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 ` Double-stranded small RNAs (dsRNA) perform various regulatory functions via RNA-interference. Additionally, 

they can be transported between various plant species and their pathogens and pests via extracellular vesicles, protecting 

RNA from nucleases. Plants secrete short dsRNA molecules to defend themselves against pathogens. The latter also use 

small RNAs when infecting crops. Some dsRNAs of pathogens are known as “ribonucleic effectors”. Host-induced gene 

silencing (HIGS) was shown to be effective when breeding resistant varieties and analyzing plant-pathogen interactions. 

However, complexity of transgenesis and society fear of genetically modified products make HIGS application difficult. 

The appearance of a new strategy based on plant spraying with dsRNA gave a new perspective of plant protection. 

Currently such a strategy requires accurate studying as well as the development of efficient systems stably producing 

high-quality dsRNA.
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 ` Двухцепочечные малые РНК (дцРНК), включаясь в процесс РНК-интерференции, выполняют различные регу-

ляторные функции во многих организмах. Были описаны случаи обмена малыми РНК между разными видами ра-

стений и поражающими их патогенами и вредителями посредством внеклеточных везикул (крошечных пузырьков), 

которые защищают их от действия нуклеаз. Растения секретируют двухцепочечные короткие молекулы РНК для 

борьбы с возбудителями заболеваний, а те, в свою очередь, используют малые РНК как инструмент, позволяющий 

им ослабить иммунитет хозяев. Некоторые дцРНК патогенов получили название «рибонуклеиновых эффекторов». 

Технология HIGS (host induced gene silencing — сайленсинг, индуцируемый растением-хозяином) показала свою 

эффективность в создании устойчивых сортов сельскохозяйственных культур и изучении различных патосистем. 

Однако использование ее ограничено из-за сложности создания трансгенных линий и запрета на их выращивание 

во многих странах. Распыление дцРНК по поверхности листьев, стеблей и соцветий растений может стать новым 

приемом контроля заболеваний, способным заменить использование пестицидов. На данный момент такая стра-

тегия требует тщательного анализа и доработки, а также создания дешевых систем, стабильно синтезирующих 

дцРНК хорошего качества.

 ` Ключевые© слова:© малые РНК; сайленсинг; HIGS; SIGS; РНК-интерференция; хозяин; патоген; везикулы; 

эффектор; дцРНК.
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intRoDUction

Plants have evolved to develop multi-layered 

defense mechanisms against pathogens and pests. 

In turn, pathogens have developed strategies to 

suppress the host immune response. The same 

microorganism interacts differently with several 

hosts, triggering a cascade of specific reactions. 

Some aspects of these interactions can be used to 

develop techniques that reduce virulence. Search 

for new ways to control pathogens will be criti-

cal for food safety as crop pathogens continue 

to evolve, resulting in their increased resistance 

to pesticides and host defense mechanisms.

Over the past decade, small RNAs have been 

found to regulate biological processes in eukary-

otes, including growth, development, reproduc-

tion, and defense. Small RNAs can move both 

within the same organism and between interact-

ing organisms (for example, from the host plant 

to the pathogen and vice versa) to silence gene 

expression.

tYpes of smAll RnAs AnD tHeiR Roles in RnA 
inteRfeRence

Small RNAs include two large classes, namely 

micro and small interfering RNAs (miRNA and 

siRNA, respectively). MiRNA and siRNA are non-

coding molecules, 20–30 bp in size, which are 

found in various organisms and are involved in 

many regulatory processes. SiRNAs are formed 

through the cutting of long double-stranded RNA 

(dsRNA), while miRNA has a hairpin structure 

formed from single-stranded RNA under the influ-

ence of RNase III ribonucleases. Being important 

mediators of RNA interference and components 

of the RNA-induced silencing complex (RISC), 

miRNA and siRNA can activate homologous 

mRNA cleavage [1].

The ribonuclease Dicer (RNase III family), 

which cuts large dsRNA molecules, and the RNA 

endonuclease Argonaute, which is a component of 

the RISC, are also involved in RNA interference. 

