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Summary 

The striatin-interacting phosphatase and kinase (STRIPAK)-complex is highly conserved 

and can be found in fungi and animals. In the filamentous ascomycete Sordaria macrospora 

(Sm), the SmSTRIPAK plays an important role in hyphal fusion, sexual development, 

septation and growth. In previous studies, pulldown experiments of SmSTRIPAK-

components as baits coupled to liquid chromatography-mass spectrometry (LC-MS) 

provided a variety of possible interaction partners. This work gives insights into three of 

these pulled-down proteins, namely: the actin-related protein 1 (ARP1), the pore-

membrane protein of 33 kDa (POM33) and the vacuolar-morphology protein 14 (VAC14), 

which are all part of large and conserved individual multiprotein complexes themselves. 

ARP1 is the most abundant protein in dynactin and is involved in mediating retrograde 

transport of various cargos on microtubules via the dynein-dynactin complex. In this 

study, SmARP1 was shown to be important for proper hyphal growth and fungal 

development. Fluorescence microscopy revealed that its localization is a dynamic process 

and that SmARP1 localizes subapical to the Spitzenkörper (SPK) as well as in close 

association with nuclei. Due to these characteristics, SmARP1 was established as a marker 

protein for actively growing hyphae and cell polarity. 

In the second project, the transmembrane protein POM33 as putative part of the nuclear-

pore complex (NPC) was analyzed. Thereby it was shown that deletion of Smpom33 has 

no impact on sexual development even under stress conditions. Additionally, 

fluorescence microscopic investigations showed that SmPOM33 localizes at the nuclear 

envelope (NE) and the endoplasmic reticulum (ER). After LC-MS analysis, proteins of the 

ER were identified as potential interactors. This led to the conclusion that SmPOM33 is 

rather an ER protein than a component of the NPC. 

In the third project, VAC14 as scaffolding subunit of the Fab1p/PIKfyve-complex was 

investigated. Vac14p/ArPIKfyve localizes to the vacuolar membrane in yeast and to 

membranes of endolysosomes in mammals, respectively. There, it facilitates the turnover 

and synthesis of PtdIns(3,5)P2 that functions in multiple processes including organelle 

morphology, acidification of endolysosomes and autophagy. The data presented here 

investigated VAC14 for the first time in a filamentous fungus. In S. macrospora, SmVAC14 
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co-localizes with the ER, Golgi, vacuolar membranes, early and late endosomes and the 

SmSTRIPAK-component SCI1. Moreover, the ∆vac14 mutant showed deformed 

perithecia, impairment of ascospore formation, and altered vacuolar morphology. 

Furthermore, the ∆vac14 mutant displayed an increased sensitivity to diverse types of 

stresses; however, autophagy was not affected.  

This work revealed that the three proteins presumably interacting with components of the 

STRIPAK-complex analyzed here, likewise are part of separate multiprotein complexes, 

and ARP1 and VAC14 are also required for accurate sexual development in S. macrospora. 
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Zusammenfassung 

Der STRIPAK (striatin-interacting phosphatase and kinase)-Komplex ist in Pilzen und 

Tieren hoch konserviert. In dem filamentösen Ascomyceten Sordaria macrospora (Sm) 

kommt dem SmSTRIPAK eine wichtige Rolle bei der Hyphenfusion, sexuellen 

Entwicklung, Septierung und dem Wachstum zu. Durch Pulldown-Experimente mit 

SmSTRIPAK-Komponenten als Köder, konnten massenspektrometrisch eine Vielzahl 

möglicher Interaktionspartner identifiziert werden. Diese Arbeit gibt Einblicke in drei 

mögliche Interaktionspartner des SmSTRIPAK-Komplexes: ARP1 (actin-related protein 

1), POM33 (pore-membrane protein of 33 kDa) und VAC14 (vacuolar-morphology protein 

14). Sie alle sind selbst Komponenten großer und konservierter individueller 

Multiproteinkomplexe. ARP1 ist das am häufigsten vorkommende Protein in Dynactin 

und ist an dem retrograden Transport verschiedener Frachten auf Mikrotubuli durch den 

Dynein-Dynactin-Komplex beteiligt. In dieser Studie konnte gezeigt werden, dass 

SmARP1 für das Hyphenwachstum und die Pilzentwicklung wichtig ist. Mittels 

Fluoreszenzmikroskopie konnte gezeigt werden, dass die zelluläre Lokalisierung dieses 

Proteins dynamisch ist und es teilweise mit Zellkernen assoziiert ist, sowie subapikal in 

der Nähe des Spitzenkörpers (SPK) lokalisiert. Aufgrund dieser Charakteristika wurde 

SmARP1 als Markerprotein für aktiv wachsende Hyphen und Zellpolarität etabliert. 

Im zweiten Projekt wurde das Transmembranprotein POM33, welches in anderen 

Organismen mit dem Kernporenkomplex (NPC) assoziiert ist, analysiert. Dabei wurde 

gezeigt, dass die Eliminierung des Smpom33 Gens selbst unter Stressbedingungen keine 

Auswirkungen auf die sexuelle Entwicklung von S. macrospora hat. Darüber hinaus 

zeigten fluoreszenzmikroskopische Untersuchungen, dass SmPOM33 an der Kernhülle 

sowie am endoplasmatischen Retikulum (ER) lokalisiert. Nach einer 

massenspektrometrischen Analyse wurden Proteine des ERs als potenzielle Interaktions-

partner identifiziert. Demnach ist SmPOM33 eher ein ER-Protein als ein Bestandteil des 

NPCs. 

Im dritten Projekt dieser Arbeit wurde das Protein VAC14 untersucht. Es ist die 

gerüstbildende Untereinheit des Fab1p/PIKfyve-Komplexes, der in Hefe an der 

Vakuolenmembran und in Säugetieren an den Membranen von Endolysosomen 
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lokalisiert ist. Er regelt den Umsatz und die Synthese von PtdIns(3,5)P2, welches bei 

zahlreichen zellulären Prozessen wie Organellenmorphologie, Ansäuerung von 

Endolysosomen und Autophagie beteiligt ist. In dieser Studie wurde VAC14 zum ersten 

Mal in filamentösen Pilzen untersucht. Demnach kolokalisiert SmVAC14 mit dem ER, 

Golgi, vesikulären Membranen, frühen und späten Endosomen und der SmSTRIPAK-

Komponente SCI1. Darüber hinaus zeigte die ∆vac14 Mutante deformierte Perithezien, 

eine Beeinträchtigung der Ascosporenbildung sowie eine veränderte 

Vakuolenmorphologie. Des Weiteren ist eine ∆vac14 Mutante sensitiver gegenüber 

verschiedenen Arten von Stress, ist jedoch nicht in dem Prozess der Autophagie 

beeinträchtigt. 

Diese Arbeit zeigt, dass die drei hier analysierten Proteine selbst Teil separater 

Multiproteinkomplexe sind und dass sowohl ARP1 als auch VAC14 für die korrekte 

sexuelle Entwicklung in S. macrospora erforderlich sind. 
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1. Introduction 

Basic research is an elementary field to collect knowledge for further scientific studies. 

This research area includes the use of model organisms like bacteria, viruses, fungi, plants 

or animals for biological and biomedical studies. In the field of genetics, model organisms 

serve to understand intracellular mechanisms in more detail so that general discoveries 

can be assigned to higher organisms including humans. With the filamentous fungus 

Sordaria macrospora (Sm), conserved processes like sexual development and meiosis as well 

as autophagy can be investigated. Moreover, function and involvement of signaling 

complexes, like the striatin-interacting phosphatase and kinase (STRIPAK)-complex, in 

cellular processes can be explored. Resulting findings can promote the invention of 

therapeutics and targeted drug design since dysfunction in homologous multiprotein 

complexes and signaling pathways can lead to developmental disorders and 

neurodegenerative diseases in humans. 

1.1 Sordaria macrospora as fungal model organism 

In addition to the kingdom of animalia and plantae, fungi constitute a separate large 

kingdom among eukaryotic organisms (Engh et al., 2010). It is estimated that about 1.5 

million fungal species exist in nature (Hawksworth, 2001). Due to their ability of 

producing secondary metabolites like antibiotics that can be used for pharmaceutical and 

food industries, fungi play an important role in research and applied science (Engh et al., 

2010). Fungi are true eukaryotes that can be either uni- or multicellular. The baker’s yeast 

Saccharomyces cerevisiae represents the most prominent unicellular fungal model organism 

that is used as main model system in eukaryotic cell biology (Botstein and Fink, 1988; Engh 

et al., 2010; Kück et al., 2009). On the contrary, the use of multicellular model organisms 

like filamentous fungi is essential in scientific research because complex cellular processes 

and interactions are different from unicellular model fungi. Moreover, filamentous fungi 

are more closely related to mammals than to plants making them suitable model 

organisms to study molecular processes and mechanisms also found in higher eukaryotes 

(Pace, 2009; Van der Klei and Veenhuis, 2006). The most important characteristics of 

filamentous fungi is the extreme polarized growth of their hyphae accompanied by vesicle 
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transport towards the apex as well as their ability to produce multicellular structures to 

protect and disseminate sexual and asexual spores.  

In its natural habitat, the coprophilic filamentous ascomycete S. macrospora colonizes the 

dung of herbivorous, and is closely related to the fungal models Podospora anserina and 

Neurospora crassa, all of which belong to the family of Sordariaceae (Kück et al., 2009; 

Teichert et al., 2014). Other than P. anserina and N. crassa, S. macrospora is a homothallic 

fungus, which means that it does not need a mating partner for sexual reproduction. The 

effect of recessive mutations leading to defective fruiting-body formation can be directly 

observed making S. macrospora a suitable model to study sexual development (Kück et al., 

2009; Pöggeler et al., 2006; Teichert et al., 2014; Teichert et al., 2020). Another advantage is 

the lack of vegetative sporulation hence the existence of only one developmental program 

ensures that no contaminations or unwanted interactions between sexual and asexual 

development disturb experimental observations (Kück et al., 2009; Teichert et al., 2014; 

Teichert et al., 2020).  

Furthermore, the life cycle of S. macrospora is rather short and can be completed within 

seven days under laboratory conditions (Kück et al., 2009) (Figure 1). It starts with a 

germinating ascospore generating a vegetative haploid mycelium consisting of 

interconnected multinucleate hyphae. The mycelium differentiates, after growth for 2-3 

days, into ascogonia, the female gametangia. Subsequently, within 4 days ascogenous cells 

are enveloped by sterile hyphae to produce round protoperithecia, the unpigmented 

fruiting-body precursors, that vary in size from 30-90 µm in diameter. Inside the 

protoperithecia self-fertilization and tissue differentiation take place followed by the 

buildup of an outer melanized peridial layer resulting in the formation of melanin-

pigmented large protoperithecia (Engh et al., 2010; Kück et al., 2009). In ascogenous hyphal 

tips, two nuclei pair up and a hook-like structure called crozier is formed. Subsequently, 

synchronous mitotic division takes place followed by the formation of two septa. In the 

resulting apical cell, the two nuclei fuse with each other and after this process of 

karyogamy, a diploid nucleus develops followed by meiosis and a post-meiotic mitosis. 

After 6-7 days, the pear-shaped mature fruiting bodies, the perithecia, are formed. These 

harbor approximately 200 asci, each containing 8 linear-arranged black ascospores which 

are discharged trough the apical pore (ostiolum) at the tip of the neck of the mature 
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fruiting body (Kück et al., 2009; Pöggeler et al., 2006). Thereafter, ascospores start to 

germinate and the life cycle can start again (Engh et al., 2010; Esser, 1982; Kück et al., 2009). 

 

Figure 1: The life cycle of S. macrospora. 

The life cycle starts with a germinating ascospore forming a vegetative mycelium that differentiates 

after 3 days into an ascogonium, the female gametangia. Development of protoperithecia, the 

fruiting-body precursors, into mature perithecia occurs within 4-7 days. Inside the pear-shaped 

mature fruiting-body, 8 linear-ordered black ascospores are incorporated per ascus. Mature 

ascospores are discharged through the ostiolum. Modified from Kück et al., 2009. 

Besides self-fertilization, consequent mutant testing, and its short life-cycle, there are other 

advantages to use S. macrospora as multicellular model organism. For instance, many 

molecular tools and genetic methods are available to analyze genes and proteins of this 

fungus. Additionally, S. macrospora is not harmful and can easily be manipulated and 

cultivated under laboratory conditions (Kück et al., 2009). Moreover, next generation 

sequencing techniques facilitated whole sequencing of the haploid 39.8 Mb genome with 

10.000 predicted genes distributed on seven chromosomes (Nowrousian et al., 2010).  
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The development of the vegetative mycelium into diverse specialized tissues during 

sexual reproduction requires exact regulation. This is facilitated by several multiprotein 

complexes controlling important molecular pathways and mechanisms. 

1.2 The STRIPAK-complex 

The STRIPAK-complex was initially identified in mammals but its components are 

conserved among eukaryotes (Goudreault et al., 2009). Name-giving for the striatin-

interacting phosphatase and kinase (STRIPAK)-complex is the association of 

phosphatases and kinases with the scaffold protein striatin. By phosphorylation and 

dephosphorylation of multiple substrates, diverse signaling pathways influencing cell 

proliferation are regulated (Farrell and O'Farrell, 2014; Grallert et al., 2015).  

The scaffolding subunit of the STRIPAK-complex are striatins, which belong to protein 

phosphatase PP2A B-type regulatory subunits (Figure 2). More precisely, 4 protein 

families termed B, B’, B’’ and B’’’ constitute these B-type subunits and striatins represent 

the B’’’ family (Figure 2) (Sents et al., 2013). Striatins were detected in rat brain, the dorsal 

part of the striatum as well as in the nervous system at motor neurons with presence in 

dendritic spines (Castets et al., 1996; Goudreault et al., 2009). In mammals, two paralogs of 

striatin (STRN1) exist, the S/G2 nuclear autoantigen SG2NA (STRN3) and zinedin (STRN4) 

(Castets et al., 1996; Castets et al., 2000; Muro et al., 1995). Interestingly, striatin and its 

paralogs are found in diverse cellular tissues including liver and cardiac muscle cells 

(Castets et al., 2000; Moreno et al., 2000). 

The mammalian STRIPAK-complex consists of several subunits (Figure 2) including the 

protein phosphatase 2 A (PP2A), which is formed by each of the structural alpha isoform 

of PP2A (PP2AA) and the PP2A catalytic subunit (PP2Ac). The scaffolding heterotetramer 

of striatin, the striatin-interacting proteins 1 and 2 (STRIP1/2) as well as the sarcolemmal 

membrane-associated protein (SLMAP) and its paralog tumor necrosis factor receptor-

associated factor 3-interacting protein 3 (TRAF3IP3). Moreover, the monopolar spindle 

one binder 3 (MOB3 also named MOB4 or phocein) as well as members of the mammalian 

sterile 20 (STE20)-like serine/threonine protein kinases germinal center kinase III (GCKIII) 

subfamily including MST3 (also named STK24), MST4 (also named STK26) and STK25 

(also named YSK1 or SOK1) are subunits of the STRIPAK. In addition, cerebral cavernous 



  INTRODUCTION 

9 

malformation 3 (CCM3) as well as the coiled-coil (CC) protein suppressor of IκB kinase-e 

(IKKε), SIKE, and its paralog fibroblast growth factor receptor 1 oncogene partner 2 

(FGFR1OP2), and the cortactin-binding protein 2 (CTTNBP2) as well as its paralog 

CTTNBP2 N-terminal-like protein (CTTNBP2NL) are part of the mammalian STRIPAK-

complex (Glatter et al., 2009; Goudreault et al., 2009; Jeong et al., 2021; Kean et al., 2011). It 

is suggested that two mutually exclusive STRIPAK-subcomplexes (I and II) are formed in 

mammals. Subcomplex I contains the striatin-assembly of SLMAP/TRAF3IP3-

SIKE/FGFR1OP2. In contrast, subcomplex II lacks this connection and instead contains 

CTTNBP2/CTTNBP2NL (Goudreault et al., 2009). For simplicity, only the composition of 

subcomplex I is shown in Figure 2. 

 

Figure 2: Structure of the mammalian STRIPAK-complex. 

Schematic representation of the mammalian STRIPAK-subcomplex I. PP2AA (red): scaffolding 

subunit of phosphatase 2A (PP2A); PP2Ac (orange): catalytic subunit of PP2A; MOB3 (phocein) 

(green): monopolar spindle one binder 3; STRIP1/2 (yellow): striatin-interacting proteins 1 and 2; 

SLMAP/TRAF3IP3 (purple): sarcolemmal membrane-associated protein/tumor necrosis factor 

receptor-associated factor 3-interacting protein 3; SIKE/FGFR1OP2 (pink): suppressor of IKKε/ 

fibroblast growth factor receptor 1 oncogene partner 2; CCM3 (pale red): cerebral cavernous 

malformation 3; GCKIII (blue): germinal center kinases III including serine/threonine kinases 

MST3/4 and STK25. Interaction platforms of homotetrameric-striatin like N-terminal coiled-coils 

(cyan-shaded helices) and C-terminal WD40-repeats (cyan-shaded beta-propeller) are shown. 

Modified according to Jeong et al., 2021 and Goudreault et al., 2009.  
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In the following, the individual components of the mammalian STRIPAK-complex are 

presented with respect to their modular structure, function and localization. 

As the core scaffolding regulatory subunit of STRIPAK-complexes, striatins consist of 

several functional domains including a caveolin-binding domain (CV), a CC motif, a Ca2+-

calmodulin-binding domain (CaM), and seven WD40-repeats (Benoist et al., 2006; Castets 

et al., 1996; Castets et al., 2000). The CV domain can bind membranous calveolin, the CC 

domains function in heterotetramerization building up a platform for STRIPAK assembly. 

With their CaM domain striatins can interact with calmodulin in a Ca2+-dependent 

manner, thereby functioning as Ca2+-sensors to regulate their subcellular localization 

(Bartoli et al., 1998; Benoist et al., 2006; Castets et al., 1996; Castets et al., 2000; Gaillard et al., 

2001; Jeong et al., 2021; Moreno et al., 2000). The seven 40 amino-acids long WD-repeats 

(W: tryptophane, D: aspartic acid) are located at their C-terminus and form a 7-bladed 

beta-propeller that serve as basis for protein-protein interactions by bringing other 

substrates closely together in the STRIPAK (Hwang and Pallas, 2014; Neer et al., 1994). 

In mammals, the heterotrimeric serine/threonine protein phosphatase PP2A is composed 

of the scaffolding subunit PP2AA that consists of 15 huntingtin-elongation-A subunit-

TOR (HEAT)-repeats providing surface for protein-protein interactions, a catalytic 

subunit PP2Ac and a regulatory subunit PP2AB (Cho and Xu, 2007). Two isoforms of 

PP2AA and PP2Ac exist in mammals, PP2AAα and PP2AAβ, and PP2Acα and PP2Acβ, 

respectively (Janssens et al., 2008; Janssens and Goris, 2001; Sontag, 2001). The scaffolding 

and catalytic subunits, PP2AA and PP2Ac, form a core complex that associates with B-

Type regulatory subunits like B’’’-type striatins (Janssens et al., 2008; Janssens and Goris, 

2001). 

Another core component of the STRIPAK-complex are the STRIP1/2 proteins that are 

composed of CC motifs and potential C-terminal transmembrane domains (TMDs) (Frost 

et al., 2012). STRIPs were shown to interact with striatin and SLMAP. They are present in 

the Golgi and tether centrosomes to it for spindle assembly. Additionally, they are 

antagonistically involved in actin cytoskeleton organization (Bai et al., 2011; Frost et al., 

2012; Goudreault et al., 2009).  

SLMAP is a STRIPAK-compound that consists of an N-terminal forkhead-associated 

domain (FHA), CC motifs and a C-terminal TMD (Frost et al., 2012). The FHA domain 
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binds phosphopeptides of several regulatory proteins, such as the GCKII family members 

MST1 and MST2. Thereby, it mediates their recruitment to the STRIPAK-complex. With 

this interaction, the STRIPAK-complex is associated with Hippo signaling in mammals. 

The CC motifs of SLMAP are required for heterodimerization with SIKE (Byers et al., 2009; 

Couzens et al., 2013; Goudreault et al., 2009; Tang et al., 2019).  

Diverse studies revealed that SLMAP localizes to centrosomes and that the TMD anchors 

the STRIPAK to membranes of the endoplasmic reticulum (ER), the nuclear envelope (NE) 

and mitochondria (Byers et al., 2009; Frost et al., 2012; Goudreault et al., 2009). The SLMAP 

paralog TRAF3IP3 was shown to interact with striatins, MOB3, STRIP1/2, SLMAP, 

FGFR1OP2 and SIKE but it lacks the FHA domain and the TMD (Goudreault et al., 2009). 

The TRAF3IP3 protein was shown to activate the c-Jun N-terminal kinase (JNK) signaling 

in mammals (Dadgostar et al., 2003). 

Additionally, MOB3 is a component of the STRIPAK containing a conserved MOB-

Phocein domain, was shown to localize to the cytosol, membranes and the Golgi, interacts 

with striatins and is presumably involved in vesicular transport (Baillat et al., 2001; Baillat 

et al., 2002; Kück et al., 2019). 

Key developmental processes like cell-cycle control, organization of the cytoskeleton, cell 

growth and apoptosis are regulated by GCKs inducing specific signaling pathways 

(Sugden et al., 2013).  

In addition to the GCKIII-family members MST3/4 and STK25, members of other GCK 

subfamilies were also found to be known kinase components in STRIPAK-complexes. 

They include GCKII-subfamily members MST1 (also named STK4) and MST2 (also named 

STK3), GCKIV-subfamily members misshapen-like kinase 1 (MINK1) and TRAF2 and 

NCK-interacting protein kinase (TNIK) as well as mitogen-activated protein kinase 

(MAPK) kinase kinase kinase 4 (MAPK4K) (Couzens et al., 2013; Fuller et al., 2021; 

Goudreault et al., 2009; Hauri et al., 2013; Hyodo et al., 2012; Kim et al., 2020; Ribeiro et al., 

2010; Tang et al., 2019). The upstream kinases of the mammalian Hippo signaling pathway 

MST1 and MST2 were recently shown to be recruited to the STRIPAK-complex in a 

phosphorylation-dependent manner by a “2-arm” assembly via STRIP1 and SIKE-SLMAP 

(Tang et al., 2019). In animals, organ size is controlled by GCKII members regulating cell 

proliferation and cytokinesis (Sugden et al., 2013). Moreover, members of the GCKIII 
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subfamily are regulators of MAPK-cascades as well as apoptosis and associate with the 

Golgi, centrosomes and the nucleus to facilitate cell migration and polarity (Sugden et al., 

2013). Members of the GCKIV subfamily can activate the JNK and p38 pathways inducing 

cytoskeletal changes (Dan et al., 2000; Fuller et al., 2021).  

The mammalian CCM3 protein associates with the GCKIII members MST3/4 and STK25 

thus increasing MST4 activity and inducing the MAPK/ERK pathway even under 

oxidative stress to enhance cell growth (Fidalgo et al., 2010; Goudreault et al., 2009; Kück 

et al., 2019; Ma et al., 2007; Zhang et al., 2012). However, the direct or indirect interactions 

of striatins with kinases via adaptor proteins have not been exclusively elucidated (Tang 

et al., 2019). 

The small CC proteins SIKE and its paralog FGFR1OP2 are components of the mammalian 

STRIPAK-subcomplex I and are involved in regulatory gene expression of toll-like (TL) 

receptors during immune response and oral-wound closure, respectively (Ito et al., 2010; 

Lin et al., 2010). 

The two CTTNBP2 and CTTNBP2NL proteins are part of the mammalian STRIPAK-

subcomplex II, contain CC domains and are reported to be connected to phosphorylation 

and regulation of actin cytoskeleton in neuronal cells (Goudreault et al., 2009).  

The diverse subcellular localizations of STRIPAK subunits suggest that this complex 

bridges multiple organelles such as NE, Golgi, mitochondria, spindle pole bodies (SPBs) 

or centromeres, and the plasma membrane (PM). Thus and by inducing signaling 

pathways, it facilitates communication between organelles in molecular processes such as 

sexual development and cell division (Frost et al., 2012).  

