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Nachdem die Bedeutung von FgDCLs und FgAGOs gezeigt wurde, wurden FgDCL knock-out (KO) 

Mutanten eingehender untersucht, um die Mitwirkung von ckRNAi in der Pathogenese von Fg 

zu zeigen (Kapitel II). Wegen der Notwendigkeit von DCLs in der Biogenese von sRNAs, sollte 

pilzliches ckRNAi in diesen aufgehoben sein. Dieses zeigte sich durch reduzierte 

Krankheitssymptome in den Wirtspflanzen Gerste und Brachypodium distachyon. Ergänzend 

dazu waren Zielgene der Fg-sRNAs, während der Infektion mit diesen KO-Mutanten, in Gerste 

stärker exprimiert. Abbauprodukte der Zielgene von drei pilzlichen tRNA-abgeleiteten sRNAs 

wurden in Pflanzen die mit dem Wildtyp-Pilz infiziert waren gefunden, und fehlten in Pflanzen 

die mit dem KO Mutanten infiziert wurden. Zusammen zeigt dies die Beteiligung von ckRNAi in 

der Fg-Pathogenese. 

Die biologische Signifikanz hiervon bleibt jedoch fragwürdig, da DCL Gene auch an der internen 

Genregulation von Fg beteiligt sind. Um dieses Problem zu beheben, habe ich die Hypothese 

formuliert, dass Zielregionen von ckRNAi-ausübenden sRNAs einem evolutionären Druck 

unterworfen sind, welcher die Codonnutzung in diesen Regionen verändert (Kapitel III). Um 

dieses zu belegen wurden neue bioinformatische Arbeitsschritte entwickelt, welche die 

Wahrscheinlichkeit berechnen die tatsächliche Komplementarität der sRNA-mRNA 

Interaktionen zu beobachten, während die Aminosäure (AA)-sequenz unverändert bleibt und 

unter Berücksichtigung der organismustypischen Codonnutzung. Diese Kalkulation wurde für 

die Fg-sRNAs aus Kapitel II, für Hyaloperonospora arabidopsidis (Ha) sRNAs, sowie Arabidopsis 

thaliana (At) und Gorilla gorilla (Gg) miRNAs durchgeführt. Ha ist ein weiterer filamentöser 

Pathogen, der ckRNAi für die vollständige Pathogenese verwendet und die miRNA Sets dienten 

als positive und negative Kontrollen. 

Die Ergebnisse für Fg- und Ha-sRNAs zeigten eine unwahrscheinlich starke Komplementarität 

zwischen Pathogen-sRNAs und Wirt-mRNAs. Diese Beobachtung demonstriert die biologische 

Bedeutung von ckRNAi. Verblüffender Weise begünstigt dieser Druck ckRNAi, während, der 

Effektor Hypothese folgend, eine Verhinderung dieser durch den Wirt zu erwarten gewesen 

wäre. Um diesen Wiederspruch aufzulösen, wird die Hypothese formuliert, dass Pflanzen 

ckRNAi nutzen, um pathogene sRNAs wahrzunehmen und angepasst zu reagieren. Dieses ähnelt 

der Wahrnehmung von Effektoren durch NLRs und MAMPS durch PRRs, und repräsentiert  den 

nächsten Schritt im Wettrüsten zwischen Pathogen und Pflanze, was ein enormes Potenzial für 

die zukünftige Anwendungen in der Erstellung von krankheitsresistentem Saatgut hat.  
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Introduction 

RNA interference 

RNA interference (RNAi) is a conserved mechanism shared by most eukaryotic organisms where 

small RNAs (sRNAs) sequence specifically target messenger RNAs (mRNAs) in the case of post-

transcriptional gene silencing (PTGS) or DNA in the case of transcriptional gene silencing (TGS). 

In the context of this work sRNA refers to all classes of short RNAs exerting a role in RNAi and 

not to bacterial small RNAs. With the many RNAi capable species including bacteria and archaea 

with some cases of DNA guided PTGS comes a huge variety of different mechanisms in terms of 

guide molecule biogenesis, participating proteins and functions (Kuzmenko et al. 2020).  

