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Summary 

The outcome of interactions between plant pathogens and hosts are determined by the 

interplay of the multi-layered plant immune system and pathogen virulence system. These 

systems are the outcome of the evolutionary accumulation of counteracting innovations on 

both sides, often described as an ongoing “arms race”. 

While plants perceive microbe-associated molecular patterns (MAMPs) via cell surface pattern 

recognition receptors (PRRs), which leads to the induction of defense mechanisms, pathogens 

interfere with this process of pattern-triggered immunity (PTI). This interference is mediated by 

specific proteins, called effectors, that modify, degrade or mask MAMPs, interfering with 

recognition or directly interfere with PRRs or the downstream signaling cascade. The outcome 

of this is effector-triggered susceptibility (ETS). Plants, as a response to this, have evolved 

means to perceive effectors or their activity via nucleotide-binding domain leucine-rich repeat 

receptors (NLRs), which leads to effector-triggered immunity (ETI). 

In 2013 a new class of non-protein pathogen effector molecules, exploiting the plant RNA 

interference (RNAi) machinery, was discovered. These new effector molecules are small RNAs 

(sRNAs), which are produced in pathogens by molecules of the dicer-like (DCL) class and are 

loaded into a protein of the Argonaute (AGO) class in the plant. Here, the sRNA guides AGOs to 

a target mRNA, based on the complementarity between sRNA and mRNA, which silences the 

respective gene, leading to ETS. This process which is also utilized by hosts to defend against 

pathogens, is called cross-kingdom RNAi (ckRNAi). 

In this work ckRNAi is investigated in the important plant pathogen Fusarium graminearum (Fg) 

on the host plant barley. As a first step barley plants were treated with long double-stranded 

RNAs (dsRNAs) to silence the fungal AGO and DCL genes (Chapter I). This silencing was effective 

and reduce disease symptoms in barley, showing that FgAGOs and FgDCLs are important for 

pathogenesis, which can be harnessed via spray-induced gene silencing (SIGS) in crop 

protection. Different manual and tool-based design approaches of the dsRNA trigger molecules 

and their silencing efficiency were compared, showing longer manually designed dsRNAs were 

more efficient in gene silencing and disease alleviation. 
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With the role of FgDCLs and FgAGOs shown, FgDCL knock-out (KO) mutants were further 

investigated to show the involvement of ckRNAi in the pathogenesis of Fg (Chapter II). Due to 

the necessity of DCLs in the production of sRNAs, fungal ckRNAi should be prevented. This was 

reflected by reduced disease severity on the host plants barley and Brachypodium distachyon. 

Additionally, barley Fg-sRNA target genes were highly expressed during the interaction with KO-

mutants. Degradation products of the targets of three fungal tRNA-derived sRNAs were present 

in plants infected with the wild type fungus, but were lacking in plants infected with DCL-KO 

mutants. Together, this shows the involvement of ckRNAi in the pathogenesis of Fg. 

While the involvement of ckRNAi in the pathogenesis was shown, the biological significance of 

ckRNAi is debatable, due to the roles of DCL genes in the internal gene regulation of Fg. To 

address this issue, I formed the hypothesis, that target regions of ckRNAi-exerting sRNAs should 

be subject to an evolutionary pressure, which would alter the codon-usage in these regions 

(Chapter III). To this end a new bioinformatics workflow was developed to calculate the 

likelihood of observing the actual complementarity of an sRNA-mRNA interactions, under 

conservation of amino acid (AA) sequence and following the organisms’ codon frequency. The 

calculation was performed for Fg sRNAs from chapter II, a set of Hyaloperonospora 

arabidopsidis (Ha) sRNAs and Arabidopsis thaliana (At) and Gorilla gorilla (Gg) miRNAs. Ha is 

another filamentous pathogen utilizing ckRNAi for full pathogenesis and the miRNA-sets served 

as positive and negative controls respectively. 

While negative and positive controls behaved as expected, the results obtained for Fg and Ha 

sRNAs could show an unlikely high complementarity between pathogen sRNAs and host 

mRNAs. This observation demonstrated the biological significance of ckRNAi by proving an 

evolutionary pressure on hosts by ckRNAi-derived sRNAs. Intriguingly, this pressure pushes 

hosts to enable ckRNAi, while following the effector hypothesis one would expect hosts to 

prevent ckRNAi. To resolve this apparent contradiction, the hypothesis was formed, that plants 

utilize ckRNAi to perceive pathogen sRNAs and react accordingly. This resembles the way NLRs 

and PRRs perceive protein effectors and MAMPs, respectively, leading to Immunity, and would 

be a yet undescribed and new step in the arms race between pathogen and plant, bearing 

enormous potential for future applications in the generation of disease resistant crops. 
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Zusammenfassung 

Der Ausgang von Interaktionen zwischen Pflanzenpathogen und Wirt wird durch das 

vielschichtige Zusammenspiel von pflanzlichem Immunsystem und pathogenem Virulenzsystem 

bestimmt. Diese Systeme sind das Produkt der beidseitigen evolutionären Akkumulation von 

gegeneinander arbeitender Neuerungen, oft beschrieben als anhaltendes „Wettrüsten“. 

Während Pflanzen mikrobenassoziierte molekulare Muster (MAMPs) mittels zelloberflächlicher 

Mustererkennungsrezeptoren (PRRs) wahrnehmen, was zur Aktivierung von 

Abwehrmaßnahmen führt, stören Pathogene diesen Prozess der durch Muster angestoßenen 

Immunität (PTI). Diese Störung findet mittels speziellen Proteinen, so genannten Effektoren, 

statt, welche MAMPs modifizieren, degradieren oder maskieren, oder direkt PRRs und ihre 

nachgelagerte Signalkaskade stören. Der Ausgang dieses Prozesses ist effektorangestoßene 

Suszeptibilität (ETS). Als Reaktion darauf haben Pflanzen Mittel entwickelt, um Effektoren, oder 

ihre Aktivität mittels nucleotidbindenden leucinreichen Wiederholungsrezeptoren (NLRs) 

wahrzunehmen, was zur Effektor-angestoßener Immunität (ETI) führt. 

2013 wurde eine neue Klasse von nichtproteinbasierten pathogenen Effektormolekülen 

entdeckt, welche die pflanzliche RNA-Interferenz (RNAi) Maschinerie ausnutzt. Diese neuen 

Effektoren sind kleine RNAs (sRNAs), welche im Pathogen durch Dicer-ähnliche (DCL) Proteine 

produziert werden, und in der Pflanze in Argonauten (AGO)-Proteine geladen werden. Dort 

leiten die sRNAs AGOs zu Ziel-mRNAs, auf der Basis der Komplementarität zwischen sRNA und 

mRNA, wodurch das entsprechende Gen stillgelegt und ETS herbeigeführt wird. Dieser Prozess, 

der auch von Wirten als Abwehrmechanismus genutzt werden kann, wird reichübergreifende 

RNAi (ckRNAi) genannt. 

Diese Arbeit untersucht ckRNAi in dem wichtigen Pflanzenpathogen Fusarium graminearum 

(Fg) auf der Wirtspflanze Gerste. Als ersten Schritt, wurden Gerstepflanzen mit langer 

doppelsträngiger RNA (dsRNA) behandelt, um pilzliche AGO- und DCL-Gene auszuschalten 

(Kapitel I). Dieses Ausschalten war effektiv und reduzierte Krankheitssymptome in Gerste, was 

zeigt das FgAGOs und FgDCLs wichtig für die Pathogenese sind, was wiederum für den 

Pflanzenschutz genutzt werden kann. Verschiedene manuelle und maschinelle Designstrategien 

für die dsRNA-Moleküle wurden verglichen, wobei manuell designte dsRNAs effektiver in der 

Genstillegung und Krankheitsverhinderung waren. 
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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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events and are already present in the common ancestor of angiosperms (Borges & Martienssen 

2015; Singh et al. 2015). In the monocotyledonous model species Brachypodium distachyon 

(Bdi) 16 AGOs and 6 DCLs were identified (Šečić et al. 2019). While the expansion of the AGO 

and DCL families in barley lead to the presence of just 11 AGOs and 5 DCLs (Hamar et al. 2020) 

and in the monocot crop species rice (Oryza sativa) (Kapoor et al. 2008) and foxtail millet 

(Setaria italica) (Yadav et al. 2015) the AGO and DCL families expanded even more to contain 19 

AGOs and 8 DCLs and in the hexaploid crop species wheat (Triticum aestivum) this expansion 

led to the presence of 7 DCLs and 39 AGOs (Akond et al. 2020). While the forward and reverse 

genetic approaches that lead to the decipherment of AGO and DCL functions in Ath are only 

now becoming possible with libraries of KO-mutants for Bdi (Thole et al. 2012; Scholthof et al. 

2018), and new comprehensive assemblies of monocot crop species genomes (Appels et al. 

2018; Wang et al. 2018; Jayakodi et al. 2020). 

Differences and commonalities of fungal RNAi vs. plant RNAi 

In the kingdom “fungi” the mechanisms of RNAi are more diverse than in the plant kingdom and 

while functioning through the principal components of AGOs and DCLs as in plants and fulfilling 

similar functions such as viral defense, control of transposable elements and gene regulation, 

some fungal model species such as Saccharomyces cerevisiae and pathogens such as Ustilago 

maydis do not have a functional RNAi machinery (Lax et al. 2020). The class of oomycetes has 

many members of mycelial plant pathogens which were formerly falsely classified as fungi or 

lower fungi. Yet they are more closely related to algae and are classified today either in the 

kingdom stramenopila or chromista (Lamour & Kamoun 2009). The oomycetal order 

peronosporales contains the two agronomically important genera Phytophthora and 

Hyaloperonospora with the historically important pathogen, model organism, and causal agent 

of potato blight and the Great Irish Famine Phytophthora infestans (Pi) and causal agent of 

downy mildew and model organism Hyaloperonospora arabidopsidis (Ha) (Haas et al. 2009; 

Coates & Beynon 2010). Both Pi and Ha have functioning AGOs from both oomycetal AGO 

clades (Bollmann et al. 2018) and one DCL from each of the two oomycetal DCL clades 

(Bollmann et al. 2016). 
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Cross-kingdom RNAi 

The challenge of understanding the diverse roles of mycelial pathogens RNAi machinery during 

pathogenesis lead to a surprising discovery for Botrytis cinerea (Bc) where fungal DCLs 

produced sRNAs that silenced specific genes in the host Ath via the plants AGO1 (Weiberg et al. 

2013). This process is now known as cross-kingdom RNAi (ckRNAi) as genes are silenced across 

the borders between different kingdoms of life. This process was shown to take place during 

the pathogenic interaction of Ha on Ath (Dunker et al. 2020), from plant host to pathogenic 

fungus for cotton and Verticillium dahliae (Zhang et al. 2016), within kingdoms for parasitic 

plants and animals (Buck et al. 2014; Shahid et al. 2018) and during symbiotic interaction of 

plants and bacteria (Ren et al. 2019). During the pathogenic interaction these fungal sRNAs are 

thought of as sRNA-effectors similar to traditional protein effectors. These traditional protein 

effectors are thought of as pathogenesis factors which evolve in an arms race between plant 

and pathogen in which pathogens produce and secrete effectors targeting the plants immune 

responses. The plant evolves as reaction to these, means to recognize effectors by guarding its 

proteins, producing bait proteins or by direct recognition of these effectors via receptors to 

which the pathogen reacts in a back and forth manner. This model is the zig-zag model (Jones & 

Dangl 2006). 

Applications of ckRNAi and RNAi in crop protection 

The agronomical potential of this discovery was later shown by the application of dsRNA with 

sequence homology to the two fungal DCLs onto fruits and leaves of host plants or the 

transgenic expression of siRNAs targeting the fungal DCLs. These dsRNAs and siRNAs inhibited 

pathogenesis and were shown to be a feasible strategy in crop protection (Wang et al. 2016a). 

The foliar application of dsRNAs onto leaf surfaces is known as spray-induced gene silencing 

(SIGS) and the genetically modified organism (GMO) counterpart is known as host-induced gene 

silencing (HIGS). Both technologies were shown to be applicable on plant protection against Fg 

(Koch et al. 2013; Koch et al. 2016) and SIGS was shown to be effective against Ha (Bilir et al. 