In fact, diverse studies showed that the STRIPAK-components are linked to numerous 

diverse biological functions like the assembly of the Golgi, cell-migration and  

-proliferation, Hippo signaling, cell-cycle control and remodeling of the cytoskeleton as 

well as autophagy and vesicular trafficking (Bazzi et al., 2017; Frost et al., 2012; Huang et 

al., 2017; Kean et al., 2011; Lant et al., 2015; Madsen et al., 2015; Pandey et al., 2017; Ribeiro 

et al., 2010; Zhang et al., 2013; Zheng et al., 2017).  

Since the STRIPAK-complex is linked to various signaling pathways and kinase cascades, 

dysfunction of this large conserved multiprotein complex is associated with various 

human diseases. These include for example autism, type 2 diabetes, epilepsy and stroke, 
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neurodegeneration, Alzheimer's disease, and various types of cancer (Craig et al., 1998; 

Hwang and Pallas, 2014; Janssens and Goris, 2001; Shi et al., 2016).  

Therefore, the elucidation of the connection of the STRIPAK-complex with multiple 

signaling pathways is an interesting field to understand the progression of several human 

diseases. 

1.2.1 STRIPAK-complex orthologs in yeasts, fruit fly and filamentous fungi 

Mammalian STRIPAK-complex orthologs were also identified in the fission yeast 

Schizosaccharomyces pombe, in the baker’s yeast S. cerevisiae, as well as in the fruit fly 

Drosophila melanogaster and filamentous fungi like S. macrospora, N. crassa and 

Aspergillus nidulans. Their compositions are listed in Table 1.  

Table 1: Composition of the human STRIPAK-complex and orthologs in yeasts, fruit fly and 
filamentous fungi. 
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PP2AA PP2AAα/β Paa1p Tpd3p 
Pp2A-
29B 

SipF PP2A-A SmPP2AA 

PP2Ac PP2Acα/β Ppa3 Ppg1p Mts SipE PPG-1 SmPP2Ac1 

striatin 
striatin (STRN1);  
SG2NA (STRN3);  
zinedin (STRN4) 

Csc3p Far8p CKA StrA HAM-3 PRO11 

SLMAP 
SLMAP/TRAF3IP3 or 
CTTNBP2/CTTNBP2NL 

Csc1p 
Far9p/ 
Far10p 

CG17494 SipD HAM-4 PRO45 

STRIP STRIP1/2 Csc2p Far11p CG11526 SipC HAM-2 PRO22 

MOB MOB3/MOB4/phocein - - Mob4 SipA MOB-3 SmMOB3 

small CC SIKE/FGFR1OP2 Csc4p 
Far3p/ 
Far7p 

FGOP2 SipB NCU04324 SCI1 

GCKIII 
MST3 (STK24),  
MST4 (STK26),  
STK25 (YSK1/SOK1) 

- ? 
Hpo, 
Msn, 
GCKIII 

? ? 
SmKIN3, 
SmKIN24 

CCM3 CCM3 - - CG5073 - - - 

dual-
targeted 
protein 

- - - - - NCU09375 SmGPI 

Determinations according to (Castets et al., 1996; Castets et al., 2000; Glatter et al., 2009; Goudreault 

et al., 2009; Jeong et al., 2021; Muro et al., 1995) (for STRIPAK); (Hwang and Pallas, 2014; Singh et al., 

2011) (for SIP); (Goudreault et al., 2009; Kemp and Sprague, 2003; Lai et al., 2011; Lisa-Santamaría et 

al., 2012) (for Far); (Chen et al., 2002; Ribeiro et al., 2010) (for dSTRIPAK); (Elramli et al., 2019) (for 

AnSTRIPAK); (Dettmann et al., 2013) (for NcSTRIPAK); (Beier et al., 2016; Bernhards and Pöggeler, 

2011; Bloemendal et al., 2012; Frey et al., 2015b; Kück et al., 2016; Nordzieke et al., 2015; Pöggeler and 

Kück, 2004; Radchenko et al., 2018; Reschka et al., 2018) (for SmSTRIPAK). Core-STRIPAK 
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components are indicated in light green and kinases (GCKIII) with their recruiter protein in dark 

green. STRIPAK-kinase homologs in N. crassa and S. cerevisiae are POD-6, SID-1, MST-1, and Sps1p, 

respectively but evidence is lacking if they are subunits of the STRIPAK. 

In the following, the individual STRIPAK-complex orthologs of the mentioned organisms 

are briefly described with regard to their localization and function. In S. pombe, the 

septation initiation network (SIN)-inhibitory PP2A (SIP)-complex localizes to SPBs and 

was shown to be important for SIN-assembly to ensure correct septation and cytokinesis 

during mitotic events (Hwang and Pallas, 2014; Singh et al., 2011). 

In S. cerevisiae, the factor arrest (FAR)-complex is important for pheromone-mediated cell-

cycle arrest, involved in autophagy and directly affects signaling of the serine/threonine 

kinase target of rapamycin (TOR). In TOR-signaling, the FAR-complex antagonizes 

complex 2 (TORC2) that functions in cell growth and actin polymerization via 

dephosphorylation of TORC2 substrates (Bartlett and Kim, 2014; Kemp and Sprague, 2003; 

Lisa-Santamaría et al., 2012; Pracheil and Liu, 2013). 

In D. melanogaster (d/D), the dSTRIPAK-complex was proposed to function in 

multicellular development, embryogenesis, plays a role in autophagy and further acts as 

negative regulator of Hippo signaling. The striatin-ortholog CKA is an essential 

component of the DJNK pathway that facilitates dorsal closure of the fly embryo and was 

also localized to autophagosomes (Chen et al., 2002; Neal et al., 2020; Neisch et al., 2017; 

Ribeiro et al., 2010). 

In the filamentous fungus A. nidulans (An), the heptameric orthologous AnSTRIPAK-

complex functions in fungal development, secondary metabolite production as well as in 

stress response by controlling the two MAPK-pathways MpkB and MpkC. The striatin 

StrA was shown to localize to the NE and the endomembrane system (Elramli et al., 2019; 

Irniger et al., 2016; Wang et al., 2010). Moreover, assembly of the functional AnSTRIPAK 

was predicted by the primarily formation of the 3 subcomplexes SipA-StrA (MOB3-

striatin), SipB-SipD (SIKE-SLMAP) and SipE-SipF-SipC (PP2Ac, PP2AA and STRIP1/2) 

interacting with striatin (Elramli et al., 2019). 

In N. crassa (Nc), the NcSTRIPAK-complex controls cell-cell recognition, cell fusion and 

fruiting-body formation. Furthermore, subunits of the complex localize to the NE where 

the NcSTRIPAK accumulates the cell-wall integrity (CWI) MAP kinase MAK-1 important 
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for the cell-wall stress pathway and cell-cell communication (Dettmann et al., 2013; Kück 

et al., 2019). Additionally, the NcSTRIPAK is connected with the MAP kinase MAK-2 that 

affects MAK-1 localization at the nucleus (Dettmann et al., 2013). Homologous GCK family 

members connected to NcSTRIPAK are POD-6, SID-1 and MST-1 but it remains unclear if 

they are subunits of the NcSTRIPAK.  

1.2.2 The SmSTRIPAK-complex of S. macrospora 

In S. macrospora (Sm), the SmSTRIPAK-complex was identified by complementation 

analysis of sterile pro mutants arrested in the developmental stage of protoperithecia 

(Pöggeler and Kück, 2004). In a first analysis, the mutant pro11 that is impaired in sexual 

development was identified. This mutant has a nonsense mutation in the pro11 gene 

(STOP codon at amino-acid position 546) resulting in a truncated PRO11 protein that lacks 

several WD40-repeats. Mutation and deletion of the pro11 gene results in a sterile 

phenotype lacking hyphal fusion. Interestingly, complementation of the pro11 mutant 

with mouse striatin cDNA rescued the sterile phenotype (Pöggeler and Kück, 2004). 

Accordingly, PRO11 is involved in fruiting-body development, and hyphal fusion as well 

as in septation in ascogonia (Bloemendal et al., 2012; Pöggeler and Kück, 2004; Radchenko 

et al., 2018). Further characterization of PRO11 revealed high homology and structural 

similarity to mammalian striatin family members and also to the D. melanogaster CKA 

protein (Pöggeler and Kück, 2004). The S. macrospora human striatin homolog PRO11 

contains seven C-terminal WD40-repeats, a putative Ca2+-CaM-binding site, a putative 

caveolin-binding site and a N-terminal CC motif (Kück et al., 2019; Pöggeler and Kück, 

2004). PRO11 is the major scaffolding unit of the SmSTRIPAK-complex that is composed 

of the scaffolding and catalytic subunits of PP2A, SmPP2AA and SmPP2Ac1, respectively, 

the STRIP1/2 homolog PRO22, and the MOB3 (phocein) homolog SmMOB3 (Table 1). 

Moreover, the GCKIII kinases SmKIN3 and SmKIN24 are recruited to PRO11 (Beier et al., 

2016; Bernhards and Pöggeler, 2011; Bloemendal et al., 2012; Frey et al., 2015b; Radchenko 

et al., 2018). Furthermore, the SLMAP homolog PRO45 and the putative SIKE homolog 

and CC protein STRIPAK-complex interactor 1 (SCI1) were identified as core subunits of 

the SmSTRIPAK (Nordzieke et al., 2015; Reschka et al., 2018). Additionally, the dual-

targeted protein glycosyl-phosphatidylinositol-anchored protein 1 (SmGPI1) was 
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identified to genetically interact with the SmSTRIPAK-compound SmMOB3 (Frey et al., 

2015a). Analyses of knockout mutants of the individual SmSTRIPAK-components showed 

that they exhibited severe defects in vegetative growth, sexual development as well as 

hyphal fusion and septation (Kück et al., 2016; Kück et al., 2019; Teichert et al., 2020). 

Furthermore, fluorescence microscopic investigations revealed diverse subcellular 

localizations of the single SmSTRIPAK-complex compounds within the hypha. 

Accordingly, PRO11 and the putative SIKE homolog SCI1 were found to localize around 

the nucleus and were further identified to physically interact with each other in yeast two-

hybrid (Y2H) assays (Reschka et al., 2018). In addition, SCI1 was found to directly interact 

with PRO45, which in turn interacts with SmMOB3 both showing localization in the NE, 

ER, and mitochondria (Nordzieke et al., 2015; Reschka et al., 2018). Thus, SmMOB3 might 

link the SmSTRIPAK to vesicular traffic and endocytosis by further interacting with 

PRO11 (Bernhards and Pöggeler, 2011; Bloemendal et al., 2012). In addition, the SmMOB3-

interacting protein SmGPI1 was localized in mitochondria, the PM and cell wall (Frey et 

al., 2015a). Furthermore, the STRIP1/2 homolog PRO22 associates with the intermembrane 

system and tubular vacuoles, interacts with PRO11, and is a potential interactor of 

SmPP2Ac1 (Bloemendal et al., 2010; Bloemendal et al., 2012). The catalytic subunit of PP2A, 

SmPP2Ac1, was shown to physically interact with PRO22 and PP2AA in Y2H assays (Beier 

et al., 2016). For the GCKIII members SmKIN3 and SmKIN24, a direct physical interaction 

with PRO11 was detected, indicating a connection between the SmSTRIPAK-complex and 

kinase-dependent signaling pathways. In this context, SmKIN3 was thought to link the 

SIN-pathway with SmSTRIPAK to induce septation and regulate cellular processes (Frey 

et al., 2015b; Radchenko et al., 2018).  

In a recent study using cryogenic electron microscopy (cryo-EM), the structure of the 

human STRIPAK was identified showing that STRN3 forms a heterotetramer via its CC 

motifs to provide a platform for the interaction with one copy each of PP2AA and PP2Ac, 

STRIP1 and MOB4 (Jeong et al., 2021). This structure, modified in Figure 2, can be used as 

a template for the SmSTRIPAK with all hitherto known components (Figure 3). All studies 

of subunit-interactions were included in this figure according to Beier et al., 2016; 

Bernhards and Pöggeler, 2011; Bloemendal et al., 2012; Frey et al., 2015b; Kück et al., 2016; 

Nordzieke et al., 2015; Pöggeler and Kück, 2004; Radchenko et al., 2018; Reschka et al., 2018.  
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Figure 3: Structure of the S. macrospora SmSTRIPAK-complex. 

Schematic representation of the SmSTRIPAK-complex of S. macrospora (Groth et al., 2021). Human 

striatin homolog PRO11 forms a tetramer providing surface for protein-protein interactions 

harboring CC domains (cyan-shaded helices) and WD40-repeats (cyan-shaded beta-propeller). 

SmPP2AA (red): scaffolding subunit of phosphatase PP2A; SmPP2Ac1 (orange): catalytic subunit 

of PP2A; SmMOB3 (green); PRO22 (yellow): STRIP1/2 homolog; PRO45 (purple): SLMAP homolog; 

SCI1 (pink): putative SIKE homolog; SmKIN3/24 (blue): recruited GCKIII kinases. 

1.3 The pulled-down proteins ARP1, POM33 and VAC14 

In pulldown experiments coupled to liquid chromatography-mass spectrometry (LC-MS) 

analysis with the SmSTRIPAK-components PRO11 or SCI1 as bait, numerous proteins 

were pulled down including the cytoskeletal actin-related protein ARP1, the putative 

nucleoporin and ER pore-membrane protein POM33 and the vacuolar-morphology 

protein VAC14 which are all part of individual conserved multiprotein complexes 

themselves (Reschka et al., 2018). In the following section, these proteins are introduced 

one by one.
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1.3.1 The cytoskeletal protein ARP1 

The cytoskeleton is a dynamic network helping cells in diverse functions. These include 

maintenance of the cell shape and mechanical support, cell migration via contraction as 

well as involvement in signaling pathways, endocytosis, chromosome-segregation and 

intracellular transport of several vesicles and organelles (Alberts, 2008; Fletcher and 

Mullins, 2010; Herrmann et al., 2007). Besides microtubules (MTs), actin and intermediate 

filaments are also involved in cytoskeleton assembly. The motor proteins acting on actin 

filaments are myosins that enable sliding of filaments in muscle cells due to contraction as 

well as short-distance transport of vesicles and organelles in the cytoplasm. As part of the 

eukaryotic cytoskeleton, MTs are polarized ever-changing structures made of 13 

protofilaments of α- and β-tubulin heterodimers. They form large structures of 25 nm in 

diameter with the plus end localized at the cell periphery and the minus end at the 

microtubule-organizing center (MTOC or centrosomes) (Keating and Borisy, 1999; Wolf 

and Böhm, 1997). Moreover, dynamic microtubules play an important role in creating cell 

polarity. In eukaryotes, polar tip growth can be found in neurons, root hairs, pollen tubes 

and at the apex of extremely polarized fungal hyphae (Fischer et al., 2008; Riquelme, 2013). 

The microtubule cytoskeleton mediates long-distance movement via the molecular motors 

dyneins together with dynactin (minus-end directed) and kinesins (plus-end directed). 

For simplicity, only dynein and dynactin will be described in more detail here. Human 

cytoplasmic dynein-1 (referred to as dynein) is a large 1.4 MDa multiprotein complex 

(Zhang et al., 2017). It interacts with dynactin to form the dynein-dynactin complex. This 

multiprotein-complex association enables retrograde long-distance transport of various 

cargoes. These include autophagosomes, endosomes, Golgi vesicles and nuclei as well as 

RNA, proteins and viruses (Reck-Peterson et al., 2018).  

In the human 1.1 MDa dynactin complex, the actin-related protein 1 (Arp1) is the most 

abundant protein (Bingham and Schroer, 1999; Gill et al., 1991; Schafer et al., 1994; Schroer 

and Sheetz, 1991). Because Arp1 has been isolated from cells only as a component of 

dynactin, understanding the role of Arp1 depends on knowledge of the function of 

dynactin as a co-factor of the microtubular motor cytoplasmic dynein-1 (Gill et al., 1991; 

Schafer and Schroer, 1999; Schroer and Sheetz, 1991). Arps define a superfamily and are 
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highly conserved in eukaryotes including yeast and filamentous fungi. They play roles in 

vesicle motility, mitosis, dynamics of actin filaments and modulation of the chromatin 

structure. They are predominantly assembled with other proteins in stable complexes 

(Schafer and Schroer, 1999). Notably, members of the Arp family show sequence similarity 

but not identity to actin and were grouped into different subfamilies according to their 

amino-acid sequence (Schroer et al., 1994). Among the several Arps known, Arp1 (also 

referred to ACT5 in S. cerevisiae and Ro-4 in N. crassa) is most similar to actin with the 

ability to polymerize into filaments in an ATP-dependent manner (Bingham and Schroer, 

1999). In mammals, the related Arp1 isoforms α-, β-, and γ-centractin exist with α-

centractin being the most prominent one (Clark et al., 1994).  

Besides Arp1, mammalian dynactin is composed of 11 different polypeptides (23 subunits 

in total) (Carter et al., 2016). The central 37 nm Arp1-filament, containing 8-10 Arp1 

monomers, contains additionally one copy of β-actin and is capped by the F-actin capping 

protein CAPZ at the barbed-end and by Arp11 at the pointed-end of the complex. Arp11 

itself interacts with the three proteins p25, p27 and p62 to form the pointed-end complex. 

Moreover, a shoulder domain sits on the barbed-end of the Arp1 filament that is composed 

of two copies of p150glued, four copies of p50 dynamitin and two copies of p24. The 

N-terminus of p150glued forms a flexible elongation harboring two CC motifs interrupted 

by a globular domain and a CAP-Gly domain for interaction with MTs at the very end of 

the N-terminus (Waterman-Storer et al., 1995). The structure of the human dynein-

dynactin complex is shown in Figure 4. 
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Figure 4: Structure of the human dynein-dynactin complex. 

Schematic representation of the dynein-dynactin complex in mammals that mediates retrograde 

transport of diverse cargoes on microtubules (MT) from the plus (+) to the minus (-) end. Close-up 

of the dynactin complex is indicated at the right margin. The core component is the Arp1 filament 

consisting of 8-10 copies of Arp1 (light blue), and one copy of actin (pale blue). The pointed end 

complex consists of Arp11 (dark green), p62 (grey), p27 and p25 (pale green). The filament is capped 

at the barbed end by CAPZ (dark blue). The shoulder domain (dark cyan) is composed of p24, p50 

and p150. The N-terminus of p150glued forms an extension including coiled-coil motifs (CC1 and 

CC2) and a CAP-Gly end that can interact with microtubules. Based on Reck-Peterson et al., 2018. 

In fungi, the arrangement of the cytoskeleton establishes and maintains polarity providing 

a continuous and indefinite flow of outward- and inward-bound traffic at the hyphal tip 

during growth (Riquelme et al., 2003). MTs of filamentous fungi also show bidirectional 

polarity with the plus end located in the apical region of the hyphae. In Ustilago maydis 

and A. nidulans, cytoplasmic dynein is recruited to the plus ends of MTs in a kinesin-

dependent manner generating a dynein-loading zone close to the hyphal tip (Lenz et al., 

2006; Mouriño-Pérez et al., 2006; Schuster et al., 2011; Steinberg et al., 2017; Zhang et al., 

2003). This active polar growth enables diverse functions including sensing and exploring 

of the environment, interacting with own fungal colonies or mating partners and hosts as 
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well as generating a hyphal network via branching and fusion of fungal cells (Lichius and 

Lord, 2014; Mela et al., 2020).  

In this regard, recruitment of the small Rho-family GTPase Cdc42 at new polarity sites is 

followed by regulation of multiple downstream effectors and is crucial for polarity 

establishment (Harris, 2011; Miller et al., 2020; Momany, 2002; Park and Bi, 2007; Pruyne 

and Bretscher, 2000; Wendland and Philippsen, 2001; Woods and Lew, 2019). Moreover, 

the Spitzenkörper (SPK) is associated with hyphal polarity. It is a molecular structure near 

the hyphal tip consisting of accumulated vesicles. It functions as a vesicle-supply center 

(VSC) via microtubule- and actin-dependent vesicle transport (Harris et al., 2005; 

Momany, 2002; Riquelme et al., 2018; Steinberg et al., 2017; Zheng et al., 2020). 

In filamentous fungi, transport of early endosomes (EEs) via motor proteins along MTs 

supports normal polarized hyphal growth (Peñalva, 2010; Shaw et al., 2011; Steinberg, 

2014). Surprisingly, studies in U. maydis revealed that on moving EEs entire polysomes 

assemble translating mRNAs “on the run” (Higuchi et al., 2014). Furthermore, 

peroxisomes and nuclei were also described as cargos for dyneins and kinesins in 

filamentous fungi (Egan et al., 2012). Of note, while deletions of the dynactin CAP-Gly 

component retain normal growth phenotypes in A. nidulans, incorrect distribution of 

nuclei was observed in S. cerevisiae (Kardon et al., 2009; Yao et al., 2012). Together these 

studies in filamentous fungi show that vesicular transport of diverse substrates as well as 

polarity establishment via the microtubule-cytoskeleton are important processes for 

various cellular functions. Due to the fact that similarities can be found in the transport 

mechanism between the hyphae of filamentous fungi and the neurons of metazoans, 

studies in filamentous fungi can be used to understand the basis of neuronal diseases like 

Parkinson disease-like Perry syndrome and Charcot-Marie-Tooth disease (Lasser et al., 

2018; Lipka et al., 2013). 

1.3.2 The putative nucleoporin POM33 

The nucleus is surrounded by a double lipid bilayer consisting of the inner nuclear 

membrane (INM) and the outer nuclear membrane (ONM). At the sites of nuclear pores, 

the INM merges into the ONM, which is continuous with the ER and forms the nuclear 

envelope. (De Magistris and Antonin, 2018). The ER consists of peripheral sheet-like 
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cisternae followed by a network of ER tubules that are interconnected (Wang and 

Rapoport, 2019). Its morphology can be divided into the rough ER (RER) and the smooth 

ER (SER). The RER has membrane-bound ribosomes, whereas the SER is lacking them 

(Shibata et al., 2006). The ER network is highly dynamic. Its tubules fuse and divide 

continuously, forming three-way junctions (Baumann and Walz, 2001; Du et al., 2004; Lee 

and Chen, 1988; Wang and Rapoport, 2019).  

At the sites of nuclear pores, where the INM fuses with the ONM, nuclear-pore complexes 

(NPCs) are incorporated. NPCs are large multiprotein complexes that form channels to 

mediate the exchange of diverse molecules between the nucleus and the cytoplasm 

(Hampoelz et al., 2019). They are conserved from yeast to mammals and consist of about 

1000 protein subunits of around 30 different nucleoporins (Nups). The large assemblies of 

NPCs can have a weight up to 120 MDa and can be present thousandfold (Beck and Hurt, 

2017; Doye and Hurt, 1997; Dultz and Ellenberg, 2010; Hampoelz et al., 2019; Lin et al., 

2016; Rout et al., 2000; Schwartz, 2005; Schwartz, 2016). The biogenesis of NPCs can occur 

either postmitotic or de novo. During postmitotic NPC assembly, the NE reforms from the 

cortical ER (cER), which is located closely to the PM, into a pore that is stabilized by 

transmembrane (TM)-Nups, so-called pore-membrane proteins (Poms), or trans-

membrane proteins (TMEMs), so that other Nups can be recruited. During de novo NPC 

assembly, the double-membrane system of the NE fuses to form a pore (Antonin et al., 

2008; Doucet et al., 2010; Doucet and Hetzer, 2010; Hetzer et al., 2005). For example, in 

S. cerevisiae NPCs stay intact during the process of closed mitosis, whereas in the 

filamentous fungus A. nidulans a core NPC structure remains in the NE from which 

peripheral Nups detach during partially open mitosis (De Souza et al., 2004; Liu et al., 2009; 

Makhnevych et al., 2003; Osmani et al., 2006). As highly complex molecular machines, 

NPCs share principle structural elements including the cytoplasmic, inner, 

transmembrane, and nucleoplasmic ring (Figure 5). Moreover, at the cytoplasmic site, 

NPCs consist of filaments and at the nucleoplasmic site of the nuclear basket. The channel 

center of NPCs contains a network of Nups that harbor phenylalanine (F) and glycine (G)-

rich repeats (FG-Nups) (Dickmanns et al., 2015; Fahrenkrog and Aebi, 2003; Hurt and Beck, 

2015; Schwartz, 2016; Von Appen and Beck, 2016). A schematic representation of the 

structural organization of human and yeast NPCs is shown in Figure 5. 
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Figure 5: Structure of the nuclear-pore complex. 

