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Summary 
 

Cell-cell fusion is a basic biological process, which is involved in the growth and development of most 

eukaryotic organisms. Processes involving cell fusion are, for example, fertilization, organ formation and 

repair, or neuronal repair. Despite these broad functions, the molecular basis of cell-cell fusion remains 

largely unknown. The filamentous ascomycete fungus Neurospora crassa provides a suitable model system 

to study the molecular basis regulating cell-cell communication and fusion. Colony initiation of this fungus 

commonly involves fusion of germinating vegetative spores. Earlier studies revealed an unusual cell-cell 

communication mechanism mediating this process, in which the fusion partners coordinately alternate 

between two physiological stages, probably related to signal sending and receiving. This “cell dialog” 

involves the alternating, oscillatory recruitment of the SO protein and the MAK-2 MAP kinase module to 

the apical plasma membrane of growing fusion tips. This model suggests that these genetically identical 

cells coordinate their behavior in the form of a cell dialogue, alternating between signal sending and 

receiving. Recently, BRO1, the homolog of the mammalian ALG-2-interacting protein X (ALIX), has been 

identified as a factor contributing to spore germling interactions and the cell dialogue mechanism (Marcel 

R Schumann 2018).  

In this work, the role of BRO1 in cell-cell communication and cell fusion was further investigated. The 

phenotypic characterization of the bro1 deletion mutant (∆bro1) showed that this gene is essential in N. 

crassa. Therefore, a conditional mutant (bro1cm) was constructed for further analysis. Down-regulation of 

the bro1 gene expression resulted in a phenotype reminiscent of the ∆so mutant, including the lack of 

chemotropic interactions and subsequent fusion. BRO1 is therefore a new factor essential for germling 

interaction and fusion. 

Subcellular localization and live cell imaging revealed that BRO1-GFP localizes to the cytoplasm and in 

vesicular structures in non-interacting germlings and in mature hyphae. BRO1-GFP accumulates at the tips 

of the interacting germlings in a dynamic, oscillating manner, such that high signal intensity of BRO1-GFP 

in one tip correlates with low signal intensity at the tip of the fusion partner. Notably, the signal intensity 

of BRO1-GFP increases significantly at the contact zone after the cells establish physical contact. Co-

localization experiments of BRO1 and SO revealed that both proteins co-localize in the described dynamic 

manner at the growing, interacting cell tips. Also, a Y2H experiment indicated that BRO1 and SO might 

physically interact during cell-cell interaction. 

The co-localization of BRO1-GFP and different vesicles markers indicated that BRO1 marks a sub- 

population of vesicles, which are probably specific for cell fusion. The subcellular dynamic of these BRO1-
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vesicular structures are actin-dependent but tubulin independent. A spatial and temporal correlation was 

found between the accumulation of BRO1-associated vesicles and membrane merger during fusion pore 

formation. Expression of BRO1-GFP in the plasma membrane fusion mutant Prm1 provided first evidence 

that the BRO1 vesicular structures might transport the so far unknown membrane fusion machinery. In this 

mutant, engagement of the fusion machinery frequently results in lysis of the cell fusion pair. 

Downregulation of bro1, however, blocks the fusion process at the preceding step, causing fewer germling 

pairs to lyse.  

In summary, this study identified for the first time a role of the conserved BRO1 protein in cell-cell 

communication. The protein is the first molecular marker associated with specific vesicular structures, 

which are involved in plasma membrane merger and might carry the membrane fusion machinery. Future 

analysis of its molecular function will greatly contribute to our understanding of the unique “cell dialog” 

mechanism, the molecular bases of fungal cellular communication, and the still under investigated process 

of plasma membrane fusion.  
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1. Introduction  
 

1.1 Cell-cell communication and fusion are fundamental biological processes across the 

tree of life. 

Social behavior is well known among human and animal communities. The need for those behavioral 

phenomena is based on the limitation of environmental resources and competition for them. Social activities 

require proper means of communication to establish a network between individuals. Early in the history of 

life on Earth, individual cells were particularly challenged by the harsh conditions of the environment. 

Those challenges have promoted and are still promoting the evolution of diverse mechanisms that form the 

capacity of the cell to identify and respond to the presence of other cells in their surroundings (Fischer and 

Glass 2019). These interactions between the same or similar partner cells can lead in many species to their 

physical contact and fusion with each other, thereby creating one unit, the syncytium (Mohler 2006). Cell-

cell interactions and fusion events occur in many different organisms and play pivotal roles in various 

developmental processes (Aguilar et al. 2013). These cellular processes are fundamental for sexual and 

asexual (vegetative) growth and development in diverse eukaryotic species. Thus, cell-cell fusion is 

required for reproduction, differentiation, and propagation (Hernández and Podbilewicz 2017). A new 

research field has emerged to understand where, when, how, and why two or more cells merge to develop 

into a new organism or generate diverse multinucleated cells that sculpt distinct organs. Fused cells can 

undergo dramatic changes in signaling and behavior and acquire unprecedented developmental fates 

(Aguilar et al. 2013). Despite actively investigating the general and specific molecular processes of cell-

cell fusion, many aspects of the molecular factors and mechanisms involved in these processes are still only 

poorly understood (Hernández and Podbilewicz 2017). 

1.1.1 The diverse cell-cell fusion events share common mechanistic features  

Although cell-cell fusion events occur in various species and cell types, they comprise remarkably similar 

cellular processes. Cell-cell fusion can be divided into three stages: (i) competence (cell induction and 

differentiation), (ii) commitment (cell determination, migration, and adhesion), and (iii) cell fusion 

(membrane merger and cytoplasmic mixing) (Aguilar et al. 2013). In the first step, the cell must gain the 

ability to interact with a suitable partner. It has to activate cellular programs essential for the interaction 

with a fusion partner, such as the secretion of signaling molecules or the expression of receptors for 

communication (= competence). Thus, the cells detect and respond to external stimuli in order to initiate an 

appropriate developmental program that puts them in a fusion-competent state.  
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 In some cases, a spatial distance must be overcome for the partner cells to establish physical contact, which 

requires tropic growth or motion mediated by an active cell polarity machinery (= communication and 

interaction). This response continues until both partner cells make physical contact (Fleißner and Serrano 

2016). Once cell-cell contact has been established, the cellular processes adjust in order to initiate fusion. 

For that purpose, any physical barriers separating the interacting cells from each other need to be reshaped 

before the fusion of the two opposing cell membranes can occur in a controlled manner. Only then, the 

formation of a fusion pore allows cytoplasmic mixing (= fusion pore formation and fusion). These 

fundamental stages of cell-cell communication and fusion are controlled by various molecular processes, 

which are currently been studied to unwire their complexity and relevance (Fischer and Glass 2019).  

Although the different types of cell-cell fusion events share similar steps, one can distinguish not only 

between sexual and vegetative fusions but also between the homotypic (= genetically identical cell types) 

and heterotypic (= genetically different cell types) interactions (Aguilar et al. 2013) (Fig 1.1). The fusion 

Fig 1.1 Schematic of different types of cell-cell fusion. 

(A) Genetically different gametes fuse with each other (sexual fusion or mating) and form a zygote in which the parental 

nuclei undergo nuclear fusion (karyogamy). As a result of subsequent meiosis and cytokinesis, progeny cells with parental 

or recombinant features are produced.  

(B) Vegetative (asexual or somatic) cells within a population interact with each other. Homotypic or heterotypic fusion events 

between cells with identical or similar genetic make-up may occur. As a result, a homo- or heterokaryotic syncytium is 

formed, which can differentiate into a tissue or an organ or in some other way serve the development of the organism. Double 

arrows mark cell-cell interactions.  
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of two gametes is the first cellular event to create genetically recombined progeny through sexual 

reproduction, with a great diversity in size, shape, and behavior of gametes from different species (Aguilar 

et al. 2013). The product of gamete fusion is a zygote, from which progeny with recombinant properties 

emerge. The best-known example of sexual cell-cell fusion is the pair-wise fusion of a sperm with an egg 

cell during fertilization in vertebrates (Primakoff and Myles 2007). Fusion also occurs between somatic 

cells that contain the same or a similar genetic structure and/or physiology. As a result, polynuclear syncytia 

formation is the basis for several vegetative differentiation and developmental processes (Aguilar et al. 

2013). For example, the nematode Caenorhabditis elegans, several filamentous fungi, flowering plants, and 

the mouse model represent suitable model systems to investigate general and specific molecular factors 

involved in the fusion between male and female gametes (Ni et al. 2011; Singson et al. 2008; Dresselhaus 

2006; Evans 2012). In addition to the interaction between developmental identical cells (homotypic fusion), 

different cell types also fuse with each other (heterotypic fusion) and form multinuclear tissues, such as 

muscle fibers (Aguilar et al. 2013). During pregnancy in mammals, trophoblasts fuse to form syncytia that 

build the placenta and provide the fetus with nutrients, oxygen, and hormones (Gerbaud and Pidoux 2015). 

The formation of epithelial layers and organs during embryonic and larval development in C. elegans is 

also regulated by numerous somatic fusion events (Shemer and Podbilewicz 2003).  

This diversity of cell-cell fusion events in various model organisms offers research with different 

methodological approaches to generate a comprehensive picture of this essential cellular process in 

eukaryotes (Mohler 2006).  

1.1.2 The ascomycete fungus N.crassa is a model organism to study cell-cell fusion.  

Due to their often-simple experimental handling, different fungal species are widely used as model 

organisms to study fundamental questions about eukaryotic cells. In this respect, the ascomycete 

Neurospora crassa, a filamentous fungus, has been established as a suitable system to perform many 

genetic, molecular biological, biochemical, and cell biological analyses of high relevance for fungi in 

particular as well as for eukaryotic organisms in general. Therefore, the factors identified so far, which play 

a decisive role in successful cell-cell fusion in fungi, will be discussed in this chapter using the model 

organism N. crassa as an example. 

1.1.2.1 N. crassa is a eukaryotic model organism  

The Ascomycota phylum (also called ascomycetes) is, by far, the largest group of fungi, estimated to 

include more than 57,000 described species in 6,100 genera (Choi and Kim 2017). The name is derived 

from the Greek words askos (a leather bottle, bag, or bladder), which refers to the elongated pear-like 

structures (= asci) in which sexual progeny is produced (called ascospores), as well as mykes (a fungus) so 
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that ascomycetes could be designated “sac fungi.” The ascospores are the sexually produced spores and the 

characteristic feature of this phylum. However, sexual reproduction has not been detected in all ascomycete 

species. Most Ascomycota members are filamentous fungi, which are composed of thread-like cells called 

hyphae (Webster and Weber 2007). A hypha is a highly polarized, elongated, branched, multinucleate entity 

that can be subdivided into compartments separated by pore-containing cross-walls (septa), which can be 

closed in order to them seal off neighboring compartments. The interconnected network of hyphae is called 

the mycelium (Fischer and Glass 2019).  

Neurospora crassa is a well-known representative of the filamentous fungi among the Ascomycota. This 

fungal species is taxonomically classified in the genus Neurospora and the class Sordariomycetes, and the 

family Sordariaceae (order Sordariales). There are about 12 species of Neurospora, most of them growing 

on soil. Species of this genus can be found from tropical to subtropical climates and temperate latitudes of 

North America and Europe. In particular, Neurospora species are known for their ability to successfully 

colonize burnt vegetation, on which they form spore-bearing mycelia with a typical pinkish to orange 

coloration (Frederick et al. 1969; Turner et al. 2001). This genus Neurospora is named after the surface 

structure of the ascospores, which is interspersed with fine lines reminiscent of nerve cells (from the Greek 

words neuron = nerve and spora = seed, spore). The species-specific designation “crassa” is of Latin origin 

and means corpulent or thick, referring to the size of the hyphal cell structures discussed in more detail 

below (Shear and Dodge 1927).  

The species N. crassa has been widely applied in various genetic and biochemical studies (Raju 2009). 

Research with this model organism was awarded a Noble prize to Beadle and Tatum (1941) for the ‘one-

gene one-enzyme’ hypothesis, based on their studies with auxotrophic mutants deficient in successive steps 

of arginine biosynthesis. Regarding its importance, mapping the whole loci of over 1000 protein-coding 

genes have been done for this fungus time ago (Perkins, Radford, & Sachs, 2000). Notably, the complete 

genome of N. crassa has been sequenced (Galagan et al. 2003).  

N. crassa has many features which make it a valuable tool in biochemical and genetic research: (1) it 

contains a haploid genome; (2) wild-type strains have simple nutritional requirements; (3) it is 

experimentally amenable to genetic manipulation in order to create gene deletion mutants; (4) it has a short 

and rapid life cycle with well-described vegetative and sexual phases; and (5) analysis of sexually derived 

progeny is straightforward (Webster and Weber 2007). 

1.1.2.2 The life cycle of N. crassa  

The developmental stages in the life cycle of N. crassa are illustrated in Fig 1.2. During asexual (vegetative) 

reproduction, this fungus grows in the form of a haploid mycelium. Aerial hyphae emerge from the surface 
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of the mycelium and further differentiate into conidiophores, which undergo repeated apical budding. The 

resulting cells, which have been termed pro-conidia (Springer and Yanofsky 1989), are separated by 

incomplete septa with a wide central pore. The pro-conidia continue to bud apically, forming multinucleate 

macroconidia (blastoconidia) separated from each other by septa with narrower pores. These vegetative 

spores are genetically identical clones and serve the general distribution of the fungus. Vegetative spores 

are formed in vast numbers. Cues inducing conidial development include light, desiccation, and nutrient 

deprivation. As soon as these macroconidia (= conidia or spores) meet a suitable substrate, they germinate 

and grow into hyphae, establishing a new mycelium. In addition, N. crassa forms in much smaller quantities 

mononuclear microconidia through direct detachment from mature hyphae. Since microconidia differ from 

macroconidia by their limited germination capacity, they are thought to primarily function as spermatia 

during the sexual stage of the life cycle of this fungus (Springer 1993). 

 The sexual life cycle of N. crassa is induced on a low nitrogen substrate (Westergaard and Mitchell 1947). 

Since this fungal species is a heterothallic ascomycete, sexual reproduction requires the crossing (mating) 

of cells of two opposite mating types defined by the idiomorphic gene loci mat A and mat a, respectively 

(Glass et al. 1988; Metzenberg 1990) Both mating types are equally capable to either form the female 

gametangium (ascogonium) or to function as a male gamete (spermatium) during the crossing. At the 

beginning of the sexual cycle, individual hyphae in the vegetative mycelium differentiate into coiled 

ascogonia, terminated by long tapering hyphae, and surrounded at the base by hyphae. Such structures are 

termed protoperithecia (Lichius et al. 2012; Harris et al.1975). These female pre-fruiting bodies form 

specialized conception hyphae called trichogynes, which perceive male cells (conidia or hyphae) of the 

opposite mating type via pheromones, as a result of which they grow towards and fuse with them (Kim et 

al. 2002; Kim and Borkovich 2004, 2006; Kim et al. 2012). The fusion between the trichogyne and the 

fertilizing cell is followed by the migration of one or more nuclei from the male cell inside of the trichogyne 

all the way into the ascogonium. As a result, the protoperithecium is fertilized with a nucleus of the opposite 

mating type. In the maturing perithecium (ascocarp), the ascogonial hyphae differentiate into hook-shaped 

filaments (croziers) consisting of three cells, of which the penultimate cell is dikaryotic and contains nuclei 

bearing mat A and mat a, respectively. After fusion of both nuclei (karyogamy), this subapical section of 

the crozier enlarges to form the ascus, the most considerable cell in the life cycle of N. crassa. Subsequently, 

two meiotic nuclear divisions and post-meiotic mitosis occur in the diploid asci, resulting in eight linearly 

arranged haploid nuclei per ascus. The nuclear products are separated from each other by compartments 

and mature into black-pigmented ascospores (also called meiospores), in which the nuclei are subsequently 

multiplied by several mitoses (Raju 1980; Raju 2009). During the asci formation, the perithecia reach their 

full size, take on a pear-shaped form, and become melanized. Through the upper opening of the fruiting 
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bodies (ostioles), the ascospores are finally ejected into the environment due to the high turgor inside the 

perithecia (Harris et al. 1975). Ascospores are dormant and form a new vegetative mycelium only after 

being stimulated to germinate by heat or furfural, a breakdown product of xylose (wood sugar) (EMERSON 

1948; Shear and Dodge 1927).  

1.1.2.3 Two types of cell-cell fusion are part of the life cycle of N. crassa. 

In the life cycle of N. crassa, several events of cell-cell fusion occur, covering both the vegetative and the 

sexual developmental stages of this fungus (Fleißner et al. 2008). Since the asexual fusion events can be 

easily observed by light microscopy, they represent a suitable investigation object (Fig 1.3). The formation 

of a new mycelium begins with numerous interactions between individual germinating macroconidia, which 

grow towards each other in a directed manner and fuse with each other after physical contact. The fusion 

Fig 1.2 The life cycle of Neurospora crassa. 

Schematic representation of the different life cycles of N. crassa. This ascomycete can reproduce asexually (vegetative phase) as 

well as sexually. The formation of macroconidia and microconidia is induced by nutrient deficiency and dryness. Germinating 

macroconidia and mature hyphae form new networks via cell-cell fusion (stars, see also section 1.1.3). Sexual reproduction only 

takes place between strains that differ in the mat locus (mat A and mat a, here symbolized by black and white nuclei). The formation 

of protoperithecia is preceded by a lack of nitrogen. After sexual cell-cell fusion (mating, star) and the uptake of a male nucleus by 

the trichogyne, a complex sequence of cell differentiation events takes place inside the protoperithecium. A perithecium is formed, 

in which homokaryotic ascospores mature and are finally released into the environment by the ostioles. After activation by heat or 

the aldehyde furfural, they germinate and enter the vegetative cycle. The figure is adapted and modified from (Herzog, 2019). 
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bridges between these cells of N. crassa, also known as conidial anastomosis tubes (CATs), 

morphologically differ from ordinary germinal tubes because they are relatively thin and have a limited 

range (Roca et al. 2005).  

Fused germling pairs of N. crassa typically interact and fuse with other cells in their surroundings, thereby 

creating extensive networks of germinating macroconidia during the initial phase of colony formation. By 

fusion of individual cells into a functional supracellular unit, resources and cell components can be 

exchanged in a coordinated manner, which gives the early colony a growth advantage (Richard et al. 2012). 

These syncytia eventually grow into extended filaments, which build up the mature mycelium of N. crassa. 

This hyphal network consists of two distinct areas. While the mycelial periphery rapidly extends across the 

substrate through a front of highly polarized, regularly branching hyphae, the inner part of the colony is 

characterized by extensive crosslinking between the established filaments. 

In contrast to the hyphae at the outer area of the mycelium, the neighboring primary hyphae in the interior 

form branches that grow towards each other in a directed manner, meet at their tips, and form a fusion pore 

in between the compartments (Hickey et al. 2002). These hyphal fusion events or anastomoses significantly 

contribute to the ordered architecture of the mycelium and provide impulses in the cytoplasmic stream that 

Fig 1.3 Vegetative fusion between germlings and hyphae of N. crassa results in the formation of 

interconnected colonies. 

(AI) Time course analysis of interacting germlings. After mutual recognition, the germ tubes of both partner cells grow towards 

each other in a directed manner, enabling fusion t after the cell tips have made contact (asterisk). (AII) A network has been 

formed between multiple interacting germlings (asterisks). 

(BI) Hyphal branches interact and fuse with each other within the inner part of a mycelium. (BII) Visualization of interconnected 

hyphae (asterisks) by staining of the cell wall with the CFW.  

Scale bars: 5 µm (AI and AII) 10 µm (BI/II). * = cell-cell interactions. Arrows point to fusion pore.  
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help to optimally distribute organelles, nutrients, and signaling molecules (Roper et al. 2013; Simonin et 

al. 2012). Germling and hyphal fusion usually occur between genetically identical individuals, resulting in 

homokaryotic syncytia that harbor identical, mitotically replicating nuclei. However, different genotypes 

can also vegetatively fuse and form heterokaryotic units, provided that specific gene loci are compatible 

(Glass et al. 2000). 

In contrast to the fusion events during the asexual developmental phase of N. crassa, sexual cell-cell fusion 

exclusively occurs between partner cells of the opposite mating type. In both unicellular ascomycetes such 

as Saccharomyces cerevisiae and filamentous fungi, mating partners recognize each other by a system based 

on two pairs of pheromones with corresponding pheromone receptors (Ni et al. 2011). The female crossing 

partner of N. crassa builds up complex protoperithecia, whose trichogynes grow unilaterally on male 

pheromone-secreting cells and fuse with them (Kim et al. 2012; Kim and Borkovich 2006, 2004; Springer 

1993). The fusion between these specialized hyphae and their partner cells marks fertilization in the life 

cycle of N. crassa. However, due to the experimental difficulties of studying this fusion event in detail, it 

is still unclear how exactly it contributes to the asci formation. It is also suspected that the post -fertilization 

fusion within the crozier cells in the perithecia, is mechanistically related to vegetative cell-cell fusion 

(Lichius and Lord 2014). 

In contrast to N.crassa, the baker’s yeast, S. cerevisiae cells fuse when they mate only. This process has 

been studied for more than four decades (Hartwell 1980). Thus, the yeast mating places among the most 

intensively studied cell-cell fusion processes (Chen et al. 2007).  

All the fusion events mentioned have already been partially studied at the molecular level and show overlaps 

in the molecular factors involved. However, since in this work mainly the vegetative cell-cell fusions were 

considered, the description of these will be limited to the following two events: 

I. the fusion between germinated vegetative conidia, or germlings fusion, occurs via the polar tips of 

the so-called germ-tubes or the much narrower conidial anastomosis tubes (CATs), resulting in an 

initial network that has been shown to promote and support colony formation (Fig 1.3) (Pandey et 

al. 2004; Roca et al. 2005). 

II. the nascent network can expand and increases connectivity within the mycelium through hyphal 

fusions (Buller 1933; Hickey et al. 2002).  

1.1.3 Molecular basis of cell-cell fusion 

N. crassa has been successfully established as a suitable model organism to study the cell-cell fusion of 

filamentous fungi in particular and eukaryotic organisms in general (Gonçalves et al. 2019). Of the 



Introduction 

9 

 

described cell-cell fusion events in the life cycle of N. crassa, the molecular basis of germling and hyphal 

fusion is currently best understood.  

While the first mutant of N. crassa defective in vegetative cell-cell interactions was identified about two 

decades ago and called ham-1 (hyphal anastomosis mutant 1) (Wilson and Dempsey 1999), the encoded 

protein in N.crassa is known today as SO (soft) (Fleißner et al. 2005). Thus far, continuing research has 

identified about 70 genes and gene products involved in asexual communication and/or fusion (Fischer and 

Glass 2019). These proteins belong to different signaling pathways and protein complexes, including the 

cell wall integrity MAK-1 MAP kinase pathway, the MAK-2 MAP kinase cascade, which is homologous 

to the yeast pheromone response pathway, the reactive oxygen species (ROS) regulating NADPH oxidase 

(NOX) complex, calcium-dependent signaling pathways, and the striating interacting phosphatase and 

kinase (STRIPAK) complex (Fleißner and Serrano 2016; Fleißner and Herzog 2016; Herzog et al. 2015; 

Kück et al. 2016). With the help of gene deletion mutants, live-cell imaging, and protein-protein interaction 

studies, understanding of the roles and functions of these factors during vegetative cell-cell interactions 

have recently been significantly advanced.  

As mentioned before, the cell-cell fusion process in N. crassa can also be divided into the fundamental 

phases of competence, communication, interaction, contact, cell wall remodeling, and subsequent plasma 

membrane fusion and fusion pore formation (Fig 1.4). In the following paragraphs, the molecular basis of 

each step will be described.  

1.1.3.1 Fusion Competence 

The influence of environmental factors and growth conditions on fusion competence was reported a long 

time ago (Köhler 1930; Glass and Fleissner 2006). Nutrient limitation, pH, and the extracellular signal 

molecules that may influence fusion competence (Palma-Guerrero et al. 2009; Fischer-Harman et al. 2012; 

Read et al. 2012). However, cellular factors that directly regulate competence are mostly unknown. It 

appears, however, that there is an overlap between the molecular machinery controlling competence and 

factors involved in subsequent tropic interactions of the fusion partners. One potential candidate is the 

protein SIP-1, which plays a role in processes that occur before the interaction between the partner cells 

(Schumann 2018). The protein is involved in conidial germination as well as directed growth of the 

interacting germlings and is thus likely related to the initiation of the fusion program.  

Moreover, HAM-11 was identified as a possible candidate of competence. Unlike many other mutants 

lacking a fusion-associated protein, mutants of the ham-11 gene are surprisingly able to interact and fuse 

with wild-type cells. Therefore, it is assumed that HAM-11 possesses a fully functional signaling and fusion 

machinery but fails to initiate these cellular programs (Fischer et al. 2019; Leeder et al. 2013). 
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1.1.3.2 Communication and interaction  

The recognition of a suitable partner is the subsequent step after competence has been gained. In the 

interacting hyphae and germlings of N. crassa, physical distance is overcome by directed polarized tip 

growth of the hyphae or germ tubes in a process that can be called “bidirectional signaling” (Fleißner and 

Serrano 2016; Fleißner et al. 2005; Roca et al. 2005; Buller 1933). Still, the molecular basis of the 

vegetative cell-cell interaction is still not completely understood (Fischer and Glass 2019). Unlike sexual 

communication and interaction, which is controlled by chemotropism via mating type-specific pheromones 

and receptors, neither a signal molecule nor a receptor for chemotropic growth during vegetative fusion 

could be identified in N. crassa so far (Kim and Borkovich 2004; Kurjan 1993; Fischer and Glass 2019). 

Different genetics and cell biology tools was employed to investigate this question. In addition to the 

molecular tools to create gene deletion mutants, live-cell imaging during cell-cell communication has 

helped to determine the main proteins found to function at the membrane tips of the interacting cells. 

Still, the receptor/signal are not the only missing parts of the story. The interacting cells are genetically 

and/or physiologically identical; the exciting question was how these identical cells coordinate 

communication before fusion can be initiated. However, if both partners express the same active molecular 

protein set, self-stimulation must be avoided (Goryachev et al. 2012). In the late 2000s, an intriguing 

Fig 1.4 The phases of germling fusion. 

Cell-cell fusion in N.crassa go through four phases:  

1) Cells obtain fusion competence and recognize fusion partners. 

2) The two partner cells communicate and redirect the growing tips towards each other. 

3) As soon as physical contact has been established, direct growth arrests and the cell wall is remodeled. 

4) A fusion pore in the plasma membrane is formed and the cytoplasm of both cell mixes. 
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solution to this conundrum was presented, proposing a mechanism by which vegetative, genetically 

identical cells use the proteins SO and MAK-2 to coordinate their behavior. Earlier, it had already been 

approved that these factors play a role in cell-cell fusion since deletion mutants of so or mak-2 result in the 

complete loss of cell-cell communication and fusion (Fleißner et al. 2005; Fleissner et al. 2009; Pandey et 

al. 2004; Wilson and Dempsey 1999). 

I. The protein SO and its interaction partner, SIP, play an essential role in cell-cell interaction.  

The SO protein is only conserved in the filamentous ascomycete fungi. It is absent in baker’s yeast and 

fission yeast, underlining its unique role in vegetative cell-cell fusion in this group of organisms (Fleißner 

and Glass 2007). This cytoplasmic protein has a length of 1304 amino acids (approx. 141 kDa) and contains 

a WW domain comprising two tryptophan residues that recognize proline-rich motifs that mediate protein-

protein interactions (Fleißner et al. 2005; Ilsley et al. 2002). The null mutant of the so locus shows a 

pleiotropic phenotype, including the lack of aerial hyphae, which leads to the formation of flat colonies that 

nevertheless still produce abundant numbers of macroconidia (Fleißner et al. 2005; Perkins et al. 1969). 

The hyphae within the so mutant colony do not fuse with each other, leading to a stunted network and an 

abnormal morphology at the hyphal front. Germinating conidia lacking SO can no longer interact with any 

fusion partners, even if the other cell is a wild type. Therefore, so mutant germlings fail to communicate 

with other cells (Fleißner et al. 2005). In addition to its defect in vegetative fusion, the so mutant shows 

partial disruption of sexual development. Although the formation of protoperithecia and the uptake of 

foreign fertilizing nuclei via trichogynes still occur, the lack of SO results in a block of sexual reproduction 

in the female crossing partner, which indicates that this protein also has a function in this part of the life 

cycle of N. crassa (Fleißner et al. 2005). 

Even though the precise molecular function of the SO protein in N. crassa has not yet been deciphered, 

research on homologous proteins in related organisms has revealed novel insights. In the closely related 

fungal species Sordaria macrospora, the SO homolog Pro40 functions as a scaffolding protein for the 

mitogen-activated protein (MAP) kinases MIK-1 and MEK-1 of the cell wall integrity (CWI) pathway, 

which are the kinases upstream of the MAP kinase (MAPK) MAK-1 (Teichert et al. 2014). Through yeast-

two-hybrid (Y2H) analyses, the same interactions have been shown in N. crassa between SO and MEK-1 

and MIK-1, respectively (Weichert et al. 2016). Scaffolding proteins often play an essential role in 

regulating MAP kinase pathways, which usually depend on the modification, transport, and interaction 

between spatially and temporally limited components (Buday and Tompa 2010; Pan et al. 2012). The 

already mentioned factor SIP-1 is a novel protein in N. crassa identified as an interaction partner of SO. 
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The null mutant of the gene encoding this protein results in a ∆so-like phenotype, including loss of the 

ability to interact with other cells (Schumann 2018).  

II. The MAP kinases MAK-2 and MAK-1 are essential components of cell-cell interaction. 

As a cell encounters external stimuli, it needs a system of signal detection (for example, in form of 

receptors) and elements of signal processing to trigger a particular cellular response. MAP kinase cascades 

are essential components of such key signaling pathways in eukaryotic cells (Krishna and Narang 2008; 

Zhao et al. 2007; Cristina et al. 2010). In brief, a signal is perceived by a receptor, which directly or 

indirectly passes this stimulus to the top MAP kinase kinase kinase (MAPKKK) of the signaling cascade, 

which then activates the MAP kinase kinase (MAPKK) through phosphorylation, which finally activates 

the last of the three kinases, the MAP kinase (MAPK), which in turn can activate various target proteins, 

such as transcription factors or effector proteins. This signaling chain is particularly effective when the 

proteins involved are concentrated in a spatiotemporal manner. This molecular organization of signaling 

proteins creates enables regulated signal transduction that depends on the subcellular localization of the 

elements of the protein kinase cascade and ensures specific responses to extracellular cues (Chen et al. 

2010; Lamson et al. 2006).  

Two different MAP kinase signaling cascades have conserved functions during germling and hyphal fusion 

in N. crassa and other filamentous ascomycete species: 

1. Cell wall integrity (CWI) pathway 

The conserved core component of the CWI pathway for signal transduction in N. crassa is the MAP kinase 

MAK-1 and its two upstream protein kinases, the MAPKK MEK-1and the MAPKKK MIK-1. Essentially, 

the critical function of this pathway is to regulate the cellular response to structural changes in cell wall 

composition, which can be caused by mechanical or biochemical stress and damage to the cell wall. The 

CWI signaling pathway also contributes to polarized growth, conidiation, and fruiting body formation, in 

addition to its protective function. The deletion of any of the genes mak-1, mek-1, or mik-1 also results in 

shortened aerial hyphae, a severe reduction in the production of vegetative spores, and the formation of 

protoperithecia. The further up in the signal chain one manipulates, the stronger the morphological effect. 

Furthermore, this MAP kinase signaling pathway plays an essential role in vegetative cell-cell 

communication and fusion in germlings or hyphae (Lichius et al. 2012; Maerz et al. 2008; Park et al. 2008). 

Any disruption of the pathway abolishes interaction and fusion. (Maerz et al. 2008; Park et al. 2008).  
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2. The MAK-2 signal response pathway 

The core components of the MAK-2 signal transduction pathway are the MAP kinase MAK-2, the MAPKK 

MEK-2, and the MAPKKK NRC-1, as well as the scaffolding protein of this MAP kinase cascade, HAM-

5. These protein kinases show homology to the well-characterized pheromone response pathway in S. 

cerevisiae, which is composed of Fus3p, Ste7p, and Ste11p, which are scaffolded by Ste5p (Pandey et al. 

2004; Maerz et al. 2008). As expected, deletion mutants of any of these kinase genes in N. crassa show a 

complete block in vegetative cell-cell communication and fusion, as well as asexual and sexual 

development and reproduction. Mycelia of these N. crassa mutants show flat colony growth without aerial 

hyphae and a substantial reduction in conidiation (Roca et al. 2005; Roca et al. 2005; Pandey et al. 2004; 

Maerz et al. 2008). 

III. Cytoskeleton and secretion 

Actin is a highly conserved protein found in all eukaryotes. Also, it has an essential role in fungi, mediating 

cell polarity, septation, exocytosis, endocytosis, organelle movement, and tropic cell-cell interactions (Roca 

et al. 2010; Berepiki et al. 2010; Moseley and Goode 2006; Huckaba et al. 2004). In N. crassa, actin cables 

and patches were observed at sites of actively growing germ tubes and promote the establishment and 

maintenance of cell polarity in CATs. Actin cables and actin patches are reinforced at the CAT tips during 

the directed growth of the interacting germlings (Roca et al. 2010). After physical cell-cell contact has been 

established, the actin cables slowly disappear, while the patches remain present throughout the entire fusion 

process (Berepiki et al. 2010; Roca et al. 2010). Treatment of germlings with a sublethal dose of the actin-

depolymerizing agent latrunculin A causes the interruption of cell-cell interactions and the complete 

inhibition of directed growth (Roca et al. 2010).  

The “cell dialog” or “ping pong model” of cell-cell communication: 

The astonishing observation of the subcellular dynamics of the signaling proteins SO and MAK-2 provides 

an intriguing explanation of how genetically identical cells can communicate with each other in a 

coordinated manner without confusing themselves through self-stimulation (Fleissner et al. 2009; 

Goryachev et al. 2012). During directed growth of interacting germlings and hyphae of N. crassa, MAK-

2, usually found in the cytoplasm and nuclei, is recruited to the plasma membrane of the cell tips of the 

interacting partners in an alternating manner (Fleissner et al. 2009; Serrano et al. 2018). In this way, this 

MAP kinase never simultaneously localizes at both cell tips but is recruited to the plasma membrane of 

only one of the two partner cells at any given time point. After three to five minutes, this relationship is 

fully reversed so that MAK-2 is now only present at the tip of the opposing cell (Fleissner et al. 2009). 
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Since phosphorylation of this MAP kinase is significantly increased during directed growth, it has been 

assumed that membrane recruitment activates the protein by spatially separating it from inactivating factors 

(Serrano et al. 2018). 

Similarly, NRC-1, MEK-2, and HAM-5 are also recruited in an oscillating manner to the cell tips of the 

interaction partners, where they all co-localize with MAK-2 (Jonkers et al. 2014; Dettmann et al. 2012, 

2014). However, it is unknown how this entire MAP kinase module is associated with the plasma 

membrane. Remarkably, the subcellular localization of SO revealed a recruitment pattern reminiscent of 

that of MAK-2. In interacting germlings pairs, this protein is also recruited to the cell tips in an alternating 

manner at intervals of a few minutes so that SO is never present at both cell tips at the same time. Despite 

the similarity in the recruitment patterns of MAK-2 and SO, both proteins do not co-localize at the 

interacting cell tips. Strikingly, both proteins are recruited in exact anti-phase to each other. Whenever 

MAK-2 is recruited to the plasma membrane in one germling, SO is present at the tip of the opposing 

partner cell (Fleissner et al. 2009). This highly coordinated localization pattern supports the assumption 

that N. crassa germling pairs alternate between two physiological states related to transmitting (SO 

recruitment) and receiving (MAK-2 recruitment) a signaling molecule. Such a molecular mechanism would 

allow two identical interaction partners to coordinate their behavior during cell-cell communication and 

prevent them from stimulating and confusing themselves in this process. Mathematical modeling supports 

the assumption that a single, as-yet-unidentified, ligand-receptor pair would be sufficient for this dynamic 

type of cell-cell interaction, which has been coined “cell dialog” or “ping pong model” (Goryachev et al. 

2012). After establishing physical contact, MAK-2 and SO temporarily co-localize at the fusion point (Fig 

1.5). While SO quickly disappears from the contact area, the MAP kinase is subsequently also involved in 

the formation and/or maintenance of the fusion pore (Fleissner et al. 2009). 

Although the dynamic release of SO from the cell periphery during the pre-contact phase requires the 

activity of MAK-2 (Fleissner et al. 2009), the protein itself is not a direct target of this MAP kinase (Leeder  

et al. 2013). However, correct phosphorylation of MAK-2 impacts the successful release of SO from the 

plasma membrane, illustrating the complexity of the underlying molecular mechanisms (Serrano et al. 

2018; Herzog et al. 2015; Fleissner et al. 2009). Moreover, the “cell dialogue” between vegetative cells is 

not limited to germlings but is also present during hyphal fusion (Serrano et al. 2018).  

Surprisingly, the MAP mentioned above kinase MAK-1 and its upstream components are not recruited to 

the interacting cell tips in an oscillating manner, although SO is the scaffolding protein of the CWI cascade 

(Weichert et al. 2016; Lichius et al. 2011; Teichert et al. 2014). This could indicate that SO performs 
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functions independent of MAK-1, highlighting the flexible functionality of the molecular factors involved 

in cell-cell fusion. 

1.1.3.3 Physical contact, cell wall remodeling, and fusion pore formation 

Once physical contact between the opposing CATs or hyphal branches has been established, cellular 

programming has to switch from growth to cell-cell adhesion and fusion. Stabilization of the site of physical 

contact is followed by the initiation of cell wall remodeling and subsequent plasma membrane fusion. This 

switch from directed growth to growth arrest can be readily observed by light microscopy, indicated by a 

slight swelling of the apical regions of the CATs or fusion hyphae at the contact surfaces (Herzog 2019). It 

has been hypothesized that adhesion molecules facilitate the formation and stabilization of this cell-cell 

contact zone. During mating in S. cerevisiae, the agglutinins Aga1, Aga2, and Sag1 ensure tight contact 

between the two fusion partners (Suzuki 2003). In contrast to yeast, however, neither the phase of cell-cell 

adhesion nor the process of partial degradation of the opposing cell walls after physical contact has so far 

been described in N. crassa germlings (Fleißner and Serrano 2016).  

Interestingly, the proteins SO, SIP-1, MAK-2, and MAK-1 also accumulate at the site of cell-cell contact 

until the fusion pore has been formed. The precise molecular function of these factors in this late process 

remains, however, to be elucidated (Fleissner et al. 2009; Schumann 2018). Current evidence suggests that 

the MAP kinase activity is essential for successful growth arrest and membrane fusion (Serrano et al. 2018; 

Lichius 2010; Weichert et al. 2016). Thus, MAK-2 has a significant role in switching of the cellular program 

between communication and fusion (Serrano et al. 2018). Also, inhibition of  MAK-2 activity prior physical 

contact is establish result in disruption of cell-cell fusion (Serrano et al. 2020; Fleissner et al. 2009).       

The role of MAK-1 pathway has been investigated in more detail at this stage (see below) (Weichert et al. 

2016; Herzog 2019; Serrano et al. 2020). 

I. The CWI pathway: 

Despite its crucial role in cell-cell interaction, no specific subcellular localization of the CWI MAP kinase 

MAK-1 has yet been revealed during communication and directed growth of the interacting germlings. In 

contrast, when the cells reach physical contact, MAK-1 is recruited to the site of cell-cell contact and around 

the forming fusion pore, where it remains present until germling fusion has been completed (Weichert et 

al. 2016; Lichius, Lord, et al. 2012). Targeted inhibition of MAK-1 activity using a chemical genetics 

approach demonstrated that the function of this MAP kinase is not only crucial for growth arrest after cell-

cell contact but also for fusion pore formation between the partner cells (Serrano 2019; Weichert et al. 

2016). Moreover, MAK-1 is also permanently associated with nuclei and controls the transcription of 
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various genes (Bennett et al. 2013). However, direct target proteins of this MAP kinase are currently 

unknown. 

II. The chitin synthesis regulator CSR-3 

The chitin synthase regulator CSR-3 has recently been identified as another molecular factor during cell-

cell fusion. This protein accumulates at the contact site of interacting germlings, where it co-localizes with 

SO and MAK-1in an expanding, ring-like pattern until the fusion process is complete. Analysis of a csr-3 

deletion mutant indicated that this chitin synthase regulator might support the stability and integrity of the 

cell wall during cell-cell fusion. In the absence of CSR-3, the fusing germlings encounter a significantly 

increased risk of cell lysis (Herzog 2019). 

 

Fig 1.5 Anti-phase membrane recruitment of MAK-2-GFP and dsRED-SO during cell-cell fusion in N. 

crassa.  

(A) Germinating macroconidia of a heterokaryotic strain of N. crassa, which expresses fluorescent constructs of both the MAP 

kinase MAK-2 (labeled with GFP) and the protein SO (fused with dsRED), interact with each other. A: Before cell-cell contact, 

MAK-2-GFP and dsRED-SO are dynamically recruited to the cell tips of the interaction partners within a few minutes. Both 

proteins do not co-localize at a cell tip. B: After the germlings have touched, MAK-2-GFP and dsRED-SO temporarily co-

localize at the fusion point. The MAP kinase is subsequently involved in the formation or maintenance of the fusion pore before 

it is released from the fusion site. Still images obtained from a movie published in (Serrano, et al., 2017).  

(B) During hyphal fusion, the anti-phase recruitment of MAK-2-GFP and dsRed-SO is conserved. This figure has been 

adapted from (Serrano, et al., 2018). 
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III. Proteins mediating membrane merger  

Once cell-cell contact has been established, and cell wall remodeling has been completed, the plasma 

membranes of both fusion partners are opposed in a way that allows the formation of a stable fusion pore.  

During vegetative cell-cell fusion, activated MAK-2 stimulates the expression of the Prm1 gene, which 

codes for a transmembrane protein homologous to Prm1p in S. cerevisiae. In yeast, this protein is involved 

in plasma membrane fusion between mating partners but is not essential for this process. (Heiman and 

Walter 2000; Leeder et al. 2013). Cell-cell fusion is absent in about 40% of yeast mating pairs carrying the 

prm1 deletion (Heiman and Walter 2000). Although cell pairs of the Prm1 mutant are still capable of cell 

wall degradation after contact, the opposing plasma membranes often appear abnormally stretched and 

protrude into one another, resulting in membrane invagination between the germlings. Germlings of the N. 

crassa Prm1 deletion mutant show a very similar fusion defect during plasma membrane merger (Fleißner 

et al. 2009). A comparable proportion of incomplete cell-cell fusion was also found during germling fusion 

in N. crassa. In both fungal species, this late fusion defect is also accompanied by the increased probability 

of deleterious cell lysis (Fleißner et al.2009; Palma-Guerrero et al. 2014; Aguilar et al. 2007; Jin et al. 

2004).  

In addition to PRM1, other factors involved in plasma membrane fusion and/or membrane integrity during 

fusion pore formation have been identified. Although the loss of the proteins LFD-1, LFD-2, and FIG-1, 

causes similar defects in germling fusion, these factors act independently from PRM1 (Palma-Guerrero et 

al. 2015; Aguilar et al. 2007). Unlike PRM1, LFD-1 is specific for filamentous ascomycetes and contains 

a single transmembrane domain that localizes to the plasma membrane. Mutants lacking Prm1 or lfd-1 are 

more sensitive to calcium stress than wild-type germlings, as judged from increased cell lysis during fusion 

on low-calcium medium (Javier Palma-Guerrero et al. 2014).  

In conclusion, cell-cell fusion is a complex molecular process with mechanistically distinct phases 

controlled by unique and interdependent factors and signaling pathways. The nature of this highly regulated 

and dynamic biological phenomenon illustrates that the costs of cell-cell fusion outweigh its potential risks. 

Especially in the late phase of fusion, which in fungi involves both the well-controlled remodeling of the 

cell wall and the merger of the opposing plasma membranes, thus, the interacting cells need to cooperate 

neatly with each other to successfully fuse. Further research is required to unravel the precisely regulated 

molecular mechanisms of cellular restructuring that govern cell-cell communication and fusion in 

filamentous fungi and yeasts (Martin 2019; Fischer and Glass 2019). 
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1.2 Vesicles mediate cell-cell fusion in different model organisms. 

In N. crassa, a mathematical model of cell-cell communication and fusion assumes that vesicles are the 

transporters of the interaction signal through the cell to the plasma membrane of the CATs tip (Goryachev 

et al. 2012). However, only one study described so far that vesicles accumulate on both sides of the cell 

fsuion contact zone. This observation was interpreted as the presence of the Spitzenkörper at the fusion site 

(Hickey et al. 2002). The identity and function of these vesicles remained, however, unknown. 

Interestingly, vesicles have also been reported in different model organisms to play a role during cell-cell 

fusion between various cell types, including somatic cells as well as gametes.  

In mating pairs of S. cerevisiae, vesicles were observed to align and cluster across the zone of cell fusion 

and were termed as prezygote vesicles (Gammie et al. 1998; Elia and Marsh 1998; Merlini et al. 2013). It 

was thought that these vesicles deliver hydrolytic enzymes for cell wall remodeling and might contain 

membrane proteins required for fusion (Gammie et al. 1998; Chen et al. 2007; Merlini et al. 2013). 

Although the molecular function of those vesicles is not known yet, some molecular factors were reported 

to impact the synthesis and the localization of these structures. Mutants in the gene fus2 or rvs161 

accumulate small vesicles on both sides of the intercellular junction. Also, Fus1 was found to be responsible 

for the normal localization of the vesicles to the fusion zone, while the polarity factor Spa2 facilitates their 

clustering (Gammie et al. 1998; Chen et al. 2007). A different study in yeast found that Fus1 regulates the 

opening and expansion of the fusion pore during mating (Nolan et al. 2006). Moreover, Fus1 itself is 

transported to the shmoo tips of the mating partners through chitin synthase 5 (Chs5), a protein required for 

the secretion of specialized chitin synthase 3 Chs3p-containing vesicles during bud development (Nelson 

et al. 2004). Similarly, chitin synthase regulator CSR-3 was reported to accumulate at the contact zone 

during cell-cell fusion in N. crassa. However, none of the chitin synthase vesicles have been reported at 

contact zone during germlings interaction (Herzog 2019).  

Nevertheless, the molecular function of the fusion-related vesicles is not known yet. Still, evidence exists 

that these vesicles are required for shmoo formation and fusion by delivering enzymes for cell wall 

remodeling (Merlini et al. 2013; Gammie et al. 1998).   

In A. thaliana, a protein called Egg cell1 (EC1) accumulates in the egg cell storage vesicles. Once sperm 

arrives, EC1-containing vesicles are exocytosed. The sperm cell responses by redistributing the potential 

gamete fusogen HAP2/GCS1 (HAPLESS 2/GENERATIVE CELL SPECIFIC 1) to the cell surface. Studies 

have shown that down-regulation of ec1 causes only a reduction of the seed set, while the gene knockdown 

increases the number of embryo sacs with two unfused sperm cells (Sprunck et al. 2012). The fusogen 

HAP2/GCS1 is a gamete specific-protein conserved in the higher plants, a unicellular green alga, and a 

https://en.wikipedia.org/wiki/Gametes
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unicellular malaria pathogen (Snell 2010; Liu et al. 2008, 2015). These vesicles are thought to play an 

envoy role to deliver the EC1 protein which is significant to prevent multiple-sperm cell delivery (Sprunck 

et al. 2012; Snell 2010).   

In C. elegans, TEM preparations from embryos during cell-cell fusion events of embryonic dorsal epithelial 

cells showed vesiculation of membranes at the fusing zone (Podbilewicz 2006). The observed vesicles were 

interpreted as a part of cellular fusion machinery that initiates membrane merger by forming a single unique 

pore at the apex of the fusing cells. This pore expands through radial internalization of the cell membranes 

(Mohler et al. 1998). The gene eff-1 in C. elegans encodes a developmental fusogen expressed in the fusion 

competent cells prior to fusion (Shemer and Podbilewicz 2003; Cassata et al. 2005; Mohler et al. 2002). 

This fusogen has become the patriarch of a novel gene family encoding membrane and secreted proteins 

conserved within nematodes but has no homologous genes in species outside these worms (Shemer and 

Podbilewicz 2003).  

In D. melanogaster, vesicles are frequently observed by electron-dense margins in proximity to the 

cytoplasmic face of each of the juxtaposed plasma membranes in fusing myoblasts (Doberstein et al. 1997). 
Those vesicles were termed fusion plaques, occuring on either side of the opposing plasma membranes 

(Abmayr et al. 2003). Some mutants were reported to impact the synthesis and the localization of these 

vesicles. In blow mutant embryos, where the fusion-competent myoblasts are tightly associated with 

myoblasts founder cells but do not fuse, the myoblasts accumulate many vesicles at the contact zone, but 

they appear to lack the typical fusion plaques. Another fusion defect was observed in rost mutant embryos, 

where the myoblasts accumulate many fusion plaques but do not proceed to plasma membrane merger 

(Doberstein et al. 1997; Abmayr et al. 2003; Paululat et al. 1999). These vesicles might have a specific 

mechanistic role in the fusion process in addition of the simple delivery of components to the apposed 

plasma membranes (Doberstein et al. 1997). 

In summary, the presence of vesicles at cell-cell fusion sites is commonly observed in different model 

systems. The identity, role and function of these structures remain, however, mostly cryptic.  
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1.3 The multifunctional protein BRO1 is highly conserved in the eukaryote.  

BRO-1 (BCK1-like Resistance to Osmotic shock) was first identified in S. cerevisiae as a protein with 

redundant functions to MAPKKK Bck1, the homologs of MIK-1 in N.crassa (Nickas and Yaffe 1996). 

