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Abstract 

 

Epichloë festucae is a filamentous fungus, which forms symbiotic associations with aerial 

tissues of Lolium and Festuca grass species. Chitin, a polymer of N-acetyl-D-

glucosamine, is an important component of the fungal cell wall and a well-known 

pathogen associated molecular pattern (PAMP). Chitin promotes pathogen-triggered 

immunity (PTI) upon hydrolysis with plant chitinases and release of chitin oligomers. 

Therefore, to establish a stable and successful symbiosis, the endophyte needs to remain 

‘hidden’ from the host immune system or actively suppress it. Confocal laser scanning 

microscopy (CLSM)-based analysis of leaf tissue infected with the E. festucae wild type 

strain and infiltrated with the chitin-specific molecular probe, WGA-Alexa Fluor-488, 

showed that only the septa of endophytic hyphae bound this probe while the entire cell 

wall was labelled in epiphyllous hyphae confirming previous observations that hyphal 

cell wall chitin is either masked or remodelled in endophytic hyphae. The aims of this 

project were (i) to test whether E. festucae LysM-containing proteins have a role in 

binding to or sequestering cell wall chitin oligomers and thereby preventing PAMP-

triggered immunity and (ii) to analyse the composition of the cell wall of endophytic and 

epiphytic hyphae. An analysis of the E. festucae genome identified seven genes encoding 

proteins with LysM domains. Expression of two of these genes, lymA and lymB, increased 

in planta compared to in culture. Interestingly, both are divergently transcribed from 

chitinase encoding genes (chiA and chiB respectively), which also have increased 

expression in planta. Single gene deletion mutants of lymA, lymB, chiA and chiB as well 

as a double gene deletion ∆lymA/B were generated, and their plant interaction phenotype 

analysed. Plants infected with DlymA, DlymB or DchiA had the same plant-interaction 

phenotype as wild type whereas ∆chiB and ∆lymA/B mutants had defects in hyphal 

growth within the leaves. Analysis of hyphal cell wall structure using Chitin Binding 

Protein (CBP) and chitosan (CAP (Chitosan Affinity Protein) and OGA-488)-specific 

eGFP-based biosensors suggest that cell wall chitin is converted to chitosan in endophytic 

hyphae. This structural change is consistent with a lack of a defence response when E. 

festucae forms a mutualistic symbiotic association with L. perenne.  Three E. festucae 

chitin deacetylase genes were identified (cdaA, cdaB and cdaC), and gene expression 

analysis showed cdaA expression is significantly increased in planta compare to in culture. 

Functional analysis of cdaA revealed that although plants infected with the ∆cdaA mutant 

had a similar whole plant interaction phenotype as wild type, they had an abnormal 
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cellular phenotype. Patches of chitin were exposed along the endophytic hyphae 

confirming this mutant was unable to convert chitin to chitosan. However, hyphae in these 

plants still labelled with the chitosan biosensor OGA-488 demonstrating that despite the 

deletion of the cdaA, the hyphal cell wall of endophytic hyphae still contain chitosan 

suggesting that another chitin deacetylase, possibly CdaB has a redundant function in E. 

festucae. Collectively these results show that lymA, lymB and chiB are required for 

establishment of the symbiosis between E. festucae and L. perenne. In addition, this study 

shows that chitin is converted to chitosan in the hyphal cell wall of endophytic hyphae 

during the infection and colonisation of the host. The E. festucae chitin deacetylase gene 

cdaA is also essential for proper hyphal growth in planta and the symbiotic interaction. 
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1.1. Epichloë species as ryegrass endophytes 

 

The term endophyte refers to the location of the organism, in the plant with “Endo” 

meaning within and “Phyte” the plant. So, at the basic level an endophyte is an organism, 

which lives inside a plant. In contrast, the term “epiphyte” refers to an organism, which 

lives outside the plant, usually on the surface of the leaves (Wilson, 1995). Epichloë 

species including Epichloë festucae and its asexual derivative Epichloë festucae var lolii 

(formerly Neotyphodium lolii (Leuchtmann et al., 2014)) belong to the family 

Clavicipitaceae (Ascomycota), and form symbiotic associations with grasses of the 

Festuca and Lolium genera. These species grow within the host apoplastic (intercellular) 

space of the plant host (Schardl et al., 1994). The Epichloë-grass symbiosis is highly 

beneficial to both the endophyte and its host since E. festucae can be transmitted vertically 

through the seed and has access to nutrients from the host apoplast (Schardl, 1996) 

whereas the host obtains protection to biotic stress, such as insect and mammalian 

herbivory as a result of the fungus producing bio-protective molecules, and increased 

tolerance to abiotic stress such as drought. The presence of Epichloë increases host fitness 

and survival (Clay & Schardl, 2002).  

 

1.2. The endophyte life cycle 

 

During the vegetative state of the host, hyphae proliferate within the aerial tissues without 

any visible pathogenic symptoms, and when the host undergoes the reproductive stage 

the endophyte can be transmitted either vertically through seeds as part of its asexual life 

cycle or horizontally via proliferative external growth on the surface of the leaf to form a 

stroma where conidiospores are formed to initiate the sexual life cycle (Clay & Schardl, 

2002). Stromata form on the flag leaf of the grass, which surrounds the developing 

inflorescence, thereby preventing emergence of the inflorescence to cause “choke” 

disease (Schardl et al., 1997). The conidiospores provide spermatia of one mating type 

and are transferred to a stroma of the opposite mating type by female anthomyiid flies 

(Bultman et al., 1998) (Figure 1.1). 

 

In contrast, Epichloë festucae var lolii has lost the ability to enter the sexual cycle so the 

only mechanism for dissemination is vertical transmission through the seed (Chung et al., 

1997), following endophyte infection of the developing embryo. During reproductive 
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development of the plant, hyphae grow from the vegetative apex into the inflorescence 

primordium and floral apices, to infect the ovary and ovules. Immediately after 

fertilization, hyphae gain entry to the embryo sac. During early embryogenesis, hyphae 

can be found on the surface of the embryo. As the embryo matures, hyphae become 

widespread throughout the embryo and surrounding tissues including the plumule apex, 

embryo axis, the aleurone layer, and between the scutellum and the endosperm. During 

seed germination, hyphae colonize the developing shoot apex. Further colonization of 

leaf primordia, sheaths, and blades of leaves results in systemic infection of aerial tissues 

(May et al., 2008; Philipson & Christey, 1986). 

 
Figure 1.1. E. festucae sexual and asexual life cycle. Image adapted from (Schardl, 2001). 

 

1.3. Epichloë festucae-Lolium perenne as an experimental model system 

 

Perennial ryegrass (Lolium perenne) is a cool season grass, which is agriculturally 

important in New Zealand and many other parts of the world and is naturally found in 

association with the asexual endophyte E. festucae var lolii. This endophyte species is not 

suitable for genetic analysis due to a slow rate of growth in culture. In contrast, E. festucae 

(sexual species) grows faster and forms stable mutualistic symbiotic associations with 
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aerial tissues of cool seasons grasses such as Festuca and Lolium genera in nature and 

also under standard laboratory conditions (Christensen & Latch, 1991). Moreover, E. 

festucae is the most well studied species in terms of molecular genetics (Scott et al., 2012). 

E. festucae is a haploid species with limited host range compared to E. typhina and the 

host association can be easily established in the laboratory, which makes it an ideal grass-

endophyte model system to study this symbiosis ((Scott et al., 2012; Schardl, 2010). 

Introduction of various constructs into the E. festucae genome to generate reporter tagged 

strains or targeted gene deletions is easily manageable in this species because it is quite 

amenable to both homologous and non-homologous recombination (Tanaka et al., 2005; 

Young et al., 2005). The genome sequence of E. festucae strains E2368 and E984 (Fl1) 

were sequenced using a combination of pyrosequencing and Sanger methods, yielding 

total genome assemblies of 34.7 Mb in E2368 and 34.9 Mb in Fl1 (Schardl et al., 2013). 

The availability of the genome sequence of the E. festucae strains, their gene models and 

annotations at www.endophyte.uky.edu is another advantage of using these fungal strains 

as an experimental system. More recently, the genome sequence of strain Fl1 has been 

fully assembled to chromosome level using large contigs generated from PacBio 

sequencing combined with Hi-C analysis (Winter et al., 2018). 

 

1.4. Epichloë species grow within grass leaves by a novel mechanism 

 

1.4.1. Endophytic growth 

For establishment of the symbiotic interaction between E. festucae and its host, the 

endophyte needs to colonise the entire aerial tissues of the plant. While some pathogenic 

fungi have infection and feeding structures E. festucae relies entirely on the uptake of 

nutrients from either the apoplastic space or by way of specialised transport processes 

between the hypha and the attached plant cells (Christensen et al., 2002; Hinton & Bacon, 

1985). Host colonisation occurs by two very distinct fungal growth patterns. E. festucae 

initially forms a proliferative hyphal network among the cells in the zone below the SAM 

(Shoot apical meristem) (Christensen et al., 2008). The hyphae colonise leaf primordia 

and axillary buds where they proliferate by tip growth in the cell division zones of the 

nascent leaf sheath and leaf blade. Following colonisation of these tissues, the hyphae 

become attached to the plant cell wall, where they switch from tip to intercalary growth 

in the leaf cell expansion zone of leaf sheath and blade. Once in this zone the number of 

hyphae does not increase, resulting in a restrictive mode of growth (Christensen et al., 
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2008; Christensen et al., 2002; Tan et al., 2001; Scott et al., 2012; Christensen & Voissey, 

2007). Hyphae attach to the plant cell wall through an adhesive surface matrix of 

unknown origin. As the plant cells elongate in the leaf expansion zone, the attached 

hyphae are stretched, thereby triggering a switch from tip- to intercalary-growth resulting 

in strands of hyphae growing parallel to the leaf axis (Christensen et al., 2008; Voissey, 

2010). An assay was recently developed by Ariyawansa & Voisey to mechanically stretch 

hyphae in planta to enable a molecular analysis of the process of intercalary growth 

(Ariyawansa, 2015). These authors showed that application of a mechanical stretch 

resulted in the development of new cellular compartments that had a higher rate of nuclear 

division and septation compared to unstretched hyphae. This pattern of growth within the 

plant enables endophytic hyphae to grow at the same rate as plant leaf cells thereby 

preventing shearing of the attached hyphae. In the leaf expansion zone intercalary growth 

of attached hyphae are oriented in the direction of plant growth and thus follow the 

longitudinal axis of the leaf (Christensen et al., 2008) (Figure 1.2 and 1.3). 

 
Figure 1.2. E. festucae intercalary growth. Schematic of E. festucae intercalary growth in cell 

division and cell expansion zone of pseudostem and blade tissues of L. perenne. Abbreviations: 
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PC, plant cell; AP, apoplast; Hy, hypha. Red arrowheads identify the extracellular matrix. 

Bar=500 nm. Image adopted from (Scott et al., 2018). 

 

1.4.2. Epiphytic growth 

In addition to endophytic growth, E. festucae has been observed to grow epiphytically on 

leaves of L. perenne plants. It has been observed that the endophytic hyphae emerge from 

the plant expansion zone to form an epiphyllous hyphal net on the surface of the host 

grass leaves (Christensen et al., 1997; Christensen et al., 2002; Moy et al., 2000). The 

endophytic and epiphytic hyphal network remains connected to one another, potentially 

allowing for transfer of nutrients or signal molecules between the two different growth 

forms. One hypothesis put forward as a potential benefit for the host from the epiphytic 

growth, is increased protection from fungal pathogens through ‘niche exclusion’ (Moy et 

al., 2000). Recent work has indicated that endophytic hyphae emerge from the host plant 

by way of formation of an appressorium-like structure called an expressorium. Staining 

of these hyphae with WGA-AF488, a chitin specific stain, showed that after emergence 

of hyphae from the leaf there is extensive cell wall remodelling resulting in the presence 

of chitin throughout the cell wall within 2-3 cell divisions after breaking through the 

cuticle (Becker et al., 2016). Epiphyllous hyphae were observed to be mostly attached to 

the leaf surface, growing along leaf surface depressions, but frequent bridging of furrows 

and loss of surface contact was also observed. Coil-like structures, identical to those 

observed on agar, frequent hyphal fusions, and the formation of conidiophores and 

conidia were also observed. Whether the conidia are able to germinate and penetrate the 

leaf surface has not been observed (Becker et al., 2016; Scott B, 2012) (Figure 1.3). 
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Figure 1.3. Symbiosis of E. festucae within the host plant. (A) Ovules. Bar=100 µm. (B) Embryos. 

Bar=200 µm. (C) Shoot apical meristem and surrounding new leaves. Bar=200 µm. (D) 
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Asymptomatic (on left) and stromata formation (on right) and “choked” inflorescence. Image 

adapted from (Schardl et al., 2013). (E) E. festucae epiphyllous hyphae grow on L. perenne 

surface forming hyphal coil with conidia and conidium (white asterisk). Bar=25 µm. (F) E. 

festucae epiphyllous hyphal net on L. perenne leaf in blue pseudocolour. Bar=100 µm (G) 

Endophytic hyphae grow intercellular space of L. perenne in red pseudocolour. Chitin is visible 

in septa in blue pseudocolour. Bar=25 µm (H) Endophytic hyphae (en) and exiting point from 

plant tissue by the means of expressorium indicted with white asterisk. Epiphyllous hyphae (ep) 

branching soon after emergence on the surface of the leaf (black arrowhead). Bar=10 µm. (I) 

Hyphae emerging plant epidermal cells by forming the expressorium indicated with whit asterisk. 

Hyphal branching and fusion are indicated with black and white arrow heads respectively. Bar=10 

µm. (J) Higher magnification of (I) showing the alteration of hyphal cell wall composition from 

red pseudocolour labelled with aniline blue to blue pseudocolour labelled with WGA-AF488. 

Bar=10 µm. Images adapted from (Becker et al., 2016). (K) E. festucae hyphae grow in culture 

form a row of phialides with give rise to conidia. Germinated conidium is indicated with white 

arrow. Bar=10 µm. Image adapted from (Schardl, 2001). 

 

1.5. Fungal cell wall structure 

 

The cell wall is the outermost layer of the fungal cell and is the surface that is exposed to 

the external environment and is essential to maintain cellular structure and integrity of 

fungi.  It is a dynamic structure which is essential for cell viability, morphogenesis and 

pathogenesis. The major components of fungal cell walls are polysaccharides: β-glucans 

(β-1,3-glucan and β-1,6-glucan), α-glucans (α-1,3-glucan and α-1,4-glucan), chitin and 

mannan (Latge, 2007; Perez & Ribas, 2004). Most fungal species have branched β-1,3-

glucan, which has 3 to 4% interchain connections, and chitin, which is covalently attached 

through hydrogen bonds which comprises the inner cell wall (Latge, 2007; Fleet, 1991). 

These cell wall polysaccharides can also be assembled into fibrous microfibrils that form 

a basket-like scaffold around the cell. The β-1,3-glucan and chitin exoskeleton can protect 

the cell wall from the internal hydrostatic pressure exerted by the cytoplasm and 

membrane. β-1,3: β-1,6-glucan can be bound to other polysaccharides and proteins. 

However, these components vary considerably among fungal species. For example, the 

hyphae in Candida albicans contain shorter and less dense mannan fibrils than yeast cells 

or in dimorphic fungi such as Histoplasma capsulatum where the cell wall is covered with 

α-1,3-glucan during infection. By contrast Cryptococcus neoformans has a thick outer 

capsule largely made of glucuronoxylomannan and galactoxylomannan attached to α-
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glucan. In Aspergillus fumigatus the cell wall structure is different in conidia and hyphae 

with a layer of α-glucan along with melanin and hydrophobic rodlets in the outer layer of 

conidia, while in hyphae it contains α-glucan, galactomannan and galactosaminoglycan 

(Erwig & Gow, 2016; Fujikawa et al., 2009; Gow et al., 2017; Hopke et al., 2018) (Figure 

1.4).  

 
Figure 1.4. Cell wall structure of fungal pathogens. (A) Transmission electron microscopy images 

of cell walls showing mannoprotein fibrils in the outer walls of C. albicans, the fibril-free cell 

wall of an A. fumigatus hyphae, and the elaborate capsule of C. neoformans. (B) The schematic 

of major components of the fungal cell wall and their interconnections. Abbreviations: GAG, 

galactosaminoglycan; GalXM, galactoxylomannan; GXM, glucuronoxylomannan. Images 

adapted from (Gow et al., 2017). 

 

1.5.1. The chitin component of the fungal cell wall 

Chitin is a linear homopolymer of β-1,4-linked N-acetyl-D-glucosamine (GlcNAc) 

monomers. Chitin is a structurally important component of the cell wall even though the 

amount present varies considerably from species to species.  While only 1-2% of yeast 

cell wall the dry weight contains chitin, filamentous fungi such as Aspergillus nidulans 
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and Neurospora crassa contain 10-20% chitin. In filamentous fungi, chitin microfibrils 

are formed from inter-chain hydrogen bonding and produce a very flexible crystalline 

polymer that controls the overall integrity of the cell wall. Consequently, when chitin 

synthesis is disrupted, the wall becomes disordered and the fungal cell becomes and 

osmotically unstable (Bowman & Free, 2006; Latge, 2007; Latge, 2010). Chitin 

polysaccharide is synthesised by transmembrane enzymatic complexes at the plasma 

membrane which are targeted to the plasma membrane in an inactive form via secretory 

vesicles and then activated after insertion into the plasma membrane (Gow et al., 2017). 

Chitin synthesis occurs at sites of active growth and for filamentous fungi this is at the 

hyphal apex or growing tip where the substrate, UDP-N-acetylglucosamine is abundant. 

Chitin synthase enzymes can be classified into two distinct families with each of these 

being further subdivided into three (I, II, III) and four (IV, V, VI, VII) classes depending 

on the primary amino acid sequence. Chitin synthases of classes III, V, VI and VII are 

filamentous fungal specific. Mutations in genes encoding chitin synthase genes results in 

two types of phenotypes, the first with reduced chitin content but normal chitin synthase 

activity in vitro and the second with enzyme activity disrupted but with regular cell wall 

chitin content. The number of CHS genes can vary from one to 20 among different fungal 

species.  A. fumigatus and C. neoformans both contain eight CHS genes and all are 

predicted to be nonessential, although mutants of Δchs3 in C. neoformans are not able to 

grow at 37°C. In contrast C. albicans has four CHS genes with the class II CHS1 essential 

for cell viability. Aspergillus mutants with single chitin synthase gene deletions are 

mostly viable, but some of the double mutants are lethal. Class V and VII of the chitin 

synthase enzymes contain myosin-motor like domains (MMD), which are often essential 

for growth, morphogenesis, virulence and stress tolerance in filamentous fungi. It is 

thought that the MMD is involved in actin-mediated cytoplasmic transport, as they bind 

to actin and influence apical localization and facilitate vesicle fusion with the plasma 

membrane. In N. crassa four specific chitin synthase enzymes have been identified 

encoded by chs-1, chs-2, chs-3 and chs-4 genes. Mutant strains of these genes showed 

different phenotypes. While disruption of chs-2 resulted in strains with the same level of 

chitin and morphology as the wild type, deletion of chs-1 resulted in reduction of chitin 

levels, slow growth and formation of swollen and bulbous hyphae. The chs-4 gene is 

predicted to be functional in cell wall biosynthesis under environmental stress conditions 

and since the chs3 gene of N. crassa is essential for survival it is suggested that the CHS3 
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enzyme may catalyse the majority of chitin synthesis under normal growth conditions 

(Gow et al., 2017). 

 

1.5.2. The glucan component of the fungal cell wall 

The other major fungal cell wall polysaccharide is β-1,3-glucan which is synthesized by 

a plasma membrane-bound glucan synthase complex and uses UDP-glucose as its 

substrate. The linear β-1,3-glucan chain is extruded through the membrane into the cell 

wall and can act as a transglycosidase enzyme. Sixty five to ninety five percent of the 

fungal cell wall glucan is β-1,3-glucan and the other form of the glucan such as β-1,6 

mixed β-1,3 and β-1,4, α-1,3 and α-1,4 linked glucans have been found in other fungal 

species cell walls (Bernard & Latge, 2001; Bowman & Free, 2006; Grun et al., 2005). β-

1,3-glucan synthases are essential for proper cell wall formation and normal development 

of fungi as this is the main structural constituent to which other cell wall components are 

covalently attached. While yeast cell walls contain β-1,3 and β-1,6-glucans, filamentous 

fungi such as N. crassa and A. fumigatus do not contain the latter (Borkovich et al., 2004; 

Bowman & Free, 2006; Fontaine et al., 2000). The branched glucans are cross-linked 

with each other, and to chitin and mannoproteins, to provide the cell wall with mechanical 

strength and integrity (Bowman & Free, 2006; Kollar et al., 1997). Considering that β-

glucan is important for fungal cell wall architecture, it is not surprising that disruption in 

its synthesis affects the fungal morphology and pathogenicity. Two functionally 

redundant genes encoding catalytic subunits of the glucan synthase complex, FKS1 and 

FKS2, were identified for the first time in yeast. Single deletion of FKS1 or FKS2 resulted 

in a slow growth rate and cell wall defects whereas deletion of both genes was lethal. 

RNAi-mediated knockdown mutants of a β-1,3-glucan synthase in C. graminicola 

resulted in reduction of β-1,3-glucan levels in the cell wall and defects in appressorium 

differentiation. Fungal appressoria in these mutants were less adhesive to various surfaces, 

showed more elasticity, and were unable to withstand increases in appressorial turgor 

pressure. Deletion of a glucan synthase gene in F. solani similarly resulted in spore and 

hyphal lysis (Bowman & Free, 2006).  

 

1.5.3. The glycoprotein component of the fungal cell wall  

The fungal cell wall is comprised of a complex and interlinked network of 

polysaccharides and protein. Fungal cell walls of S. cerevisiae and A. candidans have 

between 30-50% of protein by dry weight. N. crassa has approximately 15% protein in 
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its cell wall. Most of the fungal cell wall proteins are glycoproteins, which go through the 

secretory pathway before transiting to the cell wall. Proteomics analyses conducted in 

various fungal species identified small cytosolic and mitochondrial proteins. In addition 

to these small proteins heat shock and glycolytic enzymes have been detected as being 

cross-linked and associated with the cell wall. The actual function of these non-traditional 

proteins is still unclear. Glycoproteins are traditional fungal cell wall proteins, which are 

exclusively modified with N-linked and O-linked oligosaccharides. The structures of the 

oligosaccharides, which are attached to these glycoproteins, are different amongst fungal 

species. The glycoproteins of N. crassa and A. fumigatus contain galactomannan 

structures, composed of both mannose and galactose residues. The main function of cell 

wall proteins is to maintain cell shape, mediate adhesion for cell migration and fusion, 

protect the cell against foreign substances, mediate the absorption of molecules, transmit 

intracellular signals from external stimuli, and synthesise and remodel cell wall 

components. In addition, the Glycosylphosphatidylinositol (GPI) anchor, a lipid and 

oligosaccharide-containing structure, is also added to some cell wall proteins that contain 

a C-terminal signal sequence. The GPI anchor directs and localises these proteins to the 

plasma membrane and cell wall. Approximately 20 proteins are involved in the GPI 

anchor production and attachment process, some defined as enzymes and other as 

auxiliary factors. Seven primary steps of the GPI anchor pathway have been identified, 

starting with anchor biosynthesis and finishing with the final attachment of the completed 

anchor structure to the recipient protein (Eisenhaber et al., 2003; Kinoshita & Inoue, 

2000). GPI anchor pathways have also been analysed in S. cerevisiae and N. crassa. In S. 

cerevisiae all but one of the genes are essential for fungal viability. The gene GPI7 is the 

only gene involved in the GPI anchor pathway that is not required for fungal survival. 

Deletion of GPI7 resulted in morphological defects such as alteration in cell wall 

remodelling and integrity. In N. crassa several genes involved in the GPI anchor pathway 

have also been identified. While deletion of some genes in this species are lethal, others 

were less severe resulting in different morphological phenotypes such as restricted hyphal 

growth and defects in the cell wall. As observed for GPI anchor proteins in S. cerevisiae, 

these proteins are also required for cell wall integrity in N. crassa (Bowman & Free, 2006; 

Bowman et al., 2006). 
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1.6. Plant immunity 

 

Microbial plant pathogens such as fungi have a very specific life strategy. They almost 

always occupy extracellular niches. However, the nutrients they need to grow are derived 

from host cells. Fungi can directly enter plant epidermal cells, or extend hyphae on top 

of, between, or through plant cells. Pathogenic and symbiotic fungi and oomycetes have 

a range of different structures for colonising and feeding on the host including appressoria, 

hyphopodia and haustoria. Plants do not have a mobile defence system such as the 

adaptive immune system found in mammals but do have an innate immune system that 

enables them to recognise specific molecules released by the pathogen and which trigger 

a defence response. Plants rely on cell autonomous events and innate immune system for 

defence. This system allows recognition of various pathogen-associated molecular 

patterns or microbe associated molecular patterns (PAMPs or MAMPs) such as proteins, 

carbohydrates, lipids and small molecules, including ATP (Dodds & Rathjen, 2010; Jones 

& Dangl, 2006). 

 

1.7. Chitin recognition and the host defence response  

 

Different fungal species deploy different strategies to colonise their host. Host 

recognition of fungi triggers a host immune response. Plants have evolved to recognise 

PAMPs by cell surface localised pattern recognition receptors (PRRs) in order to mount 

an immune reaction. Chitin as a component of the fungal cell wall acts as a PAMP 

following its hydrolysis and release of chitin oligomers by plant chitinases. PAMP 

recognition through PRRs, triggers the first line of defence reaction called PAMP-

triggered immunity (PTI). Activation of PRRs results in a signalling response 

characterised by reactive oxygen accumulation, ion channel activation, defence related 

mitogen-activated protein kinase cascade activation, host transcriptional reprogramming 

and accumulation of antimicrobial compounds such as proteinases, chitinases and 

glucanases which can damage pathogen structure. Plant PRRs have been identified in 

Arabidopsis thaliana and Oryza sativa (rice). Chitin oligomers released from the fungal 

cell wall are detected and recognised by LysM-receptor like kinases (LysM-RLK) called 

CERK1/RLK1/LYK1, which bind chitin oligomers through three extracellular LysM 

domains. Rice has an additional receptor like protein (RLP) to CERK1 called chitin 

elicitor-binding protein (CEBiP), which is also required for chitin detection and immune 
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signalling. Chitin-induced homodimerization of CERK1 in both A. thaliana and O. sativa 

is essential for the activation of downstream signalling (Liu et al., 2012; Lo Presti et al., 

2015; Sanchez-Vallet et al., 2015). Fungi must avoid triggering the PTI to establish a 

compatible interaction and proliferate in their host. To overcome the PTI, the pathogen 

can secret effectors which can be toxic secondary metabolites, proteins that kill the host 

plant (in necrotrophic and hemibiotrophic pathogens), or proteins that shield the fungus 

or suppress the host immune response. Although secreted effectors can have a role in 

suppressing PTI they may be recognised by plant receptors and elicit another layer of 

immune response called effector triggered immunity (ETI). ETI can be activated 

following effector recognition by plant resistance proteins (R proteins) which are 

conserved intracellular receptors of the nucleotide-binding leucine-rich receptor (NB-

LRR) class. PTI and ETI can cause similar responses, however, they differ in the strength 

of the response. ETI often triggers a localized cell death response, or hypersensitive 

response (HR). In the four-phased ‘zigzag’ model of the plant immune system put forward 

by (Jones & Dangl, 2006) ETI can also be suppressed by the pathogen. In this phase, due 

to natural selection, the pathogen can suppress ETI either by shedding or diversifying the 

recognized effector gene, or by acquiring additional effectors. Natural selection results in 

new R specificities so that ETI can be triggered again (Dodds & Rathjen, 2010) (Figure 

1.5). 

 
Figure 1.5. The schematic of the zigzag model showing the quantitative output of the plant 

immune system. In phase 1, PAMPs/MAMPs (red diamonds) are detected by PRRs to trigger PTI. 
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In phase 2, delivered effectors by successful pathogens interfere with PTI resulting in effector-

triggered susceptibility (ETS). In phase 3, one pathogen effector (indicated in red) is recognized 

by an NB-LRR protein resulting in effector triggered immunity (ETI). Avr and R refer to pathogen 

avirulance and palnt resistance genes respectively. In phase 4, pathogen isolates which have lost 

the red effectors and perhaps gained new effectors (in blue) through horizontal gene flow will be 

selected to supress ETI. New plant NB-LRR alleles acquired through selection can help to 

recognize new effectors resulting again in ETI. Image adapted from Jones and Dangl, 2006. 

 

1.8. Fungal effectors and LysM proteins 

 

Fungal pathogens can overcome PTI induced by chitin via different mechanisms. 

Cladosporium fulvum secretes the chitin-binding effector protein, Avr4, which protects 

the fungal cell wall against plant chitinase activity (van Esse et al., 2007). Functional 

homologues of Avr4 have been identified in several other fungal species, including 

Mycosphaerella fijiensis and Dothistroma septosporum (de Wit et al., 2012). Recent 

studies have revealed that cell wall chitin is physically masked by other cell wall 

components. Rappleye et al. (2007), reported the presence of α-1,3-glucan, which masks 

a triggering of the host immune system, in the outermost layer of the cell wall of 

Histoplasma capsulatum, a pathogenic fungus of mammals. Macrophages recognize the 

infection by H. capsulatum in part through the interaction of β-glucan from the fungal 

cell wall and the receptor dectin-1, and thus a-1,3-glucan blocks recognition by covering 

the β-glucan (Rappleye et al., 2007). Similarly, in M. oryzae, (Fujikawa et al., 2009; 

Fujikawa et al., 2012)) showed that α-1,3-glucan masks both chitin and β-1,3-glucan in 

the cell walls of M. oryzae. They also demonstrated that the presence of α-1,3-glucan 

results in increased tolerance to plant chitinase digestion. Thus, masking chitin by a-1,3-

glucan is a major strategy by M. oryzae to evade attack by chitinases. Deletion of the α-

1,3-glucan synthase reduced host virulence. C. fulvum secretes another chitin binding 

protein Ecp6 which sequesters chitin oligosaccharides that are released from the cell walls 

of invading hyphae to prevent elicitation of a host immune response (de Jonge et al., 

2010). Genomic and sequence analysis of 70 fungal species showed that secreted LysM 

containing proteins are widespread in the fungal kingdom and might have a role in 

sequestration of chitin oligosaccharides to dampen host defense (de Jonge & Thomma, 

2009) (Figure 1.6). Genes encoding LysM motifs have been analysed in several other 

fungi including Mycosphaerella graminicola, Trichoderma atriviridae, Colletotrichum 
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higginsianum and Penicillium expansum (Bolton et al., 2008; Marshall et al., 2011; 

Gruber et al., 2011; Mentlak et al., 2012; Takahara et al., 2016; Levin et al., 2017; Seidl-

Seiboth et al., 2013; Kombrink & Thomma, 2013). Homologues of Ecp6 have been 

identified in other fungal pathogen species. For example, in the rice blast fungus M. 

oryzae, Slp1 accumulates at the plant-fungus interface at an early stage of infection, 

where it specifically binds chitin to supress chitin triggered immunity. Spl1 is also able 

to compete for chitin binding with chitin binding PRRs in rice. The Mg3LysM protein in 

M. graminicola is also involved in blocking elicitation of a chitin-induced plant defence 

response. Like Avr4 in C. fulvum, Mg3LysM provides protection of the hyphae against 

cell wall degradation by plant chitinases (Mentlak et al., 2012; Marshall et al., 2011; van 

Esse et al., 2007). 

 

 
Figure 1.6. Fungal LysM proteins classification based on their domain structure. Fungal LysM 

proteins grouped into 5 types (A-E) according to their overall domain architecture. Numbers in 

brackets indicating the number of proteins that belong to each type. Image adapted from (de Jonge 

& Thomma, 2009).  

