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         Abstract 

 
Epichloё festucae is a filamentous fungus that forms a mutually beneficial symbiotic 

association with Lolium perenne. The NADPH oxidase complex components noxA, noxR and 

racA, the transcription factor proA, and the cell wall integrity (CWI) MAP kinases, mkkA and 

mpkA, are required for mutualistic E. festucae-L. perenne associations and cell-cell fusion. 

Homologues of these genes in Neurospora crassa, Sordaria macrospora and Podospora 

anserina are required for cell-cell fusion and sexual fruiting body maturation, thereby 

establishing a link between self signalling and hyphal network formation in the E. festucae-L. 

perenne symbiosis. In Podospora anserina, IDC2 and IDC3 are required for cell-cell fusion, 

crippled growth and fruiting body formation. In S. macrospora and N. crassa, components of 

the STRIPAK complex regulate cell-cell fusion and fruiting body formation. The aim of this 

project was to test if E. festucae homologues of IDC2 and IDC3, and the STRIPAK complex 

protein MOB3, named SymB, SymC and MobC, respectively, are also required for cell-cell 

fusion and plant symbiosis. Gel shift assays showed the promoters of symB and symC are targets 

for the transcription factor ProA. In culture, the frequency of cell-cell fusion of ΔmobC was 

reduced, but in ΔsymB and ΔsymC mutants, totally abolished. All three mutants hyperconidiated 

and formed intra-hyphal hyphae. Plants infected with these mutants were severely stunted and 

hyphae exhibited proliferative growth and increased colonisation of the intercellular spaces and 

vascular bundles. Expressoria formation, structures allowing colonisation of the leaf surface, 

was reduced in ΔmobC, and abolished in ΔsymB and ΔsymC mutants. Microscopy analyses 

showed SymB-GFP and SymC-mRFP1 co-localise to the plasma membrane and septa. SymC 

also localised to highly dynamic punctate structures. Although ΔsymB and ΔsymC phenotypes 

are identical to ΔmpkA, and the E. festucae pheromone response pathway scaffold ΔidcA 

mutants, MpkA and MpkB phosphorylation and cellular localisation was unchanged compared 

to wild-type. Using yeast-two-hybrid assays, an interaction between SymC and the STRIPAK 

complex associated protein GPI1 was demonstrated. Collectively these results show that MobC, 

SymB and SymC are required for E. festucae cell-cell fusion and host symbiosis.  It is proposed 

that SymB and SymC interact to form a sensor complex at the cell wall which regulates cell-cell 

fusion in culture and hyphal network development in planta. 
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1.1 Plant-fungal interactions 

Many different fungi are capable of colonising the surface and intercellular spaces of a 

host plant. The nature of these interactions can either be pathogenic, where the host is adversely 

affected by the fungus, or mutualistic, where both fungus and host benefit from the association 

(reviewed, Kogel et al., 2006). The signalling that occurs within and between a fungus and its 

host is often highly complex, involving many different genes, which are constantly evolving 

(reviewed, Chisholm et al., 2006). Pathogenic relationships can therefore be thought of as an 

“arms race” where the host evolves genes involved in pathogen perception, cell strengthening 

and programmed cell-death for protection against invasion, while the pathogen evolves methods 

to evade detection and suppress the host immune-system to survive (reviewed, Anderson et al., 

2010). In contrast, mutualistic relationships often involve the co-evolution of genes and 

signalling pathways that allow both organisms to sense each other and undergo cellular changes 

that accommodate and promote a beneficial relationship (reviewed, Kogel et al., 2006). The 

complex contribution of multiple genes and signalling pathways, both within and between two 

organisms, makes fungal-plant interactions an exciting research area and leads to the intriguing 

question, “what tips the balance between fungal parasitism and mutualism?” 

1.2 Epichloë festucae: a model organism for studying mutualistic interactions 

The Clavicipitaceae family of fungi contains both pathogenic and mutualistic species that 

colonise a range of different Arthropod (insect) and Poaceae and Cyperaceae (plant) hosts 

(Schardl, 2002). Of interest to this study are the Epichloë endophytes, which form symbiotic 

relationships with Poöideae grasses within the Poaceae family. Two major clades of Epichloë 

exist; the first contains E. amarillans, E. baconii, E. brachyelytri, E. bromicola, E. elymi, E. 

festucae, E. glyceriae, E. yangzii, and the second (the E. typhina complex) contains E. clarkia, 

E. sylvatica and E. typhina (Clay & Shardl, 2002). Depending on the endophyte, which can 

either be a hybrid or non-hybrid species, or an asexual or sexual species (Gentile et al., 2005; 

Shoji et al., 2015), Epichloë endophytes can exhibit diverse host specificity and Epichloë-host 

associations can range from mutualistic to antagonistic (Schardl 1996; Schardl & Clay 1997). 

Epichloë endophytes are of particular agricultural importance as in planta, most species 

synthesize a variety of different bio-protective secondary metabolites. Examples of these are 

ergot alkaloids and indolediterpenes (lolitrems) which are known for antimammalian toxicity, 

peramine which is an insect deterrent, and lolines which can be both deterrent and insecticidal 

compounds (Clay & Schardl, 2002; Schardl et al., 2007, 2013a & 2013b). The presence of 

Epichloë endophytes also helps confer drought tolerance increasing host fitness and survival 

(Clay & Schardl, 2002; Kuldua & Bacon, 2008). Thus, understanding how Epichloë 

associations are regulated or how they can be enhanced has positive implications for agriculture 



where perennial ryegrass is commonly used. Currently the most well studied Epichloë 

endophyte, in terms of molecular genetics, is E. festucae (Scott et al., 2012) which has a limited 

host range, compared to E. typhina, and forms mutualistic symbiotic relationships within the 

aerial tissues of species of cool-season grasses within the Festuca and Lolium genera 

(Christensen et al., 2002). The genome sequences of several E. festucae strains are available 

online (http://www.endophyte.uky.edu/) and E. festucae Fl1, which is a sexual non-hybrid 

species, can be easily manipulated using molecular techniques, moreover host associations are 

easily induced in L. perenne in the laboratory (reviewed, Schardl, 2001; Scott et al., 2012). 

Given its ease of use, E. festucae Fl1 is an ideal model organism for studying mutualistic aerial 

symbiotic interactions.  

1.3 Life cycle of E. festucae 

1.3.1 The asexual cycle 

The development of E. festucae within its host can be characterised by two different life 

cycles, asexual and sexual (Figure 1.1 A). The asexual cycle occurs when hyphae within the 

intercellular spaces of host plant cells expand out of the vegetative tissue apex and colonise the 

host inflorescences, developing ovules and developing seeds (Figure 1.1 B-D). This 

colonisation provides a means of propagation for E. festucae, as hyphae can be transmitted 

vertically through host seed, and provides hyphae with a source of nutrients from the host 

apoplastic fluid (Schardl 1996; Clay & Schardl 2002). Following seed germination hyphae 

colonise the shoot apical meristem and leaf primordia by hyphal tip growth and become aligned 

parallel to the longitudinal developing leaf axis and adhere to plant cells (Figure 1.1 E). 

Subsequent lateral branching and hyphal fusion result in the formation of a highly structured 

hyphal network within the aerial tissue of the host plant (Christensen et al., 2002; Scott et al., 

2012). Intercalary growth preserves this network. As host cells expand, hyphae attached to plant 

cells avoid mechanical shearing by undergoing subapical extension and division (Christensen et 

al., 2008; Figure 1.1 F). The hyphal network is thought to not only restrict Epichloë growth, so 

that it continues to be mutualistic, but to also synchronise Epichloë-host development 

(Christensen et al., 2008). When leaf expansion ceases, growth of the hyphae also ceases, but 

the hyphae remain metabolically active (Tan et al., 2001).  

 

 

 

 



Figure 1.1 Life cycles of E. festucae. A) E. festucae asexual and sexual life cycles. Image adapted 

from Schardl, 2001. Hyphae expressing cyan-fluorescent protein colonising the developing host B) ovules 

C) seed and D) shoot apical meristem. Images reproduced from Schardl et al., 2013b. E) Confocal z-stack 

images of hyphal network formation (green pseudocolour) within the host blade and sheath tissue. Image 

reproduced from Christensen et al., 2008. F) Confocal images of intercalary growth between joined 

hyphae (arrows) expressing GFP within a 190 minute period in planta. Image reproduced from 

Christensen et al., 2008. G) Stromata formation on a host inflorescence, image reproduced from Schardl 

et al., 2013b. Confocal z-stacks of infected leaf tissue stained with aniline blue and WGA-AF488 

showing H) endophytic hyphae (en; red pseudocolour) exiting the host cuticle layer (green pseudocolour) 

via an I) expressorium (*) to form J) epiphyllous (ep) hyphae which exhibit changes in WGA-AF488 

(blue psuedocolour) fluorescence. K) Scanning Electron Microscopy showing the epiphyllous hyphal 

network on the host. H-K) Images reproduced from Becker et al., 2016. 

 

 



1.3.2 The sexual cycle 

In contrast to the asexual cycle, the E. festucae sexual cycle is pathogenic. Hyphae within 

the host enter a highly proliferative growth phase and rapidly colonise the developing 

inflorescence to form reproductive structures known as stromata on the host inflorescence. This 

prevents the host inflorescences from fully developing and causes “choke disease” (Clay & 

Schardl, 2002; Figure 1.1A & G). Stromata produce conidia, which are transported horizontally 

via Botanophila flies to neighbouring host inflorescences. Transferred conidia fuse with an 

ascogonium of the opposite mating type, resulting in the formation of ascospores which are 

dispersed following seed dissemination, thereby completing the sexual cycle. This method of 

transmission is rare during E. festucae-Festuca associations and has never been documented 

within perennial ryegrass to date. Asexual E. festucae derivatives, which lack the ability to form 

stromata, can only be transmitted vertically (Clay & Schardl, 2002; Schardl et al., 2013a). 

Furthermore only one documented hybrid species, E. liyangensis, is known to form stromata 

(Yan et al., 2011). The E. festucae-host association that is of importance to this study is 

therefore considered mutually beneficial and rarely antagonistic. 

 

1.3.3 Formation of an epiphyllous hyphal network 

Although E. festucae is considered to be an endophyte, it also an epiphyte as endophytic 

hyphae have been observed to emerge from within the host leaf expansion zone to form an 

epiphyllous network on the surface of the host grass leaves (Moy et al., 2000; Christensen et al., 

1997 & 2002). Here hyphae remain connected to the endophytic hyphal network and are 

thought to increase the resistance of the host to fungal pathogens through ‘niche exclusion’ 

(Moy et al., 2000). It is only recently that the structure which allows hyphae to exit the host 

plant has been characterised in E. festucae, and it resembles an inverted appressorium-like 

swelling, coined an “expressorium” (Becker et al., 2016). Upon exiting the host cuticle layer 

hyphae undergo major changes to their cell-wall structure, as noted in differences in WGA-

AF488 chitin staining (Figure 1.1 J). These changes, where chitin is “masked” in planta, are 

proposed to facilitate mutualistic associations by suppressing the activation of host-defence 

mechanisms (Becker et al., 2016). 

1.4 Identification and characterisation of E. festucae mutants  

Many genes essential for maintaining mutualistic E. festucae-L. perenne symbiotic 

relationships have been characterised within the E. festucae Fl1 (E894) strain through 

mutagenesis and targeted gene deletions (Scott et al., 2012; Eaton et al., 2012). Those of 

importance to this study are associated with the nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase complex (the Nox complex), as well as the cell wall integrity (CWI), stress 



activated (SAK) and pheromone response (PR) mitogen-activated protein kinase (MAPK) 

pathways. These pathways are highlighted in more detail below. 

 

1.4.1 The Nox complex  

Nox complexes are involved in the production of reactive oxygen species (ROS) through 

conversion of O2 to O•. ROS are important signalling molecules and the conversion of O• to 

H2O2 by superoxide dismutases is proposed to activate signal transduction cascades that are 

required for multi-cellular development and cell-cell communication, via the sensing of ROS 

bursts (reviewed, Breitenbach et al., 2015). In human neutrophils, the Nox complex consists of 

the membrane catalytic subunit, gp91phox, the membrane bound adaptor protein p22phox, the 

regulator of gp91phox, p67phox, the GTPase Rac1/2 which activates p67phox by binding GTP, and 

the organiser components p47phox and p40phox (Figure 1.2). Homologues of the Nox complex 

components in fungi were first identified in Aspergillus nidulans (Lara-Ortiz et al., 2003) and 

Podospora anserina (Lalucque & Silar, 2003). Several fungi have been shown to contain two 

proteins, NoxA and NoxB, with homology to gp91phox (Aguirre et al., 2005; Takemoto et al., 

2007), a protein with homology to p67phox, NoxR (Takemoto et al., 2006; Cano-Domınguez et 

al., 2008; Brun et al., 2009), and proteins which share homology to Rac1/2 (Weinzierl et al., 

2002; Boyce et al., 2003; Mahlet et., 2006; Rolke et al., 2008; Chen & Dickman, 2004; Chen et 

al., 2008), and the organiser components p47phox and p40phox, BemA and Cdc24 (Takemoto  et 

al., 2011; Schürg et al., 2012;  Giesbert  et al., 2014; Herrmann et al., 2014). A protein 

suggested to perform a similar function to human p22phox, NoxD, which interacts with NoxA, 

has also been identified (Siegmund et al., 2014; Lacaze et al., 2014) (Figure 1.2). In fungi, 

NoxA and NoxD are required for cell-cell fusion, pathogenicity and fruiting body formation, 

whereas NoxB and Pls1 have separate functions, in that they are required for ascospore 

germination and appressorium development (reviewed, Scott, 2015). Although direct NoxB-

Pls1 interactions have not been shown in fungi, phenotypic evidence suggests they act in the 

same pathway (reviewed, Scott, 2015). Nox homologues in other fungi will be highlighted in 

Section 1.7.1 and those in E. festucae highlighted below. 



The first evidence that the Nox complex was involved in regulating E. festucae symbiosis 

came from the use of a forward genetics pAN7-1 plasmid insertion mutagenesis screen (Tanaka 

et al., 2006). From 220 potential mutants inoculated into perennial ryegrass, one mutant, FR2, 

exhibited altered symbiosis, host stunting and premature senescence in planta. Sequence 

analysis of the region containing the pAN7-1 insert revealed that the gene disrupted in the FR2 

mutant shared homology to P. anserina nox1, A. nidulans noxA and human gp91Phox. The 

identification of noxA prompted the analysis of a second Nox homologue, noxB, which was 

reported to have no host-association phenotype when deleted. However new results, using 

plants grown under a controlled environment, showed that ∆noxB does have a symbiosis 

interaction phenotype, which is characterised by stunting of the host plant (Becker et al., 2016). 

Given that NoxA is required for the mutualistic E. festucae association a bioinformatical 

approach was used to identify the homologues of human p67phox (NoxR) and Rac1/2 (RacA) in 

E. festucae. Gene deletion and yeast-two-hybrid experiments showed that NoxR and RacA 

interact and are required for mutualistic interactions, with noxR deletions being less severe than 

noxA (Takemoto et al., 2006; Tanaka et al., 2008). Takemoto et al., (2011) identified a PB1 

domain within NoxR, and PB1 binding domains in Cdc24, BemA and a previously 

uncharacterised protein. Yeast-2-hybrid experiments validated NoxR-BemA and NoxR-Cdc24 

interactions, and GFP fusion experiments showed that NoxR, BemA and Cdc24 co-localise at 

actively growing hyphal tips. Furthermore, deletion analysis showed that bemA is required for 

mutualistic associations while ∆cdc24 strains were not recovered, suggesting cdc24 is an 

essential gene in E. festucae. The E. festucae NoxD homologue is also required for mutualistic 

associations (Ozaki et al., 2015). Nox mediated ROS production has previously been shown by 

many studies to be required for correct temporal and spatial cellular differentiation, fruiting 

body formation, ascospore germination, appressorium development and polarized tip growth 

(reviewed, Scott & Eaton, 2008). It is also required for hyphal tip homing and cell fusion during 

the formation of conidial anastomosis germ tubes (CATs) in Neurospora crassa (Read et al., 

2012). Given these reports, E. festucae ∆noxA, ∆noxR, ∆racA (Kayano et al., 2013) and ∆noxD 

(Ozaki et al., 2015) mutants were analysed for cell-cell fusion defects and found to be fusion 

negative in culture, while ∆bemA mutants exhibited a marked reduction in fusion compared to 

Fl1 (Kayano et al., 2013). Additionally, ∆noxA, ∆noxB and ∆noxR mutants are defective in 

expressorium formation (Becker et al., 2016), indicating that components of the Nox complex 

are required for mutualistic E. festucae associations, expressorium formation and cell-cell 

fusion.  

1.4.2 MAP kinase pathways  

Budding yeast contain five mitogen-activated protein kinase (MAPK) pathways which 

are involved in mating and pheromone response, filamentous and invasive growth, cell wall 



integrity and abiotic stress response, hyperosmolarity responses, and ascospore formation 

(Figure 1.3; Hamel et al., 2012; Saito & Tatebayashi, 2004). In comparison, filamentous fungi 

contain only three main MAPK pathways (Rispail et al., 2009), which in E. festucae are known 

as the Stress Activated MAPK pathway (SAK), the Pheromone Response pathway (PR) and the 

Cell Wall Integrity pathway (CWI) (Figure 1.4; Eaton et al., 2012). Each of these pathways are 

collectively involved in perceiving a wide range of stimuli that are subsequently fed into 

complex signalling cascades that alter gene expression. This allows the fungus to undergo 

cellular changes to respond to environmental stress or to alter hyphal growth. Several MAPK 

pathway genes are involved in regulating E. festucae symbiosis and will be outlined in the 

following sections below. Homologues of these genes in other filamentous fungi will be 

outlined in Section 1.7.3. 

1.4.2.1 The Stress Activated MAPK pathway 

In yeast, the High Osmolarity pathway involves the membrane osmolarity sensors 

Sho1/Msb2, the GTPase Cdc42, the p21-activated kinase Ste20, the MAPKKK Ste11, MAPKK 

Pbs2, MAPK Hog1 and downstream transcription factors Hot1, Msn2 and Sko1 (Figure 1.3; 

Hamel et al., 2012; Saito & Tatebayashi, 2004). Several homologues of these proteins have 

been identified in E. festucae (Figure 1.4; Eaton et al., 2012). The homologue of Hog1 in E. 

festucae, SakA, is required for mutualistic associations (Eaton et al., 2010). Interestingly, while 

∆cdc42 associations are not pathogenic, Cdc42 is required for intercalary growth, as ∆cdc42 

hyphae exhibit hyphal breakage within the expanding host tissues in planta and are unable to 

colonise into fully developed leaf tissue (Takemoto et al., 2015). Collectively these results 

suggest that the core components of the SAK pathway are required for E. festucae mutualism 

and regulated growth in planta. 

1.4.2.2 The Cell Wall Integrity pathway 

In yeast, the CWI pathway stress sensors Mid2/Mlt2 and Wsc1/2/3 bind to the guanyl 

nucleotide exchange factor (GEF) Rom2 when activated. This binding activates the GTPase 

Rho1, which subsequently activates PKC1. PKC1 then activates the CWI MAP kinase cascade 

involving the MAPKKK Bck1, MAPKK Mkk1/2 and MAPK Slt2/Mpk1. Activation of the 

MAPK pathway then activates the downstream transcription factors Rlm1, Sbf1 and Swi4/6, 

which induce changes in gene expression (Figure 1.3; Hamel et al., 2012). Homologues of the 

CWI scaffold Ste5 (So) (Charlton et al., 2012; Teichert et al., 2014) and MAP kinases Mkk1/2 

(MkkA) and Slt2/Mpk1 (MpkA) (Becker et al., 2015) have been identified in E. festucae 

(Figure 1.4) Targeted deletion of so, mkkA and mpkA results in a stunted host phenotype in 

planta and additionally ∆so, ∆mkkA and ∆mpkA mutants are defective in cell-cell fusion and 



∆mkkA and ∆mpkA mutants hyperconidiate in culture. Collectively these results show that the 

CWI MAPK pathway is crucial for cell-cell fusion and mutualistic E. festucae-host interactions.  

 

 Figure 1.3 S. cerevisiae MAPK pathways. Image reproduced from Saito & Tatebayashi, 2004.

 

 



Figure 1.4 E. festucae Fl1 MAPK pathways. Images modified from Eaton et al., 2012.

Membrane sensors are in orange, phosphatases in red, kinases in purple, cyan and blue, transcription 

factors in pink, guanine nucleotide exchange factors in light green and additional proteins in dark green. 

Dashed grey boxes indicate the putative scaffold proteins for the CWI (So) and PR pathway (IdcA). 

  



1.4.2.3 Pheromone Response MAPK pathway 

The yeast mating and PR pathway involves the pheromone receptors Ste2/3, the 

GTPase Cdc42, Bem1, the protein activated kinase Ste20, the MAPKKK Ste11, MAPKK Ste7, 

MAPKs Fus3 and Kss1, the MAPK protein scaffold Ste5 and the downstream transcription 

factor Ste12 (Figure 1.3; Hamel et al., 2012). Homologues of several of these proteins have 

been identified in E. festucae (Figure 1.4). The homologue of the yeast scaffold protein Ste5 is 

known as IdcA in E. festucae, and is required for cell-cell fusion and symbiosis (Eaton et al., 

2013). IdcA shares homology to P. anserina IDC1 (Jamet-Vierny et al., 2007) and N. crassa 

HAM-5 (Jonkers et al., 2014; Dettman et al., 2014). The E. festucae nuclear localised protein 

NsiA, shows positive yeast-2-hybrid interactions with the homologue of the transcription factor 

Ste12 (Ozaki et al., 2015). Furthermore, ∆nsiA mutants exhibit prolific growth in planta and a 

loss of cell-cell fusion. Interestingly, noxD and the transcription factor proA (further mentioned 

in Section 1.4.3) are down-regulated in ∆nsiA mutants, suggesting these genes are regulated by 

the transcription factor NsiA. nsiA, proA and noxD are all required for E. festucae cell-cell 

fusion and symbiosis (Tanaka et al., 2013; Ozaki et al., 2015). Collectively these results suggest 

that components of the PR MAPK pathway are required for E. festucae cell-cell fusion and 

mutualism. 

1.4.3 The transcription factor ProA  

In Sordaria macrospora, the C6 Zinc finger transcription factor, PRO1 (further 

mentioned in Section 1.7.2), is essential for fruiting body development and cell-cell fusion 

(Masloff et al., 1999 & 2002). The E. festucae homologue of pro1, proA, was identified via an 

Agrobacterium tumefaciens T-DNA screen where ∆proA mutants exhibited proliferative growth 

in planta, and a loss of cell-cell fusion and a hyperconidiation phenotype in culture (Tanaka et 

al., 2013). Although these phenotypes were similar to ∆noxA mutants, proA deletion had no 

effect on noxA expression, indicating ProA is unlikely to regulate noxA. ProA did however 

regulate the expression of two divergently transcribed genes, EF320 and esdC. Although the 

deletion of EF320 or esdC had no effect on E. festucae growth in planta or in culture, the 

analysis of EF320 and esdC promoter regions, using electrophoretic mobility shift assays, 

identified two motifs, A2 motif = GGCGC and A5 motif = GCGCCG, to which ProA binds. 

When used in conjunction with the recently published RNA-seq data (Eaton et al., 2015), which 

identified a number of genes differentially expressed in proA mutants compared to WT, these 

motifs can be used to further predict whether a promoter may be targeted by ProA.  

 

 



1.4.4 Additional signalling pathways 

Additionally, iron acquisition, pH sensing and histone modifications are required for 

mutualistic symbiotic interactions. Deletion of the siderophore synthesis gene sidN (Johnson et 

al., 2007 & 2013), the H3K9 and H3K27 methyltransferases clrD and ezhB (Chujo & Scott, 

2014), the heterochromatin remodelling protein, HepA (unpublished results Chujo et al.,), and 

constitutive expression of the pH regulated transcription factor, PacC (Lukito et al., 2015), 

result in altered host interaction phenotypes. The involvement of these pathways and those prior 

mentioned, highlights the complexity of E. festucae associations with the host plant and how 

finely tuned it is, both genetically and epigenetically. Interestingly E. festucae not only regulates 

its own growth in planta but also induces a major reprogramming of the host transcriptome, 

with genes involved in drought and biotic-related stress, pathogenesis, DNA synthesis and 

repair and primary metabolism reported as being down-regulated, and genes associated with 

trichome development, stomatal closure and secondary metabolite production reported as being 

up-regulated (Dupont et al., 2015). Thus, complex signalling not only occurs within E. festucae, 

which regulates hyphal growth in planta, but also between E. festucae and the host that 

synchronises fungal-plant development. 

The impact E. festucae has on the host transcriptome and the variety of pathways 

required for mutualism has led to the intriguing questions, what tips the balance between 

pathogenicity and mutualism and which genes are required for E. festucae-host associations? 

Eaton et al., (2015) have recently published a 3-way RNAseq analysis involving the combined 

analysis of genes differentially regulated in ΔnoxA, ΔsakA and ΔproA associations, which 

complements an original ΔsakA RNA study (Eaton et al., 2010). This study identified 182 genes 

that exhibit common expression patterns present in all three associations. Most notably an 

upregulation of primary metabolic genes, membrane transporters and genes potentially involved 

in host cell-wall degradation, suggesting mutant associations are pathogenic. A further study 

performed in ΔhepA mutants has since reduced this set to 111 genes (unpublished results Chujo 

et al.,). These transcriptome studies have substantially expanded current understanding on 

which genes and signalling pathways may be required for mutualistic associations, and provide 

an opportunity to identify novel genes in E. festucae that may be involved in regulating E. 

festucae symbiosis. 

1.5 Cell-cell fusion: required for mutualistic E. festucae associations? 

In summary, the identification of several mutants, ∆noxA, ∆noxR (Tanaka et al., 2006 & 

2008; Takemoto et al., 2006 & 2011; Kayano et al., 2013), ∆proA (Tanaka et al., 2013), ∆idcA 

(Eaton et al., 2013), ∆so (Charlton et al., 2012), ∆noxD (Ozaki et al., 2015), ∆mkkA and ∆mpkA 



(Becker et al., 2015), which exhibit a loss of cell-cell fusion and deregulated symbiosis, has led 

to the hypothesis that cell-cell fusion is required for hyphal network formation in planta and 

mutualistic E. festucae associations. Although these components have been identified and the 

majority of them have been functionally placed into signalling pathways, such as the Nox 

complex or CWI or PR pathway, how the signals required for cell-cell fusion and mutualism are 

transmitted and how they are perceived between hyphae, has not been fully elucidated in E. 

festucae. Additionally, relatively little is known as to how these signals are integrated between 

these different pathways, indicating that further research is required if we are to advance our 

understanding of the E. festucae- L. perenne system.  

Interestingly, several homologues of the above mentioned genes are also required for 

cell-cell fusion and sexual fruiting body development in the organisms Sordaria macrospora, 

Neurospora crassa and Podospora anserina, suggesting common regulatory pathways exist 

within these two different developmental pathways and between these different fungi (Haedens 

et al., 2005; Lord & Read, 2011; Read et al., 2012). As a result of mutagenesis screening 

several candidate proteins that are potentially involved in signal perception or signal integration 

have been identified. In the following sections, sexual development and cell-cell fusion in S. 

macrospora, N. crassa and P. anserina will be discussed and based on these research findings, 

candidate genes of importance to this study highlighted. 

1.6 Sordaria macrospora, Neurospora crassa and Podospora anserina sexual 

development and mutant screening 

1.6.1 Sordaria macrospora life cycle and mutant screening 

Sordaria macrospora is a homothallic self-fertile fungus that begins its life cycle as a 

single spore that germinates sending out new hyphae (Figure 1.5). This phase of growth is 

known as the vegetative phase. Hyphal fusion and polarised growth later cause these hyphae to 

come together to create a branched interconnected mycelial network that extends outwards from 

the initial spore. Hyphal development then transitions to a sexual cycle, which can be divided 

into three distinct phases known as the ascogonial, protoperithecial, and perithecial stages. 

During the ascogonial stage, newly emerging lateral hyphae begin to curl creating coiled hyphae 

known as ascogonial hyphae, the first structures to develop during fruiting body formation. 

During the protoperithecial stage, ascogonial hyphal are enveloped in five-six layers of 

pseudoparenchymatous cells that arise from neighboring lateral hyphae to form protoperithica. 

Basal ascogonial hyphae then cluster together while the upper hyphal layers form a loose 

network that is removed during the perithecial stage. Several asci, each containing eight spores, 

develop up from the basal coiled ascogonium and mature within fully formed perithecia. 

Ascospores are then ejected through the upper opening of the perithecium, the ostiole, 



completing the Sordaria sexual cycle stages (Hock et al., 1978; Lord & Read, 2011).  

Several mutants, known as the asc, pro, per and pile mutants (Figure 1.5), which 

develop defects in the formation of sexual fruiting bodies, have been identified in S. 

macrospora (Engh et al., 2010). asc mutants are characterised by malformed ascogonia that do 

not form or curl properly causing arrested protoperithicium/perithecium development. In pro 

mutants, ascogonia appear normal and it is the development of protoperithicia from ascogonia 

that are affected. Mutant pro protoperithicia become rounded and stunted, unable to develop 

further to form elevated perithecia. In contrast to asc and pro mutants, per mutants are capable 

of forming normal ascogonia, protoperithicia and perithecia, but are unable to generate viable 

ascospores or asci, which causes sterility. pile mutants are the only mutants out of the four 

characterised groups which produce viable spores. They are not defective in the development of 

sexual structures but rather in their spatial order, and are characterised by overlapping 

perithecia. Of importance to this study are the Sordaria pro mutants, several of which were 

generated through an initial UV mutagenesis screen and a second EMS mutagenesis screen 

(Masslof et al., 1999; Pöggeler & Kück, 2004). Once identified, mutant pro phenotypes can be 

confirmed by targeted pro gene deletions to obtain “clean” deletion mutants (Engh et al., 2010). 

 

Figure 1.5 Life cycle of Sordaria macrospora and associated fruiting body mutants. Image 

modified from Kück et al., 2009. 

 

 

 

 



1.6.2 Podospora anserina and Neurospora crassa life cycles 

P. anserina and N. crassa life cycles are similar to that observed in S. macrospora, with 

the exception that their sexual cycles involve the differentiation of female (ascogonia) and male 

(conidia) hyphae (Figure 1.6 A). Which structures form is dependent on whether hyphae 

express the a (female) or A (male) mating type locus. During the ascogonial stage, female 

ascogonia are fertilised by male conidia. Fertilised ascogonia are then enclosed by nearby 

hyphae (similar to Sordaria protoperithecia development) and proliferate to create multinucleate 

cells that contain both male and female mating type nuclei. Pairs of male and female nuclei later 

migrate together to form specialised cells known as multi-nucleated croziers. Mitosis later 

occurs within these croziers in order to form two uni-nucleate cells and a single bi-nucleate cell. 

During the perithecia stage, bi-nucleated cells differentiate and undergo meiosis to form asci 

that contain 8 haploid spores. Ascospores are then ejected from perithecia as they mature, 

completing P. anserina and N. crassa sexual cycles (Coppin et al., 1997). 

 

1.6.3 Neurospora crassa and Podospora anserina mutant screening 

In N. crassa, the development and fusion of specialised hyphal tubes known as conidial 

anastomosis tubes (CATs), which arise from asexual conidia, facilitates the initiation of new 

colonies by creating interconnected hyphal networks between germinating spores (Roca et al., 

2005). CAT induction typically begins with the formation of small tubes that protrude outward 

from isolated spores and fuse when they come into contact. Several mutants known as hyphal 

anastomosis mutants (ham), which are defective in CAT fusion and the formation of 

protoperithecia, have been characterised in N. crassa (Figure 1.6 B; Read et al., 2009 & 2012; 

Lichius, 2010; Fu et al., 2011; Lichius et al., 2014). Additionally, ham mutants are also often 

defective in vegetative cell-cell fusion.  

In P. anserina, a cell degenerative phenomenon known as crippled growth (CG) arises 

following prolonged periods of stationary hyphal growth (Silar et al., 1999). The appearance of 

CG acts to slow colony expansion and arrests the development of aerial hyphae and perithecia 

and is thought to be caused by a cytoplasmic and infectious element (C) that is transmitted 

exclusively during mitosis in a non-mendelian fashion as a result of abnormal activation of the 

CWI pathway (Silar et al., 1999 & 2001; Jamet-Vierny et al., 2007). Several mutants that 

exhibit impaired development of CG (IDC) (Figure 1.6 C) were identified in genetic suppressor 

screen. The majority of these mutants are also defective in vegetative cell-cell fusion and sexual 

fruiting body development, in that they do not generate protoperithecia or viable spores 

(Haedens et al., 2005).  

 



 

Figure 1.6 Neurospora crassa and Podospora anserina life cycles and mutant screening. A) 

P. anserina and N. crassa life cycles. Image taken from Coppin et al., 1997. B) N. crassa wild-type CAT 

fusion (left image arrows) and hyphal anastomosis (ham) mutant (right image) phenotypes. Images taken 

from Aldabbous et al., 2010. Scale bar = 10 μm. C) P. anserina crippled growth (CG) and impaired 

development of crippled growth (IDC) phenotypes. Example of WT CG (left) and mutant IDC and loss of 

fruiting body (FB) phenotypes in IDC1 mutants compared to WT. Images taken from Silar et al., 2001 

and Jamet-Vierny et al., 2007. 
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1.7 Identification and characterisation of pro, ham and IDC mutants. 

