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1. Introduction 

1.1 Fusarium graminearum and Fusarium Head Blight 

Global food and feed production is constantly threatened by pathogenic microorganisms, 

animals, and weeds. It is estimated that all of these threats combined are lowering global 

agricultural productivity by 20-40% (Oerke, 2006). A major portion of this damage is dealt 

by phytopathogenic fungi. Calculations done by Fisher et al. (2012) estimate that fungal 

diseases of five important global crops (rice, wheat, maize, potatoes, and soybean) 

potentially lead to losses that would be able to feed 8.5% to up to ϲϭ% of the ǁoƌld͛s 
population. With regard to the global population growth, finding an answer to this 

problem has become one of the most prominent challenges of bio-science.  

The necrotrophic, filamentous ascomycete Fusarium graminearum [teleomorph 

Gibberella zeae (Schwein.)] is a devastating pathogen of all major cereal crops and the 

main cause of Fusarium Head Blight (FHB) in wheat (Triticum aestivum) and barley 

(Hordeum vulgare) as well as ear rot in maize (Zea mays) (Figure 1). These diseases render 

the infected plants useless for food and feed purposes due to reduced test weight 

(Windels, 2000) and an accumulation of fungal mycotoxins in the grain, some of which are 

harmful to both animals and humans.  

 

Figure 1: Symptoms of Fusarium Head Blight (FHB) on wheat (left) and ear rot on maize (right). 

Phenotypes of non-infected plants (H2O) and infected plants (Wildtype) are shown. Infected wheat heads 

show premature bleaching in infected spikelets. Infected maize cobs are covered by white mycelia and 

show dark coloured kernels. 
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The mycotoxins deoxynivalenol (DON) and zearalenone (ZEA) are worth emphasizing as 

theǇ aƌe the ŵaiŶ ƌeasoŶs foƌ the fuŶgus͛ toǆiĐitǇ. The tƌiĐhotheĐeŶous toǆiŶ DON, also 
known as vomitoxin, inhibits protein biosynthesis at the ribosomes (Rocha et al., 2005) 

and causes nausea and vomiting when ingested (Pestka, 2010; Wu et al., 2014). Notably, 

DON constitutes an important virulence factor as it is involved in the effective spread of 

the fungus in plant tissue. The estrogenic polyketide ZEA has structural similarities with 

oestrogen and can bind to the respective receptors which may lead to hyperoestrogenism 

(Haschek & Voss, 2013). Both molecules are heat stable and remain active after 

sterilisation and processing of the contaminated grain, resulting in symptoms in humans 

and livestock (Desjardins & Proctor, 2001; Chen et al., 2017).  

F. graminearum relies on a warm and humid climate during host anthesis for infection. 

Sexual ascospores or asexual conidiospores (conidia) are spread by wind, insects, rain, or 

irrigation, and land on flowering ears where they germinate. Growing hyphae penetrate 

the plant surface and proceed radially growing inside the host, causing necrosis of host 

cells and using the dead plant material as nutrition. Symptoms include water soaking 

followed by premature bleaching of wheat florets (Trail, 2009). In late infection stages, 

also after harvest, the fungus develops sexual reproductive organs (perithecia) in which 

ascospores are produced. It overwinters as mycelia or spores in crop residues, seeds, or in 

the soil. During springtime, ascospores are produced in newly formed perithecia on crop 

residues which constitute the major portion of the primary inoculum during the infection 

period (Wegulo, 2012). F. graminearum finds favourable conditions in southern Europe, 

China, South America, Australia, and the USA (McMullen et al., 2012) while colder regions 

such as central and northern Europe are dominated by the closely related species 

Fusarium culmorum (Kosiak et al., 2003; Wagacha & Muthomi, 2007). Besides climatic 

conditions, disease outbreaks are influenced by crop sequence, cultivar, and soil 

management (Evans et al., 2010; Scala et al., 2016).   

The first FHB epidemic being officially published in 1890 in Indiana, USA (Arthur, 1891), 

reporting crop damage of up to 80%, further epidemics were reported throughout the 

20th century with increasing severity and frequency especially in the USA and China 

(Atanasoff, 1920; Dickson, 1929 and 1942; Vestal et al., 1964; Moschini & Fortugno, 1996; 

Nganje et al., 2004; McMullen et al., 2012). During the last decade, in some areas in South 

America and China more than half of the local crop production has been destroyed by 

recurring Fusarium Head Blight epidemics (Yang et al., 2008; Pereyra & Lori, 2013). 

Protective measures against the disease are scarce. Highly resistant crop cultivars are not 

commercially available and the use of fungicides is cost intensive and problematic due to 

the narrow time window in which application is profitable (Gilbert & Haber, 2013; Cowger 

et al., 2016). These reports demonstrate that F. graminearum is still posing a global threat 

for agriculture and underline the need for further knowledge about the molecular basis of 

its infection process.   
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During infection F. graminearum forms different specialised epiphytical hyphal structures 

on the plant surface. Elongate non-invasive runner hyphae (RH) form an evenly 

distributed network covering the plant tissue. Invasive cells can be divided into three 

morphological classes (Boenisch & Schäfer, 2011): foot structures, lobate appressoria, 

and infection cushions (IC). Foot structures are formed when RH release short side 

branches which form small swellings directly on the plant surface and penetrate the 

cuticle. They are the first infection structures formed by F. graminearum and can be 

observed during the initial colonisation stage (infection stage I). Lobate appressoria are 

more complex multicellular infection structures formed by aggregation of hyphae. The 

most complex multicellular infectious organs are infection cushions (ICs) which are 

thought to ďe the fuŶgus͛ ŵost important tools for host invasion. They are formed by 

highly branched and agglomerated hyphae and cause multiple penetration events 

underneath them. Lobate appressoria and ICs belong to the class of compound 

appressoria and are formed during the main infection stage (infection stage II) (Boenisch 

& Schäfer, 2011; Bormann et al., 2014). 

 

Figure 2: Scanning electron microscopy pictures of infection structures of F. graminearum on wheat 

palea. A: Mainly unbranched runner hyphae (RH) cover the plant surface. B: Small side branches form foot 

structures which are able to penetrate the plant cuticle. C: Lobate appressoria are further differentiated 

infection structures consisting of aggregated hyphae. D: Infection cushions (ICs) constitute the most 

complex infection structure of F. graminearum. They consist of multiple highly branched cells and penetrate 

the plant surface at multiple sites. 
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1.2 Transcriptomic data of the early infection stage 

The exact molecular mechanisms leading to the initiation of infection structures still 

prove to be elusive. In previous work cDNA libraries of dissected RH, IC, and in-culture 

grown mycelia were established to gain further insight into gene regulatory processes 

(Mentges et al., unpublished data). RNAseq-based transcriptomic and functional analysis 

revealed major transcriptional rearrangements in the three types of hyphae (Mentges et 

al., unpublished data). Specific upregulation of putative virulence factors in ICs underlined 

their status as the major invasive structures of F. graminearum. Gene expression of DON, 

iron chelating siderophores, effector proteins, cell wall degrading enzymes, and enzymes 

involved in the metabolism of reactive oxygen species (ROS) is upregulated in ICs 

compared to RH and in-culture grown mycelia. The analysis of ROS-related enzymes was 

one of the core tasks of this thesis. An indication for the significance of ROS and ROS-

related enzymes in the infection process of F. graminearum has been found previously by 

Mentges & Bormann (2015) who demonstrated an accumulation of the ROS H2O2 in ICs. 

1.3 Oxygen and reactive oxygen species (ROS) 

This thesis revolves entirely around the topic of ROS which are therefore introduced 

further in the following sections. Eaƌth͛s atŵospheƌe ĐoŶsists of 21% molecular oxygen, 

or dioxygen (O2), which is used as an electron acceptor, and therefore as a reduction 

equivalent, by aerobic organisms. The energy potential of oxygen-dependent complete 

substrate oxidation is about 18 times higher compared to glycolysis (Cadet & Davies, 

2017). While oxygen is commonly considered to be a highly reactive molecule it is 

abundant in the atmosphere without causing detrimental oxidative reactions with organic 

compounds in its vicinity. The reason for this lies in the special chemical properties of 

molecular oxygen. Its unique feature is that it exists in a triplet ground state (3O2) which 

distinguishes it from most other molecules that exist in the singlet state. Reactions 

between triplet and singlet molecules are energetically unfavourable (Hrycay & Bandiera, 

2012). Large intrinsic resonance stabilisation energy protects dioxygen from 

polymerisation and from reaction with organic molecules (Borden et al., 2017). Therefore, 

molecular oxygen itself is comparably unreactive despite the fact that 3O2 has two 

unpaired electrons making it a diradical. Through energy or electron transfer, however, it 

tends to form reactive oxygen species (ROS), e.g. during the reduction of O2 to H2O in the 

course of the mitochondrial electron transport chain (Equation 1).  

 

Equation 1: Sequential reduction of molecular oxygen to water. Transfer of one electron (e
.
) to molecular 

oxygen (O2) generates superoxide (O2
•−

). This is further reduced to hydrogen peroxide (H2O2) by the transfer 

of another electron to superoxide. Two further electron transfer steps reduce hydrogen peroxide to 

hydroxyl radical (OH·) and hydroxyl radical to water (H2O). 
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Four electrons are necessary for complex IV of the breathing chain to completely reduce 

molecular oxygen to water. The electron transport chain runs only at 97-99% efficiency 

which results in an electron leak at the FMN cofactor in complex I and the heme bL 

cofactor in complex III (Liu et al., 2002; Kussmaul & Hirst, 2006; Jastroch et al., 2010). 

These electrons are capable of reducing dioxygen to the radical superoxide (O2
•−) which 

can spontaneously dismutate to hydrogen peroxide and oxygen (Equation 2). 

 

Equation 2: Spontaneous dismutation of superoxide (O2
•−

). Superoxide reacts with a proton (H
+
) 

generating a perhydroxyl radical (HO2·). Two perhydroxyl radicals can react generating hydrogen peroxide 

(H2O2) and molecular oxygen (O2). 

H2O2 is more stable than superoxide and is generally considered membrane permeable. It 

is also the substrate for the Fenton-reaction during the course of which H2O2 reacts with a 

transition metal such  as iron or copper forming the hydroxyl radical (OH·) (Equation 3). 

OH· is the most unstable and most reactive of all ROS. Within a radius of about 2 nm it 

can react with nucleic acids, proteins, carbohydrates, and lipids.  

 

Equation 3: The Fenton-reaction. In presence of transition metal ions (Fe
2+

) the relatively stable hydrogen 

peroxide molecule (H2O2) is converted to a hydroxyl ion (OH
-
) and a highly reactive hydroxyl radical (OH·) 

1.3.1 Benefits and dangers 

The high reactivity of ROS, not only the hydroxyl radical, constitutes the danger these 

molecules can pose for all living organisms. ROS can react with DNA in multiple ways 

leading to more than 100 known modifications (Dizdaroglu, 1992). They can cause radical 

forming chain reactions when reacting with lipids and potentially inhibit or alter protein 

functions upon reactions with amino acids (Cooke et al., 2003; Møller et al., 2007). 

Together, the influence of ROS upon cellular components is potentially fatal leading to 

destructive chain reactions, consequential cell death, and aging of the organism. 

However, despite their toxicity ROS are of fundamental importance for the metabolism of 

every living organism. While toxic when accumulated, ROS in small amounts represent 

signalling molecules for cellular differentiation and development (Scott & Eaton, 2008). 

They are capable of oxidizing sulphur-containing groups such as cysteine residues in 

proteins, thereby potentially influencing the activity of phosphatases and transcription 

factors. Often, regulatory activity of ROS is indirect; e.g. instead of directly reacting with 

less reactive target molecules, H2O2 oxidizes highly reactive proteins such as 

peroxiredoxin which in turn oxidises the target molecule serving as an adapter protein 

(Winterbourn & Hampton, 2008).  
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The Janus-head character of ROS forced aerobic life forms to develop a sophisticated 

system of ROS-producing and –scavenging enzymes and transcriptional regulation in the 

course of evolution in order to avoid deleterious oxidation of cellular components. An 

arsenal of enzymatic and nonenzymatic defence systems protects cells from detrimental 

ROS-damages. Glutathione, phytochelatins, ascorbic acid, polyamines, flavonoids, 

alkaloids, or carotenoids all belong to the nonenzymatic defence systems (Jamieson, 

1998). The enzymatic systems consist of two defence lines. Superoxide dismutase (SOD) 

catalyses the dismutation of superoxide to H2O2 which takes place 10,000 times faster 

than the spontaneous dismutation described above (Fridovich, 1983). Various 

peroxidases such as catalase, glutathione peroxidase, and peroxiredoxin convert H2O2 to 

H2O. These proteins usually get recycled afterwards through reduction using an electron 

donor such as NADPH. Under physiological steady state conditions cells are therefore able 

to maintain a favourable ROS-equilibrium through tight balancing of ROS-production and 

ROS-scavenging. A disruption of this balance leads to oxidative stress.  

1.3.2 ROS in plant-microbe interactions 

ROS are of major importance for both sides of plant-pathogen interactions as a defence 

molecule and aggressive agent. Plant membrane-associated respiratory burst oxidase 

hoŵologues ;RBOHsͿ pƌoduĐe the ŵajoƌitǇ of ROS ŶeĐessaƌǇ foƌ the plaŶt͛s fiƌst liŶe of 
defence against aggressors, the oxidative burst (Torres et al., 1998). This rapid production 

of ROS is separated into two phases. The first one occurs within minutes after sensing a 

pathogen, is transient and low in amplitude. The second one can be observed hours after 

the contact and is sustained (Piedras et al., 1998; Grant & Loake, 2002; Able, 2003). In 

both pathogenic and mutualistic interactions between plants and other kingdoms the 

second phase of this defence mechanism is not observed and putatively suppressed as 

suggested by Shaw and Long (2003). The ROS-production itself is the earliest part of the 

pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI). Apart from 

poisoning the aggressor, ROS additionally take part in cell wall strengthening and function 

as second messenger. The latter leads to induction of pathogenesis-related proteins and 

phytoalexins as well as apoptosis of neighbouring cells. Along with ROS, fungi are forced 

to deal with plant-produced antifungal xenobiotics such as benzoic acid and isoeugenol 

(Lah et al., 2011).   

Different pathogenic fungal lifestyles brought forth different strategies of dealing with the 

PTI but all have in common that gaining control over the ROS-level in the area of contact 

between pathogen and host is pivotal for a successful invasion. Previous studies 

demonstrated the importance of ROS for phytopathogenic fungi: Mentges and Bormann 

(2015) used ratiometric imaging with F. graminearum ICs expressing the H2O2-sensitive 

reporter HyPer to demonstrate that ICs contain higher levels of H2O2 compared to RH. 

Nguyen et al. (2012) could show that the stress-activated MAP kinase (SAPK) FgOS-2 from 

F. graminearum orchestrates ROS generation and detoxification. Lack of FgOS-2 or of the 

FgOS-2 controlled transcription factor FgAtf1 which are involved in the regulation of 

catalases cause defects in pathogenic development and stress responses (Nguyen et al., 
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2012; Nguyen et al., 2013; Mentges et al., unpublished results). Deletion of the 

superoxide-producing NADPH-oxidases NoxA and NoxB in F. graminearum leads to 

impaired pathogenicity (Wang et al., 2014). For other plant pathogenic fungi the 

literature shows a dependency on ROS as well. The biotroph Ustilago maydis is reliant on 

its ability to detoxify ROS in order to be fully virulent. Mutants of U. maydis unable to 

express the regulator Yap1p which mediates oxidative burst response (Toone & Jones, 

1999) are impaired in virulence. This defect can be restored by inhibiting the ROS-

producing NADPH-oxidase (Nox)-complex (Molina & Kahmann, 2007), showing the 

opposite effect as in F. graminearum. Similarly, deletion of the transcription factor Cptf1 

of the biotroph Claviceps purpurea that controls the expression of multiple ROS-

scavenging enzymes leads to an oxidative burst-like reaction which is usually not 

observed inside plant tissue during infection of the wildtype fungus (Nathues et al., 2004). 

Deletion of the histidine kinase CpHK2, a homologue of the oxidative stress sensor 

SpMAK2/3 of fission yeast, significantly lowers virulence of C. purpurea (Nathues et al., 

2007). These examples demonstrate that biotrophic pathogens need to circumvent the 

plant defence response by ROS detoxification. The same is true for endophytes and other 

beneficial symbionts (Abbà et al., 2009; Kapoor & Singh, 2017). A different approach can 

be observed in necrotrophic pathogens. The necrotrophic grey mould fungus Botrytis 

cinerea causes a strong oxidative burst during all phases of infection (Schouten et al., 

2002; Lyon et al., 2004). The dependency of this fungus on a beneficial ROS-equilibrium 

and at the same time the difference in ROS-dependency between biotrophic and 

necrotrophic fungi has been elegantly demonstrated by experiments with hypersensitive 

reaction-deficient Arabidopsis mutants (Tiedemann, 1997). The author observed that the 

virulence of B. cinerea correlates directly with the amount of ROS in the leaf tissue during 

infection. Indeed, almost no lesions were formed during infection of hypersensitive 

reaction-deficient plants. When co-infecting those plants with B. cinerea and the 

hypersensitive reaction-causing bacteria Pseudomonas syringae the fungus regains its 

virulence. This suggests that B. cinerea relies on a certain ROS concentration to be fully 

virulent which has been shown with other hosts as well (Asai and Yashioka, 2009). Similar 

results have been published for other necrotrophic fungi such as Sclerotinia sclerotiorum 

(Williams et al., 2011), Alternaria solani (Kobayashi et al., 2012), Fusarium oxysporum (Bai 

et al., 2013), Colletotrichum coccodes (Alkan et al., 2009), and Aphanomyces euteiches 

(Kiirika et al., 2012). While these findings seem to demonstrate a general rule regarding 

necrotrophic plant pathogen interactions, they do not apply for all examples of 

necrotrophic growth. The virulence of S. tritici for instance is enhanced by the addition of 

catalase during its necrotrophic infection phase (Shetty et al., 2007). Also, the character 

of the host-ROS-fungus relationship relies on timing. In initial stages of infection 

necrotrophic fungi are susceptible to ROS and can be inhibited in virulence by ROS 

production, contrary to their later dependency on high ROS-concentrations (Walz et al., 

ϮϬϬϴ; L͛HaƌidoŶ et al., ϮϬϭϭ; Williaŵs et al., ϮϬϭϭͿ as suggested ďǇ the ƌesults of ZhaŶg et 
al. (2012). This highlights the importance of differentiating between early and later 

colonisation phases of necrotrophic fungi. 
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1.4 ROS-related enzymes 

The evident significance of ROS for F. graminearum pathogenicity led to the assumption 

that enzymes which are involved in the production or detoxification of ROS would 

consequentially be of similar importance for the fungus. Below, the enzyme classes that 

share this characteristic and were investigated in this study are described starting with 

the large enzyme family of oxidoreductases, which comprises the vast majority of studied 

enzymes, followed by cupredoxins and metallothioneins which exhibit a more indirect 

influence on cellular ROS.  

 

1.4.1 Oxidoreductases 

The term oxidoreductase comprises all enzymes catalysing the transfer of electrons from 

an electron donor molecule to an electron acceptor molecule, usually with the help of a 

cofactor such as heme, flavin and metal ions. In biochemistry oxidoreductases can be 

subdivided into oxidases, peroxidases, oxygenases/hydroxylases, and 

dehydrogenases/reductases (Xu, 2005). It has to be noted in this respect that redox 

reactions are usually reversible; for example an enzyme categorised as a reductase may 

function as an oxidase given suitable conditions. In fact, most of the enzyme classes 

described below exhibit multiple activities that would usually be described with the name 

of a different enzyme class. This functional redundancy and interchangeability between 

different classes of oxidoreductases makes the nomenclature in this regard somewhat 

imprecise. During all electron transfer reactions that are catalysed by these enzymes 

radical intermediates are generated which can - mostly unintentionally - get released. 

Therefore, all oxidoreductases are to some extent involved in the ROS metabolism of the 

cell. The following list starts with those oxidoreductases which have a direct impact on 

the Đell͛s oǆidatioŶ leǀel ǁith ROS ďeiŶg iŶǀolǀed diƌeĐtlǇ iŶ the ƌeaĐtioŶs they catalyse 

(superoxide dismutases, peroxidases, catalases, one-electron- and two-electron-

transferring oxidases), followed by those oxidoreductases that have an indirect influence 

on the oxidation level, either by oxidation of the substrate using oxygen (four-electron-

transferring oxidases) or dinucleotide cofactors (dehydrogenases) as the electron 

acceptor or by insertion of oxygen into the substrate (oxygenases/hydroxylases). 

 

Superoxide dismutases (SOD) 

The enzymatically catalysed dismutation of O2
•− to H2O2 represents the first line of 

defence against oxidative stress. An alternative term for SOD is superoxide:superoxide 

oxidoreductase. The active centre carries a metal atom according to which these enzymes 

are classified. To date, manganese SODs (MnSOD), copper/zinc SODs (CuZnSOD), iron 

SODs (FeSOD), and nickel superoxide dismutases (NiSOD) are described. The dismutation 
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process is catalysed via sequential reduction and oxidation of the metal centre during the 

course of which O2
•− is gradually reduced and oxidised (Abreu & Cabelli, 2010). In 

Eukaryotes the most abundant SOD is CuZnSOD which can be found in the cytosol, the 

chloroplast, and the extracellular space. MnSOD is usually found in mitochondria, FeSOD 

in chloroplasts, while NiSOD has not been found in Eukaryotes thus far. In prokaryotes all 

four types can be found (Abreu & Cabelli, 2010).  

 

Peroxidases 

The term peroxidase encompasses a large diversity of different enzymes all of which 

share the ability to catalyse the reduction of peroxides (Equation 4) in order to oxidise a 

wide array of inorganic or organic substrates.  

 

Equation 4: Reduction of peroxides. The peƌoǆide suďstƌate ;ROOR͛Ϳ is split at the O-O bond by reduction 

of both oxygen atoms. The donors of the reduction equivalents (2e
-
 and 2H

+
) are oxidised in this process. 

Many peroxidases use an oxygen-binding heme complex as a prosthetic group (e.g. 

horseradish peroxidase) but there are also cofactor-free variants using redox-active 

cysteine or selenocysteine residues (glutathione peroxidase, peroxiredoxin). In rare cases 

vanadate is used as a cofactor (Vilter, 1995). 

Despite their common function of eliminating H2O2, peroxynitrite, and other peroxides, 

peroxidases are not to be regarded only as antioxidant enzymes. The reduction catalysed 

by heme-peroxidases is often achieved by one-electron transitions potentially turning the 

substrate into a radical. With the exception of catalases, heme-peroxidases are therefore 

generally prone to promote oxidative damage (Flohé & Ursini, 2008). On the other hand, 

peroxidases using selenium or sulphur as catalysing agents usually induce two-electron 

transitions which abolish the risk of producing free radical intermediates. With 

hydroperoxides as oxidizing agents these enzymes do lower oxidative stress; however this 

antioxidative function is often subordinate compared to the physiological role of 

substrate oxidation.  

Lignin-peroxidases are secreted heme-containing peroxidases that catalyse the oxidative 

cleavage of ẞ-1 linkages in lignin while reducing H2O2 to H2O. While these enzymes are of 

high interest for biotechnology due to their potential for the industrial biodegradation of 

wood (Kimura et al., 1990; Hammel & Cullen, 2008) it seems likely that they are involved 

in plant-invasion although sources regarding this matter are scarce.  

Chloroperoxidases are heme-containing peroxidases that belong to the subgroup of 

haloperoxidases which catalyse the oxidation of halides by hydrogen peroxide. The 

oxidised halide can replace a hydrogen atom of the organic substrate compound, a 

process called halogenation (Equation 5). Haloperoxidases are divided into 
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iodoperoxidases which are able to oxidize I-, bromoperoxidases which are able to oxidize 

I- and Br-, and chloroperoxidases which are able to oxidize I-, Br-, and Cl-. Apart from 

halogenation chloroperoxidases catalyse a variety of reactions such as peroxidation or 

oxygenation, and have been shown to be involved in fungal delignification processes 

(Ortiz-Bermúdez et al., 2003). The highly electrophilic chlorine species generated via the 

oxidation of Cl- by chloroperoxidases react with the electron-rich aromatic rings of lignin 

(Dence, 1971). Correspondingly, soil, litter, and decayed wood contain high-molecular-

weight chloroaromatics (Flodin et al, 1997; Myneni, 2002).  

 

Equation 5: Halogenation of an organic substrate (R) with concomitant reduction of H2O2. The negatively 

charged electrophilic halogen (in this case chlorine, Cl
-
) replaces the hydrogen atom of the substrate 

molecule. Together with a free H
+
 ion the hydrogen atom is used to reduce H2O2 to 2 water molecules 

(2H2O). 

Catalases 

Catalases belong to the peroxidase enzyme group. The unique feature of these enzymes is 

the specificity to H2O2 as both electron donor and electron acceptor. Catalases catalyse 

the degradation of two H2O2 molecules to O2 and H2O (Equation 6). One of the H2O2 

molecules is reduced to H2O and one is oxidised to O2. The eŶzǇŵe͛s ĐofaĐtoƌ ;usuallǇ 
heme) first provides an electron for the reduction process (Fe3+ to Fe4+ in case of heme) 

which it retrieves during the oxidation process (Fe4+ to Fe3+ in case of heme) returning to 

the initial state.  

 

Equation 6: Reduction of hydrogen peroxide (H2O2) by catalase. Through the successive reaction of 

catalase two H2O2 molecules are reduced to molecular oxygen (O2) and 2 water molecules (2H2O). 

The turnover frequency and catalytic efficiency of this group are among the highest of all 

enzymes in nature (Heck et al., 2010). Catalases can be divided into three classes: heme-

containing monofunctional catalase or typical catalase, heme-containing bifunctional 

catalase-peroxidase, and pseudocatalase or Mn-catalase (Zhang et al., 2010). The pure 

antioxidative function and high turnover rate of monofunctional catalase make it a pivotal 

enzyme for oxidative stress resistance. 

 

Oxidases 

Oxidases catalyse the oxidation of their substrate using dioxygen as the electron acceptor. 

Depending on the number of electrons transferred to dioxygen the reaction product 

varies between different types of oxidases. Transfer of one electron to dioxygen leads to 

the production of superoxide (NADPH-oxidase, see below), transfer of two electrons leads 
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to hydrogen peroxide (e.g. xanthine oxidase), and transfer of four electrons leads to 

water (e.g. cytochrome c oxidase). While the transfer of one or two electrons always 

generates ROS, the production of ROS is possible by oxidases usually transferring four 

electrons as well when the reduction of oxygen gets attenuated and the radical 

intermediates are released. This potential for an unintended generation of ROS is in fact 

innate to all oxidoreductases since the sequential transfer of electrons is coupled to the 

production of unstable intermediates which usually get processed to stable products in a 

controlled manner by the enzymes. 

The Nox-complex 

A unique oxidase type that needs to be introduced specifically due to its important role in 

this study is the multicomponent NADPH oxidase enzyme complex (Nox) which plays a 

major role in the redox homeostasis of animals, plants and fungi. Nox couples one 

electron from NADPH to molecular oxygen, thereby producing superoxide. It is the only 

known cellular machinery whose sole purpose is the generation of ROS and the most 

important enzymatic ROS generating system (Bedard & Krause, 2007). In mammals the 

NADPH oxidase gp91phox is necessary for the oxidative burst defence response of 

neutrophils (Bedard & Krause, 2007). Several additional enzymatic components are 

necessary for its activity such as the regulatory subunit p67phox and the small GTPase 

Rac2 (Diebold & Bokoch, 2001; Bedard & Krause, 2007). The Nox machinery is also 

described in plants where it is required for defence against pathogens (Keller et al., 1998; 

Torres et al., 2002; Marino et al., 2012) and in fungi. While Nox is absent in some 

unicellular fungal species, filamentous fungi all contain one or multiple nox genes (Lara-

Ortiz et al, 2003; Cano-Dominguez et al., 2008; Yang & Chung, 2012, 2013; Wang et al. 

2014). To date, three Nox proteins FgNoxA, FgNoxB and the variant FgNoxC are identified 

in F. graminearum (Aguirre et al., 2005; Heller & Tudzynski, 2011; Ryder et al., 2013) of 

which FgNoxA and FgNoxB are well characterised in Wang et al., 2014. In contrast to 

NoxC which is regulated by its EF-hand motifs (Tudzynski et al., 2012) NoxA and NoxB are 

regulated by the regulatory subunit NoxR. Of special interest for this study is the 

localisation of the Nox complex. This matter has lately been subject of intense discussion 

due to the fact that the Nox isoforms are not restricted to a certain cellular locus. The 

dependency on different stimuli and post-translational processes leading to varying 

subcellular locations as well as the absence of a clear localisation signal within the Nox 

structure and a lack of reliable antibodies have made it difficult to assign mammalian Nox 

isoforms to a specific structure (Laurindo et al., 2014). For the plant pathogen B. cinerea it 

has been shown that NoxA and NoxB localise to the nuclear envelope and the ER 

(Siegmund et al. 2013, Marschall et al., 2016b). Marschall et al. also predict possible ROS 

production by NoxA inside of the ER.  
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Dehydrogenases/reductases 

Dehydrogenases are oxidoreductase enzymes catalysing the reversible oxidation of their 

substrate via the transfer of a hydrogen anion (H-) to an electron acceptor (NAD+, NADP+, 

or FAD). A cysteine residue in the active centre of the dehydrogenase covalently binds the 

substrate molecule and the cofactor (the electron acceptor) takes over the hydrogen 

anion (2e- + H+ = H-), oxidising the substrate molecule. This electron transfer step is a 

potential source for ROS. The covalent bond with the enzyme is cleaved by hydrolysis and 

the reduced cofactor is exchanged for an oxidised one (Müller-Esterl et al., 2017). 

Dehydrogenases are classified according to their substrate, hence classes such as glucose 

dehydrogenases, ethanol dehydrogenases, or lipoamide dehydrogenases. 

Dehydrogenases are crucial for the energy metabolism of all organisms as the cleavage of 

hydrogen from organic substrates is one of the basic exothermal reactions of the cell.  

Nicotinamide nucleotide transhydrogenase (NNT) 

A special kind of hydrogen anion transferring enzyme is the nicotinamide nucleotide 

transhydrogenase (NNT). The NNT is a unique type of protein which is located in the inner 

mitochondrial membrane and catalyses the regeneration of NADPH by using energy from 

the mitochondrial proton gradient as the driving force (Nickel et al., 2015). NADP+ is 

reduced by the translocation of a hydrogen anion from NADH (Equation 7). Under normal 

conditions the production of NADPH is highly favoured because the transhydrogenase 

reaction is coupled with the reflux of a proton from the intermembrane space to the 

matrix.  

 

Equation 7: Regeneration of NADPH by the NNT. A hydrogen anion is transferred from NADH to NADP
+
 

generating NAD
+
 and NADPH. This reaction is reversible but the equilibrium is strongly on the right side of 

the equation. 

The coupling of NNT activity to the proton gradient ensures NADPH synthesis only during 

sufficient energy production by mitochondria. NADPH is needed for the upkeep of 

reduced glutathione/thioredoxin system making the NNT an important player in the 

avoidance of high ROS concentrations in mitochondria (Rydström, 2006).  

 

Oxygenases/hydroxylases 

Oxygenases and hydroxylases catalyse the oxygenation or hydroxylation of organic 

compounds by inserting one (monooxygenases/hydroxylases) or two 

(dioxygenases/hydroxylases) oxygen atoms into their substrate using molecular oxygen 

(O2) as oxygen donor (Torres Pazmiño et al,. 2010).  
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Monooxygenases 

To achieve the integration of an oxygen atom into the organic substrate molecule, 

molecular oxygen needs to be activated by the transfer of electrons. Hereby, ROS are 

formed. Monooxygenases are classified according to their cofactor (such as flavins, 

hemes, or NADH) which also determines the type of ROS produced (Torres Pazmiño et al., 

2010). Their chemo-, regio-, and enantioselectivity make them highly attractive as 

industrial biocatalysts (Torres Pazmiño et al., 2010; Pigné et al., 2017). Below, different 

types of monooxygenases relevant for this study are described in further detail. 

Cytochrome P450-monooxygenase 

Cytochrome P450 enzymes (P450s) are heme-thiolate proteins found in all life forms 

(Nelson et al., 1996). Nearly all P450s function as monooxygenases (Shin et al., 2018) 

which means that they incorporate one oxygen atom into their substrate (Sono et al., 

1996; Mansuy, 1998). This is achieved by the successive reduction of dioxygen (O2). One 

oxygen atom is incorporated into the substrate while the other is reduced to H2O. Most, 

but not all, P450s require an additional protein complex that transfers the two necessary 

electrons from NADH or NADPH to their catalytic centre for the reduction of oxygen 

;ČƌešŶaƌ & Petƌič, ϮϬϭϭͿ. The aďilitǇ to hǇdƌoǆǇlise an inoperable C-H bond into a C-OH 

bond accounts for the broad scope of different functions of P450s (Mansuy, 1998). Along 

with their most common role as monooxygenases in the metabolism of primary and 

seĐoŶdaƌǇ ŵetaďolites aŶd degƌadatioŶ of ǆeŶoďiotiĐs ;ČƌešŶaƌ & Petƌič, ϮϬϭϭ; Shin et al., 

2018) P450s can function as peroxidases and peroxygenases and have a considerable 

impact on the redox status of cells. The monooxygenation cycle is a highly complex 

ŵeĐhaŶisŵ iŶǀolǀiŶg the ĐoŶstaŶt oǆidatioŶ aŶd ƌeduĐtioŶ of the eŶzǇŵe͛s ŵetal ĐeŶtƌe. 
DuƌiŶg ͞uŶsuĐĐessful͟ oƌ uŶĐoupled ƌeaĐtioŶs, e.g. the tƌaŶsfeƌ of eleĐtƌoŶs iŶto 
unoccupied P450 molecules, O2

•− and/or H2O2 are produced leading to oxidative stress 

(Hrycay & Bandiera, 2012; Feyereisen, 2012; Hrycay & Bandiera, 2015). Filamentous fungi 

depend on their large array of secreted proteins and secondary metabolites to be able to 

degrade their substrate, survive unfavourable conditions, or interact with their host. For 

this reason they contain a much larger diversity of P450s than animals which enables 

them to efficiently degrade environmental pollutants, plant-derived toxins, or fungicides 

(Sutherland, 1992; George et al., 1998), and, e.g. in case of F. graminearum, to produce 

mycotoxins. The majority of P450s are located in the smooth ER membrane facing the 

cytosol (Monier et al., 1988; Black, 1992). They carry an N-terminal signal peptide in their 

amino acid chain which directs them to the secretory pathway. However, instead of being 

secreted P450s are retained in the ER membrane due to retention signals which can 

function in two ways. Either the retention signal directly mediates exclusion of the 

polypeptide from transport vesicles or the polypeptide does get transported to the Golgi 

apparatus but is then sent back to the ER via the retrieval pathway (Andersson et al., 

1999; Szczesna-Skorupa & Kemper, 2000).   
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Flavin-dependent monooxygenases 

Rather than using transition metals like the heme in P450s, these enzymes rely on the 

organic cofactors FAD or FMN and usually catalyse aromatic ring oxygenations, 

epoxygenations, and halogenations (Torres Pazmiño et al., 2010). During oxygenation 

reaction NADPH reduces FAD to FADH2 before O2 binds to the FAD, thus generating the 

hydroperoxide intermediate FADH-ϰα-OOH that transfers one oxygen atom onto the 

substrate. Since the activated flavin cofactor is a weaker oxidant than the activated heme 

of P450s, flavin-dependent monooxygenases have a much narrower scope of functions 

(Totah & Rettie, 2007). They are common in microorganisms (Cochrane & Vederas, 2014; 

Huijbers et al., 2014) and, like P450s, are involved in xenobiotics degradation.  

Tyrosinases 

Tyrosinases are copper proteins that belong to the class of monophenol-

monooxygenases.  Catalysing the hydroxylation of phenolic compounds to quinones, the 

main biological task of fungal tyrosinases is the biosynthesis of melanin, a pigment 

involved in defence against different stresses such as free radicals, UV or gamma 

radiation or dehydration (Bell & Wheeler, 1986). During the tyrosinase-catalysed reaction 

the eŶzǇŵe͛s Đoppeƌ ĐeŶtƌe ďiŶds ŵoleĐulaƌ oǆǇgeŶ aŶd fiƌst tƌaŶsfeƌs oŶe oǆǇgeŶ atoŵ 
onto the monophenol substrate oxygenating it to a diphenol. In a second step the 

diphenol is oxidised to a quinone. The two hydrogen atoms and the remaining oxygen 

atom are released as water (Equation 8).   

 

Equation 8: Oxidation of L-tyrosine to L-dopaquinone, a precursor of melanin, by tyrosinase with 

concomitant reduction of oxygen to water. First, one oxygen atom is introduced into the carbon ring of L-

tyrosine generating a second hydroxyl group (L-DOPA). The hydrogen atoms of the hydroxyl groups are then 

transferred to the other oxygen atom reducing it to water (H2O) and oxidising the hydroxyl groups to keto 

groups generating L-dopaquinone. 

As with other oxidoreductases, the reduction of oxygen to water represents a potential 

source of ROS. Due to their broad substrate specificity, capability of cross-linking phenolic 

poylmers, and involvement in the synthesis of the pharmaceutically important compound 

L-DOPA, tyrosinases are of rising interest for industry and medicine (Chen et al., 2002; 

Sanz et al., 2005; Selinheimo et al., 2007a, 2007b; Zaidi et al., 2014) 
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1.4.2 Cupredoxins 

There are many different types of proteins that contain one or more copper ions as 

prosthetic groups. These copper proteins are classified according to the spectroscopic 

properties of their copper centre (Choi & Davidson, 2011). Cupredoxins, also called blue 

copper proteins, carry a type I copper centre and function primarily as electron shuttles 

(Choi & Davidson, 2011). Along with mono-domain cupredoxins such as plastocyanin, 

amicyanin, and azurin there are multi-domain copper proteins such as laccase, 

ceruloplasmin, and nitrite reductase that contain multiple, but not exclusively, 

cupredoxin-type folds. However, when referring to the enzyme class the term cupredoxin 

describes only blue copper proteins. Cupredoxins bind toxic free copper ions and render 

them innocuous. One reason for the toxicity of free copper (Cu2+) lies in its connection 

with ROS: cuprous ions can react with H2O2 forming hydroxyl radicals (Fenton-reaction) 

(Manzl et al., 2004).  

 

1.4.3 Metallothioneins 

Metallothioneins are low molecular weight, cysteine-rich, metal-binding proteins found in 

all eukaryotes and several prokaryotes (Coyle et al., 2002; Henkel & Krebs, 2004; Vasák, 

2005). The high amount of cysteine residues (~30%) allows for binding of different heavy 

metal atoms, most notably copper and zinc, under physiological conditions. A variety of 

biological purposes are associated with metallothioneins such as cell growth and 

differentiation, maintenance of metal homeostasis, metal detoxification, and ROS-

scavenging (Vasák & Hasler, 2000; Coyle et al., 2002; Ruttkay-Nedecky et al., 2013). The 

antioxidative function of metallothioneins is well researched in mammals (Ruttkay-

Nedecky et al., 2013) where they bind mainly zinc but also copper or cadmium (Shaw et 

al., 1991). During oxidative stress in mammals metallothioneins release their zinc atom 

and reduce ROS-molecules forming metallothionein disulfides that are either degraded or 

regenerated to the thiol state if the environment is reducing, e.g. through an increase in 

the glutathione/glutathione disulfide ratio. This process increases the cellular 

concentration of free zinc. Zinc itself has no redox capacity but is still an important 

antioxidative agent (Oteiza, 2012) because it leads to a transcriptional up-regulation of 

metallothioneins and glutathione which constitutes the metallothionein redox cycle 

(Ruttkay-Nedecky et al. 2013). Adding to their antioxidative capabilities, metallothioneins 

are able to efficiently sequester copper which, when free, can potentially generate ROS 

by catalysing the Fenton reaction in the course of which hydroxyl radical is produced. 

While being well-investigated in mammals, fungal metallothioneins are still the subject of 

intensive research.  
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1.5 Endoplasmic reticulum and secretion 

The enzyme families introduced above were the target of characterisation because they 

are involved in ROS-metabolism. A special focus of this study, however, lay on those ROS-

related enzymes that were secreted by the fungus and might thereby potentially 

influence the ROS-equilibrium in the contact area between pathogen and host. Below, the 

general process of protein secretion is explained in further detail along with an 

explanation of the structure, function, and stress adaptation processes of the 

endoplasmic reticulum (ER) as this organelle plays an important role for experiments 

conducted in this study. 