 

 

Similar to chitin the glucan oligosaccharides released form fungal cell wall upon fungal 

attack can also act as PAMPs, such as the ß-1,6-1,3-heptaglucan derived from plant 

pathogen Phytophthora sojae (Aronson et al, 1967; Cheong et al, 1991). So, the fungi 

need to protect ß-glucan polymers from plant recognition and triggering the PTI. It has 
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been recently shown that the fungal lectin FGB1 from the root endophyte Phytophthora 

indica is secreted during the fungal colonization and specifically interact with ß-1,6 

linked glucan and potentially alter cell wall composition to increase the resistance to the 

glucan- associated cell wall stressor Congo Red. Moreover, it has been shown that the 

FGB1 can have a similar function as chitin binding LysM effectors and suppress 

laminarin-triggered ROS production in different hosts and avoid ß-glucan trigger 

immunity (Wawra et al., 2016). 

In biotrophic fungi Ustilago maydis, the pathogen secrets effector proteins to colonise 

and cause disease in maize. A repetitive protein effector Rsp3 (repetitive secreted protein 

3) has been functionally characterised and qRT-PCR analyses showed that rsp3 is highly 

expressed during biotrophic phase. It has been shown that Rsp3 is responsible for 

suppressing the host defence response by shielding hyphae from antifungal maize 

proteins AFP1 and AFP2 (Ma et al., 2018).  

In tomato fungal pathogen Fusarium oxysporum, the pathogen deploys a specific strategy 

to overcome the deleterious effect of CBD (chitin binding domain) of plant chitinases 

using for degrading chitin component of the fungal cell wall. Jashni et al., (2015) showed 

that both secreted metalloprotease FoMep1 and serine protease FoSep1 in F. oxysporum 

are responsible for cleavage in CBD of class I and IV tomato chitinase. Double deletion 

of these two  CBD cleavage protease (∆FoMep1/Fosep1) showed reduced virulence in 

tomato suggesting the importance of CBD chitinase in plant basal defence.  

 

1.9.Chitosan  

 

While chitin is important for pathogenic fungal growth and protection, it is also the 

intruder’s ‘Achilles heel’ as even small amounts of released chitin oligomers can trigger 

a PTI defence response. Fungal pathogens have evolved different strategies to avoid a 

chitin-triggered immune response. Besides secreting effectors to bind chitin to protect 

them from chitinase hydrolysis or sequestering chitin oligomers to prevent them binding 

to plant receptors, fungal pathogens have another strategy; that of modifying the chitin 

into chitosan by deacetylation of the chitin in hyphal cell walls at the infection site. In 

contrast to chitin, chitosan is a poor activator of the plant immune response, and a poor 

substrate for host plant chitinases (Geoghegan et al., 2017).  Chitin deacetylase activity 

has been identified in some fungal species such as broad bean and wheat rust fungi 

Uromyces faba, Puccinia graminis and maize anthracnose fungus Colletotricum 
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graminicola. In these species only substromatal vesicles, infection hyphae and infection 

vesicles were labelled by a chitosan biosensor, showing that chitin is converted to chitosan at 

the stage when the pathogens penetrate the plant leaf tissues (El Gueddari et al., 2002). 

Conversion of chitin to chitosan has also been observed in M. oryzae, but some studies showed 

that chitosan has a role in fungal morphology and appressorium development rather than 

serving as a stealth molecule (Fujikawa et al., 2009; Fujikawa et al., 2012; Geoghegan & Gurr, 

2016; Geoghegan & Gurr, 2017) (Figure 1.7).  

 

 
Figure 1.7. Distribution of chitin and chitosan on fungal infection structures. (A) and (B) Staining 

of a P. graminis f.sp. tritici and U. faba germinated spore (sp) respectively with FITC-WGA 
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(green fluorescence and Texas-Red labelled antibody (red fluorescence). Germ tube (gt) and 

appressorium (ap) formed on the surface strongly labelled with FITC-WGA indicating the chitin 

exposure. Substomatal vesicle (sv) and infection hyphae (ih) formed in intercellular space 

strongly labelled with chitosan antibody. Bars= 30 µm. Images adapted from (El Gueddari et al., 

2002). (C) Double staining of the P. graminis f.sp. tritici spore (1) with WGA-Texas-Red. Chitin 

was labelled in germ tube (2), appressorium (3) and tip of the infection hyphae in red florescence 

with WGA-Texas-Red. Substomatal vesicle (4) and infection hyphae (5) are stained with CAP in 

green fluorescence indicating the presence of chitosan. Bar=20 µm. Image adapted from 

(Nampally et al., 2012). (D) Germ tube and appressorium of M. oryzae were labelled with anti-

chitosan probe OGA-488, indicating the presence of chitosan in these structures. Bar=10 µm. 

Image adapted from (Geoghegan & Gurr, 2016). (E-G) OGA-488 labelling of different fungal 

species. (E) Chitosan labelling (green) of a tetrad of four S. cervisiae spores. Ascus wall and 

diploid cells indicated with white arrowhead and arrows respectively are not labelled. Bar=10 µm. 

(F) OGA-488, Calcofluor and propidium iodide (PI) labelling of the pathogenic fungus 

Entomophthora scizhophorae outgrowing on house fly Musca domestica. chitosan labelling 

(green) is visible only in conidiophore (cf) structure but not spores (sp) or cuticle of the fly (cu). 

Chitin and nuclei are stained by Calcofluor and PI in blue and red respectively. Bar=10 µm. (G) 

chitosan labelling is restricted to septa (white arrowhead) between cells in N. crassa hyphae. 

Bar=10 µm. Images adapted from (Mravec et al., 2014).  

 

1.10. Fungal chitinases 

 

The fungal cell wall is a highly dynamic structure that undergoes various changes during 

different physiological stages such as spore germination, hyphal branching and septum 

formation. The presence of glycoproteins within the cell wall structure is the source of 

this dynamic nature. Sequence and homology analysis revealed that cell wall associated 

proteins can be grouped into two categories, wall-associated enzymes (WAEs) and 

structural proteins.  The WAEs include chitinases, glucanases and peptidases involved in 

enzymatic remodelling of the cell wall. Structural proteins are relatively small proteins 

incorporated into the fungal cell wall structure, but they do not have any functional 

domains or enzymatic activity. These proteins may play roles in cell migration, adhesion, 

fusion and mating, or serve as scaffolding proteins to which other cell wall components 

are attached (Adams, 2004; Bowman & Free, 2006). A number of chitinases and 

glucanases have been purified from S. cerevisiae and A. fumigatus and shown to have 

endo- or exo- glycolytic activity. The yeast and filamentous fungal genomes contain 
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several genes encoding chitinases and glucanases with overlapping hydrolysis activity 

important for cell wall remodelling. Chitinases are classified as endochitinases or 

exochitinases depending on the site of chitin cleavage. Endochitinases cleave chitin 

randomly and release chitotetraose, chitotriose, and di-acetylchitobiose oligomers (Sahai 

& Manocha, 1993). In contrast, exochitinases only release the dimer di-acetylchitobiose 

from the nonreducing end of the chitin polymer (Sahai & Manocha, 1993). In S. 

cerevisiae two genes, CTS1 and CTS2, encode endochitinases that are involved in cell/bud 

separation and spore wall assembly, respectively (Adams, 2004). A chitinase was shown 

to be one of the major secreted proteins in cultures of a Neotyphodium. spp (Li et al., 

2004). This enzyme has also been detected in the apoplastic fluid of Poa ampla infected 

with Neotyphodium. spp, suggesting that it might have a role in fungal morphology such 

as hyphal branching and conidia development, germination in culture, or autolysis of 

older mycelia and re-assimilation of nutrients for continued growth in the apoplast of 

infected plants (Li et al., 2004). 

 

1.11. Aims and objectives of this project 

Chitin, the main component of the cell wall, acts as a PAMP to trigger the plant immune 

response. Several studies have shown that phytopathogenic fungal genomes contain many 

genes encoding LysM proteins, and some of these have been revealed to have a role in 

sequestering chitin oligomers released by plant chitinases to suppress the host defence 

response. In addition to LysM effector secretion, pathogens can deploy a complementary 

strategy to avoid activation of the plant immune response by remodeling the fungal cell 

wall through chitin deacetylation, resulting in the conversion of chitin into chitosan. This 

molecule is a poor substrate for chitinases and elicits a relatively weak PTI reaction. 

Chitin deacetylase activity has been identified in several different fungal pathogens and 

chitosan is present in the cell walls of infection structures, findings that suggest chitosan 

can act as a stealth molecule during host infection. Given that E. festucae must suppress 

its plant host defense reaction to establish a stable symbiotic interaction, the aim of this 

project is to understand how E. festucae is able to suppress host defense to maintain its 

mutualistic symbiosis with the following objectives: 

 

1. Identify candidate genes encoding LysM proteins in the E. festucae genome using 

bioinformatic approaches. 
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2. Determine the role of LysM proteins in the symbiotic interaction by performing 

targeted gene deletion of a selection of genes identified in objective 1.  

3. Analyze the fungal cell wall structure in seedlings and mature plants infected with 

E. festucae Fl1 to understand how cell wall structure, especially chitin, change 

during the initial stages of host infection, during endophytic growth and 

epiphyllous growth using different biosensors and microscopy approaches. 

4. Identify candidate genes encoding chitin deacetylases in the E. festucae genome 

using bioinformatic approaches. 

5. Determine the role of chitosan in the symbiotic interaction by performing targeted 

deletion of a gene encoding a chitin deacetylase upregulated in planta. 
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Chapter 2. Materials and Methods 
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2.1. Sterile conditions 

Unless otherwise specified all media were prepared using purified Milli-Q water supplied 

by the Barnstead NANOpure ultrapure water purification system (Thermo Scientific™ 

Barnstea™) and sterilized by autoclaving for 20 min at 121°C. All the experiments 

involving culturing bacteria or fungal cells were performed under sterile conditions 

within a UV sterilized laminar flow hood.  

 

2.2. Molecular and biological material 

Organisms (Table 2.1), plasmids (Table 2.2) and primers (Table 2.3) that were used are 

listed as follows: 

 
Table 2. 3. Strains used in this study. 

 
 

 

 

 

 

Strain Relevant characteristics Reference 

Fungal strains   

Epichloë festucae   

PN2278   wild type 

 
Fl1 

(Young et al., 

2005) 

PN3096 (∆lymA#7) Fl1/∆lymA::PtrpC-hph;HygR This study 

PN3097 (∆lymA#27) Fl1/∆lymA::PtrpC-hph;HygR This study 

PN3098 (∆lymA#30) Fl1/∆lymA::PtrpC-hph;HygR This study 

PN3099 (∆lymA#32) Fl1/∆lymA::PtrpC-hph;HygR This study 

PN3100 (∆chiA#5) Fl1/∆chiA::PtrpC-hph;HygR This study 

PN3101 (∆chiA#22) Fl1/∆chiA::PtrpC-hph;HygR This study 

PN3102 (∆chiA#39) Fl1/∆chiA::PtrpC-hph;HygR This study 

PN3125 (∆lymB#41) Fl1/∆lymB::PtrpC-nptII-TtrpC;GenR This study 

PN3126 (∆lymB#52) Fl1/∆lymB::PtrpC-nptII-TtrpC;GenR This study 

PN3127 (∆lymB#116) Fl1/∆lymB::PtrpC-nptII-TtrpC;GenR This study 

PN3158 (∆chiB#36) Fl1/∆chiB::PtrpC-nptII-TtrpC;GenR This study 

PN3159 (∆chiB#68) Fl1/∆chiB::PtrpC-nptII-TtrpC;GenR This study 

PN3160 (∆lymA/B#12) ∆lymA/∆lymB::PtrpC-nptII-TtrpC;GenR, HygR This study 

PN3161 (∆lymA/B#29) ∆lymA/∆lymB::PtrpC-nptII-TtrpC;GenR, HygR This study 

PN3162 (∆lymA/B#42) ∆lymA/∆lymB::PtrpC-nptII-TtrpC;GenR, HygR This study 

PN3200 (∆cdaA#28) Fl1/∆cda-A::PtrpC-hph-TtrpC;HygR This study 
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PN3201 (∆cdaA#41) Fl1/∆cda-A::PtrpC-hph-TtrpC;HygR This study 

PN3202 (∆cdaA#49) Fl1/∆cda-A::PtrpC-hph-TtrpC;HygR This study 

PN 3236(∆lymA#7/lymA-

eGFP#14) 

ΔlymA/teflymA::eGFP-TtrpC-PtrpC-hph-Ttub;GenR, 

HygR 

 

This study 

PN 3237(∆lymB#41/lymB-

eGFP#1) 

ΔlymB/teflymB::eGFP-TtrpC-PtrpC-nptII-

Ttub;HygR, GenR 

 

This study 

Bacterial strains   

E. coli   

DH5α 

 

F-Φ80lac Z∆M15 ∆(lac ZYA-arg F) U169 recA1 

endA1 hsdR17 (rk-, mk+) phoAsup E44λthi-1 

gyrA96relA1 

 

ThermoFisher 

Scientific�

 

NN01 DH5α/pNN01 This study 

NN02 DH5α/pNN02 This study 

NN03 DH5α/pNN03 This study 

NN04 DH5α/pNN04 This study 

NN05 DH5α/pNN05 This study 

NN11 DH5α/pNN11 This study 

NN12 DH5α/pNN12 This study 

NN13 DH5α/pNN13 This study 

NN14 DH5α/pNN14 This study 
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Table 2. 4. Plasmids used in this study. 

 
 

 

 

 

 

 

 

 

 

 

 

       

Biological 

material 

Relevant characteristics Reference 

Plasmids   

pRS426 ori(f1)-lacZ-T7 promoter-MCS (KpnI-SacI)-T3 promoter lacIori 

pMB1)-ampR-ori (2 micron), URA3, AmpR 

 

(Winston et al., 1995) 

pSF15.15 PtrpC-hph;AmpR,HygR 

 

S. Foster 

 

pSF17.1 PtrpC-ntpII-TtrpC; AmpR,GenR 

 

S. Foster 

 

pDB48 PtrpC-hph-TtrpC; AmpR,HygR 

 

D. Berry 

pBH18 Ptef-mcherry-TtrpC-PtrpC-hph-Ttub;AmpR,HygR B. Hassing 

pBH28 Pgpd-eGFP-TtrpC-PtrpC-ntpII-Ttub;AmpR,GenR B. Hassing 

pNN01 pRS426 containing 5'lymA-PtrpC-hph-3'lymA;AmpR ,HygR This study 

pNN02 pRS426 containing 5'chiA-PtrpC-hph-3'chiA;AmpR ,HygR This study 

pNN03 pRS426 containing 5'lymB-PtrpC- nptII-TtrpC -3'lymB; 

AmpR ,GenR 

This study 

pNN04 pRS426 containing 5'chiB-PtrpC- nptII-TtrpC -3'chiB; 

AmpR ,GenR 

This study 

pNN05 pRS426 containing 5'cdaA-PtrpC- hph-TtrpC -3'cdaA; 

AmpR ,HygR 

This study 

pNN11 pNN12 containing PlymA:eGFP-TtrpC;AmpR,GenR This study 

pNN12 pBH28 containing PlymA:eGFP-TtrpC;AmpR,GenR This study 

pNN13 pBH18 containing Ptef::lymB:eGFP-TtrpC;AmpR,HygR This study 

pNN14 pBH18 containing Ptef::lymB:eGFP-TtrpC;AmpR,HygR This study 
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Table 2. 3. Primers used in this study. 

 

Name Primer sequence (5’-3’) Purpose 

NN10 
ACGCCAGGGTTTTCCCAGTCACGACG

TTAACTGCCTGGAGAACCAACTCAC 
pNN01 generation 

NN11 
CACTCGTCCGAGGGCAAAGGAATAGC

TTGGTGGAGCAAAAGCCAG 
pNN01 generation 

NN12 
GCTCCTTCAATATCAGTTCCAAGCTC

AAGCAGAATGACTCGTGCG 
pNN01 generation 

NN13 
ATAACAATTTCACACAGGAAACAGCG

AATTCCCAAGACGCAAACCTGTTCG 
pNN01 generation 

NN22 GTCGTACGATGTGGCATTGC Amplify within lymA 

NN25 ACGACGCCAGGTTAGAACAG Amplify within lymA 

NN26 GAGCAGCAAGTGTTCAACGG 
Amplify across lymA deletion construct 

left border 

NN29 ATACGAGGTCGCCAACATCC 
Amplify across lymA deletion construct 

left border 

NN31 ACAGCATACCCCGACCAAAG 
Amplify across lymA deletion construct 

right border 

NN32 TGTAGAAACCATCGGCGCAG 
Amplify across lymA deletion construct 

right border 

NN42 
ACGCCAGGGTTTTCCCAGTCACGACG

TTAACAGGTCTGCGCAACTCTTCTC 
pNN03 generation 

NN43-2 
CAAAAAGTGCTCCTTCAATATCTAGA

CTCTGTGCTTGCCAGC 
pNN03 generation 

NN44-2 
CATTCCTACTAAGATGGGTAGGCGGA

AGTCGAAGCATTGTG 
pNN03 generation 

NN45 
ATAACAATTTCACACAGGAAACAGCA

CTAGTGCCGAAACATCACCAAGACG 
pNN03 generation 

NN50 AGCATAAGTCGCCGTCTTGG Amplify within lymB 

NN51 GCGGGATTACGCAGTGTCTC Amplify within lymB 

NN52 ATCCACACGGCGATGAAGAG 
Amplify across lymB deletion construct 

right border 

NN53 TGCTTGACAAACGCACCAAG 
Amplify across lymB deletion construct 

right border 

NN54 ACCGCTTCCTCGTGCTTTAC 
Amplify across lymB deletion construct 

left border 

NN55 TCATTTCCCCGTGAGAGTGC 
Amplify across lymB deletion construct 

left border 



 28 

 
 

 

   

NN18 
ACGCCAGGGTTTTCCCAGTCACGACG

TTAACTGTCCATTGCAGTCTCGTCC 
pNN02 generation 

NN19 
GCTCCTTCAATATCAGTTCCAAGCTTC

GATCTGCCGGGAATGATG 
pNN02 generation 

NN20 
CACTCGTCCGAGGGCAAAGGAATAGT

CGTCTTGCCATCCTTGGAG 
pNN02 generation 

NN21 
ATAACAATTTCACACAGGAAACAGCG

AATTCAGTTACATCTATCTGTGC 
pNN02 generation 

NN34 TGAAAGCCCGACCGTAGAAC Amplify within chiA 

NN35 TCCTTGTCCTGAGTCGTTGC Amplify within chiA 

NN29 ATACGAGGTCGCCAACATCC 
Amplify across chiA deletion construct 

left border 

NN37 TCCAAACCGGCATATCTCGG 
Amplify across chiA deletion construct 

left border 

NN32 TGTAGAAACCATCGGCGCAG 
Amplify across chiA deletion construct 

right border 

NN36 CTTGAAAACTGTGCCCCAGC 
Amplify across chiA deletion construct 

right border 

NN56 
ACGCCAGGGTTTTCCCAGTCACGACG

TTAACATCGTCTAATGAGCAGAAGA 
pNN04 generation 

NN57 
CAAAAAGTGCTCCTTCAATATCTCTG

CGACTCTAACGAAGCC 
pNN04 generation 

NN58 
CATTCCTACTAAGATGGGTAGTCCTTT

GCCTCTTACGGCTG 
pNN04 generation 

NN59 
ATAACAATTTCACACAGGAAACAGCA

CTAGTTGTCAGCTCCGCGATATGTC 
pNN04 generation 

NN60 TCCGACGATCAGTATATGGC Amplify within chiB 

NN61 CGAGACTTCTCTCATCTAGT Amplify within chiB 

NN62 CAGTTGCCTATCTGGATGAT 
Amplify across chiB deletion construct 

left border 

NN53 TGCTTGACAAACGCACCAAG 
Amplify across chiB deletion construct 

left border 

NN54 ACCGCTTCCTCGTGCTTTAC 
Amplify across chiB deletion construct 

right border 

NN63 CTATAGACCCTCGCTCATCA 
Amplify across chiB deletion construct 

right border 
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NN117 
GTGACACTATAGAACTCGACTTGACC

CTGCTTCCTCTCCGC 
pNN11 generation 

NN118 
CATAGATCCACCTCCACCAGAACCTC

CACCTCCCTCTCCAATACAGACAGC 
pNN11 generation 

NN119 
GGAGGTGGAGGTTCTGGTGGAGGTGG

ATCTATGGTGAGCAAGGGCGAGGA 
pNN11 generation 

NN121 GTCGAGTTCTATAGTGTCACC pNN11 generation 

NN112 
CCATACATCACCGTCAAACCTCATGT

CCGCTCTTTTCATAAC 
pNN12 generation 

NN118 
CATAGATCCACCTCCACCAGAACCTC

CACCTCCCTCTCCAATACAGACAGC 
pNN12 generation 

NN119 
GGAGGTGGAGGTTCTGGTGGAGGTGG

ATCTATGGTGAGCAAGGGCGAGGA 
pNN12 generation 

NN121 GTCGAGTTCTATAGTGTCACC pNN12 generation 

NN120 
GTGACACTATAGAACTCGACGGTAGC

AAACGGTGGTCAAAG 
pNN12 generation 

BH77 GAGGTTTGACGGTGATGTATG pNN12 generation 

NN122 
GTGACACTATAGAACTCGACAATAAT

ACCATCATCTGTGGA 
pNN13 generation 

NN123 
CATAGATCCACCTCCACCAGAACCTC

CACCTCCAATCTCGTCCTTTGCAC 
pNN13 generation 

NN119 
GGAGGTGGAGGTTCTGGTGGAGGTGG

ATCTATGGTGAGCAAGGGCGAGGA 
pNN13 generation 

BH115 
CAAGCTGTTTGATGATTTCAGTTACTT

GTACAGCTCGTCCATG 
pNN13 generation 

BH76 CTGAAATCATCAAACAGCTTG pNN13 generation 

NN121 GTCGAGTTCTATAGTGTCACC pNN13 generation 

NN104 
CATACATCACCGTCAAACCTCATGCT

TCGACTTCCGCTTCT 
pNN14 generation 

NN123 
CATAGATCCACCTCCACCAGAACCTC

CACCTCCAATCTCGTCCTTTGCAC 
pNN14 generation 

BH76 CTGAAATCATCAAACAGCTTG pNN14 generation 

NN121 GTCGAGTTCTATAGTGTCACC pNN14 generation 

BH76 CTGAAATCATCAAACAGCTTG pNN14 generation 

BH77 GAGGTTTGACGGTGATGTATG pNN14 generation 
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NN122 
GTGACACTATAGAACTCGACAATAAT

ACCATCATCTGTGGA 
pNN13 generation 

NN123 
CATAGATCCACCTCCACCAGAACCTC

CACCTCCAATCTCGTCCTTTGCAC 
pNN13 generation 

NN119 
GGAGGTGGAGGTTCTGGTGGAGGTGG

ATCTATGGTGAGCAAGGGCGAGGA 
pNN13 generation 

BH115 
CAAGCTGTTTGATGATTTCAGTTACTT

GTACAGCTCGTCCATG 
pNN13 generation 

BH76 CTGAAATCATCAAACAGCTTG pNN13 generation 

NN121 GTCGAGTTCTATAGTGTCACC pNN13 generation 

NN104 
CATACATCACCGTCAAACCTCATGCT

TCGACTTCCGCTTCT 
pNN14 generation 

NN123 
CATAGATCCACCTCCACCAGAACCTC

CACCTCCAATCTCGTCCTTTGCAC 
pNN14 generation 

BH76 CTGAAATCATCAAACAGCTTG pNN14 generation 

NN121 GTCGAGTTCTATAGTGTCACC pNN14 generation 

BH76 CTGAAATCATCAAACAGCTTG pNN14 generation 

BH77 GAGGTTTGACGGTGATGTATG pNN14 generation 

NN119 
GGAGGTGGAGGTTCTGGTGGAGGTGG

ATCTATGGTGAGCAAGGGCGAGGA 
pNN14 generation 

BH115 
CAAGCTGTTTGATGATTTCAGTTACTT

GTACAGCTCGTCCATG 
pNN14 generation 

NN92 
ACGCCAGGGTTTTCCCAGTCACGACC

CCGGGACAAGGAACACGAACGGAAG 
pNN05 generation 

NN93 
CCTTCAATATCAGTTCCAAGCTCATG

CTAGAGTCGTCGTCCA 
pNN05 generation 

NN94 
GCGCCCACTCCACATCTCCACTCGAA

GGAGTTCGGCTCTTGAACA 
pNN05 generation 

NN95 
ATAACAATTTCACACAGGAAACAGCG

TTAACAAGCCACAGACCAAGTACGG 
pNN05 generation 

NN96 CGGATTAGGAAGCATGTCGT Amplify within cdaA 

NN97 AATCGCTGATGTCCTTGGTC Amplify within cdaA 

NN98 CATGCAGTCATGGAGTCTGG 
Amplify across cdaA deletion construct 

right border 

NN99 ATTTGTGTACGCCCGACAGT 
Amplify across cdaA deletion construct 

right border 
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NN100 AGTTGAGACAAATGGTGTTC 
Amplify across cdaA deletion construct 

left border 

NN101 CCCAAGACATTCGACAAGTA 
Amplify across cdaA deletion construct 

left border 

hph-F 
AGCTTGGAACTGATATTGAAGG 

 

Amplification of PtrpC–hph cassette 

 

hph-R 
CTATTCCTTTGCCCTCGGACG 

 

Amplification of PtrpC–hph cassette 

 

hph-F 
AGCTTGGAACTGATATTGAAGG 

 

Amplification of PtrpC–hph-TtrpC 

cassette 

 

pDB33_7 
CAGGTCGAGTGGAGATGTGG 

 

Amplification of PtrpC–hph-TtrpC 

cassette 

 

ntpII-F GATATTGAAGGAGCACTTTTTG 

Amplification of PtrpC–ntpII-TtrpC 

cassette 

 

ntpII-R CTACCCATCTTAGTAGGAATG 
Amplification of PtrpC–ntpII-TtrpC 

cassette 

pRS426-F 

GTAACGCCAGGGTTTTCCCAGTCACG

AC 

 

Amplify vector backbone for Gibson 

assembly 

 

pRS426-R 

GCGGATAACAATTTCACACAGGAAAC

AGC 

 

Amplify vector backbone for Gibson 

assembly 

 

NN135 ACATTCTGAGCATGGTGCAT cdaB expression level (qRT-PCR) 

NN136 CGACTTTGTACCCCTGCTGT cdaB expression level (qRT-PCR) 

NN137 TGATCCAGCAGTCCAAGGAT cdaC expression level (qRT-PCR) 

NN138 TGTAAACCGTCTGCTCATGG cdaC expression level (qRT-PCR) 
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2.3. Media and growth conditions 

 

2.3.1. Escherichia coli  

 

E. coli strains were cultured overnight (approx. 18 hours) at 37°C either on Luria-Bertani 

(LB) (2.3.2) agar plates or in sterilized test tubes containing 2-4 ml of broth medium with 

shaking at 200 RPM. Filter sterilized antibiotic was added to the media where appropriate 

to a final concentration of 100 µg/ml for ampicillin post autoclaving. E. coli strains were 

grown by streaking on to LB plates or transferring 1 µl of an overnight culture into liquid 

culture. Strains were stored at 4°C for short term storage or in 50% (v/v) glycerol at -

80°C for long term storage. 

 

2.3.2. Lysogeny Broth (LB) medium 

LB liquid medium (Miller 1972) contained 5 g/L tryptone, 10 g/L yeast extract and 5 g/L 

NaCl, with pH adjusted to 7-7.5 with 5 M NaOH. 15 g/L agar was added for solid media. 

 

2.3.3. SOC medium 

SOC medium (Dower et al., 1988) contained 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

10 mM MgSO4.7H2O, 20 mM glucose, 20 g/L tryptone and 5 g/L yeast extract. 

 

2.3.4. Epichloë festucae  

E. festucae strains were cultured at 22°C for 5 days in 50 ml of PD (2.3.5) broth medium 

shaking at 200 RPM or on PD agar plates for 5-7 days. E. festucae protoplasts were 

regenerated on 1.5% (w/v) RG (2.3.6) agar plates for 10-14 days. When selection was 

required the plates were overlaid with an additional layer of 0.8% RG agar containing 

antibiotic. Strains were stored on plates at 4°C for short-term storage or on PD agar slants 

under mineral oil or 30% (v/v) glycerol at -80°C for long-term storage. 

 

2.3.5. Potato dextrose (PD) medium  

PD broth medium contained 24 g/L PD. The agar (1.5%) was added to obtain solid 

medium. Where selection was required, antibiotics were added to the molten medium 

post autoclaving to final concentrations of 150 µg/ml of hygromycin (hph) or 250 µg/ml 

of geneticin (nptII). 
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2.3.6. Regeneration medium (RG) 

RG medium contained 24 g/L PD, 0.8 M sucrose. The pH was adjusted to 6.5. Agar was 

added at a final concentration of 1.5% and 0.8% for base medium and the soft overlays 

before autoclaving respectively. 

 

2.3.7. Water agar medium (WA) 

WA medium contained Milli-Q water (H2O) as well as 3% (w/v) agar which was added 

before autoclaving. When a culture phenotype analysis was performed, a glass slide was 

positioned on 3% WA base medium and overlaid with 5-10 ml of 1.5% WA. The strains 

were sub-cultured at the edge of the slides and then were taken for microscopic analysis 

two weeks post sub-culturing. 

 

2.3.8. Lolium perenne  

2.3.8.1. Seedling sterilization, plant inoculation and growth conditions 

L. perenne seedlings were surface sterilized by soaking in 50% (v/v) H2SO4 for 30 min 

with shaking to have a consistent incubation, rinsed 3 times in sterile milli-Q water, 

followed by soaking in 50% (v/v) chlorine bleach for 30 min and finally 3 times rinsing 

in sterile milli-Q water. They were air-dried on sterile filter papers using sterile conditions 

in a laminar flow cabinet and stored in sterile petri dishes at 4°C. Ten to twelve seeds 

were placed and germinated on 3% (w/v) water agar set in petri dishes. The plates were 

kept 7 days at 22°C for germination. A 2-3 mm longitudinal slit of the germinated 

seedlings between the mesocotyl and coleoptile was cut using a scalpel under a dissecting 

microscope and a small piece of 7-day old freshly grown mycelia on PD agar (the same 

age as the germinated seedlings) was inoculated into the cut seedlings. The seedlings were 

then incubated at 22°C for 7 days in the dark and 7 days in the light to complete the 

infection. The seedlings were then planted in root trainers filled with potting mix free 

from fungicide (provided by AgResearch) and grown under standard conditions in the 

plantroom facility.  

 

2.3.8.2. Plant growth condition 

Seedlings were grown in root trainers (in groups of 56) in an environmentally controlled 

growth room at 22°C with a photoperiod of 16 h of light (~100 µE/m2 per sec). Plants 

were watered every 2 days during the first week post planting and then twice a week, or 

as required.  
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2.3.8.3. Immunohistochemical determination of endophyte infection 

A single tiller of each plant was cut at the base using a scalpel. Dead leaves were removed, 

and the exposed end of the tiller pressed into a nitrocellulose membrane (NCM). The 

membrane was immersed in fresh blocking solution containing 20 mM Tris, 50 mM NaCl, 

0.5% (w/v) non-fat milk powder at room temperature for at least 2 hours. The blocking 

solution was decanted off and membrane sheets were incubated in 5 ml of fresh blocking 

solution with 5 µl of primary antibody (polyclonal rabbit antibody raised against 

homogenised mycelium of Epichloë festucae var. lolii  (Christensen et al., 1993) and 

shaken overnight in 4°C . The solution was decanted off the following day and replaced 

with 5 ml blocking solution and 2.5 µl of secondary antibody (goat anti-rabbit antibody 

with an alkaline phosphatase conjugate, Sigma), then shaken at room temperature for 2 

hours. The result was visualized using developing solution containing SIGMAFAST™ 

Fast Red TR/Naphthol AS-MX tablets, as per the manufacturer’s instructions, after 

decanting off the solution and washing the sheets three times with fresh blocking solution. 