Several N. crassa ham, S. macrospora pro and P. anserina IDC mutants have been 

functionally characterised and found to be associated with a conserved signalling network. 

1.7.1 The Nox complex 

The first evidence that the Nox complex was present in filamentous fungi was found by 

Lara-Ortíz et al., (2003) in A. nidulans, and Lalucque & Silar (2003) in P. anserina (Pa). 

Targeted deletion of noxA showed that A. nidulans NoxA is required for sexual development 

while cloning and bioinformatics showed that PaNox1 homologues are found in several fungi 

capable of sexual development, suggesting the Nox complex is involved in fungal multi-cellular 

development. Targeted deletions of P. anserina PaNox1 and PaNox2 showed that PaNox1 is 

required for fruiting body development and PaNox2 is required for ascospore germination 

(Malagnac et al., 2004). The filamentous fungal NoxR homologue was characterised in E. 

festucae by Takemoto et al., (2006). In B. cinerea, ∆noxA and ∆noxR mutants are defective in 

pathogenicity and infection progression and ∆noxB mutants are impaired in the formation of 

host penetration structures (Segmüller et al., 2008). Similar to B. cinerea, P. anserina 

∆Nox1/IDC343 and ∆NoxR/IDC524 mutants are unable to penetrate cellulose (Haedens et al., 

2005; Brun et al., 2009). In N. crassa, Nox complex homologues were identified by Cano-

Dominguez et al., (2008) where targeted nox-1 and nor-1 (NoxR homologue) deletions 

produced defects in vegetative growth, conidiation, protoperitheium and aerial hyphae 

development, and nox-2 deletions produced defects in spore germination. N. crassa Δnox-1 and 

Δnor-1 (Lichius, 2010; Fu et al., 2011; Read et al., 2012) and B. cinerea ∆noxA and ∆noxR 

mutants (Roca et al., 2012) were also defective in CAT fusion, and P. anserina PaNoxA and 

PaNoxR mutants, defective in vegetative cell-cell fusion (Tong et al., 2014). Targeted gene 

deletions showed that S. macrospora nox1 and nor1 homologues are required for fruiting body 

formation and cell-cell fusion (Dirschnabel et al., 2014). In N. crassa, rac-1 and bemA 

homologues were shown to be required for CAT fusion (Lichius, 2010; Fu et al., 2011; Schürg 

et al., 2012; Lichius & Lord, 2014). In B. cinerea, heterokaryon Δcdc24 mutants showed 

reduced virulence and Δbem1 mutants displayed a loss of CAT fusion (Giesbert et al., 2014). In 

S. macrospora, PRO41 (NoxD homologue) was identified in an EMS mutagenesis screen for 

pro mutants (Pöggeler & Kück, 2004), and has been characterised as an ER localised protein 

that is required for fruiting body formation (Nowrousian et al., 2007). In N. crassa, the 

homologue of PRO41, HAM-6, was shown to be required for cell-cell fusion and fruiting body 

development and correct MAK-1 (CWI MAP kinase) phosphorylation (Lichius, 2010; Fu et al., 

2011; Fu et al., 2014). Homologues of PRO41/HAM-6 were identified in B. cinerea and P. 

anserina and subsequently named NoxD (Siegmund et al., 2014; Lacaze et al., 2014). In B. 



cinerea, NoxA and NoxD interacted, suggesting NoxD was part of the NoxA associated Nox 

complex (Siegmund et al., 2014). In B. cinerea, NoxD is required for pathogenicity and CAT 

fusion (Siegmund et al., 2014) and in P. anserina, NoxD is required for CG and fruiting body 

development, cellulose penetration and cell-cell fusion (Haedens et al., 2005; Lacaze et al., 

2014). Similar to PaNox2 and BcNoxB (Haedens et al., 2005; Brun et al., 2009; Segmüller et 

al., 2008), P. anserina PaPls1 (Lambou et al., 2008; Brun et al., 2009) is required for ascospore 

germination and cellulose penetration and B. cinerea Pls1 is required for pathogenicity 

(Siegmund et al., 2013). Collectively these results suggest that two Nox complexes exist in 

filamentous fungi, where Nox2/B and Pls1 are required for ascospore germination and NoxA 

and NoxD are required for cell-cell fusion. 

1.7.2 The transcription factor PRO1  

The homologue of E. festucae ProA, PRO1, was identified in S. macrospora in a UV 

mutagenesis screen and identified as being a C6 Zinc finger transcription factor, essential for 

fruiting body development (Masloff et al., 1999). Interestingly cDNA from the predicted N. 

crassa adv-1 homologue complemented mutant pro1 S. macrospora defects, suggesting PRO1 

functions are conserved among fungi (Masloff et al., 2002). Furthermore, ADV-1 is required for 

N. crassa CAT fusion and sexual development (Colot et al., 2006; Fu et al., 2011; Lichius & 

Lord, 2014).  

1.7.3 Cell-cell fusion: a PR and CWI pathway ping-pong mechanism  

1.7.3.1 MAK2 and the PR pathway 

Components of the PR pathway have been well characterised in N. crassa. In N. crassa, 

the PR pathway MAPKKK NCR-1, MAPKK MEK-2 and MAPK MAK-2 (Pandey et al., 2004; 

Fu et al., 2011; Lichius et al., 2012), the pheromone receptor PRE-1 (Kim & Borkovich, 2004), 

and predicted downstream transcription factor PP-1 (Li et al., 2005; Leeder et al., 2013), are 

required for female fertility and cell-cell fusion (Fu et al., 2011; Read et al., 2012). In addition 

to regulating the PR pathway, MAK-2 interacts with the PR pathway scaffold protein HAM-5 

(Dettmann et al., 2014; Jonkers et al., 2014) and the nuclear Dbf2-related (NDR) scaffolding 

protein HYM-1 (Dettmann et al., 2012). HYM-1 is essential for normal MAK-2 activity, cell-

cell fusion and protoperithecia development, and interacts with the COT-1 NDR kinase 

complex, COT1-MOB-2-POD-6, to regulate COT-1 associations with POD-6 (Seiler et al., 

2006; Maerz et al., 2008; Dettmann et al., 2012). HAM-5 is essential for cell-cell fusion and 

sexual fruiting body development (Aldabbous et al., 2010), contains a MAPK consensus 

phosphorylation site, and interacts with and co-localises with NRC-1, MEK-2 and MAK-2 

during CAT tip homing (Jonkers et al., 2014; Dettmann et al., 2014), suggesting HAM-5 is the 



scaffold for the PR pathway. In P. anserina, homologues of the PR Pathway MAPK kinases 

Tkl2 (NCR-1), Mkk2 (MEK-2) and Mpk2 (MAK-2) (Lalucque et al., 2012; Tong et al., 2014), 

and the scaffold protein IDC1 (HAM-5) (Jamet-Vierny et al., 2007; Tong et al., 2014), are 

required for the development of protoperithecia, CG and cell-cell fusion, and additionally the 

PR MAP kinases are required for cellulose penetration. In Sordaria, double deletions of the 

pheromone-precursors and associated pheromone receptors, ∆pre2/∆ppg2 and ∆pre1/∆ppg1 and 

double ∆ppg1/∆ppg2, alters perithecia development (Mayrhofer et al., 2006). Collectively these 

results suggest that the PR pathway is required for cell-cell fusion and sexual fruiting body 

development in fungi. 

1.7.3.2 SO and the CWI pathway  

N. crassa ∆so/ham-1 mutants are female sterile, defective in CAT fusion and exhibit 

altered growth and conidiation (Fleiβner et al., 2005). In response to injury SO localises to 

septal plugs (Fleiβner et al., 2007), and during CAT homing MAK-2, and SO oscillate and show 

a “ping-pong” localisation pattern, suggesting they are involved in a signalling communication 

feedback loop which regulates cell-cell communication (Figure 1.7; Read et al., 2009; Fleiβner 

et al., 2009; Goryachev et al., 2012). The PR pathway kinases NCR-1 and MEK-2 (Dettmann et 

al., 2012) and the scaffold protein HAM-5, all co-localise and oscillate with MAK-2 during this 

hyphal homing (Jonkers et al., 2014; Dettmann et al., 2014). Similar to SO, components of the 

N. crassa CWI pathway, MIK-1, MEK-1 and MAK-1, are required for perithecia development 

and cell-cell fusion (Lichius, 2010; Fu et al., 2011; Read et al., 2012; Lichius & Lord, 2012). 

However unlike MAK-2, the CWI MAPK MAK-1 does not show oscillatory recruitment to the 

plasma membrane during hyphal homing (Dettmann et al., 2013). The homologue of SO in S. 

macrospora, PRO40, was identified in a UV mutagenesis screen as being required for fruiting 

body formation and cell-cell fusion (Masloff et al., 1999). Similar to SO (Fleiβner et al., 2007), 

PRO40 localises to septal pores (Engh et al., 2007). Affinity purification, mass spectrometry 

and yeast-2-hybrid experiments showed PRO40 binds to the CWI MAP kinases MIK1, MEK1 

and MAK1, and the upstream activator, PKC1 (Teichert et al., 2014), suggesting PRO40/SO 

acts as a scaffold for the CWI pathway. Furthermore, S. macrospora ∆pro40, ∆mik1/pro30, 

∆mek1 and ∆mak1 mutants exhibit a loss of cell-cell fusion and altered sexual development, 

indicating the CWI pathway is essential for these two processes. The oscillation of SO and 

MAK-2 in homing hyphal tips (Read et al., 2009, Goryachev et al., 2009; Fleiβner et al., 2009) 

and SO/PRO40–MAK1 interactions (Teichert et al., 2014), has suggested crosstalk occurs 

between the PR and CWI pathways that regulates hyphal homing and cell-cell fusion. P. 

anserina homologues of the CWI MAPKs, ASK1 (MIK-1), MPK1 (MAK-1) and MKK1 

(MEK-1), and the CWI MAPK scaffold SO, are required for CG and sexual development 

(Kicka, & Silar, 2004; Haedens et al., 2005; Kicka et al. 2006; Lalucque et al., 2012) and cell-



cell fusion (Tong et al., 2014). In P. anserina, the homologue of N. crassa PR pathway scaffold 

HAM-5, IDC1 (Jamet-Vierny et al. 2007), and the PR MAPK kinase Mpk2 (MAK-2) (Lalucque 

et al., 2012), are required for the correct Mpk1 (MAK-1) nuclear localisation during the 

stationary growth phase, further suggesting crosstalk occurs between the PR and CWI MAP 

kinase pathways. Until recently it was unclear how cross talk between these pathways occurred 

within filamentous fungi, but recently it was shown that the Striatin-Interacting-Phosphatase-

And-Kinase (STRIPAK) complex (discussed in the section below) may facilitate such cross talk 

(Bloemendal et al., 2012; Dettmann et al., 2013). 
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Figure 1.7 Oscillation of GFP labelled MAK-2 and dsRED labelled SO in homing 

Neurospora crassa tips. Images from Fleiβner et al., 2009. 

 

1.7.3.3 PR and CWI signal integration: the STRIPAK complex 

The STRIPAK complex in filamentous fungi was identified in Sordaria and consists of 

several proteins, the Striatin scaffold protein, PRO11; Striatin-interacting protein, PRO22; 

kinase activator, MOB3; GPI anchored protein, GPI1; serine/threonine phosphatase PP2A 

subunits A and C; germinal centre kinases, KIN3 and KIN23; the sarcolemmal membrane-

associated protein, PRO45; as well as several other accessory proteins (Figure 1.8; reviewed, 

Kück et al., 2016). PRO11 was the first component characterised and was found during an EMS 

mutant screen directed at identifying mutants that were defective in protoperithecia-perithecia 

development (Pöggeler & Kück, 2004). The gene defective in ∆pro11 strains was identified as 

the homologue of mammalian STRIPAK component Striatin as mouse Striatin complemented 

∆pro11 defects. PRO22 was identified in the same mutagenesis screen as PRO11 (Pöggeler & 

Kück, 2004), and was characterised as being a transmembrane domain protein required for 

sexual fruiting body development, cell-cell fusion and correct septation, which localised to the 

vesicular-vacuolar network and shared homology to the human Striatin-interacting protein 

(Bloemendal et al., 2010). These findings prompted the analysis of a third STRIPAK complex 

component known as monopolar-spindle-binder 3 (MOB3), which in mammals was shown to 

interact with three rat striatin proteins (Baillat et al. 2001). Targeted mob3 deletions showed that 

S. macrospora ∆pro11 and ∆mob3 mutants exhibited similar phenotypes and were defective in 

fruiting body development and cell-cell fusion (Bernhards & Pöggeler, 2011). To determine 

whether other STRIPAK complex components could be found in S. macrospora, tandem 



affinity purification (TAP) and mass spectrometry, using multidimensional protein 

identification technology (MudPIT), was used to identify components that associated with 

PRO22 (Bloemendal et al., 2012). This study identified that PRO11, PP2Aa, PP2Ac1 and 

MOB3 are associated with PRO22, and that direct PRO22-PRO11, PRO22-PP2AA, PRO22-

PP2Ac1 and PRO11-MOB3 interactions occur (Bloemendal et al., 2012). Additional Yeast-2-

hybrid and CoIP experiments have shown that MOB3 interacts with PRO45 and GPI and 

PRO11 interacts with KIN3 and KIN24 (Figure 1.8; Nordzieke et al., 2015; Frey et al., 2015a 

& 2015b).  

Mutant analysis of Sordaria STRIPAK components (reviewed, Kück et al., 2016) and 

their respective homologues HAM-3 (PRO11) and HAM-2 (PRO22) (Simonin et al., 2010), 

MOB-3 (MOB3) (Maerz et al., 2009), HAM-4 (PRO45) and PP2A-A & PPG-1 (PP2A 

subunits) (Fu et al., 2011; Read et al., 2012) in N. crassa, has collectively shown that 

components of the STRIPAK complex are required for cell-cell fusion and sexual fruiting body 

development in filamentous fungi. Additionally, S. macrospora PRO22 (Bloemendal et al., 

2010) and KIN3 and KIN24 (Frey et al., 2015b) are associated with septation, GPI1 acts as a 

repressor of fruiting body development (Frey et al., 2015a), and homologues of PRO11 in 

Fusarium verticillioides (Fsr1) (Yamamura & Shim, 2008), Aspergillus nidulans (StrA) (Wang 

et al., 2010) and Colletotrichum graminicola (Str1) (Wang et al., 2016), are associated with 

altered radial growth, ascosporogenesis and virulence. Furthermore, localisation studies have 

shown that GPI1 localises to the plasma membrane and mitochondria (Frey et al., 2015a), 

PRO45 localises to the nuclear envelope, mitochondria and endoplasmic reticulum (Nordzieke 

et al., 2015) and KIN3 and KIN24 localise to septal pores (Frey et al., 2015b). In N. crassa, 

HAM2, HAM3, HAM4, PP2A and MOB3 additionally localise to the nuclear envelope 

(Dettmann et al., 2013). Interestingly in N. crassa, MAK-2 (PR kinase) mediated 

phosphorylation of MOB-3 is required for HAM-2 (PRO11) and HAM-3 (PRO22) nuclear 

envelope localisation, and this localisation pattern is required for the nuclear accumulation of 

the CWI kinase MAK-1 (Dettmann et al., 2013). Specifically MAK-2 interacts with and 

phosphorylates the N terminal MOB3 kinase domain, with loss of this domain shown to result 

in a loss of MAK-1 nuclear localisation. Collectively these results have demonstrated that the 

STRIPAK complex components exhibit multiple temporal and spatial localisation patterns and 

are involved in transmitting and relaying signals from both the CWI and PR MAPK pathways, 

via MOB3, which then regulate multiple downstream developmental signalling pathways such 

as cell-cell fusion, septation, pathogenicity and sexual development (Kück et al., 2016).  



Figure 1.8 Diagram of the Sordaria STRIPAK complex components with their predicted 

interaction partners, transmembrane domains and cellular localisation patterns shown. Image from 

Kück et al., 2016. 

 

Interestingly, disruption of the PR pathway transcription factor pp-1, homologous to S. 

cerevisiae STE12 (Li et al., 2005), abolishes CAT fusion in N. crassa (Read et al., 2012) and 

RNA-seq data have shown that adv-1, ham-7, ham-6, nox-1, nor-1, so, mek-1, mak-1, pp2A and 

mob-3 are differentially expressed in Δpp-1 mutants compared to WT (Leeder et al., 2013). 

Taken together, the oscillation of MAK-2 and SO in homing CAT tips, the requirement for 

MAK-2 phosphorylation of MOB3 for nuclear MAK-1 accumulation, and the RNA-seq data 

collected from Δpp-1 mutants suggests complex cross talk occurs within and between the PR 

and CWI pathway (Read et al., 2009, Goryachev et al., 2009; Fleiβner et al., 2009; Teichert et 

al., 2014; Dettman et al., 2013; Leeder et al., 2013). 

 

1.7.4 Podospora IDC2 and IDC3: a receptor complex for cell-cell fusion? 

Podospora IDC2 and IDC3 mutants are defective in cell-cell fusion and CG (Haedens et 

al., 2005) and the proteins encoded by IDC2 and IDC3 are proposed to interact and form a 

membrane-associated receptor complex (personal communication, P. Silar). IDC2 is the 

homologue of N. crassa ham-7, and ∆ham-7 strains are defective in cell-cell fusion, fruiting 

body development and normal MAK-1 phosphorylation under stress conditions, results 

suggesting HAM-7 feeds into the CWI pathway (Maddi et al., 2012). Analysis of RNA-seq data 

showed that E. festucae IDC2 and IDC3 homologues, symB and symC, are down regulated 6.92 



and 3.29 fold in ∆proA host association (Eaton et al., 2015), results suggesting symB and symC 

are regulated by ProA. As ProA and the CWI kinases MpkA and MkkA are essential for cell-

cell fusion and symbiosis in E. festucae (Tanaka et al., 2013; Becker et al., 2015), symB and 

symC were selected as candidates for further analysis.  

 

1.8 Cell-cell fusion a signalling network: candidate genes in E. festucae 

A summary of the genes characterised as being involved in cell-cell fusion, fruiting 

body development, crippled growth and symbiosis across E. festucae, N. crassa, S. macrospora 

and P. anserina that are of importance to this study are listed in Table 1.1. Based on the 

research performed in these organisms a signalling pathway depicting how each homologue 

potentially interacts has been generated and is shown in Figure 1.9. This model served as a 

working hypothesis for this project and was used to identify candidate genes that may be 

required for cell fusion and symbiosis. Based on this model E. festucae MobC, SymB and 

SymC were selected for further analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1: Genes involved in E. festucae symbiosis and S. macrospora, P. anserina and N. crassa CAT, 
protoperithicium and CG formation. 
 

E. festucae N. crassa S. macrospora P. anserina S. cerevisiae 

         Nox complex 
 

noxR a, b, c nor-1 b, d nor1 b, d IDC524/Nor1 b-e - 
noxA a, b, c nox-1 b, d nox1 b, d IDC384/Nox1 b-e - 
noxB a, c nox-2 - Nox2 c, e - 

ham-6 a, b ham-6 b, d pro41 b, d IDC509/NoxD b-e - 
racA a, b rac-1 b, d - - - 
bemA a bem1 b - - - 
cdc24? cdc24 b - - - 

Pro1 signalling  
proAa, b adv-1b, d pro1b, d - - 

Stress MAPK signalling  
sakAa os-2 - - Hog1 

PR signalling  
mpkB? mak-2 b, d -          Mpk2 b-e Fus3 
mkkB? mek-2 b, d - Mkk b-e Ste7 

- ncr-1 b, d - Tlk2 b-e Ste11 
idcAa, b ham-5 b, d - IDC1 b-e Ste5 

- pp1 b, d - - Ste12 
nsiAa, b - - - - 

CWI signalling  
soa, b so/ham-1 b, d pro40 b, d IDC821/so b, d, e Spa2 

mpkAa, b mak-1 b, d mak1 b, d Mpk1 b, d, e Slt2 
mkkAa, b mek-1 b, d mek1 b, d IDC404/Mkk1 b, d, e Mkk1/2 

- mik-1 b, d pro30/mik1 b, d IDC118/Ask1 b, d, e Bck1 
STRIPAK complex  

- ham-2 b, d pro22 b, d - Far11 
- ham-3 b, d pro11 b, d - Far8 

mobC? mob3 b, d mob3 b, d - - 
- pp2A b, d pp2Ac1 b, d - Pph21/22, Ppg1 
 pp2aa b, d pp2aa b, d - Tpd3 
- ham-4 b, d pro45 b, d - Far9/10 

Candidate genes  
symB? ham-7 b, d - IDC2 b, d, e - 
symC? - - IDC3 b, d, e - 

 
a Symbiosis defect 
b Cell-cell fusion defect 
c Expressoria/cellulose penetration defect 
d Fruiting body defect 
e Crippled growth defect 
- Not known or not named 
? Not characterised  
 
 

 



  
Figure 1.9 Proposed signalling network for cell-cell fusion. Proteins of interest to this study 

are shown in blue, homologues characterised in E. festucae (Ef) in dark green and N. crassa (Nc) 

homologues in light green. 

 

1.9 Aims and Objectives 

Given E. festucae proA, noxA, noxR, mkkA, mpkA, racA and so mutants all exhibit 

symbiosis and hyphal fusion defects, it was hypothesised that hyphal fusion is necessary for the 

formation of hyphal networks and regulated and restricted hyphal growth in planta. The aim of 

this study was to identify candidate proteins which may form a receptor complex or be involved 

in signal integration, and test their role in E. festucae cell-cell fusion and mutualistic symbiotic 



interactions. To address this, the following objectives in relation to the STRIPAK complex and 

idc2 and idc3 homologues were pursued. 

The first aim of this research was to characterise the homologue of MOB3, MobC, in E. 

festucae. This was achieved by addressing the following objectives:  

1.  Identify STRIPAK complex homologues in E. festucae using bioinformatics tools. 

2.  Generate ∆mobC deletion mutants by homologous recombination. 

3.  Determine ∆mobC phenotypes in culture. 

 This was achieved by analysing overall colony morphology, hyphal morphology, cell-

 cell fusion and conidiation phenotypes in culture. Additionally the level of MpkA 

 phosphorylation was determined by Western analysis. 

4.  Determine ∆mobC phenotypes in planta. 

 This was achieved by inoculating ryegrass seedlings with ΔmobC mycelium and 

 analysing the host plant phenotype, and ΔmobC colonisation and hyphal morphology in 

 planta by Confocal and Transmission Election Microscopy. 

5.  Complement ∆mobC strains to confirm phenotypes are due to gene deletion. 

 This was achieved by transforming the mobC gene into ∆mobC protoplasts and 

 analysing ∆mobC/mobC phenotypes in culture and in planta. 

 

 The second aim of this research was to characterise the homologues of IDC2 and IDC3, 

SymB and SymC, in E. festucae. This was achieved by addressing the following objectives:  

 

1-5. As per ∆mobC strains, generate and characterise ∆symB and ∆symC strains. 

6.  Determine where SymB and SymC localise. 

 This was achieved by analysing the localisation patterns of GFP-tagged SymB and 

 mRFP1-tagged SymC proteins in culture. 

7.  Determine which pathway SymB and SymC activate. 

 This was pursued using culture stress tests, Western analysis to determine the levels of 

 MpkA and MpkB phosphorylation, and GFP tagged MpkA and MpkB localisation 

 assays. Deletion experiments were used to determine if the C-terminus of SymC is 

 essential for cell-cell fusion, and yeast-2-hybrid experiments used to identify 

 proteins that interacted with this C-terminus. 
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All methods, results and the discussion pertaining to this chapter have been included 

within the manuscript below, accepted for publication in Molecular Plant Pathology. The text 

sections included are the summary, introduction, results, figures and figure legends (embedded 

within the results section), discussion, experimental procedures, acknowledgements and 

references. The supplementary primer and biological lists and supplementary figures have been 

inserted directly after the references. All plasmid maps associated with this manuscript have 

been deposited within Chapter 7. Specific plasmid maps can be located using the list of figures 

found within the beginning pages of this thesis. 
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SUMMARY 

In both Sordaria macrospora and Neurospora crassa components of the conserved 

STRIPAK complex regulate cell-cell fusion, hyphal network development and fruiting body 

formation. Interestingly, a number of Epichloë festucae genes that are required for hyphal cell-

cell fusion, such as noxA, noxR, proA, mpkA and mkkA, are also required for establishment of a 

mutualistic symbiotic interaction with Lolium perenne. To determine whether MobC, a homolog 

of the STRIPAK complex component MOB3 in S. macrospora and N. crassa, is required for E. 

festucae hyphal fusion and symbiosis a mobC deletion strain was generated. The ΔmobC mutant 

had reduced rates of hyphal cell-cell fusion, formed intra-hyphal hyphae and had enhanced 

conidiation. Plants infected with ΔmobC were severely stunted. Hyphae of ΔmobC had a 

proliferative pattern of growth within the leaves of Lolium perenne with increased colonisation 

of the intercellular spaces and vascular bundles. While hyphae were still able to form 

expressoria, structures allowing colonisation of the leaf surface, the frequency of formation was 

significantly reduced. Collectively these results show that the STRIPAK component MobC is 

required for establishing a mutualistic symbiotic association between E. festucae and L. perenne 

and has an accessory role in regulating hyphal cell-cell fusion and expressorium development in 

E.  festucae. 

 



INTRODUCTION 

Filamentous fungi exhibit complex life cycles. Numerous temporal and spatial cellular 

changes are required for progressive spore germination, septation, cell-cell fusion and the 

development of sexual and pathogenic structures such as fruiting bodies and appressoria. The 

characterisation of several protoperithecia (pro) mutants in Sordaria macrospora, and pro 

homologues in other fungi, has revealed that components of the fungal Striatin-interacting 

phosphatase and kinase (STRIPAK) complex are required for multiple developmental processes 

and appear to coordinate cross-talk between different signalling pathways, indicating that they 

have evolved diverse regulatory functions (Kück et al., 2016).  

The STRIPAK complex in Sordaria consists of several proteins, the Striatin scaffold 

protein, PRO11; Striatin-interacting protein, PRO22; kinase activator MOB3; GPI anchored 

protein GPI1; serine/threonine phosphatase PP2A subunits A and C; germinal centre kinases, 

KIN3 and KIN23; the sarcolemmal membrane-associated protein, PRO45; as well as several 

other accessory proteins (Bloemendal et al., 2012, Frey et al., 2015a, Frey et al., 2015b, 

Nordzieke et al., 2015). Mutant analysis of these components and their respective homologues 

HAM-3 (PRO11), HAM-2 (PRO22), MOB-3 (MOB3), HAM-4 (PRO45) and PP2A-A & PPG-

1 (PP2A subunits) in Neurospora crassa has shown that components of the STRIPAK complex 

are required for cell-cell fusion and sexual fruiting body development (Pöggeler & Kück, 2004, 

Maerz et al., 2009, Simonin et al., 2010, Fu et al., 2011, Bloemendal et al., 2010, Bloemendal et 

al., 2012, Read et al., 2012, Frey et al., 2015a, Frey et al., 2015b, Bernhards & Pöggeler, 2011, 

Nordzieke et al., 2015, Dettmann et al., 2013). Additionally PRO22, KIN3 and KIN24 are 

associated with septation (Bloemendal et al., 2010, Frey et al., 2015b) and homologues of 

PRO11 in Fusarium verticillioides (Fsr1), Aspergillus nidulans (StrA) and Colletotrichum 

graminicola (Str1), are associated with altered radial growth, ascosporogenesis and virulence 

(Wang et al., 2010, Wang et al., 2016, Yamamura & Shim, 2008).  

In Sordaria, GPI1 localises to the plasma membrane, PRO45 to the nuclear membrane, 

PRO45/GPI1 to mitochondria and KIN3 and KIN24 to septal pores, while in N. crassa, HAM-2 

and HAM-3 localise to the nuclear envelope (Bloemendal et al., 2010, Dettmann et al., 2013, 

Frey et al., 2015a, Frey et al., 2015b, Nordzieke et al., 2015). A correct localisation pattern of 

HAM-2 and HAM-3 is required for MAK-1 (cell wall integrity (CWI) pathway MAP kinase) 

nuclear accumulation in a MAK-2 (pheromone response (PR) pathway MAP kinase) dependent 

manner, as MAK-2 is required for phosphorylation of the STRIPAK component MOB3 

(Dettman et al., 2013). These results demonstrate that the STRIPAK complex components 

exhibit multiple temporal and spatial localisation patterns, and play integral roles in transmitting 



signals from both the CWI- and PR-MAP kinase pathways, which in turn regulate multiple 

downstream developmental signalling pathways. 

Epichloë festucae forms mutualistic symbiotic relationships with species of cool-season 

grasses such as Festuca and Lolium, by both systemic colonisation of the intercellular spaces 

within the host leaves and by colonisation of the leaf surface via epiphyllous growth 

(Christensen et al., 2008, Schardl, 1996, Clay & Schardl, 2002). Mutations in genes encoding 

components of the Nox complex (noxA or noxR), cell wall integrity (CWI) MAP kinases and 

scaffold (mpkA, mkkA and so), as well as the transcription factor proA, abolish cell-cell fusion in 

culture and trigger proliferative pathogenic-like hyphal growth in planta (Tanaka et al., 2006, 

Tanaka et al., 2008, Tanaka et al., 2013, Takemoto et al., 2006, Takemoto et al., 2011, Charlton 

et al., 2012, Becker et al., 2015). The co-association of these phenotypes leads to the hypothesis 

that cell-cell fusion is required for the maintenance of a mutualistic symbiotic interaction 

between this fungal endophyte and the host grass.  

Given the STRIPAK complex is important for cell-cell fusion in N. crassa and S. 

macrospora (Bloemendal et al., 2012, Dettmann et al., 2013), but has not been investigated in 

E. festucae, we set out to first identify if the STRIPAK complex members were conserved in E. 

festucae and then to test whether the homologue of the STRIPAK complex component MOB3 

has a role in E. festucae hyphal cell-cell fusion and maintenance of a mutualistic symbiotic 

interaction with the plant host Lolium perenne.  

RESULTS  

E. festucae contains homologues of the STRIPAK complex 

To determine whether E. festucae contains components of the STRIPAK complex a 

tBLASTn search of the genome sequence was carried out using S. macrospora PRO11, PRO22, 

PRO45 and MOB3 as the query sequences. The E. festucae homologues identified were aligned 

with the S. macrospora sequences as well as the corresponding polypeptide sequences from 

Fusarium graminearum, Magnaporthe oryzae, Neurospora crassa and Podospora anserina 

(Figs. S1-4). The E. festucae homologues share 70% and 69% identity to S. macrospora and N. 

crassa PRO11 and HAM-3, 61% and 62% identity to PRO22 and HAM-2, 57 and 51% identity 

to PRO45 and HAM-4, and 48% and 51% identity to MOB3 and MOB-3, respectively. In 

addition they contain all of the conserved domains found in these proteins suggesting that E. 

festucae contains a functional STRIPAK complex. In particular MobC contains a MOB domain, 

serine and threonine phosphorylation domains, a Cys2-His2 Zn2+ binding domain and a SH3 

binding domain, suggesting MobC participates in protein phosphorylation and protein-protein 

interactions. In S. macrospora re-introduction of the N-terminal MOB3 domain complements 



the mob3 mutant defects while introduction of the C-terminal domain does not (Bernhards & 

Pöggeler, 2011). These findings may explain the variability in the sequence of the C-terminus 

observed between MOB3 homologues. 

To investigate the role of the STRIPAK complex in regulating E. festucae hyphal cell-cell 

fusion and the interaction of this endophyte with its host L. perenne we deleted the homologue 

of mob3, which we have named mobC, by transforming protoplasts of E. festucae with a 

restriction enzyme-generated linear fragment of pKG4 (Fig. S5a). PCR screening of fifty 

geneticin-resistant (GenR) transformants identified six (ΔmobC#21, 28, 31, 37, 38 & 40) that 

produced banding patterns consistent with targeted replacement events (Fig. S5b). Southern 

analysis of genomic DNA digests from these transformants confirmed that just two (ΔmobC#21 

and #37) were single copy ‘clean’ replacements at the mobC locus (Fig. S5c). Based on these 

results these two strains were selected for further experiments. 

Culture phenotype of ∆mobC 

The culture morphology and radial growth of ∆mobC mutants on PD agar was 

indistinguishable from wild-type (WT) (Fig. 1a), however, light microscopy revealed that the 

∆mobC mutants produced intra-hyphal hyphae (IHH) (Fig. 1b), a phenotype that has never been 

observed in WT cultures. In addition ∆mobC mutants had significantly more conidia than WT 

(Figs. 2a & 2c), a phenotype complemented by the reintroduction of the wild-type gene (Fig. 

2c). Surprisingly, whereas mob3 deletion mutants in S. macrospora and N. crassa are 

completely defective in cell-cell fusion (Kück et al., 2016, Bernhards & Pöggeler, 2011, Maerz 

et al., 2009), the E. festucae ∆mobC strains were still capable of undergoing hyphal cell-cell 

fusion, albeit at a 2-3 fold lower frequency than that of WT (Figs. 2b & d). Introduction of a 

wild-type copy of mobC into ∆mobC restored the wild-type fusion phenotype confirming 

complementation of this mutant (Figs. 2d & S5). These results suggest that MobC plays an 

accessory role in negatively regulating conidiation and positively regulating hyphal fusion in E. 

festucae.  

