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Zusammenfassung 
 

RNA-basierter Pflanzenschutz beruht 

hauptsächlich auf dem Mechanismus der 

RNA-Interferenz (RNAi), der 

verantwortlich ist für die Reduzierung der 

Genexpression, der Transposonregulation 

und der viralen Abwehr. RNAi ist in 

eukaryotischen Organismen evolutionär 

konserviert. Zu Beginn wird 

doppelsträngige (ds)RNA von Dicer-

Enzymen in kleine interferierende 

(si)RNAs prozessiert. Diese werden 

anschließend in den RISC (RNA-induced 

silencing complex) aufgenommen und an 

Argonautenproteine (AGO) gebunden. 

Diese bilden die Kernenzyme des RISC. 

Bei der Bindung der siRNAs an AGOs wird 

der Leit- vom Folgestrang getrennt. Der 

verbleibende Strang unterstützt den RISC 

bei der Erkennung komplementärer 

Transkripte und führt somit zur 

Degradierung von messenger-RNA 

(mRNA), von der translationalen 

Inhibierung oder zur Remodellierung des 

Chromatins. Infolgedessen kommt es zu 

einem Funktionsverlusts des Zielgens. 

Transgene, die dsRNA exprimieren, können 

als Initiator des RNAi-Mechanismus 

dienen, indem sie durch gentechnische 

Modifizierung in das Pflanzengenom 

eingebracht werden. Diese Transgene 

zielen durch ihre komplementäre Struktur 

auf essenzielle Gene pathogenen Ursprungs 

ab und können so die Pflanze resistent 

machen gegen schädliche Pilze, 

Nematoden, Insekten oder Viren. Beruht 

die Resistenz dabei auf dem Transgen, das 

für den dsRNA-Ursprung verantwortlich 

ist, spricht man von Wirts-vermittelter 

Genregulierung (host-induced gene 

silencing; kurz HIGS). Allerdings ist die 

Erstellung genmodifizierter Organismen 

(GMO) eine zeitintensive und kostspielige 

Methode und nur auf eine geringe 

Sortenwahl beschränkt, für die 

entsprechende Modifizierungsprotokolle 

verfügbar sind. Hinzu kommt die geringe 

Akzeptanz von GMOs auf dem 

europäischen Markt, sodass sich eine 

klassische oberflächliche Sprühapplikation 

von dsRNA auf Nutzpflanzen als 

Alternative anbietet. Dieses Verfahren wird 

Sprüh-vermittelte Genregulation (spray-

induced gene silencing; kurz SIGS) genannt 

und vergrößert damit den 

Anwendbarkeitsbereich des RNA-basierten 

Pflanzenschutzes auf eine breitere Auswahl 

an Nutzpflanzen.  

Der verschiedene Ursprung der RNA führt 

zu einer unterschiedlichen Beteiligung der 

Wirts- bzw. der pathogenen RNAi-

Maschinerie. Während HIGS hauptsächlich 

auf den im Nukleus lokalisierten Dicer-

Enzymen beruht, sind im SIGS-Ansatz die 

Dicer-Enzyme des Zielschaderregers 

beteiligt. Einen weiteren Unterschied stellt 

die verfügbare RNA-Menge von dsRNA in 

beiden Ansätzen dar. Im SIGS-Ansatz ist 

die dsRNA-Menge durch die aufgebrachte 

Sprühmenge limitiert, während im HIGS-

Ansatz kontinuierlich RNA durch das 

Transgen im Wirt produziert wird. Daher 

sind RNA-Stabilität und RNA-Aufnahme in 

das Blatt bei SIGS von elementarer 

Bedeutsamkeit für den Erfolg der 

Sprühapplikation. Verschiedene 

Formulierungen verbessern die 

Haftfähigkeit der Sprühlösung, sodass 

möglicherweise eine „Stomataflutung“ mit 

einhergehender RNA-Aufnahme ins Blatt 

stattfinden kann. Die finale Aufnahme der 

RNA in die Pflanzenzelle ist ungeklärt, 

allerdings wird der Prozess der Endozytose 

als zellulärer Aufnahmemechanismus 

diskutiert. Unabhängig davon, ob die RNA 

über ein Transgen produziert oder durch 

einen Sprühvorgang appliziert wird, konnte 

gezeigt werden, dass RNA systemisch über 

das vaskuläre Gewebe in der Pflanze 

verteilt werden kann und so auch nicht 
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gesprühte Pflanzenorgane vor Befall 

geschützt werden können.  

Von zentraler Bedeutsamkeit ist der 

Transport RNAi-vermittelter Faktoren von 

der Wirts- in die Schaderregerzelle. Am 

Beispiel des pilzlichen Schaderregers 

Fusarium graminearum konnte eine 

CYP3RNA-vermittelte Resistenz durch 

HIGS- und SIGS-vermittelte Ansätze 

gezeigt werden. Allerdings ist die 

Translokation CYP3RNA-assoziierter 

Faktoren zwischen Pflanzen und Fusarium 

graminearum unklar. Extrazelluläre 

Vesikel (EVs) sind sphärische 

Lipidkompartimente, die im apoplastischen 

Raum von der pflanzlichen Zelle 

abgesondert werden, sodass diese als 

potenzielle Transportvehikel zwischen 

Pflanze und Fusarium graminearum in 

Frage kommen können. Von EVs ist 

bekannt, dass sie eine hohe Diversität an 

Nukleinsäuren, Proteinen oder Lipiden 

spezifisch für ihr Ursprungsgewebe 

transportieren können. Um die EV-

Beteiligung in der CYP3RNA-vermittelten 

Resistenz testen zu können, wurden EVs 

von CYP3RNA-exprimierenden 

Arabidopsis thaliana-Pflanzen und von 

CYP3RNA-besprühten Gerste Blättern 

isoliert. Ein Aufreinigungsprotokoll für 

EVs aus Arabidopsis thaliana ist bereits 

publiziert und konnte für die Studien 

herangezogen werden. Ein 

Isolationsprotokoll für Studien an EVs aus 

Gerste oder Fusarium graminearum wurde 

entwickelt (Verweis auf Sektion D: 

Elucidating the role of extracellular 

vesicles in the Barley-Fusarium 

interaction). Die Infiltration von pilzlichen 

EVs in Blätter zeigte wirtsspezifische 

Läsionen in Gerste, allerdings nicht in der 

Nichtwirtspflanze Nicotiana benthamiana. 

EVs, die aus Gersteblättern isoliert wurden, 

lösten nach mittiger Zugabe auf mit 

Fusarium graminearum bewachsenem 

PDA-Festmedium eine Verfärbung der 

pilzlichen Kolonien aus, was eine 

Stressreaktion auf pflanzliche EVs und 

ihren Inhalt darstellt. In weiteren Analysen 

der Gerste-EVs fanden sich kleine RNAs, 

die von der CYP3RNA abstammten. Dies 

deutet auf einen Transport CYP3RNA-

abhängiger Komponenten zwischen 

pflanzlicher Wirtszelle und adressierter 

pilzlicher Zelle hin (Verweis auf Sektion E: 

Isolation and characterization of barley 

(Hordeum vulgare) extracellular vesicles 

to assess their role in RNA spray-based 

crop protection). 

Kokultivierungsuntersuchungen von 

pflanzlichen EVs, die aus CYP3RNA-

exprimierenden Arabidopsis-Pflanzen oder 

CYP3RNA-gesprühten Gersteblättern 

stammten und in flüssiger Phase 

durchgeführt wurden, zeigten weder einen 

Effekt der pflanzlichen EVs noch der 

assoziierten CYP3RNAs auf das pilzliche 

Wachstum (Verweis auf Sektion F: 

Extracellular vesicles isolated from 

dsRNA-sprayed barley plants exhibit no 

growth inhibition or gene silencing in 

Fusarium graminearum). Es ist daher 

fraglich, ob eine mangelhafte Aufnahme der 

EVs in Fusarium graminearum oder eine zu 

geringe Menge der EVs oder CYP3RNA-

assoziierter siRNAs für die mangelnde 

Zielgenstilllegung verantwortlich ist, 

sodass die Beteiligung der pflanzlichen EVs 

im HIGS- und SIGS-vermittelten 

Pflanzenschutz unklar bleibt. 
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Abstract 
 

RNA-based plant protection relies on the 

RNA interference (RNAi) mechanism 

responsible for gene silencing, regulation of 

transposable elements and viral defence. 

