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1. Introduction 
One of the major global challenges is the production of food with its aims to achieve food 

security and food safety. Even though yields substantially increased over the last century for 

major crops, research indicates that the climate change might affect those yields negatively 

(Erda et al. 2005; Lobell and Field 2007; Schmidhuber and Tubiello 2007). The abiotic stresses 

for crops like drought, floods, natural disasters or extreme temperatures are currently rising in 

its frequencies (Brito et al. 2018; Han et al. 2016; Khan et al. 2015). In addition, biotic stresses 

are a rising factor in agriculture for food production and food safety (CARVER and 

GRIFFITHS 1981; Conner et al. 2003; GOSWAMI and KISTLER 2004; Madgwick et al. 2011; 

Matny 2015; West et al. 2012). Therefore, the combination of new breeding technologies and 

new breeding targets for plant protection might be a key to cope with the new emerging 

challenges (Fears et al. 2014; Lusser et al. 2012; Schaart et al. 2016; Tester and Langridge 

2010). 

1.1 Genome editing  
Plant breeding is an old technique used by humans to influence agronomical traits of crops used 

in agriculture (Berry 2019; Bradshaw 2016; Mudge et al.). Gregor Mendel who conducted 

crossing experiments is often credited as the father of genetics and laid the foundation for the 

green revolution and modern breeding. The last major change in breeding was during the 80’s 

of the last century introducing genomics assisted breeding (Collard Bertrand and Mackill David 

2008; Desta and Ortiz 2014; Varshney et al. 2005). This nowadays often referred to as classical 

breeding got in recent years a lot additional tools helping to identify new traits via 

transcriptomics (Jiao et al. 2009; Lu et al. 2010; Zhao et al. 2012). New sequencing methods 

and genome assembly (Edwards et al. 2013; Jorrin-Novo et al. 2009; Morrell et al. 2012), 

metabolomics and proteomics (Chawade et al. 2016; Fernie and Schauer 2009; Kushalappa and 

Gunnaiah 2013) assist breeders nowadays. However, the classical breeding approach comes 

with several drawbacks regarding the effort, the efficiency and the time needed compared to 

new breeding technologies (NBT) (Lusser et al. 2012; Schaart et al. 2016; Tester and Langridge 

2010). A novel approach for changes in the genome of an organism is genome editing. It enables 

specific desired changes in the DNA of the target organism. The top three techniques used for 

genome editing are Zinc-finger nucleases (ZFN), the transcription activator-like nucleases 

(TALENs) and maybe the most recent technique CRISPR/Cas nucleases (Seyran and Craig 

2018).  
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1.1.2 Zinc-finger nucleases  
Zinc-finger nucleases are artificial protein complexes resulting from the idea to generate new 

endonucleases with the ability to choose the target sequence. The first generated ZFN used the 

non-sequence-specific cleavage domain of the FokI type II endonuclease fused to a homeobox 

domain from Drosophila melanogaster (Kim and Chandrasegaran 1994). Later it was possible 

to use instead of the homeobox domain zinc-finger sequences or the yeast Gal4 DNA-binding 

domain (Kim et al. 1996; Kim et al. 1998). The identification of the crystal structure of zinc-

fingers enabled the modular assembly to identify and generate specific zinc-fingers for a given 

sequence (Pavletich and Pabo 1991; Segal et al. 2003). This led to the generation of specific 

zinc-fingers for most triplets occurring in the DNA (Bae et al. 2003; Choo and Klug 1994; 

Dreier et al. 2001; Dreier et al. 2005; Jamieson et al. 1994; Rebar and Pabo 1994; Segal et al. 

1999). Research on ZFNs discovered favourable designs which lead to the conclusion that a 

construct with dimers inversely oriented and separated by six nucleotides is the most efficient 

way (Bibikova et al. 2001; Pabo et al. 2001). ZFNs have been widely used to induce DSBs to 

alter the DNA sequence of different model organisms like the common fruit fly, rats, plants and 

humans (Lloyd et al. 2005; Mashimo et al. 2010; Porteus and Baltimore 2003; Zhang et al. 

2010a). 

 

1.1.3 TALEN 
A similar approach to genome editing with Zinc-finger nucleases are transcription activator-

like nucleases. TALEN originated from effectors of phytopathogenic bacteria of the 

Xanthomonas genus (Kay et al. 2009; Römer et al. 2010). The discovered transcription 

activator-like effectors were found to bind to host DNA sequences (Boch et al. 2009; Moscou 

and Bogdanove 2009). TAL effectors tend to contain 5 to 30 tandem monomer repeats each 

consisting of 33 to 35 residues with each tandem repeat determines the specificity of the target 

sequence binding (Boch and Bonas 2010; Deng et al. 2012; Mak et al. 2012). A pair of these 

residues, often referred to repeat variable diresidues (RVD), is responsible for binding to the 

target sequence, whereas NI (Asn Ile) binds to adenine, HD (His Asp) to cysteine, NN (Asn 

Asn), NH (Asn His) and NK (Asn Lys) to guanine and NG (Asn Gly) to thymine (Boch et al. 

2009; Moscou and Bogdanove 2009). From the three candidates binding to guanine, the highest 

affinity was shown for NH (Cong et al. 2012; Streubel et al. 2012). Due to the pioneer work 

with ZFNs, TALEN can be used with numerous proteins for targeted genetic modifications. 

Some possibilities are site-directed modifications with nucleases like FokI (Christian et al. 

2010; Li et al. 2012; Miller et al. 2010) or transcriptional activators (Zhang et al. 2011).  
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There are several benefits of TALENs compared to ZFNs, which led to the creation of a TALEN 

library for humans with over 18000 targets (Gaj et al. 2013; Kim et al. 2013; Wei et al. 2013). 

 

1.1.4 CRISPR/Cas9 
TALEN and ZFN both rely heavily on large protein structures needed for specific binding to 

the target DNA. This requires large constructs with limitations for cloning and target design 

(Gaj et al. 2013; Urnov et al. 2010; Wei et al. 2013). However, a new method for genome 

editing might solve these complications and challenges if the binding to target regions is 

impossible with large protein structures used by TALEN or ZFN. 

First hints for this new method were discovered in the gram-negative bacteria Escherichia coli, 

where clustered regularly interspaced palindromic sequences (CRISPR) were found (Ishino et 

al. 1987). These sequences were later discovered in numerous other organisms from the two 

kingdoms of archaea and bacteria (Mojica et al. 2000). Research on these CRISPR sequenced 

revealed their origin in acquired DNA or plasmid DNA and further research revealed that 

CRISPR sequences heavily undergo horizontal gene transfer and even closely related species 

can differ in their CRISPR sequences (Bolotin et al. 2005; Garneau et al. 2010; Godde and 

Bickerton 2006; Makarova et al. 2006; Mojica et al. 2005; Pourcel et al. 2005). First ideas came 

up, that CRISPR sequences might be involved in an acquired prokaryotic immune system due 

to the association with different DNA modifying enzymes (CRISPR-associated genes; cas) 

(Bondy-Denomy et al. 2013; Garneau et al. 2010; Haft et al. 2005; Horvath and Barrangou 

2010; Jansen et al. 2002; Makarova et al. 2006; Terns and Terns 2011). Evidence for CRISPR-

Cas mediated immunity was provided by experiments in Streptococcus thermophilus 

(Makarova et al. 2006). The combination of CRISPR sequences with cas enzymes were quickly 

propagated for biotechnology purposes like phage resistance or eliminating of unwanted traits 

of bacteria (Barrangou and Horvath 2012). 

Cas9 was identified as a large multifunctional protein, consisting two nuclease subunit domains 

(Makarova et al. 2002; Makarova et al. 2006). In its native form, this enzyme would lead to 

double-stranded DNA cleavage, but deleting either the HNH or the RuvC domain single-

stranded DNA cleavage occurs (nickases) (Gasiunas et al. 2012; Jinek et al. 2012). In the c-

terminal domain of the cas9 protein, a short protospacer adjacent motif (PAM) is identified 

which is needed for interrogation of the DNA to the matching PAM sequence (Jiang and 

Doudna 2017; Jinek et al. 2014a). In its inactive state this region is largely disordered to prevent 

cleavage at the PAM site (Barrangou and Doudna 2016; Sternberg et al. 2014). Cas9 needs a 

combination of transactivating RNA (tracrRNA) for the activation of the protein complex and 
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a crispr RNA (crRNA) for the binding to the complementary DNA sequence (Deltcheva et al. 

2011; Jinek et al. 2012). Only the combination of tracrRNA and crRNA (Fig. 1 A) leads to the 

activation of cas9 (Brouns et al. 2008; Jinek et al. 2012; Perez‐Rodriguez et al. 2011). 

Modifications of this tracrRNA:crRNA duplex led to the construction of single-guide RNA 

(sgRNA) (Fig. 1 B) which fused the crRNA directly to the tracrRNA with a linker loop resulting 

in a working CRISPR/Cas9 construct and enabling the design for genome editing constructs 

(Anders et al. 2014; Jinek et al. 2012; Jinek et al. 2014b). Currently, a lot of effort is invested 

in engineering better cas enzymes to increase specificity or modifying the enzyme to unlock 

new targeting sites with changes to the PAM sequence (Fu et al. 2014; Slaymaker et al. 2016; 

Tsai and Joung 2016). 

CRISPR/Cas9 is used in many different ways of understanding diseases in humans, functions 

of proteins, or as a new therapy (Ghorbal et al. 2014; Hwang et al. 2013; Matano et al. 2015; 

Paquet et al. 2016). The possibilities with CRISPR/Cas9 are enormous and are highly discussed 

in science (Doudna and Charpentier 2014; Xue et al. 2016; Zhang et al. 2014). CRISPR/Cas9 

was already used to identify new interesting traits for plants. Multiplex mutations in three 

different rice genes resulted in a rapid increase in grain weight (Xu et al. 2016). In tomato the 

fruit ripening, shelf life and γ-aminobutyric acid levels could be modified (Ito et al. 2015; Li et 

al. 2018; Yu et al. 2017). In wheat, the resistance to powdery mildew could be increased and a 

low-gluten wheat was engineered (Sánchez-León et al. 2018; Wang et al. 2014; Zhang et al. 

2017).  

 

1.1.5 Homology direct repair and non-homologous end joining 
The modification of the genome via genome editing with all three methods results in double- 

or single-strand breaks (DSB, SSB) of the targeted DNA. Damage to the DNA is quite common 

and two different repair mechanisms have been evolved as a solution (Weterings and Chen 

2008). Non-homologous end joining (NHEJ) is the most common repair mechanism in 

eukaryotes used to repair DSBs and in the most cases is sufficient to repair the damaged DNA 

(Budman and Chu 2005; Lieber et al. 2003; Moore and Haber 1996; Weterings and Chen 2008; 

Wilson and Lieber 1999).  
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Figure 1: Overview of the active form of cas9 endonuclease and the repair mechanisms for DNA in cells 

A) The active form of cas9 with the in bacteria found duplex of crRNA:tracrRNA. The crRNA binds homologous 
to the specific sequence on the genome. The tracrRNA activates the cas9 complex and enables the PAM 
interrogation. The DSB is induced at the PAM site (Doudna and Charpentier 2014). B) The active form of cas9 
with sgRNA. The introduction of a linker loop enabled the use of an artificial designed crRNA without the 
maturation step in bacteria (Doudna and Charpentier 2014). C) HDR of a DSB damaged DNA sequence. HDR 
utilizes ectopic or adjacent homologous sequences to repair the DSB. The DNA ends are processed by a protein 
complex. After the preparations a joint molecule is formed by a damaged and an undamaged strand. Template 
guided DNA synthesis repairs the stands (Weterings and Chen 2008). D) NHEJ of a DSB begins with the binding 
and formation of a synaptic complex which brings both ends together. Non compatible DNA ends are processed 
to form ligatable ends, which are then ligated to repair the DSB (Weterings and Chen 2008). 
 

When a DSB is repaired via NHEJ, the loose ends of the DNA are ligated(Puchta 2004; Wilson 

and Lieber 1999). In the majority of cases, homologous ends of up to five bp are religated to 

successfully repair the damaged DNA strand (Fig. 1 D). However, sometimes this can result in 

major changes in the sequence resulting in insertions, deletions, duplications or translocations 

(Britt 1999; Gorbunova and Levy 1999; Vonarx et al. 1998).  

Homology direct repair (HDR) was first described in yeasts (Petes et al. 1991). Research in 

other organisms also identified the HDR repair mechanism, however the frequency is rather 

low compared to yeasts (Britt 1999; Liang et al. 1998). Research in Arabidopsis thaliana has 

indicated that HDR frequencies were higher during meiosis than in somatic cells (Caryl et al. 

2003; Jones et al. 2003; Keeney 2001). HDR functions different to NHEJ (Fig. 1 C).  
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During HDR the DSB is repaired with the help of homologous regions of the damaged DNA 

sequence either ectopic from other regions of the genome or with homologous regions in the 

close proximity of the damaged sequence (Britt 1999; Puchta 2004; Vonarx et al. 1998). This 

mechanism is highly interesting for researchers because it enables the possibility to introduce 

specific changes in the sequence of the genome (Chu et al. 2015; Cong et al. 2012; Lee et al. 

2015; Lin et al. 2014; Ran et al. 2013; Wu et al. 2013).  

 

1.2 Brachypodium distachyon a model plant for monocotyledons 
The annual grass Brachypodium distachyon (L) P. Beauv was for a long time thought to be the 

only annual member of the genus Brachypodium with three different cytotypes (Robertson 

1981; Schippmann 1991; Scholthof et al. 2018). Newer research identified that these three 

different cytotypes are independent species and a group of three annual member of the 

Brachypodium genus, Brachypodium distachyon, B. hybridum and B. stacei were defined 

(Catalan et al. 2012). Evolutionary the oldest member of the species is B. stacei splitting from 

the most common ancestor around 10 million years, followed by the divergence of B. 

distachyon 7 million years later and the most recent divergence of B. hybridum around 3 million 

years ago (Catalan et al. 2012; Sancho et al. 2018). B. distachyon prefers colder temperatures 

between sea level and 2000 m altitude and grows on xeric to mesic pastures or open woodlands 

in central Europe, North and South America, South Africa or Australia (Garvin 2007; Mur et 

al. 2011; Schippmann 1991; Vogel and Bragg 2009). In controlled environments, B. distachyon 

reaches heights between 15 and 30 cm. It has a high germination rate, a short life-cycle of 

approximately 8 weeks (Fig. 2 B) from seeds to seeds and its self-fertility enables the generation 

of pure inbred lines (Garvin 2007; Mur et al. 2011; Vogel and Bragg 2009; Vogel et al. 2009).  

On a genetic level B. distachyon has additional features facilitating its role as a model plant for 

important crops. The genome of the B. distachyon inbreed line Bd21 is completely sequenced 

and one of the smallest genomes for monocots and grasses with only 272 Mbp on 5 

chromosomes (Initiative 2010; Ozdemir et al. 2008; Wolny and Hasterok 2009). Analyses of 

the DNA sequence of the B. distachyon genome furthermore indicates only few repetitive or 

methylated sequences (Draper et al. 2001). Phylogenetically, B. distachyon is closely related to 

wheat and barley, two of the most important crops of the Triticeae tribe (Brkljacic et al. 2011; 

Catalan et al. 1997; Catalan et al. 2016; Group et al. 2001; Vogel et al. 2006b). This makes B. 

distachyon a perfect candidate for a monocot model plant. However, an efficient transformation 

of B. distachyon is required to utilise all its features for research. 



 

7 
 

Two different transformation methods have been established for B. distachyon. The biolistic 

transformation with particle bombardment was established and yielded relative high 

transformation rates of roughly 5 % (Christiansen et al. 2005; Draper et al. 2001). Additionally, 

the transformation with Agrobacterium tumefaciencs was also established in B. distachyon for 

callus tissue isolated from mature or immature embryos resulting in transformation efficiencies 

of 40 % to 80 % (Alves et al. 2009; Bablak et al. 1995; Bragg et al. 2015; Păcurar et al. 2008; 

Sogutmaz Ozdemir and Budak 2018; Vain et al. 2008; Vogel and Hill 2008; Vogel et al. 2006a; 

Vunsh 2018). With the aid of these transformation protocols, a large T-DNA insertion library 

was established containing more than 20.000 different lines (Bragg et al. 2012; Hsia et al. 2017; 

Thole et al. 2010). In addition to the T-DNA mutant library, a collection of different 

retrotransposon lines and chemical mutagenesis lines is accessible (Dalmais et al. 2013; Gill et 

al. 2018). 

 

Figure 2: The grass model plant Brachypodium distachyon  

A) Mature spikelet of B. distachyon. It contains several individual florets for reproduction. One B. distachyon 
plant can produce several independent spikelets. Fl = one independent floret in a spikelet. Aw = awns at the top 
of the lemma. Lm= Lemma of a B. distachyon spikelet. The palea on the internal site is not visible. B) Overview 
of the growth phenotype of the B. distachyon inbred line Bd21. At this 8-week-old stage, several spikelets for 
reproductions are formed (Sp). Typical for B. distachyon is a terminal spikelet followed by two lateral spikelets. 
C) Infected spikelet of B. distachyon inoculated with F. graminearum. The necroses typical for the Fusarium 
Head Blight (FHB) disease are present (FHB). 
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B. distachyon has been established as a suitable model organism to study different pathogen-

host interactions (Fitzgerald et al. 2015). Research with the rice blast causing pathogen 

Magnaporthe grisea revealed that B. distachyon evolved resistant and susceptible ecotypes 

(Parker et al. 2008; ROUTLEDGE et al. 2004; William Allwood et al. 2006). Other host-

pathogen interactions between B. distachyon and Puccinia garminis, Mycosphaerella 

graminicola or Parastagonospora nodorum were studied (Ayliffe et al. 2013; Falter and Voigt 

2014; Figueroa et al. 2013; Gill et al. 2015; O’Driscoll et al. 2015; Sandoya and Buanafina 

2014). The natural resistance to powdery mildews of B. distachyon was linked to several new 

MILDEW RESISTANCE LOCUS (MLO) genes (Ablazov and Tombuloglu 2016; Fitzgerald et 

al. 2015). B. distachyon was also found to be a suitable tool to study the host-pathogen 

interactions to the Fusarium Head Blight causing pathogen Fusarium graminearum (Peraldi et 

al. 2011). Several important interactions between F. graminearum and B. distachyon were 

revealed in different studies, and transgenic experiments were able to translated resistances into 

wheat (Blümke et al. 2015; Gatti 2017; Gatti et al. 2019; Schmeitzl et al. 2015).  

 

1.3 Plant diseases 
The impact of pests and diseases on plants is a severe challenge for agriculture. Yield losses 

due to pests are an important factor in agriculture ranging from 4 % to 40 % depending on 

several variables (Fried et al. 2017; Oerke 2006; Savary et al. 2019). Several different kinds of 

pests can affect the plants, ranging from herbivore insects, oomycetes, bacteria to fungi (Bebber 

and Gurr 2015; Fillinger and Elad 2016; Martins et al. 2018; Myers and Sarfraz 2017; Savary 

et al. 2019). The oomycete Phytophthora infestans for example was responsible for the potato 

blight in the 19th century causing a severe food shortage in Europe (Goss et al. 2014; Haas et 

al. 2009; Raffaele et al. 2010). Powdery mildews, a group of biotrophic fungi, are causing a 

strong reduction in photosynthesis in wheat and barley leading to a significant yield and quality 

loss (CARVER and GRIFFITHS 1981; Conner et al. 2003; Griffey et al. 1993; Johnson et al. 

1979; Rabbinge et al. 1985). Major problems not only on a global scale but dominantly in 

Europe is caused by the four wheat pathogens Zymoseptoria tritici, Puccinia graminis f. sp. 

tritici, Phaeosphaeria nodorum and Fusarium graminearum (Figueroa et al. 2018; Fones and 

Gurr 2015; Singh et al. 2008; Singh et al. 2016; Torriani et al. 2015). 
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1.3.1 The fungal leaf pathogen Parastagonospora nodorum 
The causing pathogen of the Stagonospora nodorum blotch or Septoria nodorum blotch (SNB) 

is the ascomycete Parastagonospora nodorum (Berk.) Quaedvlieg, Verkley & Crous 

(Teleomorph: Phaeosphaeria nodorum [Müll.] Hedjar) (Quaedvlieg et al. 2013; Solomon et al. 

2006). Parastagonospora nodorum is mostly associated as a wheat or barley pathogen, but wild 

grasses like B. distachyon can also be infected (Cunfer and Ueng 1999; Falter and Voigt 2014; 

Krupinsky 1989; Osbourn et al. 1986; Williams and Jones 1973). P. nodorum is capable of 

destroying up to 31% of the yield resulting in potential losses of up to $230 million per year in 

Australia (Bhathal et al. 2003; Murray and Brennan 2009). The life cycle of P. nodorum 

involves an asexual and a sexual phase. During non-growing season, pycnidia survive on 

residual biomass forming pseudothecia and undergo a sexual reproduction (Arseniuk et al. 

1998; Bathgate and Loughman 2001; Shah et al. 1995; Shah et al. 2001). Ascospores formed 

during this stage are then transferred through wind or other vectors onto leave surfaces 

(Bathgate and Loughman 2001; Shah et al. 2001). The transferred conidia germinate and infect 

the leaf tissue of host plants. After an intracellular growth phase, pycnidia are produced which 

then dispose pycnidiospores to adjacent tissue resulting in a polycyclic infection cycle 

(Arseniuk et al. 1998; Oliver et al. 2011; Shah et al. 2001). The infection cycle of P. nodorum 

starts with the direct penetration of the cuticula with an penetration peg or in rare occasions via 

growth through stomata (Bird and Ride 1981; Karjalainen and Lounatmaa 1986). To penetrate 

the cuticula P. nodorum releases a wide range arsenal of different cell wall degrading enzymes, 

proteases and metabolites (Carlile et al. 2000; Chooi et al. 2014; Lehtinen 1993; Solomon et al. 

2004). In response to this attack, the plant forms a papilla to prevent the intruder in entering the 

cell. This response is often coupled with a lignification of these papillae and in most cases 

sufficient to prevent P. nodorum infection (Bird and Ride 1981; Ride and Pearce 1979; 

Zinkernagel et al. 1988). However, P. nodorum developed a wide arsenal of effectors and toxins 

to overcome the plant defence due to suppression of host defence responses (Figueroa et al. 

2018; Oliver et al. 2011). SnTox1 was identified as a gene with a function to protect P. nodorum 

from host chitinases and interaction to Snn1 results in the formation of necrosis (Liu et al. 2016). 

The two effectors SnToxA and SnTox3 both target genes of the PR1 class in wheat (Breen et al. 

2016; Lu et al. 2014). Recently new effector candidates were discovered in a screening of 

Australian wheat cultivars (Tan et al. 2014). One new effector described in P. nodorum is 

SnTox6. SnTox6 interacts with a wheat gene described as Snn6 (Gao et al. 2015). It was revealed 

that SnTox6 activity is dependent on light and the presence of Snn6 resulting in the formation 

of necrosis (Gao et al. 2015).  



 

10 
 

1.3.2 The necrotrophic fungus Fusarium graminearum as causal agent of 

Fusarium Head Blight 
Fusarium graminearum Schwabe (Teleomorph: Gibberella zeae [Schweinitz] Petch) is a 

filamentous ascomycete and the main cause of the Fusarium Head Blight disease (FHB), a 

disease described since the early 20th century (MacInnes and Fogelman 1923; Stack 2000). FHB 

is still a severe disease in North and South America, China, Australia and Europe (GOSWAMI 

and KISTLER 2004; Madgwick et al. 2011; McMullen and Stack 2008; Palazzini et al. 2015) 

resulting in high economical costs of up to $1.47 billion for wheat and barley in the USA (Matny 

2015; Wilson et al. 2018; Windels 2000). The main hosts of F. graminearum are small grains 

grasses like wheat, barley and oats but maize and Brachypodium distachyon can also be infected 

(Fig. 2 C) (McMullen and Stack 2008; Peraldi et al. 2011). The life cycle of F. graminearum is 

separated into a sexual and asexual phase depending on the environment (Markell and Francl 

2003; Parry et al. 1995; Sutton 1982; Trail et al. 2002). During winter F. graminearum survives 

as spores or saprophytic mycelia on crop residues (Parry et al. 1995). During spring, when 

warmer temperatures are present, and the moisture is favourable for F. graminearum the spores 

are transported by wind, insects or rain to host plants (Parry et al. 1995; Sutton 1982). On the 

infected host plants, F. graminearum is then producing either asexual conidiospores or 

perithecia producing sexual ascospores which get forcibly discharged (Markell and Francl 

2003; Trail et al. 2002). 

The infection cycle of F. graminearum begins with the germination of the conidia roughly 6 to 

12 hours after attaching to the host (Brown et al. 2010; Xu and Nicholson 2009). During 

anthesis and the exposed anthers the spores are able to get directly into the florets (Parry et al. 

1995). There, F. graminearum begins to colonise the palea and lemma with runner hyphae 

(Boenisch and Schäfer 2011). Infection of the host cells is performed with three different 

infection structures. From the runner hyphae, small infection hyphae called foot structures are 

formed for direct infection of the adjacent host cell (Boenisch and Schäfer 2011). These 

infection structures are considered in the primary infection stage. In the secondary infection 

stage, the two other infection structures are formed (Boenisch and Schäfer 2011; Bormann et 

al. 2014). The more complex structure of lobate appressoria are formed by aggregation of 

several hyphae at the infection site. If several lobate appressoria aggregate at one site infection 

cushions are formed (Boenisch and Schäfer 2011). The secondary infection stage is also 

referred to as the main infection stage (Bormann et al. 2014). 
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The colonisation of the host tissue begins after primary infection of the host cells and results in 

the invasion of the caryopsis and the rachis node (Brown et al. 2010; Jansen et al. 2005). At 5 

days post inoculation in wheat, F. graminearum penetrates the rachis node reaching the rachis 

and continues to colonise the host and apically florets (Brown et al. 2010; Jansen et al. 2005). 

This leads to the typical FHB symptom and the bleaching of the spike upwards of the primary 

infected floret (Miller et al. 2004).  

For colonisation of the host, F. graminearum is producing a group of toxins known as 

trichothecenes (Döll and Dänicke 2011). The most prominent member of the trichothecenes is 

deoxynivalenol (DON), which is produced by F. graminearum during colonisation but is not 

required for the primary infection (Jansen et al. 2005). The current opinion is that DON is 

needed to suppress plant defence and prepares the plant tissue for the colonisation of the 

pathogen (Jansen et al. 2005; Proctor et al. 1995; Proctor et al. 1997). Research with a DON 

deficient F. graminearum strain showed an impaired ability to colonise the host and the 

pathogen is contained in the inoculated spikelet not able to penetrate the rachis node (Hohn et 

al. 1998; Jansen et al. 2005; Proctor et al. 1995; Proctor et al. 1997). DON is considered as a 

major virulence factor for F. graminearum. Following research identified the secreted lipase 

FGL1 (FUSARIUM GRAMINEARUM LIPASE 1) as second, major virulence factor (Bai et 

al. 2002; Voigt et al. 2005). The lipase-deficient strain Δfgl1 was only able to infect the 

inoculated spikelet but not able to further colonise the host wheat spike (Voigt et al. 2005). It 

was shown in wheat, that F. graminearum uses FGL1 to release free fatty acids which 

suppresses plants-defence-related callose deposition (Blümke et al. 2014). To compensate for 

the loss of the lipase activity, F. graminearum increases the mycotoxin production, which is 

not sufficient for compensation, supporting the importance of the lipase FGL1 as a virulence 

factor (Blümke et al. 2014; Voigt et al. 2007).  
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1.4 Plant Defence 
Plants are frequently exposed to pathogens trying to infect them, to sustain the constant pressure 

plants developed an immune system (Jones and Dangl 2006). The current model for the plant 

immune system consists of two interconnected receptor pathways, one pathway responsible for 

the intracellular response and a second pathway for the extracellular space (Dangl et al. 2013; 

Jones and Dangl 2006). The extracellular pathway is activated with receptors on the 

extracellular side of the membrane and cell wall known as pattern-recognition receptors (PRR) 

(Dangl et al. 2013; Jones and Dangl 2006). PRRs are receptor-like kinases (RLK) or receptor-

like proteins (RLP) interacting with specific conserved pathogen-associated molecular patterns 

(PAMPs) like flagellin or chitin (Felix et al. 1999; Gómez-Gómez et al. 2001; Gómez-Gómez 

and Boller 2000; Gómez‐Gómez et al. 1999; Monaghan and Zipfel 2012). The PRR FLS2 

recognizes the flagellin peptide flg22 (Gómez-Gómez et al. 2001; Gómez-Gómez and Boller 

2000; Gómez‐Gómez et al. 1999). After binding to the FLS2 receptor, FLS2 forms a complex 

with BAK1 a receptor-like kinase (Chinchilla et al. 2007; Heese et al. 2007; Sun et al. 2013). 

The current model for this interaction is described by Boller and Felix (2009), after the binding 

of FLS2 and BAK1 both intracellular kinase domains are in close proximity of each other which 

could lead to transphosphorylation and the activation of a defence pathway. 

Another already discovered PAMP and PRR interaction is the chitin receptor CERK1 (CHITIN 

ELICITOR RECEPTOR KINASE 1) from Arabidopsis thaliana or the rice equivalent CEBiP 

(CHITIN ELICITOR BINDING PROTEIN) which both present a lysine motif (LysM) for 

chitin binding (Kaku et al. 2006; Kouzai et al. 2014; Miya et al. 2007). In rice CEBiP forms a 

complex with the LysM-RLK OsCERK1 resulting in the phosphorylation of OsRLCK185 and 

activation of a MAPK pathway (Hayafune et al. 2014; Shimizu et al. 2010; Yamaguchi et al. 

2013). A similar pathway is observed in Arabidopsis thaliana, where CERK1 forms a complex 

with the LysM-containing receptor kinases LYK4 and LYK5, resulting in the phosphorylation 

of a OsRLCK185 orthologue and the activation of a MAPK defence pathway (Cao et al. 2014; 

Erwig et al. 2017; Liu et al. 2012; Shinya et al. 2014; Wan et al. 2012). This first line of defence 

reactions is described as pattern-triggered immunity (PTI), and takes place minutes to hours 

after first recognition of the PAMP (Boller and Felix 2009; Jones and Dangl 2006). To 

overcome this PTI, adapted pathogens evolved the ability to use countermeasures, so called 

effectors, to disrupt the plant defence (Jones and Dangl 2006). Effectors are used from bacteria, 

fungi, oomycetes and other pathogens (Baltrus et al. 2011; Koeck et al. 2011; Raffaele et al. 

2010).  
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They can have different activities ranging from molecular to enzymatic abilities (Grant et al. 

2006). One well-studied interaction is Pseudomonas syringae and Arabidopsis thaliana. The 

AvrPto and AvrPtoB effectors of P. syringae were shown to suppress the FLS2-BAK1 

complex. AvrPto is shown to be a kinase inhibitor, inhibiting the FLS2:BAK1 activity (Shan et 

al. 2008; Xing et al. 2007). AvrPtoB serves two functions, the n-terminal domain was shown to 

be sufficient for flg22 response suppression, while the c-terminal domain has an E3 ligase 

domain for ubiquitination of kinases (Göhre et al. 2008; Xiang et al. 2008; Zhang et al. 2010b). 

Additionally, the interference between the FLS2:BAK1 complex and AvrPtoB was shown to 

interact also with other PRR like CERK1 and LysM-RLK in tomato (Gimenez-Ibanez et al. 

2009; Zeng et al. 2012). However, effectors can work not only in suppression of the PRR-PTI 

pathway but also in other pathways. The Xanthomonas spp. effector transcription-activator like 

(TAL) for example induces expression of specific host genes (Kay and Bonas 2009) and the 

Phytophthora infestans effector Avr3a is supressing immunity due to an interaction with the E3 

ligase CMPG1 (Bos et al. 2010; Bos et al. 2006).  

As mentioned in the beginning of this chapter, plants have developed mechanisms to sense and 

interact with secreted effectors (Jones and Dangl 2006). Intracellular receptors have been 

identified which are specialized on sensing pathogen effectors (Chisholm et al. 2006; Jones and 

Dangl 2006). These receptors consist of a nucleotide-binding domain (NB) and a leucine rich 

repeat domain (LRR) and are divided into two classes, a Toll/interleukin 1-like receptor (TIR) 

class and a coiled-coiled domain (CC) class (Bernoux et al. 2011; Dodds and Rathjen 2010; 

Lukasik and Takken 2009; Maekawa et al. 2011; Takken and Goverse 2012). How these NB-

LRR or R genes function in the effector-triggered immunity (ETI) is still under investigation, 

but the current data proposed a model with three possible functions. R genes could function 

either in a direct interaction with the effector, they could act as a guard or decoy or as a third 

function as a possible bait (Collier and Moffett 2009; Dangl and Jones 2001; Dodds and Rathjen 

2010; Jones and Dangl 2006; van der Hoorn and Kamoun 2008). Two examples for a direct 

interaction between an effector and a plant R gene are found in the rice – M. oryza interaction. 

The rice CC-NB-LRR Pi-ta is directly interacting with the fungal effector AvrPita and Exo70 

is directly interacting with the M. oryza effector AvrPii (Fujisaki et al. 2015; Jia et al. 2000).For 

the guard/decoy model, the most famous interaction is described in Arabidopsis thaliana. In A. 

thaliana the RIN4 protein forms complexes with the R genes RPM1 and RPS2 (Axtell and 

Staskawicz 2003; Mackey et al. 2003). 
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Phosphorylation of RIN4 by AvrB or AvrRPM1 from P. syringae leads to the activation of 

RPM1 while the degradation of RIN4 through the AvrRpt2-effector causes the activation of 

RPS2 (Axtell and Staskawicz 2003; Mackey et al. 2003). A decoy R-gene was identified in 

tomato, where the R gene Prf, which contains a kinase relative to FLS2 or CERK1 which both 

are targets of AvrPto or AvrPtoB effectors, forms a complex with Pto (Gimenez-Ibanez et al. 

2009; Mucyn et al. 2006; Zipfel and Rathjen 2008). Recently it was identified, that NB-LRR R 

genes can work in pairs, which lead to the idea of the bait or bait and switch model (Collier and 

Moffett 2009; Eitas and Dangl 2010; Saucet et al. 2015). Evidence for the existence of this 

model was found with the identification of a NB-LRR pair, where one partner exposes a WRKY 

DNA binding domain and the other partner promotes the defence response, leading to the bait 

of pathogen effectors that broadly target the WRKY domain and switching a defence pathway 

on (Sarris et al. 2015). A recent review of the last 25 years of R gene research came to the 

conclusion that we might have to change our current model into a more sophisticated one 

(Kourelis and van der Hoorn 2018). 

A recognized pathogen can get repelled on different ways and plants developed a wide arsenal 

of defence reactions (Chisholm et al. 2006; Dangl et al. 2013; Jones and Dangl 2006). One of 

the earliest responses is an ion influx of Ca2+ in the first 5 minutes (Blume et al. 2000; Boller 

1995; Jeworutzki et al. 2010; Lecourieux et al. 2006; Ranf et al. 2011). Research showed that 

BAK1 is a positive regulator of this defence response after forming a complex with FLS2 (Li 

et al. 2014). This Ca2+ ion influx opens the door for other membrane transporters resulting in a 

depolarization of the membrane and an alkalinisation of the extracellular space (Blume et al. 

2000; Boller 1995; Jeworutzki et al. 2010; Li et al. 2014). This leads to a signal transduction 

regulating sodium dependent proteins, secretion of reactive oxygen species (ROS) and 

regulation of transcription factors (Blume et al. 2000; Moore et al. 2011; Ogasawara et al. 2008; 

Sierla et al. 2013). A direct interaction between Ca2+ and ROS production was identified for the 

regulation of the NADPH oxidase RBOHD (Ogasawara et al. 2008). Recently, a new reactive 

compound group was connected to plant defence based on reactive nitrogen species (RNS) 

(Groß et al. 2013). Another early response connected to the Ca2+ burst is the forming of cell 

wall thickenings at the penetration site, referred to as papilla, a viscoelastic barrier that contain 

several cell wall polymers like callose, cellulose, lignin but also ROS (Aist 1976; Israel et al. 

1980; Thordal‐Christensen et al. 1997; Zeyen et al. 2002). 
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Plant hormones play also a crucial role in pathogen defence and can regulate different responses 

(Alazem and Lin 2015; Bari and Jones 2009; Kammerhofer et al. 2015; Verhage et al. 2010). 

Salicylic acid for example is associated with the regulation of the pathogenesis related (PR) 

genes of the classes 1, 2 and 5 (Malamy et al. 1990; Stintzi et al. 1993; Zhang et al. 1999). Two 

other plant hormones, jasmonic acid and ethylene, were shown to be synergistic in the 

regulation of PR genes from the classes 3 and 12 (Pieterse and van Loon 1999; Samac et al. 

1990; Xu et al. 1994).  

PR genes are defined as genes induced in presence of a pathogen but are not necessarily anti-

pathogenic (Gianinazzi 1970; Hammond-Kosack and Jones 1996; Van Loon and Van Kammen 

1970). The classification of PR genes is based on their properties and until now, 17 classes are 

described, whereas PR1 genes have antifungal activities, PR2 genes are 1.3-β glucanases and 

the two classes PR3 and PR4 contain different chitinases (Jain and Khurana 2018; Van Loon 

and Van Strien 1999). Contradictory to what is known from other plants regarding the 

regulation of PR1 genes, in monocots a member of the PR1 class was shown to be supressed 

after treatment with all three phytohormones (Kouzai et al. 2016). In addition, a member of the 

PR2 class was shown to be induced by jasmonic acid (Agrawal et al. 2000; Desmond et al. 

2005; Mei et al. 2006). Even though, PR genes are not necessarily anti-pathogenic, 

overexpression studies with glucanases and chitinases revealed an increased protection against 

fungal attacks (Jach et al. 1995; Jongedijk et al. 1995; Zhu et al. 1994). 

 

1.5 The cell wall a first line of defence 
The first line of defence for plant cells are their characteristic cell walls. Cell walls are barriers 

in plants consisting of a mixture of different glucose polymers that form a tough network 

(Keegstra 2010; McCann et al. 2001; O’Neill and York 2003; Somerville et al. 2004; Vorwerk 

et al. 2004). Plants form two different kinds of cell walls, a primary cell wall and a secondary 

cell wall. The primary cell wall is the most common cell wall and found in almost all growing 

and dividing plant cells.  The secondary cell wall is formed in plant cells that have reached a 

steady state and contributes to cell wall thickening (Keegstra 2010; McCann et al. 2001; O’Neill 

and York 2003; Somerville et al. 2004). Secondary cell walls differ from primary cell walls. 

