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Abstract 

Epichloë species form agriculturally important symbioses with many cool-

season grasses. However, little is known about the molecular details of the 

interaction and the key regulatory systems involved. VelA and LaeA are two well-

known regulators of different fungal development and metabolic processes. Some 

of these include fungal cell wall characteristics and hyphal morphology that have 

been previously implicated as important for compatible interaction between 

Epichloë and grasses. In addition they regulate secondary metabolism, which is an 

important feature of the symbiosis given the bioprotection conferred by fungal 

alkaloids.  

In this thesis, the velA and laeA homologues in the model Epichloë species 

E. festucae were deleted and functionally characterised in vitro and their roles in 

the E. festucae interaction with its host Lolium perenne (perennial ryegrass) were 

determined. Results showed that velA and laeA are required in E. festucae in vitro 

for normal hyphal morphology, resistance to stress, and conidiation in nutrient 

limited conditions.  

In planta studies showed the requirement for both genes in establishing and 

maintaining a compatible interaction, with high levels of seedling death and a 

drastically reduced infection rate after inoculation with mutants. In surviving 

infected plants, different endophytic and epiphytic morphologies were observed 

between infected plants with ∆velA and ∆laeA mutants, suggesting they are 

involved to some extent in different processes required for benign interaction. 

Methods to detect plant responses after inoculation were developed and these 

showed increased plant responses such as H2O2 production in inoculated seedlings 

with both mutants.  

A set of comparative transcriptomics analyses identified a range of 

biological processes influenced by VelA and LaeA, some of which were inferred as 

required for a mutualistic interaction. Investigation of the ryegrass transcriptome in 

compatible versus incompatible interactions also revealed host processes that may 

be influential in the interaction.  
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1.1 Overview  

In spite of well-known ecological and agricultural impacts of Epichloë-

grass symbiotic interactions, the molecular detail of the interaction is poorly 

understood. This study aims to gain insight into the molecular interaction by a 

reverse genetics approach, characterising the genes for two fungal regulators VelA 

and LaeA, which have conserved regulatory roles in other fungi that are potentially 

relevant to the Epichloë/L. perenne system. The two genes were functionally 

characterised in Epichloë festucae in vitro and their roles in the E. festucae 

interaction with its host Lolium perenne (perennial ryegrass) were determined. In 

addition, by a set of comparative transcriptomics analyses the biological processes 

regulated by VelA and LaeA in E. festucaë were determined, along with 

transcriptional responses of the host plant during its interaction with ∆velA and 

∆laeA mutants.  
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In this introduction a broad overview of the fields of study related to the 

experimental work of other chapters is presented. The first section describes the 

Epichloë-grass interaction, its biology, taxonomy and importance.  

In the second section, the basic concepts of plant-microbe interactions are 

described. It covers plant defence mechanisms, the barriers microbes have to pass 

and mechanisms used to do so. Current knowledge about the molecular and 

physiological mechanisms that define compatible or incompatible Epichloë 

interactions with grasses is presented. 

In the third section, the proteins of interest VelA and LaeA are reviewed. 

In this section current understanding of mechanisms are described and a catalogue 

of their roles in fungal biology and development.  

Finally, the aims and objectives of the thesis are presented. 

1.2 Epichloë-grass interactions 

In this thesis the Epichloë festucae/Lolium perenne interaction is used as a 

model system to understand the molecular mechanisms that regulate the Epichloë-

grasses interactions. In this section, the biology of Epichloë-grass interactions, 

including Epichloë growth, life style and taxonomy are summarised.    

Epichloë forms symbioses with many cool-season grasses of the sub-

family Pooideae, with individual Epichloë species or strains having specific host 

ranges within the subfamily (Schardl, 2010). For example, E. festucae and E. 

festucae var. lolii (previously classified as Neotyphodium lolii) associate with 

temperate grasses in the genera Festuca and Lolium (Scott et al., 2012). Although 

the natural hosts for E. festucae are fine fescue (F. rubra) and hard fescue (F. 

longifolia), some strains also form stable mutualistic interactions with perennial 

ryegrass (Lolium perenne) (Christensen et al., 2002; 2008).  

The symbiosis between Epichloë and grasses can be beneficial for both 

partners. The fungi receive all of their nutrients from the host plant and use the host 

seed as a means of dissemination, while protecting the plant from a range of biotic 

and abiotic stresses (Schardl et al., 2004). Epichoë protects plants against New 
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Zealand’s most important pests such as Argentine stem weevil (Listronotus 

bonariensis) and African black beetle (Heteronychus arator) (Fleetwood et al., 

2008). Epichloë species also enhance drought tolerance in their host plants 

(Schardl, 2010). Epichloë species produce four characterised types of alkaloids, 

including indole-diterpenes, lolines, peramine and ergot alkaloids, that can protect 

plants from vertebrates and invertebrates (e.g., insects, nematodes and mammalian 

herbivory) (Schardl, 2001; 2010; Schardl et al., 2013). Two of these groups of 

alkaloids are mostly known for their anti-mammalian activity. Ergot alkaloids 

(mainly ergovaline) causes tall fescue toxicosis and indole-deterpenes (mainly 

lolitrem B) are responsible for ryegrass staggers. Two other alkaloid groups, lolines 

and peramine, are mostly known for protecting plant hosts against insect pests 

(Schardl, 2001; 2010; Schardl et al., 2013).	   

The different species of Epichloë show a broad range of interactions from 

highly antagonistic in E. typhina, causing choke and sterilization in all host tillers, 

to a mutualistic interaction in species that have lost their sexual cycle ability such 

as E. festucae var. lolii. Some interactions, such as between E. festucae and its host 

Festuca rubra cause choke on some tillers, whereas others remain asymptomatic, 

an interaction that is referred to as a pleiotropic symbiosis (Schardl, 2010; Scott et 

al., 2012). 

1.2.1 The Epichloë life cycle 

Most of the Epichloë lifecycle is spent in the host plant apoplast in an 

asymptomatic relationship, probably gaining nutrition from the apoplastic fluid. It 

is unknown whether gaining nutrients from the plant is passive or active because 

no specialised feeding structures like haustoria or arbuscules have been observed. 

They may uptake nutrients directly from the apoplast or by a specialised 

transportation system between plant cells and attached hyphae (Scott et al., 2012). 

Epichloë mostly grows endophytically, but epiphyllous growth also occurs 

on the surface of the leaf epidermis (Moy et al., 2000; Eaton et al., 2012). 

Epiphyllous hyphae are produced from a recently described appressorium-like leaf 

exit structure, called an expressorium (Becker et al., 2016). Mycelium is found 

only in the above-ground parts of the plant, from the meristem to the inflorescences 
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(Christensen et al., 2002). Epichloë hyphae grow longitudinally, parallel to the leaf 

axis. They seldom branch and are tightly linked to the walls of neighbouring plant 

cells (Christensen et al., 2008). They grow rapidly with leaf growth and cease 

growth when the leaf growth stops, but remain metabolically active (Tan et al., 

2001; Christensen et al., 2002; 2008). In the basal, meristematic zone of a growing 

grass leaf, the Epichloë hyphae grow by apical tip extension. In the elongating zone 

above the meristematic zone, host cells elongate rapidly and attached fungal 

hyphae undergo intercalary growth, with cell division and expansion of these new 

compartments (Voisey, 2010). This mode of growth mirroring host vegetative 

development leads to the characteristic seldom-branched Epichloë in planta hyphal 

network. 

Although there is not any known pathogenic fungus with an identical in 

planta growth pattern with Epichloë, Cladosporium fulvum and Fusarium 

graminearum show some similarities in the period of their lifecycles in which an 

apoplastic hyphal network is produced. Developing hyphae of C. fulvum cause 

tomato mould disease after germinating over the leaf surface and entering the plant 

leaf through stoma openings and continuing to grow in intercellular spaces of the 

host mesophyll cells (Giraldo & Valent, 2013). The hemibiotrophic fungus F. 

graminearum causes ear blight in wheat. During the initial stages of infection 

(biotrophic phase) it also remains in intercellular spaces of the wheat rachis cells 

although in the later stage (necrotrophic) grows intracellularly (Kazan & Gardiner, 

2012).  

When the host plant reproduces, there are two different means of 

transmission of Epichloë: asexual (vertical) and sexual (horizontal) (Scott et al., 

2012). 

1.2.1.1 The asexual lifecycle 

After the host plant commences reproductive development, both asexual 

and sexual Epichloë can colonise seeds and be vertically transmitted (Fig. 1.1) 

(Clay & Schardl, 2002). During reproductive development, fungal hyphae infect 

the ovules by growing from the vegetative apex into the inflorescence primordium 

and floral apices. Hyphae enter the embryo sac immediately after fertilisation. 
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Hyphae grow on the surface of the embryo in the early stages of embryo formation 

but during maturation, hyphae extend throughout the embryo and surrounding 

tissues. Hyphae grow into the developing shoot apex during seed germination and 

systemic infection of aerial tissues such as the leaf primordia, shoot apical 

meristem (SAM), sheaths, and blades of leaves results from further hyphal growth 

(Philipson & Christey, 1986). 

1.2.1.2 The sexual lifecycle  

The sexual cycle of Epichloë species can be initiated during the floral 

development of the host plant by switching from restrictive endophytic growth to 

epiphytic growth and producing a stroma around the flag sheaf of the emerging 

inflorescence and eventually sterilising (“choking”) the plant’s tiller (Fig. 1.2) 

(Schardl, 2001; Scott et al., 2012). The formation of stroma and choke disease have 

not been reported in perennial ryegrass infection by E. festucae although other 

species of Epichloë like E. typhina are able to cause choke on perennial ryegrass 

(Scott et al., 2012).  

Profuse Epichloë conidia are produced on stromata, which function as 

spermatia in mating. Epichloë species have a bipolar, heterothallic mating system 

(obligately outcrossing) requiring symbiotic female flies of the genus Phorbia to 

transfer conidia from a stroma of one mating type to another (Schardl, 2010). 

These anthomyiid flies visit and feed on different stromata and, during cross-

fertilization, they lay one to several eggs on each stroma, which is the main 

nutritional source for the larvae (Schardl, 2001; 2010). Chokol K, a volatile 

antimicrobial compound synthesized by the fungus, is the attracting compound for 

female flies (Schiestl et al., 2006). The flies have no host specificity and there is no 

influence of fly interaction on mating specificity of Epichloë species (Schardl, 

2001). 

Following successful cross-fertilization of conidia of opposite mating types 

and their fusing together and karyogamy, a diploid cell is produced. The diploid 

cell produced undergoes a meiosis and mitosis cycle that eventually produces eight 

haploid spores (ascospores) within an ascus. These asci (spore sacs) develop within 

flask-shaped perithecia formed by mature fertilized stromata. Maturing perithecia 
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become brightly coloured by accumulating yellow to orange carotenoid pigments. 

After ejecting through the apical pore of the ascus and the ostiole of the 

perithecium, mature ascospores initiate new infections on other plants (Schardl, 

2010). Some of the released ascospores may go to stigmata of florets of other 

grasses. Although the way new plants are infected via spores is not well understood, 

hyphae probably penetrate the stigma surface after germinating and grow down 

into the ovule, following which new seed can be infected (Scott et al., 2012). 

1.2.2 Epichloë taxonomy  

The genus Epichloë (family Clavicipitaceae, order Hypocreales, phylum 

Ascomycota) contains sexual and asexual species (Schardl, 2001). The family 

Clavicipitaceae includes a diverse set of fungi that in addition to grass symbionts 

includes animal pathogens and parasites of other fungi (Schardl, 2001). In fact 

most of the species in this family in the genera Torrubiella, Claviceps, 

Metarhizium, and Hypocrella are pathogens of arthropods. About 20 species of 

Cordyceps are parasites of the fungal genus Elaphomyces (Spatafora et al., 2007).  

Interestingly, by using multigene phylogenetic analysis and ancestral 

character state reconstruction of a broad range of Clavicipitaceae and some closely 

related families in the order Hypocreales, it has recently been shown that grass 

symbionts probably evolved from insect pathogens through inter-kingdom host 

jumping and a shift in nutrition mode (Spatafora et al., 2007). 

There are at least ten known sexual species of Epichloë that separate 

phylogenetically into two main clades based on variations in intron sequences of 

genes encoding translation elongation factor 1-α (tef1) and β-tubulin (tub2) (Clay 

& Schardl, 2002). The first clade, which is smaller but more diverse, contains 

species with very broad host-ranges (although individual strains are host-specific), 

usually with horizontal transmission in antagonistic host relationships. This clade 

contains three phylogenetically inter-reticulated species, E. typhina, E. clarkii and 

E. sylvatica, and has been called the E. typhina complex (Clay & Schardl, 2002). 

The second clade, nominated the main clade, includes seven described 

species that belong to individual subclades: E. festucae, E. brachyelytri, E. 

bromicola, E. elymi, E. amarillans, E. glyceriae, and E. baconii. Each of these 
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species is specific for a single host plant tribe and co-cladogenesis has occurred 

(Clay & Schardl, 2002). These main clade species usually transmit both 

horizontally and vertically and form pleiotropic interactions with host plants, 

usually forming mutualistic symbioses and rarely forming stromata (Leuchtmann et 

al., 1994). 

 

 

 

 

 

Fig.	  1.1-‐	  Life	  cycle	  of	  Epichloë	  festucae	  taken	  from	  Clay	  &	  Schardl	  (2002).	  

Fig.	  1.2-‐	  Choke	  with	  stromata	  of	  E.	  
festucae	  growing	  on	  fine	  fescue.	  Taken	  
from	  Scott,	  2012.	  

http://www.journals.uchicago.edu/doi/10.1086/342161	  

http://link.springer.com/c
hapter/10.1007%2F978-‐
3-‐642-‐22916-‐9_12#page-‐1	  
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Recently, the International Code of Nomenclature for algae, fungi and 

plants was ratified at the 18th International Botanical Congress in Melbourne, 

Australia in 2011. This code required the merging of anamorphic and teleomorphic 

species. Based on this new nomenclature, Leuchtmann et al (2014) classified all 

Neotyphodium species (the anamorphic genus nomenclature) under the genus 

Epichloë, but excluded Acremonium chilense (= Neotyphodium chilense) and 

Neotyphodium starrii.  

Asexual species of Epichloë, as well as several unnamed species, have 

been separated into taxonomic groups named after the host plant the fungi were 

first identified in, e.g. LpTG-2 for Lolium perenne taxonomic grouping number 2 

(Christensen et al., 1993). Although some of the Neotyphodium species appear to 

have arisen from the loss of sexuality, such as N. lolii that appears to be an asexual 

descendant of E. festucae, most of them have arisen by hybridisation of two or 

more species of Epichloë (Moon et al., 2004). For example, E. uncinata is a hybrid 

of E. bromicola and E. typhina (Moon et al., 2004). It is proposed that anastomosis 

(hyphal fusion) and parasexual recombination between two species in an infected 

tiller, possibly following loss of sexuality, can be the means of endophyte 

hybridisation but not for all cases (Schardl & Craven, 2003).  

1.3 Plant Microbe Interactions  

Similar with other plant microbe interaction systems, in order to initiate 

and maintain a successful symbiotic lifestyle Epichloë endophytes must somehow 

suppress or avoid two levels of host defence responses: pathogen-associated 

molecular pattern (PAMP)-triggered immunity (PTI) and effector triggered 

immunity (ETI) (Jones & Dangl, 2006), although currently very little is known 

about how this occurs. This section summarises the current understanding of how 

plants defend against microbial infection and how fungi subvert these defences in 

successful interactions. Examples of grass-microbe interactions are used where 

possible and a review of the existing literature on Epichloë-host compatibility is 

presented in this broader context.  
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1.3.1 Microbial infection and plant recognition 

1.3.1.1 Passing plant physical and biochemical barriers  

The plant cuticle and cell wall are the first barriers to microbes and 

normally passing these barriers is the first step in infection (Brefort et al., 2009). 

The cuticle that covers the surface of plant tissues consists of an inner layer of 

intracuticular waxes with a polyester matrix of cutin and an outer layer of 

epicuticular wax without cutin (Brefort et al., 2009). Plant cell walls, the next layer 

after the cuticle, are made of embedded cellulose microfibrils in a matrix of pectin, 

hemicellulose and cell wall associated proteins (Kubicek et al., 2014). Different 

pathogens use different ways to penetrate their host plant including using natural 

openings like stomata or directly through the epidermal cells using mechanical 

force such as turgor pressure or chemical means like secreting different cell wall 

degrading enzymes (CWDEs) (Ali & Bakkeren, 2011). Fungal CWDEs mostly are 

celluloses, pectin-degrading enzymes and hemicellulose degrading enzymes (Juge, 

2006; Pietro et al., 2009).  

Of the characterised grass-infecting fungi, Pucciniales pathogens (rusts) 

penetrate the host plant through the stomata (Perfect & Green, 2001). The majority 

of other fungi such as Blumeria graminis f. sp. hordei (Bgh) (powdery mildew on 

barley) (Gan et al., 2011), U. maydis (corn smut) (Djamei & Kahmann, 2012) 

(2.1.c), Magnaporthe oryzae (rice blast) (Gan et al., 2011), and Colletotrichum 

graminicola (causes anthracnose in many cereal species including maize and 

wheat) (Perfect & Green, 2001) penetrate by producing appressoria and directly 

penetrating the cuticle and epidermal cell wall of the host plant using turgor 

pressure and cell wall degrading enzymes. Following penetration, all of these grass 

pathogens produce intracellular interaction hyphae that invade the host cell 

cytoplasm and there is little similarity between these interactions and Epichloë 

fungi that only grow intercellularly (Section 1.1). Epichloë appears to penetrate 

plant tissue by mechanical force pushing between meristematic cells rather than by 

enzymatic loosening of the middle lamella (Christensen et al., 2002; Scott et al., 

2012). However, during stroma formation, cell-wall degradation is probably 

required to breach the outer layers of the leaf, including the epidermis and cuticle 

(Christensen et al., 2002; Schardl, 2010). 
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After successful penetration of the host cell wall, pathogens are exposed to 

biochemical barriers that include defence enzymes and antimicrobial compounds. 

Antimicrobial compounds include a broad range of peptides, proteins and non-

proteinaceous secondary metabolites such as phytoanticipins and apoplastic 

cysteine proteases (Hückelhoven, 2007; Ali & Bakkeren, 2011). Adapted 

pathogens are able to resist these biochemical defences by secreting effector 

proteins. These effectors either bind to the antimicrobial compounds inactivating 

them or by covering the hyphal cell wall protect the fungi against them (Section 

1.3.1).  

1.3.2 PAMP-triggered immunity (PTI)  

Microbes that pass physical and biochemical barriers are exposed to the 

host plasma membrane, which contains extracellular surface receptors named 

pattern recognition receptors (PRRs). These receptors recognize ligands 

corresponding to conserved microbial molecules called pathogen associated 

molecular patterns or microbe associated molecular patterns (PAMPs or MAMPs) 

(reviewed in Chisholm et al., 2006; Jones & Dangl, 2006; Boller & Felix, 2009; 

Postel & Kemmerling, 2009; Segonzac & Zipfel, 2011). 

Upon recognizing PAMPs, PTI is initiated by PRRs by triggering a 

downstream signalling network controlled by a mitogen-activated protein kinase 

(MAPK) cascade. This signalling network activates transcriptional induction of 

pathogen-response genes, including those for transcription factors, antimicrobial 

peptides and chemicals, and hormone synthesis (Pitzschke et al., 2009; Tena et al., 

2011).  

1.3.2.1 PAMPs/MAMPs and PRRs 

The characterised PRRs to date belong to the receptor-like kinase (RLK) or 

the receptor-like protein (RLP) families that are all modular transmembrane 

proteins with ligand-binding ectodomains (Segonzac & Zipfel, 2011; Monaghan & 

Zipfel, 2012). The most characterised PAMP in fungi is chitin (chitin 

oligosaccharide), a β-1,4-linked polymer of N-acetylglucosamine, that is the major 

component of the cell wall in most higher fungi (Segonzac & Zipfel, 2011; 

Monaghan & Zipfel, 2012). Chitin in rice is recognized by chitin-binding protein 
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CEBiP (a transmembrane protein with two extracellular LysM motifs, which bind 

to chitin) (Kaku et al., 2006). In addition to CEBiP, CERK1, a transmembrane 

protein with three extracellular LysM motifs, is also reported as being responsible 

for chitin recognition in Arabidopsis (Miya et al., 2007; Wan et al., 2008), although 

CERK1 does not exclusively bind to chitin and its LysM motifs can bind to other 

N-acetylglucosamine-containing molecules (Radutoiu et al., 2007; Buist et al., 

2008). Chitin was also recognized as a PAMP in tomato, wheat, rice and barley 

(Baureithel et al., 1994; Ito et al., 1997). The other characterised fungal PAMPs are 

xylanase, β-glucans, ergosterol and cerebrosides A and C (Postel & Kemmerling, 

2009). In tomato, xylanase was reported as a fungal PAMP that is recognized by 

leucine-rich-repeat RLPs Eix1 and Eix2 (Ron & Avni, 2004). Xylanase was also 

reported as a PAMP in tobacco (Enkerli et al., 1999). Fungal β-glucan was reported 

as a PAMP in tobacco (Klarzynski et al., 2000), wheat (Shetty et al., 2009), and 

soybean (Yamaguchi et al., 2000).  

Flagellin (N terminus 22-amino-acid peptide flg22), EF-Tu (elongation 

factor Tu), and AX21 are three well-known PAMPs in bacteria for which 

corresponding PRRs in plants are FLS2 (flagellin sensing 2), EFR (EF-Tu 

receptor) and XA21, respectively (Segonzac & Zipfel, 2011). These three PRRs 

belong to leucine-rich repeat receptor like kinase (LRR-RLK) subfamily XII 

(Boller & Felix, 2009). FLS2 orthologues were characterised in Arabidopsis 

(Chinchilla et al., 2006), rice (Takai et al., 2008), tobacco (Hann & Rathjen, 2007) 

and tomato (Robatzek et al., 2007). EFR orthologues were recognised in 

Brassicaceae (Kunze et al., 2004) and XA21 in rice, Arabidopsis and several other 

plant species (Park et al., 2010). Bacterial peptidoglycans (PGN, an N-

acetylglucosamine oligomer with similar structure to fungal chitin) was also shown 

to be recognized as a PAMP in Arabidopsis by LYM1, LYM3 and CERK1 

receptors (Willmann et al., 2011).  

In oomycetes (specifically in Phytophthora spp.), β-glucan, cellulose-

binding elicitor lectin (CBEL) and lipid-transfer protein (elicitins) are also reported 

as PAMPs (Postel & Kemmerling, 2009; Ali & Bakkeren, 2011). Phytophthora 

cell wall derived heptaglucan (a 1,6-β-linked and 1,3-β-branched heptaglucoside) 

(HG) is also recognized as a PAMP by a soluble glucan-binding protein (GBP) 

receptor in legumes (Fliegmann et al., 2004; Monaghan & Zipfel, 2012).  
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PRRs can also recognize some breakdown products of plant cell wall 

components, such as oligogalacturonides and cellulose that are released during 

pathogenesis, called danger/damage-associated molecular patterns (DAMPs) 

(Boller & Felix, 2009; Postel & Kemmerling, 2009; Segonzac & Zipfel, 2011). It 

was shown that the Arabidopsis AtPeps family of peptides can act as DAMPs and 

their corresponding PRRs are LRR-RK PEPR1 and PEPR2 (Yamaguchi et al., 

2010; Krol et al., 2010). Wall-associated RPKs (WAK1 and 2) are other PRRs that 

bind to released oligogalacturonides (OGs) and pectin from wounded or pathogen 

infected plant cell walls (Brutus et al., 2010).  

PAMP/MAMP recognition by PRRs initiates PAMP-triggered immunity 

(PTI) by triggering a downstream signalling network controlled by a mitogen-

activated protein kinase (MAPK) cascade. All MAPK cascades activated by 

detecting a signal on the cell surface transfer the signal through a series of protein 

kinase phosphorylations to corresponding target transcription factor/s that 

eventually alter gene expression (Pitzschke et al., 2009; Tena et al., 2011). PTI, as 

the first step of the defence response, activates a variety of responses to inhibit 

microbial development. PTI responses include closing stomata, reinforcing the cell 

wall at the infection site by depositing callose, and releasing CWDE-inhibiting 

proteins, pathogenesis-related (PR) proteins and other low molecular mass 

antimicrobial compounds such as phytoalexins and reactive oxygen species (ROS) 

(Ferreira et al., 2007). Host plants inhibit CWDEs by producing enzymes such as 

polygalacturonase-inhibiting proteins and pectin methylesterase inhibitors, pectin 

lyase inhibitor protein, and Triticum aestivum xylanase inhibitor, xylanase 

inhibitors protein, xyloglucan endoglucanase inhibiting protein (Juge, 2006). PR 

proteins are enzymes such as chitinase (PR-3, 4, 8 and 11), β-1,3-glucanases (PR-

2), thaumatin-like proteins and osmotins (PR-1 and 5), and protease inhibitor (PR-6 

family) that damage a pathogen’s structure (Sels et al., 2008).  

Two key plant responses examined in this thesis, ROS production and 

callose deposition, are explained in more detail below. 

1.3.2.1.1 ROS in plant microbe interactions 

Although oxygen is required for life, it has a tendency to form radicals, 

which are highly reactive with organic compounds. Formation of oxygen radicals 
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occurs via energy transfer reactions that lead to singlet oxygen (1O2) or by electron 

transfer reactions that result in superoxide (O2
.-), hydroxyl radical (OH.) and 

hydrogen peroxide (H2O2) that are collectively known as reactive oxygen species 

(ROS) (Klotz, 2002).  

Excessive levels of different types of ROS can non-specifically and rapidly 

oxidize different macromolecules and damage them by causing lipid peroxidation, 

DNA mutations, and protein oxidations that finally lead to damaged cell organelles 

and cell function (Beckman & Ames, 1998). Organisms evolve different 

mechanisms to deal with oxidative conditions that can either come from normal 

ROS by-products of metabolic processes or from environmental ROS. Many 

organisms have oxidative stress response mechanisms, including enzymatic and 

non-enzymatic scavenging mechanisms (Heller & Tudzynski, 2011). Enzymatic 

mechanisms use detoxifying enzymes including superoxide dismutase, oxalate 

oxidase, NADPH oxidase, lipoxygenases, amino oxidases and various peroxidases, 

such as glutathione peroxidase, catalase, and peroxiredoxin. These enzymes can 

convert toxic ROS to non-toxic compounds. For example, glutathione peroxidase 

and catalase can convert H2O2 to H2O and superoxide dismutases can convert O2
.- 

to H2O2 (Heller & Tudzynski, 2011). Non-enzymatic ROS scavenging mechanisms 

use small soluble molecules including glutathione (the main cellular redox buffer), 

phytochelatins, ascorbic acid, alkaloids, carotenoids, flavonoids, and polyamines. 

By interacting with ROS and becoming oxidized, these molecules remove excess 

ROS from the cell (Jamieson, 1998).    

In response to invading microbes plants produce different types of ROS 

that can play different roles. One of the ROS functions is acting as an antimicrobial 

agent to protect the plant against the invading microbe (Levine et al., 1994; Walters, 

2003; Custers et al., 2004). Localised ROS production is the earliest PTI response 

(Smith & Heese, 2014). Alongside direct antimicrobial activity, ROS acts as a 

messenger for activating signal transduction and gene expression that lead to 

increased ROS accumulation and expression of antimicrobial enzymes and 

sometimes to an oxidative burst and death in the cells neighbouring the infection 

site to prevent further pathogen invasion (called the hypersensitive response (HR)) 

(Lamb & Dixon, 1997; Grant & Loake, 2000; Orozco-Cárdenas & Narváez-

Vásquez, 2001; Apel & Hirt, 2004; Gadjev et al., 2008).  
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Host plants during microbial infection can produce ROS in one or more 

phases depending on fungal developmental type and host genotype influences. The 

first phase is small and transient, usually after first contact takes place in less than a 

minute, followed by a much stronger intensity sustained phase (or phases) 

happening hours afterward that is in association with defence responses and disease 

resistance (Grant & Loake, 2000; Able, 2003; Torres et al., 2006). In pathogenic 

interactions such as Blumeria graminis f. sp. Hordei (biotroph) in barley 

(Hückelhoven & Kogel, 2003) and Septoria tritici (necrotroph) in wheat (Shetty et 

al., 2003), three phases of ROS production was reported. However, in non-

antagonistic symbiotic interactions where microbes must avoid host recognition, 

only the first transient phase was observed (Bolwell et al., 2002; Shaw & Long, 

2003). For example, during the successful symbiotic interaction of alfalfa and 

Sinorhizobium meliloti almost no plant defence responses are triggered except 

some initial ROS (superoxide and hydrogen peroxide) production (Santos et al., 

2001).  

How fungi deal with the host plant ROS responses depends on the type of 

fungal interaction. Infection by biotrophic and some hemibiotrophic fungi relies on 

preventing a strong oxidative burst and HR in their host either by suppressing PTI 

or scavenging ROS produced in early events of infection (Grant & Loake, 2000). 

In the symbiotic arbuscular mycorrhizal fungus Gigaspora margarita a superoxide 

dismutase was detected that may act in detoxifying ROS in different legume hosts 

(Lanfranco et al., 2005). Pathogenicity of the biotroph U. maydis on maize is 

dependent on H2O2 detoxification and the mutant Yap1 that was unable to detoxify 

early plant H2O2 defence responses was significantly reduced in its virulence 

(Molina & Kahmann, 2007). In compatible interactions of Claviceps purpurea (a 

close relative of Epichloë) with rye, it was shown that fungi interfere with plant 

apoplastic H2O2 by secreting catalases during the interaction (Garre et al., 1998).  

In contrast with biotrophs, necrotrophic and some hemibiotrophic fungi 

themselves produce ROS or stimulate the host to produce more ROS (Shetty et al., 

2008). During the infection of tomato and bean by the necrotrophic Botrytis 

cinerea, high levels of ROS production were observed and it seems the fungus 

facilitates rather than suppresses ROS production to aid host cell death (Schouten 

et al., 2002). In another study, the level of pathogenicity of B. cinerea on 
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Arabidopsis was in direct correlation with the level of ROS (Govrin & Levine, 

2000). Hemibiotrophic pathogens such as Rhynchosporium secalis and 

Pyrenophora teres in barley and Septoria tritici in wheat produce high amounts of 

H2O2 during the late phase of infection (necrotrophic phase) that facilitates death of 

the host cell (Shetty et al., 2008).  

1.3.2.1.2 Reinforcing the cell wall at the infection site 

Reinforcing the plant cell wall at the infection site by structural and 

chemical remodelling, such as depositing callose and lignin and oxidative cross-

linking of cell wall components by ROS, is another common plant host response 

against invading microbes (Ferreira et al., 2007; Zipfel, 2009). Building papillae 

(cell wall appositions) directly on the inner side of the host cell wall (between the 

plasma membrane and the cell wall) below the attempting penetration site of a 

pathogen is one of the early plant responses to pathogen invasion (Hückelhoven, 

2007; Hématy et al., 2009). Callose is the main constituent of papillae although 

other substances such as phenolic compounds, reactive oxygen intermediates, 

polysaccharides, and proteins have been shown in papillae structures (Flors et al., 

2005; Luna et al., 2011). Callose is an amorphous polymer of high-molecular 

weight β-(1,3)-glucans and forms a matrix that chemical defence compounds can 

be deposited on and delivered through against pathogenic invasion (Flors et al., 

2005; Luna et al., 2011). Callose also forms in response to abiotic stresses and is 

found naturally in some plant tissues including plasmodesmata, on sieve plates in 

dormant phloem and in abscission zones, pollen and pollen tube cell walls (as their 

main component), as well as forming transitorily during cell plate formation (Flors 

et al., 2005).  

The importance of callose deposition in plant resistance against pathogens 

was shown in various different interactions. During the infection of Blumeria 

graminis f. sp. hordei in barley (one of the best investigated systems for callose 

deposition), papillae form against the developing appressoria and accumulated 

compounds including H2O2, phenolics and various proteins and glycoproteins in 

the callose matrix prevent fungal invasion (Flors et al., 2005). Using 2-deoxy-D-

glucose to inhibit callose synthesis in Arabidopsis during the infection with two 

necrotrophic fungi A. brassisicola and Plectospherella cucumerina caused 
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susceptibility in Arabidopsis plants that normally are resistant to these pathogens, 

showing the direct correlation of callose deposition and papillae formation with 

plant resistance (Ton & Mauch-Mani, 2004). In another study in Arabidopsis, 

resistance against A. brassisicola and the biotrophic oomycete Peronospora 

parasitica (previously Hyaloperonospora parasitica) was shown to require 

induction of callose deposition at the penetration site (Zimmerli et al., 2000). In 

Arabidopsis, complete penetration resistance against non-adapted powdery mildew 

B. graminis f. sp. hordei and adapted powdery mildew Golovinomyces 

cichoracearum was gained by overexpressing callose synthase gene pmr4 (Ellinger 

et al., 2013).  

1.3.3 Effectors in plant-microbe interactions  

Although plants can restrict the majority of pathogen infections by PTI 

defence responses, by secreting effector proteins pathogens can evade or suppress 

PTI leading to effector-triggered susceptibility (ETS) and successful infection (Fig. 

1.3) (Chisholm et al., 2006; Jones & Dangl, 2006; Segonzac & Zipfel, 2011).  

Effector proteins are encoded by highly species-specific genes (Rep, 2005; 

Jones & Dangl, 2006) and their expression is dependent on the infection step and 

can be different depending on the type of the host organ or the cell type (Ökmen & 

Doehlemann, 2014). The majority of effectors contain a signal peptide and high 

number of cysteines. They need signal peptides to be secreted and cysteines to 

form disulphide bridges that are necessary for stabilising protein tertiary structure 

against destructive enzymes such as proteases (Rep, 2005). Most of the effectors 

are secreted into the fungus–host interface via the endoplasmic reticulum–Golgi 

apparatus pathway through their N-terminal secretion signal (Presti et al., 2015). 

Secreted effectors can function in the apoplast (apoplastic effectors) or can be 

translocated into host cells (cytoplasmic effectors) (Rafiqi et al., 2012).  

Most phytopathogenic bacteria use type III secretion systems (TTSS) to 

deliver effector proteins directly into plant cells (Segonzac & Zipfel, 2011) but 

using type IV and VI secretion systems was also reported (Tseng et al., 2009; Kale, 

2012). TTSS are not found in oomycete and fungal infection systems and it is 

poorly known how they secrete their effector proteins into plant cells (Presti et al., 
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2015). Most oomycete effectors have conserved RXLR and dEER motifs adjacent 

to their signal peptide (the RXLR-dEER motif) that are engaged in effector 

translocation into host cells (Ali & Bakkeren, 2011; Wawra et al., 2012). No 

universal conserved motif has been detected in fungal effectors. However, a 

tripeptide motif Y/F/WxC in the N-terminal region of 80% of putative secreted 

effectors of B. graminis f. sp. hordei (Godfrey et al., 2010), a RSIDELD motif in 

the C-terminal region of DELD effectors (a group of 25 small secreted effectors) in 

Piriformospora indica (Zuccaro et al., 2011) and also RxLR-like effectors (Tyler et 

al., 2013) in some fungi  have been described. Whether either of these motifs in 

these systems is involved in effector translocation is not yet known. Lack of a 

common motif may indicate that there is not a global mechanism for fungal 

effector translocation and the mechanisms are as diverse as their infection 

strategies.  

In fungi and oomycetes that produce haustoria, the extra-haustorial matrix 

appears to be the location for delivering effectors (Kale, 2012; Yi & Valent, 2013) 

such as four Avr gene families (AvrL567, AvrM, AvrP123 and AvrP4) in 

Melampsora lini (Dodds et al., 2004; Catanzariti et al., 2006). In M. oryzae its 

hyphae grow within cells adjacent to the plant plasma membrane and form a 

structure called the biotrophic interface complex (BIC), which was shown to 

mediate effector translocation into the host cell (Khang et al., 2010).  

Potential mechanisms suggested for effector delivery from fungi into host 

cells include dynamin-independent endocytosis, caveolae-mediated endocytosis, 

clathrin-mediated endocytosis, noncaveolar lipid raft-mediated endocytosis, and 

macropinocytosis (Kale, 2012). A lipid raft-mediated endocytosis strategy was 

reported in some effectors with RXLR motifs in oomycetes and RXLR-like motifs 

in fungi (Kale et al., 2010). After interaction of the motif with phosphatidyl-

inositol-3-phosphate (PI3P) in the outer surface of the plant plasma membrane, 

effectors translocate into the plant cell (Kale et al., 2010). For effector MiSSP7, its 

ability to bind with phospholipids also suggests that endocytosis may be the 

delivery mechanism (Plett et al., 2011). Entering to the host cell via an integrin-like 

receptor was suggested for PtrToxA secreted by P. tritici-repentis because of its 

RGD vitronectin-like motif (Presti et al., 2015).  
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1.3.3.1- Roles of effectors  

Via a range of different molecular mechanisms, secreted effectors suppress 

or interfere with host immune responses or alter the host cell physiology, 

generating a favourable environment for infection and growth (Presti et al., 2015).  

In the first mechanism, effectors interfere with PTI signalling by targeting 

different aspects of the signalling pathway. This may include direct interaction 

with host signalling factors or sequestration of microbial features to avoid detection. 

Effectors such as U. maydis Pep1 and Pseudomonas syringae AVRPto and 

AVRPtoB interrupt all downstream plant responses by interacting with signalling 

proteins. Pep1 interacts with POX12, a member of the maize ROS generating 

system (Hemetsberger et al., 2012) and AVRPto and AVRPtoB by targeting 

flagellin (Hann & Rathjen, 2007). Some effectors like C. fulvum ECP6 

(extracellular protein 6) (de Jonge et al., 2010; Sánchez-Vallet et al., 2013), M. 

oryzae Slp1 (secreted LysM protein1) (Mentlak et al., 2012) and Zymoseptoria 

tritici (previously called Mycosphaerella graminicola) Mg3LysM (Marshall et al., 

Fig. 1.3- A zigzag model showing plant-pathogen interactions divided in different 
phases. In phases 1 and 2, host plants after detecting PAMPs induce PTI responses but 
some pathogens by secreting effectors reduce plant defence responses and cause effector 
triggered susceptibility (ETS). In phase 3, plant against effectors produce stranger 
resistance responses including hypersensitive responses (HR). In phase 4, some fungi by 
producing new effectors that plant cannot detect them again interfere with ETI and 
cause ETS (Taken from Jones & Dangel, 2006).    

http://www.nature.com/nature/journal/v444/n7117/fig_tab/nature
05286_F1.html	  
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2011; Lee et al., 2014) in tomato, rice and wheat respectively, show high chitin 

affinity. These effectors compete with chitin host receptors such as CEBiP and 

CERK1 for binding to chitin, thereby suppressing chitin-eliciting PTI induction. 

Similarly, the Avr3a effector in Phytophthora infestans suppresses the cell death 

response by interfering with recognition of elicitin INF, a secreted MAMP that 

induces cell death responses (Bos et al., 2010). Some effectors by direct or indirect 

manipulation of metabolite biosynthesis pathways (especially hormone 

biosynthesis) can interfere with PTI signalling. U. maydis Pit2 indirectly inhibits 

the key defence signalling hormone salicylic acid (SA) by inhibiting a group of 

apoplastic maize cysteine proteases that elevate SA (Mueller et al., 2013). In 

addition, Cmu1, a chorismate mutase, in this fungus reduces the production of SA 

by reducing chorismate, the metabolic precursor of SA biosynthesis in maize host 

cells (Djamei et al., 2011). Tin2 is another effector in U. maydis that increases 

anthocyanin production in maize cells by stabilizing protein kinase ZmTTK1 in the 

cytoplasm. The result of increasing anthocyanin is reducing precursors levels for 

lignin biosynthesis (Tanaka et al., 2014).  

In the second mechanism, effectors bind to and cover the fungal cell wall, 

protecting the hyphae against antimicrobial hydrolases. Avr4 of C. fulvum by 

binding to the fungal cell wall chitin, protecting it against chitinases and evading 

chitin-triggered pattern receptors (van den Burg et al., 2006). Similar roles were 

shown for Mg1LysM and Mg3LysM effectors of Zymoseptoria tritici (Marshall et 

al., 2011).  

In the third mechanism, effectors bind to PR proteins, antimicrobial 

compounds and hydrolases and cause their inactivation. Avr2 of C. fulvum inhibits 

tomato apoplast derived cysteine proteases PIP1 and Rcr3 (Rooney, 2005; Shabab 

et al., 2008). Tom1, also in C. fulvum, converts the antifungal α-tomatine, to a less 

toxic β-tomatine (Ökmen et al., 2013). CSEP0055 in B. graminis f. sp. hordei 

interacts with PR1 family (Zhang et al., 2012). RTP1p (rust transferred protein 1) 

is a cytoplasmic effector in U. fabae with protease inhibitory function (Kemen et 

al., 2005; Pretsch et al., 2012).  

In the fourth mechanism, effectors by interacting with resistance proteins 

(R proteins) that are the nucleotide-binding leucine-rich receptor (NB-LRR) class 
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of conserved intracellular receptors induce host cell death (hypersensitive 

response) (Presti et al., 2015). This group of effectors are used in necrotrophic 

microbes that live based on dead tissues such as different Tox effectors that 

secreted by in necrotrophic wheat pathogens Stagonospora nodorum and 

Pyrenophora tritici-repentis (Oliver et al., 2012). NEP (necrosis and ethylene-

inducing protein) like proteins (NLPs) family are found in variety of microbes 

including fungi, oomycetes and bacteria that promote hypersensitive responses in 

the host with an unknown mechanism (reviewed in Pemberton & Salmond, 2004; 

Gijzen & Nurnberger, 2006). Magnaporthe grisea secondary metabolite protein 

ACE1 (Avirulence Conferring Enzyme1) after secreting during the penetration, 

was shown that is recognised by rice resistance protein Pi33 and promotes host 

defence responses (Bohnert et al., 2004). 

In the fifth mechanism, effectors can interact with host transcription factors, 

reprograming host transcription. This mechanism is used in the only two effectors 

thus far described from mutualistic fungi. The arbuscular mycorrhizal fungus 

Glomus intraradices effector SP7 interacts with transcription factor ERF19 in the 

Medicago truncatula cell nucleus, supressing cell death responses (Kloppholz et al., 

2011). In the Laccaria bicolor/Populus trichocarpa ectomycorrhizal interaction, 

MiSSP7 interacts with host transcription factor PtJAZ6, a negative regulator of 

jasmonic acid (JA), preventing its suppression of JA (Plett et al., 2011; 2014b,a). In 

the oomycete Hyaloperonospora arabidopsidis, the cytoplasmic effector ATR13 

was shown to localize in host cells and its involvement in host transcription 

reprogramming was suggested (Caillaud et al., 2012). 

Different fungi use different groups of effectors depending on their 

infection strategy. Biotrophic fungi for their penetration and feeding need to 

supress host defence responses. In U. maydis two-step effector secretion was 

suggested. The first step is the secretion of a group of effectors that suppress host 

defence responses during penetration that are called core effectors such as Pep1. In 

the second step organ-specific effectors are secreted such as Pit1 and Pit2 that are 

important for tumour induction and suppress cysteine proteases (Djamei & 

Kahmann, 2012).  
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Necrotrophic fungi that live and feed on dead cells, by secreting toxins (e.g. 

coronatine), exo-polysaccharides (EPS) or effector proteins such as NLPs promote 

cell death on their host (Pemberton & Salmond, 2004; Gijzen & Nurnberger, 2006).   

Hemibiotrophic fungi that have a mix of biotrophic (mostly in early stage 

of infection) and necrotrophic (in the late stages) lifestyles, first secrete effectors 

that supress plant defence responses and later effectors that induce cell death. In M. 

oryzae, Slp1 is one of the effectors secreted in the early steps of penetration in the 

plant-fungus interface (Mentlak et al., 2012). AvrPiz-t (Li et al., 2009) and Avr-

Pita (Jia et al., 2000) are two effectors that M. oryzae secretes during the late steps 

that are recognized by R proteins and induce responses like HR in susceptible hosts.    

In symbiotic fungi that need to supress plant immune responses, only a few 

effectors have been described, SP7 (Kloppholz et al., 2011) and MiSSP7 (Plett et 

al., 2011; 2014a,b) described above. No effector in Epichloë has yet been 

functionally characterised.  

1.3.4 Epichloë interaction with grasses  

The range of interactions between different Epichloë species and different 

grasses can be divided into two groups, compatible and incompatible interactions. 

1.3.4.1 Compatible interactions  

A successful systemic infection is called a compatible interaction that 

mostly both partners benefit from the interaction although in some interactions it is 

not beneficial for the host plant such as naturally occurring interactions that caused 

choke disease in the host grasses (Section 1.2.1.2). In a mutualistic compatible 

interaction, Epichloë colonization is restricted and under host control, judging from 

observed restricted intercellularly growth (Christensen et al., 2002; Eaton et al., 

2010). In this interaction it seems fungi somehow either suppress or evade plant 

defense responses. Until now reduction of expression of pathogen related proteins 

and not inducing the production of salicylic acid (SA) hormone were shown as 

possible mechanisms. Similar levels of SA, an important plant hormone signaling 

the initiation of plant responses against pathogens, was observed in E. festucae 

infected and uninfected Festucae rubra plants (Ambrose et al., 2015). In infected 



1. Introduction 

	  

	   22	  

tall fescue with E. coenophiala, reduced transcript levels of PR-10 were observed 

compared with uninfected plants (Johnson et al., 2003).  

1.3.4.2 Incompatible interactions 

1.3.4.2.1 Non-host interactions 

It is possible to infect different grasses with Epichloë species outside of the 

natural host range by inoculating the apical meristem of seedlings through an 

incision. These are referred to as novel, or artificial, associations (Christensen et 

al., 2002) and show compatible interactions similar to naturally occurring ones. 

However, the majority of non-host inoculations result in some form of 

incompatibility, including host tissue death (Christensen, 1995), death of hyphae 

(Koga et al., 1993), high levels of seedling death after inoculation (Christensen et 

al., 2002), and stunting in infected surviving plants (Christensen et al., 1997). It 

was also shown that initially successfully-infected non-host plants often later lost 

the fungi and became endophyte free (Christensen et al., 1997). Observing 

Epichloë in planta growth in these incompatible interactions at microscopic scale 

showed unrestricted hyphal growth and colonization of host vascular bundles 

(Christensen et al., 1997), and changes in fungal and plant cell wall characteristics 

at the interaction sites (Christensen et al., 2002). It thus seems that abnormal in 

planta hyphal growth at least partly leads to incompatible phenotypes.  

1.3.4.2.2 Mutant interactions 

Compatible interactions can be disrupted by natural or induced mutations 

in the fungus. In these mutant associations, various incompatible phenotypes were 

observed such as distorted fungal hyphae, abnormal cytoplasm and cell walls, 

increased plant responses like PR protein production, unrestricted in planta hyphal 

growth and colonisation of the plant’s vascular bundles. 

Lp21 is a spontaneous mutant strain of E. festucae var. lolii that was 

generated from inoculation of the strain Lp19 (a strain that forms a mutualistic 

compatible interaction in L. perenne) on PDA medium containing benomyl 

(Christensen et al., 1993). Inoculating L. perenne seedlings with Lp21 in this study 

was unsuccessful (Christensen et al., 1993). In another study in which plants were 
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able to be infected with Lp21, fungi exhibited hyper-branching of hyphae, 

continued hyphal growth after the host leaf stopped growing and also high levels of 

a fungal Cu/Zn superoxide dismutase was detected in the infected plants that 

possibly interfered with host ROS responses (Zhang et al., 2011).  

Directed mutations have been used to understand some of the key 

functions required to maintain a mutualistic interaction between Epichloë and 

grasses. One of the features in a mutualistic interaction is the lack of plant 

responses and it was shown that inoculating perennial ryegrass with an E. festucae 

mutant deleted in the stress-activated MAP kinase gene, ΔsakA, caused increased 

levels of PR protein gene (PR-1, PR-4, PR-5 and PR-10) transcripts and induction 

of HR response (Eaton et al., 2010). How fungi normally repress or evade these 

plant responses in a mutualistic interaction is not well known but recent studies 

suggest that E. festucae may evade chitin-induced responses by covering or 

modifying its cell wall chitin. Deletion of E. festucae mkkA and mpkA genes, 

encoding the cell-wall integrity mitogen-activated protein kinase kinase (MAPKK) 

and the downstream MAP kinase respectively, resulted in an incompatible 

interaction with perennial ryegrass (PRG) in which hyphal cell walls showed 

increased detectable chitin compared to the wild type (Becker et al., 2015). 

Increased chitin accessibility of the hyphal cell wall in planta was also shown in 

infected PRG with three other mutants of E. festucae including ΔproA, ΔnoxA and 

ΔsakA (Eaton et al., 2015). 

Another key factor in this interaction is restricted hyphal growth. It was 

shown that in the compatible interaction of E. festucae and PRG, fungi produce 

ROS at the interface of their extracellular matrix and host cell wall (Tanaka, 2006). 

It was suggested that ROS produced by the fungi play an important role in 

maintaining the mutualistic interaction because by deleting noxA, encoding the 

NADPH oxidase A, the fungus lost its ability to produce ROS, resulting in 

unrestricted hyphal growth and hyper branching and eventually host death was 

observed (Tanaka, 2006). Also, inoculating PRG with the mutants of other 

NADPH-dependent oxidase complex (Nox) members noxR and small GTPase racA 

genes caused incompatible interactions (Takemoto et al., 2006; Tanaka et al., 

2008). Later it was shown that two homologues of polarity establishment proteins 

of yeast, Bem1 (also essential for mutualistic interaction and fungal morphology) 
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and Cdc24 interact with NoxR and are essential for localization of NoxR to the tip 

and septa of growing hyphae (Takemoto et al., 2011). Further analysis of this 

system showed that Nox proteins and their associates are necessary for polarized 

growth under nutrient starvation conditions. Based on these results it seems the 

main reason for unrestricted fungal growth in these mutants (ΔnoxA, ΔnoxR, ΔrecA 

and Δbem1) is because of losing polarized growth (Kayano et al., 2013).  

Another factor in maintaining a restricted hyphal network is hyphal 

anastomosis. Deleting the hyphal anastomosis gene, soft (sftA, previously labelled 

so), in E. festucae rendered the mutant unable to undergo anastomosis in culture 

and also led to an incompatible interaction with tall fescue in which mutant 

associations eventually died two months after inoculation (Charlton et al., 2012). 

Interestingly, fungal biomass in mutants was similar with wild type and it was 

concluded that plant death is caused because of the abnormal plant cells in the 

mutant interaction (Charlton et al., 2012). Although the fungal in planta network 

was not examined in detail in this study it suggested that anastomosis is important 

for establishing a mutualistic interaction. In a study on the E. festucae proA gene, 

which encodes a C6-Zn transcription factor that is essential for sexual fruiting body 

maturation in Sordaria macrospora, the relationship of anastomosis and hyphal 

network was analysed (Tanaka et al., 2013). This mutant lost its hyphal fusion 

ability and microscopic analysis of the mutant-infected PRG showed that the 

fungal hyphal network was disrupted and was growing unrestricted and also 

through the vascular bundles (Tanaka et al., 2013).  

The last currently characterised factor that can be important for 

maintaining the compatible interaction is the availability of nutrients. In compatible 

interactions fungi grow intercellularly within the host apoplast. This is likely to be 

a nutrient limited area and hyphal growth may be restricted by nutrient availability. 

In nutrient restricted conditions, fungi utilise various mechanisms to gain access to 

nutrition. One of the studied systems in Epichloë is siderophore-mediated iron 

uptake. Siderophores are iron-chelating agents that fungi use to control their 

intracellular iron levels (Johnson et al., 2013). In E. festucae a gene called sidN 

was detected that encodes an extracellular siderophore, Epichloënin. This gene is 

important for mutualistic interaction of the fungi with L. perenne and deleting the 

gene caused incompatible reactions such as unrestricted growth and plant stunting 
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and death (Johnson et al., 2013). It was suggested in the presumably iron free 

apoplast that hyphae is growing extracellular siderophore are required to balance 

iron homeostasis. Balance iron homeostasis is necessary to provide enough iron for 

both fungi and plant growth and also remove the extra iron, which may cause 

toxicity by forming ROS (Johnson et al., 2013).  

Restricted hyphal growth also was shown in E. festucae epiphyllous 

growth on PRG (Becker et al., 2016). In incompatible interactions of ∆noxA, 

∆noxA/B and ∆noxR mutants with PRG, increased epiphyllous growth and also a 

striking increase of subcuticular hyphae with abnormal branching in epidermal and 

subcuticular tissues were shown (Becker et al., 2016). Cell fusion that was 

happening in wild type epiphyllous growth was not observed in these mutants. 

Chitin of epiphyllous hyphal cell walls also was examined and more chitin was 

detectable after hyphae became epiphyllous (Becker et al., 2016). In this study no 

specific method was used to detect plant responses but during the hyphal exiting of 

these mutants increased autofluorescence was detected comparing to wild type. It 

was suggested that in mutants there are lignin and callose responses when hyphae 

ruptured the cuticle (Becker et al., 2016). 

Very little is known about how Epichloë naturally penetrates its host plant 

during ascospore-mediated transmission but recently an appressorium-like leaf exit 

structure, called expressorium, was detected during the vegetative lifecycle. E. 

festucae by forming this structure exits from inside host tissue to the surface and 

becomes epiphyllotic (Becker et al., 2016). Contact of the hyphae with the inside 

of the cuticle seems to trigger the formation of this structure. Expressoria always 

grow through epidermal cells and were never seen passing through stomata. Also 

no degradation of plant cell walls were observed when hyphae are exiting and it is 

suggested that remodelling of the epidermal middle lamella is used by hyphae for 

exiting (Becker et al., 2016). 

In summary, in this section two levels of plant defense responses PTI and 

ETI and barriers during a microbe invasion was discussed and the mechanisms that 

a microbe use to pass this responses and barriers. Depending on the microbe life 

style there are different ways of infecting a host plant and passing the barriers and 

defense responses. Necrotrophic microbes that feeding on dead tissues cause the 
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hypersensitive response but symbiotic microbes try to avoid or repress the plant 

responses. E. festucae like other symbiont in order to infect its host need to pass the 

host defence responses by avoiding or repressing them. The way in which Epichloë 

suppresses or avoids direct plant responses to initiate and maintain a successful 

symbiotic interaction is largely unknown. However, altered chitin content or 

accessibility in the cell wall of some of these mutants may reduce the chitin 

inducible host defence response.  

1.4 Velvet family and LaeA 

In this thesis two key fungal regulatory genes velA and laeA were 

functionally characterised in E. festucae and their roles in growth and development 

and plant interaction explored. In this section, recent findings and understanding of 

velA and laeA genes in different fungi is summarised.  

The velvet family of proteins are named after a mutant detected by Käfer 

(1965) in A. nidulans that he called velvet (veA1) due to its velvety-appearing 

hyperconidiation phenotype. The gene associated with the mutation, veA, was 

identified more recently and has a role in regulating sexual/asexual sporulation, 

secondary metabolism, pathogenicity and fungal growth and morphology. In the 

velvet family of proteins there are four members; VelA (or VeA), VelB, VelC and 

VosA (viability of spores A (or VelD)) but the most characterized is VelA (Bayram 

& Braus, 2012). Each of the proteins contain a common velvet domain with around 

150 amino acids that is found exclusively in the fungal kingdom (Bayram & Braus, 

2012). The canonical A. nidulans VelA protein consists of 573 amino acids with a 

functional bipartite nuclear localization signal (NLS) (Stinnett et al., 2007) and a 

nuclear export signal (NES) in its N-terminal region and a proline (P), glutamic 

acid (E), serine (S), and threonine (T) rich sequence (PEST) closer to the C-

terminus (Bayram & Braus, 2012). Although there is not any amino acid sequence 

similarity between velvet domains and other known DNA binding domains, a DNA 

binding fold similar to mammalian NF-κB transcription factors was detected by X-

ray crystallographic structure analysis of a VosA-VelB dimer, indicating that 

velvet proteins are likely to be transcription factors (Ahmed et al., 2013). By using 

genome-wide chromatin immunoprecipitation studies the first evidence of DNA 
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binding for velvet proteins was provided in Histoplasma capsulatum (Beyhan et al., 

2013). 

LaeA (loss of aflR expression A) is a nuclear-located methyltransferase 

with a controlling effect on velvet family proteins (Bayram et al., 2010). LaeA was 

identified in a pool of mutants screened to identify those deficient in production of 

precursors of sterigmatocystin (ST). In this study one of the mutants that could not 

produce sterigmatocystin had lost expression of aflR, the specific transcription 

factor for the ST cluster. The gene associated with this mutation was called laeA 

(Bok & Keller, 2004). 

1.4.1 VeA and LaeA localization and interactions in A. nidulans  

The VeA protein shows light-dependent subcellular mobility in A. 

nidulans; under light it mostly is found in the cytoplasm and in the dark it is mainly 

located in nuclei. VeA physically interacts with two proteins for transfer into the 

nucleus in darkness; an α-importin KapA, and VelB, which interact with the VeA 

NLS sequence and N-terminus, respectively (Stinnett et al., 2007; Bayram et al., 

2008a). Two other proteins in A. nidulans were shown in the presence of light to 

interact with VeA in the cytoplasm and repress its nuclear transportation. These 

proteins are an LaeA-like methyltransferase (LlmF), a regulator of secondary 

metabolism and sexual/asexual development, (Palmer et al., 2013) and a VipC-

VapB dimer (velvet interacting protein C -VipC associated protein B), released 

from a VapA-VipC-VapB membrane-bound zinc finger methyltransferase complex, 

which also has a role in regulating sexual/asexual development (Sarikaya-Bayram 

et al., 2014) (Fig. 1.4).  

In the nucleus, velvet proteins form different complexes that lead to 

different regulatory effects. The VeA-VelB dimer, after transferring to the nucleus 

and losing KapA, in the dark interacts with LaeA to form a trimeric complex, 

called the velvet complex. Formation of the velvet complex is necessary for 

regulating development and secondary metabolism in the dark (Bayram et al., 

2008a; 2010).  

The VeA-VelB dimer can dissociate into free VeA and VelB monomers 

although this process is inhibited by LaeA. Free VeA can interact with different 



1. Introduction 

	  

	   28	  

proteins including FphA (red light phytochrome receptor protein), MpKB (a 

mitogen activated protein kinase (MAPK) homologue of FUS3 in Saccharomyces 

cerevisiae), VipC-VapB and LlmF. 

 A “light complex” forms by interaction of VeA with FphA that itself 

interacts with blue light receptors LreA and LreB (Purschwitz et al., 2008). MpKB 

phosphorylates VeA promoting VeA-VelB dimer formation (Bayram & Braus, 

2012). The only known effect of VeA interaction with VipC-VapB is decreasing 

the abundance of the velvet complex (Sarikaya-Bayram et al., 2015) and nothing is 

known of the function resulting from VeA and LlmF interaction in the nucleus 

(Sarikaya-Bayram et al., 2015) (Fig. 1.4).  

VelB proteins can form a VelB-VelB homodimer that’s function is 

unknown or can interact with VosA as a heterodimer. This VelB-VosA interaction 

is inhibited by light and LaeA (Bayram & Braus, 2012). The VelB-VosA dimer 

acts as a repressor for fungal asexual growth and is necessary for viability of spores 

via activation of trehalose biogenesis. Light decreases the VelB-VosA cellular 

levels and allows asexual sporulation (Bayram & Braus, 2012) (Fig. 1.4).  

 

 

 

 

 

 

 

 

 

Fig.	   1.4-‐	   Velvet	   family	   proteins,	   methyltransferase	   interactions	   and	   their	   control	   of	  
secondary	  metabolism	  and	   fungal	  development.	  Adapted	   from	  Sarikaya-‐Bayram	  et	  al.	  
(2015).	  	  
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It seems S-adenosylmethionine (SAM) binding site in LaeA has essential 

roles in its activity because it was shown by mutating that in A. nidulans the fungi 

showed ΔlaeA phenotype (Bok et al., 2006). Although the exact activity of LaeA is 

not clear but recent studies suggesting that LaeA is acting on chromatin 

modification (Strauss & Reyes-Dominguez, 2011; Seiboth et al., 2012). It is 

proposed that LaeA is involved in the H3K9 methylation of sterigmatocystin gene 

cluster (Reyes-Dominguez et al., 2010). 

1.4.2 velA and laeA roles in fungal biology 

The velA and laeA genes are key regulatory factors in the regulation of 

fungal metabolism and development including sexual/asexual sporulation, 

secondary metabolism, pathogenicity, resistance to stresses, and fungal growth and 

morphology (Summarized in tables 1 and 2). 

1.4.2.1 velA and laeA roles in sexual/asexual sporulation 

In most of the studies on velA and laeA in different filamentous fungi, they 

were shown to be required for regulation of sexual and/or asexual sporulation. 