Filamentous fungi are life forms that produce and secrete large amounts of proteins such 

as secondary metabolites. 1665 of 13826 genes in F. graminearum (12%) are predicted 

for secretion. The endoplasmic reticulum (ER) is a type of organelle present in the vast 

majority of eukaryotic cells with few exceptions such as erythrocytes and spermatozoa. It 

is directly continuous with the outer nuclear membrane and spreads throughout the cell 

amounting to over half of the total cellular membrane mass (Campbell, 2000). The ER is 

differentiated into the rough ER and the smooth ER (Alberts et al., 2002). The term rough 

ER derives from ribosomes which are attached to the ER membrane giving it a rough 

appeaƌaŶĐe uŶdeƌ the ŵiĐƌosĐope aŶd ĐoŶstitute the ƌough ER͛s ƌole iŶ pƌoteiŶ sǇŶthesis. 
The smooth ER does not carry ribosomes. Depending on the cell type it can have different 

functions. It is usually associated with lipid and steroid synthesis and the degradation of 

harmful metabolites and xenobiotics by P450s bound to the smooth ER membrane. Most 

importantly, the ER represents the first station of the secretory pathway. Classically, the 

signal peptide of a nascent polypeptide synthesised by ribosomes binds to the signal 

ƌeĐogŶitioŶ paƌtiĐle ;SRPͿ ǁhiĐh taƌgets theŵ to the ER͛s tƌanslocon where the 

polypeptide is further translated and fed into the ER lumen. There the polypeptide is 

processed, folded, modified, and eventually loaded in vesicles wherein it is sent to the 

Golgi apparatus for membrane insertion or secretion.  

ROS constitute a major player for the function of the ER as for the correct folding of 

proteins the systematic formation of disulfide bonds is pivotal (Bardwell 2004; Santos et 

al., 2009; Laurindo et al., 2012). Protein folding is among the most vital functions of the 

ER and is largely dependent on the chaperone and dithiol-disulfide oxidoreductase 

protein disulfide isomerase (PDI) (Santos et al., 2009; Laurindo et al., 2012). Oxidised PDI 

oxidises cysteine residues in substrate proteins promoting formation of disulfide bonds. 

Regeneration of the oxidative state of PDI by the oxidase Ero1 is dependent on the 

reduction of oxygen to hydrogen peroxide, directly linking protein folding to oxidative 

stress (Santos et al., 2009; Laurindo et al., 2012; Zeeshan et al., 2016). Consequently, an 

increase of the pƌoteiŶ Đaƌgo load oƌ aŶ iŵpediŵeŶt of the ER͛s pƌoĐessiŶg effiĐieŶĐǇ ĐaŶ 
lead to an increase of cellular ROS generation. Un- or misfolded proteins are extremely 

harmful to cells due to loss of function or even potentially aberrated function and 

formation of aggregates (Santos et al., 2009). The collateral accumulation of unfolded 

proteins in the ER lumen triggers a cellular response mechanism termed the unfolded 
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protein response (UPR) (Marciniak & Ron, 2006) which includes attenuation of 

translation, degradation of mRNA for certain ER proteins active in the ER lumen, 

expression of UPR target genes such as chaperones and calreticulin, improvement of 

protein folding, and induction of misfolded protein degradation (Harding et al., 2003; Ron 

& Walter, 2007; Santos et al., 2009; Zeeshan et al., 2016). A sustained UPR triggers ER-

specific caspases and thereby apoptosis (Marciniak et al., 2004; Tabas & Ron, 2011; Sano 

& Reed, 2013). Notably, ROS production is an integral part of the UPR as well, sustained 

not only by the PDI- and Ero1-induced protein folding but also by mitochondrial and Nox 

activity (Santos et al., 2009; Wu et al., 2010; Laurindo et al., 2012). 

Not all extracellular proteins are secreted via the ER secretory pathway. In all eukaryotic 

cells there is a heterogeneous group of proteins that does not carry the N-terminal signal 

peptide but has been found active outside of the cell even after disruption of the ER 

secretory pathway (Nickel, 2005). This usually stress-induced phenomenon comprises 

three different pathways (Rabouille, 2017): Type I secretion involves the formation of 

plasma membrane pores that allow direct passage of specific folded cytoplasmic proteins, 

type II secretion is mediated by ABC transporters and specific to acylated peptides and 

yeast mating peptides, while type III secretion is based on autophagosomes or 

endosomes. Here, the proteins are postulated to be either released by late endosomes 

binding the plasma membrane or to translocate across the plasma membrane-bound 

organelle membrane in a similar fashion as type I secretion. Additionally, proteins that do 

carry an N-terminal signal peptide but bypass the Golgi apparatus during transport to the 

plasma membrane have been described (Grieve & Rabouille, 2011). This mechanism is 

termed type IV secretion. It is believed that these mechanisms, which are largely 

triggered by stress, have evolved to ensure secretion despite or in reaction towards ER 

stress, or that the respective proteins are to avoid ER-mediated modifications in order to 

maintain a specific function (Rabouille, 2017). 

 

1.6 Measuring ROS: pros and cons of different techniques 

Apart from the characterisation of ROS-related enzymes, this study aimed at gaining 

insight into the role of ROS in F. graminearum by the generation of a modified ratiometric 

H2O2 probe.  

There is constant development regarding the means to visualize and quantify intracellular 

ROS in different phyla including colorimetric assays, immunoblotting, and 

immunofluorescence. A plethora of chemicals allow staining of specific ROS. Superoxide 

anion is usually detected with ferricytochrome C or nitroblue tetrazolium (NBT). When 

reacting with superoxide, these dyes are reduced to ferrocytochrome C and formazan, 

respectively, which have a different extinction coefficient than their precursors (Brandes 

& Janiszewski, 2005; Hare et al., 2008). Limitations of these methods include the relatively 

long incubation time (up to 1 h) and the small changes in optical density that are 
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frequently observed with the ferricytochrome C assay (Tarpey & Fridovich, 2001; Brandes 

& Janiszewski, 2005) and the potential of NBT to react with molecular oxygen and 

produce superoxide (Auclair et al., 1978). Lucigenin is a chemiluminescent detection 

molecule that emits light when reacting with superoxide (Brandes & Janiszewski, 2005). It 

is relatively specific for superoxide but is prone to generating superoxide through 

autooxidation (Janiszewski et al., 2002). The fluorescent dye dihydroethidium (DHE) forms 

2-hydroxyethidium when reacting with superoxide, and ethidium when reacting with 

other ROS (Zhao et al., 2003, 2005). Hydrogen peroxide is most commonly detected using 

Amplex® Red (Zhou et al., 1997), homovanillic acid (Ruch et al., 1983), and 

diacetyldichlorofluorescein (Hinkle et al., 1967). In the presence of horseradish 

peroxidase Amplex® Red is oxidised to Resorufin which can be detected colorimetrically 

at 570 nm or by fluorescence using excitation of 570 nm and emission of 585 nm (Reszka 

et al., 2005). Homovanillic acid dimerizes when oxidised by hydrogen peroxide through 

horseradish peroxidase catalysis. As with Amplex red, homovanillic acid monomer is non-

fluorescent, but as a dimer, it possesses a peak excitation wavelength of 315 nm, with an 

emission wavelength of 425 nm. Dichlorodihydrofluorescein gets oxidised by intracellular 

ROS to dichlorofluorescein which is highly fluorescent with 498 nm as excitation and 522 

nm as emission wavelengths. While this list is far from complete, all of the described 

techniques share the disadvantages that they lack specificity for certain ROS, can be toxic 

to the stained cells, and are difficult to apply compartment-specifically (Lehmann et al., 

2014). Furthermore, they can produce ROS upon light-exposure which results in 

artefactual ROS generation and signal amplification.  

Sensitive but expensive detection of ROS can be achieved via magnetic resonance imaging 

(Thelwall et al., 2005), positron emission tomography (Ikawa et al., 2009), X-ray 

synchrotron (Debenham et al., 1996), or mass spectrometry (Fenaille et al., 2003; Weber 

et al., 2004; Greving et al., 2011). Similar to some staining procedures, the cell 

manipulations necessary for these techniques can potentially lead to ROS artefacts (Chiu 

et al., 2014).  

1.6.1 HyPer: advantages of genetic encoding and ratiometry 

A different way to approach the issue of visualising and quantifying ROS is the use of 

genetically encoded indicator proteins. Fluorescing proteins were first extracted by 

Shimomura et al. (1962) and are used in a variety of different applications today. In 

combination with redox sensory function they constitute ROS-probes with minimal 

invasiveness and high sensitivity. A typical example for such an engineered genetically 

encoded redox sensor is the reduction-oxidation-sensitive green fluorescent protein 

(roGFP) (Hanson et al., 2004; Dooley et al., 2004). Different variants with different 

properties have been developed but they all function in the same way. Through the 

addition of two cysteines in the beta barrel structure of GFP, the protein possesses a 

potential disulfide bonding site. Oxidation or reduction of the cysteines by oxidised 

(GSSG) or reduced glutathione (GSH) increases GFPs excitation peak at 400 nm or 480 nm, 
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respectively. Calculation of the ratio between the fluorescence intensities of both peaks 

offers redox-state-dependent units which are largely independent of cell quantity and 

growth speed. Sensors with this feature are called ratiometric sensors.  

Belousov et al. (2006) combined the circularly permuted yellow fluorescent protein 

(cpYFP) with the regulatory domain of transcription factor OxyR from Escherichia coli 

creating a modified fluorescent protein named HyPer. OxyR serves as an intracellular 

H2O2-sensor. Two cysteine-residues in the regulatory domain form a disulfide bond after 

oxidation by H2O2, thereby altering its tertiary structure and that of the cpYFP that had 

been integrated in the regulatory domain. Just like roGFP, HyPer, therefore, has two 

states, oxidised and reduced, which differ in conformation and also in absorption maxima 

(Figure 3).  

 

 

Figure 3: (According to Lukyanov & Belousov, 2014 and Mentges, 2014 (master thesis)) Structure and 

mechanism of HyPer. In the reduced state (left) the two cysteine residues in the regulatory domain of OxyR 

(OxyR-RDN and OxyR-RDC) are reduced and the attached circularly permutated yellow fluorescent protein 

(cpYFP) has two absorption peaks: one at 420 nm and one at 500 nm excitation wavelength. Upon oxidation 

by hydrogen peroxide (H2O2) the hydrogen atoms are removed from the cysteine residues and a disulfide 

bond is formed (right). This alters the conformation of HyPer raising the absorption maximum of cpYFP at 

500 nm and lowering the maximum at 420 nm. The oxidation is reversible by addition of a reducing agent 

such as dithiothreitol (DTT). 

 

The absorption peaks of the reduced and the oxidised state are 420 nm and 500 nm, 

respectively. The emission wavelength is at 516 nm for both (Belousov et al., 2006). After 

oxidation the absorption peak at 420 nm decreases and the one at 500 nm increases 

proportionally (Figure 4). This permits ratiometric detection of H2O2.  
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Figure 4: (According to Lukyanov & Belousov, 2014, courtesy of Michael Mentges) Concentration 

dependent ratiometric adaptatioŶ of HǇPer’s aďsorptioŶ ŵaǆiŵa upoŶ ĐoŶtaĐt ǁith hǇdrogeŶ peroǆide 
(H2O2). Without H2O2 HyPer exhibits two distinct absorption maxima at 420 nm and 500 nm excitation 

wavelength (red line). After addition of 5 µM H2O2 the fluorescence intensity peak at 420 nm decreases and 

the peak at 500 nm increases (blue line). The magnitude of both the decrease at 420 nm and the increase at 

500 nm is proportional to the applied H2O2-concentration (green, orange, and black line). a.u.: arbitrary 

unit. nm: nanometres. 

Through further modifications of the regulatory domain two new variants of HyPer have 

been established: HyPer-2 (Markvicheva et al., 2011) and HyPer-3 (Bilan et al., 2013). 

HyPer-2 shows stronger fluorescence intensity, a broader dynamic range, and a longer 

reaction time towards oxidation and reduction (Markvicheva et al., 2011). HyPer-3 has 

the same fluorescence qualities but does not show the reaction attenuation (Bilan et al., 

2013). In this study HyPer-2 was used.  

1.6.1.1 Targeted expression of HyPer in mammals 

An important advantage of genetically encoded markers is the possibility to express them 

targeted to a specific cellular structure or organelle. In mammalian cells HyPer has been 

targeted to the nucleus, the cytosol, peroxisomes, mitochondria, and endoplasmic 

reticulum (ER) (Malinouski et al., 2011; Gehrmann and Elsner, 2011; Mehmeti et al., 

2012). Localised expression of a ROS-sensor allows specific real-time monitoring of the 

redox status in the respective tissue under physiological and pathological conditions, 

thereby representing a powerful tool in understanding the role of localised redox 

processes which determine many if not all major cellular functions. Specific targeting of 

proteins can be achieved by taking advantage of the natural cellular protein targeting 

mechanisms that specify the destination of each synthesised polypeptide. Cells sort 

proteins for transportation to certain compartments through the recognition of targeting 

sequences, usually located at the N-terminus or the C-terminus of the polypeptide chain. 

These sequences are bound by carrier proteins which guide the polypeptide to the target 

organelle. Proteins that are to be secreted or are destined for the plasma membrane, ER, 
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Golgi apparatus or endosomes are usually translocated co-translationally. In this 

mechanism recognition of the N-terminal signal peptide of the nascent polypeptide and 

translocation take place before the translation is complete. Transportation to 

mitochondria, peroxisomes, or chloroplasts is usually mediated by post-translational 

recognition by a specific chaperone. By adding the respective specific signal elements to 

the protein sequence, such as an N-terminal signal peptide for secreted proteins, one can 

localise artificial proteins to the desired cellular structure or space.   

Glycosylphosphatidylinositol (GPI) anchors 

Another natural way for cells to control the localisation of their proteins is the 

attachment of glycosylphosphatidylinositol (GPI) anchors. GPI anchors are glycolipid 

structures post-translationally attached to the C-terminus of many eukaryotic proteins. 

Structurally they consist of an ethanolamine phosphate bridge that links the GPI to the C-

terminus of a respective protein, a conserved carbohydrate linker, and a phospholipid tail 

that attaches the GPI anchor to the cell membrane. Proteins designated for cell surface 

attachment carry an N-terminal signal peptide which destines them for secretion and a C-

terminal signal peptide containing a hydrophobic segment followed N-terminally by 

characteristic features (Ferguson & Williams, 1988; Takeda & Kinoshita 1995). Within the 

lumen of the rough ER the GPI-transamidase complex recognises and processes this C-

terminal anchor addition sequence (Rittenour & Harris, 2013). At the residue to which the 

GPI aŶĐhoƌ is to ďe liŶked ;teƌŵed the ω siteͿ the C-terminal signal peptide is cleaved off 

and the ethanolamine phosphate residue of the GPI attaches to the carboxyl residue of 

the protein by formation of a peptide bond. The protein-GPI complex continues the 

secretion pathway normally by delivery from the ER to the plasma membrane via the 

Golgi appaƌatus ǁheƌe it is ƌetaiŶed iŶ the outeƌ leaflet of the ŵeŵďƌaŶe due to the GPI͛s 
lipophilic phospholipid residues. In fungi, many GPI-anchored proteins are released and 

covalently attached to the cell wall instead of being localised in the plasma membrane 

(Kapteyn et al., 1996).  

 

1.7 Aim 

Previous research has raised the assumption that precise regulation of a beneficial ROS 

equilibrium is essential for successful host colonisation by phytopathogenic fungi (Tanaka 

et al., 2006; Nguyen et al., 2012; Nguyen et al., 2013). MAPKs and TFs that control ROS 

and lead to reduced virulence are described, however so far only few ROS-related 

enzymes are known to be responsible for virulence. Transcriptomic analysis of the early 

infection stage of F. graminearum on wheat revealed an upregulation of ROS-related 

genes in ICs providing a clear indication of a pivotal role of ROS for virulence. This was 

affirmed by experiments with a F. graminearum strain expressing the H2O2 sensor HyPer 

showed that ICs contain much higher levels of H2O2 than RH (Mentges & Bormann, 2015). 

Furthermore, ROS are known to be essential players during fungal cellular differentiation 
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(Scott & Eaton, 2008). The specific enzymes taking part in these developmental ROS-

fluctuations are as yet unknown. Based on this background, this study aimed at gaining a 

better understanding of ROS-based processes during different aspects of the life cycle of 

F. graminearum, specifically virulence, growth, ROS-resistance and -accumulation, and 

sexual reproduction through the generation of gene deletion mutants and the 

establishment of a novel modified H2O2 sensor (GPI-HyPer). Only few secreted virulence 

factors of F. graminearum are known to this day, such as DON and secreted lipases (Voigt 

et al., 2005; Maier et al., 2006; Blümke et al., 2014). Special attention was therefore paid 

to secreted ROS-ƌelated eŶzǇŵes ;ROSͿ ǁhiĐh ǁeƌe assuŵed to ĐoŶstitute a paƌt of ICs͛ 
mobile weaponry during plant infection. 

 



Materials and methods 

23 

2. Materials and methods 
 

2.1 Materials 

 

The twice deionised water which was used for all solutions, suspensions, and reactions 

was obtained from a Millipore Purification System (Milli-Q Water Systems, Millipore, 

Eschborn, Germany) and is referred to as H2O in the following.  

Media, solutions, buffers, bottles, containers, and pipette tips were sterilised by 

autoclaving for 20 min at 121 °C and 2 × 105 Pa. Heat-sensitive solutions and buffers were 

sterilised by filtration (pore diameter 0.2 µm). 

Fusarium graminearum genome database 

DNA-sequences of F. graminearum geŶes ǁeƌe takeŶ fƌoŵ ͞MIPS-Fusarium graminearum 

Dataďase PedaŶt͟ estaďlished ďǇ Helŵholtz CeŶtƌe MuŶiĐh ;http://pedant.helmholtz-

muenchen.de).  

Sequence editing and primer design 

As a tool for sequence editing and annotating as well as primer design the program 

SeqBuilder from DNASTAR was used. 

Enzymes 

The restriction enzymes used in this study were purchased from New England Biolabs 

(Ipswich, MA, USA). For amplification of DNA fragments OneTaq-MasterMix or Q5-

polymerase (New England Biolabs) were used. Diagnostic PCRs were performed with 

Phire Hot Start II DNA polymerase (ThermoFisher). For ligation T4-DNA-ligase (New 

England Biolabs) was used.  

Molecular-weight size marker 

GeneRulerTM DNA Ladder Mix (abbreviated M1), GeneRulerTM 1 kb DNA Ladder 

(abbreviated M2), and GeneRulerTM 1 kb Plus DNA Ladder (abbreviated M3) 

(ThermoFisher) were used as size indicators in all PCR experiments. One exception is the 

Southern Blot analysis where DNA Molecular Weight Marker VII, DIG labeled (Roche) was 

used.  
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2.1.1 Organisms 

Fungal strains: 

F. graminearum wild-type strain 8/1 was used for this study (Courtesy of T. Miedaner, 

Landessaatzuchtanstalt Hohenheim). Gene deletions were carried out in strain 8/1. As a 

positive control for perithecia formation experiments F. graminearum wild-type strain 

PH1 was used (Strain Passport: NRRL 31084).  

For yeast recombinational cloning the uracil-auxotrophic Saccharomyces cerevisiae strain 

FGSC 9721 (FY 834) was used. 

Plants: 

For pathogenicity experiments the susceptible wheat cultivar Nandu (Tricium aestivum L, 

European Wheat Database5 [EWDB] 58436, accession number RICP 01C0203421) and the 

maize cultivar W64 were used.  

Bacteria: 

For vector amplification via Escherichia coli tƌaŶsfoƌŵatioŶ the stƌaiŶ DHϱα ;GiďĐo BRLͿ 
was used. 

 

2.1.2 Primers 

The primers used in this study were synthesised by Eurofins Genomics GmbH (Ebersberg, 

Germany). The following tables show the oligonucleotides used for amplification of 

resistance cassettes, amplification of gene deletion constructs, verification of gene 

deletions, and quantitative real-time PCR. The left column shows the purpose of the 

respective set of primers with the shown FGSG-number indicating the gene-ID of the 

target genes. The second column from the left shows the primer abbreviations. HYG, NAT, 

and GEN stand for resistance cassettes for hygromycin, nourseothricin, and geneticin, 

ƌespeĐtiǀelǇ. The eŶdiŶgs ͞f͟ aŶd ͞ƌ͟ iŶdiĐate foƌǁaƌd aŶd ƌeǀeƌse pƌiŵeƌs, respectively. 

AďďƌeǀiatioŶs ͞uf͟ aŶd ͞df͟ iŶdiĐate the upstƌeaŵ aŶd doǁŶstƌeaŵ flaŶkiŶg ƌegioŶ, 
respectively. Diagnose primers bind with the open reading frame (ORF) of the target gene 

to verify the deletion. Locus-check primers are two primer pairs of which one primer 

binds inside the resistance cassette and one in the non-transgenic genomic region – 

thereby spanning over the flanking region - at ďoth the ϯ͛ aŶd the ϱ͛ eŶd of the deletioŶ 
construct to verify the localisation of the deletion construct. The split marker nested 

primers are used for all split marker deletion constructs. The long primers for split marker 

flanking region amplification produce the same overhang independent of the target gene 

which constitutes the binding site for the overhang nested primers. This circumvents the 

ŶeĐessitǇ of desigŶiŶg eǆteƌioƌ ϯ͛ aŶd ϱ͛ pƌiŵeƌs foƌ eǀeƌǇ taƌget geŶe. The ƌesistaŶĐe 
cassette nested primers form a pair with the respective overhang nested primer to 

amplify the split markers. 
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Table 1: Primers used for the amplification of resistance cassettes and their validation in deletion 

mutants 

Purpose Primer type Sequence 
Product 

length (bp) 

Hygromycin resistance cassette 

amplification 

1F-Hyg GAGCGAGGTGGGTGATGTAG 
1740 

2R-Hyg CGGTCGGCATCTACTCTATTC 

Geneticin resistance cassette 

amplification 

1F-NptII GCCAGTTGTTCCCAGTGATCT  

2323 
2R-NptII-vect 

GCTCTAGAACTAGTGGATCCCCCGGGCTGGCGAG

GTCCAATGCATTAATG 

Resistance cassette internal primers 

(RCI primers) for validation 

HYG_f GCCGTATCTGACAATGATCC 
1540 

HYG_r GTACTTCTACACAGCCATCG 

NAT_f CGTCAAGAGTGGTCATATGG 
794 

NAT_r ATCATTCTAGCTTGCGGTCC 

GEN_f AATATCACGGGTAGCCAACG 
  422 

GEN_r GAAGGGACTGGCTGCTATTG 

 

 

Table 2: Primers used for the generation of deletion plasmids and for the validation of the respective 

deletion mutants 

Genes deleted by knock-out-plasmids 

Purpose Primer type Sequence 
Product 

length (bp) 

FGSG_00576 

LF_f (df) 
GGCCCCCCCTCGAGGTCGACGGTATCGATTAATCCCTTGACTGTC

AGCC 
1035 

LF_r (df) 
ACATGAGCATGCCCTGCCCCTGAGCGGCCGAAGCCAGTGATGGA

AATGG 

RF_f (uf) 
CCCGAATCGGGAATGCGGCTCTAGAGTAGGCAGATGGTGCAACT

AAAGG 
1061 

RF_r (uf) 
GCTCTAGAACTAGTGGATCCCCCGGGCTGTCAACGAGGGTCATG

TATCG 

Diagnose_f TACTTTAGAGCTGGGAGTGG 
582 

Diagnose_r TCCTTCTTCAAGGATGCTGC 

Left Locus-check_f AGATACAAACGATCCACGGG 
2007 

Left Locus-check_r CCATATGACCACTCTTGACG 

Right Locus-check_f AACTTGGGAACAACCCTACG 
1927 

Right Locus-check_r AACAGGTTAGTCCTGTCTCC 

FGSG_06023 

LF_f (uf) 
GGCCCCCCCTCGAGGTCGACGGTATCGATAGGGATCAGGTATAG

GGA 
976 

LF_r (uf) 
ACATGAGCATGCCCTGCCCCTGAGCGGCCGTCTGGGGATGTGGA

TAT 

RF_f (df) 
CCCGAATCGGGAATGCGGCTCTAGAGTAGCTCCGATGATGACTC

TTC 
646 

RF_r (df) 
GCTCTAGAACTAGTGGATCCCCCGGGCTGCCTTCGCACGTATGTA

CT 

Diagnose_f ACAGGTCTCAGATTCTGG 
600 

Diagnose_r ATCGGAAGAAGAGTCACC 

Left Locus-check_f CCCACAGTAAACTTGCAACC 
1669 

Left Locus-check_r CCATATGACCACTCTTGACG 

Right Locus-check_f GAAAGGAAGATGGACTGAGG 
1597 

Right Locus-check_r TGAGCTCAAGGTTAAGGAGC 
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FGSG_09742 

LF_f (df) 
GGCCCCCCCTCGAGGTCGACGGTATCGATGTCGGGTACAGATAG

AAACG 
823 

LF_r (df) 
GAGGGCAAAGGAATAGAGTAGATGCCGGTTTGTGGTAAGGATG

GTGG 

RF_f (uf) 
GCTTCCAAGCGGAGCAGGCTCGACGTATTAATAGTACTAGCGGA

CAGCG 
533 

RF_r (uf) 
GCTCTAGAACTAGTGGATCCCCCGGGCTGTCACTAGTCATCGGTT

CTCG 

Diagnose_f CTCTCCCATTACTCTTCTCG 
366 

Diagnose_r GAAGCTTGAACTTACGGAGC 

Left Locus-check_f CAGTATACAAGTGGCTTGCC 
1800 

Left Locus-check_r ATCTCGTGCTTTCAGCTTCG 

Right Locus-check_f TGGCTTCACATTCTCCTTCG 
2083 

Right Locus-check_r TAGCCAATACCATGTCAGGC 

FGSG_11399 

LF_f (uf) 
GGCCCCCCCTCGAGGTCGACGGTATCGATGTCTCATCATATTTCT

CATAT 
1157 

LF_r (uf) 
ACATGAGCATGCCCTGCCCCTGAGCGGCCGTCTTGGCGAAAGAG

GGTTGG 

RF_f (df) 
CCCGAATCGGGAATGCGGCTCTAGAGTAGGTCCGAGACATTCTG

CACGAG 
775 

RF_r (df) 
GCTCTAGAACTAGTGGATCCCCCGGGCTGGCTTTGAGCGATTTGC

TGACC 

Diagnose_f TCTGCAAAGGTCTACTTCCCTG 
1214 

Diagnose_r CGTTGAAGATGGAGTCGCCT 

Left Locus-check_f AGGAGTGACACAAGAAGTGG 
1754 

Left Locus-check_r CCATATGACCACTCTTGACG 

Right Locus-check_f TCTATCGTGAATCCGTGACG 
1428 

Right Locus-check_r TATGTCATGTTGGCTGAGGG 

FGSG_16013 

LF_f (df) 
GGCCCCCCCTCGAGGTCGACGGTATCGATCGACCCCCTGAGAGA

CTGATA 
986 

LF_r (df) 
CTATCGCCTTCTTGACGAGTTCTTCTGAGACTGTAATGCCTGCTG

GCTTG 

RF_f (uf) 
CCACAGCCAGGTAGGCCGAATAACTTGCACAAATTGGTGTCTAC

AAGTTCCCTAGTGAC 
653 

RF_r (uf) 
GCTCTAGAACTAGTGGATCCCCCGGGCTGCATGCCAAGTGGCAT

GCTCT 

Diagnose_f GAACAGAATATCCCAGACACCC 
675 

Diagnose_r ATATCAAGAAGATCCTCCAAGGCA 

Left Locus-check_f GCTACGAAATTTGGAGGTGG 
1216 

Left Locus-check_r ATCATGGCTGATGCAATGCG 

Right Locus-check_f GATGAAATCAACGCGCTTCG 
1342 

Right Locus-check_r TCATCAAGTGGATACTCGCG 
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Table 3: Primers used for the generation of split markers and the validation of the respective deletion 

mutants 

Genes deleted by split-markers 

Gene ID Primer type Sequence 
Product 

length (bp) 

Overhang 

nested primers 

AL-1F-Split TAGTGGATCCCCCGGGCTG   

AL-2F-Split CGGCCAGTGAGCGCGCGT   

Resistance 

cassette nested 

primers 

Hygromycin Split f (9F-HY) GCCATGAGCGCCCCTACAG   

Hygromycin Split r (10R-YG) GCAGTCCTCGGCCCAAAGC   

Nourseothricin Split f 

(LG_NAT_overlap_f) 
AGCTCAGACCGCTCCACGG   

Nourseothricin Split r 

(LG_NAT_overlap_r) 
CGTCCGATTCGTCGTCGGG   

Geniticin Split f 

(LG_GEN_overlap_SM_f) 
TTCATCGGTGATGCTTTCGG   

Geniticin Split r 

(LG_GEN_overlap_SM_r) 
CGATGCTTGGGTAGAATAGG   

FGSG_11215 

LF_f_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTCCAGGTATGCAA

TGCAATGC 
558 

LF_r_SM 
AAAGGAATAGAGTAGATGCCGACCGAACCCCATAGTTCCTGTT

GATCG 

RF_f_SM 
AGTCAATGCTACATCACCCACCTCGCTCAATCTTCACTGACGTC

CAGG 
566 

RF_r_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGATTGATGACTGTATG

CCGGG 

Diagnose_f ACTGGTTGGTTAGTACTCCC 
403 

Diagnose_r ATCCTTCGATAATGCCACCG 

Left Locus-check_f CAGCTCGTCGATTTGATTCG 
1449 

Left Locus-check_r TTATCGGCACTTTGCATCGG 

Right Locus-check_f AAAGCACGAGATTCTTCGCC 
1516 

Right Locus-check_r AGCCGAGAAGTTGGTTGATC 

FGSG_09006 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGGGATGAGATGCGGT

TAAGTG 
485 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGCCAAGCAGGTTGT

GGTTATG 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCAAGAGTCATGAGC

GCGATAG 
483 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTAAGGAAGAAGTT

CTGGGTGG 

Diagnose_f GGAAGCAAGACTAGAGATGG 
689 

Diagnose_r AGTTGTAAGAGGTGCCATCG 

FGSG_01988 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGACTTGGCGGATGGTT

CATTG 
714 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGGATCAACTGTCGT

TGCCAAC 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCGATTGTGACTTGAG

TGACCG 
771 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTATACCTTTCTCCA

CCTGACG 

Diagnose_f ACGCTCATATCCTTGAAGGG 
466 

Diagnose_r TGTCTTCAGTCTAAGCCTGC 

FGSG_16458 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGTATGATGGCACAGAC

AAGCC 
1083 

LF_r_SM 
AGTCAATGCTACATCACCCACCTCGCTCATACACTAGTCACCCA

GAGC 

RF_f_SM 
AAAGGAATAGAGTAGATGCCGACCGAACTAGTTAGGCAAAGA

GGCAGG 
883 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTATACAGCCTCTTA

GTCTCGG 
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Diagnose_f TCATGCCAATGCTAGGTAGG 
401 

Diagnose_r CTCTGGATGACATCAAAGGG 

FGSG_07765 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGCAAGCTTCATCCAAG

TCTGC 
681 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGTTTGAAGCAGGGA

CAGAAGG 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCACCACAACTTTCTG

ATCCGG 
719 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTATAGAGAGAGGT

CCACATGC 

Diagnose_f CTGATCTCACTTCGTTGACG 
398 

Diagnose_r TTCATCACCACTATGGCTCG 

FGSG_17478 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGTAGAGATCGATGGG

TTGTGG 
894 

LF_r_SM 
GGTAGGCCGAATAACTTGCACAAATTGGATGGTCTGGGATGA

GTTTGG 

RF_f_SM 
CTATCGCCTTCTTGACGAGTTCTTCTGATAACTGAATTACCCGA

CGGG 
857 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTATGATGGTGTGC

TATCGAGG 

Diagnose_f ATATCAGTCTCAGCCTCTGG 
456 

Diagnose_r TGAGAGATCAGATGGTAGCC 

FGSG_03436 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGTCTCGTCACCCATAT

CAAGG 
831 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGTCTTGCTGAAGCTC

TAGTGC 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCATCAGCAAACGAG

CCAATGG 
762 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTCCCTCGTGTTACT

CAATTGC 

Diagnose_f CATCTGCACATCCGTAAAGC 
512 

Diagnose_r TTGATGACTTGATCGAGGGC 

Left Locus-check_f GAGGTGCCATGGTAAATTCG 
1737 

Left Locus-check_r CGTCAAGAGTGGTCATATGG 

Right Locus-check_f TTCGTGGTCATCTCGTACTC 
1198 

Right Locus-check_r CTGGAGATGCCATAGTGTTG 

FGSG_03498 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGTGAAACCAGGATGG

TTGAGC 
765 

LF_r_SM 
AGTCAATGCTACATCACCCACCTCGCTCGTTATTCTGAGATGAC

CGCC 

RF_f_SM 
AAAGGAATAGAGTAGATGCCGACCGAACGACAACAGTATCAC

GGTTCC 
787 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTTCTAACAGAACA

AGGAGGGC 

Diagnose_f ATCCTAAGATCGATGCAGCG 
400 

Diagnose_r AGCATGTTCGATCACTTCCC 

FGSG_03700 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGCGAGTTGGTGATGAT

GAAGG 
581 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGCTGTCGATTACGCT

TACAGC 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCGACAAGAAGAGTT

ATGCGGG 
606 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTATGCATTCTGTCC

ACTGTCG 

Diagnose_f CTAGCTTCAAGAAGACTGCC 
399 

Diagnose_r GAAGAGCTTCCTTGCATAGG 

FGSG_03708 
LF_f_SM 

CTCTAGAACTAGTGGATCCCCCGGGCTGCGCATAGAGATGGG

TTTTAATG 
618 

LF_r_SM 
AGTCAATGCTACATCACCCACCTCGCTCATTGTCACCCACAGCC

ACCC 
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RF_f_SM 
AAAGGAATAGAGTAGATGCCGACCGAACGAATGCGAATGAG

AGGCTGC 
941 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTGGATGCAACGTT

CGAGCCAA 

Diagnose_f ACACCGAAGTCAGTGTAACG 
492 

Diagnose_r CAAGCACATGAGCAACAACC 

Left Locus-check_f TCCTTTCCTCTACGCTATGG 
956 

Left Locus-check_r GACCCAATTACACCCTTTGC 

Right Locus-check_f CCAACTCTATCAGAGCTTGG 
1330 

Right Locus-check_r ACTAGTGTTCGAAACGACGG 

FGSG_04434 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGAAAGGATTTGACCCT

GCTCG 
858 

LF_r_SM 
AGTCAATGCTACATCACCCACCTCGCTCTTCATCCCTCACTCTG

TAGC 

RF_f_SM 
AAAGGAATAGAGTAGATGCCGACCGAACCCCACTCTGTAGTCT

AAAGG 
883 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTATGATTTGCTCT

GTACCGGG 

Diagnose_f TTATTGGTGGTCATGAGGCG 
390 

Diagnose_r TGATGTCACTGGCATCAAGG 

FGSG_09124 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGGATCAAATTGGATGC

CACGC 
637 

LF_r_SM 
AGTCAATGCTACATCACCCACCTCGCTCATGAGCGCTGATAGA

AGTCC 

RF_f_SM 
AAAGGAATAGAGTAGATGCCGACCGAACGCCTCTCTCGTATA

AGATGG 
576 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTTGACTGAGGACA

AGTGATGG 

Diagnose_f TCTGGTGCAAACCAATCTCC 
213 

Diagnose_r GGACGATGTGAAAGGAAACC 

FGSG_11528 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGGGCAGAAAGATCAG

ACAAGG 
600 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGAATATCACCCTCG

GCAAAGC 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCTTGCAGTTCTCTTA

CGCACC 
616 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTGCCTGTATGCAT

TGAGATCC 

Diagnose_f GTTAGTAGCAAAGTCACCGG 
402 

Diagnose_r TTTGCAGGAAGACACTCTCC 

FGSG_12456 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGCCAGAGAGGCAAGT

CTAAAG 
550 

LF_r_SM 
CCCGAATCGGGAATGCGGCTCTAGAGTAGACGTACAGCATCC

AGCAAAG 

RF_f_SM 
ACATGAGCATGCCCTGCCCCTGAGCGGCCAAGAGGAAGCTTG

GAGGTTC 
472 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTTTCAATCTGGAT

AGCCTGGG 

Diagnose_f TCAACATGGCTTGCGATTGC 
109 

Diagnose_r GACCAGTCAGTACTAACACC 

Left Locus-check_f CATAATCTGCGAGAACGACC 
1275 

Left Locus-check_r TCAGTCCATCTTCCTTTCCC 

Right Locus-check_f AGGCTGATATAGCCTTCTCC 
1201 

Right Locus-check_r ACAGTGAAGTCTGGTAGACG 

FGSG_17054 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGGATGATGTTGGTGG

AGTGAG 
444 

LF_r_SM 
AGTCAATGCTACATCACCCACCTCGCTCCGGATACCACTTGTTC

TAGG 

RF_f_SM 
AAAGGAATAGAGTAGATGCCGACCGAACTGGTGGTTGGAAG

GAAGTTG 
564 
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RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTAGTGGCAATCAG

CCTTGAAG 

Diagnose_f GTTGTTTATTTGCCGCAGCC 
148 

Diagnose_r CAATCTTCACAATGGCTGGC 

Left Locus-check_f CGAAAGGTTTCGTGGTTTGC 
1087 

Left Locus-check_r GGGTTAGATATCGAGCTTGG 

Right Locus-check_f TTTCGATGATGCAGCTTGGG 
1293 

Right Locus-check_r CAGAACTTCCACTCAGATGC 

FGSG_02341 

LF_f_SM 
CTCTAGAACTAGTGGATCCCCCGGGCTGAATGGCCTTCCATCA

GTACG 
558 

LF_r_SM 
GGTAGGCCGAATAACTTGCACAAATTGGGTCTGCCTACAGAA

ATTGG 

RF_f_SM 
CTATCGCCTTCTTGACGAGTTCTTCTGAGACTGTTATCGAACCT

GTCG 
753 

RF_r_SM 
GTTGTAAAACGACGGCCAGTGAGCGCGCGTCACGTTAGCTTTC

TACTGC 

Diagnose_f AAGAAAGAAGCCATCTCGCC 
489 

Diagnose_r AACACATTGGCCAACCATGG 

Left Locus-check_f TAGGACGAAGTATCGAAGCC 
1021 

Left Locus-check_r GATGAAATCAACGCGCTTCG 

Right Locus-check_f TCTGGATTCATCGACTGTGG 
1090 

Right Locus-check_r TTGTGGTTGTAAGCGAGTCG 

 

Table 4: Primers used for quantitative real-time PCR of FGSG_03708.  

qRT-PCT 

FGSG_03708 

LG_qRT_03708_f4 GGAATAGTTGGCAGCAAGAC 
133 

LG_qRT_03708_r4 GTACGAGCACAACAAGAACC 

qRT-PCR Tubulin 
AL-qF-Tub TGTCGACGACCAGTTCTCAGC 

152 
AL-qR-Tub CGATGTCGGCGTCTTGGTAT 

 

Table 5: Primers used for the cloning of pII99_GPI-HyPer. The primers for amplification of GPI-HyPer 

contain binding sequences for restriction enzymes SacI (_fw) and XbaI (_rv) (italic bases), the sequences of 

the N-terminal (_fw) and the C-terminal (_rv) signal peptide, a seƋueŶĐe ĐoŵpleŵeŶtaƌǇ to the ϱ͛ ;_fǁͿ aŶd 
the ϯ͛ ;_ƌǀͿ eŶd of HǇPeƌ-2 (underlined bases), as well as the sequence of the GAGAGA spacer (_rv) (dotted 

bases). The primers for amplification of the promotor region of FGSG_04399 contain binding sequences for 

restriction enzymes SacI (_fw) and NdeI (_rv) (italic bases). 

