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Dagmar Biedenkopf' and Aline Michaela Koch™

! Centre for BioSystems, Land Use and Nutrition, Institute of Phytopathology, Justus Liebig University Giessen, Giessen,
Germany, ¢ Botany and Agricultural Biotechnology, University of Khartoum, Khartoum, Sudan

Over the last decade, several studies have revealed the enormous potential of RNA-
silencing strategies as a potential alternative to conventional pesticides for plant
protection. We have previously shown that targeted gene silencing mediated by an
in planta expression of non-coding inhibitory double-stranded RNAs (dsRNAs) can
protect host plants against various diseases with unprecedented efficiency. In addition
to the generation of RNA-silencing (RNAI) signals in planta, plants can be protected from
pathogens, and pests by spray-applied RNA-based biopesticides. Despite the striking
efficiency of RNA-silencing-based technologies holds for agriculture, the molecular
mechanisms underlying spray-induced gene silencing (SIGS) strategies are virtually
unresolved, a requirement for successful future application in the field. Based on our
previous work, we predict that the molecular mechanism of SIGS is controlled by
the fungal-silencing machinery. In this study, we used SIGS to compare the silencing
efficiencies of computationally-designed vs. manually-designed dsRNA constructs
targeting ARGONAUTE and DICER genes of Fusarium graminearum (Fg). We found
that targeting key components of the fungal RNAI machinery via SIGS could protect
barley leaves from Fg infection and that the manual design of dsRNAs resulted in higher
gene-silencing efficiencies than the tool-based design. Moreover, our results indicate the
possibility of cross-kingdom RNA silencing in the Fg-barley interaction, a phenomenon
in which sRNAs operate as effector molecules to induce gene silencing between species
from different kingdoms, such as a plant host and their interacting pathogens.

Keywords: RNA spraying, RNA silencing, spray-induced gene silencing, Fusarium graminearium, AGO and DCL

INTRODUCTION

Diseases of cereal crops, such as Fusarium head blight caused by phytopathogenic fungi of the genus
Fusarium and primarily by the ascomycete Fusarium graminearum (Fg), exert great economic
and agronomic impacts on global grain production and the grain industry (Goswami and Kistler,
2004; Kazan et al, 2012; McMullen et al., 2012). In addition to significant yield losses, food
quality is adversely affected by grain contamination with mycotoxins, representing a serious threat
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to human and animal health (Ismaiel and Papenbrock, 2015).
Plant-protection and toxin-reduction strategies are presently
mediated by chemical treatments. Currently, the application
of systemic fungicides, such as sterol demethylation inhibitors
(DMIs), is essential for controlling Fusarium diseases and
to assist in reaching the maximum attainable production
level of high-yield cultivars. DMI fungicides act as ergosterol
biosynthesis inhibitors because of cytochrome P450 lanosterol
C-140-demethylase (CYP51) binding, which subsequently
disturbs fungal membrane integrity (Kuck et al., 2012). Because
of a shortage of alternative chemicals, DMIs have been used
extensively in the field since their discovery in the 1970s.
Therefore, it is hardly surprising that reduced sensitivity,
or even resistance to DMI fungicides, has begun to develop
in many plant pathogenic fungi (Yin et al, 2009; Spolti
et al, 2014). These alarming developments demonstrate
that novel strategies in pathogen and pest control are
urgently needed.

RNAI is known as a conserved and integral part of the gene
regulation processes present in all eukaryotes and is mediated
by small RNAs (sRNAs) that direct gene silencing at the post-
transcriptional level. Post-transcriptional gene silencing (PTGS)
starts with the initial processing or cleavage of a precursor
double-stranded (ds)RNA into short 21-24 nucleotide (nt) small-
interfering RNA (siRNA) duplexes by an RNasellI-like enzyme
called Dicer (Baulcombe, 2004; Ketting, 2011). Double-stranded
siRNAs are incorporated into an RNA-induced silencing complex
(RISC) that initially unwinds the siRNA, thereby generating an
antisense (or guide) strand which base-pairs with complementary
mRNA target sequences. Subsequent degradation of the targeted
mRNA mediated by an RNase protein called Argonaute (AGO)
prevents translation of the target transcript (Vaucheret et al.,
2004; Borges and Martienssen, 2015) ideally resulting in a
loss of function phenotype. Therefore, RNAi has emerged as
a powerful genetic tool not only in fundamental research for
the assessment of gene function but also in various fields of
applied research, such as agriculture. In plants, RNAI strategies
have the potential to protect host plants against infection by
pathogens or predation by pests mediated by lethal RNAi
signals generated in planta, a strategy known as ‘host-induced
gene silencing’ (HIGS; Nowara et al, 2010) (for review, see
Koch and Kogel, 2014; Yin and Hulbert, 2015; Guo et al,
2016; Zhang et al., 2017; Gaffar and Koch, 2019; Qi et al,
2019). In addition to the generation of RNA-silencing signals
in planta, plants can be protected from pathogens and pests
by spray-applied RNA biopesticides designated as spray-induced
gene silencing (SIGS) (Koch et al, 2016; Wang et al., 2016;
Konakalla et al., 2016; Mitter et al., 2017a; Kaldis et al., 2018;
Koch et al., 2019). Regardless of how target-specific inhibitory
RNAs are applied (i.e., endogenously or exogenously), the use
of HIGS and SIGS technologies to control Fusarium species
have been shown to be a potential alternative to conventional
pesticides (Koch et al., 2013; Ghag et al.,, 2014; Cheng et al,,
2015; Hu et al, 2015; Chen et al., 2016; Pareek and Rajam,
2017; Bharti et al., 2017; Baldwin et al., 2018; Koch et al., 2018,
2019) supporting the notion that RNAI strategies may improve
food safety by controlling the growth of phytopathogenic,