2019) by silencing essential genes for membrane or cell wall integrity in the case of Fg the three 

cytochrome P450 monooxygenases / sterol 14α‐demethylases (CYP51) and in the case of Ha the 

cellulose synthase A3.  
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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 
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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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codons. The usage of synonymous codons within an organisms’ genome is neither random nor 

ubiquitous. Instead it is often highly biased to specific codons and differs greatly between 

species and clades (Murray et al. 1989; Sharp & Matassi 1994). Two major groups of biases can 

be distinguished, one is driven by a selective pressure and confers selective advantages, the 

other is driven by mutational biases. The latter stems from the uneven occurrence of transitions 

and transversions between nts (Zhao et al. 2006), leading to the accumulation of specific 

synonymous codons in the CDS, while selective pressure often favors different codons leading 

to a specific balance between both. There are several reasons known for the selection of 

specific synonymous codons. The most prominent among them is an increase of translational 

efficiency due to a higher abundance of respective transfer RNAs (tRNAs) (Moriyama & Powell 

1997). Surprisingly, a correlation between codon usage and the evolution of miRNA or siRNA 

targeted sites has not been established yet.  

F. graminearum related risks for food security 

The development of resistances against fungicides (Talas & McDonald 2015), the impact of 

fungicide application on the degradation of mycotoxins, especially DON, in soils (Meyer et al. 

2021), the possibility of crop protection via RNAi technology in the form of HIGS and SIGS (Koch 

et al. 2013; Koch et al. 2016) are highly relevant for Fg. Fg is one of the most important 

pathogens in modern crop production due to its broad host range encompassing all cereal 

staple crops, like wheat (Triticum), rice (Oryza), barley (Hordeum), oats (Avena) and maize (Zea) 

(Goswami & Kistler 2004). Wheat and rice alone account for nearly 50% of calorie intake 

worldwide (WHO 2009) as a results of growing importance of these crops in the 50 years’ 

period predating the report (Khoury et al. 2014). Fg can reduce crop yields by nearly 50% in 

some areas and in local fields up to 80% of plants can be affected (McMullen et al. 1997). 

Affected fields not only suffer yield losses, but remaining yield is often contaminated with 

mycotoxins which can cause, in the case of DON, anorexia, gastroenteritis, growth retardation, 

immunotoxic and teratogenic effects (Pestka 2010). Contaminations with DON in the EU were 

found in more than half of the collected samples according to a EU report and the tolerable 

daily intake of some Fg associated toxins could exceed the recommended limits in some 

populations, emphasizing the need for new strategies to manage this pathogen (Gareis 2003). 

These risks for health and food security caused by Fg, in combination with developing 

resistances against fungicides urge the development of new management strategies. 
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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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Supplementary materials 

 
Fig. S1: CDS of FgAGO1 with the sequences of the dsRNAs marked 

Coding sequences (CDS) of the respective Fg target gene with the sequences of the dsRNA 

marked (blue, tool-designed; red, manually designed). 

 

Fig. S2: CDS of FgAGO2 with the sequences of the dsRNAs marked  

Coding sequences (CDS) of the respective Fg target gene with the sequences of the dsRNA 

marked (blue, tool-designed; red, manually designed). 
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Fig. S3: CDS of FgDCL1 with the sequences of the dsRNAs marked 

Coding sequences (CDS) of the respective Fg target gene with the sequences of the dsRNA 

marked (blue, tool-designed; red, manually designed). 
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Fig. S4: CDS of FgDCL2 with the sequences of the dsRNAs marked 

Coding sequences (CDS) of the respective Fg target gene with the sequences of the dsRNA 

marked (blue, tool-designed; red, manually designed). 
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Fig. S5: Representative pictures of barley leaves 5 dpi 

Representative pictures of barley (cv. Golden Promise) leaves sprayed with 10 µg (20ng/µl) of 

respective dsRNA in TE Buffer and the control without dsRNA. DsRNA was applied on the upper 

half of 10 leaves and 2 days after spraying the leaves were inoculated with three 20 µl droplets 

of Fg (50,000 spores/ml). Pictures were taken 5 dpi. 
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Tab. S1: Primer sequences 

Name Sequence 

FgAGO1_F  TCCTCTCCAATTTCTTCCCCG 

FgAGO1_R  TGACTTCGACAGAACCGGAC 

FgAGO2_F  GGGATGGTGGCAAGTTCCTA 

FgAGO2_R  CTCCCTTTTGGATGTCGGCT 

FgDCL1_F  TGGTCTGCACTGCTCACATT 

FgDCL1_R  ATATTGCCAAGGGTGCTGCT 

FgDCL2_F  ACAAGCCCAATCTTTCCCGA 

FgDCL2_R  ATTCCCGAGCGTCGGATGA 

FgAGO1+NotI_F  CTGCGGCCGCTCCTCTCCAATTTCTTCCCCG 

FgAGO1+NdeI _RC  CTCATATGTGACTTCGACAGAACCGGAC 

FgAGO2+NotI _F  CTGCGGCCGCGGGATGGTGGCAAGTTCCTA 

FgAGO2+NdeI_R  CCTCATATGCTCCCTTTTGGATGTCGGCT 

FgDCL1+NotI _F  CTGCGGCCGCTGGTCTGCACTGCTCACATT 

FgDCL1+NedI _R  CCTCATATGATATTGCCAAGGGTGCTGCT 

FgDCL2+NotI _F  CTGCGGCCGCACAAGCCCAATCTTTCCCGA 

FgDCL2+SalI _RC  CTGTCGACATTCCCGAGCGTCGGATGA 

FgDCL2+NotI _F  CTGCGGCCGCACAAGCCCAATCTTTCCCGA 

FgDCL2+BstxI _R CCAGAGAGGTGGATTCCCGAGCGTCGGATGA 

Fg.AGO1(PGEMT*)F  CAACCGACAGCAGCTGCCTG 

Fg.AGO1(PGEMT*)R  GATGTCGCTTGACGGAAACG 

Fg.AGO2 (PGEMT*)F ACCCCAATGCCACTCGATAC 

Fg.AGO2 (PGEMT*)R ATACATGAGCGAACTGGCCT 

Fg.DCL1 (PGEMT*)F  ATGTTTGTACCATGTAGAGC 

Fg.DCL1 (PGEMT*)R CGGCTAAGCGCTGTCGCGCT 

Fg.DCL2 (PGEMT*)F  TTCTTGGGCACCAAGTGCAA 

Fg.DCL2 (PGEMT*)R GCTGCTGCCCATCAGCCGCA 

Fg.AGO1*F NotI  GTGCGGCCGCCAACCGACAGCAGCTGCCTG 

Fg.AGO1*R SalI  CCGGTCGACGATGTCGCTTGACGGAAACG 

Fg.AGO2 *F NotI  GTGCGGCCGCACCCCAATGCCACTCGATAC 

Fg.AGO2*R SalI  CCGGTCGACATACATGAGCGAACTGGCCT 

Fg.DCL1*F NotI  GTGCGGCCGCATGTTTGTACCATGTAGAGC 

Fg.DCL1*R SalI  CCGGTCGACCGGCTAAGCGCTGTCGCGCT 

Fg.DCL2*F NotI  GTGCGGCCGCTTCTTGGGCACCAAGTGCAA 

Fg.DCL2*R SalI  CCGGTCGACGCTGCTGCCCATCAGCCGCA 

FgAGO1_F+T7 TAATACGACTCACTATAGGGTCCTCTCCAATTTCTTCCCCG 

FgAGO1_R+T7  TAATACGACTCACTATAGGGTGACTTCGACAGAACCGGAC 

FgAGO2_F+T7  TAATACGACTCACTATAGGGGGGATGGTGGCAAGTTCCTA 

FgAGO2_R+T7  TAATACGACTCACTATAGGGCTCCCTTTTGGATGTCGGCT 

FgDCL1_F+T7  TAATACGACTCACTATAGGGTGGTCTGCACTGCTCACATT 

FgDCL1_R+T7  TAATACGACTCACTATAGGGATATTGCCAAGGGTGCTGCT 
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FgDCL2_F+T7  TAATACGACTCACTATAGGGACAAGCCCAATCTTTCCCGA 

FgDCL2_R+T7  TAATACGACTCACTATAGGGATTCCCGAGCGTCGGATGA 

Fg.AGO1*+T7F  TAATACGACTCACTATAGGGCAACCGACAGCAGCTGCCTG 

Fg.AGO1*+T7R  TAATACGACTCACTATAGGGGATGTCGCTTGACGGAAACG 

Fg.AGO2 *+T7F  TAATACGACTCACTATAGGGACCCCAATGCCACTCGATAC 

Fg.AGO2*+T7R  TAATACGACTCACTATAGGGATACATGAGCGAACTGGCCT 

Fg.DCL1*+T7F  TAATACGACTCACTATAGGGATGTTTGTACCATGTAGAGC 

Fg.DCL1*+T7R  TAATACGACTCACTATAGGGCGGCTAAGCGCTGTCGCGCT 

Fg.DCL2*+T7F  TAATACGACTCACTATAGGGTTCTTGGGCACCAAGTGCAA 

Fg.DCL2*+T7R  TAATACGACTCACTATAGGGGCTGCTGCCCATCAGCCGCA 
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Chapter I: Discussion 

The earlier approaches to assess the importance of FgAGOs and FgDCLs during Fg pathogenesis 

were conducted with KO-mutants (Chen et al. 2015; Gaffar et al. 2019). This gene KO influences 

several different processes by disrupting one component of the RNAi machinery over long 

periods of time, possibly spanning several fungal generations. During this time these changes 

can be compensated, in the case of FgDCL1 KO e.g. by an increased FgDCL2 expression (Yu et al. 

2018).  

Interestingly, nearly all knock-down events resulted in significantly reduced disease symptoms, 

except for the combined knock-down of FgAGO1/FgDCL2 confirming their role in ascospore 

formation (Son et al. 2017). 

This study avoided the prolonged gene disruption before the experiment by the application of 

SIGS, and demonstrated the importance of AGOs and DCLs during pathogenesis. 

  



 
 

53 

 

  



 
 

54 

Chapter II: Fusarium graminearum DICER-like-dependent sRNAs are 

required for the suppression of host immune genes and full virulence 

 

This chapter is published in the journal PLoS ONE, in Volume 16(8), Article e0252365, on the 

August 5th 2021. DOI: https://doi.org/10.1101/2021.05.17.444440 

Chapter II: Introduction 

Following confirmation of the importance of RNAi during Fg pathogenesis, the hypothesis is 

developed that Fg utilizes ckRNAi to silence specific host genes as an explanation for the 

importance of FgDCLs, due to their role in sRNA biogenesis.
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Results  
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Fig. 1: Virulence of Fusarium graminearum DCL single and dKO mutants on barley and Brachypodium  
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Tab. 1: Selected GO-terms of tested genes and closest homologs in A. thaliana  
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Fig. 2: Relative expression (log2 fold) of potential barley target genes for fungal sRNAs in leaves infected with Fusarium 
graminearum wt strain PH1 vs. PH1-dcl1/2  
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Fig. 3: Relative expression of HvEOL1 in response to inoculation of barley leaves with Fusarium graminearum  
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Tab. 2: Target prediction results of Fg-sRNAs with more than 400 reads in IFA65 axenic culture  
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Fig. 4: Relative amount of different fungal tRFs with homology to HvEOL1 mRNA  
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Fig. 5: Relative expression of BdSERK2 in response to inoculation of Brachypodium distachyon leaves with Fusarium graminearum  



 
 

65 

Fig. 6: Analysis of potential target sites of Fg-sRNAs as determined by RLM-RACE products  
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Fig. 7: The degree of DCL-dependent gene silencing is correlated with the number of homologous fungal sRNAs  
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Fig. S1: Feature mapping of Fg-sRNAs with a read length of 21-24 nt 

Reads were trimmed as described earlier and aligned to the PH1 reference genome 

(GCF_000240135.3_ASM24013v3) with bowtie2 (Langmead & Salzberg 2012).
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Fig. S3: Alignment of AtETO1 and HvEOL1 

Identical amino acids are marked blue and similar amino acids are marked red. The alignment 

and visualization was done with the msa package for R (Bodenhofer et al. 2015). 
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Fig. S4: Regulation of ET synthesis in At 

AtETO1 negatively regulates ethylene (ET) synthesis in At.  AtETO1 acts together with AtEOL1 

and AtETO1-like 2 (EOL2) in directing the ubiquitination and subsequent degradation of type-2 

1-aminocyclopropane-1-carboxylate synthase (ACS) proteins (e.g. ET overproducer 2 (ETO2)), 

which produce the direct precursor of ET. 
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Fig. S5A: Sequence of FgDCL1-FGSG_09025 (912 nt long dsRNA-FgDCL1) 

Coding Sequence (CDS) of the respective FgDCL gene with the sequences comprising the 

dsRNAs marked in red. 

