

calculated using multiple Student’s t-test in Prism version 5.04 (GraphPad, La Jolla, CA, 

USA). 

RT-qPCR analysis 

Total RNA from hyphal cells (6 h.p.i.) was extracted using the RNeasy Plant Mini Kit 

(74904; Qiagen, Hilden, Germany) as described earlier (see HyperTRIBE experiment 

and data processing). 1 µg of total RNA served as a template for first-strand cDNA 

synthesis with oligo (dT) primers using ProtoScript® II First Strand cDNA Synthesis Kit 

(NEB). 1 µl of cDNA was used per reaction in qPCR, following the standard Luna® 

Universal qPCR Master Mix (NEB) protocol in Stratagene Mx3000P (Agilent 

Technologies). Relative gene expression value was calculated as exp(-∆Ct) (threshold 

cycles) ratios, with UMAG_04871 (phosphoglycerate kinase; log2-transformed fold 

change=0.1, adjusted P=0.55, in “khd4∆ hyphae vs. wildtype hyphae” RNA-seq analysis) 

as a reference gene. The abundance of mkate2 mRNA was calculated relative to mkate2 

expression in the strain kat_no motif. Primers used for RT-qPCR are shown in Table 4. 

Statistical significance was calculated using multiple Student’s t-test in Prism version 

5.04 (GraphPad, La Jolla, CA, USA). 

Ustilago maydis cell disruption and immunoblotting analysis  

U. maydis cell disruption was performed as previously reported (DEVAN et al. 2022). In 

short, 50 ml of hyphal cells (6 h.p.i.; see Plasmids, strains, and growth conditions) were 
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harvested by centrifugation at 7546 g, for 10 min. After washing in phosphate-buffered 

saline of pH 7.0, the samples were flash-frozen in liquid nitrogen and stored at -80 °C 

until further use. Samples were lysed using a 5 mm stainless-steel bead in Mixer Mill 

MM400 (Retsch, Haan, Germany) at 30 Hz for 1 min. Cell disruption was repeated 3 

times with intermittent liquid cooling steps of 5 min. The resulting homogenized cell 

powder was resuspended in 1 ml urea buffer (8 M urea; 50 mM Tris/HCl pH 8; containing 

1 mM DTT, 0.1 M PMSF, 1 tablet of cOmplete protease inhibitor per 25 ml, Roche, 

Mannheim, Germany) and centrifuged at 16,000 g for 10 min at 4 °C. The supernatant 

was used for subsequent analysis. Protein concentrations were measured with the 

Bradford assay (BioRad, Munich, Germany) as per the manufacturer’s protocol. Sample 

volumes were adjusted to equal concentrations, supplemented with Laemmli buffer, and 

boiled at 95 °C for 10 min. Samples were resolved in 1.5 mm thick 8% SDS-PAGE and 

transferred to a nitrocellulose membrane (Amersham Protran) for immobilization by 

semi-dry blotting. 

Proteins were detected using the primary antibodies, α-Gfp (Roche, Germany) and α-

Actin from mouse (MP Biomedicals, Germany). α-mouse IgG HRP conjugate (Promega, 

Madison, WI, United States) was used as a secondary antibody. Antibodies bound to 

nitrocellulose membrane were removed by treating the blot in TBS buffer pH 3.0 (50 

mM Tris pH 3.0, 150 mM NaCl) at room temperature, before detecting the constitutively 

expressed actin control. Detection was carried out using ECL™ Prime (Cytiva 

RPN2236;). Images were recorded by a luminescence image analyzer, LA5.5000 (GE 

Healthcare). 

Staining techniques 

To visualize basal septa and empty sections, 1 ml of cell culture was stained with 1 µl 

of Calcofluor white staining solution (2 mg/ml; CFW) directly before microscopy with 

a DAPI filter set (LANGNER et al. 2015). 

FM4-64 uptake assay was carried out as described previously (HAAG et al. 2019). Hyphal 

growth was induced in NM medium for 10 hours. 1 ml of culture was transferred into a 

2 ml centrifuge tube and incubated for 10 min on ice. 4 µM (final concentration) of FM4-

64 was added to the cells and incubated for an additional 10 min on ice, protected from 

light. Cells were washed by centrifugation at 2400 g for 3 min at 4 °C. Cell pellets were 

resuspended in 1 ml of ice-cold NM-glucose medium. Samples were shifted to a 
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thermoblock set at 1100 rpm and 28 °C for 25 min prior to visualization under 

fluorescence microscopy. 

Vacuolar staining was performed using CMAC (7-amino-4-chloromethylcoumarin; 

ThermoFisher, Darmstadt, Germany). 1 ml of cell suspension was stained with 10 µM 

CMAC and incubated for 30 min at 28 °C on a rotating wheel. Cells were washed by 

centrifugation at 2400 g for 3 min. Subsequently, the cell pellets were resuspended in 

phosphate-buffered saline prior to microscopy with the DAPI filter set. 

Microscopy and image processing 

For microscopic analysis, 20 ml of yeast cells were grown in CM medium (1% glucose) 

to an OD600 of 0.5. Hyphal cells were induced by shifting 20 ml cell culture from CM 

medium to NM medium (supplemented either with 1% glucose or 1% arabinose) for 6, 

9, 10, and 12 hours. All images and videos were acquired using laser-based 

epifluorescence-microscopy, Zeiss Axio Observer.Z1 (Oberkochen, Germany) as 

described previously (BAUMANN et al. 2012). The exceptions are the images and videos 

requiring a filter set for DAPI (4′,6-diamidino-2-phenylindole) which was carried out by 

Zeiss Axio Imager M1 (Oberkochen, Germany) as indicated before (LANGNER et al. 

2015). All movies and images were processed using the MetaMorph software package 

(version 7.7.0.0, Molecular Devices, Seattle, IL, USA). 

The hyphal length was determined by measuring the distance between the tip and the 

basal pole without including the empty sections. Hyphal width was calculated by taking 

the average thickness measured at three different locations within each hypha. Hyphal 

cells with empty sections were visualized using Calcofluor White (CFW) and were 

scored manually. For each experiment, more than 100 cells were counted per strain. 

To assess the FM4-64 (ThermoFisher) signal in hyphal cells, movies with an exposure 

time of 150 ms, and 100 frames were recorded. Kymographs from the movies were 

generated using the MetaMorph software package. Changes in direction were counted as 

an individual signal with the following parameters: a signal is processive if particles 

exhibit a directional travel distance of greater than 5 µm; diffusive if the signal traveled 

is less than 5 µm but greater than 0 µm. The diffusive particles display random erratic 

movements without a clear trajectory. More than 25 hyphal cells were analyzed per strain 

(n=3 independent experiments).  



Appendix 

100 
 

Vacuole distribution was scored by acquiring z-stacks (z-distance- 0.23 µm) and 

analyzing the maximum projection. The intensity profile of CMAC-stained hyphal cells 

was performed by line scan. Fluorescent intensity was plotted against their respective 

position after subtracting the background fluorescence of the micrograph. Vacuole 

distribution and aberrant cortical localization were scored by visual inspection (Fig. 

2.7A-D). For the quantification of vacuole distribution, the line scans (see above; Fig. 

2.7A, bottom panel) were used to distinguish normal and disrupted distribution. The 

cortical localization of vacuoles at the cell edge was quantified by visually counting the 

cells exhibiting this phenotype. For each strain, more than 25 cells were analyzed.  

All quantifications were performed using data obtained from three independent 

experiments. Data points represent the mean of independent experiments. Prism5 

(GraphPad, La Jolla, CA, USA) was used for statistical analysis. 

Multiple sequence alignments 

Ortholog proteins were identified using BLASTP 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) and FungiDB 

(https://fungidb.org/fungidb/app). Multiple sequence alignment was carried out using 

Clustal Omega (MADEIRA et al. 2022). Genedoc (version 2.6.002) was used for graphical 

representation. 