To test whether deletion of mobC affected basal level phosphorylation of the MpkA (cell 

wall integrity) and MpkB (pheromone response) MAP kinases, the phosphorylation status of 

each was analysed by western analysis (Fig. S6). Two bands were detected in wild-type, 

corresponding to phosphorylated MpkA at 47 kDa and phosphorylated MpkB, the Fus3 

homolog, at 41 kDa. While MpkA phosphorylation was not detected in the ∆mpkA and ∆mkkA 

cell wall integrity kinase mutants (Becker et al., 2015), both MpkA and MpkB phosphorylation 

still occurred in the ∆mobC#21 and ∆mobC#37 mutants, with bands of similar intensity to wild-

type.  

 



 

Fig. 1 Culture phenotype of ∆mobC and wild-type strains. (a) Colony morphology of cultures 

grown on PD agar for 7 days. (b) Fluorescent images of hyphae grown for 7 days on water agar and 

stained with Calcofluor white. An asterisk indicates intra-hyphal-hyphae (IHH) in ∆mobC mutants. Bar = 

10 µm.  



 

Fig. 2 Conidiation and cell-cell fusion phenotype of ∆mobC. (a) DIC images of ∆mobC cultures 

undergoing hyper-conidiation on 1.5% water agar after 7 days. Conidia are marked with an asterisk. Bar 

= 20 µm. (b) DIC images of cell-cell fusions in culture as indicated by the circles. Bar = 10 µm. (c) 

Quantification of single colonies recovered from 300 μL wild-type, ∆mobC and ∆mobC/mobC 

complemented conidia suspensions recovered from a total of 15 cultures grown on PD plates for 7 days. 

Bars represent ± standard error (n=3). An asterisk indicates significant differences from WT as determine 

by Welch’s t test. (d) Average cell-cell fusions observed per ×40 objective lens magnification field. Bars 

represent mean ± standard error (n=10). An asterisk indicates significant differences from WT as 

determined by Welch’s t test.  

 

 

 



Symbiotic interaction phenotype of ∆mobC  

Given IHH formation and hyperconidiation are phenotypes shared among many E. 

festucae symbiosis mutants (Becker et al., 2015, Tanaka et al., 2013), we next tested whether 

mobC is required for the symbiotic interaction of E. festucae with L. perenne. Plants infected 

with ΔmobC were severely stunted compared to wild-type infected plants (Fig. 3a & 

Supplementary Table 3). While there were no significant differences in the number of tillers 

per plant between wild-type and ΔmobC infected plants, both tiller length and root length were 

significantly reduced (Fig. S7).  Introduction of a wild-type copy of mobC into the ΔmobC 

background rescued the wild-type symbiotic interaction phenotype (Fig. 3a & Fig. S7). To 

evaluate the cellular phenotype of plants infected with ΔmobC, we harvested leaf sheath tissue 

samples and examined a range of phenotype parameters by transmission electron microscopy 

(TEM) (Fig. 4) and confocal laser scanning microscopy (CLSM) (Fig. 5).  We observed 

extensive hyphal colonisation in ΔmobC-infected plants, with up to six hyphae per intercellular 

space in the mesophyll tissue. In contrast, wild-type associations contained mostly one to two 

hyphae per intercellular space (Fig. 3b & Fig. 4a). In addition, the ΔmobC hyphae were 

frequently vacuolated (Fig. 4c), a subset of hyphae contained IHH (Fig. 4d), with the outer cell 

walls appearing less electron dense (Fig. 4e). Hyphae of ΔmobC were also very abundant in the 

vascular bundle tissue (Fig. 4b), which is seldom, if ever, colonised by wild-type hyphae. 

Hyphae in these tissues were electron dense presumably reflecting the abundant supply of 

nutrients in these tissues for growth.  

 

Fig. 3 Plant interaction phenotype of ∆mobC. (a) Phenotype of infected Lolium perenne plants 

at 10 weeks post inoculation. (b) Number of hyphae within the intercellular spaces of the outer most leaf 

of 10 leaf sheath cross sections fields observed at ×100 objective lens magnification using light 

microscopy.  



 

Fig. 4 Transmission electron micrographs of L. perenne leaf sheath cross sections infected 

with wild-type and ∆mobC strains. (a) Hyphae growing within the intercellular spaces between plant 

cells (PC). Hyphae are marked with an asterisk. Bar = 1 µm. (b) Vascular bundle colonisation. Bar = 5 

µm. (c) Highly vacuolated (V) mutant hyphae within the intercellular spaces. Bar = 1 µm. (d) Mutant 

intra-hyphal hyphae (IHH) formation. Bar = 500 nm. (e) Altered mutant hyphal cell wall. Bar = 200 nm. 



 

Fig. 5 Confocal depth series images of aniline blue/WGA-AF488 stained L. perenne leaf 

sheaths infected with wild-type and ∆mobC strains. (a) Maximun projection of compressed z-stacks 

(10 µm) showing increased ∆mobC hyphal biomass. Endophytic hyphae show aniline blue fluorescence 

of β-glucans captured with red pseudocolour and chitin staining of septa captured by WGA-AF488 

fluorescence in blue pseudocolour. Bar = 100 μm. (b) Aberrant hyphal structures observed in ∆mobC 

associations. Bar = 25 μm. (c) Delocalised WGA-AF488 fluorescence in ∆mobC hyphae. Bar = 25 μm. 

(d) Hyphal fusions in planta as indicated in boxes. Bar = 10 µm.  



The prolific growth of the ΔmobC mutant in leaf sheath tissue compared to the more 

restrictive growth of the wild-type was also evident from CLSM analysis of leaf sheath tissue 

stained with aniline blue (orange/red pseudocolour) and WGA-AF488 (blue pseudocolour), 

which stain β-glucan and chitin, respectively (Fig. 5a). Not only were the ΔmobC hyphae more 

abundant than wild-type hyphae but they also formed aberrant convoluted hyphal structures 

comprised of many cells as evident from the many fluorescent septa (Fig. 5b) and exhibited 

patchy chitin staining (Fig. 5c). Despite these dramatic changes in growth within the plant, 

ΔmobC hyphae were still capable of forming cell-cell fusions in planta (Fig. 5d).   

mobC has an accessory role in regulating E. festucae expressorium formation 

Endophytic E. festucae hyphae exit the host cuticle layer, via an expressorium, to form an 

epiphyllous hyphal network on the surface of the host plant. Formation of these structures 

requires functional NADPH oxidase NoxA and NoxB complexes (Becker et al., 2016). The 

inability of nox mutants to develop expressoria results in the formation of extensive sub-

cuticular growth of hyphae, which eventually breach the surface of the leaves. Given the role of 

NoxA and NoxB in the development of expressoria in E. festucae – L. perenne associations, leaf 

sheath tissues infected with the ΔmobC mutant were examined by CLSM for the formation of 

these structures (Fig. 6). Although a few expressoria were identified (Fig. 6b & e), the more 

common phenotype was extensive sub-cuticular growth of ΔmobC (Fig. 6c & f), suggesting 

these strains were not fully competent to develop expressoria (Fig. 6). The frequency of 

expressoria formation in leaf tissue infected with ΔmobC was significantly lower than in wild-

type (Fig. S8a). Instead mutant associations had a much greater frequency of sub-cuticular 

hyphae (Fig. S8b) that were found to eventually rupture the cuticle of the leaf (Fig. S8c). These 

results suggest MobC has an accessory role in regulating the differentiation of E. festucae 

expressoria. An additional observation was the occasional emergence of hyphae through 

stomata (Fig. 6i). However, once on the cell surface the cell walls of mutant hyphae, like wild-

type hyphae, are remodeled with both cell wall and septa binding WGA-AF488 (captured in 

blue pseudocolour), whereas just septa of endophytic hyphae bind WGA-AF488 in planta 

(Becker et al., 2016).  



 

Fig. 6 Confocal depth series images of wild-type and ∆mobC expressoria and sub-cuticular 

hyphae within L. perenne associations. Representative images of the surface of the host leaf sheath 

infected with (a, d & g) WT and (b, c, e, f, h & i) ∆mobC strains. Representative images demonstrating 

the diversity of ∆mobC infection phenotypes where either (b) sub-cuticular hyphae (sc), expressoria (*) 

and rupture (r) points can be observed or (c) only sc hyphae compared to (a) WT. Bar = 200 µm. Zoomed 

in images of expressoria formation in (d & g) WT and (e) ∆mobC strains and (f) sc aberrant hyphal 

structures in ∆mobC , (h) points of rupture (r) and (i) stomata exit (se) in ∆mobC Bar = 100 µm. 

Fluorescence of endophytic hyphae captured by aniline blue fluorescence of stained β-glucans in red 

pseudocolour. Septa and epiphyllous hyphae (ep) captured by WGA-AF488 fluorescence in blue 

pseudocolour, soon after exiting the host cuticle layer captured with green pseudocolour.  

 

 



DISCUSSION  

E. festucae, NoxA, NoxR, So, ProA, MpkA and MkkA, are required for cell-cell fusion 

in culture and hyphal network formation in planta. These findings gave rise to the hypothesis 

that cell-cell fusion regulates and restricts hyphal growth in planta and is required for 

establishment of a mutualistic association (Takemoto et al., 2006, Takemoto et al., 2011, 

Tanaka et al., 2006, Tanaka et al., 2013, Tanaka et al., 2008, Becker et al., 2015, Charlton et 

al., 2012). Here we show that E. festucae MobC, the homologue of the S. macrospora 

STRIPAK complex component MOB3, is essential for maintaining a mutualistic symbiotic 

interaction between E. festucae and L. perenne and has an accessory role in regulating cell-cell 

fusion and expressoria formation.  

In culture E. festucae hyphal strands adhere to one another to form cables, which extend 

outwards from the colony centre. Cell-cell fusion within these cables occurs by tip-to-side 

fusion events that are easy to observe and quantify using light microscopy (Becker et al., 2015). 

To date we have not been able to test whether cell-cell fusion mutants of E. festucae are also 

defective in fruiting body development as the sexual cycle of E. festucae is highly complex and 

only occurs on the plant host and requires a third symbiont, a Botanophila fly, to transfer 

spermatia from a stroma of one mating type to a stroma of the opposite mating type (Bultman & 

Leuchtmann, 2009). In contrast, S. macrospora and N. crassa readily form fruiting bodies in 

culture enabling phenotype analysis of cell communication mutants in both the vegetative and 

reproductive stages of development (Roca et al., 2005, Fleißner et al., 2009, Kück et al., 2009, 

Teichert et al., 2014, Engh et al., 2010). In E. festucae deletion of mobC results in a reduction in 

cell-cell fusion but does not completely abolish it as is the case in S. macrospora and N. crassa 

(Bernhards & Pöggeler, 2011, Maerz et al., 2009), suggesting MobC may be less tightly 

regulated in E. festucae than in S. macrospora and N. crassa which have different life cycles.  

In culture, E. festucae conidiation is sparse whereas ∆proA, ∆noxA, ∆mpkA and ∆mkkA 

mutants have a hyper-conidiation phenotype and a loss of cell-cell fusion suggesting that the 

regulatory circuits controlling these two phenotypes are linked (Tanaka et al., 2013). 

Additionally, ∆mpkA and ∆mkkA mutants form IHH, structures that have not been observed in 

the wild-type strain (Becker et al., 2015). Deletion of mobC in E. festucae also results in an 

increase in conidiation and IHH formation. In contrast, deletion of mek-1 and mak-1 and the 

STRIPAK complex genes ham-3 and mob3 in N. crassa and ham-3 homologues strA in 

Aspergillus nidulans and str1 in Colletotrichum graminicola reduces both conidiation and cell-

cell fusion indicating that the regulatory circuits for these developmental processes are ‘wired’ 

differently in these fungi (Park et al., 2008, Maerz et al., 2009, Simonin et al., 2010, Wang et 

al., 2010, Wang et al., 2016). In addition, no change was observed in the basal phosphorylation 



levels of MpkA (cell wall integrity) and MpkB (pheromone response) kinases in the ∆mobC 

mutant. Given the pleiotropic nature of the ∆mobC mutation, it is difficult to determine whether 

the ∆mobC hyperconidiation and IHH formation phenotypes observed are a direct effect of the 

mobC deletion or an indirect effect. Cell-cell fusion is important for colony nutrient transfer and 

the reduction or loss of fusion may induce starvation and impair the transport of nutrients to 

isolated hyphae.  

In the grass host, E. festucae hyphae absorb nutrients directly from the inter-cellular 

spaces of the leaves. Mutations that result in prolific growth in planta or disrupt the formation 

of the hyphal network are likely to trigger a starvation response. This is most likely due to 

multiple hyphae per inter-cellular space requiring and absorbing an excess of nutrients from the 

apoplast or from the loss of the hyphal network, impairing nutrient transfer between hyphae. 

Analysis of the genes up- and down-regulated in the ∆proA, ∆noxA and ∆sakA associations is 

consistent with this hypothesis (Eaton et al., 2015). The genes that are significantly up-regulated 

in all three mutant associations include those involved in primary metabolism, peptide and sugar 

transport, and host cell wall degradation. Key genes that are down-regulated in this core gene 

set include genes involved in secondary metabolism and some genes that encode small secreted 

proteins.  

As previously reported for the ∆proA, ∆noxA, ∆sakA, and ∆sidN mutants (Johnson et 

al., 2013, Tanaka et al., 2013, Tanaka et al., 2006, Eaton et al., 2010), ∆mobC also forms a 

pathogenic-like interaction with L. perenne; IHH are frequently observed, as is vascular bundle 

colonisation and breakdown of the hyphal network in the leaves. Although some cell-cell 

fusions were observed in planta the presence of highly convoluted hyphal structures in the 

intercellular spaces of ∆mobC-infected plants suggests that cell-cell fusion may also be 

impaired within the host. Interestingly, ∆mobC hyphae within the vascular bundles are electron 

dense, suggesting they are much healthier than the mutant hyphae growing in the intercellular 

spaces. This location-specific phenotype observed for the ∆mobC mutant is consistent with the 

hypothesis that prolific growth together with impaired hyphal fusion triggers a starvation 

response in hyphae located outside of the nutrient rich vascular bundles (Eaton et al., 2015, 

Becker et al., 2015).   

The homologue of PRO11, str1, in Colletotrichum graminicola is required for full 

virulence in maize and although ∆str1 strains produce functional appressoria, infection and 

further colonisation are attenuated (Wang et al., 2016). Unlike pathogens, E. festucae is not 

known to colonise leaves by formation of appressoria-like structures on the leaf surface. 

However, a recent study has shown that E. festucae does form appressoria-like structures, 

named expressoria, that allow endophytic hyphae to breach the cuticle from the inside of the 



leaf to form a net of epiphyllous hyphae on the surface of the leaf. Deletion of noxA and noxR 

abolishes expressoria formation in E. festucae, and instead, the mutant hyphae form convoluted 

branched structures under the surface of the leaf cuticle (Becker et al., 2016). Although some 

wild-type-like expressoria structures were observed on the adaxial surface of L. perenne leaves 

infected with the ∆mobC mutant, more commonly sub-cuticular, highly convoluted structures 

were observed, suggesting that MobC is important but not absolutely required for expressoria 

development. In this regard the ∆mobC mutant of E. festucae is very similar to the str1 mutant 

of Colletotrichum graminicola (Wang et al., 2016). 

In conclusion, E. festucae contains highly conserved PRO11, PRO22, PRO45 and 

MOB3 homologues suggesting that this fungal endophyte has a functional STRIPAK complex. 

A phenotype analysis of the E. festucae ∆mobC mutant showed that MobC is essential for 

maintaining a mutualistic symbiotic interaction between E. festucae and L. perenne and has an 

accessory role in regulating cell-cell fusion and expressorium development. The ∆mobC mutant 

phenotypes observed are similar to those previously reported for mutants, ∆mpkA and ∆mkkA, in 

the cell wall integrity MAP kinase signalling pathway (Becker et al., 2015), suggesting MobC, 

MpkA and MkkA are involved in the same signalling pathway. Whether, E. festucae MobC is 

directly linked to the CWI MAP kinase pathway, as proposed for N. crassa (Dettmann et al., 

2013), remains to be tested.  

EXPERIMENTAL PROCEDURES 

Strains and growth conditions  

Cultures of Escherichia coli were grown overnight in LB (Luria-Bertani) broth or on 

1.5% LB agar containing 100 μg/mL ampicillin as previously described (Miller, 1972). Cultures 

of E. festucae were grown on either 2.4% (w/v) potato dextrose (PD), 1.5% water agar plates or 

in PD broth as previously described (Moon et al., 1999, Moon et al., 2000). 

Plant growth and endophyte inoculation conditions  

Endophyte-free seedlings of perennial ryegrass (Lolium perenne cv. Samson) were 

inoculated with E. festucae (Latch & Christensen, 1985). Plants were grown in root trainers in 

an environmentally controlled growth room at 22°C with a photoperiod of 16 h of light (~100 

μE/m2 per sec) and at 8 weeks post inoculation, tested for the presence of the endophyte by 

immunoblotting (Tanaka et al., 2005). 

DNA isolation, PCR and sequencing  

Plasmid DNA from E. coli cultures was extracted using the High Pure Plasmid Isolation 

Kit (Roche) according to the manufacturer’s instructions. Fungal genomic DNA used for 



Southern analysis was extracted from freeze-dried mycelium as previously described (Byrd et 

al., 1990). Standard PCR amplification was performed with Taq DNA polymerase (Roche) as 

per the manufacturer’s instructions in a 50 μL volume. Where proofreading activity was 

required Phusion High-Fidelity DNA Polymerase (Thermo Scientific) was used as per the 

manufacturer’s instructions in a 50 μL volume. Sequencing reactions were performed using the 

dideoxynucleotide chain termination method with the Big-Dye™ Terminator Version 3.1 Ready 

Reaction Cycle Sequencing Kit (Applied BioSystems) and separated using an ABI3730 genetic 

analyzer (Applied BioSystems). Sequence data was then assembled and analyzed using the 

MacVector sequence assembly software, Version 12.0.5. 

Preparation of deletion and complementation constructs 

Lists of all plasmids and the primer sequences used to prepare constructs can be found 

in Tables S1 and S2.  

The mobC replacement construct pKG4 was prepared by Gibson Assembly (Gibson et 

al., 2009) using PCR amplified pRS426 vector (primers pRS426F and R), 1.2-kb 5’ (primers 

KG45 and 46) and 1.5-kb 3’ (primers KG47 and 48) mobC flanking sequences amplified from 

E. festucae genomic Fl1 DNA, and a 1.7-kb geneticin resistance cassette (primers genF and R), 

amplified from pII99 plasmid DNA. The in vitro recombined DNA mixture was transformed 

into chemically competent E. coli DH5α cells and ampicillin-resistant transformants screened 

using Clonechecker for plasmids with restriction enzyme digest patterns predicted from in silico 

construction of pKG4. The order of the fragments within these clones was verified by DNA 

sequencing. The mobC replacement fragment contained within pKG4 was excised by XhoI 

digestion, gel purified and then transformed into E. festucae protoplasts as described below 

using GenR selection.   

The mobC complementation construct pKG8 was prepared by Gibson Assembly 

(Gibson et al., 2009) using PCR amplified pRS426 vector (primers pRS426F and R) and a 2.7-

kb fragment containing the mobC gene (primers KG66 and 67) amplified from E. festucae 

genomic Fl1 DNA. This DNA mixture was transformed into E. coli DH5α and pKG8 identified 

and verified as described above. Plasmid pKG8 was co-transformed with pSF15.15 into E. 

festucae ΔmobC protoplasts as described below using HygR selection. 

Fungal transformations 

E. festucae protoplasts were prepared as previously described by (Young et al., 2005). 

Protoplasts were transformed with 2-3 μg of linear (restriction enzyme excised) or circular 

plasmid DNA using the method described (Itoh et al., 1994). Transformants were selected on 



RG media containing either hygromycin (150 μg/ml) or geneticin (200 μg/ml) and nuclear 

purified by three rounds of sub-culturing on selection medium. 

DNA hybridization  

Following restriction digestion, E. festucae genomic DNA was separated by agarose gel 

electrophoresis, transferred to positively-charged nylon membranes (Roche)(Southern, 1975) 

and fixed by UV light cross-linking in a Cex-800 UV light cross-linker (Ultra-Lum) at 254 nm 

for 2 min. Labeling of DNA probes with digoxigenin-dUTP (DIG), hybridization, and 

visualization with nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate 

(NBT/BCIP) were performed using the DIG High Prime DNA Labelling and Detection Starter 

Kit I (Roche) according to the manusfacturer’s instructions. 

Western blot analysis  

E. festucae cultures were grown for 4 days in 50 ml of PD and 1.5 g aliquots weighed 

into fresh duplicate 50 mL PD flasks and incubated with shaking (200 rpm) overnight. Samples 

were washed, flash-frozen in liquid nitrogen and freeze-dried overnight. Protein was then 

extracted from ground mycelia samples in 1 ml of Lysis Buffer [50 mM Tris-HCl pH 8, 100 

mM NaCl, 10 mM EDTA, 1µl/ml IGEPAL CA-630 (Sigma-Aldrich, Germany), 0.5 mM PMSF, 

2 mM DTT, and 10 µl/ml Phosphatase Inhibitor (Sigma-P5726)] and centrifuged at 14,000 rpm 

for 15 min at 4°C. Protein samples (70 μg) were separated by SDS-PAGE [10% (w/v) (Bio-

Rad)] and transferred to PVDF membranes (Roche). The phosphorylation of MpkA and MpkB 

was detected using anti-phospho-p44/42 MAPK (Erk1/2) antibody (Number 9102; Cell 

Signalling Technology). To check sample loading the membrane was reprobed with 12G10 anti-

α-tubulin (Developmental Studies Hybridoma Bank, University of Iowa). Primary antibodies 

were detected using HPR-conjugated secondary antibodies and ECL Prime Western Blotting 

Detection Reagent (GE Healthcare Amersham). 

Microscopy  

Cultures to be analyzed by microscopy were inoculated at the edge of a thin layer of 

water agar (1.5%), layered on top of a glass microscope slide embedded in a layer of water agar 

(1.5%) and grown for 5-7 days. Square blocks were then extracted and placed onto new slides, 

covered with a cover slip, and analyzed using an Olympus IX71 inverted fluorescence 

microscope using filters set for capturing DIC or Calcofluor (Fluorescent brightener 28, Sigma, 

concentration 3 mg/ml) staining. For quantifying hyphal fusions, 10 fields were examined at 

400x magnification from three independent colonies. For quantifying conidiation, three PD agar 

plates, each containing 5 colonies were grown at 22°C for 7 days. Conidia were then harvested 

by scrubbing colonies with 2 ml of sterile water, which was then filtered through glass wool 



packed tips. Suspensions of 300 μL were then spread onto PD agar plates for imaging and 

quantification.  

Growth and morphology of hyphae in planta was determined by staining leaf sheaths 

with aniline blue diammonium salt (Sigma) and WGA AlexaFluor-488 (Molecular 

Probes/Invitrogen) as follows. Infected leaf sheaths were sequentially incubated at 4°C in 95% 

(v/v) ethanol overnight, then treated with 10% potassium hydroxide for three hours. The tissue 

was washed three times in PBS (pH 7.4) and incubated in staining solution (0.02% aniline blue, 

10 ng/ml WGA-AF488, and 0.02% Tween 20 in PBS [pH 7.4]) for five minutes, followed by a 

30-min vacuum infiltration step. Images were captured by Confocal Laser Scanning Microscopy 

(CLSM) using a Leica SP5 DM6000B confocal microscope (488 nm argon and 561 nm DPSS 

laser, ×20 or ×40 oil immersion objective, NA=1.3)(Leica Microsystems). Three 

photomultiplier tubes (PMTs) were used to capture the emission fluorescence from the dyes, as 

well as plant autofluorescence. Blue pseudocolour (PMT1: 498-551 nm) was assigned to 

emission fluorescence from WGA-AF488 excited with the 488 nm argon ion laser. Two 

pseudocolours were assigned to emission fluorescence from aniline blue and plant 

autofluorescence (PMT2: 571-633 nm, green and PMT3: 661-800 nm red) as the result of 

excitation with the 561 nm DPSS laser (Becker et al., 2016). For TEM, pseudostem sections 

were fixed in 3% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate buffer, pH7.2 for 1 

h as previously described (Spiers & Hopcroft, 1993). A Philips CM10 TEM was used to 

examine the fixed samples and the images were acquired using a SIS Morada digital camera.  

Bioinformatic analysis  

E. festucae mobC was identified by tBLASTn analysis of the E. festucae Fl1 (E894) 

genome (http://csbio-l.csr.uky.edu/ef894-2011) with homologous protein sequences obtained 

from either NCBI GenBank database (http://www.ncbi.nlm.nih.gov/) or the Broad Institute 

(http://www.broad.mit.edu). Identity and similarity scores were calculated after ClustalW 

pairwise alignments of sequences (Thompson et al., 1994), using MacVector Version 12.0.5. 

The E. festucae genome sequence data, as curated by C.L. Schardl at the University of 

Kentucky is available at http://www.endophyte.uky.edu (Schardl et al., 2013).  Sequences for 

each of the genes analysed in this study are available from that site.  
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SUPPORTING INFORMATION 
Supplementary Table 1: Biological Material   

Biological material Relevant characteristics Reference 
Fungal strains 
Epichloë festucae 

PN2278 (WT) Fl1 
Young et al., 
2005 

PN3020 (ΔmobC#37) Fl1/ΔmobC::gen (pKG4); GenR This study 

PN3021 (ΔmobC#21) Fl1/ΔmobC::gen (pKG4); GenR This study 
PN3069 (ΔmobC#21/mobC 
#4) 

ΔmobC#21/PmobC-mobC-TmobC (pKG8) & 
pSF15.15; GenR, HygR 

This study 

PN3071 (ΔmobC#37/mobC 
#11) 

ΔmobC#37/PmobC-mobC-TmobC (pKG8) & 
pSF15.15; GenR, HygR 

This study 

PN3070 (ΔmobC#21/mob3 
#15) 

ΔmobC#21/PmobC-mobC-TmobC (pKG8) & 
pSF15.15; GenR, HygR 

This study 

Bacterial strains 
E.coli 

PN1687 Source of pII99;  AmpR, GenR 
Namiki et al., 
2001  

PN1862 Source of pSF15.15; AmpR, HygR S. Foster 

PN413 Source of pRS426; AmpR 
Christianson et 
al., 1992 

PN4251 Source of pKG4; AmpR This study 

PN4268 Source of pKG8; AmpR This study 

Plasmids 

pII99 PtrpC-nptII-TtrpC; AmpR, GenR 
Namiki et al., 
2001 

pSF15.15 PtrpC-hph-TtrpC; AmpR, HygR S. Foster 

pRS426 
 ori(f1)-lacZ-T7 promoter-MCS (KpnI-SacI)-T3 
promoter-lacI-ori(pMB1)-ampR-ori (2 micron), 
URA3, AmpR 

Winston et al, 
1995 

pKG4 
pRS426 containing 5'mobC-PtrpC-gen-3'mobC; 
AmpR, GenR 

This study 



pKG8 pRS426 containing 2.8kb Pmob-mobC-TmobC 
complementation construct; AmpR 

This study 

 
Supplementary Table 2: Primers used in this study. 
Primer Sequence 
genF GATATTGAAGGAGCACTTTTTG 
genR CTACCCATCTTAGTAGGAATG 
pRS426F GTAACGCCAGGGTTTTCCCAGTCACGAC 
pRS426R GCGGATAACAATTTCACACAGGAAACAGC 
KG33 CGGTAATATGCAGTTTCGC 
KG34 TTGACCTCCACTAGCTCC 
KG35 GCCTACAGGACACACATT 
KG36 CTTTGCAGAATCCCAACG 
KG37 GAACACGATAGGTCAGAAACTC 
KG38 TGATGACCCTTGATGCACC  
KG39 GGCTCTGGCACCGAGAT 
KG40 TCACTCTGGATCCGTAACCTG 
KG45 GTAACGCCAGGGTTTTCCCAGTCACGACTGAACTCGAGCCTTGACTAGC 
KG46 CCAAGCCCAAAAAGTGCTCCTTCAATATCAGGGGGAATTCGAATCCACC 
KG47 GAAAATCATTCCTACTAAGATGGGTAGCAGCTCTCGCCGATGTCA 
KG48 GCGGATAACAATTTCACACAGGAAACAGCCTTCTCGAGTCGATCAAAACC 
KG66 GTAACGCCAGGGTTTTCCCAGTCACGACGTCGACCAGCTCTGGAGG 
KG67 GCGGATAACAATTTCACACAGGAAACAGCTGATGACCCTTGATGCACC 
 

Supplementary Table 3: Analysis of plant survival rates. 

  Planted Survived (S) Infected (I) % S % I 
Experiment 1 

WT 48 20 14 0.42 0.70 
21 52 3 0 0.06 0.00 
37 52 11 6 0.21 0.55 

Experiment 2 
WT 56 33 21 0.59 0.64 
21 36 15 5 0.42 0.33 
37 60 25 6 0.42 0.24 

Experiment 3 
WT 40 25 21 0.63 0.84 
21 52 16 7 0.31 0.44 
37 52 19 10 0.37 0.53 

  

Fig. S1 Epichloë festucae mobC gene structure and amino acid sequence alignment. (a) 

Gene structure showing three exons and two introns of 216, 978 and 309 and 145 32 bp respectively. Bar 

= 200 bp. (b) ClustalW alignment of amino acid sequences with the degree of conserved amino acids as 

indicated by dark-light shading and missing amino acids by dashed lines. Gene ID’s with associated 

GenBank protein accession are as shown. Ef, Epichloë festucae MobC EfM3.028150; Fg, Fusarium 

graminearum FGSG_05101.3 (XP_011323597.1); Nc, Neurospora crassa NCU07674.7/mob-3 

(XM_957223.3); Pa, Podospora anserina Pa_6_3550 (XM_001910099.1); Mo, Magnaporthe oryzae 

MGG_07095.6 (XM_003715237.1) and Sm, Sordaria macrospora mob3 (FN995002.1). Predicted Mob 

domain (green), serine and threonine phosphorylation sites (orange), Cys2-His2 Zn2+ (pink) and SH3 

(blue) binding domains are as shown.  



 

Fig. S2 Epichloë festucae pro11 homologue gene structure and amino acid sequence 

alignment. (a) Gene structure showing three exons and two introns of 376, 1871 and 258 and 84 and 63 

bp respectively. Bar = 200 bp. (b) ClustalW alignment of amino acid sequences with the degree of 

conserved amino acids as indicated by dark-light shading and missing amino acids by dashed lines. Gene 

ID’s with associated GenBank protein accession are as shown. Ef, E. festucae EfM3.057840; Fg, 

Fusarium graminearum FGSG_01665.3 (XM_011319188.1); Nc, Neurospora crassa NCU08741.7/ham-

3 (XM_958509.2) Pa, Podospora anserina Pa_6_11770 (XM_001906817.1) and Sm, Sordaria 



macrospora SMAC_08794/pro11 (XM_003345392.1) protein homologues. Predicted striatin (red), 

coiled-coil (green) and conserved WD40 binding domains (blue) are as shown.  

  



 

Fig. S3 Epichloë festucae pro22 homologue gene structure and amino acid sequence 

alignment. (a) Gene structure showing six exons and five introns of 755, 146, 89, 1192, 130 and 886 and 

100, 59, 80, 121 and 67 bp respectively. Bar = 500 bp. (b)  ClustalW alignment of amino acid sequences 

with the degree of conserved amino acids as indicated by dark-light shading and missing amino acids by 

dashed lines. Gene ID’s with associated GenBank protein accession are as shown. Ef, Epichloë festucae 

EfM3.000170; Fg, Fusarium graminearum FGSG_07159.3 (XM_011328574.1); Nc, Neurospora crassa 

NCU03727.7/ham-2 (XM_011396271.1); Pa, Podospora anserina Pa_2_9440 (XM_001911717.1); Mo, 

Magnaporthe oryzae MGG_00731.6 (XM_003718223.1) and Sm, Sordaria macrospora 

SMAC_02580/pro22 (XM_003352097.1) protein homologues.  

Fig. S4 Epichloë festucae pro45 homologue gene structure and amino acid sequence 

alignment. (a) Gene structure showing two exons and one intron of 1029 and 1164 and 65 bp 

respectively. Bar = 500 bp. (b) ClustalW alignment of amino acid sequences with the degree of conserved 

amino acids as indicated by dark-light shading and missing amino acids by dashed lines. Gene ID’s with 

associated GenBank protein accession are as shown. Ef, Epichloë festucae EfM3.037520; Fg, Fusarium 

graminearum FGSG_09221.3 (XM_011330252.1); Nc, Neurospora crassa NCU00528/ham-4 

(XM_958987.2); Pa, Podospora anserina Pa_1_15490 (XM_001906952.1); Mo, Magnaporthe oryzae 

MGG_02878.6 (XM_003720805.1) and Sm, Sordaria macrospora SMAC_01224/pro45 

(XM_003352342.1) protein homologues. Predicted forkhead associated domain (green) and trans-

membrane helix (blue) are as shown.  