An increased incorporation of cellulose fibrils and hemicelluloses result in a stiffened and more 

compact cell wall (Keegstra 2010; McCann et al. 2001; Ochoa-Villarreal et al. 2012). Since the 

primary cell wall is more abundant in plants, the following description refers to the composition 

and synthesis of this cell wall type. 
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The major three components of the primary cell wall are cellulose, hemicelluloses and pectin 

(Keegstra 2010; McCann et al. 2001; O’Neill and York 2003; Ochoa-Villarreal et al. 2012). 

Cellulose is a polysaccharide formed by several microfibrils each consisting of 1,4-β-linked 

glucan molecules synthetized by cellulose synthases (CesA) (Diotallevi and Mulder 2007; 

Keegstra 2010; McFarlane et al. 2014; Schneider et al. 2016). To synthesise these cellulose 

microfibrils, a cellulose synthase complex (CSC) is formed consisting of three different CesAs 

in an equimolar ratio (Gonneau et al. 2014; Hill et al. 2014). The structure of these microfibrils 

is still debated. Until recently, it was proposed that a hexagonal arrangement of 36 chains is 

present (Ding et al. 2014; McFarlane et al. 2014). However, later research found evidence for 

a model favouring 18 – 24 chains (Cosgrove 2014; Ding et al. 2014; Fernandes et al. 2011; 

Newman et al. 2013; Schneider et al. 2016). The cellulose microfibrils have distinct regions of 

hydrophobic and hydrophilic surfaces, which are important for the binding of hemicelluloses 

like xylan or xyloglucan (Busse‐Wicher et al. 2014; Zhao et al. 2014).  

Hemicelluloses are polysaccharides which are not only composed of glucose molecules but also 

incorporate mannose and xylose, and therefore differ from cellulose and pectin (Scheller and 

Ulvskov 2010). Hemicelluloses are part of the plant cell wall and can differ in plants leading to 

the classification of two types of hemicellulose compositions in plant cell walls (Carpita and 

Gibeaut 1993). The first type of hemicelluloses are the most abundant form found in the 

majority of plants and to a large extend in monocotyledons (Carpita and Gibeaut 1993). The 

major compound responsible for the connection of cellulose fibrils in this type are xyloglucans 

(Carpita and Gibeaut 1993; Vogel 2008). The second type is present dominantly in grasses. 

Type II hemicellulose fractions incorporate glucuronoarabinoxylan with unregularly branches 

of different sugars. Mixed linkage glucans are also incorporated in this kind of hemicelluloses 

(Carpita and Gibeaut 1993; Scheller and Ulvskov 2010; Vogel 2008).  

The last major compound of plant cell walls is pectin. Pectin is a 1,4-α-linked galacturonic acid 

molecules forming a gel like matrix around celluloses and hemicelluloses in plant cell walls 

(Carpita and Gibeaut 1993; McCann et al. 2001; O'Neill et al. 1990; Ridley et al. 2001). 

Interestingly, pectin plays a crucial role in plant–pathogen interaction. Fungal pathogens are 

secreting pectinases, enzymes degrading the pectin of plant cell walls, to increase the 

accessibility of the cell wall to other cell wall degrading enzymes (D'Ovidio et al. 2004; Have 

et al. 1998; Lionetti 2015; Riou et al. 1991; Salmond 1994). 
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1.6 Callose, a cell wall polymer and its role in plant defence 
Callose is a 1,3-β-glucan consisting of 1,3-β-linked glucose molecules with 1,6-β-branches and 

was identified in plants in the late 19th century but is also common in cell walls of yeasts, 

filamentous fungi and bacteria (Aist 1976; Aspinall 1957 ; Currier 1957; Kauss 1996; Stone 

1992). Callose is produced as helical chains resulting in a gel like structure used to plug and 

seal damaged cell walls (Verma and Hong 2001). It is produced by a class of enzymes localized 

in the plasma membrane and is incorporated into the cell wall (Aist 1976; Verma and Hong 

2001). New visualisation techniques hint to a direct interaction of callose and cellulose 

microfibrils suggesting a permeability of callose (Anderson et al. 2010; Eggert et al. 2014). 

However, in contrast to the other cell wall polymers already introduced, callose is found only 

in relative low amounts in the cell wall of land plants (Falter et al. 2015). 

1.6.1 Callose and its role in plants 
Callose is involved in many important plant developmental pathways or in stress responses. In 

A. thaliana it was shown that AtGSL1 and AtGSL5 are partially redundant for pollen 

development and fertility (Dong et al. 2005; Enns et al. 2005; Østergaard et al. 2002). In 

deficient mutants the pollen grains were inviable and collapsed or abnormally large with 

unusual structures because of a missing callose wall for tetrad separation (Enns et al. 2005). 

The role of AtGSL5 in particular was found to be in the meiocytes, tetrads, microspores and 

mature pollen indicating its role in these tissues (Dong et al. 2005; Shi et al. 2016; Shi et al. 

2014). Callose is also found in pollen tubes, but not at the pollen tube tip, and important for 

formation of the second cell wall in pollen tubes (Kroh and Knuiman 1982; Lennon and Lord 

2000; Steer and Steer 1989). Another role of callose in plant development is the formation of a 

callose wall around fertilized zygotes shown in Rhodedendron spp. (Williams et al. 1984). But 

also in the development of somatic tissue, callose is involved in crucial steps of phloem 

transport, phloem development, inflorescence growth, root hair development, cytokinesis and 

cell pattering (Barratt et al. 2011; Chen et al. 2009; Somssich et al. 2016; Xie et al. 2011). One 

interesting role of callose is the regulation of plasmodesmata. The synthesis of callose at the 

plasmodesmata stops cell-to-cell transfer, while the degradation of callose enables cell-to-cell 

transfer (Botha et al. 2000; Radford et al. 1998; Vatén et al. 2011). Callose mediated 

plasmodesmata regulation is important for several developmental steps such as transport of 

transcription factors, establishing the auxin gradient and signalling or regulation of cotton fibre 

elongation (Han et al. 2014; Ruan et al. 2004; Vatén et al. 2011). 
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It plays also a crucial role in the containment of plant viruses to prevent spreading in adjacent 

cells (Fridborg et al. 2003; Iglesias and Meins Jr 2000; Zavaliev et al. 2011). This callose 

reaction can also be considered as a stress induced reaction, which indicates the second 

important role of callose in plants, the response to biotic and abiotic stress. A connection 

between abiotic stress and callose response was described in mechanically stressed plants (Jaffe 

and Telewski 1984). In A. thaliana, connections between the callose response to abiotic stresses 

and the calmodulin expression after rain, wind and mechanical stress were found leading to the 

identification of a CalS responsible for callose formation after wounding (Braam and Davis 

1990; Jacobs et al. 2003). Callose formation was also observed in Gossypium hirsutum after 

heat stress, in Prunus cerasus after bruising and after wounding experiments in Allium cepa 

and stems of Loquidambar styraciflua (Currier and Strugger 1956; Dekazos and Worley 1967; 

McNairn 1972; Moore 1978). This wound-sealing callose formation is also described in A. 

thaliana and B. distachyon (Blümke 2013; Jacobs et al. 2003). The formation of callose to 

aluminium exposure in soil was described for different plant species like Glycine max, Picea 

abies, Zea mays, Phaseolus vulgaris and wheat (Horst et al. 1997; Jorns et al. 1991; Rincón and 

Gonzales 1992; Wissemeier et al. 1987; Yang et al. 2012). Callose formation prevents the 

transport of aluminium through the roots but results in a trade off and the formation of the 

typical aluminium toxicity phenotype (Sivaguru et al. 2000). It is proposed that callose 

formation could be used as a breeding marker for aluminium tolerance (Eticha et al. 2005; 

Wissemeier et al. 1992). Exposure to other abiotic stressor metals like Cu, Zn or Ni results in a 

comparable callose formation response (Kartusch 2003; Peterson and Rauser 1979; Qin et al. 

2007).  

Not only abiotic stress is an inducer of callose formation, different biotic stresses can induce 

callose synthesis and formation. The herbivore pathogen Nilaparvata lugens for example is 

feeding from rice phloem sap which results in a callose response to stop phloem transport (Hao 

et al. 2008). Newer research revealed a possible mechanism by the pathogen which is secreting 

1,3-β-glucanases to prevent the formation of callose in the phloem (Liu et al. 2017). A similar 

response is also found after infections with aphids in wheat and A. thaliana (Botha et al. 2004; 

Kempema et al. 2007; KUŚNIERCZYK et al. 2008; Will and van Bel 2006). Callose response 

is also detected after nematode infection in plants (Ali et al. 2013; Hofmann et al. 2010; Hussey 

et al. 1992; Williamson and Hussey 1996). Bacterial infections from Pseudomonas syringae or 

Xanthomonas spp. can cause callose formation as a plant defence reaction; however, both 

bacterial pathogens evolved efficient ways to supress plant defence and the formation of callose 

depositions (Hauck et al. 2003; Li et al. 2005; Yun et al. 2006; Zhang et al. 2010b). 
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Fungal pathogen infections are also a major stress causing formation of callose depositions and 

papillae (Aist 1976; Israel et al. 1980; Voigt 2014). A common plant response to powdery 

mildews is the response with callose depositions (Frye and Innes 1998; Jørgensen 1992; 

Nishimura et al. 2003; Skou et al. 1984). In A. thaliana and barley the importance for callose 

depositions as plant defence could be shown (Blümke et al. 2013; Chowdhury et al. 2016; 

Ellinger et al. 2013). A knockout of the stress induced callose synthase PMR4 from A. thaliana 

resulted in a resistance to powdery mildew caused by an elevated salicylic acid-dependent 

defence mechanism (Nishimura et al. 2003). However, in barley a knock-down of a PMR4 

orthologue, HvGSL6, resulted in increased penetration success and a more severe disease 

(Chowdhury et al. 2016). Interestingly, in both plants an overexpression of PMR4 lead to an 

increased penetration resistance indicating the importance of callose depositions against 

biotrophic fungi and a possible approach for plant breeding (Blümke et al. 2013; Eggert et al. 

2014; Ellinger et al. 2013).  

Callose deposition is also a known defence mechanism against necrotrophic fungi. For the two 

necrotrophic fungi Alternia brassicicola and Plectosphaerella cucumerina research revealed 

that callose depositions are a successful defence when induced by β-amino-butric acid (Flors et 

al. 2008; Ton and Mauch-Mani 2004). Also against the necrotrophic fungus Botrytis cinera 

callose plays a major role in plant defence reaction (Garcia-Arenal and Sagasta 1977). 

However, it seems that successful pathogens somehow suppress the plant defence response and 

the formation of callose. This has also been discovered for Fusarium graminearum. The 

importance for callose as a repellent could be shown with the lipase deficient Δfgl1 F. 

graminearum strain which is unable to supress the callose response of wheat (Voigt et al. 2005). 

As a response to this successful defence F. graminearum is trying to compensate with an 

increased toxin production (Voigt et al. 2007). Since callose is involved in several abiotic and 

biotic stress responses for a successful defence or repair it is apparent how important a 

functional callose reaction is for plants. 

1.6.2 Callose synthases and callose synthesis 
Callose is produced by enzyme complexes at the membrane of cells (Brownfield et al. 2009; 

Verma and Hong 2001). In Arabidopsis 12 members of the GLUCAN SYNTHASE LIKE (GSL) 

family were identified and phylogenetic analyses revealed homologues in sorghum, rice and 

barley (Chowdhury et al. 2016; Verma and Hong 2001; Yamaguchi et al. 2006). Blümke (2013) 

identified 11 GSL genes in the genome of B. distachyon based on the sequence of AtGSL5. 
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A phylogenetic analysis with the A. thaliana GSL genes, the identified rice GSLs and the B. 

distachyon GSLs revealed a ancestry between AtGSL5 and two B. distachyon GSLs BdGSL2 

and BdGSL3 (Blümke 2013). The Arabidopsis gene family is separated into two major groups 

(Verma and Hong 2001). Group I is responsible for plant cell pathways, fertility and cell 

division consisting of GSL1, GSL2, GSL6, GSL8, GSL10 and Group II provides cell wall 

reinforcements consisting of GSL5, GSL7 and GSL12 (Schneider et al. 2016; Verma and Hong 

2001). The remaining GSLs have not been conclusively studied to provide clear evidence 

regarding their function. Structural predictions revealed that GSLs contain 12-16 

transmembrane helices and the GSL complexes are around 200 kD large protein complexes (Li 

et al. 2003; Østergaard et al. 2002). The n-terminal part of GSL proteins revealed a high 

diversity in its aa sequence throughout the whole gene family, indicating a regulatory function 

(Cui et al. 2001; Verma and Hong 2001). However, the intracellular loop between the 

transmembrane helices showed a high sequence homology between several GSL proteins and 

FKS1 from Saccharomyces cerevisiae (Inoue et al. 1995; Østergaard et al. 2002; Verma and 

Hong 2001). Later research with PMR4 confirmed the proposed function of the IL revealing a 

callose synthase activity (Sode 2015). The complete callose synthase (CalS) complex is not yet 

identified, but several studies indicate some associated proteins essential for a functional CalS 

complex (Verma and Hong 2001). It was possible to identify annexins in cotton fibre, which 

are proteins associated with Ca2+ binding and callose synthases (Andrawis et al. 1993; Delmer 

and Potikha 1997; Laohavisit and Davies 2011). Another protein complex associated to CalS 

and CesA complexes are sucrose synthases (SUSY) (Amor et al. 1995). In vitro assays with 

this enzyme revealed that sucrose could be used for callose and cellulose synthesis (Amor et al. 

1995). In A. thaliana it was possible to partially purify AtGSL6, which led to the identification 

of two associated proteins; a UDP-Glycosyltransferase (UGT1) and a Rho-like GTPase (ROP1) 

(Hong et al. 2001b). The regulatory pathway of ROP1 is connected with Ca2+ regulation, as 

shown for annexins from cotton fibre and the regulation of pollen tube tip growth (Li et al. 

1999; Shin and Brown 1999). The binding of UGT1 to ROP1 occurs only in ROP1 GTP-bound 

state suggesting its functional significance for callose synthesis based on the conserved 

mechanism already described for FKS1 in S. cerevisiae (Hong et al. 2001b; Li et al. 1999; 

Qadota et al. 1996; Zheng and Yang 2000). Research on AtGSL5 identified an interaction with 

the GTPase RabA4c (Ellinger et al. 2014a). After biotic stress, RabA4c is enhancing the early 

CalS activity and helps in formation of early callose depositions indicating that GTPases are an 

early activator for CalS in plants (Ellinger et al. 2014a). 
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However, for the basic synthesis of callose in vitro, no additional proteins are needed as shown 

for AtGSL5 and its intracellular loop (Sode 2015). A sequence analysis of the exon and intron 

structure of all B. distachyon GSLs revealed that BdGSL2 and BdGSL3 have no introns, a typical 

structure found in the stress induced CalS AtGSL5 (Blümke 2013). Additionally, Blümke 

(2013) could show that both BdGSLs are upregulated after wounding stress. The overexpression 

of AtGSL5 in B. distachyon resulted in an increased resistance to F. graminearum (Blümke 

2013). And experiments in wheat and barley lines overexpressing AtGSL5 showed a similar 

resistance to F. graminearum (unpublished data). Based on these results, BdGSL2 and BdGSL3 

are two candidates for stress induced CalS in B. distachyon. An overexpression of BdGSL3 in 

B. distachyon further backs the idea of BdGSL3 as a stress induced CalS since it showed a 

similar phenotype like the AtGSL5 overexpression as described by Blümke et al. (2013) 

(unpublished data).  

1.6.3 Regulation of callose synthases  
The regulation and activation of callose synthases is linked to different pathways. Research 

with plant extracts from different plants revealed the important role of Ca2+ for the activity of 

wounding activated callose synthesis (Hayashi et al. 1987; Kauss 1996; Kauss and Jeblick 

1986b; Kauss et al. 1983; Kauss et al. 1990; Morrow and Lucas 1986). It was shown that 

calmodulin, a protein already associated with callose synthesis, plays a crucial role in the 

activity of CalS complexes (Braam and Davis 1990; Koo et al. 2009; Leba et al. 2012; Tirlapur 

and Willemse 1992; Xu et al. 2017). Additionally, in G. hirsutum it was possible to identify a 

calmodulin binding site (Cui et al. 2001). The actual pathway of calmodulins for the CalS 

activity is not yet identified, however the data suggests that calmodulins play an important role 

for several stress responses (Bender and Snedden 2013; McCormack et al. 2005). One 

hypothesis is, that calmodulin changes its secondary and tertiary structure after Ca2+ binding 

resulting in the exposure of a protein binding domain (Bender and Snedden 2013). This enables 

binding to other proteins and changes in their structure resulting in the moderation of protein 

activity for proteins not directly interacting with Ca2+ (Bender and Snedden 2013; Zielinski 

1998). However, not all callose synthases are associated to calmodulin and Ca2+ mediated 

activity since the discovery of a Ca2+ independent callose synthase in tabaco (Schlüpmann et al. 

1993). It is highly possible, that the membrane environment plays a crucial role in callose 

synthesis (Bessueille et al. 2009; Iswanto and Kim 2017; Škalamera and Heath 1995; Srivastava 

et al. 2013). It was observed, that in detergent-resistant plasma membrane microdomains more 

than 70 % of the membrane associated callose synthesis is present (Bessueille et al. 2009).  
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Furthermore, it was possible to show the influence of lipid rafts on the plasmodesmata callose 

homeostasis (Iswanto and Kim 2017). Earlier research on the activity of callose synthases and 

the influence of unsaturated fatty acids revealed a strong suppression of CalS activity when 

exposed to unsaturated fatty acids (Kauss and Jeblick 1986a). A major defence suppression 

pathway of F. graminearum in wheat infection is the secretion of a lipase to increase the 

concentration of unsaturated free fatty acids which supresses the formation of calles for plant 

defence (Blümke et al. 2014; Voigt et al. 2005).  

One important regulatory mechanism is the post-translational phosphorylation or de-

phosphorylation of callose synthases. Phosphorylation in general is a highly important 

mechanism in animals, plants and bacteria (Cohen 1988; Huber 2007; Hunter 1995; Iakoucheva 

et al. 2004; Jers et al. 2008; Nardozzi et al. 2010). Phosphorylation as a regulatory mechanism 

for callose synthases was first described in yeasts, where the GTPase Rho1 induces changes in 

the phosphorylation pattern (Huang et al. 2005; Qadota et al. 1996). A similar mechanism is 

assumed for AtGSL6 based on the identification of UGT1 and the GTPase Rop1 (Hong et al. 

2001a). Additionally, topological analysis of AtGSL6 identified several possible 

phosphorylation sites (Hong et al. 2001a). For AtGSL5 two possible phosphorylation sites were 

identified in the context of stress responses (Benschop et al. 2007; Nühse et al. 2007). 

Phosphomimic experiments with these two serine at position 1041 and 1053 of AtGSL5 

revealed key regulatory function (Sode 2015). The phosphorylation of the serine at 1053 is 

essential for the activity of the callose synthase whereas the phosphorylation state of the serine 

1041 is regulating the transport of the CalS complex (Sode 2015). A further hint on the 

importance of post-translational regulation for stress induced callose synthases was provided 

by studies in PMR4 overexpression lines (Ellinger et al. 2013). After infection with powdery 

mildew no significant changes in PMR4 expression was observed, however it was possible to 

detect the PMR4:GFP signal in the plasma membrane before infection and at the infection site 

after infection (Ellinger et al. 2013). This backs up the idea that post-translational 

phosphorylation or de-phosphorylation is an important regulatory pathway for callose synthesis 

and transport of stress induced callose synthases.  
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1.7 Aim 
The current challenges for humanity in providing food security and safety for a growing global 

population is linked to the adaptation of new breeding technologies. The most recent 

representative of these technologies is CRISPR/Cas9 mediated genome editing. In the first part 

of this work, the aim was to study the applicability of CRISPR/Cas9 mediated genome editing 

in B. distachyon as a new technology to study host-pathogen interaction and generation of 

mutants with possible new targets for plant breeding. One possible target for new breeding 

approaches are stress induced callose synthases. Studies in A. thaliana revealed the importance 

of callose in host-pathogen interactions; therefore, it is highly interesting to identify stress 

induced callose synthases in B. distachyon a model plant for crops like wheat or barley. 

Previous work in B. distachyon identified BdGSL3 as a possible stress- and pathogen-induced 

callose synthase. Therefore, it was an interesting target to study a loss-of function mutant in B. 

distachyon to give insights into the role of BdGSL3 in plant defence to fungal infections. In this 

work, a CRISPR/Cas9 mediated disruption in BdGSL3 was generated to study the applicability 

of CRISPR/Cas9 in Brachypodium distachyon. After the identification of successful manifested 

mutants, a characterization of these mutants was performed. An overall acquisition of the 

general phenotype of the generated mutants was done to find possible impacts of the absence 

of BdGSL3. To study different stress responses of the generated mutants, abiotic wounding was 

inflicted and analysed. Additionally, biotic stress as the key interest was examined with two 

important necrotrophic pathogens. The role of BdGSL3 in response to the necrotrophic leaf 

pathogen Parastagonospora nodorum was analysed with microscopy. To study the effect of 

BdGSL3 on FHB disease, infections with Fusarium graminearum were in-depth examined to 

reveal the role of BdGSL3 in this host-pathogen interaction. Furthermore, a transcriptional 

analysis of different organs was performed to examine changes in the transcription of other 

members of the BdGSL gene family. With the aid of these experiments, the role of BdGSL3 

should be uncovered and described.   
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2. Material & Methods 
2.1 Equipment 
The technical equipment needed for the tasks are listed in the following table (Tab. 1). 

Table 1: Equipment list used during this work 

No. Name Specification Manufacturer 
1 Camera D300s Nikon Corp. (Shinagawa, Tokyo, Japan) 
2 Centrifuge Refrigerated Centrifuge 

5403 
Eppendorf AG (Hamburg, Germany) 

3 Centrifuge Labnet MiniCentrifuge neoLab Migge Laborbedarf-Vertriebs-GmbH 
(Heidelberg, Germany) 

4 Centrifuge MiniSpin® Eppendorf AG (Hamburg, Germany) 
5 Centrifuge Zentrifuge 5430 Eppendorf AG (Hamburg, Germany) 
6 Centrifuge Zentrifuge 5810R Eppendorf AG (Hamburg, Germany) 
7 CLSM Zeiss Axio Imager Z2 

coupled to the Zeiss 
LSM780 

Carl Zeiss Microscopy GmbH (Jena, 
Germany) 

8 Electroporator Electroporator 2510 Eppendorf AG (Hamburg, Germany) 
9 Gel documentation GENE Genius Synoptics Ltd (Cambridge, UK) 
10 Gelelectrophoresis 

chamber 
Mupid-One System Biozym Scientific GmbH (Hessisch 

Oldenburg, Germany) 
11 Light microscope Leitz Laborlux 11 Leica Microsystems GmbH (Wetzlar, 

Germany) 
12 Magnetic stirrer Kamag® RH IKA® - Werke GmbH & CO. KG (Staufen, 

Germany) 
13 Magnetic stirrer MSH basic IMLAB sarl (Lille, France) 
14 Micro scale AW - 224  Sartorius AG (Göttingen, Germany) 
15 Mixing block Mixing Block MB-102 Bioer Technology Cor. Ltd (Cheshire, UK) 
16 NanoVue GE NanoVue Plus  GE Healthcare (Chicago, IL, USA) 
17 Orbital shaker GFL 3015 GFL Gesellschaft für Laborgeräte mbH 

(Burgwedel, Germany) 
18 PCR - Cycler TProfessional 

Thermocycler 
Biometra GmbH (Göttingen, Germany) 

19 PCR - Cycler TGradient96 – Gradient 
Thermocycler 

Biometra GmbH (Göttingen, Germany) 

20 pH - Meter FiveEasy  Mettler-Toledo Inc. (Columbus, USA) 
21 Real-Time PCR Cycler LightCycler® 480 Roche Diagnostics GmbH (Mannheim, 

Germany) 
22 Scale KERN 572 Kern & SOHN GmbH (Balingen, Germany) 
23 Scale KB 2400-2N Kern & SOHN GmbH (Balingen, Germany) 
24 Stereo microscope Leica MZFL III Leica Microsystems GmbH (Wetzlar, 

Germany) 
25 UV/VIS Spectrometer Ultrospec 2000 Pharmacia AG (Uppsala, Sweden) 
26 Vibratory mill MM200 RETSCH GmbH (Haan, Deutschland) 
27 Vortex mixer Vortex-Genie® 2 Scientific Industries, Inc. (Bohemia, NY, 

USA) 
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2.2 Chemicals and Enzymes 
The chemicals and reagents during this work, if not extra listed, were purchased from the 

following suppliers: Biozym Scientific GmBH (Hessisch Oldendorf, Germany), Carl Roth 

GmbH&Co.KG (Karlsruhe, Germany), Merck KGaA (Darmstadt, Germany), New England 

Biolabs GmbH (Ipswich, MA, USA), Sigma-Aldrich Co. LLC (St. Louis, MO, USA) and 

Thermo Fisher Scientific Inc. (Waltham, MA, USA). Uncommon chemicals used during this 

work are listed below (Table 2). 

Table 2: Overview of the uncommon chemicals used during this work 

Chemical/Enzyme Supplier 

Aniline blue 02570-25, Polysciences, Inc., Warrington, PA, USA 

DNAse I, RNAse-free Thermo Fisher Scientific Inc. Waltham, MA, USA 

Orange G 0138.2, Sigma-Aldrich Co. LLC St. Louis, MO, USA 

OneTaq 2x MasterMix New England Biolabs Inc. Ipswich, MA, USA 

Q5 High-Fidelity DNA Polymerase New England Biolabs Inc. Ipswich, MA, USA 

RNase A, DNase and Protease free Thermo Fisher Scientific Inc. Waltham, MA, USA 

WGA-CF™-488A (Wheat Germ Agglutinin) Biotium, CA, USA 

 

2.3 Kits 
During this work, the following Kits were used for tasks as indicated in table 3. 

Table 3: Overview of important kits for the declared applications during this work 

Kit Application Supplier 

GenepHlow™ Gel/PCR Kit Gel/PCR product DNA clean up 
Geneaid Biotech Ltd. (New Taipei 

City, Taiwan) 

innuPep Plant RNA Kit Isolation of RNA Analytik Jena AG (Jena, Germany) 

LightCycler® 480 SYBR Green I Quantitative Real-Time PCR 
F. Hoffmann-La Roche Ltd (Basel, 

Swiss) 

LightCycler® 480 Probes Master Quantitative Real-Time PCR 
F. Hoffmann-La Roche Ltd (Basel, 

Swiss) 

RevertAid First Strand cDNA 

Synthesis Kit 
cDNA synthesis 

Thermo Fisher Scientific Inc. 

(Waltham, MA, USA) 
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2.4 Genetical resources and oligonucleotides 

2.4.1. Oligonucleotides  
The oligonucleotides and primer for this work were synthesised by Eurofins MWG Operon 

(Ebersberg, Germany). Sequencing of DNA fragments required for this work was performed 

by Genewiz UK (Takeley, United Kingdom).  

Table 4: Overview of the used primer in this work 

 Name Target Sequence Tm °C 

TH23 bradi2g50140 TGTATGCACTTCCTCCTCTC 56 

TH30 bradi2g50140 CCTGGTGGCACAAAGAAG 55 

TH56 bradi2g50140 GGCACAAAGAAGCCCCTTGAA 61 

TH57 bradi2g50140 GATCCAGAACGTGCTGATGC 59 

TH81 bar TTCAGCAGGTGGGTGTAGAG 59 

TH82 bar GACAAGCACGGTCAACTTCC 59 

TH89 XM_003567251 GGAGCAGCTCTTGGTGTCAT 60 

TH90 XM_003567251 GGCGACTCAGTTCAGGACAA 59 

TH91 No gene  AGCGTGATACGTTCCCATCC 59 

TH92 No gene CGACCGAGGACAACACTACC 60 

TH93 XM_003563657 CTACTCGCTCCTCCTCAACG 59 

TH94 XM_003563657 CTTTGATCACGGTTGGCGTG 60 

TH95 XM_003557154 GCCACACTTCACTACAAGCG 59 

TH96 XM_003557154 GAGGTGTCCTTGAGGTGCTC 60 

TH97 XM_024461141 CGTGTAATCAGCCGCCAATG 59 

TH98 XM_024461141 TATTAGTGGGGCAAAGCGCA 60 

TH99 XM_003561622 CACGTTTGATCCTTCCCCGA 60 

TH100 XM_003561622 GGACCTGCATGTAGGAGTCG 59 

TH101 XM_014897740 CCCACGAGAATTGCTGGAGA 59 

TH102 XM_014897740 AATCGGAATGAGTGGTGCGT 60 

TH103 No gene ACTGTTTGAAAACGAAGTGCTTG 58 

TH104 No gene CATGCATGTGCAGTTCGGAG 59 

TH105 XR_002963839 GCCGATTGATTCATCTTGGCA 59 

TH106 XR_002963839 TGTGGACACATCCTTCATCCG 60 

TH107 XM_003569230 CGGAAGCCCCAAGTCTGAAA 60 

TH108 XM_003569230 TGATGTGTCAGCTGCCTTGT 59 

TH109 XM_003562738 GTTGGTATGGTACCAGGGCG 60 

TH110 XM_003562738 GGTCCAATCCCCGATCCAAC 60 

TH111 No gene TTGTGGATCGTACACACGGG 60 

TH112 No gene CGGGCAACACAATCATGCAA 60 

TH113 NC_016132 GATGTGCGTCTTTTGCTCCC 59 
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Table 4 continued: Overview of the used primer in this work 

TH114 NC_016132 TGCATTTGGGTTTGCACTACG 60 

TH115 XM_003564549 TAATCTCAGAGGCGGACGGA 60 

TH116 XM_003564549 CGATCATCGGCACGATCAGG 61 

TH117 XM_003566025 GGAGGTCTTTCCGTTCCCTG 60 

TH118 XM_003566025 CAGAAGATCGAGAGCGTCGT 59 

TH119 No gene CCCGACTGCCTTGATGTCTT 60 

TH120 No gene GAGTAGTCGACGCCGGAAAT 59 

TH121 No gene GGCCAGCCGGTTTAGTAGTT 60 

TH122 No gene GCCTTGCAATAGCCAGCAAG 60 

TH123 No gene CAGAAAAGGCAGCAGAGGGA 59 

TH124 No gene AATCGCAACGAAAACCACCG 60 

BdUBC18-exp2-fw Bradi4g00660 GTCACCCGCAATGACTGTAAGTTC 61 

BdUBC18-exp2-rev Bradi4g00660 TTGTCTTGCGGACGTTGCTTTG 62 

BdPR1-exp-fw Bradi1g57540 AAGAACGCCGTGGACATGTG 61 

BdPR1-exp-rev Bradi1g57540 ACCCGGAGGATCATAACTAC 56 

BdPR2-exp-fw Bradi2g60490 AGCCATCCAGCTCAACTAC 57 

BdPR2-exp-rev Bradi2g60490 CCTTGCCAACATGGTCAATC 57 

BdXET-exp-fw Bradi1g33827 AGCACAGGAACAGGGAGAC 60 

BdXET-exp-rev Bradi1g33827 GTCCAGCTCCTGGTACATC 58 

BdMAPKK-exp-fw Bradi2g17840 CCATGCCGACCTTGATAGAG 58 

BdMAPKK-exp-rev Bradi2g17840 CCTGAAACTTTGGGCGAGAG 59 

BdChit8-exp-fw Bradi3g32340 CTGCTTCAAGGAGGAGATAAAC 55 

BdChit8-exp-rev Bradi3g32340 TCATCCAGAACCACATGGC 58 

BdUDP74f2-exp-fw Bradi5g03300 GAATTCCACATTGGGCAGAC 57 

BdUDP74f2-exp-rev Bradi5g03300 CCTTCCTCTCACTATCCATCAC 57 

BdAct-exp-fw Bradi4g41850 GCTGGGCGTGACCTAACTGAC 64 

BdAct-exp-rev Bradi4g41850 ATGAAAGATGGCTGGAAAAGGACT 59 

FgTub-expr-fw FGSG_06611 TCAACATGGTGCCCTTCC 58 

FgTub-expr-rev FGSG_06611 TTGGGGTCGAACATCTGC 58 

FgAct-expr-fw FGSG_07335 ATGGTGTCACTCACGTTGTCC 60 

FgAct-expr-rev FGSG_07335 CAGTGGTGGAGAAGGTGTAACC 60 

FgTRI5-expr-fw FGSG_03537 GATGAGCGGAAGCATTTCC 57 

FgTRI5-expr-rev FGSG_03537 CGCTCATCGTCGAATTC 53 

FgFGL1-expr-fw FGSG_05906 CGCCGCAGCATACT 55 

FgFGL1-expr-rev FGSG_05906 GGGTCCTTGGCGTTCGT 62 
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2.4.2. DNA-Plasmids 
Dr. Johannes Stuttmann from the Martin – Luther University in Halle – Wittenberg, Germany 

provided the CRISPR/Cas9 containing binary DNA plasmid used in this work. An overview of 

this vector is presented below (Table 5 + Figure Supplement 1). To increase the chance of indels 

in the 5’ region of BdGSL3 a construct with four independent targets were used with the 

following sequences: Target 1: 5’ CTACTCCGTTCCCCGGGCCA 3’; Target 2: 5’ 

GGTGCGCGTACCTCGGCCAG 3’; Target 3: 5’ CTGACATCCGCAGGGACCTCA 3’; 

Target 4: 5’ TTTGTACCTGCTAATCTGGGG 3’. 

Table 5: Description of the used binary vector for plant transformation and CRISPR/Cas9 mediated 
genome editing 

Name  Description Features 

pMGE546 
Size: 14355 bp. Binary vector for 
agrobacteria-mediated 
transformation of B. distachyon. 

pVS1 backbone, nptII, LB, 35S ter, 
bar, TMV omega, OcsT, hCas9, 
Zm_Ubi1, 4 x (pOsU6, TATA, 
crRNA), RB 

 

2.5 Cultivation media and broths 
The media and broths used during this work were prepared as stated. Every broth and media 

were autoclaved after preparation if not other stated. The solvent used for the media and broths 

was ultrapure Water (upH2O) (ELGA PURELAB® flex, Veolia).  

Table 6: Overview of the used media and broths and their compositions 

Media Composition 
LB-Agar 40 g/L LB-Agar (Luria/Miller) in upH2O 
  
LB-Broth 25 g/L LB-Broth (Luria/Miller) in upH2O 
  

SOC (Super Optimal Broth with Catabolite 
Repression)-Medium 

2 % (w/v) Bacto-Trypton 
0.5 % (w/v) Yeast extract 
10 mM NaCl 
In upH2O; After autoclaving add 
10 mM MgCl2 
10 mM MgSO4 
0.4 % (v/v) Glucosesolution 

  
Wheat-Broth 15 g/L fresh Wheat leaves 
  

Callus-Induction-Agar (CIM) 

4.3 g/L MS-Salt 
30 g/L Saccharose 
1 mL/L Fe-EDTA (40 mg/mL) 
1 mL/L CuSO4 (0,6 mg/mL) 
2 g/L Phytagel 
250 µL/L 2,4-Dichlorophenoxyacetic acid 
500 µL/L MS-Vitamins (103 mg/mL) 
pH 5.8 with 1 M KOH 
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Table 6 continued: Overview of the used media and broths and their compositions 

Murashige – Skoog-Broth (MSB) 

4.3 g/L MS-Salt 
10 g/L Saccharose 
10 g/L Mannitol 
1 mL/L Fe-EDTA (40 mg/mL) 
1 mL/L CuSO4 (0,6 mg/mL) 
pH 5.5 with 1 M KOH 

  

Selection medium (SM) 

4.3 g/L MS-Salt 
30 g/L Saccharose 
1 mL/L Fe-EDTA (40 mg/mL) 
1 mL/L CuSO4 (0,6 mg/mL) 
2 g/L Phytagel 
500 µL/L 2,4-Dichlorophenoxyacetic acid 
1 mL/L MS-Vitamins (103 mg/mL) 
700 µL/L Timentin (320 mg/mL) 
300 µL/L Basta (10 mg/mL) 
pH 5.8 with 1 M KOH 

  

 
Regeneration medium (RM) 

4.3 g/L MS-Salt 
30 g/L Saccharose 
1 mL/L Fe-EDTA (40 mg/mL) 
1 mL/L CuSO4 (0,6 mg/mL) 
2 g/L Phytagel 
500 µL/L 2,4-Dichlorophenoxyacetic acid 
1 mL/L MS-Vitamins (103 mg/mL) 
700 µL/L Timentin (320 mg/mL) 
300 µL/L Basta (10 mg/mL) 
1 mL/L Kinetin (0.2 mg/mL) 
pH 5.8 with 1 M KOH 

  

 
Germination medium (GM) 

4.3 g/L MS-Salt 
30 g/L Saccharose 
1 mL/L Fe-EDTA (40 mg/mL) 
2 g/L Phytagel 
500 µL/L 2,4-Dichlorophenoxyacetic acid 
1 mL/L MS-Vitamins (103 mg/mL) 
700 µL/L Timentin (320 mg/mL) 
300 µL/L Basta (10 mg/mL) 
1 mL/L Kinetin (0.2 mg/mL) 
pH 5.8 with 1 M KOH 

  

 
Completemedia (CM) (Leach et al. (1982)) 

2 g/L Yeast extract 
10 g/L Glucose 
1 g/L Ca(NO3)2 • 4 H2O 
0.2 g/L KH2PO4 
0.25 g/L MgSO4 • 7 H2O 
0.15 g/L NaCl 
1 mL/L MNS (Micronutrient solution) 

  

 
V8-media mod. 

500 mL albi Vegetable juice 
0,15 % CaCO3 
1.5 % Agar 
pH 6.8 with NaOH 
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2.6 Biological resources and cultivation 
The used biological resources are described in this chapter with the used cultivation 

environment.  

2.6.1 Plant material 
Brachypodium distachyon inbreed line Bd21 (Garvin 2007) and the transformed mutants were 

cultivated in climate chambers with 16 h / 8 h day-night cycle at 22 °C and 50 % humidity. The 

seeds were sowed into a Soil-Sand Mix (3:1, Werner Tantau GmbH & Co KG, Uetersen, 

Germany), and vernalized for 8 days at 8 °C in a dark place. After vernalisation, the trays were 

moved into the climate chamber and the pots were kept under a transparent hood for one week.  

2.6.2 Microorganisms 
An overview of the microorganisms is presented in this chapter. For a brief overview a table 

with the used microorganisms is presented here. A detailed description of the cultivation 

conditions follows. 

Table 7: Brief overview of the used microorganisms and their background 

Name Description Reference 

Agrobacterium tumefaciencs 

GV3101 

Virulent strain used for 

transformation containing the 

virulence vector pMP90RK 

Koncz and Schell (1986) 

Fusarium graminearum Strain 8/1 Miedaner et al. (2000) 

Parastagonospora nodorum Strain SN15 FGSC #10173 

Legend: For the used Parastagonospora nodorum strain SN15 the catalogue number for the Fungal Genetics 
Stock Center is given. 