  

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://fungidb.org/fungidb/app
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5.2.3 Supporting information Figures 

 

 
Fig. 5.2. Loss of Khd4 affects the morphology of yeast as well as hyphal cells. (A) Differential interference 
contrast (DIC) images of yeast cells. (B) DIC (top panel) and calcofluor white-stained (CFW; bottom 
panel) images of hyphae grown for 15 h.p.i. (basal septum and growth directions are marked by asterisks 
and arrows, respectively; triangle indicates a broken empty section; scale bar: 10 µm). (C) Hyphal length 
over time. Data from n=3 independent experiments (>100 hyphae were counted per strain) are overlaid 
with the mean of means and standard error of the mean (s.e.m., red line). Statistical evaluation was 
performed using an unpaired two-tailed Student’s t-test on mean length. (D) Hyphal width over time. 
(Shown are merged data from n=3 independent experiments; >100 hyphae were analyzed; error bars: 
s.e.m.; unpaired two-tailed Student’s t-test on mean width). (E) Percentage of hyphae with empty sections 
over time. (Data points represent the average percentage from n=3 independent experiments; >100 hyphae 
were analyzed per strain; error bars: s.e.m.; unpaired two-tailed Student’s t-test on the means). (F) 
Percentage of khd4Δ hyphae aggregated (brown) or non-aggregated (grey) at different time points. (Data 
points represent the mean hyphal percentage from n=3 independent experiments; >100 hyphae were 
counted per strain; error bars: s.e.m.; unpaired two-tailed Student’s t-test on the means). 
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Fig. 5.3. Rrm4-Ada-Gfp fusion protein rescues rrm4∆ phenotype. (A) Top: Schematic representation of 
target RNA editing by hyperTRIBE. As the Rrm4-Ada-Gfp fusion protein binds to the target mRNA 
through Rrm4 (light blue), the fused Ada (dark blue) deaminates the adjacent adenosine (A) to inosine (I) 
which is converted to guanine (G). Bottom: The binding of control protein Rrm4-Gfp to the target mRNA 
(Ada- hyperactive version of Drosophila ADAR catalytic domain; Gfp- Green fluorescent protein; Filled 
circle- 5´cap structure; AA- poly(A) tail of target mRNA (grey). (B) Schematic representation of 
hyperTRIBE constructs with arabinose inducible Pcrg1 promoter (on), which is repressed by glucose (off) 
(Tnos- transcription terminator). Fusion proteins of Rrm4, Ada, Gfp, and/or Kat (mKate2- red fluorescent 
protein; Tnos- transcription terminator). The hyperTRIBE constructs are expressed in a strain carrying 
rrm4Δ genetic background. (C) DIC images of AB33 hyphal derivatives (6 h.p.i.) under promoter 
uninduced off (top) and promoter induced on (bottom) conditions. (Arrows and asterisks indicate growth 
direction and empty sections, respectively; scale bar- 10 µm). (D) Quantifying the growth of AB33-derived 