RNAi is evolutionarily conserved in 

eukaryotic organisms. At the beginning, 

double-stranded (ds)RNA is processed by 

Dicer enzymes into short interfering 

(si)RNAs. These, in turn, are incorporated 

into an RNA-induced silencing complex 

(RISC) with Argonaute (AGO) as the core 

component. AGO binds to siRNAs, 

separates the guide and follow strand and 

targets complementary transcripts, leading 

to the degradation of messenger (m)RNA, 

translational blocking or chromatin 

remodelling. dsRNA expressing transgenes 

as triggers of RNAi could be incorporated 

into hosts by modifying their genomes. 

These transgenes target essential genes of 

pathogenic origin and lead to resistance 

against fungi, nematodes, insects or viruses. 

If dsRNA is derived by transgenes RNAi-

based silencing is termed host-induced gene 

silencing (HIGS) and relies on genetically 

modified organisms (GMOs). However, 

producing GMOs is a time-consuming and 

expensive process restricted to low numbers 

of varieties with existing transformation 

protocols. On the European market, GMOs 

are less accepted, so common foliar spray 

applications of dsRNA onto crops are more 

favourable. This approach is called spray-

induced gene silencing (SIGS) and makes 

RNA-based pesticides applicable to a 

broader range of crops.  

A different origin of initiating dsRNA 

results in different participation of host or 

pathogenic RNAi machinery. While HIGS 

relies on plant-endogenous Dicers located 

in the nucleus, SIGS relies on Dicers of the 

target pests. Another difference is caused by 

unequal amounts of initiating dsRNA. The 

RNA delivered by SIGS approaches is 

limited to the RNA applied to leaf surfaces, 

as opposed to rather unlimited amounts of 

dsRNA expressed by a host’s transgene. 

Therefore, RNA stability and uptake into 

leaves are from special interest in SIGS 

approaches. Several formulations 

enhancing solutions’ wetting capacity 

possibly allows stomatal flooding to occur 

in line with stomatal RNA uptake into leaf 

tissue. Finally, uptake into plant cells by 

endocytosis is speculated upon. However, if 

RNA is derived transgenically or by spray 

application, systemic spreading of RNA 

through plant tissue by vascular tissue has 

been shown in previous research and leads 

to systemic protection in unsprayed plant 

parts. Lastly, RNAi-associated factors must 

cross the borders between plant cell and 

pathogenic (i.e. fungal) cells. For Fusarium 

graminearum, CYP3RNA-dependant 

resistance was observed in HIGS and SIGS 

approaches, but translocation of 

CYP3RNA-associated factors between 

plant and Fusarium graminearum is still 

unclear. Extracellular vesicles (EVs), which 

are spherical lipid compartments, are 

released into the apoplast by plant cells and 

are possible transport vehicles of RNAi-

mediating factors. EVs are known to 

contain a broad variety of nucleic acids, 

proteins and lipids specific to their source. 

To test EV dependency in CYP3RNA-

mediated resistance, EVs were purified 

from CYP3RNA-expressing Arabidopsis 

thaliana plants or CYP3RNA-sprayed 

barley leaves. An EV isolation protocol 

from Arabidopsis plants has already been 

published. Isolation protocols to study 

barley or Fusarium graminearum EVs were 

developed (see section D: Elucidating the 

role of extracellular vesicles in the 

Barley-Fusarium interaction). Effects of 

fungal EVs on plants include host-specific 

lesions on barley but not in the non-host 
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plant Nicotiana benthamiana after the 

infiltration of EVs into leaves. Purified EVs 

of barley result after drop inoculation onto 

Fusarium graminearum plates in fungal 

colony discolouration visualising fungal 

stress reaction to plant EVs or content. 

Further characterization of barley EV 

content revealed CYP3RNA-derived small 

RNAs, indicating CYP3RNA transport 

between plant host and fungal recipient cell 

(see section E: Isolation and 

characterization of barley (Hordeum 

vulgare) extracellular vesicles to assess 

their role in RNA spray-based crop 

protection). Co-cultivation studies of 

plant-derived EVs from either CYP3RNA-

expressing Arabidopsis plants or 

CYP3RNA-sprayed barley leaves in liquid 

phase have revealed no effect of plant EVs 

or associated CYP3RNAs on fungal growth 

(see section F: Extracellular vesicles 

isolated from dsRNA-sprayed barley 

plants exhibit no growth inhibition or 

gene silencing in Fusarium 

graminearum). It is questionable whether 

an improper uptake of EVs or low number 

of either EVs or CYP3RNA-derived small 

RNAs are responsible for the lack of target 

gene silencing, leaving the responsibility of 

plant EVs in HIGS- or SIGS-mediated plant 

protection unclear.  
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Preamble 
 

Agricultural producers of food and plant-

based resources will face massive changes 

in the near future. The climate crisis is 

caused by humanity and their massive 

release of CO2 into the atmosphere, which 

has already led to increasing average 

temperatures worldwide (Böhm et al., 2010; 

Hansen et al., 2010). Climate change results 

in acute events – such as hurricanes, floods, 

heavy rainfall and wildfires – long-term 

changes – such as drought and heat stress – 

and existential threats – such as higher 

temperatures, rising sea levels and altered 

environments. These phenomena also affect 

crops. The change of atmospheric 

composition, limited water resources or the 

effects of extreme events are hardly 

predictable for individual crop cultivars and 

regions (Challinor et al., 2009; Slingo et al., 

2005), but, taken together, climate change 

impacts global food security (Wheeler and 

von Braun, 2013). Not only abiotic 

conditions will degrade cultivation 

conditions; climate change will also affect 

complete ecosystems and lead to habitat 

shifting of plants and pests, which includes 

the distribution of invasive pests by, for 

example, massive outbreaks of terrestrial 

insects (Harvey et al., 2020). 

Chemical pesticides are still needed to 

prevent yield loss (North et al., 2019), but 

the intensive use of chemical pesticides 

leads to environmental pollution and the 

reduction of biodiversity caused by off-

target effects on non-target organisms. It is 

rather unclear how crop and ecosystem 

productivity will behave as the loss of 

biodiversity continues. By now, strong 

efforts have been made by politicians to 

reduce and restrict the use of chemical 

pesticides and find alternative strategies to 

secure the production of plant-based 

resources and food. Pests are the major 

source of yield loss, illustrating the need for 

further improvement of plant protection 

strategies. Multiple strategies focus on plant 

secondary metabolites and plant immunity 

or microbial communities and pest 

antagonists to enhance resistance (Douglas, 

2018). 

Concurrently, the world population is 

growing. By 2100, the population will 

exceed 10 billion people (statista.com), 

which will necessitate higher food 

productivity but lead to the decrease in 

farmland due to the proliferation of 

infrastructure and neighbourhoods.  

In late 2019, the outbreak of coronavirus 

(COVID-19) caused by severe acute 

respiratory syndrome coronavirus type 2 

(SARS-CoV-2) (Hu et al., 2021) led the 

world into a dramatic and incomparable 

pandemic situation, with more than 100 

million people infected within the first year. 

Vaccinations are predestined therapies to 

protect people from viral diseases. A new 

approach in drug development is using 

mRNA as an active ingredient (Sahin et al., 

2014). In a project called “Lightspeed”, the 

companies BioNTech and Pfizer identified 

an effective mRNA against SARS-CoV-2 

(Polack et al., 2020) and, by the end of 

2020, released the first mRNA-based 

vaccine to the market after less than 12 

months of development. This turned the 

focus of socioeconomic discussions to 

RNA-based technologies. mRNA-based 

vaccines deliver the blueprint of a 

pathogen’s relevant antigen, which is 

produced by host translation machinery, 

resulting in a viral non-reproducible protein 

(Anand and Stahel, 2021). Although the 

half-life of mRNA is restricted to a few days 

(Schlake et al., 2012), this is enough time 

for the host immune system to produce 

antibodies against the pathogen (Gergen 

and Petsch, 2020). The major advantage of 
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RNA-based agents is the programmability 

of RNA molecules. The mRNA sequence is 

interchangeable and adaptable to the 

antigen of the pathogen, making mRNA-

based drugs highly specific. The specificity 

of RNA-based technologies is not only 

limited to vaccines, but can also extend into 

agronomically relevant solutions.  
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RNA interference 
 

RNA-based plant protection mainly relies 

on the RNA interference (RNAi) 

mechanism, which was first characterized 

in 1998 in Caenorhabditis elegans (Fire et 

al., 1998). RNAi has been detected in many 

eukaryotic organisms. It is involved in 

defence mechanisms against transposable 

elements and viruses or in gene regulation 

on transcriptional and post-transcriptional 

levels (Cerutti and Casas-Mollano, 2006; 

Shabalina and Koonin, 2008). This wide 

spread of conserved RNAi components in 

eukaryotes leads to the hypothesis that 

RNAi components were already present in 

the last eukaryotic common ancestor. 