Depending on the fungus their roles can be similar or antagonistic.  

Both velA and laeA regulate light-dependent sexual/asexual sporulation in 

A. nidulans. Wild type A. nidulans produces more conidia in light than in the dark 

and produces more cleistothecia (sexual structures) in dark than light (Kim et al., 

2002; Kato et al., 2003; Bayram et al., 2010). By deleting velA, the number of 

conidia is reduced both in dark and light (although still there are more in light than 

dark) and fungi lost cleistothecia production (Kim et al., 2002; Kato et al., 2003; 

Bayram et al., 2010). The original veA1 mutant has a substitution of one nucleotide 

in the native first codon, which results in a truncated protein. This mutant, which 

until recently was the most commonly used laboratory strain of A. nidulans due to 

its conidiation phenotype, shows different influences on sexual/asexual 

development than the ΔvelA full-gene deletion mutant. The ve1 mutant shows light 

independent development and exhibits increased conidiation and reduced sexual 

development compared to wild type in both dark and light (Mooney & Yager, 

1990).  
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Table	  1.1-‐	  Determined	  regulatory	  roles	  of	  VelA	  in	  the	  studied	  filamentous	  fungi.	  
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Acremonium	  chrysogenum	   NT	   NT	   NT	   ✓	   ✓	   ✓	   NT	   NT	   (Dreyer	  et	  al.,	  2007)	  

Aspergillus	  flavus	   ✓	   NT	   NT	   ✓	   NT	   ✓	   ✓	   ✓	   (Duran	  et	  al.,	  2007;	  
Amaike	  &	  Keller,	  2009;	  
Duran	  et	  al.,	  2009;	  
Baidya	  et	  al.,	  2014)	  

Aspergillus	  fumigatus	   ✓	   NT	   ND	   ✓	   NT	   ✓	   ND	   ND	   (Dhingra	  et	  al.,	  2012)	  

Aspergillus	  nidulans	   ✓	   NT	   NT	   NT	   NT	   ✓	   ND	   NT	   (Kim	  et	  al.,	  2002;	  Jeong	  
et	  al.,	  2003;	  Kato	  et	  al.,	  

2003)	  
Aspergillus	  niger	   ✓	   NT	   NT	   ✓	   NT	   NT	   NT	   NT	   (Wang	  et	  al.,	  2015)	  

Aspergillus	  parasiticus	   ✓	   NT	   NT	   ✓	   NT	   ✓	   NT	   NT	   (Calvo	  et	  al.,	  2004)	  

Botrytis	  cinerea	   ✓	   NT	   ND	   ✓	   NT	   ✓	   ✓	   ✓	   (Schumacher	  et	  al.,	  
2012;	  Yang	  et	  al.,	  2013)	  

Cochliobolus	  
heterostrophus	  

✓	   NT	   NT	   ✓	   NT	   ✓	   ✓	   ✓	   (Wu	  et	  al.,	  2012)	  

Dothistroma	  septosporum	   ✓	   ND	   NT	   ND	   ND	   ✓	   NT	   ND	   (Chettri	  et	  al.,	  2012)	  

F.	  oxysporum	  f.	  sp.	  
cucumerinum	  

✓	   NT	   ✓	   ✓	   ✓	   NT	   ✓	   ✓	   (Li	  et	  al.,	  2015)	  

Fusarium	  fujikuroi	   ✓	   NT	   NT	   ✓	   ND	   ✓	   NT	   ✓	   (Wiemann	  et	  al.,	  2010;	  
Niehaus	  et	  al.,	  2014)	  

Fusarium	  graminearum	   ✓	   ✓	   ✓	   ✓	   ✓	   ✓	   ✓	   ✓	   (Jiang	  et	  al.,	  2011;	  
Merhej	  et	  al.,	  2012)	  

Fusarium	  oxysporium	   ✓	   ✓	   NT	   ✓	   NT	   ✓	   ✓	   ✓	   (López-‐Berges	  et	  al.,	  
2013;	  2014)	  

Fusarium	  verticillioides	   ✓	   ✓	   NT	   ✓	   ✓	   ✓	   ✓	   ✓	   (Li	  et	  al.,	  2006;	  Myung	  
et	  al.,	  2009;	  2012;	  Lan	  

et	  al.,	  2014)	  
Histoplasma	  capsulatum	   ✓	   NT	   ND	   NT	   ✓	   NT	   ✓	   ✓	   (Laskowski-‐Peak	  et	  al.,	  

2012)	  
Magnaporthe	  oryzae	   ✓	   NT	   NT	   ✓	   NT	   NT	   ✓	   ND	   (Kim	  et	  al.,	  2014)	  

Mycosphaerella	  
graminicola	  

NT	   ✓	   NT	   ✓	   ✓	   ✓	   NT	   ND	   (Choi	  &	  Goodwin,	  
2011)	  

Neurospora	  crassa	   ✓	   NT	   NT	   ✓	   ✓	   NT	   NT	   NT	   (Bayram	  et	  al.,	  2008b;	  
Myung	  et	  al.,	  2012)	  

Penicillium	  chrysogenum	   ✓	   NT	   NT	   NT	   ✓	   ✓	   NT	   NT	   (Hoff	  et	  al.,	  2010)	  

Penicillium	  citrinum	   NT	   NT	   NT	   ✓	   NT	   ✓	   NT	   NT	   (Baba	  et	  al.,	  2012)	  

Trichoderma	  reesei	   ✓	   NT	   NT	   NT	   ✓	   NT	   NT	   NT	   (Mukherjee	  &	  Kenerley,	  
2010;	  Karimi	  Aghcheh	  

et	  al.,	  2014)	  
Trichoderma	  virens	   ✓	   ✓	   NT	   ✓	   NT	   ✓	   NT	   ✓	   (Mukherjee	  &	  Kenerley,	  

2010;	  Lan	  et	  al.,	  2014)	  
✓study	  shows	  the	  velA	  regulate	  the	  function,	  	  
ND	  study	  shows	  no	  difference	  between	  mutant	  and	  wild	  type	  strains,	  	  
NT	  not	  tested.	  
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Deleting laeA in A. nidulans resulted in different phenotypes than the 

ΔvelA mutant. In the ΔlaeA mutant conidiation was significantly reduced 

independent of light and significantly more cleistothecia were produced in both 

light and dark but with smaller size than normal (Bayram et al., 2010). The ΔlaeA 

mutant was greatly reduced in its ability to form hülle cells, which are proposed to 

protect and nourish the primitive cleistothecia, explaining the smaller cleistothecia 

in ΔlaeA fungi (Bayram et al., 2010).  

Table	  1.2-‐	  Determined	  regulatory	  roles	  of	  LaeA	  in	  the	  studied	  filamentous	  fungi.	  	  
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Aspergillus	  flavus	   ✓	   ✓	   NT	   NT	   NT	   ✓	   N
T	  

✓	   (Amaike	  &	  Keller,	  
2009;	  Chang	  et	  al.,	  

2012)	  
Aspergillus	  fumigatus	   ✓	   NT	   NT	   NT	   NT	   ✓	   N

T	  
✓	   (Bok	  et	  al.,	  2005;	  Sugui	  

et	  al.,	  2007;	  Ben-‐Ami	  et	  
al.,	  2009)	  

Aspergillus	  nidulans	   ✓	   NT	   NT	   NT	   ✓	   ✓	   N
T	  

NT	   (Bayram	  et	  al.,	  2010)	  

Aspergillus	  oryzae	   NT	   NT	   NT	   NT	   NT	   ✓	   N
T	  

NT	   (Oda	  et	  al.,	  2011)	  

Botrytis	  cinerea	   ✓	   NT	   NT	   ✓	   NT	   ✓	   ✓	   ✓	   (Schumacher	  et	  al.,	  
2015)	  

Cochliobolus	  
heterostrophus	  

✓	   NT	   NT	   ✓	   NT	   ✓	   ✓	   ✓	   (Wu	  et	  al.,	  2012)	  

Fusarium	  fujikuroi	   ✓	   NT	   NT	   NT	   NT	   ✓	   N
T	  

✓	   (Wiemann	  et	  al.,	  2010;	  
Niehaus	  et	  al.,	  2014)	  

Fusarium	  oxysporium	   ✓	   ✓	   NT	   ✓	   NT	   ✓	   N
T	  

✓	   (López-‐Berges	  et	  al.,	  
2013;	  2014)	  

Fusarium	  
verticillioides	  

NT	   NT	   NT	   NT	   NT	   ✓	   N
T	  

NT	   (Butchko	  et	  al.,	  2012)	  

Monascus	  pilosus	   NT	   NT	   NT	   NT	   NT	   ✓	   N
T	  

NT	   (Zhang	  &	  Miyake,	  2009;	  
Lee	  et	  al.,	  2013)	  

Penicillium	  
chrysogenum	  

✓	   NT	   NT	   NT	   ✓	   ✓	   N
T	  

NT	   (KosalkovA	  et	  al.,	  2009;	  
Hoff	  et	  al.,	  2010)	  

Penicillium	  citrinum	   NT	   NT	   NT	   ✓	   NT	   ✓	   N
T	  

NT	   (Baba	  et	  al.,	  2012)	  

Trichoderma	  reesei	   ✓	   NT	   NT	   NT	   NT	   ✓	   N
T	  

NT	   (Seiboth	  et	  al.,	  2012;	  
Karimi	  Aghcheh	  et	  al.,	  

2013)	  
✓study	  shows	  the	  velA	  regulate	  the	  function,	  	  
ND	  study	  shows	  no	  difference	  between	  mutant	  and	  wild	  type	  strains,	  	  
NT	  not	  tested.	  
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In A. flavus deleting laeA (Amaike & Keller, 2009; Chang et al., 2012) and 

velA (Amaike & Keller, 2009) resulted in the same sporulation phenotypes and 

both mutants were impaired in both sexual and asexual sporulation in dark and 

light. Also in A. fumigatus (Bok et al., 2005; Dhingra et al., 2012), Fusarium 

fujikuroi (Wiemann et al., 2010), and Trichoderma reesei (Seiboth et al., 2012; 

Karimi Aghcheh et al., 2014) it was shown that both laeA and velA are necessary 

for asexual sporulation. However, in some cases they show opposite effects on 

sexual and asexual sporulation. For example, in Cochliobolus heterostrophus (Wu 

et al., 2012) and Botrytis cinerea (Schumacher et al., 2012; Yang et al., 2013; 

Schumacher et al., 2015) both ΔlaeA and ΔvelA significantly increased conidiation 

and decreased sexual sporulation compared to wild type strain. In human pathogen 

Histoplasma capsulatum until now only velA homologue is studied and it was 

shown that is not required for conidiation but is required for cleistothecia formation 

(Laskowski-Peak et al., 2012). Although in most cases both laeA and velA are 

showing similar effects on sexual/asexual sporulation but in some fungi velA and 

laeA different effects were shown. For example, in Fusarium oxysporum (López-

Berges et al., 2013) and Penicillium chrysogenum (KosalkovA et al., 2009; Hoff et 

al., 2010) deleting laeA decreased conidiation but deleting velA increased 

conidiation. In Fusarium verticillioides the macroconidium-to-microconidium ratio 

was increased by deleting velA (Li et al., 2006).  

Normally it is expected that overexpressing a regulatory gene will cause 

the opposite effect of deleting the gene, for example the ΔlaeA mutant of A. flavus 

was unable to produce sclerotia but overexpressing laeA increased the number of 

sclerotia (Kale et al., 2008). Further studies show that regulatory effects of velA 

and laeA are not that simple though and it was shown in some fungi that normal 

conidiation is dependent not just on the presence of the velA and laeA genes but 

also on wild type levels of gene expression. For example, in A. fumigatus both 

deleting and overexpressing velA reduced conidiation (Dhingra et al., 2012) and in 

C. heterostrophus deleting and overexpressing laeA impaired sexual development 

(Wu et al., 2012).  
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1.4.2.2 velA and laeA regulatory effects on secondary metabolism  

VelA and LaeA are two of the most well known regulators of the 

biosynthesis of secondary metabolites (SMs). The velA necessity in production of 

different SMs in different filamentous fungi was shown such as biosynthesis of 

aflatoxin in A. parasiticus (Calvo et al., 2004; Chanda et al., 2009) and A. flavus 

(Duran et al., 2007; Amaike & Keller, 2009; Duran et al., 2009), sterigmatocystin 

in A. nidulans (Kato et al., 2003), dothistromin in Dothistroma septosporum 

(Chettri et al., 2012), trichothecenes in F. graminearum (Merhej et al., 2012), 

fusarins and fumonisins in F. verticillioides and F. fujikuroi (Myung et al., 2009; 

Wiemann et al., 2010; Myung et al., 2012), and gliotoxin in Trichoderma virens 

(Mukherjee & Kenerley, 2010) and A. fumigatus (Dhingra et al., 2012). In addition, 

it was shown velA is required for the production of penicillin in P. chrysogenum 

(Hoff et al., 2010) and A. nidulans (Kato et al., 2003), and β ︎-lactam antibiotic 

cephalosporin C in Acremonium chrysogenum (Dreyer et al., 2007). The 

requirement for velA in biosynthesis of different pigments was also shown such as 

melanin in Mycosphaerella graminicola (Choi & Goodwin, 2011), and aurofusarin 

pigments in F. graminearum (Merhej et al., 2012).  

In all mentioned examples velA positively regulates their metabolism but 

for the first time Wiemann et al (2010) showed that velA can regulate SM 

metabolism genes both positively (fusarin C, fumonisins and gibberellins) and 

negatively (bikaverin) (Wiemann et al., 2010). In B. cinerea also velA positively 

regulates bikaverin biosynthesis and negatively regulates melanin production 

(Schumacher et al., 2013). 

The number of studies on laeA is fewer than velA but the same regulatory 

effects were shown. The laeA gene is necessary for production of different SMs 

such as gliotoxin in A. fumigatus (Sugui et al., 2007), aflatoxin in A. flavus (Kale et 

al., 2008; Amaike & Keller, 2009), and fusarin in F. verticillioides although laeA 

does not have any effect on fumonisin production in this fungus (Butchko et al., 

2012). The laeA gene also is necessary for producing pigments like bikaverin in F. 

verticillioides (Butchko et al., 2012). In A. oryzae it was shown that laeA positively 

regulates kojic acid production (Oda et al., 2011). 
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The LaeA and VelA proteins influence SM production by regulating SM 

gene clusters. In A. flavus, afl genes in alfatoxin gene clusters are under velA and 

laeA regulation (Duran et al., 2007; Kale et al., 2008; Georgianna et al., 2010). The 

velA gene positively regulates bikaverin biosynthesis genes cluster in B. cinerea 

(Schumacher et al., 2013) and Tri genes cluster in Fusarium graminearum (Merhej 

et al., 2012). In A. nidulans it was shown that laeA control sterigmatocystin gene 

cluster (Reyes-Dominguez et al., 2010). Different transcription analysis in different 

fungi showed massive regulatory effects of VelA and LaeA on SM clusters. 

Transcription of around 50% of SM cluster genes are regulated by VelA in A. 

fumigatus and A. nidulans (Lind et al., 2015) and in A. nidulans, A. flavus, and A. 

fumigatus it was shown more than half of the secondary metabolites clusters in 

these species was regulated by LaeA (Sarikaya-Bayram et al., 2015). 

Transcriptomics analysis in T. reesei showed that more than 50% of nonribosomal 

peptide synthetase (NRPS) and polyketide synthase (PKS) genes are regulated by 

LaeA (Karimi Aghcheh et al., 2013). In F. verticillioides a microarray analysis 

showed LaeA that regulates the expression of multiple SM gene clusters (Butchko 

et al., 2012).  

As both VelA and LaeA are key regulators of some SMs broadly used in 

industrial production, manipulating these genes may allow increased industrial 

production of these products. Although there are not many studies on this aspect, 

overexpressing LaeA in Monascus pilosus, an industrially important fungus for 

producing fermented rice, led to more SMs as well as SMs that are not detectable 

in non-inducing conditions (Lee et al., 2013). In P. chrysogenum overexpression of 

laeA caused 25% more increase of penicillin production (KosalkovA et al., 2009). 

In T. reesei overexpression of laeA has a greater effect than mutant ∆laeA in SMs 

cluster genes expression (Karimi Aghcheh et al., 2013) 

1.4.2.3 velA and laeA roles on fungal pathogenicity  

All studies on laeA in different fungi until now show its necessity for 

fungal pathogenicity. A role for velA in pathogenicity was also shown in most 

studied fungi, with the exception of A. fumigatus (Dhingra et al., 2012), D. 

septosporum (Chettri et al., 2012), Magnaporthe oryzae (Kim et al., 2014) and M. 

graminocola (Choi & Goodwin, 2011) for which no difference in pathogenicity 
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between ΔvelA mutant and wild type strains were observed. The importance of 

velA and laeA in pathogenicity was shown for a broad variety of plant pathogens 

such as F. fujikuroi on rice (Wiemann et al., 2010), A. flavus for penetrating and 

colonizing seeds of peanut and maize (Amaike & Keller, 2009; Duran et al., 2009), 

and the necrotrophic interaction of B. cinerea on different plant hosts (Schumacher 

et al., 2012; Yang et al., 2013; Schumacher et al., 2015). 

There are some human pathogens in which laeA and velA have been shown 

to be required for full pathogenicity. In H. capsulatum, silencing velA caused a 

reduction in virulence toward mice (Laskowski-Peak et al., 2012). In A. fumigatus, 

deleting laeA reduced its pathogenicity to mice (Bok et al., 2005; Sugui et al., 

2007) and also its anti-angiogenic activity in a neutropenic mouse model (Ben-Ami 

et al., 2009). However, deleting velA in A. fumigatus did not show any influence on 

pathogenicity (Dhingra et al., 2012). In the dual plant and mammalian pathogen F. 

oxysporum it was shown that both velA and laeA are necessary for full virulence on 

both tomato and mice (López-Berges et al., 2013). In the commercially important 

biocontrol agent T. virens, it was shown that a ΔvelA mutant is defective in 

mycoparasitism and effectiveness as a biological control agent against plant 

pathogens (Mukherjee & Kenerley, 2010).  

1.4.2.4 velA and laeA roles on fungal growth and morphology 

Regulatory roles for velA and laeA have been reported in various fungi for 

a range of different fungal growth and morphological characteristics, including 

colony hydrophobicity, aerial hyphae formation, resistance to cell wall damaging 

agents and other stresses such as osmotic, oxidative, pH and agents disrupting cell 

integrity such as SDS.   

The requirement for velA in maintaining colony hydrophobicity was shown 

in most tested fungi, including F. verticillioides (Lan et al., 2014), F. graminearum 

(Jiang et al., 2011), F.	   oxysporum (López-Berges et al., 2013), T. virens 

(Mukherjee & Kenerley, 2010) and M. graminicola (Choi & Goodwin, 2011) 

although in D. septosporum, deleting velA did not show any effects on colony 

hydrophobicity (Chettri et al., 2012). To date the role of laeA in colony 

hydrophobicity has only been tested in F.	  oxysporum that similar with velA gene in 
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this fungous positively regulates it (López-Berges et al., 2013). It is suggested that 

VelA and LaeA may regulate hydrophobicity by controlling hydrophobin protein 

production Li et al., 2006). These are small cysteine-rich proteins with the ability 

to form a hydrophobic surface coating, although this has to date only been tested in 

A. flavus, in which it was shown that decreased conidial hydrophobicity from laeA 

deletion correlated with decreased rodA gene expression, which is responsible for 

production of a hydrophobin protein called rodlet protein RodA (Chang et al., 

2012).  

In most tested fungi both velA and laeA are necessary for aerial hyphae 

formation. This has been shown in C. heterostrophus (Wu et al., 2012), F. 

oxysporum (López-Berges et al., 2013) and in P. citrinum (only under light) (Baba 

et al., 2012). In B. cinerea, deleting velA resulted in decreased aerial hyphae 

formation but interestingly, deleting laeA in this fungus caused extreme aerial 

hyphae formation such that it forms a ‘cotton candy’-like colony appearance 

(Schumacher et al., 2015). In Zymoseptoria tritici by deleting velA mycelia lost 

light-dependent aerial hyphae formation in liquid culture and also were more 

sensitive to mechanical stress (shaking) than wild type (Choi & Goodwin, 2011). 

In H. capsulatum by silencing the velA gene, the fungus was unable to undergo 

dimorphic switching to the yeast form, which is required for pathogenicity 

(Laskowski-Peak et al., 2012).  

The influence of VelA on radial growth is variable among different species. 

In some fungi such as A. parasiticus (Calvo et al., 2004), A. niger (Wang et al., 

2015), F. graminearum (Jiang et al., 2011) and P. citrinum (only in the dark) (Baba 

et al., 2012) deleting velA reduced fungal radial growth but in A. flavus (Duran et 

al., 2007) and F. oxysporum (López-Berges et al., 2013) it increased the radial 

growth. In some fungi like M. graminicola (Choi & Goodwin, 2011), B. cinerea 

(Yang et al., 2013), and D. septosporum (Chettri et al., 2012) deleting velA did not 

show any influence on the radial growth. Deleting laeA also increases fungal radial 

growth in F. oxysporum (López-Berges et al., 2013), although in A. fumigatus 

deleting laeA did not show any influence on fungal growth rate or fungal 

morphology (Sugui et al., 2007). 
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Hyperbranching and abnormal hyphal growth are the other hyphal 

morphological disorders caused by velA and, in some cases, laeA deletion. These 

hyphal morphological disorders are possibly the result of cell integrity deficiencies 

and hyphal cell wall changes. Hyper branching occurred as a result of deleting 

either velA or laeA in P. chrysogenum (Hoff et al., 2010). Calcofluor white staining 

of velA mutant hyphae in this fungus showed higher accumulation of chitin in their 

hyphal tips in comparison to the wild type strain. Down regulation of the genes 

involved in chitin catabolism also was shown in the ΔvelA strain by microarray and 

qRT-PCR analysis (Hoff et al., 2010). In another study of this species, it was 

shown that velA and laeA regulate transcription of the PcchiB1 gene (Kamerewerd 

et al., 2011). The PcchiB1 gene encodes a class V chitinase and was shown to have 

a role in cell wall integrity (Kamerewerd et al., 2011). The A. nidulans mnpA gene, 

which encodes a cell wall linked mannoprotein is another example of a cell wall 

gene regulated by velA (Jeong et al., 2003). Deleting velA in F. verticillioides 

caused hyper branching, yeast-like hyphal growth and it was shown that deleting 

velA reduced the cell wall mannoprotein and cell integrity (Li et al., 2006). It is 

possible that velA in F. verticillioides similar with in A. nidulans, regulates the 

expression of genes like mnpA that encode the cell wall mannoprotein. Hyphal 

fragmentation during arthrospore formation, abnormally long arthrospore 

production and hyphal tip hyperbranching were the results of velA deletion in A. 

chrysogenum (Dreyer et al., 2007). In Z. tritici deleting velA caused abnormal 

hyphal swelling (Choi & Goodwin, 2011). The T. reesei ΔvelA mutant undergoes 

hyperbranching and hyphal swelling and produces much thicker hyphae than wild 

type (Karimi Aghcheh et al., 2014). In F. oxysporum f. sp. cucumerinum (Li et al., 

2015) and F. oxysporum (López-Berges et al., 2013) deleting velA also caused 

hyperbranching. The only exception, in which none of these characteristics was 

observed is in D. septosporum where deleting velA did not have any effect on 

hyphal morphology (Chettri et al., 2012).  

1.4.2.5 Stress resistance 

Both velA and laeA are engaged in regulating resistance to different 

stresses. In some fungi such as F. oxysporum f. sp. cucumerinum (Li et al., 2015) 

and F. graminearum (Jiang et al., 2011) deleting velA increased fungal resistance 

to both cell wall damaging agents and osmotic stresses. In F. verticillioides (Lan et 
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al., 2014) and M. oryzae (Kim et al., 2014), deleting velA and in C. heterostrophus 

(Wu et al., 2012) deleting either velA or laeA decreased fungal growth under 

oxidative stresses. In some fungi these genes did not show any influence on fungal 

resistance under different stresses. For example, in A. fumigatus deletion or 

overexpression of velA did not show any influence on growth under stresses 

including pH, osmotic, oxidative, cell wall and cellular integrity stresses (Dhingra 

et al., 2012). In some fungi VelA and LaeA regulate resistance to some stresses but 

have no influence on others. For example silencing velA in H. capsulatum did not 

show any influence on its resistance to cell wall, osmotic, heat shock, or oxidative 

stresses but its resistance to acidic pH decreased, which may contribute to its 

impaired virulence (Laskowski-Peak et al., 2012). In B. cinerea, deleting velA did 

not have any influence on its resistance to cell wall damaging agents or osmotic 

stresses but decreased its resistance to oxidative stress (Schumacher et al., 2012; 

Yang et al., 2013). Also in this species deleting laeA did not show any influence on 

fungal resistance to osmotic stress but decreased its resistance to oxidative stress 

(Schumacher et al., 2015).  

In summary, in this section molecular function and interaction of two key 

fungal regulatory genes velA and laeA were discussed. It was shown that velA and 

laeA homologues have been studied in a broad range of fungi and their importance 

in a variety of cellular and molecular metabolism were shown.  

 1.5 Background to this study  

Similar with other plant-microbe interactions, Epichloë endophytes must 

somehow suppress or avoid host defence responses to initiate and maintain a 

successful symbiotic lifestyle (Jones & Dangl, 2006). Although the mechanism is 

currently poorly understood, the importance of restricted intercellular fungal 

growth and fungal and plant cell wall characteristics has been shown for a 

compatible interaction between Epichloë and grasses (Christensen et al., 1997; 

2002; Tanaka et al., 2008; Eaton et al., 2010; Tanaka et al., 2013; Becker et al., 

2015; Eaton et al., 2015).  

VelA and LaeA are two well-known interacting fungal regulators of 

various developmental and biological processes in different fungal species 
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including sexual/asexual development, secondary metabolism, pathogenicity, 

fungal growth, morphology and cell wall characteristics and resistance to stress 

(Reviewed in Jain et al., 2013; Calvo, 2008; Bayram et al., 2012; Calvo et al., 

2016).   

The idea for this study came from the knowledge of VelA and LaeA 

regulatory roles on fungal developmental and biological processes. Especially their 

importance in some fungi’s cell wall characteristics and hyphal morphology that 

are known Epichloë characteristics for compatible interaction with grasses. In 

addition, VelA and LaeA regulate secondary metabolism, which is an important 

feature in Epichloë/grass mutualism as fungal-produced alkaloids provide 

bioprotection to the symbiota. Based on the conserved roles of velA and laeA in 

other fungi, it was hypothesised that VelA and LaeA regulate the same biological 

processes in Epichloë and that they are therefore important regulators of plant 

interaction and required for successful symbiosis. 

1.6 Aims of this study  

I aimed to test this hypothesis by: 

1. Examining VelA and LaeA regulatory roles on fungal in vitro growth 

by testing the influence of deleting velA and laeA on conidiation, radial growth 

(under different carbon, nitrogen and light regimes), resistance to different stresses, 

hyphal morphology and cell wall characteristics. 

2. Characterising the drivers of velA and laeA gene expression by 

measuring their expression in culture (under different carbon, nitrogen and light 

regimes), in inoculated seedlings (in different times after inoculation) and in 

mature infected plants (in different tissues). 

3. Examining VelA and LaeA regulatory roles on successful symbiosis 

between E. festucae and perennial ryegrass by testing the ∆velA and ∆laeA mutants’ 

infection ability and also in planta morphology compared to wild type. 

4. Having shown the importance of VelA and LaeA in E. festucae 

metabolism and development and successful symbiosis, I aimed to characterise the 

suite of genes that they regulate and therefore identify processes involved in 

symbiosis. This aim was tested by a set of comparative transcriptomics analyses of 
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∆velA and ∆laeA mutants comparing to wild type E. festucae in culture and on 

seedlings and for the ∆velA mutant in infected mature plants. 

Results from these experiments are presented in three chapters written in 

manuscript format. Chapter 2 describes VelA regulatory roles on E. festucae 

biology and its requirement for successful symbiotic interaction with perennial 

ryegrass. Chapter 3 describes LaeA regulatory roles in E. festucae and its role in 

successful symbiosis with perennial ryegrass via an apparently different 

mechanism compared with VelA. Chapter 4 describes comparative transcriptomics 

studies to understand VelA and LaeA regulatory roles on E. festucae and perennial 

ryegrass transcriptome profiles. A general conclusion is presented in Chapter 5.  

 

 

 

 

 

 

	  



	  

 

The global regulatory protein VelA is a key regulator 
in the symbiosis between the endophytic fungus 
Epichloë festucae and Lolium perenne                          2 

 
 

 

Authors 

M. Rahnama, R.D. Johnson, D.J. Fleetwood	  

 

 

 

 

Status 

Ready to submit 

 

 

 

 

 

 

Author contributions  

Conceived and designed the experiments: MR DJF RDJ; Performed the experiments: MR; 

Analysed the data: MR; Wrote the paper: MR DJF RDJ 

 

 

 

	  



2. The global regulatory protein VelA is a key regulator in … 

	  

	   42	  

2.1 Abstract 

Epichloë species fungi form bioprotective endophytic symbioses with 

many cool-season grasses, including agriculturally important forage grasses. 

Despite its importance, relatively little is known about the molecular details of the 

interaction and the regulatory genes involved. One of the key global regulators in 

fungal secondary metabolism and development is the VelA protein. In this study, 

velA was functionally characterised in vitro and in fungal interaction with its host 

perennial ryegrass, by gene deletion and overexpression. The velA gene is required 

in E. festucae for resistance to osmotic and cell wall damaging stresses, and normal 

hyphal morphology and conidiation during nutrient limited in vitro conditions. 

Expression of velA in E. festucae is light and nitrogen dependent, and during the 

interaction with perennial ryegrass depends on time after inoculation and is tissue 

specific in mature infected plants. In planta studies showed that velA is required in 

E. festucae for a compatible interaction. Inoculating seedlings with mutant ∆velA E. 

festucae, induced plant responses of callose deposition and H2O2 production and 

high level of seedling death was observed. In surviving infected plants with mutant 

fungi, increased concentration, unrestricted fungal growth and invasion of vascular 

bundles were observed. Overall, this work characterises a key fungal regulatory 

factor in an increasingly important model symbiotic association and shows that 

VelA is a crucial regulator of this interaction.  

2.2 Introduction  

Fungi of the genus Epichloë form endophytic symbioses with cool-season 

grasses of the sub-family Pooideae, including agriculturally important forages such 

as tall fescue (Festuca arundinacea) and perennial ryegrass (Lolium perenne) and 

are widely distributed in natural grasslands (Leuchtmann et al., 1994; Christensen 

et al., 2002; Schardl, 2010). Although some sexual Epichloë strains can cause 

sterilisation of host plants (choke disease), the symbiosis between Epichloë and 

host grasses is generally mutualistic and essential for grass forage production in 

some geographies, including New Zealand and certain parts of the USA (Schardl, 

2001). Fungi receive all of their nutrients from the host plant and use the host seed 

as a means of dissemination, while protecting the plant from a range of biotic and 

abiotic stresses. Resistance to herbivory from insects is the best characterised of 
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these and is mediated by production of four different classes of alkaloids: indole-

diterpenes, ergot alkaloids, lolines and peramine (Schardl, 2001; 2010; Schardl et 

al., 2013a).  

Epichloë hyphae do not colonise roots but are found in all tissues in above-

ground parts of the plant, from the meristem to the inflorescences, with the 

exception of the vascular bundles (Christensen et al., 2002; 2008). Hyphal growth 

is restricted and dependent on host cell growth (Christensen et al., 2008). In the 

meristematic zone of a growing grass leaf, fungal hyphae grow by apical tip 

extension but when they enter the leaf cell elongating zone above the meristematic 

zone, grow by intercalary growth, mirroring host development (Christensen et al., 

2008). Hyphal growth ceases when the leaf stops growing although hyphae remain 

metabolically active in a form of stationary phase (Tan et al., 2001). This results in 

a seldom-branched intercellular network of hyphae, parallel to the leaf axis with 

hyphae tightly linked with the walls of neighbouring plant cells. No apparent 

feeding structures have been observed and how Epichloë obtains nutrition is 

currently not well understood.  

E. festucae has been developed as a model system for mutualistic Epichloë 

interactions (Scott et al., 2012) and the genetics of alkaloid production has become 

well understood (Schardl et al., 2013b). In addition, several mutants have been 

generated which have an antagonistic plant-interaction phenotype when artificially 

infected into grass. Examination of these mutants implicate regulation of polar 

growth and anastomosis and the ensuing effect on restriction of hyphal growth in 

planta as a key factor in maintaining mutualism (Charlton et al., 2012; Tanaka et al., 

2013). It has recently been suggested that altered chitin content in the fungal cell 

wall may contribute to the fungus avoiding a host defence response (Becker et al., 

2015; Eaton et al., 2015), although the way in which Epichloë suppresses or avoids 

PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) to initiate 

and maintain a successful symbiotic interaction is still largely unknown.  

The velvet gene, veA or velA, encodes an important conserved fungal 

regulator of a variety of growth and developmental characteristics (Bayram & 

Braus, 2012). It is the best-characterised member of the velvet family of genes that 

normally includes four members, velA, velB, velC and vosA. The VelA protein 
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shows light-dependent subcellular mobility in A. nidulans and in the dark interacts 

with the α-importin KapA to transfer into the nucleus (Stinnett et al., 2007; Bayram 

et al., 2008a). In the nucleus, velvet proteins form different complexes that lead to 

different regulatory effects such as the VelA-VelB-LaeA trimeric complex, termed 

the velvet complex, that is necessary for regulating fungal development and 

secondary metabolism in the dark (Bayram et al., 2008a; 2010). The biochemical 

mechanism through which VelA exerts control over gene expression is not fully 

described, although based on a crystal structure and yeast one-hybrid experiments 

with the VosA protein it appears that the velvet domain mediates DNA binding 

(Ahmed et al., 2013). In addition, by using genome-wide chromatin 

immunoprecipitation studies the first evidence of DNA binding for velvet proteins 

was provided in Histoplasma capsulatum (Beyhan et al., 2013). 

The regulatory effect of VelA on sexual/asexual sporulation has been 

shown in a broad range of fungal species (Kim et al., 2002; Kato et al., 2003; Li et 

al., 2006; Duran et al., 2007), although sporulation can be either positively or 

negatively regulated depending on the species.  

It has also been shown in several species that VelA is a global regulator of 

the expression of fungal secondary metabolite gene clusters (Kato et al., 2003; 

Calvo et al., 2004; Duran et al., 2007; Amaike & Keller, 2009; Chanda et al., 2009; 

Duran et al., 2009; Mukherjee & Kenerley, 2010; Hoff et al., 2010; Choi & 

Goodwin, 2011; Lind et al., 2015).  

VelA’s regulatory role in fungal pathogenicity was shown in different 

fungi, for example in the commercial biocontrol agent Trichoderma virens, the 

most related fungus to Epichloë that velA has been studied in, and other different 

plant and animal pathogens in which it was shown that VelA is required for their 

pathogenicity (Amaike & Keller, 2009; Mukherjee & Kenerley, 2010; Wiemann et 

al., 2010; Myung et al., 2012; López-Berges et al., 2013). However, no difference 

in pathogenicity between ΔvelA mutant and wild type strains were observed in 

some other fungi (Choi & Goodwin, 2011; Chettri et al., 2012; Dhingra et al., 

2012; Kim et al., 2014).   
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The final role for VelA thus far described is in regulating fungal growth 

and morphology and cell wall characteristics. Deleting velA in different fungi 

caused some abnormal phenotypes of hyphal hyper branching, swelling, decreasing 

cell wall integrity and resistance to different stresses (Li et al., 2006; Hoff et al., 

2010; Choi & Goodwin, 2011; Karimi Aghcheh et al., 2014).  

Given the role of VelA in regulating hyphal growth, cell wall biosynthesis 

and secondary metabolism in other fungi, we hypothesised that VelA may play an 

important role in regulating successful symbiosis between E. festucae and 

perennial ryegrass, in which these characteristics are important features. In this 

study, the E. festucae velA homologue was identified, its transcription pattern in 

culture and in planta described in detail and its functional role characterised in 

culture and in planta. We generated methods to detect plant responses including 

cell death, H2O2 production, and callose and lignin deposition in early stages of 

infection. We show that VelA in E. festucae regulates many of the processes 

described in other species and that the mutant displays a severe incompatible 

interaction with perennial ryegrass suggesting a key role in symbiosis for this 

dynamic fungal regulatory factor. 

2.3 Materials and methods 

2.3.1 Strains and growth conditions 

Epichloë festucae strains (Table S2.1) were grown on 2.4% potato dextrose 

(PD, Difco Laboratories) plus 1.5% agar (Difco Laboratories) and maintained at 

22°C and for liquid culture two cm2 of actively growing mycelium from each strain 

grown on PDA were added to 2 mL sterile tubes with 750 µL sterile dH2O with 

two sterile ceramic beads. The mycelium was then fragmented using a Precellys 24 

tissue disruptor machine (Bertin Technologies) for 4 cycles of 45 seconds at 4200 

rpm. This homogenate was divided among four sterile 250-mL flasks containing 

100 mL PD broth and incubated at 22°C for 7 days with shaking. Plasmids (Table 

S2.1) were cloned and maintained in Escherichia coli strains DH5α, and Top 10 

(Both Invitrogen Corp., Carlsbad, CA). Both strains were grown in liquid Luria–

Bertani (LB) medium or on LB agar plates, supplemented with either kanamycin 

(50 µg/ml) or ampicillin (100 µg/ml) where appropriate. 
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To discern the influence of light and nutrition on radial growth, E. festucae 

Fl1 wild type, ΔvelA and ΔvelA/velA were grown initially for 5 d at 22°C on 1.5% 

water agar and then sub-cultured onto six different media of repressive and non-

repressive carbon and nitrogen sources in addition to starvation conditions (Table 

S2.2) by transferring 2-mm diameter blocks of mycelium and incubating for a 

further 15 d at 22°C in either 24 h dark or 24 h light, in triplicate.  

To detect the influence of light and nutrition on gene expression, after 

growing fungi in four flasks of liquid culture, mycelium from all flasks was 

harvested by filtering through two pieces of sterile 3 M Whatman paper in a 

sterilized Büchner funnel and washed with 200 mL of sterilized water. The 

mycelium was scraped from the Whatman paper using a sterile spatula and divided 

into six different media (Table S2.2 but without agar) in 250 mL sterilized flasks. 

Three replicates for each medium were incubated either in the dark or in the light at 

22°C for 24 h. The mycelium was again harvested using a Büchner funnel and 

washed with sterile dH2O, then frozen in liquid nitrogen for RNA extraction.   

To measure fungal gene expression during seedling infection, seedlings 

were inoculated with different fungal strains and grown under 24 h light or 24 h 

dark. After freezing seedlings, samples from 4 cm upwards and 0.5cm downwards 

from the meristem were collected for RNA extraction.  

Stress sensitivity tests were performed by growing mycelia on PDA plates 

supplemented with 1.5 M sorbitol, 1.5 M NaCl, 0.04% Congo red (Sigma-Aldrich), 

0.03% calcofluor white (Sigma-Aldrich) and 60 µM menadione (Sigma-Aldrich).    

Hyphal morphology was examined by growing fungi on a thin layer 

(around 3mm) of PDA and 3% water agar for 2 weeks at 22°C in total darkness 

and observed with DIC microscopy using a Zeiss Axioplan microscope.  

2.3.2 Plant inoculation and growth conditions  

7-10 d old endophyte-free seedlings of perennial ryegrass (L. perenne 

‘Nui’) were inoculated as described by Latch and Christensen (1985). Seedlings 

were transferred after two weeks to soil in root trainers (Flight Plastic Packaging, 

194 ✕ 125 ✕ 110 mm) in the greenhouse at 22˚C with 16 h of 650 W/m2 light and 



2.3 Materials and methods 

 

	   47	  

8 h dark. Infected plants were detected by immunoblotting (Gwinn et al., 1991; 

Simpson et al., 2012) and light microscopy.   

2.3.3 Examination of conidiation in vitro  

Slides coated with 3% water agar were inoculated with ~1 mm2 of fungi 

and incubated at 22°C for 15 d in total darkness, in which condition conidiation is 

induced in E. festucae (Tanaka et al., 2013). The conidiospores were counted from 

20 individual fields (450 µm) of view for each strain. 

2.3.4 Protoplast production assay 

Fungi of different strains were cultured in triplicate in 250-mL flasks 

containing 100 mL of 60 mM glucose and 30 mM NaNO3 with 9.38 mL of M-100 

salt solution (Stevens and Committee 1974) for 7 d at 22°C in 24 h dark at 180 rpm. 

Mycelia were collected by centrifugation for 10 min at 4000 rpm and washed with 

water once and after drying on filter paper around 50 mg (± 5 mg) of mycelium 

was resuspended in 6 mL OM buffer (1.2 M MgSO4, 10 mM Na2HPO4, pH 5.8) 

containing 15 mg/mL lysing enzymes from Trichoderma harzianum (Sigma). 

Resuspended mycelium in lysing solution was incubated at 120 rpm and 30°C in 6-

well cell culture plates and reactions were stopped after 2.5 and 5 hours incubation 

(Mey et al., 2002). The number of produced protoplasts was measured by 

averaging 5 counts of 1-mm2 squares of a Neubauer haemocytometer.  

2.3.5 DNA extraction and PCR 

Fungal genomic DNA was extracted from frozen mycelium as previously 

described (Byrd et al., 1990; Samarrai & Schmid, 2000). DNA extraction of fungal 

transformants was done using ZR Fungal/Bacterial DNA MiniPrep kit (Zymo 

Research). Plasmid DNA was extracted and purified using a DNA-spin Plasmid 

DNA Purification Kit (iNtRON Biotechnology, Korea).  

Taq DNA polymerase (New England BioLabs) was used for standard PCR 

and iProof High-Fidelity DNA Polymerase (Bio-Rad) was used when proofreading 

activity was required. Cycling conditions were designed based on the 

manufacturer’s instructions. A list of primers used is presented in table S2.3. 
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2.3.6 RNA extraction and quantitative real-time RT-PCR 

analysis 

Total RNA was extracted using a Direct-zol™ RNA MiniPrep Kit (Zymo 

Research). Complementary DNA (cDNA) was synthesised by using an iScript™ 

cDNA Synthesis Kit (Bio-Rad) from 2 µg of RNA. RT qPCR was performed using 

SsoAdvanced™ Universal SYBR® Green Supermix with 1 µl of cDNA in a 

CFX96™ Real-Time PCR detection System (both from Bio-Rad), using primers 

that amplified target genes (Table S2.4). RNA samples alone (no reverse 

transcription) and water-only (no template) controls were used in order to detect 

genomic DNA and experimental contamination. In order to choose the most 

efficient primer pairs, first by using a gradient temperature PCR, the annealing 

temperature with lowest Ct was chosen using the cDNA sample to be used for 

expression analysis as template. Then, primer efficiency tests of each pair were 

performed by generating standard curves of five ten-fold dilutions of cDNA sample. 

Primer pairs with 95-105% amplification efficiency were chosen. Transcript levels 

were calculated using comparative ∆Ct normalized to gamma actin and 60S 

ribosomal protein L35 using the geNorm algorithm automated in CFX manager 

software (Bio-Rad).  

2.3.7 Using qPCR to determine fungal concentration in planta  

Quantitative real time PCR was performed for two single copy genes, 

chitinase A and nonribosomal peptide synthetase 1 (NRPS1), on 5 ng gDNA 

isolated from the blades of wild type and mutant velA E. festucae infected plants 

with a CFX96™ Real-Time PCR detection System (Bio-Rad) as described by 

Rasmussen et al. (2007). Relative fungal concentration was estimated from the 

number of copies of chitinase A gene or NRPS1 gene, per total infected plant 

gDNA.  

2.3.8 Detection of plant responses  

For plant cell death, callose deposition and lignin production tests, 

endophyte-free etiolated seedlings of L. perenne were inoculated as described 

above. 



2.3 Materials and methods 

 

	   49	  

The hypersensitive response was detected based on the method of Koch & 

Slusarenko (1990). At different time points after inoculation, seedlings were 

stained by boiling for 1 min in lactophenol-trypan blue (a mixture of 10 mL of 

lactic acid (98%), 10 mL of glycerol, 10 mL of phenol, as well as 10 mg of trypan 

blue dissolved in 10 mL of distilled water). After staining, seedlings were 

decolorized for 30 min in chloral hydrate (2.5 g of chloral hydrate dissolved in 1 

mL of distilled water). Stained seedlings were mounted in chloral hydrate and 

observed under a Nikon Ti-E research inverted microscope (camera: Nikon DsRi1) 

in bright field. 

Callose deposition was detected based on the method of Knox (1979), by 

staining seedlings three days post-inoculation for 30 min in aniline blue solution 

(0.1% water-soluble aniline blue in 0.1 M tripotassium orthophosphate (K3PO4)) 

that had been decolorized in the dark for 24 h. Stained seedlings were rinsed and 

mounted in water and callose deposition was observed under a Leica DMR 

microscope (Camera: Leica DC500) using an I3 filter cube (excitation 450-490 nm, 

emission > 515 nm). 

Lignin production was tested using a modified method from Tanaka et al. 

(2014). Seedlings were stained 2.5 DPI with 1% Safranin O (C.I. 50240, BDH) in 

water for 10 min in the dark and lignin was observed under a Leica DMR 

microscope (Camera: Leica DC500) in bright field.  

Hydrogen peroxide (H2O2) production was detected by uptake of 3,3’-

diaminobenzidine (DAB); (Thordal-Christensen et al., 1997). Seedlings were 

inoculated by placing (without any incision) 1 to 2-mm2 of fungal culture on agar 

blocks 1 cm above the meristem. Immediately after inoculation seedlings were 

stained with freshly prepared 1 mg/mL DAB-HCl (pH 3.8) for 4 h in the dark. 

Stained seedlings were observed using a Leica DMR microscope (camera: Leica 

DC500) in bright field.  

2.3.9 Preparation of overexpression, complementation and 

deletion constructs 

E. festucae Fl1 protoplasts were prepared as described by Young et al. 

(2005) and transformed with 2 to 5 µg of either circular plasmid DNA or plasmids 

digested with restriction enzymes or PCR products based on Fleetwood et al. 

(2007). Transformants were selected on PDA medium supplemented with 200 
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µg/mL hygromycin or 300 µg/mL geneticin and nuclear purified through three 

rounds of subculture from the outer edge of the colonies on the same medium 

(Young et al. 2005).	  

A split marker strategy was used to generate the ∆velA mutant as described 

in App. 1. To generate knock out vectors pMR5 and pMR6, 3ʹ′ (2364 bp) and 5ʹ′ 

(1863 bp) flanking regions (Fig. 2.5a) of the velA gene were amplified using 

primers MR5, MR6, MR7 and MR8 with the appropriate attB sites (Table S2.3). 

The PCR products were cloned into vectors pMR1 and pMR2 using Gateway® BP 

Clonase® II enzyme and transformed into Invitrogen One Shot® TOP10 cells 

according to manufacturer’s instructions and selected on 50 µg/ml kanamycin.  

The ∆velA complementation strain, ΔvelA/velA, was constructed by co-

transformation of E. festucae ΔvelA protoplasts with 5 µg of pII99 plasmid 

(Namiki et al. 2001) and a 2x molar equivalent of high fidelity PCR product of the 

velA gene containing 1894-bp 5ʹ′ and 878-bp 3ʹ′ flanks amplified from E. festucae 

Fl1 genomic DNA with primers MR21 and MR22.    

An overexpression strain, ΔvelA/ptef::velA, was constructed by co-

transformation of E. festucae ΔvelA protoplasts with 5 μg of pII99 plasmid and a 

two times molar equivalent of velA overexpression construct including constitutive 

promoter tef, pMR3.  

2.3.10 Southern blot analysis 

Three µg of E. festucae genomic DNA was digested with BamHI 

restriction enzymes at 37°C and separated by agarose gel electrophoresis. DNA 

was transferred to a positively charged nylon membrane (Hybond-N+; Amersham) 

by capillary transfer (Southern 1975). DNA was fixed on the membrane by UV 

cross linking for 1 min using Gel Doc™ EZ System (Bio-Rad). The membrane was 

probed and detected using DNA labeling and Detection Starter Kit II (Roche, 

Switzerland). The membrane was visualised by exposure to a Fuji LAS-4000 

Imaging System (Fujitsu Life Sciences) for 10 min.   

2.3.11 Microscopy  
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Transmission Electron microscopy (TEM) analyses were done on 2-cm 

samples from the top of the youngest mature leaf blades in order to examine 

standardized tissue types and developmental stage. Samples were fixed	  in 0.05 M 

sodium cacodylate (pH 6.8) containing 2.5% glutaraldehyde for 2 h at room 

temperature. Samples were washed three times in 0.05 M sodium cacodylate (pH 

6.8) buffer and post fixed in 1% osmium tetroxide in 0.025 M buffer for around 1 h 

at room temperature. Samples were dehydrated through an ethanol series (30, 50, 

70, 90, 100% (twice for 100%)) and transferred to neat epoxy resin (Electron 

Microscopy Sciences, Hatfield, PA, USA) for 32 hours with rotation and then 

embedded in flat moulds and polymerised for 48 hours at 60°C. Samples were 

cross sectioned on a Leica EM UC6 ultramicrotome equipped with a Diatome 

diamond knife and then sections were collected on 200-mesh copper grids and 

stained with 2% aqueous uranyl acetate and Reynolds’ lead citrate. Images were 

taken using a Philips CM12 TEM operating at 120 kV, equipped with a Gatan 

Bioscan 1 Mpixel digital camera. 

Chitin distribution analyses were done on 4-cm samples from the top of the 

youngest mature leaf blades. Blade samples stained using WGA-AF488 Alexafluor 

(Molecular Probes, Eugene, OR, USA) solution and prepared based on the method 

of Dupont et al. (2015) and observed using an Andor Revolution spinning disc 

confocal microscope, equipped with Andor Ixon 885 camera. 

2.3.12 Bioinformatics analyses  

Velvet protein homologues were identified in E. festucae by BLASTP 

analysis of E. festucae Fl1 (E894) predicted proteins (http://csbio-

l.csr.uky.edu/ef894-2011). After aligning the sequences using ClustalW and editing 

them by removing the gaps, tree was generated using the Neighbor-Joining method. 

ClustalW pairwise alignment, phylogenetic tree construction and InterProScan 

analyses were done using Geneious software version 8.1.6. Motif prediction in 

protein sequences was performed online as follows: nuclear localization (NLS) 

sequences were predicted using cNLS Mapper (http://nls-

mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi), nuclear export sequences 

(NES) were predicted using NetNES 1.1 Server 

(http://www.cbs.dtu.dk/services/NetNES/), and proline (P), glutamic acid (E), 
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serine (S), and threonine (T) (PEST) regions were predicted using ePESTfind 

(http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). 

2.4 Results 

2.4.1 Identification of velvet family genes in E. festucae  

To identify the genes encoding velvet-domain containing proteins in E. 

festucae, the four A. nidulans velvet-domain protein sequences VeA, VelB, VelC 

and VosA were used in a BLASTP search of the E. festucae Fl1 predicted protein 

database. As for most other filamentous ascomycetes, four proteins were identified. 

InterProScan analysis confirmed the presence of velvet domains in each of the four 

predicted protein sequences. A ClustalW alignment of these putative velvet 

domains and those of A. nidulans and Magnaporthe oryzae was performed and a 

phylogenetic tree was generated (Fig. 2.1a). This confirmed the presence of 

orthologues of VeA (EfM3.049680), VelB (EfM3.023360), VelC (EfM3.009960) 

and VosA (EfM3.010530) in E. festucae, which in this fungus we designate VelA, 

VelB, VelC and VelD.  

Examination of the sequence of each of the E. festucae velvet proteins 

revealed differences in sizes and predicted motifs, compared to the characterised A. 

nidulans proteins. The predicted EfVelA protein has a velvet domain close to its N 

terminus, like AnVelA, but rather than a nuclear export signal (NES) and nuclear 

localisation signal (NLS) at its N terminus, it has a predicted NLS at its C terminus 

(Fig. 2.1b). Furthermore, AnVelA has a PEST motif at its C terminus, but no PEST 

motif was detected in EfVelA. EfVelB is predicted to be 100 amino acids longer 

than AnVelB and possesses a predicted NLS, which is absent in AnVelB. EfVelC 

is around 200 aa smaller than AnVelC, lacking the equivalent N terminal region of 

the protein. EfVelD is approximately 100 amino acids smaller than its orthologue 

AnVosA, but shares an NLS around 250 amino acids from the N terminus. 

In order to examine the apparent deletions in EfVelC further, multiple 

sequence alignments of VelC sequences were performed (Fig. S2.1). These 

alignments revealed that short N terminal sequences are found in all 

Clavicipitaceae family genera, while other Hypocreales species such as Fusarium 
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graminearum share the extended N-terminal sequence with Aspergillus and other 

fungi. Multiple sequence alignments of VelD sequences did not reveal any 

distinctive deletion such as VelC and most of the deleted sequences are 

downstream of the velvet domain.  

Upstream of the velA gene in the E. festucae genome a large intergenic 

distance was observed that on further examination contained nested 

retrotransposon relics. By checking the velA locus of different Sordariomycete 

species it was shown that instead of the retrotransposon nest, in Neurospora crassa 

two genes are present that are reduced to one in some Hypocreales such as F. 

graminearum but neither gene is present in Clavicipitaceae genomes (Fig. 2.1c). 

Although an unusually large intergenic space is found upstream of velA in all 

Epichloë species only three out of 14 contained retrotransposons, although in each 

case the retrotransposon/s were different, perhaps indicating that this locus is a hot 

spot for transposon insertion.   

 

 

 

 

 

 

 

 

 

 

 

Fig.	   2.1-‐	   Characterisation	   of	   velvet	  
gene	   sequences	   in	   E.	   festucae.	   (a)	   An	  
unrooted	   neighbour	   joining	   tree	  
generated	   from	   velvet	   domains	   of	   all	  
four	   velvet	   proteins	   from	   A.	   nidulans	  
(An),	  Magnaporthe	   oryze	   (Mo)	   and	   E.	  
festucae	   (Ef).	   (b)	   Size	   and	   predicted	  
domains	  and	  sequence	  motifs	  of	  velvet	  
proteins	   in	   E.	   festucae.	   PEST,	   proline	  
(P)	   glutamic	   acid	   (E)	   serine	   (S)	   and	  
threonine	   (T)	   rich	   sequence;	   TAD,	  
transcription	   activation	   domain;	   NES,	  
nuclear	   export	   signal;	   NLS,	   nuclear	  
localisation	   signal	   (NLS).	   (c)	   The	   velA	  
locus	   in	   different	   Sordariomycete	  
species.	   Genes	   are	   labeled	   with	   the	   E.	  
festucae	   Fl1	   names.	   Loci	   not	   drawn	   to	  
scale.	  RETRO;	  retrotransposon	  nest.	  

(a)	  

(b)	  

(c)	  
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2.4.2 velA gene expression is controlled by light and nutrition 

and is tissue specific in planta   

The influence of light and nutrition (carbon and nitrogen catabolite 

repression) on velA expression in E. festucae was tested by growing fungi in six 

different liquid media of four combinations of repressive and non-repressive 

carbon (glucose and sucrose) and nitrogen (nitrate and ammonium) sources plus a 

rich medium (PD) and a starvation medium (just water) (Table S2.2) in total 

darkness and full light conditions. In all media types, velA had higher expression in 

the light compared to the dark (Fig. 2.2). Also, in media containing NO3 as the sole 

nitrogen source, velA had increased expression, but there was no influence of 

carbon source on velA expression (Fig. 2.2). The highest expression was observed 

in starvation conditions (water) in light (Fig. 2.2). 

To examine if velA expression in planta is tissue dependent, qRT-PCR was 

performed on five different tissues of E. festucaë infected ryegrass, meristematic 

zone, extension zone, sheath and the newest and oldest mature blades (Fig. 2.3a). 

Higher levels of velA expression were observed in tissues containing viable non-

growing hyphae (the blade and sheath), compared to tissues with actively growing 

hyphae (the meristem and extension zone) and older blades had higher expression 

compared to new blades (Fig. 2.3b). The higher velA expression in the blades, 

compared to other tissues, correlates with them receiving the most light and is 

supported by in vitro light and dark experiments (Fig. 2.2). 
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Fig.	   2.2-‐	   Effect	   of	   nutrition	   and	   light	   on	   velA	   expression.	   Expression	   of	   velA	   was	  
measured	   by	   qRT-‐PCR	   in	   E.	   festucae	   growing	   for	   24	   hours	   in	   six	   different	   liquid	  
media	   in	   dark	   and	   light	   conditions.	   S,	   sucrose;	   G,	   glucose;	   NH4,	   (NH4)2SO4;	   NO3,	  
NaNO3;	   PD,	   potato	   dextrose.	   Expression	   values	   were	   normalised	   to	   that	   of	   the	  
gamma	  actin	  and	  60S	  ribosomal	  protein	  L35	  genes.	  Primers	  used	  in	  the	  analysis	  are	  
listed	  in	  Table	  S2-‐4.	  Bars	  represent	  standard	  error	  of	  the	  mean	  calculated	  from	  three	  
biological	   replicates.	   Results	   were	   analysed	   using	   the	   MANOVA	   Tukey’s	   test	   and	  
statistically	  significant	  results	  are	  indicated	  with	  different	  letters.	  D:	  dark,	  L:	  light.	  
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Expression of velA during the infection process was examined by growing 

seedlings in both the light and dark, at three time points post inoculation (24 HPI, 

60 HPI and 6 DPI). Expression of velA increased over time and at each time point, 

seedlings grown in the light had higher expression than those grown in the dark 

(Fig. 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.	   2.3-‐	   Expression	   of	   velA	   in	   planta	  
measured	   by	   qRT-‐PCR.	   a)	   Ryegrass	   tissue	  
types	   used	   during	   velA	   expression	  
experiments.	  b)	  Relative	  expression	  levels	  of	  
velA	   in	   different	   tissues	   of	  mature	   ryegrass.	  
Expression	  values	  were	  normalised	  to	  that	  of	  
the	  gamma	  actin	  and	  60S	  ribosomal	  protein	  
L35	  genes.	  Primers	  used	   in	   the	   analysis	   are	  
listed	  in	  Table	  S2-‐4.	  Bars	  represent	  standard	  
error	   of	   the	   mean	   calculated	   from	   three	  
biological	   replicates.	   Results	   were	   analysed	  
using	   the	   MANOVA	   Tukey’s	   test	   and	  
statistically	   significant	   results	   are	   indicated	  
(***p<0.001,	  **	  0.05>p>0.001).	  	   Meristem 	  
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Fig.	   2.4-‐	   Expression	   of	   velA	   at	   different	  
times	   after	   inoculation	   measured	   by	   qRT-‐
PCR.	  Seedlings	   inoculated	  with	  wild	   type	  E.	  
festucae	   and	   at	   different	   times	   after	  
inoculation	   velA	   expression	   was	   tested.	  
Expression	   values	   were	   normalised	   to	   that	  
of	   the	   to	   gamma	   actin	   and	   60S	   ribosomal	  
protein	   L35.	   Primers	   used	   in	   the	   analysis	  
are	   listed	   in	   Table	   S2-‐4.	   Bars	   represent	  
standard	  error	  of	   the	  mean	  calculated	  from	  
three	   biological	   replicates.	   Results	   were	  
analysed	   using	   the	   MANOVA	   Tukey’s	   test	  
and	   statistically	   significant	   results	   are	  
indicated	  with	  different	  letters.	  
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2.4.3 Functional analysis of ΔvelA mutant in vitro 

A targeted replacement of the velA gene with the hygromycin 

phosphotransferase (hph) gene, using a split marker strategy, was used to generate 

a ∆velA mutant (Fig. 2.5a) (App.1). Correct replacement was confirmed by PCR 

(Fig. 2.5b). A Southern blot of two mutants confirmed that both had single copy 

replacement at the velA locus (Fig. 2.5c). To perform complementation analysis, 

the velA gene was reintroduced back into mutant strain ΔvelA#3 to generate 

ΔvelA/velA, confirmed via PCR and Southern blot (Fig. 2.5b,c). The transformant 

with velA expression levels most similar to that of wild type strains, as measured 

by qRT-PCR, was chosen for further study (data not shown). To perform further 

analysis of velA in E. festucae, a velA overexpression strain (ΔvelA/ptef::velA) was 

generated by transforming velA, under the control of a translation elongation factor 

(TEF) promoter from Aspergillus nidulans, into ΔvelA#3. Of six resulting 

transformants, one was chosen for further study based upon the highest expression 

level as measured by qRT-PCR (data not shown). 

