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Abstract RNA-based disease control has shown great
potential for controlling pest and diseases in crop plants.
While delivery of inhibitory noncoding double-stranded
(ds)RNA by transgenic expression is a promising con-
cept, it requires the generation of transgenic crop plants,
which may cause substantial delay for application strat-
egies depending on the transformability and genetic
stability of the crop plant species. Focusing on agronom-
ic important barley - Fusarium spec. pathosystems, we
have sought for alternative strategies to apply dsRNAs
for fungal control. Recently, we have demonstrated that a
spray application of a long noncoding dsRNA termed
CYP3RNA, which targets the three fungal Cytochrome
P450 lanosterol C-14x-demethylase genes FgCYP5IA,
FgCYP51B, and FgCYP5I1C, inhibits Fusarium
graminearum (Fg) on barley leaves (Koch et al., PLoS
Pathogens, 12, 1005901, 2016). Here we show that
another Fusarium species, F. culmorum (Fc), also is
sensitive to CYP5[-derived dsRNAs. Treating Fc with
various dsRNAs targeting the genes FcCYPSIA,
FeCYP51B and FcCYP51C was destructive to the fun-
gus and resulted in growth retardation in in vitro cultures.
We discuss important consequences of this finding on
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future RNA-based disease control strategies. Given the
ease of design, high specificity, and applicability to
diverse pathogens, the use of target-specific dSRNA as
an anti-fungal agent offers unprecedented potential for
novel plant protection strategies.
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Introduction

To meet the increasing food and energy demands of a
growing population, it will be necessary to roughly
double crop yields worldwide over the next 4050 years
despite a changing climate (FAO 2012; FAO 2013).
Meeting this challenge will require developing ground-
breaking strategies that promote sustainable plant pro-
duction. Recent discoveries that animals and plants can
deliver small (s)RNAs into interacting organisms there-
by targeting their virulence functions has opened up new
avenues for disease control (for recent reviews see
Weiberg et al. 2015; Guo et al. 2016; Cai et al. 2018):
A recent breakthrough study has shown that pathogen-
derived sSRNAs can move into host cells to suppress host
immunity (Weiberg et al. 2013). The grey mold patho-
gen Botrytis cinerea (Bc) produces sRNA effectors,
which can migrate into and down-regulate Arabidopsis
and tomato genes involved in disease resistance. Some
SRNA effectors can target multiple host defence genes
to enhance Bc pathogenicity. For example, Bc-siR37
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suppresses host immunity by targeting at least 15
Arabidopsis genes, including WRKY transcription fac-
tors, receptor-like kinases, and cell wall-modifying en-
zymes (Wang et al. 2017a). Bc sRNAs utilize the
host RNAi machinery by binding to Arabidopsis
ARGONAUTEI1 (AGO1) to silence host defense genes.
Consistent with this finding, Bc causes less disease
symptoms on the Arabidopsis ago/—27 mutant com-
pared to wild type (wt) plants. Similarly, the ago/-27
mutant is more resistant to the pathogenic ascomycete
Verticillium dahliae (Vd), which causes Verticillium wilt
disease on many plants, suggesting Vd also uses
sRNAs to silence host target genes. Moreover, one
of the most destructive pathogens of wheat Puccinia
striiformis (Ps) 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. Silencing of the Ps milR1 pre-
cursor led to enhanced wheat resistance to the viru-
lent Ps isolate (Wang et al. 2017b).

Significant for agriculture, recent reports show that
animals and plants deliver host SRNAs into interacting
microbes to suppress their virulence (Zhang et al. 2016).
Vd recovered from infected cotton plants, contained 28
different SRNA that matched miRNAs from cotton,
implying that host-derived sSRNAs were transmitted into
the pathogen during infection. Two of these cotton
miRNAs, miR166 and miR 159, target the fungal genes
Ca’ " “dependent cysteine protease calpain (VdClp-I)
and Iso-trichodermin C-15 hydroxylase (VAHiC-15),
respectively. Consistent with host-mediated silencing,
VdClp-1 and VdHiC-15 transcripts were reduced in the
Vd hyphae recovered from Vd-infected cotton. More-
over, the fungal mutants vdclp-1 and vdhic-15 were
reduced in virulence, confirming that these genes con-
tribute to pathogenicity. Animal hosts also export
sRNAs into interacting parasite cells to suppress their
virulence (LaMonte et al. 2012). Sickle cell erythrocytes
of anemia patients accumulate higher levels of miR-451
and lethal-7i (let-71), which are transferred into the par-
asite Plasmodium falciparum.