How does Argonaute recognize the “very same” 

RNA? After inclusion in the RISC, the small, 

double-stranded RNA unwinds, the sense strand 

degrades, and the antisense strand is used as a 

“navigator,” such that Argonaute, which has an 

RNA-binding site, cleaves the molecule that is 

complementary to the antisense strand [2–4]. 

Notably, RNA interference does not stop gene 

expression completely; decrease in expression de-

pends on the concentration of small RNAs [5].

Although the formation of small RNAs is asso-

ciated with the action of Dicer, several alternative 

pathways for the formation of small RNAs have 

been discovered, including the Dicer-independent 

mechanism. Such RNAs are called Dicer-indepen-

dent siRNAs (disiRNAs) [6]. The many loci that 

form disiRNAs lead to the formation of overlap-

ping fragments of sense and antisense transcripts 

[7, 8].

Several types of fungi, such as Saccharomyces 

cerevisiae Hansen and Ustilago maydis Corda, 

lack key components of the RNA-interference 

machinery [9, 10]. Erysiphe necator Schwein 

lacks an RNA-dependent RNA polymerase and 

DNA methylase, which suggests that this spe-

cies lacks RNA interference [11]. Among fungi, 

a great diversity exists in the number of paralogs 

(homologues) of Argonaute and RNA-dependent 

RNA polymerase [11, 12]. The presence of RNA-

interference components has been described in 

plant pathogens such as U. maydis (not capable 

of RNA interference) and Ustilago hordei Lagerh. 

(capable of RNA interference) [10].

In some species of microscopic fungi, a class 

of small RNAs called microRNA-like RNAs (mil-

RNAs) was reported [7]. MilRNAs are synthesized 

only in one species within a genus. For example, 

MILR1 is present only in Puccinia striiformis 

Westend but absent in Puccinia graminis Per-

soon and Puccinia triticina Erikss. Nevertheless, 

MILR1 is conserved across various P. striiformis 

strains. The formation of MILR1 in only one spe-
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cies may result from its evolution and adaptation 

to a specific host plant.

In plants, small RNAs can have several func-

tions. They can be included in complexes, lead-

ing to mRNA degradation or initiate the synthe-

sis of additional siRNAs [13]. Accordingly, a small 

RNA molecule can be either primary (formed 

through Dicer-mediated processing of a large 

dsRNA molecule) or secondary (synthesized 

through an RNA-dependent RNA polymerase). 

Both RNA types are subsequently involved in 

RNA interference [14].

Small RNAs are very mobile and can move 

throughout the body [15–17]. In plants, they 

move along the phloem from regions of high con-

centration to regions of low concentration [18]. 

RNAs are usually absent in the xylem, where wa-

ter and ions move [19].

RNA movement between species belonging 

to different kingdoms (cross-kingdom RNA in-

terference) has been described. This exchange of 

small RNAs (RNA trafficking) has been described 

in many interacting organisms, including plants, 

fungi, insects, bacteria, and symbionts. More-

over, the exchange of small RNAs is bidirectional 

[20, 21]. Pathogens and pests direct small RNAs 

to host cells to suppress host immunity; in turn, 

plants release small RNAs, which directly or indi-

rectly inhibit pathogenic virulence [22–28]. The 

discovery of this phenomenon led to the term 

transacting siRNAs (tasiRNA). TasiRNAs do not 

always correspond with the target sequence; one 

tasiRNA species can suppress the expression of 

several genes [29].

Since small RNAs are transferred bidirectional-

ly between host and pathogens, it is hypothesized 

that this phenomenon has an evolutionary signifi-

cance in the development of “relationships” be-

tween species, thereby one organisms expand the 

range of biological units affected and, at the same 

time, other organisms can resist more pathogens 

and pests.

Many tasiRNAs are similar in size (20–25 bp) 

and structure. The 5' end of tasiRNAs contains 

an uridine, which is important for the function-

ing of pathogenic small RNAs against plant hosts 

[30–35]. Uridine was reported to be involved in 

binding small RNAs to a specific protein of the 

Argonaute family, AGO1 [36].