Schematic representation of the localization and structural organization of the nuclear-pore 

complex (NPC). Close-up of the NPC is indicated at the bottom margin. It is composed of 

cytoplasmic filaments (aquamarine), the cytoplasmic ring (light grey), the inner ring (dark green), 
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the transmembrane ring, which is composed of pore-membrane proteins (Poms) (light green), the 

nucleoplasmic ring (dark grey), FG-Nups (F: Phenylalanine; G: Glycine) (yellow), and the nuclear 

basket (cyan). The NPC is conserved from yeast to human and is assembled by the formation of 

diverse subcomplexes of nucleoporins (Nups) and joining proteins, here shown as color-coded 

outlined boxes in the zoom-in. The human transmembrane protein of 33 kDa (TMEM33) and the 

yeast homolog Pom33 are highlighted in red. ONM: outer nuclear membrane, INM: inner nuclear 

membrane. Modified according to Beck and Hurt, 2017; Donnaloja et al., 2019.  

As channels in the nuclear membrane, NPCs mediate bidirectional transport of diverse 

macromolecules. The import comprises nuclear proteins including polymerases, histones 

and transcription factors whereas nuclear RNAs (rRNA, mRNA, tRNA and miRNA) are 

exported from the nucleoplasm into the cytoplasm through NPCs (Beck and Hurt, 2017). 

Besides import and export, NPCs also facilitate the shuttling of proteins and RNAs that 

are involved in signaling, turnover and biogenesis as well as passive diffusion of small 

molecules (~40 kDa). Larger molecules are ferried through the pore via nuclear transport 

receptors (NTRs) like karyopherin-α and -β, which are bound by FG-Nups to facilitate 

nucleocytoplasmic transport (Bayliss et al., 2000; Beck and Hurt, 2017; Kapinos et al., 2017).  

Interestingly, Nups can also be mobile changing their localization from NPCs to the 

nucleoplasm where they are involved in chromatin interaction. In this regard, mutations 

of mammalian Nups are connected with cardiological diseases, cancer and amyotrophic 

lateral sclerosis (Donnaloja et al., 2019; Liang et al., 2013). Taken together, NPCs are large 

multiprotein assemblies associated with processes in the cytoplasm like translational 

control or cytoskeleton organization, and in the nucleus including DNA repair, chromatin 

organization or regulation of gene expression (Beck and Hurt, 2017).  

In the following, the class of TM-Nups is discussed in detail. The nucleoporins of this class 

function predominantly in anchoring NPCs in the nuclear pore. Moreover, they also play 

roles in nucleocytoplasmic traffic though NPCs, are involved in the formation of new 

nuclear pores via mediating the fusion of the INM with the ONM, and maintain the NPC’s 

structural organization (Brown et al., 2021). In yeast, Pom152p, Pom34p, the highly 

conserved protein nuclear division cycle 1 (Ndc1), and the recently identified Pom33p or 

its paralog pore and ER protein of 33 kDa (Per33p) are components of the pore membrane 

domain of NPCs (Figure 5) (Chadrin et al., 2010; Chial et al., 1998; Rout et al., 2000; Wozniak 

et al., 1994). Deletion mutants of either pom152 or pom34 are viable and show no defects in 

protein import or export of mRNAs throughout the NPC (Belanger et al., 2005; Brown et 
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al., 2021; Madrid et al., 2006; Rout et al., 2000; Wozniak et al., 1994). Furthermore, Pom152p 

directly binds to Pom34p and Ndc1p and to Nup170p/157p to link the transmembrane 

ring with the inner NPC ring (Brown et al., 2021; Kim et al., 2018; Makio et al., 2009). In 

contrast to this, deletions of ndc1 or its S. pombe ortholog cut11 result in lethality (Chial et 

al., 1998; Mansfeld et al., 2006; West et al., 1998; Winey et al., 1993). The recently identified 

protein Pom33p was shown to be involved in proper distribution of NPCs at the NE as 

well as in their assembly and stabilization (Chadrin et al., 2010). Further studies revealed 

that the binding of Pom33p with the karyopherin Kap123p is important for NPC 

localization. Notably, the yeast Pom33p paralog Per33p can also associate with NPCs but 

was mainly localized at the ER and NE (Floch et al., 2015). In S. pombe, the Pom33p ortholog 

tetra-spanning protein 1 (Tts1p), was shown to maintain the cER network and remodels 

the NE during mitosis by modulating the distribution of NPCs (Zhang and Oliferenko, 

2014). In human, TM-Nups comprise the homolog of yeast Ndc1p, NDC1, as well as 

POM121, the glycoprotein 210 (GP210), and TMEM33 (Figure 5) (Chadrin et al., 2010; 

Cohen et al., 2003; Funakoshi et al., 2007; Stavru et al., 2006). Of interest, Ndc1 is conserved 

from yeast to human and also in filamentous fungi and plants (Stavru et al., 2006). It was 

identified to be the only essential TM-Nup known so far to be involved in de novo NPC 

assembly (Chial et al., 1998; Mansfeld et al., 2006; Stavru et al., 2006). Moreover, Ndc1 and 

Pom121 were shown to form subcomplexes to initiate pore formation in vitro (Panatala et 

al., 2019). Human GP210 was found to be essential for transport of cargos into the nuclear 

lumen (Mudumbi et al., 2020). The TMEM33 nucleoporin has not yet been shown to 

localize to NPCs but was enriched at the NE and the ER where it functions as potential 

structural regulator of ER membranes (Chadrin et al., 2010; Floch et al., 2015; Urade et al., 

2014). Taken together, besides the three known TM-Nups, a fourth conserved member, 

Pom33p/Tts1p/TMEM33, was identified to join this group and had been analyzed in yeast 

and mammals.  

1.3.3 The vacuolar-morphology protein VAC14 

Organelle identity is defined by the lipid composition of their membranes. These contain 

phosphorylated phosphoinositides (PIPs), which are produced at the cytosolic phase of 

eukaryotic cells (Di Paolo and Camilli, 2006; Lemmon, 2008). PIPs mediate organelle-
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specific membrane signaling pathways and trafficking events. Additionally, they play a 

role in remodeling of the cytoskeleton, cell growth and nuclear processes like DNA repair 

or regulation of transcription (Di Paolo and Camilli, 2006). Due to reversible 

phosphorylation at position 3, 4 or 5 of the phosphatidylinositol (PtdIns) headgroups, 

seven different PIP-derivatives are known so far including PtdIns(3)P, PtdIns(4)P, 

PtdIns(5)P, PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2 (often referred to as PIP2) and 

PtdIns(3,4,5)P3 (often referred to as PIP3). All these phospholipids are minor components 

of distinct cellular membranes where they recruit effector proteins to facilitate signal 

transduction and transport through activation of channels or transporters (Di Paolo and 

Camilli, 2006; Lemmon, 2008; Suh and Hille, 2008).  

While PtdIns(3,4)P2, PIP2 and PIP3 are predominantly localized to the PM, and PtdIns(4)P 

is enriched at the Golgi-complex, PtdIns(3)P is present on EEs and autophagosomes to 

regulate their maturation (Di Paolo and Camilli, 2006; Gillooly et al., 2000; Stauffer et al., 

1998). In the following, the two phosphatidylinositols PtdIns(3)P and PtdIns(3,5)P2 are 

described in more detail. 

PtdIns(3)P is generated by the vacuolar-protein sorting (Vps) protein Vps34, which is a 

member of class III phosphatidylinositol 3-kinases and important for autophagy (Backer, 

2008; Voigt et al., 2014). Furthermore, PtdIns(3)P is involved in membrane fusion and 

receptor trafficking, and is a precursor for the generation of PtdIns(3,5)P2 (Dove et al., 1997; 

Joly et al., 1995; Jones and Clague, 1995; Lindmo and Stenmark, 2006). The headgroup of 

PtdIns(3)P is recognized by binding partners containing a FYVE-finger domain that is 

named after the following four proteins: Fab1p, YOTB, Vac1p and EEA1, in which this 

motif was first identified (Stenmark et al., 2002).  

PtdIns(3,5)P2 is produced in the endomembrane system, localizing mainly to late 

endosomes (LEs) and lysosomes but also in a smaller amount to EEs (Di Paolo and Camilli, 

2006; Dove et al., 2009). It controls diverse cellular functions including morphology of 

organelles, retrograde trafficking to the trans-Golgi network (TGN), ion transport, 

membrane recycling, cargo sorting into multi-vesicular bodies (MVBs), acidification of 

endolysosomes/vacuoles, stress response and autophagy (De Lartigue et al., 2009; Dove et 

al., 1997; Dove et al., 2009; Efe et al., 2005; Shisheva, 2008). In yeast and mammalian cells, 

PtdIns(3,5)P2 is only present with <0.1 % and <0.05 % , respectively, whereas PtdIns(3)P 
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comprises 2.5 % and 0.2 %, respectively (Bonangelino et al., 2002; Duex et al., 2006a; Zhang 

et al., 2007). Although PtdIns(3,5)P2 is a minor PIP, its dysregulation in human can cause 

severe developmental and neurological defects like Charcot-Marie-Tooth syndrome 4J 

(CMT4J) and amyotrophic lateral sclerosis (Chow et al., 2007; Chow et al., 2009; Zhang et 

al., 2007; Zhang et al., 2008). 

The turnover and synthesis of PtdIns(3,5)P2 is regulated exclusively by a highly conserved 

multiprotein complex that is present in eukaryotes (Bonangelino et al., 2002; Dove et al., 

2002; Duex et al., 2006b; Rudge et al., 2004; Sbrissa et al., 2004; Zhang et al., 2007).  

The complex that mediates PtdIns(3,5)P2 homeostasis is known as the Fab1p-complex in 

yeast, and as the PIKfyve- or PAS-complex, as abbreviation for PIKfyve-ArPIKfyve-Sac3, 

in mammals. In the following, the composition of the complex with the nomenclature in 

yeast and mammals is explained (Figure 6). 

Accordingly, the Fab1p/PIKfyve-complex consists of the PtdIns(3)P 5-kinase fatty-acid 

biosynthesis protein 1 (Fab1p) in yeast or its ortholog FYVE finger-containing 

phosphoinositide kinase (PIKfyve) in mammals. The Fab1p kinase antagonizing 

PtdIns(3,5)P2 phosphatase factor-induced gene 4 (Fig4p) or its mammalian ortholog Sac 

domain-containing protein 3 (Sac3). Moreover, the complex nucleating subunit vacuole 

morphology and inheritance protein 14 (Vac14p) or its mammalian ortholog associated 

regulator of PIKfyve (ArPIKfyve or often referred to as VAC14) are components of the 

Fab1p/PIKfyve-complex (Botelho et al., 2008; Duex et al., 2006a; Duex et al., 2006b; Gary et 

al., 1998; Ikonomov et al., 2009b; Jin et al., 2008; Lees et al., 2020; Sbrissa et al., 2008; Schulze 

et al., 2014). Human VAC14 was recently described to form a pentamer (Lees et al., 2020). 

In yeast, the Fab1p-complex additionally contains the major Fab1p activator vacuolar-

segregation protein 7 (Vac7p) and its negative regulator autophagy-related protein 18 

(Atg18p) (Bonangelino et al., 1997; Efe et al., 2007; Gary et al., 2002). Due to its cellular 

function, the Fab1p/PIKfyve-complex is localized to the membranes of vacuoles in yeast 

or to EEs and LEs as well as to MVBs and lysosomes in mammals ((Bonangelino et al., 

2002; Dove et al., 2002; Duex et al., 2006b; Ikonomov et al., 2006; Ikonomov et al., 2009a; 

Rudge et al., 2004; Rutherford et al., 2006). The schematic composition and localization of 

the yeast Fab1p-complex and mammalian PIKfyve- or PAS-complex is represented in 

Figure 6. 
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Figure 6: Structure of the Fab1p/PIKfyve-complex. 

Schematic representation of the localization, function and structural organization of the 

Fab1p/PIKfyve-complex in yeast an mammals. Close-up of the complexes is indicated at the bottom 

margin. In yeast, the Fab1p-complex is located at vacuolar membranes and is composed of the 

PtdIns(3)P 5-kinase Fab1p (dark green), its activator Vac7p (light green) and negative regulator 

Atg18p (pale green), the PtdIns(3,5)P2 phosphatase Fig4p (orange) and the scaffolding core Vac14p 

(dark red). In mammals, the PIKfyve- or PAS-complex localizes to early or late endosomes and 

lysosomes and contains the Fab1p kinase, Fig4p phosphatase and Vac14p orthologs PIKfyve (dark 

green), Sac3 (orange) and ArPIKfyve (dark red), respectively. The complex functions in the 

turnover and synthesis of PtdIns(3,5)P2 from PtdIns(3)P at vacuolar/endolysosomal membranes. 

Based on Lees et al., 2020. 
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In yeast, Vac14p was described to function as both activator and osmoregulator of Fab1p 

to maintain and regulate steady-state levels of PtdIns(3,5)P2 (Bonangelino et al., 2002). 

Moreover, mutants of vac7, fab1 and vac14 share same phenotypic effects including 

abnormal low or even undetectable levels of PtdIns(3,5)P2 and defective vacuolar 

morphology and acidification (Bonangelino et al., 2002; Duex et al., 2006a; Duex et al., 

2006b; Gary et al., 1998). In addition, ∆atg18 and ∆fig4 cells harbor also swollen vacuoles 

and low PtdIns(3,5)P2 levels, supposedly because of defective vesicle recycling from the 

vacuole (Botelho et al., 2008; Dove et al., 2004). Furthermore, Vac14p was shown to regulate 

sorting of proteins into and via MVBs (Dove et al., 2002).  

Similarly to yeast Vac14p, the mammalian Vac14/ArPIKfyve ortholog acts as PIKfyve 

activator thus controlling PtdIns(3,5)P2 accumulation (Sbrissa et al., 2004). In addition, lack 

of or overexpression of Vac14wt or the PIKfyve-binding deficient point mutant Vac14L156R 

lead to enlarged, less acidified vacuolar structures accompanied by decreased levels of 

PtdIns(3,5)P2 in mammals (Jin et al., 2008; Sbrissa et al., 2004; Schulze et al., 2014; Zhang et 

al., 2007). Moreover, proteins involved in endolysosomal and autophagic pathways had 

been identified as potential interactors of mammalian Vac14 (Schulze et al., 2014).  

In contrast to mammals, the Vac14p/Fab1p pathway in yeast appears to be a mechanism 

for adaption to sudden changes in the environmental osmolarity (Bonangelino et al., 2002; 

Dove et al., 1997). In mammals, the Vac14/PIKfyve pathway evolved rather to perform 

specific functions including MVB function and biogenesis since steady-state levels of 

PtdIns(3,5)P2 did not increase upon hyperosmotic stress (Jones et al., 1999; McEwen et al., 

1999). Taken together, the function of Vac14/ArPIKfyve is important for regulating the 

morphology of endolysosomes and vacuoles by scaffolding the Fab1p/PIKfyve-complex, 

which is important for proper development in yeast and mammals. 
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1.4 Aims of this study 

Due to its diverse cellular roles and its association with serious diseases in mammals, the 

STRIPAK-complex has received much attention in the last years (Jeong et al., 2021; Kück 

et al., 2019). To date, not all of its interactors or effectors are known. Several potential 

candidates have been identified previously via pulldown experiments with the 

S. macrospora SmSTRIPAK-complex (Reschka et al., 2018). In this study, the three 

SmSTRIPAK-dependent pulled-down proteins SmARP1, SmPOM33 and SmVAC14 

should be analyzed. For this purpose, various experiments will be conducted to get a 

general picture of their cellular functions and subcellular localizations in S. macrospora. 

To investigate the function of the associated genes, S. macrospora knockout strains should 

be generated. The ability of sexual development of the resulting loss-of-function mutants 

will be compared to the wildtype and complementation strains. Accordingly, phenotypic 

and quantitative analysis will be performed. In addition, stress tests should be conducted 

to gain further insight into the associated function of the encoded protein and connected 

signaling pathways. Furthermore, each protein should be fused to a fluorescent tag to 

allow for subcellular localization studies in S. macrospora. For this, S. macrospora strains 

will be transformed with the recombinant plasmids to ectopically express the fusion 

proteins, which in the following will be investigated by fluorescence microscopy with the 

help of organelle-marker proteins and dyes. Moreover, for one of the analyzed proteins, 

SmPOM33, pulldown experiments coupled to LC-MS analysis will be carried out to find 

possible interaction partners and to gain a deeper understanding of the identity of the 

protein.  

The work on the proteins ARP1 and POM33 have been published during the time of my 

doctoral research and are attached in the following. 

Studies regarding the third protein, VAC14, were prepared as manuscript for submission. 
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2. Article I: Tracking Fungal Growth: Establishment of Arp1 as 

a Marker for Polarity Establishment and Active Hyphal 

Growth in Filamentous Ascomycetes 

This article represents the first subtopic of this thesis. It was authored by A. Groth, 

C. Schunke, E.J. Reschka, S. Pöggeler and D.E. Nordzieke. The article was published 

online in the Journal of Fungi (JoF) in July 2021. The full article including Supplementary 

information can also be found online at: 

https://doi.org/10.3390/jof7070580. 

Author contribution 

As first author of the paper, A. Groth was involved in the methodology, validation, 

investigation and writing of the original draft preparation. Further, she performed 

experiments with S. macrospora, created the corresponding figures and edited as well as 

revised the manuscript. 

 



ARTICLE I   

32 



  ARTICLE I 

33 



ARTICLE I   

34 



  ARTICLE I 

35 



ARTICLE I   

36 



  ARTICLE I 

37 



ARTICLE I   

38 



  ARTICLE I 

39 



ARTICLE I   

40 



  ARTICLE I 

41 



ARTICLE I   

42 



  ARTICLE I 

43 



ARTICLE I   

44 



  ARTICLE I 

45 



ARTICLE I   

46 



  ARTICLE I 

47 



ARTICLE I   

48 



  ARTICLE I 

49 



ARTICLE I   

50 



  ARTICLE I 

51 



ARTICLE I   

52 



  ARTICLE II 

53 

3. Article II: Analysis of the Putative Nucleoporin POM33 in the 

Filamentous Fungus Sordaria macrospora 

This article represents the second subtopic of this thesis. It was authored by A. Groth, 

K. Schmitt, O. Valerius, B. Herzog and S. Pöggeler. The article was published online in the 

Journal of Fungi (JoF) in August 2021. The full article together with the Supplementary 

information and datasets can be found online at:  

https://doi.org/10.3390/jof7090682. 

Author contribution 

As first author of the paper, A. Groth was involved in the design of the experimental 

procedures, performed the depicted experiments and analyzed the data. Additionally, she 

created all the figures and wrote, edited as well as revised the manuscript. 
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4. Manuscript: The Vacuolar-Morphology Protein VAC14 Plays 

an Important Role in Sexual Development in the Filamentous 

Ascomycete Sordaria macrospora 

This manuscript represents the third subtopic of this thesis and is being prepared for 

submission. Supplementary materials are included in the main part and created videos 

are available on the data drive attached in this thesis, which will be available online after 

publication.  

Author contribution 

As first author, A. Groth conceived and performed all experiments and analyzed the 

results and corresponding data. She also prepared the figures and wrote the manuscript. 

Other contributions 

E.J.R. created some of the plasmids and E.J.R. and S.A. generated S. macrospora strains 

relevant for this study. S.P. did the supervision, conceptualization, validation and 

reviewed the manuscript.  
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The Vacuolar Morphology Protein VAC14 Plays an Important Role 

in Sexual Development in the Filamentous Ascomycete Sordaria 

macrospora 

Anika Groth 1, Eva Johanna Reschka 1, Svenja Ahlmann 1 and Stefanie Pöggeler 1,* 

1  Department of Genetics of Eukaryotic Microorganisms, Institute of Microbiology 

and Genetics, Georg-August-University of Göttingen, Grisebachstr. 8, 37077 

Göttingen, Germany; anika.gibron@uni-goettingen.de (A.G.); evareschka@gmx.net 

(E.J.R.); svenja.ahlmann@stud.uni-goettingen.de (S.A.) 

*  Correspondence: spoegge@gwdg.de; Tel.: +49-551-39-24051 

Abstract 

The multiprotein Fab1p/PIKfyve-complex regulating the abundance of the phospholipid 

phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2) is highly conserved among 

eukaryotes. In yeast/mammals it is composed of the phosphatidylinositol 3-phosphate 5-

kinase Fab1p/PIKfyve, the PtdIns(3,5)P2 phosphatase Fig4p/Sac3 and the scaffolding 

subunit Vac14p/ArPIKfyve. The complex is located to vacuolar membranes in yeast and 

to endosomal membranes in mammals, where it controls the synthesis and turnover of 

PtdIns(3,5)P2. In this study, we analyzed the role and function of the Fab1p/PIKfyve-

complex scaffold protein SmVAC14 in the filamentous ascomycete Sordaria macrospora 

(Sm). We generated the Smvac14 deletion strain ∆vac14 and performed phenotypic 

analysis of the mutant. Furthermore, we conducted fluorescence-microscopic localization 

studies of fluorescently labeled SmVAC14 with other organelle-marker proteins. Our 

results revealed that SmVAC14 is important for maintaining vacuolar size and appearance 

as well as proper sexual development in S. macrospora. In addition, SmVAC14 plays an 

important role in stress response and its deletion has an impact on the localization of 

endosomal marker proteins. Accordingly, our results propose that the turnover of 

PtdIns(3,5)P2 is of great significance for developmental processes in filamentous fungi. 

Key words: VAC14, Fab1/PIKfyve-complex, sexual development, vacuolar morphology, 

Sordaria macrospora 
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1. Introduction 

Developmental processes such as sexual development, cell-fusion, -migration and growth, 

as well as vesicular trafficking and organelle morphology are tightly regulated by 

conserved multiprotein kinase/phosphatase complexes. These include the Fab1p/PIKfyve-

complex that mediates turnover and synthesis of phosphatidylinositol 3,5-bisphosphate 

(PtdIns(3,5)P2) at vacuolar membranes in yeast or on early- and late endosomes as well as 

multivesicular bodies (MVBs) and lysosomes in mammalian cells (Dove et al., 2002; Duex 

et al., 2006b; Ikonomov et al., 2009a; Jin et al., 2008; Rudge et al., 2004; Sbrissa et al., 2007; 

Shisheva, 2008). It is composed of the phosphatidylinositol 3-phosphate (PtdIns(3)P) 5-

kinase Fab1p/PIKfyve, its antagonizing PtdIns(3,5)P2 phosphatase Fig4p/Sac3 and the 

scaffold protein Vac14p/ArPIKfyve (yeast/mammalian nomenclature) (Botelho et al., 2008; 

Duex et al., 2006a; Duex et al., 2006b; Ikonomov et al., 2009b; Jin et al., 2008; Sbrissa et al., 

2008; Schulze et al., 2014). In yeast, the complex additionally contains the Fab1p activator 

Vac7p and its inhibitor Atg18p (Bonangelino et al., 1997; Duex et al., 2006a; Duex et al., 

2006b; Efe et al., 2007; Gary et al., 2002). The low abundant phospholipid PtdIns(3,5)P2 

controls diverse cellular functions including morphology of organelles, retrograde 

trafficking to the trans-Golgi network, ion transport, membrane recycling, cargo sorting 

into MVBs, acidification of endolysosomes and autophagy (De Lartigue et al., 2009; Dove 

et al., 2009; Efe et al., 2005; Rutherford et al., 2006; Shisheva, 2008; Vicinanza et al., 2008). In 

mammals, disturbance of the abundance and distribution of the phospholipid 

PtdIns(3,5)P2 can cause severe developmental defects and neurodegeneration like 

Charcot-Marie-Tooth syndrome 4J and amyotrophic lateral sclerosis (Chow et al., 2007; 

Chow et al., 2009; Zhang et al., 2007; Zhang et al., 2008). 

In yeast, Vac14p forms a stable subcomplex with the 5-phosphatase Fig4p that allows for 

the recruitment of the Fab1p kinase (Duex et al., 2006b; Rudge et al., 2004). In this regard, 

both Vac14p and Fig4p were shown to activate Fab1p to regulate steady-state and 

hyperosmotic elevated levels of PtdIns(3,5)P2 (Bonangelino et al., 2002; Duex et al., 2006a; 

Duex et al., 2006b; Gary et al., 2002). Mutants of Fab1p-complex components show low 

levels of PtdIns(3,5)P2 accompanied by enlarged less acidified vacuoles (Bonangelino et al., 

2002; Duex et al., 2006a; Duex et al., 2006b; Gary et al., 1998).  
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Similar phenotypic effects could be observed in mammalian cells either lacking or 

overexpressing Vac14 (Jin et al., 2008; Sbrissa et al., 2004; Schulze et al., 2014; Zhang et al., 

2007). With a previously performed affinity approach, mammalian Vac14 could be linked 

to proteins of the endosomal and autophagic pathways (Schulze et al., 2014).  