 

 

 

Fig.	   2.5-‐	   Deletion	   of	   E.	   festucaë	   velA	   and	   confirmation	   by	   PCR	   and	   Southern	  
hybridisation	   analysis.	   (a)	   Physical	   map	   of	   wild-‐type	   genomic	   locus	   and	   ΔvelA	  
mutant	   locus,	   showing	   restriction	   sites	   for	  HindIII	   and	  XbaI,	  primers	   for	  deletion	  
screening	  and	  replacement.	  (b)	  PCR	  screening	  of	  deletion	  and	  complementation	  of	  
different	  strains	  (c)	  Southern	  blot	  results	  of	  HindIII	   (right	  picture)	  and	  XbaI	   	  (left	  
picture)	  digestion	  of	  different	  strains	  by	  using	  probes	  shown	  in	  (a).	  

W
T	  

Δv
el
A3
	  	  	  

Δv
el
A2
	  	  	  

6.07	  kb	  

Δv
el
A3
/v
el
A	  
	  	  

8.2	  kb	  

W
T	  

Δv
el
A3
	  	  	  

Δv
el
A2
	  	  	  

Δv
el
A3
/v
el
A	  
	  	  

Hph	  probe	   velA	  probe	  
(c)	  

Primers	  W
T	  

Δv
el
A3
	  	  	  

Δv
el
A2
	  	  	  

Δv
el
A3
/v
el
A	  
	  	  

Δv
el
A/
pt
ef
::v
el
A	  

La
dd
er
	  (b
p)
	  

MR13	  &	  MR14	  945	  
MR3	  &	  
MR4	  

3400	  
2280	  

MR11	  &	  MR16	  4500	  
MR11	  &	  MR12	  1400	  

MR15	  &	  MR16	  982	  
MR9	  &	  MR10	  1360	  

MR15	  &	  MR14	  5300	  

(b)	  

(a)	  



2.4 Results 

 

	   57	  

2.4.3.1 velA is required for fungal resistance to stresses and conidiation  

Although all generated strains of E. festucae grew similarly on PDA, under 

some stresses different growth phenotypes were observed. To test the influence of 

velA on osmotic stress, different strains were grown on 0 - 2 M sorbitol. After 52 

days the ΔvelA colonies had almost died. All other strains, including wild type, 

complemented and over expresser, survived and had significant amounts of aerial 

growth when grown on media containing 1.5 M sorbitol. This suggests that VelA 

positively regulates fungal resistance to osmotic stress (Fig. 2.6a).  

Cell wall integrity was tested by growing fungi on different concentrations 

of the cell wall-damaging agents Congo red (0 - 0.04%) and calcofluor white (0 – 

0.03%). There was a slight difference in radial growth between wild type and 

mutant colonies on 0.04 % Congo red after 17 days (Fig. S2.3), but after 52 days 

the mutant lost its aerial growth (Fig. 2.6b). After 28 days on 0.02 and 0.03% 

calcofluor white, ΔvelA had grown significantly more than the wild type but there 

was no significant difference between the wild type, complemented and over 

expression strains. This suggests that VelA regulates some aspect of cell wall 

synthesis, possibly chitin, which calcofluor binds to. Again, after 52 days, the 

mutant strain had lost its aerial growth, compared to other strains at both 

concentrations, with significantly more radial growth (Fig. 2.6c). 

Reduced growth under cell-wall stressing agents suggested a possible 

difference in mutant cell walls. This was examined further by testing the cell wall 

sensitivity of different strains to lysing enzyme by protoplast production assay. 

Number of protoplasts were counted after 2.5 and 5 hours digesting fungal 

mycelium in the lysing enzyme and results show higher amount of protoplasts in 

∆velA comparing to wild type in both time points. Interestingly in overexpressed 

strain lower number of protoplasts were observed comparing to wild type fungi in 

both time points (Fig. 2.7a). There were no difference between wild type and 

complemented strains that confirmed that the observed phenotype is a result of 

deletion and overexpression.  

By deleting velA, the number of conidia was increased more than 3 times 

relative to the wild type strain (Fig. 2.7b). In the overexpression strain there was a 
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modest decrease in conidiation compared to the wild type, and the number of 

conidia in the complemented strain was intermediate between wild type and mutant 

(Fig. 2.7b). These results suggest that velA is a negative regulator of conidiation in 

E. festucae. 

To examine the influence of light and nutrition sources on fungal radial 

growth and also effect of VelA, different strains were grown either in the light or 

the dark on solid media of the six nutrient combinations used for expression 

analysis. All strains grew significantly slower in the light than in the dark and this 

light dependent growth was only slightly influenced by velA deletion or 

overexpression (Fig. S2.4). All strains grew faster in media containing nitrate as 

the nitrogen source, rather than ammonium (Fig. S2.4). However, there were no 

significant differences between fungi growing on either glucose or sucrose as the 

carbon source (Fig. S2.4). 
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Fig.	  2.6-‐	  Wild	  type	  and	  mutant	  strains	  growing	  under	  stress	  conditions.	  
(a)	  Fungal	  growth	  on	  1.5	  M	  sorbitol	  after	  52	  days.	  (b)	  Fungal	  growth	  on	  
0.04%	  Congo	   red	  after	  52	  days.	  (c)	  Fungal	  growth	  on	  0.03%	  calcofluor	  
white	  after	  52	  days.	  
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2.4.3.2 VelA is required for hyphal morphology in E. festucae 

The influence of VelA on fungal morphology in culture was tested by DIC 

microscopy on wild type, ΔvelA, ΔvelA/ptef::velA, and ΔvelA/velA strains of E. 

festucae growing on a thin layer (around 3mm) of PDA and 3% water agar for 2 

weeks. On PDA, no difference between wild type, ΔvelA/ptef::velA, and 

ΔvelA/velA strains were observed but around 30% of ΔvelA hyphal tips were 

swollen (Fig. 2.7c). In starvation conditions (3% water agar) a much more 

abnormal hyphal phenotype was observed in the ∆velA strain (Fig. 2.7c). In this 

condition, hyper-branching and convoluted hyphae were observed in the ∆velA 

strain compared with wild type. Overexpression strains looked similar with wild 

type except that 33% of hyphal tips were highly convoluted and formed knots (Fig. 

2.7c). A wild type hyphal phenotype was observed in ΔvelA/velA strains, 

confirming that the abnormal phenotypes in ∆velA were because of velA deletion 

(Fig. 2.7c). 

 

 

 

 

 

 

 

 

 

 

 

Fig.	   2.7-‐	   In	   vitro	   characteristics	   of	   different	   strains	   of	   E.	   festucae.	   (a)	   Sensitivity	   of	  
different	   strains	   of	   E.	   festucae	   to	   lysing	   enzymes	   after	   incubating	   for	   2.5	   and	   5	   d.	   (b)	  
Conidiation	  of	  different	  strains	  of	  E.	  festucae.	  Different	   strains	  grown	  on	  3%	  water	  agar	  
for	  15	  days	  and	  conidiospores	  were	  counted	  from	  20	  individual	   fields	  (450	  μm)	  of	  view	  
for	  each	  strain	  under	  a	  Leica	  DMR	  microscope	  in	  bright	  field.	  (c)	  Fungal	  morphology	  after	  
growing	  for	  two	  weeks	  on	  3%	  water	  agar.	  
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2.4.4 Functional analysis of ΔvelA mutants in planta  

The role of VelA in the symbiotic interaction between E. festucae and L. 

perenne was investigated by inoculating Epichloë-free L. perenne seedlings with 

mycelia of wild type, ΔvelA, ΔvelA/ptef::velA, and ΔvelA/velA.  

2.4.4.1 velA is required in E. festucae for establishing a mutualistic 

interaction with ryegrass and a normal in plant morphology  

Seedlings inoculated with the ΔvelA strain had a lower infection rate (19%) 

than the other strains and 74% of inoculated seedlings died in one month after 

inoculation. No significant differences were detected between wild type and 

complemented strains (Fig. 2.8). Seedlings inoculated with the overexpression 

strain had a lower infection rate (35%) than the wild type (54%) but slightly more 

than the mutant, and 51% of infected strains died (Fig. 2.8). This suggests an 

essential role for velA in the symbiotic interaction between E. festucae and its plant 

host (Fig. 2.8) in which a fine balance of expression is important since in seedlings 

inoculated with both mutant and overexpression strains a lower levels of survived 

infected plants were observed comparing to wild type. L. perenne successfully 

inoculated with ΔvelA had reduced root lengths and height (Fig. 2.9). Although in 

the first month after inoculation 35% of seedlings infected with ΔvelA/ptef::velA 

strain survived before infection test but in the second month those plants also died 

and none of them remained alive for further analysis.  
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Fig.	   2.8-‐	   Role	   of	   E.	   festucae	   velA	   on	   host	   infection	   and	   survival.	   Perennial	   ryegrass	   seedlings	  
were	   inoculated	   with	   different	   strains	   of	   E.	   festucae	   and	   after	   2	   months	   percentage	   of	   dead	  
plants	  (a)	  and	  infected	  plants	  (b)	  per	  total	   inoculated	  seedlings	  were	  estimated.	  Error	  bars	  are	  
based	  on	  measured	  standard	  error	  of	  three	  independent	  inoculation	  experiments.	  	  	  
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In order to check the influence of deleting velA on in planta hyphal 

morphology, the top 4 cm of the youngest mature blades of plants infected with 

wild type, ΔvelA, and ΔvelA/velA were examined using TEM, confocal and light 

microscopy. TEM analysis of cross-sections showed a higher number of fungal 

hyphae in ΔvelA mutant infected plants compared with wild type and 

complemented infected plants (Fig. 2.10a). In strong contrast with wild type, in 

ΔvelA mutant infected plants the vascular bundles were highly colonised with 

hyphae that were vacuolated and irregular in size and shape. Some vasculature-

colonising hyphae contained up to five intrahyphal hyphae (Fig. 2.10b). In the area 

out of vascular bundles, in ΔvelA mutant infected plants more than one hypha were 

frequently observed in a single intercellular space but in wild type and 

complemented infected plants mostly there was only one hypha (Fig. 2.10c). The 

Fig.	   2.9-‐	   Plant	   morphology	   measurements	   2	   months	   after	   inoculation	   with	  
different	  strains	  of	  E.	  festucae.	  (a)	  root	  size,	  (b)	  shoot	  size,	  (c)	  number	  of	  tillers	  
and	  (d)	  morphology	  of	  infected	  plants	  with	  different	  strains	  of	  E.	  festucae.	  
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complemented strain showed the same phenotype as wild type (Fig. 2.10), 

confirming that these abnormal phenotypes were due to velA deletion. Longitudinal 

sections of epidermal peels of blade samples were checked with aniline blue 

staining and a higher number of hyphae was observed in mutant infected plants 

(Fig. 2.10d). In mutant infected plants hyphae were slightly convoluted and in 

some places twisted around each other as a rope compared to wild type infected 

plants but there was not any difference between wild type and complemented 

infected plants (Fig. 2.10b). In addition, in mutant infected plants higher amount of 

starch granules were observed (Fig. 2.10b). Chitin distribution was tested in in 

planta hyphae by staining blade samples with Alexa Fluor 488-labelled wheat germ 

agglutinin (WGA) and no difference was observed in the chitin distribution in 

endophytic and epiphytic hyphae between different strains (Fig. 2.10d). The 

amount of epiphyllous hyphae on the exterior of the leaf was measured in stained 

tissues with AlexaFluor-WGA and similar amounts of epiphyllous hyphae were 

observed between different strains (Fig. S2.5).  
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Fig.	   2.10-‐	   Hyphal	   morphology	   of	   ryegrass	   blades	   infected	   with	   different	  
strains	  of	  E.	  festucae.	  (a)	  Cross	  sections	  stained	  with	  toluidine	  blue	  visualised	  
with	   light	   microscopy	   showing	   higher	   distribution	   of	   ∆velA	   hyphae.	   Red	  
arrowheads	   indicate	   the	   positions	   of	   fungal	   hyphae.	   (b)	   TEM	   micrographs	  
show	   vascular	   bundles	   of	   the	   blades	   infected	   with	   different	   strains.	  
Intrahyphal	   hyphae	   are	   indicated	   with	   a	   red	   circle	   and	   starch	   granules	   are	  
indicated	   with	   a	   blue	   circle.	   (c)	   TEM	   micrograph	   of	   fungal	   hyphae	   in	  
mesophyll	   area	   of	   infected	   blades.	   (d)	   Longitude	   hyphal	   growth	   and	   chitin	  
distribution	   in	  endophytic	  hyphae	   stained	  with	  aniline	  blue	   in	  mixture	  with	  
Alexa	   Fluor	   488-‐labelled	   WGA	   and	   visualised	   using	   confocal	   microscope.	  
Hyphae	  appear	  bright	  blue	  and	  chitin	  appears	  bright	  green.	  
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The fungal concentration in planta was estimated in blades using qPCR to 

determine relative levels of two single copy genes, NRPS1 and chitinase A (Fig. 

S2.6). This showed a 2-fold higher number of genomes in ΔvelA-infected plants 

compared to the wild type (Fig. S2.6), which we consider a reasonable proxy for 

concentration and corresponds with microscopic observations. No significant 

difference in gene copy number was observed between complemented and wild 

type infected plants confirming that the increased concentration in ∆velA is due to 

velA deletion. 

2.4.4.2 VelA absence induces plant host responses during the fungal 

interaction   

The plant response post-inoculation was examined by measuring cell death, H2O2 

production, and callose and lignin deposition. There was no significant difference 

observed for cell death or lignin deposition between wild type and ΔvelA. Between 

wild type and endophyte-free control there was higher cell death in wild type but 

no difference in lignin deposition. Callose deposition staining showed higher levels 

of deposition in ΔvelA-inoculated seedlings compared to wild type 4 days post-

infection and no callose was observed in either wild type or endophyte free control 

(Fig. 2.12).  
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Fig.	   2.12-‐	   Callose	   deposition	   responses	   in	   inoculated	   seedlings	   in	   meristematic	  
region	   with	   wild	   type	   and	   ∆velA	   mutant	   strains	   of	   E.	   festucae	   4	   DPI	   stained	   with	  
aniline	  blue	   solution.	   (a)	   Sample	   pictures	  of	   stained	   seedlings	  with	  different	   fungal	  
strains.	   Callose	   deposition	   appears	   in	   yellow	   green	   colours.	   (b)	   Graph	   is	   showing	  
percentage	  of	  seedlings	  with	  callose	  deposition	  in	  each	  treatment.	  

(a
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Three times more H2O2 production was observed in mutant-inoculated seedlings 

compared to wild type inoculated seedlings tested immediately after inoculation 

(Fig. 2.13). The levels of detected H2O2 production in ΔvelA/ptef::velA inoculated 

seedlings fell between the levels of wild type and ΔvelA inoculated seedlings (Fig. 

2.13). These results show that mutant velA induces, or does not suppress, plant 

defence responses during the early stages of infection. 

Fig.	   2.13-‐	   H2O2	   response	   1	   cm	   above	  meristem	   of	   7-‐d-‐old	   seedlings	   was	   detected	  
immediately	  after	  inoculation.	  (a)	  Arbitrary	  scoring	  system	  for	  measuring	  severity	  of	  
response.	   H2O2	   response	   appeared	   in	   brown	   colour.	   (b)	   H2O2	   response	   scores	   for	  
each	   strain.	   (c)	   Percentage	   of	   seedlings	   with	   any	   H2O2	   responses	   in	   seedlings	  
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2.4.4.3 velA is required for secondary metabolite production and gene 

expression   

To test the regulatory effects of VelA on host secondary metabolite 

production, the levels of ergovaline, lolitrem B and peramine were measured in 

both wild type and ΔvelA infected ryegrass. No statistically significant differences 

were detected, although results showed a slight average increase of lolitrem B and 

peramine in ΔvelA-infected plants, but lower levels of ergovaline compared to wild 

type infected plants (Fig. 2.14a). To determine the influence of VelA on gene 

expression in the ergovaline, lolitrem B, and peramine pathways, the quantitative 

expression of dmaW, ltmG and perA, the first gene from each metabolic pathway 

respectively, was measured. Results showed that the expression of ltmG and perA 

in ΔvelA-infected plants is around 4 and 2 fold lower in comparison to that in the 

wild type infected plants (Fig. 2.14b). However, there was no significant difference 

in dmaW expression (Fig. 2.14b). Gene expression and chemistry results did not 

correlate well, however increased hyphal concentration in mutant velA infected 

plants can compensate the reduced expression of ltmG and perA that eventually 

caused similar levels of chemical production.   
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Fig. 2.14- Secondary metabolite production and ltmG, perA and dmaW gene 
expression in infected plants with different strains of fungi. (a) Chemical 
measurement of ergovaline, lolitrem B and peramine biosynthetic genes in wild type, 
ΔvelA and ΔvelA/velA infected ryegrass at 3 months post inoculation. Significant of 
mean differences were tested by T test and non of them are significantly different. (b) 
Relative expression levels of three representative genes of ergovaline, lolitrem B and 
peramine biosynthetic genes in wild type, ΔvelA and ΔvelA/velA infected ryegrass at 3 
months post inoculation. Results were analysed using the MANOVA Tukey’s and the 
independent sample T-test and statistically significant results are indicated with same 
letter are not significantly different. 
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2.5 Discussion  

The velvet protein VelA is a key regulator in a broad range of fungal 

cellular and developmental functions including sexual/asexual development, 

secondary metabolism, pathogenicity and fungal growth and morphology 

(reviewed in Bayram & Braus 2012; Calvo & Cary 2015; Calvo et al., 2016). Here, 

we characterised the role of VelA in the endophytic fungus E. festucae and its 

interaction with host grass L. perenne. To our knowledge this is the first report on 

the requirement for VelA in a symbiotic plant-microbe interaction.  

VelA regulatory roles in fungal morphology, including hyper-branching 

and swelling, and sensitivity to different stresses has been shown in a range of 

different fungi (Choi et al., 2010; Mukherjee & Kenerley, 2010; Jiang et al., 2011; 

López-Berges et al., 2013; Lan et al., 2014). It seems these abnormal growth 

phenotypes are a result of regulatory effects of VelA on the expression of the genes 

that encode enzymes involved in the cell wall such as chitinase (Hoff et al., 2010; 

Kamerewerd et al., 2011) and mannoprotein (Jeong et al., 2003). Although deleting 

velA in E. festucae only slightly changed the hyphal morphology when growing in 

a rich medium, in starvation conditions velA deletion led to highly abnormal 

morphologies of hyper branching and convoluted hyphae. Similar abnormal hyphal 

morphology was reported in other fungi as a result of deleting veA (Li et al., 2006; 

Dreyer et al., 2007; Hoff et al., 2010; Choi & Goodwin, 2011; López-Berges et al., 

2013; Karimi Aghcheh et al., 2014). Also, the mutant velA E. festucae compared to 

wild type was more sensitive to osmotic and cell wall-damaging stresses along 

with marked differences in the ability to degrade cell walls with lysing enzymes, 

that have β-glucanase, cellulase, protease, and chitinase activities (sigma product 

information). As for other fungi, VelA appears to be involved in regulating cell 

wall composition, at least under nutrient limitation.  

The velA effect on conidiation is different depending on the fungus. In 

some fungi such as A. fumigatus (Bok et al., 2005; Dhingra et al., 2012), Fusarium 

fujikuroi (Wiemann et al., 2010), and Trichoderma reesei (Seiboth et al., 2012; 

Karimi Aghcheh et al., 2014) deleting velA led to reduced conidia but in some 

others such as Cochliobolus heterostrophus (Wu et al., 2012) and Botrytis cinerea 

(Schumacher et al., 2012; Yang et al., 2013; Schumacher et al., 2015) the opposite 
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was shown. Based on results in this paper VelA negatively regulates conidiation in 

E. festucae, although whether this is direct or pleiotropic, for example as a result o 

altered hyphal growth, cannot be determined from these data. Interestingly, this is 

the opposite effect compared with T. reesei, the most closely related fungus in 

which velA has been analysed. Conidiation repression was also reported by 

deleting other genes in E. festucae, including the gene encoding the cell-wall 

integrity (CWI) mitogen-activated protein kinase kinase (MAPKK), mkkA, and the 

downstream mpkA, NADPH oxidase genes noxA, noxB and proA that encodes a 

C6-Zn transcription factor that is essential for sexual fruiting body maturation in 

Sordaria macrospora (Kayano et al., 2013; Tanaka et al., 2013; Becker et al., 

2015). Each of these genes has been suggested to function as a network in 

regulating conidiation. Whether VelA is a downstream effector within this network 

or independently exerts control over conidiation cannot yet be determined, 

although it was shown in A. nidulans that VelA is phosphorylated by MpKB, a 

MAP kinase homologue of FUS3 in Saccharomyces cerevisiae (Bayram & Braus, 

2012). In A. nidulans it was shown that VeA by regulating the expression of brlA, 

asexual transcription factor, regulates conidiation (Kato et al., 2003). 

VelA is also a regulator of sexual sporulation in different fungi but in our 

study because E. festucae is not able to produce sexual structures, we were not able 

to check this function in the mutant.   

Expression of velA was examined in different fungi under exposure to light 

(Bayram et al., 2008b) and different sources of nitrogen (Wiemann et al., 2010) or 

carbon (Karimi Aghcheh et al., 2014) as well as during fungal development 

(Schumacher et al., 2012; Karimi Aghcheh et al., 2014; Li et al., 2015). Our results 

show that velA expression in this E. festucae is nitrogen source dependent and 

appears to be controlled via classical nitrogen catabolite repression, as was shown 

for F. oxysporum (López-Berges et al., 2014). Expression is also up-regulated 

under light and light dependent radial growth was observed, which to our 

knowledge is the first report of this in Epichloë. This was not due to a direct 

influence of VelA on growth rate as no difference was observed in these conditions 

between mutant and wild type. The influence of VelA on radial growth is variable 

among different species. In some fungi deleting velA reduced fungal radial growth 

(Calvo et al., 2004; Jiang et al., 2011; Wang et al., 2015) but in some fungi it 
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increased the radial growth (Duran et al., 2007; López-Berges et al., 2013). Similar 

with E. festucae in some fungi like M. graminicola, B. cinerea, and D. 

septosporum deleting velA did not show any influence on the radial growth (Choi 

& Goodwin, 2011; Chettri et al., 2012; Yang et al., 2013). 

E. festucae has three distinct growth phases during host plant vegetative 

growth: tip growth in the meristematic zone, intercalary growth in the plant cell 

expansion zone and a form of stationary phase in non-growing plant tissues. We 

observed a tissue specific expression of velA in which velA transcripts were 

significantly more abundant in blades than sheath and higher in sheath than 

meristem and extension zone tissues. Because there was not any difference 

between meristem with tip growth and extension zone with intercalary growth, 

factors such as light and nutrients appear to be more important in regulating tissue 

specific expression of velA than different types of hyphal growth in these tissues. 

The blades that are exposed to more light show higher expression than the other 

tissues and also the highest expression was observed in the oldest blade that 

possibly has a different concentrations of nutrients besides being exposed with 

more lights. In combination, plant and culture expression data is consistent with 

light and nutrients being dominant regulators of velA expression, although 

additional regulatory features in the complex plant environment cannot be ruled out. 

The velA expression was also measured in inoculated seedlings in different 

times after inoculation when they were exposed to full light or full dark. Results 

show that velA expression is higher in light than dark that also supports our in 

planta tissue specific results. Also velA expression increased during the time course 

and so it seems increasing growth inside the host’s tissues affects velA expression. 

It is possible that in this situation fungi encounter a lack of nutrients that may 

explain the increased velA expression after inoculation.    

Analysis of the plant interaction revealed that VelA is an important 

regulator of processes required for successful symbiotic interaction. By deleting 

velA in E. festucae, its ability to infect perennial ryegrass seedlings was 

significantly reduced and around 70% of inoculated seedlings died. Plant responses 

are one of the key elements that define the future of the interaction especially 

during the early stages of infection and it can play key roles for the future of the 



2. The global regulatory protein VelA is a key regulator in … 

	  

	   70	  

plant-microbe interaction. To infect ryegrass plants with E. festucae, one-week-old 

seedlings are artificially infected through an incision at the meristematic region. 

Until now, the E. festucae/L. perenne interaction has not been thoroughly 

examined for plant responses during the early stage of seedling inoculation. We 

developed methods to measure plant responses including cell death, H2O2 

production, and callose and lignin deposition in early stages of inoculation. No 

obvious difference in cell death responses in the inoculated meristematic zone 

between mutant and wild type infected seedlings were observed that could explain 

the substantial seedling death. However, there was more cell death in wild type and 

mutant than mock-inoculated control seedlings, suggesting that there is some 

recognition of Epichloë by the plant. No impact on lignin deposition was observed 

from Epichloë inoculation but there was a significant amount of callose deposition 

in response to mutant, but not wild type, inoculation. The mutant also induced 

significant ROS production after inoculation. Overall, wild type E. festucae 

induces a small response from the plant but velA mutant fungi induce a significant 

plant response, consistent with the large amount of seedling death and low 

infection rates with the mutant. This suggests that VelA is required for 

characteristics in the fungus that are important for fungal recognition by host such 

as PAMPs or effectors, that are commonly secreted by fungi during plant-microbe 

interactions.  

As might be expected from the effect on inoculated seedlings, strong 

incompatible phenotypes and abnormal in planta hyphal growth were observed in 

the small number of surviving infected ryegrass plants with ΔvelA mutant E. 

festucae. Mutant-infected plants were stunted and their root size was reduced, 

although the degree of stunting was variable, suggesting a large host-genotype 

effect, suppressor mutations or both. Microscopic and molecular analysis of the 

blades show that mutant hyphae are highly vacuolated and their concentration 

increased around two times more than in a wild type infected plant. TEM analysis 

showed that mutant hyphae heavily colonised the host’s vascular bundles that are 

hyphae-free in wild type infected plants. Similar interaction phenotypes were 

shown previously in some other E. festucae mutants in interaction with L. perenne 

including ΔmkkA, ΔmpkA, ΔsakA (a stress-activated MAP kinase), ΔnoxA, ΔnoxR, 

ΔracA (members of NADPH oxidase complex) ΔproA mutants (Tanaka, 2006; 

Takemoto et al., 2006; Tanaka et al., 2008; Eaton et al., 2010; Charlton et al., 2012; 
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Tanaka et al., 2013; Becker et al., 2015). As previously shown, one of the 

important functions for maintaining mutualistic interaction of Epichloë with 

grasses is a restricted hyphal network in infected plants and breaking this network 

cause incompatible phenotypes. One of the factors that are important for 

maintaining this network is fungal polarized growth. It was shown by deleting 

homologues of polarity establishment proteins of yeast, bem1 and also other 

mutants that caused incompatible interaction such as noxA, noxR, recA E. festucae 

lost its polarized growth and in planta hyphal network was disturbed and mutant 

could not perform a mutualistic interaction (Takemoto et al., 2011; Kayano et al., 

2013).  

Another feature of the endophytic interaction is the lack of plant defence 

responses. Similar levels of salicylic acid have been measured in E. festucae 

infected and uninfected Festuca rubra plants (Ambrose et al., 2015) and no 

hypersensitive response occurs in infected perennial ryegrasses with E. festucae 

(Eaton et al., 2010), although a small cell-death response was observed in this 

study on freshly inoculated seedlings. In infected tall fescue with E. coenophiala, 

reduced transcript levels of PR-10 were observed compared with uninfected plants 

(Johnson et al., 2003), perhaps suggesting that the fungus reduces plant responses 

in some way. However, in the incompatible interaction of perennial ryegrass with 

mutant E. festucae ΔsakA, increased levels of PR protein genes (PR-1, PR-4, PR-5 

and PR-10) transcripts and also an induced hypersensitive response was shown 

(Eaton et al., 2010). How Epichloë represses plant responses in compatible 

interactions is not well known but recent studies suggest that E. festucae may 

evade chitin-induced responses by covering or modifying its cell wall chitin 

(Becker et al., 2015). Although no difference in the cell wall chitin of in planta 

hyphae was observed between ∆velA E. festucae and wild type, based on culture 

results discussed above and consistent with described roles in other fungi it seems 

VelA in E. festucae does regulate some aspect of the cell wall constitution. 

Especially, the formation of intrahyphal hyphae in vascular bundles was observed 

in the mutant ΔvelA infected plants that it is proposed their formation is a response 

to the stresses and cell damages (Chan & Stephen, 1967; Calonge, 1968). Similarly, 

by deleting csmA, which encodes a class V chitin synthase in Aspergillus nidulans, 

deficiency in cell integrity and also sensitivity to cell wall damaging agents like 

Congo red and Calcofluor white was shown (Horiuchi et al., 1999). For the first 
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time recently intrahyphal hyphae were detected in perennial ryegrasses infected 

with E. festucae ΔmkkA and ΔmpkA mutants (Becker et al., 2015). In the ΔvelA 

mutant infected plants up to five intrahyphal hyphae were observed and it seems 

they are more than the ΔmkkA and ΔmpkA mutants.  

Based on observed phenotypes in culture and in planta it is possible that 

the response in seedlings and the in planta phenotype of ΔvelA mutant infected 

plants is a result of an altered hyphal cell wall or lack of some factor that 

sequesters the cell wall from plant receptors, such as the collagen-like Mcl1 in 

Metarhizium (Wang & St Leger, 2006) or the Ecp6 LysM-containing effector in 

Cladosporium (Bolton et al., 2008). It seems likely that other types of effector 

proteins are also produced by Epichloë although we cannot be sure from these 

results whether any are regulated by VelA. Future planned transcriptomics 

experiments will more fully explain the mechanisms regulated by VelA that are 

required for successful benign interaction. Elucidating the biochemistry of the 

Epichloë cell wall and effector production in planta will be areas of considerable 

future interest. 

Finally, VelA is one of the most well known regulators in fungi for the 

biosynthesis of secondary metabolites (Kato et al., 2003; Calvo et al., 2004; Duran 

et al., 2007; Dreyer et al., 2007; Myung et al., 2009; Amaike & Keller, 2009; Kuck 

& Hoff, 2010; Wiemann et al., 2010; Choi & Goodwin, 2011; Merhej et al., 2012). 

During the symbiotic interaction with perennial ryegrass E. festucae produces three 

well known groups of bioprotective alkaloids; ergot alkaloids, indole-diterpenes 

and peramine that act as anti-mammalian and anti-insect toxins. In the ∆velA 

mutant, although no significant difference in the level of the last product of this 

secondary metabolite pathway was observed, differential expression of the first 

biosynthetic gene from the indole diterpene pathway and the perA gene for 

peramine synthesis indicate that VelA is a regulator of the expression of the genes 

involved in secondary metabolism in E. festucae. As it was shown ΔvelA-infected 

plants have higher fungal concentration than wild type infected plants and it seems 

even with lower levels of gene expression in ΔvelA-infected plants still total 

production of the chemicals are similar with wild type plants. Similarly in ΔsakA-

infected plants down regulation of ltmG and perA but no difference for dmaW were 

shown (Eaton et al., 2010). No difference in the expression of dmaW and ltmG in 



2.6 Acknowledgments 

 

	   73	  

ΔnoxA and ΔproA-infected plants in comparison with wild type were shown (Eaton 

et al., 2015). The levels of ergovaline, lolitrem B were measured in the ΔsakA, 

ΔnoxA and ΔproA-infected plants and only the level of lolitrem B was significantly 

down regulated in ΔsakA-infected plants (Eaton et al., 2015) and it was suggested 

that there is not always direct correlation of gene expression with gene product. 

Comparing to this experiment our results show a correlation of gene expression 

and the levels of the products when the fungal concentration was counted.  

In conclusion, we have demonstrated that VelA in E. festucae is a key 

regulator of fungal biology and development and establishing and maintaining the 

mutualistic interaction of the fungus with L. perenne. Although similar plant 

interaction phenotypes were observed in velA mutant with mkkA, mpkA, noxA, 

noxR and proA mutants but in planta hyphal growth functions were different than 

these mutants. It seems VelA regulates different mechanisms involved in plant 

interaction comparing to these mutants. Identifying the other genes involved in 

regulatory mechanisms of VelA will be considered in the future using 

transcriptomics analysis.  
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Table	  S2.2-‐	  List	  of	  media	  used	  to	  test	  influence	  of	  different	  carbon	  
and	   nitrogen	   sources	   on	   fungal	   growth	   and	   gene	   expression.	   In	  
solid	  media	  1.5%	  is	  added	  to	  each	  condition.	  	  
Name	   Ingredients	  	  

W	   Water	  	  

PD	   2.4%	  potato	  dextrose	  	  

G,	  NH4	   60	  mM	  glucose,	  15	  mM	  (NH4)2SO4,	  6.25%	  salt	  solution	  	  	  

S,	  NH4	   30	  mM	  sucrose,	  15	  mM	  (NH4)2SO4,	  6.25%	  salt	  solution	  	  	  

G,	  NO3	   60	  mM	  glucose,	  30	  mM	  NaNO3,	  6.25%	  salt	  solution	  	  	  

S,	  NO3	   30	  mM	  sucrose,	  30	  mM	  NaNO3,	  6.25%	  salt	  solution	  	  	  

	  

Table	  S2.1-‐	  Organisms	  and	  plasmids	  used	  in	  this	  study.	  

Organism/Strain	   Characteristics	   Reference	  

E.	  coli	   	   	  

DH5α	   F–,	  φ80lacZ,	  ΔM15,	  Δ(lacZYA-‐argF),	  U169,	  
recA1,	  endA1,	  hsdR17	  (rk–,	  mk–),	  phoA,	  

supE44,	  λ–,	  thi-‐1,	  gyrA96,	  relA1	  

Invitrogen	  

	   	   	  

E.	  festucae	   	   	  

Fl1	   Wild-‐type	   AgResearch	  

ΔvelA	   Fl1/ΔvelA::PtrpC-‐hph-‐TtrpC;	  HygR	   This	  study	  

ΔvelA/velA	   Fl1/ΔvelA/velA;	  pII99;	  GenR,	  HygR	   This	  study	  

ΔvelA/ptef::velA	   Fl1/ΔvelA;	  pMR3;	  GenR,	  HygR	   This	  study	  

ΔvelA/pEGFP	   Fl1/ΔvelA;	  pEGFP;	  GenR,	  HygR	   This	  study	  

Fl1/pEGFP	   Fl1;	  pEGFP;	  GenR	   This	  study	  

L.	  perenne	   	   	  

L.	  perenne	  cv.	  A11104	   -‐	   AgResearch	  

	   	   	  

Plasmid	   Characteristics	   Reference	  

pCR™-‐Blunt	  II-‐TOPO®	   KanR;	  ZeoR;	  LacZα-‐ccdB	   Invitrogen	  

pMR1	   Modified	  Gateway®	  pDONR	  221	  containing	  
of	  942	  bp	  of	  3’	  end	  of	  hygR	  gene	  

App.	  1	  

pMR2	   Modified	  Gateway®	  pDONR	  221	  containing	  
of	  1124	  bp	  of	  5’	  end	  insert	  of	  hygR	  gene	  

App.	  1	  

pMR5	   pMR1	  containing	  of	  2364	  bp	  of	  3’	  flank	  of	  
velA	  gene	  

This	  study	  

pMR6	   pMR2	  containing	  of	  1863	  bp	  of	  5’	  flank	  of	  
velA	  gene	  

This	  study	  

pII99	   PAntrpC::nptII::TAntrpC	   This	  study	  

pEGFP	   Ptef::EGFP::AmpR::TAngluA	   This	  study	  

pMR3	   Ptef::velA::AmpR::TAngluA	   This	  study	  
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Table	   S2.3-‐	   Primers	   used	   in	   this	   study.	   Yellow	   highlight	   indicate	   the	   attB1	  
overhang	  sequences;	  blue	  highlight	  indicates	  attB2	  overhang.	  
Primer	  
name	  

Other	  
name	  

Sequence	  (5’-‐3’)	  

MR1	   velAKOL-‐
F	  

GTGCTCCGTACTTTCTTTGTGC	  

MR2	   OE-‐R	   CGTGGTCATGGATTGACACTA	  

MR3	   velA-‐S-‐F	   CGTGAGTTGACTCTCAGTGC	  

MR4	   velA-‐S-‐R	   GCTCCAGAACGCCTGATAAC	  

MR5	   velAKOR-‐
F2	  

GGGGACAAGTTTGTACAAAAAAGCAGGCTTA	  ATGACCCCTGAGCCTGACAC	  

MR6	   velAKOR-‐
R2	  

GGGGACCACTTTGTACAAGAAAGCTGGGTA	  ACCAAACCAAAGCCGTGAGC	  

MR7	   velAKOR-‐
F	  

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGTGCTCCGTACTTTCTTTGTGC	  

MR8	   velAKOR-‐
R	  

GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCGAGGAGAATTGAGGTGG	  

MR9	   velA-‐F	   CAATGCGGCGCGATATCC	  

MR10	   velA-‐R	   CGTTATCAATGCCGGGATAGC	  

MR11	   Left	  
Flank-‐S-‐F	  

CCACCACCACCACAAAATAGC	  

MR12	   Left	  
Flank-‐S-‐

R	  

CCCACCGATGCCATCTATCC	  

MR13	   Right	  
Flank-‐S-‐F	  

TCGACGAGGTGATGGATAGG	  

MR14	   Right	  
Flank-‐S-‐

R	  

GCTCACTATGGCGAGGAAGA	  

MR15	   Hph-‐S-‐F	   ACTCACCGCGACGTCTGT	  

MR16	   Hph-‐S-‐R	   GGCGTCGGTTTCCACTATC	  

MR17	   velA-‐S2-‐
F	  

GTGAAAGTGTGAAAGCGTGTA	  

MR18	   Hph-‐S2-‐
R	  

GCCTCCAGAAGAAGATGTTG	  

MR19	   KO-‐F	   TGGCTGACTTGAAGTAATCTC	  

MR20	   KO-‐R	   AGACGTCGCGGTGAGTTCA	  

MR21	   velAKOR-‐
F	  

GTGCTCCGTACTTTCTTTGTGC	  

MR22	   OE-‐R	   CGTGGTCATGGATTGACACTA	  
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Fig.	   S2.1-‐	  Multiple	   sequence	   alignments	   of	  VelC	  protein	   in	  A.	  nidulans	   (An),	  
Magnaporthe	   oryzae	   (Mo),	   Fusarium	   graminearum	   (Fg), Trichoderma	   reesei	  
(Tr),	  Metarhizium	  robertsii	   (Mr),	  Claviceps	  fusiformis	   (Cf)	   and	  E.	  festucae	   (Ef)	  
showing	  that	  N	  terminal	  sequence	  is	  deleted	  in	  Clavicipitaceae	  family.	  	  

Table	  S2.4-‐	  Primers	  for	  qRT-‐PCR	  used	  in	  this	  study.	  
Name	   Sequence	  (5'-‐3')	   Purpose	   Gene	  Model	  

VelAq2-‐F	   GCTCAGGGATGAAGGCGAAT	   velA	  Fwd	   EfM3.049680	  

VelAq3-‐R	   TGGCGTTGTAGTCGAAAGTGA	   velA	  Rev	  

perA-‐F	   TGACGGTTGAAGTATGGCTG	   perA	  Fwd	   EfM3.018710	  

perA-‐R	   TCTGTGAAGGTGTGGCATG	   perA	  Rev	  

ltmG-‐F	   TGACCGACGCCATTAATGAG	   ltmG	  Fwd	   EfM3.182880	  

ltmG-‐R	   TCCACGTCGCAGTTTAGATG	   ltmG	  Rev	  

dmaWq-‐F	   CCACTCGTACATTTCCTTCTC	   dmaW	  Fwd	   EfM3.065770	  

dmaWq-‐R	   TTCGGGAAACACAGGCCATTC	   dmaW	  Rev	  

ChiA-‐F	   AAGTCCAGGCTCGAATTGTG	   chitinase	  A	  Fwd	   EfP3.024310	  

ChiA-‐R	   TTGAGGTAGCGGTTGTTCTTC	   chitinase	  A	  Rev	  

NRPS1-‐F	   GTCCGATCATTCCAAGCTCGTT	   NRPS-‐1	  Fwd	   EfP3.005350	  

NRPS1-‐R	   TGGTGGGAAGTTCCCTGCAC	   NRPS-‐1	  Rev	  

Actinq.IDT-‐F	   GTCTTGAGTCTGGCGGTATC	   gamma-‐actin	  Fwd	   EfM3.017740	  

Actinq.IDT-‐R	   CTTCTGCATACGGTCGGAG	   gamma	  actin	  Rev	  

60SqIDT-‐F	   GCAGCAAGTTGAACAAGATCC	   60S	  ribosomal	  protein	  L35	   EfM3.073270	  

60SqIDT-‐R	   CACGGGTTTGCTTGACAC	   60S	  ribosomal	  protein	  L35	  
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Fig.	   S2.3-‐	  Wild	   type	   and	  mutant	   strains	   growing	   under	   stress	   conditions.	   (a)	  
Fungal	   growth	   on	   1.5	   M	   sorbitol	   after	   17	   days.	   (b)	   Fungal	   growth	   on	   0.04%	  
Congo	  red	  after	  17	  days.	  (c)	  Fungal	  growth	  on	  0.03%	  calcofluor	  white	  after	  30	  
days.	  	  
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Fig.	   S2.4-‐	   Radial	   growth	   of	   different	   strains	   of	  E.	   festucae	   in	   different	   nutrient	  
and	  light	  condition.	  The	  role	  of	  velA	  on	  radial	  growth	  under	  the	  influence	  of	  light	  
and	   nutration	   was	   tested	   by	   growing	   different	   strains	   of	   E.	   festucae	   under	   6	  
different	  media	   in	  either	  24	  h	  dark	  or	  24	   light.	  Results	  were	  analysed	  using	  the	  
MANOVA	   Tukey’s	   test	   and	   statistically	   significant	   results	   are	   indicated	  
(***p<0.001,	  **	  0.05>p>0.001).	  
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Fig.	  S2.5-‐	  Epiphyllous	  distribution	  of	  infected	  ryegrasses	  blades	  with	  
different	  strains	  stained	  with	  aniline	  blue	  and	  Alexafluor	  488-‐	  WGA.	  
Chitin	  appears	  bright	  green.	  

∆velA WT 

Fig.	   S2.6-‐	   Fungal	   concentration	   in	   wild	   type	   and	   ∆velA	  mutant	   E.	   festucae	  
infected	  plants	   expressed	   as	   relative	   copy	  number	   changes	   of	  chitinase	  A	   (a)	  
and	  NRPS1	  (b)	  genes	  per	  total	  gDNA	  measured	  by	  qPCR.	  Results	  were	  analysed	  
using	   the	   MANOVA	   Tukey’s	   test	   and	   statistically	   significant	   results	   are	  
indicated	  ***	  p<0.001).	  	  

*** 

0	  

20	  

40	  

60	  

80	  

100	  

120	  

Co
pi
es
	  n
g-‐

1 	  g
DN

A	  

(a)	  

*** 

0	  

20	  

40	  

60	  

80	  

100	  

120	  

(b)	  



 

The global regulatory protein LaeA in Epichloë 
festucae is required for symbiotic interaction with 
Lolium perenne                                                               3 

 

 

Authors 

M. Rahnama, R.D. Johnson, P. Maclean and, D.J. Fleetwood	  

 

 

 

 

Status 

Ready to submit 

 

 

 

 

 

 

Author contributions  

Conceived and designed the experiments: MR DJF RDJ; Performed the experiments: MR; 

Analysed the data: MR PM; Wrote the paper: MR DJF RDJ 

 

 

 

 



3. The global regulatory protein LaeA in Epichloë festucae … 

	  

	   80	  

3.1 Abstract  

Epichloë species form symbioses with many cool-season grasses. These 

include agriculturally important forage grasses in which plants are protected from 

herbivores via fungus-produced alkaloids. Despite its importance, little is known 

about the molecular details of the interaction and the key regulatory systems 

involved. A global regulator in fungal secondary metabolism and development is 

LaeA, which is often required for successful pathogenic interactions, although to 

date its role in non-antagonistic fungus-plant interactions was unknown. In this 

study, the laeA homologue in E. festucae was deleted and functionally 

characterised in vitro and its role in the E. festucae interaction with its host Lolium 

perenne (perennial ryegrass) was determined. We showed that laeA in E. festucae 

is required for normal hyphal morphology, resistance to oxidative stress, and 

conidiation during growth in vitro under nutrient-limited conditions. Investigation 

of laeA transcript levels showed that its expression in E. festucae during interaction 

with ryegrass is dependent on time after inoculation in the early stage of 

inoculation and is tissue specific in mature infected plants. In planta studies with a 

laeA deletion mutant showed that laeA is required to form a compatible interaction, 

with the majority of inoculated plants either dying or not infected. Comparative 

transcriptomics analyses revealed the largely non-overlapping LaeA regulons in E. 

festucae during in vitro growth and interaction with perennial ryegrass. This work 

reveals LaeA as a key regulator of the E. festucae interaction with perennial 

ryegrass and suggests roles for plant cell wall degradation, fungal cell wall 

composition, secondary metabolism and small-secreted proteins in successful foliar 

symbiosis.  

3.2 Introduction  

Endophytic fungi of the genus Epichloë are mutualistic symbionts of cool-

season grasses of the sub-family Pooideae, including agriculturally important 

forages such as perennial ryegrass (Lolium perenne) and tall fescue (Festuca 

arundinacea) (Leuchtmann et al., 1994; Christensen et al., 2002; Schardl, 2010). 

These symbiotic interactions are essential for grass forage production in areas of 

high insect pressure. By producing alkaloids, the fungus protects the plant from a 

range of biotic and abiotic stresses, while receiving all of their nutrients from the 
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host plant and utilising the host seed as a means of dissemination (Schardl, 2001; 

2010; Schardl et al., 2013a).  

Epichloë hyphae are never observed in plant roots but colonise all parts of 

the host shoots other than the vascular bundles (Christensen et al., 2002; 2008). 

Epichloë hyphal growth is restricted and dependent on host cell growth, with apical 

tip extension in the plant meristematic zone and intercalary growth in the leaf cell-

elongating zone (Christensen et al., 2008). This mode of growth results in an 

intercellular hyphal network consisting of seldom-branched hyphae parallel to the 

leaf axis and tightly linked with the walls of neighbouring plant cells. When host 

growth ceases, fungal growth also ceases, although hyphae remain metabolically 

active (Tan et al., 2001).  

This unusual hyphal growth and restricted in planta network has been 

shown to be essential for compatible symbiotic interaction, with mutants in genes 

required for localised reactive oxygen species production that maintains hyphal 

polarity (Tanaka et al., 2006; 2008; Takemoto et al., 2011; Kayano et al., 2013), 

and the soft gene for hyphal anastomosis (Charlton et al., 2012), leading to 

severely stunted plants, often with substantial death. One of the triggers for 

maintaining hyphal restriction appears to be iron levels, with siderophore mutants 

leading to severe fungal overgrowth (Johnson et al., 2013). The way in which 

Epichloë suppresses or avoids direct plant responses to initiate and maintain a 

successful symbiotic interaction is largely unknown. However, altered chitin 

content or accessibility in the cell wall of some of these mutants may reduce the 

chitin inducible host defence response (Becker et al., 2015; Eaton et al., 2015).  

In the velvet family of proteins there are four members; VelA (or VeA), 

VelB, VelC and VosA (viability of spores A (or VelD)) but the most characterized 

is VelA (Bayram & Braus, 2012). We showed important regulatory effects of VelA 

on E. festucae biology and metabolism and in symbiosis interaction with ryegrass 

(Chapter 2).  

The laeA (loss of aflR expression A) gene, encodes a nuclear-located 

methyltransferase with a controlling effect on velvet family proteins (Bayram et al., 

2010). LaeA has important regulatory roles in a variety of growth and 
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developmental characteristics conserved across a range of fungal taxa (Bayram et 

al., 2010). The laeA gene was first identified in a pool of mutants screened to 

identify those deficient in production of precursors of sterigmatocystin (ST) (Bok 

& Keller, 2004). The role of LaeA as a key regulator in fungal secondary 

metabolism and sexual/asexual sporulation was subsequently shown in a broad 

range of fungi (Reviewed in Jain et al (2013)). Other cellular functions regulated 

are less well studied but include pathogenicity, fungal growth and morphology, 

including colony hydrophobicity, aerial hyphae formation, resistance to cell wall 

damaging agents and other stresses (Reviewed in Jain et al (2013)). Although 

methyltransferase activity is required (Bok et al., 2006), the exact mechanism 

through which LaeA exerts regulatory control is not clear. LaeA is involved in 

chromatin modification (Strauss & Reyes-Dominguez, 2011; Seiboth et al., 2012) 

(Reyes-Dominguez et al., 2010), although whether this is through direct or indirect 

mechanisms is not yet understood.  

In the fungi in which it has been examined, all studies on laeA to date 

show its necessity for fungal pathogenicity. The importance of laeA in 

pathogenicity was shown for a variety of plant pathogens such as F. fujikuroi on 

rice (Wiemann et al., 2010), A. flavus for penetrating and colonizing seeds of 

peanut and maize (Amaike & Keller, 2009), and the necrotrophic interaction of B. 

cinerea on different plant hosts (Schumacher et al., 2015). In the human pathogen 

A. fumigatus, deleting laeA reduced its pathogenicity and anti-angiogenic activity 

in mice (Bok et al., 2005; Ben-Ami et al., 2009).  

The laeA gene is necessary for production of different secondary 

metabolites such as sterigmatocystin in A. nidulans (Bok & Keller, 2004), gliotoxin 

in A. fumigatus (Sugui et al., 2007), aflatoxin in A. flavus (Kale et al., 2008; 

Amaike & Keller, 2009), and fusarin in F. verticillioides (Butchko et al., 2012). 

The laeA gene also is necessary for producing pigments like bikaverin in F. 

verticillioides (Butchko et al., 2012). In A. oryzae it was shown that laeA positively 

regulates kojic acid production (Oda et al., 2011). It was shown that LaeA 

influence secondary metabolite production by regulating SM gene clusters of 

different fungi. For example it was shown in A. fumigatus, 20-40% of all major 

classes of secondary metabolite clusters (Perrin et al., 2007) and in T. reesei more 
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than 50% of nonribosomal peptide synthetase (NRPS) and polyketide synthase 

(PKS) genes (Karimi Aghcheh et al., 2013) are regulated by LaeA.  

Based on the known regulatory roles of LaeA in different fungal systems 

and a crucial role for its predicted interaction partner VelA in E. festucae symbiosis 

(Chapter 2), we hypothesised that LaeA may also be an important player in 

regulating the successful mutualistic interaction of E. festucae with perennial 

ryegrass. In this study, the roles of LaeA in culture and in planta were functionally 

characterised and its expression was studied in detail in planta and in different light 

and nutrient regimes. Here we show that laeA is required in E. festucae for 

successful interaction with its host grass and describe transcriptomics comparisons 

that reveal potential processes involved in successful symbiosis. 

3.3 Material and methods 

3.3.1 Strains and growth conditions 

Epichloë festucae strains (Table S3.1) were grown on 2.4% potato dextrose 

(PD, Difco Laboratories) plus 1.5% agar (PD, Difco Laboratories) and maintained 

at 22°C and for liquid culture two-cm2 of actively growing mycelium from each 

strain grown on PDA were added to 2 mL sterile tubes with 750 µL sterile dH2O 

with two sterile ceramic beads. The mycelium was then fragmented using a 

Precellys 24 tissue disruptor machine (Bertin Technologies) for 4 cycles of 45 

seconds at 4200 rpm. This homogenate was divided among four sterile 250-mL 

flasks containing 100 mL PD broth and incubated at 22°C for 7 days with shaking. 

Plasmids (Table S3.1) were cloned and maintained in Escherichia coli 

strains DH5α, and Top 10 (Both Invitrogen Corp., Carlsbad, CA). Both strains 

were grown in liquid Luria–Bertani (LB) medium or on LB agar plates, 

supplemented with either kanamycin (50 µg/ml) or ampicillin (100 µg/ml) where 

appropriate. 

To discern the influence of light and nutrition on radial growth, E. festucae 

Fl1 wild type, ΔlaeA and ΔlaeA/laeA strains were grown initially for 5 d at 22°C on 

1.5% water agar and then sub-cultured onto six different media of repressive and 

non-repressive carbon and nitrogen sources in addition to starvation conditions 
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(Table S3.2) by transferring 2-mm diameter blocks of mycelium and incubating for 

a further 15 d at 22°C in either 24 h dark or 24 h light, in triplicate.  

To detect the influence of light and nutrition on gene expression, after 

growing fungi in four flasks of liquid culture, mycelium from all flasks was 

harvested by filtering through two pieces of sterile 3 M Whatman paper in a 

sterilized Büchner funnel and washed with 200 mL of sterilized water. The 

mycelium was scraped from the Whatman paper using a sterile spatula and divided 

into six different media (Table S3.2 but without agar) in 250-mL sterilized flasks. 

Three replicates for each medium were incubated either in the dark or in the light at 

22°C for 24 h. The mycelium was again harvested using a Büchner funnel and 

washed with sterile dH2O, then frozen in liquid nitrogen for RNA extraction.   

Stress sensitivity tests were performed by growing mycelia on PDA plates 

supplemented with 1.5 M sorbitol, 1.5 M NaCl, 0.04% Congo red, 0.03% 

calcofluor white and 60 µM menadione.    

Hyphal morphology was examined by growing fungi on a thin layer 

(around 3mm) of PDA and 3% water agar for 2 weeks at 22°C in total darkness 

and observed with DIC microscopy using a Zeiss Axioplan microscope.  

3.3.2 Plant inoculation and growth conditions  

7-10 d old endophyte-free seedlings of perennial ryegrass (L. perenne 

‘Nui’) were inoculated as described by Latch and Christensen (1985). Seedlings 

were transferred after two weeks to soil in root trainers in the greenhouse at 22˚C 

with 16 h of 650 W/m2 light and 8 h dark. Infected plants were detected by 

immunoblotting (Gwinn et al., 1991; Simpson et al., 2012) and light microscopy.   

3.3.3 Examination of conidiation in vitro  

Slides coated with 3% water agar were inoculated with ~1 mm2 of fungi 

and incubated at 22°C for 15 d in total darkness, in which condition conidiation is 

induced in E. festucae (Tanaka et al., 2013). The conidiospores were counted from 

20 individual fields (450 µm) of view for each strain. 
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3.3.4 DNA extraction and PCR 

Fungal genomic DNA was extracted from frozen mycelium as previously 

described (Byrd et al., 1990; Samarrai & Schmid, 2000). DNA extraction of fungal 

transformants was performed using a ZR Fungal/Bacterial DNA MiniPrep kit 

(Zymo Research). Plasmid DNA was extracted and purified using a DNA-spin 

Plasmid DNA Purification Kit (iNtRON Biotechnology, Korea).  

Taq DNA polymerase (New England BioLabs) was used for standard PCR 

and iProof High-Fidelity DNA Polymerase (Bio-Rad) was used when proofreading 

activity was required. Cycling conditions were used based on the enzyme 

manufacturer’s instructions. A list of primers used is presented in table S3.3. 

3.3.5 RNA extraction and quantitative real-time RT-PCR 

analysis 

Total RNA was extracted using a Direct-zol™ RNA MiniPrep Kit (Zymo 

Research). Complementary DNA (cDNA) was synthesised by using an iScript™ 

cDNA Synthesis Kit (Bio-Rad) from 2 µg of RNA. RT qPCR was performed using 

SsoAdvanced™ Universal SYBR® Green Supermix with 1 µl of cDNA in a 

CFX96™ Real-Time PCR detection System (both from Bio-Rad), using primers 

that amplified target genes (Table S3.4). In order to choose the most efficient 

primer pairs, first by using a temperature gradient PCR, the annealing temperature 

with lowest Ct was chosen, using the cDNA sample to be used for expression 

analysis as template. Then, primer efficiency tests of each pair were performed by 

generating standard curves of five ten-fold dilutions of cDNA sample. Primer pairs 

with 95-105% amplification efficiency were chosen. Transcript levels were 

calculated using a comparative ∆Ct calculation normalized to gamma actin and 60S 

ribosomal protein L35 using the geNorm algorithm automated in CFX manager 

software (Bio-Rad).  

3.3.6 Using qPCR to determine fungal concentration in planta  

Quantitative real-time PCR was performed for two single copy genes, 

chitinase A and nonribosomal peptide synthetase 1 (NRPS1), on 5 ng gDNA 

isolated from the blades of wild type and mutant velA E. festucae infected plants 
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with a CFX96™ Real-Time PCR detection System (Bio-Rad) as described by 

Rasmussen et al (2007). Fungal concentration was estimated from the number of 

copies of chitinase A gene per total infected plant gDNA.  

3.3.7 Detection of plant H2O2 production  

For hydrogen peroxide (H2O2) tests, endophyte-free etiolated seedlings of 

L. perenne were inoculated as described above. H2O2 production was detected by 

uptake of 3,3’-diaminobenzidine (DAB) (Thordal-Christensen et al., 1997). 

Seedlings were inoculated by placing (without any incision) 1 to 2-mm2 of fungal 

culture on agar blocks 1 cm above the meristem. Immediately after inoculation 

seedlings were stained with freshly prepared 1 mg/mL DAB-HCl (pH 3.8) for 4 h 

in the dark. Stained seedlings were observed using a Leica DMR microscope 

(camera: Leica DC500) in bright field.  

3.3.8 Preparation of complementation and deletion constructs 

E. festucae Fl1 protoplasts were prepared as described by Young et al 

(2005) and transformed with 2 to 5 µg of either circular plasmid DNA or plasmids 

digested with restriction enzymes or PCR products based on Fleetwood et al (2007). 

Transformants were selected on PDA medium supplemented with 200 µg/mL 

hygromycin or 300 µg/mL geneticin and nuclear purified through three rounds of 

subculture from the outer edge of the colonies on the same medium.	  

A split marker strategy was used to generate the ∆velA mutant based on the 

method described in appendix 1. To generate knock-out vectors pMR7 and pMR8, 

5ʹ′ (2007 bp) and 3ʹ′ (2926 bp) flanking regions (Fig. 3.4a) of the laeA gene were 

amplified using primers llmA-SMR-F and llmA-SMR-R, and llmA-SML-F and 

llmA-SML-R respectively, with the appropriate attB sites (Table S3.3). The PCR 

products were cloned into vectors pMR1 and pMR2 using Gateway® BP 

Clonase® II enzyme and transformed into Invitrogen One Shot® TOP10 cells 

according to manufactures instructions and selected on 50 µg/ml kanamycin.  

The ∆laeA complementation strain, ΔlaeA/laeA, was constructed by co-

transformation of E. festucae ΔlaeA protoplasts with 5 µg of pII99 plasmid 

(Namiki et al., 2001) and a 2x molar equivalent amount of high fidelity PCR 
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product of the laeA gene containing 3432-bp 5ʹ′ and 1532-bp 3ʹ′ flanks amplified 

from E. festucae Fl1 genomic DNA with primers LaeA.Comp-F and LaeA.Comp-

R (Table S3.3).    

3.3.9 Southern blot analysis 

Three µg of E. festucae genomic DNA was digested with BamHI 

restriction enzymes at 37°C and separated by agarose gel electrophoresis. DNA 

was transferred to a positively charged nylon membrane (Hybond-N+; Amersham) 

by capillary transfer (Southern, 1975). DNA was fixed on the membrane by UV 

cross linking for 1 min using Gel Doc™ EZ System (Bio-Rad). The membrane was 

probed and detected using DNA labeling and Detection Starter Kit II (Roche, 

Switzerland). The membrane was visualised by exposure to a Fuji LAS-4000 

Imaging System (Fujitsu Life Sciences) for 10 min.   

3.3.10 Microscopy  

Transmission Electron microscopy (TEM) analyses were done on 2-cm 

samples from the top of the youngest mature leaf blades in order to examine 

standardized tissue types and developmental stage. Samples were fixed	  in 0.05 M 

sodium cacodylate (pH 6.8) containing 2.5% glutaraldehyde for 2 h at room 

temperature. Samples were washed three times in 0.05 M sodium cacodylate (pH 

6.8) buffer and post fixed in 1% osmium tetroxide in 0.025 M buffer for around 1 h 

at room temperature. Samples were dehydrated through an ethanol series (30, 50, 

70, 90, 100% (twice for 100%)) and transferred to neat epoxy resin for 32 hours 

with rotation and then embedded in flat moulds and polymerised for 48 hours at 

60°C. Samples were cross sectioned on a Leica EM UC6 ultramicrotome equipped 

with a Diatome diamond knife and then sections were collected on 200-mesh 

copper grids and stained with 2% aqueous uranyl acetate and Reynolds’ lead citrate. 

Images were taken using a Philips CM12 TEM operating at 120 kV, equipped with 

a Gatan Bioscan 1 Mpixel digital camera. 

Chitin distribution analyses were done on 4-cm samples from the top of the 

youngest mature leaf blades. Blade samples stained using WGA-AF488 Alexafluor 

(Molecular Probes, Eugene, OR, USA) solution and prepared based on the method 
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of Dupont et al. (2015) and observed using an Andor Revolution spinning disc 

confocal microscope, equipped with Andor Ixon 885 camera. 