BRO1 homologs are highly conserved throughout eukaryotic organisms, showing significant similarity to 

the putative protein ALX-1 (=YNK-1) in C. elegans, the plant protein At-Alix in Arabidopsis thaliana, and 

the mammalian protein Alix (Fig 1.6) (Nickas and Yaffe 1996; Missotten et al. 1999; Cardona-lópez et al. 

2014; Shi et al. 2007). At their N-terminal regions, all of these homologs have the presence of a conserved 

160-amino acid motif in common, which has been annotated as the “Bro1 domain” in the Pfam database 

(Bateman et al. 2004). However, there is an insufficient understanding of the specific function of this highly 

conserved domain in Alix and Bro1p (Kim et al. 2011). Another conserved domain of BRO1 homologs is 

called the ALIX V-shaped domain, consisting of two triple-helical bundles that mediate protein 

dimerization (Pires et al. 2009; Fisher et al. 2007). 

 

 

 

Fig 1.6 Scheme of BRO1 homologues in different model organisms. 

Bro1 domain at the N-terminal is the most conserved domain of BRO1 protein in the eukaryotic.  

The Bro1p of S. cerevisiae has, additionally to the Bro1 domain, coiled coil domain and the proline-rich domain (PRD) at the C-

terminal. 

The At-Alix in Arabidopsis thaliana has the same structure of Bro1p but has two coiled coil domains forming together V-shape 

domain. 

Alix in homo sapiens has similar structure of At-Alix.  
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1.3.1 BRO1 is a potential fusion factor.  

The vacuolar protein-sorting protein bro1 (NCU08001) in N.crassa was in the scope of our interest for its 

predicted interaction with ALG-2. The homolog of ALG-2 in N.crassa PEF-1 was identified as a membrane 

repair factor (Schumann et al. 2019). However, the microscopical study did not suggest any role of BRO1 

in membrane repair. But in a preliminary experiment on the heterokaryotic knockout strain ∆bro1, the 

germlings showed a fusion defective phenotype. Thus, bro1 (NCU08001) was identified as a potential 

candidate contributing to cell-cell fusion (Schumann 2018).  

The protein encoded by the bro1 (NCU08001) gene is the homolog of the yeast Bro1p and the mammalian 

ALIX. These homologous protein (Bro1p and Alix) have broad roles in various cellular functions, including 

a primary role in regulating the biogenesis of exosomes and extracellular vesicle secretion (Vlassov et al. 

2012; Akers et al. 2013; Raposo and Stoorvogel 2013a). 

1.3.2 The yeast Bro1p and mammalian Alix are an ESCRT accessory protein and have multiple 

interaction partners. 

Alix/Brop1 has multiprotein-binding sites, which provide information about the putative functions and the 

processes it might be involved. Although most of these activities have been linked with the capacity of 

Alix/Bro1p to bind to and recruit proteins of the ESCRT complexes, that are involved in membrane bending 

and fission (Mercier et al. 2016), it is also engaged in a several other significant cellular processes, which 

include: (1) vesicle fission and back fusion of MVB via regulation of the conical lipid LBPA; (van der Goot 

FG, 2006); (2) endocytosis via interaction with the membrane curvature-sensing endophilins (Chatellard-

Causse et al. 2002) (Gallop JL, 2005); (3) cell surface receptor downregulation via direct interaction with 

cell surface receptors (Géminard et al. 2004); (4) spatial distribution of endosomes via regulation of cortical 

actin (Cabezas et al. 2005); (5) cell motility/adhesion via interactions with FAK (focal adhesion kinase), 

PYK2 (proline-rich tyrosine kinase 2) (Schmidt et al. 2003); (6) apoptosis via interactions with the calcium-

binding EF-hand protein ALG-2; reviewed in (Sadoul 2006);  and (7) regulation of the JNK signaling 

pathway via interaction with ALG-2 and the ubiquitin E3 ligase POSH (plenty of SH3 domains) (Tsuda et 

al. 2006). 

In S. cerevisiae, the bro1 gene is not essential. The bro1 mutant shows a temperature-sensitive growth 

defect and displays decreased competitive fitness on fermentative and respiratory growth media. The buds 

of ∆bro1 cells in post-logarithmic phase cultures are longer than the longest diameter of the mother cell 

(Nickas and Yaffe 1996). Further microscopic analysis of the deletion mutant of bro1 revealed a class E 

vacuolar phenotype, which is an exaggerated pre-vacuolar compartment in which several vacuolar, 

endocytic, and late Golgi markers accumulate (Odorizzi et al. 2003; Raymond et al. 1992; Coonrod and 
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Stevens 2010). Thus, Bro1p represents a vacuolar protein sorting factor (VPS31) that is associated with 

endosomal compartments and functions in the multivesicular body (MVB) pathway (Odorizzi et al. 2003). 

Bro1p is a cytoplasmic protein and co-localizes with FM4-64 in punctate structures associated with 

endosomal compartments (Odorizzi et al. 2003; J. Kim et al. 2005; Odorizzi 2006). 

The mammalian protein Alix, which was discovered independently from its yeast homolog Bro1p, is a 95 

kDa cytoplasmic protein with multiple interaction partners (Fig 1.7). Alix was found in the cytoplasm and 

the membrane-containing fraction (Vito et al. 1999). Alix functions as a Ca2+-dependent interaction partner 

of ALG-2 in mouse cells (Missotten et al. 1999; J. Kim et al. 2005). The C-terminus of Alix comprises a 

long proline-rich domain (PRD) that contains several Src homology domains 3 (SH3)-binding motives and 

WW binding domains (Missotten et al. 1999). This domain serves as an interaction platform for several 

other proteins, including ALG-2 (Sadoul 2006), the ESCRT-I subunit Tsg101 (Strack et al. 2003), and 

endophilin-A (Chatellard-Causse et al. 2002). The conserved N-terminal “Bro1” domain binds 

lysophosphatidic acid (LBPA), an endosome-resident lipid (Matsuo et al. 2004; Bissig et al. 2008), as well 

as the charged multivesicular body protein 4B (CHMP4B) component of ESCRT-III (McCullough et al. 

2008). The V-shaped middle domain comprises two-three helical bundles that expose the retroviral (Zhai 

et al. 2008; Lee et al. 2007; Fisher et al. 2007).  

A remarkable new cellular role has been ascribed to Alix, revealing this protein as a critical factor in 

regulating the biogenesis of exosomes (Vlassov et al. 2012; Raposo and Stoorvogel 2013b; Akers et al. 

2013). Exosomes are small vesicles of approximately 50-100 nm in diameter that are secreted by cells and 

during cell-cell communication (Baietti et al. 2012). Exosome formation starts in endosomes by exocytosis 

of MVBs. The fusion of these late endosomes with the plasma membrane results in the release of the 

intraluminal vesicles (ILVs) as exosomes (Théry et al. 2002; Bobrie et al. 2011). Alix contributes to the 

biogenesis of exosomes through interaction with Syntenin, a ubiquitous transmembrane protein, via its 

LYPX(n)L motifs (Baietti et al. 2012).  

 

https://www.yeastgenome.org/go/5768
https://www.yeastgenome.org/go/43162
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Fig 1.7 Scheme of Alix domains and it is interaction partners. 

Throughout its different domains and motifs, Alix can interact with different proteins including ESCRT complex, ALG-2 

and retrovirus. It also forms dimers by the V-shape domain.  
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1.4 Aims of this study 

A fundamental concept of eukaryotic organisms is that individual cells interact and fuse, creating 

cooperative units that are essential for growth, development, and reproduction. To study the molecular basis 

regulating cell-cell communication and fusion, the filamentous ascomycete Neurospora crassa provides a 

suitable model system. Germinating vegetative spores of this fungus grow directionally towards each other 

and fuse to form syncytia, which are the cornerstone for mycelia formation. The alternating recruitment of 

the MAP kinase MAK-2 and the signaling protein SO to apical plasma membranes during germlings 

interactions suggests that these genetically identical cells coordinate their behavior in form of a cell 

dialogue, thereby taking turns between signal sending and receiving. Such switching is coordinated with 

the ability of the cell to produce and deliver a signal to the membrane during the cell-cell dialogue. Once 

cell-cell contact is established, the interacting cells must control fusion-pore formation by delivering the 

fusion machinery to the contact zone. 

The molecular processes of the signal delivering, as well as the late phase of cell-cell fusion, in which the 

cell membranes of the two partner cells merge in order to initiate fusion pore formation, are poorly 

understood. Therefore, in this work, we will investigate a factor that may represent possible machinery to 

deliver the signal and/or the fusion machinery to the cell membrane during cell-cell fusion. This is the 

vacuolar protein-sorting protein BRO1. The role of the BRO1 will be Investigated during the vegetative 

and sexual development of N. crassa. With the help of gene deletion mutants, live-cell imaging, and protein-

protein interaction studies, microscopical phenotypical studies of bro1 mutant, side-by-side with 

localization studies will be investigated to quantify the effect of this mutant and identify possible sites of 

the protein in hyphae of mature mycelium as well as in growing and interacting vegetative spores, the 

germlings. If specific recruitment could be identified, an attempt will perform to narrow down the role of 

BRO1 for the respective process by further fluorescence microscopic examinations and analyses of different 

mutant strains. Of particular interest were processed in which the protein SO, already known from the 

literature, occurs, as it is a possible interaction partner of BRO1. As part of a complex molecular network, 

SO is essential for the interaction and fusion of fungal cells, but so far, there is no proof of its molecular 

function (see 1.1.3.2). Since in filamentous fungi, it is a crucial protein for fusion and, in some cases, also 

influences the virulence of pathogens, this makes the characterization of potential interaction partners even 

more critical. As well, the relation of BRO1 with several identified fusion factors will be explored.  
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 2. Materials and Methods  

 

2.1 Materials 

2.1.1 Strains  

Tab 2.1 Strains used in this work. 

Strain Nr. Genotype Source/Reference 

Neurospora crassa 

N1-01 Wild-type, mat A FGSC 2489 

N1-02 Wild-type, mat A FGSC 988 

N1-03 his-3- (Allel 1-234-723); mat A FGSC 6103 

N1-05 ∆mus-52::bar, his-3- ; mat a FGSC 9720 

N1-06 ∆mus-52::bar; mat a FGSC 9719 

N1-12 so::hph; mat A FGSC 11293 

N1-22 his-3+::Pccg-1-so-gfp; mat A Flißner and Glass, 2007 

N1-30 his-3+::Pccg-1-dsRed-so; mat A UC Berkeley, USA 

N3-06 his-3+::Pccg-1-gfp, mat A Schürg et al., 2012 

N3-07 his-3+::Pccg-1-mcherry, mat A Schürg et al., 2012 

N5-15 his-3+::Pccg-1-beta-tub-gfp; mat A Tobias Kruse 

GN7-11 his-3+::h1-gfp, mat A D.J Jacobson 

GN7-13 mus-51::bar+; his-3+::Pccg-1-Lifeact-gfp; mat A Berepiki et al., 2010 

GN7-65 duf124::hph; mata FGSC 19133 

GN7-69 so::hph; mat a FGSC 11292 

GN9-24 his-3+::Pccg-1-dsRed-mak-1 (WT-Allel), mat A Martin Weichert, 2017 

GN9-69 bro1::hph, mat a FGSC 19020 

AS 927 Pccg1::crib^cla-4-gfp::bar+; Mat A  Lichius et al.,2014 

SH30 his-3+::Pccg-1-chs-1-gfp; mat A Stephanie Herzog, 2019 

SH67 his-3+::Pccg-1-chs-6-gfp; mat A Stephanie Herzog, 2019 

SH68 his-3+::Pccg-1-chs-3-gfp; mat A Stephanie Herzog, 2019 

MW126 erg-10a::hph, erg-10b::hph, his-3-, mat A Weichert et al., 2016 

MW247 ∆Prm1, his-3+::Prm1-gfp, mat a Weichert et al., 2016 

H4 bro1::hph;Ptcu-1-bro1-gfp, mat a This study 

H7 his-3+::Pccg-1-bro1-mCherry; mat A This study 

H12 mak-1::mak-1-AS,hph. his-3+::Pccg-1-bro1-gfp; mat A This study 
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H17 bro1::hph;Ptcu-1-bro1-gfp; mat a This study 

H18 bro1::hph;Ptcu-1-bro1-gfp; mat a This study 

H19 bro1::hph;Ptcu-1-bro1-gfp; mat A This study 

H24 his-3+::Pccg-1-gfp-bro1; mat A This study 

H33 his-3+::Pccg-1-gfp-bro1; mat A This study 

H35 his-3+::Pccg-1- ds.Red.so + his-3+::Pccg-1-mak-2.gfp This study 

H44 bro1::hph;Ptcu-1-bro1-gfp; his-3+::Pccg-1-lifeact-gfp, mat A This study 

H46 bro1::hph;Ptcu-1-bro1-gfp; his-3+::Pccg-1-h1.gfp; mat A This study 

H48 bro1::hph;Ptcu-1-bro1-gfp; his-3+::Pccg-1-mak-1-cherry; mat A This study 

H51 his-3+::Pccg-1- so-cherry; so::hph; mat a This study 

H52 bro1::hph;Ptcu-1-bro1-gfp; his-3+::Pccg-1-gfp-bro1; mat A This study 

H55 bro1::hph;Ptcu-1-bro1-gfp; his-3+::Pccg-1/bro-1-gfp This study 

H65 bro1::hph.Ptcu-1.bro1.gfp; his-3+:: Pccg-1-beta-tub-gfp; mat A This study 

H71 bro1::pbro1-bro1-gfp-hph, mat a This study 

H75 sip::hph; his-3+:: Pccg-1-bro1-gfp; mat A This study 

H77 so::hph; his-3+:: Pccg-1-bro1-gfp; mat A This study 

H85 hi-s3+::Pccg-1-bro1-mcherry + his-3+::Pccg-1-chs-1-gfp; mat A This study 

H87 his-3+::Pccg-1-bro1-mcherry + his-3+::Pccg-1-chs-3-gfp; mat A This study 

H89 his-3+::Pccg-1-bro1-mcherry + his-3+::Pccg-1-chs-6-gfp; mat A This study 

H90 bro1::pbro-1-bro1-gfp-hph; mat A This study 

H92 mak-1::hph. his-3+::mak-1.gfp; mat A Alexander Lichius, 2014 

H94 his-3+::bni1-gfp; mat A D. Justa-Schuch , 2010 

H95 mak-2::Ptef-1-mak-2-q100ahph; his3+::bro1-gfp; mat A This study 

H100 his-3+::life-act-gfp;ds-Red-so; mat A This study 

H101 his-3+::life-act-gfp;ds-Red-bro1; mat A This study 

H103 his-3+::so-flag; mat A Stephanie Herzog, 2019 

H104 his-3+::so-ha; mat A Stephanie Herzog, 2019 

H105 his-3+::so-flag + his::bro-gfp; mat A This study 

H106 his-3+::so-ha + his-3+::bro-gfp; mat A This study 

H107 his-3+::Pccg-1-bni-1-gfp;sad::hph; mat A This study 

H125 his-3+::Pccg1-bro1-gfp; erg10a,b::hph; mat A This study 

H133 Pccg1::crib^cla-4-gfp::bar+; mat a This study 

H135 his-3+::Pccg1-bro1-gfp; Prm1::hph; mat A This study 

H138 his3+::ccg1-bni1-gfp; bro1::hph-Ptcu1-bro1-gfp; mat A This study 

H140 Pccg1::crib^cla-4-gfp::bar+; bro1::hph-Ptcu1-bro1-gfp; mat a This study 

H150 his-3+::Pccg1-bro1-gfp; erg1::hph; mat A This study 
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2.1.2 Plasmids  

Tab.2.2: Plasmids used in this work. 

Nr. Name / Description Original-

plasmid 

Source 

Neurospora crassa 

2 pMF272 /  

Pccg-1-sgfp, 5`-his-3, his-3 (Allele 1-234-723),bla 

- Freitag et al., 2004 

3 pMF334 /  

Pccg-1-dsRed, 5`-his-3, his-3 (Allele 1-234-723),bla 

- Freitag et al., 2004 

10 pMF cherry /  

Pccg-1-mcherry, 5`-his-3, his-3 (Allele 1-234-723),bla 

- Schürg et al., 2012 

H158 bro1::hph-Ptcu1-bro1-gfp; his::ccg-1-gfp; mat A This study 

H163 bro1::hph-Ptcu1-bro1-gfp; his::ccg-1-mCherry; mat A This study 

H166 bro1::hph-Ptcu1-bro1-gfp; his::ccg-1-so-gfp This study 

H169 bro1::hph-Ptcu1-bro1-gfp; his::ccg-1-mak-2-gfp This study 

H173 bro1::hph-Ptcu1-bro1-gfp; prm-1::hph This study 

H175 bro1::hph-Ptcu1-bro1-gfp; his::ccg-1-gfp-csr-3 This study 

H176 bro1::hph-Ptcu1-bro1-gfp; his::ccg-1-gfp-sip-1 This study 

H177 his::ccg1-bro1-gfp; erg11::hph This study 

Saccharomyces cerevisiae 

FY834 Matα, his3∆200, ura3-52, leu2∆1, lys2∆202, trp1∆63 Winston et al., 1995 

Y187 MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, 

met-, gal80Δ, URA3::GAL1UAS-GAL1TATA-lacZ, MEL1 

BD Clontech, Heidelberg 

 

114 csr3 in Plasmid 537 Ulrike Brandt 

115 mik-1 in Plasmid 565 Ulrike Brandt 

116 mek-1 in Plasmid 566 Ulrike Brandt 

117 mak-1 in Plasmid 567 Ulrike Brandt 

118 sip-1 in Plasmid 533 Ulrike Brandt 

120 so in Plasmid 175 Ulrike Brandt 

121 bro1 in Plasmid 944 This study 

Escherichia coli 

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac ,F`[proAB, 

laclqzΔM15,Tn10,(tet59)] 

Stratagene 
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18 pMF272 /  

Pccg-1-sgfp, 5`-his-3, his-3 (Allele 1-234-723),bla 

- Elizabeth Hutchison, UC 

Berkeley, USA 

517 Ptcu-1-GFP / Ptcu-1-sgfp pMF272 Sina Bruns 

561 BRO1-Cherry / Pccg-1-bro1-mcherry pMF cherry Ulrike Brandt 

691 BRO1-GFP / Pccg-1-bro1-gfp pMF272 Ulrike Brandt 

721 Ptcu-1 bro1 GFP / Ptcu-1-bro1-gfp 517 Ulrike Brandt 

748 5´hph Ptcu bro GFP 3´ / 5`-hph- Ptcu-1-bro1-gfp-3` pRS426 Ulrike Brandt 

829 GFP-BRO1 / Pccg-1-gfp-bro1 pMF334 Ulrike Brandt 

925 Dual plasmid GFP, SO / Pccg1-gfp; Pgpd so-dsred 503 Ulrike Brandt 

926 Dual plasmid lifeact, SO /  

Pccg1 lifeact-gfp; Pgpd so-dsred 

925 Ulrike Brandt 

926 Dual plasmid lifeact, BRO1/  

Pccg1 lifeact-gfp; Pgpd bro1-dsred 

926 Ulrike Brandt 

 Saccharomyces cerevisiae 

16 pGBKT / trp1 -  BD Clontech, Heidelberg 

17 pGADT / leu2 -  BD Clontech, Heidelberg 

 pRS426 / ura3, ampR , lacZ -  Christianson et al., 1992 

175 SO / so cDNA in pGADT -  Ulrike Brandt 

218 PEF-1 / pef1 cDNA in pGADT -  Ulrike Brandt 

537 CSR-3 / csr-3 cDNA in pGADT -  Ulrike Brandt 

565 Mik I cDNA / mik-1 cDNA in pGADT -  Ulrike Brandt 

566 Mek I cDNA / mek-1 cDNA in pGADT -  Ulrike Brandt 

567 Mak I cDNA / mak-1 cDNA in pGADT -  Ulrike Brandt 

944 BRO1 cDNA / bro1 cDNA in pGBKT -  This study 

 

2.1.3 Oligonucleotides (Primers) 

Tab.2.3: Oligonucleotides used in this work. 

Nr. Name Sequence 

19 pMF272FOR4859 TCCCACCTCCCCAATACCATTC 

20 PMF2 (Isao) GGACACGCTGAACTTGTGGC 

21 His-3 - F CTTGCAGTCTTGCACGTTG 

22 His-3 - R CTCTCGAGTCCCGTTATTGC 

42 PRM-1 - F ATTATTATCTAGAATGGTTTACAACGAAAAGAATGGAGG 

43 PRM-1 - R ATCATCATTAATTAATCCTCCTCCTCCTCCTCCAATAGGCGTAAAATACCC 

82 HPH - F GTCGGAGACAGAAGATGATATTGAAGGAGC 
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83 HPH - R GTTGGAGATTTCAGTAACGTTAAGTGGAT 

313 ERG-2-TEST-F ATGGATGGAATGGGGATGCTCGC 

317 HPH-TEST-R TCGTCCGAGGGCAAAGGAATAGAG  

337 T7 Primer TAATACGACTCACTATAGGGC 

338 ERG-1 - F CTC TTC CTC CGG TTC GTC TTG CC 

339 ERG-1 - R CAA GTT GCT AAT CAT CTC GCG GCC G 

344 ERG-10.A - F ACG ACC TGC TCT CTA TGA TTT CCC 

345 ERG-10.A - R CTC CTT GAC AAT CTT CTC CAT CTC G 

346 ERG-11 - F GAC AGG AGG AGG TGT ACA ACC G 

347 ERG-11 - R CCA GTC GAG GAG AAG AGA AGC C 

387 ERG-10.B - F GCTCCTATACTGGGTGTTTAGCG 

388 ERG-10.B - R CATGTGATGCAGTGTGTGGTGGG 

417 PRM-1-TEST-F TGAAGATGGTGAAGACGTCGG 

779 MAK-1 - R CATCTCGCCGACATCATCGACAACC 

783 MAK-1-oriloci-F CCACCTCGTTTAAGCAGCAAGC 

891 Ptcu-1-NotI-F AATGTAGCGGCCGCGATGGGATAGAGAGAATGGC 

892 Ptcu-1-XbaI-R AATGTATCTAGAGGTTGGGGATGTGTGTGC 

989 pGBKT 3´ CGTTTTAAAACCTAAGAGTCAC 

1108 BRO1 XbaI - F AATGTATCTAGAATGGTGCAGGCGCCCATGATC 

1109 BRO1 Pac- R AATGTATTAATTAACTTCCAAGCACTCAACCCAG 

1243 KO BRO1 - 5F GTAACGCCAGGGTTTTCCCAGTCACGACGGGAAAGATGGACTAGGTAGG 

1244 KO BRO1 5R ATCCACTTAACGTTACTGAAATCTCCAACGGTTGACGAGTTGTGAGAGG 

1245 KO BRO1 3 F CTCCTTCAATATCATCTTCTGTCTCCGACAGTGAGTAGGACCTGACAGC 

1246 KO BRO1 3R GCGGATAACAATTTCACACAGGAAACAGCGGCCTACTACAAGATGTACG 

1319 Ptcu-1 for YRC CTCCTTCAATATCATCTTCTGTCTCCGACATGGGATAGAGAGAATGGC 

1324 5’ BRO1 for YRC GTAACGCCAGGGTTTTCCCAGTCACGACGGAATGATGTGATGCAG 

1325 5’ BRO1 rev YRC ATCCACTTAACGTTACTGAAATCTCCAACCAACGGATGTGGAAAC 

1326 3’ BRO1 rev YRC GCGGATAACAATTTCACACAGGAAACAGCTCACTTCCAAGCAC 

1346 5` BRO1 Ptcu-1 F CGACTGTGGTTGCTGATC 

1347 3` BRO1 Ptcu-1 R TCACTTCCAAGCTCAAC 

1354 5´ BRO1 BglII - F AATGTAAGATCTATGGTGCAGGCGCCCATG 

1355 BRO1Xbal - R AATGTATCTAGAGATCAACGAGAACAGGTCAG 

1356 BRO1Test Int. CTCACCAGTCACCTAC 

1382 KI BRO15´R-hph atccacttaacgttactgaaatctccaacCTACAATGACTAGAGAACACTC 

1383 KI BRO1 GFP-3’F CGGCATGGACGAGCTGTACAAGATGGTGCAGGCGCCCATG 

1384 KI BRO13’R--RS    GCGGATAACAATTTCACACAGGAAACAGCGATGTGGCCACAGTCCGAAGTCA 
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1385 KI BRO1R                   GATGTGGCCACAGTCCGAAGTCA 

1386 KI BRO1F        GAATGATGTGATGCAGAACTG 

1413 BRO1cDNA NdeI F AATGTACATATGGTGCAGGCGCCCATGAT 

1414 BRO1cDNA EcoRI R AATGTAGAATTCTCACTTCCAAGCACTCAACCCA 

1424 BRO1seq 878 F ATTTGACTTCGGACTGTGGC 

1425 BRO1seq 2404 R GCCTCCTGATCCCGATGAAG 

1444 BRO1nat Pro.Not F AATGTAgcggccgcCTGGGTGTCTTCGATTTCAAGC 

1459 N.P BRO1-1 rev GCCTACTTTGCCGATGGTATGTG 

1479 BRO1_gfp R CCCGACCAACTCACGAACCTTCATGGTGAGCAAGGGCGAGGA 

1483 BRO1 - F  ATGGTGCAGGCGCCCATGATCT 

1484 3`flank BRO1 - F GACCCAGATATACATCAACCCACGAGGATACATGTGATTCGTGTATAG 

1485 3` flank BRO1 - R GCGGATAACAATTTCACACAGGAAACAGCGATCAACGAGAACAGGTCAGTTG 

1581 3` BRO1YRC  GATTACTTACCTCACCCTTGGAAACCAT 

1622 BRO1 KI - F CATTTAACAACCTCCTTCAG 

1623 BRO1 seq 361 - R CTTGTGAGTAAAAGCGTCG 

1660 Pbro1-bro1-GFP 5’F 

YRC 

GTAACGCCAGGGTTTTCCCAGTCACGACGCTGGGTGTCTTCGATTTCAAGC 

1706 BRO1 - F AflII AATGTACTTAAGATGGTGCAGGCGCCCATGATC 

1707 BRO1 - R Asc AATGTAGGCGCGCCCTTCCAAGCACTCAACCCAG 

 

2.1.4. Enzymes  

Tab.2.4: Enzymes used in this work. 

Name  Type Source of supply 

EcoRI  Restrictions-endonuclease Thermo Scientific 

AscI  Restrictions-endonuclease Thermo Scientific 

AflII Restrictions-endonuclease Thermo Scientific 

PacI  Restrictions-endonuclease Thermo Scientific 

BamHI  Restrictions-endonuclease Thermo Scientific 

XbaI  Restrictions-endonuclease Thermo Scientific 

NotI  Restrictions-endonuclease Thermo Scientific 

NdeI Restrictions-endonuclease Thermo Scientific 

BglI  Restrictions-endonuclease  Thermo Scientific 

BglII Restrictions-endonuclease Thermo Scientific 

DreamTaq DNA Polymerase  DNA-Polymerase  Thermo Scientific 
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Phusion Green High-Fidelity 

DNA Polymerase  

DNA-Polymerase  Thermo Scientific 

RNase  Ribonuclease  Serva 

T4-DNA-Ligase  DNA-Ligase  Thermo Scientific 

2.1.5. Antibodies  

Tab. 2.5: Antibodies used in this work. 

Name  Origin  Provider 

Anti-GFP-Anti-body Maus  Roche, Klone 7.1 and 13.1 

Anti-Maus- Antibody, HRP- 

conjugated 

Goat Invitrogen, G21453 

Anti-Maus- Antibody, HRP- 

conjugated 

Goat Novex, A24512 

Anti-HA- Antibody Mouse Sigma 

Anti-flag- Anti-body Mouse Sigma 

 

2.1.6. Chemicals  

Tab. 2.6: Chemicals used in this work. 

Chemicals Providers 
Acrylamid-Mix (30 %)  AppliChem 

Adenine  Roth 

Agar-Agar (Kobe)  Roth 

Agarose (Ultra-Pure)  Invitrogen 

Ammonium iron (II)-sulfate-Hexahydrate ((NH4)2Fe(SO4)2 · 6 H2O)  Roth 

Ammonium nitrate (NH4NO3)  Roth 

Ammonium persulfate (APS)  Serva 

Ampicillin  Roth 

L- Ascorbic acid (Ascorbat)  Roth 

Bacto-Agar Agar Difco 

Biotin  Roth 

Boric acid (H3BO3)  Roth 

Bradford-solution (Roti-Quant)  Roth 

Brom phenol blue  Serva 

Calcium chloride-Dihydrate (CaCl2 · 2H2O)  Roth 

Calcofluor White (Fluorescence Brightener 28)  Sigma-Aldrich 
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Citric acid -Monohydrate (C6H8O7 · H2O)  Baker 

Cetyltrimethylammoniumbromid (CTAB)  Roth 

Coomassie Brillante Blue G  Sigma-Aldrich 

Dipotassium phosphate (K2HPO4)  Baker 

Dimethyl sulfoxide (DMSO)  Roth 

Drop-out base with Glucose D9500  USBiological 

Drop-out mix minus Ura D9535  USBiological 

Acetic acid Roth 

Ethylenediaminetetraacetic acid (EDTA)  Roth 

Ethylenglycol-bis(aminoethylether)-N,N,N′,N′- tetraacetic acid 

(EGTA)  

Roth 

Ethanol (EtOH, Denatured)  Chemikalienlager (TU BS) 

Ethidium bromide  Serva 

Ficoll 400  Roth 

Fluconazole (FLZ)  Fluka 

FM4-64  Molecular Probes 

Filipin  Sigma 

D-Fructose  Fluka 

D-Glucose-Monohydrate  Roth 

Glycerin   Roth 

β-Glycerolphosphate  AppliChem 

Glycine  AppliChem 

Guanidine chloride (Guanidin HCl)  Baker 

Yeast extract  BD 

HEPES (2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethane sulfonic acid)  Roth 

n-Hexane  Merck 

L-Histidine Hydrochloride-Monohydrate  Roth 

Hygromycin B  Invitrogen 

Isopropanol  VWR Chemicals 

Potassium acetate (KOAc)  Roth 

Potassium dihydrogen phosphate (KH2PO4)  Baker 

Potassium hydroxide (KOH)  Roth 

Potassium nitrate (KNO3)  Roth 

Silica gel   Merck 

Copper(II)-sulfate-Pentahydrate (CuSO4 · 5 H2O)  Baker 

Lactophenol-Blue  Merck 
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Salmon-sperm-DNA  Invitrogen 

Lithium acetate (LiOAc)  Roth 

Milk powder   Roth 

Magnesium sulfate-Heptahydrate (MgSO4 · 7 H2O)  Roth 

Mangan sulfate-Monohydrate (MnSO4 · H2O)  Riedel-de Haën 

Maleic acid (C4H4O4) Roth 

β-Mercaptoethanol  Merck 

Methanol (MeOH)  Sigma-Aldrich 

MOPS (3-(N-morpholino)propane sulfonic acid) Roth 

Natrium acetate -Trihydrate (NaOAc)  Roth 

Natrium chloride (NaCl)  Roth 

Natrium dodecyl sulfate (SDS, Pellets)  Roth 

Natrium dodecyl sulfate (SDS, Ultra-Pure)  Roth 

Natrium dihydrogen phosphate (NaH2PO4)  Roth 

Natrium fluoride (NaF)  Fluka/Merck 

Natrium hydrogen carbonate (NaHCO3)  Merck 

Natrium hydroxide (NaOH)  Roth 

Natrium molybdate- Dihydrate (Na2MoO4 · 2 H2O)  Riedel-de Haën 

Natrium Orthovanadate (Na3VO4)  Sigma-Aldrich 

p-Nitro Blue-Tetra Potassium chloride (NBT)  Sigma-Aldrich 

p-Nitro phenyl phosphate  AppliChem 

1NM-PP1  TRC 

Nourseothricin  Jena Bioscience 

Nystatin-Dihydrate  Roth 

PEG 3350  Sigma-Aldrich 

Peptone  BD 

Phenol-Chloroform-Isoamyl alcohol (Roti-Phenol)  Roth 

Phosphine-thricine  Duchefa 

Ponceau S  Roth 

L-Proline Roth 

Protease-Inhibitor (complete, EDTA-free)  Roche 

Bovines Serumalbumin (BSA)  Roth 

D-Saccharose  Roth 

Hydrochloric acid (HCl)  Roth 

D-Sorbitol  Roth 

L-Sorbose  Calbiochem/MP Biomedicals 
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N,N,N’,N’-Tetra methyl ethylene diamine (TEMED)  Roth 

Trinatriumcitrate-Dihydrate (Na3 Citrate · 2 H2O)  Roth 

Tris(hydroxymethyl)-aminomethane (TRIS)  Roth 

Triton X-100  Roth 

Tween 20  Roth 

Hydrogen peroxide (H2O2)  Roth 

Xylencyanol FF  Bio-Rad 

Zinc sulfate-Heptahydrate (ZnSO4 · 7 H2O)  Baker 

 

2.1.7 Buffers and Solutions  

Tab. 2.7: Buffers and solutions used in this work. 

Name  Preparation 

20x BDES 200 g 

10 g 

10 g 

1 L 

Sterilize by autoclavation. 

Sorbose 

Sucrose 

Fructose 

ddH2O 

Biotin solution 5 mg 

50 mL 

Biotin 

ddH2O 

Blocking solution (Western) 5 g 

50 mL 

BSA 

TBS-T 0.1% 

Coomassie solution 60 mg 

1 L 

Shake for three hours 

3 mL 

Coomassie Brilliant Blue G 

ddH2O 

HCl 37% w/w 

Detection buffer (Southern)        0.1 M  

0.1 M    

1 L  

Adjust to pH 9.5 with NaOH 

pellets                                                

Tris-HCl 

NaCl 

ddH2O 

Denaturation solution  87.66 g 

20 g  

1 L 

NaCl 

NaOH 

ddH2O 
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DNA extraction buffer 10 mL 

30 mL 

2 g 

10 mL 

Adjust to 100 mL 

1 M Tris-HCl buffer pH 7.5 

5 M NaCl 

CTAB 

0.5 M EDTA 

ddH2O 

0.5 M EDTA solution pH 8 146.12 g 

15 g 

800 mL 

Adjust to pH 8 with NaOH 

pellets 

EDTA 

NaOH 

ddH2O 

 

0.5 M EGTA solution pH 8 

146.12 g 

15 g 

800 mL 

Adjust to pH 8 with NaOH 

pellets 

EGTA 

NaOH 

ddH2O 

10x FIGS solution 200 g 

5 g 

5 g 

Add to 1 L 

Sterilize by autoclavation 

Sorbose 

Fructose 

Glucose 

ddH2O 

1M HEPES solution pH 7.5 238.31 g 

Adjust to 1 L 

HEPES 

ddH2O 

KCl buffer 0.6 M 

50 mM 

Sterilize by filtration with 

0.20 µm filters 

KCl 

CaCl2 2H2O 

5x Laemmli buffer 3.12 mL 

1 g 

5 mL 

1.5 mL 

2 mg 

Adjust to 10 ml with 

ddH2O at 60ºC (water 

bath). 

1 M Tris-HCl buffer pH 6.8 

SDS (pellets) 

Glycerin 

β-Mercaptoethanol 

Bromophenol blue 
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Maleic acid buffer  11.6 g 

6.76 g 

1 L 

Adjust pH to 7.5 with NaOH 

pellets 

Maleic acid 

NaCl 

ddH2O 

NaOAc solution 

(3 M, pH 6.3) 

246.03 g 

Add to 1 L 

Adjust pH to 6.3 with 1 M 

HCl 

NaOAc 

ddH2O 

Neutralization solution 87.6 g 

61 g 

1 L 

Adjust pH to 7.4 with 1 M 

HCl 

NaCl 

Tris Base 

ddH2O 

10x PBS (pH 7.4) 40 g    

1 g    

7.24 g     

1.29 g  

 Adjust to 500 mL 

NaCl 

KCl 

Na2Hpo4 

KH2Po4 

ddH2O 

 

PBSKMT buffer 

100 mL 

3 mL 

2.5 mL 

5 mL 

 

2 µL / mL 

Adjust to l L 

PBS (10x) 

KCl (1 mM) 

MgCl2 (1 mM) 

Triton [add triton freshly: 250 

µl + 50 ml PBSKM] 

Cocktail protease-inhibitor 

ddH2O 

10x SSC buffer 175.3 g 

88.2 g  

1 L 

Adjust pH to 7 with 1 M 

HCl 

NaCl 

Tri-Sodium citrate  

ddH2O 

Stripping solution 57.3 g 

1.14 mL 

Adjust to 100 mL 

Guanidine HCl 

Acetic acid 

TBS-T 0.1% 
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10x TBS buffer 60.6 g 

87.7 g 

pH to 7.5 with 1 M HCl 

Adjust to 1 L 

Tris 

NaCl 

ddH2O 

TBS-T 0.1% buffer 100 mL 

0.1% (v/v) 

Adjust to 1 L 

10x TBS buffer 

Tween 20 

ddH2O 

TBS-T 0.05% buffer 100 mL 

0.05% (v/v) 

Adjust to 1 L 

10x TBS buffer 

Tween 20 

ddH2O 

TE-RNase buffer 10 mM 

1 mM 

200 µg/mL 

Tris-HCl buffer pH 8 

EDTA 

RNase (20 mg/mL) 

 

Trace metals 

50 g 

50g 

10 g 

2.5 g 

0.5 g 

0.5 g 

0.5 g 

Adjust to 1 L 

Sterilize by filtration with 

0.2 µm filters 

Citric acid 

ZnSO4 · 7 H2O 

(NH4)2Fe(SO4)2 · 6 H2O 

CuSO4 · 5 H2O 

MnSO4 · H2O 

H3BO3 

Na2MoO4 · 2 H2O 

ddH2O 

50x Vogel’s solution 125 g 

250 g 

100 g 

10 g 

5 g 

2.5 mL 

5 mL 

Adjust to 1 L 

Na3 Citrate - 2H2O 

KH2PO4 

NH4NO3 

MgSO4 - 7 H2O 

CaCl2 - 2 H2O 

Biotin solution 

Trace metals 

ddH2O 

Washing buffer (Southern)  11.6 g 

6.76 g 

0.3% (v/v) 

Maleic acid 

NaCl 

Tween 20 
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1 L 

Adjust pH to 7.5 with NaOH 

pellets 

ddH2O 

2x Westergaard’s solution 6 g 

4.2 g 

3 g 

3 g 

0.6 g 

0.6 g 

0.3 mL 

0.6 mL 

Adjust to 3 L 

KNO3 

K2HPO4 

KH2PO4 

MgSO4 · 7 H2O 

NaCl 

CaCl2 · 2 H2O 

Biotin solution 

Trace elements 

ddH2O 

Western transfer buffer 3.03 g 

14.41 g 

200 mL 

Adjust to 1 L 

Tris 

Glycine 

Methanol 

ddH2O 

 

2.1.8 Media 

Tab. 2.8: Media used in this work. 

Media  Preparation 

BDES 20 mL 

15 g 

Adjust to 950 mL 

Sterilize by autoclavation 

Add 50 mL 

50x Vogel’s solution 

Agar 

ddH2O 

20x BDES solution 

Bottom agar media 20 mL 

15 g 

Adjust volume to 900 mL 

Sterilize by autoclavation 

Add 100 mL 

50X Vogel’s solution 

Agar 

10X FIGS solution 

Complex media 10 mL 

10 g 

2.5 g 

50x Vogel’s solution 

Sucrose 

Yeast extract 
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2.5 g 

7.5 g 

Adjust to 500 mL 

Sterilize by autoclavation 

Peptone 

Bacto-agar 

ddH2O 

LB media 10 g 

5 g 

10 g 

15 g 

Adjust to 1 L 

Sterilize by autoclavation 

Peptone 

Yeast extract 

NaCl 

Agar (optional) 

ddH2O 

Malt medium 5 g 

15 g 

1 g 

1 g 

1 g 

Adjust to 1 L 

Sterilize by autoclavation 

Glucose 

Malt extract 

Casein peptone 

Yeast extract 

Casamino acids 

ddH2O 

SC-Ura- media 26.7 g 

2 g 

15 g 

Adjust to 1 L and pH 6.5 

Sterilize by autoclavation 

Drop-out Glucose D9500 

Drop-out mix Ura- D9535 

Agar 

ddH2O 

SH medium 1 mM 

0.6 M 

5 mM 

10 g 

Adjust to 1 L 

Sterilize by autoclavation 

NaNO3 

Sucrose 

Tris HCl pH 6.5 

Bacto-agar 

ddH2O 

 

Top agar media 

20 mL 

10 g 

Adjust volume to 900 mL 

Sterilize by autoclavation 

Add 100 mL 

50X Vogel’s solution 

Agar 

10X FIGS solution 
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Vogel’s minimal 

media (MM) 

20 mL 

20 g 

15 g 

0.5 mg/mL 

0.3 mg/mL 

Adjust to 1 L 

Sterilize by autoclavation 

50x Vogel’s solution 

Sucrose 

Agar (optional) 

L-Histidine (optional) 

Adenine (optional) 

ddH2O 

Westergaard’s media 500 mL 

15 g 

15 g 

Adjust to 1 L 

Sterilize by autoclavation 

2x Westergaard’s solution 

Sucrose 

Agar 

ddH2O 

Water-agar 15 g 

Adjust to 1 L 

Bacto-Agar 

ddH2O 

YPD media 10 g 

20 g 

20 g 

Adjust to 1 L and pH 6.5 

Sterilize by autoclavation 

Yeast extract 

Peptone 

Glucose 

ddH2O 

 

2.1.9. Electronic devices   

Tab. 2.9: Electronic devices used in this work. 

Name  Provider  Detailed description and function 

Electroporation  Bio-Rad Gene Pulser II, used for the transformation of 

N.crassa and E. coli. 

Gel doc visualizer  Bio-Rad Gel Doc. UV-light screen to visualize 

ethidium bromide agarose gels. 

Microscope Zeiss 

Leica 

Zeiss Observer 2.1 (Nomarski optics). Plan 

Neofluar 100x/1.30 oil immersion objective 

(420493-9900). Light source: LED (CoolLED 

pE4000). Camera: PCO Edge 5.5 Gold (16 

bits). Software: 4-D microscopy programmed 

by Ralf Schnabel and Christian Hennig 
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(Schnabel et al., 1997) 

M60-Stereomicroscope with a DFC295 

camera (from Leica) and controlled with the 

software of the provider: Leica Application 

Suite (version 3.5.0). 

Thermocycler  Eppendorf  PCR 

UV-VIS spectrometer Pharmacia 

Biotech 

Quantification of DNA (OD 270) and 

Bradford (OD 595) 

Mechanical cell 

disruptor (bead 

beater) 

Peqlab  Cell lysis and homogenization. 

Chemiluminescence 

detection system 

Bio-Rad ChemiDoc MP. Developing of western blot 

membranes. 
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2.2 Culturing of N. crassa 

2.2.1 Preculture cultivation  

N. crassa is known to produce a remarkably high number of conidiospores; thus, only a small amount of 

biomass is required to work with this fungus. Typically, autoclaved slant tubes of agar Vogel’s minimal 

medium are used to inoculate the fungus. After inoculation, the tubes are incubated for three days at 30 °C 

in the dark and one day at RT in natural light. To prepare a spore suspension, a tuft of spores was removed 

with a sterile wooden stick and transferred aseptically into a reaction tube with 800 µL sterile ddH2O. After 

vigorous mixing, the spores were filtered through a pipette tip stuffed with gauze (cheesecloth) into a new 

reaction tube. This spore suspension is useful to create permanent glycerol cultures (2.2.7), to analyze cell 

fusion in germlings and hyphae (2.6.1), as a preculture for the analysis of colony growth, and to prepare 

material for DNA extraction (2.3.2.1).  

2.2.2 Preculture cultivation for the bro1 conditional mutant 

To guarantee the bro1cm strain grows like a wild-type a medium free of Cu2+ ions as primary culture is 

required. Thus, agarose was used instead of agar and Vogel’s solution free of Cu2+ ions was prepared. For 

media with low and high concentrations of Cu2+, stock solution of CuSO4 (1mM) was used to prepare a 

medium with 1 µm Cu2+/mL (0.1mL CuSO4 /100 mL medium) and 50 µm Cu2+/mL (5 mL CuSO4 / 100 mL 

medium). The primary culture of the bro1cm strain was obtained on slant agar MM tubes free of Cu2+ ions. 

Later, the spores from this culture were incubated on slant agar MM tubes free of Cu2+ and with a low and 

high concentration of Cu2+. This culture was used as a preculture for further experiments.  

2.2.3 Producing biomass for the transformation  

A large amount of conidia is required to create new N. crassa strains using electroporation. For this purpose, 

Erlenmeyer flasks were filled to 1/5 of the total volume with MM, to which histidine was added when 

necessary, inoculated with material from a preculture. The incubation was carried out for one week at 30 

°C and then for an additional seven to eleven days at RT and at a normal daily rhythm. 

2.2.4 Cultivation for sexual reproduction 

Specific conditions are required for the fungus to form the sexual reproduction structures known as 

protoperithecia. A prerequisite for this is a lack of nitrogen, which initiates the formation of protoperithecia. 

To achieve this, Westergaard’s Medium (WGM) was used. Therefore, Petri dishes with about 20 mL WGM 

were inoculated either from permanent glycerol stock or with fresh material from precultures. The plate 

was then incubated for eight to ten days at 26 °C with a 12-hour day-night cycle until a high number of 

protoperithecia had developed. This type of cultivation is vital to create a new strain (2.3.1), receive a 
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homokaryotic strain of N. crassa from a heterokaryotic strain (2.3.2.2) or to study the influence of a mutant 

on sexual reproduction (2.9). 

2.2.5 Cultivation for microscopy 

2.2.5.1 Investigation of the development and behavior of germlings populations  

Conidia must be prepared for the microscopic examination of the development and functioning of germlings 

populations. Therefore, a small amount of sterile material was transferred from a preculture (2.2.1) with a 

wooden stick into a reaction tube, which was previously filled with 500 µL ddH2O. This mixture was then 

thoroughly mixed with the vortexer and filtered through a pipette tip fitted with gauze (cheesecloth) to get 

a pure spore suspension without mycelium. 300 μL of this spore suspension were spread on a petri dish 

with solid MM, MM without Cu2+,or MM with high Cu2+ concentration. All approaches were then incubated 

for 2 to 6 h at 30 °C in the dark, depending on the question.  

2.2.5.2 Investigation of the vegetative hyphae structures 

For a microscopic examination of vegetative hyphae, the colony must be so young that light can still 

penetrate the mycelium network. Some material from a preculture was sterilely mixed with a wooden stick 

in a test tube with 500 µL ddH2O. This mixture was then filtered through a pipette tip equipped with gauze 

(cheesecloth). For the microscopy of growing hyphae, hyphae fusions and vesicles trafficking, 5 µL of the 

spore suspension was dropped onto the edge of a petri dish with solid MM, MM without Cu2+ or MM with 

high Cu2+ concentration. These were then incubated at 30 °C for 18 h until a thin network of mycelium with 

a diameter of 3 to 4 cm had formed from the inoculum site. Later, the plate was placed at 4 °C for 2 h to 

enhance the fluorescent signal or 14 h to slow down the movement of the vesicles. 

2.2.6 Heterokaryon formation  

For microscopic analysis of the dynamics of two different fluorescence proteins at the same time (2.6.3), 

spore suspensions of the original strains were prepared as described under 2.2.4 and mixed at different 

ratios (1: 1, 1: 2, 1: 3, 2: 1 and 3: 1). 10 µL of these mixtures were then pipetted onto slant agar culture 

tubes and were incubated like all precultures (2.2.1). The aim is that mergers between the two strains and 

the subsequent mycelium formation result in a heterokaryotic strain that bears the nuclei of both parent 

strains. The prerequisite for this is the ability to fuse and that the strains in the so-called hetero-loci are 

identical. Therefore, it is vital to ensure that the mating type is the same. The different mixing ratios only 

serve to generate a reasonable rate of the two nucleus types. The fluorescence of the spores was then 

checked on a microscope using the appropriate filter systems (2.6). 
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2.2.7 Creating a permanent glycerol stock  

To preserve the N. crassa strains created in this work, permanent glycerol cultures were created of them. 

For this purpose, generated offspring from crosses, obtained primary transformants or strains from single 

spore isolations were grown on slant agar tubes as described in 2.2.1. After the incubation, 1 mL sterile 

ddH2O was added to the tube and vortexed thoroughly to remove all the fungal material of the medium. 

500 µL of the water-fungus mixture were then transferred with a pipette into a test tube with a screw cap. 

Finally, 500 µL of a 40% glycerol solution was added, and everything was mixed well. In this form, the 

strains can be stored for several years at -80 °C and, after sterile removal of a small amount with a wooden 

stick, serve as an inoculum for precultures (2.2.1). 
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2.3 Creating new N. crassa strains 

In this work, all the strains were obtained using two methods: crossing and transformation. 

2.3.1 Crossing 

The idea behind crossing is creating a combination of two or three different genotypes in one strain. 

The strain of interest was inoculated on a WGM plate to produce protoperithecia (2.24). The fertilization 

was then performed by streaking 500 µL of spore suspension from the respective partner strain, which had 

the opposite mating type. The sexual development then occurred in the following seven to 14 days. Then, 

the fertilized perithecia released their mature ascospores through the ostiols. The ascospores generated in 

this way could, therefore, be rinsed off from the lid of the petri dish with 1 mL sterile ddH2O and stored in 

a reaction tube in the dark. After this, the ascospore should be activated by heat to screen the progeny for 

the genotype of interest. About 20 µL of the original ascospores suspension was incubated for 20 min at 59 

°C. After activation, 0.5 to 1 µL of the activated ascospores suspension was mixed with 99 µL ddH2O and 

plated with glass beads on a petri dish with MM and incubated at RT for about 12 h. If the progeny of 

interest has a selection marker, the corresponding selection substance can be added to the MM before the 

petri dishes are plated. Here, the MM was mixed with hygromycin B (200 µg / mL) to select the hygromycin 

resistance cassette in the target strain’s genome. Germinated ascospores could then be individually cut out 

of the medium using a stereomicroscope and an inoculum and transferred sterilely to slant agar tubes. These 

Fig 2.1 Scheme illustrating how crossing help to combine different genotypes in one strain 
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tubes were then treated like precultures (2.2.1) and served as starting material for further analyses, such as 

indispensable genotyping.  