Interestingly, the VAC14 homolog of the coprophilic ascomycete Sordaria macrospora (Sm) 

had been recently identified in a pulldown with the striatin-interacting phosphatase and 

kinase (STRIPAK)-complex component SCI1 (Reschka et al., 2018). The multiprotein 

STRIPAK-complex is conserved in animal and fungi and coordinates a number of 

signaling pathways and developmental processes including cell-growth, -polarity and  

-migration as well as vesicular trafficking, Golgi assembly, neural and sexual 

development, endocytosis, hyphal fusion, septation and vegetative growth (Beier et al., 

2016; Bernhards and Pöggeler, 2011; Bloemendal et al., 2012; Frey et al., 2015; Hwang and 

Pallas, 2014; Kück et al., 2016; Kück et al., 2019; Pöggeler and Kück, 2004; Shi et al., 2016). 

S. macrospora is used as model organism to study conserved processes like fruiting-body 

formation, sexual development, meiosis and autophagy (Esser and Straub, 1958; Kück et 

al., 2009; Pöggeler et al., 2006; Teichert et al., 2014; Teichert et al., 2020). Both, autophagy 

and the SmSTRIPAK are important for proper fruiting-body formation and sexual 

development in S. macrospora. In this regard, we investigated the S. macrospora core 

scaffold protein SmVAC14 for the first time in a filamentous fungus. In this work, we 

generated and analyzed a Smvac14 deletion mutant, ∆vac14 and performed localization 

studies using fluorescence microscopy. We showed that SmVAC14 is a conserved protein 

that co-localizes with the SmSTRIPAK-component SCI1, to vacuolar membranes, the 

Golgi, early and late endosomes, and partially to the endoplasmic reticulum (ER). 

Moreover, Smvac14 deletion caused enlarged, less acidified vacuoles, deformed perithecia 

and impaired ascospore formation. Additionally, hyperosmotic and oxidative stress as 

well as amino-acid starvation led to developmental defects in the ∆vac14 mutant though 

autophagy is apparently not affected.  
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2. Material and Methods 

2.1 Strains, Media and Growth Conditions 

A list of all strains used and generated in this study is given in Table 1. For cloning and 

propagation of recombinant plasmids, Escherichia coli strain MACH1 (C862003, Thermo 

Fisher Scientific, Waltham, MA, USA) was used in standard culture conditions (Sambrook 

et al., 2001). To generate recombinant plasmids via homologous recombination (HR), 

positive transformants of the yeast Saccharomyces cerevisiae strain PJ69-4A were selected 

for uracil prototrophy (Colot et al., 2006; James et al., 1996). S. macrospora strains were 

transformed with the recombinant plasmids according to the standard protocol (Kück and 

Hoff, 2006; Walz and Kück, 1995). Positive transformants were selected on media 

containing nourseothricin-dihydrogen sulphate (50 µg/mL, nat) (AB-102XL, Jena 

Bioscience GmbH, Jena, Germany) and/or hygromycin B (110 U/mL, hyg) (4400051-10MU, 

Merck, Kenilworth, NJ, USA). S. macrospora strains were grown on liquid or solid biomalt 

maize medium (BMM) or on solid Sordaria Westergaard (SWG) fructification medium 

under continuous light conditions at 27 °C (Elleuche and Pöggeler, 2009; Esser, 1982; 

Nowrousian et al., 2005). To generate single spore isolates and strains expressing tagged 

proteins, S. macrospora strains were crossed as described previously (Bernhards and 

Pöggeler, 2011). 

Table 1: List of strains used and generated in this study. 

Strain Genotype Reference 

Escherichia coli 

MACH1 
∆recA1398, endA1, tonA, Φ80∆lacM15, ∆lacX74, hsdR, 
(rK-mK+) 

Invitrogen 

Saccharomyces cerevisiae 

PJ69-4A 
MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4∆, 
gal80∆, LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ 

(James et al., 
1996) 

Sordaria macrospora 

DSM997 wild type (wt) DSMZ 

S23442 mutation in fus1-1 gene, brownish ascospores, fertile 
(Nowrousian et 

al., 2012) 

Cku70 Cku70::natR, fertile 
(Pöggeler and 
Kück, 2006) 

Csci1 Csci1::hygR, ssi, sterile 
(Reschka et al., 

2018) 

fus::RH2Bect 
ectopic integration of pRH2B_hyg into S23442;  
hygR, pt, fertile; 
Pgpd::hh2b::tdTomato::TtrpC 

Reschka and 
Pöggler, 

unpublished 
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wt::egfpect 
ectopic integration of p1783-1 into DSM997;  
hygR, ssi, fertile; 
Pgpd::egfp::TtrpC 

(Voigt and 
Pöggeler, 2013) 

wt::TagRFP-Tect 
ectopic integration of pTagRFP-T into DSM997;  
natR, ssi, fertile; 
Pccg1::TagRFP-T::TtrpC 

(Werner et al., 
2021) 

wt::HA 
ectopic integration of pHA_nat into DSM997;  
natR, ssi, fertile; 
Pccg1::HA::TtrpC 

(Reschka et al., 
2018) 

wt::nbr1-egfpect 
ectopic integration of pnbr1-egfp into DSM997;  
natR, ssi, fertile; 
Pnbr1::nbr1::egfp::TtrpC 

Werner, 2012 

wt::pom33-egfpect 
ectopic integration of p5’pom33-egfp into DSM997;  
natR, ssi, fertile; 
Ppom33::pom33::egfp::TtrpC 

(Groth et al., 
2021) 

wt::egfp-atg8ect 
ectopic integration of pegfp-atg8 into DSM997;  
natR, ssi, fertile; 
Patg8::egfp::atg8::Tatg8 

This study 

wt::egfp-Ztrab5ect 
ectopic integration of pHeGFPRab5_hyg into DSM997;  
hygR, pt, fertile; 
PZttub2::egfp::Ztrab5::TZttub2 

This study 

wt::egfp-Ztrab7ect 
ectopic integration of pHeGFPRab7_hyg into DSM997;  
hygR, pt, fertile; 
PZttub2::egfp::Ztrab7::TZttub2 

This study 

Cvac14 Cvac14::hygR, ssi, fertile This study 

Cvac14::RH2Bect 
ectopic integration of pRH2B_nat into Cvac14;  
hygR, natR, pt, fertile; 
Pgpd::hh2b::tdTomato::TtrpC 

This study 

Cvac14::egfpect 
ectopic integration of pDS23 into Cvac14;  
hygR, natR ssi, fertile; 
Pgpd::egfp::TtrpC 

This study 

Cvac14::TagRFP-Tect 
ectopic integration of pTagRFP-T into Cvac14;  
hygR, natR, ssi, fertile; 
Pccg1::TagRFP-T::TtrpC 

This study 

Cvac14::5’vac14-
TagRFP-Tect 

ectopic integration of p5‘vac14-TagRFP-T into Cvac14;  
hygR, natR, ssi, fertile; 
Pvac14::vac14::TagRFP-T::TtrpC 

This study 

Cvac14::ccg1vac14-
TagRFP-Tect 

ectopic integration of pccg1vac14-TagRFP-T_nat into 
Cvac14;  
hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC 

This study 

Cvac14::egfp-Ztrab5ect 
ectopic integration of pegfp-Ztrab5_nat into Cvac14;  
hygR, natR, pt, fertile; 
Ptub2::egfp::Ztrab5::Ttub2 

This study 

Cvac14::egfp-Ztrab7ect 
ectopic integration of pegfp-Ztrab7_nat into Cvac14;  
hygR, natR, pt, fertile; 
Ptub2::egfp::Ztrab7::Ttub2 

This study 

Cvac14::nbr1-egfpect 
ectopic integration of pnbr1-egfp into Cvac14;  
hygR, natR, ssi, fertile; 
Pnbr1::nbr1::egfp::TtrpC 

This study 

Cvac14::egfp-atg8ect 
ectopic integration of pegfp-atg8 into Cvac14;  
hygR, natR, ssi, fertile; 
Patg8::egfp::atg8::Tatg8 

This study 

Cvac14::TagRFP-T-
vac14ect 

ectopic integration of pTagRFP-T-vac14 into Cvac14;  
hygR, natR,pt, sterile; 
Pvac14::TagRFP-T::vac14::Tvac14 

This study 

wt::5’vac14- 
TagRFP-Tect 

ectopic integration of p5‘vac14-TagRFP-T into DSM997;  
natR, pt, fertile; 
Pvac14::vac14::TagRFP-T::TtrpC 

This study 

wt::ccg1vac14- 
TagRFP-Tect 

ectopic integration of pccg1vac14-TagRFP-T_hyg into 
DSM997;  
hygR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC 

This study 

wt::vac14-TagRFP-T + 
sci1-egfpect 

ectopic integration of pccg1vac14-TagRFP-T_hyg and 
p5’sci1-egfp into DSM997;  

This study 
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hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Psci1::sci1::egfp::TtrpC 

wt::vac14-TagRFP-T + 
egfp-vma1ect 

ectopic integration of pccg1vac14-TagRFP-T_nat and 
pegfp-vma1 into DSM997;  
hygR, natR, pt, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Pvma1::egfp::vma1::Tvma1 

This study 

wt::vac14-TagRFP-T + 
pom33-egfpect 

crossing of strain wt::ccg1vac14-TagRFP-Tect with 
wt::pom33-egfpect 
hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Ppom33::pom33::egfp::TtrpC 

This study 

wt::vac14-egfp + 
TagRFP-T-ypt1ect 

ectopic integration of pvac14-egfp and pTagRFP-T-ypt1 
into DSM997;  
hygR, natR, pt, fertile; 
Pvac14::vac14::egfp::TtrpC; 
Pccg1::TagRFP-T::ypt1::TtrpC 

This study 

wt::vac14-TagRFP-T + 
egfp-Ztrab5ect 

ectopic integration of pccg1vac14-TagRFP-T_hyg and 
pegfp-Ztrab5_nat into DSM997;  
hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Ptub2::egfp::rab5::Ttub2 

This study 

wt::vac14-TagRFP-T + 
egfp-Ztrab7ect 

ectopic integration of pccg1vac14-TagRFP-T_hyg and 
pegfp-Ztrab7_nat into DSM997;  
hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Ptub2::egfp::rab7::Ttub2 

This study 

wt::vac14-TagRFP-T + 
nbr1-egfpect 

crossing of strain wt::ccg1vac14-TagRFP-Tect with wt::nbr1-
egfpect 
hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Pnbr1::nbr1::egfp::TtrpC 

This study 

wt::vac14-TagRFP-T + 
egfp-atg8ect 

crossing of strain wt::ccg1vac14-TagRFP-Tect with wt::egfp-
atg8ect 
hygR, natR, ssi, fertile; 
Pccg1::vac14::TagRFP-T::TtrpC; 
Patg8::egfp::atg8::Tatg8 

This study 

natR: nourseothricin resistant, hygR: hygromycin resistant, ssi: single-spore isolate, pt: primary 

transformant, ect: ectopically integrated, P: promoter, T: terminator, Pgpd: promoter of the 

glyceraldehyde-3-phosphate dehydrogenase gene from Aspergillus nidulans, Pccg1: promoter of the 

clock-controlled gene 1 from Neurospora crassa, TtrpC: terminator of the anthranilate synthase gene 

from A. nidulans, egfp: gene for green fluorescence protein enhanced green fluorescent protein 

(EGFP) from Aequorea victoria, TagRFP-T: gene for red fluorescence protein TagRFP-T of 

Entacmaea quadricolor, tdTomato: gene for red fluorescence protein tdTomato from Discosoma 

species. 

2.2 Phenotypic Analysis 

For phenotypic analysis, three biological replicates each of the S. macrospora wt, ∆vac14, 

∆vac14::5’vac14-TagRFP-Tect and ∆vac14::ccg1vac14-TagRFP-Tect strains were grown on 

solid SWG medium over distinct days (d), according to the respective analysis, at 27 °C 

under continuous light conditions.  Strains were documented with a VHX-550F Digital 

Microscope (Keyence, Neu-Isenburg, Germany). For quantification of perithecia, strains 

were grown for 7 d, and perithecia were counted 20-fold per 0.0625 cm2. The experiment 
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was repeated three times. For phenotypic analysis of perithecia, cross-sections of agar 

plates were prepared. To assess ascus rosette maturation, an “inner” and “outer” area of 

the petri dish was defined using the diameter of a 50 mL falcon tube as spacer. For these 

analyses, the strains were grown for 8 d. Perithecia were prepared using dissecting 

needles and thin agar-slices were prepared with a scalpel and both were placed on a glass-

slide for documentation. For determination of ascospore maturation, strains were grown 

for 9 d, ten perithecia per strain were cracked and the enclosed ascus rosettes were 

categorized. To determine the growth behavior and sexual development under different 

stress conditions, strains were grown over 10 d on SWG media supplemented with 0.1 M 

NaCl, 0.4 M sorbitol, 2.5 mM 3-amino-1,2,4-triazole (3-AT), 0.003 % SDS, 0.01 % H2O2 or 

without KNO3 . The experiment was repeated twice. 

The determination of the growth rate/day was done in triplicate and strains were grown 

in 30-cm race tubes filled with the respective stress media. After 3 d of growth, the growth 

front was marked every day at the same time. This experiment was repeated three times. 

The experiment for analyzing sexual development two times. 

2.3 Construction of Plasmids 

All plasmids used and constructed in this study are shown in Table S1. Plasmids were 

generated via HR in S. cerevisiae (Colot et al., 2006), or Golden Gate (GG) cloning 

(Dahlmann et al., 2021). Information about the used primers (Sigma-Aldrich Chemie 

GmbH Taufkirchen, Germany) is provided in Table S2. For the generation of the pvac14-

KO_V3w knockout plasmid, as 5’-flanking region, the first 1030 bp and as 3’-flanking 

region, the last 1030 bp of the vac14 open reading frame (ORF) were amplified from 

S. macrospora wt genomic (g)DNA using the primer pairs Vac14-ko-5f_3w/Vac14-ko-

5r_3w and Vac14-ko-3f_3/Vac14-ko-3r_3, respectively. Together with the donor vector 

pGG-hph and the destination vector pDest-Amp, the fragments were cloned via the GG 

procedure (Dahlmann et al., 2021). 

Plasmid p5’vac14-egfp was generated via HR in the S. cerevisiae strain PJ69-4A (Colot et 

al., 2006). A fragment (4309 bp) consisting of the S. macrospora vac14 native promoter 

(Pvac14) and the ORF was amplified from wt gDNA with primer pair Vac14-egfp-f/Vac14-

egfp-r. A second fragment (1510 bp), comprising egfp and the trpC terminator (TtrpC) of 

Aspergillus nidulans was amplified from plasmid p1783-1 (Pöggeler et al., 2003) with the 
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primer pair GFP-F/pRS426GFPrev. Both PCR fragments were integrated into the XhoI-

linearized vector pRS-hyg (Bloemendal et al., 2012). 

For the construction of p5’vac14-TagRFP-T, a fragment of 4307 bp containing the 

S. macrospora Pvac14 and vac14 ORF was amplified from wt gDNA using the primer 

combination Vac14-egfp-f/Vac14-tRFP-r. Together with a fragment (1531 bp) comprised 

of TagRFP-T and the TtrpC of A. nidulans amplified from pTagRFP-T (Werner et al., 2021) 

with the primers RFP-f and pRS426GFPrev, both fragments were integrated into XhoI-

linearized pRS-nat (Klix et al., 2010) via HR in the S. cerevisiae strain PJ69-4A (Colot et al., 

2006). 

To construct the overexpression plasmids pccg1vac14-TagRFP-T_nat/_hyg, following 

three fragments were cloned into XhoI-linearized pRS-nat (Klix et al., 2010) or pRS-hyg 

(Bloemendal et al., 2012), respectively. The overexpression promoter of the clock-controlled 

gene 1 (Pccg1) of Neurospora crassa (950 bp) was amplified with the primer combination 

pRSccg1/Pccg1-r from pHA_nat (Reschka et al., 2018). The S. macrospora vac14 ORF 

(3439 bp) was amplified from wt gDNA using the primer pair Vac14-ccg1-f/Vac14-tRFP-r 

and a fragment (1513 bp) consisting of TagRFP-T and the TtrpC of A. nidulans was 

amplified from pTagRFP-T (Werner et al., 2021) with the primers RFP-f and 

pRS426GFPrev. Fusion of the three PCR products was performed via HR in S. cerevisiae 

(Colot et al., 2006). For tagging SmVAC14 N-terminally with TagRFP-T, plasmid pTagRFP-

T-vac14 was generated with the NEBuilder HiFi DNA Assembly Cloning Kit (New 

England Biolabs, Ipswich, MA, USA) according to the instruction manual. The promoter 

Pvac14 (882 bp) was amplified from wt gDNA using the primer combination N-vac14_P-

f/N-vac14_P-r, the TagRFP-T (746 bp) was amplified from pTagRFP-T (Werner et al., 2021) 

with the primers N-tRFP-f and N-tRFP-r, and a fragment (4201 bp) consisting of the vac14 

ORF and terminator (Tvac14) was amplified from wt gDNA with primer combination N-

vac14-f/N-vac14_T-r. The three fragments were cloned into EcoRV-linearized pJet_nat 

(Nordzieke, unpublished). 

For the generation of the plasmids pegfp-Ztrab5/-Ztrab7_nat/hyg, primer pair 

Tub2Ztf/Tub2Ztr was used to amplify a fragment consisting of the constitutive tub2 

promoter of Zymoseptoria tritici (Zt) (PZttub2), egfp, the Ztrab5/Ztrab7 coding region and 

the constitutive Zttub2 terminator (TZttub2) from the plasmids pHeGFPRab5/-Rab7_hyg 
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(Kilaru et al., 2015). The resulting fragments of 3763 bp and 3766 bp were integrated into 

XhoI-linearized pRS-nat (Klix et al., 2010) or pRS-hyg (Bloemendal et al., 2012), 

respectively, via HR in the S. cerevisiae strain PJ69-4A (Colot et al., 2006). 

The plasmid pegfp-vma1, was constructed by amplifying the S. macrospora vma1 native 

promoter (1058 bp) and ORF including the vma1 terminator (4068 bp) with primer pairs 

Vma1P-f/Vma1P-EGFP-r and Vma1-EGFP-f/Vma1-r, respectively, from wt gDNA. The 

egfp fragment (717 bp) was amplified with the primers GFP-f and GFP-r from p1783-1 

(Pöggeler et al., 2003) and the fragments were cloned into XhoI-linearized pRS-hyg via HR 

in S. cerevisiae (Colot et al., 2006). 

Construction of the plasmid pTagRFP-T-ypt1 was performed by integrating the following 

three fragments into XhoI-linearized pRS-nat (Klix et al., 2010) via HR in yeast (Colot et al., 

2006). A fragment of 1653 bp containing the Pccg1 of N. crassa and TagRFP-T was amplified 

with the primer combination pRSccg1/RFP-r from pTagRFP-T (Werner et al., 2021). The 

S. macrospora ypt1 ORF (610 bp) was amplified from wt gDNA with the primer pair Ypt1-

RFP_f/Rek_dsred_ypt1 bw and the TtrpC of A. nidulans (767 bp) was amplified from 

p1783-1 (Pöggeler et al., 2003) with the primers TtrpC_F and pRS426GFPrev. 

Sequencing of generated plasmid DNA was performed by Seqlab Sequence Service 

Laboratories GmbH (Göttingen, Germany). 

2.4 Generation of the S. macrospora Knockout Strain :vac14 

For the partial-deletion of the S. macrospora vac14 gene (Figure S1), the pvac14-KO_V3w 

knockout plasmid was used as template to amplify the 3526 bp deletion cassette with the 

primer pair GG_KO_fw/GG_KO_rv, containing the defined 5’- and 3’-flanking regions of 

vac14 and the hph cassette. The S. macrospora ∆ku70 strain (Pöggeler and Kück, 2006) was 

transformed with the deletion cassette to replace the remaining 1379 bp of the vac14 ORF 

with the hph cassette (Figure S1A). Crosses of primary transformants with the color-spore 

mutant fus1-1 were performed as described previously (Bernhards and Pöggeler, 2011; 

Nowrousian et al., 2012). Single-spore isolates of ∆vac14 carrying hyg resistance were 

selected and verification of the absence of the fragment of the vac14 gene and integration 

of the hph cassette at the desired locus was performed with primer pairs Vac14-2v5f/ 

Vac14-2vORF5-r (3395 bp) and tC1_o/Vac14-2v3r (2555 bp), respectively (Figure S1B). To 

verify the presence of the ku70 gene in ∆vac14 after crossing, primer pair Smku70-v1-
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f/ku70-ko-v3f(R) (2851 bp) was used (Figure S1B). For Southern hybridization, gDNA of 

the S. macrospora wt, ∆ku70 and ∆vac14 strain was hydrolyzed with PstI. A capillary blot 

using a nylon membrane (RPN303B, GE Healthcare, Boston, MA, USA) was performed 

overnight at RT. The 1030 bp 3’-probe was amplified from S. macrospora wt gDNA with 

the Vac14-ko-3f_3/Vac14-ko-3r_3 primer pair. Labeling of the probe was performed with 

the Amersham AlkPhos Direct Labelling and Detection Kit (RPN3680, GE Healthcare, 

Botson, MA, USA). Detection was done after the manufacturer’s manual. Signals were 

visualized on X-ray films (Amersham HyperfilmTM ECL, GE Healthcare, Botson, MA, 

USA) using an “Optimax X-ray film processor” (PROTEC GmbH & Co. KG, Oberstenfeld, 

Germany) (Figure S1C). 

2.5 Light and Fluorescence Microscopy 

To investigate vegetative hyphae and sexual structures, S. macrospora strains were grown 

on SWG-covered glass slides for 5 d or on solid SWG medium for 9 d under continuous 

light at 27 °C. The slides were prepared as described previously (Groth et al., 2021), 

whereas SWG was used as solid medium and instead of liquid BMM water was poured 

into the petri dish to prevent desiccation of the growth medium. The documentation was 

performed with an AxioImage M1 microscope (Zeiss, Jena, Germany) using differential-

interference contrast (DIC) or a VHX-500F Digital Microscope (Keyence, Neu Isenburg, 

Germany). Images were captured with a Photometrix CoolSNAP HQ camera (Roper 

Scientific, Photometrics, Tuscon, AZ, USA). Image processing was done using ZEISS ZEN 

Digital Imaging (version 2.3; Zeiss, Jena, Germany) and the Affinity Publisher software 

(version 1.10.1, Serif (Europe) Ltd., Nottingham, UK, https://affinity.serif.com/de/ 

publisher/; accessed on 24.08.2021). 

For fluorescence microscopic analyses, S. macrospora strains were grown for 24 h on BMM-

agar slides, as described in (Groth et al., 2021), for 72 h on solid SWG medium 

supplemented with 1.5 % agarose (Biozym Scientific GmbH, Hessisch Oldendorf, 

Germany), or for 24-72 h on SWG + 1.5 % agarose media supplemented with 0.1 M NaCl, 

0.4 M sorbitol, 2.5 mM 3-AT, 0.003 % SDS, 0.01 % H2O2 or without KNO3 at 27°C under 

continuous light conditions. To detect EGFP signals, Chroma filter set 49002 (exciter 

ET470/40x, ET525/50m, beamsplitter T495lpxr), for TagRFP-T/tdTomato/FM4-64-signals, 

Chroma filter set 49005 (exciter ET545/30x, emitter ET620/60m and beamsplitter T570LP) 
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and for CMAC, a 49000 (ET350/50x, emitter ET460/50m and beamsplitter T400LP) was 

used. 

For FM4-64 (Thermo Fisher Scientific, Waltham, MA, USA) staining, S. macrospora strains 

were grown on solid SWG + 1.5 % agarose for 24 h at 27 °C. Staining was conducted by 

applying 100 µL of an FM4-64 solution (1 µg/mL in distilled water) to the mycelium on 

the agar-piece followed by incubation for 15 min at 37 °C.  