The membrane was developed after 15 min shaking at room temperature. 

 

2.4. DNA and RNA Isolation and Quantification 

 

2.4.1. Plasmid isolation 

E. coli strains were grown overnight in 2-4 ml of LB selective media containing 100 

µg/ml of ampicillin. Plasmid DNA was extracted using a High Pure Plasmid Isolation Kit 

(Roche) according to the manufacturer’s instructions. 

 

2.4.2. E. festucae crude genomic DNA and quantification 

E. festucae fungal mycelia were grown on solid media for 7 days. One cm2 mycelial 

blocks from the outer edge of the colony were removed and chopped using sterile tooth 

picks and transferred to 1.7 ml Eppendorf tubes containing 150 µl of lysis buffer (100 

mM Tris-HCl, 100 mM EDTA and 1% SDS adjusted to a pH of 8.0). Samples were 

incubated at 70°C for 30 min then 150 µl of 5 M potassium acetate was added, inverted 

6-8 times and incubated on ice for 10 min. The tubes were centrifuged for 20 min at 

13,000 RPM and 200 µl aliquots of the supernatant were transferred to new tubes with 

extra care to avoid dislodging the pellet. Ice cold isopropanol (140 µl) was added to 

precipitate the DNA. Samples were either centrifuged for 15 min or kept at -20°C 
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overnight and then centrifuged. The supernatant was discarded, and the pellet was washed 

using 180 µl of 70% ethanol by centrifuging for 5 min.  The supernatant was removed by 

pipetting and resuspended in 50 µl of sterile H2O and heated at 70 for 10 min, centrifuged 

for 10 min and transferred into new tubes before using as the template for PCR reaction 

or kept at 4°C.  

 

2.4.3. E. festucae genomic DNA isolation and quantification  

Fungal mycelia were obtained from the strains cultured in PD broth media with shaking 

for 5 days. The mycelia were collected from the liquid media and filtered through sterile 

nappy liners and washed three times with sterile H2O. The mycelia were lyophilized for 

at least 24 hours. Freeze-dried mycelia (15-20 µg) was ground in liquid nitrogen using a 

mortar and pestle and transferred to 2 ml Eppendorf tubes containing 800 µl extraction 

buffer (150 mM EDTA, 50 mM Tris-HCl, 1% SDS adjusted pH to 8.0) and proteinase K 

at a final concentration of 2 mg/ml. The samples were incubated at 37°C for 20 min and 

then centrifuged for 10 min. The aqueous phase was carefully transferred to new 

microtubes and 400 µl of phenol and 400 µl of chloroform were added, mixed and 

centrifuged again for 10 min. The phenol/chloroform treatment step was repeated 2 more 

times retaining the upper aqueous phase. The final extraction step was done by adding 

800 µl of chloroform and centrifuging for 10 min. The DNA was precipitated by adding 

800 µl of ice cold isopropanol to the aqueous phase and centrifuging again for 10 min. 

The DNA pellet was washed with 1 ml of 70% ethanol, centrifuged for 10 min, air dried 

for 10 min and resuspended in 100 µl of sterile Milli-Q H2O. 
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To avoid RNase contamination, all the work spaces and utensils were cleaned and treated 

with RNase AWAY® (Sigma-Aldrich), only RNase free pipettes with filter tips and 

RNase free consumables were used. 

 

2.4.4. E. festucae RNA isolation using TRIzol 

Samples for RNA extraction were harvested from infected plants. The plants were 

harvested, dead leaves and tissues were removed, and the plant pseudostems sectioned 

into approximately 10 mm segments and frozen in liquid nitrogen immediately. Plant 

samples were ground in liquid nitrogen using a mortar and pestle, 1.6 µl of the TRIzol 

was added in a way to cover the ground samples and make a paste. The samples were 

kept at room temperature for 2-3 min to be thawed and transferred to 2 ml microtubes and 

centrifuged at 4°C/ 12000 x g for 5 min. The supernatant (1.5 µl) was transferred to new 

1.7 ml microtubes, 300 µl of chloroform was added, kept at room temperature for 2-3 min 

and centrifuged for 15 min. The aqueous phase (800µl) was pipetted into new tubes 

followed by addition of 400 µl of isopropanol and 400 µl of high salt solution (0.8 M 

sodium citrate, 1.2 M NaCl in DEPC H2O), incubated at room temperature for 10 min 

and centrifuged for 10 min. The supernatant was discarded, and the RNA pellet was 

washed with 1 ml of 70% ethanol (in DEPC H2O), centrifuged for 5 min and the 

supernatant discarded and the RNA pellet retained. The pellet was air dried for 5 min and 

resuspended in 50 µl of 1´ RNA secure solution and incubated at 60°C for 10 min to 

inactivate RNases and kept at -80°C for storage. 

 

2.4.5. Reverse transcription 

cDNA was synthesised from 0.5-1 µg of RNA using the QuantiTect® Reverse 

Transcription Kit (Qiagen), as per the manufacturer’s instructions.  

 

2.5. DNA Manipulation 

 

2.5.1. Restriction enzyme digestion 

Restriction enzyme digestion of DNA was performed using restriction enzymes 

purchased from New England Biolabs. The digestion was set up using 10 units of the 

restriction enzyme per 1 µg of DNA, 5 µl of 10´ appropriate buffer adjusting the total 

volume of the reaction in 50 µl with sterile Milli-Q H2O and incubated at a suitable 

temperature for 30-60 min. However, for Southern blot analysis, 1-1.5 µg of DNA was 
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digested using 20 units of restriction enzyme and the reaction mixture incubated for 

approximately 4 hours. If necessary, an additional 10 units of enzyme was added and the 

mixture incubated overnight at an appropriate temperature. When double digestions were 

performed a suitable buffer for both enzymes was used.   

 

2.5.2. Ethanol precipitation of nucleic acid 

DNA was precipitated by adding 2.5 volumes of absolute ethanol, 0.1 volume of 3 M 

sodium acetate to the DNA solution and mixing well by inversion. Samples were kept at 

-20°C from 1 hour to overnight before centrifuging for 10 min at 13,000 RPM. The DNA 

pellet was washed with 1 ml of 70% ethanol then centrifuged for 5 min at 13,000 RPM. 

The pellet was air dried for 10 min at room temperature before resuspending in sterile 

Milli-Q water.  

 

2.5.3. Gel electrophoresis 

Agarose gels were prepared from molten 0.8% to 2% (v/w) agarose for separation of large 

and small DNA fragments respectively. Agarose was melted in 1´ TBE buffer (89 mM 

Tris, 89 mM boric acid, 2 mM Na2EDTA) by boiling. The gel was set and immersed in 

1´ TBE buffer and the DNA samples mixed with 6´ loading dye (20% sucrose (w/v), 5 

mM EDTA, 1% (w/v) SDS and 0.2% (w/v) bromophenol blue) in a ratio of 5:1. Samples 

were loaded and run at 100-120 V using standard electrophoresis equipment. The gel was 

stained in ethidium bromide solution (1 µg /mL ethidium bromide) for 15-20 min, de-

stained in Milli-Q water for 10 min, visualized and photographed using a UV 

Transilluminator Gel Documentation System (Bio-Rad). 

 

2.5.4. Gel purification  

DNA fragments were column purified from PCR reaction mixtures using the Wizard® SV 

Gel and PCR Clean-UP System (Promega), as per the manufacturer’s instructions. PCR 

fragments were gel purified using the same method if there were additional bands present 

in the reaction mixture.  

 

2.5.5. Southern blotting  

To confirm deletion of genes, high quality gDNA (1-1.5 µg) was digested using the 

appropriate restriction enzyme overnight. The reaction volume was reduced by ethanol 
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precipitation, then the sample mixed (5:1) with 6´ loading dye and loaded into the wells 

of a pre-set 0.8% agarose gel. The gel was run overnight at 30V. The following day the 

gel was stained with ethidium bromide for 15 min, destained in water for 5 min, visualized 

and photographed under UV light with a ruler for DNA fragment size estimation. The gel 

was depurinated in solution I (0.25 M HCl) for 15 min, denatured in solution II (0.5 M 

NaOH, 0.5 M NaCl) for 30-45 min, neutralized in solution III (0.5 M Tris, pH 7.4, 2 M 

NaCl) for 30-60 min and then washed in 2´ SSC (0.3 M NaCl, 30 mM sodium citrate) 

for 2 min. The blotting apparatus was assembled, the gel was placed on it and the DNA 

transferred to a positively charged nylon membrane (Roche) overnight. The blotting 

apparatus was assembled as follows: a double layer of “wick” of 320 x 156 mm 3MM 

Whatman sheet soaked in 20´ SSC (3 M NaCl, 0.3 M sodium citrate), the ends of the 

sheets submerged in wells of assembly trays filled by 20´ SSC. The gel was placed on 

top of it, covered with positively charged nylon membrane cut the same size as the gel. 

To prevent the capillary action and liquid bypassing the membrane, the gel edges were 

protected by plastic cling film cut slightly smaller than the gel with a square hole in it. 

Two wick layer sheets with the exact size of the gel were soaked in 2´ SSC placed on top 

of the gel followed by two identical dry sheets. A pile of paper towels was placed on top 

of all this and weighted down evenly using a filled 300 ml Schott bottle, left overnight. 

The following day the blot was disassembled, the membrane was washed in 2´ SSC for 

2 min and air dried on paper towel, the DNA was cross linked to the nylon membrane by 

UV irradiation for 2 min using a CEX-800 UV cross-linker (120 mJ/cm2, 254 nm; 

Ultralum, Inc.).  

 

2.5.6. DNA probe-labelling  

DNA probes were labelled using the DIG High Prime DNA Labelling and Detection 

Starter Kit (Roche), as per the manufacturer’s instructions. One µg of DNA was labelled 

at 37°C for 18-20 hours, and the reaction stopped by adding 2 µl of 200 mM EDTA buffer 

(pH 8).  Probe labelling resulted in 20 µl of 100 ng/µl probe solutions.  

 

2.5.7. Hybridisation and detection  

The membrane was pre-hybridised and hybridised for 2 hours and overnight respectively 

using the DIG High Prime DNA Labelling and Detection Starter Kit (Roche), as per the 

manufacturer’s instructions. The incubation was conducted in PYREXTM hybridization 
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tubes (Fisher Scientific) at 48-50°C (optimal hybridization temperature calculated) with 

slow agitation.  

 

2.5.8. Colourimetric development of Southern blots 

The hybridized DNA and membrane were developed and detected using NBT/BCIP 

colour detection (DIG-labelled probes), following the manufacturer’s instruction.  

 

2.6. Polymerase chain reaction (PCR) 

 

2.6.1. Standard PCR 

Standard PCR reactions were performed in a total reaction mixture of 25 or 50 µl 

containing Taq DNA polymerase (Roche®) or OneTaq® DNA polymerase (New England 

Biolabs, Inc.) with reaction conditions as per the manufacturer’s instructions. The PCR 

reactions were performed using a thermocycler (Mastercycler™ Nexus Thermal Cycler, 

Eppendorf™).   

 

2.6.2. High fidelity PCR 

When high fidelity PCR products were required for downstream applications high fidelity 

polymerase enzymes such as Phusion® DNA polymerase (ThermoFisher Scientific) or 

Q5® DNA polymerase (New England Biolabs, Inc.) were used with reaction conditions 

as per the manufacturer’s instructions. 

 

2.6.3. DNA quantification 

The DNA concentration of the plasmids and PCR products were quantified using a 

NanoPhotometer™ (Implen) as per the manufacturer’s instructions. The concentration of 

the fungal genomic DNA was determined using a DNA Quant 200 Fluorometer (Hoefer), 

as per the manufacturer’s instructions.  

 

2.6.4. Quantitative reverse transcription PCR (qRT-PCR) 

2.6.4.1. qRT-PCR 

qRT-PCR was performed using SsoFastTM  EvaGreen® supermix (Bio-Rad). The master 

mix was prepared under clean conditions using filter tips containing 1 µl cDNA template, 

10 µM forward and reverse primers and 5 µl SsoFast Evagreen 2x supermix in a reaction 

volume of 10 µl. The reaction was performed in 96-well plates with two technical 
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replicates in all experiments and with the LightCycler® 480 Instrument II (Roche). The 

reaction was run with an initial denaturation step at 95ºC for 30 s, followed by 40 cycles 

of denaturation at 95ºC for 5 s and annealing/ extension at 60ºC for 10 s. A melting curve 

was captured after 40 cycles at 65/98ºC with ramp of 0.4ºC /s. Data was analysed by 

obtaining and comparing the relative amount of cDNA between target and reference 

genes by the 2 (∆cp) method (Livak & Schmittgen, 2001). 

 

2.6.4.2. Generating qRT-PCR standard curves 

A standard curve was generated using cDNA standards amplified with the respective 

primer pairs using High Fidelity DNA polymerase (2.6.2). The amplicon was resolved by 

electrophoresis on 1.5% (w/v) agarose gel, excised and then purified using Wizard® SV 

Gel and PCR Clean-UP System (Promega) (2.5.4). Serial dilutions were made from 

concentrations of 10 aM to 10 pM and used to generate the standard curve for absolute 

quantification. 

 

2.7. Cloning  

 

2.7.1. Gibson assembly 

The Gibson assembly (GA) master mix (2x concentration) was prepared on ice in a final 

volume of 250 µl using 100 µl of 5´ isothermal buffer (25% (w/v) PEG-8000, 500 mM 

Tris-HCl (from 1 M pH 7.5 stock solution), 50 mM MgCl2, 50 mM 1,4-dithiothreitol, 5 

mM NAD and 1 mM dNTPs), 2 µl T5 exonuclease (10 U/µl; New England Biolabs, Inc.), 

6.25 µl Phusion DNA polymerase (2 U/µl; ThermoFisher Scientific), 50 µl Taq ligase 

(40 U/µl; New England Biolabs, Inc.) and 91.75 µl of Milli-Q water. The GA master mix 

was then divided into PCR tubes (25 x 10 µl) and stored at -20°C. The fragments used 

for Gibson assembly reaction were designed to be joined based on homologous 

recombination with at least 15 bp long overlaps with Tm >50°C, with no additional 

sequence beyond those overlaps. All the fragments were generated by PCR amplification 

using high fidelity DNA polymerase enzymes, purified and combined to a final volume 

of 10 µl containing 50-100 ng of vector with 3-fold excess of each insert fragment (molar 

concentration).  The reaction was performed on ice and 10 µl of GA2´ was added, 

incubated at 50°C for 1 hour in a thermocycler. The resulting mixture was then transferred 

into chemically competent E. coli cells (Gibson et al., 2009). 
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2.8. Transformation techniques 

 

2.8.1. Bacterial transformation 

2.8.1.1. Transformation of chemically competent E. coli cells 

One hundred µl of chemically competent E. coli cells were thawed on ice, 2-10 µl of 

plasmid solution or Gibson assembly reaction was added and mixed gently with pipetting, 

cells incubated on ice for 20 min, heat shocked at 42°C for 60 s, and then placed back on 

ice again for 2 min. Three hundred µl of SOC media was added and incubated at 37°C 

with shaking at 200 RPM. Aliquots (200 µl) were spread on solid selective LB medium 

containing 100 µg/ml ampicillin using a sterile glass spreader and incubated at 37°C 

overnight. 

 

2.8.1.2. Invitrogen clone checker system 

Putative E. coli transformants derived from E. coli transformation were picked using 20 

µl sterile pipette tips transformed into 6 µl liquid LB medium, mixed well by pipetting 

and 3 µl of this mixture transferred into 8 µl of the lysis solution (0.1 M NaCl, 10 mM 

Tris-HCl, 1 mM EDTA, 0.5% Triton X-100, pH 8) from CloneCheckerTM System 

(ThermoFisher) and incubated at 99°C for 30 s. After cooling to room temperature 2 µl 

of the restriction enzyme (RE) mixture (1 unit of RE and 1 µl of the corresponding 10´ 

buffer) was added and the mixture incubated at an appropriate temperature for 30 min. 

DNA fragments of digested plasmid were separated by gel electrophoresis. E. coli 

colonies containing the correct plasmid were inoculated into 2-4 ml liquid LB medium 

for isolation of plasmid DNA and subsequent experiments.  

 

2.8.3. Sequencing   

DNA sequencing of plasmids and PCR products were conducted by the Massey Genome 

Service located in Palmerston North using a 3730 DNA Analyser (applied Biosystems) 

with BigDye™ Terminator Version 3.1 chemistry (Applied Biosystems).  

 

2.8.4. Fungal transformation 

2.8.4.1. Preparation of fungal protoplast 

E. festucae mycelia were obtained from fungal liquid cultures incubated at 22°C for 4-5 

days shaking at 200 RPM. The mycelia were harvested, washed 3 times with sterile water 

followed by a final rinse with OM buffer (1.2 M MgSO4, 10 mM NaHPO4, pH to 5.8 
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using NaH2PO4). Lysing enzyme (40ml) (10 ml per 1 mg of mycelia wet weight) from 

Trichoderma harzianum (10 mg/ml stock in OM buffer; Sigma-Aldrich) was filer 

sterilized and added to the mycelia and incubated overnight at 22°C with shaking at 80 

RPM. Samples were checked under the microscope to confirm formation of protoplasts, 

then filtered through sterile nappy liners and transferred into a sterile bottle. Filtered 

protoplasts were divided into 15 ml Falcon tubes (5 ml each) and overlaid carefully with 

2 ml of ST buffer (0.6 M sorbitol, 100 mM Tris, pH 8.0) using 1 ml tips to form a clear 

layer. Tubes were spun for 5 min at 4300 RPM at 4°C so protoplasts formed a white layer 

between the ST buffer and lysis enzyme.  Protoplasts were transferred carefully to new 

tubes using 1 ml filter tips following by addition of 5 ml of STC buffer (1 M sorbitol, 50 

mM CaCl2 or CaCl2.2H2O, 1 M Tris, pH 8.0) and mixed gently. Samples were spun for 

5 min at 4300 RPM at 4°C. The washing step with STC buffer was repeated 3 times and 

samples were pooled after each washing step into a single tube. Protoplasts were diluted 

in 500 µl of STC buffer and a sample taken for estimation of number using a 

haemocytometer. The stock solution was diluted to 1.25´ 108 protoplast/ml in STC buffer 

and divided into 1.5 ml microtubes (80 µl each tubes) and 20 µl of 40% (v/v) polyethylene 

glycol was added to each tube and stored at -80°C until required (Yelton et al., 1985). 

 

2.8.4.2. Transformation of fungal protoplast 

One hundred µl of protoplast aliquots were thawed on ice, and 5 µl of 5 mg/ml filter-

sterilized heparin and 2 µl of 50 mM filter-sterilized spermidine was added to each tube 

and mixed by gentle agitation. Two to five µg of sample DNA solution (maximum 

volume of 30 µl), positive control DNA or water as the negative control (protoplast 

viability) was added to each tube. Tubes were incubated on ice for 30 min and 900 µl of 

40% (v/v) polyethylene glycol was then added to each tube. Fifty to hundred µl of 

transformed protoplasts, 100-300 µl positive control transformed protoplasts and negative 

control (protoplasts only) were mixed into 3.5 ml pre-warmed (50°C) molten 0.8% RG 

agar medium, spread onto pre-set 1.5% RG solid plates and incubated at 22°C overnight. 

The following day all plates, except the protoplast viability check plates, were overlaid 

with 5 ml of molten pre-warmed (50°C) 0.8% RG medium containing the appropriate 

quantity of antibiotic. Plates were stored for 14 days at 22°C or until colonies began 

emerging through the overlay. The colonies were transferred to solid PD medium 

containing an appropriate antibiotic. Cultures were sub-cultured three times to achieve 

nuclear purification (Young et al., 2005).  
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2.9. Preparation of constructs  

 

2.9.1. E. festucae lymA gene replacement construct  

For generation of the lymA replacement construct, pNN01, 3’ and 5’ lymA flanks and a 

hygromycin cassette were amplified from wild type E. festucae gDNA and pSF15.15 

(appendix.2) respectively using Q5 high fidelity DNA polymerase and the primer pairs 

NN10/11, NN12/13, and hph-F/R respectively. All these flanks (1357 bp lymA 5’flank; 

1416 bp lymA 3’ flank; 1394 bp hygromycin cassette) were purified, recombined and 

assembled in the pRS426 (appendix.1) vector to generate pNN01 plasmid using Gibson 

assembly (appendix.7). DNA sequencing was performed to check for an error-free 

construct for subsequent experiments. 

 

2.9.2. E. festucae lymB gene replacement construct  

For generation of the lymB replacement construct, pNN03, 3’ and 5’ of lymB flanks and 

a geneticin cassette were amplified from wild type E. festucae gDNA and pSF17.1 

(appendix.3) respectively using Q5 high fidelity DNA polymerase and the primer pairs 

NN42/43-2, NN44-2/45, and nptII-F/R, respectively. All of these flanking regions (1288 

bp lymB 5’flank /1367 bp lymB 3’ flank/1741 bp geneticin cassette) were purified, 

recombined and assembled in pRS426 (appendix.1) vector to generate pNN03 plasmid 

using Gibson assembly (appendix.9). DNA sequencing was performed to check for an 

error-free construct for subsequent experiments. 

 

2.9.3. E. festucae chiA gene replacement construct  

For generation of the chiA replacement construct, pNN02, 3’ and 5’ of chiA flanks and a 

hygromycin cassette were amplified from wild type E. festucae gDNA and pSF15.15 

(appendix.2) respectively using Q5 high fidelity DNA polymerase and the primer pairs 

NN18/19, NN20/21, and hph-F/R, respectively. These flanks (1131 bp chiA 5’flank /1429 

bp chiA 3’ flank/1394 bp hygromycin cassette) were purified, recombined and assembled 

in pRS426 (appendix.1) vector to generate pNN02 plasmid using Gibson assembly 

(appendix.8). DNA sequencing was performed to check for an error-free construct for 

subsequent experiments. 

 

2.9.4. E. festucae chiB gene replacement construct  
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For generation of the chiB replacement construct, pNN04, 3’ and 5’ of chiB flanks and a 

geneticin cassette were amplified from wild type E. festucae gDNA and pSF17.1 

(appendix.3) respectively using Q5 high fidelity DNA polymerase and the primer pairs 

NN56/57, NN58/59, and nptII-F/R respectively. All these flanks (1257 bp chiB 5’flank 

/1303 bp chiB 3’ flank/1741 bp geneticin cassette) were purified, recombined and 

assembled in pRS426 (appendix.1) vector to generate pNN04 plasmid using Gibson 

assembly (appendix.10). DNA sequencing was performed to check for an error-free 

construct for subsequent experiments. 

 

2.9.5. E. festucae lymA gene localization construct  

2.9.5.1. lymA-eGFP native promoter expression construct 

For generation of the lymA-eGFP native promoter expression construct (pNN11) 

(appendix.12) a 3567 bp PCR purified fragment of the wild type copy of lymA containing 

native promoter (999 bp) and a 5560 bp PCR purified fragment containing (GGGGS)2-

eGFP and a geneticin cassette amplified from E. festucae wild type gDNA and pNN12 

(appendix.13) using Q5 high fidelity DNA polymerase and the primer pairs 

NN117/NN118 and NN119/NN121 respectively. These two fragments were combined 

together using Gibson assembly. DNA sequencing was performed to check an error-free 

construct for subsequent experiments.    

 

2.9.5.2. lymA-eGFP over expression construct 

For generation of the lymA-eGFP over expression promoter construct (pNN12) 

(appendix.13) a 2623 bp PCR purified fragment of wild type copy of lymA, a 5560 bp 

PCR purified fragment containing (GGGGS)2-eGFP and geneticin cassette and an 817 bp 

containing tef promoter amplified from E. festucae wild type g DNA, pBH28 (appendix.6) 

and pBH18 (appendix.5) using Q5 high fidelity DNA polymerase and the primer pairs 

NN112/NN118, NN119/NN121 and NN120/BH77 respectively. These three fragments 

were combined together using Gibson assembly. DNA sequencing was performed to 

check for an error-free construct for subsequent experiments.    

2.9.6. E. festucae lymB gene localization construct  

2.9.6.1. lymB-eGFP native promoter expression construct 

For generation of the lymB-eGFP native promoter expression construct (pNN113) 

(appendix.14) a 3239 bp PCR purified fragment of wild type copy of lymB containing 

native promoter (999 bp), a 771 bp PCR purified fragment containing (GGGGS)2-eGFP 
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and a 5073 bp PCR purified fragment containing hygromycin cassette amplified from E. 

festucae wild type gDNA, pBH28 (appendix.6) and pBH18 (appendix.5) using Q5 high 

fidelity DNA polymerase and the primer pairs NN122/NN123, NN119/BH115 and 

BH76/NN121 respectively. These three fragments were combined together using Gibson 

assembly. DNA sequencing was performed to check for an error-free construct for 

subsequent experiments.    

 

2.9.6.2. lymB-eGFP over expression construct 

For generation of the lymB-eGFP over expression promoter construct (pNN14) 

(appendix.15) a 2240 bp PCR purified fragment of wild type copy of lymB, a 5870 bp 

PCR purified fragment containing Geneticin cassette and tef promoter and a 771 bp 

containing (GGGGS)2-eGFP amplified from E. festucae wild type g DNA, pBH18 

(appendix.5) and pBH28 (appendix.6) using Q5 high fidelity DNA polymerase and the 

primer pairs NN104/NN123, BH76/BH77 and NN119/BH115 respectively. These three 

fragments were combined together using Gibson assembly. DNA sequencing was 

performed to check for an error-free construct for subsequent experiments.    

 

2.9.7. E. festucae cdaA gene replacement construct  

For generation of the cdaA replacement construct, pNN05 (appendix.11), 3’ and 5’ of 

cdaA flanks and hygromycin cassette were amplified from wild type E. festucae gDNA 

and pDB48 (appendix.4) respectively using Q5 high fidelity DNA polymerase and the 

primer pairs NN92/93, NN94/95, and hph-F, pDB33_7 respectively. All these flanks 

(1069 bp cdaA 5’flank / 1059 bp cdaA 3’ flank/ 2181 bp hygromycin cassette) purified, 

recombined and assembled in pRS426 (appendix.1) vector to generate pNN05 plasmid 

using Gibson assembly. DNA sequencing was performed to check for an error-free 

construct for subsequent experiments. 

 

2.10. Microscopy  

 

2.10.1. In culture phenotype 

For analysis of the culture phenotype cultures were grown on WA. Sterile microscopy 

slides were placed on pre-set 1.5% WA, overlaid with 5 ml of 1.5% WA. Mycelial plugs 

were placed near the edge of the slide and kept at 22°C for 7-10 days. A square block of 

the media containing growth fungal mycelia was extracted and placed on the new slides, 
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stained with 4-5 µl of Calcofluor white (3 mg/ml) (Fluorescent Brighter 28; Sigma) and 

covered with a cover slip. Samples were imaged using an Epi-flourescence microscope 

(Olympus IX83) with a 40x oil immersion objective, NA = 0.075, outfitted with 

differential interference contrast (DIC) optics and U-MWU2 filtercubes for imaging 

Calcoflour white. Images were captured with a Retiga 6000M (QImaging) camera using 

a Bin2x2. 

Samples prepared to analyse protein localization were imaged using a confocal laser 

scanning microscopy (CLSM) using a Leica SP5 DM6000B confocal microscope (488 

nm argon laser, 40x oil immersion objective, NA = 1.3) (Leica Microsystems). Images 

were produced with ImageJ software (NIH). To collapse multiple optical sections into a 

single image, selected planes were displayed as maximum intensity projections. 

  

2.10.2. In planta, cellular phenotype 

The cellular phenotype of hyphae in planta was determined by analysing leaves using 

CLSM. Grass pseudostems were cut to 3-5 cm sections, dead leaves and tissues were 

removed and these sections again cut in half to get longitudinal sections. Sheath samples 

were transferred to 2 ml microtubes, incubated in 95% ethanol at 4°C overnight. Samples 

were transferred into new tubes containing 10% w/v KOH at room temperature for 3 h or 

overnight at 4°C. Samples were carefully washed three times with 1 ml PBS buffer (137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and incubated in 

staining solution containing (0.02% aniline blue, 10 ng/ml WGA-AF488, 0.02% Tween 

20 and 0.002% (w/v) propidium iodide in PBS (pH 7.4)) for 30 min including 10 min 

staining at room temperature and a 20 min vacuum infiltration step. Hyphal growth and 

fungal cellular phenotypes were documented by CLSM using a Leica SP5 DM6000B 

confocal microscope (488 nm argon and 561 nm DPSS laser, 40x oil immersion objective, 

NA = 1.3) (Leica Microsystems). Images were produced with ImageJ software (NIH). To 

collapse multiple optical sections into a single image, selected planes were displayed as 

maximum intensity projections.  

 

2.10.3. Endophyte cell wall composition 

2.10.3.1. Biosensor detection of endophyte cell wall composition 

2.10.3.1.1. Chitosan Affinity Protein (CAP) labelling in planta  

Fungal cell wall chitosan distribution was analysed in plant sheath samples using an 

engineered biosensor. This probe (Chitosan Affinity Protein (CAP)) was formed by 
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fusing a chitosan affinity protein with GFP, (Nampally et al., 2012).  Fixed plant samples 

in 95% ethanol were incubated in 10% KOH at room temperature for 3 hours or at 4°C 

for overnight, samples then washed 3 times carefully in 1 ml PBS buffer and incubated 

in staining solution containing 0.1 mg/ml of CAP (30 mg/ml stock solution in TEA buffer 

(20 mM triethanolamine (pH 8)), 400 mM NaCl, 10% (v/v) glycerol, 0.02% Tween 20 

and 0.002%  (w/v)  propidium  iodide  in PBS (pH 7.4). Samples were vacuum infiltrated 

for 30 min and stored at 4°C overnight before analysing using CLSM. Fungal cell wall 

composition and chitosan analysis was determined as described above (2.10.2). Images 

were produced with ImageJ software using the maximum intensity method. 

 

2.10.3.1.2.  Chitin Binding Protein (CBP) labelling in planta 

Presence of chitin in in fungal cell wall was also analysed using the same staining and 

analysing procedure as described in 2.10.3.1.1, using an engineered Chitin Binding 

Protein (CBP) which was formed by fusion of a chitin binding domain from a Bacillus 

lichenformis chitinase to GFP (Fuenzalida et al, 2014).  

 

2.10.3.1.3.  CAP labelling in culture 

Chitosan distribution in hyphal cell wall grown in axenic culture were also analysed. 

Conidia were isolated from E. festucae Fl1 or E. festucae E2368 strains grown on PD 

agar for 6 days. Fifty µl of conidia suspension was spread on sterile microscopy slides 

placed on pre-set 1.5% WA solid media (2.10.1). A block of media containing mycelia 

developed form single colonies was washed 3 times carefully in 1 ml PBS buffer and 

incubated in staining solution containing 0.1 mg/ml of CAP, 0.02% Tween 20 and 

0.002% (w/v) propidium iodide in PBS (pH 7.4). Analyses of the samples were 

performed as described above (2.10.3.1.1). 

 

2.10.3.1.4. WGA-AF488 and CBP labelling in culture 

For analysis the fungal cell wall composition and chitin distribution of hyphal cell wall 

grown on the axenic culture, a block of mycelia was grown on WA (2.10.1) for 6 days 

and then stained with WGA-AF488 or CBP independently. Samples were washed 3 times 

carefully in 1 ml PBS buffer and incubated in staining solution containing 0.1 mg/ml of 

CBP or WGA-AF488, 0.02% Tween 20 in PBS (pH 7.4). Samples were analysed using 

the same microscopy settings described as above (2.10.3.1.1).  
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2.10.3.2. Oligogalactrunate (OGA-488) labelling  

2.10.3.2.1. OGA-488 labelling in planta  

Endophyte cell wall composition was also analysed using OGA-488 (oligogalacturonate-

Alexa Fluor 488) (Mravec et al., 2014). The same staining procedure was applied (2.10.2) 

and plant sheath samples were stained, and vacuum infiltrated for 15 min in staining 

solution containing 0.1% (v/v) OGA-488 (1 mg/ml stock solution in 0.1 M sodium acetate 

buffer pH 4.9), 0.02% Tween 20 and 0.002% (w/v) propidium iodide in PBS (pH 7.4). 