3.3.11 General bioinformatics analyses 

LaeA protein homologues were identified in E. festucae by BLASTP 

analysis of E. festucae Fl1 (E894) predicted proteins (http://csbio-

l.csr.uky.edu/ef894-2011). ClustalW pairwise alignment, phylogenetic tree 

construction and InterProScan analyses were done using Geneious software version 

8.1.6. Motif prediction in protein sequences was performed online as follows: 

nuclear localization (NLS) sequences were predicted using cNLS Mapper 

(http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi), nuclear export 

sequences (NES) were predicted using NetNES 1.1 Server 

(http://www.cbs.dtu.dk/services/NetNES/), and PEST regions were predicted using 

ePESTfind (http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). 

3.3.12 Transcriptomics analyses  

3.3.12.1 Sample preparation 

 Total RNA was extracted of samples in two different conditions in culture 

and inoculated seedlings. For culture conditions, fungal hyphae were collected of 

different strains that were grown for two weeks on cellophane covered PDA 

medium in full darkness. For inoculated seedlings, seedlings were inoculated with 

different fungal strains and grown for two weeks under 8 h light and 16 h dark. 

After freezing seedlings, samples from 4 cm upwards and 0.5cm downwards from 

the meristem were collected for RNA extraction and around 100 seedlings for each 

sample were pooled in three replicates for each treatment. RNA quality and 

quantity were determined using an Agilent 2100 Bioanalyzer (Agilent 

Technologies), Nanodrop Lite spectrophotometer (Thermo scientific) and running 

on 1% agarose gel. RNA samples on dry ice were sent to the Beijing Genomics 

Institute (BGI, Hong Kong) for sequencing and 2 µg of RNA sample used to 

prepare libraries by BGI standard method 

(http://www.bgi.com/services/genomics/rna-seqtranscriptome/#tab-id-2). Samples 

were sequenced in two lanes of an Illumina HiSeq4000 (paired end, 100-bp reads).  
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3.3.12.2 HiSeq results analysis  

Official gene sets of E. festucae Fl1 (downloaded from http://csbio-

l.csr.uky.edu/m3/draft/m3-v8-2014-12-12.fasta) were mapped against the official 

genome scaffold (downloaded from http://csbio-l.csr.uky.edu/ef894-

2011/gbrowse/ef/) with Exonerate version 2.2.0 using the –est2genome model and 

keeping alignments scoring at least 50 percentage of the maximal score for each 

query. The target GFF option was used for the exon coordinates to be imported into 

RNA-star to enumerate the genes (Dobin et al., 2013). 

The reads were trimmed using flexbar version 2.4 (Dodt et al., 2012) and 

mapped against the prepared database using RNA-star version 2.5.0c (Dobin et al., 

2013). The non-directional counts of uniquely mapped read pairs were summed for 

each gene and analysed using the EdgeR package version 3.10.5 (Robinson et al., 

2010) in the R statistical software environment version 3.2.1. Quasi-likelihood 

negative binomial generalized linear models were generated from the counts within 

sample type. Fold changes and p-values were generated using Exact Tests for 

differences between two groups of Negative-Binomial Counts. 

3.3.12.3 Gene ontology (GO) analysis 

Transcript sequences for both L. perenne and E. festucae were searched 

against the NCBI nr nucleotide database with an e-value cut off of 1E-5 with the 

top 10 hits being kept. The xml output, along with the corresponding InterProScan 

output was run though the Blast2GO Pipeline Version 2.5.0 using all the default 

settings. A non-redundant list of GO terms was made for each gene (multiple 

transcripts and proteins deriving from each gene were collapsed into a single gene). 

This non-redundant list was used in GOEAST and AgriGO test for the enrichment 

of GO terms in differentially expressed gene lists using Fisher exact tests (Zheng & 

Wang, 2008; Du et al., 2010). 

3.3.12.4 Functional annotation  

Official protein sequences for endophyte genes were run through 

InterProScan 5RC4 to find matches against the InterPro protein signature databases 

using the default settings. The protein sequences were also searched using 
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BLASTP version 2.2.28+ against the entire Swiss-Prot database as well as the 

fungal division of UniProt and NCBI reference sequence protein plant and fungi 

subsets with an e-value cut-off of 1E-20. The official transcript sequences were 

searched against the NCBI reference sequence RNA plant and fungi subsets using 

BLASTN version 2.2.28+ with an e-value cut-off of 1E-20. In addition, the official 

protein sequences were also searched using BLASTP version 2.2.28+ against the 

fungal KEGG genes database with an e-value cut-off of 1E-20 

3.4 Results 

3.4.1 Identification of laeA gene in E. festucae  

To identify the laeA orthologue in E. festucae, the A. nidulans LaeA 

sequence (AAQ95166) was used in a tBLASTn search of the E. festucae Fl1 

genome database and the reciprocal best hit EfM3.069170 (31.2% identical) on 

supercontig12/contig_450 was determined to be the laeA gene. By using 

InterProScan an S-adenosylmethionine binding site were detected. In the N-

terminus of this protein a nuclear localization (NLS) sequence was identified with 

a medium cut-off score (3.9 of 7). Two other LaeA like proteins EfM3.024860 

(26.2% identical to A. nidulans) and EfM3.070710 (21.9% identical to A. nidulans) 

were found in E. festucae that also contain S-adenosylmethionine binding sites.  

3.4.2 laeA gene expression is weakly controlled by light and 

nutrition and is tissue specific in planta   

To investigate the influence of light and nutrition on laeA expression, fungi 

were grown at 22°C for 24 h in six different liquid media of four combinations of 

repressive and non-repressive carbon (glucose and sucrose) and nitrogen 

(ammonium and nitrate) sources plus a rich medium (PD) and a starvation medium 

(water) (Table S3.2) in total darkness and full light conditions. In all media except 

media with sucrose plus (NH4)2SO4, laeA had higher mean expression in the light 

compared to the dark although in all cases except in water it was not statistically 

significant (Fig. 3.1). In media containing NO3 as the sole nitrogen source, laeA 

had 1.7-2.5 fold increased expression, but there was no apparent influence of 

carbon source (Fig. S3.1). These results suggest that laeA expression is not highly 

regulated by light or carbon or nitrogen source in the way that velA is (Chapter 2). 
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However, as for velA, the highest expression was observed in starvation conditions 

(water) in light (Fig. S3.1). 

By growing different strains on solid media of the same six nutrient 

combinations plus 1.5% agar, the influence of these different nutrient and light 

conditions on fungal radial growth was tested. Although as previously observed 

fungi grow significantly faster in the dark than in the light, and slower in media 

containing ammonium as the nitrogen source rather than nitrate (Chapter 2), there 

was not any significant influence of laeA deletion on fungal growth in each 

condition (Fig. S3.2), suggesting that laeA does not regulate E. festucae radial 

growth in different carbon, nitrogen and light conditions. 

To examine laeA expression in planta, qRT-PCR was performed on four 

different tissues – meristem, extension zone, sheath and the newest mature blades – 

of E. festucae infected ryegrass. The expression levels of laeA were higher in 

tissues containing viable non-growing hyphae (the blade and sheath), compared to 

tissues with actively growing hyphae (the meristem and extension zone) (Fig. 3.1a). 

The higher laeA expression in the blades, compared to other tissues, correlates with 

them receiving the most light, which may at least partially explain the higher 

expression in this tissue based on in vitro light and dark experiments (Fig. 3.1a).  

To examine laeA expression during the infection process, seedlings 

growing in both the light and dark, at three time points post-inoculation (24 HPI, 

60 HPI and 6 DPI) were examined. Expression of laeA increased in 60 HPI but it 

again decreased at 6 DPI. As for culture analyses, at each time point seedlings 

grown in the light had higher mean expression than those grown in the dark (Fig. 

3.1b).   

3.4.3 Functional analysis of ΔlaeA mutant in vitro 

A deletion mutant was generated by targeted replacement of the laeA gene 

with the hygromycin phosphotransferase (hph) gene, using a split marker strategy 

(Fig. 3.2a) (App.1). Correct replacement was confirmed by PCR (Fig. 3.2b) and 

Southern analysis of the mutant confirmed a single copy replacement at the laeA 

locus (data not shown). Complementation of the ΔlaeA mutant was performed by 

introducing the laeA gene back into the mutant, these strains were designated 
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ΔlaeA/laeA. Complementation was confirmed via PCR (Fig. 3.2b). The 

transformants with laeA expression levels most similar to that of wild type strains, 

as measured by quantitative real-time RT-PCR, were chosen for further study 

(Data not shown).	   

 

 

 

 

 

 

 

To examine the influence of LaeA on E. festucae resistance to different 

stresses, wild type, ∆laeA mutant and complemented strains were grown under 

osmotic stress (on 1.5 M sorbitol and 1.5 M NaCl for 28 days), cell wall-damaging 

agents (on 0.04% Congo red and 3% calcofluor white for 17 days) and oxidative 

stress (on 60 µM menadione for 12 days). No significant difference between 

mutant and wild type was observed for most conditions (Fig. S3.3). However, 

when grown on menadione radial growth was significantly decreased in the ΔlaeA 

mutant comparing to wild type and complemented strains (Fig. S3.3), suggesting 

that LaeA positively regulates resistance to oxidative stress.  

In order to determine whether LaeA has a role in the regulation of 

conidiation in E. festucae, wild type, ∆laeA, and ∆laeA/laeA strains were grown in 

total darkness and starvation conditions (3% water agar) for 12 days. The number 

of conidia in the mutant was decreased 2.6 times relative to the wild type strain. In 

the tested complemented strain conidia levels were decreased 1.5 times relative to 

the mutant strains (Fig. 3.3). Although full complementation was not observed, this 

Fig.	   3.1-‐	  The	   laeA	   expression	   in	  planta.	   (a)	  Relative	  expression	  of	   laeA	   in	  different	   tissues	  of	  
mature	   ryegrass.	   Results	   were	   analysed	   using	   the	   MANOVA	   Tukey’s	   test	   and	   statistically	  
significant	   results	   are	   indicated	   with	   same	   letter	   are	   not	   significantly	   different.	   (b)	   Relative	  
laeA	   expression	   at	   different	   times	   after	   inoculation.	   Seedlings	   inoculated	   with	   wild	   type	   E.	  
festucae	  and	  at	  different	  times	  after	  inoculation	  laeA	  expression	  was	  tested.	  
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indicates that functional laeA is required for normal conidiation, consistent with 

other fungi.  

Fungal morphology was tested by growing wild type, ΔlaeA and 

ΔlaeA/laeA strains of E. festucae on a thin layer (around 3mm) of PDA and 3% 

water agar for 2 weeks and examining by DIC microscopy. Results showed no 

difference between the strains when growing in PDA medium but in 3% water agar 

hyper branched and convoluted hyphae were observed in the ΔlaeA mutant 

compared to wild type. Normal hyphal morphology in the ΔlaeA/laeA strains (Fig. 

3.4) confirmed that this phenotype was due to laeA deletion.  

3.4.4 Functional analysis of ΔlaeA mutants in planta  

In order to explore the role of laeA in the E. festucae interaction with L. 

perenne, endophyte-free L. perenne seedlings were inoculated with mycelia of wild 

type, ΔlaeA, and ΔlaeA/laeA. 50% of seedlings inoculated with ∆laeA died within 

two months post-inoculation and the infection rate in surviving plants was just 6% 

(Fig. 3.5) compared with 47% and 58% in ΔlaeA/laeA and wild type inoculated 

seedlings, respectively (Fig. 3.5). This shows that laeA is necessary for establishing 

a successful symbiosis between E. festucae and its plant host. Those few remaining 

mature plants infected with the ΔlaeA mutant were stunted, with average reduced 

shoot size and tiller numbers (Fig. 3.6a), although a range of phenotypes were 

observed from mild to severe stunting (Fig. 3.6b).  

Under nutrient limited culture conditions laeA is required for normal 

hyphal morphology. In order to determine any effect on in planta hyphal 

morphology, sections were taken from the top 4cm of the youngest mature blades 

of infected plants to standardise the developmental stage examined. These were 

visualised using TEM, confocal and light microscopy (Fig. S3.4). Examination of 

cross-sections showed no obvious difference between wild type and mutant strains 

regarding the number and distribution of endophyte hyphae (Fig. S3.4). Hyphal 

morphology in longditudinal sections of epidermal sheath peels and blade samples 

was examined with aniline blue staining and no differences were observed between 

different strains (Fig. S3.4c). Chitin distribution was tested in hyphae in planta by 

staining blade samples with Alexa Fluor 488-labelled wheat germ agglutinin 
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(WGA) (Fig. S3.4c). No difference was observed in chitin distribution in 

endophytic and epiphytic hyphae between different strains but interestingly there 

was a much higher amount of epiphyllous growth revealed (Fig. 3.7). Whether this 

is due to increased growth on the exterior of the leaf or an increase in expressoria 

production was not able to be determined but clearly laeA is required to limit 

excess epiphyllous growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.	   3.2-‐	   Strategy	   for	   deletion	   of	   E.	  
festucaë	   velA	   and	   confirmation	   by	  
PCR.	   (a)	   Physical	   map	   of	   wild-‐type	  
genomic	   locus	   and	   ΔvelA	   mutant	  
locus,	   showing	   primers	   for	  deletion,	  
screening	   and	   replacement.	   (b)	   PCR	  
screening	   of	   deletion	   and	  
complementation	   of	   different	  
strains.	  	  	  
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Fig.	   3.3-‐	   Conidiation	   of	   different	  
strains	   of	   E.	   festucae.	   Different	  
strains	  grown	  on	  3%	  water	  agar	  for	  
15	   days	   and	   conidiospores	   were	  
counted	   under	   a	   Leica	   DMR	  
microscope	   in	   bright	   field.	   The	  
conidiospores	   were	   counted	   from	  
20	   individual	   fields	   (450	   μm)	   of	  
view	  for	  each	  strain	  
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Fungal concentration in planta was measured using qPCR to determine the 

relative levels of a single copy gene, chitinase A, in the top 4 cm of the newest 

mature blade (Fig. 3.8). There was 1.8 times increased concentration in ∆laeA-

infected plants compared with wild type, assuming no difference in number of 

nuclei. As no obvious difference was observed between mutant and wild type 

inside plant tissues, this increase seems likely to be due to increased epiphyllous 

growth.  

Given the severe plant interaction phenotype observed, seedlings were 

analysed for an indication of plant defence responses by testing H2O2 production at 

the inoculation site using DAB staining. H2O2 production was observed in each of 

the fungus-inoculated seedlings immediately after inoculation, although this was 

substantially increased in ∆laeA mutant inoculations (66.7%) compared with wild 

type (33.3%), with ∆laeA/laeA strain inoculations intermediate (46.2%) (Fig. 3.9). 

This result suggests that laeA is necessary for Epichloë to either suppress plant 

H2O2 production or avoid detection leading to this response during the early stages 

of infection. 

 

 

 

 

 

 

 

 

 

Fig.	   3.5-‐	  Role	  of	  E.	   festucae	   laeA	   on	   host	   infection	   and	   survival.	  Perennial	   ryegrass	  
seedlings	   were	   inoculated	   with	   different	   strains	   of	  E.	   festucae	   and	   after	   2	  months	  
percentage	  of	  dead	  plants	   (a)	   and	   infected	  plants	   (b)	  per	   total	   inoculated	   seedlings	  
were	   estimated.	   Error	   bars	   are	   based	   on	   measured	   standard	   error	   of	   three	  
independent	  inoculation	  experiments.	  	  	  
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Fig.	   3.7-‐	   Epiphyllous	  distribution	  of	   infected	   ryegrasses	   blades	  with	  
different	   strains	   stained	  with	   Alexafluor	   488-‐	   WGA.	   Hyphae	   appear	  
bright	  green.	  
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Fig.	   3.6-‐	   Plant	   morphology	  
measurements	   in	   two	   time	  
points	   after	   inoculation.	   (a)	  
Root	   and	   shoot	   sizes	   and	  
number	  of	   tillers	   two	  months	  
after	   inoculation	   with	  
different	  strains	  of	  E.	  festucae.	  
(b)	   Plant	   phenotypes	   four	  
months	  post	  inoculation.	  
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Fig.	   3.9-‐	   H2O2	   response	   at	   1	   cm	   up	  
meristem	   of	   7	   days	   old	   seedlings	   was	  
detected	   immediately	   after	   inoculation.	  
H2O2	   response	   appeared	   in	   brown	  
colour.	   a)	   Samples	   of	   different	   levels	  
used	   for	   measuring	   the	   amount	   of	  
responses.	   b)	   H2O2	   responses	   in	  
different	   levels	   in	   each	   strain.	   C)	  
Percentage	   of	   seedlings	   with	   any	   H2O2	  
responses	   in	   seedlings	   inoculated	   with	  
different	  strains.	  
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Fig.	   3.8-‐	   Fungal	   concentration	   in	  
wild	   type	   and	   ∆velA	   mutant	   E.	  
festucae	  infected	  plants	  expressed	  as	  
chitinase	  A	   copies	   per	   total	   genomic	  
DNA	   measured	   by	   qPCR.	   Results	  
were	   analysed	   using	   the	   MANOVA	  
Tukey’s	   test	   and	   statistically	  
significant	   results	   are	   indicated	   **	  
0.05>p>0.001).	  
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3.4.5 Transcriptomics analysis 

In order to detect the suite of genes regulated by LaeA, comparative 

transcriptomics analyses were performed comparing the ∆laeA mutant with wild type E. 

festucae grown in culture for two weeks (IC ∆laeA-WT) and in seedlings two weeks after 

inoculation (S ∆laeA-WT). 

Genes with two-fold or more difference between samples and an FDR 

equal to or less than 0.05 were considered as differentially expressed genes (DEGs). 

In the IC ∆laeA-WT comparison, 1.3% of E. festucae genes (108 genes) were 

differentially expressed, with 46 genes up-regulated and 62 genes down-regulated 

(Fig. 3.10a). In the S ∆laeA-WT comparison twice as many genes were 

differentially expressed compared with in culture, 2.52% of E. festucae genes (216 

genes), with 66 genes up regulated and 150 genes down-regulated (Fig. 3.10a). 

Only a small number of DEGs (32) were present in both comparisons (Fig. 3.10b), 

suggesting LaeA regulates different suites of genes in E. festucae in a condition 

dependent manner. A broader range of fold changes (12 to -56) was also seen in 

the S ∆laeA-WT comparison (Fig. 3.11a).  

Recently, based on a comparative transcriptomics study of E. festucae 

∆proA, ∆noxA, and ∆sakA mutants, each of which have incompatible interactions 

with L. perenne, 182 genes that were differentially expressed in all three 

comparisons were introduced as the core fungal gene set distinguishing mutualistic 

from (artificial) antagonistic symbiotic states (Eaton et al., 2015). Comparing 

DEGs in the S ∆laeA-WT comparison with this set of genes revealed that only 29 

of the core set genes were present in this comparison (Fig. 3.11b). This may 

suggest that the genes required for symbiotic interaction regulated by LaeA are 

involved in mechanisms separate from those regulated by ProA, NoxA and SakA, 

although the samples in this study were taken from inoculated seedlings rather than 

mature pseudostem material as in the Eaton et al (2015) study.       

Differentially expressed genes were classified based on their primary 

functions into ‘Molecular Function’ and ‘Biological Process’ GeneOntology (GO) 

categories (Fig. S3.5). In Molecular Function GO categories in both comparisons 

DEGs were enriched in catalytic activity, binding and transporter activity. In 

Biological Process GO categories in both comparisons DEGs were enriched in the 
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metabolic process category. There was no known molecular function for around 

58% and 72% of DEGs in S ∆laeA-WT and IC ∆laeA-WT comparisons, 

respectively. In addition, there was no known biological process for around 65% 

and 67% DEGs in S ∆laeA-WT and IC ∆laeA-WT comparisons, respectively. To 

further investigate possible DEG functions, they were queried against the Uniprot, 

Swissprot, InterProScan and KEGG databases. No significant hits (p-value ≤ E-20) 

were found for 22.2% (48) and 35.2% (38) of DEGs in S ∆laeA-WT and IC ∆laeA-

WT comparisons respectively using both Uniprot and Swissprot, suggesting these 

genes may be unique to Epichloë. 

Further analysis focussed on four areas of fungal cellular function and 

metabolism: fungal cell wall biosynthesis, host cell wall degradation, secondary 

metabolism and small-secreted proteins. These four areas include most of the 

DEGs and were previously indicated as important in the E. festucae/L. perenne 

interaction (Eaton et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

Fig.	   3.10-‐	   Differentially	   expressed	   genes	   (DEGs)	   of	   ∆laeA	   comparing	   to	   wild	   type	   E.	  
festucae	   in	   different	   conditions.	   (a)	   Number	   of	   genes	   differentially	   expressed	   in	   two	  
different	   conditions.	   (b)	   Distribution	   of	   differentially	   expressed	   genes	   between	   two	  
conditions.	  
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Fundamentally plant cell walls are made of embedded cellulose 

microfibrils in a matrix of pectin, hemicellulose and cell wall associated proteins 

(Kubicek et al., 2014). To look specifically at the enzymes with plant cell wall 

degrading characteristics, the Fungal PCWDE (Plant Cell Wall-degrading 

Enzymes) Database, was utilised. In this database there are 22 known fungal gene 

families which degrade the plant cell wall (Choi et al., 2013). Searching against 

this database showed that 25 genes in 13 PCWDE families are present in E. 

festucae (Table S3.5). In addition, the larger Carbohydrate-Active enZYmes 

(CAZyme) database, which includes the families of enzymes that assemble, modify, 

or breakdown oligo- and polysaccharides (Lombard et al., 2014) was checked 

(Table S3.6). All DEGs with host cell wall degradation activity are summarised in 

table 3.1. Two genes EfM3.049570 and EfM3.053990 were found with cellulose 

degradation activities that were differentially expressed in the seedling comparison. 

EfM3.049570 is a homologue of an alpha-glucosidase, swa2, from 

Schwanniomyces occidentalis that is engaged in hydrolysis of (1->4)-alpha-D-

glucosidic linkages in polysaccharides (Claros et al., 1993). EfM3.053990 is a 

IC	  ∆laeA-‐WT	   S	  ∆laeA-‐WT	  

153

187

29

Core set

S laeA-WT
(b)	   S	  ∆laeA-‐WT	  

Core	  set	   Fig.	   3.11-‐	   Distribution	   of	   fold	   changes	   of	  
Differentially	   expressed	  genes	   (DEGs)	  and	  
Venn	   diagram	   of	   common	   genes.	   (a)	  
Volcano	  plots	   showing	  distribution	  of	   log2	  
of	  fold	  changes	  (logFC)	  and	  significantly	  (–
log10	  of	  FDR)	   in	  IC	  ∆laeA-‐WT	  and	  S	  ∆laeA-‐
WT	   comparisons.	   Red	   dots:	   	   FDR<0.05,	  
orange	   dots:	   logFC>1,	   green	   dots:	  
FDR<0.05	   &	   logFC>1.	   (b)	   Venn	   diagram	  
showing	   common	   DEGs	   between	   S	   ∆laeA-‐
WT	  and	  the	  proposed	  core	  fungal	  gene	  set	  
distinguishing	  mutualistic	   from	   (artificial)	  
antagonistic	  symbiotic	   states	  (Eaton	  et	  al.,	  
2015).	  	  

(a)	  
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homologue of an endoglucanase EG-II for which degradation activity was shown 

in both cellulose and hemicellulose (Shimokawa et al., 2008). The main component 

of the hemicellulose in plant cell walls is xylan that is degraded by xylanase 

enzymes (Kubicek et al., 2014). EfM3.040190, a homologue of endo-1,4-beta-

xylanase 2 (xyl2) in Claviceps purpurea was up regulated in seedlings. No gene 

with pectinase activity was detected as differentially expressed in culture or in 

seedlings. EfM3.008610, a homologue of cutinase cutA in Fusarium solani subsp. 

cucurbitae (Crowhurst et al., 1997), was up regulated 2.5 times in the IC ∆laeA-

WT comparison (Table 3.1). Based on these data it appears that LaeA regulates E. 

festucae genes that encode proteins with a range of plant cell wall degrading 

functions during the fungal interaction with its host.   

Chitin, glycoproteins and glucan are the main components of the fungal 

cell wall and these can function as elicitors of plant defence responses (Segonzac & 

Zipfel, 2011; Monaghan & Zipfel, 2012). Fungi use a range of enzymes to break 

down, synthesise or remodel cell walls (Bowman & Free, 2006). Three genes 

engaged in fungal cell wall composition were down-regulated in the S ∆laeA-WT 

comparison (Table 3.2). EfM3.000810 is a homologue of a chitinase 

(BDCG_06828) in Blastomyces dermatitidis, three-fold down-regulated. 

EfM3.078790 is a homologue of a cell wall glycoprotein sed1 in Saccharomyces 

cerevisiae 3.4-fold down-regulated. In S. cerevisiae Sed1 is the most abundant cell 

wall- associated protein in the stationary phase and is necessary for fungal 

resistance to lytic enzymes (Shimoi et al., 1998). EfM3.034340 is a homologue of 

the collagen α-2(IV) chain in the nematode Ascaris suum and is three-fold down-

regulated. Although collagen is best understood in animals it is also detected in 

fungal fimbriae, long (1-20 µm) and narrow (7 nm) flexuous appendages on the 

fungal surface, which affect cellular functions such as mating and pathogenesis 

(Celerin et al., 1996). This gene is also a homologue of a putative cell wall protein 

(XP_001270917) in Aspergillus clavatus. 
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Microbes during infection of host plants produce effector proteins that are 

of key interest during plant-microbe interactions. Via a range of different 

molecular mechanisms these secreted proteins suppress or interfere with host 

immune responses or alter the host cell physiology, generating a favourable 

environment for infection and growth (Presti et al., 2015). These proteins often are 

small-secreted proteins (SSPs). For this analysis we considered proteins smaller 

than 200 amino acids, without predicted transmembrane domains and with 

predicted signal peptides as SSPs (Rep, 2005). In the E. festucae genome, 177 

putative SSPs were found. Of these, in the IC ∆laeA-WT comparison, 17 were 

differentially expressed with a range of fold changes between 4.8 to -4.8 (Table 

S3.7). In the S ∆laeA-WT comparison, 25 putative SSP genes were differentially 

expressed with a fold change range between 12.6 to -56 (Table S3.7). In both 

culture and seedling comparisons there was no specific direction of differential 

expression with around 50% of these genes up- or down-regulated in each 

comparison. Most of the predicted gene products have no homologues with 

annotated molecular function except two genes EfM3.001750 and EfM3.001305. 

Table	  3.1-‐	  Differentially	  expressed	  genes	  with	  host	  cell	  wall	  degradation	  activity.	  Fold	  
changes	  show	  in	  bold	  are	  statistically	  significant	  (FDR≤0.05)	  changed	  more	  than	  two	  
times.	  

	   	   	   	   	   Fold	  change	   Presence	  
in	  core	  
set	  genes	  Model	   CAZyme	  

class	  
PCWDE	  
family	  

Predicted	  
function	  

Target	  cell	  wall	  
component	  

In	  
PDA	  

In	  
seedling	  

EfM3.049570	   GH13	   2	   Alpha-‐	  glucosidase	   Cellulose	   1.0	   -‐2.1	   No	  

EfM3.053990	   GH5	   N/A	   Endoglucanase	   Cellulose,	  	  
Hemicellulose	  

1.5	   2.1	   No	  

EfM3.040190	   GH10	   21	   Endo-‐1,4-‐beta-‐
xylanase	  2	  

Hemicellulose	   1.7	   3.3	   Yes	  

EfM3.008610	   CE5	   9	   Cutinase	   Cutin	   2.5	   2.9	   Yes	  

	  
	  
	  

Table	  3.2-‐	  Differentially	  expressed	  genes	  engage	  in	  fungal	  cell	  wall	  
composition.	  Fold	  changes	  show	  in	  bold	  are	  statistically	  significant	  (FDR≤0.05)	  
changed	  more	  than	  two	  times.	  	  

	   	   	   	   Fold	  change	  

Model	   CAZyme	  
class	  

Predicted	  
function	  

Cell	  wall	  
component	  

In	  
PDA	  

In	  
seedling	  

EfM3.000810	   CBM18	   Chitinase	   Chitin	   1.0	   -‐3.0	  

EfM3.078790	   N/A	   Cell	  wall	  protein	  
SED1	  

Glycoproteins	   1.1	   -‐3.4	  

EfM3.034340	   N/A	   Cell	  wall	  
glycoprotein	  

Glycoproteins	   -‐1.2	   -‐3.4	  
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EfM3.001750 is homologous with the guanyl-specific ribonuclease F1 gene in 

Fusarium fujikuroi with 63% identity (Yoshida et al., 1998). EfM3.001305 is 

homologous with a killer toxin gene, kp4, in the Ustilago maydis P4 virus (with 

35% identity) that is a lethal protein via inhibition of calcium channels (Gage et al., 

2001). Of the 32 genes with no annotation, for eight no homologue was found in 

any database, suggesting they are unique to Epichloë. Although only 16% (29 

genes) of the Eaton et al (2015) symbiosis core set genes are common with DEGs 

in the inoculated seedlings with ∆laeA, 24% (7 genes) of these are SSPs, which are 

half of the total SSP genes in the Eaton et al (2015) core set.  

3.4.5.1 laeA is required for secondary metabolite gene expression but 

not for production   

In all fungi tested to date, LaeA is an important regulator of secondary 

metabolism, which is an important feature of the bioprotective Epichloë symbiosis. 

In order to investigate the regulatory effects of LaeA on secondary metabolism in E. 

festucae, differential expression of involved genes in known alkaloids (ergot 

alkaloids, idole-diterpenes and peramine) clusters in both comparisons were 

examined. Of the 11 genes involved in ergot alkaloid production (EAS cluster 

genes) (Fleetwood et al., 2007; Schardl et al., 2013a), two genes, lpsB and easA, 

were significantly up regulated in the IC ∆laeA-WT comparison (although for lpsB 

in both mutant and wild type the number of reads were very low) but in seedlings 

all genes were significantly down-regulated in the mutant (Fig 3.12a). Of the ten 

known genes for indole-diterpene biosynthesis, only ltmB is significantly up 

regulated in the IC ∆laeA-WT comparison but in seedlings all genes were 

significantly down-regulated in the mutant except ltmC and ltmK (Fig. 3.12b). The 

expression of perA, the only gene responsible for peramine biosynthesis, was not 

significantly differentially expressed in any comparison. In addition to these 

alkaloid genes, 191 genes belonging to 29 clusters putatively encoding secondary 

metabolites in E. festucae Fl1 (Schardl et al., 2013b) were examined (Table S3.8). 

Of the total 31 clusters in E. festucae 12 contained at least one gene differentially 

expressed in one of the comparisons, 11 in seedling comparison and five in in 

culture comparison (Fig. 3.13). Between these clusters only in seedling comparison 

in five clusters (clusters 1, 2, 25, 28 and 44) ≥ 50% of genes in the cluster are down 

regulated. Besides the two clusters for ergot alkaloids and indole diterpenes, the  
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(a)	  

Fig.	  3.12-‐	  Fold	  changes	  in	  ergot	  alkaloids	  and	  idole-‐diterpens	  responsible	  genes	  in	  IC	  
∆laeA-‐WT	   and	   S	   ∆laeA-‐WT	   comparisons	   and	   chemical	   concentration	   illustrated	   in	  
their	   pathways.	   (a)	   Ergot	   alkaloids	   production	   pathways.	   Chemical	  measurement	   of	  
different	   ergot	   alkaloid	   in	   wild	   type	   and	   ΔvelA	   infected	   ryegrass	   at	   3	  months	   post	  
inoculation	   shown	  under	   each	   chemical	   structure.	   The	   Y	   axis	   represent	   µg/g	   of	   dry	  
plant	   material.	   (b)	   Idole-‐diterpens	   production	   pathway.	   Chemical	   measurement	   of	  
different	   Idole-‐diterpen	   in	   wild	   type	   and	   ΔvelA	   infected	   ryegrass	   at	   3	  months	   post	  
inoculation	   shown	   under	   each	   chemical	   structure.	   The	   Y	   axis	   represent	   normalised	  
pick	  area.	  
	  

(b)	  

(FDR≥0.05)	  

(FDR≤0.05)	  

(FDR≥0.05)	  
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(FDR≥0.05)	  

(FDR≤0.05)	  
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other clusters contained anchor genes encoding polyketide synthases (cluster 7, 10 

and 22), nonribosomal peptide synthetases (NRPS) (cluster 25, 28, 35 and 39), 

both NRPS and DMATS-family prenyltransferases (cluster 44), a terpene cyclase 

(cluster 45) and one miscellaneous cluster with no classical SM anchor gene 

(cluster 50) (Table S3.8). All DEGs in these clusters were down-regulated (Table 

S3.8), showing that LaeA positively regulates secondary metabolite gene 

expression in E. festucae. 

Given LaeA was shown to be a regulator of secondary metabolism genes, 

alkaloid production was tested by measuring the levels of ergot alkaloids, indole 

diterpenes and peramine in three-month-old ryegrass plants infected with wild type 

and ∆laeA mutant E. festucae (Fig. S3.6). For all seven ergot alkaloid compounds 

that were measured, only the mean of ergine and ergovaline of wild type infected 

plants were higher than ∆laeA mutant infected plants and none of them were 

statistically significantly different. Of the 24 indole-diterpene alkaloid compounds 

that were measured, terpendole N and lolitrem K were significantly higher in 

∆laeA mutant infected plants than wild type infected plants and terpendole C, 

lolilline and lolitrem A were significantly higher in wild type infected plants than 

∆laeA mutant infected plants (Fig. S3.6). There was not any difference in peramine 

levels between ∆laeA mutant and wild type infected plants (Fig. S3.6).  
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3.5 Discussion  

LaeA is a well-known regulator in a variety of fungal cellular and 

developmental functions including sexual/asexual development, secondary 

metabolism, pathogenicity, resistance to stresses, hyphal morphology and fungal 

growth (reviewed in Jain et al (2013)). In this study, we characterised LaeA roles 

in the endophytic fungus E. festucae and its interaction with host grass L. perenne. 

To our knowledge this is the first report on the requirement for LaeA in a 

symbiotic plant-microbe interaction.  

Our results show that LaeA is a positive regulator of conidiation in E. 

festucae. The regulatory effect on conidiation in other species differs depending on 

the fungus. In some fungi such as Fusarium oxysporum (López-Berges et al., 2013), 

Penicillium chrysogenum (KosalkovA et al., 2009; Hoff et al., 2010) and also in 

Trichoderma reesei, the most closely related fungus in which laeA has been 

analysed, LaeA positively regulates conidiation similar with E. festucae. In some 

fungi LaeA acts as a negative regulator such as in Cochliobolus heterostrophus 

(Wu et al., 2012) and Botrytis cinerea (Schumacher et al., 2015). The effect of 

LaeA on conidiation in E. festucae is opposite to the effect of VelA in this fungus 

(Chapter 2). Although in most fungi VelA and LaeA have the same direction of 

regulation of conidiation, in some fungi such as in Fusarium oxysporum (López-

Berges et al., 2013) and Penicillium chrysogenum (KosalkovA et al., 2009; Hoff et 

al., 2010) this opposite effect was also observed.   

Deleting laeA in different fungi causes abnormal fungal hyphal 

morphology, including hyper-branching and swelling, and also mutants are often 

sensitive to various stresses (Bayram et al., 2010; Hoff et al., 2010; Kamerewerd et 

al., 2011; Wu et al., 2012; Schumacher et al., 2015). These phenotypes may be a 

result of the regulation of genes encoding proteins involved in fungal cell wall 

characteristics such as chitinases that are involved in cell wall integrity 

(Kamerewerd et al., 2011). In this study, deleting laeA in E. festucae caused 

abnormal hyper-branched and convoluted hyphal morphology only when grown in 

starvation conditions. Although LaeA does not regulate E. festucae resistance to 

osmotic and cell wall-damaging stresses, it positively regulates fungal resistance to 

oxidative stress. Our comparative transcriptomics results showed a chitinase and 
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two cell wall proteins down-regulated in the ∆laeA mutant during fungal growth on 

ryegrass seedlings (likely a nutrition-limited condition) but not differentially 

expressed in PDA culture. This chitinase is also down-regulated in ∆noxA, ∆sakA 

and ∆proA mutants and described as a core gene for symbiotic interaction (Eaton et 

al., 2015). Potentially then the abnormal hyphal morphology in the ∆laeA strain in 

starvation conditions is a consequence of LaeA regulatory roles on the expression 

of genes involved in fungal cell wall degradation and composition.  

Measuring laeA expression in E. festucae under different light and nutrient 

regimes showed that its expression is up-regulated under starvation conditions and 

weakly under control of light and nitrogen source.  

Similar with velA, a tissue specific expression was observed for laeA in 

different tissues of mature infected plants but a different pattern in the time course 

experiment after inoculation of seedlings was observed for laeA.  

Analysis of the plant interaction revealed that LaeA, similar with VelA, 

(Chapter 2) is an important regulator of processes required for successful symbiotic 

interaction. Inoculating seedlings with the ∆laeA mutant caused 50% death and a 

very low infection rate (6%) in the surviving plants but ∆velA mutant caused higher 

levels of seedling death (70%) and had a higher infection rate (19%). Although we 

presume some interaction between VelA and LaeA based on other fungal systems, 

it seems LaeA has some different regulatory effects than VelA on E. festucae’s 

ability to establish and maintain a mutualistic symbiotic interaction with perennial 

ryegrass.  

Plant responses are one of the key elements that define the future of the 

interaction especially during the early stages of infection and can play key roles for 

the future of the plant-microbe interaction. We measured H2O2 production, one of 

the early plant responses against pathogen infection, and showed higher levels of 

H2O2 in mutant ∆laeA infected seedlings. It seems that, similar with VelA, LaeA is 

necessary for avoidance of plant recognition or suppression of host plant ROS 

responses and possibly ROS production can be one of the reasons for high numbers 

of seedling death and low infection rates.  
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In the small number of surviving ryegrass plants infected with ΔlaeA 

mutant E. festucae, strong incompatible phenotypes of reduced shoot size and 

increased number of tillers were observed compared with wild type infected plants. 

Opposite to what might be expected from these strong incompatible phenotypes, 

microscopic analysis of ∆laeA mutant-infected plants showed no obvious abnormal 

or increased endophytic growth inside the plant. Interestingly, much higher 

epiphyllous growth was observed in ∆laeA mutant-infected plants compared to 

wild type infected plants. Around two times higher concentration was observed in 

the ∆laeA mutant infected plants and this appears to be due to this higher 

epiphyllous growth. Incompatible Epichloë/grass interaction phenotypes such as 

stunted plants and death were reported previously as a result of deleting regulatory 

genes ΔmkkA, ΔmpkA, ΔnoxA, ΔnoxR, ΔracA and ΔproA mutants (Tanaka et al., 

2006; Takemoto et al., 2006; Tanaka et al., 2008; Eaton et al., 2010; Charlton et al., 

2012; Tanaka et al., 2013; Becker et al., 2015). Endophytic growth of these 

mutants is unrestricted and hyper-branched. Although in ∆noxA, ∆noxB and ∆noxR 

epiphyllous growth was also increased, compared to these interactions, the ∆laeA 

interaction is unique because no endophytic growth difference in this mutant was 

observed.  

In our transcriptomics results comparing ∆laeA mutant and wild type E. 

festucae in seedlings there was only a small proportion of DEGs common with the 

genes in the proposed core fungal gene set distinguishing mutualistic from 

(artificial) antagonistic symbiotic states (Eaton et al., 2015). Although this may 

partly be a result of different tissue samples used for transcriptomics analysis, 

based on the different fungal in planta growth differences between LaeA and ProA, 

NoxA and SakA it is likely LaeA regulates separate mechanisms important in 

mutualistic interaction.  

The small proportion of DEGs in common between IC ∆laeA-WT and S 

∆laeA-WT comparisons suggests condition-dependent regulatory roles of LaeA on 

E. festucae gene expression. It is possible that LaeA forms different protein 

complexes in different conditions as was shown in A. nidulans (Bayram & Braus, 

2012). Other possibilities are different post-translational modifications or 

localisation in different conditions.  
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There are previous transcriptomics studies, mostly microarrays, of ∆laeA 

mutant strains comparing with wild type fungi that show LaeA regulatory effects 

on a variety of cellular functions, including fungal metabolism, development, 

secondary metabolism, CAZymes, proteases and fungal cell wall metabolism 

(Perrin et al., 2007; Kamerewerd et al., 2011; Seiboth et al., 2012; Butchko et al., 

2012; Karimi Aghcheh et al., 2013; Schumacher et al., 2015). Although until now 

LaeA regulatory effects on degrading the host plant cell wall was not studied, a 

regulatory effect on CAZyme genes in a few fungi was shown (Seiboth et al., 

2012; Schumacher et al., 2015). The CAZyme database includes families of 

enzymes that assemble, modify, or breakdown oligo- and polysaccharides 

(Lombard et al., 2014). Because carbohydrates are one of the main components of 

the plant cell wall, these enzymes are possibly involved in plant cell wall 

degradation. In this study, in seedlings inoculated with the ∆laeA mutant four 

putative CAZyme genes were found that also are homologous with genes in other 

fungi encoding proteins involved in plant cell wall degradation. Two of these are 

common with the Eaton et al (2015) core set of genes that like ∆laeA are up-

regulated in all three ∆noxA, ∆sakA and ∆proA mutants. LaeA thus appears to be 

required for suppressing production of E. festucae proteins with plant cell wall 

degrading functions during the fungal interaction with its host.  

LaeA is well known as a regulator of secondary metabolite gene clusters in 

different fungi (Perrin et al., 2007; Butchko et al., 2012; Karimi Aghcheh et al., 

2013; Schumacher et al., 2015). For example, in A. fumigatus, 20-40% of all major 

classes of secondary metabolite clusters are positively regulated by LaeA (Perrin et 

al., 2007). In this study, we showed LaeA positively regulates 35.5% of the gene 

clusters for secondary metabolism in E. festucae. LaeA positively regulates the 

expression of most of the genes in the two most well characterised secondary 

metabolite clusters in E. festucae, those for ergot alkaloids and indole diterpenes. 

Similarly SakA also positively regulates most of these genes (Eaton et al., 2010) 

but in ∆noxA and ∆proA weaker regulatory effects were observed. Despite large 

differences in gene expression, the concentration of ergovaline did not significantly 

change in the ∆laeA association. Although in this study the gene expression 

analysis was done on inoculated seedlings and chemical analysis came from mature 

infected plants, it seems there is not always as strong an effect on alkaloid 
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production from gene regulation as might be expected, consistent with findings in 

∆sakA, ∆noxA and ∆proA mutant associations (Eaton et al., 2015).  

Of all detected SSPs in E. festucae, 10% and 14% were differentially 

expressed in IC ∆laeA-WT and S ∆laeA-WT comparisons, respectively. It seems 

LaeA is a key regulator in SSP expression, although whether this is direct or as a 

result of associated proteins or pleiotropic effects cannot be determined from our 

data. Higher number of differentially expressed SSPs with much broader range of 

fold changes in seedlings inoculated with mutant comparing to in culture is a sign 

of their importance during the infection process as it was shown in other 

pathogenic or symbiotic fungi (Reviewed in Presti et al 2015). The role of SSPs in 

modulating the E. festucae interaction with ryegrass is speculative but given their 

importance in other plant-microbe interactions can be expected to be important and 

has been suggested previously (Eaton et al., 2015). In the small number of DEGs in 

seedlings inoculated with ∆laeA that are common with Eaton et al (2015) core set 

genes (29), a high percentage of them (7) are SSPs, supporting their importance for 

compatible interaction. In addition, high percentages of DEGs in inoculated 

seedlings with laeA mutant are SSPs (11%). Interruption of the symbiosis via 

changes in effector production could explain why relatively normal endophytic 

growth of the mutant can caused a severe plant phenotype. Potentially LaeA may 

positively regulate SSPs that are required for symbiotic interaction or negatively 

regulate SSPs that lead to avirulence reactions. Most of the SSPs regulated, either 

directly or indirectly, by LaeA have no function able to be ascribed by sequence 

identity and are unique to E. festucae. These are prime candidates for future studies 

on E. festucae-ryegrass interactions. 

The similar in vitro hyphal growth morphology observed between laeA and 

velA mutants suggest these two genes regulate fungal hyphal growth characteristics 

through similar mechanisms, consistent with other fungi. Interestingly, in planta 

growth of laeA and velA mutants was totally different. This suggests that in 

interaction with ryegrass, VelA and LaeA regulate fungal interaction through 

different mechanisms.  

In conclusion, we have demonstrated that LaeA in E. festucae is a key 

regulator of fungal biology and development and establishing and maintaining the 
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mutualistic interaction of the fungus with L. perenne. Functional analysis of 

candidate genes identified as being regulated by LaeA will be of considerable 

future interest in dissecting the molecular mechanisms of this symbiotic interaction.  
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Table	  S3.1.	  Organisms	  and	  plasmids	  used	  in	  this	  study.	  

Organism/Strain	   Characteristics	   Reference	  

E.	  coli	   	   	  

DH5α	   F–,	  φ80lacZ,	  ΔM15,	  Δ(lacZYA-‐argF),	  U169,	  
recA1,	  endA1,	  hsdR17	  (rk–,	  mk–),	  phoA,	  

supE44,	  λ–,	  thi-‐1,	  gyrA96,	  relA1	  

Invitrogen	  

	   	   	  

E.	  festucae	   	   	  

Fl1	   Wild-‐type	   AgResearch	  

ΔlaeA	   Fl1/ΔlaeA::PtrpC-‐hph-‐TtrpC;	  HygR	   This	  study	  

ΔlaeA/laeA	   Fl1/laeA/laeA;	  pII99;	  GenR,	  HygR	   This	  study	  

L.	  perenne	   	   	  

L.	  perenne	  cv.	  A11104	   -‐	   AgResearch	  

	   	   	  

Plasmid	   Characteristics	   Reference	  

pCR™-‐Blunt	  II-‐TOPO®	   KanR;	  ZeoR;	  LacZα-‐ccdB	   Invitrogen	  

pMR1	   Modified	  Gateway®	  pDONR	  221	  containing	  
of	  942	  bp	  of	  3’	  end	  of	  hygR	  gene	  

App.	  1	  

pMR2	   Modified	  Gateway®	  pDONR	  221	  containing	  
of	  1124	  bp	  of	  5’	  end	  insert	  of	  hygR	  gene	  

App.	  1	  

pMR7	   pMR1	  containing	  of	  2926	  bp	  of	  3’	  flank	  of	  
laeA	  gene	  

This	  study	  

pMR8	   pMR2	  containing	  of	  2007	  bp	  of	  5’	  flank	  of	  
laeA	  gene	  

This	  study	  

pII99	   PAntrpC::nptII::TAntrpC	   This	  study	  

	  

Table	   S3.2-‐	  List	  of	  media	  used	  to	   test	   the	   influence	  of	  different	  
carbon	   and	   nitrogen	   sources	   on	   fungal	   growth	   and	   gene	  
expression.	  In	  solid	  media	  1.5%	  agar	  is	  added	  to	  each	  condition.	  	  
Name	   Ingredients	  	  

W	   Water	  	  

PD	   2.4%	  potato	  dextrose	  	  

G,	  NH4	   60	  mM	  glucose,	  15	  mM	  (NH4)2SO4,	  6.25%	  salt	  solution	  	  	  

S,	  NH4	   30	  mM	  sucrose,	  15	  mM	  (NH4)2SO4,	  6.25%	  salt	  solution	  	  	  

G,	  NO3	   60	  mM	  glucose,	  30	  mM	  NaNO3,	  6.25%	  salt	  solution	  	  	  

S,	  NO3	   30	  mM	  sucrose,	  30	  mM	  NaNO3,	  6.25%	  salt	  solution	  	  	  
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Table	  S3.3-‐	  Primers	  used	  in	  this	  study.	  Yellow	  highlight	  indicate	  the	  attB1	  
overhang	  sequences;	  blue	  highlight	  indicates	  attB2	  overhang.	  
Primer	  name	   Sequence	  (5’-‐3’)	  

LaeA.LF-‐S-‐F	   CCAGCACACATGACCATAGC	  

LaeA.LF-‐S-‐R	   GGTCCGTGCTTTGGATACC	  

LaeA.RF-‐S-‐F	   GCCCCACCTTTATTGGTTATCG	  

LaeA.RF-‐S-‐R	   AGCCACGTTCTAGGTGATAGG	  

llmA-‐SMR-‐F	   GGGGACAAGTTTGTACAAAAAAGCAGGCTTA	  CCGTGACACTATGAGCCCTC	  

llmA-‐SMR-‐R	   GGGGACCACTTTGTACAAGAAAGCTGGGTA	  GTCGGGACGAAGGTCAGGTC	  

llmA-‐SML-‐F	   GGGGACAAGTTTGTACAAAAAAGCAGGCTTA	  GCCTCGCTTTCTTCGTCCTC	  

llmA-‐SML-‐R	   GGGGACCACTTTGTACAAGAAAGCTGGGTA	  GAGGGGTCCAACTCGGAATG	  
LaeA-‐S-‐F	   GTTGAGGCTTTGTCGGTTACC	  

LaeA-‐S-‐R	   CCCAACCCAAGCCTCTTACC	  

LaeA.2probe-‐F	   TCAAAGGACGCACACTTCAC	  

LaeA.2probe-‐R	   GGTAACCGACAAAGCCTCAAC	  

LaeA.Comp-‐F	   GTGTCAAGCAGCAAACATAGC	  

LaeA.Comp-‐R	   CCTGGACAGTTCTCTATCTCATC	  

Hph-‐S-‐F	   ACTCACCGCGACGTCTGT	  

Hph-‐S-‐R	   GGCGTCGGTTTCCACTATC	  

LaeA-‐F	   GGGAGTATGGCCGGTATTATGG	  

LaeA-‐R	   CCGAATGGTCTCTTCTCTGAA	  

	  

Table	  S3.4	  Primers	  for	  qRT-‐PCR	  used	  in	  this	  study.	  
Name	   Sequence	  (5'-‐3')	   Purpose	   Gene	  Model	  

LaeAq-‐F	   GGTACCGGAATATGGGCCATT	  	   laeA	  Fwd	   EfM3.069170	  

LaeAq-‐R	   GAATGAGGGCTGGCTGAATC	   laeA	  Rev	  

ChiA-‐F	   AAGTCCAGGCTCGAATTGTG	   chitinase	  A	  Fwd	   EfP3.024310	  

ChiA-‐R	   TTGAGGTAGCGGTTGTTCTTC	   chitinase	  A	  Rev	  

Actinq.IDT-‐F	   GTCTTGAGTCTGGCGGTATC	   gamma	  actin	  Fwd	   EfM3.017740	  

Actinq.IDT-‐R	   CTTCTGCATACGGTCGGAG	   gamma	  actin	  Rev	  

60SqIDT-‐F	   GCAGCAAGTTGAACAAGATCC	   60S	  ribosomal	  protein	  L35	   EfM3.073270	  

60SqIDT-‐R	   CACGGGTTTGCTTGACAC	   60S	  ribosomal	  protein	  L35	  
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Table	  S3.5-‐	  Homologues	  of	  known	  fungal	  plant	  cell	  wall	  degrading	  enzymes	  
in	  E.	  festucae	  

Model	   Family	   E-‐value	   Category	   Gene	  Family	  

EfM3.016930	   1	   3.00E-‐23	   Accessary	  -‐	  cellulose	   Alpha-‐glucosidase	  
(Type	  1)	  

EfM3.024120	   1	   0	   Accessary	  -‐	  cellulose	   Alpha-‐glucosidase	  
(Type	  1)	  

EfM3.050100	   1	   1.00E-‐25	   Accessary	  -‐	  cellulose	   Alpha-‐glucosidase	  
(Type	  1)	  

EfM3.022450	   2	   0	   Accessary	  -‐	  cellulose	   Alpha-‐glucosidase	  
(Type	  2)	  

EfM3.049570	   2	   5.00E-‐17	   Accessary	  -‐	  cellulose	   Alpha-‐glucosidase	  
(Type	  2)	  

EfM3.010800	   3	   0	   Accessary	  -‐	  pectin	   Beta-‐D-‐galactosidase	  
(Type	  1)	  

EfM3.010800	   3	   0	   Accessary	  -‐	  pectin	   Beta-‐D-‐galactosidase	  
(Type	  1)	  

EfM3.053570	   3	   3.00E-‐20	   Accessary	  -‐	  pectin	   Beta-‐D-‐galactosidase	  
(Type	  1)	  

EfM3.075210	   4	   0	   Accessary	  -‐	  pectin	   Beta-‐D-‐galactosidase	  
(Type	  2)	  

EfM3.008730	   6	   5.00E-‐106	   Accessary	  -‐	  pectin	   Pectin	  
methylesterase	  

EfM3.008610	   9	   7.00E-‐81	   Leaf	  Surface	  -‐	  Cutin	   Cutinase	  

EfM3.066110	   9	   4.00E-‐60	   Leaf	  Surface	  -‐	  Cutin	   Cutinase	  

EfM3.030520	   10	   2.00E-‐12	   Main-‐chain	  degrading	  -‐	  
cellulose	  

Cellobiohydrolase	  
(Type	  1)	  

EfM3.032730	   12	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.039340	   12	   3.00E-‐63	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.042900	   12	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.044230	   12	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.073730	   12	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.078610	   12	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.079010	   12	   2.00E-‐29	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  1)	  

EfM3.015680	   13	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Alpha-‐mannosidase	  
(Type	  2)	  

EfM3.020350	   15	   0	   Main-‐chain	  degrading	  -‐	  
glacto(gluco)mannan	  

Beta-‐mannosidase	  

EfM3.056680	   19	   2.00E-‐27	   Main-‐chain	  degrading	  -‐	  
pectin	  

Polygalacturonase	  

EfM3.061190	   19	   6.00E-‐85	   Main-‐chain	  degrading	  -‐	  
pectin	  

Polygalacturonase	  

EfM3.040190	   21	   6.00E-‐98	   Main-‐chain	  degrading	  -‐	  
xylan	  

Endoxylanase	  (Type	  
1)	  

EfM3.050060	   22	   1.00E-‐62	   Main-‐chain	  degrading	  -‐	  
xylan	  

Endoxylanase	  (Type	  
2)	  
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Table	   S3.6-‐	   List	   of	   the	   CAZyme	   gene	   differentially	   expressed	   in	   culture	   or	   in	  
seedlings.	   Fold	   changes	   show	   in	   bold	   are	   statistically	   significant	   (FDR≤0.05)	  
changed	  more	  than	  two	  times.	  

	   	   	   Fold	  change	  
Model	   CAZyme	  class	   Predicted	  function	   In	  

culture	  
In	  

seedling	  
EfM3.008610	   CE5	   Cutinase	   2.5	   2.9	  

EfM3.009660	   GH109	   Spore	  coat	  polysaccharide	  
biosynthesis	  protein	  

-‐2.6	   -‐2.7	  

EfM3.009720	   AA7	   FAD/FMN-‐containing	  isoamyl	  
alcohol	  oxidase	  

-‐3.1	   -‐2.6	  

EfM3.041930	   GT90	   Beta-‐1,2-‐xylosyltransferase	   2.4	   1.1	  

EfM3.049630	   AA7	   oxidoreductase	   2.1	   -‐4.8	  

EfM3.061270	   GH18	   Killer	  toxin	  subunits	  alpha/beta	   -‐2.3	   -‐9.4	  

EfM3.068210	   AA9	   WSC-‐domain-‐containing	  
protein	  

-‐2.8	   -‐1.5	  

EfM3.000810	   CBM18	   Chitinase	   1.0	   -‐3.0	  

EfM3.001290	   CE1	   Feruloyl	  esterase	   -‐1.6	   -‐2.7	  

EfM3.009660	   GH109	   dTDP-‐4-‐amino-‐4,6-‐
dideoxygalactose	  transaminase	  

-‐2.6	   -‐2.7	  

EfM3.009720	   AA7	   6-‐hydroxy-‐D-‐nicotine	  oxidase	   -‐3.1	   -‐2.6	  

EfM3.013170	   GH17	   Cell	  surface	  mannoprotein	   1.1	   -‐4.8	  

EfM3.014760	   GT1	   UDP-‐
Glycosyltransferase/glycogen	  

phosphorylase	  

1.0	   -‐2.1	  

EfM3.024330	   GH93	   Ubiquitin	  carboxyl-‐terminal	  
hydrolase	  

1.2	   2.3	  

EfM3.037040	   GH62	   Glycosyl	  hydrolase	   1.1	   4.3	  

EfM3.040190	   GH10	   Endo-‐1,4-‐beta-‐xylanase	   1.7	   3.3	  

EfM3.049570	   GH13	   alpha-‐amylase	   1.0	   -‐2.1	  

EfM3.049630	   AA7	   oxidoreductase	   2.1	   -‐4.8	  

EfM3.053990	   GH5	   endoglucanase	   1.5	   2.1	  

EfM3.062310	   GT2	   Glycosyltransferas/	  
Polysaccharide	  synthase	  

-‐2.8	   -‐7.5	  
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Table	   S3.7-‐	  Putative	   small	   secreted	  proteins	   that	  differentially	   expressed	   in	  
ΔlaeA	  mutant	   comparing	   to	  wild	   type	   in	  at	   least	  one	  of	   two	  conditions.	  Bold	  
numbers	  are	  the	  fold	  changes	  that	  are	  significantly	  (FDR	  ≤	  0.05)	  changed	  more	  
than	  tow	  times.	  

	   	  

Fold	  change	   Presence	  in	  
core	  set	  
genes	  	   Predicted	  Function	   IC	  ∆laeA-‐

WT	  
S	  ∆laeA-‐
WT	  

EfM3.006460	   Putative	  small	  secreted	  protein	   1.3	   -‐8.4	   No	  

EfM3.007580	   hypothetical	  protein	   1.3	   3.6	   No	  

EfM3.014350	   hypothetical	  protein	   1.1	   -‐2.5	   Yes	  

EfM3.016770	   hypothetical	  protein	   1.6	   -‐2.9	   Yes	  

EfM3.033250	   hypothetical	  protein	   1	   6	   No	  

EfM3.041600	   hypothetical	  protein	   1.2	   1.8	   No	  

EfM3.041770	   hypothetical	  protein	   1.1	   1.8	   Yes	  

EfM3.042450	   hypothetical	  protein	   -‐1.7	   -‐2.2	   No	  

EfM3.042700	   hypothetical	  protein	   -‐1.9	   3	   No	  

EfM3.058140	   hypothetical	  protein	   1.2	   2.9	   No	  

EfM3.062700	   hypothetical	  protein	   -‐1.3	   -‐56.3	   Yes	  

EfM3.062880	   hypothetical	  protein	   0	   -‐7	   No	  

EfM3.068330	   hypothetical	  protein	   -‐1.2	   -‐2.8	   No	  

EfM3.072390	   hypothetical	  protein	   -‐1.1	   2.5	   Yes	  

EfM3.075450	   hypothetical	  protein	   -‐1.5	   -‐2	   No	  

EfM3.075920	   hypothetical	  protein	   1.9	   12.6	   Yes	  

EfM3.110470	   hypothetical	  protein	   -‐1.7	   -‐4.5	   No	  

EfM3.001305	   Killer	  toxin,	  Kp4	   -‐2.2	   -‐3.5	   No	  

EfM3.001750	   Guanyl-‐specific	  ribonuclease	  F1	   -‐3.6	   -‐2.5	   No	  

EfM3.008740	   hypothetical	  protein	   -‐2.8	   1.7	   Yes	  

EfM3.023920	   hypothetical	  protein	   4.8	   -‐1.1	   No	  

EfM3.026630	   hypothetical	  protein	   2.3	   6.2	   Yes	  

EfM3.027550	   hypothetical	  protein	   2.3	   2.4	   No	  

EfM3.048790	   hypothetical	  protein	   2.6	   1.8	   No	  

EfM3.050840	   hypothetical	  protein	   -‐2.3	   -‐6.7	   No	  

EfM3.051300	   hypothetical	  protein	   2.1	   1.7	   No	  

EfM3.058450	   hypothetical	  protein	   -‐3	   2.5	   No	  

EfM3.062230	   hypothetical	  protein	   3.2	   9.3	   Yes	  

EfM3.075190	   hypothetical	  protein	   3	   1.5	   No	  

EfM3.077900	   hypothetical	  protein	   2.6	   2.2	   No	  

EfM3.113700	   hypothetical	  protein	   -‐2	   2.3	   No	  

EfM3.161700	   hypothetical	  protein	   -‐4.9	   2.6	   No	  

EfM3.180000	   hypothetical	  protein	   4.1	   5.9	   No	  

EfM3.181570	   hypothetical	  protein	   -‐2	   -‐1.8	   No	  
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Table	  S3.8-‐	  Differentially	  expressed	  genes	  (DEGs)	  of	  secondary	  metabolism	  gene	  
clusters	   (Schardl	   et	   al.,	   2013b)	   between	   ∆laeA	   and	   wild	   type	   E.	   festucae.	   Fold	  
changes	  shown	  in	  bold	  are	  statistically	  significant	  (FDR≤0.05)	  changed	  more	  than	  
two	  times.	  Clusters	  highlighted	  in	  grey	  colour	  are	  including	  DEGs.	  Alk:	  alkaloids,	  
K:	   polyketide	   synthase,	   N:	   nonribosomal	   peptide	   synthetase,	   D:	   DMATS-‐family	  
prenyltransferase,	  T:	  terpene	  cyclase,	  Misc.:	  miscellaneous.	  	  
	  