For CMAC (Thermo Fisher Scientific, Waltham, MA, USA) staining, S. macrospora strains 

were grown on BMM-slides or over a piece of cellophane (0.5 cm x 0.5 cm) on solid SWG 

for 24 h or on solid SWG + 1.5 % agarose for 72 h at 27 °C. Then, the CMAC 10 mM stock 

solution was diluted 1:400 in distilled water and 100 µL of the CMAC solution was applied 

for 30 min at 37 °C to the mycelium.  

With the transformation of plasmid pRH2B_nat (histone 2B fused with tdTomato) 

(Reschka et al., 2018) into the ∆vac14 deletion strain, nuclei could be visualized by 

fluorescence microscopy. 

For time lapse studies of growing hyphae, S. macrospora strains were grown on BMM + 

1.5 % agarose for 24 h at 27 °C, as described previously (Groth et al., 2021). Recording 

intervals of 5 s over 20 min were used for time lapse studies. 

2.6 Protein Sample Preparation and Western Blot Hybridization 

For protein extraction from fungal mycelium, S. macrospora strains were cultivated in 

liquid BMM and were grown for 3 d at 27 °C. Then, the mycelium was harvested, dried, 

ground in liquid nitrogen and 520 µL of lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 0.5 mM EDTA pH 8.0, 1 mM PMSF, 2 mM DTT, 0.5 % NP-40, 1x protease inhibitor 

cocktail IV (1tbl/50 mL, 04693132001, Mannheim, Germany), 1x PhosSTOP™ (1tbl/10 mL, 

04906837001, Roche, Mannheim, Germany)) per g mycelium powder was added. 

Cells were lysed in a Tissue Lyser (Qiagen, Hilden, Germany) by 30 Hrz for 2 min and 

prepared for Western Blot analysis by applying 4x NuPAGE® LDS-SB (NP0007, Thermo 

Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s manual. As protein 

standards, either the Nippon Genetics Co. Europe blue star pre-stained protein marker 

(MWP03, NIPPON Genetics Europe, Düren, Germany) or the PageRulerTM prestained 

protein ladder (26619, Thermo Fisher Scientific, Waltham, MA, USA) was used. 
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Proteins were separated by SDS-PAGE and transferred to a AmershamTM ProtranTM 

Nitrocellulose Blotting Membrane (RPN203B, GE Healthcare, Little Chalfont, UK) using 

1x transfer buffer and a Mini Trans-Blot® Cell device as described by the manufacturer 

(Bio-Rad Laboratories, Hercules, CA, USA) (Towbin et al., 1979). 

The nitrocellulose membrane, containing transferred proteins, was blocked with 5 % (w/v) 

skim milk powder in 1x Tris-buffered saline supplemented with 0.05 % Tween 20® (TBST) 

for 1 h at RT. Detection of antigen-antibody reaction was performed with a primary EGFP 

(rat)- (1:4000, 3h9-100, ChromoTek GmbH, Planegg-Martinsried, Germany) or TagRFP-T 

(rabbit) -antibody (1:12500, AB233-ev, BioCat (Evrogen, Moscow, Russia)) solved in 5 % 

skim milk/TBST. The membrane and antibody solution were incubated overnight at 4 °C. 

After the primary antibody was removed, the membrane was washed three times with 1x 

TBST for 15 min. A horse-radish peroxidase (HRP) coupled secondary anti rat- or rabbit-

antibody (1:5500, 62-9520, Thermo Fisher Scientific, Waltham, MA, USA; 1:5000, G-21234, 

Thermo Fisher Scientific, Waltham, MA, USA) was applied to the membrane for 1 h at RT 

before the membrane was washed three times with 1x TBST for 15 min. Enhanced 

chemiluminescence reaction was used to detect the HRP-coupled antibodies using the 

ImmobilonTM Western HRP Substrate kit (WBKLS0500, Merck, Kenilworth, NJ, USA). 

Signals were visualized on X-ray films (Amersham HyperfilmTM ECL, GE Healthcare, 

Botson, MA, USA) using an “Optimax X-ray film processor” (PROTEC GmbH & Co. KG, 

Germany). 

2.7 Protein Domain Determination 

Protein domains were predicted using the program InterProScan (https://www.ebi.ac.uk/ 

interpro/search/sequence/; accessed on 15.03.2021) (Blum et al., 2021). The coiled-coil 

motifs were predicted using NPS@: COILED-COILS PREDICTION (https://npsa-

prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_lupas.html; accessed on 

15.03.2021) (Lupas et al., 1991). Transmembrane domains (TMD) were predicted with the 

program HMMTOP (http://www.enzim.hu/hmmtop/html/submit.html; accessed on 

15.03.2021) (Tusnády and Simon, 2001). Design of the schematic illustration was 

performed in same relation to the amino acids indicated in the figure using the Affinity 

Publisher software (version 1.10.1, Serif (Europe) Ltd., Nottingham, UK, 

https://affinity.serif.com/de/publisher/; accessed on 24.08.2021).
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2.8 Multiple Sequence Alignment and Phylogenetic Analysis of Vac14 

Protein sequences of Vac14 from fungi, animals and plants were obtained from BLASTP 

search using the public databases at NCBI (https://blast.ncbi.nlm.nih.gov/ 

Blast.cgi?PAGE=Proteins; accessed on 24.08.2021) and were prepared with the online 

program MAFFT (version 7, https://mafft.cbrc.jp/alignment/server/; accessed on 

24.08.2021) (Katoh et al., 2019). The program GeneDoc (version 2.7.000; accessed on 

24.08.2021) (Nicholas and Nicholas, 1997) and the Affinity Publisher software (version 

1.10.1, Serif (Europe) Ltd., Nottingham, UK, https://affinity.serif.com/de/publisher/; 

accessed on 24.08.2021) were used to represent the alignment of protein sequences. 

Alignments of multiple protein sequences and neighbor joining phylogenetic analysis 

were performed with MAFFT (version 7, https://mafft.cbrc.jp/alignment/server/; accessed 

on 12.10.2021) (Katoh et al., 2019). To test the tree for statistical significance, a bootstrap 

analysis was conducted with 1000 iterations. The tree was displayed with Phylo.io 

(version 1.0.k, http://phylo.io/; accessed on 12.10.21) (Robinson et al., 2016) and edited with 

the Affinity Publisher software (version 1.10.1, Serif (Europe) Ltd., Nottingham, UK, 

https://affinity.serif.com/de/publisher/; accessed on 12.10.2021). 

3. Results 

3.1 The Vac14 Protein is Conserved Among Fungi, Plants and Animals 

In previously performed LC-MS analysis with the SmSTRIPAK-complex component SCI1 

as bait, a protein encoded by SMAC_08299 had been identified and predicted to be a 

VAC14 homolog via BLASTP analysis (Reschka et al., 2018). Moreover, interactors of the 

endolysosomal and autophagic pathways were identified for mammalian VAC14 (Schulze 

et al., 2014). Since the SmSTRIPAK-complex and the autophagic process are critical for 

S. macrospora sexual development, we investigated the SmVAC14 protein in more detail 

(Voigt and Pöggeler, 2013; Werner et al., 2019). The 3384-bp coding region of the 

S. macrospora vac14 gene is interrupted by 8 introns and encodes a protein of 892 aa with a 

molecular weight of 98 kDa (from the genome database Smacrospora_v03 from (Blank-

Landeshammer et al., 2019)). SmVAC14 is predicted to contain a Fab1- and a Fig4-binding 

domain, 3 transmembrane domains (TMD), 4 Coiled Coils (CC), and with up to 4 

predicted Armadillo (ARM)-repeats it belongs to the ARM-repeat superfamily. The ARM-
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superfamily also comprises HEAT (huntingtin-elongation-A subunit-TOR)-repeats but 

due to their degeneration and prediction problems of commonly used software (Andrade 

et al., 2001), we focused on the prediction of ARM-repeats. Domain organization of VAC14 

proteins in S. macrospora, Neurospora crassa, Saccharomyces cerevisiae, Homo sapiens and 

Arabidopsis thaliana are shown in Figure 1. Multiple sequence alignment with the 

SmVAC14 protein sequences using the online tool MAFFT (Katoh et al., 2019) revealed 

97 % sequence similarity with the N. crassa NcVAC14 protein (XP_011395167.1), 52 % with 

the S. cerevisiae Vac14p (NP_013490.3), 47 % with the H. sapiens HsVAC14/ArPIKfyve 

protein (NP_060522.3) and 50 % with the A. thaliana AtVac14 protein (NP_565275.1), 

respectively (Figure S2). Furthermore, multiple sequence alignment revealed that VAC14 

is conserved in saprophytic and pathogenic species among the clades of Ascomycota and 

Basidiomycota showing 55-86 % sequence similarity to SmVAC14 (Figure S3 and Figure 

S4).  

 

Figure 1: Domain organization of VAC14 proteins from fungi, animals and plants. 

Domains for Fab1 and Fig4 binding and ARM-repeats were predicted using the program 

InterProScan (Blum et al., 2021). Coiled-coil (CC) motifs (light grey) were predicted with NPS@: 

COILED-COILS PREDICTION (Lupas et al., 1991) and transmembrane domains (TMD) (dark red) 

with HMMTOP (Tusnády and Simon, 2001). The N-terminal Fab1-binding domain (Fab1-bd) is 

shown in cyan, the C-terminal Fig4-bd in orange, and a PSD95-Discs-large-ZO-1 (PDZ)-recognition 

motif (Lemaire and McPherson, 2006) in light blue. Positions of presumable Armadillo (ARM)-

repeats are indicated as striped red bars. Protein sequence of the S. macrospora SmVAC14 
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(SMAC_08299) was taken from the S. macrospora-specific peptide database Smacrospora_v03 

(Blank-Landeshammer et al., 2019). Accession numbers of the other proteins are as following: 

N. crassa VAC14 (XP_011395167.1), S. cerevisiae Vac14p (NP_013490.3), H. sapiens 

VAC14/ArPIKfyve (NP_060522.3) and A. thaliana Vac14 (NP_565275.1). 

3.2 Deletion of vac14 Results in Deformed Perithecia and an Impairment of 

Ascospore Formation 

The S. macrospora ∆vac14 partial-deletion mutant was generated using the ∆ku70 strain 

(Pöggeler and Kück, 2006). For the construction of the ∆vac14 strain, homologous 

recombination of a hph deletion cassette flanked by the first and last 1000 bp of the vac14 

gene was performed resulting in a 1140-bp deletion of the vac14 coding region. Partial 

deletion of vac14 was confirmed by PCR and Southern blot analysis (Figure S1). To 

investigate the role of SmVAC14 during sexual development, the life cycle of the ∆vac14 

deletion strain and two complementation strains were microscopically examined and 

compared to the wt (Figure 2A). In the complementation strains, VAC14 is C-terminally 

tagged with TagRFP-T either under the control of the endogenous promotor (5’) 

(∆vac14::5’vac14-TagRFP-Tect) or the overexpression promotor (ccg1) (∆vac14::ccg1vac14-

TagRFP-Tect). Further, phenotypic analyses were performed in which the morphology and 

number of perithecia and ascus rosette maturity was determined in the strains (Figure 2B-

E).  
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Figure 2: Phenotypic analysis of the S. macrospora wt, :vac14 and complementation strains 
:vac14::5’vac14-TagRFP-Tect and :vac14::ccg1vac14-TagRFP-Tect. 

A Microscopic investigation of sexual development. Strains were grown on SWG-slides or on solid 

SWG medium at 27 °C for indicated periods of 3 to 9 days. Scale bars from left to right: 10 µm; 

10 µm; 10 µm; 0.5 mm; 100 Mm and 25 µm. B Schematic illustration of a petri dish divided in an 

inner (i) (dark grey) and outer (o) (light grey) area with the inoculum, mycelium-covered agar piece 
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(dark red), placed upside-down in the center. C Cross-sections of the strains from the defined inner 

and outer area and representative pictures of a single perithecium. Pictures were taken after strains 

were grown for 8 d on solid SWG-media. Scale bar: 0.5 mm. D Quantification of perithecia per cm2 

after 7 d of growth. Perithecia were counted 20 times in an area of 0.0625 cm2 and the averages from 

three biological replicates from each strain of three independent experiments (n = 60) are shown. 

Counting was performed in the inner (i) (dark grey) and outer (o) (light grey) area, respectively. 

Significant differences to the wt of p < 0.05 according to Student’s t-test are indicated by asterisks 

(*). E Ascus rosette maturation was determined after 9 d on solid SWG media. Ten perithecia of 

three biological replicates from each strain (n = 30) in the defined inner (i) and outer (o) area were 

cracked and categorized rosettes mature asci with 8 black spores (dark red), > rosettes of mostly 

asci with mature spores (dark grey), > rosettes of some asci with mature spores (middle grey), and 

rosettes of asci with immature spores (light grey). A representative picture of an ascus rosette of 

each category is shown above the diagram. Mature black spores of wt in the outer area were set to 

100 %. 

All strains completed the life cycle within 9 days including the production of ascospores. 

The S. macrospora life cycle begins with a germinating ascospore that develops into a 

vegetative mycelium. After 2-3 days, ascogonia, the female gametangia, were formed and 

after 3-4 days protoperithecia, unpigmented fruiting-body precursors, were produced. 

These stages could be observed in all strains whereby the ∆vac14 strain displayed an 

enlarged protoperithecium compared to the wt (Figure 2A). After further development of 

the protoperithecia into melanin-pigmented protoperithecia, self-fertilization, 

karyogamy, meiosis and a postmeiotic-mitosis in the maturing perithecia took place. 

Subsequently, eight linear-arranged black ascospores are present per ascus. In ∆vac14, the 

ascospores are predominantly immature compared to the wt. Additionally, after growth 

for 7 days on SWG medium, the ∆vac14 deletion mutant exhibits an increased density of 

perithecia formed near the agar-piece in the center of the petri dish (Figure 2A). Due to 

this phenotype, we defined an “inner” and “outer” area of the petri-dish for further 

analysis (Figure 2B). Cross-sections were performed to analyze the morphology of the 

perithecia in the inner and outer area. This showed that the perithecia of the inner area of 

the ∆vac14 strain appear more melanized and piled up. In addition, they appeared 

deformed and do not form a neck and a pear-shaped structure as seen in the wt or 

complementation strains (Figure 2C). To investigate the ∆vac14 phenotype regarding 

perithecia production in more detail, numbers of perithecia per cm² in the defined areas 

were calculated after 7 days (Figure 2D). This analysis revealed a significantly higher 

amount (~2-fold) of perithecia in the inner area of the ∆vac14 strain compared to the wt. 
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For further phenotypic analysis, ascus rosette maturation was analyzed in the defined 

areas in all strains (Figure 2E). For this, ascus rosettes were categorized into 4 stages 

according to their maturity revealing that ∆vac14 perithecia contain an increased number 

of asci with immature spores compared to the wt.  

3.3 Vacuolar Morphology is Altered in the :vac14 Mutant 

Since sexual development and growth behavior is impaired in the S. macrospora partial-

deletion strain ∆vac14, we microscopically investigated living hyphae to analyze vacuolar 

morphology. Our results revealed an atypical morphology and appearance of vacuoles 

(Figure 3). To visualize vacuolar membranes, we stained the S. macrospora wt and ∆vac14 

strain with the red fluorescent and membrane-selective dye FM4-64 (Fischer-Parton et al., 

2000; Peñalva, 2005) (Figure 3A). For further staining of the acidic lumen of vacuoles, we 

used the fluorescent compound 7-amino-4-chloromethyl-coumarin (CMAC) (Cole et al., 

1997; Cole et al., 1998) (Figure 3B). These experiments revealed that the vacuoles of the 

∆vac14 mutant are extreme enlarged and, due to their fainter staining with CMAC, appear 

to be less acidified when compared to the wt. Moreover, we examined the localization of 

nuclei in both strains at growing hyphal tips using the histone 2B labeled with tdTomato 

(RH2B) (Figure 3C and Video S1 and Video S2). In the ∆vac14 strain, enlarged, cellular 

space-consuming vacuoles at hyphal tips appear to displace nuclei to the periphery of the 

hyphae. This changed vacuolar morphology and distribution seemed to impair the growth 

rate of the ∆vac14 mutant in comparison to the wt (Figure 3C). 



MANUSCRIPT   

96 

 

Figure 3: Vacuolar morphology of S. macrospora :vac14 and wt. 

A Vacuolar membranes of the hyphae were stained with FM4-64 (1 µg/mL in distilled water, and 

incubated for 15 min at 37 °C). Hyphae were recorded after growth on SWG + 1.5 % agarose 

medium for 24 h at 27 °C under continuous light. B The lumen of the vacuoles was stained with 

CMAC (1:400 of 10 mM stock solution, and incubated for 30 min at 37 °C). Hyphae were recorded 

after growth over a piece of cellophane (0.5 cm x 0.5 cm) on solid SWG medium for 24 h at 27 °C 

under continuous light. C Selected images of Video S1 and Video S2 showing localization of 

enlarged vacuoles and distribution of nuclei in growing hyphae of the wt (S1) and ∆vac14 (S2) 

strain after 24 h on BMM + 1.5 % agarose medium at 27 °C. Nuclei were labeled by histone 2B fused 

to tdTomato (RH2B). Scale bar = 10 µm, DIC: differential interference contrast.  

3.4 The :vac14 Mutant is More Stress Sensitive than the Wt 

Next, we analyzed the growth and developmental behavior of the ∆vac14 mutant when 

confronted with various stress conditions (Figure 4). Sexual development of all strains was 

investigated after 10 days of growth on medium containing 0.1 M NaCl or 0.4 M sorbitol, 
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mimicking osmotic stress, applying 2.5 mM 3-AT to generate amino-acid starvation or by 

adding 0.01 % H2O2 for oxidative stress conditions (Figure 4A). The wt, complementation, 

and vac14-overexpression strains were able to grow and form perithecia under all stress 

conditions and revealed normal sexual development. On the contrary, the ∆vac14 deletion 

strain displayed severe growth and developmental defects including decreased perithecia 

formation and slower growth rates (Figure 4A); though localization of VAC14-TagRFP-T 

was not altered under these stress conditions (Figure S5). 

Additionally, we tested the growth velocity in cm per day of all strains on stress media 

(Figure 4B). The results revealed the most significant growth impairment of ∆vac14 on 

media mimicking amino-acid starvation (2.5 mM 3-AT). Further, osmotic stress conditions 

(0.1 M NaCl or 0.4 M sorbitol) also prevent normal sexual development in the ∆vac14 

deletion mutant compared to the wt. Growth of ∆vac14 on oxidative stress (0.01 % H2O2) 

lead to a comparable impaired growth rate as under normal conditions (SWG). The 

complementation strains ∆vac14::5’vac14-TagRFP-Tect and ∆vac14::ccg1vac14-TagRFP-Tect 

showed similar development and growth under these conditions like the wt. However, 

overexpression of VAC14-TagRFP-T restored the ∆vac14 phenotype more efficiently. 

Limitation of nitrogen by omitting KNO3 from the medium and cell-wall stress by adding 

0.003 % SDS were also tested with no obvious effect concerning the development of the 

∆vac14 strain (Figure S6). 
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Figure 4: Sexual developmental and growth behavior of S. macrospora wt, :vac14 and the 
complementation strains :vac14::5’vac14-TagRFP-Tect and :vac14::ccg1vac14-TagRFP-Tect 
on different stress media. 

A Strains were grown in presence of various stress conditions, such as osmotic stress (0.1 M NaCl, 

0.4 M sorbitol), under amino-acid starvation (2.5 mM 3-AT) or oxidative stress (0.01 % H2O2) by 

adding the components to SWG medium. Pictures of the agar plates and enlargement of perithecia 

by microscopic images were taken after 10 days. Scale bar of microscopic images: 0.5 mm. B For 

determination of growth rate per day, strains were grown in 30-cm race tubes filled with selected 

stress media. Three biological replicates of each strain were analyzed in three independent 

experiments (n = 9). Asterisks (*) indicate a significant difference to the wt strain, according to 

Student’s t-test (p < 0.05).  



  MANUSCRIPT 

99 

3.5 SmVAC14 Co-localizes with the SmSTRIPAK-component SmSCI1 and 

Localizes to Vacuolar Membranes, the ER, the Golgi and to Early and Late 

Endosomes 

Fluorescence microscopy was performed to determine the subcellular localization of the 

S. macrospora VAC14 protein. SmVAC14 was C-terminally fused with either one of the 

fluorescent tags EGFP and TagRFP-T, to confirm the localization of VAC14 independent 

of the tag (Figure 5). Due to the fact that the N-terminally tagged fusion protein TagRFP-

T-VAC14 does not complement the ∆vac14 phenotype (Figure S7), we performed the 

experiments with the C-terminally tagged protein version. Since the subcellular 

localization of VAC14 does not change whether it is expressed under the native (5') or the 

overexpression promotor of the clock-controlled gene 1 of N. crassa (ccg1) (Figure S8), but 

the latter version resulted in increased fluorescence, we used this variant for fluorescence 

microscopy. For localization of free EGFP or TagRFP-T as control, S. macrospora wt and 

∆vac14 strains were transformed with either plasmid p1783-1 (Pöggeler et al., 2003) or 

pDS23 (Teichert et al., 2012) or pTagRFP-T (Werner et al., 2021) (Figure S9). To analyze 

putative co-localization of VAC14 with the SmSTRIPAK-complex, S. macrospora wt was 

transformed with the plasmids pccg1vac14-TagRFP-T_hyg and p5’sci1-egfp (Reschka et 

al., 2018) to ectopically express the fusion proteins VAC14-TagRFP-T and SCI1-EGFP, 

respectively (Figure 5A). The resulting yellow fluorescence signal in the merged picture 

revealed partial co-localization of the fusion proteins. To determine if VAC14 localizes 

with the highly dynamic vacuolar compartment, we generated a S. macrospora wt strain 

expressing VAC14-TagRFP-T and the vacuolar ATPase catalytic subunit A, VMA1, tagged 

with EGFP as reporter protein for vacuolar membranes and vesicles (Figure 5B). Here, the 

merged picture revealed co-localization of VAC14-TagRFP-T with VMA1-EGFP at tubular 

shaped vacuoles and punctuated vesicular structures. Further, localization of VAC14 at 

the ER was tested using the recently identified S. macrospora ER-marker protein POM33 

(Groth et al., 2021). For this, S. macrospora wt strains expressing either VAC14-TagRFP-T 

or POM33-EGFP were crossed (Figure 5C). Here, the merged picture revealed partial co-

localization of the fusion proteins whereby VAC14-TagRFP-T localized in dot-like 

structures at the ER and tubular filaments departing from them into the cytoplasm. In 

addition to this, we examined if VAC14 is linked to the secretory pathway by using the 
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Rab family GTPase YPT1, N-terminally fused to TagRFP-T, as marker protein for ER-to-

Golgi vesicle trafficking (Figure 5D). Co-localization of VAC14-EGFP and TagRFP-T-YPT1 

is shown in the merged picture by the yellow fluorescent signal at long filamentous 

structures spanning the cytoplasm and small vesicles. Furthermore, we investigated if 

SmVAC14 also showed localization to the endocytic pathway by performing co-

localization studies with the early- and late-endosomal reporter proteins of Z. tritici 

ZtRAB5 and ZtRAB7, respectively (Figure 5E-F). Accordingly, VAC14-TagRFP-T partially 

co-localized with EGFP-ZtRAB5 at filamentous structures (Figure 5E). In contrast, VAC14-

TagRFP-T showed distinct co-localization with EGFP-ZtRAB7 also at filamentous 

compartments and vesicles (Figure 5F).   
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Figure 5: Co-localization of VAC14 and marker proteins in S. macrospora using different 
fluorescence tags.  

S. macrospora wt was either co-transformed or strains expressing fluorescent proteins were crossed. 

Fluorescence microscopy was performed to visualize co-localization of the fusion proteins. A 

S. macrospora wt was co-transformed to express VAC14-TagRFP-T and the fluorescence-labeled 

SmSTRIPAK-component SCI1-EGFP. A white arrow indicates co-localization of both fusion 

constructs. B Co-transformed S. macrospora wt expressing VAC14-TagRFP-T and the tubular-

vacuole marker VMA1 fused to EGFP. Co-localization of the fusion proteins is indicated by a white 

arrow. C S. macrospora wt strains expressing either VAC14-TagRFP-T or the ER-marker protein 

POM33-EGFP were crossed and partial co-localization of both fusion proteins is indicated by white 

arrows. D For co-localization at the Golgi, S. macrospora wt was co-transformed to express VAC14-

EGFP together with TagRFP-T-YPT1. White arrows indicate co-localization. S. macrospora wt 

expressing VAC14-TagRFP-T together with the fluorescence-tagged Z. tritici early- and late 

endosomal markers EGFP-ZtRAB5 (E) and EGFP-ZtRAB7 (F), respectively. White arrows indicate 

co-localization of the fusion proteins. Scale bars = 10 µm, DIC: differential interference contrast. 