 

 

 

 



 

 



 



 

Fig. S5 mobC deletion and complementation construct design, screening primers and 

Southern analysis. (a) Schematic of the wild type (Fl1) mobC genomic locus and linear inserts of mobC 

deletion construct pKG4 and mobC complementation construct pKG8. Regions of recombination are 

indicated by grey shading. PstI (P) restriction enzyme sites used for Southern analysis and PCR primers 

used for Gibson assembly and knock-out screening are as shown. (b) PCR products of the expected size 

generated from primary screen with primers KG37/38 and secondary screen with primers KG33/34, 

KG35/36 and KG39/40. C, NBT/BCIP-stained Southern blot of PstI (P) genomic DNA digests (1.5 μg) 

probed with (DIG)-11-dUTP-labeled linear pKG4 fragment purified from an XhoI restriction enzyme 

digest of the plasmid. Fragments of the expected size are as shown. 

 



 

Fig. S6 Analysis of MpkA and MpkB phosphorylation in ΔmobC. Western blot analysis of 

MpkA and MpkB phosphorylation in wild type (WT), TM1066 (TM; a ΔmkkA mutant described in 

Becker et al. 2015), ΔmpkA, ΔmkkA (Becker et al. 2015), ΔmobC#21 and ΔmobC#37 mutants. 

Phosphorylated MpkA (47 kDa) and MpkB (41 kDa) were detected using anti-phospho p42/p44 MAPK 

antibodies. Tubulin (54 kDa) was used as a loading control and detected using an anti-α-tubulin antibody.  

 

Fig. S7 Quantification of the whole plant phenotype of Lolium perenne inoculated with 

wild-type, ∆mobC and complemented ∆mobC/mobC strains. Average (a) tiller length (b) root length 

and (c) tiller number observed. Bars represent the ± standard error (n=7-16). An asterisk indicates 

significant differences from WT as determined by Welch’s t test. 



 

Fig. S8 Expressoria phenotype of ∆mobC. Frequency of (a) expressoria (b) sub-cuticular 

hyphae and (c) cuticle rupture points observed during associations per leaf sample at ×200 magnification. 

All two mutant phenotypes were significantly different to wild-type as determined by a Kruskal-Wallis 

test and Dunn’s multiple comparison test with P values of P<0.05 (#21) and P<0.01 (#37) for the 

expressoria phenotype, P<0.0001 (#21 & #37) for the sub-cuticular hyphae phenotype and P<0.0001 (#21 

& #37) for the cuticle rupture phenotype. 
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All methods, results and the discussion pertaining to this chapter have been included 

within the draft manuscript below, which is to be submitted to the Molecular Plant-Microbe 

Interactions Journal. The text sections included are the summary, introduction, results (figures 

and figure legends embedded), experimental procedures, acknowledgements and references. 

The supplementary primer and biological lists and supplementary figures have been inserted 

directly after the references. All plasmid maps associated with this manuscript have been 

deposited within Chapter 7. Specific plasmid maps can be located using the list of figures within 

the beginning pages of this thesis. 
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Hyphal cell-cell fusion in fungi is required for colony formation, nutrient transfer 

and signal transduction. Disruption of genes required for hyphal fusion in Epichloë 

festucae, a mutualistic symbiont of Lolium and Festuca grasses, severely disrupts the host 

interaction phenotype. To test if symB and symC, homologs of genes in Podospora anserina 

(IDC2 and IDC3) that suppress a cell growth defect, are required for E. festucae hyphal 

fusion and host symbiosis, targeted deletions of each gene were generated. In culture, both 

mutants were defective in hyphal cell-cell fusion, formed intra-hyphal hyphae, and had 

enhanced conidiation. Inverted microscopy analysis revealed that SymB-GFP and SymC-

mRFP1 localise to the plasma membrane, septa and points of hyphal cell-cell fusion 

associated with septa. SymC also localised to highly dynamic punctate structures. Plants 

infected with ΔsymB and ΔsymC strains were severely stunted. Hyphae of the mutants 

colonised the vascular bundles, were more abundant than wild type in the intercellular 

spaces and frequently formed intra-hyphal hyphae. Hyphal branches failed to fuse but 

instead formed convoluted bundles. Although these culture and plant phenotypes are 

identical to those previously observed for the cell wall integrity MAP kinase mutants, 

ΔmkkA and ΔmpkA, no difference was observed in the basal level of MpkA 

phosphorylation or its cellular localisation in the mutant backgrounds. Collectively these 

results show that SymB and SymC are key components of a conserved signalling network 

for E. festucae to establish a mutualistic symbiotic interaction within L. perenne.  

 

The fungal endophyte Epichloë festucae is a mutualistic symbiont of Festuca and 

Lolium temperate grasses (Christensen et al., 2002, Leuchtmann et al., 1994, Schardl, 2001). In 

these associations E. festucae systemically colonises the intercellular regions of all aerial tissues 

to form a tightly connected symbiotic hyphal network (Takemoto et al., 2006, Tanaka et al., 

2006). Within the meristematic tissues of the true stem, hyphae grow by tip growth, from where 

they ramify into the leaf primordia that give rise to new leaves (Christensen et al., 2008). 

Hyphae within the leaf blade and leaf sheath cell division zones initially grow by tip growth but 

once they enter the cell expansion zone they switch to intercalary growth (Christensen et al., 

2008), a pattern of growth that synchronises their growth with that of the plant host, thereby 

avoiding mechanical shear as the leaf expands. When leaf expansion ceases, growth of the 

hyphae also ceases, but the hyphae remain metabolically active (Tan et al., 2001). 

E. festucae is also an epiphyte, forming a restricted hyphal network on the leaf surface 

(Christensen et al., 1997, Tanaka et al., 2006, Eaton et al., 2010, Scott et al., 2012). Recent 

work has shown that an appressorium-like structure, called an expressorium, mediates exit of 

endophytic hyphae from the epidermal cells in the lower part of the leaf expansion zone to the 

leaf surface (Becker et al., 2016). Differentiation of the expressorium and repolarization of 

growth from the point of contact of this structure with the cuticle requires functional NoxA and 



NoxB NADPH oxidase complexes (Becker et al., 2016) as well as MobC (Green et al., 2016), a 

component of the STRIPAK complex (Bloemendal et al., 2012, Dettmann et al., 2013, 

Bernhards & Pöggeler, 2011).   

The isolation of Epichloë festucae mutants that have a severe host interaction phenotype 

including components of the NoxA NADPH oxidase complex (Tanaka et al., 2006, Tanaka et 

al., 2008, Takemoto et al., 2006); the transcription factor ProA (Tanaka et al., 2013); the cell 

wall integrity MAP kinases, MpkA and MkkA (Becker et al., 2015), and associated scaffold 

protein Soft (Pro40) (Charlton et al., 2012); has provided important insights into the signalling 

pathways that control the symbiotic interaction. Interestingly, all these mutants were also 

defective in hyphal cell-cell fusion (Kayano et al., 2013, Becker et al., 2015, Charlton et al., 

2012, Tanaka et al., 2013), leading to the hypothesis that hyphal fusion in planta is crucial for 

E. festucae hyphal network formation and maintenance of the mutualistic symbiotic interaction 

with L. perenne.  

Homologues of a subset of these genes, namely noxA, so, mpkA and mkkA, are required 

in Podospora anserina for the development of the cell degenerative phenomenon known as 

crippled growth (CG; Silar et al., 1999). Mutations in these genes cause impaired development 

of CG (IDC). Crippled growth occurs as a result of abnormal activation of the cell wall integrity 

(CWI) MAP kinase pathway and is characterised by slow colony expansion, loss of 

pigmentation, and arrest of aerial hyphae and perithecia development (Haedens et al., 2005, 

Kicka et al., 2006, Lalucque et al., 2012, Malagnac et al., 2004, Silar et al., 1999, Tong et al., 

2014). Interestingly, in addition to their IDC phenotype, ΔMkk11/IDC404, ΔMpk1, 

ΔNox1/IDC343, ΔSo/IDC821 and ΔIDC1 mutants are defective in both cell-cell fusion and sexual 

fruiting body development (Haedens et al., 2005, Jamet-Vierny et al., 2007, Malagnac et al., 

2004, Kicka & Silar, 2004, Kicka et al., 2006, Tong et al., 2014). In Neurospora crassa and 

Sordaria macrospora, cell-cell fusion and sexual fruiting body development have been 

extensively studied and several hyphal anastomosis (ham) and protoperithecia (pro) mutants 

identified that are defective in both developmental processes cell-cell fusion and sexual fruiting 

body development (Teichert et al., 2014a, Kück et al., 2009, Fu et al., 2011, Aldabbous et al., 

2010, Simonin et al., 2010, Bloemendal et al., 2012). 

In Sordaria, PRO1 (N. crassa ADV-1, E. festucae ProA) is a transcription factor which 

regulates sexual development, PRO30 (N. crassa MIK-1, P. anserina Ask1) is the CWI 

pathway MAP kinase kinase kinase, and PRO11 (N. crassa HAM-3), PRO22 (N. crassa HAM-

2) and PRO45 (N. crassa HAM-4), are core components of the STRIPAK complex, which in N. 

crassa is proposed to transduce signals from and between the Pheromone Response (PR) MAP 

kinase pathway and the CWI MAP kinase pathway (Colot et al., 2006, Becker et al., 2015, 

Bloemendal et al., 2010, Bloemendal et al., 2012, Fu et al., 2011, Masloff et al., 1999, Tanaka 

et al., 2013, Park et al., 2008, Pöggeler & Kück, 2004, Simonin et al., 2010, Dettmann et al., 



2013, Nordzieke et al., 2015, Teichert et al., 2014b, Kück et al., 2016). In N. crassa, HAM-5 

(P. anserina IDC1) functions as the PR pathway scaffold and MAK-2 (PR pathway MAP 

kinase) oscillates with the CWI pathway scaffold SO (S. macrospora PRO40, E. festucae So, P. 

anserina So) during pre-fusion hyphae homing (Teichert et al., 2014b, Fleiβner & Glass, 2007, 

Fleiβner et al., 2008, Charlton et al., 2012, Jamet-Vierny et al., 2007, Jonkers et al., 2014, 

Fleiβner et al., 2009a). Additionally, HAM-6 (S. macrospora PRO41, P. anserina and Botrytis 

cinerea NoxD), HAM-7 (P. anserina IDC2 homologue) and HAM-8 are proposed to be part of 

a peripheral membrane-associated signalling complex in N. crassa which regulates cell-cell 

fusion (Fu et al., 2014, Nowrousian et al., 2007, Lacaze et al., 2015, Siegmund et al., 2015, 

Haedens et al., 2005, Maddi et al., 2012).  

Although these and many other proteins required for cell-cell fusion have been 

characterised in P. anserina, N. crassa, S. macrospora and E. festucae, a defined receptor-

signalling complex, which regulates the perception and initiation of cell-cell fusion has yet to be 

identified. The objective of this study was to test if E. festucae homologues of two P. anserina 

self-signalling genes, IDC2 (N. crassa Ham-7) and IDC3 (Haedens et al., 2005), which we have 

named symB and symC, are required for hyphal network formation and establishment of a 

mutualistic interaction with the host Lolium perenne. IDC2 (N. crassa Ham-7) and IDC3 encode 

putative membrane-associated proteins with glycosylphosphatidylinositol (GPI)-anchored and 

four transmembrane domains, respectively. They are therefore candidate proteins for receptor 

signalling and regulation of cell-cell fusion in E. festucae and other filamentous fungi.  

 

RESULTS  

E. festucae symB and symC encode membrane-associated proteins 

A tBLASTn search of the E. festucae Fl1 (E894) genome sequence, using P. anserina 

IDC2 and IDC3 as the query sequences, identified gene models EfM3.029010 and 

EfM3.029020 (Schardl et al., 2013), which we have named SymB and SymC respectively, as 

the E. festucae homologues. To confirm the gene structure, each of these sequences was aligned 

with the P. anserina homologue as well as the corresponding polypeptide sequences from 

Fusarium graminearum, Magnaporthe oryzae, N. crassa HAM-7 (Maddi et al., 2012) and S. 

macrospora (Figs. S1 & S2). The proposed exon-intron structure of each gene was verified by 

cDNA sequencing. E. festucae SymB, is a 230 amino acid protein that shares 76% identity to P. 

anserina IDC2 and 75% identity to N. crassa HAM-7 (Maddi et al., 2012). The presence of an 

18 amino acid N-terminal signal peptide (Signal P; Petersen et al., 2011, Nielsen et al., 1997) 

and a post-translation C-terminal GPI anchor (big-PI Fungal Predictor; Eisenhaber et al., 2004) 

suggests that SymB is a secreted membrane-anchored protein (Fig. S1).  



E. festucae SymC, is a 274 amino acid protein and shares 56% identity to P. anserina 

IDC3 and 51% identity to N. crassa NCU00938. Analysis of SymC using TMHMM (Krogh et 

al., 2001, Sonnhammer et al., 1998) predicts four trans-membrane domains (TMDs), with 

extracellular domains between TMDs 1-2 and 3-4, and intracellular domains between TMDs 2-3 

and downstream of TMD4, suggesting that SymC is likely to be a membrane bound protein 

(Fig. S2).  

symB and symC promoters contain putative binding sites for the transcription factor 

ProA. 

To gain some insight into whether symB and symC were important for the symbiosis we 

examined RNA-seq data sets generated by sequencing mRNA from plants infected with three 

different symbiotic mutants (Eaton et al., 2015) including, ΔnoxA (NADPH oxidase; Tanaka et 

al., 2006), ΔproA (C6-Zn transcription factor; Tanaka et al., 2013) and ΔsakA (stress-activated 

MAP kinase; Eaton et al., 2008, Eaton et al., 2010). Both genes were up-regulated in the ΔnoxA 

and ΔsakA data sets (Fig. S3) but the expression changes were only significant in the latter 

[based on statistically significant differences (corrected P < 0.05) and a 2-fold change cut off]. 

Both genes were significantly down-regulated in the ΔproA data set. Given we had previously 

identified a ProA binding site consensus sequence of GGCGCTTA (Tanaka et al., 2013), we 

analysed the promoter sequences of both symB and symC and their homologs in other 

Clavicipitaceae for the presence of this motif. In both cases a single motif identical to the 

consensus sequence was identified (Figs. S4 & S5). We therefore tested whether the promoter 

sequences containing this motif were ProA binding sites in vitro using electrophoretic mobility 

shift assays (EMSA). Various symB and symC promoter fragments were incubated with a fusion 

protein of the N-terminal 120 amino acid residues of ProA containing the zinc cluster domain 

fused to the maltose binding protein (MalE-ProA 1-120; pMal-ProA3)(Tanaka et al., 2013). 

Mobility shifts were observed for the fragments containing the sequence of GGCGCTTAA 

(PsymB: F1 and PsymC: F2) (Fig. 1A-C). No extra bases on the 5’side of GGCGCTTAA were 

required for ProA binding in the symB promoter (PsymB: R2) while a few more bases were 

required for ProA binding in the symC promoter (PsymC: R1 and R2) (Fig. 1C-D). Replacement 

of CTT to AAA on the 3’ side of GGCGCTTAA in the symB promoter (PsymB: R4 and R5) did 

not prevent ProA binding (Fig. 1C-D). This analysis confirmed that these motifs are specific 

binding sites for ProA (Fig. 1). Given we have previously shown that ProA is a transcription 

factor critical for cell-cell fusion and symbiosis (Tanaka et al., 2013), we propose that symB and 

symC are downstream targets of ProA in the molecular pathway required for cell-cell fusion and 

symbiosis. 



 
Fig. 1. Electrophoretic mobility shift assays of symB and symC promoter fragments bound 

to ProA. Physical map of the A, symB and B, symC promoter regions with the A2 GGCGCTTAA regions 

and gel shift target regions, F1 and F2 shown. C, EMSA with (+) and without (-) ProA incubation using 

the corresponding fragment regions as indicated in A, B, and D, and a positive PesdC control fragment as 

per Tanaka et al. (2013). D, DNA sequence of binding regions with the A2 GGCGCTTAA region 

indicated.  

Deletion of symB and symC genes 

To determine whether SymB and SymC are required for hyphal cell-cell fusion in E. 

festucae and establishment of a mutualistic symbiotic interaction with L. perenne, symB and 

symC genes were individually deleted in the Fl1 wild-type background using a gene 

replacement approach. Linear fragments containing replacement cassettes for symB and symC 

were purified from restriction enzyme-digested pKG1 and pKG2 plasmid DNA, transformed 

into protoplasts of wild-type, and plated on either hygromycin (pKG1) or geneticin (pKG2) 

containing solid media (Fig. S6). PCR screening of an arbitrary selection of these transformants 

identified 7 putative ΔsymB (#3, #6, #8, #9, #11, #14 and #17) and 6 putative ΔsymC (#2, #7, 

#8, #20, #25 and #28) mutants. Southern blot analysis of genomic DNA digests obtained from 

these candidates confirmed that all were ‘clean knock-outs’. ΔsymB#3 and #6 and ΔsymC#7 and 

#8 strains were subsequently selected for all further experiments (Fig. S6).  

 



Culture phenotype of ΔΔsymB and ΔsymC strains  

In axenic culture the colony size and morphology of ΔsymB and ΔsymC strains were 

indistinguishable from wild-type (Fig. 2A). However, closer analysis revealed that ΔsymB and 

ΔsymC strains formed intra-hyphal hyphae and had increased rates of conidiation (Figs. 2B-C 

& S7A). Most of the conidia appeared to arise from conidiophores associated with hyphal coils. 

Microscopic examination of the germination of isolated conidia revealed no noticeable 

morphological differences between mutants and wild-type (Fig. S7B). Hyphae of ΔsymB and 

ΔsymC strains were also defective in the ability to form the tip-to-side hyphal fusions observed 

in wild-type (Fig. 2D). To validate this cell-cell fusion phenotype, cultures of ΔsymB and 

ΔsymC expressing either eGFP or mRFP1 were co-inoculated in close proximity to one another 

and hyphae examined for evidence of cytoplasmic mixing. Whereas wild-type co-inoculations 

showed co-expression of the two reporter genes, ΔsymB and ΔsymC hyphae were either red or 

green indicating they were unable to fuse (Fig. 2D). The introduction of wild-type symB and 

symC genes into the mutant backgrounds restored this fusion defect, demonstrating that deletion 

of symB or symC was responsible for the cell-cell fusion defect (Figs. 2E & S6).  

Given the culture phenotypes of ΔsymB and ΔsymC described above were identical to 

ΔmkkA and ΔmpkA (Becker et al., 2015), we also tested whether these mutants were sensitive to 

cell-wall stress agents and conditions. E. festucae ΔsymB and ΔsymC mutants grew as well as 

the wild-type strain on media containing Congo red or Calcofluor white. In addition, radial 

growth of the mutants was the same as wild-type on media buffered to pH 5, pH 6.5 or pH 8 

(Fig. S8). 

 

 

 

 

 

Fig. 2. Culture phenotype of wild-type, ∆symB and ∆symC strains. A, Colony morphology of 

wild-type (WT), ∆symB and ∆symC mutants cultures grown on PD agar for 5 days. B, DIC images of 

mutant hyphae forming intra-hyphal hyphae as indicated by an arrow. Bar = 10 µm. C, DIC images of 

coil-like structures and conidiophore formation in cultures grown on water agar for 7 days. Conidia are 

marked with an asterisk. Bar = 20 µm. D, DIC and fluorescent images of eGFP and mRFP1 expressing 

strains co-cultivated onto water agar for 5 days. Sites of cell-cell fusion are indicated by boxes. Bar = 10 

µm. E, DIC images of wild-type and complemented strains grown on water agar for 5 days showing 

restoration of cell-cell fusion. Bar = 10 µm. 



 



In planta phenotype of ΔΔsymB and ΔsymC strains  

We next examined the role of symB and symC in regulating the symbiotic interaction of 

E. festucae with L. perenne. ΔsymB and ΔsymC cultures were inoculated into seedlings and the 

phenotype analysed at 10 weeks post-inoculation. A large number of mutant-infected plants 

died at around three to five weeks post-planting (Supplementary Table 3). Those that survived, 

and were subsequently used for microscopy, were severely stunted compared to wild-type 

infected plants (Fig. 3A). Introduction of wild-type copies of symB and symC genes into the 

mutant backgrounds rescued the wild-type symbiotic interaction phenotype demonstrating that 

symB and symC are essential for E. festucae mutualistic associations (Figs. 3B & C, S6). 

 

 
Fig. 3. Plant phenotype of Lolium perenne infected with wild-type, ∆symB, ∆symC and 

complemented strains. Whole plant interaction phenotype of L. perenne infected with A, wild-type 

(WT), ∆symB and ∆symC strains, B, wild-type and ∆symB complemented strains, and C, wild-type and 

∆symC complemented strains, 10 weeks after infection.  

 



To evaluate the cellular phenotype of ΔsymB and ΔsymC in infected plants, we harvested 

leaf sheath tissue samples and examined the hyphal phenotype by transmission electron 

microscopy (TEM) (Fig. 4) and confocal laser scanning microscopy (CLSM) (Fig. 5). While 

wild-type associations contained mostly one to two hyphae per intercellular space, ΔsymB and 

ΔsymC mutant associations contained up to nine hyphae per intercellular space (Figs. 4A & S9). 

These mutant hyphae were frequently vacuolated (Fig. 4A), a subset of hyphae contained intra-

hyphal hyphae (Fig. 4D), and the outer cell walls appeared to be less electron-dense (Fig. 4C). 

Hyphae of ΔsymB and ΔsymC were also very abundant in the vascular bundle tissue (Fig. 4B), 

which is seldom, if ever, colonised by wild-type hyphae. Hyphae in these tissues were electron 

dense presumably reflecting the abundant supply of nutrients in these tissues for growth. 

 

 
Fig. 4. In planta cellular phenotype of ∆symB and ∆symC mutants. Transmission electron 

micrographs of L. perenne leaf sheath cross-sections infected with wild-type, ∆symB and ∆symC strains. 

A, Hyphae growing within the intercellular spaces of plant cells (PC). Bar = 1 µm. B, Vascular bundle 

colonisation in ∆symB and ∆symC associations. Hyphae are marked with a white asterisk. Bar = 5 µm. C, 

Altered mutant hyphal cell wall staining. Hyphal cell wall is indicated with an asterisk. Bar = 500 nm. D, 

Mutant intra-hyphal hyphae (IHH) formation. Bar = 500 nm. 

 



The prolific growth of the ΔsymB and ΔsymC mutants in leaf tissue compared to the more 

restrictive growth of the wild-type was also evident from CLSM analysis of leaf sheath tissue 

stained with aniline blue and WGA-AF488, which stain β-glucan and chitin, respectively (Fig. 

5). In wild-type associations, lateral hyphae were observed to undergo tip-to-tip cell fusion to 

form a restricted hyphal network throughout the host plant (Fig. 5). Although qPCR was not 

performed to qauntify hyphal biomass in planta, microscopy showed that the hyphae of ΔsymB 

and ΔsymC were much more prolific within the leaf sheath tissue (Fig. 5A), had an irregular 

pattern of growth, and frequently formed highly convoluted structures comprised of many cells 

as evident from the many fluorescent septa (Fig. 5B & C). These structures were never 

observed in wild-type tissue. Whereas just the septa of wild-type hyphae stained with AF488-

WGA, in the mutant hyphae, large patches of WGA-AF488 fluorescence were visible (Fig. 5C), 

suggesting a change in the structure and/or composition of the cell wall resulting in greater 

accessibility of the cell wall chitin to the fluorophore-labelled lectin. 

 

Expressorium formation in ΔΔsymB and ΔsymC strains  

Expressoria allow E. festucae hyphae to exit the host plant and form an epiphyllous 

hyphal net on the leaf surface of the host plant. As we have previously shown, deletion of noxA 

and noxR disrupts expressoria formation and mutant hyphae form sub-cuticular hyphal bundles 

(Becker et al., 2016). Given the very similar plant interaction phenotypes of ΔsymB and ΔsymC 

strains to ΔnoxA and ΔnoxR (Takemoto et al., 2006, Tanaka et al., 2006), we examined 

expressoria development in these mutants. In contrast to wild-type hyphae, which formed 

expressoria and induced a thinning of the cuticle layer at the contact point (Fig. 6), ΔsymB and 

ΔsymC strains were unable to differentiate expressoria but instead developed highly reticulate 

hyphal structures immediately beneath the surface of the cuticle (Figs. 6A & B). Examination 

of this tissue by TEM revealed the presence of swollen hyphae that appeared unable to degrade 

the cuticle (Fig. 6C). These results demonstrate that both SymB and SymC are necessary for 

expressorium differentiation. 

 



 
Fig. 5. In planta cellular phenotype of ∆symB and ∆symC mutants. Confocal depth series 

images of aniline blue (red pseudocolour) and WGA-AF488 (blue pseudocolour) stained Lolium perenne 

leaf sheaths infected with wild-type, ∆symB and ∆symC strains. Fluorescent images were generated by 

maximum-intensity projections of confocal z-stacks. A, CLSM z-stacks taken at 10-μm intervals of 

endophytic hyphae in leaves of L. perenne showing increased hyphal biomass of ∆symB and ∆symC 

mutants. Bar = 100 μm. Hyphal aggregates of ∆symB and ∆symC mutants with B, increased numbers of 

septa (blue pseudocolour) and C, increased patches of cell wall chitin (blue pseudocolour) compared to 

wild-type. Chitin depositions (cd) are indicated with a white asterisk. Bar = 25 μm. 



 



Fig. 6. Impaired development of expressoria in ∆symB and ∆symC mutants. A & B, 

Confocal depth series images of aniline blue (red pseudocolour) and WGA-AF488 (blue pseudocolour) 

stained Lolium perenne leaf sheaths infected with wild-type (WT), ∆symB and ∆symC strains. Fluorescent 

images were generated by maximum-intensity projections of compressed confocal z-stacks. In wild-type, 

endophytic (end) hyphae differentiate into expressoria (exp) which penetrate the cuticle (green 

pseudocolour) to give rise to an epiphyllous (ep) net on the surface of the blade. ∆symB and ∆symC 

strains failed to differentiate expressoria, instead forming highly reticulate sub-cuticular structures which 

had increased patches of cell wall chitin (*; blue pseudocolour) compared to wild-type. Bar = A, 25 µm 

and B, 50 µm. C, Transmission electron micrographs of pseudostem cross-sections showing degradation 

of the host cuticle layer in wild-type (WT) associations, as indicated by the arrows, and ultra-structure of 

sub-cuticular hyphae in ∆symB and ∆symC associations. The host cuticle is indicated by an asterisk. Bar = 

1 µm. 

MpkA and MpkB phosphorylation and localisation in ΔsymB and ΔsymC strains 

To determine if deletion of either symB or symC impacts on signalling through the cell 

wall integrity (CWI) or pheromone response (PR) MAP kinase pathways we examined the 

phosphorylation status and localisation of MpkA and MpkB in E. festucae. MpkA and MpkB 

phosphorylation levels were assessed by Western analysis (Fig. 7), using protein extracts from 

E. festucae cultures grown in PD media alone (basal levels) and in PD media subjected to 

oxidative stress (plus H2O2) (Maddi et al., 2012, Dettmann et al., 2014). While, oxidative stress 

usually increased the level of phosphorylation of both MpkA and MpkB, no differences in 

intensity of signal were observed between wild-type and the ΔsymB and ΔsymC strains (Figs. 

7A & B). As previously reported (Becker et al., 2015), phosphorylation of MpkA is completely 

abolished in the CWI MAP kinase mutants, ΔmkkA and ΔmpkA (Figs. 7A & B). 

 
Fig. 7. Analysis of MpkA and MpkB phosphorylation in culture. Western blot analysis of 

MpkA phosphorylation in A, wild type, ΔmpkA and ΔmkkA mutants and B, WT, ΔsymB#3, ΔsymC#7 and 

ΔmpkA strains under non-stressed (-) and H2O2 stressed (+) conditions. Phosphorylated MpkA (47 kDa) 

and MpkB (41 kDa) were detected using anti-phospho p42/p44 MAPK antibodies. Tubulin (54 kDa) was 

used as a loading control and detected using an anti-α-tubulin antibody.  



 



Fig. 8. Localisation of MpkA and MpkB in E. festucae cultures. Inverted fluorescent light 

microscopy and DIC microscopy of MpkA-eGFP and MpkB-eGFP cellular localisation in axenic cultures 

of E. festucae. A, Localisation of MpkA-eGFP in wild-type (PN2963) hyphae at the edge, mid-region and 

centre of a colony and corresponding GFP, DAPI and DIC images. B, Localisation of MpkB-eGFP in 

wild-type (PN3138) hyphae at the edge, mid-region and centre of a colony and corresponding GFP, DAPI 

and DIC images. Bar = 10 µm.  

To determine whether MpkA or MpkB localisation was affected by deletion of symB or 

symC, we transformed MpkA-eGFP and MpkB-eGFP constructs into wild-type, ΔsymB and 

ΔsymC strains and analysed their subcellular localisation throughout the growing colony (Fig. 

8). No noticeable differences in MpkA-eGFP or MpkB-eGFP localisation were observed 

between wild-type, and ΔsymB and ΔsymC mutants (Figs. S10-S15).  

 

SymB and SymC cellular localisation   

SymB is predicted to have a signal sequence and a C-terminal region for post-

translational addition of a GPI-anchor, and SymC is predicted to have four transmembrane 

domains. Reporter constructs of the corresponding genes were generated to examine the cellular 

localisation of each protein in hyphae of E. festucae grown in axenic culture. As both the N- and 

C-termini of SymB are predicted to be post-translationally processed, eGFP was placed 10 

amino acids upstream of the ω site for GPI addition (Fig. S1); a strategy successfully used in S. 

macrospora (Frey et al., 2015). The mRFP tag was placed immediately before the SymC C-

terminal stop condon. Constructs of symB-eGFP and symC-mRFP1, under the control of their 

native promoters (Figs. S16 & S17C), were transformed into ΔsymB and ΔsymC protoplasts, 

and transformants tested for cell-cell fusion. In both cases the fusion phenotype was restored 

indicating that the products of the symB/C-reporter gene fusions complemented the mutant 

phenotypes. Given fluorescence under the native promoter was very weak, over expression 

constructs were subsequently analysed (Figs. 9 & 10). SymB-eGFP was found to localise to the 

plasma membrane (Fig. 9), septa (Figs. 9B & C), tips of hyphal branches (Figs. 9B & C), 

apical tips (Figs. 9A) and at points of hyphal fusion (Fig. 9D). These results, together with the 

observation that SymB-eGFP co-localises with CFW (Fig. S17A), confirm that SymB is a 

membrane-associated protein.  

 



 
Fig. 9. Localisation of SymB-eGFP in E. festucae ΔsymB. Inverted fluorescent light 

microscopy and DIC microscopy of SymB-eGFP (green pseudocolour) localisation in cultures of 

PN3131(ΔsymB#3/pKG20) at A, hyphal tips, B & C, cell wall/branch points and septa (*) and D, cell-cell 

fusions. The PtefA promoter was used to express symB-eGFP. Bar = 10 µm.  

Although SymC-mRFP1 appeared to be predominantly localised to vacuoles (Fig. S16), 

fluorescence was also observed at the cell periphery, septa, hyphal branch points, points of 

hyphal cell-cell fusion associated with septa, and in small, highly dynamic vesicles (Fig. S16; 

Movie S1). The accumulation of SymC-mRFP1 in vacuoles may be due to a highly efficient 

actin-dependent endocytosis pathway resulting in recycling of this protein from the cell 

periphery to vacuoles for degradation as previously reported for the membrane-associated 

mucin Msb2 in Ustilago maydis (Lanver et al., 2010). To test this hypothesis we grew cells 

containing SymC-mRFP1 in the presence of latrunculin A (Fig. 10) and imaged by inverted 

light microscopy. Treatment with latrunculin A caused bulging of hyphal tips (Fig 10A) and 

enhanced the localisation of SymC-mRFP1 to the plasma membrane (Figs. 10A & B & S17B), 

small vesicles (Fig. 10A) and septa (Figs. 10B & C), demonstrating that the pattern of cellular 

localisation is very similar to that of SymB. When SymB-eGFP and SymC-mRFP1 were co-



expressed in a wild-type background they co-localised at the cell periphery, septa and in 

vacuole-like structures (Fig. S17C), suggesting they potentially function in the same cellular 

processes.  

 
Fig. 10. Localisation of SymC-mRFP1 in E. festucae ΔsymC. Inverted fluorescent light 

microscopy and DIC microscopy of SymC-mRFP1 (red pseudocolour) localisation in cultures of PN3132 

(ΔsymC#7/pKG21) treated with latrunculin A at A, hyphal tips, B & C, cell wall, vesicles (arrows), septa 

(*) and D, cell-cell fusions and vacuoles (v). The PtefA promoter was used to express symC-mRFP1. Bar 

= 10 µm.  

DISCUSSION  

In fungi, hyphal communication and cell-cell fusion is required for colony formation 

and nutrient transfer (Leeder et al., 2013; Read et al., 2009; Simonin et al., 2010). Here we 

report that symB and symC, homologs of P. anserina IDC2 and IDC3 (Haedens et al., 2005), are 

key components of the conserved signalling network that regulates cell-cell fusion in 

filamentous fungi. We have established for the first time that these two genes are down stream 



of the transcription factor ProA within this conserved signalling network. Furthermore we have 

shown that SymB and SymC localise to the cell periphery and have a novel role in expressoria 

development. 