	   	   	   	   Fold	  change	  
Model	  	   Cluster	   Cluster	  

Typea	  
Location	   IC	  ∆laeA-‐

WT	  
S	  ∆laeA-‐
WT	  

EfM3.049620	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   9.2	   -‐10.3	  

EfM3.049630	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   2.1	   -‐4.8	  

EfM3.049640	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   1.8	   -‐7.3	  

EfM3.049650	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   -‐1.2	   -‐8.4	  

EfM3.049660	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   1.2	   -‐5.6	  

EfM3.049670	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   -‐1.2	   -‐5.0	  

EfM3.063200	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   -‐1.0	   -‐2.7	  

EfM3.065750	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   1.5	   -‐4.8	  

EfM3.065755	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   1.2	   -‐5.3	  

EfM3.065760	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   -‐7.0	   -‐7.8	  

EfM3.065770	   1	   Alk,	  D,	  N	   Supercontig37:6449..85263	   3.4	   -‐34.7	  

EfM3.048150	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   -‐1.7	   -‐2.5	  

EfM3.048160	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.2	   -‐2.7	  

EfM3.048170	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.3	   -‐2.0	  

EfM3.048180	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   -‐1.6	   -‐4.4	  

EfM3.048190	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.0	   -‐2.5	  

EfM3.048210	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.1	   -‐1.6	  

EfM3.182620	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.7	   -‐4.8	  

EfM3.182630	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   -‐1.0	   -‐3.9	  

EfM3.182880	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.4	   -‐2.8	  

EfM3.182890	   2	   Alk,	  T,	  D	   Supercontig41:12004..89317	   1.2	   -‐1.2	  

EfM3.018710	   4	   Alk,	  N	   Supercontig13:332178..341421	   1.0	   -‐1.9	  

EfM3.003180	   5	   K	   Supercontig3:173547..184249	   -‐1.1	   -‐1.2	  

EfM3.003190	   5	   K	   Supercontig3:173547..184249	   1.0	   -‐1.0	  

EfM3.003200	   5	   K	   Supercontig3:173547..184249	   1.2	   1.8	  

EfM3.003210	   5	   K	   Supercontig3:173547..184249	   0.0	   0.0	  

EfM3.075070	   6	   K	   Supercontig12:479617..500500	   1.0	   1.1	  

EfM3.075080	   6	   K	   Supercontig12:479617..500500	   1.1	   1.1	  

EfM3.075090	   6	   K	   Supercontig12:479617..500500	   1.1	   -‐1.2	  

EfM3.075100	   6	   K	   Supercontig12:479617..500500	   1.2	   1.1	  

EfM3.075110	   6	   K	   Supercontig12:479617..500500	   1.1	   -‐1.2	  

EfM3.005360	   7	   K	   Supercontig68:5642..48892	   1.1	   -‐1.5	  

EfM3.005370	   7	   K	   Supercontig68:5642..48892	   -‐1.1	   -‐1.2	  

EfM3.005380	   7	   K	   Supercontig68:5642..48892	   -‐1.5	   1.0	  

EfM3.005390	   7	   K	   Supercontig68:5642..48892	   1.0	   -‐1.2	  

EfM3.005400	   7	   K	   Supercontig68:5642..48892	   1.4	   2.2	  
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EfM3.005410	   7	   K	   Supercontig68:5642..48892	   1.7	   3.8	  

EfM3.005420	   7	   K	   Supercontig68:5642..48892	   1.1	   1.9	  

EfM3.005430	   7	   K	   Supercontig68:5642..48892	   -‐1.1	   1.2	  

EfM3.005440	   7	   K	   Supercontig68:5642..48892	   -‐1.5	   -‐5.4	  

EfM3.005450	   7	   K	   Supercontig68:5642..48892	   -‐1.4	   -‐6.9	  

EfM3.005460	   7	   K	   Supercontig68:5642..48892	   -‐1.3	   -‐2.1	  

EfM3.005470	   7	   K	   Supercontig68:5642..48892	   -‐1.0	   -‐1.2	  

EfM3.005480	   7	   K	   Supercontig68:5642..48892	   -‐1.1	   1.0	  

EfM3.109450	   7	   K	   Supercontig68:5642..48892	   	   	  

EfM3.042030	   8	   K	   Supercontig56:135341..162353	   -‐1.0	   1.8	  

EfM3.042040	   8	   K	   Supercontig56:135341..162353	   -‐1.5	   -‐1.1	  

EfM3.042050	   8	   K	   Supercontig56:135341..162353	   1.3	   0.0	  

EfM3.042060	   8	   K	   Supercontig56:135341..162353	   0.0	   0.0	  

EfM3.042070	   8	   K	   Supercontig56:135341..162353	   1.4	   -‐10.0	  

EfM3.042080	   8	   K	   Supercontig56:135341..162353	   -‐1.1	   1.1	  

EfM3.042090	   8	   K	   Supercontig56:135341..162353	   -‐1.0	   1.0	  

EfM3.042100	   8	   K	   Supercontig56:135341..162353	   -‐1.1	   1.0	  

EfM3.042110	   8	   K	   Supercontig56:135341..162353	   1.8	   -‐1.1	  

EfM3.042120	   8	   K	   Supercontig56:135341..162353	   0.0	   0.0	  

EfM3.042130	   8	   K	   Supercontig56:135341..162353	   1.5	   1.1	  

EfM3.105180	   8	   K	   Supercontig56:135341..162353	   	   	  

EfM3.047050	   10	   K	   Supercontig30:69213..84221	   -‐1.0	   -‐1.1	  

EfM3.047060	   10	   K	   Supercontig30:69213..84221	   -‐1.0	   -‐1.1	  

EfM3.047070	   10	   K	   Supercontig30:69213..84221	   -‐3.0	   -‐4.1	  

EfM3.047080	   10	   K	   Supercontig30:69213..84221	   -‐1.6	   1.6	  

EfM3.048220	   11	   K	   Supercontig41:90979..133665	   1.1	   -‐1.1	  

EfM3.048230	   11	   K	   Supercontig41:90979..133665	   1.5	   0.0	  

EfM3.048240	   11	   K	   Supercontig41:90979..133665	   1.1	   -‐1.2	  

EfM3.048260	   11	   K	   Supercontig41:90979..133665	   1.4	   -‐1.9	  

EfM3.048270	   11	   K	   Supercontig41:90979..133665	   -‐1.4	   3.3	  

EfM3.048280	   11	   K	   Supercontig41:90979..133665	   -‐1.2	   -‐1.1	  

EfM3.182920	   11	   K	   Supercontig41:90979..133665	   0.0	  

EfM3.182950	   11	   K	   Supercontig41:90979..133665	   1.2	   -‐1.7	  

EfM3.057450	   13	   K	   Supercontig46:28899..66074	   1.1	   1.0	  

EfM3.057460	   13	   K	   Supercontig46:28899..66074	   -‐1.1	   -‐1.3	  

EfM3.057470	   13	   K	   Supercontig46:28899..66074	   1.3	   -‐1.1	  

EfM3.062090	   13	   K	   Supercontig46:28899..66074	   1.3	   1.0	  

EfM3.062100	   13	   K	   Supercontig46:28899..66074	   -‐1.2	   -‐1.7	  

EfM3.062110	   13	   K	   Supercontig46:28899..66074	   -‐1.1	   -‐1.2	  

EfM3.037150	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.3	   -‐1.2	  

EfM3.037160	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.0	   1.7	  

EfM3.037170	   20	   K-‐N	   Supercontig9:395385..438374	   1.1	   -‐1.0	  

EfM3.037180	   20	   K-‐N	   Supercontig9:395385..438374	   1.0	   -‐1.2	  

0.0	  
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EfM3.037190	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.1	   -‐1.3	  

EfM3.037200	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.1	   -‐1.1	  

EfM3.037210	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.0	   1.6	  

EfM3.037220	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.0	   1.3	  

EfM3.037230	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.0	   -‐1.1	  

EfM3.037240	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.1	   1.0	  

EfM3.037250	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.1	   -‐1.1	  

EfM3.037260	   20	   K-‐N	   Supercontig9:395385..438374	   1.0	   -‐1.1	  

EfM3.037270	   20	   K-‐N	   Supercontig9:395385..438374	   0.0	   0.0	  

EfM3.037280	   20	   K-‐N	   Supercontig9:395385..438374	   1.6	   -‐1.3	  

EfM3.037290	   20	   K-‐N	   Supercontig9:395385..438374	   -‐1.0	   -‐1.2	  

EfM3.038470	   21	   K,	  D	   Supercontig23:48339..85481	   1.1	   1.3	  

EfM3.038480	   21	   K,	  D	   Supercontig23:48339..85481	   0.0	   0.0	  

EfM3.038490	   21	   K,	  D	   Supercontig23:48339..85481	   1.0	   -‐1.2	  

EfM3.038500	   21	   K,	  D	   Supercontig23:48339..85481	   -‐1.0	   1.4	  

EfM3.038505.p
seudo	  

21	   K,	  D	   Supercontig23:48339..85481	   0.0	   0.0	  

EfM3.038510	   21	   K,	  D	   Supercontig23:48339..85481	   -‐1.0	   1.4	  

EfM3.038520	   21	   K,	  D	   Supercontig23:48339..85481	   1.0	   1.0	  

EfM3.038530	   21	   K,	  D	   Supercontig23:48339..85481	   1.4	   -‐1.0	  

EfM3.038540	   21	   K,	  D	   Supercontig23:48339..85481	   1.2	   -‐2.1	  

EfM3.038550	   21	   K,	  D	   Supercontig23:48339..85481	   1.1	   -‐3.0	  

EfM3.038560	   21	   K,	  D	   Supercontig23:48339..85481	   -‐1.1	   -‐1.6	  

EfM3.038570	   21	   K,	  D	   Supercontig23:48339..85481	   -‐1.1	   -‐6.0	  

EfM3.038580	   21	   K,	  D	   Supercontig23:48339..85481	   1.0	   -‐1.1	  

EfM3.038590	   21	   K,	  D	   Supercontig23:48339..85481	   1.1	   1.1	  

EfM3.038600	   21	   K,	  D	   Supercontig23:48339..85481	   -‐1.1	   -‐1.0	  

EfM3.014730	   22	   K,	  K	   Supercontig45:29815..76531	   -‐1.2	   1.3	  

EfM3.014750	   22	   K,	  K	   Supercontig45:29815..76531	   4.2	   1.6	  

EfM3.014760	   22	   K,	  K	   Supercontig45:29815..76531	   1.0	   -‐2.1	  

EfM3.014770	   22	   K,	  K	   Supercontig45:29815..76531	   -‐1.0	   -‐2.1	  

EfM3.014780	   22	   K,	  K	   Supercontig45:29815..76531	   1.4	   -‐4.4	  

EfM3.014790	   22	   K,	  K	   Supercontig45:29815..76531	   1.2	   -‐1.8	  

EfM3.014800	   22	   K,	  K	   Supercontig45:29815..76531	   2.4	   -‐1.9	  

EfM3.014810	   22	   K,	  K	   Supercontig45:29815..76531	   1.1	   1.1	  

EfM3.014820	   22	   K,	  K	   Supercontig45:29815..76531	   1.7	   -‐1.4	  

EfM3.014830	   22	   K,	  K	   Supercontig45:29815..76531	   1.2	   -‐2.1	  

EfM3.185360	   22	   K,	  K	   Supercontig45:29815..76531	   4.7	   -‐1.3	  

EfM3.185370	   22	   K,	  K	   Supercontig45:29815..76531	   	   	  

EfM3.048420	   24	   N	   Supercontig41:196419..200539	   1.5	   1.3	  

EfM3.048430	   24	   N	   Supercontig41:196419..200539	   -‐1.0	   -‐1.4	  

EfM3.009640	   25	   N	   Supercontig3:500238..529891	   -‐1.2	   -‐1.6	  

EfM3.009650	   25	   N	   Supercontig3:500238..529891	   -‐4.0	   -‐3.5	  

EfM3.009660	   25	   N	   Supercontig3:500238..529891	   -‐2.6	   -‐2.7	  
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EfM3.009670	   25	   N	   Supercontig3:500238..529891	   -‐2.0	   -‐2.2	  

EfM3.009680	   25	   N	   Supercontig3:500238..529891	   -‐1.9	   -‐1.8	  

EfM3.009690	   25	   N	   Supercontig3:500238..529891	   -‐1.4	   -‐1.6	  

EfM3.009700	   25	   N	   Supercontig3:500238..529891	   -‐1.4	   -‐2.1	  

EfM3.009710	   25	   N	   Supercontig3:500238..529891	   -‐2.7	   -‐2.5	  

EfM3.009720	   25	   N	   Supercontig3:500238..529891	   -‐3.1	   -‐2.6	  

EfM3.009730	   25	   N	   Supercontig3:500238..529891	   -‐2.0	   -‐2.2	  

EfM3.110710	   25	   N	   Supercontig3:500238..529891	   -‐1.1	   -‐2.2	  

EfM3.037640	   26	   N	   Supercontig9:274767..277429	   1.0	   -‐1.1	  

EfM3.050020	   27	   N	   Supercontig32:350041..369159	   -‐1.2	   -‐1.1	  

EfM3.176040	   27	   N	   Supercontig32:350041..369159	   0.0	   0.0	  

EfM3.176050	   27	   N	   Supercontig32:350041..369159	   -‐1.2	   -‐1.1	  

EfM3.053270.p
seudo	  

28	   N	   Supercontig26:154942..167933	   3.2	   -‐6.8	  

EfM3.053280	   28	   N	   Supercontig26:154942..167933	   -‐1.8	   2.5	  

EfM3.053290	   28	   N	   Supercontig26:154942..167933	   -‐1.1	   -‐5.9	  

EfM3.053300	   28	   N	   Supercontig26:154942..167933	   1.1	   -‐6.9	  

EfM3.075660	   29	   N	   Supercontig12:638291..657761	   -‐1.4	   -‐2.1	  

EfM3.075670	   29	   N	   Supercontig12:638291..657761	   -‐1.8	   -‐3.2	  

EfM3.075680	   29	   N	   Supercontig12:638291..657761	   -‐1.8	   -‐2.6	  

EfM3.075690	   29	   N	   Supercontig12:638291..657761	   1.1	   -‐1.2	  

EfM3.075700	   29	   N	   Supercontig12:638291..657761	   1.1	   1.2	  

EfM3.145530	   29	   N	   Supercontig12:638291..657761	   0.0	   0.0	  

EfM3.082140	   31	   N	   Supercontig58:135932..141422	   -‐1.0	   -‐1.1	  

EfM3.106500	   31	   N	   Supercontig58:135932..141422	   1.1	   1.3	  

EfM3.106510	   32	   N	   Supercontig58:143176..158380	   1.6	   -‐1.8	  

EfM3.106520	   32	   N	   Supercontig58:143176..158380	   0.0	   0.0	  

EfM3.106530	   32	   N	   Supercontig58:143176..158380	   0.0	   0.0	  

EfM3.106540	   32	   N	   Supercontig58:143176..158380	   -‐3.3	   3.7	  

EfM3.106550	   32	   N	   Supercontig58:143176..158380	   0.0	   0.0	  

EfM3.106560	   32	   N	   Supercontig58:143176..158380	   0.0	   0.0	  

EfM3.005240	   33	   N	   Supercontig10:513551..544501	   -‐1.0	   1.1	  

EfM3.005350	   33	   N	   Supercontig10:513551..544501	   1.0	   -‐1.5	  

EfM3.081180	   33	   N	   Supercontig10:513551..544501	   0.0	   0.0	  

EfM3.019590	   34	   N	   Supercontig25:131294..135688	   1.4	   -‐1.3	  

EfM3.029750	   35	   N	   Supercontig11:301529..332774	   -‐1.0	   -‐1.4	  

EfM3.029760	   35	   N	   Supercontig11:301529..332774	   -‐1.1	   -‐1.1	  

EfM3.029770	   35	   N	   Supercontig11:301529..332774	   1.4	   1.3	  

EfM3.029780	   35	   N	   Supercontig11:301529..332774	   1.1	   -‐1.1	  

EfM3.029790	   35	   N	   Supercontig11:301529..332774	   3.3	   1.1	  

EfM3.029800	   35	   N	   Supercontig11:301529..332774	   2.4	   1.1	  

EfM3.053820	   37	   N	   Supercontig52:16476..28924	   1.2	   -‐1.2	  

EfM3.053830	   37	   N	   Supercontig52:16476..28924	   1.2	   1.5	  

EfM3.053840	   37	   N	   Supercontig52:16476..28924	   1.2	   1.1	  
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EfM3.054970	   38	   N	   Supercontig30:198901..219785	   -‐1.1	   1.2	  

EfM3.055060	   38	   N	   Supercontig30:198901..219785	   2.5	   1.6	  

EfM3.055070	   38	   N	   Supercontig30:198901..219785	   1.0	   -‐1.0	  

EfM3.055080	   38	   N	   Supercontig30:198901..219785	   -‐2.0	   -‐3.9	  

EfM3.055090	   38	   N	   Supercontig30:198901..219785	   1.1	   -‐1.2	  

EfM3.055100	   38	   N	   Supercontig30:198901..219785	   -‐1.1	   -‐1.2	  

EfM3.055110.p
seudo	  

38	   N	   Supercontig30:198901..219785	   -‐1.0	   1.1	  

EfM3.056220	   39	   N	   Supercontig1:79721..100754	   1.2	   -‐4.8	  

EfM3.056230	   39	   N	   Supercontig1:79721..100754	   1.3	   -‐8.4	  

EfM3.056240	   39	   N	   Supercontig1:79721..100754	   1.3	   -‐1.7	  

EfM3.062310	   39	   N	   Supercontig1:79721..100754	   -‐2.8	   -‐7.5	  

EfM3.062320	   39	   N	   Supercontig1:79721..100754	   -‐5.4	   -‐7.4	  

EfM3.062330	   39	   N	   Supercontig1:79721..100754	   -‐1.0	   -‐1.4	  

EfM3.062340	   39	   N	   Supercontig1:79721..100754	   1.0	   -‐1.4	  

EfM3.036920	   42	   N	   Supercontig56:43877..48271	   -‐1.2	   -‐1.2	  

EfM3.014880	   44	   N,	  D	   Supercontig73:22295..44905	   1.2	   1.7	  

EfM3.014890	   44	   N,	  D	   Supercontig73:22295..44905	   -‐1.2	   -‐1.4	  

EfM3.014900	   44	   N,	  D	   Supercontig73:22295..44905	   -‐1.1	   -‐5.5	  

EfM3.014910	   44	   N,	  D	   Supercontig73:22295..44905	   1.3	   -‐2.5	  

EfM3.014920	   44	   N,	  D	   Supercontig73:22295..44905	   -‐1.6	   -‐3.2	  

EfM3.014930	   44	   N,	  D	   Supercontig73:22295..44905	   -‐1.9	   3.6	  

EfM3.014940	   44	   N,	  D	   Supercontig73:22295..44905	   -‐1.2	   -‐6.8	  

EfM3.014950	   44	   N,	  D	   Supercontig73:22295..44905	   1.1	   1.2	  

EfM3.014960	   44	   N,	  D	   Supercontig73:22295..44905	   1.0	   -‐13.2	  

EfM3.014970	   44	   N,	  D	   Supercontig73:22295..44905	   -‐1.0	   -‐1.4	  

EfM3.049580	   45	   T	   Supercontig5:328587..450094	   -‐1.6	   -‐2.4	  

EfM3.049590	   45	   T	   Supercontig5:328587..450094	   1.1	   -‐1.8	  

EfM3.053860	   45	   T	   Supercontig5:328587..450094	   -‐1.3	   -‐1.5	  

EfM3.053870	   45	   T	   Supercontig5:328587..450094	   -‐1.1	   -‐2.1	  

EfM3.053880	   45	   T	   Supercontig5:328587..450094	   1.0	   -‐1.3	  

EfM3.063000	   45	   T	   Supercontig5:328587..450094	   -‐1.2	   1.3	  

EfM3.071710	   45	   T	   Supercontig5:328587..450094	   1.0	   -‐1.5	  

EfM3.112070	   45	   T	   Supercontig5:328587..450094	   	   	  

EfM3.122680	   45	   T	   Supercontig5:328587..450094	   -‐1.1	   -‐1.6	  

EfM3.010850	   49	   Misc.	   Supercontig38:210261..219748	   1.2	   1.1	  

EfM3.010860	   49	   Misc.	   Supercontig38:210261..219748	   -‐1.0	   1.1	  

EfM3.010870	   49	   Misc.	   Supercontig38:210261..219748	   -‐1.1	   -‐1.3	  

EfM3.010880	   49	   Misc.	   Supercontig38:210261..219748	   1.1	   -‐1.1	  

EfM3.054860	   50	   Misc.	   Supercontig30:23729..44609	   1.1	   1.1	  

EfM3.054870	   50	   Misc.	   Supercontig30:23729..44609	   1.0	   -‐2.9	  

EfM3.054880	   50	   Misc.	   Supercontig30:23729..44609	   1.7	   -‐2.9	  

EfM3.054890	   50	   Misc.	   Supercontig30:23729..44609	   1.2	   2.0	  

EfM3.054900	   50	   Misc.	   Supercontig30:23729..44609	   1.4	   9.3	  
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EfM3.054910	   50	   Misc.	   Supercontig30:23729..44609	   -‐9.1	   0.0	  

EfM3.054930	   50	   Misc.	   Supercontig30:23729..44609	   1.2	   1.5	  

EfM3.054940	   50	   Misc.	   Supercontig30:23729..44609	   -‐1.0	   1.0	  

EfM3.173100	   50	   Misc.	   Supercontig30:23729..44609	   0.0	   0.0	  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.	  S3.2-‐	  Radial	  growth	  of	  different	  strains	  of	  E.	  festucae	  in	  different	  nutrient	  and	  
light	  condition.	  laeA	  role	  on	  radial	  growth	  in	  the	  influence	  of	  light	  and	  nitration	  was	  
tested	  by	  growing	  different	  strains	  of	  E.	  festucae	  under	  six	  different	  media	  in	  either	  
24	  h	  dark	  or	  24	  light.	  	  

5	  

10	  

15	  

20	  

25	  

30	  

35	  

40	  

45	  

50	  

G,	  NH4	   S,	  NH4	   G,	  NO3	   S,	  NO3	   1.5%WA	   PDA	  

Ra
di
al
	  g
ro
w
th
	  (m

m
)	  

LIGHT	  WT	  

LIGHT	  ΔlaeA	  

LIGHT	  ΔlaeA/laeA	  

DARK	  WT	  

DARK	  ΔlaeA	  

DARK	  ΔlaeA/laeA	  

Fig.	  S3.1-‐	  Effect of nutrition and light on laeA expression. Expression of laeA was 
measured by qRT-PCR in E. festucae growing for 24 hours in six different liquid media 
in dark and light conditions. S, sucrose; G, glucose; NH4, (NH4)2SO4; NO3, NaNO3; PD, 
potato dextrose. Expression values were normalised to that of the gamma actin and 60S 
ribosomal protein L35 genes. Primers used in the analysis are listed in Table S2-4. Bars 
represent standard error of the mean calculated from three biological replicates. Results 
were analysed using the MANOVA Tukey’s test and statistically significant results are 
indicated with different letters. D: dark, L: light.	  
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Fig.	   S3.3-‐	   Wild	   type	   and	   mutant	   strains	   growing	   under	   stress	   conditions.	   (a)	  
Fungal	  growth	  on	  1.5	  M	  NaCl	  after	  20	  days.	  (b)	  Fungal	  growth	  on	  1.5	  M	  NaCl	  after	  
20	  days.	  (c)	  Fungal	  growth	  on	  0.04%	  Congo	  red	  after	  17	  days.	  (d)	  Fungal	  growth	  
on	  3%	  calcaflour	  white.	  (e)	  Fungal	  growth	  on	  60	  µM	  menadione.	  
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(b)	  

Fig.	  S3.4-‐	  Hyphal	  morphology	  of	  ryegrass	  blades	  infected	  with	  different	  
strains	  of	  E.	  festucae	  wild	  type,	  ∆laeA,	  and	  complemented	  (∆laeA/laeA)	  
strains.	  (a)	  Cross	  sections	  stained	  with	  toluidine	  blue	  visualised	  with	  light	  
microscopy.	  Arrowheads	  indicate	  the	  positions	  of	  fungal	  hyphae.	  (b)	  
Transmission	  electron	  micrographs	  of	  cross	  sections	  of	  different	  strains	  
hyphae	  in	  the	  mesophyll	  cells.	  (c)	  Longitude	  hyphal	  growth	  and	  chitin	  
distribution	  in	  endophytic	  hyphae	  stained	  with	  aniline	  blue	  in	  mixture	  with	  
Alexa	  Fluor	  488-‐labelled	  WGA	  and	  visualised	  using	  confocal	  microscope.	  
Hyphae	  appear	  bright	  blue	  and	  chitin	  appears	  bright	  green.	  
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Fig.	  S3.5-‐	  Differentially	  expressed	  genes	  (DEGs)	  of	  ΔlaeA	  in	  comparison	  with	  wild	  type	  
E.	  festucae	  in	  two	  different	  conditions	  classified	  based	  on	  primary	  ‘Molecular	  Function’	  
and	   ‘Biological	   Process’	   gene	   ontology	   (GO)	   categories.	   (a)	   Bar	   charts	   of	   organised	  
DEGs	   based	   on	   ‘Molecular	   Function’	   GO	   category.	   Categories	   are	   as	   follows:	  
GO:0060089	   (molecular	   transducer	   activity),	   GO:0005215	   (transporter	   activity),	  
GO:0016209	   (antioxidant	   activity),	   GO:0030528	   (transcription	   regulator	   activity),	  
GO:0005198	   (structural	   molecule	   activity),	   GO:0003824(catalytic	   activity),	  
GO:0005488	   (binding),	   GO:0030234	   (enzyme	   regulator	   activity).	   (b)	   Bar	   chart	   of	  
organised	  DEGs	   based	   on	   ‘Biological	  Process’	   GO	   category.	   Categories	   are	   as	   follows:	  
GO:0032502	   (developmental	   process),	   GO:0023052	   	   (signalling),	   GO:0050789	  
(regulation	   of	   biological	   process),	   GO:0000003	   (reproduction),	   GO:0016043	   (cellular	  
component	   organization),	   GO:0071554	   (cell	   wall	   organization	   or	   biogenesis),	  
GO:0065007	   (biological	   regulation),	   GO:0019740	   (nitrogen	   utilization),	   GO:0051704	  
(multi-‐organism	  process),	  GO:0009987	   	  (cellular	  process),	  GO:0022414	  (reproductive	  
process),	   GO:0008152	   (metabolic	   process),	   GO:0051234	   (establishment	   of	  
localization),	  GO:0040007	  (growth),	  GO:0050896	  (response	  to	  stimulus),	  GO:0051179	  
(	   localization).	   (c)	   Bar	   chart	   showing	   DEGs	   organized	   based	   on	   Catalytic	   activity.	  
Categories	   are	   as	   follows:	   GO:0016491	   (oxidoreductase	   activity),	   GO:0016829	   (lyase	  
activity),	   GO:0016740	   (transferase	   activity),	   GO:0016787	   (hydrolase	   activity),	  
GO:0016853	  (isomerase	  activity),	  GO:0016874	  (ligase	  activity).	  
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Fig.	   S3.6-‐	   Secondary	   metabolite	   production	   in	   infected	   plants	   with	   different	  
strains	   of	   fungi.	   Chemical	   measurement	   of	   different	   ergot	   alkaloids,	   indole	  
diterpenes	   and	   peramine	   biosynthetic	   genes	   in	   wild	   type,	   ΔlaeA	   infected	  
ryegrass	   at	   three	   months	   post	   inoculation.	   Results	   were	   analysed	   using	   the	  
independent	   sample	   T-‐test	   and	   statistically	   significant	   results	   are	   indicated	  
(***p<0.001,	  **	  0.05>p>0.001,	  *	  0.1>p>0.05).	  
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4.1 Abstract  

Epichloë species fungi form bioprotective endophytic symbioses with 

many cool-season grasses, including agriculturally important forage grasses. 

Despite its importance, relatively little is known about the molecular details of the 

interaction and the regulatory genes involved. VelA and LaeA are two key global 

regulators in fungal secondary metabolism and development. In the previous 

chapter the various functions regulated by LaeA in E. festucae during growth in 

culture and on Lolium perenne seedlings were identified. In this chapter, a similar 

study is described with ∆velA E. festucae, in culture, in seedlings and also in 

mature infected plants. These comparative transcriptomics studies showed that 

VelA regulates the expression of genes encoding proteins involved in membrane 

transport, fungal cell wall biosynthesis, host cell wall degradation and secondary 

metabolism, along with a number of small secreted proteins and a large number of 

proteins with no predictable functions. In addition, differentially expressed genes 

of the host Lolium perenne in the incompatible interactions of ∆velA and ∆laeA E. 

festucae with perennial ryegrass were detected. Here we show that infecting plants 

with these mutant fungi changes the expression of genes that encode proteins 

involved in primary metabolism, secondary metabolism and response to biotic and 

abiotic stresses.  

4.2 Introduction  

Fungi of the genus Epichloë form endophytic symbioses with cool-season 

grasses of the sub-family Pooideae, including agriculturally important forages such 

as tall fescue (Festuca arundinacea) and perennial ryegrass (Lolium perenne) and 

are widely distributed in natural grasslands (Leuchtmann et al., 1994; Christensen 

et al., 2002; Schardl, 2010). Although some sexual Epichloë strains can cause 

sterilisation of host plants (choke disease), the symbiosis between Epichloë and 

host grasses is generally mutualistic and essential for grass forage production in 

some geographies. Fungi receive all of their nutrients from the host plant and use 

the host seed as a means of dissemination, while protecting the plant from a range 

of biotic and abiotic stresses. Resistance to herbivory from insects is the best 

characterised of these and is mediated by production of four different classes of 
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alkaloids: indole-diterpenes, ergot alkaloids, lolines and peramine (Schardl, 2001; 

2010; Schardl et al., 2013a).  

Epichloë hyphae do not colonise roots but are found in the apoplast of all 

tissues in above-ground parts of the plant, from the meristem to the inflorescences, 

with the exception of the vascular bundles (Christensen et al., 2002; 2008). Hyphal 

growth is restricted and dependent on host cell growth (Christensen et al., 2008). In 

the meristematic zone of a growing grass leaf, fungal hyphae grow by apical tip 

extension but when they enter the leaf cell elongating zone above the meristematic 

zone, grow by intercalary growth, mirroring host development (Christensen et al., 

2008). Hyphal growth ceases when the leaf stops growing although hyphae remain 

metabolically active in a form of stationary phase (Tan et al., 2001). This results in 

a seldom-branched intercellular network of hyphae, parallel to the leaf axis with 

hyphae tightly linked with the walls of neighbouring plant cells. No apparent 

feeding structures have been observed and how Epichloë obtains nutrition is 

currently not well understood.  

E. festucae has been developed as a model system for mutualistic Epichloë 

interactions (Scott et al., 2012) and the genetics of alkaloid production has become 

well understood (Schardl et al., 2013b). In addition, several mutants have been 

generated which have an antagonistic plant-interaction phenotype when artificially 

infected into grass. Examination of these mutants implicate regulation of polar 

growth and anastomosis and the ensuing effect on restriction of hyphal growth in 

planta as a key factor in maintaining mutualism (Charlton et al., 2012; Tanaka et al., 

2013). It has recently been suggested that altered chitin content in the fungal cell 

wall may contribute to the fungus avoiding a host defence response (Becker et al., 

2015; Eaton et al., 2015), although the way in which Epichloë suppresses or avoids 

PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) to initiate 

and maintain a successful symbiotic interaction is still largely unknown.  

The VelA transcription factor, the best-characterised member of the velvet 

family of proteins, is a global regulator of a broad range of different fungal growth 

and developmental characteristics (Bayram & Braus, 2012). VelA, through a light-

dependent mechanism, transfers into the nucleus (Stinnett et al., 2007; Bayram et 

al., 2008) and forms different complexes that are necessary for different fungal 
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fuctions such as the VelA-VelB-LaeA trimeric complex (Bayram et al., 2008; 

2010; Ahmed et al., 2013; Beyhan et al., 2013) 

Comparative transcriptomics has been used to elucidate the regulatory 

effects of different genes on fungal transcriptome profiles. Studies of ∆velA 

differential expression compared with wild type fungi in different conditions have 

mostly used microarrays. These studies showed that VelA regulates genes involved 

in different fungal developmental and metabolism processes, coordinating with 

functional analysis of the mutants. These processes include secondary metabolism 

and morphogenesis in Penicillium chrysogenum (Hoff et al., 2010), aflatoxin 

biosynthetic genes in Aspergillus flavus (Cary et al., 2007) and fungal development 

and secondary metabolism in Fusarium fujikuroi (Wiemann et al., 2010). In A. 

fumigatus and Aspergillus nidulans VelA is a global regulator of secondary 

metabolism (Dhingra et al., 2013; Lind et al., 2015). In A. flavus it was shown that 

VelA regulates a broad range of genes, especially secondary metabolism, with 28 

of 56 predicted secondary metabolite gene clusters differentially expressed (Cary et 

al., 2015). In Fusarium graminearum involvement of the VelA in regulating 

various cellular processes (Jiang et al., 2011). In Botrytis cinerea a comparative 

transcriptomics analysis revealed VelA regulatory effects on fungal genes in a 

pathogenic interaction with its host plant Phaseolus vulgaris (Schumacher et al., 

2012). In this study, VelA regulation of transporters, glycoside hydrolases and 

protease-encoding genes was shown (Schumacher et al., 2012). In another study of 

B. cinerea growing on solid medium, VelA regulation of genes encoding SM-

related enzymes, carbohydrate-active enzymes, and proteases was shown 

(Schumacher et al., 2015).  

Transcriptomics has also been used to investigate the Epichloë interaction 

with grasses. These studies mostly focused on comparing endophyte free grasses 

with infected grasses (Johnson et al., 2003; Khan et al., 2010; Dupont et al., 2015). 

In infected plants up regulation in the genes associated with cellular protein 

transport, protein synthesis, and turnover and down regulation in genes associated 

with carbohydrate metabolism and photosynthesis were shown in infected plants 

(Khan et al., 2010; Dupont et al., 2015). In 2010, the interaction of Epichloë 

festucae/Lolium perenne was investigated by comparative transcriptomics of wild 

type infected plants versus a mutant deleted in the stress-activated MAP kinase 
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gene, ΔsakA, -infected plants by Illumina mRNA sequencing. In this study, around 

11% of E. festucae were genes differentially expressed, with around 75% of these 

genes up-regulated in ∆sakA-infected plants compared with wild type infected 

plants (Eaton et al., 2010). In 2015, the same group investigated the Epichloë 

festucae/Lolium perenne interaction by using three fungal mutants that cause 

incompatible interactions in L. perenne: ∆proA, which encodes a C6-Zn 

transcription factor that is essential for sexual fruiting body maturation in Sordaria 

macrospora, ∆noxA, encoding the NADPH oxidase A, and ∆sakA. Three 

comparative transcriptomics analyses of infected perennial ryegrasses with each of 

these mutants comparing with wild type E. festucae infected plants was done by 

using RNA-seq. 182 genes were found that were differentially expressed in all 

three comparisons and these were proposed as the core fungal gene set 

distinguishing mutualistic from antagonistic symbiotic states (Eaton et al., 2015). 

Based on the knowledge of regulatory roles of VelA on different fungal 

transcriptome profile and our findings of VelA importance in E. festucae 

metabolism and development and successful symbiosis (Chapter 2), we 

hypothesised that VelA may be involved in regulating E. festucae transcriptome. In 

this study, a set of comparative transcriptomics analyses of ∆velA mutant 

comparing to wild type E. festucae in culture and on seedlings and in infected 

mature plants was performed. In addition, ryegrass transcriptome changes during 

the incompatible interaction with ∆velA mutant were studied. Here we detected 

different sets of genes that VelA regulates and possible processes that it is involved 

with during the symbiosis interaction and also the ryegrass gene sets that are 

important for a mutualistic compatible interaction.  

4.3 Material and methods 

4.3.1 Sample preparation 

Total RNA was extracted of samples in three different conditions: in 

culture, in seedlings and in mature infected plants (Table 4.1). For culture 

conditions, fungal hyphae were collected of different strains that were grown for 

two weeks on cellophane (Waugh Preserving Needs Cellophane) covered PDA 

medium in full darkness. For inoculated seedlings, seedlings were inoculated with 
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different fungal strains and grown for two weeks under 8 h light and 16 h dark. 

After freezing seedlings, samples from 4 cm upwards and 0.5cm downwards from 

the meristem were collected for RNA extraction and around 100 seedlings for each 

sample were pooled in three replicates for each treatment. For the mature plant 

condition, the top 4 cm of the newest mature blade of infected plants with different 

strains were collected in three replicates (three mature plants infected with same 

strain) for each treatment. RNA quality and quantity were determined using an 

Agilent 2100 Bioanalyzer (Agilent Technologies), Nanodrop Lite 

spectrophotometer (Thermo scientific) and running on 1% agarose gel. RNA 

samples on dry ice were sent to the Beijing Genomics Institute (BGI, Hong Kong) 

for sequencing and 2 µg of RNA sample used to prepare libraries by BGI standard 

method (http://www.bgi.com/services/genomics/rna-seqtranscriptome/#tab-id-2). 

Samples were sequenced in two lanes of an Illumina HiSeq4000 (paired end, 100-

bp reads).  

4.3.2 HiSeq results analysis  

Gene sets of E. festucae Fl1 (downloaded from http://csbio-

l.csr.uky.edu/m3/draft/m3-v8-2014-12-12.fasta) and ryegrass 

(http://185.45.23.197:5080/ryegrassgenome) were mapped against the genome 

scaffold for E. festucae Fl1 (downloaded from http://csbio-l.csr.uky.edu/ef894-

2011/gbrowse/ef/) and for ryegrass (downloaded from 

http://185.45.23.197:5080/ryegrassgenome for ryegrass) with Exonerate version 

2.2.0 using the –est2genome model and keeping alignments scoring at least 50 

percentage of the maximal score for each query. The target GFF option was used 

for the exon coordinates to be imported into RNA-star to enumerate the genes 

(Dobin et al., 2013). 

Reads were trimmed using flexbar version 2.4 (Dodt et al., 2012) and 

mapped against the prepared database using RNA-star version 2.5.0c (Dobin et al., 

2013). Non-directional counts of uniquely mapped read pairs were summed for 

each gene and analysed using the EdgeR package version 3.10.5 (Robinson et al., 

2010) in the R statistical software environment version 3.2.1. Quasi-likelihood 

negative binomial generalized linear models were generated from the counts within 

sample type. Fold changes and p-values were generated using Exact Tests for 
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differences between two groups of Negative-Binomial Counts. 

4.3.3 Gene ontology (GO) analysis 

Transcript sequences (Section 4.3.2) for both L. perenne and E. festucae 

were searched against the NCBI nr nucleotide database with an e-value cut off of 

1E-5 with the top 10 hits being kept. The xml output, along with the corresponding 

InterProScan output was run though the Blast2GO Pipeline Version 2.5.0 using all 

the available settings. A non-redundant list of GO terms was made for each gene 

(multiple transcripts and proteins deriving from each gene were collapsed into a 

single gene). This non-redundant list was used in GOEAST and AgriGO test for 

the enrichment of GO terms in differentially expressed gene lists using Fisher exact 

tests (Zheng & Wang, 2008; Du et al., 2010). 

4.3. 4 Functional annotation  

Protein sequences for endophyte genes (downloaded from http://csbio-

l.csr.uky.edu/m3) were run through InterProScan to find matches against the 

InterPro protein signature databases using the default settings. Protein sequences 

were also used as queries in searches using BLASTP version 2.2.28+ against the 

entire Swiss-Prot database as well as the fungal division of UniProt and NCBI 

reference sequence protein plant and fungi subsets with an e-value cut-off of 1E-20. 

Transcript sequences (downloaded from http://csbio-l.csr.uky.edu/m3) were 

searched against the NCBI reference sequence RNA plant and fungi subsets using 

BLASTN version 2.2.28+ with an e-value cut-off of 1E-20. In addition, the official 

protein sequences were also searched using BLASTP version 2.2.28+ against the 

fungal KEGG genes database with an e-value cut-off of 1E-20. 

Using the Mercator tool (http://mapman.gabipd.org/web/guest/ 

app/mercator), which bins all transcripts based on hierarchical ontologies after 

searching a variety of databases, a MapMan mapping file was generated specially 

for perennial ryegrass. For pathway analysis MapMan tool was used based on the 

available protocol (Thimm et al., 2004; Usadel et al., 2009).  
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4.3.5 General bioinformatics analyses 

Venn diagrams were drawn using BioVenn online software (Hulsen et al., 

2008). Volcano plots were drawn using Tmisc package version 0.1.5 and devtools 

package version 1.11.1 (Wickham & Chang, 2015) in R statistical software 

environment version 3.2.1 (Team, 2015).   

4.4 Results 

4.4.1 E. festucae transcriptomics  

The regulatory effects of VelA on E. festucae were determined using 

comparative transcriptomics analysis of different fungal strains grown under three 

different conditions (Table 4.1). These results were also compared to the 

transcriptomics analysis of ∆laeA versus wild type E. festucae in seedlings and 

culture (IC ∆laeA-WT and S ∆laeA-WT comparisons) (Section 3.4.5).  

 

 

 

 

 

 

 

4.4.1.1 General description of RNA-sequencing results 

In total there were 571,107,490 fungal reads that mapped to the E. festucae 

genome (Table S4.1). 

Genes with equal or more than two times fold changes and a FDR (false 

discovery rate) equal or less than 0.05 were counted as differentially expressed 

Table	   4.1-‐	   Different	   conditions	   and	   comparisons	   that	   used	   for	   the	  
transcriptomics	   analysis.	   All	   samples	   grew	   at	   room	   temperature.	   WT,	   wild	  
type;	  overexpressor	  (OE),	  ΔvelA/ptef::velA;	  D,	  dark;	  L,	  light	  (650	  W/m2);	  PRG,	  
perennial	  ryegrass.	  	  	  

Conditions	   In	  culture	  (IC)	   In	  seedling	  (S)	   In	  planta	  (IP)	  

Host	   PDA	  medium	  covered	  by	  
cellophane	  

PRG	  seedlings	   Mature	  infected	  PRG	  

Light	  condition	   D	   8h	  L&16h	  D	   8h	  L&16h	  D	  

Time	   14	  d	   14	  dpi	   3	  month	  post	  
inoculation	  

E.	  festucae	  strains*	   WT	  	  	  	  	  	  	  	  	  ΔvelA	  	  	  	  	  	  	  	  	  	  OE	   WT	  	  	  	  	  	  	  	  	  ΔvelA	   WT	  	  	  	  	  	  	  	  	  ΔvelA	  

Comparisons	  
	  	  	  	  	   	  

*	  Table	  S2.1	  and	  S3.1	  
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genes (DEGs) (Fig 4.1a). The percentages of DEGs observed in the S ∆velA-WT 

comparison was higher than other velA and laeA related comparisons. In S ∆velA-

WT comparison 5.1 and 1.3 times more DEGs comparing to IC ∆velA-WT and IP 

∆velA-WT comparisons were observed that indicate a significant impact of the 

growth conditions on the number of DEGs in ∆velA mutant. This suggests that 

VelA has a stronger regulatory effect when growing in seedlings and mature plants, 

nutrient limited conditions, compared to PDA culture, a nutrient rich condition (Fig 

4.1a). A similar regulatory effect was shown for LaeA although with weaker 

effects (Section 3.4.5). Only 10% and 23.5% of DEGs (29 and 69) in the S ∆velA-

WT comparison are common with DEGs in the IC ∆velA-WT and IP ∆velA-WT 

comparisons, respectively (Fig 4.1c). It also indicates a condition-dependent 

regulatory effect of VelA on the E. festucae transcriptome. Of DEGs in S ∆laeA-

WT comparison 52% and 31% (112 and 67) are common with S ∆velA-WT and IP 

∆velA-WT comparisons, respectively, which show different regulatory effects of 

LaeA and VelA on the fungal transcriptome during interaction with its host (Fig 

4.1c). 

In a recent study (Eaton et al., 2015) that compared the transcriptomes of 

three E. festucae mutants (∆proA, ∆noxA, and ∆sakA) that give rise to incompatible 

interactions with L. perenne, 182 DEGs common to all three comparisons were 

identified. These genes were proposed to form a core set of Epichloë genes that 

distinguished mutualistic from antagonistic symbiotic states (Eaton et al., 2015). 

Our results for the S ∆velA-WT and IP ∆velA-WT comparisons showed that only 

46 and 49 genes were in common with the proposed core set from Eaton et al 

(2015), respectively (Fig. 4.1c). In comparison with them in S ∆laeA-WT 

comparison even lower number of common genes (29) were observed. It seems not 

all the core genes identified in the Eaton et al. (2015) study are required for 

distinguishing mutualistic from antagonistic symbiotic states.  

A similar range of fold change distribution was observed between all in 

culture comparisons but the IP ∆velA-WT comparison showed 13 and seven times 

broader ranges of fold changes comparing to IC ∆velA-WT and S ∆velA-WT 

comparisons, respectively (Fig. 4.1b).  
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4.4.1.2 Gene Ontology (GO) enrichment analysis on DEGs  

DEGs were classified based on their primary functions into ‘Molecular 

Function’ and ‘Biological Process’ GeneOntology (GO) categories (Fig. S4.1 and 

Table S4.2). 55-72% of DEGs in different comparisons were not aligned with any 

GO category so it was decided that GO was not a good method to study the 

functions of DEGs in this study.  
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	  (a)	  

Number	  
of	  DEGs	  

Fig.	   4.1-‐	   Percentage	   and	   distribution	   of	   differentially	   expressed	   genes	   in	  
different	  comparisons	  and	  different	  conditions.	  (a)	  The	  bar	  chart	  shows	  the	  
percentage	  of	  DEGs	  that	  up	  or	  down-‐regulated	  in	  different	  comparisons.	  (b)	  
Volcano	   plots	   show	   distribution	   of	   log2	   of	   fold	   changes	   (logFC)	   and	  
significantly	   (–log10	  of	  FDR)	   in	  different	  comparisons.	  Red	  dots:	   	  FDR<0.05,	  
orange	  dots:	   logFC>1,	   green	  dots:	  FDR<0.05	  &	   logFC>1.	   (c)	   Venn	  diagrams	  
show	  the	  common	  DEGs	  genes	  between	  different	  comparisons.	  	  
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4.4.1.3 Functional annotations of differentially expressed E. festucae 

genes 

To further investigate the DEGs functions, BLAST analyses were 

performed against different databases including Uniprot, Swissprot, InterProScan 

and KEGG and their function was manually determined. In 36.8% (21), 24% (6), 

28.3% (26), 46.1% (135), and 46.2% (104) of DEGs in IC ∆velA-WT, IC OE-WT, 

IC ∆velA-OE, S ∆velA-WT, and IP ∆velA-WT comparisons, respectively, no 

significant hit (p-value ≤ E-20) were found. This suggests that many of the genes 

regulated by VelA are likely to be unique to E. festucae.  

Further analysis focussed on five areas of fungal cellular function and 

metabolism: fungal cell membrane transporters, fungal cell wall biosynthesis, host 

cell wall degradation, secondary metabolism and small-secreted proteins. These 

five areas include most of the DEGs and were previously indicated as important in 

the E. festucae/L. perenne interaction (Eaton et al., 2015).  

4.4.1.3.1 Changes in expression of genes encoding membrane transporter   

DEGs that encoding transporters were detected in different comparisons 

are summarised in table 4.2. For in culture comparisons, there were a small number 

of DEGs (0-4) with transporter activity but it significantly increased (11-15) in S 

∆velA-WT, S ∆laeA-WT and IP ∆velA-WT comparisons. It indicates higher 

regulatory effects of VelA and LaeA on the expression of the E. festucae genes 

encoding membrane transporters during fungal interaction with ryegrass. Higher 

number of DEGs with transporter activity was observed in both velA related 

comparisons (13 and 15 for S ∆velA-WT and IP ∆velA-WT comparisons) with 

higher range of fold changes (2.1-12.5) than S ∆laeA-WT comparison (11 DEGs 

with 2-4.8 fold change range). It suggests stronger regulatory effects of VelA than 

LaeA on E. festucae membrane transporters gene expression.  

The genes with the highest fold changes (more than four times) were 

involved in transporting different compounds such as nitrogen, peptide, hydrogen 

ion and carboxylic acid. There are two genes EfM3.012390 and EfM3.039020 

involved in nitrogen transporting. EfM3.012390 is a homologue of a nitrate 

transporter, CrnA, in Emericella nidulans was shown that is engaged in nitrogen 
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metabolite repression (Unkles et al., 1991). It only differentially expressed in IP 

∆velA-WT comparison (4.9-fold up-regulated). EfM3.039020 is a homologue of an 

ammonium transporter, Amt1, in Schizosaccharomyces pombe (Mitsuzawa, 2006) 

that up-regulated in both seedlings comparisons and IP ∆velA-WT comparison. 

EfM3.027570 is a homologue of a peptide transporter, PTR2, in Stagonospora 

nodorum that was up-regulated in both seedlings comparisons and IP ∆velA-WT 

comparison.   

These results suggest a possible lack of nutrients when ∆velA interacting 

with seedling or mature plant that caused up regulation of genes encoding 

transporters. 

4.4.1.3.2 Changes in expression of genes encoding enzymes with host cell wall 

degrading activity  

Fundamentally plant cell walls are made of embedded cellulose 

microfibrils in a matrix of pectin, hemicellulose and cell wall associated proteins 

(Kubicek et al., 2014). To look specifically at the enzymes with plant cell wall 

degrading characteristics, the Fungal PCWDE (Plant Cell Wall-degrading 

Enzymes) Database, was utilised (Section 3.4.5). In addition, the larger 

Carbohydrate-Active enZYmes (CAZyme) database, which includes the families of 

enzymes that assemble, modify, or breakdown oligo- and polysaccharides 

(Lombard et al., 2014) was checked. The presence of 310 genes in E. festucae that 

are homologues with CAZyme families (Eaton et al., 2015) were analysed for 

DEGs across different comparisons (Fig. 4.2).  

All DEGs with plant cell wall degrading activity are summarised in table 

4.3. No DEGs belonging to cellulases, xylanases, cutinases or pectinases were 

detected for the in culture comparisons. No DEGs with cellulose degradation 

activity was detected for S ∆velA-WT and IP ∆velA-WT comparisons but two 

DEGs with cellulose activity were detected in the S ∆laeA-WT (explained in 

section 3.4.5).  
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Table	  4.2-‐	  Differentially	  expressed	  genes	  	  with	  transporter	  activity	  in	  all	  different	  
comparisons	  

	   	   Fold	  change	  

Pr
es
en
ce
	  in
	  c
or
e	  

se
t*

	  

Model	   Predicted	  function	  

IC
	  ∆
la
eA
-‐W
T	  

IC
	  ∆
ve
lA
-‐W
T	  

IC
	  O
E-‐
W
T	  

IC
	  ∆
ve
lA
-‐O
E	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

EfM3.003420	   Phospholipid	  transporter	   -‐1.1	   -‐1.1	   -‐1.1	   -‐1.0	   -‐1.2	   -‐1.1	   2.5	   No	  

EfM3.007320	   Copper	  transport	   1.4	   1.2	   1.0	   1.2	   1.6	   2.8	   1.9	   No	  

EfM3.009680	   ABC	  transporter	   -‐1.9	   -‐1.9	   1.2	   -‐2.3	   -‐1.8	   -‐1.7	   1.2	   No	  

EfM3.009730	   ABC	  transporter	   -‐2.0	   -‐1.7	   1.2	   -‐2.0	   -‐2.2	   -‐1.8	   -‐2.1	   No	  

EfM3.012390	   Nitrate	  transporter	   1.6	   1.3	   -‐1.5	   1.9	   1.0	   1.0	   4.9	   No	  

EfM3.012760	   Malic	  acid	  transporter	   1.5	   -‐1.0	   -‐1.3	   1.3	   -‐1.7	   -‐3.0	   -‐1.4	   Yes	  

EfM3.014790	   ABC	  transporter	   1.2	   -‐2.1	   1.2	   -‐2.5	   -‐1.8	   -‐1.9	   -‐1.4	   No	  

EfM3.018210	   Proline-‐specific	  permease	   -‐1.1	   -‐1.0	   -‐1.0	   -‐1.0	   1.1	   1.2	   -‐2.2	   No	  

EfM3.020140	   Sulfate	  transporter	   1.1	   1.2	   1.1	   1.0	   1.4	   2.5	   -‐1.7	   No	  

EfM3.025050	   Amino	  acid	  permease	   1.4	   1.1	   1.2	   -‐1.2	   1.3	   2.2	   1.1	   No	  

EfM3.025350	   Transporter	   -‐1.3	   -‐1.7	   1.3	   -‐2.3	   -‐1.3	   1.2	   -‐1.1	   No	  

EfM3.027520	   ABC	  transporter	   1.1	   1.2	   1.0	   1.2	   1.7	   3.1	   2.8	   No	  

EfM3.027540	   ABC	  transporter	   1.3	   1.4	   1.2	   1.2	   1.4	   2.5	   2.8	   No	  

EfM3.027570	   Peptide	  transporter	   2.6	   3.0	   2.1	   1.4	   3.1	   9.9	   12.5	   Yes	  

EfM3.032550	   ABC	  transporter	   1.2	   1.1	   -‐1.9	   2.1	   1.3	   -‐1.2	   1.2	   No	  

EfM3.035410	   Carboxylic	  acid	  transporter	   1.4	   -‐1.1	   1.6	   -‐1.9	   2.0	   -‐1.0	   5.1	   Yes	  

EfM3.039020	   Ammonium	  transporter	   1.0	   1.0	   1.0	   -‐1.0	   2.0	   3.0	   4.5	   No	  

EfM3.040210	   phospholipid-‐translocating	  
ATPase	   -‐1.2	   -‐1.1	   -‐1.1	   -‐1.0	   -‐1.1	   -‐1.1	   2.4	   No	  

EfM3.045520	  
hydrogen	  ion	  
transmembrane	  
transporter	  

3.4	   8.6	   17.5	   -‐2.2	   -‐2.4	   -‐8.4	   -‐4.0	   No	  

EfM3.047210	   Purine	  permease	   -‐1.1	   -‐1.1	   1.3	   -‐1.4	   1.2	   1.3	   2.1	   No	  

EfM3.055090	   ABC	  multidrug	  transporter	   1.1	   -‐1.1	   1.0	   -‐1.2	   -‐1.2	   -‐2.7	   1.3	   No	  

EfM3.056220	   ABC	  multidrug	  transporter	   1.2	   -‐1.1	   1.1	   -‐1.3	   -‐4.8	   -‐4.2	   -‐3.4	   Yes	  

EfM3.058970	   Na+/H+	  antiporter	   1.0	   -‐1.1	   -‐1.0	   -‐1.1	   -‐1.1	   -‐1.1	   -‐2.1	   No	  

EfM3.066900	   xanthine/uracil	  permease	   1.1	   1.4	   1.1	   1.3	   -‐1.6	   -‐2.9	   -‐6.1	   Yes	  

EfM3.074200	   transmembrane	  
transporter	   2.0	   2.8	   1.4	   1.9	   -‐1.3	   -‐2.6	   -‐1.6	   No	  

EfM3.075680	   transmembrane	  
transporter	   -‐1.8	   -‐2.1	   -‐1.0	   -‐2.1	   -‐2.6	   -‐2.4	   -‐2.4	   No	  

EfM3.000930	   Zinc	  ion	  transporter	   1.1	   -‐1.1	   1.2	   -‐1.3	   -‐2.8	   -‐1.4	   1.1	   No	  

EfM3.005950	   Amino-‐acid	  permease	   1.4	   -‐1.0	   -‐1.2	   1.2	   2.4	   1.5	   1.4	   No	  

EfM3.029800	   ABC	  multidrug	  transporter	   2.4	   1.1	   1.3	   -‐1.2	   1.1	   -‐1.5	   -‐1.1	   No	  

EfM3.064820	   Sugar	  transporter	   -‐1.7	   -‐1.2	   1.5	   -‐1.8	   -‐2.4	   1.2	   -‐1.2	   No	  

EfM3.077030	   Inositol	  transporter	   1.3	   1.2	   1.3	   -‐1.1	   2.2	   1.4	   1.1	   No	  

EfM3.080140	   Calcium	  transporter	   -‐1.1	   -‐1.0	   -‐1.0	   1.0	   -‐2.4	   -‐1.6	   1.8	   No	  

EfM3.158840	   Metal	  ion	  transporter	   1.1	   1.0	   -‐1.1	   1.1	   2.0	   2.0	   1.1	   No	  
*	  A	  core	  set	  of	  Epichloë	  genes	  that	  was	  proposed	  by	  Eaton	  et	  al.	  (2015)	  that	  distinguish	  mutualistic	  from	  
antagonistic	  symbiotic	  states.	  	  
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Two DEGs, EfM3.037040 and EfM3.040190, with hemicellulose activity 

were detected that up-regulated in all S ∆laeA-WT, S ∆velA-WT and IP ∆velA-WT 

comparisons (explained in section 3.4.5). These two genes in IP ∆velA-WT 

comparison also showed the highest fold change of the DEGs with plant cell wall 

degradation activity (Table 4.3). In addition to these two genes another DEG was 

observed with hemicellulose activity, EfM3.005420, that is a homologue of exo-

1,4-beta-xylosidase (bxlB) in Aspergillus flavus and 2.3-fold up-regulated in S 

∆velA-WT.  

One DEGs, EfM3.008730, was detected encoding a pectinase that only 2-

fold was up-regulated in the S ∆velA-WT comparison. This gene is a homologue of 

pectin methyl esterase pme1 in Aspergillus aculeatus. It has been shown that Pme1 

in A. aculeatus degrades the host plants cell wall (Christgau et al., 1996).  

One DEGs, EfM3.005300, with cuticule degradation activity was detected 

that was down-regulated in both seedlings and in planta comparisons. 

EfM3.005300 is a homologue of the cuticle degrading protease from the insect 

pathogen Metarhizium anisopliae (St Leger et al., 1987).   

Based on these data it appears VelA similar with LaeA regulates E. 

festucae genes that encoding proteins with a range of plant cell wall degrading 

functions during the fungal interaction with its host.   

Fig.	  4.2-‐	  Number	  of	  DEGs	  in	  different	  comparisons	  homologue	  to	  
CAZyme	  enzymes	  in	  different	  comparisons.	  
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4.4.1.3.3 Changes in expression of genes encoding proteins involved in fungal 

cell wall composition   

Chitin, glycoproteins and glucan are the main components of the fungal 

cell wall and these can function as elicitors of plant defence responses (Segonzac & 

Zipfel, 2011; Monaghan & Zipfel, 2012). Fungi use a range of enzymes to break 

down, synthesise or remodel cell walls (Bowman & Free, 2006). All detected 

DEGs that encode proteins related to the fungal cell wall are summarised in table 

4.4.  

Enzymes for the synthesis and breaking down of chitin are chitin synthases 

and chitinases, respectively (Bowman & Free, 2006). EfM3.000810 is a 

homologue of a chitinase (BDCG_06828) in Blastomyces dermatitidis, 3.3 and 3.1-

fold down-regulated in S ∆velA-WT and IP ∆velA-WT comparisons, respectively, 

similar with S ∆laeA-WT comparison (Section 3.4.5). EfM3.024310 is a 

homologue of Endochitinase B1 (chiB1) in Neosartorya fumigata (Jaques et al., 

2003) only 2.1-fold up-regulated in IP ∆velA-WT comparison. EfM3.049120 is a 

homologue of chitin synthase 1 (chs-1) in Neurospora crassa, that was shown play 

a major role in cell wall biogenesis of this fungous (Yarden & Yanofsky, 1991), 

only 2-fold up-regulated in the IC ∆velA-WT and IC ∆velA-OE comparisons.  

