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Introduction

1. Introduction

1.1  Fusarium graminearum

Fusarium graminearum (Fg) is a species of the large genus Fusarium in the division of
Ascomycota. Some Fusarium species are harmless and live as saprophytes in the soil. Others
like Fg are plant pathogenic and have major economic impacts on the agriculture industry (Doll
and Danicke, 2011). The genome of Fg is completely sequenced and the fungus can be
cultivated easily under lab conditions. This together with his high economical relevance make
Fg to one of the best studied fungal pathogens. Biological research focuses mainly on the study
of the infection process and the life cycle in order to identify weak points for the generation of
resistant plants (Ding et al., 2017; Lu and Edwards, 2017; Machado et al., 2017).

1.1.1 Fg life cycle and mycotoxins

Fg can reproduce asexually via macroconidia and sexually via ascospores (Stack, 1989). Under
the microscope macroconidia of Fg can be observed as sickle-shaped structures that contain
multiple septa. At the beginning of the life cycle the fungus produces macroconidia that
overwinter in the soil or on plant residues. The next step is the development of fruiting bodies.
These so-called perithecia release ascospores that can infect cereal heads during flowering.
High humidity further promotes the germination of the fungus. The infection causes Fusarium
head blight (FHB) and manifests as premature bleaching of cereal heads and results as further
consequences in the reduction of grain yield and quality. Grain quality is particularly affected
by the production of mycotoxins such as zearalenone (ZEA) and deoxynivalenol (DON) in the
grain what makes it useless for human consumption (Fig. 1; Trail, 2009). Several studies show
that trichothecene mycotoxins like DON represent a severe threat for human and animal health.
Among others they can cause cell death, have immunological effects and are suspected to cause
cancer (Arunachalam and Doohan, 2013; Rocha et al., 2005). Whereas Fg was classified as
necrotrophic fungus, some studies support the idea that Fg exhibits a biotrophic lifestyle during
the early stages of infection (Brown et al., 2010; Kazan et al., 2012). Microscopic analysis of
wheat heads revealed that fungal hyphae remain intercellular at the infection front. Necrosis
and cell death started later after fungal hyphae colonized the intracellular space (Brown et al.,
2010). Others argue that the lack of intracellular growth do not conform with the traditional
definition of biotrophy (Kazan et al., 2012; Trail, 2009).
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Fig. 1 Life cycle of Fusarium graminearum on wheat. (Trail, 2009)

1.1.2 Fgincrop production

Crop plants are challenged by a multitude of different pathogens, insects, animals and weeds
that cause many different plant diseases and constitute a constant threat to food supply. It is
estimated that they are responsible for yield losses up to 40% of the global agricultural
production what constitutes extremely high costs for our growing world population (Alexander
et al., 2017; Oerke and Dehne, 2004). Mycotoxin producing fungi like Fusarium have a huge
impact on food and feed supply as mycotoxin contamination of grains has become one of the
biggest challenges for plant pathologists in these days. FHB is caused by many fungi of the
genus Fusarium and affects several of the most important crop plants like wheat, barley, maize
and oats (Brown et al., 2017; Osborne and Stein, 2007). Each year the fungus causes billions of
dollars in economic losses worldwide (Doll and Danicke, 2011; Savary et al., 2012). Current
plant protection strategies against Fusarium are crop rotation, breeding for resistance
(Mesterhazy et al., 2012), tillage practices (Lori et al., 2009) and the chemical treatment with
fungicides. Though the latter strategies can contribute to FHB resistance, the application of
fungicides is essential for consistent disease control and limitation of mycotoxin contamination.
Thereby the most common chemicals are azole fungicides that were extensively used since their
development in the 1970s against several plant pathogenic fungi. They are targeting the sterol
14a-demethylase encoded by the CYP51 gene, an enzyme which is important for the ergosterol

biosynthesis of the fungi. By binding to CYP51, the enzyme is inactivated leading to the
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accumulation of ergosterol intermediates and as consequence the inhibition of ergosterol
synthesis. Ergosterol is essential for the fungi to maintain membrane fluidity and stability
(Yoshida, 1988). Seeing the intensive exposure to azole fungicides it is not surprising that
increasing rates of insensibilities could be observed in several plant pathogenic fungi including
Fg (Becher et al., 2010). Possible mechanisms for resistance development are point mutations
in the CYP51 gene, CYP51 overexpression or the overexpression of efflux transporters (Price
etal., 2015). These transporters, naturally exporting toxins and fungicides out of the cell, reduce
the intracellular concentration of fungicides (Price et al., 2015; Stefanato et al., 2009).
Additionally, it could be shown that ascomycetes like Fusarium possess multiple paralogous
CYP51 genes. This could cause an enhanced resistance against azole fungicides by maintaining
the enzyme activity due to multiple gene copies (Fan et al., 2013). Fg for example has three
CYP51 genes, FgCYP51A, FgCYP51B and FgCYP51C (Becher et al., 2011). Knowledge on
specific gene functions of individual FgCYP51 genes is based on few studies showing partly
opposing results. Fan et al. 2013 showed by CYP51 gene deletion that FgCYP51B encodes the
major demethylase, whereas FgCYP51A encodes an additional enzyme that can be upregulated
under CYP51B deficiency. In the same study FgCYP51C, which is found exclusively in
Fusarium species (Fernandez-Ortufio et al., 2010), is described as genus specific virulence
factor that is not involved in ergosterol synthesis (Fan et al., 2013). Indeed, an earlier study
showed that deletion of CYP51A or CYP51B can partly reduce conidiation but had no influence
on ergosterol content, virulence as well as growth of the fungus (Liu et al., 2011). In support to
this finding, (Fan et al., 2013) showed that only double deletion mutants restrict fungal growth.
The loss of effective treatment against Fusarium diseases would have a large impact on
agricultural production and global food security so there is a need for alternatives. Genetic
engineering of plants expressing antifungal genes such as chitinases (Shin et al., 2008) and plant
defensins (Li et al., 2011) or mycotoxin reducing enzymes like glycosyltransferases are recent
research examples (Karlovsky, 2011). However, the applicability of these approaches under
field conditions is not proven (Kazan et al., 2012). Current examples of alternative plant
protection measures against Fusarium are based on RNA interference (RNAI) like Host-
Induced Gene Silencing (HIGS) (Machado et al., 2017; Majumdar et al., 2017).

1.2 RNA interference (RNAI)

RNA.Ii is a conserved biological process where double stranded RNA (dsRNA) leads to a gene
specific inhibition of gene expression or translation. Beside the role in regulation of gene
expression, RNAI constitutes an important part of the immune response to viruses and foreign

nucleic acids and can be found in nearly all eukaryotes including animals (Cerutti and Casas-
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Mollano, 2006). Since the discovery in 1998 in the model nematode C. elegans that injection
of dsRNA caused effective and specific gene silencing, the high potential of RNAI in
suppression of requested genes has become evident and revolutionized experimental biology
(Fire et al., 1998). In eukaryotes RNAI is initiated by DICER, an RNAse Ill enzyme, that
cleaves the dsRNA precursor into small (double-stranded) interfering RNAs (siRNAs) of 20-
25 nt in length (Borges and Martienssen, 2015; Papp, 2003). These siRNAs are each composed
of an antisense strand, which is complementary to the target mRNA, and a sense strand. The
sense strand, which is identical to the target mMRNA, has no function and is degraded in the next
steps, while the antisense strand is loaded onto ARGONAUTE (AGO) proteins to form together
with other proteins an active RNA-induced silencing complex (RISC). The antisense strand can
then bind to the target MRNA by sequence complementarity, which leads in case of perfect
sequence identity to target degradation by the action of activated AGO proteins (Pratt and
MacRae, 2009). In case of only partial homology of siRNA and target mRNA the target is not
degraded. Gene silencing is here the result of translational inhibition (Fig. 2; Borges and
Martienssen, 2015; Majumdar et al., 2017; Pratt and MacRae, 2009).

RNAIi can be triggered endogenously by foreign DNA or viral dsSRNA, aberrant transcripts from
repetitive sequences like transposons as well as pre-microRNA (Nosaka et al., 2012; Plasterk,
2002). The possibility of triggering RNAI by introduction of foreign dsRNA together with the
high specificity make RNAI a precious tool for experimental biology. Amongst others, RNAI
was used in functional genomics for the establishment of loss-of-function phenotypes in a
variety of organisms including plants (Hamakawa and Hirotsu, 2017; Lu, 2003; Nybakken et
al., 2005).
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(hpRNA), ARGONAUTE (AGO), RNA-induced silencing complex (RISC), RNA-dependent RNA polymerase (RARP)
(modified after Majumdar et al., 2017).

1.2.1 RNAI-based plant protection

Modern plant protection in conventional agriculture relies on effective chemical pathogen and
pest control. Especially in the case of mycotoxin producing fungi like Fusarium spec. chemical
fungicides are indispensable to limit mycotoxin contamination of grains. However, recently an
increasing number of resistances and decreased sensibility of pathogens against the available
chemicals have been observed (Becher et al., 2010), indicating the need for alternative control
strategies. RNAi-mediated plant protection strategies like Host-Induced Gene Silencing
(HIGS), Virus-Induced Gene Silencing (VIGS) as well as Spray-Induced Gene Silencing
(SIGS) demonstrated a great potential for modern crop protection (Koch et al., 2016; Koch and
Kogel, 2014; Majumdar et al., 2017; Zhang et al., 2017). The mechanism of HIGS relies on the
integration of an inverted repeat transgene in the plant genome. The expression of the transgene
triggers RNAI by production of dsRNA and subsequently procession by the plants RNAI
machinery and finally gene silencing of target genes in the pathogen. Several HIGS vectors are
available that drive the production of dsRNA through inverted promotor sequences or by
expression of inverted repeat transgenes. Both, long dsRNA as well as hairpin constructs have
been shown to function in HIGS (Ghag et al., 2014; Koch et al., 2013; Koch and Kogel, 2014).
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In contrast, VIGS is based on the natural RNAi-mediated defence mechanism against viruses.
By exchanging the viral genes, the production of dsRNA targeting the gene of interest can be
triggered in the plant (Unver and Budak, 2009). HIGS has been shown to protect several
different plants species against infection by nematodes (Shivakumara et al., 2017), insects
(Bhatia et al., 2012), bacteria (Walawage et al., 2013) and fungi (Koch et al., 2013) as well as
invasion by parasitic plants (Alakonya et al., 2012). RNAI based plant protection has a great
potential in controlling Fusarium diseases and could provide an alternative for the resistance
compromised fungicides. The expression of a 791 nt dsRNA construct in planta targeting the
three CYP51 genes of Fg could confer resistance to Arabidopsis and barley. All three genes
were silenced via HIGS, which has been proven by quantitative real-time PCR (gRT-PCR).
This leaded to an extremely strong resistance phenotype in detached leave assays (Koch et al.,
2013). In further studies, it could be proven that the same dsRNA, when externally applied on
leaves, could protect barley plants in a similar way than shown before with transgenic plants.
This, so-called Spray-Induced Gene Silencing (SIGS), represents a really new and innovative
plant protection strategy against pathogenic fungi like Fg (Koch et al., 2016). During SIGS, the
host plant is treated externally with dsSRNA that is transported via still unknown mechanisms
into the plant as well as the pathogen where it leads to silencing of the targeted genes. SIGS is
really innovative and shown by only few studies against the two necrotrophic fungi Fg as well
as Botrytis cinerea so far (Koch et al., 2016; Mitter et al., 2017; Wang et al., 2016). Recently,
Mitter et al. showed that dsSRNA spraying works efficiently against two different plant viruses
when combined with clay nanosheets (Mitter et al., 2017). One of the latest publications
indicates that this silencing approach also functions against insects. After external application
of dsRNA on tomato leaves, the dsSRNA could be detected in insects after feeding on the plant
(Gogoi et al., 2017). In contrast to HIGS, SIGS does not require a transformation event what
makes it really attractive as plant transformation is often time consuming and also not available
for some important crop plants. Especially in Europe it could constitute an alternative to HIGS

as transgenic plants are here not under consideration.

1.2.2  Function of small RNAs (SRNA) in plants

In plants, several classes of endogenous small RNAs can be differentiated including
microRNAs (miRNAs), hairpin derived SiRNAs (hp-siRNAs), natural antisense SiRNAs
(natsiRNAs), secondary siRNAs (secsiRNAS) and heterochromic siRNAs (hetsiRNAS) (Borges
and Martienssen, 2015). There exist three main biogenesis pathways that cover for the majority
of plant small RNAs. One for the biogenesis of 20-22 nt miRNAs, one for the biogenesis of 21-
22 nt secondary siRNAs and the last for the biogenesis of 24 nt hetsiRNAs. All of them are
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modified at the 3’-end by 2°O-methylation which is necessary for small RNA stability and
protection from degradation (Borges and Martienssen, 2015). The biogenesis of small RNAs
requires the activity of Dicer-like proteins (DCL) which are RNAse 11l enzymes composed of
multiple domains responsible for dsSRNA binding and cleavage. In A. thaliana, there exist four
genes encoding DICER proteins DCL1, DCL2, DCL3 and DCLA4 that are responsible for the
processing of different classes of small RNAs (Mukherjee et al., 2013).

Plant miRNAs are mainly involved in post-transcriptional gene silencing (PTGS) by transcript
cleavage or translational repression. In contrast to animals, where miRNAs bind through
imperfect homology mostly to the 3°-UTR of mMRNAs and lead to translational repression, most
plant miRNAs mediate cleavage of target mRNAs via perfect sequence complementarity
(Saumet and Lecellier, 2006). In the first biogenesis step long, primary miRNAs are transcribed
by RNA polymerase Il from endogenous genes. The single stranded precursor folds into
hairpin-like structures and is then cleaved by DCL1 into smaller stem loop structures, which
are processed again by DCL1 into mature miRNA duplexes (Baulcombe, 2004; Borges and
Martienssen, 2015).

Most endogenous plant siRNAs are needed for RNA-directed DNA methylation (RdDM) or
transcriptional gene silencing (TGS) and their procession requires DCL2, DCL3 and DCL4
(Borges and Martienssen, 2015). RdDM is an epigenetic pathway essential for the silencing of
transposable elements and a subset of genes via TGS. It is established and maintained by the
24 nt hetsiRNAs, which represent beside secondary siRNAs, the most abundant class of SIRNAs
in plants (Law and Jacobsen, 2010). Their biogenesis is initiated by the transcription of long
RNA precursors at target sites through RNA polymerase IV. Precursor RNA is used as a
template for RNA-dependent RNA polymerase 2 (RDR2) to produce dsRNA which is finally
processed by DCL3 into 24 nt hetsiRNAs (Kuo et al., 2017; Matzke and Mosher, 2014).

The ability to amplify RNA silencing by the production of secsiRNAs is an important feature
of plant RNAI. Thereby RNAs that are targeted and cleaved through the action SRNAs become
targets for RNA-dependent RNA polymerase 6 (RDR6) what leads subsequently to their
conversion into dsRNA and procession by DCL2 and DCL4 to 21-22 nt siRNAs (Borges and
Martienssen, 2015; Felippes et al., 2017). The miRNA-mediated cleavage of a target mMRNA
can trigger the production of secsiRNAs which can in turn silence other genes. This allows the
silencing of genes that are sequence-related to the original target and in this way the control of
large gene families by single miRNAs (Manavella et al., 2012). Most secsiRNAs are involved
in PTGS and are subdivided again in different classes including the highly conserved trans-
acting siRNAs (tasiRNAs) (Borges and Martienssen, 2015; Felippes et al., 2017). Additionally,
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secsiRNAs play important roles for the local as well as systemic spreading of RNA silencing.
In both cases the transported silencing signals include siRNAs. However, whether the
movement requires single- and/or double-stranded siRNAs and also whether they are bound to
RNA-binding proteins is unclear (Vazquez and Hohn, 2013). The generation of secsiRNAs can
also be induced artificially by inverted repeat transgenes as well as by Virus-Induced Gene
Silencing (VIGS) vectors. Especially in the case of transgenes the spreading of RNA silencing
is dependent on RDR6-mediated amplification (Vazquez and Hohn, 2013).

1.2.3 The double-stranded RNA-binding proteins of Arabidopsis

In Arabidopsis, the five dSRNA-binding proteins named DRB1-5 are promoting cofactors of
the four DCLs to ensure efficient and precise production of SRNA. DRBs are characterized by
two conserved dsRNA-binding motifs (dSRBM) that are located at the N-terminus (Curtin et
al., 2008). It was believed that each DCL must interact with one DRB for the production of
SRNAs and that similar to the four DCL they would act redundantly (Hiraguri et al., 2005).
Recent studies showed that this is not the case. DRB1 seems to interact exclusively with DCL1
to produce miRNAs, whereas DRB4 interacts with DCL4 to promote the production of 21 nt
siRNAs from viral or hairpin-RNA (Curtin et al., 2008). DRB4 is additionally involved in
defence against pathogens (Zhu et al., 2013). Both are localized in the nucleus, in contrast to
DRB2, which seems to locate in the cytoplasm (Curtin et al., 2008). By the generation of a
triple mutant it was shown that DRB2, DRB3 and DRB5 are not involved in the general
production of SRNAs and that none of them interact with DCL2 or DCL3. The high sequence
similarity and their overlapping localization to the shoot apical meristem (SAM) region suggest
a functional redundancy, possibly in an unknown developmental pathway (Curtin et al., 2008).
Although their exact function remain to be elucidated, there are hints that DRB2, DRB3 and
DRB5 could be involved in a non-canonical miRNA pathway and that they might play

important roles under stress conditions (Eamens et al., 2012b; Sawano et al., 2017).

1.3 RNA trafficking during RNAi-based plant protection

The efficient gene silencing in the pathogen via HIGS relies on the production and transport of
enough siRNAs between the two organisms. Accordingly, it was originally speculated that
HIGS cannot function against necrotrophic fungi as their lifestyle includes the immediate
destruction of the host tissue what could negatively impact the plants ability to provide
sufficient amounts of siRNAs. Nevertheless, several studies have shown that HIGS can protect
host plants from infection by necrotrophic fungi such as Fg, Sclerotinia, Botrytis and others
(Andrade et al., 2016; Koch et al., 2013; Wang et al., 2016; Zhou et al., 2016). In contrast to
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insects (Zhang et al., 2017), nematodes (Lilley et al., 2012) as well as parasitic plants (Alakonya
et al., 2012), it is virtually unresolved how RNAs cross the plant fungal interface. Several
studies have shown that siRNAs as well as dsSRNA can be taken up efficiently by fungi (Jéchl
et al., 2009; Khatri and Rajam, 2007; Koch et al., 2016; Majumdar et al., 2017; Wang et al.,
2016). In Aspergillus, significant uptake of sSiRNAs was proven by in vitro incubation with
siRNAs what resulted in specific gene silencing (Jochl et al., 2009; Khatri and Rajam, 2007).
External application of sSiRNAs and dsRNAs protected plants from infection by Botrytis cinerea
also suggesting an efficient RNA uptake (Wang et al., 2016). However, until now it is unclear
whether only siRNAs and/or dsRNAs are transported and consequently whether intact RNAI
machineries of both organisms are required. In the SIGS process applied to control Fg the long
CYP3RNA precursor was transported into the fungus and an intact fungal RNAI machinery, in
this case DCL1, is required for effective gene silencing and disease control (Koch et al., 2016).
There exist different theories how RNAs could be transported from plant into fungal cells
including the transfer via plant extracellular vesicles or via specific transporters (Koch and
Kogel, 2014; Majumdar et al., 2017). During HIGS against insects, the plant originating dsSRNA
is imported into insect cells through feeding on the plant (Zhang et al., 2017). It is likely that
this process is enabled by homologs of the dsRNA transport protein Systemic RNA interference
deficient (SID), that has been originally identified in Caenorhabditis elegans and recently
described to selectively bind long dsRNA (Li et al., 2015). Expression of SID-1 in Drosophila
S2 cells enables passive uptake of dSRNA from the culture medium (Shih and Hunter, 2011).
Homologs of SID or similar RNA transporters have not been discovered in fungi until now.

The second hypothesis is the incorporation and transfer of siRNAs via plant extracellular
vesicles, in mammalian cells known as exosomes. Several studies provide evidence that vesicle-
mediated transfer of SRNASs takes place in fungi and that these vesicles can be taken up by host
cells (Peres da Silva et al., 2015). In great support to this finding, Weiberg et al. identified small
RNAs from the necrotrophic fungus Botrytis cinerea that silence genes in host plants (Weiberg
et al., 2013) and that could be possibly transported via vesicles. Recently, it was shown that
plant pathogenic bacteria as well as nematodes release vesicles that modulate plant immunity
(Katsir and Bahar, 2017; Quintana et al., 2017). A lot of information is available on vesicle-
mediated RNA communication between animals and different pathogens (Buck et al., 2014;
Zhu et al., 2016). There exist studies showing that plant-derived miRNAs are transferred to
animals, viruses as well as mammals and that they are able to regulate expression of target

genes (Han and Luan, 2015; Zhang et al., 2012). It was often postulated but until now there is
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lacking evidence that plant-derived vesicles transmit RNAs to pathogenic fungi (Koch and
Kogel, 2014; Majumdar et al., 2017).

1.3.1 Exosomes and plant extracellular vesicles

The study of extracellular vesicles (EVs) has largely focused on mammalian systems and only
few studies describe exosome biogenesis in typical model organisms like Caenorhabditis
elegans (Liegeois et al., 2006) and Drosophila (Gross et al., 2012). First declined as waste
delivery system, extracellular vesicles have emerged as key players in intercellular
communication by shuttling various biological signals including SRNAs between cells and as
diagnostic biomarkers for diverse diseases (Skog et al., 2014). Exosomes are defined as
endosome originating vesicles of 40-150 nm in diameter (Kalluri, 2016). They are released as
consequence of fusion of multivesicular bodies (MVBs) with the plasma membrane (Colombo
et al., 2014; Crescitelli et al., 2013; Johnstone et al., 1987). Though the nomenclature of
extracellular vesicles is still under consideration, it can be distinguished beside exosomes
between apoptotic bodies with diameters of 800-5000 nm that are released by apoptotic cells
and microvesicles within a size range of 150-1000 nm that are shed from the plasma membrane
(Gould and Raposo, 2013). Exosomes have been routinely isolated from the cell culture
supernatant of different mammalian cell lines as well as from various body fluids like blood
(Caby et al., 2005), breast milk (Admyre et al., 2007), urine (Pisitkun et al., 2004) and saliva
(Kim et al., 2017). Despite the fact that already 50 years ago it was proposed for higher plants
that the fusion of MV Bs with the plasma membrane (PM) results in the release of small vesicles
into the extracellular space, the research on plant extracellular vesicles is an emerging field
(Halperin and Jensen, 1967). Studies using transmission electron microscopy (TEM) showed
that MV Bs proliferate in barley next to papillae during pathogen attack. These MVBs would be
able to release their vesicles into the paramural space what led to the speculation that exosomes
exist in plants (An et al., 2006b). Plant exosomes are speculated to function in the transport of
defence compounds into the extracellular space, supported by the observation that both,
hydrogen peroxide and callose could be identified inside MVBs next to the PM (An et al.,
2006b; Xu and Mendgen, 1994). Moreover, vesicles were identified by TEM in the
extrahaustorial matrix of powdery mildew, favouring the idea of an exosome-mediated
secretion pathway of fungal effectors. Due to the fact that they failed to identify whether these
vesicles are of fungal or plant origin, also the reciprocal transport would be conceivable (Micali
et al., 2011). Ultrastructural analysis of the plant — powdery mildew interface shows vesicles
not only in the extrahaustorial matrix but also in the paramural space as well as inside papillae

of attacked host cells. Altogether these facts strengthen the hypothesis that vesicle secretion
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from both organism takes place at the plant — fungus interface (An et al., 2006a; Huckelhoven
and Panstruga, 2011). Attempts to isolate plant exosomes were performed on fruits and
vegetables as well as from the apoplast of sunflower seeds. In all cases exosome-like particles
containing protein and RNA cargo could be identified (Mu et al., 2014; Regente et al., 2009).
Recently, Rutter and Innes isolated, for the first time, extracellular vesicles (EVs) of endosomal
origin from the apoplast of intact Arabidopsis leaves, indicating the existence of exosomes in
plants. The EV proteome was enriched for proteins involved in abiotic and biotic stress
responses as well as defence-related proteins. This leads together with the observation that
vesicle proliferation is enhanced during pathogen attack to the suggestion that EVs play
important roles during plant immune responses and contribute to intercellular communication

like in animals (Rutter and Innes, 2017).

