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Powdery mildew and rust fungi are major agricultural problems affecting many economically important crops and

causing significant yield losses. These fungi are obligate biotrophic parasites that are completely dependent on

their hosts for growth and reproduction. 

RNA interference  VIGS  HIGS

1. Introduction

RNAi is a biological mechanism in which short noncoding RNAs (sRNAs) are used to deliberately downregulate

gene expression at the transcriptional or posttranscriptional level. Posttranscriptional gene silencing is a tightly

controlled system that relies on a group of proteins to coordinate gene silencing based on sequence

complementarity between sRNA and target mRNA . MicroRNAs (miRNAs) and short-interfering RNAs (siRNAs)

are two types of regulatory sRNAs encoded by plants. miRNAs are 20–22 nucleotide (nt) sequences formed from a

single-stranded RNA molecule that folds back on itself, creating a double-stranded region with a loop called RNA

hairpin (hpRNAs), whereas siRNAs are 20–24 nt sequences derived from lengthy dsRNA precursors . RNAi

regulates a variety of biological processes, including plant immunity , and siRNAs and miRNAs have been

identified as key factors in plant defense against viruses, bacteria, and fungi . As shown in Figure 1, the

silencing process starts with the binding of a host’s ribonuclease-III called Dicer (DICER) to long dsRNAs or

hpRNA and their cleavage into siRNAs of 21–25 nt in length . DICER has a helicase domain, a

Piwi/Argonaute/Zwille (PAZ) motif, a dsRNA binding domain at the N-terminus, and two RNase III motifs at the C-

terminus. DICER-generated siRNAs are subsequently integrated into the RNA-induced silencing complex (RISC).

This multicomponent protein complex contains an Argonaute protein (AGO) with an sRNA-binding domain and

endo-nucleolytic activity for RNA cleavage, which is triggered by the ATP-dependent unwinding of the siRNA

duplex  (Figure 1). The passenger strand is degraded, and the guide strand binds to the target mRNA sequence

and stimulates endonucleolytic cleavage or inhibits translation once the siRNA is integrated into RISC . The

existence of an RNA-dependent RNA polymerase (RdRP), which can interact with the RISC complex and create

new dsRNA based on the partially degraded target template utilizing the hybridized siRNA strands as primers, is

assumed to be the cause of this effect (Figure 1). Then, the DICER enzyme acts on the synthetized dsRNA to

make additional siRNAs (secondary siRNAs). Once a dsRNA has been delivered into a cell, its influence can last

throughout development; moreover, dsRNAs can be exported to neighboring cells, spreading the knockout gene

effect throughout the organism . There is growing evidence that sRNAs are mobilized in bidirectional interactions
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between plants and their pathogens, laying the groundwork for cross-kingdom RNAi (ck-RNAi) as a plant defensive

mechanism .

Figure 1. Interaction between a plant cell and fungal pathogen from the perspective of plant RNAi-mediated host-

induced gene silencing. The arrows represent the flow of the gene silencing mechanism using RNAi. In the nucleus

of a plant cell, dsRNA and hpRNA are produced as normal defense responses or from hairpin RNAs in transgenic

RNAi plants (targeting a fungal gene). In addition, there are several biotechnology tools that allow the entry of

exogenous dsRNAs or hpRNAs. These molecules of dsRNA and hpRNA can be processed by the DICER enzyme,

creating siRNAs, which are integrated into the RNA-induced silencing complex (RISC), which contains an

Argonaute protein (AGO), using them as templates for mRNA silencing. For the amplification of this silencing

mechanism, there is an RNA-dependent RNA polymerase (RdRP) that can synthesize new dsRNAs using

hybridized siRNA strands as primers. siRNAs produced in plant cells can be transported presumably by two types

of transport (represented with question marks): via plant-derived extracellular vesicles (EVs) and plasma

membrane-located transporters (PMTs). Inside the fungal cell, the mechanism of silencing works similarly to plant

cells, producing the assembly of siRNAs with the RISC and inducing the silencing of specific fungal mRNAs.