Detailed two-fold enlargements of the merge pictures are indicated by a frame and shown at the 

right margin. 

3.6 Deletion of vac14 has an Impact on the Endocytic Pathway 

To further verify if the deletion of S. macrospora vac14 has an impact on the endocytic 

pathway, we investigated the localization of the early endosomal marker EGFP-ZtRAB5 

and the late endosomal marker EGFP-ZtRAB7 after 24 h and 72 h in the wt and the ∆vac14 

deletion strain, respectively (Figure 6). Vacuoles were stained with CMAC resulting in a 

bright blue fluorescence signal of the vacuolar lumen. In contrast to the wt, the early 

endosomal marker EGFP-ZtRAB5 localized already after 24 h inside vacuoles in ∆vac14, 

whereas after 72 h no difference in the localization of the fusion construct could be 

observed comparing both strains (Figure 6A). The late endosomal marker EGFP-ZtRAB7 

was present inside and around vacuoles after 24 h in both strains. However, after 72 h 

EGFP-ZtRAB7 localized exclusively in the lumen of vacuoles in the wt but showed an 

additional localization as a ring-like structure at the vacuolar membranes in ∆vac14 

(Figure 6C). Expression of both fusion proteins (EGFP-ZtRAB5: 56 kDa; EGFP-ZtRAB7: 

49 kDa) was verified via Western blot analysis (Figure 6B and Figure 6D, respectively).  
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Figure 6: Localization of the early- and late-endosomal markers ZtRAB5 and ZtRAB7 in 
S. macrospora wt and :vac14 strains. 

S. macrospora wt and ∆vac14 strains expressing the fluorescence-tagged Z. tritici early- and late 

endosomal markers EGFP-ZtRAB5 (A) and EGFP-ZtRAB7 (C) with corresponding Western blot 

analysis (B) and (D), respectively. Strains were grown on BMM-slides for 24 h or on SWG-slides 

for 72 h at 27 °C under continuous light. Vacuoles of the hyphae were stained with CMAC (1:400 

of 10 mM stock solution) and incubated for 30 min at 37 °C. Scale bars = 10 µm, DIC: differential 

interference contrast.  
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3.7 Autophagy is not Affected by vac14 Deletion 

Since our results revealed a strong stress-sensitive phenotype for ∆vac14 especially under 

amino-acid starvation conditions, we assumed that autophagy might be affected upon 

Smvac14 deletion. In this context, it is also notably that deletion of Smnbr1, the autophagic 

receptor, also resulted in immature spore-formation (Werner et al., 2019), which is similar 

to the phenotype of ∆vac14. Moreover, human VAC14 was proposed to interact with 

endolysosomal and autophagic proteins (Schulze et al., 2014). First, we investigated the 

localization of SmVAC14 with autophagic marker proteins. For this purpose, S. macrospora 

wt strains expressing VAC14-TagRFP-T together with either the EGFP-tagged 

autophagosomal-marker protein SmATG8 or the autophagic receptor SmNBR1, both 

fused to EGFP, were generated (Figure 7A and Figure 7B). To investigate the localization 

of these autophagy-marker proteins wt and ∆vac14, were transformed with the plasmids 

pegfp-atg8 (Voigt and Pöggeler, 2013) and pnbr1-egfp (Werner et al., 2019), respectively. 

VAC14-TagRFP-T localized inside as well as around vacuoles and at vacuolar 

compartments. The fusion proteins EGFP-ATG8 and NBR1-EGFP shown in Figure 7A and 

Figure 7B, respectively, were degraded in the vacuole leading to stable green fluorescence 

in the vacuolar lumen. To further test if autophagy is affected upon vac14 deletion, we 

performed fluorescence microscopy of both marker proteins in ∆vac14 and used Western-

blot analysis for degradation analysis (Figure 7C-E). The results showed no alteration in 

the localizations of SmATG8 or SmNBR1 in the ∆vac14 deletion background compared to 

the wt (Figure 7C and Figure 7E). Moreover, SmATG8 was degraded similarly in ∆vac14 

and wt, suggesting no effect of vac14 deletion on autophagy. 
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Figure 7: Co-localization of VAC14 with the autophagic marker proteins ATG8 and NBR1 in 
S. macrospora wt and localization in :vac14. 

Strains were grown on  Co-transformed S. macrospora wt was used for fluorescence microscopy to 

visualize co-localization of fusion proteins (A+B). S. macrospora wt expressing VAC14-TagRFP-T 

together with the fluorescence-labeled autophagic marker EGFP-ATG8 (A) and the autophagy 

receptor NBR1-EGFP (B), respectively. After 72 h of growth the autophagic marker proteins 

displayed a localization inside of vacuoles marked by asterisks (*). White arrows indicate 

localization of VAC14-TagRFP-T around and at those vacuoles. An autophagosome is marked by 

a white rectangle. Detailed two-fold enlargements of the merge pictures are indicated by a frame 

and are shown at the right margin. S. macrospora wt and ∆vac14 strains expressing the fluorescence-

labeled autophagy-marker proteins EGFP-ATG8 and NBR1-EGFP (C-E). The autophagic markers 

show localization inside vacuoles marked by asterisks (*). White arrows indicate localization in 

small dots, presumably autophagosomes. Detailed two-fold enlargements of the merged pictures 

are indicated by a frame and shown at the right margin. D Western blot analysis for expression of 

EGFP-ATG8. The strain wt::egfpect served as control. Protein sizes are indicated. Degradation 

products of the fusion protein are visible. Scale bars = 10 µm, DIC: differential interference contrast.  

4. Discussion 

The Fab1p/PIKfyve-multiprotein complex controls the generation of the minor 

phosphorylated phosphatidylinositol PtdIns(3,5)P2 and is comprised of the lipid and 

protein kinase Fab1p/PIKfyve, the lipid and protein phosphatase Fig4p/Sac3, and the 

scaffolding core Vac14p/ArPIKfyve. In yeast, additionally the Fab1p activator Vac7p and 

its inhibitor Atg18p are components of the Fab1p-complex (Bonangelino et al., 1997; 

Botelho et al., 2008; Duex et al., 2006b; Efe et al., 2007; Gary et al., 2002; Ikonomov et al., 

2009a; Jin et al., 2008; Sbrissa et al., 2008; Schulze et al., 2014). In our study we investigated 

the role of the Fab1p/PIKfyve scaffolding unit VAC14 of S. macrospora. We investigated 

the effect of vac14 deletion and determined the subcellular localization of SmVAC14. 

Moreover, we analyzed the localization of endosomal and autophagy marker proteins in 

the ∆vac14 mutant strain.  

Protein domain prediction revealed that SmVAC14 is a conserved protein that besides a 

Fab1/PIKfyve- and a Fig4/Sac3-binding domain and multiple TMDs as well as CCs is 

predicted to be composed of several ARM-repeats (Figure 1). ARM- and HEAT-repeats 

are very similar evolutionary related motifs of tandemly repeated sequences of about 50 aa 

that provide surfaces for protein-protein interactions (Andrade et al., 2001; Cingolani et al., 

1999; Malik et al., 1997). However, HEAT-repeats are degenerated and therefore difficult 

to be predicted by available online programs including the one we used here (Andrade et 

al., 2001). In our study, due to prediction challenges of HEAT-repeats, we restricted our 
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analysis only to ARM-repeats present in the Vac14 homologs. Accordingly, SmVAC14 

together with Vac14 homologs in yeast in mammals can be classified as a member of the 

ARM-superfamily. However, yeast Vac14p was predicted to contain 17 HEAT-repeats, 

whereas up to 21 HEAT-repeats were predicted for the mammalian VAC14/ArPIKfyve 

homolog (Jin et al., 2008). Therefore, it is suggested that HEAT-repeats span the whole 

Vac14p/ArPIKfyve protein to facilitate interactions with itself to form pentamers and with 

the other Fab1p/PIKfyve complex components (Jin et al., 2008; Lees et al., 2020). Based on 

the fact that the domain structure of SmVAC14 is similar to that of yeast, mammals and 

plants, a comparable function and localization is also probable. To analyze the function of 

SmVAC14, a ∆vac14 deletion strain was generated and phenotypically investigated.  

Accordingly, deletion of Smvac14 caused deformed, less melanized perithecia and 

impaired ascospore formation (Figure 2). Interestingly, in mammals the point mutant 

Vac14L156R, incapable of PIKfyve binding, induced the infantile gliosis (ingls) phenotype in 

mice characterized by less pigmentation and body size (Jin et al., 2008). Besides these 

phenotypic features, the S. macrospora ∆vac14 mutant also exhibited a high number of 

piled up perithecia around the inoculate agar-piece compared to the remaining outer area 

of the petri-dish (Figure 2C). Fertile pile-mutants were already described in S. macrospora 

showing defects in melanization of perithecia that are formed on top of each other, but so 

far these mutants have not been molecularly analyzed. Therefore, its not known which 

genes caused the “pile” phenotype (Engh et al., 2007; Kück et al., 2009; Teichert et al., 2014). 

Our studies further showed that deletion of Smvac14 resulted not only in impaired sexual 

development but also in enlarged, visually poorly acidified vacuoles already present in 

growing hyphal tips (Figure 2 and Figure 3). A similar effect has been described for ∆fab1 

and ∆vac14 deletion stains in yeast and mammals. Enlarged vacuoles and lysosomes were 

reported to be accompanied by loss of or lower levels of PtdIns(3,5)P2 (Gary et al., 1998; 

Ikonomov et al., 2001; Rusten et al., 2006). PtdIns(3,5)P2 was recently proposed to activate 

the vacuolar (V)-ATPase H+-pump thereby maintaining sufficient acidification of the 

vacuoles and their morphology and size (Li et al., 2014). However, quantitative pH 

analysis revealed no defects in vacuolar acidification of S. cerevisiae ∆fab1p and ∆vac14p 

mutants since their pH were as acidic as wild-type cells (Ho et al., 2015). Moreover, 

PtdIns(3,5)P2 might not control the activity of the V-ATPase for steady-state conditions but 
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rather in response to salt stress for osmoregulation (Li et al., 2014). Accordingly, regulation 

of the PtdIns(3,5)P2 level at endolysosomal membranes is controlled by hyperosmotic 

stress (Bonangelino et al., 2002; Jin et al., 2017). Thus, disturbed osmotic regulation results 

in enlargement of vacuoles (Banerjee and Kane, 2020; Wilson et al., 2018).  

Accordingly, the S. macrospora ∆vac14 strain revealed a strong stress-phenotype by being 

sensitive to hyperosmotic stress, amino-acid starvation, and oxidative-stress conditions, 

which led to developmental defects with concentrated perithecia formation only in a small 

area around the agar-piece (Figure 4). This observation is consistent with those in yeast, 

where ∆fab1p, ∆fig4p and ∆vac14p mutants also reacted to hyperosmotic shock by 

increased PtdIns(3,5)P2 levels that returned to its native quantity quickly after stressing 

the cells (Bonangelino et al., 2002; Dove et al., 1997; Duex et al., 2006b).  

For localization studies of SmVAC14, we performed fluorescence microscopy. Recently, 

pulldown experiments had identified SmVAC14 as potential interaction partner of SCI1 

(Reschka et al., 2018). Thus, connection between both proteins had been proposed, which 

is consistent with the co-localization of both proteins in our studies (Figure 5). In addition, 

a recent global phosphoproteomic study revealed that SmVAC14 is differentially 

phosphorylated at T455 and S429 in SmSTRIPAK mutants, suggesting another link 

between the scaffolding protein SmVAC14 and the SmSTRIPAK-complex (Märker et al., 

2020; Stein et al., 2020). Interestingly, a recently performed proximity-dependent biotin 

identification (BioID) analysis with mammalian Vac14 and Fig4 revealed STRIPAK-

components in proximity as potential interactors (Qiu et al., 2021). Together with our co-

localization result, these findings indicate a possible connection of VAC14 with the 

STRIPAK-complex. 

Furthermore, fluorescence microscopy revealed that SmVAC14 localized at vacuolar 

membranes, the Golgi and with early and late endosomes (Figure 5). These results are 

concurrent with observations in yeast and mammals, where Vac14p/ArPIKfyve localizes 

to the membranes of vacuoles and to endolysosomes, respectively (Bonangelino et al., 

2002; Dove et al., 2002; Jin et al., 2008).  

Further microscopic investigations showed that the enlarged vacuoles in the ∆vac14 strain 

were enriched with the early and late endosomal marker proteins of RAB5 and RAB7, 

respectively (Figure 6), resulting in a mixture of early and late endosome/lysosome-like 
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vacuoles. These result are consistent with observation in Vac14wt or PIKfyve-binding 

deficient Vac14L156R overexpression mammalian cells, in which the enlarged vacuoles are 

positive for late endosomal markers Rab7, CD63, and Lamp2 (Schulze et al., 2014; Schulze 

et al., 2017). In contrast to this, highly enlarged vacuolar/endolysosomal compartments 

could not be detected when Smvac14 was overexpressed in S. macrospora (Figure S8). 

However, our results lead to the assumption that maturation or fusion events in the 

endolysosmal pathway are altered upon Smvac14 deletion. 

Due to the fact, that proteins that are linked to lysosomal and autophagic membrane 

dynamics (Rab9, Rab7 activator TBC1D15, and Rab5-interacting protein Sun2) were 

identified as potential interaction partners of mammalian Vac14 (Schulze et al., 2014; 

Schulze et al., 2017), we investigated if autophagy might be affected in the S. macrospora 

∆vac14 deletion strain. For this, we first investigated the localization of SmVAC14 together 

with the autophagic marker proteins SmATG8 and SmNBR1 (Figure 7A and Figure 7B). 

Accordingly, SmVAC14 localized at membranes of vacuoles and autophagosomes. Then, 

we analyzed if the localization and protein degradation of these marker proteins is altered 

in the ∆vac14 strain compared to the wt (Figure 7C-E). The results revealed that autophagy 

is probably not affected in ∆vac14 since the expression control and localization of the 

autophagic-marker proteins SmATG8 and SmNBR1 is not altered compared to the wt. 

These observations are consistent with those of mammalian Vac14 overexpression 

mutants, where the autophagic flux was not affected by enlarged lysosomes, although LC3 

accumulated in Western blot analysis of these mutants (Schulze et al., 2014; Schulze et al., 

2017). In addition, in ingls mice, as well as in Drosophila and Caenorhabditis elegans vac14 

deletion mutants accumulation of autophagosomes was detected (De Lartigue et al., 2009; 

Ferguson et al., 2009; Ho et al., 2012; Nicot et al., 2006; Rusten et al., 2007). To obtain an 

overview of the diverse functions of the Fab1/PIKfyve-complex and its potential 

connection with other regulatory complexes and signaling pathways in S. macrospora, 

more studies should be performed including the construction of knockout strains of other 

Fab1/PIKfyve-complex components, phenotypic analysis and interaction studies.
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5. Conclusion 

Organelle morphology is defined by the composition of lipids. PtdIns(3,5)P2 is generated 

by the Fab1p/PIKfyve-complex localized at vacuoles and endosomes. Through detailed 

phenotypic analysis, we have shown that the Fab1p/PIKfyve scaffold protein SmVAC14 

is important for controlling vacuolar size, proper sexual development, and stress 

responses in S macrospora. Furthermore, fluorescently-tagged SmVAC14 localizes to 

vacuolar membranes and co-localizes to diverse organelles including the Golgi, ER and 

endosomes as well as to the SmSTRIPAK-component SCI1. To unravel mechanistic links 

between VAC14, PtdIns(3,5)P2 homeostasis and developmental processes in filamentous 

fungi further studies are required.  
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Supplementary Material 

Supplementary Table 1 

Table S1: List of plasmids used and generated in this study. 

Plasmid Feature Reference 

pRS-nat ampR, ura3, natR (Klix et al., 2010) 

pRS-hyg ampR, ura3, hygR 
(Bloemendal et al., 

2012) 

pJet_nat ampR, natR 
Nordzieke, 

unpublished 

p1783-1 
ampR, ura3, hygR 

Pgpd::egfp::TtrpC 
(Pöggeler et al., 2003) 

pDS23 
ampR, ura3, natR 

Pgpd::egfp::TtrpC 
(Teichert et al., 2012) 

pTagRFP-T 
ampR, natR 

Pccg1::TagRFP-T::TtrpC 
(Werner et al., 2021) 

pGG-hph 
kanR, bla 
BsaI(6)::PtrpC::hph::BsaI(5) in pDrive 

(Dahlmann et al., 
2021) 

pDest-Amp 
Destination vector for Golden Gate cloning; bla (Bsamut), 
lacZ gene with two internal BsaI sites: BsaI(4) and 
BsaI(7) 

(Dahlmann et al., 
2021) 

pRH2B_nat 
ampR, ura3, natR 

Pgpd::hh2b::tdTomato::TtrpC 
(Reschka et al., 2018) 

pHeGFPRab5_hyg 
kanR, ura3, hygR 

PZttub2::egfp::Ztrab5::TZttub2 
(Kilaru et al., 2015) 

pHeGFPRab7_hyg 
kanR, ura3, hygR 

PZttub2::egfp::Ztrab7::TZttub2 
(Kilaru et al., 2015) 

pnbr1-egfp 
ampR, ura3, natR 

Pnbr1::nbr1::egfp::TtrpC 
(Werner et al., 2019) 

pegfp-atg8 
natR 

Patg8::egfp::atg8::Tatg8 
(Voigt and Pöggeler, 

2013) 

P5’sci1-egfp 
ampR, ura3, natR 

Psci1::sci1::egfp::TtrpC 
(Reschka et al., 2018) 

pegfp-Ztrab5_nat 
ampR, ura3, natR 

PZttub2::egfp::Ztrab5::TZttub2 
This study 

pegfp-Ztrab7_nat 
ampR, ura3, natR 

PZttub2::egfp::Ztrab7::TZttub2 
This study 

pegfp-Ztrab5_hyg 
ampR, ura3, hygR 

PZttub2::egfp::Ztrab5::TZttub2 
This study 

pegfp-Ztrab7_hyg 
ampR, ura3, hygR 

PZttub2::egfp::Ztrab7::TZttub2 
This study 

pegfp-vma1 
ampR, ura3, hygR 

Pvma1::egfp::vma1::Tvma1 
This study 

pTagRFP-T-ypt1 
ampR, ura3, natR 

Pccg1::TagRFP-T::ypt1::TtrpC 
This study 

pvac14-KO_V3w 
ampR, first 1030bp (=5‘-flank) and last 1030bp (=3’-flank) 
of vac14 ORF interrupted by hygR in pDest-Amp 

This study 

pvac14-egfp 
ampR, ura3, hygR 

Pvac14::vac14::egfp::TtrpC 
This study 

p5’vac14-TagRFP-
T 

ampR, ura3, natR 

Pvac14::vac14::TagRFP-T::TtrpC 
This study 

pccg1vac14-
TagRFP-T_nat 

ampR, ura3, natR 

Pccg1::vac14::TagRFP-T::TtrpC 
This study 

pccg1vac14-
TagRFP-T_hyg 

ampR, ura3, hygR 

Pccg1::vac14::TagRFP-T::TtrpC 
This study 

pTagRFP-T-vac14 
ampR, natR 

Pvac14::TagRFP-T::vac14::Tvac14 
This study 
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natR: nourseothricin resistant, hygR: hygromycin resistant, ampR: ampicillin resistance, kanR: 

kanamycin resistance, ura3: orotidine-5’-phosphate decarboxylase gene of Saccharomyces cerevisiae, 

hph: hygromycin B phosphotransferase gene, 5’: represents the native promoter of the respective 

gene, bp: base pairs, ORF: open-reading frame, P: promoter, T: terminator, Pgpd: promoter of the 

glyceraldehyde-3-phosphate dehydrogenase gene from A. nidulans, Pccg1: promoter of the clock-

controlled gene 1 from N. crassa, TtrpC: terminator of the anthranilate synthase gene from A. nidulans, 

egfp: gene for green fluorescence protein enhanced green fluorescent protein (EGFP) from Aequorea 

Victoria, TagRFP-T: gene for red fluorescence protein TagRFP-T of Entacmaea quadricolor, tdTomato: 

gene for red fluorescence protein tdTomato from Discosoma species.  



  MANUSCRIPT 

113 

Supplementary Table 2 

Table S2: List of primers used in this study. 

Oligo name Sequence (5‘3‘) 

Vac14-ko-5f_3w GACTGGTCTCA AGTC CCTGGAGCGTACCATACGTGA 

Vac14-ko-5r_3w CAGAGGTCTCA GCAG AGTCGACCTCGTCCCCATCCT 

Vac14-ko-3f_3 GTACGGTCTCG GTCA GTTCTTTGTAGCGCTTTTCCG 

Vac14-ko-3r_3 CTCAGGTCTCC CGTA TCATTGCTGGGCTCGCTTGCC 

GG_KO_fw TAGGGCGAATTGGGTACCG 

GG_KO_rv GGCCGCTCTAGAACTAGTG 

Vac14-egfp-f 
GTAACGCCAGGGTTTTCCCAGTCACGACG 

AAGCAGCACGTCCAACAGTC 

Vac14-egfp-r 
CGGTGAACAGCTCCTCGCCCTTGCTCACCAT 

TTGCTGGGCTCGCTTGCC 

GFP-f ATGGTGAGCAAGGGCGAGGA 

pRS426GFPrev 
GCGGATAACAATTTCACACAGGAAACAGC 

TCGAGTGGAGATGTGGAGTG 

Vac14-tRFP-r TTAATCAGCTCTTCGCCCTTAGACACCAT TTGCTGGGCTCGCTTGCCTC 

RFP-f ATGGTGTCTAAGGGCGAAGAG 

pRSccg1 
GTAACGCCAGGGTTTTCCCAGTCACGACG 

TAGAAGGAGCAGTCCATCTG 

Pccg1-r TTTGGTTGATGTGAGGGGTT 

Vac14-ccg1-f 
CACTTTCACAACCCCTCACATCAACCAAA 

ATGGACGCGAACATTCAGCG 

Vac14-2v5f TAATGAGGTGCTTCTGGCAT 

Vac14-2vORF5-r AGATTTTTCTGGCGACTGGT 

tC1_o CCTGGACGACTAAACCAAAA 

Vac14-2v3r CCGTGATCTTTTCCCCCTCC 

Smku70-v1-f CATCGAGGTGAGCAAGTCAATG 

ku70-ko-v3f(R) GCGCAACTCCAGCGTGACTG 

Tub2Ztf 
GTAACGCCAGGGTTTTCCCAGTCACGACG 

GCAGTCGACGCCAGATGATG 

Tub2Ztr 
GCGGATAACAATTTCACACAGGAAACAGC 

GAGGAGTCGACAGCCAAGCT 

Vma1P-f 
GTAACGCCAGGGTTTTCCCAGTCACGACG 

ACGGTTCTTGCAAATGGGTT 

Vma1P-EGFP-r GTGAACAGCTCCTCGCCCTTGCTCACCAT GCATGCAATCTGTCTGTTCC 

Vma1-EGFP-f TCACTCTCGGCATGGACGAGCTGTACAAG CAGGCGGGATTCAGACCG 

Vma1-r 
GCGGATAACAATTTCACACAGGAAACAGC 

GCAGCAGCAGCAGCAGTAGC 

RFP-r CTTGTACAGCTCGTCCATGC 

Ypt1-RFP_f 
AACTTAATGGCATGGACGAGCTGTACAAG 

ATGAACCCTGAGTACGACTACC 

Rek_dsred_ypt1 bw 
GTTTGATGATTTCAGTAACGTTAAGTGGA 

TTAGCAGCAGCCGCCGGAAGAG 
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TtrpC_F TCCACTTAACGTTACTGAAAT 

N-vac14_P-f GATCTTCCGGATGGC AAGCAGCACGTCCAACAGTC 

N-vac14_P-r GGCTCAGAAGGGTCTCGTCGG 

N-tRFP-f AGACCCTTCTGAGCC ATGGTGTCTAAGGGCGAAGAG 

N-tRFP-r CTTGTACAGCTCGTCCATGCC 

N-vac14-f GACGAGCTGTACAAG ATGGACGCGAACATTCAGC 

N-vac14_T-r ATGCCCTGCCCCTGA GGATTAAAACGCTGACGGGAC 

Bold italics = overhangs 
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Supplementary Figure 1 

 

Figure S1: Verification of partial vac14 deletion by PCR and Southern blot analyses. 