1.3.2 RNA long-distance trafficking in plants

One key feature of plant RNAI is that RNA silencing is mobile. The silencing signal can travel
over long distances and trigger silencing in distant plant tissues (Melnyk et al., 2011). It has
been shown by grafting experiments that SiRNAs are detectable in tissues of DICER mutants
that are defective for SiRNA biogenesis (Molnar et al., 2010). This led to the speculation that
siRNAs and not their precursors are the mobile silencing signals (Dunoyer et al., 2013).
Whereas cell-to-cell movement occurs through plasmodesmata, the systemic movement of a
silencing signal involves the vascular system comprising phloem and xylem (Brosnan and
Voinnet, 2011; Lough and Lucas, 2006). It is likely that the phloem rather than the xylem is
involved as there exist studies suggesting that xylem sap is free of RNA (Buhtz et al., 2008).
The direct sampling of phloem sap from several plant species revealed a population of SRNAs
further supporting the idea that SRNAs contribute to long distance signaling (Yoo et al., 2004).
However, until now the molecular forms of mobile RNAs are not resolved (Parent et al., 2012).
In general, long distance transport of RNAs through the phloem appears to be mediated by
RNA-binding proteins (RBPs). The first phloem RPB, PHLOEM PROTEIN16 (PP16), was
characterized in pumpkin as homologue of viral movement proteins (Xoconostle-Cazares et al.,
1999). Later, another 50 kDa pumpkin phloem RNA-binding protein (RBP50) was identified
that interacts with PP16 and other proteins in ribonucleoprotein complexes. The protein
translocated from source to sink and possess a specificity for transcripts containing
polypyrimidine tract binding motifs (Ham et al., 2009).

Besides being a question of basic research, the elucidation of RNA long-distance trafficking
will also have a practical application in crop protection. RNAi-based plant protection strategies

like HIGS and SIGS arise questions about amplification and transport of the silencing signal in
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the plant. Local spraying of barley leaves with a dsRNA targeting the CYP51 genes of Fg
protected distant leave parts from infection, suggesting a systemic transport of either the
precursor or siRNAs. Microscopic analysis with labeled RNA revealed that the long precursor
is transported into the fungus, supporting the idea of dsSRNA as mobile silencing signals (Koch
etal., 2016). The same is true for HIGS against insects where dsSRNA is taken up upon feeding
on the plant (Abdellatef et al., 2015). In contrast, whether dsRNA also contributes to gene
silencing during HIGS against fungi or whether only siRNAs are transported into fungal cells
where they provoke silencing is unresolved. Accordingly also the nature of mobile silencing

signals in the plant itself is unresolved (Koch and Kogel, 2014; Majumdar et al., 2017).

1.4 Aim of the study

Recently, it was shown that CYP3RNA targeting the three CYP51 genes of the necrotrophic
fungus Fg, limits fungal growth on leaves in HIGS as well as SIGS approaches (Koch et al.,
2013; Koch et al., 2016). Whether targeting all FgCYP51 genes at once is necessary to control
fungal infection was unclear and is explained by the fact that FgCYP51 gene functions are only
partly resolved. This study aims to answer this question by the creation of different CYP3RNA-
based dsRNA constructs targeting a single or two FgCYP51 genes. The analysis of these
constructs with different dsSRNA delivery strategies (HIGS, SIGS) in different plant species
(Arabidopsis, barley) could further elucidate possible mechanistic differences between these
approaches. Furthermore, it was assessed whether gene silencing efficiency of individual
FgCYP51 genes is influenced by the length of the dSRNA precursor by creating constructs from
400 bp to over 1000 bp. Due to unpublished sequencing data gained from CYP3RNA
expressing plants, it was known that most siRNAs originated from the FgCYP51A fragment of
the precursor (Fig. 3), clarifying that further research is needed concerning the design of HIGS
respectively SIGS constructs. To assess whether this was caused by positional and/or sequence
based effects, different CYP3RNA based constructs were created. Different approaches
included, changing positions of the individual target sequences of FgCYP51A, FgCYP51B and
FgCYP51C, cloning of the peak hot-spot of FgCYP51A, changing positions of the dsSRNA in
the original target mMRNA (5’ vs. 3”) as well multiplication of single constructs containing three
times the same target sequence. All approaches aim to characterize whether gene silencing
effectivity is influenced by the design of the dsSRNA, what is until now virtually unresolved for
RNAI-based plant protection approaches. All constructs were assessed by transgenic expression
of dsRNAs in Arabidopsis thaliana (At) as well as partly in barley Hordeum vulgare (Hv).

It is clear that efficiency of gene silencing depends on the number of functional siRNAs in the

fungus. How and which silencing signals, so whether siRNAs and/or dsSRNA precursors, are
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transferred from plant into fungal cells is unclear. Hypothesis include amongst others a vesicle
based transport mechanism of siRNAs. To prove this, a method for the isolation of exosome-
like nanoparticles was established for Arabidopsis as well as barley and combined with RNA
sequencing.

Another open question is how transgenically expressed dsRNAs and/or sSiRNAs are transported
in the plant itself. Long distance transport is probably mediated through the phloem and assisted
by RNA-binding proteins. Due to missing knowledge about phloem RBPs from Arabidopsis,
RBPs from other species were assessed in this study. Best studied phloem RNA binding
proteins are PP16 and RBP50 from Cucurbita maxima. These proteins were cloned and together
with CYP3RNA expressed in Arabidopsis. By co-RNA-Immunoprecipitation and RNA
sequencing, it should be assessed whether these two proteins bind CYP3RNA-originating
siRNAs, which would suggest a phloem based siRNA transport. Additionally, the five DRBs
from Arabidopsis were cloned and assessed similarly. DRB-bound siRNAs could give further
inside into the procession mechanism of transgenic dsSRNA and involvement of different RNA
binding proteins. The functions of the five AtDRBs are only partly resolved. Involvement of
them in RNAiI-based plant protection could clarify new DRB functions and help to understand

procession mechanisms of transgenically expressed dsRNA.
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Fig. 3 RNA sequencing of CYP3RNA-expressing Arabidopsis thaliana plants. CYP3RNA originating antisense siRNA hits
are shown as reads per million. Below CYP3RNA precursor and lengths of the individual target sequences of FgCYP51A,
FgCYP51B and FgCYP51C are shown (unpublished data).
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2. Material and Methods
2.1 Material

2.1.1 Plant material and growth conditions

All transformations of Arabidopsis were done in the Col-0 Koéln background. Seeds from
Arabidopsis CYP3RNA plants were obtained from previous studies (Koch et al., 2013) and
used in T3 generation. Transformations of barley (Hordeum vulgare) were done in the Golden
Promise background. Other mutant lines from Arabidopsis that were used in this study are listed
below (Tab. 1).

Tab. 1 Plant material and mutants that were used in this study.

Mutant Mutant allele Stock number Disposition
DRB1 drbl Salk_064863, N859864 DRB immunoprecipitation (IP)
DRB2 drb2 N433321 GK-348A09 DRB IP
DRB3 drb3 Salk 003331, N503331 DRB IP
DRB4 drb4 Salk 000736, N9970 DRB IP
DRB5 drb5 Salk 031307C, N656337 DRB IP
#41 CYP3RNA L19P1T3 (Koch et al., 2013)

Arabidopsis Col-0 wt and transgenic Arabidopsis plants were grown in a climate chamber with
8 h photoperiod at 22°C with 60% relative humidity. For floral dip transformation of
Arabidopsis, flowering was induced by switching to 16 h photoperiod at 22°C with 60% relative
humidity.

Barley cv. Golden Promise and transgenic barley plants were grown in a climate chamber with
a 16 h photoperiod at 22°C with 60% relative humidity.

Nicotiana benthamiana (Nb) was grown at 24°C with 16 h photoperiod and 70% relative

humidity.

2.1.2 Fungi and bacteria material

Fungal and bacterial strains used in this study are listed below (Tab. 2). Escherichia coli (E.
coli) was grown at 37°C on lysogeny broth (LB) agar plates or as LB liquid culture.
Agrobacterium tumefaciens was grown at 28°C on yeast extract broth (YEB) agar plates or as
liquid culture.

Fusarium graminearum (Fg) was grown on synthetic nutrient-poor (SNA) agar plates at 25°C
with 12 h photoperiod in an incubator (BINDER, Germany).
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Tab. 2 Bacterial strains that were used in this study.

Organism Strain Disposition
Escherichia coli DH5a cloning
Escherichia coli XI1 blue cloning
Agrobacterium tumefaciens AGL1 Transformation of
Arabidopsis and Hv
Agrobacterium tumefaciens GVv3101 Protein expression in Nb
Fusarium graminearum (Fg) IFAGS Plant infection assays
2.1.3 Plasmids
Tab. 3 List of plasmids used in this study.
Plasmid Company/Reference Disposition
pGEM-T Promega stacking of CYP51 constructs
p7U10 RNAI DNA cloning service Arabidopsis transformation for
HIGS
p7i-Ubi-RNAi2 DNA cloning service Hv transformation for HIGS

po6i DNA cloning service

Hv transformation for HIGS

pAUL17 (Lyska et al., 2013) expression of RBPs in
Arabidopsis and Nb
pAUL1 (Lyska et al., 2013) expression of RBPs in
Arabidopsis and Nb
pAUL19 (Lyska et al., 2013) expression of RBPs in
Arabidopsis and Nb
pDONR™/Zeo ThermoScientific Gateway cloning
2.1.4 Primers

All Primers were purchased from Eurofins Scientific.

Tab. 4 List of primers used in this study

No. Primer name Primer sequence Application

1 Cyp51A(HindlI)_fw ATTTAAAGCTTCGGTCCATTGACAATCCCCGT Cloning CYP-A
2 Cyp51A(Xmal)_rev ATTTACCCGGGGCAGCAAACTCGGCAGTGAG Cloning CYP-A
3 Cyp51B(HindIl)_fw ATTTAAAGCTTCAGCAAGTTTGACGAGTC Cloning CYP-B
4 Cyp51B(Xmal)_rev ATTTACCCGGGAGAGTTCATAAGGTGCTTCA Cloning CYP-B
5 Cyp51C(HindIll)_fw ATTTAAAGCTTATTGGAAGCACCGTACAAT Cloning CYP-C
6 Cyp51C(Xmal)_rev ATTTACCCGGGCATTGGAGCAGTCATAAACAA Cloning CYP-C

7 CYP51A4_F CCTTTGGTGCCGGTAGACAT

8 CYP51A4_R CCCATCGAATAAACGCAG GC

9 CYP51B_F TCTACACCGTTCTCACTACTCC

10 CYP51B_R GCTTCTCTTGAAGTAATCGC
11 CYP51C2_F CGAGTCCCTGGCACTGAATG
12 CYP51C2_R GCTCATCACCCCAAAACCGT

13 EFla_F CAAGGCCGTCGAGAAGTCCAC

14 EFla_R TGCCAACATGATCATTTCGTCGTA
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No.  Primer name Primer sequence Application

15 Cyp5lA(T7)_fw TAATACGACTCACTATAGGGCGGTCCATTGACAATCCCCG  dsRNA synthesis

16 Cyp51A(T7)_rev AATACGACTCACTATAGGGCATTGGAGCAGTCATAAACAA  dsRNA synthesis

17 Cyp51B(T7)_fw TAATACGACTCACTATAGGGCAGCAAGTTTGACGAGTC dsRNA synthesis

18 Cyp51B(T7)_rev TAATACGACTCACTATAGGGAGAGTTCATAAGGTGCTTCA dsRNA synthesis

19 Cyp51C(T7)_fw TAATACGACTCACTATAGGGATTGGAAGCACCGTACAAT dsRNA synthesis

20 Cyp51C(T7)_rev TAATACGACTCACTATAGGGCATTGGAGCAGTCATAAACA  dsRNA synthesis

21 Ubideg60_fw ACCCTCGCCGACTACAACAT gRT-PCR barley

22 Ubideg60_fw CAGTAGTGGCGGTCGAAGTG gRT-PCR barley

23 Ubi4_F GCTTGGAGTCCTGCTTGGACG qRT-PCR Arabidopsis
24 Ubi4_R CGCAGTTAAGAGGACTGTCCGGC qRT-PCR Arabidopsis
25 gCYPA_trans_F1 TGGCCTTACGCAAAAAGCAC expression CYP-A
26 gCYPA_trans_R1 CGATGGTGCTAGTTCTGCCA expression CYP-A
27 qCYPB_trans_F1 CCTCGATATGGGCTTCACCC expression CYP-B
28 gqCYPB_trans_R1 CGGATTCGTTGTTGCCCTTG expression CYP-B
29 gqCYPC_trans_F1 ACGGCGACTGCTTTACCTTT expression CYP-C
30 gCYPC_trans_R1 TTCCCATAAACGTCCTCGGC expression CYP-C
31 CYPA_F_full ATAAT AAGCTT TTCCATCTACTCATCTATCCCTTATG Cloning CYP-A_f
33 CYPA_R_full ATAAT CCCGGG TATCTTCTTCCTACGCTCCCATC Cloning CYP-A_f
34 CYPA_F_500bp ATAAT AAGCTT GGATGCCAATGCAGAAGAAGTTTAC Cloning CYP-A_500
35  CYPA_R_500bp ATAAT CCCGGG TGGCTATCATATCAGTACCATCTTC Cloning CYP-A_500
36  CYPA_R_800bp ATAAT CCCGGG GCAGGATTGAGTGGATGGAAGAG Cloning CYP-A_800
37 CYPB_F_ full ATAAT AAGCTT GGTCTCCTTCAAGAACTGGCGGG Cloning CYP-B_f
38  CYPB_R_full ATAAT CCCGGG CTGGCGTCGCTCCCAGTGAATG Cloning CYP-B_f
39  CYPB_F _400bp: ATAAT AAGCTT GCATTGCCGATATCCCCAAGAAG Cloning CYP-B_400
40 CYPB_R_400bp: ATAAT CCCGGG CATGAGCTGGTGGAAGAAGAAGAG Cloning CYP-B_400
41 CYPB_F_800bp: ATAAT AAGCTT GAGATCTACACCGTTCTCACTACTC Cloning CYP-B_800
42 CYPB_R_800bp: ATAAT CCCGGG ACGGGCATGGGAGACTTGACG Cloning CYP-B_800
43 CYPC_F_full ATAAT AAGCTT GAATCGCTCTACGAGACTCTGC Cloning CYP-C_f
44 CYPC_R_full ATAAT CCCGGG TTCTACTGTCTCGCGTCGACGC Cloning CYP-C_f
45  CYPC_F_400bp: ATAAT AAGCTT CGTTGTATTCCATATCTTCCCCTTC Cloning CYP-C_400
46 CYPC_R_400bp: ATAAT CCCGGG GATTCCTGTGTCACCCTTGAAG Cloning CYP-C_400
47  CYPC_R_800bp ATAAT CCCGGG GAAGCCAAGCACCACTAACAGC Cloning CYP-C_800
48 CYPB_fw CAGCAAGTTTGACGAGTC Cloning CYP-ABC
49 CYPB_rev AGAGTTCATAAGGTGCTTCA Cloning CYP-ABC
50  CYPA_fw(Aatll) ATTTAGACGTCCGGTCCATTGACAATCCCCGT Cloning CYP-ABC
51  CYPA_rev(Ncol) ATTTACCATGGGCAGCAAACTCGGCAGTGAG Cloning CYP-ABC
52 CYPC_fw((Bcul/Spel) ATTTAACTAGTATTGGAAGCACCGTACAAT Cloning CYP-ABC
53 CYPC_rev(Sacl) ATTTAGAGCTCCATTGGAGCAGTCATAAACAA Cloning CYP-ABC
54 CYPA_fw(Sacl) ATTTAGAGCTCCGGTCCATTGACAATCCCCGT Cloning CYP-BCA
55  CYPA rev(Nsil) ATTTAATGCATGCAGCAAACTCGGCAGTGAG Cloning CYP-BCA
56  HS_F_CYPA(Hindlll) ATTTAAAGCTTCGCAAAAAGCACTCGAGTC Cloning CYP-HSA
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No.  Primer name Primer sequence Application

57 HS_R_CYPA(Xmal) ATTTACCCGGGTCGATGGTGCTAGTTCTGC Cloning CYP-HSA

58 5prime_F_CYPA: ATTTAAAGCTTTTCCATCTACTCATCTATCCCTTATG Cloning CYP-A5’

59 5prime_R_CYPA: ATTTACCCGGGATTGGCATCCTGGAGGCGAC Cloning CYP-A5’

60  Sprime_F_CYPB: ATTTAAAGCTTGGTCTCCTTCAAGAACTGGCGGG Cloning CYP-B5’

61  5prime_R_CYPB: ATTTACCCGGGTGGGGGGGTCCATTCCGTATG Cloning CYP-B5’

62  middle_F_CYPC: ATTTAAAGCTTGATGATGGCTTCCAACCCATTA Cloning CYP-Cmiddle’

63 middle_R_CYPC: ATTTACCCGGG GGATAGCAATCAACATACGCG Cloning CYP-Cmiddle’

64 CYPA_F(Aatll+Hindlll)  ATTTAGACGTCAAGCTTCGGTCCATTGACAATCCCCGT Cloning CYP-AAA

65 CYPA_R(Ncol) ATTTACCATGGGCAGCAAACTCGGCAGTGAG Cloning CYP-AAA

66  CYPA_F_Spel: ATTTAACTAGTCGGTCCATTGACAATCCCCGT Cloning CYP-AAA

67  CYPA_R_Sacl+Xmal: ATTTAGAGCTC CCCGGG GCAGCAAACTCGGCAGTGAG Cloning CYP-AAA

68 CYPB_F_Aatll+Hindlll:  ATTTAGACGTCAAGCTTCAGCAAGTTTGACGAGTC Cloning CYP-BBB

69 CYPB_R_Ncol: ATTTACCATGGAGAGTTCATAAGGTGCTTCA Cloning CYP-BBB

70 CYPB_F_Spel: ATTTAACTAGTCAGCAAGTTTGACGAGTC Cloning CYP-BBB

71 CYPB_R_Sacl+Xmal: ATTTAGAGCTCCCCGGGAGAGTTCATAAGGTGCTTCA Cloning CYP-BBB

72 CYPC_fw: ATTGGAAGCACCGTACAAT Cloning CYP-CCC

73 CYPC_rev: CATTGGAGCAGTCATAAACAA Cloning CYP-CCC

74 CYPC_F_Aatll+Hindlll:  ATTTAGACGTCAAGCTTATTGGAAGCACCGTACAAT Cloning CYP-CCC

75 CYPC_R_Ncol: ATTTACCATGGCATTGGAGCAGTCATAAACAA Cloning CYP-CCC

76 CYPC_F_Spel: ATTTAACTAGTATTGGAAGCACCGTACAAT Cloning CYP-CCC

77  CYPC_R_Sacl+Xmal: ATTTAGAGCTCCCCGGGCATTGGAGCAGTCATAAACAA Cloning CYP-CCC

78 AttB1_PP16_1 AAAAAGCAGGCTCCGGGATGGGAATGATGGAGGTCC Cloning PP16 in pAUL17
79 AttB2_PP16_1 AGAAAGCTGGGTTTAGTTTTCCCATGGGTAACATCC Cloning PP16 in pAUL17
80 AttB1_RBP50_1 AAAAAGCAGGCTCCACTGAACCCTCAAAGGTTATTC Cloning PP16 in pAUL17
81 AttB2_RBP50_1 AGAAAGCTGGGTTCATATACTCTGCAGCTGGGAAAAC Cloning PP16 in pAUL17
82  AttB1_RBP50_2 AAAAAGCAGGCTCCACCATGACTGAACCCTCAAAGGTTAT  Cloning PP16 in pAUL1
83 AttB2_RBP50_2 L((:BAAAGCTGGGTCTATACTCTGCAGCTGGGAAAAC Cloning PP16 in pAUL1
84 DRB1_AttB1 AA AAAGCAGGCTCCACCTCCACTGATGTTTCCTCTG Cloning DRB1 in pAUL17
85 DRB1_AttB2 A GAAAGCTGGGTTTATGCGTGGCTTGCTTCTGT Cloning DRBL1 in pAUL17
86 DRB2_AttB1 AAAAAGCAGGCTCCTATAAGAACCAGCTACAAGAGTTG Cloning DRB2 in pAUL17
87 DRB2_AttB2 AGAAAGCTGG GTTCAGATCTTTAGGTTCTCCAG Cloning DRB2 in pAUL17
88 DRB3_AttB1 AA AAAGCAGGCTCCTATAAGAATCAGTTGCAAGAGC Cloning DRB3 in pAUL17
89 DRB3_AttB2 A GAAAGCTGGGTCTAATTTGGTAATGACTTCTTCTC Cloning DRB3 in pAUL17
90 DRB4_AttB1 AAAAAGCAGGCTCCGATCATGTATACAAAGGTCAACTG Cloning DRB4 in pAUL17
91 DRB4_AttB2 AGAAAGCTGGGTTTATGGCTTCACAAGACGATA Cloning DRB4 in pAUL17
92 DRB5_AttB1 AAAAAGCAGGCTCCTATAAGAATCAGCTTCAAGAGC Cloning DRB5 in pAUL17
93 DRB5_AttB2 A GAAAGCTGG GTCTAACTATCATGGGTTTGATCC Cloning DRB5 in pAUL17
94 attB1_fw GGGG ACAAGTTTGTACA fusion of attB1 sites

95 attB2_rev GGGGACCACTTTGTACA fusion of attB2 sites

96 M13_fw GTTTTCCCAGTCACGAC sequencing/colony PCR
97 M13_rev AACAGCTATGACCATG sequencing/colony PCR
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98 gCYPA-500/800_f TTGGAAACGCAGTCGCTTAC gRT-PCR FgCYP51A
99 gqCYPA-500/800_r AAGCGACGATTTTTCGACCG gRT-PCR FgCYP51A
100 qgCYPB-500/800_f GGCCAGCAAGTTGGAATTGG gRT-PCR FgCYP51B
101 qCYPB-500/800_r CAATGCGGCTGTATCGAACG qRT-PCR FgCYP51B
102 qCYPC-500/800_f ATCCCACACACTGCTTTCGT qRT-PCR FgCYP51C
103  qCYPC-500/800_r TCCAGCTCCAAAGGGCAAAT qRT-PCR FgCYP51C
104 qCYP-A5’ f GCCTCACAACCGAAAACGAG gRT-PCR FgCYP51A
105 qCYP-AS’ r GGAACAGGCTGTCCGTTCTT gRT-PCR FgCYP51A
106 qCYP-Cmid_f TCAACGCCGAGGACGTTTAT gRT-PCR FgCYP51C
107 qCYP-Cmid_r CTGCACACAAGGAGGGGTTA qRT-PCR FgCYP51C
108  oligo(dT)Primer TTTTTTTTTTTTTITTTTT cDNA synthesis

109 random Hexamer d(n)s cDNA synthesis

2.2 Methods

2.2.1 Polymerase chain reaction (PCR)

PCR for genotyping of transgenic Arabidopsis and Hv plants or colony PCR for selection of
bacterial transformants were performed using DCS-Taq DNA Polymerase (DNA cloning
service). Standard 20 pul PCR approach and temperature protocol are shown below (Tab. 5).
Annealing temperature and elongation time were adjusted according to primer melting

temperature and length of template respectively.