The role of Dicer-like proteins and RNA-dependent RNA polymerases in RNAi 

In Arabidopsis thaliana (Ath) RNAi-triggering sRNAs are generated through the action of four 

Dicer-like proteins (DCL1-4). These proteins cleave longer double stranded (ds) RNAs into 

mainly 21-24 nucleotide (nt) long RNAs which guide silencing (Fukudome & Fukuhara 2017). 

DCL1 is responsible for the generation of microRNAs (miRNAs) with a length of 21 nt which 

perform essential roles in plant development (Vazquez et al. 2004), responses to abiotic 

stresses such as drought and nutrient deficiency (Sunkar & Zhu 2004) and responses to biotic 

stresses (Jay et al. 2010). miRNAs are generated from endogenous primary miRNAs (pri-miRNA) 

with partial self-complementarity leading to the formation of a hairpin like structure (Wang et 

al. 2019). DCL2, DCL3 and DCL4 act partially redundant in the generation of small interfering 

RNAs (siRNAs). DCL2 and DCL4 act together in the generation of trans-acting siRNAs (tasiRNAs) 

from tasiRNA precursor RNA (TAS) genes whose transcripts are complemented through a 

pathway involving RNA-dependent RNA polymerase 6 (RDR6) and suppressor of gene silencing 

3 (SGS3) to form long dsRNAs. These dsRNAs are subsequently cleaved into tasiRNA duplexes 

which leads to RNA-induced silencing complex (RISC) mediated gene silencing (Gasciolli et al. 

2005). In a similar fashion DCL2 and DCL4 are also involved in antiviral RNAi (Garcia-Ruiz et al. 

2017). DCL3 in contrast is involved in the generation of 24nt long siRNAs responsible for TGS via 

DNA methylation. In this process DNA is transcribed by nuclear RNA polymerase 4 (Pol IV) and 

this single stranded (ss) RNA transcript is complemented by RNA-dependent RNA polymerase 2 

(RDR2) in to a dsRNA substrate for DCL3 (Singh et al. 2019). 
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Functions and clades of Argonaute proteins during RNAi 

After the generation of small dsRNAs by the action of DCL proteins these duplexes are loaded 

into an Argonaute (AGO) protein where the passenger strand, also known as *miRNA, is 

separated and the so called guide strand remains associated with the protein. AGO proteins are 

usually part of a larger protein complex the so called RISC (Yuan et al. 2006). In this RISC AGO 

serves as guide to find a more or less complementary target of the PIWI/Argonaute/Zwille (PAZ) 

and middle (MID) domain associated sRNA and also as a slicer via its P-element-induced 

whimpy tested (PIWI) domain which cleaves the targeted mRNA (Song et al. 2004). Like the DCL 

proteins the Ath-AGOs can be divided into several distinct classes with various functions. In Ath 

AGO proteins can be grouped into three clades, Clade I (AGO1/5/10), Clade II (AGO2/3/7) and 

Clade III (AGO4/6/8/9) (Fang & Qi 2016). While in monocots an additional subclade is described 

(AGO18) with roles in antiviral defense, development and gametogenesis (Das et al. 2020). 

Clade I AGOs in Ath are responsible for miRNA mediated silencing in development and stress 

responses, Clade II AGOs are associated with the function of specific miRNAs (miR390), virus-

derived siRNAs (vsiRNAs) and double-strand DNA break induced siRNAs and Clade III AGOs are 

mainly associated with RNA-directed DNA methylation, suppression of female gametogenesis 

and transposable element silencing (Zhang et al. 2015). 

This separation of functions of the different clades is achieved via specific loading of sRNA-

duplexes into AGO family members and also the localization of respective AGOs and sRNAs. 