Fungal cell wall chitosan labelling was determined and imaged by CLSM using the same 

microscopy setting as described in 2.10.3.1.1. 

 

2.10.3.2.2. OGA-488 labelling in planta  

Hyphal cell wall composition was also analysed using OGA-488 using a different staining 

procedure (Geoghegan & Gurr, 2016). Plant sheath samples fixed in 95% ethanol were 

washed briefly with 25 mM MES buffer (pH 5.6). Samples then were stained and vacuum 

infiltrated for 15 min in staining solution containing 0.1% (v/v) OGA-488 (1 mg/ml stock 

solution in 0.1 M sodium acetate buffer pH 4.9), 0.02% Tween 20 and 

0.002% (w/v) propidium iodide in 25 mM MES buffer (pH 5.6). Fungal cell wall chitosan 

labelling was determined and imaged by CLSM using a Zeiss LSM800 confocal 

microscope (488 nm argon and 561 nm DPSS laser, ´63 oil immersion objective). Images 

were produced with ImageJ software using the maximum intensity method.    

  

2.11. Bioinformatics 

 

2.11.1. Nucleotide sequence resources 

E. festucae genes encoding LysM motif proteins and chitin deacetylases were obtained 

from http://Epichloë.massey.ac.nz/pfam_annotations in E. festucae (E2368) genome and 

the domain structures of the encoded products annotated using Pfam. E. festucae (Fl1) as 

well as other species gene and protein sequences were obtained from the Kentucky 

genome databases (http://www.endophyte.uky.edu) as curated by C. L. Schardl at the 

University of Kentucky (Schardl et al., 2013). The proposed gene models were validated 

based on HMM-based gene structure prediction by FGENESH 

(http://www.softberry.com). The other Epichloë and Clavicipitacae genome sequences 

used in this study and utilised in the synteny analysis are also available on the 

Clavicipitaceae genome database (http://www.endophyte.uky.edu/) provided and 
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maintained by Prof. Chris Schardl, University of Kentucky. The Magnaporthe oryzea 

chitin deacetylase gene sequences (Geoghegan & Gurr, 2016) used in this study to 

perform tBLASTn against the Fl1 genome were obtained through FungiDB, Fungal and 

Oomycete Genomics Resources at http://fungidb.org/fungidb.  

2.11.2. Multiple sequence alignment 

Alignment of nucleotide and amino acid sequences were performed with ClustalW 

(Larkin et al., 2007) as provided with MacVector 14.5 (MacVector, Inc.) and using 

default parameters. The DNA and amino acid sequence alignments utilised for synteny 

analyses were performed using the MAFFT (v7.017) algorithm (Katoh et al., 2002; Katoh 

& Standley, 2013).  

2.11.3. Protein structure prediction 

SignalP (v. 4.1) (Petersen et al., 2011, Nielsen et al., 1997) was used for detection of the 

N terminal signal peptide and TMHMM (v. 2.0c) (Krogh et al., 2001, Sonnhammer et al., 

1998) was used fordetection of transmembrane domains. Domain analysis was also 

performed using InterProScan (v. 71.0) (Quevillon et al., 2005, Zdobnov & Apweiler, 

2001), PredGPI (Pierleoni et al, 2008) was used to check for GPI-lipid anchor 

modification sites. 

 

2.12. A core gene set for mutualism and antagonism  

High-throughput mRNA sequencing was performed on three biological replicates for 

each of the wild-type, ΔnoxA, ΔproA and ΔsakA plant associations to identify key genes 

significantly up or down regulated compared to Fl1 which may be essential for symbiosis 

(Eaton et al., 2015). Differences between the three mutant data sets and their associated 

wild-type samples were then compared to identify a core set of E. festucae genes that 

show common differential expression patterns in all three mutants. Only those genes that 

exhibited differential expression in the same direction (all upregulated or all 

downregulated) were included. This analysis identified a core gene set of 182 genes, 

based on statistically significant differences (Corrected P < 0.05) and a two-fold change 

cutoff. Of the 182 genes in the core gene set, 143 were upregulated and 39 downregulated 

in the antagonistic mutants relative to the wild type (Eaton et al., 2015).  
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Chapter 3. Bioinformatic analysis of genes encoding LysM 

motifs and chitinases 
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3.1. Identifying genes encoding LysM proteins in the Epichloë festucae genome 

Genes encoding LysM proteins were identified by Pfam annotation analysis through 

http://Epichloë.massey.ac.nz/pfam_annotations. Seven genes encoding proteins with 

LysM domains were identified in the E. festucae (E2368) genome. All seven genes were 

also found in the E. festucae Fl1 genome at http://www.endophyte.uky.edu.  The deduced 

domain structure of the proteins encoded by these genes showed that there were various 

numbers of LysM domains from one in EfM3.010700 and EfM3.061280, two in 

EfM3.029340 and EfM3.062860, three in EfM3.078100 and four in EfM3.000820 and 

EfM3.035020. All, except EfM3.010700 and EfM3.061280 had predicted N terminal 

signal peptides suggesting they are candidates for secretion into the apoplastic space 

(Figure 3.1). 

 
Figure 3.1. E. festucae Fl1 LysM predicted polypeptide structure. Protein domain structure of E. 

festucae LysM proteins showing the predicted signal peptide and LysM domains. Bar=100 amino 

acids. 

 

To gain further insight into which genes might have a crucial role in the symbiotic 

interaction gene expression data was analysed. Analysis of RNA seq data of E. festucae 

gene expression in planta compared to in culture showed that five out of the seven genes 

were significantly increased in planta compared to in culture (Table 3.1). Further analysis 

of RNA seq data generated for three symbiotic mutants, noxA, proA and sakA in planta 

compared to wild-type showed that two genes (EfM3.000820 and EfM3.035020) were 

significantly downregulated in the noxA and proA data set.  They were also 
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downregulated in the sakA mutant, but the change was not significant. These two genes 

were designated as lymA and lymB respectively (2.12) (Table 3.2). Checking the genome 

organization of lymA and lymB at http://www.endophyte.uky.edu revealed that both are 

divergently transcribed from genes encoding chitinases in the E. festucae Fl1 genome 

(EfM3.000810 and EfM3.035030). These two chitinase genes were named as chiA and 

chiB based on their linkage with lymA and lymB on the genome (Figure 3.2). Like lymA 

and lymB the expression of both chitinase genes were significantly increased in planta 

compared to in culture (Table 3.1). Additional analysis of the RNA seq data generated 

for noxA, proA and sakA symbiotic mutants in planta compared to wild-type showed that 

chiA was significantly downregulated in all three symbiotic mutants whereas chiB was 

significantly downregulated in just the noxA and proA mutants. While chiB was also 

downregulated in the sakA data set the change was not significant (Table 3.2). Analysis 

of the domain structure of the proteins encoded by chiA and chiB using InterPro scan at 

https://www.ebi.ac.uk/interpro revealed that both proteins are members of the glycoside 

hydrolase family 18 (GH18) with a secretion signal, chitin binding and chitinase insertion 

domains (Figure 3.3). 

 

 

 
Figure 3.2. Gene maps of E. festucae Fl1 lymA-chiA and lymB-chiB loci.  Fl1 lymA and lymB 

contain 8 and 9 exons respectively and are divergently transcribed from chiA and chiB, which 

contain 14 and 6 exons. Bar=1000 bp. 
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Figure 3.3. E. festucae Fl1 ChiA and ChiB predicted polypeptide structure. Domain structure of 

Fl1 ChiA and ChiB showing the predicted signal peptide, chitin binding type I, Glycoside 

hydrolase family 18 catalytic domain and chitinase insertion domains. Bar=100 amino acids. 

 

 

Table 3.1. Fold differences of expression of lysM and chitinase genes in planta compared to in 

culture

 
a Data obtained from T. Chujo (in preparation). Direction indicates the level of expression change. 

Minus and plus indicate the direction of change (down regulated and up regulated respectively). 

RPKM: Reads Per Kilobase of transcript per Million mapped reads. 

 

 

 

 

Gene Model 
Gene 

Name 
Culture_RPKM a In Planta_RPKM a Ratio Direction Fold Diff 

EfM3.029340  280.462 8260.020 29.451 + 29.451 

EfM3.062860  8.889 6.863 0.772 - 1.295 

EfM3.010700  26.509 55.115 2.079 + 2.079 

EfM3.078100  12.264 11.955 0.975 - 1.026 

EfM3.061280  0.000 0.000 1.000 + 1.000 

EfM3.000820 lymA 8.590 310.551 36.151 + 36.151 

EfM3.035020 lymB 4.497 5.669 1.261 + 1.261 

EfM3.000810 chiA 4.373 143.571 32.834 + 32.834 

EfM3.035030 chiB 0.948 2.485 2.623 + 2.623 
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Table 3.2. Gene expression fold changes of lysM and chitinase genes in E. festucae genome 

between wild type and symbiotic mutants ∆noxA, ∆proA and ∆sakA. 

 
a Fold changes in red and green are significant whereas those in black are not significant. 
b Direction indicates the level of expression change. Minus and plus indicate the direction of 

change (down regulated and up regulated respectively). 

Data obtained from Eaton et al, 2015. 

 

 

Analysing the exon and intron structure of lymA, lymB, chiA and chiB using RNA seq 

data at http://www.endophyte.uky.edu revealed that the cDNAs of these genes encode 

proteins of 689, 559, 1146, 1142 amino acids with predicted unmodified molecular 

weights of 73.38, 60.44, 125.15 and 124.08 kD respectively (Figure 3.1 and 3.3). 

 

3.2. Synteny analysis of lymA and chiA genes across the Clavicipitaceae 

To check for the presence of lymA and chiA homologues in other Epichloë species 

genomes within the Clavicipitaceae a BLASTn search was conducted using the 

nucleotide sequences of lymA, chiA and two other genes located in the same contig as the 

lymA (nitrogen metabolite repression and muramidase) and two genes located in the same 

contig as the chiA (FCF and replication factor C) from the Fl1 genome as query. The first 

and second lowest E-value of Fl1 against the other Epichloë species within 

Clavicipitaceae family showed that lymA was not lymB homologues and these two genes 

were not duplicated (Table 3.3). BLASTn analysis revealed the presence of homologous 

genes of the lymA, chiA and the other four linked genes in different Epichloë and 

Claviceps species (Table 3.3). These sequences were then used to check the gene structure 

Gene Model Gene 

Name 

noxA dir 
b 

noxA Fold 
a 

proA dir 
b 

proA dir 
b 

sakA dir 
b 

sakA Fold 
a 

EfM3.029340  + 1.52 + 2.40 + 1.16 

EfM3.062860  - 1.12 + 1.07 + 2.52 

EfM3.010700  + 1.16 + 1.8 + 2.57 

EfM3.078100  - 1.06 + 1.05 + 1.08 

EfM3.061280   NA - 1.38  NA 

EfM3.000820 lymA - 2.72 - 2.21 - 1.01 

EfM3.035020 lymB - NA - 5.53 - 3.17 

EfM3.000810 chiA - 3.98 - 3.82 - 2.88 

EfM3.035030 chiB - 10.80 - 3.69 - 1.59 
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and synteny in other Epichloë species, which revealed that these genes share conserved 

synteny in some of the species in Clavicipitaecae (Figure 3.4). A nucleotide sequence 

alignment done to check the gene structure in these species also revealed that there are 

gene deletion in genes homologous to lymA in E. amarillans E57, E4668, E. brachylyetri, 

E. elymi, E. typhina and C. purpurea (Figures 3.4 and Appendix 16). However, checking 

the protein structure encoded by all these lymA genes in Epichloë and Claviceps species 

showed that despite the gene deletions they all appear to be functional, as the virtual 

translation of these genes shows that they can be translated into proteins. Domain analysis 

of the encoded products which had the same gene organization as Fl1 with genes encoding 

LysM motifs divergently transcribed from genes encoding chitinase genes showed that 

LysM proteins in these species also carried different numbers of LysM domains which 

varied from one in E. brachyelytri and E. elymi and five in E. sylvatica. Only LysM 

proteins encoded with E. festucae Fl1, E. festucae E2368, E. baconii, E. sylvatica, E. 

typhina and C. purpurea contained N terminal signal peptides (Figure 3.5). The proteins 

without an N terminal signal peptide and predicted not to be secreted were excluded from 

the amino acid sequence alignment and the alignment was conducted only on the LysM 

proteins including N terminal signal peptide and the results showed that the LysM motifs 

are highly conserved among these species (Figure 3.6).  
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Table 3.3. BLASTn analysis of genes at the lymA-chiA locus in E. festucae Fl1 against other sexual Epichloë and related species. 

 
aLowest E-value.  bSecond lowest E-value. 

Genes located in the same contig as lymA and chiA are highlighted in green whereas those in different contigs are highlighted in yellow. The second strongest 

match against the Fl1 genome was used as a minimum-similarity reference to identify putative homologs in the other species.  

strain a b contig a b contig a b contig a b contig a b contig a b contig

ATCC 200744 0 2.00E-04 140 0 2 140 0 0.32 140 0 0.53 140 0 0.022 140 0 0.15 140

E4668 0 2.00E-04 6 0 2.1 6 0 0.34 6 0 0.56 6 0 0.024 6 0 0.16 6

ATCC 200745 0 7.00E-04 122 0 0.51 122 0 0.32 122 0 0.53 122 0 0.35 122 0 0.15 122

E4804 0 8.00E-04 30 0 0.59 30 0 0.37 30 0 2.4 30 0 0.4 30 0 0.17 30

AL0426/2 0 2E.00-04 363 0 0.44 363 8.00E-54 0.27 363 1.00-E72 0.45 363 0 0.3 363 0 0.13 363

AL0434 0 0.003 1160 1.00E-154 0.51 1160 1.00E-53 0.32 1160 1.00E-78 0.53 1160 0 0.35 1160 0 0.15 1160

ATCC 200750 0 1.00E-04 165 1.00E-154 0.37 6067 1.00E-21 0.23 6067 2.00E-70 0.38 13614 0 0.25 9644 0 0.11 9027

ATCC 201551 0 1.00E-04 195 1.00E-180 0.38 195 0 0.24 195 1.00E-121 0.39 195 0 0.066 195 0 0.11 195

E2368 0 2.00E-04 28 0 0.46 28 0 0.29 28 0 0.48 28 0 0.02 28 0 0.13 28

Fl1 0 2.00E-04 96 0 0.46 96 0 0.29 96 0 0.48 96 0 0.02 96 0 0.14 96

ATCC 200747 0 0.001 285 0 2.6 285 0 0.41 285 9.00E-22 2.7 285 0 0.45 285 0 0.19 285

GR 10156 0 8.00E-04 19 0 2.2 19 0 0.34 19 0 0.14 19 0 0.024 19 0 0.16 19

ATCC 200736 0 1.00E-05 298 0 2.2 314 0 0.34 314 0 0.15 314 0 0.095 314 0 0.16 314

CQMa 102 8.00E-84 1.00E-05 111 1.00E-174 2 566 0.32 0.32 1260 0.53 0.53 340 1.00E-25 0.022 111 1.00E-123 0.009 111

ARSEF 23 2.00E-62 0.003 794 0 0.52 586 4.00E-84 1.3 586 2.1 2.1 858 3.00E-23 0.09 794 1.00E-121 0.01 794

PRL 1980 0 2.00E-04 2274 3.00E-09 2.7 88 0.11 0.43 130 9.00E-22 0.18 88 1.00E-112 0.12 307 0 0.2 307

RRC 1481 0 1.00E-04 107 0.097 0.38 728 0.061 0.95 30 0.1 0.1 1085 1.00E-108 0.017 107 0 5.00E-04 107

20.1 0 0.002 114 3.00E-05 0.11 789 1.00E-43 1.1 789 1.00E-66 0.02 789 1.00E- 110 0.074 114 1.00E-148 0.13 114

B6155 E-162 1.00E-04 380 2E.00-46 0.095 78 7.00E-51 0.24 78 0.025 0.02 676 5.00E-98 0.017 380 1.00E-149 0.43 380

B6156 E-162 1.00E-04 166 2E.00-46 0.095 815 7.00E-51 0.24 815 0.025 0.02 526 5.00E-98 0.016 166 1.00E-149 0.43 166

IasaF13 E-158 0.003 331 0 1.9 52 0.29 0.29 100 1.00E-107 0.12 52 1.00E-115 0.32 331 1.00E-165 0.54 787
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Figure 3.4. Synteny analysis of genes at the lymA-chiA locus in E. festucae Fl1, other sexual 

Epichloë species and Claviceps purpurea. Homologous genes share a single colour across species. 

Arrows represent the direction of transcription. Sequence data was sourced from 

http://www.endophyte.uky.edu. Bar= 1 kb. 
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Figure 3.5. LysM protein predicted structure. E. festucae LymA protein and homologues from 

other Epichloë species and Claviceps purpurea showing the predicted signal peptide and LysM 

domains. Bar=100 amino acids. 
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Figure 3.6. Multiple sequence alignment of E. festucae LymA protein and homologues from other 

Epichloë species and Claviceps purpurea.  E. festucae (Fl1) EfM3.000820, E. festucae (E2368), 

E. baconii, E. sylvatica, E. typhina, and C. purpurea. Intensity of colouring indicates the level of 

conservation. N terminal signal peptides are bordered in green. LysM motifs are indicated in pink.
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Gene structure analysis and nucleotide sequence alignment of the chiA genes divergently 

transcribed with lymA genes in Epichloë and Claviceps species showed that although 

there was conservation of synteny among these species, there were gene deletions in E. 

amarillans E57 and E4668, E brachylyetri, E. elymi, E baconii, E. sylvatica, E. typhina 

and C. purpurea (Figure 3.4 and Appendix 17). However, checking the protein structure 

encoded by these chiA genes in Epichloë and Claviceps species showed that despite the 

gene deletions they all appear to be functional. The domain structure of the proteins 

encoded by chiA genes revealed that some of these proteins are part of glycoside 

hydrolase family 18 (GH18), containing chitin binding, chitinase insertion and glycoside 

hydrolase family 18 catalytic domains including E. festucae Fl1, E2368, E. baconii, E. 

sylvatica, E. typhina and C. purpurea with N terminal signal peptide prediction in all of 

these species. Protein domain analysis of the genes divergently transcribed with lymA in 

E. amarillans E57, E4668, E. brachylyetri and E. elymi using InterPro scan at 

https://www.ebi.ac.uk/interpro showed that there was not any specific protein domain 

predicted for these proteins, and just the protein encoded with E. amarillans E57 included 

an N terminal signal peptide, although tBLASTn analysis of these protein sequences 

conducted at https://www.ncbi.nlm.nih.gov/ showed that they are chitinase proteins (Fig 

3.7). The proteins without any specific predicted domains were excluded from further 

analysis and amino acid sequence alignment was conducted on GH18 chitinase proteins 

and the results showed that they are conserved in chitin binding, chitinase insertion and 

glycoside hydrolase family 18 catalytic domains (Figure 3.8).
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Figure 3.7. Chitinase protein predicted structure. E. festucae ChiA protein and homologues from 

other Epichloë species and Claviceps purpurea showing the predicted signal peptide, chitin 

binding type I, Glycoside hydrolase family 18 catalytic domain and chitinase insertion domains. 

Bar=100 amino acids. 
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Figure 3.8. Multiple sequence alignment of E. festucae ChiA protein and homologues from other 

Epichloë species and Claviceps purpurea. E. festucae (Fl1) EfM3.000820, E. festucae (E2368), 

E. baconii, E. sylvatica, E. typhina, and C. purpurea. Intensity of colouring indicates the level of 

conservation. N terminal signal peptides are bordered in green. Chitin binding domains are 

bordered in red and orange. Glycoside hydrolase family 18 catalytic domain is indicated in pink 

and chitinase insertion domain inside it, is bordered in yellow. Intensity of colouring indicates the 

level of conservation. 
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3.3. Synteny analysis of lymB and chiB genes across the Clavicipitaceae 

To check the presence of lymB and chiB homologues in other Epichloë species of 

Clavicipitaceae a BLASTn search was conducted using the nucleotide sequences of lymB, 

chiB and two other genes located in the same contig as the lymB (phoD like phosphatase 

and hypothetical protein) and two genes with linkage to the chiB (F-box containing 

protein and DUF 1665) from the Fl1 genome as query. The first and second lowest E-

value of Fl1 against the other fungi within the Clavicipitaceae family showed that lymB 

and lymA appear not to be paralogues from a gene duplication event (Table 3.4). BLASTn 

analysis revealed the presence of homologues of lymB, chiB and the other four linked 

genes in different Epichloë species only (Table 3.4). These sequences were then used for 

checking the gene structure and synteny in other Epichloë species, which revealed that 

these genes share conserved synteny in some of the species in the Clavicipitaceae (Figure 

3.9). However, there are gene deletions in the homologues to lymB in E. bromicola E 

5761, AL 04334, E 502 and E. glyceria (Figures 3.9 and Appendix 18). Checking the 

protein structure encoded by these lymB genes showed that despite the deletions the 

virtual translation of these genes shows that they can be translated into proteins that 

appear to be functional. Domain analysis of the encoded products which had the same 

gene organization as Fl1 with genes encoding LysM motifs divergently transcribed from 

genes encoding chitinase proteins showed that most of the LysM proteins in these species 

also carried four LysM domains. LysM proteins encoded by E. bromicola E502 and E. 

glyceria harboured 3 LysM domains and the protein in E. glyceria did not include any N 

terminal signal peptide (Figure 3.10). The protein without an N terminal signal peptide 

and predicted not to be secreted was excluded from the amino acid sequence alignment 

and the alignment was conducted only on the LysM proteins with an N terminal signal 

peptide and the results showed that the LysM motifs are conserved among these species 

(Figure 3.11).  
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Table 3.4. BLASTn analysis of genes at the lymA-chiA locus in E. festucae Fl1 against other sexual Epichloë and related species. 

 
 

aLowest E-value. bSecond lowest E-value. 

Genes located in the same contig as lymB and chiB are highlighted in green whereas those in different contigs are highlighted in yellow.  

The second strongest match against the Fl1 genome was used as a minimum-similarity reference to identify putative homologs in the other species. 

strain a b contig a b contig a b contig a b contig a b contig a b contig
ATCC 

200744
0 3.9 2 0 0.49 2 0 4 2 1.8 1.8 278 2.00E-11 0.85 457 0 0.45 2

E4668 0 1.1 4 0 0.52 4 0 4.3 4 2 2 601 3.00E-13 0.92 266 0 0.49 4

ATCC 
200745

0 0.99 154 0 0.49 154 0 4 154 0 0.002 154 0 3.00E-90 1395 0 0.12 250

E4804 0 1.1 203 0 0.57 200 0 1.2 200 0 6.00E-07 200 1.00E-117 0.99 39 0 0.13 39

AL0426/2 0 0.85 52 0 0.42 52 0 0.88 52 0 0.002 52 8.00E-10 0.74 1824 0 0.099 52

AL0434 0 0.99 698 0 0.49 698 0 1 698 0 1.00E-10 698 0.85 0.85 692 0 0.12 698

ATCC 
200750

0 0.72 3003 0 0.36 119 0 0.75 119 0 0 119 0.62 0.62 1984 0 0.084 138

ATCC 
201551

0 0.74 150 0 0.37 150 0 0.76 150 0 2.00E-08 150 4.00E-08 7.00E-04 257 0 0.086 150

E2368 0 3.6 251 0 0.45 233 0 0.24 233 0 5.00E-07 233 0 8.00E-04 233 0 0.42 233

Fl1 0 0.23 364 0 0.45 364 0 0.94 364 0 5.00E-07 364 0 8.00E-04 365 0 0.42 365

ATCC 
200747

0 1.3 162 0.01 0.16 264 4.00E-16 1.3 230 1.00E-14 0.039 230 9.00E-17 1.1 751 0 0.15 162

GR 10156 0 0.27 240 0 0.034 357 3.00E-84 1.1 357 3.00E-05 2 509 6.00E-05 0.92 751 0 0.12 1179

ATCC 
200736

0 0.27 271 0 0.53 113 0.28 1.1 72 2 2 301 0.001 3.7 327 0 0.13 551

CQMa 102 7.00E-45 0.99 1265 0.49 1.9 248 0.065 0.26 669 0.46 1.8 978 0.22 0.22 871 1.00E-13 0.12 1256

ARSEF 23 1.00E-46 0.26 642 0.032 0.5 28 1 4.1 130 5.00E-04 0.12 249 0.014 0.22 547 1.00E-16 0.47 642

PRL 1980 0 0.34 54 0.17 2.7 171 1.4 1.4 847 2.5 2.5 245 1.2 4.6 17 1.00E-48 0.01 54

RRC 1481 0 0.012 626 1.5 1.5 380 0.2 0.78 307 0.089 1.4 947 0.65 2.6 691 2.00E-30 0.35 626

20.1 0 0.21 229 0.41 0.41 924 3.4 3.4 1234 0.39 1.6 789 0.18 2.9 238 2.00E-49 0.38 229

B6155 0 0.19 18 0.092 0.092 533 0.19 0.19 1154 0.087 0.35 960 1.00E-145 0.64 729 2.00E-82 0.086 18

B6156 0 0.19 64 0.092 0.092 742 0.19 0.76 285 0.087 0.34 158 1.00E-145 0.16 778 6.00E-80 0.085 64

IasaF13 0 0.92 37 0.45 0.45 604 0.95 0.95 745 0.43 0.43 144 1.00E-18 0.051 35 1.00E-103 0.11 37

Epichloë brachyelytri

subjest genome phoD-like phosphatase Hypothetical protein lymB DUF 1665

Species

Epichloë amarillans

Epichloë amarillans

Epichloë baconii

chiB F-box containing protein

Claviceps fusiformis

Epichloë bromicola

Epichloë bromicola

Epichloë bromicola

Epichloë elymi

Epichloë festucae

Epichloë festucae

Epichloë glyceria

Epichloë sylvatica

Epichloë typhina

Metarhizium acridum

Metarhizium robertsii

Claviceps paspali

Claviceps purpurea

Atkinsonella texensis

Atkinsonella texensis

Periglandula ipomoeae
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Figure 3.9. Synteny analysis of genes at the lymB-chiB locus in E. festucae Fl1 and other sexual 

Epichloë species. Homologous genes share a single colour across species. Arrows represent the 

direction of transcription. Sequence data was sourced from http://www.endophyte.uky.edu. Bar= 

1 kb. 
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Figure 3.10. LysM protein predicted structure. E. festucae LymB protein and homologues from 

other Epichloë species showing the predicted signal peptide and LysM domains. Bar=100 amino 

acids. 
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Figure 3.11. Multiple sequence alignment of E. festucae LymB protein and homologues from 

other Epichloë species. E. festucae (Fl1) EfM3.035020, E. festucae (E2368), E. baconii, E. 

brachyelytri, E. bromicola 5761, AL0434 and 502. Intensity of colouring indicates the level of 

conservation. N terminal signal peptides are bordered in green. LysM motifs are indicated in pink. 
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Gene structure analysis of the chiB genes divergently transcribed with lymB genes in 

Epichloë species showed that although there was conservation of synteny among these 

species, there were gene deletions in E. bromicola E5761, AL0434, E502 and E. glyceria 

(Figure 3.9 and appendix 19). The domain structure of the proteins encoded by chiB genes 

revealed that these proteins are part of glycoside hydrolase family 18 (GH18) with at least 

one chitin binding domain in all the species and two in E. festucae Fl1, E. festucae E2368 

and E. baconii, chitinase insertion and glycoside hydrolase family 18 catalytic domains. 

All had an N terminal signal peptide prediction with the exception of E. bromicola E5761 

and E. bromicola E502. E. bromicola E502 in addition lacks a stop codon which could 

be due to the gene misannotation (Appendix 19), so these two proteins were excluded 

from further amino acid sequence alignment (Figure 3.12). The alignment was conducted 

only on the chitinase proteins that had an N terminal signal peptide and the results showed 

these proteins have conserved domains for chitin binding, chitinase insertion and 

glycoside hydrolase. Checking the protein structure encoded by these chiB genes showed 

that despite the gene deletions and insertions they appear to be functional, an exception 

being E. bromicola E502, which is predicted to lack a stop codon (Figure 3.13).  
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Figure 3.12. Chitinase protein predicted structure. E. festucae ChiB protein and homologues from 

other Epichloë species showing the predicted signal peptide, chitin binding type I, Glycoside 

hydrolase family 18 catalytic domain and chitinase insertion domains. Bar=100 amino acids. 
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Figure 3.13. Multiple sequence alignment of the E. festucae Fl1 ChiB protein and homologues 

from other Epichloë species. E. festucae (Fl1) EfM3. 035030, E. festucae (E2368), E. baconii, E. 

brachyelytri, E. bromicola AL0434, E. glyceria. Intensity of colouring indicates the level of 

conservation. N terminal signal peptides are bordered in green. Chitin binding domains are 

bordered in red and orange. Glycoside hydrolase family 18 catalytic domain is indicated in pink 

and chitinase insertion domain inside it, is bordered in yellow. Intensity of colouring indicates the 

level of conservation. 
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Chapter 4. Functional analysis of genes encoding LysM and 

Glycoside hydrolase Family 18 (GH18) proteins. 
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To investigate the role of E. festucae genes encoding LysM motifs and the associated, 

divergently transcribed, chitinase genes, a reverse genetics approach was conducted. The 

genes encoding LymA, LymB, ChiA and ChiB were deleted towards determining their 

protein product function in hyphal growth, fungal development and effect on the host, L. 

perenne.  

 

4.1. Functional analysis of genes encoding LysM motif containing proteins 

 

4.1.1. Generation of DlymA mutant   

To test whether lymA has a role in suppressing host defence in the symbiotic interaction 

of E. festucae with L. perenne, a deletion mutant of lymA was generated by targeted 

replacement of lymA with a hygromycin B phosphotransferase (hph) cassette (Figure 4.1 

A). Protoplasts of E. festucae Fl1 (2.8.4.1) were transformed with an HpaI/EcoRI 

digested linear fragment of pNN01 (Appendix 7) and screened for growth on PD agar 

medium (2.8.4.2) containing hygromycin. One hundred and two HygR colonies were 

picked and sub-cultured three times to confirm transformant stability and to ensure they 

were homokaryons (Young et al., 2005). Crude genomic DNA was isolated from each 

transformant (2.4.2) and screened by PCR (2.6.1) using primers NN22 and NN25, to 

confirm the absence of the wild-type fragment. Thirteen putative DlymA candidates were 

identified from this screen. Further PCR screening using primer sets that amplify the left 

(NN31/NN32) and right (NN29/NN26) flanks of the hph cassette confirmed that 10 were 

DlymA candidates. High quality genomic DNA (2.4.3) was isolated from four of these 

transformants, digested with either SmaI or NdeI, separated by gel electrophoresis and 

Southern blots of the gels prepared. Probing of these blots with a DIG-labelled linear 

fragment of pNN01 confirmed that all four candidates were ‘clean’ single copy 

replacement mutants (Figure 4.1 B). The presence of the additional 12.6-kb band in the 

NdeI digests of transformants #7 and #32 is likely due to incomplete digestion with this 

enzyme given that there were no extra bands in the SmaI digest.  
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Figure 4.1. Strategy for deletion of E. festucae lymA and confirmation by Southern analysis. (A) 

Physical map of lymA wild-type genomic locus, linear insert of lymA replacement construct, 

pNN01, showing restriction enzyme sites for NdeI and SmaI. Grey shading indicates regions of 

recombination. Numbers indicate the PCR primers used for Gibson assembly and knock–out 

screening. (B) and (C) NBT/BCIP stained Southern blot of SmaI (B) and NdeI (C) digests (1 µg) 

of E. festucae wild-type (Fl1) ∆lymA#32 (PN3099), ∆lymA#30 (PN3098), ∆lymA#27 (PN3097) 

and ∆lymA#7 (PN3096) strains probed with digoxigenin (DIG)-11-dUTP labelled linear insert of 

pNN01 amplified with primers NN10/NN13.  
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4.1.2. DlymA culture phenotype  

Cultures of E. festucae wild type and two independent DlymA mutant strains, DlymA#7 

and DlymA#27, were grown on PD agar or WA to determine if there were any differences 

in colony growth or fungal morphology. Radial growth and morphology of DlymA was 

indistinguishable from the wild-type strain (Figure 4.2 A). Epi-fluorescence light 

microscopy analysis of cultures grown on water agar and stained with Calcofluor white 

(CFW) (2.10.1), which binds to chitin in the cell wall and septa (Ram & Klis, 2006), 

revealed that DlymA forms hyphal bundles, undergoes hyphal cell-cell fusion and forms 

coils from which conidiophores arise, all with a morphology and frequency similar to 

wild-type (Figure 4.2 B-E). 
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Figure 4.2. Culture phenotype of wild-type and ∆lymA mutant strains. (A) Colony morphology of 

wild type (Fl1) and ∆lymA strains grown on 2.4% PD agar at 22°C for 7 days. (B) and (D) 

Fluorescent images captured by Epi-fluorescence light microscopy of hyphae grown for 7 days 

on water agar and stained with Calcofluor white. Bar=20 µm. (C) and (E) Higher magnification 
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of (I) and (II) indicating fusion points and coiled structures respectively. White, Red and yellow 

arrowheads identify hyphal fusion points, conidiophore and conidia respectively. Bar=20 µm. 