Strongly supporting the concept that hosts and their
interacting microbes/pests have co-evolved dedicated
strategies to communicate with each other through
SRNA, delivery of designer SRNA from plant hosts into
an interacting target microbe/pest has been frequently
demonstrated. Such engineered RNA-based targeted
gene silencing has emerged as a promising strategy for
crop protection. A wide range of transgenic crops
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expressing dsRNAs that are subsequently processed
into sRNAs targeting essential and/or pathogenicity
genes are more resistant to viruses, viroids, bacteria,
fungi, oomycetes, nematodes, and insects (Cai et al.
2018). Several studies demonstrated that cereals can
be protected from Fusarium species by expressing
dsRNAs targeting essential fungal genes such as
Chitin synthases, [3-1,3-Glucan synthase, or the
azole fungicide target Cytochrome P450 lanosterol
C-14 a-demethylase (Koch et al. 2013; Cheng et al.
2015; Chen et al. 2016). Moreover, banana could be
protected from Fusarium wilt caused by the soil-
borne fungus Fusarium oxysporum f. sp. cubense
(Ghag et al. 2014). Remarkably, RNA-based strate-
gies have also been discussed in the context of the
control of mycotoxin contamination in crop plants
(Majumdar et al. 2017). The broad applicability of the
technique supports a basic evolutionary-conserved
mechanism of SRNA trafficking.

Microbial pathogens and pests, in contrast to mam-
mals, are amenable to environmental SRNA, meaning
that they can take up noncoding RNAs from the envi-
ronment, whereby these RNAs maintain their RNAi
activity. This knowledge raises the possibility that plants
can be protected from pathogens/pests by exogenously
supplied RNA (Wang et al. 2016; Koch et al. 2016).
Possible agronomic application of environmental RNA
is affirmed by the high sensitivity of Fusarium
graminearum (Fg) to dsRNAs and siRNAs (Koch
et al. 2016). In support of this notion, spraying a
791 nt long noncoding dsRNA (CYP3RNA), which
targets the three Cytochrome P450 lanosterol C-14a-
demethylase (CYP51) genes FgCYP51A, FgCYP51B
and FgCYP51C of Fg strongly inhibited fungal growth
on barley leaves. Strikingly, and consistent with the
knowledge that SRNA is mobile (Molnar et al. 2010;
Melnyk et al. 2011; Mermigka et al. 2016), compro-
mised fungal growth was observed in the directly
sprayed (local) as well as the non-sprayed (distal) parts
of detached leaves. Efficient spray-induced gene silenc-
ing (SIGS) in the distal tissue required: i. passage of
CYP3RNA via the plant vascular system, ii. uptake into
the interacting fungus, and iii. processing into siRNAs
by fungal FgDcl-1 (Koch et al. 2016).

Importantly, application of CYP3RNA to liquid
in vitro cultures of Fg inhibited mycelial growth,
suggesting that in vitro screenings could be used
to explore novel dsRNAs and their fungal targets
(Koch et al. 2013, 2016; Koch and Kogel 2014).
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Here we show that FeCYP51-derived dsRNAs also
inhibit F. culmorum (Fc) in in vitro cultures show-
ing that Fusarium cultures are amenable to fast
dsRNAs screenings.

Results and discussion

Exploiting the recent discovery of bidirectional commu-
nication between a host and its microbial interactor via
RNAs (Weiberg et al. 2013; Zhang et al. 2016), delivery
of artificial dSSRNAs or sSRNAs by transgenic expression
(Fig. 1a) or spray application (Fig. 1b) has the potential
to become an efficient disease control method. Direct
application of dsRNAs or sRNAs onto host plants or
post-harvest products circumvents transgenic ap-
proaches, leading to silencing of the target microbe/
pest gene and efficient disease control (Wang et al.
2016; Koch et al. 2016; Niehl et al. 2018). Here we
addressed the question whether Fusarium species other
than Fg are sensitive to dsSRNA derived from homolo-
gous fungal CYP51 genes. To this end, we used custom-