Amplification of 

GPI-HyPer 

LG_GPI_HyPer_fw 
GAGCTCATGCGCGCCCAGGCTCTTGCTGCTGTTCTTCTCTCTGC

ATGCGCTGGTCAAGCTATCGCTGAGATGGCAAGCCAG 

1593 

LG_GPI_HyPer_rv 

TCTAGACAGAGCGAAAGCGAGAGCAAAGACACCAGCAAGAA

CCAGGTTGACCGGAACAGCCATAGAAGAGCCAGCGTTTGCAC

CTGCTCCAGCTCCAACCGCCTGTTTTAAAACTTTATC 

Promotor region 

of FGSG_04399 

LG_Pro04399_SacI CTTGAAAGTTGAGCTCGAGAGATGTATGTG 
879 

LG_Pro04399_NdeI CGCCACCCTTTTTTACTTTTATTCATATGGC 
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2.1.3 Plasmids 

Table 6: Plasmids used in this study 

Name Use 
Restriction 

enzymes 
References 

pRS426 Yeast cloning method  
Christianson, T. W. 

et al., 1992 

pGEM-Hyg 
Hygromycin (Hyg) 

selectable marker 
 

Maier, F. et al., 

2005 

pII99 
Geneticin (NptII) 

selectable marker 
 Beck, E. et al., 1982 

pNR1 
Nourseothricin (NatI) 

selectable marker 
EcoRI and XbaI 

Malonek, S. et al., 

2004 

pRSϰϮϲ_ΔϬϬϱϳϲ 
FGSG_00576 deletion 

construct 
SacI and SalI This study 

pRSϰϮϲ_ΔϬϲϬϮϯ 
FGSG_06023 deletion 

construct 
SacI and SalI This study 

pRSϰϮϲ_ΔϬϵϳϰϮ 
FGSG_09742 deletion 

construct 
BamHI and ClaI This study 

pRSϰϮϲ_Δϭϭϯϵϵ 
FGSG_11399 deletion 

construct 
SalI and SpeI This study 

pRSϰϮϲ_ΔϭϲϬϭϯ 
FGSG_16013 deletion 

construct 
SpeI and XhoI This study 

pRSϰϮϲ_ΔϬϰϭϮϯ 
FGSG_04123 deletion 

construct 
NotI and XhoI 

Master thesis 

Michael Mentges 

pAN71GluA_HyPer-2 HyPer-2 template  
Master thesis 

Michael Mentges 

pII99_GPI-HyPer GPI-HyPer expression Pvu I This study 
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2.2 Methods 

 

Solid media 

For making solid medium of the media specified below 1.6% granulated Agar were added 

to these media before autoclaving. 

 

F. graminearum mycelia cultivation 

Mycelium was generated by incubating conidiospores or mycelial plugs in liquid or solid 

CM at 28 °C. Liquid media was shaken at 145 rpm.  

Complete medium (CM): 

Solution A (100 g/l Ca(NO3)2 × 4 H2O) 1% 

Solution B (20 g/l KH2PO4, 25 g/l MgSO4 × 7 

H2O, 15 g/l NaCl) 1% 

D-glucose 1% 

Yeast-Casein-Extract 0.2% 

Trace-elements-solution (60 mg/l H3BO3, 

390 mg/l CuSO4 × 5 H2O, 13 mg/l KI, 60 mg/l 

MnSO4 × H2O, 51 mg/l (NH4)6Mo7O24 × 4H2O, 

5.48 g/l ZnSO4 × 7 H2O, 932 mg/l FeCl3 × 6 

H2O) 0.1% 

Dilute in H2O 

 

Minimal medium (MM): 

Solution A (100 g/l Ca(NO3)2 × 4 H2O) 1% 

Solution B (20 g/l KH2PO4, 25 g/l MgSO4 × 7 

H2O, 15 g/l NaCl) 1% 

D-glucose 1% 

Trace-elements-solution (60 g/l H3BO3, 390 

mg/l CuSO4 × 5 H2O, 13 mg/l KI, 60 mg/l 

MnSO4 × H2O, 51 mg/l (NH4)6Mo7O24 × 4H2O, 

5.48 g/l ZnSO4 × 7 H2O, 932 mg/l FeCl3 × 6 

H2O) 0.1% 

Dilute in H2O 

Solution A and B were sterilised by sterile filtration. Trace-elements-solution was 

sterilised by adding chloroform in the ration 1:1000 (v/v). 

For the production of selection media for transformed strains the following antibiotics 

were added to the media after autoclaving: 
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Hygromycin 100 µg/ml 

Nourseothricin 100 µg/ml 

Geneticin 100 µg/ml 

 

Conidiogenesis 

Formation of conidiospores was induced by incubation of mycelial plugs in wheat-

medium for 3-7 days at 28 °C in darkness.  

Wheat medium: 

For 1 l of wheat medium 15 g of sliced wheat leaves were autoclaved in 1 l H2O. After 12h 

the liquid was filtered through a folded filter (grade 3 hw) and autoclaved again.  

Storage 

For long-term storage conidiospores of F. graminearum suspended in H2O were frozen at 

-70 °C. 

 

2.2.1 Generation of deletion plasmids 

For construction of deletion plasmids flanking regions (300 – 1500 bp upstream and 

downstream) of the genes of interest were cloned by PCR from gDNA of the wild type 

strain using appropriate primers (Table 2) carrying overhangs complementary to the 

resistance cassette and the linearised vector backbone. The resistance cassettes 

nourseothricin, hygromycin, and geneticin were obtained from the plasmids pNR1 

(Malonek et al., 2004), pGEMT-Hyg (Maier et al., 2005), and pII99 (Beck et al., 1982), 

respectively. The nourseothricin resistance cassette was cut out from pNR1 with EcoRI 

and XbaI (37 °C, 2 h). The cassette was separated from the plasmid backbone via gel 

electrophoresis, cut out of the gel and purified using the NucleoSpin® Gel and PCR Clean-

up Kit (Macherey-Nagel, Düren, Germany). Hygromycin and geneticin resistance cassettes 

were amplified from pGEMT-Hyg and pII99 via PCR using the appropriate primers (Table 

1), respectively. The PCR products were also gel-purified. Flanking regions and desired 

resistance cassette were cloned into the plasmid pRS426 by transforming all fragments 

(3'-flaŶkiŶg ƌegioŶ, ϱ͛-flanking region, resistance cassette, linearised pRS426) into the 

uracil-auxotrophic Saccharomyces cerevisiae strain FGSC 9721 (FY 834).  

Yeast-transformation 

Deletion plasmids were assembled via yeast-recombination based on Colot et al. (2006). A 

5 ml starter culture of the uracil-auxotrophic Saccharomyces cerevisiae strain FGSC 9721 

(FY 834) in YPD medium was incubated at 200 rpm and 30 °C for 12 h. 50 ml YPD medium 

were inoculated with 3 ml of this culture and incubated for 4 h under the same 

conditions. The culture was centrifuged for 5 minutes at 2000 rpm and the supernatant 
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was discarded. The pellet was washed in 10 ml H2O. The solution was centrifuged again 

and washed with 1 ml 100 mM lithium acetate. After another centrifugation the pellet 

was resuspended in a high enough volume of 100 mM lithium acetate for all desired 

transformation reactions. 50 µl of this cell suspension as well as 50 µl of freshly 

denatured salmon sperm DNA (2 µg/ml) were added to a solution containing 

50 % PEG 3350  240 µl 

1 M lithium acetate  36 µl 

Yeast shuttle plasmid pRS426 100 ng 

Flanking regions and resistance 

cassette 500 ng each 

H2O ad 360 µl 

and incubated at 30 °C for 30 min. Heat shock was induced by incubating the solution 

45 °C for 15 min. Cells were plated on uracil-free SD agar (SD –uracil agar) and incubated 

at 30 °C in the dark until colonies are visible. Colonies were used for plasmid isolation. 

YPD-medium: 

Yeast extract 10 g/l 

Difco-Bacto-Trypton 20 g/l 

D-glucose 20 g/l 

Dilute in H2O 

SD –uracil-medium: 

D-glucose 20 g/l 

Difco© yeast nitrogen base without 

amino acids 6.7 g/l 

CLontech –Ura DO supplement 0.77 g/l 

Dilute in H2O 

Plasmid DNA isolation from yeast 

Transgenic yeast colonies were each cultivated in 15 ml uracil-free SD medium at 30 °C 

and 120 rpm overnight. Cells were harvested by centrifugation at 1500 rpm for 5 min 

washed with 500 µl H2O. After discarding the H2O, 200 µl yeast lysis buffer, 200 µl 

phenol:chloroform:isoamylalcohol (25:24:1 v/v), and 0.3 g of acid washed glass beads 

(diameter 425-600 µm, Sigma-Aldrich, USA) were added in this order. The solution was 

homogenised in a vibration mill (MM 200, Retsch, Haan, Germany) for 5 min at maximum 

speed. The homogenised solution was then centrifuged at 14000 rpm for 5 min. The 

aqueous phase was transferred to a fresh tube and separated by adding 200 µl 

chloroform and centrifuging at 14000 rpm for 5 min. After transferring the aqueous phase 

to a new tube 1/10th volume 3 M sodium acetate (pH 5.5) and 1 ml ethanol were added 

before incubating the solution at -20 °C for 15 min. The solution was centrifuged at 14000 

rpm for 20 min. The pellet was resuspended in 400 µl TE-buffer, and 4 µl RNase A (10 
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mg/ml) were added. Resuspension of the pellet was accelerated by incubation at 37 °C. 

50 µl 4 M ammonium acetate and 1 ml ethanol were added before centrifugation at 

14000 rpm for 20 min. The pellet was washed with 70% ethanol, air dried, and 

resuspended in 20 µl H2O. For plasmid amplification up to 10 µl of the solution were 

transformed in E. coli. 

Yeast lysis buffer: 

Triton X-100 2% 

SDS 10% 10% 

NaCl 5 M 2% 

EDTA 0.5 M 0.2% 

Tris 1 M 1% 

Dilute in H2O 

E. coli-transformation 

For amplification the plasmids were transformed into Escherichia coli stƌaiŶ DHϱα ;GƌeeŶ, 
M. R. & Sambrook, J. (eds) Molecular cloning: a laboratory manual 4th edn (Cold Spring 

Harbor Laboratory, 2012)). 1-10 µl of plasmid solution were carefully added to 1 ml 

competent E. coli DHϱα suspeŶsioŶ. The Đells ǁeƌe iŶĐuďated oŶ iĐe foƌ ϮϬ ŵiŶ ďefoƌe 
applying a heat shock (42 °C) for 90 sec. After another incubation on ice for 5 min the cells 

were incubated for 1 h at 37 °C shaking lightly. The cells were then centrifuged for 1 min 

at 2000 rpm and 900 µl of the supernatant were discarded. After resuspension of the 

pellet in the remaining supernatant the cells were spread on LB-agar plates with suitable 

antibiotics.  

LB-medium: 

Tryptone 10 g/l 

Yeast-Extract 5 g/l 

NaCl 10 g/l 

Dilute in H2O 

For selection medium 100 µg/ml ampicillin were added to the medium after autoclaving.  

Plasmid DNA isolation from E. coli 

For a first screening of transgenic E. coli cells, the respective colonies were each 

cultivated in 1 ml LB-medium with 200 µg/ml ampicillin at 37 °C and light shaking 

overnight. The cells were centrifuged at 14000 rpm for 10 min before resuspending the 

pellet in 100 µl resuspension buffer P1. 100 µl denaturation buffer P2 were added and the 

solution inverted until becoming transparent. 100 µl neutralisation buffer P3 were added 

and the tube inverted ten times. The solution was incubated on ice for 5 minutes before 

centrifugation at 14000 rpm for 10 min. The supernatant was transferred to a fresh tube 

and 1/10th volume of sodium acetate (pH 5.5) as well as 700 µl isopropanol were added. 
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The solution was centrifuged at 14000 rpm and 4 °C for 30 min. The supernatant was 

discarded and the pellet washed with 70% ethanol before resuspension in 30 µl H2O.   

For isolation of high concentrations of pure plasmid DNA, cells from colonies carrying the 

desired plasmid were incubated in 100 ml LB-medium with 200 µg/ml ampicillin at 37 °C 

shaking overnight. The cells were harvested in 50 ml centrifuge tubes by centrifugation at 

4000 rpm for 5 min. The plasmid isolation was performed using the Quiagen Plasmid 

Midipƌep Kit. The ŵaŶufaĐtuƌeƌ͛s iŶstƌuĐtioŶs ǁeƌe folloǁed until the precipitation step. 

The 5 ml plasmid DNA suspension in elution buffer (Buffer ELU) were distributed over 5 

2 ml centrifugation tubes to facilitate high rpm centrifugation. The suspension was 

substituted with 700 µl isopropanol before centrifugation at 14000 rpm and 4 °C for 30 

min. The supernatant was discarded and the pellet washed with 70% ethanol before 

resuspension in 500 µl H2O.   

After plasmid isolation the deletion constructs (resistance cassette framed by the two 

flanking regions) were cut out from the plasmid using suitable restriction enzymes 

(indicated in Supplementary figures 1-5). The deletion constructs were separated from 

the plasmid backbone via gel electrophoresis, cut out of the gel and purified using the 

NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel, Düren, Germany). The isolated 

and purified deletion constructs were transformed in F. graminearum strain 8/1. 

P1 buffer: 

Tris-HCl (pH 8.0) 50 mM 

EDTA 0.5 M 10 mM 

RNase A  10 µg/ml 

Dilute in H2O 

P2 buffer: 

NaOH 5 M 20% 

SDS 10% 10 mM 

Dilute in H2O 

P3 buffer: 

Sodium acetate 3 M 

Dilute in H2O, adjust pH to 4.8 

 

2.2.2 Generation of split markers 

Split marker construction was carried out as described by Harrison et al. (2013) with the 

following addition: Primers annotated F1 and F4 in Harrison et al. (2013) were augmented 

by an overhang which serves as a binding site for embedded primers in this study. This 

allowed using the same primers for the fusion PCRs of all split-markers. 

A schematic view of split marker generation is shown in Figure 5. 
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Figure 5: Split marker amplification and gene deletion. 1.: Flanking regions of target genes were amplified with primers carrying specific overhangs; one 

overhang was complementary to the first 28-30 bp of the respective resistance cassette, one served as a binding site for nested primers. The respective 

resistance cassette was amplified by PCR as in case of HYG and GEN, or cut out of the vector pNR1 as in case of NAT. 2.: In a PCR using the upstream or 

downstream flanking region (FR) and the resistance cassette (RES) as templates a split marker was amplified with primers binding the respective overhang of 

the flanking region and in the resistance cassette sequence amplifying a DNA fragment consisting of the flanking region and approximately two thirds of the 

resistance cassette. The second split marker was amplified using the respective other flanking region and the resistance cassette as template and consisted of 

the flanking region and the other two thirds of the resistance cassette. Hence, the sequences of the two split markers were identical in the centre region of the 

resistance cassette. 3.: After transformation of F. graminearum protoplasts with the split markers, three cross over events take place. The flanking regions 

recombine with the respective identical regions in the genome and the centre regions of the truncated resistance cassettes of the split markers recombine 

forming the complete functional resistance cassette. 4.: After three successful cross over events the target gene is replaced by the resistance cassette. 
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2.2.3 Protoplast-transformation of F. graminearum 

For the generation of F. graminearum protoplasts, 50 ml YEPD-medium were inoculated 

with 1 × 106 of the respective F. graminearum strain and incubated overnight shaking at 

150 rpm and 28 °C. Grown mycelia was separated from the media using a sieve with a 

mesh diameter of 40 µm and washed with at least 200 ml sterile ddH2O. While drying the 

mycelia on sterile Whatman paper, the cell wall degrading enzyme mix was prepared and 

stirred for 30 minutes before being centrifuged at 4100 rpm (room temperature) and 

sterilised via filtering. The enzyme mix was transferred to a 100 ml Erlenmeyer flask, 

inoculated with 0.5 g mycelia, and incubated at 30 °C shaken at 80 rpm for 2.5 h. The 

resulting protoplasts were successively filtered through sieves with 100 µm and 40 µm 

mesh diameter in order to rid the protoplasts of any remaining mycelia. The protoplasts 

were washed with 10 ml 1.2 M potassium chloride and centrifuged at 2000 rpm for 10 

min. The supernatant was discarded and the pellet washed with 10 ml STC-CO buffer. The 

centrifugation was repeated and the protoplast pellet resuspended in an appropriate 

amount of STC-CO buffer to reach a protoplast concentration of 1 × 108/ml. For one 

transformation 3-10 µg of DNA (linearised plasmid, deletion construct, or split marker) 

were added to 200 µl (2 × 107 protoplasts) of the protoplast suspension, which was then 

carefully mixed and incubated at room temperature for 20 min. 1 ml PEG-CO buffer was 

added, the suspension carefully mixed and centrifuged and incubated at room 

temperature for another 20 min. For regeneration of the protoplasts, 5 ml TB3-buffer 

were added and the suspension was incubated for 30 min. Then, 50 ml of TB3-agar (~50 

°C) were added to the suspension which was distributed to five petri dishes (Ø 96 mm). 

To allow sufficient regeneration of the transformed protoplasts the plates were incubated 

at 28 °C overnight. The following day 10 ml of a 1.5% water agar solution containing the 

desired antibiotic (in case of transformed F. graminearum strain 8/1: 100 µg/ml for 

hygromycin, nourseothricin, and geneticin) were added to each plate forming an even 

layer. The plates were incubated for another 3-4 days at 28 °C until mycelia originating 

from transgenic protoplasts was visible on top of the selection agar layer. Small mycelia 

blocks (~1 mm²) were cut out from the centre of these primary transformants and 

transferred to small plates with selection agar.  

YEPD-medium: 

Yeast extract 0,3% 

Bacto-Pepton 1% 

D-glucose 2% 

Dilute in H2O 
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Enzyme mix for protoplast transformation (10 ml / transformation): 

Dƌiselase™ 
Basidiomycetes sp. 2.5% 

Lysing enzymes from 

Trichoderma harzianum 0.5% 

Dilute in 1,2 M potassium chloride, sterilize by filtration 

STC-CO-buffer: 

Saccharose 20% 

Tris-HCl (pH 8,0) 10 mM 

CaCl2 50 mM 

Dilute in H2O 

PEG-CO-buffer: 

PEG 4000 (sterile) 40% 

STC-CO-buffer 60% 

Dilute in H2O 

TB3-medium: 

Saccharose 20% 

Yeast extract 0.3% 

Acid hydrolysed casein 0.3% 

Dilute in H2O 

 

Methods for diagnosis of deletion mutant candidates 

2.2.4 Polymerase chain reaction (PCR) and gel electrophoresis 

Amplification of DNA fragments was achieved by PCR. This included amplification of DNA 

fragments used for cloning, screening of deletion mutant candidates, and amplification of 

DNA probes for Southern Blotting. Composition of PCR reaction mixes as well as 

denaturation and elongation temperatures were applied folloǁiŶg the ŵaŶufaĐtuƌeƌs͛ 
instructions. Verification of PCR results was performed via gel electrophoresis using 0.8% 

agarose gels and 1× TAE buffer. Depending on the expected concentration of the DNA 

product, 1-10 µl were diluted in 6× loading dye and pipetted into the agarose gel 

chambers. Electrophoresis took place at 100-150 volts. Gels were stained in an ethidium 

bromide bath for 20 min before documentation in a UV transilluminator (SynGene 

Genius, Bio Imaging System, United Kingdom). 
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50× TAE buffer: 

Tris 2 M 

Na2EDTA (pH 8) 50 mM 

Glacial acetic acid 5.41% 

Dilute in H2O 

6× loading dye: 

Bromophenol blue 250 mg 

Xylene cyanol FF 250 mg 

Tris 150 mM (pH 7.6) 33 ml 

Glycerol 60 ml 

Dilute in 7 ml H2O 

 

2.2.5 Digestion of F. graminearum cells to obtain gDNA for PCR 

To obtain genomic DNA (gDNA) of transgenic F. graminearum strains for target gene 

deletion verification, the Phire Plant Direct PCR Master Mix (ThermoFisher) was used. 

gDNA from the cells was released by grinding a small amount of mycelia (a few hyphae 

are sufficient) shortly in a 1.5 ml centrifugation tube containing 20 µl Dilution Buffer with 

a pipette tip. This way, intracellular cell components are released and the gDNA diffuses 

into the supernatant. 0.5 µl of the supernatant were used as a template for test PCRs 

using 2 × Phire Plant PCR Master Mix in a 10 µl PCR setup. 

 

2.2.6 Verification of successful transformation 

gDNA of transformed strains was used as template for PCR aimed at verifying the deletion 

of the target gene. First, a PCR was conducted with primers that bind inside of the target 

geŶe ;͞DiagŶose͟-primers. Abbreviation: diag_) (Figure 6). With WT gDNA as template 

this PCR would generate a fragment of known length which would be visible after gel 

electrophoresis. With deletion mutant gDNA as template no band would be visible in the 

gel; the diag-primers have no complementary binding site in the mutaŶt͛s geŶoŵe as the 
target gene had been replaced with the respective resistance cassette. gDNA of 

transformants that showed no band after the diagnose PCR was analysed in a second PCR 

which aimed at verifying the correct integration of the resistance cassette into the 

genome and proving that the lack of a band in the first PCR did not derive from damaged 

gDNA. Two different techniques were applied in this second PCR.  

1. Resistance-cassette-internal (RCI)-primers (Figure 6): The primers in this PCR bind 

inside the resistance cassette. Therefore, WT gDNA as template would not 

generate any fragment due to a lack of binding sites. With deletion mutant gDNA 

as template a fragment of known size is generated. 
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2. Locus-primers (Figure 6): Two primer pairs are used in this PCR. Of each pair only 

one primer would bind in the resistance cassette, directed in upstream or 

downstream direction, respectively. The other primer of each pair would bind 

outside of the respective upstream or downstream flanking region in the genome. 

With WT gDNA as template no fragments would be generated because only one 

primer of each pair would be able to bind. gDNA of a deletion mutant with the 

resistance cassette being correctly integrated in the desired location would 

generate two fragments of known size. 

 

Figure 6: Primer setups for gene deletion verification PCRs. Primers are depicted as red or orange triangles. 

Diagnose PCR primers bind inside the target gene sequence generating a DNA fragment with WT gDNA but 

not with deletion mutant gDNA. Resistance cassette internal (RCI) PCR primers bind inside the resistance 

cassette sequence generating a DNA fragment with deletion mutant gDNA but not with WT gDNA. Locus 

PCR primers are made up of two primer pairs. Of each pair one primer binds inside the resistance cassette 

and outside of the respective flanking region, generating DNA fragments with deletion mutant gDNA but 

not with WT gDNA. uf: upstream flanking region; df: downstream flanking region. 

 

2.2.7 Conidia isolation 

In some cases the diagnose PCR of transgenic strains revealed faint bands of the target 

gene, raising doubt concerning the homokaryocity of the transformant. In these cases, 

conidia of the strain were isolated. Each conidiospore contains only nuclei that have 

formed through mitotic division making it homokaryotic. Nuclei of mycelium that 

originates from one conidiospore therefore derive from one single nucleus. For this 

purpose, conidia were isolated with the following procedure. After successful 

transformation, primary transformants were transferred to small plates with selection 

agar. From these plates conidia were washed off with sterile ddH2O and distributed on a 

water agar plate (Ø 96 mm) with a spatula. After an incubation period of 5-6 h at 28 °C (or 

overnight at room temperature), germinated conidia were magnified under a binocular 

loupe, cut out with a scalpel, and transferred to a fresh selection agar plate. DNA of 

grown mycelia from these secondary transformants was again diagnosed via PCR.  
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2.2.8 gDNA-isolation 

For obtaining large amounts of genomic DNA (gDNA) from F. graminearum, aerial 

mycelium from the respective strains was lyophilised overnight in centrifugation tubes 

with punctured lids. The lyophilised mycelia was ground with a pestle and further lysed by 

addition of 1 ml CTAB buffer and incubation at 65 °C for 1 h. After centrifugation at 13000 

rpm for 10 min, the supernatant was transferred to a fresh 2 ml tube and 1 ml chloroform 

was added. The centrifugation step was repeated after inverting the solution ten times. 

The aqueous phase was transferred to a new tube and 750 µl isopropanol were added. 

The solution was inverted ten times and incubated at -20 °C for 30 min. After 

centrifugation at 4 °C and 13000 rpm for 30 min, the supernatant was discarded and the 

pellet washed by addition of 500 µl 70% ethanol and centrifugation at room temperature 

for 10 min. The washing step was performed twice. After discarding the supernatant and 

air drying the pellet, the DNA was resuspended in the desired amount of ddH2O. 

CTAB lysis buffer: 

CTAB 2% 

Tris-HCl (pH 8) 0.1 M 

NaCl 1.4 M 

EDTA (pH 8) 20 mM 

Dilute in H2O 

 

2.2.9 Southern-blotting 

Southern blotting is a diagnosis method able to detect specific DNA sequences, gene 

deletions, or multiple integrations of DNA after a transformation. In this study southern 

blotting was used to investigate the presence of a second integration of the KO-construct 

iŶ the ŵetallothioŶeiŶ deletioŶ ŵutaŶt ΔFGSG_17054.  

Buffers: 

Depurination buffer: 

HCl 0.25 M 

Dilute in H2O 

 

Denaturation buffer: 

NaOH 0.5 M 

NaCl 1.5 M 

Dilute in H2O 
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Neutralisation buffer: 

Tris-HCl (pH7.5) 0.5 M 

NaCl 1.5 M 

Dilute in H2O 

20 × SSC buffer: 

NaCl 3 M 

Sodium citrate 0.33 M 

Dilute in H2O 

5 × B1 buffer: 

Maleic acid 0.5 M 

NaCl 0.75 M 

Dilute in H2O, adjust pH to 7.5 

10% blocking solution: 

Dilute 10% blocking reagent (Roche) in 1 × B1 buffer 

B2 buffer: 

Blocking solution 1% 

Dilute in 1 × B1 buffer 

B3 buffer: 

Tris-HCl 0.1 M 

NaCl 0.1 M 

Dilute in H2O 

Prehybridisation buffer: 

N-lauryl sarcosine 0.1% 

SDS 0.2% 

Blocking solution 2% 

Dilute in 5 × SSC buffer 

Hybridisation buffer: 

Prehybridisation buffer + digoxigenin-labelled probe  

Purified HYG was used as a probe. For the amplification of HYG via PCR, 

digoxigenin-labelled dUTPs (deoxyuridine triphosphate) were added to the 

reaction mix leading to intermittent integration of dig-dUTP instead of dTTP 

(deoxythymidine triphosphate). 

W1 buffer: 

SDS 0.1% 

Dilute in 2 × SSC buffer 

 

 

 



Materials and methods 

44 

W2 buffer: 

SDS 0.1% 

Dilute in 0.2 × SSC buffer 

WP buffer: 

Tween 20 0.3% 

Dilute in 1 × B1 buffer 

Antibody solution: 

Anti-digoxigenin-AP Fab fragments diluted 1:10,000 in B2 buffer 

CSPD solution: 

Dilute chemoluminscense reagent CSPD (Roche) 1:100 in B3 buffer 

 

At least Ϯ µg of gDNA of ΔFGSG_ϭϳϬϱϰ ǁeƌe digested iŶ ƌeaĐtioŶ ŵiǆtuƌe ǀoluŵe of ϱϬϬ 
µl with 20 U HindIII overnight. After digestion, 20 µl of the restriction mixture were gel 

electrophorised in order to verify a complete digestion of the DNA. A continuous smear 

containing no bands should be visible on the respective UV picture if the digestion was 

successful. The rest of the restriction mixture was treated with 1/10 volumes 3 M sodium 

acetate and 1 volume isopropanol at -20 °C for 30 min to precipitate the DNA. After 

centrifugation at 4 °C for 30 min, the pellet was washed with 500 µl 70% ethanol and 

centrifuged at room temperature for 10 min. The pellet was resuspended in 30 µl ddH2O 

and the whole volume separated by gel electrophoresis using 15 µl of dig-labeled DNA 

Molecular Weight Marker VII (Sigma-Aldrich, St. Louis, Missouri, USA). After 

electrophoresis, the gel was treated with depurination buffer, denaturation buffer, and 

neutralisation buffer for 10 min each. For the blotting process a basin was filled with 500 

ml 20 × SSC and the blotting tower set up as indicated in Figure 7.  
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Figure 7: Southern blot setup. A container was filled with 500 ml 20× SSC buffer. A platform was put into the buffer 

with a sheet of Whatman paper on top whose ends were submerged in the buffer. The electrophorised gel was laid on 

top of the sheet of Whatman paper and any air bubbles were removed. A nylon membrane and 4 layers of Whatman 

paper of the size of the gel were added on top followed by a 10 cm thick stack of paper towels. A weight of 

approximately 500 g was put on top to apply pressure and facilitate capillary flow of the buffer. 

The blotting process took place overnight. The next day the membrane was rinsed in 2 × 

SSC before fixing the DNA to the membrane via UV exposure with a Stratalinker UV 

Crosslinker (120 mJ) (Stratagene California, La Jolla, California, USA). The following 

incubation steps were performed in a hybridisation tube with the DNA side of the 

membrane facing inwards. The membrane was washed with 2 × SSC for 2 min. The SSC 

was removed and 20 ml prehybridisation buffer were added for incubation at 68 °C for 

5 h. The prehybridisation solution was replaced with 10 ml of hybridisation solution. 

Hybridisation was carried out overnight at 68°C. The hybridisation solution was discarded 

and the membrane washed twice with 50 ml W1 buffer for 5 min at room temperature 

before washing twice with W2 buffer for 15 min at room temperature. The membrane 

was rinsed with WP buffer and incubated in 10 ml B2 blocking buffer for 60 min. The B2 

blocking buffer was discarded and 10 ml antibody solution was added for incubation at 

room temperature for 30 min in the course of which the antibody would bind the 

digoxigenin residues of the labelled probe. The antibody solution was discarded and the 

membrane was washed thrice with 50 ml WP buffer for 20 min at room temperature. The 

WP buffer was replace with 10 ml B3 buffer for an incubation at room temperature for 

5 min. 500 µl CSPD-solution were distributed over a plastic film (large enough for the 

dimensions of the membrane). The membrane was place on the CSPD drops with the DNA 

side facing downwards and covered with a second plastic film. Air bubbles were carefully 

removed before incubating at room temperature for 5 min in the course of which the 

luminescence reaction of the antibody-bound enzyme is triggered. The membrane was 

removed and sealed in a fresh plastic bag. Luminescence detection was performed with a 

LAS 3000 Image Analyser (Fujifilm-Europe, Düsseldrof, Germany).  
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2.2.10 RNA-isolation 

The determination of the expression of the F. graminearum chloroperoxidase gene 

FGSG_03708 with and without oxidative stress via quantitative real time PCR required the 

extraction of RNA from the respective strain. To obtain the necessary mycelia, 

F. graminearum 8/1 was cultivated on a layer of cellophane spread on CM-agar without 

admixture and CM-agar containing 20 mM H2O2 or 50 µM menadione, respectively, at 

28 °C. After three days the cellophane was detached from the agar and lyophilised 

together with the attached mycelia. After lyophilisation the cellophane and mycelia were 

frozen in liquid nitrogen and ground with a mortar. To extract total RNA from the powder, 

pegGOLD TriFast reagent (peqlab, VWR Life Science, Erlangen, Germany) was used 

folloǁiŶg the ŵaŶufaĐtuƌeƌ͛s guideliŶes.  

 

2.2.11 cDNA-synthesis and purity verification 

To rid the isolated RNA from any gDNA residues, it was treated with DNase from the First 

Strand cDNA Synthesis Kit (Fermentas, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) which ǁas also used foƌ ĐDNA sǇŶthesis usiŶg the pƌoduĐeƌ͛s guideliŶes. ϭ µg RNA 
was used as template. To assess the purity of the gained cDNA, i.e. the absence of gDNA 

residues, control PCRs were performed using primers that amplify a gene section 

containing a large intron. As cDNA contains no introns, the resulting band of the PCR with 

cDNA as template differs in length to the resulting band with gDNA as template. gDNA 

impurities in the cDNA sample would result in a double band. The gained cDNA was 

diluted 1:20 to be used as template for qRT-PCR.  

 

2.2.12 Quantitative real time PCR (qRT-PCR) 

For the determination of the expression of the F. graminearum chloroperoxidase gene 

FGSG_03708 with and without oxidative stress, a quantitative real time PCR with 

LightCycler® 480 SYBR Green I Master (Roche, Basel, Switzerland) was performed. SYBR 

Green is a cyanine fluorescent dye that absorbs light with 494 nm wavelength and emits 

light with 522 nm wavelength. It preferentially binds to double stranded DNA (dsDNA) but 

has some performance with single stranded DNA and RNA as well. During a qRT-PCR the 

increase of fluorescence is proportional to the amount of PCR-product. This allows for a 

relative quantification of the mRNA of interest when compared to a known housekeeper 

gene. Because SYBR Green unspecifically binds all types of dsDNA, i.e. also primer dimers, 

contaminating DNA, or PCR products due to mis-annealed primers, a melting curve is 

necessary to test whether the PCR has produces a single specific product. For this purpose 

the temperature is continually raised from 50 °C to 95 °C denaturing all amplificates at a 

certain temperature. Upon denaturing of the amplificate SYBR Green detaches leading to 
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a measurable decrease of fluorescence intensity. In case of one specific product a single 

sudden drop of fluorescence should be detectable preceded by a less intense persistent 

drop of fluorescence. For the relative quantification of FGSG_03708 mRNA the 

housekeeper gene ẞ-tubulin was used as a reference gene since it is constitutively 

expressed in all cells. One assay consisted of samples from F. graminearum 8/1 grown on 

CM-agar, on CM-agar + 20 mM H2O2, and on CM-agar + 50 µM menadione. ddH2O was 

used as contamination control. Each sample was probed with FGSG_03708-specific and ẞ-

tubulin-specific primers with three technical replicates each. The primer sequences are 

shown in Table 4.  

In the following, the composition of the reaction mixture for one technical replicate is 

shown: 

SYBR Green 2× Master-Mix 5 µl 

Primer forward (10 µM) 0.2 µl 

Primer reverse (10 µM) 0.2 µl 

ddH2O 3.6 µl 

Template (cDNA or ddH2O) 1 µl 

 

The qRT-PCR reaction took place in the real-time PCR cycler Rotor Gene Q (Quiagen, 

Hilden, Germany) with the following temperature settings: 

Initial denaturation 95 °C 10 min 

Denaturation 95 °C 15 sec 

Annealing 58 °C 30 sec 

Polymerisation 72 °C 30 sec 

Pause 4 °C ∞ 

 

For evaluation of the acquired ct (cycle threshold)-values, the program REST-348 (Relative 

Expression Software Tool, Pfaffl et al., 2002) was used. The ct value describes the part of a 

fluorescence curve that exponentially excels the background value and marks the time 

point in which all reaction tubes contain the same amount of newly synthesised DNA. 

Significant deviations between curves of different samples were calculated using the Pair 

Wise Fixed Reallocation Randomisation Test (Pfaffl et al., 2002).  

 

2.2.13 Pathogenicity assays on wheat 

To determine the ability of the tested strains to infect wheat heads, the space between 

the palea and the lemma of the two centre spikelets of wheat heads in early anthesis was 

inoculated with 10 µl of a conidia suspension (20 conidia/µl H2O). The plants were 

incubated in artificial day-night-cycle conditions with 16 h illumination at 21 °C and 8 h 

45 × 
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darkness at 16 °C for 21 days. To avoid cross-contaminations and to ensure sufficient 

ambient humidity, the inoculated wheat heads were covered with moisturised plastic 

bags during the first 72 h of incubation. After 21 days, the inoculated wheat heads were 

removed and photographed. The spreading of the prematurely bleached plant tissue 

indicated the virulence of the tested strains. 

 

2.2.14 Pathogenicity assays on maize 

Fungal virulence on maize was achieved by injecting 1 ml of a conidia suspension (200 

conidia/µl H2O) into the silk channel of young maize cobs using a 2 ml syringe. The plants 

were incubated in a greenhouse with a 16 h photoperiod at 21 °C. To avoid cross-

contaminations and to ensure sufficient ambient humidity, the inoculated maize cobs 

were covered with moisturised plastic bags during the first 72 h of incubation. After 5 

weeks the inoculated maize cobs were harvested and photographed. The spreading of 

mycelia and necrotic plant tissue indicated the virulence of the tested strains. 

 

2.2.15 ROS-sensitivity-assays 

To determine the sensitivity of the mutants towards ROS-stress, mycelia plugs were cut 

out from the rims of 3-day-old colonies grown on CM agar and placed on plates with CM 

agar containing increasing concentrations of H2O2 or menadione (10 mM, 15 mM, 20 mM, 

and 10 µM, 50 µM, 100 µM respectively). Plates were incubated at 28 °C in the dark for 3 

days before being documented. The colony area was determined with ImageJ. Differences 

iŶ ĐoloŶǇ aƌeas ďetǁeeŶ ŵutaŶts aŶd WT ϴ/ϭ ǁeƌe ĐoŶsideƌed sigŶifiĐaŶt at p ч ϭϬ-3, very 

sigŶifiĐaŶt at p ч ϭϬ-4, aŶd highlǇ sigŶifiĐaŶt at p ч ϭϬ-5, calculated with a two-tailed 

homoscedastic t-test. 

 

2.2.16 4-nitro blue tetrazolium chloride (NBT) staining 

To quantify the production of superoxide by the mutants, fresh mycelia was placed on 

CM-agar plates and incubated at 28 °C for 3 days. The plates were flooded with 5 ml 0.2% 

4-nitro blue tetrazolium chloride (NBT) and incubated in the dark at room temperature 

for 30 minutes. NBT reacts with superoxide forming a blue precipitate which stains the 

mycelia. The resulting colour intensity is superoxide concentration dependent until 

reaching saturation. After the incubation, the NBT solution was discarded, 3 ml ethanol 

p.a. were added to stop the reaction, and plates were incubated in the dark at room 

temperature for another 20 minutes. The ethanol was then discarded and plates were 

allowed to dry. Blue precipitates in the mycelia were photographed. 
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2.2.17 Fertility assay 

To determine the capability of strains for sexual reproduction, perithecia formation was 

induced on detached wheat nodes on water agar plates. Wheat nodes were collected 

from dried wheat straw. They were inoculated by dropping 10 µl of a conidia suspension 

(100 conidia/µl H2O) of the respective strain on the node. 7 wheat nodes were inoculated 

per plate. WT PH1 was used as a positive control in this experiment as this strain is known 

to be hyperfertile (Trail & Common, 2000). The plates were sealed with Parafilm and 

incubated at 25 °C with a 16-hour photoperiod for 12 weeks. The time point of perithecia 

formation and amount of produced perithecia were documented. Evaluation of perithecia 

assays revealed extreme fluctuations in the fertility of the tested strains. Perithecia may 

grow separately or in large clusters, making them difficult to quantify. Also, strains tended 

to span from not producing any perithecia to producing large amounts within technical 

replicates of the same experiment. To avoid immense standard deviations or false 

positive results during statistical evaluation of this assay, each photographed wheat node 

was divided in three sections: left edge, centre, and right edge (Figure 8). Any amount of 

perithecia visible in one of these sections was counted as 1 ͞perithecia nest͟. Therefore, 

the maximum amount of perithecia nests on a plate with 7 inoculated wheat nodes was 

21. The parameter for fertility of the tested strains was the ratio perithecia nests/wheat 

nodes which had a maximal possible value of 3. Differences in this ratio between mutants 

and WT 8/1 were considered significant at p ч Ϭ.Ϭϱ, ǀeƌǇ sigŶifiĐaŶt at p ч Ϭ.ϬϬϱ, aŶd 
highlǇ sigŶifiĐaŶt at p ч Ϭ.ϬϬϬϱ ĐalĐulated ǁith a tǁo-tailed homoscedastic t-test. 

 

Figure 8: Subdivision of a detached wheat node in left edge, centre, and right edge. On the left edge the 

red arrows indicate two single perithecia which were together counted as 1 perithecia nest. The centre 

contains a perithecia aggregate (red arrow) which also counted as 1 perithecia nest. No perithecia have 

grown on the right edge.  

 

2.2.18 Metal-sensitivity assays 

Sensitivity of metallothionein deletion mutants towards high concentrations of metal ions 

was assessed by cutting mycelia plugs out of the rims of 3-day-old colonies grown on CM 

and placing them on plates with CM containing increasing concentrations of CuCl2, ZnCl2, 

CdCl2, and NaCl (CuCl2: 0.1 mM, 0.5 mM, 1.0 mM; ZnCl2: 5 mM, 10 mM; CdCl2: 50 µM, 100 

µM, 200 µM). Plates were incubated at 28 °C in the dark for 3 days before being 

documented. The colony area was determined with ImageJ. Differences in colony areas 

ďetǁeeŶ ŵutaŶts aŶd WT ϴ/ϭ ǁeƌe ĐoŶsideƌed sigŶifiĐaŶt at p ч ϭϬ-3, very significant at p 

ч ϭϬ-4, aŶd highlǇ sigŶifiĐaŶt at p ч ϭϬ-5 calculated with a two-tailed homoscedastic t-test. 
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2.2.19 Metal-starvation assays 

Susceptibility of metallothionein deletion mutants towards metal starvation was assessed 

by cutting mycelia plugs out of the rims of 3-day-old colonies grown on deprivation media 

(DM)-agar and placing them on DM-agar plates containing increasing concentrations of 

bathocuproinedisulfonic acid (BCS) (30 µM, 60 µM, 100 µM) which functions as a potent 

metal chelator. Plates were incubated at 28 °C in the dark for 3 days before being 

documented. The colony area was determined with ImageJ. Differences in colony areas 

ďetǁeeŶ ŵutaŶts aŶd WT ϴ/ϭ ǁeƌe ĐoŶsideƌed sigŶifiĐaŶt at p ч ϭϬ-3, very significant at p 

ч ϭϬ-4, and highly signifiĐaŶt at p ч ϭϬ-5 calculated with a two-tailed homoscedastic t-test. 