From the published RNA seq data (Eaton et al., 2015), this study identified that symB 

and symC expression is significantly down-regulated in proA mutants compared to wild-type. 

The alignment of symB and symC promoters from several closely related species identified 

highly conserved ProA binding sites as previously published (Tanaka et al., 2013). ProA 

binding at these regions was confirmed by gel shift assays, indicating symB and symC are 

regulated by this transcription factor. Furthermore, this study showed that deletion of symB and 

symC abolishes cell-cell fusion in culture and results in a loss of mutualism in planta, similar to 

the proA deletion mutant (Tanaka et al., 2013). Based on these phenotypes it is likely that ProA 

regulates symB and symC expression both in culture and in planta. The homologue of ProA in S. 

macrospora, PRO1, is a C6 Zinc finger transcription factor (Masloff et al., 1999 & 2002) that is 

homologous to N. crassa ADV-1 (Colot et al., 2006; Fu et al., 2011), and both are essential for 

fruiting body development and cell-cell fusion. The homologue of pro1 is required for female 

fertility and virulence in Cryphonectria parasitica (Sun et al., 2009) and virulence in Alternaria 

brassicicola (Cho et al., 2009). The similarities between mutant pro1 phenotypes in other fungi 

suggests this transcription factor is part of a conserved signalling network which regulates cell-

cell fusion, sexual development, virulence and mutualism in filamentous fungi. SymB and 

SymC homologues in P. anserina (IDC2 and IDC3; Haedens et al., 2005), N. crassa (HAM-7; 

Maddi et al., 2012) and S. macrospora show a high level of amino acid sequence conservation, 

presumably reflecting their evolutionary importance downstream of ProA within this conserved 

signalling network. Very few ProA regulated genes have been analysed in filamentous fungi 

and a large number of genes down-regulated in mutant E. festucae proA associations encode 

hypothetical proteins (Eaton et al., 2015). Similar findings have been reported in the S. 

macrospora pro1 mutant in culture (Nowrousian et al., 2007). It would be interesting to 

determine whether, similar to symB and symC, additional ProA regulated genes can be 

identified. 

This study showed that deletion of E. festucae symB and symC abolishes cell-cell fusion 

in culture, a phenotype conserved across P. anserina IDC2 and IDC3 (Haedens et al., 2005) and 

N. crassa ∆ham-7 (Fu et al., 2011; Maddi et al., 2012) mutants. In E. festucae, proA, noxA, 

noxR mpkA and mkkA are required for vegetative cell-cell fusion (Tanaka et al., 2013; Kayano 

et al., 2013; Becker et al., 2015). Homologues of these genes (ADV-1/PRO1, NOX-1, NOR-1, 

MEK-1 and MAK-1) are required for CAT and vegetative cell-cell fusion in N. crassa (Maddi 

et al., 2012, Cano-Domınguez et al., 2008; Lichius, 2010; Fu et al., 2011; Read et al., 2012; 

Lichius & Lord, 2012), vegetative cell-cell fusion in S. macrospora (Teichert et al., 2014a & 



2014b; Bernhards & Pöggler, 2011; Dirschnabel et al., 2014) and cell-cell fusion (NOX1, 

NOXR, MPK1 and MKK1) in P. anserina (Kicka, & Silar, 2004; Malagnac et al., 2004; 

Haedens et al., 2005; Kicka et al. 2006; Jamet-Vierny et al. 2007; Lalucque et al., 2012; Tong et 

al., 2014), suggesting these proteins are part of the core signalling network which regulates cell-

cell fusion. Several of these homologues are also required for fruiting body development, 

suggesting a relationship exists between cell-cell fusion and the development of sexual 

structures in filamentous fungi (Fu et al., 2011; Read et al., 2012; Lichius & Lord, 2014; 

Bernhards & Pöggler, 2011; Teichert et al., 2014a; Haedens et al., 2005; Tong et al., 2014).  

Unlike S. macrospora, N. crassa and P. anserina, which readily form fruiting bodies in 

culture (Lord & Read, 2011; Lichius et al., 2012; Mai, 1976), the sexual cycle of E. festucae has 

only been reported to occur on the host plant (Bultman & Leuchtmann, 2008) and in culture E. 

festucae is only known to undergo asexual conidiation, which is extremely sparse and 

frequently associated with coil-like structures (Becker et al., 2015). Here we show that deletion 

of symB and symC results in a hyper-conidiation phenotype in culture, similar to that previously 

reported for proA, noxA, mkkA, mpkA and mobC deletions (Tanaka et al., 2013; Kayano et al., 

2013; Becker et al., 2015; Green et al., 2016). In contrast, Cryphonectria parasitica pro1 (Sun 

et al., 2009), Magnaporthe oryzae nox-1 (Egan et al., 2007) and M. oryzae and Claviceps 

purpurea CWI (Jeon et al. 2008; Mey et al. 2002) mutants show reduced conidiation. These 

findings indicate conidiation may be “regulated” differently in E. festucae compared to other 

fungi. In some fungi, conidiation can be induced by stress. For example alkaline pH in wild-

type E. festucae (Lukito et al., 2015), osmotic stress conditions in A. flavus (Duran et al., 2010), 

mycelia wounding and nutrient depletion in Trichoderma atroviride induces conidiation 

(Hernández-Oñate et al., 2012, Carreras-Villaseñor et al., 2012). Whether ∆symB and ∆symC 

hyperconidiation phenotypes are directly related to gene deletions, or occur as a result of 

impaired cell-cell fusion nutrient transfer, hyphal starvation, hyphal stress or additional CWI 

defects, requires further research.  

In culture, ∆symB and ∆symC mutants form intra-hyphal hyphae, which have been 

observed for ∆mpkA and ∆mkkA mutants (Becker et al., 2015) and the STRIPAK complex 

mutant ∆mobC (Green et al., 2016), but never within wild-type. Intra-hyphal hyphae formation 

involves the accumulation of newly synthesised cell wall components at the primary cell wall, 

which causes a secondary cell wall to form, which pushes through septal pores into adjacent 

hyphae. Intra-hyphal hyphae are known to form in other fungi (Kim & Hyun, 2007) in response 

to hyphal wounding, disrupted hyphal integrity, nutrient and water deprivation, altered cell wall 

composition and septation defects (Calonge, 1969; Buller, 1933; Bowman et al., 2006; 

Takeshita et al., 2006; Kim & Hyun; 2007). These structures allow hyphae to survive stressful 

conditions while encased within a protective layer, as they contain a separate cell wall, 



cytoplasm, and organelles, and are capable of undergoing branching, anastomosis and even 

conidiophore production. Similar to hyperconidiation phenotypes, it is difficult to determine 

whether intra-hyphal hyphae formation is directly related to symB and symC gene deletions. 

Within L. perenne, ∆symB and ∆symC strains exhibited prolific hyphal growth, a 

breakdown of the hyphal network, vascular bundle colonisation and a loss of mutualism. These 

phenotypes have previously characterised in ∆proA, ∆noxA, ∆noxR, ∆bemA, ∆so, ∆mkkA, 

∆mpkA, and ∆mobC mutants (Tanaka et al., 2006, 2008 & 2013; Takemoto et al., 2008 & 2011; 

Kayano et al., 2013; Charlton et al., 2012; Becker et al., 2015; Green et al., 2016) and ∆sidN 

mutants which exhibit disrupted iron homeostasis (Johnson et al., 2013). In ∆proA and ∆noxA 

associations, primary metabolism, peptide and sugar transport, and host cell wall degradation 

genes are significantly up-regulated and secondary metabolism genes are down-regulated, 

suggesting a starvation response occurs in planta (Eaton et al., 2015). Transmission electron 

microscopy analysis showed ∆symB and ∆symC hyphae are more electron dense within the 

nutrient rich vascular bundles than hyphae in groups of three of more outside the vascular 

bundles, where multiple hyphae presumably compete for limited nutrients. Increased hyphal 

biomass and loss of the hyphal network may explain why ∆symB and ∆symC hyphae, as an 

attempt to seek out more nutrients, proliferate within the host vascular bundles. This location 

specific TEM staining pattern is similar to that reported for ∆sidN and ∆mobC mutants (Johnson 

et al., 2013; Green et al., 2016). In addition to disrupted host associations, ∆symB and ∆symC 

hyphae showed altered WGA-AF488 chitin staining in planta, similar to that previously 

reported in ∆noxA, ∆proA, ∆mkkA, ∆mpkA and ∆mobC associations (Eaton et al., 2015; Becker 

et al., 2015; Green et al., 2016). Within Saccharomyces cerevisiae and Aspergillus niger, an 

increase in chitin synthesis has been reported in response to compromised hyphal growth and 

CWI defects (Popolo et al., 1997; Ram et al., 2004; Arias et al., 2011). Altered chitin staining in 

∆symB and ∆symC hyphae may indicate hyphal starvation or compromised hyphal integrity in 

planta.  

Although E. festucae is considered to be an endophyte, it is also an epiphyte where 

endophytic hyphae emerge from within the leaf expansion zone to form an epiphyllous network 

on the surface of the host grass leaves. Here hyphae remain connected to the endophytic hyphal 

network and are thought to increase the resistance of the host to fungal pathogens through 

‘niche exclusion’ (Christensen 1997; Moy et al., 2000; Christensen & Voisey, 2007). It is only 

recently that the structure which allows hyphae to exit the host plant has been characterised in 

E. festucae. It resembles an inverted appressorium-like swelling, coined an “expressorium” 

(Becker et al., 2016). This study showed that ∆symB and ∆symC strains form prolific sub-

cuticular hyphae which have been observed in the Nox complex mutants ∆noxA and ∆noxR 

(Becker et al., 2016), and the STRIPAK complex mutant ∆mobC (Green et al., 2016), but never 



within wild-type, suggesting symB and symC contribute to expressoria development. 

Homologues of noxA in M. grisea and B. cinerea (Egan et al., 2007; Segmüller et al., 2013) and 

P. anserina (Brun et al., 2009) are required for host penetration and cellulose penetration 

respectively. In Colletotrichum graminicola, the STRIPAK complex gene, str1, is required for 

progressive colonisation following penetration (Wang et al., 2016). Homologues of SymB and 

SymC have yet to be characterised within pathogenic fungi and it would be interesting to 

determine whether they are required for appressoria formation. 

Here we show that SymB and SymC co-localise at the cell periphery, septa and hyphal 

fusion points and additionally SymC localises to small vesicle-like structures and hyphal 

vacuoles. The accumulation of SymC-mRFP1 in vacuoles, as reported for the membrane-

associated mucin Msb2 in Ustilago maydis (Lanver et al., 2010), may reflect a high level of 

SymC endocytosis. This co-localisation suggests SymB and SymC interact but we have yet to 

prove this experimentally. Whether SymB and SymC interact with each other or with additional 

cell signalling proteins, is of considerable interest. Similar localisations patterns have been 

observed for N. crassa LFD-1 and PRM-1, which facilitate membrane merging during cell-cell 

fusion (Fleiβner et al., 2009b; Palma-Guerrero et al., 2014), and HAM-6, HAM-7, HAM-8, 

which are required for cell-cell fusion (Fu et al., 2011), associated with small vesicles and are 

proposed to be membrane-associated (Fu et al., 2014). In P. anserina, fluorescently labelled 

NoxR shows increased signal at cell-cell fusion sites, similar to E. festucae SymB, and localises 

to small vesicles, similar to SymC (Lacaze et al., 2014). In P. anserina, fluorescently labelled 

NoxD and Nox1 transition from the ER into the vesicle network where they co-localise with 

NoxR in aging hyphae (Lacaze et al., 2014). Similar results have been reported in B. cinerea 

(Siegmund et al., 2014). E. festucae NoxR and B. cinerea Bem1 are also associated with septa 

(Takemoto et al., 2011; Giesbert et al., 2014), similar to SymB and SymC. Given these 

findings, it would be interesting to determine whether SymB and SymC co-localise or interact 

with homologues of these proteins in E. festucae.  

Here we report that ∆symB and ∆symC strains share similar phenotypes to ∆mkkA and 

∆mpkA mutants (Becker et al., 2015), suggesting symB and symC are associated with the CWI 

pathway. Plate stress tests, western analysis and localisation assays showed no differences 

between wild-type, ∆symB and ∆symC cultures and we were unable to link SymB and SymC to 

either the CWI or PR MAPK pathways. The homologue of SymB in N. crassa, HAM-7, has 

been shown to be required for wild-type MAK-1 (MpkA homologue) H2O2 stress induced 

phosphorylation (Maddi et al., 2012), a difference which we could not detect in ∆symB or 

∆symC mutants. Interestingly, E. festucae ∆mkkA and ∆mpkA strains are resistant to a multitude 

of stress media (Becker et al., 2015) compared to corresponding mutants in other fungi. For 

example, deletion of the CWI components Bck1, Mkk2 and MpkA in A. fumigatus (Valiante et 



al., 2008 & 2009), and the CWI protein kinase PkcA in A. nidulans (Teepe et al., 2007), reduces 

fungal resistance to cell wall perturbing agents. Subtle differences in CWI signalling may 

therefore be harder to detect in E. festucae than in other fungi. In S. cerevisiae, five cell wall 

stress sensors, Wsc1-3, Mid2 and Mtl2, are involved in CWI MAPK signalling (Reviewed, 

Levin, 2011), and in a mutagenesis screen in N. crassa, 10 out of 65 mutants that had cell wall 

protein defects also showed altered CWI (Maddi et al., 2012), suggesting a high level of 

redundancy among cell wall proteins. Although we did not detect differences in CWI signalling, 

SymB and SymC may be activated by a more specific stress mechanism than H2O2 stress or 

exhibit functional redundancy within the CWI MAPK cascade. Additionally, as we looked at 

only the CWI and PR MAPK pathways, SymB and SymC may function in an alternative 

pathway. ∆symB and ∆symC strains show similar phenotypes to E. festucae ∆noxA and ∆noxR 

mutants (Tanaka et al., 2006 & 2008; Takemoto et al., 2006 & 2011) and SymB and SymC 

show localisation patterns similar to P. anserina and B. cinerea NoxD and NoxA homologues 

(Lacaze et al., 2014; Siegmund et al., 2014). It would be interesting to determine whether SymB 

and SymC have a role in Nox complex signalling. 

In conclusion, we have identified that the membrane-associated proteins SymB and 

SymC act downstream to the transcription factor ProA within the conserved signalling network 

required for cell-cell fusion in filamentous fungi. Additionally, were have shown that SymB and 

SymC are required for expressoria development and the maintenance of a mutualistic symbiotic 

interaction between E. festucae and L. perenne. Whether SymB and SymC interact or have a 

role in Nox complex, CWI or PR MAPK signalling, or contribute to an alternative signalling 

pathway is unclear. 

MATERIALS AND METHODS 

Strains and growth conditions.  

 Cultures of S. cerevisiae were grown in YPD media or on 2% YPD agar plates with or 

without uracil as previously described (Colot et al., 2006). Cultures of Escherichia coli were 

grown overnight in LB (Luria-Bertani) broth or on 1.5% LB agar containing 100 μg/mL 

ampicillin as previously described (Miller, 1972). Cultures of E. festucae were grown on 2.4% 

(w/v) potato dextrose (PD), 1.5% water agar plates or in PD broth as previously described 

(Moon et al., 1999, Moon et al., 2000). When performing stress tests Congo Red (25 μg/mL) 

and Calcofluor White (Fluorescent Brightener 28; Sigma 25 μg/mL) were added to HEPES (50 

mM, pH 6.5) buffered PDA. For pH tests Blankenship media was used as previously described 

(Blankenship et al., 2001). 

 

 



 

Plant growth and endophyte inoculation conditions.  

Endophyte-free seedlings of perennial ryegrass (Lolium perenne cv. Samson) were 

inoculated with E. festucae as previously described (Latch & Christensen, 1985). Plants were 

grown in root trainers in an environmentally-controlled growth room at 22°C with a photoperiod 

of 16 h of light (~100 μE/m2 per sec) and at 8 weeks post-inoculation tested for the presence of 

the endophyte by immunoblotting (Tanaka et al., 2005). 

 

DNA isolation, PCR and sequencing.  

Plasmid DNA from S. cerevisiae cultures was extracted as previously described (Colot 

et al., 2006). Plasmid DNA from E. coli cultures was extracted using the High Pure Plasmid 

Isolation Kit (Roche) according to the manufacturer’s instructions. Fungal genomic DNA used 

for Southern digests was extracted from freeze-dried mycelium as previously described (Byrd et 

al., 1990). Standard PCR amplification was performed with Taq DNA polymerase (Roche) as 

per the manufacturer’s instructions in a 50 μL volume. Where proofreading activity was 

required Phusion® High-Fidelity DNA Polymerase (Thermo Scientific) was used as per the 

manufacturer’s instructions in a 50 μL volume. Sequencing reactions were performed using the 

dideoxynucleotide chain termination method with the Big-Dye™ Terminator Version 3.1 Ready 

Reaction Cycle Sequencing Kit (Applied BioSystems) and separated using an ABI3730 genetic 

analyser (Applied BioSystems). Sequence data was then assembled and analysed using the 

MacVector sequence assembly software, Version 12.0.5. 

 

Preparation of deletion, complementation and localisation constructs. 

Lists of all plasmids and the primer sequences used to prepare constructs can be found 

in Tables S1 and S2.  

The symB and symC replacement constructs were prepared by yeast recombinational 

cloning (Gietz & Woods, 2002). The symB replacement construct (pKG1) was made by 

recombining XhoI and EcoRI restriction enzyme linearized pRS426 vector with 1.1-kb 5’ and 3’ 

(primer pairs KG1/2 and KG3/4) symB flanks, amplified from E. festucae genomic Fl1 DNA, 

and a 1.4-kb hygromycin resistance cassette (primers hphF and hphR), amplified from pSF15.15 

plasmid DNA. The symC replacement construct (pKG2) was made by recombining XhoI and 

EcoRI restriction enzyme linearized pRS426 vector with 2.1-kb 5’ and 1-kb 3’ (primer pairs 

KG5/6 and KG7/8) symC flanks, amplified from E. festucae genomic Fl1 DNA, with a 1.7-kb 

geneticin resistance cassette (primers genF and genR), amplified from pII99 plasmid DNA. The 

in vitro recombined DNA mixtures were transformed into electrocompetent E. coli DH5α cells 

and ampicillin resistant transformants screened using ClonecheckerTM for plasmids with 

restriction enzyme digest patterns predicted from in silico construction of pKG1 and pKG2. The 



order of the fragments within these clones was verified by DNA sequencing. The symB and 

symC replacement fragments contained within pKG1 and pKG2 were excised by HindIII/EcoRI 

and KpnI/EcoRV digestion, gel purified and transformed into E. festucae protoplasts, as 

described below, using HygR and GenR selection.  

The symB complementation construct (pKG5) was prepared by TOPOTM cloning as per 

the manufacture’s instructions (Invitrogen) using a PCR amplified 3.9-kb fragment containing 

the symB gene (primers KG49_3 and KG50_2) amplified from cosmid #33H4 DNA. The pKG5 

symB insert was excised, using an EcoRI digest (Roche), and ligated into EcoRI linearized pII99 

vector, excised from pYR33, to create pKG7. The symC complementation construct (pKG6) 

was prepared by TOPOTM cloning as per the manufacture’s instructions (Invitrogen), using a 

PCR amplified 4.1-kb fragment containing the symC gene (primers KG51_2 and KG 52) 

amplified from cosmid #51D9 DNA. The in vitro recombined DNA mixtures were transformed 

into chemically competent E. coli DH5α cells and screened for correct inserts as described 

above. pKG7 and pKG6 plasmids were co-transformed with pII99 and pSF15.15 into E. 

festucae ΔsymB and ΔsymC protoplasts as described below using geneticin and hygromycin 

selections respectively. 

The symB-eGFP native promoter expression construct (pKG13) was prepared by 

Gibson Assembly (Gibson et al., 2009) using PCR amplified 4.7-kb and 3.1-kb fragments 

(primers KG71_3/81_3 and KG49_4/80_2), amplified from pKG5 plasmid DNA, and a 768-bp 

3xGlycine-Alanine-eGFP fragment, amplified from pPN94 plasmid DNA (primers gfpF2 and 

gfpR5). The 3xGA-eGFP fragment was inserted immediately after amino acid 194, upstream of 

the predicted symB GPI anchor ω site, to avoid post-translational cleavage of eGFP. The symC-

mRFP1 native promoter expression construct (pKG12) was prepared by Gibson Assembly 

(Gibson et al., 2009) using PCR amplified 4.4-kb and 3.7-kb fragments (primers KG76/74 and 

KG51_2/ 79), amplified from pKG6 plasmid DNA, and a 693-bp 3xGA-mRFP1 fragment 

(primers mrfpF2 and R2), amplified from pCA56 plasmid DNA. The 3xGA-mRFP1 fragment 

was inserted before the symC stop codon.  
The symB-GFP over expression construct (pKG20) was prepared via Gibson Assembly 

(Gibson et al., 2009) by recombining a 1.7-kb symB-3xGA-eGFP-symB fragment (primers 

KG92 and 93), amplified from pKG13 plasmid DNA, with a 5.2-kb fragment (primers ptefF and 

ptefR), amplified from pPN94 plasmid DNA. The symC-mRFP1 over expression construct 

(pKG21) was prepared via Gibson Assembly (Gibson et al., 2009) by recombining a 1.8-kb 

symC-3xGA-mRFP1 fragment (primers KG94 and 95), amplified from pKG12 plasmid DNA, 

with a 5.2-kb fragment (primers ptefF and R), amplified from pPN94 plasmid DNA. The in 

vitro recombined DNA mixtures were transformed into chemically competent E. coli DH5α 

cells and screened for the correct inserts as described above. Plasmids pKG13/20 and pKG12/21 

were co-transformed with pII99 and pSF15.15 into E. festucae ΔsymB and ΔsymC protoplasts as 



described below using GenR and HygR selection.  

Plasmid pCE81 (MpkA-eGFP) was co-transformed with pII99 and pSF15.15 into E. 

festucae ΔsymB and ΔsymC protoplasts as described below using GenR and HygR selection.  

Plasmid pMpkB-eGFP was prepared by cloning the E. festucae mpkB cDNA, amplified 

from an Fl1 cDNA library using primers IF140-EfMpkB-F and IF140-EfMpkB-F, into BamHI- 

cut pNPP140 (pPN94 containing 3GA-GFP) (Niones & Takemoto, 2015).  

 

Fungal transformations. 

E. festucae protoplasts were prepared as previously described by (Young et al., 2005). 

Protoplasts were transformed with 2-3 μg of linear restriction enzyme-excised or circular 

plasmid DNA as previously described (Itoh et al., 1994). Transformants were selected on RG 

media containing either hygromycin (150 μg/mL) or geneticin (200 μg/mL) and nuclear purified 

by three rounds of sub-culturing on the selection medium. 

 

DNA hybridization.  

E. festucae genomic digests, separated by agarose gel electrophoresis, were transferred 

to positively charged nylon membranes (Roche)(Southern, 1975) and fixed by UV light cross-

linking in a Cex-800 UV light cross-linker (Ultra-Lum) at 254 nm for 2 min. Filters were 

probed with [α-32P]-dCTP (3000 Ci mmol−1, Amersham BioSciences)-labelled probes. DNA 

probes were labelled by primed synthesis with Klenow fragment using a High-Prime kit 

(Roche). Hybridizations were performed according to the manufacturer’s instructions. 

 

Western blot analysis.  

E. festucae cultures were grown for 4 days in 50 ml of PD and 1.5 g aliquots weighed 

into fresh duplicate 50 mL PD flasks and incubated with shaking (200 rpm) overnight. Samples 

were treated with or without H202 stress (32 mM) for 30 minutes and then washed, flash frozen 

in liquid nitrogen and freeze-dried overnight. Protein was then extracted from ground mycelia 

samples in 1 mL of Lysis Buffer [50 mM Tris-HCl pH 8, 100 mM NaCl, 10 mM EDTA, 

1µl/mL IGEPAL CA-630 (Sigma-Aldrich), 0.5 mM PMSF, 2 mM DTT, and 10 µl/mL 

Phosphatase Inhibitor (Sigma-P5726)] and centrifuged at 14,000 rpm for 15 min at 4°C. Protein 

samples (50 μg) were separated by SDS-PAGE [10% (w/v) (Bio-Rad)] and transferred to PVDF 

membranes (Roche). The phosphorylation of MpkA and MpkB was detected using anti-

phospho-p44/42 MAPK (Erk1/2) antibody (Number 9102; Cell Signalling Technology). To 

check sample loading, the membrane was reprobed with 12G10 anti-α-tubulin (Developmental 

Studies Hybridoma Bank, University of Iowa). Primary antibodies were detected using HPR-

conjugated secondary antibodies and ECL Prime Western Blotting Detection Reagent (GE 

Healthcare Amersham). 



 

Microscopy.  

Cultures to be analysed by microscopy were inoculated at the edge of a thin layer of 

water agar (1.5%), layered on top of a glass microscope slide, and grown for 5 days. Square 

blocks were then extracted and placed onto new slides, covered with a cover slip, and analysed 

using an Olympus IX71 inverted fluorescence microscope using filters set for capturing DIC, 

CFW/DAPI, GFP or mRFP1. For quantifying hyphal fusions, 10 fields of view were examined 

at 400× magnification from three independent colonies. For quantifying conidiation, three PD 

agar plates, each containing 5 colonies were grown at 22°C for 7 days. Conidia were harvested 

by scrubbing colonies with 2 mL of sterile water, followed by filtration through glass wool-

packed tips. Suspensions of 200, 300 and 500 μL were then spread onto PD agar plates for 

imaging and quantification. For analysing SymC::mRFP1 localisation Latrunculin A (Sigma-

Aldrich, dissolved in DMSO) was applied at a final concentration of 10 µM. When staining 

nuclei DAPI (dissolved in water) was applied at a final concentration of (10 µM). 

Growth and morphology of hyphae in planta was determined by staining leaves with 

aniline blue diammonium salt (Sigma) and Wheat Germ Agglutinin conjugated-

AlexaFluor®488 (WGA-AF488; Molecular Probes/Invitrogen) as follows. Infected pseudostem 

tissue was sequentially incubated at 4°C in 95% (v/v) ethanol overnight, then treated with 10% 

(w/v) potassium hydroxide for three hours. The tissue was washed three times in PBS (pH 7.4) 

and incubated in staining solution (0.02% (w/v) aniline blue, 10 ng/mL WGA-AF488 (w/v), and 

0.02% (v/v) Tween®-20 (Invitrogen) in PBS [pH 7.4]) for five min, followed by a 30-min 

vacuum infiltration step. Images were captured by CLSM using a Leica SP5 DM6000B 

confocal microscope (488 nm argon and 561 nm DPSS laser, 40× or 60× oil immersion 

objectives, NA=1.3)(Leica Microsystems). For TEM, pseudostem sections were fixed in 3% 

(v/v) glutaraldehyde and 2% (v/v) formaldehyde in 0.1 M phosphate buffer, pH 7.2 for 1 h as 

previously described (Spiers & Hopcroft, 1993). A Philips CM10 TEM was used to examine the 

fixed samples and the images were acquired using a SIS Morada digital camera.  

 

Electrophoretic Mobility Shift Assay (EMSA). 

EMSA was carried out to detect the ProA protein binding to the symB and symC 

promoters as previously described (Tanaka et al., 2013). A series of DNA fragments were 

amplified by PCR using the primers listed in Table S2. The purified protein (0.5 μg) was 

incubated with 20 ng of DNA fragment at room temperature for 20 min in the binding buffer 

provided by the EMSA kit (Thermo Fisher Scientific). The protein-DNA complexes were 

resolved on 6% (w/v) nondenaturing polyacrylamide gels (Thermo Fisher Scientific) and 

stained with SYBR green dye.  



 

Bioinformatic analyses.  

E. festucae genes were identified by tBLASTn analysis of the E. festucae Fl1 (E894) 

genome (http://csbio-l.csr.uky.edu/ef894-2011) with protein sequences obtained from either 

NCBI GenBank database (http://www.ncbi.nlm.nih.gov/) or the Broad Institute 

(http://www.broad.mit.edu). Identity and similarity scores were calculated after ClustalW 

pairwise alignments of sequences (Thompson et al., 1994), using MacVector Version 12.0.5. 

The E. festucae genome sequence data (Schardl et al., 2013), as curated by C.L. Schardl at the 

University of Kentucky, is available at http://csbio-l.csr.uky.edu/ef894-2011/.  

SignalP (v. 4.1) (Petersen et al., 2011, Nielsen et al., 1997) was used for signal peptide 

detection and TMHMM (v. 2.0c) (Krogh et al., 2001, Sonnhammer et al., 1998) was used for 

detection of transmembrane domains. Domain analysis was also performed using InterProScan 

(v. 5) (Quevillon et al., 2005, Zdobnov & Apweiler, 2001), InterProScan lookup service (v. 

43.1) and phobius (v. 1.01) (Kall et al., 2004), plus all software given by default with 

InterProScan (BlastProDom, FprintScan, HMMPIR, HMMPfam, HMMSmart, HMMTigr, 

ProfileScan, HAMAP, PatternScan, SuperFamily, Gene3D). The “big-PI Fungal Predictor” 

(Eisenhaber et al., 2004) was used to check for GPI-lipid anchor modification sites. 
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Supporting Information 

Supplementary Table 1: Biological Material   

Biological material Relevant characteristics Reference 

Yeast strains 
S. cerevisiae  

PN2806 (FY834) MATa his3Δ200 ura3-52 leu2Δ1 lys2Δ202 trp1Δ63 
Winston et al., 
1995 

Fungal strains 
Epichloë festucae 
PN2278 (WT) Fl1 Young et al., 2005 

PN2988 (∆mpkA #10.8)  Fl1/∆mpkA::PtrpC-hph; HygR Becker et al., 2015 

PN2892 (∆mkkA #4.2) Fl1/∆mkkA::PtrpC-hph; HygR Becker et al., 2015 

PN2958 (∆symB#3) Fl1/ΔsymB::PtrpC-hph; HygR  This study 

PN2955 (∆symB#6) Fl1/ΔsymB::PtrpC-hph; HygR  This study 

PN2957 (∆symC#7) Fl1/ΔsymC::PtrpC-gen; GenR This study 

PN2956 (∆symC#8) Fl1/ΔsymC::PtrpC-gen; GenR This study 

PN2832 (Fl1::mRFP1) Fl1/pCA56; GenR Becker et al., 2015 

PN2833 (Fl1::eGFP) Fl1/pCT74; HygR Becker et al., 2015 

PN3016 (∆symB#3::mRFP1 #1) ΔsymB#3/pII99, pCA56; GenR, HygR This study 

PN3017 (∆symB#3::eGFP #1) ΔsymB#3/pII99, pCT74; GenR, HygR This study 

PN3019 (∆symB#6::mRFP1 #10) ΔsymB#6/pII99, pCA56;  GenR, HygR This study 

PN3018 (∆symB#6::eGFP #4) ΔsymB#6/pII99, pCT74; GenR, HygR This study 

PN3015  (∆symC#7::mRFP1 #3) ∆symC#7/pSF15.15, pCA56; HygR, GenR This study 

PN3014  (∆symC#7::eGFP #3) ∆symC#7/pSF15.15, pCT74; HygR, GenR This study 

PN3012 (∆symC#8::mRFP1 #18) ∆symC#8/pSF15.15, pCA56; HygR, GenR This study 

PN3013  (∆symC#8::eGFP #13) ∆symC#8/pSF15.15, pCT74; HygR, GenR This study 

PN3050 (∆symB#3/symB #5) ΔsymB#3/PsymB-symB-TsymB (pKG7); GenR, HygR This study 

PN3051 (∆symB#6/symB #1) ΔsymB#6/PsymB-symB-TsymB (pKG7); GenR, HygR This study 

PN3052 (∆symC#7/symC #22) ∆symC#7/PsymC-symC-TsymC (pKG6), pSF15.15; GenR, HygR This study 

PN3053 (∆symC#8/symC #23) ∆symC#8/PsymC-symC-TsymC (pKG6), pSF15.15; GenR, HygR This study 

PN2963 (Fl1/MpkA-eGFP) Fl1/pCE81; HygR Becker et al., 2015 

PN3105 (∆symB#3/MpkA-eGFP #17) ΔsymB#3/pII99, pCE81; GenR, HygR This study 



PN3106 (∆symB#6/MpkA-eGFP #12) ΔsymB#6/pII99, pCE81; GenR, HygR This study 

PN3107 (∆symC#7/MpkA-eGFP #8) ΔsymC#7/pSF15.15, pCE81; GenR, HygR This study 

PN3108 (∆symC#8/MpkA-eGFP #7) ΔsymC#8/pSF15.15, pCE81; GenR, HygR This study 

PN3138 (Fl1/MpkB-eGFP) Fl1/pMpkB-eGFP; HygR This study 

PN3140 (∆symB#3/MpkB-eGFP #2) ΔsymB#3/pMpkB-eGFP & pII99; GenR, HygR This study 

PN3141 (∆symC#7/MpkB-eGFP #1) ΔsymC#7/pMpkB-eGFP; GenR, HygR This study 

PN3103 (∆symB#3/pKG13 #39) ΔsymB#3/PsymB-symB-3GA-GFP-symB-TsymB (pKG13); GenR, 
HygR This study 

PN3104 (∆symB#6/pKG13 #37) ΔsymB#6/PsymB-symB-3GA-GFP-symB-TsymB (pKG13); GenR, 
HygR This study 

PN3128 (∆symC#7/pKG12 #3) ΔsymC#7/PsymC-symC::mRFP-TsymC (pKG12), pSF15.15; GenR, 
HygR This study 

PN3129 (∆symC#8/pKG12 #12) ΔsymC#8/PsymC-symC::mRFP-TsymC (pKG12), pSF15.15; GenR, 
HygR This study 

PN3130 (Fl1/pKG12 & pKG13 #17) Fl1/PsymC-symC-3GA-mRFP1-TsymB (pKG12), PsymB-symB-
3GA-GFP-symB-TsymB (pKG13), pSF15.15; HygR This study 

PN3131 (∆symB#3/pKG20 #3) ΔsymB#3/Ptef-symB-3GA-GFP-symB (pKG20), pII99; GenR, HygR This study 

PN3132 (∆symC#7/pKG21 #1) ΔsymC#7/Ptef-symC::mRFP (pKG21); GenR, HygR This study 

Bacterial strains 
E.coli 

PN1687 Source of pII99;  AmpR GenR Namiki et al., 
2001  

PN1862 Source of pSF15.15; AmpR HygR S. Foster 

PN413 Source of pRS426; AmpR 
Christianson et al., 
1992 

PN4175 Source of pCT74; AmpR Lorang et al., 2001 

PN4178 Source of pCA56; AmpR Andrie et al., 2005 

PN4205 Source of pCE81; AmpR HygR C. Eaton 

PN4236 Source of pYR33; AmpR GenR Becker et al., 2015 

PN4279 Source of pMpkB-eGFP; AmpR HygR D. Takemoto 

PN1994 Source of pPN94; AmpR HygR Takemoto et al 
2006 

PN4249 Source of pKG1; AmpR This study 

PN4250 Source of pKG2; AmpR This study 

PN4264 Source of pKG5; AmpR  This study 

PN4265 Source of pKG6; AmpR  This study 

PN4266 Source of pKG7; AmpR  This study 

PN4272 Source of pKG12; AmpR  This study 

PN4273 Source of pKG13; AmpR  This study 

PN4284 Source of pKG20; AmpR  This study 

PN4285 Source of pKG21; AmpR  This study 

Plasmids 

pII99 PtrpC-nptII-TtrpC; AmpR/GenR Namiki et al., 
2001 

pSF15.15 PtrpC-hph-TtrpC; AmpR/HygR S. Foster 

pRS426  ori(f1)-lacZ-T7 promoter-MCS (KpnI-SacI)-T3 promoter-lacI-
ori(pMB1)-ampR-ori (2 micron), URA3, AmpR 

Winston et al, 
1995 

pCR4-Topo® AmpR Roche 
pCT74 PtoxA::eGFP; AmpR/HygR Lorang et al., 2001 

pCA56 PtoxA::mRFP1; AmpR/HygR Andrie et al., 2005 

pCE81 pRS426 containing Pgpd::mpkA::eGFP-TrpC; AmpR/ Ura+ C. Eaton 

pYR33 pII99 containing 5’- and 3’- mkkA PCR product; AmpR/GenR Becker et al., 2015 



pMpkB-eGFP pPN94 containing Ptef::MpkB::3GA::eGFP::TtrpC; AmpR/HygR  D. Takemoto 

pPN94 Ptef:: eGFP; AmpR/HygR  
Takemoto et al 
2006 

pKG1 pRS426 containing 5'symB-PtrpC-hph-3'symB; AmpR /HygR This study 

pKG2 pRS426 containing 5'symC-PtrpC-gen-3'symC; AmpR /GenR This study 

pKG5 pCR4-Topo® containing 3.9kb PsymB::symB::TsymB 
complementation construct This study 

pKG6 pCR4-Topo® containing 4.1kb PsymC::symC::TsymC 
complementation construct This study 

pKG7 pII99 vector from YB33 containing 3.9kb symB complementation 
construct EcoRI ligated out of pKG5 This study 

pKG12 pCR4-Topo® containing PsymC::SymC-3GA-mRFP1-TsymC; 
AmpR This study 

pKG13 pCR4-Topo® containing PsymB::SymB-3GA-eGFP-SymB-TsymB; 
AmpR This study 

pKG20 Ptef::SymB-3GA-GFP-SymB; AmpR/HygR  This study 

pKG21 Ptef::SymC-3GA-mFP1; AmpR/HygR  This study 
 

Supplementary Table 2: Primers used in this study. 