 2.3.2 Transformation  

For this method, the DNA cassette of interest should be built up and propagated to be later transferred 

into N. crassa. 

2.3.2.1 Quick DNA extraction 

To extract genomic DNA, the N. crassa strain of interest was previously cultivated in slant agar tubes. 800 

μL of lysis buffer (Tab. 2.7) were pipetted into 2 mL reaction tubes with screw caps and a small number of 

glass beads (diameter ≤ 1 mm) was added. A large amount of a mixture of mycelium and spores was 

transferred with a wooden stick and resuspended in the lysis buffer. Then 8µL of ß-mercaptoethanol were 

added to the mixture. Cell disruption was achieved utilizing a bead beater at a speed of 6500 m/s for two 

times 30 sec. To separate the cell residues from the rest, centrifugation was performed for 5 min at 13000 

rpm. Subsequently, 80μL sodium acetate 3M pH 6.3 and 500µl of PCIA (Phenol:Chloroform:Isoamyl: 

Alcohol), which denature the cellular proteins, were added and mixed by vortexing. The aqueous phase was 

separated by centrifugation at maximum speed for 10 min and transferred to a new reaction tube together 

with 1 mL of 100% EtOH. The DNA was precipitated by centrifugation and washed with 70% EtOH. 

Finally, the DNA was resuspended with 50µl of TE with RNAse. 

2.3.2.2 Amplifying DNA fragments of interest 

2.3.2.2.1 PCR  

The desired fragments are amplified based on PCR, separated by gel electrophoresis, and extracted from 

the gel. Fragments were amplified with the Phusion DNA polymerase in a similar approach (Tab. 2.10). 

This polymerase has a proof-reading function which allows high accuracy in the amplification. This PCR-

based amplification of the integrated constructs was carried out in a significant volume of 50 µL. The 

primers used (here forward and reverse primers) for defining the fragments can be found in Table 2.10. 

Tab.2.10: PCR protocol to amplify DNA fragments of interest 

REACTION MIX PROGRAM SETTING 

0.5 µL template DNA Temperature [°C] Time [s ]  PCR step 

10 µL 5x phusion reaction buffer (HF) 98 30 denaturation 

1 µL dNTPs (10 mM) X35 cycles 98 15 denaturation 

2.5 µL forward primer (10 µM) 65 15 annealing 

2.5 µL reverse primer (10 µM) 72 30 /1000 bp elongation 

0.2 µL phusion polymerase  

72 

 

300 

 

end of synthesis 32.5 µL sterile ddH2O 

50 µL total volume 4 ∞  
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2.3.2.2.2 Agarose electrophoresis 

DNA fragments were separated based on their sequence length for purification after PCR-based 

amplification via gel electrophoresis. To prepare agarose gels, 0.8% agarose in TAE buffer was mixed with 

the DNA-intercalating substance ethidium bromide (stock solution: 5 mg/mL; 10 µL/300 mL gel solution) 

and then the gels were poured with the required number of pockets. After solidification, either the entire 

volume of the Phusion DNA polymerase batch or 5 μL of the DreamTag DNA polymerase batch (2.4.2.2) 

was added to the pockets. The gel with the fragments was exposed to an electric field in a chamber with a 

TAE buffer. The 1 kb DNA GeneRuler ladder (Fermentas) was used as a DNA size standard. The voltage 

applied was 120 volts for 45 min. Finally, the fragments were evaluated and isolated using a gel 

documentation system or a light table with a UV light (Bio-Rad).  

2.3.2.2.3 Isolating the DNA fragment of the agarose gel and measuring the DNA concentration  

After electrophoretic gel separation, important pieces were cut out of the gel at the light table under UV 

light and transferred to a reaction tube. The fragments were then purified using the "HiYield PCR Clean-

up / Gel Extraction Kit" (SLG) or the "Monarch® DNA Gel Extraction Kit" (New England BioLabs) 

according to the manufacturer’s instructions. 

To determine the concentration of harvested DNA solutions, these were measured photometrically at a 

wavelength of 260 nm. For this purpose, a 5 µL DNA solution with 995 µL ddH2O was added in a quartz 

cuvette and measured against a reference on the photometer. Using a previously created calibration line, 

the measured optical density could be converted into a concentration of x µg/µL. 

2.3.2.3 Building and propagation of DNA constructs for homologous integration 

Two approaches were used in this study to create a new DNA construct. 

2.3.2.3.1 Yeast recombination cloning  

Fusion constructs which cannot be obtained via restriction and ligation (such as constructs for switch-off 

genes and replacement cassettes) were generated using yeast recombinational cloning (YRC). This cloning 

strategy allows the connection of several individual fragments via the recombination of short, homologous 

regions with a suitable plasmid in the yeast Saccharomyces cerevisiae. In this way, it can also amplify short 

sections through PCR and introduce a specific mutation via the primers. This changed sequence can then 

be reconnected to the rest of the sequence via YRC. The fragments are introduced into the yeast strain 

FY834 with the selection plasmid pRS426 described below and, after successful recombination and 

selection, are purified again from this plasmid. 

Culture tubes with 5 mL YPD medium were inoculated with a small amount of the S. cerevisiae strain 

FY834 and incubated overnight at 30 °C. Erlenmeyer flasks with 50 mL YPD were inoculated with 1 mL 

of the preculture and incubated at 100 rpm and 30 °C for about 5 to 6 h until a cell density of approx. OD600 
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= 1.0 was reached (the cell number should have doubled twice). The yeast cells were then pelleted in a 50 

mL reaction tube for 5 min at 3500 rpm. The culture supernatant was discarded, the cells were resuspended 

in 25 mL sterile ddH2O and centrifuged again. The pellet was taken up in 1 mL of a 100 mM LiOAc 

solution, transferred into a 1.5 mL reaction tube, and centrifuged for 15 s at 13000 rpm. The supernatant 

was discarded again. The cells were then resuspended in 400 μL of the 100 mM LiOAc solution (at OD600 

= 1.0; otherwise, the volume was adjusted accordingly) and kept at RT until use. Meanwhile, a 

transformation mixture of 240 µL of a 50% (w/v) PEG 3350 solution, 36 µL of a 1 M LiOAc solution, 50 

µL of a salmon sperm DNA solution, and 34 minus x µL of ddH2O was prepared, where x is the volume 

which represents four DNA fragments. Approximately equimolar amounts of the 5` and 3` flank and the 

hph amplificated were used (approx. 5 to 10 µL), while only approx. 0.1 µg of the linearized vector was 

used (approx. 1 µL). 50 µL of the cells were pipetted into a new reaction tube, centrifuged briefly, freed 

from the supernatant, then taken up in 360 µL of the transformation mix and mixed well. After incubation 

for 30 min at 30 °C, the mixture was inverted several times and then incubated for 30 min at 42°C. The 

cells were then centrifuged briefly and the pellet was carefully resuspended in 1 mL sterile ddH2O without 

supernatant. After re-centrifugation, the volume in which the cells were taken up was reduced to 

approximately 100 to 200 µL. The cells were distributed with glass beads on two SC-Ura plates and cultured 

at 30 °C for two to three days. 

 Tab.2.11: YRC 

 

 

 

 

 

After dozens of yeast colonies had formed per plate, these were taken up together in 10 mL sterile ddH2O 

and centrifuged for 5 min at 3500 rpm. The pellet was resuspended in 300 µl of solution I transferred 

together with approx. 100 µL glass beads into a 2 mL reaction tube with a screw cap and shaken vigorously 

three times for 10 s each at 6.5 m/s in a cell disruption device. 600 μL of solution II were then pipetted into 

the mixture. The tube was carefully inverted, then 450 μL of solution III were added and mixed again by 

swirling. The mixture was then centrifuged for 15 min at 13000 rpm. The resulting supernatant was 

transferred to two new reaction tubes and each was pivotally mixed with twice the volume of ice-cold 

ethanol. After renewed centrifugation for 5 min, the DNA pellet was washed with the same volume of 70% 

Transformation mix, per sample 

240 μL 

36 μL 

50 μL 

34 – X μL 

(2 – 10) μL 

100 ng  

PEG 3350 (50 %) 

1M Lithiumacetat 

Salmon sperm 

DNA 

dd H2O 

Per DNA fragment 

Plasmid 

360 μL Total volume  
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(v/v) ethanol, centrifuged again, dried, and taken up in 100 µL ddH2O. The yeast plasmids obtained in this 

way now served as templates for a PCR (Phusion polymerase, Tab.2.10) with corresponding primers to 

amplify the replacement cassette of interest. The resulting fragment was purified and transformed into the 

recipient strain by electroporation (see 2.3.2.4) 

2.3.2.3.2 Cloning a plasmid via restriction and ligation and E. coli XL1-Blue transformation   

The plasmids created in this work are generally based on the vectors pMF272 (Freitag et al. 2004) and 

pMF334 (Freitag & Selker 2001). These two starting plasmids each have the ccg-1 promoter from N. crassa 

(McNally & Free 1988), which controls the expression of the sgfp or dsRed gene. On the other hand, they 

contain regions of the his-3 gene homologous integration of the plasmids at the mutant his-3 locus (alleles 

1-234-723) of histidine auxotrophic recipient strains. Between the Pccg-1 and the sgfp sequence or after 

the dsRed gene, poly-linker regions (multiple cloning sites, MCS) can integrate desired nucleotide 

sequences. Additional restriction sites enable the promoter to be replaced or the sgfp or dsRed gene to be 

removed. 50 µL the DNA fragment, which was amplified and isolated out of agarose gel, were cut with 1 

µL of the required restriction enzymes and 5 µL of the FastDigest buffer for 2 h at 37 °C. About 0.5 to 1 

µg of the plasmids were digested in batches of 10 µL volume. After the fragments had been purified again, 

7.5 μL of the DNA fragment and 1 μL of the linearized vector were incubated with 1 μL of a 10 × ligase 

buffer (Thermo Scientific) and 0.5 μL of the T4-DNA ligase for 2 to 3 h at RT. The ligations were then 

stopped at 65 °C for 10 min. This product was stored at -20 °C for later usage.   

The ligation product is lowly concentrated; therefore, it needs to be introduced and propagated in E. coli. 

A mixture of 50 µL of electrocompetent E. coli XL1-Blue cells and 1 µL of the respective ligation mixture 

was pipetted into electroporation cuvettes with a gap width of 2 mm and briefly exposed to 2.3 kV, 200 Ω 

and 25 µF. The entire batch was taken up in 1 mL LB medium, transferred to a test tube using a sterile 

Pasteur pipette, and incubated for 1 h at 37 °C and 100 rpm. Then, 100 µL of the cells were distributed on 

an LB agar plate with 100 µg/mL ampicillin using glass beads. The remaining cells were pelleted by 

centrifugation and plated out in a volume of 100 μL. The plates were grown overnight at 37 °C. 

To isolate the plasmid DNA, 10 bacterial colonies were incubated independently in test tubes with 5 mL 

LB medium, including ampicillin, shaking overnight at 37 °C. A volume of 1.5 mL each was transferred to 

a reaction tube and centrifuged first for 30 s and then for 10 s at 13000 rpm, the supernatants being discarded 

in each case. The cell pellets were each mixed with 100 μL of solution I, mixed vigorously by vortexing 

and kept on ice for 5 min. Then 200 µL of freshly prepared solution II were added. After carefully swirling 

the mixtures, they were cooled again for at least 5 min. Finally, the volumes were mixed with 150 μL of 

solution III and kept on ice after careful mixing. After centrifugation for 15 min at 16000 rpm and 14 °C, 

the supernatants were transferred to a new 1.5 mL reaction tube, mixed with 1000 µL of ice-cold EtOH, 
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and centrifuged again for 15 min. The pellets were washed in each case with 500 μL of 70% (v/v) EtOH, 

dried after renewed centrifugation for 5 min at 13000 rpm, and finally resuspended in 50 μL TE buffer with 

RNase. The plasmid DNA was checked for the expected fragment pattern using suitable restriction 

enzymes. Positive clones were also sequenced and stored at -20 °C until transformation into N. crassa. 

2.3.2.4 N. crassa transformation  

In this work, constructs were homologously integrated into either the his-3 locus or bro1 of N. crassa. For 

homologous integration into the his-3 locus, starting strains with a defined mutation in this locus are 

auxotrophic for histidine and thus subsequently allow the selection of positive transformants since the 

method used here restores the histidine gene. For the homologous integration into the bro1 locus, starting 

strains are wild-type-like; thus, the hygromycin resistance marker was used to prepare constructs (2.3.2.3). 

A typical method for creating new N. crassa strains is introducing prepared constructs into conidial spores 

using electroporation. 

The preculture which was needed for transformation was carried out as mentioned in 2.2.1.3. To harvest 

the spores, 30 mL sterile, ice-cooled 1 M sorbitol was poured into a 50 mL reaction vessel. Using a spatula, 

the mycelium and spores were removed from the flask and carefully resuspended in the sorbitol. In the 

fusion mutants, 30 mL of sorbitol were added directly to the flask and swirled in the flask for a short time. 

The spores were transferred to a new 50 mL falcon tube using a sterile gauze filter to remove hyphae 

residues and other impurities. The spores should stay cool on the ice during the entire harvesting process. 

The spore suspension was centrifuged for 5 min at 3.500 rpm and 4 °C and the supernatant was discarded. 

The spore pellet was resuspended in 45 mL ice-cold 1M sorbitol. This washing process was repeated two 

more times so that the spores were washed a total of 3 times. After the last washing step, the entire 

supernatant was discarded, and the pellet was taken up in the reflux of the remaining sorbitol. For the 

transformation, 90 µL spore suspension was placed in a 1.5 mL reaction tube, and 3–5 µg (in a maximum 

of 10 µL volume) were added. The mixture was pipetted into a cuvette with a gap width of 1 mm and then 

transformed by electroporation.  

The electroporation was carried out under the following conditions: 

                                                           U = 1.5 kV 

                                                           C = 25 µF 

                                                           R = 600 Ώ 

The spores were rinsed out of the cuvette with 1 mL of an ice-cold 1M sorbitol solution. The spore 

suspension was then placed in 25 mL pre-heated liquid top agar at approx. 50 °C and mixed by inverting. 
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The 25 mL of the top agar were finally distributed on four bottom agar plates with selection medium 

(without histidine and/or with hygromycin [200 µg / mL]). Incubation took place for three to four days at 

30 °C. Due to the high osmotic pressure of the medium, compact growth is forced, preventing transformed 

individual spores from fusing early during mycelium formation. The individual colonies were then 

transferred to slant agar tubes using sterilized tweezers and, as described in (2.2.1), grown as a preculture 

for further analyses, such as verifying the desired genotype (2.4.2.2). 
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2.4 Analysis and purification of the obtained strains 

N. crassa strains generated by transformation (2.3.2) are often heterokaryotic because the starting material, 

the macroconidia, usually carries more than one cell nucleus. For optimal expression  of fluorescence 

constructs or for analyzing the effects of gene switch-offs, homokaryotic strains are essential. The 

homokaryotic strains generated in this work were obtained by isolating single spores or by crossing. 

Depending on the genotype of interest, the strains were subjected to a selection by adding appropriate 

antifungal agents to the culture plates or slant agar tubes (here exclusively hygromycin B). 

2.4.1 Purification of the heterokaryotic strains  

2.4.1.1 Single spore isolation 

To screen the conidial spores for homology nuclei, low-concentration spore suspensions filtered from 

primary transformants were prepared (2.2.4). An inoculation loop was then dipped into the suspension and 

the liquid remaining on the loop was spread out on a plate with MM. A supplement can be added to the 

MM plate depending on the selection marker, e.g. hygromycin (200 µg/mL). The spores isolated in this 

way were incubated at RT for at least 12 h until they had visibly germinated. Individual spores were then 

transferred to inclined agar tubes using a dissecting microscope and a sterile lancet. The new strains were 

tested for their genotypes as described in (2.4.2.2). This process was repeated several times until reaching 

the homokaryotic strain.  

2.4.1.2 Crossing 

The ascospore, which is received from sexual reproduction (2.3.1), contains only one nucleus. This feature 

helps to obtain a homokaryotic strain from heterokaryotic primary transformants through crossing this 

transformant with wild-type or other strains depending on the final genotype of interest. For this purpose, 

the primary transformant strains were grown and fertilized on cultivation plates with Westergaard’s medium 

(2.3.1). Then, as described, the activation and incubation of mature ascospores was performed. After 

germination, isolated spores were transferred with an inoculant into slanted agar tubes with MM and grown 

as usual. In this way, the strains newly created were then tested for their genotypes, as described in (2.4.2.2). 

2.4.2 Verification of N. crassa strains for homologous integration  

Filamentous fungi N. crassa integrate transformed fragments through two different ways in their genome: 

Homologous recombination and heterologous recombination. A genotyping test is required to check 

whether the transferred cassette in 2.3.2 has homologously or heterologously integrated. 
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2.4.2.1 Spot assay    

The first assay to test the genotype of the new isolated strains obtained by single spore isolation or crossing 

is spot assay. This assay was mainly performed as a second screening for the genotype of interest or a 

negative screening for an unwanted mutant (∆mus-52).  

1) A spores suspension was prepared for each isolated strain and 5 µL of this suspension was dripped onto 

BDES plates with hygromycin [200 µg/mL] and without hygromycin as control. The plates were incubated 

for three days at 30 °C. After the incubation time, photos were made of the test and the control plates.  

2) The recipient strain holds the mutant mus-52::bar+, which is unwanted in the new strains. To check for 

this selection marker, BDES [(without NH4NO3) + prolin (0.5 g/100 mL)] with phosphinothricin 

(400µl/mL) and without phosphinothricin as control were used. The plates were incubated for three days at 

30 °C. After the end of the incubation time, photos were made of the test and the control plates. For this 

type of screening, the strains which failed to grow on BDES with phosphinothricin were selected.   

2.4.2.2 Diagnostic PCR analysis  

For the specific amplification of DNA fragments, PCR analyses were performed to check the presence or 

absence of wild-type genes and resistant cassettes. These analyses accurately determine if the tested strains 

are homokaryotic or heterokaryotic and also, whether the transferred construct has homologously or 

heterologously integrated. The diagnostic PCR analyses were carried out with the DreamTaq DNA 

polymerase to identify the genotype of a strain (Tab. 2.12). 

 Table 2.12 

  

 

 

 

 

 

 

 

The homologous integration of constructs in the his-3 locus was carried out by amplifying the full length 

of the construct and flanking defined areas of the target locus. For this purpose, desired fragments are 

amplified via PCR, separated by gel electrophoresis and, if necessary, extracted from the gel for subsequent 

sequencing (2.4.4.1–3 and 2.4.4.6). Mainly the oligonucleotide combinations 21 and 22 were used for this 

(Tab. 2.3). Successful integration is shown by the amplification of constructs of appropriate fragment sizes. 

If no construct was integrated, only a fragment of approximately 1.1 kb is amplified. In heterokaryotic 

strains, both the 1.1 kb fragment and the integrated section are amplified. These PCR-based checks were 

REACTION MIX PROGRAM SETTING 

0.5 µL Template-DNA Temperature [°C] Time [s ]  PCR- step 

1 µL 10x DreamTaq-Green-puffer 94 60 denaturation 

0.2 µL dNTPs (10 mM) X35 cycles 94 30 denaturation 

0.5 µL forward primer (10 µM) 65 30 annealing 

0.5 µL reverse primer (10 µM) 72 60 /1000 bp elongation 

0.05 µL Dream Taq Polymerase  

72 

 

300 

 

end of synthesis 7.25 µL sterile ddH2O 

10 µL total volume 4 ∞  



Materials and Methods 

55 
 

carried out in small volumes of 10 µL (Tab. 2.12). Then the integrated constructs were sequenced and the 

volume was increased to 50 µL (Tab. 2.10). 

The successful deletion of a gene by exchanging the target sequence with a selection marker via 

homologous recombination of the flanking regions was checked by amplifying a fragment with a short, 

defined section of the marker gene, the homologous flank and a small region above it. An amplification can 

only be obtained with successful integration at the target location. The primers to be used here depend on 

the target location and the selection marker. The homology state of the strains can be determined through 

further PCR-based analyses in which only the original target gene is amplified with the corresponding 

primers. If no sequence can be generated, it can be assumed that all cores only carry the switch-off cassette.  

2.4.3 Verification of N. crassa strains for additional heterologous integration 

Under unspecific conditions, more than one copy of the transferred cassette could integrate into the fungus 

genome; one integrates homologously, and one or more copies combine heterologously. The southern blot 

is a suitable method to investigate additional heterologous integration.  

The obtained strains and the recipient strain were inoculated independently in 50 mL liquid MM in a 500 

mL plastic flask and incubated in a shaking incubator overnight at 30 °C. Later, the biomass from each 

flask was recovered with Miracloth and maintained in liquid nitrogen. The dried, frozen mycelium was 

extensively mortared in a pre-cooled Pistill until it became powder.  

 2.4.3.1 Extract the genomic DNA 

Two-thirds of a reaction tube was filled with ground lyophilized mycelium (60–100 mg dry, or 0.5–1.0 g 

wet, ground in liquid nitrogen). On the biomass, 750 µL of lysis buffer with 1% 2-Mercaptoethanol was 

added and stirred with a dissecting needle and/or vortex to produce a homogenous mixture. Then the tubes 

were incubated at 65 °C for 1–2 h. After incubation, the tubes were centrifuged for 5 min by 13.300 rpm. 

The supernatant was transferred into a new reaction tube (about 350 µL), mixed with 700 µL of 

phenol:chloroform: isoamyl alcohol; 25:24:1, vortexed briefly, and centrifuged at 12,000 x g for 10 min. 

600–650 µl aqueous phase was removed to a new reaction tube, mixed with 600 µL of SEVAG, vortexed 

briefly, and centrifuged at 12,000 x g for 5 min. The aqueous phase was transferred into a new reaction tube 

(approx. 550–600 µL), mixed with 20 µL of 3M NaOAc, covered with isopropanol (1x Vol.), and inverted 

gently several times. Another centrifuge step for 30 sec followed to pellet the DNA. The supernatant was 

poured off and the tubes left inverted for 1 min to drain. The pellets were mixed with 300 µl TE and placed 

in a heat block at 65 °C for 10–15 min. The pellets were resuspended via finger vortex. 10 µL 3 M NaOAc 

was added to the suspended mix and the reaction tube was topped off with EtOH (900 µL), then inverted 

several times gently. The combination was centrifuged as described above for 30 sec to 2 min to pellet the 

DNA. Here, the supernatant was discarded and the pellet rinsed with 70% EtOH and inverted to drain 1 
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min. The pellets were dried at 80 °C for 1 min. Finally, the DNA pellet was resuspended in 100 µL of 

TE+RNase and stored in the tubes at 4 °C until further use. 

2.4.3.2 Digestion of the genomic DNA  

To cut the DNA, a restriction enzyme is needed that can cut the fragment interest of into two or three pieces 

and cut the wild-type locus into one piece. At least 15µg (x = ~ 40 µl) DNA was mixed with 6 µL of the 

corresponding restriction enzyme and 20 µL 10X FastDigest puffer with 174-x ddH2O into a maximum 

value of 200 µL and incubated overnight at 37 °C.   

2.4.3.3 DNA precipitation 

195 µL of digested DNA was mixed with 20 µL 3 M NaOAC, pH 6,3 and 500 µL EtOH (100%), then the 

mix was incubated at -20 °C for 2 h. The combination was spun for 15 min at 16.000 rpm. After that, the 

supernatant was discarded, and the pellet resuspended in 500 µL EtOH (70%). Then, the suspension was 

centrifuged for 5 min at 13.300 rpm. The pellet was dried in the Speedvac for a short time (5 min) and 

suspended in 30 µL H2O. 

2.4.3.4 Agarose electrophoresis 

The agarose gel was prepared with a concentration of 1% without ethidium bromide, and a large gel tray 

(21 x 25 cm) with an appropriate comb was used. The samples were mixed with 3µl bromophenol blue 

before being loaded in the gel and about 10µl bromophenol blue were loaded in one pocket as control. 5µL 

1 kb Ladder with bromophenol blue was loaded as a standard; then, the gel was run at 120 V for 5 min and 

later at 15 V overnight. 

2.4.3.5 Blotting, hybridization and immunological detection 

For all next steps, the DIG high prime DNA labeling and detection starter kit II – Roche –version 13 

was used as per manufacturer instruction (www.roche-applied -science.com). 

2.4.4 Determining the transcription level of BRO1 under the Ptcu-1 promoter in the presence of 

Cu2+ ions 

To verify the response of the Ptcu-1 promoter to the Cu2+ ions, a biochemical analysis was performed.  

2.4.4.1 Protein extraction  

The preculture of the strains H17 and H99 was prepared as described in (2.2.2). Filtrated spore suspensions 

were prepared from each tested condition (combination of the strain and the Cu2+ level). From these, 

dilutions of 5x107 spores per mL were made, of which 500 µL were used as inoculum for 50 mL MM 

(without agar) in polypropylene flasks. The flasks were incubated at 26 ºC and 120 rpm for 16 h. The 

mycelia were harvested using a Buchner funnel with a layer of Miracloth (Millipore) on a water jet pump, 
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wrapped in aluminum foil without washing them, and placed in liquid nitrogen. The frozen mycelia were 

crushed in the aluminum package with a hammer. With constant cooling (ice bath), 300 to 500 µL of the 

coarse powder and glass beads were transferred to 2 mL reaction vessels with a screw cap and mixed well 

with 500 µL of the pre-cooled protein extraction buffer. All samples were shaken for 3 x 30 s at 6500 m/s 

(maximum intensity) with constant cooling in the bead beater. The tubes were then placed on ice for 30 

min and mixed by brief vortexing every 10 min. After centrifugation for 8 min and 13000 rpm at 4 °C, the 

supernatants were transferred to fresh 1.5 mL reaction tubes. The protein concentration was determined 

photometrically with Coomassie Brilliant Blue (Bradford, 1976). For this purpose, 1 µL of the supernatants 

were mixed in a triple determination with 1000 µL of a 1x staining solution (Roti-Quant) in cuvettes, 

incubated for 5 min in the dark, and measured at 595 nm on a UV-VIS spectrometer. The protein 

concentration was calculated with the aid of a regression line, which had been created from the absorption 

of a dilution series of BSA (0 to 10 µg / µL). From the protein extracts obtained from spores, 15 μg protein 

in a volume of 23 μL was prepared in 1x loading buffer (Laemmli 1970). 30 µg protein in 20 µL buffer was 

prepared for the supernatants from the mycelia. All samples were boiled as 10x batches for 10 min at 95 °C 

and kept at -80 °C until use.  

2.4.4.2 SDS gels and separation of proteins by SDS polyacrylamide gel electrophoresis 

Proteins can be separated based on their molecular mass (Dalton, Da) in the denaturing state using 

polyacrylamide gels. Glass plates, combs and apparatus from BIO-RAD were used to produce SDS gels. 

Before the glass plates were used, they were cleaned with water and ethanol. The structure for pouring the 

gels was carried out according to the manufacturer’s instructions. 5 mL of the separating gel mix was 

carefully pipetted between the glass apparatus and coated with 800 µL isopropanol. This had to be done 

carefully so that no air bubbles formed. After the gel had polymerized to completion (after approx. 45 min), 

the isopropanol was removed thoroughly with deionized water, and the remaining water was drained off. 

Then, 2 mL stacking gel mix were added (Tab. 2.13) to the separating gel. A comb was inserted into the 

still liquid collection gel. After the acrylamide had polymerized, the SDS gel was solid and could be 

detached from the apparatus. The gel was clamped in an electrophoresis chamber to separate the proteins 

and poured with a 1-fold SDS running buffer. The comb was then carefully removed. 25 µL with 20 µg 

protein of each combination were applied into the pockets. 5 μL of a marker was used as size standard. A 

special Unstained PageRuler (Thermo Scientific) was applied for Coomassie gels and the Prestained 

PageRuler (Thermo Scientific) for Western blot gels. The gels ran at 120 V until the blue running front had 

run out of the bottom of the gel. 
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Tab. 2.13 

 

 

 

Concentration gel mix (5%)  

Components Volume [mL] 

ddH2O 

1 M Tris HCl pH 6.8 

10% SDS  

30% acrylamide mix 

14 

2.5 

0.2 

3.3 

∑ 20 

 

2.4.4.3 Coomassie staining of SDS gels 

To make proteins visible on an SDS gel, the gel was stained in a solution of Coomassie Brilliant Blue after 

the proteins had been separated. For this purpose, the SDS gel was detached from the glass chambers. Then, 

the separating gel was removed, heated in 10 mL ddH2O in a microwave for 20 sec and swirled on a shaker 

for about 5 min. The water was poured off and the gel was boiled again in 10 mL ddH2O. This process was 

repeated 3 times in total. Finally, the gel was boiled in 10 mL Coomassie solution for 20 sec and incubated 

for at least 30 min until protein bands were visible. The Coomassie solution was then poured off and the 

gel was washed several times with ddH2O until the proteins were visible. 

2.4.4.4 Western blotting, Ponceau staining and hybridization of PVDF membranes 

The gels that were not stained with Coomassie were subjected to western blotting. The proteins were 

transferred from the gel to a PVDF membrane (Millipore) using a tank blot system. After SDS-PAGE, the 

gel was first equilibrated in transfer buffer for at least 15 min. In parallel, the PVDF membrane was 

activated in methanol for 15 sec, immersed in ddH2O for 2 min, and equilibrated in the transfer buffer for 

at least 5 min. The gel and the membrane were then framed by two sponges soaked in the buffer, and 

Whatman papers were stacked in a holding device free of air bubbles. The holder was inserted into the tank 

so that the gel was aligned with the cathode (negative pole) and the membrane with the anode (positive 

pole) to enable the transfer of the proteins masked with a negative charged membrane in the electrical field. 

The blotting was performed at a voltage of approx. 15 V (current strength approx. 40 mA) overnight at 4 

°C with constant stirring of the transfer buffer. To pre-test the transfer of the proteins to the PVDF 

Separating gel mix (8%)  

Components Volume [mL] 

ddH2O 

1.5 M Tris HCl pH 8.8 

10% SDS  

30% acrylamide mix 

23.7 

12.5 

0.5 

13.3 

∑ 50 

Number of gels 1  2  3 4 

Mix 

10% APS 

TEMED 

[mL] 

[µL] 

[µL] 

5 

18 

7 

10 

36 

14 

15 

54 

21 

20 

72 

28 

Number of gels 1  2  3 4 

Mix 

10% APS 

TEMED 

[mL] 

[µL] 

[µL] 

2 

20 

2 

4 

40 

4 

6 

60 

6 

8 

80 

8 
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membrane, the membrane was stained with a 0.1 (w/v) Ponceau solution in 5% (v/v) acetic acid directly 

after western blotting. For this purpose, the membrane was overlaid with the staining solution at RT and 

shaken for 20 to 30 min. The membrane was washed three times for 5 min each time with a 5% (v/v) acetic 

acid solution to decolorize. As soon as the contrast between the protein bands and the background appeared 

appropriate, the membrane was shaken in ddH2O and photographed.  

The next step was to hybridize the PVDF membranes with antibodies; thus, the membrane was first shaken 

in a bowl with 20 mL of a blocking solution (0.1% Tween) for 1 h at RT. The membrane was then incubated 

with an anti-GFP antibody (Roche, mouse, 1:2000 in 10 mL of the blocking buffer) while shaking for 1.5 

h at RT. After the membrane had been swirled four times for 5 min each with 10 mL of a washing buffer 

(0.1% Tween), hybridization was done for 30 min at RT with shaking with an HRP-coupled anti-mouse 

antibody (Invitrogen, goat, 1:4000 in 10 mL of the blocking buffer). Another six washing steps followed 

with 20 mL washing buffer (TBS + 0.1% Tween). The membrane was then placed in a large petri dish (14 

cm in diameter). For the development, 1.5 mL of the developer solution (Clarity ™ Western ECL substrates, 

BIORAD) were pipetted onto the membrane. The detection of the emitted signal was carried out on the 

ChemiDoc ™ touch imaging system from BIO-RAD.  
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2.5 Analyzing the parameters of the phenotype  

2.5.1 Conidiation 

The number of conidial spores formed by N. crassa in the absence and presence of Cu2+ ions was 

determined for the bro1cm and the wild-type strains. For this purpose, small test tubes containing 2 mL of 

tested medium were inoculated with a defined spore concentration of 105 spores in 10 µL. Each strain was 

examined in five tubes for each Cu2+ concentration. The tubes were incubated for ten days at 25 C° in the 

light cycle incubator. After incubation time, 2 mL of ddH2O was added to the tube, then vortexed very 

well, and only 1 mL was taken out of the suspended spores. The spore suspension was filtrated through 

tips with cheesecloth. The spore suspension was then diluted by a rate of 1:100, and the number of the 

spores was counted using a Thoma cell counting chamber. With this chamber, the number of spores was 

counted in 16 squares per strain and the mean value was determined. The following equation determined 

the number of spores formed per mL of a strain: 

Number of spores per mL = Average number of spores /square ×250.000 ×dilution factor (10 or 100) 

Three independent data sets were always generated for each condition (combination of the strain and Cu2+ 

concentration). Thus, the experiment was performed two times more. The number of formed spores was 

calculated as the average of the collected number of each tested tube of the five tubes.  

 

 

 

 

 

 

 

 

2.5.2 Quantification of the growth of the aerial hyphae 

Aerial hyphae growth of N. crassa was quantified on MM with different concentrations of Cu2+ in a large 

test tube (25 mL). For the quantification, the test tubes were filled with 2 mL liquid MM. Each strain was 

examined in three tubes for each Cu2+ concentration. The test tubes were inoculated with a defined spore 
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Fig 2.2 Scheme illustrate the design of the conidiation experiment 
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concentration of 105 spores in 30 µL. This step was followed by incubation at 30 °C for five days in the 

dark to avoid spore formation. The test tubes were not allowed to be moved over the entire incubation 

period. The air hyphae growth at the edge of the test tubes was then determined using a ruler. Three 

independent data sets were always generated for each condition (combining the strain and Cu2+ 

concentration). Thus, the experiment was performed two times more. The total air hyphae growth resulted 

from the mean values of the individual measurements. 

 

 

 

 

 

 

2.5.3 Quantification of the linear growth rate  

Linear hyphal growth of N. crassa was quantified on MM with different concentrations of Cu2+ in so-called 

race-tubes. A race-tube is a 45 cm long glass tube with a diameter of 1 cm. For quantifying the linear hyphal 

growth, the race-tube was filled with 13 mL MM and dried for 1 h. Before starting the experiment, it had 

to be ensured that there was no condensation in the tube. Each strain was examined in three tubes for each 

Cu2+ concentration. The race-tubes were inoculated at one end with a defined spore concentration of 105 

spores in 10 µL. For this purpose, spore suspensions were prepared, and the level of spores was determined. 

After inoculation, the race-tubes were incubated at RT in a neutral light cycle. After the first 24 h of 

incubation, the first growth front was marked as the starting point on the race-tube. In the following days, 

the growth front was marked every 24 h again until the wild-type control reached the other end of the tube. 

Three independent data sets were always generated for each condition (combining the strain and Cu2+ 

concentration). Thus, the experiment was performed two times more. The daily growth rate was calculated 

as an average of all measurements that were made per day of the three tubes. 
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2.6 Microscopy analysis  

Two different microscope systems were used for the microscopic analysis of the fungus.  

System A: The transformants and the created heterokaryotic strains were checked on the Axioplan 2 (Zeiss) 

microscope with a mercury vapor lamp as excitation source and a pixelfly 270 XS camera from the Pmc 

brand. The lens with a 100x magnification was used. Samples were analyzed in transmitted light using 

differential interference contrast optics (DIC), which allows a more vivid representation. This microscope 

contains a filter system for the emission of the fluorescent proteins GFP and dsRED and the fluorescent 

dyes CFW and FM4-64. The 4-D MICROSCOPE FLMV 1.1 (CAENOTEC) program was used to create 

and digitize the images and then postprocessing them as described in (2.6.11). 

System B: The second microscope system (Axio Observer. Z1, Zeiss) has an inverse structure. This system 

is coupled to the sCMOS pco. edge Gold (Pmc) camera and can also be controlled via the 4-D 

MICROSCOPE Observer Z1 (CEANOTEC) program. Thus, stock recordings and time series were made, 

which allow a more precise analysis of protein dynamics. Lenses with 40x and 100x magnification were 

used. The filter system is identical to the one described above. The LED light source allows a specific 

excitation of the fluorescence proteins and dyes due to the possibility of the targeted selection of the 

excitation area. The postprocessing of the recordings followed as described in (2.6.11).  

The sample preparation for microscopy was carried out by cutting out agar blocks with the size of 1x1 cm2 

with a scalpel and inverting them on a coverslip. For exceedingly long acquisition times, 10 µL of sterilized 

ddH2O water was added on top of the agar block to prevent the sample from drying out. For microscopy of 

hyphae, 10 µL ddH2O was added to the preparation to avoid the formation of air bubbles. The incubation 

time of the samples and the performance of the analyses differ depending on the experiments and are 

detailed below. 

2.6.1 Quantification of germination and interaction rate of germlings  

This test was made to study the influence of different mutants (null mutant or conditional mutant) on the 

ability of the vegetative spores to germinate and interact with other germlings. Thus, the preculture and the 

mean culture were cultivated as described in (2.2.1, 2.2.2, and 2.2.5.1). The germination rate was quantified 

after 2, 4 and 6 h of incubation, while the interaction rate was quantified after 4 and 6 h. Sections of the 

corresponding populations were made as described above, and random pictures of different sectors were 

made to be analyzed later by ImageJ (2.6.11). Subsequently, the quantification was done by categorizing 

the individual spore states (not germinated, germinated and interacting) manually with the ImageJ program 

and statistical evaluation using Excel (2.6.11 and 2.7). The germination rate was calculated as a ratio of the 

germinated spores to the total number of spores. In contrast, the interaction rate was calculated as a ratio of 
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the interacting spores to the germinated spore. Three independent data sets were always generated from 

each strain, and at last, 300 spores were quantified per sample/condition.  

2.6.2 Quantification of germling types 

To explore the influence of a conditional mutant on the germ tube formation, the preculture and the mean 

culture were cultivated as described in (2.2.1, 2.2.2 and 2.2.5.1). To perform this experiment, the germlings 

were grouped into the following categories:  

Type I: germlings with one germ tube.  

Type II: germlings with more than one germ tube (fig 2.5). 

Considering the difference in germinating time between the strain bro1cm and the wild type, the strains were 

incubated for 4 and 3 h, respectively, to quantify the germling type at the same growth stage. At this point, 

most of the spores are germinated. Sections of the corresponding populations were made as described 

above, and random pictures of different sectors were taken to be analyzed later by ImageJ (2.6.11). 

Subsequently, the quantification was done by sorting the individual spore states into the suggested 

categories (type I and type II) manually with the ImageJ program and statistical evaluation using Excel 

(2.6.11 and 2.7). Each germling type rate was calculated as the ratio of type I or type II germlings to the 

total number of germinated spores. Three independent data sets were always generated from each strain, 

and at last, 300 spores were quantified per sample/condition.  

Fig 2.4 Category of the conidial germlings  

2.6.3 Live-cell imaging and quantification of protein localization during germling interaction and 

fusion  

To investigate protein dynamics during the interaction and fusion of germlings, the strains were cultivated 

as described in (2.2.1 and 2.2.5.1). The samples were prepared as described above. The incubation time 

was between 2 to 3 h, as most spores are interacting at this point. To visualize the proteins, the GFP or 

dsRED filter system was used depending on the fluorescence construct. Suitable pairs were found which 

were in interaction and observed for 1 h to follow the course of localization over time. The time course was 

made in intervals of about 2–5 min in both the channel DIC and fluorescence channel and then it was 
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digitally processed (2.6.11). For fluorescence imaging, the average values for the intensity of the LED were 

50%, and the exposure of the camera up to 1 second. Still, these parameters changed for some of the proteins 

observed (range between 20–80% LED intensity and 0.1 to 1.4 sec of exposure time). The germlings were 

incubated for 3 h to quantify the recruitment of proteins to the tips and/or to the contact point during the 

chemotrophic interaction and fusion. Interacting pairs which had not yet established contact were then 

searched on the microscope in transmitted light. Still, fusion pairs which had already established 

connections but not yet merged, were chosen for the analysis. The tips and the contact area were then 

checked to accumulate the protein in the fluorescence channel. Three independent data sets were generated, 

and between 15–20 germling pairs were examined. The statistical analysis was then done using Excel (2.7). 

2.6.4 Lysis rate quantification of the germlings  

To quantify the lysis rate of the germling fusion, the strains were cultivated as described in (2.2.1, 2.2.2 and 

2.2.5.1) and samples were prepared as described above. The incubation time of the germling populations 

was 5 h to ensure that most of the germlings were already fused. The quantification was carried out with at 

least three independent data sets and 100 germling pairs each. The distinction of whether a couple is healthy 

or lysed was made directly by optically assessing the appearance of the couple in the DIC channel. The loss 

of cytoplasm during cell lysis changes the contrast of the germlings, and vacuoles emerge clearly.  

2.6.5 Hyphae fusion and hyphal growth  

To explore the subcellular localization of BRO1-GFP and other factors during hyphae fusion, the strains 

were cultivated as described in (2.2.1 and 2.2.5.1), and samples were prepared as described above. The 

microscopic examination of the hyphae was performed using objectives with 100x magnification (with oil 

immersion). To visualize the proteins, the GFP or ds-RED filter system was used depending on the 

fluorescence construct. Suitable hyphal branches were found in interaction and observed throughout 1 h to 

follow the course of localization over time. The time course was made in intervals of about 1 min in both 

channel DIC and fluorescence channel. 

In contrast, growing tips were found and observed over 30 min to visualize the protein in growing hyphae. 

The time course was made in intervals of about 30 sec in both channel DIC and fluorescence channels. The 

hyphae were stained by FM4-64 when necessary to visualize the membrane, septa and the Spitzenkörper 

(see 2.6.6).  

2.6.6 Stain the cells 

To analyze the cell wall, membrane and sterol-rich domain of germlings and hyphae, fluorescent dyes were 

used to visualize them.   
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2.6.6.1 Staining the cell wall  

The cell walls in germlings and hyphae were stained with Calcofluor White (CFW), which binds chitin and 

is routinely used in various fungal species to display the cell wall (Berepiki, Lichius, and Read 2011). A 

stock solution of approximately 5 to 15 mg/mL (w/v) CFW in DMSO was prepared. The working solution 

was developed by a 1:1000 dilution of this stock solution in ddH2O. 5 to 10 µL of the CFW working solution 

were pipetted onto an agar block; the sample was covered with a coverslip and analyzed by a fluorescence 

microscope using a 100x objective and DAPI filter. 

2.6.6.2 Staining the cell membrane  

The cell membrane was stained with the lipophilic dye FM4-64, which is well known to visualize 

membranes in living cells (Hickey et al. 2002). For this purpose, 10 µL of a 25 µM dye solution (stock 

solution: 100 µg/mL in ddH2O) was added to the preparations under a microscope. These were analyzed 

with the appropriate filter system using fluorescence microscopy. When working with the dye, it’s 

important to note that it is taken up into the cell via endocytosis, which causes graduated staining to start 

with the membrane. Over time, it taints all the membrane-coated apartments, e.g., vesicles and vacuoles 

inside the cell. Thus, this dye is useful as a vesicle marker and to study the movement of the vesicles and 

mark the Spitzenkörper in the hyphae (2.6.9). To analyze the membrane, the pictures were taken shortly 

after the addition of the dye. This staining method was used, among other things, to check the completion 

of fusions since the contact surface can be examined for the formation of a fusion pore. 

2.6.6.3 Staining the sterol-rich membrane (SRM) domain  

Filipin is a polyene macrolide antibiotic that specifically binds 30-hydroxysteroid associated with artificial 

phospholipid bilayers or biological membranes. Filipin has fluorescence properties that make it potentially 

suitable for flow microfluorometry (FMF) (Vida and Emr 1995).  

In this study, filipin was used as a stain to investigate the influence of different Cu2+ level on the sterol-rich 

membrane in N. crassa germlings. For this purpose, 10 µL of a 1:100 diluted solution of filipin III (stock 

solution 1 mg/mL) was added to the preparations under a microscope. These were analyzed with the DAPI 

filter system using fluorescence microscopy. It is important to note working with the dye causes rapid cell 

lysis; therefore, images should be made immediately after staining. Images were taken before and after 

treatment with dye in the DIC and DAPI channels; no image was made 1 min post-treatment. The images 

were analyzed later by ImageJ (2.6.11). Three independent data sets were generated, and 100 spores were 

quantified per sample/condition. The statistical analysis was then done using Excel (2.7). 

2.6.7 Inhabiting the MAP-Kinases MAK-1 and MAK-2 

The investigation of the importance of the activity of the MAP kinase MAK-1and MAK-2 for the factors 

relevant in this work was carried out by the targeted inhibition of the kinase during germling interaction 

and fusion. The chemical genetic approach is based on creating a mutant in the ATP binding pocket to 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macrolides
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change the glutamic acid into glycine at the target position (104 for mak-1 and 100 for mak-2), which forms 

a specific target for the ATP-analogous inhibitor 1NM-PP-1. The modified strains grow like the wild-type 

in the absence of the inhibitor, while it showed the ∆mak-1 or ∆mak-2 phenotype in the presence of a high 

inhibitor concentration. The inhibitor can be applied at any stage during germling interaction and fusion, 

which offers the advantage to investigate these roles of the kinases during the interaction and fusion process 

and the relation with other factors by inhibiting the kinase localizing the interesting protein.  

To use the advantage of this approach, crossing strains were generated, expressing the inhibitable allele of 

mak-1or mak-2 and the desired fluorescence construct. Spores from these strains were then cultivated as 

described in (2.2.1 and 2.2.5.1) and prepared for microscopy. The incubation period was 3.5 h. 10 µL of a 

20 µM solution of the inhibitor (1NM-PP-1 in ddH2O with 1% DMSO) was added to the preparations under 

a microscope and examined directly. Images were taken before and after treatment with an inhibitor in the 

DIC and fluorescence channels, and the interacting pairs were observed over time as described in (2.6.3). 

Finally, the cell wall was stained (see 2.6.6.1) to check whether the couples were fused. The same 

experimental procedure was chosen as the control approach, and only the solvent (ddH2O with 1% DMSO) 

was added instead of the inhibitor solution.  

2.6.8 Partial and full inhibition of RAC-1 

2.6.8.1 Full inhibition 

Using the inhibitor NSC23766 to specifically inhibit RAC-1 was established by Alexander Lichius et 

al.,2014. Here, the influence of full inhibition of RAC-1 was investigated to localize other factors during 

cell interaction and fusion. Spores from the strains of interest were cultivated as described in (2.2.1 and 

2.2.5.1) and prepared for microscopy. The incubation time was 2.5 h at 30 °C. 5 µL of a 100 µM solution 

of the inhibitor (NSC23766 in ddH2O) was added to the preparations under a microscope and examined 

directly. Images were taken before and after treatment with an inhibitor in the DIC and fluorescence 

channels, and the interacting pairs were observed over time, as described in (2.6.3). 

2.6.8.2 Partial inhibition  

The wild-type, the ∆so and ∆sip-1 were used for this experiment. The strains were inoculated on MM plates 

and MM without Ca2+ ions and incubated for 2 h at 30 °C, then six agar blocks of 1 cm2 were cut. 

Afterwards, 5µl of the inhibitor NSC23766 (25 µM), or ddH2O for the control, was added on the top of the 

agar blocks. The agar blocks were then placed into a wet chamber (a very large petri dish with damp tissue) 

and incubated for 2 h at 30 °C. Subsequently, two blocks were checked under the microscope, while two 

other blocks were treated again with 5µl of the inhibitor and the two last blocks were not treated. These 

four blocks were kept at 30 °C for 2 h more. Finally, the fourth block was checked under the microscope. 

Pictures were made in the DIC channel only of different sectors to be analyzed later by ImageJ (2.6.11). 

Subsequently, the quantification was done by categorizing the germling pair’s states (made contact, twisted 
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around each other and not twisted) manually with the ImageJ program and statistical evaluation using Excel 

(2.6.11 and 2.7). The twisting rate was calculated as the ratio of the pairs that twisted around each other to 

the total number of couples that made contact. Three independent data sets were always generated from 

each strain, and at last, 100 pairs were quantified per sample/condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6.8 Depolymerization of microtubule and actin 

Microtubules and actin are essential components of the cytoskeleton. To understand the effects of 

microtubules and actin, e.g., to investigate the recruitment of the proteins, their polymerization was 

inhibited with specific substances, thus destroying their structure. MM plates with 30 µg /mL (w/v) 

benomyl (Sigma Aldrich) and without benomyl as control were used to initiate microtubules. Germlings 

were incubated on the plates for 3 h at 30 °C. To depolymerize actin, germlings were incubated for 3 h on 

MM at 30 °C and then treated with 10 µL of a 40 µg/mL (w/v) latrunculin A solution (Enzo). Incubation 

for 10 min followed. Subsequently, the effects of depolymerized microtubules or actin were recorded with 

and without treatment with an inhibitor in the DIC and fluorescence channels. The interacting pairs were 

observed over time, as described in (2.6.3).  

2.6.10 Live-cell imaging of the vesicles.   

The BRO1-GFP strain spores were prepared and inoculated to examine the hyphae as described in (2.6.5). 