Tab. 5 Standard 20 pl PCR approach and temperature protocol for DNA amplifications with the DCS-Tag DNA
Polymerase.

component amount [ul] temperature [°C] time

10x BD buffer 2 94 5 min

dNTPs (2 mM) 2.5 94 30 sec

MgCl; 15 50-60 30 sec x 30
Primer forward 10 pmol 72 1 min/kb
Primer reverse 10 pmol 72 5 min

DCS Taq 0.5 4 ©

template X ul

ddH20 ad 20 pl

For vector cloning, PCR was performed with the Phusion High-Fidelity DNA polymerase
(Thermo Scientific). Standard 25 pl PCR approach and temperature protocol are shown below
(Tab. 6). Optional 1 ul DMSO was added to the PCR reaction. Annealing temperature and
elongation time were adjusted according to primer melting temperature and length of template

respectively.
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Tab. 6 Standard 25 ul PCR approach and temperature protocol for DNA amplifications with the Phusion High-Fidelity
DNA Polymerase.

component amount [
5x HF/GC buffer 5 98 30 sec

dNTPs (10 mM) 2 98 10 sec

Primer forward 10 pmol 50-60 30 sec x 35
Primer reverse 10 pmol 12 30 sec/kb

Phusion 0.3 72 5 min

template X pl 4 0

DMSO 1 pl (optional)

ddH.0 ad 25 pl

Before the ligation of blunt-end Phusion Polymerase amplified DNA fragments with pGEM-T
(Promega), A-tailing reaction was performed with the DCS-Taq Polymerase in a standard 20 pl
PCR approach (Tab. 7). A-tailing reaction was used directly for ligation.

Tab. 7 A-tailing reaction for ligation of DNA fragments with pPGEMT-T.

component amount [l temperature [°C time

10 x BD buffer 2 72 30 min
dATPs (2 mM) 3 4 ©
MgCl» 1.5

DCS Taq 1

Insert ad 20 pl

2.2.2 Vector cloning by ligation

Before ligation of CYP51 constructs with p7U10-RNAI for Arabidopsis transformation or p7i-
Ubi-RNAI2 for Hv transformation, inserts were stacked into pGEM-T vector (Promega).
Therefore, single dATP overhangs were generated by the DCS-Taq Polymerase (2.2.1). For
restriction enzyme cloning, insert and vector were digested in a 20 pl reaction using the
supplied buffers and according to the manufacturer’s instructions. Restriction enzymes were
obtained from New England BioLab (NEB) or Thermo Scientific. After digestion, DNA
fragments were either purified or used directly for ligation.

Equimolar ratios for vector and insert were calculated with the following formula. For ligation

ratios of 3:1 or 5:1 of insert to vector were used.

ng vector x size of insert (bp)

=ng insert
size of vector (bp) 4

Ligation was performed for 1 h at room temperature (RT) or overnight at 4°C ina 20 pl reaction
using the T4 DNA ligase from Thermo Scientifc (Tab. 8).
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Tab. 8 Reaction approach for sticky-end ligation.

component amount [ul]

10 x T4 ligase buffer | 2

vector 100 ng

insert 3:1 to 5:1 ratio over vector
T4 ligase 1

ddH20 add 20 pl

2.2.3 Gateway vector cloning of RBP containing pAUL vectors

The pAUL vectors for transient expression of RBPs in Nicotiana benthamiana (Nb) or
transformation of Arabidopsis were obtained by Gateway cloning. CmRBP50, CmPP16 and
sequences of AtDRB1-5 were first amplified from the respective cDNA using specific primers
(Tab. 4) and inserted into pGEM-T. Afterwards attB1 and attB2 recombination sites were added
using Phusion DNA Polymerase (Thermo Scientific) and specific primers (Tab. 4) by a two-
step PCR protocol (2.2.1) to avoid usage of extremely long oligonucleotides. In the first step
attB1/2 mini sites containing only half of the attB sites were fused in a short five cycle PCR
using gene specific primers (Tab. 4). In the second PCR, these fragments were further amplified
after purification by the Wizard PCR purification kit (Promega) using primer pair 94/95 (Tab.
4), that contains the 5’ end of attB sites. Entry clones were obtained after BP reaction of attB
site containing DNA fragments and pDONR™/Zeo (Thermo Scientific). BP reaction was
performed in a 10 pl reaction overnight at RT using the supplied buffers (Tab. 9). After the
reaction, BP clonase was denatured by adding 1 pul Proteinase K (Thermo Scientific) and
incubation for 10 min at 37°C.

Tab. 9 BP reaction for the generation of entry clones

component amount [ul]

5x BP clonase reaction buffer (Invitrogen™) |1
attB-PCR product 150-300 ng
pDONR™/Zeo 300 ng

TE buffer ad 10 pl

For selection of positive plasmids, 5-10 pl of BP reaction were transformed into chemically
competent E. coli DH5a cells by heat-shock transformation (2.2.5) and plated on selective agar
plates. Grown colonies were analysed by colony PCR (2.2.1) using the M13 primer pair. After
re-isolation, positive plasmids were verified by enzymatic digest and sequencing (2.2.4).
Afterwards LR reaction was performed in a 16 pl reaction overnight at RT (Tab. 10). Before
transformation of 5-10 ul of the reaction into competent E. coli DH5a cells, LR clonase was
denatured by adding 1 ul proteinase K (Thermo Scientific) and incubation for 10 min at 37°C.
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Transformants were selected as described above and all plasmids were verified by restriction
digest as well as sequencing (2.2.4) of the final destination vector.

Tab. 10 LR reaction between entry clone and destination vector.

component !!iig!lii!i!“!

5x LR clonase reaction buffer (Invitrogen™) | 4

Entry clone 150-300 ng
Destination vector 300 ng

TE buffer ad 16 pl

2.2.4 DNA sequencing
For sequencing, plasmid DNA was sent to LGC Genomics according to the manufacturer’s
instructions. DNA sequencing results were analyzed using the ApE — A plasmid Editor

software.

2.2.5 Heat-shock transformation of chemically competent Escherichia coli cells

For the transformation of chemically competent E. coli DH5a or XlI1blue cells with plasmids,
100 pl cells were thawed on ice for 30 min. In the case of previously ligated plasmids or
plasmids generated by Gateway cloning, 5-10 pl of the ligation respectively Gateway reaction
were used. For retransformation of plasmids 50 ng DNA was used. The DNA and the cells were
mixed carefully and incubated on ice for 20 min. Heat-shock was performed in a 42°C tempered
water bath for 90 sec. After that, the cells were cooled on ice for 2 min and mixed with 500 pl
sterile LB media. Before plating on LB-agar plates containing the appropriate antibiotics, cells
were regenerated for 60 min at 37°C with agitation. The plates were incubated overnight at

37°C and growing colonies were analyzed by colony PCR (2.2.1).

2.2.6 Electroporation of Agrobacterium tumefaciens

For the transformation of A. tumefaciens AGL1 or GV3101 with plasmids, 40 pl competent
cells were thawed on ice and mixed with 100 ng plasmid DNA. After that the cells were
transferred to precooled cuvettes for electroporation (Bio-Rad) and pulsed twice in the Gene
Pulser Xcell™ Electroporation Systems (Bio-Rad). They were cooled on ice for 5 min and
resuspended in 1 ml YEB media. The cell suspension was transferred to a 1.5 ml reaction tube
and incubated at 28°C for 2 h without agitation. For the selection of successfully transformed
bacteria, 50-100 pl of the cell suspension were plated on YEB agar plates containing the
appropriate antibiotics. Plates were incubated at 28°C for 2 days and growing colonies were
analyzed by colony PCR (2.2.1)
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2.2.7 lsolation of genomic DNA from plant leaves

For genotyping of transgenic Arabidopsis or Hv plants, genomic DNA was extracted with the
Quick & Dirty method. Therefore, single leaves of potential transgenic plants were harvested
in 2.0 ml reaction tubes, frozen in liquid nitrogen and crushed to a fine powder using tissue
lyzer Il (Qiagen). Then 500 ul DNA extraction buffer (200 mM Tris-HCI pH 7.5, 250 mM
NaCl, 25 mM EDTA, 0.5%SDS) was added to the frozen powder, mixed vigorously and
incubated for 10 min at RT. After addition of 500 pl chloroform, samples were mixed for 20 sec
and centrifuged for 10 min at 13,000 xg. The upper phase was transferred to a new 1.5 ml
reaction tube and DNA was precipitated by adding 500 pl isopropanol, incubation for 10 min
at RT and centrifugation for 10 min at 13,000 xg. The pellet was washed with 70% EtOH and

dried completely before resuspension in 30-100 ul ddH2O depending on leave size.

2.2.8 RNA extraction from plant leaves

RNA extraction was performed using TRIzol (Thermo Scientific) or GENEzol (Geneaid)
reagent according to the manufacturer’s instructions. Leaves were grind to a fine power in liquid
nitrogen with pestle and mortar or in the case of single leaves by using tissue lyzer 1l (Qiagen).
All centrifugation steps were performed in an Eppendorf 5417R centrifuge at 4°C. For RNA
extraction 1 ml TRIzol respectively GENEzol reagent was added to the frozen plant powder,
resuspended by vortexing and incubated for 5 min at RT. Phase separation was performed for
20 min at 13,000 rpm. The upper phase (~ 500 pl) was transferred to a new 1.5 ml reaction
tube, mixed with 500 ul isopropanol and incubated for 15 min at RT. RNA was precipitated by
centrifugation at 13,000 rpm for 30 min, supernatant was removed carefully, and the pellet was
washed with 1 ml ice-cold 70% EtOH. After a final centrifugation at 13,000 rpm for 5 min and
removal of the supernatant, pellet was dried completely at RT. For resuspension 50 ul DEPC-
ddH20 was added to the pellet and incubated for 10 min at 70°C. RNA concentration was
determined by using NanoDrop Spektralphotometer (Peglab) and RNA was stored at -80°C.

2.2.9 RNA extraction for RNA sequencing

Before isolation of RNA from plant EVs, RNAse digest was performed using 0.4 ng pl™t RNAse
A (Thermo Scientific). Samples were incubated for 10 min at 37°C and kept on ice until
proceeding with RNA extraction. RNA from plant exosome-like nanoparticles, EVs or after
immunoprecipitation of RBPs was isolated using the Single Cell RNA Purification Kit (Norgen
Biotek) according to the manufacturer’s instructions described for cells growing in suspension.
RNA concentrations were determined using the NanoDrop Spektralphotometer (Peglab) and
RNA was stored at -80°C.
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2.2.10 DNAse I digest and cDNA synthesis
Before cDNA synthesis, remaining DNA was digested by DNAse | (Thermo Scientific) using
RiboLock RNAse Inhibitor (Thermo Scientific) for 30 min at 37°C (Tab. 11).

Tab. 11 Reaction mixture for DNAse | digest

component amount [ul]

10x DNAse | buffer 1l
RNA 1-2 ug
DNAse | 1l
RiboLock (40 U/ul) 0.5l
DEPC-ddH,0 ad 10 pl

For cDNA synthesis 1 pg digested RNA was used. For pathogen assays cDNA synthesis was
performed using gScript™ cDNA synthesis kit (Quanta). Standard reaction approach of 20 pl
is shown below (Tab. 12).

Tab. 12 Reaction assembly for cDNA synthesis using gqScript™ cDNA synthesis kit

component M!mi! temperature [°C]  time

5x qScript reaction mix 4 22 5 min
gScript RT 1 42 40 min
RNA (DNAse digested) 1 ug (5-10 pl) 85 5 min
nuclease-free water 5-10

cDNA synthesis for expression studies of dsRNA expressing Arabidopsis or barley was
performed with RevertAid first strand cDNA synthesis kit (Thermo Scientifc) using OligodT
and Random Hexamer Primer (Tab. 4). Standard 20 pl reaction approach is shown below (Tab.
13).

Tab. 13 Reaction assembly for cDNA synthesis using RevertAid first strand cDNA synthesis kit

component amount [ul] temperature [°C] time

5x qScript reaction mix 4 22 5 min
gScript RT 1 42 60 min
RNA (DNAse digested) 1 pg (5-10 pl) 85 5 min
nuclease-free water 5-10

Before using the cDNA for gRT-PCR, reaction was filled up to 100 pl with ddH20 and analyzed
by PCR using the respective reference primer (Tab. 4).
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2.2.11 Quantitative Real-Time PCR (QRT-PCR)

Quantitative Real-Time PCR (gRT-PCR) was performed with freshly synthetized cDNA
(2.2.10) in the QuantStudio 5 Real-Time PCR system (Applied Biosystems) in 384-well plates
using SYBR® green JumpStart Tag ReadyMix (Sigma-Aldrich). For each sample three
replicates were performed and target transcript levels were determined via the 2 2 €t method
(Livak and Schmittgen, 2001) by normalizing the amount of target transcript to the amount of

reference transcript. Primers used for gRT-PCR are shown in Tab. 4.

Tab. 14 Reaction assembly and temperature protocol for gRT-PCR in 384-well plates.

component amount [ul
SYBR® Mix 5 95 5 min

Primer forward 0.25 95 30 sec

Primer reverse 0.25 60 30 sec x 40
cDNA 1.5 (10 ng) 72 30 sec

ddH20 3 4 0

2.2.12 Agrobacterium tumefaciens mediated transformation of Arabidopsis thaliana
Plasmids for transformation of Arabidopsis were introduced into the A. tumefaciens strain
AGL1 by electroporation (2.2.6). Transformation of Arabidopsis was performed with the floral
dip method as described (Bechtold and Pelletier, 1998) and transgenic plants were selected on
Y% MS agar plates containing BASTA (7 ug/ml) or Hygromycin B (Invitrogen 50 pg/ml)
depending on the vector.

2.2.13 Agrobacterium tumefaciens mediated transformation of barley

Plasmids for transformation of barley were introduced into the A. tumefaciens strain AGL1 by
electroporation (2.2.6). The transformation of immature barley embryos was performed as
described (Imani et al., 2011).

2.2.14 Plant infection assays and spray application of dSRNA

Fg IFA65 was grown on SNA agar plates at 22°C in an incubator (BINDER). For all leaf
inoculation assays, Fg-IFA65 conidia concentration was adjusted to 5 x 10* macroconidia ml™
in ddH20 containing 0.002% Tween-20. After inoculation, plates were stored at RT and
infection symptoms were assessed at 5 dpi. To evaluate infection severity, fungal growth was
determined by measuring the size of chlorotic and necrotic lesions using the ImageJ software
(https://imagej.nih.gov/ij/index.html).

For the Arabidopsis — Fg infection 15 rosette leaves of ten different 5-wk-old plants of each

transgenic line and control plants [Col-0 wild-type (wt)] were detached and transferred in
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square petri dishes containing 1% agar. Inoculation of Arabidopsis was done by wound
inoculation of detached leaves with 5 pl Fg conidia suspension on each leaf side. Wounding
was performed by scratching of the leave surface with a pipette tip. At 5 dpi leaves were frozen
in liquid nitrogen and subjected to RNA extraction.

For the barley — Fg infection ten second leaves of ten different 3-wk-old plants of each
transgenic line (T1) as well as control plants (empty vector (ev)) were detached and transferred
in square petri dishes containing 1% agar. Inoculation was performed by drop inoculation of 3x
20 pl Fg conidia suspension per leaf. The leaf surface was scraped with the pipette tip before
placement of the droplet to the leaf. At 5 dpi leaves were frozen in liquid nitrogen and subjected
to RNA extraction.

For spray application, dsSRNA was generated using MEGAscript RNAI Kit (Invitrogen)
following the manufacturer’s instructions. The stacked pGEM-T clones or p7U10 plasmids
containing single and double CYP51 constructs (2.2.2) or the CYP3RNA (Koch et al., 2013)
were used as template. Primer pairs with T7 promoter sequences at the 5 end of both forward
and reverse primers were designed for amplification of dsSRNA (Tab. 4). The dsRNA, eluted in
TE-Buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA), was diluted in 500 ul water to a final
concentration of 20 ng plt. For the TE-control, TE-buffer was diluted in 500 pl water
corresponding to the amount that has been used for dilution of the dsSRNA. Typical RNA
concentration after elution was 500 ng pl, representing a buffer concentration of 400 uM Tris-
HCL and 40 uM EDTA in the final dilution. Detached barley leaves were covered before
spraying with a plastic tray leaving only the upper part (approximately 1 cm) uncovered. After
spraying, dishes were kept open until the surface of each leaf was dried. After 48 h, leaves were

drop-inoculated as described above.

2.2.15 Isolation of exosome-like nanoparticles from Arabidopsis thaliana

Rosette leaves of 4-5-wk old Arabidopsis plants were harvested. To get the cell extract, leaves
were grind with pestle and a mortar in a small amount of PBS buffer. The cell lysate was
collected and stored on ice. To separate the larger particles, the cell extract was sequentially
centrifuged at 1000 xg for 10 min (Eppendorf Centrifuge 5810R), 3000 xg for 20 min and
10,000 xg for 40 min at 4°C (Beckmann J2-21M/E). After the last centrifugation step the
supernatant was centrifuged at 160,000 xg for 90 min in an ultracentrifuge (SW 41 Ti,
Beckmann Coulter), the exosome containing pellet was resuspended in 1 ml PBS and loaded
on top of a sucrose gradient (8%-/15%-/30%-/45%-/60% sucrose in 20 mM HEPES, pH 7.3).
The gradient was centrifuged at 160,000 xg for 2 h and the bands between the 30%/45% and
the 45%/60% layer were harvested separately. To concentrate and wash the exosome-like
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nanoparticles the respective fraction was filled up to 10 ml with PBS and centrifuged again for
90 min at 160,000 xg. The pelletized vesicles were resuspended in a small amount of PBS and
analyzed by transmission electron microscopy (TEM; 2.2.17) or subjected to RNA extraction
(2.2.9) and RNA sequencing (2.2.18).

2.2.16 Isolation of extracellular vesicles from apoplastic washes of Arabidopsis thaliana
and barley

For the isolation of EVs from apoplastic washes of Arabidopsis, a previously published protocol
has been adjusted (Rutter and Innes, 2017). 5-wk-old Arabidopsis Col-0 wt and CYP3RNA
plants (Koch et al., 2013) were harvested at the rosette and the leaves were vacuum infiltrated
with vesicle isolation buffer (VIB: 20 mM MES, 2 mM CaCl, and 0.1 M NaCl, pH 6) until
infiltration sites were visible as dark green spots. The infiltrated plants were drained carefully
on filter paper and centrifuged in 30 ml syringes placed in 50 ml Falcons for 20 min at 700 xg
and 4°C (Eppendorf Centrifuge 5810R). The resulting apoplastic fluid was filtered through
45 um sterile filters and larger particles were separated by centrifugation at 10,000 xg for
30 min at 4°C (Eppendorf Centrifuge 5417R). The supernatant was then filled up to 10 ml with
VIB and centrifuged for 1 h at 48,000 xg and 4°C (Beckmann J2-21M/E). The resulting pellet
containing EVs was washed with 10 ml PBS before resuspension of the vesicles in a small
amount of PBS and analysis by TEM or proceeding with RNA extraction (2.2.9) and RNA
sequencing (2.2.18).

For the isolation of EVs from apoplastic washes of barley, leaves were pretreated with
CYP3RNA as described (Koch et al., 2016). Ten detached second leaves of 3-wk-old plants
were transferred in square Petri dishes containing 1% agar. Upper leave parts were sprayed with
500 pl CYP3RNA (20 ng pl™t) or TE-buffer in H2O and incubated for two days at RT. Only
unsprayed leave parts were harvested, washed in H20 and vacuum infiltrated with VIB until
infiltration sites were visible as dark green spots. The infiltrated leaves were drained carefully
on filter paper and centrifuged in 30 ml syringes placed in 50 ml falcons for 30 min at 1000 xg
and 4°C (Eppendorf Centrifuge 5810R). The next steps were done as described above.

2.2.17 Negative staining and transmission electron microscopy (TEM)

For TEM, formvar and carbon coated 300-mesh electron microscopy grids were glow
discharged prior to sample application for 40 s. Afterwards 5 pl of plant vesicles resuspended
in PBS were applied to the grids for 5 minutes. Then the fluid was drawn off using filter paper
(whatman no. 4) and grids were washed three times (1 min. each) in 50 pl of 2% uranyl acetate.

Finally, the solution was wicked away and the grids were air dried. Preparations were inspected
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in the TEM (EM912a/b - ZEISS) at 120 kV under zero-loss conditions and images were
recorded at slight underfocus using a cooled 2k x 2k slow-scan ccd camera (SharpEye / TRS)

and the iTEM software package (Olympus-SIS).

2.2.18 Small RNA sequencing and bioinformatic analysis

Indexed sRNA libraries were constructed from vesicle isolated RNA (2.2.9) with the TruSeq®
Small RNA Library Prep Kit for [llumina according to the manufacturer’s instructions. Indexed
SRNA libraries were pooled and sequenced on the Illumina HiSeq and NextSeq 500 platforms
and the sequences sorted into individual datasets based on the unique indices of each SRNA
library. The quality of the datasets was examined with fastqc before and after trimming. The
adapters were trimmed using cutadapt (Martin, 2011) version 1.14 (Tab. 15). The trimmed
reads were mapped to the CYP3RNA sequence using bowtie2 (Langmead and Salzberg, 2012)
version 2.3.2. to identify siRNAs derived from the precursor sequence. The mappings were first
converted into bedgraph using bedtools (Quinlan and Hall, 2010) version 2.26.0 and then to
bigwig using bedGraphToBigWig (Kent et al., 2010). These files were used for visualization
with IGV (Thorvaldsdattir et al., 2013). Read coverage is defined as the number of reads that

batch at a certain position of the sequence.

Tab. 15 Number of reads in datasets from small RNA sequencing of vesicle contained RNAs. Read number in million is

shown before and after adapter trimming.

Dataset No. of reads in million | No. of reads after trimming
vesicles-whole leaves (CYP) 2.3 2.2
vesicles-whole leaves (control) | 5.7 5.3
vesicles apoplast (CYP) 5.4 2.4
vesicles apoplast (control) 2.9 0.8
vesicles barley (CYP) 2.8 2.6
vesicles barley (TE) 2.8 2.6

2.2.19 “Quick & Dirty” protein extraction from plant leaves

“Quick & Dirty” protein extraction was done with 4x Laemlli buffer (125 mM Tris-HCI pH 6.8,
4%SDS, 50% glycerol, 0.02% bromophenol blue). Before usage, 1 ml Laemlli buffer was
heated at 95°C and mixed with 30 mg freshly weighed DTT. Approximately 50-100 mg frozen
plant material were filled in a 1.5 ml reaction tube, mixed with 50-100 pl 4x Laemlli buffer and
heated for 5 min at 95°C. Insoluble particles were separated at 14,000 rpm for 5 min (Eppendorf
centrifuge 5417R) and the supernatant was transferred to a new 1.5 ml reaction tube. The
samples were used directly for SDS-PAGE (2.2.20).
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2.2.20 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

For the separation of proteins, discontinuous polyacrylamide gels were used containing a 12%
resolving gel and a 3% stacking gel. The protocol for two gels is shown below (Tab. 16). Protein
extracts were mixed with 4x SDS-buffer (1M Tris pH 6.8, 80% Glycerol, 4% SDS, 0.05%
bromophenol blue) and denatured in a 95°C heating block for 5 min before loading into the
pockets of the SDS gel. After “Quick & Dirty” protein extraction, protein extracts were used
directly. After immunoprecipitation, proteins were released by incubation in SDS-buffer at
95°C for 5 min. Separation of proteins was done at 100 V for 2 h or until the blue color of the

buffer came out depending on the size of the proteins.

Tab. 16 Protocol for two 12% SDS-gels for the 1 mm BioRad Mini-Protean gel system

component Resolving gel Stacking gel
30% acrylamide mix | 4 ml 1 ml

1.5M Tris-HCI pH 8.8 | 2.5 ml -
1MTris-HCIpH 6.8 | - 600 p

H20 3.4 ml 3.6 mi

10% SDS 100 pl 100 pl
TEMED 10 pl 10 pl

10% APS 100 pl 50 pl

2.2.21 Western Blot

For the immunodetection after separation by SDS-PAGE, proteins were transferred from the
SDS gel to a PVDF membrane (Roth) by application of an electric tension. The blot was built
from bottom to top by 6x whatman paper (GE Healthcare), PVDF membrane, SDS-gel, 6x
whatman paper. Before, whatman paper was soaked in towbin buffer (25 mM Tris, 192 mM
glycin, 20% methanol) and the P\VDF membrane in methanol additionally. Electric tension of
25 V and 1.0 ampere was applied for 30 min (BioRad TransBlot Turbo) and the membrane was
washed in distilled water before proceeding with the immunodetection. Optional, the membrane
was stained with the ponceau reagent (1% ponceau in 5% (v/v) acetic acid) to verify successful
transfer of the proteins. For immunoprecipitation experiments ponceau stained rubisco complex

was used as a loading control for input samples.