made dsRNAs deduced from the Fc genes FcCYP5IA
(Fc-CYPA-I; Fc-CYPA-II), FcCYP51B (Fc-CYPB-I;
Fc-CYB-II) and FeCYP51C (Fe-CYPC-I; Fe-CYPC-
1) (Fig. S1). These dsRNAs were tested in fungal liquid
in vitro cultures. Macroconidia of Fc strain KF350
were incubated in microtiter plates in 100 uL TE buffer
(5 uM TRIS, 0.5 uM EDTA, pH 7) containing
20 ng uL " dsRNA. After 48 h, the amount of mycelium
was quantified indirectly using the MTT method which
records cell metabolic activity (Berridge and Tan 1993).
The method is indicative of cell viability and can be
used to quantify the inhibitory effects of dsRNAs in
in vitro cultures. Except Fc-CYPA-II, virtually all
CYP51-dsRNAs reduced the formation of formazan
from thiazolyl blue tetrazolium bromide compared to a
GUS-dsRNA control (Fig. 2). Strong effects (signifi-
cance p <0.05; t-test) were observed for all the dsSRNAs
targeting the FcCYP51B and the FcCYP51C gene.
dsRNA Fc-CYPB-I showed strongest activity with a
39% reduction of the amount of living mycelium. These
results are consistent with previous reports showing that
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Fig. 1 Possible transfer routes and molecules in host-induced
gene silencing (HIGS) and spray-induced gene silencing
(SIGS) of fungal target genes. a A transgene-derived dsRNA is
produced and processed by the ribonuclease (RNase) III enzyme
DICER in the plant cell. Whether the precursor itself and/or the
resulting siRNA is transported into the fungus, where the precursor
could also be processed by the fungal RNAi machinery, is unclear.

b Sprayed dsRNAs are taken up via unknown mechanisms by the
plant and processed into siRNAs. Both the precursor dsSRNA and
the resulting 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)
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Fig.2 Relative F. culmorum growth in in vitro liquid culture as
measured by the MTT viability assay after treatment with
CYP51-dsRNAs. A macroconidia suspension (100 ul of TE
buffer (5 uM TRIS, 0.5 uM EDTA) containing 300 macroconidia
of Fc in Czapek Dox medium was incubated in 96-well plates for
48 h at RT with 2 pg dsRNA. dsRNA generated from the GUS
gene was used as control. The assay was performed by adding
50 ul RPMI media followed by incubation for 3 h at 37 °C. The
amount of formazan was assessed by resuspension in
isopropanol and measurement of the optical density (OD) at
595 nm. Error bars represent standard deviation (SD) of three
independent experiments. Asterisks indicate statistical signifi-
cance (*p <0.05; students #-test)
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FgCYP51B is most important for ergosterol biosynthe-
sis and thus survival of the fungus (Fan et al. 2013; Liu
et al. 2011; Machado et al. 2018).

To further confirm a correlation between reduced
fungal growth and silencing of target genes, we mea-
sured the expression of the three FcCYP51 genes by
quantitative real-time PCR (qRT-PCR). Treatment of
fungal cultures with CYP51-dsRNA resulted in down-
regulation of the respective target genes FcCYP5IA,
FcCYP51B and FcCYP51C: Fe-CYPA-I/II reduced
FgCYP51A expression by 60 to 80%, Fc-CYPB-I/II
reduced FcCYP51B expression by approximately 40%,
and Fc-CYPC-I/I reduced FeCYP51C by more than
95% (Fig. 3). Comparing the expression data with data
of the MTT assay, it can be concluded that the strength
of silencing of FcCYP51 genes does not directly corre-
late with growth retardation. For instance, strong silenc-
ing of FcCYP51A expression does not lead to stronger
fungal inhibition than silencing of FcCYP51B by 40%.
In accordance with Fan et al. (2013), the data further
support the requirement of CYP5/B and CYP51C but
not CYP5IA for Fusarium development and survival.
Consistent with this notion, ANOVA analysis confirmed
a significant difference in fungal metabolic activity when
targeting FcCYP51A vs. FcCYP51B or FcCYP51C (null
hypothesis confirmed p =0.008), but there was no
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Fig. 3 Silencing of FcCYP51 genes in in vitro liquid cultures of
F. culmorum after treatment with CYP51-dsRNA. A suspen-
sion (100 pl) containing 300,000 macroconidia ml™! of Fe in
Czapek Dox medium was incubated in 96-well plates for 48 h at
RT with 2 pg dsRNA. cDNA was generated after total RNA
extraction from in vitro cultures. Gene-specific expression of
FcCYPS5IA, FcCYPS51B and FcCYP51C was measured by qRT-
PCR and normalized to fungal EF/-o« (FGSG_08811) as reference
gene. Error bars represent SE of three independent experiments.
Asterisks indicate statistical significance (**p<0.01;
*##%p <0.001 students #-test)