Metal deprivation medium (DM) agar: 

Noble agar 1.6% 

Solution A (100 g/l Ca(NO3)2 × 4 H2O) 1% 

Solution B (20 g/l KH2PO4, 25 g/l MgSO4 × 7 

H2O, 15 g/l NaCl) 1% 

D-glucose 1% 

Reduced trace-elements-solution (60 g/l 

H3BO3, 13 mg/l KI, 60 mg/l MnSO4 × H2O, 51 

mg/l (NH4)6Mo7O24 × 4H2O 0.1% 

Dilute in H2O 

After autoclaving, sterile bathocuproinedisulfonic acid solution was added (final 

concentrations: 30 µM, 60 µM, 100 µM). 

 

2.2.20 Modification of the H2O2-sensor HyPer 

GPI-HyPer-Vector construction 

In this study a glycosylphosphatidylinositol anchor (GPI anchor) was attached to the H2O2-

sensor HyPer. The putatively cell surface attached superoxide dismutase FGSG_00576 is 

predicted to be bound to a GPI-anchor. The online tools SignalP (http://www.cbs.dtu.dk/ 

services/SignalP/) and big-PI Predictor (http://mendel.imp.ac.at/sat/gpi/gpi_server.html; 

Eisenhaber et al., 2004) were used to determine the sequence of the N-terminal signal 

peptide and the GPI modification site (C-terminal signal peptide) of FGSG_00576, 

respectively. With the primers LG_GPI-HyPer_fw and LG_GPI-HyPer_rv (Table 5) a DNA 

fragment consisting of the complete ORF of HyPer-2, the binding sequences of the 

restriction enzymes SacI ;ϱ͛ eŶdͿ aŶd XbaI ;ϯ͛ eŶdͿ ;ĐloŶiŶg sites of the ǀeĐtoƌ pIIϵϵͿ, the 

N-terminal and C-terminal signal peptide, as well as a spacer consisting of three glycine 

and three adenine molecules (GAGAGA), was amplified in one PCR using the HyPer-2-

containing vector pAN71GluA_HyPer-2 (Michael Mentges, Master thesis) as template. 

This DNA fragment and the vector pII99 (Beck et al., 1982) were digested with SacI and 
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XbaI and the fragment was ligated into the vector. Ligation was performed following NEBs 

Ligation Protocol with T4 Ligase (M0202). Optimal molar ratios were calculated using 

NEBs online tool NEBioCalculator. As promoter 843 bp upstream of the uncharacterised 

gene FGSG_04399 were used which was determined as one of the highest constitutively 

expressed genes in the genome of F. graminearum using transcriptomic data established 

previously (Mentges et al., unpublished data). With the primers LG_Pro04399_NdeI and 

LG_Pro04399_SacI the region was amplified from F. graminearum 8/1 gDNA and binding 

sites for the restriction enzymes NdeI and SacI (cloning sites of the promotor in pII99) 

were added. The amplified DNA fragment and the vector pII99 were cut with NdeI and 

SacI and the promotor region was ligated into the plasmid. After cloning was finished, the 

vector was linearised via digestion with PvuI and transformed into F. graminearum 8/1.  

 

Application of fluorescent dyes 

Staining of specific organelles was achieved by incubation of conidia of the tested strains 

in minimal media (MM) for 12 h. GƌoǁŶ ŵǇĐeliuŵ ǁas tǁiĐe ǁashed iŶ HaŶk͛s ďalaŶĐed 
salt solution (HBSS) before staining. For staining of mitochondria, ER, and 

eŶdoŵeŵďƌaŶes MitoTƌaĐkeƌ™ Red FM, ER-TƌaĐkeƌ™ Blue-White DPX, aŶd FM™ ϰ-64 

(Thermo Scientific, Schwerte, Germany) were used, respectively. Staining was performed 

folloǁiŶg the pƌoduĐeƌ͛s guideliŶes. ChoseŶ ĐoŶĐeŶtƌatioŶs ǁeƌe ϱϬ ŶM of MitoTƌaĐkeƌ™ 
Red FM, 1 µM of ER-TƌaĐkeƌ™ Blue-White DPX, and 5 µg/ml of FM™ ϰ-64.  

Hank’s Balanced Salt Solution: 
NaCl 140 mM 

KCl 5 mM 

CaCl2 1 mM 

MgSO4 × 7H2O 0.4 mM 

MgCl2 × 6H2O 0.5 mM 

Na2HPO4 0.3 mM 

KH2PO4 0.4 mM 

NaHCO3 4 mM 

Glucose 6 mM 

Dilute in H2O 
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Application of ER-stress 

The reaction of GPI-HyPer towards ER-stress-inducing agents was observed as follows. 

Each well of a black 96-well plate (Greiner Bio-One, Kremsmünster, Austria) was filled 

with 100 µl of MM agar. After hardening, the wells were inoculated with 200 conidia of 

the WT strain and the GPI-HyPer mutant, respectively. The plate was incubated at 28 °C 

for 3 days. Brefeldin A and tunicamycin were used as ER-stress-inducing agents. Chosen 

concentrations were 50 µg/ml and 20 µg/ml, respectively. DMSO was used as solvent. 

Immediately before measurement 200 µl of ER-stress-inducing agent solution was added 

to each well. Fluorescence was excited at 380/10 nm and 485/14 nm and fluorescence 

emission monitored at 520/10 nm continuously for 12 h. To increase fungal cell 

permeability in this assay, 0.2% Triton X-100 or 0.02% Tween 20 were added to the 

solvent. 

 

Oxidation and reduction of GPI-HyPer by H2O2- and DTT-injection 

Ratiometric analysis of the HyPer signal for graphical visualisation was performed using a 

microtiter plate reader equipped with multiple injectors (Mithras² LB 943, Berthold 

Technologies, Bad Wildbad, Germany) as described by Mentges and Bormann, 2015. Each 

well of a black 96-well plate (Greiner Bio-One, Kremsmünster, Austria) was filled with 100 

µl of MM agar. After hardening, each well was inoculated with 200 conidia of the WT 

strain and the GPI-HyPer mutant, respectively. The plate was incubated at 28 °C for 3 

days. Directly before measurement, 50 µl H2O were distributed in each well. The injectors 

were programmed to inject 50 µl 100 mM H2O2 or 100 mM DTT at specific time points, 

respectively, to reach a final concentration in the wells of 50 mM. Fluorescence was 

excited at 380/10 nm and 485/14 nm and fluorescence emission was monitored at 

520/10 nm.  

 

Preparation of slides for CLSM live imaging 

Slides for real-time imaging of cells during injection of H2O2 were prepared as described 

by Mentges & Bormann, 2015. A double-sided adhesive frame (Gene Frame, 25 µl [1 cm²], 

Thermo Scientific, Schwerte, Germany) was attached to a microscopy slide. 30 µl of MM 

agar were filled in the centre of the frame. A second slide was pressed on top of the 

frame to create a plane agar surface. After drying of the agar, the second slide was 

removed with a lateral movement and the agar inoculated with 15 µl containing 300 

conidia. Slides were incubated for 12 h in a humid surrounding. After 12 h, a second 

frame was installed on top of the first one. Two openings were cut into the double frame, 

one serves as injection port (width: 1 mm), one as efflux opening.  
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Real-time CLSM imaging during H2O2-injection 

Cells cultivated on MM in Gene Frames (described above) were to be supplemented with 

H2O2 during live imaging. Suspensions were injected using a syringe attached to a 

Heidelberger extension (Fresenius Kabi AG, Bad Homburg, Germany) and an endoneedle 

for root canal rinsing (Vedefar N.V., Dilbeek, Belgium). A syringe pump (Precidor, Infors 

AG, Basel, Switzerland) was used to apply minimal pressure to the syringe (thrust: 0.01 

mm/min). Imaging was performed using confocal laser scanning microscopy (Zeiss Axio 

Imager Z2 with LSM 780 module, Zeiss, Oberkochen, Germany). HyPer was excited at 405 

nm using a solid-state laser and at 488 nm using an argon ion laser. Fluorescence was 

recorded at a range from 508 nm to 548 nm. For calculation of ratios, regions of interest 

(ROIs) were defined in which pixels were counted. Photo-multiplier sensitivity was 

adjusted iŶ a ǁaǇ that eǆĐitatioŶ at ϰϬϱ Ŷŵ aŶd ϰϴϴ Ŷŵ led to siŵilaƌ fluoƌesĐeŶĐe 
intensities in the non-stressed situation, leading to a ratio of approximately 1. 

 

Deletion of noxR 

Deletion of noxR was achieved via homologous recombination. Previously, a 

nourseothricin-resistance cassette flanked by upstream and downstream regions of noxR 

was cloned into the vector pRS426 by transforming all fragments (3'-flaŶkiŶg ƌegioŶ, ϱ͛-
flanking region, resistance cassette, linearised pRS426) into the uracil-auxotrophic 

S. cerevisiae strain FGSC 9721 (FY 834) (Michael Mentges, Master thesis). The isolated 

vector was amplified in E. coli and re-isolated. The deletion construct (nourseothricin-

resistance cassette with flanking regions) was cut out with XhoI and NotI and separated 

from the pRS426-backbone via gel electrophoresis. The isolated and purified deletion 

constructs were used to transform the desired F. graminearum strains. 
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3. Results 
 

This study aims to clarify the role of reactive oxygen species (ROS) in the life cycle of 

Fusarium graminearum. Previous work by Nguyen et al. (2012 and 2013) showed that loss 

of the stress-activated MAP kinase FgOS-2, which orchestrates ROS generation and 

detoxification, leads to defects in infection structure development, stress responses, and 

virulence. This suggests importance of ROS in pathogenicity and defence reactions. While 

it is evident that ROS are pivotal for the penetration and dispersion of phytopathogenic 

and endophytic fungi, the ROS-fluctuations between pathogen and host and the involved 

enzymes are still not known in detail. Further research of this topic is required as 

understanding the exact ROS-fluctuations necessary for a successful infection of a 

pathogen might yield potential new drug targets or prevention methods against Fusarium 

related crop diseases. The characterisation of ROS-related enzymes which partake in the 

infection process of F. graminearum was therefore among the main amibitions of this 

work.   

 

3.1 Characterisation of ROS-related enzymes 

3.1.1 Transcriptomic profiling reveals potential ROS-related virulence factors in 

F. graminearum 

The selection process of target genes for characterisation was based to a large extent on 

a differential transcriptomic analysis of ICs, RH, and axenic in vitro mycelia. For the 

establishment of this transcriptomic data, F. graminearum conidiospores were cultivated 

on detached wheat palea until ICs were formed. ICs and RH were isolated separately by 

laser capture microdissection to be able to generate cDNA libraries specific for ICs and RH 

(Mentges et al, unpublished data). These libraries allowed comparative analyses of gene 

regulation in invasive (ICs) and non-invasive (RH) in planta tissue and in vitro mycelia in 

order to identify genes which are differentially expressed during the infection process. 

The transcriptomic data set included a value of up- or downregulation of each gene in 

each analysed tissue in comparison with its expression in the respective other tissues. 

Genes were considered plant-regulated when their expression value exhibited a log2-fold 

change above the threshold of +2 (plant-induced) or below the threshold of -2 (plant-

repressed) compared to expression in in vitro mycelia. The base 2 logarithm was used to 

facilitate comparisons between the regulations of different genes by scaling down the 

very high margins between the expression values of different genes and different tissues. 

The log2-threshold of 2 was chosen so that only highly regulated genes are taken into 

account. Analysis of the transcriptomic data revealed that of the 13826 predicted genes in 

F. graminearum 1073 encode proteins involved in ROS metabolism (ROS-related 

proteins). In planta, 173 of these genes are repressed, whereas 149 are induced with 10 

genes being specifically up-regulated in RH and 34 in IC. Among the plant-regulated genes 



Results 

55 

45 code for secreted enzymes (secreted ROS-related enzymes, henceforth termed SREs). 

This studǇ͛s ĐlassifiĐatioŶ of ROS-related proteins included components of the NADPH 

oxidase (Nox) complex, cupredoxins, metallothioneins, dehydrogenases, superoxide 

dismutases, catalases, reductases, peroxidases, oxidases, oxygenases, hydrolases, 

glutaredoxins, thioredoxins, peroxisomal proteins, as well as ROS-related transcriptional 

regulators (e.g. Fgap1, Fgskn7, FgOS-2, Fgatf1). Figure 9 shows the regulation of SREs and 

non-secreted genes relevant for this study. For a better visual representation the 

regulation of selected genes is presented in Figure 10 as a bar diagram. 29 SREs are plant-

induced, 16 plant-repressed. The data show that high upregulation or downregulation in 

ICs compared to in vitro mycelia often correlates with upregulation or downregulation in 

RH compared to in vitro mycelia. 11 SREs (FGSG_02341, FGSG_11399, FGSG_03531, 

FGSG_11528, FGSG_07761, FGSG_03436, FGSG_07829, FGSG_09742, FGSG_09124, 

FGSG_06023, FGSG_11215) are upregulated in ICs compared to in vitro mycelia. 5 SREs 

(FGSG_09093, FGSG_17478, FGSG_02328, FGSG_FGSG_17417, FGSG_02327) are 

upregulated in RH compared to in vitro mycelia. 7 SREs (FGSG_08037, FGSG_02341, 

FGSG_11399, FGSG_03531, FGSG_07661, FGSG_03436, FGSG_09742) are upregulated in 

ICs compared to the expression in RH. 5 SREs (FGSG_17459, FGSG_02328, FGSG_02327, 

FGSG_11032, FGSG_16013) are upregulated in RH compared to the expression in ICs. It is 

striking that two neighbouring genes, FGSG_02327 and FGSG_02328 are in this list. 

Indeed, these genes belong to a polyketide synthase gene cluster that fulfils the 

biosynthesis of the pigment aurofusarin. 

In addition to SREs 9 non-secreted ROS-related enzymes were studied for this thesis: 5 

cytochrome P450 monooxygenases (P450s) (FGSG_03700, FGSG_07765, FGSG_01745, 

FGSG_16458, FGSG_03498), 3 metallothioneins (FGSG_17054, FGSG_12456, 

FGSG_16151), and 1 NAD(P) transhydrogenase (FGSG_09006). 3 of the studied P450s are 

plant-induced (FGSG_03700, FGSG_07765, FGSG_16458). FGSG_01745 shows a log2-fold 

difference towards in vitro mycelia of 1.8, not quite reaching the log2 threshold of 2. 

FGSG_03498 shows no differential expression in planta but gets upregulated after 

tebuconazole treatment according to Liu et al. (2009). Most noticeable is the regulation of 

the metallothioneins FGSG_17054 and FGSG_12456. FGSG_17054 shows the highest, 

FGSG_12456 the fifth highest in planta upregulation of all genes in F. graminearum. Both 

proteins contain a characteristic motif regarding the arrangement of their cysteines 

([CXC]‐X5‐[CXC]‐X3‐[CXC]‐X2‐C; C = ĐǇsteiŶe, X = otheƌ aŵiŶo aĐidͿ ǁhiĐh ƌepƌeseŶt up to a 
third of the polypeptide. While this motif is not present in the third annotated 

metallothionein in the F. graminearum genome, FGSG_08172, it was found via a BLAST 

analysis in gene FGSG_16151, former FGSG_04088, encoding an unknown protein. 

Contrary to NCBI database that describes FGSG_16151 as a gene of 95 amino acids length, 

RNA sequencing showed FGSG_16151 to be only 26 amino acids long and contain the 

metallothionein motif. Therefore, FGSG_16151 was considered a metallothionein. In 

opposite to FGSG_17054 and FGSG_12456 however, FGSG_16151 is not plant-regulated. 

The sole NAD(P) transhydrogenase (NNT) is downregulated in ICs and RH. 
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Figure 9: Transcriptomic data analysis. This figure represents a list of F. graminearum genes (column 

͚loĐus͛Ϳ, eaĐh ǁith its putatiǀe fuŶĐtioŶ ;ĐoluŵŶ ͚desĐƌiptioŶ͛Ϳ, its ƌegulatioŶ iŶ ICs Đoŵpaƌed to eǆpƌessioŶ 
in in vitro ŵǇĐelia ;ĐoluŵŶ ͚IC ǀs. in vitro͛Ϳ, its ƌegulatioŶ iŶ RH Đoŵpaƌed to eǆpƌessioŶ iŶ in vitro mycelia 

;ĐoluŵŶ ͚RH ǀs. in vitro͛Ϳ, aŶd its eǆpƌessioŶ iŶ ICs Đoŵpaƌed to RH ;ĐoluŵŶ ͚IC ǀs RH͛Ϳ. GeŶes ǁeƌe 
considered up- or downregulated if their log2-fold change was шϮ oƌ чϮ, ƌespeĐtiǀelǇ. Those genes received 

the aŶŶotatioŶ ͚up͛ ;upƌegulatedͿ oƌ ͚doǁŶ͛ ;doǁŶƌegulatedͿ. GeŶes ǁith a log2-fold change that did not 

surpass these thresholds were considered non-regulated and received the aŶŶotatioŶ ͚ŶoŶ͛. The genes are 

sorted in order of their upregulation in IC vs. in vitro mycelia from highest to lowest with a colour code 

ranging from green (strong upregulation) to red (strong downregulation). Genes FGSG_17054 and 

FGSG_12456 are excluded from this code as their upregulation is exceptionally high. Their regulation is 

highlighted Ǉelloǁ. GeŶes deleted iŶ this studǇ aƌe highlighted ďlue. The ͚SREs͛ ďƌaĐket shoǁs all plaŶt-

regulated secreted ROS-related enzymes (SREs) of F. graminearum with 29 SREs being upregulated and 16 

downregulated in planta. The ͚ŶoŶ-seĐƌeted͛ ďƌaĐket shoǁs iŶtƌaĐellulaƌ ROS-related genes relevant for this 

study. These are further divided into their functional categories cytochrome P450 monooxygenases (P450s), 

metallothioneins, and NNT.    

Locus Description Log2 difference regulation Log2 difference regulation Log2 difference regulation

FGSG_08037 Intradiol ring-cleavage dioxygenase 6,718 up 4,316 up 2,401 up

FGSG_02341 Chloroperoxidase 5,852 up 0,946 non 4,906 up

FGSG_11399 FAD-linked oxidase 5,445 up 1,476 non 3,969 up

FGSG_03708 Chloroperoxidase 5,253 up 4,638 up 0,615 non

FGSG_10631 FAD-linked oxidase 4,871 up 4,327 up 0,544 non

FGSG_03531 Tyrosinase 4,869 up 1,639 non 3,231 up

FGSG_10587 Copper amine oxidase 4,414 up 2,694 up 1,720 non

FGSG_09085 Cellobiose dehydrogenase 4,327 up 3,517 up 0,809 non

FGSG_03416 FAD-dependent oxidoreductase 4,142 up 4,374 up -0,231 non

FGSG_04736 Choline monooxygenase 4,003 up 4,546 up -0,543 non

FGSG_04510 Tyrosinase 3,402 up 4,101 up -0,699 non

FGSG_11528 Tyrosinase 3,155 up 1,950 non 1,205 non

FGSG_05983 Cellobiose dehydrogenase 3,002 up 3,189 up -0,187 non

FGSG_11228 Choline dehydrogenase 2,979 up 2,566 up 0,413 non

FGSG_17459 FAD-linked oxidase 2,861 up 5,203 up -2,342 down

FGSG_10986 Alcohol oxidase 2,815 up 2,457 up 0,358 non

FGSG_07661 FAD-linked oxidase 2,784 up 0,715 non 2,069 up

FGSG_03436 Chloroperoxidase 2,583 up 0,399 non 2,185 up

FGSG_07829 Cupredoxin 2,573 up 0,978 non 1,595 non

FGSG_09742 Cupredoxin 2,567 up -0,306 non 2,873 up

FGSG_01988 Tyrosinase 2,481 up 2,004 up 0,477 non

FGSG_09124 related to NADPH-dependent beta-ketoacyl reductase (rhlG) 2,327 up 0,385 non 1,942 non

FGSG_06023 Cupredoxin 2,284 up 0,571 non 1,713 non

FGSG_11215 FAD-binding monooxygenase 2,033 up 0,296 non 1,737 non

FGSG_09093 Galactose oxidase 1,917 non 2,585 up -0,667 non

FGSG_17478 FAD-binding monooxygenase 1,832 non 2,292 up -0,460 non

FGSG_02328 Laccase 1,632 non 5,947 up -4,315 down

FGSG_17417 Amine oxidase 1,138 non 2,189 up -1,051 non

FGSG_02327 FAD-binding monooxygenase -0,991 non 4,467 up -5,458 down

FGSG_04793 Amine oxidase -2,019 down -0,753 non -1,266 non

FGSG_07539 related to FAT1 - very long-chain fatty acyl-CoA synthetase -2,137 down -1,965 non -0,172 non

FGSG_00576 Superoxide dismutase -2,156 down -1,209 non -0,947 non

FGSG_11081 FAD-binding monooxygenase -2,249 down -3,202 down 0,952 non

FGSG_12369 Catalase-peroxidase -2,461 down -0,898 non -1,563 non

FGSG_06053 Amine oxidase -2,687 down -1,920 non -0,767 non

FGSG_09646 Laccase -2,967 down -1,197 non -1,770 non

FGSG_11032 Galactose oxidase -3,088 down -0,686 non -2,402 down

FGSG_16013 Lignin peroxidase -3,237 down 0,373 non -3,610 down

FGSG_05763 Glyoxal oxidase -3,241 down -3,085 down -0,156 non

FGSG_04368 FAD-binding monooxygenase -3,339 down -2,971 down -0,368 non

FGSG_16111 FAD-linked oxidase -3,571 down -1,792 non -1,778 non

FGSG_02477 NADH dehydrogenase -3,597 down -2,656 down -0,941 non

FGSG_05606 Cupredoxin -4,211 down -2,213 down -1,998 non

FGSG_17550 Laccase -4,892 down -3,177 down -1,715 non

FGSG_03616 isoamyl alcohol oxidase -5,433 down -5,456 down 0,023 non

FGSG_03700 Cytochrome P450 monooxygenase 6,044 up 4,270 up 1,774 non

FGSG_07765 Cytochrome P450 monooxygenase 5,472 up 2,267 up 3,205 up

FGSG_01745 Cytochrome P450 monooxygenase 1,801 non 0,471 non 1,330 non

FGSG_16458 Cytochrome P450 monooxygenase 1,401 non 3,498 up -2,098 down

FGSG_03498 Cytochrome P450 monooxygenase 1,242 non -0,331 non 1,573 non

FGSG_17054 Metallothionein 19,116 up 18,219 up 0,897 non

FGSG_12456 Metallothionein 11,804 up 10,314 up 1,490 non

FGSG_16151 hypothetical protein -0,404 non 0,256 non 0,660 non

FGSG_08172 Metallothionein -1,731 non -2,834 down 1,103 non

FGSG_09006 NAD(P) transhydrogenase -2,236 down -2,007 down -0,229 non
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Figure 10: Bar diagram representing the expression of all genes studied in this thesis as the log2-fold 

difference towards the expression in in vitro mycelia. Black bars represent the log2-fold change in ICs 

compared to expression in in vitro mycelia, white bars the log2-fold change in RH compared to expression in 

in vitro mycelia, and dashed bars the log2-fold difference between expression in ICs compared to RH. 

Dashed lines show the log2-values of 2 and -2 which mark the chosen threshold for up- or downregulation, 

respectively. A: Regulation of non-secreted enzymes. Except for the P450s FGSG_01745 and FGSG_03498, 

and the metallothionein FGSG_16151 all surpass the log2-threshold in either ICs or RH (compared to in vitro 

mycelia). Notably, metallothioneins FGSG_17054 and FGSG_12456 show exceptionally high log2-fold 

changes in ICs (19.1 for FGSG_17054 and 11.8 for FGSG_12456) and RH (18.2 for FGSG_17054 and 10.3 for 

FGSG_12456) compared to expression in in vitro mycelia. B: Regulation of SREs. Except for FGSG_02917 and 

FGSG_04434 all surpass the log2-threshold in either ICs or RH.  

 

3.1.2 Deletion of 25 ROS-related genes 

An array of deletion mutants of F. graminearum was established through gene knock-outs 

via protoplast transformation with deletion plasmids and split markers in order to gain 

insight into the enzymes involved in the ROS-based interactions between F. graminearum 

and its host. Target genes were selected with regard to their connection to ROS-
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ŵetaďolisŵ ;ROS ďeiŶg paƌt of the eŶzǇŵe͛s ƌeaĐtioŶ pƌoĐessͿ, eǆpƌessioŶ pƌofile ;plaŶt 
induced or plant repressed, see figures 9 and 10), functional redundancy (few other genes 

with similar function), and secretion. Figure 11 gives an overview of the deleted genes 

with regard to these parameters ordered by enzyme classes. The genes FGSG_11399, 

FGSG_06023, FGSG_00576, FGSG_16013, and FGSG_09742 where deleted by using 

deletion plasmids established via yeast recombinatioŶal ĐloŶiŶg ;see ͚ŵethods͛ seĐtioŶͿ. 
For plasmid generation, flanking regions upstream and downstream of the respective 

gene locus as well as the respective resistance cassette were amplified by PCR using the 

appropriate primer pairs (Figure 12 A and C). The deletion vector pRS426 was linearised 

by three consecutive digestions with HindIII, EcoRI, and HindIII, respectively (Figure 12 C). 

Together with the linearised vector pRS426 the flanking regions and the resistance 

cassette were transformed into the uracil-auxotrophic yeast strain FY834 where the 

assembly of the fragments to the complete deletion vector took place. Isolated deletion 

plasmids were examined for correct assembly via specific digestion using the restriction 

enzymes indicated in Supplementary figures 1-5. The deletion construct consisting of 

flanking regions and resistance cassette was cut out of the deletion vector using 

appropriate restriction enzymes, isolated, and transformed into F. graminearum 8/1 

protoplasts. Maps of the deletion plasmids with the restriction sites of the applied 

restriction enzymes are shown in Supplementary figures 1-5. Homologous recombination 

into the F. graminearum genome took place through double cross over.  
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FGSG_number Secreted
Regulation in infection 

structures

Proportion of the exome / 

Functional redundancy

FGSG_03700 r Plant induced

FGSG_07765 r IC up

FGSG_01745 r Not differentially regulated

FGSG_16458 r RH up

FGSG_03498 r Not differentially regulated

FGSG_11215 a Plant induced

FGSG_17478 a Plant induced

FGSG_11528 a Plant induced

FGSG_01988 a Plant induced

Ascorbate/Cytochrome c 

peroxidases
FGSG_04434 a Not differentially regulated

FGSG_03708 a Plant induced

FGSG_03436 a IC up

FGSG_02341 a IC up

Lignin peroxidases FGSG_16013 a Plant repressed

Oxidases FGSG_11399 a IC up

Galactose oxidases FGSG_09093 a Plant induced

Dehydrogenases Cellobiose dehydrogenases FGSG_02917 a Not differentially regulated ϯϳ.ϯϴ ‰ / High
FGSG_09124 a Plant induced ϰϰ.Ϯϱ ‰ / High
FGSG_06023 a Plant induced

FGSG_09742 a IC up

FGSG_17054 r Plant induced

FGSG_12456 r Plant induced

FGSG_16151 r Not differentially regulated

FGSG_09006 r Plant repressed Ϭ.Ϭϳ ‰ / Loǁ
FGSG_00576 a Plant repressed Ϭ.ϰϯ ‰ / Loǁ

Metallothioneins Ϭ.Ϯϭ ‰ / Loǁ

NNT

SOD

Oxidases

Reductases

Cupredoxins Ϭ.ϰϯ ‰ / Loǁ

2.09 ‰ / Mediuŵ

ϭϴ.ϭϱ ‰ / High

FAD-dependent 

Tyrosinases

9.55 ‰ / High

Enzyme class

Oxidoreductases

Monooxygenases

P450s

Peroxidases
Chloroperoxidases

Figure 11: Deleted genes ordered by their enzyme class with information regarding secretion, regulation, and functional redundancy. Enzymes with a log
2
-fold change 

ш 2 in planta compared to in vitro mycelia are labeled as ͚plant induced͛, with a log
2
-fold change ч 2 as ͚plant repressed͛, others as ͚not differentially regulated͛. Enzymes 

with a log
2
-fold change ш 2 in ICs compared to RH are labeled as specifically upregulated in IC (͚IC up͛), vice versa as specifically upregulated in RH (͚RH up͛). Functional 

redundancy of the individual enzyme classes is based on the abundance of the enzyme class in the exome of F. graminearum. Enzyme classes with a genome proportion 

< 0.5‰ are attributed low functional redundancy, with a proportion < 5‰ medium functional redundancy, and with a proportion > 5‰ high functional redundancy. 
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Figure 12: Agarose gel scans of the generation of deletion plasmids. A: Upstream flanking regions (uf) and 

downstream flanking regions (df) of target genes were amplified via PCR. Primers 11399_RF_f and 

11399_RF_r produce a fragment size of 775 bp (FGSG_11399 df), primers 11399_LF_f and 11399_LF_r a 

fragment size of 1157 bp (FGSG_11399 uf). Primers 06023_RF_f and 06023_RF_r produce a fragment size of 

646 bp (FGSG_06023 df), primers 06023_LF_f and 06023_LF_r a fragment size of 976 bp (FGSG_06023 uf). 

Primers 09742_LF_f and 09742_LF_r produce a fragment size of 823 bp (FGSG_09742 df), primers 

09742_RF_f and 09742_RF_r a fragment size of 533 bp (FGSG_09742 uf). Primers 16013_LF_f and 

16013_LF_r produce a fragment size of 986 bp (FGSG_16013 df), primers 16013_RF_f and 16013_RF_r a 

fragment size of 644 bp (FGSG_16013 uf). Primers 00576_LF_f and 00576_LF_r produce a fragment size of 

1035 bp (FGSG_00576 df), primers 00576_RF_f and 00576_RF_r a fragment size of 1061 bp (FGSG_00576 

uf). B: Deletion vectors were screened for correct assembly by digestion with specific restriction enzymes. 

DeletioŶ ǀeĐtoƌ pRSϰϮϲ_Δϭϭϯϵϵ ǁas digested ǁith MscI and BglII producing two fragments with 1840 bp 

aŶd ϳϮϭϴ ďp leŶgth. DeletioŶ ǀeĐtoƌ pRSϰϮϲ_ΔϬϲϬϮϯ ǁas digested ǁith BsrGI producing two fragments 

ǁith Ϯϰϵϭ ďp aŶd ϲϭϰϮ ďp leŶgth. DeletioŶ ǀeĐtoƌ pRSϰϮϲ_ΔϬϵϳϰϮ ǁas digested ǁith NheI and AscI 

pƌoduĐiŶg thƌee fƌagŵeŶts ǁith ϭϭϬϵ ďp, ϮϵϮϴ ďp, aŶd ϲϬϴϴ ďp leŶgth. DeletioŶ ǀeĐtoƌ pRSϰϮϲ_ΔϭϲϬϭϯ 
was digested with BglII producing two fragments with 3076 bp and 6120 bp length. Deletion vector 

pRSϰϮϲ_ΔϬϬϱϳϲ ǁas digested ǁith SpeI producing two fragments with 2571 bp and 6536 bp length. C: The 

deletion vector backbone pRS426 was linearised with three consecutive restrictions with EcoRI, HindIII, and 

EcoRI producing a fragment with 5726bp length. The nourseothricin resistance cassette (NAT, 1416) was cut 

out of the vector pNR1 using EcoRI and XbaI. The hygromycin resistance cassette (HYG, 1743) was amplified 

from the vector pGEM-Hyg using primers 1F-Hyg and 2R-Hyg. The geneticin resistance cassette (GEN, 2029 

bp) was amplified from the vector pII99 using primers 1F-NptII and 2R-NptII-vect. 

 

All other characterised genes were deleted by applying the split marker method (see 

͚ŵethods͛ seĐtioŶͿ. IŶ this ǀariant no vector and no assembly of the fragments in yeast is 

necessary. In two PCRs the resistance cassette and one of the flanking regions serve as 
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templates and get amplified and fused to one continuous stretch of DNA using primers 

that bind at the end of the flanking region and two thirds down the length of the 

resistance cassette. Upon transformation of the two split markers in F. graminearum 

protoplasts the two resistance cassette fragments are assembled within the fungus and 

the deletion construct is integrated into the genome which requires three cross-over 

events.  

Transformed protoplasts were regenerated on TB3-agar for 1 day before the TB3-agar 

was covered with antibiotic-containing water-agar. Antibiotic-resistant primary 

transformants were visible as colonies on top of the water agar after 2-3 days. These 

colonies were isolated and cultivated on antibiotic containing agar. Grown mycelium was 

harvested and genomic DNA (gDNA) isolated. To verify if transformed strains contain the 

desired deletions, the gDNA was screened by two PCRs. The primers of the first PCR bind 

inside the target gene. While they bind and allow amplification with WT gDNA as 

teŵplate, the deletioŶ ŵutaŶts͛ gDNAs do not generate a band because the target gene 

has been replaced by the resistance cassette. The second PCR served as a positive control 

for identifying deletion mutants. For this second PCR two different techniques were 

applied. 1.: The primers target the resistance cassette. Therefore, with deletion mutant 

gDNA serving as template a DNA product with specific length is amplified. With WT gDNA 

seƌǀiŶg as teŵplate Ŷo pƌoduĐt is aŵplified. This ǀaƌiaŶt is teƌŵed ͚ƌesistaŶĐe Đassette-

iŶteƌŶal͛ ;RCIͿ. Ϯ.: OŶe pƌiŵeƌ ďiŶds iŶside the resistance cassette, the other one in the 

gDNA outside of the chosen flanking region. This was performed for both ends of the 

ƌesistaŶĐe Đassette; upstƌeaŵ aŶd doǁŶstƌeaŵ. This ǀaƌiaŶt is teƌŵed ͚loĐus͛. The ƌesults 
of these PCRs are summarised in Figure 13. 
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Figure 13: PCRs for deletion mutant verification. gDNA of antibiotics-resistant transformants was screened 

for the target gene (A) and the resistance cassette (B) by PCR. A: Internal PCRs of all genes deleted in this 

study. Primers bind within the DNA sequence of the target gene, thereby producing a band with a specific 

length with WT gDNA as template. With gDNA from deletion mutants as template the primers have no 

complementary binding site and no band is visible. B: Control PCRs of all genes deleted in this study. Two 

diffeƌeŶt teĐhŶiƋues ǁeƌe used teƌŵed ͚ƌesistaŶĐe Đassette iŶteƌŶal͛ ;͚RCI͛Ϳ aŶd ͚loĐus͛ PCR. RCI pƌiŵeƌs 
bind within the DNA sequence of the resistance cassette which is only present in deletion mutants. WT 

gDNA does not contain the respective sequence and no band is produced. Locus primers are two primer 

pairs of which one primer binds within the resistance cassette and the other primer outside of the 

upstream flanking region or the downstream flanking region, respectively. Here, both primer pairs generate 

a band with a specific length with deletion mutant gDNA as template. Corresponding to the respective 

flanking region the bands are marked L (left flanking region) or R (right flanking region). Since WT gDNA 

does not contain the resistance cassette, only the primer that binds outside of the flanking region can bind 

and no band is visible. Expected band lengths are listed in tables 2 and 3 in the materials and methods 

section.  

 

25 single gene deletion mutants, 3 double deletion mutants, and 2 triple deletion mutants 

were established. Of the 25 single deletions, 16 targeted SREs. Specifically, 3 

metallothioneins, 5 P450 monooxygenases, 2 FAD-binding monooxygenases, 2 

tyrosinases, 2 cupredoxins, 3 chloroperoxidases, 1 lignin peroxidase, 1 galactose oxidase, 

1 oxidase, 1 cellobiose dehydrogenase, 1 reductase, 1 ascorbate peroxidase, 

1 nicotinamide nucleotide transhydrogenase (NNT), and 1 superoxide dismutase (SOD) 
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were deleted. An overview of all strains with storage code and number of individual 

mutants is provided in Supplementary table 1. In the following, the characterisation of all 

mutants ordered by their enzyme class is presented. 

 

3.1.3 Characterisation of deletion mutants 

The mutants were phenotypically characterised regarding virulence, vegetative growth, 

resistance towards oxidative stress, ROS-accumulation, and sexual reproduction. 

Virulence on wheat was assessed by inoculating flowering wheat spikelets with 

conidiospores of the tested strains. At 21 dpi the spreading of FHB-symptoms was 

documented. To test the mutants for radial growth and resistance against oxidative 

stress, CM agar plates containing H2O2, menadione, or no additive were inoculated with 

mycelia plugs of the tested strains and incubated at 28 °C for three days (3 dpi) before the 

colony areas were measured. Differences in colony areas were considered significant at 

p ч 10-3, very significant at p ч 10-4, and highly significant at p ч ϭϬ-5 calculated with a two-

tailed homoscedastic t-test. ROS-accumulation was tested by soaking 3 days old mycelia 

grown on CM agar with 0.2% nitro blue tetrazolium chloride (NBT). Upon reaction with 

superoxide NBT forms a dark blue precipitate. Colour intensity of mutant mycelia was 

compared with WT mycelia. Fertility was assessed by cultivating the strains on wheat 

Ŷodes aŶd the ƌatio of geŶeƌated ͞peƌitheĐia Ŷests͟ ;ϭ perithecia nest = occurrence of any 

amount of perithecia on a wheat node section) per wheat node was calculated and 

compared to the WT. Differences in this ratio between mutants and WT were considered 

significant at p ч 0.05, very significant at p ч Ϭ.ϬϬϱ, and highly significant at p ч Ϭ.ϬϬϬϱ 

calculated with a two-tailed homoscedastic t-test. WT strain 8/1 was used as reference in 

all experiments and is referred to as WT. In fertility assays the hyperfertile WT strain PH1 

was used as a positive control and is referred to as PH1.  

 

3.1.3.1   Characterisation of monooxygenases 

9 monooxygenases were deleted in this study, specifically 5 P450s (FGSG_03700, 

FGSG_07765, FGSG_01745, FGSG_16458, FGSG_03498), 2 secreted FAD-dependent 

monooxygenases (FGSG_11215, FGSG_17478), and 2 secreted tyrosinases (FGSG_11528, 

FGSG_01988). The deletion mutants showed the same colony diameter as the WT on CM 

agar (Figure 14). When growing on CM-agar containing H2O2 (10 mM, 15 mM, and 20 

mM) or menadione (10 µM, 50 µM, and 100 µM), no significant differences to the WT 

colony area were observed (Figure 14).  
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Figure 14: Vegetative growth of monooxygenase deletion mutants with and without oxidative stress. 

Strains were cultivated on CM-agar without additives and CM-agar containing H2O2 (10 mM, 15 mM, 20 

mM) or menadione (10 µM, 50 µM, 100 µM) for three days before the colony area was measured. A: 

Exemplary photographs showing colony morphology on CM-agar (vegetative growth) and on CM-agar 

containing 50 µM menadione (ROS-sensitivity). Colony morphology of monooxygenase deletion mutants did 

not differ from the WT. B: Colony area of all mutants compared to the WT represented as a bar diagram. 

Each mutant is presented individually because growth rate of WT (black bars) and mutants (striated bars) 

differed between individual experiments. Y-axis represents the colony area, X-axis the applied 

concentrations of H2O2 and menadione. Deviations from the WT were tested for significance using a two-

tailed homoscedastic t-test (significant: p < 10
-3

). None of the mutations led to significant colony area 

deviations on any of the applied additive concentrations. Error bars indicate the standard deviation (n = 6) 

 

ROS-accumulation of monooxygenase deletion mutants was tested by staining 3 days old 

mycelia on CM agar with 0.2% NBT. After an incubation of 40 min the colouration of all 

mutants was WT-like (Figure 15). 

 

 

Figure 15: ROS-accumulation of monooxygenase deletion mutants. Strains were cultivated on CM-agar for 

3 days before flooding the plates with 0.2% NBT. Upon reaction with superoxide NBT forms a blue 

precipitate. The intensity of blue colouration serves as an indicator for ROS-accumulation. None of the 

mutants show a deviation from the WT phenotype. (n = 2) 

 

Pathogenicity of monooxygenase deletion mutants was assessed on wheat heads. At 21 

dpi, all spikelets of wheat heads inoculated with WT and monooxygenase deletion mutant 

conidiospores showed premature bleaching, demonstrating that all mutants were able to 

fully infect wheat heads at 21 dpi (Figure 16).  
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Figure 16: Pathogenicity of monooxygenase deletion mutants on wheat heads. 200 conidiospores of the 

tested strains were inoculated in 2 wheat spikelets in the centre of wheat heads in early anthesis. After an 

incubation period of 21 days in controlled conditions the disease pattern was assessed. The pictures show 

infected wheat heads at 21 dpi. Yellow spikelets indicate premature bleaching, a typical sign for infected 

plant tissue. Non-infected plant tissue is green, as shown in the water control (H2O). All mutants and the WT 

were able to fully infect wheat heads. n = 5 

 

Fertility of monooxygenase deletion mutants was tested by inoculating detached wheat 

nodes with conidiospores of the respective strains. The amount of produced perithecia on 

detached wheat nodes did not differ significantly from the WT (Figure 17).  