One main separator is the identity of the first nucleotide (5') of the sRNA, where AGO1 

predominantly loads 5' uracil (U) sRNAs, AGO2 and AGO4 5' adenine (A) sRNAs and AGO5 5' 

cytosine (C) sRNAs (Mi et al. 2008). Another factor is the presence of mismatches, especially at 

the 15th nt, in the sRNA duplex which are mostly present in miRNAs and lead to a loading into 

AGO1, whereas duplexes without a mismatch at the 15th nt are preferably loaded into AGO2 

(Zhang et al. 2014). 

Limitations of the Ath centered view in monocot crop species 

While these different functions of AGOs and DCLs are well studied in the model organism Ath, 

much can only be inferred via homology for the roles and functions of these proteins in 

monocot model and crop species and in mycelial pathogens. The four classes of DCLs and three 

or four clades (AGO5 can be seen as own clade) of AGOs are the results of early duplication 
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RNA mobility within plants 

The movement of mRNA molecules between adjacent plant cells via plasmodesmata was the 

first discovery of moving RNA species within the plant kingdom (Lucas et al. 1995). The 

transport of the maize transcription factor KNOTTED1 via plasmodesmata was accompanied by 

its transcript. In Ath, miRNAs of the MIR165/165 family were shown to move via 

plasmodesmata, a movement which is essential for the cell differentiation in roots. This is 

achieved by the RNA-directed cleavage of specific transcription factors (Carlsbecker et al. 2010). 

Studies on the phloem sap of squash (Cucurbita maxima), where the collection of phloem 

samples is quite easy like in most plants of the Cucurbitaceae family, could show the long 

distance movement of mRNAs via the phloem by the association of mRNAs with RNA-binding 

proteins (Xoconostle-Cázares et al. 1999). Today, with the development of next-generation 

sequencing (NGS) technologies in combination with stylectomy, a technique using stylets of 

phloem sucking insects for the sampling of phloem sap from non-cucurbitaceae plants, and 

grafting studies, many long distance mobile mRNAs and sRNAs were discovered (Kehr & Kragler 

2018). 

Ribonucleases during host defense 

The transport of different RNA species is only poorly understood and can vary between 

organisms of different kingdoms. With the central role of RNA, organisms unsurprisingly have 

developed a plethora of different ribonucleases (RNases), RNA modifying and degrading 

enzymes. Escherichia coli, a bacterial model species, produces at least 11 types of endo- and 8 

types of exoribonucleases (Nicholson 1997). One of the most studied proteins mammalian 

RNase A and its family members are excreted from epithelial and immune cells and have 

antimicrobial, -viral and -fungal as well as RNA degrading properties (Koczera et al. 2016). Plants 

and fungi also facilitate extracellular RNases as part of their immune response (Galiana et al. 

1997; Hugot et al. 2002; Olombrada et al. 2014).  

Current understanding of RNA mobility between organisms 

The omnipresence of RNases especially during defense responses renders the exchange of 

naked RNA species between organisms unlikely. Recent research unraveled some of the modes 

for RNA exchange between organisms. First investigations of the uptake of dsRNAs were done 

in invertebrates and two contrasting conclusions were found: systemic RNA interference 



 
 

27 

defective (SID) is necessary in Caenorhabditis elegans for silencing by dsRNA species 

independent of clathrin-mediated endocytosis (CME) (Tijsterman et al. 2004), while in the 

model insect Drosophila melanogaster the clathrin heavy chain gene, together with other 

components of CME-pathway, is necessary for RNAi by dsRNAs (Ulvila et al. 2006). The fungal 

pathogen Sclerotinia sclerotiorum is susceptible to SIGS (McLoughlin et al. 2018) and it was 

shown that the uptake of dsRNAs and subsequent RNAi are also dependent on the CME-

pathway (Wytinck et al. 2020). With the observation of semi systemic RNAi via SIGS in plants 

(Koch et al. 2016) it is plausible for SIGS in other fungi being dependent on clathrin-mediated 

endocytosis as well. 