 

2.6.2.1 Agrobacterium tumefaciens 

For the transformation of Brachypodium distachyon Bd21 the Agrobacterium tumefaciens 

strain GV3101 was used (Koncz und Schell, 1986). Competent Agrobacteria were transformed 

with the desired plasmid via electroporation (Nagel et al. 1990) and plated on LB-agar 

containing the antibiotics Rifampicin (100 µg/mL), Spectinomycin (50 µg/mL) and 

Gentamycin (50 µg/mL). Modifications to the electroporation protocol by Nagel et al. (1990) 

were the use of  LB-broth. 
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2.6.2.2 Fusarium graminearum 

The Fusarium graminearum wild-type strain 8/1 was used for the spikelet inoculation 

experiments. For conidiation conidia were plated on CM agar plates and cultivated at 28°C in 

the absence of light for 3-4 days. To induce conidiation, small agar blocks with young mycelia 

were transferred into sterile wheat broth for 7-10 days, shaking at 144 rpm at 28°C.  

2.6.2.3 Stagonospora nodorum SN15 

The used Stagonospora nodorum strain SN15 was provided by the Fungal Genetics Stock 

Center (FGSC #10173). For conidiation SN12 was cultivated on V8-media mod. and kept in 

the lab under room temperature conditions on the windowsill exposed to sunlight. After two 

weeks, conidia could be harvested for infection studies. 

2.7 Methods 

2.7.1 Generating of transgenic B. distachyon plants 
The generation of transgenic B. distachyon plants was done in cooperation with the technical 

assistance Petra von Wiegen (AG Molecular Phytopathology, Institute for Plant Science and 

Microbiology). The protocol is adapted from Alves et al. (2009) and will be described briefly. 

The used media and broths are stated in table 6. For the agrobacterium-mediated transformation 

of B. distachyon premature embryos were isolated from caryopses of seven weeks old plants 

(BBCH 73-75, Hong et al. (2011)). The isolated embryos were then placed on Callus-Induction-

Agar (CIM) to facilitate the forming of callus tissue. The generated calluses were divided after 

three weeks and transferred on fresh CIM. This procedure was repeated after additional two 

weeks, and again after one additional week to facilitate proper callus formation. At the end of 

this callus generating step, positive transformed A. tumefaciencs clones containing the desired 

plasmid pMGE546 were transferred to a 5 mL LB-Broth preculture containing the antibiotics 

Rifampicin (100 µg/mL), Kanamycin (50 µg/mL) and Gentamycin (50 µg/mL) for selection. 

After two days of incubation at 28°C, 144 RPM in the absence of light on an orbital shaker 

(Tab. 1, No. 17), 1 mL of preculture was used to inoculate the 400 mL main culture. The main 

culture consists of LB-Broth containing the already noted antibiotic concentrations for selection 

purpose. After another two days under identical growth conditions, the bacteria were harvested 

at 3000 x g (Tab. 1, No. 6) and suspended in 10 mL of MSB supplemented with 45 mg/mL 

Acetosyringone. After an incubation of one hour, the isolated calluses were soaked in the A. 

tumefaciencs MSB suspension for five minutes.  After the incubation, the calluses were 

transferred onto sterile dry filter paper and quickly dried before placed onto sterile petri dishes. 
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The sterile petri dishes contained filter paper soaked with Acetosyringone supplemented MSB. 

Co-cultivation was performed at RT in the dark for two days before the calluses were placed 

on SM. Positive transformed calluses were transferred onto RM to facilitate the formation of 

roots and hypocotyls before a last transfer on GM was done. The surviving small plantlets were 

transferred into soil and kept under the stated controlled environment until further tests or seeds 

were formed. All plants transformed with the described construct pMGE546 were labelled with 

the transformation lable Agro250. 

 

2.7.2 Isolation of DNA 
Table 8: Used buffers for the gDNA isolation from B. distachyon 

Buffer Composition 

TE-Buffer 
0.01 M Tris-HCl pH 8 
1 mM Na2EDTA pH 8 

in upH2O 
  
 

Waite DNA-Extraction buffer 

Pallotta et al. (2000) 

1 % (v/v) N-lauryl-sarcosin 
100 mM Tris-HCl, pH 8 
10 mM Na2EDTA, pH 8 

100 mM NaCl 
in upH2O 

 

For the isolation of genomic DNA from Brachypodium distachyon the protocol from Pallotta 

et al. (2000) was used. Appx. 100 mg of plant material was taken into prepared screwcap tubes 

with two steel beads. The material was frozen in liquid nitrogen and milled for 90 s in a 

vibratory mill (Tab. 1, No. 26) at 30 hz. Afterwards the milled material was resolved in 800 µL 

Waite DNA-Extraction buffer and thoroughly mixed. After mixing 800 µL of 

Phenol:Chloroform:Isoamyl Alcohol (25:24:1) were added and mixed again for two minutes. 

Centrifugation at 4°C, 5000 x g (Tab. 1, No. 2) for 3 minutes was performed to separate nucleic 

acids from cell debris and proteins. The upper hydrous phase was carefully transferred into a 

new 2 mL tube. 800 µL ice-cold propan-2-ol and 80 µL pH 5.2 3 M Sodium acetate were added 

and mixed via inverting of the tubes. A centrifugation at 4°C, 12500 x g (Tab. 1, No. 2) for 10 

minutes was performed to precipitate nucleic acids. The supernatant was removed, and the 

pellet was washed with ice-cold 70% Ethanol (p.a.). After washing a second centrifugation, 

same conditions as before, was performed and the supernatant removed. The pellets were air 

dried and resolved in 100 µL TE-Buffer. An RNAase (40µg/mL) treatment was performed for 

30 min at 37°C (Tab. 1, No. 15) and the DNA was kept at 4°C overnight.  
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2.7.3 Isolation of RNA and qPCR analysis 

2.7.3.1 Isolation of plant RNA from Brachypodium distachyon 

The isolation of RNA from Brachypodium distachyon was performed with three different 

tissues, and therefore different preparations were performed. For the leaf RNA three weeks old 

leaves were harvested and in screw cap tubes with two steel beads frozen in liquid nitrogen. 

The leaves were homogenized in a vibratory mill (Tab. 1, No. 26) at 30 hz for 90s. The stem 

RNA was isolated from five weeks old plants, the stems were cut into small pieces and frozen 

in screw cap tubes with two steel beads in liquid nitrogen. The plant material was homogenized 

in a vibratory mill (Tab. 1, No. 26) at 30 hz for 90s, then frozen again in liquid nitrogen. This 

procedure was repeated two to three times until the stem material was completely milled into 

fine powder. This procedure was also done for the spikelets from Brachypodium distachyon, 

which were either taken 2 dpi or at anthesis. After material preparation the total RNA was 

isolated following the instructions of the innuPREP Plant RNA Kit. RNA quality control was 

performed on agarose gel electrophoresis and concentration was measured via photometric 

absorption. 

2.7.3.2 cDNA synthesis 

Before cDNA synthesis, the RNA had to undergo a DNase I treatment to remove possible 

gDNA impurities. This was performed as described by the supplier (Tab. 2). After DNase I 

treatment and inactivation, the cDNA was synthesized with the RevertAid First Strand cDNA 

Synthesis Kit. The synthesis was done as described in the protocol from the supplier (Tab. 3). 

For every cDNA synthesis reaction, a total of 500 ng isolated RNA was used.  

2.7.3.3 Gene expression analysis via qPCR 

To analyse the gene expression in different tissue two different methods for qPCR were used. 

The first method is a probe-based method provided by Roche for the LightCycler® 480, called 

the RealTime ready Custom Panel system. In this system, a 96 Well plate gets prepared with 

custom chosen probes, with a guaranteed 100% ± 10% efficiency (Mauritz et al. 2005) for 

targets and reference genes. The reaction set up for one well consists of 5 µL of cDNA (1:20), 

5 µL of nucleic-acid free water and 10 µL of the LightCycler® 480 Probes Master. Therefore, 

for each line a master-mix was prepared. The following amplification protocol was used (Tab. 

9). 

  



 

34 
 

Table 9: Amplification protocol for the RealTime ready Custom Panel qPCR 

Step Temperature °C Time s Cycles 

Pre-Incubation 95 600 1 

Denaturation 95 10  

45 Annealing 60 30 

Elongation 72 1 

Fluorescence measurment After every cycle 

 

Table 10: Overview of the analysed B. distachyon genes and the associated loci 

Gene Locus 

BdGSL1 bradi1g51757.1 

BdGSL2 bradi2g46250.1 

BdGSL3 bradi2g50140.1 

BdGSL4 bradi2g40460.1 

BdGSL5 bradi1g47427.1 

BdGSL6 bradi3g60790.1 

BdGSL7 bradi1g29622.1 

BdGSL8 bradi1g77247.1 

BdGSL9 bradi3g09317.1 

BdGSL10 bradi1g76617.1 

BdGSL11 bradi2g40430.1 

BdUbi bradi4g00660.1 

 

For the PR and virulence gene expression analysis, a dye-based qPCR analysis was performed. 

The LightCycler® 480 SYBR Green I was used as described by the manufacturer (Tab. 3). This 

qPCR analysis was done in cooperation with Dr. Christian Voigt from the Voigt Lab in 

Sheffield, UK due to the movement of the LightCycler 480 system. The Samples were prepared 

and send to the Voigt lab, the qPCR was performed on the following genes (Tab. 11). The 

results were then sent to me. The primers used for the qPCR analysis are listed in the 

corresponding table (Tab. 4). 
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Table 11: Overview of the analysed PR and virulence genes of B. distachyon and F. graminearum 

Gene Locus  

PR1.3 Bradi1g57540 

PR2 Bradi2g60490 

BdMAPKKK Bradi2g17840 

BdChit8 Bradi3g32340 

BdUGT74f2 Bradi5g03300 

BdAct Bradi4g41850 

BdUBC18 Bradi4g00660 

Fgl1 FGSG_05906 

Tri5 FGSG_03537 

Actin FGSG_07335 

Tubulin FGSG_06611 

 

Table 12: Amplification protocol for the expression analysis of B. distachyon PR genes and F. 
graminearum virulence genes 

Step Temperature °C Time s Cycles 

Pre-Incubation 95 600 1 

Denaturation 95 10  

45 Annealing 60 10 

Elongation 72 10 

Fluorescence measurement After every cycle 

Melting curve 58 - 95 5 / °C 1 

 

The analysis of acquired data of both qPCRs was done using Microsoft Excel, IBM SPSS 

Statistics 24 and according to the published method (Pfaffl 2001). 

2.7.4 Genotyping of transformed plants 

2.7.4.1 PCR based screening for BdGSL3 mutations 

To identify possible genome edited plants, a screening for the genotype of the targeted area was 

performed. Therefore, a PCR based screening system was established. The isolated gDNA was 

used in a PCR with specific designed Primers flanking the interesting region. Two primer sets 

were used during this work (Tab. 4). 
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Table 13: PCR program used for the screening for mutations in BdGSL3 

Step Temperature °C Time s Cycles 

Initial Denaturation 95 180  

Denaturation 95 30  

35 Annealing 62.3 30 

Elongation 69 70 

Final Elongation 69 180  

Pause 13 ∞  

 

2.7.4.2 Screening for the bar gene in transformed plants 

To screen for the T-DNA integration into the genome, a PCR for the bar gene, which causes to 

the BASTA® resistance, was performed. A specific primer set was designed which only binds 

in the specific gene (Tab. 3). The screening PCR was performed with the following conditions 

(Tab. 14). 

Table 14: PCR program for amplification of an bar gene fragment from the T-DNA 

Step Temperature °C Time s Cycles 

Initial 

Denaturation 

95 180  

Denaturation 95 30  

35 Annealing 56 30 

Elongation 69 25 

Final Elongation 69 90  

Pause 13 ∞  

2.7.4.3 PCR based off-site target screening  

To screen for possible indels in the off-site targets found by in silico analysis, a PCR screening 

was used. The results of the in silico analysis are provided in the supplement (Fig. S. 2) The 

primer pairs designed for each off-site target are presented in the primer table (Tab. 3).  

Table 15: PCR amplification program for off-site target screening in B. distachyon 

Step Temperature °C Time s Cycles 

Initial 

Denaturation 

95 180  

Denaturation 95 30  

35 Annealing 55 30 

Elongation 69 25 

Final Elongation 69 90  

Pause 13 ∞  
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2.7.4.4 Agarose gel electrophoresis of screening PCR products  
Table 16: Buffers used for the agarose gel electrophoresis of the PCR products 

Buffer Composition 

TBE 10x 

890 mM Tris Base 
890 mM Boric acid 
20 mM Na2EDTA 

pH 8.0 
in upH2O 

  
 
6x Loading Dye 

30 % (w/v) Glycerol 

Add. Small amounts of Orange G 

  
TBE 1x 100 mL TBE 10x 

in 1 L upH2O 
 

The PCR products amplified in screening PCRs were separated in agarose gel electrophoresis. 

The concentration for the agarose gels were determined on the expected size of the amplified 

product. For PCR products around 1 kb a concentration of 1.5 % agarose in 1 x TBE was used. 

For PCR products around 500 bp 2 % agarose were used. The gel was loaded with 3 µL of PCR 

product, 1 µL of 6x Loading Dye and 2 µL of upH2O. The Marker used for the gel 

electrophoresis was the GeneRuler 1kb+ (ThermoFisher Scientific, USA). Gels were run on 

100 v until the loading dye was at the lower end of the gel (Tab. 1, No. 6). Gels were then 

stained for 15 min in a 0.5 µg/ml EtBr solution. Stained gels were documented in a gel 

documentation (Tab. 1, No. 5). 

2.7.5 Infection and wounding experiments 
Conidia of F. graminearum and S. nodorum were harvested under sterile conditions in a laminar 

flow cabinet. The liquid wheat broth containing F. graminearum was directly filtered through 

a 50 µm sieve. The conidia of S. nodorum were washed and gently scraped from the agar plates 

and filtered through a 50 µm sieve. The filtered conidia were pelleted at 4 °C and 3000 x g 

(Table 1 No. 6). The supernatant was removed, and the pellet washed with sterile water before 

pelleted again. The pellet was then resuspended in 10 mL sterile water and conidia 

concentration was counted under a microscope with a Fuchs–Rosenthal counting chamber. The 

desired conidia concentration was set by adding water or pelleting and removing supernatant. 

Harvested conidia were stored at -70°C for up to six months in aliquots. 
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2.7.5.1 Wounding of B. distachyon leaves 

To study the stress response of B. distachyon in leaves to wounding, a wounding assay was 

performed. Leaves of 5 weeks old plants were wounded with the aid of a needle array. With 

this needle array several wounds were inflicted in the leaves of Brachypodium distachyon wild-

type and the four genome edited lines. After wounding the plants were kept under controlled 

growing environment until samples were taken. After 6 hours and after 16 hours samples were 

taken for each time point. The harvested leaves were transferred into 2 mL reaction tubes and 

fixed in 70 % ethanol. For three successive days, the ethanol was changed. The samples were 

stored for Confocal Laser Scanning Microscopy. To quantify the mean relative area of callose 

at 16 hours after wounding, the callose formation area was measured and set in relation to the 

wounded tissue area. 

2.7.5.2 Inoculation of B. distachyon leaves with the necrotrophic leaf pathogen S. nodorum 

To evaluate the infection of S. nodorum on B. distachyon leaves, detached leaf assays were 

performed. The droplet inoculation on detached leaves was performed as described by Falter 

and Voigt (2014) with some minor modifications. Leaves from 5 weeks old plants were placed 

in sterile petri dishes and fixed between sterile filter paper. The leaves were inoculated with 10 

µL of conidia suspension with a concentration of 100 conidia/µL. The filter paper was wetted 

to keep the leaves hydrated and the petri dishes were sealed with Parafilm® during the 7 days 

incubation. The inoculated leaves were kept in the growing chambers at the controlled growing 

environment. After incubation the leaves were transferred into reaction tubes and fixed in 70 % 

Ethanol.  

2.7.5.3 Inoculation of B. distachyon spikelets with F. graminearum 8/1  

To study the FHB disease in B. distachyon and the four genome edited lines point inoculations 

of spikelets were performed. Flowering spikelets of around 6 weeks old B. distachyon (BBCH: 

61 – 65; Hong et al. (2011)) were used and inoculated with F. graminearum conidia or water. 

The determining factor for the point inoculation of florets were the visibility of anthers. If the 

anthers are visible in the floret, a 1 µL droplet of the conidia suspension or water was injected 

into the floret. The inoculation procedure is based on previous work (Blümke 2013; Blümke et 

al. 2015; Pritsch et al. 2001).The droplet was injected between the lemma and palea of the 

identified floret in the spikelet. Opposed to wheat inoculations, in B. distachyon only a single 

floret per spikelet was inoculated. Inoculations were done at the early evening and the 

inoculated spikelets were wrapped in plastic bags sprayed with water. This procedure should 

ensure a high humidity to support the primary infection of F. graminearum.  
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The plants were transferred into infection chambers with adapted environmental settings. The 

day and night cycle were kept at 16 h daylight and 8 h night and temperature stayed at 22 °C. 

The humidity was increased to 65 % to facilitate the infection with F. graminearum. The plants 

were kept until the desired time point at 2 dpi, 3 dpi, 7 dpi or 14 dpi were reached, and the 

experiments could be carried out. Spikelets used for microscopy were directly fixed in 70 % 

ethanol. Spikelets used for RNA isolation were shock frozen in liquid nitrogen and if not 

directly used stored at -70 °C until used. 

2.7.5.4 Evaluation of the Disease Score after 7- and 14-days post inoculation 

The evaluation of the FHB disease in Brachypodium distachyon was done according to the 

established Disease Score by Blümke (2013); Blümke et al. (2015). At the specific time points 

7 days and 14 days after inoculation, the inoculated spikelets were visually evaluated and scored 

appropriate to the Disease Score (Fig. 3). 

 

Figure 3: Disease Score ranking system for evaluation of the infection of the FHB disease causing pathogen 
F. graminearum in B. distachyon  

The figure is from Blümke et al. (2015) showing an overview of different infection scores. The scale bar equals 2 
mm and the L indicates the lemma. A) Uninfected floret without any necrosis or other disease symptoms, 
Disease Score 0.0. B) Weak infection with restricted necrosis (N) at the rachis node of the floret, Disease Score 
0.1. C) Moderate infection covering up to 50 % of the floret with necrotic lesions, Disease Score 0.5. D) Fully 
necrotic floret or more than 50 % of the floret is covered in necrotic lesions, Disease Score 1.0. The florets of 
each inoculated spikelet were rated at either 7 dpi or 14 dpi based on this scoring system. 
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The evaluation of the FHB disease in B. distachyon was based on the Disease Score system 

(Fig. 1). The florets of inoculated spikelets were individually scored. Florets with no visual 

necrotic tissue or lesions were ranked with 0.0 (Fig. 3, A). Florets with weak infections having 

necrotic lesions at the basal tissue, rachis node or caryopsis received a score of 0.1 (Fig. 3, B). 

While florets showing more lesions or are up to 50 % necrotic were rated at 0.5 (Fig. 3, C). 

Florets having a stronger infection than 50 % and up to fully necrotic or showing several lesions 

were rated with 1.0 (Fig. 3, D). The score of all florets of an inoculated spikelet were added and 

the final Disease Score was calculated.  

2.7.5.5 Measuring the relative area covered with callose depositions in inoculated B. distachyon 

florets 

To measure and calculate the relative area covered with callose depositions in the rachis of 

inoculated florets confocal scanning microscopy pictures of the 3 dpi stage were taken. These 

pictures were used to measure the whole rachis area of the inoculated floret and the area of the 

callose depositions in this area (Fig. 4). 

 

Figure 4: B. distachyon floret with the marked area used to measure the relative area occupied by callose 
depositions  

The figure is taken from Blümke (2013) who established this method. In an inoculated floret 3 days post 
inoculation the amount of callose depositions was measured. The area in red was used for the measuring and the 
callose depositions inside this area were manually marked and measured with the Fiji distribution of ImageJ2 
(Rueden et al. 2017; Schindelin et al. 2012). 

To calculate the relative area covered with callose depositions in the rachis area of B. distachyon 

spikelets 3 days post inoculation microscopy pictures were used (Fig. 4). The area marked in 

red (Fig. 4) was measured in ImageJ2, Fiji (Rueden et al. 2017; Schindelin et al. 2012). 

Additionally, the area of each callose deposition inside the marked area was measured by hand 
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with the free hand marking tool of ImageJ and both measurements were transferred into Excel 

for further calculations. With the acquired data, the calculation of the relative area covered 

could be performed. The formula used for the calculation is: 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �
100

𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
� × 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

With the calculated relative area covered by callose depositions, comparisons between the wild-

type Bd21 and the four genome edited lines were done. 

2.8 Microscopy and visualization  
The visualization of plants and the different tissues used for experiments during this work was 

done with three different methods. Macroscopic pictures were taken by camera; the spikelets at 

7 dpi pictures were taken with a stereo microscope and a coupled camera. The microscopy 

pictures were taken with a confocal laser-scanning microscope (CSLM). 

2.8.1 Macroscopic pictures 
Macroscopic pictures during this work were taken with the single-lens reflex camera Nikon 

D300s coupled with a macro objective (Nikon, Japan). The pictures were taken with the camera 

mounted on a tripod and connected to a PC. The software used for the pictures was the Camera 

Control Pro 2 software by Nikon.  

2.8.2 Stereo microscopy 
To take pictures of inoculated spikelets with either F. graminearum or H2O as a negative 

control, the inoculated spikelets were cut into longitudinal cross sections. The prepared 

spikelets were then placed on black velvet under the stereo microscope Leica MZ FL III that is 

coupled with the Leica DFC500 camera and connected to a PC. Pictures were taken with the 

Leica Application Suite V. 3.8 software. 

2.8.3 Confocal laser scanning microscopy 
Table 17: Overview of the used fluorescence dyes and composition for the fluorescence microscopy 

Stain Composition 
Aniline blue 10x 0.01 % (w/v) Aniline blue in upH2O 

  
Aniline blue working 

solution 0.001 % (v/v) in 150 mM K2HPO4 

  
WGA-CF™- Alexa 488 Stock 2 mg/mL 

  
WGA-CF™- Alexa 488 

working solution 
0.08 mg/mL in upH2O 
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The microscopy in this work was done with the Zeiss LSM780 coupled to the Zeiss Axio Imager 

Z2. Pictures were taken and analysed with the Zeiss Zen 2010 software. The pictures were taken 

either with a 10x objective (EC Plan-Neofluar 10x/0.30 M27) or a 20x objective (LD LC1 Plan-

Apochromat 25x/0.8 O/W/G M27). The in ethanol fixed samples were prior staining washed 

with upH2O to remove the ethanol. After washing the samples were stained for 16 to 24 hours 

with aniline blue (Tab. 17). Aniline blue staining was used to stain the cell wall polymer 1.3-β-

glucan, which is also present in papillae (Kauss 1989; Stone et al. 1984). To visualise the 

pathogen after destaining with ethanol, the Alexa 488 fluorescence dye conjugated to the chitin 

targeting wheat germ agglutinin was used (Monsigny et al. 1980; Panchuk-Voloshina et al. 

1999).  

Table 18: Overview of the excitation and detection of the used fluorescence dyes  

Stain Excitation Emission 
Aniline blue 405 nm with UV-Diode 427-490 nm with GAsP 

   
WGA-CF™- Alexa 488 488 nm with Argon Laser 499-551 nm with GAsP 

   
Legend: The hybrid photo detector used consists of gallium arsenide phosphide (GAsP)  

2.9 In silico methods  
During this work, several different software and online tools were used for different methods. 

An overview of the used software and tools is given here. For the work with nucleic acid 

sequences, the client-based software Clone Manager 9 from Sci Ed Software and the online 

cloud-based software Benchling (www.benchling.com) were used. The primer were designed 

using the Benchling primer wizard based on the Primer3 algorithm (Kõressaar et al. 2018; 

Koressaar and Remm 2007; Untergasser et al. 2012). The sequence alignments were done with 

the Clustal Omega or MAFFT algorithm (Sievers et al. 2011; Standley and Katoh 2013). 

Analysis of the protein sequence for possible predicted protein domains were done with online 

tools. The transmembrane helices prediction was performed with the TMHMM prediction 

method (Krogh et al. 2001). The cross-species search for homologue proteins was performed 

with PLAZA 4.0 (Van Bel et al. 2017; Vandepoele et al. 2013). For the MOTIF prediction, the 

database query search MyHits was used (Hau et al. 2007; Junier and Pagni 2000; Junier et al. 

2001; Pagni et al. 2004; Pagni et al. 2007; Pagni et al. 2001; Sigrist et al. 2010; Sperisen et al. 

2004; Sperisen and Pagni 2005). Off-site target search in the Bd21 genome for the four targets 

was done with the web based tool Cas-OFFinder (Bae et al. 2014). 
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For the measurement of callose depositions in this work, the Fiji distribution of ImageJ2 was 

used (Rueden et al. 2017; Schindelin et al. 2012). Further software used during this work was 

the spreadsheet Excel and the word processor Word from Microsoft. The statistical analysis of 

the data acquired during this work was done with the help of IBM SPSS Statistics 24. IBM 

SPSS Statistics 24 was also used for the charts presented in this work.  
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3. Results 
To identify the function of BdGSL3 in Brachypodium distachyon defence response to fungal 

infections, the CRISPR/Cas9-mediated genome editing approach was chosen to disrupt the 

target gene. The acquired mutant lines were analysed and the results are presented in this 

chapter.  

3.1 Overview of BdGSL3 and its homology to PMR4 
BdGSL3 is a 5379 bp large gene, located on the second chromosome. In silico analysis predicted 

a 1,3-beta-D-glucan-UDP glucosyltransferase (FKS1) subdomain followed by five 

transmembrane helices, an intracellular region and another six transmembrane helices (Fig. 5). 

The four targets chosen for genome editing are in the 5’- end of the coding sequence (CDS) of 

BdGSL3 (Fig. 5).   

 

Figure 5: Overview of the CDS of the 1,3-ß-glucan synthase BdGSL3 from Brachypodium distachyon  

The 1,3-ß-glucan synthase BdGSL CDS consists of 5379 bp. Based on data available in the uniprot database 
(https://www.uniprot.org/) and the transmembrane helices prediction software TMHMM V2.0 the predicted 
domains were annotated. The sgRNA targets for the endonuclease Cas9 are located at the 5’- end upstream of the 
FKS1 subunit domain. The sgRNA targets are indicated in green, the FKS1 subunit domain in blue. The two 
groups of transmembrane helices are indicated in pink, in between is the intracellular loop located, represented in 
orange. 

When compared with PMR4, a described stress induced callose synthase, similarities in protein 

structure and subunit domains are found (Fig. 6). Both enzymes have a similar size of 1780 AA 

for PMR4 and 1792 AA for BdGSL3, both contain a predicted FKS1 subunit domain in the n-

terminal region of the protein followed by several in silico predicted transmembrane helices 

(Fig. 6). Between the two groups of transmembrane helices lies an intracellular loop (Fig. 6).  
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Figure 6: Comparison of the characterised stress induced 1,3-ß-glucan synthase AtGSL5 (PMR4) and the 
1,3-ß-glucan synthase BdGSL3 from Brachypodium distachyon with unknown function  

The alignment was performed with CloneManager V.9 and the ClustalW algorithm. The annotations were added 
manually with the aid of the uniprot database (https://www.uniprot.org/) for each protein. The prediction for the 
transmembrane helices were predicted with the TMHMM V.2.0 software. Both proteins share a similar structure. 
They are similar in size and contain a FKS1 subunit at the n-terminal region of the protein. Both proteins have an 
intracellular loop flanked by a set of n-terminal and c-terminal transmembrane helices. The homologue region for 
the sgRNA were transferred into the amino acid sequence for BdGSL3 as a visual aid. 

The major differences on structural level is the reduction of transmembrane helices for BdGSL3 

(Fig. 6). PMR4 includes 16 transmembrane helices, whereas in BdGSL3 only 12 are predicted 

(Fig. 6). Otherwise, both proteins share several similarities in the overall annotated features and 

structure. 
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3.2 Generating and identifying genome edited plants 
The T0-Generation was screened to investigate the function of the used genome editing 

construct and to determine whether the endonuclease is active during the haploid callose phase, 

or during plant regeneration. DNA was extracted from leaves of five weeks old plants. In T0-

Generation four out of 18 independent transformants (Fig. 7) showed possible genome editing 

events. PCR screening revealed two lines with a double band, the lines #2 and #11, and twice 

an unclear PCR product with 3 possible bands, for the lines #1 and #16, at the expected size 

(Fig 7). 

 

Figure 7: PCR based screening of the T0-Generation for differences in the genome editing target region  

The Marker GeneRuler 1kb+ supplied by ThermoFisher Scientific was used to determine the size; numbers are 
indicating size in bp. The wild-type (WT) gDNA was used as a positive control and was expected to be 1.1 kBp 
large. For the Lines #1, #2, #11 and #16 differences in product size could be detected. The lines #2 and #11 showed 
a distinct second lower band, indicating a deletion in the amplified region. The Lines #1 and #16 showed an 
indistinct PCR product. This indicates some form of mosaicism with different genotypes in different cells. 
Negative control (H2O – Control) showed no amplification. Primers used for this PCR are TH23 and TH30 (Tab. 
4). 

To study the activity of the transformed endonuclease construct during several plant 

generations, 20 seeds from each of the four already identified lines plus the line #1 were sowed 

and the PCR based screening was repeated.  
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Figure 8: PCR based screening from the T1-Generation to further describe the genome editing process  

The Marker used was the GeneRuler 1kb+ from ThermoFisher Scientific, numbers are indicating size in bp. A 
PCR product at 1.1 kbp was expected for the wild-type undisrupted locus. For the Line #2-9 and #2-11 a 
heterozygotic genotype with a deletion was detected. The Line #1-4 showed an indistinct PCR product as 
previously found in the T0-Generation, indicating an active construct. The Lines #16-15 and #16-12 showed 
mosaicism with three distinct bands. The Lines #16-13, #16-9 and #16-8 were also heterozygotic. Primers used 
for this PCR are TH23 and TH30 (Tab. 4).  

The screening of the T1-Generation revealed eight interesting lines with changes in the genetic 

background of the BdGSL3 gene (Fig. 8). Two lines showed the previously identified 

mosaicism on gDNA level, indicating an active endonuclease during the generation cycle of 

the T1-Plants (Fig. 4, #16-12 and #16-15). Both lines had three distinct bands on the agarose 

gel compared to the other lines which contained the wild-type allele and a modified allele. Since 

the construct used has four different targets (Fig. 5), different intermediate conditions could be 

expected. This explains the found mosaicism for #16-12 and #16-15. The lines #2-9, #2-11, 

#16-13, #16-9 and #16-8 had two distinct PCR products on the agarose gel (Fig. 8). The 

deletions for the lines #2-9 and #2-11 are larger compared to the deletions of the lines #16-13, 

#16-9 and #16-8 (Fig. 8). This indicates two different kind of deletions, which is caused by 

endonuclease activity on different targets. Because of this possible endonuclease activity, the 

observed PCR product for line #1-4, which contained a wild-type sized fragment and smaller 

fragments were possible (Fig. 8).  

From the T1-Generation the following five lines were chosen: #1-12, #2-9, #2-11, #16-8 and 

#16-12 and further PCR based screenings with the offspring from each line were performed to 

monitor the development of the genotypes until the T6-Generation. For the final screening in 

the T6-Generation, the four lines #2-9-4-9, #2-9-6-30, #16-12-6-14 and #16-12-10-18 were 

analysed and all further experiments were done with these lines. A final PCR for the deletion 

on gDNA and the bar gene in the T-DNA was performed (Fig 9). 
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Figure 9: Final PCR based screening for the T6-Generation to identify the BdGSL3 genotype and the 
presence of T-DNA  

WT = wild-type PCR product on Bd21 gDNA. The used DNA Marker is the GeneRuler 1kb+ supplied by 
ThermoFisher Scientific, numbers are indicating size in bp. A) Gel electrophoresis of PCR products on the BAR 
Gene. Primers used were TH81/TH82 (Tab. 4). The samples #2-9-4-9 and #2-9-6-30 showed a PCR product which 
indicates the presence of the T-DNA containing the selection marker cassette. The wild-type (WT) and the two 
lines #16-12-6-14 and #16-12-10-18 showed no amplified product. This indicates the loss of the selection marker 
hpt and presumably the T-DNA. B) Agarose gel electrophoresis of the screening PCR. The wild-type (WT) product 
has the expected size of 798 bp for the used primers TH57/TH56. The four lines tested had a homozygotic 
background with a smaller PCR product, whereas the lines #2-9-4-9, #2-9-6-30 and #16-12-6-14 have the same 
size and the line #16-12-10-18 a larger bigger deletion compared to the other three lines. 

The final analysis of the sixth generation aimed to identify the genomic state of BdGSL3 and 

the existence of the selection marker bar. Two different PCRs were performed on gDNA from 

leaves of five weeks old plants. The amplified products were separated via agarose gel 

electrophoresis and are presented here (Fig. 9). From the gDNA of the two lines #2-9-4-9 and 

#2-9-6-30, a product was amplified in the expected size of 246 bp. This implies the existence 

of the amplified region from the bar gene (Fig. 9 A). The wild-type and the two lines #16-12-

6-14 and #16-12-10-18 showed no PCR product, indicating the loss of the desired region from 

the bar gene (Fig. 9 A). For the PCR on bar the primers TH81 and TH 82 were used (Table 4). 

To validate the genomic background of BdGSL3, a last screening PCR was performed. The 

resulting PCR products were separated on agarose gel electrophoresis (Fig. 9 B). All four 

genome edited lines showed a homozygotic deletion in the BdGSL3 gene (Fig. 9 B). The 

amplified products from the lines #2-9-4-9, #2-9-6-30 and #16-12-6-14 showed an equal size 

and are distinct smaller than the wild-type. The line #16-12-10-18 showed a considerably larger 

deletion in the PCR product compared to the three other lines (Fig. 9 B). The wild-type size 

allele was not present in all four genome edited lines, indicating disruption of both allele copies 

and homozygous, stable genetic background in the plants. Based on the assessment of the 

smaller products, the three lines #2-9-4-9, #2-9-6-30 and #16-12-6-14 should have lost 
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approximately 50 bp in the target region (Fig. 9 B). While the line #16-12-10-18 should have 

at least doubled the amount of deleted bps, estimating at 100-120 bp (Fig. 9 B).  

To identify the changes in BdGSL3 precisely, sequencing of the target region was performed 

for the lines #2-9-4-9, #2-9-6-30, #16-12-6-14 and #16-12-10-18. For this in-depth analysis, 

PCR products amplified with the Q5 High-Fidelity DNA Polymerase were prepared for 

sequencing. The preparation was done with a clean-up kit on the excised bands from an agarose 

gel electrophoresis. The resulting sequences and chromatograms were in silico analysed and a 

sequence alignment with the MAFFT-Algorithm in Benchling revealed the exact position and 

number of deleted bases and possible integrations (Fig. 10). For the two lines, #2-9-4-9 and #2-

9-6-30, two identical deletions between the first two targets with a loss of 67 bp and a cysteine 

integration at position 513 were present (Fig. 10). The line #16-12-6-14 had an equal deletion 

of 65 bps in the same region and the same integration of a cysteine (Fig. 10). Additionally, this 

line had a second integration at position 557, resulting in a stop codon (Fig. 10). For the last 

line, #16-12-10-18 a considerably different change in the gene is present. At position 366, an 

exchange from cysteine to guanine happened and at the first target, an 11 bp deletion was 

identified (Fig. 10). Between the second and fourth target 145 bps are excised from the gene 

and two additional bp exchanges happened (Fig. 10). At the position 591, adenine is changed 

to tyrosine and at position 592 another adenine is changed into a guanine (Fig. 10). 

To visualise the effect of the described changes in the CDS of BdGSL3 on the protein sequence, 

a sequence alignment of the new protein sequences was done in Benchling, using the Clustal 

Omega algorithm (Fig. 11). As expected, the lines #2-9-4-9 and #2-9-6-30 had identical changes 

on the AAs sequence, resulting in a possible 1770 AA long protein, missing several amino acids 

in the n-terminal region (Fig. 11). Furthermore, several amino acids changed in this region 

compared to the wild-type (Fig. 11). The line #16-12-10-18 translated also into a smaller protein 

with 1740 AAs compared to the wild-type 1792 AAs. This line had also several amino acid 

changes flanking the deletion, which partly are in the predicted FKS1 sub domain (Fig. 11).  

Only line #16-12-6-14 had an induced stop codon after 148 AA, which lead to a sequence of 

148 AAs in the ORF (Fig. 11).  
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Figure 10: Sequence alignment of sequenced PCR products compared to the BdGSL3 gDNA reference 

The Sequence alignment was performed with the MAFFT-Algorithm V.7 (Standley and Katoh 2013) and the reference sequence was taken from GeneBank LOC100843972 
(BRADI_2g50140). The blue annotations in front of the targets are the PAM sites; the green annotations indicate the sgRNA targets. The blue annotation indicates the FKS1 
subunit domain. The targets are all in the same region between 370 and 560 bp of the gene. 

 

 

Figure 11: Sequence alignment of the expected protein sequences of BdGSL3 with the wild-type protein as reference  

The sequence alignment was computed with Clustal omega (Sievers et al. 2011) mapped to the reference wild-type protein sequence (XP_010232338). The green annotations 
indicate the region where the sgRNA binds on the DNA, the annotations are solely for orientation. The blue annotation indicates the FKS1 subunit domain of the protein. The 
deletions are upstream of the FKS1 subunit domain, whereas for line #16-12-6-14 the resulting stop codon is upstream of the FKS1 subunit domain. 
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To identify the impact of the described amino acid changes on possible motifs in the genome 

edited region, a motif prediction search was performed. The results of this motif search are 

transferred into a table for all lines and the wild-type (Table 20). In the Bd21 wild-type sequence 

at the genome editing region four motifs were predicted (Table 20). An asparagine 

glycosylation site at position 139 to 142, an amidation site from aa 158 to aa 161, a myristylation 

site at position 163 to 168 and a tyrosine phosphorylation site ranging from position 193 to 201 

(Table 20). 

Table 19: Predicted Motifs for BdGSL3 at the genome edited region of the protein 

 

Line Start aa End aa Motif Missing / Added 

Wild-type 139 142 ASN_Glycosylation  

Wild-type 158 161 Amidation  

Wild-type 163 168 Myristyl  

Wild-type 193 201 Tyr_Phosphatase  

#2-9-4-9 139 142 ASN_Glycosylation Missing 

#2-9-4-9 158 161 Amidation Missing 

#2-9-4-9 163 168 Myristyl Missing 

#2-9-6-30 139 142 ASN_Glycosylation Missing 

#2-9-6-30 158 161 Amidation Missing 

#2-9-6-30 163 168 Myristyl Missing 

#16-12-6-14 139 142 ASN_Glycosylation Missing 

#16-12-6-14 148 148 Stop Codon Added 

#16-12-6-14 158 161 Amidation Missing 

#16-12-6-14 163 168 Myristyl Missing 

#16-12-10-18 139 142 ASN_Glycosylation Missing 

#16-12-10-18 158 161 Amidation Missing 

#16-12-10-18 163 168 Myristyl Missing 

#16-12-10-18 193 201 Tyr_Phosphatase Missing 
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The motif search for all four genome edited lines revealed changes in the predicted motifs at 

the amino acid region of BdGSL3. The lines #2-9-4-9 and #2-9-6-30 have identical changes in 

this region. Both lines are missing a predicted asparagin glycosylation site 

(ASN_Glycolysation), an amidation site and an n-myristoylation (Myristyl) site compared to 

the wild-type motif prediction (Table 20). The line #16-12-6-14 is missing the 

ASN_Glycolysation site and due to the stop codon, the rest of the protein (Table 20 & Fig. 11). 