Agar blocks were taken from the periphery of the colony and stained with FM4-64 as described in (2.6.6.2) 

and incubated at 4 °C for 15 min to allow the fungus to take up the dye and stain the vesicles. To visualize 

the BRO1-GFP and the vesicles under the microscope, the GFP and dsRED filter systems were used. 10 

µL of 1 mg/mL benomyl (Sigma Aldrich) was added to slow down the growth and subsequently decelerate 

Fig 2.5 Scheme illustrate the design of the inhibition of RAC-1 experiment 
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the movement of the vesicles, which simplified the recording of their movements. Suitable hyphal branches 

were found in interaction and observed for 1 h to follow localization over time. The time course was made 

in an interval time point of about 5 sec in all channels DIC and the fluorescence channel and then digitally 

processed and analyzed with ImageJ (2.6.11). For fluorescence imaging, the standard values for the 

intensity of the LED were 50% for the GFP and 30% for dsRed and the exposure of the camera up to 0.2 

sec.  

2.6.11 Postprocessing and analysis of the microscopic images 

Different computer programs were used to processing and analyzing the microscopic images after ending 

the microscope session.  

2.6.11.1 Processing and evaluation of microscopic images 

The program ImageJ provides many useful tools to process and analyze microscopic images. Thus, the 

program was used for different evaluations and postprocessing. The scale information was inserted into the 

pictures of this work. For this, the pixel size ratio of the camera used must be known. Contrast and 

brightness can also be adjusted. This program also provides so-called look-up tables, which are false-color 

filters that can either help further analysis or allow the grayscale images to be colored. The tool called 

‘merge channels’ was used to create overlays of two separately recorded channels. This tool is necessary if 

two fluorescent proteins or fluorescent dyes located in parallel are shown together in one picture. For this 

purpose, e.g., one filter variant is colored red and the second green, and the merging of these two images 

will result in a new image where the overlapping signal is colored in yellow. 

This program also allows measuring the signal density in a different part of the cell, which helps calculate 

the signal density change through times or under different conditions. 

Cell counter plugins were used to count germlings of different status types, e.g., not germinated, germinated 

and interacting. Those numbers were then manually transferred into an Excel sheet for further statistical 

analysis (2.7). 

2.6.11.2 Deconvolution processing  

Deconvolution is an algorithm-based process which is used to reverse the effects of convolution on recorded 

data. Some fluorescence images shown in this thesis were processed by the widely used commercial 

deconvolution software Huygens (by Scientific Volume Imaging), specifically the Huygens Essential 

version. Z-stacks (usually n=10) up to 200 nm of all fluorescence images were captured and assembled as 

a single tiff file by using ImageJ (image-stacks-image to stack). The composite images were processed 

through the deconvolution software with the following parameters: 40–100 iterations, a signal/noise ratio 

of 12 and 0.01% of quality change thresh. 
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2.6.11.3 Building multi-image pictures  

Another tool of ImageJ, Montage, was used in this work to create images with several microscopy images. 

It is an assembly function that allows several images to be arranged in rows and lines at a predetermined 

distance from one another. As this tool only offers little flexibility when dealing with the multi-image 

output, these multi-images were arranged in PowerPoint by Microsoft. In this program, it is possible to 

assign images and insert times, arrows and texts as needed. The Inkscape and PowerPoint vector graphics 

program was used to create graphic illustrations such as schemes.   

2.7 Statistical analysis 

The statistical significance of the different data sets was determined using the data analysis function of the 

Excel program by Microsoft (Tab. 2.9). The two-sample F-test was used to determine whether the data sets 

had the same or different variances. The measurement series of the data sets were then compared in pairs 

with the corresponding two-sided t-test. If the final p-value was below the defined significance level of 

0.05, the difference between the data sets was considered significant. Graduations were then made between 

significant (p ≤ 0.01 = **) and highly significant (p ≤ 0.001 = ***).  
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2.8 Interaction of proteins 

2.8.1 RNA extraction 

For RNA extraction, the wild-type N. crassa strain was inoculated with 2x108 spores in 50 mL of a liquid 

medium at 30 °C and 150 rpm overnight. Since RNA is very susceptible to degradation by RNAse, all the 

working tools were cleaned with NaOH (1%), and great attention was paid to sterile work using nitrile 

gloves. The mycelium was harvested by vacuum on a feeding bottle through a Buchner funnel with a gauze 

filter and then placed in liquid nitrogen. Cell disruption was carried out using mortars with liquid nitrogen 

until the mycelium was crushed into very fine dust. RNA was extracted using the "NucleoSpin RNA Plants 

Kit" (Macherey-Nagel) following the manufacturer’s instructions. The RNA was stored at -20 °C until 

further use.  

2.8.2 Amplification of cDNA by reverse transcription 

Reverse transcription (RT) was used to rewrite RNA into cDNA. The RNA-dependent DNA polymerase 

(Thermo Scientific) and oligo dT primer were used for the RT PCR. First, the RNA was incubated in one 

batch with the oligo (dT) primers. 

The first approach of RT PCR:   

1.5 µL RNA template  

1 µL oligo (dT) primers 

10 µL ddH2O 

 

The mix was incubated at 65 °C for 5 min. Immediately after incubation, the mix was cooled on ice. As a 

result of this incubation time, the primers attach to the RNA. The rewriting of RNA into cDNA by the 

RNA-dependent DNA polymerase followed this step. The following components were used for this 

approach:  

4 µL 5X RT buffer 

0.5 µL Riboblock RNAse 

1 µL dNTPs (10 mM) 

1 µL Premium RT 

  

Incubation was carried out at 54 °C for 30 min with subsequent heating to 85 °C for 5 min. Subsequently, 

the desired gene could be amplified from the generated cDNA in a conventional PCR approach (2.3.2.1). 

2.8.3 Yeast two-hybrid assay 

Yeast two-hybrid assays (Y2H) were carried out in S. cerevisiae for the detection of protein-protein 

interactions. The yeast transcription factor Gal4 was used, which has a DNA-binding domain and an 

activation domain. Both domains are expressed independently on two plasmids. The plasmid pGADT7 AD 

encodes the gene for the activation domain, plasmid pGBKT7, the gene for the DNA-binding domain. The 

cDNA was cloned by one of the potential interaction partners as prey in pGADT7 AD to determine protein-
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protein interactions. The cDNA from the second interaction partner was ligated as bait in pGBKT7 and 

transformed into E. coli (see 2.3.2.3.2). The pGADT7 AD plasmid obtained was then transformed into the 

yeast strain AH109 (mat α) and the plasmid pGBKT7 into the strain Y187 (mat a) (see 2.3.2.3.1). The yeast 

with plasmid pGBKT7 was selected on the SD-Trp medium, the yeast with plasmid pGADT7 AD on SD-

Leu medium. After two to three days, colonies of both transformants were removed with a sterile wooden 

stick and transferred to 5 mL of liquid SD-Trp or SD-Leu selection medium and incubated overnight at 

30 °C and 150 rpm. The next day, 750 µL of each strain was mixed in a 1.5 mL reaction vessel and 

sedimented for 30 sec at 13,000 rpm. The supernatant was removed, and the yeasts were resuspended in 50 

µL sterile ddH2O. These were then dropped onto YPD + Ade plates and incubated at 30 °C overnight to 

cross the two yeast strains. As a control, the yeasts with the two cDNAs to be examined were crossed with 

yeast strains that had an empty pGADT7 AD or pGBKT7 vector. The next day, some cells were removed 

from the plates with sterile wooden sticks and examined microscopically for diploid yeast cells. In the case 

of a successful crossing of both strains, cell material was removed and resuspended in 100 µL sterile ddH2O. 

Then 30 µL of the suspension were dropped onto plates with SD-Leu-Trp and SD-Leu-Trp-His-Ade. 

Medium with SD-Leu-Trp was required as growth control. The medium SD-Leu-Trp-His-Ade was used 

for the selection of protein-protein interactions. If the expressed proteins in the yeast strain interact in vivo, 

the individual Gal4 domains are brought into spatial proximity and are functionally active. As a result, the 

required amino acids are synthesized again, and growth on the selection medium is possible. 
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2.9 Quantification of protoperithecia  

One criterion for characterizing the mutants during sexual reproduction is the number of protoperithecia 

formed. Thus, for a more precise characterization of the sexual development of the bro1cm strain under 

different levels of Cu2+, protoperithecia was quantified. The preculture and the mean culture were cultivated 

as described in (2.2.1 and 2.2.4). The Westergaard’s plates were incubated for two weeks at 26 °C in a light 

cycle incubator. After ending the incubation time, 500 µL of sterilized ddH2O was streaked on each plate 

to reduce the upper layer of mycelium. This way, the light can go through the plate to improve the quality 

of the images. The clear area was divided into five equally large sections for better counting of 

protoperithecia. Under the stereomicroscope, five images were made of the wiping area, one image per 

section, by using a magnification of 40x objective lens. The protoperithecia was counted by the ImageJ 

program (2.6.11). The counting should be done in a specific area equal to 1000 × 1000 pixel of each photo. 

This area of 1000 × 1000 pix equals 0.42 mm, so the number should be calculated for 1 cm2 (𝑥 =
1∗ Y

0,42
 : Y 

= number in 0.42 mm). Three independent data sets were always generated from each strain and five plates 

per time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.6 Scheme illustrate the method of protoperithecia quantification 
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2.10 Cytological analysis of perithecia  

Another criterion for characterizing the mutants during sexual reproduction is the fertilizability of the 

protoperithecia and their development into perithecia. Several crossings were made for this purpose. The 

preculture and the mean culture were cultivated as described in (2.2.1 and 2.2.4). The Westergaard’s plates 

were incubated for two weeks at 26 °C in a light cycle incubator. The fertilization was then performed by 

streaking 500 µL of spore suspension from the respective partner strain which had the opposite mating type. 

The protoperithecia were imaged immediately under the stereomicroscope after fertilization. One-week 

postfertilization, many immature perithecia were picked up using a sterile lancet and transferred to a 

microscope glass slide with 10 µL of ddH2O. Subsequently, the perithecia were crashed to check the so-

called "rosita," which forms of a bunch of asci. The development of the asci and formation of ascospores 

were checked under the light microscope utilizing the 40x (oil) objective. These steps were repeated two 

weeks and three weeks postfertilization for the tested crossings. At the end of the third week 

postfertilization, the ascospores were harvested as described in (2.3.1) and counted as described in (2.5.1) 

without diluted spore suspensions. 

2.11 Stress test  

To identify the sensitivities of the bro1 conditional mutant, stress tests were performed on the BDES 

medium. Two substances (tomatine and fluconazole) were added to the medium in different concentrations. 

The BDES medium was prepared without Cu2+ and with a high level of Cu2+ (50 µM/mL) (Fig 2.11).  

Tomatine stock solution was prepared as 10 mg/ 1 mL DMSO. Four concentrations were tested: 

For the 25 µg/mL tomatine, 125 µL of tomatine stock (10 mg/mL) were added to 50 mL of BDES.            

For the 50 µg/mL tomatine, 250 µL of tomatine stock (10 mg/mL) were added to 50 mL of BDES.             

For the 75 µg/mL tomatine, 375 µL of tomatine stock (10 mg/mL) were be added to 50 mL of BDES.   

Fluconazole stock solution was prepared as 1 mg/ 1 mL H2O. Four concentrations were tested:  

For the 5 µg/mL fluconazole, 500 µL of (1mg/mL) were added to 100 mL BDES. 

For the 10 µg/mL fluconazole, 1000 µL of (1mg/mL) were added to 100 mL BDES. 

For the 20 µg/ml fluconazole, 2000 µl of (1mg/mL) were added to 100 mL BDES. 

BDES medium without additives was used as a control. A spore suspension was prepared from the strains 

to be examined, and the number of spores was determined. Subsequently, dilutions of 2 x 107 to 2 x 103 

conidia per mL were prepared. 5 µL of these dilutions were dripped onto the BDES plates. This resulted in 

a spore count of 105 to 101. The plates were incubated for two to three days at 30 °C. After the end of the 

incubation time, photos were taken of the test and the control plates using the Bio-Rad device.  
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Fig 2.7 Scheme illustrate the design of the stress assay 

experiment 
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3. Results 
 

3.1 BRO1 is a conserved protein in eukaryotic species. 

In a preliminary study, the vacuolar protein-sorting protein bro1 (NCU08001) was identified as a potential 

candidate that might contribute to cell fusion in N. crassa (Marcel R Schumann 2018). Alix, the mammalian 

homolog of BRO1, has broad roles in various cellular functions, including a primary role in regulating the 

biogenesis of exosomes and extracellular vesicle secretion (Vlassov et al. 2012; Akers et al. 2013; Raposo 

and Stoorvogel 2013a). Together, these functions make BRO1 a promising candidate for future elucidation 

of the signaling processes mediating vegetative cell-cell fusion in N. crassa. We therefore decided to 

investigate its potential role in these processes. 

In order to gain a better understanding of the level of conservation of BRO1 in fungi and the eukaryotes, a 

BLAST analysis using the BRO1 protein sequence of N. crassa as a query was conducted. Interestingly, a 

high level of amino acid identity was found among filamentous ascomycete fungi, including plant 

pathogens. In yeast species, however, the similarity was not higher than in plant or animals (Tab. 3.1). 

Table 3.1 The putative homologs of the N. crassa BRO1 protein in different organisms: 

Description of BRO1 homologs Species       Identity %* 

Vacuolar protein-sorting protein (Bro1p) Saccharomyces cerevisiae 27.6 % 

vacuolar protein-sorting protein Schizosaccharomyces pombe 29 % 

Vacuolar protein-sorting protein (BRO1) Candida albicans 28.89 % 

Vacuolar protein-sorting protein (BRO1) Candida glabrata 25.35 % 

Vacuolar protein-sorting protein (BRO1) Aspergillus nidulans 54.02 % 

Bcbro1 Botrytis cinerea 64.22 % 

Vacuolar protein-sorting protein (BRO1) Fusarium oxysporium 68.18 % 

hypothetical protein UMAG_00505 Ustilago maydis 36.98 % 

ALG-2 Interaction Protein X (At-Alix) Arabidopsis thaliana 26.75 % 

ALG-2 Interaction Protein X – 1 (ALX-1) Caenorhabditis elegans 26.1 % 

ALG-2 Interaction Protein X (Alix) Drosophila melanogaster 24.66 % 

ALG-2 Interaction Protein X (Alix) Homo sapiens 29.5 % 

* Annotation of the proteins mentioned here is mostly based on sequence similarity and not on experimental evidence of the actual 

protein function.  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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 The N. crassa bro1 gene (NCU08001) comprises a predicted open reading frame of 4,204 bp and three 

introns (61 bp, 73pb, and 62pb) (https://fungidb.org) (Fig 3.1). The size and the positions of these introns 

was confirmed by sequencing of the cDNA (Fig 6.1). The encoded protein consists of 1012 amino acid (aa) 

arranged in four domains: 1) The Bro-1 domain, 2) a V_ScBro1_like domain, 3) Reto-transposon 

transporting motif, and 4) a Proline-rich domain (PRD). In the C-terminal part, a conserved motif Retro-

transposon transporting motif (Nup_retrotrp_bd) is present (Fig 6.2) (https://www.ncbi.nlm.nih.gov) 

(https://www.uniprot.org). 

Fig 3.1: Scheme of bro1 open reading frame.  
(A) The bro1 (NCU08001) sequence consist of 4 exons and 3 introns. 

(B) The BRO1 protein arranged in four domains:1) the Bro-1 domain (6 – 393 aa), 2) a V_ScBro1_like domain; Protein-

interacting V-domain of S. cerevisiae BRO1 and related domains (375 – 747 aa), 3) Reto-transposon transporting motif: ALIX 

V-shaped domain binding to HIV (434 – 750 aa), and 4) Proline-rich domain (PRD) (900 – 990 aa) and a conservative motif 

the Nup_retrotrp_bd: Retro-transposon transporting motif (801 – 899 aa). (C) The predicted amino acid sequence at the C-

terminal of BRO1: high frequency of proline at this domain.   

https://fungidb.org/fungidb/app/record/gene/NCU08001#Sequences
https://www.uniprot.org/
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3.1.1 The loss of bro1 is lethal  

To characterize the function of a protein of interest, the macroscopic and microscopic-phenotype of a gene 

knock-out mutant can be analyzed. For N. crassa, the Fungal Genetic Stock Center provides a gene 

knockout mutant collection (Fungal Genetics Stock Center, University of Missouri; http://ww.fgsc.net/), 

which includes a ∆bro1 strain (FGSC 19020) (Table 2.1). Interestingly, this strain is only deposited as a 

heterokaryon, which contains two types of genetically different nuclei: those with the wild-type gene of 

bro1, and those that carry the bro1 deletion ∆bro1. This indicates that a homokaryotic mutant could not be 

obtained during construction of the strain collection.  

When cultivated under standard laboratory conditions, the heterokaryotic ∆bro1 mutant grew comparable 

to the wild-type reference strain and showed no macroscopic phenotype (Fig 3.2.A). Since any effects 

caused by the loss of bro1 in this heterokaryon are likely covered by the presence of the wild-type nuclei, 

we sought to generate a homokaryotic knock-out mutant by back-crossing the mutant (FGSC 19020) with 

a wild-type strain (FGSC 988). Ascospores derived from sexual crosses originate from cells carrying only 

one nucleus and are therefore always homokaryotic. The ascospores obtained in this cross were activated 

and plated on a MM agar plate (Fig 3.2.B). Germinated spores (n=100) were isolated and screened for the 

bro1 gene deletion. For this, the progeny were tested for resistance against Hygromycin (100 mg/mL), since 

this resistance was used for construction of the gene knockout mutant. After three days of incubation, no 

growth was observed in any isolates, indicating that no viable ∆bro1 strains were obtained (Fig 3.2.C). 

There are two possible explanations for these results; 1) either ∆bro1 is essential for ascospore germination, 

causing lethality in ∆bro1 ascospores, or 2) bro1 is an essential gene for N. crassa. To address this question, 

a single spore isolation approach based on vegetative spores was chosen. Vegetative conidia of N. crassa 

are multinucleate, but through the repeated isolation of single spores obtained from consecutive cultivations 

on selective medium, homokaryotic strains can be isolated. Three rounds of single spore isolation were 

performed based on the heterokaryotic mutant (n=15 of each round). PCR analysis revealed that all strains 

remained heterokaryotic (Fig 3.2.D).  

Taken together, these data indicate that bro1 is indeed an essential gene in N. crassa. 

3.1.2 BRO1 might contribute to cell-cell communication  

Even though the heterokaryotic strain ∆bro1 (FGSC 19020) showed no specific macroscopic phenotype, 

we asked if cell-cell communication and fusion might be partially affected in this isolate. Therefore, the 

conidial germling interactions of the heterokaryotic strain ∆bro1 (GN9-69) and the control strain GN5-09 

(∆mus52::hph), which is also resistant against hygromycin but has a wild-type-like phenotype, were 

quantified. As the heterokaryotic strain still contains wild-type nuclei, it was necessary to select conidia 

with a high ratio of ∆bro1 nuclei. Therefore, both strains were inoculated into MM + Hygromycin (100 



Results 

79 

 

mg/mL) tubes to obtain precultures under selection pressure. Spores of each strain were plated on two plates 

(MM and MM+hyg) and incubated at 30 °C for 4 h to determine the germination rate and to quantify tropic 

cell-cell interaction.  

 

 

  

 

 

 

 

 

 

The control strain showed comparable germination and interaction rates under both tested conditions. 

However, the germlings of the heterokaryotic ∆bro1 strain showed a significant reduction in their 

interaction rate on the MM plate, suggesting that in the heterokaryotic cells a dosage effect of the bro1 loss 

on germling interactions becomes apparent. On the MM+hyg plate, barely any spore germination was 

observed, consistent with the earlier notion that the gene is essential for N. crassa. 

Fig 3.2: ∆bro1 is a lethal mutant. 

(A) Macroscopic phenotype of the heterokaryotic 

∆bro1 strain (FGSC 19020) on MM compared to the 

wild-type (FGSC 988). 

(B) Progeny of the cross between ∆bro1 (FGSC 19020) 

and wild-type (FGSC 2489).  

(C) Spot test of the progeny on BDES and BDES + 

hygromycin (100mg/ml) to determine hygromycin 

resistance. 

(D) PCR analysis of progeny testing the absence of the 

bro1 gene (expected band size ~ 2.4 kb).  
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Fig 3.3: BRO1 might influence cell-cell communication. 

(A) Micro-phenotype of the heterokaryotic strain GN9-69 (∆bro1) on MM + hyg compared to the control strain GN5-09  

(B) Quantification of germination and chemotropic interaction of the strain GN9-69 (∆bro1) and the control strain GN5-09 on 

MM and MM + hyg (100mg/ml). 

The T-test showed a significant difference in the interaction rate between the control stain and the examined strain. 

Error bars represent the SE calculated from three independent experiments (n=100 of each experiment). P < 0.01= **                            

P < 0.001= *** Scale bar = 5 µm. 
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3.2 The Knock-down of bro1 results in fusion deficiency. 

Since bro1 is essential for N. crassa, it is not possible to study a homokaryotic bro1 null mutant. To 

investigate the potential impact of bro1 on spore germination and tropical interaction in more detail, we 

aimed to construct a conditional bro1 mutant. In N. crassa, gene expression can be controlled by the Ptcu-

1 promoter (Lamb et al. 2013). This promoter is tightly controlled by copper availability. Excess copper 

represses and copper depletion activates its activity and therefore gene expression (Korripally et al. 2010).  

To construct the conditional mutant, the native promoter of the bro1 gene was replaced by the Ptcu-1 

sequence. For this purpose, the construct hph;Ptcu-1-bro1-gfp, was prepared, which encodes a GFP-tagged 

BRO1 protein (Fig 3.4.A). This construct was inserted into the bro1 locus in strain N1-06 (mus52::bar+) 

through homologous integration, resulting in the isolate H4. The primary transformant was crossed with 

the wild-type strain (FGSC 2489) to remove the mus-52 mutation and to create a homokaryotic strain. 

The progeny of the crossing WT x H4 were tested by PCR for the homokaryotic stage; all tested strains 

were homokaryotic (Fig 6.3). The absence of heterologous integrations of the transformation fragment was 

verified by Southern blot analysis for three isolates obtained from the cross. The restriction enzyme BglI 

was used to digest the genomic DNA of the three strains and the recipient strain as a control; this enzyme 

cuts the gene locus in three-positions, resulting in two fragments of 1) 3.9 kb and 2) 2.16 kb, while it cuts 

the native locus in two positions resulting in one piece of ~ 6. 9 kb. The knock-in cassette (hph;Ptcu-1-

bro1-gfp) was employed as the probe. The probe was labeled by DIG high prime DNA labeling (Roche). 

The immunological detection of the Southern blot membrane confirmed the expected band pattern, and that 

no heterologous integration was present in any of the examined strains (Fig 3.4.B). 

After confirming the correct construction of the strain, the functionality of the construct and the copper 

responsiveness of the isolates was tested. For this, protein production under different conditions was tested 

by Western Blot analysis, using an anti-GFP antibody. An indispensable control to evaluate the efficiency 

of the Ptcu-1 is the expression under the native promoter. Therefore a Pbro1-bro1-gfp construct was 

integrated at the bro1 locus by transforming the N1-06 (mus52::bar+) strain, resulting in the isolate H71. 

This primary transformant strain was crossed with the wild-type strain (FGSC 2489) to remove the mus-52 

mutation and to create the homokaryotic strain H90. 

Liquid Vogel’s MM contain two different Cu2+ concentrations (0, and 50 µmol/ml) was inoculated with the 

tested strains and incubated overnight at 30 C° and 120 rpm. The Western blot analysis showed, as expected, 

reduced BRO1-GFP amounts under high copper conditions for the conditional mutant, while levels were 

comparable under all conditions for the control strain (Fig 3.4.C).   
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Fig 3.4: Down regulation of bro1 results in a ∆so-like phenotype. 

(A) Strategy for construction of the conditional bro1 mutant. The construct consists of a1 kb 

upstream 5` flank, the hph cassette as a selection marker, the Ptcu-1 promotor, the bro1 ORF without 

the stop codon, the gfp gene and a 1 kb downstream 3` flank. The fragments were aligned by yeast 

recombinational cloning. (B) Southern blot analysis using the entire transformation fragment as a 

probe. The genomic DNA was digested with BglI, resulting in two bands of 3.9 kb and 2.16 kb for 

the mutant and one band of 6.9 kb for the recipient strain. (C) Western blot analysis to test the 

expression level of BRO1 under different Cu2+ concentrations. Quantitative analyses of the ratio 

between the GFP signal and the Coomassie signals. (D) Macro-phenotype of wild-type and bro1cm 

on graded levels of Cu2+ (0, 1, 5, 10 or 50 µmol/ml)  
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3.2.1 Reduction in the BRO1 dosage reduces the length of aerial hyphae and the number of 

conidial spores. 

After the reliability and functionality of the selected strains were ensured, the macroscopic phenotype of 

the conditional mutant was studied on solid Vogel’s MM tubes containing different Cu2+concentrations, to 

test the consequences of bro1 suppression.  

For that, the wild-type strain (FGSC 988) and the homokaryotic bro1 conditional mutant (bro1cm) H17 were 

inoculated on solid Vogel’s MM tubes containing 0, 1, 5, 10, and 50 µmol of Cu2+. Both strains showed 

comparable growth in the absence of copper ions Cu2+. While the wild-type was not affected by the different 

Cu2+ concentrations, reduced expression of the bro1 gene in the presence of Cu2+ caused dosage-dependent 

pleiotropic growth defects in the mutant, including shortened aerial hyphae and sparse conidiation. This 

phenotype resembles the ∆so phenotype (Fleißner et al. 2005) and was therefore termed ∆so -like phenotype 

(Fig 3.4.D). 

To gain a more detailed understanding of the bro1 phenotype, a quantitative analysis of different growth 

parameters was conducted. Since most of the so far described cell fusion mutants of N. crassa, including 

so, form only short aerial hyphae compared to the wild-type (Fleißner et al. 2005; Fischer and Glass 2019; 

Herzog et al. 2015), this feature was tested first. The bro1cm mutant and the wild-type strain (FGSC 988) 

were inoculated in liquid Vogel’s MM containing different concentrations of Cu2+ and were incubated in 

the dark for five days. Then the length of the aerial hyphae was measured. The wild-type strain formed 

comparable aerial hyphae at all Cu2+ concentrations. In contrast, the length of the aerial hyphae in bro1cm 

was reduced to less than half at high Cu2+ concentrations in comparison to the medium without Cu2+ ions. 

Thus, the repression of bro1 expression results in shorter aerial hyphae compared to the wild-type control, 

as observed for many cell fusion mutants. (Fig 3.5.A). 

Aerial hyphae formation is a prerequisite for conidiation (Springer 1993; Springer and Yanofsky 1989). As 

the bro1cm strain formed shortened aerial hyphae in the presence of Cu2+, the number of the conidial spores 

formed by this mutant and the wild-type strain was compared in the presence of different amounts of Cu2+. 

Solid Vogel’s MM tubes containing different concentrations of Cu2+ were inoculated with the strains and 

incubated in a light-cycle incubator at 26 °C for ten days. The numbers of formed conidial spores in the 

wild-type strain were comparable for all media tested. In contrast, bro1cm formed only about 1 % of conidial 

spores on high copper media compared to the control. The knock-down of bro1 results therefore in reduced 

conidiation, which also constitutes a typical phenotype of cell fusion mutants (Fig 3.5.B).  
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 Finally, the daily hyphal extension rate was measured for the bro1cm and the wild-type control. The strains 

grew in race tubes for five days and the hyphal growth front was marked every 24 h. Interestingly, no 

difference was observed for the two strains and the different media conditions. Thus, suppression of the 

bro1 gene does not affect hyphal elongation (Fig 3.5.C). 

3.2.2 The conditional mutant shows delayed germination. 

After the macroscopic phenotype of bro1cm in presences of Cu2+ was analyzed, the micro-phenotype was a 

primary key in our study; cell-cell communication occurs in N. crassa between individual germlings 

(Fleißner et al. 2008), which can be investigated microscopically. However, the interaction rate depends on 

the number of successfully germinated spores. Therefore, the first microscopic study of the conditional 

mutant was focused on the germination time at different Cu2+ concentrations in comparison with the wild-

type at different time points (2, 4, and 6 h). The germination rate was quantified at each time point for each 

strain on different levels of Cu2+ concentration. As a result, a highly significant germination delay of about 

2 h of the bro1cm strain became apparent on all three levels of Cu2+ in comparison to the wild-type strain 

(Fig 3.6). At the first time point, the germination rate of the bro1cm strain is approximate at different Cu2+ 

concentrations. This rate is significantly less than the germination rate of the wild-type strain. After four h 

of incubation, the germination rate of the bro1cm strain in the absence and at a low level of Cu2+ is 

comparable to the germination rate of the wild-type strain, while in the presence of a high concentration of 

Cu2+ the germination rate of the bro1cm is still significantly lower than the wild-type rate in the same 

condition. Both strains showed an equal germination rate after six hours of incubation in all examined 

Fig 3.5: Suppression of bro1 expression results in reduced formation of aerial hyphae and conidia. 

(A) measurement of aerial hyphal length (B) Quantitative analysis of conidiation in bro1cm and the wild-type on 

different Cu2+ concentrations. (C) Daily growth rate determined by measuring of maximum hyphal extension.   

Error bars represent the SE calculated from three independent experiments (n=10 of each experiment). P < 0.01= ** P < 

0.001= ***.  
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conditions. We hypothesize that the germination delay is caused by the reduced bro1 expression in conidial 

spores. 

 

 

 

 

Fig 3.6 The conditional mutant shows delayed germination. 

(A) Microscopic phenotype of conidial germinating at three time points (2, 4 and 6 h). (B) Germination rate at 

different time points of the wild-type and bro1cm: the conidial spores of bro1cm required twice the time the wild-type 

spores needed to germinate under all conditions. 

Error bars represent the SE calculated from three independent experiments (n=100 of each experiment). P < 0.05 = 

* P < 0.001= *** 

Scale bar = 5 µm. stars represent the non-germinated conidial spores.  
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3.2.3 The knock-down of bro1 results in the formation of multiple germ tubes. 

We noticed that the Cu2+-dependent suppression of bro1 correlated with an increasing number of 

germinating spores that formed more than just one germ tube. To quantify this germination defect, we 

grouped germlings into the following categories:  

Type I: germlings with one germ tube.  

Type II: germlings with more than one germ tube.  

Conidia obtained from the preculture of the bro1cm strain and the wild-type strain (FGSC 988) were 

inoculated on solid Vogel’s MM containing different Cu2+ concentrations. Considering the difference in 

the germination time between bro1cm and wild-type, the strains were incubated for 4 and 3 h, respectively, 

to quantify the germlings types at a comparable growth stage (Fig 3.7.A).  

The fraction of wild-type cells with more than one germ tube was less than 5% in all tested conditions 

(Fig 3.7.C). In contrast, about 28% of bro1cm germlings grown on a high level of Cu2+ formed two or 

more germ tubes. In the absence of Cu2+, this number decreased to 5 % (Fig 3.7.C). The number of type II 

germlings therefore correlates negatively with the expression of bro1, such that it increased significantly 

under growth conditions, which suppress bro1 expression. 

Fig 3.7 The knock-down of bro1 results in the formation of multiple germ tubes. 

(A) Germinating spores of bro1cm and wild type on different copper concentrations. (B) scheme of germling types I and II: type 

I forms only one germ tube, while type II forms two or more germ tubes. (C) Quantification of type II germlings: few spores of 

the wild-type form more than one germ tube in all the examined condition, while the rate of type II increased exponentially in 

bro1cm in the presence of low and high level of Cu2+. Error bars represent the SE calculated from three independent experiments 

(n=100 of each expriment). P < 0.05 = * P < 0.001= *** 

Scale bar = 5 µm. Asterisks represent type I, arrows represent the type II germlings.  

Fig 3.7 The knock-down of bro1 results in the formation of multiple germ tubes. 

(A) Germinating spores of bro1cm and wild type on different copper concentrations. (B) Scheme of germling types I and II: type 

I forms only one germ tube, while type II forms two or more germ tubes. (C) Quantification of type II germlings: few spores of 

the wild-type form more than one germ tube under all the examined conditions, while the rate of type II increased significantly 

in bro1cm with increased Cu2+ concentrations. Error bars represent the SE calculated from three independent experiments (n=100 

of each experiment). P < 0.05 = * P < 0.001= *** 

Scale bars = 5 µm. Asterisks represent type I, arrows represent type II germlings.  
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3.2.4 The bro1 conditional mutant is defective in germling fusion.  

The described ∆so-like macroscopic phenotype caused by the repression of bro1 indicated a potential role 

of BRO1 during cell fusion. Consistent with this notion, the analysis of the fusion-related microscopic 

phenotype of the heterokaryotic strain ∆bro1 (FGSC 19020) revealed a reduction in tropic interactions 

between germinating spores compared to the wild-type (see 3.1.2). The tropic interactions are, however, 

only the first step of the entire cell fusion process. Overall, the process of germling and hyphal fusion can 

be divided into four stages: 

1) Intercellular communication resulting in the chemotropic interaction of the two fusing partners. 

2) Cell wall remodeling, that is triggered after cell-cell contact has been established  

3) Plasma membrane merger 

4) Cytoplasmic mixing and completion of the fusion process (Aguilar et al. 2013; Fleißner and 

Serrano 2016; Fischer and Glass 2019).   

We therefore decided to systematically analyze the potential role of BRO1 in all of these stages in the bro1 

conditional mutant by quantifying the fusion-related microscopic phenotypes, such as tropical interaction 

and the fusion rate.  

3.2.4.1 Germling interactions are reduced when bro1 expression is suppressed.  

The bro1 conditional mutant allows the analysis of the dosage-dependent effect of BRO1 on the rate of 

tropic interactions, which is the first stage of the cell fusion process. To investigate this question, the 

conidial spores of the bro1cm strain and the wild-type strain (FGSC 988) were grown on solid Vogel’s MM 

containing three different concentrations of Cu2+ (0, 1, and 50 µmol/mL Cu2+). Considering the difference 

in germinating time between the strain bro1cm and wild-type, the strains were incubated for 5 and 4 h, 

respectively, to quantify the interaction rate at a comparable growth stage (Fig 3.8.A). 

While the interaction between wild-type germlings was not affected by Cu2+, we observed a Cu2+ 

concentration-dependent reduction in directed growth between cells of the bro1cm mutant. The interaction 

rate was significantly diminished in the presence of low concentration of Cu2+ ions (Fig 3.8.B). Notably, 

the interacting germlings were relatively close to each other (Fig 3.8.A). No interactions were observed 

when cells were grown on the highest Cu2+ concentration (Fig 3.8.B). This result confirms the preliminary 

hypothesis (see 3.1.2) that BRO1 plays an essential role in cell-cell communication. The reduction in the 

interaction rate is positively correlated with the suppression of bro1.  

3.2.4.2 BRO1 is essential for cell fusion  

It is notable that many interacting cells of bro1cm grown on MM+1µmol/mL Cu2+ established physical 

contact and arrested growth, which means that those pairs probably can undergo cell fusion. To explore 
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whether BRO1 plays a role in the late steps of the cell fusion process (after cell-cell contact), germlings of 

the bro1cm strain grown on MM with a low level of Cu2+ were stained by CFW and FM4-64, a fluorescent 

lipophilic dye that intercalates into the plasma membrane, in order to visualize the potential cell wall 

breakdown and membrane pore formation at the cell contact zone (Fig 3.8.C and D). Various pairs (n = 7 

out of 10) showed evidence for cell wall breakdown, while three of the cell pairs did not form an opening 

in the opposing cell walls. Interestingly, staining with FM4-64 revealed that many pairs (n = 6 out of 11) 

were unable to form fusion pores, suggesting a defect in the plasma membrane merger. In order to 

unambiguously judge cell-cell merger, strains of the conditional mutant that express either cytoplasmic 

GFP or mCherry were generated. Spores of both of these strains were mixed and potential fusion pairs 

consisting of a green and a red cell were analyzed. Mixture of the two fluorescent signals indicated 

successful cell fusion. The fusion rate was quantified in the absence and the presence of a low level of Cu2+ 

ions (0, and 1µmol/mL Cu2+). A highly significant reduction in the fusion rate was registered on media with 

a low concentration of Cu2+ ions compared to the same strains grown on Cu2+-free media. As a control, the 

fusion rate of a wild-type strain mix (N3-06 and N3-07) was determined, where the differences in the Cu2+ 

concentration did not affect fusion frequencies (Fig 3.8.E).  

Taken together, these data suggest that BRO1 also contributes to plasma membrane merger after 

deconstruction of the cell wall has been completed. 

3.2.4.3 Mixing of bro1cm with wild-type germlings fails to rescue the fusion defect. 

The previous results suggest a role of BRO1 in fusion competence and cell-cell recognition, indicated by 

the observation that germlings of the bro1cm mutant can only recognize each other over a short spatial 

distance. In the literature it has been reported, that when germlings of certain fusion-deficient mutants were 

confronted with wild-type cells, tropic interactions and cell fusion were sometimes observed. For example, 

signaling, chemotropism, and cell fusion were restored in fusion-deficient Δham-11 germlings when 

confronted with wild-type partner cells (Fischer et al. 2019). To test the possibility that tropic interactions 

and cell fusion of the bro1cm mutant increase in the presence of wild-type cells, a mix of spores from the 

strains H17 (bro1cm) and H50 (a wild-type strain expressing cytosolic mcherry) was prepared, inoculated 

on MM plates with a high level of Cu2+ ions (50 µmol/mL Cu2+), and incubated for 5.5 h at 30 °C. Although 

a few interaction events were observed between the bro1cm and wild-type germlings, no cell-cell fusion 

between these two strains was observed (Fig 3.8.F). This observation supports the notion that even if only 

one of the two germlings can recognize an appropriate partner, normal interactions require that both partner 
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cells are capable of responding. Moreover, this result underscores the previously made conclusion that 

BRO1 is vital for cell-cell fusion.    

 

 

 

 

Fig 3.8 The bro1 conditional mutant is defective in germlings fusion.  

(A) Microscopic phenotype of germlings interactions: the majority of the bro1cm germlings (H17) failed to interact in the presence 

of a high level of Cu2+ ions. (B) Interaction rate of bro1cm and wild-type germlings: the interaction rate of the mutant was 

significantly reduced in the presence of low and high levels of Cu2+ ions. (C) Staining of the cell wall with CFW: bro1cm germlings 

were able to break down the cell wall at the contact point. (D) Staining of the cell membrane with FM4-64: half of the bro1cm 

germlings that established contact failed to form a fusion pore at the contact point in the presence of low levels of Cu2+ ions. (E) 

Germlings fusion assay: half of the bro1cm germlings that established cell-cell contact failed to fuse with each other in the presence 

of low levels of Cu2+ ions. (F) Confronting bro1cm with wild-type germlings in the presence of high levels of Cu2+ ions: a few wild-

type germlings were found to grow towards bro1cm germlings but no fusion between the strains was observed. 

Error bars represent the SE calculated from three independent experiments (n=100 of each experiment). * = P < 0.05, *** = P < 

0.001. Scale bars: 5 µm. All arrows indicate to the interaction events, and asterisks indicate germlings not undergoing interactions.  
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3.3 BRO1-GFP is recruited to cell tips during the early stage of cell-cell interactions until 

completion of the fusion process.  

Since BRO1 has a role in cell-cell interactions and fusion, the spatio-temporal localization of BRO1 was 

investigated next in order to determine whether the protein is recruited to the plasma membrane of 

interacting cell tips during directed growth, similar to other known factors, such as SO or MAK-2. 

Moreover, the general localization pattern of BRO1 was explored in both germlings and hyphae, to obtain 

a comprehensive overview of the subcellular BRO1 dynamics. 

 3.3.1 The GFP-tagged BRO1 fusion proteins are functional and localize to punctuate complexes. 

To explore the subcellular localization pattern of BRO1, a bro1-gfp fusion construct was generated, which 

was either expressed under control of the native bro1 promoter (H90) or the overexpression promoter Pccg-

1 (GN9-46), which is routinely used for protein localization and complementation studies in N. crassa 

(Berepiki et al. 2010; Freitag et al. 2004). Expression of the C-terminally labelled BRO1-GFP fusion 

protein controlled by the native promoter did not yield any detectable fluorescence above autofluorescence 

of the germlings, suggesting that native bro1 expression levels are low (Fig 3.9.A). However, both 

germlings and growing mature hyphae of the overexpressing strains GN9-46 exhibited a clear cytoplasmic 

fluorescence of BRO1-GFP, which additionally formed punctuate complexes throughout the cytoplasm 

(Fig 3.9.A).  

3.3.1.1 BRO1-GFP complements the heterokaryotic ∆bro1 mutant strain 

The graph in Fig 3.3 showed a significant reduction in the germination and interaction frequency of the 

heterokaryotic ∆bro1 mutant (FGSC 19020). In order to test whether the above-mentioned bro1-gfp fusion 

constructs under the control of either the native or overexpression promoter are functional and can 

complement the bro1 null mutant, the primary transformant strain GN9-46 (his3::Pccg-1-bro1-gfp) was 

crossed with the heterokaryotic strain ∆bro1 (FGSC 19020) to obtain a homologues strain bearing the 

desirable genotype (∆bro1; his3::Pccg-1-bro1-gfp). Interestingly, all the selected progenies carrying the 

deletion of bro1 also contained the bro1-gfp construct at the his-3 locus, supporting the finding of this study 

that bro1 is an essential gene in N. crassa. The progeny of this crossing were tested by PCR and the 

genotype of the new strain GN9-72 (∆bro1; his3::Pccg-1-bro1-gfp) was confirmed. Next, the germination 

and the interaction rates of the strains GN9-72 (∆bro1; his3::Pccg-1-bro1-gfp) and H90 (bro1::Pbro1-

bro1-gfp) were quantified in comparison to the wild-type strain N1-01. Strain H90 showed a slight 

reduction in the interaction rate as compared to the wild-type control. However, both the germination and 

interaction rates of the GN9-72 strain were comparable to the wild-type (Fig 3.9.C and D), indicating that 

the construct Pccg-1-bro1-gfp fully complements the bro1 null mutant. 
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Fig 3.9 Complementation of the heterokaryotic ∆bro1 mutant.  

(A) Fluorescence microscopy of germlings of the strains H90 (Pbro1-bro1-gfp), GN9-72 (Pccg-1-bro1-gfp) and H33 

(Pccg-1-gfp-bro1): Cells of strain H90 show a weak cytosolic signal, whereas those from GN9-72 and H33 show a strong 

fluorescent signal. Thus, BRO1 is a cytoplasmic protein that also localizes in puncta throughout the cell. (B) The 

macroscopic phenotypes of the homokaryotic strains H90, GN9-72 and H33 are similar to the wild-type (N1-01). All strains 

were grown on MM slant tubes. (C) Microscopic phenotype of interacting germlings of wild-type, H90 and GN9-72. (D) 

Quantification of the germination and interaction rates of wild-type, H90 and GN9-72. (E) Spot assay of progenies of the 

crossing H24 X GN9-69 (∆bro1) on BDES medium supplemented with 100 µg/ml hygromycin. All the progenies failed to 

grow on the selection medium. Error bars represent the SE calculated from three independent experiments (n=100 per 

experiment). Scale bars = 5 µm. Arrows indicate interacting germlings pairs. 
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The Bro-1 domain is located at the N-terminal of BRO1 (Fig 3.1). In order to examine whether the presence 

of GFP at the N-terminus would alter the localization pattern of BRO1 as compared to the C-terminal GFP 

tagging, the Pccg-1-gfp-bro1 construct was created. 

The primary transformant strain H24 was crossed with the heterokaryotic strain of the ∆bro1 mutant (GN9-

69). Ascospores from this crossing were heat-activated and plated onto MM plates. The progenies (n = 45) 

were then transferred to BDES medium with or without hygromycin B (100 µg/mL). After 3 d of incubation 

at 30°C, only the control strain grew, while all the tested progeny strains failed to germinate under selective 

pressure (Fig 3.9.E). Thus, fusing the GFP-construct at the N-terminal interrupts the 3D structure of the 

protein and in consequence the function of BRO1. Another explanation might be that the Bro-1 domain 

might have a critical function during meiosis which was disabled by the GFP-construct.  

Since these results showed that it is not possible to study a GFP-BRO1 construct in the bro1 deletion mutant 

background, a homokaryotic strain was created by crossing the primary transformant strain H24 with a 

wild-type strain (FGSC 988). The crossing resulted in the isolation of strain H33 which contained both the 

native bro1 gene and the overexpressed GFP-tagged bro1 copy at the his-3 locus. 

The macroscopic phenotype of strain H33 in MM slant tubes was similar to that of the wild-type control 

(Fig 3.9.A). In addition, germlings and growing mature hyphae of this strain exhibited comparable 

cytoplasmic fluorescence of the BRO1-GFP construct (Fig 3.9.C).  

In summary, the presence of GFP at the C-terminus of BRO1 does not affect the function of this protein, 

indicated by the full complementation of the above-described ∆so-like phenotype of the heterokaryotic 

∆bro1 mutant strain (Fig 3.9.A and 3.2.A). In contrast, the tagging of BRO1 with GFP at the N-terminus 

affects the function of BRO1 during the germination of ascospores and conidial spores (Fig 3.9.E).  

3.3.1.2 Complementation of the conditional bro1cm mutant strain 

In the present work, it has been demonstrated that suppression of bro1 gene expression causes many defects 

during fungal growth (see section 3.2). To confirm that these defects were indeed caused solely by the bro1 

expression manipulation, it was investigated whether both GFP constructs can rescue all or some of the 

phenotypes of this conditional bro1cm mutant strain. For this, these constructs were introduced into strain 

H17 via crossing. The resulting strains H55 (bro1cm, bro1-gfp) and H52 (bro1cm, gfp-bro1) were confirmed 

by PCR (Fig 6.6). As before, the germination mode and rate, and interaction rates were quantified for this 

new set of strains and compared to those of wild-type (N1-02) and H17 (bro1cm) in the absence and presence 

of varying concentration of Cu2+, which had been shown to alter the expression of bro1 under the control 

of the tcu-1 promoter (Fig 3.10.A and B).  
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Fig 3.10 Complementation of the bro1cm conditional mutant strain. 

 (A) Microscopic phenotypes of germling interactions in the wild-type (N1-02), H17 (bro1cm), H55 (bro1cm, bro1-gfp), and H52 

(bro1cm, gfp-bro1) in the absence and presence of high Cu2+ levels. Arrows indicate fusion points and asterisks refer to non-

interacting germlings. (B) Quantification of the interaction rates of the tested strains. Germlings of H52 and H55 showed similar 

interaction rates in both the absence and presence of high Cu2+ levels. (C) Microscopic analysis of germination of the indicated 

strains. The arrow highlights type II germlings with two germ tubes, whereas the asterisks indicate type I germinations (see also 

Fig 3.7). (D) Quantification of type II germination events. Germlings of the complementing strains H55 and H52 show significantly 

reduced numbers of multiple germ tubes formation compared to those of H17 (bro1cm) in the presence of high levels of Cu2+. Error 

bars represent the SE calculated from three independent experiments (n=100 of each experiment). Scale bars = 5 µm.  
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The number of germinating spores with multiple germ tubes in the wild-type control was lower than 3% in 

all tested conditions (with and without Cu2+). As shown before, more than 25 % of the bro1cm cells formed 

multiple germ tubes in the presence of high Cu2+ concentrations, while only about 5 % of the germlings 

from this strain had formed more than one germ tube when no Cu2+ was added. When grown on medium 

with or without Cu2+, the number of germinating spores from strains H55 and H52 that formed multiple 

germ tubes was similarly low as in the wild-type control (Fig 3.10.C and D). Thus, the unique phenotype 

of multiple germ tubes formation is particularly related to the downregulate of bro1. 

While interactions between wild-type germlings were not affected by the presence or absence of Cu2+, cell 

of the bro1cm strain did not show interactions in the presence of high Cu2+ levels (Fig 3.10.B). Importantly, 

germlings of the strains H55 and H52 showed equivalent interaction rates that were similar to those of wild-

type cells when Cu2+ was present, indicating that both GFP constructs fully complement the fusion defects 

caused by down-regulation of bro1 in the background of this condition mutant. 

Taken together, those results indicate that the reduction in the interaction rate, which is caused by the 

repression of bro1 in cells of the bro1cm conditional mutant strain, is principally associated with 

downregulate of bro1. This defect can be rescued by integrating the full length of bro1 in the genome of 

the bro1cm strain. 

3.3.2 BRO1 localizes to the cell tips of interacting germlings in an oscillatory manner. 

In order to assess the specific role of BRO1 during cell-cell communication and fusion, this study aimed to 

investigate in detail the sub-cellar localization of this protein during the cell-cell dialogue. After confirming 

that the BRO1-GFP construct fully complements the deletion of bro1, the localization of this fluorescent 

fusion protein was explored. 

To localize BRO1-GFP during germlings fusion, conidia of GN9-72 (∆bro1; Pccg-1-bro1-gfp) were grown 

on solid Vogel’s MM and incubated for 3.5 h at 30 °C. The germlings were then analyzed by fluorescence 

microscopy. At this time point, the majority of the germinating spores were mostly undergoing pairwise 

interactions, indicated directed growth of their germ tubes towards each other. In addition, other cell pairs 

had already made contact and fused. Moreover, the formation of networks of more than two cells by 

successive interaction and fusion events was readily observed. In the vast majority of these interacting and 

fusing cells (n  = 100 pairs), BRO1-GFP was recruited to the interacting germling tips. Interestingly, this 

recruitment was very dynamic, so that the BRO1-GFP tip recruitment was alternating in the interacting 

cells in an oscillatory manner. In particular, the high signal intensity at the tip of one germling coincided 

with a low signal intensity of BRO1-GFP at the tip of the opposing partner cell. The fluorescent signal was 
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notably increased when the interaction partners had established physical contact, and it remained high at 

the fusion point until the pair had completed cell-cell fusion (Fig 3.11.A). 