 

4.1.3. DlymA symbiotic interaction phenotype  

To test whether lymA is required for the symbiotic interaction of E. festucae with its host, 

L. perenne, 7-day old seedlings were inoculated with wild type and two independent 

mutant strains, DlymA#7 and DlymA#27, and grown under controlled environment 

conditions for 8-12 weeks (2.3.8.2). After this period of growth, single tillers were 

immunoblotted to identify which plants were infected (2.3.8.3). Although statistical 

analysis of the average tiller length and number of infected plants showed a significant 

difference for plants infected with ∆lymA#27 and just tiller length of plants infected with 

∆lymA#7. For all other associations there were no significant differences in these 

parameters. These variations are sometimes observed in similarly maintained WT plants 

so are likely to reflect the variation between biological plants. In summary, this analysis 

revealed that the phenotype of plants infected with the DlymA mutants was largely similar 

to those infected with WT with similar root, stem and leaf morphologies (Figure 4.3).  

To determine if any phenotypic differences were occurring at the cellular level, plant 

sheath samples were fixed with ethanol and stained with aniline blue, wheat germ 

agglutinin-conjugated with Alexa Fluor 488 (WGA-AF488) and propidium iodide 

(2.10.2), which stain fungal b-glucan, chitin and DNA respectively, and examined by 

confocal laser scanning microscopy (CLSM). In plants infected with wild type, fungi 

grew predominantly as single elongated hyphae, parallel to the leaf longitudinal axis with 

occasional lateral branching and fusion. Importantly, only the septa stained with WGA-

AF488 suggesting as previously observed (Becker et al., 2015; Eaton et al., 2015), that 

chitin is absent from the cell walls of endophytic hyphae. The morphology and growth 

pattern of DlymA mutants in planta was indistinguishable from that of WT (Figure 4.4). 
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Figure 4.3. Plant phenotype of Lolium perenne infected with E. festucae wild-type and ∆lymA 

mutant strains. (A) Whole plant interaction phenotype of L. perenne plants infected with E. 

festucae strains 10 weeks after inoculation. (B) and (C) Box plots of tiller number and tiller height 

of L. perenne plants infected with E. festucae strains. *P <0.05 determined by Student’s t-test 

(two-tailed, n≥10). Outliers are indicated by circles. Significant difference is indicated by red 

asterisk. 
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Figure 4.4. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆lymA mutant strains. (A) Confocal depth series images of longitudinal sections of L. perenne 

leaf sheath tissue infected with wild type (Fl1) and ΔlymA strains 10 weeks post inoculation, 

showing hyphae stained with aniline blue (red pseudocolour), chitin in cell wall septa with WGA-

AF488 (blue pseudocolour), and fungal and plant nuclei with propidium iodide (yellow 

pseudocolour). Bar=50 µm. (B) Higher magnification of (I) showing hyphal compartments. 

Images were generated by maximum intensity projection of a 10´ 1.2 µm confocal z-stack. 

Bar=50 µm. Scale bars are applicable for images in the same panel. The analyses were conducted 

at least in three biological replicates. 
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4.1.4. Generation of DlymB mutant 

To examine the function of lymB in suppressing host defence in the symbiotic interaction 

of E. festucae with L. perenne, a deletion mutant of lymB was generated by targeted 

replacement of lymB with a neomycin phosphotransferase (ntpII) cassette (Figure 4-5 A). 

Protoplasts of E. festucae Fl1 (2.8.4.1) were transformed with an HpaI/SpeI digested 

linear fragment of pNN03 (Appendix 9) and screened for growth on PD agar medium 

(2.8.4.2) containing geneticin. Two hundred GenR colonies were picked and sub-cultured 

three times to confirm transformant stability and to ensure they were homokaryons. Crude 

genomic DNA was isolated from each transformant (2.4.2) and 68 colonies were screened 

by PCR (2.6.1) using primers NN50 and NN51, to confirm the absence of a wild-type 

fragment. Four putative DlymB candidates were identified from this screen. Further PCR 

screening using primer sets that amplify the left (NN52/NN53) and right (NN54/NN55) 

flanks of the nptII cassette confirmed that all 4 were DlymB candidates. High quality 

genomic DNA (2.4.3) was isolated from all four transformants, digested with either KpnI 

or NdeI, the digests separated by gel electrophoresis, and Southern blots of the gels 

prepared. Probing of these blots with a DIG-labelled linear fragment of pNN03 confirmed 

that all four candidates were ‘clean’ replacement mutants. All strains including WT 

showed hybridization to a non-specific band of 4.5 kb. The presence of the additional 9 

kb band in the NdeI digests of transformant #122 is likely due to tandem copies integrated 

into genome, given a single band of the same size as the other strains was present in the 

KpnI digest. The presence of the 4 kb and 7 kb bands in KpnI digestion could be due to 

non-specific hybridization as well. A 2 kb band in the KpnI digestion including WT could 

be a result of digestion in chiB and probed incompletely. 
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Figure 4.5. Strategy for deletion of E. festucae lymB and confirmation by Southern analysis. (A) 

Physical map of lymB wild-type genomic locus, linear insert of lymB replacement construct, 

pNN03, showing restriction enzyme sites for NdeI and KpnI. Grey shading indicates regions of 

recombination. Numbers indicate the PCR primers used for Gibson assembly and knock–out 

screening. (B) and (C) NBT/BCIP stained Southern blot of KpnI (B) and NdeI (C) digests (1 µg) 

of E. festucae wild-type (Fl1) ∆lymB#41 (PN3125), ∆lymB#52 (PN3126), ∆lymB#116 (PN3127) 
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and ∆lymB#122 strains probed with digoxigenin (DIG)-11-dUTP labelled linear insert of pNN03 

amplified with primers NN42/NN45. 

 

4.1.5. DlymB culture phenotype  

In axenic culture radial growth and morphology of DlymB mutant strains (#41 and #52) 

was indistinguishable from the wild-type strain (Figure 4.6 A). Epi-fluorescence light 

microscopy analysis of cultures grown on WA and stained with CFW (2.10.1), showed 

that DlymB forms hyphal bundles, undergoes hyphal cell-cell fusion and forms coils from 

which conidiophores arise, with a morphology and frequency similar to wild-type (Figure 

4.6 B-E). 
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Figure 4.6. Culture phenotype of wild-type and ∆lymB mutant strains. (A) Colony morphology of 

wild type (Fl1) and ∆lymB strains grown on 2.4% PD agar at 22°C for 7 days. (B) and (D) 

Fluorescent images captured by Epi-fluorescence light microscopy of hyphae grown for 7 days 

on water agar and stained with Calcofluor white. Bar=20 µm. (C) and (E) Higher magnification 
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of (I) and (II) indicating fusion points and coiled structures respectively. White, red and yellow 

arrowheads identify hyphal fusion points, conidiophores and conidia respectively. Bar=20 µm. 

 

4.1.6. DlymB symbiotic interaction phenotype  

To test whether the lymB is required for the symbiotic interaction of E. festucae with its 

host, L. perenne, 7-day old seedlings were inoculated with WT and two independent 

mutant strains, DlymB#41 and DlymB#52, and grown under controlled environment 

conditions (2.8.3.2). Single tillers were immunoblotted 8-12 weeks post inoculation to 

identify which plants were infected (2.3.8.3). The phenotype of plants infected with the 

DlymB mutants was similar to those infected with WT, and examination of root, stem and 

leaf morphologies did not reveal significant differences (Figure 4.7 A). There was a 

significant change in tiller length and number in plants infected with ∆lymB#41 compared 

to WT. These variations are sometimes observed in similarly maintained WT plants and 

likely reflect the variation between biological plants. Therefore, plant phenotype analysis 

revealed that there were no significant differences in tiller number or tiller length between 

∆lymB and WT (Figure 4.7 B & C).  

To check if there were any differences in phenotype at the cellular level, plant sheath 

samples were fixed in ethanol, stained with aniline blue, WGA-AF488 and propidium 

iodide (2.10.2) to label fungal ß-glucan, chitin, DNA, respectively and examined by 

CLSM (Figure 4.8). As with WT, ∆lymB mutants formed hyphae that were linear and 

grew parallel to the longitudinal axis of the infected leaf. This was occasionally 

interrupted by lateral branching. In all cases only the septa stained with WGA-AF488. 

This is consistent with chitin being absent from the cell walls of endophytic hyphae.  
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Figure 4.7. Plant phenotype of Lolium perenne infected with E. festucae wild-type and ∆lymB 

mutant strains. (A) Whole plant interaction phenotype of L. perenne plants infected with E. 

festucae strains 10 weeks after inoculation. (B) and (C) Box plots of tiller number and tiller height 

of L. perenne plants infected with E. festucae strains. *P <0.05 determined by Student’s t-test 

(two-tailed, n≥10). Outliers are indicated by circles. Significant difference is indicated by red 

asterisk. 
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Figure 4.8. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆lymB mutant strains. (A) Confocal depth series images of longitudinal sections of L. perenne 

leaf sheath tissue infected with wild type (Fl1) and ΔlymB strains 10 weeks post inoculation, 

showing hyphae stained with aniline blue (red pseudocolour), chitin in cell wall septa with WGA-

AF488 (blue pseudocolour), and fungal and plant nuclei with propidium iodide (yellow 

pseudocolour). Bar=50 µm. (B) Higher magnification of (I) showing hyphal compartments. 

Images were generated by maximum intensity projection of a 10´ 1.2 µm confocal z-stack. 

Bar=50 µm. The analyses were conducted at least in three biological replicates. 
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4.1.7. Generation of DlymA/B mutant   

To determine whether lymA and lymB are functionally redundant and together have a role 

in suppressing host defence in the symbiotic interaction of E. festucae with L. perenne, a 

double deletion mutant was engineered. This was done stepwise through the targeted 

replacement of lymB with a neomycin phosphotransferase (nptII) cassette (Figure 4.9 A). 

Protoplasts of E. festucae ∆lymA#7 (2.8.4.1) were transformed with an HpaI/SpeI 

digested linear fragment of pNN03 (Appendix 9) and screened for growth on PD agar 

medium (2.8.4.2) containing geneticin. One hundred and twelve GenR colonies were 

picked and sub-cultured three times to confirm transformant stability and to ensure they 

were homokaryons. Crude genomic DNA was isolated from each transformant (2.4.2) 

and 48 colonies screened by PCR (2.6.1) using primers NN50 and NN51, for absence of 

a wild-type fragment. Five putative DlymA/B candidates were identified from this screen. 

Further PCR screening using primer sets that amplify the left (NN52/NN53) and right 

(NN54/NN55) flanks of the nptII cassette confirmed that all 5 were DlymA/B candidates. 

High quality genomic DNA (2.4.3) was isolated from all five transformants, digested with 

NdeI, the digests separated by gel electrophoresis, and Southern blots of the gels prepared. 

Probing of these blots with a DIG-labelled linear fragment of pNN03 confirmed that four 

of the five candidates (#52, #42, #29 and #12) were ‘clean’ single copy replacement 

mutants (Figure 4.9 B). 
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Figure 4.9. Strategy for deletion of E. festucae lymA/B and confirmation by Southern analysis. (A) 

Physical map of lymB wild-type genomic locus, linear insert of lymB replacement construct, 

pNN03, showing restriction enzyme sites for NdeI. Grey shading indicates regions of 

recombination. Numbers indicate the PCR primers used for Gibson assembly and knock–out 

screening. (B) NBT/BCIP stained Southern blot of NdeI (B) digests (1 µg) of E. festucae wild-

type (Fl1) ∆lymA/B#12 (PN3160), ∆lymA/B#29 (PN3161), ∆lymA/B#42 (PN3162), strains probed 

with digoxigenin (DIG)-11-dUTP labelled linear insert of pNN03 amplified with primers 

NN42/NN45. 

 

4.1.8. DlymA/B culture phenotype  

Radial growth and morphology of E. festucae wild type and three independent DlymA/B 

mutant strains, DlymA/B#12, DlymA/B#29 and DlymA/B#42, DlymA/B were checked in 

axenic culture. None of these appeared different than the wild-type strain (Figure 4.10 A). 

Epi-fluorescence light microscopy analysis of cultures grown on WA and stained with 

CFW (2.10.1), showed that DlymA/B forms hyphal bundles, undergoes hyphal cell-cell 

fusion and forms coils from which conidiophores arise, with a morphology and frequency 

similar to wild-type (Figure 4.10 B-E). 
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Figure 4.10. Culture phenotype of wild-type and ∆lymA/B mutant strains. (A) Colony morphology 

of wild type (Fl1) and ∆lymA/B strains grown on 2.4% PD agar at 22°C for 7 days. (B) and (D) 

Fluorescent images captured by Epi-fluorescence light microscopy of hyphae grown for 7 days 

on water agar and stained with Calcofluor white. Bar=20 µm. (C) and (E) Higher magnification 

of (I) and (II) indicating hyphal fusion points and coiled structures respectively. White arrowheads 

identify fusion points. Bar=20 µm. 
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4.1.9. DlymA/B symbiotic interaction phenotype  

To test whether the lymA and lymB both are required for the symbiotic interaction of E. 

festucae with its host, 7-day old seedlings of L. perenne, were inoculated with WT and 

three independent mutant strains, DlymA/B#12, DlymA/B#29 and DlymA/B#42 and grown 

under controlled environment conditions (2.8.3.2). After 8-12 weeks post-inoculation, 

single tillers were immunoblotted to confirm the infection (2.3.8.3). Statistical analysis 

of the whole plant phenotype following infection with the DlymA/B mutants and WT 

showed a decrease in average tiller height for plants infected with the ∆lymA/B mutant 

strains, indicating a mild stunting plant phenotype (Figure 4.11).  

 

To check the cellular phenotype, plant sheath samples were fixed with ethanol and stained 

with aniline blue, WGA-AF488 and propidium iodide (2.10.2) to reveal the distribution 

of 1,3 ß glucan, chitin and nuclei, respectively prior to examination by CLSM. The 

morphology and growth pattern of the DlymA/B mutants in planta was significantly 

different from that of WT. Mutant hyphae had a break down in the symbiosis with 

abnormal hyphal growth in intercellular spaces. Hyphae were swollen and branched 

forming highly convoluted structures with smaller hyphal compartments. Strikingly, 

unlike WT hyphae, the mutants displayed patches of WGA-AF488 along their cell walls 

as well as the septa. This observation raises the possibility that loss of lymA and lymB 

alters the composition or structure of the fungal cell wall in planta (Figure 4.12).  
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Figure 4.11. Plant phenotype of Lolium perenne infected with E. festucae wild-type and ∆lymA/B 

mutant strains. (A) Whole plant interaction phenotype of L. perenne plants infected with E. 

festucae strains 10 weeks after inoculation. (B) and (C) Box plots of tiller number and height of 

L. perenne plants infected with E. festucae strains. Outliers are indicated by circles. 
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Figure 4.12. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆lymA/B mutant strains. (A) Confocal depth series images of longitudinal sections of L. perenne 

leaf sheath tissue infected with wild type (Fl1) and ΔlymA/B strains 10 weeks post inoculation, 

showing hyphae stained with aniline blue (red pseudocolour), chitin in cell wall septa with WGA-

AF488 (blue pseudocolour), and fungal and plant nuclei with propidium iodide (yellow 

pseudocolour). Bar=50 µm. (B) and (C) Higher magnification of (I) and (II) showing normal 

hyphal compartments in the wild type, abnormal growth pattern of fungal hyphae and increasing 

of hyphal branching in ∆lymA/B mutant strains respectively. Images were generated by maximum 

intensity projection of a 10´ 1.2 µm confocal z-stack. Bar=50 µm. The analyses were conducted 

at least in three biological replicates. 
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4.2. Functional analysis of genes encoding Glycoside hydrolase Family 18 (GH18) 

proteins. 

 

4.2.1. Generation of DchiA mutant   

To examine the possible function of chiA gene for establishment and maintenance of the 

symbiotic interaction of E. festucae with L. perenne, chiA gene deletion was conducted 

by targeted replacement of chiA with a hygromycin B phosphotransferase (hph) cassette 

(Figure 4.13 A). Protoplasts of E. festucae Fl1 (2.8.4.1) were transformed with an 

HpaI/EcoRI digested linear fragment of pNN02 (Appendix 8) and screened for growth 

on PD agar medium (2.8.4.2) containing hygromycin. One hundred and twenty HygR 

colonies were picked and transformant stability confirmed by three times subculturing 

(2.4.2) and screened by PCR (2.6.1) using primers NN34 and NN35, for absence of a 

wild-type fragment. Four putative DchiA candidates were identified from this screen. 

Further PCR screening using primer sets that amplify the left (NN36/NN32) and right 

flanks (NN29/NN37) of the hph cassette confirmed that these 4 transformants were DchiA 

candidates. High quality genomic DNA (2.4.3) was isolated from these four 

transformants, digested with EcoRI, the digests separated by gel electrophoresis, and 

Southern blots of the gels prepared. Probing of these blots with a DIG-labelled linear 

fragment of pNN02 confirmed that three of the four candidates (#5, #22 and #39) were 

‘clean’ single copy replacement mutants (Figure 4.13 B).  

 

 

 

 

 

 

 

 

 



 103 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Strategy for deletion of E. festucae chiA and confirmation by Southern analysis. (A) 

Physical map of chiA wild-type genomic locus, linear insert of chiA replacement construct, 

pNN02, showing restriction enzyme sites for EcoRI. Grey shading indicates regions of 

recombination. Numbers indicate the PCR primers used for Gibson assembly and knock–out 

screening. (B) NBT/BCIP stained Southern blot of EcoRI digest (1 µg) of E. festucae wild-type 
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(Fl1) ∆chiA#5 (PN3100), ∆chiA#22 (PN3101), ∆chiA#39 (PN3102) and ∆chiA#16 strains probed 

with digoxigenin (DIG)-11-dUTP labelled linear insert of pNN02 amplified with primers 

NN18/NN21. 

 

4.2.2. DchiA culture phenotype  

The colony morphology phenotypes of ∆chiA#5 and ∆chiA#39 mutant strains grown on 

axenic culture were the same as WT and no distinct differences in either radial growth or 

shape were observed (Figure 4.14 A). Epi-fluorescence light microscopy analysis of 

cultures grown on WA and stained with CFW (2.10.1), showed that DchiA forms hyphal 

bundles, undergoes hyphal cell-cell fusion and forms coils from which conidiophores 

arise, with a morphology and frequency similar to wild-type (Figure 4.14 B-E). 
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Figure 4.14.  Culture phenotype of wild-type and ∆chiA mutant strains. (A) Colony morphology 

of wild type (Fl1) and ∆chiA strains grown on 2.4% PD agar at 22°C for 7 days. (B) and (D) 

Fluorescent images captured by Epi-fluorescence light microscopy of hyphae grown for 7 days 

on water agar and stained with Calcofluor white. Bar=20 µm. (C) and (E) Higher magnification 
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of (I) and (II) indicating fusion points and coiled structures respectively. White, red and yellow 

arrowheads identify hyphal fusion points, conidiophores and conidia respectively. Bar=20 µm. 

 

4.2.3. DchiA symbiotic interaction phenotype  

To test whether the chiA gene is required for the symbiotic interaction of E. festucae with 

its host, L. perenne, 7-day old seedlings were inoculated with WT and two independent 

mutant strains, DchiA#5 and DchiA#39, and grown under controlled environment 

conditions for 8-12 weeks (2.8.3.2). After this period of growth, single tillers were 

immunoblotted to identify which plants were infected (2.3.8.3). Statistical analysis of the 

average number and length of tillers in infected plants with ∆chiA mutant strains, showed 

a significant difference in the average number and length of tillers in plants infected with 

∆chiA#39. This differs from plants infected by ∆chiA#5 which only differ from WT in 

the number of tillers (Figure 4.15 B & C) as these variations are sometimes observed in 

similarly maintained WT plants, so this analysis showed that the phenotype of plants 

infected with the DchiA mutants was similar to those infected with WT with similar root, 

stem and leaf morphologies (Figure 4.15 A). 

To check the cellular phenotype, plant sheath samples stained with aniline blue, WGA-

AF488 and propidium iodide (2.10.2), were examined by CLSM. The morphology and 

growth pattern of the DchiA mutants in planta was indistinguishable from that of WT. 

Consistently the hyphae grow predominantly parallel to the leaf longitudinal axis, a 

pattern interrupted by occasional lateral branching and fusion. Similarly, WGA-AF488 

staining only labelled the septa in each. This suggested that the cell walls in DchiA like 

WT lack chitin (Figure 4.16 B). 
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Figure 4.15. Plant phenotype of Lolium perenne infected with E. festucae wild-type and ∆chiA 

mutant strains. (A) Whole plant interaction phenotype of L. perenne plants infected with E. 

festucae strains 10 weeks after inoculation. (B) and ( C) Box plots of tiller number and tiller height 

of L. perenne plants infected with E. festucae strains. *P <0.05 determined by Student’s t-test 

(two-tailed, n≥10). Outliers are indicated by circles. Significant difference is indicated by red 

asterisk. 
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Figure 4.16. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆chiA mutant strains. (A) Confocal depth series images of longitudinal sections of L. perenne leaf 

sheath tissue infected with wild type (Fl1) and ΔchiA strains 10 weeks post inoculation, showing 

hyphae stained with aniline blue (red pseudocolour), chitin in cell wall septa with WGA-AF488 

(blue pseudocolour), and fungal and plant nuclei with propidium iodide (yellow pseudocolour). 

Bar=50 µm. (B) Higher magnification of (I) showing hyphal compartments. Images were 

generated by maximum intensity projection of 10´ 1.2 µm confocal z-stack. Bar=50 µm. The 

analyses were conducted at least in three biological replicates. 

 

 

4.2.4. Generation of DchiB mutant 

To test the possible role of chiB for establishment and maintenance of the symbiotic 

interaction of E. festucae with L. perenne, a deletion mutant of chiB was generated by 

targeted replacement of chiB with a neomycin phosphotransferase (nptII) cassette (Figure 

4.17 A). Protoplasts of E. festucae Fl1 (2.8.4.1) were transformed with an HpaI/SpeI 

digested linear fragment of pNN04 (Appendix 10) and screened for growth on PD 

medium (2.8.4.2) containing geneticin. 198 GenR colonies were picked and three times 

sub-cultured to confirm transformant stability and to ensure they were homokaryons. 

Crude genomic DNA was isolated from each transformant (2.4.2) and 48 colonies were 

screened by PCR (2.6.1) using primers NN60 and NN61, to confirm the absence of a wild 
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type fragment. Three putative DchiB candidates were identified from this screen. Further 

PCR screening using primer sets that amplify the left (NN62/NN53) and right 

(NN54/NN63) flanks of the nptII cassette confirmed that all 3 were DchiB candidates. 

High quality genomic DNA (2.4.3) was isolated from all three transformants, digested 

with either EcoRV or PvuI, the digests separated by gel electrophoresis, and Southern 

blots of the gels prepared. Probing of these blots with DIG-labelled linear fragment of 

pNN04 confirmed that two of three candidates were ‘clean’ single copy replacement 

mutants. (Figure 4.17 B). The presence of the additional 2.1 kb and 2.8 kb bands in the 

PvuI digests of transformants #36 is likely due to incomplete digestion with this enzyme, 

given a single band of the correct size was present in the EcoRV digest.  
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Figure 4.17. Strategy for deletion of E. festucae chiB and confirmation by Southern analysis. (A) 

Physical map of chiB wild-type genomic locus, linear insert of chiB replacement construct, 

pNN04, showing restriction enzyme sites for EcoRV and PvuI. Grey shading indicates regions of 

recombination. Numbers indicate the PCR primers used for Gibson assembly and knock–out 

screening. (B) NBT/BCIP stained Southern blot of EcoRV and PvuI (B) digests (1 µg) of E. 
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festucae wild-type (Fl1), ∆chiB#36 (PN3158), ∆chiB#61 and ∆chiB#68 (PN3159) strains probed 

with digoxigenin (DIG)-11-dUTP labelled linear insert of pNN04 amplified with primers 

NN56/NN59. 

 

4.2.5. DchiB culture phenotype  

Cultures of E. festucae wild type and two independent DchiB mutant strains, DchiB#36 

and DchiB#68, were indistinguishable from WT on PD agar with the same radial growth 

and morphology (Figure 4.18 A). Epi-fluorescence light microscopy analysis of cultures 

grown on water agar and stained with CFW (2.10.1), showed that DchiB mutant strains 

behave normally; they regularly form bundles, undergo hyphal cell-cell fusion and form 

coils from which conidiophores arise, all of which appear morphologically similar to 

wild-type (Figure 4.18 B-E). 
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Figure 4.18. Culture phenotype of wild-type and ∆chiB mutant strains. (A) Colony morphology 

of wild type (Fl1) and ∆chiB strains grown on 2.4% PD agar at 22°C for 7 days. (B) and (D) 

Fluorescent images captured by Epi-fluorescence light microscopy of hyphae grown for 7 days 

on water agar and stained with Calcofluor white. Bar=20 µm. (C) and (E) Higher magnification 
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of (I) and (II) indicating hyphal fusion points and coiled structures respectively. White arrowheads 

indicate fusion points. Bar=20 µm. 

 

4.2.6. DchiB symbiotic interaction phenotype  

To test whether the chiB is required for the symbiotic interaction of E. festucae with its 

host, L. perenne, 7-day old seedlings were inoculated with WT and two independent 

mutant strains, DchiB#36 and DchiB#68, and grown under controlled environment 

conditions for 8-12 weeks (2.3.8.2). After this time, single tillers were immunoblotted to 

identify infected plants (2.3.8.3). Although the phenotype of plants infected with the 

DchiB mutants looked similar to those infected with WT with similar root, stem and leaf 

morphologies (Figure 4.19 A), statistical analysis showed a decrease in tiller height of 

plants infected with ∆chiB mutants with significant changes in ∆chiB#68. There were not 

any significant changes in tiller number of infected plants with ∆chiB mutants compared 

to the WT. These results showed a mild stunting plant phenotype in ∆chiB.  (Figure 4.19 

B & C).  

To check if there were any differences in phenotype at the cellular level, sheath samples 

were fixed with ethanol and stained with aniline blue, WGA-AF488 and propidium iodide 

(2.10.2) and examined with CLSM. In plants infected with the WT, hyphae grow 

predominantly as single elongated hyphae, parallel to the leaf longitudinal axis with 

occasional lateral branching and fusion. Only the septa stained with WGA-AF488 

suggesting that chitin is absent from the cell walls of endophytic hyphae. The morphology 

and growth pattern of the DchiB mutants in planta was significantly different from that 

of WT. Hyphae were overgrown, exhibiting aberrant positioning and density in the 

intercellular spaces and sometimes appeared “swollen” or wider than normal. Moreover, 

mutant hyphae displayed increased branches and formed highly convoluted structures. In 

these instances, hyphal size appeared to be reduced (Figure 4.20). 
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Figure 4.19. Plant phenotype of Lolium perenne infected with E. festucae wild-type and ∆chiB 

mutant strains. (A) Whole plant interaction phenotype of L. perenne plants infected with E. 

festucae strains 10 weeks after inoculation. (B) and (C) Box plots of tiller number and tiller height 

of L. perenne plants infected with E. festucae strains. *P <0.05 determined by Student’s t-test 

(two-tailed, n≥10). Outliers are indicated by circles. Significant difference is indicated by red 

asterisk. 
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Figure 4.20. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆chiB mutant strains. Confocal depth series images of longitudinal sections of L. perenne leaf 

sheath tissue infected with wild type (Fl1) and ΔchiB strains 10 weeks post inoculation, showing 

hyphae stained with aniline blue (red pseudocolour), chitin in cell wall septa with WGA-AF488 

(blue pseudocolour), and fungal and plant nuclei with propidium iodide (yellow pseudocolour). 

Bar=50 µm. (B) and (C) Higher magnification of (I) and (II) showing normal hyphal compartment 

in wild type, abnormal growth pattern of fungal hyphae and increasing of hyphal branching in 

∆chiB mutant strains respectively. Images were generated by maximum intensity projection of a 

10´ 1.2 µm confocal z-stack. Bar=50 µm. The analyses were conducted at least in three biological 

replicates. 
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4.2.7. LymA cellular localization 

To check the LymA protein cellular localization lymA-eGFP constructs were made under 

the control of their native and tef over expression promoter (2.9.5) and transformed into 

ΔlymA protoplasts (2.8.4.1).  Twenty lymA GenR transformants were picked and cultured 

on PD agar media containing geneticin as the selectable marker (2.8.4.2) and checked for 

fluorescent signals and cellular localisation using Epi-fluorescence light microscopy 

(2.10.1). Given that the fluorescent signal under the native promoters was weak the 

overexpression strains were analysed. Microscopic analyses showed fluorescent signals 

in the fungal cell walls and septa with stronger signals and localisation in hyphal septa 

(Figure 4.21). 
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Figure 4.21. Localization of LymA::eGFP in E. festucae ∆lymA. Confocal laser scanning and DIC 

microscopy of LymA::eGFP (green pseudocolour) cellular localization in axenic culture of PN 

3236 (∆lymA#7/pNN12) at A, young hyphae at hyphal tip, B, mid region and centre of the colony, 

C and D higher magnification of the protein localization in fungal cell wall and septa. The PtefA 

promoter was used to express LymA::eGFP. White arrow heads indicate localization point at 

hyphal septa. Bar = 20 µm. 
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4.2.8. LymB cellular localization 

lymB-eGFP constructs were made under the control of their native and tef over expression 

promoter (2.9.6) to check the LymB protein cellular localization and transformed into 

ΔlymB protoplasts (2.8.4.1).  Twenty lymB HygR transformants were picked and cultured 

on PD agar media containing hygromycin as the selectable marker (2.8.4.2) and checked 

for fluorescent signals and cellular localization using Epi-fluorescence light microscopy 

(2.10.1).  Due to the weak fluorescent signal observed using the native promoter, the 

overexpression strains were analysed. Microscopy analyses showed fluorescent signals 

in fungal cell walls and septa with stronger signals and localization in hyphal septa 

(Figure 4.22). 
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Figure 4.22. Localization of LymB::eGFP in E. festucae ∆lymB. Confocal laser scanning and DIC 

microscopy of LymAB::eGFP (green pseudocolour) cellular localization in axenic culture of PN 

3237 (∆lymA#741/pNN14) at A, young hyphae at hyphal tip, B, mid region and centre of the 

colony, C and D higher magnification of the protein localization in fungal cell wall and septa. 