RNAi via HIGS on the other hand is often mediated by long inverted repeats of sequences 

homolog to pathogen genes which form long dsRNA (Nowara et al. 2010). Yet it is unlikely for 

this dsRNA inside the plant cell to be excreted in an uncleaved form due to the presence of 

plant DCLs. The purification of plant derived extracellular vesicles (EVs) produced during 

pathogen challenge (Rutter & Innes 2017) gave rise to the idea that similar to mammalian 

systems RNAi signals could be transmitted via these vesicles (Mittelbrunn et al. 2011). This was 

confirmed by the verification of HIGS-derived siRNAs in plant EVs and the dependence of HIGS-

mediated resistance on components of the plants EV pathways (Koch et al. 2020). However, for 

the transport of RNAi signals from fungi and other mycelial pathogens during ckRNAi no 

mechanism could be described up to date. 

The problems of fungicide resistances and off-targeting 

HIGS and SIGS are potential solutions to two of the major problems facing the control of fungal 

diseases via the application of chemical pesticides. Firstly, the development of resistances 

against commonly applied pesticides which rely on only a few effective modes of action 

(Baibakova et al. 2019). The fungicide class with the highest market share (Price et al. 2015), the 

triazoles, targets the ergosterol synthesis by interfering with the CYP51 function as previously 

described for HIGS and SIGS approaches in Fg. Emerging resistances against triazoles are not 

only of agronomical concern, exemplified by the reduced sensitivity of Fg against these 

(Anderson et al. 2020), but also of concern for the treatment of fungal diseases in humans 

(Bowyer & Denning 2014). An issue with increased importance during the COVID-19 pandemic 

illustrated by a case report of a patient with a secondary triazole resistant Aspergillus fumigatus 

infection (Ghelfenstein-Ferreira 2021). These problems are linked to the second major problem 
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of chemical fungicides mentioned earlier, the unintended targeting of non-target organisms. 

Fungicides are effective against many plant pathogens but also effect beneficial soil microbiota 

(Yang et al. 2011), reducing temporally soil function like the decomposition of organic matter 

and fungal toxins (e.g. deoxynivalenol (DON)) (Meyer et al. 2021) as well as aquatic species 

(Adams et al. 2021; Jiménez et al. 2021), pollinators (Belsky & Joshi 2020) and the effectiveness 

of medical antifungal compounds (Fisher et al. 2018). 

Computational prediction of RNAi target genes 

HIGS and SIGS bear the potential to solve these problems due to their specificity and, in the 

case of HIGS, due to the confinement of the RNAi trigger molecules within the plant. Yet, for 

these technologies to be specific on the species level the prediction of siRNA targets within the 

fungal pathogen needs to be precisely predicted. For this process of target prediction several 

different algorithms are available, either for plants where especially in Ath the guidance of the 

RISC by sRNAs is quite specific and a high degree of complementarity is necessary for efficient 

RNAi. For instance, the si-Fi21 algorithm (Lück et al. 2019) is designed to generate a dsRNA with 

effective silencing, due to a perfect complementarity of dsRNA and target, the selection of an 

mRNA region with a high accessibility of the target region based on the RNAplfold algorithm 

from the ViennaRNA Package (Lorenz et al. 2011) and thermodynamic parameters of the siRNA 

duplexes which can trigger the loading of the antisense strand relative to the mRNA and 

enabling efficient targeting (Lück et al. 2019). The off-target prediction within si-Fi21 is intended 

to prevent the targeting of other mRNAs of the plant. This is achieved with the short read 

aligner bowtie (Langmead 2010) where all possible siRNAs are aligned to the mRNA sequences 

of the plant and siRNAs with 0, 1, 2 or 3 mismatches (MM) to a non-target mRNA are reported. 