Together, the results demonstrate that this subset of monooxygenases has no significant 

impact on vegetative growth, ROS-sensitivity, ROS-accumulation, virulence, and sexual 

reproduction.  
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Figure 17: Fertility of monooxygenase deletion mutants. Detached wheat nodes from straw were 

inoculated with 1000 conidiospores of tested strains and incubated for 2 months with artificial night-

daylight-cycle to induce perithecia formation. A: Close-up photographs of grown perithecia to demonstrate 

fertility. Clusters of perithecia are visible as little black dots on the wheat nodes. All monooxygenase 

deletion mutants were able to produce perithecia. Scale bars = 5 mm. B: Statistical evaluation of perithecia 

assays. Wheat nodes were subdivided in three sections (left edge, centre, right edge). If any amount of 

perithecia was present on one section this was counted as 1 perithecia nest. The sum of perithecia nests 

was divided by the number of assessed wheat node sections constituting the perithecia nests/wheat node 

ratio. Deviations from the WT were tested for significance using a two-tailed homoscedastic t-test 

(significant: p < 0.05). None of the mutants showed a statistically significant deviation from the WT ratio. 

Error bars indicate the standard deviation (n = 28). 

 

3.1.3.2  Characterisation of peroxidases 

Deletion mutants of 5 secreted peroxidases were established in this study. In detail, 3 

chloroperoxidases (FGSG_03708, FGSG_03436, FGSG_02341), 1 ascorbate/cytochrome c 

peroxidase (FGSG_04434), and 1 lignin peroxidase (FGSG_16013) were disrupted. The 
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Đhloƌopeƌoǆidase FGSG_ϬϯϳϬϴ siŶgle deletioŶ ŵutaŶt ;ΔFGSG_03708) was the only one 

that showed reduced vegetative growth on CM-agar (Figure 18). Simultaneous deletion 

mutants of FGSG_03708 with the other 2 secreted chloroperoxidases FGSG_02341 and 

FGSG_03436 were generated to see if this phenotype would intensify. However, the 

douďle deletioŶ ŵutaŶt ΔΔFGSG_02341;03708 and the triple deletion mutant 

ΔΔΔFGSG_02341;03708;03436 shoǁed the saŵe gƌoǁth ƌate as ΔFGSG_03708 (Figure 

18). 
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Figure 18: Vegetative growth of peroxidase deletion mutants with and without oxidative stress. Strains 

were cultivated on CM-agar without additives and CM-agar containing H2O2 (10 mM, 15 mM, 20 mM) or 

menadione (10 µM, 50 µM, 100 µM) for three days before the colony area was measured. A: Exemplary 

photographs showing colony morphology on CM-agar (vegetative growth) and on CM-agar containing 50 

µM menadione (ROS-sensitivity). Vegetative growth of mutants lacking the chloroperoxidase FGSG_03708 

;ΔFGSG_03708, ΔΔFGSG_02341;03708, ΔΔΔFGSG_02341;03708;03436) show a smaller colony area than the 

WT. B: Colony area of all mutants compared to the WT represented as a bar diagram. Each mutant is 

presented individually because growth rate of WT (black bars) and mutants (striated bars) differed between 

individual experiments. Y-axis represents the colony area, X-axis the applied concentrations of H2O2 and 

menadione. Deviations from the WT were tested for significance using a two-tailed homoscedastic t-test 

(1 asterisk: significant, p < 10
-3

; 2 asterisks: very significant, p < 10
-4

; 3 asterisks: highly significant, p < 10
-5

). 

MutaŶts laĐkiŶg the Đhloƌopeƌoǆidase FGSG_ϬϯϳϬϴ ;ΔFGSG_03708, ΔΔFGSG_02341;03708, 

ΔΔΔFGSG_02341;03708;03436) are impaired in vegetative growth. Their colony area is approximately 10 

cm² smaller than WT colonies (highly significant, p < 10
-5

, three asterisks). In presence of 10 mM H2O2 the 

average colony area of those mutants is approximately 6 cm² smaller than WT colonies (significant, p < 10
-3

, 

one asterisk). In presence of 15 mM H2O2 the difference is not statistically significant anymore. At 20 mM 

H2O2 ĐoloŶǇ aƌeas of ΔFGSG_03708 mutants and the WT are equal. Menadione stress does not show such 

ĐoŶĐeŶtƌatioŶ depeŶdeŶĐǇ. At all applied ĐoŶĐeŶtƌatioŶs the ĐoloŶǇ aƌeas of ΔFGSG_03708 mutants and 

the WT are equal. The other peroxidase deletion mutants show no significant differences to the WT colony 

area. Error bars indicate the standard deviation (n = 6). 

 

Interestingly, the vegetative growth-pheŶotǇpe of ΔFGSG_03708 can be linked to 

oxidative stress. Cultivating the mutant on CM-agar containing 10, 50, and 100 µM of the 

superoxide-stress inducing agent menadione restored WT-like growth (Figure 19). 

Cultivation on CM-agar containing 10, 15, and 20 mM H2O2 revealed a concentration 

depeŶdeŶĐǇ of the ΔFGSG_03708 growth-phenotype. With increasing H2O2-concentration 

the gƌoǁth of ΔFGSG_03708 approached more and more WT-like behaviour (Figure 19). 
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Figure 19: Vegetatiǀe groǁth reduĐtioŶ of ΔFGSG_03708 is connected to oxidative stress. The 

photographs show the radial growth of F. graminearum WT aŶd ΔFGSG_03708 on CM-agar containing 

increasing concentrations of menadione or H2O2. At 10 µM, 50 µM and 100 µM the colony area of 

ΔFGSG_03708 is WT-like. At 10 mM, 15 mM, and 20 mM H2O2 the ĐoloŶǇ aƌea of ΔFGSG_03708 gradually 

approaches the colony area of the WT.  

 

Deducing from these observations that the role of FGSG_03708 is ROS-dependent, a 

quantitative real time PCR was performed comparing FGSG_03708-expression in the 

absence and the presence of oxidative stress inducing agents. The experiment revealed 

that FGSG_03708 is downregulated by the factor 5.4 (± 0.02) in the presence of 50 µM 

menadione and by the factor 1.4 (± 0.02) in the presence of 20 mM H2O2 (Figure 20).  
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Figure 20: Quantitative real-time PCR of FGSG_03708. Relative expression of FGSG_03708 in WT cells was 

assessed during growth on CM-agar without stress-inducing agent (left bar), with 50 µM menadione 

(central bar), and with 20 mM H2O2 (right
 
bar). Relative expression on normal CM-agar is set to 1. Relative to 

this value the expression level of FGSG_03708 is at 0.186 on 50 µM menadione and at 0.725 on 20 mM 

H2O2. Error bars indicate the standard deviation (n = 3). 

 

ROS-accumulation of peroxidase deletion mutants was tested by staining 3 days old 

mycelia on CM agar with 0.2% NBT. After an incubation of 40 min, the rim of the 

ΔFGSG_03708, ΔΔFGSG_02341;03708, aŶd ΔΔΔFGSG_02341;03708;03436 colonies 

showed a halo of dark blue colouration that was broader and more intense than in the 

WT colony (Figure 21) suggesting higher ROS-accumulation in hyphal tips. Colouration of 

the otheƌ peƌoǆidase deletioŶ ŵutaŶts ;ΔFGSG_04434, ΔFGSG_16013) was WT-like. 

 
Figure 21: ROS-accumulation of peroxidase deletion mutants. Strains were cultivated on CM-agar for 3 

days before flooding of the plate with 0.2% NBT. Upon reaction with superoxide NBT forms a blue 

precipitate. The intensity of blue colouration serves as an indicator for ROS-accumulation. A: Whole plate 

view. B: Detailed view of the colony rim. WT mycelium shows a narrow halo of dark blue colouring in hyphal 

tips. IŶ ŵutaŶts laĐkiŶg the Đhloƌopeƌoǆidase FGSG_ϬϯϳϬϴ ;ΔFGSG_03708, ΔΔFGSG_02341;03708, 

ΔΔΔFGSG_02341;03708;03436) the halo is broader and more intense suggesting stronger ROS-

accumulation. n = 4 
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Pathogenicity of peroxidase deletion mutants was assessed on wheat heads. At 21 dpi, all 

spikelets of wheat heads inoculated with WT and peroxidase deletion mutant 

conidiospores showed premature bleaching, demonstrating that all mutants were able to 

fully infect wheat heads at 21 dpi (Figure 22).  

 

 

Figure 22: Pathogenicity of peroxidase deletion mutants on wheat heads. 200 conidiospores of the tested 

strains were inoculated in 2 wheat spikelets in the centre of wheat heads in early anthesis. After an 

incubation period of 21 days in controlled conditions, the disease pattern was assessed. The pictures show 

infected wheat heads at 21 dpi. Yellow spikelets indicate premature bleaching, a typical sign for infected 

plant tissue. Non-infected plant tissue is green, as shown in the water control (H2O). All mutants and the WT 

were able to fully infect wheat heads. n = 5 
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In addition to virulence on wheat heads, the chloroperoxidase triple deletion mutant 

ΔΔΔFGSG_02341;03708;03436 was tested for virulence on maize cobs by inoculating the 

silk channels of maize cobs with conidiospores. The experiment showed that the triple 

deletion mutant, like the WT, is able to fully infect maize cobs within 5 weeks after 

infection (Figure 23).  

 

 

Figure 23: PathogeŶiĐitǇ of the Đhloroperoǆidase triple deletioŶ ŵutaŶt ΔΔΔFGSG_02341;03708;03436 on 

maize cobs. 2×10
5
 conidiospores of tested strains were injected in the silk channel of maize cobs and 

incubated for 5 weeks. The left picture shows a cob infected by the WT, the middle picture shows a cob 

iŶfeĐted ďǇ ΔΔΔFGSG_02341;03708;03436, the right one shows the water control. Black coloured kernels 

and white mycelia visible on the cob surface indicate infected tissue. Both the WT and 

ΔΔΔFGSG_02341;03708;03436 are able to infect maize cobs after 5 weeks. n = 18 

 

Fertility of peroxidase deletion mutants was tested by inoculating detached wheat nodes 

with conidiospores of the respective strains. Interestingly, the double and triple 

chloroperoxidase deletion mutants showed increased perithecia production compared to 

the WT (Figure 24). All chloroperoxidase single deletions were WT-like in this regard 

which indicates a cumulative effect. Deletion of the ascorbate/cytochrome c peroxidase 

FGSG_04434 also led to increased perithecia production (Figure 24). The perithecia assays 

were subject to strong variations in all mutants regarding the amount of produced 

perithecia which resulted in high standard deviations. The lignin-peroxidase deletion 

ŵutaŶt ΔFGSG_16013 was WT-like in all experiments.   
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Figure 24: Fertility of peroxidase deletion mutants. Detached wheat nodes from straw were inoculated 

with 1000 conidiospores of tested strains and incubated for 2 months with artificial night-daylight-cycle to 

induce perithecia formation. A: Close-up photographs of grown perithecia to demonstrate fertility. 

Perithecia are visible a little black dots on the wheat nodes. All peroxidase deletion mutants were able to 

produce perithecia. Scale bars = 5 mm. B: Statistical evaluation of perithecia assays. Wheat nodes were 

subdivided in three sections (left edge, centre, right edge). If any amount of perithecia was present on one 

section this was counted as 1 perithecia nest. The sum of perithecia nests was divided by the number of 

assessed wheat node sections constituting the perithecia nests/wheat node ratio. Deviations from the WT 

were tested for significance using a two-tailed homoscedastic t-test (1 asterisk: significant, p < 0.05; 2 

asterisks: very significant p < 0.005; 3 asterisks: highly significant, p < 0.0005).  While the chloroperoxidase 

siŶgle deletioŶ ŵutaŶts ΔFGSG_03708, ΔFGSG_02341, aŶd ΔFGSG_03436 showed WT-like perithecia 

pƌoduĐtioŶ, the douďle deletioŶ ŵutaŶt ΔΔFGSG_02341;03708 and triple deletion mutant 

ΔΔΔFGSG_02341;03708;03436 showed a significantly and very significantly increased perithecia production, 

respectively. The WT showed a perithecia Ŷests/ǁheat Ŷode ƌatio of Ϭ.ϰϯ, ΔΔFGSG_02341;03708 a ratio of 

ϭ.Ϭϱ, aŶd ΔΔΔFGSG_02341;03708;03436 a ratio of 1.13. Also, the deletion of ascorbate/cytochrome c 

peroxidase FGSG_04434 led to significantly increased perithecia production with a ratio of 0.98. Deletion of 

lignin peroxidase FGSG_16013 did not lead to significant changes in perithecia production. Error bars 

indicate the standard deviation (n = 54). 
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3.1.3.3   Characterisation of oxidases 

2 secreted oxidases (FGSG_11399, FGSG_09093) were deleted in this study. Growth rate 

of the deletion mutants on CM-agar with and without oxidative stress inducing agents 

was identical to the WT (Figure 25).  

 

 

Figure 25: Vegetative growth of oxidase deletion mutants with and without oxidative stress. Strains were 

cultivated on CM-agar without additives and CM-agar containing H2O2 (10 mM, 15 mM, 20 mM) or 

menadione (10 µM, 50 µM, 100 µM) for three days before the colony area was measured. A: Exemplary 

photographs showing colony morphology on CM-agar (vegetative growth) and on CM-agar containing 50 

µM menadione (ROS-sensitivity). Colony morphology of oxidase deletion mutants did not differ from the 

WT. B: Colony area of both mutants compared to the WT represented as a bar diagram. Each mutant is 

presented individually because growth rate of WT (black bars) and mutants (striated bars) differed between 

individual experiments. Y-axis represents the colony area, X-axis the applied concentrations of H2O2 and 

menadione. Deviations from the WT were tested for significance using a two-tailed homoscedastic t-test 

(significant: p < 10
-3

). None of the mutations led to significant colony area deviations on any of the applied 

additive concentrations. Error bars indicate the standard deviation (n = 6). 
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ROS-accumulation of oxidase deletion mutants was tested by staining 3 days old mycelia 

on CM agar with 0.2% NBT. After an incubation of 40 min the colouration of both mutants 

was WT-like (Figure 26). 

 

 

Figure 26: ROS-accumulation of oxidase deletion mutants. Strains were cultivated on CM-agar for 3 days 

before flooding the plates with 0.2% NBT. Upon reaction with superoxide NBT forms a blue precipitate. The 

intensity of blue colouration serves as an indicator for ROS-accumulation. The mutants show no deviation 

from the WT phenotype. n = 4 

 

Pathogenicity of oxidase deletion mutants was assessed on wheat heads. At 21 dpi, all 

spikelets of wheat heads inoculated with WT and oxidase deletion mutant conidiospores 

showed premature bleaching, demonstrating that both mutants were able to fully infect 

wheat heads at 21 dpi (Figure 27). 

 

 

Figure 27: Pathogenicity of oxidase deletion mutants on wheat heads. 200 conidiospores of the tested 

strains were inoculated in 2 wheat spikelets in the centre of wheat heads in early anthesis. After an 

incubation period of 21 days in controlled conditions, the disease pattern was assessed. The pictures show 

infected wheat heads at 21 dpi. Yellow spikelets indicate premature bleaching, a typical sign for infected 

plant tissue. Non-infected plant tissue is green, as shown in the water control (H2O). Both mutants and the 

WT were able to fully infect wheat heads. n = 5 
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Fertility of oxidase deletion mutants was tested by inoculating detached wheat nodes 

with conidiospores of the respective strains. The amount of produced perithecia on 

detached wheat nodes did not differ significantly from the WT (Figure 28). 

 

Figure 28: Fertility of oxidase deletion mutants. Detached wheat nodes from straw were inoculated with 

1000 conidiospores of tested strains and incubated for 2 months with artificial night-daylight-cycle to 

induce perithecia formation. A: Close-up photographs of grown perithecia to demonstrate fertility. 

Perithecia are visible a little black dots on the wheat nodes. Both oxidase deletion mutants were able to 

produce perithecia. Scale bars = 5 mm. B: Statistical evaluation of perithecia assays. Wheat nodes were 

subdivided in three sections (left edge, centre, right edge). If any amount of perithecia was present on one 

section this was counted as 1 perithecia nest. The sum of perithecia nests was divided by the number of 

assessed wheat node sections constituting the perithecia nests/wheat node ratio. Deviations from the WT 

were tested for significance using a two-tailed homoscedastic t-test (significant: p < 0.05). Neither mutant 

showed a statistically significant deviation from the WT ratio. Error bars indicate the standard deviation 

(n = 21). 

 

3.1.3.4   Characterisation of metallothioneins 

F. graminearum expresses three metallothioneins, FGSG_17054, FGSG_12456, and 

FGSG_ϭϲϭϱϭ. A deletioŶ ŵutaŶt of the ŵetallothioŶeiŶ FGSG_ϭϳϬϱϰ ;ΔFGSG_17054.1) 

showed strongly increased production of perithecia (Figure 29). On average, the ratio of 

perithecia clusters per wheat node was five times higher than in the WT and even higher 

than in the hyperfertile WT strain PH1 (Figure 30). Single deletion mutants of 

FGSG_12456 and FGSG_16151 did not change the amount of produced perithecia. 



Results 

80 

Simultaneous deletion of FGSG_12ϰϱϲ aŶd FGSG_ϭϲϭϱϭ iŶ ΔFGSG_17054.1 

;ΔΔFGSG_17054.1;12456, ΔΔΔFGSG_17054.1;12456;16151) showed the same phenotype 

as ΔFGSG_17054.1. The hǇpeƌfeƌtilitǇ of ΔFGSG_17054.1, however, was not reproducible 

upon repetition of the gene deletion. Both repetitions of the FGSG_17054 deletion 

(ΔFGSG_ϭ7Ϭϱϰ.Ϯ aŶd ΔFGSG_17054.3) showed WT 8/1-like perithecia formation.  

 

Figure 29: Fertility of metallothionein deletion mutants - photographs. Detached wheat nodes from straw 

were inoculated with 1000 conidiospores of tested strains and incubated for 2 months with artificial night-

daylight-cycle to induce perithecia formation. Perithecia are visible as little black dots on the wheat nodes. 

All metallothionein deletion mutants were able to produce perithecia. For each mutant an overview (left) 

and a close-up (right) picture is shown. While the WT 8/1 mostly produced only sporadic and small nests of 

peƌitheĐia, FGSG_ϭϳϬϱϰ deletioŶ ŵutaŶt Δ17054.1 produced large amounts of perithecia on all wheat 
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nodes oŶ the plate, siŵilaƌ to WT PHϭ. RepetitioŶs of the FGSG_ϭϳϬϱϰ deletioŶ ;Δ17054.2 uŶd Δ17054.3) 

did not show this increase in fertility. Deletions of FGSG_12465 and FGSG_16151 did not alter perithecia 

production and have no further influence on the phenotǇpe duƌiŶg siŵultaŶeous deletioŶ iŶ the Δ17054.1 

background. Scale bars = 5 mm. 

 

Figure 30: Fertility of metallothionein deletion mutants – statistical analysis. The bar diagram presents the 

statistical evaluation of the perithecia assays. Wheat nodes were subdivided in three sections (left edge, 

centre, right edge). If any amount of perithecia was present on one section this was counted as 1 perithecia 

nest. The sum of perithecia nests was divided by the number of assessed wheat node sections constituting 

the perithecia nests/wheat node ratio. Deviations from the WT 8/1 were tested for significance using a two-

tailed homoscedastic t-test (1 asterisk: significant, p < 0.05; 2 asterisks: very significant, p < 0.005; 3 

asterisks: highlǇ sigŶifiĐaŶt, p < Ϭ.ϬϬϬϱͿ. The fiƌst FGSG_ϭϳϬϱϰ deletioŶ ŵutaŶt Δ17054.1 and the 

simultaneous deletion mutants established in this background showed at least a 5-fold increase of the 

perithecia cluster/wheat node ratio compared to the WT 8/1. These changes were highly significant (p < 

Ϭ.ϬϬϬϱͿ. The WT ϴ/ϭ shoǁed a peƌitheĐia Ŷests/ǁheat Ŷode ƌatio of Ϭ.ϰϯ, ΔFGSG_17054.1 a ratio of 2.60, 

ΔΔFGSG_17054.1;12456 a ƌatio of Ϯ.ϴϰ, aŶd ΔΔΔFGSG_17054.1;12456;16151 a ratio of 2.79. Deletion of the 

metallothioneins FGSG_12456 and FGSG_16151 caused no deviations from the WT 8/1 phenotype. Also, 

ƌepetitioŶs of the FGSG_ϭϳϬϱϰ deletioŶ ;Δ17054.2 aŶd Δ17054.3) showed WT 8/1-like perithecia 

cluster/wheat node ratio. The hyperfertile WT PH1 strain was used as a positive control. Error bars indicate 

the standard deviation (n = 14).  

 

SiŶĐe ΔFGSG_17054.1, ΔFGSG_17054.2 aŶd ΔFGSG_17054.3 showed contradictory results 

in the fertility assays, the mutants were screened for genetical differences. Southern-

ďlottiŶg of ΔFGSG_17054.1 revealed a second integration of the deletion construct into 

the genome (Figure 31Ϳ ǁhiĐh is Ŷot pƌeseŶt iŶ the ƌepetitioŶs ;ΔFGSG_17054.2 and 

ΔFGSG_17054.3). Considering the non-reproducibility of the fertility phenotype it is safe 

to assume that the increase in sexual activity iŶ ΔFGSG_17054.1 is caused by the second 

integration of the deletion construct and not by the deletion of FGSG_17054.  
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Figure 31: Southern blots of metallothionein FGSG_17054 deletion mutants. DNA was digested with 

HindIII, a digoxigenin labelled HYG cassette was used as a probe. The labelled fragment has a length of 2255 

bp. A: Southern blot of the WT, the single deletion mutant of the first transformation 17054.1, and three 

ŵutaŶts ǁith a siŵultaŶeous deletioŶ of ŵetallothioŶeiŶ FGSG_ϭϮϰϱϲ iŶ the Δ17054.1-background. No 

band is visible in the WT column which was to be expected as no HYG cassette is present in the WT. The 

other columns show two bands. The lower band lies between the marker bands at 1953 bp and 2799 bp 

and presumably represents the expected fragment (2255 bp). The upper band lies between the marker 

bands at 3639 bp and 4899 bp. This band is not expected and shows that the deletion construct was 

integrated in an additional and unknown genetic locus. B: Southern blot of the WT, the single deletion 

ŵutaŶt of the fiƌst tƌaŶsfoƌŵatioŶ Δ17054.1, the mutants of the second independent deletion of 

FGSG_ϭϳϬϱϰ ;Δ17054.2_1-4), and the mutants of the third independent deletion of FGSG_17054 

;Δ17054.3_1-3Ϳ. As pƌeseŶted iŶ A, Δ17054.1 shows a second band between the marker bands at 3639 bp 

aŶd ϰϴϵϵ ďp. The ŵutaŶts Δ17054.2_1-4 and Δ17054.3_1-3 show only the expected band between the 

marker bands at 1953 bp and 2799 bp. This shows that no second integration of the deletion construct took 

place in these mutants. 

 

Vegetative growth of metallothionein mutants was assessed by incubating the tested 

strains on CM agar for 3 days. The deletion mutants showed the same colony diameter as 

the WT (Figure 32). When growing on CM-agar containing H2O2 (10 mM, 15 mM, and 20 

mM) or menadione (10 µM, 50 µM, and 100 µM) for 3 days, no significant differences to 

WT colony area were observed (Figure 32). SiŶĐe ΔFGSG_17054.1, ΔFGSG_17054.2 and 

ΔFGSG_17054.3 showed the same behaviour in all of the following assays they are 

depiĐted as ΔFGSG_17054. 
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Figure 32: Vegetative growth of metallothionein deletion mutants with and without oxidative stress. 

Strains were cultivated on CM-agar without additives and CM-agar containing H2O2 (10 mM, 15 mM, 20 

mM) or menadione (10 µM, 50 µM, 100 µM) for three days before the colony area was measured. A: 

Exemplary photographs showing colony morphology on CM-agar (vegetative growth) and on CM-agar 

containing 50 µM menadione (ROS-sensitivity). Colony morphology of metallothionein deletion mutants did 

not differ from the WT. B: Colony area of all mutants compared to the WT represented as a bar diagram. 

Each mutant is presented individually because the growth rate of WT (black bars) and mutants (striated 

bars) differed between individual experiments. Y-axis represents the colony area, X-axis the applied 

concentrations of H2O2 and menadione. Deviations from the WT were tested for significance using a two-

tailed homoscedastic t-test (significant: p < 0.05). None of the mutations led to significant colony area 

deviations on any of the applied additive concentrations. Error bars indicate the standard deviation (n = 6). 
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ROS-accumulation of metallothionein deletion mutants was tested by staining 3 days old 

mycelia on CM agar with 0.2% NBT. After an incubation of 40 min the colouration of all 

mutants was WT-like (Figure 33). 

 

 

Figure 33: ROS-accumulation of metallothionein deletion mutants. Strains were cultivated on CM-agar for 

3 days before flooding the plates with 0.2% NBT. Upon reaction with superoxide NBT forms a blue 

precipitate. The intensity of blue colouration serves as an indicator for ROS-accumulation. None of the 

mutants show a deviation from the WT phenotype. n = 2 

 

Pathogenicity of metallothionein deletion mutants was assessed on wheat heads. At 21 

dpi, all spikelets of wheat heads inoculated with WT and metallothionein deletion mutant 

conidiospores showed premature bleaching, demonstrating that all mutants were able to 

fully infect wheat heads at 21 dpi (Figure 34).  

 

 

Figure 34: Pathogenicity of metallothionein deletion mutants on wheat heads. 200 conidiospores of the 

tested strains were inoculated in 2 wheat spikelets in the centre of wheat heads in early anthesis. After an 

incubation period of 21 days in controlled conditions, the disease pattern was assessed. The pictures show 

infected wheat heads at 21 dpi. Yellow spikelets indicate premature bleaching, a typical sign for infected 

plant tissue. Non-infected plant tissue is green, as shown in the water control (H2O). All mutants were able 

to fully infect wheat heads. n = 10 



Results 

85 

In addition to virulence on wheat heads, the metallothionein triple deletion mutant 

;ΔΔΔFGSG_17054.1;12456;16151)  was tested for virulence on maize cobs by inoculating 

the silk channels of maize cobs with conidiospores. The experiment showed that the triple 

deletion mutant, like the WT, is able to fully infect maize cobs within 5 weeks after 

infection (Figure 35).  

 

 

Figure 35: PathogeŶiĐitǇ of the ŵetallothioŶeiŶ triple deletioŶ ŵutaŶt ΔΔΔFGSG_17054.1;12456;16151 on 

maize cobs. 2×10
5
 conidiospores of tested strains were injected in the silk channel of maize cobs and 

incubated for 5 weeks. The left picture shows a cob infected by WT, the middle picture shows a cob 

iŶfeĐted ďǇ ΔΔΔFGSG_17054.1;12456;16151, the right one shows the water control. Black coloured kernels 

and white mycelia visible on the cob surface indicate infected tissue. Both WT and 

ΔΔΔFGSG_17054.1;12456;16151 are able to infect maize cobs after 5 weeks. n = 15 

 

Apart from ROS-detoxification, metallothioneins are mainly used as heavy metal ion 

chelators. To assess the role of F. graminearum metallothioneins in detoxification of 

heavy ŵetal ioŶs, ŵetallothioŶeiŶ deletioŶ ŵutaŶts ;ΔFGSG_ϭ7Ϭϱϰ.ϭ, ΔFGSG_ϭ7Ϭϱϰ.ϯ, 

ΔΔFGSG_17054.1;12456, ΔΔΔFGSG_17054.1;12456;16151) were grown on CM agar 

containing CdCl2 (50 µM, 100 µM, 200 µM), ZnCl2 (0.1 mM, 0.5 mM), or CuCl2 (0.1 mM, 

0.5 mM, 1.0 mM). After three days the colony area was measured. The metallothionein 

KOs showed a slightly lower colony area in the presence of cadmium. No phenotype was 

observed in the presence of zinc. In the presence of 0.5 mM copper the triple KO mutant 

showed a lower colony area compared to the other strains (Figure 36) which was not 

statistically significant. Together, application of heavy metal ion stress led to only minor 

changes in colony area of the mutants. Metallothioneins, therefore, do not play a major 

role in metal detoxification in F. graminearum.  
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Figure 36: Growth assay to assess the resistance of metallothionein deletion mutants towards Cd

2+
, Zn

2+
, 

and Cu
2+

. The ŵetallothioŶeiŶ FGSG_ϭϳϬϱϰ siŶgle deletioŶ ŵutaŶts ΔFGSG_17054.1 ;ΔͿ aŶd 
ΔFGSG_17054.3 ;Neǁ ΔͿ, the douďle deletioŶ ŵutaŶt ΔΔFGSG_17054.1;12456 ;ΔΔͿ, aŶd the tƌiple deletioŶ 
ŵutaŶt ΔΔΔFGSG_17054.1;12456;16151 ;ΔΔΔͿ ǁeƌe Đultiǀated oŶ CM-agar containing harmful 

concentrations of the heavy metal ions Cd
2+ 

(50 µM, 100 µM, 200 µM), Zn
2+

 (0.1 mM, 0.5 mM), and Cu
2+

 (0.1 

mM, 0.5 mM, 1.0 mM) dispensed as CdCl2, ZnCl2, and CuCl2. A: Exemplary photographs showing the growth 

habit of the tested strains on CM agar containing 100 µM CdCl2, 10 mM ZnCl2, and 0.5 mM CuCl2, 

respectively. Even the triple deletion mutant shows no major growth reductions in presence of any of the 

applied heavy metals. In presence of cadmium the deletion mutants show slightly reduced growth. B: Bar 

diagram representing the growth assay results. Deviations from the WT were tested for significance using a 

two-tailed homoscedastic t-test (significant: p < 10
-3

). Growing on CM agar without additives mutants 

showed WT-like colony area. Metallothionein deletion mutants showed slight growth retardation in the 

presence of cadmium, albeit not significantly. All strains displayed concentration dependent decrease of 

colony area at CdCl2 concentrations of 50 µM and 100 µM. At 200 µM CdCl2 the growth retardation is less 

severe compared to 100 µM. At ZnCl2 concentrations 0.1 mM and 0.5 mM colonies of metallothionein 

deletion mutants showed the same area as WT colonies. At 0.1 mM CuCl2 all strains showed the same 

colony area as on CM without additives. At 0.5 mM CuCl2 the ŵetallothioŶeiŶ tƌiple deletioŶ ŵutaŶt ;ΔΔΔͿ 
showed slightly reduced colony area compared to the other strains. This reduction, however, is not 

statistically significant. At 1.0 mM CuCl2 the siŶgle ;ΔͿ aŶd the tƌiple deletioŶ ŵutaŶt ;ΔΔΔͿ shoǁed slightlǇ 
reduced colony area compared to the other strains. Error bars indicate the standard deviation (n = 2). 

To investigate whether instead metal deprivation leads to a non-WT phenotype the 

metallothionein triple deletion mutant was cultivated on deprivation medium (DM, 

contains no metal ion trace elements) containing the metal chelator 

bathocuproinedisulfonic acid (BCS). After a growth period of three days no deviation from 

the WT phenotype was observed (Figure 37). Hence, F. graminearum metallothioneins 

FGSG_17045, FGSG_12456, and FGSG_16151 are dispensable during metal stress and 

metal deprivation in this fungus. 
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Figure 37: Groǁth assaǇ to assess the resistaŶĐe of the ŵetallothioŶeiŶ triple deletioŶ ŵutaŶt ;ΔΔΔͿ 
towards deprivation of metal ions caused by the metal chelator bathocuproinedisulfonic acid (BCS).  A: 

Photographs showing the vegetative growth of the tested strains on CM agar and deprivation medium (DM) 

agar with increasing concentrations of BCS (30 µM, 60 µM). B: Growth assay result presented as a bar 

diagram. Deviations from the WT were tested for significance using a two-tailed homoscedastic t-test 

(significant: p < 10
-3

). The metallothionein triple deletion mutant displayed no significant deviations from 

the WT phenotype. Error bars indicate the standard deviation (n = 3). 
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3.1.3.5   Characterisation of Cupredoxins 

Of three secreted plant induced cupredoxins (FGSG_06023, FGSG_09742, FGSG_07829) 

single and simultaneous deletions of FGSG_06023 and FGSG_09742 were established in 

F. graminearum. Vegetative growth was assessed by incubating the tested strains on CM 

agar for 3 days. The deletion mutants showed the same colony diameter as the WT 

(Figure 38). When growing on CM-agar containing H2O2 (10 mM, 15 mM, and 20 mM) or 

menadione (10 µM, 50 µM, and 100 µM) for 3 days, no significant differences to WT 

colony area were observed (Figure 38).  

 

 

Figure 38: Vegetative growth of cupredoxin deletion mutants with and without oxidative stress. Strains 

were cultivated on CM-agar without additives and CM-agar containing H2O2 (10 mM, 15 mM, 20 mM) or 

menadione (10 µM, 50 µM, 100 µM) for three days before the colony area was measured. A: Exemplary 

photographs showing colony morphology on CM-agar (vegetative growth) and on CM-agar containing 50 

µM menadione (ROS-sensitivity). Colony morphology of cupredoxin deletion mutants did not differ from 

the WT. B: Colony area of all mutants compared to the WT represented as a bar diagram. Each mutant is 

presented individually because the growth rates of WT (black bars) and mutants (striated bars) differed 

between individual experiments. Y-axis represents the colony area, X-axis the applied concentrations of 

H2O2 and menadione. Deviations from the WT were tested for significance using a two-tailed homoscedastic 

t-test (significant: p < 10
-3

). None of the mutations led to significant colony area deviations on any of the 

applied additive concentrations. Error bars indicate the standard deviation (n = 12). 
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ROS-accumulation of cupredoxin deletion mutants was tested by staining 3 days old 

mycelia on CM agar with 0.2% NBT. After an incubation of 40 min the colouration of all 

mutants was WT-like (Figure 39). 

 

 

Figure 39: ROS-accumulation of cupredoxin deletion mutants. Strains were cultivated on CM-agar for 3 

days before flooding the plates with 0.2% NBT. Upon reaction with superoxide NBT forms a blue precipitate. 

The intensity of blue colouration serves as an indicator for ROS-accumulation. None of the mutants show a 

deviation from the WT phenotype. n = 4 

 

Pathogenicity of cupredoxin deletion mutants was assessed on wheat heads. At 21 dpi, all 

spikelets of wheat heads inoculated with WT and cupredoxin deletion mutant 

conidiospores showed premature bleaching, demonstrating that all mutants were able to 

fully infect wheat heads at 21 dpi (Figure 40).  

 

 

Figure 40: Pathogenicity of cupredoxin deletion mutants on wheat heads. 200 conidiospores of the tested 

strains were inoculated in 2 wheat spikelets in the centre of wheat heads in early anthesis. After an 

incubation period of 21 days in controlled conditions, the disease pattern was assessed. The pictures show 

infected wheat heads at 21 dpi. Yellow spikelets indicate premature bleaching, a typical sign for infected 

plant tissue. Non-infected plant tissue is green, as shown in the water control (H2O). All mutants were able 

to fully infect wheat heads. n = 9 
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Fertility of cupredoxin deletion mutants was tested by inoculating detached wheat nodes 

with conidiospores of the respective strains. The amount of produced perithecia on 

detached wheat nodes did not differ significantly from the WT (Figure 41). 

 

 

Figure 41: Fertility of cupredoxin deletion mutants. Detached wheat nodes from straw were inoculated 

with 1000 conidiospores of tested strains and incubated for 2 months with artificial night-daylight-cycle to 

induce perithecia formation. A: Close-up photographs of grown perithecia to demonstrate fertility. 

Perithecia are visible a little black dots on the wheat nodes. All cupredoxin deletion mutants were able to 

produce perithecia. Scale bars = 5 mm. B: Statistical evaluation of perithecia assays. Wheat nodes were 

subdivided in three sections (left edge, centre, right edge). If any amount of perithecia was present on one 

section this was counted as 1 perithecia nest. The sum of perithecia nests was divided by the number of 

assessed wheat node sections constituting the perithecia nests/wheat node ratio. Deviations from the WT 

were tested for significance using a two-tailed homoscedastic t-test (significant: p < 0.05). None of the 

mutants showed a statistically significant deviation from the WT ratio. Error bars indicate the standard 

deviation (n = 14). 

 

3.1.3.6   Characterisation of other enzymes 

4 enzymes were deleted that do not belong to the aforementioned enzyme groups. Those 

are the secreted cellobiose dehydrogenase FGSG_02917, the secreted reductase 

FGSG_09124, the secreted superoxide dismutase (SOD) FGSG_00576, and the 

nicotinamide nucleotide transhydrogenase (NNT) FGSG_09006. Vegetative growth of 

these geŶes͛ deletioŶ ŵutaŶts ǁas assessed ďǇ iŶĐuďatiŶg the tested stƌaiŶs oŶ CM agaƌ 
for 3 days. The deletion mutants showed the same colony diameter as the WT (Figure 42). 
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When growing on CM-agar containing H2O2 (10 mM, 15 mM, and 20 mM) or menadione 

(10 µM, 50 µM, and 100 µM) for 3 days no significant differences to WT colony area were 

observed (Figure 42).  

 

 

Figure 42: Vegetative growth of single deletion mutants of cellobiose dehydrogenase FGSG_02917, 

reductase FGSG_09124, NNT FGSG_09006, and SOD FGSG_00576 with and without oxidative stress. 

Strains were cultivated on CM-agar without additives and CM-agar containing H2O2 (10 mM, 15 mM, 20 

mM) or menadione (10 µM, 50 µM, 100 µM) for three days before the colony area was measured. A: 

Exemplary photographs showing colony morphology on CM-agar (vegetative growth) and on CM-agar 

containing 50 µM menadione (ROS-sensitivity). Colony morphology of the deletion mutants did not differ 

from the WT. B: Colony area of all mutants compared to the WT represented as a bar diagram. Each mutant 

is presented individually because the growth rates of WT (black bars) and mutants (striated bars) differed 

between individual experiments. Y-axis represents the colony area, X-axis the applied concentrations of 

H2O2 and menadione. Deviations from the WT were tested for significance using a two-tailed homoscedastic 

t-test (significant: p < 10
-3

). None of the mutations led to significant colony area deviations on any of the 

applied additive concentrations. Error bars indicate the standard deviation (n = 3). 
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ROS-accumulation of the non-grouped deletion mutants was tested by staining 3 days old 

mycelia on CM agar with 0.2% NBT. After an incubation of 40 min the colouration of all 

mutants was WT-like (Figure 43). 

 

 

Figure 43: ROS-accumulation of single deletion mutants of cellobiose dehydrogenase FGSG_02917, 

reductase FGSG_09124, NNT FGSG_09006, and SOD FGSG_00576. Strains were cultivated on CM-agar for 3 

days before flooding the plates with 0.2% NBT. Upon reaction with superoxide NBT forms a blue precipitate. 

The intensity of blue colouration serves as an indicator for ROS-accumulation. None of the mutants show a 

deviation from the WT phenotype. n = 2 

 

Pathogenicity of the non-grouped deletion mutants was assessed on wheat heads. At 21 

dpi, all spikelets of wheat heads inoculated with WT and deletion mutant conidiospores 

showed premature bleaching, demonstrating that all mutants were able to fully infect 

wheat heads at 21 dpi (Figure 44).  

 

 

Figure 44: Pathogenicity of single deletion mutants of cellobiose dehydrogenase FGSG_02917, reductase 

FGSG_09124, NNT FGSG_09006, and SOD FGSG_00576. 200 conidiospores of the tested strains were 

inoculated in 2 wheat spikelets in the centre of wheat heads in early anthesis. After an incubation period of 

21 days in controlled conditions, the disease pattern was assessed. The pictures show infected wheat heads 

at 21 dpi. Yellow spikelets indicate premature bleaching, a typical sign for infected plant tissue. Non-

infected plant tissue is green, as shown in the water control (H2O). All mutants were able to fully infect 

wheat heads. n = 5 
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Fertility of non-grouped deletion mutants was tested by inoculating detached wheat 

nodes with conidiospores of the respective strains. The amount of produced perithecia on 

detached wheat nodes did not differ significantly from the WT (Figure 45). 

 

 

Figure 45: Fertility of single deletion mutants of cellobiose dehydrogenase FGSG_02917, reductase 

FGSG_09124, NNT FGSG_09006, and SOD FGSG_00576. Detached wheat nodes from straw were inoculated 

with 1000 conidiospores of tested strains and incubated for 2 months with artificial night-daylight-cycle to 

induce perithecia formation. A: Close-up photographs of grown perithecia to demonstrate fertility. 