Baldrich et al. [37] described another type of 

small RNA, 10–17 bp in size, called tiny RNA 

(tyRNA). TyRNA is possibly a degradation prod-

uct of various RNA molecules, such as primary 

miRNA, siRNA, and tasiRNA. However, tyRNA can 

also function as a small activating RNA (saRNA), 

which induces transcription [38].

possiBle WAYs of smAll RnA eXcHAnGe 
BetWeen oRGAnisms

An important question that arises in the study 

of RNA exchange between species includes the 

mechanism of “communication.” At first, this was 

explained through physical laws, namely concen-

tration-dependent diffusion. Later, a more com-

plex selective process was believed to occur.

MiRNA is transferred between animal cells 

through exosomes, which are a type of extracel-

lular vesicles [39, 40]. In animals, extracellular 

vesicles are categorized as exosomes, microves-

icles (ectosomes), and apoptotic bodies accord-

ing to specific protein markers and sites of for-

mation [41]. In animals, small RNAs can also 

be transported through transmembrane proteins, 

high-density lipoprotein complexes, or gap junc-

tions [42]. For example, the gastrointestinal par-

asite Heligmosomoides polygyrus synthesizes 

exosomes for transferring miRNAs to mammalian 

cells to reduce their immunity [25].

In plants, small RNAs seem to move be-

tween cells through plasmodesmata (intracellular 

bridges) and circulate through the vascular sys-

tem [15, 43]. However, it was recently discovered 

that vesicles synthesized in plants are involved in 

the delivery of RNA to cells of other organisms. 
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For example, fungal cells can efficiently absorb 

plant exosomes. Most likely, these exosomes 

protect small RNAs from nuclease attack, which 

explains their stability and activity after transfer 

[8, 21].

Arabidopsis thaliana (L.) Heynh secretes exo-

somes containing small RNAs to suppress the ex-

pression of virulence genes in some fungi. Into the 

hypha of the fungus Verticillium dahliae Kleb., 

cotton plants export MIR166 and MIR159, which 

negatively affect the expression of Ca2+-dependent 

cysteine protease (Clp‑1) and isotrihodermin-

C-15-hydroxylase (HiC‑15). Both genes play 

a significant role in fungal virulence [28]. In some 

fungi, such as Fusarium graminearum (Schwein.) 

Petch, hyphae play a major role in RNA trans-

fer [17]. Notably, small RNAs of transgenic or-

ganisms are also delivered to fungal cells through 

extracellular vesicles [26].

Cai et al. [43] reported that A. thaliana cells 

transport small RNAs to Botrytis cinerea Per-

soon through extracellular vesicles. The transfer 

of small RNAs to fungal cells led to the suppres-

sion of virulence genes resulting in high concen-

trations of transmembrane proteins (tetraspanins, 

TET8-CFP and TET9-YFP) and a positive effect 

on plant immunity.

Feng et al. [44] analyzed miRNAs synthesized in 

wheat during P. striiformis infection and isolated 

genes targeted by miRNAs. These genes encoded 

proteins with the RabGAP/TBC domain, the zinc 

finger protein, and the cysteine-rich receptor-like 

protein kinase-41, which may play an important 

role in the interaction of wheat resistance genes 

with avirulence genes in P. striiformis.

Intergeneric RNA exchange was also reported 

in humans during miRNA delivery to Plasmodium 

falciparum Welch, which suppress the virulence 

genes of the parasite. This explains why patients 

with sickle cell disease, having an increased level 

of transported miRNAs, become more resistant to 

malaria [45].

smAll RnA As A tool in tHe AttAcK 
of pAtHoGens

Pathogenic microorganisms and pests have 

evolved mechanisms to reduce host resistance. 

One of these mechanisms includes the synthesis 

of effector proteins, which target specific molec-

ular structures of the host [46–48]. In addition 

to proteins, small RNA molecule can have simi-

lar functions [36]. RNA effectors mostly suppress 

genes that are key elements of the host’s innate 

immune system. They either reduce the expres-

sion of homologous genes, eliminating functional 

redundancy, or directly or indirectly target the ef-

ficiency of the immune response [23].

Infection with B. cinerea decreases the synthe-

sis of mitogen-activated protein kinase 1 (MPK1) 

and MPK2, peroxiredoxin-2F (PRXIIF), and cell 

wall-associated kinase in A. thaliana. In toma-

to, the biosynthesis of mitogen-activated protein 

kinase kinase kinase 4 (MAPKKK4), a kinase of 

the MAP-kinase cascade, which affects plant re-

sistance to B. cinerea, was inhibited [24].