 

Primer Sequence Purpose 

NptF GATATTGAAGGAGCACTTTTTG Geneticin fragment 

NptR CTACCCATCTTAGTAGGAATG Geneticin fragment 

hph-F AGCTTGGAACTGATATTGAAGG Hygromycin fragment 

hph-R CTATTCCTTTGCCCTCGGACG Hygromycin fragment 

gfpF2 GTACACCATTGCCACCAAGGGTGCTGGTGCTGGTGCT GFP fragment 

gfpR5 GCGTCGGTGCCAGAGTTCTTGTACAGCTCGTCCATGC GFP fragment 

mRFPF2 CAGCACCAAAGCTCGCGAGGTGCTGGTGCTGGTGCTGCCTCCT

CCGAGGACG 

mRFP1 fragment 

mRFPR2 CCGAAGCGTGACAACGGCCTAGGCGCCGGTGGAGTG mRFP1 fragment 

ptefF ACTTAACGTTACTGAAATCATC pPN94 backbone 

ptefR CTAGAGGTTTGACGGTGATG pPN94 backbone 

KG1 GTAACGCCAGGGTTTTCCCAGTCACGACGAAAGCTTCTACAGG

GTAAGCG 

symB KO 5' fragment 

KG2 ATGCTCCTTCAATATCAGTTCCAAGCTATAGAGAGGGTCTTGA

TGAGACCA 

symB KO 5' fragment 

KG3 CCAGCACTCGTCCGAGGGCAAAGGAATAGGTGGATAATGAGC

TAGCTTCAGG 

symB KO 3' fragment 

KG4 GCGGATAACAATTTCACACAGGAAACAGCCAGTCGCTAGAATT

CGTCGTC 

symB KO 3' fragment 

KG5 GTAACGCCAGGGTTTTCCCAGTCACGACTCGTGTCACGGTACC

GTATCTC 

symC KO 5' fragment 

KG6 CCAAGCCCAAAAAGTGCTCCTTCAATATCCCGTTTAAGGACCA

TGGCC 

symC KO 5' fragment 

KG7 GAAAATCATTCCTACTAAGATGGGTAGGCTCGCGATAGGCCGT

TGT 

symC KO 3' fragment 

KG8 GCGGATAACAATTTCACACAGGAAACAGCGCGACACGGATAT

CTTGCAGC 

symC KO 3' fragment 

KG9 GCTCGTGGTGGTGGATGA symB LF screening primer 

KG10 ACTAGCTCCAGCCAAGCC symB LF screening primer 

KG11 GCTGTGTAGAAGTACTCGCC symB RF screening primer 

KG12 TGTGCTGCAATCTCTCCG symB RF screening primer 

KG13 GCGGAACTGGTCTCATCAAG symB KO screening primer 

KG14 TGGGTCCTGAAGCTAGCTC symB KO screening primer 



KG15-2 TTTCGCTCATCAGGAGTCC symC LF screening primer 

KG16-2 CAAACGCACCAAGTTATCG symC LF screening primer 

KG17-2 GCACTGTTTCTTCCTTGAAC symC RF screening primer 

KG18-2 ATGTCACTCACTGCTGGACC symC RF screening primer 

KG19-2 CGTCGACCCAATTGGCTG symC KO screening primer 

KG20-2 TCCACATCTCTCCTGCATC symC KO screening primer 

KG23 GAAGCTCACCTTGTTCACATCG symC screening primer 

KG24 TGTCGCAGAGGAAGCTGTC symC screening primer 

KG41 GGATTCTCGGGAACGGCT symB KO Southern analysis primer 

KG42 GAATGATGACGGCGTGGC symB KO Southern analysis primer 

KG43 GGCTAGGGTCTGTATCCAAT symC KO Southern analysis primer 

KG44 TAACAGTGGGCTTGCGAG symC KO Southern analysis primer 

KG49_3 GCTTGAGGATCCATCATCATC symB complementation fragment 

KG49_4 GCTACTAAATGCGGTCCCTTGC SymB localisation construct 

KG50_2 GCTCCATCCTGTCTAGAAAC symB complementation fragment 

KG51_2 CACTTCAGCATAGACTTGGC symC complementation fragment 

KG52 TCTCACTGGATCCTTCACAC symC complementation fragment 

KG71_3 GCAAGGGACCGCATTTAGTAGC SymB localisation fragment 

KG74 GCCAAGTCTATGCTGAAGTG SymC localisation fragment 

KG76 CACTCCACCGGCGCCTAGGCCGTTGTCACGCTTCGG SymC localisation fragment 

KG79 AGCACCAGCACCAGCACCTCGCGAGCTTTGGTGCTG SymC localisation fragment 

KG80_2 CTTGGTGGCAATGGTGTACATGTCTGCGAAGCCCA SymB localisation fragment 

KG81_3 GAGCTGTACAAGAACTCTGGCACCGACGC SymB localisation fragment 

KG92 CATCACCGTCAAACCTCTAGATGTTCCTCGCCATCATTGC SymB::GFP construct 

KG93 GATGATTTCAGTAACGTTAAGTCTACAACGCGGTCAACACG SymB::GFP construct 

KG94 CATCACCGTCAAACCTCTAGATGAAGCTCACCTTGTTCAC SymB::mRFP1 construct 

KG95 GATGATTTCAGTAACGTTAAGTCTAGGCGCCGGTGGAGTGGC SymB::mRFP1 construct 

KG99 CTTGGGCTTTTCGATCTGGGCCGGTGCTGGTGCTGGTGCTGCC SymC C-terminal fragment 

PsymB.f1 TGCCTCGCCTTTCTTTCTG symB F1 fragment 

PsymB.r1 CGGAGTATGTATGCTTGGG symB F1 fragment 

PsymB.f2 ACATTGACCCTTCCCGCTTG symB F2 fragment 

PsymB.r2 CTTGATGAGACCAGTTCCG symB F2 fragment 

PsymB.f5 TCGCCCGGGCGCTTAACTTG symB R1 fragment 

PsymB.r4 GTGTGTCATTGGTCGAGCTG symB R1 fragment 

PsymB.f5-2 GGCGCTTAACTTGGTCCCCTG symB R2 fragment 

PsymB.r4 GTGTGTCATTGGTCGAGCTG symB R2 fragment 

PsymB.f1 TGCCTCGCCTTTCTTTCTG symB R3 fragment 

PsymB.r10 GGGGACCAAGTTAAGCGCCCGGGCGAGCAG symB R3 fragment 

PsymB.f1 TGCCTCGCCTTTCTTTCTG symB R4 fragment 

PsymB.r11 AAGTTAAGCGCCCGGGCGAGCAG symB R4 fragment 

PsymB.f1 TGCCTCGCCTTTCTTTCTG symB R5 fragment 

PsymB.r11m1 TTTTTAAGCGCCCGGGCGAGCAG symB R5 fragment 

PsymB.f1 TGCCTCGCCTTTCTTTCTG symB R6 fragment 

PsymB.r8 TGGTTGGCTGGCAGGGGACC symB R6 fragment 

PsymB.f1 TGCCTCGCCTTTCTTTCTG symB R7 fragment 

PsymB.r7 CGAGCAGGGTGTAGTGGGGC symB R7 fragment 

PsymC.f1 TCCGTACCGCCGGAGCAATC symC F1 fragment 

PsymC.r1 AAAGCCATGAGATGCCGC symC F1 fragment 

PsymC.f2 CCCGTCGACCCAATTGGCTG symC F2 fragment 

PsymC.r2 GAGCCCGTTTAAGGACCATG symC F2 fragment 



PsymC.f3 TGCAGGCGCTTAAGCATCCC symC R1 fragment 

PsymC.r2 GAGCCCGTTTAAGGACCATG symC R1 fragment 

PsymC.f3-2 GGCGCTTAAGCATCCC symC R2 fragment 

PsymC.r2 GAGCCCGTTTAAGGACCATG symC R2 fragment 

 
Supplementary Table 3: Analysis of plant survival rates. 

  Planted Survived (S) Infected (I) % S % I 
Experiment 1 

WT 48 16 13 0.33 0.81 
ΔsymB#3 56 6 3 0.11 0.50 
ΔsymB#6 44 2 0 0.05 0.00 
ΔsymC#7 36 11 4 0.31 0.36 
ΔsymC#8 48 10 4 0.21 0.40 

Experiment 2 

WT 56 33 21 0.59 0.64 

ΔsymB#3 56 15 3 0.24 0.20 

ΔsymB#6 56 14 4 0.25 0.29 

ΔsymC#7 56 13 4 0.23 0.31 

ΔsymC#8 56 17 2 0.30 0.12 

 

 

Fig. S1. Epichloë festucae symB gene structure, encoded protein domain structure 

and amino acid sequence alignment. A, Gene structure of E. festucae symB containing three 

exons of 136, 329 and 228 bp, and two introns of 133 and 116 bp. Bar = 100 bp. B, Protein 



domain structure of E. festucae SymB showing the predicted signal peptide (Sig P, red) and GPI 

anchor (GPI, blue), the amino acid sequence of the latter showing the predicted ω site for 

transamidase cleavage and attachment of GPI, and the site of insertion of a 3xGA linker-eGFP 

for SymB localisation. C, Multiple sequence alignment (ClustalW) of SymB Ef, Epichloë 

festucae EfM3.029010; Fg, Fusarium graminearum FGSG_02810.3 (XM_382986.1); Nc, 

Neurospora crassa (HAM-7) NCU00881 (XM_959704.2); Pa, Podospora anserina (IDC2) 

Pa_1_16080 (XM_001907012.1); Mo, Magnaporthe oryzae MGG_10586.6 (XM_003721313.1); 

Sm, Sordaria macrospora SMAC_01568 (XM_003352686.1) protein homologues.  

 
Fig. S2. Epichloë festucae symC gene structure, encoded protein domain structure, and 

amino acid sequence alignment. A, Gene structure of E. festucae symC containing three exons of 284, 

297 and 244 bp, and two introns 132 and 100 bp. B, Protein domain structure of E. festucae SymC 

showing four transmembrane domains (TMD) as predicted by TMHMM software (Krogh et al., 2001, 

Sonnhammer et al., 1998) and the site of insertion of a 3xGA linker-mFP1 for SymC localisation. 



Regions between TMD1 and TMD2, and between TMD3 and TMD4, are predicted as being extracellular 

domains with N-terminus, region between TMD2 and TMD3, and C-terminus, being cytosolic domains. 

C, Multiple sequence alignment of SymC Ef, Epichloë festucae EfM3.029020; Fg, Fusarium 

graminearum FGSG_00855 (XM_381031.1); Nc, Neurospora crassa NCU00938.5 (XM_959671.2); Pa, 

Podospora anserina (IDC3) Pa_1_1990 (XM_001912357.1); Mo, Magnaporthe oryzae MGG_01229.6 

(XM_003714083); Sm, Sordaria macrospora SMAC_00214 (XM_003351624.1) protein homologues. 

 

 
Fig. S3. Fold change of symB and symC expression in planta for ∆proA, ∆noxA and ∆sakA 

associations compared to wild-type. Data was extracted from Eaton et al., (2015). 



 
Fig. S4. Identification of ProA binding site in symB promoter. Multiple sequence alignment 

of symB promoter region and homologous sequences from other Clavicipitaceae species including 

Claviceps purpurea (Cpu), C. paspali (Cpa), Periglandula ipomoeae (Pi), E. typhina (Et), E. bromicola 

(Eb) and E. festucae (Ef). The conserved predicted ProA binding site is shaded in blue and ATG start 

sites in green. 



 Fig. S5. Identification of ProA binding site in symC promoter. Multiple sequence alignment 

of symC promoter region and homologous sequences from other Clavicipitaceae species including 

Claviceps purpurea (Cpu), C. fusiformis (Cf), Periglandula ipomoeae (Pi), E. typhina (Et), E. bromicola 

(Eb) and E. festucae (Ef). The conserved predicted ProA binding site is shaded in blue and ATG start 

sites in green. 



 



Fig. S6. symB and symC deletion and complementation construct design, screening primers 

and Southern analysis. A & C, Physical maps of the wild type (WT) symB and symC loci, ∆symB and 

∆symC mutant loci, linear inserts of symB and symC replacement, pKG1 and pKG2, and 

complementation, pKG7 and pKG6, constructs. Regions of recombination are indicated by grey shading. 

Primer pairs used to amplify genomic 5’ and 3’ flanking regions and resistance cassettes for yeast 

recombinational-cloning are shown in red, PCR knock-out and complementation screening in blue, 

generation of [32P] labeled probes for Southerns in green, and primers used to amplify complementation 

constructs for TOPO cloning in pink. SalI (S) and XhoI (X) restriction enzyme sites used for Southern 

analysis and the predicted fragment sizes are as shown. Bar = 1kb. Autoradiographs of B, SalI and D, 

XhoI genomic digests (1.5 μg) of ∆symB and ∆symC transformants (#) probed with [32P]-labelled inserts 

of pKG1 and pKG2, respectively.  

 

 
Fig. S7. Quantification and morphology of conidia recovered from ∆symB, ∆symC and 

wild-type cultures. A, Number of conidia isolated from 200 µL conidia suspensions pooled from 15 

cultures. Bars represent ± standard error across three independent tests. An asterisk indicates significant 

differences from wild-type (WT) as determined by Welch’s t test. B, Conidia germination morphology on 

PD agar after 24 h. Bar = 10 µM. 



 

Fig. S8. Effect of cell wall stress agents and pH on growth of E. festucae wild-type (WT), 

∆mpkA, ∆symB and ∆symC strains. Cultures were grown on 2.4% PDA buffered media (50 mM 

HEPES, pH 6.5) with and without Calcofluor White (CWF, 25 μg/ml), on Congo red (CR, 25 μg/ml), and 

buffered at pH 5, 6.5 and 8 in Blankenship media. 



 

Fig. S9. Quantification of wild-type (WT), ∆symB and ∆symC hyphae colonising the 

intercellular spaces of host cells.  



 

Fig. S10. Localisation of MpkA-eGFP in E. festucae wild-type, ΔsymB and ΔsymC hyphal 

tips. Inverted light microscopy of MpkA-eGFP cellular localisation in axenic cultures of E. festucae 

PN2963 (Fl1/pCE81), PN3105 (∆symB#3/pCE81), PN3106 (∆symB#6/pCE81), PN3107 

(∆symC#7/pCE81), PN3108 (∆symC#8/pCE81), and corresponding DAPI and DIC images. Bar = 10 µm. 



 

Fig. S11. Localisation of MpkA-eGFP in E. festucae wild-type, ΔsymB and ΔsymC hyphae 

from a mid-section of the colony. Inverted light microscopy of MpkA-eGFP cellular localisation in 

axenic cultures of E. festucae PN2963 (Fl1/pCE81), PN3105 (∆symB#3/pCE81), PN3106 

(∆symB#6/pCE81), PN3107 (∆symC#7/pCE81), PN3108 (∆symC#8/pCE81), and corresponding DAPI 

and DIC images. Bar = 10 µm. 



 

Fig. S12. Localisation of MpkA-eGFP in E. festucae wild-type, ΔsymB and ΔsymC hyphae 

from centre of the colony. Inverted light microscopy of MpkA-eGFP cellular localisation in axenic 

cultures of E. festucae PN2963 (Fl1/pCE81), PN3105 (∆symB#3/ pCE81), PN3106 (∆symB#6/pCE81), 

PN3107 (∆symC#7/pCE81), PN3108 (∆symC#8/ pCE81), and corresponding DAPI and DIC images. Bar 

= 10 µm. 

 



 

 

Fig. S13. Localisation of MpkB-eGFP in E. festucae wild-type, ΔsymB and ΔsymC hyphal 

tips. Inverted light microscopy of MpkB-eGFP cellular localisation in axenic cultures of E. festucae 

PN3138 (Fl1/pMpkB-eGFP), PN3140 (∆symB#3/pMpkB-eGFP) and PN3141 (∆symC#7/pMpkB-eGFP) 

with corresponding DAPI and DIC images. Bar = 10 µm. 



 

Fig. S14. Localisation of MpkB-eGFP in E. festucae wild-type, ΔsymB and ΔsymC hyphae 

from a mid-section of the colony. Inverted light microscopy of MpkB-eGFP cellular localisation in 

axenic cultures of E. festucae PN3138 (Fl1/pMpkB-eGFP), PN3140 (∆symB#3/pMpkB-eGFP) and 

PN3141 (∆symC#7/pMpkB-eGFP) with corresponding DAPI and DIC images. Bar = 10 µm. 



 

Fig. S15. Localisation of MpkB-eGFP in E. festucae wild-type, ΔsymB and ΔsymC hyphae 

from centre of the colony. Inverted light microscopy of MpkB-eGFP cellular localisation in axenic 

cultures of E. festucae PN3138 (Fl1/pMpkB-eGFP), PN3140 (∆symB#3/pMpkB-eGFP) and PN3141 

(∆symC#7/pMpkB-eGFP) with corresponding DAPI and DIC images. Bar = 10 µm. 



 

Fig. S16. Localisation of SymC-mRFP1 in E. festucae ΔsymC. Inverted light and DIC 

microscopy of SymC-mRFP1 (red pseudocolour) localisation in A, vacuoles (v) and small vesicles 

(arrows) of hyphal tips and B-D, in small vesicles, at septa (*) and points of cell-cell fusions in 

PN3128(∆symC#7/pKG12). The native PsymC promoter was used to express symC-mRFP1. Bar = 10 

µm. 



 

Fig. S17. Localisation of SymB-eGFP and SymC-mRFP1 in E. festucae ΔsymB and ΔsymC. 

Inverted light microscopy of A, SymB-eGFP (green pseudocolour) co-localisation with the cell wall 

marker Calcofluor white in PN3131 (∆symB#3/pKG20). The native PtefA promoter was used to express 

symB-eGFP. Bar = 10 µm. B, SymC-mRFP1 (red pseudocolour) co-localisation with Calcofluor white in 

PN3132 (∆symC#7/pKG21) treated with latrunculin A. The PtefA PsymC promoter was used to express 

symC-mRFP1. Bar = 10 µm. C, SymB-eGFP (green pseudocolour) and SymC-mRFP1 (red pseudocolour) 

co-localisation in native PN3130 (Fl1/pKG13 & pKG12) expression cultures incubated with and without 

latrunculin A (LA). Bar = 10 µm. 

Movie S1. 
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4.1  Introduction 

Previous analysis of SymC::mRFP1 localisation (Chapter 3) showed that SymC is a 

four transmembrane domain protein that localises to the cell periphery, septa and small vesicles. 

Furthermore, phenotypic analysis of ΔsymC mutants showed that disruption of symC results in 

similar phenotypes to ΔmpkA and ΔidcA mutants (Becker et al., 2015; Eaton et al., 2013), 

suggesting SymC acts in either the CWI or PR pathway. However, as shown in Chapter 3, 

MpkA and MpkB phosphorylation and localisation in ΔsymC strains is similar to WT, 

indicating that SymC cannot be linked to the CWI or PR pathway from these experiments alone. 

The following chapter is focused on determining whether the C-terminus of SymC is essential 

for cell-cell fusion and identifying proteins that interact with this region. 

4.2 Materials and Methods 

4.2.1 Strains and primers 
Table 4.1: Primers used in this study. 
Primer Sequence 5’- 3’ Purpose 

mRFPR2 CCGAAGCGTGACAACGGCCTAGGCGCCGGTGGAGTG mRFP cloning fragments 

KG19_2 CGTCGACCCAATTGGCTG Sequencing 

KG20_2 TCCACATCTCTCCTGCATC Sequencing 

KG23 GAAGCTCACCTTGTTCACATCG Sequencing 

KG51 GAACTGCAGCCTGAGTGC Sequencing 

KG51_2 CACTTCAGCATAGACTTGGC pKG6 & C-terminal  

KG52 TCTCACTGGATCCTTCACAC pKG6 fragment 

KG72 GGTCGATCGCTCCTTGAGG pKG9 fragment 

KG73 CCTCAAGGAGCGATCGACCTAGGCCGTTGTCACGCTTC pKG9 fragment 

KG72 GGTCGATCGCTCCTTGAGG Sequencing 

KG74 GCCAAGTCTATGCTGAAGTG C-terminal fragments 

KG76 CACTCCACCGGCGCCTAGGCCGTTGTCACGCTTCGG pKG19 fragment 

KG77 GGCCCAGATCGAAAAGC C-terminal fragments 

KG78 GCTTTTCGATCTGGGCCTAGGCCGTTGTCACGCTTC pKG10 fragment 

KG82 GCTTTTCGATCTGGGCCTGGGAGATGCAGAGC pKG11 &19 fragments 

KG99 CTTGGGCTTTTCGATCTGGGCCGGTGCTGGTGCTGGTGCTGCC pKG23 fragment 

KG104 GCATATGGCCATGGAGGCCGAATTCTGGGCCATGTGGCCAAACCC pKG24 fragment 

KG105 TGCTAGTTATGCGGCCGCTGCAGGCTATCGCGAGCTTTGGTGC pKG24 fragment 

KG106 ATGGCCATGGAGGCCAGTGAATTCACGAGCGTGAGTGCAGTTCAAGC pKG25 fragment 

KG107 GATTCATCTGCAGCTCGAGCTCGATTAGTACAACACCTCTACAGCG pKG25 fragment 

KG108 ATGGCCATGGAGGCCAGTGAATTCCCGGCCTACAACTCCATCTTCAAC pKG26 fragment 

KG109 GATTCATCTGCAGCTCGAGCTCGATTACAACGCCTTGCCCATGAAC pKG26 fragment 

KG110 ATGGCCATGGAGGCCAGTGAATTCAAAAATCTCCTTCAGCTTGCC pKG27 fragment 

KG111 GATTCATCTGCAGCTCGAGCTCGACTAGAAGTAACGAATCACAGC pKG27 fragment 

KG112 ATGGCCATGGAGGCCAGTGAATTCCCCCAGAACGTTGGCATCAAGGCC pKG28 fragment 

KG113 GATTCATCTGCAGCTCGAGCTCGATTACGCCTGGACCTTGTACTCGC  pKG28 fragment 

pGBKT7_F CATCATGGAGGAGCAGAAGC Sequencing  

pGADT7_F CGCCATGGAGTACCCATACG Sequencing  

pGADT7_R CAGTATCTACGATTCATCTGC Sequencing  

 



  Table 4.2: Strains used in this study. 
Biological material Relevant characteristics Reference 

Yeast strains   

S. cerevisiae    

AH109 MATa; trp1-901; leu2-3,112; ura3-52; his3-200; ade2- 

101; gal4Δ; gal80Δ;  LYS2::GAL1UAS GAL1TATA 

HIS3; GAL2 UASGAL2TATA -ADE2; 

URA3::MEL1UAS -MEL1 TATA-lacZ; MEL1 

James et al., 1996 

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

112, gal4Δ, met–, gal80Δ, URA3 : : GAL1UAS-

GAL1TATA-lacZ 

Harper et al., 1993 

Y187 + N. crassa cDNA library Y187; N. crassa cDNA library Braunschweig, 

Germany 

AH109/pGBKT7& pGADT7 AH109; pGBKT7 & pGADT7 This study 

AH109/pGBKT7-p53 & pGADT7-T AH109; pGBKT7-p53 & pGADT7-T This study 

AH109/pKG14 & pGADT7-laminin C AH109; pKG14 & pGADT7-laminin C This study 

AH109/pKG14 & RanBPM AH109; pKG14 & RanBPM This study 

AH109/pKG14 & pGADT7-RHO-1 DN AH109; pKG14 & pGADT7-RHO-1 DN This study 

AH109/pKG14 & pGADT7-RHO-1 DA AH109; pKG14 & pGADT7-RHO-1 DA This study 

AH109/pKG14 & pGADT7-PKC-1 AH109; pKG14 & pGADT7-PKC-1 This study 

AH109/pKG14 & pGADT7-MIK-1 N-term AH109; pKG14 & pGADT7-MIK-1 N-term This study 

AH109/pKG14 & pGADT7-MIK-1 C-term AH109; pKG14 & pGADT7-MIK-1 C-term This study 

AH109/pKG14 & pGADT7-MEK-1 AH109; pKG14 & pGADT7-MEK-1 This study 

AH109/pKG14 & pGADT7-MEK-1 N-term  AH109; pKG14 & pGADT7-MEK-1 N-term This study 

AH109/pKG14 & pGADT7-MEK-1 C-term AH109; pKG14 & pGADT7-MEK-1 C-term This study 

AH109/pKG14 & pGADT7-MAK-1 AH109; pKG14 & pGADT7-MAK-1 This study 

AH109/pKG14 & pGADT7-BEM-1 AH109; pKG14 & pGADT7-BEM-1 This study 

AH109/pKG14 & pGADT7-NOR-1 AH109; pKG14 & pGADT7-NOR-1 This study 

AH109/pKG24 & pGBADT7 AH109; pKG24 & pGBADT7 This study 

AH109/pKG25 & pGADT7 AH109; pKG25 & pGADT7 This study 

AH109/pKG26 & pGADT7 AH109; pKG26 & pGADT7 This study 

AH109/pKG27 & pGADT7 AH109; pKG27 & pGADT7 This study 

AH109/pKG28 & pGADT7 AH109; pKG28 & pGADT7 This study 

AH109/pKG24 & pKG25 AH109; pKG24 & pKG25 This study 

AH109/pKG24 & pKG26 AH109; pKG24 & pKG26 This study 

AH109/pKG24 & pKG27 AH109; pKG24 & pKG27 This study 

AH109/pKG24 & pKG28 AH109; pKG24 & pKG28 This study 

    

Fungal strains   

Epichloë festucae   

PN2278 (Fl1) Wild-type isolated from Festuca trachyphylla Young et al., 2005 

PN2957 (∆symC#7) Fl1/ΔsymC::PtrpC-gen; GenR This study 

PN2956  (∆symC#8) Fl1/ΔsymC::PtrpC-gen; GenR This study 

PN3073 (∆symC#7/pKG9 #3) ΔsymC#7/ PsymC-symC half C-terminal deletion-

TsymC (pKG9), pSF15.15; GenR, HygR 

This study 

PN3074 (∆symC#7/pKG9 #14) ΔsymC#7/ PsymC-symC half C-terminal deletion-

TsymC (pKG9), pSF15.15; GenR, HygR 

This study 

PN3075 (∆symC#8/pKG9 #2) ΔsymC#8/ PsymC-symC half C-terminal deletion-

TsymC (pKG9), pSF15.15; GenR, HygR 

This study 



PN3076 (∆symC#8/pKG9 #4) ΔsymC#8/ PsymC-symC half C-terminal deletion-

TsymC (pKG9), pSF15.15; GenR, HygR 

This study 

PN3133 (∆symC#7/pKG10 #3) ΔsymC#7/ PsymC-symC full C-terminal deletion-

TsymC (pKG10), pSF15.15; GenR, HygR 

This study 

PN3132 (∆symC#8/pKG10 #4) ΔsymC#8/ PsymC-symC full C-terminal deletion-

TsymC (pKG10), pSF15.15; GenR, HygR 

This study 

PN3142 (∆symC#7/pKG11 #2) ΔsymC#7/ PsymC-symC truncated C-terminal deletion-

TsymC (pKG10), pSF15.15; GenR, HygR 

This study 

PN3143 (∆symC#8/pKG11 #2) ΔsymC#7/ PsymC-symC truncated C-terminal deletion-

TsymC (pKG10), pSF15.15; GenR, HygR 

This study 

PN3144 (∆symC#7/pKG19 &pSF15.15) ΔsymC#7/ PsymC-symC truncated C-terminal deletion-

mRFP-TsymC (pKG19), pSF15.15; GenR, HygR 

This study 

PN3145 (∆symC#7/pKG23 & pSF15.15) ΔsymC#7/ PsymC-symC full C-terminal deletion-

mRFP-TsymC (pKG23), pSF15.15; GenR, HygR 

This study 

   
Bacterial strains   

E.coli   

PN1687 Source of pII99;  AmpR Namiki et al. 2001 

PN1862 Source of pSF15.15; AmpR S. Foster 

PN4265 Source of pKG6; AmpR  This study 

PN4269 Source of pKG9; AmpR  This study 

PN4270 Source of pKG10; AmpR  This study 

PN4271 Source of pKG11; AmpR  This study 

PN4272 Source of pKG12; AmpR  This study 

PN4283 Source of pKG19; AmpR  This study 

PN4286 Source of pKG23; AmpR  This study 

PN4287 Source of pKG24; KanR  This study 

PN4288 Source of pKG25; AmpR  This study 

PN4289 Source of pKG26; AmpR  This study 

PN4290 Source of pKG27; AmpR  This study 

PN4290 Source of pKG28; AmpR  This study 

   
Plasmids   

pII99 PtrpC-nptII-TtrpC; AmpR, GenR Namiki et al. (2001) 

pSF15.15 PtrpC-hph-TtrpC; AmpR, HygR S. Foster 

pKG6 pCR4-Topo®; PsymC::symC::TsymC complementation 

construct; AmpR 

This study 

pKG9 pCR4-Topo®; PsymC::symC half C-terminal 

deletion::TsymC; AmpR 

This study 

pKG10 pCR4-Topo®; PsymC::symC full C-terminal deletion:: 

TsymC; AmpR 

This study 

pKG11 pCR4-Topo®; PsymC::symC truncated C-terminal 

deletion::TsymC; AmpR 

This study 

pKG12 pCR4-Topo®; PsymC::symC::3GA::mRFP::TsymC 

complementation construct; AmpR 

This study 

pKG14 pGBKT7; NCU00938 C-terminal region; KanR This study 

pKG19 pCR4-Topo®; PsymC::symC truncated C-terminal 

deletion::3GA::mRFP::TsymC; AmpR 

This study 

pKG23 pCR4-Topo®; PsymC::symC full C-terminal 

deletion::3GA::mRFP::TsymC; AmpR 

This study 

pKG24 pGBKT7; symC C-terminal cDNA, KanR This study 



pKG25 pGADT7; gpiA cDNA, AmpR This study 

pKG26 pGADT7; arp3 cDNA, AmpR This study 

pKG27 pGADT7; uthA cDNA, AmpR This study 

pKG28 pGADT7; ergM cDNA, AmpR This study 

pGBKT7 pGBKT7 backbone; TRP1,  GAL4-BD,  KanR Clontech,  

pGADT7 pGADT7 backbone;  LEU2,  GAL4-AD,  AmpR Clontech,  

pGBKT-p53 pGBKT7; murine p53aa72-390 cDNA, KanR Clontech,  

pGBKT-laminin C pGBKT7; human laminin C cDNA, KanR Clontech,  

pGADT7-T pGADT7; SV40 large T-atigenaa86-708 cDNA, AmpR Clontech,  

pGAD-RanBPM pGADT7; RanBPM cDNA, AmpR Clontech,  

pGADT7-RHO-1 DN pGADT7; rho-1 DN cDNA, AmpR Germany 

pGADT7-RHO-1 DA pGADT7; rho-1 DA cDNA, AmpR Germany 

pGADT7-PKC-1 pGADT7; pck-1 cDNA, AmpR Germany 

pGADT7-MIK-1 N-term pGADT7; mik-1 13kb N-term cDNA, AmpR Germany 

pGADT7-MIK-1 C-term pGADT7; mik-1 13kb C-term cDNA, AmpR Germany 

pGADT7-MEK-1 pGADT7; mek-1 cDNA, AmpR Germany 

pGADT7- MEK-1 N-term pGADT7; mek-1 N-term cDNA, AmpR Germany 

pGADT7- MEK-1 C-term pGADT7; mek-1 C-term cDNA, AmpR Germany 

pGADT7-MAK-1 pGADT7; mak-1 cDNA, AmpR Germany 

pGADT7-BEM-1 pGADT7; bem-1 cDNA, AmpR Germany 

pGADT7-NOR-1 pGADT7; nor-1 cDNA, AmpR Germany 

 

4.2.2 Sterile conditions 

Media was prepared with Barnstead NANO pure water (Thermo Scientific) and 

sterilized by autoclaving at 121°C for 20 minutes. All experiments involving the culturing of 

yeast, bacteria or fungal cells and the pouring of culture plates were performed under a UV 

sterilized laminar flow hood.  