mycotoxin-producing fungi (reviewed by Majumdar et al., 2017;
Machado et al., 2018).

Despite the notable efficiency the RNAi-based technology
holds for agriculture, the mechanisms underlying HIGS and
SIGS technologies are inadequately understood. There is little
information regarding the contribution of either plant- or fungal-
silencing machinery in cross-species RNA silencing (i.e., plant
and fungus) or how inhibitory RNAs translocate from the plant
to the fungus after its transgenic expression or spray application.
Whereas HIGS is virtually based on the plant’s ability to produce
mobile siRNAs (through plant Dicers [DCLs]), the mechanism
of gene silencing by exogenously delivered dsRNA depends
primarily on the fungal RNAi machinery, mainly fungal DCLs
(Koch et al., 2016; Gaffar et al, 2019). Interestingly, recent
studies revealed that AGO and DCL proteins of Fg contribute to
fungal vegetative and generative growth, mycotoxin production,
antiviral response, sensitivity to environmental RNAi, and plant
disease development (Kim et al., 2015; Son et al., 2017; Yu et al,,
2018; Gaffar et al., 2019). In Fg, two Dicer proteins (FgDCL1 and
FgDCL2) and two AGO proteins (FgAGO1 and FgAGO?2) were
identified (Chen et al., 2015). Characterization of those RNAi
core components revealed functional diversification, as FgAGO1
and FgDCL2 were shown to play important role in hairpin-
RNA-induced gene silencing (Chen et al.,, 2015). In addition, we
recently demonstrated that FgAGO2 and FgDCL1 are required
for sex-specific RNAi (Gaffar et al., 2019). Moreover, FgAGO2
and FgDCLI participate in the biogenesis of perithecium-specific
microRNAs (Zeng et al., 2018).

Notably, we previously demonstrated that FgDCL1 is required
for SIGS-mediated Fg disease resistance (Koch et al, 2016).
However, further analysis of Fg RNAi KO mutants revealed
that all tested mutants were slightly or strongly compromised in
SIGS, whereas FgCYP51 target gene expression was completely
abolished in Adcl2 and Agipl mutants (Gaffar et al,, 2019).

Together, these studies indicate a central role of RNAi
pathways in regulating Fg development, pathogenicity, and
immunity. Consistent with this notion, we assume that Fg
RNAi components represent suitable targets for RNA spray-
mediated disease control. To determine this, we generated
different dsRNA constructs targeting FgAGO and FgDCL genes
that were sprayed onto barley leaves. We also compared two
different dsRNA design strategies; in particular, we used a tool-
based prediction of suitable dsRNA construct sequences vs.
a manual construct design related to current dsRNA design
principles and experiences. The tool-designed dsRNA molecules,
which target specific and easily accessible regions are shorter,
while the manually-designed dsRNA molecules are longer and
target non-overlapping regions.

MATERIALS AND METHODS

Construction of AGO1, AGO2, DCL1, and

DCL2 Templates and Synthesis of dsRNA

Primers were designed to generate PCR amplicons of 658-912 bp
in length for the manually-designed construct or of 173-193 bp
in length for the tool-designed construct (Zhao Bioinformatics
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Laboratory tool)!, corresponding to exons of selected target
genes, in which Fg represents Fusarium graminearum:
FgAGOI (FGSG_08752), FgAGO2 (FGSG_00348), FgDCLI
(FGSG_09025), and FgDCL2 (FGSG_04408) (Supplementary
Figures S1-S4). The target gene sequences were amplified
from Fg wt strain IFA65 cDNA using target-specific primers
(Supplementary Table S1). The length of manually selected
sequences were 658 bp for FgAGO1, 871 bp for FgAGO2, 912 bp
for FgDCLI, and 870 bp for FgDCL2, while the respective
tool-designed sequences were 173, 192, 182, and 193 bp in
length, respectively. The respective sequences of tool- and
manually-designed constructs did not overlap.