Earlier studies showed that the same mechanism which mediates germling fusion, also controls hyphal 

fusion in mature mycelial colonies. To investigate whether BRO1localizes at interacting hyphal tips during 

hyphal fusion, spores of strain GN9-72 (∆bro1; Pccg-1-bro1-gfp) were pipetted in spots onto MM agar 

plates and incubated for 24 h at 30 °C. After growth of the mycelium, the plate was placed at 4 °C for 3 h 

in order to increase the fluorescent signal of BRO1-GFP. It was experimentally shown that the ccg1 

promoter used in this strain is strongly activated by cold shock. Hyphae were then analyzed 

microscopically. Overall, punctuate structures of BRO1-GFP were more noticeable throughout the hyphal 

cytoplasm (Fig 3.11.B) than in germlings (Fig 3.11.A). Hyphal fusion events at the inner part of the colony 

were then analyzed by fluorescence microscopy. At this stage of colony growth, a complex hyphal network 

had formed through abundant cell-cell fusion events. Hyphal tips at the edge of and inside the colony were 

actively extending, indicating that the hyphae were healthy and growing. In the subapical areas distant from 

the growing hyphal tips, several cell-cell fusion events between hyphal compartments were observed (n = 

10). Notably, the same dynamic, oscillatory localization pattern of BRO1-GFP, which was earlier observed 

in germlings (Fig 3.11.A), was also found during hyphal fusion (Fig 3.11.B). 

Strikingly, the fluorescent signal of BRO1-GFP at the fusion bridges very strongly increased after the 

interacting hyphal tips established physical contact. During pore formation between the interacting hyphal 

compartments, BRO1-GFP was observed to form a ring-like localization pattern, which appears as two 

distinct punctuate structures at both ends of the newly formed fusion-pore (Fig 3.11.B). The dynamic 

recruitment of BRO1 to the plasma membrane during cell-cell interaction indicates that BRO1 has decisive 

role in cell-cell fusion.  

Moreover, BRO1 was observed to localize close to sites of hyphal injury, in proximity to the woronin body 

(Fig 3.11.D). Thus, BRO1 might be associated with the plugging of the septal pores after hyphal wounding 

or responding to calcium influx caused by injury.  
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Fig 3.11 BRO1-GFP localizes to the cell tips of interacting germlings and hyphae in an oscillatory manner. 

(A) The subcellular localization of BRO1-GFP in strain GN9-72 during germling interactions: BRO1 is recruited to the plasma 

membrane of the interacting tips in an oscillatory manner. (B) BRO1-GFP dynamics during hyphal fusion: similar to germlings 

interactions, BRO1 is observed to be recruited to the cell tips of interacting hyphae in an oscillating manner. The fluorescence 

increases when the interacting tips establish physical contact. (C) Graphical representation of the change of BRO1-GFP 

fluorescent signals during the germlings interaction seen in panel A. (D) BRO1-GFP localizing at the site of hyphal injury 

(arrowhead) close to the woronin body. Scale bars = 5 µm. 
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3.3.3 BRO1 and SO are interaction partners that co-localize during the cell-cell dialogue. 

Since the subcellular dynamics of BRO1-GFP (Fig 3.10.A) are highly reminiscent to those known for the 

proteins SO and MAK-2 (Fig 1.5), co-localization studies of these proteins were performed, to test whether 

the localization pattern of BRO1 is associated with either signal sending (co-localization with SO) or signal 

receiving (co-localization with MAK-2) according to the “cell dialogue” model (see section 1.1.3.2).              

A strain expressing both BRO1-GFP and dsRED-SO was created by allowing the strains GN9-72 (∆bro1; 

Pccg-1-bro1-gfp) and N1-30 (Pccg-1-dsRED-so) to undergo fusion with each other. Spores originating 

from the resulting heterokaryotic mycelium were plated on MM and analyzed for germling interaction after 

incubation at 30°C for 3.5 h.  

Clear co-localization of BRO1-GFP and dsRED-SO was observed (Fig 3.12.A). Both proteins were 

recruited simultaneously to the plasma membrane at the interacting tips of the germlings, where they 

oscillated in the same phase until the fusion process was completed (Fig 3.12.A and B). The same pattern 

of recruitment of both proteins was also observed during hyphal fusion (Fig 6.7). Since the recruitment of 

SO has been suggested to be related to signal sending, whereas signal receiving is related to the presence 

of MAK-2 at the cell tips (Fleissner et al. 2009), BRO1 might be part of the signal sending machinery 

during cell-cell interactions.  

In order to investigate whether BRO1 and SO physically interact with each other, a yeast two-hybrid 

analysis was performed. As a result, a positive interaction between BRO1 and SO was found in this yeast 

cell system (Fig 3.12.C), suggesting that both proteins might physically interact with each other in N. crassa 

during cell-cell interactions and fusion. 
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Fig 3.12 BRO1 and SO co-localize and physically interact with each other. 

(A) Co-localization of BRO1-GFP and dsRED-SO during germling interactions: both proteins are recruited 

simultaneously to the cell membrane of the interacting tips, where they oscillate together (arrowhead). Both proteins 

accumulate at the contact area after growth arrest (asterisk). (B) Quantitative analysis of the fluorescence intensity of 

BRO1-GFP and dsRED-SO during germling interactions. RFI: relative fluorescence intensity (C) Y2H assay revealing 

the interaction between BRO1 and SO. E.V = empty vector, SD = Minimal synthetic defined, QDO = SD media without 

Leu-Trp-His-Ade. Scale bars = 5 µm. 
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3.3.4 Identification of a novel mode of vegetative hyphal fusion 

Early in this study it was demonstrated that BRO1 is essential for cell fusion and that BRO1-GFP 

accumulates at the contact zone in hyphal fusion. Previously, two types of hyphal fusion have been 

described in literature, termed tip-to-tip and tip-to-side fusion (Hickey et al. 2002). In both cases, the 

interaction and directed growth of two hyphae are required. In tip-to-tip fusion events, two hyphal pegs 

recognize each other and grow toward each other to make contact and subsequently fuse. In tip-to-side 

fusion events only one hyphal peg grows towards a hyphal trunk to establish contact. Usually the trunk is 

reacting by forming a small peg, whose tip is met by the approaching side branch (Hickey et al. 2002). 

While studying the subcellular dynamics of BRO1, an unusual localization of BRO1 was observed at the 

plasma membrane at the contact points of hyphae, which appeared to be touching coincidentally. Time-

lapse microscopy of such events revealed that BRO1 accumulates at the plasma membrane of both hyphae 

at the contact zone, where the protein remained for extended times (~25 min). Two out of five investigated 

cases resulted in fusion of the touching hyphae, indicated by cytoplasmic flow through the contact zone. In 

contrast to the so far described hyphal fusion events in N. crassa, no hyphal tips or pegs were involved in 

this type of fusion, which therefore represents a side-to-side fusion. This type of fusion appears to occur 

without preceding cell-cell communication and directed growth (Fig 3.13).  

To investigate whether this unusual type of hyphal fusion might be an artificial consequence of the 

overexpression of BRO1-GFP, we tested the wild-type strain and an isolate expressing SO-GFP. A spore 

suspension of each strain (10 µl) was grown on a MM plate and was incubated for 16 h at 30°C, then moved 

to the fridge and incubated at 4°C for 16 h. In both cultures, random side-to-side contacts of mature hyphae 

were frequently observed. The localization of SO-GFP was investigated in the two typical hyphal fusion 

modes as well as in the novel type of side-to-side fusion. As described in the literature (Serrano et al. 2018), 

SO-GFP accumulated to the tip of interacting hyphal pegs during tip-to-tip hyphal fusion, and as well, 

during side-to-tip hyphal fusion. Interestingly, SO-GFP accumulation was observed at the touching border 

in side-to-side cell fusion. Such accumulation of SO-GFP was observed in three side-to-side hyphal fusion 

events. However, the SO-GFP signal was weak in this case compared to tip-to-tip fusion. Previously, we 

showed that BRO1 and SO co-localize during germlings fusion (Fig 3.12). In independent cases, BRO1and 

SO were observed localizing to the contact zone in the side-to-side hyphal fusion. Thus, the co-localization 

of BRO1 and SO in this novel hyphal fusion was investigated. In order to do that, we constructed a 

heterokaryotic strain expressing SO-GFP and BRO1-mCherry. The fluorescence microscopy of the 

heterokaryotic strain revealed co-localization of BRO1-mcherry and SO-GFP at two side-to-side contacts. 

It is notable here, that the BRO1 signal accumulated along the touching zone and was stronger than the SO 
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signal, while SO was more concentrated at a specific point, which might be where the fusion pore is formed 

(Fig 3.14.A).  

The novel side-to-side mode of hyphal fusion appeared to not require the preceding cell-cell communication 

and directed growth observed in the classical tip-to-tip and tip-to-side fusion events. All three modes, 

however, are likely to require all post contact mechanisms, including cell wall degradation and plasma 

membrane merger. The significant factor, which is recruited to the membrane of the cell-cell contact zone 

during germling fusion, is MAK-1. The MAP kinase is thought to control cell wall reconstruction preceding 

membrane fusion and therefore should also be involved in hyphal fusion. In order to investigate our 

hypothesis that the post-contact fusion machinery is shared by all types of hyphal fusion, we explored the 

localization of MAK-1 during all three modes of hyphal fusion. We first searched for the typical hyphal 

fusion events of the tip-to-tip and tip-to-side mode, to test if the MAK-1 recruitment in hyphal fusion is 

similar to germling fusion. Throughout the growing mature hyphae, MAK-1 was localized in the cytoplasm 

and concentrated in the nuclei. Similar to germling fusion, the kinase accumulated at the fusion zone after 

tip-to-tip or tip-to-side contact (Fig 3.14.B). Following this observation, the localization of MAK-1 was 

determined during the novel side-to-side hyphal fusion. Interestingly, MAK-1 also accumulated at the 

touching border in this cell fusion mode (Fig 3.14.C). This data is consistent with the observed accumulation 

of BRO1 and SO at side-to-side fusion points, supporting the hypothesis that the molecular post-contact 

mechanisms are shared by all three types of hyphal fusion. 

In summary, a novel mode of hyphal fusion has been identified. This side-to-side fusion might be unique 

in the way that it does not require communication, mutual attraction and directed growth of the two fusion 

partners but is rather establishes at sides of random hyphal contact. This type of fusion emphasizes the 

importance of BRO1 in various processes contributing to cell fusion and indicates that BRO1 is an excellent 

marker for studying hyphal fusion and the pore formation process.   
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Fig 3.13 Side-to-side hyphal fusion. 
A novel type of hyphal fusion occurs when two hyphae make random side-to-side contact. BRO1-GFP 

localizes to the contact zone after a considerable time following contact. Arrows refer to BRO1-GFP. Scale 

bar = 5 µm.      

Fig 3.14 SO and MAK-1 localize to the contact zone in side-to-side hyphal fusion. 
(A) In side-to-side hyphal fusion; SO-GFP and dsRED-BRO1 co-localize at the contact zone. (B) MAK-1-

GFP localizes to the contact zone during hyphae fusion: MAK-1-GFP was observed at the fusion zone in 

tip-to-side and side-to-side hyphae fusion. Arrows refer to contact zone. Asterisks refer to MAK-1-GFP. 

Scale bar = 5 µm.      
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3.4 BRO1 localizes to a subset of vesicles. 

3.4.1 The BRO1 puncta complexes represents vesicular structures. 

 Analysis of the sub-cellar localization of BRO1-GFP in germlings and hyphae revealed that this protein is 

also present in punctuate structures throughout the cytoplasm (Fig 3.9.B and 3.10.A). The punctuate 

complexes might either represent vesicular structures or aggregated proteins (Jonkers et al. 2016; Hickey 

2001). To test whether these puncta represent vesicular structures, we localized the protein in germlings of 

strain GN9-72 stained with the membrane-selective dye FM4-64 (Vida and Emr 1995). This red-fluorescent 

dye is suitable for live-cell imaging and stains all membrane-coated structures in the cytoplasm (Betz et al. 

1992; Hickey et al. 2002). Even though some co-localization of FM4-64 with BRO1-GFP was observed in 

germlings (Fig 3.15.A), the highly dynamic nature of these punctuates signals made it challenging to 

unambiguously identify them as a vesicular structure in the cells. For that reason, hyphae were tested for 

the possibility that the BRO1-GFP puncta are associated with vesicular structures, since this cell type is 

much bigger, and structures are more easily visualized. Spores from strain GN9-72 (∆bro1, Pccg-1-bro1-

gfp) were plated on MM agar plates, incubated overnight at 30°C, and then placed at 4 °C for 24 h to slow 

down the movement of the punctuate BRO1-GFP signals. The growing hyphae were incubated for 10 min 

with FM4-64 then examined by fluorescence microscopy. Live-cell imaging of BRO1-GFP and the 

vesicular structures labelled with FM4-64 showed clear co-localization between the signals of the green-

fluorescent puncta and the red-fluorescent vesicular structures in hyphae (Fig 3.15.B and Fig 6.10). Thus, 

Fig 3.15 BRO1-GFP localizes to a subset of vesicular structures. 

(A) Co-localization of the BRO1-GFP punctuate complexes with vesicles in germlings of strain GN9-72: the membrane-

selective dye FM4-64 was used to visualize the vesicles. The BRO1 puncta co-localize with some of these vesicular 

structures in the cell (asterisks). (B) Co-localization of the BRO1-GFP puncta with FM4-64-labelled vesicles in a hypha: 

the number of these vesicles overlapping with the BRO1 signal (asterisks) is smaller than the total number of vesicles 

(arrowheads). Scale bars = 5 µm. 
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the punctuate complexes of BRO1-GFP are likely associated with vesicular structures. Notably, the number 

of BRO1-associated vesicular structures appeared to be smaller than the one of the total population of 

vesicles stained with FM4-64, suggesting that BRO1 localizes to a subset of vesicular structures.   

3.4.2 The BRO1-associated vesicular structures are not involved in general secretion.  

In filamentous fungi, secretory vesicles first concentrate at the apices of growing hyphae during the 

formation of a vesicle supply center known as the Spitzenkörper (Spk), and are then redirected to the plasma 

membrane (Riquelme and Sánchez-León 2014; Echauri-Espinosa et al. 2012). These vesicles have been 

subdivided into two major categories, of which macrovesicles (70 to 100 nm in size) surround a 

differentiated core region composed of micro-vesicles (25 to 40 nm in size) (Riquelme et al. 2014). Based 

on the observation that BRO1-GFP localized to vesicular structures in germlings and hyphae of N. crassa 

(Fig 3.15), the question was asked whether these BRO1-associated vesicles are part of the general secretion 

pathway. To address this question, we checked the Spitzenkörper, and the apical area of general, non-

interacting growing hyphae stained with FM4-64. Surprisingly, the BRO1-GFP puncta did not localize at 

the Spitzenkörper or the apex (Fig 3.16.A).  

To confirm the assumption that BRO1 is not part of polarized secretion of vesicles at the hyphal tip, co-

localization of BRO1-GFP with markers of the general secretion pathway were performed. Chitin synthase 

1 (CHS-1) clearly localizes to regions of inactive cell wall biosynthesis, namely in the core of the 

Spitzenkörper, at the apical cell surface, and at the developing septa (Sanchez-Leon et al. 2011). Similarly, 

CHS-7 was also found at the core of the Spk and in forming septa in vegetative hyphae (Fajardo-Somera et 

al. 2015). Although the same subcellular distribution was reported for CHS-3 and CHS-6, both chitin 

synthases did not fully co-localize (Sanchez-Leon et al. 2011; Riquelme et al. 2007). These two group of 

chitin synthases represent different subpopulations of micro-vesicles which are involved in the general 

secretion pathway (Sanchez-Leon et al. 2011). Therefore, the chitin synthase 1 and 3 were chosen to test 

whether they co-localize with BRO1. For this, a construct for the expression of a red-fluorescent version of 

BRO1 was transferred into the recipient strain N1-03 (his-3-), resulting in the isolate H7 (Pccg-1–bro1-

mcherry). The subcellular localization of BRO1-mCherry is comparable to the localization of BRO1-GFP 

(Fig 6.7). Live-cell imaging of heterokaryons co-expressing BRO1-mCherry with CHS-1-GFP or CHS-3-

GFP, revealed that the BRO1-associated vesicular structures did not co-localize with either of these two 

chitin synthases (Fig 3.16.B and C). Same observations were made during the live-cell imaging of 

heterokaryons co-expressing BRO1-mCherry with CHS-6-GFP and CHS-7-GFP, respectively (Fig 6.11 

and 7.12). Therefore, it can be excluded that the vesicles of BRO1 are part of the general secretion pathway.  

Moreover, it was investigated if some general vesicle markers co-localize with BRO1-associated vesicular 

structures. Synaptobrevin (SNC1, NCU00566) is a receptor protein in the vesicle membrane (v-SNARE), 
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which is required for fusion of Golgi vesicles to the plasma membrane, and is important for exocytosis 

(Leeder, Jonkers, Li, and Glass 2013). In contrast, the GTP-binding protein SAS1 (NCU06404) is essential 

for growth and intracellular signaling pathways and membrane functions (Saxe and Kimmel 1990).  

Microscopic visualization of SAS1 and SNC1 revealed localization in vacuoles. In addition, small mobile 

vesicles were visible, which appeared in the cytoplasm or on the plasma membrane of germlings (Marcel 

R Schumann 2018). Live-cell imaging of heterokaryons co-expressing BRO1-GFP with SNC-1-mCherry 

and SAS-1- mCherry, respectively, revealed that the BRO1-associated vesicular structures did not co-

localize with either of these two vesicles related proteins (Fig 3.16.D and E).  
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Fig 3.16 The BRO1-associated vesicular structures are not part of general secretion.  

(A) Lack of co-localization between BRO1-GFP with the Spitzenkörper, which was labelled with FM4-64 

(arrowheads). (B) and (C) No co-localization was observed between BRO1-mCherry and CHS-1-GFP or 

CHS-3-GFP (arrowheads).  Scale bars = 10 µm. (D) and (E) No co-localization was observed between 

BRO1-GFP (asterisk) and SAS-1- mCherry or SNC-1- mCherry (arrowheads).  Scale bars = 5 µm.   
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3.4.3 The BRO1 might contribute to fusion-specific vesicles 

As shown in section 3.3.2, BRO1-GFP localizes to the membrane during hyphal fusion. Moreover, section 

3.4.1 revealed that the BRO1-associated vesicular structures represent a sub-set of vesicles. Interestingly, 

vesicles have been reported in different model organisms to play a role during cell-cell fusion between 

various cell types, including somatic cells as well as gametes.  

In an earlier study in N.crassa, it was claimed that during hyphal fusion, both Spitzenkörper of the 

interacting hyphal compartments became quickly oriented directly opposite to each other after physical 

contact (Hickey et al. 2002). Taking all together, we hypothesize that BRO1-associated vesicles might 

represent fusion-specific structures. Thus, those vesicular structures might have a particular role during 

cell-cell fusion. Therefore, co-localization between BRO1-GFP and FM4-64-stained vesicles before and 

during hyphal fusion was performed in order to explore whether these vascular structures are related to 

fusion vesicles. As a result, BRO1-associated vesicles strongly accumulated at the cell-cell contact area 

during hyphal fusion and co-localized with the vesicular structures labelled with FM4-64 which 

accumulated at the contact zone (Fig 3.17.A and Fig 6.13), suggesting a specific function of BRO1 during 

the fusion process and particularly during the plasma membrane merger.  

The results from the present work, however, suggest that the observed vesicles at the contact area of the 

fusing hyphae are not the Spitzenkröper but the BRO1-associated vesicular structures.  

To further investigate the function of the BRO1-associated vesicular structures, the temporal dynamics of 

the BRO1 puncta was examined in non-interacting and interacting hyphae. For that purpose, time-lapse 

microscopy of BRO1-GFP was performed, revealing rapid saltatory movement of the fluorescent puncta 

along the hyphal compartments. In particular, the BRO1-GFP signals “zig-zagged” through the cytoplasm 

of non-interacting hyphae in an unpredictable manner, including bidirectional movements inside the cell, 

but also in proximity to the cell periphery. 

Strikingly, the movement of the BRO1-GFP puncta differed in hyphae undergoing cell-cell fusion. In 

contrast to the apparently random pattern of movement in non-interacting filaments, these vesicles-like 

structures seemed to flow into the tips of interacting hyphae. Once a hyphal branch was interacting with an 

opposing branching filament, the population of BRO1-GFP signals moved straight towards the tips of these 

cells and accumulated at their membrane (Fig 3.17.B). In particular, a strong accumulation of these vascular 

structures was noticeable when the interacting hyphal tips made physical contact. However, the analyses 

could not prove whether these puncta fused with the membrane and whether they were possibly replaced 

by a new set of vesicles targeting the zone of hyphal fusion. Taken together, these results suggest that 

https://en.wikipedia.org/wiki/Gametes


Results 

107 

 

BRO1-associated vesicular structures represent a subset of vesicles, which might specifically contribute to 

cell-cell fusion.  

 

  

Fig 3.17 The BRO1-GFP puncta might be fusion-specific vesicles. 

(A) Co-localization of BRO1-GFP with the vesicles during hyphae fusion: Vesicles were stained by FM4-64. Both BRO1 

vesicular structures and the vesicles accumulate at the contact area; BRO1 vesicles co-localized with vesicles marker during 

hyphal fusion (appears in yellow in the merge picture). (B) Time-lapse of the movement of the BRO1 vesicular structures 

in non-interacting hyphae: The BRO1 vesicles shuttle in non-directed manner through the cytoplasm of non- interacting 

hyphae. On the right panel illustration of this movement (C) Time-lapse of the movement of the BRO1 vesicular structures 

in interacting hyphae: The BRO1 vesicles commute to the contact area in directed movement and accumulate or fuse there. 

A huge supplement flow of BRO1 vesicles to the contact area are observed during hyphal fusion. On the right panel 

illustration of this movement. Scale bar = 5µm. Time course between pictures = 5 sec.  
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3.4.4 The dynamic of BRO1-associated vesicles is dependent on microtubules, but not on actin. 

It is well known that vesicular transport in fungi depends on microtubules, that part of the cytoskeleton that 

mediates long-range trafficking of cargo from the interior of the mycelium to the apical regions of the 

growing hyphae (S. D. Harris 2006). For that reason, it was next tested whether the accumulation of the 

puncta of BRO1-GFP at the point of germlings fusion, depends on microtubules. Since the polymerization 

of microtubules can be inhibited by the drug benomyl, a strain expressing GFP-labelled ß-tubulin (N5-15) 

was included as a control in addition to the BRO1-GFP strain GN9-72. Both strains were grown for 4 h at 

30°C on MM plates and were then analyzed by fluorescence microscopy. In the absence of the benomyl, 

the microtubules assembled along the cell, whereas treatment with benomyl resulted in the accumulation 

of green-fluorescent punctate complexes throughout the germlings, indicating depolymerization of 

microtubules (Fig 3.18.A). Although benomyl-treated conidia did not form long germ tubes, they underwent 

cell fusion, consistent with the observation that microtubules are dispensable for germling fusion (Berepiki 

et al. 2010). Interestingly, there was no effect of benomyl on the dynamics of BRO1-GFP in germlings (Fig 

3.18.A), suggesting that the dynamic of the BRO1-associated vesicles is not dependent on microtubules.  

In addition to microtubules, actin microfilaments also mediate vesicle trafficking in fungal germlings and 

hyphae (S. D. Harris 2006). Since actin was shown to be essential for germling fusion (Berepiki et al. 2010), 

the dynamics of the BRO1-GFP puncta were also analyzed in cells treated with the actin-depolymerizing 

natural compound Latrunculin A (Lat A) (Roca et al. 2010). As expected, growth of the germlings arrested 

and their interactions ceased. Interestingly, the BRO1-GFP puncta vanished from the cell tips (Fig 3.18.B), 

indicating that actin polymerization is essential for the formation and/or maintenance of BRO1-associated 

vesicles. Taken together, these data support a model in which BRO1 localizes to a specific subset of actin-

dependent vesicles that mediates cell-cell interactions and fusion, possibly transporting secreted signaling 

molecules and factors that are part of the plasma membrane fusion machinery. 
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Fig 3.18 BRO1 vesicles are microtubules independent, but actin dependent. 

(A) BRO1 localization during germlings interaction on MM plate: BRO1 is recruited to the membrane of the interacting 

tips. (AI) BRO1 localization during germlings interaction on MM plate + benomyl (40 µg/mL): Although the germlings 

cannot form long germ tube, they undergo cell fusion. BRO1 localizes to the tips of the interacting germlings and oscillate 

between the partners. (B) Localization of BRO1-GFP before and after inhibiting actin during cell fusion: Lat. A 10 µM 

Lat.A was added during germlings interaction to inhibit the polymerization of actin cables, Scale bar = 5 µm. 
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3.5 BRO1 dynamically interacts with different cell fusion factors 

A variety of proteins belonging to diverse signaling pathways have been identified as fusion-related factors 

in fungi (Fischer and Glass 2019). Ongoing research is attempting to elucidate the relationship between 

these factors in order to complete our understanding of the molecular mechanisms that mediate the cell-cell 

dialogue. Hence, the discovery of BRO1 as an additional factor required for both the initiation of cell-cell 

communication and the completion of fusion could help to better understand the underlying mechanisms. 

In this study, the potential relationships between BRO1 and some of the known proteins required for fungal 

cell-cell interactions was studied in two ways: first, by localizing selected fluorescently-labelled proteins 

in the bro1cm conditional mutant; and second, by localizing BRO1-GFP in a set of mutants with different 

defects during cell-cell communication and/or fusion. 

3.5.1 The localization of SO, SIP-1, MAK-1, and CSR-3 in the bro1cm conditional mutant  

Since BRO1 has a role during cell-cell communication and fusion (3.2.4), the subcellular localization of 

factors crucial for the cell-cell dialogue in germlings of the bro1 conditional mutant (bro1cm) was 

investigated. As this genetic background allows to control the expression levels of the bro1 gene under the 

control of the Cu2+ ion-responsive Ptcu-1 promoter (see section 3.2), the influence of BRO1 levels on the 

localization on SO, SIP-1, MAK-1 and CSR-3 was analyzed in media with low or high concentrations of 

Cu2+.   

3.5.1.1 The localization of SO in the bro1cm conditional mutant 

The SO protein was one of the first to be reported as an essential factor for cell-cell communication and 

fusion in filamentous fungi (Wilson and Dempsey 1999; Fleißner et al. 2005; Teichert et al. 2014). In this 

study, it was shown that the SO protein colocalizes with BRO1 during cell-cell fusion in germlings (Fig 

3.12). Expression of the construct Pccg-1-so-gfp in the bro1 conditional mutant (bro1cm) was achieved by 

crossing of the strains H17 and N1-22. The obtained strain H166 (bro1cm, Pccg-1-so-gfp) was grown on 

solid Vogel’s MM containing two different concentrations of Cu2+ (0, and 1 µmol/mL Cu2+). The strain was 

incubated for 4 h at 30 °C. Subsequently the germlings were analyzed by fluorescence microscopy. In the 

absence of Cu2+ ions, the fluorescence microscopy revealed that SO-GFP localizes to the tip of the 

interacting germlings in regular dynamic (Fig 3.19.A). In non-interacting germlings of the strain H166, SO-

GFP mis-localized around the cell periphery when the cells were grown on medium with low levels of Cu2+ 

(1µ mol/mL) (Fig 6.14). The interaction rate of germinated spores is limited when bro1 is suppressed in the 

presence of low levels of Cu2+ in the medium (See section 3.2.4). In germlings undergoing interactions, no 

recruitment of SO-GFP to the tips of the partner cells was observed under these conditions, compared to 

the normal dynamic recruitment of the protein when no Cu2+ had been added to medium (Fig 3.19.B). 

However, both in the absence and presence of Cu2+, SO-GFP localized to the fusion zone after the cells had 
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established physical contact, independent of whether or not these pairs finished the fusion process (Fig 

3.19). These results suggest that BRO1 might be essential for SO recruitment. Although SO is essential for 

cell-cell interactions, its recruitment to the cell tips is not required for the establishment of cell-cell 

communication.   

3.5.1.2 The localization of SIP-1 in the bro1cm conditional mutant 

SIP-1 was identified as an interaction partner of SO, that acts upstream of this protein. Remarkably, SIP-1 

is so far the only fusion-related factor that even oscillates in non-interacting germlings (Marcel R Schumann 

2018). The GFP-SIP-1 (Pccg-1-gfp -sip-1) construct was introduced into bro1cm through crossing the strain 

H17 and AO22. The obtained strain H176 (bro1cm, Pccg-1-gfp-sip-1) was grown on solid Vogel’s MM 

containing two different concentrations of Cu2+ (0, and 1 µmol/mL Cu2+). The strain was incubated for 4 h 

at 30 °C. Then the germlings were analyzed by fluorescence microscopy. In the absence of Cu2+ ions, the 

Fig 3.19 Down–regulation of bro1 disturbs the recruitment of SO during germling interactions. 

(A) Localization of SO-GFP in bro1cm germlings (strain H166) in the absence of Cu2+ ions: SO accumulates at the 

interacting tips and oscillates between the partner cells. (B) Localization of SO-GFP in the bro1cm in the presence of a 

low level of Cu2+ (1 µmol/ml): SO-GFP does not localize at the interacting tips, but it is recruited to the contact area after 

the two germlings make contact. Arrows point to SO-GFP. Scale bars = 5 µm. 
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fluorescence microscopy showed that GFP-SIP-1 localizes to the tip of the interacting germlings in regular 

dynamic. As well, SIP-1-GFP oscillated as expected at the tips of non-interacting germlings in the strain 

H176 (Fig 6.15). In contrast, it localized at the tips of non-interacting germlings without oscillation in the 

presence of low levels of Cu2+ (1µ mol/mL) (Fig 6.16). Interestingly, SIP-1 was observed at the tips of the 

partner cells and at their contact point during interaction and fusion in the presence of low levels of Cu2+ 

(1µ mol/mL) (Fig 3.20.A and B). These data indicate that SIP-1 might be functioning upstream of BRO1. 

This supports the hypothesis that SIP-1 acts upstream of the signaling pathway.   

3.5.1.3 The localization of MAK-1 in the bro1cm conditional mutant 

The CWI MAP kinase MAK-1 was reported to be essential for cell-cell communication and fusion (Fu et 

al. 2011; Serrano 2019). However, MAK-1 is only recruited to the interacting tips after the cells establish 

physical contact (Lichius, Lord, et al. 2012; Weichert et al. 2016). A chemical genetics approach of 

inhibiting MAK-1 activity during germling interactions caused a defect during growth arrest when the 

Fig 3.20 Down regulation of bro1 does not disturb the recruitment of SIP-1 during germling interaction 

(A) Localization of GFP-SIP-1 in the bro1cm mutant (strain H176) in the absence of Cu2+ ions: SIP-1 accumulates at the 

interacting tips and oscillates between the interacting partners. (B) Localization of GFP-SIP-1 in the bro1cm in the presence 

of a low level of Cu2+ (1 µmol/ml): GFP-SIP-1 is observed at the tips of interacting cells, and it is recruited to the contact 

area after the two germlings make contact. Arrows point to GFP-SIP-1. scale bar = 5 µm. 
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partner cells touched (Weichert et al. 2016). The present study showed previously that down-regulation of 

bro1 results in a block of fusion pore formation after direct growth of the interacting cells has been arrested 

(see section 3.2.4). Although both factors (MAK-1 and BRO1) are required for cell-cell fusion, MAK-1 is 

responsible for growth arrest after cell-cell contact, while BRO1 is dispensable for this process. This might 

indicate that MAK-1 functions upstream of BRO1. 

To investigate the potential link of BRO1 and MAK-1 before and after cell-cell contact, the effect of a 

down-regulation of bro1 on the localization of MAK-1 was examined during germling interaction. 

Expression of the construct Ptef-1-mak-1-mcherry in the bro1 conditional mutant (bro1cm) was achieved by 

crossing of the strains H17 and GN9-24.  

Strain H48 (bro1cm, his3:: Ptef-1-mak-1-mcherry) was grown in the absence and in the presence of a low 

level of Cu2+. In the absence of Cu2+, MAK-1 was recruited in all interacting cell pairs at the contact point 

as expected (Fig 3.21.A). Moreover, in the presence of a low level of Cu2+, all pairs in which MAK-1 was 

observed at the contact point continued to fuse (n=10). In contrast, in pairs without MAK-1 recruitment to 

the contact point, the cells failed to merge (Fig 3.21.B). This result suggests that either BRO1 acts 

independently from MAK-1 or that BRO1 is upstream of MAK-1.  

Fig 3.21 MAK-1 recruitment to the contact area is interdependent of BRO1.  

(A) Localization of MAK-1-mCherry in the bro1cm mutant (strain H48) in the absence of Cu2+ ions: MAK-1 accumulates 

to the contact area until the completion of cell fusion. (B) Localization of MAK-1-mCherry in bro1cm in the presence of a 

low level of Cu2+ (1 µmol/ml): whenever MAK-1 was observed at the contact area, the pairs continue to successfully finish 

the fusion. Arrows point to MAK-1-mCherry Scale bar = 5 µm. 
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3.5.1.4 Localize CSR-3 

 The chitin synthesis regulator CSR-3 localizes to the contact point during cell-cell fusion and septa 

formation in N. crassa (Herzog 2019). A new strain was obtained through crossing the strains H17 and 

SH125, in which GFP-CSR-3 (bro1cm, Pccg-1-gfp-csr-3) is expressed in the bro1 conditional mutant 

(bro1cm). Different from the previous result (3.5.1.3), CSR-3 was observed at the contact area during cell 

fusion in the absence as well as the presence of low levels of Cu2+ (Fig 3.22). This localization pattern was 

recorded regardless of whether or not these pairs finish the fusion process (n = 30). CSR-3 was also 

observed during septum formation both in the absence and the presence of Cu2+. Thus, the down-regulation 

of bro1 does not alter the localization of CSR-3, which acts independently of BRO1.  

  

 

 

Fig 3.22 Down-regulation of bro1 does not disturb the recruitment of CSR-3 during germling fusion. 

(A) Localization of CSR-3-GFP in the bro1cm mutant (strain H175) in the absence of Cu2+ ions: CSR-3-GFP accumulates 

at the contact area until the completion of cell fusion. (B) Localization of CSR-3-GFP in bro1cm in the presence of a low 

level of Cu2+ (1 µmol/ml): CSR-3-GFP is recruited to the contact area after the two germlings make contact. Arrowheads 

indicate CSR-3-GFP. Scale bars = 5 µm. 
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3.5.2 Localize BRO1 in cell-cell communication mutants 

As shown in section 3.4.2, BRO1-GFP localizes to a subset of vesicles that might be part of cell fusion-

related vesicles. Therefore, the subcellular localization of these BRO1-associated vesicular structures was 

next explored in mutants defective in cell-cell communication and/or fusion, asking the question of whether 

the dynamics of these vesicles would be influenced in cells of these mutants. Those mutants do not even 

initiate the interaction - the comparison of the localization is therefore limited to non-interacting cells.  

3.5.2.1 The ∆so mutant does not impair the BRO1 dynamic 

The data presented in this study shows that SO and BRO1 both co-localize during germling interactions 

and fusion and physically interact with each other (see section 3.3.3). To investigate the spatial-temporal 

localization dynamics of BRO1-GFP in germlings of the Δso mutant, the construct bro1-gfp was expressed 

in the mutant under the control of the overexpression promoter Pccg-1. Fluorescence microscopy revealed 

that BRO1-GFP localizes to vesicular structures in germlings of this ∆so strain (H177) and was also 

observed in vacuoles (Fig 3.23.A). Thus, there was no unexpected accumulation of the BRO1-GFP vesicles 

in Δso, indicating that the interaction between BRO1 and SO is temporal during cell-cell communication 

and fusion. 

3.5.2.2 The ∆sip-1 mutant does not impair the BRO1 dynamic  

Next, the construct bro1-gfp was introduced into the ∆sip-1 mutant, via crossing, in order to investigate 

whether this mutant influences the subcellular localization of BRO1. The microscopic examination of the 

selected strain (H175) revealed a comparable localization pattern of BRO1-GFP in ∆sip-1 germlings as 

compared to the control strain (Fig 3.23.B). Hence, the absence of SIP-1 does not alter the distribution of 

BRO1-GFP in these non-interacting cells.  

3.5.2.3 Inhabiting MAK-1 influences the BRO1 dynamic 

Section 3.5.1.3 suggested that BRO1 and MAK-1 either function independently from each other during 

cell-cell fusion or that BRO1 is upstream of MAK-1. Therefore, it was tested whether the inhibition of 

MAK-1 during germling interactions would disrupt the recruitment of BRO1. Using a chemical genetics 

approach (Weichert et al. 2016), the inhibition of an ATP analog-sensitive variant of MAK-1 was chosen 

in order to explore whether MAK-1 activity impacts the formation of BRO1-associated vesicular structures. 

BRO1-GFP (Pccg-1-bro1-gfp) was introduced into the analog-sensitive MAK-1 strain (MAK-1as) by 

crossing the strains GN9-72 (BRO1-GFP) and AS49 (MAK-1as). The genotype of the selected strain H12 

was confirmed by sequencing the mak-1 locus. The conidia of the strain H12 were grown on solid Vogel’s 

MM and incubated for 3.5 h at 30 °C. Following this, the germlings were treated with 40 µmol of the 

inhibitor 1NM-PP1 and incubated for 10 min. The inhibitor interacts with MAK-1 by blocking the 

phosphorylation site and disrupting the kinase function. The germlings then were analyzed by fluorescence 
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microscopy. Inhibition of MAK-1 in germlings that had not yet touched resulted in disassembly of BRO1-

GFP from the tips of the interacting cells (Fig 3.23.CI). This result can be explained by the indirect effect 

of MAK-1 on actin polymerization (Serrano et al. 2020), which would impact the actin-dependent 

formation of BRO1-associated vesicles (see section 3.4.3). In germlings that had already established 

contact, the BRO1-GFP dynamics were arrested at the contact point when MAK-1 was inhibited (Fig 

3.23.CII). Thus, BRO1-GFP was observed constantly at the contact zone considerable time after the fusion 

was interrupted. This observation supports the hypothesis that BRO1 functions independently of MAK-1. 

3.5.2.4 Inhabiting MAK-2 influences the BRO1 dynamic 

The oscillatory recruitment of SO and MAK-2 in anti-phase during cell-cell communication is considered 

as a key process in this process (Fleissner et al. 2009). As previously reported, inhibition of MAK-2 causes 

the mis-localization of SO and disrupts germling interactions (Serrano Salces 2019). The results from this 

study suggest that SO might be acting upstream of BRO1 (section 3.5.1.1). To explore the subcellular 

localization of BRO1 during cell-cell interactions when MAK-2 activity is reduced, the construct Pccg-1-

bro1-gfp was expressed in a MAK-2 analog-sensitive strain (MAK-2as) by crossing the strains GN9-72 

(BRO1-GFP) and AS836 (MAK-2as). The genotype of the selected strain H95 was confirmed by sequencing 

of the mak-2 locus. The conidia of the strain H95 were grown on solid Vogel’s MM and incubated for 3.5 

h at 30 °C. Then the germlings were treated with 40 µmol of the inhibitor 1NM-PP1 and incubated for 10 

min. The inhibitor interacts with MAk-2 by blocking the phosphorylation site and disrupting the kinase 

function. The germlings were analyzed by fluorescence microscopy. Inhibition of this MAP kinase with the 

ATP analog 1NM-PP1 resulted in the release of BRO1-GFP from the membrane of interacting cell tips (Fig 

3.23.D). This unexpected observation suggests that the proper localization of BRO1 at the tips required a 

regular dynamic of MAK-2.  
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 Fig 3.23 Localization of BRO1-GFP in cell-cell interaction mutants. 

(A) The deletion of so does not influence the localization of BRO1-GFP vesicles in germlings (left) and in 

hyphae (right). (B) Deletion of sip-1 does not impact the localization of BRO1-GFP in germlings (left) and 

in hyphae (right). (C) Localization of BRO1-GFP in a MAK-1-analog -sensitive strain (MAK-1as): CI) 

Inhibition of MAK-1as during germling interaction using 40 µmol of 1NM-PP1 results in disassembly of 

BRO1-GFP from the membrane of the interacting tips. CII) Inhibition of MAK-1as shortly after the  

interacting cells made contact does not release BRO1-GFP from the contact area. (D) Localization of BRO1-

GFP in a MAK-2 analog-sensitive strain (MAK-2as): Inhibition of MAK-2as during germling interactions 

using 40 µmol of 1NM-PP1 results in disassembly of BRO1-GFP from the membrane of the interacting tips. 

Arrowheads point to BRO1-GFP. Scale bars = 5 µm.      
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3.5.3 Localization of BRO1 in mutants defective in plasma membrane fusion  

In this study, it has been shown that the BRO1-associated vesicular structures strongly accumulated at the 

cell-cell contact area during hyphal fusion (section 3.3.2 and 3.4.2). Based on this observation, it has been 

hypothesized that these structures have a specific function during plasma membrane merger after the cell 

walls of the opposing partner cells have been degraded. To test this hypothesis, the spatio-temporal 

localization of BRO1-GFP was next investigated in mutants with defects during membrane fusion. The 

construct Pccg-1-bro1-gfp was therefore introduced into the ∆Prm1 by crossing the strains GN9-72 and 

A24. In a second approach, the construct Pccg-1-bro1-gfp was introduced into the strain MW126 (∆erg-

10a; ∆erg-10b) by transformation. Both mutants show a reduction in cell-cell fusion due to defects during 

plasma membrane merger, resulting in juxtaposed but unfused plasma membranes in between the 

interacting cells (Fleißner et al. 2009) (Weichert et al. 2020). While the transmembrane protein PRM1 is 

known to function during cell-cell fusion and is recruited to the contact point in an interacting cells, loss of 

the ergosterol synthesis enzymes ERG10a and ERG10b in N. crassa leads to the accumulation of a sterol 

intermediate in the membranes (Weichert 2016). The ∆Prm1 and ∆erg-10a, ∆erg-10b mutants function 

independently of each other and cause a similar but independent defect during plasma membrane merger 

(Weichert et al. 2020). In contrast to that, down-regulation of bro1 shows no defect in the membrane merger 

but suspends the fusion process. Therefore, investigating the dynamic of BRO1-GFP in those mutants might 

help to understand the role of BRO1 during the final stage of cell-cell fusion better. 

3.5.3.1 ∆Prm1 

In ∆Prm1 germlings, the vesicular structures labelled with BRO1-GFP localized to the interacting cell tips 

in a dynamic, oscillatory manner (Fig 6.17). In addition, these vesicles accumulated at the fusion zone in 

the interacting cells of this mutant. This pattern of localization is comparable to the localization of BRO1 

during cell-cell interaction and fusion in the wild-type germlings. However, the localization pattern of 

BRO1-GFP in ∆Prm1 germlings depended on whether fusion was successful or failed. In succeeded fusion 

events, BRO1-GFP localizes to the contact zone (Fig 6.18). When the typical bubble-like membrane 

invaginations had formed, BRO1-GFP was observed to localize at the membrane of these invaginations 

(Fig 3.24.A). Later, the BRO1-GFP signals vanished from the juxtaposed membranes when the membrane 

merger failed. In addition, the localization of BRO1-GFP at these membrane bubbles was also observed 

during hyphal fusion events within the mycelium of the ∆Prm1 mutant (Fig 3.24.B). These results indicate 

that the recruitment of BRO1 to the membrane of the contact zone is independent of PRM1.  

It was shown in this study that the recruitment of BRO1-associated vesicles to the plasma membrane 

intensifies at the contact zone (See section 3.4.3). To assess whether PRM1 triggers the intensification of 

BRO1-associated vesicles after the interacting germlings make physical contact, the change in signal 
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intensity of BRO1-GFP was measured at the zone of fusion. For that purpose, cells of strain H135 (∆Prm1, 

BRO1-GFP) were mixed with those from strain A32 (∆Prm1). The fluorescent signals were measured at 

the tips of the H135 germlings before and after they made contact with the A32 cells (n = 20). As a result, 

this quantification showed that the of BRO1-GFP signal increased after the germlings touched (Fig 3.24.C). 

Taken together, these localization results of suggest that BRO1 and PRM1 have independent functions.  

 

 

 

 

 

It was previously reported that the loss of Prm1 in N. crassa causes an increase in fusion-induced cell lysis. 

While ca. 50 % of ΔPrm1 germling pairs fail to fuse their opposing plasma membranes, about 10% of the 

cell pairs undergo cell lysis (Fleißner et al. 2009; Palma-Guerrero et al. 2014). The expression level of the 

Pccg-1 is higher than the expression level of Pbro1, which results in a higher transcriptional level of BRO1-

GFP and as a subsequence more BRO1-associated vesicle (Fig 3.9). Those vesicles accumulate to the 

Fig 3.24 Localization of BRO1-GFP in ∆Prm1 germlings. 

(A) Co-localization of BRO1-GFP with a bubble-shaped membrane invagination in ∆Prm1 germlings (H135). Cells were 

stained with FM4-64 to visualize membranes. BRO1-GFP localizes at the membrane bubble. (B) Localization of BRO1-

GFP in ∆Prm1 during hyphal fusion. BRO1-GFP is seen at the membrane of the contact areas, where it remained during 

the formation of a membrane invagination. (C) Mixed germling pair of strains H135 (∆Prm1, BRO1-GFP) and A32 

(∆Prm1). The enforcement of BRO1-GFP signals at the contact site is not influenced by the deletion of Prm1. Arrows 

point to BRO1-GFP. Scale bars = 5 µm.      
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plasma membrane during cell-cell interaction (Fig 3.11). In order to examine whether the recruitment of a 

high number of BRO1-associated vesicles to the plasma membrane influences the ΔPrm1 phenotype, the 

lysis rate, as well as the number of bubble-shaped membrane invaginations, were quantified in interacting 

ΔPrm1 germlings expressing BRO1-GFP (H135) as well as in the wild-type (N1-01) and the ΔPrm1 strain 

(A32) (Fig 3.25.A and B). While the lysis rate was only about 2 % in wild-type cell pairs, this number 

reached about 11 % in germlings of each H135 (ΔPrm1; bro1-gfp) and A32 (ΔPrm1). The number of cell 

pairs that formed bubble-like membrane invaginations was around 40 % in both H135 and A32, while none 

of the wild-type germlings developed these structures (Fig 3.25.C). The recruitment of a high number of 

BRO1-associated vesicles to the plasma membrane had no effect on the lysis rate of ∆Prm1. This 

Fig 3.25 Overexpression of BRO1 does not influence the formation of membrane invaginations 

and the lysis rate of germlings pairs. 

(A) Microscopic analysis of lysis of germling pairs in wild-type, ∆Prm1 and H135 (BRO1-GFP; ∆Prm1): Lysed 

germlings show a vacuolized appearance (L), while healthy germlings appear smooth without major vacuoles (H). 

(B) Microscopical phenotype of a ∆Prm1 germling pair that failed to fuse and formed a bubble-like membrane 

invagination (arrowhead; visualized by FM4-64). (C) Quantification of membrane invaginations and cell lysis of 

germlings pairs. There is no significant difference between the ∆Prm1 and H135 strains.  

Scale bars = 5 µm. Error bars represent the SE.   
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observation is consistent with the previous results (Fig 3.24) and further suggests that BRO1 and PRM1 

function in different pathways. 

Overall, these data raise the question of the molecular basis for the formation of membrane invaginations 

when membrane merger fails in the ∆Prm1 mutant. It can be hypothesized that the fusion of the BRO1-

associated vesicles with the plasma membrane extends the membrane surface at the contact area, however, 

the opposing plasma membranes still fail to fuse with each other in the absence of PRM1. To test this 

hypothesis, the Prm1 gene was knocked out in the conditional mutant bro1cm by crossing the strain H17 

with A24 (ΔPrm1). The progeny of this crossing were screened for the genotype (ΔPrm1; bro1cm).  

Strikingly, down-regulation of bro1 in these ΔPrm1 germlings in the presence of low Cu2+ concentrations 

(1µ mol/mL) in the growth medium resulted in a significant reduction in the formation of membrane 

invaginations. In contrast, more than 40% of the germling pairs formed these membrane invaginations in 

the absence of Cu2+, which was similar to cells of the control strain A32 (Fig 3.26.C). Thus, there is a 

correlation between the expression level of bro1 and membrane invagination in ΔPrm1. Similarly, a 

reduction was observed in the lysis rate of germling pairs of the strain H172 (ΔPrm1; bro1cm) in medium 

with low levels of Cu2+ (1µ mol/ml), while it was comparable to that of strains H172 and A32 when Cu2+ 

was absent (Fig 3.26.D). Thus, the recruitment of BRO1-associated vesicles to the plasma membrane might 

initiate the cell lysis and membrane invagination in ΔPrm1 germlings.  

These data strongly support the hypothesis that BRO1-associated vesicles fuse in the plasma membrane of 

contact zone leading to membrane extension. Hence, the fusion of BRO1-associated vesicles in the plasma 

membrane is necessary for membrane merger during cell-cell fusion, suggesting that BRO1 might be 

involved in bringing the plasma membrane fusion machinery to the contact area of the fusing cells.   
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Fig 3.26 Down-regulation of bro1 results in a significant reduction of lysis during cell-cell fusion. 

Analysis of cell lysis and membrane invaginations in germlings of a bro1cm mutant lacking the Prm1 gene mutant 

(strain H172) in the absence and in the presence of low level of Cu2+. 

(A) Microscopic analysis of cell lysis and membrane invagination of germling pairs in the absence of Cu2+. (B) Lysed 

pairs and membrane invaginations in the presence of low concentrations of Cu2+ (1µmol/ml). (C) Quantification of 

lysis rates: down-regulation of bro1 causes a significant reduction in the lysis of germlings pairs, while in the absence 

of Cu2+, the lysis rate is comparable to that of the ∆Prm1 cell pairs. (D) Quantification of membrane invaginations. 