Appendix 

103 
 

hyphal cells shown in B (6 h.p.i.). Unipolarity, bipolarity, and basal septum formations were quantified 
(error bars: s.e.m.; >100 hyphal cells from n=3 independent experiments were quantified per strain; 
unpaired two-tailed Student’s t-test was used for the statistical evaluation of the percentage unipolarity and 
bipolarity). (E) Inverted fluorescent images (top) and their corresponding kymographs (bottom) of AB33-
derived hyphal cells (6 h.p.i.) expressing green fluorescent proteins under promoter on condition. Prrm4: 
rrm4-gfp refers to the strain where Rrm4-Gfp is expressed under the endogenous condition. Example 
processive moving signals are indicated by yellow arrowheads. (F) The average velocity of fluorescent 
signals per 20 µm of hyphal length in AB33 hyphal derivatives is shown in D. For quantification, only 
processively moving particles (>5 µm) were considered. Prrm4: rrm4-gfp refers to the strain where Rrm4-
Gfp is expressed under the endogenous condition.  Data points represent average velocities from n=3 
independent experiments, with mean of means and s.e.m.; >25 hyphal cells were analyzed per strain; 
unpaired two-tailed Student’s t-test.  
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Fig. 5.4. Protein expression analysis of the Rrm4-hyperTRIBE constructs. (A) Western blot analysis of the 
full-length fusion protein expression under promoter uninduced (off) and induced (on) conditions. 
Immunoblotting was performed using α-Gfp and α-Actin. The size of protein markers (kDa) is shown on 
the left. (Molecular weight of the full-length fusion proteins: Rrm4-Ada-Gfp- ~158 kDa; Rrm4-Gfp- ~112 
kDa; control-Ada- ~99 kDa; Molecular weight of the individual proteins: Rrm4- ~85 kDa, Ada- ~44 kDa, 
Gfp- ~27 kDa, Kat- ~26 kDa). (B) Expression levels of Rrm4-hyperTRIBE constructs. Gfp fluorescence 
levels were calculated relative to the Gfp control. Statistical analysis was performed using the unpaired 
two-tailed Student’s t-test on mean fluorescence level (n=3 independent experiments; error bars: s.e.m.). 
(C) DIC (top panel) and fluorescent images (Rfp- middle panels; Gfp- bottom panels) of hyphae (6 h.p.i.) 
expressing control-Ada under promoter uninduced off condition (left) and promoter induced on condition 
(right) (arrows indicate growth direction; scale bar: 10 μm). 
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Fig. 5.5. Rrm4-Ada-Gfp identifies bona fide Rrm4 target mRNAs. (A) Overview of the hyperTRIBE 
workflow. Editing events overlapped between the two independent biological replicates of Rrm4-Ada-Gfp 
(sea green) and control-Ada (grey) data. The indicated values represent the number of editing events in 
each category. For the analysis, only editing events with ≥5% editing was considered (#1,2- replicates 1 
and 2, respectively). Reproducible editing sites overlapped between the two independent biological 
replicates of the Rrm4-Ada-Gfp (blue) and control-Ada (grey) data were compared with each other. (B) 
Density plot comparing percentage editing in Rrm4-Ada-Gfp (top) and control-Ada (bottom). (C, D) 
Correlation of editing levels between two biological replicates of Rrm4-Ada-Gfp (C) and control-Ada (D) 
(R2- coefficient of determination). (E) Schematic illustrating the iCLIP results of Rrm4, a key RBP 
involved in endosomal mRNA transport. The iCLIP method was employed to map the precise binding sites 
of Rrm4 across transcriptome (OLGEISER et al. 2019). Rrm4 is a broadly binding RBP that interacts with 
more than 60% of mRNAs in U. maydis. The RRM3 domain recognizes the UAUG motif on mRNA. (F) 
HyperTRIBE data of Rrm4 on the target transcript ubi1 (UMAG_02440). Genome viewer tracks 
displaying RNA-seq read coverage (top panel; grey) followed by Rrm4 iCLIP crosslink signal (black) and 
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the corresponding Rrm4 binding sites (black) as well as hyperTRIBE signal with editing events from 
Rrm4-Ada-Gfp (#1-replicate 1, #2-replicate 2; blue) and control-Ada. The position of the UAUG motif is 
indicated in the bottom track (black). Gene model with exon/intron structures below were extended by 300 
nucleotides on either side to include 5´UTR and 3´UTR regions (grey). (G) Percentage of Rrm4 iCLIP 
targets in different transcript sets as indicated in D. Statistical significance was calculated using Fisher’s 
exact test.  
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Fig. 5.6. Establishing hyperTRIBE to identify in vivo targets of Khd4. (A) Schematic illustration of the 
hyperTRIBE technique. The binding of Khd4-Ada-Gfp fusion protein to target mRNA results in the editing 
of adjacent adenosine (A) to inosine (I) which is converted to guanine (G; top). The interaction of control 
protein Khd4-Gfp to the target mRNA is given below (Ada- hyperactive version of Drosophila ADAR 
catalytic domain; Gfp- green fluorescent protein; AA- poly(A) tail, 5´ cap structure is depicted by a grey 
circle). (B) Schematic representation of hyperTRIBE constructs with arabinose inducible Pcrg1 promoter 
(on), which is repressed by glucose (off). Fusion proteins of Khd4, Ada, Gfp, and/or Kat (mKate2- red 
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fluorescent protein; Tnos- transcription terminator). The hyperTRIBE constructs are expressed in a strain 
carrying khd4Δ genetic background. (C) DIC (top panel) and fluorescent images (Gfp; bottom panel) of 
hyphae (6 h.p.i.) expressing hyperTRIBE constructs in the genetic background of the khd4∆ strain under 
promoter-uninduced off condition (left) and promoter-induced on condition (right) (arrows indicate growth 
direction; scale bar: 10 µm). (D) Length of hyphae: merged data from n=3 independent experiments (error 
bars: s.e.m. (red line); >100 hyphal cells per strain). Statistical analysis was conducted using the unpaired 
two-tailed Student’s t-test on mean length. (E) Width of hyphae: merged data from n=3 independent 
experiments (error bars: s.e.m. (red line); >100 hyphae per strain were measured at three distinct positions 
within each hypha). Statistical analysis was performed using the unpaired two-tailed Student’s t-test on 
mean width. (F) Western blot analysis of fusion proteins under uninduced (off) and induced (on) 
conditions. Results were analyzed with α-Gfp and α-Actin immunoblotting. The size of protein markers 
(kDa) is shown on the left. (Molecular weight of the full-length fusion proteins: Khd4-Ada-Gfp- ~224 
kDa; Khd4-Gfp- ~179 kDa; control-Ada- ~99 kDa; Molecular weight of the individual proteins: Khd4- 
~151 kDa, Ada- ~44 kDa, Gfp- ~27 kDa, Kat- ~26 kDa). (G) Expression levels of Ada-fusion protein 
under promoter-induced on condition. The Gfp fluorescence level was calculated relative to the Gfp 
control. Statistical analysis was performed using the unpaired two-tailed Student’s t-test on mean 
fluorescence level (n=3 independent experiments; error bars: s.e.m.). (H) Upper part: reporter constructs 
expressing synthetic mRNAs containing kat coding sequence with the Khd4 binding element AUACCC 
((ataccc)6; green) in its 3´ UTR, driven by a constitutively active Ptef promoter. Lower part: Sanger 
sequencing of synthetic target mRNA isolated from strains expressing control Khd4-Gfp (left panel) and 
Khd4-Ada-Gfp (right panel). Data shown here are from two independent experiments (#1 and #2). Edited 
adenosines are highlighted. Double peaks corresponding to A and G are observed at the edited site.  
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Fig. 5.7. Khd4-Ada-Gfp editing sites are highly reproducible. (A) Overview of the hyperTRIBE workflow. 
Reproducible editing sites overlapped between the two independent biological replicates of the Khd4-Ada-
Gfp (blue) and control-Ada (grey) data were compared with each other (#1,2- replicates 1 and 2). Only 
editing events with 5% editing were used for the analysis. (B) The genes corresponding to the Khd4-Ada-
Gfp-specific editing sites (blue) were subsequently analyzed for the presence of the AUACCC binding 
motif and were defined as high-confident Khd4-bound mRNAs (red). High-confident editing sites from 
each respective category are indicated in green. (C) Density plot of percentage editing events in Khd4-
Ada-Gfp. (D) Scatter plots comparing the correlation of editing levels between two replicates (rep#1,2- 
replicate 1 and 2) of Khd4-Ada-Gfp and control-Ada. (R2- coefficient of determination). (E) De novo motif 
discovery analysis on sequences carrying unique control-Ada editing sites. Scatter plot comparing the 
enrichment ratio relative to the background (grey; random genome background) with the percentage of 
tested sequences containing the enriched motifs.  
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Fig. 5.8. Khd4-Ada-Gfp editing sites are proximal to the AUACCC motif. (A) Percentage of transcripts 
containing the AUACCC, AGAUCU, GGGUAU (antisense motif), and ACAUCU (scrambled sequence) 
motifs in different transcript sets as indicated in Fig. 2.3B. Statistical significance was determined using 
Fisher’s exact test. (B) Histogram illustrating the distribution of editing sites from the nearest AUACCC, 
AGAUCU, GGGUAU, or ACACUC motifs in transcripts specific to Khd4-Ada-Gfp (blue) compared to 
control-Ada (grey). (C) Scatter plots comparing the relative enrichment ratio (tested sequence vs. random 
genome background) against the percentage of tested sequences carrying the enriched motifs (blue). 
Enlarged regions highlight the sequence logo of the selected motifs. Top: motif with a high enrichment 
ratio and overrepresentation. Bottom: highly overrepresented motif. (D) Histogram displaying the 
distribution of editing sites from the selected de novo discovered motifs in transcripts specific to Khd4-
Ada-Gfp (blue) and control-Ada (grey). The corresponding sequence logos of the motifs are displayed 
inside.   
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Fig. 5.9. Khd4-Ada-Gfp edited transcripts lacking the AUACCC motif do not show enrichment for other 
motifs. (A) De novo motif discovery analysis on transcripts that carried Khd4-Ada-Gfp editing sites but 
lacked the AUACCC motif. Scatter plot depicts the relative enrichment ratio (tested sequences vs. random 
genome background) against the percentage of tested sequences carrying the enriched motifs (grey). 
Enlarged region shows the sequence logo of the most represented motif. (B) Percentage of transcripts 
containing the UAGGCUUUGG motif in different transcript sets of the Venn diagram in Fig. 2.3B. 
Statistical significance was determined using Fisher’s exact test. (C) Histogram illustrating the distribution 
of editing sites from the nearest UAGGCUUUGG motifs in transcripts specific to Khd4-Ada-Gfp (blue) 
compared to control-Ada (grey). (D) Positional maps of the AUACCC (top) and AGAUCU (bottom) 
motifs relative to the start (left panel) or stop codon (right panel) in Khd4-bound mRNAs (red) compared 
to all AUACCC-containing mRNAs (salmon). The transcript model on top shows the relative positions of 
the motifs in the 5´ UTR (5´; black), open reading frame (grey), and 3´ UTR (3´; black). (E) GO terms 