2.2.22 Immunodetection

After western blot the PVDF membrane was washed 2 x with TBS-T buffer (100 mM Tris-HCI
pH 7.5, 150 mM NacCl, 0.1% tween-20) and then incubated with 20 ml 5% milk powder in TBS-
T for 1 hat RT or overnight at 4°C. After two additional washing steps in TBS-T, the membrane
was incubated with 10 ml of a 1:8000 dilution of anti-HA high affinity 3F10 (Roche) in 1%
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milk powder in TBS-T for 3 h at RT. The membrane was washed 5 x with TBS-T for 5 min
before detection of bound antibodies with the Amersham ECL™ Prime western blotting
detection reagent. The developing chemiluminescence was detected with the ChemiDoc XRS+

system from BioRad using the ImageLab Software.

2.2.23 Immunoprecipitation

All centrifugation steps were performed at 4°C in the Eppendorf 5417R centrifuge. For the
immunoprecipitation of HA-tagged RBPs, the leaves of RBP expressing Arabidopsis plants
(T1) were ground to a fine powder with liquid nitrogen. The proteins of 100-500 mg plant
powder were extracted with 1 ml IP lysis buffer (Tab. 17) containing 40 U/ml RNAseOUT
(Invitrogen), 0.5 mM PMSF and complete proteinase inhibitor cocktail (Roche). IP lysis buffer
was adopted with slight changes from (Carbonell et al., 2012). Insoluble particles were
separated by centrifugation at 12,000 xg for 5 min and 20 ul of the supernatant were kept as
input sample. The rest was mixed with 1-2 pug anti-HA 12CA5 antibody (Roche). After 1 h
incubation at 4°C on a tube rotator, 50-100 pl protein-A agarose (Roche) was added and
incubated for another hour at 4°C. Agarose-antibody-protein complexes were sedimented at
12,000 xg for 1 min and washed 6x for 10 min at 4°C with 1 ml IP lysis buffer (Tab. 17). For
analysis of RBP bound RNA, beads were divided after the last washing step into protein and
RNA fraction. In most cases 20% of the beads were used for protein and 80% for the RNA
fraction. Immunoprecipitated proteins were released by incubation with SDS buffer and heating
at 95°C for 5 min, beads were separated by centrifugation and the supernatant was loaded in
the pockets of a 12% SDS gels (see 2.2.20). Bound RNA was released by incubation of the
beads in 0,5 volume proteinase K buffer (Tab. 17) for 15 min at 65°C. Agarose was separated
by centrifugation and RNA was purified with the Single Cell RNA purification kit (Norgen
Biotek).

Tab. 17 Buffers used for immunoprecipitation of RBPs

IP lysis buffer Proteinase K buffer

50 mM Tris-HCI pH 7.4 | 100 mM Tris-HCl pH 7.4

100 mM KClI 10 MM EDTA
2.5 mM MqgCl, 300 mM NacCl
0.1% Nonidet-P40 2% SDS

1 mg/ml Proteinase K

2.2.24 Transient expression of RBPs in Nicotiana benthamiana

CmPP16, CmRBP50 and Arabidopsis DRB containing pAUL17 plasmids were introduced into

the A. tumefaciens strain GV3101 by electroporation (2.2.6). Bacterial precultures were
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incubated overnight at 28°C in 5ml YEB media containing the appropriate antibiotics
(25 pg/ml Rifampicin, 25 pg/ml Gentamycin, 50 pg/ml Kanamyecin). On the next day 50 ml
fresh YEB media containing 200 UM acetosyringone as well as antibiotics were inoculated with
the preculture and bacteria were incubated for another night at 28°C. Bacterial cells were
harvested by centrifugation and washed with MES buffer (10 mM MES pH 5.7, 10 mM MgCl,)
before dilution of the bacteria to an ODeoo of 0.5-1.0 in MES buffer containing 200 pM
acetosyringone. The cultures were incubated for 3-4 h at RT in the dark. Protein expression in
Nb was induced by infiltration of bacterial cultures into the leaves of 4-5-wk-old plants. Leave
samples were taken 24 h and 48 h post-infiltration, frozen in liquid nitrogen and stored at -80°C.
Before immunodetection of the proteins, leaves were ground to a fine powder in liquid nitrogen

and proteins were extracted by the “Quick & Dirty” method (2.2.19).

2.2.25 Off-target prediction

The precursor sequences of CYP51-dsRNAs were split into k-mers of 18 bases. These
sequences were mapped to the coding sequences (CDS) of Fg strain PH-1 (GCA_000240135.3)
with Segemehl (Hoffmann et al., 2009) using the following settings: accuracy of 60, report all
targets, max seed distance of 4, max e-value of 20. The hits were filtered for an edit distance of
0, 1, 2 and 3. For each sequence the mapping depth per position and edit distance was plotted
with Matplotlib (Hunter, 2007; Michael DroettboomNIH et al., 2017). Furthermore, every
matched CDS was annotated with PFAM domains (Eddy, 2011; Finn et al., 2016) (e-value cut-
off: 10e-5) in order to enrich the annotation with further data. The results were reported as plots
and a respective table containing the matching intervals and the annotation. The analysis is
implemented as an internal pipeline using Nextflow (Di Tommaso et al., 2017).

2.2.26 Statistical analysis
For statistical analysis, two-tailed students t-test was performed with data gained in plant

infection assays and qRT-PCR.
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3. Results

3.1  Host-Induced Gene Silencing of single and double FgCYP51 genes

3.1.1 Silencing of single and double FgCYP51 genes in Arabidopsis thaliana

Previous work has shown that HIGS of all three FgCYP51 genes by the CYP3RNA construct
can reduce growth of Fg in planta (Koch et al., 2013). However, functions of individual
FgCYP51 genes are only partly known from studies using Fg deletion mutants and remain to
be elucidated (Fan et al., 2013; Liu et al., 2011). In order to assess whether single and double
silencing of FgQCYP51 genes can influence fungal growth in a similar way, the respective
sequences of FgCYP51A, FgCYP51B and FgCYP51C were amplified from the CYP3RNA
construct and cloned into p7U10-RNA.I to obtain CYP-A, CYP-B, CYP-C, CYP-AC, CYP-BC
and CYP-AB (Fig. 4). The vector contains two inverted 35S promotors that drive the
constitutive expression of dsRNA.

CcYP-A
CYP-B
cyp-c

| CYP-AC

. cvpBc |
Hindiil\__CYP-AB  / yma) “
I

p7U10_CYP-A/-B/-C/-AC/-BC/-AB  UBQ10 bar T35s p35s sGEL cYp T35s sged

Fig. 4 Schematic representation of single and double FgCYP51 dsRNA constructs in p7U10-RNA.. The respective target
sequences of FgCYP51A, FgCYP51B and FgCYP51C were first arranged in the pGEM-T cloning vector and then inserted
between the Hindlll and Xmal restriction sites of p7U10-RNAi. UBQ10 = Arabidopsis ubiquitin-10 promoter, bar = bialaphos
resistance, T35S = 35S terminator, p35s = 35S promotor. (Hofle et al., 2018 in revision)

To assess antifungal potential of CYP3RNA derived dsRNAs in planta, all six constructs were
transformed into Arabidopsis Col-0 wt by the floral dip method (Bechtold and Pelletier, 1998).
After ripening of the seeds, transgenic plants were selected by glufosinat resistance (BASTA)
and insertion of the transgene was verified by PCR using gene specific primers. Positive plants
were propagated until T2 generation and used in pathogen assays with Fg. For the infection
assays, rosette leaves of 5-wk-old plants were wound-inoculated with a conidia suspension of
Fg IFAG65 and incubated for five days at RT. As controls Col-0 wt and CYP3RNA expressing
plants were assessed. After five days typical symptoms of Fg infection like chlorotic and
necrotic lesions were visible on wt plants. In contrast CYP3RNA plants were nearly completely

resistant against Fg infection as seen before (Koch et al., 2013). Moreover, leaves of plants

40



Results

expressing single and double CYP constructs showed only minor infection symptoms at the
inoculation sites in comparison to the wt. The only exception was CYP-C where chlorotic
lesions were bigger than seen for the other constructs (Fig. 5A). Analysing the size of chlorotic
and necrotic lesions by ImageJ further supports a significant reduction of the infection area that
was measured for all constructs except CYP-C. Infection areas were reduced from 35% for the
wt to 15% for CYP-A, 12% for CYP-B, 24% for CYP-C, 13% for CYP-AC, 17% for CYP-BC,
14% for CYP-AB and 15% for CYP3RNA (Fig. 5B).

In order to prove that resistance against Fg was caused by downregulation of FgCYP51 gene
expression, gRT-PCRs were performed. For all constructs, expression of target genes was
reduced in comparison to wt plants. Target genes of single constructs CYP-A, CYP-B and CYP-
C were reduced by about 85%, 50% and 75% respectively (Fig. 5C). CYP-AC was the most
efficient construct in terms of target gene silencing by reducing the expression of both target
genes by at least 95%. Generally, except CYP-C, there was no clear difference in resistance
enhancement as well as gene silencing efficiency between single and double constructs.
Surprisingly, for all single and double constructs expression of non-target genes was reduced
in a similar level explaining why all plants showed enhanced resistance against Fg that was
comparable to the CYP3RNA plants. In contrast to the phenotype, also CYP-C caused
downregulation of both non-target genes by 60% (Fig. 5). In general, the resistance
enhancement of single and double CYP construct expressing plants was provoked by co-
silencing of non-target FgCYP51 genes. This further masked the influence of the individual
genes on fungal growth as well as pathogenicity leaving the above asked question about
FgCYP51 gene function unresolved.
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Fig. 5 Host-Induced Gene Silencing in Fg on leaves of transgenic Arabidopsis expressing single and double CYP51-
dsRNA. A, fifteen detached rosette leaves of CYP51-dsRNA-expressing Arabidopsis plants (T2 generation) were drop-
inoculated with 5 x 10* conidia ml-L. Infection symptoms were evaluated at 5 dpi. B, quantification of the visibly infected area
at 5 dpi shown as percent of the total leaf area. Error bars represent SE of two independent experiments each using 15 leaves
of ten different plants for each transgenic line. C, gene-specific expression of FgCYP51A, FgCYP51B and FgCYP51C was
measured by qRT-PCR and normalized to fungal EF1-a (FGSG_08811) as reference gene. cDNA was generated after total
RNA extraction from infected leaves at 5 dpi. The reduction in CYP51 gene expression in the Fg-inoculated dsSRNA-expressing
leaves compared to the wt control was statistically significant. Error bars represent SD of two independent experiments each
using 15 leaves of ten different plants for each transgenic line. Asterisks indicate statistical significance (*p<0.05; **p<0.01;
***p < 0.001; students t-test). (Hofle et al., 2018 in revision)

3.1.2 Bioinformatics prediction of off-targets in the FgCYP51 genes caused by single
constructs CYP-A, CYP-B and CYP-C

To further analyse and confirm off-target effects detected by gRT-PCR a bioinformatics
analysis using the Segemehl software has been performed. Sequences of single constructs CYP-
A, CYP-B and CYP-C were split into k-mers of 18 bp and mapped to the coding sequences of
FgCYP51A, FgCYP51B and FgCYP51C. Off-targets for each single construct were predicted
for siRNAs with one to maximal three mismatches. As expected each construct has a long
perfect match on the corresponding CDS. Besides that, potential off-target regions with non-
perfect matches could be observed (Fig. 6). CYP-A showed off-targets in FgCYP51B and
FgCYP51C what correlates with the downregulation of all three genes as detected by gRT-PCR.
For CYP-B off-targets were predicted only in FgCYP51A and for CYP-C only in FgCYP51B
what contravenes the results of the qRT-PCR where downregulation of both non-target genes

could be observed (compare Fig. 5C). One could argue that downregulation of FgCYP51C by
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CYP-B was only minor and not significant congruent with the bioinformatics prediction (Fig.

5).
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Fig. 6 Off-target prediction for single CYP51-dsRNA constructs. Sequences of CYP-A (A), CYP-B (B) and CYP-C (C)
were split into k-mers of 18 bases. These were mapped against the corresponding coding sequences (CDS) of FgCYP51A,
FgCYP51B and FgCYP51C. For each position within the CDS the number of k-mers (count) that match with a specified number
of mismatches is plotted. (Hofle et al., 2018 in revision)

3.1.3 Silencing of single and double FgCYP51 genes in barley

To assess the antifungal potential of single and double CYP constructs for plant protection, we
transgenically expressed the same dsRNAs in the agronomical relevant plant Hordeum vulgare
(Hv). Therefore, single and double CYP sequences were transferred to the vector p7i-Ubi-
RNAIi2 which contains two inverted Ubiquitin promotors. In favour of the hygromycin
resistance gene, the whole cassette containing promotor as well as CYP sequences was
transferred to the p6i-Ubi-RNAI2 vector using Sfi restriction sites (Fig. 7). As control, the GUS
insert from p7i-Ubi-RNAIi2 was transferred to p6i-Ubi-RNAI2, too. For transformation of
barley embryos, the constructs were transformed in the A. tumefaciens strain AGL1 and
confirmed by colony-PCR.

CYP-A
CYP-B
CYP-C
CYP-AC
CYP-BC

CYP-AB

Hindlll Xmal

p6i_CYP-A/-B/-C/-AC/-BC/-AB  Ubi-int hpt T35s Ubi-int SGEL CYP T35s wr-gn

Fig. 7 Schematic representation of single and double FgCYP51 dsRNA constructs in p6i vector. The respective target
sequences of FgCYP51A, FgCYP51B and FgCYP51C were first inserted between HindlIl and Xmal restriction sites of p7i-
Ubi-RNAI2 and then transferred by Sfi restriction to p6i-Ubi-RNAI2. Ubi-int = plant ubiquitin promotor, hpt = hygromycin

resistance, T35S = 35S terminator. (Hofle et al., 2018 in revision)

The transformation of barley (Hv) was performed as described in Imani et al., 2011. After

regeneration of PCR positive plants, that integrated the transgene in their genome, expression
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of the transgene was further analysed by gRT-PCR. Using construct specific primers (Tab. 4),
the expression of dsRNA was determined, and best expressing plants were subjected to
propagation. Seeds received from the TO generation were then used for infection assays with
Fg. Thereby lines were chosen based on expression analysis of the TO generation. Again, the
generated plants (T1) were tested by PCR and transgene expression was verified by qRT-PCR.
Infection assays were performed on detached leaves of 3-wk-old plants that were inoculated
with a conidia suspension of Fg. After five days necrotic lesions were visible at the inoculation
sites of all leaves (Fig. 8A). Comparable to Arabidopsis, leaves expressing CYP-B, CYP-AC,
CYP-BC and CYP-AB showed significantly reduced infection areas in comparison to the GUS-
dsRNA expressing control. Infection areas were reduced from 54% for the GUS control to 33%
for CYP-B and CYP-AC and to 21% and 26% for CYP-BC and CYP-AB respectively (Fig.
8B). However, and in contrast to Arabidopsis, leaves expressing CYP-A and CYP-C dsRNAs
showed no difference in infection severity in comparison to the control. Phenotypes could be
confirmed by expression analysis of the FgCYP51 genes. CYP-A and CYP-C reduced the
expression of the target genes by about 60% and 45% respectively, whereas silencing of non-
target genes was in a range of 30% and lower. In contrast, CYP-B reduced the target gene
expression by 40% and simultaneously expression of non-target genes was reduced by about
60% explaining why CYP-B showed a higher resistance in comparison to the other single
constructs. In general infection severity seems to be reflected by the expression of FgCYP51B

as CYP-A and CYP-C showed a higher expression as all other constructs (Fig. 8C).
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Fig. 8 Fg infections and Host-Induced Gene Silencing on leaves of transgenic barley lines expressing CYP51-dsRNAs.
A, detached second leaves of 3-wk-old barley plants expressing CYP51-dsRNAs and dsRNA derived from the GUS gene
sequence (GUS) were inoculated with 5 x 10* macroconidia ml. Infection symptoms were assessed at 5 dpi. B, quantification
of the infection area shown as percent of the total leaf area. Error bars represent SE of two independent experiments, each using
ten leaves of ten different plants for each transgenic line. C, cDNA was generated at 5 dpi after total RNA extraction from
infected leaves. Gene-specific expression of FgCYP51A, FgCYP51B and FgCYP51C was measured by gRT-PCR and
normalized to fungal EF1-o as reference gene. Error bars represent SD of two independent experiments, each using ten leaves
of ten different plants for each transgenic line. Asterisks indicate statistical significance (*p<0.05; **p<0.01; ***p < 0.001;

students t-test). (Hofle et al., 2018 in revision)

3.1.4 Spray-Induced Gene Silencing of FgCYP51 genes using single and double CYP
constructs

Encouraged by the activity of single and double CYP constructs in HIGS approaches, the
potential of these constructs in Spray-Induced Gene Silencing (SIGS) approaches was assessed.
Earlier studies have proven that spraying of the CYP3RNA previous to Fg infection can confer
resistance on detached barley leaves (Koch et al., 2016). To analyse whether this also holds true
for single and double constructs, previously used plasmids (Fig. 4) were used for the generation
of dsRNA. dsRNAs at a concentration of 20 ng pl™* were sprayed on detached second leaves of
3-wk-old barley plants and after two days drop inoculated with Fg. As controls CYP3RNA and
TE-buffer were sprayed, too. In comparison to the TE control, CYP3RNA-treated leaves
showed significantly smaller lesion sizes that were reduced by over 90%. As already seen in
the Arabidopsis HIGS approach but in clear contrast to barley HIGS plants, all single and
double constructs reduced the infection area significantly by at least 80% (Fig. 9A, B). In

general, resistance enhancement was more prominent than in the HIGS approaches.
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Fig. 9 Infection symptoms of Fg on barley leaves sprayed with CYP51-dsRNAs. A, detached leaves of 3-wk-old barley
plants were sprayed with CYP51-dsRNAs or TE buffer. After 48 h, leaves were drop-inoculated with 5 x 10* conidia ml-* and
evaluated for infection symptoms at 5dpi. B, infection area, shown as percent of the total leaf area for ten leaves for each
dsRNA and the TE control. Error bars indicate SE of two independent experiments. Asterisks indicate statistical significance
(**p<0.01; ***p< 0.001; students t-test). C, gene-specific expression of FgCYP51A, FgCYP51B and FgCYP51C was measured
by gRT-PCR and normalized to fungal EF1-a as reference gene. Detached leaves of 3-wk-old barley plants were sprayed with
CYP51-dsRNA or TE buffer. After 48 h leaves were drop inoculated with 5 x 10* macroconidia mlt. cDNA was generated at
5 dpi after total RNA extraction from infected leaves. Error bars represent SD of two independent experiments. Asterisks
indicate statistical significance (*p< 0.05; **p<0.01; ***p< 0.001; students t-test). (Hofle et al., 2018 in revision)

Higher resistance was caused for all construct by target gene silencing by at least 50% (Fig.
9C) as well as strong co-silencing in the range of 40% or more (Fig. 10). The only exception
was CYP-AB where a high upregulation of FgCYP51C by over 400% occurred, which could
not be explained by the observed phenotypes.
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Fig. 10 Expression of non-target FgCYP51 genes in barley leaves after spray treatment of single and double CYP
dsRNAs. Gene-specific expression of FgCYP51A, FgCYP51B and FgCYP51C was measured by qRT-PCR and normalized to
fungal EF1-« as reference gene. Detached leaves of 3-wk-old barley plants were sprayed with CYP51-dsRNA or TE buffer.
After 48 h leaves were drop inoculated with 5 x 104 macroconidia mlt. cDNA was generated at 5 dpi after total RNA extraction
from infected leaves. Error bars represent SD of two independent experiments. Asterisks indicate statistical significance (*p<
0.05; **p<0.01; ***p< 0.001; students t-test). (Hofle et al., 2018 in revision)

3.2  Efficiency analysis of dsSRNAs with different lengths targeting the FgCYP51
genes via HIGS

The above shown results prove that silencing of single FgCYP51 genes via HIGS is possible
with dsRNA constructs of about 200 bp to 300 bp in lengths. Besides, multiple off-target effects
were provoked by these constructs leading to downregulation of all three FgCYP51 genes and
subsequent resistance against Fg. In theory, one could expect that longer precursor molecules
could also be processed into a higher number of matching siRNASs resulting in stronger
silencing of target genes. Additionally, and based on the results with single and double
constructs, one could expect that also off-target effects are more likely with longer precursor
molecules. In general, it is unknown how the length of the precursor dsRNA influences
procession efficiency of siRNAs as well as amplification of the silencing signal in plants. To
assess this question, dsRNA constructs of 400 bp to 500 bp and 800 bp were generated targeting
single FgCYP51 genes (CYPA-500/800, CYPB-400/800, CYPC-400/800). Additionally, the
full-length cDNA of each FgCYP51 gene (CYPA-full, CYPB-full, CYPC-full) was cloned
without the start and the stop codon to avoid protein expression. The constructs were inserted
into the vector p7U10-RNAI as described above (Fig. 4) and transgenic Arabidopsis plants were

generated by the floral dip method (Bechtold and Pelletier, 1998). Cloning and plant
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transformation were performed with help of Abhishek Shrestha in the context of his master
thesis (Abhishek Shrestha, 2016).

After selection of transgenic plants by PCR and verification of successful transgene expression
by qRT-PCR, positive lines were propagated into T2 generation. Afterwards, all constructs
were tested in infection assays with Fg. Infection symptoms on wt leaves were visible after five
days as chlorotic and necrotic lesions. Moreover, CYP51-dsRNA expressing plants showed
typical symptoms of Fg infection at the inoculation sites (Fig. 11A). Similar to above tested
single and double constructs, they were restricted to the inoculation sites and significantly
smaller in comparison to wt leaves (Fig. 11B). There were no clear phenotypic differences
between 400 bp and 800 bp or full-length constructs and the reduction of the infection area was
for nearly all constructs in a similar extent of about 50% to 60% in comparison to the control.
The only exceptions were CYPB-800 that showed a higher resistance and reduced infection
area by 77% whereas CYPA-800 showed the lowest resistance by reducing infection areas by
only 34%. In general resistance enhancement conferred by longer dsRNA constructs was
comparable to single and double constructs that have been assessed before (compare Fig. 5 and
Fig. 11). As expected resistance phenotypes were caused by target as well as non-target gene
silencing of the FgCYP51 genes (Fig. 11C). By comparing the 800 bp dsRNAs with the shorter
400 bp dsRNAs, the longer precursors showed a higher gene silencing efficiency and reduced
the expression of all FgCYP51 genes by 80% or more. For full-length constructs, only non-
target gene expression could be determined because no gene specific primers, that would not
also bind in the original construct sequence, were available for gqRT-PCR. Silencing efficiency
of non-target genes was high and over 60% in most cases. Generally, the overall gene silencing
efficiency was higher than with single and double constructs that were about 200-300 bp in

length (compare Fig. 5 and Fig. 11).
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Fig. 11 Host-Induced Gene Silencing in Fg on leaves of transgenic Arabidopsis expressing CYP51-dsRNAs of different
lengths. A, 15 detached rosette leaves of CYP51-dsRNA-expressing Arabidopsis plants (T2 generation) were drop-inoculated
with 5 x 10* conidia ml-L. Infection symptoms were evaluated at 5 dpi. B, quantification of the visibly infected area at 5 dpi
shown as percent of the total leaf area. Error bars represent SE of two independent experiments each using 15 leaves of ten
different plants for each transgenic line. C, gene-specific expression of FgCYP51A, FgCYP51B and FgCYP51C was measured
by qRT-PCR and normalized to fungal EF1l-a (FGSG_08811) as reference gene. cDNA was generated after total RNA
extraction from infected leaves at 5 dpi. The reduction in CYP51 gene expression in the Fg-inoculated dsSRNA-expressing
leaves compared to the wt control was statistically significant. Error bars represent SD of two independent experiments each
using 15 leaves of ten different plants for each transgenic line. Asterisks indicate statistical significance (*p<0.05; **p<0.01;
***p < 0.001; students t-test).