Pathogens use the plant’s silencing system to 

gain advantage during colonization. During the 

isolation and precipitation of Argonaute (AGO1, 

Argonaute RISC Component 1), which is a com-

ponent of post-transcriptional gene silencing, 

small RNAs of the pathogen (associated with 

plant AGO1) were found in the protein fraction 

isolated from the leaf of infected A. thaliana [24].

When studying the causative agents of pow-

dery mildew, Kusch et al. [11] analyzed several 

small RNAs secreted by the fungus at the time 

of infection. Nucleotide sequences of these RNAs 

were complementary to a large number of plant 

genes, which indicates their multifunctionality. 

Most genes were found to be involved in acyl-CoA 

transport, ubiquinone biosynthesis, seed germina-

tion in wheat, and macromolecular catabolism in 

barley [11].

Derbyshire et al. [36] reported that the fun-

gus Sclerotinia sclerotiorum (Lib.) De Bary, 
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which infects a large number of agricultural 

crops, produces small RNAs in high concentra-

tions to suppress plant immune signaling. At the 

same time, target genes change depen ding on the 

host plant.

Feng et al. [44] found that small RNAs of the 

fungus Blumeria graminis Speer affect signal 

transmission and energy exchange in wheat cells, 

which may be associated with nutrient absorp-

tion from the host or suppression of apoptosis. 

Thus far, no targets of small RNAs involved in 

the immune response of wheat have been identi-

fied [44].

Derbyshire et al. reported that almost all loci 

of small RNAs of S. sclerotiorum were associated 

with retrotransposons. Similar to sequences of 

effector genes, they were present outside encod-

ing regions; however, regions including these loci 

were more polymorphic, which indicates a rapidly 

evolving set of small RNA effectors associated 

with mobile elements of the genome. This poly-

morphism indicates that these regions represent 

an important component of evolution in the ad-

aptation of the pathogen to a wide range of host 

plants. The random effect of small RNAs on host 

immunity possibly provides the pathogen a selec-

tive advantage. Small RNAs that have a signifi-

cant effect on the infection process are called ri-

bonucleic effectors [36].

During their studies on diseases of wheat, Wang 

et al. [8] found that miRNA-like RNA (milRNA), 

which is synthesized by P. striiformis, could sup-

press the plant’s defense. This RNA takes part in 

“cross-kingdom” RNA interference by affecting 

the expression of the β-1,3-glucanase gene (PR2) 

in wheat. The suppression of the synthesis of the 

milRNA precursor led to an increase in wheat re-

sistance to the virulent P. striiformis strain, and 

a decrease in PR2 expression led to an increase in 

plant sensitivity to the avirulent pathogenic strain. 

Thus, this RNA is an important factor in fungal 

virulence [8].

When a plant is colonized by fungi, its im-

mune system triggers a chain of protective re-

actions. Such reactions are induced by patho-

gen-associated molecular patterns, which 

include the synthesis of antimicrobial compounds. 

These compounds include pathogenesis-related 

proteins, such as proteinases, chitinases, and 

glucanases, which damage the structure of the 

pathogen [49].

In response, pathogens direct effectors into host 

cells to suppress PAMP-triggered immunity. This 

initiates effector-triggered immunity in plants, 

which is the second inducible level of protection. 

Small RNAs of pathogens can have a significant 

effect on effector-activated plant resistance. They 

can indirectly enhance pathogenic virulence by 

regulating the expression level of effectors. For 

example, small RNAs regulate the synthesis of 

avirulence conferring enzyme 1 (ACE1), which is 

an effector in Magnaporthe oryzae Couch and 

regulates the penetration of apressoria into plant 

tissue [50, 51]. Qutob et al. [52] reported that 

some pathogens can synthesize small RNAs to 

evade host defense.

smAll RnA immUne Response of plAnts 
to infection

Zhang et al. [28] described a new conservation 

strategy for protecting plants against fungi and 

oomycetes using small RNAs aimed at suppress-

ing the expression of virulence genes. They isolat-

ed a common pool of small RNAs from V. dahlia‑

infected cotton and performed deep sequencing. 