A Schematic representation of the vac14 ORF SMAC_08299 (light grey arrow) with 8 introns (white 

boxes). The dark grey box indicates the region of the vac14 ORF that is partially replaced by the hph 

cassette after Golden Gate cloning. White arrows indicate adjacent ORFs. Primer combinations, 

probe for Southern hybridization and hybridization regions of PstI including corresponding 

fragment sizes are indicated. B PCR verification of the integration of the hph cassette into the vac14 

locus. Genomic DNA was isolated from the wt, Δku70 and Δvac14 strain and tested with given 

primer combinations. Water served as negative control. C Confirmation of the vac14 deletion was 

performed by Southern blot. The isolated genomic DNA was hydrolyzed with PstI. Signals 

detected correspond to the fragment size of 3635 bp for the wt and ∆ku70 strain and 7066 bp for the 

∆vac14 deletion strain. 
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Supplementary Figure 2 

 

Figure S2: Multiple sequence alignment of VAC14 homologs in different species.  

Alignment of full-length VAC14 homologs. Smac, Sordaria macrospora (SMAC_08922) taken from 

the S. macrospora-specific peptide database Smacrospora_v03 (Blank-Landeshammer et al., 2019); 

Ncra, Neurospora crassa (XP_011395167.1); Scer, Saccharomyces cerevisiae (NP_013490.3); Hsap, Homo 

sapiens (NP_060522.3); and Atha, Arabidopsis thaliana (NP_565275.1). Sequence similarities to 

SmVAC14 of S. macrospora are indicated in percentage in brackets at the end of the protein 

sequence. Amino acids (aa) conserved in all proteins are shaded in black, in five of six sequences 

in dark grey and in four of six sequences in light grey. The N-terminal Fab1-binding domain (Fab1-

bd) is shown in cyan, the C-terminal Fig4-bd in orange. Light blue triangles indicate potential 

phosphorylation sites after (Märker et al., 2020)and (Stein et al., 2020). 
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Supplementary Figure 3 

 

Figure S3: Multiple sequence alignment of VAC14 proteins in fungal species. 

Ascomycota: Smac, Sordaria macrospora (SMAC_08922) taken from the S. macrospora-specific 

peptide database Smacrospora_v03 (Blank-Landeshammer et al., 2019); Vlon, Verticillium 

longisporum (KAG7121875.1); Anid, Aspergillus nidulans (CBF81734.1); Afum, Aspergillus fumigatus 

(KAF4276542.1); Pchr, Penicillium chrysogenum (KZN86095.1); Cthe, Chaetomium thermophilum 

(XP_006695219.1) and Pory, Pyricularia oryzae (XP_003716347.1). Basidiomycota: Scom, 

Schizophyllum commune (XP_003038141.1) and Ccin, Coprinopsis cinerea (KAG2013354.1). Amino 

acids (aa) conserved in all proteins are shaded in black, in nine or eight of ten sequences in dark 

grey and in seven of ten sequences in light grey. Sequence similarities to SmVAC14 of S. macrospora 

are indicated in percentage in brackets at the end of the protein sequence. 
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Supplementary Figure 4 

 

Figure S4: Phylogenetic tree of Vac14 orthologs from fungi.  

The phylogenetic tree of Vac14 was generated using the Neighbor Joining method. Orthologs were 

identified with BLASTP search using amino acid sequences of the Sordaria macrospora SmVAC14 

(SMAC_08299) indicated in red. The multiple sequence alignment and phylogenetic analysis was 

performed with MAFFT (version 7, https://mafft.cbrc.jp/alignment/server/; accessed on 24.08.2021) 

(Katoh et al., 2019). Bootstrap values of 1000 replications are percentages rounded to whole 

numbers and are indicated at the nodes. Accession numbers are indicated. Ascomycota: Smac, 

Sordaria macrospora (SMAC_08922) from the S. macrospora-specific peptide database 

Smacrospora_v03 (Blank-Landeshammer et al., 2019); Ncra, Neurospora crassa (XP_011395167.1); 

Vlon, Verticillium longisporum (KAG7121875.1); Pans, Podospora anserina (XP_001929758.1); Anid, 

Aspergillus nidulans (CBF81734.1); Afum, Aspergillus fumigatus (KAF4276542.1); Pchr, Penicillium 

chrysogenum (KZN86095.1); Cthe, Chaetomium thermophilum (XP_006695219.1) and Pory, Pyricularia 

oryzae (XP_003716347.1). Basidiomycota: Scom, Schizophyllum commune (XP_003038141.1) and Ccin, 

Coprinopsis cinerea (KAG2013354.1) are shaded in grey. 
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Supplementary Figure 5 

 

Figure S5: Localization of native and overexpressed VAC14-TagRFP-T and free TagRFP-T in 
S. macrospora wt and :vac14 on different stress media. 

The wt::TagRFP-Tect strain, expressing free TagRFP-T served as control. Strains were grown in 

presence of various stress conditions, such as osmotic- (0.1 M NaCl, 0.4 M sorbitol) or oxidative 

stress (0.01 % H2O2) or under amino-acid starvation (25 mM 3-AT) by adding the components to 

SWG + 1.5 % agarose medium. Scale bars = 10 µm, DIC: differential interference contrast. 
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Supplementary Figure 6 

 

Figure S6: Sexual developmental and growth behavior of S. macrospora wt, :vac14 and the 
complementation strains :vac14::5’vac14-TagRFP-Tect and :vac14::ccg1vac14-TagRFP-Tect 
on stress media. 

Strains were grown on limitation of nitrogen (-KNO3) and under cell-wall stress conditions 

(+0.003 % SDS) on SWG medium. Pictures of the agar plates and enlargement of perithecia by 

microscopic images were taken after 10 days. Scale bar of microscopic images: 0.5 mm.  
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Supplementary Figure 7 

 

Figure S7: Sexual developmental of S. macrospora wt, :vac14 and complementation strains. 

Strains were grown on SWG medium for 7 days at 27 °C under continuous light conditions. The 

∆vac14 mutant was complemented with SmVAC14 either C-terminally (∆vac14::5’vac14-TagRFP-

Tect) or N-terminally (∆vac14::TagRFP-T-vac14ect) fused to TagRFP-T.  
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Supplementary Figure 8 

 

Figure S8: Localization of native and overexpressed VAC14-TagRFP-T in S. macrospora wt 
and :vac14 strains. 

For Fluorescence microscopy, strains were grown on BMM-slides for 24 h or on solid SWG + 1.5 % 

agarose medium for 24 h at 27 °C under continuous light to visualize young and old hyphae, 

respectively. A Localization of 5’VAC14-TagRFP-T under the control of the endogenous promoter 

in S. macrospora wt and ∆vac14. B Corresponding Western blot analysis. C Localization of 

overexpressed ccg1VAC14-TagRFP-T, with vac14 under the control of the overexpression promoter 

ccg1 of N. crassa, in wt and ∆vac14 strains. D Corresponding Western blot analysis. The 

wt::TagRFP-Tect strain expressing free TagRFP-T served as control in Western blot experiments. 

Protein sizes are indicated. Degradation products of the VAC14-fusion protein are visible in B and 

D. A putative dimerization band is visible in D. Scale bars = 10 µm, DIC: differential interference 

contrast.  
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Supplementary Figure 9 

 

Figure S9: Localization of free TagRFP-T and EGFP in S. macrospora wt and :vac14. 

Strains were grown on BMM-slides for 24 h or on SWG + 1.5 % agarose for 72 h at 27 °C under 

continuous light for fluorescence microscopic analysis. A S. macrospora wt and ∆vac14 carrying 

pTagRFP-T with TagRFP-T under the control of the N. crassa ccg1 promoter (Werner et al., 2021) and 

corresponding Western blot analysis (B) are shown. C S. macrospora wt carrying p1783-1 (Pöggeler 

et al., 2003) and ∆vac14 carrying pDS23 (Teichert et al., 2012) with egfp under the control of the 

A. nidulans gpd promoter, respectively. Corresponding Western blot experiment is shown in D. 

Protein sizes are indicated. Scale bars = 10 µm, DIC: differential interference contrast. 

Supplementary Video 1 and Video 2 

Video S1 and S2: Localization of nuclei in growing hyphal tips.  

Heterologous expression of pRH2B_nat (Reschka et al., 2018) in S. macrospora wt (S1) and 

∆vac14 (S2) hyphae. Recording of hyphae from growing strains on BMM + agarose 

medium after incubation for 24 h at 27 °C, recording interval = 5 s, size bar = 20 µm. 
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5. Additional Result: Localization of VAC14 in the :sci1 Strain 

In this chapter, obtained result not included in the manuscript “The Vacuolar Morphology 

Protein VAC14 Plays an Important Role in Sexual Development in the Filamentous 

Ascomycete Sordaria macrospora” is presented. For the manuscript, we focused on the role 

of SmVAC14 regarding sexual development and localization without reference to 

localization in SmSTRIPAK mutants. Therefore, we investigated the localization of 

SmVAC14 in the ∆sci1 deletion mutant via fluorescence microscopy.  

Contribution 

The additional result was performed by A. Groth. 

Result 

The ∆sci1 strain was transformed with pccg1vac14-TagRFP-T_nat to ectopically express 

VAC14-TagRFP-T. After incubation of the strain together with the complementation strain 

vac14::ccg1vac14-TagRFP-Tect for 72 h at 27 °C continuous light, strains were stained with 

CMAC to visualize acidic vacuoles. In both strains, VAC14-TagRFP-T localizes in a ring-

like structure at membranes of the vacuoles. However, the signal of the fluorescently 

tagged protein also appears in the vacuolar lumen of the complementation strain. 

Therefore, the overlapping signal of the red fluorescent protein and the blue dye result in 

a purple signal which can not be observed in the ∆sci1 mutant. Here, VAC14-TagRFP-T 

showed no signal inside vacuoles and was localized more prominently at vacuolar 

membranes. 
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Figure 8: Localization of VAC14-TagRFP-T around vacuoles in :vac14 and :sci1.  

S. macrospora ∆vac14 and ∆sci1 strains were transformed to overexpress VAC14-TagRFPT by 

setting vac14 under the control of the overexpression promoter ccg1 of the clock-controlled gene 1 of 

N. crassa. Strains were grown on solid SWG + 1.5 % agarose medium for 72 h under continuous 

light. Vacuoles of the hyphae were stained with CMAC (1:400 of 10 mM stock solution) and 

incubated for 30 min at 37 °C. White arrows indicate localization of the fusion protein in a ring-like 

structure around vacuoles. Scale bars = 10 µm, DIC: differential interference contrast. Detailed two-

fold enlargements of the merge pictures are indicated by a grey frame and shown at the right 

margin. 
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6. Discussion 

In the present thesis, the three proteins ARP1, POM33 and VAC14 of S. macrospora, pulled-

down with SmSTRIPAK, were analyzed. In the following, the results of the individual 

proteins are discussed independently. It will begin with ARP1, continue with POM33, and 

conclude with VAC14. Afterwards, a possible connection of the SmSTRIPAK-complex 

with these proteins and other proteins pulled-down with SmSTRIPAK functioning in 

similar pathways is discussed.  

6.1 Dynamic localization of ARP1 correlates with active growth of 

fungal hyphae 

In article I, we showed that the dynactin compound ARP1 localizes at distinct sites of 

germlings and mature hyphae in the ascomycetous fungi S. macrospora and 

Colletotrichum graminicola. Fluorescence microscopy of C-terminally fluorescently labeled 

Arp1 revealed that it localizes dynamically to the subapical part of the hyphal tip (Figure 

1 of Article I). Moreover, we provide evidence that the localization of ARP1 correlates with 

active growth of fungal hyphae (Figure 1 and Figure 2 of Article I). In A. nidulans, the 

dynein-heavy chain (NUDA) fused to GFP was shown to localize similarly at hyphal tips 

(Xiang et al., 2000). Moreover, it could be shown that this localization pattern was 

disrupted in the temperature sensitive A. nidulans ARP1 mutant nudK317. The targeting 

of GFP-NUDA as comet-like structures to microtubule plus ends required the ARP1 

protein NUDK. However, the loss of dynein targeting was discussed to be caused by the 

impairment of the dynactin-complex functionality rather than being a specific ARP1 effect. 

Consistent with this assumption, the p150 subunit of the dynactin shoulder domain is 

unstable when ARP1 is mutated in N. crassa (Minke et al., 2000; Xiang et al., 2000). 

Furthermore, during wound healing mammalian ARP1 is enriched in the leading edge of 

polar growing cells like axons and moving fibroblasts (Baas and Lin, 2011; Dujardin et al., 

2003).  

Consequently, the accumulation of ARP1 is related to polarity establishment in these 

mammalian cells and thus it was proposed that the dynein-dynactin complex is not only 

a motor on microtubules but also is being involved in the orientation and transport of MTs 
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(Baas et al., 2006). Moreover, in the unicellular budding yeast ARP1 was identified in yeast-

two-hybrid screens to be involved in cell-polarity development (Drees et al., 2001). These 

finding implement that ARP1 is not only necessary for polarity establishment but may 

also function in organizing microtubules together with the dynein-complex. 

6.2 The dynein-dynactin machinery is involved in microtubule 

organization 

It has been shown that in filamentous fungi, the dynein-dynactin complex is directly 

involved in organizing the microtubular cytoskeleton by connecting the machinery to 

hyphal expansion, polar growth and SPK positioning (Riquelme et al., 2000). In our article, 

we used the dye FM4-64 to demonstrate that ARP1 localizes behind the SPK and seems to 

be embedded in this VSC (Figure 3 and Figure S6 of Article I). Consistent with this 

observation is that dynein and dynactin are involved in the retrograde transport of 

endosomal vesicles from microtubule plus ends at the hyphal apex to subapical nuclei 

(Lenz et al., 2006; Schuster et al., 2011; Steinberg, 2007). Moreover, dynein mutants of 

N. crassa showed defects in SPK organization and stability (Riquelme et al., 2002). In the 

maize pathogen U. maydis, the organization of microtubules was shown to be a dynein-

dependent process (Fink and Steinberg, 2006). Moreover, dynein functions in ER-

organization and transport of endosomes in U. maydis (Wedlich-Söldner et al., 2002b; 

Wedlich-Söldner et al., 2002a).  

In animal fibroblasts, ARP1 and other components of dynactin were shown to localize at 

centrosomes, microtubule plus ends and on membranes including endosomes, lysosomes 

and Gogli vesicles (Clark and Meyer, 1992; Habermann et al., 2001; Schafer and Schroer, 

1999; Valetti et al., 1999; Vaughan et al., 1999). Thus, suggesting a role for dynactin in 

vesicle motility. Moreover, dynactin localizes at SPBs, along microtubules and at 

chromosome kinetochores in dividing mammalian cells (Pfarr et al., 1990; Steuer et al., 

1990). 

A recently published study revealed that dynein-dynactin clusters were formed at MT 

minus ends to reorganize microtubules thus showing the role of the complex-association 

in mitotic spindle assembly (Tan et al., 2018). 
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6.3 ARP1 functions in movement of nuclei and retrograde transport 

of many other diverse cargoes 

In our study, we were able to show that the deletion of Smarp1 also results in drastically 

reduced and curled hyphal growth (Figure S4 of Article I). In addition, we showed the 

dynamic association of ARP1 with nuclei in fungal hyphae and germlings (Figure 1 and 

Figure 4 of Article I). 

In fungi, cytoplasmic dynein has many roles including nuclear migration and organelle 

transport (Xiang and Fischer, 2004; Yamamoto and Hiraoka, 2003). For example, deletion 

of N. crassa heavy chain of cytoplasmic dynein (Ro-1) or the ARP1 homolog Ro-4 resulted 

in defects of polarized growth, sexual development, and unevenly distributed nuclei 

along the fungal hyphae. Both N. crassa mutants revealed segmented accumulation of 

nuclei leaving other hyphal segments nuclei free (Plamann et al., 1994). Additionally, 

mutations in the S. cerevisiae Act5p gene defective for nuclear migration proposed a role 

for Arp1 during mitosis and organelle transport (Muhua et al., 1994).  

The mammalian Arp1 was shown to link dynactin to intracellular organelles by 

associating or directly interacting with spectrin (Holleran et al., 1996; Holleran et al., 2001). 

Thereby, the dynein-dynactin complex transports many other cargoes on MTs, including 

nuclei, in an ARP1-dependent manner (Reck-Peterson et al., 2018). The transport is 

facilitated by various adaptors connecting the dynein-dynactin complex with the cargo 

and by activating dynein motility. These so-called activating adaptors share the feature of 

coiled-coil domains. Among them, the Hook homolog proteins 1 and 3 (HOOK1 an 

HOOK3) binding to Rab5 on early endosomes for their transport (Guo et al., 2016). Besides 

activating adaptors, other adaptors are known to link dynein-dynactin with cargoes. For 

example, c-Jun N-terminal kinase-interacting proteins (JIPs) are implicated in 

autophagosomal transport, co-localize with dynein and dynactin and also contain CC 

motifs (Cavalli et al., 2005; Fu et al., 2014; Reck-Peterson et al., 2018). Interestingly, JIP3 is 

not only composed of two short CC stretches but also of a WD40-repeat domain (Reck-

Peterson et al., 2018). The presence of these adaptors linking the dynein-dynactin complex 

to its cargos raises the hypothesis that other proteins with CC motifs and WD40-repeats 

may act as such adaptors. Since the ARP1 protein was found in S. macrospora pulldown 
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experiments with PRO11 as bait (Reschka et al., 2018), both the WD40-containing PRO11 

striatin homolog as well as its interaction partner, the CC protein SCI1, could be 

considered adaptors for ARP1. To verify this assumption, further studies including direct 

interaction analysis should be performed. 

6.4 SmPOM33 is rather an ER-marker protein than a component of 

the NPC 

In article II, we illustrated that POM33 is rather an ER-marker protein than a component 

of the NPC. In order to verify the subcellular localization of SmPOM33, fluorescence 

microscopy was performed using different organelle marker proteins as well as labeled 

histones (Figure 2 of Article II). For example, the S. macrospora homolog of the N. crassa 

SERCA-type Ca2+-ATPase NCA-1, SmNCA1, was used as marker protein for the ER/NE 

since fluorescently labeled NCA-1-GFP localized to these cellular compartments (Bowman 

et al., 2009; Monnerjahn et al., 2001). In our study we showed that SmPOM33 co-localizes 

with SmNCA1 and only partially with the TM-Nup SmPOM152, which was previously 

used to co-localize SCI1 and PRO11 at the NE (Reschka et al., 2018), suggesting that 

SmPOM33 is an ER/NE protein, rather than an NPC building block. In S. cerevisiae, 

ScPom33p acts as dynamic TM-Nup because it shuttles between the NPC and the ER with 

major fractions localizing at the membranes of the NE (Chadrin et al., 2010). However, 

beyond this localization ScPom33p was shown to be involved in assembly, distribution, 

and stabilization of NPCs. Interestingly, the ScPom33p paralog, ScPer33p, can associate 

with NPCs but was mainly localized to the ER and the NE (Floch et al., 2015). The 

subcellular localization of the mammalian ScPom33p/ScPer33p ortholog, HsTMEM33, 

was determined at the ER, and demonstrated to be enriched at the NE, lacking the 

presence at NPCs (Floch et al., 2015; Sakabe et al., 2015). Similarly to HsTMEM33, the 

S. pombe Tts1p was only partially localized to NPCs and mainly enriched at the tubular ER 

network and the NE (Zhang et al., 2010; Zhang and Oliferenko, 2014).  

In addition to localization studies, we performed pulldown experiments coupled to LC-

MS analysis to identify potential interaction partners of SmPOM33 to gain more insights 

in the function of the protein. These experiments confirmed that mainly ER membrane 

proteins were enriched in SmPOM33 pulldowns (Figure 5 and Table S4 of Article II). In 
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total, 33 candidates could be identified as putative interactors of SmPOM33. Among them, 

the ER-shaping and organization component SEY1 and a reticulon-like protein 

homologous to the S. cerevisiae Rtn2p protein were identified with high significance. ER-

membrane proteins, like members of the reticulon (RTN) and the DP1/Yop1p family 

actively shape and stabilize highly curved ER tubules thus maintaining their form and 

structure (Hu et al., 2008; Oertle et al., 2003; Shibata et al., 2008; Voeltz et al., 2006). In our 

experiments, we could identify the homolog of the yeast Yop1p, SMAC_06633, but 

without high significance. RTNs are restricted to the tubular ER network and are absent 

from ER sheets and peripheral ER in yeast and mammals (Voeltz et al., 2006). Due to the 

membrane-bending properties of RTNs and DP1/Yop1p, they were proposed to function 

in de novo nuclear-pore formation and NE assembly (Anderson and Hetzer, 2008; Dawson 

et al., 2009). For example, the mammalian reticulon Rtn4a/NogoA is located to highly 

curved membrane regions where it maintains formation of ER tubules in vitro (Kiseleva et 

al., 2007) and HsTMEM33 was shown to bind reticulons thus suppressing their membrane-

bending activity to regulate the structure of ER tubules (Urade et al., 2014). In S. pombe, 

Tts1p co-localizes and interacts, via its C-terminal α-helix, with Rtn1p and Yop1p at 

curved ER membranes and the NE to sustain the bended ER domains (Zhang et al., 2010; 

Zhang and Oliferenko, 2014). Interestingly, α-helices were also predicted for SmPOM33 

and in the pulldowns a RTN2 homolog (SMAC_00989) was detected hinting to a possible 

interaction between the SmPOM33 helices and SmRTN2. In addition, for the dynamin-like 

GTPase atlastin/Sey1p, cooperation between their TMDs and C-terminal helices to 

maintain ER morphology has been reported (Hu et al., 2009; Liu et al., 2012; Orso et al., 

2009). The homolog of yeast Sey1p, SMAC_08906, was also identified as a potential 

interactor of SmPOM33, further classifying SmPOM33 as ER protein. Mammalian atlastins 

are located to the tubular ER network where they interact with proteins shaping the ER 

tubules (Hu et al., 2009). In S. cerevisiae, the functional ortholog of atlastin, Sey1p, interacts 

with other ER-shaping proteins to mediate the fusion of ER tubules at three-way junctions 

(Chen et al., 2013; Hu et al., 2009).  

In addition to ER-shaping proteins, candidates with functions at the ER have been 

identified as putative interactors of SmPOM33. For example, SmNCA1 occurred among 

the best hits hinting to a possible interaction with SmPOM33, which matched their co-



DISCUSSION   

138 

localization. Furthermore, homologs of S. cerevisiae proteins involved in tethering cER to 

the PM to regulate PtdIns(4)P levels were detected. These include S. macrospora homologs 

of tricalbin Tcb3p (SMAC_02980), the phosphatidylinositol-phosphate phosphatase Sac1p 

(SMAC_01583) and the cER protein Ist2p (SMAC_000943) (Manford et al., 2012). In 

S. cerevisiae, a regulatory connection between ScPer33p and the tricalbin Tcb3p was 

proposed since they genetically interact with each other (Costanzo et al., 2016). In addition, 

putative homologs of the Sec61- and Sec63-complex were identified, Sec61p 

(SMAC_05120) and Sec63p (SMAC_02255), as well as a signal-recognition particle (SRP) 

receptor beta subunit (SMAC_09603). The interaction of both Sec-complexes mediates 

SRP-independent protein import into the ER, whereas when acting alone the Sec61-

complex is responsible for SRP-dependent import (Deshaies and Schekman, 1987; Plath et 

al., 2004). In S. macrospora homologs of yeast proteins that function in protein O-

glycosylation and are putatively located in the ER membrane were enriched in the 

SmPOM33 pulldown (Gentzsch et al., 1995; Gentzsch and Tanner, 1996; Strahl-Bolsinger 

et al., 1993). These include the homologs of Pmt1p (SMAC_06805), Pmt2p (SMAC_02375) 

and Pmt4p (SMAC_08483). Apart from these ER-membrane proteins, a homolog of the 

S. cerevisiae COPII-coated vesicle protein Erv46p (SMAC_04901) was pulled down. COPII-

coated vesicles are formed at specialized regions of the smooth tubular ER, known as ER-

exit sites (ERES), and mediate the transport from the ER to the Golgi (Watanabe and 

Riezman, 2004). In addition, several S. macrospora homologs of the ergosterol-biosynthetic 

pathway were enriched. 