difference in metabolic activity of GUS-dsRNA control
vs. CYPS1A dsRNAs treated cultures (null hypothesis of
a difference falsified; p =0.095). Notably, single
CYP51-dsRNAs also affected the expression of respec-
tive non-target FcCYP5I genes, suggesting co-
regulatory effects (Fig. S2): FcCYP51A was co-
suppressed by Fc-CYPB-II, Fc-CYPC-I and FcCYPC-
II, and FcCYP51C was co-suppressed by Fc-CYPA-I,
Fc-CYPB-I and Fc-CYPB-II, while FcCYPA-II unex-
pectedly induced the expression of FcCYP51B and
FcCYP51C. More research is required to explain gene
co-induction mechanistically.

Fungal cultures treated with CYP51-dsRNAs also
showed weak aberrant morphologies of hyphae such
as undulated, slightly conglomerated and more
branched hyphae with defective septation, as compared
to treatments with GUS-dsRNA (Fig. 4). These
data together show that, like F. graminearum, also
F culmorum is sensitive to dsSRNA treatments. Despite
the fact that aberrant phenotypes in in vitro screening of
F. graminearum with dsRNA were less obvious than in
HIGS and SIGS approaches (Koch et al. 2016), in vitro
activity of candidate dsRNAs is a proxy for their effi-
ciency in spray experiments and transgenic plants. Es-
pecially the straightforwardness of these screenings,
cost efficiency and rapidity argue for future application
in pre-screens. Moreover, our work further supports the
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Fig. 4 Microscopic analysis of
F. culmorum growth in liquid
culture after treatment with
various Fc-CYP51 dsRNAs. A
conidia suspension (100 pl)
containing 3000 conidia ml™' of
FE culmorum KF350 in Czapek
Dox medium was incubated in
96-well plates for 48 h at RT
(Koch et al. 2016). GUS-dsRNA
was used as negative control.

notion that Fusarium species are amenable to RNA-
based disease control strategies and that HIGS and SIGS
setups are highly efficient to control necrotrophic
fungi of the genus Fusarium on cereal plants. Clear-
ly, more research is required to address open ques-
tions related to the use of RNA in plant protection.
For instance, it is yet unresolved whether dsRNA in
general activates immune responses in plants:
dsRNAs purified from virus-infected plants and the
dsRNA analog polyinosinic-polycytidylic acid
(poly(I:C)) induced typical pattern-triggered immu-
nity (PTI) responses dependent on the co-receptor
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE
KINASE 1 (SERK1), but independent of DICER-
like in Arabidopsis. Moreover, dsRNA treatment of
Arabidopsis induces SERK 1-dependent antiviral re-
sistance (Niehl et al. 2016). On the other hand,
CYP3RNA did not induce marker genes of the salic-
ylate and jasmonate pathways in barley leaves, indi-
cating that the immunogenic activity of dsRNA in
plants is still an open question.

A recent study reported that miRNAs from plants
may be taken up by humans and thus may affect target
genes (Zhang et al. 2012). While the idea that nutrition
may encompass the ingestion of genetic information is
fascinating, careful replication of these striking results is
necessary. Emerging evidence suggests that the initial

claims of delivery and effect of foreign dietary genetic
information in mammals may prove to be overstated.
Nonetheless, the scientific community must be careful
not to dismiss prematurely the concept of dietary trans-
fer of genetic information (Sarkies and Miska 2013;
Witwer and Hirschi 2014).