Cells of strain H172 show a similar degree of invagination in the absence of Cu2+ ions as compared to ∆Prm1. In the 

presence of low levels of Cu2+, the strain H172 shows a highly significant reduction in the number of invaginations. 

Arrowheads point to membrane invaginations. Scale bars = 5 µm. Error bars represent the SE. P < 0.001= *** 
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3.5.3.2 ∆erg-10a erg-10b 

 The construct Pccg-1-bro1-gfp was introduced into the double mutant ∆erg-10a ∆erg-10b through 

transformation, resulting in strain H125. In ∆erg-10a ∆erg-10b germlings, BRO1-GFP was observed at the 

tips in about 90 % of non-interacting cells and at Septa (Fig 3.27.A). This unusual and unexpected pattern 

of localization was not observed in the non-interacting germlings of strain GN9-72 (BRO1-GFP), in which 

BRO1-GFP is cytoplasmic and localize to vesicular structures. In interacting germlings of the strain H125 

(∆erg-10a; ∆erg-10b; bro1-gfp) BRO1-GFP localized at the cell tips in a dynamic, oscillatory manner and 

accumulated at the membrane of the contact area (Fig 3.27.A). Another extraordinary localization of BRO1 

was found in growing hyphal tips of the double mutant ∆erg-10a ∆erg-10b. The BRO1-GFP was observed 

to localize to the Spitzenkörper (SpK) and at the forming septa in hyphae. This localization could be 

explained by the accumulation of sterol intermediates in this mutant (Weichert et al. 2020), which might 

cause mis-sorting of BRO1-associatedvesicles. To test this hypothesis, the localization of BRO1 was next 

investigated in other erg mutants, which accumulate structurally different intermediates of the ergosterol 

biosynthesis pathway (Weichert 2016). 

 

3.5.3.3 ∆erg-1  

As reported before, deletion of erg-1 results in the accumulation of ergosterol precursors in the membrane 

that are similar to but also different from those in the ∆erg10a ∆erg10b double mutant (Weichert et al. 

2016, 2020). Nevertheless, the plasma membrane fusion defect of this mutant is comparable to that of the 

∆erg10a ∆erg10b germlings. Therefore, BRO1-GFP was expressed in ∆erg1 to explore the localization of 

the protein in this mutant. In hyphae of ∆erg1, BRO1-GFP localized to vesicular structures and was also 

recruited to the plasma membrane during hyphal fusion. Unlike the localization in the double mutant 

Fig 3.27 BRO1-GFP vesicles mis-sort in 

∆erg-10a ∆erg-10b. 

(A) Subcellular localization of BRO1-GFP 

in ∆erg-10a ∆erg-10b cells (H125) during 

germling interactions: BRO1 is recruited to 

the membrane of the interacting tips and to 

the contact areas (arrows) as well as to 

septa (asterisk).  

(B) Subcellular localization of BRO1-GFP 

in ∆erg-10a ∆erg-10b hyphae (H125) : 

BRO1 localizes to the Spitzenkörper (star), 

to forming septa (asterisk), and also to the 

contact area during hyphal fusion 

(arrowhead). Scale bars = 5 µm. 
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∆erg10 a ∆erg10 b, BRO1was neither observed at the SpK nor during septum formation (Fig 3.28.A). This 

result shows that the sorting of BRO1-associated vesicles changes when specific sterol precursors 

accumulate in the membrane.  

3.5.3.4 ∆erg-2 and ∆erg-11 

The erg-2 gene encodes an enzyme that mediates the last step of ergosterol biosynthesis in N. crassa, so 

that the ∆erg-2 mutant accumulates the direct precursor of ergosterol in its membranes. In contrast to the 

above analyzed mutant ∆erg-1 and the double mutant ∆erg-10a ∆erg-10b, this mutant fails to arrest directed 

growth once the interacting germlings establish contact (Weichert et al. 2016). This mutant accumulates 

different sterol intermediates different from those accumulated in double mutants ∆erg-10a ∆erg-10b, 

which results in a different phenotype. In order to address the hypothesis that the accumulation of sterol 

intermediates in different mutants might lead to mis-localization of BRO1-associated vesicles and cause a 

variant localization pattern regrading to the accumulation of a variant sterol intermediates in the plasma 

membrane. To address this hypothesis, the construct Pccg-1-bro1-gfp was introduced into the ∆erg-2 strain 

through crossing the strain GN9-72 with MW187.  

Interestingly, in non-interacting germlings of the resulting strain GN10-01, the localization of BRO1-GFP 

is comparable to the localization in the non-interacting germlings of strain GN9-72 (BRO1-GFP), in which 

BRO1-GFP is cytoplasmic and localizes in vesicular structures. As well, the subcellular dynamics of 

BRO1-GFP were not disturbed or modified in ∆erg-2 cells during interaction (Fig 3.28.C). Thus, the BRO1-

associated vesicular structures were still formed in this mutant, and BRO1 localized to the interacting tips 

in a dynamic, oscillatory manner and accumulated at the membrane of the contact area until contact was 

made. 

At a later stage of germling interactions, these vesicular structures disassembled from the contact area when 

the ∆erg-2 cells twisted around each other (Fig 3.28.C). In hyphae, BRO1-GFP localized to neither the SpK 

nor to forming septa (Fig 3.28.C). Taken together, these results support the idea that the accumulation of 

sterol intermediates in different mutants influence the pattern of BRO1 localization differently. This 

indicates that growth arrest is crucial for the enforcement of BRO1-associated vesicles during cell-cell 

interactions. 

The ∆erg-11 mutation causes a defect in the side chain of the ergosterol molecule, which results in an 

immature ergosterol. However, this mutation does not affect cell fusion in N. crassa (Weichert 2016). As 

this mutant has no phenotype related to cell fusion, it was used as a negative control to address the 

hypothesis that the accumulation of different sterol intermediates might induce different localization 

patterns of BRO1-associated vesicles. The bro1-gfp construct was introduced in the ∆erg-11 strain through 
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crossing the strains GN9-46 (BRO1-GFP) with N4-27 (∆erg-11). Interestingly, in non-interacting 

germlings of the resulting strain H178, the localization of BRO1-GFP is similar to the localization in the 

non-interacting germlings of strain GN9-72 (BRO1-GFP), in which BRO1-GFP is cytoplasmic and 

localizes in vesicular structures. In hyphae, BRO1 localized to vesicular structures and was recruited to the 

plasma membrane during hyphal fusion. Similar to the localization in the ∆erg-1 and ∆erg-2 mutants, BRO1 

localized neither at the SpK nor to forming septa (Fig 3.28.B). Thus, the accumulation of immature 

ergosterol in this mutant, doesn’t influence the localization pattern of BRO1- associated vesicles in non-

interacting germling or mature hyphae.   

Those results accumulate evidence supporting our hypothesis and show a link between the ergosterol raft 

in the vesicle membrane and the sorting of those vesicles.  

Fig 3.28 Localization of BRO1-GFP in different ergosterol biosynthesis mutants.  

(A) Sub-cellular localization of BRO1-GFP in the ∆erg-1 mutant in hyphae: BRO1 does not localize to the Spitzenkörper but 

is recruited to the membrane of the contact area of fusing hyphae (arrow). (B) Sub-cellular localization of BRO1-GFP in the 

deletion mutant ∆erg-11 in hyphae: a similar localization of BRO1 was found in ∆erg-11; BRO1 does not localize to the 

Spitzenkörper but is recruited to the membrane of the contact area of fusing hyphae (arrow). (C) Sub-cellular localization of 

BRO1-GFP in the deletion mutant ∆erg-2: BRO1 was not observed at the Spitzenkörper, but it is recruited during germling 

interaction and localizes to the cell-cell contact area. Scale bars = 5 µm. 
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3.6 BRO1 plays an indirect role during the establishment and maintenance of cell 

polarity. 

3.6.1 Down-regulation of bro1 impairs the formation of sterol-rich membrane domains.  

As shown in section 3.5.3.2, an altered sterol composition could result in the mis-sorting of the BRO1-

associated vesicles within the general secretion pathway. To explore the relationship between BRO1 and 

membrane sterols, the formation of sterol-rich membrane domains was investigated in cells of the bro1cm 

conditional mutant (H17) and wild-type (N1-02). For that purpose, the bro1cm and wild-type germlings were 

grown on medium with and without Cu2+ ions, then stained with the sterol-binding fluorescent dye filipin 

(10 µg/mL) and analyzed by fluorescence microscopy (Fig 3.29.A). In wild-type cells, the sterol-rich 

domains accumulate particularly at the membrane of the cell tip, which is remarkably detectable by the 

fluorescent dye filipin. The number of cells with a bright sterol-rich tip was similar in both strains when no 

Cu2+ had been added to the medium. On medium with 50 µmol/ml Cu2+, the wild-type germlings did not 

show any change in the appearance of the filipin-stained cell tips, while down-regulation of bro1 caused a 

significant reduction in the number of fluorescent cell tips under these conditions (Fig 3.29.A). This 

observation suggests that BRO1 might be involved in the delivery of sterols to the cell tip through vesicles. 

An explanation for this observation could be that the sterol-rich domains accumulate especially at the 

membrane of the growing tips. Thus, downregulating bro1 slows down the relative growth of the cells 

which accumulate less sterol-rich domains at the tips. However, the race tube experiment shows no 

significant reduction of the cell tips extinction in the presence of a high concentration of Cu2+ ions (See 

3.2.1). That might exclude this assumption. Still, a deep analysis of the relative growth of the bro1cm 

germlings is required.  

Alternatively, since the formation of sterol-rich membrane domains could be necessary during cell-cell 

communication, it is possible that the observed reduction in the filipin-stained cell tips is indirectly caused 

by losing the capability of interaction when bro1 is repressed (see section 3.2.3). To examine this second 

possibility, non-interacting wild-type germlings were stained by filipin. Almost all germlings showed a 

bright sterol-rich cell tip. Future investigations should include a fusion mutant such as ∆so in these 

experiments and consider filipin staining of wild-type germlings on a Ca2+-free medium that inhibits cell-

cell interactions in wild-type.  
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Fig 3.29 Down-regulation of bro1 impairs the formation of sterol-rich membrane domains. 

(A) Staining of the tips of bro1cm and wild-type germlings by the sterol-binding dye filipin (10 µg/mL). Arrows indicate 

sterol-rich tips, the asterisks show sterol-poor tips (B) Percentage of germlings that formed sterol-rich cell tips. Only about 

50% of bro1cm germlings accumulate sterols at their tips in the presence 50 µmol/ml Cu2+. Number of germlings n=100. 

Scale bar = 5 µm. 
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3.6.2 Repression of bro1 causes resistance to the plant defense compound tomatine and but 

sensitivity to the ergosterol biosynthesis inhibitor fluconazole.  

The previous findings in this thesis suggest that down-regulation of bro1 results in lock-in of the sterol-rich 

membrane domains (Fig 3.29). Mutants in baker’s yeast that have an altered sterol composition show 

resistance to pore-formation antifungal compounds such as tomatine and nystatin (Vandeputte et al. 2012; 

Sanglard et al. 2009). Moreover, these mutants show hypersensitivity to fluconazole, which targets an 

enzyme in the ergosterol synthesis pathway. Therefore, I examined the effect of some compounds on the 

bro1cm.  

3.6.2.1 Down-regulation of bro1 improve the resistance to tomatine  

Tomatine is a glycoalkaloid in the tomato plant (Solanum lycopersicum) that exerts its fungicidal activity 

by binding to sterol-rich membrane domains, in particular to ergosterol, which causes pore formation in the 

fungal membrane (Jadhav et al. 1981). Here, the growth phenotypes in the presence of tomatine were 

compared between wild-type (N1-02), H17 (bro1cm), H55 (bro1cm, Pccg-1-bro1-gfp), and H52 (bro1cm, 

Pccg-1-gfp-bro1) strains (Fig 3.30.A). For that purpose, gradient concentrations of conidia of the tested 

strains were inoculated on BDES medium supplemented by gradient concentrations of tomatine in 

combination with and without Cu2+ ions. The plates were incubated for 3 d at 30° C. On media without 

Cu2+ ions, all the strains formed colonies in the absence of tomatine. As expected, there no colonies grew 

on plates with a high concentration of tomatine (Fig 3.30.A upper panel). On media with 50 µmol/ml Cu2+, 

all the strains formed colonies in the absence of tomatine. Unexpectedly, all strains grew better on the 

medium supplemented by intermediate concentration of tomatine with a high concentration of Cu2+ (50 

µmol/ml) compared to the growth on the media without Cu2+ supplementation. On media with high 

concentration of Cu2+ ions and high concentration of tomatine, the control strains failed to form colonies.  

In contrast to that, the strain H17 (bro1cm) was able to grow and form colonies even in the presence of the 

highest tested tomatine concentration, when high levels of Cu2+ were added to the medium. (Fig 3.30.A 

lower panel). This result indicates that the absence of a sterol-rich membrane domains in the bro1cm strain 

(Fig 3.29) results in the resistance towards tomatine when expression of bro1 is repressed. 

3.6.2.2 Repression of bro1 slightly increases sensitivity to fluconazole 

Fluconazole is an antifungal compound that inhibits ergosterol biosynthesis (Ghannoum and Rice 1999). 

Since repression of bro1 in the presence of a high concentration of Cu2+ (50 µmol/ml) resulted in resistance 

to the sterol-binding substance tomatine, we investigated whether the repression of bro1 influences the 

biosynthesis of ergosterol or the trafficking of ergosterol to the plasma membrane. In has been shown in 

different fungi that deletion mutant of genes involved in the biosynthesis of ergosterol show 

hypersensitivity to fluconazole (Vandeputte et al. 2012). The hypothesis that BRO1 plays a role in sterol 
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trafficking but not in the biosynthesis of ergosterol was tested. We expected the down-regulation of bro1 

to not affect the sensitivity towards fluconazole. To test this, the effect of fluconazole on the growth of the 

strain bro1cm was investigated in comparison to the complemented mutant strains H55 (bro1cm, Pccg-1-

bro1-gfp) and H52 (bro1cm, Pccg-1-gfp-bro1) as well as wild-type (N1-02). The strain N2-35 (∆erg-2) is 

hypersensitive to fluconazole (Weichert 2016), therefore, it was included in these tests as a positive control. 

For that purpose, gradient concentrations of conidia of the tested strains were inoculated on BDES medium 

supplemented with gradient concentrations of fluconazole in combination with and without Cu2+ ions. The 

plates were incubated for 3 d at 30° C. While ∆erg-2 was hypersensitive to fluconazole, all other tested 

strains showed a similar growth on media without supplemented Cu2+. However, when bro1 was repressed 

on media with 50 µmol Cu2+, the colonies of the strain H17 showed a slightly increased sensitivity towards 

the inhibitor as compared to the controls (Fig 3.30.B). This data indicates that bro1 might be dispensable 

for the biosynthesis of ergosterol but might play a role in trafficking of ergosterol to the plasma membrane.  
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Fig 3.30 Repression of bro1 causes resistance to the antifungal compound tomatine, and 

increased sensitivity to fluconazole. 
(A) Stress assay with different concentrations of tomatine in the absence and the presence of Cu2+ ions. bro1cm 

germlings grow on a high concentration of tomatine in the presence of high-level Cu2+ ions. Strains tested in 

this assay are WT, H17 (bro1cm), H55 (bro1cm, Pccg-1-bro1-gfp), and H52 (bro1cm, Pccg-1-gfp-bro1) (B) 

Stress assay on different concentrations of fluconazole in the absence and the presence of Cu2+ ions in the 

substance: bro1cm germlings showed a slight sensitivity to the fluconazole in the presence of high-level Cu2+ 

ions. Strains tested in this assay are WT, H17 (bro1cm), H55 (bro1cm, Pccg-1-bro1-gfp), H52 (bro1cm, Pccg-1-

gfp-bro1), and N2-35 (∆erg-2). 
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3.6.3 Repression of bro1 results in disruption of polarity maintenance in germlings.   

3.6.3.1 BRO-GFP1 does not localize to the germination site during germ tube emergence. 

 Conidial germination in fungi, which results in germ tube formation, can be subdivided into three distinct 

phases: first, hydration and isotropic growth of the conidia, second, establishment of a cell polarity center 

and germ tube emergence, and third, germ tube extension (Araujo-palomares et al. 2007; Harris 2006). 

Since repression of bro1 in the presence of a high concentration of Cu2+ (50 µmol/ml) resulted in 

germination defects and the reduced formation of sterol-rich membrane domains (Fig 3.7 and 3.29), it was 

hypothesized that BRO1 might be recruited to the plasma membrane at the forming cell polarity center 

during germination and/or germ tube formation. Therefore, the subcellular localization of BRO1-GFP was 

investigated during the three stages of the germination process. Since actin is known to localize at the site 

of cell polarization and germination (Berepiki et al. 2010), the Lifeact-GFP-expressing strain (GN7-13) 

was included as a control. As expected, actin started to accumulate at one spot on the cell periphery, where 

it further concentrated when the germ tube began to form (Fig 3.31.A). Hence, this actin-rich polarized 

region marked the germination site and remained at the growing tip during germ tube emergence and 

extension. In contrast to actin, BRO1-GFP did not show any specific accumulation at the conidial periphery 

during the different stages of spore germination (n = 10), indicating that the protein does not mark this 

cellular subregion (Fig 3.31.B). Taking into account the effects of bro1 repression on germination (Fig 3.7), 

BRO1 might therefore be only indirectly involved in establishing and/or maintaining of cell polarity during 

germ tube formation. 

 

 

 

 

Fig 3.31 BRO1-GFP does not localize to 

the germination site during germ tube 

emergence. 

(A) Subcellar localization of actin (lifeAct-

GFP) during germ tube emergence in a 

spore of strain GN7-13. Actin accumulates 

at the site where the germ-tube will initiate  

(B) Subcellar localization of BRO1-GFP 

during germ tube emergence in a spore of 

strain GN9-72: The protein does not 

accumulate at the site of germination. Scale 

bars = 5 µm.      
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3.6.3.2 Suppression of bro1 destabilizes polarized growth 

 In article 3.2.3 we show that the Cu2+-dependent suppression of bro1 correlated with an increase in 

germinating spores that formed more than just one germ tube. However, it is not clear whether this defect 

is caused by problems in establishing a single polarity center or by maintaining polarity. In order to 

distinguish between these options, the following experiment was done. Lifeact-GFP was introduced in the 

bro1cm strain as a polarity marker. The resulting strain was grown on medium with 50 µ mol/ml Cu2+ and 

without Cu2+ ions for 3 h at 30 C and analyzed by fluorescence microscopy. On medium with 50 µ mol/ml 

Cu2+, spores of the strain H44 initially formed only one germ tube, which then ceased its growth, followed 

by the emergence of a second germ tube (Fig 3.32.A). Remarkably, once this new germ tube had emerged, 

the site of polarized growth, as indicated by the accumulation of actin, changed from one germ tube to the 

other in an oscillatory manner (Fig 3.32.B). In the control strain GN7-13 (lifeAct-GFP), the accumulation 

of actin was constant of the germ tubes for considerable time. In conclusion, these observations indicate 

that suppression of bro1 results in a defect during polarity maintenance rather than polarity establishment 

of germinating spores.  

Since cell polarity is also essential for hyphal growth, hyphal tips were studied to explore whether this 

competition between the multi-germ tube continues after a mature hypha has been formed. In contrast to 

germlings, no oscillation of actin was observed in growing hyphae (Fig 3.32.C). All hyphae grew normally, 

and actin is recruited to actin asters and the Spitzenkörper. Notably, the mature hyphae do not have a 

polarity defect when BRO is suppressed. Thus, the competition between the multiple germ tubes seems to 

be stopped when a mature hypha is established. These observations suggest that BRO1 has an indirect role 

during cell polarity that is limited to the stage of spore germination. 

3.6.3.3 The connection between the polarisome and the function of BRO1 remains so far unclear 

In fungi, the polarisome is involved in the establishment, maintenance, and termination of polarized cell 

growth (Lichius, Yáñez-Gutiérrez, et al. 2012). Therefore, established factors of the polarisome are 

excellent candidates to study the cell polarity defects caused by the down-regulation of bro1. In particular, 

the formin BNI-1 has been shown to reinforce the assembly of robust actin cables at the cell cortex (Lichius, 

Yáñez-Gutiérrez, et al. 2012). Moreover, the spatially localized accumulation of polarity regulators like 

BNI-1 is maintained through a positive feedback loop that is controlled by the Rho GTPases CDC-42 and 

RAC-1 (Lichius et al. 2014; Araujo-Palomares et al. 2011). Furthermore, the activity of Rho GTPases is 

crucial for the spatio-temporal coordination of actin remodeling (Lichius et al. 2014). Since the down-

regulation of bro1 destabilized the actin cables at the growing tips, we hypothesis that the polarisome is 

destabilized and oscillates between one germ tube to other. To test this hypothesis during spore germination, 

the subcellular localization of BNI-1 and CDC-42/Rac-1 was explored in the bro1cm conditional mutant. 
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For that purpose, the CDC-42/RAC-1-interactive-binding reporter CRIBCLA-4-GFP was used to localize the 

Rho GTPase, while the construct Pccg-1-bni-1-gfp was used to localize the formin BNI-1 in bro1cm cells. 

The CRIBCLA-4 reporter contains one of the two known CRIB binding motifs of N. crassa, originally found 

in the PAKs CLA-4. CLA-4 only interacts with the active Rho GTPase (Lichius et al. 2014). CDC-42/Rac-

1 localizes to the membrane of growing tips. While CDC-42 is active during tip extinction, RAC-1 is active 

during directed growth (Lichius et al. 2014). In order to discriminate between CDC-42 and RAC-1 

functions, the RAC-1-specific inhibitor NSC23766 was used in the following experiment.   

The strain H140 (bro1cm; CRIBCLA-4-GFP) was obtained by crossing the strain AS927 (CRIBCLA-4-GFP) 

with the strain H17 (bro1cm). Germlings of this strain were grown on solid Vogel’s MM with and without 

Cu2+ ions (0, 1, and 50 µmol/mL Cu2+) and incubated for 4 h at 30° C. Live-cell imaging showed that the 

CRIB reporter, in the presence of a high concentration of Cu2+, was stably recruited to the tip of both germ 

tubes of the bro1cm germlings (Fig 3.33.A) (n = 30). Thus, in contrast to Lifeact-GFP, no oscillation was 

observed for the CRIB reporter. By adding the RAC-1-specific inhibitor NSC23766 to growing germlings 

(Lichius et al. 2014), it was possible to assess which protein (CDC-42 or RAC-1) is recruited to the tips of 

germlings with multiple germ tubes. The CRIB reporter remained stably recruited at the cell tips in the 

presence of 100 µmol NSC23766 (Fig 3.33.A), indicating that CDC-42 is still being recruited in these 

Fig 3.32 Suppression of bro1 disturbs the stability of polarized growth. 
(A) Spores of the bro1cm strain H44 on medium with 50 µmol/ml Cu2+ form germ tubes in a sequential manner, but not 

simultaneously. Life-actin-GFP is used as a marker of the germination site. (B) Germ-tubes of bro1cm germlings on high level 

of Cu2+ grow in an alternating manner. Life-actin-GFP oscillates between the growing germ-tubes with intervals of about 4 

min. (C) Life-actin-GFP is stable at growing tips of mature hyphae of bro1cm on high level of Cu2+. (D) Life-actin-GFP is 

stable in growing germ-tube of wild-type germlings grown on high level of Cu2+.    

Arrows point to LifeAct-GFP. Asterisks refer to non-growing germ-tube. Scale bars = 5 µm.      
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germlings when RAC-1 was inhibited. This observation can be explained by a loss of the interaction 

competence of bro1cm. While RAC-1 activity is essential for CAT formation (Lichius et al. 2014), CDC-42 

is the only Rho GTPases active in those germlings. 

The strain H138 (bro1cm; BNI-1-GFP) was obtained by crossing the strains H107 (BNI-1-GFP) and H17 

(bro1cm). Germlings of this strain were grown on solid Vogel’s MM with and without Cu2+ ions (0, 1, and 

50 µmol/mL Cu2+) and incubated for 4 h at 30° C. On media without Cu2+ ions, BNI-1 localized to the 

membrane of growing tips. Strikingly, although BNI-1 only localized at the tip of one of the multiple 

growing germ tubes when bro1 was repressed, it did not show any alternating recruitment between these 

germ tubes (n = 10) (Fig 3.33.B). Likewise, in the presence of a low level of Cu2+, BNI-1 localized only in 

growing germ tubes to one tip or both tips in multi-germ tube cells and did not show an oscillating 

recruitment between the germ-tubes (n = 30) (Fig 3.33.B). These unexpected results indicate that BNI-1 

might not be the responsible of the actin oscillating between the multiple germ tubes. 

Taken together, these results suggest a model in which the down-regulation of bro1 unequally impacts 

different factors of the polarisome. While the upstream factor CDC-42 is not influenced at all, its 

downstream target actin is severely impaired when BRO1 function is impaired, and the formin BNI-1 was 

moderately affected. In conclusion, BRO1 might play a role on the same level as BNI-1, which disrupts 

actin cable stability. 

 

 

 

 

 

Fig 3.33 Down-regulating bro1 does not disrupt the localization of the Rho GTPase CDC-42. 
(A) CDC-42 is stable at the tips of the germ-tubes of bro1cm on medium with 50 µmol/ml Cu2+. Arrows point to CRIBCLA-

4-GFP. (B) The formin BNI-1 showed no alternating recruitment between the germ-tubes of bro1cm on media with 50 

µmol/ml of Cu2+. Arrows refer to BNI-1-GFP. Scale bar = 5 µm.      
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3.7 The bro1 conditional mutant is female sterile. 

3.7.1 Repression of bro1 causes a severe reduction in the number of formed protoperithecia. 

Some fusion mutants are blocked at different stages of their sexual development, such as the formation of 

protoperithecia, fertilization or post-fertilization events (Fleißner et al. 2005; Schumann 2018). Sexual 

reproduction also includes cell fusion between a filamentous trichogyne, which originates from the 

protoperithecium, and a male cell of the opposite mating type. In order to investigate if bro1 repression has 

any influence on the sexual reproduction, the development of the strain bro1cm in comparison to the wild-

type strain has been observed at various stages of sexual reproduction.  

First, we quantified the number of protoperithecia, the female reproductive structures, which are formed by 

the bro1cm and the wild-type strain in the absence of Cu2+ ions or the presence of different concentrations 

of Cu2+.While the wild-type formed an equal number of protoperithecia per cm2 on all examined Cu2+ 

concentrations, the number of protoperithecia in the bro1cm strain was divergent. In the absence of Cu2+ 

ions, bro1cm produced a comparable amount of protoperithecia per cm2 to that produced by wild-type under 

the same condition. In contrast, repression of bro1 in the presence of Cu2+ reduced the number of 

protoperithecia and this reduction correlated with the reduced expression levels of bro1. On a medium 

containing more than 10 µmol Cu2+, the bro1cm isolate is female sterile, indicated by a complete lack of 

protoperithecia (Fig 3.34). Taken together, these data indicate that BRO1 contributes to and is essential for 

protoperithecia formation.   

Fig 3.34 Repression of bro1 causes a severe reduction in the number of formed protoperithecia. 
(A) Microscopical phenotype of the protoperithecia in wild type and bro1cm in the presence of different level of Cu2+ ions. 

(B) The number of protoperithecia per cm2 in both strains under all tested condition: the number of protoperithecia formed 

by bro1cm is significantly reduced in the presence of a low and an intermediate level of Cu2+ ions.  

Error bars represent the SE calculated from three independent experiments (n=5 of each experiment). P < 0.01 = **               

P < 0.001= *** 
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3.7.2 BRO1 is required for the protoperithecium formation but not for fertilization 

The previously described result revealed that bro1cm could form some protoperithecia on mating plates 

containing 5µmol/mL Cu2+, on which bro1 expression is reduced. Therefore, we investigated whether those 

protoperithecia are fertilizable or not. The strain bro1cm (mat a) and wild-type strain (FGSC 988) mat a were 

grown on mating plates containing 5 µmol/mL Cu2+ at 26°C day/night incubator for 14 d. The formed 

protoperithecia of both strains (bro1cm mat a and wild-type strain mat a) were fertilized by conidial spores 

of the wild-type strain (FGSC 2489) mat A. The development of the protoperithecia into matured perithecia 

was checked after one, two, and three weeks of fertilization. Also, cytological analysis of the perithecia 

under the microscope was performed to study the development of the ascus. One-week post fertilization, a 

significant number of protoperithecia had developed into perithecia in both crossings, indicating that 

fertilization had successfully taken place. About 30% of those perithecia in the bro1cm plate were deformed, 

such that they carried double or triple beaks. Another notable defect in the bro1cm plate was that many 

perithecia leaked out a sticky colorless liquid (Fig 3.35.A). None of those defects were found on the wild-

type plate. Two weeks post fertilization, the cytological analysis of the perithecia under the microscope, 

revealed that the bro1cm asci were poorly developed compared to the wild-type asci (Fig 3.35.B). Three 

weeks post fertilization, the number of recovered ascospores from the bro1cm plate was diminutive in 

comparison to the control cross.   

Taking these data together, we conclude that BRO1 is required for the protoperithecium formation, but also 

for post-fertilization events, including perithecia maturation and ascus development. 
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Fig 3.35 BRO1 is required for the protoperithecium formation but not for fertilization. 
(A) The protoperithecia of bro1cm in the absence and the presence of Cu2+ ions were fertilizable by wild-type conidia. The 

protoperithecium of bro1cm in the presence of low level of Cu2+ ions developed a week post-fertilization into deformed 

perithecia. Two weeks post-fertilization: the perithecium of bro1cm in the presence of medium level of Cu2+ ions poorly 

developed. (B) The protoperithecium of wild-type in the absence and the presence of Cu2+ ions developed well-shaped 

perithecium after fertilization by the proper meeting type. Two weeks post-fertilization: the perithecium of wild-type 

developed many mature asci. 
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3.7.3 The construct bro1-gfp and gfp-bro1 complement the sterility defect.  

 This study showed that tagging BRO1 C-terminal or N-terminal rescues the fusion defect caused by bro1cm 

in the presence of Cu2+. To examine whether one of the GFP constructs or both can also recover the number 

of formed protoperithecia in bro1cm under bro1 repressing conditions, the number of protoperithecia formed 

by H55 (bro1cm, bro1-gfp), and H52 (bro1-gfp, bro1cm) were compared with the wild-type and H17 (bro1cm), 

in the absence of Cu2+ and on high Cu2+ levels. Both complemented strains H55 and H52, formed a number 

of protoperithecia comparable with the wild-type under both tested conditions. Thus, both GFP constructs 

rescue the sterility defect caused by the repression of bro1 (Fig 3.36). 

 

 

 

 

 

 

 

Fig 3.36 Expression of bro1-gfp or gfp-bro1 in bro1cm complements the sterility defect. 
(A) Microscopical phenotype of the protoperithecia in wild type, bro1cm, H52 and H55 in the absence and the presence of Cu2+ 

ions. (B) The number of protoperithecia per cm2 in all the strains under all tested condition: the number of protoperithecia which 

formed by the complemented strains in the presence of Cu2+ ions are comparable to the wild type.  

Error bars represent the SE calculated from three independent experiments (n=5 of each experiment). P < 0.001= *** 
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3.8 BRO1 plays a role during meiosis   

When the strain GN9-72 (∆bro1; his-3::bro1-gfp) was crossed with other wild-type strains, the number of 

recovered ascospores from this crossing was less than the amount recovered from wild-type - wild-type 

crossing. This observation indicates that BRO1 might be required in the early stages after nuclear fusion 

including meiosis, asci formation, and ascospores maturation. This defect resembles the effect of the 

silencing mechanism MSUD. To further investigate this observation, we designed the following 

experiments.  

In Neurospora, a gene not paired with a homolog in prophase (I) of meiosis generates a signal that 

transiently silences all sequences homologous to it by a process called meiotic silencing by unpaired DNA 

(MSUD) (Aramayo 2010; Shiu et al. 2006). MSUD may provide insights into the function of genes 

necessary for meiosis, including the role of genes essential for meiosis, asci formation, and ascospores 

maturation (Shiu et al. 2006). The gene sad-1 is responsible for the MSUD process. A deletion mutant of 

this gene suppresses MSUD and recovers the effect on fertilization (Shiu et al. 2006). In the previously 

performed crosses, the constructs bro1::hph and Pbro1-bro1 at the bro1 locus might not have been 

recognized as the same genes in the pair wise matching mechanism and might therefor been a target of 

MSUD. Considering the MSUD effect and to investigate if BRO1 is involved in meiosis, we performed 

four crosses:  

I. Wild-type (FGSC 988) mat a x BRO1-GFP (∆bro1; his-3::bro1-gfp) mat A 

II. ∆sad-1 (FGSC 11151) mat a x BRO1-GFP (∆bro1; his-3::bro1-gfp) mat A 

III. ∆sad-1 (FGSC 11151) mat a x Wild-type (FGSC 2489) mat A 

IV. Wild-type (FGSC 988) mat a x Wild-type (FGSC 2489) mat A 

The development of the protoperithecia into matured perithecia was checked after one, two, and three weeks 

of fertilization. Also, a cytological analysis of the perithecia was performed. Two weeks after fertilization, 

cytological examination of the perithecia from the crossing (I) showed that karyogamy was normal and that 

the number of asci formed was similar to the WT cross (IV) (Fig 3.37). Nevertheless, the asci developed 

slowly and poorly compared to the asci in the crossing (IV) (Fig 3.37). Additionally, the number of matured 

ascospores in those asci was much lower than the number of matured ascospores in crossing (IV). However, 

normally developed asci and mature ascospores were formed in the asci of cross (II) and (III). Interestingly, 

the asci formed in these crosses and the number of mature ascospores were more developed compared to 

the asci of cross (I). The asci of crosses (II) and (III), by contrast, were less developed compared to the asci 

of cross (IV). 
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The amount of recovered ascospores was quantified for each crossing four weeks postfertilization. The 

spores were harvested in 1 ml Water. he lowest amount of ascospores was obtained from cross (I). The 

cross (II) produced more ascospores per ml than the cross (I). Interestingly, both crossing (II) and (III) 

produced an equal number of ascospores per ml. Yet, the produced number of ascospores per ml by the 

crossing (II) and (III) is less than the number produced by the crossing (IV) (Fig 3.37). 

Thus, the improvement in asci development and the amount found ascospores in crossing (II) showed that 

bro1 plays a role during meiosis, asci formation, and ascospore maturation. 

 

 

Fig 3.37 BRO1 plays a role during meiosis. 
(A) Cytological analysis of the perithecia two weeks after fertilization: The crossing (I) developed asci poorly while the crossing 

(II) and (III) showed improvement in asci development. The crossing (IV) developed normal asci. (B) Ascospores of each 

crossing; Upper panel: comparison of the density of ascospores to the water. Crossing (I) shows the lowest density. Lower panel: 

ascospores amount per ml, the crossing (I) produced a reduced number of ascospores while crossing (II) and (III) produced equal 

number of ascospores. Crossing (IV) produced the highest number of ascospores. Scale bar = 20 µm. 
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3.9 Screening for an interacting partner of BRO1. 

3.9.1 Yeast Two-Hybrid  

Our data demonstrate that BRO1 is an essential factor in cell fusion and suggest a physical interaction 

between BRO1 and SO. Interestingly, in the filamentous fungus Sordaria macrospora, a species closely 

related to N.crassa, the homolog of the SO protein, PRO40, was identified as a potential interaction partner 

of BRO1 by immunoprecipitation and mass spectrometry (Teichert, personal communication). PRO40 has 

also been identified as a scaffolding protein of the cell wall integrity pathway (Teichert et al. 2014). In 

addition, SIP-1 and CSR-3 were reported as potential interaction partners of SO in N. crassa (Marcel R 

Schumann 2018; Herzog 2019), raising the question if these factors are functionally related to BRO1. The 

sub-cellar localization of SIP-1, MAK-1, and CSR-3, however, suggested that BRO1 functions downstream 

or even independently of these proteins (see 3.5). To further examine this question and to investigate 

whether BRO1 might physically interact with other fusion factors, a yeast two-hybrid (Y2H) approach was 

employed. 

The five factors SIP-1, CSR-3, MIK-1, MEK-1, and MAK-1 were tested for potential interaction with 

BRO1 in the Y2H. All factors are likely involved in post-contact fusion events and are a potential interacting 

partner of SO. The cDNA of these factors was cloned in pGADT7 AD while the cDNA from bro1 was 

ligated in pGBKT7. The yeast strains were mated and plated on selection medium to detect potential 

protein-protein interactions. Interactions were detected between BRO1 and SIP-1, CSR-3, and MIK-1. 

Negative results were obtained for BRO1 with MEK-1 or MAK-1 (Fig 3.38). These results indicate a 

potential relationship between BRO1 and SIP-1, CSR-3, and MIK-1 and support the hypothesis that these 

factors might function together in one or different protein complexes, which might be mediating different 

stages of the fusion process. 
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Fig 3.38 Yeast two hybrid assay to test the interaction of BRO1 with selected proteins. 
The tested strains hold two plasmids; each one of them bears a gene of interest (bro1 and sip-1/csr-3/mik-1/mek-1/mak-1). The 

control strains holds one plasmid bearing a gene of interest and a second plasmid that is the empty vector (E.V). The test strain 

and the control strains inoculated on minimal synthetic defined medium (SD) without Leu and Trp, as well on QDO plates (SD 

media without Leu-Trp-His-Ade). The plates were incubated for 3 d.  
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3.10 Unique dynamics of actin cables during cell-cell fusion   

3.10.1 Actin is recruited to the interacting tips in an oscillatory manner during cell-cell fusion 

 In N. crassa actin cables and patches localizes to active growth sites during the establishment and 

maintenance of cell polarity in germ tubes and CATs (Berepiki et al. 2010). During cell fusion, disruption 

of actin assembly terminates polarized, directed growth of the fusion tips, while microtubules are 

dispensable for this process (Roca et al. 2010). In this study, we found that BRO1 vesicles disassembled 

from the interacting tips when actin was disrupted by Lat A (see 3.4.3). All these data indicate that actin is 

essential for tropic growth and cell fusion and that actin dynamics might contribute to the fine-tuned cell 

dialog mechanism. However, the dynamics of actin polarization at interacting cell tips have so far only been 

poorly characterized.  

  

 

 

 

 

Fig 3.39 Actin localizes to the tips of the interacting cells in an oscillatory manner 
(A) Oscillatory dynamic localization of actin fusion aster at the cell tips of the interacting cells.  

(B) Actin localize continually in a growing non-interacting cell. Arrows refer to lifeact-GFP. Scale bar = 5 µm 
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To gain a better understanding of the actin dynamics, a strain expressing the actin-binding protein lifeact-

GFP was analyzed by fluorescence microscopy. Actin cannot be directly labeled with GFP. Time-lapse 

microscopy revealed a change in the density of the actin cables in a dynamic manner during the interaction 

of germlings. When the first partner cell has a high density of actin cables, the second partner cell has a low 

density; after 4-5 min, the density changes; the second partner has a high density of actin cables while the 

first one has little. The dynamic, alternating recruitment continues until the interacting tips establish 

physical contact. At this stage, actin cables accumulate on both sides of the contact zone (Fig 3.39). To 

specify whether this dynamic recruitment is specific for interacting cells, or if actin oscillates during general 

vegetative growth, germinated (non-interacting germlings) spores of the lifeact-GFP expressing strain were 

observed under the fluorescence microscope (n = 10). Actin was localized to the growing cells cell tips as 

described in earlier studies, and no oscillation was observed. Thus, the density of actin cables is constant in 

growing cells, indicating that the oscillatory accumulation of actin is exclusive for fusion-related tropic 

growth of the interacting cells. 

3.10.2 Interaction between actin dynamics and the SO/BRO1 dynamics in interacting germlings. 

The above described actin dynamics during germling interaction is reminiscent of the alternating dynamic 

localization of the signaling proteins, such as SO. Since SO is associated with a signal-sending state of the 

fusing cell (Fleissner et al. 2009), we hypothesized that actin accumulation is likely observed together with 

SO at the cell tips. In order to co-localize both proteins within the same cell, we constructed a heterokaryotic 

strain expressing Lifeact-GFP and dsRED-SO. We hypothesized that both proteins would oscillate together 

or in antiphase to the cell tips. Surprisingly, however, the factors showed shifted dynamics. For example, 

when SO was recruited to the membrane at the tip of the first pair, actin was accumulated in the second 

interacting cell. After a few minutes, both proteins co-localized at the tip of the first partner. Lastly, actin 

disassembled from the membrane of this cell tip and was recruited in the partner cell, while SO remained 

at the tip of the first cell (Fig 3.40). These observations indicate that actin polymerization at the cell tips is 

out-of-phase of the usual dynamics of SO and the MAP kinase MAK-2.  
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Fig 3.40 Localization of actin and SO during cell-cell fusion. 

A changing localization of Actin and SO was observed at the tips of interacting cells: When SO is recruited to the first tip, actin 

is recruited to the second tip. Two minutes later SO and actin co-localize to the first tip. After 4 min SO is dissemble from the 

first tip and be recruited by the second tip while actin remain at the first tip. Arrows refer to lifeact-GFP. Asterisks refer to 

dsRED-SO. Scale bar = 5 µm 
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3.11 MAK-1 function upstream of RAC-1 

This study, in accordance with other studies,(Berepiki et al. 2010), found that the proper polymerization of 

actin at the cell tips of the interacting cells is essential for the dynamic localization of MAK-2 and SO. An 

earlier study had shown that inhibiting the small Rho-type GTPase RAC-1 during cell-cell communication 

results in a complete disappearance of actin cables, and the termination of directed cell growth (Lichius et 

al. 2014). An independent study (Serrano 2019) suggested that MAK-1 might regulate the actin 

cytoskeleton during the cell fusion process. Here, we tried to put these pieces of the puzzle together to 

determine the actin assembly upstream regulators during fusion-related cell-cell interactions.   

3.11.1 Partial inhibition of RAC-1 results in a twisting phenotype and a circulating phenotype 

Although MAK-1 is not recruited to the cell tips during directed growth, it is essential during the 

communication phase. Additionally, MAK-1 is also crucial for the growth arrest phase after cell-cell 

contact, when tropic growth is arrested, and the cell wall is remodeled to allow the completion of the fusion 

process. Moreover, partial inhibition of an analog-sensitive version of MAK-1 results in a failure of growth 

arrest and cell merger, and the interacting cells exhibit a unique phenotype of corkscrew-like structures 

(also known as twisting germ tubes) (Weichert et al. 2016). To additionally investigate whether MAK-1 

and RAC-1 are functioning within the same pathway, we decided to test for the formation of the twisting 

germ tube phenotype after partial inhibition of RAC-1 in wild-type cells, as indicated in the previous study. 

The conidia of the wild-type strain were grown on Vogel’s MM and incubated for 2 h at 30 °C, then six 

agar blocks of 1 cm2 were cut. Afterwards, 5 µl of the RAC-1 inhibitor NSC23766 (25 µM) or ddH2O for 

the control were added on the top of the agar blocks. The agar blocks were then placed into a wet chamber 

and incubated for 2 h at 30 °C, before the samples were analyzed by microscopy. At this time point, the 

majority of the germinating spores were either undergoing pairwise interactions or had already made 

contact. Interestingly, the partial inhibition of RAC-1 induced the formation of twisting germ tubes, 

comparable to the effect of MAK-1 inhibition. This observation suggests that both proteins function indeed 

in the same pathway (Fig 3.40). 

In these assays many non-interacting cells exhibited defects in polar growth in the presence of the RAC-1 

inhibitor, indicated by curved instead of the usual straight growth of germ tubes. To further investigate this, 

we decided to quantify the percentage of cells showing this growth defect. About 12.5% of the cells 

exhibited this growth (compared to 1% in the water control) (Fig 3.41.A). This finding was surprising, 

because an earlier study indicated that not RAC-1 but the Rho-type GTPase CDC42 controlled polar growth 

in non-interacting cells and that RAC-1 activity was specific for cells in the cell-cell interaction mode. To 

solve this conundrum, we tested if the inhibition of RAC-1 also causes the growth defect in cells, which are 

not in the cell-cell interaction mode. To prevent cell-cell interactions two strategies were chosen. First, 
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wild-type cells were incubated on Ca2+ free medium, since Ca2+ is essential for fusion-related interactions. 

Second, germlings of the Δso mutant were investigated, which are unable to undergo germling interactions. 

In both cases, the inhibition of RAC-1 did not produce the before observed polarity defect (Fig 3.41.B), 

indicating that in the cells showing the polarity defect in the previous experiment, the cell-cell interaction 

program was likely already active.  

Fig 3.41 RAC-1 and MAK-1 act within the same pathway.  

(A) Quantification of the observation of twisted cell growths during partial inhibition of RAC-1. Control (H2O) and 25 µmol 

(NSC23766). Significant differences were observed between the number of germlings showing twisted growth made in the 

presence of the inhibitor compared to the control (n≥100). (B) Quantification of polarity growth defects when RAC-1 is partially 

inhibited during cell fusion. Control (H2O) and 25 µmol (NSC23766), in media with Ca2+ (1mM) or without Ca2+. Significant 

differences were observed between the partial inhibition and the control only in the presence of Ca2+. Scale bar = 5 µm. Error bars 

represent the SE calculated from three independent experiments (n=100 of each experiment). 
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Fig 3.42 MAK-1 is upstream of RAC-1 
(A) Localization of the CRIB-GFP during cell fusion when cells establish physical contact in strain 943 (mak-1::mak-

1E104G-hph; Pal1-cribcla-4-bar) in cells treated with DMSO (1%). (B) Localization of the CRIB-GFP in strain 943 when 

MAK-1 is fully inhibited (with 1-NM-PP-1, 100 µmol) in cells that just established physical contact. (*) to point the cell 

fusion event and signal diss-appearance. (C) Localization of MAK-1-GFP when RAC-1 is fully inhibited with NSC23766 

(100 µmol). Scale bars 5 µm. 
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3.11.2 Full inhibition of MAK-1 leads to the disassembly of RAC-1 from the contact point 

during cell fusion.  

Although MAK-1 and RAC-1 function within the same actin-regulatory pathway during cell fusion, their 

hierarchy remained unclear (Serrano Salces 2019). Interestingly, both proteins are localized at the cell tips 

during the post-contact phase (Lichius et al. 2014; Weichert et al. 2016). Therefore, we attended to 

investigate how the localization of MAK-1 and RAC-1 might be affected after full inhibition of RAC-1 or 

MAK-1, respectively. Conidia of the wild-type strain and the strain AS943 (mak-1as; crib^cla-4-gfp) were 

grown on Vogel’s MM and incubated for 3.5 h at 30 °C. Cells that just established contact were observed 

microscopically, and either the RAC-1 inhibitor (5 µL of a 100 µM of NSC23766) or the kinase inhibitor 

(10 µL of a 20 µM of 1NM-PP-1) was added to visualize the effect on the subcellular localization of MAK-

1/RAC-1. When RAC-1 was being observed, its localization remained at the contact zone of germlings that 

just made contact. The addition of DMSO did not affect its localization (Fig 3.42.A). However, the full 

inhibition of MAK-1 induced a rapid mis-localization of RAC-1, indicated by the complete disappearance 

from the plasma membrane while cells presumably stop their cellular interaction (Fig 3.42.B). Interestingly, 

the treatment of interacting cells with the RAC-1 inhibitor did not significantly affect the localization of 

MAK-1, which stayed at the contact area, although cells likely stop their interaction (Fig 3.42.C). Taken 

together, these data suggest that MAK-1 functions upstream of the Rho-type GTPase RAC-1. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 



Discussion 

151 

 

4.Discussion 
 

To interact with its surroundings, any cell requires efficient ways to both receive and internalize 

extracellular stimuli, and to deliver intracellularly produced signals across its cell barriers to the 

environment. Interacting cells of the filamentous fungus Neurospora crassa provide an excellent model 

system to study the role of signaling factors and cell membrane properties required for intercellular 

communication and fusion of eukaryotic cells. In the previous two decades, a range of molecular factors 

was identified to be directly or indirectly associated with the signaling machinery by analyzing mutants that 

exhibit impaired cell-cell interactions. In particular, the dynamic oscillation of the MAP kinase MAK-2 and 

the protein SO to the cell tips of interacting fusion germling pairs suggests that the interaction partners 

switch between two physiological phases: signal sending and signal receiving. In this model, switching 

between the two physiological stages is thought to enable two fusion partners to communicate by employing 

the same signal/receptor pair in both cells. 

The present work has investigated the role of the essential protein BRO1 during the vegetative and the 

sexual development of N. crassa. Phenotyping studies of a bro1 conditional mutant combined with live-

cell imaging, including the subcellular localization of BRO1, were performed in interacting vegetative spore 

germlings and in hyphae within the mature mycelium to assess the contributions of this protein to the cell-

cell interaction. Remarkably, these studies identified SO as a possible interaction partner of BRO1, linking 

this fungal specific protein for the first time to a highly conserved eukaryotic factor with described functions 

in other species. Although SO represents one of the first factors identified to mediate fungal cell-cell fusion, 

its molecular function during the cell-cell dialogue remains obscure, but it appears to be part of a complex 

molecular network (see section 1.1.3.2). Since it is a crucial protein for germling and hyphal fusion and, in 

some cases, even impacts the virulence of pathogenic filamentous fungi, the identification of its interaction 

partners is even more relevant.  

The holy grail for researchers studying vegetative cell-cell interactions in fungi is not only the putative 

signaling molecule that mediates communication, but also the postulated fusogen(s), a protein required but 

also sufficient for plasma membrane merger. If these molecular factors exist, how are they delivered to the 

cell membrane of interacting and fusing cells? In this context, the potential association of BRO1 with 

vesicles, endosomes and/or extracellular vesicles makes this protein an exciting candidate for the 

investigation of the delivery of putative signaling molecules and/or fusogens to the plasma membrane 

during cell-cell interactions. BRO1 might therefore represent an interesting starting point for the future 

identification of the long sought fusion signal as well as the fungal fusogen. 
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In the following sections, the possible functions of BRO1 and its significance for various developmental 

processes in N. crassa, in particular its connection with proteins involved in vegetative cell-cell fusion, will 

be discussed and an updated working model of the cell-cell dialogue will be presented. 