Table	  4.3-‐	  DEGs	  with	  host	  cell	  wall	  degradation	  activity.	  Fold	  changes	  showed	  in	  bold	  
are	  statistically	  significant	  (FDR≤0.05).	  
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EfM3.049570	   GH1
3	  

Alpha-‐	  
glucosidase	  

Cellulose	   1.0	   -‐1.2	   1.0	   -‐1.2	   -‐2.1	   -‐1.5	   -‐1.2	  

EfM3.053990	   GH5	   Endoglucanase	   Cellulose	   1.5	   -‐1.1	   -‐1.0	   -‐1.1	   2.1	   1.1	   1.3	  

EfM3.005420	   N/A	   Exo-‐1,4-‐beta-‐
xylosidase	  

Hemicellulose	  	   1.1	   -‐1.0	   -‐1.1	   1.1	   1.9	   2.3	   1.5	  

EfM3.040190	   GH1
0	  

Endo-‐1,4-‐beta-‐
xylanase	  

Hemicellulose	   1.7	   1.1	   1.6	   -‐1.5	   3.3	   3.9	   83.5	  

EfM3.037040	   GH6
2	  

Glycosyl	  
hydrolase	  

Hemicellulose	   1.1	   1.0	   -‐1.0	   1.0	   4.3	   4.3	   69.6	  

EfM3.008730	   CE8	   Pectin	  
methylesterase	  

Pectin	   -‐1.3	   1.0	   1.2	   -‐1.1	   1.7	   2.0	   1.4	  

EfM3.008610	   CE5	   Cutinase	   Cutin	   2.5	   1.2	   -‐1.1	   1.4	   2.9	   -‐2.0	   2.9	  

EfM3.005300	   N/A	   Cuticle-‐
degrading	  
protease	  

Cuticle	   1.0	   1.0	   -‐1.1	   1.1	   -‐2.8	   -‐5.1	   -‐4.1	  
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No DEGs that encode β-1,3-glucan synthase enzymes, responsible for 

synthesis of fungal cell wall glucan, were found in E. festucae but there were two 

genes, EfM3.056450 and EfM3.056810 that are possibly engaged in breaking 

down glucan. EfM3.056450 is a homologue of EPD1 of dimorphic yeast Candida 

maltosa. In this fungus it was shown that EPD1 is necessary for fungal transition to 

the pseudohyphal growth form. Deleting this gene leds to a reduction of both 

alkali-soluble and alkali-insoluble β-glucan levels (Nakazawa et al., 1998). 

EfM3.056450 also has a glucanosyl transferase domain that in some cases has been 

shown to remodel chains of β -1,3-glucan in the fungal cell wall (Koch & Pillus, 

2009). This gene is only up-regulated 2.1-fold in IP ∆velA-WT comparison. 

EfM3.056810 is a homologue of glucan endo-1,3-beta-glucosidase in 

Cellulosimicrobium cellulans that 2.1-fold down-regulated in IP ∆velA-WT 

comparison. It was shown that glucan endo-1,3-beta-glucosidase is involved in 

breaking down fungal cell walls by hydrolysing β-1,3-glucosidic linkages (Tanabe 

& Oda, 2011).  

 

 

 

 

 

 

 

 

 

Glycoproteins are another constituent of the fungal cell wall that are made 

of modified proteins by N- and O-linked carbohydrates that in lots of examples are 

Table	  4.4-‐	  Differentially	  expressed	  genes	  engage	  in	  fungal	  cell	  wall	  composition.	  
Fold	  changes	  showed	  in	  bold	  are	  statistically	  significant	  (FDR≤0.05).	  
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EfM3.000810	   CBM18	   Chitinase	   1.0	   1.0	   1.0	   -‐1.0	   -‐3.0	   -‐3.3	   -‐3.1	  
EfM3.024310	   GH18	   Endochitinase	  

B1	  
1.4	   -‐1.1	   1.0	   -‐1.2	   1.6	   1.9	   2.1	  

EfM3.049120	   GT2	   Chitin	  synthase	   -‐1.3	   2.0	   -‐1.0	   2.0	   -‐1.4	   1.3	   -‐1.4	  
EfM3.056450	   CBM43	   Glucanosyl	  

transferase	  
-‐1.2	   -‐1.0	   -‐1.0	   -‐1.0	   -‐1.2	   -‐1.2	   2.1	  

EfM3.056810	   GH64	   Glucan	  endo-‐
1,3-‐beta-‐
glucosidase	  

1.1	   -‐1.1	   1.1	   -‐1.3	   1.1	   1.0	   -‐2.2	  

EfM3.078790	   N/A	   Cell	  wall	  protein	  
SED1	  

1.1	   1.1	   1.1	   1.1	   -‐3.4	   -‐2.5	   -‐1.8	  
EfM3.054000	   N/A	   Related	  to	  cell	  

wall	  
glycoprotein	  

-‐1.7	   1.1	   -‐1.1	   1.3	   1.1	   2.3	   1.9	  

EfM3.034340	   N/A	   Cell	  wall	  
glycoprotein	  

-‐1.2	   1.4	   -‐1.1	   1.6	   -‐3.4	   -‐1.9	   -‐3.7	  
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glycosyl phosphatidyl inositol (GPI) anchors (Bowman & Free, 2006). There are 

three genes, EfM3.078790, EfM3.054000 and EfM3.034340, with possible activity 

towards glycoproteins (Table 4.4). EfM3.078790 (discussed in section 3.4.5) only 

differentially expressed in seedling comparisons (2.5 and 3.4-fold down-regulated 

in S ∆velA-WT and S ∆laeA-WT comparisons, respectively). EfM3.054000 is a 

homologue of a putative cell wall glycoprotein (CPUR_07530) from Claviceps 

purpurea that only 2.3-fold up-regulated in S ∆velA-WT comparison. 

EfM3.034340 (discussed in section 3.4.5) is down-regulated 3.4 and 3.7-fold in S 

∆laeA-WT and IP ∆velA-WT comparisons, respectively.  

One of the fungal phenotypes observed in mature plants infected with the 

mutant ∆velA was formation of intrahyphal hyphae (Chapter 2). It has been shown 

that triggering activation of woronin bodies, important organelles that block the 

septal pore in response to wounding, increases the formation of intrahyphal hyphae 

(Lai et al., 2012). EfM3.049350 is a homologue of hex protein, a major woronin 

body protein in Neurospora crassa which was up-regulated around 3 times in the 

IP ∆velA-WT comparison. 

These results show VelA is a regulator of E. festucae cell wall composition 

during the fungal interaction with ryegrass.   

4.4.1.3.4 velA is required for secondary metabolite gene expression and 

production  

In order to investigate the regulatory effects of VelA on secondary 

metabolism in E. festucae, differential expression of involved genes in known 

alkaloids clusters (ergot alkaloids, idole-diterpenes and peramine) in all 

comparisons were examined. In all velA related in culture comparisons, none of the 

genes were differentially expressed. 

Of the 11 genes involved in ergot alkaloid production (EAS cluster genes) 

(Fleetwood et al., 2007; Schardl et al., 2013a), in IP ∆velA-WT comparison only 

lpsB was differentially expressed (up-regulated). In S ∆velA-WT comparison, all 

genes down regulated similar with S ∆laeA-WT comparison (Fig 4.2). Of the ten 

known genes for indole-diterpene biosynthesis, in the IP ∆velA-WT comparison 

four genes were significantly differentially expressed (down-regulated). In the S 
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∆velA-WT comparison only ltmE is significantly differentially expressed (down-

regulated) (Fig. 4.2) that is totally different than S ∆laeA-WT comparison with 

eight genes differentially expressed (down-regulated) (Section 3.4.5.1). The 

expression of perA, the sole gene required for peramine biosynthesis, was not 

differentially expressed in any comparisons (Fig. 4.2).  

To coordinate with the alkaloids gene expression results, different 

alkaloids concentrations were measured in infected three-months-old ryegrasses 

with wild type and ∆velA mutant E. festucae (Fig. 4.3). In all five ergot alkaloid 

compounds that were measured, the mean concentrations in the wild type-infected 

plants were higher than ∆velA-mutant infected plants but only ergine was 

statistically significantly different. In all 22 idole-diterpene alkaloid compounds 

that were measured, the mean concentrations of the ∆velA-mutant infected plants 

were higher with 17 of them being statistically significantly different (Fig. 4.3). For 

peramine the mean concentration in ∆velA mutant infected plants was also higher 

but it was not statistically significantly different (Fig. 4.3).  

In addition to these alkaloid genes, 191 genes belonging to 29 clusters 

putatively encoding secondary metabolites in E. festucae Fl1 (Schardl et al., 

2013b) were examined (Table S4.3). Of the total 31 clusters in E. festucae 15 

contained at least one gene differentially expressed in one of the comparisons, 

seven in IP ∆velA-WT, eight in S ∆velA-WT, six in IC ∆velA-OE, zero in IC OE-

WT and three in IC ∆velA-WT have DEGs (Fig. 4.4). Most of DEGs in these 

clusters were down-regulated (Table S4.3), showing that VelA positively regulates 

secondary metabolite gene expression in E. festucae.  

Our resutls show VelA similar with LaeA in E. festucae is a key regulator 

for secondary metabolites gene expression and production.  
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Fig.	   4.2-‐	   Expression	   changes	   of	   E.	   festucae	   alkaloid	   biosynthesis	   genes	   in	  
different	   comparisons	   including	   S	   ∆laeA-‐WT,	   S	   ∆velA-‐WT,	   and	   IP	   ∆velA-‐WT.	  
FDR,	  false	  discovery	  rate.	  
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4.4.1.3.5 Changes in expression of genes encoding putative small-secreted 

proteins  

Small-secreted proteins (SSPs) are effector proteins produced by invading 

microbes during infection. SSPs by using different mechanisms interfere with host 

immune responses and provide a suitable environment for the microbe for infection 

and growth  (Presti et al., 2015). Here we considered proteins smaller than 200 

amino acids, without predicted transmembrane domains and with predicted signal 

peptides as SSPs (Rep, 2005). In the E. festucae genome, 177 putative SSPs were 

Fig.	  4.4-‐	  Percentage	  of	  DEGs	  in	  each	  secondary	  metabolite	  cluster	  in	  
Epichloë	  festucae.	  Of	  total	  32	  secondary	  metabolite	  clusters	  identified	  
in	  E.	  festucae	  (Schardl	  et	  al.,	  2013b)	  only	  those	  clusters	  with	  DEGs	  
were	  shown.	  	  
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found that of these, 54 were detected in at least one of the conditions were 

significantly differentially expressed (Table S4.4). The number of the genes in each 

comparison and the diversity of fold changes are shown in Fig. 4.5. Although the S 

∆velA-WT comparison has the highest number of SSPs (Fig. 4.5a) but in the IP 

∆velA-WT comparison a much broader range of fold changes (72.4 and -99.8) was 

observed (Fig. 4.5b). Most of the predicted gene products have no homologues 

with annotated molecular function except four genes EfM3.001305, EfM3.001310, 

EfM3.001750 and EfM3.055320 (Table S4.4). EfM3.001305, EfM3.001310 are 

homologous with a killer toxin gene, kp4, in the Ustilago maydis P4 virus with 

85.8 and 84.3% identity. Kp4 is a lethal protein via inhibition of calcium channels 

(Gage et al., 2001). EfM3.001750 is homologous with the guanyl-specific 

ribonuclease F1 gene in Fusarium fujikuroi with 71% identity (Yoshida et al., 

1998). EfM3.055320 is a homologous with superoxide dismutase gene, sod5, in 

Candida albicans (with 69% identity) that was shown is required during the 

infection (Gleason et al., 2014). Although only 27% (49 genes) of the Eaton et al 

(2015) symbiosis core set genes are common with DEGs in the mature infected 

plants with ∆velA, 20% (10 genes) of these are SSPs, which are 71% (10/14) of the 

total SSP genes in the Eaton et al (2015) core set.  

4.4.2. Plant transcriptomics 

In order to detect the ryegrass genes differentially expressed in the 

incompatible interactions with ∆velA and ∆laeA E. festucae, ryegrass 

transcriptomes were compared using the same RNA-seq data used for fungal 

transcriptomics. 

4.4.2.1. General description of RNA-sequencing results 

In total there were 715,183,580 grass reads mapped to ryegrass genome 

(Table S4.1).  

Genes with equal or more than two times fold changes and a FDR less than 

or equal to 0.05 in this study were considered as differentially expressed genes 

(DEGs) (Fig. 4.6). Three comparisons were made including ∆velA-inoculated 

seedlings versus wild type-inoculated seedlings (S ∆velA-WT), ∆laeA inoculated 

seedlings versus wild type inoculated seedlings (S ∆laeA-WT), and three-month-
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old plants infected with ∆velA versus wild type (IP ∆velA-WT) (Fig. 4.6). The 483 

DEGs in the S ∆velA-WT comparison was 1.9 and 1.5 times more than the number 

of DEGs in IP ∆velA-WT and S ∆laeA-WT comparisons, respectively, indicating a 

larger effect on plant gene expression from ∆velA than ∆laeA and during the 

establishment of infection than in mature infected plants. 

 

 

 

 

 

 

 

 

 

 

 

 

Comparing the overlapping DEGs between the three comparisons (Fig. 

4.6b) showed that 44% of DEGs (196) in the S ∆velA-WT comparison are common 

with DEGs in the S ∆laeA-WT comparison but only 7% (34) with IP ∆velA-WT. 

This indicates substantial overlap between plant responses to each mutant although 

a very different set of plant genes being differentially expressed in mature plants 

compared with seedlings.  

Fig.	   4.5-‐	   DEGs	   with	   putative	   SSP	   function.	   (a)	   Number	   of	   DEGs	   with	   SSPs	  
functions	   in	   different	   conditions.	   (b)	   Distribution	   of	   SSPs	   fold	   change	   in	  
different	  conditions,	  each	  cross	  representing	  one	  SSP.	  
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A similar range of fold change distribution was observed between both 

seedling comparisons but the in planta comparison showed 1.8 times broader 

ranges of fold changes (Fig. 4.6c).  

4.4.2.2 Gene Ontology (GO) enrichment analysis of DEGs  

DEGs were classified based on their primary functions into ‘Molecular 

Function’ GeneOntology (GO) categories (Fig. S4.2). 70-80% of DEGs in different 

comparisons were not aligned with any GO category so it was decided that GO was 

not a good method to study the functions of DEGs in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.	  4.6-‐	  Distribution	  of	  ryegrass	  DEGs	  in	  response	  to	  inoculation	  or	  infection	  with	  
∆velA	  and	  ∆laeA	  mutants	  of	  Epichloë	  festucae.	  (a)	  Percentage	  and	  numbers	  of	  DEGs;	  
(b)	  Venn	  diagram	  of	  common	  DEGs	  in	  different	  comparisons;	  (c)	  The	  volcano	  plots	  
of	   DEGs	   distribution	   by	   log2	   fold	   change	   (logFC)	   and	   –log10	   of	   FDR	   in	   three	  
different	  comparisons.	  	  
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(c) 

(b) 
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Down	  regulated	   91	   117	   132	  
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4.4.2.3 Functional annotations of differentially expressed ryegrass 

genes 

The functions of DEGs were further analysed by categorising DEGs into 

manually curated bins using Mercator, followed by analysis of diagrammatic 

outputs generated by MapMan software. The results showed that inoculating 

ryegrass plants with ∆velA and ∆laeA E. festucae mutants changed the expression 

of genes in 33 of 51 different metabolic pathways of ryegrass compared to when 

inoculated with wild type E. festucae. Overall, expression changes of genes 

involved in metabolic processes in both seedling comparisons were similar, but 

different from those in mature plants. The significant DEGs in different pathways 

associated with primary metabolism, secondary metabolism and response to biotic 

and abiotic stresses were analysed in detail and are described below.  

4.4.2.3.1 Mutant endophytes change primary metabolism in their host plants  

Most of the DEGs predicted to be engaged in primary metabolism were 

up-regulated (99 of 121 and 159 of 217 genes in S ∆laeA-WT and S ∆velA-WT 

comparisons, respectively) in seedling comparisons but in the in planta comparison 

there was no particular direction of altered expression with 48 genes up-regulated 

and 50 genes down-regulated (Fig. 4.7a).  

 

 

 

 

 

 

 

 

Fig	  4.7-‐	  Percentage	  of	  DEGs	  that	  categorised	  in	  primary	  metabolism	  (a)	  and	  
secondary	  metabolism	  (b)	  resulted	  from	  MapMan	  analyses.	  
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Of 650 genes predicted to encode enzymes involved in RNA metabolism 

(RNA transcription, regulation of transcription, RNA processing) 69 genes (10.6%) 

were differentially expressed at least in one of the comparisons (Table S4.5). In the 

S ∆velA-WT comparison a higher number of DEGs were predicted to encode 

enzymes involved in RNA metabolism compared to the two other comparisons 

(Table S4.5, Fig. 4.8a). In both seedling comparisons most of the DEGs were up-

regulated but in planta mostly down-regulated. These results may suggest that the 

higher number of DEGs of mutant-inoculated seedlings comparing with mature 

infected plants (Fig. 4.6a) is a consequence of up-regulation of ryegrass 

transcription factors during the early stages of infection with both ∆velA and ∆laeA 

mutants. 

 

 

 

 

 

 

 

Of 130 predicted genes that encode enzymes involved in nucleotide 

metabolism (synthesis, degradation and salvage) only four genes were 

differentially expressed (Table S4.5), suggesting this process is not important in the 

incompatible plant response to the mutants. 

Of three genes involved in starch synthesis there was a homologue of 

granule-bound starch synthase 1, waxy, in Hordeum vulgare (Rohde et al., 1988) 

that was 9.3 times up-regulated in mature plants that is coordinating with increased 

starch granules observed in microscopy analysis of ∆velA mutant infected mature 

plants (Chapter 2). In sucrose biosynthesis, a homologue of sucrose phosphate 

Fig.	  4.8-‐Percentage	  of	  DEGs	  per	  total	  predicted	  genes	  
that	   encode	   enzymes	   involved	   in	   RNA	   metabolism	  
(RNA	   transcription,	   regulation	  of	   transcription,	  RNA	  
processing).	  	  
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synthase 1 in Arabidopsis (Bahaji et al., 2015) was 5.9 times up-regulated in 

mature infected plants with mutant velA but not expressed in seedlings. In 

addition, three homologues of the invertase, gene cin7, in Oryza sativa (Cho et al., 

2005) were identified. Two of them were 9 and 8.1 times down-regulated in mature 

plants infected with the ∆velA mutant (Fig. 4.9). It is possible that in plants infected 

with the ∆velA mutant there is a higher level of sucrose compared with wild type 

infected plants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.	   4.9-‐	   Sucrose	   biosynthesis	   pathway.	   This	   graph	   shows	   the	  
synthesis	   and	   breakdown	   of	   sucrose	   in	   plant	   cells.	   SPP,	   sucrose	  
phosphate	   phosphatase;	   SPS,	   sucrose	   phosphate	   synthase;	   UDP,	  
uridine	   diphosphate	   (Pathway	   is	   adopted	   from	  
http://plantsinaction.science.uq.edu.au/content/241-‐starch-‐and-‐
sucrose-‐degradation).	  FDR,	  false	  discovery	  rate.	  

(FDR≤0.05)	  

(FDR≥0.05)	  
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Of 21 genes identified as encoding enzymes involved in photosynthesis 

reactions in L. perenne, only four were differentially expressed in at least one of 

the comparisons (Table 4.5). Three of these genes are associated in light reactions 

– two in photosystem II light-harvesting complex (LHC) (2.1 - 2.5-fold up-

regulated in both seedling comparisons) and a homologue of the photosystem II 10 

kDa polypeptide, psbr, involved in the oxygen-evolving complex of photosystem II 

that was only differentially expressed in the IP ∆velA-WT comparison (26.5-folds 

down-regulated) (Table 4.5). The other DEG is predicted to encode a transketolase 

engaged in the photosynthesis-dependent Calvin cycle that was down-regulated in 

seedlings but not differentially expressed in mature plants (Table 4.5). No genes 

predicted to be engaged in photorespiration were differentially expressed. It seems 

∆velA mutant endophytes have more important influence on host photosynthesis 

than ∆laeA mutant. 

 

 

 

 

 

 

 

 

 

 

 

 

Table	  4.5-‐	  DEGs	  peridected	  to	  encode	  enzymes	  engaged	  in	  photosynthesis	  	  
	   	   	   Fold	  change	  

Gene	  ID	   Bincode	  Name	   Best	  annotation	   S	  
∆laeA-‐
WT	  

S	  
∆velA-‐
WT	  

IP	  
∆velA-‐
WT	  

maker-‐
scaffold_1452|ref0003114-‐
exonerate_est2genome-‐

gene-‐0.3	  

PS.lightreaction.phot
osystem	  II.LHC-‐II'	  

chlorophyll	  A/B	  
binding	  protein	  1	  

2.1	   2.5	   1.1	  

maker-‐
scaffold_228|ref0023193-‐
exonerate_est2genome-‐

gene-‐1.3	  

'PS.lightreaction.phot
osystem	  II.LHC-‐II'	  

chlorophyll	  A/B	  
binding	  protein	  1	  

1.7	   2.1	   -‐1.3	  

maker-‐
scaffold_7637|ref0001662-‐
exonerate_est2genome-‐

gene-‐0.2	  

'PS.lightreaction.phot
osystem	  II.PSII	  

polypeptide	  subunits'	  
Photosystem	  II	  10	  
kDa	  polypeptide,	  

psbr	  

1.8	   1.5	   -‐26.5	  

maker-‐
scaffold_11194|ref001248
2-‐exonerate_est2genome-‐

gene-‐0.0	  

'PS.calvin	  
cycle.transketolase'	  

Transketolase	   -‐2.2	   -‐3.3	   0.0	  
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In all comparisons, DEGs associated with cell wall modification (8/32) and 

cell wall synthesis (3/20) were down-regulated but DEGs associated with cell wall 

degradation (2/30) were up-regulated (Table 4.6 and Fig. S4.3). DEGs involved in 

cell wall modification included three genes encoding expansins that are down 

regulated (Table 4.6). Expansins by breaking bonds between matrix glucans and 

cellulose microfibers, are involved in loosening the plant cell wall (Shin et al., 

2005). Two DEGs encode xyloglucan endotransglucosylases that are involved in 

re-ligating and breaking down xyloglucan polymers in plant cell walls of growing 

tissue (Yokoyama & Nishitani, 2001). Three further DEGs are predicted to be 

associated with plant cell wall pectin biosynthesis. These included a pectin 

acetylesterase 8 gene, pae8, that was up-regulated in seedlings inoculated with 

laeA (3.6-fold) and velA (3.2-fold) that hydrolyzes acetyl esters in 

homogalacturonan regions of pectin (de Souza et al., 2014), and a pectin 

methylesterase inhibitor that was 7.3-fold down-regulated in mature plants infected 

with ∆velA mutant. Pectin methylesterases are a group of enzymes that are 

demethylesterify plant cell wall pectins (Louvet et al., 2006).  

DEGs encoding proteins predicted to be involved in cell wall synthesis 

included those for two cellulose synthases (Hazen et al., 2002), CSLD3 that was 

7.7-fold down-regulated in mature plants infected with the ∆velA mutant and 

CSLE6 that was 2.7-fold down-regulated in seedlings inoculated with the ∆velA 

mutant. UDP-glucose 4-epimerase 3 is involved in the biosynthesis of cell wall 

carbohydrate. The gene predicted to encode this enzyme was down-regulated 2.1-

fold in seedlings inoculated with the ∆laeA mutant (Rösti et al., 2007). Lastly, a 

mannan endo-1,4-beta-mannosidase 1 gene was 20.4-fold up-regulated in mature 

plants infected with the ∆velA mutant. This enzyme is involved in breaking down 

the mannon polysaccharides in the plant cell walls (Yuan et al., 2007). It is possible 

that inoculated seedlings and infected plants with mutant fungi, in response to the 

fungi increased the breaking down of their cell walls. 
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4.4.2.3.2 Mutant endophytes change secondary metabolism in their host 

plants  

Of 107 expressed ryegrass genes (consolidated from 361 genes encoding 

redundant proteins) predicted to encode enzymes involved in secondary 

metabolism, 47 were differentially expressed in at least one of the comparisons 

(Table S4.6).  

The highest levels of differential expression were observed in genes 

predicted to encode enzymes associated with terpenoid and lignin biosynthesis 

Table	  4.6-‐	  DEGs	  peridected	  to	  encode	  enzymes	  associated	  in	  plant	  cell	  wall	  
	   	   	   Fold	  change	  

Gene	  ID	   Bincode	  Name	   Best	  annotation	   S	  
∆laeA-‐
WT	  

S	  
∆velA-‐
WT	  

IP	  
∆velA-‐
WT	  

maker-‐scaffold_11761|ref0016618-‐
exonerate_est2genome-‐gene-‐0.1	  

'cell	  
wall.modification'	  

xyloglucan	  
endotransglucosylase/

hydrolase	  32	  

-‐2.1	   -‐1.8	   0.0	  

maker-‐scaffold_2451|ref0017008-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  
wall.modification'	  

xyloglucan	  
endotransglucosylase/

hydrolase	  29	  

1.8	   2.5	   -‐4.9	  

maker-‐scaffold_10034|ref0030944-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  
wall.modification'	  

expansin	  A15	   -‐2.4	   -‐2.4	   0.0	  

maker-‐scaffold_16353|ref0013246-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  
wall.modification'	  

expansin	  A15	   -‐2.3	   -‐2.2	   -‐5.0	  

maker-‐scaffold_1776|ref0013307-‐
exonerate_est2genome-‐gene-‐0.1	  

'cell	  
wall.modification'	  

expansin	  B4	   -‐1.8	   -‐1.4	   -‐5.8	  

maker-‐scaffold_4019|ref0041942-‐
exonerate_est2genome-‐gene-‐0.5	  

'cell	  wall.pectin	  
esterases.acetyl	  

esterase'	  

Pectin	  acetylesterase	  8	   3.6	   3.2	   1.4	  

maker-‐scaffold_7466|ref0021101-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  wall.pectin	  
esterases.PME'	  

Plant	  invertase/pectin	  
methylesterase	  

inhibitor	  superfamily	  

-‐1.6	   -‐1.5	   -‐7.3	  

maker-‐scaffold_914|ref0038169-‐
exonerate_est2genome-‐gene-‐0.1	  

'cell	  wall.pectin	  
esterases.PME'	  

L-‐ascorbate	  oxidase	  
homolog	  

-‐3.0	   -‐1.1	   0.0	  

maker-‐scaffold_12401|ref0030411-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  wall.cellulose	  
synthesis.cellulose	  

synthase'	  

cellulose	  synthase-‐like	  
D3	  (CSLD3)	  

-‐1.1	   1.2	   -‐7.7	  

maker-‐scaffold_1704|ref0031283-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  wall.cellulose	  
synthesis.cellulose	  

synthase'	  

Cellulose	  synthase-‐like	  
protein	  E6	  (CSLE6)	  

-‐1.1	   -‐2.7	   0.0	  

maker-‐scaffold_3304|ref0020202-‐
exonerate_est2genome-‐gene-‐0.1	  

'cell	  wall.precursor	  
synthesis.UGE'	  

UDP-‐glucose	  4-‐
epimerase	  3	  

-‐2.1	   -‐1.9	   -‐1.8	  

maker-‐scaffold_5359|ref0042439-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  
wall.degradation.ma

nnan-‐xylose-‐
arabinose-‐fucose'	  

Mannan	  endo-‐1,4-‐beta-‐
mannosidase	  1	  

-‐1.7	   -‐2.0	   20.4	  

maker-‐scaffold_5939|ref0044272-‐
exonerate_est2genome-‐gene-‐0.0	  

'cell	  wall'	   alpha/beta-‐Hydrolases	  
superfamily	  protein	  

2.2	   2.1	   0.0	  
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(Table S4.6). Terpenoids are secondary metabolites with antifungal activities 

(Asakawa et al., 2013). Of 35 genes associated with their biosynthesis, five genes 

were differentially expressed in at least one of the comparisons. These genes were 

mostly up-regulated in the mutant-infected seedlings but in planta were highly 

down-regulated (Table S4.6).  

Plants often deposit lignin at the infection site of a pathogen, reinforcing 

the cell wall (Zipfel, 2009). Although in lignin deposition tests no obvious 

difference was observed between inoculated seedlings with ∆velA and wild type 

(Chapter 2), transcriptomics analysis showed differences in lignin gene expression. 

Of 12 genes predicted to encode enzymes involved in lignin biosynthesis, 10 were 

differentially expressed in at least one of the comparisons (Table S4.6 and Fig. 

4.10). All differentially expressed genes in both seedling comparisons were up-

regulated but in the IP ∆velA-WT comparison they were not expressed or down-

regulated, except a premnaspirodiene oxygenase gene that was up-regulated. Based 

on these results, inoculating seedlings with mutant endophytes appears to stimulate 

lignin biosynthesis during the early stage of infection but in infected mature plants 

lignin biosynthesis is predicted to be reduced.    

4.4.2.3.3 Infecting ryegrass with ∆velA and ∆laeA E. festucae mutants alters 

the expression of genes responsible for biotic and abiotic stresses  

Ryegrass inoculation and infection with mutant E. festucae showed a 

strong influence on temperature responsive genes. Cold stress genes were highly 

down-regulated in both seedling comparisons (five peroxidase) genes were down-

regulated 5.9 to 322.3-folds in the S ∆velA-WT comparison and 3.9 to 23.7-folds in 

the S ∆laeA-WT comparison). None were expressed in mature plants but there was 

a different peroxidase down-regulated 8.7-folds (Table S4.7). Of the heat stress 

genes differentially expressed in at least one condition, most were slightly down-

regulated in the S ∆laeA-WT comparison but in the S ∆velA-WT comparison most 

of these genes (6/8) were not significantly changed. The two genes that were 

differentially expressed in mature plants were highly expressed in ∆velA mutant 

association with a gene predicted to encode a 17.7 kDa class I heat shock protein 

up-regulated and a chaperone DnaJ-domain superfamily protein down-regulated 

(Table S4.7).  
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Two DEGs were predicted to be involved in water deficit and salt stress. 

These were lpr1 and MTR_4g132570, predicted to encode a multicopper oxidase 

(Ticconi & Lucero, 2009) and ERD (early-responsive to dehydration stress) family 

protein (Young et al., 2011), respectively. The lpr1 gene was up-regulated 173.6-

folds in mutant-infected mature plants but not expressed in infected seedlings with 

wild type and mutants and MTR_4g132570 up-regulated only in mature plants 

infected with the ∆velA mutant (27.5-folds) (Table S4.7). 

Fig.	   4.10-‐	  Expression	  change	  of	  genes	   involved	   in	   lignin	  biosynthetic	  pathway	  in	  
ryegrass	  hosts	   in	  different	  comparions.	  Schematic	  pathway	   showing	  fold	   changes	  
of	   genes	   involved	   in	   lignin	   biosynthesis	   in	   different	   comparisons	   (based	   on	  
MapMan).	   FDR,	   false	   discovery	   rate;	   PAL2,	   phenylalanine	   ammonia-‐lyase	   2;	  
CYP98A3,	  Cytochrome	   P450,	   family	  98;	   ACT1,	   Agmatine	   coumaroyltransferase-‐1;	  
ROMT-‐17,	   Tricin	   synthase	   2;	   CCR,	   cinnamoyl-‐CoA	   reductase;	   CAD,	   cinnamyl-‐
alcohol	   dehydrogenase;	   CYP71B,	   Cytochrome	   P450,	   family	   71,	   subfamily	   B;	  
CYP71D55,	  Premnaspirodiene	  oxygenase.	  	  
	  

(FDR≤0.05)	  
(FDR≥0.05)	  

(FDR≤0.05)	  

(FDR≤0.05)	  

(FDR≥0.05)	  

(FDR≥0.05)	  
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A predicted wound responsive gene was up-regulated in seedlings infected 

with both mutants but down-regulated in mature plants infected with ∆velA mutant 

and a universal stress protein gene (AAV6531) was highly up-regulated in 

seedlings inoculated with ∆velA (135.7-folds) and ∆laeA (304.9-folds) mutants (the 

highest fold change between all genes in the list of abiotic stress responsible genes) 

but not expressed at all in planta (Table S4.7).  

Thirty DEGs predicted to be involved in response to biotic stresses were 

identified. These were predicted to encode chitinases, disease resistance proteins, 

pathogenesis-related proteins and receptors (Table S4.8). Of 13 predicted chitinase 

genes in the ryegrass genome, three were differentially expressed in at least one of 

the comparisons. All were significantly up-regulated in the S ∆velA-WT 

comparison but none in the IP ∆velA-WT comparison and only one was up-

regulated in S ∆laeA-WT comparison (Table S4.8).  

Genes predicted to encode disease resistance receptor proteins were 

classified into three groups based on their protein domain structure: Coiled coil- 

nucleotide-binding site leucine-rich repeat (CC-NBS-LRR), nucleotide binding- 

adaptor shared by NOD-LRR proteins, APAF-1, R proteins and CED4 (NB-ARC) 

and both LRR and NB-ARC. Within these categories 10% (seven genes), 10% (six 

genes) and 7.5% (four genes) respectively were differentially expressed in at least 

in one of the comparisons (Table S4.8). Most were highly differentially expressed 

in the in planta comparison (mostly down-regulated) but in seedling comparisons 

just a few were differentially expressed (slightly up-regulated). There was no 

overlap between seedling and mature plant DEGs (Table S4.8).  

Pathogenesis related (PR) protein genes were analysed and of the ten 

classes only PR1 genes were differentially expressed. Of nine PR1 genes, four 

were differentially expressed and only in mutant-infected seedlings, one six and 

83.4-folds down-regulated in mutant velA and laeA inoculated seedlings 

respectively and the other three between 2 and 2.6-folds up-regulated (Table S4.8). 

Of 10 genes predicted to encode oxidase enzymes involved in respiratory 

burst only one, encoding respiratory burst oxidase homolog protein B was 

differentially expressed. This gene was only differentially expressed in seedling 
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comparisons, up-regulated 3.1-fold and 3.2-fold in ∆velA and ∆laeA mutants 

inoculated seedlings, respectively, and not expressed at all in mature plants (Table 

S4.8).  

In response to invading microbes, plants produce different types of ROS 

that can play different roles in plant defence. One of the ROS functions is acting as 

an antimicrobial agent to protect the plant against invading microbes and another is 

acting as one of the first signals to induce other plant responses against invading 

pathogens (Walters, 2003; Custers et al., 2004). Three groups of enzymes involved 

in ROS production and detoxification – peroxidases, glutathione S-transferases 

(GSTs) and other enzymes involved in redox state such as Superoxide dismutase – 

were identified and analysed for differential expression (Table S4.9).  

Of 100 predicted genes that encode peroxidases, 11 were differentially 

expressed in one of the comparisons (also includes the six peroxidases previously 

introduced in cold stress responses). In the IP ∆velA-WT comparison only two 

were differentially expressed (one down- and one up-regulated) but in S ∆laeA-WT 

comparison six genes were differentially expressed (five down-regulated from 3.9- 

23.7-fold) and in S ∆velA-WT comparisons nine genes were differentially 

expressed (six highly down-regulated with fold change of 5 to 322.3-fold). As 

peroxidases are involved in degrading H2O2 molecules (Hiraga et al., 2001), the 

down regulation of 11% of peroxidase genes in seedlings inoculated with both 

mutant fungi, may result increased H2O2 production. 

A broad range of functions were shown for plant GSTs including responses 

to biotic and abiotic stresses, transporters of anthocyanin, xenobiotics and 

herbicide detoxification, auxin homeostasis, hydrogen peroxide detoxification, 

tyrosine metabolism, and regulation of apoptosis (Dixon et al., 2010; Ahn et al., 

2016). Of 57 genes detected for GSTs in ryegrass, seven in the S ∆velA-WT 

comparison (six up-regulated), three in the S ∆laeA-WT comparison (all up-

regulated) and one in the IP ∆velA-WT comparison (up-regulated), were 

differentially expressed. GST gene expression in seedlings is affected opposite to 

peroxidases. However, compared to peroxidases, GST gene fold changes were 

much lower (the range of fold change was between 2-3-fold). 
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Nine other DEGs were also identified as being involved in redox state 

during oxidative stress. A superoxide dismutase (Cu, Zn) gene was highly down-

regulated in the IP ∆velA-WT comparison. This enzyme scavenges superoxide 

radicals and converts them to H2O2 (Gadjev et al., 2008). Three other genes are 

involved in the ascorbate glutathione cycle, predicted to encode two isomers of 

ascorbate oxidase (AO) and a monodehydroascorbate reductase 4 (MDAR4). One 

AO gene was 2.5-fold up-regulated in the S ∆velA-WT comparison and one 14.3-

fold up-regulated in the IP ∆velA-WT comparison. A predicted glutathione 

peroxidase gene was differentially expressed in both seedling comparisons, 3.2-

fold and 4.1-fold up-regulated in ∆velA- and ∆laeA-inoculated plants respectively. 

Lastly, a DEG highly up-regulated in seedlings infected with mutants is predicted 

to encode a haemoglobin-like protein involved in scavenging nitric oxide (Gadjev 

et al., 2008). In total, the expression of different genes involved in ROS production 

possibly lead to increased ROS production in seedlings infected with velA and 

∆laeA mutants but in mature plants infected with ∆velA mutant lead to decrease 

ROS production. 

During plant responses to stresses, plant hormones have an important 

regulatory role. Analysis of DEGs predicted to encode enzymes involved in 

hormone biosynthesis (abscisic acid, auxin, brassinosteroids (BR), jasmonic acid, 

salicylic acid, gibberellins and ethylene) showed that in the IP ∆velA-WT 

comparison all hormone biosynthetic genes were either down-regulated or not 

differentially expressed (Table S4.10) but in both seedling comparisons they are 

mostly up-regulated with the exception of BR genes that are downregulated in all 

comparisons (Table S4.10). The largest fold-changes of differential expression 

were observed in BR biosynthesis genes in all comparisons, especially in both 

∆velA associations. Brassinosteroid hormones increase plant resistance to biotic 

and abiotic stresses (Divi & Krishna, 2009; Sirhindi et al., 2016). With higher 

amounts of BRs, ROS production is increased and this increases plant defence 

against pathogens but in lower concentrations BRs promote plant growth by 

regulating other growth promoters (Heil & Bostock, 2002; Hayat et al., 2011). Of 

12 enzymes engaged in BR biosynthesis, a cytochrome P450, is differentially 

expressed (highly down-regulated) in seedlings but not expressed at all in mature 

plants. In addition, there are three other differentially expressed genes that are 

predicted to encode enzymes engaged in the biosynthesis of sterols, which are 
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precursors for BR biosynthesis. These three DEGs are predicted to encode 

sulfotransferase 4A, cycloartenol synthase and isoforms of lanosterol synthase 1. 

Each BR or sterol gene is downregulated in each condition with the highest fold-

changes of genes for the different hormones. Based on these results it seems likely 

that brassinosteroids are reduced in each mutant-infected association, including 

both seedlings and mature plants. This down regulation of BRs possibly is 

coordinating with lower ROS production in mature plants. 

During plant-microbe interactions the balance between jasmonic acid (JA) 

and salicylic acid (SA) regulates plant responses against microbe invasion (De 

Vleesschauwer et al., 2013). Of 37 genes predicated to be engaged in JA 

biosynthesis five were differentially expressed (Table S4.10) including genes 

predicted to encode four isoforms of 13-lipoxygenase (LOX), which catalyses the 

first step in JA synthesis, and a jasmonic acid carboxyl methyltransferase (JMT), 

which methylates JA to the inactive methyl (+)-7-isojasmonate. Two of the LOX 

genes are down-regulated in IP ∆velA-WT comparison but in S ∆velA-WT and S 

∆laeA-WT comparisons three and one are down-regulated, respectively. The JMT 

gene was only differentially expressed (2.2-fold down-regulated) in the S ∆velA-

WT comparison (Table S4.10 and Fig. 4.11).  

Of 26 genes predicted to be involved in in SA biosynthesis three genes 

were differentially expressed (Table S4.10 and Fig. 4.12). There are two isoforms 

of salicylic acid-binding protein 2 in the ryegrass genome. This enzyme is a methyl 

salicylate esterase, that by converting the inactive form of SA, methyl salicylate, to 

SA increases the levels of SA (Tripathi et al., 2010). A gene for one of the isoforms 

is highly up-regulated in mature plant infected with ∆velA mutant (9.6-fold) and 

the other is 2.1-fold up-regulated in both ∆velA and ∆laeA seedling comparisons 

(Table S4.10 and Fig. 4.12). A gene predicted to encode salicylic acid glucosyl 

transferase (UGT74F) is only differentially expressed in ∆velA-infected seedlings 

(2.4-fold up-regulated). SA glucosyltransferease is engaged in both activation and 

deactivation of SA by transferring a glycosyl group (Song et al., 2008). Based on 

the expression results, possibly the levels of SA will be higher in mutant velA and 

laeA inoculated seedlings comparing to wild type inoculated seedlings and much 

higher in infected mature plants with ∆velA mutant.   
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Fig.	   4.11-‐	   Jasmonic	  acid	  biosynthesis	  pathway.	  LOX,	  13-‐lipoxygenase;	  AOS,	  
Allene	   oxide	   synthase;	   AOC,	   Allene	   oxide	   catalase;	   OPR3,	   OPDA	   reductase;	  
OPCL1,	   OPC-‐8:0	   CoA	   ligase;	   ACX,	   Acy-‐CoA	   oxidase;	   JMT,	   jasmonic	   acid	  
carboxyl	  methyltransferase;	  FDR,	  false	  discovery	  rate.	  	  

(FDR≤0.05)	  

(FDR≥0.05)	  

(FDR≤0.05)	  

(FDR≤0.05)	  

(FDR≥0.05)	  

(FDR≥0.05)	  
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4.5 Discussion  

Despite its importance, relatively little is known about the molecular 

details of the interaction between Epichloë fungi and their grass hosts and the 

regulatory genes involved. In this study, by using comparative transcriptomics, 

VelA regulatory effects on the E. festucae transcriptome profile growing in 

different conditions (in culture, inoculated seedlings and mature infected plants) 

were tested and the results compared with similar experiments with LaeA in the 

previous chapter. In addition, the influence of inoculating perennial ryegrass with 

Fig.	  4.12-‐	  Salicylic	  acid	  biosynthesis	  pathway.	  ICS,	  Isochorismate	  synthase;	  ICPL,	  
Isochorismate	  pyruvate	  lyase;	  UGT74F,	  salicylic	  acid	  glucosyltransferase;	  Me	  SA	  
esterase,	  methyl	  salicylate	  esterase;	  FDR,	  false	  discovery	  rate.	  
	  	  
	  

(FDR≤0.05)	  

(FDR≥0.05)	  

(FDR≤0.05)	  

(FDR≤0.05)	  

(FDR≥0.05)	  

(FDR≥0.05)	  
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∆velA and ∆laeA mutants on plants’ transcriptome profile compared with wild type 

associations was examined. In this study for the first time the influence of an 

antagonistic Epichloë mutant on the fungal and plant transcriptome in the early 

stage of the interaction was examined.   

Comparative transcriptomics studies of ∆velA mutant in different fungi 

show conserved regulatory roles of VelA on secondary metabolism, CAZyme 

biosynthesis, morphogenesis, development and cellular metabolism (Cary et al., 

2007; Wiemann et al., 2010; Hoff et al., 2010; Jiang et al., 2011; Dhingra et al., 

2013; Lind et al., 2015; Schumacher et al., 2015; Cary et al., 2015) that are quite 

similar with reported roles of LaeA (reviewed in chapter 3).  

A small portion of DEGs in IP ∆velA-WT and S ∆velA-WT comparisons 

are common with the so-called core symbiotic fungal gene set (Eaton et al., 2015). 

This may partly be a result of different tissue samples used for transcriptomics 

analysis. However, it is also likely that based on the difference in hyphal in planta 

characteristics between mutant velA and proA, noxA and sakA mutants such as cell 

wall chitin that VelA, like LaeA, regulates separate mechanisms important in 

mutualistic interaction.  

The small portion of the DEGs common between IC ∆velA-WT, S ∆velA-

WT and IP ∆velA-WT comparisons suggests condition dependent regulatory roles 

of velA on E. festucae gene expression similar with LaeA (Chapter 3). It is 

possible that VelA forms different protein complexes in different conditions as was 

shown in A. nidulans (Bayram & Braus, 2012). Other possibilities are different 

post-translational modifications or localisation in different conditions 

In the fungal transcriptomics analysis of all S ∆velA-WT and S ∆laeA-WT 

and IP ∆velA-WT comparisons, up regulation was observed in the expression of 

genes that encode putative nutrient transporters, host cell wall degrading enzymes 

and small secreted proteins. In these categories, DEGs in the IP ∆velA-WT 

comparison showed higher differential expression with more genes involved 

compared with S ∆velA-WT and S ∆laeA-WT although total DEGs in this 

comparison was not higher than others. This suggests that VelA has stronger 
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regulatory influence on fungal gene expression in these three functions during 

interaction with mature plants comparing to early stages of infection.   

Fungal transporters of nitrate, ammonium, peptides and carboxylic acid 

were up-regulated in mature plants infected with the ∆velA mutant, while in 

seedlings inoculated with ∆velA and ∆laeA mutants peptide and ammonium 

transporters were up-regulated. This may suggest that in these associations, fungi 

are in starvation conditions especially in mature infected plants as was previously 

suggested for sakA, noxA and proA mutant E. festucae interactions (Eaton et al., 

2015). The observed abnormal in planta hyphal growth of ∆velA mutant fungi and 

invasion of vascular bundles are a sign of starvation and these hyphae may be 

acting as a sink to absorb nutrients from host phloem. Our in vitro analyses also 

show that ∆velA and ∆laeA mutants under starvation conditions grow abnormally 

but under rich conditions mostly grow normally. Also in vitro analyses of velA 

expression showed highest levels of their transcripts in starvation condition 

(Sections 2.4.2). Based on these observations, we speculated that in E. festucae 

during in planta growth, velA is highly expressed and suppresses transporter genes 

and other starvation-response genes so that the fungus stops growing and this leads 

to the growth restriction observed in wild type associations. Deleing velA and laeA 

in E. festucae changes its mutualistic interaction with ryegrass to a more 

antagonistic one and mutant fungi caused death in most inoculated plants. It was 

shown that generally nitrogen metabolism plays a key role in pathogenicity (Pellier 

et al., 2003; Krappmann & Braus, 2005), although other than nitrogen transporters 

no predicted genes involved in nitrogen metabolism were found to be differentially 

expressed in this study. Possibly changes in nitrogen transport may contribute to 

the host death, with increased fungal growth and insufficient nutrition for the 

seedling. This is supported by a comparative transcriptomics study of the Botrytis 

cinerea interaction with Phaseolus vulgaris in which it was suggested that up 

regulation of 2% of DEGs that encode sugar, amino acid and ammonium 

transporters and glycoside hydrolases is the reason for the virulence disability of 

the ∆velA mutant fungus (Schumacher et al., 2012). It was also suggested that the 

transcriptomics pattern in this study is a sign of the ∆velA mutant response to 

nutrient starvation conditions (Schumacher et al., 2012).  
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Overall expression changes of ryegrass DEGs that encode proteins 

involved in plant responses, suggested an induction of plant defence responses 

including lignin deposition and ROS production in seedlings inoculated with ∆velA 

and ∆laeA mutants. In contrast, in the IP ∆velA-WT comparison most of these 

genes were not differentially expressed or were altered in a way that would be 

expected to lead to a decrease in these responses. It seems likely that plant defence 

responses in the artificially inoculated seedlings, in which a substantial amount of 

mycelium is inserted into a large wound in the single meristematic zone of the 

seedlings, is at least partially the reason for the high seedling death and low 

infection rates after inoculation with ∆velA and ∆laeA mutants.  

Histological analysis of plant responses in seedlings inoculated with the 

∆velA mutant showed higher H2O2 production and callose deposition but no 

differences in cell death and lignin production (Chapter 2). Higher levels of H2O2 

production is correlated with transcriptomics results but for callose deposition no 

related DEGs were found. Conversely, the expression changes of genes for lignin 

biosynthesis suggested an increase in the levels of lignin production in ∆velA 

mutant inoculated seedlings but no difference between mutant and wild type 

inoculated seedlings was observed. This is likely to be due to the time difference 

between histological tests and transcriptomics analysis and highlights the transient 

and dynamic nature of plant defence responses. We have developed assays for 

callose, lignin, ROS and cell death in seedlings. In future experiments these should 

be performed in time series to develop a full picture of the response to Epichloë by 

host plants upon inoculation. Ideally these assays would be performed in a natural 

infection context, although substantial work is yet required to understand this 

mechanism. 

The predicted reduction of plant responses (based on transcriptional 

profile) in mature infected plants with the ∆velA mutant is interesting because with 

up regulation of Epichloë CWDEs in ∆velA mutant-infected mature plants, 

increased plant responses may have been expected. It seems in survived plants 

infected with ∆velA mutant there are mechanisms that reduce the plant responses, 

possibly through the SSPs.  
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Of all detected SSPs in E. festucae, 1.7%, 20% and 15% were 

differentially expressed in IC ∆velA-WT, S ∆velA-WT and IP ∆velA-WT 

comparisons, respectively. As for LaeA, VelA appears to be a key regulator in SSP 

expression in E. festucae during its interaction with ryegrass. Although there are 

more differentially expressed SSPs in seedlings inoculated with ∆velA mutant 

compared with mature infected plants, a much broader range of fold changes was 

observed in mature plants. This suggests a condition-dependent regulatory role of 

VelA for SSPs’ gene expression that possibly is a result of different mechanisms 

involved during the fungal interaction in these two conditions. VelA positively or 

negatively regulating different SSPs, whether directly or indirectly; possibly,  

positively in SSPs that are required for establishing and maintaining symbiotic 

interaction and negatively in SSPs that lead to avirulence reactions.  

Three SA genes are up-regulated in mutant-infected seedlings and in 

mature plants (although not all statistically significantly) and JA genes are up-

regulated in mutant-infected seedlings but down-regulated in mutant-infected 

mature plants. SA is essential for local and systemic resistance responses 

(Dempsey et al., 1999; Glazebrook, 1999; Kunkel & Brooks, 2002) as well as cell 

death, possibly through regulating H2O2 production (Shirasu et al., 1997; Van 

Camp & Van Montagu, 1998). JA is involved in development and also plant 

resistance against wounding and microbial and insect invasion (Reymond & 

Farmer, 1998; Kunkel & Brooks, 2002). SA cross regulates the defence pathways 

that are regulated by JA and mostly acts as a negative regulator (Kumar & Klessig, 

2003). As SA gene expression is roughly similar in response to the ∆velA mutant in 

both seedlings and mature plants it seems probable that reduced levels of JA in 

mutant-infected compared with wild type-infected plants regulates the reduction in 

plant responses in mutant-infected mature plants compared with seedlings. 

In different transcriptomics analysis, VelA regulatory effects on secondary 

metabolite gene clusters were shown in different fungi (Cary et al., 2007; Wiemann 

et al., 2010; Hoff et al., 2010; Jiang et al., 2011; Dhingra et al., 2013; Lind et al., 

2015; Lind et al., 2016; Schumacher et al., 2015). In this study, we showed VelA 

positively regulates 48.4% of the gene clusters for secondary metabolism in E. 

festucae, even more than LaeA (Chapter 3), including the two well-known clusters 

for ergot alkaloids and indole diterpenes. The influence of VelA on ergot alkaloid 
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gene expression in mature plants was much lower than in seedlings inoculated with 

∆velA and ∆laeA mutants and in fact in mature plants only one gene is 

differentially expressed and it is up-regulated compared with seedlings where most 

genes are down-regulated. VelA regulates indole diterpene gene expression only in 

infected mature plants and more weakly than seedlings inoculated with the ∆laeA 

mutant. Similar with VelA, NoxA and ProA were shown to have weak regulatory 

effects on ergot alkaloid and indole diterpene gene expression in infected mature 

plants, although SakA has a stronger positive regulatory effect (Eaton et al., 2015). 

The chemical concentration of ergot alkaloids in mature plants infected with the 

∆velA mutant showed no difference with wild type in most of them, which 

correlates with the weak regulatory effect of VelA on their gene expression. The 

chemical concentration of most indole diterpenes were significantly more in ∆velA 

mutant infected plants, which is opposite to expectation based on gene expression. 

It is likely that the higher biomass of ∆velA mutant E. festucae in infected plants, 

even with lowered gene expression, led to the higher levels of the chemicals. 

However, there is not always a strong coordination of gene expression with 

alkaloid production, as also observed in ∆sakA, ∆noxA and ∆proA mutant 

associations (Eaton et al., 2015).  

In conclusion, this study provides a broad view of strong regulatory effects 

of VelA on the E. festucae transcriptome profile during compatible and 

incompatible interactions with ryegrass. These regulatory effects could explain 

some of the observed phenotypes resulted from deleting velA in this fungus 

(Chapter 2 and 3). We demonstrate that the ryegrass transcriptome in response to 

inoculation with ∆velA and ∆laeA E. festucae mutants was altered. The direction of 

this changes was in the way that could possibly stop fungal invasion, coordinating 

with experimental observations. It seems during symbiosis interaction of E. 

festucae with ryegrass, VelA and LaeA by controling fungal gene expression 

supress the genes that induce plant responses.  
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	  Table	  S4.1-‐	  General	  description	  of	  mRNA-‐sequencing	  results	  
mRNA-‐sequencing	  reads	   In	  culture	   In	  seedling	   In	  planta	  

Total	  read	  number	   1,132,721,194	   905,625,652	   810,694,678	  

Number	  of	  total	  reads	  after	  quality	  
trimming	  

1,131,271,924	   904,675,122	   809,938,396	  

Percentage	  of	  total	  reads	  after	  quality	  
trimming	  

99.87%	   99.90%	   99.91%	  

Number	  of	  mapped	  reads	   1,083,417,500	   764,871,314	   724,293,326	  

Proportion	  of	  mapped	  reads	  (%	  of	  
trimmed	  reads)	  

95.77%	   84.55%	   89.43%	  

Number	  of	  reads	  mapped	  to	  Endophyte	  
genome	  

1,080,853,724	   48,000,483	   13,360,773	  

Percentage	  of	  mapped	  fungal	  reads	  to	  
total	  mapped	  reads	  

99.76%	   6.28%	   1.84%	  

Number	  of	  reads	  mapped	  to	  Ryegrass	  
genome	  

2,563,776	   716,870,831	   710,932,553	  

Percentage	  of	  mapped	  ryegrass	  reads	  
to	  total	  mapped	  reads	  

0.24%	   93.72%	   98.16%	  
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Table	  S4.2-‐	  Percentage	  of	  DEGs	  with	  their	  primary	  functions	  onto	  ‘Biological	  
Process’	  Gene	  Ontology*.	  

	   	   Percentage	  of	  DEGs	  

	   Biological	  process	  
catagories	  

IC
	  ∆
la
eA
-‐W
T	  

IC
	  ∆
ve
lA
-‐W
T	  

IC
	  ∆
ve
lA
-‐O
E	  

IC
	  ∆
O
E-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

S	  
∆l
ae
A-‐
W
T	  

GO:0032502	   developmental	  
process	  

0.93	   0.00	   1.09	   0.00	   0.00	   0.44	   0.46	  

GO:0023052	   signaling	   0.93	   1.75	   1.09	   0.00	   1.71	   1.33	   0.46	  

GO:0050789	   regulation	  of	  
biological	  process	  

0.00	   8.77	   4.35	   0.00	   4.44	   5.33	   3.24	  

GO:0000003	   reproduction	   0.00	   1.75	   2.17	   0.00	   0.34	   0.44	   0.46	  

GO:0016043	   cellular	  component	  
organization	  

0.93	   0.00	   1.09	   0.00	   0.34	   3.11	   0.93	  

GO:0071554	   cell	  wall	  
organization	  or	  
biogenesis	  

0.00	   1.75	   1.09	   0.00	   1.02	   1.33	   0.93	  

GO:0065007	   biological	  
regulation	  

2.78	   10.5
3	  

5.43	   0.00	   5.12	   6.67	   3.70	  

GO:0048518	   positive	  regulation	  
of	  biological	  
process	  

0.00	   1.75	   1.09	   0.00	   1.02	   1.78	   0.00	  

GO:0048519	   negative	  regulation	  
of	  biological	  
process	  

0.00	   3.51	   1.09	   0.00	   0.68	   0.89	   0.00	  

GO:0019740	   nitrogen	  utilization	   0.00	   1.75	   1.09	   0.00	   0.68	   0.44	   0.46	  

GO:0051704	   multi-‐organism	  
process	  

0.93	   1.75	   2.17	   0.00	   1.71	   1.78	   0.46	  

GO:0009987	   cellular	  process	   12.9
6	  

28.0
7	  

16.3
0	  

0.00	   18.4
3	  

25.3
3	  

0.46	  

GO:0022414	   reproductive	  
process	  

0.00	   1.75	   1.09	   0.00	   0.34	   0.44	   0.00	  

GO:0023046	   signaling	  process	   0.00	   1.75	   1.09	   0.00	   1.37	   0.89	   0.00	  

GO:0008152	   metabolic	  process	   29.6
3	  

33.3
3	  

34.7
8	  

0.00	   38.9
1	  

43.1
1	  

38.4
3	  

GO:0051234	   establishment	  of	  
localization	  

2.78	   8.77	   6.52	   0.00	   6.48	   9.78	   7.41	  

GO:0051179	   localization	   3.70	   10.5
3	  

7.61	   0.00	   6.83	   10.2
2	  

0.00	  

GO:0040007	   growth	   0.00	   0.00	   0.00	   0.00	   0.34	   0.44	   0.93	  

GO:0050896	   response	  to	  
stimulus	  

0.93	   1.75	   3.26	   0.00	   3.07	   3.11	   2.31	  

GO:0044085	   cellular	  component	  
biogenesis	  

0.00	   1.75	   1.09	   0.00	   0.68	   1.33	   0.00	  

	   No	  GO	   66.6
7	  

68.4
2	  

68.4
8	  

68.0
0	  

57.0
0	  

61.3
3	  

64.8
1	  

*	  This	  non-‐redundant	  list	  was	  used	  in	  GOEAST	  and	  AgriGO	  test	  for	  the	  enrichment	  of	  GO	  terms	  in	  
differentially	  expressed	  gene	  lists	  using	  Fisher	  exact	  tests	  (Zheng	  &	  Wang,	  2008;	  Du	  et	  al.,	  2010).	  
	  



4.7 Supplementary information 

 

	   175	  

Table	   S4.3-‐	   Differentially	   expressed	   genes	   of	   secondary	   metabolism	  
gene	  clusters	   in	  different	  comparisons.	  Fold	  changes	  show	  in	  bold	  are	  
statistically	  significantly	  different	   (FDR≤0.05)	  changed	  more	   than	   two	  
times.	  Empty	  fold	  change	  cells	  are	  representative	  of	  not	  expressed	  gene	  
in	  both	  ∆laeA	  and	  wild	  type	  strains.	  Clusters	  highlighted	  in	  grey	  colour	  
are	   including	   DEGs.	   Alk:	   alkaloids,	   K:	   polyketide	   synthase,	   N:	  
nonribosomal	  peptide	  synthetase,	  D:	  DMATS-‐family	  prenyltransferase,	  
T:	  terpene	  cyclase,	  Misc.:	  miscellaneous.	  