 

  

FgDCL1-FGSG_09025 

ATGGACACCGACTCGACCGACAGCGAAGATGATCGCGTTCAGTATCGCCTGACCGTGAGGCCTTCGAAGCATCGAAAGAATACAGAGAAGAAGCGCCTG
AACAAGCAGGTTTTGAAACAATACATGATAGAACACGACAGAGAAGCCTATGCCAAAGATTCTGAGAAAAAGAAGCGCGGCCCCTTCGCTGAAGCTTCCA
CCGACATTACACCGCGAGAATATCAGATAGAACTCTTCGAAGCCGCCAAGGAGAAGAATCTCATTGTGGTTTTACCTACAGGTATTTTCTTGTCCCTTTCTG
ACTCTACTCTGGACATTCTAATAGGCACAGGTTCTGGTAAAACACTCATCTCCATCTTATTGCTAAAATACTACATTCGAATCGAAGTGGAATCTCGCGCTCT
TGGAAATCCGAGGAAGGTGGCCTTTTTCTTGGTGGAAAAAGTAGCCCTCTGTGAGCAGCAATACCGATTTCTTAAGGACCAGATTTTCGGCCACAACATTG
TCATGTTCACAGGCGATAACCGCGGCGTGACCAAGGACAAGAAGTACTGGGATGATCAGTTTTCCTCAAACAAGGTTGTGGTCTGCACTGCTCACATTTTG
CTCGACTGTCTGAACAACGGCTTCATTACAATGGACCAGATCAACCTCCTCATCTTCGACGAAGCCCATCATGCAAAGAAGAAGCATGATTACGCGCAAATT
GTCCGACGATATTATTATTCTACCGAAAAGAACAAGAGACCTCGCATTCTAGGAATGACCGCTTCCCCTGTGGATTCCAAGGCTGGAGATGTTGCAGAACT
GGCACTTGAACTTGAGAAAACCCTTGACAGCGAGATCGCAACACTCTCCGACAAGATGATGCGACAGGCGACTGATTTCCAAGTTCATGTTGAAGAGACA
GTCAAATACAACACACTTGGACTACCAGACGAGACCAAGACACAGCTTTGGGACTCGATCTCTAAGCTAGTATCGCGAAACAAGGAATTCAAGGCGTCTCT
CGACTTCACAAAAGAGGCCTCCACAATCCTAGGACCCTGGTGTGCGGACCGATACTGGCAAGTCTTGATCGACGATACAGAGATCAAGCGACTCGCCGAC
AGGACTCGCATGGCTTTTTTCGGGGGTGGAGAGAAGTTGTTGGCAAGAGGAGACCAAGCAGAAGAGGCTGTCAGGGAGGTTCAAAAGGTCGTCGCAGC
CCACGAGTTTAGGGCGATCAGTCCTCAATCGCAGGAATTGTCAGCTAAAGTGAAATGTCTACATGAAATCCTGGTTCATGCCTTCACAGTCGATAACACAA
AGCGCTGCATCGTTTTTGTTGATCAGAGACACACAGCTTGCCTCCTTTCGGACCTTTACGACCAAGTTTCAATGGCAATTCCCGGTATGAATGCTTCGTATAT
GGTAAGTTGAGTCCCATTTCCAACAGCAGTAACTAACCACAATAGATTGGTCAACAATCTAGCAGCAGCACCCTTGGCAATATGTCTCTGCGAAAGCAATG
TTCAACGCTCAAGAACTTTAGGGACGGCGTGATAAACTGTCTCTTTGCAACATCAGTGGCAGAGGAGGGAATTGACATTCCGAGTTGTGATCTTGTTATCC
GATTTGATCTCTATACTTCTGTTATTCAGTATGTTCAATCCAAAGGGCGTGCGAGACACGAATCTTCACGGTATATCACCATGCTGGAAGACGGCAACATGA
GACAGATTCGCAGTCTGAAACAAGCAGCGAGAGATGCAACAGCCCTTCGAGAGTTCTGTCTAAGAATACCTGCCGATCGAAAACTTCAAGACGATGTATTT
GATGAGGAGACGGAAAGTCAGATCAAGCAAATACGTTTTAACGTGTACAAAATAGAATCAACGGGCGCACAACTTACATTCCCCTCAAGCCTCGAGATAC
TAGCTCGATTCGTTGCATCCTTGGGTACAGCAGAGAGCAGCCATAGCAAGGCTGAATATCACGTCTACAAGGTGGGAACATATTTCACAGCCGCCGTCAAT
CTACCGTCCAGTTCCCCCATCGTCTCCCAAACAGGCTATCCACAACGAAGCAAGCTTCTCGCAAAATGCTCAGCGGCTTTTGAGGTTTGCAAGAAGCTCATC
AATGGCAAACACATTGATGATCATCTTCAGCCTACTTTCAAGAAACATTTCCACAAAATGCGCAATGCTCGTGTGGGAATAAGCCCTAACAAGAAGGGTGA
GCATGACATGCGCCTGAGGCCCAACGTTTGGAGTATCCGTGGAGAATGGACACACTTCTTCCCAACAAGAATTACTCTTGACAGGGATTGTGGAGAGAAA
AACAGGTCGTTGATTCTTCTTTCGCGAAGTCCACTTCCAGGACTACCTTCAACCCTCTATTCTTCGGCAATGGACGCTCAGCCATCGTTGAAGTGACATGTTC
TCAAGAACCTTTACCCATCACGACCGAGGAAGCTGGGGGTTTGACTGCTTTCACACTCAAAATCTTTGCCGACGTTTTCAGTAAAGAGTTTGAGGCCACTTG
CGACCAGTTTCCTTACCTTCTTGCCCCCTTGGCAAAAGACACCAATCTAAACGAAATATCGCGAATCGACTGGGATACTGTCAACCTTGTCAGAGACCATGA
CAGTCTCGAATGGGAGAATGCGCCCGACGATTTCTTTTTCGACAAGCTTGTTGTAGATCCATATGATGGAGGGCGCAAGCTTATAATCAAAGGCATTGACA
AATCCAAGAAGCCTTCTGATCCTACACCGGAGGGAGTGCCTGAGTCGAGAAGTCGTGCTTATAGGTCTGCGGAACAAAACATTAAGCAGTACAGCAACAG
TCTGTTTTCCAAGTCTCGACTAACGGCCCAGTGGCGAGACGATCAACCGGTTGTCAAAGCTGAGCTTCTCTCATTGCGACGCAATCTGTTGGACGAGTTTCA
AGTAAACGAGGAAATCAACAAGGATTGCTTCGTCATTTTAGAACCCCTCAACGTGTCACCTGTAAGTGAAAGACTCTTCTGTAAAACGTATCTAACATGCCC
AGCTGCCAATTGACGTCGTTTCCATGGCACTCAAGTTCCCGGCAATCATCCACAGAATCGATTCTGCTCTGATCGCTCTTGATGCATGCGAACTATTCGACCT
CTCTATTCCGCCAGCGCTGGCACTCGAGGCAATGACCAAAGACAGCGACAACACTGAGGATCATGGCAAGCAACAAATCAATTTCCAAGCTGGCATGGGT
TCCAACTATGAAAGGTTGGAATTTCTTGGAGACTCGTTTCTCAAAATGGCCACCACAATCTCCATTTTTGTACTCAAACCCAAGAGCAACGAATGTTTGTACC
ATGTAGAGCGCATGCTGCTCATCTGCAACAACAATCTGTTCAACACGGCCGTAGATTGCAAGCTCCCAGAGTACATACGATCCTTGGCATTCGACAGGCGA
ACTTGGTACCCTGATCTTACACTCAGAAAAGGCAAAGCTTTCAAGGCAACAGCGCGACAGCGCTTAGCCGACAAAAGTATTGCGGATGTCTGTGAAGCTCT
CATTGGTGCTGCATACCTCTCAAGCAAGGATGACAATTTGAACATGGCCGTCAAAGCTGTGTCACAGATGTGCAAAGCAAAGTACCATACCATGATGGCTT
ACGATGAGTACTACGCATCTTTCAAGGTTCCAGATTGGCAGAAAGCCAGTCCAAACGCCAACCAGCGTAGACTTGTGCAGAAAGTGGCAGACGCTACCGG
GTACCACTTCAAGTCTGCGCCGCTGCTCCAGAGTGCATTCACACACCCTTCTTACGCGTATTCAGGGAACGTTCCAAACTATCAACGCCTCGAGTTTCTAGG
CGATGCCCTCATCGACATGACCATCGTCGAATATCTCTATCGCAACTTTCCCCTCGCAGACCCTCAGTGGTTGACGGAGCACAAGATGGCAATGGCCTCGAA
CCAATTTCTCGGTTGTCTGTGTGTTAAGCTCAATCTGCACCACCATCTTCTGTTCAACACGTCGCAGTTCATCAGCAAAATTCGTGACTATGTGGCCGAACTT
GAGTTGGCTGAAGAGACTGCGCGCCAAGAGGCAGAAGAAGACGGGACTCCAATGCGCATGGACTTTTGGCTCAATGCGACAACGCCTCCAAAAGCGTAC
GCAGATTCAATCGAGGCTCTTATGGGGGCCATGTTTGTGGATTCTGAATTCGACTATTCTGTTGTTGAGGATTTCTTTACCAAGTTCATCTTCCCGTACTTTA
AAGACATGTCTCTGTACGATACCTTTGCAAACAAGCATCCTTACACATTTCTCACCAAGAAGATGCAACAGGAGATCGGGTGCATGAAATTCTGTATGATTT
CAGACACCCGCGTTCCTGATGCAGAGCGTGGCATGGAAGTTATGAAAGAGTACGACATATATTCAGCCTTTCAAGTGCACGAAAGAGTCATCACATGTCAC
GTATCAAAGAGTGGAAGGTACGGTAAGATTGCTGCTGCAAAGGGGGCACTCGAGTTGTTGGAGCCGTATGGCGGTGATGTGGTCGCGATGAAGAAGCT
GTTGGGCTGCGACTGCGACTCTGTAACAGCAGCCATGGCGGAGATGGACCATGGAACAGCTGTCTAA 
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Fig. S5B: Sequence of FgDCL2-FGSG_04408 (870 nt long dsRNA-FgDCL2) 

Coding Sequence (CDS) of the respective FgDCL gene with the sequences comprising the 

dsRNAs marked in red. 

