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Abstract

In plants, small RNA (sRNA)-mediated RNA interference (RNAI) is critical for regulating host
immunity against bacteria, fungi, oomycetes, viruses, and pests. Similarly, sSRNAs from pathogens
and pests also play an important role in modulating their virulence. Strikingly, recent evidence
supports that some SRNAS can travel between interacting organisms and induce gene silencing in
the counter party, a mechanism termed cross-kingdom RNA.. Exploiting this new knowledge,
host-induced gene silencing (HIGS) by transgenic expression of pathogen gene-targeting double-
stranded (ds)RNA has the potential to become an important disease-control method. To
circumvent transgenic approaches, direct application of dSRNAs or sSRNAs (environmental RNAI)
onto host plants or post-harvest products leads to silencing of the target microbe/pest gene
(referred to spray-induced gene silencing, SIGS) and confers efficient disease control. This review
summarizes the current understanding of cross-kingdom RNA trafficking and environmental RNAI
and how these findings can be developed into novel effective strategies to fight diseases caused by
microbial pathogens and pests.

Introduction

To meet the increasing food and energy demands of a fast-growing population, it will be
necessary to roughly double crop yields worldwide over the next 40-50 years. Each year,
pathogens and pests destroy 20-40% of attainable crop production globally. The
demonstration that eukaryotic pathogens and pests are inhibited by small RNAs (SRNAS)
targeting their essential and/or pathogenicity genes has raised the possibility that plants can
be protected by a new generation of eco-friendly RNA-based fungicides or insecticides,
which are highly specific and can be easily adapted to control multiple diseases
simultaneously. The novel strategy employs the recent discoveries that SRNAs can move
across the cellular boundaries between hosts and interacting pathogens and pests and induce
gene silencing in trans, designated ‘cross-kingdom RNA interference (RNAi)’ [1®®,
2,3,499] and that some pathogens and pests are capable of taking up RNAs from the
environment, termed “environmental RNAi’ [5®® 6]. These mechanisms enable us to
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successfully control crop diseases by transgene-mediated cross-kingdom RNA. or spray-
induced gene silencing (SIGS) that spraying pathogen gene-targeting dsRNAs and sRNAs
on plant surfaces to suppress pathogen virulence [6]. We review here the current
understanding and application of cross-kingdom RNA trafficking and environmental RNA..

Pathogen-derived cross-kingdom sRNAs suppressing host immunity

Pathogen-derived SRNAs can move into host cells to suppress host immunity (Figure 1a).
The grey mold fungal pathogen Botrytis cinerea (Bc) produces SRNA effectors, the majority
of which derived from clusters within long-terminal repeat (LTR) retrotransposons in the
fungal genome, which can migrate into and down-regulate Arabidopsis and tomato genes
involved in immunity [19®]. Some sRNA effectors can target multiple host immunity genes
to enhance Bc pathogenicity. For example, Be-siR37 suppresses host immunity by targeting
at least 15 Arabidopsis genes, including WRKY transcription factors, receptor-like kinases,
and cell wall-modifying enzymes [7®]. The BcsRNASs utilize the host RNAi machinery by
binding to Arabidopsis ARGONAUTE1 (AGO1) to silence host immunity genes [19®,7@].
Consistent with this finding, Bc causes less disease symptoms on the Arabidopsis ago1-27
mutant compared to wild type plants. In addition, the Dicer (DCL) double mutant strain Bc-
aclldcl2 can no longer produce these Bc-sRNAs also displays much reduced pathogenicity
on various plant species [19® 5®®] indicating that SRNA effectors are essential for Bcs
pathogenicity. Similarly, the agoZ-27 mutant is more resistant to the pathogenic ascomycete
Verticillium dahlia (Va), which causes Verticillium wilt disease on many plants [5®®]. An
RNA immunoprecipitation (RIP) assay showed that Va-sRNAs that have potential host
targets are predominantly associated with Arabidopsis AGO1 during infection [5®®],
suggesting that Vdalso uses SRNAs to silence host target genes. One of the most destructive
pathogens of wheat Puccinia strifformis (Ps) also delivers SRNAs, such as a novel
microRNA-like RNA1 (milR1), into host cells and suppresses wheat Pathogenesis-related 2
gene in the defense pathway. Silencing of the PsmilR1 precursor led to enhanced wheat
resistance to the virulent Psisolate [8®®]. Cross-kingdom RNA silencing does not
necessarily require canonical RNAi machinery in the pathogens or pests. For example, two
non-coding RNASs, OxySand DsrA, of Escherichia coli could enter and affect gene
expression and physiology of its host Caenorhabditis elegans [9]. Moreover, the protozoan
parasite Trypanosoma cruziproduces tRNA-derived SRNAs, which contribute to the ability
to infect mammalian cells, though Trypanosoma cruzilacks canonical SRNA pathways [10].