A large number of small RNAs did not associate 

with the pathogen’s genome. However, approxi-

mately 28 small RNAs were identical to the ge-

nome of cotton. Northern blotting results revealed 

that these small RNAs were absent in the fungal 

material obtained in the system in vitro. There-

fore, without preliminary cultivation of the fungus 

on the plant, the appearance of these molecules in 

the fungus is impossible. However, a large amount 
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of the studied small RNAs were found in the roots 

of cotton and A. thaliana after fungal infection. 

Thus, high concentrations of small RNAs of plant 

origin were transferred to fungal hyphae after in-

fection. Later, it was revealed that most small 

RNAs exported from cotton plants acted on the 

virulence genes of V. dahliae, thereby promoting 

fungal resistance [28].

More than 200 new miRNA families were iden-

tified in Triticum aestivum L., Aegilops sharo‑

nensis Eig, Aegilops speltoides Tausch, Aegilops 

tauschii Coss., Triticum monococcum L., and 

Triticum urartu Thumanjan ex Gandilyan ge-

nomes [53].

Dutta et al. [29] described a new tasiRNA pro-

ducing locus (TAS) in wheat, when the plant is 

infected with stem rust. This locus can generate 

four types of small RNAs, which in turn act on 

α-gliadin, leucine-rich repeat (LRR), transmem-

brane proteins, glutathione S-transferase (GST), 

and fatty acid desaturase, synthesized during 

stress and required for normal plant growth and 

development. Furthermore, α-gliadin affects ger-

mination and seedling growth in wheat; its ab-

sence causes a noticeable deterioration in the 

quality of the protein [29, 54].

The LRR domain, present in plant cell mem-

brane kinases, can recognize and bind to patho-

genic effectors. Reportedly, plants need to get rid 

of excess LRRs under biotic stress [55].

Transmembrane proteins are involved in the 

transfer of molecules between adjacent cells. They 

are influenced by various external stimuli, in re-

sponse to which they activate a cascade of reac-

tions. Moreover, transmembrane proteins can act 

as a sensitivity factor in infection; therefore, sup-

pression of their expression enhances plant resis-

tance [56].

Plant responses to stress factors are associ-

ated with the formation of reactive oxygen spe-

cies (ROS) [57], which are involved in several 

cellular processes and induce cell death [58]. 

Glutathione-S-transferase forms chelates of re-

active oxygen species (organic peroxides) and 

controls necrosis by suppressing oxidative tissue 

damage [59], and siRNA-mediated knockdown of 

GST expression leads to necrosis of infected tis-

sues and limits the spread of infection.

Fatty acid desaturases convert saturated fatty 

acids into unsaturated ones, which affect mem-

brane mobility, and ultimately, signal transduction 

between cells [60]; by contrast, ROS increase the 

intensity of signals controlled by them.

Canto-Pastor et al. [13] reported that the miRNA 

family reduces the expression of nucleotide bind-

ing site leucine-rich repeat (NLR) proteins. Small 

RNAs of the miR482/2118 family have several 

functions. They are involved in the cleavage of 

mRNA and activate the secondary synthesis of 

siRNAs, using the target RNA as a template.

MiR482 acts on the conserved motif of vari-

ous mRNAs of NLR proteins, whereas miR2118b 

acts on noncoding RNA formed by the rearrange-

ment of several different NLR genes. Tomato 

lines that synthesize short tandem target mimic 

(STTM) RNAs, which affect various genes, dem-

onstrate increased resistance to infection against 

oomycetes and bacteria. In this case, NLR pro-

teins are involved in the formation of quantitative 

resistance. Canto-Pastor et al. [13] also provided 

information on the use of STTM-RNA in biotech-

nology to enhance the quantitative resistance of 

some varieties.

Host-inDUceD Gene silencinG (HiGs)

When studying the host–pathogen interaction, 

host-induced gene silencing (HIGS) is widely 

used, which is based on creating transgenic plants 

capable of independently secreting target dsRNA 

to suppress the expression of pathogenic genes.