  

FgDCL2‐FGSG_04408 
ATGTCCTCAAGCGATAAGGTCATGGCGGACGCCTCTTCCATACCAGACTCCGAGGTCAAAACAATAGCGTCGTCCTCGGTCGTCGAGATCTCTGCTACAGG
CGAGAAGGAGATAACGACTCATATACCTGTCGCAGATACACCAATGTGCTCAGATGACCAGGCCAATGTGCAAGAGCAAGACGAAGAAGTTAAGCCTCAG
AAAGTGACGCCCAATCCAGAGGTGGTAAATCCCCGCGGTTACCAGCGAGAGATGCTGGAACAAAGCATCAAAAGGAATGTCATCGTTGCAGTAAGTTATT
CCAAGTACCCCATTCAATCTGCATTCGGTGACCTGATTAGATGGACACGGGAAGTGGTAAAACTCAAGTGTATGTCACTTCCATACCATCGAAAAAGAGAG
AGACTAATTATAACTCGTAGGGCCGTGATGCGCATCCAACATGAACTCGATACATGTGCACCAGACAAGGTTGGTGAACAAAGAAACATAATATCGCGGT
CAAAACTAACCAATATAGATTATCTGGTTCTTAGGCAAGACAGTATCGCTATGTGAACAGCAATACAGCGTTGTCCAAAGGCAAATGCCGTCGGTATCGAT
GAAACTGCTAACGGGGCAATTGAACATCGATGCATGGTCCGAGGACGTCTGGCCCCGTATCCTTAATGGGACTCGTATCATTGTCTCGACCTTTGATATCCT
GCGAGATGCTTTGGACCATGCATTTGTCAAGATGAACATGCTGTCCCTTATCGTCTTCGATGAAGGTGAGACATCGCCAACACTTACAATATCATTACTGAC
TTTTTACAGTTCATAATTGTGTAAAGAATAGCTCTGGTCGAAAGGTTATGGTGAATTTCTATCACGAACACAAGAACGCCGGCATGCCCGTGCCTGCTATCC
TGGGTTTAACAGCCAGCCCGATACAGTCGAAGTCAATCCACGACGAAATCCTTGAGCTCGAGGTCACCATGGATGCTGTATGCATCACTCCAACAATTAAC
CGGAAAGAACTCCTCCAGCACGTCAACAAGCCCAATCTTTCCCGAGTATTGTATGATGTGGAAGAGCATCCGACTCGAACCCCCCTAATGCAGACTCTGCA
GTCTGAGTACTCGGCGATGGACATCACCCAGGACCCAAGTATTATAAAGGCCAAGCAACTTATCGCTAAGGGCGAGAAGACTGGACCTGAAATACTAAGT
ATGTTGATGAAACACAGGACCTTCTCTCAGAAGCAGTTAAAGTCCTTATGGAACAAAAGCAAAGACATTCTTGATGAACTCGGGCCTTGGGCTGCTGACAA
GTACATCTCCGAGTTGGTCAGTCTGTTTCTCAAGAGAATCGACTCGCCAATGACGTTTAACGAGTCCTGGAGCAATGAGGATAGGACCTACCTCGCAGGTC
ATTTGAGACAGATCGCTGCCAGTCCCCATCAGCCCAAACTACCAGACAGACACAACTTGGCCGACAAGACGAATAAACTAATCCAGGAACTACTTGCAGCG
GATGAAGATGTGGTCGGCATTATATTCGTCAGATCAAGGGCTGCTGCCAACGTCCTTTGTGCTCTTTTGAGGGAGCACCCCGAGATTCGACAGCGATATCG
AGTCGGCTCTGTAGTAGGATCCGCAGCCACCAAGATTCGAAAGCAAAACATCTACGAGTATCTGCCCGGCGCGACTGCCGATACATTACGCGATTTCAAAA
CAGGCGCCATCAACCTTTTGGTCTCGACTAGTGTTCTTGAAGAGGGTATTGATGTCGCAGTGTGCAACCTCGTCATATGTTTCGATGAGACAACGACACTCA
AGTCCCATATCCAACGCCGCGGACGAGCTCGCAAACAAAAATCAAAGATGATAGTACTTGCTAGATCTTCATCCGACGCTCGGGAATGGGATTCCCTAGAA
AGAGACATGAAGAGTCGTTATGAGCAGGAAAGGGGAGAGTTGGACGCTTTAGAGATAGAGGCTCGCACTGAAGCGACGTCCTCTTTTTCTTATACTGTGA
AAAACTCAGGGGCTAGATTGGACCTCGAGAATTCTCGCCAGCATCTGGAACATTTTTGTAACAAGGTTTTCCAGCGAGATTACGTTGATCCGAGACCCGTC
TACATTTTCCACAAGACCGAACTGGGATCAGCACCGCCGACTTTCAGCGCAACGGTGACTCTTCCCTCGGGTCTGCCTAAGCACCTCCGAAGGTGCCAAGG
TGGAGGTGGATGGAGATCAGAAAAGAATGCGATGAAGGAAGCGGCTTTTCGTGCATTCGTCATGCTGCACCAAGAAGGTTTGGTTAGCGACCACCTTCTT
CCCCTAAATGCAGATTCGAAAGAAGCAGAAGAAGAGGTGCAGCTAACTGCGCCCGAGCTTCTATTTGACCCATGGAAAGACATTGCACAGCGGTGGGAG
ACCACGGCTGAGAAATGGCTCTATGCTTACGAGTTCGCCGATCACGAGTATGTTACTCCTCTTCATTTCGAGATTGCCTTGCCTGTGTGTCTTCCACGACCCC
GCGACATCACCTTTCATCCTGAAGAGGGACTTAAATGGCATGTCAAATGCACCTCAATCAAGAGGATCTCCAATGATGAATGCTTGGGCTTGCCAGATCAT
ACGTCAACCCTATTGGCGATGCATTATGGCCACCGCTGGAACGTGGAAGATCGTGACCATGTGATCAAATTCATATATGAGAACAAGAATCTCACCCGAGA
TCAAATTGGATCGGTACCCTTCGGCGAAAGCATTGATGCTCTATTGGAAAAGAGAGTCCTGGTTCGGGACCCCAAAAATACTCCCTTCCACTACGTCAAAAT
GATCCCATCAAAGCCTCCAAAAGAGCAAGTTCAGCACCCATTTAATGAATACGAGGAAGCGCCAGAAGAACAGTATCTAGTTGTGGATCAATGGACACGC
AGGTCGGACCTGTTGCATGAGATAAAACCCGGTCAGGGGAAGAGCTCTTGCACCAAACCCTACCGCTGGGTTCTCCCGATTTCCAGAGCGACTGTTGATGA
GGTTCCTCGGCGTGCCGCTAAGTGCGGTATGCTTATCCCTTCCATCATTCACGAATTGGAGGTTCAGCTCATCGCGAATGAACTGTCCTCGACACTTTTGGC
GCCAGTTGGTATCACAGATCTGCAATTGGTGATTGAAGCCATCAGCTCGCGTAGCGCTGCAGAGCCTGTTGACTATGAACGTATTGAATTTTTGGGCGATT
CGGTTTTGAAGTATTGCACTGTTATTCAAGCCTACTCTGAACGTAAGTCTTCCGCATCCCTCTATCGTCACTTTCACTGATCATTGTCACAGATCCCTTTTGGC
CCGAAGGTCTACTCAACCATTTCAAAGACCGACTAGTCTCCAATACCCGTTTGACTCGCATGTGCCTTGAGACAGGCCTTTCCAAGTTCATTTTTTCCAAAAC
ATTTACTGGAATCAAGTGGAGACCGCTATATCGAGACGAATTCCTAGATAAGAAGCCAGTCGATGGTGTATCAAGGTTTGTTGGTCCAAAGACTCTTGCTG
ATGTGGTCGAGGCACTTGTTGGAGCCTCCTACCAGGATGGAGGAATCAGCAAAGCTCTGGAGTGCATCAAGGTTTTCTTGGGCACCAAGTGCAATTGGCA
TGATGACAAAGTCGCCAGAGACATACTCTTCCGAGCAGCAATTAGCGACGTACCGTTGCCCCCCACGATGGAGCCTTTGGAAGAGCTCATCGGGTACACAT
TTCAGAAGAAGTCTCTACTCATTGAGGCAATGACTCACGGGTCGTATGCGGCTGATGGGCAGCAGCGATCTTATGAACAACTCGAGTTTCTTGGAGATGCG
GTTCTTGACTACATTGTCGTAACCCGAATGTTCCAATCTGACCCCCCAGTGCCCAATGGACGCTTACACATGGTCAAGACTGCCATGGCCAACGCTGATTTC
CTTGCTTTTACAAACATGCAACATGGACTACGCCGGCCTGAAGTTGAAATAAATGAGAACGGCGAACCAGTGCCTACAGAAGTTTCACTGCCGATATGGAA
ATTCATGCGTCATAGCTCTCCAGAGATGGGTAGAATCATGAATGAGACCCAGGCCCGATTTGAGAGCCTTCAAGAGGAAATCAATGAGGCTAGGACGAAT
GGTAAACACTACCCCTGGACACTTCTCGCTCGTCTTCACCCGAAGAAGTTCTACTCCGATATTTTCGAGGCTACCCTAGGTGCCATTTGGGTTGATTCAGGA
GATATCGAAGTATGCACAGCCTTTCTTCACAAGTTCGGCGTCTTGCCGTATCTTGACCGAATTCTCAGCGATAATATTCATGTTCAACATCCTAAAGAGGAA
CTCGCCAAACTAGCAATCGACCAGAAAATGACGTATGATTATACGGCTGTTGATGGGCCTATAAAGGAGTACCTCTGCACGGCCAAGGTTGGAGATCGCG
TCGTGGGAGTCGTGTCAGGGGCACTCAATAAGGCTGAGGCAATGACCAAGGCTGCCGAAGAGGGCGTGAATTTTTTGAATGGGGAGCAGAAACGTGCA
GAGAAGGCGGCTCAGGATGAAATGGCGCGATTTCTTGTTGCCATGGAACTCATTTAG 
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Fig. S6: Position and read count of all tRFs from Fg-tRNA-Gly(GCC) 

Alignment position of all Fg-sRNAs from axenic culture with more than 50 reads perfectly 

matching the Fg-tRNA-Gly(GCC)-9 gene (Fusarium_graminearum_CS3005-tRNA-Gly-GCC-1-9) 

colored by read count. 
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Fig. S7: Abundance of unique Fg-sRNAs in axenic culture of IFA65 

A: Histogram of the read count of every unique sRNA. The plot is truncated to make 

abundances recognizable. Most sRNAs have very low read counts and very few sRNAs have 

more reads than 3,000. Maximum read count per sRNA is 42,866. B: Violin plot of log2-

transformed reads counts untruncated. 
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Fig. S8: Origin of tRFs in Fg-tRNA-Gly(GCC) 

The centroid secondary structure of the Fg-tRNA-Gly(GCC) generated on the RNAfold web 

server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with the origin and 

alignment of Fg-sRNA-321, Fg-sRNA-1921 and Fg-sRNA-6717. The colors of bases indicate the 

base pair probabilities. 
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Fig. S9: Molecular Phylogenetic analysis by Maximum Likelihood method  
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Fig. S9: Molecular Phylogenetic analysis by Maximum Likelihood method  

The evolutionary history was inferred by using the Maximum Likelihood method based on the 

General Time Reversible model (Nei & Kumar, 2000). The tree with the highest log likelihood (-

25430.37) is shown. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using 

the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with 

superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the 

number of substitutions per site. The analysis involved 77 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd. There were a total of 2427 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016b). 
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Tab. S1: Primer sequences 

Sequences and target accessions for all primers used in the study 
  

Gene Accession Primer Name Sequence 

HvARF3 HORVU1Hr1G076690 HORVU1Hr1G076690_F GGTTCAGCTCAGAAACGAAGC 

HORVU1Hr1G076690_R ATTCTGACGCTCCACTCCTTG 

HvPPR HORVU2Hr1G078260 HORVU2Hr1G078260_F GGGTGCTTCATCGAGTTGGAA 

HORVU2Hr1G078260_R CTGCAAAACCACAGAGCTTGT 

HvSERK2 HORVU2Hr1G080020 HORVU2Hr1G080020.6_F GATGACAGACAGAGTCCTGCT 

HORVU2Hr1G080020.6_R AGCACTACTACCAGCACCGA 

HvARF10 HORVU2Hr1G089670 HORVU2Hr1G089670_F CACATCGGCGATGAACCTTTC 

HORVU2Hr1G089670_R TCGGCTCAAGATCGATGGATG 

HvPGLP2 HORVU5Hr1G052320 HORVU5Hr1G052320_F CTCCTTGTTCTGTCAGGTGTGA 

HORVU5Hr1G052320_R ATTGCTGGTGCTGTATTCGGA 

HvATG2 HORVU6Hr1G034660 HORVU6Hr1G034660_F TTCTTATCTCGGGGCTTGGTG 

HORVU6Hr1G034660_R TCGTAGCAGCCAAGAACCATT 

HvGDH HORVU6Hr1G076880 HORVU6Hr1G076880_F GGCAACGTGGAGAGTGTGAA 

HORVU6Hr1G076880_R GTACGGGCTCGAGTTGATCAG 

HvARF19 HORVU7Hr1G096460 HORVU7Hr1G096460_F GGGCCGGTCTATCGACATTAG 

HORVU7Hr1G096460_R TTGACAAACTCCTCCCAAGGG 

HvSUB1 HORVU2Hr1G028070 MLOC_12796.1_F CAGAGTTCAGGAGGGGCAAG 

MLOC_12796.1_R GACAAACGTCCGGTTGAGGA 

HvSUVR5 HORVU6Hr1G069350 MLOC_14605.1_F TGCATTTTGTTGACCGCAGG 

MLOC_14605.1_R AGGCTTGTCTGGGAACGATG 

Hvemb2726 HORVU5Hr1G024470 MLOC_58105.1_F AGACTGATGTTGCGGTGGAG 

MLOC_58105.1_R GGTTGCGACCTAACTTGGGA 

HvPIX7 HORVU3Hr1G051080 MLOC_5991.1_F GATGGGCTTCAGGGGCATAA 

MLOC_5991.1_R ATGGGAGCGGAAATGACCTC 

HvRDR1 HORVU6Hr1G074180 MLOC_75294.1_F TATCTGAAGGTTCGGCCTGC 

MLOC_75294.1_R GTTCCGCTCCACAGAACAGA 

HvRST1 HORVU3Hr1G016630 MLOC_75306.1_F TTGCGGGACTTGTTCTTGGT 

MLOC_75306.1_R TGACAGATGGCAGAGCAAGG 

HvEOL1 HORVU2Hr1G119180 MLOC_8741_F CACTTCAAGCCCGCTGACTA 

MLOC_8741_R CTCATGTATCGTGCTCGCCT 

BdSERK2 BRADI_5g12227v3 PNT61220_F AGTTGCGTTTCCTCCGTCTT 

PNT61220_R ACCAGTTGATGGAACCTCTCC 

HvUBI HORVU1Hr1G023660 Ubideg60_F ACCCTCGCCGACTACAACAT 

  Ubideg60_R CAGTAGTGGCGGTCGAAGTG 

FgEF1a FGSG_08811 EF1a_F CAAGGCCGTCGAGAAGTCCAC 

  EF1a_R TGCCAACATGATCATTTCGTCGTA 
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Tab. S2: Target prediction results 