The construction of pGEMT plasmids comprised of the
tool- and manually-designed target sequences was performed
using restriction enzyme-cloning strategies. The first step in
constructing pGEMT plasmids containing manually-designed
double targets was to amplify target sequences of AGOI,
AGO2, DCLI, and DCL2 from the confirmed plasmids with
primers containing restriction sites (Supplementary Table
S1). The manually-designed dsRNA targeting FgAGOI and
FgAGO2 had a length of 1,529 bp and was therefore named
agol/ago2_1529nt. According to this scheme the other
manually-designed dsRNAs were named agol/dcll_1570nt,
agol/dcl2_1528nt, ago2/dcll_1783nt, ago2/dcl2_1741nt, and
dcll/dcl2_1782nt. Briefly, an AGO2 PCR fragment was inserted
between Notl and Ndel restriction sites of pGEMT plasmids
containing AGOI or DCLI target sequences to generate
agol/ago2_1529nt and ago2/dcll_1583nt constructs. The
PCR fragment of AGOI was inserted between Notl and Ndel
restriction sites of pGEMT plasmids containing the DCLI
target sequence to construct agol/dcll_1570nt target plasmid.
The other manually designed constructs (agol/dcl2_1528nt,
ago2/dcl2_1741nt and dcll/dcl2_1782nt) were generated
following the same procedure as described above: DCL2 PCR
fragments were inserted in the AGOI1 background (using
Notl and Ndel), in AGO2 (using Notl and BstXI) and in
DCLI1 (using Notl and Sall). To construct pGEMT plasmids
containing tool-designed target sequences (agol/ago2_365nt,
agol/dcll_355nt, ago2/dcll_374nt, agol/dcl2_366nt), the single
targets were amplified using primers containing a restriction site
(Supplementary Table S1), as described above. A tool-designed
sequence of DCLI was inserted between NotI and Sall restriction
sites of the pGEMT plasmid containing AGOI and AGO?2 targets
to generate agol/dcll_355nt and ago2/dcll_374nt constructs,
respectively. The DCL2 fragment was inserted between the NotI
and Sall restriction sites of the pGEMT plasmid containing the
AGOI sequence to construct agol/dcl2_366nt. Finally, AGO2
was inserted between the Notl and Sall restriction sites of
the pGEMT plasmid containing the AGOI target sequence to
generate an agol/ago2_365nt construct. As a negative control
a previously described dsRNA corresponding to a 720 nt long
fragment of the jellyfish green fluorescent protein (GFP) was
used (Koch et al., 2016).

MEGAscript Kit High Yield Transcription Kit (Ambion) was
used for dsRNA synthesis by following the manufacturers

Uhttp://plantgrn.noble.org/pssRNAit/

instructions using primers containing a T7 promoter
sequence at the 5 end of both forward and reverse primers
(Supplementary Table S1).

Spray Application of dsRNA on Barley

Leaves

The second leaves of 2- to 3 week old barley cultivar (cv.)
Golden Promise were detached and transferred to square Petri
plates containing 1% water-agar. The dsRNA was diluted in
500 pl of water to a final concentration of 20 ng pl~!. For
the Tris-EDTA (TE) control, TE buffer was diluted in 500
pl of water, corresponding to the amount used for dilution
of the dsRNA. The typical dsRNA concentration after elution
was 500 ng ul™!, representing a buffer concentration of
400 pM of Tris-HCL and 40 pwM of EDTA in the final
dilution. Leaves were sprayed using a spray flask as described
earlier (Koch et al., 2016). The upper half of each plate
containing ten detached leaves was evenly sprayed (3-4 pulffs)
with the different tool- and manually-designed dsRNAs or
TE buffer and subsequently kept at room temperature. Forty-
eight hours after spraying, leaves were drop-inoculated with
three 20 pl drops of Fg suspension containing 5 x 10*
conidia ml~! water. After inoculation, plates were closed
and incubated for 5 days at room temperature. The relative
infection of the leaves was recorded as the infection area
(Supplementary Figure S5) (by determining the size of
the chlorotic lesions) relative to the total leaf area using
Image] software (Schneider et al., 2012). We produced four
biological replicates for independent sample collection. Each
treatment group was compared to the TE-Buffer control using
students ¢-test.