Additionally, the results indicate that also co-silencing effects are more prominent with longer
precursor molecules. This could be further proven after bioinformatics off-target prediction by
applying the same parameters as shown above for single constructs CYP-A, CYP-B and CYP-
C. A range of potential off-targets were identified for all constructs in the respective non-target
FgCYP51 genes (Fig. 12). In contrast to shorter single constructs (compare Fig. 6) all dSRNAs
had potential off-target hits in both respective non-target FgCYP51 genes confirming the results
from gRT-PCR, showing that all dsSRNAs decreased the expressing of both non-target genes,
although this was not significant in some cases (Fig. 11C). Thereby the number of off-targets
per construct increased with the length of the precursor RNA showing a maximum in the full-
length constructs, as expected (Fig. 12). This was regardless of whether FgCYP51A, FgCYP51B
or FgCYP51C was the actual target. Generally, FgCYP51C-derived constructs seem to have
fewer off-targets in respective non-target genes than FgCYP51A- and FgCYP51B-derived
constructs, although this was not reflected by gRT-PCR results (Fig. 11C).
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Fig. 12 Off-target prediction for single CYP-dsRNA constructs with different length. Sequences of CYP51-dsRNAs (y-
axis) were split into k-mers of 18 bp. These were mapped against the corresponding coding sequences (CDS) of FgCYP51A
(A), FgCYP51B (B) and FgCYP51C (C). For each position within the CDS (x-axis) the k-mers that match with a specified

number of mismatches is plotted.

3.3 Influence of different dsRNA designs on the silencing efficiency of FgCYP51
genes via HIGS

Based on unpublished RNA sequencing results of CYP3RNA-expressing Arabidopsis, it was
known that most siRNAs originated from the FgCYP51A fragment in the precursor (Fig. 3). To
resolve whether this is caused by the sequence of the CYP-A fragment itself and/or its position
in the centre of the precursor RNA, several constructs targeting one or more FgCYP51 genes
were generated. The different designs included changing positions of the individual fragments
in the CYP3RNA (CYP-ABC, CYP-BCA,; Fig. 13A) and cloning of the CYP-A hot-spot (CYP-
HSA; Fig. 13B). Another question concerning the dsSRNA design was, if multiplication of the
single constructs would cause a better gene silencing efficiency because of multiplication
effects (CYP-AAA, CYP-BBB, CYP-CCC; Fig. 13C) and if the position (5’ or 3> mRNA
region) of the precursor RNA in the respective FgCYP51 gene would make a difference on gene
silencing efficiency (CYP-AS’, CYP-B5’, CYP-Cmiddle; Fig. 13D). RNAI vector generation
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as well as plant transformation were done as described for other constructs and were performed

by Maximilian Metze during his master thesis (Maximilian Metze, 2016).
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Fig. 13 Schematic representation of different dsSRNA designs targeting FgCYP51 genes. Designs were based on CYP3RNA
precursor sequence and included changing positions of CYP51 fragments (A), the peak hot-spot in the CYP-A fragment (B),
multiplication of individual CYP fragments (C) and changing positions of the precursor sequence in the corresponding
FgCYP51 gene (D).

After selection of positive transgenic lines by PCR and verification of successful transgene
expression by gRT-PCR, phenotypes were assessed in infection assays with Fg. In contrast to
above tested constructs, obvious phenotypic differences could be observed (Fig. 14A). Plants
expressing CYP-ABC, CYP-Cmiddle and CYP-CCC showed similar lesion sizes than wt plants
reflected also by the infection area. CYP-A5’ showed slightly reduced infection symptoms but
this reduction was not significant after determination of the infection area, whereas CYP-AAA
and CYP-BBB significantly reduced infection areas by about 70% and CYP-HSA even by 80%.
CYP-BCA and CYP-B5’ caused reduction of the infection area of about 50% and 30%
respectively (Fig. 14B). By comparison of the phenotypes with the gene expression analysis by
gRT-PCR, some inconsistencies were found (Fig. 14C). Contrasting the phenotypes, all
FgCYP51 genes were downregulated in plants expressing CYP-ABC and CYP-Cmiddle,
whereby CYP-Cmiddle showed the highest silencing of target as well as non-target expression
among all constructs. Expression of target gene FgCYP51C was reduced by over 90%. For
CYP-CCC on the other hand, upregulation of all FgCYP51 genes could be detected explaining
why plants were highly infected. Furthermore, the phenotypes of highly resistant plants CYP-
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HSA, CYP-AAA and CYP-BBB were reflected by FgCYP51 gene silencing. CYP-HSA
reduced the expression of all FgCYP51 genes by about 60% or more. In CYP-AAA- and CYP-
BBB-expressing leaves, only FgCYP51A and FgCYP51B were downregulated by about 50%
or more whereas FgCYP51C was upregulated. Triple construct CYP-BCA did only reduce the
expression of two target genes and FQCYP51B expression was similar to wt plants. CYP-AS’
and CYP-B5’reduced the expression of FgCYP51A and FgQCYP51C, whereas FgCYP51B was
slightly upregulated. Consequently, expression of CYP-B5’ did not cause target gene silencing
but only reduction of non-target genes. Generally, it was difficult to analyse the influence of
the dsSRNA design on FgCY51 gene silencing efficiency because of off-target silencing as well
as inconsistencies between phenotypes and gene expression analysis. Probably these
experiments should be repeated with T2 generation plants as used before. This could also help

to reduce high standard errors that were partly observed in qRT-PCR analysis.
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Fig. 14 Influence of dsRNA designh on HIGS of FgCYP51 genes. A, fifteen detached rosette leaves of CYP51-dsRNA-
expressing Arabidopsis plants (T1 generation) were drop-inoculated with 5 x 10* conidia ml-. Infection symptoms were
evaluated at 5 dpi. B, quantification of the visibly infected area at 5 dpi shown as percent of the total leaf area. Error bars
represent SE of two independent experiments each using 15 leaves of ten different plants for each transgenic line. C, gene-
specific expression of FgCYP51A, FgCYP51B and FgCYP51C was measured by qRT-PCR and normalized to fungal EF1-a
(FGSG_08811) as reference gene. cDNA was generated after total RNA extraction from infected leaves at 5 dpi. The reduction
in CYP51 gene expression in the Fg-inoculated dsRNA-expressing leaves compared to the wt control was statistically
significant. Error bars represent SD of two independent experiments each using 15 leaves of ten different plants for each

transgenic line. Asterisks indicate statistical significance (*p<0.05; **p<0.01; ***p < 0.001; students t-test).
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3.4  Vesicle mediated transport of siRNAs during RNAi-based plant protection

3.4.1 Vesicle isolation from whole leaves of CYP3RNA expressing Arabidopsis

Many studies show that plant-derived siRNAs silence target genes in fungi (Chen et al., 2016;
Cheng et al., 2015; Koch et al., 2013; Nowara et al., 2010). However, how these siRNAs cross
the plant-fungal interface is literally unresolved. One possibility would be intracellular
incorporation into plant vesicles that subsequently could be taken up by the fungus during the
infection process. Previous attempts on the isolation of plant vesicles were performed with fruits
and vegetables. Here a protocol successfully used for the isolation of exosome-like
nanoparticles from grapes, grapefruit, ginger and carrots was established for Arabidopsis (Mu
etal., 2014).

For vesicle isolation, plants expressing CYP3RNA were used (Koch et al., 2013). As control
Col-0 wt plants were assessed. In the first step and to get a sufficient amount of starting material,
whole leaves of Arabidopsis plants were crushed by pestle and mortar. The obtained cell lysate
was sequentially centrifuged to separate larger particles (1000 xg for 10 min, 3000 xg for
20 min and 10,000 xg for 40 min at 4°C) and the remaining supernatant was subjected to
ultracentrifugation (160,000 xg for 90 min at 4°C). The resulting pellet containing exosome-
like nanoparticles was resuspended in PBS buffer and for further purification loaded on top of
a sucrose gradient (8%/15%/30%/45%/60%). The gradient was centrifuged for 2 h at
160,000 xg. After the last centrifugation step, two distinct greenish bands were visible between
the 60% and 45% and the 45% and 30% sucrose layer (Fig. 15). Both fractions of about 1 ml
were harvested separately and filled up to 10 ml with PBS buffer. This was done as another
washing step of the vesicles and dilution of the remaining sucrose as well as for concentration
of the vesicles by another centrifugation step at 160,000 xg. The resulting pellets were finally
resuspended in a small amount of PBS buffer and analyzed by negative staining and
transmission electron microscopy (TEM). Microscopy revealed in the upper fraction numerous
vesicle-like structures that were in a size range of about 50 nm to 200 nm. Most of them were
cup-shaped and surrounded by a layer reminiscent of a membrane (Fig. 15).
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Fig. 15 Isolation of exosome-like nanoparticles from CYP3RNA-expressing (A) and wt (B) Arabidopsis leaves. Shown
are plant vesicles that float in a sucrose gradient after ultracentrifugation as well as negative staining and transmission electron
microscopy of the upper fractions with scales of 200 nm and 500 nm.

In contrast to this only few and also smaller particles could be observed in the lower fraction.
Most of them seemed not to be surrounded by a membrane (Fig. 16A). The fraction between
the two visible bands was mainly free of vesicle-like structures, suggesting that vesicles were
concentrated in the visible bands (Fig. 16B). We continued only with the vesicles from the
upper fraction as they were in the expected size range and analysed their average size using
ImageJ. Analysis of the vesicle diameter revealed an average diameter of about 95 nm for
vesicles isolated from wt and 105 nm for vesicles from CYP3RNA (Tab. 19). This fits with the
size definition of exosomes having diameters of 30 nm to maximal 150 nm (Colombo et al.,
2014).
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Fig. 16 Transmission electron microscopy of fractions harvested during vesicle isolation from Arabidopsis leaves. Shown
are the lower fraction (A) and the fraction between the visible bands (B) (see also Fig. 15) in the sucrose gradient with a scale
of 500 nm.

After proving that the used method is suitable to isolate exosome-like nanoparticles from
Arabidopsis and that these vesicles can be purified by floating in a sucrose gradient, we wanted
to know whether these vesicles contain CYP3RNA derived siRNAs. Therefore, vesicles from
the upper fraction were washed, pelleted by ultracentrifugation and subjected to RNA
extraction. As only few amounts of RNA were expected, RNA extraction was performed with
the single Cell RNA Purification kit from Norgen Biotek. The RNA was analysed by small
RNA sequencing and reads were mapped to the CYP3RNA precursor sequence what revealed
arange of sSiRNAs originating from CYP3RNA (Fig. 17). Thereby more siRNA species mapped
to the FQCYP51A fragment of the precursor than to FgCYP51B and FgCYP51C fragments. In
contrast, no siRNAs isolated from wt samples mapped to the CYP3RNA. The results suggest
that the isolated vesicles contain siRNAs originating from the transgenic CYP3RNA and

probably also other RNA cargo.
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Fig. 17 Profiling of CYP3RNA-derived siRNAs in exosome-like nanoparticles from Arabidopsis leaves. Exosome-like
nanoparticles were isolated from whole leaves and purified by sucrose-gradient centrifugation. Total RNAs were isolated from
vesicles from the upper fraction of the gradient. SRNA reads of max. 25 nt from CYP3RNA-expressing (CYP3RNA-HIGS)
and wt (wt-control) plants are mapped to the sequence of CYP3RNA. Read coverage varied from 0-7 as indicated. Sequencing
data are gained from two separate vesicle isolations (gradients) of CYP3RNA and wt plants that were pooled and subjected to
RNA extraction.

3.4.2 Vesicle isolation from apoplastic washing fluid of CYP3RNA-expressing
Arabidopsis

Recently Rutter and Innes (2017) succeeded in isolating extracellular vesicles (EVs) from
Arabidopsis and proved that they were of endosomal origin suggesting that exosomes exist in
plants. The above described vesicles were isolated from whole plant leaves, so whether they
derive from extracellular origin is questionable. To prove this, we applied the same method as
in the mentioned paper for the isolation of EVs from CYP3RNA (Koch et al., 2013) and wt
Arabidopsis plants. To ensure an extracellular origin, vesicles were exclusively isolated from
the apoplastic fluid of Arabidopsis leaves. Apoplastic fluid was collected by vacuum infiltration
of vesicle isolation buffer (see 2.2.16) and subsequent low speed centrifugation of infiltrated
plants. Infiltration was done until infiltration sites were visible as dark green areas using a
maximum of 30 sec for one infiltration cycle to minimize damaging of the cells and cell walls.
The collected apoplastic fluid was filtered and sequentially centrifuged to separate larger
particles. Two different centrifugation speeds were used in order to isolate different classes of
vesicles. Vesicles were first pelleted by centrifugation at 40,000 xg (F40) before the resulting
supernatant was subjected to another centrifugation step at 100,000 xg (F100). Both pellets
were washed with PBS and analysed by negative staining and TEM. The F40 fraction revealed
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multiple vesicular structures from approximately 50 nm to 300 nm in diameter (Fig. 18A).
Analysis of the vesicle diameter using ImageJ revealed average diameters of 141 nm and
119 nm for CYP3RNA and wt plants, respectively (Tab. 19). This is in line with the observation
of Rutter and Innes (2017) because most abundant particles in their F40 fraction had around
150 nm in diameter as detected by light-scattering. Thereby one has to consider that light-
scattering measurement of the whole isolation approach is probably more exact than
measurement of individual vesicle diameters by Imagel. In contrast, the F100 fraction
contained no vesicles, but mostly a high amount of small circular structures with diameters
under 30 nm (Fig. 18B). Already Rutter and Innes determined that 40,000 xg is sufficient for

the isolation of vesicle-like structures from apoplastic fluid (Rutter and Innes, 2017).

200 nm + 500nm

Fig. 18 Isolation of vesicle-like structures from the apoplastic fluid of Arabidopsis leaves. Shown are negative staining and
TEM of pellets after centrifugation at 40,000 xg (F40, A) and 100,000 xg (F100, B). Pictures are shown exemplary for

CYP3RNA expressing and wt plants and experiments were performed multiple times with similar results.

As described above, RNA isolated from vesicles contained in the F40 fraction were subjected
to RNA sequencing. Before RNA extraction, vesicles were treated with RNAse A, what further
proves that the isolated RNA was protected in the lumen of the vesicles. Mapping of RNA
sequencing reads to the CYP3RNA precursor revealed CYP3RNA originating sSiRNAs as seen
before. Again, sSiRNA species originating from the FgCYP51A fragment were more numerous
than those from FgCYP51B and FgCYP51C fragments (Fig. 19).

57



Results

CYPBAC_fragment

786 bp

bp 100 bp 200 bp 300 bp 400 bp 500 bp 600 bp 700 bp
| | | | | | | | | | | |

[0-18]

wt-control

[0-18]

wt-control sense

[0-18]

wt-control antisense

I

[0 - 181

CYP3RNA-HIGS

[0-18]

CYP3RNA-HIGS sense -.

J— — | — | — — —J.-___—-_ -

[0-18]

CYP3RNA-HIGS antisense I | l

> > > > > > > > > > > > > > > > > > > > > > > > > > > 2
Genes
CYP51B CYPS1A CYP51C

Fig. 19 Profiling of CYP3RNA derived siRNAs in extracellular vesicles from the apoplast of Arabidopsis leaves. Vesicles
were isolated by apoplastic washes of Arabidopsis leaves and subjected to RNAse A treatment. Total RNA extraction was
performed from purified vesicles and analysed by RNA sequencing. SRNA reads of max. 25 nt from CYP3RNA-expressing
(CYP3RNA-HIGS) and wt (wt-control) plants are mapped to the sequence of the CYP3RNA. Read coverage varied from 0-18
as indicated. Sequencing data are gained from vesicle isolation from the apoplastic fluid of ten different CYP3RNA-expressing
or wt plants.

3.4.3 Vesicle isolation from apoplastic washing fluid of barley leaves after spray
treatment with CYP3RNA

The above shown results suggest that extracellular vesicles (EVs) play an important role for the
transport of siRNAs during HIGS approaches against fungi. Whether vesicle transport plays a
similar role during SIGS applications was unclear. To clarify this, the method for the isolation
of EVs from Arabidopsis was adjusted for barley leaves. Detached leaves were pre-treated with
CYP3RNA as described earlier (Koch et al., 2016). Only the upper leaf part was sprayed. After
incubation of the sprayed leaves for 2 days, the unsprayed leaf parts were harvested. Two days
were chosen based on infection assays where Fg inoculation was done 48 h after spraying of
CYP3RNA (Koch et al., 2016). Before performing the apoplastic washes, the leaf segments
were washed in distilled water to further minimize RNA contaminations. Some optimization
steps were necessary to successfully generate apoplastic washing fluid from barley leaves. The
infiltration time as well as the centrifugation speed and time had to be increased to ensure
efficient infiltration of leaf segments. Successful infiltration was verified by colouring of the
leaves to dark green. The resulting apoplastic fluid was than treated as described for
Arabidopsis. After centrifugation, the F40 fraction revealed vesicles with the known
characteristics of a cup-shaped appearance and surrounded by a membrane (Fig. 20A). Most
vesicles were in a size range of about 100 nm to 200 nm and average vesicle diameter was
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167 nm for untreated and 156 nm for CYP3RNA treated leaves (Tab. 19). It was conspicuous
that the overall number of vesicles was lower than for Arabidopsis. This can be partly explained
by the fact that the amount of starting material (fresh weight) and also the amount of gained
apoplastic fluid was lower. Similar to Arabidopsis, centrifugation speed of 40,000 xg was
sufficient to isolate barley vesicles from apoplastic fluid. The F100 pellet contained no vesicles
but only diffuse particles (Fig. 20B).

500 nm

Fig. 20 Isolation of vesicle-like structures from the apoplastic fluid of barley leaves. Shown are negative staining and TEM
of pellets after centrifugation at 40,000 xg (F40, A) and 100,000 xg (F100, B). Pictures are shown for CYP3RNA sprayed and
untreated (TE buffer) leaves exemplary. Experiments were performed multiple times with similar results.

Despite the low yield of vesicles, RNA extraction from the F40 fraction generated a sufficient
amount of RNA for cDNA library preparation and sequencing. In contrast to Arabidopsis,
CYP3RNA sprayed samples and the TE control both, revealed siRNAs that mapped to
CYP3RNA (Fig. 21). However, the CYP3RNA samples contained a substantial higher number
of hits compared to the control and additionally the hits from both samples seemed not to
overlap. You have to question whether hits that were observed in the control are specific or
result from homology regions between the CYP3RNA and the barley genome. In general, the
overall number of siRNAs that mapped to the CYP3RNA was lower compared to the two
Arabidopsis samples (compare Fig. 17 and Fig. 19) and also read coverage (number of reads
that overlap at a certain position of the sequence) was with a maximum of three very low. As
seen before more siRNAs were identified that originated from the FgCYP51A fragment of the

precursor but this was not as obvious as seen for the Arabidopsis samples.
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Fig. 21 Profiling of CYP3RNA-derived siRNAs in extracellular vesicles from the apoplast of barley leaves. Vesicles were
isolated by apoplastic washes of barley leaves that were pre-treated with CYP3RNA (CYP3RNA-SIGS) or TE-buffer (TE-
control) and subjected to RNAse A treatment. Total RNA extraction was performed from purified vesicles and analysed by
RNA sequencing. SRNA reads of max. 25 nt from CYP3RNA (CYP3RNA-SIGS) and TE (TE-control) plants are mapped to
the sequence of the CYP3RNA. Read coverage varied from 0-3 as indicated. Sequencing data are gained from the pooled RNA
of two biological replicates each using 50 leaves of CYP3RNA and TE-sprayed leaves.

3.5  Establishment of Co-RNA immunoprecipitation (IP) of RNA-binding proteins
in Arabidopsis

Although HIGS and SIGS approaches were widely used for plant protection against fungal
pathogens, important mechanistic details are still missing. For successful gene silencing in the
pathogen, the procession as well as transport of the dsSRNA precursor in the plant itself might
be an important factor. In Cucurbita maxima (Cm) the RNA-binding proteins (RBP) CmPP16
and CmRBP50 are known to enable long distance trafficking of RNAs through the phloem
(Ham et al., 2009). The two proteins were overexpressed and purified from CYP3RNA
expressing Arabidopsis plants. Co-purification of CYP3RNA originating RNA could give
insight into CYP3RNA transport. The co-purified RNAs can be released from RBPs and
analysed by RNA-sequencing. In the same objective also the five Arabidopsis dsSRNA binding

proteins (DRBs) were assessed concerning their roles in CYP3RNA procession and transport.

3.5.1 Expression and purification of PP16 and RBP50 from Cucurbita maxima in
Arabidopsis thaliana

For specific purification from Arabidopsis cell extracts, proteins were cloned together with a
tag. Therefore the family of pAUL vectors was chosen because they enable easy tagging of

proteins by the Gateway cloning technology (Lyska et al., 2013). In the first step, coding

60



Results

sequences (CDS) of CmPP16 and CmRBP50 were amplified from Cm cDNA and cloned into
the pGEM-T vector. Successful amplification of the 453 bp PP16 and 1338 bp RBP50 fragment
could be verified by agarose gel electrophoresis and insertion of the right sequence into pGEM-
T was further verified by sequencing of the plasmid DNA (Fig. 22A). After fusion of att
recombination sites, CmRBPs were inserted into the pAUL vector by Gateway cloning (Fig.
22B).

Cm RBP50 CmPP16 [bp]

CmPP16
CmRBP50
AtDRB1
—1650 AtDRB2
— 1000 AtDRB3
AtDRB4

—500 2 AtDRB5
——400 X p35S
CaMV attR1 attR2
pAUL17 3x HA — RBP — nosT -

Fig. 22 Gateway cloning of RNA-binding proteins into pAUL vector. A, PCR amplification of RBP50 and PP16 from Cm
cDNA. B, schematic representation of RBP containing pAUL17 vectors used for protein expression in planta.

To avoid interference of RNA-binding capability of the proteins, all proteins were planned to
be N- and C-terminal tagged using pAUL13 and pAUL17. However following experiments
showed that the C-terminal Strep-tag containing pAUL13 was not suitable for immunodetection
in plants because of high background signals that could not be avoided by any optimization
attempts. This has been already observed in earlier studies using anti-Strep-tag antibodies in
plants (Lyska et al., 2013). Therefore, following experiments were performed with pAUL17
that contains a N-terminal HA-tag (Fig. 22B).

To assess whether the generated pAUL vectors can produce functional PP16 and RBP50
proteins in planta and because transformation of Arabidopsis takes some time until protein
production can be analysed, proteins were transiently expressed in Nicotiana benthamiana.
Leaf samples were taken 24 h and 48 h post infiltration (hpi) and protein expression was
assessed by western blot and immunodetection using an HA-antibody (Roche). CmRBP50
could be detected slightly higher than the 55 kDa marker band and CmPP16 was detected
between the 15 kDa and the 25 kDa band. Together with the 9 kDa HA-tag, a size of 59 kDa
and 24 kDa was calculated for RBP50 and PP16, respectively, fitting with the size detected by
western blot. For both proteins, sampling at 48 hpi resulted in better protein expression (Fig.
23A).
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To analyse the ability of both pumpkin proteins in binding CYP3RNA-derived siRNAs, the
vectors were transformed into Arabidopsis Col-0 wt as well as CYP3RNA expressing plants.
To exclude unspecific binding of CYP3RNA-derived sSRNAs to either the tag or the beads that
were used during IP, the empty pAUL17 vector (ev) was transformed into CYP3RNA
expressing plants. Transgenic plants were selected on ¥2 MS plates containing hygromycin as
well as by PCR verification of the transgene. PCR positive plants were further characterized by
gRT-PCR concerning mRNA expression as well as by western blot to verify successful protein
production. It seems that expression of CmRBP50 and CmPP16 transcripts does not correlate
with protein production. By testing two different lines for each protein, that showed expression
of mMRNA by gRT-PCR, in most cases only one line also showed protein production in western
blot (Fig. 23B). Thereby also mMRNA expression varied extremely among lines tested (data not
shown), whereas only lines with the highest transcript expression were detectable by western
blot. The protein level of weak expressing lines was probably under the detection level of the
antibody or the detection system used. The size of both proteins was comparable to the size
observed after transient expression in N. benthamiana and is in line with the expected size.
Lines showing sufficient protein production (Fig. 23B L1, L3, L5, L8) were used for the
establishment of co-RNA-immunoprecipitation (co-RNA-IP).