enrichment analysis of Khd4-bound mRNAs (g-SCS, P<0.05). Nodes (red) represent the significantly 
enriched GO terms, and their size corresponds to the number of genes associated with each term. The edges 
depict the overlap between genes associated with different GO terms. Highly similar GO terms are 
clustered and annotated according to the summarizing terms. GO term size is given below. Example genes 
corresponding to the GO terms GTPase regulator activity (GO:0030695) and small GTPase-mediated 
signal transduction (GO:0007264) are shown.   
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Fig. 5.10. Khd4 targets are enriched for membrane trafficking regulators. (A) Table depicting Khd4-bound 
mRNAs enriched for GO terms, small GTPase-mediated signal transduction (GO:0007264), and GTPase 
regulator activity (GO:0030695). (B) Khd4-bound mRNAs are manually curated for subcellular 
localization to the endomembrane system.  
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Fig. 5.11. The AUACCC motif in the 3' UTR determines protein levels. (A) Percentage of AUACCC (left; 
green) or AGAUCU (right; grey) motifs per transcript region (5´ UTR, ORF, 3´ UTR) for Khd4-bound 
mRNAs and mRNAs with AUACCC motifs that show increased expression levels in hyphae upon khd4 
deletion (khd4∆ hyphae vs. wt hyphae) in comparison to all mRNAs in the respective dataset. Statistical 
analysis was performed using Fisher’s exact test. (B) Fluorescent micrographs in false color of hyphae (6 
h.p.i.) constitutively expressing kat mRNA tethered to different 3´ UTR regions under Khd4-repressed off 
(left) and Khd4-induced on conditions (right) (auaccc6 or agaucu6- 3´ UTR consisting of six repeats of the 
respective motifs; kat_spa2 (auaccc)- 36 nt long endogenous 3´ UTR sequence of spa2 gene that contains 
a single AUACCC motif; kat_spa2 (agaucu)- 36 nt long endogenous 3´ UTR sequence of spa2 gene that 
contains the mutated AUACCC motif; Kat- mKate2; scale bar: 10 µm). (C) Shown is the modified version 
of Fig. 2.4E. The Kat fluorescence levels measured in on (dark grey; Khd4-induced) and off conditions 
(light grey; Khd4-repressed) are shown relative to control Kat levels encoded by kat_no motif. Statistical 
significance between off and on conditions was compared using multiple unpaired Student’s t-tests. (n=3 
independent experiments; error bars: s.e.m.). The presence of six copies of the AUACCC motif in 3´ UTR 
leads to a stronger reduction in Kat fluorescence levels, even under Khd4-repressed off condition, 
highlighting the robust regulatory interplay between the tandem AUACCC repeats and basal Khd4 
expression.   
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Fig. 5.12. Khd4 binding to the 3´ UTR AUACCC is crucial for determining the precise levels of mRNAs 
encoding membrane trafficking regulators. (A) Percentage of AUACCC motif per transcript region (5´ 
UTR, ORF, 3´ UTR) in hyphal-specific (left) and yeast-specific (right) Khd4-bound mRNAs that show 
increased or decreased expression levels in hyphae upon khd4 deletion (khd4∆ hyphae vs. wt hyphae) in 
comparison to all mRNAs in the respective dataset (hyphal-specific or yeast-specific). Statistical analysis 
was carried out using Fisher’s exact test. (B) Sequence alignments of Arl1 and (C) Vma21. Um_Arl1 from 
U. maydis (UMAG_10313), Sc_Arl1 from S. cerevisiae (NP_009723.3), Ca_Arl1 from C. albicans 
(XP_722675.1), Cn_Arl1 from C. neoformans (XP_012049462.1), Hs_Arl1 from Homo Sapiens 
(NP_001168.1). Likewise, Um_Vma21 from U. maydis (UMAG_11418), Sc_ Vma21 from S. cerevisiae 
(NP_011619.3), Ca_ Vma21 from C. albicans (XP_019330812.1), Cn_ Vma21 from C. neoformans 
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(XP_024513701.1), Hs_ Vma21 from Homo Sapiens (NP_001017980.1). (D) Plot showing mRNA 
expression levels (normalized RNA-seq read counts) of target mRNAs namely, arl1, hok1, and vma21 in 
wt yeast, wt hyphae, and khd4Δ hyphae. Green dots represent the values from three biological replicates. 
(E) Ectopic expression constructs of target mRNAs, arl1, vma21, and hok1. ORFs of target mRNAs and 
the fluorescent tag, kat are shown in dark and light grey, respectively. The 3' UTR region (dark grey) was 
derived from the endogenous 500 bp sequence downstream of the respective target gene stop codon. The 
constructs were expressed ectopically using the constitutively active Ptef promoter. (F) Inverted fluorescent 
images and the corresponding kymographs of hyphal cells constitutively expressing Hok1-Kat in a genetic 
background of the arabinose inducible Khd4-GFP, under Khd4-repressed off (left) and Khd4-induced on 
(right) conditions. In the Khd4-repressed off condition, the Hok1-Kat signal was more pronounced on 
shuttling early endosomes. Red arrowheads indicate the processive signals. Scale bar: 10 µm. (G) 
Expression levels of target proteins in hyphal cells under Khd4-induced on and Khd4-repressed off 
conditions, measured by Kat fluorescent intensity. The fluorescence level relative to the constitutively 
expressed Kat control (kat_no motif) is given. Statistical evaluation of the relative fluorescent intensity 
between off and on conditions was performed using unpaired Student’s t-test (n=3 independent 
experiments; error bars: s.e.m). 
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Fig. 5.13. Unstable mRNAs are crucial for rapid gene expression changes. (A) Single-compartment model 
describing induction kinetics of how exemplary mRNAs reach the same steady-state levels with different 
mRNA half-lives. The unstable mRNA reaches the new steady-state levels (10-fold increase) already after 
72 min, compared to 167 min for moderately stable and >300 min for the stable mRNA. Green: Unstable 
mRNAs with rapid synthesis (0.87 transcripts/min) and short half-life (t1/2 = 8 min, similar to mob1 
mRNA). Black: Moderately stable mRNAs with intermediate synthesis rate (0.3 transcripts/min) and half-
life (t1/2 = 22 min). Grey: Stable mRNA with slow synthesis (0.12 transcripts/min) and long half-life similar 
to actin mRNA (t1/2 = 60 min). The half-life data is acquired from S. cerevisiae (MILLER et al. 2011). The 
horizontal dashed line indicates the steady-state level (10-fold increase). The vertical dashed lines indicate 
the mRNA half-lives. (B) Steady-state levels of mob1 in yeast and hyphal stages of wildtype (wt, green; 
left panel) and khd4∆ cells (black; right panel). The mob1 levels are given in transcripts per million (TPM). 
The hyphal induction in wildtype cells causes a ~10-fold increase in mob1 level. While the 10-fold increase 
persisted, the deletion of khd4 caused elevated mob1 levels in both yeast and hyphal cells. (C) Model-
predicted induction kinetics and half-lives for mob1 mRNA in wt and khd4∆ cells. Bottom: Schematic of 
mob1 induction. The synthesis rate of mob1 increases during hyphal morphogenesis, resulting in a 10-fold 
induction measured in our RNA-seq. To visualize the transcriptional shutdown, we arbitrarily assumed 
that mob1 transcription ceases after 3 hours, resulting in a return to its original steady-state level. Top: 
Changes in mob1 steady-state levels in wt (green) and khd4∆ (black) cells following the switch from yeast 
to hyphae. Based on the single-component model, mob1 mRNA reaches its steady-state level within 57 
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min of induction in wt cells. Moreover, the model predicts that mob1 mRNA should be stabilized to a half-
life of ~22 min in khd4∆ cells to account for the measured increase in mob1 steady-state levels without 
altering the synthesis rate. The induction kinetics in khd4∆ cells are substantially delayed, reaching steady-
state levels only after ~157 min. The same is observed after transcriptional shutdown, whereby mob1 
expression reverts to the original steady-state levels within ~80 min in wt cells vs. ~400 min in khd4∆ cells. 
The vertical dashed lines indicate the half-life of the corresponding mRNAs. The horizontal dashed lines 
show the half-maximal levels (light green, light grey for wt and khd4∆, respectively) and new steady-state 
levels (green, black for wt and khd4∆, respectively). (D) mRNA expression levels (normalized RNA-seq 
read counts) of khd4 and rrm4 in wt yeast and hyphal cells. Black and grey dots represent the count values 
of khd4 and rrm4 from n=3 biological replicates. (E) Changes in gene expression levels (log2-transformed 
fold change; microarray analysis (HEIMEL et al. 2010b)) for khd4 (black) and rrm4 (grey) after induction 
of the master regulator Rbf1 required for hyphae formation (HEIMEL et al. 2010b). Adjusted P-values from 
the gene expression analysis are shown on top. (F) Changes in gene expression for khd4 and rrm4 during 
pathogenic development of U. maydis. The time-course RNA-seq expression data presented here is 
acquired from (LANVER et al. 2018). (G) Western blot analysis to examine the expression levels of 
endogenous Khd4 and Rrm4, which were tagged with Gfp at the C-terminus, in wt yeast and hyphal cells. 
Immunoblotting was performed using α-Gfp and α-Actin. The size of protein markers (kDa) is shown on 
the left (molecular weight of the proteins: Khd4- ~151 kDa, Rrm4- ~85 kDa, Gfp- ~27 kDa). (H) DIC 
(top) and fluorescence images (bottom) of AB33 yeast (left) and hyphae expressing endogenous Khd4 
fused with Gfp at its C terminus (arrows and asterisks indicate growth direction and empty sections, 
respectively; scale bar: 10 µm).  
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Fig. 5.14. Loss of Khd4 triggers defects in membrane trafficking dynamics. (A) Scatter plot comparing the 
log2-transformed fold change of genes in wt and khd4∆ cells upon hyphal induction (wt: hyphae vs. yeast 
and khd4∆: hyphae vs. yeast, respectively). The number of data points in each quadrant is shown inside. 
(Pearson correlation coefficient R=0.86, P<2.26e-16). (B) Gene ontology (GO) terms that are significantly 
(P<0.05, multiple-testing correction with g: SCS algorithm) overrepresented in upregulated genes that are 
specific to wt cells (light blue) after hyphal induction (orange; >1.5-fold change, P<0.05, Benjamini-
Hochberg corrections, >10 average normalized reads). The reference GO term sizes are given below. (C) 
Inverted micrographs (top panel) of AB33 hyphae derivatives (10 h.p.i.) after 25 min of FM4-64 staining. 
The corresponding kymograph is shown below. (top- wildtype; center- khd4∆; bottom- did2∆; processive 
and diffusive signals are indicated with red and yellow arrowheads, respectively; scale bar: 10 µm). (D) 
Bar chart depicting the amount of FM4-64 signals (%) in AB33-derived hyphal cells (>25 hyphal cells per 
strain; error bars: s.e.m.; grey dots represent independent experiments, n=3; signals were scored as 
processive (red) if the run length is >5 µm, diffusive (yellow) if the run length is <5 µm but >0 µm, static 
(blue) when the run length is ~0 µm; unpaired Student’s t-test). (E) Normalized read coverage in 5´ and 3´ 
UTR regions relative to start or stop codon for transcripts expressed in U. maydis hyphal cells (9.h.p.i.). 
The gene model on top shows the relative positions of the ORF and UTRs (5´, 3´- 5´ UTR, and 3´ UTR, 