Fungal Transcript Analysis

To assess the silencing of the FgAGO and FgDCL genes, mRNA
expression analysis was performed using quantitative reverse-
transcription PCR (qQRT-PCR). RNA extraction from the diseased
leaves was performed with TRIzol (Invitrogen) following the
manufacturer’s instructions. Freshly extracted mRNA was used
for cDNA synthesis using a chriptTM ¢DNA kit (Quantabio).
For qRT-PCR, 10 ng of cDNA was used as a template with
the reactions run in a QuantStudio 5 Real-Time PCR system
(Applied Biosystems). Amplifications were performed in 7.5 pl
of SYBR® Green JumpStart Taq ReadyMix (Sigma-Aldrich) with
5 pmol of oligonucleotides. Each sample had three technical
repetitions. Primers were used for studying expressions of FgAGO
and FgDCL genes with reference to the Elongation factor 1-alpha
(EF1-a) gene (FGSG_08811) and fS-tubulin (Supplementary
Table S1). After an initial activation step at 95°C for 5 min,
40 cycles (95°C for 30 s, 57°C for 30 s, 72°C for 30 s) were
performed. Cycle threshold (Ct) values were determined using
the 7,500 Fast software supplied with the instrument. Levels
of FgAGO and FgDCL transcripts were determined via the
27 AACt method (Livak and Schmittgen, 2001) by normalizing
the amount of target transcript to the amount of the reference
transcripts of the EFI-a (translation elongation-factor la) and
S-tubulin.
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siRNA Prediction

Sequences of the single manually- and tool-designed dsRNA
constructs for each gene, FgAGOI, FgAGO2, FgDCLI, and
FgDCL2, were split into k-mers of 21 bases and mapped
to the coding sequences of the four FgAGO and FgDCL
genes. The efficient siRNAs were calculated on the basis of
the thermodynamic properties of the siRNA-duplex, the 5’-
nucleotide of the guide strand and the target site accessibility
based on the default parameters of the SI-FI software tool®. These
parameters were: no mismatches to the target sequence, a 5-
A or -U on the potential guide strand, a higher minimum free
energy (MFE) on the 5-end of the guide strand compared to
the passenger strand and good target site accessibility; the default
parameters were used.

RESULTS

Spray-Induced Gene Silencing by AGO-

and DCL-dsRNAs Reduces Fg Infection
We assessed whether FgAGO and FgDCL genes are suitable
targets for SIGS-mediated plant protection strategies. Detached
barley leaves were sprayed with 20 ng ul=! dsRNA and drop-
inoculated 48 h later with a suspension of Fg conidia. After
5 dpi, necrotic lesions were visible at the inoculation sites of
leaves sprayed with TE buffer or non-homologous GFP-dsRNA
as negative controls. All homologous dsRNAs reduced the Fg-
induced symptoms, as revealed by significantly smaller lesions
in detached barley leaves (Figure 1). Infected areas were reduced
on the average by 50% compared to the control (Figure 1). The
highest infection reduction of 60% was reached with dsRNAs
targeting agol/ago2_365nt and agol/dcl1_1570nt (Figure 1). The
lowest disease resistance efficiencies of 31% were shown for the
ago2/dcl1_1783nt dsRNA construct (Figure 1).

DCL-dsRNAs Exhibited Higher Target Gene Silencing Than
AGO-dsRNAs

To analyze whether the observed resistance phenotypes were
provoked by target gene silencing, we measured the transcript
levels of FgAGO and FgDCL genes of Fg grown in the infected
leaf tissue by qRT-PCR. As anticipated, the relative transcript
levels of targeted genes FgAGO1, FgAGO2, FgDCLI, and FgDCL2
were reduced after the inoculation of leaves sprayed with the
respective dsRNA constructs (Figures 2A,B), except for FgAGO1,
if targeted with tool-designed constructs agol/dcll_355nt,
agol/dcl2_366nt, and agol/ago2_365nt (Figure 2A). However,
regarding those three constructs, we detected silencing effects for
the second target gene, as the FgDCLI expression was reduced
by 47%, FgDCL2 by 44%, and FgAGO2 by 52% (Figure 2A). The
most efficient construct in terms of overall target gene silencing
was ago2/dcll_374nt, which reduced the transcripts of FgAGO2
and FgDCLI by 40 and 74%, respectively, compared to the TE
control (Figures 2A,B).