Perithecia are visible a little black dots on the wheat nodes. All deletion mutants were able to produce 

perithecia. Scale bars = 5 mm. B: Statistical evaluation of perithecia assays. Wheat nodes were subdivided in 

three sections (left edge, centre, right edge). If any amount of perithecia was present on one section this 

was counted as 1 perithecia nest. The sum of perithecia nests was divided by the number of assessed wheat 

node sections constituting the perithecia nests/wheat node ratio. Deviations from the WT were tested for 

significance using a two-tailed homoscedastic t-test (significant: p < 0.05). None of the mutants showed a 

statistically significant deviation from the WT ratio. Error bars indicate the standard deviation (n = 21). 

 

In summary, of 25 ROS-related enzymes characterised in this study only peroxidases 

revealed involvement in the life cycle of F. graminearum. Secreted chloroperoxidase 

FGSG_03708 has been shown to be needed in vegetative growth. During oxidative stress 

FGSG_03708 is downregulated. It is not involved in ROS-resistance but seems to be 

somehow involved in ROS-metabolism as shown by an NBT-stain that revealed increased 

superoxide levels in hyphal tips. Secreted chloroperoxidases FGSG_03708, FGSG_02341, 

and FGSG_03436 might be cumulatively involved in sexual reproduction. While 

chloroperoxidase single deletions have no effect on perithecia formation, the double and 

tƌiple deletioŶ ŵutaŶts ;ΔΔFGSG_02341;03708 aŶd ΔΔΔFGSG_02341;03708;03436) show 
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an increased perithecia nest/wheat node ratio. Also, the secreted ascorbate/cytochrome 

c peroxidase FGSG_04434 is connected to sexual reproduction. Upon deletion of 

FGSG_04434 the perithecia nest/wheat node ratio is increased. No other ROS-related 

enzymes characterised in this study could be shown to have an effect on vegetative 

growth, ROS-resistance, ROS-accumulation, or sexual reproduction. None of the 

characterised enzymes is involved in pathogenicity. 

 

3.2 The modified H2O2 sensor GPI-HyPer is a new tool for subcellular H2O2 

monitoring 

3.2.1 Attachment of a GPI-anchor to HyPer 

In previous work the H2O2 reporter system HyPer was established in F. graminearum 

(Mentges & Bormann, 2015). HyPer is an artificial sensor protein generated by fusion of 

circularly permutated yellow fluorescent protein (cpYFP) and the regulatory domain of 

the bacterial H2O2 sensor OxyR (Belousov et al., 2006). It has two excitation peaks (420 

nm and 500 nm) that exhibit reciprocal behaviour when reacting to H2O2: the 420 nm 

peak decreases and the 500 nm peak increases upon contact with H2O2. This allows 

ratiometric measurement of H2O2. By expression of HyPer in cells, assessment of the 

intracellular H2O2-level is possible. The mutant used by Mentges and Bormann (2015) 

expressed HyPer in the cytosol (cytHyPer). In this study HyPer was genetically modified 

with the aim to grapple the protein to the cell surface in order to analyse HyPer oxidation 

at the area of contact between pathogen and host. For this purpose the N-terminal and C-

terminal signal peptides of a putatively GPI-anchored protein (FGSG_00576, superoxide 

dismutase) were added to the HyPer ORF integrated in the overexpression vector pII99. 

The online N-terminal signal peptide prediction tool SignalP (http://www.cbs.dtu.dk/ 

services/SignalP/) predicts a potential signal peptide cleavage site between positions 20 

and 21 in the amino acid chain of FGSG_00576. The online GPI-modification site 

prediction tool fungal big-Pi (http://mendel.imp.univie.ac.at/gpi/fungi/gpi_fungi.html) 

predicts a potential modification site at position 242 (Figure 46).  

 

Figure 46: Amino acid chain of the superoxide dismutase FGSG_00576. FGSG_00576 served as a template 

for the N- and C-terminal signal peptides for GPI-HyPer. The sequence was analysed with the online tools 

SignalP and Fungal big-Pi which predicted the N-terminal signal peptide (position 1-21, orange letters) and 

the C-terminal signal peptide (position 242-265, red letters), respectively. Underlined letters illustrate 

predicted cleavage sites. 
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The respective nucleotide sequences for the N-terminal (MRAQALAAVLLSACAGQAIAE, N -

-> C) and C-terminal signal peptide (NAGSSMAVPVNLVLAGVFALAFAL, N --> C) were cloned 

together with the HyPer-2 ORF (without the initial start codon) in the overexpression 

vector pII99. The HyPer-2 ORF and the C-terminal signal peptide were separated by a 

spacer (GAGAGA) which was inserted during the same process. As promoter, 844 bp 

upstream of the non-annotated gene FGSG_04399 - which has been identified as one of 

the strongest constitutively expressed genes in the F. graminearum genome - were 

chosen and cloned upstream of the N-terminal signal peptide. Nucleotide sequences of all 

fragments cloned into vector pII99 are presented in Supplementary table 2. Figure 47 

shows an overview for the GPI-HyPer expression vector. 

 

Figure 47: Vector map of the GPI-HyPer overexpression vector pII99_GPI-HyPer. Promoter region, signal 

peptides, HyPer ORF, and spacer were cloned into the overexpression vector pII99. The HyPer-ORF (green) 

is flanked by the N-terminal signal peptide upstream and the spacer and C-terminal signal peptide 

downstream (blue). As promoter 844 bp upstream of the gene FGSG_04399 were chosen (grey). Ampicillin 

(pink) and geneticin (purple) resistance cassettes were used as selection markers for E. coli and 

F. graminearum transformation, respectively. SacI and XbaI represent the resitriction sites where HyPer and 

the signal peptides were cloned in pII99. NdeI and SacI represent the restriction sites where the promotor 

region of FGSG_04399 was cloned in pII99. After successful cloning, the vector was linearised with NdeI and 

transformed into F. graminearum 8/1. 
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To verify that the HyPer-ORF does not interrupt or alter the sequences of the signal 

peptides, another in silico analysis of the transgenic GPI-HyPer amino acid sequence was 

performed. SignalP and Fungal big-Pi both predicted the same modification sites for the 

transgenic GPI-HyPer ORF as for FGSG_00576 (Figure 48).  

 

Figure 48: Amino acid chain of GPI-HyPer. After addition of the N-terminal and C-terminal signal peptides 

of FGSG_00576 to the HyPer ORF, the sequence was analysed with the online tools SignalP and Fungal big-

Pi which predicted the same N-terminal signal peptide (position 1-21, orange letters) and C-terminal signal 

peptide (position 242-265, red letters) as for FGSG_00576. Underlined letters illustrate the cleavage sites. 

The spacer is highlighted in grey. 

 

3.2.2 GPI-HyPer is attached to ER and mitochondria but not endocytotic membranes  

The vector pII99_GPI-HyPer was linearised and transformed in F. graminearum 

protoplasts. Transformants were checked for and selected by strength of the YFP-signal 

using fluorescence microscopy. No apparent YFP signal at the cell surface was shown by 

mutants with GPI-HyPer expression. However, GPI-HyPer could be detected in subcellular 

structures. Circular and elongated structures were visible upon excitation of YFP. 

Experiments with ER-TƌaĐkeƌ™ Blue-White DPX, MitoTƌaĐkeƌ™ Red FM, aŶd FM™ ϰ-64 

(Thermo Scientific) were conducted to identify these structures. As indicated in Figure 49, 

circular and elongated structures tagged with GPI-HyPer match the ER-TƌaĐkeƌ™ signal. 

Co-expression of the histone-tag H1mCherry shows that the circular structures surround 

the nucleus. These finding strongly indicate that GPI-HyPer is attached to the ER.  
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Figure 49: Fluorescence microscopy captures of vegetative hyphae expressing GPI-HyPer and H1mCherry 

stained with ER-TƌaĐkeƌ™ Blue-White DPX. A: ER-TƌaĐkeƌ™ Blue-White DPX signal. Of the 2 parallel hyphae 

visible in these photographs only the lower one was effectively stained with ER-Tracker. Circular (white 

arrows) and elongated structures (white arrowhead) are silhouetted against unspecifically stained 

background. B: GPI-HyPer signal. Circular (white arrows) and elongated structures (white arrowhead) are 

silhouetted against a background with less fluorescence intensity. C: mCherry tagged to histone 1 colouring 

parts of the nuclei. Nuclei are visible as round red structures (white arrows) D: Merge. GPI-HyPer-tagged 

circular structures (green) surround the nuclei stained with H1mCherry (red). GPI-HyPer-tagged circular and 

elongated structures match with the ER-Tracker signal indicating that GPI-HyPer is attached to the ER. The 

displacement of the ER-Tracker and the GPI-HyPer signal of the circular ER at the bottom of the picture can 

be explained with the motility of the organelle. The structure showed lateral movement between capturing 

of the ER-Tracker and the GPI-HyPer picture. E: brightfield capture. Scale bars = 1 µm. 
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To some extend the GPI-HyPer signal also colocalises with mitochondria (Figure 50). 

Figure 50 shows matching of different elongated structures ǁith MitoTƌaĐkeƌ™. The 
circular putatively ER-bound GPI-HyPer-sigŶals do Ŷot ŵatĐh ǁith MitoTƌaĐkeƌ™ 
indicating that GPI-HyPer is attached to multiple membrane types.  

 

 

Figure 50: Fluorescence microscopy captures of vegetative hyphae expressing GPI-HyPer stained with 

MitoTraĐker™ Red FM. A: GPI-HyPer signal. Circular (long white arrow), elongated (short white arrows), 

and aggregated (white arrowhead) structures are visible. B: MitoTƌaĐkeƌ™ Red FM sigŶal. EloŶgated ;ǁhite 
arrows) and aggregated structures (white arrowhead) are stained. C: Merge. Some of the GPI-HyPer 

structures match with the MitoTracker signal (white arrowheads) indicating that GPI-HyPer is attached to 

the mitochondria. Circular and some elongated structures (white arrows) do not match the MitoTracker 

signal. D: Brightfield capture. Scale bars = 1 µm. 
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A fluorescence intensity plot profile (Figure 51) was established with the image 

processing program ImageJ to verify this optical analysis. The plot showed multiple 

intensity peaks at identical position on the plot profile line for GPI-HyPer and 

MitoTracker. Notably, high peaks of GPI-HyPer could be shown that were not exhibited by 

the MitoTracker profile. This confirmed the hypothesis that GPI-HyPer is attached to 

multiple subcellular structures.  

 

Figure 51: Fluorescence intensity plot profile projection of GPI-HyPer and MitoTracker
TM

 Red FM 

composite picture. A: Composite picture of a vegetative F. graminearum hypha expressing GPI-HyPer 

stained with MitoTracker Red FM. The white arrow represents the approximately 6.0 µm long line of 

interest from which the values for the plot profile were taken. B: Plot profile of GPI-HyPer and MitoTracker 

fluorescence intensity. The MitoTracker profile (red line) exhibits three zones of high intensity separated by 

long minimum between 1.5 and 3.5 µm and one at 5 µm. These three high intensity zones are shared by the 

GPI-HyPer profile. However, between 1.5 and 3.5 µm the GPI-HyPer profile exhibits two main signal peaks 

which represent the intersections of the plot line with the perinuclear ER and are not shown by the 

MitoTracker profile. This demonstrates the partial colocalisation of GPI-HyPer and MitoTracker. 
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To gain a better understanding of the subcellular structures bound by GPI-HyPer, cells 

expressing GPI-HyPer were stained with FM4-64, a colouring agent that binds the plasma 

membrane before getting ingested by endocytosis. After an incubation time of 1 h, the 

agent was ingested staining endocytotic membranes. Fluorescence microscopy suggested 

that GPI-HyPer and FM4-64 were attached to exclusive structures and did not colocalise 

(Figure 52).  

 

 

Figure 52: Fluorescence microscopy captures of a vegetative hypha expressing GPI-HyPer stained with 

FM™ ϰ-64. A: GPI-HyPer signal. B: FM™ ϰ-64 signal. The plasma membrane (white arrows) and multiple 

intracellular circular structures (white arrowheads), likely vacuoles and endocytotic vesicles, are visible. C: 

Merge. There is no overlap of GPI-HǇPeƌ sigŶals aŶd FM™ ϰ-64 signals. Areas occupied by the circular GPI-

HǇPeƌ stƌuĐtuƌes ;ǁhite aƌƌoǁsͿ aƌe deǀoid of aŶǇ FM™ ϰ-64 signal. This indicates that GPI-HyPer is 

attached to no endocytotic structures. Yellow sections (black asterisks) are caused by overlap with the 

signal of the 2 hyphae in the background. D: Brightfield capture. Scale bars = 1 µm. 
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Again, a fluorescence intensity plot profile (Figure 53) was established to verify this 

optical analysis. The plot showed reciprocal behaviour of the GPI-HyPer and MitoTracker 

plot profiles. The peaks of the profiles did not overlap and were mostly faced by a 

minimum of the respective other profile. This confirmed the hypothesis that GPI-HyPer 

and FM4-64 did not colocalise suggesting that GPI-HyPer is not attached to endocytotic 

membranes. 

 

 

Figure 53: Fluorescence intensity plot profile projection of GPI-HyPer and FM4-64® composite picture. A: 

Composite picture of a vegetative F. graminearum hypha expressing GPI-HyPer stained with FM4-64. The 

white arrow represents the approximately 6.5 µm long line of interest from which the values for the plot 

profile were taken. B: Plot profile of GPI-HyPer and FM4-64 fluorescence intensity. The two profiles exhibit 

a reciprocal behaviour towards each other. When one plot shows an intensity peak the other mostly shows 

a minimum. The GPI-HyPer plot shows two high intensity peaks separated by a ca. 1 µm broad minimum 

within the first 3 µm of the plot. The FM4-64 plot starts with a decline until reaching the same minimum 

and increases afterwards. While the GPI-HyPer intensity declines after 3 µm reaching a minimum at 3.5 µm 

the FM4-64 plot increases until reaching a peak after 4.8 µm. Within the next 3 µm the GPI-HyPer profile 

and the FM4-64 profile show alternating peaks and minima underlining that the GPI-HyPer and FM4-64 

signals do not colocalise. 
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Together, the results suggest that GPI-HyPer binds the ER and mitochondria but not 

endocytotic membranes. The asserted subcellular localisation of GPI-HyPer allows for 

new areas of application for the HyPer probe since ROS play a fundamental role in the 

function of ER and mitochondria. GPI-HyPer could therefore be used to monitor ROS 

fluctuations specifically in these organelles during live-cell imaging. 

 

3.2.3 ER-stress leads to no deviation of the H2O2-level 

Disrupting the correct interplay between the ER and the Golgi apparatus can lead to an 

accumulation of immature proteins inside the ER which is accompanied by an increase of 

the ER͛s ROS leǀel ;SaŶtos et al., ϮϬϬϵͿ. This ƌeaĐtioŶ is Đalled uŶfolded pƌoteiŶ ƌespoŶse 
(UPR) and is inducible by chemicals such as brefeldin A which interrupts the formation of 

ER vesicles and triggers the collapse of the Golgi apparatus leading to a reflux of proteins 

into the ER (Ripley et al., 1993), or tunicamycin which inhibits correct protein folding in 

the ER causing accumulation of misfolded proteins. Given that GPI-HyPer is a H2O2 probe 

located at the ER it posed a promising tool to visualise these cellular adaptations. To test 

whether ER-stress is detectable with GPI-HyPer, cells of the GPI-HyPer and cytHyPer 

mutant strains were cultivated in a 96-well plate and challenged with brefeldin A and 

tunicamycin diluted in DMSO. The fluorescence intensity ratio (F485/F380) of the two 

absorption maxima was measured for over 12 h using a microtiter plate reader. The WT, 

expressing no HyPer, shows a F485/F380 ratio of 2 which presumably derives from a 

natural fluorescence of the fungal cells (autofluorescence) which is independent of 

fluorescence proteins. The WT ratio only very slightly increased in all samples, suggesting 

that treatment with brefeldin A or tunicamycin has no major influence on the HyPer-

independent autofluorescence of the cells. The cytHyPer and GPI-HyPer mutants show a 

decrease of the ratio from the start in all samples. The cytHyPer ratio is constantly 

decreasing until the end of the measurement. The GPI-HyPer ratio decreases until 

reaching a minimal value which is followed by a very slight increase for the rest of the 

measurement. The cells stressed with the brefeldin A or tunicamycin showed the same 

ratio progression as the negative controls (cells supplemented only with the solvent 

without tunicamycin or brefeldin A) (Figure 54) which shows that the observed decrease 

of the cytHyPer and GPI-HyPer ratios was not caused by the ER-stress inducing agents. It 

is likely that the gradual decrease of the cytHyPer and GPI-HyPer ratios is caused by 

bleaching of the sample due to constant excitation of HyPer by the plate reader. The 

experiments were also performed adding Triton X-100 (0.2%) and Tween 20 (0.02%) to 

the solvent to increase fungal cell permeability for tunicamycin and brefeldin A. The 

results, however, were the same. Together, the results suggest that neither cytHyPer nor 

GPI-HyPer react towards ER-stress. 
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Figure 54: cytHyPer and GPI-HyPer ratio (F485/F380) progression upon ER-stress induction. cytHyPer and 

GPI-HyPer expressing strains were cultivated on minimal medium agar in a 96-well microtiter plate for 3 

days. Immediately before starting the fluorescence measurement in a microtiter plate reader, 30 µg/ml 

tunicamycin or 50 µg/ml brefeldin A diluted in DMSO were added to each well. For negative controls, only 

the solvent without tunicamycin or brefeldin A was added. Fluorescence was measured continuously for 12 

h. A: Ratio progression upon tunicamycin supplementation. The cytHyPer (black line) ratio starts at an initial 

value of 4.0. The ratio decreases consistently until reaching a value of 2.9 at the end of the measurement. 

The initial GPI-HyPer ratio (dark grey line) is 2.6. The ratio decreases until reaching a minimum of 2.37 after 

6 h. Afterwards the ratio slightly increases until reaching a value of 2.5 at the end of the measurement. The 

ratio of the WT (light grey) starts at a value of 1.9 and increases continuously slightly until reaching a value 

of 2.15 at the end of the measurement. The ratio progressions in the negative controls are almost identical 

with the tunicamycin experiment ratio progressions. B: Ratio progression upon brefeldin A 

supplementation. The cytHyPer (black line) ratio starts at an initial value of 4.7. The ratio decreases 

consistently until reaching a value of 3.1 at the end of the measurement. The initial GPI-HyPer ratio (dark 

grey line) is 3.0. The ratio decreases until reaching a minimum of 2.4 after 3 h. Afterwards the ratio stays 

constant until end of the measurement. The ratio of the WT (light grey) starts at a value of 2.1 and increases 

continuously slightly until reaching a value of 2.2 at the end of the measurement. The ratio progressions in 

the negative controls are nearly identical with the brefeldin A experiment ratio progressions. The 

indistinguishable curve progressions of the ratio after ER-stress induction and of the negative control 

indicate that neither cytHyPer nor GPI-HyPer show a reaction to tunicamycin and brefeldin A. 
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3.2.4 GPI-HyPer still shows ratiometric reaction to H2O2 

The absence of a GPI-HyPer ratio change upon ER-stress raised the question of whether 

the modifications that were performed on the HyPer sequence had abolished the ability 

for H2O2-dependent ratiometric behaviour. To rule out this possibility, experiments 

specifically assessing the ratiometric behaviour of GPI-HyPer towards oxidation by H2O2 

and reduction by dithiothreitol (DTT) were conducted. As previously reported (Mentges & 

Bormann, 2015), the fluorescence intensity of the cells expressing GPI-HyPer increases 

after supplementation with H2O2 and decreases again after supplementation with DTT. To 

test if the attaĐhŵeŶt of the sigŶal peptides iŵpedes HǇPeƌ͛s ƌatioŵetƌiĐ ƌeaĐtioŶ 
towards H2O2, GPI-HyPer expressing cells of F. graminearum were cultivated in 96-well 

plates containing minimal medium agar. A microtiter plate reader equipped with multiple 

injectors successively measured fluorescence at 485 nm and 380 nm for 105 min with 

intermittent injections of H2O2 and DTT (Figure 55). The experiment showed that GPI-

HyPer reacts to these agents in a similar way as was shown for HyPer. Shortly after 

injection of 20 mM H2O2, the ratio increases until reaching a peak value which is constant 

until injection of 50 mM DTT. After DTT injection the ratio decreases until the end of the 

measurement. The WT also showed a very slight ratio increase after H2O2 injection and 

decrease after DTT injection, suggesting that oxidation and reduction have a minor 

influence on the autofluorescence of F. graminearum cells as well. This result 

demonstrates that the modifications necessary to generate GPI-HyPer did not impede its 

H2O2-sensitivity and its typical reactions towards oxidation and reduction. 
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Figure 55: Oxidation and reduction reaction of GPI-HyPer. The figure shows the F485/F380 ratio measured 

with a microtiter plate reader over time. The vertical dashed lines indicate the time points of H2O2- and 

DTT-injection, respectively. After injection of 20 mM H2O2 the F485/F380 ratio in the GPI-HyPer mutant 

(black line) increases from 2.5 to 3.4 within 3 minutes. This value stays constant until addition of 50 mM 

DTT which is followed by a sudden decrease of the ratio. The decrease gradually slows down until the end 

of the measurement where the ratio reaches a value of 2.1. The WT (grey line) which does not express 

HyPer also shows a ratiometric reaction towards H2O2. Its base line ratio of 1.4 increases to 1.5 within 3 

minutes. This value stays constant until addition of DTT which is followed by an immediate decrease of the 

ratio back to a value of 1.4. The ratio further decreases slightly until reaching a value of 1.35 at the end of 

the measurement. The water control (grey dashed line) shows no reaction to either substance. Error bars 

indicate the standard deviation. For the purpose of a better overview only every seventh standard deviation 

is shown. 

 

A promising potential field of application for GPI-HyPer would be live-cell fluorescence 

microscopy allowing real-time visualisation of subcellular ROS-fluctuations. To determine 

GPI-HǇPeƌ͛s poteŶtial iŶ this regard, an experimental setup based on the work of Michael 

Mentges (Master thesis) was established to enable the supplementation of GPI-HyPer 

expressing cells with H2O2 during confocal laser scanning microscopy (CSLM). GPI-HyPer 

mutant strains were cultivated on objective slides carrying minimal medium agar fixed in 

a Gene Frame®. Through an opening in the Gene Frame® and with the help of a syringe 

connected to a syringe pump, 20 mM H2O2 was applied on the mycelia. At the same time 

the hyphae were observed by CLSM with alternating excitation with 405 nm and 488 nm 
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(Figure 56). Within a period of 1 min to up to 20 min after H2O2 application, a specific, 

transient increase of the ratio between emission at 488 nm and 405 nm (ratio F488/F405) 

excitation wavelengths could be observed. Figure 56 presents a 30 min observation of an 

exemplary hypha exhibiting this behaviour. In this example, the reaction occurred 

approximately 11 min after starting the pump. The fluorescence intensity at 405 nm (left 

column) very slightly decreases until about 2 min after the reaction initiated before 

increasing again until the end of the measurement. The fluorescence intensity at 485 nm 

(middle column) increases until reaching a maximum after about 2 min, followed by a 

continuous decrease of fluorescence intensity until the end of the measurement. The 

ratio F488/F405 accordingly increases until 2 min after the start of the reaction before 

decreasing until the end of the measurement. The experiment revealed that the site of 

the ratio increase shown in Figure 55 corresponds to the observed subcellular localisation 

of GPI-HyPer shown in Figures 49-53. Also, the ratio increase of GPI-HyPer is not equal 

and not simultaneous throughout the cell but is first visible at the putative perinuclear ER 

followed by elongated structures. Throughout the measurement, the perinuclear ER 

shows the highest ratio in the hypha. This time dependent ratio increase of different 

subcellular structures suggests an irregular deposition and/or activity of GPI-HyPer in the 

subcellular structures it is attached to.  
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Figure 56: Live-cell imaging of the GPI-HyPer reaction towards extracellular H2O2. GPI-HyPer expressing 

strains were cultivated on minimal medium agar carrying microscope slides. During live-cell imaging with 

confocal laser scanning microscopy the hyphae were supplemented with 20 mM H2O2. Throughout the 

experiment, fluorescence pictures were captured continuously. The figure shows the fluorescence intensity 

progression. Pictures were taken every 18 seconds during simultaneous excitation with wavelengths of 405 

nm (left column) and 488 nm (middle column). Fluorescence intensity at 405 nm starts decreasing slightly at 

11:18 min reaching a minimum at 12:49 min. Intensity increases afterwards again until the end of the 

measurement. Fluorescence intensity at 488 nm starts increasing at 11:18 min reaching a maximum at 

12:49 min. Intensity decreases afterwards again until the end of the measurement. The right column shows 

the F488/F405 intensity ratio. The ratio starts increasing at 11:18 min until reaching a maximum at 12:49 

min. The ratio decreases afterwards again until the end of the measurement. Values are indicated in the 

colour bar. The ratio increase is visible first at circular structures which were identified as perinuclear ER. At 

11:36 min only these structures show increased ratio. At 11:54 min elongated structures show increased 

ratio as well. At 12:49 min, the moment of maximal GPI-HyPer oxidation in this experiment, putative 

perinuclear ER shows the highest ratio in the tested hypha. Scale bars = 1 µm. 

 

The CLSM pictures where analysed in silico to gain comparable data of the observed GPI-

HyPer reaction. A region of interest (ROI) was determined around the area with the 

strongest ratio increase (Figure 57Ϳ. MeasuƌeŵeŶt of the ROI͛s piǆel iŶteŶsitǇ usiŶg the 
ratio plus function of the image processing program ImageJ revealed a ratio increase from 

1.4 to 3.8 upon H2O2 exposure. The ratio increase is rapid and short. The maximum value 

of 3.8 is reached after 2 min immediately followed by a rapid decrease which slows down 

gradually before accelerating again after about 24 min. The initial ratio value is reached 

about 12 min after the maximum peak. At the end of the measurement, the ratio has 

reached a lower value than at the start of the experiment. An exact time difference 

between contact to H2O2 and rise of the ratio as in Figure 55 cannot be presented here 

because the time difference between starting of the pump and the reaction by GPI-HyPer 

varies from sample to sample and depends on the individual diffusion time of the H2O2 to 

the observed hyphae. Given the immediate reaction of GPI-HyPer after injection of H2O2 

presented in Figure 55, it is to be expected that H2O2 contact and ratio increase are 

simultaneous.  
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Figure 57: Region of interest evaluation during GPI-HyPer oxidation. Fluorescence pictures were captured 

every 18 seconds during excitation with wavelengths of 405 nm and 488 nm. A region of interest (ROI, red 

circle) was determined in which fluorescence intensities were calculated. A: Excitation with 405 nm. B: 

Excitation with 488 nm. C: F485/F405 ratio. D: Fluorescence intensity progression at 488 nm (black line) and 

405 nm (grey line) excitation wavelength within the ROI until the end of the measurement. The small peak 

at the 9 minute mark before the putatively H2O2-triggered 485 nm intensity increase is due to focus 

adjustment. After 11 minutes the 488 nm fluorescence intensity increases from 50,000 to 110,000 a.u. 

within 2 minutes. Afterwards the fluorescence intensity decreases again. The decrease gradually slows 

down until the 24 minute mark before it accelerates again dropping to 29,000 a.u. at the end of the 

measurement. The 405 nm fluorescence intensity decreases after 11 minutes from 40,000 to 28,000 a.u. 

within 2 minutes. Afterwards the fluorescence intensity increases until reaching 33,000 a.u. at the 20 

minute mark before very slightly decreasing again until the end of the measurement. E: F488/F405 intensity 

ratio progression within the ROI. After 11 minutes the ratio increases from 1.3 to 3.8 within 2 minutes 

before decreasing again. The decrease gradually slows down until the 24 minute mark before it accelerates 

again dropping to a ratio of 1.0. Scale bars = 1 µm. 
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3.2.5 Deletion of NoxR leads to increased ratio of cytHyPer but not of GPI-HyPer 

With the functionality of GPI-HyPer verified its application in another ER-specific assay 

was attempted. One of the main sources of ROS in the cell is an enzyme complex termed 

nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase (Nox). It has been 

suggested that members of the Nox family are located at the ER membrane (Marschall et 

al., 2016b). The catalytical subunits NoxA and NoxB are under control of the regulatory 

subunit NoxR (Sumimoto, 2008). In previous studies NoxR was deleted in a HyPer 

expressing F. graminearum mutant (Master thesis Michael Mentges, 2014). Microtiter 

plate reader measurements revealed a significantly increased ratio suggesting an increase 

in the cellular H2O2 level after NoxR deletion. The source of the H2O2, however, is unclear. 

With the ER-tagged GPI-HyPer a tool was at hand to gain further insights into this matter. 

If GPI-HyPer would show the same ratio increase in a NoxR-deletion mutant this would 

suggest that ER-resident Nox is involved in the observed raise of the H2O2 level in the 

HyPer mutant. For this purpose, deletion mutants of NoxR (ΔNoxR) were established in 

the cytHyPer and GPI-HyPer mutant background. Resulting mutants were termed 

ĐǇtHǇPeƌ_ΔNoxR and GPI-HǇPeƌ_ΔNoxR and screened for their 485/380 ratio using the 

saŵe ŵiĐƌotiteƌ plate ƌeadeƌ setup as iŶ seĐtioŶ ϯ.Ϯ.ϯ. The ĐǇtHǇPeƌ_ΔNoxR mutants 

showed a significantly increased ratio compared to the cytHyPer mutant reproducing the 

ƌesults iŶ MeŶtges͛ ŵasteƌ thesis. Befoƌe additioŶ of H2O2, the ƌatio of ĐǇtHǇPeƌ_ΔNoxR 

was increased suggesting a higher base oxidation level. After H2O2 injection, the ratio of 

ĐǇtHǇPeƌ_ΔNoxR stayed above the ratio of cytHyPer showing that supplementation with 

20 mM H2O2 does not lead to maximal oxidation of HyPer. After reduction by DTT, the 

ĐǇtHǇPeƌ_ΔNoxR ratio gradually approaches the cytHyPer ratio until the end of the 

ŵeasuƌeŵeŶt. This iŶdiĐates that the higheƌ ďase oǆidatioŶ of ĐǇtHǇPeƌ_ΔNoxR is 

reversible. In contrast to these results, the base oxidation level of the GPI-HǇPeƌ_ΔNoxR 

mutants was similar to that of the GPI-HyPer mutant (Figure 58). Injection of H2O2 and 

DTT led to an equal increase and decrease of the ratio in both strains. Together, these 

results suggest that the deletion of the Nox regulator leads to an elevated H2O2-level in 

the cytosol but not in the ER and demonstrate the benefit of the new subcellular H2O2 

sensor GPI-HyPer. 
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Figure 58: Comparison of cytHyPer ratio with GPI-HyPer ratio with and without deletion of NoxR. A: 

Progression of the ratio (F485/F380) of the cytHyPer mutant in WT background (solid line) and in ΔNoxR-

background (dashed line). The vertical dotted lines indicate the time points of H2O2- and DTT-injection, 

ƌespeĐtiǀelǇ. ĐǇtHǇPeƌ_ΔNoxR shows a constantly increased oxidation level compared to cytHyPer. The 

aǀeƌage ďaseliŶe ƌatios of ĐǇtHǇPeƌ aŶd ĐǇtHǇPeƌ_ΔNoxR were 2.9 and 3.8, respectively. After addition of 

H2O2, the ƌatio of ĐǇtHǇPeƌ_ΔNoxR stays above the ratio of cytHyPer. The cytHyPer ratio initially reaches a 

value of 5.0 immediately after H2O2 substitution before gradually further increasing to a maximum of 6.3 at 

the ŵoŵeŶt of DTT suďstitutioŶ. The ĐǇtHǇPeƌ_ΔNoxR ratio initially reaches a value of 6.3 immediately 

after H2O2 substitution before gradually further increasing to a maximum of 7.3 at the moment of DTT 

substitution. After addition of DTT, the cytHyPer ratio drops to a value of 5.5 before gradually further 

decreasing until reaching a value of 4.0 at the end of the measuremeŶt. ĐǇtHǇPeƌ_ΔNoxR drops to a value 

of 6.3 before further decreasing and gradually approaching the cytHyPer ratio, reaching a value of 4.3 at the 

end of the measurement. GPI-HǇPeƌ_ΔNoxR shows the similar ratios as GPI-HyPer. GPI-HyPer and GPI-

HǇPeƌ_ΔNoxR have an average initial value of 1.9 and 2.0, respectively. After H2O2 substitution the ratios 

increase to 2.6 and 2.55, respectively. These values stay constant until DTT substitution. After addition of 

DTT, the ratios drop to a value of 2.4 and 2.3, respectively, before gradually further decreasing to a value of 

2.0 at the end of the measurement. Error bars indicate the standard deviation. For the purpose of a better 

overview only every fifth standard deviation is shown. 

 

In summary, while GPI-HyPer failed to show a fluorescence signal at the surface of 

F. graminearum hyphae, making it unfit for measuring H2O2 at the area of contact 

between pathogen and host, it proved to be a valuable tool for monitoring intracellular 

H2O2 fluctuations. Organelle stains revealed that GPI-HyPer was attached to the ER and 

mitochondria. The combination of the HyPer ORF with the GPI-anchor did not abolish the 

seŶsoƌ͛s fuŶĐtioŶ foƌ ƌatioŵetƌiĐ ƌeaĐtioŶ to H2O2. Live-cell imaging during H2O2 

supplementation using CLSM both confirmed the staining results and proved GPI-HǇPeƌ͛s 
functionality, revealing that the ER displayed the highest GPI-HyPer activity. Application of 

this novel H2O2 seŶsoƌ iŶ WT aŶd ΔNoxR backgrounds suggested that a rise of intracellular 

ROS levels caused by a deletion of NoxR is not linked to an increasing H2O2 concentration 

in the ER. Instead, cytosolic H2O2 leǀels aƌe sigŶifiĐaŶtlǇ iŶĐƌeased iŶ ΔNoxR mutants. 

Application of GPI-HyPer in ER-stress experiments did not reveal any H2O2 based changes 

in the ER. 
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4. Discussion 
 

It is evident that ROS are of major importance for virtually all aspects of cellular life 

(Mittler et al., 2011; Tudzynski et al., 2012; Foyer & Noctor, 2013; Vaahtera et al., 2014; 

Mittler, 2017). Of special interest for this thesis is the aspect of plant-pathogen 

interactions which are to a great extend governed by ROS: ROS are used as second 

messengers, control polarised hyphal growth and cellular differentiation and belong to 

the weaponry of both pathogen and host (Scott & Eaton, 2008; Heller & Tudzynski, 2011; 

Tudzynski et al., 2012), functions which are indispensable for fungal-plant interactions 

during infection. Previous studies showed that ROS are a key element for successful 

pathogenesis or symbiosis (Tiedemann, 1997; Toone & Jones, 1999; Schouten et al., 2002; 

Lyon et al., 2004; Nathues et al., 2004; Shetty et al., 2007; Molina & Kahmann, 2007; Walz 

et al., 2008; Abbà et al., 2009; Alkan et al., 2009; Williams et al., 2011; L͛HaƌidoŶ et al., 
2011; Nguyen et al., 2012; Kiirika et al., 2012; Kobayashi et al., 2012; Bai et al., 2013; 

Kapoor & Singh, 2017). Hoǁeǀeƌ, the Ŷatuƌe of the fuŶgus͛ ƌespoŶse toǁaƌds the ROS-

mediated plant defence mechanism depends on the infection strategy of the pathogen. 

While biotrophic fungi inhibit or overcome the PTI, necrotrophic pathogens tend to use it 

to their advantage (Govrin & Levine, 2000). This fundamental difference might be 

deduced from the behaviour of hemibiotrophic fungi such as the plant pathogens 

Septoria tritici, Verticillium dahliae, or Macrophomina phaseolina. During the early, 

biotrophic, phase of infection no ROS accumulation was observed in these strains 

whereas high concentrations of ROS could be detected in the later, necrotrophic, phase of 

infection (Shetty et al., 2007; Chowdhury et al., 2017). Similar results for F. graminearum 

are presented by Zhang et al. (2012) who revealed a relatively higher expression of genes 

counteracting the plant-derived ROS-burst at early stages of infection followed by higher 

expression of genes contributing to ROS-production in later stages of infection. Regarding 

the infection strategy it needs to be noted here that the plant specific data presented by 

Zhang et al. (2012) was obtained from wheat coleoptiles which are not the typical site of 

infection of F. graminearum. It is still a matter of discussion how F. graminearum is to be 

integrated in the classification system of biotrophic, hemibiotrophic, and necrotrophic 

lifestyles. While Brown et al. (2010) discuss a unique lifestyle preceding the necrotrophic 

phase, Kazan et al. (2012) classify F. graminearum as a hemibiotrophic fungus. Boenisch & 

Schäfer (2011), however, observed necroses in the host tissue already during early 

infection phases on wheat florets, contradicting an early biotrophic phase. Further 

research is necessary to irrevocably define the lifestyle of F. graminearum.  

Apart from virulence, ROS metabolism has been shown to control fungal growth and 

differentiation (Hansberg & Aguirre, 1990; Malagnac et al., 2004; Kayano et al., 2013). 

During differentiation events, local ROS levels increase and scavenging systems get 

upregulated. The aim of this work was to gain further insight into the highly complex 

world of ROS-related interactions between host and pathogen by monitoring ROS-
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fluctuations relevant for infection and by characterising genes involved in the ROS-

metabolism of F. graminearum. The main tool for the selection of target genes was an 

RNAseq-based transcriptomic analysis of F. graminearum growing in planta and in vitro 

performed by Mentges et al. (unpublished results). All genes chosen for deletion in this 

study shared one or multiple of the following parameters: involvement in ROS-

metabolism, differential regulation in planta, low functional redundancy, secretion. 

149 genes were identified that are linked to the metabolism of ROS and that were 

significantly induced in expression during palea colonisation. One fourth of those genes 

(34) are significantly up-regulated in IC compared to RH, whereas 10 genes are up-

regulated in RH compared to IC.  

Two genes, FGSG_17054 (FgMT1) and FGSG_12456 (FgMT2), that show characteristic 

features of metallothioneins, are among the highest plant-induced genes in the database 

and show no expression in vitro which made them promising targets for gene deletion. 

Metallothioneins are small (25-30 amino acids), cysteine-rich (25-30%) proteins that share 

a siŵilaƌ ŵotif of seǀeŶ ĐǇsteiŶe ƌesidues ĐoŶstitutiŶg the pƌoteiŶs͛ ŵetal ďiŶdiŶg 
capabilities. The Neurospora crassa metallothionein motif (X2‐[CXC]‐X5‐[CXC]‐X3‐[CXC]‐X2‐
C‐X3) (Lerch, 1980; Münger & Lerch, 1985) has been found in a variety of fungal 

metallothioneins and is also present in FGSG_17054 (MAGD-[CGC]-SGASS-[CNC]-GSS-

[CSC]-SG-C-GK) and FGSG_12456 (MACDCGSS-[CNC]-GGASS-[CNC]-GES-[CTC]-KG-C-GK). 

Apart from FGSG_17054 and FGSG_12456 a third gene, FGSG_08172, was originally 

annotated as a metallothionein in the transcriptomic data this study is based on. 

FGSG_08172, however, is much longer (112 amino acids) and exhibits a lower cysteine 

proportion (14.3%) than typical fungal metallothioneins. Furthermore, while the amino 

acid sequence of FGSG_08172 exhibits 7 CXC patterns it does not contain the above 

mentioned characteristic metallothionein motif. Therefore, this thesis did not follow the 

annotation of FGSG_08172 being a metallothionein. Instead, a BLAST search of the 

metallothionein motif revealed a non-annotated hypothetical protein FGSG_16151 

(former FGSG_04088) (MSG-[CGC]-ASSGS-[CGC]-GSS-[CTC]-AG-C-PCRNHAVSLLGR) that 

shares all other metallothionein characteristics such as low molecular weight and high 

cysteine content and was thusly considered a metallothionein. In contrast to FGSG_17054 

and FGSG_12456, FGSG_16151 is not plant-induced and is expressed in axenic culture. 

Neither the single deletion nor the simultaneous deletion of all three metallothioneins led 

to changes in pathogenicity, oxidative stress tolerance, metal stress tolerance, metal 

starvation, vegetative growth, and sexual fruiting body formation. The single clone of the 

fiƌst ΔFGSG_17054 protoplast transformation containing a successful deletion 

;ΔFGSG_17054.1) showed a phenotype which proved to be not reproducible. 