Appendix 

119 
 

respectively; black). Transcripts are ordered by increasing UTR length. (F) Positional maps of Rrm4 iCLIP 
binding sites relative to stop codon. The 234 randomly selected target transcripts are displayed, 
highlighting the Rrm4 binding sites (orange) within their 3´ UTR regions. The 3´ UTR region in these 
transcripts was annotated manually using RNA-seq data obtained from U. maydis hyphal cells (2). Grey 
dotted line depicts the borders of 3´ UTR (this figure is modified and reused from OLGEISER et al. 2019). 
Transcripts are ordered by decreasing UTR length. 
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5.2.4 Supporting Information Tables 
Table 1: Description of U. maydis strains used in this study 

Strain name with 

code 
locus 

Progenitor 

strain 
Short description 

AB33 

(UMa133) 

b FB2 a2 Pnar: bW2 bE1, expresses the heteromeric bW/bE 

transcription factor under the control of inducible Pnar1 

promoter. Hyphal growth is induced by changing the 

nitrogen source. 

AB33 khd4∆ 

(UMa482) 

khd4 AB33 Carries khd4 deletion 

AB33 did2∆ 

(UMa934) 

did2 AB33 Carries did2 deletion 

AB33 rrm4-gfp 

(UMa427) 

rrm4 AB33 Expresses Rrm4 C-terminally fused to eGFP 

AB33 khd4-gfp 

(UMa869) 

khd4 AB33 Expresses Khd4 C-terminally fused to eGFP 

AB33 Pcrg1: rrm4-

ada-gfp / rrm4Δ 

(UMa2805) 

ips AB33 

rrm4Δ 

 

Expresses Rrm4-Ada-Gfp fusion protein under the 

control of the arabinose-inducible Pcrg1 promoter. The 

construct is ectopically integrated into the ips locus of 

the strain carrying rrm4 deletion. 

AB33 Pcrg1: rrm4 -

gfp / rrm4Δ 

(UMa2805) 

ips AB33 

rrm4Δ 

 

Expresses Rrm4- Gfp fusion protein under the control 

of the arabinose-inducible Pcrg1 promoter. The con-

struct is ectopically integrated into the ips locus of the 

strain carrying rrm4 deletion. 

AB33 Pcrg1: khd4-

ada-gfp / khd4Δ 

(UMa2988) 

ips AB33 

khd4Δ 

 

Expresses Khd4-Ada-Gfp fusion protein under the con-

trol of the arabinose-inducible Pcrg1 promoter. The con-

struct is ectopically integrated into the ips locus of the 

strain carrying khd4 deletion. 

AB33 Pcrg1: khd4-gfp 

/ khd4Δ 

(UMa2989) 

ips AB33 

khd4Δ 

Expresses Khd4-Gfp fusion protein under the control 

of the arabinose-inducible Pcrg1 promoter. The con-

struct is ectopically integrated into the ips locus of the 

strain carrying khd4 deletion. 

AB33 Pcrg1: kat-ada-

gfp 

(UMa3083) 

ips AB33 Expresses Kat-Ada-Gfp fusion protein under the con-

trol of the arabinose-inducible Pcrg1 promoter. The con-

struct is ectopically integrated into the ips locus. 

AB33 Pcrg1: khd4-gfp 

/ khd4Δ / upp3Δ 

(UMa3138) 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ 

upp3 deletion in the strain that carries khd4 deletion 

and ectopically expresses khd4-gfp under the control of 

the arabinose-inducible Pcrg1 promoter 
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AB33 Pcrg1: khd4- 

ada-gfp / khd4Δ / 

upp3Δ 

(UMa3290) 

upp3 AB33 

Pcrg1: khd4-

ada-gfp / 

khd4Δ 

upp3 deletion in the strain that carries khd4 deletion 

and ectopically expresses khd4-ada-gfp under the con-

trol of arabinose inducible Pcrg1 promoter. 

AB33 Ptef: 

kat_(auaccc)6 / Pcrg1: 

khd4-ada-gfp / 

khd4Δ / upp3Δ 

(UMa3293) 

 

upp3 AB33 

Pcrg1: khd4-

ada-gfp / 

khd4Δ / 

upp3Δ 

Expression of mkate2 (kat) ORF containing six tandem 

repeats of the auaccc motif in its 3´ UTR using the 

constitutively active Ptef promoter. The construct is in-

tegrated into the upp3Δ locus of the strain ectopically 

expressing khd4-ada-gfp under the control of the Pcrg1 

promoter and carrying khd4 deletion. 

AB33 Ptef: 

kat_(auaccc)6 / Pcrg1: 

khd4-gfp / khd4Δ / 

upp3Δ 

(UMa3140) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Expression of kat ORF containing six tandem repeats 

of the auaccc motif in its 3´ UTR using the constitu-

tively active Ptef promoter. The construct is integrated 

into the upp3Δ locus of the strain expressing khd4-gfp 

ectopically under the control of the Pcrg1 promoter and 

carrying the khd4 deletion. 

AB33 Ptef: kat_no 

motif / Pcrg1: khd4-

gfp / khd4Δ / upp3Δ 

(UMa3139) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Expression of kat ORF containing no motif in its 3´ 

UTR using the constitutively active Ptef promoter. The 

construct is integrated into the upp3Δ locus of the 

strain expressing khd4-gfp ectopically under the con-

trol of the Pcrg1 promoter and carrying the khd4 dele-

tion. 

AB33 Ptef: 

kat_(agaucu)6 / Pcrg1: 

khd4-gfp / khd4Δ / 

upp3Δ 

(UMa3141) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Constitutively expresses the kat ORF containing six 

tandem repeats of the agaucu motif in its 3´ UTR un-

der the control of the Ptef promoter. The construct is in-

tegrated into the upp3Δ locus of the strain expressing 

khd4-gfp ectopically under hd4 deletion. the control of 

the Pcrg1 promoter and carrying the k 

AB33 Ptef: 

kat_(auaccc) / Pcrg1: 

khd4-gfp 

/khd4Δ/upp3Δ 

(UMa3238) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Expression of the kat ORF carrying 36 nt 3´ UTR se-

quences from spa2 gene which contains one auaccc 

motif. Constitutive expression was carried out using 

the Ptef promoter. The construct is integrated into the 

upp3Δ locus of the strain expressing khd4-gfp ectopi-

cally under the control of the Pcrg1 promoter and carry-

ing the khd4 deletion. 