Co-RNA-IP was established according protocols that were used for co-RNA-IP of AGO
proteins from Arabidopsis (Carbonell et al., 2012). Briefly, the leaves of 5-wk-old plants were
harvested and ground to a fine powder in liquid nitrogen before subsequent resuspension in IP
lysis buffer (Tab. 17). The cleared protein extract was first incubated with HA-antibody (Roche)
before protein-antibody complexes were bound to protein-A-agarose (Roche). Unspecific
binding was removed by six washing steps with IP buffer. After the last washing step, beads
were divided into protein and RNA fraction to analyse whether CmRBPs are bound to
CYP3RNA-derived siRNAs. Generally, 20% of the IP was used for protein analysis and 80%
for RNA extraction. Immunoprecipitated proteins were analysed by western blot (Fig. 23C).
CmRBP50 and CmPP16 were detected in input (in) as well as in the immunoprecipitated (HA)
fraction in CYP3RNA as well as in control plants. Rubisco bands were assessed in all fractions
as loading controls and could be observed only in the input fractions indicating successful and
specific purification of Cm proteins. In contrast, no bands in the expected size range were
detected in the ev samples, underlining specificity of the IP.

After successful purification of CmRBP50 and CmPP16 from Arabidopsis cell extracts, the
RBP bound RNA was released by proteinase K before subsequent extraction of RNAs by the
single cell RNA purification kit (Norgen Biotek). The kit was used because only few amounts
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of RNA were expected and because the Kit purification provides highly pure RNA suitable for
RNA sequencing. Analysis of the RNA concentrations by Nanodrop measurement revealed that
around 60 ng RNA could be extracted from CmRPB expressing lines (CmRBP50/CmPP16 +
CYP3). For ev plants only 30 ng RNA were determined. Before RNA sequencing the quality
of the extracted RNA should be assessed but the amount would be sufficient for lllumina RNA

sequencing technology.
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Fig. 23 Protein expression and purification of HA-tagged CmRBP50 and CmPP16 in N. benthamiana and Arabidopsis.
A, transient expression of CmRBP50 and CmPP16 after infiltration of N. benthamiana. Protein samples from infiltrated leaves
were taken 24 h and 48 h post infiltration and analysed by western blot using HA-antibody. B, stable transgenic expression of
CmRBP50 (L1-L4) and CmPP16 (L5-L8) in CYP3RNA (L1-L2; L5-L6) expressing or wt (L3-L4; L7-L8) Arabidopsis.
Proteins were extracted from the leaves of three to 4-wk-old plants and analysed by western blot using HA-antibody. Two
different lines are shown for each protein expressing plant. C, immunoprecipitation of CmRBP50 and CmPP16 using HA-
antibody (HA) as well as input fraction (in) in CYP3RNA expressing (+) and wt plants (-). Rubisco bands are shown as loading
controls. ev = empty vector control. Lines indicate respective marker bands on the blot and arrows bands of the respective

protein.

3.5.2 Co-RNA-IP of the five Arabidopsis DRBs

The DRB proteins from Arabidopsis are known to be important factors during RNAi-induced
gene silencing by assisting in RNA procession and interaction with DCL proteins (Curtin et al.,
2008). By the same approach as described above for Cm proteins, we wanted to find out which
DRB proteins bind to CYP3RNA-derived RNAs and are possibly involved in CYP3RNA-
derived siRNA generation. Therefore, the coding sequences (CDS) of DRB1-5 were first
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amplified from Arabidopsis cDNA and cloned into pGEM-T vector (Promega). Correct lengths
of CDS were verified by agarose gel electrophoresis as well as sequencing of pPGEM-T plasmids
(DRB1, 1260 bp; DRB2, 1305 bp; DRB3, 1080 bp; DRB4, 1068 bp; DRB5, 1182 bp) (Fig. 24).
The following Gateway cloning of all DRBs into pAUL17 vector was done as described above

(Fig. 22B) and verified by restriction digest and sequencing of the final vector.

[kb] DRB1 DRB2 DRB3 DRB4 DRBS

1650
1000

Fig. 24 Amplification of DRB coding sequences from Arabidopsis cDNA. CDS of DRB1, DRB2, DRB3, DRB4 and DRB5
were amplified with gene specific primers from cDNA of Arabidopsis Col-0 wt.

Efficient protein production from generated pAUL vectors was first assessed transiently in N.
benthamiana. Western blot analysis of protein samples from infiltrated leaves revealed bands
in the correct size ranges of 54 kDa, 56 kDa, 49 kDa, 47 kDa and 52 kDa for HA-AtDRB1, HA-
HA-AtDRB2, HA-AtDRB3, HA-AtDRB4 and HA-AtDRBS, respectively (Fig. 25A). For all
proteins sampling at 48 hpi, and similar to above tested pumpkin proteins, resulted in better
protein expression. Production of DRB5 was low also in comparison with the other DRB
proteins.

To assess binding capability of AtDRBs to CYP3RNA originating sSiRNAs, pAUL17-DRB
vectors (Fig. 22B) were transformed into Arabidopsis plants expressing CYP3RNA (Tab. 1;
Koch et al., 2013). As controls, all vectors were transformed in DRB knockout lines to ensure
that only the tagged protein was present in plants (Tab. 1). For CYP3RNA plants this could not
be excluded in this study because pre-transformation of DRB mutants with the CYP3RNA
vector would have taken too much time. After transformation and selection of positive
transgenic plants, only DRB1 and DRB2 were detectable after protein extraction (Fig. 25B). In
contrast, DRB4 (Fig. 25B L11) was not detectable in the native protein extract but only after
analysis by denaturing protein extraction (Quick & Dirty extraction see 2.2.19) using a different
protocol. DRB3 and DBR5 were not detectable by western blot after analysis of more than ten
positive transgenic lines using different protein extraction protocols. Analysis of transcript
expression by gRT-PCR revealed successful mRNA production from DRB3 and DRB5

containing pAUL vectors (data not shown) suggesting that protein production was either under
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the detection level or restricted to cellular compartments or plant tissues that could not be
assessed using the applied methods.

Consequently co-RNA-IP could be done only with DRB1 and DRB2 proteins. Both proteins
were successfully purified by immunoprecipitation with HA-antibody and agarose beads using
the same protocols as described above for Cm proteins. DRB1 and DRB2 were detected in input
and HA-fractions whereas Rubisco was only detectable in input fractions confirming specific
purification of DRB proteins. Again, no bands of the expected size were visible in ev samples
(Fig. 25C). RNA extraction from immunoprecipitated proteins and measurement of RNA
concentrations by nanodrop revealed around 35 ng and 45 ng for DRB1 and DRB2 expressing
plants respectively. From ev samples only 20 ng could be extracted.
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Fig. 25 Protein expression and purification of HA-tagged AtDRBs in N. benthamiana and Arabidopsis. A, transient
expression of AtDRB1, AtDRB2, AtDRB3, AtDRB4 and AtDRBS5 after infiltration of N. benthamiana. Protein samples from
infiltrated leaves were taken 24 h and 48 h post infiltration and analysed by western blot using HA-antibody. B, stable
transgenic expression of AtDRB1 (L1-L4), AtDRB2 (L5-L8), AtDRB3 (L9-L10), AtDRB4 (L11) and AtDRB5 (L12-L13) in
CYP3RNA expressing or wt Arabidopsis. Proteins were extracted from the leaves of three to 4-wk-old plants and analysed by
western blot using HA-antibody. C, immunoprecipitation of AtDRB1 and AtDRB2 using HA-antibody. Shown is
immunoprecipitation (HA) as well as input fraction (in) in CYP3 expressing (+) and control plants (-). Rubisco bands are shown
as loading controls. ev = empty vector control. Lines indicate respective marker bands on the blot and arrows bands of the

respective protein.

In further studies the isolated RNA from co-RNA-IP experiments using CmRBPs as well as
Arabidopsis DRB proteins could be used for RNA sequencing analysis. This could reveal new
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insights into transgenic dsSRNA procession and transport during RNAI based gene silencing
approaches as well as general functions of DRB proteins in plants. Although modern RNA
sequencing technologies are sensitive enough to analyse low amounts of starting material, as
low as 10 ng, upscaling of the co-RNA-IP reactions could be considered to receive more reliable
results (Lynch et al., 2010).

For DRB3, DRB4 and DRB5 which could not be detected with the used purification methods,
specialized protocols for the extraction of proteins from specific plant tissues or cell organelles
like the nucleus were considered. However preparation of the crude nuclear proteins extracts
by using a protocol from Escobar et al., 2001 was only successful for DRB4 (Fig. 26A).
Besides, DRB4 was detected in cytosolic as well as nuclear fractions suggesting that likely the
protein extraction buffer used for IP experiments caused the problem and was not suitable for
DRB4 extraction. In the attempt to further optimize the extraction of DRB4, several transgenic
lines were propagated to generate more plant material. Additionally, 1 mM DTT was added to
the IP extraction buffer and western blots were repeated with T2 plants. DTT can protect
proteins from oxidative damage and it was included in the protocol from Escobar et al. as well
as in the denaturing extraction buffer. After adjustment of the IP buffer, DRB4 could be
perfectly detected in the native protein extract. This was independent of whether DTT was
included or not suggesting that problems in detecting DRB4 were only caused by different
expression levels between plant generations. In contrast DRB3 and DRB5 were not detected as
seen before (Fig. 26B). After resolving the problem with DRB4 immunodetection, co-RNA-IP
was performed successfully with the same protocol as used before for DRB1 and DRB2. DRB4
was detected in the expected size range of about 47 kDa in input and largely concentrated in
HA-fraction (Fig. 26C). RNA extraction from HA-fractions yielded around 60 ng and 70 ng
from DRB4 and ev samples, respectively. Future RNA sequencing analysis of both samples
have to reveal whether this results from unspecific RNA attachment to the tag or the beads and
which RNAs specifically bind to DRBA4.
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Fig. 26 Immunodetection of DRB3, DRB4 and DRB5 expressed in Arabidopsis using different protein extraction
protocols. A, nuclear proteins were extracted from Arabidopsis leaves using a protocol from Escobar et al., 2001. Cytosolic
and nuclear fractions were analysed from DRB expressing and empty vector lines (ev) using HA-antibody. B, native protein
extraction using IP lysis buffer (Tab. 17) with (+) or without (-) 1 mM DTT. C, immunoprecipitation of AIDRB4 and ev using
HA-antibody. Shown is immunoprecipitation (HA) as well as input fraction (in) in CYP3 expressing (+) plants. Rubisco bands
are shown as loading controls. Lines indicate respective marker bands on the blot and arrows bands of the respective protein.

In further studies expression of DRB3 and DRB5 should be analysed in specific plant tissues
different from leaves. Additionally, co-transformation of DRB mutants with CYP3RNA
producing vector and subsequent transfer of HA-tagged DRB proteins should be performed to
exclude interference of the natural DRB proteins in this process. Moreover, analysis of C-
terminal tagged proteins should be assessed additionally to exclude disruption of RNA binding

capability by the tag.
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4, Discussion

4.1  Single and double CYP-constructs efficiently control Fg infection in planta
This project has been started based on previous studies using HIGS and SIGS approaches to
silence the three CYP51 genes of Fg by CYP3RNA and what has been shown to be really
efficient in controlling Fg infection in planta (Koch et al., 2013; Koch et al., 2016). The aim of
this PhD project was to find out whether simultaneous silencing of all three genes is required
for successful disease control. Therefore, six constructs targeting either one or two FgCYP51
genes were generated and assessed concerning their potential for plant protection. Considering
that RNAI-based gene silencing has been used repeatedly to elucidate gene functions in a vast
number of organisms (Blake et al., 2017; Lu, 2003; Mulot et al., 2016), this study was conducted
to elucidate CYP51 gene function in Fusarium. Until now, only one study has defined specific
functions for the individual CYP51 genes of Fg (Fan et al., 2013). In general, KO of CYP51
reduces fungal growth by interfering with the ergosterol biosynthesis through inhibiting the
sterol 14a-demethylase (Yoshida, 1988).

Surprisingly, all constructs, except CYP-C, provoked a remarkable reduction of Fusarium
infection in Arabidopsis after inoculation of detached leaves (Fig. 5). It was even more striking
that the published CYP3RNA expressing plants virtually showed the same phenotype as the
new single and double constructs (Tab. 18). The results especially for the single constructs are
contrasting to earlier studies showing that the deletion of individual FgCYP51 genes can partly
reduce conidiation, but otherwise causes no changes in in vitro morphology, mycelial growth
rate or ergosterol content (Liu et al., 2011). In contrast, effects with double constructs could be
expected seeing that double deletion mutants cyp51A/cyp51C and cyp51B/cyp51C reduced
growth on potato dextrose agar (though not on SNA agar) (Fan et al., 2013). By using these
mutants, FgCYP51B could be identified as the major demethylase primarily responsible for
sterol 14a-demethylation and having an essential role in ascospores formation, while
FgCYP51A is an additional 14a-demethylase, induced on ergosterol depletion and responsible
for the intrinsic variation in azole sensitivity. In contrast, FgCYP51C does not encode a sterol
14a-demethylase; it is exclusively found in Fusarium species and is ubiquitous across the genus
(Fan et al., 2013). Minor function of FgCYP51C in ergosterol synthesis would fit with the
observed phenotype in Arabidopsis infection assays, where resistance enhancement by CYP-C
single construct was only minor in comparison with the other constructs. Deletion of
FgCYP51C results in reduced virulence on wheat ears, but not on Arabidopsis floral tissue (Fan
etal., 2013). The observed phenotypes were proven to be based on FgCYP51 silencing as shown
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by gRT-PCR (Fig. 5). Considering the results from single and double constructs, conclusions
about FgCYP51 functions must be reconceived, as all constructs seem to provoke co-silencing
effects in the non-targeted FgCYP51 genes. Surprisingly, this resulted in a downregulation of
all FgCYP51 genes. Consequently, it can be suggested that strong co-silencing of non-target
genes by single constructs may explain why their effects on fungal morphology and virulence
are much stronger than single FgCYP51 gene deletions. Effects that were actually caused by
silencing of a specific gene are masked and make it impossible to distinguish specific CYP51
gene functions. This was aggravated by the fact that phenotypes of single and double constructs
differed only weakly among each other and additionally could not be distinguished from the
CYP3RNA in Arabidopsis infection assays.

To confirm the observed co-silencing effects, the sequences of the single constructs were
bioinformatically fragmented into k-mers of 18 bp and aligned to FgCYP51 mRNA sequences.
Allowing one to three mismatches multiple off-targets were identified in non-target FgCYP51
genes that could explain why single constructs provoke downregulation of all three genes.
Nevertheless, there were some minor inconsistencies in off-target determination suggesting that
the used software does not identify the complete set of possible off-targets. For CYP-B as well
as for CYP-C, off-targets were detected in only one of the two non-target FgCYP51 genes
although qRT-PCR results showed that all three genes were downregulated. RNAI studies with
human cell lines also identified unexpected off-targets by expression profiling additionally
showing that 15 out of 19 bp identity seems to be sufficient to cause an effect (Jackson et al.,
2003). Supporting this finding, it has been argued that specificity parameter for off-target
prediction are often unfounded and that likely a substantial number of siRNAs remains
undetected (Birmingham et al., 2006). Furthermore, it was assessed whether CYP single and
double constructs would theoretically have additional off-targets in Fg. Using the same
parameters as for the FQCYP51 genes, several potential off-targets in the Fg genome were
identified, raising the possibility that the virulence of the fungus is additionally affected by
downregulation of these potential targets (Hofle et al., 2018 in revision). When it comes to plant
protection, co-silencing on the three paralogous FgCYP51 genes would be a desired effect of
dsRNA-mediated inhibition of ergosterol biosynthesis and fungal virulence but when it comes
to gene function the opposite is true. Undesired off-target effects leading to difficulties in
identifying exact gene functions by RNAi-based silencing were reported in various organisms
including plants and fungi (Qiu et al., 2005; Seinen et al., 2011; Senthil-Kumar and Mysore,
2011). However, most studies examining large-scale off-target analysis were performed on

animal cells (Dahlgren et al., 2008; Jackson et al., 2003; Kamola et al., 2015). My results
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suggest that off-target effects should be under consideration in fungi when it comes to gene
function analysis and/or especially for applications in crop protection when it is critical that the
respective RNAs constitute no harm for the environment, consumers or any beneficial
organism. More research will be necessary in this area as it is likely that the parameters
recommended for animals (Echeverri et al., 2006) are not applicable for fungi because of
differences in RNAI machineries.

Of course, co-regulation of the CYP51 genes also must be considered. Using Fg deletion
mutants, it has been shown that reduced expression of FgCYP51B and subsequent depletion of
ergosterol results in a compensatory induction of the FgCYP51A gene (Fan et al., 2013). The
same effect can be observed after azole treatment (Becher et al., 2011; Liu et al., 2010). This
has been confirmed recently in Fusarium in vitro cultures. The treatment of the fungi with single
and double CYP-dsRNAs, targeting FgCYP51B alone or in combination resulted in
upregulation of FgCYP51A (Hofle et al., 2018 in revision). Consistent with earlier reports,
enhanced FgCYP51A expression was unable to fully compensate conidiation defects resulting
from reduced activity of FgCYP51B. However, using the shown RNAi-based approach, no
upregulation of FgCYP51A was observed in planta neither in HIGS nor SIGS setups, when
targeting FgCYP51B alone or together with FgCYP51C, which cannot be fully explained yet.
One can speculate that co-silencing effects in HIGS and SIGS setups are even stronger than in
in vitro assays because of different mechanisms of siRNAs procession and/or amplification of

the silencing signal through secondary siRNAs (Schwab and Voinnet, 2010).

Tab. 18 Growth inhibition of Fg during different RNAi-based silencing setups. Growth inhibition is shown as reduction
in % of the infected leaf area or decrease of optical density (OD590) in comparison to the control (Hofle et al., 2018 in revision).

CYP-A CYP-B CYP-C CYP-AC CYP-BC CYP-AB CYP3RNA

In vitro 74% 71% 75% 69% 67% 73% 74%
HIGS (A. thaliana)  57% 66% 32% 63% 52% 60% 57%
HIGS (barley) 7% 40% 9% 39% 62% 53% n.a
SIGS 80% 78% 82% 83% 88% 84% 93%

In contrast to Arabidopsis, obvious differences between single and double constructs were
observed in barley HIGS setups (Tab. 18). Double constructs were in general more efficient
than single constructs, what is in line with the above mentioned studies with double Fg deletion
mutants (Fan et al., 2013). From the single constructs only CYP-B significantly reduced fungal
infection what would be suggested considering the prominent function in ergosterol synthesis.

Furthermore, infection strength on barley leaves seems to be reflected by FgCYP51B expression
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as CYP-A and CYP-C showed stronger expression than the other constructs resulting in the
same infection severity than the GUS control plants (Fig. 8). However, and similar to
Arabidopsis, influences of individual FgCYP51 genes were strongly concealed by co-silencing
effects in non-target genes. Notably, the efficacy of single and double constructs in the barley
HIGS setup correlates directly with the differential in vitro effect of these constructs on
impairment of fungal morphology (Hd6fle et al., 2018 in revision). At this stage the different
activities of single and double CYP constructs between the HIGS setups in barley vs.
Arabidopsis (e.g. equal efficacy of single and double constructs in Arabidopsis) cannot be
mechanistically explained. Possible explanations could be both, differences in the RNAI
machinery of these two species and/or transfer routes of small RNAs from host cells to the
interacting pathogen (Wang et al., 2016).

Seeing that the CYP3RNA was effective in controlling Fg infection by spray treatment of barley
leaves, we also assessed single and double constructs. Under the conditions tested, resistance
enhancement in general was stronger in comparison to HIGS setups and comparable to
Arabidopsis all six constructs showed similar phenotypes (Tab. 18). Notably and consistent
with earlier results (Koch et al., 2016), spraying CYP3RNA resulted in the strongest decrease
in Fg infection by at least 90%. This was contrasting to HIGS in Arabidopsis, where no clear
difference could be observed between constructs targeting one, two ore even three FgCYP51
genes. A recent study showed that CYP3RNA, when sprayed onto barley leaves, is taken up by
Fg and processed by the fungal RNAi machinery (Fig. 27B; Koch et al., 2016). Efficient uptake
of CYP51-dsRNA could explain the high efficiency in the SIGS setups. It is not yet known
whether in HIGS setups longer dsRNAs such as CYP3RNA are also transferred to the
interacting fungus or whether cellularly expressed dsRNAs are processed by the plant’s RNAi
machinery into siRNAs in advance of an efficient uptake by the fungus (Fig. 27A). Treatment
of Fg with CYP3RNA in vitro impaired fungal growth more than the single and double
constructs (Hofle et al., 2018 in revision). Differences between CYP3RNA and the single and
double constructs were observed only in setups (SIGS, in vitro), where dsSRNA is suggested to
be taken up directly and processed by the fungus whereas in HIGS setups probably siRNAs
constitute the main transfer molecules. This would be an explanation for different activities of
the same dsRNA constructs using different experimental setups. In aphids a comparative
analysis of different dSRNA delivery strategies also revealed high variations in gene silencing
efficiencies of the same target gene with a clear favour for dsSRNA (Mulot et al., 2016).

A recent study showed that exogenously applied dsRNA can induce PTI leading to enhanced

antiviral or antibacterial resistance (Niehl et al., 2016). In contrast, PTI triggering activity could
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not be demonstrated with CYP3RNA as this dSRNA had no effects on marker genes indicative
of salicylate- or jasmonate-mediated defence pathways (Koch et al., 2016). This is relevant
considering the vyield penalties of dsRNA-based plant protection strategies. Moreover,
downregulation of the FgCYP51 genes further argues that SIGS cannot rely on an unspecific
resistance enhancement. Consistent with this, SIGS requires an intact fungal RNAiI machinery
as revealed by the fact that fungal dicer-like 1 (Fgdcl-1) mutants widely tolerate spray
treatments with CYP3RNA (Koch et al., 2016).
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Fig. 27 Possible transfer routes and molecules in HIGS (A) and SIGS (B) against fungi. A, the transgene derived dsSRNA
is produced and processed in the plant. Whether the precursor itself can be transported into the fungus, where it could be
processed by the fungal RNAI machinery, is unclear. B, the sprayed RNAs are taken up via unknown mechanisms by the plant
and processed. The precursor dSRNA as well as siRNAs can be taken up by the fungus (Koch et al. 2016). Possible transfer
routes for both mechanisms via vesicles or RNA-transporters are indicated. AGO1 seems to be essential for the RNAI response
in Fusarium (Chen et al., 2015).

4.2  Gene silencing efficiency and co-silencing effects of FgCYP51 genes increased
with dsRNA length

RNAIi-based gene silencing methods were reliably used to study gene functions in many
organisms (Abdurakhmonov et al., 2016; Nguyen et al., 2008) and have been shown to have
great potential for plant protection against fungal pathogens (Majumdar et al., 2017).

Nevertheless, earlier studies and the here shown results suggest that important mechanistic
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details and differences between HIGS and SIGS are still unresolved (Hofle et al., 2018 in
revision; Koch et al., 2013; Koch et al., 2016). As shown in this study, the same dsRNA
constructs lead to different silencing phenotypes using transgenic and exogenous dsRNA
delivery, suggesting differences between the two mechanisms and also between different plant
species. While HIGS probably relies on the plants RNAI machinery, SIGS studies suggest the
involvement of both organism in the silencing process (Koch et al., 2016). This clarifies that
further research is required to establish rules for an optimal dsRNA design, for example length
of the dsRNA precursor. The elucidation of the molecular mechanism would be the key for
future application. For the first time we assessed dsRNA constructs of increasing lengths in
HIGS approaches against fungi. By comparing dsRNA lengths from about 500 bp to over
1500 bp no clear differences in the resistance enhancement against Fg could be detected (Fig.
11). The majority of the constructs reduced infection area by about 60%, what was similar to
the shorter single constructs of around 250 bp (Tab. 18), suggesting that selection of the right
target genes is superior than different dsSRNA length. In RNAI feeding studies with insects,
dsRNA lengths from 134 bp to 1842 bp were reported to work successfully on the same gene
also indicating that target gene selection is superior as dsRNA length (Huvenne and Smagghe,
2010). In support to this, a study in aphids reported that the percentage of coverage of the target
gene by the dsRNA does not impact the gene silencing efficiency. A dsRNA targeting ALY
(mRNA export factor) transcripts covered a larger portion of the coding sequence compared to
Eph (erythropoietin-producing hepatocellular) dsRNA, without inducing a higher gene
inhibition (Mulot et al., 2016). The fact that only Eph could be silenced was explained by a
higher abundance of ALY transcripts. Basal expression levels of the FgCYP51 genes were not
assessed in this study but this indicates that the gene silencing efficiency can be largely
influenced from other factors apart from dsRNA design.