The line #16-12-10-18 is missing the same motifs as the first two lines, but additionally between 

position 193 and 201 a predicted tyrosine phosphatase site is missing (Table 20).  

To identify possible off-site targets a search with the online-tool Cas-OFFinder was performed. 

Two off-site targets with three mismatches and for each target another four hits were chosen 

(Table Supplement 2).  

 

Figure 12: Off-Site target screening for the identified mismatching regions in the genome of Bd21  

Sample loading for each off-site target PCR is identical in the following order: Marker, wild-type, #2-9-4-9, #2-9-
6-30, #16-12-6-14 and #16-12-10-18 followed by the marker. The used Marker is the GeneRuler 1kb+ supplied 
by ThermoFisher Scientific. The negative controls are in D1 and D2. A detailed overview of the used primers is 
in the primer table (Table 4 + Table S. 1) and the identified off-site target regions in the supplement (Table S. 2). 
No differences in product sizes was detected for any off-site target checked compared to the wild-type. The target 
C1 (Table S. 2) showed no amplification for the wild-type and the four mutants. For the targets in B1, F2 and G2 
(Table S. 2) a specific product could not be amplified even after several attempts. However, the PCR product sizes 
are identical for all four lines and the wild-type.  
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The PCR screening to reveal possible insertions or deletions (indels) at off-site targets showed 

no changes at the chosen off-site targets (Fig. 12). The loading order for each off-site target is 

as follows: Marker, wild-type, #2-9-4-9, #2-9-6-30, #16-12-6-14, #16-12-10-18 and marker. 

The marker used for the agarose gel electrophoresis is the GeneRuler 1kb+ from ThermoFisher 

Scientific. The corresponding off-site targets are listed in the supplement (Tab. S. 2). Negative 

Controls with the used primers showed no product (Fig. 8, D1 and D2). It is noteworthy, that 

for one off-site target no amplification was possible (Fig. 8, C1). For three off-site targets, the 

PCR yielded several products additionally to the desired product (Fig. 8, B1, F2, G2). It was 

not possible to amplify a single product in the desired size. However, comparing the separated 

bands from each genome edited line with the wild-type reveals no differences, indicating no 

indels (Fig. 8, B1, F2, G2).  

 

  



 

54 
 

3.3 Phenotyping of four genome edited B. distachyon lines  
To identify possible impacts from the genome editing on the genotyped plant lines, a 

phenotyping of growth and overall look was performed. Plants were measured weekly over a 

period of eight weeks to gather growth data (Fig. 13). Every week photos were taken to visualise 

a possible difference in the overall appearance of the plant lines compared to the wild-type.  

 

Figure 13: Growth of B. distachyon wild-type and the four genome edited lines for an eight weeks life cycle  

The height of B. distachyon plants was measured for eight weeks and visualised. The mean height of each line is 
presented; the error bars are indicating the standard error of mean. To test for statistical differences, the data for 
the weeks one and two were tested with a one-way ANOVA coupled with the Bonferroni post-hoc test and the 
remaining data sets with a non-parametric Kruskal-Wallis test with Bonferroni correction (Table S. 4 + 5). A 
significant difference p = < 0.05 is indicated with a. During the first five weeks, a growth deficiency could be 
observed. In the first two weeks, this difference was significant for three of the four lines. At the third week only 
the line #16-12-6-14 was significant shorter than the wild-type. In week four, again the three lines #2-9-4-9, #2-9-
6-30 and #16-12-6-14 show a significant growth deficiency compared to the wild-type. In the fifth week, this 
significance was only present for the lines #2-9-4-9 and #16-12-6-14. After the fifth week no significant difference 
in growth was observed. 

A closer look into the growth of the four genome edited lines compared to the wild-type reveals 

differences (Fig. 13). In the first week, the height of the wild-type was 6.2 cm, whereas the line 

#2-9-4-9 was only 5.3 cm tall (Fig. 13 & Tab. S. 3).  The lines #2-9-6-30, #16-12-6-14 and #16-

12-10-18 were 5.1 cm, 4.9cm and respectively 5.6 cm tall (Fig. 13 + Tab. S. 3).  
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The reduced height was significant for the lines #2-9-4-9, 2-9-6-30 and 16-12-6-14 (Fig. 13 & 

Tab. S. 3). This was also present in the second week, where the wild-type grew to a mean of 

9.4 cm, the line #2-9-4-9 to 8.1 cm, line #2-9-6-30 to 7.8 cm, #16-12-6-14 was 7.6 cm tall and 

line #16-12-6-18 8.9 cm (Fig. 13 & Tab. S. 3).The difference was again significant for the three 

genome edited lines (Fig. 13 & Tab. S. 3). At the third week only #16-12-6-14 with 12 cm 

height was significantly different to the wild-type with 13.6 cm (Fig. 13 & Tab. S. 3). However, 

this changed again in the fourth week, which resembles the first two weeks (Fig. 13). After the 

fifth week, the gap diminishes and at the sixth week, the growth stopped for the wild-type and 

line #2-9-6-30 (Fig. 13). At the last time point observed after eight weeks, the wild-type and 

#2-9-6-30 reached a height of 32 cm (Fig. 13 & Tab. S. 3). The lines #2-9-4-9, #16-12-6-14 and 

#16-12-10-18 reached 33 cm and 35.9 cm (Fig. 13 & Tab. S. 3). The statistical analysis for the 

last time point revealed no significant differences (Tab. S. 4). Interestingly, the difference for 

the observed period is split into two phases. The first phase can be considered as a lagging 

phase, where the vegetative growth was behind the wild-type. In the second phase, the four 

genome edited lines closed this gap and partially surpassed the wild-type to a certain degree.  

For a general overview of the plant appearances under controlled environment, pictures were 

taken at different time points during their lifecycle (Fig. 14). The photographed time points 

were two weeks (Fig. 14 A), five weeks (Fig. 14 B) and eight weeks (Fig. 14 C). In these time 

points the early vegetative phase is presented after two weeks. The switch from vegetative to a 

reproductive phase is present around the fifth week and illustrated (Fig. 14 B). To get an 

overview of the reproductive phase the eight weeks age was chosen since the flowering was 

completed and seeds were formed. Additionally, the senescence started at this age (Fig. 14 C).
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Figure 14: Overview of different growth stages for B. distachyon wild-type Bd21 and the four genome edited lines  

The columns numbered from one to five are in the following order: 1: wild-type, 2: #2-9-4-9, 3: #2-9-6-30, 4: #16-12-6-14 and 5: #16-12-10-18. The scale bars indicate for row 
A 5 cm and for the rows B and C 10 cm. A) Two weeks old plants are shown. The four genome edited lines showed a slight reduced growth compared to the wild-type but no 
major differences or defects in growth, leaves or hypocotyl compared to the wild-type were present. B) Five weeks old plants are shown. When comparing the four genome 
edited lines to the wild-type the differences are only minor. The wild-type and the two lines #2-9-4-9 and #2-9-6-30 already shifted from vegetative growth to early reproductive 
stage in their life cycle. The wild-type is slightly ahead compared to the four genome edited lines, which are lagging in spikelet formation. The two lines #16-12-6-14 and #16-
12-10-18 did not formed reproductive organs at this age. C) After eight weeks, there was no difference observable. Spikelet formation was completed for all observed lines and 
senescence started. No differences in this stage was observable.
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At the early vegetative phase at two weeks, the genome edited lines were similar to the wild-

type (Fig. 14 A). The plants were still in leaf forming state and the stem growth did not started. 

During the end of the vegetative phase, roughly after five weeks, the plants started to form the 

reproductive organs, but stem growth was still present (Fig. 14 B & Fig. 13). Here, the four 

genome edited lines seemed a little bit behind when compared to the wild-type which at this 

time point had already slightly bigger spikelets. The two lines #2-9-4-9 (Fig. 14 B 2) and #2-9-

6-30 (Fig. 14 B 3) were closer to the wild-type (Fig. 14 B 1) than the two other genome edited 

lines (Fig. 14 B 4 & B 5). The vegetative growth ended after six to seven weeks (Fig. 13), and 

when compared with the wild-type all genome edited lines showed a comparable phenotype 

(Fig. 14 C 1-5). The plants blossomed and seeds were formed, the age dependent senescence at 

the end of the B. distachyon life cycle started (Fig. 14 C1-5). At this stage, no abnormalities 

were observed (Fig. 14 C 1-5). 

In summary, BdGSL3 disruption had a slight impact on the genome edited B. distachyon lines 

compared to the wild-type Bd21 genotype. There was a growth difference with a lagging-phase 

in the early vegetative stage, that transformed after five weeks in a slightly longer vegetative 

growth with three of four genome edited lines surpassing the wild-type in height (Fig. 13). 

When comparing the overall phenotype of the wild-type and the four genome edited lines, no 

major differences or abnormalities could be observed. The overall life cycle of B. distachyon 

was not altered by the genome editing of BdGSL3 (Fig. 14). 
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3.4 Infection analysis of genome edited plants 
To study the role of BdGSL3 in plant defence, infections with the wheat pathogen F. 

graminearum were performed. For the analysis of those infections, three different time points 

are crucial. 1) 14 days post inoculation (dpi) to evaluate the infection on a phenotypical level 

for a longer period. 2) 7 dpi to evaluate a possible difference in the pace of host colonisation of 

F. graminearum and microscopic analysis. 3) 3 dpi to examine the forming of callose 

depositions in the infected spikelet rachis area on microscopic level. 

To monitor the infection with F. graminearum 8/1 and the disease phenotype of the FHB, the 

Disease Score was evaluated from infected spikelets at 14 dpi (Fig. 15).  

 
Figure 15: Disease Score mediated evaluation of F. graminearum 8/1 infection in B. distachyon at 14 dpi  

Inoculated B. distachyon spikelets were evaluated 14 dpi with F. graminearum 8/1. The wild-type (WT) shows a 
disease score of 2.3, the line #2-9-4-9 reached a score of 3.7, #2-9-6-30 scores 3.6, #16-12-6-14 showed the highest 
score with 3.9 and #16-12-10-18 achieved a Disease Score of 3.6. The error bars indicate the standard error of 
mean. A one-way ANOVA was performed with a Dunnett T3 Post-Hoc test. Statistical differences to the wild-
type are indicated with a. All four lines reached significant higher Disease Scores than the WT. n(WT)= 20; n(#2-9-4-

9)=44; n(#2-9-6-30)=41; n(#16-12-6-14)=42; n(#16-12-10-18)=46. 

The 14 dpi disease scoring revealed a difference between the wild-type and the four genome 

edited lines. After 14 days, the wild-type showed a Disease Score of 2.3 (Fig. 15 & Tab. S. 10). 

For the four genome edited lines the Disease Score was significantly higher (Fig. 15 & Tab. S. 

11). The line #2-9-4-9 had a mean Disease Score of 3.7 (Fig. 15 & Tab. S. 10). 

a 

 

a 

 

a 

 

a 

 

b 
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For the line #2-9-6-30, the mean Disease Score was at 3.6, which was close to the score of #2-

9-4-9 (Fig. 15 & Tab. S. 10). The line #16-12-6-14 had the highest mean Disease Score with 

3.9, compared with all the other tested lines, and the line #16-12-10-18 scored a mean Disease 

Score of 3.6 (Fig. 15 & Tab. S. 10). At 14 dpi all four genome edited lines showed a more 

severe disease resulting in a higher Disease Score compared to the wild-type. The FHB disease 

is present in more than three florets (Fig. 15). The strongest score was observed for the line 

#16-12-6-14 after 14 dpi (Fig. 15). 

To test whether the FHB disease is significantly stronger in the genome edited lines than in the 

wild-type, a one-way ANOVA followed by a Dunnett T3 Post-Hoc test was performed (Table 

S. 11). The one-way ANOVA revealed significant differences four all four lines compared to 

the wild-type. The lines #2-9-4-9, #-16-12-6-14 and #16-12-10-18 were highly significant with 

a p value of 0.000 (Tab. S. 11). The line #2-9-6-30 is also highly significant; the p value for this 

line is at 0.004 (Tab. S. 11). 

  

Based on the 14 dpi evaluation of the FHB disease in B. distachyon and the significant 

differences in the disease severity between the B. distachyon wild-type Bd21 and the four 

genome edited lines, further studies were performed. One follow up study was the evaluation 

of an earlier time point to identify whether the differences were present during already at earlier 

stages of the FHB disease or manifests only at the late 14 dpi stage. Therefore, 7 dpi infections 

were surveyed and the Disease Score evaluation was performed. Additionally, confocal laser 

scanning microscopy were performed on 7 dpi spikelets to identify possible differences in the 

infection and colonisation at this stage. Stereomicroscopic pictures were taken to visualise the 

macroscopic differences of the FHB disease between the wild-type and the four genome edited 

lines. The evaluated mean Disease Score after 7 days post inoculation with F. graminearum 

strain 8/1 is shown in figure 16. 
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Figure 16: Evaluation of FHB Disease Score of B. distachyon spikelets at 7dpi with F. graminearum 8/1 

Inoculated B. distachyon spikelets were evaluated at 7 dpi with F. graminearum and the Disease Score evaluated. 
The wild-type (WT) reached a mean Disease Score of 1.2, the four different lines reached a significantly higher 
Disease Score. The line #2-9-4-9 achieved a mean rating of 2.3, line #2-9-6-30 2.6, #16-12-6-14 2.55 and #16-12-
10-18 the highest score with 2.65. The error bars indicate the standard error of mean. To test for significance, the 
non-parametric Kruskal-Wallis test followed by a Bonferroni correction was performed (Tab. S. 8 + 9). 
Significance is represented with a. All four genome edited lines reached a significant higher Disease Score rating 
than the wild-type (Tab. S 8 + 9). n(WT)= 20; n(#2-9-4-9)=44; n(#2-9-6-30)=41; n(#16-12-6-14)=42; n(#16-12-10-18)=46. 

 

The evaluation of the 7 dpi state of FHB disease and the observed differences resembles the 

already described disease state at 14 dpi (Fig. 15 & Fig. 16). The wild-type is rated with a mean 

Disease Score of 1.2 after 7 dpi (Fig. 16 & Tab. S. 7). All four genome edited lines had a 

stronger infection resulting in a higher Disease Score (Fig. 16 & Tab. S. 7). The line #2-9-4-9 

had the lowest Disease Score of all four lines, ranked with 2.3 (Fig. 16 & Tab. S. 7). The line 

#2-9-6-30 reached a mean Disease Score of 2.6, while the lines #16-12-6-14 and #16-12-10-18 

scored at 2.55 and 2.65 respectively (Fig. 16 & Tab. S. 7). To test for significance between the 

wild-type and the genome edited lines a non-parametric Kruskal-Wallis test followed by a 

Bonferroni correction was performed (Table S. 9). The line #2-9-4-9 had an adjusted 

significance of 0.005, the line #2-9-6-30 scored 0.008, the line #16-12-6-14 and #16-12-10-18 

scored 0.001 and 0.002 respectively (Tab. S 9).  
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For an overview of the infection at 7 dpi, longitudinal sections of infected spikelets were 

prepared. Pictures were taken with a stereo microscope and are presented (Fig. 17). The wild-

type showed common symptoms of FHB in B. distachyon. The inoculated floret was completely 

necrotic and florets above started to show necrotic tissue (Fig. 17 A). The water control at this 

stage showed no symptoms of FHB (Fig. 17 F). The four genome edited lines exhibited a 

stronger FHB disease (Fig. 17 B – E). The line #2-9-4-9 had additionally to the fully necrotic 

inoculated floret necrosis symptoms in adjacent florets above. Two more florets were also 

necrotic. While the second one is fully necrotic, the third floret shows necrosis at the basal 

tissue (Fig. 17 B). Water control showed no symptoms of the FHB disease (Fig. 17G). This 

disease phenotype was also present for the line #2-9-6-30 (Fig. 17 C). The inoculated floret was 

fully necrotic, and two more florets showed large necrotic areas (Fig. 17 C). However, the water 

control showed no disease symptoms (Fig. 17 H). The FHB disease in the line #16-12-6-14 was 

also more severe compared to the wild-type (Fig. 17 D). The inoculated floret was completely 

necrotic, adjacent florets above showed large necrotic tissue (Fig. 17 D). However, the disease 

is comparable to the other genome edited lines. The water control showed no symptoms (Fig. 

17 I). This condition was also present for the last line. The line #16-12-10-18 showed two 

necrotic florets and necrotic tissue on adjacent florets above (Fig. 17 E). Water control for this 

line showed no disease symptoms (Fig. 17 J).  
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Figure 17: Overview of the F. graminearum mediated FHB disease at 7 dpi on the B. distachyon wild-type 
Bd21 and the four genome edited lines 

The scale bar indicates 2mm, the white arrows indicate the inoculated floret. A – E) Spikelets at 7 dpi with F. 
graminearum. F – J) Water control at 7 dpi with upH2O. In all five B. distachyon lines no necrosis or other 
symptoms of FHB was detected. A) The infection in the wild-type inbreed line Bd21 revealed a fully nectrotic 
inoculated floret. Adjacent florets above showed the beginning of necrosis. B) Infected spikelet of the genome 
edited line #2-9-4-9; two florets were fully necrotic; a third floret showed a large amount of necrotic tissue. C) In 
line #2-9-6-30 the inoculated floret was fully necrotic and two additional florets showed the FHB disease. D) The 
inoculated floret of line #16-12-6-14 was completely necrotic. The FHB disease is spreading throughout the 
spikelet and adjacent florets were necrotic too. E) Two florets were fully necrotic and two additional florets started 
to show necrosis in the basal parts of the florets. For line #16-12-10-18 the strongest disease symptoms were 
observed. 
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In addition to the stereo microscopic pictures, microscopy of the inoculated florets was 

performed. In Ethanol fixed longitudinal sections of inoculated spikelets were used to 

investigate in detail how the infection differs between the genome edited lines and the wild-

type of B. distachyon.  

 

 
Figure 18: Confocal Laser Scanning Microscopy of inoculated B. distachyon florets at 7 dpi with F. 
graminearum strain 8/1 

The scale bar in each picture indicates 100 µm. The fixed spikelets were stained with aniline blue shown in grey 
and the pathogenic fungus F. graminearum stained with WGA conjugated to Alexa Fluor 488 shown in green. A) 
Wild-type floret of B. distachyon Bd21. The pathogen started to grow through the rachis node but did not colonised 
adjacent tissue (arrow). B) The infection of the line #2-9-4-9 spread further. F. graminearum did not only 
penetrated the rachis node, but also started to infect the rachis and adjacent tissue (arrow). C) The line #2-9-6-30 
showed less fungus in the adjacent tissue compared to #2-9-4-9; however, the amount of fungal tissue in the 
inoculated floret is higher. Spreading into the rachis of the above floret is indicated (arrow). D) The rachis node, 
the rachis and adjacent tissue is completely colonised by F. graminearum in the line #16-12-6-14 (arrow). E) 
Comparable to the other genome edited lines, in the line #16-12-10-18 the pathogen colonised the rachis node and 
is already in the adjacent rachis (arrow). Compared to the wild-type, in all four genome edited lines fungal tissue 
was detected beyond the rachis node in adjacent tissue and the rachis compared to the wild-type. 
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The microscopy of the inoculated florets supports the already existing data at 7 dpi. In the wild-

type floret, the pathogen was detected at the rachis node and started with penetration of the 

rachis node (Fig. 18 A). In the four genome edited lines, F. graminearum penetrated the rachis 

node and was detected in adjacent tissue colonising the rachis and the rest of the spikelet (Fig. 

18 B - E). In the line #2-9-4-9 the pathogen colonised the rachis node and the rachis above the 

inoculated floret (Fig. 18 B). This was also observed for the line #2-9-6-30. F. graminearum 

was also able to penetrate the rachis node and colonise the rachis of floret above (Fig. 18 C). 

This phenotype was also observable for the lines #16-12-6-14 and #16-12-10-18. In both lines, 

F. graminearum colonised the rachis node and the adjacent rachis of the spikelet (Fig. 18 D + 

E).  

 

In conclusion, the 7 dpi state of the FHB disease in B. distachyon showed differences in the 

macroscopic observation of the disease and the microscopic observation of the infection. The 

disease symptoms were more severe in the genome edited lines (Fig. 15 + Fig. 16). On 

microscopic level, this difference is not that distinct, the fungus was in all tested lines and the 

wild-type able to colonise the rachis node (Fig. 18). However, it was possible to detect F. 

graminearum in the rachis of spikelets from the genome edited lines but not in the wild-type 

(Fig. 18 B – E). To study the influence of callose formation and the role of BdGSL3 in the FHB 

disease response the forming of callose depositions after 3 dpi were examined. Confocal Laser 

Scanning Microscopy of inoculated B. distachyon spikelets were performed to visualise the 

callose forming in response to the F. graminearum 8/1 infection (Fig. 19). 
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Figure 19: Callose depositions in spikelets of B. distachyon 3 dpi with F. graminearum 8/1  

Pictures of inoculated B. distachyon florets 3 dpi inoculated with F. graminearum, stained with aniline blue. Scale 
Bar indicates 200 µm. A) Wild-type 3 dpi spikelet showed the forming of callose depositions as response to the F. 
graminearum infection. The white arrows indicate callose depositions in the inoculated floret and the rachis node. 
B) Closer look of the wild-type callose depositions in the rachis node marked in A. C) For the line #2-9-4-9 only 
rarely callose depositions were found. The arrow indicates some callose depositions. D) At the inoculated floret 
of the line #2-9-6-30 some callose depositions were observed (arrow). E) For the line #16-12-6-14 nearly no 
callose depositions were found. Some minor depositions are indicated close to the rachis node (arrow). F) The line 
#16-12-10-18 responded with only scattered small callose depositions close to the rachis node (arrow). Overall, 
the response was weaker for all four genome edited lines compared to the wild-type. 
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The microscopy of the 3 dpi samples revealed a reduced amount of callose depositions after 

inoculation with F. graminearum. The wild-type showed several callose depositions at the 

infected floret and rachis node (Fig. 19 A+B), whereas the genome edited lines revealed less 

callose depositions (Fig. 19 C - F). The line #2-9-4-9 showed some depositions at the inoculated 

floret (Fig. 19 C). This was also the case for the line #2-9-6-30 with occasional callose 

depositions in the floret (Fig. 19 D). The line #16-12-6-14 hardly had any callose depositions 

at the inoculated floret or the rachis node (Fig. 19 E). Only reduced amounts of scattered callose 

depositions were detected for the line #16-12-10-18 (Fig. 19 F). 

For a better overview about the callose response in inoculated florets, a relative quantification 

was carried out to reveal and quantify the observed differences (Fig. 20).  

 

 
Figure 20: Mean relative area of callose depositions in 3 dpi spikelets of Brachypodium distachyon  

This bar chart presents the mean relative are covered of callose depositions in inoculated B. distachyon spikelets 
at 3 dpi with F. graminearum. The mean area of callose deposition is shown in percentage of the whole basal floret 
area. The error bars indicate the standard error of mean. To test for significance, the non-parametric Kruskal-Wallis 
test was performed followed by a Bonferroni correction, significance is shown with an a (Tab. S. 13). The wild-
type (WT) had a mean area of 0.53 % covered with callose depositions. The genome edited lines have significant 
less callose depositions, in the line #2-9-4-9 only 0.12 % are covered. Line #16-12-6-14 and line #16-12-10-18 
had 0.07 % and 0.04 % relative callose area respectively. n(WT)= 10; n(#2-9-4-9)=10; n(#2-9-6-30)=10; n(#16-12-6-14)=9; n(#16-

12-10-18)=10. 
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When compared to the wild-type, the four genome edited lines responded with an reduced 

amount of callose in the inoculated spikelet at 3 dpi (Fig. 19 + Fig. 20). The wild-type had 0.53 

% of the area covered with callose depositions, while the line #2-9-4-9 only 0.12 % (Fig. 20). 

The line #2-9-6-30 had an even lower amount of callose, covering only 0.9 % of the measured 

area (Fig. 20). The other two genome edited lines #16-12-6-14 and #16-12-10-18 had a callose 

coverage of 0.07 % and 0.04 % respectively (Fig. 20). The area covered with callose depositions 

was highly reduced in the four genome edited lines. This supports the already presented results 

of the infection at 14 dpi and 7 dpi, which showed a more severe FHB disease in these lines 

compared to the wild-type. The significance value for the line #2-9-4-9 was 0.011, the line #2-

9-6-30 had a significance of 0.008 while the lines #16-12-6-14 and #16-12-10-18 had a 

significance of 0.001 and 0.000 respectively (Table S. 13). 

Infection studies of B. distachyon spikelets revealed significant differences between the wild-

type and the four genome edited lines. It was shown, that the FHB disease is more severe in the 

genome edited lines during different stages of the disease (Fig. 15 + Fig. 16). At the late stage 

of 14 dpi, the spikelets of the four genome edited lines are significant stronger infested with F. 

graminearum compared to the wild-type (Fig. 15). This was also the case at the earlier 7 dpi 

time point of the FHB disease evaluation (Fig. 16) Stereo microscopic photographs revealed 

differences in the infection and the formation of necrotic tissue (Fig. 17). Confocal Laser 

Scanning Microscopy revealed a faster colonisation of the rachis and rachis node by F. 

graminearum in the four genome edited lines compared to the wild-type (Fig. 18). To reveal 

the cause of these differences, an analysis of callose depositions at 3 dpi was performed (Fig. 

19 + Fig. 20). This analysis quantified the area of callose depositions in relation to the floret 

rachis node. It was revealed that in all four genome edited lines significant less callose is formed 

at this state of the FHB disease compared to the Bd21 wild-type (Fig. 20).  
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3.5 Wounding and pathogen induced callose response in leaves of B. 

distachyon 
 

To study the callose mediated stress response in leaves, wounding assays and infections with 

the necrotrophic leaf pathogen Parastagonospora nodorum SN15 were performed. Confocal 

Laser Scanning Microscopic was used to visualise the wounded and inoculated leaves of B. 

distachyon wild-type and the four genome edited lines. 

Wounding was performed on leaves of B. distachyon after inflicting of mechanical damage to 

the leaves. Two different time points were selected, and the fixed leaves were stained with 

aniline blue to visualise callose around the wounded tissue. 

 

Figure 21: Wounding induced callose depositions in B. distachyon leaves six hours after wounding  

Scale bar equals 100 µm. A) Wild-type leaf with minor callose depositions (arrow). B) Line #2-9-4-9 responded 
with some callose depositions adjacent to the wounded tissue (arrow). C) #2-9-6-30 showed also only scarce 
callose at the surrounding cells. D) Callose formation adjacent to the wound in line #16-12-6-14 (arrow). E) #16-
12-10-18 responds with little callose depositions at the wound (arrow). Overall, the response in the wild-type and 
all four genome edited lines did not differ and was rather weak. 
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The microscopy of wounded leaves at the 6 h time point revealed for all examined lines a 

comparable callose response (Fig. 21). In the wild-type minor callose depositions were found 

in adjacent cells to the wound (Fig. 21 A). This was also the case for the genome edited lines. 

The line #2-9-4-9 showed callose forming around the wound to seal the damaged tissue (Fig. 

21 B). This induced callose for wound sealing was also detected in the line #2-9-6-30 (Fig. 21 

C) and the last two genome edited lines #16-12-6-14 (Fig. 21 D) and #16-12-10-18 (Fig. 21 E). 

The callose response in all examined B. distachyon lines was rather weak at this early time 

point. This weak response at the six-hour time point did not gave much enlightenment for the 

role of BdGSL3 in wounding related stress response and callose formation in leaves. Therefore, 

a later time point needed to be examined, to reveal possible influence of BdGSL3 on wound 

sealing in leaves. 

 
Figure 22: Wounding induced stress response and callose forming of B. distachyon leaves 16 hours after 
wounding  

Scale bar equals 100 µm. A) Wild-type responses with moderate callose in the cell walls close to the wound. The 
callose thickens at some cell walls (arrows). B) The line #2-9-4-9 response was weaker compared to the wild-type. 
Callose was scattered at cell walls of adjacent cells to the wound (arrows). C) Line #2-9-6-30 responded to the 
wounding after 16 hours with the formation of callose. Compared to the wild-type, this response was weaker 
(arrows). D+E) For the line #16-12-6-14 the response to wounding was unvarying compared to the other genome 
edited lines (arrows). F+G) The line #16-12-10-18 showed only minor callose depositions after 16 h (arrow). This 
is comparable to the other four lines and a weaker response compared to the wild-type. In general, the genome 
edited lines also responded with callose 16 h after wounding, however the reaction was weaker than in the wild-
type. 
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The imaging of leaves 16 hours after wounding revealed some differences to the earlier time 

point (Fig. 21 & Fig. 22). After 16 hours, the callose response in the four genome edited lines 

was slightly weaker compared to the wild-type (Fig. 22). The wild-type responded with callose 

in the adjacent cells to the wounded tissue as a barrier and wound sealing, indicated by the 

arrows (Fig. 22 A). 

The genome edited lines show a different response compared to the wild-type. The line #2-9-

4-9 showed a weaker callose response around the artificial inflicted wounds (Fig. 22 B). Line 

#2-9-6-30 had a quite similar response like the line #2-9-4-9 and showed some callose forming 

in the cell wall of adjacent cells indicated by the arrow (Fig. 22 C). The other two lines showed 

a similar phenotype in the microscopic image. The line #16-12-6-14 showed only some 

scattered callose depositions in the surrounding cells indicated by the arrows (Fig. 22 D + E). 

For the line #16-12-10-18 there was also only a weak reaction observed via microscopy (Fig. 

22 F+G). Some callose was formed close to the wounding incident, but the response was not 

on the wild-type level. Overall, the callose response after wounding is relatively weak, but the 

genome edited lines showed a weaker response compared to the wild-type at 16 hours after 

wounding. To better visualise the difference, a quantification of mean relative area of callose 

depositions at the wounding area was evaluated. 

 
Figure 23: Mean relative area of callose depositions at wounded tissue 16 hours after wounding 

The mean area of callose depositions around the wounding sites were quantified 16 hours past wounding. The 
mean area is shown in percentage to the wounded area. The error bars equal the standard error of mean. A non-
parametric Kruskal-Wallis test was used to identify significant differences (Tab. S. 29). No significance was 
detected between the wild-type and each of the four genome edited lines. However, a clear indication for a reduced 
callose response is revealed. The wild-type formed callose equalling 0.7 % of the area. All four genome edited 
lines accumulate less callose, the line #2-9-4-9 had a coverage of 0.42 %, #2-9-6-3 0.43 %, the line #16-12-6-14 
0.34 % and the line #16-12-10-18 only 0.27 %. n(WT)= 4; n(#2-9-4-9)=7; n(#2-9-6-30)=4; n(#16-12-6-14)=5; n(#16-12-10-18)=4. 
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The mean area of callose depositions at wounds 16 hours after wounding were quantified and 

are presented here (Fig. 23). The wild-type accumulated 0.7 % (Tab. S. 28) while the four 

genome edited lines showed a trend to accumulate less callose in comparison (Fig. 23). The line 

#2-9-4-9 only covered 0.42 % of the area with callose, the line #2-9-6-3 0.43 % while the two 

lines #16-12-6-14 and #16-12-10-18 covered 0.34 % and 0.27 % respectively (Fig. 23 + Tab. 

S. 28). A statistical analysis should reveal possible significant differences between the wild-

type and each of the four genome edited lines. However, the non-parametric Kruskal-Wallis 

test found no significant differences (Tab. S. 29).  

 

The callose response after abiotic wounding stress revealed only minor differences between the 

wild-type and the four genome edited lines. However, the main interest lies in the callose 

response to biotic stress. Therefore, a biotic stress like a pathogen infection should be observed. 

In the host pathogen interaction, many different interactions on molecular levels are in place 

that can affect the stress response on various ways. Therefore, infection with the necrotrophic 

leaf pathogen Parastagonospora nodorum strain SN15 were performed on leaves of the B. 

distachyon wild-type line Bd21 and the four genome edited lines. Confocal Laser Scanning 

Microscopy with inoculated leaves was done to visualise the pathogen induced stress response 

of B. distachyon.  
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Figure 24: Confocal Laser Scanning Microscopy of P. nodorum strain SN15 infection on B. distachyon leaves 
7 days post inoculation  

Scale bar equals 20 µm. The fungus is stained with WGA-AF488. The microscopy of B. distachyon leaves at 7 
dpi with P. nodorum revealed a callose response to the fungus in infected and adjacent cells. A) Wild-type reaction 
to P. nodorum revealed callose depositions in cells adjacent to fungal hyphae (arrows). B) The line #2-9-4-9 also 
responded with callose depositions in cells close to the colonising hyphaes. C) Callose depositions were detected 
adjacent to infecting hyphae in leaves of the line #2-9-6-30. The response is comparable to the wild-type and the 
other genome edited lines. D) Line #16-12-6-14 responded like the wild-type with callose depositions close to 
fungal hyphae (arrows). E) The response to infecting hyphae in the line #16-12-10-18 was comparable to the other 
lines. Callose was detected adjacent to infecting hyphae (arrows).  
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Confocal Laser Scanning Microscopy performed on inoculated leaves 7 days post inoculation 

with P. nodorum revealed no differences between the wild-type Bd21 and the four genome 

edited lines (Fig. 24). The wild-type responded with several callose depositions adjacent to 

fungal hyphae as some form of barrier or fortification against the infecting pathogen (Fig. 24 

A). This was also observed in the four genome edited lines. The line #2-9-4-9 showed callose 

barriers and several scattered callose depositions adjacent to infected cells and hyphae (Fig. 24 

B). For the line #2-9-6-30, the pathogen induced stress response was quite similar (Fig. 24 C). 

Several callose depositions directly next to the infecting hyphae were detected (Fig. 24 C, 

arrows). Callose adjacent to hyphae from P. nodorum was also detected in line #16-12-6-14 

(Fig. 24 D). At the cell membranes adjacent to the hyphae, callose depositions were detected 

via CLSM (Fig. 24 D, arrows). A similar response was also observed for the line #16-12-10-18 

(Fig. 24 E). Callose depositions at cell membranes adjacent to infected cells or fungal hyphae 

were detected (Fig. 24 E, arrows). Overall, the stress induced response to P. nodorum SN15 

infection in the wild-type and the four genome edited lines were compareable (Fig. 24).  

 

3.6 qPCR analysis of the Brachypodium distachyon GSL Gene family 
To study the influence of the genome editing performed on BdGSL3 in B. distachyon on the 

GSL gene family, transcriptional analysis on different tissues were performed. With the aid of 

the Roche© Real-Time Ready system qPCRs on all 11 members of the GSL gene family were 

performed. Since the role of BdGSL3 has not been fully disclosed, loss of function might have 

an impact on the transcription level of other BdGSL genes, e.g. an up- or down-regulation to 

maintain the observed normal plant development. Therefore, an expression analysis of three 

major organs, leaves, stem and spikelets was performed to reveal possible differences. 
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Figure 25: Relative gene expression of BdGSL gene family in leaves of three weeks old B. distachyon plants  

For each tested line three biological replicates were analysed with two technical replicates each. To reveal significant differences between the wild-type and the four genome edited lines a 
pairwise non-parametric Kruskal-Wallis test was performed with Bonferroni correction for multiple tests (Tab. S. 16). Significance is indicated with a. Circles indicate outliers; asterisks indicate 
extreme outliers and the numbers the corresponding data point. The gene expression is shown in relation to the housekeeping gene UBIQUITIN-1 of B. distachyon. For BdGSL1 a statistically 
significant difference was found for line #16-12-10-18 compared to the wild-type. In BdGSL4 and BdGSl5, a statistically significant difference was found for the lines #16-12-6-14 and #16-12-
10-18. In BdGSL9 and BdGSL11, the line #16-12-10-18 shows a significant difference compared to the wild-type. Further transcriptional differences are present for BdGSL2, BdGSL6, BdGSL8 
and BdGSL10. The two genome edited lines #16-12-6-14 and #16-12-10-18 showed a higher expression of these genes compared to the wild-type. For BdGSL3 two lines showed a difference 
compared to the wild-type, whereas #2-9-4-9 showed a reduced expression and #16-12-10-18 a higher expression. 
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The transcriptional analysis of the BdGSL gene family expression in leaves revealed minor 

differences throughout the expression for two lines (Fig. 25). Significant differences in the 

expression levels of the genome edited lines were found in BdGSL1 (Tab. S. 16).  BdGSL1 was 

significantly upregulated in the line #16-12-10-18 compared to the wild-type (Fig. 25). The 

other line #16-12-6-14 showed an indicated upregulation which was not significant compared 

to the wild-type. BdGSL4 and BdGSL5 were both significantly upregulated in the lines #16-12-

6-14 and #16-12-10-18 compared to the wild-type (Fig. 25). Furthermore, BdGSL9 and 

BdGSL11 were significantly upregulated for the line #16-12-10-18 (Fig. 25). Further 

upregulations for the genes BdGSL2, BdGSL6, BdGSL8 and BdGSL10 in both lines were found. 

However, these differences were not significant and only indications for some differences 

(Table S. 16). 

The other two genome edited lines, #2-9-4-9 and #2-9-6-30 showed no noticeable differences 

in the gene expression throughout the whole gene family except for BdGSL3 in the line #2-9-

4-9. The expression for the modified gene BdGSL3 was affected in two lines. The expression 

of BdGSL3 was reduced in #2-9-4-9, the two lines #2-9-6-30 and #16-12-6-14 had no 

differences compared to the wild-type. Opposite to the BdGSL3 expression in #2-9-4-9, the line 

#16-12-10-18 had a stronger expression compared to the wild-type (Fig. 25). Overall, the 

expression in leaves indicated minor differences in the expression of some members of the GSL 

gene family. There were some significant transcriptional differences for the line #16-12-10-18 

but most genes weren’t affected. 