Notably, if we compared the results for the tool-designed
dsRNA constructs with the manually-designed dsRNAs we
observed similar results for the FgAGOI target-silencing

Zhttp://labtools.ipk-gatersleben.de/
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FIGURE 1 | Quantification of infection symptoms of Fg on barley leaves
sprayed with AGO/DCL-targeting dsRNAs. Detached leaves of 3 week-old
barley plants were sprayed with AGO/DCL-targeting dsRNAs or TE buffer.
After 48 h, leaves were drop inoculated with 5 x 10% mI~" of macroconidia
and evaluated for infection symptoms at 5 dpi. Infection area, shown as the
percent of the total leaf area for 10 leaves for each dsRNA and the TE control
relative to the infected leaf area. Bars represent mean values 4 SDs of three
independent experiments. Asterisks indicate statistical significance (‘o < 0.05,
*p< 0.01, **p< 0.001, students t-test).

(Figures 2A,B). The constructs agol/dcll_1570nt and
agol/dcl2_1528nt reduced FgAGOI transcripts by only 17
and 29%, respectively (Figure 2B). Analyzing the transcript
levels of FgAGO2 revealed that: (a) the silencing efficiencies
of ago2/dcl1_1783nt and ago2/dcl2_1741nt were higher than
FgAGOLI target silencing and (b) targeting both FgAGO genes
with the agol/ago2_1529nt construct resulted in 50% reduction
for FgAGOI and 62% for FgAGO2. This, therefore, showed the
highest overall FgAGOs gene silencing (Figure 2B).

Interestingly and consistent with the tool-designed target
gene silencing results, we detected the strongest reduction of
>70% for FgDCLI (Figure 2B). For example, ago2/dcl1_1783nt-
dsRNA provoked a 79% reduction of FgDCLI transcripts.
Target gene silencing for FgDCL2 was also highly efficient, as
use of all three constructs, agol/dcl2_1528nt, ago2/dcl2_1741nt
and dcll/dcl2_1782nt, resulted in an "60% silencing efficiency
(Figure 2B). The most efficient construct in terms of overall
target gene silencing was dcll/dcl2_1782nt, which reduced the
transcripts of FgDCLI and FgDCL2 by 78 and 58%, respectively,
compared to control. Overall, these results suggest that silencing
conferred by AGO- and DCL-dsRNAs exhibited the highest
efficiency for silencing of FgDCL1 (AVE: 70%), followed by
FgDCL2 (AVE: 58%), FgAGO2 (AVE: 48%) and FgAGOI (AVE:
26%) (Table 1).

Manually-Designed dsRNAs Exhibit
Higher Gene-Silencing Efficiencies Than
Tool-Designed dsRNAs

To assess whether tool-designed dsRNA is more efficient than
manually designed constructs, we directly compared target gene-
silencing efficiencies of both design approaches (Figure 3).
We observed that target gene silencing of manually-designed
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FIGURE 2 | Relative expression of the respective fungal DCLs and AGOs 5 dpi on (A) tool- and (B) manually-designed-dsRNA-sprayed leaves. The expression was
measured via the 2245t method in which the expression of the respective AGOs and DCLs was normalized against the fungal reference genes EF7a (translation
elongation-factor 1 a) and B-tubulin, and this A-Ct value was then normalized against the A-Ct of the GFP control. Error bars represent the SE of the four
independent experiments, each using 10 leaves of 10 different plants for each transgenic line. Asterisks indicate statistical significance (o < 0.05, **p< 0.01, ***p <
0.001, students t-test).

constructs was superior to tool-designed dsRNA (Figure 3),
except for FgAGO2, for which we found no differences between
tool- or manually-designed dsRNA. Based on these findings
and considering previous results, we anticipated that larger
dsRNA constructs resulted in higher numbers of efficient siRNAs
(Hofle et al, 2019; Koch et al., 2019). As the tool-designed
constructs were <200 nt in length compared to >650 nt for the
manually-designed dsRNA (Table 2 and Supplementary Figures
S1-84), we calculated bioinformatically the possible siRNA hits
in the FgAGO and FgDCL target genes for all tested dsRNA
constructs (Table 2).

For the manually-designed dsRNA, which target different
regions of the respective genes, we calculated siRNAs that were
4- to 10-fold more efficient compared to the tool-designed

constructs (Table 2), confirming that the dsRNA precursor
length probably plays a role in determining the number
of derived siRNAs. For example, we predicted 49 efficient
siRNAs deriving from the 912 nt manually-designed dsRNA,
which targets FgDCLI, which is 10-fold >5 siRNA hits
derived from the 182 nt tool-designed FgDCLI-dsRNA
(Table 2). Notably, these differences resulted in only an
overall 10% silencing efficiency decrease of the tool-designed
dsRNA compared to the manually-designed constructs
targeting FgDCLI1 (Table 2). Together, these data suggest
that longer dsRNAs result in a higher number of efficient
siRNAs, but there is no stringent correlation between the
number of efficient siRNAs and the increase in target gene
silencing (Table 2).
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TABLE 1 | Overview of target gene-silencing efficiencies of different tested AGO-
and DCL-dsRNA constructs.