However, whether RNAi first evolved for 

antiviral defence or as a gene regulation 

mechanism is still a topic of debate (Torri et 

al., 2022).  

During RNAi, double-stranded (ds)RNA is 

processed into small interfering (si)RNAs, 

which then guide a multi-enzyme complex 

called the RNA-induced silencing complex 

(RISC) to a corresponding target by base-

pair homology. On the target site, RISC can 

cause DNA methylation on the DNA or 

histone level, leading to the suppression of 

gene expression or RISC-induced mRNA 

cleavage or initiation of translational 

blocking. In both cases, target genes are not 

expressed into functional proteins. 

Depending on which level RISC induces 

RNAi (DNA or mRNA/rRNA), RISC leads 

to transcriptional gene silencing (TGS) or 

post-transcriptional gene silencing (PTGS).  

Dicer proteins catalyse the first step in 

RNAi. They relate to the RNaseIII family 

and process small RNAs from dsRNAs or 

dsRNA-forming elements of hairpin 

structures. Mammals, worms and yeast 

(Schizosaccharomyces pompe) only own 

one Dicer protein (Tomari and Zamore, 

2005), while other species have evolved 

several Dicers with redundant or 

specialized functions (Catalanotto et al., 

2004). For instance, Arabidopsis thaliana 

encodes four Dicer-like proteins (DCL), 

which are located in the nucleus and lead to 

small RNAs differentiating in their size 

(Hiraguri et al., 2005; Papp et al., 2003; 

Schauer et al., 2002). AtDCL1 produces 

micro (mi)RNAs (Park et al., 2002), 

AtDCL2 processes siRNAs responding to 

abiotic (Borsani et al., 2005) and viral 

triggers (Akbergenov, 2006; Xie et al., 

2004) with a length of 22 nt (Fusaro et al., 

2006), AtDCL3 is involved in 

heterochromatin formation by releasing 24-

nt-long siRNAs (Xie et al., 2004) and 

AtDCL4 generates trans-acting siRNAs that 

regulate developmental timing or depend on 

RNAi (Dunoyer et al., 2005; Gasciolli et al., 

2005; Xie et al., 2005). AtDCL2 and 

AtDCL4 are partially redundant to each 

other (Gasciolli et al., 2005). 

To enhance sRNA half-life, siRNAs 

produced by DCL are methylated on the 2’-

OH at both strands by HUA ENHANCER 1 

(HEN1) to prevent degradation (Li et al., 

2005; Yu et al., 2005). Afterwards, siRNAs 

are loaded into Argonaute (AGO) proteins. 

In Arabidopsis, ten AGOs are encoded, 

defining three phylogenetic clades. The first 

clade is formed by AtAGO1, AtAGO5 and 

AtAGO10; the second clade consists of 

AtAGO2, AtAGO3 and AtAGO7; and the 

last clade includes AtAGO4, AtAGO6, 

AtAGO8 and AtAGO9 (Mallory and 

Vaucheret, 2010). AGOs contain three 

conserved domains which are responsible 

for correct sRNA loading: PAZ, MID and 

PIWI (Bologna and Voinnet, 2014). The 

MID domain binds the 5’nucleotide of the 

sRNA, while PAZ binds the 3’ end (Frank 

et al., 2012). The PIWI domain forms the 

catalytic centre with an RNaseH-like 

endonuclease activity, leading to target 

degradation (Wei et al., 2012). 

Experimental studies have revealed 
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differentiated AGO sorting and loading 

dependant on sRNA length and the 

5’nucleotide. AtAGO1, AtAGO2, AtAGO5, 

AtAGO7 and AtAGO10 likewise bind 21–

22-nt-long sRNAs, while AtAGO4, 

AtAGO6 and AtAGO9 preferentially bind 

to 24-nt-long sRNAs (Bologna and 

Voinnet, 2014). AtAGO1, AtAGO2 and 

AtAGO5 preferentially bind sRNAs with a 

uridine, adenosine or cytosine, respectively, 

at the 5’ end (Mi et al., 2008). AtAGO4, 

AtAGO6 and AtAGO9 preferentially bind 

to sRNAs with 5’adenosines. AtAGO7 and 

AtAGO10 are exclusively associated with 

miR390 and miR165/166 independent of 

the 5’nucleotide. Thus, most of the 

miR165/166 family members contain a 

5’uridine which favours loading into 

AtAGO1, but they are loaded into 

AtAGO10 (Zhu et al., 2011). The same 

observation was made for miR390, which is 

loaded into AtAGO7 instead of AtAGO2 

even though it contains 5’adenosine 

(Montgomery et al., 2008). 

AGOs can be selected into two functional 

groups. The first group contains AtAGO1, 

AtAGO2, AtAGO5, AtAGO7 and 

AtAGO10, which show slicer activity of 

their targets after binding 21- or 22-nt-long 

sRNAs generated from AtDCL1, AtDCL2 

or AtDCL4. The second group includes 

AtAGO4, AtAGO6 and AtAGO9, which 

bind to 24-nt-long sRNAs processed by 

AtDCL3 and mediate chromatin 

modifications (Waterhouse, 2016). 

AtAGO8 is a duplication of AtAGO9 and 

non-functional pseudogene, while AtAGO3 

is a duplication of AtAGO2 and 

demonstrates high sequence identity. While 

AtAGO2 is responsible for antiviral defence 

(Jaubert et al., 2011), the function of 

AtAGO3 has long been discussed. 

Biochemical analysis has revealed the 

binding of 24-nt-long sRNAs to AtAGO3 

(Zhang et al., 2016), while mutant studies 

have shown functional replacement of 

AtAGO4 in ago4 mutants by AtAGO3. Both 

findings indicate an AGO4-like function 

rather than an AGO2-like function, which 

was first predicted by sequence identity 

(Waterhouse, 2016). 

Hordeum vulgare is a monocotyledonous 

plant of major importance to human and 

animal nutrition. The RNAi-based 

protection of barley against pathogens has 

been studied (Koch et al., 2016; Werner et 

al., 2020), but the RNAi core components 

DCL and AGO are rather less investigated. 

In silico analysis has revealed five HvDCL 

and eleven HvAGO proteins (Hamar et al., 

2020). In comparison to dicots, monocots 

have evolved a DCL5 protein, whose PAZ 

domain is similar to DCL3 but shows a 

broad diversity in its dsRNA binding 

domain, causing the separation into a 

separate clade (Margis et al., 2006). Barley 

is part of the Poaceae family which covers 

the most cultivated crop plants worldwide 

and involves rice, maize and wheat. 

Poaceae are likely to have spontaneous 

gene or genome duplication, leading to 

expanding members of protein families that 

bring evolutionary advantages to a sessile 

lifestyle (Magadum et al., 2013). 

Brachypodium distachyon is a model 

organism for monocotyledonous plants 

(Scholthof et al., 2018). In Brachypodium, 

six BdDCL and 16 BdAGO proteins were 

identified (Šečić et al., 2019). In Zea mays 

and Oryza sativa, five ZmDCL and 18 

ZmAGO (Qian et al., 2011) and eight 

OsDCL and 19 OsAGOs (Kapoor et al., 

2008), respectively, were found, showing 

that AGO families are especially 

widespread in grasses. 

Fusarium graminearum is a fungal 

pathogen that causes Fusarium head blight 

disease on barley and several other cereal 

crops (Goswami and Kistler, 2004). While 

infection might be symptomless or 

symptomatic (Brown et al., 2017; Urban et 

al., 2015), Fusarium species contaminate 

grains with the mycotoxins deoxynivalenol 



 INTRODUCTION C: RNA interference 
 

14 
 

(DON), nivalenol (NIV) or acetylated 

derivates (3A-DON, 15A-DON, 4A-NIV) 

(Desjardins et al., 1993; Ilgen et al., 2009; 

Jansen et al., 2005). In Fusarium 

graminearum, functional RNAi machinery 

relies on FgDCL1, FgDCL2, FgAGO1 and 

FgAGO2, which are responsible for 

conidiation, ascosporogenesis, virulence, 

deoxynivalenol production and fungal 

inhibition by exogenous dsRNA (Gaffar et 

al., 2019; Koch et al., 2016; Zeng et al., 

2018). Targeting FgDCL and FgAGO by 

the RNAi approach leads to reduced 

virulence towards barley (Werner et al., 

2020) by hijacking endogenous fungal 

RNAi machinery (Werner et al., 2021). 