4.2.3 Saccharomyces cerevisiae growth conditions and media 

Yeast strains were cultured for 3-4 days at 30°C under darkness on Yeast Extract 

Peptone Dextrose (YPD), YPD + Adenine (YPDA), Synthetic Drop out (SD) plates or in 50 mL 

liquid cultures shaken at 200 rpm overnight (O/N). For short-term storage strains were kept on 

plates at 4°C and for long-term storage strains were kept at -80°C in 30% (v/v) glycerol. 

4.2.3.1 YPD and YPDA medium 

The YPD medium (pH 5.8) contained 4 g of Yeast Extract and 8 g of Mycological 

Peptone (Difco) per 380 mL. An additional 40 mg of adenine hemisulfate was added for YPDA 

medium and 8 g of agar when making plates. After autoclaving 20 mL of a 40% (w/v) glucose 

solution was added to bring the final volume to 400 mL. 

 



4.2.3.2 SD medium 

The SD medium (pH 5.8) contained 72.9 g D-Sorbitol, 2.68 g Yeast Nitrogen Base 

without amino acids (BD Bioscience), 0.26 g drop out (DO) supplement, being either Ura-, Leu-

/Trp- or Leu-/Trp-/His-/Ade- (BD Bioscience Clontech), and 8 g agar per 380 mL. After 

autoclaving, 20 mL of a 40% (w/v) glucose solution was added to a final volume to 400 mL. 

4.2.4 Escherichia coli growth conditions and media 

E. coli strains were cultured overnight at 37°C either in 5 mL Luria-Bertani (LB) liquid 

medium at 200 rpm or on LB plates. For short-term storage strains were kept on plates at 4°C 

and for long-term storage strains were kept at -80°C under 50% (v/v) glycerol storage. 

4.2.4.1 Luria-Bertani (LB) medium 

LB medium (pH 7-7.5) contained 85 mM NaCl, 1% (w/v) Bacto Tryptone and 0.5% 

(w/v) Difco Yeast Extract with 15 g/L of agar added when making plates. To obtain selection 

media either ampicillin (Amp) 100 μg/mL or kanamycin (Kan) 50 μg/mL was added. 

4.2.4.2 SOC medium 

The SOC medium contained 2% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4.7H2O and 20 mM glucose.  

4.2.4.3 SOB medium 

The SOB medium (pH 7) contained 20 g/L Tryptone, 5 g/L Yeast Extract, 0.5 g/L 

NaCl, 10 mL of a 250 mM KCl solution and 5 mL of 2 M MgCl2. 

4.2.5 Epichloë festucae growth conditions and media 

Epichloë strains were cultured at 22°C for 5-7 days on Potato dextrose (PD) or 1.5% 

(w/v) water agar plates and for 10-14 days on Regeneration (RG) plates. Liquid cultures were 

grown for 3-4 days in 50 mL of PD broth with shaking at 200 rpm. For short-term storage 

strains were kept on plates at 4°C and long-term storage strains were kept at 4°C on PD slants 

under mineral oil or at -80°C under 30% (w/v) glycerol storage. 

4.2.5.1 Potato dextrose (PD) medium 

PD liquid media contained 2.4% (w/v) PD with 1.5% (w/v) agar added to obtain solid 

PD plates. Selection media contained either 150 μg/mL of hygromycin (Hph) or 200 μg/mL of 

geneticin (Gen) which was added after autoclaving. 



4.2.5.2 Regeneration medium (RG) 

The RG medium (pH 6.5) contained 2.4% (w/v) PD and 0.8 M Sucrose with either 

1.5% or 0.8% (w/v) agar added to obtain base media and overlays respectively. Hygromycin or 

geneticin was included in the overlay media to obtain final concentrations (RG plate + RG 

overlay) of 150 μg/mL or 200 μg/mL respectively. 

4.2.5.3 Water agar 

Water agar plates contained 3% and 1.5% (w/v) agar. When performing fusion tests a 

glass slide was positioned on 20 mL of pre-set 3% agar and overlaid with an additional 5-10 mL 

of 1.5% agar. Strains were sub-cultured onto the edges of the microscope slides and after 5-7 

days mycelia blocks, growing across the agar slide, were extracted for microscopy.  

4.2.6 DNA and RNA isolation and quantification 

4.2.6.1 Plasmid isolation 

E. coli cultures were grown O/N in 5 mL of LB-selection broth. Plasmid DNA was 

extracted using a High Pure Plasmid Isolation Kit (Roche) according to the manufacturer’s 

instructions. 

4.2.6.2 Epichloë festucae crude DNA extractions 

Crude DNA extractions were performed by freeze drying mycelia from 5-7 day old 

colonies grown on PD plates. Mycelia was ground in liquid nitrogen and resuspended in 150 μL 

of Lysis buffer (100 mM Tris (pH 8), 100 mM Na2 EDTA (pH 8) and 1% (w/v) SDS) and 

samples incubated for 30 mins at 70°C. 5 M potassium acetate (150 μL) was added and samples 

incubated on ice for 20 mins. Following centrifugation (13,000 x g, 10 mins), the supernatant 

was transferred into a fresh tube and DNA precipitated by the addition of 300 μL of isopropanol 

and an incubation step at -20°C for 20 mins. DNA was pelleted (13,000 x g, 15 mins), washed 

with 70% (v/v) ethanol, pelleted again, air-dried and resuspended in 20 μL of sterile Milli-Q 

water.  

4.2.6.3 Epichloë festucae RNA extraction and cDNA synthesis 

 Fresh E. festucae mycelium grown in liquid PD was freeze dried overnight, ground in 

liquid nitrogen and resuspended in 1 mL TRIzol (Invitrogen). RNA was then extracted as per 

the manufacture’s instructions. RNA (1 μg) was heat denatured and reverse transcribed into 

cDNA using SuperScriptTM II reverse transcriptase (Invitrogen) according to the 

manufacturer’s instructions. 



4.2.7 DNA manipulation 

4.2.7.1 Taq and Q5 Polymerase PCR amplification 

Taq (Roche) PCR reactions were set up in 0.2 mL PCR tubes using 41 µL Mill-Q water, 

5 µL 10 x Buffer, 1 µL dNTPs (1.25 mM), 1 µL (10 pmol/µL) forward primer, 1 µL (10 

pmol/µL) reverse primer, 1 µL template and 2 units of polymerase. Taq PCR parameters were 

as follows, an initial denaturation step at 95ºC for 2 min followed by successive denaturation 

(95ºC for 30 seconds), annealing (50-60ºC for 30 seconds) and extension (72ºC 1 min/kb) steps 

repeated for 36 cycles and a final 72ºC elongation step for 4 min.  

Q5 polymerase PCR reactions were set up in 0.2 mL PCR tubes using Mill-Q water to 

50 µL, 10 µL 5x Buffer, 1 µL dNTPs (1.25 mM), 2.5 µL (10 pmol/µL) forward primer, 2.5 µL 

(10 pmol/µL) reverse primer, 1 µL template DNA with 0.5 µL of Q5 polymerase. PCR 

parameters were as follows, an initial denaturation step at 98ºC for 30 seconds followed by 

successive denaturation (98ºC for 10 seconds), annealing (50-60ºC for 30 seconds), and 

extension (72ºC  30s min/kb), steps repeated for 36 cycles and a final 72ºC elongation step for 5 

min. 

4.2.7.2 Gel purification of PCR products 

PCR and restriction enzyme products were purified using the Wizard® SV Gel and 

PCR Clean-Up System (Promega) as per the manufacturer’s instructions. 

4.2.7.3 Restriction Enzyme digests 

All digests were performed at 37ºC for 1-2 hours for standard digests or overnight for 

later purification using 3 units of restriction enzyme, 10 μL of buffer, 100 ng - 1.5 μg DNA and 

Milli-Q water to a final volume of 100 μL. 

4.2.8 Cloning 

4.2.8.1 Gibson Assembly  

Purified DNA fragments (100-150 ng) were assembled in 10 μL of Gibson Assembly 

master mix containing water (3.67 μL), Isothermal buffer (5% PEG 8000, 100 mM Tris-HCl 

(pH 7.5), 10 mM MgCl2, 10 mM DTT, 1 mM NAD & 0.2 mM dNTPs), T5 exonuclease (0.08 

μL), Phusion Polymerase (0.25 μL) and Taq ligase (2 μL) to a final volume of 20 μL. Samples 

were incubated for 1 hour at 50°C. 

 



4.2.8.2 Preparation and transformation of chemical competent E. 

coli cells 

 A single E. coli colony was inoculated into 1.5 mL SOB media and grown overnight at 

200 rpm. Inoculated media was transferred into 200 mL of SOB and incubated at 22°C and 200 

rpm until the mid-log phase (A600 0.4-0.8). Cells were centrifuged (10 min, 5000 x g), the 

supernatant removed and cells resuspended in 67 mL of ice-cold transformation buffer on ice 

for 10 min (pH 7, PIPES 1.5 g/500 mL, CaCl22H20 1.1 g/500 mL and KCl 9.3 g/500 mL). Cells 

were centrifuged again (10 min, 5000 x g), the supernatant removed and cells resuspended in 16 

mL of transformation buffer. DMSO (1.2 mL) was added, cells flash frozen in liquid nitrogen 

and stored at -80 ºC in 100 μL aliquots. When transforming E. coli, 1-2 μl of DNA was added 

and cells incubated on ice for 20 mins. Cells were heat-shocked, at 42ºC for 60 seconds, and 

chilled on ice for a further 2 minutes. SOC medium (300 µL) was added and cells incubated for 

1 hour at 37ºC before being spread on selection plates and grown overnight at 37ºC. 

4.2.8.3 Invitrogen Clone Checker™ system 

Candidate E. coli transformants were transferred into 0.2 mL PCR tubes containing 8 

µL of Clone Checker™ Green-Solution (0.1 M NaCl, 10 mM Tris-HCL (pH 8.0), 1 mM EDTA 

(pH 8.0) and 0.5% Triton X-100) and incubated at 100 ºC for 30 seconds. 1 unit of restriction 

enzyme and 1 µL of buffer was added and samples digests at 37 ºC for 30 minutes. Digests were 

screened for fragments of the correct size, as visualized on 0.8% (w/v) agarose gels by staining 

with ethidium bromide.  

4.2.8.4 Sequencing 

Sequencing reactions were performed using the Massy Genome Sequencing facilities 

located at Massey University Palmerston North using 1 µL of primer (3.2 pmol/µL), 400-600 ng 

DNA template in a final volume of 30 µL. 

4.2.9 Generation of C-terminal deletion and expression and Yeast-2-hybrid 

constructs 

4.2.9.1 E. festucae SymC C-terminal deletion and expression 

constructs 

SymC∆235-274 C-terminal construct 

The SymC∆235-274 deletion construct (pKG9, Supplementary Figure 7.16) was made 

by Gibson Assembly by recombining 3.6 kb (primers KG51_2 and 72) and 4.4 kb (primers 

KG73 and 74) fragments amplified from pKG6 plasmid DNA using Q5 Polymerase.  



SymC∆208-274 C-terminal construct 

The SymC∆208-274 deletion construct (pKG10, Supplementary Figure 7.17) was 

made by Gibson Assembly by recombining 3.5 kb (primers KG51_2 and 77) and 4.4 kb 

(primers KG78 and 74) fragments amplified from pKG6 plasmid DNA using Q5 Polymerase.  

 

SymC∆208-235 C-terminal construct 

The SymC∆208-235 deletion construct (pKG11, Supplementary Figure 7.18) was 

made by Gibson Assembly by recombining 3.5 kb (primers KG51_2 and 77) and 4.4 kb 

(primers KG82 and 74) fragments amplified from pKG6 plasmid DNA using Q5 Polymerase.  

 

SymC∆208-235 C-terminal construct tagged with mRFP1 

The SymC∆208-235 mRFP1 tagged construct (pKG19, Supplementary Figure 7.22) 

was made by Gibson Assembly by recombining 3.5 kb (primers KG51_2 and 77) and 5.2 kb 

(primers KG82 and 74) fragments amplified from pKG12 plasmid DNA using Q5 Polymerase.  

 

SymC∆208-274 C-terminal construct tagged with mRFP1 

The SymC∆208-274 mRFP1 tagged construct (pKG23, Supplementary Figure 7.25) 

was made via Gibson Assembly by recombining 3.5 kb (primers KG51_2 and 77) and 5 kb 

(primers KG99 and 74) fragments amplified from pKG12 plasmid DNA using Q5 Polymerase.  

4.2.9.2 N. crassa Yeast-2-hybrid constructs 

NCU00938 C-terminal tail 

The symC N. crassa homologue C-terminal yeast-2-hybrid construct (pKG14, 

Supplementary Figure 7.21) was made by Gibson Assembly by recombining an EcoR1 and 

NdeI linearized pGBKT7 vector with a 366 bp NCU00938 gene fragment (primers KG83 and 

83) amplified from N. crassa genomic DNA using Q5 polymerase.  

4.2.9.3 E. festucae Yeast-2-hybrid constructs 

SymC C-terminal tail 

To construct the E. festucae SymC C-terminal (amino acids 206-274) Yeast-2-hybrid 

construct (pKG24, Supplementary Figure 7.28) EcoRI and PstI linearized pGBKT7 vector 

was recombined, via Gibson Assembly, with a 259 bp symC fragment amplified from Fl1 E. 

festucae cDNA using Q5 polymerase and the primer pair KG104 and 105.  

 

GpiA 

To construct the E. festucae GpiA homologue yeast-2-hybrid construct (pKG25, 



Supplementary Figure 7.29) EcoRI and XhoI linearized pGADT7 vector was recombined, via 

Gibson Assembly, with a 705 bp full length GpiA fragment amplified from E. festucae Fl1 

cDNA using Q5 polymerase and the primer pair KG106 and 107.  

 

ARP3  

To construct the E. festucae Arp2/3 complex sub-unit 3 yeast-2-hybrid construct 

(pKG26, Supplementary Figure 7.30) EcoRI and XhoI linearized pGADT7 vector was 

recombined, via Gibson Assembly, with a 624 bp full length ARP2/3 fragment amplified from 

E. festucae Fl1 cDNA using Q5 polymerase and the primer pair KG108 and 109.  

 

UthA 

To construct the E. festucae UthA homologue yeast-2-hybrid construct (pKG27, 

Supplementary Figure 7.31) EcoRI and XhoI linearized pGADT7 vector was recombined, via 

Gibson Assembly, with a 1347 bp full length UthA fragment amplified from E. festucae Fl1 

cDNA using Q5 polymerase and the primer pair KG110 and 111.  

 

ErgM 

To construct the E. festucae ErgM homologue yeast-2-hybrid construct (pKG28, 

Supplementary Figure 7.32)  EcoRI and XhoI linearized pGADT7 vector was recombined, via 

Gibson Assembly, with a 1356 bp full length ErgM fragment amplified from E. festucae Fl1 

cDNA using Q5 polymerase and the primer pair KG112 and 113.  

 

4.2.10 Fungal transformations 

4.2.10.1 E. festucae protoplast preparation 

Fresh mycelium (1 cm2) was inoculated into flasks containing 50 mL PD medium and 

incubated at 22 °C for 4 days at 150 rpm. The mycelium was filtered through nappy liners (Silk 

brand), washed with Milli-Q water 3x and rinsed in OM buffer (1.2 M MgSO4,10 mM 

Na2HPO4, adjusted to pH 5.8 with 100 mM NaH2PO4.2H2O) before being weighed into a new 

flask. For every 1 g of mycelia 10 mL of filter sterilized Glucanex (10 mg/mL) was added and 

samples incubated overnight at 22°C at 80-100 rpm. Protoplasts were filtered through nappy 

liners into a 200 mL Schott bottle and 5 mL aliquots transferred into new 15 mL Falcon tubes 

and overlaid with 2 mL of ST buffer (0.1 M Tris-HCl (pH 8), 0.6 M Sorbitol). Following 

centrifugation (4300 rpm, 15 min at 4°C) protoplasts were transferred from the interface into 

new 15 mL tubes and washed three times with 5 mL of STC buffer (0.05 M Tris-HCl (pH 8), 1 

M Sorbitol, 50 mM CaCl2) with the resulting supernatant discarded following centrifugation 



(4300 rpm for 5 minutes). The final protoplast pellet was resuspended in 200-500 μL of STC 

buffer and, using a haemocytometer counting chamber to estimate the number of protoplasts, 

diluted in STC to a final concentration of 1.25 x 108 protoplasts/mL and stored in 80 μL 

protoplast/ 20 μL 40% (w/v) PEG (40% PEG 4000, 0.05 M Tris-HCL (pH 8), 50 mM CaCl2, 1 

M Sorbitol) aliquots at -80°C. 

4.2.10.2 E. festucae transformations and screening 

Following the addition of 2 μL of spermidine, 5 μL of heparin and 3-5 μg of target 

DNA, protoplasts were incubated on ice for 30 mins. A 40% (w/v) PEG (40% PEG 4000, 0.05 

M Tris-HCL (pH.8), 50 mM CaCl2, 1 M Sorbitol) solution (900 μL) was then added and 

samples incubated for a further 20 mins on ice. Aliquots (100 μL) were then dispensed onto RG 

agar plates, overlaid with 3.5 mL of RG overlay agar (0.8% w/v agar) and incubated overnight 

at 22°C. An additional 5 mL of overlay RG agar + selection marker was overlaid and 

transformants left to grow for 11-14 days. Transformants were nuclear purified on selection 

media, via three rounds of subculturing, and screened by PCR or for mRFP1 fluorescence. 

4.2.10.3 S. cerevisiae single yeast-2-hybrid transformations  

Yeast transformations and Yeast-2-hybrid screening was carried out using the method 

outlined by Gietz RD & Woods RA (2002). A single freshly-grown AH109 colony was 

inoculated into 5 mL of YPD and grown overnight at 30°C at 200 rpm to an OD600 of 0.3-0.5. 

2.5x 108 cells were added to 50 mL YPDA and grown for a further 4-5 h to a final concentration 

of around 2 x 107 cells/mL. Following centrifugation (5 min; 4300 x g), pelleted cells were 

washed with 20 mL sterile H2O, pelleted again and resuspended in 1 mL of sterile H2O. 

Samples (100 μL) were then transferred into new tubes, centrifuged (30 sec; 13,000 x g) and the 

supernatant removed. The transformation mix, 330 μL, (240 μL 50% PEG 3500, 36 μL 1 M 

LiAc and 10 μL of denatured Salmon Sperm Carrier DNA (10 mg/mL Clontech) and 1.2 μg of 

each BD and AD yeast-2-hybrid plasmid was added and samples incubated at 42°C for 30 min. 

Following centrifugation (15 seconds; 4,000 x g) the supernatant was removed, cells 

resuspended in 700 μL of H2O and 200 μL aliquots plated onto Leu-/Trp- and Leu-/Trp-/Ade-

/His- SD plates and plates incubated at 30°C for 3-4 days. Single colonies were transferred into 

5 mL of YPD and grown overnight at 30°C at 200 rpm to a similar OD600 absorbance. Cells 

were washed with 2% (w/v) glucose, centrifuged (5 min; 4300 x g), resuspended in 5 mL 2% 

(w/v) glucose and left to grow for a further 5 hours. Serial dilutions of 101 to 103 were plated 

onto Leu-/Trp- and Leu-/Trp-/Ade-/His- SD plates and incubated at 30°C for 3-4 days. 

4.2.10.4 S. cerevisiae library yeast-2-hybrid transformation  



The following experimental method was performed by Ulrike Brandt (Braunschweig 

University). pKG14 was transformed into AH109 as per the Clontech yeast-2-hybrid manual. 

The resulting yeast strain was cultured in 200 mL of 2x YPD media to a final volume of 4.8 x 

1010 cells. Cells were pelleted by centrifugation, the resulting supernatant removed and cells 

resuspended in 1.8 mL of water and 1.8 mL of a previously prepared N. crassa cDNA library 

contained in the yeast strain Y187 (stored at Braunschweig University). Yeast suspensions (100 

μL) were spotted onto 38 YPD plates and left to mate overnight. Suspensions were scraped off 

YPD plates, suspended in 30 mL of water and 150 μL suspensions plated onto SD Leu-/Trp-

/His-/Ade- media and cultured for 2 days. Resulting colonies were replica plated using sterile 

velvet cloths onto SD Leu-/Trp- β-Gal plates and incubated for a further 2 days. A total of 665 

blue colonies were PCR screened using the Clontech primers designed to amplify across the 

pGADT7 cloning cassette. A total of 47 PCR products between 700-1500 bp were selected for 

sequencing and the yeast-2-hybrid interaction partners identified using BLASTn searches 

against the N. crassa database  

( ). 

 

4.2.11 Microscopy 

Cultures to be analysed by microscopy were inoculated onto a thin layer of 1.5% (w/v) 

water agar layered on top of a glass slide placed on a base layer of 3% (w/v) water agar. Square 

blocks were cut from the agar and analysed via an Olympus IX71 inverted fluorescence 

microscope using the filter settings set for capturing mRFP1 fluorescence and DIC images. DIC 

and mRFP1 images were overlaid with ImageJ software.  

4.2.12 Bioinformatics 

4.2.12.1 Sequence acquisition 

Gene and protein sequences were acquired from the NCBI database found at 

http://www.ncbi.nlm.nih.gov using a tBLASTn search and the Neurospora crassa NCU 

homologues as a query sequence. Epichloë festucae Fl1 homologues were acquired from the 

University of Kentucky Genome Project at http://www.endophyte.uky.edu using the blast search 

tools provided. 

4.2.12.2 Protein alignment and domain predictions 

Signal peptides were predicted using the SignalP 4.1 server located at 

http://www.cbs.dtu.dk/services/SignalP/ and transmembrane domains predicted using the 

TMHMM server 2.0 located at http://www.cbs.dtu.dk/services/TMHMM/. All other domains 



were predicted using the Prosite and InterProScan tools located at http://prosite.expasy.org and 

http://www.ebi.ac.uk/Tools/pfa/iprscan/. Protein alignments were constructed using 

MacVectorTM 12.6.0 ClustalW software.  

4.3 Results 

4.3.1 E. festucae SymC C-terminal domain deletion analysis 

SymC is predicted to be a four transmembrane domain (TMD) protein, which is highly 

conserved across other fungi. The C-terminal end of SymC is predicted to be cytoplasmic, 

suggesting this domain may potentially transmit external signals to initiate cell-cell fusions via 

an interaction with other membrane bound or membrane-associated proteins (Figure 4.1A). To 

determine whether the C-terminal domain of SymC is required for function, various SymC C-

terminal deletion constructs were co-transformed with pSF15.15 (HphR) into ∆symC#7 and #8 

protoplasts, and resulting transformants screened for restoration of cell-cell fusion (Figure 4.1 

B-D). pKG9 (Supplementary Figure 7.16), which contained a deletion of amino acid residues 

235-274, restored cell-cell fusion in 19/22 transformants indicating these residues are not 

essential for cell-cell fusion. In contrast, 29/29 transformants containing pKG10 

(Supplementary Figure 7.17), containing a deletion of residues 208-274, were fusion negative, 

suggesting the entire C-terminus is essential. To further analyse the involvement of these 

residues in regulating cell-cell fusions a truncated construct, with amino acid residues 208-234 

deleted (pKG11, Supplementary Figure 7.18), was transformed into ∆symC#7 protoplasts and 

24/24 of the transformants were restored for cell-cell fusion (Figure 4.1 B-C). There are two 

explanations for these apparent contradictory results.  

 

1) Each C-terminal half exhibits redundancy and the functional region spans the entire 

C-terminus  

Or 

2) The proximity of the pKG10 deletion to the fourth transmembrane domain of SymC 

disrupts functional localisation.  

 

To address this, mRFP1 tagged deletion constructs pKG19 (residues 208-234 deleted, 

Supplementary Figure 7.22) and pKG23 (residues 208-274 deleted, Supplementary Figure 

7.25) were transformed into ∆symC#7 protoplasts and found to restore cell-cell fusion (Figure 

4.1 B & D). These results support explanation two, in that the SymC C-terminus is not essential 

for fusion. 

 



 

Figure 4.1 E. festucae SymC C-terminal domain deletion analysis. A, Predicted SymC 

membrane topology. Transmembrane domains and deleted amino acids in relation to Section B, are as 

indicated. B, C-terminal deletion constructs transformed into ∆symC protoplasts with the resulting cell-

cell fusion phenotypes as indicated. C, Hyphae of transformants containing pKG9, 10 and 11 constructs 

stained with Calcofluor white. Bar = 10 μm. D-E, Hyphae containing pKG19 and pKG23 mRFP1 tagged 

constructs. DIC, mRFP1 and merged DIC/mRFP1 images are as shown. Bar = 10 μm. 

4.3.2 Neurospora crassa Yeast-2-hybrid screening. 

Mutant E. festucae ΔsymC strains exhibit pleiotropic defects. Although the SymC C-

terminus is not essential for cell-cell fusion this does not discount the possibility that it is 

involved in regulating other developmental pathways aside from fusion, or that it is a non-

essential scaffold region for other communication proteins. To identify potential C-terminal 

interacting proteins, a yeast-2-hybrid library screen was performed using the SymC N. crassa 

homologue (NCU00938) C-terminal domain as bait against a N. crassa yeast-2-hybrid library 

(pKG14, Supplementary Figure 7.21). Additionally, the C-terminus was screened against 

available N. crassa CWI components PKC-1, MIK-1, MEK-1 or MAK-1 and NOX complex 

components RHO-1, NOR-1 and BEM-1 (Supplementary Figures 7.33-43).  



When screened against the CWI MAP kinase pathway and Nox complex proteins no 

interactions were detected, indicating that the C-terminal region of SymC does not signal 

directly into these pathways via the components tested (Figure 4.2). When screened against the 

N. crassa yeast-2-hybrid library nineteen candidates were identified (Table 4.3). Thirteen of 

these, NCU06300, NCU02325, NCU08535, NCU02380, NCU03857, NCU01515 NCU06843, 

NCU06892, NCU08389, NCU01221, NCU01793, NCU09999 & NCU16635, shaded grey in 

the table, were not conserved in E. festucae or were unlikely to be relevant based on their 

predicted function, particularly those predicted to be ribosomal or RNA proteins. Six of these, 

NCU09375, NCU02668, NCU03922, NCU09572, NCU09722 & NCU06509, shaded white in 

the table, were of potential interest, as they were either membrane-associated, differentially 

regulated in the E. festucae ∆noxA, ∆proA or ∆sakA in planta RNA-seq data set (obtained from 

Eaton et al., 2015) or were linked to cell-cell fusion, cell wall remodelling or virulence in other 

organisms (see discussion for more detail). Homologues of four of these in E. festucae were 

sequentially identified via tBLASTn searches and aligned using multiple amino acid sequence 

alignments.  

 

Figure 4.2 Neurospora crassa Yeast-2-hybrid analysis. Interaction test using the Neurospora 

crassa SymC C-terminal domain as bait against components of the Cell Wall Integrity MAP kinase and 

Nox complex pathways. Positive (+ve) pGADT7-T/pGBKT-p53, negative (-ve) pGADT7-T/pGBKT-

laminin and nuclear pGAD-RanBPM/pKG14 (SymC C-terminal domain) controls are also shown. 
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Table 4.3  Yeast-2-hybrid candidates that interact with the NCU00938 C-terminus 

Hits NCU # Nc fusion Ef M3# Predicted function/homologue ΔnoxA ΔproA ΔsakA 

1 09375 Yes 3.04621 GPI1 (Sordaria) 1.15 1.97 2.39 

1 02668 ? 3.02343 UTH1 (Septation protein) 1.08 1.49 1.36 

1 03922 ? 3.03927 ERG-13 (Mevalonate/ ergosterol synthesis) -1.33 1.18 1.03 

1 09572 Reduced in Het 3.02863 ARP2/3 Complex (Actin assembly) -1.28 1.38 1.51 

1 09722 ? 3.0026 Hypothetical (Acidic rich C-terminus) -2.7 1.99 2.27 

2 06509 ? 3.0072 Hypothetical membrane protein -1.09 1.22 1.05 

1 02325 - 3.02013 Gua 3 GMP synthase -1.35 1.16 1.01 

1 08535 - 3.0454 Acetyl-CoA carboxylase -1.14 -1.48 1.61 

6 02380 - 3.05802 Threonyl  t-RNA Synthetase -1.39 1.05 1.74 

1 03857 - 3.16103 Tricarboxylic acid-5 1.13 1.30 1.20 

8 06300 - 3.03103 Guanylate Kinase 1.03 1.33 1.06 

17 01515 - 3.04386 DNA-directed RNA polymerase II polypeptide -1.45 1.01 1.57 

1 06843 - 3.05757 60S ribosomal protein L3 -1.16 1 1.14 

3 06892 - 3.00254 40S rib Prot. -1.65 1.92 1.74 

2 08389 - 3.06486 60S ribosomal protein L20 -1.69 2.02 1.01 

1 01221 - 3.01359 60S ribosomal protein L16 -1.27 1.40 1.09 

5 01793 - 3.17276 RNA bind Domain Prot NA NA NA 

6 09999 - NA Hypothetical not conserved NA NA NA 

4 16635 - NA Not found in E.festucae NA NA NA 

 

The Sordaria macrospora homologue of NCU09375, GPI1, has been recently 

characterised as a cysteine-rich, GPI anchored protein which localises to the cell wall and 

interacts with the STRIPAK complex component MOB3 to suppress fruiting body development 

(Frey et al., 2015a). The E. festucae homologue of GPI1, GpiA, encodes a 219 amino acid (aa) 

protein containing a signal peptide and GPI anchor (Figure 4.3). GpiA shares 43% identity with 

N. crassa NCU09375 and 42% identify with S. macrospora GPI1 with all cysteine residues 

conserved. The E. festucae gpiA gene (721 bp gene with two 212 & 448 bp exons and one 61 bp 

intron) is up-regulated in planta during ΔsakA associations compared to WT. 



 

Figure 4.3 Epichloë festucae gpiA gene structure and amino acid alignment. A, Gene 

structure containing two exons and one intron of 212, 448 and 61 bp respectively. Bar = 200 bp. B, 

ClustalW alignment of amino acid sequences. Gene ID’s with associated GenBank protein accession are 

as shown. Ef, Epichloë festucae GpiA EfM3.046210; Fg, Fusarium graminearum FGSG_01368 

(XM_011318862); Nc, Neurospora crassa NCU09375 (XM_958653); Pa, Podospora anserina 

Pa_1_14100 (XM_001905079); Mo, Magnaporthe oryzae MGG_16429 (XM_003710475.1) and Sm, 

Sordaria macrospora SMAC_12074/GPI1 (XM_003350887). Predicted signal peptide (orange), 

conserved cysteine residues (blue) and GPI anchor site (green) are as shown.  