ΔFGSG_17054.1 exhibited a strong increase and acceleration of perithecia formation. This 

phenotype is also prevalent in the and the simultaneous deletion mutant that were 

estaďlished iŶ the ΔFGSG_17054.1 ďaĐkgƌouŶd ;ΔΔFGSG_17054.1;FGSG_12456 and 

ΔΔΔFGSG_17054.1;FGSG_12456;FGSG_16151). Two additional protoplast 

tƌaŶsfoƌŵatioŶs ;ΔFGSG_17054.2 aŶd ΔFGSG_17054.3) did not show the increased 
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fruiting body formation. Indeed, southern blotting revealed a second integration of the 

deletion construct into the F. graminearum geŶoŵe iŶ ΔFGSG_17054.1 which was not 

pƌeseŶt iŶ ΔFGSG_17054.2 aŶd ΔFGSG_17054.3. Therefore, it is safe to assume that the 

oďseƌǀed pheŶotǇpe of ΔFGSG_17054.1 and the simultaneous deletion mutants is caused 

by the second integration. Measures are taken to identify the location of this integration 

as it might reveal the gene responsible for the intriguing phenotype. F. graminearum WT 

strain 8/1 produces only small amounts of perithecia compared to the highly fertile 

F. graminearum WT strain PH1 (Trail & Common, 2000). During experiments with 

F. graminearum PH1 perithecia were visible as early as 10 dpi, whereas with 

F. graminearum 8/1 perithecia formation took 6-12 weeks. It is conceivable that the 

second integration in ΔFGSG_17054.1 caused a genetic anomaly similar to the one being 

responsible for the hyperfertility of F. graminearum PH1.  

Metallothioneins exhibit antioxidative properties that derive from either the 

sequestration of copper, which can potentially partake in the Fenton reaction generating 

hydroxyl radicals (Reddy et al., 2014), or by scavenging of ROS by free reduced cysteine 

moieties (Ruttkay-Nedecky et al., 2013) which otherwise constitute the binding positions 

for metals. Metals are an important factor in fungal virulence (Gerwien et al., 2017). 

While many metals are required as essential trace elements some also play an active role 

in weaponry of host and fungus during infection. They are either needed to be withdrawn 

from the aggressor by the host as it is the case with iron or zinc, or can be actively 

released in phagosomes as a defence reaction against a pathogen as with copper (White 

et al., 2009; Gerwien et al., 2017). Iron and zinc are vital cofactors that pathogen and host 

compete over. Copper is also used as a cofactor in cells but is highly toxic when 

accumulated. Metallothioneins take part in the metal metabolism of all eukaryotes and 

many prokaryotes (Coyle et al., 2002; Vasák, 2005) and therefore also in host-pathogen 

interactions, no matter if the host is plant or animal. Still, scientific literature covering 

functional characterisations of multicellular fungal metallothioneins in pathogenicity is 

scarce. The bacterial human pathogen P. aeruginosa expresses the metallothionein PmtA 

that is needed for oxidative stress resistance and production of a secondary metabolite 

which is vital for pathogenicity (Pietrosimone, 2014). In the opportunistic fungal human 

pathogen Cryptococcus neoformans Cu2+-detoxifying metallothioneins are induced during 

iŶfeĐtioŶ as a ƌeaĐtioŶ to the host͛s hǇpeƌaĐĐuŵulatioŶ of Đoppeƌ. Deletion of 

metallothioneins significantly reduced virulence of the fungus (Ding et al., 2013). In 

M. oryzae the metallothionein MMT1 is a virulence factor (Tucker et al., 2004). Deletion 

of mmt1 causes inability to penetrate the host cuticle which may be linked to the finding 

that MMT1 is located at the inner cell wall of the fungus. This would also imply that 

MMT1 is secreted, contrary to the metallothioneins in F. graminearum. Metal tolerance 

was not affected. In contrast to FGSG_17054 and FGSG_12456, MMT1 was highly 

expressed in M. oryzae at most stages of its life cycle (Tucker et al., 2004). The authors 

expect MMT1 to play a role in cell wall differentiation rather than a defensive agent 

agaiŶst the plaŶt͛s oǆidatiǀe ďuƌst.  
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Considering the highly conserved metal binding capabilities of metallothioneins 

throughout all kingdoms and the low number of metallothionein genes in the 

F. graminearum genome, it is particularly surprising that even the simultaneous deletion 

of all three metallothioneins of F. graminearum had no significant impact on metal 

detoxification or during metal starvation (see Results, Figure 36 and Figure 37). Most 

fungal metallothioneins mainly sequester copper (Borrelly et al., 2002) and the vast 

majority of characterised fungal metallothioneins was shown to be upregulated under 

copper excess (Thorvaldsen et al., 1995; Riggle & Kumamoto, 2000; Ramesh et al., 2009; 

Ding et al., 2011; Reddy et al., 2014; Kalsotra et al., 2018). Zinc, cadmium, or silver are 

also frequently reported as inductors of metallothionein synthesis (Jacob et al., 2004; 

Reddy et al., 2014; Kalsotra et al., 2018). Generally, the metal specificity of 

metallothioneins differs interspecifically between copper, zinc, cadmium, silver, and 

mercury. S. cerevisiae modifies the copy number of its metallothionein gene CUP1 

according to the ambient copper concentration. Together, it was reasonable to assume 

importance of F. graminearum metallothioneins at least during growth under high copper 

concentrations. If none of the predicted metallothioneins in F. graminearum are essential 

for metal detoxification the question arises which other strategies could be used by the 

fungus for this purpose. It is possible that FGSG_08172, which is annotated as a 

metallothionein but was not considered a metallothionein in this study, is of importance 

in this regard. Potentially, the thiol groups of the CXC patterns in its sequence could serve 

as binding residues for metal ions depending on its tertiary structure. Aside from 

generating a deletion mutant, the assessment of the FGSG_08172 transcript level during 

metal stress could offer valuable clues whether FGSG_08172 is involved in metal 

metabolism and could compensate for the loss of metallothioneins. Generally, yeasts and 

filamentous fungi are able to use a broad range of mechanisms to protect themselves 

against heavy metals such as chemical transformation, sequestration (by 

metallothioneins, calmodulin, polyphosphates, and polyamines), binding of metal ions to 

the cell wall (biosorption), compartmentalisation, immobilisation, and protection (Walker, 

2004; Iskandar et al., 2011). It has been reported that metal tolerant species of 

filamentous fungi (e.g. species found in mining areas) possess cell walls with high heavy 

metal adsorption capacities and specific intracellular compartmentalisation (Blanquezet 

et al, 2004; Mohammadian et al., 2017) suggesting genetic adaption to extreme metal 

conditions. In yeast, the transporter CCC2 regulates transfer of copper into the Golgi 

apparatus, eventually resulting in its secretion (Walker, 2004). Five genes in 

F. graminearum are annotated as copper transporters. Assessing the regulation of metal 

ion transporters, particularly copper transporters, during metal stress in WT and 

metallothionein deletion backgrounds in F. graminearum could be worthwhile as these 

proteins might compensate for the lack of metal detoxification capabilities in the 

metallothionein deletion mutants. 

While metallothioneins in F. graminearum are annotated as intracellular proteins, a 

fundamental part of this thesis revolved around secretion. Filamentous fungi are known 
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for being dependent on their exceptional ability to secrete large amounts of proteins, 

metabolites, and organic acids (Conesa et al., 2001; Peberdy et al., 2001). Owing to their 

degradive lifestyle they need to rely on an array of extracellular enzymes such as 

ligninases, cellulases, and pectinases (Kubicek et al., 2014; Lo Presti et al., 2015). The 

transcriptome of F. graminearum contains 1665 genes (12% of all predicted genes) 

predicted for secretion. 634 of these genes are plant-regulated with 328 being plant-

induced while 306 are plant-repressed (Mentges et al., unpublished results). This suggests 

that indeed secreted genes in F. graminearum play an important role in infection.  

Secretion of proteins is mainly mediated by the secretory pathway to which the 

endoplasmic reticulum (ER) constitutes the gateway. For the correct function of the ER 

the ROS-metabolism plays an important role (Krishnan & Askew, 2014). Furthermore, 

reduction of the secretory capacity has led to impaired pathogenicity in human- and 

plant-pathogenic fungi (Yi et al., 2009; Joubert et al., 2011; Cheon et al., 2011; Miyazaki et 

al., 2013; Krishnan & Askew, 2014), directly connecting ER-functionality and disease. In 

order to monitor H2O2-fluctuations in the ER the new modified H2O2-sensor generated in 

this study could prove useful. Originally, it was attempted to attach the ratiometric H2O2 

sensor protein HyPer (Belousov et al., 2006) to the cell surface of F. graminearum in order 

to gain a new tool for visualizing ROS-based interactions in the immediate contact area 

between pathogen and host. For this purpose the N- and C-terminal signal peptides from 

the allegedly GPI-bound cell surface-attached superoxide dismutase (SOD) FGSG_00576 

were cloned upstream and downstream of the HyPer ORF in the overexpression vector 

pII99. However, mutants expressing this modified HyPer (GPI-HyPer) showed no 

fluorescence on the cell surface. The exact reasons for this are unknown but it is likely 

that the extracellular milieu is unsuitable for HyPer, that the modified polypeptide is not 

folded correctly during secretion, or that the extracellular signal is too weak to be 

detected in the presence of unspecific background fluorescence. It has been shown 

previously that a putatively secreted SOD (FGSG_08721) (Paper et al., 2007; Brown et al., 

2012; Lowe et al., 2015) was detected intracellularly after fusion with mRFP (Yao et al., 

2016) suggesting that modifications of enzymes with fluorescence proteins may 

potentially influence their localisation. Interestingly, a strong signal of GPI-HyPer in 

intracellular organelle membranes could be detected. Labelling experiments with ER-

TƌaĐkeƌ™ Blue-White DPX, MitoTƌaĐkeƌ™ Red FM, aŶd FM™ ϰ-64 revealed that GPI-HyPer 

mainly binds the ER, partially binds mitochondria, but never endocytotic vesicles (see 

Results, Figure 49-51). It is therefore also possible that these structures constitute the 

actual location of FGSG_00576, contrary to its annotation as cell surface attached. For a 

GPI-anchored protein, however, an intracellular localisation beyond structures involved in 

exo- or endocytosis (i.e. mitochondria) would be unusual. For GPI-HyPer the subcellular 

localisation opened up new possibilities in an unintended but nonetheless interesting 

application spectrum, namely the ROS-dynamics at the secretion-controlling ER and the 

mitochondria, two essential cellular ROS producers (Balaban et al., 2005; Santos et al., 

2009). Life-cell-imaging via confocal laser scanning fluorescence microscopy as well as 
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analyses with a microplate reader proved that the ratiometric reaction towards H2O2 was 

functional in GPI-HyPer, although with a smaller ratio amplitude compared to cytosolic 

HyPer (cytHyPer), probably owing to its subcellular localisation (see Results, Figure 58).  

The new GPI-HyPer probe was used to gain insight into ROS fluctuations during ER-stress. 

Interestingly, no deviation from the negative control was observed after challenging GPI-

HyPer expressing cells with brefeldin A or tunicamycin, which lead to the ROS-inducing 

unfolded protein response (UPR). This suggests that ER-stress in F. graminearum does not 

lead to generation of H2O2. However, production of ROS is an integral part of the UPR 

(Santos et al., 2009; Laurindo et al., 2012; Zeeshan et al., 2016). In this regard, the 

question of which species of ROS is produced is important. The ER enzyme Ero1 is a vital 

player in ER functionality as it regenerates reduced protein disulfide isomerase (PDI), 

thereby enabling persistent protein folding. This mechanism generates H2O2 and is rising 

in activity during ER stress (Marciniak & Ron, 2006), a reaction that should be detectable 

with GPI-HyPer. In Caenorhabditis elegans Ero1 produces enough H2O2 to constitute a 

visible portion of tunicamycin-induced dichlorofluorescein (DCF) fluorescence (Harding et 

al., 2003). On the other hand, there is evidence that superoxide contributes to the ROS 

burst during the UPR as well. Santos et al. (2009) reported increased superoxide signals 

after tunicamycin-treatment of vascular smooth muscle cells. Although representing a 

precursor of H2O2 (being the substrate for SODs), superoxide itself does not cause 

changes in the HyPer ratio (Belousov et al., 2006). In addition to Ero1, mitochondria and 

Nox participate in UPR-associated ROS generation. In mammals, ER membrane-bound 

Nox4 is upregulated strongly during ER-stress and contributes greatly to UPR-associated 

ROS accumulation (Pedruzzi et al., 2004; Santos et al., 2009; Laurindo et al., 2014). There 

is contradictory evidence regarding the identification of the ROS produced by Nox4. While 

multiple studies describe Nox4 as a mainly H2O2 producing enzyme (Serrander et al., 

2007; Dikalov et al., 2008; Helmcke et al., 2009; Takac et al., 2011; Nisimoto et al., 2014) 

there is literature suggesting that Nox4 produces superoxide as well (Serrander et al., 

2007; Bedard & Krause, 2007; Kuroda et al., 2014). Since, in fungi, the Nox homologues 

NoxA and NoxB appear to be superoxide producers (Kim, 2014; Wang et al., 2014) and 

NoxC is predicted to be superoxide-producing (UniProt database), and given that the role 

of Nox4 is adopted in a similar fashion by a fungal homologue, the reported significance 

of Nox complexes for UPR-associated ROS-accumulation would imply a considerable 

superoxide production. Furthermore, it is speculated that superoxide generating 

cytochrome P450 isoenzymes (P450s) partake in the ROS burst during the UPR (Fleming 

et al., 2001; Santos et al., 2009). Depending on how ROS-production during the UPR is 

balanced in F. graminearum it could be possible that a major portion of the ROS-based 

response is conveyed through superoxide which would trigger no reaction of GPI-HyPer. 

The exact role of mitochondria in the UPR-related ROS burst is still subject of 

investigation. Mitochondria and ER communicate via different pathways comprising 

indirect mechanisms such as Ca2+-mediated signalling but also immediate physical contact 

via mitochondria-associated membranes (MAMs) (Laurindo et al., 2012). It is still unclear 

whether ROS are directly transferred through the MAMs or not (van Vliet & Agostinis, 
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2017). If this is the case it would be debatable if the mitochondrial portion of UPR-

associated ROS consists of hydrogen peroxide or superoxide or both. Given the existence 

of two SODs in the mitochondrial matrix and the mitochondrial intermembrane space it is 

likely that generated superoxide is quickly dismutated to H2O2. On the other hand, 

mitochondrial ROS generation is strongly increased during the UPR in mammalia 

(Margittai & Sitia, 2011; Zeeshan et al., 2016), possibly to an extend that exceeds the 

capacities of the mitochondrial SODs. Independent of a putative direct ROS transition: if 

indeed GPI-HyPer is located at mitochondria as well, a mitochondria-internal H2O2 

accumulation should be detectable with GPI-HyPer. However, since mitochondria 

localisation of GPI-HyPer has been shown only partially, it is possible that a putative signal 

change is lost or that the H2O2-accumulation during the UPR in F. graminearum is simply 

too minor to be detected by GPI-HyPer. Additionally, GPI-HyPer might not be localised 

inside of mitochondria but attached to the outer mitochondrial membrane facing the 

cytosol. In that case no changes in the mitochondrial H2O2-level caused by SODs in the 

matrix or the intermembrane space would be detectable.  

To verify the functionality of GPI-HyPer after observing no reactions upon ER-stress 

induction, the probe was tested directly for reactivity towards H2O2 and DTT. GPI-HyPer 

reacted to the chemicals with increasing and decreasing ratio at the ER, respectively. 

Marschall et al. (2016a) on the other hand observed only slight ratio changes of ER-

targeted roGFP after application of 10 mM H2O2 compared to roGFP in the cytosol. They 

deduce from this that either the ER-glutathione pool differs from the cytosol in buffer 

capacity or that H2O2 is unable to cross the ER-membrane. In fact, even though H2O2 is an 

unpolar molecule that is widely believed to be able to diffuse through biological 

membranes (Chance et al., 1979), evidence has arisen that permeability of membranes to 

H2O2 is under cellular control and that membranes can pose an effective defence barrier 

against external H2O2 in S. cerevisiae (Branco et al., 2004; Miller et al., 2010). In this 

regard there is either a fundamental structural difference between the ER-membranes of 

F. graminearum and B. cinerea or the H2O2-permeability of the ER-membrane might be of 

lesser importance concerning this matter. Notably, the ER lumen is highly oxidised. A 

saturation of the local glutathione pool would prohibit further oxidation of roGFP by 

glutaredoxins even during further oxidation of the ER potentially explaining the minor rise 

in roGFP ratio in Marschall et al. (2016a). HyPer, reacting directly to H2O2, would not be 

restricted to the limitations of the glutathione redox system.  

GPI-HyPer was also used to monitor intracellular ROS mediated by the enzyme class of 

NADPH-oxidases (Nox). Nox are unique in their sole function of ROS production and count 

as the most important enzymatic ROS generating system (Bedard & Krause, 2007). The 

finding by Marschall et al. (2016b) that NoxA in B. cinerea is presumably located at the ER 

membrane makes them a highly interesting target for analysis with GPI-HyPer. NoxA and 

NoxB in F. graminearum are under control of the regulator NoxR (Sumimoto, 2008). 

NoxR-deletions were conducted via transformation of cytoplasmic HyPer (cytHyPer) and 

GPI-HyPer expressing F. graminearum protoplasts. Interestingly, deletion of NoxR leads to 

a significantly elevated oxidation level of cytHyPer compared to cytHyPer in the WT 
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background. In contrast, GPI-HyPer shows no significant ratio change upon NoxR-

deletion. These results suggest that disruption of Nox activity leads to H2O2-accumulation 

in the cytosol but not in the ER. This is counterintuitive with regard to previous findings 

that deletions of NoxA and NoxB in F. graminearum lead to decreased ROS formation 

(Wang et al., 2014). Nox deletions lead to reduced ROS levels in Epichloë festucae (Tanaka 

et al., 2008), in M. oryzae during appressoria formation (Egan et al., 2007), and in 

A. nidulans during sexual differentiation (Lara-Ortíz et al., 2003). On the other hand, 

contrary results were published for vegetative hyphae of M. oryzae where deletions of 

NoxA and NoxB cause higher hyphal ROS levels (Egan et al., 2007), for A. nidulans mycelia 

where disruption of NoxA leads to increased NBT staining (Semighini & Harris, 2008), for 

P. anserina where deletions of Nox1, Nox2, and NoxR lead to increased DAB and NBT 

staining (Brun et al., 2009), and for B. cinerea where deletions of NoxA, NoxB, and NoxR 

lead to no detectable decrease of the ROS level (Segmüller, 2008). Together these 

findings demonstrate the differences in the role of Nox in cellular ROS-metabolism 

between different species or cell types and underline that fungal Nox-deletion strains 

may accumulate high amounts of ROS as was suggested by the increased ratio in 

ĐǇtHǇPeƌ_ΔNoxR. With Nox-associated ROS production being challenged, the question 

concerning the source of these ROS arises. While mitochondria are the most plausible 

candidate producing predictably higher amounts of ROS than the Nox complex in many 

cell types (Balaban et al., 2005), ER-oxidoreductases which generate considerable 

amounts of oxidants in mammalian cells (Santos et al., 2009; Brown & Borutaite, 2012; 

Laurindo et al., 2012) and oxidoreductases that are involved in oxidative degradation of 

substrates, especially Nox-related ferric reductases (Brun et al., 2009; Grissa et al., 2010), 

represent additional possible ROS sources. Deregulation of these sources upon NoxR-

deletioŶ ŵight aĐĐouŶt foƌ the eleǀated HǇPeƌ ƌatio iŶ the ĐǇtHǇPeƌ_ΔnoxR mutants. 

Telling from the unchanged ratio of GPI-HyPer upon NoxR-deletion, the ROS generated by 

these sources are limited to the cytosol. 

For both the ER-stress induction experiments and the NoxR-deletion experiments it is of 

great significance that other studies in mammals, plants, and fungi with ER-targeted 

HyPer or roGFP as ER redox sensors observed little to no response towards application of 

H2O2 (Meyer et al., 2007; Schwarzländer et al., 2008; Mehmeti et al., 2012; Marschall et 

al., 2016a). Concerning this matter, the fact that HyPer and roGFP oxidation is mediated 

ǀia the foƌŵatioŶ of a disulfide ďoŶd iŶ the ƌegulatoƌǇ doŵaiŶ OǆǇR ;HǇPeƌͿ aŶd the β-

barrel structure (roGFP) could generally be problematic for measuring ER-internal H2O2-

concentrations. The extremely oxidising milieu, established by the PDI-mediated protein 

folding system, ought to be able to oxidize the redox sensors, and thereby raise their 

fluorescence ratio in an enzymatic and H2O2-independent fashion. Indeed, Mehmeti et al. 

(2012) present data suggesting this. The authors attempted to monitor the H2O2 

generation during disulfide bond formation connected to protein folding in insulin-

producing RINm5F cells using ER-targeted HyPer and detected strong ER oxidation. Since 

the ER-targeted expression of peroxiredoxin IV did not lower the ER-HyPer ratio the 

authors deduce that observed ratio changes of ER-HyPer derived from the formation of 
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an enzymatically mediated and H2O2-independent disulfide bond formation. They 

conclude that HyPer is not suitable for measuring ER-internal H2O2 concentrations.  

Along this line, the exact location and orientation of GPI-HyPer is of utmost importance. 

While the location of GPI-HyPer at least regarding the ER is evident, it is unknown 

whether it is located in the ER lumen or in its membrane. If located in the membrane, an 

orientation to the ER lumen or the cytosol would make a strong difference concerning the 

interpretation of the data. The fact that GPI-HyPer is still oxidisable by H2O2 demonstrates 

that either the PDI-mediated enzymatic oxidation of HyPer as observed by Mehmeti et al. 

(2012) is not equally significant in F. graminearum and does not fully oxidise GPI-HyPer, or 

that GPI-HyPer is oriented to the cytosol resulting in GPI-HǇPeƌ͛s ƌeaĐtiǀitǇ toǁaƌds 
external H2O2 and DTT. This is supported by the missing ratio change during ER-stress. 

However, this would raise the question of why GPI-HyPer is unaffected by the deletion of 

NoxR, in the course of which cytHyPer shows a significant ratio increase. The signal 

peptides deriving from FGSG_00576 which were used to aim HyPer to the cell surface 

would furthermore imply that GPI-HyPer is in the secretory pathway, meaning inside the 

ER.  

While the localisation of GPI-HyPer at the ER can be explained by the presence of signal 

peptides that direct it to the secretory pathway the reasons for the localisation at 

mitochondria are more difficult to deduce. The online tool TargetP 1.1 predicts the 

secretory pathway for the GPI-HyPer polypeptide but excludes mitochondrial targeting.  

Several causes of alternative peptide targeting are known: It is described that differential 

splicing or differential initiation of translation may lead to different N-terminal signal 

peptides (Ma & Taylor, 2008; reviewed in Danpure, 1995 and Small et al., 1998). For 

P450s and the amyloid precursor protein (APP) composite signal peptides containing 

patterns of both ER- and mitochondria-targeting signal peptides are described. These 

require activation through phosphorylation or proteolytic cleavage (reviewed in 

Anandatheerthavarada et al., 2003, Karniely & Pines, 2005, and Avadhani et al., 2011). 

Pfeiffeƌ et al. ;ϮϬϭϯͿ suggest that ĐeƌtaiŶ stƌuĐtuƌal featuƌes ǁithiŶ a peptide͛s ŶasĐeŶt 
chain can mediate targeting of secreted proteins to mitochondria. The protozoan parasite 

Toxoplasma gondii possesses a superoxide dismutase that is targeted to the mitochondria 

and the apicoplast, an Apicomplexa-specific chloroplast-like organelle, putatively due to 

inefficient binding of its nascent signal peptide to the signal recognition particle (Pino et 

al., ϮϬϬϳͿ. BodǇł aŶd MaĐkieǁiĐz ;ϮϬϬϳͿ desĐƌiďe a supeƌoǆide disŵutase of the 

dinoflagellate Lingulodinium polyedrum that is located in three different compartments. 

The protein possesses a mitochondria/ER ambiguous signal peptide as well as two in-

frame AUG start codons in its mRNA and a C-terminal signal peptide. The polypeptide can 

bind either the signal recognition particle (SRP) or the nascent polypeptide-associated 

complex (NAC). In the former case the polypeptide will be cotranslationally imported into 

the ER, in the latter case it will be post-translationally imported into mitochondria. When 

translation initiates at the second start codon the polypeptide is transported to 

peroxisomes due to its C-terminal signal peptide. 
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While several questions regarding the localisation of GPI-HyPer remain to be answered, 

GPI-HyPer still represents a valuable and functional ratiometric H2O2-sensor at the ER, an 

organelle that is specifically important for filamentous fungi which exhibit high secretion 

capacities. Among the core components of the ER responsible for key functions are 

cytochrome P450 monooxygenases (P450s). P450s are prevalent in all kingdoms and 

mainly located in the smooth ER membrane facing the cytosol (Monier et al., 1988; Black, 

1992). In addition to their assumed role as superoxide producers during the UPR (Fleming 

et al., 2001; Santos et al., 2009) their ability to introduce reactive hydroxyl groups into 

organic molecules spawns a vast array of possible functions such as hydroxylation, 

dealkylation, epoxidation, deamination, desulfuration, dehalogenation, sulfoxidation, and 

N-oxide reduction (Sono et al., 1996; Mansuy, 1998). Hence the wide variety of metabolic 

processes they are involved in (ČƌešŶaƌ & Petƌič, ϮϬϭϭ; Shin et al., 2018). The number of 

P450 genes varies greatly between different species (Shin et al., 2018) with only three 

known P450s in S. cerevisiae (Shin et al., 2017) and 120 P450s in F. graminearum 

according to the transcriptomic data used in this study. Generally, plant pathogenic fungi 

teŶd to ďeaƌ a ĐoŵpaƌatiǀelǇ laƌge aƌƌaǇ of PϰϱϬ eŶzǇŵes ;ČƌešŶaƌ & Petƌič, ϮϬϭϭͿ. As 
ROS production by ER-bound P450s contributes to the oxidizing conditions within the 

lumen which are necessary for proper folding of secreted proteins, the high number of 

P450s in filamentous fungi correlates with their extraordinary secretory capacities.  

Concomitant with the importance of the secretome for filamentous fungi, secreted 

proteins found particular attention in this study. Among the 1665 F. graminearum genes 

predicted for secretion, 175 encode ROS-related enzymes which demonstrates that, along 

with effectors and plant cell wall degrading enzymes (CWDEs) (Kubicek et al. 2014, 

Mentges et al., unpublished data), ROS-related enzymes constitute an integral part of the 

fuŶgus͛ seĐƌetoŵe. Ϯϵ seĐƌeted ROS-related enzymes (SREs) are plant-induced and 16 are 

plant repressed. To this day only two secreted fungal virulence factors are known, namely 

the secreted lipase FGL1 (Voigt et al., 2005; Blümke et al., 2014) and the mycotoxin DON 

(Maier et al., 2006). However, given the relevance of a functioning secretory system 

(Krishnan & Askew, 2014) it is likely that these are not the only secreted virulence factors 

in F. graminearum. 24 SREs are upregulated in ICs, 7 of which are also upregulated 

compared to RH. Together, these findings suggest that ICs bear an arsenal of secreted 

enzymes which are of high relevance in the initial infection process and constitute the 

basis of the gene deletion experiments performed in this study. Via homologous 

recombination in F. graminearum protoplasts 26 single and 5 simultaneous deletions of 

ROS-related enzymes were conducted of which 16 single and 3 simultaneous deletions 

targeted SREs. Virulence, vegetative growth, resistance towards oxidative stress, ROS-

accumulation, and sexual reproduction were assessed. Many P450 polypeptides contain a 

secretion signal which directs them to the secretory pathway; however, they are retained 

in the ER membrane. Therefore, they were not counted among the SREs despite carrying 

a signal peptide. With five deleted P450s (FGSG_03700, FGSG_07765, FGSG_03498, 

FGSG_01745, and FGSG_16458) they represent the largest group of genes characterised 
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in this study. FGSG_03498 is not plant-induced based on the threshold of a log2-fold 

expression change of 2 compared to in vitro mycelia but upregulated after treatment with 

the fungicide tebuconazole according to Liu et al. (2009) posing a promising deletion 

target as a potential ROS-related stress-induced protein. The other four deleted genes 

belong to the group of 19 plant-induced P450s. FGSG_07765 is specifically upregulated in 

ICs compared to RH and in vitro mycelia, FGSG_16458 specifically upregulated in RH 

compared to ICs and in vitro mycelia. Notably, while the deletions in this study failed to 

generate any phenotype regarding virulence, vegetative growth, ROS-sensitivity, ROS-

accumulation, and fertility, Shin et al (2017), who generated deletion mutants for all P450 

genes in F. graminearum, observed decreased pathogenicity after deletion of 

FGSG_03700 and in 4 other P450 deletion mutants, despite using 5-fold higher conidia 

concentrations for virulence assays. With F. graminearum wildtype strain GZ-3639 and 

wheat cultivar Eunpamil the authors used a different fungus- and plant-background. 

Speculatively, susceptibility of the wheat cultivar or genetic background of the fungal 

wildtype strain differ from the strains used in this study, resulting in diverging 

phenotypes.  

OŶĐe the plaŶt͛s iŵŵuŶe ƌespoŶse iŶ tƌiggeƌed, the fuŶgus has to defeŶd itself agaiŶst 
toxic plant-produced xenobiotics. While P450s have often been associated with the 

degradation of xenobiotics (Werck-Reichhart & Feyereisen, 2000) and upregulation of 

P450s in presence of xenobiotics has been shown (Shin et al, 2017), only one P450 

(FGSG_01972) led to increased xenobiotic sensitivity after deletion (Shin et al., 2017) 

suggesting strong functional redundancy. In addition to P450 monooxygenases, flavin-

dependent monooxygenases are associated with xenobiotic detoxification. MAK1 of the 

filamentous fungus Nectria haematococca is one of the best known flavin 

monooxygenases in phytopathogenic fungi (Pigné et al., 2017) and has been shown to be 

involved in detoxification of antifungal xenobiotics (Covert et al., 1996). Similarly, 

Alternaria brassicicola induces expression of a flavin monooxygenase gene (abmak1) in 

response to the antifungal agent camalexin (Sellam et al., 2007), the major phytoalexin 

produced by Arabidopsis thaliana (Pigné et al., 2017). F. graminearum expresses 44 

enzymes annotated as FAD-binding monooxygenases according to InterPro database and 

secretes 8 of which 2 are plant induced (FGSG_11215, FGSG_17478) thereby classifying as 

SREs. Both secreted plant-induced FAD-binding monooxygenases were deleted in this 

study but did not cause deviations from the wildtype phenotype regarding vegetative 

growth, virulence, ROS-sensitivity, ROS-accumulation, and sexual reproduction. Pigné et 

al. (2017) deleted the FAD-binding monooxygenase abmak1 of A. brassicicola and 

observed decreased melanin production and aberrant cell wall structure but no effect on 

growth, conidiation, pathogenicity, cell wall stress, and H2O2-sensitivity, as well as 

resistance against plant defence metabolites (e.g. camalexin). The unaffected 

susceptibility to plant defence metabolites is counterintuitive regarding the above 

mentioned connections between flavin monooxygenases and camalexin. These findings 

show a comparable system in which the deletion of a flavin monooxygenase did not affect 
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pathogenicity or ROS-sensitivity. Also, the role of MAK1 and the camalexin-sensitive 

regulation of AbMak1 are suggestive enough to make the discovery of the function of 

FGSG_11215 and FGSG_17478 in antifungal xenobiotics degradation a promising future 

endeavour as these enzymes demonstrate an extracellular system contrary to the highly 

redundant intracellular P450s system. Respective experiments could improve the 

understanding of the role of flavin monooxygenases in F. graminearum. Supposed that 

FGSG_11215 and FGSG_17478 do play a role in xenobiotics detoxification, the presented 

data show suggest this function has no impact on the pathogenicity of the fungus. 

However, a simultaneous deletion of FGSG_11215 and FGSG_17478 with the six 

remaining secreted flavin-dependent monooxygenases would be necessary to be able to 

exclude functional substitution. 

Along with P450s and flavin-dependent monooxygenases, tyrosinases constitute the third 

class of monooxygenases characterised in this study. F. graminearum expresses 15 

tyrosinases of which 12 are secreted and 4 plant-induced. Fungal tyrosinases are 

generally associated with pigmentation, e.g. through the production of melanins 

(Sanchez-Ferrer et al., 1995; Halaouli et al., 2005). Melanins have been discovered as 

virulence factors in a broad range of plant pathogenic and human pathogenic fungi 

(Langfelder et al., 2003) such as M. oryzae (Chumley & Valent, 1990; Howard & Valent, 

1996), A. alternata (Kawamura et al., 1999), Bipolaris oryzae (Moriwaki et al., 2004) 

C. neoformans (Kwon-Chung & Rhodes, 1986; Polacheck & Kwon-Chung, 1988), 

A. fumigatus (Jahn et al., 1997; Tsai et al., 1998; Langfelder et al., 1998), and Wangiella 

(Exophiala) dermatitidis (Dixon et al., 1987; Schnitzler et al., 1999; Feng et al., 2001). Also, 

they are involved in protection from environmental stress and plant enzymes, in conidial 

pigmentation, survival, sporulation, as well as ascospore protection (Cordero & 

Casadevall, 2017). 2 of 4 plant-induced secreted tyrosinases were deleted in this study, 

namely FGSG_01988 and FGSG_11528. Both deletions, however, led to no impairments in 

the tested functional categories. In M. oryzea the role of melanin in pathogenicity lies in 

the constitution of a semipermeable layer required to build mechanical pressure in 

appressoria (Howard & Valent, 1996). Since F. graminearum apparently does not rely on 

mechanical pressure for host penetration these findings do not apply in equal gravity to 

this fungus. Notably, whereas in basidiomycetes and mammals melanin is synthesised by 

tyrosinases (Sanchez-Ferrer et al., 1995; Feng et al., 2001), melanin of ascomycetes is 

claimed to usually be synthesised by polyketide synthases (PKS) (Bell & Wheeler, 1986; 

Feng et al., 2001). The black colour of F. graminearum perithecia for instance arises from 

the accumulation of melanin synthesised by the polyketide synthase PGL1 (Frandsen et 

al., 2016). Luo et al. (2017) on the other hand expect FGSG_01988 and FGSG_11528 to be 

involved in melanin synthesis. Also, in N. crassa tyrosinase has been long known to be 

responsible for melanin synthesis during perithecial development (Hirsch, 1954). Of the 

15 annotated tyrosinases in the F. graminearum genome 12 carry a secretion signal. If 

involved in melanin synthesis, the secretion signals of FGSG_01988 and FGSG_11528 

might hint at a role in melanisation of the cell wall where it is typically located in fungi 
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(Nosanchuk et al., 2015). In any case, the large number of other secreted tyrosinases 

demonstrates the high functional redundancy of this enzyme class. The single deletions 

performed in this study are likely to be made up for by alternative genes, maintaining the 

WT phenotype. 

The next class of SREs under investigation were blue copper proteins or cupredoxins, 

small proteins with a single type-1 copper centre. Of 6 putative F. graminearum 

cupredoxins 4 are secreted of which 3 are plant-induced (FGSG_06023; FGSG_07829; 

FGSG_09742). All three genes also show a strongly reduced expression in ICs of the 

deletioŶ ŵutaŶt of the MAP kiŶase Gpŵkϭ ;Δgpmk1) (M. Mentges, University of 

Haŵďuƌg, peƌs. Đoŵŵ.Ϳ. Δgpmk1 is avirulent due to malfunctional ICs that are unable to 

penetrate the plant surface. The downregulation of FGSG_06023, FGSG_07829, and 

FGSG_09742 compared to WT ICs suggested that these genes might be involved in the 

Δgpmk1 phenotype making them promising deletion targets. Genes FGSG_06023 and 

FGSG_09742 were deleted separately and simultaneously in this study but caused no 

effect on virulence, vegetative growth, resistance towards oxidative stress, ROS-

accumulation, and sexual reproduction suggesting that these genes are not responsible 

foƌ the Δgpmk1 phenotype. A protein BLAST and a query in the F. graminearum database 

from ZhaoGroup for Computational System Biology of Fudan University revealed that 

they are orthologues to SS1G_00809 and SS1G_07784 of S. sclerotiorum which are 

hypothesised to be laccases involved in melanin biosynthesis, sclerotia formation and 

pathogenicity of this fungus (Fan et al., 2016). Laccases are multicopper-oxidases which 

are common in fungi and have been associated with sporulation, melanin biosynthesis, 

lignin degradation, and virulence (Tsai et al., 1999; Leonowicz et al., 2001; Zhu et al., 

2001; Zhu & Williamson, 2004). In F. graminearum the laccase FGSG_02338 is involved in 

aurofusarin synthesis. Notably, while laccases are defined to contain three cupredoxin-

like domains (Enguita, 2011) SS1G_00809 and SS1G_07784 and their orthologues 

FGSG_06023 and FGSG_09742 contain only one cupredoxin-like domain according to an 

InterPro protein sequence analysis. This, together with the fact that these proteins are 

299, 237, 295, and 214 amino acids long whereas laccases usually have an average length 

of around 600 amino acids, challenges the annotation of SS1G_00809 and SS1G_07784 as 

laccases.  

Small, single copper centre-containing cupredoxins are shown to function as electron 

shuttles between proteins, e.g. between components of electron transport chains (de 

Rienzo et al., 2000). The upregulation of three secreted cupredoxins in planta, and in the 

case of FGSG_09742 specifically in ICs, suggests that F. graminearum increases its 

electron supply during infection. The electrons could be used as redox-mediators for 

extracellular oxidoreductases e.g. for lignin-degrading Fenton reactions: Chen & 

Pignatello (1997) showed in a cell-free system that quinones serving as electron shuttles 

can catalyse the reduction of Fe3+ to Fe2+ by facilitating electron transfer between 

phenolic HO· adducts and Fe3+. The absence of phenotypes suggests that the fungus does 
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not rely on such catalysis or that the remaining cupredoxins or other electron shuttles 

compensate for the deletions.  

In the following sections the results regarding peroxidase deletion mutants are discussed 

which constitute the only enzyme class that showed reproducible phenotypes upon 

deletion in this study. F. graminearum expresses five chloroperoxidases according to 

InterPro database of which two are not plant-induced and not secreted. The other three 

(FGSG_03708, FGSG_02341, FGSG_03436) are plant-induced and secreted and were 

theƌefoƌe seleĐted foƌ geŶe deletioŶ. The FGSG_ϬϯϳϬϴ deletioŶ ŵutaŶt ΔFGSG_03708 

showed retarded vegetative growth under non-stress conditions which is restored after 

application of oxidative stress inducing agents, as well as slightly elevated ROS-levels in 

the hyphal tips in axenic culture (see Results, Figures 18-21). The pathogenicity of the 

mutant is WT-like. Quantitative real-time PCR analysis revealed that FGSG_03708-

expression is repressed when the fungus is growing in presence of menadione or H2O2. 

This intriguing expression pattern of FGSG_03708 provides a plausible explanation as to 

why the deletion mutant is fully virulent on wheat. The observed downregulation of 

FGSG_03708 in the presence of ROS-stress suggests that the gene is dispensable or even 

harmful when facing external oxidative stress as for example encountered in the 

interaction with the plant host (Heller & Tudzynski, 2011; Segal & Wilson, 2018). Plants 

produce considerable amounts of ROS during defence reactions such as the oxidative 

burst. Consequently, deletion of FGSG_03708 does not affect plant-pathogen interaction. 

Along that line, this result also suggests that ROS-related defence reactions are initiated 

against the invading pathogen during systemic infections rather than during plant-surface 

colonisation by the fungus. An overexpression of FGSG_03708 might give clues regarding 

reasons for its downregulation. If an overexpression mutant would still be able to infect 

wheat, FGSG_03708 is likely to simply be dispensable during infection and gets 

downregulation to save resources. A virulence reduction of an overexpression mutant 

would instead suggest that the presence of FGSG_03708 is harmful during infection for 

the pathogen, for example due to FGSG_03708-mediated quenching of ROS that are 

Ŷeeded foƌ daŵagiŶg the host. The ǀegetatiǀe gƌoǁth ƌetaƌdatioŶ of ΔFGSG_03708 was 

not observed by Lee et al. (2017) who deleted all putative peroxidases in F. graminearum. 

Lee et al. (2017) measured the radial growth of the mutants after five days. In this study 

the radial growth was measured after three days. Repeated growth assays reliably 

showed that after five days under the conditions described in the materials & methods 

section F. graminearum had completely overgrown a Ø 92 mm plate. The complete 

medium (CM) agar that was used in this study was similar to the complete medium used 

by Lee et al. (2017), albeit less rich.  

Simultaneous deletion mutants of the three secreted plant-induced chloroperoxidases 

;ΔΔFGSG_02341;03708 aŶd ΔΔΔFGSG_02341;03708;03436) were established. 