The results of the performed fluorescence microscopic localization studies in combination 

with the pulldown experiments coupled to LC-MS analysis indicate that SmPOM33 

behaves similarly to the human homolog HsTMEM33 that is also found absent from the 

NPC and abundant in the ER and NE (Chadrin et al., 2010; Floch et al., 2015). Therefore, it 

can be concluded that SmPOM33 is an ER/NE protein rather than a component of the NPC. 

Another indication for this conclusion is that no components of the NPC or any nuclear 

import factors could be identified in the pulldowns. In yeast, Scpom33p is bound to the 

NPC by interaction with its C-terminal amphipathic α-helices and the karyopherin 

Kap123 (Floch et al., 2015). Interestingly, the C-terminal domain of ScPom33p is not highly 
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conserved in SmPOM33 and therefore no binding site for direct interaction with nuclear 

import factors is present in SmPOM33. 

6.5 S. macrospora proper sexual development and stress response 

is dependent on VAC14 

In the manuscript prepared for submission, we focused on the vacuolar morphology 

protein VAC14. This protein has exclusively been studied in mammalian cells, including 

mice or human cell lines, and yeast (Jin et al., 2008; Schulze et al., 2014). Here, we 

highlighted the importance of VAC14 for correct sexual development and stress response 

in S. macrospora. Phenotypic analysis of the ∆vac14 mutant strain revealed that deletion of 

the Smvac14 gene resulted in reduced formation of mature ascospores and enlarged 

vacuoles compared to the wt (Figure 2 and Figure 3 of the manuscript). Moreover, the 

deletion of Smvac14 caused deformed and less melanized perithecia (Figure 2 of the 

manuscript). Interestingly, a similar pigmentation-deficient phenotype was observed in 

Vac14 mice mutants. More precisely, a point mutant, Vac14L156R, that is unable to bind the 

kinase PIKfyve, was shown to induce the infantile gliosis (ingls) phenotype that is 

characterized by small size and less pigmented coat color (Jin et al., 2008).  

Moreover, we showed that the ∆vac14 mutant strain is more sensitive to hyperosmotic 

stress (0.4 M sorbitol and 0.1 M NaCl) and amino-acid starvation (2.5 mM 3-AT) (Figure 4 

of the manuscript) than the wt. Under these conditions, perithecia formation was 

restricted to a small area around the agar-piece and the ∆vac14 deletion strain showed 

significantly slower growth rates. In Arabidopsis thaliana, the VAC14 protein mediates 

vacuolar organization and is thus critical for pollen development (Zhang et al., 2018). An 

increased sensitivity against hyperosmotic stress has also been described in yeast. Here, 

individual mutants of the Fab1p-complex components, ∆fab1, ∆fig4 and ∆vac14, respond 

to hyperosmotic stress by a short increase of PtdIns(3,5)P2 levels that returned to its native 

state within few minutes after shocking the cells (Bonangelino et al., 2002; Dove et al., 1997; 

Duex et al., 2006b). The increase of PtdIns(3,5)P2 during stress conditions was shown to 

require Vac14p which is therefore known as osmoregulator of the Fab1p activity 

(Bonangelino et al., 2002). PtdIns(3,5)P2 in turn plays a major role in osmotic stress 

response by regulating the vacuolar morphology (Bonangelino et al., 2002). Interestingly, 
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in mammalian podocytes, amino-acid starvation was shown to rescue the hyper-

vacuolization phenotype of Vac14L156R overexpression mutant cells, indicating that 

autophagy might be affected (Schulze et al., 2017). Together with our observations in 

S. macrospora, it can be concluded, that the VAC14-dependent osmotic regulation of 

PtdIns(3,5)P2 levels might be important for stress response and thus proper development 

in eukaryotes.  

6.6 SmVAC14 is important for controlling vacuolar and endosomal 

morphology but not autophagy 

Besides the ∆vac14 impairments in sexual development, FM4-64 and CMAC staining 

illustrated that the ∆vac14 mutant strain is characterized by enlarged and visually poorly 

acidified vacuolar compartments (Figure 3A and Figure 3B of the manuscript). 

Interestingly, an altered vacuolar phenotype had been described previously for ∆sci1 

showing vacuoles already present in young hyphae (Reschka et al., 2018). Our studies 

revealed that enlarged vacuoles also appear in young growing hyphal tips of S. macrospora 

∆vac14 strains (Figure 3C of the manuscript). Moreover, VAC14 was identified as potential 

interactor of SCI1 in recently performed pulldown experiments (Reschka et al., 2018). In 

our study we showed that VAC14 could be co-localized with SCI1 in fluorescence 

microscopy (Figure 5 of the manuscript). These similar characteristics of both strains and 

same localizations of the proteins hint to a possible connection of components of both 

multiprotein complexes, SmSTRIPAK and the SmFAB1-complex, in S. macrospora.  

Fluorescence microscopic investigation of S. macrospora strains revealed a co-localization 

of VAC14 with the early and late endosomal marker proteins RAB5 and RAB7, 

respectively (Figure 5 of the manuscript). Therefore, irregular enlarged structures might 

be the result of fusions of vacuoles and endolysosomes in the S. macrospora ∆vac14 mutant. 

To determine if the subcellular localization of early and late endosomes is altered in 

∆vac14 compared to the wt, we performed fluorescence microscopy of the fluorescently 

tagged EE and LE markers RAB5 and RAB7, respectively (Figure 6 of the manuscript). 

RAB5 localized already after 24 h in large vacuoles in ∆vac14, whereas after 72 h in the wt. 

This observation hints to a faster degradation of early endosomes into vacuoles when 

Smvac14 is deleted. On the other hand, the late endosomal marker RAB7 localized in 
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deformed mixed structures of vacuoles and endosomes after 24 h and as a ring-like 

structure at vacuolar membranes after 72 h in ∆vac14. Contrary to early endosomes, late 

endosomes seem to accumulate at vacuolar membranes in Smvac14 deletion strains. 

Notably, RAB7 localized also to bigger and irregular vacuoles in the ∆sci1 deletion 

background. These observations give another hint for the SmSTRIPAK and the SmFAB1-

complex being somehow involved in similar cellular pathways such as endosome 

trafficking. Additionally, SmSTRIPAK mutants were used in recently performed global 

phosphoproteomic study which revealed that SmVAC14 is differentially phosphorylated 

at T455 and S429 in SmSTRIPAK mutants (Märker et al., 2020; Stein et al., 2020). This 

suggests another connection between the scaffolding protein SmVAC14 and the 

SmSTRIPAK-complex. Furthermore, recent studies showed that inhibition of mammalian 

PIKfyve with its potent and selective inhibitor YM201636 results in the accumulation of 

late endosomal compartments (Jefferies et al., 2008). Taken together, the S. macrospora 

homolog of the Fab1p/PIKfyve-complex has an impact on the endosomal pathway and is 

possibly connected with the SmSTRIPAK-complex.  

The results of our fluorescent microscopic studies of SmVAC14 are consistent with those 

made in yeast an mammals, where Vac14p/ArPIKfyve was shown to localize to vacuolar 

membranes and endolysosomes, respectively (Bonangelino et al., 2002; Dove et al., 2002; 

Jin et al., 2008). Moreover, dilated vacuoles and lysosomes were also described for 

deletions of fab1 and vac14 in yeast and mammals (Gary et al., 1998; Ikonomov et al., 2001). 

In human cell lines and podocytes, swollen vacuoles upon Vac14L156R or Vac14wt 

overexpression were marked with the late endosomal marker proteins Rab7, CD63, and 

Lamp2 (Schulze et al., 2014; Schulze et al., 2017). Therefore, Schulze and co-workers 

proposed that the vacuolization is based on a defect in trafficking from endosomes to the 

vacuole/lysosome. On the other hand, subunits of the vacuolar proton pump V-ATPase 

were identified as Vac14 interaction partners, proposing the theory that the vacuolization 

phenotype is pH dependent (Schulze et al., 2014). In our studies, we visualized vacuoles 

of S. macrospora hyphae with the blue dye CMAC and observed a weaker staining of 

∆vac14 vacuoles compared to the wt (Figure 3B of the manuscript). Therefore, we assumed 

that the deletion of Smvac14 caused less acidified vacuolar compartments. Interestingly, 

poorly acidified vacuoles and lysosomes of yeast and mammals were described for ∆fab1 
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and ∆vac14 deletion mutants accompanied by lower levels of PtdIns(3,5)P2 (Gary et al., 

1998; Ikonomov et al., 2001; Rusten et al., 2006). In his context, is was assumed that 

PtdIns(3,5)P2 is required to sustain the acidic lumen of the vacuole and, to an as yet unclear 

extent of lysosomes (Ho et al., 2015). However, these observations were made based on 

qualitative analyses with acidotrophic dyes. Accordingly, Ho and co-workers performed 

assays to quantitatively measure the pH of vacuoles and lysosomes. Whit this, they 

showed that yeast vacuoles of ∆fab1 and ∆vac14 deletion mutants as well as lysosomes of 

PIKfyve-inhibited cells remain as acidic as wt cells. Moreover, PtdIns(3,5)P2 was proposed 

to maintain the vacuolar pH during salt stress. Interestingly, in this context PtdIns(3,5)P2 

was shown to activate the V-ATPase hinting to a connection between this signaling lipid 

and vacuolar proton pumps (Li et al., 2014). However, PtdIns(3,5)P2 might control the 

activity of the V-ATPase rather in response to salt stress than under steady-state 

conditions (Li et al., 2014). In this regard, vacuolization of Vac14L156R overexpressing 

podocytes and mammalian cells that were treated with the PIKfyve-inhibitor YM201636, 

could be rescued by treatment with the V-ATPase inhibitor Bafilomycin A (Compton et 

al., 2016; Schulze et al., 2017). Since ∆fab1 and ∆vac14 deletions show no acidification 

defects in yeast, but lower levels of PtdIns(3,5)P2 are associated with lower V-ATPase 

activity, the hypothesis arose that another regulator might be present at the vacuolar 

membrane that regulate the luminal pH (Banerjee and Kane, 2020; Ho et al., 2015; Li et al., 

2014). In plants, V-ATPase activity is not increased by PtdIns(3,5)P2. Here, PtdIns(3,5)P2 

rather decreases the H+-efflux from the vacuole by acting as negative regulator of CLC-a, 

an H+-exchanger (Banerjee and Kane, 2020; Carpaneto et al., 2017). These studies indicate 

a connection of PtdIns(3,5)P2 with vacuolar acidification in a V-ATPase-dependent 

manner. However, it is not clear if in a parallel or anti-parallel way. In his context, it should 

be noted that using fluorescence microscopy we could co-localize VAC14 with the V-

ATPase catalytic subunit A, VMA1 (Figure 2 of the manuscript). Therefore, a possible 

interaction of both proteins or components of their corresponding complexes cannot be 

excluded for S. macrospora. In mammalian endolysosomes, PtdIns(3,5)P2 was shown to 

activate transient receptor potential of Ca2+-channels of the mucolipin subfamily (TRPML) 

(Dong et al., 2010). In this context, the authors analyzed the yeast TRPML1 homolog Yvc1p 

and showed that Ca2+-release from the vacuole was reduced in ∆fab1, ∆vac7, ∆fig4 and 
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∆vac14 yeast mutants correlating with lower levels of PtdIns(3,5)P2. Since Ca2+ is a key 

transmitter in vesicle fusion, loss of PtdIns(3,5)P2 thus loss of Ca2+-release might explain 

the fusion defects of vacuolar and endolysosomal structures in Fab1p/PIKfyve-complex 

mutant strains. The exact correlation of PtdIns(3,5)P2 in association with pH and ion 

channel regulation needs to be further analyzed. However, it can be stated that the 

vacuolar and endolysosomal enlargements are a result of disturbed osmotic regulation 

(Banerjee and Kane, 2020; Wilson et al., 2018).  

Interestingly, besides subunits of the V-ATPase, proteins of the endolysosomal and 

autophagic pathway were identified as mammalian Vac14 interactors including the late 

endosomal protein Rab9, the Rab7 activator TBC1D15 that binds to LC3/Atg8 protein 

family members and the Rab5-interacting protein Sun2 (Schulze et al., 2014; Schulze et al., 

2017). These analyses link the mammalian Vac14 protein to the endosomal and autophagic 

pathways. Therefore, and together with the strong ∆vac14 phenotype under amino-acid 

starvation, we analyzed if autophagy might be affected by deletion of Smvac14. For this, 

localization of the autophagic marker proteins SmATG8 and SmNBR1 were analyzed in 

the ∆vac14 strain using fluorescence microscopy (Figure 7C-E of the manuscript). 

However, our analyses revealed that the subcellular localization of NBR1 and ATG8 in 

vacuoles and autophagosomes and their degradation is not altered compared to the wt. In 

contrast, the autophagosomal marker proteins LC3 and p62 accumulated in mammalian 

Vac14wt and Vac14L156R overexpressing cells and accumulation of autophagosomes was 

also detected in vac14 deletion mutants of ingls mice, D. melanogaster and C. elegans (De 

Lartigue et al., 2009; Ferguson et al., 2009; Ho et al., 2012; Nicot et al., 2006; Rusten et al., 

2007). However, in Vac14wt and Vac14L156R overexpressing cells, LC3 was not present at the 

membranes of enlarged vacuoles and the autophagic flux was also not impaired 

suggesting that the observed accumulation is an indirect effect due to dysfunctional 

maturation of endosomes (Schulze et al., 2014; Schulze et al., 2017). 

In conclusion, SmVAC14 is important for S. macrospora sexual development, stress 

resistance, and vacuolar as well as endosomal morphology. The link of the SmVAC14 

impact on the vacuolar and endosomal pH and associated levels of PtdIns(3,5)P2, as well 

as potential interplay of SmVAC14 and the SmSTRIPAK-complex need to be evaluated 

though. 
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6.7 Indications of possible connections of the SmSTRIPAK-complex 

with other multiprotein complexes 

In the present thesis, the S. macrospora proteins ARP1, POM33, and VAC14 were analyzed. 

They are all components of large individual multiprotein complexes and were enriched 

using the SmSTRIPAK-components PRO11 or SCI1 in pulldown experiments as baits. All 

of these complexes function in different cellular signaling pathways within the cell. It is 

therefore reasonable to assume that the SmSTRIPAK-complex is highly dynamic and plays 

a crucial role in various signaling pathways by probably cooperating with multiprotein 

complexes or possibly regulating their function by phosphorylation and de-

phosphorylation of individual components of the complexes. However, further analyses 

and experiments are required to clarify this suggested link. In Figure 7, a schematic 

overview of the localizations of the addressed complexes in S. macrospora hyphae together 

with the potential localization of the SmSTRIPAK is given.  

 

Figure 7: Schematic overview of multiprotein complexes in S. macrospora hyphae. 

Shown is a model of S. macrospora hypha with accumulated vesicles at the Spitzenkörper (SPK) near 

the tip, several organelles, the location of the analyzed components (ARP1, POM33 and VAC14) 
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together with their individual multiprotein complexes, and the potential localization of the 

SmSTRIPAK-complex. In pulldown experiments with SCI1 as bait, POM33 (green) was identified, 

which localizes to the endoplasmic reticulum (ER). Also pulled down with SCI1 was VAC14 (dark 

red), which is a component of the Fab1p/PIKfyve-complex. This localizes to early endosomes (EE), 

late endosomes (LE) or multivesicular bodies (MVBs), which are transported to lysosomes or 

vacuoles for degradation (endocytic pathway is indicated by purple arrows). ARP1 (blue) is part of 

the dynein-dynactin complex and was pulled-down with PRO11. This complex mediates 

retrograde transport (indicated with a blue arrow) of various cargos on microtubules originating 

from the microtubule organizing center (MTOC) near the nucleus. 

In the previously performed SmSTRIPAK-pulldown experiments coupled to LC-MS 

analysis with either PRO11, SCI1 or SmMOB3 as bait, several proteins were enriched 

pointing out that the SmSTRIPAK-complex might be a highly dynamic signaling structure 

within hyphae (Reschka et al., 2018). Among these candidates, proteins were found that 

are connected with long-distance vesicle transport along microtubules or actin filaments. 

Besides ARP1, a putative MT motor protein of the kinesin superfamily, KIF4-like protein 

(SMAC_04212), was identified. Kinesins were shown to be involved in intracellular 

organelle transport and play further roles in chromosome aggregation, spindle assembly, 

as well as cell division and -motility (Hirokawa, 1998; Miki et al., 2005; Sheng et al., 2018; 

Vale and Milligan, 2000). KIF4 is highly conserved among eukaryotes and functions in cell 

division by interacting with chromatin during mitosis and is therefore known as 

chromokinesin (Almeida and Maiato, 2018). It interacts with DNA and aligns 

chromosomes to maintain their structure throughout the cell cycle (Almeida and Maiato, 

2018; Sheng et al., 2018). Furthermore, another protein involved in intracellular transport 

was enriched in the PRO11 and SmMOB3 pulldowns, namely a putative myosin-5 

(SMAC_05008). Myosin-5 is a conserved member of the myosin family of molecular 

motors that transport cargoes moving towards the plus ends of actin filaments via ATP-

hydrolysis (Mehta et al., 1999; Reck-Peterson et al., 2000). In addition to the molecular 

motors, kinesin KIF4 and myosin-5, and the dynactin-component ARP1, the dynein-heavy 

chain (DHC) (SMAC_00761) was identified using SCI1 as bait protein. DHC is the major 

core of cytoplasmic dynein, a large multisubunit-motor complex. Together with dynactin, 

the dynein-dynactin complex is formed that facilitates long-distance transport of diverse 

cargoes on microtubules (Figure 4 of the introduction) (Reck-Peterson et al., 2018). Due to 

the fact that diverse motor proteins or components of such complexes have been pulled-
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down with SmSTRIPAK-components, it can be assumed that this complex is associated 

with cellular transport and hyphal growth. However, additional experiments should be 

performed to determine the exact connection of SmSTRIPAK and motor proteins.  

In addition to the pulldowns, Reschka et al. (2018) used fluorescence microscopy to reveal 

that SCI1 and PRO11 were co-localized around the nucleus. Furthermore, the 

SmSTRIPAK-components SmMOB3 and the SLMAP homolog PRO45 were localized to 

the NE, ER, and mitochondria (Nordzieke et al., 2015). Therefore, the question arose which 

proteins are responsible for anchoring the SmSTRIPAK to the NE. To address this, we 

investigated the pulled-down potential nucleoporin POM33 in this thesis. However, this 

protein is not the only one identified that can be associated with nuclear-anchoring of the 

SmSTRIPAK. Another pulled-down candidate to potentially fulfill this function was the 

putative nucleoporin-interacting protein of 96 kDa (NIC96; SMAC_02409) (Reschka et al., 

2018). As shown in Figure 5 of the introduction, yeast Nic96p is a major component of 

NPCs. It contributes to the formation of nuclear pores, the biogenesis of NPCs, and is 

involved in nucleocytoplasmic transport by forming stable associations with FG-Nups 

(Alber et al., 2007; Grandi et al., 1993; Grandi et al., 1995; Zabel et al., 1996). Due to the fact 

that the S. macrospora NIC96 protein was enriched in pulldowns using PRO11 as well as 

SmMOB3 as bait, makes it a promising candidate as potential interactor at the NE. 

However, NIC96 might be an essential protein so deletion of nic96 would be lethal and 

thus knockout strains will be impossible to generate.  

Furthermore, using SCI1 as bait, another protein was enriched that might also affect 

vacuolar morphology and is distinct from VAC14 (Reschka et al., 2018). The putative 

S. macrospora homolog of a yeast phosphatidylinositol 4-kinase Stt4p, SMAC_04234, was 

identified as potential interaction partner of SCI1. In yeast, Stt4p is required for cell wall 

integrity, organization of the actin cytoskeleton, normal vacuole morphology, and fusion 

of autophagosomes with vacuoles during autophagy (Audhya et al., 2000; Kurokawa et al., 

2019). Moreover, an Arf-like protein (SMAC_04918) was identified in the PRO11 

pulldown. In mammals, ADP ribosylation factors (ARFs) are members of Ras-GTPases 

regulating vesicular traffic and functioning in actin remodeling (Donaldson and Honda, 

2005). On the other hand, members of the related ARF-like (ARL) GTPases were shown to 

play roles in β-tubulin folding, tethering of endosome-derived vesicles at the TGN, and 
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are localized at diverse sites of the cell including the cytosol, nucleus, mitochondria and 

the cytoskeleton (Burd et al., 2004; Panic et al., 2003). Interestingly, the Arl1 protein was 

also identified as potential interactor of Vac14 in human cell lines (Schulze et al., 2014). In 

this context, Arf1 involved in the COPI-assembly was found in proximity to human Vac14 

using proximity-dependent biotin identification (BioID) experiments and both proteins 

were validated to interact with each other (Qiu et al., 2021). The fact that homologs of these 

proteins have been pulled-down with SmSTRIPAK suggests that SmSTRIPAK might 

regulate vesicle transport and fusion events in hyphae. To verify this, direct interaction 

studies of the referred proteins with SmSTRIPAK-components should be performed. This 

would provide further insights into potential interaction partners and the diverse 

functions of the SmSTRIPAK-complex. 
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Concluding remarks 

The aim of this thesis was to give insights into individual proteins from the filamentous 

ascomycete S. macrospora that were pulled-down with SmSTRIPAK. These include the 

cytoskeletal protein ARP1, the putative nucleoporin POM33, and the vacuolar protein 

VAC14. They are all components of individual multiprotein complexes, which are 

involved in different signaling pathways and localize to distinct sites in the cell. In order 

to determine their functions and localizations in S. macrospora, different molecular 

methods were applied. 

Fluorescence microscopic analyses showed that ARP1 localizes at hyphal tips subapical to 

the SPK and in close proximity to nuclei. Its localization is therefore a dynamic process. 

With respect to POM33, the same method demonstrated that this putative nucleoporin co-

localizes with proteins of the ER as well as around the nucleus in S. macrospora. 

Furthermore, pulldown experiments following LC-MS analysis showed that mainly ER 

proteins could be enriched with SmPOM33. Also by fluorescence microscopy, VAC14 was 

shown to localize to the membranes of vacuoles and endosomes. Furthermore, this protein 

also co-localizes with vacuolar membrane proteins and the SmSTRIPAK-component SCI1. 

Phenotypic analyses of knockout mutants showed that ARP1 is required for correct 

hyphal growth and development in S. macrospora. For the knockout of pom33, however, no 

developmental defect could be detected even under various stress conditions. On the 

contrary, analysis of VAC14 showed that this protein is required for the normal 

morphology of vacuoles and endolysosomes. In addition, VAC14 plays a crucial role in 

the proper development of fruiting bodies and in hyphal growth. Further experiments 

revealed that VAC14 is also important for the stress response during hyperosmotic chock 

and amino-acid deficiency. With the results obtained, ARP1 could be successfully 

established as a marker for hyphal growth and polarity establishment in filamentous 

fungi. Future research could benefit from this by using this marker to study the event of 

hyphal fusion in more detail or even apply it in other organisms. With the results gained 

from the analysis of POM33, this protein could be classified as an ER and NE resident, 

rather than being a component of the NPC. This findings are more consistent with the 

analyses of human HsTMEM33 and are different from analysis of yeast Scpom33p. 
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Therefore, the analysis of S. macrospora POM33 contributes to a better understanding of 

this ER/NE protein in fungi. However, further studies are required to clarify the POM33 

function in more detail. These should for example include interaction studies with 

individual candidates from the LC-MS analysis as well as high-resolution microscopy 

procedures. The analysis of VAC14 showed that this protein is important for the 

morphology of cell organelles such as the vacuole or the endolysosomes. Furthermore, it 

plays an important role in the proper sexual development of S. macrospora. Since VAC14 

and the components of its associated complex have so far only been investigated in 

mammals and yeasts, the results of this work can serve as basis for analyses of the link 

between vacuolar morphology and developmental processes in filamentous fungi. 

The pulled-down proteins analyzed in this work suggest a link of the SmSTRIPAK-

complex to various signaling pathways at distinct sites within the cell. Accordingly, the 

SmSTRIPAK is a dynamic multiprotein complex that may cooperate with other 

multiprotein complexes or even regulate their functions. However, the precise mode in 

which this is accomplished has yet to be clarified.  
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