According to the current knowledge, 

effective RNAi-based plant protection 

relies on a functional RNAi machinery in 

the target organism.  
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RNA origin, uptake and 

translocation  
 

Plant protection via RNAi can be achieved 

by host-induced gene silencing (HIGS) or 

spray-induced gene silencing (SIGS), 

which have both been effectively proven to 

exist in several plant-pathogen systems 

(Koch et al., 2016, 2013; S. Liu et al., 2020; 

Qi et al., 2019; Rosa et al., 2018; Sang and 

Kim, 2020). The major difference between 

both approaches is the origin of dsRNA, 

which initiates the RNAi machinery and 

leads AGO to target specific gene silencing. 

Referring to plant-derived dsRNA origin in 

HIGS-based protection strategies, the 

uptake of RNA into plant tissue plays no 

important role. dsRNA is under the control 

of native (Fishilevich et al., 2019) or even 

viral (Koch et al., 2013) promotors for 

tissue-specific or constant expression. In 

contrast, when referring to exogenous RNA 

application methods such as spray-induced 

gene silencing, the amount of RNA is not 

limited to the RNA applied. Therefore, 

understanding the uptake mechanisms into 

plant tissue and the translocation inside 

plants and from plant to targeted recipient is 

the centre of focus, especially when dealing 

with SIGS.  

Several physical barriers must be overcome 

before RNA reaches the target organism 

after its application onto plants. The first 

step is entering the plant tissue. Therefore, 

RNA must cross the plant surfaces, which 

are covered by a layered, waxy and 

hydrophobic cuticle and which protect plant 

tissues from environmental conditions 

(Becraft, 1999). Plant surfaces form the first 

barrier against biotic (Gorb and Gorb, 2017; 

Ziv et al., 2018) and abiotic stresses, such as 

heat, drought and cold stress and UV 

irradiation, and protect plants before the 

loss of water (Kane et al., 2020; Krauss et 

al., 1997; Liakoura et al., 1999; Schuster et 

al., 2017). In contrast, plant surfaces allow 

for the tightly regulated exchange of gases, 

such as oxygen and carbon dioxide. The 

landscape of plant surfaces is highly 

heterogenous and provides topographical 

differences that depend on macroscopic 

formations, such as trichomes, stomata or 

papillae, or microscopic roughness caused 

by cuticular formations or wax composition 

(Barthlott et al., 2017; Bediaf et al., 2015; 

Chowdhury et al., 2005; Koch et al., 2008; 

Koch and Barthlott, 2009). To summarize, 

these factors lead to specific interactions of 

leaf surfaces with topically applied 

solutions and determine the wettability of 

plant surfaces. Wettability can be classified 

as wettable (ϑ < 90°), unwettable (ϑ ≥ 90°) 

or very unwettable (ϑ ≥ 130°), whereby ϑ 

represents the contact angle between leaf 

surface and an on-laying droplet (Fernández 

et al., 2021, 2017). A lower contact angle of 

droplets, which means high wettability, 

increases the liquid surface towards the leaf, 

resulting in potential increased absorption 

of liquid through the plant surface (Jura-

Morawiec and Marcinkiewicz, 2020). 

As naturally occurring openings, stomata 

are important. They are specialized cells of 

the epidermis and form openings in the 

epidermal layer by two guard cells, which 

regulate their opening state by the influx of 

osmotically active solutes, such as 

potassium ions (Eisenach and de Angeli, 

2017), thus allowing for the interchange 

between plant tissue and the surrounding 

environment. Stomatal opening and closure 

are regulated by several complex signal 

cascades and can be induced by abiotic and 

biotic stimuli (Agurla et al., 2018). Beneath 

closure, stomata development and the 

resulting distribution across the epidermis 

are tightly regulated and important to aerial 

plant species, as they facilitate the optimal 

levels of gas exchange (Berger and 

Altmann, 2000; Geisler et al., 2000). Thus, 

the distribution of stomata is not random on 

the epidermal surface because at least one 
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epidermal cell lies in between two stomatal 

openings (Groll and Altmann, 2001; Larkin 

et al., 1996). Due to their specific 

architecture, capillary infiltration through 

stomatal openings is very unlikely 

(Schönherr and Bukovac, 1972), but 

stomatal flooding can be caused by 

reducing the surface tension by adding 

surfactants, such as organo-silicons (Field 

and Bishop, 1988; Zabkiewicz et al., 1993), 

which are favourable adjuvants of 

agrochemicals (Stevens, 1993). 

Nevertheless, even spraying unformulated 

(i.e. dissolved in water) RNA on barley 

leaves leads to efficient resistance towards 

Fusarium graminearum (Koch et al., 2016), 

indicating that RNA leaf uptake is also 

possible under unformulated conditions. 

The uptake of RNA through stomata might 

happen along liquid films along guard cells 

by diffusion (Eichert et al., 2008; Eichert 

and Goldbach, 2008) and has been 

previously shown for other solutes 

(Burkhardt et al., 2012; Eichert et al., 1998; 

Eichert and Goldbach, 2008; Schönherr and 

Bukovac, 1978). Stomatal architecture, 

distribution and pattering are highly 

different between monocotyledonous and 

dicotyledonous plants and from species to 

species (Hepworth et al., 2018), which must 

be taken into consideration when applying 

RNA onto plant leaves.  

Testing different commonly available 

agrochemical formulations would be one 

strategy to improve RNA stability and leaf 

adherence. Additionally, several classes of 

nanoparticle approaches, referred to as 

possible cargo systems, arise (Yan et al., 

2021) and have shown potential to improve 

RNAi efficiency (He et al., 2013; Parsons et 

al., 2018; Zhang et al., 2010). 

Nanoparticles, such as chitosan, liposomes 

and cationic dendrimers, could efficiently 

protect RNAs from degradational processes 

and translocate them across lipid 

membranes (Ahmadzada et al., 2018; 

Mahmoodi Chalbatani et al., 2019). Some 

of them have already been tested against 

insects by feeding assays (Kim et al., 2018; 

Q. Zhang et al., 2015; X. Zhang et al., 

2015). So far, little is known as to whether 

these nanoparticles are translocated into 

plant tissue or whether they just cover the 

leaf surface after spray application. In the 

case of chewing insects, topically applied 

RNA might be sufficient for effective plant 

protection. However, to fully use the 

potential of RNAi-based plant protection, 

the uptake into plants must be guaranteed to 

also fight against pathogens with other 

lifestyles. Additionally, only uptake into the 

leaf and plant vascular tissue will cause the 

systemic spread of RNAi-related signals 

within the plant, leading to the protection of 

non-sprayed plant organs. At least for 

carbon dots, another type of nanoparticle, 

successful spray application of coupled 

siRNAs which target plant endogens or the 

transgene encoding for green fluorescent 

protein target gene silencing has been 

shown (Schwartz et al., 2020). This 

indicates sufficient uptake and activity of 

siRNAs inside plants, but it does not resolve 

the uptake of nanocarriers into apoplast or 

symplast. 

After crossing the stomatal openings, RNA 

enters the apoplast. Mesophyll airspace in 

the leaf tissue plays a critical role in gas 

exchange rates (Baillie and Fleming, 2020), 

but whether a larger mesophyll lumen is 

beneficial or detrimental to RNA uptake 

into plant cells is unknown. It is speculative 

how RNA is further transported from 

stomatal openings to plant cells, but it is 

most likely the case that RNA spreads on 

the cell surfaces through a continuous liquid 

layer by diffusion.  

Plant cells are surrounded by a cell wall, 

which seems to be a limiting barrier for 

bigger particles, such as carbon dots. The 

cell wall is built up by polysaccharides and 

has a size exclusion limit of 3–10 nm 

(Baron-Epel et al., 1988; Carpita et al., 
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1979; Carpita and Gibeaut, 1993), while 

nanoparticles have a 100–200-fold greater 

diameter. While the release of RNA from 

nanoparticles such as carbon dots can be 

achieved artificially by adding detergents 

such as sodium dodecyl sulfate (Schwartz et 

al., 2020), release mechanisms inside plants 

are still elusive. Currently, changes in 

environmental pH or spontaneous 

disassociation of RNA from carbon dots are 

discussed as release mechanisms.  