AB33 Ptef: 

kat_(agaucu) / Pcrg1: 

khd4-gfp 

/khd4Δ/upp3Δ 

(UMa3239) 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

Expression of the kat ORF carrying 36 nt 3´ UTR se-

quences from spa2 gene where auaccc sequence is mu-

tated to agaucu. Constitutively active Ptef promoter was 

used for expression. The construct is integrated into the 
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 upp3Δ locus of the strain expressing khd4-gfp ectopi-

cally under the control of the Pcrg1 promoter and carry-

ing the khd4 deletion. 

AB33 Ptef: arl1-kat_ 

arl1 3´ UTR / Pcrg1: 

khd4-gfp 

/khd4Δ/upp3Δ 

(UL0008) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Constitutive expression of target mRNA arl1 fused 

with kat using Ptef promoter. 500 nt long endogenous 

sequence downstream of the arl1 stop codon was used 

as the 3´ UTR region The construct is integrated into 

the upp3Δ locus of the strain expressing khd4-gfp ec-

topically under the control of the Pcrg1 promoter and 

carrying the khd4 deletion. 

AB33 Ptef: hok1-kat_ 

hok1 3´ UTR / Pcrg1: 

khd4-gfp 

/khd4Δ/upp3Δ 

(UL0012) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Constitutive expression of target mRNA hok1 fused 

with kat using Ptef promoter. 500 nt long endogenous 

sequence downstream of the hok1 stop codon was used 

as the 3´ UTR region. The construct is integrated into 

the upp3Δ locus of the strain expressing khd4-gfp ec-

topically under the control of the Pcrg1 promoter and 

carrying the khd4 deletion. 

AB33 Ptef: vma21-kat_ 

vma21 3´ UTR / Pcrg1: 

khd4-gfp /khd4Δ/upp3  

(UL0009) 

 

upp3 AB33 

Pcrg1: khd4-

gfp / 

khd4Δ / 

upp3Δ 

 

Constitutive expression of target mRNA vma21 fused 

with kat using Ptef promoter. 500 nt long endogenous 

sequence downstream of the vma21 stop codon was 

used as the 3´ UTR region. The construct is integrated 

into the upp3Δ locus of the strain expressing khd4-gfp 

ectopically under the control of the Pcrg1 promoter and 

carrying the khd4 deletion. 

UMa & UL: internal strain reference number; Kat: mKate2, a monomeric form of the red fluorescent 
protein; eGFP- enhanced GFP. 

Table 2: Generation of U. maydis strains used in this study 

Strain name 
Relevant geno-

types 

Strain 

code 

Progeni-

tor strain 

Trans-

formed 

plasmid 

Locus References 

AB33 

 

a2 Pnar:bW2 

bE1 

UMa133 FB2 pAB33 b BRACHMAN

N et al. 2004 

AB33 khd4∆ 

 

khd4 UMa482 AB33 pUMa1142 khd4 VOLLMEISTE

R et al. 2009 

AB33 did2∆ 

 

did2 UMa934 AB33 pUMa1699 did2 HAAG et al. 

2017 

AB33 rrm4-gfp 

 

rrm4 UMaxxx AB33 pUMa496 rrm4 BECHT et al. 

2006 
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AB33 khd4-gfp 

 

khd4 UMa869 AB33 pUMa1484 khd4 VOLLMEISTE

R et al. 2009 

AB33 Pcrg1: 

rrm4-ada-gfp / 

rrm4Δ 

 

rrm4Δ / rrm4-

ada-gfp 

UMa280

5 

AB33 

rrm4Δ 

 

pUMa3975 ips This study 

AB33 Pcrg1: 

rrm4- gfp / 

rrm4Δ 

 

rrm4Δ / rrm4- 

gfp 

UMa280

7 

AB33 

rrm4Δ 

 

pUMa3981 ips This study 

AB33 Pcrg1: 

khd4-ada-gfp / 

khd4Δ 

 

khd4Δ / khd4-

ada-gfp 

UMa298

8 

AB33 

khd4Δ 

 

pUMa4057 ips This study 

AB33 Pcrg1: 

khd4-gfp / 

khd4Δ 

 

khd4Δ / khd4-

ada-gfp 

UMa298

9 

AB33 

khd4Δ 

pUMa4080 ips This study 

AB33 Pcrg1: kat-

ada-gfp 

 

kat-ada-gfp UMa308

3 

AB33 pUMa4290 ips This study 

AB33 Pcrg1: 

khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ 

UMa313

8 

AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ 

pUMa4378 upp3 This study 

AB33 Pcrg1: 

khd4- ada-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

ada-gfp / upp3Δ 

UMa329

0 

AB33 

Pcrg1: 

khd4-ada-

gfp / 

khd4Δ 

pUMa4378 upp3 This study 

AB33 Ptef: 

kat_(auaccc)6 / 

Pcrg1: khd4-ada-

gfp / khd4Δ / 

upp3Δ 

 

khd4Δ / khd4-

ada-gfp / upp3Δ 

UMa329

3 

AB33 

Pcrg1: 

khd4-ada-

gfp / 

khd4Δ / 

upp3Δ 

pUMa4385 upp3 This study 

AB33 Ptef: 

kat_(auaccc)6 / 

Pcrg1: khd4-gfp / 

khd4Δ / upp3Δ 

khd4Δ / khd4-

gfp / upp3Δ 

UMa314

0 

AB33 

Pcrg1: 

khd4-gfp / 

pUMa4385 upp3 This study 
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 khd4Δ / 

upp3Δ 

 

AB33 Ptef: 

kat_no motif / 

Pcrg1: khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ 

UMa313

9 

AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUMa4383 upp3 This study 

AB33 Ptef: 

kat_(agaucu)6 / 

Pcrg1: khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ 

UMa314

1 

AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUMa4384 upp3 This study 

AB33 Ptef: 

kat_(auaccc) / 

Pcrg1: khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ 

UMa323

8 

AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUMa4531 upp3 This study 

AB33 Ptef: 

kat_(agaucu) / 

Pcrg1: khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ 

UMa323

9 

AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUMa4532 upp3 This study 

AB33 Ptef: arl1-

kat_ arl1 3´ UTR 

/ Pcrg1: khd4-gfp 

/ khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ / 

arl1-kat 

UL0008 AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUL0007 upp3 This study 

AB33 Ptef: hok1-

kat_ hok1 3´ 

UTR / Pcrg1: 

khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ / 

hok1-kat 

UL0012 AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUL0011 upp3 This study 
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AB33 Ptef: vma21-

kat_ vma21 3´ UTR 

/ Pcrg1: khd4-gfp / 

khd4Δ / upp3Δ 

 

khd4Δ / khd4-

gfp / upp3Δ / 

vma21 -kat 

UL0009 AB33 

Pcrg1: 

khd4-gfp / 

khd4Δ / 

upp3Δ 

 

pUL0008 upp3 This study 

UMa & UL: internal strain reference number; pUMa & pUL: internal plasmid reference number. 

Table 3: Description of plasmids used for strain generation in this study 

Plasmid name 
Plasmid 

code 

Resistance 

cassette 
Short description 

p Pcrg1: Rrm4-Ada-

Gfp (CbxR) 

pUMa3975 CbxR (for in-

tegration into 

ip locus) 

Plasmid for ectopic integration and expression of 

Rrm4-Ada-Gfp. 