TABLE 2 | Number of efficient siRNAs and silencing efficiency of double
dsRNA constructs.

FgAGO1 FgAGO2 FgDCL1 FgDCL2
Tool AGO1-DCL1 6 - 47 -
AGO1-DCL2 No silencing - - 44
AGO2-DCL1 - 41 73 -
AGO1-AGO2 No silencing 52 - -
Average 6 46 60 44
Manual AGO1-DCL1 17 - 74 -
AGO1-DCL2 29 - - 64
AGO2-DCLA1 - 35 79 -
AGO2-DCL2 - 49 - 67
AGO1-AGO2 50 62 - -
DCL1-DCL2 - - 78 58
Average 32 49 7 63
DISCUSSION

Microbial pathogens and pests, unlike mammals, are amenable
to environmental sSRNAs, meaning that they can take up non-
coding RNAs from the environment, and these RNAs maintain
their RNAI activity (Winston et al., 2007; Whangbo and Hunter,
2008; McEwan et al., 2012). This knowledge raises the possibility
that plants can be protected from pathogens/pests by exogenously
supplied RNA biopesticides (for review, see Mitter et al., 2017b;
Cai et al., 2018b; Dubrovina and Kiselev, 2019; Gaffar and Koch,
2019; Dalakouras et al., 2020). Possible agronomic application of

Target gene Length (nt) Efficient siRNAs AVE: silencing

efficiency
Tool Manual Tool Manual Tool Manual
FGAGO1 173 658 13 57 6 32
FgAGO2 192 871 12 58 46 49
FgDCL1 182 912 5 49 60 77
FgDCL2 193 870 9 92 44 63

These efficient sRNA are designated by the dsRNA design tool si-Fi
(http://labtools.ipk-gatersleben.de).

environmental RNA is affirmed by the high sensitivity of Fg to
dsRNAs and siRNAs (Koch et al., 2016). Here, we demonstrated
that targeting, via SIGS, key components of the Fg RNAi
machinery, such as AGO and DCL genes, could protect barley
leaves from Fg infection. Our findings, together with other
reports, underline that Fg RNAi pathways play a crucial role in
regulating fungal development, growth, reproduction, mycotoxin
production and pathogenicity (Kim et al., 2015; Son et al., 2017;
Gaffar et al., 2019). However, the mechanistic role of Fg RNAi
components in these processes are inadequately understood.
Nevertheless, existing data suggest that there is a functional
diversification of FgAGO1/FgDCL2- and FgAGO2/FgDCL1-
regulated pathways (Chen et al., 2015; Son et al., 2017; Zeng et al.,
2018; Gaffar et al., 2019).

Based on these findings, the dsRNAs tested in this study
were designed to target FgAGO and FgDCL genes pairwise.
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Thus, we generated six different dsRNA constructs covering
all possible AGO-DCL combinations (Figure 4). Spraying the
different dsRNAs onto barley leaves resulted in ~50% inhibition
of fungal infection for all constructs (Figure 1). By analyzing
the silencing efficiencies of the different dsRNA constructs,
we found that the expression of FgDCLs genes was more
suppressed than FgAGOs genes (Table 1). More importantly,
the expression of FgAGOI was completely unaffected, regardless
of which dsRNA was sprayed. Based on this result, we could
speculate that FgAGO1 is required for binding of SIGS-associated
siRNAs; thus, loss of function mediated by SIGS will not
work. Of note, AAGOI mutants of Fg were only slightly
compromised in SIGS and less sensitive to dsRNA treatments,
indicating redundant functions of FgAGO1 and FgAGO?2 in
the binding of SIGS-derived siRNAs (Gaffar et al, 2019).
However, further studies must explore the mechanistic role of
FgAGOLl in SIGS.

While our data showed that SIGS-mediated downregulation
of FgDCLs gene expression resulted in inhibition of Fg infection,
we cannot exclude the possibility of sprayed dsRNAs being
processed by plant DCLs, which would explain the effective
silencing even with silenced fungal DCLs. Consistent with
this finding, previous studies demonstrated that spraying of
siRNAs led to the induction of local and systemic RNAi
in plants (e.g., Dalakouras et al, 2016; Koch et al., 2016).
These findings are significant contributions to our mechanistic
understanding of RNAi spray technology, as our previous
data indicate that effective SIGS requires the processing of
dsRNAs by the fungal RNAi machinery (Koch et al, 2016;
Gaffar et al, 2019). Whereas HIGS mainly relies on the
host plants ability to produce mobile siRNAs (generated from
transgene-derived dsRNAs), the mechanism of gene silencing
by exogenously delivered dsRNA constitutes a more complex
situation; for instance, the possible involvement of the silencing
machinery of the host and/or pathogen (Figure 5). Our
previous finding that unprocessed long dsRNA is absorbed
from leaf tissue (Koch et al., 2016) has important implications
for future disease control strategies based on dsRNA. It is
very likely that the application of longer dsRNAs might be
more efficient than the application of siRNAs, given their