 

To reveal possible differences in expression of GSL genes a qPCR was performed. The whole 

gene family of GSL genes were analysed and the expression normalized with the housekeeping 

gene UBIQUITIN-1. The relative expression is presented here (Fig. 26). 
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Figure 26: Gene expression of BdGSL gene family in stem tissue of five weeks old B. distachyon plants  

For each tested line three biological replicates were analysed with two technical replicates each. To reveal significant differences between the wild-type and the four genome edited lines a 
pairwise non-parametric Kruskal-Wallis test was performed with Bonferroni correction for multiple tests (Tab. S. 19). Significance is indicated with a. Circles indicate outliers; asterisks indicate 
extreme outliers and the numbers the corresponding data point. The gene expression is shown in relation to the housekeeping gene UBIQUITIN-1 of B. distachyon. The only significant difference 
in expression was found for BdGSL8 in the line #16-12-6-14, which was upregulated compared to the wild-type. All other member of the gene family showed no significant differences to the 
wild-type in any of the four genome edited lines. Some indications for possible differences were found for the two genes BdGSL5 and BdGSL7 in the line #2-9-4-9 indicating a downregulation 
for both genes. An upregulation for BdGSL5 is indicated for the other three genome edited lines compared to the wild-type and #2-9-4-9. The BdGSL4 expression four all four genome edited 
lines compared to the wild-type is slightly higher. For the mutated gene BdGSL3 no transcriptional difference in stem tissue of five weeks old plants is observed.
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The qPCR expression analysis for the GSL gene family in B. distachyon stem tissue of five 

weeks old plants revealed only minor differences in the expression throughout the whole gene 

family (Fig. 26). To test for statistically significant differences the non-parametric Kruskal-

Wallis test with Bonferroni correction was performed (Table S. 19). The statistical analysis 

revealed a significant upregulation of BdGSL8 for the line #16-12-6-14 (Table S. 19). All other 

genes for the genome edited lines showed no significant differences (Fig. 26 + Tab. S. 19). 

However, there are some differences indicated in the expression of BdGSL4 for the four genome 

edited lines. All lines showed a minor upregulation compared to the wild-type (Fig. 26). The 

two genes BdGSL5 and BdGSL7 showed an indication for a minor downregulation in #2-9-4-9. 

The BdGSL5 expression showed an indicated upregulation three genome edited lines (Fig. 26). 

However, this was not the case for BdGSL7. BdGSL11 showed also some indication of an 

upregulation in the lines #-2-9-6-30, #16-12-6-14 and #16-12-10-18 compared to the wild-type 

and #2-9-4-9.  

In general, there were not many differences to the wild-type for the four genome edited lines in 

the expression of the GSL gene family in stem tissue of five weeks old B. distachyon plants. 

The only significant change in expression levels was found for BdGSL8 in the line #16-12-6-

14. All other genes were comparable to the wild-type. 

 

Since the major concept of this study was to investigate the role of BdGSL3 in disease resistance 

to FHB, a disease located in the spikelets of B. distachyon this highly important tissue directly 

involved in the defence reaction was investigated. A transcriptional analysis of the BdGSL gene 

family in spikelets was performed to reveal possible transcriptional differences. The acquired 

data were analysed and the gene expression was calculated in relation to the B. distachyon 

housekeeping gene UBIQUITIN-1 to compare the wild-type expression level to the expression 

levels of the four genome edited lines.  
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Figure 27: BdGSL gene family expression in spikelets of B. distachyon during anthesis  

For each tested line three biological replicates were analysed with two technical replicates each. To reveal significant differences between the wild-type and the four genome edited lines a 
pairwise non-parametric Kruskal-Wallis test was performed with Bonferroni correction for multiple tests (Tab. S. 22). Significance is indicated with a. Circles indicate outliers and the numbers 
the corresponding data point. The gene expression is shown in relation to the housekeeping gene UBIQUITIN-1 of B. distachyon. Significant differences in expression are found for BdGSL1, 
BdGSL3 and BdGSL5. In BdGSL1 the line #2-9-4-9 shows a significant reduced expression compared to the wild-type. For BdGSL3, the line #16-12-6-14 showed a significant reduced expression. 
For BdGSL3 the line #16-12-6-14 had a significant lower expression compared to the wild-type. Other differences, which are not statistical different, can be observed for BdGSL1 where the 
other three lines also show a lower expression. This could also be observed for BdGSL2 and BdGSL11. For BdGSL3 the line #2-9-4-9 and the line #16-12-10-18 showed a reduced expression 
compared to the wild-type.  
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The qPCR analysis performed on spikelets of B. distachyon revealed some minor differences 

throughout the gene family with some exceptions. To test for statistically significant 

differences, the non-parametric Kruskal-Wallis test was performed with a Bonferroni correction 

for multiple comparisons (Table S. 22). A detailed descriptive statistic is supplied in the 

supplement (Table S. 20). For BdGSL1 a significant difference between the wild-type (0.93) 

and the line #2-9-4-9 (0.29) was revealed. The other three genome edited lines have a reduced 

expression level compared to the wild-type (#2-9-6-30; 0.40, #16-12-6-14; 0.53, #16-12-10-18; 

0.51), but no significance was found. The gene BdGSL2 showed no significance for any genome 

edited lines, but all four lines show a reduced expression level. 

The mutated gene, BdGSL3 showed a significant lower expression for the line #16-12-6-14 

compared to the wild-type. The line #2-9-4-9 showed also a reduced expression but not 

significantly. The lines #2-9-6-30 and #16-12-10-18 both had a comparable expression like the 

wild-type. For BdGSL4 no difference in expression could be observed but for BdGSL5 a 

significantly reduced expression for the line #2-9-4-9 was observable. The other three lines had 

no significant difference in expression but an indication for a lower expression for the lines #2-

9-6-30 and #16-12-6-14 was observed (Fig. 27). For BdGSL6, BdGSL7 and BdGSL8 no 

significant differences were observed and no indications for any differences were found, except 

for the expression of BdGSL7. The BdGSL7 expression was largely spread for the line #2-9-4-

9. The BdGSL9 expression did not differ from the wild-type to any genome edited line. 

However, the BdGSL10 expression showed a tendency for a reduced expression in the genome 

edited lines compared to the wild-type expression level. However, there was no significance for 

this difference. For the gene BdGSL11 a lower expression but not statistically significant for all 

four genome edited lines is revealed.  
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3.7 Analysis of pathogen responsive genes of B. distachyon and    

virulence genes of F. graminearum after inoculation 
 

To investigate possible differences in the expression of PR genes after inoculation with F. 

graminearum a qPCR expression study was performed on cDNA synthesised from RNA of 

inoculated spikelets two days post inoculation. The expression at this early time point of the 

five different PR genes PR1, PR2, BdMAPKKK, Chit8 and UGT74f2 was analysed. The PR 

genes PR1, PR2 and BdMAPKKK were already described as involved in F. graminearum 

defence of B. distachyon based on homology of barley (Blümke et al. 2015). Chit8 and 

UGT74f2 were identified in transcriptome analysis in B. distachyon and wheat during FHB 

disease (Powell et al. 2017).  

The analysis of the genes PR1, BdMAPKK1, Chit8 and UGT74f2 showed no differences in 

expression characteristics compared to the wild-type (Table S. 23). Only PR2 showed 

differences in the four genome edited lines compared to the wild-type (Fig. 28). 
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Figure 28: Relative gene expression of the pathogen responsive gene PR2 at 0 dpi and 2 dpi in spikelets of 
B. distachyon  

For each tested line three biological replicates were analysed with three technical replicates each. To reveal 
significant differences between the wild-type and the four genome edited lines a pairwise non-parametric Kruskal-
Wallis test was performed with Bonferroni correction for multiple tests (Tab. S. 25). Significance is indicated with 
a. Circles indicate outliers and asterisks indicate extreme outliers. Neg indicates the negative control inoculated 
with upH2O. Relative gene expression to the housekeeping genes actin and UBC-18. At this early time point, there 
was a significant upregulation observed for PR2 in the three genome edited lines #2-9-4-9, #2-9-6-30 and #16-12-
10-18. The expression of PR2 was also upregulated in the line #16-12-6-14 but no statistical significance was 
observed. 

At 0 dpi, water controls of all tested lines showed only low PR2 expression levels which were 

not significantly different. After 2dpi, the expression is higher than the 0dpi state, but no 

difference between the wild-type and the four genome edited lines was observed (Fig.28). At 2 

dpi with F. graminearum strain 8/1 (Fig. 28, 48h Fg) the wild-type still shows the same 

expression level as in the negative controls. The four genome edited lines showed a sig. higher 

expression of PR2 to the 2dpi wild-type inoculated with F. graminearum (Tab. S. 25). For the 

three lines #2-9-4-9 (0.000), #2-9-6-30 (0.011) and #16-12-10-18 (0.010) a significant 

difference to the wild-type PR2 expression could be observed. The line #16-12-6-14 (0.307) 

was not significantly upregulated. There were no statistical differences in distribution between 

the 2dpi with F. graminearum and the respectively negative controls (Tab. S. 25).  
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F. graminearum makes use of the two virulence genes fgl1 and tri5 for infection of B. 

distachyon. Therefore, it was interesting to examine if there are differences in the virulence 

gene expression during infection of the four genome edited lines compared to the wild-type. A 

qPCR analysis was performed at 2 dpi to reveal possible differences. The expression was set 

into relation to the two F. graminearum housekeeping genes ACTIN and TUBULIN and is 

presented here (Fig. 29). 

 

 
Figure 29: Relative gene expression for the two fungal virulence genes fgl1 and tri5 in 2dpi spikelets 

For each tested fungal virulence gene three biological replicates were analysed with three technical replicates each. 
To reveal significant differences between the wild-type and the four genome edited lines a non-parametric Kruskal-
Wallis test was performed with Bonferroni correction for multiple tests (Tab. S. 27). Significance is indicated with 
a. Circles indicate outliers. The expression of each virulence gene is relative to the two reference Genes ACTIN 
and TUBULIN from F. graminearum. For fgl1 no expression could be found in the wild-type. Only in the four 
genome edited lines an expression was found for this virulence gene. The tri5 expression was observed in the wild-
type and all four genome edited lines. There was no difference in the tri5 expression observed. 

Expression of FGL1 was detected at 2 dpi in the four genome edited lines. However, in the 

wild-type samples, no expression of FGL1 could be detected (Fig. 29). The expression of the 

other F. graminearum virulence gene, TRI5, was detected at 2 dpi in the wild-type and all four 

genome edited lines. However, no significant differences in the expression of TRI5 was 

observed between the wild-type and the four genome edited lines. No expression of FGL1 and 

TRI5 was detected in the negative controls and at the 0 dpi stage. (Tab. S. 26).  
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4. Discussion 
4.1 Genome editing as new breeding technology for crops 

4.1.1 CRISPR/Cas9 in Brachypodium distachyon and prospects for plant breeding 
Brachypodium distachyon is a well-known and described model plant for crops such as wheat 

or barley, which unifies the features A. thaliana has for dicotyledons and gives researcher a tool 

closely relative to crops (Brkljacic et al. 2011; Vogel et al. 2006b). The transformation of 

Brachypodium distachyon with a CRISPR/Cas9 construct was successful. The screening of the 

plants regenerated after transformation already showed an activity of the construct (Fig. 7). 

Some lines showed already multiple bands after the screening PCR indicating a form of 

mosaicism, where different cells have different genomic background due to later activity of the 

endonuclease construct. This form of mosaicism was also detected in genome edited embryos 

of mice and tomato (Mianné et al. 2017; Ueta et al. 2017). Research shows, that infiltration with 

A. tumefaciens in A. thaliana and tobacco showed activity of the transformed construct (Jiang 

et al. 2013). Cell bombardment of embryos from maize, agrobacterium-mediated 

transformation of sorghum embryos and the transformation of rice protoplasts also showed 

activity of CRISPR/Cas9 constructs in these tissues (Jiang et al. 2013; Svitashev et al. 2016). 

Therefore, it is highly likely that activity of CRISPR/Cas9 is also present in transformed 

Brachypodium distachyon callus from isolated embryos which was already shown for rice 

(Endo et al. 2014). 

When compared with the literature from CRISPR/Cas9 mediated genome editing in other plants 

(Jiang et al. 2013; Svitashev et al. 2016), and recent work with CRISPR/Cas9 mediated genome 

editing in Brachypodium distachyon (Qin et al. 2019), this work provides additional evidence 

for the applicability of CRISPR/Cas9 mediated genome editing in Brachypodium distachyon. 

This enables new prospects for future research in B. distachyon, which could be transferred to 

relative crops like wheat or barley. Due to the features of B. distachyon the small genome, the 

genetically affinity to wheat and barley, the diploid genome which enables fast breeding and 

the outcrossing of T-DNA and its short life cycle (Brkljacic et al. 2011; Ozdemir et al. 2008; 

Vogel and Bragg 2009; Vogel et al. 2006b), non-transgenic specific genomic analyses can be 

performed. Positive traits resulting from those studies then enable an easy transfer to crops like 

wheat, barley or rice. Evidence for these approaches in crops is already published. Li et al. 

(2015) could show that the overexpression of an UDP-glycosyltransferase from barley 

increased DON detoxification in wheat. 
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And the overexpression of the wheat Lr34 gene in barley increased resistance against multiple 

fungal pathogens (Risk et al. 2013). However, both approaches were transgenic, but showed 

that interspecies identification of possible resistance targets can be transferred into the desired 

crop. 

4.1.2 CRISPR/Cas9 in Brachypodium distachyon a look into the major concern 

of unspecific off-site mutations 
The constant expression of the Cas9 in plants containing the T-DNA and the constant 

expression of our sgRNAs might lead to off target mutations. In human systems, these off-site 

mutations are already well studied and research shows that these off-site mutations have highly 

reduced frequencies (Cradick et al. 2013; Kuscu et al. 2014; Lin et al. 2014). In plants, the 

specificity of Cas9 is not that well studied and the differences in off-site events can range from 

plant species to plant species (Peterson et al. 2016; Svitashev et al. 2016). An in-depth analysis 

of sgRNA in humans revealed that position and number of mismatching nucleotides play a key 

role. Mismatches in the 3’ region or at least three mismatching nucleotides in the sgRNA 

reduced off-site mutation rates to negligible numbers (Fu et al. 2013; Hsu et al. 2013; 

Pattanayak et al. 2013). Therefore, the four genome edited lines were checked via PCR analysis 

for major deletions in possible off-target regions. A screening for off-targets was performed 

with the help of the Cas-OFFinder in the B. distachyon genome (Bae et al. 2014). The screening 

revealed no differences in size of the amplified off-target region between the wild-type and the 

four genome edited lines. Considering the amount of mismatching nucleotides and the region 

of mismatches in the sgRNAs, the probability of severe mutations in the off-target regions is 

relatively low (Fu et al. 2013; Hsu et al. 2013; Pattanayak et al. 2013). A closer look into some 

possible phenotypes of possible off-target mutations supports this statement. 

For example, the off-site target A1 (Table S. 2) encodes for the predicted Brachypodium 

distachyon COP9 SIGNALOSOME COMPLEX SUBUNIT 2 (CSN2; BRADI_2g10780). 

Research for the COP9 signalosome reveals that these complexes play a major role in regulation 

of cullin-RING ligase of ubiquitin E3 complexes (Wei et al. 2008). A knockout of the 

corresponding CSN2 gene in Arabidopsis thaliana led to a severe photomorphogenic phenotype 

with brown leaves and an impaired cullin derubylation (Gusmaroli et al. 2007). Comparing the 

phenotype from Arabidopsis thaliana (Gusmaroli et al. 2007) with the generated plants in this 

work, and the fact that CSNs are highly conserved (Wei et al. 2008), it is highly unlikely that 

there is a loss of function mutation for the four genome edited lines present.  
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Another possible off- target was the Brachypodium distachyon LOB DOMAIN-CONTAINING 

PROTEIN 37 (BRADI_1g22920). A BLAST search in the Arabidopsis thaliana genome 

revealed high homology to LATERAL ORGAN BOUNDARIES 37 (LBD37). LBD37 is also 

known as ASYMMETRIC LEAVES2 LIKE 39 (ASL39), and part of a plant specific gene family 

important for forming of simple leaves (Iwakawa et al. 2007; Matsumura et al. 2009; Shuai et 

al. 2002). Research regarding the phenotype of different expression levels of ASL39 homologs 

in rice and A. thaliana reveals that possible differences in expression have a severe impact on 

leaf formation (Albinsky et al. 2010; Matsumura et al. 2009). The knock-out of a single ASL 

gene in Arabidopsis thaliana lead to crumpled small leaves, a comparable phenotype was 

observed in rice, and could be connected especially to ASL39 (Albinsky et al. 2010; Matsumura 

et al. 2009). Considering the generated mutants analysed in this work did not show any impact 

on leaf formation and leaf forms, a loss of function or overexpression mutation in this off-site 

target can also be considered as unlikely. 

The possible off-site target C1 (Table S. 2) is annotated as a predicted Brachypodium 

distachyon LEUKOTRIENE A-4 HYDROLASE HOMOLOG (LKH; BRADI_1g03860). LKH 

plays a major role in the inflammatory response via converting leukotriene A to the active form 

leukotriene B (Rådmark et al. 1984). However, in plants the role of LKH is still unknown. Some 

research on loss of function T-DNA insertion lines revealed no observable phenotype (Voisin 

2008). Regarding the important role of leukotrienes in response to biotic stress, a loss of 

function mutation in this case is highly unlikely. In humans and animals, leukotriene plays a 

major role in an immediate hypersensitivity (Samuelsson et al. 1987). Any form of 

hypersensitivity or immediate response to the Fusarium graminearum inoculation was not 

observed during this work. 

Taking into account that position and amount of mismatches plays a key role in the off-site 

target activity of Cas9 (Anderson et al. 2015; Fu et al. 2013; Hsu et al. 2013), and the severe 

impact of off-site target mutations on the plants, it is highly unlikely that off-site target 

mutations happened in those four genome edited lines. However, only a genome sequencing 

and mapping to the reference genome of Bd21 would provide an unambiguously answer. 
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4.2 The loss of function of BdGSL3 and the possible role in 

Brachypodium distachyon 

4.2.1 CRISPR/Cas9 mediated loss of function mutants of BdGSL3 
The target for genome editing in Brachypodium distachyon was the gene GLUCAN SYNTHASE 

LIKE 3 (BdGSL3; Bradi_2g50140). A phylogenetic analysis with DNA sequences of glucan 

synthases from Brachypodium distachyon, Oryza sativa and Arabidopsis thaliana revealed a 

high homology to the stress induced callose synthase POWDERY MILDEW RESISTANT 4 

(PMR4; AtGSL5) (Blümke 2013). Therefore, it was interesting to see if it is possible to generate 

a knockout or loss-of-function mutant of this relative gene in B. distachyon and get insight into 

the role of this gene in a model plant for monocotyledons. The PCR based screening revealed 

three different deletions in the gene of interest when compared to wild-type. A PCR screen for 

T-DNA insertion via initial Agrobacterium-mediated transformation revealed on gDNA level 

that two lines lost the T-DNA as amplification of the resistance marker bar was not detectable, 

whereas the other two genome edited lines still contained the T-DNA. Sequencing of the target 

region revealed major changes in amino acids in the target region, and a stop codon insertion 

with frame shift for the line #16-12-6-14. Studies on PMR4 indicated, that the catalytic active 

region for callose synthesis is located in the central, cytosolic loop between N- and C-terminal 

domains containing multiple transmembrane helices (Sode 2015). Further research on callose 

synthases suggested that large complexes would be formed (Brownfield et al. 2009; Li et al. 

2003; Østergaard et al. 2002), which are associated with several proteins for activity and 

regulatory function like sucrose synthases providing UDP-glucose or annexin proteins which 

are needed for the activating Ca2+ intake (Amor et al. 1995; Andrawis et al. 1993; Hong et al. 

2001b). In Arabidopsis thaliana research also revealed that, a UDP-glycosyltransferase is 

associated with GLUCAN SYNTHASE LIKE 6 (AtGSL6) which is regulated by the Rho-like 

GTPase ROP1, similar to the already known regulation in Saccharomyces cerevisae (Hong et 

al. 2001a; Qadota et al. 1996; Verma 2001; Verma and Hong 2001). More research about the 

regulation of PMR4 revealed that phosphorylation plays a major role. The phosphorylation and 

dephosphorylation of specific sites is necessary for transport and activity of PMR4 (Sode 2015) 

Therefore, a motif analysis was performed at the area around the sgRNA targets to identify 

possible sites of modification. The search for possible motifs revealed the absence of three post-

translational regulatory motifs. For all four lines an amidation site, an asparagine glycosylation 

site and an N-myristoylation site were missing. 



 

87 
 

Amidation is a modification, which changes the carboxyl group of a peptide to an amide group 

(Kumar et al. 2014). This change has major effects on peptides; in general, it makes the peptide 

more stable to physiological pH changes and less prone to proteolytic activity (Kumar et al. 

2014).  

Asparagine glycosylation is responsible for protein folding and stability, biosynthetic quality 

control, intracellular traffic, physiological activity of proteins and functions as a multifunctional 

signal (Hebert and Molinari 2007; Olden et al. 1982; Shrimal et al. 2015). Research indicates 

that glycosylation is a regulator for protein folding and functions as a quality control (Daniels 

et al. 2003; Hammond et al. 1994; Helenius 1994; Ruddon et al. 1987; Sousa and Parodi 1995). 

Interestingly, also the activity of proteins is dependent on glycosylation (Asano et al. 1991; 

Branza-Nichita et al. 2000; Zheng et al. 1994). In plants these processes are also present (Rayon 

et al. 1998), one example is the regulation of cleavage from glycopeptides for maturation and 

transport of CONCANAVALIN A (Bowles et al. 1986; Chrispeels et al. 1986; Faye and 

Chrispeels 1987). Glycosylation and de-glycosylation are important for proper protein function 

and signalling (Berger et al. 1995; Ceriotti et al. 1998; Rayon et al. 1998). 

N-myristoylation is a co-translational process referring to the covalent, irreversible attachment 

of myristate to the target site (Johnson et al. 1994; Olson and Spizz 1986; Wilcox et al. 1987). 

N-myristoylation has different effects on proteins. In some cases, N-myristoylation enables the 

transport to the mitochondrial membrane from the endoplasmic reticulum (Borgese et al. 1996; 

Zha et al. 2000), or is required for proper targeting and binding to the plasmamembrane (Cross 

et al. 1984; Kamps et al. 1985; Song et al. 1996; Song et al. 1997). Also N-myristoylation could 

increase the stability of proteins, shown for cardiolipin and phosphatic acid-binding protein in 

humans (Maeda et al. 2018). The importance for plasma membrane targeting was also found in 

Arabidopsis thaliana (Batistič et al. 2008). In tobacco Saito et al. (2018) could shown that the 

N-myristoylation on calcium dependent kinases is required for plasma membrane sorting. The 

regulatory impact of N-myristoylation has even impact on whole pathways, shown in A. 

thaliana (Pierre et al. 2007). N-myristoylation could play a key role in the partitioning of 

proteins into the aqueous phase and transient interaction with membranes (Peitzsch and 

McLaughlin 1993; Shahinian and Silvius 1995; Silvius and l'Heureux 1994). An impaired 

ability to attach and detach from the plasmamembrane for CalS could have severe effects on 

proper protein function. The transport in vesicle to the penetration site for PMR4 is already 

described, and impaired transportation led to delayed and weaker callose depositions in the cell 

(Ellinger et al. 2013; Sode 2015). 
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When comparing the stress related phenotypes of all four genome edited lines, all lines have a 

similar impaired formation of callose after wounding in leaves and F. graminearum infection 

in spikelets. Since the line #16-12-6-14 has a stop codon in the ORF of BdGSL3 coupled with 

a frameshift mutation it is likely that no proper protein is generated by the plant. Since the loss 

of the described predicted motifs have also a severe effect on the stability and folding of proteins 

it can be assumed, that in all four genome edited lines no BdGSL3 is processed. However, it 

would be necessary to falsify this assumption by protein isolation. A general protein isolation 

and a specific protein isolation for plasma membrane-associated proteins followed by a western 

blot with antibodies specific to the N-terminal region of BdGSL3 could be used to clarify the 

assumed absence. 

4.2.2 Vegetative phenotype of genome edited Brachypodium distachyon plants 
From research in Arabidopsis thaliana and the loss of function of the stress induced callose 

synthase PMR4, an earlier senescence due to upregulated salicylic acid, might also happen in 

Brachypodium distachyon (Nishimura et al. 2003). However, when comparing the four genome 

edited lines examined in this work with the wild-type after eight weeks, there was no difference 

in senescence observable. Experiments with RNAi constructs and knock downs of the callose 

synthases HvGSL6 and HvGSL7 revealed also no impaired phenotypes in the appearance 

(Chowdhury et al. 2016). This indicates that senescence and the salicylic acid phenotype of 

PMR4 is not present in Brachypodium distachyon and other monocotyledons. Furthermore, it 

can be assumed that the T-DNA integration for the lines #2-9-4-9 and #2-9-6-30 had no severe 

impact on the life cycle of Brachypodium distachyon. A detailed look into the growth during 

the observed eight weeks reveals an interesting difference between the four lines and the wild-

type. While the genome edited lines lagged in height in the early vegetative state, they surpassed 

the wild-type in later stages of the life cycle. This might be an interesting hint supporting the 

current hypothesis that the acquired stress response, which increases the fitness of plants, came 

with the trade-off of reduced growth and other agronomical traits (Kempel et al. 2011; Walters 

and Heil 2007). Research suggest that R genes but most dominantly changes in plant hormonal 

levels for jasmonic acid and salicylic acid have severe impact on growth (Heil and Baldwin 

2002; Meldau et al. 2012; Tian et al. 2003). However, callose papillae are considered as a basal 

plant defence, and distinct pathways and PAMPs are responsible for this response (Luna et al. 

2011; Stone and Clarke 1992). Nevertheless, currently there is no evidence that the acquired 

fitness of callose responses have a negative impact on plant growth.  
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The research in barley indicates no observable phenotype, and the PMR4 mutant in A. thaliana 

showed an increased hypersensitive response and salicylic acid, which negatively affects plant 

growth (Chowdhury et al. 2016; Meldau et al. 2012; Nishimura et al. 2003). This hypersensitive 

response was linked to upregulations of known salicylic acid induced genes or marker genes 

like the PR genes of the classes 1, 2, 3 and 5 (Nishimura et al. 2003). These transcriptional 

differences of PR genes were not observed and are discussed in chapter 4.2.6. 

This study has revealed that disruption of the callose synthase BdGSL3 did not affected major 

development of Brachypodium distachyon. However, small differences in growth between the 

early and the late life cycle compared to the wild-type were observed. This might be an 

interesting hint whether the acquired fitness from stress induced callose synthases might have 

a small growth deficit as trade-off. Current research indicates that the acquired plant defence 

comes with trade-offs in growth (Kempel et al. 2011; Walters and Heil 2007). This is majorly 

due to changes in hormone levels, like jasmonic acid or salicylic acid (Heil and Baldwin 2002; 

Meldau et al. 2012). Since research in barley with a predicted stress induced callose synthase 

homologue found no observable phenotype and based on the presented data, it is not clear, 

whether BdGSL3 has an impact on hormonal regulation and therefore causes the observed 

phenotype or simply the missing function of the protein is the reason. Future research on the 

mutants should focus on detections in possible differences of plant hormonal levels to detect 

possible connections between BdGSL3 and the regulation of plant hormones like jasmonic acid 

or salicylic acid.  

4.2.3 Is BdGSL3 responsible for the formation of callose depositions after 

infection of Fusarium graminearum in spikelets? 
To reveal whether BdGSL3 is responsible for callose depositions after inoculation of spikelets 

with Fusarium graminearum, infection studies were performed. The general suitability of 

Brachypodium distachyon as host for F. graminearum with the development of typical FHB 

symptoms was previously confirmed by Peraldi et al. (2011), specific interaction between the 

F. graminearum strain 8/1 and the used inbred line Bd21 by Blümke (2013). A correlation 

between callose depositions at the rachis node of infected B. distachyon florets and an increased 

resistance to F. graminearum was described by Blümke (2013). Furthermore, the resistance to 

F. graminearum could be increased in B. distachyon and the resistance Blumeria graminis f. 

sp. hordei in barley due to overexpression of PMR4 (Blümke 2013; Blümke et al. 2013). 
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Evaluation of inoculated spikelets was done with the established Disease Score at 14 dpi and 7 

dpi (Blümke 2013). Results for the wild-type were comparable to the already existing data of 

Bd21 (Blümke 2013). However, the Disease Score of all four genome edited lines with BdGSL3 

disruption was significant higher compared to wild-type. Stereomicroscopy of inoculated 

spikelets revealed the severe causes of the FHB disease and microscopy of inoculated spikelets 

showed a faster colonisation of F. graminearum in all four genome edited lines. This indicates 

a crucial role for BdGSL3 in the pathogen-related stress response in spikelets of B. distachyon. 

The role of callose as an early blockade or attempt to slow down the infection is still debated  

(Voigt 2014). To get a better understanding of the influence of callose as response to the 

pathogen, inoculated spikelets at the early stage at 3 dpi were used to measure the amount of 

callose depositions compared to the wild-type. Confocal Laser Scanning Microscopy revealed 

a statistically significant difference in the relative callose area in spikelets at 3 dpi. Research on 

Fusarium graminearum infections in Brachypodium distachyon supports the hypothesis that 

callose depositions are involved in reducing the infection (Blümke 2013). The overexpression 

of PMR4 from Arabidopsis thaliana in Brachypodium distachyon results in a significant higher 

amount of callose depositions at 3 dpi compared to the wild-type. This resulted in a reduced 

infection rating of Disease Score (Blümke 2013). An even stronger induced Type II resistance 

could be observed when BdGSL3 was constitutive overexpressed in B. distachyon (unpublished 

data). 

The importance of callose depositions to F. graminearum infection was shown in wheat by 

Blümke et al. (2014). The Δfgl1 F. graminearum strain could not suppress the callose 

biosynthesis due to the absence of free fatty acids (Blümke et al. 2014). In the presence of free 

fatty acids, the callose synthesis was supressed resulting in a successful colonisation. However, 

the fgl1 deficient strain could not supress the callose biosynthesis and callose depositions were 

detected (Blümke et al. 2014; Voigt et al. 2005). These callose depositions supported 

containment of the pathogen in the inoculated floret preventing further colonisation (Blümke et 

al. 2014; Voigt et al. 2005). This was also observed in wheat, where papillae were formed in 

cell walls adjacent to hyphae after Fusarium infection in resistant wheat cultivars (Kang and 

Buchenauer 2000; Kang et al. 2008). The formation of a papillae was observed in proximity 

and distant to the fungal hyphae (Kang and Buchenauer 2000). Since callose is often associated 

in these papillae (Aist 1976; Stone and Clarke 1992) a functional callose response is a key part 

of the plant defence and type II resistance to Fusarium infection.  
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A similar observation in B. distachyon and the interaction with F. graminearum was possible. 

In the absence of callose depositions, the FHB disease was significantly stronger and the fungus 

was detected in the rachis node and rachis of the spikelet. This correlates with the studies of 

Kang and Buchenauer (2000) and Blümke et al. (2014). Both revealed the importance of callose 

depositions and papillae for resistance. Screening of different wheat cultivars regarding their 

susceptibility of callose synthases inhibition to free fatty acids gave further insights (Ellinger et 

al. 2014b). Ellinger et al. (2014b) revealed a correlation between the inhibition of callose 

biosynthesis through free fatty acids and the severity of FHB disease symptoms. In barley, the 

homolog GSLs HvGSL6 and HvGSL7 are connected to a FHB resistance QTL (Zhu et al. 

1999a). Furthermore, it seems that barley has a natural stronger type II resistance to F. 

graminearum (Zhu et al. 1999b). An in depth analysis of F. graminearum infection between 

wheat and barley performed by Jansen et al. (2005) revealed a similar phenotype in barley 

compared to the Δfgl1 F. gramineaum infection in wheat. The pathogen was not able to 

penetrate the rachis node and was contained in the inoculated spikelet (Blümke et al. 2014; 

Jansen et al. 2005). However, Jansen et al. (2005) did not observed any cell wall thickenings or 

papillae at F. graminearum infection but did not directly look for callose depositions in the 

rachis and rachis node as described in wheat (Blümke et al. 2014). 

4.2.4 BdGSL3 as a universal answer to stress in Brachypodium distachyon? 
In the previous chapter, it is discussed whether BdGSL3 is needed for the stress response to 

Fusarium greaminearum infection, and it is concluded that BdGSL3 plays a major role in the 

response to F. graminearum infection in spikelets. In A. thaliana, it seems that PMR4 is 

responsible for callose forming after different stresses and pollen tube formation with AtGSL1 

(Enns et al. 2005; Jacobs et al. 2003; Nishimura et al. 2003). However, in Brachypodium 

distachyon this is not clear, and the evidence suggests a key difference between A. thaliana and 

B. distachyon since the disruption of BdGSL3 had no impaired vegetative phenotype.  

In leaves, the callose response to wounding could be observed, and transcriptional studies 

indicate that BdGSL2 and BdGSL3 were upregulated 3 and 6 hours after wounding (Blümke 

2013). It was possible to show a callose response after non-host infection with Golovinomyces 

cichoracearum by Blümke (2013). Wounding experiments were done with the wild-type and 

the four genome edited lines for the two time points 6 hours and 16 hours. However, no 

differences in the forming of callose depositions at 6 hours past wounding were detected. 

Possible changes to this wounding assay could be a different method to generate wounds. The 

used needles were inflicting rather big wounds and smaller wounds in higher frequencies could 
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induce a stronger callose formation. A possible other method to quantify the callose after 

wounding could be the use of a fluorescence-based assay which does not require microscopy. 

Additionally, CLSM with a fluorescent protein tagged BdGSL3 could enable a time-resolved 

visualisation of BdGSL3 after wounding.  

Since the expression patterns of BdGSL2 and BdGSL3 after wounding revealed the highest 

expression after six hours (Blümke 2013), a later time point should be observed to make sure 

that the expressed mRNAs were translated into proteins. The wild-type response was 

comparable to already published data when comparing the 12 hour data with the 16 hour data 

presented here (Blümke 2013). However, the four genome edited lines showed a reduced 

coverage of callose adjacent to the inflicted wounds. Based on the transcriptional information 

from former work, and the reduced but not complete absence of callose observed in the 

disrupted mutants it can be concluded that BdGSL3 is not solely responsible for callose 

depositions after wounding in leaves and a combination of BdGSL2 and BdGSL3 might be 

responsible (Blümke 2013). 

To get more insight into the role of BdGSL3 and stress responses in leaves, infections with the 

necrotrophic fungus Parastagonospora nodorum strain SN15 were done. Analysis of these 

infections showed for all four disrupted mutants and the wild-type a callose response adjacent 

to the infecting pathogen. This undermines the conclusion drawn out of the abiotic wounding 

stress response. BdGSL3 is not solely responsible for callose related stress response in leaves. 

Chowdhury et al. (2016) suggests an involvement of HvGSL6, a barley orthologue to BdGSL2, 

in stress response to Blumeria graminis f. sp. Hordei. Analysis of dsRNAi plants for the two 

CalS HvGSL6 and HvGSL7, which is the orthologue to BdGSL3, suggests that HvGSL6 is 

involved in the forming of callose depositions after powdery mildew infection of Blumeria 

graminis f. sp. Hordei (Chowdhury et al. 2016). Furthermore, the knock-down of HvGSL7 

showed no significant difference in the amount of papillae with reduced callose depositions, 

even though they were slightly increased (Chowdhury et al. 2016). Transcriptional analysis in 

barley showed an upregulation of HvGSL6 after inoculation with powdery mildew, which 

reached highest expression after 12 h post inoculation. Interestingly, HvGSL7 showed a 

downregulation in expression (Chowdhury et al. 2016). In the untreated control, HvGSL7 was 

downregulated in the first 8 hours but the expression of HvGSL7 recovers. In the inoculated 

plants, this downregulation was persistent in all examined time points (Chowdhury et al. 2016). 

When comparing the transcript levels of both HvGSLs, HvGSL7 transcript is more abundant at 

0 hours compared to the relative low amounts of HvGSL6 (Chowdhury et al. 2016), which 
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endorse the expression data already known about HvGSLs (Schober et al. 2009). This is 

somewhat contradictory to previous work in rice where the callose synthase genes OsGSL2 

(orthologue of BdGSL2) but not OsGSL3 (orthologue of BdGSL3) revealed stable expression in 

different organs (Yamaguchi et al. 2006). However, after inoculation of rice with Nilaparvata 

lugens, a herbivore pathogen ingesting nutrients from rice phloem sap, the expression of 

OsGSL3 changes (Hao et al. 2008). After 3 hours past inoculation the expression of OsGSL3 

increases until 6 h (Hao et al. 2008). Between 6 and 12 hours after inoculation the expression 

is downregulated but expression of OsGSL3 increases again after 12 hours until 48 hours (Hao 

et al. 2008). Interestingly, the early expression change at 3 hours was higher for the more 

resistant cultivar B5 compared to the susceptible cultivar TN1 (Hao et al. 2008). The two other 

glucan synthases tested were OsGSL1 and OsGSL5. OsGSL1 is the orthologue to AtGSL8 while 

OsGSL5 is the orthologue to AtGSL2 (Yamaguchi et al. 2006). AtGSL8 is involved in the 

regulation of plasmodesmata closure due to defined callose deposition (Fernández-Calvino et 

al. 2011; Guseman et al. 2010; Han et al. 2014). And AtGSL2 and its orthologue in Nicotiana 

alata are involved in pollen tube growth and germination (Becker et al. 2003; Doblin et al. 

2001; Nishikawa et al. 2005). The early upregulation of OsGSL3 after inoculation with an 

herbivore indicates a stress-induced callose synthase, since it is not heavily expressed during 

vegetative conditions (Hao et al. 2008; Yamaguchi et al. 2006). While the two other genes 

OsGSL1 and OsGSL5 are linked to CalS responsible for developmental functions. Based on the 

described expression characteristics of HvGSL7 and OsGSL3 combined with the results from 

F. graminearum infections, there is good evidence that BdGSL3 is a stress induced CalS; 

however, it is not as universal in its functions as PMR4 in A. thaliana. 
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4.2.5 The genome editing and loss of function of BdGSL3 and its impact on 

transcriptional level to the callose synthase gene family in Brachypodium 

distachyon 
To investigate the impact of the genome editing on transcriptional level throughout the whole 

gene family of 1,3-β-glucan synthases in Brachypodium distachyon, a qPCR-based analysis 

was performed. The RealTime ready Custom Panel from Roche enabled a high throughput 

system to screen the whole gene family in 96 well plates. With this aid, it was possible to screen 

different organs, the leaves of three weeks old plants, the stems of five weeks old plants and the 

spikelets of six weeks old plants.  