	   	   	   Fold	  change	  

	  

Cl
us
te
r	  

Cl
us
te
r	  
Ty
pe

a 	  

IC
	  ∆
la
eA
-‐W
T	  

IC
	  ∆
ve
lA
-‐W
T	  

IC
	  O
E-‐
W
T	  

IC
	  ∆
ve
lA
-‐O
E	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

EfM3.049620	   1	   Alk,	  D,	  N	   9.2	   -‐3.0	   5.6	   1.7	   -‐10.3	   -‐13.4	   4.1	  

EfM3.049630	   1	   Alk,	  D,	  N	   2.1	   -‐0.8	   1.3	   -‐1.4	   -‐4.8	   -‐4.2	   4.0	  

EfM3.049640	   1	   Alk,	  D,	  N	   1.8	   -‐1.6	   1.4	   1.4	   -‐7.3	   -‐14.5	   2.4	  

EfM3.049650	   1	   Alk,	  D,	  N	   -‐1.2	   -‐3.9	   -‐3.6	   8.4	   -‐8.4	   -‐4.6	   2.7	  

EfM3.049660	   1	   Alk,	  D,	  N	   1.2	   -‐2.0	   1.7	   -‐1.2	   -‐5.6	   -‐9.7	   -‐1.0	  

EfM3.049670	   1	   Alk,	  D,	  N	   -‐1.2	   1.6	   -‐1.1	   -‐1.3	   -‐5.0	   -‐4.1	   2.6	  

EfM3.063200	   1	   Alk,	  D,	  N	   -‐1.0	   4.3	   1.1	   -‐1.3	   -‐2.7	   -‐2.3	   1.5	  

EfM3.065750	   1	   Alk,	  D,	  N	   1.5	   -‐0.1	   -‐1.5	   1.9	   -‐4.8	   -‐2.5	   1.1	  

EfM3.065755	   1	   Alk,	  D,	  N	   1.2	   -‐2.1	   -‐1.1	   1.1	   -‐5.3	   -‐4.1	   -‐1.0	  

EfM3.065760	   1	   Alk,	  D,	  N	   -‐7.0	   -‐3.9	   -‐1.6	   -‐1.1	   -‐7.8	   -‐2.3	   2.3	  

EfM3.065770	   1	   Alk,	  D,	  N	   3.4	   -‐4.0	   3.8	   -‐1.1	   -‐34.7	   -‐5.0	   2.0	  

EfM3.048150	   2	   Alk,	  T,	  D	   -‐1.7	   -‐3.4	   1.1	   1.6	   -‐2.5	   -‐1.5	   -‐1.8	  

EfM3.048160	   2	   Alk,	  T,	  D	   1.2	   -‐3.3	   1.1	   1.3	   -‐2.7	   -‐1.8	   -‐1.7	  

EfM3.048170	   2	   Alk,	  T,	  D	   1.3	   -‐2.7	   -‐1.3	   1.5	   -‐2.0	   -‐1.8	   -‐2.0	  

EfM3.048180	   2	   Alk,	  T,	  D	   -‐1.6	   0.3	   -‐1.1	   -‐1.4	   -‐4.4	   -‐1.5	   -‐1.6	  

EfM3.048190	   2	   Alk,	  T,	  D	   1.0	   -‐2.5	   -‐1.4	   1.2	   -‐2.5	   -‐1.7	   -‐2.1	  

EfM3.048210	   2	   Alk,	  T,	  D	   1.1	   1.1	   1.0	   1.1	   -‐1.6	   -‐1.4	   -‐1.5	  

EfM3.182620	   2	   Alk,	  T,	  D	   1.7	   -‐0.4	   -‐1.0	   1.2	   -‐4.8	   -‐1.8	   -‐2.7	  

EfM3.182630	   2	   Alk,	  T,	  D	   -‐1.0	   -‐1.9	   -‐1.5	   1.2	   -‐3.9	   -‐1.5	   -‐3.1	  

EfM3.182880	   2	   Alk,	  T,	  D	   1.4	   -‐2.7	   1.4	   -‐1.2	   -‐2.8	   -‐1.3	   -‐1.7	  

EfM3.182890	   2	   Alk,	  T,	  D	   1.2	   1.6	   -‐1.4	   1.0	   -‐1.2	   -‐1.6	   -‐1.9	  

EfM3.018710	   4	   Alk,	  N	   1.0	   7.2	   -‐1.0	   -‐1.1	   -‐1.9	   -‐1.3	   -‐1.4	  

EfM3.003180	   5	   K	   -‐1.1	   1.0	   -‐1.1	   1.1	   -‐1.2	   -‐1.0	   -‐3.2	  

EfM3.003190	   5	   K	   1.0	   -‐1.1	   1.1	   -‐1.2	   -‐1.0	   1.2	   1.1	  

EfM3.003200	   5	   K	   1.2	   -‐1.0	   1.1	   -‐1.1	   1.8	   1.6	   -‐1.2	  

EfM3.003210	   5	   K	   0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

EfM3.075070	   6	   K	   1.0	   1.0	   -‐1.0	   1.0	   1.1	   -‐1.0	   -‐1.4	  

EfM3.075080	   6	   K	   1.1	   1.1	   -‐1.4	   1.6	   1.1	   1.0	   1.1	  

EfM3.075090	   6	   K	   1.1	   1.0	   -‐1.0	   1.1	   -‐1.2	   1.2	   1.4	  

EfM3.075100	   6	   K	   1.2	   1.0	   -‐1.2	   1.2	   1.1	   1.3	   -‐2.3	  

EfM3.075110	   6	   K	   1.1	   -‐1.0	   -‐1.1	   1.0	   -‐1.2	   -‐1.5	   -‐1.0	  

EfM3.005360	   7	   K	   1.1	   -‐1.1	   1.1	   -‐1.1	   -‐1.5	   -‐1.7	   -‐1.1	  
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EfM3.005370	   7	   K	   -‐1.1	   1.0	   -‐1.1	   1.1	   -‐1.2	   -‐1.5	   1.6	  

EfM3.005380	   7	   K	   -‐1.5	   -‐1.1	   -‐1.2	   1.1	   1.0	   1.1	   -‐1.2	  

EfM3.005390	   7	   K	   1.0	   -‐1.0	   1.0	   -‐1.1	   -‐1.2	   1.1	   -‐1.7	  

EfM3.005400	   7	   K	   1.4	   1.3	   -‐1.2	   1.6	   2.2	   1.7	   10.1	  

EfM3.005410	   7	   K	   1.7	   1.2	   -‐1.1	   1.4	   3.8	   3.5	   3.2	  

EfM3.005420	   7	   K	   1.1	   -‐1.0	   -‐1.1	   1.1	   1.9	   2.3	   1.5	  

EfM3.005430	   7	   K	   -‐1.1	   -‐1.1	   -‐1.0	   -‐1.1	   1.2	   -‐1.0	   1.1	  

EfM3.005440	   7	   K	   -‐1.5	   1.0	   -‐1.1	   1.1	   -‐5.4	   -‐2.8	   -‐1.3	  

EfM3.005450	   7	   K	   -‐1.4	   -‐1.1	   -‐1.1	   1.0	   -‐6.9	   -‐2.5	   1.1	  

EfM3.005460	   7	   K	   -‐1.3	   -‐1.2	   1.0	   -‐1.3	   -‐2.1	   -‐1.9	   1.7	  

EfM3.005470	   7	   K	   -‐1.0	   1.0	   1.2	   -‐1.2	   -‐1.2	   -‐1.3	   1.3	  

EfM3.005480	   7	   K	   -‐1.1	   -‐1.1	   -‐1.1	   1.0	   1.0	   1.2	   1.4	  

EfM3.109450	   7	   K	   	   	   	   	   	   	   	  

EfM3.042030	   8	   K	   -‐1.0	   2.0	   3.2	   -‐1.6	   1.8	   1.5	   -‐1.3	  

EfM3.042040	   8	   K	   -‐1.5	   -‐1.1	   -‐2.1	   1.9	   -‐1.1	   -‐5.8	   0.0	  

EfM3.042050	   8	   K	   1.3	   1.2	   1.4	   -‐1.2	   0.0	   0.0	   0.0	  

EfM3.042060	   8	   K	   	   	   	   	   	   	   	  

EfM3.042070	   8	   K	   1.4	   -‐2.7	   1.8	   -‐4.9	   -‐10.0	   -‐2.3	   0.0	  

EfM3.042080	   8	   K	   -‐1.1	   -‐1.4	   -‐1.1	   -‐1.2	   1.1	   -‐1.1	   2.1	  

EfM3.042090	   8	   K	   -‐1.0	   -‐1.3	   -‐1.3	   1.0	   1.0	   -‐1.5	   1.0	  

EfM3.042100	   8	   K	   -‐1.1	   -‐1.2	   1.0	   -‐1.2	   1.0	   1.2	   -‐1.2	  

EfM3.042110	   8	   K	   1.8	   1.3	   1.0	   1.3	   -‐1.1	   -‐1.6	   1.2	  

EfM3.042120	   8	   K	   0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

EfM3.042130	   8	   K	   1.5	   1.3	   1.1	   1.3	   1.1	   -‐1.1	   2.0	  

EfM3.105180	   8	   K	   	   	   	   	   	   	   	  

EfM3.047050	   10	   K	   -‐1.0	   -‐1.0	   -‐1.1	   1.0	   -‐1.1	   1.1	   -‐1.0	  

EfM3.047060	   10	   K	   -‐1.0	   1.0	   1.0	   1.0	   -‐1.1	   1.0	   -‐1.0	  

EfM3.047070	   10	   K	   -‐3.0	   -‐1.3	   -‐1.8	   1.4	   -‐4.1	   -‐1.7	   -‐1.2	  

EfM3.047080	   10	   K	   -‐1.6	   1.2	   1.3	   -‐1.1	   1.6	   2.8	   1.7	  

EfM3.048220	   11	   K	   1.1	   1.0	   1.0	   1.0	   -‐1.1	   -‐1.2	   -‐1.9	  

EfM3.048230	   11	   K	   1.5	   2.5	   1.9	   1.3	   0.0	   4.0	   3.0	  

EfM3.048240	   11	   K	   1.1	   -‐1.1	   1.2	   -‐1.4	   -‐1.2	   -‐1.3	   -‐1.6	  

EfM3.048260	   11	   K	   1.4	   -‐1.4	   1.8	   -‐2.5	   -‐1.9	   2.3	   -‐8.9	  

EfM3.048270	   11	   K	   -‐1.4	   1.8	   1.1	   1.5	   3.3	   -‐2.0	   0.0	  

EfM3.048280	   11	   K	   -‐1.2	   1.1	   1.2	   -‐1.1	   -‐1.1	   1.4	   -‐1.3	  

EfM3.182920	   11	   K	   	   	   	   	   	   	   	  

EfM3.182950	   11	   K	   1.2	   -‐1.7	   1.1	   -‐1.9	   -‐1.7	   -‐14.0	   0.0	  

EfM3.057450	   13	   K	   1.1	   -‐1.0	   1.1	   -‐1.1	   1.0	   1.1	   -‐1.0	  

EfM3.057460	   13	   K	   -‐1.1	   -‐1.4	   -‐1.2	   -‐1.1	   -‐1.3	   1.3	   1.2	  

EfM3.057470	   13	   K	   1.3	   -‐1.5	   1.6	   -‐2.4	   -‐1.1	   -‐1.9	   1.2	  

EfM3.062090	   13	   K	   1.3	   1.0	   1.7	   -‐1.6	   1.0	   -‐1.4	   1.3	  

EfM3.062100	   13	   K	   -‐1.2	   -‐1.4	   1.1	   -‐1.5	   -‐1.7	   -‐1.8	   -‐1.5	  

EfM3.062110	   13	   K	   -‐1.1	   -‐1.2	   1.1	   -‐1.3	   -‐1.2	   1.2	   -‐1.0	  
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EfM3.037150	   20	   K-‐N	   -‐1.3	   -‐1.0	   1.0	   -‐1.1	   -‐1.2	   -‐1.3	   -‐1.1	  

EfM3.037160	   20	   K-‐N	   -‐1.0	   1.1	   -‐1.0	   1.1	   1.7	   2.1	   -‐1.0	  

EfM3.037170	   20	   K-‐N	   1.1	   1.1	   1.1	   1.0	   -‐1.0	   -‐1.1	   1.2	  

EfM3.037180	   20	   K-‐N	   1.0	   -‐1.0	   -‐1.1	   1.0	   -‐1.2	   -‐1.9	   1.6	  

EfM3.037190	   20	   K-‐N	   -‐1.1	   1.0	   1.0	   -‐1.0	   -‐1.3	   -‐1.2	   -‐1.4	  

EfM3.037200	   20	   K-‐N	   -‐1.1	   1.1	   1.0	   1.0	   -‐1.1	   -‐1.0	   -‐1.1	  

EfM3.037210	   20	   K-‐N	   -‐1.0	   1.0	   1.0	   1.0	   1.6	   1.2	   -‐1.5	  

EfM3.037220	   20	   K-‐N	   -‐1.0	   1.1	   1.1	   -‐1.0	   1.3	   1.5	   -‐1.1	  

EfM3.037230	   20	   K-‐N	   -‐1.0	   -‐1.0	   1.0	   -‐1.1	   -‐1.1	   -‐1.3	   1.4	  

EfM3.037240	   20	   K-‐N	   -‐1.1	   1.0	   1.0	   1.0	   1.0	   -‐1.2	   1.2	  

EfM3.037250	   20	   K-‐N	   -‐1.1	   -‐1.0	   -‐1.0	   1.0	   -‐1.1	   1.2	   -‐1.1	  

EfM3.037260	   20	   K-‐N	   1.0	   -‐1.2	   1.3	   -‐1.6	   -‐1.1	   -‐1.1	   -‐1.1	  

EfM3.037270	   20	   K-‐N	   0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

EfM3.037280	   20	   K-‐N	   1.6	   1.0	   1.5	   -‐1.5	   -‐1.3	   -‐1.1	   -‐2.0	  

EfM3.037290	   20	   K-‐N	   -‐1.0	   -‐1.0	   1.0	   -‐1.1	   -‐1.2	   -‐1.2	   1.2	  

EfM3.038470	   21	   K,	  D	   1.1	   1.1	   1.1	   1.1	   1.3	   -‐1.5	   -‐3.0	  

EfM3.038480	   21	   K,	  D	   0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

EfM3.038490	   21	   K,	  D	   1.0	   -‐1.0	   -‐1.1	   1.0	   -‐1.2	   -‐1.3	   1.2	  

EfM3.038500	   21	   K,	  D	   -‐1.0	   -‐1.1	   -‐1.1	   -‐1.0	   1.4	   1.8	   1.3	  

EfM3.038505.
pseudo	  

	  

21	  
	  

K,	  D	   0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

EfM3.038510	   21	   K,	  D	   -‐1.0	   1.0	   1.0	   -‐1.0	   1.4	   1.5	   1.1	  

EfM3.038520	   21	   K,	  D	   1.0	   1.0	   -‐1.0	   1.0	   1.0	   1.1	   -‐1.1	  

EfM3.038530	   21	   K,	  D	   1.4	   1.1	   -‐1.0	   1.1	   -‐1.0	   -‐1.1	   -‐1.9	  

EfM3.038540	   21	   K,	  D	   1.2	   -‐1.6	   -‐1.1	   -‐1.4	   -‐2.1	   -‐1.6	   1.0	  

EfM3.038550	   21	   K,	  D	   1.1	   -‐1.2	   -‐2.0	   1.6	   -‐3.0	   1.1	   1.0	  

EfM3.038560	   21	   K,	  D	   -‐1.1	   -‐1.0	   1.1	   -‐1.1	   -‐1.6	   -‐2.5	   1.3	  

EfM3.038570	   21	   K,	  D	   -‐1.1	   -‐1.2	   -‐1.5	   1.3	   -‐6.0	   -‐4.8	   -‐1.7	  

EfM3.038580	   21	   K,	  D	   1.0	   1.1	   1.0	   1.1	   -‐1.1	   -‐1.0	   -‐1.2	  

EfM3.038590	   21	   K,	  D	   1.1	   1.0	   -‐1.0	   1.1	   1.1	   1.0	   -‐1.2	  

EfM3.038600	   21	   K,	  D	   -‐1.1	   1.2	   -‐1.1	   1.3	   -‐1.0	   -‐1.1	   1.4	  

EfM3.014730	   22	   K,	  K	   -‐1.2	   -‐1.2	   -‐1.1	   -‐1.0	   1.3	   -‐2.0	   1.4	  

EfM3.014750	   22	   K,	  K	   4.2	   -‐2.6	   2.0	   -‐5.3	   1.6	   1.3	   -‐1.2	  

EfM3.014760	   22	   K,	  K	   1.0	   -‐1.5	   1.1	   -‐1.7	   -‐2.1	   -‐2.1	   -‐1.7	  

EfM3.014770	   22	   K,	  K	   -‐1.0	   -‐1.6	   2.0	   -‐3.2	   -‐2.1	   -‐2.0	   -‐2.1	  

EfM3.014780	   22	   K,	  K	   1.4	   1.2	   1.5	   -‐1.3	   -‐4.4	   -‐5.5	   -‐8.5	  

EfM3.014790	   22	   K,	  K	   1.2	   -‐2.1	   1.2	   -‐2.5	   -‐1.8	   -‐1.9	   -‐1.4	  

EfM3.014800	   22	   K,	  K	   2.4	   1.6	   1.4	   1.2	   -‐1.9	   -‐1.7	   -‐1.4	  

EfM3.014810	   22	   K,	  K	   1.1	   -‐2.1	   1.1	   -‐2.2	   1.1	   -‐1.1	   -‐1.4	  

EfM3.014820	   22	   K,	  K	   1.7	   -‐1.4	   1.4	   -‐2.0	   -‐1.4	   -‐1.3	   -‐1.5	  

EfM3.014830	   22	   K,	  K	   1.2	   -‐1.1	   -‐1.1	   -‐1.1	   -‐2.1	   -‐1.4	   -‐1.2	  

EfM3.185360	   22	   K,	  K	   4.7	   2.6	   2.3	   1.2	   -‐1.3	   -‐1.2	   -‐2.1	  

EfM3.185370	   22	   K,	  K	   	   	   	   	   	   	   	  

EfM3.048420	   24	   N	   1.5	   1.0	   1.2	   -‐1.2	   1.3	   -‐1.1	   -‐1.1	  
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EfM3.048430	   24	   N	   -‐1.0	   -‐1.0	   1.1	   -‐1.2	   -‐1.4	   -‐1.1	   1.0	  

EfM3.009640	   25	   N	   -‐1.2	   -‐1.2	   1.0	   -‐1.2	   -‐1.6	   1.1	   -‐1.0	  

EfM3.009650	   25	   N	   -‐4.0	   -‐2.4	   1.3	   -‐3.2	   -‐3.5	   -‐2.2	   -‐2.0	  

EfM3.009660	   25	   N	   -‐2.6	   -‐2.2	   1.3	   -‐2.8	   -‐2.7	   -‐2.0	   -‐1.1	  

EfM3.009670	   25	   N	   -‐2.0	   -‐1.9	   1.1	   -‐2.2	   -‐2.2	   -‐1.8	   -‐1.1	  

EfM3.009680	   25	   N	   -‐1.9	   -‐1.9	   1.2	   -‐2.3	   -‐1.8	   -‐1.7	   1.2	  

EfM3.009690	   25	   N	   -‐1.4	   -‐1.2	   1.1	   -‐1.3	   -‐1.6	   -‐1.6	   -‐1.4	  

EfM3.009700	   25	   N	   -‐1.4	   -‐1.5	   1.1	   -‐1.6	   -‐2.1	   -‐2.2	   -‐1.8	  

EfM3.009710	   25	   N	   -‐2.7	   -‐2.3	   1.3	   -‐3.1	   -‐2.5	   -‐1.9	   1.6	  

EfM3.009720	   25	   N	   -‐3.1	   -‐2.3	   1.2	   -‐2.7	   -‐2.6	   -‐2.4	   -‐7.7	  

EfM3.009730	   25	   N	   -‐2.0	   -‐1.7	   1.2	   -‐2.0	   -‐2.2	   -‐1.8	   -‐2.1	  

EfM3.110710	   25	   N	   -‐1.1	   -‐1.2	   -‐1.1	   -‐1.1	   -‐2.2	   1.3	   -‐11.8	  

EfM3.037640	   26	   N	   1.0	   1.1	   -‐1.0	   1.1	   -‐1.1	   -‐1.1	   -‐1.1	  

EfM3.050020	   27	   N	   -‐1.2	   1.0	   -‐1.0	   1.0	   -‐1.1	   -‐1.1	   1.2	  

EfM3.176040	   27	   N	   	   	   	   	   	   	   	  

EfM3.176050	   27	   N	   -‐1.2	   1.1	   -‐1.0	   1.1	   -‐1.1	   1.4	   1.2	  

EfM3.053270.
pseudo	  

	  

28	   N	   3.2	   4.9	   2.6	   1.9	   -‐6.8	   -‐6.2	   0.0	  

EfM3.053280	   28	   N	   -‐1.8	   1.0	   -‐1.1	   1.1	   2.5	   2.1	   0.0	  

EfM3.053290	   28	   N	   -‐1.1	   -‐1.3	   1.3	   -‐1.7	   -‐5.9	   -‐2.9	   -‐3.0	  

EfM3.053300	   28	   N	   1.1	   1.8	   1.5	   1.2	   -‐6.9	   -‐4.5	   -‐7.5	  

EfM3.075660	   29	   N	   -‐1.4	   -‐1.2	   -‐1.1	   -‐1.1	   -‐2.1	   -‐1.6	   -‐1.7	  

EfM3.075670	   29	   N	   -‐1.8	   -‐1.8	   1.2	   -‐2.2	   -‐3.2	   -‐1.5	   -‐2.1	  

EfM3.075680	   29	   N	   -‐1.8	   -‐2.1	   -‐1.0	   -‐2.1	   -‐2.6	   -‐2.4	   -‐2.4	  

EfM3.075690	   29	   N	   1.1	   1.0	   1.0	   -‐1.0	   -‐1.2	   1.0	   -‐1.5	  

EfM3.075700	   29	   N	   1.1	   -‐1.1	   1.0	   -‐1.1	   1.2	   1.2	   -‐1.0	  

EfM3.145530	   29	   N	   0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

EfM3.082140	   31	   N	   -‐1.0	   -‐1.0	   -‐1.0	   -‐1.0	   -‐1.1	   1.2	   -‐1.1	  

EfM3.106500	   31	   N	   1.1	   -‐1.1	   -‐1.1	   -‐1.0	   1.3	   1.1	   1.1	  

EfM3.106510	   32	   N	   1.6	   -‐1.2	   -‐1.3	   1.1	   -‐1.8	   -‐5.2	   -‐1.5	  

EfM3.106520	   32	   N	   	   	   	   	   	   	   	  

EfM3.106530	   32	   N	   	   	   	   	   	   	   	  

EfM3.106540	   32	   N	   -‐3.3	   -‐1.3	   1.4	   -‐1.8	   3.7	   0.0	   0.0	  

EfM3.106550	   32	   N	   	   	   	   	   	   	   	  

EfM3.106560	   32	   N	   	   	   	   	   	   	   	  

EfM3.005240	   33	   N	   -‐1.0	   -‐1.1	   1.0	   -‐1.1	   1.1	   1.2	   -‐1.1	  

EfM3.005350	   33	   N	   1.0	   -‐1.0	   -‐1.1	   1.1	   -‐1.5	   -‐1.2	   1.9	  

EfM3.081180	   33	   N	   	   	   	   	   	   	   	  

EfM3.019590	   34	   N	   1.4	   1.8	   1.4	   1.3	   -‐1.3	   1.9	   17.9	  

EfM3.029750	   35	   N	   -‐1.0	   -‐1.0	   -‐1.0	   1.0	   -‐1.4	   -‐1.3	   -‐1.0	  

EfM3.029760	   35	   N	   -‐1.1	   1.0	   1.0	   -‐1.0	   -‐1.1	   -‐1.0	   1.1	  

EfM3.029770	   35	   N	   1.4	   1.2	   -‐1.0	   1.2	   1.3	   -‐1.4	   1.1	  

EfM3.029780	   35	   N	   1.1	   1.0	   1.1	   -‐1.1	   -‐1.1	   1.0	   -‐1.1	  

EfM3.029790	   35	   N	   3.3	   1.4	   1.2	   1.2	   1.1	   -‐1.1	   -‐1.3	  
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EfM3.029800	   35	   N	   2.4	   1.1	   1.3	   -‐1.2	   1.1	   -‐1.5	   -‐1.1	  

EfM3.053820	   37	   N	   1.2	   1.0	   1.1	   -‐1.1	   -‐1.2	   1.2	   1.3	  

EfM3.053830	   37	   N	   1.2	   -‐1.1	   1.2	   -‐1.2	   1.5	   -‐1.3	   -‐1.1	  

EfM3.053840	   37	   N	   1.2	   -‐1.0	   1.1	   -‐1.1	   1.1	   -‐1.1	   -‐1.1	  

EfM3.054970	   38	   N	   -‐1.1	   -‐1.1	   1.1	   -‐1.1	   1.2	   -‐1.0	   1.2	  

EfM3.055060	   38	   N	   2.5	   2.5	   2.0	   1.3	   1.6	   -‐3.5	   0.0	  

EfM3.055070	   38	   N	   1.0	   -‐1.1	   1.1	   -‐1.2	   -‐1.0	   1.1	   1.8	  

EfM3.055080	   38	   N	   -‐2.0	   1.3	   1.2	   1.1	   -‐3.9	   -‐58.0	   -‐55.3	  

EfM3.055090	   38	   N	   1.1	   -‐1.1	   1.0	   -‐1.2	   -‐1.2	   -‐2.7	   1.3	  

EfM3.055100	   38	   N	   -‐1.1	   -‐1.1	   -‐1.1	   1.1	   -‐1.2	   -‐1.2	   -‐1.1	  

EfM3.055110.
pseudo	  

	  

38	   N	   -‐1.0	   1.0	   -‐1.1	   1.1	   1.1	   -‐1.0	   -‐1.0	  

EfM3.056220	   39	   N	   1.2	   -‐1.1	   1.1	   -‐1.3	   -‐4.8	   -‐4.2	   -‐3.4	  

EfM3.056230	   39	   N	   1.3	   -‐1.3	   1.2	   -‐1.5	   -‐8.4	   -‐10.7	   -‐3.8	  

EfM3.056240	   39	   N	   1.3	   -‐1.0	   -‐1.3	   1.2	   -‐1.7	   -‐2.1	   -‐4.7	  

EfM3.062310	   39	   N	   -‐2.8	   -‐1.7	   -‐3.7	   2.2	   -‐7.5	   -‐18.5	   -‐7.5	  

EfM3.062320	   39	   N	   -‐5.4	   -‐8.2	   -‐26.8	   3.5	   -‐7.4	   -‐6.0	   -‐4.2	  

EfM3.062330	   39	   N	   -‐1.0	   -‐1.0	   1.0	   -‐1.1	   -‐1.4	   -‐1.2	   -‐3.0	  

EfM3.062340	   39	   N	   1.0	   1.0	   1.0	   1.0	   -‐1.4	   -‐1.3	   -‐3.2	  

EfM3.036920	   42	   N	   -‐1.2	   -‐1.1	   -‐1.1	   -‐1.0	   -‐1.2	   -‐1.0	   1.1	  

EfM3.014880	   44	   N,	  D	   1.2	   -‐1.1	   1.4	   -‐1.5	   1.7	   -‐3.5	   -‐1.7	  

EfM3.014890	   44	   N,	  D	   -‐1.2	   -‐1.7	   -‐1.8	   1.1	   -‐1.4	   -‐20.7	   -‐3.5	  

EfM3.014900	   44	   N,	  D	   -‐1.1	   -‐1.4	   -‐1.4	   -‐1.0	   -‐5.5	   -‐2.4	   1.3	  

EfM3.014910	   44	   N,	  D	   1.3	   1.0	   1.0	   1.0	   -‐2.5	   -‐1.4	   2.0	  

EfM3.014920	   44	   N,	  D	   -‐1.6	   -‐1.6	   -‐1.4	   -‐1.2	   -‐3.2	   -‐6.9	   8.7	  

EfM3.014930	   44	   N,	  D	   -‐1.9	   -‐23.3	   -‐1.8	   -‐12.6	   3.6	   4.0	   0.0	  

EfM3.014940	   44	   N,	  D	   -‐1.2	   1.6	   -‐1.8	   2.8	   -‐6.8	   -‐6.2	   0.0	  

EfM3.014950	   44	   N,	  D	   1.1	   -‐1.4	   -‐1.1	   -‐1.3	   1.2	   -‐1.5	   5.1	  

EfM3.014960	   44	   N,	  D	   1.0	   1.3	   1.0	   1.2	   -‐13.2	   -‐12.0	   12.9	  

EfM3.014970	   44	   N,	  D	   -‐1.0	   -‐1.3	   1.1	   -‐1.4	   -‐1.4	   -‐1.4	   -‐1.5	  

EfM3.049580	   45	   T	   -‐1.6	   -‐1.3	   -‐1.2	   -‐1.1	   -‐2.4	   -‐2.8	   -‐2.4	  

EfM3.049590	   45	   T	   1.1	   -‐1.1	   1.3	   -‐1.4	   -‐1.8	   -‐1.8	   -‐2.1	  

EfM3.053860	   45	   T	   -‐1.3	   -‐1.3	   1.1	   -‐1.4	   -‐1.5	   -‐2.0	   -‐1.3	  

EfM3.053870	   45	   T	   -‐1.1	   -‐1.2	   -‐1.1	   -‐1.1	   -‐2.1	   -‐1.7	   -‐2.3	  

EfM3.053880	   45	   T	   1.0	   -‐1.0	   1.1	   -‐1.1	   -‐1.3	   -‐1.3	   -‐1.1	  

EfM3.063000	   45	   T	   -‐1.2	   -‐1.1	   -‐1.1	   -‐1.0	   1.3	   -‐1.5	   -‐1.9	  

EfM3.071710	   45	   T	   1.0	   1.0	   -‐1.0	   1.0	   -‐1.5	   -‐1.9	   -‐2.7	  

EfM3.112070	   45	   T	   	   	   	   	   	   	   	  

EfM3.122680	   45	   T	   -‐1.1	   -‐1.1	   -‐1.0	   -‐1.1	   -‐1.6	   -‐1.5	   -‐1.2	  

EfM3.010850	   49	   Misc.	   1.2	   -‐1.1	   -‐1.1	   1.0	   1.1	   -‐1.3	   -‐1.9	  

EfM3.010860	   49	   Misc.	   -‐1.0	   -‐1.0	   -‐1.0	   -‐1.0	   1.1	   -‐1.3	   -‐1.6	  

EfM3.010870	   49	   Misc.	   -‐1.1	   -‐1.0	   -‐1.0	   1.0	   -‐1.3	   -‐1.2	   -‐2.0	  

EfM3.010880	   49	   Misc.	   1.1	   1.0	   -‐1.0	   1.0	   -‐1.1	   -‐1.2	   -‐1.5	  

EfM3.054860	   50	   Misc.	   1.1	   1.1	   1.0	   1.0	   1.1	   -‐1.7	   -‐1.1	  
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EfM3.054870	   50	   Misc.	   1.0	   -‐1.2	   1.3	   -‐1.6	   -‐2.9	   -‐2.1	   1.1	  

EfM3.054880	   50	   Misc.	   1.7	   -‐1.1	   1.6	   -‐1.8	   -‐2.9	   1.2	   1.5	  

EfM3.054890	   50	   Misc.	   1.2	   -‐1.0	   1.2	   -‐1.3	   2.0	   2.1	   12.9	  

EfM3.054900	   50	   Misc.	   1.4	   1.5	   1.8	   -‐1.2	   9.3	   9.8	   4.9	  

EfM3.054910	   50	   Misc.	   -‐9.1	   -‐4.7	   -‐2.2	   -‐2.1	   0.0	   0.0	   0.0	  

EfM3.054930	   50	   Misc.	   1.2	   -‐1.0	   -‐1.0	   -‐1.0	   1.5	   -‐1.0	   6.2	  

EfM3.054940	   50	   Misc.	   -‐1.0	   1.0	   -‐1.0	   1.0	   1.0	   -‐1.2	   -‐1.2	  

EfM3.173100	   50	   Misc.	   	   	   	   	   	   	   	  

 

 

 

Table	  S4.4-‐	  Putative	  small	  secreted	  proteins	  that	  differentially	  expressed	  in	  ΔlaeA	  
mutant	  comparing	  to	  wild	  type	  in	  at	  least	  one	  of	  two	  conditions.	  Bold	  numbers	  are	  
the	  fold	  changes	  that	  are	  significantly	  (FDR	  ≤	  0.05)	  changed	  more	  than	  tow	  times.	  
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EfM3.161700	   hypothetical	  protein	   -‐4.9	   1.1	   -‐2.9	   3.3	   2.6	   -‐1.2	   2.9	   No	  

EfM3.001750	   Guanyl-‐specific	  
ribonuclease	  F1	  

-‐3.6	   -‐1.2	   -‐1.5	   1.3	   -‐2.5	   -‐2.5	   -‐1.9	   No	  

EfM3.058450	   hypothetical	  protein	   -‐3.0	   -‐1.5	   -‐1.3	   -‐1.1	   2.5	   1.2	   2.9	   No	  

EfM3.008740	   hypothetical	  protein	   -‐2.8	   -‐1.1	   -‐1.4	   1.3	   1.7	   2.7	   4.0	   Yes	  

EfM3.050840	   hypothetical	  protein	   -‐2.3	   -‐5.5	   1.4	   -‐7.6	   -‐6.7	   -‐4.3	   -‐1.7	   No	  

EfM3.001305	   Killer	  toxin,	  Kp4	   -‐2.2	   -‐1.5	   -‐1.4	   -‐1.1	   -‐3.5	   -‐4.1	   -‐5.2	   No	  

EfM3.113700	   hypothetical	  protein	   -‐2.0	   -‐1.2	   -‐1.2	   -‐1.0	   2.3	   1.7	   1.6	   No	  

EfM3.181570	   hypothetical	  protein	   -‐2.0	   -‐1.4	   -‐1.1	   -‐1.3	   -‐1.8	   -‐1.1	   -‐1.6	   No	  

EfM3.040200	   hypothetical	  protein	   -‐1.9	   -‐1.1	   1.2	   -‐1.3	   -‐1.2	   1.3	   41.6	   Yes	  

EfM3.042700	   hypothetical	  protein	   -‐1.9	   2.0	   1.3	   1.5	   3.0	   2.6	   2.8	   No	  

EfM3.042450	   hypothetical	  protein	   -‐1.7	   -‐1.5	   -‐1.3	   -‐1.2	   -‐2.2	   -‐2.1	   -‐1.0	   No	  

EfM3.110470	   ribonuclease	   -‐1.7	   -‐1.9	   -‐1.3	   -‐1.5	   -‐4.5	   -‐4.5	   -‐2.0	   No	  

EfM3.001310	   KP4	  killer	  toxin	   -‐1.6	   -‐1.3	   -‐1.3	   -‐1.0	   -‐1.4	   -‐2.7	   -‐1.5	   No	  

EfM3.057230	   hypothetical	  protein	   -‐1.6	   -‐1.6	   1.6	   -‐2.5	   -‐5.8	   1.6	   11.9	   No	  

EfM3.075450	   hypothetical	  protein	   -‐1.5	   -‐1.2	   1.2	   -‐1.4	   -‐2.0	   -‐2.1	   -‐1.1	   No	  

EfM3.062700	   hypothetical	  protein	   -‐1.3	   1.3	   -‐1.7	   2.2	   -‐56.3	   -‐37.4	   -‐99.8	   Yes	  

EfM3.108490	   hypothetical	  protein	   -‐1.3	   -‐1.6	   1.4	   -‐2.2	   -‐1.4	   1.3	   -‐1.4	   No	  

EfM3.038640	   hypothetical	  protein	   -‐1.2	   1.0	   -‐1.1	   1.1	   -‐1.2	   -‐2.3	   -‐1.7	   No	  

EfM3.005070	   hypothetical	  protein	   -‐1.2	   -‐1.2	   1.1	   -‐1.3	   1.3	   2.4	   3.1	   No	  

EfM3.068330	   hypothetical	  protein	   -‐1.2	   -‐2.1	   1.5	   -‐3.1	   -‐2.8	   -‐3.5	   -‐2.5	   No	  

EfM3.080780	   hypothetical	  protein	   -‐1.2	   1.2	   1.1	   1.0	   -‐1.3	   -‐1.4	   -‐2.3	   No	  

EfM3.040580	   hypothetical	  protein	   -‐1.1	   -‐1.0	   -‐1.0	   1.0	   -‐1.2	   -‐2.1	   -‐1.9	   No	  
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EfM3.072390	   hypothetical	  protein	   -‐1.1	   -‐1.1	   -‐1.2	   1.1	   2.5	   5.1	   4.8	   Yes	  

EfM3.061720	   hypothetical	  protein	   -‐1.0	   -‐1.4	   1.5	   -‐2.1	   1.8	   1.0	   -‐2.4	   No	  

EfM3.062880	   hypothetical	  protein	   0.0	   1.0	   0.0	   0.0	   -‐7.0	   -‐2.7	   -‐1.4	   No	  

EfM3.033250	   hypothetical	  protein	   1.0	   -‐1.1	   1.8	   -‐1.9	   6.0	   4.0	   2.9	   No	  

EfM3.055320	   superoxide	  	   1.0	   1.0	   1.1	   -‐1.1	   1.5	   1.8	   2.5	   No	  

EfM3.034400	   hypothetical	  protein	   1.1	   -‐1.2	   1.2	   -‐1.4	   1.1	   4.1	   5.6	   No	  

EfM3.014350	   hypothetical	  protein	   1.1	   -‐1.0	   1.0	   -‐1.0	   -‐2.5	   -‐5.1	   -‐2.7	   Yes	  

EfM3.041770	   hypothetical	  protein	   1.1	   1.0	   1.0	   -‐1.0	   1.8	   4.7	   55.3	   Yes	  

EfM3.112010	   hypothetical	  protein	   1.1	   1.1	   -‐1.0	   1.1	   -‐1.6	   -‐1.7	   -‐6.4	   No	  

EfM3.007440	   hypothetical	  protein	   1.2	   -‐1.4	   1.2	   -‐1.7	   -‐1.5	   -‐2.3	   -‐1.3	   No	  

EfM3.043290	   hypothetical	  protein	   1.2	   -‐1.1	   1.1	   -‐1.3	   1.2	   2.4	   1.4	   No	  

EfM3.058140	   hypothetical	  protein	   1.2	   1.1	   -‐1.3	   1.4	   2.9	   2.6	   1.9	   No	  

EfM3.041600	   hypothetical	  protein	   1.2	   -‐1.1	   1.7	   -‐1.8	   1.8	   2.2	   16.4	   No	  

EfM3.050590	   hypothetical	  protein	   1.2	   -‐1.2	   -‐1.3	   1.1	   -‐1.3	   2.1	   1.3	   No	  

EfM3.009460	   hypothetical	  protein	   1.3	   -‐1.0	   -‐1.8	   1.7	   1.2	   -‐1.1	   6.5	   No	  

EfM3.007580	   hypothetical	  protein	   1.3	   1.0	   -‐1.0	   1.0	   3.6	   3.1	   15.1	   No	  

EfM3.006460	   Putative	  small	  secreted	  
protein	  

1.3	   1.1	   -‐1.0	   1.1	   -‐8.4	   -‐20.3	   -‐7.1	   No	  

EfM3.060210	   hypothetical	  protein	   1.4	   -‐1.4	   -‐
11.3	  

8.4	   1.0	   2.8	   5.6	   No	  

EfM3.034010	   hypothetical	  protein	   1.5	   1.0	   1.0	   1.0	   2.3	   2.3	   -‐1.4	   No	  

EfM3.016770	   hypothetical	  protein	   1.6	   1.3	   -‐1.0	   1.4	   -‐2.9	   -‐29.3	   -‐31.2	   Yes	  

EfM3.008680	   hypothetical	  protein	   1.8	   1.2	   -‐1.2	   1.4	   1.4	   2.2	   1.2	   Yes	  

EfM3.075920	   hypothetical	  protein	   1.9	   1.6	   -‐1.0	   1.7	   12.6	   3.6	   7.7	   Yes	  

EfM3.068730	   hypothetical	  protein	   1.9	   -‐1.1	   1.2	   -‐1.4	   1.3	   1.9	   6.9	   No	  

EfM3.051300	   hypothetical	  protein	   2.1	   1.2	   -‐1.3	   1.5	   1.7	   1.6	   6.7	   No	  

EfM3.027550	   hypothetical	  protein	   2.3	   2.0	   2.2	   -‐1.1	   2.4	   3.7	   1.7	   No	  

EfM3.026630	   hypothetical	  protein	   2.3	   1.1	   -‐1.0	   1.1	   6.2	   4.5	   72.4	   Yes	  

EfM3.048790	   hypothetical	  protein	   2.6	   1.5	   1.0	   1.4	   1.8	   1.5	   -‐2.1	   No	  

EfM3.077900	   hypothetical	  protein	   2.6	   1.6	   -‐1.3	   2.1	   2.2	   1.8	   8.2	   No	  

EfM3.075190	   hypothetical	  protein	   3.0	   1.5	   1.9	   -‐1.2	   1.5	   2.1	   -‐2.1	   No	  

EfM3.062230	   hypothetical	  protein	   3.2	   1.3	   -‐3.2	   4.2	   9.3	   4.9	   31.5	   Yes	  

EfM3.180000	   hypothetical	  protein	   4.1	   1.0	   -‐1.1	   1.1	   5.9	   3.8	   1.8	   No	  

EfM3.023920	   hypothetical	  protein	   4.8	   1.3	   1.4	   -‐1.1	   -‐1.1	   -‐1.7	   0.0	   No	  
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Table	   S4.5-‐	   DEGs	   encode	   proteins	   involved	   in	   RNA	   metabolism	   (RNA	  
transcription,	   regulation	   of	   transcription,	   RNA	   processing)	   and	   nucleotide	  
metabolism	  (Synthesis,	  degradation	  and	  salvage). 

	   	   	   Fold	  change	  

Gene	  ID	   Bincode	  Name	   Best	  annotation	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

maker-‐scaffold_4262|ref0005560-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.transcription'	   nuclear	  RNA	  polymerase	  
D1B	  

-‐1.1	   -‐3.2	   0.0	  

maker-‐scaffold_3844|ref0040294-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.AP2/EREBP,	  
APETALA2/Ethylene-‐

responsive	  element	  binding	  
protein	  family'	  

ethylene-‐responsive	  
element	  binding	  protein	  

5.7	   5.3	   0.0	  

maker-‐scaffold_9362|ref0031205-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.ARR'	  

response	  regulator	  3	   2.0	   3.8	   1.5	  

maker-‐scaffold_5103|ref0001333-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

2.4	   2.1	   0.0	  

maker-‐scaffold_11344|ref0035200-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

5.0	   16.1	   -‐6.4	  

maker-‐scaffold_8775|ref0031402-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

6.5	   7.3	   -‐3.0	  

maker-‐scaffold_12784|ref0025142-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

-‐1.6	   -‐3.7	   0.0	  

maker-‐scaffold_6305|ref0035940-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

-‐1.8	   -‐2.6	   4.9	  

maker-‐scaffold_6305|ref0035940-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

-‐1.7	   -‐2.3	   16.4	  

maker-‐scaffold_6831|ref0001693-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

1.8	   2.5	   2.3	  

maker-‐scaffold_3713|ref0000708-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.bHLH,Basic	  
Helix-‐Loop-‐Helix	  family'	  

basic	  helix-‐loop-‐helix	  
(bHLH)	  DNA-‐binding	  
superfamily	  protein	  

3.1	   2.4	   0.0	  

maker-‐scaffold_4172|ref0027178-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.C2C2(Zn)	  CO-‐
like,	  Constans-‐like	  zinc	  

finger	  family'	  

CONSTANS-‐like	  9	   -‐2.2	   -‐2.5	   -‐1.2	  

maker-‐scaffold_14292|ref0002956-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.C2C2(Zn)	  CO-‐
like,	  Constans-‐like	  zinc	  

finger	  family'	  

salt	  tolerance	  homologue	   2.7	   2.4	   1.2	  

maker-‐scaffold_5346|ref0024732-‐
exonerate_est2genome-‐gene-‐0.3	  

'RNA.regulation	  of	  
transcription.C2C2(Zn)	  CO-‐
like,	  Constans-‐like	  zinc	  

finger	  family'	  

B-‐box	  zinc	  finger	  family	  
protein	  

3.1	   2.7	   1.1	  

maker-‐scaffold_10840|ref0020844-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.C2C2(Zn)	  CO-‐
like,	  Constans-‐like	  zinc	  

finger	  family'	  

salt	  tolerance	  homologue	   3.2	   3.1	   1.4	  

maker-‐scaffold_1517|ref0023937-‐
exonerate_est2genome-‐gene-‐0.3	  

'RNA.regulation	  of	  
transcription.C2C2(Zn)	  DOF	  

zinc	  finger	  family'	  

cycling	  DOF	  factor	  3	   2.5	   2.5	   1.2	  

maker-‐scaffold_12108|ref0008083-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.C2C2(Zn)	  DOF	  

zinc	  finger	  family'	  

cycling	  DOF	  factor	  1	   2.7	   2.1	   -‐1.3	  

maker-‐scaffold_9254|ref0010925-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.C2H2	  zinc	  

finger	  family'	  

indeterminate(ID)-‐
domain	  11	  

-‐1.6	   -‐1.1	   -‐6.0	  

maker-‐scaffold_2402|ref0024285-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.C2H2	  zinc	  

finger	  family'	  

zinc	  finger	  (C3HC4-‐type	  
RING	  finger)	  family	  

protein	  

-‐1.1	   -‐1.0	   -‐4.8	  

maker-‐scaffold_557|ref0013553-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.G2-‐like	  

transcription	  factor	  family,	  
GARP'	  

myb-‐like	  transcription	  
factor	  family	  protein	  

2.4	   2.1	   1.0	  

maker-‐scaffold_7992|ref0016770-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.HB,Homeobox	  
transcription	  factor	  family'	  

homeobox-‐leucine	  zipper	  
protein	  4	  

0.0	   0.0	   16.9	  

maker-‐scaffold_3204|ref0012050-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.HB,Homeobox	  
transcription	  factor	  family'	  

homeobox	  protein	  21	   -‐1.1	   1.1	   -‐15.0	  

maker-‐scaffold_16643|ref0040016-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.HSF,Heat-‐
shock	  transcription	  factor	  

family'	  

heat	  shock	  factor	  1	   -‐2.0	   -‐2.1	   2.1	  
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maker-‐scaffold_10734|ref0046517-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.HSF,Heat-‐
shock	  transcription	  factor	  

family'	  

heat	  shock	  factor	  1	   -‐2.4	   -‐2.1	   -‐1.9	  

maker-‐scaffold_2923|ref0025539-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MADS	  box	  
transcription	  factor	  family'	  

AGAMOUS-‐like	  15	   2.0	   2.5	   0.0	  

maker-‐scaffold_2069|ref0002052-‐
exonerate_est2genome-‐gene-‐0.2	  

'RNA.regulation	  of	  
transcription.MADS	  box	  
transcription	  factor	  family'	  

	   1.1	   -‐1.3	   -‐4.8	  

maker-‐scaffold_7524|ref0034213-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MADS	  box	  
transcription	  factor	  family'	  

K-‐box	  region	  and	  MADS-‐
box	  transcription	  factor	  

family	  protein	  

-‐1.3	   -‐2.1	   -‐1.4	  

maker-‐scaffold_5759|ref0024249-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

Homeodomain-‐like	  
superfamily	  protein	  

-‐3.6	   -‐4.0	   1.2	  

maker-‐scaffold_189|ref0000326-‐
exonerate_est2genome-‐gene-‐1.0	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

myb	  domain	  protein	  117	   -‐3.1	   -‐2.4	   0.0	  

maker-‐scaffold_5934|ref0044269-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

myb	  domain	  protein	  108	   3.0	   2.8	   -‐2.1	  

maker-‐scaffold_405|ref0021379-‐
exonerate_est2genome-‐gene-‐0.2	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

myb	  domain	  protein	  43	   -‐1.6	   -‐2.3	   1.1	  

maker-‐scaffold_6516|ref0031751-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

myb	  domain	  protein	  108	   1.3	   2.6	   0.0	  

maker-‐scaffold_691|ref0011197-‐
exonerate_est2genome-‐gene-‐0.3	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

myb	  domain	  protein	  96	   1.7	   2.3	   -‐1.6	  

maker-‐scaffold_2307|ref0023751-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

myb	  domain	  protein	  13	   1.9	   3.3	   0.0	  

maker-‐scaffold_28835|ref0029238-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB	  domain	  
transcription	  factor	  family'	  

	   -‐1.2	   -‐1.1	   -‐6.9	  

maker-‐scaffold_4972|ref0039514-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB-‐related	  
transcription	  factor	  family'	  

Duplicated	  
homeodomain-‐like	  
superfamily	  protein	  

-‐1.2	   -‐1.1	   21.0	  

maker-‐scaffold_15721|ref0015845-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB-‐related	  
transcription	  factor	  family'	  

Duplicated	  
homeodomain-‐like	  
superfamily	  protein	  

2.0	   4.2	   0.0	  

maker-‐scaffold_7202|ref0017613-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB-‐related	  
transcription	  factor	  family'	  

Homeodomain-‐like	  
superfamily	  protein	  

2.7	   2.1	   1.4	  

maker-‐scaffold_4082|ref0025941-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.MYB-‐related	  
transcription	  factor	  family'	  

circadian	  clock	  associated	  
1	  

3.8	   3.0	   1.4	  

maker-‐scaffold_3994|ref0007765-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.NAC	  domain	  
transcription	  factor	  family'	  

NAC	  domain	  containing	  
protein	  1	  

3.2	   2.0	   -‐5.0	  

maker-‐scaffold_873|ref0029587-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.NAC	  domain	  
transcription	  factor	  family'	  

NAC	  domain	  containing	  
protein	  61	  

2.0	   2.6	   2.7	  

maker-‐scaffold_5010|ref0044904-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.NAC	  domain	  
transcription	  factor	  family'	  

NAC	  domain	  containing	  
protein	  61	  

3.2	   5.8	   0.0	  

maker-‐scaffold_206|ref0035629-‐
exonerate_est2genome-‐gene-‐1.1	  

'RNA.regulation	  of	  
transcription.NAC	  domain	  
transcription	  factor	  family'	  

NAC	  (No	  Apical	  
Meristem)	  domain	  

transcriptional	  regulator	  
superfamily	  protein	  

1.6	   1.8	   -‐5.2	  

maker-‐scaffold_2733|ref0022591-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.NAC	  domain	  
transcription	  factor	  family'	  

NAC	  (No	  Apical	  
Meristem)	  domain	  

transcriptional	  regulator	  
superfamily	  protein	  

1.9	   2.2	   -‐1.3	  

maker-‐scaffold_6009|ref0025573-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.NAC	  domain	  
transcription	  factor	  family'	  

NAC	  domain	  containing	  
protein	  80	  

-‐2.3	   -‐2.0	   -‐1.7	  

maker-‐scaffold_7925|ref0032956-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  DNA-‐binding	  
protein	  54	  

1.2	   3.9	   -‐1.1	  

maker-‐scaffold_3946|ref0006688-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  DNA-‐binding	  
protein	  50	  

1.6	   2.4	   1.4	  

maker-‐scaffold_11930|ref0014594-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  DNA-‐binding	  
protein	  54	  

1.4	   2.2	   -‐1.2	  

maker-‐scaffold_224|ref0023185-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  family	  
transcription	  factor	  

1.6	   2.1	   1.6	  

maker-‐scaffold_834|ref0004557-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  family	  
transcription	  factor	  

-‐1.1	   1.1	   -‐28.3	  

maker-‐scaffold_9874|ref0038606-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  DNA-‐binding	  
protein	  18	  

1.8	   3.5	   -‐1.1	  

maker-‐scaffold_6432|ref0018061-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  DNA-‐binding	  
protein	  18	  

1.6	   2.7	   0.0	  
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maker-‐scaffold_3427|ref0047537-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  family	  
transcription	  factor	  

1.6	   2.5	   2.0	  

maker-‐scaffold_637|ref0045345-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.WRKY	  domain	  
transcription	  factor	  family'	  

WRKY	  DNA-‐binding	  
protein	  60	  

1.8	   2.3	   -‐1.5	  

maker-‐scaffold_1431|ref0015715-‐
exonerate_est2genome-‐gene-‐0.3	  

'RNA.regulation	  of	  
transcription.bZIP	  

transcription	  factor	  family'	  

unknown	  protein	   -‐1.1	   -‐1.3	   -‐10.7	  

maker-‐scaffold_3870|ref0034872-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.Aux/IAA	  

family'	  

AUX/IAA	  transcriptional	  
regulator	  family	  protein	  

-‐1.1	   2.4	   0.0	  

maker-‐scaffold_1903|ref0001342-‐
exonerate_est2genome-‐gene-‐0.3	  

'RNA.regulation	  of	  
transcription.Chromatin	  
Remodeling	  Factors'	  

chromatin	  remodeling	  8	   -‐1.1	   1.3	   199.6	  

maker-‐scaffold_3398|ref0039790-‐
exonerate_est2genome-‐gene-‐0.2	  

'RNA.regulation	  of	  
transcription.DNA	  
methyltransferases'	  

domains	  rearranged	  
methylase	  1	  

-‐1.7	   -‐1.7	   -‐8.6	  

maker-‐scaffold_1040|ref0027210-‐
exonerate_est2genome-‐gene-‐0.4	  

'RNA.regulation	  of	  
transcription.DNA	  
methyltransferases'	  

chromomethylase	  2	   -‐5.5	   -‐4.2	   0.0	  

maker-‐scaffold_6504|ref0036370-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.DNA	  
methyltransferases'	  

domains	  rearranged	  
methyltransferase	  2	  

-‐1.3	   -‐4.6	   0.0	  

maker-‐scaffold_1019|ref0032508-‐
exonerate_est2genome-‐gene-‐0.6	  

'RNA.regulation	  of	  
transcription.JUMONJI	  

family'	  

2-‐oxoglutarate	   -‐2.3	   -‐3.2	   -‐1.1	  

maker-‐scaffold_2926|ref0025544-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.Psudo	  ARR	  
transcription	  factor	  family'	  

pseudo-‐response	  
regulator	  9	  

2.1	   1.6	   -‐1.1	  

maker-‐scaffold_4675|ref0001294-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.putative	  
transcription	  regulator'	  

XH/XS	  domain-‐containing	  
protein	  

1.3	   -‐1.2	   -‐13.1	  

maker-‐scaffold_14522|ref0016919-‐
exonerate_est2genome-‐gene-‐0.2	  

'RNA.regulation	  of	  
transcription.unclassified'	  

DHHC-‐type	  zinc	  finger	  
family	  protein	  

2.3	   2.4	   -‐1.0	  

maker-‐scaffold_6675|ref0021689-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.unclassified'	  

MuDR	  family	  transposase	   -‐1.6	   -‐3.3	   1.2	  

maker-‐scaffold_917|ref0038170-‐
exonerate_est2genome-‐gene-‐0.6	  

'RNA.regulation	  of	  
transcription.unclassified'	  

	   1.3	   1.3	   5.5	  

maker-‐scaffold_9201|ref0005498-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.unclassified'	  

Eukaryotic	  aspartyl	  
protease	  family	  protein	  

1.6	   1.4	   22.2	  

maker-‐scaffold_3647|ref0041486-‐
exonerate_est2genome-‐gene-‐0.1	  

'RNA.regulation	  of	  
transcription.unclassified'	  

Eukaryotic	  aspartyl	  
protease	  family	  protein	  

2.6	   2.3	   -‐1.4	  

maker-‐scaffold_316|ref0002700-‐
exonerate_est2genome-‐gene-‐0.0	  

'RNA.regulation	  of	  
transcription.unclassified'	  

Mob1/phocein	  family	  
protein	  

2.2	   2.0	   -‐6.7	  

maker-‐scaffold_8947|ref0012172-‐
exonerate_est2genome-‐gene-‐0.0	  

'nucleotide	  
metabolism.synthesis.pyrimi

dine.orotate	  
phosphoribosyltransferase'	  

Uridine	  5'-‐
monophosphate	  synthase	  

1.0	   1.4	   5.4	  

maker-‐scaffold_6732|ref0019325-‐
exonerate_est2genome-‐gene-‐0.0	  

'nucleotide	  
metabolism.degradation.pur

ine'	  

ureide	  permease	  1	   2.3	   2.6	   -‐3.9	  

maker-‐scaffold_5976|ref0028608-‐
exonerate_est2genome-‐gene-‐0.1	  

'nucleotide	  
metabolism.degradation'	  

apyrase	  2	   -‐2.5	   -‐1.7	   0.0	  

maker-‐scaffold_18772|ref0007075-‐
exonerate_est2genome-‐gene-‐0.0	  

'nucleotide	  
metabolism.salvage.phospho
ribosyltransferases.aprt'	  

adenine	  
phosphoribosyltransferas

e	  5	  

2.1	   2.2	   1.0	  
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Table	  S4.6-‐	  DEGs	  peridected	  to	  encode	  enzymes	  engaged	  in	  secondary	  metabolism.	  	  
	   	   	   	   Fold	  change	  

	   Gene	  ID	   Bincode	  Name	   Best	  annotation	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

Te
rp
en
oi
ds
	  

maker-‐scaffold_42887|ref0017842-‐
exonerate_est2genome-‐gene-‐0.0	  

secondary	  
metabolism.isoprenoids'	  

cycloartenol	  synthase	  1	   1.6	   1.3	   -‐13.2	  

maker-‐scaffold_529|ref0042161-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.isoprenoids.te

rpenoids'	  

terpene	  synthase-‐like	  
sequence-‐1,8-‐cineole	  

3.4	   27.4	   -‐66.7	  

maker-‐scaffold_42887|ref0017842-‐
exonerate_est2genome-‐gene-‐0.0	  

secondary	  
metabolism.isoprenoids.te

rpenoids'	  

cycloartenol	  synthase	  1	   1.6	   1.3	   -‐13.2	  

maker-‐scaffold_1105|ref0016983-‐
exonerate_est2genome-‐gene-‐0.7	  

'secondary	  
metabolism.isoprenoids.te

rpenoids'	  

Terpenoid	  
cyclases/Protein	  
prenyltransferases	  
superfamily	  protein	  

-‐1.5	   -‐2.6	   0.0	  

maker-‐scaffold_15392|ref0002671-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.isoprenoids.te

rpenoids'	  

terpene	  synthase-‐like	  
sequence-‐1,8-‐cineole	  

1.2	   2.9	   -‐1.8	  

maker-‐scaffold_408|ref0021371-‐
exonerate_est2genome-‐gene-‐0.2	  

'secondary	  
metabolism.isoprenoids.te

rpenoids'	  

Terpenoid	  
cyclases/Protein	  
prenyltransferases	  
superfamily	  protein	  

3.0	   2.8	   2.6	  

W
ax
	  

maker-‐scaffold_11671|ref0021021-‐
exonerate_est2genome-‐gene-‐0.0	  

'lipid	  metabolism.FA	  
synthesis	  and	  FA	  

elongation.beta	  ketoacyl	  
CoA	  synthase'	  

3-‐ketoacyl-‐CoA	  synthase	  2	   1.6	   2.1	   0.0	  

maker-‐scaffold_615|ref0009431-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.wax'	  

beta-‐ketoacyl	  reductase	  2	   -‐1.3	   -‐1.2	   -‐8.0	  

maker-‐scaffold_6296|ref0018632-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.wax'	  

Fatty	  acid	  hydroxylase	  
superfamily	  

2.5	   2.5	   2.5	  

maker-‐scaffold_11671|ref0021021-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.wax'	  

3-‐ketoacyl-‐CoA	  synthase	  2	   1.6	   2.1	   0.0	  

maker-‐scaffold_7855|ref0036148-‐
exonerate_est2genome-‐gene-‐0.1	  

'misc.short	  chain	  
dehydrogenase/reductase	  

(SDR)'	  

beta-‐ketoacyl	  reductase	  1	   -‐2.2	   -‐3.3	   0.0	  

An
ot
cy
an
in
e	  

maker-‐scaffold_5717|ref0000643-‐
exonerate_est2genome-‐gene-‐0.0	  

secondary	  
metabolism.flavonoids.ant

hocyanins'	  

2-‐oxoglutarate	  (2OG)	  and	  
Fe(II)-‐dependent	  

oxygenase	  superfamily	  
protein	  

1.1	   4.1	   -‐1.9	  

maker-‐scaffold_2994|ref0021678-‐
exonerate_est2genome-‐gene-‐0.1	  

secondary	  
metabolism.flavonoids.ant
hocyanins.anthocyanidin	  

reductase'	  

dihydroflavonol	  4-‐
reductase	  

1.7	   1.8	   -‐11.1	  

D
ih
yd
ro
fla
vo
no
ls
	  

maker-‐scaffold_4219|ref0035898-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan

oids.lignin	  
biosynthesis.CCR1'	  

NAD(P)-‐binding	  
Rossmann-‐fold	  

superfamily	  protein	  

3.4	   3.6	   -‐1.1	  

maker-‐scaffold_185|ref0000330-‐
exonerate_est2genome-‐gene-‐1.0	  

'secondary	  
metabolism.flavonoids.dih

ydroflavonols'	  

2-‐oxoglutarate	  (2OG)	  and	  
Fe(II)-‐dependent	  

oxygenase	  superfamily	  
protein	  

2.0	   3.2	   4.8	  

maker-‐scaffold_185|ref0000330-‐
exonerate_est2genome-‐gene-‐1.1	  

'secondary	  
metabolism.flavonoids.dih

ydroflavonols'	  

2-‐oxoglutarate	  (2OG)	  and	  
Fe(II)-‐dependent	  

oxygenase	  superfamily	  
protein	  

2.1	   2.7	   -‐2.1	  

maker-‐scaffold_2542|ref0011927-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.flavonoids.dih

ydroflavonols'	  

2-‐oxoglutarate	  (2OG)	  and	  
Fe(II)-‐dependent	  

oxygenase	  superfamily	  
protein	  

1.7	   2.9	   -‐1.0	  

maker-‐scaffold_8997|ref0019391-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.dihydroflavo

nol	  4-‐reductase'	  

NAD(P)-‐binding	  
Rossmann-‐fold	  

superfamily	  protein	  

-‐4.8	   -‐2.5	   	  

maker-‐scaffold_4396|ref0019374-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
706,	  subfamily	  A,	  
polypeptide	  6	  

2.4	   3.7	   2.1	  
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maker-‐scaffold_6412|ref0039669-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
712,	  subfamily	  A,	  
polypeptide	  1	  

-‐2.2	   -‐2.5	   1.7	  

maker-‐scaffold_15453|ref0008137-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
71,	  subfamily	  B,	  
polypeptide	  35	  