Host plant-derived cross-kingdom sRNAs regulate the outcome of

microbial attacks

Recent discoveries that animals and plants deliver host SRNAs into interacting microbes to
suppress their virulence has created new ideas for practical disease control [5®®,6,11,129,
13,1499 (Figure 1a). Verticillium dahlia (Va), recovered from infected cotton plants
contained 28 miRNAs from cotton, implying that host-derived SRNAs were transmitted into
the pathogen during infection [14®®]. Two of those cotton miRNAs, miR166 and miR159,
target the fungal genes Ca?*-dependent cysteine protease calpain (VdClp-1) and
Isotrichodermin C-15 hydroxylase (VdHIC-15), respectively. Consistent with host-mediated
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silencing, VdClp-1and VdHIC-15transcripts were reduced in the Vd'hyphae recovered
from V/ dahliae-infected cotton. Moreover, fungal mutants vac/p-1 and vahic-15 were
reduced in virulence, confirming that these genes contribute to fungal pathogenicity [14®®].
Animal hosts also export SRNAs into interacting parasite cells to suppress their virulence
[12@®]. Sickle cell erythrocytes of anemia patients accumulate higher levels of miR-451 and
lethal-7i (let-7i), which are transferred into the parasite Plasmodium falciparum. Although AP
falciparum lacks RNAI machinery, the miRNAs fuse with targeted parasite messenger RNAs
(mRNASs), cAMP-dependent protein kinase subunit (PKA-R) and Reduced expression 1
(REXI) at 59 UTR region and form chimeric structures that suppress mRNA translation
[12®]. Furthermore, hosts can also deliver SRNAs into prokaryotic pathogens in the guts.
Mouse and human miRNAs were found in gut bacteria £. coli and Fusobacterium nucleatum
(Fn) and regulate transcript levels of bacterial target genes, thereby affecting bacteria growth
[13]. In £ coli, host miRNAS hsa-miR-1224-5p and miR-623 downregulate the transcript
levels of rutA and fucO respectively. In contrast to the negative regulation mediated by hsa-
miR-1224-5p and miR-623, other transferred host miRNAs hsa-miR-1226-5p and hsa-
miR-515-5p can elevate the transcript levels of other targets, yegH and Fn16s rRNA, in E.
coliand Fnrespectively [13]. This regulation is miRNA-dependent because intestinal
epithelial cell-miRNA deficient mice impaired regulation of bacterial mMRNAs, and exhibited
uncontrolled gut microbiota and exacerbated colitis. However, the underlying mechanism on
how positive or negative regulation is determined and achieved is still unclear.

Host-derived sRNAs for plant protection against pathogens and pests

Evidence for cross kingdom RNAI has been supported by studies demonstrating delivery of
artificially designed sRNA from plants into an interacting microbe/pest (Figure 1a). Such
engineered RNA-based communication termed host-induced gene silencing (HIGS)
[11,15®] has emerged as a promising strategy for crop protection. A wide range of
transgenic crops expressing dsRNAS that are subsequently processed into SRNAs targeting
essential and/or pathogenicity genes are more resistant to viruses [16], viroids [17], bacteria
[18], fungi [5®®,15®,19,20®], comycetes [21,22], nematodes [23-25], and insects [26—
28,29®]. The broad applicability of the technique supports a basic evolutionary-conserved
mechanism of sSRNA trafficking.

The first successful report of HIGS on exploiting cross-kingdom RNAI using transgene-
derived SRNAs against fungal microbes involved the biotrophic powdery mildew fungus
[15®]. HIGS was shown to be also effective in controlling necrotrophic fungal pathogens
[5®®], such as Botrytisand Verticillium. Thus, HIGS and RNA trafficking were observed in
both biotrophic fungi that form effective interfaces for exchanging nutrients between the
interacting partners, as well as necrotrophic fungi that induce host cell death and form
lesions within dead tissue, suggesting that exchange of SRNA with the hosts happens in
many fungal species regardless of their lifestyle.

HIGS has the potential to be extremely versatile for disease control because it can be easily
designed to target multiple pathogens simultaneously. As a proof of concept, Wang et a/.
generated transgenic plants that expressed hairpin RNAs targeting DCL genes of both Bc
and Vd. These transgenic plants displayed enhanced resistance to both Bcand Va, which
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provided a successful example of controlling two fungal diseases using HIGS [5®®].
Furthermore, this study was the first to provide direct evidence that SRNAs are generated in
planta and are at least one of the major mobile signals transported from the plant into Bc,
because plant derived SRNAs were easily detected in the Bc-de/1 de/2 mutant where
dsRNAs can no longer be processed inside Bc cells.