4.1 The conserved multi-function protein BRO1 is essential in N. crassa. 

BRO1 homologs are exceptionally conserved throughout the eukaryotic tree of life. The N. crassa protein 

BRO1 shows significant homology to Bro1p in S. cerevisiae, the putative protein ALX-1 (=YNK-1) in C. 

elegans, the plant protein At-Alix in Arabidopsis thaliana, and the mammalian protein Alix (Nickas and 

Yaffe 1996; Missotten et al. 1999; Cardona-lópez et al. 2014; Shi et al. 2007). So far, BRO1 homologs 

have not been characterized in filamentous fungi. Although the protein PalA in Aspergillus nidulans also 

contains a Bro-1 domain and shows homology to the Rim20p in S. cerevisiae, it is not homologous to Bro1p 

due to missing other conservative domains (Vincent et al. 2003; Sadoul 2006). In the present work, we 

investigated the role of a BRO1 homolog in the filamentous fungus N.crassa. 

The Bro-1 domain, the V-shaped domain, and the proline-rich domain (PRD) are the most conserved 

domains in BRO1 homologous proteins (Fig 1.4). BRO1 in N. crassa consists of a Bro-1 domain, two V-

shaped domains, and PRD in the C-terminal region (Fig 3.1). In N. crassa, this study showed that BRO1 is 

essential for growth, as concluded from the observation that a homokaryotic bro1 null mutant could not be 

isolated and therefore appears to be lethal (see 3.1.1). In contrast, bro-1 is a non-essential gene in S. 

cerevisiae. However, the bro-1 null mutant in yeast shows synthetic lethality with a deletion of PKC1, a 

gene encoding the protein kinase C (Nickas and Yaffe 1996). Another study in S. cerevisiae showed that 

the Bro1p protein and the Endosomal Sorting Complex Required for Transport (ESCRT-0) have a 

redundant function. The combination of the yeast bro-1 mutant with partial loss-of-function mutation of 

ESCRT-0 dramatically impaired the ability of the cell to sort ubiquitin-cargo membrane proteins (Pashkova 

et al. 2013). So, the lack of other proteins can exacerbate the phenotypes of the deletion mutant of bro-1 in 

S. cerevisiae. Similar to N. crassa, At-Alix in A. thaliana is also essential (Cardona-lópez et al. 2014), 

indicating that BRO1 homologs have adapted irreplaceable functions in some organisms for cellular growth 

and/or development. Interestingly, seeds carrying homozygous mutations of the at-alix gene in A. thaliana 

cannot germinate. In contrast, seeds heterozygous for at-alix can develop into a seedling, suggesting an 

essential role of At-Alix during the seed-to-seedling transition (Cardona-lópez et al. 2014). In the amoeba 

Dictyostelium discoideum, the BRO1 homolog Dd-Alix is essential for completing the life cycle (Mattei et 

al. 2005). Surprisingly, the knockout of the mammalian BRO1 homolog Alix is not fatal. Mouse Embryonic 

Fibroblasts (MEFs), in which expression of Alix is completely abolished, show a significant delay in 

trafficking to early endosomes and disruption of the clathrin-independent endocytosis (Mercier et al. 2016). 

Moreover, down-regulation of Alix in HeLa and HepII cells results in the accumulation of different early-
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endosomal markers in the perinuclear area (Cabezas et al. 2005). Independently, silencing the expression 

of Alix by small interfering RNAs (siRNAs) in HeLa cells reduced the number of acidic, late endocytic 

compartments (Matsuo et al. 2004). In conclusion, despite the conserved structure and function that BRO1 

homologs share in several organisms, the essentiality of BRO1 appears to be species-specific.  

In cells or organisms in which BRO1 homologs are not essential for growth, the presence of proteins that 

are paralogues of BRO1 or other proteins with redundant roles can probably compensate for the respective 

loss in a given BRO1 mutant. In S. cerevisiae, where Bro1p is not an essential protein, the percentage of all 

genes in the genome coding for paralogs is 17.7%, providing a significant resource for proteins with 

redundant functions (Mannhaupt et al. 2003; Wolfe 2015). The ESCRT-0 shows a redundant function to 

Bro1p (Pashkova et al. 2013). An early study on Bro1p found that additional copies of wild-type BCK1, 

which encoded a MEKK, restore growth of bro1 cells on a regular medium at the nonpermissive 

temperature (Nickas and Yaffe 1996). Another example, the yeast MAP kinases FUS3/KSS1 share 

paralogous functions in the same MAP kinase pathway, but each of them is specified in a different cellular 

process. Although FUS3 shows specificity for the pheromone response pathway during mating and KSS1 

regulates invasive growth and pseudo-hyphae formation, the absence of one kinase can be compensated by 

the other (Breitkreutz et al. 2001; Sabbagh et al. 2001). Unlike yeast, the percentage of genes in the genome 

of N. crassa that code for paralogs is only 3.5%. Moreover, due to the existence of a highly efficient 

mechanism to inactivate duplicated nucleotide sequences called Repeat-Induced Point mutation (RIP), N. 

crassa has a relatively low frequency of redundant proteins (Mannhaupt et al. 2003; Galagan et al. 2003; 

Herzog et al. 2020), suggesting that the mutation of “primary” genes will result in a lethal phenotype.  
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4.2 Down-regulation of bro1 in N. crassa results in pleiotropic growth defects.  

In the literature, various approaches have been used to study mutants of bro1 homologs in different 

organisms. The availability of a knockout mutant used in the haploid yeast S. cerevisiae showed that BRO1 

is not essential, but the null mutant of bro1 results in cells with elongated buds (Nickas and Yaffe 1996). 

The hypomorphic mutation is one approach used in diploid organisms when one allele is insufficient to 

compensate for the mutated allele, as exemplified in studies of the plant BRO1 homolog At-Alix (Cardona-

lópez et al. 2014; Kalinowska et al. 2015). Based on the concept of RNAi-dependent gene regulation 

induced by double-stranded RNA (Fire et al. 1998), this gene silencing approach was used in mammalian 

cells as a tool to study the function of Alix (Cabezas et al. 2005; Sambasivarao 2013). 

In N. crassa, the knockout mutant is the most used method to study the biological function of a gene of 

interest. However, as found in this study, bro1 is an essential gene in this filamentous fungus, so that a 

homokaryotic gene deletion mutant could not be generated. For that reason, different molecular approaches 

have been developed to study the biological function of any gene of interest by controlling its expression 

through the control of regulatable promoters. In this work, the promoter of the tcu-1 gene (Ptcu-1) from N. 

crassa was used to create a conditional mutant of bro1, allowing the analysis of bro1 during different stages 

of vegetative development of this fungus. This promoter is repressed in the presence of copper ions (Cu2+), 

while depletion of these metal ions in copper-free media or via the use of a Cu2+-specific chelator activates 

gene expression through Ptcu-1 (Lamb et al. 2013). Previously, Ptcu-1 was used to control the expression 

of the essential gene hpt-1, confirming the essential role of this histidine phospho-transferase for the growth 

of N. crassa (Banno et al. 2007; Lamb et al. 2013). Accordingly, the Ptcu-1-bro1 strain was tested in the 

presence of various Cu2+ levels and predicted to mirror the essentiality of BRO1 under Ptcu-1-repressing 

conditions. As a result, the dose-dependent down-regulation of bro1 in the presence of increasing amounts 

of Cu2+ ions in the substrate caused pleiotropic growth defects of the conditional bro1 mutant of N. crassa, 

including shortened aerial hyphae and poor conidiation. Consistent with this observation, the heterozygous 

mutant of at-alix in A. thaliana also displayed pleiotropic growth defects, such as stunted plant growth and 

delayed flowering (Cardona-lópez et al. 2014).  

4.2.1 Aerial hyphae 

Suppression of bro1 in the presence of Cu2+ resulted in a dose-dependent reduction of the length of aerial 

hyphae, showing a negative correlation between the Cu2+ concentration and this specific morphology. This 

phenotype was described for various mutants, such as the null mutant of so gene (Perkins et al. 1969; 

Fleißner et al. 2005). Interestingly, this ∆so-like phenotype was also found to be a typical feature of the 

majority of fusion mutants, such as ∆ham-5, ∆ham-7, ∆ham-8, ∆ham-9 and ∆sip-1 (Jonkers et al. 2014; Fu 

et al. 2011, 2014; Roca et al. 2005; Lichius et al. 2012; Schumann 2018; Jonkers et al. 2016). The null 
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mutants of sip-1and so, for example, showed a comparable length of aerial hyphae, which is half of the 

wild-type control (Tab 6.16). Similarly, ∆ham-2, ∆ham-3, and ∆ham-4 showed a severe reduction in the 

length of aerial hyphae (Dettmann et al. 2013). However, the fusion mutants ∆ham-11 and ∆ham-14, which 

are impaired during germling but not hyphal fusion, form typical aerial hyphae ; (Leeder et al. 2013; Jonkers 

et al. 2016). Overall, these pieces of evidence suggest a relationship between vegetative hyphal fusion in 

mature colonies and aerial hyphae formation. A properly interconnected mycelial colony is likely a 

prerequisite for optimal nutrient transfer throughout the mycelium in order to form these types of hyphae.                                                                                                                                                                                                                                                                                                                                                                                   

4.2.2 Conidiation 

Conidial spores (macroconidia) form on specialized aerial hyphae known as conidiophores (Springer 1993; 

Springer and Yanofsky 1989). Thus, aerial hyphae limitation will lead, necessarily, to a reduction in the 

number of conidial spores. The bro1cm strain produced small amounts of conidial spores in the presence of 

Cu2+ ions. Impaired production of conidial spores is one of the aspects of the ∆so-like phenotype. This 

defect has been observed in almost all known fusion mutants, including ∆so, ∆sip-1 and several of the ham 

mutants (Fleißner et al. 2005; Marcel R Schumann 2018; Dettmann et al. 2013; Fu et al. 2014). However, 

there is no clear correlation between hyphal fusion and conidiation (Li et al. 2005; Lichius et al. 2012).  

4.2.3 The bro1 conditional mutant cause female sterility and a deformation of the perithecia. 

Protoperithecia, the female pre-fruiting bodies are formed from individual hyphae in the vegetative 

mycelium that differentiate into coiled ascogonia (Lichius et al. 2012; Harris et al. 1975). A positive 

correlation between the availability of BRO1 and the number of formed protoperithecia was observed in 

this study. In the bro1cm strain, the abundance of protoperithecia exponentially declined to zero in low to 

medium levels of Cu2+ ions. The few protoperithecia that were still formed on Westergaard’s medium 

containing low amounts of Cu2+ were fertilizable but poorly developed into mature perithecia, which 

showed morphological abnormalities. Thus, BRO1 is critical for the early phase of protoperithecial 

formation and post-fertilization events. However, BRO1 was not required for trichogyne-conidium fusion 

during mating. Although female sterility is a common feature of several fusion mutants, the stage in which 

the sexual reproduction is blocked varies between these different mutants. The first fusion mutant reported 

to be female sterile was ∆so. Still, it was neither due to a failure to initiate protoperithecial development 

and maturation nor due to trichogyne-conidium fusion. Instead, the defect in sexual reproduction of ∆so 

occurs at a developmental stage after fertilization (Fleißner et al. 2005). In contrast to ∆so, the mutant ∆sip-

1 fails to form any protoperithecia after two weeks of incubation on Westergaard’s medium (Marcel 

Schumann 2018). Other mutants defective in germling or hyphal fusion are not blocked during fertilization 

or the maturation of perithecia but can show abnormalities in the appearance of those fruiting bodies. For 

example, crossings of the WT strain with the ∆mob-3 mutant defective in the STRIPAK complex formed 
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deformed perithecia with more than one beak (Dettmann et al. 2013). Moreover, artificial tethering of the 

MAPK kinase MEK-2 to the plasma membrane resulted in misshaped and multi-beaked perithecia (Serrano 

et al. 2018). Other mutants such as ∆ham-11 and ∆ham-14 are female fertile, indicating that these genes 

are specifically required for vegetative fusion (Jonkers et al. 2016; Leeder et al. 2013).   

In other model organisms, the deletion of BRO1 homologs also revealed reproduction defects. In D. 

discoideum, the null mutant of Dd-Alix is impaired in the pre-spore differentiation pathway (Mattei et al. 

2005). Similarly, fertility tests of the alix mutant in the fruit fly D. melanogaster revealed that both female 

and male fertility were reduced (Eikenes et al. 2015).  

In conclusion, the defects caused by the down-regulation of bro1 during sexual reproduction can be divided 

into two groups:  

First, the observed defects during protoperithecial development (pre-fertilization phase) can be explained 

by the role of BRO1 in cell-cell fusion since hyphal fusion could contribute to the integrity of the maternal 

tissue (See 4.4). 

Second, the formation of misshaped perithecia (post-fertilization phase) might be a consequence of the role 

of BRO1 during postfertilization events, including meiosis (See 4.3). 
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4.3 Silencing of bro1 by MSUD impairs ascospore formation.    

In the sexual phase of N. crassa, meiosis occurs after fertilization in the diploid asci. Through a following 

post-meiotic mitosis each ascus produces eight linearly ordered ascospores (Raju 1980). During meiosis, 

two gene silencing mechanisms can occur in N. crassa: Repeat-Induced Point (RIP) mutation and Meiotic 

Silencing by Unpaired DNA (MSUD). RIP occurs prior to karyogamy and includes a whole-genome 

scanning for duplicated sequences, resulting in an extensive introduction of C-to-T mutations of such 

duplicated sequences (Selker 1990). MSUD is a temporary silencing mechanism in which a gene not paired 

with a homolog in prophase (I) of meiosis generates a signal that transiently silences all sequences 

homologous to it during the stage of meiosis and cell division (Aramayo 2010; Shiu et al. 2006). This 

naturally occurring mechanism can therefore be employed to gain insight into the potential function of 

genes during meiosis, asci formation, and ascospores maturation (Shiu et al. 2006). While the nucleotide-

mutating effect of RIP is maintained in the progeny and testable in vegetative growth (Selker 1990), MSUD 

is limited to the developmental window from the early stage of meiosis after karyogamy to ascospore 

maturation (Nakayashiki 2005). Thus, the effects of MSUD become phenotypically only visible when genes 

crucial for meiosis and ascus development are affected by this mechanism. This also includes genes whose 

deletion results in a lethal phenotype during the vegetative phase of the life cycle (Shiu et al. 2001). Several 

genes with a known role during meiosis were also shown to trigger MSUD-dependent effects in 

heterozygous crosses between strains carrying an ectopic copy of one of those genes and a WT strain. For 

example, crossings of strains carrying either the ß-tubulin (bml) or the actin gene at the his-3 locus with a 

strain that is WT for his-3 caused infertility. In particular, the silencing of the actin genes lead to lollipop-

shaped asci with disorganized microtubular structures. Furthermore, if the mat A region was inserted in an 

ectopic location, crosses with this strain to WT with mat a gave only slight amounts of ascospores, 

suggesting that MSUD silenced at least one of the genes in mat A region (Shiu et al. 2001, 2006).  

In this study, it has been shown that MSUD impairs ascospore maturation in heterozygous crosses of N. 

crassa, in which bro1 remained unpaired, consistent with a central role of BRO1 homologs during nuclear 

division in eukaryotic cells (Fig 3.35). In the fruit fly D. melanogaster, the BRO1 homologue Alix was 

reported to localize at centrosomes during the metaphase, anaphase and early telophase of mitosis, where it 

formed a ring-like structure around the microtubules of the midbody (Eikenes et al. 2015). While in non-

dividing human cells, Alix also localizes at the centrosomes, it localized together with the ESCRT-1 

complex in so-called Flemming bodies (central regions of the midbody characterized by a gap in ß-tubulin) 

in cells undergoing division (Morita et al. 2007; Carlton et al. 2008). Furthermore, it was shown that Alix 

plays a role in regulating the orientation of the mitotic spindle in asymmetrically dividing Drosophila stem 

cells (Malerød et al. 2018). These fragments of data suggest a similar potential role of BRO1 in N. crassa 
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during meiosis (but interestingly not during mitosis). Thus, further investigation of such a role is 

recommended, for example by localizing BRO1 during meiosis and exploring the relation between ESCRT 

and BRO1 in N. crassa. 

4.3.1 The N-terminus of BRO1 could play an essential role during meiosis.  

Overexpression of the full-length bro1 gene fused at the 5`-end to gfp resulted in the failure to produce 

ascospores of the genotype bro1::hph; his::Pccg-1-gfp-bro1 when this gfp-bro1 strain was crossed with a 

heterokaryotic ∆bro1 strain (Fig 3.9.E). On the first glance this defect could hint to an MSUD issue. 

However, crossing of a strain with an almost identical expression construct, with the only difference, that 

gfp is fused to the 3´end instead of the 5´end succeeded in producing ascospores with the genotype 

bro1::hph; his::Pccg-1- bro1-gfp (Fig 3.9.A). Thus, this result goes beyond the MSUD effect. A possible 

explanation could be that the diploid nucleus (∆bro1; gfp-bro1) did not undergo the subsequent meiosis 

and latter ascospore maturation. Interestingly, however, this construct fully rescued the defects of 

downregulation of bro1 during vegetative growth (Fig 3.10), suggesting that the observed defect during 

crossing is specific for the sexual development. Studies in other model organisms have already revealed 

functions of BRO1 during nuclear and cell division. In D. melanogaster and mammalian cells, the BRO1 

homolog Alix interacts with CHMP4B via a motif within the Bro-1 domain. This interaction is required to 

recruit ESCRT-III during meiosis (Carlton et al. 2008; Morita et al. 2007; Eikenes et al. 2015). Thus, the 

presences of GFP at the N-terminus of BRO1 in N. crassa might impair the recruitment of ESCRT-III 

during meiosis. Since the defect observed in this study, however, occurs in a diploid nucleus, where also a 

bro1 wild-type copy is present, it cannot simply reflect a specific loss of function issue of the N-terminally 

GFP tagged protein version. A potential explanation could be a dominant titration effect. In this scenario, 

BRO1 is still binding its interaction partners, however, cannot fulfill its proper function because of the GFP 

tag. As a consequence, these interaction partners remain sequestered in the non-functional protein 

complexes, resulting in the observed dominant defect. Titration effects of non-functional proteins have 

already been reported in N. crassa and other filamentous fungi. For instance, overexpression of a bem1 

open reading frame extended at the 5` end in N. crassa resulted in substantial defects in hyphal polarity and 

germination (Schürg et al. 2012). Similarly, overexpression of the SH3-1 domain of BemA in A. nidulans 

caused a more severe defect of polarized growth than observed in the gene knockout mutant, probably 

because by titrating out additional interaction partners, which are essential for polarized growth (Leeder 

and Turner 2008). 
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4.4 BRO1 might interact indirectly with polarisome. 

Three distinct phases are associated with conidial germination, which is the prerequisite for germ tube 

formation: (i) spore hydration and isotropic growth, (ii) germ tube emergence, and (iii) germ tube extension 

(Araujo-palomares et al. 2007; Harris 2006). However, it remains unclear whether a polarity axis is site-

specifically formed inside the germinating conidia or whether polarity establishment occurs randomly 

(Harris and Momany 2004). Studies in the fission yeast Schizosaccharomyces pombe and the filamentous 

fungus A. nidulans identified the so-called cell-end-markers TeaA and TeaR. These markers localize to the 

plasma membrane and recruit the formin SepA, which polymerizes actin cables for targeted cargo delivery 

(Higashitsuji et al. 2009; Takeshita et al. 2008; Makushok et al. 2016). In N. crassa, the formin BNI-1 and 

actin were observed at the site of germination (Berepiki et al. 2010; Lichius et al. 2012). Moreover, the 

novel fusion-related protein SIP-1 was also observed at sites of germ tube emergence (Schumann 2018). 

Although no evidence was found that BRO1-GFP would localize to germination sites, down-regulation of 

bro1 expression caused the emergence of multiple germ tubes per spore, indicating a defect in polarity site 

formation. So far, it remains unknown how BRO1 interferes with the establishment and/or maintenance of 

cell polarity. However, results from this work suggest that BRO1 rather influences the maintenance of cell 

polarity than its establishment. This assumption is based on the observation that conidia of the bro1 mutant 

form two germ tubes sequentially but not simultaneously, which indicates that the germinating cells of the 

conditional bro1 mutant fails to maintain the polarity at their germination sites. For comparison, germlings 

of the heterokaryotic mutant ∆bni-1, which shows substantial phenotypic defects including the lack of 

hyphal differentiation and the absence of septa, are massively impaired to establishing/maintaining cell 

polarity (Lichius et al. 2012). Furthermore, the deletion of teaA or teaR in A. nidulans causes major defects 

in the maintenance of cell polarity in the form of zig-zag-growing and meandering hyphae (Takeshita et al. 

2008). However, in none of these mutants, the formation of multiple germ tubes was reported. Strikingly, 

oscillation of actin cables was observed between the multiple germ tubes when bro1 was repressed. In 

contrast, the Rho GTPase CDC42, which is vital for polarity establishment and serves as a polarity factor 

upstream of actin (Araujo-Palomares et al. 2011), stably localized at all of the tips of the multiple germ 

tubes in the bro1 conditional mutant. Although BNI-1 did not show any oscillation at the tips of the multiple 

germ tubes as observed for the actin cables, this formin was found either at the tip of all germ tubes or none 

of them when bro1 was repressed. In S. pombe and A. nidulans it was claimed that sterol-rich membrane 

(SRM) domains define sites of the cell polarity by acting as a platform for TeaA and TeaR, thereby 

determining the destinations of these cell end markers and consequently polarized growth (Higashitsuji et 

al. 2009; Takeshita et al. 2008; Makushok et al. 2016). Notably, this study also showed that down-

regulation of bro1 results in a significant reduction in the number of germlings that accumulate ergosterol 

at the tips of their germ tubes (see article 4.8). Consequently, the failure to form proper sterol-rich 
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membrane domains could disrupt the stability of the polarisome, which is the molecular machinery involved 

in the establishment, maintenance, and termination of polarized cell growth in fungi. It would therefore be 

of great interest to analyze the sterol composition and membrane subdomain formation in bro1-repressed 

strains in future studies. 
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4.5 BRO1 is essential for cell- cell fusion. 

In N. crassa, germlings show interaction, directed growth towards each other, and subsequent fusion during 

colony initiation. Also, in inner areas of the mycelium, interactions and fusion of hyphal branches can be 

observed. The cell fusion process is divided into four major stages: 1) cell-cell recognition, 2) tropic 

interaction, 3) growth arrest and cell wall remodeling, and 4) plasma membrane merger and cell fusion 

(Aguilar et al. 2013; Fleißner and Serrano 2016).   

In this study we investigated and analyzed the role of BRO1 in these stages with the help of the conditional 

mutant, live-cell imaging, and protein-protein interaction studies.  

4.5.1 Cell-cell recognition  

Cell-cell fusion begins when a cell recognizes the presence of a potential partner. Thus, the germlings need 

to release and sense a communication signal even before initiating their tropic interaction. Based on mutant 

analysis, it has so far been difficult to distinguish the roles of the different proteins in cell-cell recognition 

and cell-cell interaction. If interactions do not occur, it remains unclear if recognition is also affected. So 

far, the only factor with a clear function before the tropic cell-cell interaction is SIP-1, indicated by its 

oscillatory recruitment to the plasma membrane even in individual, isolated germlings (Schumann 2018). 

BRO1 does not show this type of subcellular dynamic and accumulates at the plasma membrane only after 

the tropic interaction has been initiated, comparable to SO and MAK-2. The function of BRO1 during the 

initiation of the fusion process therefore remains unclear. Earlier studies characterizing other cell-cell fusion 

mutants of N. crassa, revealed, however, that the mak-2 mutant is unable to form the fusion specific conidial 

anastomosis tubes (CAT) in addition to its cell-cell interaction defect (Roca et al. 2005). In contrast, the so 

mutant, which is also interaction deficient, is still forming CATs (Fleißner et al. 2005). These observations 

led to the hypothesis that MAK-2 is involved in pre-interaction processes, while SO is not. The data of this 

study indicate that BRO1 is also essential for the formation of CATs (see article 3.6.3.3), suggesting that it 

plays a role at the pre-interaction stage similar to MAK-2. 

4.5.2 Tropic cell-cell interaction  

The subsequent step after the recognition of a suitable partner is tropic interaction and direct growth. Several 

proteins have already been described to be directly or indirectly involved in this process (Fischer and Glass 

2019). The bro1cm strain expressed a severe dosage-dependent defect in the interaction rate in the presence 

of a low level of Cu2+. The interaction rate is significantly reduced when BRO1 levels are reduced. In the 

presence of a high levels of Cu2+, all bro1cm germlings fail to interact, indicating a crucial role of BRO1 in 

the tropic interaction (Fig 3.8). This role was approved by fluorescent microscopy of BRO1-GFP. The sub-

cellular localization of BRO1-GFP during germling interactions showed that BRO1 is recruited to the 
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interacting tips. Strikingly, the recruitment of BRO1 to the plasma membrane during the cell-cell interaction 

is dynamic, with BRO1-GFP switching in an oscillating manner, such that high signal intensity at the tip of 

one germling coincided with low signal intensity at the tip of the opposing partner cell (Fig 3.11). Together, 

the reduced cell-cell interaction in the mutant and the sub-cellular localization of BRO1 indicate that the 

protein is directly involved in the cell interaction process.  

Dosage-dependent effects on the tropic interaction is not uncommon, some other fusion-related proteins 

express similar dosage-dependent effects on the tropic interaction. Controlling the expression of so by Ptcu-

1 showed a graded defect on the interaction in the presence of different levels of Cu2+ (Weichert 2016). A 

chemical genetic approach was used to control the activity of the CWI kinase MAK-1 and the MAP kinase 

MAK-2. The partial inhibition of MAK-1 and MAK-2 during tropic interaction, in the presence of a medium 

concentration of the inhibitor (1NM-PP), showed an intermediate level of interaction. This suggest a 

dosage-dependent effect of the kinases MAK-1 and MAK-2 during tropic interaction (Weichert et al. 2016; 

Serrano 2019).Thus, the approved dosage-dependent effects of on the tropic interaction bro1 is less-likely 

representing an unspecific pleiotropic effect of the bro1 downregulation, but more-likely a specific function 

of BRO1 during cell-cell interaction and fusion. 

4.5.3 Cell fusion  

The tropic interaction phase is completed when physical contact between the CATs / hyphal branches is 

established. At this point, the direct growth should be arrested. The cell-cell contact zone needs to be 

stabilized and cell wall remodeling must occur, so that the plasma membranes can merge to form a fusion 

pore. Several studies showed that the cell-cell interaction signaling machinery, including the MAK-2 MAP 

kinase module, is also required for cell fusion, however, the molecular function of these proteins at this 

stage remains unknown (Fleissner et al. 2009). The different post-contact processes, where they might 

function include growth arrest, contact recognition, cell wall remodeling and fusion pore formation.  

Fluorescence microscopic analysis of the subcellular localization of BRO1-GFP showed a significant 

increase of the BRO1 signal when physical contact between the CATs / hyphal branch is established. This 

increase is much more pronounced than observed for any other known protein accumulating at the cell-cell 

contact zone, suggesting a specific function of the protein during cell-cell merger. Consistent with this 

hypothesis, during pore formation, BRO1-GFP was observed around the nascent pore during pore formation 

(Fig 3.11). The data on bro1 down-regulation also show that only 50% of the interacting germlings pairs 

achieved cell fusion. The other half blocked cell fusion although growth-arrest occurred in all cell pairs. 

That excludes any regulatory role of BRO1 in the switch from directed growth to growth arrest. Many 

interacting germling pairs also successfully resolve the cell wall material in the contact zone. In contrast, 

most of the germling pairs failed in the next step, which is the formation of a fusion pore in the plasma 
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membrane. Together, these data point to a specific role of BRO1 in plasma membrane merger (Fig 3.8).  

These data indicate that BRO1 might have a different role during membrane merger than during cell-cell 

interaction. Thus, BRO1 might be involved in stabilizing the membrane and /or delivering the fusion 

machinery to the membrane at the fusion zone. 

 

 

 

 

 

  

Fig 4.1 Scheme of a time course of BRO1 localization during fusion pore formation.  

During the pre-contact phase BRO1 is recruited to the membrane of interacting tips in oscillatory manner (A and B). In the Post-

contact phase, BRO1 aligned along the contact zone of both tips. First the cell wall reconstructed then the plasma membrane of 

both partner adhering and subsequently the fusion pore forming at the adhesion area where BRO1 localizing until the end the 

fusion process.  
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4.6 BRO1 is a marker protein for a novel type of hyphal fusion  

Earlier studies on hyphal fusion (anastomoses) distinguished between two basic forms of these vegetative 

fusion events in filamentous fungi including N. crassa. First, a tip-to-tip form of physical contact and fusion 

between hyphal side branches within the mycelium, assuming that the formation of so-called hyphal pegs 

is required for hyphal fusion to occur (Buller 1933). Then, a tip-to-side form of hyphal fusion was described 

in fungi (Aylmore and Todd 1984), in which only one hyphal peg grows towards a hyphal trunk to establish 

contact. Usually the trunk is, however, responding by the formation of a small peg, whose tip is met by the 

approaching side branch (Hickey et al. 2002). In general, hyphae that form anastomoses exhibit a positive 

type of tropism in which the tips and/or pegs of the interacting filaments grow towards each other (Buller 

1933). In contrast, hyphae at the growing edge of the mycelial periphery exhibit a negative tropism and 

grow away from each other (Trinci 1984). Later, hyphal fusion was investigated in more detail by staining 

the filaments with the lipophilic, vital fluorescent dye FM4-64, confirming the two forms of hyphal fusion 

and illustrating the steps of this fusion process in more detail (Hickey et al. 2002). In the present work, a 

previously unrecognized type of hyphal fusion has been identified. This novel, third form of hyphal fusion 

within the inner part of the mycelium can be defined as a side-to-side fusion event, which occurs when two 

hyphal compartments that are closely aligned in a parallel manner accidentally touch each other, without 

the formation of directly growing cell tips. After a relatively long period of time, BRO1-GFP was observed 

to be recruited to the small contact zone of the adjacent filaments until the final phase of the fusion pore 

formation. This type of fusion emphasizes the importance of BRO1 in various cell fusion processes and 

indicates that BRO1 is an excellent marker for studying hyphal fusion and the pore formation process. 

The novel side-to-side mode of hyphal fusion appeared to not require the preceding cell-cell communication 

and directed growth observed in the classical tip-to-tip and tip-to-side modes. To further investigate this 

hypothesis, we need to explore the dynamics and the localization of various proteins which are involved in 

the cell dialog. Previously, the MAP kinase MAK-2 was shown to also oscillate in between hyphae that 

underwent tip-to-tip interactions during fusion (Serrano et al. 2018). Thus, this protein could be used as 

another reporter in order to assess whether the side-to-side form of hyphal fusion also involves a cell 

dialogue-like pattern prior to cell-cell merger.  

Similar to BRO1, the signaling proteins SO and MAK-1 also accumulate at the contact point of hyphae that 

had established side-to-side contacts. This interesting observation emphasize that this novel hyphal fusion 

requires all post contact mechanisms, including cell wall degradation and plasma membrane merger. In 

addition, the accumulation of the SO protein to the contact zone in this unique hyphal fusion event indicates 

a fusion-specific function of this protein beyond cell-cell communication and directed growth. Finally, since 
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CSR-3 is recruited at the contact area during hyphae fusion (Herzog 2019), it is probable that this protein 

is also present at the interaction zone of hyphae that undergo side-to-side fusion.  

Unexpectedly, in the S. macrospora mutant ∆pro40, cytoplasmic flow in between two mutant strains that 

expressed red and green fluorescent proteins was observed despite the absence of this SO homologue 

(Teichert et al. 2014). This surprising observation suggested already that some form of hyphal fusion exists, 

which might be independent of tip-tip interactions. We hypothesize that these fusion events were the side-

to-side fusions identified in this study. Therefore, localizing BRO1-GFP in the S. macrospora and/or N. 

crassa mutants ∆so and ∆sip-1 might further support this idea. 

In summary, a novel mode of hyphal fusion has been identified. This side-to-side fusion might be unique 

in the way that it does not require communication, mutual attraction and directed growth of the two fusion 

partners but is rather established at sides of random hyphal contact. 
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4.7 BRO1 localizes in unique vesicular structures  

In this study, BRO1 was tagged with GFP at the C-terminus and expressed under the Pccg-1 promoter. 

BRO1-GFP localizes in the form of punctuate complexes within the cytoplasm of non-interacting germlings 

and hyphae of N. crassa. These puncta co-localize with vesicular, membrane-bound structures, that are 

stained by the membrane-selective, endocytic dye FM4-64 (Fig 3.13). Some of the other fusion-mediating 

proteins also localizes to punctuate-like structures within the cell. For instance, the proteins SO and CSR-

3 accumulate in punctuate structures at the periphery of the cell under stress conditions, including treatment 

with lysing enzyme, tomatine, and DMSO (Herzog 2019). However, in these examples, neither the SO nor 

the CSR-3 puncta co-localized with FM4-64-stained structures. So, unlike BRO1 these two proteins do not 

appear to be associated with vesicular structures (Fleissner et al. 2009). Similarly, although HAM-5 and 

HAM-14 also reside in punctuate complexes under overexpression conditions, both proteins did not co-

localize with FM4-64 (Jonkers et al. 2016), indicating that these proteins do not localize in vesicle-like 

structures. Therefore, BRO1 seems to be the only fusion-related protein so far, that localizes to vesicular 

structures. An exciting hypothesis is, that BRO1 might mark vesicles which transport the fusion signal 

and/or the fusion machinery to the interacting cell tip. 

4.7.1 The BRO1-associated vesicular structures might be vesicles or endosomes.  

To reveal the identity of the BRO1-GFP carrying vesicular structures, several markers were used to 

visualize intracellular compartments. For membrane-bound organelles such as vesicles, endosomes or 

vacuoles FM4-64 is routinely used in fluorescence microscopy of living cells from different organisms 

(Vida and Emr 1995; Odorizzi et al. 2003; Betz et al. 1992; Hickey et al. 2002; Mohler et al. 1998). FM4-

64 is a fluorescent lipophilic dye that intercalates into the plasma membrane and is subsequently delivered 

to the membrane of vesicles by endocytosis (Bereiter-Hahn 1976). In filamentous fungi, FM4-64 was 

mainly used to study vesicle trafficking and organelle dynamics in living fungal hyphae (Hickey 2001; 

Hickey et al. 2004). The term vesicular structure was used to describe the membranous organelles,  

including secretory vesicles, vacuoles, as well as early and late endosomes. However, in the literature on 

the cell biology of filamentous fungi, the term vesicles is primarily used to describe secretory vesicles and 

endosomes, while the latter are often considered as a subset of vesicles (Wedlich-Söldner et al. 2000; 

Steinberg 2014; Kuratsu et al. 2007; Zekert and Reinhard 2009; Dijksterhuis and Molenaar 2013). 

Therefore, staining with FM4-64 is somewhat unspecific and does not allow conclusion on the specific 

nature of the vesicular structures.   

In S. cerevisiae, the BRO1 homolog Bro1p is a cytoplasmic protein and also co-localizes with FM4-64 in 

punctate structures, which were identified as endosomal compartments (Odorizzi et al. 2003; J. Kim et al. 

2005; Odorizzi 2006). In A. thaliana, At-Alix is a cytoplasmic protein and co-localized with a 
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multivesicular body (MVB) marker in the root epidermal cells (Cardona-lópez et al. 2014). The human 

Alix was found in the cytoplasm and the membrane-containing fraction (Vito et al. 1999). The localization 

of BRO1 to vesicular structures is therefore consistent with these observations in other organisms, which 

suggest an association with endosomes.  

Endosomes are highly mobile and show bidirectional movement throughout the cell, that depends on the 

microtubule cytoskeleton (Wedlich-Söldner et al. 2000; Steinberg 2014).  In N. crassa, the early endosome 

marker YPT52 was shown to localize to bidirectionally moving punctate structures that co-localized with 

FM4-64. Moreover, the localization of YPT52 was microtubule-dependent (Seidel et al. 2013). The YPT52 

homolog RabA in A. nidulans shows a similar pattern of movement and subcellular localization (Abenza et 

al. 2009). TlgB was used in A. nidulans and A. oryzae, as an endosomal marker, which showed bidirectional 

microtubule-dependent movements (Kuratsu et al. 2007; Zekert and Reinhard 2009). Furthermore, the 

homologous protein Yup1 in Ustilago maydis localizes to vesicles that are part of the endocytic pathway 

and showed a rapid bidirectional motion along the microtubules. Interestingly, inhibition of actin assembly 

had no significant effect on the motility of GFP-tagged Yup1 vesicles (Wedlich-Söldner et al. 2000).  

The vesicular structures of BRO1 in N. crassa also showed bidirectional movement, suggesting that this 

protein is associated with endosomes. Unexpectedly, however, depolymerization of microtubules by 

benomyl did not alter the motility of BRO1 during the interaction and fusion of germling. In contrast, 

inhibition of actin by Lat.A resulted in growth arrest and disassembly of BRO1 from the membrane of 

interacting germlings (Fig 3.15). Thus, the formation and/or stabilization of the vesicular structures carrying 

BRO1 during cell fusion is dependent on actin cables but independent of microtubules. This result is 

consistent with earlier observations that microtubules are dispensable for germling fusion (Berepiki et al. 

2010), but also suggests that the BRO1-carrying vesicular structures are not typical endosomes. 

A second class of vesicular structures besides endosomes is secretory vesicles. In growing hyphae of 

filamentous fungi, these secretory vesicles concentrate at hyphal apices in a vesicle supply center known 

as the Spitzenkörper (Spk). These vesicles have been subdivided into two major categories, of which the 

macrovesicles (70 to 100 nm in size) surround a differentiated core region of the Spitzenkörper composed 

of micro-vesicles (25 to 40 nm in size) (Riquelme et al. 2014). BRO1 was not detected in these structures, 

indicating that the BRO1-labeled vesicles are not secretory vesicles. However, the BRO1 vesicles share 

features with secretory vesicles. For example, the dynamics of both types of structures are actin-dependent 

but microtubule-independent (Rico-ramírez et al. 2018; Fajardo-Somera et al. 2015; Sanchez-Leon et al. 

2011; Riquelme et al. 2007). Interestingly, however, BRO1 vesicles were observed at the Spk and forming 

septa in the ergosterol biosynthesis mutant ∆erg-10a ∆erg-10b, hyphae (Fig 3.25). Thus, the vesicular 

structures of BRO1 might represent a sub-population of vesicles that is missorted in this double mutant and 
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thereby enters the general secretion pathway (See 4.7). This observation, together with the fact the vesicular 

structures of BRO1 rely on the actin cytoskeleton, suggests that BRO1 might interact with a specific, maybe 

novel type of vesicles. 

In order to finally identify the nature of the BRO1 vesicular structures, further co-localization studies with 

known markers for different subsets of vesicles are required. Examples of suited markers include YPT52, 

an early endosome marker, SEC-63, an extensively used ER marker (Feldheim et al. 1992), and NCA-1, a 

SERCA-type calcium pump that localizes at the perinuclear endoplasmic reticulum (Bowman et al. 2009). 

In addition, chemical inhibitors could be useful for answering this question. For example, Brefeldin A 

(BFA), is a compound which interferes with Golgi body-dependent secretion and endosomal/post-Golgi 

body trafficking (Cole et al. 2000; Bourett and Howard 1996). In N. crassa, BFA caused a decrease in 

hyphal elongation and increased branching (Riquelme et al. 2007). Therefore, this inhibitor could be used 

to study whether BRO1 is delivered to the cell surface along the classical secretory pathway or via an 

alternative route distinct from the ER-to-Golgi route.   

4.7.2 The vesicular structures of BRO1 represent a subset of fusion vesicles 

Early studies hypothesized a role of vesicles in cell-cell interaction and fusion in filamentous fungi. 

However, direct evidence that vesicles are actively involved in these processes is missing. Interestingly, 

one regulator associated with vesicle formation has been found to be involved, but not essential, in cell-cell 

fusion (Fischer and Glass 2019). The neuronal calcium sensor-1 (CSE1) protein in N. crassa is necessary 

for cell-cell interactions, including sensing and responding to the presence of fusion-competent partner 

cells. This protein is active during exocytosis in response to calcium signaling and localizes to the 

membrane of the Golgi apparatus (Palma-Guerrero et al. 2013). So far, this is the only study that mentions 

a gene product not only essential for cell-cell interaction but also involved in the secretory pathway, 

endocytosis, and/or exocytosis. However, it was also hypothesized that other types of vesicles might be 

recruited to the fusion zone, including chitosomes, which play a role in cell wall remodeling (Herzog 2019). 

However, until now no prove for this hypothesis has been presented in N. crassa.  

Another hint towards the potential role of vesicles in cell-cell interaction and fusion in filamentous fungi 

N. crassa, was found after inhibiting the actin cable formation by Latrunculin A, resulting in disruption of 

cell-cell interactions (Roca et al. 2010). Although another study claimed that HAM-8, HAM-10, and 

AMPH-1 localize in vesicular structures (Fu et al. 2014), these interpretations are solely based on 

immunofluorescent images and hampered by the fact that there was no evidence for co-localization of these 

proteins with the endocytic dye FM4-64. Therefore, BRO1 appears to be the only known fusion factor in 

N. crassa so far that has been shown to localize at vesicular structures and is actively recruited to the 

membrane of the interacting tips as an essential part of cell-cell fusion.  
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Interestingly, vesicles have also been reported in different model organisms to play a role during cell-cell 

fusion between various cell types, including somatic cells as well as gametes.  

In mating pairs of S. cerevisiae, vesicles were observed to align and cluster across the zone of cell fusion 

and were termed as prezygotic vesicles (Gammie et al. 1998; Elia and Marsh 1998; Merlini et al. 2013). It 

was thought that these vesicles deliver hydrolytic enzymes for cell wall remodeling and might contain 

membrane proteins required for fusion (Gammie et al. 1998; Chen et al. 2007; Merlini et al. 2013). 

Although the molecular function of those vesicles is not known yet, some molecular factors were reported 

to impact the synthesis and the localization of these structures. Mutants in the gene fus2 or rvs161 

accumulate small vesicles on both sides of the intercellular junction. Moreover, Fus1 itself is transported 

to the shmoo tips of the mating partners through chitin synthase 5 (Chs5), a protein required for the secretion 

of specialized chitin synthase 3 Chs3p-containing vesicles during bud development (Nelson et al. 2004). 

In C. elegans, TEM preparations from embryos during cell-cell fusion events of embryonic dorsal epithelial 

cells showed vesiculation of membranes at the fusing zone (Podbilewicz 2006). The irregular appearance 

of the observed vesicles was interpreted as a part of cellular fusion machinery that initiates membrane 

merger by forming a single unique pore at the apex of the fusing cells. This pore expands through radial 

internalization of the cell membranes (Mohler et al. 1998). Despite the major importance of fusogens for 

plasma membrane merger, no study has thus far reported any co-localization of EFF-1 with vesicles during 

cell-cell fusion. 

In D. melanogaster, paired vesicles with electron-dense margins are frequently observed in proximity to 

the cytoplasmic face of each of the juxtaposed plasma membranes in fusing myoblasts (Doberstein et al. 

1997). Although the mechanistic details of myoblast fusion have been intensely investigated, little is still 

known about the origin of the vesicles, their biochemical composition, and their function during this type 

of vegetative cell-cell fusion (Chen et al. 2007).  

In summary, the presence of vesicles at cell-cell fusion sites is commonly observed in different model 

systems. The identity, role and function of these structures remain, however, mostly cryptic.  

The fluorescence microscopy studies showing the motility of BRO1 vesicles during germling, and hyphal 

fusion revealed a unique directional movement to the contact area. Importantly, this pattern is specific for 

cell fusion. When the cells are not engaged in interactions, the movement of the BRO1 vesicles is non-

directional in a way similar to endosomes. The specific directional movement becomes visible in germlings 

when one cell recognizes an interaction partner. In addition, this directed vesicular movement is enforced 

when the partner germlings establish physical contact, resulting in a significant increase in the fluorescent 

signal of BRO1 at the contact area. Similarly, once a hyphal branch within the mycelium is growing towards 

https://en.wikipedia.org/wiki/Gametes
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another branch during hyphal fusion, the vesicular structures of BRO1 move straight to the interacting tips 

and accumulate at the membranes (Fig 3.15). In particular, a strong accumulation of these vesicles is again 

notable when the interacting hyphal tips make contact. The actin-dependency of this movement suggests 

that this dynamic localization pattern of BRO1 is similar to the movement of secretion vesicles. Considering 

that BRO1 is essential for cell fusion and not involved in the general secretion pathway via the 

Spitzenkörper at the hyphal tips, these BRO1 vesicles might represent a specific sub-population of vesicles 

that transport cargo essential for cell-cell interaction and fusion in N. crassa. 

During hyphal fusion in N. crassa, Hickey et al. reported the accumulation of a Spitzenkörper-like structure 

at the tips of the interacting hyphae prior to contact. This observation was based on staining the hyphae 

with FM4-64. After contact was established, accumulating vesicle at the interacting hyphal tips became 

oriented directly opposite to each other at the site of fusion pore formation (Hickey et al. 2002). 

Remarkably, this localization pattern is reminiscent to the localization of the BRO1 vesicles during hyphal 

fusion (Fig 3.15), suggesting that the structure, which was described by Hickey et al. as the Spitzenkörper, 

is in reality an accumulation of BRO1 carrying vesicles. Similar vesicular accumulations at fusion sites 

have been reported for cell fusion events in various other model organisms, including somatic cells as well 

as gametes. BRO1, however, is the first reported protein involved in cell fusion, which localizes to these 

vesicles. 

More evidence for the association of BRO1 with vesicles has emerged from the investigation of its 

relationship with PRM1. Although PRM1is dispensable for directed growth during germling interactions, 

the ∆Prm1 mutant is blocked in plasma membrane merger during cell-cell fusion. Electron microscopy 

revealed cytoplasmic invaginations from one cell into the other at the site of fusion. In addition, cell lysis 

occurs in about 10% of the ∆Prm1 germling pairs (Palma-Guerrero et al. 2014). In baker’s yeast, 

microscopic studies of cell fusion in ∆prm1 cells revealed that fusion and lysis events are initiated with 

identical kinetics, suggesting that membrane rupture is a result of an aberrant engagement of the fusion 

machinery (Aguilar et al. 2007). Fluorescence microscopy of BRO1-GFP in the ∆Prm1 mutant of N. crassa 

showed that the BRO1 vesicles localize at the opposing sites of the touching plasma membranes (Fig 3.22). 

Moreover, SO-GFP had also been observed to accumulate at the invagination zone in this plasma membrane 

fusion mutant (Weichert 2016), suggesting that at least part of the fusion machinery is still delivered to the 

contact zone in ∆Prm1 pairs but that subsequent fusion pore formation fails. Similarly, deletion of Prm1 

does not influence the increased accumulation of BRO1 after growth arrest, indicating that the recruitment 

of BRO1 to the fusion point is independent of the function of PRM1. Accordingly, overexpression of BRO1 

caused no difference in the invagination rate or the lysis of germlings pairs (Fig 3.23). Strikingly, however, 

slight suppression of bro1 in a strain featuring both the conditional bro1 mutation and the Prm1 deletion 

https://en.wikipedia.org/wiki/Gametes
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showed a significant reduction in cytoplasmic invaginations. In addition, the lysis rate decreased to the fifth 

in this strain under suppression of bro1. These results support a model, in which the BRO1 vesicles deliver 

the fusion machinery to the fusion zone. In the absence of BRO1, the fusion machinery is not delivered to 

the plasma membrane. As a consequence, fusion is not initiated, and lysis is not occurring.  

Studies of yeast mating pairs lacking the Prm1 homolog have suggested that the observed cytoplasmic 

invaginations, which extend from one cell into the other, are formed as a result of pressure differences 

between the non-fusing interaction partners (Heiman and Walter 2000). However, this assumption cannot 

explain the bidirectional finger-like shape observed at the contact zone in ∆Prm1 germlings of N. crassa. 

As shown early in this study, BRO1 vesicles localize at both sides of the contact area after physical contact 

of the germlings. Fusion of these vesicles with the plasma membrane at both sides would therefore extend 

the membrane in both directions, resulting in invagination of the membrane when fusion is deficient in 

∆Prm1. We therefore hypothesize that the invaginations are not a consequence of pressure but of continuous 

fusion of vesicles with the plasma membrane. In the absence of BRO1 this membrane extension by vesicle-

plasma membrane fusion does not occur and no invaginations are formed (Fig 4.2). 

In line with this new hypothesis, one could also speculate that PRM1, as a part of the fusion machinery, is 

also delivered to the plasma membrane by the BRO1 vesicles. Interestingly first hints were obtained that 

PRM1 might also localize in punctate structures in N. crassa (Fleißner et al. 2009). To address this 

hypothesis, a co-localization study of BRO1 and PRM1 is required. However, so far, localization PRM1 

has been extremely difficult and did not provide conclusive evidence. Another protein that is also involved 

in plasma membrane merger during germling fusion in N. crassa is LFD-1. The deletion mutant of lfd-1 

shows a comparable but less severe phenotype than the ∆Prm1 mutant. However, both proteins act 

independently but share a redundant function (Palma-Guerrero et al. 2014). As the co-localization of BRO1 

and PRM1 might not be possible, an alternative option is to co-localize BRO1 and LFD-1. 