Results of the target prediction with the TAPIR algorithm for all Fg-sRNAs with more than 400 

reads 

Table S2 can be found via: https://doi.org/10.1371/journal.pone.0252365.s012 

  

Name Sequence (RNA) Primer Sequence (Primer) 

Hvu-miRNA-159a UUUGGAUUGAAGGGAGCUC

UG 

hvu-mir159a_F TGGCTCGCTtttggattgaaggga 

 hvu-mir159a_RT GTCGTATCCAGTGCAGGGTCCGA 

GGTATTCGCACTGGATACGACcagagc 

Hvu-miRNA-168 UCGCUUGGUGCAGAUCGGG

AC 

hvu-mir168-5p_F GTTCGCTtcgcttggtgcagat 

 hvu-mir168-5p_RT GTCGTATCCAGTGCAGGGTCCGA 

GGTATTCGCACTGGATACGACgtcccg 

Fg-sRNA-321 GCUUGGGUCCCGAGGGGCU

ACC 

Fg-sRNA_321-2106_F TCGCTccatcggggagccctg 

 Fg-sRNA_321-2106_RT GTCGTATCCAGTGCAGGGTCCGA 

GGTATTCGCACTGGATACGACcgaacc 

Fg-sRNA-1921 CUUGGGUCCCGAGGGGCUA

CC 

Fg-sRNA_1921-416_F TCGCTccatcggggagccct 

 Fg-sRNA_1921-416_RT GTCGTATCCAGTGCAGGGTCCGA 

GGTATTCGCACTGGATACGACgaaccc 

Fg-sRNA-6717 UAGCUUGGGUCCCGAGGGG

CUAC 

Fg-sRNA_6717-86_F TCGCTcatcggggagccctggg 

 Fg-sRNA_6717-86_RT GTCGTATCCAGTGCAGGGTCCGA 

GGTATTCGCACTGGATACGACatcgaa 

Universal SL Reverse UniSL_R CCAGTGCAGGGTCCGAGGTA 

Target Accession Name Sequence 

RLM-adapter RLM_Adapter GCUGAUGGCGAUGAAUGAACACUG 

CGUUUGCUGGCUUUGAUGAAA 

RLM outer adapter Primer RLM_Uni_O1 GCTGATGGCGATGAATGAACACTG 

RLM inner adapter primer RLM_Uni_I1 GAACACTGCGTTTGCTGGCTTTGATG 

HvEOL1 HORVU2Hr1G119180 HvEOL1_outer GAATTTACTGATGGCCCGCAT 

 HORVU2Hr1G119180 HvEOL1_inner ACCCACCATTAAGCATCGCA 

HvSERK2 HORVU2Hr1G080020 HvSERK2_1_outer GAGCCTCAGGAGACGGTTTT 

 HORVU2Hr1G080020 HvSERK2_1_inner AGTGGAGTCGACGATCCAGT 

HvBAK1 HORVU7Hr1G068990 HvSERK2_2_outer GGGTTTGCACATGCTCGTAC 

 HORVU7Hr1G068990 HvSERK2_2_inner TGAGGACCCAGCTCTACCTC 
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Chapter II: Discussion 

While the presence of infection specific degradation products of Fg-sRNA target genes, the 

infection specific repression and derepression in the absence of functioning FgDCLs shows the 

presence of ckRNAi during the pathogenesis of Fg a proof for its biological significance is 

lacking. 

The disruption of DCL-function in several systems could show a dependence of Fg infection on 

DCLs, but due to the many possible functions of RNAi in endogenous processes in Fg this alone 

does not provide a proof for a significant role of ckRNAi for pathogenesis. 

Methods to address this in other pathosystems were the expression of specific fungal sRNAs in 

planta (Wang et al. 2017a), or the postulated usage of so called “miRNA sponges” (Kluiver et al. 

2012). While being less obstructive in general these methods still remain prone to criticism, the 

first for its strong expression and the second for its potential off-target effects. These trans 

genic based approaches also focus on a single sRNA and fail to account for the many potential 

sRNAs involved in cross-kingdom communication. 
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Chapter III: The impact on codon-usage emphasizes the biological 

significance and points to the double-edged nature of cross-kingdom RNAi 

 

Chapter III: Introduction 

As priorly described, the methods used to establish the presence of ckRNAi fail to show clear 

proof for its biological significance. To address this problem described as the fourth (iv) 

research question a look at the codon-usage in RNAi targeted regions could reveal a selective 

pressure of sRNAs on the host plant. 

This pressure would be conclusive proof for the biological significance of RNAi and could also 

indicate the role and contribution of specific sRNAs. 

In a recent publication (Dunker et al. 2020) a publically available dataset of sRNAs associated 

with AtAGO1 during the infection with Hyaloperonospora arabidopsidis was generated. This 

data shows the clear presence of pathogen derived sRNAs within the plant cell and enables the 

search for changes in codon usage for sRNAs actually associated with ckRNAi and also enables 

working on a well-researched model species. 
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Abstract 

Cross-kingdom (ck)RNAi describes the phenomenon in host-pathogen systems in which small 

(s)RNAs are exchanged to silence corresponding target genes associated with defence function 

in the host and virulence function in the pathogen, respectively. We hypothesised that a 

consequence of the ckRNAi model should be that target regions of sRNA-targeted plant genes 

have a bias in codon use to avoid recognition. Hyaloperonospora arabidopsidis (Ha) and 

Fusarium graminearum (Fg) are examples of plant pathogens that use sRNAs as effector 

molecules to silence specific genes in their respective host plants Arabidopsis thaliana (At) and 

Hordeum vulgare (Hv). We calculated the probability (PCHS) that synonymous host plant codons 

in a predicted sRNA target region would show the same or stronger complementarity as 

actually observed and compared this probability to the probability of sets of virtual analogous 

sRNAs. To test our hypothesis, we first calculated this probability for a set of Arabidopsis micro 

(mi)RNAs that have an endogenous target in the plant. There was significantly different codon 

usage in the target regions of these miRNAs (PCHS 36.5% higher than in the virtual sets). Also for 

the sets of Ha (PCHS 24.9% lower than in the virtual sets) and Fg (PCHS 19.3% lower than in the 

virtual sets) sRNAs, there was a significant difference in codon usage in their target regions in 

plant genes, but unexpectedly for both sets of microbial sRNA we found a tendency towards 

codons with an unexpectedly high complementarity. This bias in host plants suggests an 

evolutionary pressure to facilitate silencing by exogenous microbial sRNAs, which is not 

consistent with the anticipated biological role of pathogen sRNAs as effectors in cross-kingdom 

RNAi. To resolve this conflict, we propose an extended model in which microbial sRNAs are 

perceived by plants via RNA interference and, via coevolution, primarily help to fine-tune plant 

gene expression. 
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Summary 

While the standard genetic code is used nearly universally among eukaryotic organisms, the 

usage of synonymous codons differs greatly. Different forces such as differences in translational 

efficiency and mutation bias influence the usage of synonymous codons, which leads to the 

establishment of an equilibrium state of the codon usage bias in each species. We hypothesised 

that a consequence of the ckRNAi model should be that target regions of sRNA-targeted plant 

genes have a bias in codon use to avoid recognition. To this end, we analysed codon usage bias 

in gene regions of Arabidopsis thaliana (At) predicted to be targeted by either endogenous 

miRNAs or a set of infection-related AtAGO-bound sRNAs of the oomycete pathogen 

Hyaloperonospora arabidopsidis (Ha). To this end, we calculated the probability PCHS of a codon 

in a predicted miRNA or sRNA target region to have the same or stronger complementarity with 

the respective RNA under the assumption i. the amino acid (aa) sequence of each gene is 

conserved and ii. the codon usage is consistent over all genes. To account for the codon usage 

bias introduced by the target prediction algorithm we generated virtual random sets of sRNAs 

of the same size and following the same base compositions as the actual sRNA set (rsRNAs). As 

a negative control we applied the same methodology to a set of Gorilla gorilla (Gg) miRNA 

target regions in At. We found that At-miRNAs and Ha-sRNAs show a significantly different 

codon usage in target regions of both endogenous miRNAs and cross-kingdom-associated 

sRNAs, while no change in codon usage was detected in target calculated regions for miRNAs of 

Gg, strongly supporting our hypothesis. Unexpectedly, however, the codon usage in Ha-sRNAs 

target regions is biased towards codons with an unexpectedly high complementarity to the 

pathogen sRNAs. We extended our analysis to the agronomically important crop plant – 

microbe system of Fusarium graminearum (Fg) and barley (Hordeum vulgare, Hv). For Fg-sRNA, 

like for Ha-sRNAs, we found a codon bias in predicted Hv target regions of Fg-sRNA in barley 

towards codons with an unexpectedly high complementarity to the pathogen sRNAs. This bias 

in host plants suggests an evolutionary pressure to facilitate silencing by exogenous RNAs which 

challenges the conjectured role of pathogen sRNAs as primarily effector-like. To resolve this 

contradiction, we propose an extended model, in which microbial sRNAs are perceived by 

plants via RNA interference, and predominately aid in the fine tuning of plant gene expression, 

while the role of sRNAs as effector is an exception.  
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Main Body 

Cross-kingdom RNA interference (ckRNAi) is a process in which small RNAs (sRNAs) are 

transferred from one organism to one from a different kingdom of life, where they cause gene 

silencing of complementary genes in the receiving organism (Baulcombe 2013). In the field of 

plant – microbe interactions, ckRNAi first came into focus through work by Hailing Jin’s group, 

Riverside. In a game changing work, they showed that the ascomycete fungal pathogen Botrytis 

cinerea (Bc) delivers 21 nucleotide (nt) sRNAs into its host plants Arabidopsis thaliana (At) and 

tomato (Weiberg et al. 2013; Wang et al. 2017b). Fungal sRNAs were shown to operate as RNA 

effector molecules that interfere with and silence plant defense genes such as mitogen-

activated protein kinases MPK1 and MPK2. This added another mosaic to our understanding of 

plant - pathogen interactions, as in the past effectors have typically been defined as mostly 

smaller, microbe-derived proteins that interfere with components of the plant immune system 

(He et al. 2020). According to the new understanding, sRNAs, like protein effectors, are the 

product of an evolutionary arms race between host and microbe (Jones and Dangl 2006). 