Several studies have been conducted to investigate siRNA uptake in various organisms, and two primary

mechanisms for host-derived RNA absorption have been proposed. One mechanism is siRNA absorption via plant-

derived extracellular vesicles (EVs), which is based on the occurrence of exosome-like vesicles in plants that can

carry bioactive compounds such as sRNAs to animal cells  (Figure 1). For example, in the fungal

pathogen Sclerotinia sclerotiorum, using live cell images, it was concluded that the uptake of dsRNA occurs via

clathrin-mediated endocytosis . The other proposed mechanism occurs via plasma membrane-located

transporters (Figure 1). This mechanism was supported by a study with the transmembrane protein SID-1,

expressed in Drosophila S2 cells, which enabled passive dsRNA uptake from a culture medium . Later, the

lysosome transmembrane protein SIDT2 was identified in mammals and was shown to be involved in RNA uptake

and subsequent degradation in this organelle .
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This process of RNA trafficking from plant host cells to interacting pathogens has also been described in a variety

of plant pathogenic fungi and oomycetes, such as Botrytis cinerea, Cochliobolus sativus, Fusarium graminearum,

Plasmopara viticola, Podosphaera xanthii, Sclerotinia sclerotiorum and Venturia inaequalis .

Currently, the mechanisms of the transfer of sRNAs from plants to pathogenic fungi are unknown; however, the

discovery that these eukaryotic pathogens are inhibited by sRNAs targeting their essential and/or pathogenicity

genes has raised the possibility that plants could be protected by a new generation of environmentally friendly

RNA-based fungicides that can be extremely specific and easily adaptable to control multiple diseases at the same

time .

2. Powdery Mildew and Rust Fungi

Obligate biotrophic fungi are a group of the most damaging plant pathogens, incurring massive economic losses

and jeopardizing global food security. Powdery mildew and rust fungi infect more than 10,000 plant species,

including many agronomically important crops, such as cereals, grapevines, many vegetables, and fruits, as well

as ornamental and forest plants . Their complete dependence on the host to feed, grow, and reproduce

significantly complicates their manipulation under laboratory conditions, hindering research on their lifestyle and

pathogenicity mechanisms at the molecular level .

Powdery mildew fungi are phytopathogenic ascomycetes belonging to the Erysiphaceae family, order Erysiphales,

which includes 900 species and more than 80 genera. They cause damage in a wide range of angiosperm hosts,

including both monocotyledons and dicotyledons plants. The fungal pathogens belonging to this group are easily

identified by their symptoms, including the presence of powdery white patches on leaf surfaces, petioles, stems,

blooms, and even fruits  (Figure 2A). In general, powdery mildew fungi exhibit both asexual and sexual life

cycles (Figure 2B). The latter is highly uncommon for some species and only occurs under suitable environmental

and nutritional conditions . The asexual cycle starts after a conidium settles on a susceptible host plant. After its

germination, it forms a small primary germ tube that elongates to become an appressorium (Figure 2B), which is in

charge of penetrating the cuticle . Subsequently, a hyphal peg will penetrate the epidermal cell creating a

primary haustorium . Upon effective infection, the main hyphae will branch and generate secondary hyphae and

secondary haustoria. Later, conidiophores will emerge vertically from hyphae, generating a varying number of

conidia or asexual spores depending on the species  (Figure 2B). This epiphytic fungal growth

causes typical powdery mildew disease signs. In the event of sexual reproduction, two mating opposite hyphae

need to be in contact to create a fruiting body termed chasmothecium, which holds one or more ascus containing

the ascospores or sexual spores (Figure 2B) . Although the exact infection structures developed by

ascospores have not yet been determined, it is assumed that they are similar to those developed by conidia .
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Figure 2. (A) Powdery mildew symptoms observed on leaves and fruits of several crops. (1) Wheat (Triticum

aestivum) leaf, (2) wine grape (Vitis vinifera) leaf, (3) soybean (Glycine max) leaves, (4) strawberry (Fragaria sp.),

(5) tomato (Solanum lycopersicum) leaves, and (6) melon (Cucumis melo) leaves infected by Blumeria graminis,

Erysiphe necator, Microsphaera diffusa, Podosphaera aphanis, Leveillula taurica, and Podosphaera xanthii,

respectively. Pictures (1)–(6) were taken by Clemson University—USDA CES, Yuan-Min Shen (National Taiwan

University), Daren Mueller (Homemade, Bugwood.org (accessed on 28 March 2023)), University of Hertfordshire,

Scot Nelson (Homemade flickr.com (accessed on 28 March 2023), respectively. (B) The typical powdery mildew life

cycle is divided into two types of reproduction. Asexual reproduction is carried out by the release of conidium

spores, which develop haustoria capable of acquiring nutrients from plant cells and giving rise to hyphae and

conidiophores. Sexual reproduction occurs when two hyphae from opposing mating types form a chasmothecium

capable of releasing an ascus with eight ascospores.