Studies have shown that down-regulation of ec1 causes only a reduction of the seed set, while the gene 

knockdown increases the number of embryo sacs with two unfused sperm cells (Sprunck et al. 2012). The 

fusogen HAP2/GCS1 is a gamete specific-protein conserved in the higher plants, a unicellular green alga, 

and a unicellular malaria pathogen (Snell 2010; Liu et al. 2008, 2015). These vesicles are thought to play 

an envoy role to deliver the EC1 protein which is significant to prevent multiple-sperm cell delivery 

(Sprunck et al. 2012; Snell 2010).  
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Fig 4.2 Scheme of fusion pore formation in different mutants 

In the WT germlings BRO1-associated vesicles might deliver the fusion machinery including PRM1 and maintain proper  

membrane merger during cell fusion. The absence of PRM1 and the presence of BRO1-associated vesicles results in membrane 

invagination. In the absence of BRO1-associated vesicles, PRM1 is not delivered to the membrane of the contact zone.  
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4.8 The accumulation of ergosterol precursors might mis-sort BRO1 associated vesicles.  

Eukaryotic cell membranes, including those of fungi, consist of a variety of lipids that belong to the classes 

of the glycerophospholipids, sphingolipids, and sterols. Sterols are amphipathic lipids with a rigid ring 

structure and a flexible side chain (Sant et al. 2016). Fungal cell membranes typically contain ergosterol as 

the main sterol, which fulfills similar functions as cholesterol, the principal sterol present in animal cells 

(Dupont et al. 2012).  

In filamentous fungi, sterol-rich membrane (SRM) domains at the polarized tips of germ tubes serve as 

platforms for the assembly of the growth and cell polarity machinery (Makushok et al. 2016). Null mutants 

of genes involved in the ergosterol biosynthesis of N. crassa accumulate specific precursors of ergosterol 

in their membranes, which can result in defects in cell communication and/or fusion (Weichert et al. 2016, 

2020). In this study, it was shown that down-regulation of bro1 expression influences the sterol-distribution 

within the plasma membrane, causing a significant reduction in the number of germlings that accumulate 

ergosterol at their tips. In contrast, wild type-like SRM domains at the tips of germlings were observed in 

all cells when bro1 was not repressed, (Fig 3.27). This result suggests that the BRO1-assoctiated vesicles 

might play a role in the formation of SRM at the cell tips. 

The results from chemical stress assays support the notion that the downregulation of bro1 impacts the 

SRM domain. It is very well established that a lack of ergosterol at the membrane results in the resistance 

to some classes of antifungal substances, such as the sterol-binding polyenes (Vandeputte et al. 2012). 

Similar to polyenes, the fungicidal steroidal glycoside α-tomatine directly binds to ergosterol of fungal cell 

membranes, resulting in the formation of membrane pores, breakdown of the membrane currents and 

ultimately cell death (Sanglard et al. 2009). In N. crassa, mutation of the erg genes, including erg-3, erg-2 

and ∆erg-10a/∆erg-10b, causes resistance to nystatin and α-tomatine (Prakash and Sengupta 1999; 

Weichert 2016; Weichert et al. 2020). Similarly, the repression of bro1 increases the resistance of 

germinating conidial spore to α-tomatine (Fig 3.28). This resistance could be explained by the absence of 

ergosterol, which is the target molecule of tomatine. In the diploid human-pathogenic fungus Candida 

albicans, a heterozygous mutant of the erg11 gene shows resistance against amphotericin B, which is a 

clinically important polyene drug (Sanglard et al. 2003). Moreover, a mutation-induced in ergosterol to 

20% reduction content was also sufficient to confer tomatine resistance in the phytopathogenic fungus 

Fusarium solani, which thereby acquired the ability to infect green tomato fruits (Défago and Kern 1983). 

Sterols are delivered to their primary destination, the plasma membrane, via vesicular and non-vesicular 

transport mechanisms, including lipophilic carrier proteins (Van Meer et al. 2008; Jacquier and Schneiter 

2012; Ikonen 2008). In mammalian cells, inhibition of the vesicular transport between the ER and the Golgi 

apparatus disrupts lipid trafficking (Young et al. 1992). In S. cerevisiae, ergosterol transport is regulated 
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by an equilibrium between the ergosterol pools in the ER membrane and the plasma membrane via a 

bidirectional, non-vesicular process (Baumann et al. 2005). Interestingly, inhibition of the vesicular 

transport pathway in C. albicans increases its susceptibility to fluconazole, an inhibitor of ergosterol 

biosynthesis that is widely used as an antifungal drug to treat infections with this fungus, (Demuyser et al. 

2019). In this study, it has been shown that BRO1 vesicles fuse with the plasma membrane during cell-cell 

fusion. Thus, BRO1 vesicles might be involved in delivering the ergosterol to the cell membrane. However, 

down-regulation of bro1 expression levels in N. crassa did not alter the susceptibility of this conditional 

mutant to fluconazole as compared to WT (Fig 3.28). In contrast, deletion of the erg-2 gene resulted in 

increased susceptibility to fluconazole, although this gene is involved in the ergosterol synthesis pathway 

in N. crassa (Weichert 2016). Moreover, mutations in the gene erg-11 or erg-3, which impact ergosterol 

biosynthesis in C. albicans, are resistant to fluconazole (Sanglard et al. 2003). Taken together, these 

observations suggest, that the down-regulation of bro1 expression levels does not impair the ergosterol 

synthesis per se in N. crassa, but rather affects the sterol distribution within the membrane. 

Further experiments will help to understand these processes and clarify whether BRO1 plays a role during 

sterol trafficking or even ergosterol biosynthesis. For example, analyzing the sterol profile of bro1-deficient 

strains would reveal effects on the biosynthesis. 

Interestingly, while bro1 expression levels influence the formation of the SRM, defects in ergosterol 

biosynthesis also affect the subcellular dynamics of the BRO1 vesicles. The ergosterol biosynthesis mutants 

∆erg-10a/∆erg-10b and ∆erg-1 were characterized by a significant reduction of plasma membrane fusion 

between germlings (Weichert et al. 2020). In hyphae of the double mutant ∆erg-10a/∆erg-10b, the BRO1-

GFP vesicles showed an unexpected localization pattern, with a localization at the SpK in growing hyphae 

as well as at forming septa, which was never observed in a WT strain expressing this construct. This 

observation suggests that the BRO1 vesicles were mis-sorted into the secretion pathway in the double 

mutant, although this aberrant sorting of BRO1 did not affect its localization at the fusion zone. 

In contrast to the ∆erg-10a/∆erg-10b mutant, BRO1 was not observed at the SpK or at forming septa in the 

∆erg-1 mutant, which accumulates a sterol intermediate similar but not identical to the one in the double 

mutant (Weichert et al. 2020), Moreover, deletion of erg-2 or erg-11 had no influence on the localization 

of the BRO1 vesicles, neither in hyphae nor during tropic interaction in germlings. These results indicate 

that the mis-sorting of BRO1 vesicles might be specific to the sterol precursors accumulating in the double 

mutants ∆erg-10a/∆erg-10b, highlighting how these specific structural features in these membrane lipids 

can impact vesicle sorting. So far, this mis-sorting has only been observed for BRO1-associated vesicles. 

It will be of very high interest to analyze the dynamics of other vesicle subpopulations in this mutant. The 

hypothesis that the change in sterol composition is causing the mis-sorting is supported by studies in 
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different organisms, that also showed that the class and the concentration of a lipid in the membrane of 

vesicles determine their destination (Van Meer et al. 2008; Johansen et al. 2012; Hurley et al. 2010). In 

baker’s yeast, the ratio of sterols to sphingolipids is crucial for the sorting of nascent vesicles in the Golgi 

apparatus membrane (Johansen et al. 2012). Mutations that impair ergosterol or sphingolipid biosynthesis 

disrupt the trafficking and distribution of the H+-ATPase Pma1p, the tryptophan permease Tat2p, the 

arginine permease, Can1p, the general amino acid permease Gap1p, and the uracil permease Fur4p (Surma 

et al. 2011; Bagnat et al. 2001; Lauwers and André 2006).  

The microscopic phenotype of the plasma membrane fusion mutants ∆Prm1 and ∆erg-10a/∆erg-10b are 

comparable to but independent from each other. In both cases, the block in fusion occurs at the level of 

plasma membrane merger, resulting in juxtaposed plasma membranes and membrane invaginations in 

between the interacting cells (Fleißner et al. 2009; Weichert et al. 2020). The new observations from this 

work suggest that the membrane fusion defect of the double mutant ∆erg-10a/∆erg-10b might be caused 

by the mis-sorting of the fusion-related vesicles, so that the membrane fusion machinery might not reach 

their proper location of action. To test this hypothesis, more detailed localization studies of vesicles 

containing BRO1-GFP in the deletion mutant and a combination of different ergosterol deletion mutants 

are required.  
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4.9 Positioning BRO1 into the network of cell fusion factors 

According to a mathematical model of the fusion related cell-cell interactions in N. crassa, the signaling 

machinery consists of two interdependent modes: signal sending and signal receiving (Goryachev et al. 

2012). The “cell dialogue” hypothesis is based on the anti-phase localization of the proteins SO and MAK-

2 at the germling tips during cell-cell interaction (Fleissner et al. 2009; Goryachev et al. 2012). It is assumed 

that the recruitment of SO is associated with the transmission of a signal, while MAK-2 is required for the 

perception and processing of this unknown signal (Goryachev et al. 2012). BRO1 is also recruited in an 

oscillatory manner to the germling tips during the cell-cell interaction. The co-localization analysis of 

BRO1-GFP and dsRed-SO showed that both proteins are simultaneously recruited to the interacting cell 

tips and oscillate together with the same phase until the end of the fusion process (Fig 3.12). In line with 

the model, this result suggests that BRO1 has a role in the signal sending mode during the phase of cell-

cell communication. During this phase, signal emission is assumed to be puls-like, which could be achieved 

by bursts of vesicle - plasma membrane fusion at the cell tips (Goryachev et al. 2012). Based on this study, 

we hypothesize that BRO1 is associated with fusion-specific vesicles. In the following section, the potential 

relationship between BRO1 and some of the known factors involved in cell-cell communiaction and fusion 

will be discussed. 

Recently, several other proteins have been identified as interaction partners of the SO protein. Co-

localization studies revealed that not all of these proteins co-localize with SO at all stages of the fusion 

process. While SIP-1 (SO Interacting Partner-1) and SO co-localize during tropic growth and after cell-cell 

contact (Schumann 2018), the MAP kinase module of the cell wall integrity pathway (MAK-1 pathway) 

and the chitin synthase regulator CSR-3 only accumulate together with SO at the plasma membrane after 

cell-cell contact has been achieved (Weichert et al. 2016) (Herzog 2019). Together, these data indicate that 

the SO protein functions in different complexes at the two different stages of the fusion process. The data 

of this study revealed that BRO1 is associated with both SO functions, similar to SIP-1.    

The potential direct physical interaction between SO and BRO1 shown by Y2H analysis in this study is 

supported by data from the closely related species S. macrospora, where the SO homologous Pro40 and 

BRO1 were identified as interaction partners in a Co-IP/Mass Spec study (personal communication Ines 

Teichert). This molecular interaction could take place via the proline-rich C-terminus of BRO1, which 

contains potential binding sites for SH3 and WW domains, which are present in the SO protein (Missotten 

et al. 1999; Chatellard-Causse et al. 2002; Ilsley et al. 2002). The interaction of the two proteins appears to 

be transient and probably restricted to interacting cells. In non-interacting cells, the proteins do not co-

localize. These lines of evidence suggest a specific spatio-temporal interaction between the proteins BRO1 

and SO. 
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When expressed in the ∆so mutant background, the signals of BRO1-GFP were cytoplasmic and also 

localized in vesicular structures (Fig 3.21.A). This observation does, however, not allow the conclusion that 

SO is essential for BRO1 recruitment to the plasma membrane, because the so mutant does not even initiate 

the stage, in which BRO1 would be accumulating in the membrane. Partial down-regulatation of the bro1 

gene expression prevented SO-GFP recruitment to the membrane, even when germling interactions were 

still observed (Fig 3.17). These results indicate that the proper localization of SO depends on BRO1 

functions. Since it is difficult to distinguish direct and indirect effects in this case, the exact hierarchy of 

these two proteins remain still unclear. Interestingly, however, these data also show that the membrane 

recruitment of SO seems not to be essential for the cell-cell interaction. This observation is consistent with 

the earlier observation, that that the permanent anchoring of activated MAK-2 at the plasma membrane also 

disrupts the dynamics of SO, even when cells were still growing towards each other. In this case, no 

oscillatory membrane recruitment of SO was detected prior to cell-cell contact (Serrano et al. 2018). 

Similarly, in germlings of the ∆erg-2 mutant, which accumulates a sterol precursor in its plasma membrane, 

the recruitment of the SO protein was strongly impaired, while tropic germling interactions still occurred. 

This mis-localization resulted in the aggregation of SO in punctate complexes that were randomly 

distributed all over the plasma membrane of this ergosterol biosynthesis mutant (Weichert et al. 2016). A 

comparable mis-localization pattern of SO protein was observed in a strain expressing a deficient SIP-1 

variant, in which SO aggregated in complexes that were distributed all around the cell periphery during 

germling interactions, but still concentrated at the contact zone (Schumann 2018). Collectively, all these 

observations support the hypothesis that the correct recruitment of SO to the plasma membrane of the 

interacting tips is not essential for the interaction process. However, in all of these cases, interactions were 

less efficient and stable than in the wild-type situation.  

In contrast to the tropic interaction, the localization of SO-GFP to the contact zone of the fusion partners 

was not affected by the down-regulatation of bro1 gene expression (Fig 3.17). The recruitment of SO to the 

contact zone during cell fusion appears to be crucial for growth arrest and success cell fusion. This 

conclusion is consistent with an earlier observation, which showed that the down-regulation of so causes a 

failure in the switch between the directed growth cellular program to the fusion program. Such defects result 

in corkscrew-like structures in which CATs / hyphal branches continue to grow around each other after 

partners tips reached others (Weichert 2016). This defect might be related to the potential function of SO 

as a scaffold protein for the MAK-1 MAP kinase module (Weichert 2016). Another study showed that 

permanently recruited and activated MAK-2 at the plasma membrane also prevented membrane recruitment 

of SO during the directed growth phase, but allowed SO accumulation at the fusion zone once the cells had 

established contact (Serrano et al. 2018). Comparable observations were made in different mutants, where 

the SO protein was still recruited to the contact zone but did not appear at the membrane during the 
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preceding tropic growth (Weichert et al. 2016; Schumann 2018). Collectively, all these observations 

emphasize that SO is essential for the successful outcome of cell fusion. Furthermore, the SO protein has a 

fusion-specific function independent of cell-cell communication and directed growth. Additionally, 

although BRO1 and SO co-localize to the contact zone during cell fusion, this localization seems to be 

independent of each other’s.  

Indirect evidence for the hierarchy of BRO1 and SO comes from the investigation of the SO interaction 

partner SIP-1. This protein was found in a Co-IP/Mass.Spec. assay, and its interaction with SO could be 

confirmed by Y2H data. While both proteins perfectly co-localize during the cell-cell interaction and after 

cell contact, SIP-1 strikingly also shows oscillatory membrane recruitment in non-interacting cells 

(Schumann 2018). This feature has not been observed for any other fusion-related protein including BRO1. 

In ∆so germlings this dynamic is still occurring, indicating that SIP-1 functions upstream of SO. In the 

bro1cm mutant, however, this protein did not oscillate any longer when the expression of bro1 was repressed 

(Fig 3.18). Together, these observations would support a working model, in which BRO1 is placed upstream 

of SIP-1 and therefore potentially also upstream of SO during directed growth of the cells. However, these 

predictions are limited by the caveat that the signaling likely does not function in a strictly linear manner 

but comprise positive and/or negative feedback loops. 

After cell-cell contact, BRO1 and SO co-localize at the cell contact zone with the MAK-1 MAP kinase 

module and the chitin synthase regulator CSR-3. While the MAK-1 module, consisting of MAK-1, MEK-

1 and MIK-1, is also essential for the preceding cell-cell interaction (without localizing to the cell tips), 

CSR-3 functions only during cell-cell merger. The interactions of all of these factors were analyzed by Y2H 

analysis.  

As a result, CSR-3 was found to interact with BRO1 in a Y2H analysis. It has been hypothesized that this 

regulator controls chitosome-related processes during cell wall remodeling at the contact area of interacting 

germlings (Herzog 2019). However, no chitosomes have thus far been observed at the fusion zone (personal 

communication Stephanie Herzog). Germlings of the csr-3 deletion mutant frequently undergo, however, 

cell lysis during fusion, indicating that chitin synthesis might be important for stable fusion pore formation. 

In this study, it was observed that down-regulation of bro1 does not influence the recruitment of CSR-3 to 

the fusion zone. Notably, although the cell wall was degraded at the fusion zone, half of those germling 

pairs failed to fuse with each other, but lysis was not observed (Fig 3.20). These results support the 

hypothesis that BRO1 is dispensable for cell wall remodeling but is involved at the following step of plasma 

membrane merger.  
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For the MAP kinase module, only MIK-1 of the MAP kinase module was found to interact with BRO1, 

whereas MEK-1 and MAK-1 did not. The homologous MAPKKK in S. macrospora was shown to also 

interact with PRO40, the homologue of the SO protein (Teichert et al. 2014). In S. cerevisiae, the MIK-1 

homologue, BCK1, genetically interacts with Bro1p and has a redundant function with this protein (Nickas 

and Yaffe 1996). Overall, all of these results suggest a model in which in N. crassa BRO1 interacts with 

MIK-1 and SO, but not with MEK-1 or MAK-1, probably in a way that MIK-1 is linking the MAP kinase 

complex to SO and BRO1. However, further investigation is required to explore the interaction between 

BRO1 and MIK-1, including studies to analyze the subcellular localization and phosphorylation of MIK-1 

in the bro1 conditional mutant.  

Although no interaction between BRO1 and MAK-1 was found in the Y2H analyses, the bidirectional 

influence of both proteins was investigated given the importance of MAK-1 in growth arrest and fusion 

after cell-cell contact. MAK-1 is one of the main factors in cell-cell interaction and fusion processes and 

has been suggested to be crucial for the transition from directional growth to fusion. When MAK-1 was 

inhibited prior to physical contact of the interacting germlings, the cells were unable to arrest directional 

growth and remained in the mode of cell-cell communication and directed growth, resulting in corkscrew-

like cell pairs (Weichert et al. 2016; Maerz et al. 2008).  

The same phenotype was observed in germlings of the ∆erg-2 mutant, in which MAK-1 fails to accumulate 

at the zone of cell-cell contact (Weichert et al. 2016). In contrast, down-regulation of bro1 did not impair 

the transition from tropic interactions to cell-cell fusion, as indicated by the arrest of directional growth and 

the establishment of cell-cell contact once the CATs tips of the bro1cm germlings touched. Since recruitment 

of MAK-1 was observed at the fusion zone under these conditions, this dynamic appears to be independent 

of the recruitment of BRO1 (Fig 3.19). Strikingly, however, when BRO1-GFP was expressed in a strain 

that carried an analog-sensitive variant of MAK-1, inhibition of this MAP kinase during germling 

interactions resulted in the disassembly of the BRO1 vesicles from the tips of interacting germlings and 

block of the cell-cell interaction (Fig 3.21.C). This observation is highly reminiscent to the BRO1 dynamics 

after inhibiting actin polymerization during tropic interactions. Interestingly, it was found that MAK-1 

specifically coordinates the assembly of actin during tropic interactions (Serrano 2019). Taken together, 

these lines of evidence suggest a working model in which MAK-1 regulates actin cable assembly, which in 

turn delivers BRO1 vesicles to the membrane of the interacting cell tips. Consistent with this model, 

inhibition of MAK-1 results in the disassembly of actin and the subsequent block of recruitment of BRO1 

vesicles. As a consequence, the tropic interaction as well as cell-cell fusion.  
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Fig 4.3 Model of cell signaling during cell-cell interaction 

BRO1-associated vesicles are recruited to the membrane of the 

interacting tip of the first partner where they interact with SO and 

SIP-1 during signal sending. The MAK-2 pathway is recruited to 

the membrane of the second partner where the signal is processed. 

The Kinase MAK-1 and MAK-2 are regulating the transcription 

factor ADV-1 and PP-1, respectively. 

      The unknown signal      actin cytoskeleton 
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Recently, it was shown that a second MAP kinase module, the MAK-2 module, is responsible for the 

focusing of actin cables during tropic interactions. Inhibition of MAK-2 during the interactions using a 

chemical genetic approach resulted in the dispositioning of the actin cables and loss cell-cell interactions 

(Serrano 2019). By employing the same methodology, MAK-2 inhibition resulted in disruption of the 

dynamic of the BRO1 vesicles, causing disassembly of BRO1 from the membrane of the interacting 

germling tips (Fig 3.21.D). This observation suggests, that the presence of a stable actin assembly at the 

point of directed cell growth is essential for proper BRO1 dynamics. 

In addition to their role in cytoskeleton organization the two MAP kinase modules also control the 

transcription of fusion related genes. This function is mediated through the two transcription factors ADV-

1 and PP-1 (Leeder et al. 2013; Dekhang et al. 2017). PP-1 is highly conserved and is a homolog to Ste12p, 

the pheromone response pathway transcription factor of S. cerevisiae (Leeder et al. 2013). In contrast, adv-

1 homologs are restricted to the filamentous ascomycete fungi (Pezizomycotina) (Fischer and Glass 2019). 

PP-1 is activated by MAK-2, resulting in transcription of adv-1. The ADV-1 protein in turn requires 

activation by MAK-1 to function as a transcription factor for the activation of many fusion related genes, 

including so and prm1 (Fischer et al. 2018). Deletion of pp-1 or avd-1 also causes a reduction in bro1 

expression levels by 50% compared to WT (Fischer et al. 2018). This result indicates that BRO1 production 

is increased during tropic interactions and fusion, which likely reflects the specific functions of this 

multifunctional protein during these processes.  

In conclusion, BRO1 is associated with a unique fusion-related subset of vesicles which is crucial for cell-

cell communication and fusion. The BRO1-associated vesicles might be involved in signal emission during 

the interaction phase by delivering the signal to the plasma membrane of the interacting tips in an actin 

actin dependent way. After cell-cell contact, the BRO1 vesicles might provide the plasma membrane fusion 

machinery to the fusion point. The findings of this study are consistent with the mathematical modelling 

and the observation of so far unknown classes of vesicles at cell fusion points in different model organisms. 

BRO1 provides for the first time a molecular marker for further investigation of these important questions.   
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Fig 4.3 Model of membrane merger during cell-cell fusion 

BRO1-associated vesicles accumulate at the membrane of the 

contact zone and deliver the fusion machinery including PRM1 to 

the plasma membrane. Vesicle transport depends on the actin 

cytoskeleton, which is regulated and organized by the MAK-1 and 

MAK-2 MAP kinase modules. The potential BRO1 interaction 

partner SIP-1 might function as a landmark protein for the delivery 

of the fusion machinery. 

      PRM1      actin cytoskeleton 
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6. Appendix 
 

6.1 Appendix of the article 3.1 

Fig 6.1 The size and the positions of the three introns in bro1. 
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Fig 6.2 This annotation shows that the Bro-1 domain is conserved at the N-terminal also PRD at the C-

terminal and V _like domain at the middle.    

BRO1     1 MVQAP-MISVPLKATSEIDWVAPLKNYIRNTYGDDPER---YAEECATLNRLRQDMRGAG 

Bro1p    1 M--KPYLFDLKLKDTEKLDWKKGLSSYLKKSYGSSQWRTFYDEKATSELDHLRNNANGEL 

ALix     1 M--AT-FISVQLKKTSEVDLAKPLVKFIQQTYPSGGEEQAQYCRAAEELSKLRRAAVGRP 

 

 

BRO1    57 KDSTSG-RDLLYRYYGQLELLDLRFPVDEKNIKISFTWFDAFTHK-------PTAQYSLA 

Bro1p   59 APSSL--SEQNLKYYSFLEHLYFRLGSKGSRLKMDFTWYDAEYSSAQK--GLKYTQHTLA 

ALix    58 LDKHEGALETLLRYYDQICSIEPKFPFSENQICLTFTWKDAFDKGSLFGGSVKLALASLG 

 

 

BRO1   109 FEKASIIFNISAVLSCHAAHQLRTEEAGLKTAYHSFQASAGMFTYINENFLH----APSS 

Bro1p  115 FEKSCTLFNIAVIFTQIAREKI-NEDY--KNSIANLTKAFSCFEYLSENFLN----SPSV 

ALix   118 YEKSCVLFNCAALASQIAAEQNLDNDEGLKIAAKHYQFASGAFLHIKETVLSALSREPTV 

 

 

BRO1   165 DLSRETVKTLISIMLAQAQEVFLEKQIADQK---KNGLLAKLSSQAAALYAQAVEGVQEN 

Bro1p  168 DLQSENTRFLANICHAEAQELFVLKLLNDQISSKQYTLISKLSRATCNLFQKCHDFMKEI 

ALix   178 DISPDTVGTLSLIMLAQAQEVFFLKATRDKM---KDAIIAKLANQAADYFGDAFKQCQYK 

 

 

BRO1   222 -VTKAIF-EKVWLSVVQIKLNFMNSLAQYYQALADEDANSYGVAIARLEIAQ-GLAKEAN 

Bro1p  228 DDDVAIYGEPKWKTTVTCKLHFYKSLSAYYHGLHLEEENRVGEAIAFLDFSMQQLISSL- 

ALix   235 -DT---L-PKEVFPVLAAKHCIMQANAEYHQSILAKQQKKFGEEIARLQHAA-ELIKTV- 

 

 

BRO1   279 KMAHSFPTSVPPNSNLTSDCGHILADATKRHLATVKEKLEELNKENDMIYHQPVPAEASV 

Bro1p  287 ----------PFKTWLVE---FIDFD---GFKETLEKKQKELIKDNDFIYHESVPAVVQV 

ALix   288 ----------ASR--YDE---YVNVK---DFSDKINRALTAAKKDNDFIYHDRVPDLKDL 

 

 

BRO1   339 APVPKLPAAKPIP-------VSELYAGQDIQRITGPDLFAKIVPLAVTESASLYDEEKAK 

Bro1p  331 DSIKALDAIKSPTWEKILEPYMQDVA----NK--CDSLYRGIIPLDVYEKESIYSEEKAT 

ALix   330 DPIGKATLVKSTP-------VNVPIS----QK--FTDLFEKMVPVSVQQSLAAYNQRKAD 

 

 

BRO1   392 LVRAETERVETANSEMAASLDYLRLPGALQVLKGGF-DQDILPDE---------DFRTWC 

Bro1p  385 LLRKQVEETETANLEYSSFIEFTNLPRLLSDLEKQFSDGNIFSNTDTQGQLMRDQIQTWC 

ALix   377 LVNRSIAQMREATTLANGVLASLNLPAAIEDVSGDTVPQSILTKSR--SVIEQGGIQTVD 

 

 

BRO1   442 VDVADHESPHRIFEYLHTEKQAISTILDKSSRQLDMEESVCEKMRSKYDAEWTQQPSSRL 

Bro1p  445 KFIQTNE--------FRDIEEQMNKIVFKRKQILEI--------------------LSAL 

ALix   435 QLI--KE--------LPELLQRNREILDESLRLLDEEEATDNDLRAKFKERWQRTPSNEL 

 

 

BRO1   502 TTTLRTDIRRYREALEVAAKSDGQLATKLRANETELDEMRQAAQHGEIDELFQRAVRKSR 

Bro1p  477 PNDQKENVTKLKSSLVAASNSDEKLFACVKPHIVEINLLNDN---GKIW-------KKFD 

ALix   485 YKPLRAEGTNFRTVLDKAVQADGQVKECYQSHRDTIVLLCK------------------- 

 

 

BRO1   562 KSNPNSPATVEPNLLEADFDDGGPSV----VEQIQKVEDILKKLSLVKKERLQVLQDLKQ 

Bro1p  527 EFNRNTP--PQPSLLDID-DTKNDKI----LELLKQVKGHAEDLRTLKEERSRNLSELRD 

ALix   526 ---------PEPELN-AAIPSANPAKTMQGSEVVNVLKSLLSNLDEVKKEREGLENDLKS 
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BRO1   618 KAHSDDISQILILNKKSIANYEQQLFQQELEKFR-PHQNRLVQASHKQAALMRELTVTFN 

Bro1p  580 KINNDDITKLLIINKGKSDVELKDLFEVELEKFE-PLSTRIEATIYKQSSMIDDIKAKLD 

ALix   576 -VNFDMTSKFLTALAQDGVINEEALSVTELDRVYGGLTTKVQESLKKQEGLLKNIQVSHQ 

 

 

BRO1   677 NLLQDKRVRADQSRYESVQRSRTSVINKYKRAYQEFLDLEAGLQSAKNWYKDMRQEAESL 

Bro1p  639 EIFHLSNFKDKSSGEEKFLEDRKNFFDKLQEAVKSFSIFASDLPKGIEFYDSLFNMSRDL 

ALix   635 EFSKMKQS-----NNEAN--LREEVLKNLATAYDNFVELVANLKEGTKFYNELTEILVRF 

 

 

BRO1   737 EKNVEAFVNNRRAEGAQLLNQIEQDRAANKSSHAALEQERLKNLMERMSMDPS-PTSPKP 

Bro1p  699 A------------ERVRVAKQTEDSTANSPA-------------------PPL-PPLDS- 

ALix   688 QNKCSDIVFARKTERDELLKDLQQSIAREPS-------------------APSIPTPAYQ 

 

 

BRO1   796 SSGSGG----RPTPAPLSFAPAAVSNTPLSAYQKSNFSTQYPASPPATQVPHNPGGQQQ- 

Bro1p  726 ---------------------------------------KASVVGGPPLLPQKSAAFQSL 

ALix   729 SLPAGGHAPTPPTPAPRTMPPT---------------KPQPPARPPPPVLPANRAPSA-- 

 

BRO1   851 ---------------------------TPYQQYNPSSLGRIPGPASPP--PNQTSFNIGP 

Bro1p  747 SRQGLNLGDQFQNLKISAGSDLPQGPGIPPRTYEASPYAATPTMAAPPVPPKQSQEDMYD 

ALix   772 --------------------------------TAPSPVGA--GTAAPA--PSQT------ 

 

 

BRO1   882 GRHPASPPPTQTSFAQSRPYSLTTYGNPSALNPQGGQPQQSQPGGYVPPGFVPPPPPPGP 

Bro1p  807 LRRRKAVENEE-RELQENPTS--------------------------------------- 

ALix   790 ---PGSAPPPQ---AQGPPYP-------------------TYPG---YPGYCQMP----- 

 

 

BRO1   942 PPLGPQQTVHYGGNEYYAG--AMGNPNIGRPGSGQQG-PQGQQGGWGQP-PPQQQLYQQQ 

Bro1p  827 --------------------------------------------FYNRPSVFDENMYSKY 

ALix   817 --------MPMGYNPYAYGQYNMPYPPVYHQSPGQAPYPGPQQPSYPFPQPPQQSYYPQQ 

 

 

BRO1   998 GGGGGDPWAGLSAWK 

Bro1p  843 SS------------- 

ALix   869 --------------- 

* Annotation of the proteins mentioned here is mostly based on sequence similarity and not on experimental evidence of the actual 

protein function.  
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Table 6.1 Quantification of germination and chemotropic interaction of the strain GN9-69 (∆bro1) and the 

control strain GN5-09 on MM and MM + hyg (100mg/mL). 

WT - MM 

N Spores Germinated  Ratio (Ger/spore) % Interacting Ratio (Int/spore) % 

R1 107 68 63.55 44 64.71 

R2 105 78 74.29 56 71.79 

R3 99 74 74.75 60 81.08 

M 
  

70.86 
 

72.53 

SD 
  

6.33 
 

8.21 

SE   
 

3.66 
 

4.74 

WT - MM/Heg 

N spoors Germinated  Ratio (Ger/spore) % Interacting Ratio (Int/ spore) % 

R1 108 73 67.59 57 78.08 

R2 101 77 76.24 56 72.73 

R3 108 80 74.07 63 78.75 

M 
  

72.63 
 

76.52 

SD 
  

4.50 
 

3.30 

SE 
  

2.60 
 

1.91 

 
∆bro1 - MM 

N Spores Germinated  Ratio (Ger/spore) % Interacting Ratio (Int/spore) % 

R1 101 66 65.35 25 37.88 

R2 109 62 56.88 19 30.65 

R3 109 71 65.14 42 59.15 

M 
  

62.45 
 

42.56 

SD 
  

4.83 
 

14.82 

SE 
  

2.79 
 

8.56 

∆bro1 - MM/Heg 

N Spores Germinated  Ratio (Ger/spore) % Interacting Ratio (Int/spore) % 

R1 103 5 4.85 0 0.00 

R2 106 8 7.55 0 0.00 

R3 105 7 6.67 0 0.00 

M 
  

6.36 
 

0.00 

SD 
  

1.37 
 

0 

SE 
  

0.79 
 

0 
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6.2 Appendix of the article 3.2 

Fig 6.3 PCR test to confirm bro1cm strains are Homokaryotic; Left check the promoter Ptcu-1 at bro1 

locus, right check the promoter Pbro1 at the native locus. 

 

 

 

 

 

  

Table 6.2 Quantification of the length of the aerial hyphae of the wild-type strain and the bro1 conditional 

mutant bro1cm H17 strain.  

WT bro1cm 

Concentration  Free Cu 1µM Cu 50 µM Cu Free Cu 1 µM Cu 50 µM Cu 

R1 6.6 6.78 6.02 6.14 4.58 2.56 

R2 4.8 4.32 4.14 4.22 4.46 1.86 

R3 3.98 3.86 4.12 3.83 4.32 1.96 

Average 5.13 4.99 4.76 4.73 4.45 2.13 

SD 1.34 1.57 1.09 1.24 0.13 0.38 

SE 0.77 0.91 0.63 0.71 0.08 0.22 

 

Table 6.3 Quantification of the conidiation rate of the wild-type strain and the bro1 conditional mutant 

bro1cm H17 strain. 

WT bro1cm 

Concentration  Free Cu 1µM Cu 50µM Cu Free Cu 1µM Cu 50µM Cu 

R1 180000000 177500000 168750000 95000000 46250000 2462500 

R2 103750000 156250000 143750000 87500000 28750000 4000000 

R3 157500000 157500000 155000000 118750000 98750000 16250000 

R4 116250000 231250000 147500000 110000000 41250000 14500000 

R5 160000000 212500000 201250000 163750000 41250000 8250000 

Average  143500000 187000000 163250000 115000000 51250000 9092500 

SD 32105782 33594549 23294983 29882583 27329013.89 6145549.711 

SE 14358142 15023939 10417833 13363897 12221906.56 2748373.383 

 

 

 M    1     2     3       4      5    6    7     8     9    10    11   WT  H2o  M    1     2     3       4      5    6    7     8     9     10      11      WT  H2o  
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Table 6.4 Quantification of the daily liner growth of the wild-type strain and the bro1 conditional mutant 

bro1cm H17 strain. 

WT bro1cm 

Concentration  Free C 1µM Cu 50µM Cu Free Cu 1µM Cu 50µM Cu 

R1 7.58 7.47 7.9 7.71 7.43 7.29 

R2 7.18 7.58 7.79 7.11 7.98 8.5 

R3 7.3 7.78 7.92 7.65 8.55 7.87 

Average  7.35 7.61 7.87 7.49 7.99 7.89 

SD 0.21 0.16 0.07 0.33 0.56 0.61 

SE 0.15 0.11 0.05 0.23 0.40 0.43 

 

Table 6.5 Quantification of germination rate at different time points of the wild-type strain and the bro1 

conditional mutant bro1cm H17 strain.  

WT  Free Cu  1µM Cu  50µM Cu 

 Time points  2h 4h 6h 2h 4h 6h 2h 4h 6h 

R1 67.11 91.78 93.02 74.33 88.59 97.33 41.88 69.08 88.35 

R2 70.43 91.75 93.69 84.67 97.68 97.33 62.9 79.74 90.19 

R3 63.93 80.13 93.69 74.67 94.37 95.36 60.51 84.72 90.07 

Average 67.16 87.89 93.47 77.89 93.55 96.67 55.10 77.85 89.54 

SD 3.25 6.72 0.39 5.87 4.60 1.14 11.51 7.99 1.03 

SE 1.88 3.88 0.22 3.39 2.66 0.66 6.64 4.61 0.59 

H17  Free Cu 1µM Cu 50µM Cu 

Time points  2h 4h 6h 2h 4h 6h 2h 4h 6h 

R1 15.33 82.4

9 

88.56 11.1

5 

86.8

6 

93.67 7 52.15 87.33 

R2 12.22 75.6

7 

93.04 16.6

7 

84.1

1 

91.75 7.17 60.98 81.17 

R3 10.44 77.1

2 

89.81 18.5

1 

84.3

9 

93.77 12.62 69.51 81.4 

Average 12.66 78.4

3 

90.47 15.4

4 

85.1

2 

93.06 8.93 60.88 83.3 

SD 2.47 3.59 2.31 3.83 1.51 1.14 3.20 8.68 3.49 

SE 1.43 2.07 1.33 2.21 0.87 0.66 1.85 5.01 2.02 
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Table 6.6 Quantification of germlings type of the wild-type strain and the H17 strain. 

WT Free Cu 1µM Cu 50µM Cu 

  Type I Type II Type I Type II Type I Type II 

R1 96.67 3.33 95.99 4.01 97.33 2.67 

R2 95.67 4.33 96.67 3.33 96.4 3.6 

R3 94.79 5.21 96.43 3.57 95.73 4.27 

Averag

e  

95.71 4.29 96.36 3.64 97.33 2.67 

SD 0.94 0.94 0.34 0.34 0.80 0.80 

SE 0.54 0.54 0.20 0.20 0.46 0.46 

H17 Free Cu 1µM Cu 50µM Cu 

  Type I Type II Type I Type II Type I Type II 

R1 95.38 4.62 87.3 12.7 77.33 22.67 

R2 93.67 6.33 86.75 13.25 67.69 30.33 

R3 94.37 5.63 88.41 11.59 74.24 29.83 

Averag

e  

94.47 5.53 87.49 12.51 73.09 27.61 

SD 0.86 0.86 0.85 0.85 4.92 4.29 

SE 0.50 0.50 0.49 0.49 2.84 2.47 

 

Table 6.7 Quantification of germination and chemotropic interaction of the wild-type strain and the bro1 

conditional mutant bro1cm H17 strain. 

WT Free Cu 1µM Cu 50µM Cu 

Concentration Germination rate Interaction rate Germination rate Interaction rate Germination rate  Interaction rate  

R1 83.91 79.45 90.73 78.5 88.3 74.77 

R2 90.14 73.19 91.48 77.38 89.34 77.7 

R3 91.93 75.4 92.77 80.22 86.56 77.89 

R4 87.19 73.07 92.29 78.03 88.55 76.21 

R5 87.84 76.36 88.06 74.79 87.1 74.85 

Average 88.20 75.49 91.07 77.78 87.97 76.28 

SD 3.05 2.63 1.85 1.98 1.13 1.49 

SE 1.36 1.17 0.83 0.88 0.50 0.67 

H17 Free Cu 1µM Cu 50µM Cu 

Concentration Germination rate Interaction rate Germination rate Interaction rate Germination rate  Interaction rate  

R1 81.16 53.07 76.56 18.88 80.76 0.59 

R2 91.06 51.53 81.22 19.69 85.24 0 

R3 87.13 51.95 90.06 15.11 86.01 0.69 

R4 80.24 54.77 84.3 24.3 83.39 0.67 

R5 91.67 52.23 91.54 24.39 87 2.06 

Average 86.25 52.71 84.74 20.47 84.48 0.8 

SD 5.37 1.28 6.2 3.93 2.64 1.1 

SE 2.4 0.57 2.77 1.67 1.41 0.51 
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Table 6.8 Quantification of fusion rate of the wild-type strain and the bro1 conditional mutant bro1cm 

strain. 

 WT bro1cm 

Concentration Free Cu    1µM Cu Free Cu 1µM Cu 

R1 81.37 84.16 65 42 

R2 82 83 69 39 

R3 81 82 72 45 

Average 81.46 83.05 68.67 42 

SD 0.51 1.08 3.51 3 

SE 0.29 0.62 2.03 1.73 
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6.3 Appendix of the article 3.3 

Fig 6.4 BRO1-GFPN.P localization at contact zone 

 

 

 

 

 

Fig 6.5 GFP-BRO1 localization during cell-cell interaction.  

 

  

 

 

 

Table 6.9 Quantification of germination and chemotropic interaction of the wild-type strain and the 

BRO1-GFP under the native promoter (N.P) and the overexpression promoter (O.P). 

 
WT N.P BRO1-GFP O.P BRO1-GFP 

 
Germination % Interaction % Germination % Interaction % Germination % Interaction % 

R1 90.03 78.6 88.67 63.91 91.42 71.48 

R2 92.72 81.63 91.8 62.5 89.22 67.77 

R3 89.04 75.75 86.5 60.97 91.94 72.28 

M 90.60 78.66 88.99 62.46 90.86 70.51 

S.D 1.90 2.94 2.66 1.47 1.44 2.41 

S.E 1.10 1.70 1.54 0.85 0.83 1.39 

 

Fig 6.6 PCR conformation of the strains H52 and H55. 

   

 

 

 

 

 

 

M Marker 

1 H52: bro1::hph.Ptcu-1.bro1.gfp/his::gfp-bro1 

2 H53:  bro1::hph.Ptcu-1.bro1.gfp/his::gfp-bro1 

3 H54:  bro1::hph.Ptcu-1.bro1.gfp/his::bro1-gfp 

4 H55:  bro1::hph.Ptcu-1.bro1.gfp/his::bro1-gfp 

5 H56:  bro1::hph.Ptcu-1.bro1.gfp/his::bro1-gfp 

6 H17:  bro1::hph.Ptcu-1.bro1.gfp 

7 Plasmid:  bro1::hph.Ptcu-1.bro1.gfp 

8 WT 

9 ddH2O 

M      1         2         3        4       5        6       7       8      9   
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Table 6.10 Quantification of germlings type of the wild-type strain, the bro1 conditional mutant H17 

strain, and the complemented strains H52 and H55. 

 
Free Cu 50 µM Cu 

  WT H17 H52 H55 WT H17 H52 H55 

R1 2.15 4.22 3.93 3.61 1.99 23.92 1.97 3.64 

R2 1.97 6.89 5 3.61 2.63 19.17 3.29 2.91 

R3 0.98 3.57 6.21 3.99 1.67 18.15 4.3 4.65 

Average  1.7 4.89 5.05 3.74 2.10 20.41 3.19 3.73 

SD 0.63 1.76 1.14 0.22 0.49 3.08 1.17 0.87 

SE 0.36 1.02 0.66 0.13 0.28 1.78 0.67 0.50 

 

Table 6.11 Quantification of germination and chemotropic interaction of the wild-type strain, the bro1 

conditional mutant H17 strain, and the complemented strains H52 and H55. 

 Free Cu 50 µM Cu 

  WT H17 H52 H55 WT H17 H52 H55 

R1 80.7 69.53 85.82 64.31 80.21 0.87 86.44 76.01 

R2 80.6 69.6 81.18 75.63 79.51 0 82.27 67.29 

R3 76.7 65.17 67.05 70.33 85.61 1.73 74.07 86.28 

Average  79.33 68.1 78.02 70.09 81.78 0.867 80.93 76.53 

SD 2.28 2.54 9.78 5.66 3.34 0.87 6.29 9.51 

SE 1.32 1.47 5.64 3.27 1.93 0.50 3.63 5.49 

 

Fig 6.7 Co-localization of SO-GFP and BRO1-mCherry during hyphal fusion.  

 

 

 

 

 

Fig 6.8 Y2H assay revealing the interaction between BRO1 and SO∆WW. 
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Fig 6.9 BRO1 localizes at the contact zone during side-to-side hyphal fusion  
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6.4 Appendix of the article 3.4 

Fig 6.10 Co-localize BRO1 vesicular structure with FM4-64  

Fig 6.11 Co-localize BRO1 with CHS-6. 

 

 

 

 

 

 

Fig 6.12 Co-localize BRO1 with CHS-7. 

 

 

 

 

 

 

Fig 6.13 Co-localize BRO1 with FM4-64 during fusion pore formation.  
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6.5 Appendix of the article 3.5 

Fig 6.14 Localization of SO-GFP in non-interacting cells of the strains brolcm. 

 

 

 

 

 

Fig 6.15 Localization of SIP-GFP in non-interacting cells of the strains brolcm in the absence of Cu2+ ions. 

 

Fig 6.16 Localization of SIP-GFP in non-interacting cells of the strains brolcm in the presence of 

1µmol/ml of Cu2+ ions. 
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Fig 6.17 In ∆Prm1 germlings, BRO1-GFP localized to the interacting cell tips in an oscillatory manner. 

  

 

 

 

 

Fig 6.18 BRO1 localizes at the contact zone during successful fusion in the ΔPrm1 mutant. 

 

 

 

 

 

Table 6.12 Quantification of lysis rate and the invagination in the wild-type strain, ΔPrm1 mutant (A32) 

and ΔPrm1 mutant expressing BRO1-GFP (H135).  

Lysis H135 A32 WT Invagination H135 A32 WT 

R1 11.32 10 1.92 R1 40.57 42.57 0 

R2 10.19 10.58 1.94 R2 40.74 40 0 

R3 11.43 11.88 0.95 R3 41.9 39.22 0 

Average 10.98 10.82 1.6 Average 41.07 40.60 0 

SD 0.69 0.96 0.57 SD 0.72 1.75 0 

SE 0.40 0.56 0.33 SE 0.42 1.01 0 

 

 

 

 

 

 

 

 



Appendix 

221 
 

Table 6.13 Quantification of lysis rate and the invagination in the wild-type strain, ΔPrm1 mutant (A32) 

and double mutants   

 
Free Cu 50 µM Cu 

 
H172 A32 WT H172 A32 WT 

Lysis 

R1 12.75 9.01 1 1.98 11.34 1 

R2 11.88 10.43 0.96 0.99 10.58 1.94 

R3 15.24 11.88 0.95 2 11.88 1.98 

Average 13.29 10.44 1.0 1.66 11.27 1.6 

SD 1.74 1.44 0.03 0.58 0.65 0.55 

SE 1.01 0.83 0.02 0.33 0.38 0.32 

Invagination 

R1 41.18 42.34 0 8.91 42.57 0 

R2 41.58 41.76 0 9.9 40 0 

R3 39.05 39.22 0 10 42.86 0 

Average 40.60 41.11 0 9.60 41.81 0 

SD 1.36 1.66 0 0.60 1.57 0 

SE 0.79 0.96 0 0.35 0.91 0 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

222 
 

6.6 Appendix of the article 3.7 

Table 6.14 Quantification of the number of the protoperithecia formed by the wild-type strain and the 

bro1 conditional mutant H17 strain. 

 WT H17 
 

Free Cu 1 µM Cu 5 µM Cu 10 µM Cu Free Cu 1 µM Cu 5 µM Cu 10 µM Cu 

R1 216.35 180.79 146.61 98.25 126.67 64.3 0 0 

R2 93.3 150.95 115.87 148.73 123.97 70 3.33 0.48 

R3 133 155 172.38 155.24 138.57 94.13 6.67 0.48 

Average 147.55 162.25 144.95 134.07 129.74 76.14 3.33 0.32 

SD 62.80 16.19 28.29 31.19 7.77 15.84 3.34 0.28 

SE 36.26 9.35 16.33 18.01 4.48 9.14 1.93 0.16 

 

Table 6.15 Quantification of the number of the protoperithecia formed by the wild-type strain, the bro1 

conditional mutant H17 strain and the complemented strains H52 and H55. 

 WT H17 H52 H55 

Concentration Free Cu 5 µM Cu Free Cu 5 µM Cu Free Cu 5 µM Cu Free Cu 5 µM Cu 

R1 131.11 115.87 116 24.92 150.16 154.44 134.6 163.16 

R2 150.16 154.44 139.37 7.62 111.59 90.79 96.35 145.24 

R3 104.76 118.73 80.63 16.51 111.75 98.25 81.27 110 

Average 128.68 129.68 112.00 16.35 124.50 114.49 104.07 139.47 

SD 22.80 21.49 29.57 8.65 22.22 34.80 27.49 27.05 

SE 13.16 12.41 17.07 4.99 12.83 20.09 15.87 15.62 
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6.7 Appendix of the article 3.12 

Table 6.16 Quantification of the observation of twisting cell fusion growth during partial inhibition of 

RAC-1. Control (H2O) and 25 µmol (NSC23766). 

 25% inh. 6h - entangled 

rate 

25% inh.+ Ca 6h circulate 25% inh.- Ca 6h circulate 25% inh. ∆so 6h circulate 

 Inh. Control Inh. Control Inh. Control Inh. Control 

R1 31.62 1.77 11.3 0.96 0.88 0 0 1 

R2 31.93 0.92 12.5 0 0 0.94 0 0 

R3 27.78 0.94 10.48 0.9 0.87 0.92 1.8 0 

Average 30.44 1.21 11.43 0.62 0.58 0.62 0.60 0.33 

SD 2.31 0.49 1.02 0.54 0.51 0.54 1.04 0.58 

SE 1.33 0.28 0.59 0.31 0.29 0.31 0.60 0.33 
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6.8 Appendix of the article 4.2 

Table 6.17 Quantification of the length of the aerial hyphae of the wild-type strain and the strains ∆so and 

∆sip-1.  

 
WT ∆so ∆sip-1 

R1 6.5 3.8 3.8 

R2 7.5 4 5.2 

R3 10 4.2 4.2 

Average 8 4 4.4 

SD 1.80 0.2 0.72 

SE 1.04 0.12 0.42 

 

6.9 Appendix of the article 4.9 

Fig 6.19 BRO1-GFP localization after treatment with lysis enzymes and tomatine.  
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