In 2016, Hui-Shan Guo's group also demonstrated the transfer of plant sRNAs into interacting 

fungi: cotton plants export micro (mi)RNAs into the pathogenic ascomycete fungus Verticillium 

dahliae, and some of these miRNAs target fungal virulence genes (Zhang et al. 2016). Further 

work has shown that this exchange takes place via extracellular vesicles, which, in addition to 

other cellular components, also carry sRNAs as cargo (Cai et al. 2018a; Rutter and Innes 2018; 

Cai et al. 2021). Proof in principle of the transfer of sRNA from the host plant to the fungus has 

already been provided in 2010 by the discovery of the process of host-induced gene silencing 

(HIGS; Nowara et al. 2010). The latter authors showed that transgenic barley plants producing 

double-stranded (ds)RNA export corresponding sRNAs into the powdery mildew fungus, where 

they subsequently silence target genes. Many reports have confirmed that HIGS can mediate 

strong resistance against target organisms including fungi, oomycetes and insects thereby 

demonstrating the great agronomic potential of artificial sRNAs (Knip et al. 2014; Cai et al. 

2018b; Liu et al. 2020; Šečić and Kogel 2021).  

In recent years many more sRNA effectors have been discovered in plant pathogenic fungi 

(Wang et al. 2017a; Dubey et al. 2019; Werner et al. 2021), oomycetes (Dunker et al. 2020), 

beneficial fungal endophytes (Šečić et al. 2021), and bacteria (Ren et al. 2019). Their importance 

as effectors is often experimentally supported by knock-out (KO) of Dicer-like (DCLs) genes in 
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the microbe and/or Argonaute (AGO) genes in the host, as loss-of-function mutations 

correspondingly impair either the microbe's ability to produce sRNAs or the host's ability to 

recognize silencing signals (Weiberg et al. 2013; Cai et al. 2021), while arguably DCLs and AGOs 

play important roles in virulence and immunity both in plants (Fang et al. 2016) and fungi 

(Nicolás et al. 2013, Gaffar et al. 2019), independent of ckRNAi. Further experimental evidence 

for specific fungal sRNA effectors can be provided by detecting corresponding degraded target 

host mRNAs fragments using degradome sequencing, also referred to as parallel analysis of RNA 

ends (PARE, German et al. 2008), and/or through recording their effect on pathogenicity upon 

artificial overexpression in the host (Weiberg et al. 2013). An elegant strategy to detect ckRNAi 

is the introduction of short tandem target mimics (STTM) that provides RNA target sequences 

such that an exogenous sRNA rather forms a complex with the mimic and is degraded than with 

AGO, thus preventing the silencing activity of the fungal sRNA effector (Yan et al. 2012; Zhang 

et al. 2016; Dunker et al. 2020). The latter authors examined AtAGO1-linked sRNAs of the 

oomycete pathogen Hyaloperonospora arabidopsidis (Ha) after infection of Arabidopsis. Three 

of these sRNAs were confirmed as enhancing the pathogenicity of the oomycete by employing 

the STTM technique (Dunker et al. 2020). Above all, these recent discoveries have one key 

aspect in common: Plants and microbes can take up exogenous dsRNA. This is at the first glance 

puzzling because as shown by the above examples uptake of dsRNA can have detrimental 

effects on the survival of the receiving organism. 

Based on the current knowledge about HIGS and ckRNAi, we speculated that in ckRNAi during 

evolutionary arms race between a plant and a pathogen plants could acquire synonymous 

mutations to abolish silencing with a relatively low fitness cost. Such an assumed evolutionary 

strategy was mimicked and shown to be feasible by Dunker et al. (2020), demonstrating that 

sRNA-resistant versions of plant targeted genes, when generated by artificially introducing 

synonymous mutations, rendered host plants more resistant to Ha. Synonymous mutations 

occur due to the degenerative nature of the genetic code which enables organisms to encode 

the 20 possible amino acids (aa) with 64 three base long codons in mRNA (Crick et al. 1961). 

Even if these codons code for the same aa, there is an evolutionary cost attached to it and 

therefore these synonymous mutations are often non-silent. For example, At and other 

organisms prefer certain codons over others, especially in highly expressed genes, due in part 

to differences in translational efficiency, ultimately leading to a codon bias (Duret & 

Mouchiroud 1999).  
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Avoiding the formation of sRNA-mRNA complexes and gene silencing of defence genes is an 

advantage for the plant in ckRNAi systems. We hypothesised that codon usage in target regions 

of sRNA effectors should differ from other coding regions in a plant genome if ckRNAi is 

evolutionarily significant. To reveal the difference in codon usage between sRNA target and 

non-target regions, we compared the observed bias in codon usage of sRNA complementary 

regions, which is predicted by the target prediction algorithm TAPIR (Bonnet et al. 2010), with 

the bias created by natural selection in response to ckRNAi. To achieve this, we compared the 

codon usage of published sets of At-miRNAs or microbial sRNAs from Ha and the plant 

pathogenic ascomycete Fusarium graminearum, respectively, to virtual sets of sRNAs (random 

(r)sRNAs). These rsRNAs were generated randomly by using the relative abundance of 

nucleotides (nts) in the respective published RNA set, to generate analogous sRNAs with the 

same length, size (Tab. S1 & S2) and base composition (Tab. S3) as the respective set of miRNAs 

or microbial sRNAs. Figure S1 gives an overview of our workflow. 
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Figure S1: Workflow of the computational analysis of codon usage in RNAi targeted mRNA regions. 

The left column (orange) gives an overview of the overall workflow. More detailed steps are 

depicted in blue. The colored arrows (red: At, Arabidopsis thaliana; yellow: Gg, Gorilla gorilla; 

green: Ha, Hyaloperonospora arabidopsidis; purple: Fg, Fusarium graminearum) indicate each 

set of small RNAs by organism of origin and visualize the detailed steps applied to each set, 

while black and gray arrows apply to all sets. In 4n, n refers to the number of codons covered 

fully or partially by the respective sRNA, which leads to a maximum of 49 combinations for each 

interaction, in the case of a not in frame 24 nt long sRNA covering 7 codons completely and 2 

partly. For further details, please refer to the supplementary methods. 
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For comparing the codon usage in the target regions of sRNAs and rsRNAs we calculated the 

probability PCHS of each sRNA’s and rsRNA’s interaction with a coding sequence (CDS) having the 

same or a higher complementarity, under the assumptions that i. the aa sequence is conserved 

and ii. synonymous codons are chosen randomly, following the overall codon usage of the CDS 

of the host organism (Tab. S4 & S5). The procedure is pictured for At-miRNA400 as an example 

(Fig. 1). At-miRNA400 targets several pentatricopeptide repeat (PPR) proteins and is involved in 

biotic stress responses (Park et al. 2014). In Figure 1A the alignment of At-miRNA400 and two 

PPR genes is shown. The miRNA is perfectly complementary to PPR1 (AT1G06580), while there 

are four mismatches (MM) to its homolog T8K14.4 (AT1G79540). Remarkably, the underlying aa 

sequence of both PPRs is identical in the miRNA target site VTYNTLI. 

The relative abundance for all synonymous codons for this aa motif is shown in Figure 1B, with 

the nts complementary to At-miRNA400 marked in bold. This data enables the calculation of 

the probability of different number of target site nts being complementary to the miRNA under 

assumptions i & ii (Fig.1C) using the distribution of synonymous codons given in Fig.1B. For 

instance, the respective value for the 21 nts target site being fully complementary to At-

miRNA400 is p = 0.250.350.540.540.350.160.26 = 0.0004, and the respective value for 17 

nts is p = 0.2236, summing all probabilities for combining 4 MM in the 21 positions. To predict 

an interaction between sRNA and mRNA leading to silencing the TAPIR algorithm (Bonnet et al. 

2010) applies a target score cutoff. This score is calculated by increasing the score for each 

mismatch by 1 and for each G-U alignment by 0.5 with doubled values in the seed region (nt 2-

12). The four MM with one MM in the seed region between At-miRNA400 and T8K14.4 lead to 

a target score of 5 which is above the typical threshold (target score ≤ 4) for silencing to occur 

in At (Bonnet et al. 2010). The probability (PCHS) for the same or a higher complementarity 

between miRNA400 is 0.0004 for PPR1 and ∑ 𝑃(𝑘) =21
𝑘=17  0.3686 for T8K14.4. These PCHS are 

consistent with the view that some PPR proteins being silenced during the expression of At-

miRNA400 are beneficial for At, while the silencing of other PPR’s would be detrimental, and 

that for the beneficial case synonymous mutations were positively selected to enable this 

selective silencing of proteins carrying the same motif. 
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While this selection can be obvious in the case of PPR proteins, other genes with less family 

members should still be subject to the same kind of selective pressure where either silencing is 

beneficial or detrimental in the absence of another protein with an identical aa motif present in 

the genome. This pressure would persist until mutations lead to the abolishment of silencing. 

To establish a baseline probability, we predicted via TAPIR (Bonnet et al. 2010) all possible 

interactions and interactions one seed MM above the default threshold (target score ≤ 6) (Tab. 

S6) of all known At-miRNAs from miRBase (Griffiths-Jones et al. 2006) and a set of rsRNAs with 

the same size and nt abundances as the published At-miRNAs and calculated the PCHS for all 

interactions in R. We repeated the simulation experiment three times for three different sets of 

rsRNAs (Fig. 2A). The PCHS of the At-miRNAs is significantly higher than the PCHS of the rsRNA sets 

(estimated ratio of PCHS and [95%-CI]: 1.204 [1.12, 1.295]; 1.112 [1.035, 1.194]; 1.226 [1.14, 

1.319]). This could be the consequence of an adaptation of miRNAs to target-specific motifs 

consisting of the most common codons. Interestingly however, some interactions of the At-

miRNAs have a very low PCHS, suggesting a change in codon usage to enable silencing as shown 

for the At-miRNA400 - PPR1 interaction. To further substantiate our calculation, we repeated 

this experiment three times for the total set of Gorilla gorilla (Gg) miRNAs as a negative control 

(Fig. 2B). Consistent with the obvious lack of biological significance for Gg-miRNAs in the At-

genome we did not see significant differences in the PCHS for any set (estimated ratio of PCHS and 

[95%-CI]: 1.034 [0.948, 1.127]; 1.058 [0.974, 1.15]; 1.039 [0.954, 1.131]). 
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Figure 2: Calculated PCHS values for the predicted mRNA-sRNA interactions in the At-CDS by At- and 
Gg-miRNAs. 

The violin plots with internal boxplots show the distribution of PCHS values of the computationally 

predicted mRNA-sRNA interactions. The PCHS is the probability of a random selection of 

synonymous codons based on the relative frequency of codons in the At-CDS to have the same 

complementarity or a higher complementarity as the actual complementarity. The values are 

shown for different sRNA sets taken from miRBase, A: At-miRNAs; B: Gg-miRNAs as a negative 

control, and three analogous random sets of sRNAs (rsRNA-sets, see methods). p-values were 

calculated with a Kruskal-Wallis test adjusted for multiple testing after Benjamini & Yekutieli 

(2001). Only p values for comparisons between published and rsRNA sets are shown. There were 

no significant differences between individual rsRNA-sets. To achieve normality, PCHS values were 

log10-transformed. The 95% confidence interval (95%-CI) for the difference of mean log10(PCHS) 

was calculated via a two-sample Welch t-test and subsequently retransformed and is shown as 

relative difference to the respective rsRNA-set. n refers to the total number of predicted 
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interactions. The results of the statistical tests are shown as: p-value; arithmetic mean [upper 

and lower bounds of 95%-CI] 

 

In a next step, we applied the same methodology established for At-miRNA to the microbial Ha-

sRNA set provided by Dunker et al. (2020). We analyzed all sRNAs with at least an average of 

100 reads per million in the published datasets (Fig. 3A & Tab. S1). In all three repetitions, the 

median PCHS was lower for the Ha-sRNAs compared to the respective rsRNA-sets, showing that 

target sites in the At-genome for Ha-sRNAs, like At-miRNAs, evolved a significantly different 

codon usage, supporting our hypothesis. Unexpectedly, however, the codon usage in Ha-sRNAs 

target regions was biased towards codons with a surprisingly high complementarity to the 

pathogen sRNAs, reflected in a lower PCHS (estimated ratio of PCHS and [95%-CI]: 0.62 [0.472, 

0.814]; 0.758 [0.576, 0.998]; 0.595 [0.447, 0.793]). Next, we analyzed a published sRNA dataset 

from Fusarium graminearum (Werner et al. 2021) in combination with the CDS from its host 

plant barley (Hordeum vulgare). Fg is an important plant pathogen with identified sRNA-

effectors (Werner et al. 2021; Jian & Liang 2019). Again, we found that the Fg-sRNAs targeted 

regions were composed of codons with an unlikely high complementarity to the respective 

sRNA, compared to the rsRNAs (estimated ratio of PCHS and [95%-CI]: 0.711 [0.639, 0.791]; 

0.732 [0.66, 0.813]; 0.801 [0.721, 0.89]) (Fig. 3B). This bias in host plants suggests an 

evolutionary pressure to facilitate silencing by exogenous RNAs, which challenges the 

conjectured role of pathogen sRNAs as primarily effector-like. To resolve this contradiction, we 

propose an extended model, in which microbial sRNAs are perceived by plants via RNA 

interference, and predominately aid in the fine-tuning of plant gene expression, while the role 

of sRNAs as effector is an exception.  
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Figure 3: Calculated PCHS values for the predicted mRNA-sRNA interactions in the At-CDS with Ha-
sRNAs and barley-CDS with Fg-sRNAs. 