The 2379 bp rrm4-ORF is fused C-terminally to 

the 1200 bp adar catalytic domain (Ada) with 

three repeats of GGGGS linker in between, fol-

lowed by eGFP fusion. The construct is under 

the control of arabinose inducible Pcrg1 promoter 

and flanked by the Tnos-terminator. 

p Pcrg1: Rrm4-Gfp 

(CbxR) 

pUMa3981 CbxR (for in-

tegration into 

ip locus) 

Plasmid for ectopic integration and expression of 

Rrm4-Gfp. 

The 2379 bp khd4-ORF is fused C-terminally 

with eGFP. The construct is flanked upstream 

and downstream by the arabinose inducible Pcrg1 

promoter and the Tnos-terminator, respectively. 

p Pcrg1: Khd4-Ada-

Gfp (CbxR) 

pUMa4057 CbxR (for in-

tegration into 

ip locus) 

Plasmid for ectopic integration and expression of 

Khd4-Ada-Gfp. 

The 4282 bp khd4-ORF is fused C-terminally to 

the 1200 bp adar catalytic domain (Ada) with 

three repeats of GGGGS linker in between, fol-

lowed by eGFP fusion. The construct is under 

the control of arabinose inducible Pcrg1 promoter 

and flanked by the Tnos-terminator. 

p Pcrg1: Khd4-Gfp 

(CbxR) 

pUMa4080 CbxR (for in-

tegration into 

ip locus) 

Plasmid for ectopic integration and expression of 

Khd4-Gfp. 

The 4282 bp khd4-ORF is fused C-terminally 

with eGFP. The construct is flanked upstream 

and downstream by the arabinose inducible Pcrg1 

promoter and the Tnos-terminator, respectively. 
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p Pcrg1: Kat-Ada-

Gfp (CbxR) 

pUMa4290 CbxR (for in-

tegration into 

ip locus) 

Plasmid for ectopic integration and expression of 

Kat-Ada-Gfp. Like p Pcrg1: Khd4-Ada-Gfp 

(CbxR) but khd4-ORF was replaced with kat-

ORF. 

p Upp3Δ (G418R) pUMa4378 G418R 

(Sfi1-insert 

of pMF1-g) 

Plasmid used for upp3 deletion. The G418R cas-

sette is flanked upstream by 1.5 kb and down-

stream by 1.9kb of the immediate genomic re-

gion flanking upp3. The resistance cassette is de-

rived from pMF1-g. (SARKARI et al. 2014, 

BAUMANN et al. 2012) 

p Ptef: 

Kat_(AUACCC)6 

(NatR) 

pUMa4385 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid for the ectopic expression of Kat re-

porter at upp3Δ locus. Six tandem repeats of the 

auaccc motif were placed at the 3´ UTR region 

of kat-ORF and expressed under the control of 

constitutively active Ptef promoter. The construct 

contains a Tnos terminator, and a nourseothricin-

resistance cassette and is flanked by upstream 

and downstream regions of the upp3Δ locus for 

homologous recombination. 

p Ptef: Kat (NatR) pUMa4383 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid for the ectopic expression of Kat re-

porter at upp3Δ locus. Like p Ptef: 

Kat_(AUACCC)6 (NatR) but contains no spe-

cific motif in the 3´ UTR region The kat-ORF is 

immediately followed by a Tnos terminator. Re-

porter expression is carried out by the constitu-

tively active Ptef promoter. The construct con-

tains a nourseothricin-resistance cassette and is 

flanked by upstream and downstream regions of 

the upp3Δ locus for homologous recombination. 

p Ptef: 

Kat_(AGAUCU)6 

(NatR) 

pUMa4384 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid for the ectopic expression of Kat re-

porter at upp3Δ locus. Like p Ptef: 

Kat_(AUACCC)6 (NatR) but contains six tan-

dem repeats of agaucu motif in the 3´ UTR re-

gion Reporter expression is carried out by the 

constitutively active Ptef promoter. The construct 

contains a Tnos terminator and a nourseothricin-

resistance cassette and is flanked by upstream 

and downstream regions of the upp3Δ locus for 

homologous recombination. 
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p Ptef: Kat_Spa2 

short (AUACCC) 

(NatR) 

pUMa4531 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid for the ectopic expression of Kat re-

porter at upp3Δ locus. Like p Ptef: 

Kat_(AUACCC)6 (NatR) but consists of 36 nt 3´ 

UTR sequence from spa2 gene, containing one 

auaccc motif, in its 3´ UTR region. Reporter ex-

pression is carried out by the constitutively ac-

tive Ptef promoter. The construct contains a Tnos 

terminator and a nourseothricin-resistance cas-

sette and is flanked by upstream and downstream 

regions of the upp3Δ locus for homologous re-

combination. 

p Ptef: Kat_Spa2 

short (AGAUCU) 

(NatR) 

pUMa4532 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid for the ectopic expression of Kat re-

porter at upp3Δ locus. Like p Ptef: Kat_Spa2 

short (AUACCC) (NatR) but the auaccc motif is 

mutated to agaucu. Reporter expression is car-

ried out by the constitutively active Ptef promoter. 

The construct contains a Tnos terminator and a 

nourseothricin-resistance cassette and is flanked 

by upstream and downstream regions of the 

upp3Δ locus for homologous recombination. 

p Ptef: Arl1-Kat_3´ 

UTR arl1 (NatR) 

pUL0007 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid expressing target mRNA arl1 ectopi-

cally at upp3Δ locus. The 739 bp long arl1-ORF 

is fused C-terminally to Kat and expressed under 

the control of the constitutive Ptef promoter. ~ 

500 bp long endogenous sequence downstream 

of the arl1 stop codon was used as the 3´ UTR 

region. The construct contains a Tnos-terminator 

and a nourseothricin-resistance cassette and is 

flanked by upstream and downstream regions of 

the upp3Δ locus for homologous recombination. 

p Ptef: Hok1-Kat_3´ 

UTR hok1 (NatR) 

pUL0011 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid expressing target mRNA hok1 ectopi-

cally at upp3Δ locus. The 2814 bp long hok1-

ORF is fused C-terminally to Kat and expressed 

under the control of the constitutive Ptef pro-

moter. ~ 500 bp long endogenous sequence 

downstream of hok1 stop codon was used as the 

3´ UTR region. The construct contains a Tnos-ter-

minator and a nourseothricin-resistance cassette 
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and is flanked by upstream and downstream re-

gions of the upp3Δ locus for homologous recom-

bination. 

p Ptef: Vma21-

Kat_3´ UTR vma21 

(NatR) 

pUL0008 NatR (Sfi1-

insert of 

pMF-1n) 

Plasmid expressing target mRNA arl1 ectopi-

cally at upp3Δ locus. The 385 bp long vma21-

ORF is fused C-terminally to Kat and expressed 

under the control of the constitutive Ptef pro-

moter. A 500 bp long endogenous sequence 

downstream of the vma21 stop codon was used 

as the 3´ UTR region. The construct contains a 

Tnos-terminator and a nourseothricin-resistance 

cassette and is flanked by upstream and down-

stream regions of the upp3Δ locus for homolo-

gous recombination. 

pUMa & pUL: internal plasmid reference number 

 

Table 4: Oligos used in this study 

Designation Nucleotide sequence (5'  3') Remarks 

oUM27 AATAGGCCTGAGTGGCCATGGCCGAATCGATTTACG 
 

rrm4-fwd 

oUM573 CGCGGCCTGAGTGGCCATGGATTTCTACTCGACGTCCTTC khd4- fwd 

oUM574 GTAATAGGCCGCGTTGGCCGCCCGGTCAAAAGCGAGTTGAG khd4- rev 

oUM420 CATATAGGGATTCTGCCAGTCCGAACTC ada- rev 

oAB292 CGGAGGCGGTGGTTCCGGTGGCGGAGGATCGG-

GAGGTGGCGGTTCGTC 

GGGGS 

linker- fwd 

oAB293 CATGGACGAACCGCCACCTCCCGATCCTCCGCCACCGGAAC-

CACCGCCTCCGGTAC 

GGGGS 

linker- rev 

oRL1385 CACCATATGGTGAGCAAGGGCGAGGAGC gfp- fwd 

oAB1 GCAAGGCCTGAGTGGCCATGGTGTCGGAGCTCATC kat- fwd 

oAB2 GTCTGGCCGCGTTGGCCCTCATATGGCGGTGACCG kat- rev 

oMB611 GATGCTCTTCCGTGCCATGGTGTCGGAGCTCATC kat reporter- 

fwd 
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oAB222 GGCGCGCCTATAGTTAACGCTATCAGGCGTAGTCGGGCAC-