Again, and as discussed earlier, resistance was extensively boosted by co-silencing of non-
target FgCYP51 genes what makes each construct very effective in controlling Fg infection
(Fig. 11). This was regardless of whether FgCYP51A, FgCYP51B or FgCYP51C was targeted.
Contrasting to the phenotypes, gene silencing efficiency of the FgCYP51 genes seems to
increase with dsRNA lengths. Whereas gene silencing efficiency of target as well as non-target
genes of 250 bp single constructs was within the scope of 60%, 800 bp constructs reduced
expression of all FgCYP51 genes by 80%. Why this doesn’t additionally constitute a boost for
resistance against Fg cannot be explained yet but would strengthen the argument that target

gene selection goes superior to dsRNA length. Another explanation for these similar
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phenotypes could be that the plants expressing single constructs were already highly resistant
so that infection area could not be further restricted by enhanced FgCYP51 silencing.

From theory a longer precursor can be processed into a greater number of active siRNAs, what
could be already observed in some insect species. In the western corn rootworm, silencing
efficiency increased with increasing dsSRNA lengths (60-200 bp), whereas a minimum of 60 bp
dsRNA is required for successful gene silencing (Bolognesi et al., 2012). By targeting the same
gene in aphids only dsRNA and not siRNAs were able to achieve gene silencing (Mulot et al.,
2016). In general the optimal dsRNA length varies hardly among insect species whereas in most
studies 140 to 520 nucleotides were reported to provoke successful gene silencing (Andrade
and Hunter, 2016). Probably precursor length limitations are only true for worms and higher
eukaryotes as in fungi active uptake of long and short dsSRNAs resulted in target gene silencing
(Jochl et al., 2009; Khatri and Rajam, 2007; Majumdar et al., 2017; Wang et al., 2016). It must
also be considered that the incorporated dSRNA precursor seems to be processed by the insect
itself while this is unclear in HIGS against fungi (Fig. 27A). For example it could be shown in
bollworm that a higher dsSRNA expression in plants correlates with a more efficient RNAI
response (Mao et al., 2007). The same is true for aphids. A low accumulation of siRNAs in the
plant did not result in less effective gene silencing, suggesting that the long dsRNA, rather than
the siRNA, are the molecules that prime silencing (Mulot et al., 2016).

Considering that increasing the length of dSRNA constructs against Fg did not clearly increase
the resistance, the use of shorter dsSRNA under 500 bp is recommended. As shown by qRT-PCR
especially with 800 bp constructs, off-target effects in non-targeted FgCYP51 genes are
amplified as well (Fig. 11). Obviously with increasing length of the precursor also off-targets
in other non-target genes, organisms or the plant itself are more likely. This has been already
proven by bioinformatics (Qiu et al., 2005; Senthil-Kumar and Mysore, 2011) and could be
confirmed for the here assessed CYP constructs (Fig. 12). Unintended off-target silencing in
the host have been observed for example in HIGS against Aspergillus flavus, what resulted in
growth impairment of transgenic plants (Masanga et al., 2015). But this did not apply for CYP-
dsRNA-expressing plants as no obvious phenotypic changes were observed. Besides
widespread off-target analysis in Arabidopsis and barley have been performed for the
CYP3RNA (Koch et al., 2013). Beside length, several other factors could influence the
silencing efficiency including the expression level and accessibility of the target mMRNA, the
primary sequence and the secondary structure of the mMRNA that can affect accessibility by the

RISC complex, amount and sequence of dsRNA precursor, and the turnover of transcripts. For
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example, plant DCLs seem to operate preferentially on GC-rich regions what could influence
the plants ability to process the precursor into active siRNAs (Ho et al., 2007).

In general, the analysis of dsSRNA constructs with different lengths from around 200 bp to over
1500 bp suggest that there is no size limitation for a dsRNA to function in HIGS. Although
gRT-PCR results indicate that gene silencing efficiency increased with dsRNA length,
phenotypes on plants do not clearly prove a correlation. Conclusions are additionally
aggravated by the fact that off-target effects, like already discussed for FgCYP51 gene function,

mask the influence of the individual constructs on Fg infection.

4.3 Influence of the dsSRNA design on the gene silencing efficiency of the FgCYP51
genes

The above discussed results indicate that further research is needed to resolve the mechanism
of HIGS against Fusarium. This was additionally highlighted by RNA sequencing of
CYP3RNA expressing plants showing that most siRNAs seem to be processed from the
FgCYP51A fragment of the precursor (Fig. 3). Nevertheless, the CYP3RNA has been shown to
be highly effective in gene silencing of all three FgCYP51 genes (Koch et al., 2013). Prominent
off-target effects as observed in this study could probably explain why. To assess whether the
efficiency of the CYP3RNA is caused by positional and/or sequence based effects several
dsRNA designs (Fig. 13) were tested in Fusarium infection assays. Changing positions of the
FgCYP51 derived fragments like in CYP-ABC and CYP-BCA did not largely influence the
gene silencing efficiency (Fig. 14). Comparable to CYP3RNA expressing plants, CYP-ABC
reduced the expression of all target genes and CYP-BCA the expression of FgCYP51A and
FgCYP51C by about 50% or more. Surprisingly FgCYP51B expression in CYP-BCA
expressing plants was comparable to wt plants what cannot be explained at this stage. Also in
the CYP3RNA, the FgCYP51B derived fragment is at the beginning of the precursor. In general,
these experiments must be repeated because of large inconsistencies between phenotypes and
gene expression. For example, the reduction of all FgCYP51 genes in CYP-ABC did not lead
to resistance against Fg. Additionally, experiments should be combined with RNA sequencing
to clearly determine whether siRNA profiles changed in comparison to CYP3RNA plants.

By triplication of the single constructs as in CYP-AAA/BBB/CCC a higher gene silencing
efficiency of target genes should be achieved, in theory by a higher number of precursor
molecules. Unexpectedly this resulted in upregulation of all FgCYP51 genes in CYP-CCC
expressing plants (Fig. 14). One probable explanation would be that the precursor molecule
folds in a 3D structure that is not recognized by the RNAI machinery and consequently not

processed by DCL proteins. This could happen by incorrect base-pairing of sSSRNA transcripts
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for example by pairing of only one or two of the identical FgCYP51C sequence fragments or
even by base-pairing between three ssRNA transcripts. This would result in inappropriate
dsRNA generation. In CYP-AAA and CYP-BBB expressing plants only FgCYP51C was
upregulated whereas the other two genes were silenced. Both plants were highly resistant
against Fg infection suggesting that FgCYP51C is not crucial for Fg growth on leaves. This is
supported by previous studies showing that FgCYP51C has only minor functions in ergosterol
biosynthesis and is not necessary for infection of Arabidopsis floral tissue (Fan et al., 2013). In
general, triplication of single constructs did not enhance the gene silencing efficiency of the
FgCYP51 genes, as also single constructs CYP-A, CYP-B and CYP-C provoked silencing of
all three FgCYP51 genes in a range of 50% or more. Aggravating CYP-CCC seems, because
of unknown reasons, not to be processed by the plants RNAi machinery. This further suggest
that silencing efficiency during HIGS is probably more dependent from an efficient transport
of siRNAs into the fungus than from the amount of precursor molecules and/or sSiRNAs in the
plant. This is clearly distinct from insects where it is shown that the amount of precursor
molecule correlates with the gene silencing efficiency (Mao et al., 2007; Mulot et al., 2016).
The above-mentioned peak in the sequencing result of CYP3RNA (Fig. 3) plants led to the
speculation that this specific sequence in the FgCYP51A derived fragment can be processed
into a high number of active siRNAs by the plants RNAi machinery. Construct CYP-HSA was
generated to analyse whether this is caused by the sequence itself and surprisingly this short
sequence of only 100 bp provoked resistance enhancement by over 80% and strong target as
well as non-target gene silencing (Fig. 14). This suggests that the peak observed in the
CYP3RNA precursor is indeed caused by the sequence itself and not by the position of CYP-A
in the middle of the construct. Certainly, this has to be confirmed by RNA-sequencing.
Sequence specific effects were analysed additionally by changing the position of the dSRNA in
the respective FgCYP51 gene as in CYP-AS5’, CYP-B5’ and CYP-Cmiddle. Thereby CYP-
Cmiddle strongly reduced the expression of his target gene by over 90% and additionally non-
target genes FQCYP51B and FgCYP51A were reduced by 50% (Fig. 14). Though the phenotype
on leaves was hardly contrasting and infection severity was similar to the wt. This phenomenon
has been already observed with the CYP-C single construct where strong silencing of all
FgCYP51 genes by over 50% did not cause a significant resistance enhancement (Fig. 5). This
cannot be explained, and the phenotypes should probably be analysed again. Especially for the
here discussed constructs it is noticeable that infection assays had to be performed with T1
generation plants because no other plants were available at that time. For infection assays with

the other constructs at least T2 generation plants were assessed. Other studies with aphids
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already observed that silencing efficiency varies greatly between plant generations (Mulot et
al., 2016). Switching the position of the dsRNA sequence in the respective FgCYP51 gene led
in the case of CYP-AS5’ to target gene silencing and non-significant co-silencing of FgCYP51C
but not FgCYP51B (Fig. 14). As FgCYP51B is reported to be the major enzyme involved in
sterol demethylation (Fan et al., 2013) this would explain why plants were not resistant against
Fg. Co-silencing effects of CYP-AS’ were not as prominent as seen with CYP-A single
construct (compare Fig. 5 and Fig. 14). Supporting to this it is already reported that the
beginning of a CDS has lower off-target errors. Nevertheless they do not recommend the 5’
region for dsRNA design because this region is rich in binding sites for regulatory proteins (Qiu
et al., 2005). This probably explains why CYP-B5’ did not lead to target but only non-target
gene silencing. Binding of regulatory proteins to the 5° region could impede the attachment of
active siRNAs to the FgCYP51B mRNA and consequently gene silencing. Co-silencing
SIRNAs that are not binding to the 5’ regions of FgCYP51A and FgCYP51C could in contrast
lead to gene silencing.

4.4  Plant extracellular vesicles contain CYP3RNA originating siRNAs

Beside the already discussed questions about the nature of the transported RNA molecules
during HIGS and SIGS also the mechanism of transport is unresolved. Several hypotheses
include the transport via extracellular vesicles (EVs) that are comparable to mammalian
exosomes or alternatively the uptake via membrane localized RNA transporters (Koch and
Kogel, 2014; Majumdar et al., 2017). Recent research examples showing that EVs can be
isolated from Arabidopsis and that vesicle production is enhanced after pathogen attack, make
a vesicle-based transport a likely scenario (Rutter and Innes, 2017). Apart from this, no
homologs of RNA uptake transporters like for example the SID-1 and SID-2 proteins from C.
elegans (McEwan et al., 2012; Shih and Hunter, 2011) could be identified in fungi.

Therefore, | focused on the vesicle-based transport theory and successfully isolated exosome-
like nanoparticles from CYP3RNA expressing Arabidopsis leaves. Thereby techniques like
ultracentrifugation and sucrose purification, that are routinely used for the isolation of
mammalian exosomes (Li et al., 2017), were shown to be suitable for plant vesicles. The
isolated vesicles had an average diameter of around 100 nm (Tab. 19), what goes perfectly in
line with the size range reported for mammalian exosomes of 30-150 nm (Raposo and
Stoorvogel, 2013). The physical appearance after TEM analysis was similar to typical exosome
preparations from cell culture supernatants (Fig. 15). Vesicles showed a cup-shaped
morphology and were surrounded by a bilayer indicating that the isolated vesicles were

comparable to exosomes (Li et al., 2017; Lobb et al., 2015). Together with the fact that plant
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vesicles float in a sucrose gradient and were concentrated specifically in the interface of the
30% and 45% sucrose layer suggest that they are related to exosomes or similar vesicles
observed in animals. Earlier studies using sucrose purification of exosomes also report that they
locate between the 30% and 45% gradient (Mu et al., 2014; Sun et al., 2010).

Like mammalian exosomes, plant vesicles contained RNA cargo identified by RNA extraction
from vesicle preparation and subsequent RNA sequencing. Sucrose gradient centrifugation has
been used repeatedly for exosome purification and subsequent RNA sequencing and is shown
to effectively separate exosomes and other extracellular vesicles from contaminants like protein
aggregations and nucleic acids (Alexander et al., 2016; van Balkom et al., 2015). Consequently,
the identified RNA was contained inside vesicles. RNA sequencing revealed siRNAs
originating from the CYP3RNA precursor strongly indicating that plant processed siRNAs are
incorporated in intracellular vesicles. After fusion with the plasma membrane these vesicles
could cross the plant — fungal interface and enable siRNA transport during HIGS. This is
supported by earlier studies. After fungal infection the formation of MVBs and paramural
vesicles between cell wall and cell membrane seems to be enhanced (An et al., 2006a; Wang et
al., 2014).

The here applied techniques include physical destruction of the cell wall during the isolation
process, so the biogenesis of these vesicles or whether they are of intra- or extracellular origin,
is questionable. Another characteristic of exosomes is their endosomal origin what distinguish
them from other extracellular vesicles like microvesicles or apoptotic bodies that can be found
in animals (Raposo and Stoorvogel, 2013). As the antibodies for suitable marker proteins that
could prove an endosomal origin were not available for this study we cannot confirm that the
isolated vesicles should be called exosomes. But considering that also the plasma membrane
derived microvesicles can contain cell specific RNA cargo and are able to shuttle between cells,
this is probably not necessary to answer our initial question (Cocucci et al., 2009; Hoy and
Buck, 2012). As discussed, the isolated plant vesicles share multiple characteristics of
mammalian exosomes, so it is likely that they also have similar functions in intercellular and
interspecies communication in plants. The identification of CYP3RNA originating siRNAs
inside the vesicles greatly suggest that they undertake important functions during HIGS against
Fusarium and possibly constitute the main transport route of cross-kingdom silencing signals
between these two species. The involvement of EVs in cross-kingdom communication has been
shown for many different species before, including fungi (Peres da Silva et al., 2015),
nematodes (Quintana et al., 2017) and plant pathogenic bacteria (Katsir and Bahar, 2017). In
mammalian cells it is already proven that parasitic small RNAs are transported to host cells via
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vesicles (Buck et al., 2014; Zhu et al., 2016). Until now it is highly unresolved how specificity
is achieved in terms of which RNAs are packed into vesicles neither how RNAs are selectively
incorporated into different classes of EVs. It is discussed that protein interaction partners,
probably components of the RISC complex, are involved. For example AGO2 was identified
in exosomes secreted from monocytes (Gibbings et al., 2009).

Until recently, the existence of exosomes or any type of EVs was questionable in plants so there
are only few studies that can be used as reference. Rutter and Innes (2017) provided the first
evident proof that EVs of endosomal origin exist in plants. By comparison of EVs from Rutter
and Innes with the here shown vesicles the morphologies are greatly alike (Fig. 15) suggesting
that comparable vesicles could be isolated by the method we used. However, to prove an
extracellular origin, we repeated the vesicle isolation from CYP3RNA expressing plants by
applying the same methods as described by Rutter and Innes. We were able to isolate EVs from
the apoplastic fluid of Arabidopsis leaves that were in the same size range as described by
Rutter and Innes. By light scattering they found the most abundant particles in a size range of
150 nm in diameter. Our average diameter by considering wt as well as CYP3RNA plants was
about 130 nm (Tab. 19). These slight differences are probably also based on the measurement
techniques. It has to be considered that light-scattering measurement of the whole isolation
approach is probably more exact than measurement of individual vesicle diameters by ImageJ.
The diameter of EVs from apoplastic fluid was also slightly bigger than from the previous
method using cell lysate. Besides large differences of the experimental procedures this can be
explained by the lack of the sucrose purification step. Consequently, probably distinct classes
of EVs were isolated in the process. Also, cup-shaped appearance was not as prominent as
observed before. The cup-shaped morphology can be explained by extreme dehydration of the
vesicles during the sample preparation process of conventional electron microscopy (Li et al.,
2017). Thus, it is not a quality feature for exosomes and can most likely vary from preparation
to preparation. Rutter and Innes proved by immunodetection of several maker proteins for the
plasma membrane, Golgi bodies as well as early and late endosome that vesicles formation was
not caused by cellular damage neither are they reconstituted from the plasma membrane (Rutter
and Innes, 2017). As we did not have any of these antibodies by hand we cannot provide this
proof here. But we argue that by applying the exact same method it is certain that our EVs were
extracted exclusively from apoplastic fluid and consequently are of extracellular origin.
Whether they are of endosomal origin like mammalian exosomes or whether different classes

of EVs were isolated was not relevant for our initial question. As the mechanism of RNA uptake
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by the fungus is also unclear it is possible that also membrane derived vesicles like
microvesicles could be involved.

RNA sequencing of EVs revealed CYP3RNA originating siRNAs as seen before in vesicles
from whole leaves. RNAse A digest was performed previous to RNA extraction to prove that
RNA was protected inside the lumen of EVs. This greatly suggest that siRNA contained
vesicles are transported out of the cell most likely by fusion with the plasma membrane like
seen in animals (Hoy and Buck, 2012). The results provide new inside into the mechanism of
HIGS against fungi. They further provide another proof that EVs exist in plants and probably
undertake similar functions in intercellular communication and probably cross-kingdom
communication like in animals.

One characteristic of earlier siRNA profiling of CYP3RNA expressing plants or fungal cultures
treated with CYP3RNA was a clear overrepresentation of FgCYP51A derived siRNAs (Fig. 3;
Koch et al., 2016). This could be confirmed by the here shown sequencing results but not in the
same extent as seen before, what can be probably explained by the smaller library size (Fig. 17;
Fig. 19; Fig. 21). In earlier studies at least 5 million reads were analysed (Koch et al., 2016)
whereas vesicle derived libraries contained mostly under 3 million reads (Tab. 15). Most
notably was the extremely low number of siRNAs in EVs matching to FgCYP51B (Fig. 19).
Such a minor transport of FgCYP51B targeting siRNAs to the fungus would strengthen the
above discussed argument that the efficiency of the CYP3RNA is eminently boosted by co-
silencing effects. The formation and amplification of secondary siRNAs in the fungus would
explain why FgCYP51B can be silenced without an efficient generation and transport of
FgCYP51B targeting siRNAs. Again, it is noteworthy that the library size was probably not
sufficient to cover the whole range of vesicle contained siRNAs. Whole RNA profiling studies
of human exosomes are performed with over 5 million reads (Huang et al., 2013; Rodriguez et
al., 2017). For small RNA sequencing in general, 1-2 million and 5-8 million reads are
recommended for differential expression and discovery of new microRNAs respectively.
(Campbell et al., 2015; Metpally et al., 2013). Seeing that all vesicle libraries contained over
2 million reads (Tab. 15), | would expect that the data quality is sufficient for the simple yes or
no question that has been analysed here. Nevertheless, one can probably not assume that the
sequencing result reflects the full picture of plant transferred small RNAs. Therefore, upscaling
of the vesicle isolation to improve the RNA yield should be considered.

80



Discussion

Tab. 19 Average diameter of exosome-like nanoparticles from Arabidopsis and barley. Average diameter was analysed

with the ImageJ Software based on microscopy scale bars. Standard errors (+SE) are given in parentheses.

sample vesicle diameter [nm] preparation method
Arabidopsis wt 94,8 [+ 2,5] whole leaves
Arabidopsis CYP3RNA 105,2 [+ 3,6] whole leaves
Arabidopsis wt 118,6 [+ 6,5] apoplastic washes
Arabidopsis CYP3RNA 141,4 [+ 8,0] apoplastic washes
barley TE 166,6 [+17,8] apoplastic washes
barley CYP3 155,8 [+21,0] apoplastic washes

4.5  Vesicles are involved in siRNA transport during SIGS

After showing that HIGS construct derived siRNAs are incorporated into plant vesicles and in
this way probably transported into the fungus, the question whether this is happening also
during SIGS emerged. The results shown in this work and earlier studies suggest that there are
large differences between the two mechanisms (Hofle et al., 2018 in revision; Koch et al., 2016).
Whereas HIGS is virtually based on the plants RNAi machinery, SIGS constitutes a more
complex situation. The fact that the dsSRNA precursor is transported and subsequently processed
by the fungus, make it questionable whether siRNAs are transported as well (Koch et al., 2016).
By application of the methods used for isolation of EVs from Arabidopsis, vesicles could be
successfully isolated from the apoplastic fluid of barley leaves that were spray treated with
CYP3RNA. In comparison to Arabidopsis the infiltration time had to be increased and multiple
cycles of vacuum and derepression were necessary to assure complete infiltration of leaves.
This was probably caused by a different leaf morphology of the plants like for example cuticula
diameter that aggravated vacuum infiltration in barley. Nevertheless, vesicles showed the
typical morphology and were surrounded by a bilayer as observed before. The vesicle diameter
was slightly bigger than for EVs from Arabidopsis. As these are two complete different species
this was not surprising and is probably not comparable. Additionally, the overall yield of
vesicles was notably smaller than for Arabidopsis what caused higher variability in vesicle
diameter resulting also in higher standard errors (Tab. 19). Because the production of dsSRNA
that was used for these experiments is highly expensive it was not possible to extensively
increase the amount of starting material. However, the amount and quality of RNA extracted
from the vesicles was sufficient for library generation as well as small RNA sequencing and the
resulting library size was comparable to the Arabidopsis samples (Tab. 15). siRNA profiling
revealed CYP3RNA matching hits, but these were considerably lower than seen before with
Arabidopsis HIGS plants (Fig. 21). Because of the already mentioned fact that CYP3RNA can
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be transported into the fungus and that the fungal RNAI machinery is crucial for gene silencing
(Koch et al., 2016), the siRNA transport probably plays a more substantial role in HIGS than
in SIGS. This is supported by a very recent study showing that after external application,
dsRNAs instead of plant processed siRNAs are taken up by insects from tomato leaves (Gogoi
et al., 2017). Nevertheless, the here shown results indicate that both, siRNA and dsRNA
transport takes place during SIGS against fungi. Even in other studies examining this silencing
approach externally applied siRNAs as well as dsSRNA provoked gene silencing (Wang et al.,
2016). Whether a vesicle based transport should be also considered for the transport of longer
dsRNA molecules cannot be answered yet. Therefore, whole RNA profiling from plant EVs
instead of small RNA sequencing should be considered for future studies.

4.6 RNA can be co-purified with RNA-binding proteins by immunoprecipitation

RNA-binding proteins (RBPs) have been shown to be indispensable for proper processing of
small RNAs by Dicer-like proteins (DCL) during RNA interference and certainly also for the
generation of sSiRNAs from transgenes (Curtin et al., 2008). The identification of RBPs that are
bound to transgene derived dsRNA and/or siRNAs could provide insight into the processing
mechanism of transgene derive dsSRNA, the protein interaction partners involved in this process
as well as the nature of the potential silencing signals. Furthermore, the transport mechanisms
in the plant itself as well as cross-kingdom transport of silencing signals as discussed above are
highly unresolved. It has been shown that microRNAs and siRNAs travel from cell to cell
through plasmodesmata as well as systemically through the phloem (Brosnan and Voinnet,
2011; Molnar et al., 2010; Molnar et al., 2011). However, the protein machinery required for
this process is unresolved. It is likely that RBPs are involved in long-distance trafficking of
MRNA as well as SRNAs in plants probably through the phloem as shown in pumpkin (Ham et
al., 2009; Ham et al., 2014). Here it was assessed whether two characterized pumpkin phloem
RBPs, CmPP16 and CmRBP50 (Ham et al., 2009) can bind to CYP3RNA-derived RNA when
expressed in Arabidopsis. This could be an indication for a phloem mediated transport
happening during HIGS. The strategy was chosen because no similar proteins are characterized
from Arabidopsis what is probably also due to experimental difficulties in obtaining the phloem
sap (Tetyuk et al., 2013). Furthermore, it was assessed whether the five DRB proteins from
Arabidopsis are involved in HIGS against Fg by either binding to the CYP3RNA precursor or
originating siRNAs. Therefore, a method for purification of the RBPs from crude cell extracts
had to be established that is also sensitive enough to leave RNA-protein binding intact. Co-
RNA-IP has been used successfully to elucidate interactions between components of the RISC

complex and microRNAs as well as siRNAs in Arabidopsis. Besides the method has been
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shown reliable for RNA sequencing of the co-purified RNA (Carbonell et al., 2012; Garcia-
Ruiz et al., 2015).