Nematodes possess systemic RNAi 

deficient-1 protein (SID-1), a channel 

responsible for the direct translocation of 

dsRNA from the environment into the cell 

(Shih and Hunter, 2011). So far, the 

presence of such a channel allowing for 

dsRNA uptake into plant cells is currently 

unknown. Therefore, endocytosis is 

discussed as a potential uptake mechanism 

into cytoplasm (Schwartz et al., 2020) 

whereby RNA could be released from 

endomembrane vesicles by proton influx 

followed by water uptake and the swelling 

of the vesicles – a phenomenon called the 

“proton-sponge effect” (Behr, 1997).  

Systemic spreading of RNA has been 

observed for xylem and phloem. 

Furthermore, the delivery of miRNA via 

root-feeding, trunk injection or petiole 

absorption has revealed spreading through 

the xylem (Betti et al., 2021; Dalakouras et 

al., 2018; Liu et al., 2021). Short cell-to-cell 

communication of RNAs occurs through 

interconnections of plasmodesmata forming 

an intensive network between plant cells 

(Kehr and Buhtz, 2007). Plasmodesmata 

also allow for the loading of RNAs into 

phloem, causing systemic transport through 

the plants. Already in the 1970s, RNAs 

were found in phloem exudates but 

discussed as impurities (Kollmann et al., 

1970). Since then, the systemic transport of 

several classes of RNA molecules have 

been shown (Citovsky and Zambryski, 

2000; Mlotshwa et al., 2002; Voinnet and 

Baulcombe, 1997). Transport through 

phloem might also benefit from the lack of 

detectable RNase activity in the phloem sap 

(Doering‐Saad et al., 2002; Sasaki et al., 

1998). The accumulation of dsRNA in the 

vascular tissue after spraying onto barley 

leaves has been shown to lead to the 

systemic spreading of dsRNA but not 

siRNAs (Koch et al., 2016). 
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Host-induced gene silencing 

and spray-induced gene 

silencing 
 

The most obvious difference between the 

HIGS and SIGS approaches is the origin of 

dsRNA, which initiates the RNAi defence 

mechanism against pathogenic invaders. In 

the HIGS approach, dsRNA is produced by 

an artificially introduced transgene 

responsible for dsRNA expression. Thus, 

HIGS includes the development of 

genetically modified organism (GMO). In 

contrast to that, SIGS was developed to 

avoid creating transgenic modified 

organisms. Creating GMOs is time 

consuming, very costly and limited to a 

small number of organisms or crops, and it 

requires specific expertise and long testing 

on positive and negative side effects due to 

strict regulations. Especially in Europe, the 

cultivation and marketing of GMO crops or 

GMO-based products is very restricted and 

of limited social acceptance (Hassani-

Mehraban et al., 2009; Ishii and Araki, 

2016). In the concept of SIGS, RNA is 

produced by in vitro transcription and later 

topically applied onto plant leaves by spray 

application. Thus, it avoids negative aspects 

of creating GMOs and makes RNA 

application available for more crops and 

RNAi-based plant protection products 

available for the European market. SIGS 

has long been limited by costly and 

inefficient RNA production methods 

resulting in low RNA amounts. This fact 

forces the discussion of whether SIGS 

approaches are transferable to field scales 

for economic reasons. Since COVID-19, at 

least two mRNA-based vaccines, 

BNT162b2 and mRNA-1273, were 

produced by the companies Pfizer-

BioNTech and Moderna, respectively, 

showing that a highly upscaled in vitro 

transcription resulting in cheap RNA 

production is no longer limiting to SIGS 

approaches (Taning et al., 2020). However, 

questions about efficient upscaling of RNA 

production do not alone limit the 

applicability of SIGS-based products. 

Aspects of the sufficient storage of products 

or finding of suitable formulations must be 

forced. These aspects are omitted in the 

HIGS-based plant protection, which might 

contribute to why products have already 

entered the market (Zhang et al., 2017). 

However, it is much more likely that SIGS-

based products will follow in the near future 

(Cagliari et al., 2019). 

Apart from production costs of RNA, the 

spray application itself by farmers onto 

plants in every cultivation period involves 

the repeated investment of human and 

technical resources. Protecting the crops 

with HIGS omits these investments, but the 

farmer is restricted to licensed, possibly 

more expensive, seeds. Thus, the 

applicability of HIGS and SIGS is also an 

economic decision that must be made by 

individual farmers based on personally 

available resources and used crop systems.  

RNA-silencing–based approaches for crop 

protection are promising for a wide range of 

organisms. As RNAi acts as natural 

antiviral defence, the closest link to that 

would be to induce new resistance against 

viral diseases by designing corresponding 

dsRNAs. RNA-silencing approaches 

against viruses have been intensively 

reviewed (Gaffar and Koch, 2019). Virus 

infections in plants rely on naturally 

occurring vectors, such as aphids, 

whiteflies, nematodes, plasmidiophorids 

and chytrids (Andika et al., 2016; Roger 

Hull, 2001), through wounding or seed 

transmission (Simmons et al., 2013, 2011). 

Some viral genomic sources consist of 

dsRNA or ssRNA (Roger Hull, 2001), 

which naturally trigger the RNAi defence 

mechanism, but some viruses also use 

ssDNA or dsDNA as genomic resources 
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which do not trigger RNAi. Independent of 

genomic structure, RNA-silencing 

strategies have been successfully tested for 

controlling RNA (Fahim et al., 2012, 2010) 

and DNA viruses (Vanderschuren et al., 

2007) in monocots (Fahim et al., 2012, 

2010) and dicots (Nahid et al., 2011). The 

replication of viruses relies on host 

transcription and translation machinery, 

making viral penetration into cytoplasm a 

precondition. Therefore, to affect viral 

target transcripts, complementary RNAi 

components must only be present in the 

plant cytoplasm, which is already the case. 

Targeting insects or fungi, RNA delivery 

strategies must additionally rely on the 

targeted pest or pathogen. Plant-invading 

pathogens are derived by a wide range of 

organisms with different lifestyles and at 

different developmental stages. Therefore, 

RNA exposition or delivery tools play an 

important role in successful HIGS and SIGS 

approaches. For example, targeting insect 

eggs might be challenging for HIGS and 

SIGS approaches because of the scant 

interaction with the environment (Cooper et 

al., 2019). However, targeting phloem sap–

sucking insects requires RNAi-related 

components in the phloem, which might be 

achieved by both HIGS and SIGS strategies 

whereby RNAi components spread through 

the vascular tissue. Instead, when referring 

to chewing insects, topically applied RNA 

might be sufficient for oral uptake. Traps or 

feeding spots containing attractants might 

additionally restrict RNA release to a 

minimum and avoid a spray application.  

Fungi are less mobile than insects and 

classified into necrotrophic, hemi-

biotrophic, biotrophic or saprophytic 

lifestyles. The saprophytic lifestyle is 

negligible because fungi feed from dead 

plant tissues. Necrotrophic fungi feed from 

nutrients which are released to the apoplast 

after fungal cells kill the host cells. The 

uptake of encapsulated or naked RNA 

might appear randomly by endocytosis in 

this case. It remains unclear whether the 

uptake of RNAi-mediating compounds is 

dependant on association with extracellular 

vesicles (EVs) (Schlemmer et al., 2022). 

Therefore, it is speculative if RNA uptake 

into plant cells is necessary, or if apoplastic 

appearance is sufficient for defence against 

necrotrophic fungi. Biotrophic fungi live 

from viable host cells, developing a feeding 

organ called the haustorium through which 

nutrients are taken up by the fungus. The 

haustorium forms an invagination of the 

host cell membrane while leaving host and 

fungal cell membranes intact. Following 

that, nutrient exchange is tightly regulated 

and appears through membrane transporters 

and endo- or exocytosis between both 

organisms. It is more likely that sufficient 

mediation of RNAi components relies on 

plant EVs in the case of biotrophic fungi 

than in the case of biotrophic (Micali et al., 

2011). Therefore, sufficient uptake of 

externally applied RNAs into plant cells 

might be a precondition to fighting 

biotrophic fungi. So far, HIGS and SIGS 

have been efficiently tested for chewing (di 

Lelio et al., 2022) and sucking (Yoon et al., 

2018) insects, as well as for necrotrophic 

(Koch et al., 2016, 2013; Tretiakova et al., 

2022) and biotrophic fungi (Hu et al., 2020). 