The PtefA promoter was used to express LymB::eGFP. White arrow heads indicate localization 

point at hyphal septa. Bar = 20 µm. 
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Chapter 5. Discussion 
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LysM containing proteins have been identified in many different fungi from mammalian 

and plant pathogens to saprophytes. They have a role not only in sequestration of chitin 

oligomers released from fungal cell walls during host invasion to prevent the triggering 

of host immunity defence, but also in fungal development (de Jonge & Thomma, 2009; 

Levin et al., 2017; Seidl-Seiboth et al., 2013; Takahara et al., 2016). The current study 

shows that two E. festucae Fl1 lysM genes, lymA and lymB, which are divergently 

transcribed from two chitinase genes (chiA and chiB), are required for the symbiotic 

interaction between E. festucae and its grass host L. perenne. Functional analysis of these 

genes by gene deletion showed that these two lysM genes, lymA, lymB and one of the 

chitinase genes, chiB, are required for fungal restrictive growth in the plant host L. 

perenne. Both LymA and LymB proteins are localised to the hyphal cell wall and septa, 

where chitin is an abundant oligosaccharide. 

 

E. festucae strain Fl1 has seven genes encoding proteins with a variable number of LysM 

motifs without catalytic modules and are therefore classified as type-A fungal LysM 

proteins (de Jonge & Thomma, 2009). Five of these Fl1 proteins were shown to have an 

N-terminal signal peptide suggesting they are secreted into the apoplast and therefore 

possibly have a role in suppressing the host defence response by overcoming PAMP 

triggered immunity. A recent proteomics analysis of apoplastic fluids demonstrated that 

EfM3.029340 is one of the most abundant fungal proteins in apoplastic fluid. However, 

peptides derived from LymA and LymB were not detected in this analysis (Green et al, 

unpublished data). A possible reason for this result is their lack of abundance or 

localisation to some other cellular region. Genes encoding LysM motifs have been 

analysed in several other fungi including Cladosporium fulvum, Mycosphaerella 

graminicola, Trichoderma atriviridae, Magnaporthe oryzae, Colletotrichum 

higginsianum and Penicillium expansum (Bolton et al., 2008; Marshall et al., 2011; 

Gruber et al., 2011; Mentlak et al., 2012; Takahara et al., 2016; Levin et al., 2017). The 

best characterised of these proteins is the extracellular protein Ecp6 from C. fulvum which 

has three LysM motifs. The 3-D structure of this protein revealed that just two of the three 

LysM domains (LysM1 and LysM3) bind chitin oligosaccharides. Binding studies 

revealed that these LysM motifs bind chitin oligomers with ultra-high affinity which is 

sufficient to outcompete host immune receptors for chitin binding and prevent chitin 

triggered immunity (Sanchez-Vallet et al., 2015). The third LysM motif (LysM2) also 

binds to chitin but at a lower affinity suggesting that it has the potential to perturb chitin 
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triggered immunity by disruption of dimerization of plant receptors, which is essential for 

initiation of the host immune response (Sanchez-Vallet et al., 2015; Kombrink & 

Thomma, 2013; Liu et al., 2012). The LysM proteins identified in M. graminicola 

(Marshall et al., 2011) and M. oryzae (Mentlak et al., 2012) are proposed to have similar 

functions as Ecp6 in sequestering chitin oligosaccharide released from invading hyphae, 

thereby preventing elicitation of host immunity.  

 

Although proteins corresponding to LymA and LymB were absent in the E. festucae Fl1 

apoplastic fluid analysis, the significant upregulation of lymA in planta compared to in 

culture suggests that at least lymA has an important role in the symbiosis (Chujo and Scott 

unpublished). Consistent with this result is a decrease in expression of these genes in three 

symbiotic mutants (significantly in noxA and proA and not significant in sakA mutant 

strains) that dramatically affect the interaction of E. festucae with L. perenne, resulting in 

severe stunting, hypertillering and premature host senescence. Unlike the wild type, 

hyphae do not align parallel to the leaf axis and have an abnormal growth pattern in these 

three symbiotic mutants (Tanaka et al., 2006; Tanaka et al., 2013; Eaton et al., 2015). In 

addition to these lysM genes, three other E. festucae lysM genes were more highly 

expressed in planta compared to in culture but only EfM3.029340, which is predicted to 

have an N-terminal signal peptide was identified in the proteome analysis (Green et al, 

unpublished data). Although currently unexamined in E. festucae, analysis of genes 

encoding LysM proteins in other fungi shows that changes in expression occur during 

different developmental stages. Other studies have shown that the expression profile of 

fungal effectors may be affected by the cell type or organ being invaded (Lo Presti et al., 

2015; Okmen & Doehlemann, 2014). In M. graminicola Mg3LysM and Mg1LysM LysM 

effectors were transcriptionally activated during the symptomless phase of leaf infection 

(Marshall et al., 2011). In Penicillium expansum the expression level of four lysM gene 

effectors, PeLysM1, PeLysM2, PeLysM3 and PeLysM4 increased during host infection 

(Levin et al., 2017). In C. higginsianum, ChELP1 and ChELP2 are the most highly 

expressed of all lysM genes described in this species and have roles during early 

pathogenesis and the biotrophic stage (Takahara et al., 2016).  

Analysing the chromosomal organisation of the E. festucae lysM genes revealed that lymA 

and lymB are both divergently transcribed from two chitinase genes chiA and chiB and 

are therefore likely to be coregulated. Chitinase proteins encoded by chiA and chiB both 

belong to chitinase hydrolase family 18 with predicted chitin binding, chitinase hydrolase 
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family 18 catalytic and chitinase insertion domains. Both proteins also contain a putative 

N-terminal signal peptide and are predicted to be secreted into the apoplast. chiA and chiB 

follow the same transcriptional pattern as lymA and lymB; both are up-regulated in planta 

compared to in culture, and are down-regulated in the ΔnoxA, ΔproA and ΔsakA 

symbiotic mutants suggesting that these two chitinase proteins are working at the same 

stage of fungal development as the LymA and LymB proteins. A similar regulation 

pattern was observed in T. atriviridae with the lysM gene tal6 which encodes a protein 

with 7 lysM motifs and a subgroup C chitinase gene tac6. tac6 is strongly expressed 

during hyphal network formation and involved in self-cell wall remodelling during fungal 

development and growth. Deletion of the tac6 gene resulted in faster growth than the wild 

type. tac6 and tal6 share a common upstream region and are therefore likely to be also 

coregulated. Spore germination assays conducted on T. atrivirdae, T. reesei, N. crassa 

and A. niger using different TAL6 protein concentrations showed that TAL6 has a 

complete inhibitory effect on spore germination of T. atrivirdae and T. reesei at 1.8 µM 

and 0.18 µM of protein concentrations respectively and does not have any effect on spore 

germination of N. crassa and A. niger, showing TAL6 has a strong inhibitory effect on 

spore germination of Trichoderma. spp and not on the other fungi. In the same study it 

was shown that the truncated version of the TAL6 protein (TAL6-4) with only four C 

terminal LysM motifs, which are highly similar to each other, does not have the same 

inhibitory effect on either Trichoderma. spp or other fungi. So tal6 is involved in self 

signalling processes during fungal growth rather than in fungal-plant interaction and with 

tac6 these two genes appear to have a role in fine-tuning the regulation of fungal growth 

and hyphal development (Gruber et al., 2011; Seidl-Seiboth et al., 2013). Although tal6 

and tac6 are divergently transcribed from each other in T. atriviridae, homologues of 

these genes in E. festucae Fl1 genome are at two different loci with corresponding gene 

models of EfM3.078100 and EfM3.062780 respectively. Interestingly the homologue of 

tal6, EfM3.078100, is divergently transcribed with a chitinase gene (EfM.078090) but 

they do not share the same expression profile either in the three mutant strains (ΔnoxA, 

ΔproA, ΔsakA) or in planta compared to in culture, suggesting that these two genes are 

probably involved in different pathways from each other. The chitinase gene 

EfM3.062870 identified as the homologue of tac6 is also divergently transcribed from a 

lysM gene EfM3.062860 with a similar expression pattern in the three symbiotic mutant 

strains (ΔnoxA, ΔproA, ΔsakA), and both are downregulated in planta compared to in 

culture, suggesting that they are co-expressed and may have a functional role in fungal 
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growth as in T. atrivirdae. Functional analysis of these genes in E. festucae Fl1 has not 

been checked yet.  

One possible joint role for LymA/ChiA and LymB/ChiB proteins is in hyphal intercalary 

growth which is identified as a unique form of E. festucae hyphal growth in planta 

enabling hyphal growth to be tightly synchronised with development of the host, a 

situation which is not required in plant pathogens. E. festucae grows between 

undifferentiated plant cells in the true stem of the grass by hyphal tip growth and 

branching (Christensen and Voissey, 2007). As grass leaf primordia develop they 

differentiate into two limited cell division zones corresponding to the, leaf sheath and 

blade intercalary division zones (Christensen et al., 2008; Scott et al, 2010). First the leaf 

cell division zone is colonised with highly branching hyphae attached to it, then 

colonisation of the intercellular space of expanding and differentiating tissues occurs 

where hyphae become attached to the plant cell wall. But in contrast to the cell division 

zone the number of the hyphae do not increase and they are restricted in growth 

(Christensen et al., 2002; Tan et al., 2001). Hyphae attach to the plant cell wall with an 

adhesive matrix and when the plant cells elongate the hyphae are stretched triggering a 

switch from tip to intercalary growth (Christensen et al., 2008) Voissey et al, 2010). For 

hyphae to be stretched and undergo intercalary growth the cell wall will need to be 

constantly remodelled. Chitinases may play a key role in remodelling the cell wall thereby 

necessitating the need for fungal LysM effectors to sequester the chitin oligomers that are 

released. Co-expression of the lysM and chitinase genes would enable these two functions 

to be coordinated.  

 

Homologues of lymA and lymB, and their associated co-regulated chiA and chiB genes, 

have been identified in other Epichloë and Claviceps species. An analysis of the 

chromosomal organisation of these genes in other Epichloë and Claviceps species 

revealed that there is conserved synteny of both lymA/chiA and lymB/chiB loci and the 

two genes positioned on either side of them. However, many of these homologues have 

undergone gene deletions, including E. amarillans E57 and E4668, E. brachylyetri, E. 

elymi, E. typhina, E. baconii and E. sylvatica in the lymA/chiA genes and in E. bromicola 

E5761, AL04334, E502 and E. glyceria in lymB/chiB genes. Interestingly, despite these 

deletions, the translation of the ORFs still generate what appear to be functional proteins, 

although in some cases signal peptides are lost and the number of LysM motifs is reduced 

compared to the number found in E. festucae Fl1. Protein sequence alignment of LysM 
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and chitinase proteins in different species also showed conservation in their protein 

domains among these species suggesting that they are essential for plant-symbiotic 

interactions. 

 

Single and double deletion of lymA and lymB did not have any effect on fungal 

morphology and growth when these mutants were grown on PD agar media, which 

perhaps is not surprising given that both genes are preferentially expressed in planta 

compared to in culture. As discussed before, EfM3.062860 is divergently transcribed with 

a chitinase gene homologous to tac6 in T. atriviridae and EfM3.078100 is homologous 

to tal6 in T. atrivirdae, and divergently transcribed with another chitinase gene. Both lysM 

genes encode proteins that contain N-terminal signal peptides with two and three LysM 

motifs respectively. Given they are preferentially expressed in culture it is likely they may 

have a role in fungal growth and development in culture. Deletion of PeLysM3, one of 

four lysM genes in P. expansum, resulted in a mutant with reduced radial growth, a lower 

percentage of germination and shorter germ tubes, suggesting that PeLysM3 has a role 

like TAL6 from T. atrivirdae in self signalling processes during fungal growth rather than 

a role in fungal-plant interaction (Levin et al., 2017; Seidl-Seiboth et al., 2013). Although 

the silencing of ChELP1 and ChELP2 in C. higginsianum did not affect mycelial growth 

in vitro, the mutants did show abnormal appressorium function and morphology, 

suggesting that silencing these lysM genes affects the ability of the pathogen to penetrate 

Arabidopsis resulting in less disease symptoms (Takahara et al., 2016). 

 

Single deletions of E. festucae chiA and chiB also did not have any effect on fungal 

morphology or growth in culture, a result consistent with the pattern of gene expression. 

Both chiA and chiB have higher expression in planta compared to in culture suggesting 

they have a role in the plant-interaction. The E. festucae Fl1 genome contains 13 chitinase 

genes belonging to glycoside hydrolase family 18 and five of these genes have higher 

expression in culture compared to in planta. (Appendix 18 and 20). Surprisingly only two, 

EfM3.062870 and EfM3.064090, out of the five chitinases contain N-terminal signal 

peptides and are therefore predicted to be secreted, suggesting that they may have a role 

in fungal development in culture. Chitinases from filamentous fungi are required for 

various cellular processes such as cell wall modification, degradation, hyphal branching, 

tip growth and spore germination (Adams, 2004). T. atriviridae strains with tac6 deleted 

grew faster than wild type suggesting a role for this protein in self-cell wall remodelling 
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during fungal development and growth (Seidl-Seiboth et al., 2013). As described before 

it is interesting that the homologue of tac6 has been identified in Fl1 as EfM3.062870, 

which has a higher expression in culture compared to in planta and therefore may have a 

role in fungal growth in culture.  

 

Although there was no plant interaction phenotype for the ΔlymA and ΔlymB single gene 

mutants there was a dramatic cellular phenotype for the ΔlymA/B double mutant 

indicative of some functional redundancy between these two genes. A similar result was 

observed in P. expansum where deletion of a single lysM gene did not have any plant 

phenotype and did not show any changes in virulence, possibly because of gene 

redundancy (Levin et al., 2017). Gene redundancy has also been described in C. 

higginsianum ChELP1 and ChELP2 which encode extracellular LysM proteins, where 

RNAi silencing of these two lysM genes, but not the individual genes, resulted in 

appressorium malfunction and reduced host penetration (Takahara et al., 2016). 

 

In wild type E. festucae, hyphae grow parallel to the leaf longitudinal axis with occasional 

lateral branching and fusion. In the ΔlymA/B double mutant there appears to be a switch 

from restrictive intercalary growth to proliferative tip growth characterised by increased 

branching and formation of convoluted bundles of hyphae in leaf tissues. These 

phenotypes suggest that lymA and lymB together are important in controlling intercalary 

growth as this pattern of growth requires that the fungal cell wall needs be attached to the 

host cell wall, resulting in stretching and growth parallel to the leaf axis. The breakdown 

in the symbiosis in this mutant may be due to an inability of the fungal cell wall to attach 

and thereby be stretched. Ariyawansa and Voisey have recently shown that this pattern 

of growth requires stretching as application of mechanical stretch to hyphae ex planta 

results in the development of new cellular compartments with a higher rate of nuclear 

division and septation compared to unstretched hyphae (Ariyawansa 2015). An 

intercalary pattern of growth enables the endophytic hyphae to synchronise growth with 

that of the plant and therefore avoid shearing. In an important recent study, the small Rho 

GTPase, Cdac42 has been shown to play a key role in controlling intercalary growth 

(Kayano et al., 2018). Cdc42 is proposed to be responsible for controlling vesicle 

transportation to the hyphal tip by regulating reorganisation of the cytoskeleton and 

therefore may have a key role in re-directing vesicle movement to sites of intercalary 

growth. Plants infected with cdc42 mutants showed hyphal breakage in the lower part of 
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the leaf tissue and impaired colonisation of the upper part of the mature leaf blades. 

Interestingly, plants infected with this mutant did not have any whole plant interaction 

phenotype, as found here for the ΔlymA/B double mutant (Kayano et al., 2018; Scott et 

al., 2018). A role for LysM motif proteins in intercalary growth is a potentially a new 

function for this family of proteins. Most studies to date on plant pathogenic fungi 

highlight the importance of at least some members of this family in controlling plant 

virulence. Ecp6 is an extracellular LysM effector protein secreted by the fungal tomato 

leaf mould pathogen, C. fulvum, which has a role in pathogen virulence through 

sequestering chitin oligomers derived from the cell wall of the pathogen thereby 

interfering with the host chitin detection system and perturbing chitin-induced immunity 

(Bolton et al., 2008; de Jonge & Thomma, 2009; de Jonge et al., 2010; Kombrink & 

Thomma, 2013). Additional lysM genes have been characterised in other fungi as well. 

In the wheat blotch fungus, M. graminicola, and the rice blast pathogen M. oryzae, the 

LysM effectors Mg3LysM and Slp1 have been shown to bind chitin oligomers, a feature 

shared with Ecp6 (Marshall et al., 2011; Mentlak et al., 2012). A role in virulence has 

also been reported for ChELP2 extracellular LysM protein from C. higginsianum 

(Takahara et al., 2016). However, as discussed above, LysM effectors in M. graminicola 

and C. higginsianum have dual functions being required for pathogen virulence and 

fungal growth and development (Marshall et al., 2011; Takahara et al., 2016). Taken 

together these results demonstrate that LysM proteins have key roles in both suppressing 

host defence response and fungal development. 

 

Unlike the chiA single deletion mutant which did not show any whole plant or cellular 

interaction phenotype, the chiB deletion mutant did have a cellular phenotype; instead of 

restrictive growth hyphae showed a proliferative pattern of tip growth similar to the 

cellular phenotype that has been observed in the lymA and lymB double deletion mutant. 

Hyphae are highly branched, and form convoluted structures with smaller hyphal 

compartments as a result of switching to proliferative growth. Alteration from hyphal 

restrictive intercalary growth to proliferative growth can change the symbiotic interaction 

from mutualistic to antagonistic however our results show that disruption in restrictive 

growth does not lead to an antagonistic interaction as has been observed for deletion of 

genes involved in production of reactive oxygen species, noxA, racA and noxR; or 

components of the cell wall integrity (CWI) signalling pathway,  mpkA and mkkA; or 

genes encoding membrane associated proteins symB and symC in E. festucae Fl1, where 
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plants become stunted and undergo premature senescence  (Takemoto et al., 2006; 

Tanaka et al., 2006; Tanaka et al., 2008; Green et al., 2017; Becker et al., 2015). Both 

chiA and chiB expression is higher in planta compared to in culture suggesting they have 

a role in the symbiotic interaction in planta. Although chiA has higher expression than 

chiB, deletion of the chiA does not have any effect on the symbiotic interaction. One 

explanation for not having any phenotype in ΔchiA mutant strains could be that these two 

chitinase genes are involved in different pathways and clearly these results show that chiB 

is required for maintenance of hyphal restrictive growth in planta and establishment of 

the symbiosis. However double deletion of chiA and chiB together has not been conducted 

to check if there is any redundancy between these genes and this can be considered as a 

future experiment to do. 

To gain further insight into the function of the proteins encoded by lymA and lymB, eGFP 

fusion proteins of LymA and LymB proteins were generated and their localisation 

checked in axenic culture. Both LymA and LymB proteins localised in fungal cell wall 

and septa. This result is consistent with their proposed role of binding to chitin oligomers 

and the fact that they both contain secretion signals. It would be also interesting to 

examine their localisation in planta or the colocalization of LymA/ChiA and LymB/ChiB 

together to find out more about their function in symbiosis. Other studies done on LysM 

effectors in other pathogens indicate that LysM proteins are localised on the surface of 

the biotrophic primary hyphae in C. higginsianum (Takahara et al., 2016) or at the tip and 

later around the invasive hyphae in M. oryzae (Mentlak et al., 2012), supporting their role 

in sequestering the chitin oligomers and suppressing the chitin-triggered immunity 

response in their host. 

 

In conclusion I have shown that two E. festucae Fl1 lysM genes and one chitinase gene, 

lymA, lymB and chiB, are necessary for hyphal growth and regulation in planta. I have 

established for the first time that deletion of lymA and lymB together and chiB resulted in 

breakdown of the symbiotic interaction suggesting they are required for hyphal 

intercalary growth, establishment and maintenance of symbiosis. These results suggest 

that LysM and chitinase proteins in E. festucae Fl1 are involved in different pathways 

and may have different contributions toward plant-fungal symbiosis. Chitin binding and 

chitinase enzyme assays to check the affinity of these LysM proteins for various 

polysaccharides such as chitin, chitosan, xylan and cellulose and their ability to protect 

the fungal hyphae against chitinases hydrolases can be future experiments to be done to 
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confirm their role in suppressing the plant host defence. Analysing their localisation in 

planta also could be another investigation to find out the actual role of these proteins 

during development, colonisation and growth inside the host. 
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Chapter 6. Bioinformatic analysis of genes encoding chitin 

deacetylase enzymes 
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6.1. Identification of E. festucae Fl1 chitin deacetylase genes 

 

To determine if the E. festucae genome contains any chitin deacetylase genes, a tBLASTn 

search was conducted using Magnaporthe oryzae chitin deacetylase (CDA) protein 

(MGG_12939, 14966, 09159, 04172, 08774, 01868, 08356, 05023, 04704 and 03461) 

sequences as the query sequences at http://www.endophyte.uky.edu.  The first and second 

hits identified three chitin deacetylase genes EfM3.042050, EfM3.035615 and 

EfM3.030650 sharing identities from 24% to 56% with M. oryzae sequences (Table 6.1). 

A similar analysis was done against Neurospora crassa and Fusarium graminearum 

chitin deacetylase protein sequences. The first and second hits obtained from tBLASTn 

analysis confirmed EfM3.042050 and EfM3.035615 respectively in the E. festucae Fl1 

genome (Table 6.2). Identified chitin deacetylase gene models, EfM3.035615, 

EfM3.030650 and EfM3.042050, were designated as cdaA, cdaB and cdaC respectively. 

The deduced domain structure of the proteins encoded by these genes using InterPro scan 

https://www.ebi.ac.uk/interpro  showed that they all contain polysaccharide deacetylase 

domains but only cdaA contains an N terminal signal peptide which is predicted to be 

secreted into the apoplastic space (Figure 6.1). Analysis of RNA-seq data of E. festucae 

gene expression in planta compared to in culture was conducted to find out the possible 

role of these genes in the symbiotic interaction between E. festucae and the host plant. 

The RNA seq data analysis showed that cdaA and cdaB were upregulated in planta 

compare to in culture while cdaC was downregulated (Table 6.3). Comparison of RNA-

seq data generated in planta vs. in culture for three symbiotic mutants, noxA, proA and 

sakA showed that cdaA was downregulated in noxA, proA and sakA compared to WT. 

However, these changes were only significant in the sakA mutant. cdaB was upregulated 

in the three mutant data sets but likewise was only significant in the sakA data set. cdaC 

did not have any changes in any of three mutant data sets (2.12) (Table 6.4).  
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Table 6.1. tBLASTn analysis of M. oryzae chitin deacetylase protein sequences against the  

E. festucae Fl1 genome. 

 
aLowest E-value.  bSecond lowest E-value. 

M. oryzae data obtained from Geoghegan and Gurr (2016). 

 

 

 

 

 

 

 

 

 

 

Gene number 

(M. oryzae) 

Gene name 

(M. oryzae) 
E-value %Identity score 

Gene number 

(E. festucae) 

Gene name 

(E. fectucae) 

MGG_12939 CP1 1.00E-64a 44 217 EfM3.042050 cdaC 

MGG_12939 CP1 2.00E-60b 56 230 EfM3.035615 cdaA 

MGG_14966 CDA1 6.00E-53a 45 205 EfM3.042050 cdaC 

MGG_14966 CDA1 2.00E-39 b 34 122 EfM3.035615 cdaA 

MGG_09159 CDA2 3.00E-69a 46 273 EfM3.042050 cdaC 

MGG_09159 CDA2 7.00E-54 b 51 209 EfM3.035615 cdaA 

MGG_04172 CDA3 3.00E-14 a 26 78 EfM3.042050 cdaC 

MGG_04172 CDA3 1.00E-06 b 24 52 EfM3.035615 cdaA 

MGG_08774 CDA4 2.00E-49 a 42 193 EfM3.042050 cdaC 

MGG_08774 CDA4 2.00E-33 b 35 140 EfM3.035615 cdaA 

MGG_01868 CDA5 5.00E-33 a 34 140 EfM3.042050 cdaC 

MGG_01868 CDA5 2.00E-18 b 30 92 EfM3.035615 cdaA 

MGG_08356 CDA6 7.00E-33 a 37 139 EfM3.042050 cdaC 

MGG_08356 CDA6 3.00E-21 b 35 100 EfM3.035615 cdaA 

MGG_05023 CDA7 5.00E-46 a 40 182 EfM3.042050 cdaC 

MGG_05023 CDA7 1.00E-31 b 37 134 EfM3.035615 cdaA 

MGG_04704 CDA8 1.00E-61 a 52 233 EfM3.030650 cdaB 
MGG_04704 CDA8 9.00E-09 b 27 58 EfM3.042050 cdaC 

MGG_03461 CDA9 7.00E-37 a 39 150 EfM3.042050 cdaC 

MGG_03461 CDA9 2.00E-20 b 28 78 EfM3.035615 cdaA 
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Table 6.2. tBLASTn analysis of N. crassa and F. graminearum chitin deacetylase protein 

sequences against the E. festucae Fl1 genome. 

 
aLowest E-value.  bSecond lowest E-value. 

Data obtained from http://fungidb.org/fungidb/ and https://www.ncbi.nlm.nih.gov.  

 
Table 6.3. Fold differences of expression of E. festucae chitin deacetylase genes in planta 

compared to in culture. 

 
a Data obtained from T. Chujo (in preparation). Direction indicates the level of expression change. 

Minus and plus indicate the direction of change (down regulated and up regulated respectively). 

RPKM: Reads Per Kilobase of transcript per Million mapped reads. 

 
Table 6.4. Gene expression fold changes of chitin deacetylase genes in E. festucae genome 

between wild type and symbiotic mutants ∆noxA, ∆proA and ∆sakA. 

 
a Fold changes in red and green are significant whereas those in black are not significant. 
b Direction indicates the level of expression change. Minus and plus indicate the direction of 

change (down regulated and up regulated respectively). Data obtained from Eaton et al, 2015. 

Species Gene name E-value 
Gene number 
(E. festucae) 

Gene name 
(E. festucae) 

N. crassa NCU10651a 3.00E-70 EfM3.042050 cdaC 
N. crassa NCU10651b 2.00E-60 EfM3.035615 cdaA 
N. crassa NCU09508 a 3.00E-46 EfM3.042050 cdaC 
N. crassa NCU09508 b 2.00E-30 EfM3.035615 cdaA 

F. graminearum FGSC05847 a 4.00E-79 EfM3.042050 cdaC 
F. graminearum FGSC05847 b 2.00E-60 EfM3.035615 cdaA 

 

Gene Model 
Gene 

Name 

Culture 

RPMK a 

InPlanta 
RPMK a 

Ratio Direction FoldDiff 

EfM3.035615 cdaA 3.93 28.75 7.31 + 7.31 

EfM3.030650 cdaB 11.77 14.03 1.19 + 1.19 

EfM3.042050 cdaC NA NA NA NA NA 

 

Gene Model 
Gene 

Name 

noxA dir 
b 

noxA Fold 
a 

proA dir 
b 

proA Fold 
a 

sakA dir 
b 

sakA Fold 
a 

EfM3.035615 cdaA - 1.34 - 1.56 - 6.49 

EfM3.030650 cdaB + 1.14 + 1.13 + 11.84 

EfM3.042050 cdaC NA NA NA NA NA NA 
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Analysing the exon and intron structure of cdaA, cdaB, cdaC at 

http://www.endophyte.uky.edu revealed that the cDNAs of these genes encode proteins 

of 259, 268, and 213 amino acids with predicted unmodified molecular weights of 29.77, 

30.8, and 23.86 kD respectively (Figure 6.1). 

To gain further insight into these proteins, an amino acid sequence alignment was 

conducted on the Fl1 chitin deacetylase proteins and their homologues from M. oryzae, 

N. crassa and F. graminearum. This analysis indicated that residues implicated in both 

enzymatic activity and zinc (Zn) binding are conserved among these proteins (Figure 6.2).    

 

 
 

 
Figure 6.1. E. festucae chitin deacetylase predicted polypeptide structure. Protein domain 

structure of E. festucae chitin deacetylase proteins showing the predicted signal peptide and 

polysaccharide deacetylase domains. Bar=50 amino acids. 



 135 

 
 



 136 

 

 



 137 

 
 



 138 

 
 

 

 

 



 139 

Figure 6.2. Multiple sequence alignment of the E. festucae chitin deacetylase proteins (CdaA, 

CdaB and CdaC) with homologues from M. oryzae (MGG12939, MGG09159, MGG14966, 

MGG05023, MGG08774, MGG03461, MGG01868, MGG08356, MGG04704, MGG04172), N. 

crassa (NCU10651, NCU09508) and F. graminearum (FGSC05847). Intensity of colouring 

indicates the level of conservation with darker shades being more highly conserved. Predicted 

conserved active residues and zinc binding sites are bordered in green and red respectively. E 

festucae Fl1 chitin deacetylase proteins are indicted with red asterisk. 
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Chapter 7. Functional analysis of E. festucae Fl1 chitin 

deacetylase (cda) genes  
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To investigate the role of an E. festucae chitin deacetylase gene a reverse genetics 

approach was conducted to delete cdaA, to determine its function in fungal cell wall 

composition, hyphal growth, fungal development and effect on the grass host L. perenne.  

 

7.1. E. festucae Fl1 cell wall composition in endophytic and epiphyllous hyphae in 

infected L. perenne seedlings and pseudostem.  

To investigate the hyphal cell wall structure in endophytic and epiphyllous hyphae in the 

early stage of infection, L. perenne seedlings were inoculated with E. festucae Fl1 and 

stained two weeks post inoculation with the fluorescent dyes WGA-AF488 and aniline 

blue (2.10.2). Hyphae at the inoculation site were checked using CLSM microscopy. 

These analyses showed that the cell wall and septa in epiphyllous hyphae labelled with 

WGA-AF488 while only the septa in endophytic hyphae labelled with WGA-AF488 and 

endophytic fungal cell wall stained with aniline blue (Figure 7.1).  Fungal cell wall 

composition was also examined in infected L. perenne sheath samples inoculated with 

Fl1. 10-week-old plant sheath samples were stained with aniline blue and WGA-AF488 

and checked using CLSM (2.10.2). Microscopy results showed the same staining as 

seedlings with labelling of the septa in endophytic hyphae, and septa and cell wall in 

epiphyllous hyphae with WGA-AF488. Strikingly, hyphae exhibited a combination of 

both staining patterns near points of hyphal emergence and expressorium formation. At 

these locations a transition was observed from WGA-AF488 only labelling septa to it 

assuming a patchy and progressively more homogeneous distribution on the hyphal cell 

walls outside of the plant (Figure 7.2).  
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Figure 7.1. E. festucae Fl1 endophytic and epiphyllous hyphae at site of inoculation of L. perenne 

seedlings. (A) L. perenne seedling infected with E. festucae wild type (Fl1) two weeks post 

inoculation showing epiphyllous hyphae (red asterisk) stained with WGA-AF488 (blue 

pseudocolour). (I) endophytic hyphae colonising the seedling meristem zone stained with aniline 

blue (red pseudocolour) and chitin in cell wall septa with WGA-AF488 (blue pseudocolour). (B) 

Higher magnification of (I) showing plant meristem colonisation. (C) and (D) Higher 

magnification of (II) and (III) indicating epiphyllous (red asterisk) and endophytic hyphae 

respectively. White arrows identify fungal septa. Images were generated by maximum intensity 

projection of confocal z-stacks. Bar=20 µm. 