Interestingly, the GSL gene family expression in all three tissues was on different levels, while 

the expression in leaves was the lowest and in spikelets the highest. This observation is 

comparable to expression studies with another glucan synthase family, the cellulose synthase 

and cellulose synthase-like (CESA/CSL) in rice (Wang et al. 2010). The expression for the 

whole CESA family was the lowest in the flag leaves (Wang et al. 2010). Interestingly, opposed 

to the GSL expression, the highest CESA expression was found in stem tissue followed by the 

spikelet (Wang et al. 2010). However, the question if the genome editing event had any 

influence on the transcription of any member of the GSL family in Brachypodium distachyon 

needs to be addressed. The expression of all BdGSLs except for BdGSL3 was upregulated in 

#16-12-6-14 and #16-12-10-18 compared to the wild-type. The BdGSL gene family expression 

was on wild-type level for the other two disrupted lines #2-9-4-9 and #2-9-6-30. Since all four 

genome edited lines did not differ in their vegetative phenotype and the examined stress related 

callose responses, it is hard to find any evidence for a transcriptional regulation of BdGSL3 on 

other BdGSLs. It is notable, that both lines #2-9-4-9 and #2-9-6-30 still contain the T-DNA as 

discussed earlier. This might still have an impact on cellular processes, since the Cas9 and 

sgRNAs are still expressed and the Cas9 is translated and could be active. However, the 

literature and the results presented in this work indicate that stable transgenic CRISPR/Cas9 

plants have no severe impairments in looks or cellular processes (Belhaj et al. 2013; Osakabe 

et al. 2016; Zhou et al. 2017; Zhu et al. 2016). Furthermore, when comparing the leaf data with 

the data obtained from stem and spikelets, this distinctive upregulation is not found throughout 

the GSL gene family. Interestingly, this aberrant expression characteristic of BdGSL3 is not 

observed in leaves. The BdGSL3 was only in line #16-12-10-18 upregulated, while line #2-9-

4-9 shows a lower expression. Therefore, the expression of BdGSL3 did not had any impact on 

the expression of other BdGSLs.  
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A closer look into the stem expression reveals a downregulation of BdGSL5 and BdGSL7 for 

#2-9-4-9, while for BdGSL5 the other three lines have a slightly higher expression. For BdGSL7, 

only the lines #16-12-6-14 and #16-12-10-18 had this shift. The role of BdGSL5 in 

Brachypodium distachyon is still unclear. Phylogenetic analysis by Blümke (2013) revealed a 

close homology to AtGSL2 also known as CALLOSE SYNTHASE 5 (CalS5). In A. thaliana, 

the role of CalS 5 is already well studied. CalS 5 is required for proper pollen wall formation 

and patterning during micro gametogenesis but not for the pollen tube growth (Dong et al. 2005; 

Huang et al. 2013; Nishikawa et al. 2005). Work with the rice orthologue OsGSL5 in rice further 

confirm the importance of this callose synthase for reproduction. A knockout and RNAi 

experiment revealed that OsGSL5 is important for the primary cell wall of microspores (Shi et 

al. 2014). However, there were no noticeable differences in male fertility or reproduction for 

the genome edited lines, hence it is highly unlikely that the downregulation or upregulation had 

any effect in these four lines. The orthologues of BdGSL7 in A. thaliana and rice are AtGSL12 

(CalS 3) and OsGSL7 respectively (Blümke 2013). In A. thaliana, CalS 3 plays an important 

role in the regulation of plasmodesmata which plays an important role in symplastic signalling 

for plant development (Sevilem et al. 2013; Vatén et al. 2011; Wu et al. 2016). However, the 

role in monocots for this CalS is not that well understood. Homology to BdGSL7 was identified 

for rice, sorghum and barley (Chowdhury et al. 2016). In Triticum durum, Terracciano et al. 

(2013) found the orthologue in the set marker ubw22, an important marker for the leaf rust QTL 

LF14a. Research on transcription of the HvGSL gene family revealed, that HvGSL5, the 

homolog callose synthase to BdGSL7, has higher expression levels in the first leave base, early 

florals, floral anthesis and the 3 days old coleoptile (Schober et al. 2009). Structural expression 

analysis of roots showed highest expression at the root tip and the adjacent tissue (Schober et 

al. 2009). Combining the expression data from barley with the data from A. thaliana, this might 

hint to a similar role of BdGSL7 in B. distachyon (Vatén et al. 2011; Zhu et al. 2016). Since 

there are no major phenotypical abnormalities, as described in chapter 4.2.2, it is arguable that 

there is any major impact from the transcriptional differences on the phenotype of B. 

distachyon. Even though there are some indications for up- or down-regulation of specific GSL 

family genes, the associated phenotypes from the literature, as far as the data supports, were not 

observed during this work. This raises the question, whether this kind of transcriptional analysis 

is even a reliable tool for statements in complex organisms. Many other regulatory pathways, 

posttranslational modification and other mechanisms as hormones or transcript transport play 

also key roles in development, therefore minor regulatory differences in expression of members 

of a gene family like the GSL family, might not have an impact on the plant’s phenotype.  
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4.2.6 How does the plant respond to the absence of callose after inoculation with 

Fusarium graminearum on transcriptional level? 
The existence of pathogen responsive (PR) genes were first described in the 70s of the last 

century and were grouped into ten different classes (Gianinazzi 1970; Kombrink and Somssich 

1997; Van Loon and Van Kammen 1970). To get an overview about a set of PR genes, the 

expression of PR1.3, PR2, BdMAPKKK, BdChit8 and BdUGT74f2 was analysed (Blümke et al. 

2015; Powell et al. 2017).  

Members from the PR1 gene family are associated with salicylic acid and function as a marker 

for salicylic acid related plant defence in dicotyledons (Friedrich et al. 1996; Uknes et al. 1992). 

However, there is some evidence that this might not be the case in monocotyledons. Kouzai et 

al. (2016) could show that PR1.3 was more likely to be supressed after treatment with jasmonic 

acid, salicylic acid or ethylene. In wheat two member of the PR1 gene family were identified 

but had no salicylic acid response (Molina et al. 1999). Nevertheless, genes of this group were 

shown to be upregulated after inoculation with Fusarium graminearum, Claviceps purpurea or 

the Panicum Mosaic Virus (PMV) in B. distachyon indicating its suitability as PR gene (Blümke 

et al. 2015; Kind et al. 2018; Mandadi and Scholthof 2012). Interestingly, PR1-3, was shown 

to be upregulated after F. graminearum and Claviceps purpurea infection (Blümke et al. 2015; 

Kind et al. 2018). However, there was no difference in the expression between the wild-type 

and the four genome edited lines at the examined time point. This might be explained with the 

early time point used in this work compared to 7 dpi for F. graminearum infection by Blümke 

et al. (2015) and the late 5 dpi time point for the C. purpurea infection by Kind et al. (2018). 

The second chosen PR gene was PR2. PR2 is a predicted secreted glycoside hydrolase type 17, 

found only in mature organs, localizing at the plasma membrane of mature leaves with a high 

homology to the rice gene Os01g71380 and the wheat expressed sequence tag (EST) AK331482 

(Douché et al. 2013; Zhang et al. 2010c). Other research links the homology to a putative glucan 

endo-1,3-β-d-glucosidase, WGLUC5 (CAI64809) of wheat (Pós 2010). In wheat, WGLUC5 

was upregulated after infection with the leaf rust causing pathogen Puccinia recondita f.sp. 

tritici (Pós 2010). PR2 was upregulated in Brachypodium distachyon after infection with PMV, 

Fusarium graminearum and Claviceps purpurea (Blümke et al. 2015; Kind et al. 2018; 

Mandadi and Scholthof 2012). In Barley, a member of the PR2 gene family was upregulated 

after Blumeria graminis f.sp.hordei and Fusarium graminearum infection (Boddu et al. 2006; 

Gregersen et al. 1997). 
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Studies in wheat revealed, that PR2 has the highest expression 36 to 48 hpi with Fusarium 

graminearum, but expression was additionally detected in controls without inoculation (Pritsch 

et al. 2000). Expression studies revealed that PR2 is upregulated after F. graminearum 

infection, and previous research hints that PR2 is connected with increased resistance in wheat 

(Kang et al. 2003; Zhou et al. 2005). This upregulation was also observed via qPCR in this 

work. It was possible to detect PR2 at 48 hpi, interestingly more abundant in the four genome 

edited lines compared to the wild-type. This upregulation is quite interesting because it might 

be a substitution mechanism to cope with the loss of callose depositions after inoculation or due 

to the faster F. graminearum progress in infection of the spikelets. Research in wheat with an 

overexpression of the barley PR2 member revealed an increased resistance to Fusarium 

graminearum (Mackintosh et al. 2007), which might be an hint for the substitution idea to cope 

with the loss of callose depositions. 

Transcriptome analysis from Brachypodium distachyon and wheat revealed an upregulation of 

BdChit8 and BdUGT74f2 (Powell et al. 2017). Further information regarding BdChit8 are from 

a search for secreted proteins, where BdChit8 was found as a secreted endochitinase, specially 

secreted in mature leaves, basal and apical internodes (Douché et al. 2013). A large meta-

analysis of wheat QTL regions revealed, that the wheat homolog to BdChit8, Ta.30501.1, is 

part of a meta-QTL (MQTL), responding to heat and drought stress and involved in carbon 

isotope discrimination, harvest index, kernel number, maturity, spike weight and water status 

(Acuña-Galindo et al. 2015). But most interestingly, this wheat homolog was analysed after 

Fusarium graminearum inoculation in wheat, and the expression study showed that 24 hpi an 

upregulation was found compared to a tri5 deficient F. graminearum strain (Foroud et al. 2012). 

At the used 48 hpi time point in this work, an upregulation was not detected. It is questionable, 

whether BdChit8 is upregulated this early or rather later upregulated. In the work done in wheat 

with tri5 deficient mutants, the upregulation is not significant, and the transcriptome analysis 

found the described upregulation in Brachypodium distachyon and in wheat at a much later time 

points after 7 dpi (Foroud et al. 2012; Powell et al. 2017). A further hint regarding the activity 

and expression time point of this chitinase is the classification. With the help of PLAZA (Van 

Bel et al. 2017; Vandepoele et al. 2013), a bioinformatic database, bioinformatic predictions 

classify BdChit8 as a member of the glycoside hydrolase family 19, which consists of class I, 

II and IV chitinases (Henrissat 1991). Research on these chitinase classes revealed highly 

constitutive expression in different tissue (Hamel and Bellemare 1995; Lawton et al. 1994; 

Neale et al. 1990; Robinson et al. 1997; Samac et al. 1990; van Buuren et al. 1992). However, 

there is some evidence that chitinases of these classes are upregulated after inoculation with 
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pathogens, between 3 to 10 dpi (Samac and Shah 1991; van Buuren et al. 1992). Therefore, the 

used 2 dpi time point might be too early to observe shifts in expression, and a later time point, 

for example 7 dpi, should be analysed. BdUGT74f2 was chosen because of its major role in the 

detoxification of DON (Schweiger et al. 2013). The already mentioned transcriptome analysis 

of FHB in B. distachyon and wheat by Powell et al. (2017) revealed an upregulation of 

BdUGT74f2 after 7 dpi in B. distachyon. In wheat no homologues were described, and a recent 

overexpression of BdUGT74f2 in wheat confers to a Type II resistance (Gatti et al. 2019; Powell 

et al. 2017). Again, later stages of the infection were surveyed compared to the used 2 dpi time 

point in this work which explains the lack of transcription in this work. However, Schweiger et 

al. (2013) investigated earlier time points, and the expression of BdUGT74f2 was upregulated 

already after 24 hpi of F. graminearum strain PH-1, and responsiveness to DON was shown as 

soon as 3 hours after treatment. It is noteworthy, that the inoculation of B. distachyon with PH-

1 in our lab revealed an existing Type II resistance, it was never observed that PH-1 was able 

to penetrate the rachis node of the inoculated spikelet compared to the 8/1 strain of F. 

graminearum (unpublished data). Therefore, the comparison between our 2 dpi time point, 

which showed no differences in expression, and the time points of PH-1 inoculated spikelets is 

problematic, since the reason for the Type II resistance in Bd21 to PH-1 is not known yet.  

The last interesting PR gene, the BdMAPKKK is a mitogen-activated protein kinase kinase 

(MAPKK); MAPKKs are part of the MAPK Pathway, which are highly conserved not only in 

plants but in all lifeforms (Ichimura et al. 2002; Widmann et al. 1999). MAPK-Pathways play 

a decisive role in several different development pathways, like auxin related developmental 

events, in different stress response pathways, oxidative stress, cold or drought stress (Jia et al. 

2016; Jonak et al. 1996; Kovtun et al. 2000; Li et al. 2017; Raz and Fluhr 1993). They also play 

essential roles in plant defence pathways, with recent research indicating an essential role in the 

ETI ROS Burst (Jalmi and Sinha 2016; Jia et al. 2016; Lang et al. 2017; Yoshioka et al. 2016). 

However, at the early 2 dpi time point, no differential expression could be detected. Since the 

chosen MAPKKK is not really researched, not much is known regarding its function in B. 

distachyon. It was shown, that after 7dpi with F. graminearum strain 8/1 in B. distachyon an 

upregulation was observed, interestingly DON seems to not be the cause of this upregulation 

(Blümke et al. 2015).  
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In conclusion, the early time point at 2dpi with F. graminearum revealed some interesting 

transcriptional results. Even though, the genes PR1.3, BdChit8, BdUGT74f2 and BdMAPKKK 

showed no differences in expression, the gene PR2 was upregulated in the four genome edited 

lines compared to the wild-type. The early time point was chosen, because of three key factors: 

1. Upregulation of BdGSL3 was detected 3 hours after wounding and callose detection after 12 

h. 2. Callose depositions after non-host inoculation with G. cichoracearum were detected after 

6 hours. 3. The callose depositions after F. graminearum inoculations were detected after 3 dpi 

(Blümke 2013). Therefore, it was interesting to investigate the early response of described PR 

genes in the BdGSL3 disrupted lines. The reasons for the PR2 upregulation are only 

hypothetical as there might be several explanations. For example, possible phytohormonal 

changes in the cell, a back-up system of plant defence, where the early upregulation of PR2 

might be induced by absence of functional BdGSL3 or callose depositions. A third possibility 

is the faster F. graminearum infection in the four BdGSL3 disrupted lines. However, for 

definitive answers, further analyses must be done regarding phytohormonal levels and the 

possible regulation of PR2, which is still unknown. 

In this context it is noteworthy, that phytohormones play a key regulatory role in response to 

biotrophic and necrotrophic pathogens (Creelman and Mullet 1997; Durner et al. 1997; Feys 

and Parker 2000; Uknes et al. 1992). Even though the BdGSL3 disruption of the four genome 

edited lines might not have any impact on the vegetative phytohormone regulations, an impact 

on biotic stress response might be possible. The two major phytohormones in plant defence are 

salicylic acid and jasmonic acid which are antagonistic to each other and the induction of one 

alleviates the other (Feys and Parker 2000; Kunkel and Brooks 2002). A general model for this 

interplay was proposed by Robert-Seilaniantz et al. (2007) in which the jasmonic acid pathway 

results in resistance to necrotrophic pathogens (Creelman and Mullet 1997) but results in 

susceptibility to biotrophic pathogens which was the opposite for the salicylic acid pathway 

(Durner et al. 1997). However, this model is based majorly on research in dicotyledons and 

their PR gene responses. In monocotyledons there is contradictory work. The basic jasmonic 

acid pathway as response to nectrotrophic pathogens in monocotyledons could be shown by 

Desmond et al. (2005) with F. pseudograminearum in wheat. However, contradictory work in 

the regulation of PR-genes was found in monocotyledons compared to dicotyledons. In rice 

Agrawal et al. (2000) could identify a PR1 gene, OsPR1α, which is induced by several 

phytohormones especially jasmonic acid and salicylic acid after wounding. In rice Mei et al. 

(2006) described the upregulation of several PR genes and PR1b in detail to jasmonic acid. 
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The B. distachyon gene PR1.3 was not upregulated by salicylic or jasmonic acid treatment 

(Kouzai et al. 2016). Additionally, in wheat two genes of the PR1 gene family were identified, 

which did not respond to activators of systemic acquired resistance (Molina et al. 1999). Ding 

et al. (2016) evaluated the salicylic acid and jasmonic acid response of different PR genes in 

wheat. And the wheat PR1.1 gene was induced by salicylic acid and jasmonic acid, which was 

contradictory to previous research (Ding et al. 2016; Lu et al. 2005). These differences 

compared to the research reported from dicotyledons indicates differences in the plant defence 

responses of monocotyledons and dicotyledons. The jasmonic acid pathway is still responsible 

for necrotrophic pathogens, however the PR gene classes regulated by jasmonic acid and 

salicylic acid might differ compared to the proposed PR gene classes from dicotyledons. It 

would be highly interesting, if there are changes in the phytohormonal levels in the four 

BdGSL3 disrupted mutants compared to the wild-type and how these changes might affect the 

defence pathway. Possible future experiments could be the measurement of phytohormones at 

different infection time points. Maybe the use of MALDI imaging to reveal possible hot spots 

or gradients in the spikelet could be used. Huang et al. (2016) used this technique to visualise 

endogenous metabolites in leaves of Cayratia japonica.  

Since in the host-pathogen interaction two organisms are involved, it was interesting to examine 

if the absence of BdGSL3 had any influence on the pathogen Fusarium graminearum and its 

virulence gene expression. Therefore, the two already identified virulence genes fgl1 and tri5 

were analysed via qPCR at 2 dpi. Tri5 is part of a gene cluster in Fusarium graminearum 

responsible for the trichothecene production (Alexander et al. 2009; Brown et al. 2004; Hohn 

et al. 1998; Ward et al. 2002). Research early identified that tri5 plays an essential role in the 

pathway for DON production, and loss of function mutants were impaired in infection and 

particularly colonisation through the rachis (Bai et al. 2002; Jansen et al. 2005; Maier et al. 

2006; Proctor et al. 1995; Proctor et al. 1997). Further research could identify infection 

structures with an active tri5 promoter (Boenisch and Schäfer 2011). Expression and promotor 

studies revealed an upregulation of tri5 at early infection stages (Doohan et al. 1999; Hallen-

Adams et al. 2011; Ilgen et al. 2009; Voigt et al. 2007). And a detailed analysis of DON 

distribution in wheat spikes showed as early as 4 dpi DON around the inoculated floret (Savard 

et al. 2000). This was also observed in this work. In the wild-type and the four genome edited 

lines the tri5 expression was present at 2 dpi. This fits with the described tri5 expression for the 

infection from literature and the current model for F. graminearum infection. Furthermore, this 

confirms, that callose depositions have no effect on the expression of tri5, and the expression 

of tri5 and DON production is not needed to overcome callose depositions at the rachis.  
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Studies with knock-out mutants of fgl1 and overexpression mutants revealed the importance of 

the secreted lipase FGL1 for the infection and colonisation of wheat spikes (Salomon et al. 

2012; Voigt et al. 2005). These results clearly indicate, that fgl1 is a F. graminearum virulence 

gene, and further research indicated four other secreted lipases, which could be involved in the 

infection cycle of F. graminearum or might play a role in host specificity (Nguyen et al. 2010). 

It has to be noted, that earlier research already revealed the inhibition of callose synthesis 

through free fatty acids (Kauss and Jeblick 1986a). Inoculation studies on wheat with a Δfgl1 

F. graminearum strain revealed, that the pathogen was impaired in infecting wheat and more 

callose in vascular tissue was detected (Blümke et al. 2014; Voigt et al. 2005). Infection studies 

on B. distachyon with the Δfgl1 strain revealed, that there was no difference in the disease course 

until 7 dpi, where the Δfgl1 deficient strain was concealed in the inoculated spikelet (Blümke 

et al. 2015).  

The expression of fgl1 after 2 dpi was lacking in the wild-type, but present in the four genome 

edited lines. Which leads to two questions, why there is no fgl1 expression in the inoculated 

wild-type plants, and is fgl1 the reason for the missing callose depositions. This might be a 

possible explanation, however, the reason why fgl1 is only present in the four genome edited 

lines is not explicable. If we assume, that B. distachyon has two stress induced callose synthase 

with BdGSL2 and BdGSL3, which the data and literature suggests, this might explain both 

results and could build a model (Blümke 2013; Chowdhury et al. 2016).  

4.2.7 A prospect on BdGSL2 and BdGSL3 and their role in B. distachyon  
 

In barley and B. distachyon two possible CalS could be involved in stress response. This was 

suggested in barley for powdery mildew infection and HvGSL6 by Chowdhury et al. (2016) 

and in B. distachyon for BdGSL3 and the F. graminearum infection in spikelets in this work. 

Since barley and B. distachyon both have two possible stress-induced CalS with high homology 

(Chowdhury et al. 2016), this might be an evolutionary adaption to different pathogen stress or 

a adaption to effectors or defence suppressors. Maybe BdGSL2 and HvGSL6 are specialised 

on defence reactions to biotrophic pathogens, as shown for barley (Chowdhury et al. 2016), 

while HvGSL7 and BdGSL3 are specialised in defence reactions on necrotrophic pathogens 

infecting the reproductive organs, which was shown in this work for B. disachyon. One possible 

reason for the existence of two CalS could be the susceptibility to free fatty acids shown in 

wheat (Blümke et al. 2015; Ellinger et al. 2014b) and an adaption by barley and B. distachyon 

could be the acquisition of a second CalS. 
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To study this interesting possibility, CRISP/Cas9 mediated disruptions for BdGSL2 and 

HvGSL7 should be generated and examined. Further, a double disruption of BdGSL2 and 

BdGSL3 could be generated. The generated plants then could be analysed in response to 

pathogen stress to decipher the roles of both CalS and possible regulatory pathways. If future 

experiments reveal this proposed specialisation, the next step would be to find specific 

differences in the sequence, which might be used as breeding targets in crops. Another model 

could be the specification of BdGSL2 or BdGSL3 to biotrophic or necrotrophic pathogens 

because of effectors or suppressing metabolites. This could be a reason why after F. 

graminearum infection, even in the BdGSL3 disrupted lines a small amount of callose is 

detected. BdGSL2 and BdGSL3 are both recruited when the pathogen is infecting the plant. 

However, BdGSL3 might be resistant to the free fatty acids; a study on different wheat cultivars 

indicates that there is a link between more resistant wheat cultivars to F. graminearum infection 

and the callose biosynthesis resistance to free fatty acids (Ellinger et al. 2014b). Whereas 

BdGSL2 might be susceptible to the free fatty acids, the absence of BdGSL3 leads to the 

recruitment of BdGSL2 at the infection sites, which then gets inhibited by free fatty acids. 

Further evidence for this model comes from the ortholog of BdGSL3 in Oryza sativa, which 

was upregulated after inoculation with a herbivore feeding from the phloem sap, and the free 

fatty acids supressed callose depositions in vascular tissue of wheat (Blümke et al. 2014; 

Ellinger et al. 2014b; Hao et al. 2008). Since this model is only a hypothetical model, follow 

up studies must be performed to falsify this hypothesis. Possible follow up studies could be 

infection studies with the Δfgl1 F. graminearum strain in the BdGSL3 disrupted lines. If the 

Δfgl1 can colonise the spikelet, no free fatty acid inhibition on BdGSL2 occurs. However, if the 

Δfgl1 strain is still contained in the inoculated floret, microscopy should reveal if callose 

deposition are formed. This would support this model and could give new insight into targets 

for plant breeding. It would also be highly interesting if a double disruption of BdGSL2 and 

BdGSL3 in Brachypodium distachyon is possible and the resulting phenotype.  
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4.3 The role of callose in plant defence 
Even though the role of callose in the papillae formation is still debated (Voigt 2014), it is 

shown that callose might help in plant defence in wheat and B. distachyon (Blümke 2013; 

Blümke et al. 2014; Ellinger et al. 2014b; Kang and Buchenauer 2000). In addition, this work 

further supports the evidence from former research. The genome editing of BdGSL3 results in 

higher infections at 14 dpi and 7 dpi. It was shown that in the four genome edited lines the 

amount of callose in the inoculated floret at 3 dpi is significantly reduced compared to the wild-

type. Therefore, not only the importance of callose for type II resistance and plant defence in 

Brachypodium distachyon is shown, but also the role of BdGSL3 in this scenario is apparent. 

BdGSL3 is important for the formation of callose depositions after infection with Fusarium 

graminearum in spikelets and helps in plant defence. Since papillae formation is an early 

response of plant defence (Jones and Dangl 2006), callose might be just a first line of defence 

until other plant defence responses are activated. In wild-type A. thaliana the callose 

depositions at penetration sites are not enough to prevent penetration of adopted powdery 

mildews but are sufficient to prevent penetration by the non-host B. graminis f. sp. hordei 

(Ellinger et al. 2013; Jacobs et al. 2003). The overexpression of PMR4 resulted in earlier and 

bigger callose depositions after powdery mildew infection, indicating that timing and size of 

callose papillae are key factors for successful plant defence to biotrophic pathogens (Ellinger 

et al. 2013). Super resolution microscopy performed by Eggert et al. (2014) with PMR4 

overexpression lines revealed bigger callose depositions at penetration sites which had a 

stronger cellulose/callose network in the plant cell wall and callose on the other side of the cell 

wall compared to the A. thaliana wild-type. It is reported that 1,3-β-glucans can have a gel like 

structure in acidic pH conditions (Harada et al. 1968; Saitô et al. 1979). It is possible, that this 

gel like structure could be some sort of barrier for fungal effectors or metabolites preventing 

these compounds from entering the plant cell. This might also explain the observed phenotype 

in this work and former work with overexpression of BdGSL3 and PMR4 in B. distachyon and 

the phenotype of the Δfgl1 strain in wheat (Blümke 2013; Blümke et al. 2014; Voigt et al. 2005; 

Voigt et al. 2007). The absence of callose depositions in wheat and B. distachyon results in an 

increased susceptibility to F. graminearum (Blümke et al. 2014). However, when the plant is 

able to form callose depositions in the inoculated spikelet, an increased resistance is observed 

(Blümke 2013; Blümke et al. 2014). Voigt et al. (2007) could detect an increased amount of 

DON in spikelets infected with the Δfgl1 strain which might be a response to cope with the 

callose depositions discovered by Blümke et al. (2014). This would also explain the FHB 

disease phenotype observed in this work. In the absence of callose, DON can infiltrate cells and 
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tissues without any form of barrier preparing the tissue for infection. To test this hypothesis of 

one possible role of callose in plant defence the use of MALDI (McDonnell and Heeren 2007) 

or desorption electrospray ionisation (DESI) (Takáts et al. 2004) imaging could be used. Both 

technologies enable high resolution visualisation of compounds with coupled mass 

spectrometry (McDonnell and Heeren 2007; Takáts et al. 2004). In this specific case, cross 

sections of inoculated spikelets from wheat or B. distachyon could be used. Inoculation with 

the Δfgl1 deficient strain in wheat, and the use of wild-type and the BdGSL3 disrupted lines 

from B. distachyon could deliver new insights into the role of callose depositions to the F. 

graminearum infection and the proposed function as a sealing barrier. 

 

4.4 Conclusion 
In summary during this work, a novel understanding of callose synthesis as pathogen associated 

stress response is presented and the usability of modern technologies could be shown. It was 

possible to reveal, that the genome editing method CRISPR/Cas9 is working in the model plant 

Brachypodium distachyon. The screening of transgenic plants revealed mutations in the 

genome. The data suggests that the endonuclease was already active in the homozygotic callus 

tissue used for agrobacteria-mediated transformation in single lines. Other lines had a 

mosaicism genotype, indicating the activity of the endonuclease construct during plant 

regeneration. Two lines lost the T-DNA but kept the identified mutations. This supports the 

usability of this modern method as a new tool for specific breeding of crops. Furthermore, it 

was possible to show that no major negative impact was observed in the mutated plant lines. 

This further supports the usability of CRISPR/Cas9 as a new breeding tool, since a major 

problem of classic mutagenesis breeding is the outcrossing of the unwanted genes. 

With the aid of the CRISPR/Cas9 mediated genome editing, it was possible to induce severe 

deletions in the DNA sequence predicted stress-induced 1,3-β-glucan synthase BdGSL3. 

Analysis of the induced mutations in BdGSL3 revealed several deletions and changes of amino 

acids and a frameshift mutation with stop codon in one of the analysed plant lines. This enabled 

further characterization of BdGSL3 and its possible role in B. distachyon. On the general 

vegetative phenotype, the disrupted BdGSL3 had no major impact. The life cycle was not 

altered, no severe impairments were observed in the formation of leaves, elongation of the plant 

stem or the formation and maturity of spikelets and seeds. However, the plant growth was 

altered slightly resulting in a minor slower elongation in the early life cycle, which diminished 

after five weeks.  
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The impact of non-functional BdGSL3 on the expression of all members of the GSL gene 

family was also examined. With the aid of the probe based Real-Time Ready system from 

Roche© it was possible to screen the expression throughout the three major aboveground organs 

of plants. It was possible to observe some minor differences in the expression of single members 

of the GSL family, and their possible roles from other plant species, but the impact of these 

expression differences was not observed. Therefore, it is highly likely that BdGSL3 in 

Brachypodium distachyon is not involved in general development processes.  

Since callose depositions are often common stress responses, either to abiotic or biotic stress, 

different kind of stresses in different tissues were provoked and analysed. Abiotic wounding 

stress in leaves showed no clear difference between the wild-type and the four genome edited 

lines, and the inoculation with the necrotrophic fungus Stagonospora nodorum showed no 

differences in the callose response in all examined lines. However, the inoculation with the 

FHB causing pathogen Fusarium graminearum and the analysis of the infection revealed the 

importance of BdGSL3 in plant defence. Infection assays revealed a stronger FHB disease in 

all four genome edited lines compared to the wild-type at two different time points of the 

disease. Furthermore, the analysis of the early infection deciphered the role of BdGSL3. The 

four genome edited plant lines had a significantly reduced callose response to the F. 

graminearum infection. These results fit well into the current knowledge regarding the role of 

callose depositions in crops as a plant defence mechanism. Other research already revealed the 

importance of callose depositions for plant defence and the mechanism of Fusarium 

graminearum in supressing callose depositions for a successful colonisation of the host plant. 

Further overexpression experiments with callose synthases led to a stronger callose response 

and a weaker disease course. Therefore, it is highly likely that BdGSL3 is responsible for the 

biotic stress related callose depositions in infected spikelets to repel the infecting pathogen.  

This is further backed with expression studies on PR genes and virulence genes, which revealed 

a higher expression of PR2 in the four genome edited lines compared to the wild-type and the 

expression of the F. graminearum virulence gene fgl1. A new hypothetical model for the role 

of BdGSL3 and BdGSL2 was drawn which incorporates the current research on both glucan 

synthases. There are some indications, that B. distachyon evolved two stress related glucan 

synthases, with either different organ specificity or as an evolutionary adaptation to pathogens. 

BdGSL3 seems to be dominantly active in the rachis nodes and rachis of spikelets, and fungal 

fgl1, which is supressing callose depositions in wheat, is not working with BdGSL3. However, 

the absence of presumably active BdGSL3 might result in the recruitment of BdGSL2, which 
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is susceptible to fgl1, which is then expressed by F. graminearum to supress the forming of 

callose depositions. In the end, this works revealed new insights in the plant response to the 

necrotrophic pathogenic fungus F. graminearum and opens new interesting questions for future 

research in the host-pathogen interaction. 
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5. Abstract 
Since the last century, scientists around the globe have warned of the upcoming challenges for 

humanity. Climate change is affecting us not solely by more frequent catastrophes, melting 

glaciers, changes to ecosystems or rising temperatures. The indirect effects resulting from these 

climate changes might even be more severe. The threats on food safety and security is high, and 

phytopathogens play a major role. In western countries, the agriculture can adopt and fight those 

threats, but for small farmer in developing countries, these threats are alarming. Moreover, the 

human population is projected to reach 9.8 billion at the year 2050 and the food production 

need to increase by 40 %. However, already many pathogens, like Fusarium graminearum, 

Parastagonospora nodorum or Magnaporthe grisea are causing high yield losses. With the 

upcoming changes to the climate, these losses might even increase and the traditional 

agriculture and breeding might not be able to cope with these challenges. Therefore, new 

breeding technologies must be introduced in plant breeding and new possible targets for plant 

breeding must be studied. One of these targets might be the stress related formation of callose 

depositions. The importance of callose as a stress response to several biotic and abiotic stresses 

is long time known and previous work in A. thaliana revealed the possibility of the stress 

induced callose synthase AtGSL5 as a new breeding target. Therefore, it was necessary to 

identify a possible stress induced callose synthase in B. distachyon a model plant for crops. 

With the aid of CRISPR/Cas9-mediated genome editing it was possible to generate plants with 

an impaired BdGSL3 locus. The impaired BdGSL3 locus caused no observable phenotype in 

the general appearance of B. distachyon for the analysed mutants compared to the wild-type. 

Furthermore, the mutants showed no severe deficiency in growth or senescence which might 

be assumed based on the data from A. thaliana. On transcriptional level throughout the whole 

GSL gene family, some minor changes in the transcription were observed, however these had 

no impact on the associated function of the involved GSLs leading to the conclusion, that 

BdGSL3 has a stress related function in B. distachyon.  

To study the stress related role of BdGSL3, several stresses were induced and the callose 

mediated responses were examined. After wounding of leaves, no difference in an early time 

point was observed but in a later time point, a slightly reduced callose response was observed. 

However, the infection with the necrotrophic leaf pathogen P. nodorum did not differ in the 

callose formation to infecting hyphae. To study the callose response to F. graminearum and the 

impact on the FHB disease, infections were evaluated after 14 dpi and 7 dpi. 
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At both evaluated time points in all examined mutants the disease was more present compared 

to the wild type. This was further backed by microscopy of inoculated florets at 7 dpi revealing 

a faster colonisation of the rachis node and the rachis tissue in all four genome edited lines. To 

reveal the reason behind this difference in the disease process, the early time point of 3 dpi was 

examined and the amount of callose in the inoculated florets was quantified. This evaluation 

revealed an almost complete loss of callose formation in the four genome edited lines compared 

to the wild type. QPCR experiments on PR-genes revealed a significant increase in PR2 

expression in the genome edited lines, indicating a possible compensation mechanism. It was 

further possible to detect the presence of FGL1, a F. graminearum virulence gene, in all four 

genome edited lines but not in the wild type.  

In the end it was shown, that modern genome editing techniques could be easily applied to the 

monocotyledon model grass Brachypodium distachyon in example of the 1,3-β-glucan synthase 

BdGSL3. The role of BdGSL3 in B. distachyon could be identified leading to the conclusion 

that BdGSL3 is indeed a stress related callose synthase. Its primary role lies in the formation of 

callose depositions after F. graminearum infection to reduce the FHB symptoms and slow down 

the infection of F. graminearum. A secondary role could be the formation of wound induced 

callose to seal the tissue around wounds, but this might only be a minor function and the data 

is not clear. 
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6. Zusammenfassung 
Schon seit dem letzten Jahrhundert warnen Wissenschaftler vor den Folgen und 

Herausforderungen des menschengemachten Klimawandels. Mögliche Folgen des 

Klimawandels sind eine erhöhte Anzahl an Naturkatastrophen, schmelzende Gletscher, 

steigende Temperaturen und schwerwiegende Veränderungen von Ökosystemen. Diese Folgen 

können jedoch zu indirekten Folgen führen, die weitaus schwerwiegender sind. Die Gefahr das 

die Nahrungsproduktion und Qualität nicht mehr zu halten sind ist groß. Auch wenn in 

westlichen Ländern diese Probleme nicht so bedeutend sind, da der Einsatz von Chemikalien, 

modernen Agrartechnologien und ein großes Repertoire an Sorten diese Probleme vermindert, 

ist die Gefahr bedeutend für Bauern in Entwicklungsländern. Diese haben nicht den Zugriff auf 

moderne Technologien für die Landwirtschaft und müssen auf ihre verfügbaren Sorten 

zurückgreifen. Noch bedeutender wird diese Problemsituation mit einem Blick auf die Zukunft, 

die Menschheit soll auf 9,8 Milliarden Menschen bis 2050 anwachsen. Um diese 

Bevölkerungexpansion weiterhin zu ernähren muss die Landwirtschaft ihre Produktion um 

mindestens 40 % steigern. Viele Pflanzenkrankheitserreger sind jedoch heute schon 

schwerwiegende Probleme für die Landwirtschaft, so sorgen die Erreger Fusarium 

graminearum, Parastagonospora nodorum oder Magnaporthe grisea für bedeutende 

Ernteverluste bei wichtigen Feldfrüchten wie Weizen oder Reis. Durch die bevorstehenden 

Klimaveränderungen ist es zu erwarten, dass gerade pilzliche Pflanzenkrankheitserreger eine 

noch bedeutendere Rolle spielen könnten. Die klassischen Züchtungsmethoden könnten für den 

steigenden Druck auf die Landwirtschaft durch Pathogenbefall keine passenden Antworten 

mehr finden oder zu langsam sein, daher sind neue Züchtungsmethoden nötig. Einhergehend 

mit neuen Züchtungsmethoden ist auch die Identifizierung von neuen Zielen für die Züchtung, 

eines dieser Ziele wären Callosesynthasen. Arbeiten an der Stress-induzierten Callosesynthase 

AtGSL5 zeigten bereits die Möglichkeiten mit modernen Technologien die Pflanzenabwehr zu 

stärken. Um dies auch auf Gräser zu übertragen, sollte eine mögliche stress induzierte 

Callosesynthase in Brachypodium distachyon identifiziert und ihre Rolle in der 

Pathogenabwehr charakterisiert werden. Durch Zuhilfenahme des jüngsten Vertreters der 

genome editing Verfahren, dem CRISPR/Cas9 vermitteltem genome editing, sollte BdGSL3 

untersucht werden. Es war möglich, eine Gendisruption mit CRISPR/Cas9 zu induzieren, 

welche keine phänotypischen Auswirkungen auf die Pflanzen zu haben scheint. Es wurden 

keine Auffälligkeiten beim Wachstum entdeckt und auch während der Beobachtung des 

Lebenszyklus von B. distacyhon konnten keine Auffälligkeiten beobachtet werden. 
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Auf transkriptioneller Ebene sollte die Auswirkung der Mutationen auf die restliche GSL 

Genfamilie studiert werden. Es konnten zwar in verschiedenen Organen vereinzelte 

Änderungen in der Genexpression beobachtet werden, jedoch konnte keiner der mit diesen 

Callosesynthasen assoziierten Phänotypen beobachtet werden. Es lässt sich darauf schließen, 

dass BdGSL3 keinen Einfluss auf die Pflanzenentwicklung hat, jedoch vielleicht regulativ auf 

die Expression anderer Callosesynthasen wirkt. 

Um den Einfluss von Stress auf die Aktivität und Aufgaben von BdGSL3 zu untersuchen, 

wurden verschiedene abiotische und biotische Stresssituationen hervorgerufen und analysiert. 

Verwundungen der Blätter wurden zu unterschiedlichen Zeitpunkten analysiert, um den Callose 

vermittelten Wundverschluss zu untersuchen. Es konnten jedoch keine Auffälligkeiten zum 

frühen Zeitpunkt beobachtet werden und zum späten Zeitpunkt waren die Unterschiede nicht 

signifikant, jedoch mit einer deutlichen Tendenz zu einer geringeren Callosemenge bei 

Verwundung. Ein weiterer Stress auf Blättern wurde durch den nekrotrophen Pilz 

Parastagonospora nodorum ausgelöst, jedoch konnte auch hier keine relevanten Unterschiede 

in der Calloseantwort beobachtet werden. Um den Einfluss von BdGSL3 auf die Fusariose zu 

untersuchen, wurden Infektionen mit dem Auslöser der Fusariose, Fusarium graminearum 

analysiert. Zu den Zeitpunkten 14- und 7-Tage nach Inokulation konnte ein deutlich stärkerer 

Krankheitsverlauf für alle vier mutierten Linien im Vergleich zum Wild-typ beobachtet werden. 