Under laborious conditions, SIGS was more 

efficient than HIGS in the barley-Fusarium 

graminearum pathosystem (Höfle et al., 

2020). This difference in efficiency might 

rely on a different procession and delivery 

of dsRNA or sRNA. Direct procession of 

the dsRNA precursor by fungal DCL might 

lead to a more efficient RNAi response with 

higher potential for successful gene 

silencing. The participation of FgDCL1 in 

SIGS has been previously shown (Koch et 

al., 2016). 

Recent studies have provided information 

on not only dsRNA delivery by spray 

application on leaf tissue, but also other 
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exposure methods, such as trunk injection 

for woody plants, root exposure in 

hydroponic systems or directly soaking 

offshoots in RNA solutions, which have all 

proven to be successful delivery strategies. 

For example, dsRNA exposure to roots of 

white oak seedlings in a hydroponic system 

leads to RNA uptake (Bragg and Rieske, 

2022). dsRNA was detectable over seven 

days after exposure via roots – not only in 

leaf tissue, but also in woody plant parts – 

suggesting that RNAi-based protection 

strategies are not limited to traditional field 

crops. In other studies, trunk injection into 

woody plants, such as Malus domestica and 

Vitis vinifera, has demonstrated the uptake 

of dsRNA into xylem and persistence of at 

least ten days (Dalakouras et al., 2018). 

However, no procession into siRNAs was 

visible in these experiments, which might 

be caused by insufficient uptake from 

apoplast into cytoplasm. Trunk injection of 

high amounts of RNA (2 g at a 

concentration of 133 mg/L) into citrus trees 

leads to the detection of dsRNA for up to 

seven weeks after injection (Hunter et al., 

2012). dsRNA seems to be a very stable 

class of RNA molecules, which makes it 

very favourable for investigation in field 

conditions with challenging and changing 

environments.  

RNAi is favourable for fighting against not 

only upcoming domestic pathogens, but 

also exotic and highly invasive pathogens 

which could spread their habitat due to 

human-related climate change. For 

example, the emerald ash borer from 

southeast Asia was first detected in North 

America in 2002 and has killed several 

million Fraxinus spp. in less than 20 years 

(Cappaert et al., 2005). This represents the 

devasting impact of invading foreign 

species, which threaten ecosystems, reduce 

biodiversity and cause unpredictable 

economic effects (Aukema et al., 2011). 

Designing dsRNA against three target 

proteins (heat shock 70 kDa protein, shibire 

and U1 small nuclear ribonucleoprotein) 

leads to sufficient mortality rates of emerald 

ash borer without any observable 

contemporaneous off-target effects on non-

target organisms (Pampolini and Rieske, 

2020). Further analysis has shown increased 

mortality after exposing emerald ash borer 

to dsRNA–pre-treated ash seedlings 

(Pampolini et al., 2020), offering hope to 

protecting trees against invading species.  

Spray application or transgene-derived 

RNA will inevitably lead to RNA 

exposition to non-target organisms, such as 

herbivores, predators, detritivores, 

pollinators or parasitoids. dsRNAs or 

sRNAs are omnipresent molecules in 

nature, which makes risks caused by the 

RNA molecule itself very unlikely. Instead, 

risk assessment must focus on the effects 

caused by the specific investigated 

sequence, which might lead to 

downregulation of off targets by sequence 

complementarity. Software tools support 

the design process of dsRNAs or the finding 

of off-target effects by in silico analysis 

(Lück et al., 2019). RNAi approaches are 

thereby restricted to target organisms in 

which gene functions and appropriate 

sequences are known. On the other hand, to 

ensure a proper risk assessment by in silico 

analysis, genomes of all possible plant and 

pathogen interactors must be known. 

Studies have indicated that even >80% 

sequence identity is sufficient to trigger 

RNAi (Chen et al., 2021). Therefore, 

dsRNA’s effects on target organisms and 

non-target organisms must be 

experimentally proven by bio or viability 

assays to ensure quality and to estimate the 

security of the tested dsRNA sequence 

during field application. 

An ecological risk assessment of RNAi with 

plants was first discussed in 2009 (Auer and 

Frederick, 2009) and, apart from sequence-

specific effects, the stability of dsRNA and 

sRNA in the environment is of special 



 INTRODUCTION C: Host-induced gene silencing and Spray-induced gene silencing 
 

21 
 

interest. Here, following the hypothesis that 

a long life span of RNA molecules leads to 

an exposition to a broader spectrum of 

potential off-target organisms, the request 

to have RNA molecules of low stability to 

ensure low risk to the environment is, of 

course, contradictory to the request for high 

RNA stability for sufficient plant 

protection. The European Food Safety 

Authority has evaluated the classification of 

HIGS plants, supporting in principle the 

same guidelines for risk assessment as those 

used for other genetically modified plants 

(Papadopoulou et al., 2020). Additionally, 

in silico analysis to predict off-target effects 

caused by sequence similarity and field 

trials to verify in silico analysis must be 

performed to ensure the safety of HIGS 

plants (Papadopoulou et al., 2020). 

Currently, reliable data are available for the 

MON87411 maize, which expresses the 

DvSnf7 RNA containing a 240–base pair–

long dsRNA segment that leads to 

resistance against western corn rootworm 

(Diabrotica virgifera virgifera) (Bolognesi 

et al., 2012). Feeding assays using the 10-

fold amount of the maximum expected 

environmental concentration of DvSnf7 

RNA revealed no increased lethality in non-

target organisms, including honeybees as 

pollinators, ladybird beetles as non-target 

arthropods, earthworms (Eisenia andrei) as 

representatives of the nutrient recycling soil 

biota, chickens as possible consumers of 

animal feed and catfish as representatives of 

aquatic residents (Bachman et al., 2016). 

Independent testing of dsRNAs in 

honeybees (Apis mellifera) using 400-

nucleotide-long sequences targeting 

Diabrotica virgifera virgifera vATPase-A 

and Apis mellifera vATPase-A revealed 

only lethality using the bee-specific dsRNA 

(Vélez et al., 2016) and underlining only 

sequence-specific toxicity in non-target 

organisms. In studies investigating the soil 

persistence of dsRNA, DvSnf7-expressing 

maize tissue and in vitro–transcribed 

DvSnf7 dsRNA was mixed into different 

soil types. RNA was only detectable within 

the first 48 hours, indicating that long-term 

RNA persistence or even accumulation is 

very unlikely in soils (Dubelman et al., 

2014). Non-essential, longer detection 

times of dsRNA were measured focusing on 

aquatic systems including aerobic 

sediments (Fischer et al., 2017). Finally, 

mammalian safety was tested by mice 

feeding experiments that resulted in no 

effects of DvSnf7 RNA on viability (Petrick 

et al., 2016). This led to the assumption that 

RNAi-based plant protection represents a 

very low-risk alternative to common 

chemical pesticides when sequence identity 

is tightly controlled and tested by in silico 

analysis combined with bio or feeding 

assays to non-target organisms.
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CYP3RNA-derived resistance 

against Fusarium 

graminearum 
 

CYP3RNA is a 791-nucleotide-long 

dsRNA which contains three 

complementary sequences of the fungal 

cytochrome P450 lanosterol C-14α-

demethylase (FgCYP51) genes from 

Fusarium graminearum: FgCYP51A, 

FgCYP51B and FgCYP51C. Cytochrome 

P450 lanosterol C-14α-demethylase is 

essential in ergosterol biosynthesis and 

remains a favourable fungal target in 

medical and agricultural applications 

(Monk et al., 2020). Systemic fungicides, 

such as demethylation inhibitors (DMI), 

target the cytochrome P450 lanosterol C-

14α-demethylase. Tebuconazole, 

triadimefon and prochloraz are DMIs and 

lead to the reduction of ergosterol amounts, 

disturb fungal membrane integrity 

(Yoshida, 1993). CYP3RNA was 

successfully tested in HIGS approaches in 

the plant model organism Arabidopsis 

thaliana and the agricultural relevant crop 

species Hordeum vulgare (Koch et al., 

2013). CYP3RNA-expressing plants show 

less infection symptoms caused by 

Fusarium and significant transcript 

reduction of the target genes (Koch et al., 

2013). In 2016, CYP3RNA was applied by 

spray application and led – similar to the 

results in Koch et al. (2013) – to reduced 

lesion symptoms and amounts of target 

transcripts, showing a clear resistance 

against Fusarium by SIGS (Koch et al., 

2016). Application of fluorescent labelled 

dsRNA revealed that dsRNA is not only 

present in the apoplast, but can also be 

translocated into the symplast of phloem, 

parenchyma cells, companion cell, 

mesophyll cell, trichomes and stomata (A. 