 
Figure 7.2. Exit of E. festucae Fl1 endophytic hyphae from the L. perenne leaf by formation of 

an expressorium. (A) E. festucae Fl1 endophytic hyphae stained with aniline blue (red 

pseudocolour), chitin in cell wall septa with WGA-AF488 (blue pseudocolour), and fungal and 

plant nuclei with propidium iodide (yellow pseudocolour). (B) E. festucae Fl1 exprossorium (ex) 

and emergence point (yellow asterisk). The epiphyllous hyphae (red asterisk) stained with WGA-

AF488 (blue pseudocolour). (C) and (D) Higher magnification of (I) and (II) showing the 

expressorium (ex) and epiphyllous hyphae (red asterisk). (E) E. festucae Fl1 epiphyllous hyphae, 

chitin in cell wall and fungal septa stained with WGA-AF488 (blue pseudocolour), plant and 
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fungal nuclei stained with propidium iodide (yellow pseudocolour). White arrows identify fungal 

septa. Images were generated by maximum intensity projection of confocal z-stacks. Bar=20 µm. 

 

7.2. Cell wall composition in axenic culture 

 

7.2.1. The cell walls of axenic cultures resemble those of epiphyllous hyphae  

The E. festucae Fl1 strain was cultured on WA media to examine fungal cell wall 

composition. This was performed by staining with WGA-AF488 which binds chitin, or 

using a chitin specific probe, Chitin Binding Protein (CBP) (Fuenzalida et al., 2014) 

followed by imaging with CLSM (2.10.3.1.4). Microscopy analysis revealed that the 

hyphal cell wall and septa of axenic cultures labelled with both chitin binding probes. 

This labelling pattern was similar to that observed when staining the epiphyllous hyphae 

(Figures 7.3 and 7.4).  
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Figure 7.3. E. festucae Fl1 grown in axenic culture labelled with WGA-AF488. (A), (B) and (C) 

showing fungal cell wall, hyphal fusion point (red asterisk) and fungal septa (white arrows) in 

green pseudocolour respectively. Images were generated by maximum intensity projection of 

confocal z-stacks. Bar=20 µm. 
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Figure 4.7. E. festucae Fl1 grown in axenic culture labelled with chitin binding protein (CBP). 

(A), (B) and (C) showing fungal cell wall and septa stained with CBP (green pseudocolour). (D), 

(E) and (F) indicating chitin labelling in hyphal cell wall, fusion point (red asterisk) and coiled 

structure respectively. White arrows identify fungal septa. Images were generated by maximum 

intensity projection of confocal z-stacks. Bar=20 µm. 

 

7.3. Fungal cell wall composition in endophytic and epiphyllous hyphae in planta  

 

To further investigate the fungal cell wall composition in planta, plant samples infected 

with Fl1 were stained with Chitosan Affinity Protein (CAP), which selectively recognizes 

chitosan but not chitin (Nampally et al., 2012) (2.10.3.1.1). Investigation of the plant cell 

division zone and leaf primordia by CSLM revealed that CAP exclusively labelled cell 

walls in the division zone. No CAP signal could be detected at septa (Figure 7.5). This 

indicates that hyphal cell walls are composed of chitosan and not chitin in this infected 

tissue.  

Next, the leaf sheath tissues were examined. The plant sheath samples infected with E. 

festucae Fl1 were independently stained with two chitosan specific probes, CAP and 

OGA-488 (Mravec et al., 2014) as well as propidium iodide (PI) and studied by CLSM 

(2.10.3.1.1, 2.10.3.2.1 and 2.10.3.2.2). Microscopy results revealed that the hyphal cell 

wall in endophytic hyphae was labelled along its full visible length with each of these two 

chitosan specific probes. Accordingly, no labelling was observed either in septa or at the 

hyphal cell wall of epiphyllous hyphae (Figures 7.6 and 7.7). 

Additional experiments were conducted by staining the plant sheath samples infected 

with E. festucae Fl1 with CBP and PI before examining with CLSM (2.10.3.1.2). As 

expected, only fungal septa were labelled with CBP and there was not any labelling of 

the fungal cell wall in endophytic hyphae, while the entire cell wall was labelled in 

epiphyllous hyphae. In some fungal septa only, partial staining was observed irrespective 

of hyphal position within or outside of the leaf. This could be due to the incomplete 

infiltration of the probe within the tissue (Figures 7.8 and 7.9). 

Taken together, these molecule-specific labelling indicate that chitin is a component of 

hyphal septa. Chitin is only detectable in cell walls of epiphyllous hyphae and this is 

replaced by chitosan when E. festucae colonises its plant host to become an endophyte.  
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Figure 7.5. E. festucae Fl1 endophytic hyphae in L. perenne cell division zone at the base of leaf 

primordia. (A) Fungal cell wall labelled with Chitosan Affinity Protein (CAP) (green 

pseudocolour) and fungal nuclei stained with propidium iodide (red pseudocolour). (B) and (C) 

Higher magnification of (I) and (II) indicating hyphal cell wall in plant intercellular space. White 

arrows identify fungal nuclei. Images were generated by maximum intensity projection of 

confocal z-stacks. Bar=10 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.6. E. festucae Fl1 endophytic hyphae in the L. perenne leaf sheath tissue labelled with 

CAP and OGA-488. (A) and (C) Fl1 endophytic hyphae labelled with Chitosan Affinity Protein 

(CAP) in green pseudocolour. Fungal nuclei stained with propidium iodide in red pseudocolour. 
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(B) and (D) Higher magnification of (I) and (II) respectively showing the fungal cell wall labelled 

with CAP. (E) and (G) Fl1 endophytic hyphae labelled with OGA-488 in green pseudocolour. (F) 

and (H) Higher magnification of III and IV respectively indicating the fungal cell wall labelled 

with OGA-488. Plant and fungal nuclei stained with propidium iodide in red and yellow 

pseudocolour. White arrows identify unlabelled fungal septa position. (A-F) Samples were 

washed carefully in PBS buffer and stained in PBS staining solution. (G-H) Samples washed and 

stained in MES buffer. Images were generated by maximum intensity projection of confocal z-

stacks. Bar=10 µm. 

 

 
Figure 7.7. E. festucae Fl1 epiphyllous hyphae in the L. perenne sheath tissue labelled with 

Chitosan Affinity Protein (CAP) and OGA-488. (A) Fl1 epiphyllous hypha is visible in red (has 

not been labelled with CAP). Fungal nuclei stained with propidium iodide in red pseudocolour 

(red dots). (B) Higher magnification of (I) indicating the epiphyllous hyphae and expressorium 

emergence point (yellow asterisk). (C) Unlabelled Fl1 epiphyllous hyphae are visible in red. 

Fungal nuclei stained with propidium iodide in yellow pseudocolour (yellow dots). Expressorium 

emergence point is indicated with red asterisk (D) Higher magnification of (I) indicating the 

epiphyllous hyphae and emerging point (red asterisk). White arrows identify unlabelled fungal 

septa position. Images were generated by maximum intensity projection of confocal z-stacks. 

Bar=10 µm. 
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Figure 7.8. E. festucae Fl1 endophytic hyphae in the L. perenne leaf sheath tissue labelled with 

Chitin Binding Protein (CBP). (A), (B), (C) and (D) Fungal septa in endophytic hyphae labelled 

with CBP in green pseudo colour. Fungal nuclei stained with propidium iodide in red 

pseudocolour (red dots). (E) and (F) Higher magnification of (I) and (II) respectively indicating 

fungal septa. White arrows identify fungal septa. Images were generated by maximum intensity 

projection of confocal z-stacks. Bar=20 µm otherwise stated. 

 
Figure 7.9. E. festucae Fl1 epiphyllous hyphae in L. perenne sheath tissue labelled with Chitin 

Binding Protein (CBP). (A) fungal cell wall and septa of epiphyllous hyphae labelled with CBP 

in green pseudocolour. Fungal nuclei stained with propidium iodide in red pseudocolour (red 

dots). (B), (C) and (D) Higher magnification of (I), (II) and (III) showing epiphyllous hyphal cell 

wall and septa. White arrows identify fungal septa. Images were generated by maximum intensity 

projection of confocal z-stacks. Bar=5 µm. 
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7.4. Chitosan presence in E. festucae cell wall in axenic culture 

To check the fungal cell wall composition of E. festucae Fl1 in culture, conidia were 

placed and cultured on WA media, and after six days the hyphae were stained with CAP 

and PI and checked using CLSM (2.10.3.1.3). Microscopy results showed a strong and 

specific labelling of the phialides with CAP confirming the presence of chitosan in these 

structures and absence of the deacetylated chitin (chitosan) in other parts of the hyphae 

(Figure 7.10). 

 In order to confirm these results, the experiment was repeated with E. festucae strain 

E2368 which produce more conidia and has a higher frequency of phialide production. E. 

festucae E2368 conidia were grown on WA media and labelled with CAP and PI 

(2.10.3.1.3). Again, CAP specifically labelled just the phialides and not the other cells 

that comprised the mycelial network, indicating the presence of chitosan in the cell wall 

of phialides of E. festucae E2368 hyphae as well (Figure 7.11). 
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Figure 7.10. E. festucae Fl1 grown in axenic culture labelled with Chitosan Affinity Protein 

(CAP). Fungal nuclei labelled with propidium iodide (PI) in red pseudocolour (red dots). Only 

fungal phialides labelled with CAP in green pseudocolour. Yellow circles identify fungal 

phialides. Images were generated by maximum intensity projection of confocal z-stacks. Bar=10 

µm. 
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Figure 7.11. E. festucae E2368 grown in axenic culture labelled with Chitosan Affinity Protein 

(CAP). Fungal nuclei labelled with propidium iodide (PI) in red pseudocolour (red dots). Only 

fungal phialides labelled with CAP in green pseudocolour. Yellow circles identify fungal 

phialides. Images were generated by maximum intensity projection of confocal z-stacks. Bar=5 

µm. 

 

7.5. Functional analysis of the chitin deacetylase gene  

 

7.5.1. Generation of DcdaA mutant   

To test whether cdaA has a role in hyphal cell wall chitin modification and the subsequent 

suppression of a host defence in the symbiotic interaction of E. festucae with L. perenne, 

a deletion mutant of cdaA was generated by targeted replacement of cdaA with a 

hygromycin B phosphotransferase (hph) cassette (Figure 7.12 A). Protoplasts of E. 

festucae Fl1 (2.8.4.1) were transformed with an XmaI/HpaI digested linear fragment of 

pNN05 (Appendix 10) and screened for growth on PD agar medium (2.8.4.2) containing 

hygromycin. One hundred and fifty-six HygR colonies were picked and sub-cultured three 

times to confirm transformant stability and to ensure they were homokaryons (Young et 

al., 2005). Crude genomic DNA was isolated from each transformant (2.4.2) and screened 

by PCR (2.6.1) for absence of a wild-type fragment using primers NN96 and NN97. Three 
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putative DcdaA candidates were identified from this screen. Further PCR screening using 

primer sets that amplify the left (NN98/NN99) and right (NN100/NN101) flanks of the 

hph cassette confirmed that all three were DcdaA candidates. High quality genomic DNA 

(2.4.3) was isolated from all of these transformants and digested with either SmaI or PvuI 

before gel separation and subsequent Southern blotting. Probing of these blots with a 

DIG-labelled linear fragment of pNN05 confirmed that all three candidates were ‘clean’ 

single copy replacement mutants (Figure 7.12 B).  
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Figure 7.12. Strategy for deletion of E. festucae cdaA and confirmation by Southern analysis. (A) 

Physical map of the cdaA wild-type genomic locus, linear insert of the cdaA replacement 

construct, pNN05, showing restriction enzyme sites for XmaI and HpaI. Grey shading indicates 

regions of recombination. Numbers indicate the PCR primers used for Gibson assembly and 
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knockout screening. (B) and (C) NBT/BCIP stained Southern blot of SmaI (B) and PvuI (C) 

digests (1 µg) of E. festucae wild-type (Fl1) ∆cdaA#28 (PN3200), ∆cdaA#41 (PN3201), and 

∆cdaA#49 (PN3203), strains probed with digoxigenin (DIG)-11-dUTP labelled linear insert of 

pNN5 amplified with primers NN92/NN95. 

 

7.5.2. DcdaA culture phenotype  

Cultures of E. festucae wild-type and three independent DcdaA mutant strains, DcdaA#28 

∆cdaA#41 and DcdaA#49, were grown on PD agar or WA to check if there were any 

differences in colony growth or fungal morphology (2.10.1). Radial growth and 

morphology of DcdaA was indistinguishable from the wild-type strain (Figure 7.13A). 

Epi-fluorescence light microscopy analysis of cultures grown on WA and stained with 

CFW showed that DcdaA forms hyphal bundles, undergoes hyphal cell-cell fusion and 

forms coils from which conidiophores arise, each with a morphology and frequency 

similar to wild-type (Figure 7.13 B-E). 
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Figure 7.13. Culture phenotype of wild-type and ∆cdaA mutant strains. (A) Colony morphology 

of wild type (Fl1) and ∆cdaA strains grown on 2.4% PD agar at 22°C for 7 days. (B) and (D) 

Fluorescent images captured by widefield microscopy of hyphae grown for 7 days on water agar 

and stained with Calcofluor white. Bar=20 µm. (C) and (E) Higher magnification of (I) and (II) 

indicating fusion points and coiled structures respectively. White arrowheads identify hyphal 

fusion points. Bar=20 µm. 

 

 

 

 

 



 157 

7.5.4. DcdaA symbiotic interaction phenotype  

To determine whether cdaA is required for the symbiotic interaction of E. festucae with 

its host, 7-day old seedlings of L. perenne, were inoculated with WT and three 

independent mutant strains, DcdaA#28, DcdaA#41 and DcdaA#49 and grown under 

controlled environment conditions (2.8.3.2). eight to twelve weeks after inoculation, 

single tillers were immunoblotted to check for fungal infection of the plants (2.3.8.3). 

Analysis of the whole plant phenotype in plants infected with the DcdaA mutants and WT 

showed a decrease in the average height of the tillers from plants infected with the ∆cdaA 

mutant strains which was only significant for plants infected with cdaA#49. Overall the 

plants infected with the mutants showed a mild stunting phenotype. There was no 

significant difference in number of the tillers between plants infected with WT and the 

∆cdaA mutant strains observed (Figure 7.14).  

To check the cellular phenotype, plant sheath samples were fixed with ethanol and stained 

with aniline blue, WGA-AF488 and PI (2.10.2) and examined by CLSM. The 

morphology and growth pattern of the DcdaA mutants in planta was significantly 

different from that of WT. Plants infected with mutant strains showed a breakdown in the 

symbiosis with abnormal hyphal growth in intercellular spaces. Swollen and branched 

hyphal structures were present. These commonly formed dense and convoluted structures. 

Interestingly, the inter-septal distances also appeared altered in the mutants and were 

qualitatively smaller than in the WT (Figure 7.15). The presence of WGA-AF488 labeled 

patches in endophytic hyphae in samples infected with ∆cdaA mutant strains suggested 

that the cell wall structure and composition was affected by deletion of the cdaA gene 

with increased presence of chitin. (Figure 7.16).  

To confirm that deleting the cdaA affected fungal cell wall composition, plant sheath 

samples were fixed with ethanol and stained with OGA488 and PI before being examined 

by CLSM (2.10.3.2.1). Endophytic hyphae in both plants infected with WT and ∆cdaA 

mutant strains, labelled with CAP (Figure 7.17A-B). However not all cell walls were 

robustly stained with this probe (Figure 7.17 C-D). This may indicate an absence of 

chitosan or reflect infiltration difficulties for deeper positioned hyphae.  
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Figure 7.14. Plant phenotype of Lolium perenne infected with E. festucae wild-type and ∆cdaA 

mutant strains. (A) Whole plant interaction phenotype of L. perenne plants infected with E. 

festucae strains 10 weeks after inoculation. (B) and (C) Box plots of tiller number and tiller height 

of L. perenne plants infected with E. festucae strains. *P <0.05 determined by Student’s t-test 

(two-tailed, n≥10). Outliers are indicated by circles. Significant difference is indicated by red 

asterisk. 
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Figure 7.15. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆cdaA mutant strains. (A) Confocal depth series images of longitudinal sections of L. perenne 

leaf sheath tissue infected with wild-type (Fl1) and ΔcdaA strains 10 weeks post inoculation, 

showing hyphae stained with aniline blue (red pseudocolour), chitin in cell wall septa with WGA-

AF488 (blue pseudocolour), and fungal and plant nuclei with propidium iodide (yellow 

pseudocolour). Bar=50 µm. (B) and (C) Higher magnification of (I) and (II) showing normal 

hyphal compartment in wild type, abnormal growth pattern of fungal hyphae and increasing of 

hyphal branching in ∆cdaA mutant strains respectively. Images were generated by maximum 

intensity projection of a 10´ 1.2 µm confocal z-stack. Bar=50 µm. The analyses were conducted 

at least in three biological replicants. 
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Figure 7.16. Cell wall changes in endophytic hyphae of sheath plant samples infected with ∆cdaA 

mutant strains. Large patches of chitin stained with WGA-Alexafluor-488 shows in blue 

pseudocolour suggesting a change in fungal cell wall composition. White arrows identify fungal 

septa labelled with WGA-AF488. Images were generated by maximum intensity projection of 

confocal z-stacks. Bar=50 µm. 
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Figure 7.17. In planta cellular phenotype of L. perenne infected with E. festucae wild-type and 

∆cdaA mutant strains. (A) Confocal depth series images of longitudinal sections of L. perenne 

leaf sheath tissue infected with wild type (Fl1) and ΔcdaA strains 10 weeks post inoculation, 

showing hyphae stained with OGA-488 (green pseudocolour), and fungal and plant nuclei with 

propidium iodide (red pseudocolour) Bar=50 µm. (B) Higher magnification of (I) and (II) 

indicating the labelled hyphae. Bar= 20 µm (C) and (D) Unlabelled hyphae in plants infected with 

ΔcdaA strains compared to those infected with WT. White arrows identify unlabelled hyphae. 

Bar=5 µm. Images were generated by maximum intensity projection of a 10´ 1.2 µm confocal z-

stacks in (A) and (B).  Images were generated by maximum intensity projection of a 2´ 1.2 µm 

confocal z-stacks in (C) and (D).   
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7.5.4. cdaB and cdaC gene expression level in ∆cdaA mutant strains in planta  

To investigate if deletion of the cdaA gene had any effect on the expression levels of the 

other E. festucae Fl1 cda genes, cdaB and cdaC, RNA was extracted from pseudostem 

plant samples infected with WT and ∆cdaA mutant strains and used to generate cDNA 

(2.4.4 and 2.4.5). One µl of the cDNA was used as the template for a 40-cycle RT-qPCR 

reaction with primer pairs designed and targeted to cdaB and cdaC exons (2.6.4.1). RT-

qPCR data were normalised against the expression of the 40S ribosomal protein S22 (S22) 

and elongation factor-2 (EF-2). Analysis by RT-qPCR revealed that the expression level 

of cdaB in the ∆cdaA mutant strains did not change significantly when compared to WT. 

However, cdaB expression level in ∆cdaA#41 mutant strains was significantly different 

compared to WT (Figure 7.18). On the other hand, the expression level of cdaC was 

below the detection level in both ∆cdaA mutants and WT. 

Standard curves were generated for cdaB and cdaC genes using primer pairs NN135, 

NN136 and NN137, NN138 respectively (2.6.4.2). The primer efficiencies were found to 

be within the range of 1.9 to 2 (Appendix 19). 
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Figure 7.18. Expression analysis of cdaB. Expression level of cdaB in wild type (Fl1) and ∆cdaA 

mutant strains. RT-qPCR data were normalised against the expression of the elongation factor-2 

(EF-2) and 40S ribosomal protein S22 (S22). Error bars represent ±SEM (n=3). *P<0.05 (two-

tailed-ttest).  
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Chapter 8. Discussion 
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For successful infection and plant tissue colonisation, the invading fungi need to be 

undetectable to avoid the host immune response. Besides secreting fungal effectors to 

sequester chitin oligomers, chitin can be modified into chitosan thereby remodelling the 

fungal cell wall of the endophyte to initiate and establish symbiosis. This study shows 

that chitin is abundant in the cell walls of E. festucae hyphae growing in axenic culture 

but is restricted to septa of endophytic hyphae. Instead the cell walls of endophytic hyphae 

contain chitosan. Exit of endophytic hyphae from the host leaf to form an epiphyllous 

hyphal net on the surface of the leaf results in restoration of chitin in the cell wall. Chitin 

deacetylases are responsible for the conversion of chitin to chitosan. Functional analysis 

of one of the chitin deacetylase genes in the E. festucae Fl1 genome, cdaA, showed that 

this gene is required for establishing a symbiotic interaction between E. festucae and its 

plant host and is essential for remodelling the cell wall of endophytic hyphae.  

Lectin binding, fluorescence labelling and imaging techniques revealed that there is a 

dramatic change in cell wall composition between endophytic and epiphyllous hyphae in 

L. perenne seedlings infected with E. festucae Fl1. Endophytic hyphae undergo 

proliferative tip growth in the leaf cell division zones but when they become attached to 

cells in the leaf expansion zone they switch to intercalary growth, a pattern of growth 

maintained in mature leaves. The chitin binding lectin WGA-AF488 (Robin et al., 1986) 

labelled the entire fungal cell wall and septa in epiphyllous hyphae while only the septa 

in endophytic hyphae were labelled. In contrast the hyphal cell walls of endophytic 

hyphae are fully demarcated with aniline blue, which binds β-glucan. This suggests that 

chitin is either masked or modified in endophytic hyphae in the early stage of the infection 

in young seedlings. Endophytic hyphae in both the young rapidly growing and mature 

tissues of the leaf maintain this pattern of cell wall labelling. Besides endophytic growth, 

E. festucae also can grow epiphytically on aerial plant tissues by emerging from 

epidermal cells in the lower part of the leaf expansion zone through the formation of a 

unique expressorium structure (Christensen et al., 1997; Tanaka et al., 2006; Eaton et al., 

2010; Becker et al., 2016; Christensen & Voissey, 2007; Scott et al., 2012). Fluorophore 

labelling of hyphae immediately below the leaf cuticle of mature leaves showed the same 

fluorescence distribution as infected seedlings. Cell wall remodelling commences soon 

after the hyphae emerge on the surface of the leaf; usually after two to four cell divisions. 

At this stage the entire cell wall and septa of epiphyllous hyphae are labelled with WGA-

AF488 whereas only the septa of endophytic hyphae label. These results confirm the 
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earlier observations made by (Becker et al., 2016) that there is major remodelling of the 

hyphal cell wall of E. festucae upon exiting the leaf.   

Further evidence of cell wall remodelling was observed through the labelling of hyphae 

in leaves of basal tissue and developing leaves with chitosan specific probes Chitosan 

Affinity Protein (CAP); which comprises a fusion of the functionally inactive Bacillus 

chitosanase to GFP, (Nampally et al., 2012), and OGA-488, an oligogalacturonide 

coupled to AF488 (Mravec et al., 2014). These engineered probes indicate that the cell 

walls of endophytic hyphae have an abundance of chitosan instead of chitin. Consistent 

with this observation is an absence of chitosan in the cell walls of epiphytic hyphae. 

Remodelling of chitin in the cell wall of endophytic and epiphyllous hyphae was also 

confirmed by staining infected leaves with a chitin specific probe, Chitin Binding Protein 

(CBP) developed by (Fuenzalida et al., 2014) from the chitin binding domain of a Bacillus 

lichenformis chitinase fused to GFP. Using this probe, the entire cell wall and septa of 

epiphyllous hyphae on the plant surface labelled with CBP, while only septa in 

endophytic hyphae labelled with this biosensor. This confirms that chitin is abundant in 

the cell wall of epiphyllous hyphae but is only present in the septa of endophytic hyphae. 

Variable accessibility of the fungal cell wall oligosaccharides and deacetylation of chitin 

into chitosan has been observed in other fungal pathogens during infection processes. An 

analysis of fungal surfaces in broad bean and wheat rust fungi Uromyces faba and 

Puccinia graminis as well as maize anthracnose fungus, Colletotricum graminicola, 

indicated that chitin was readily accessible on the cell wall surface of germ tubes and 

appressoria, which are normally formed on the leaf surface, as these structures stained 

with FITC-WGA, a chitin biosensor, but not with Texas red labelled polyclonal antibodies to 

chitosan. In contrast, other tissues and structures such as substromatal vesicles and infection 

hyphae in rust fungi and infection vesicles of the maize anthracnose fungus were only labelled 

by the chitosan biosensor. These findings are consistent with the conversion of chitin to chitosan 

when the pathogens penetrate the plant leaf tissues (El Gueddari et al., 2002). The hyphal cell 

wall polysaccharide composition in rice blast fungus M. oryzae has been analysed in great detail 

using fluorophore-labelled monoclonal antibodies specific to α-1,3-glucan, β-1,3-glucan, and 

fluorophore-labelled lectins to chitin (WGA-AF350) and mannan (FITC conjugated 

Concanavalin A), and the fluorescent dye EosinY to detect chitosan. The results revealed that 

chitin, chitosan and β-1,3-glucan are detectable on germ tubes and appressoria whereas only α-

1,3-glucan and chitosan are labelled in infectious hyphae showing that α-1,3-glucan masks 

chitin and β-1,3-glucan to protect the fungal cell wall from access by cell wall degrading 
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enzymes produced by the plant. Deletion of the single gene MoAGS1 (ags1 strain) encoding α-

1,3-glucan, resulted in a reduction in plant pathogenicity; rice leaves inoculated with ags1 did 

not form any lesions, whereas inoculation with wild type or ags1+MoAGS1 induced lesions, 

suggesting that α-1,3-glucan is indispensable for live host plant infection by M. oryzae 

(Fujikawa et al., 2009; Fujikawa et al., 2012). However, analysis of the E. festucae Fl1 

genome revealed that it does not contain any α-1,3-glucan synthase gene (Becker et al., 2015) 

so masking chitin and β-1,3-glucan does not appear to be a mechanism employed by E. festucae 

to avoid a host defence response. In contrast, deacetylation of chitin to chitosan could be an 

important strategy used by E. festucae to avoid a host defence response, as observed in some 

other plant pathogens.   

Hyphal cell wall labelling with different chitin and chitosan biosensors in axenic culture 

indicated that fungal cell wall composition is different during vegetative growth 

compared to in planta and has the same composition as epiphytic hyphae.  The hyphal 

cell wall and septa labelled with CBP and WGA-AF488 suggesting that the cell wall 

contains chitin and not chitosan. However, phialides, which are produced when hyphae 

differentiate during asexual development, strongly labelled with CAP showing that the 

cell walls of these structures are predominantly chitosan rather than chitin. The 

conversion of chitin to chitosan in these structures would suggest that a chitin deacetylase 

(cda) gene is specifically expressed or activated during phialide development. In nature 

these form in the mycelial mat that forms stromata around the host inflorescence when E. 

festucae initiates the sexual life cycle.  The formation of chitosan and the involvement of 

chitin deacetylases was first described in the S. cerevisiae ascospore cell wall. Deletion 

of the two redundant chitin deacetylase genes cda1 and cda2 resulted in complete loss of 

chitosan resulting in disorganisation of this structure and an increase in cell wall 

permeability. As a result, the ascospore cell wall became abnormally susceptible to stress 

conditions and chemicals. While ascospore germination was unaffected, further 

development was impaired, suggesting that chitin deacetylases have a role in the later 

rather than the earlier stages of ascospore development. Mutant strains of the single chitin 

deacetylase gene found in Ashbya gossypii were defective in sporulation suggesting that 

this gene is required for fungal development. It has been shown that chitosan is necessary 

for cell wall integrity in Cryptococcus neoformans as deletion of three out of the four 

chitin deacetylase genes in this Basidiomycete fungus resulted in defects in chitosan 

synthesis, reduced pathogenicity and leakage of melanin from the cell wall 

(Christodoulidou et al., 1996; Christodoulidou et al., 1999; Mishra et al., 1997; Suda et 
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al., 2009; Lickfeld & Schmitz, 2012; Baker et al., 2007; Baker et al., 2011; Banks et al., 

2005). In situ double staining of germinating urediniospores of the wheat stem rust fungus P. 

graminis f sp. tritici with the chitin-specific lectin WGA coupled to Texas Red and the 

chitosan specific CAP showed that chitin could be detected in germ tubes and appressoria 

as well as at the tip of infection hyphae. Conversely, chitosan was only detected on the 

substomatal vesicles and weakly on the infection hyphae. These distributions are 

indicative of cell wall remodelling and conversion of chitin to chitosan. There likely 

function is to prevent degradation of the cell wall and consequent activation of a plant 

immune response (Nampally et al., 2012).  In some recent work done on other fungi it 

has been shown that chitin to chitosan conversion is important for septa formation and 

conidiation in the filamentous fungi N. crassa and the house fly pathogenic fungus 

Entomophthora schizophorae respectively (Mravec et al., 2014). Experiments conducted 

on the rice blast fungus M. oryzae showed that chitosan is a component of the fungal cell 

wall during vegetative growth. Immune detection using monoclonal and polyclonal anti-

chitosan antibodies showed that chitosan was localised to the germ tube and appressorium. 

Using a chitosan specific probe OGA-488 to probe appressorium development in M. 

oryzae revealed that the entire germ tube and appressorium were labelled with the 

chitosan probe. A double deletion mutant of two chitin deacetylase genes (CBP and CDA1) 

(out of three genes), identified by transcriptome analysis to have a highest expression 

level during appressorium formation, resulted in both delayed and defective appressorium 

(Geoghegan & Gurr, 2016). However, the single deletion mutants had only a mild 

phenotype suggesting that these two genes are functionally redundant. In another study 

(Geoghegan & Gurr, 2017) found that M. oryzae fungal cell walls contain chitosan during 

fungal vegetative growth and two chitin deacetylase genes (CDA1 and CDA4) are 

responsible for chitin deacetylation in mature hyphae and colony margins, respectively. 

Recent work has shown that conversion of chitin to chitosan is important for a number of 

developmental processes including formation of septa in N. crassa and conidiophore in 

the pathogenic fungus Entomophthora schizophorae.  

Chitin deacetylase genes are found in all fungal genomes (Ruiz-Herrera & Ortiz-

Castellanos, 2010) but the number is quite variable. E. festucae strain Fl1 is no exception 

containing three genes encoding chitin deacetylases with the distinct signature of a 

polysaccharide/chitin deacetylase domain. Of the three, only CdaA contains an N-

terminal signal peptide suggesting that this enzyme is secreted into the apoplast where it 

could modify the cell wall. Conversion of chitin to chitosan may be a mechanism for E. 
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festucae to avoid elicitation of a host defence response allowing establishment of a 

symbiotic interaction. Chitin deacetylase genes and their corresponding enzymes have 

been identified in other fungal pathogens. In the rice blast fungus M. oryzae ten chitin 

deacetylase genes have been identified containing the chitin deacetylase domain. With 

one exception they all encode proteins with an N-terminal signal peptide (MGG_04704).  

Four of these proteins also contain a chitin binding domain and three of them contain 

transmembrane domains (Geoghegan & Gurr, 2016). A tBLASTn analysis using the M. 

oryzae protein sequence as a query against the E. festucae Fl1 genome revealed that cdaC, 

has the greatest homology to 9 of the 10 M. oryzae chitin deacetylase genes, whereas 

cdaA and cdaB were the second and third strongest hits. The same result was obtained for 

a BLAST analysis against the N. crassa and F. graminearum genomes. Although gene 

and protein structure analysis of  cdaB in http://www.endophyte.uky.edu/ and 

https://www.ebi.ac.uk/interpro based on M3 gene models  showed that the product of this 

gene  does not have an N-terminal signal peptide, chitin binding or transmembrane 

domain, an alternative gene model (FGENESH) suggests that cdaB may have a different 

gene structure with the encoded predicted protein  containing an N-terminal signal peptide 

and a transmembrane domain. These features raise the possibility that cdaB may have a 

role in chitin deacetylation of the fungal cell wall. Chitin deacetylase activity has been 

identified in other fungal pathogens as well. In the fungal pathogen Colletotrichum 

lindematinaum chitin deacetylase activity is dependent on a zinc-binding Asp-His-His 

triad and key active sites including four catalytic base residues an Asp, a His which 

interacts with an Arg, and an Asp respectively (Blair et al., 2006; Hekmat et al., 2003). 