Materials and methods
Fungal material

Fusarium culmorum strain KF350 (Deshmukh and
Kogel 2007) was cultured on potato dextrose agar
(PDA). Preparation of fungal inoculum was performed
as described (Koch et al. 2016).

CYP51-dsRNAs production

Fc-CYPA-L, Fc-CYPA-II, Fc-CYPB-I, Fc-CYPB-II, Fc-
CYPC-I, Fc-CYPC-II dsRNA sequences (see Fig. S1)
derived from the previously published genes
FeCYP5IA, FcCYP51B, and FcCYP51C (NCBI data
base). GUS-dsRNA was derived from the 5-Glucuroni-
dase (GUS) gene. All dsRNAs were ordered from
Eupheria Biotech GmbH (Dresden, Germany) and
stored at —80 °C.
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Table 1 Primers

Primer name Primer sequence

Target gene

qPCR, silencing CYP51A

qPCR, silencing CYP51B

qPCR, silencing CYP51C

qPCR, reference gene elongation factor la

CYP51A4 F CCT TTG GTG CCG GTA GAC AT
CYP51A4 R CCC ATC GAATAA ACG CAG GC
QCYPSIB_F TCT ACA CCG TTC TCA CTA CTC C
QCYPS5IB R GCT TCT CTT GAA GTA ATC GC
CYPSIC2_F CGA GTC CCT GGC ACT GAATG
CYP51C2_ R GCT CAT CAC CCC AAA ACC GT
EFla_F CAAGGCCGTCGAGAAGTCCAC

EFla R TGCCAACATGATCATTTCGTCGTA

In vitro assay, microscopy and MTT assay

For microscopic evaluation, 100 ul of Fc conidia sus-
pension in Czapek Dox media buffered with 5 uM
TRIS/0.5 uM EDTA, pH 7.0 (final concentration) con-
taining 300 spores and 2 pg CYP51-dsRNA were incu-
bated in 96-well plates. dSRNA derived from the GUS
gene and Tris-EDTA (TE)-buffer were used as controls.
Pictures were taken after 48 h of incubation at room
temperature (RT) with a LEICA DFC300 FX light mi-
croscope. For the determination of fungal viability after
in vitro incubation with dsSRNAs, the MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
tetrazolium reduction assays was performed. After
48 h of incubation with dsRNAs, 50 1l RPMI (Roswell
Park Memorial Institute) medium containing 0.1 mgml™"
thiazolyl blue tetrazolium bromid (Sigma) was added to
the wells and incubated for 3 h at 37 °C. Liquid was
removed carefully by pipetting before the formed
formazan was resuspended in 100 pl isopropanol con-
taining 5% HCI. The quantity of formazan was deter-
mined by measuring the optical density at 595 nm.
Values are directly proportional to the number of viable
cells (Berridge and Tan 1993).

Fungal transcript analysis

To assess silencing of the FcCYP51 genes, mRNA
expression analysis was performed using qRT-PCR.
RNA extraction from in vitro cultures was performed
with GENEzol (Geneaid) following the manufacturer’s
instructions. Freshly extracted mRNA was used for
cDNA synthesis using qScript™ cDNA kit (Quantabio).
For gqRT-PCR, 10 ng of cDNA was used as template in
the QuantStudio 5 Real-Time PCR system (Applied
Biosystems). Amplifications were performed in 7.5 pl
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of SYBR® green JumpStart Taq ReadyMix (Sigma-
Aldrich) with 5 pmol oligonucleotides. Each sample
had three technical repetitions. Primers were used for
studying expression of CYP5/ genes with reference to
Elongation factor 1-alpha (EF 1-a) gene (FGSG_08811)
(Table 1). 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. Ct values were determined
with the 7500 Fast software supplied with the instru-
ment. Levels of CYP51 transcripts were determined via
the 2-A A Ct method (Livak and Schmittgen 2001) by
normalizing the amount of target transcript to the
amount of the reference transcript EF[-a.

Statistical analysis

For statistical analysis, two-tailed students #-tests were
performed with data gained in in vitro assays and qRT-
PCR. ANOVA was used to analyze the differences in
metabolic activity of fungal cultures treated with differ-
ent FcCYP5 [-targeting dsRNA probes.
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