Koch et al. 2016).  

Further studies on dsRNA design have 

focused on the CYP3RNA elements. CYP-

A, CYP-B and CYP-C single constructs, as 

well as CYP-AC, CYP-BC and CYP-AB 

double constructs, were tested in 

Arabidopsis thaliana and Hordeum vulgare 

plants. With the exception of CYP-C for 

Arabidopsis and CYP-A and CYP-C for 

barley, these studies have shown the same 

amount of symptom reduction as 

CYP3RNA against Fusarium (Koch et al., 

2019). It is interesting to note that the gene 

silencing of single or double constructs was 

not restricted to the target transcripts. 

Instead, a certain degree of co-silencing of 

the other FgCYP51 genes was measured 

and supported by an in silico analysis. Here, 

the individual sequences of the single and 

double constructs were split up into 21 k-

mers representing possibly occurring 

siRNAs and mapped onto the reference 

sequence of the FgCYP51A, FgCYP51B 

and FgCYP51C genes. It becomes apparent, 

that base pair complementarity to also non-

investigated CYP constructs have been 

found (Koch et al., 2019). This off-target 

silencing of the single and double constructs 

also strengthens the efficacy of SIGS-

mediated resistance, resulting in resistance 

and transcript reduction by only applying 

single or double constructs onto barley 

leaves (Koch et al., 2019).  

Testing the hypothesis that longer dsRNA 

precursors lead to higher rates of resistance 

and stronger reduction of target transcripts 

by generating more siRNAs from a longer 

precursor revealed no differences in the 

tested HIGS approaches (Höfle et al., 2020). 

All lengths showed roughly the same 

amount of infection and reduction of 

transcripts. It is interesting to note that, in 

SIGS approaches, increasing length 

correlates with increasing infection rates, 

and no significant reduction of the target 

transcript levels was observed for the longer 

constructs. These findings indicate that 

dsRNA length might not affect the 
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efficiency in HIGS-mediated plant 

protection, but it does in SIGS-mediated 

plant protection (Höfle et al., 2020). 

Increasing dsRNA length probably 

interferes with plant or fungal uptake 

mechanisms, leading to reduced uptake and 

lower amounts of RNA in plant tissue or 

fungal cells. 
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Extracellular vesicles in 

RNAi-based plant protection 
 

As previously discussed, RNA pathways 

between HIGS- and SIGS-mediated plant 

protection might differ. Apart from all 

physical hurdles, EVs are discussed as 

potential carriers of RNAs in the 

bidirectional communication between 

plants and interacting fungi (Rodrigues and 

Casadevall, 2018; Woith et al., 2019; Zhou 

et al., 2022). Therefore, EVs are possibly 

shuttles of RNAi-related signals. EVs are 

spherically shaped droplets containing a bi-

layered lipid membrane secreted by 

prokaryotic and eukaryotic cells. EVs can 

originate from different processes and may 

have variable sizes, forming subpopulations 

(Bobrie et al., 2012; Colombo et al., 2014). 

Concerning their diameter, apoptotic bodies 

define the largest EV population. They 

originate by programmed cell death and 

have a diameter of 1,000–5,000 nm. Based 

on diameter, the next smallest group is 

microvesicles (100–1,000 nm), which are 

produced by exocytosis. The smallest EVs 

are exosomes, which are released by the 

fusion of multivesicular bodies (MVB) with 

the plasma membrane. Therefore, EV 

formation depends on the endosomal 

sorting complex required for transport 

(ESCRT)–mediating membrane 

invagination and trafficking onto the 

plasma membrane (Juan and Fürthauer, 

2018). Components of the plant ESCRT are 

involved in CYP3RNA-derived resistance 

towards Fusarium graminearum. Mutant 

studies have revealed increased 

susceptibility, although mutants were 

expressing the CYP3RNA. These findings 

indicate participation of plant ESCRT in 

HIGS-based plant protection (Schlemmer et 

al., 2021b).  

EVs are of importance because of their 

diverse and tissue-specific cargo. 

Furthermore, EVs contain a wide variety of 

lipids, proteins, RNAs and secondary 

metabolites. Compared to plants, which 

have plasmodesmata as interconnections 

between individual cells, mammalian cell-

to-cell communication relies on vesicular 

transport. Therefore, the specific packaging 

of EVs is essential for cell communication. 

EVs are also involved in cancer 

pathogenesis (Minciacchi et al., 2015), viral 

infection and pathogenesis (McNamara and 

Dittmer, 2020), cardiovascular diseases 

(Yang et al., 2021), fungal infections (de 

Toledo Martins et al., 2018), and they might 

act as antigen or drug delivery tool 

(Mehanny et al., 2021).  

In contrast to mammalian cells, plant cells 

contain a cell wall. Therefore, the existence 

of plant EVs has long been speculated upon, 

though the fusion of MVBs and release of 

carrot EVs was identified by Halperin and 

Jensen in 1967 (Halperin and Jensen, 1967). 

It took more than forty years for isolation 

protocols for EVs of plant origin to be 

developed (Regente et al., 2017, 2009; 

Rutter et al., 2017). Since then, plant EV 

research has expanded and is not only 

limited to Arabidopsis thaliana. In addition, 

relevant crops come the focus of plant EV 

research and might contain RNAi signals 

(Regente et al., 2009; Schlemmer et al., 

2022, 2021a, 2020). This is especially true 

because findings support the implication of 

EVs in naturally occurring bidirectional 

cross-kingdom interaction between plants 

and corresponding plant microbes (Cai et 

al., 2019; Cavaco et al., 2021; de Palma et 

al., 2020; N. J. Liu et al., 2020). The 

involvement of EVs in HIGS-based RNAi 

is likely because of the endogenous RNA 

origin, and the transport of corresponding 

plant RNAi machinery, AtAGO1, was 

previously detected in plant EVs (He et al., 

2021). Whether AGOs are necessary for 

sufficient sRNA transport remains elusive. 

Weiberg et al. demonstrated that fungal 

sRNAs are able to hijack endogenous plant 
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AGOs for cross-kingdom RNAi (Weiberg 

et al., 2013), indicating that sRNA transport 

with and without AGO stabilization occur. 

The dependence of EVs on SIGS is rather 

speculative and might itself strongly depend 

on a pathogen’s lifestyle (see also previous 

chapter Host-induced gene silencing and 

spray-induced gene silencing). Fungi are 

able to directly take up RNA (Gu et al., 

2019; Koch et al., 2016; McLoughlin et al., 

2018; Song et al., 2018; Wang et al., 2016). 

This possibly occurs by clathrin-mediated 

endocytosis (Kaksonen and Roux, 2018; 

Wytinck et al., 2020b), as in humans or 

insects (Saleh et al., 2006; Tatematsu et al., 

2018). RNA uptake by SID-1, such as in C. 

elegans (Cappelle et al., 2016), still seems 

speculative because no SID-1 ortholog has 

yet been found in fungi (Wytinck et al., 

2020a). Moreover, to the current 

knowledge, fungi lack dsRNA-degrading 

nucleases, and the presence of nucleases in 

apoplastic conditions derived by plants are 

rather unclear, making RNA stability in the 

apoplast inestimable. However, in the 

context of CYP3RNA-mediated resistance, 

CYP3RNA-derived sRNAs are co-purified 

with plant EVs in HIGS and SIGS 

approaches (Schlemmer et al., 2021a, 

2021b). However, the localization of RNAs 

inside or attached to EVs is currently 

difficult to predict. Several pitfalls in plant 

EV research occur, including the lack of 

standardized isolation protocols (Rutter and 

Innes, 2020). Downstream RNA 

sequencing experiments for analysing EV 

content include RNaseA treatment before 

RNA isolation and complementary DNA 

library preparation. RNaseA treatment is 

used to eliminate extracellular and 

extravesicular RNAs, but whether RNaseA 

treatment alone is sufficient for complete 

degradation is still up for debate. RNAs 

might be protected before nucleolytic 

degradation by ribonuclear binding 

proteins. Taking this into account, the 

gathering of RNA sequencing data might be 

overinterpreted. Therefore, additional 

treatments combining RNases, proteases 

and detergents lead to more valid results 

(Schlemmer et al., 2021b; Zand Karimi et 

al., 2022). The International Society of 

Extracellular Vesicles (ISEV) composed 

some guidelines containing the minimal 

information for studies of extracellular 

vesicles (MISEV) (Théry et al., 2018). 