HIGS has been effectively used in plants in-

fected by nematodes [61], insects [62, 63], fungi 

[5, 26, 64], and oomycetes [65, 66]. HIGS can 

easily be adapted for the simultaneous control of 
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several pathogens by suppressing the expression 

of important virulence genes [26]. Nevertheless, 

one of the limitations of using HIGS is the suc-

cessful genetic transformation of plants, which is 

not yet possible for many economically important 

crops. In addition, concerns remain about the 

consumption of genetically modified plants [21], 

the cultivation of which is prohibited in Russia 

and other countries.

It should be said that the HIGS mechanism, 

although controlled by humans, is an excellent ex-

ample of small RNA transfer from hosts to patho-

genic microorganisms or pests [8, 61–64, 67].

Virus-induced gene silencing (VIGS) is a vari-

ation of HIGS, in which the synthesis of dou-

ble-stranded molecules in plants is performed 

transiently by the virus, which functions as an ad-

ditional factor, leading to the formation of target 

dsRNAs. This enables avoiding the need for ge-

netic transformation and assesses pathogenic vir-

ulence by suppressing the expression of virulence 

genes. This technology has been used for several 

decades and has enabled advances in the study of 

genetic interactions of many pathosystems. First, 

the plant is infected with a viral construct contain-

ing the target sequence to enable the formation 

of double-stranded molecules. When the infection 

is effective and a stable synthesis of dsRNA is 

registered, the next stage is implemented, name-

ly, infection with the studied pathogen or pest. 

The efficiency of VIGS varies among plants, and 

the interaction of three biological units (plant, vi-

rus, and the investigated pathogen) can lead to 

ambiguous results [68]. It should be remembered 

that even a modified virus will be a stress factor 

for the plant, which will lead to the emergence of 

specific protective reactions even before infection 

with the corresponding pathogen. Such a plant 

will undoubtedly be different from a healthy plant 

that is not infected by the virus. Under stress, the 

plant’s immunity functions at full strength and in 

case of colonization with the second pathogen, the 

result of such an interaction may be ambiguous. 

The use of this technology in the field is economi-

cally inexpedient; in addition, there is a danger of 

the genetically modified virus being released into 

the environment.

Many obligate parasitic microorganisms absorb 

host nutrients through specialized organs called 

haustoria and hyphae. Zhu et al. [69] studied the 

development of the stripe rust pathogen P. stri‑

iformis var. tritici on wheat (T. aestivum). Mito-

gen-activated protein kinase kinase is encoded by 

PsFUZ7 and regulates haustorium formation and 

invasive growth. PsKPP4, homologous to STE11 

(MAPKKK), has also been characterized in yeast. 

As in the case of PsFUZ7 silencing, a decrease 

in PsKPP4 expression in hyphae and haustoria 

was analyzed leading to a decrease in fungal ag-

gressiveness. P. striiformis urediniospores treated 

with an inhibitor of STE11 formed deformed germ 

tubes. Increased expression of PsKPP4 in yeast 

during cell division led to the synthesis of fusi-

form cells and increased resistance to oxidative 

stress [69].

Koch et al. [5] reduced the expression of CYP51, 

which is required for ergosterol biosynthesis, and 

evaluated the effect of silencing on the growth of 

F. graminearum. When dsRNA, complementary 

to CYP51, was introduced into a liquid culture of 

F. graminearum, suppression of fungal growth 

and change in its morphological parameters were 

noted. These effects were similar to those of the 

fungicide tebuconazole. The creation of transgenic 

lines of A. thaliana and barley expressing dsR-

NAs led to a significant increase in the resistance 

of typically-sensitive genotypes. Mycelium growth 

was limited at the sites of pathogen inoculation, 

and inoculated barley kernels were free of fungal 

hyphae. The suppression of fungal growth had a 

positive correlation with the synthesis of small 

RNAs and the efficiency of CYP51 silencing [5].

Cheng et al. [70] determined that the suppres-

sion of chitin synthase gene of F. graminearum 
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increased the resistance of transgenic wheat 

plants. This enzyme is vital for fungus. Expres-

sion of three RNA constructs in two different 

transgenic wheat cultivars ensured a high resis-

tance of the culture to Fusarium head blight and 

fungal development on T3–T5 seedlings. Growth 

restriction of the pathogen was also confirmed by 

confocal microscopy.

spRAY-inDUceD Gene silencinG in plAnt 
pRotection: VAlUe AnD pRospects

In 2016, a new system for artificially inducing 

RNA interference, called spray-induced gene si-

lencing (SIGS), was proposed. It involves intro-

ducing dsRNA into a liquid nutrient medium with 

microorganisms or spraying it over the surface of 

a solid object, such as a leaf [17]. This discovery 

provided a new strategy for crop protection and 

pesticide replacement.