Of note, this short read aligner is not intended to be used for the purpose of siRNA target 

prediction. Another example of a RNAi trigger design tool is pssRNAit (Ahmed et al. 2020) which 

similarly to si-Fi21 assesses the target site accessibility via the ViennaRNA package and takes 

the RISC strand preference into account. Additionally, a support vector machine model was 

trained on data derived from a human cell culture experiment to select the most effective RNAi 

triggers. To identify off-targets the psRNATarget algorithm was applied (Dai et al. 2018). 

psRNATarget is an algorithm with the stated purpose to predict targets of sRNAs in plants, 

making it more suitable to predict off-targeting events in comparison to bowtie. There are 

several algorithms available to predict targets of plants and mammalian sRNAs. These 
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algorithms differ in their computational demands and the number of predicted targets per 

sRNA by several orders of magnitude (Srivastava et al. 2014). In plants there is a near perfect 

complementarity between sRNA and mRNA, especially in the seed region, necessary for 

effective silencing (Mallory et al. 2004). This makes the prediction of sRNA targets much more 

efficient and precise compared to animal systems, in which the degree of complementarity can 

be much lower (Rehmsmeier et al. 2004). It was also shown that at least in plants, these 

algorithms are less precise in non-model organisms with more false positives and negatives 

(Srivastava et al. 2014). For RNA target prediction in fungi and oomycetes no specific algorithms 

are available and researchers tend to utilize successfully algorithms intended for plants, e.g. 

psRNATarget (Zhang et al. 2016; Hu et al. 2019; Jin et al. 2019).  

Considerations of specificity and resistance development in regard to RNAi-trigger length 

These uncertainties in the reliability of off-target predictions call for shorter RNAi trigger 

sequences with less potential sRNAs, in order to reduce potential unpredicted off-targets. Some 

vectors expressing a single siRNA by mimicking the stem-loop structure of miRNA genes are 

available for plant systems (Qu et al. 2007; Liang et al. 2020). These single siRNA or artificial 

miRNA (amiRNA) expressing vectors can be used to confer resistances against insects (Guo et al. 

2014; Yogindran et al. 2021), viruses (Wagaba et al. 2016; More et al. 2021) and, potentially, 

fungi (Jin et al. 2013). The downside of this short RNAi trigger is a high potential for the 

development of resistances where just a few or even one mutation can render the amiRNA 

ineffective. These mutations in miRNA target sites can even develop in the relatively conserved 

coding sequence (CDS) of a gene without changing the protein amino acid (AA) sequence 

(Mallory et al. 2004). The targeting of CDS by miRNAs is, with few exceptions (Forman et al. 

2008), uncommon in animals, and miRNAs target in majority the 3' untranslated region (UTR) of 

mRNAs (Eulalio et al. 2008). In plants the targeting of CDS by miRNA is much more common and 

has a long evolutionary history, being already present in green algae (Chung et al. 2017). 

Codon usage bias and natural selection 

The CDS of an mRNA determines the AA sequence of the respective protein. In the genetic code 

an AA in a protein is coded as a codon of three nt length. This genetic code, which is conserved 

among most organisms, is of a degenerate nature (Crick et al. 1961), meaning that many AA can 

be coded with more than one codon. Codons coding for the same AA are called synonymous 
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The Fusarium graminearum species complex 

Morphological classification of Fg, the causal agent of fusarium head blight (FHB), fusarium 

crown rot (FCR) and fusarium root rot (FRR) on wheat, rice, barley, oats and maize was unable 

to identify subtle differences between species which are now grouped under the term Fusarium 

graminearum species complex (FGSC). Methods to differentiate between these species 

observed isolates during specific growth conditions and light regiments (Nirenberg 1981) or the 

electrophoresis of certain isozymes (Laday et al. 2000). This classification is especially important 

due to the types of mycotoxins associated with the FGSC species. Up to date 16 distinct 

Fusarium species (F. acacia-mearnsii, F. aethiopicum, F. asiaticum, F. austroamericanum, F. 

boothii, F. brasilicum, F. cortaderiae, F. gerlachii, F. graminearum sensu stricto, F. louisianense, 

F. meridionale, F. mesoamericanum, F. nepalense, F. ussurianum, F. vorosii and U.S. Gulf Coast 

population of F. graminearum) were identified within the FGSC by modern sequencing methods 

(Amarasinghe et al. 2019).  