MISEV should ensure EV purity and 

identity to improve research quality on EVs. 

So far, these guidelines are hardly 

transferable from mammalian research to 

plant EV research, mostly because plant EV 

research lacks reliable EV markers. 

Mammalian EVs are enriched 

histocompatibility complexes I and II, 

tetraspanines (CD9, CD63, CD81, CD82) 

and heat shock proteins (HSC70 and 

HSP90) (Wubbolts et al., 2003). In 

Arabidopsis EVs, the syntaxin penetration 1 

(PEN1) and the tetraspanin 8 (TET8) have 

been proposed as EV markers (Cai et al., 

2018; Rutter and Innes, 2017). However, it 

remains to be seen whether they mark the 

same or different EV populations (Rutter 

and Innes, 2020). 

Of even more interest is the RNA cargo of 

EVs. In Arabidopsis EVs, tiny (ty)RNAs 

and miRNAs are enriched (Baldrich et al., 

2019) while siRNAs and circular RNAs are 

stabilized in the apoplastic fluid RNA-

binding proteins (Zand Karimi et al., 2022). 

tyRNAs from Arabidopsis EVs are 10–17 nt 

in length and derived by transposable 

elements, coding sequences or intergenic 

regions. However, their function remains 

unknown. The RNA content of plant EVs 

regarding RNA-based plant protection was 

investigated in the Fusarium pathosystem. 

Plant EV isolation from HIGS and SIGS 

plants (Schlemmer et al., 2021b, 2020) and 

RNA content was assessed. CYP3RNA-

derived sRNAs were found in samples of 

EVs derived by HIGS and SIGS plants 

(Schlemmer et al., 2021a, 2021b). So far, 

whether localization is inside or outside 
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remains unclear. Therefore, EV treatments 

were established (Schlemmer et al., 2021b). 

Differentially treated EVs were then tested 

in a co-cultivation assay in which EVs were 

mixed with Fusarium macroconidia. Taking 

EVs from HIGS and SIGS plants into 

account, neither EVs themselves nor 

associated RNAs impact fungal growth 

(Schlemmer et al., 2022). These findings 

leave the role of EVs in the CYP3RNA-

mediated resistance open to interpretation.  

Interesting to note, EVs from Fusarium lead 

to host-specific necrotic lesions in barley, 

while barley EVs cause stress-related 

discolouration of fungal colonies when 

incubating plant EVs in agar plates 

(Schlemmer et al., 2020). Similar 

observations were made of EVs of 

Fusarium oxysporum (Bleackley et al., 

2020). These EVs also contain effectors, 

which are expressed during infection 

(Garcia-Ceron et al., 2021). It is probably 

the case that EV-related CYP3RNAs did 

not reach a critical threshold inducing 

RNAi-mediated silencing. Another 

possibility would be that the number of EVs 

was too low or that the uptake of EVs or 

sRNA either did not occur or was impaired 

in the liquid phase. Another possibility 

would be that EVs only contain stress-

inducing components affecting fungal 

hyphae in sessile development and not 

during cultivation in the liquid phase.  

In conclusion, the results indicate the 

participation of EVs in HIGS plants. 

Participation of ESCRT components, 

transported AGOs and a variety of RNAi-

inducing RNAs of natural or artificial origin 

were at least associated with plant EVs. 

However, questions about plant EV uptake 

into fungal hyphea remain unanswered. 

Apart from HIGS, SIGS might not rely on 

plant EV–mediated RNA transport. The 

participation of fungal DCL in SIGS and the 

uptake of RNA in in vitro studies imply that 

RNA uptake or procession by plant RNAi 

compounds are not necessarily required. 

Instead, sufficient uptake into plant tissue 

and spreading within the apoplast might 

lead to sufficient protection of necrotrophic 

fungi. Nevertheless, further research is 

necessary to unravel open questions in both 

HIGS- and SIGS-mediated plant protection. 

In addition, EV-mediated transport seems 

not to be restricted to dsRNA or siRNA. 

Other types of RNAs will come into focus 

in the future. In particular, mRNA as a 

blueprint for protein production, or circular 

RNAs with their RNA sponge function, 

might lead to new strategies in RNA-based 

plant protection.  
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Specific aim of this work 
 

The efficacy of the CYP3RNA-derived 

resistance in Arabidopsis thaliana caused 

by host-induced gene silencing and in 

Hordeum vulgare by spray-induced gene 

silencing against Fusarium graminearum 

has previously been shown. The transport 

mechanism for RNA translocation between 

host and recipient fungal hyphae remains 

unresolved. Potential transport may be 

possible by extracellular vesicles (EVs), 

which can be released by the plant plasma 

membrane into the apoplast. Inside EVs, 

potential RNA cargo can cross the 

apoplastic space without being affected by 

degradational processes. It has also been 

unclear whether EVs can be purified by not 

only Arabidopsis plants, but also by barley 

leaves. Therefore, a plant EV purification 

protocol was adapted to barley leaves, and 

EVs were purified from both plant species. 

EV sizes were measured, and RNA content 

was evaluated. In particular, CYP3RNA-

derived small RNAs which could be 

involved in HIGS- and SIGS-mediated 

resistance were in focus. After identifying 

CYP3RNA-derived small RNAs in isolated 

EV samples, CYP3RNA-containing EVs 

from CYP3RNA-expressing Arabidopsis 

thaliana plants and CYP3RNA-sprayed 

barley leaves were tested in co-cultivation 

assays with Fusarium graminearum to 

identify the impact of these EVs on fungal 

growth behaviour.
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Figure S1. 

EVs were mixed with PBS and PDB and quick frozen at the beginning [0 h (h)], 24 h and 48 h 

after incubation at 25 °C. After fixing onto formvar-layered cupper meshes, samples were 

visualized with TEM.  
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Figure S2. 

EVs were mixed with PBS and PDB and quick frozen at the beginning [0 h (h)], 24 h and 48 h 

after incubation at 25 °C. Samples were thawed on ice and diluted with PBS (1:20). The final 

volume of 200 µl was then loaded into the Nanosight NS300 (Malvern Panalytical) and five 

measurements were performed at room temperature. Mean values are arranged as a black line, 

standard deviation is given as the red plot.  

 

 

 

Figure S3. 

EVs were mixed with supernatant of 24-h-old F. graminearum culture and incubated at 25 °C. 

Particle concentration was determined by NTA measurements. 
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Figure S4. 

5 µl (light blue cross) and 10 µl (gray triangle) of purified EVs from control (wt) and 

CYP3RNA-expressing A. thaliana plants were added to F. graminearum liquid culture. 

Growth was determined by optical density measurements between 23 and 42 h post-

inoculation (hpi) for cultures treated with EVs out of all three fractions. 
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Figure S5. 

Purified A. thaliana EVs were treated with RNase A and proteinase K (yellow square) or 

Triton X-100, RNase A, and Proteinase K (green rhombus) after isolation and co-inoculated 

with F. graminearum. Additionally, untreated (orange circle) and EV-free PBS (brown cross) 

were co-inoculated as positive and negative controls. 
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Figure S6. 

The relative fungal growth in the co-culture was calculated using the EV-free cultivation 

conditions with enzymes and detergent only as a baseline. Control (wt): circle; CYP3RNA-

expressing plants: triangle (a-f). Selected timepoints were chosen for statistical analysis. 

Differences between wt or CYP3RNA-expressing A. thaliana plants were calculated for each 

investigated volume and EV pre-treatment using a two-tailed Student’s t-test (p-value < 0.05). 

5 µl EVs of wt plants: light green; 5 µl EVs of CYP3RNA-expressing A. thaliana plants: dark 

green; 10 µl EVs of wt plants: light brown; 10 µl EVs of CYP3RNA-expressing A. thaliana 

plants: dark brown (g). 
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