dsRNAs more efficient translocation (Koch et al, 2016).
Moreover, in contrast to using only one specific siRNA,
processing of long dsRNA into many different inhibitory
siRNAs by the fungus may reduce the chance of pathogen
resistance under field test conditions. However, RNAi-based
plant protection technologies are limited by the uptake of
RNAi-inducing trigger molecules, either siRNAs and/or dsRNAs;
both RNA types have been shown to confer plant disease
resistance independent of how they were applied/delivered (i.e.,
endogenously or exogenously).

Previously, we discovered that longer dsRNAs of 400-800
nt exhibited a higher gene-silencing efficiency and a stronger
disease resistance than 200 nt dsRNAs (Koch et al., 2019)
indicating that the quantity of siRNAs derived from a longer
dsRNA precursor is simply higher. To test whether the length
and/or the selected target gene sequence influences silencing
efficiencies, we constructed 10 different dsRNA constructs

Spray-induced gene silencing

RNA spray — dsRNA Q» Apoplast
‘?/ ?luptake
@Fungal RNAi Symplast Fungal RNAI @

lDicer uptake?
Iuptake @
SIRNA-~~->MVBs > EVs

FIGURE 5 | The molecular mechanism of SIGS is controlled by the fungal
silencing machinery. In summary, our findings support the model that SIGS
involves: (1) uptake of sprayed dsRNA by the plant (via stomata); (2) transfer of
apoplastic dsRNAs into the symplast (DCL processing into siRNAs); (3)
systemic translocation of siRNA or unprocessed dsRNA via the vascular
system (phloem/xylem); (4) uptake of apoplastic dsRNA (a) or symplastic
dsRNA/siRNA by the fungus (b) or siRNAs from multivesicular body (MVBs)
derived extracellular vesicles (EVs) (c); (5) processing into siRNA by fungal
DCL.
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targeting FgAGO/FgDCL pairs (Figure 4). For the design of
the dsRNA constructs we used a dsRNA design tool’ that
generates dsRNAs of shorter lengths (173-197 nt), compared
them to manually selected sequences (658-912 nt) and calculated
the number of efficient siRNAs for each construct using si-
Fi 2.1* in silico prediction tool (Table 2). These differences
in length are inherent in the design methods and represent
therefore the different design approaches. While the tool-
designed RNA-trigger are designed to target a specific and
well accessible region of the target mRNA the manual design
approach pays little attention to these factors and is based
on a more or less random selection of regions. Notably, we
found that the number of efficient siRNAs derived from the
longer, manually-designed dsRNAs was 4- to 5-fold higher for
the constructs that target FgAGOI and FgAGO2. Moreover, the
manually-designed constructs targeting FgDCLI and FgDCL2
resulted in 10-fold more efficient siRNAs than the tool-
designed versions (Table 2). However, such a correlation was
only observed when we compared tool- vs. manually-designed
dsRNA (<200 vs. >650 nt constructs). If we attempt to
predict the number of efficient siRNAs of all the manually-
designed dsRNAs, based on the length of their precursors,
we obtained contrasting results. For example, the 912 nt
precursor dsRNA that targets FgDCLI resulted in 49 efficient
siRNA hits, which is approximately half of the 92 siRNA hits
for the 870-nt dsRNA designed to target FgDCL2 (Table 2).
Importantly, the tested dsRNAs that target FgDCLI, which
showed the lowest number of siRNAs, revealed the highest
efficiencies compared to all other constructs (Table 2). Together,
our data support the notion that longer dsRNAs tend to
result in higher numbers of siRNA, although this can differ
in particular cases. However, these data were obtained from
in silico predictions; therefore, their accuracies remain unknown.
Small RNA-sequencing must be performed to quantify, analyze
and map the SIGS-derived siRNAs to their target genes as
well as their dsRNA precursors. Besides siRNA concentration,
the siRNA sequence represents a crucial determinant affecting
silencing efficiency of its complementary target genes (Ossowski
et al, 2008). In addition, mapping of siRNAs to their target
sequence revealed processing patterns that might help to define
principles for RNAi trigger design, producing effective siRNAs
(Yang et al, 2013; Koch et al, 2016; Baldwin et al., 2018).
Importantly, to construct our manually-designed dsRNAs, we
performed a random selection of sequences complementary
to the specific target genes. Moreover, to guarantee optimal
silencing, we chose longer dsRNA sequences compared to the
tool-designed dsRNAs. Thus, a random selection of longer
target sequences, which are more effective in target silencing,
tends to increase off-target effects per se, due to the increase
in the number of different potential siRNAs (Roberts et al.,
2015). Shorter target sequences, which are also specifically
selected to produce potential siRNAs with a minimal potential
to silence unintended targets, could greatly reduce these off-
target effects. Therefore, based on our results obtained with