GTCGTAAG 

kat reporter- 

rev 

oAB232 AACATACCCATACCCATACCCATACCCATACCCATACCCGG (auaccc)6- fwd 

oAB233 CGCGCCGGGTATGGGTATGGGTATGGGTATGGGTATGGG-

TATGTT 

(auaccc)6- rev 

oAB234 AACAGATCTAGATCTAGATCTAGATCTAGATCTAGATCTGG (agaucu)6-- fwd 

oAB235 CGCGCCAGATCTAGATCTAGATCTAGATCTAGATCTA-

GATCTGTT 

(agaucu)6- rev 

oAB531 AACCGTCAATCACGAATGATACCCACCTTGTCACCCGAGGG spa2 short 

(auaccc)- fwd 

oAB532 CGCGCCCTCGGGTGACAAGGTGGGTATCATTCGTGATTGAC-

GGTT 

spa2 short 

(auaccc)- rev 

oAB533 AACCGTCAATCACGAATGAGATCTACCTTGTCACCCGAGGG spa2 short 

(agaucu)-fwd 

oAB534 CGCGCCCTCGGGTGACAAGGTAGATCTCATTCGTGATTGAC-

GGTT 

spa2 short 

(agaucu)-rev 

oCD81 GCTGGCAATTGATGGGTCTCACATTCTCGTC arl1- fwd 

oCD82 GCGCCGACTAGTCTTGCTTTGCAATGTGTTG arl1- rev 

oCD192 GCGGCTATGTTAACTCCATTCGAGACCTCCGATAC 3´ UTR (arl1) - 

fwd 

oCD193 AGTCATGGCGCGCCTGCATTGTCTACCTGTGCTGAAG 3´ UTR (arl1) - 

rev 

oCD208 GCCGATCAATTGATGTCGGACACGCATGACCC hok1- fwd 

oCD209 ATCGTAACTAGTCCTGCGACTAGCGAGCTGC hok1- rev 

oCD210 GGGCGGCGGTTAACTGTCGGAACCCTTTTTTATATACC 3´ UTR (hok1) 

- fwd 

oCD211 GATCTAGGCGCGCCCACCTTTACCACCAACTAC 3´ UTR (hok1) 

- rev 

oCD83 GAGCGCAATTGATGTCAAGCCTGGATGTG vma21- fwd 

oCD84 GCGGTCACTAGTTTGACCTTTCTTCGCCTCAAGACTG vma21- rev 



Appendix 

130 
 

oCD194 GCTACGGTTAACGTAAGGAACATGACGAAGCAGG 

 

3´ UTR 

(vma21) - fwd 

oCD195 ACTATAGGCGCGCCTGTGGGAAGTGACACTGGTG 3´ UTR 

(vma21) - rev 

oCD483 GACAAGGAAACCTACGTCGAG kat-RT-qPCR- 

fwd 

oCD484 TAGAGCGGACCCTGCATA kat-RT-qPCR- 

rev 

oCD485 GTTCCGCGAGACCATTCTTA pgk1-RT-

qPCR- fwd 

oCD486 CCGGCAAAGTTGTCAAACTC pgk1-RT-

qPCR- rev 

Fwd-forward; Rev-reverse 

Table 5: Pathways with an overrepresentation of AUACCC-containing virulence transcripts.  

KEGG pathway 

AUACCC all genes Enrichment 
(AUACCC-
containing 
transcripts 
over all genes) 

no. of genes 
in the 

pathway 
all 

no. of genes 
in the 

pathway 
all 

Amino sugar and nucleotide 
sugar metabolism   

8 1043 22 4190 1.460821058 

Autophagy - other   5 1043 18 4190 1.115904975 

Base excision repair   6 1043 21 4190 1.147787974 

Cell cycle - yeast   24 1043 56 4190 1.721681961 

DNA replication   7 1043 24 4190 1.171700224 

Endocytosis   11 1043 36 4190 1.227495472 

Galactose metabolism   5 1043 13 4190 1.545099196 

Homologous recombination   5 1043 15 4190 1.33908597 

Inositol phosphate 
metabolism   

7 1043 18 4190 1.562266965 

MAPK signaling pathway - 
yeast   

15 1043 35 4190 1.721681961 
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Meiosis - yeast   17 1043 38 4190 1.797194328 

Mismatch repair   5 1043 19 4190 1.057173134 

Mitophagy - yeast   5 1043 17 4190 1.181546444 

Motor proteins   9 1043 27 4190 1.33908597 

mRNA surveillance pathway   10 1043 29 4190 1.385261348 

N-Glycan biosynthesis   8 1043 27 4190 1.19029864 

Nucleocytoplasmic transport   12 1043 44 4190 1.095615794 

Nucleotide metabolism   6 1043 23 4190 1.047980324 

Phosphatidylinositol signaling 
system   

6 1043 18 4190 1.33908597 

Pyrimidine metabolism   5 1043 17 4190 1.181546444 

RNA degradation   6 1043 24 4190 1.004314477 

Spliceosome   14 1043 45 4190 1.249813572 

Steroid biosynthesis   5 1043 10 4190 2.008628955 

Sulfur metabolism   5 1043 13 4190 1.545099196 

Terpenoid backbone 
biosynthesis   

6 1043 15 4190 1.606903164 

Various types of N-glycan 
biosynthesis   

5 1043 19 4190 1.057173134 

§ Enrichment score:1 = no enrichment; >1 = AUACCC-containing transcripts are overrepresented in 
comparison to reference; <1 = AUACCC-containing transcripts are underrepresented in comparison to 
reference. The enrichment score is computed as the ratio of the percentage of AUACCC-containing 
transcripts within a pathway to the percentage of all transcripts present in that pathway.  
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5.3 Appendix 3 

 
Fig. 5.15. Low editing efficiency of Drosophila Ada and high tunicamycin sensitivity of khd4Δcells (A) 
HyperTRIBE data of Rrm4-Ada-Gfp on cts1 and cdc10 mRNAs with an editing threshold of >1%. Tracks 
showing mRNA read coverage (grey) followed by iCLIP data (crosslink events- dark grey; Rrm4 binding 
site-dark grey) and hyperTRIBE editing events of Rrm4-Ada-Gfp (#1,2 indicates biological replicate; blue) 
and control-Ada (black). Reproducible editing sites and their corresponding editing levels are indicated by 
arrow heads and numbers (green), respectively. The gene model with the exon/intron structure below was 
extended by 300 nt on either side to include 5′ and 3′ UTRs (5′ and 3′, respectively). (B) HyperTRIBE data 
of Khd4-Ada-Gfp on clp1 mRNA with an editing threshold of >1%. Tracks showing mRNA read coverage 
(grey) followed by hyperTRIBE editing events of Khd4-Ada-Gfp (#1,2 indicates biological replicate; blue) 
and control-Ada (blue). Reproducible editing sites and their corresponding editing levels are indicated by 
arrow heads and numbers (blue), respectively. The gene model with the exon/intron structure below was 
extended by 300 nt on either side to include 5′ and 3′ UTRs (5′ and 3′, respectively). (C) Tunicamycin or 
(D) DMSO sensitivity of khd4Δ yeast cells in comparison to wildtype (wt) yeast cells, conducted using an 
agar diffusion assay. This assay involved the placement of a filter saturated with the respective inhibitor 
(Tunicamycin-10 mg/ml) onto agar plate hosting either wt or khd4Δ yeast cells. White line (C) indicates 
the radius of the restriction zone. 
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