The functions of AGO and DCL in Fg 

Research in recent years could uncover some roles of the Fg RNAi machinery. Chen and 

colleagues (Chen et al. 2015) silenced genes by the expression of long hairpin-like RNAs 

targeting endogenous genes. This silencing was dependent on FgAGO1 and FgDCL2 shown by 

gene knockout (KO). FgDCL2 was also involved in the generation of miRNA-like RNAs in Fg. The 

tested single and double KO (DKO) mutants did not show differences in colony morphology, 

pathogenesis and abiotic stress resilience. The roles of FgAGO1 and FgDCL2 were confirmed by 

a study of Son and colleagues (Son et al. 2017) which also showed that FgAGO2 and FgDCL1 are 

strongly expressed during ascospore formation and contribute to normal morphology of these 

spores. A more thorough investigation of single KO mutants of RNAi components by Gaffar and 

colleagues (Gaffar et al. 2019) found differences in pigmentation in liquid cultures (FgDCL1, 

FgDCL2, FgAGO1) and differences in conidial germination (FgDCLs and FgAGOs). Ascospore 

discharge was compromised in FgDCL1 and FgAGO2 single KO mutants, confirming the results 

of Son et al. Contrasting to the results from Chen et al., a reduced infection of wheat spikes 9 

days post inoculation (dpi) was shown in this study, accompanied by reduced levels of DON for 

these and all other RNAi pathway KO mutants. Yu and colleagues (Yu et al. 2018) investigated 

the role during viral infections and found an increased expression of most components (AGOs, 

DCLs and RdRPs) in response to viral infection with three different mycovirus strains in Fg. 
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Single KO mutants of FgAGO1, FgAGO2, FgDCL1, FgDCL2, FgRdRP1 and FgRdRP4 did not show 

differences in colony morphology. Over expression (OE) of the respective genes could show an 

antiviral effect of FgAGO1-OE on one of the three tested viruses. Double knockout (DKO) 

mutants of both DCLs or AGOs had normal colony morphology until infection, when the DKOs 

had reduced growth in comparison to the infected wild type (wt) and increased viral RNA 

accumulation, indicating a redundancy of AGOs and DCLs during mycovirus infection. 

Research question 

The aim of this work is (i) to further elucidate the importance of FgAGOs and FgDCLs genes 

during pathogenesis, (ii) to evaluate these genes as potential targets for crop protection via 

SIGS, (iii) to investigate a possible involvement of ckRNAi during Fg pathogenesis and (iv) to 

develop an assessment method for the biological significance of ckRNAi. 
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Chapter I: RNA-spray-mediated silencing of Fusarium graminearum AGO 

and DCL genes improve barley disease resistance. 

 

This chapter is published in the journal Frontiers in Plant Science, in Volume 11, Article 476, on 

the April 29th 2020. DOI: https://doi.org/10.3389/fpls.2020.00476  

Chapter I: Introduction 

This chapter answers the research questions i and ii by the application of SIGS against FgAGOs 

and FgDCLs. 
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Introduction 
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Materials and methods 

Construction of AGO1, AGO2, DCL1, and DCL2 Templates and Synthesis of dsRNA  
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Spray Application of dsRNA of Barley Leaves 

Fungal Transcript Analysis  
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siRNA Prediction 

Results 

Spray-Induced Gene Silencing by AGO- and DCL-dsRNAs Reduces Fg Infection 

Fig. 1: Quantification of infection symptoms of Fg on barley leaves sprayed with AGO/DCL-targeting dsRNAs 
Manually-Designed dsRNAs Exhibit Higher Gene-Silencing Efficiencies Than Tool-Designed dsRNAs 
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Fig. 2: Relative expression of the respective fungal DCLs and AGOs 5 dpi  
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Discussion 

Tab. 1: Overview of target gene-silencing efficiencies of different tested AGO- and DCL-dsRNA constructs 

Tab. 2: Number of efficient siRNAs and silencing efficiency of double dsRNA constructs 

Fig. 3: Direct comparison of long (manual) and short (tool) constructs  
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Fig. 4: Representation of dsRNAs and complementary region in the corresponding genes 

Fig. 5: The molecular mechanism of SIGS
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