The E. festucae homologue of NCU02668 (UTH1), UthA, encodes a 439 aa protein 

with a predicted 21 aa N-terminal signal peptide and C-terminal SUN homology domain 

(Figure 4.4). When aligned UthA shares 60% identity with N. crassa NCU02668. The E. 

festucae uthA gene (1405 bp gene with two exons, 1305 & 45 bp, and one intron, 55 bp) was not 

differentially expressed in the RNA-seq data. 

 

 



 

Figure 4.4 Epichloë festucae uthA gene structure and amino acid alignment. A, Gene 

structure containing two exons and one intron of 1305, 45 and 55 bp respectively. Bar = 200 bp. B, 

ClustalW alignment of amino acid sequences. Gene ID’s with associated GenBank protein accession are 

as shown. Ef, Epichloë festucae UthA EfM3.023430; Fg, Fusarium graminearum FGSG_01351 

(XM_011318840); Nc, Neurospora crassa NCU02668 (XM_011394696); Pa, Podospora anserina 

Pa_1_16850 (XM_001907097); Mo, Magnaporthe oryzae MGG_00505 (XM_003718506) and Sm, 

Sordaria macrospora SMAC_04326 (XM_003350974). Predicted signal peptide (red) and SUN domain 

(green) are as shown.  

The E. festucae homologue of NCU03922 (ERG-13), ErgM, encodes a 455 aa protein, 

containing a HMG-CoA synthase domain which condenses Acetyl-CoA and acetoacetyl-CoA to 

form HMG-CoA. When aligned ErgM shares 89% identity to N. crassa ERG-13 (Figure 4.5). 

The E. festucae ergM gene (1758 bp gene containing four exons 60, 103, 1067 & 138 bp and 

three introns 138, 1208, 110 bp) was not differentially expressed in mutant symbiotic 



interactions. 

 

Figure 4.5 Epichloë festucae ergM gene structure and amino acid alignment. A, Gene 

structure containing four exons and three introns of 60, 103, 1067 and 138 and 55138, 1208, 110 bp 

respectively. Bar = 300 bp. B, ClustalW alignment of amino acid sequences. Gene ID’s with associated 

GenBank protein accession are as shown. Ef, Epichloë festucae ErgM EfM3.039270; Fg, Fusarium 

graminearum FGSG_09266 (XM_011330200); Nc, Neurospora crassa NCU03922/ERG-13 

(XM_952468); Pa, Podospora anserina Pa_4_8290 (XM_001905964); Mo, Magnaporthe oryzae 



MGG_01026 (XM_003717869) and Sm, Sordaria macrospora SMAC_06340 (XM_003345891). 

Predicted HMG-COA synthase domain (grey) is as shown.  

The E. festucae homologue of NCU09572 encodes a 192aa protein, which shares 87% 

identity with N. crassa NCU09572 and contains a predicted ARP2/3 domain involved in actin 

assembly (Figure 4.6). The E. festucae arp3 gene (884 bp gene, three exons 6, 396 & 177 bp 

and two introns 150 & 155 bp) was not differentially expressed in the mutant symbiotic RNA-

seq data.  

 

 

Figure 4.6 Epichloë festucae arp3 gene structure and amino acid alignment. A, Gene 

structure containing three exons and two introns of 6, 396 and 177 and 150 and 155 bp respectively. Bar 

= 200 bp. B, ClustalW alignment of amino acid sequences. Gene ID’s with associated GenBank protein 

accession are as shown. Ef, Epichloë festucae Arp3 EfM3.028630; Fg, Fusarium graminearum 

FGSG_11977 (XM_011319120); Nc, Neurospora crassa NCU09572 (XM_954590); Pa, Podospora 

anserina Pa_5_2810 (XM_001904003); Mo, Magnaporthe oryzae MGG_00307 (XM_003718735) and 

Sm, Sordaria macrospora SMAC_05714 (XM_003348571). Predicted ARP2/3 domain (grey) is as 

shown.  

NCU09722 and NCU06509 encode hypothetical N. crassa proteins. NCU09722 is 

significantly down regulated (-2.7) in ∆noxA & up-regulated in ∆sakA (+2.27) E. festucae 

associations in planta (Table 4.3). NCU06509 is a hypothetical membrane protein. 



4.3.3 E. festucae yeast-2-hybrid screening. 

To determine whether the predicted N. crassa candidates also interact in E. festucae, 

homologues of GPI1 (GpiA), UTH1 (UthA), ERG-13 (Erg-M) and Arp3 were cloned into the 

yeast-2-hybrid pGADT7 vector and screened against the C-terminal region of SymC, which was 

cloned into the yeast-2-hybrid vector pGBKT7 (Supplementary Figures 7.26-32). All 

candidates showed positive interactions and did not undergo self-activation, confirming an 

interaction with the C-terminal tail of SymC in E. festucae (Figure 4.7). Collectively these 

results show that the C-terminus of SymC is not essential for cell-cell fusion and that it interacts 

with GpiA, UthA, ErgM and Arp3. 

 

Figure 4.7 Yeast-2-hybrid interaction test using the E. festucae SymC C-terminal domain 

as bait against GpiA, UthA, ErgM and Arp3 homologues. Positive (+ve) pGADT7-T/pGBKT-p53 and 

negative (-ve) pGADT7/pGBKT7 controls are shown. Undiluted and diluted (10-2, 10-3 and 10-4) cultures 

were spotted onto plates. 

 



4.4 Discussion 

4.4.1 The C-terminal region of SymC is not required for cell-cell fusion 

SymC is essential for cell-cell fusion and domain analysis of SymC showed that the un-

tagged SymCΔ208-274 C-terminal deletion construct, which contains only three residues 

following TMD4, does not restore cell-cell fusion in ΔsymC strains, while in comparison the 

mRFP1-tagged SymCΔ208-274 construct does. These results indicate that several residues 

either beyond or in close proximity to SymC TMD4 are required for either correct protein 

localisation or stability, and that overall the C-terminus is not required for cell-cell fusion. 

Similar findings with respect to the C-terminal domain have been observed in the 

Saccharomyces cerevisiae transmembrane protein Pma1. Deletions of more than nine amino 

acids after the Pma1 TMD10 resulted in altered protein localisation, indicating that proximal C-

terminal residues contribute to Pma1 structure rather than function (Mason et al., 2014). Given 

the C-terminus of SymC is not required for cell-cell fusion, it would be interesting to further 

determine whether the N-terminal amino acid residues of SymC and those located between 

TMD2-3 and TMD3-4 are required for cell-cell fusion and signalling, as these regions were not 

included in the initial deletion analysis and their function is unknown. Interestingly, 

homologues of SymC contain two highly conserved cysteine residues located between TMD3 

and TMD4. Cysteine residues are often involved in the formation of disulphide bonds and can 

contribute to protein structure and stability (reviewed, Trivedi, et al., 2009). The presence of 

disulphide bonds can protect proteins against damage and irreversible inactivation or stabilise 

protein-protein interactions (reviewed, Poole & Nelson, 2008). They can also be required for 

correct protein activity by altering the accessibility of residues required for signal activation or 

repression (reviewed, Trachootham et al., 2008). Additionally, as cysteine residues contain thiol 

groups that can undergo oxidation, cysteines can be important for transducing redox signals 

(reviewed, Barford et al., 2004). In P. anserina, deletion of the two conserved cysteine residues 

in IDC3 (SymC homologue) results in a loss of IDC3 function, suggesting these cysteines are 

either important for disulphide bond formation and protein structure, or potentially respond to 

redox changes and are required for signal transduction (unpublished results, Silar et al.,). Given 

their conserved nature and functional importance in P. anserina, the further analysis of SymC 

cysteine residues is of considerable interest as they may be important for signalling via a 

currently-undetermined mechanism. 

Deletion of symC results in pleiotropic phenotypes indicating SymC may be required 

for multiple developmental pathways. Although the C-terminus of SymC is not essential for 

cell-cell fusion, it has yet to be determined whether this domain functions as a repression 

domain, is required for other signalling pathway aside from cell-cell fusion, or acts as a non-



essential scaffolding region. Results from the SymC C-terminal N. crassa yeast-2-hybrid library 

screen identified several proteins NCU09375 (GPI1), NCU02668 (UTH1p), NCU03922 (ERG-

13), NCU09572 (ARP2/3), NCU09722 & NCU06509 that may be of considerable further 

interest as they interact with the C-terminus of SymC. 

4.4.2 Identification of proteins that interact with the SymC C-terminus 

4.4.2.1 NCU09375 (GpiA): Sordaria macrospora GPI1 homologue 

The homologue of NCU09375 GPI1 has recently been characterised in Sordaria 

macrospora as a cysteine-rich, GPI anchored protein, which localises to mitochondria and the 

cell wall/plasma membrane and interacts with the STRIPAK complex component MOB, to 

suppress fruiting body development (Frey et al., 2015a, Figure 4.8). Interestingly, MOB3 does 

not localise to the cell periphery but can be found within the cytoplasm and mitochondria. The 

exact nature of MOB3-GPI1 interactions has yet to be determined, however the current 

hypotheses are that either 1) posttranslational modified portions of MOB3 and GPI1 interact 

within the cytoplasm or mitochondria and transduce signals required for fruiting body 

development via the STRIPAK complex or 2) GPI1 interacts with an unidentified plasma 

membrane or cell wall protein to suppress signals required for fruiting body development. In E. 

festucae, SymC and GpiA show conserved positive yeast-2-hybrid interactions and similar to S. 

macrospora GPI1, SymC localises to the cell periphery, suggesting SymC may be potentially 

repressed by GPI1 at the cell membrane. However given the nature of yeast-2-hybrid screens, 

where false positives are often observed, and the lack of further supporting evidence, this 

hypothesis remains to be tested further. Interestingly, SymC-GpiA interactions may explain why 

the C-terminus of SymC is dispensable for cell-cell fusion as it would be involved in signal 

repression rather than signal activation. Additionally, it may explain why ΔsymC strains show 

similar phenotypes to the CWI mutants but unaltered MpkA phosphorylation and localisation, 

as SymC-GpiA-MobC interactions may indirectly affect the CWI pathway via the STRIPAK 

complex rather than through SymC directly. Furthermore, a SymC-GpiA interaction may 

explain why E. festucae ΔmobC mutants fuse, albeit at a reduced frequency, as SymC mediated 

cell-cell fusion may be independent of MobC, but MobC may be required for downstream 

positive signal modulations. Given the putative SymC-GpiA interactions and SymC’s punctate 

localisation, it would be interesting to further determine whether SymC localises to 

mitochondria or co-localises with GpiA, and whether SymC-GpiA-MobC interactions are 

involved in regulating cell-cell fusions and symbiosis in E. festucae.  



       

Figure 4.8 Model summarising the proposed SmGPI1 and SmMOB3 interactions in WT 

and mutant S. macrospora strains. Image taken directly from Frey et al., (2015a). Arrows indicate 

signal intensity. 

4.4.2.2 NCU02668 (UthA): Septation protein Sun4 homologue 

Septal pores allow cytoplasmic proteins, nuclei, vesicles and mitochondria to be 

transported between hyphal compartments divided by a septum (reviewed, Markham, 1994). 

Organelles known as Woronin bodies regulate and restrict the flow of material through septal 

pores and localise to septal pores in response to hyphal stress or injury to maintain colony 

integrity and prevent cytoplasmic leakage (reviewed, Markham & Collinge, 1987). In N. crassa, 

when hyphae of genetically different het loci undergo cell-cell fusion septal pores become 

plugged due to heterokaryotic incompatibility, which often results in localised hyphal death or 

severe growth inhibition (Glass & Kaneko, 2003). In N. crassa, B. cinera, M. grisea and E. 

festucae, several proteins that localise to septa or are associated with septal development, are 

required for cell-cell fusion, symbiosis and virulence, suggesting common regulatory proteins 

exist with these developmental pathways. In M. grisea, the tetraspanin Pls1 (Clergeot et al., 

2007) and the Nox complex protein Nox1 (Egan et al., 2007) are required for pathogenicity. In 

N. crassa, NOX-1, SO and HAM-2 are required for cell-cell fusion (reviewed, Read et al., 

2012) and NOX-1, SO and PLS-1 proteins localise to septa (Fleißner et al., 2005 & 2007; 

Hernández-Galván et al., 2015). In S. macrospora, the homologue of HAM-2, PRO22, is 

required for correct septation (Bloemendal et al., 2010). In B. cinerea, Bem1 is required for 

virulence and cell-cell fusion, localises to septa and interacts with the formin Sep1, essential for 

virulence and septum formation (Giesbert et al., 2014). In E. festucae, SymB, SymC and NoxR 

localise to septa and SymB, SymC, NoxR, NoxA and So are required for cell-cell fusion and 

mutualistic associations (Takemoto et al., 2011, Charlton et al., 2012). 



The C-terminus of SymC and UthA E. festucae and N. crassa homologues show 

positive yeast-2-hybrid interactions and are highly conserved across fungi, suggesting they 

perform similar functions. In N. crassa, uth1 is up regulated during heterokaryotic 

incompatibility (Hutchison et al., 2009). In Aspergillius nidulans, sun1, which contains a SUN 

domain similar to UTH1, is involved in septation and Δsun1 strains form intra-hyphal hyphae 

and show an increase in the number of Woronin bodies around the septal pore (Gastebois et al., 

2013). In Ustilaginoidea virens, SUN2, which contains an SUN domain similar to UTH1, is 

required for virulence (Yu et al., 2015). Given SymC interacts with UthA, localises to septa and 

that similar proteins to UthA are associated with septation and virulence in other fungi, UthA 

could be an interesting protein to analyse further in E. festucae, as it may have a role regulating 

septal pore closure following cell-cell fusion and/or symbiosis.  

4.4.2.3 NCU03922 (ErgM): Erg-13 homologue 

N. crassa NCU03922 (ERG-13) is predicted to encode a HMG-CoA synthase which 

catalyses the second reaction in the mevalonate-dependent isoprenoid biosynthesis pathway 

where Acetyl-CoA condenses with acetoacetyl-CoA to form 3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA) which is converted into mevalonate. Mevalonate is then required for either 

ergosterol or siderophore biosynthesis. In Neurospora, Δerg-13 mutants exhibit hyphal 

branching defects (Seiler & Plamann, 2003), Δerg-2 mutants a loss of cell-cell fusion and 

Δerg10a/b mutants arrested plasma membrane fusion (unpublished results Fleißner et al.,), 

suggesting that the ergosterol composition strongly influences the assembly of cell-cell 

communication complexes at the plasma membrane and affects cell-cell fusion. Evidence for 

this has also been shown in S. cerevisiae, where erg2, 3, and 6 mutations inhibit membrane 

fusion and recruitment of the pheromone response pathway scaffold Ste5 (essential for cell-cell 

fusion) to the membrane (Jin et al., 2008). In addition to cell-cell fusion, ergosterol and 

siderophore synthesis have also been implicated in virulence and symbiosis. In Magnaporthe 

oryzae, HMG-CoA synthase (erg13) and HMG-CoA reductase (hmg1) genes are up-regulated 

during appresorium formation (Oh et al., 2008) and the deletion of the F. graminearum 

ergosterol synthesis genes, hmg1, erg-3, erg-5 and erg-4 (Seong et al., 2006; Liu et al., 2013; 

Yun et al., 2014), and A. fumigatus siderophore biosynthesis genes, sidA, I, H, F and D, 

attenuates virulence (Hissen et al., 2005; Yasmin et al., 2011; Leal et al., 2013). In contrast, in 

E. festucae the siderophore synthesis gene sidN is required for beneficial symbiotic associations 

as their deletion results in a switch from mutualism to pathogenicity (Johnson et al., 2007 & 

2013). Irrespective of whether the yeast-2-hybrid SymC-ErgM interactions are biologically 

relevant it would be interesting to study components of the ergosterol synthesis pathway further, 

as this pathway has yet to be characterised within Epichloë endophytes and based on its 

characterisation in other fungi, likely contributes to cell-cell fusion and pathogenesis.  



4.4.2.4 NCU09572 (Arp3): APR2/3 complex subunit 3 

The homologue of NCU09572 shows a positive yeast-2-hybrid interaction with the C-

terminus of E. festucae SymC and is predicted to be part of the ARP2/3 Complex, specifically 

the ARP2/3 complex subunit 3 involved in actin assembly. Deletions to this complex are 

reported as being ascospore-lethal in N. crassa meaning that many homokaryon mutant ARP2/3 

complex phenotypes cannot be studied. However, the ability to generate heterokaryons, where 

nuclei contain both WT and mutant alleles, has suggested that the ARP2/3 Complex mediates 

cell fusion events as NCU09572 heterokaryons exhibit significantly lowered CAT fusions 

compared to WT (Roca et al., 2010). Actin assembly is crucial for multiple developmental 

pathways and it has be shown that prior to CAT fusion events in N. crassa, actin filaments are 

recruited at the homing hyphal tip during CAT fusion and dissipate when CAT fusion is 

completed (Berepiki et al., 2010). Regardless of the proposed SymC-Apr3 yeast-2-hybrid 

interaction a loss of cell-cell fusion and expressoria formation may be related to delocalised 

actin filaments, and it would be interesting to determine if actin localisation is disrupted in 

ΔsymC strains. 

In conclusion, the C-terminus of SymC not essential for cell-cell fusion and yeast-2-

hybrid analysis showed that this region interacts with GpiA, UthA, ErgM and Arp3. 

 

 

 

 

 

 

 

 

 

 

 

 



5        Conclusions and Future Work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5.1 Conclusions 

Several key findings have emerged from this research (Figure 5.1). 1). The homologue 

of the STRIPAK complex component MOB3, MobC, is required for E. festucae – L. perenne 

symbiosis. 2). SymB and SymC act down-stream of the transcription factor ProA. 3). SymB and 

SymC are membrane-associated proteins, suggesting they are part of a receptor complex at the 

cell periphery. 4). A putative SymC-GpiA interaction was identified which may link SymC to 

STRIPAK complex signalling. Overall, this study highlights that SymB, SymC and MobC are 

important for mutualistic E. festucae – L. perenne interactions, and are part of a conserved 

signalling network in filamentous fungi, which regulates cell-cell fusion. The final conclusions 

and key research findings are summarised below. 

 

Figure 5.1 Summary of key findings. Key findings have been shown in green and future 

questions in red. 



1. MobC is essential for mutualistic associations and has an accessory role in regulating 

expressoria formation in planta and cell-cell fusion in culture. STRIPAK complex 

homologues, including mobC, were identified in E. festucae. Targeted deletion of mobC results 

in reduced cell-cell fusion, hyper-conidiation and intra-hyphal hyphae formation in culture. 

Deletion of mob3 in S. macrospora (Bernhards & Pöggler, 2011) and N. crassa (Maerz et al., 

2009; Fu et al., 2011) abolishes cell-cell fusion, whereas E. festucae ΔmobC strains still fuse. 

These findings highlight that MobC has evolved different regulatory constraints in E. festucae, 

presumably due to different life cycle selection pressures. In planta, deletion of mobC results in 

disrupted host associations, prolific hyphal growth, vascular bundle colonisation, sub-cuticular 

hyphal growth, and reduced expressoria formation. These finding are the first report of the 

STRIPAK complex component MobC being required for mutualistic associations and 

expressorium development.  

2. SymB and SymC are required for cell-cell fusion, mutualistic associations, expressoria 

formation and are regulated by the transcription factor ProA. Homologues of SymB and 

SymC are conserved in filamentous fungi. In ΔproA associations, symB and symC expression is 

significantly down-regulated (Eaton et al., 2015). Analysis of the symB and symC promoters 

identified highly conserved ProA binding sites (Tanaka et al., 2013). ProA binding at these 

regions was confirmed by gel shift assays. This is the first report that places symB and symC 

downstream of ProA. In culture, deletion of symB and symC abolishes cell-cell fusion and 

results in hyper-conidiation and intra-hyphal hyphae phenotypes, which is consistent with IDC2 

and IDC3 in P. anserina (Haedens et al., 2005) and ham-7 in N. crassa (Fu et al., 2011; Maddi 

et al., 2012) being required for cell-cell fusion. In planta, deletion of symB and symC results in a 

stunted host phenotype, prolific hyphal growth, vascular bundle colonisation, altered cell wall 

morphology and disrupted expressorium formation. This study is the first to show that SymB 

and SymC are required for mutualistic associations and expressorium development.  

3. SymB and SymC co-localise, suggesting they interact to form a receptor complex at the cell 

periphery. SymB-GFP and SymC-mRFP1 co-localise at the cell-periphery and septa. 

Additionally SymC-mRFP1 localises to small vesicles. Although HAM-7 localisation has been 

reported in N. crassa (Fu et al., 2014), this is the first report that shows SymB localisation at the 

cell periphery and septa, and SymC localisation at the cell periphery, septa and small vesicles, 

in filamentous fungi. Deletion of symB and symC has no effect on MpkA and MpkB 

phosphorylation, or MpkA-GFP and MpkB-GFP localisation and a link between the CWI and 

PR MAPK pathways was not detected. Yeast-2-hybrid analysis did not detect protein 

interactions between the C-terminus of SymC, and components of the CWI MAPK pathway or 

the Nox complex. Whether SymB and SymC interact, and what pathways SymB and SymC feed 

into, remains to be determined. 



4. The C-terminus of SymC interacts with GpiA but it is not essential for cell-cell fusion. 

Analysis of several deletion constructs showed that the C-terminal region of SymC is not 

essential for cell-cell fusion. Yeast-2-hybrid analysis showed that the C-terminal region of 

SymC interacts with GpiA, the homologue of the S. macrospora STRIPAK complex associated 

protein GPI1 (Frey et al., 2015a). This is the first report to show that SymC may be negatively 

regulated by GpiA and linked to STRIPAK complex signalling. 

5.2 Future work 

Although the main research aims of this thesis have been addressed, these findings raise 

several new questions that may be of particular interest to pursue further. 

5.2.1 Identification of upstream ProA signalling and further ProA targets  

Signals that regulate ProA activity are unknown and a large number of genes down-

regulated in ΔproA associations encode unknown proteins (Eaton et al., 2015). These genes are 

of considerable interest as they may be regulated by the transcription factor ProA and encode 

novel signalling components that contribute to cell-cell fusion and mutualism. As shown for 

symB and symC promoters, determining whether the promoters of these genes contain predictive 

ProA binding sites is something to look at in future. Additionally, as it is not known which 

pathway acts upstream to ProA, proteins that interact with ProA and mutants that show altered 

proA expression are of importance, as their identification may help place ProA downstream of a 

signalling cascade. Whether proA is differentially expressed in ΔnoxA, ΔmpkA, ΔidcA, ΔmpkB 

mutants, and whether ProA functions downstream to Nox complex, CWI or PR MAPK 

signalling, or an alternative signalling pathway, is an important research question.  

5.2.2 The involvement of SymB and SymC in a signalling pathway 

 In culture and in planta ΔsymB and ΔsymC strains show similar phenotypes to the Nox 

complex (reviewed by Scott, 2015), CWI (Becker et al., 2015) and the PR scaffold MAP kinase 

(Eaton et al., 2013) mutants, but no clear link to either of these pathways has been established. 

ROS production was not analysed in ΔsymB and ΔsymC strains, and whether this is impaired, 

and whether SymB and SymC are involved in regulating Nox complex signalling, remains to be 

determined. RNA-seq analysis of individual ΔsymB, ΔsymC, ΔmpkA, ΔidcA and ΔmpkB mutants 

would provide further information as to which pathways SymB and SymC feed into, 

particularly if the Nox complex, CWI or PR MAP kinase genes are differentially expressed in 

ΔsymB and ΔsymC cultures, or if similar genes are differentially expressed in ΔsymB, ΔsymC, 

ΔmpkA, ΔidcA and ΔmpkB mutants. When combined with the existing data sets for ΔnoxA, 

ΔproA and ΔsakA mutants (Eaton et al., 2015), this analysis would provide new information on 



two very important MAPK pathways, required for cell-cell fusion and symbiosis, where RNA-

seq data is not available. This will be of considerable interest to future studies involving the 

characterisation of novel genes.  

SymB and SymC co-localise at the cell periphery and determining if they interact and 

form a receptor complex is of considerable importance. When testing for SymB-SymC 

interactions, yeast-2-hybrid experiments may be limited, as this technique does not work well 

for membrane-associated proteins (McAlister-Henn et al., 1999). Co-immunoprecipitation 

experiments may also be limited, as the SymC-mRFP1 signal is weak at the cell periphery and 

the majority of the protein is within vacuoles. This suggests that a high level of SymC-mRFP1 

degradation occurs and that obtaining enough full length SymC protein to show an interaction 

between SymC and SymB may be difficult. Another approach could be to use Tandem affinity 

purification (TAP) coupled with mass spectrometry, a method that successfully identified 

proteins which interacted with the membrane-associated STRIPAK complex protein PRO22 

(Bloemendal et al., 2012). However this approach could still be problematic for SymC 

interactions, given the observed degradation of SymC-mRFP1, and if SymB or SymC 

interactions are weak they may not be detected at low levels. SymC shows positive yeast-2-

hybrid interactions with GpiA, the homologue of the S. macrospora STRIPAK complex 

associated repressor protein GPI1 (Frey et al., 2015a). SymC-GpiA interactions could be 

something to pursue further as they would explain why the C-terminus of SymC is not essential 

for cell-cell fusion and potentially link SymC to STRIPAK complex signalling.  

 5.2.3 Further characterisation of the STRIPAK complex 

The core STRIPAK complex components are essential for cell-cell fusion in N. crassa 

and S. macrospora (reviewed Kück et al., 2016) whereas in E. festucae, MobC is only partially 

required. The signals required for STRIPAK complex activation, recruitment of STRIPAK 

signalling proteins and how the STRIPAK complex transduces signals from and between the PR 

and CWI pathway, are not fully understood. The further generation and analysis of STRIPAK 

complex deletion strains would provide insight as to whether E. festucae pro11 and pro22 

homologues are essential for cell-cell fusion, while MobC and additional STRIPAK proteins 

collectively modulate signal progressions. 

5.2.4 Expressoria formation in E. festucae 

 The recent study on ΔnoxA, ΔnoxB, ΔnoxA/B and ΔnoxR mutants (Becker et al., 2016), 

and the combined analysis of ΔsymB, ΔsymC and ΔmobC mutants, has shown that cell-cell 

fusion defects are often linked with altered E. festucae expressorium formation. Given the 

novelty of this structure, the further characterisation of genes involved in appressoria 



development and how they relate to E. festucae expressoria development is an exciting research 

area, and further research is required to determine how expressoria form in planta. Similar to 

work performed in Magnaporthe oryzae on appressoria development (Dagdas et al., 2012; 

Ryder et al., 2013), it would be interesting to determine how actin filaments assemble during E. 

festucae expressoria pore formation, via the introduction of a Life-Act fluorescent reporter, and 

whether or not actin assembly is disrupted in ΔsymB and ΔsymC strains. Determining where 

NoxA, NoxR, SymB and SymC localise and which proteins are recruited during expressoria 

pore formation, and whether ΔidcA, ΔproA, ΔmpkA and ΔmkkA mutants form expressoria, 

would provide further insight as to which signalling pathways are required for expressoria 

formation. 

5.2.5 The ergosterol synthesis pathway in E. festucae 

The ergosterol synthesis pathway has been implicated in cell-cell fusion, pathogenicity, 

and recruitment of signalling components to the membrane (unpublished results Fleißner et al.,; 

Jin et al., 2008; Seong et al., 2006; Liu et al., 2013; Yun et al., 2014). Given its role in other 

organisms, it would be interesting to determine whether components of the ergosterol pathway 

are required for cell-cell fusion and mutualistic E. festucae associations via targeted gene 

deletions. 

5.2.6 Cell-cell fusion: a culture phenotype for symbiosis mutant screening 

Mutagenesis screening for symbiosis mutants has previously been performed in E. 

festucae. This method can take upwards of two months before inoculated hosts are ready to be 

analysed. A number of mutants initially identified this way, specifically noxA, proA and mkkA, 

are defective in cell-cell fusion (Tanaka et al., 2006 & 2013; Becker et al., 2015). Interestingly, 

a mutant defective in cell-cell fusion that retains asymptomatic associations has never been 

characterised in E. festucae, suggesting cell-cell fusion and symbiosis phenotypes are 

interconnected. Cell-cell fusion phenotypes may therefore help predict whether a mutant will 

display disrupted symbiosis, prior to its inoculation into plants, and facilitate accelerated 

mutagenesis screening. Given the complexity of cell signalling cascades, it is likely that several 

components required for cell-cell fusion have not been identified in filamentous fungi. Further 

E. festucae mutagenesis screening may help identify new components required for cell-cell 

fusion as well as novel symbiosis genes. 
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7         Appendicies  



Figure 7.1 pRS426 vector 

 
 

Figure 7.2 pSF15.15 vector 

            



Figure 7.3 pII99 vector 

 

 

Figure 7.4 pCR4-Topo® 

 



Figure 7.5 pYR33 vector 

 

 
Figure 7.6 pPN94 vector 
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Figure 7.7 pCE81  

 

Figure 7.8 pMpkB-eGFP  

 

 



Figure 7.9 pKG1 containing the E. festucae symB deletion construct 

     
Figure 7.10 pKG2 containing the E. festucae symC deletion construct 

 



Figure 7.11 pKG4 containing the E. festucae mobC deletion construct 

 
Figure 7.12 pKG5 containing the first E. festucae symB complementation construct 

                



Figure 7.13 pKG6 containing the E. festucae symC complementation construct 

     

 

Figure 7.14 pKG7 containing the final E. festucae symB complementation construct 

 

 
 



Figure 7.15 pKG8 containing the E. festucae mobC complementation construct 

 

 

Figure 7.16 pKG9 containing the E. festucae half SymC C-terminal deletion construct 

 



Figure 7.17 pKG10 containing the E. festucae full SymC C-terminal deletion construct 

 

Figure 7.18 pKG11 containing the E. festucae truncated SymC C-terminal deletion 

construct 

 

 



Figure 7.19 pKG12 containing the native E. festucae symC::3GA::mRFP construct 

 

Figure 7.20 pKG13 containing the native E. festucae symB::3GA::GFP construct 

 

 



Figure 7.21 pKG14, pGBKT7 Yeast-2-hybrid vector fused to NCU00939 C-terminus  

 

Figure 7.22 pKG19 containing the E. festucae truncated SymC C-terminal deletion 

construct fused to mRFP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 7.23 pKG20 containing the over expression E. festucae symB::3GA::GFP construct 

 

Figure 7.24 pKG21 containing the over expression E. festucae symC::3GA::mRFP 

construct 

 



Figure 7.25 pKG23 containing the E. festucae full length SymC C-terminal deletion 

construct fused to mRFP 

               

Figure 7.26 pGADT7 Yeast-2-hybrid vector  

             



Figure 7.27 pGBKT7 Yeast-2-hybrid vector  

 
 

Figure 7.28 pKG24, pGBKT7 Yeast-2-hybrid vector fused to SymC C-terminus  

 



Figure 7.29 pKG25, pGADT7 Yeast-2-hybrid vector fused to E. festucae GpiA 

 
Figure 7.30 pKG26, pGADT7 Yeast-2-hybrid vector fused to E. festucae Arp3 

 



Figure 7.31 pKG27, pGADT7 Yeast-2-hybrid vector fused to E. festucae UthA 

 
 

Figure 7.32 pKG28, pGADT7 Yeast-2-hybrid vector fused to E. festucae ErgM 

 



Figure 7.33 pGADT7-Rho1 DA, pGADT7 Yeast-2-hybrid vector fused to N. crassa Rho1 

 

Figure 7.34 pGADT7-Rho1 DN, pGADT7 Yeast-2-hybrid vector fused to N. crassa RHO1 

 



Figure 7.35 pGADT7-PKC1, pGADT7 Yeast-2-hybrid vector fused to N. crassa PCK1 

 

Figure 7.36 pGADT7-Mik1 13kb N-term, pGADT7 Yeast-2-hybrid vector fused to N. 

crassa MIK1 

 



Figure 7.37 pGADT7-Mik1 13kb C-term, pGADT7 Yeast-2-hybrid vector fused to N. 

crassa MIK1 

 

Figure 7.38 pGADT7-MEK-1, pGADT7 Yeast-2-hybrid vector fused to N. crassa MEK-1 

 



Figure 7.39 pGADT7- MEK-1 N-term, pGADT7 Yeast-2-hybrid vector fused to N. crassa 

MEK-1 

 

Figure 7.40 pGADT7- MEK-1 C-term, pGADT7 Yeast-2-hybrid vector fused to N. crassa 

MEK-1 

 



Figure 7.41 pGADT7-MAK-1, pGADT7 Yeast-2-hybrid vector fused to N. crassa MAK-1 

 

Figure 7.42 pGADT7-BEM-1, pGADT7 Yeast-2-hybrid vector fused to N. crassa BEM-1 

 

 



Figure 7.43 pGADT7-NOR-1, pGADT7 Yeast-2-hybrid vector fused to N. crassa NOR-1 

 

 

 