The violin plots with internal boxplots show the distribution of PCHS values of the computationally 

predicted mRNA-sRNA interactions. The PCHS is the probability of a random selection of 

synonymous codons based on the relative frequency of codons in the At- or Hv-CDS to have the 

same complementarity or a higher complementarity as the actual complementarity. The values 

are shown for sRNA-sets from two organisms A: Ha-sRNAs from an At-AGO1 co-IP experiment 

(Dunker et al. 2020) and B: Fg-sRNAs from axenic culture (Werner et al. 2021) and three virtual 

analogous random sets of sRNAs (rsRNA-sets). p-values were calculated with a Kruskal-Wallis test 

adjusted for multiple testing after Benjamini & Yekutieli (2001). Only p values for comparisons 

between published and rsRNA sets are shown. There were no significant differences between 

individual rsRNA-sets. To achieve normality, PCHS values were log10-transformed. The 95% 

confidence interval (95%-CI) for the difference of mean log10(PCHS) was calculated via a two-

sample Welch t-test and subsequently retransformed and is shown as relative difference to the 
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respective rsRNA-set. n refers to the total number of predicted interactions. The results of the 

statistical tests are shown as: p-value; arithmetic mean [upper and lower bounds of 95%-CI] 

 

Since PCHS (=∑ 𝑃(𝑘)𝑛
𝑘 ) is increasing monotonously with decreasing complementarity k, i.e. with 

increasing number of mismatches between sRNA and mRNA, we wanted to exclude the 

possibility that an evolution of pathogen sRNAs leads to a lower number of mismatches 

between sRNA and target causing the observed lower PCHS for interactions of pathogen sRNAs 

in contrast to rsRNAs. Therefore, we restricted the focus exclusively on interactions with the 

best fitting mRNA codons to the respective sRNA, i.e. for complementarity k such that 𝑃(𝑘) > 0 

but 𝑃(𝑙) = 0 for 𝑙 > 𝑘. In this restricted subset the same trends as for the whole set persist, yet 

only significant for At-miRNAs, most likely due to the lower number of interactions in this 

reduced set (Fig. S2). 

Unlike interaction prediction methods of protein effectors (Rao et al. 2014), the interactions of 

sRNA effectors with host genes can be predicted with less effort and higher reliability 

(Srivastava et al. 2014). In combination with the analysis of codon usage this untapped potential 

reveals a coevolution within the hosts CDS. There is no reason why this co-evolution could not 

also take place outside the CDS, and our results therefore only give an incomplete picture. 

Thus, according to current understanding, the natural occurrence of ckRNAi is harmful to the 

ingesting organism, but many organisms nevertheless ingest free exogenous dsRNA species 

(Qiang et al. 2021; Šečić and Kogel 2021). To solve these apparent conflicts, we propose an 

extended ckRNAi model in which organisms gather information about the microbiome of their 

habitat by taking up RNA from their environment to adapt to the microbial environment, which 

mechanistically occurs via the RNAi pathway. This mechanism would benefit an organism by 

fine-tuning gene expression according to the presence of specific groups of pathogens, 

symbionts or commensalists. The extended model is not inconsistent with the current notion 

that certain pathogens "highjack" this mechanism (Weiberg et al. 2013), by delivering sRNA 

effectors. However, according to the extended model, this parasitic role of sRNAs is the 

exception and the uptake of environmental RNAs in general benefits organisms by providing a 

tool of microbiome perception. 
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Supplementary Methods 

sRNA-Dataset selection 

Sequences for At-miRNAs and Gg-miRNAs were obtained from miRBase release 22.1 

(miRBase.org; Kozomara et al. 2019). The whole dataset of miRNAs was read with the R 

package SeqinR v.3.6-1 (Charif & Lobry 2007) in the RStudio environment v.1.1.463 (RStudio 

Team 2020). Sequence names of miRNAs were selected with the R Base v.3.6.3 (R Core Team 

2021) grep function and written to a different file for each organism. 

For Ha-sRNAs the AtAGO1-co-IP datasets generated by Dunker et al. (2020) (SRR11810702, 

SRR5852210) were downloaded from the NCBI SRA with the sra toolkit function fastq-dump 

v.2.8.2 (Sherry et al. 2012) using the system2 package. Details for the Fg-sRNAs dataset from 

axenic culture are published in Werner et al. (2021). 

Filtering of sRNAs 

The Ha co-IP sequencing runs were treated similarly as described by Dunker et al. (2020). After 

downloading the already trimmed runs with fastq-dump the runs were transcribed to fasta with 

fastq_to_fasta and collapsed using the fastx_collapser from the fastx toolkit v0.0.14 (Gordon & 

Hannon 2010). The collapsed reads were first aligned to the At-TAIR10 (GCA_000001735) 

genome release (Lamesch et al. 2012) with the bowtie aligner v.1.2.1.1 (Langmead et al. 2009) 

with one allowed mismatch. Fg-sRNAs were not filtered to a plant genome due to their origin 

from axenic culture. Reads which did not align were kept and aligned to a Ha-mastergenome 

which consisted of the assemblies of the Ha-strains Emoy2, Cala2 and Noks1 

(GCA_000173235.2, GCA_001414265.1, GCA_001414525.1) or the Fg-mastergenome which 

consisted of all 110 Fg genome assemblies from the NCBI database (see Table S7) and only 

perfect matches were kept. Remaining reads were further filtered with SeqinR and R Base for 

reads with at least a total sum of reads in both co-IP datasets of 200 a length between 21 and 

24 nt and at least 1 RPM (reads per million) in each dataset for Ha, or 100 RPM for Fg. 

sRNA clustering and generation of analogous random sRNA sets 

sRNA-datasets were clustered with the CD-HIT v.4.8.1 (Fu et al. 2012) function cd-hit-est with a 

similarity threshold of 90%. The nucleotide frequency of clustered reads for position 1 (5’->3’), 

position 2-12 and the remaining nucleotides was calculated. These frequencies were used to 

generate three sets of analogous random sRNAs (rsRNAs) with the same number of sequences, 
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the same frequency of nucleotides for each section and the same length distribution using 

SeqinR, the package stringr v.1.4.0 and the sample function from R Base with the relative 

frequencies as probabilities. 

Preparation of At and barley coding sequences and calculation of codon usage indices 

The CDS of the Araport11 annotation (Cheng et al. 2017) and Hordeum vulgare IBSC PGSB v2 

reference genome annotation (Mascher et al. 2017) were filtered and only CDS staring with a 

start codon (ATG) and ending with a stop codon (TAG, TAA, TGA) were retained. Additionally, 

sequences were filtered for a length of a multiple of three nt’s using the function is.whole from 

the package sfsmisc v.1.1-7. Codon usage was calculated for the filtered sequences with the 

function uco from the SeqinR package. 

Target prediction 

For each set of sRNAs and its respective sets of analogous random sRNAs a target prediction 

was conducted with the TAPIR algorithm v.1.1 with a score cut-off of 6 (default=4) and a mfe-

ratio of 0.6 (default=0.7) for At and a score cut-off of 8 and a mfe-ratio of 0.5 for barley 

according to the optimized parameters suggested by Srivastava et al. (2014) to obtain predicted 

likely interactions and those one mutation outside the default parameters. 

PCHS calculation 

Target prediction results were read and saved to a R data frame and duplicated target regions 

of a specific sRNA in the same gene were removed with the duplicated function. The in frame 

CDS from the first sRNA overlapping codon was saved as a vector. The sRNA sequence was also 

saved in 3’-5’ direction in a character vector. Bulges in the mRNA or sRNA were accounted for 

by either removing the sRNA base overlapping the bulge in the sRNA sequence or by adding an 

unmatching character in the sRNA sequence for a bulge in the mRNA. After this preparation for 

each codon in the mRNA all synonymous codons were analyzed for their complementarity to 

the sRNA sequence with SeqinR and base functions and the probability of codons with 0, 1, 2 or 

3 complementary bases to the sRNA were calculated based on the codon frequency calculated 

before. All possible 4 to the power of overlapping codons permutations were written to a data 

frame with the expand.grid function and the row sums were saved as a vector. The prior 

calculated probabilities of complementarities were used to replace the values in the 

permutations data frame and the prod function was applied to each row with the apply 



 
 

115 

function giving the probabilities to each row sum of complementarities. The sum of 

probabilities for each row sum with i. the same complementarity as the actual interaction and 

ii. a higher complementarity were added to the data frame containing the target prediction 

results. The probabilities i. and ii. were added to calculate the PCHS for each interaction. PCHS 

values were plotted on log10-scale with the package ggplot2 v.3.3.2 (Wickham 2016) and ggpubr 

v.0.4.0 (Kassambara 2020). P-values were calculated via a Kruskal-Wallis test and adjusted for 

multiple testing (Benjamini & Yekutieli 2001) with the function compare_means. To calculate 

the 95% confidence intervals (CIs) the function t.test was applied with default parameters 

(two.sided, var.equal=F, paired=F, conf.level=0.95) on the approximately normally distributed 

log10(PCHS) values. These CIs were retransformed via 10^CI to obtain the relative difference 

between sRNA and rsRNA-sets.   

  



 
 

116 

Supplementary Figures 

Figure S2: Calculated PCHS values for the predicted mRNA-sRNA interactions with maximum 
complementarity. 

The violin plots with internal boxplots show the distribution of PCHS values of the 

computationally predicted mRNA-sRNA interactions with best fitting codons exclusively. The 

PCHS is the probability of a random selection of synonymous codons based on the relative 

frequency of codons in the CDS to have the same complementarity or a higher 

complementarity as the actual complementarity. This figure shows a subset of interactions 

from Figures 2 and 3 that have the maximum number of complementary bases possible. The 

values are shown for small RNA-sets from four organisms A: At-miRNAs (miRBase), B: Gg-

miRNAs (miRBase), C: Ha-sRNAs from an At-AGO1 co-IP experiment (Dunker et al. 2020) and D: 

Fg-sRNAs from axenic culture (Werner et al. 2021) and the respective virtual analogous random 

sets of sRNAs (rsRNA-sets). p-values were calculated with a Kruskal-Wallis test adjusted for 
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multiple testing after Benjamini & Yekutieli (2001). To achieve normality, PCHS values were log10-

transformed. The 95% confidence interval (95%-CI) for the difference of mean log10(PCHS) was 

calculated via a two-sample Welch t-test and subsequently retransformed and is shown as 

relative difference to the respective rsRNA-set. n refers to the total number of predicted 

interactions. The results of the statistical tests are shown as: p-value; arithmetic mean [upper 

and lower bounds of 95%-CI]   
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Supplementary Tables 

Tab. S1: Summary of sRNA datasets 

This table gives the number of reads or sequences (total and unique) before and after each 

filtering step with the number of sequences kept for further analysis in bold. 