Host-derived sRNA for the control of cereal pathogens

Major diseases of cereal crops include powdery mildew, rusts, Fusarium head blight (FHB)
and Fusarium seedling blight (FSB) [30]. DMI (demethylation inhibitors) fungicides, such
as azoles, have dominated the agrochemical business in cereals, with 27% market share.
DMI fungicides inhibit ergosterol biosynthesis of fungal membranes by binding to
Cytochrome P450 lanosterol C-14 a-demethylase (CYP51) [31]. However, increasing
insensitivity to fungicides is now widespread [32]. Exploitation of the new knowledge on
cross-kingdom RNAIi may provide a solution to fungicide resistance [33]. The use of dSRNA
is expected to abrogate azole insensitivity of field strains as RNAi and CYP51 gene
silencing would not be affected by known mechanisms for resistance development, including
point mutations in the CYP51 gene, CYP51 overexpression, CYP51 gene duplication, or the
overexpression of efflux transporters as explained in the next section.

Expression of a 791 nt long noncoding dsSRNA (CYP3RNA), which targets the three
Cytochrome P450 lanosterol C-14a-demethylase (CYP51) genes FgCYP51A, FgCYP51B
and FgCYP51C of Fusarium graminearum (Fg) strongly inhibited fungal growth in barley
and Arabidopsis [20®]. In wheat, expression of dsSRNAs with sequence homology to Fg
Chitin synthase Ch3b reduced fungal infection both on ears and seedlings [34®®].
Moreover, transgenic wheat carrying an RNAI hairpin construct against b-1, 3-Glucan
synthase (FcGls1) of Fusarium culmorum or a triple combination against FcG/ls1, Mitogen-
activated protein kinasel (FcFmkI), and Myosin motor domain-containing chitin synthase \V
(FcChsV) showed enhanced FHB resistance under greenhouse and nearfield conditions [35].
Cross-kingdom RNA.i strategies have also been successfully employed to control wheat rust
diseases [19,36,37]. Expression of hairpin RNAI constructs with sequence homology to
MAP kinase (PtMAPKI) or Cyclophilinl (PtCYCI) resulted in silencing of the
corresponding fungal genes and provided resistance to leaf rust Puccinia triticina [19].
Similarly, wheat-mediated silencing the pathogenicity factor PSCPK1 in Puccinia striiformis
enhanced resistance to stripe rust [37].

Environmental RNAI for the control of pathogens and pests

The delivery of inhibitory cross-kingdom RNASs by transgenic expression requires
generation of transgenic plants, which has some limitations in agronomic application
depending on the transformability and genetic stability of a crop species. Expression of
transgenes is not always stable, they are often suppressed/silenced at the transcriptional level
after a few generations. Even when transformation is applicable and genome integration is
stable, considerable time is needed to develop and release an economically valuable cultivar,
including a long regulatory process to obtain governmental approval, plus public concerns
about genetically modified organisms (GMQOs). Hence, environmental RNAI is an appealing

Curr Opin Microbiol. Author manuscript; available in PMC 2019 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 5

alternative for disease control as it avoids any modification of crop genomes, bears a high
flexibility for multi-target strategies and can be exploited with short time delays to virtually
any microbial pathogen/pest that is sensitive to RNAI approaches. Most importantly,
pathogens cannot easily generate sufficient target-resistance mutations to escape RNA..
RNAI would be still effective even with multiple mutations along the dsRNA because
effective RNAI does not require 100% base pairing [38]. Although a critical agronomic
evaluation, including activity in curative versus protective treatments, seed treatments versus
whole plant spray, and cost efficiency of using environmental RNAIi remains to be
investigated, present knowledge already suggests that environmental RNAs have tremendous
impact as a new generation of fungicides that are more sustainable than current chemical-
based fungicides. RNAs are biomolecules that are found in almost all the food we consume.
Topical application of RNAs does not leave toxic residues in the field or the environment,
and does not cause any potential modifications of the crop genes. For these reasons, we
would expect a much faster regulatory process of approval of RNA-based ‘fungicides’ than
new chemical fungicides, and genetically modified organisms.