-‐1.8	   -‐2.7	   2.5	  

maker-‐scaffold_4481|ref0040498-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
706,	  subfamily	  A,	  
polypeptide	  6	  

2.0	   5.4	   2.7	  

maker-‐scaffold_4481|ref0040498-‐
exonerate_est2genome-‐gene-‐0.3	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
706,	  subfamily	  A,	  
polypeptide	  6	  

1.7	   3.6	   2.9	  

maker-‐scaffold_4211|ref0043078-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
706,	  subfamily	  A,	  
polypeptide	  6	  

-‐2.7	   -‐2.8	   0.0	  

maker-‐scaffold_10510|ref0001618-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.flavonoids.dih
ydroflavonols.flavonoid	  
3''-‐monooxygenase'	  

cytochrome	  P450,	  family	  
71,	  subfamily	  A,	  
polypeptide	  15	  

3.6	   2.7	   -‐1.5	  

Ph
en
yl
pr
op
an
oi
ds
	  

maker-‐scaffold_4947|ref0044935-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan

oids'	  

Laccase/Diphenol	  oxidase	  
family	  protein	  

5.0	   7.6	   -‐1.1	  

maker-‐scaffold_4410|ref0010379-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.phenylpropan

oids'	  

Laccase/Diphenol	  oxidase	  
family	  protein	  

2.2	   1.2	   -‐2.4	  

maker-‐scaffold_4045|ref0047365-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.phenylpropan

oids'	  

HXXXD-‐type	  acyl-‐
transferase	  family	  protein	  

-‐2.3	   -‐1.7	   1.1	  

maker-‐scaffold_243|ref0012156-‐
exonerate_est2genome-‐gene-‐1.1	  

secondary	  
metabolism.phenylpropan

oids'	  

Laccase/Diphenol	  oxidase	  
family	  protein	  

2.6	   2.1	   	  

Li
gn
in
	  	  

maker-‐scaffold_2479|ref0029533-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

cytochrome	  P450,	  family	  
98,	  subfamily	  A,	  
polypeptide	  3	  

2.8	   4.8	   	  

maker-‐scaffold_414|ref0039282-‐
exonerate_est2genome-‐gene-‐0.4	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Tricin	  synthase	  2	   -‐1.5	   -‐1.3	   -‐6.2	  

maker-‐scaffold_2324|ref0036197-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Cinnamoyl	  coA	  reductase	   -‐1.2	   -‐1.7	   -‐400.9	  

maker-‐scaffold_4219|ref0035898-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Cinnamyl	  alcohol	  
dehydrogenase	  

3.4	   3.6	   -‐1.1	  

maker-‐scaffold_4368|ref0002962-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Cytochrome	  P450,	  family	  
71,	  subfamily	  B,	  
polypeptide	  34	  

2.2	   1.9	   2.6	  

maker-‐scaffold_529|ref0042161-‐
exonerate_est2genome-‐gene-‐0.3	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Premnaspirodiene	  
oxygenase	  

1.9	   2.2	   5.8	  

maker-‐scaffold_7436|ref0026562-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Agmatine	  
coumaroyltransferase-‐1	  

3.7	   4.1	   0.0	  

maker-‐scaffold_3264|ref0023028-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.phenylpropan
oids.lignin	  biosynthesis'	  

Phenylalanine	  ammonia	  
lyase	  

1.8	   2.5	   2.7	  

Ca
ro
te
no
id
s	  

maker-‐scaffold_12006|ref0041597-‐
exonerate_est2genome-‐gene-‐0.0	  

secondary	  
metabolism.isoprenoids.ca
rotenoids.carotenoid	  beta	  

ring	  hydroxylase'	  

beta-‐carotene	  hydroxylase	  
2	  

1.1	   1.1	   5.3	  

Gl
uc
os
in
ol
at
es
	   maker-‐scaffold_24506|ref0041009-‐

exonerate_est2genome-‐gene-‐0.0	  
'secondary	  

metabolism.sulfur-‐
containing.glucosinolates.s

ynthesis.aliphatic.2-‐
oxoglutarate-‐dependent	  

dioxygenase'	  

2-‐oxoglutarate	  (2OG)	  and	  
Fe(II)-‐dependent	  

oxygenase	  superfamily	  
protein	  

-‐2.4	   -‐1.5	   0.0	  

maker-‐scaffold_4675|ref0001294-‐
exonerate_est2genome-‐gene-‐0.1	  

'secondary	  
metabolism.sulfur-‐

cytochrome	  P450,	  family	  
81,	  subfamily	  D,	  

-‐2.2	   -‐1.6	   2.0	  
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containing.glucosinolates.s
ynthesis.indole.cytochrom
e	  P450	  monooxygenase'	  

polypeptide	  3	  

maker-‐scaffold_5291|ref0013394-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.sulfur-‐

containing.glucosinolates.d
egradation.myrosinase'	  

beta	  glucosidase	  13	   2.2	   1.6	   -‐1.9	  

maker-‐scaffold_5878|ref0040205-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.sulfur-‐

containing.glucosinolates.d
egradation.myrosinase'	  

beta	  glucosidase	  15	   -‐3.0	   -‐2.2	   0.0	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table	  S4.7-‐	  Differentially	  expressed	  genes	  (DEGs)	  peridected	  to	  encode	  enzymes	  
associated	  with	  abiotic	  stresses	  	  

	   	   	   Fold	  change	  

Gene	  ID	   Bincode	  
Name	   Best	  annotation	  

S	  
∆l
ae
A-‐

W
T	  

S	  
∆v
el
A-‐

W
T	  

IP
	  ∆
ve
lA
-‐

W
T	  

maker-‐scaffold_16124|ref0031613-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
cold'	  

Peroxidase	  1	   -‐5.2	   -‐7.6	   0.0	  

maker-‐scaffold_16888|ref0036561-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
cold'	  

Peroxidase	  24	   1.0	   1.2	   -‐8.7	  

maker-‐scaffold_1730|ref0036761-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.abiotic.
cold'	  

Peroxidase	  2	   -‐
23.7	  

-‐
322.
3	  

0.0	  

maker-‐scaffold_2268|ref0002502-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
cold'	  

Peroxidase	  2	   -‐
10.9	  

-‐
50.2	  

0.0	  

maker-‐scaffold_27094|ref0033264-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
cold'	  

Peroxidase	  2	   -‐
19.6	  

-‐
215.
4	  

0.0	  

maker-‐scaffold_3783|ref0029599-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.abiotic.
cold'	  

Peroxidase	  1	   -‐3.9	   -‐5.0	   0.0	  

maker-‐scaffold_15044|ref0029114-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
heat'	  

Chaperone	  DnaJ-‐domain	  
superfamily	  protein	  

-‐2.5	   -‐2.4	   -‐1.2	  

maker-‐scaffold_6225|ref0038301-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
heat'	  

Chaperone	  DnaJ-‐domain	  
superfamily	  protein	  

1.9	   1.3	   -‐
16.6	  

maker-‐scaffold_11003|ref0019732-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
heat'	  

26.2	  kDa	  heat	  shock	  protein,	  
mitochondrial	  

-‐2.8	   -‐2.2	   0.0	  

maker-‐scaffold_20923|ref0000690-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
heat'	  

Small	  heat	  shock	  protein,	  
chloroplastic	  

2.4	   2.0	   0.0	  

maker-‐scaffold_4444|ref0017402-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.abiotic.
heat'	  

DNAJ	  heat	  shock	  N-‐terminal	  
domain-‐containing	  protein	  

2.2	   1.9	   1.2	  

maker-‐scaffold_4525|ref0038441-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
heat'	  

17.7	  kDa	  class	  I	  heat	  shock	  
protein	  

-‐1.6	   -‐1.1	   7.8	  

maker-‐scaffold_5322|ref0035437-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.abiotic.
heat'	  

18.6	  kDa	  class	  III	  heat	  shock	  
protein	  

-‐2.7	   -‐2.2	   0.0	  

maker-‐scaffold_679|ref0020295-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
heat'	  

Heat	  stress	  transcription	  
factor	  A-‐4d	  

1.8	   2.1	   1.6	  

maker-‐scaffold_15709|ref0023378-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.abiotic.
drought/salt'	  

Multicopper	  oxidase	  LPR1	   0	   0	   173.
6	  

maker-‐scaffold_7468|ref0021099-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.abiotic.
drought/salt'	  

ERD	  (early-‐responsive	  to	  
dehydration	  stress)	  family	  

protein	  

-‐1.2	   -‐1.1	   27.5	  

maker-‐scaffold_1235|ref0015297-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.abiotic.
touch/wound

ing'	  

Wound-‐responsive	  family	  
protein	  

4.2	   3.4	   -‐2.1	  

maker-‐scaffold_13475|ref0026757-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.abiotic.
unspecified'	  

Universal	  stress	  protein	   304.
9	  

135.
7	  

0.0	  

	  



4. Transcriptomics analysis of E. festucae and host L. perenne in … 

	  

	   188	  

Table	  S4.8-‐	  DEGs	  peridected	  to	  encode	  enzymes	  associated	  in	  biotic	  stresses	  	  
	   	   	   Fold	  change	  

Gene	  ID	   Bincode	  
Name	   Best	  annotation	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

maker-‐scaffold_13325|ref0046918-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Chitinase	  5	   2.9	   3.1	   1.1	  

maker-‐scaffold_1983|ref0003140-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.biotic'	   Chitinase	  5	   1.8	   2.6	   3.7	  

maker-‐scaffold_21371|ref0046601-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Chitinase	  6	   2.1	   2.4	   1.7	  

maker-‐scaffold_7128|ref0030119-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Disease	  resistance	  protein	  (CC-‐NBS-‐
LRR	  class)	  family	  

1.3	   -‐1.1	   8.0	  

maker-‐scaffold_715|ref0006964-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Disease	  resistance	  protein	  RGA2	   -‐
1.1	  

-‐1.1	   -‐25.6	  

maker-‐scaffold_11308|ref0010204-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.biotic'	   Disease	  resistance	  protein	  RPM1	   1.6	   3.6	   0.0	  

maker-‐scaffold_4245|ref0027234-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Disease	  resistance	  protein	  RPM1	   0.0	   0.0	   -‐10.5	  

maker-‐scaffold_5593|ref0028879-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.biotic'	   Disease	  resistance	  protein	  RPM1	   1.1	   1.0	   402.7	  

maker-‐scaffold_6532|ref0046890-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.biotic'	   Disease	  resistance	  protein	  RPM1	   0.0	   0.0	   -‐
604.2	  

maker-‐scaffold_834|ref0004557-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.biotic'	   Disease	  resistance	  protein	  RPM1	   -‐
1.1	  

1.1	   -‐28.3	  

maker-‐scaffold_903|ref0007606-‐
exonerate_est2genome-‐gene-‐0.3	  

'stress.biotic'	   Disease	  resistance	  protein	  RPM1	   3.2	   2.6	   1.3	  

maker-‐scaffold_10643|ref0016359-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Disease	  resistance	  protein	  RPP13	   -‐
1.3	  

1.1	   -‐6.5	  

maker-‐scaffold_3297|ref0040849-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Disease	  resistance	  protein	  RPS2	   1.3	   -‐1.0	   50.2	  

maker-‐scaffold_16145|ref0020823-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Probable	  disease	  resistance	  protein	  
At1g58390	  

-‐
1.1	  

-‐1.7	   -‐5.1	  

maker-‐scaffold_975|ref0000435-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.biotic'	   Probable	  disease	  resistance	  RPP8-‐
like	  protein	  2	  

2.8	   -‐1.1	   0.0	  

maker-‐scaffold_1595|ref0025675-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.biotic'	   Putative	  disease	  resistance	  protein	  
RGA1	  

2.0	   2.3	   3.2	  

maker-‐scaffold_545|ref0031512-‐
exonerate_est2genome-‐gene-‐0.1	  

'stress.biotic'	   Putative	  disease	  resistance	  protein	  
RGA3	  

2.4	   2.2	   2.2	  

maker-‐scaffold_695|ref0011193-‐
exonerate_est2genome-‐gene-‐0.3	  

'stress.biotic'	   Putative	  disease	  resistance	  protein	  
RGA4	  

1.1	   -‐1.1	   7.7	  

maker-‐scaffold_6|ref0040996-‐
exonerate_est2genome-‐gene-‐1.1	  

'stress.biotic'	   Putative	  disease	  resistance	  RPP13-‐
like	  protein	  2	  

3.6	   2.3	   0.0	  

maker-‐scaffold_476|ref0026821-‐
exonerate_est2genome-‐gene-‐0.2	  

'stress.biotic.P
R-‐proteins'	  

Putative	  disease	  resistance	  protein	  
RGA4	  

2.3	   2.1	   1.2	  

maker-‐scaffold_2888|ref0002563-‐snap-‐
gene-‐0.18	  

'stress.biotic'	   Pathogenesis-‐related	  protein	  1	   2.6	   1.7	   0.0	  

snap_masked-‐scaffold_1310|ref0005233-‐
processed-‐gene-‐0.18	  

'stress.biotic'	   Pathogenesis-‐related	  protein	  1	   -‐
1.4	  

2.4	   0.0	  

snap_masked-‐
scaffold_18280|ref0002333-‐processed-‐

gene-‐0.0	  

'stress.biotic'	   Pathogenesis-‐related	  protein	  1	   2.0	   2.1	   -‐2.4	  

maker-‐scaffold_18832|ref0042838-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Pathogenesis-‐related	  protein	  1	   -‐
83.
4	  

-‐6.0	   0.0	  

maker-‐scaffold_19618|ref0046469-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic.P
R-‐proteins'	  

Probable	  leucine-‐rich	  repeat	  
receptor-‐like	  protein	  kinase	  

At1g35710	  

3.6	   1.4	   3.1	  

maker-‐scaffold_850|ref0005412-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   Leucine-‐rich	  repeat	  receptor-‐like	  
serine/threonine-‐protein	  kinase	  

BAM2	  

3.4	   3.4	   1.0	  

maker-‐scaffold_1247|ref0044125-‐
exonerate_est2genome-‐gene-‐0.3	  

'stress.biotic.re
spiratory	  
burst'	  

Respiratory	  burst	  oxidase	  homolog	  
protein	  B	  

3.2	   3.1	   0.0	  

maker-‐scaffold_10465|ref0029861-‐
exonerate_est2genome-‐gene-‐0.0	  

'stress.biotic'	   HXXXD-‐type	  acyl-‐transferase	  family	  
protein	  

1.7	   4.6	   2.8	  

maker-‐scaffold_783|ref0026874-‐
exonerate_est2genome-‐gene-‐0.6	  

'stress.biotic.si
gnalling.MLO-‐

like'	  

MLO-‐like	  protein	  1	   1.7	   2.5	   1.6	  

maker-‐scaffold_116|ref0032465-‐
exonerate_est2genome-‐gene-‐1.1	  

'stress.biotic'	   U-‐box	  domain-‐containing	  protein	  33	   2.5	   3.7	   0.0	  
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Table	  S4.9-‐	  DEGs	  peridected	  to	  encode	  enzymes	  associated	  in	  ROS	  production	  
	   	   	   	   Fold	  change	  

	   Gene	  ID	   Bincode	  Name	   Best	  annotation	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

Pe
ro
xi
da
se
s	  

maker-‐scaffold_11920|ref0032529-‐
exonerate_est2genome-‐gene-‐0.0	   'misc.peroxidases'	   Peroxidase	  47	   2.4	   2.0	   7.5	  

maker-‐scaffold_16124|ref0031613-‐
exonerate_est2genome-‐gene-‐0.0	   'stress.abiotic.cold'	   Peroxidase	  1	   -‐5.2	   -‐7.6	   0.0	  

maker-‐scaffold_16888|ref0036561-‐
exonerate_est2genome-‐gene-‐0.0	   'stress.abiotic.cold'	   Peroxidase	  24	   1.0	   1.2	   -‐8.7	  
maker-‐scaffold_1730|ref0036761-‐
exonerate_est2genome-‐gene-‐0.2	   'stress.abiotic.cold'	   Peroxidase	  2	   -‐23.7	   -‐322.3	   0.0	  
maker-‐scaffold_2254|ref0004379-‐
exonerate_est2genome-‐gene-‐0.3	   'misc.peroxidases'	   Peroxidase	  72	   0.0	   -‐4.3	   0.0	  
maker-‐scaffold_2268|ref0002502-‐
exonerate_est2genome-‐gene-‐0.0	   'stress.abiotic.cold'	   Peroxidase	  2	   -‐10.9	   -‐50.2	   0.0	  

maker-‐scaffold_27094|ref0033264-‐
exonerate_est2genome-‐gene-‐0.0	   'stress.abiotic.cold'	   Peroxidase	  2	   -‐19.6	   -‐215.4	   0.0	  
maker-‐scaffold_29|ref0012215-‐
exonerate_est2genome-‐gene-‐0.0	   'misc.peroxidases'	   Peroxidase	  16	   0.0	   2.1	   -‐1.0	  
maker-‐scaffold_3020|ref0043251-‐
exonerate_est2genome-‐gene-‐0.1	   'misc.peroxidases'	   Peroxidase	  4	   0.0	   2.7	   0.0	  
maker-‐scaffold_3783|ref0029599-‐
exonerate_est2genome-‐gene-‐0.2	   'stress.abiotic.cold'	   Peroxidase	  1	   -‐3.9	   -‐5.0	   0.0	  

Re
do
x	  

maker-‐scaffold_150|ref0007462-‐
exonerate_est2genome-‐gene-‐0.4	  

'redox.ascorbate	  and	  
glutathione.ascorbate

'	  

Monodehydroascorbat
e	  reductase	  4,	  

1.2	   1.6	   5.6	  

maker-‐scaffold_3042|ref0007389-‐
exonerate_est2genome-‐gene-‐0.0	  

'redox.ascorbate	  and	  
glutathione.ascorbate

'	  

L-‐ascorbate	  oxidase	   1.3	   2.5	   -‐1.9	  

maker-‐scaffold_484|ref0019636-‐
exonerate_est2genome-‐gene-‐0.3	  

'redox.ascorbate	  and	  
glutathione.ascorbate

'	  

L-‐ascorbate	  oxidase	   -‐1.1	   1.3	   14.3	  

maker-‐scaffold_2388|ref0041164-‐
exonerate_est2genome-‐gene-‐0.1	  

'redox.dismutases	  
and	  catalases'	  

Superoxide	  dismutase	  
[Cu-‐Zn],	  chloroplastic	  

-‐1.1	   -‐2.1	   -‐187.7	  

maker-‐scaffold_542|ref0031513-‐
exonerate_est2genome-‐gene-‐0.2	  

'redox.heme'	   Non-‐symbiotic	  
hemoglobin	  

15.0	   14.0	   0.0	  

maker-‐scaffold_8786|ref0035014-‐
exonerate_est2genome-‐gene-‐0.2	  

'redox.ascorbate	  and	  
glutathione.glutathio

ne'	  

Glutathione	  peroxidase	  	   4.1	   3.2	   1.2	  

Gl
ut
at
hi
on
e	  
S-‐
tr
an
sf
er
as
e	  

maker-‐scaffold_11527|ref0037060-‐
exonerate_est2genome-‐gene-‐0.0	  

'misc.glutathione	  S	  
transferases'	  

glutathione	  S-‐
transferase	  tau	  4	  	   2.0	   2.8	   2.0	  

maker-‐scaffold_1335|ref0041028-‐
exonerate_est2genome-‐gene-‐0.3	  

'misc.glutathione	  S	  
transferases'	  

Glutathione	  transferase	  
GST	  23	   1.5	   2.4	   2.8	  

maker-‐scaffold_14616|ref0045437-‐
exonerate_est2genome-‐gene-‐0.0	  

'misc.glutathione	  S	  
transferases'	  

Probable	  glutathione	  S-‐
transferase	  GSTU6	   1.6	   2.4	   -‐2.0	  

maker-‐scaffold_28602|ref0004008-‐
exonerate_est2genome-‐gene-‐0.0	  

'misc.glutathione	  S	  
transferases'	  

Probable	  glutathione	  S-‐
transferase	  GSTU6	   -‐1.9	   -‐2.3	   1.1	  

maker-‐scaffold_30|ref0030220-‐
exonerate_est2genome-‐gene-‐2.0	  

'misc.glutathione	  S	  
transferases'	  

Glutathione	  transferase	  
GST	  23	   3.0	   2.8	   -‐1.5	  

maker-‐scaffold_4382|ref0037315-‐
exonerate_est2genome-‐gene-‐0.0	  

'misc.glutathione	  S	  
transferases'	  

Glutathione	  S-‐
transferase	  1	   1.4	   2.8	   3.9	  

maker-‐scaffold_4704|ref0007237-‐
exonerate_est2genome-‐gene-‐0.3	  

'misc.glutathione	  S	  
transferases'	  

Glutathione	  S-‐
transferase	  1	   2.6	   2.2	   -‐1.3	  
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Table	  S4.10-‐	  DEGs	  peridected	  to	  encode	  enzymes	  associated	  with	  hormone	  metabolism	  

H
or
m
on
es
	   	   	   	   Fold	  change	  

Gene	  ID	   Bincode	  Name	   Best	  annotation	  

S	  
∆l
ae
A-‐
W
T	  

S	  
∆v
el
A-‐
W
T	  

IP
	  ∆
ve
lA
-‐W
T	  

AB
A	  

maker-‐scaffold_6974|ref0047824-‐
exonerate_est2genome-‐gene-‐0.2	  

'hormone	  
metabolism.abscisic	  
acid.synthesis-‐
degradation'	  

9-‐cis-‐
epoxycarotenoid	  
dioxygenase	  6	  

-‐3.7	   -‐2.2	   0.0	  

maker-‐scaffold_658|ref0032726-‐
exonerate_est2genome-‐gene-‐0.3	  

'hormone	  
metabolism.abscisic	  
acid.synthesis-‐

degradation.synthesis.zea
xanthin	  epoxidase'	  

Zeaxanthin	  
epoxidase	  

	  

3.1	   2.8	   1.1	  

maker-‐scaffold_5890|ref0031114-‐
exonerate_est2genome-‐gene-‐0.6	  

'hormone	  
metabolism.abscisic	  acid'	  

TPR	  repeat-‐
containing	  

thioredoxin	  TTL1	  

-‐1.1	   1.0	   -‐6.7	  

maker-‐scaffold_767|ref0012406-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.abscisic	  
acid.synthesis-‐

degradation.degradation.
8-‐hydroxylase'	  

Abscisic	  acid	  8'-‐
hydroxylase	  1	  

2.0	   2.3	   -‐6.7	  

Au
xi
n	  

maker-‐scaffold_2098|ref0032594-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.auxin'	  	  

methyl	  esterase	  
18	  

2.4	   2.2	   2.3	  

maker-‐scaffold_1667|ref0005601-‐
exonerate_est2genome-‐gene-‐0.2	  

'hormone	  
metabolism.auxin.signal	  

transduction'	  

cytochrome	  
P450,	  family	  81,	  
subfamily	  D,	  
polypeptide	  3	  

-‐2.2	   -‐1.8	   -‐3.3	  

maker-‐scaffold_740|ref0048290-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.auxin.signal	  

transduction'	  

Auxin	  efflux	  
carrier	  family	  

protein	  

-‐2.2	   1.1	   0.0	  

maker-‐scaffold_549|ref0031519-‐
exonerate_est2genome-‐gene-‐0.5	  

'hormone	  
metabolism.auxin.signal	  

transduction'	  

Auxin	  efflux	  
carrier	  family	  

protein	  

-‐2.1	   -‐2.2	   -‐1.7	  

maker-‐scaffold_549|ref0031519-‐
exonerate_est2genome-‐gene-‐0.6	  

'hormone	  
metabolism.auxin.signal	  

transduction'	  

Auxin	  efflux	  
carrier	  family	  

protein	  

-‐1.4	   -‐2.3	   -‐2.4	  

maker-‐scaffold_1613|ref0046846-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.auxin.induce
d-‐regulated-‐responsive-‐

activated'	  

NAD(P)-‐linked	  
oxidoreductase	  
superfamily	  
protein	  

-‐1.4	   -‐2.1	   -‐1.0	  

maker-‐scaffold_1566|ref0043380-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.auxin.induce
d-‐regulated-‐responsive-‐

activated'	  

NAD(P)-‐linked	  
oxidoreductase	  
superfamily	  
protein	  

2.1	   1.3	   -‐2.2	  

maker-‐scaffold_3065|ref0019997-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.auxin.induce
d-‐regulated-‐responsive-‐

activated'	  

NAD(P)-‐linked	  
oxidoreductase	  
superfamily	  
protein	  

3.7	   4.0	   -‐1.1	  

maker-‐scaffold_3870|ref0034872-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.auxin.induce
d-‐regulated-‐responsive-‐

activated'	  

AUX/IAA	  
transcriptional	  
regulator	  family	  

protein	  

-‐1.1	   2.4	   0.0	  

maker-‐scaffold_7380|ref0034159-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.auxin.induce
d-‐regulated-‐responsive-‐

activated'	  

Auxin-‐responsive	  
GH3	  family	  
protein	  

1.6	   3.2	   2.3	  

maker-‐scaffold_446|ref0044598-‐
exonerate_est2genome-‐gene-‐0.2	  

'hormone	  
metabolism.auxin.induce

NAD(P)-‐linked	  
oxidoreductase	  

-‐1.2	   -‐2.4	   0.0	  
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d-‐regulated-‐responsive-‐
activated'	  

superfamily	  
protein	  

maker-‐scaffold_16122|ref0031619-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.auxin.induce
d-‐regulated-‐responsive-‐

activated'	  

Auxin-‐responsive	  
family	  protein	  

1.9	   2.1	   -‐1.5	  
Br
as
si
no
st
ro
id
	  

maker-‐scaffold_11890|ref0002733-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.brassinoster

oid.synthesis-‐
degradation.BRs.metaboli

c	  regulation'	  

cytochrome	  
P450,	  family	  707,	  
subfamily	  A,	  
polypeptide	  4	  

-‐15.1	   -‐76.7	   0.0	  

maker-‐scaffold_2542|ref0011927-‐
exonerate_est2genome-‐gene-‐0.2	  

'hormone	  
metabolism.brassinoster

oid.synthesis-‐
degradation.sterols.CYP5

1'	  

sulfotransferase	  
4A	  

-‐2.6	   -‐1.1	   -‐357.5	  

maker-‐scaffold_34605|ref0027600-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.brassinoster

oid.synthesis-‐
degradation.sterols.other

'	  

Cycloartenol	  
synthase	  

-‐1.3	   1.5	   -‐7.6	  

maker-‐scaffold_34897|ref0001265-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.brassinoster

oid.synthesis-‐
degradation.sterols.other

'	  

lanosterol	  
synthase	  1	  

-‐1.5	   1.2	   -‐5.2	  

maker-‐scaffold_6465|ref0010231-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.brassinoster

oid.synthesis-‐
degradation.sterols.other

'	  

lanosterol	  
synthase	  1	  

-‐14.5	   -‐16.1	   0.0	  

maker-‐scaffold_6733|ref0019326-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.brassinoster

oid.synthesis-‐
degradation.sterols.other

'	  

lanosterol	  
synthase	  1	  

-‐4.7	   -‐170.4	   0.0	  

Ja
sm

on
ic
	  a
ci
d	  

maker-‐scaffold_10098|ref0041679-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.jasmonate.sy

nthesis-‐
degradation.lipoxygenase

'	  

Probable	  
lipoxygenase	  8,	  
chloroplastic	  

2.6	   2.6	   -‐1.3	  

maker-‐scaffold_3877|ref0034879-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.jasmonate.sy

nthesis-‐
degradation.lipoxygenase

'	  

Probable	  
linoleate	  9S-‐
lipoxygenase	  4	  

1.6	   2.1	   1.2	  

maker-‐scaffold_7715|ref0034244-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.jasmonate.sy

nthesis-‐
degradation.lipoxygenase

'	  

Lipoxygenase	  
2.3,	  chloroplastic	  

-‐1.6	   1.4	   -‐5.8	  

maker-‐scaffold_786|ref0026877-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.jasmonate.sy

nthesis-‐
degradation.lipoxygenase

'	  

Putative	  linoleate	  
9S-‐lipoxygenase	  

3	  

-‐1.1	   11.4	   -‐30.1	  

maker-‐scaffold_9293|ref0011514-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.jasmonate.sy

nthesis-‐
degradation.jasmonate-‐
O-‐methyltransferase'	  

jasmonic	  acid	  
carboxyl	  

methyltransferas
e	  

-‐1.6	   -‐2.2	   -‐1.5	  

Sa
lic
yl
ic
	  

ac
id
	  

maker-‐scaffold_4452|ref0035376-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.salicylic	  
acid.synthesis-‐
degradation'	  

UDP-‐
glycosyltransfera

se	  74	  F1	  

2.0	   2.4	   2.0	  

maker-‐scaffold_2664|ref0005249-‐
exonerate_est2genome-‐gene-‐0.1	  

hormone	  
metabolism.salicylic	  acid'	  

Salicylic	  acid-‐
binding	  protein	  2	  

-‐1.1	   1.8	   9.6	  
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maker-‐scaffold_3407|ref0035024-‐
exonerate_est2genome-‐gene-‐0.1	  

hormone	  
metabolism.salicylic	  acid'	  

Salicylic	  acid-‐
binding	  protein	  2	  

2.1	   2.1	   3.5	  

Gi
bb
er
el
lin
	  

maker-‐scaffold_10414|ref0047754-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.gibberelin.sy
nthesis-‐degradation'	  

Gibberellin	  2-‐
beta-‐dioxygenase	  

8	   2.5	   5.7	   0.0	  

maker-‐scaffold_3140|ref0022390-‐
exonerate_est2genome-‐gene-‐0.2	  

'hormone	  
metabolism.gibberelin.sy

nthesis-‐
degradation.GA20	  

oxidase'	  
Gibberellin	  20	  
oxidase	  2	   2.3	   3.1	   0.0	  

maker-‐scaffold_7191|ref0025967-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  
metabolism.gibberelin.sy
nthesis-‐degradation.GA2	  

oxidase'	  
Gibberellin	  2-‐

beta-‐dioxygenase	   2.2	   2.4	   0.0	  

maker-‐scaffold_5374|ref0030002-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.gibberelin.sy
nthesis-‐degradation.GA2	  

oxidase'	  
Gibberellin	  2-‐

beta-‐dioxygenase	   -‐2.6	   -‐1.9	   -‐7.2	  

Et
hy
le
ne
	  

maker-‐scaffold_24506|ref0041009-‐
exonerate_est2genome-‐gene-‐0.0	  

'secondary	  
metabolism.sulfur-‐

containing.glucosinolates.
synthesis.aliphatic.2-‐

oxoglutarate-‐dependent	  
dioxygenase'	  

2-‐oxoglutarate	  
(2OG)	  and	  Fe(II)-‐

dependent	  
oxygenase	  
superfamily	  
protein	  

-‐2.4	   -‐1.5	   0.0	  

maker-‐scaffold_3407|ref0035024-‐
exonerate_est2genome-‐gene-‐0.1	  

'hormone	  metabolism'	   acetone-‐
cyanohydrin	  

lyase	  

2.1	   2.1	   3.5	  

maker-‐scaffold_1054|ref0009183-‐
exonerate_est2genome-‐gene-‐0.2	  

'hormone	  
metabolism.ethylene.synt

hesis-‐degradation'	  

2-‐oxoglutarate	  
(2OG)	  and	  Fe(II)-‐

dependent	  
oxygenase	  
superfamily	  
protein	  

2.3	   2.0	   -‐1.8	  

maker-‐scaffold_14174|ref0020942-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.ethylene.synt
hesis-‐degradation.1-‐
aminocyclopropane-‐1-‐
carboxylate	  oxidase'	  

2-‐oxoglutarate	  
(2OG)	  and	  Fe(II)-‐

dependent	  
oxygenase	  
superfamily	  
protein	  

2.5	   5.8	   0.0	  

maker-‐scaffold_730|ref0019653-‐
exonerate_est2genome-‐gene-‐0.3	  

'hormone	  
metabolism.ethylene.sign

al	  transduction'	  

Integrase-‐type	  
DNA-‐binding	  
superfamily	  
protein	  

1.4	   3.0	   0.0	  

maker-‐scaffold_19592|ref0025930-‐
exonerate_est2genome-‐gene-‐0.0	  

'hormone	  
metabolism.ethylene.ind

uced-‐regulated-‐
responsive-‐activated'	  

Adenine	  
nucleotide	  alpha	  
hydrolases-‐like	  
superfamily	  
protein	  

18.6	   7.9	   0.0	  
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Fig.	   S4.1-‐	   Percentage	   of	   differentially	   expressed	   genes	   (DEGs)	   of	   different	  
comparisons	   classified	   based	   on	   primary	   ‘Molecular	   Function’	   and	   ‘Biological	  
Process’	  gene	  ontology.	  (a)	  Bar	  chart	  of	  organised	  DEGs	  based	  on	  ‘Biological	  Process’	  
GO	   category.	   (b)	   Bar	   charts	   of	   organised	   DEGs	   based	   on	   ‘Molecular	   Function’	   GO	  
category.	   Categories	   are	   as	   follows:	   GO:0060089	   (molecular	   transducer	   activity),	  
GO:0005215	   (transporter	  activity),	  GO:0016209	   (antioxidant	   activity),	  GO:0030528	  
(transcription	   regulator	   activity),	   GO:0005198	   (structural	   molecule	   activity),	  
GO:0003824(catalytic	   activity),	   GO:0005488	   (binding),	   GO:0031386	   (protein	   tag),	  
GO:0030234	  (enzyme	  regulator	  activity).	  
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Fig.	   S4.2-‐	   Percentage	   of	   differentially	   expressed	   genes	   (DEGs)	   based	   on	  
‘Molecular	   Function’	   GO	   category.	   Categories	   are	   as	   follows:	   GO:0003824	  
(catalytic	   activity),	   GO:0005488	   (binding),	   GO:0016301	   (kinase	   activity),	  
GO:0016740	   (transferase	   activity),	   GO:0016701	   (oxidoreductase	   activity),	  
GO:0004871	   (signal	   transducer	   activity),	   GO:0004872	   (receptor	   activity),	  
GO:0016209	   (antioxidant	   activity),	   GO:0022857	   (transmembrane	  
transporter	  activity).	  
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(DEGs)	  in	  each	  group	  of	  cell	  wall	  metabolism	  per	  total	  genes	  in	  the	  
group.	  
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The fundamental aim of this thesis was to detect molecular factors 

regulating the mutualistic symbiosis between Epichloë festucae and Lolium 

perenne. VelA and LaeA are two well-known regulators of different fungal 

development and metabolic processes. Some of these include fungal cell wall 

characteristics and hyphal morphology that have been previously implicated as 

important for compatible interaction between Epichloë and grasses. In addition 

they regulate secondary metabolism, which is an important feature of the symbiosis 

given the bioprotection conferred by fungal alkaloids. It was thus hypothesised that 

VelA and LaeA regulate E. festucae metabolism and development and successful 

symbiosis between E. festucae and perennial ryegrass. 

To test this hypothesis, velA and laeA were functionally characterised in 

vitro and their roles in the E. festucae interaction with Lolium perenne (perennial 

ryegrass) were determined.  
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In this final chapter key conclusions are presented, followed by 

suggestions for continuing research based on this work.  

5.1 Refining the core set of genes distinguishing mutualistic 

from antagonistic symbiotic states 

Recently, 182 genes in E. festucae were introduced as the core gene set 

distinguishing mutualistic from antagonistic symbiotic states in E. 

festucae/ryegrass interactions (Eaton et al., 2015). In the transcriptomics analyses 

presented in this thesis (either inoculated seedlings or mature infected plants) I 

found only a small proportion of DEGs common with these genes – less than 30%. 

I believe that these so-called core set genes are not covering all mechanisms 

involved in E. festucae/ryegrass interactions, possibly because the three 

antagonistic mutants that the core set genes were identified from are involved in 

similar processes – principally hyphal polarity. In this study by using ∆velA and 

∆laeA mutants that regulate different mechanisms than most previous studies on E. 

festucae/ryegrass interactions, we could refine this core set of genes. Finding a 

much higher number of small-secreted proteins (SSPs), well known for regulating 

plant-microbe interactions, between DEGs in our experiments comparing to core 

set genes supports our assumption.  

5.2 Studying seedling infection process is necessary to 

understand Epichloë/ryegrass interactions 

Although early stages of a plant-microbe interaction can define the future 

of the interaction, until now all studies on E. festucae/perennial ryegrass 

interactions focused on mature infected plants. Because perennial ryegrass is cross-

pollinating, the seedlings have different genetic backgrounds, as illustrated by the 

variability in stunting of mutant-infected mature plants. Possibly the surviving 

mature plants are the genotypes that are different from most of the other ryegrass 

genotypes that died during the infection process. Alternatively, during the early 

stage of interaction suppressor mutations in fungus or host may occur, allowing 

them to survive. Although the phenotypes able to be observed in mature plants will 

help to understand the mechanisms involved in the E. festucae/perennial ryegrass 

interactions, studying the seedling interaction stage is necessary for a full 
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understanding of the molecular detail of symbiosis in the “average” plant genotypic 

background.  

In this thesis, to detect some plant responses such as cell death, lignin and 

callose deposition and H2O2 production, some methods were developed. Using 

these methods higher levels of callose deposition and H2O2 production were 

observed in seedlings inoculated with ∆velA mutants (incompatible interaction) 

comparing to wild type (compatible interaction). In addition, higher levels of cell 

death and H2O2 production were detected with wild type fungi inoculation 

comparing with no fungi control, showing that even during compatible symbiosis 

interactions there are some plant responses that are somehow repressed by the 

fungi.  

Transcriptomics analyses of inoculated seedlings with ∆velA mutant fungi 

comparing with mature survived plants show different group of genes were 

differentially expressed in each condition with very small overlap in both fungi and 

host grass transcriptomes. Especially, gene expression in seedlings pointed to an 

increase of host plant responses of lignin deposition and ROS production. These 

high levels of responses are likely to lead to the low levels of infection and 

possibly responsible for seedling death. On the other hand, transcriptomics results 

of surviving mature infected plants with ∆velA mutant show a possible reduction of 

these responses, although as noted above these represent a reduced pool of host 

genotypes. These results suggest that different mechanisms are involved during 

each stage of E. festucae/perennial ryegrass interactions.  

Our histological and transcriptomics analyses results show the necessity of 

studying the early stages of E. festucae/perennial ryegrass interactions beside 

surviving plants.  

5.3 Deleting laeA causes a unique in planta hyphal 

morphology 

In most fungi VelA and LaeA regulate similar fungal processes and our in 

vitro studies also show similar roles for them in E. festucae. Although seedling 

death and infection results after inoculation with ∆velA and ∆laeA mutants were 
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both severe, interestingly, we observed very different in planta hyphal growth 

between ∆velA and ∆laeA mutants. Compared with other reported mutants in E. 

festucae that cause incompatible interactions in perennial ryegrass the ∆laeA 

mutant’s in planta hyphal growth was not similar with any other. This unique in 

planta growth phenotype was a high level of epiphyllous growth without obvious 

abnormality in endophytic growth. Although in some incompatible interactions of 

some mutants such as ∆noxA, ∆noxA/B and ∆noxR high levels of epiphyllous 

growth in infected plants were observed, in these interactions also abnormal 

endophytic hyphal growth was shown. It seems LaeA regulates in planta hyphal 

growth by a mechanisms that is different than VelA and other functionally 

characterised regulatory factors to date.  

Although I was not able to provide transcriptomics data of mature infected 

plants with the ∆laeA mutant to compare it with ∆velA mutant-infected plants, 

comparing transcriptomics results of seedlings inoculated with ∆laeA and ∆velA 

mutants showed differences in the genes regulated, albeit also with substantial 

overlap, as may be expected. These differences were in genes that encode proteins 

involved in different fungal and host metabolism categories, in the total number of 

DEGs and levels of fold changes, of secondary metabolism, transporters and SSPs. 

In addition, differences in the host seedling transcriptome inoculated with these 

two mutants were observed that possibly in combination with fungal 

transcriptomics changes caused the different growth in mature infected plants.  

5.4 Future directions  

5.4.1 Testing VelA and LaeA roles on sexual sporulation ability 

of E. festucae    

One of the well-known roles of VelA and LaeA is regulating sexual 

sporulation. Checking the sexual ability of Epichloë species is not possible to test 

in vitro and it only can be initiated during the floral development of the host plant 

by switching from restrictive endophytic growth to epiphytic growth and producing 

a stroma around the flag sheaf of the emerging inflorescence and eventually 

sterilising (“choking”) the plant’s tiller (Section 1.21.2). Although wild type E. 

festucae is not able to complete its sexual life cycle on perennial ryegrass, maybe 
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∆velA and ∆laeA mutants will be able to complete it and this needs to be tested 

especially for the ∆laeA mutant that caused increased epipyllous growth. E. 

festucae can cause choking and start the sexual life cycle on its natural hosts fine 

and hard fescue and these hosts also can be used to test the role of VelA and LaeA 

in the sexual life cycle.  

5.4.2 Tracking hyphal morphology during the early stages of 

plant infection   

As discussed above, studying seedlings during the interaction with E. 

festucae is necessary to understand mechanisms involved in E. festucae/perennial 

ryegrass interactions. One of the things that can be done is tracking the fungal in 

planta growth during the time after inoculation, which has not been done until now 

even in wild type interactions. Expressing a fluorescent protein such as green 

fluorescent protein and following them by confocal microscopy can be useful for 

this purpose.  

5.4.3 Experimental analysis to support transcriptomics results 

Transcriptomics results show differential expression in genes encoding 

proteins involved in different biological process such as plant responses, fungal 

and plant primary and secondary metabolism and hormone production. These 

results need to be tested experimentally, for example to examine plant responses in 

seedlings we developed methods to histologically test some of the plant responses 

but it should be done in the same time with transcriptomics analysis and in mature 

plants. Developing new biochemical methods to measure plant or fungal responses 

in the extracted apoplastic fluid also can be useful.  

Primary and secondary metabolites can be detected on isolated apoplastic 

fluids using mass spectrometry methods as we did for the alkaloids and also is 

reported in Dupont et al. (2015).   

Plant hormones can be detected with biochemical methods as was shown 

for salicylic acid (Eaton et al., 2015; Ambrose et al., 2015). Some hormones are not 

easy to detect biochemically and these need to be measured by indirect methods 
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such as counting stomatal closure for abscisic acid and trichome changes for 

gibberellins (Dupont et al., 2015).  

5.4.4 Functional analysis of candidate genes 

There are a large number of genes that are differentially expressed in 

∆velA and ∆laeA mutant infected plants that possibly play important roles in 

regulating Epichloë/grasses interactions. Almost none of these genes have been 

functionally analysed in E. festucae, especially SSPs, that are good candidates for 

functional analysis in order to understand E. festucae/perennial ryegrass 

interactions. The same methods used here for velA and laeA functional analyses 

can be used for these new candidate genes. Functional analyses of these candidate 

genes in future will elucidate other unknown mechanisms involved in 

Epichloë/grasses interactions.  
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Efficient targeted mutagenesis in Epichloë festucae using 

Gateway® split marker system 

 

 

 

 

The fungus Epichloë festucae (Ascomycota, Clavicipitaceae) is a plant-

protective endophytic symbiont of subfamily Pooideae temperate grasses that is 

broadly used in pastures for biological control against insect herbivores (Schardl, 

2010). E. festucae Fl1 has recently been used as a model organism for the 

molecular analysis of mutualistic interactions between fungal endophytes and 

grasses because it grows relatively faster than most of the other Epichloë strains 

and is easier to manipulate genetically by protoplast transformation (Scott et al., 

2012).  

One of the most powerful methods in molecular analyses is the reverse-

genetic approach of gene deletion for functional characterization of a gene of 

interest. Gene deletion by replacing the target gene with a selectable marker via 

site-specific recombination based on homologues recombination is one of the 

frequently used methods (Gravelat et al., 2012). The first obstacle for using this 

technique in fungal molecular studies is that by exception of Saccharomyces 

cerevisiae in the other fungi non-homologous end-joining (NHEJ) is the main 

process for repairing DNA double-strand break (DSB) that resulted high rate of 
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ectopic integration during the DNA transformation even with a long homologue 

sequence (Ninomiya et al., 2004; Xu et al., 2014). Generating mutant fungi with 

NHEJ deficiency is one of the first approaches that used to increase homologous 

recombination in fungi. The DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs), the Ku70–Ku80 heterodimer that by binding to DNA ends initiate 

NHEJ process, and the DNA ligase IV-Xrcc4 complex are the components of 

NHEJ machinery (Ninomiya et al., 2004). Strains with a deficient NHEJ, generated 

by disrupting the NHEJ machinery-encoding genes such as ku70 and ku80, 

increased the homologues recombination frequency to 50-100% in a broad range of 

fungi e.g. Aspergillus fumigatus, A. nidulans, Claviceps purpurea, Cryptococcus 

neoformans and Sordaria macrospora (Kuck & Hoff, 2010; Gravelat et al., 2012). 

Although this method has increased deletion efficiency but it was shown that Ku 

proteins are necessary for maintaining telomere length in yeast and plants and for 

keeping chromosome stability in mammals (Ninomiya et al., 2004; Meyer, 2008; 

Kuck & Hoff, 2010; Xu et al., 2014; Liu et al., 2015; de Sena-Tomás et al., 2015). 

Strains with NHEJ deficiency show higher sensitivity to various chemicals and 

irradiation comparing to wild type strain and also these strains are incompatible to 

Agrobacterium-mediated fungal transformation (Meyer, 2008; Kuck & Hoff, 2010; 

Liu et al., 2015). In Alternaria alternata it was shown ku70 had little or no 

influence on homologue recombination and also Δku70 comparing to wild type 

produce less pigments and conidia (Wang et al., 2010). In Coprinopsis cinerea 

mutant Δku70 could not develop fruiting body (Nakazawa et al., 2011). To remove 

these problems in some studies after deleting the targeted gene in a NHEJ deficient 

strain, the gene that caused NHEJ deficiency was retransferred back to the mutant. 

Apart from being a time consuming processes it is also a ectopic integration that is 

not favourable (Carvalho et al., 2010). In another approach to avoid the problem, 

instead of deleting NHEJ machinery genes, in some studies transiently silenced the 

genes using RNA based gene-silencing techniques (Nielsen et al., 2008; Carvalho 

et al., 2010). There are three RNA-based tools for gene silencing with advantage 

and disadvantages that reviewed in Meyer (2008). In antisense RNA method that 

pairing antisense RNA to the target RNA cause silencing, although is a simple and 

inexpensive method but sometimes because of the secondary structure of the 

antisense RNA it show low affinity to the target RNA. In hammerhead ribozymes 

method, hammerhead ribozymes specifically attach to the target RNA and by 
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cleaving it cause the gene silencing. This method shows a high specificity but it is 

a laborious method and in some cases low activity was observed. The last method 

is RNA interference (RNAi) that after expressing a double-stranded RNA 

homologue to the target gene, they will be diced to 21–25 bps long small 

interfering RNA (siRNA) molecules. This siRNAs after hybridizing to the target 

gene RNA, degrade them and cause gene silencing. RNAi is a method by high 

activity for gene silencing but it is possible only if the fungi have the component of 

gene silencing machinery (Meyer, 2008). RNAi silencing successfully used in one 

of the Epichloë species Epichloë uncinata, previously called Neotyphodium 

uncinatum (Spiering et al., 2005). 

In E. festucae Fl1 traditionally a targeted gene replacement method is used 

based on homologous recombination and using a construct that include a selectable 

marker, normally hygromycin phosphotransferase gene (hph), between left and 

right flanking regions of the targeted gene. The number of deleted genes in this 

method is normally between 1 to 25% of transformants even with flanking regions 

of ~3 kb. In this method also high number of transformants ectopically have the 

selectable marker gene that cause a hard mutant screening work (Scott et al., 2007). 

Targeted gene deletions in strains with disrupted NHEJ have not been tested in 

Epichloë species but because most of the secondary metabolic clusters in these 

fungi are in telomeric regions it seems this method would not be useful. In the 

close related fungi Claviceps purpurea deleting ku70 increase its sensitivity to 

antibiotics (Haarmann et al., 2008).  

Here we describe a pair of vectors for use in Epichloë that utilise the split 

marker strategy to greatly increase the number of homologous recombinants 

among transformants, without requiring any non-target gene mutations and repair.  

Two pDONR split marker vectors pMR1 and pMR2 were generated 

respectively by ligating 5ʹ′ (612 bp) and 3ʹ′ (942 bp) fragments, overlapping by 534 

bp, of the hph into a unique HpaI site in pDONR221 (Fig. 1b) adjacent to the attP 

site. These two fragments were amplified from pPAN7-1 (Fig. 1a) using primers 

MR1-F, MR1-R, MR2-F and MR2-R with HpaI site overhangs (Table 1). In one of 

each pair of primers (MR1-R and MR2-F) a NotI site was also engineered to 

facilitate linearization of the vectors. 



App.1 

	  

	  232	  

In order to test the utility of these plasmids, we generated deletion 

constructs for an E. festucae gene called ldcA (LysM domain containing) predicted 

to encode a small secreted LysM-domain-containing protein [EfM3.029340]. To 

generate knock out vectors pMR3 and pMR4, 5ʹ′ (2731 bp) and 3ʹ′ (2861 bp) 

flanking regions (Fig. 2a) of the ldcA gene were amplified (cycle 1 (1×), 98°C for 3 

min; cycle 2 (35×), 98°C for 10 s, 61°C for 30 s, 72°C for 1.5 min; cycle 3 (1×), 

72°C for 10 min) from genomic DNA extracted from freeze dried mycelium by 

Fleetwood et al 2007, using primers MR5-F, MR5-R, MR6-F and MR6-R with the 

appropriate attB sites (Table 1). The PCR products were cloned into vectors pMR1 

and pMR2 using Gateway® BP Clonase® II enzyme and transformed into 

Invitrogen One Shot® TOP10 cells according to manufacturer’s instructions and 

selected on 50 µg/ml kanamycin.  

E. festucae Fl1 protoplasts were prepared based on (Young et al., 2005) 

and been transformed with 2 to 5 µg of linearised plasmids based on (Vollmer & 

Yanofsky, 1986) with modifications (Itoh et al., 1994). After linearizing pMR3 and 

pMR4 using restriction enzyme NotI (New England BioLabs Inc., Ipswich, USA), 

5 µg of each were added to 100-µL protoplast aliquots followed by 2 µL of 50 mM 

spermidine and 5 µL of 0.5% heparin. The solution was mixed gently and 

incubated on ice for 30 min. A 900-µL aliquot of 40% PEG solution was added and 

the mixture incubated at room temperature for 20 min. Aliquots of 200 µL of this 

transformation solution were each mixed with 4 mL of molten 0.8% regeneration 

media (0.8% agar, 2.4% potato dextrose broth, 0.8 sucrose, pH 6.5 with NaOH) 

and overlayed onto petri dishes containing 1.5% regeneration media. The plates 

were incubated at 22°C overnight and the following day, plates were overlaid with 

4 mL of 0.8% regeneration media (cooled to 50˚C) containing hygromycin 

(Invitrogen) to give a final concentration of 200 µg/mL for the entire plate. The 

overlaid plates were incubated at 22˚C for 15-20 d. Transformant colonies that 

grew after this time were transferred to PDA plates with 200 µg/mL hygromycin 

and subcultured from the edge of the colony three times for nuclear purification.  

Transformants were screened by PCR using primers MR7-F & MR7-R that 

are amplifying whole the area from inside left to inside right flank, MR8-F & 

MR8-R for checking the presence of hph gene. Pair primers MR9-F, MR9-R and 

MR10-F, MR10-R to check the integration of whole right and left flanks 
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sequences, respectively. In addition, pair primers MR8-F & MR9-R and MR10-F 

& MR8-R used to check the site-specific replacement by amplifying out of right 

flank to hph gene and out of left flank to hph gene, respectively (Table 1 and Fig. 

2b). Southern hybridization was used to confirm deletion and integration of mutant 

construct by designing probes for the ldcA gene and knock out constructs by 

MR11-F and MR11-R (Fig. 2c). Genomic DNA was extracted from each 

transformants using of Al-Samarrai & Schmid (2000) method and around 3 µg of it 

after digesting by EcoRV restriction enzymes (Fig. 2a) were separated by agarose 

gel electrophoresis and then transferred to a positively charged nylon membrane 

(Hybond-N+; Amersham) by capillary transfer. DNA was fixed on the membrane 

by UV cross linking for 1 min using Gel Doc™ EZ System (Bio-Rad). The 

membrane was probed by DIG labelled probes generated from PCR product with 

DIG high prime DNA labeling and Detection Starter Kit II (Roche, Switzerland). 

The hybridization was done at 42°C overnight in DIG Easy Hyb buffer and after 

two stringency washes and blocking the non-hybridized areas by using blocking 

solution, the membrane was incubate with first and second antibodies (all 

mentioned steps been based on the DNA labeling and Detection Starter Kit II 

(Roche, Switzerland) protocol). To visualise the results, the membrane exposed for 

10 min to a Fuji LAS-4000 Imaging System (Fujitsu Life Sciences). 

Both testing with PCR (Fig 3a) and southern hybridization (Fig 3b) show 

correct deletion and replacement in transformants. This method also used to delete 

other genes and results show that deletion rate is between 31 to 74% depending on 

the targeted gene and the size of flanking sequences used in the deletion constructs 

(Table 2).  

In conclusion, this method comparing to the method that traditionally used 

in E. festucae has higher efficiency and easer screening work because of the lower 

number of transformants. In addition, because the vectors used in this method are 

based on the Gateway recombination system it also reduce the time required for 

generating deletion constructs. In addition, by using newer cloning technique such 

as Gibson Assembly systems even this process can be faster.  
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(a
)	  

Fig.	  1-‐	  Vector	  used	  for	  preparing	  DONOR	  vectors.	  (a)	  pPAN7-‐1	  used	  to	  prepare	  
hph	   fragments.	   (b)	   pDONR	   vectors	   pMR1	   and	   2	   designed	   for	   cloning	   ldcA	  
flanks.	   PgpdA	   =	   Aspergillus	   nidulans	   promoter	   from	   the	   gpdA	   gene;	   hph	   =	  
hygromycin	   resistance;	   pUC\Ori	   =	   origin	   of	   replication	   (pUC-‐type);	   ccdB	   =	  
control	   of	   cell	   death,	   lethal	   gene	   that	   targets	   DNA	   gyrase;	   rrnB	   T1	   =	  
transcription	   termination	   sequence;	   rrnB	   T2	   =	   transcription	   termination	  
sequence;	  attP1	  =	  attP	  recombination	  site	  1;	  attP2	  =	  attP	  recombination	  site	  2.	  

pMR2	  pMR1	  

(b)	  
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Fig.	  2-‐	  Overview	  of	  Gateway	  split-‐marker	  mutagenesis	  process	  and	  confirmation	  of	  deletion	  by	  PCR	  and	  
southern	   hybridisation	   analysis.	   (a)	   Physical	  map	   of	  wild-‐type	  genomic	   locus	  and	  ΔvelA	  mutant	   locus	  
and	   the	   deletion	   process,	   showing	   restriction	   sites	   for	   EcoRV,	   primers	   for	   deletion	   screening	   and	  
replacement.	   (b)	   PCR	   screening	   of	   deletion	   in	   different	   strains	   (c)	   Southern	   blot	   results	   of	   EcoRV	  
digestion	  of	  different	  strains	  by	  using	  probes	  shown	  in	  a.	  
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Table	   1-‐	   Organisms,	   plasmids	   and	   primeres	   used	   in	   this	   study.	   (a)	  
Organisms	   and	   plasmids.	   (b)	   Primers	   used	   in	   this	   study.	   Red	   highlight	  
indicate	   the	  HpaI	   cut	  site;	  green	  highlight	   indicate	  NotI	   cut	  site;	  yellow	  
highlight	  indicate	  the	  attB1	  overhang	  sequences;	  blue	  highlight	  indicates	  
attB2	  overhang.	  

(a)	   	   	  
Organism/Strai
n	   Characteristics	   Reference	  

E.	  coli	   	   	  

DH5α	   F–,	  φ80lacZ,	  ΔM15,	  Δ(lacZYA-‐argF),	  U169,	  recA1,	  endA1,	  
hsdR17	  (rk–,	  mk–),	  phoA,	  supE44,	  λ–,	  thi-‐1,	  gyrA96,	  relA1	  	   Invitrogen	  

E.	  festucae	  	   	   	  

Fl1	   Wild-‐type	   AgResearch	  

ΔldcA	   Fl1/ΔldcA::PtrpC-‐hph-‐TtrpC;	  HygR	   This	  study	  

Plasmid	   Characteristics	   Reference	  
pCR™-‐Blunt	  II-‐
TOPO®	  

KanR;	  ZeoR;	  LacZα-‐ccdB	   Invitrogen	  

Modified	  
Gateway®	  
pDONR	  221	  

pUC/Ori-‐attP1-‐ccdB-‐Cam-‐	  attP2;KanR;CamR	   Thermo	  Fisher	  
Scientific	  
	  

pAN7-‐1	   PgpdA-‐hph-‐TtrpC;	  HygR	   (Punt	  et	  al.,	  1987)	  

pMR1	   Modified	  Gateway®	  pDONR	  221	  containing	  of	  942	  bp	  of	  3’	  
end	  of	  hygR	  gene	  

This	  study	  

pMR2	   Modified	  Gateway®	  pDONR	  221	  containing	  of	  1124	  bp	  of	  5’	  
end	  insert	  of	  hygR	  gene	  

This	  study	  

pMR3	   pMR1	  containing	  of	  2693	  bp	  of	  3’	  flank	  of	  ldcA	  gene	   This	  study	  

pMR4	   pMR2	  containing	  of	  2800	  bp	  of	  5’	  flank	  of	  ldcA	  gene	   This	  study	  

(b)	  
Primers	   Sequence	  

MR1-‐F	   AAAGTTAACTAAAATCCGCCGCCTCCACC	  

MR1-‐R	   AAAGTTAACGCGGCCGCCGTCAGGACATTGTTGGAGC	  

MR2-‐F	   AAAGTTAACGCGGCCGCTCGGAGGGCGAAGAATCTCG	  

MR2-‐R	   AAAGTTAACCGAGTGGAGATGTGGAGTGG	  

MR5-‐F	   GGGGACAAGTTTGTACAAAAAAGCAGGCTTA	  GACGCTCTTCCCTTCTTGAG	  

MR5-‐R	   GGGGACCACTTTGTACAAGAAAGCTGGGTA	  CCTGACCAGTCTCCTCATCTC	  

MR6-‐F	   GGGGACCACTTTGTACAAGAAAGCTGGGTAGAATGCATGGTGACGAAAGAC	  

MR6-‐R	   GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCAGTTGAGCGCATTTTGG	  

MR7-‐F	   TCTTTGACAACGAACGGATAGG	  

MR7-‐R	   GCCCATGTTTGCAGAATTATCC	  

MR8-‐F	   ACTCACCGCGACGTCTGT	  

MR8-‐R	   GGCGTCGGTTTCCACTATC	  

MR9-‐F	   GGGCGTCAAGAACCTTTACC	  

MR9-‐R	   CCAACAAGACTGCGAAACG	  

MR10-‐F	   GGAACCAGAAACCAGCTTACC	  

MR10-‐R	   CCCACCGATGCCATCTATCC	  

MR11-‐F	   GCCACGTCGACAGTTTATGG	  

MR11-‐R	   GCCGTACGTACCTGTTTCG	  

MR12-‐F	   TCACGGCTTCTTCCTTTTCG	  

MR12-‐R	   GTCGCGTGCAAATCTTAACC	  



App.1 
	  

	   237	  

	  
	  
	  
	  
	  
	  
	  
	  
	  

Table	  2-‐	  Results	  of	  using	  deletion	  method	  in	  different	  genes	  of	  Epichloë	  festucae	  	  
Disru
pted	  
gene	  	  

Approx.	  µg	  
each	  

fragment	  

fmoles	  each	  
fragment	  

Approx	  
kb	  frags	  

No.	  
transformants/

µg	  DNA	  /	  
number	  of	  
protoplasts	  

PCR	  screen	  
no.	  

positives/no.	  
checked	  

%	  
containing	  
targeted	  
mutation	  
(PCR)	  

ldcA	   5	   2800,	  2693	   2.67,	  2.8	   1.60	  ×	  10-‐8	   8/12	   66.67	  

sidN	   0.65	   200	   4.5,	  5.5	   4.62	  ×	  10-‐6	   6/18	   33.33	  

hapX	   0.3	   100	   4	   1.33	  ×	  10-‐5	   14/20	   70.00	  

sidA	   3.5	   1200	   4	   1.14	  ×	  10-‐6	   17/23	   73.91	  

wscA	   5	   3080,	  5140	   2.5,	  1.5	   1.12	  ×	  10-‐6	   5/16	   31.25	  

midA	   5	   5140,	  3080	   1.5,	  2.5	   1.44	  ×	  10-‐6	   6/16	   37.5	  
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