An alignment of protein sequences of CdaA, CdaB and CdaC from E. festucae Fl1 and 

M. oryzae, N. crassa and F. graminearum chitin deacetylase proteins showed that they 

all share conserved active site residues and zinc binding sites and are therefore likely to 

have chitin deacetylase activity like those chitin deacetylase protein from M. oryzae and 

C. lindematianum (Blair et al., 2006; Hekmat et al., 2003; Geoghegan & Gurr, 2016). 

Although amino acid sequence alignment showed that cdaC is the most similar gene to 

nine of the ten M. oryzae chitin deacetylase genes, expression levels of this gene both in 

culture and in planta are very low. In contrast cdaA and cdaB are expressed both in culture 

and in planta with the former showing a significant increase in planta compared to in 

culture suggesting these genes are more likely to have active roles in chitin deacetylation. 

Based on these transcriptome analyses cdaA is the strongest candidate for having a role 

in fungal cell wall remodelling during the symbiotic interaction. While RNA seq data 
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analysis shows a decrease in the expression level of cdaA in three symbiotic mutants, the 

only significant change is for the sakA mutant. In contrast, expression of cdaB increases 

in the three symbiotic mutants, but again the change is only significant for the ΔsakA 

mutant. cdaC does not show any changes in these three symbiotic mutants (Eaton et al., 

2015). Taken together cdaA was identified as the best candidate to have a role in the 

symbiotic interaction between E. festucae Fl1 and its host plant. In the rust fungus U. faba 

chitin deacetylase activity was observed to change at different developmental stages. 

Radiometric and gel electrophoretic analysis of crude extracts and extracellular washing 

fluids showed that the enzyme activity was increased during formation of intercellular 

infection structures, substomatal vesicles, infection hyphae and haustorial mother cells, a 

result consistent with the demonstration that chitin is converted to chitosan during the 

fungal infection (Deising & Siegrist, 1995). Four potential polysaccharide deacetylation 

genes, CDA1, CDA2, CDA3 and FPD1 have been identified in the opportunistic human 

fungal pathogen C. neoformans. EosinY staining of the fungal cell wall showed that it 

readily binds to fungal cell walls of the wild type whereas the triple gene deletion mutant 

(CDA1/CDA2/CDA3) or the quadruple gene deletion mutant (CDA1/CDA2/CDA3/FPD1) 

lost the ability to bind this chitosan stain. Further deletion analysis showed that a single 

WT copy of CDA1, CDA2 or CDA3 is sufficient to get chitosan labelling similar to wild 

type. The ability of the fungus to grow at the same temperature as the host is important 

for virulence in C. neoformans. To rule out any contribution of temperature, northern blot 

analysis was conducted to check expression of the chitin deacetylase genes at different 

temperatures. CDA1, CDA2 and CDA3 were expressed at different temperature 

conditions while FDP1 was expressed only at 25°C. However, it has been revealed that 

the triple CDA1/CDA2/CDA3 or quadruple chitin deacetylase gene deletion mutants did 

not affect the fungal growth at elevated temperatures and chitosan is not vital for fungal 

growth (Baker et al., 2007). In the plant fungal pathogen M. oryzae, chitin deacetylase 

genes have different gene expression levels during appressorium development. A RT-

qPCR was performed on total RNA extracted form rice leaves inoculated with WT 

conidia, at early and later stages of plant inoculation. Relative quantification of expression 

for all ten M. oryzae chitin deacetylase genes revealed that CDA3, CDA2 and CBP1 are 

highly expressed at the early stages of the infection and during appressorium formation, 

while CDA1 and CDA6 are the most highly expressed genes during the later stages of the 

leaf infection (Geoghegan & Gurr, 2016).  
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Deletion of just cdaA does not have any effect on fungal morphology in axenic culture 

which is not surprising as this gene is preferentially expressed in planta compared to in 

culture. Chitosan specific labelling in culture with CAP showed that only phialide 

structures labelled with the chitosan specific probe which could be the result of specific 

expression of either the cdcA or cdaB gene.  The presence of chitosan rather than chitin 

in these structures may allow for rapid expansion of the stalk as it matures to produce 

conidia. Surprisingly, deletion of cdaA in E. festucae had no effect on phialide formation 

or conidiation. One explanation for this result could be due to redundancy with cdaB, 

which is also expressed in culture. Functional redundancy between chitin deacetylase 

genes has been reported in other fungi. In C. neoformans chitosan is not vital for fungal 

growth and retention of just one of the four genes found in this species is sufficient to get 

chitosan labelling in culture. However, it has been also found that in C. neoformans 

chitosan is necessary for proper separation of mother and daughter cells as deletion of 

three of four chitin deacetylase genes or deletion of all four genes resulted in abnormal 

bud separation. Experiments done on different media to check how chitosan affects cell 

wall integrity during specific stress conditions showed that chitosan is essential for cell 

wall integrity as well. These combined results indicate that there is functional redundancy 

between the different chitin deacetylase genes in C. neoformans (Baker et al., 2007). In 

a recent study in M. oryzae it was demonstrated that the chitin deacetylase gene cbp1 

encodes a product with CDA activity that has an important role in appressorium formation. 

It has also been found that upregulation of all other seven homologous chitin deacetylase 

genes may compensate for the Δcbp1 mutant. Deletion of another chitin deacetylase in 

M. oryzae cbl1 did not have any effect on colony growth and morphology during 

appressorium differentiation, however the double mutant strain, Δcbp1/cdl1 showed a 

decrease in conidiation, conidial adhesion and appressorium formation, suggesting that 

these two genes act synergistically and redundantly. Comparing the chitosan labelling 

with OGA-488 in wild type and the Δcbp1mutant strain showed that accumulation of 

chitosan in the tip of germ tubes plays an important role during appressorium formation 

as very little fluorescence signal was detected in the tip of the Δcbp1 mutant strains 

compared to wild type strains (Kuroki et al., 2017). As discussed previously an 

independent research study conducted on the role of chitosan in M. oryzae growth showed 

that only 3% of conidia in Δcbp1 mutant strains developed appressoria compared to 80% 

of wild type conidia. Appressorium development was both delayed and defective in 

Δcbp1with abnormal elongation and failing to hook at the end distal from the spores. 
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Single and double deletion of the other chitin deacetylase genes cda2 and cda3 did not 

lead to any detectable appressorium malfunction. However, double deletion of cbp1 and 

cda2 resulted in a more severe phenotype compared to that observed for the single 

deletion, suggesting that cbp1 and cda2 exhibit partial redundancy. In this study a unique 

role for chitosan was found through its requirement in germling adhesion; while the 

conidial germination of wild type and triple deletion strains of cbp1/cda2/cda3 are the 

same, germling adhesion of the triple mutant strains was significantly lower compared to 

wild type. The addition of chitosan back into the system restored adhesion, confirming 

this novel function (Geoghegan & Gurr, 2016). An additional explanation for the lack of 

vegetative culture phenotype in the E. festucae cdaA mutant strain is functional 

compensation by cdaB.  Functional redundancy has been observed in M. oryzae, where 

cda1, cda4 and to lesser extent cda5 are responsible for chitin deacetylation in vegetative 

hyphae in culture. This was shown by generating targeted gene deletions of cda1 and 

cda4/cda5 and labelling the hyphae with the chitosan specific probe OGA-488.  This 

showed that chitosan was almost absent in hyphae grown on CM and on solid surface in 

Δcda1 and ΔΔcda4/cda5 respectively, suggesting that cda1 and cda4 have 

developmentally distinct roles. cda1 and cda4 are responsible for chitin deacetylation in 

mature hyphae and in hyphae at colony margins, respectively, and no changes were 

observed in the conidiation of mutant strains. It has also been demonstrated that cda1, 

cda4 and cda5 do not have an effect on optimal fungal vegetative growth under stress 

conditions. However, the cell wall of Δcda1 is more resistant to the a mixture of chitinases, 

glucanases and proteolytic enzymes showing an alteration of the fungal cell wall 

(Geoghegan & Gurr, 2017). Confirmation of cdaA and cdaB redundancy in E. festucae 

could be examined by using a double deletion analysis. The generation of such a mutant 

would be a future experimental challenge. Given that only phialide structures were 

labelled with CAP in E. festucae, the localisation of chitin deacetylase proteins in culture 

could also be examined. This would provide useful insight into their specific roles in 

fungal growth and development. Accordingly, transcriptome analysis of chitin 

deacetylase gene expression levels in culture would also serve as a strong indicator for 

which genes responsible for chitosan production in culture and specifically in phialide 

structures. 

Although deletion of cdaA did not result in a whole plant interaction phenotype, there 

was a breakdown in symbiosis with a dramatic cellular phenotype. This confirms the 

importance of the balance between chitin and chitosan for maintaining a healthy 
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symbiotic interaction between Epichloë and its host plant. Unlike wild type, which 

undergoes restrictive intercalary growth in planta and grows parallel to the leaf axis with 

chitin restricted to septa in endophytic hyphae, the cdaA mutant has an abnormal growth 

pattern with an increase in hyphal branching, resulting in more convoluted structures and 

hyphal compartments that were different in length to the wild type. Strikingly, in the cdaA 

mutant chitin is accessible not only in fungal septa but also in the hyphal cell wall of 

endophytic hyphae where it was observed as patches along the fungal cell wall, 

suggesting that there is a disruption in chitin deacetylation activity and synthesis of 

chitosan. An increase in chitin accessibility has been reported before in other symbiotic 

mutants, including DsymB and DsymC, the STRIPAK complex mutant DmobC and both 

DmpkA and DmkkA (Becker et al., 2015; Green et al., 2017; Green et al., 2016). However, 

the patches of chitin seen in the ΔcdaA mutant are the most extensive of all the symbiotic 

mutants examined to date. In symB, symC, mobC, mpkA and mkkA mutant strains, 

disruption of restrictive intercalary growth resulted in a severe plant phenotype 

characterised by stunted plants while there was no obvious whole plant interaction 

phenotype detected in the ΔcdaA mutant strains. However, a crucial difference between 

these mutants and the ΔcdaA mutant is their inability to undergo cell-cell fusion. While 

defective in the ability to convert chitin to chitosan the ΔcdaA mutant is still able to 

undergo cell-cell fusion. Also, there may be some functional redundancy with the other 

cda genes. Transcriptome analysis of cdaB and cdaC in plants infected with ΔcdaA 

mutant strains revealed that while cdaC is not expressed, consistent with the results 

obtained from RNA seq data analysis, cdaB still expresses which could result in some 

deacetylation of the chitin and suppression of the phenotype. Like the results observed in 

C. neoformans where deletion of just one CDA gene was insufficient to see defects in 

fungal pathogenicity a double deletion ΔcdaA/cdaB mutant may need to be generated to 

see a more severe phenotype.   

In M. oryzae pathogenicity was unaffected in single Δcbp1, Δcda2 and Δcda3 mutant 

strains and in double Δcda2/cda3 mutant strains and plants inoculated with these mutant 

strains had the same lesion number as wild type. Although these mutants were defective 

in appressorium development on artificial surfaces, appressorium development was 

restored in single and triple mutant strains when they were inoculated into plants as they 

were able to germinate and penetrate rice sheaths similar to wild type (Geoghegan & Gurr, 

2016; Kamakura et al., 2002).  It has been also shown that while in the triple mutant 

strains cda2/cbp1/cda3, chitosan was undetectable using OGA-488, appressorium 
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development was restored in the presence of plant surface chemicals on leaves, 

suggesting that they can trigger appressorium development and therefore replace the need 

for chitosan (Geoghegan & Gurr, 2016). In another study conducted on three other chitin 

deacetylase genes in M. oryzae, deletion of cda1, cda4 or cda5 did not affect fungal 

virulence. Therefore, neither cda1, cda4 or cda5 are required for pathogenicity in M. 

oryzae (Geoghegan & Gurr, 2017).  

E. festucae Fl1 has a highly beneficial mutualistic symbiosis with its host plant so 

chitosan may have a role as a stealth molecule to avoid chitin triggering an immune 

response and protecting the fungal cell wall from chitinases and proteases. These lytic 

enzymes lead to host immune response activation. Rather, chitosan is only a poor 

substrate for chitinase and it cannot act as a PAMP to trigger the host immune response. 

The labelling of both β-glucan and chitosan during fungal endophytic growth and their 

lack of labelling in epiphytic growth, suggests that fungal hyphae are a complex matrix 

of different components which entirely remodel during the symbiotic interaction. Other 

possible roles for chitosan in E. festucae Fl1 symbiosis interaction with plants could be 

to generate a positive charge on the outside of the cell wall to promote adhesion to the 

plant cell walls or alternatively to give the fungal cell wall a more flexible structure 

compared to chitin during intercalary growth. Therefore, deletion of the cdaA gene could 

lead to loss of attachment or alter the composition of the cell wall, thereby affecting 

intercalary growth in the mutant strains.  The deactivation of chitin conversion to chitosan 

when the hyphae switch to epiphytic growth could have a role in expressorium formation. 

This was not checked in E. festucae Fl1 in this study, but it has been reported in symbiotic 

interaction mutants in genes involved in production of reactive oxygen species, noxA, 

noxB and noxR (Becker et al., 2016).  

In conclusion, in this study it has been shown for the first time that the chitin deacetylase 

gene, cdaA, in E. festucae Fl1 is required for proper hyphal growth and development of 

endophytic hyphae during the symbiotic interaction between this endophyte and its host 

plant. It has also been shown that deletion of cdaA results in breakdown of the symbiotic 

interaction suggesting it is necessary for hyphal adhesion during the intercalary growth 

necessary for maintenance and establishment of the symbiosis. These results suggest that 

chitosan can have a dual function and act more than a stealth molecule to facilitate the 

infection and plant colonisation as it is also important for fungal development and 

morphogenesis as well. As E. festucae Fl1 contains three chitin deacetylases further 

analysis of their activity and role at different fungal developmental stages will be 



 175 

important in understanding their specific role for growth in axenic culture and for growth 

in symbiotic association with the grass host.  
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Chapter 9. Conclusion and future directions  
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The fungal cell wall is the first fungal surface, which makes connections with the 

environment and the host. It is a dynamic structure and plays crucial roles not only in cell 

viability and shape but also in maintaining cellular integrity. Fungal cell wall composition 

and structure is altered during fungal growth and morphogenesis as part of cell 

differentiation processes but also in response to the environmental conditions 

encountered growing within and external to a host. Chitin is one of the core components 

of the fungal cell wall and is well known as an elicitor of the plant immune response. For 

fungi to establish a stable infection or symbiosis it is that chitin in the cell wall is protected 

from enzymatic degradation, and release of chitin oligosaccharides that will be detected 

by plant receptors. While almost all the phytopathogenic fungi encounter a common plant 

defence system, different fungi utilise different strategies to overcome this. Secretion of 

LysM effector proteins to sequester chitin oligosaccharides to supress chitin-induced PTI 

is a well-characterised mechanism used by C. fulvum and other fungi to suppress host 

defence (de Jonge et al., 2010). Alterations to the cell wall structure and composition such 

as deacetylation of chitin to chitosan is another mechanism used by fungi to bypass chitin 

triggered immunity, as chitosan is a poor chitinase substrate and a weak PTI activator.  

 

The aim of this study was to obtain a better understanding of the molecular basis of the 

strategies employed by E. festucae to establish and maintain a symbiotic interaction with 

its host plant L. perenne.  In this study seven genes encoding proteins containing LysM 

motifs were identified in the E. festucae genome. Subsequent bioinformatic approaches 

narrowed down the candidates to two genes, lymA and lymB, as the most likely candidates 

to be involved in the symbiotic interaction. This analysis was based on an analysis of 

RNA seq data generated for three symbiotic mutants, ∆noxA, ∆proA and ∆sakA and also 

on gene expression differences between in planta versus in culture.  Gene structure 

analysis led to the identification of two chitinase genes, chiA and chiB, which are 

divergently transcribed from lymA and lymB respectively, suggesting that the expression 

of these lysM and chitinase genes is coregulated. Data obtained from RNA seq analysis 

and gene expression level of chiA and chiB showed the same pattern as lymA and lymB, 

supporting the hypothesis that lymA and chiA as well as lymB and chiB are co-expressed, 

and have a role in symbiosis.  

 

Bioinformatic analysis showed that there is conserved synteny shared in both lymA/chiA 

and lymB/chiB loci and the two genes positioned on either side of them among other 
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Epichloë and Claviceps species. Although many of these gene homologues have 

undergone some deletions the virtual translation of these ORFs generated potentially 

functional proteins suggesting that these genes could be important for symbiosis 

establishment in other Epichloë or Claviceps species.  

 

Consequently, reverse genetic approaches were conducted to test lymA and lymB function 

in the symbiotic interaction. The culture and symbiotic interaction phenotype of single 

deletion mutant strains of ∆lymA and ∆lymB were indistinguishable from wild type, 

suggesting that there might be functional redundancy between these two genes. Therefore, 

a double deletion of lymA/lymB was generated to check this hypothesis. Both lymA and 

lymB together are indispensable in culture while deletion of both genes resulted in a mild 

stunting host phenotype. However, plants infected with ∆lymA/lymB double mutant 

strains showed disruption in fungal intercalary growth with hyphae appearing to grow by 

tip growth rather than intercalary growth, which led to hyper branching and the 

production of convoluted hyphal structures, a pattern of growth that led to breakdown of 

the symbiosis. Observing this interesting cellular phenotype suggested that LysM proteins 

can be involved in different pathways in symbiosis regulation. To switch from tip growth 

to intercalary growth in expanding and differentiating tissues, hyphae need to attach to 

the plant cell wall and stretch following plant cell elongation. To activate intercalary 

growth, hyphae will need to be remodelled, so chitinase may play a role in remodelling 

the cell wall and lysM proteins might be required to sequester chitin oligomers during 

this cell wall remodelling process to prevent activation host defence response.  

 

Fungal morphology of ∆chiA and ∆chiB mutant strains in axenic culture was 

indistinguishable from wild type, a result consistent with the gene expression patterns. 

While single deletion of chiA did not result in a plant interaction phenotype, single 

deletion of chiB interestingly caused a dramatic cellular phenotype with disruption in 

hyphal intercalary growth and formation of highly branched hyphae and convoluted 

structures that contained smaller hyphal compartments. Unlike the wild type where 

hyphae grow parallel to the leaf longitudinal axis with occasional lateral branching and 

fusion, in the ∆chiB mutant the hyphae appear to switch from restrictive intercalary 

growth to proliferative growth indicating that chiB is essential for maintenance of hyphal 

restrictive growth and establishment of the symbiosis. However single deletion of chiA 



 179 

did not affect culture growth or the symbiosis interaction suggesting that there might be 

functional redundancy between chiA and other chitinase genes such as chiB. 

LymA and LymB were both found to localise to fungal cell walls and septa, a result 

consistent with their proposed role to bind to chitin oligomers. Based on the key results 

found in this study it would be useful to generate double deletion mutants of lymA/chiA 

and lymB/chiB to test the impact of loss of these coordinately regulated genes on the 

symbiotic interaction. It would also be helpful to know if ChiA and ChiB localise to the 

same subcellular regions as their corresponding partner LymA and LymB products. 

Knowledge of their localisation will help build up a picture as to where and how these 

proteins function in the cell, particularly during the interaction with the host. The results 

obtained in this thesis suggest they may have a key role in intercalary growth but more 

evidence is needed to support this hypothesis. 

 

The presence of LysM motifs in LymA and LymB suggests that these proteins have 

glycan-binding activity, so the affinity of LymA and LymB for insoluble polysaccharide 

such as chitin, chitosan, xylan and cellulose could be examined to confirm their ability 

for binding to chitin oligomers to sequester them. Subsequently their ability to protect the 

fungal cell wall against hydrolysis by plant chitinases could also be checked, although it 

is not expected that LymA and LymB have this protective role which has not been 

observed for Ecp6 in C. fulvum (de Jonge et al., 2010). In addition, it will be important 

to generate a double deletion mutant of chiA and chiB to check if there is any functional 

redundancy between these two genes. 

 

The second part of this study looked at the remodelling of the cell wall in endophytic and 

epiphytic hyphae during different stages of the infection and the role of genes encoding 

chitin deacetylases in establishment of the symbiotic interaction between E. festucae and 

its host plant. Fluorescence labelling and microscopy approaches revealed that there is a 

dramatic change in cell wall composition between endophytic and epiphytic hyphae 

during early and late stages of the infection of seedlings and mature plants respectively. 

While only septa in endophytic hyphae labelled with the chitin binding lectin WGA-

AF488, the entire cell wall and septa of epiphytic hyphae labelled with WGA-AF488, 

suggesting that chitin in endophytic hyphae is either masked or remodelled. This 

microscopy observation was consistent with the results obtained by (Becker et al., 2016)) 

that there is major hyphal cell wall alteration in E. festucae hyphae upon exiting the leaf. 
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Subsequent lectin binding and imaging techniques were conducted to check fungal cell 

wall composition using chitosan specific probes CAP and OGA-488. Using these 

chitosan specific probes indicated that cell walls of endophytic hyphae contain chitosan 

instead of chitin. In contrast, chitosan is absent in epiphyllous hyphal nets on the plant 

surface. Remodelling of the fungal cell wall and presence of chitin in cell wall and septa 

in epiphyllous hyphae and only in septa in endophytic hyphae was confirmed by using a 

chitin specific probe, CBP, which was consistent with the results obtained from WGA-

AF488. E. festucae hyphae grown in axenic culture stained with WGA-AF488 and CBP 

revealing that the fungal cell wall in culture has the same composition as epiphytic 

hyphae. Interestingly, CAP specifically labelled phialide structures suggesting that the 

cell wall of these structures contain chitosan. Why the cell wall is modified during 

conidiophore development is an interesting question for further study. 

 

Bioinformatic analysis identified three chitin deacetylase genes based on their homology 

to M. oryzae chitin deacetylase genes. Subsequent bioinformatic characterisation 

identified cdaA as the potential candidate responsible for deacetylation of chitin into 

chitosan in the E. festucae hyphal cell wall, based on gene expression levels in planta 

compared to in culture and complementary RNA seq data analysis performed in three 

symbiotic mutants, noxA, proA and sakA compared to wild type. Single gene deletion of 

cdaA was conducted to find out its function in chitin cell wall remodelling to chitosan. 

While the culture and whole plant phenotype of cdaA mutant strains was not different 

from wild type, there was a break down in symbiosis observed as a dramatic cellular 

phenotype. Restrictive intercalary growth was clearly disrupted as hyphal growth was 

proliferative, with highly branched hyphae and convoluted structures containing smaller 

hyphal compartment. Strikingly, chitin accessibility in the cdaA mutant strains was 

different from the wild type as shown by labelling with WGA-AF488 as a chitin binding 

lectin. Interestingly, in addition to fungal septa in endophytic hyphae, chitin was observed 

as patches along the fungal cell wall showing disruption in chitin deacetylation activity.   

 

Based on the results obtained in this study, it appears that chitosan can serve a dual 

function during the symbiotic interaction. As chitosan is a poor substrate for plant 

chitinases, and therefore a weak activator of PTI, it can function as a stealth molecule to 

avoid chitin triggering immune response. Chitosan may also play a key role in providing 

flexibility to the fungal cell wall during intercalary growth or generate a positive charge 
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on the outside of the cell wall to facilitate fungal cell wall adhesion to the plant cell wall. 

Transcriptome analysis of cdaB and cdaC in plants infected with ΔcdaA mutant strains 

showed that while cdaC is very weakly expressed, cdaB is still expressed suggesting it 

may have a redundant function with cdaA and result in some deacetylation activity and 

suppression of the phenotype. Based on transcriptome analysis double deletion of cdaA 

and cdaB would be an interesting experiment to conduct and might result in complete 

abolishment of chitin deacetylation and consequently disrupt the symbiotic interaction. 

Given that single deletion of cdaA did not affect fungal morphology in culture and E. 

festucae was still able to produce phialide structures, localisation of chitin deacetylase 

proteins in culture as well as transcriptome analysis could be performed to gain a better 

understanding of the exact role of CdaA during fungal vegetative growth and phialide 

formation. 
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Chapter 10. Appendices 
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Appendix 1. Plasmid map of pRS426. 
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Appendix  11. Plasmid map of pSF15.15. 
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Appendix 3. Plasmid map of pSF17.1.  
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Appendix 4. Plasmid map of pDB48. 
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Appendix 5. Plasmid map of pBH18. 
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Appendix 6. Plasmid map of pBH28. 
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Appendix 7. Plasmid map of pNN01. 
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Appendix 8. Plasmid map of pNN02. 
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Appendix 9. Plasmid map of pNN03. 
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Appendix 10. Plasmid map of pNN04. 
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Appendix 12. Plasmid map of pNN05. 
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Appendix 13. Plasmid map of pNN11. 
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Appendix 14. Plasmid map of pNN12. 
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Appendix 15. Plasmid map of pNN13. 
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Appendix 16. Plasmid map of pNN14. 
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Appendix 16. Multiple sequence alignment of the E. festucae lymA gene with homologues 

from other Epichloë species and Claviceps purpurea.  E. festucae (Fl1) EfM3.000820, E. 

festucae (E2368), E. baconii, E. sylvatica, E. typhina, E. elymi, E. amarillans, E. 

brachyelytri, C. purpurea. Intensity of shading indicates the level of conservation. lymA 

start codon (ATG) and stop codons (TAG and TAA) are boxed in red and green 

respectively. Exons and introns are indicated as capital and small letters respectively. 
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Appendix 17. 17Multiple sequence alignment of the E. festucae chiA gene with 

homologues from other Epichloë species and Claviceps purpurea. E. festucae (Fl1) 

EfM3.000810, E. festucae (E2368), E. baconii, E. sylvatica, E. typhina, E. elymi, E. 

amarillans, E. brachyelytri, C. purpurea. Intensity of shading indicates the level of 

conservation. chiA start codon (ATG) and stop codons (TAG and TGA) are boxed in red 

and green respectively. Exons and introns are indicated as capital and small letters 

respectively. 
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Appendix 18. Multiple sequence alignment of the E. festucae lymB gene with homologues 

from other Epichloë species. E. festucae (Fl1) EfM3.035020, E. festucae (E2368), E. 

baconii, E. brachyelytri, E. bromicola 5761, AL0434 and 502. Intensity of shading 

indicates the level of conservation. lymB start codon (ATG) and stop codons (TAG and 

TAA) are boxed in red and green respectively. Exons and introns are indicated as capital 

and small letters respectively. 
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Appendix 19. Multiple sequence alignment of the E. festucae chiB gene with homologues 

from other Epichloë species. E. festucae (Fl1) EfM3.035030, E. festucae (E2368), E. 

baconii, E. brachyelytri, E. bromicola 5761, AL0434 and 502, E. glyceria. Intensity of 

shading indicates the level of conservation. chiB start codon (ATG) and stop codons 

(TAG and TAA) are boxed in red and green respectively. Exons and introns are indicated 

as capital and small letters respectively. 
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Appendix 20. Standard curve for cdaB (A) and cdaC (B). 
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Appendix  18. Genes encoding chitinase (GH18) in E. festucae Fl1 genome. 

 
 

 

 

 

 

 

 

 

 Gene model 
Protein 

name 
Homologues SP 

GH 18 

catalytic 

domain 

CB 

domain 

Divergently 

transcribed with 

a lysM gene 

1 
EfM3.061270 

 
  - 1 - - 

2 
EfM3.024080 

 
  - 1 - - 

3 
EfM3.020470 

 
  - 1 - - 

4 
EfM3.062870 

 
 

TAC6 

(T.atrivirdae) 
+ 1 2 EfM3.0062860 

5 
EfM3.056280 

 
  - 1 - - 

6 
EfM3.065380 

 
  - 1 - - 

7 
EfM3.031780 

 
  - 1 - - 

8 
EfM3.064090 

 
  + 1 - - 

9 
EfM3.074100 

 
  + 1 - - 

10 
EfM3.000810 

 
ChiA  + 1 2 lymA 

11 
EfM3.024310 

 
  + 1 - - 

12 
EfM3.035030 

 
ChiB  + 1 2 lymB 

13 
EfM3.078090 

 
  + 1 2 EfM3.078100 
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Appendix  19. Differences in expression of genes encoding chitinase proteins (GH18) in 

E. festucae Fl1 genome between wild type and symbiotic mutants. 

 
a Fold changes in red and green are significant whereas those in black are not significant. 
b Direction indicates the level of expression change. Minus and plus indicate the direction 

of change (down regulated and up regulated respectively). 

Data obtained from Eaton et al, 2015. 

 

 

 

 
 

 

 

 

 

 

 

 Gene Model Gene 

Name 

 

noxA 

dir b 

noxA 

Fold a 

proA 

dir b 

proA 

Fold a 

sakA 

dir b 

sakA 

Fold a 

1 EfM3.061270  + 1.85 + 1.99 NA NA 

2 EfM3.024080  + 1.58 + 1.34 + 2.43 

3 EfM3.020470  - 5.4 - 2.77 + 1.26 

4 EfM3.062870  - 1.17 + 1.16 + 2.27 

5 EfM3.056280  + 1.16 + 2.6 + 5.17 

6 EfM3.065380  + 1.24 + 1.48 + 2.36 

7 EfM3.031780  - 1.73 + 1.08 + 1.65 

8 EfM3.064090  - 1.26 - 1.27 + 3.28 

9 EfM3.074100  - 1.89 - 1.49 + 1.51 

10 EfM3.000810 chiA - 3.98 - 3.82 - 2.88 

11 EfM3.024310  + 1.36 + 1.62 + 1.84 

12 EfM3.035030 chiB - 10.8 - 3.69 - 1.59 

13 EfM3.078090  + 1.34 + 1.7 + 2.46 
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Appendix  20. Differences in expression of genes encoding chitinase proteins (GH18) in 

E. festucae Fl1 genome, in planta versus in culture. 

 
a Data obtained from T.Chujo (in preparation). Direction indicates the level of expression change. 

Minus and plus indicate the direction of change (down regulated and up regulated respectively). 

RPKM: Reads Per Kilobase of transcript per Million mapped reads. 

 

 

 

 

 

 

 

 

 

 Gene Model Gene 

Name 

Culture_RPKM a InPlanta_RPKM a Ratio Direction Fold 

Diff 

1 EfM3.061270  0.136 

 

0.138 

 

1.01 

 

+ 1.01 

 

2 EfM3.024080 

 

 19.502 

 

38.92 

 

1.99 

 

+ 

 

1.99 

 

3 EfM3.020470 

 

 6.252 

 

3.428 

 

0.548 

 

- 

 

1.82 

 

4 EfM3.062870 

 

 2.833 

 

1.202 

 

0.424 

 

- 

 

2.35 

 

5 EfM3.056280 

 

 29.580 

 

6.318 

 

0.213 

 

- 

 

4.68 

 

6 EfM3.065380 

 

 83.730 

 

19.036 

 

0.227 

 

- 

 

4.398 

 

7 EfM3.031780 

 

 0.747 

 

15.477 

 

20.70 

 

+ 

 

20.70 

 

8 EfM3.064090 

 

 8.038 

 

5.247 

 

0.652 

 

- 

 

1.53 

 

9 EfM3.074100 

 

 3.754 

 

4.643 

 

1.236 

 

+ 

 

1.236 

 

10 EfM3.000810 

 

chiA 4.373 143.571 32.83 + 32.83 

11 EfM3.024310 

 

 1387.39 

 

4424.98 

 

3.189 

 

+ 

 

3.189 

 

12 EfM3.035030 

 

chiB 0.984 2.485 2.623 + 2.623 

13 EfM3.078090 

 

 1.890 

 

2.318 

 

1.226 

 

+ 

 

1.226 
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