On the other hand, rust fungi comprise two orders, Uredinales and Pucciniales, in the widely varied phylum of

Basidiomycota formed by mushrooms and bracket fungi. Rust fungi are divided into 14 families and 166 genera.

Most species are found in the genera Puccinia and Uromyces, which have approximately 5000 and 1500 taxon

names listed in Index Fungorum 2013, respectively . Like powdery mildews, rusts are obligate biotrophic and

pathogenic fungi that live on vascular plants ranging from ferns to monocots and gymnosperms to angiosperms

(Figure 3A) . Rust fungi have a typical macrocyclic-heteroecious life cycle where meiosis occurs in

short-lived basidia formed by germinating teliospores (Figure 3B). Haploid basidiospores infect the aecial host and

develop protoaecia and pycnia, among other fungal structures (Figure 3(B1,B2)). Pycnial nectar droplets create

haploid pycniospores and receptive hyphae, where fertilization can take place between spores, and receptive

hyphae of suitable mating types (Figure 3(B2,B3)). Following plasmogamy, dikaryotic aecia differentiate inside the

host, and aeciospores are liberated and distributed by the wind (Figure 3(B3)). Aeciospores infect the telial host,

causing the production of uredinia and urediniospores, which is followed by recurrent cycles of vegetative

development on the telial host for several weeks or months, usually throughout the summer. Uredinia develops into

telia in early fall, going through an overwintering phase during which karyogamy occurs, resulting in diploid

dormant teliospores Figure 3(B4,B5) .
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Figure 3. (A) Rust fungi symptoms observed on leaves of several crops: (1) coffee leaf (Coffea arabica), (2) barley

leaf (Hordeum vulgare), (3) oat stem (Avena sativa), (4) black raspberry leaves (Rubus occidentalis), (5) glossy

buckthorn (Frangula alnus), and (6) pear leaves (Pyrus spp.) infected by Hemileia vastatrix, Puccinia striiformis, P.

graminis f. sp. avenae, Arthuriomyces peckianus, Puccinia coronata and Gymnosporangium sabinae, respectively.

Pictures (1)–(6) were taken by Dr. Parthasarathy Seethapathy (Amrita School of Agricultural Sciences), Mary

Burrows (Montana State University), Howard F. Schwartz (Colorado State University), Sandra Jensen (Cornell

University), Milan Zubrik (Forest Research Institute—Slovakia; homemade, Bugwood.org (accessed on 28 March

2023)) and Sue Muller (Homemade MarylandBiodiversityProject.com (accessed on 28 March 2023)), respectively.

(B) The typical rust fungal life cycle includes two types of hosts. First, aecial hosts are infected by haploid

basidiospores ① , which generate pycnium as reproductive structures ② . Pycnium produce pycniospores with

different polarities, which produce plasmogamy for generating haploid aeciospores ③ . Second, aeciospores infect

the telial host, in which urediniospores can be generated for asexual reproduction ④. In the telial host, teliospores

are produced by karyogamy. Finally, basidiospores are produced by the meiosis of teliospores ⑤.

Both powdery mildew and rust fungi share a special structure of parasitism developed inside plant cells termed the

haustorium. This specialized cell has been shown to deploy effectors, which are secreted proteins translocated into

the plant cell, responsible for promoting the manipulation of the plant’s immune system and orchestrating the

reprogramming of gene expression from the infected tissue to maintain fungal growth and development upon a

successful infection . The haustorium is also involved in the uptake of nutrients such as carbohydrates and

amino acids and potentially water from the host via ion pumps present in the plasma membrane . In addition, its

ability to take genetic material such as dsRNA or siRNA makes it a key element in the development of methods of

genetic transformation for biotrophic fungi, opening a world of possibilities that will allow many processes and

functions to be studied in depth in the future .
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