3http://plantgrn.noble.org/pssRNAit/
“http://labtools.ipk-gatersleben.de/

the tool-designed dsRNAs and the work of others, we suggest
using minimal-length dsRNA sequences carefully selected based
on known design criteria requirements. Another possible
way to achieve high silencing efficiencies while retaining
high target specificity (less off-target effect) could be the
construction of dsRNAs repeating a shorter tool- designed
sequence several times.

Nevertheless, the number of efficient siRNAs that reach the
fungus depends on the uptake efficiency of sprayed dsRNA
molecules and that can differ depending on the parameters which
determine the uptake efficiency, such as the stomata opening
(Koch et al, 2016). Additionally, as we previously found in
SIGS, the concentration of siRNAs in the target organism (i.e.,
fungus) can vary and mainly rely on the uptake of unprocessed
dsRNA from the plant’s apoplast and their processing by fungal
DCLs (Koch et al,, 2016; Gaffar et al., 2019). Finally, and even
more important than quantities of target-specific siRNAs in
determining silencing efficacy, is the target accessibility of a
siRNA (Reynolds et al., 2004; Shao et al., 2007). Therefore, the
design of RNAI triggers that likely mediate the efficient uptake of
dsRNAs and/or siRNAs by the target pathogen is crucial in the
success of SIGS as well as HIGS technologies.

Together, our results indicate that silencing fungal RNAi
pathway genes, especially DCL genes, using SIGS efficiently
increases plant disease resistance toward necrotrophic fungal
pathogens, such as Fg. Moreover, our results support the
notion that fungal RNAi-related genes in Fg play an essential,
direct or indirect role in pathogenicity and/or virulence
(Gaffar et al., 2019). These findings are consistent with other
reports demonstrating that the two DCL proteins (DCLI
and DCL2) of the necrotrophic fungal pathogen Botrytis
cinerea (Bc) play a central role in disease development (Wang
et al, 2016). These authors showed that the application
of sRNAs or dsRNAs on fruits, vegetables and flowers
targeting BcDCLI and BcDCL2 genes significantly inhibited
gray mold disease. Of note, the same group previously
discovered that Bc delivers sRNAs into plant cells to silence
host immunity genes, a phenomenon called ‘cross-kingdom
RNAi (ckRNAi) (Weiberg et al., 2013). Emerging data further
suggest that some sRNA effectors can target multiple host
defense genes to enhance Bc pathogenicity. For example,
Bc-siR37 suppresses host immunity by targeting at least
15 Arabidopsis genes, including WRKY transcription factors,
receptor-like kinases and cell wall-modifying enzymes (Wang
B. et al, 2017). Moreover, one of the most destructive
biotrophic pathogens of wheat Puccinia striiformis also delivers
fungal sRNAs, such as microRNA-like RNA1 (milR1), into
host cells and suppresses wheat Pathogenesis-related 2 (PR-
2) in the defense pathway (Wang M. et al, 2017). Notably,
such ckRNAi-related sRNA effectors are produced by fungal
DCL proteins, and thus SIGS of fungal DCLs abolishes
sRNA production and attenuates fungal pathogenicity and
growth. However, whether our findings suggest that Fg utilizes
ckRNAi-related sRNAs to suppress host immunity needs
further exploration.

More importantly, while several studies have demonstrated
bidirectional ckRNAi and sRNA trafficking between plant hosts
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and their interacting fungal pathogens (Zhang et al, 2012,
2016; Weiberg et al., 2015; Wang B. et al, 2017; Wang M.
et al, 2017; Zhu et al,, 2017; Cai et al., 2018a; Dubey et al,
2019; Zanini et al, 2019) the mechanisms underlying the
transfer and uptake of transgene-derived artificial sRNAs
(HIGS) as well as exogenously applied dsRNA (SIGS)
remain elusive. Further research is needed to determine,
for example: (a) how plant and fungal-silencing machinery
contributes to HIGS and SIGS; (b) the nature of the
inhibitory RNA that translocates from the plant to the
fungus after its transgenic expression or spray application;
(c) how that RNA crosses the plant-fungal interface; and
(d) how dsRNA is transported at the apoplast-symplast
interface. Therefore, addressing these questions is key for
making RNAi-based strategies a realistic and sustainable
approach in agriculture.
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