Diese Beobachtung konnte durch Mikroskopie unterstützt werden, die beim frühen Zeitpunkt 

aufzeigte, dass F. graminearum bereits den Rachisknoten befallen hat und in die Rachis des 

Ährchen eingedrungen ist. Um die Ursache für diesen stärkeren Krankheitsverlauf zu 

begründen, wurden Aufnahmen von inokulierten Blüten drei Tage nach der Inokulation 

mikroskopiert. Es konnte gezeigt werden, dass im Vergleich zum Wild-typ alle mutierten 

Linien deutlich weniger Callose aufweisen was die Ursache für den stärkeren Krankheitsverlauf 

zu sein scheint. Um mögliche Auswirkungen auf die Expression von PR-Genen zu untersuchen, 

wurden qPCR-Experimente durchgeführt. Hier konnte beobachtet werden, dass die vier 

genomeditierten Linien eine signifikant höhere PR2 Expression aufweisen. Das spricht für 

einen Versuch den stärkeren Befall mit anderen Abwehrmechanismen zu kompensieren. Es war 

außerdem möglich in diesen Linien die Expression eines F. graminearum Virulenzgen, der 

Lipase FGL1, zu detektieren. Zusammenfassend war es möglich mittels CRISPR/Cas9 eine 

Mutation in B. distachyon zu induzieren, die einen Verlust der Aktivität von BdGSL3 zur Folge 

hate. BdGSL3 scheint nicht für die generelle Pflanzenentwicklung benötigt zu werden. Die 

Hauptaufgabe von BdGSL3 scheint jedoch in der Stressantwort zu liegen, wobei die 

Hauptaufgabe in der Verteidigungsantwort nach F. graminearum Infektion zu liegen scheint.  
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8. Supplement 

 

Figure Supplement 1: Binary vector pMGE546 used for Agrobacteria transformation and plant 
transformation 

The binary vector pMGE546 contains a T-DNA enclosed by the right border (RB) and left border (LB). In the T-
DNA four sgRNAs (sgBB) are under expression of the rice ubiquitin promoter (pOsU6). The cas9 is under 
constitutive expression of the maize ubiquitin promoter (ZmUbi1), and the selection marker (Bar/hptii) is under 
constitutive expression of the CALIFLOWER MOSAIC VIRUS PROMOTER 35S (CaMV 35S). For bacterial 
replication a ColE1 origin is present and for selection the NPTII cassette is present for resistance to kanamycin. 
The plasmid is 14355 bp large. 
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Table Supplement 1: Primer overview and loading for the off-site target PCR Fig. 12 

 

Lin

e 

A B C D E F G 

1 TH89+TH9

0  

 

TH91+TH9
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TH93+TH9
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H2O-

Contr

ol 

TH107+TH

108 

TH109+TH

110 

TH111+TH

112 

2 TH95+TH9
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TH97+TH9

8 

TH99+TH1

00 

H2O-

Contr

ol 

TH113+TH

114 

TH115+TH

116 

TH117+TH

118 

3 TH101+TH

102 

TH103+TH

104 

TH105+TH

106 

Empt

y 

TH119+TH

120 

TH121+TH

122 

TH123+TH

124 

Legend: The Primer used for each PCR are indicated in the table. The H2O-Control D 1 and D 2 consists 

of all Primers without template. The respective primer pair and Target can be concluded from the primer-

table (Table X). 
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Table Supplement 2: Overview of the analysed off-site targets for the four sgRNA targets 

Offsite-Targets 

 Targets Chromosome Position GL Accesion No. Annotation 
crRNA CCCAGATTAGCAGGTACAAANGG ENA|CM000881|CM000881.3 

 

9015840 A1 

 

XM_003567251.4 PREDICTED: Brachypodium distachyon COP9 signalosome 

complex subunit 2 (LOC100836634), transcript variant X2, 

mRNA 
  DNA CCaAaATaAGCAGGTACAAATGG 

crRNA CTACTCCGTTCCCCGGGCCANGG ENA|CM000882|CM000882.3 

 

26625064 

 

B1 

 

 No Gene annotated 

  DNA CTtCTCCGTTCCCgGGaCCAAGG 

crRNA GGTGCGCGTACCTCGGCCAGNGG ENA|CM000880|CM000880.3 

 

2590059 

 

C1 

 

XM_003563657.4 PREDICTED: Brachypodium distachyon leukotriene A-4 

hydrolase homolog (LOC100828470), mRNA   DNA GGTGCagGgACCTCGGCCcGAGG 

crRNA GGTGCGCGTACCTCGGCCAGNGG ENA|CM000880|CM000880.3 

 

49674399 

 

A2 

 

XM_003557154.3 PREDICTED: Brachypodium distachyon early nodulin-93 

(LOC100825538), mRNA   DNA GccGCGCcTACCTCGaCCAGAGG 

crRNA GGTGCGCGTACCTCGGCCAGNGG ENA|CM000880|CM000880.3 

 

57507250 

 

B2 

 

XM_024461141.1  

  DNA    GGTcCcCGTgCCTCcGCCAGTGG 

crRNA  GTGCGCGTACCTCGGCCAGNGG ENA|CM000880|CM000880.3 

 

62912926 

 

C2 

 

XM_003561622.4 PREDICTED: Brachypodium distachyon probable leucine-rich 

repeat receptor-like protein kinase At5g49770 (LOC100841195), 

mRNA 
  DNA    GGTGCGCGTACCcgtaCCAGGGG 

crRNA CCCAGATTAGCAGGTACAAANGG ENA|CM000880|CM000880.3 

 

16771279 

 

A3 

 

XM_014897740.2 PREDICTED: Brachypodium distachyon 3-oxoacyl-[acyl-

carrier-protein] synthase II, chloroplastic (LOC100841004), 

mRNA 
  DNA    CCCAtATTAGtAGtTgCAAATGG 

crRNA CCCAGATTAGCAGGTACAAANGG ENA|CM000880|CM000880.3 

 

43887427 

 

B3 

 

  

  DNA    CCCAacTTtGCAGGaACAAAAGG 

crRNA CCCAGATTAGCAGGTACAAANGG ENA|CM000881|CM000881.3 

 

2484233 

 

C3 

 

XR_002963839.1  

  DNA    aCCAaATTAGCAGGaAtAAAAGG 

crRNA CCCAGATTAGCAGGTACAAANGG XM_003569230.4  
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  DNA    tCCAGAgTAaCAGGgACAAAAGG ENA|CM000881|CM000881.3 

 

42334589 

 

E1 

 

crRNA  CTACTCCGTTCCCCGGGCCANGG ENA|CM000880|CM000880.3 

 

18432666 

 

F1 

 

XM_003562738.4 PREDICTED: Brachypodium distachyon LOB domain-

containing protein 37 (LOC100829268), mRNA   DNA    aTACTCCGcTCCCCtGGCCgTGG 

crRNA  CTACTCCGTTCCCCGGGCCANGG ENA|CM000880|CM000880.3 

 

70082764 

 

G1 

 

  

  DNA    CTACTtCcTTCtCCGGGCCgGGG 

crRNA  CTACTCCGTTCCCCGGGCCANGG ENA|CM000881|CM000881.3 

 

2776488 

 

E2 

 

NC_016132.3  

  DNA    CctCTCCGgTCgCCGGGCCACGG 

crRNA  CTACTCCGTTCCCCGGGCCANGG ENA|CM000881|CM000881.3 

 

53379929 

 

F2 

 

XM_003564549.4 PREDICTED: Brachypodium distachyon uncharacterized 

LOC100846283 (LOC100846283), mRNA   DNA    CTgCaCCGTgtCCCGGGCCATGG 

crRNA  GGTCCCTGCGGATGTCAGGNGG ENA|CM000881|CM000881.3 

 

18233853 

 

G2 

 

XM_003566025.3 PREDICTED: Brachypodium distachyon scarecrow-like protein 

32 (LOC100842640), mRNA   DNA    AGGTCgCgGCGGAgGTaAGGCGG 

crRNA AGGTCCCTGCGGATGTCAGGNGG ENA|CM000881|CM000881.3 

 

37042889 

 

E3 

 

  

  DNA    tGtTCCCTGCcGATGTaAGGGGG 

crRNA AGGTCCCTGCGGATGTCAGGNGG ENA|CM000882|CM000882.3 

 

12438188 

 

F3 

 

  

  DNA    AGGTCCaacCGGATGaCAGGTGG 

crRNA  GGTCCCTGCGGATGTCAGGNGG ENA|CM000882|CM000882.3 

 

12519421 

 

G3 

 

  

  DNA    AGGTgCCgGCGGATGTCgtGGGG 

Legend: GL indicates the position where this Target is loaded on the Gel in Figure 8. 
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Table Supplement 3: Descriptive statistics for the growth analysis of B. distachyon wild-type Bd21 and 

the four genome edited mutants 

      Statistic Std. Error 
 

Statistic Std. Error 

Week1 

Wild-type 

Mean 6,1684 0,08821 

Week2 

9,3526 0,20766 

Median 6,1000   9,5000   

Variance 0,148   0,819   

Std. Deviation 0,38449   0,90515   

#2-9-4-9 

Mean 5,2615 0,17994 8,1462 0,18626 

Median 5,5000   8,2000   

Variance 0,421   0,451   

Std. Deviation 0,64877   0,67158   

#2-9-6-30 

Mean 5,1385 0,23137 7,8462 0,25334 

Median 5,1000   8,2000   

Variance 0,696   0,834   

Std. Deviation 0,83420   0,91343   

#16-12-6-14 

Mean 4,8909 0,20111 7,5727 0,17689 

Median 5,0000   7,6000   

Variance 0,445   0,344   

Std. Deviation 0,66702   0,58667   

#16-12-10-18 

Mean 5,6444 0,31407 8,7556 0,13240 

Median 5,6000   8,9000   

Variance 0,888   0,158   

Std. Deviation 0,94222   0,39721   

Week3 

Wild-type 

Mean 13,5684 0,19691 

Week4 

18,7684 0,20874 

Median 13,5000   18,6000   

Variance 0,737   0,828   

Std. Deviation 0,85833   0,90986   

#2-9-4-9 

Mean 12,9231 0,35737 17,2692 0,27605 

Median 13,5000   17,3000   

Variance 1,660   0,991   

Std. Deviation 1,28851   0,99531   

#2-9-6-30 

Mean 12,8846 0,45133 17,0231 0,44291 

Median 13,5000   16,8000   

Variance 2,648   2,550   

Std. Deviation 1,62729   1,59695   

#16-12-6-14 

Mean 11,9818 0,30743 16,3455 0,42882 

Median 11,9000   16,5000   

Variance 1,040   2,023   

Std. Deviation 1,01963   1,42223   

#16-12-10-18 

Mean 13,5556 0,31185 18,3889 0,29176 

Median 13,2000   18,4000   

Variance 0,875   0,766   

Std. Deviation 0,93556   0,87528   
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Week5 

Wild-type 

Mean 26,6632 0,51991 

Week6 

31,7842 0,89139 

Median 26,6000   32,3000   

Variance 5,136   15,097   

Std. Deviation 2,26623   3,88548   

#2-9-4-9 

Mean 23,0615 0,48826 31,3615 1,03121 

Median 22,6000   31,5000   

Variance 3,099   13,824   

Std. Deviation 1,76046   3,71810   

#2-9-6-30 

Mean 25,1154 0,72668 31,6077 1,22686 

Median 25,9000   34,1000   

Variance 6,865   19,567   

Std. Deviation 2,62007   4,42351   

#16-12-6-14 

Mean 23,3091 0,60595 30,9636 1,07824 

Median 23,5000   30,0000   

Variance 4,039   12,789   

Std. Deviation 2,00970   3,57611   

#16-12-10-18 

Mean 24,1333 0,63004 33,0222 0,97948 

Median 24,0000   34,1000   

Variance 3,573   8,634   

Std. Deviation 1,89011   2,93844   

Week7 

Wild-type 

Mean 31,8158 0,91009 

Week8 

32,0158 0,97003 

Median 32,1000   32,6000   

Variance 15,737   17,878   

Std. Deviation 3,96698   4,22825   

#2-9-4-9 

Mean 33,1462 1,02567 33,3385 1,00291 

Median 31,5000   31,7000   

Variance 13,676   13,076   

Std. Deviation 3,69811   3,61606   

#2-9-6-30 

Mean 31,7308 1,27246 32,0000 1,26019 

Median 33,5000   34,5000   

Variance 21,049   20,645   

Std. Deviation 4,58792   4,54368   

#16-12-6-14 

Mean 32,8727 1,30364 32,9909 1,30930 

Median 34,2000   34,2000   

Variance 18,694   18,857   

Std. Deviation 4,32368   4,34245   

#16-12-10-18 

Mean 37,0556 0,93082 37,4111 0,86562 

Median 36,0000  37,1000   

Variance 7,798  6,744   

Std. Deviation 2,79245   2,59685   

  



 

149 
 

Table Supplement 4: Multiple Comparisons for the first two weeks of growth data 

 

      

Mean Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

      Lower Bound Upper Bound 

Week1 

Wild-type 

#2-9-4-9 ,90688* 0,23784 0,003 0,2153 1,5984 

#2-9-6-30 1,02996* 0,23784 0,001 0,3384 1,7215 

#16-12-6-14 1,27751* 0,25035 0,000 0,5496 2,0054 

#16-12-10-18 0,52227 0,23784 0,317 -0,1693 1,2138 

#2-9-4-9 

Wild-type -,90688* 0,23784 0,003 -1,5984 -0,2153 

#2-9-6-30 0,12308 0,25918 1,000 -0,6305 0,8767 

#16-12-6-14 0,37063 0,27070 1,000 -0,4165 1,1577 

#16-12-10-18 -0,38462 0,25918 1,000 -1,1382 0,3690 

#2-9-6-30 

Wild-type -1,02996* 0,23784 0,001 -1,7215 -0,3384 

#2-9-4-9 -0,12308 0,25918 1,000 -0,8767 0,6305 

#16-12-6-14 0,24755 0,27070 1,000 -0,5395 1,0346 

#16-12-10-18 -0,50769 0,25918 0,545 -1,2613 0,2459 

#16-12-6-14 

Wild-type -1,27751* 0,25035 0,000 -2,0054 -0,5496 

#2-9-4-9 -0,37063 0,27070 1,000 -1,1577 0,4165 

#2-9-6-30 -0,24755 0,27070 1,000 -1,0346 0,5395 

#16-12-10-18 -0,75524 0,27070 0,069 -1,5423 0,0319 

#16-12-10-18 

Wild-type -0,52227 0,23784 0,317 -1,2138 0,1693 

#2-9-4-9 0,38462 0,25918 1,000 -0,3690 1,1382 

#2-9-6-30 0,50769 0,25918 0,545 -0,2459 1,2613 

#16-12-6-14 0,75524 0,27070 0,069 -0,0319 1,5423 

Week2 

Wild-type 

#2-9-4-9 1,20648* 0,27131 0,000 0,4176 1,9953 

#2-9-6-30 1,50648* 0,27131 0,000 0,7176 2,2953 

#16-12-6-14 1,77990* 0,28558 0,000 0,9495 2,6103 

#16-12-10-18 0,44494 0,27131 1,000 -0,3439 1,2338 

#2-9-4-9 

Wild-type -1,20648* 0,27131 0,000 -1,9953 -0,4176 

#2-9-6-30 0,30000 0,29565 1,000 -0,5596 1,1596 

#16-12-6-14 0,57343 0,30880 0,679 -0,3244 1,4713 

#16-12-10-18 -0,76154 0,29565 0,123 -1,6212 0,0981 

#2-9-6-30 

Wild-type -1,50648* 0,27131 0,000 -2,2953 -0,7176 

#2-9-4-9 -0,30000 0,29565 1,000 -1,1596 0,5596 

#16-12-6-14 0,27343 0,30880 1,000 -0,6244 1,1713 

#16-12-10-18 -1,06154* 0,29565 0,006 -1,9212 -0,2019 

#16-12-6-14 

Wild-type -1,77990* 0,28558 0,000 -2,6103 -0,9495 

#2-9-4-9 -0,57343 0,30880 0,679 -1,4713 0,3244 

#2-9-6-30 -0,27343 0,30880 1,000 -1,1713 0,6244 

#16-12-10-18 -1,33497* 0,30880 0,001 -2,2328 -0,4371 

#16-12-10-18 Wild-type -0,44494 0,27131 1,000 -1,2338 0,3439 
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#2-9-4-9 0,76154 0,29565 0,123 -0,0981 1,6212 

#2-9-6-30 1,06154* 0,29565 0,006 0,2019 1,9212 

#16-12-6-14 1,33497* 0,30880 0,001 0,4371 2,2328 

*. The mean difference is significant at the 0.05 level. 

 

Table Supplement 5: Hypothesis Test Summary for the growth data of B. distachyon and the four genome 
edited mutants 

 

Null Hypothesis Test Sig. Decision 

The distribution of Week3 is the same. Independent-Samples Kruskal-Wallis Test 0,008 Reject the null hypothesis. 

The distribution of Week4 is the same. Independent-Samples Kruskal-Wallis Test 0,000 Reject the null hypothesis. 

The distribution of Week5 is the same. Independent-Samples Kruskal-Wallis Test 0,001 Reject the null hypothesis. 

The distribution of Week6 is the same. Independent-Samples Kruskal-Wallis Test 0,869 Retain the null hypothesis. 

The distribution of Week7 is the same. Independent-Samples Kruskal-Wallis Test 0,191 Retain the null hypothesis. 

The distribution of Week8 is the same. Independent-Samples Kruskal-Wallis Test 0,138 Retain the null hypothesis. 

Asymptotic significances are displayed. The significance level is ,050. 

 

Table Supplement 6: Pairwise Comparisons for the weeks 3 to 5 

Pairwise Comparisons of Week 3 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 

#2-9-4-9-Wild-type -7,287 7,215 -1,010 0,312 1,000 

#2-9-6-30-Wild-type -5,172 7,215 -0,717 0,473 1,000 

#16-12-6-14-Wild-type -23,529 7,594 -3,098 0,002 0,029 

Wild-type-#16-12-10-18 4,713 7,215 0,653 0,514 1,000 

Pairwise Comparisons of Week 4 

#2-9-4-9-Wild-type -21,826 6,800 -3,210 0,001 0,020 

#2-9-6-30-Wild-type -23,480 6,800 -3,453 0,001 0,008 

#16-12-6-14-Wild-type -32,301 7,158 -4,513 0,000 0,000 

#16-12-10-18-Wild-type -4,933 7,645 -0,645 0,519 1,000 

Pairwise Comparisons of Week 5 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 

#2-9-4-9-Wild-type -27,733 7,219 -3,842 0,000 0,002 

#2-9-6-30-Wild-type -9,348 7,219 -1,295 0,195 1,000 

#16-12-6-14-Wild-type -25,533 7,599 -3,360 0,001 0,012 

#16-12-10-18-Wild-type -13,387 7,219 -1,854 0,064 0,955 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

 Asymptotic significances (2-sided tests) are displayed. The significance level is ,05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Table Supplement 7: Descriptive statistics of 7 dpi infections of B. distachyon spikelets 

 

  
Statistic Std. Error 

Wild-type Mean 1,2273 0,19386 

Median 1,0000 
 

Variance 0,827 
 

Std. 

Deviation 

0,90931 
 

#2-9-4-9 Mean 2,3039 0,17882 

Median 2,0000 
 

Variance 1,631 
 

Std. 

Deviation 

1,27702 
 

#2-9-6-30 Mean 2,6111 0,30063 

Median 2,0000 
 

Variance 4,067 
 

Std. 

Deviation 

2,01666 
 

#16-12-6-14 Mean 2,5556 0,22598 

Median 2,5000 
 

Variance 2,298 
 

Std. 

Deviation 

1,51591 
 

#16-12-10-18 Mean 2,6477 0,29016 

Median 2,0000 
 

Variance 3,704 
 

Std. 

Deviation 

1,92469 
 

 

Table Supplement 8: Test for normal distribution of 7 dpi Disease Score data 

 

Null 

Hypothesis Test Sig. Decision 

The 

distribution 

of 

DiseaseScore 

is the same 

across. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 Reject the 

null 

hypothesis. 

Asymptotic significances are displayed. The 

significance level is ,050. 
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Table Supplement 9: Pairwise Comparisons of 7 dpi Disease Score between the Wild-type and four 
genome edited lines of B. distachyon 

 

Sample 1-

Sample 2 

Test 

Statistic Std. Error 

Std. Test 

Statistic Sig. Adj. Sig.a 

Wild-type-#2-

9-4-9 

-53,069 15,159 -3,501 0,000 0,005 

Wild-type-#2-

9-6-30 

-51,756 15,461 -3,348 0,001 0,008 

Wild-type-#16-

12-6-14 

-59,811 15,461 -3,869 0,000 0,001 

Wild-type-#16-

12-10-18 

-57,261 15,518 -3,690 0,000 0,002 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are 

the same. 

 Asymptotic significances (2-sided tests) are displayed. The significance level is 

,05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple 

tests. 

Table Supplement 10: Descriptive statistics for the 14 dpi Disease Score of infected B. distachyon spikelets 

 

  Statistic Std. Error 

Wild-type 

Mean 2,2750 0,17575 

Median 2,0000  

Variance 0,618  

Std. Deviation 0,78598  

#2-9-4-9 

Mean 3,6591 0,25589 

Median 3,5000  

Variance 2,881  

Std. Deviation 1,69737  

#2-9-6-30 

Mean 3,6463 0,32302 

Median 3,0000  

Variance 4,278  

Std. Deviation 2,06834  

#16-12-6-14 

Mean 3,9167 0,32773 

Median 4,0000  

Variance 4,511  

Std. Deviation 2,12395  

#16-12-10-18 

Mean 3,7717 0,24113 

Median 3,5000  

Variance 2,675  

Std. Deviation 1,63540  
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Table Supplement 11: Statistical analysis with Dunnett T3 Post-Hoc for Disease Score of B. distachyon 
spikelets 14dpi with F. graminearum 8/1 

 

Table Supplement 12: Descriptive statistics for the relative area of callose depositions in rachis of B. 

distachyon spikelets 3 dpi 

    Statistic Std. Error 

Wild-type 

Mean 0,525782006500 0,0624503533896 

Median 0,567233759500   

Variance 0,039   

Std. Deviation 0,1974853573936   

#2-9-4-9 

Mean 0,124001345600 0,0510135115622 

Median 0,064215879000   

Variance 0,026   

Std. Deviation 0,1613188879798   

#2-9-6-30 

Mean 0,094085015333 0,0426825337123 

Median 0,044431397000   

Variance 0,016   

Std. Deviation 0,1280476011369   

#16-12-6-14 

Mean 0,069209021400 0,0374210398881 

Median 0,000000000000   

Variance 0,014   

Std. Deviation 0,1183357184585   

#16-12-10-18 

Mean 0,037738801000 0,0254729268483 

Median 0,000000000000   

Variance 0,006   

Std. Deviation 0,0805524675114   

 

  

 

  

Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

WT #2-9-4-9 -1,38409b ,31043 ,000 -2,2834 -,4848 

#2-9-6-30 -1,37134b ,36774 ,004 -2,4400 -,3027 

#16-12-6-14 -1,64167b ,37188 ,000 -2,7217 -,5616 

#16-12-10-18 -1,49674b ,29838 ,000 -2,3605 -,6330 

b. The mean difference is significant at the 0.05 level. 
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Table Supplement 13: Pairwise Comparisons of relative area of callose depositions in rachis are of 
spikelets 3dpi 

 

Samples 

Test 

Statistic Std. Error 

Std. Test 

Statistic Sig. Adj. Sig.a 

#2-9-4-9 - WTb 19,700 6,051 3,256 ,001 ,011 

#2-9-6-30 - WTb 20,878 6,217 3,358 ,001 ,008 

#16-12-6-14 - WTb 23,500 6,051 3,884 ,000 ,001 

#16-12-10-18 - WTb 26,700 6,051 4,412 ,000 ,000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

 Asymptotic significances (2-sided tests) are displayed. The significance level is ,05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

b. Wild-type inbreed line Bd21 

 
Table Supplement 14: Descriptive statistics for the leaf qPCR of the BdGSL gene family 

 

  Statistic Std. Error   Statistic Std. Error 

BdGSL1 

Wild-type 

Mean 0,014767 0,0018738 

BdGSL2 

Mean 0,020083 0,0027356 

Median 0,012450   Median 0,021950   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0045898   

Std. 

Deviation 
0,0067009   

#2-9-4-9 

Mean 0,009283 0,0016497 Mean 0,017833 0,0021194 

Median 0,007800   Median 0,016550   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0040410   

Std. 

Deviation 
0,0051914   

#2-9-6-30 

Mean 0,020400 0,0047899 Mean 0,017317 0,0040270 

Median 0,020300   Median 0,012200   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0117329   

Std. 

Deviation 
0,0098642   

#16-12-6-14 

Mean 0,125000 0,0270184 Mean 0,074517 0,0127428 

Median 0,130300   Median 0,056000   

Variance 0,004   Variance 0,001   

Std. 

Deviation 
0,0661812   

Std. 

Deviation 
0,0312134   

#16-12-10-18 

Mean 0,142317 0,0315656 Mean 0,083233 0,0356123 

Median 0,170850   Median 0,035250   

Variance 0,006   Variance 0,008   
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Std. 

Deviation 
0,0773196   

Std. 

Deviation 
0,0872318   

BdGSL3 

Wild-type 

Mean 0,021167 0,0009010 

BdGSL4 

Mean 0,002883 0,0003146 

Median 0,020000   Median 0,002750   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0022070   

Std. 

Deviation 
0,0007705   

#2-9-4-9 

Mean 0,005000 0,0004946 Mean 0,003700 0,0002160 

Median 0,005400   Median 0,003750   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0012116   

Std. 

Deviation 
0,0005292   

#2-9-6-30 

Mean 0,020817 0,0061695 Mean 0,002883 0,0001662 

Median 0,017700   Median 0,002950   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0151120   

Std. 

Deviation 
0,0004070   

#16-12-6-14 

Mean 0,017917 0,0056476 Mean 0,006567 0,0010433 

Median 0,013500   Median 0,005650   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0138336   

Std. 

Deviation 
0,0025555   

#16-12-10-18 

Mean 0,073250 0,0162047 Mean 0,008667 0,0004447 

Median 0,092150   Median 0,008600   

Variance 0,002   Variance 0,000   

Std. 

Deviation 
0,0396933   

Std. 

Deviation 
0,0010893   

BdGSL5 

Wild-type 

Mean 0,000133 0,0000333 

BdGSL6 

Mean 0,058033 0,0026919 

Median 0,000100   Median 0,056200   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0000816   

Std. 

Deviation 
0,0065938   

#2-9-4-9 

Mean 0,000117 0,0000167 Mean 0,031783 0,0046394 

Median 0,000100   Median 0,029350   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0000408   

Std. 

Deviation 
0,0113641   

#2-9-6-30 

Mean 0,000117 0,0000167 Mean 0,060983 0,0166284 

Median 0,000100   Median 0,050350   

Variance 0,000   Variance 0,002   

Std. 

Deviation 
0,0000408   

Std. 

Deviation 
0,0407312   

#16-12-6-14 
Mean 0,002583 0,0006467 Mean 0,174683 0,0264544 

Median 0,002450   Median 0,135850   
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Variance 0,000   Variance 0,004   

Std. 

Deviation 
0,0015842   

Std. 

Deviation 
0,0647997   

#16-12-10-18 

Mean 0,002450 0,0007945 Mean 0,264083 0,0528216 

Median 0,001550   Median 0,257800   

Variance 0,000   Variance 0,017   

Std. 

Deviation 
0,0019460   

Std. 

Deviation 
0,1293860   

BdGSL7 

Wild-type 

Mean 0,000133 0,0000211 

BdGSL8 

Mean 0,063017 0,0035526 

Median 0,000100   Median 0,064500   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0000516   

Std. 

Deviation 
0,0087020   

#2-9-4-9 

Mean 0,000100 0,0000258 Mean 0,050833 0,0034051 

Median 0,000100   Median 0,051500   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0000632   

Std. 

Deviation 
0,0083407   

#2-9-6-30 

Mean 0,000133 0,0000494 Mean 0,058233 0,0086779 

Median 0,000150   Median 0,062100   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0001211   

Std. 

Deviation 
0,0212565   

#16-12-6-14 

Mean 0,000517 0,0001797 Mean 0,204950 0,0259678 

Median 0,000400   Median 0,206750   

Variance 0,000   Variance 0,004   

Std. 

Deviation 
0,0004401   

Std. 

Deviation 
0,0636078   

#16-12-10-18 

Mean 0,001050 0,0003314 Mean 0,232850 0,0319067 

Median 0,001050   Median 0,259900   

Variance 0,000   Variance 0,006   

Std. 

Deviation 
0,0008118   

Std. 

Deviation 
0,0781550   

BdGSL9 

Wild-type 

Mean 0,012233 0,0004897 

BdGSL10 

Mean 0,0540 0,00451 

Median 0,012450   Median 0,0523   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0011994   

Std. 

Deviation 
0,01104   

#2-9-4-9 

Mean 0,014850 0,0006163 Mean 0,0248 0,00370 

Median 0,015000   Median 0,0231   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0015096   

Std. 

Deviation 
0,00907   

#2-9-6-30 Mean 0,018667 0,0070381 Mean 0,0437 0,00840 
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Median 0,012250   Median 0,0432   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0172397   

Std. 

Deviation 
0,02058   

#16-12-6-14 

Mean 0,023467 0,0033314 Mean 0,1657 0,03522 

Median 0,019000   Median 0,1188   

Variance 0,000   Variance 0,007   

Std. 

Deviation 
0,0081603   

Std. 

Deviation 
0,08626   

#16-12-10-18 

Mean 0,043600 0,0026715 Mean 0,1878 0,03695 

Median 0,042850   Median 0,2374   

Variance 0,000   Variance 0,008   

Std. 

Deviation 
0,0065437   

Std. 

Deviation 
0,09050   

  

BdGSL11 

Wild-type 

Mean 0,0071 0,00028 
  

  Median 0,0072   
  

  Variance 0,000   
  

  
Std. 

Deviation 
0,00069   

  
  

#2-9-4-9 

Mean 0,0061 0,00047 
  

  Median 0,0065   
  

  Variance 0,000   
  

  
Std. 

Deviation 
0,00114   

  
  

#2-9-6-30 

Mean 0,0127 0,00272 
  

  Median 0,0098   
  

  Variance 0,000   
  

  
Std. 

Deviation 
0,00666   

  
  

#16-12-6-14 

Mean 0,0730 0,01360 
  

  Median 0,0639   
  

  Variance 0,001   
  

  
Std. 

Deviation 
0,03331   

  
  

#16-12-10-18 

Mean 0,1282 0,01955 
  

  Median 0,1179   
  

  Variance 0,002   
  

    
Std. 

Deviation 
0,048       
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Table Supplement 15: Hypothesis Test Summary of leaf qPCR 

 

  

Null 

Hypothesis Test Sig. Decision 

1 The 

distribution of 

BdGSL1 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,006 Reject the null 

hypothesis. 

2 The 

distribution of 

BdGSL2 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,030 Reject the null 

hypothesis. 

3 The 

distribution of 

BdGSL3 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,000 Reject the null 

hypothesis. 

4 The 

distribution of 

BdGSL4 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,004 Reject the null 

hypothesis. 

5 The 

distribution of 

BdGSL5 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 Reject the null 

hypothesis. 

6 The 

distribution of 

BdGSL6 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,002 Reject the null 

hypothesis. 

7 The 

distribution of 

BdGSL7 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 Reject the null 

hypothesis. 

8 The 

distribution of 

BdGSL8 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,003 Reject the null 

hypothesis. 

9 The 

distribution of 

BdGSL9 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 Reject the null 

hypothesis. 

10 The 

distribution of 

BdGSL10 is 

the same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,002 Reject the null 

hypothesis. 
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11 The 

distribution of 

BdGSL11 is 

the same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 Reject the null 

hypothesis. 

Asymptotic significances are displayed. The significance level is ,050. 

 
Table Supplement 16: Pairwise comparisons of leaf qPCR analysis 

Pairwise Comparisons of BdGSL1 Pairwise Comparisons of BdGSL2 

Sample 1-

Sample 2 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

#2-9-4-9-

Wild-type 
5,833 7,083 0,824 0,410 1,000 2,500 7,082 0,353 0,724 1,000 

Wild-type-

#2-9-6-30 
-2,917 7,083 -0,412 0,680 1,000 4,667 7,082 0,659 0,510 1,000 

Wild-type-

#16-12-6-

14 

-12,333 6,134 -2,011 0,044 0,444 -12,083 6,133 -1,970 0,049 0,488 

Wild-type-

#16-12-

10-18 

-13,042 6,134 -2,126 0,033 0,335 -5,500 6,133 -0,897 0,370 1,000 

Pairwise Comparisons of BdGSL3 Pairwise Comparisons of BdGSL4 

Sample 1-

Sample 2 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

#2-9-4-9-

Wild-type 
17,333 7,082 2,448 0,014 0,144 -10,000 7,076 -1,413 0,158 1,000 

#2-9-6-30-

Wild-type 
3,250 7,082 0,459 0,646 1,000 0,000 7,076 0,000 1,000 1,000 

#16-12-6-

14-Wild-

type 

11,708 6,133 1,909 0,056 0,563 -12,625 6,128 -2,060 0,039 0,394 

Wild-type-

#16-12-

10-18 

-6,833 6,133 -1,114 0,265 1,000 -19,417 6,128 -3,169 0,002 0,015 

Pairwise Comparisons of BdGSL5 Pairwise Comparisons of BdGSL6 

Sample 1-

Sample 2 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

#2-9-4-9-

Wild-type 
0,500 6,791 0,074 0,941 1,000 12,583 7,082 1,777 0,076 0,756 

#2-9-6-30-

Wild-type 
0,500 6,791 0,074 0,941 1,000 4,000 7,082 0,565 0,572 1,000 

Wild-type-

#16-12-6-

14 

-16,625 5,881 -2,827 0,005 0,047 -6,417 6,133 -1,046 0,295 1,000 
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Wild-type-

#16-12-

10-18 

-13,917 5,881 -2,366 0,018 0,180 -10,333 6,133 -1,685 0,092 0,920 

Pairwise Comparisons of BdGSL7 Pairwise Comparisons of BdGSL8 

Sample 1-

Sample 2 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

#2-9-4-9-

Wild-type 
3,083 6,959 0,443 0,658 1,000 6,833 7,082 0,965 0,335 1,000 

Wild-type-

#2-9-6-30 
-0,167 6,959 -0,024 0,981 1,000 2,833 7,082 0,400 0,689 1,000 

Wild-type-

#16-12-6-

14 

-10,083 6,027 -1,673 0,094 0,943 -9,833 6,133 -1,603 0,109 1,000 

Wild-type-

#16-12-

10-18 

-17,625 6,027 -2,925 0,003 0,034 -13,083 6,133 -2,133 0,033 0,329 

Pairwise Comparisons of BdGSL9 Pairwise Comparisons of BdGSL10 

Sample 1-

Sample 2 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a 

Wild-type-

#2-9-4-9 
-6,167 7,082 -0,871 0,384 1,000 13,500 7,082 1,906 0,057 0,566 

Wild-type-

#2-9-6-30 
-5,167 7,082 -0,730 0,466 1,000 4,583 7,082 0,647 0,518 1,000 

Wild-type-

#16-12-6-

14 

-9,042 6,133 -1,474 0,140 1,000 -7,833 6,133 -1,277 0,202 1,000 

Wild-type-

#16-12-

10-18 

-23,208 6,133 -3,784 0,000 0,002 -7,625 6,133 -1,243 0,214 1,000 

  Pairwise Comparisons of BdGSL11    

  
Sample 1-

Sample 2 

Test 

Statistic 
Std. Error 

Std. Test 

Statistic 
Sig. Adj. Sig.a    

  
#2-9-4-9-

Wild-type 
5,000 7,082 0,706 0,480 1,000    

  
Wild-type-

#2-9-6-30 
-7,167 7,082 -1,012 0,312 1,000    

  
Wild-type-

#16-12-6-

14 

-10,833 6,133 -1,766 0,077 0,773    

  
Wild-type-

#16-12-

10-18 

-19,000 6,133 -3,098 0,002 0,019    

  
Each row tests the null hypothesis that the Sample 1 and Sample 2 

distributions are the same. 
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 Asymptotic significances (2-sided tests) are displayed. The significance 

level is ,05. 

  
a. Significance values have been adjusted by the Bonferroni correction for 

multiple tests. 
   

Table Supplement 17: Descriptive statistics for the stem tissue qPCR analysis 

 

      Statistic Std. Error     Statistic 
Std. 

Error 

BdGSL1 

Wild-type 

Mean 0,126 0,023 

BdGSL2 

Mean 0,052 0,009 

Median 0,142   Median 0,064   

Variance 0,003   Variance 0,000   

Std. 

Deviation 
0,056   

Std. 

Deviation 
0,021   

#2-9-4-9 

Mean 0,172 0,076 Mean 0,101 0,053 

Median 0,110   Median 0,026   

Variance 0,035   Variance 0,017   

Std. 

Deviation 
0,186   

Std. 

Deviation 
0,131   

#2-9-6-30 

Mean 0,306 0,087 Mean 0,054 0,011 

Median 0,424   Median 0,060   

Variance 0,045   Variance 0,001   

Std. 

Deviation 
0,212   

Std. 

Deviation 
0,027   

#16-12-6-14 

Mean 0,335 0,053 Mean 0,121 0,021 

Median 0,380   Median 0,110   

Variance 0,017   Variance 0,003   

Std. 

Deviation 
0,129   

Std. 

Deviation 
0,051   

#16-12-10-18 

Mean 0,248 0,065 Mean 0,070 0,014 

Median 0,203   Median 0,063   

Variance 0,025   Variance 0,001   

Std. 

Deviation 
0,159   

Std. 

Deviation 
0,034   

BdGSL3 

Wild-type 

Mean 0,084 0,012 

BdGSL4 

Mean 0,015 0,003 

Median 0,090   Median 0,019   

Variance 0,001   Variance 0,000   

Std. 

Deviation 
0,029   

Std. 

Deviation 
0,007   

#2-9-4-9 

Mean 0,122 0,041 Mean 0,068 0,033 

Median 0,117   Median 0,020   

Variance 0,010   Variance 0,006   

Std. 

Deviation 
0,100   

Std. 

Deviation 
0,080   
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#2-9-6-30 

Mean 0,123 0,033 Mean 0,029 0,006 

Median 0,167   Median 0,034   

Variance 0,006   Variance 0,000   

Std. 