ΔΔFGSG_02341;03708 and ΔΔΔFGSG_02341;03708;03436 showed the same growth and 

ROS-aĐĐuŵulatioŶ pheŶotǇpes desĐƌiďed foƌ ΔFGSG_03708. Virulence was still WT-like, 

on wheat as well as on maize. Interestingly, the simultaneous deletion mutants showed 
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increased production of perithecia compared to the WT which was not observable in the 

chloroperoxidase single deletion mutants. Another secreted peroxidase, FGSG_04434, 

also led to a higher perithecia nests/wheat node ratio after deletion contrary to the 

peroxidase characterisation study by Lee et al. (2017) who observed no such phenotype. 

FGSG_04434 is not plant regulated according to the transcriptomic data used in this study 

but Harris et al. (2016) show a downregulation of FGSG_04434 in wheat spikelets 4 days 

after infection and Zhang et al. (2012) found it significantly upregulated in wheat 

coleoptiles. Given the importance of ROS in cell differentiation a change in fertility 

through the disruption of the ROS equilibrium caused by peroxidase deletions would be 

comprehensible. Deletion of superoxide-producing Nox complex members impair sexual 

fruiting body formation in P. anserina (Malagnac et al., 2004), hyphal fusion in E. festucae 

(Kayano et al., 2013), and sclerotia formation in S. sclerotiorum and B. cinerea (Segmüller 

et al., 2008; Kim et al., 2011), meaning that the loss of a ROS-producer leads to 

attenuated sexual behaviour. That the loss of ROS-scavengers leads to accelerated sexual 

development would be the reverse conclusion of this and finds evidence in the 

peroxidase phenotypes presented in this study. Indeed, FGSG_04434 is a hybrid 

ascorbate/cytochrome c peroxidase according to the fungal peroxidase database fPoxDB 

(http://peroxidase.riceblast.snu.ac.kr). Cytochrome c peroxidases are known to play an 

important role in ROS-metabolism functioning both as an effective ROS scavenger and as 

a mitochondrial H2O2 sensing and signalling molecule in S. cerevisiae (Martins et al., 

2013). Single deletion of FGSG_04434, however, did not influence the NBT-staining result. 

The involvement of the chloroperoxidase FGSG_03708 in ROS-detoxification was shown 

by the increased ROS-levels in hyphal tips iŶ ΔFGSG_03708. IŶ ĐoŶtƌast to ΔFGSG_04434, 

hoǁeǀeƌ, ΔFGSG_03708 alone had no influence on sexual reproduction. The observation 

that only simultaneous deletion of secreted chloroperoxidases affects perithecia 

formation suggests a cumulative effect of this enzyme class on fertility. Interestingly, 

Sikhakolli et al. (2012) describe that FGSG_04434 gets downregulated in the course of 

sexual development, indicating that its activity would be counterproductive in this 

process. On the basis of these data it is conceivable that F. graminearum actively raises 

the ROS-level in its vicinity to induce the sexual differentiation process. Since only a single 

ΔFGSG_04434 clone was established, further independent deletion mutants are 

necessary to confirm the effect of ascorbate/cytochrome c peroxidase on fertility. 

7 of the 16 SREs deleted in this study are putatively involved in plant cell wall degradation 

or exhibit features that suggest this function as is discussed below. The two plant-induced 

secreted chloroperoxidases FGSG_02341, FGSG_03436 as well as the secreted putative 

lignin-peroxidase FGSG_16013 belong to a group of 15 lignin metabolising enzymes 

annotated in the transcriptome used in this study of which 10 are secreted. 10 genes 

belong to the enzyme group of laccases, 4 to chloroperoxidases, and 1 gene is epoxide 

hydrolase-like. FGSG_16013 is the only annotated lignin-peroxidase in F. graminearum. 

Lignin has not been in the focus of F. graminearum research lately (its role in 

F. graminearum pathogenicity being termed unknown by Walter et al. (2009)) and 
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ascomycetes are usually not considered efficient lignin degraders (Xie et al., 2014). Still, 

lignin, constituting an important component of the plant cell wall of tissues relevant for 

Fusarium infection such as glumes, lemmas, paleas, and the rachis (Siranidou et al., 2002; 

Lahlali et al., 2016), has been shown to be involved in wheat resistance towards Fusarium 

Head Blight caused by Fusarium culmorum and F. graminearum (Ribichich et al., 2000; 

Kang & Buchenauer, 2000; Siranidou et al., 2002; Lahlali et al., 2016). FGSG_16013 shows 

unaltered expression in RH compared to in vitro mycelia but is repressed in ICs. This is 

consistent with data established by Harris et al. (2016) and visualised by Lee et al. (2017) 

who show a downregulation of FGSG_16013 in infected wheat spikelets at 4 dpi. Their 

data also show an upregulation at 1 dpi and, to a lesser extent, at 2 dpi. Considering the 

notion that ICs are harbouring an arsenal of plant cell wall degrading enzymes in order to 

penetrate the plant surface this is surprising. The transcriptomic data used in this study 

was established using cDNA isolated right after ICs had been formed (~5 dpi). While it is 

possible that FGSG_16013 is stable enough to be present and functional during the initial 

infection, an upregulation at 1 dpi before ICs are formed would suggest that FGSG_16013 

does not belong to a putative arsenal of cell wall degrading enzymes of ICs. Its 

downregulation in ICs adds to this hypothesis. Since deletion of the only lignin-peroxidase 

did Ŷot alteƌ the fuŶgus͛ ďehaviour, its function might get compensated by similar 

enzymes. In this regard the seven secreted laccases of F. graminearum are potential 

candidates. Although typically being the main delignifiers only in basidiomycetes, laccases 

have been shown to be involved in wood degradation in ascomycetes as well (Xie et al., 

2014). However, lignin, being an extremely complex and bulky polymer, needs a cocktail 

of different enzymes being active in the correct order to be efficiently degraded (Aro et 

al., 2005) which speaks against a simple substitution by a different enzyme class. The 

three chloroperoxidases with lignin as their annotated predicted substrate (FGSG_02341, 

FGSG_03436, FGSG_08911) could instead be able to take over the catalytic activity of 

FGSG_16013. The two secreted ones, FGSG_02341 and FGSG_03436, were deleted in this 

study. Since, contrary to FGSG_16013, FGSG_02341 and FGSG_03436 are plant-induced 

and specifically upregulated in ICs, they would be reasonable candidates for genes 

involved in plant cell wall degradation during early infection processes of F. graminearum. 

However, deletion of either candidate led to no phenotypical deviations concerning 

virulence, vegetative growth, resistance towards oxidative stress, ROS-accumulation, and 

sexual reproduction, suggesting that neither their role in ROS-metabolism nor their role in 

lignin degradation are important in these circumstances. The fact that also 

ΔΔΔFGSG_02341;03708;03436 was WT-like in this regard suggests that either 

delignification is a dispensable process during penetration of and dispersion inside the 

host, or that both IC-only expressed FGSG_02341 and FGSG_03436 are substituted for by 

genes with redundant function such as laccases or the secreted lignin-peroxidase 

FGSG_16013.  

The degradation of lignin by fungi has been proven to be reliant on ROS. Extracellular 

fungal alcohol oxidases provide the H2O2 needed by lignin-peroxidases (Kersten & Kirk, 
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1987; Janse et al., 1998; Leuthner et al., 2005; Hernández-Ortega et al., 2012; Song et al., 

2015). In Fusarium species a single glyoxal oxidase regulates virulence and mycotoxin 

production (Song et al., 2015) underlining the importance of this process. Extracellular 

alcohol oxidases, including carbohydrate oxidases, are all putatively involved in plant cell 

wall degradation as they produce H2O2 using aromatic compounds and sugars as 

substrate. While glyoxal oxidases have received much attention little research concerning 

the biological role has been conducted regarding galactose oxidases. Of 15 putative 

galactose oxidases in F. graminearum FGSG_09093 is the only plant-induced gene and is 

one of 7 secreted orthologues. The broad substrate specificity of this enzyme class 

(Knowles & Ito, 1993) making it adequate for hemicellulose degradation has raised the 

assumption that it is involved in plant cell wall degradation (Sierra-Campos & Pardo, 

2009). This and its ROS-pƌoduĐtioŶ Đapaďilities addiŶg to the fuŶgus͛ ligŶiŶ degƌadatioŶ 
capacities made FGSG_09093 a promising candidate as a virulence factor. However, its 

deletion has no influence on the assessed parameters suggesting a less pivotal role for 

the fungus as other alcohol oxidases or redundancy among the remaining galactose 

oxidases. Additionally, the secreted oxidase FGSG_11399 could be involved in providing 

ROS in this context. FGSG_11399 is highly upregulated specifically in ICs and has also 

previously been identified as an in planta-specific protein (Güldener et al., 2006; Lysøe et 

al., 2011; Boedi et al., 2016) but showed no phenotype upon deletion. A gene cluster 

analysis by Lee (2010) predicted FGSG_11399 to be part of a gene cluster of non-

ribosomal peptide synthetase 14 (NPS14; FGSG_11395) which shows similarity to AM-

toxin synthetase from Alternaria mali and to HC-toxin synthetase from Beauveria 

bassiana. In contrast to FGSG_11399 FGSG_11395 is not plant induced which suggests 

that FGSG_11399 serves a different purpose in early infection stages, e.g. as mentioned 

the production of ROS necessary for plant cell wall degradation. 

Along with lignin, cellulose is one of the main components of plant cell walls. Therefore, 

degradation of cellulose is presumably of similar importance for successful penetration as 

delignification (Kubicek et al., 2014). The deletion of FGSG_02917, which encodes for a 

secreted cellobiose dehydrogenase, however, had no impact on virulence, vegetative 

growth, resistance towards oxidative stress, ROS-accumulation, and sexual reproduction. 

Cellobiose dehydrogenases participate in cellulose degradation and have been shown to 

degrade xylan and lignins as well (Henriksson et al., 1995; Cameron & Aust, 2001). 

Although not plant-induced according to the transcriptomic data used in this study, 

FGSG_02917 is attributed as upregulated in living wheat plants according to Boedi et al. 

(2016) who compared gene expression of F graminearum infecting living and dead wheat 

plants. Except FGSG_02917 there are four other secreted cellobiose-dehydrogenases, 

which are all highly plant-induced. Two of them (FGSG_03742, FGSG_04872) are 

specifically induced in ICs. Therefore, the probability of a compensation of FGSG_02917 

function is in this case high. In B. cinerea a cellobiose dehydrogenase (BC1G_03188. 

1/BofuT4_P082390.1) has been suggested as a potential potent ROS generator (Espino et 

al., 2010). In fact, a hypothesis regarding the function of cellobiose dehydrogenase 
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implies that the enzyme modifies its substrates through the production of hydroxyl 

radicals which are by-products of the reduction of iron (Fe3+ to Fe2+) or copper (Cu2+ to 

Cu+) during cellobiose oxidation. The reduced metal ions react with H2O2 in a Fenton-like 

reaction generating the highly aggressive hydroxyl radical (Kremer & Wood, 1992; 

Henriksson et al., 1995; BaldƌiaŶ & Valáškoǀá, ϮϬϬϴͿ. The ROS-production capabilities of 

FGSG_02917, however, are apparently not considerable enough to have an impact on the 

necrotrophic lifestyle or on the ROS-sensitivity of F. graminearum or get substituted for 

by a functionally redundant gene. 

The first barrier that F. graminearum encounters upon colonisation of a host plant is the 

cuticle, a layer consisting of mainly of cutin, waxes, cellulose, and pectin. FGSG_09124 

encodes a secreted reductase that is putatively related to the NADPH-dependent ẞ-

ketoacyl reductase RhlG from the opportunistic human pathogenic bacterium 

Pseudomonas aeruginosa according to MIPS database. RhlG is involved in fatty acid 

synthesis, especially rhamnolipids which are secreted and constitute an important 

virulence factor of the bacterium (Campos-García et al., 1998; Miller et al., 2006). One 

other gene, FGSG_01857, in F. graminearum shares this characteristic but is neither 

secreted nor plant-induced. While RhlG has been associated with fatty acid synthesis the 

reversible nature of redox reactions would also allow FGSG_09124 to be involved in lipid 

degradation. In fact, a BLAST search revealed homology to genes from other ascomycetes 

such as Coccoides immitis and multiple Aspergillus species which are annotated as 3-

hydroxyacyl-CoA dehydrogenase which takes part in beta oxidation of fatty acids. This 

function could be of value for the degradation of host tissue during infection. Previous 

studies showed that lipases can function as virulence factors in F. graminearum and 

B. cinerea (Comménil et al., 1998; Voigt et al., 2005). It is possible that these enzymes are 

involved in plant invasion through the degradation of lipid containing plant components 

such as the cuticle. While cutinases have been intensely studied as mediators of cuticle 

penetration (see below) little is known about the role of lipid degrading enzymes in this 

context. No experiments concerning lipid metabolism were conducted in this study. The 

wildtype-like ďehaǀiouƌ of ΔFGSG_09124 suggests that this eŶzǇŵe͛s iŶflueŶĐe oŶ 
extracellular synthesis of rhamnolipids or lipid degradation is negligible in regard to the 

tested conditions. The previous research on cutinases is controversial. While it was 

suggested that cutinases dissolve the plant cuticle enabling cell surface penetration 

(Woloshuk & Kolattukudy, 1986; Podila et al., 1988), single cutinases have not been 

identified as virulence factors (Stahl & Schäfer, 1992; Stahl et al., 1994; van Kan et al., 

1997; Crowhurst et al., 1997; Reis et al., 2005) with the exception of Pbc1 from the 

brassica pathogen Pyrenopeziza brassicae (Li et al., 2003) which demonstrates the 

complexity of this system. The assumption of Voigt et al (2005) that, additionally to 

cutinases, secreted lipases are involved in the infection process includes the putative role 

of FGSG_09124 in lipid degradation. Conversely, this means that other lipases and/or 

cutinases would be able to compensate for the loss of FGSG_09124.  
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The discussed overlapping biochemical functions of CWDEs are plausible in regard to the 

high complexity and chemical stability of this barrier and the necessity of the pathogen to 

overcome it. However, the consequent notion that individual CWDEs would constitute 

virulence factors has yet to be demonstrated for most plant pathogens (Kubicek et al. 

2014). Only few studies could show single CWDEs that were indispensable for 

pathogenicity and cover almost exclusively polygalacturanases with the exception of a 

xylanase in B. cinerea (Shieh et al., 1997; ten Have et al., 1998; Isshiki et al., 2001; Oeser 

et al., 2002; Brito et al., 2006; Douaiher et al., 2007; Fernández-Acero et al., 2010). In 

most cases plant-induced CWDEs do not seem to be involved in virulence (van Kan et al., 

1997; Reis et al., 2005; Espino et al., 2005; Kubicek et al., 2014; Quarantin et al., 2016). 

Chloroperoxidases, lignin-peroxidases, and cellobiose-dehydrogenases have not been 

characterised in this context before. The results in this thesis are in line with the available 

literature which also attributes the resilience of the fungus in this regard to the strong 

functional redundancy of CWDEs. Concomitantly, this broad enzymatic arsenal leads to 

equally strong redundancy in ROS-metabolising functions due to the involved 

oxidoreductases as demonstrated by the low phenotype rate in this study.  

In previous studies very insightful and generalizable results regarding the role of ROS in 

fungal infection have been gathered through broad scope disruptions of the ROS-

metabolism e.g. via deletions of MAP-kinases or transcription factors (Nathues et al., 

2004, 2007; Molina & Kahmann, 2007; Nguyen et al., 2012, 2013). Such a more general 

disruption was attempted in this study via the deletion of FGSG_09006 which encodes the 

single mitochondrial nicotinamide nucleotide transhydrogenase (NNT), an enzyme that 

couples the NADH and NADPH pools of mitochondria. Although highly favouring the 

production of NADPH under normal conditions, the reaction it catalyses (NADH + NADP+ 

↔ NADPH + NAD+) is reversible, making it both a quencher and a potential producer of 

ROS. It could, therefore, play a major role in the redox balance of the mitochondria. In 

humans NNT-deficiency is a cause for familial glucocorticoid deficiency (Meimaridou et 

al., 2012). In PC12 cells silencing of the NNT leads to increased cellular H2O2 

concentrations (Yin et al., 2012). NNT deletion mutants of C. elegans show a strongly 

reduced ROS resistance (Arkblad et al., 2005) underlining the importance of NNT in ROS-

metabolism. While present in higher animals and most bacteria, little is known about the 

function of NNT in plants and fungi. S. cerevisiae and Arabidopsis thaliana do not contain 

a respective gene (Jackson et al., 1999; Arkblad et al., 2001) and the green alga 

Acetabularia acetabulum is the only plant known to express NNT (Arkblad et al., 2001; 

Rasmusson et al., 2008). Until now, fungal NNT has not been in the focus of scientific 

research. F. graminearum gene FGSG_09006 is annotated as related to mitochondrial 

NNT by MIPS database. A protein BLAST suggests NNT to be strongly conserved 

throughout bacteria, animals, and fungi. F. graminearum NNT amino acid sequence shows 

around 50 % similarity to NNT from animals, bacteria, and A. acetabulum. This is the first 

report on the functional characterisation of a putative NNT in a filamentous fungus. 

ΔFGSG_09006 showed no deviations from the wildtype phenotype with respect to 
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vegetative growth, virulence, ROS-sensitivity, ROS-accumulation, and sexual 

reproduction. Considering the effect of NNT disruptions in animals, this is especially 

surprising in regard to ROS-sensitivity of F. graminearum. The data presented in this study 

suggest that NNT plays a less pivotal role in ROS-metabolism in F. graminearum compared 

to animals. FGSG_09006 is plant-repressed which might explain the ineffectiveness of the 

deletioŶ ƌegaƌdiŶg ǀiƌuleŶĐe. Moƌe ĐloŶes of ΔFGSG_09006 are needed to verify these 

results. 

To achieve a more specific disruption of the ROS-metabolism, the sole secreted SOD 

FGSG_00576, which also served as a template for the GPI-HyPer signal peptides, was 

deleted. SODs constitute the first line of defence against superoxide making them key 

players within the ROS-detoxification cycle together with catalases. F. graminearum 

expresses 6 SODs of which 2 are plant-regulated with FGSG_08721 being induced and 

FGSG_00576 repressed in planta. Being the only SOD containing secretion and GPI-anchor 

signal peptides, FGSG_00576 posed a promising deletion target. However, virulence, 

vegetative growth, resistance towards oxidative stress, ROS-accumulation, and sexual 

ƌepƌoduĐtioŶ ǁeƌe Ŷot affeĐted iŶ ΔFGSG_00576. This observation affirmed a publication 

by Rittenour and Harris (2013) regarding virulence and resistance towards menadione. 

Contrary to FGSG_00576, deletion of the cytosolic SOD FGSG_08721 in F. graminearum 

renders the fungus slightly reduced in vegetative growth and pathogenicity (Yao et al. 

2016). Notably, while Yao et al. (2016) localised this SOD intracellularly, it was identified 

as non-classically secreted in a secretome prediction analysis by Brown et al. (2012), as 

well as by Lowe et al. (2015) and Paper et al. (2007). If indeed FGSG_08721 is secreted it 

is conceivable that FGSG_08721 and not FGSG_00576 is responsible for extracellular 

dismutation of superoxide in F. graminearum during infection.  

Despite being highly conserved enzymes expressed exclusively for the detoxification of 

ROS in all aerobic organisms, and possessing a comparably low functional redundancy 

(see Results, Figure 11), disruption of SODs and catalases has led to varying results in 

previous studies. De Groot et al (2003) have identified three putative GPI-anchored SODs 

in Candida albicans and one in Neurospora crassa. In Dictyostelium discoideum the GPI-

anchored superoxide dismutase SodC regulates the small GTPase Ras interfering with 

chemotaxis. The disuption of SodC leads to increased intracellular superoxide (Veeranki et 

al., 2008). The GPI-anchored superoxide dismutase SOD5 of Candida albicans is involved 

in yeast to hyphal transition and response to osmotic or oxidative stresses. Its disruption 

leads to sensitivity to hydrogen peroxide when cells were grown in nutrient-limited 

conditions (Martchenko et al., 2004; Plaine et al., 2008). C. purpurea grows inside plant 

tissue without causing a change in ROS level (Scheffer & Tudzynski, 2006). Still, virulence 

was not significantly reduced after deletion of secreted ROS-detoxifying enzymes such as 

the single-secreted SOD and the major-secreted catalase (Garre et al., 1998; Moore et al., 

2002). Disruption of all catalase activity via the deletion of the catalase regulator CpTF1, 

however, leads to a reduction of virulence (Nathues et al., 2004). Deletion of the secreted 

SOD of C. purpurea did not affect resistance against superoxide stress induced by 
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paraquat (Moore et al., 2002). This experiment had been conducted in N. crassa as well 

(Chary et al., 1994) where the deletion of the intracellular Sod-1 did cause sensitivity to 

paraquat. B. cinerea experiences oxidative stress during infection. A secreted catalase is 

partly responsible for oxidative stress resistance in vitro. However, virulence on bean and 

tomato leaves is not affected by the deletion and neither does it change the amount of 

H2O2 that the fungus is exposed to during infection (Schouten et al., 2002). The deletion 

of a secreted SOD did lead to retarded lesion development (Rolke et al., 2004). Robbertse 

et al. (2003) revealed that none of the three monofunctional catalase genes of the maize 

pathogen Cochliobolus heterostrophus are essential for virulence. One secreted catalase 

is needed for H2O2 resistance in vitro but is dispensable for pathogenicity. In 

S. sclerotiorum it is vice versa. Deletion of the highly plant-induced catalase Scat1 leads to 

impaired pathogenicity and sensitivity to multiple stresses. H2O2-tolerence, on the other 

hand, was increased (Yarden et al., 2014). Deletion of a SOD leads to impaired 

pathogenicity, ROS-tolerance, hyphal growth and sclerotia development in this fungus 

(Veluchamy et al., 2012). Exemplary for the diverging functions of related enzymes in 

different organisms, the authors state here that a disrupted oxalate metabolism and not 

ROS-detoxification is the cause for the observed phenotypes in the SOD deletion mutant 

(Veluchamy et al. 2012). F. graminearum expresses 5 monofunctional catalases. While 

Nagygyörgy et al. (2014) assume a connection between peroxide sensitivity and catalase 

function in F. graminearum, Lee et al. (2014) showed that none of the monofunctional 

catalases lead to increased H2O2 sensitivity after deletion. Taken together, the literature 

demonstrates the variable and sometimes paradoxical nature of even those ROS-related 

enzymes whose only task is the maintenance of the ROS-metabolism (catalase and SOD). 

While the putative functions of most of the genes deleted in this study, with the 

exception of the SOD FGSG_00576 and the NNT FGSG_09006, do not in the first place aim 

at producing or detoxifying ROS, they all have in common that they trigger the activation 

of oxygen or using ROS as redox equivalents, thereby contributing at least passively to 

ROS-metabolism. Evidently, ROS-metabolism is a highly diverse and complex mechanism 

incorporating few essential and many redundant enzymes, which is substantiated by the 

minor role of ROS-related enzymes in virulence, growth, ROS-sensitivity, ROS-

accumulation, and sexual reproduction suggested by the results presented in this study. It 

is reasonable to assume that F. graminearum in the course of evolution has evolved to 

possess a strong functional redundancy within the SREs to maintain a favourable ROS-

balance during fungal-plant interaction. The outcome is a strongly secured system which 

is hardly to be perturbed by removing one of its members.  

To achieve a perturbation of this system strong enough to cause a visible phenotypical 

effect, simultaneous deletions are indispensable. This study showed that simultaneous 

deletions of chloroperoxidases and metallothioneins had no effect on virulence indicating 

that a larger amount of functionally redundant enzymes would need to be deleted 

simultaneously. This is especially true for assessing the role of monooxygenases, oxidases, 

and dehydrogenases which constitute a large portion of the genome. However, with 

nourseothricin, hygromycin, and geneticin only 3 applicable selection markers are 
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available. Alternative recombination and genome editing systems such as Cre/loxP or 

CRISPR/Cas could be used to remove the resistance cassettes from the genome of 

deletion mutants and therefore allow serial deletions of ROS-related enzymes. Also, it is 

highlighted by the results of this study that the continuing identification of new potential 

virulence factors remains a highly necessary matter. At least 4432 of 13828 predicted 

genes (32%) of F. graminearum are still completely uncharacterised and have unknown 

function. This represents an enormous pool of potentially significant proteins with 

influence on the ROS-metabolism such as unknown epistatic factors with global 

regulatory function similar to FgAtf1and FgOS-2. Furthermore, the existence of unknown 

non-classically secreted enzymes, also among the identified enzymes in the proteome, is 

not to be disregarded. The prediction of non-classically secreted proteins is difficult as 

they do not carry an N-terminal signal peptide and need to be identified by their amino 

acid composition, secondary structure, and disordered regions (Orfanoudaki et al., 2017). 

With regard to the importance of functional redundancy of SREs indicated by this study it 

would be worthwhile to further improve the prediction accuracy of non-classically 

secreted enzymes in order to find new potential deletion targets.   
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5. Summary 
 

F. graminearum is a necrotrophic filamentous ascomycete that is able to infect all major 

cereal crops causing plant diseases such as Fusarium Head Blight in wheat. The infection 

process is mediated mainly via differentiation of fungal cells into complex multicellular 

organs, so called infection cushions (ICs). In previous work an RNAseq-based 

transcriptomic and functional analysis indicated major transcriptional rearrangements 

between ICs and non-invasive cells. Data analysis revealed that expression of enzymes 

involved in the metabolism of reactive oxygen species (ROS) was elevated in ICs. ROS are 

iŶtegƌal ĐoŵpoŶeŶts of eǀeƌǇ aeƌoďiĐ Đell͛s ŵetaďolisŵ aŶd aƌe foƌŵed as ďǇ-products of 

oxygen-based cellular reactions. While being harmful to the cell structure when 

accumulating, ROS are also necessary for cellular functions serving as an important 

second messenger mediating cellular differentiation. Particularly, they are essential 

elements in plant-pathogen interactions, such as fungal infection processes. Only few 

ROS-related enzymes involved in these interactions are known to this day, however. The 

aim of this study was to gain further insights into the role of ROS and specific ROS-related 

enzymes, particularly secreted ones, in different aspects of the fungal life-cycle. Via gene 

deletions 9 monooxygenases (4 of them secreted), 5 secreted peroxidases, 2 secreted 

oxidases, 1 secreted dehydrogenase, 1 secreted reductase, 2 secreted cupredoxins, 3 

metallothioneins, 1 NAD(P) transhydrogenase (NNT), and 1 secreted superoxide 

dismutase (SOD) were disrupted. Mutants were tested for virulence, vegetative growth, 

ROS-sensitivity, ROS-accumulation, and fertility. It could be shown that secreted 

peroxidases are involved in vegetative growth, ROS-accumulation, and fertility. Other 

ROS-related enzymes deleted in this study caused no effect on the tested parameters. 

This low number of phenotypes indicates a high resilience of F. graminearum against 

disruptions of its ROS-metabolism. It seems that the ROS-equilibrium which the fungus 

seeks to maintain during infection is a highly secured system, fortified by a large array of 

enzymes with redundant function. Further experiments for gaining insights into 

F. graminearum-related ROS fluctuations were based on the genetically encoded 

ratiometric H2O2 probe HyPer which reacts towards H2O2 with an increase of the ratio of 

its two fluorescence peaks. HyPer had been expressed in the cytosol of F. graminearum 

previously (cytHyPer). In this study a GPI-anchor was attached to the probe. Organelle-

specific staining revealed that this modified HyPer (GPI-HyPer) is attached to the 

endoplasmic reticulum (ER) and mitochondria. GPI-HyPer was used in ER-stress 

experiments. Substitution of GPI-HyPer expressing strains with brefeldin A and 

tunicamycin showed no reaction from GPI-HyPer suggesting that ER-stress in 

F. graminearum is Ŷot liŶked to a sigŶifiĐaŶt ĐhaŶge of the ER͛s H2O2-level. Deletion of the 

NADP(H) oxidase regulator NoxR in cytHyPer and in GPI-HyPer expressing strains revealed 

a significant increase of the ratio of cytHyPer but not of GPI-HyPer. This showed, for the 

first time, that a NoxR deletion-mediated ROS-accumulation in F. graminearum is not 

Đaused ďǇ aŶ iŶĐƌease of the ER͛s H2O2-level. 
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7. Appendix 
 

 

Supplementary figure 1: Map of deletioŶ ǀeĐtor for oǆidase geŶe FGSG_ϭϭϯϵϵ pRSϰϮϲ_Δϭϭϯϵϵ. Uracil 

synthetase gene (dark blue), ampicillin resistance cassette (pink), and nourseothricin resistance cassette 

(red) were used as selection markers for S. cerevisiae, E. coli and F. graminearum cloning, respectively. 

Flanking regions (pink) of FGSG_11399 were cloned upstream and downstream of the resistance cassette in 

such a way that the resistance cassette would be integrated into the F. graminearum genome in antisense 

orientation of the target gene. Overhangs (orange) allowed correct assembly of the DNA fragments via 

yeast recombinational cloning. Restriction enzymes MscI and BglII were used for verification of the correct 

assembly of the vector. Restriction enzymes SacI and SalI were used to cut the deletion construct (flanking 

region – resistance cassette – flanking region) out of the vector backbone for F. graminearum protoplast 

transformation. 
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Supplementary figure 2: Map of deletion vector for superoxide dismutase gene FGSG_00576 

pRSϰϮϲ_ΔϬϬϱϳϲ. Uracil synthetase gene (dark blue), ampicillin resistance cassette (pink), and 

nourseothricin resistance cassette (red) were used as selection markers for S. cerevisiae, E. coli and 

F. graminearum cloning, respectively. Flanking regions (pink) of FGSG_00576 were cloned upstream and 

downstream of the resistance cassette in such a way that the resistance cassette would be integrated into 

the F. graminearum genome in antisense orientation of the target gene. Overhangs (orange) allowed 

correct assembly of the DNA fragments via yeast recombinational cloning. Restriction enzyme SpeI was 

used for verification of the correct assembly of the vector. Restriction enzymes SacI and SalI were used to 

cut the deletion construct (flanking region – resistance cassette – flanking region) out of the vector 

backbone for F. graminearum protoplast transformation. 
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Supplementary figure 3: Map of deletion veĐtor for ĐupredoǆiŶ geŶe FGSG_ϬϲϬϮϯ pRSϰϮϲ_ΔϬϲϬϮϯ. Uracil 

synthetase gene (dark blue), ampicillin resistance cassette (pink), and nourseothricin resistance cassette 

(red) were used as selection markers for S. cerevisiae, E. coli and F. graminearum cloning, respectively. 

Flanking regions (pink) of FGSG_06023 were cloned upstream and downstream of the resistance cassette in 

such a way that the resistance cassette would be integrated into the F. graminearum genome in antisense 

orientation of the target gene. Overhangs (orange) allowed correct assembly of the DNA fragments via 

yeast recombinational cloning. Restriction enzyme BsrGI was used for verification of the correct assembly of 

the vector. Restriction enzymes SacI and SalI were used to cut the deletion construct (flanking region – 

resistance cassette – flanking region) out of the vector backbone for F. graminearum protoplast 

transformation. 
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Supplementary figure 4: Map of deletioŶ ǀeĐtor for ligŶiŶ peroǆidase geŶe FGSG_ϭϲϬϭϯ pRSϰϮϲ_ΔϭϲϬϭϯ. 
Uracil synthetase gene (dark blue), ampicillin resistance cassette (pink), and geneticin resistance cassette 

(green) were used as selection markers for S. cerevisiae, E. coli and F. graminearum cloning, respectively. 

Flanking regions (pink) of FGSG_16013 were cloned upstream and downstream of the resistance cassette in 

such a way that the resistance cassette would be integrated into the F. graminearum genome in antisense 

orientation of the target gene. Overhangs (orange) allowed correct assembly of the DNA fragments via 

yeast recombinational cloning. Restriction enzyme BglII was used for verification of the correct assembly of 

the vector. Restriction enzymes SpeI and XhoI were used to cut the deletion construct (flanking region – 

resistance cassette – flanking region) out of the vector backbone for F. graminearum protoplast 

transformation.  
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Supplementary figure 5: Map of deletioŶ ǀeĐtor for ĐupredoǆiŶ geŶe FGSG_ϬϵϳϰϮ pRSϰϮϲ_ΔϬϵϳϰϮ. Uracil 

synthetase gene (dark blue), ampicillin resistance cassette (pink), and hygromycin resistance cassette (light 

blue) were used as selection markers for S. cerevisiae, E. coli and F. graminearum cloning, respectively. 

Flanking regions (pink) of FGSG_09742 were cloned upstream and downstream of the resistance cassette in 

such a way that the resistance cassette would be integrated into the F. graminearum genome in antisense 

orientation of the target gene. Overhangs (orange) allowed correct assembly of the DNA fragments via 

yeast recombinational cloning. Restriction enzymes NheI and AscI were used for verification of the correct 

assembly of the vector. Restriction enzymes BamHI and ClaI were used to cut the deletion construct 

(flanking region – resistance cassette – flanking region) out of the vector backbone for F. graminearum 

protoplast transformation.  
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Supplementary table 1: List of genes deleted in this study with corresponding FGSG_number, enzyme 

class, storage number, number of individual mutants with respective strain number, and selection 

markers. Genes are ordered by storage number of the respective deletion strain. 

 

 

FGFG-number of 

deleted genes
Enzyme class

Storage 

number
Deletion strains

Selection 

marker

FGSG_11399 Oxidase 1641 .6, .9, .12 NAT

FGSG_06023 Cupredoxin 1667 .1, .4, .7, .8 NAT

FGSG_00576 SOD 1682 .3, .9, .11 NAT

FGSG_16013 Lignin peroxidase 1686 .4, .5, .7, .8 GEN

FGSG_09742 Cupredoxin 1687 .1, .6, .8, .15 HYG

FGSG_06023;09742 Cupredoxins 1729 .3, .7, .8 NAT/HYG

FGSG_03436 Chloroperoxidase 1762 .2 NAT

FGSG_03708 Chloroperoxidase 1791/1864 .1 / .1, .4, .5, .6, .8 HYG

FGSG_11528 Tyrosinase 1805 .7 NAT

FGSG_03700 P450 monooxygenase 1809 .1, .3, .13 NAT

FGSG_07765 P450 monooxygenase 1814 .20 NAT

FGSG_03498 P450 monooxygenase 1816 .3, .4, .6, .15 HYG

FGSG_01745 P450 monooxygenase 1819 .1, .19, .20 HYG

FGSG_09124 Reductase 1821 .4 HYG

FGSG_04434
Ascorbate/cytochrome c 

peroxidase
1822 .2 HYG

FGSG_17054 Metallothionein 1841/1931/1932
.2 / .1, .2, .4, .5, .6 / 

.1, .14, .22
HYG

FGSG_02341 Chloroperoxidase 1843 .5 GEN

FGSG_12456 Metallothionein 1848 .10, .22 NAT

FGSG_17054;12456 Metallothioneins 1863 .4, .5 HYG/NAT

FGSG_03708;02341 Chloroperoxidases 1865 .14 GEN/HYG

FGSG_03708;02341;

03436
Chloroperoxidases 1877 .3, .22 GEN/HYG/NAT

FGSG_16151 Metallothionein 1903 .1, .2, .8, .9 GEN

FGSG_17054;12456;

16151
Metallothioneins 1913 .5 HYG/NAT/GEN

FGSG_16458 P450 monooxygenase 1966 .1, .6, .13, .20 HYG

FGSG_09093 Galactose oxidase 1967 .2, .5, .8, .11 HYG

FGSG_02917 Cellobiose dehydrogenase 1968 .5, .9, .12, .23 GEN

FGSG_17478
FAD-dependent 

monooxygenase
1969 .1, .7, .15, .24 GEN

FGSG_01988 Tyrosinase 1970 .2, .13, .20, .37 NAT

FGSG_09006 NNT 1973 .2 NAT

FGSG_11215
FAD-dependent 

monooxygenase
1976 .9, .16, .23 HYG
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Supplementary table 2: Nucleotide sequence of GPI-HyPer DNA fragments. Promotor, signal peptides, 

HyPer ORF, and spacer were cloned into vector pII99. Each row in the presented nucleotide sequences 

shows 50 bp. 

Promotor 

region of 

FGSG_04399  

TATGGCATTATAACATTACCTAACGAAGCATCAACACATAGACACTGGTT

GAAAACAGAAGACATAAGTGGCGACGCAAAAGCACATGCTACTGCGAGGA

AGACTTCCGCTTAAGAGGCGTACCGATCACATATAAAAGGCGGATGATGA

TTTAGTTGAACATTTGAGTAAGACATGTCGAAGAAAACGCAGGTACTCGC

ACTCATTTTGGATTTGTATGATTGGAGTTGTTGGCATGGCGTGATACAAA

GGTGTCTGAATAATAGACAGTTTCGAAGTTTGTTAAACATAGCACAAGAA

GCATGCACATGTTTGTATTCGATGTTGCTAGTGAGGTCAAGCTGTGATAT

CACAAGAGACTATCTAAGCCTAGTCCCTCAGTGAGCAAAGAATATGACTT

TGTTCAAGTTTACTATTCCTAACCAATATCTGACCCTCTATTCTCAAGTC

TCCATTTGTTGCCAGCACAATGAGCTGTTTCTCACCCGACCAAGGCCTTC

CATTCCCCACCTAGATCCCCATCTCACCAGGACCCAAGACCCTTCAAACT

TCCTTTATCAAGATGGGGTGGGCTTGTGTATGCGTGTGTGTGTGTCACGG

GCGAATCGCAAGAGGGGGTAAAACAAAGCAACAGCCCGCTATTTGCGCCA

GGAAACCCCGCTTTGGGAAAGAGTCGACGTAAATCTCGTGTGAGGGAAGG

ATGATTTGGTTTGGAGTTGATGGAGATACAGTAGTATATATAATTTAAAC

CTTCCCTCCCCCTCTTTCTTCCCTTCCTCTCTTTTTCTACACAGCTTAAA

CTTTGACACTTCTACACCTTGTACCACATACATCTCTCGAGCTC 

N-terminal 

signal peptide 

ATGCGCGCCCAGGCTCTTGCTGCTGTTCTTCTCTCTGCATGCGCTGGTCA

AGCTATCGCT 

HyPer-2 ORF 

(without initial 

start codon) 

GAGATGGCAAGCCAGCAGGGCGAGACGATGTCCGGACCGCTGCACATTGG

TTTGATTCCCACAGTTGGACCGTACCTGCTACCGCATATTATCCCTATGC

TGCACCAGACCTTTCCAAAGCTGGAAATGTATCTGCATGAAGCACAGACC

CACCAGTTACTGGCGCAACTGGACAGCGGCAAACTCGATTGCGTGATCCT

CGCGCTGGTGAAAGAGAGCGAAGCATTCATTGAAGTGCCGTTGTTTGATG

AGCCAATGTTGCTGGCTATCTATGAAGATCACCCGTGGGCGAACCGCGAA

TGCGTACCGATGGCCGATCTGGCAGGGGAAAAACTGCTGATGCTGGAAGA

TGGTCACTGTTTGCGCGATCAGGCAATGTCCGCCGGCTACAACAGCGACA

ACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTC

AAGATCCGCCACAACGTCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA

CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACC

ACTACCTGAGCTTCCAGTCCGTCCTGAGCAAAGACCCCAACGAGAAGCGC

GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGG

CATGGACGAGCTGTACAACGTGGATGGCGGTAGCGGTGGCACCGGCAGCA

AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGAC

GGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGA

TGCCACCTACGGCAAGCTGACCCTGAAGCTGATCTGCACCACCGGCAAGC

TGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTCGGCTACGGCCTGAAG

TGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTC

CGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACG

ACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTG
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GTGAACCGCATCGAGCTGAAGGGCATCGGCTTCAAGGAGGACGGCAACAT

CCTGGGGCACAAGCTGGAGTACAACGGCACCGGTTTCTGTTTTGAAGCCG

GGGCGGATGAAGATACACACTTCCGCGCGACCAGCCTGGAAACTCTGCGC

AACATGGTGGCGGTAGGTAGCGGGATCACTTTACTGCCAGCGCTGGCTGT

GCCGCCGGAGCGCAAACGCGATGGGGTTGTTTATCTGCCGTGCATTAAGC

CGGAACCACGCCGCACTATTGGCCTGGTTTATCGTCCTGGCTCACCGCTG

CGCAGCCGCTATGAGCAGCTGGCAGAGGCCATCCGCGCAAGAATGGATGG

CCATTTCGATAAAGTTTTAAAACAGGCGGTT 

Spacer GGAGCTGGAGCAGGTGCA 

C-terminal 

signal peptide 

AACGCTGGCTCTTCTATGGCTGTTCCGGTCAACCTGGTTCTTGCTGGTGT

CTTTGCTCTCGCTTTCGCTCTG 
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