DsRNA sprayed onto leaves first reaches the 

apoplast, xylem, and then moves to the symplast. 

Acropetal movement of the silencing signal re-

vealed inhibition of fungal growth in areas where 

dsRNA did not reach, which indicates the high ef-

ficiency of double-stranded molecules [17].

The use of dsRNA has many advantages over 

chemicals. DsRNA-based agents can act spe-

cifically against certain pathogen that has a ho-

mologous sequence in the genome. As pathogens 

evolve and become resistant to dsRNA, the use 

of a mixture of different dsRNA molecules would 

be a possible solution to target different regions 

of a gene or several genes. The development of 

such agents should be performed considering the 

beneficial microflora since there can be homolo-

gous sequences in their genomes, especially for 

“house-keeping” genes. The use of dsRNA based 

on such sequences can lead to a nonspecific in-

hibitory effect on soil microorganisms and symbi-

onts [17].

The environmental friendliness of such agents 

should also be noted. Unlike chemicals, dsRNA 

is a natural component prone to degradation [71]. 

In plants and animals, dsRNA passes through a 

chain of reactions leading to its cleavage into 

shorter molecules, which subsequently also un-

dergo natural degradation [72]. This suggests that 

spraying dsRNA will not lead to the formation of 

new residual compounds in food [71].

The use of dsRNA in plant protection requires 

deep research. Studies on calculating and optimiz-

ing the cost of dsRNA production and improving 

its stability are warranted. Therefore, studies on 

developing low-cost systems that stably synthe-

size good quality dsRNA are needed [71].

The main method for synthesizing dsRNA in-

cludes hybridization of sense and antisense RNA 

strands using enzymes into a double-stranded 

molecule. Hybridization of strands is performed 

either in vitro [17, 26, 73–75] or in vivo after the 

synthesis of single-stranded RNA (ssRNA) in bac-

terial cells in the absence of RNase III [76–78]. 

The physical hybridization of two complementary 

strands in vitro, and especially in vivo, leads of-

ten to a low concentration of correctly synthesized 

double-stranded molecules. In addition, bacterial 

systems contain homologous DNA molecules, 

which affect the quality and efficiency of the final 

RNA molecules.

Niehl et al. [79] reported that synthesis of dsRNA 

using enzymes isolated from viruses capable of 

producing double-stranded molecules naturally 

is the most efficient method. They developed a 

dsRNA-replication system in the bacterium Pseu‑

domonas syringae Van Hall using bacteriophage 

phi6 components, which allow for the synthesis of 

large, high quality RNA molecules in large quan-

tities. Stability of dsRNA synthesis was achieved 

by combining three distinct segments of the bac-

teriophage genome in a vector, maintaining the 

natural size of the dsRNA, and the elements re-

quired for efficient replication and packaging of the 

segments. Such a system can be easily adapted 

for the synthesis of various target sequences [79]. 
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The synthesis of large dsRNA molecules (>2600 bp) 

can help obtain a large pool of small RNAs. The 

technology was developed to increase the stability 

of dsRNA after spraying for up to 20 d or more 

[79, 80].

limitAtions of siGs

Due to its structure, dsRNA is more stable than 

single-stranded molecules, although its lifespan is 

limited by the presence of various RNases [81]. 

Singh et al. [82] demonstrated that the rate of 

dsRNA cleavage and processing varied significant-

ly among insect species. Song et al. [71] suggest-

ed that dsRNA remains stable for only 8 d after 

being sprayed on plants.

When developing plant protection measures 

against a particular pathogen, it is necessary to 

ensure that this organism is capable of RNA inter-

ference. The absence of components of RNA in-

terference in some pathogens makes this method 

ineffective.

When synthesizing dsRNA, the effects of off-

target silencing must be considered, when the re-

sulting small RNA is complementary or partially 

complementary to one or more mRNAs that are 

not the target of silencing [83, 84].