Deviation 
0,080   

Std. 

Deviation 
0,016   

#16-12-6-14 

Mean 0,086 0,021 Mean 0,031 0,007 

Median 0,076   Median 0,022   

Variance 0,003   Variance 0,000   

Std. 

Deviation 
0,050   

Std. 

Deviation 
0,018   

#16-12-10-18 

Mean 0,126 0,049 Mean 0,029 0,004 

Median 0,067   Median 0,031   

Variance 0,015   Variance 0,000   

Std. 

Deviation 
0,120   

Std. 

Deviation 
0,009   

BdGSL5 

Wild-type 

Mean 0,001 0,000 

BdGSL6 

Mean 0,155 0,018 

Median 0,001   Median 0,169   

Variance 0,000   Variance 0,002   

Std. 

Deviation 
0,000   

Std. 

Deviation 
0,044   

#2-9-4-9 

Mean 0,000 0,000 Mean 0,087 0,032 

Median 0,000   Median 0,056   

Variance 0,000   Variance 0,006   

Std. 

Deviation 
0,000   

Std. 

Deviation 
0,078   

#2-9-6-30 

Mean 0,003 0,001 Mean 0,288 0,081 

Median 0,003   Median 0,394   

Variance 0,000   Variance 0,039   

Std. 

Deviation 
0,002   

Std. 

Deviation 
0,199   

#16-12-6-14 

Mean 0,005 0,001 Mean 0,392 0,052 

Median 0,004   Median 0,456   

Variance 0,000   Variance 0,016   

Std. 

Deviation 
0,002   

Std. 

Deviation 
0,126   

#16-12-10-18 

Mean 0,004 0,001 Mean 0,243 0,072 

Median 0,004   Median 0,212   

Variance 0,000   Variance 0,031   

Std. 

Deviation 
0,002   

Std. 

Deviation 
0,175   

BdGSL7 Wild-type 

Mean 0,020 0,007 

BdGSL8 

Mean 0,143 0,021 

Median 0,016   Median 0,134   

Variance 0,000   Variance 0,003   
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Std. 

Deviation 
0,017   

Std. 

Deviation 
0,052   

#2-9-4-9 

Mean 0,003 0,001 Mean 0,116 0,016 

Median 0,002   Median 0,116   

Variance 0,000   Variance 0,002   

Std. 

Deviation 
0,002   

Std. 

Deviation 
0,040   

#2-9-6-30 

Mean 0,014 0,004 Mean 0,249 0,060 

Median 0,015   Median 0,329   

Variance 0,000   Variance 0,022   

Std. 

Deviation 
0,009   

Std. 

Deviation 
0,147   

#16-12-6-14 

Mean 0,068 0,010 Mean 0,464 0,013 

Median 0,079   Median 0,454   

Variance 0,001   Variance 0,001   

Std. 

Deviation 
0,024   

Std. 

Deviation 
0,031   

#16-12-10-18 

Mean 0,054 0,015 Mean 0,283 0,049 

Median 0,069   Median 0,313   

Variance 0,001   Variance 0,015   

Std. 

Deviation 
0,037   

Std. 

Deviation 
0,121   

BdGSL9 

Wild-type 

Mean 0,066 0,017 

BdGSL10 

Mean 0,174 0,024 

Median 0,058   Median 0,171   

Variance 0,002   Variance 0,003   

Std. 

Deviation 
0,042   

Std. 

Deviation 
0,058   

#2-9-4-9 

Mean 0,529 0,334 Mean 0,088 0,034 

Median 0,061   Median 0,046   

Variance 0,669   Variance 0,007   

Std. 

Deviation 
0,818   

Std. 

Deviation 
0,083   

#2-9-6-30 

Mean 0,064 0,014 Mean 0,320 0,089 

Median 0,082   Median 0,403   

Variance 0,001   Variance 0,048   

Std. 

Deviation 
0,033   

Std. 

Deviation 
0,219   

#16-12-6-14 

Mean 0,067 0,007 Mean 0,298 0,071 

Median 0,069   Median 0,263   

Variance 0,000   Variance 0,030   

Std. 

Deviation 
0,018   

Std. 

Deviation 
0,175   

#16-12-10-18 
Mean 0,052 0,006 Mean 0,238 0,078 

Median 0,048   Median 0,205   
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Variance 0,000   Variance 0,036   

Std. 

Deviation 
0,014   

Std. 

Deviation 
0,191   

    

BdGSL11 

Wild-type 

Mean 0,111 0,027     

  Median 0,124     

  Variance 0,004     

  
Std. 

Deviation 
0,065     

  

#2-9-4-9 

Mean 0,187 0,080   

  Median 0,119     

  Variance 0,039     

  
Std. 

Deviation 
0,196     

  

#2-9-6-30 

Mean 0,470 0,161   

  Median 0,462     

  Variance 0,156     

  
Std. 

Deviation 
0,394     

  

#16-12-6-14 

Mean 0,234 0,024   

  Median 0,221     

  Variance 0,003     

  
Std. 

Deviation 
0,058     

  

#16-12-10-18 

Mean 0,312 0,062   

  Median 0,257     

  Variance 0,023     

    
Std. 

Deviation 
0,153       

Table Supplement 18: Test for normal distribution of Stem qPCR 

 

  Null Hypothesis Test Sig. Decision 

1 The distribution of BdGSL1 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,240 Retain the null hypothesis. 

2 The distribution of BdGSL2 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,103 Retain the null hypothesis. 

3 The distribution of BdGSL3 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,970 Retain the null hypothesis. 

4 The distribution of BdGSL4 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,386 Retain the null hypothesis. 



 

165 
 

5 The distribution of BdGSL5 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,002 Reject the null hypothesis. 

6 The distribution of BdGSL6 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,010 Reject the null hypothesis. 

7 The distribution of BdGSL7 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,001 Reject the null hypothesis. 

8 The distribution of BdGSL8 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,001 Reject the null hypothesis. 

9 The distribution of BdGSL9 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,871 Retain the null hypothesis. 

10 The distribution of BdGSL10 is the 

same  

Independent-Samples Kruskal-

Wallis Test 

0,090 Retain the null hypothesis. 

11 The distribution of BdGSL11 is the 

same. 

Independent-Samples Kruskal-

Wallis Test 

0,096 Retain the null hypothesis. 

Asymptotic significances are displayed. The significance level is ,050. 

 

Table Supplement 19: Pairwise comparison for the stem qPCR 

Pairwise Comparisons of BdGSL5 Pairwise Comparisons of BdGSL6 

Sample 1-

Sample 2 
Test Statistic Std. Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 
Test Statistic Std. Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
6,250 5,079 1,231 0,218 1,000 

#2-9-4-9-

Wild-type 
5,000 5,082 0,984 0,325 1,000 

Wild-type-

#2-9-6-30 
-4,750 5,079 -0,935 0,350 1,000 

Wild-type-

#2-9-6-30 
-4,083 5,082 -0,803 0,422 1,000 

Wild-type-

#16-12-10-18 
-9,583 5,079 -1,887 0,059 0,592 

Wild-type-

#16-12-6-14 
-12,750 5,082 -2,509 0,012 0,121 

Wild-type-

#16-12-6-14 
-11,917 5,079 -2,346 0,019 0,190 

Wild-type-

#16-12-10-18 
-4,833 5,082 -0,951 0,342 1,000 

Pairwise Comparisons of BdGSL7 Pairwise Comparisons of BdGSL8 

Sample 1-

Sample 2 
Test Statistic Std. Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 
Test Statistic Std. Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
9,500 5,081 1,870 0,062 0,615 

#2-9-4-9-

Wild-type 
2,250 5,082 0,443 0,658 1,000 

#2-9-6-30-

Wild-type 
1,667 5,081 0,328 0,743 1,000 

Wild-type-

#2-9-6-30 
-3,500 5,082 -0,689 0,491 1,000 

Wild-type-

#16-12-6-14 
-10,000 5,081 -1,968 0,049 0,491 

Wild-type-

#16-12-6-14 
-17,000 5,082 -3,345 0,001 0,008 

Wild-type-

#16-12-10-18 
-7,000 5,081 -1,378 0,168 1,000 

Wild-type-

#16-12-10-18 
-6,750 5,082 -1,328 0,184 1,000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

 Asymptotic significances (2-sided tests) are displayed. The significance level is ,05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Table Supplement 20: Descriptive statistic of spikelet qPCR for B. distachyon wild-type and the four 

genome edited lines for the spikelet qPCR 

      Statistic Std. Error     Statistic Std. Error 

BdGSL1 

Wild-type 

Mean 0,932600 0,2488296 

BdGSL2 

Mean 0,372950 0,0639322 

Median 0,729850   Median 0,397800   

Variance 0,371   Variance 0,025   

Std. 

Deviation 
0,6095055   

Std. 

Deviation 
0,1566013   

#2-9-4-9 

Mean 0,288717 0,0520556 Mean 0,164050 0,0255298 

Median 0,223850   Median 0,176500   

Variance 0,016   Variance 0,004   

Std. 

Deviation 
0,1275096   

Std. 

Deviation 
0,0625350   

#2-9-6-30 

Mean 0,457267 0,0214077 Mean 0,176950 0,0183756 

Median 0,445950   Median 0,157700   

Variance 0,003   Variance 0,002   

Std. 

Deviation 
0,0524380   

Std. 

Deviation 
0,0450108   

#16-12-6-14 

Mean 0,534433 0,0531509 Mean 0,271017 0,0192077 

Median 0,582900   Median 0,257950   

Variance 0,017   Variance 0,002   

Std. 

Deviation 
0,1301926   

Std. 

Deviation 
0,0470491   

#16-12-10-18 

Mean 0,505867 0,0469151 Mean 0,285450 0,0142802 

Median 0,521250   Median 0,296350   

Variance 0,013   Variance 0,001   

Std. 

Deviation 
0,1149180   

Std. 

Deviation 
0,0349792   

BdGSL3 

Wild-type 

Mean 0,263867 0,0323263 

BdGSL4 

Mean 0,026700 0,0042282 

Median 0,259250   Median 0,030050   

Variance 0,006   Variance 0,000   

Std. 

Deviation 
0,0791829   

Std. 

Deviation 
0,0103570   

#2-9-4-9 

Mean 0,148083 0,0068786 Mean 0,020067 0,0024467 

Median 0,148700   Median 0,021950   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0168490   

Std. 

Deviation 
0,0059932   

#2-9-6-30 
Mean 0,256117 0,0433660 Mean 0,015600 0,0021038 

Median 0,202250   Median 0,013750   
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Variance 0,011   Variance 0,000   

Std. 

Deviation 
0,1062245   

Std. 

Deviation 
0,0051533   

#16-12-6-14 

Mean 0,109633 0,0109547 Mean 0,031683 0,0024300 

Median 0,106650   Median 0,031200   

Variance 0,001   Variance 0,000   

Std. 

Deviation 
0,0268334   

Std. 

Deviation 
0,0059523   

#16-12-10-18 

Mean 0,183850 0,0197813 Mean 0,028317 0,0007503 

Median 0,195050   Median 0,027700   

Variance 0,002   Variance 0,000   

Std. 

Deviation 
0,0484542   

Std. 

Deviation 
0,0018378   

BdGSL5 

Wild-type 

Mean 0,059867 0,0168102 

BdGSL6 

Mean 0,375833 0,0411599 

Median 0,046250   Median 0,399300   

Variance 0,002   Variance 0,010   

Std. 

Deviation 
0,0411765   

Std. 

Deviation 
0,1008208   

#2-9-4-9 

Mean 0,013033 0,0033567 Mean 0,241517 0,0152637 

Median 0,008600   Median 0,221450   

Variance 0,000   Variance 0,001   

Std. 

Deviation 
0,0082221   

Std. 

Deviation 
0,0373883   

#2-9-6-30 

Mean 0,020767 0,0020342 Mean 0,366117 0,0494557 

Median 0,021200   Median 0,319800   

Variance 0,000   Variance 0,015   

Std. 

Deviation 
0,0049826   

Std. 

Deviation 
0,1211413   

#16-12-6-14 

Mean 0,030150 0,0040200 Mean 0,483900 0,0434145 

Median 0,033500   Median 0,477050   

Variance 0,000   Variance 0,011   

Std. 

Deviation 
0,0098470   

Std. 

Deviation 
0,1063434   

#16-12-10-18 

Mean 0,046883 0,0015696 Mean 0,307717 0,0088057 

Median 0,046050   Median 0,318600   

Variance 0,000   Variance 0,000   

Std. 

Deviation 
0,0038447   

Std. 

Deviation 
0,0215695   

BdGSL7 
Wild-type 

Mean 0,347500 0,0489337 

BdGSL8 

Mean 0,589850 0,0737381 

Median 0,368700   Median 0,687800   

Variance 0,014   Variance 0,033   

Std. 

Deviation 
0,1198626   

Std. 

Deviation 
0,1806206   

#2-9-4-9 Mean 0,129483 0,0489661 Mean 0,394917 0,0220394 
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Median 0,095100   Median 0,393050   

Variance 0,014   Variance 0,003   

Std. 

Deviation 
0,1199418   

Std. 

Deviation 
0,0539852   

#2-9-6-30 

Mean 0,159017 0,0336980 Mean 0,486567 0,0189256 

Median 0,116850   Median 0,491950   

Variance 0,007   Variance 0,002   

Std. 

Deviation 
0,0825428   

Std. 

Deviation 
0,0463580   

#16-12-6-14 

Mean 0,346633 0,0603955 Mean 0,687783 0,0360047 

Median 0,410800   Median 0,671650   

Variance 0,022   Variance 0,008   

Std. 

Deviation 
0,1479380   

Std. 

Deviation 
0,0881932   

#16-12-10-18 

Mean 0,450300 0,0298693 Mean 0,616317 0,0321948 

Median 0,493100   Median 0,624250   

Variance 0,005   Variance 0,006   

Std. 

Deviation 
0,0731646   

Std. 

Deviation 
0,0788609   

BdGSL9 

Wild-type 

Mean 0,090900 0,0220441 

BdGSL10 

Mean 0,3753 0,05104 

Median 0,087600   Median 0,3653   

Variance 0,003   Variance 0,016   

Std. 

Deviation 
0,0539969   

Std. 

Deviation 
0,12501   

#2-9-4-9 

Mean 0,048633 0,0041631 Mean 0,1830 0,04308 

Median 0,050600   Median 0,1266   

Variance 0,000   Variance 0,011   

Std. 

Deviation 
0,0101974   

Std. 

Deviation 
0,10554   

#2-9-6-30 

Mean 0,044317 0,0044770 Mean 0,2402 0,02731 

Median 0,046600   Median 0,2458   

Variance 0,000   Variance 0,004   

Std. 

Deviation 
0,0109664   

Std. 

Deviation 
0,06689   

#16-12-6-14 

Mean 0,078717 0,0039376 Mean 0,3655 0,04911 

Median 0,078650   Median 0,3904   

Variance 0,000   Variance 0,014   

Std. 

Deviation 
0,0096452   

Std. 

Deviation 
0,12029   

#16-12-10-18 

Mean 0,072617 0,0056555 Mean 0,2973 0,01821 

Median 0,072050   Median 0,2943   

Variance 0,000   Variance 0,002   

Std. 

Deviation 
0,0138531   

Std. 

Deviation 
0,04462   
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BdGSL11 

Wild-type 

Mean 0,2700 0,04085 
  

  Median 0,2280   
  

  Variance 0,010   
  

  
Std. 

Deviation 
0,10007   

  
  

#2-9-4-9 

Mean 0,1519 0,01844 
  

  Median 0,1604   
  

  Variance 0,002   
  

  
Std. 

Deviation 
0,04516   

  
  

#2-9-6-30 

Mean 0,2041 0,01029 
  

  Median 0,1992   
  

  Variance 0,001   
  

  
Std. 

Deviation 
0,02521   

  
  

#16-12-6-14 

Mean 0,2173 0,01026 
  

  Median 0,2089   
  

  Variance 0,001   
  

  
Std. 

Deviation 
0,02513   

  
  

#16-12-10-18 

Mean 0,1609 0,00959 
  

  Median 0,1606   
  

  Variance 0,001   
  

    
Std. 

Deviation 
0,02350       
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Table Supplement 21: Test for normal distribution of spikelet qPCR 

 

  
Null 

Hypothesis 
Test Sig. Decision 

1 

The 

distribution of 

BdGSL1 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,039 
Reject the null 

hypothesis. 

2 

The 

distribution of 

BdGSL2 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,004 
Reject the null 

hypothesis. 

3 

The 

distribution of 

BdGSL3 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 
Reject the null 

hypothesis. 

4 

The 

distribution of 

BdGSL4 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,004 
Reject the null 

hypothesis. 

5 

The 

distribution of 

BdGSL5 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,001 
Reject the null 

hypothesis. 

6 

The 

distribution of 

BdGSL6 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,005 
Reject the null 

hypothesis. 

7 

The 

distribution of 

BdGSL7 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,002 
Reject the null 

hypothesis. 

8 

The 

distribution of 

BdGSL8 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,004 
Reject the null 

hypothesis. 

9 

The 

distribution of 

BdGSL9 is the 

same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,011 
Reject the null 

hypothesis. 

10 

The 

distribution of 

BdGSL10 is 

the same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,052 
Retain the null 

hypothesis. 
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11 

The 

distribution of 

BdGSL11 is 

the same. 

Independent-

Samples 

Kruskal-

Wallis Test 

0,005 
Reject the null 

hypothesis. 

Asymptotic significances are displayed. The significance level is ,050. 

Table Supplement 22: Pairwise comparisons of spikelet qPCR data 

Pairwise Comparisons of BdGSL1 Pairwise Comparisons of BdGSL2 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
15,25 5,081 3,001 0,003 0,027 

#2-9-4-9-

Wild-type 
14,167 5,082 2,788 0,005 0,053 

#2-9-6-30-

Wild-type 
7,25 5,081 1,427 0,154 1 

#2-9-6-30-

Wild-type 
13,833 5,082 2,722 0,006 0,065 

#16-12-6-

14-Wild-

type 

3,417 5,081 0,672 0,501 1 

#16-12-6-

14-Wild-

type 

2,917 5,082 0,574 0,566 1 

#16-12-10-

18-Wild-

type 

5,333 5,081 1,05 0,294 1 

#16-12-10-

18-Wild-

type 

0,75 5,082 0,148 0,883 1 

Pairwise Comparisons of BdGSL3 Pairwise Comparisons of BdGSL4 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
12,917 5,081 2,542 0,011 0,11 

#2-9-4-9-

Wild-type 
9,5 5,08 1,87 0,061 0,615 

#2-9-6-30-

Wild-type 
1,583 5,081 0,312 0,755 1 

#2-9-6-30-

Wild-type 
11,583 5,08 2,28 0,023 0,226 

#16-12-6-

14-Wild-

type 

18,75 5,081 3,69 0 0,002 

Wild-type-

#16-12-6-

14 

-4,083 5,08 -0,804 0,421 1 

#16-12-10-

18-Wild-

type 

6,333 5,081 1,246 0,213 1 

Wild-type-

#16-12-10-

18 

-1,583 5,08 -0,312 0,755 1 

Pairwise Comparisons of BdGSL5 Pairwise Comparisons of BdGSL6 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
16,25 5,082 3,198 0,001 0,014 

#2-9-4-9-

Wild-type 
11,75 5,082 2,312 0,021 0,208 

#2-9-6-30-

Wild-type 
11,917 5,082 2,345 0,019 0,19 

#2-9-6-30-

Wild-type 
0,667 5,082 0,131 0,896 1 

#16-12-6-

14-Wild-

type 

7,25 5,082 1,427 0,154 1 

Wild-type-

#16-12-6-

14 

-7,5 5,082 -1,476 0,14 1 
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Wild-type-

#16-12-10-

18 

-2,5 5,082 -0,492 0,623 1 

#16-12-10-

18-Wild-

type 

3,417 5,082 0,672 0,501 1 

Pairwise Comparisons of BdGSL7 Pairwise Comparisons of BdGSL8 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
11,5 5,082 2,263 0,024 0,236 

#2-9-4-9-

Wild-type 
12,333 5,079 2,428 0,015 0,152 

#2-9-6-30-

Wild-type 
9,833 5,082 1,935 0,053 0,53 

#2-9-6-30-

Wild-type 
6,417 5,079 1,263 0,206 1 

Wild-type-

#16-12-6-

14 

0 5,082 0 1 1 

Wild-type-

#16-12-6-

14 

-5,667 5,079 -1,116 0,265 1 

Wild-type-

#16-12-10-

18 

-6,333 5,082 -1,246 0,213 1 

Wild-type-

#16-12-10-

18 

-1,417 5,079 -0,279 0,78 1 

Pairwise Comparisons of BdGSL9 Pairwise Comparisons of BdGSL11 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

Sample 1-

Sample 2 

Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 
Sig. 

Adj. 

Sig.a 

#2-9-4-9-

Wild-type 
9,417 5,082 1,853 0,064 0,639 

#2-9-4-9-

Wild-type 
13,083 5,082 2,574 0,01 0,1 

#2-9-6-30-

Wild-type 
11,667 5,082 2,296 0,022 0,217 

#2-9-6-30-

Wild-type 
4,083 5,082 0,803 0,422 1 

Wild-type-

#16-12-6-

14 

-2,75 5,082 -0,541 0,588 1 

Wild-type-

#16-12-6-

14 

-0,083 5,082 -0,016 0,987 1 

Wild-type-

#16-12-10-

18 

-0,417 5,082 -0,082 0,935 1 

#16-12-10-

18-Wild-

type 

14,167 5,082 2,788 0,005 0,053 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

 Asymptotic significances (2-sided tests) are displayed. The significance level is ,05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Table Supplement 23: Descriptive statistics for pathogen responsive genes expression analysis. 

  Statistic 

Std. 

Error   Statistic Std. Error   Statistic Std. Error 

PR
2 

W
T 

0h
 N

eg
 

Mean 4,47E-04 1,52E-

04 

PR
1 

1,91E-

11 

1,73E-11 

C
hi

t8
 

1,03E+00 4,57E-01 

Median 3,37E-04   1,23E-

13 

  4,86E-01   

Variance 2,08E-07   2,71E-

21 

  1,88E+00   

Std. Deviation 4,56E-04   5,20E-

11 

  1,37E+00   

W
T 

48
h 

N
eg

 

Mean 1,60E-03 6,99E-

04 

1,25E-

10 

1,21E-10 1,13E+00 7,30E-01 

Median 4,87E-04   8,88E-

16 

  4,13E-01   

Variance 4,40E-06   1,32E-

19 

  4,80E+00   

Std. Deviation 2,10E-03   3,63E-

10 

  2,19E+00   

W
T 

48
h 

Fg
 

Mean 4,59E-03 1,82E-

03 

7,75E-

10 

5,29E-10 3,82E-01 1,43E-01 

Median 2,63E-03   8,46E-

11 

  2,62E-01   

Variance 2,97E-05   2,52E-

18 

  1,85E-01   

Std. Deviation 5,45E-03   1,59E-

09 

  4,30E-01   

#2
-9

-4
-9

 0
h 

N
eg

 

Mean 1,46E-03 4,27E-

04 

8,13E-

09 

7,61E-09 1,00E-01 3,38E-02 

Median 1,01E-03   2,10E-

11 

  6,96E-02   

Variance 1,64E-06   5,22E-

16 

  1,03E-02   

Std. Deviation 1,28E-03   2,28E-

08 

  1,01E-01   

#2
-9

-4
-9

 4
8h

 N
eg

 

Mean 4,73E-03 1,04E-

03 

7,72E-

11 

6,11E-11 1,40E-01 4,73E-02 

Median 3,71E-03   8,90E-

12 

  1,19E-01   

Variance 9,76E-06   3,36E-

20 

  2,02E-02   

Std. Deviation 3,12E-03   1,83E-

10 

  1,42E-01   
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#2
-9

-4
-9

 4
8h

 F
g 

Mean 1,67E-02 1,64E-

03 

1,54E-

08 

1,48E-08 1,14E-01 3,80E-02 

Median 1,54E-02   3,73E-

10 

  3,37E-02   

Variance 2,41E-05   1,98E-

15 

  1,30E-02   

Std. Deviation 4,91E-03   4,45E-

08 

  1,14E-01   

#2
-9

-6
-3

0 
0h

 N
eg

 

Mean 7,82E-04 2,74E-

04 

1,51E-

04 

7,58E-05 3,09E-01 7,33E-02 

Median 7,80E-04   2,13E-

09 

  2,80E-01   

Variance 6,78E-07   5,17E-

08 

  4,84E-02   

Std. Deviation 8,23E-04   2,27E-

04 

  2,20E-01   

#2
-9

-6
-3

0 
48

h 
N

eg
 

Mean 6,17E-03 9,84E-

04 

6,95E-

10 

5,66E-10 1,78E-01 5,98E-02 

Median 5,68E-03   1,48E-

11 

  8,11E-02   

Variance 8,71E-06   2,89E-

18 

  3,22E-02   

Std. Deviation 2,95E-03   1,70E-

09 

  1,79E-01   

#2
-9

-6
-3

0 
48

h 
Fg

 

Mean 1,16E-02 2,08E-

03 

1,46E-

05 

1,46E-05 1,49E-01 5,53E-02 

Median 9,69E-03   3,91E-

11 

  4,00E-02   

Variance 3,88E-05   1,93E-

09 

  2,75E-02   

Std. Deviation 6,23E-03   4,39E-

05 

  1,66E-01   

#1
6-

12
-6

-1
4 

0h
 N

eg
 

Mean 4,92E-04 2,46E-

04 

1,92E-

09 

1,91E-09 1,94E+00 8,21E-01 

Median 2,27E-07   1,87E-

12 

  4,97E-01   

Variance 5,46E-07   3,30E-

17 

  6,06E+00   

Std. Deviation 7,39E-04   5,74E-

09 

  2,46E+00   

#1
6-

12
-6

-1
4 

48
h 

N
eg

 

Mean 5,28E-03 9,53E-

04 

9,92E-

09 

9,71E-09 9,65E-01 2,59E-01 

Median 4,47E-03   5,36E-

11 

  5,30E-01   
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Variance 8,17E-06   8,48E-

16 

  6,04E-01   

Std. Deviation 2,86E-03   2,91E-

08 

  7,77E-01   
#1

6-
12

-6
-1

4 
48

h 
Fg

 

Mean 2,83E-02 1,27E-

02 

6,39E-

03 

2,48E-03 1,03E+00 2,45E-01 

Median 5,28E-03   3,93E-

03 

  7,07E-01   

Variance 1,44E-03   5,54E-

05 

  5,40E-01   

Std. Deviation 3,80E-02   7,45E-

03 

  7,35E-01   

#1
6-

12
-1

0-
18

 0
h 

N
eg

 

Mean 3,39E-03 9,73E-

04 

1,34E-

08 

1,34E-08 4,57E+00 1,20E+00 

Median 3,22E-03   6,15E-

16 

  5,22E+00   

Variance 8,52E-06   1,61E-

15 

  1,30E+01   

Std. Deviation 2,92E-03   4,01E-

08 

  3,61E+00   

#1
6-

12
-1

0-
18

 4
8h

 N
eg

 

Mean 3,74E-03 9,57E-

04 

3,07E-

08 

2,88E-08 4,20E-01 2,75E-02 

Median 1,92E-03   6,15E-

13 

  3,98E-01   

Variance 8,24E-06   7,47E-

15 

  6,80E-03   

Std. Deviation 2,87E-03   8,64E-

08 

  8,25E-02   

#1
6-

12
-1

0-
18

 4
8h

 F
g 

Mean 1,64E-02 6,48E-

03 

7,64E-

10 

5,90E-10 5,88E-01 6,53E-02 

Median 8,79E-03   1,07E-

15 

  6,01E-01   

Variance 3,78E-04   3,14E-

18 

  3,84E-02   

Std. Deviation 1,94E-02   1,77E-

09 

  1,96E-01   

  

U
G

T7
4f

2 

W
T 

0h
 N

eg
 

Mean 1,14E-

01 

4,95E-

02 

B
D

M
A

PK
K

K
1 

Mean 1,42E-

03 

5,13E-04 

  

 

Median 6,56E-

02 

  Median 1,07E-

03 

  

 

 

Variance 2,20E-

02 

  Variance 2,37E-

06 

  

 

 

Std. 

Deviation 

1,48E-

01 

  Std. 

Deviation 

1,54E-

03 
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W
T 

48
h 

N
eg

 

Mean 3,37E-

02 

5,82E-

03 

Mean 1,18E-

03 

7,44E-04 

 

 

Median 3,06E-

02 

  Median 5,05E-

06 

  

 

 

Variance 3,05E-

04 

  Variance 4,99E-

06 

  

 

 

Std. 

Deviation 

1,75E-

02 

  Std. 

Deviation 

2,23E-

03 

  

 

 

W
T 

48
h 

Fg
 

Mean 9,68E-

02 

1,39E-

02 

Mean 5,12E-

04 

1,55E-04 

 

 

Median 7,86E-

02 

  Median 3,78E-

04 

  

 

 

Variance 1,75E-

03 

  Variance 2,17E-

07 

  

 

 

Std. 

Deviation 

4,18E-

02 

  Std. 

Deviation 

4,66E-

04 

  

 

 

#2
-9

-4
-9

 0
h 

N
eg

 

Mean 8,89E-

02 

1,76E-

02 

Mean 5,17E-

04 

9,61E-05 

 

 

Median 7,28E-

02 

  Median 4,08E-

04 

  

 

 

Variance 2,77E-

03 

  Variance 8,31E-

08 

  

 

 

Std. 

Deviation 

5,27E-

02 

  Std. 

Deviation 

2,88E-

04 

  

 

 

#2
-9

-4
-9

 4
8h

 N
eg

 

Mean 7,66E-

02 

1,10E-

02 

Mean 7,22E-

04 

1,85E-04 

 

 

Median 7,18E-

02 

  Median 6,42E-

04 

  

 

 

Variance 1,09E-

03 

  Variance 3,08E-

07 

  

 

 

Std. 

Deviation 

3,30E-

02 

  Std. 

Deviation 

5,55E-

04 

  

 

 

#2
-9

-4
-9

 4
8h

 F
g 

Mean 7,17E-

02 

1,92E-

02 

Mean 1,46E-

03 

3,50E-04 

 

 

Median 5,79E-

02 

  Median 9,50E-

04 

  

 

 

Variance 3,31E-

03 

  Variance 1,10E-

06 

  

 

 

Std. 

Deviation 

5,75E-

02 

  Std. 

Deviation 

1,05E-

03 

  

 

 #2
-9

-6
-

30
 

0h
 

N
eg

 

Mean 2,54E-

02 

2,65E-

03 

Mean 1,12E-

03 

1,78E-04 
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Median 2,23E-

02 

  Median 1,24E-

03 

  

 

 

Variance 6,31E-

05 

  Variance 2,87E-

07 

  

 

 

Std. 

Deviation 

7,94E-

03 

  Std. 

Deviation 

5,35E-

04 

  

 

 

#2
-9

-6
-3

0 
48

h 
N

eg
 

Mean 2,74E-

02 

6,06E-

03 

Mean 8,02E-

04 

2,05E-04 

 

 

Median 2,56E-

02 

  Median 6,49E-

04 

  

 

 

Variance 3,30E-

04 

  Variance 3,78E-

07 

  

 

 

Std. 

Deviation 

1,82E-

02 

  Std. 

Deviation 

6,15E-

04 

  

 

 

#2
-9

-6
-3

0 
48

h 
Fg

 

Mean 1,81E-

02 

5,67E-

03 

Mean 4,11E-

04 

1,11E-04 

 

 

Median 1,25E-

02 

  Median 2,96E-

04 

  

 

 

Variance 2,89E-

04 

  Variance 1,11E-

07 

  

 

 

Std. 

Deviation 

1,70E-

02 

  Std. 

Deviation 

3,34E-

04 

  

 

 

#1
6-

12
-6

-1
4 

0h
 N

eg
 

Mean 5,27E-

02 

1,39E-

02 

Mean 1,81E-

03 

4,09E-04 

 

 

Median 3,98E-

02 

  Median 1,74E-

03 

  

 

 

Variance 1,74E-

03 

  Variance 1,50E-

06 

  

 

 

Std. 

Deviation 

4,17E-

02 

  Std. 

Deviation 

1,23E-

03 

  

 

 

#1
6-

12
-6

-1
4 

48
h 

N
eg

 

Mean 9,63E-

02 

1,89E-

02 

Mean 7,45E-

04 

2,40E-04 

 

 

Median 8,28E-

02 

  Median 4,70E-

04 

  

 

 

Variance 3,23E-

03 

  Variance 5,19E-

07 

  

 

 

Std. 

Deviation 

5,68E-

02 

  Std. 

Deviation 

7,21E-

04 

  

 

 

#1
6-

12
-6

-1
4 

48
h 

Fg
 

Mean 5,63E-

01 

3,06E-

01 

Mean 1,55E-

03 

4,78E-04 

 

 

Median 1,07E-

01 

  Median 1,04E-

03 
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Variance 8,43E-

01 

  Variance 2,06E-

06 

  

 

 

Std. 

Deviation 

9,18E-

01 

  Std. 

Deviation 

1,43E-

03 

  

 

 
#1

6-
12

-1
0-

18
 0

h 
N

eg
 

Mean 2,15E-

01 

6,78E-

02 

Mean 3,13E-

03 

1,06E-03 

 

 

Median 1,84E-

01 

  Median 1,87E-

03 

  

 

 

Variance 4,13E-

02 

  Variance 1,01E-

05 

  

 

 

Std. 

Deviation 

2,03E-

01 

  Std. 

Deviation 

3,18E-

03 

  

 

 

#1
6-

12
-1

0-
18

 4
8h

 N
eg

 

Mean 5,76E-

02 

9,25E-

03 

Mean 2,59E-

03 

6,91E-04 

 

 

Median 5,15E-

02 

  Median 2,17E-

03 

  

 

 

Variance 7,70E-

04 

  Variance 4,30E-

06 

  

 

 

Std. 

Deviation 

2,77E-

02 

  Std. 

Deviation 

2,07E-

03 

  

 

 

#1
6-

12
-1

0-
18

 4
8h

 F
g 

Mean 2,84E-

01 

4,92E-

02 

Mean 2,70E-

03 

7,46E-04 

 

 

Median 2,22E-

01 

  Median 3,19E-

03 

  

 

 

Variance 2,18E-

02 

  Variance 5,01E-

06 

  

 

  

Std. 

Deviation 

1,48E-

01 

  Std. 

Deviation 

2,24E-

03 

  

  

 
Table Supplement 24: Test for normal distribution of PR2 expression data 

 

 Null Hypothesis Test Sig. Decision 

1 The distribution of PR2 is the same 

across categories of L2. 

Independent-Samples 

Kruskal-Wallis Test 

,000 Reject the null 

hypothesis. 

Asymptotic significances are displayed. The significance level is ,050. 
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Table Supplement 25: Pairwise Comparisons of PR2 expression analysis 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 

WT 48h Neg-WT 48h Fg 27,722 18,437 1,504 0,133 1,000 

WT 48h Neg-#16-12-6-14 48h Fg 55,611 18,437 3,016 0,003 0,307 

WT 48h Neg-#2-9-6-30 48h Fg 72,056 18,437 3,908 0,000 0,011 

WT 48h Neg-#16-12-10-18 48h Fg 72,444 18,437 3,929 0,000 0,010 

WT 48h Neg-#2-9-4-9 48h Fg 86,500 18,437 4,692 0,000 0,000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

 Asymptotic significances (2-sided tests) are displayed. The significance level is ,05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

 

Table Supplement 26: Descriptive statistics of fungal virulence genes Tri5 and Fgl1 expression analysis 

after infection of B. distachyon 

      Statistic Std. Error 

Tri5 

WT 48h Neg 

Mean 2,082817756777780 0,916794256285285 

Median 0,506979740000000   

Variance 7,565   

Std. Deviation 2,750382768855850   

#2-9-4-9 48h Fg 

Mean 0,730429884444444 0,110260420152932 

Median 0,685391402000000   

Variance 0,109   

Std. Deviation 0,330781260458797   

#2-9-6-30 48h Fg 

Mean 1,970719370888890 0,562415337123151 

Median 1,328685814000000   

Variance 2,847   

Std. Deviation 1,687246011369450   

#16-12-6-14 48h Fg 

Mean 1,973098110222220 0,898998514653927 

Median 0,619853850000000   

Variance 7,274   

Std. Deviation 2,696995543961780   

#16-12-10-18 48h Fg 

Mean 0,604394058222222 0,160412447025406 

Median 0,461691155000000   

Variance 0,232   

Std. Deviation 0,481237341076219   

Fgl1 

#2-9-4-9 48h Fg 

Mean 0,000059819494033 0,000029995909882 

Median 0,000018720800000   

Variance 0,000   

Std. Deviation 0,000089987729647   

#2-9-6-30 48h Fg 
Mean 0,000068665001444 0,000021611643251 

Median 0,000076988400000   
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Variance 0,000   

Std. Deviation 0,000064834929752   

#16-12-6-14 48h Fg 

Mean 0,000067521191778 0,000021289640027 

Median 0,000055198900000   

Variance 0,000   

Std. Deviation 0,000063868920081   

#16-12-10-18 48h Fg 

Mean 0,000139785935311 0,000127801451848 

Median 0,000006781330000   

Variance 0,000   

Std. Deviation 0,000383404355544   

 
Table Supplement 27: Independent-Samples Kruskal-Wallis Test Summary of TRI5 expression 

Independent-Samples Kruskal-Wallis Test Summary 

Total N 45 

Test Statistic 2,895a,b 

Degree Of Freedom 4 

Asymptotic Sig.(2-sided test) ,576 

a. The test statistic is adjusted for ties. 

b. Multiple comparisons are not performed because the overall 

test does not show significant differences across samples. 
 

Table Supplement 28: Descriptive statistics for the mean relative area of callose depositions at wounding 
sites 16 hours after wounding 

 

Sorting Statistic Std. Error 

Wild type 

Mean 0,7039 0,19905 

Median 0,6019   

Std. 
Deviation 

0,39810   

#2-9-4-9 

Mean 0,4168 0,09887 

Median 0,3054   

Std. 
Deviation 

0,26159   

#2-9-6-30 

Mean 0,4341 0,15515 

Median 0,3538   

Std. 
Deviation 

0,31030   

#16-12-6-14 

Mean 0,3354 0,05702 

Median 0,2999   

Std. 
Deviation 

0,12751   

#16-12-10-18 

Mean 0,2681 0,01588 

Median 0,2695   

Std. 
Deviation 

0,03176   



 

181 
 

Table Supplement 29: Independent-Samples Kruskal-Wallis Test Summary for mean relative area of 
callose formation 16 hours after wounding 

 

Total N 24 

Test Statistic 7,420a,b 

Degree Of Freedom 4 
Asymptotic Sig.(2-sided test) 0,115 

a. The test statistic is adjusted for ties. 

b. Multiple comparisons are not performed because 
the overall test does not show significant differences 
across samples. 
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