In this work the method was established for the above-mentioned RBPs that were expressed
together with CYP3RNA in Arabidopsis. In the future this can help to elucidate RNA-
trafficking and long-distance transport of silencing signals during HIGS and SIGS. From five
RBPs that could be successfully co-purified in this work, all seem to bind to RNA as indicated
by RNA extraction from immunoprecipitated proteins (Fig. 23 and Fig. 25). Although RNA
amount was low, differences in the RNA yields from RBP containing samples and ev samples
indicate that RNA-binding is not only due to unspecific attachment. The small amount of RNA
that could be gained from ev samples is probably explained by unspecific binding to the
antibodies, the tag or the beads itself. In further experiments this has to be confirmed by RNA
sequencing from samples generated in this work or after collecting of additional RNA samples
after upscaling of the experimental extent. To keep experimental costs within a limit, co-RNA-
IP was performed on a 1 ml scale using a maximum of 500 mg plant input material and the
obtained RNA amounts would be sufficient for sequencing. Modern RNA sequencing can be
achieved with less than 10 ng input material but there are studies indicating that low quantities
of starting RNA can influence the sequencing quality (Lynch et al., 2010). By duplication or
triplication of the input material, it is certain that RNA vyield could be increased but
simultaneously also would experimental costs. For studies with AGO proteins the tenfold of
our starting material was used, though to identify miRNA binding by northern blot where
considerably more RNA is required (Carbonell et al., 2012).

In contrast to RBPs from pumpkin that could be detected without any problems after transient
expression in Nb as well as transgenically in Arabidopsis, only three DRB proteins were
detectable in Arabidopsis (Fig. 23 and Fig. 25). In T1 generation plants DRB4 was detectable
only after denaturing protein extraction using SDS but not with the native extraction buffer that
was necessary for co-RNA-IP. This is probably explained by the nuclear localization of DRB4
(Curtin et al., 2008) suggesting that the used buffer was not suitable for proper lysis of the
nuclear membrane. However reassessment of T2 generation by preparation of the crude nuclear
extracts using a previously published protocol (Escobar et al., 2001), revealed DRB4 expression
in nuclear as well as cytosolic fractions (Fig. 26). Consequently, it was suggested that the buffer
used for IP was not suitable for DRB4 extraction. The only important differences between the
two buffers are that extraction buffer from Escobar et al., 2001 included DTT and Sucrose, with
the latter probably only added for protection of the nuclei. DTT is normally added to protect
sensible proteins against oxidative damage. In further experiments it could be excluded that this
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constitutes a problem for DRB4 because immunodetection as well as immunoprecipitation was
possible with or without DTT. Probably the problems in detecting DRB4 can be explained by
different expression profiles and/or levels between plant generations. DRB4 probably
constitutes the most interesting candidate for our questions because it is involved in the
generation of 21 nt siRNAs from transgene-encoded or viral transcripts by interaction with
DCL4 (Curtin et al., 2008; Eamens et al., 2009).

In contrast DRB3 and DRB5 were not detectable in Arabidopsis neither by denaturing nor
native protein extraction and also after screening of up to ten different transgenic lines of T1
and T2 generation by western blot. Nevertheless, the successful mMRNA production in leaves
could be detected by gRT-PCR (data not shown), suggesting that the transgene is properly
expressed and protein production probably only under the detection level of the methods used
or protein production is restricted to specific plant tissues. Supporting to this DRB3 and DRB5
localization seems to be restricted to the SAM region (Eamens et al., 2012a) explaining why
protein level in leaves was probably too low for immunodetection. Specific protein extraction
from the SAM should be considered in this case, but whether this results in enough material for
co-RNA-IP is questionable. Aggravating is additionally that DRB3 and DRB5 are not involved
in the general production of SRNAs and clear functions of both proteins are not resolved (Curtin
et al., 2008).

Contrasting to the other DRB proteins, DRB1 and DRB2 could be detected without problems
in multiple transgenic lines and successfully purified by IP. DRB1 is one of the best studied
DRB proteins and has a prominent role in miRNA processing by interaction with DCL1 to
generate 21 nt microRNAs from precursor transcripts (Eamens et al., 2009). It is ubiquitously
and constitutively expressed in all plant organs explaining why protein level was high and could
be detected without any problems despite its nuclear localization. In contrast, like DRB3 and
DRBS5 the role of DRB2 in the general SRNA pathway is unknown (Curtin et al., 2008). The
protein seems to be involved together with DRB3 and DRBS5 in the biogenesis of developmental
important miRNAs in the SAM region (Eamens et al., 2012a; Eamens et al., 2012b). Studies
show furthermore that constitutive overexpression of DRB2, like performed here, can
compensate loss of DRB1 in mutant plants (Eamens et al., 2012a). It is possible that
overexpression led to an unnatural expression pattern explaining why DRB2 in contrast to
DRB3 and DRBS5 could be detected in high amounts in Arabidopsis leaves. Contrasting to this
but in support with our results, recent studies show that DRB2 is similar to DRB1 expressed in
all plant tissues and furthermore has a crucial role in gene regulation by determining whether a

miRNA acts by cleavage or translational inhibition of its targets (Reis et al., 2015). In contrast
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in the same study no similar function could be determined for DRB3 and DRB5 leaving their
exact function unknown.

Altogether, these preliminary studies provided by this work can help to further elucidate the
molecular mechanism of HIGS against fungi, what is a prerequisite for application of this
technology. The co-purified RNA can be used for future RNA sequencing experiments to
examine whether the assessed proteins are involved in CYP3RNA procession or transport. In
this way the study could help to further elucidate DRB functions in Arabidopsis. Furthermore,
after establishment the method could be expanded to other proteins involved in RNAI, like for

example AGO proteins.

4.7  Conclusion and future prospects

This PhD project aimed at characterizing the unresolved mechanistic details about HIGS and
SIGS against Fg that has been previously reported with the CYP3RNA (Koch et al., 2013; Koch
et al., 2016). After testing various CYP3RNA derived dsRNA constructs that silence one, two
or all three FgCYP51 genes, it has become apparent that off-target effects should be under
consideration in future experiments. On the other side these co-silencing effects make the
FgCYP51 genes to a very effective target for controlling Fg infection. Furthermore, the results
suggest that selection of the right target gene is superior to dsRNA design. Although, increasing
the dsRNA length seemed to enhance gene silencing efficiency as well as co-silencing, this did
not constitute a considerable boost for Fg resistance. Neither did changing the dsSRNA design.
However, the results with one of the new constructs, CYP-HSA, which reached the efficiency
of the CYP3RNA, indicate that some sequence based effects contribute to the efficiency of the
CYP3RNA. This 100 bp construct, which targets FgCYP51A, was the shortest construct tested
and contained a sSiRNA hot-spot that has earlier been detected in SiRNA profiling of CYP3RNA
plants (Fig. 3). The results suggest that this particular sequence can be processed into a high
number of siRNAs by the plant’s RNAi machinery. Considering that all interpretations were
largely aggravated by co-silencing effects of CYP51-dsRNAs, this should be confirmed in
future studies by RNA sequencing of these plants.

Showing that EVs from CYP3RNA expressing plants as well as from CYP3RNA sprayed
leaves contain precursor derived siRNAs, is a large progress in understanding the RNA
transport mechanisms during HIGS and SIGS. Future experiments could investigate whether
plant EVs contain, beside siRNAs, also other RNA cargo like mRNAs or microRNAs like in
animals (van Balkom et al., 2015). Additionally, the siRNA content could be analysed before

and after pathogen infection.
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Finally, this study provides some important preliminary work for the elucidation of transgenic
SiIRNA procession and transport in the plant. By establishment of co-RNA-
Immunoprecipitation of different RNA-binding proteins, like the five Arabidopsis DRB
proteins, interactions of dsSRNA-derived siRNAs with these proteins could be resolved. This
could give further insight into the mechanism of HIGS on the plant’s side and the protein

interaction partners involved.
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5. Abstract

RNAI based approaches like Host-Induced Gene Silencing (HIGS) and Spray-Induced Gene
Silencing (SIGS) have shown great potential in inhibiting pathogen infection in plants. In earlier
studies it was demonstrated that inhibiting the sterol 14a-demethylase through silencing of the
three FQCYP51 genes, after delivery through transgene expression or external application of
the double-stranded CYP3RNA, effectively controls Fusarium graminearum (Fg) infection in
planta (Koch et al., 2013; Koch et al., 2016). In the attempt to silence only one or two of the
FgCYP51 genes, co-silencing effects in the respective non-target FgCYP51 genes largely
influenced the silencing efficiency in HIGS as well as SIGS approaches and masked the
influence of individual constructs on Fg growth. Therefore, single and double constructs
showed efficiencies in inhibiting Fg growth similar to the original CYP3RNA. By increasing
the length of the single dsRNA constructs, silencing efficiency and co-silencing effects, proven
by off-target analysis and qRT-PCR, were enhanced. The results suggest that up to 1500 bp —
the longest construct analysed here - there is no length limitation for a dsSRNA to function in
HIGS. However, increasing the dsRNA length did not constitute a boost for Fg resistance,
suggesting that target gene selection is more important than the length of dsRNA for effective
fungal growth inhibition by HIGS. This was further supported by HIGS studies with constructs
in which the design of the dsRNA was largely changed in comparison to the original single,
double or the CYP3RNA construct. The changes involved switching the position of the dSRNA
in the target gene, triplication of single constructs and transposition of the individual CYP51
fragments in the CYP3RNA.

With the objective to clarify how siRNAs are transferred between plant and fungus during HIGS
and SIGS, two different methods were successfully used for the isolation of exosome-like
nanoparticles or extracellular vesicles (EVs) from plants. The isolated vesicles shared
characteristic features from known exosome preparations of mammalian cells and plant EVs
that have been reported recently (Rutter and Innes, 2017). My work further confirmed that EVs
from CYP3RNA-expressing plants contained siRNAs that originated from the dsRNA
precursor, as proven by small RNA sequencing. The same was shown for EVs from CYP3RNA
sprayed leaves. This indicates that the SIRNAs, that are transferred during HIGS and SIGS, are
indeed transported via vesicles, what was shown for the first time within this study. Therefore,
the study gives new insight into the mechanism of RNA-based cross-kingdom communication.
Altogether, this PhD project could clarify some important mechanistic details about HIGS and
SIGS what is indispensable for a successful future application of these technologies as plant

protection measure.
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6. Zusammenfassung

RNAI basierte PflanzenschutzmalRnahmen wie das Host-Induced Gene Silencing (HIGS) oder
Spray-Induced Gene Silencing (SIGS) wurden bereits mit grolem Erfolg zur Vermeidung von
Pathogeninfektionen eingesetzt. In vorangegangenen Studien wurde gezeigt, dass die
CYP3RNA, nach Expression in der Pflanze oder als Folge externer Applikation, zu einem
Silencing der drei FgCYP51 Gene flihrte wodurch eine Inhibierung der Sterol 14a-Demethylase
in Fusarium graminearum ausgeldst wurde (Koch et al., 2013; Koch et al., 2016). Im Rahmen
dieser Doktorarbeit sollten die Auswirkungen eines Silencing einzelner FgCYP51 Gene
untersucht werden. Dabei kam es sowohl in HIGS als auch SIGS Versuchen zum Co-Silencing
von FgCYP51 Nichtzielgenen wodurch die Auswirkungen der Einzel- bzw. Doppel-Konstrukte
auf das pilzliche Wachstum kaschiert wurden. Dies begriindete zudem, dass die Einzel- bzw.
Doppel-Konstrukte vergleichbar effektiv waren wie die Referenz-dsRNA CYP3RNA. Durch
eine Verlangerung der dsRNA wurden diese Co-Silencing Effekte und die generelle Gen-
Silencing Effektivitat erhoht. Die Ergebnisse lassen vermuten, dass dsSRNAS bis zu einer Lange
von 1500 bp erfolgreich in HIGS Studien eingesetzt werden kdnnen. Dennoch fihrte die
Verléangerung der dsRNA nicht zu einer erhdhten Resistenz, was vermuten lasst, dass die Wahl
eines geeigneten Target-Gens essentieller ist als das Design der eingesetzten dsRNA. Diese
Annahme konnte durch weitere Konstrukte bestétigt werden, bei denen das dsRNA Design im
Vergleich zur CYP3RNA weitreichend verandert wurde.

Ein weiteres Ziel dieser Arbeit war aufzuklaren auf welche Weise siRNAs zwischen Pflanzen
und Pilzen transportiert werden. Dabei wurden zwei verschiedene Methoden zur Isolation von
Exosom-ahnlichen Vesikeln bzw. extrazellularen Vesikeln (EVSs) aus Pflanzen erfolgreich
implementiert. Die isolierten Vesikel zeigten die typischen Merkmale von Exsomen aus
Humanzellen bzw. pflanzlichen EVs, die kirzlich entdeckt wurden (Rutter and Innes, 2017).
Durch Sequenzierung der vesikularen RNA aus CYP3RNA-exprimerenden Pflanzen, konnten
siRNAs identifiziert werden, welche dem dsRNA Vorlaufermolekiil abstammen. Ein &hnliches
Ergebnis wurde fur EVs aus Blattern erzielt, welche zuvor mit CYP3RNA bespriht wurden.
Bislang wurde ausschlielRlich spekuliert, dass siRNAs wahrend des HIGS sowie SIGS in
Vesikeln transportiert werden. Die im Rahmen dieser Doktorarbeit gewonnenen Ergebnisse
liefern somit neue Erkenntnisse zur RNA-basierten Kommunikation zwischen Spezies
unterschiedlicher Abstammung. Zudem konnten wichtige mechanistische Details der HIGS-
sowie SIGS-vermittelten Pathogenkontrolle aufgeklart werden, was unabdingbar ist flr einen
zukunftigen Einsatz dieser Technologien und erfolgreichen Transfer als innovative

Pflanzenschutzmalinahme.
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8.3  Seqguences of dsRNAs, proteins and genes mentioned in this study
dsRNAs:

CYP-A:
CGGTCCATTGACAATCCCCGTCTTTGGTAGCGATGTCGTATACGATTGTCCCAACTCGAAGCTCATGGAACAAAAGAAGTTTG
TCAAGTTTGGCCTTACGCAAAAAGCACTCGAGTCACACGTCCAGTTAATCGAGCGAGAGGTTCTTGACTACGTCGAAACTGAT
CCATCCTTTTCTGGCAGAACTAGCACCATCGATGTCCCCAAGGCAATGGCTGAGATAACAATCTTTACTGCCTCACGTTCTTTG
CAGGGTGAGGAAGTTCGGAGAAAACTCACTGCCGAGTTTGCTGC

CYP-B:
CAGCAAGTTTGACGAGTCCCTGGCCGCTCTCTACCACGACCTCGATATGGGCTTCACCCCCATCAACTTCATGCTTCACTGGG
CCCCTCTCCCCTGGAACCGTAAGCGCGACCACGCCCAGCGCACTGTTGCCAAGATCTACATGGACACTATCAAGGAGCGCCG
CGCCAAGGGCAACAACGAATCCGAGCATGACATGATGAAGCACCTTATGAACTCT

CYP-C:
ATTGGAAGCACCGTACAATATGGCATCGACCCGTACGCTTTTTTCTTCGACTGCAGAGATAAATACGGCGACTGCTTTACCTT
TATTCTCCTTGGCAAATCAACGACTGTCTTTCTTGGTCCCAAGGGCAATGACTTTATCCTCAACGGCAAACACGCCGATCTCA
ACGCCGAGGACGTTTATGGGAAACTTACCACGCCCGTGTTTGGTGAGGAGGTTGTTTATGACTGCTCCAATG

CYP-AC:
CGGTCCATTGACAATCCCCGTCTTTGGTAGCGATGTCGTATACGATTGTCCCAACTCGAAGCTCATGGAACAAAAGAAGTTTG
TCAAGTTTGGCCTTACGCAAAAAGCACTCGAGTCACACGTCCAGTTAATCGAGCGAGAGGTTCTTGACTACGTCGAAACTGAT
CCATCCTTTTCTGGCAGAACTAGCACCATCGATGTCCCCAAGGCAATGGCTGAGATAACAATCTTTACTGCCTCACGTTCTTTG
CAGGGTGAGGAAGTTCGGAGAAAACTCACTGCCGAGTTTGCTGCATTGGAAGCACCGTACAATATGGCATCGACCCGTACGC
TTTTTTCTTCGACTGCAGAGATAAATACGGCGACTGCTTTACCTTTATTCTCCTTGGCAAATCAACGACTGTCTTTCTTGGTCCC
AAGGGCAATGACTTTATCCTCAACGGCAAACACGCCGATCTCAACGCCGAGGACGTTTATGGGAAACTTACCACGCCCGTGT
TTGGTGAGGAGGTTGTTTATGACTGCTCCAATG

CYP-BC:
CAGCAAGTTTGACGAGTCCCTGGCCGCTCTCTACCACGACCTCGATATGGGCTTCACCCCCATCAACTTCATGCTTCACTGGG
CCCCTCTCCCCTGGAACCGTAAGCGCGACCACGCCCAGCGCACTGTTGCCAAGATCTACATGGACACTATCAAGGAGCGCCG
CGCCAAGGGCAACAACGAATCCGAGCATGACATGATGAAGCACCTTATGAACTCTATTGGAAGCACCGTACAATATGGCATC
GACCCGTACGCTTTTTTCTTCGACTGCAGAGATAAATACGGCGACTGCTTTACCTTTATTCTCCTTGGCAAATCAACGACTGTC
TTTCTTGGTCCCAAGGGCAATGACTTTATCCTCAACGGCAAACACGCCGATCTCAACGCCGAGGACGTTTATGGGAAACTTAC
CACGCCCGTGTTTGGTGAGGAGGTTGTTTATGACTGCTCCAATG

CYP-AB:
CGGTCCATTGACAATCCCCGTCTTTGGTAGCGATGTCGTATACGATTGTCCCAACTCGAAGCTCATGGAACAAAAGAAGTTTG
TCAAGTTTGGCCTTACGCAAAAAGCACTCGAGTCACACGTCCAGTTAATCGAGCGAGAGGTTCTTGACTACGTCGAAACTGAT
CCATCCTTTTCTGGCAGAACTAGCACCATCGATGTCCCCAAGGCAATGGCTGAGATAACAATCTTTACTGCCTCACGTTCTTTG
CAGGGTGAGGAAGTTCGGAGAAAACTCACTGCCGAGTTTGCTGCCAGCAAGTTTGACGAGTCCCTGGCCGCTCTCTACCACG
ACCTCGATATGGGCTTCACCCCCATCAACTTCATGCTTCACTGGGCCCCTCTCCCCTGGAACCGTAAGCGCGACCACGCCCAG
CGCACTGTTGCCAAGATCTACATGGACACTATCAAGGAGCGCCGCGCCAAGGGCAACAACGAATCCGAGCATGACATGATGA
AGCACCTTATGAACTCT

CYP3RNA:
CAGCAAGTTTGACGAGTCCCTGGCCGCTCTCTACCACGACCTCGATATGGGCTTCACCCCCATCAACTTCATGCTTCACTGGG
CCCCTCTCCCCTGGAACCGTAAGCGCGACCACGCCCAGCGCACTGTTGCCAAGATCTACATGGACACTATCAAGGAGCGCCG
CGCCAAGGGCAACAACGAATCCGAGCATGACATGATGAAGCACCTTATGAACTCTCGGTCCATTGACAATCCCCGTCTTTGGT
AGCGATGTCGTATACGATTGTCCCAACTCGAAGCTCATGGAACAAAAGAAGTTTGTCAAGTTTGGCCTTACGCAAAAAGCAC
TCGAGTCACACGTCCAGTTAATCGAGCGAGAGGTTCTTGACTACGTCGAAACTGATCCATCCTTTTCTGGCAGAACTAGCACC
ATCGATGTCCCCAAGGCAATGGCTGAGATAACAATCTTTACTGCCTCACGTTCTTTGCAGGGTGAGGAAGTTCGGAGAAAACT
CACTGCCGAGTTTGCTGCATTGGAAGCACCGTACAATATGGCATCGACCCGTACGCTTTTTTCTTCGACTGCAGAGATAAATA
CGGCGACTGCTTTACCTTTATTCTCCTTGGCAAATCAACGACTGTCTTTCTTGGTCCCAAGGGCAATGACTTTATCCTCAACGG
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CAAACACGCCGATCTCAACGCCGAGGACGTTTATGGGAAACTTACCACGCCCGTGTTTGGTGAGGAGGTTGTTTATGACTGCT
CCAATG

GUS-dsRNA:
CACCCAGGTGTTCGGCGTGGTGTAGAGCATTACGCTGCGATGGATTCCGGCATAGTTAAAGAAATCATGGAAGTAAGACTGC
TTTTTCTTGCCGTTTTCGTCGGTAATCACCATTCCCGGCGGGATAGTCTGCCAGTTCAGTTCGTTGTTCACACAAACGGTGATA
CGTACACTTTTCCCGGCAATAACATACGGCGTGACATCGGCTTCAAATGGCGTATAGCCGCCCTGATGCTCCATCACTTCCTG
ATTATTGACCCACACTTTGCCGTAATGAGTGACCGCATCGAAACGCAGCACGATACGCTGGCCTGCCCAACCTTTCGGTATAA
AGACTTCGCGCTGATACCAGACGTTGCCCGCATAATTACGAATATCTGCATCGGCGAACTGATCGTTAAAACTGCCTGGCACA
GCAATTGCCCGGCTTTCTTGTAACGCGCTTTCCCACCAACGCTGATCAATTCCACAGTTTTCGCGATCCAGACTGAATGCCCAC
AGGCCGTCGAGTTTTTTGATTTCACGGGTTGGGGTTTCTACAGGACGTAAC

Full sequences of dsRNAs CYPA-500/800/full, CYPB-400/800/full and CYPC-400/800/full
are available in the Master thesis of Abhishek Shrestha (Abhishek Shrestha, 2016).

Full sequences of dsSRNAs CYP-HSA, CYP-A5", CYP-B5’, CYP-Cmiddle, CYP-ABC, CYP-
BCA, CYP-AAA, CYP-BBB and CYP-CCC are available in the Master thesis of Maximilian
Metze (Maximilian Metze, 2016).

protein sequences:

Sequences of the five Arabidopsis DRB proteins were obtained from the TAIR database
(DRB1: AT1G09700.1; DRB2: AT2G28380.1; DRB3: AT3G26932.1; DRB4: AT3G62800.1;
DRB5: AT5G41070.1)

Sequences of RBP50 and PP16 from Cucurbita maxima are available from pubmed under the
accession numbers EU793994.1 and AF079170.1 respectively.

gene seguences:
FgCYP51A (FGSG_04092); FgCYP51B (FGSG_01000); FgCYP51C (FGSG_11024); EFl-a
(FGSG_08811)

84  Ownwork

Experiments, data analysis and writing of the present thesis unless otherwise indicated and with
exception of the following items, were all done by myself.

Small RNA sequencing of vesicle RNA as described in 2.2.18 was performed in Bielefeld by
Dr. Tobias Busche (Center for Biotechnology — CeBiTec).

The bioinformatic off-target analysis as shown in Fig. 12 as well as siRNA profiling as shown
in Fig. 17, Fig. 19 and Fig. 21 were done by Lukas Jelonek (Department of Bioinformatic and
Systems Biology, JLU GielRen).

The siRNA profiling of CYP3RNA plants as shown in Fig. 3 was provided by Dr. Aline Koch
(Institute for Phytopathology, JLU GieRen).
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