 Name At-miRNAs Gg-miRNAs Ha-sRNAs Fg-sRNAs 

    3 dpi 4 dpi  

 Source miRBase miRBase NCBI SRA NCBI SRA 

    SRR5852210 SRR11810702 SRR15248620 

Before 
filtering 

Unique 38,589 38,589 7,572,861 2,341,954 568,558 

Total - - 132,130,456 51,089,216 5,425,987 

Removal 
of plant-
derived 
reads 

Unique - - 1,610,177 1,254,381  

Total - - 5,872,565 3,399,779 
 

Perfect 
matches 
to 
pathogen 

Unique - - 13,580 258,387 139,910 

Total - - 22,790 381,200 4,340,933 

Sequences 
for final 
analysis 

Unique 428 369 108 1,745 

Total - - 1,142 1,157 3,029,961 
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Tab. S2: Summary of sRNA clustering 

This table shows the number of sequences after the filtering (shown in Tab. S1) and the 

reduction of reads or sequences after clustering of similar RNAs. 

RNA set At-miRNAs Gg-miRNAs Ha-sRNAs Fg-sRNAs 

No of sequences 428 369 108 1,745 

No of clusters 335 351 66 457 

Mean cluster size 1.278 1.051 1.636 3.818 
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Tab. S3: Nucleotide composition of sRNA sets in different sections 

This table gives the base composition in the clustered sRNA-sets used for the generation of the 

random analogous RNA-sets. 

RNA set At-miRNAs Gg-miRNAs Ha-sRNAs Fg-sRNAs 

1st nt     

A 24.8% 30.5% 30.3% 23.9% 

C 9.3% 14.2% 21.2% 23.2% 

G 10.7% 8.8% 22.7% 20.4% 

U 55.2% 46.4% 25.8% 32.6% 

Seed (2nd-12th nt)    

A 26.6% 26.1% 28.5% 24.1% 

C 18.2% 23.0% 19.4% 21.1% 

G 26.1% 26.6% 26.7% 29.2% 

U 29.1% 24.3% 25.3% 25.6% 

End (13th-last nt)    

A 27.3% 23.0% 24.0% 23.2% 

C 19.4% 21.0% 18.9% 23.4% 

G 24.2% 27.9% 30.5% 28.4% 

U 29.1% 28.1% 26.7% 25.1% 

Total     

A 26.8% 25.0% 26.5% 23.6% 

C 18.3% 21.7% 19.2% 22.3% 

G 24.5% 26.3% 28.3% 28.4% 

U 30.3% 27.0% 26.0% 25.7% 
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Tab. S4: Occurrences and relative frequencies of synonymous codons in the Araport11 annotation 

Amino Acid Codon Occurrences Relative Frequency 

Lysine AAA 659,375 49.59% 

 AAG 670,179 50.41% 

Asparagine AAC 418,657 45.77% 

 AAT 496,098 54.23% 

Threonine ACA 342,305 32.50% 

 ACC 199,360 18.93% 

 ACG 147,692 14.02% 

 ACT 363,987 34.56% 

Arginine AGA 408,475 36.28% 

 AGG 231,221 20.53% 

 CGA 131,881 11.71% 

 CGC 76,766 6.82% 

 CGG 100,347 8.91% 

 CGT 177,310 15.75% 

Serine AGC 242,457 12.64% 

 AGT 315,625 16.46% 

 TCA 408,100 21.28% 

 TCC 226,420 11.81% 

 TCG 184,065 9.60% 

 TCT 540,891 28.21% 

Isoleucine ATA 284,518 25.85% 

 ATC 358,653 32.58% 

 ATT 457,619 41.57% 

Methionine ATG 509,709 100.00% 

Glutamine CAA 420,938 56.37% 

 CAG 325,843 43.63% 

Histidine CAC 173,590 36.58% 

 CAT 300,965 63.42% 

Proline CCA 340,804 34.32% 

 CCC 106,564 10.73% 

 CCG 158,588 15.97% 

 CCT 387,002 38.97% 

Leucine CTA 215,166 10.82% 

 CTC 311,189 15.65% 

 CTG 219,166 11.02% 

 CTT 513,875 25.84% 

 TTA 280,005 14.08% 

 TTG 449,182 22.59% 
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Glutamic Acid GAA 753,248 53.03% 

 GAG 667,114 46.97% 

Aspartic Acid GAC 345,908 30.60% 

 GAT 784,565 69.40% 

Alanine GCA 377,962 28.88% 

 GCC 195,418 14.93% 

 GCG 167,370 12.79% 

 GCT 567,989 43.40% 

Glycine GGA 486,845 36.76% 

 GGC 183,090 13.82% 

 GGG 211,801 15.99% 

 GGT 442,665 33.42% 

Valine GTA 220,305 15.96% 

 GTC 248,294 17.99% 

 GTG 349,466 25.32% 

 GTT 562,053 40.72% 

Stop codon TAA 17,577 36.44% 

 TAG 9,898 20.52% 

 TGA 20,757 43.04% 

Tyrosine TAC 265,603 45.56% 

 TAT 317,324 54.44% 

Cysteine TGC 153,423 40.25% 

 TGT 227,727 59.75% 

Tryptophan TGG 254,759 100.00% 

Phenylalanine TTC 403,565 46.05% 

 TTT 472,797 53.95% 
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Tab. S5: Occurrences and relative frequencies of synonymous codons in the barley IBSCv2 

annotation 

Amino Acid Codon Occurrences Relative Frequency 

Lysine AAA 931,360 37.85% 

 AAG 1,529,125 62.15% 

Asparagine AAC 886,774 49.86% 

 AAT 891,820 50.14% 

Threonine ACA 692,223 30.38% 

 ACC 607,873 26.68% 

 ACG 392,499 17.23% 

 ACT 585,985 25.72% 

Arginine AGA 577,809 21.47% 

 AGG 704,744 26.19% 

 CGA 235,490 8.75% 

 CGC 443,708 16.49% 

 CGG 413,389 15.36% 

 CGT 315,934 11.74% 

Serine AGC 755,547 18.90% 

 AGT 550,365 13.77% 

 TCA 783,348 19.59% 

 TCC 681,459 17.04% 

 TCG 446,272 11.16% 

 TCT 781,049 19.54% 

Isoleucine ATA 567,069 25.17% 

 ATC 870,434 38.63% 

 ATT 815,806 36.20% 

Methionine ATG 1,209,257 100.00% 

Glutamine CAA 716,645 41.25% 

 CAG 1,020,702 58.75% 

Histidine CAC 549,041 46.03% 

 CAT 643,733 53.97% 

Proline CCA 718,205 30.34% 

 CCC 457,329 19.32% 

 CCG 515,556 21.78% 

 CCT 675,991 28.56% 

Leucine CTA 434,057 9.50% 

 CTC 965,930 21.14% 

 CTG 1,045,193 22.88% 

 CTT 918,147 20.10% 

 TTA 390,168 8.54% 
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 TTG 815,116 17.84% 

Glutamic Acid GAA 1,203,764 42.61% 

 GAG 1,621,566 57.39% 

Aspartic Acid GAC 1,136,016 45.29% 

 GAT 1,372,440 54.71% 

Alanine GCA 959,211 26.26% 

 GCC 1,004,024 27.49% 

 GCG 684,449 18.74% 

 GCT 1,004,609 27.51% 

Glycine GGA 747,093 23.57% 

 GGC 1,002,984 31.65% 

 GGG 666,870 21.04% 

 GGT 752,150 23.73% 

Valine GTA 417,867 13.49% 

 GTC 777,749 25.11% 

 GTG 1,004,162 32.42% 

 GTT 897,389 28.97% 

Stop codon TAA 30,806 24.20% 

 TAG 36,006 28.29% 

 TGA 60,444 47.49% 

Tyrosine TAC 691,781 54.49% 

 TAT 577,788 45.51% 

Cysteine TGC 540,108 59.38% 

 TGT 369,471 40.62% 

Tryptophan TGG 593,276 100.00% 

Phenylalanine TTC 997,261 55.90% 

 TTT 786,642 44.10% 
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Tab. S6: Summary of target prediction results 

This table gives an overview of the target prediction results and the subsequent filtering with 

the last column giving the remaining interactions for statistics and plotting 

Organism RNA set Interactions 
sRNAs 
targeting 

Targeted 
genes 

Unique gene-sRNA 
interactions 

At actual 14,524 335 6,318 8,124 

 analogous 1 8,936 333 4,195 4,728 

 analogous 2 9,069 329 4,279 4,866 

 analogous 3 8,586 333 4,156 4,700 

Gg actual 8,762 348 4,023 4,750 

 analogous 1 6,767 338 3,323 3,650 

 analogous 2 7,244 342 3,538 3,928 

 analogous 3 6,980 339 3,450 3,822 

Ha actual 783 59 421 438 

 analogous 1 739 57 410 418 

 analogous 2 645 59 392 396 

 analogous 3 701 54 366 372 

Fg actual 12,649 452 2,322 3,155 

 analogous 1 11,183 447 2,458 2,686 

 analogous 2 12,038 448 2,546 2,793 

 analogous 3 11,676 449 2,476 2,739 
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Tab. S7: List of Fg-assembly’s accessions used for alignment of Fg-reads 

 

GCA_000240135.3 

GCA_900044135.1 

GCA_000599445.1 

GCA_018346015.1 

GCA_018346495.1 

GCA_018345745.1 

GCA_018345515.1 

GCA_018219515.1 

GCA_018346565.1 

GCA_018346265.1 

GCA_018346165.1 

GCA_018346045.1 

GCA_018219745.1 

GCA_018345395.1 

GCA_018346705.1 

GCA_018345735.1 

GCA_018346005.1 

GCA_018346585.1 

GCA_018346715.1 

GCA_018346155.1 

GCA_018345975.1 

GCA_018346625.1 

GCA_018345585.1 

GCA_018346455.1 

GCA_018346685.1 

GCA_018346425.1 

GCA_018345645.1 

GCA_018345945.1 

GCA_018345885.1 

GCA_018345845.1 

GCA_018345715.1 

GCA_018346095.1 

GCA_018346355.1 

GCA_018346405.1 

GCA_018346635.1 

GCA_018346505.1 

GCA_018346765.1 

GCA_018345485.1 

GCA_018346245.1 

GCA_018346695.1 

GCA_018345675.1 

GCA_018346485.1 

GCA_018346805.1 

GCA_018219565.1 

GCA_018345295.1 

GCA_018346445.1 

GCA_018345545.1 

GCA_018345365.1 

GCA_018346255.1 

GCA_018345725.1 

GCA_018346575.1 

GCA_018345925.1 

GCA_018219705.1 

GCA_018345915.1 

GCA_018346145.1 

GCA_018345815.1 

GCA_018346035.1 

GCA_018346665.1 

GCA_018346815.1 

GCA_018219635.1 

GCA_018346325.1 

GCA_018346305.1 

GCA_900492705.1 

GCA_018219645.1 

GCA_018219675.1 

GCA_018345865.1 

GCA_018345335.1 

GCA_018346225.1 

GCA_018219625.1 

GCA_018346545.1 

GCA_018345995.1 

GCA_018346365.1 

GCA_018346345.1 

GCA_018219525.1 

GCA_018345325.1 

GCA_018345415.1 

GCA_018345575.1 

GCA_018219575.1 

GCA_018345475.1 

GCA_002352725.1 

GCA_018345455.1 

GCA_018345435.1 

GCA_018345795.1 

GCA_018345655.1 

GCA_018345615.1 

GCA_905359455.1 

GCA_012959185.1 

GCA_018346185.1 

GCA_018219555.1 

GCA_018219715.1 

GCA_018219795.1 

GCA_006942295.1 

GCA_900476405.1 

GCA_905359475.1 

GCA_901446245.1 

GCA_018346115.1 

GCA_018345635.1 

GCA_018219765.1 

GCA_001717905.1 

GCA_018219485.1 

GCA_018219475.1 

GCA_018345835.1 

GCA_018219615.1 

GCA_001717915.1 

GCA_000966645.1 

GCA_018346775.1 

GCA_000966635.1 

GCA_018346795.1 

GCA_018345315.1 

GCA_900073075.1 
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Chapter III: Discussion 

The presented method as discussed above shows the significant impact of ckRNAi on the codon 

usage of At and Hv. Therefore, we can conclude that ckRNAi has a significant biological impact 

on pathogenesis. Furthermore, it shows the double-edged nature of ckRNAi by showing a 

change in codon usage facilitating silencing by Ha and Fg derived sRNA. This challenges the 

predominant assumption that ckRNAi has a purely effector-like role during pathogenesis. 

This method provides a tool, if broadly applied, to disentangle the different roles of pathogen 

derived sRNAs and to identify the presence of RNA communication between different 

organisms. 
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