Koch et al. [17] used dsRNA spraying in the 

F. graminearum–barley system. They reported 

that spraying dsRNA, which targeted three CYP51 

paralog genes, resulted in decreased fungal 

growth. The dsRNA moving through the plant’s 

vascular system was absorbed by the fungus 

through the leaf. The movement of small RNAs 

along the plant’s vascular system is a very slow 

and inefficient process. Therefore, when develop-

ing special agents, the use of large molecules may 

be a better choice [17].

Song et al. [71] used SIGS to suppress the ex-

pression of myosin-5 (MYO5) in the fungus Fusa‑

rium asiaticum O’Donnell, Aoki, Kistler, Geiser. 

The dsRNA molecules complementary to several 

regions of the target gene led to the appearance 

of cell wall defects, directly affecting mycelium 

growth and fungal virulence. To determine the du-

ration of RNA interference, the growth rate of the 

fungal mycelium was estimated after removal of 

dsRNA from the nutrient medium. During the first 

5 h after the removal of dsRNA, the growth rate 

of the fungal mycelium was comparable to that on 

a medium constantly supplied with dsRNA, which 

indicates an effective suppression of MYO5 expres-

sion. Between 5 and 9 h, the growth rate of the 

mycelium increased gradually, and after 9 h it was 

comparable to the control. Because F. asiaticum 

is unable to maintain the synthesis of secondary 

small RNAs, target gene expression was restored 

after all exogenous dsRNA molecules were used 

in RNA interference. With a constant supply of 

dsRNAs in the nutrient medium, inhibition of 

MYO5 expression could last 7 d [71].

RNA molecules on the surface of plants are 

stable for approximately one week, which in some 

cases is insufficient to control pathogens [71]. 

However, in contrast to fungi, siRNAs can be 

reamplified in plant, and thus, propagated [85]. 

The concentration of secondary small RNAs is 

much higher than that of primary ones, and they 

can significantly reduce the expression level of the 

corresponding gene [86]. Thus, the anti-fungal 

activity of dsRNA was higher and lasted longer 

when it first entered plants and after that into the 

fungus, compared to the effect of molecules on the 

surface of organs of wheat. In this case, dsRNAs 

most efficiently penetrate into the plant through 

damage [71].

Furthermore, dsRNA molecules complementary 

to different regions of the same gene can have dif-

ferent effects on biological processes. After spray-

ing, dsRNA either dries on the plant surface or is 

absorbed by plant cells. When a plant is infected 

by a fungus, the dsRNA on the surface cannot be 

transferred to the infected site by means of vas-

cular tissue and is absorbed by fungal cells only if 

the pathogen enters the area where the molecules 
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have been sprayed; however, the effect does not 

last long, because the fungus is unable to amplify 

small RNAs [71].

The SIGS method has also been used to con-

trol insect pests. Application of the corresponding 

dsRNAs on plants significantly increased mortality 

and impaired insect growth [87–90]. This effect 

can be achieved when molecules enter both the 

top parts and roots of plants [21].

A recent study revealed that dsRNA stability 

increased for up to 20 d when sprayed onto Bio-

Clay nanosheets [80]. These particles reduce the 

rate of RNase-mediated degradation of dsRNAs 

under the influence of sunlight and prevented its 

rapid washing off from the leaf surface. Because 

nanoparticles have no toxic effects and are easily 

degraded, this method is environmentally friendly 

and can be applied in the field to control various 

plant diseases [21].

conclUsions

RNA interference has proven to be an effec-

tive means of studying interactions between sev-

eral organisms and a tool for developing new plant 

protection measures. Several types of small RNAs 

and their exchange between different species have 

been discovered and described. Such communica-

tion has evolved among species during competi-

tion for food sources, and apparently, exists be-

tween many interacting organisms. Small RNAs 

represent a natural component of the cell and par-

ticipates in maintaining its vital functions. Some 

small RNAs of pathogens are called ribonucleic 

effectors, because they act against the host’s im-

munity. The use of HIGS and VIGS has advanced 

the understanding of resistance development in 

some organisms and virulence in others. The new 

SIGS system is of particular importance, as its ef-

ficiency can surpass the action of many pesticides.
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