Uptake of environmental RNA has long been known for nematodes [39,40] and insects
[27,41], while it was only recently discovered in fungi [5®®,429®]. Some insects such as
the Western Corn Rootworm (Diabrotica virgifera) seem to have a preference for >60 bp
dsRNAs [43,44]. SID-2 (Systemic RNAI defective 2)-dependent dsSRNA transport in
nematodes requires an acidic extracellular environment and is selective for dSRNAs with at
least 50 base pairs [45], although nematodes also can ingest small interfering (si)RNAs [46].
Similar preferences have not been seen for fungi as they can uptake 21 nt SRNA duplexes as
well as long dsRNAs of at least up to 800 nt [5®® 42®®]. Fluorescein-labelled SRNAs or
long dsRNAs can be easily observed inside Bcand Fg cells shortly after culturing on agar
medium sprayed with Fluorescein-labelled RNAs, demonstrating that fungal cells are
capable of taking up RNAs directly from the environment [5®® 340® 120®] possiple
application of this novel strategy to control fungal diseases is illustrated by inhibition of grey
mold development upon spraying Bc Dcl-%5-targeting long dsSRNAs or SRNAs onto the
surface of fruits, vegetables, and flowers [5®®]. Cumulative evidence suggest that these
RNAs can either be taken up by fungal cells directly, or accumulate in plant cells from
where they are transferred into fungal cells [47] (Figure 1b). The growth of Fusarium species
was efficiently inhibited by treatment of dsSRNAs and siRNAs [429®]. CYP3RNA, the
CYP51-targeting dsRNA, inhibited growth of Fg in vitroand /n planta upon spraying on
barley leaves at a concentration range of 1-20 ng/ml. Consistent with the knowledge that
SRNA is mobile [48-50], compromised fungal growth was observed in directly sprayed
(local) as well as non-sprayed (distal) parts of detached leaves. Efficient spray-induced gene
silencing (SIGS) in the distal tissue required i. CYP3RNA passage via the vascular system,
ii. CYP3RNA uptake into the interacting fungus, and iii. CYP3RNA processing into SiRNAs
by fungal FgDcl-1[429®]. The Fusarium Fgdc/-1 mutant are partially compromised in
CYP3RNA-mediated SIGS, suggesting that the fungal RNAi machinery is required to
generate inhibitory siRNAs. This finding raised the possibility that environmental dsSRNAs
and sRNAs can be taken up by fungal cells directly or indirectly via the plant cells, while
transgene-derived dsRNAs are cleaved mostly by the plant silencing machinery and mainly
the SRNAs are transferred to attack pathogens.
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It has been shown that naked dsRNA and sRNAs sprayed on plants could protect vegetables
and fruits against grey mold disease for 5-8 days. To further increase the efficacy and
duration of plant protection by environmental RNAI, Mitter ef a/. developed non-toxic,
degradable, layered double hydroxide (LDH) clay nanosheets that can carry dsRNA for virus
protection for at least 20 days after a single spray [51®®]. Nanosheets and RNAs are more
environmentally friendly than current chemical fungicides, and they are not toxic to humans
and animals.

Conclusions

Pathogens and pests can be controlled by SRNAs targeting their essential genes or
pathogenicity genes, which has raised the possibility that plants can be protected from
diseases by novel eco-friendly, durable and highly specific RNA fungicides or pesticides.
This new strategy employs the recent discovery that interaction of hosts with eukaryotic
pathogens and pests rely on bidirectional trafficking of SRNAs and cross-kingdom RNA.. In
agronomic practice, the inhibitory RNAs could be delivered either by transgenic expression
or direct spray application, whereby both strategies lead to target gene knockdown by RNA..
Delivery of SRNA by transgenic expression of dsRNA (HIGS) requires generation of
transgenic plants, which may cause delay in agronomic application depending on the
transformability and genetic stability of a crop species as well as the complicated regulatory
processes. Therefore, using environmental RNAI (SIGS) is an effective alternative for
disease control as it bears a high flexibility for multi-target strategies and can be exploited
with short time delays to virtually any microbial pathogen/pest that is sensitive to SRNA
approaches. Overall, environmental RNAs have the capacity to change the current practice in
crop protection with the potential of reducing pesticide usage and overcoming the obstacles
faced by genetically modified crops.

Our knowledge on how pathogens and their plant hosts execute the SRNA transfer still is in
its infancy. However, there is already enough evidence arguing for different mechanisms in
different classes of organisms, for exam-ple, suggested by the fact that homologs for
nematode SID genes have not been found in other groups of organisms, including insects,
fungi and plants. Further studies will help elucidate the mechanisms of SRNA transfer
between plant hosts and interacting pathogens and pests.
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Figure 1.
Cross-kingdom RNA trafficking and spray-induced gene silencing for plant protection

against eukaryotic pathogens. (a) Cross-kingdom RNA transfer and gene silencing in a plant
and an interacting pathogen. Plant pathogens deliver SRNAs into host plant cells, where they
suppress host immune responses by hijacking host cell RNAi machinery (red block arrow).
Host cells also deliver SRNAs into pathogen cells, either artificial HIGS sRNAs or
endogenous SRNAs, to target virulence genes and other essential genes of pathogens (purple
block arrow). (b) Mechanism of SIGS to counteract pathogen virulence. The sprayed short
or long dsRNAs, which target pathogen virulence-related genes, can either translocate
directly to the eukaryotic pathogen (purple arrows), via uptake from the plant surface (purple
dotted arrows), or indirectly through the host cells (red arrows). These RNAs can also move
systemically between cells or to other tissues in the plant, most likely through
plasmodesmata and vascular bundles.
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