BioThink E — Magazine, Vol. -3, Issue -1, January 2026
ISSN No. — 3048- 7943
www.biothink.in

RNA Interference in Plant Pathology: A Gene Silencing Approach for
Sustainable Disease Management

Sandipan Das!, Vibha Pandey!, Kartikey Pandey'0<, Avirup Roy? Prakriti Roy!

Department of Plant Pathology, Jawharlal Neheru Krishi Vidyalaya, Jabalpur (M.P.)
2Department Agricultural Entomology, Jawharlal Neheru Krishi Vidyalaya, Jabalpur (M.P.)

Y kartikeypO3@gamil.com
“This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/

Introduction

RNA interference, also known as RNA-induced gene silencing, is a fundamental and highly conserved
biological process found across various eukaryotes, including plants, fungi, and animals (Karimi & Innes, 2022; Rosa
et al., 2018). It is a cellular defense mechanism that specifically recognizes and silences gene expression at the post-
transcriptional level.(Hernandez-Soto & Chacdn-Cerdas, 2021; Karimi & Innes, 2022; Rosa et al., 2018; Zhao et al.,
2024). The process is typically triggered by the presence of double-stranded RNA molecules, which subsequently
results in the sequence-specific degradation or translational repression of complementary messenger RNA (Koeppe
et al., 2023). RNAIi technology offers a modern, eco-friendly alternative to chemical crop protection by silencing
specific genes in pests and pathogens while sparing non-target organisms. It can be applied through transgenic
(HIGS) or spray-based (SIGS) approaches and shows proven efficacy, such as high mortality in the diamondback
moth(Qi et al., 2024). Additionally, RNAi holds promise for enhancing crop resilience and yield through selective

breeding programs.

History & Background

RNA interference was formally discovered and named in 1998 by Andrew Fire and Craig Mello through
their groundbreaking work with the nematode Caenorhabditis elegans (Hernandez-Soto & Chacén-Cerdas, 2021).
However, the underlying mechanisms of gene silencing had been observed and described in plants much earlier,
during the early 1990s by scientist Napoli et al., when they observed an unexpected "co-suppression" effect in
petunias genetically modified with an additional chalcone synthase gene(a gene involved in purple pigment

production in petunia), resulting in the silencing of both the original and introduced gene copies(Karimi & Innes,
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2022; Rossner et al., 2022). A similar mechanism was described in the fungus Neurospora crassa by different
researchers like Romano and Macino, and later Cogoni et al., where the expression of certain genes (like albino-1 or
albino-3) led to the silencing of their endogenous counterparts, which correlated with reductions in mRNA

levels(Dalakouras et al., 2024; Imran et al., 2025; Qi et al., 2024) (Karimi & Innes, 2022).

Fundamentals of RNA Interference

RNA interference is defined as a mechanism of sequence-specific gene silencing initiated by a double-
stranded RNA, leading to the breakdown of complementary messenger RNA and consequently, post-transcriptional
gene silencing(Chen et al., 2025)(Fire et al., 1998). This process is linked to eukaryotic cellular defense mechanism,
involving a highly precise and complicated cascade of enzymatic reactions contributing to the degradation of target

foreign mRNA.

Main Components
1. Double-stranded RNA (dsRNA)

RNAIi is commenced by a double-stranded RNA (dsRNA), which may originate from viruses, transgenes,
endogenous hairpin structures, or experimental application (e.g., spray-induced or host-induced RNAi). dsRNA acts
as the trigger molecule that signals the silencing pathway. There are different sources of dsRNA , which are broadly

classified under endogenous, exogenous and cross kingdom sources(Chen et al., 2025; Qi et al., 2024; Rosa et al., 2018)

Endogenous/Natural Sources: Endogenous hairpin RNAs (hpRNAs): They are formed when RNA transcripts
undergo intramolecular folding to form stem-loop structures with incomplete base pairing. These serve as precursors
for miRNAs and some siRNAs.(Chen et al., 2025; Dalakouras et al., 2024; Rosa et al., 2018)

e Sense/antisense transcription: Overlapping transcripts originating from opposite DNA strands can anneal
to form dsRNA.(Dalakouras et al., 2024; Imran ef al., 2025; Rosa et al., 2018)

e Transposons and repeat-associated RNAs: Plants can naturally synthesize dsRNA from repetitive
elements, which helps in silencing of transposons through the RNA-directed DNA methylation (RADM)
pathway.(Chen et al., 2025; Rossner et al., 2022)

e Viral infection: Replication processes in numerous plant viruses generate double-stranded RNA
intermediates, which effectively initiate RNA silencing and trigger antiviral defenses(Qi et al., 2024; Rossner

etal., 2022).
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Exogenous Sources: Transgenes (Host-Induced Gene Silencing): Plants can be genetically engineered to express
dsRNA against virulent genes of different pathogens (fungi, nematodes, and insects). (Herndndez-Soto &

Chacon-Cerdas, 2021)
e Spray-induced dsRNA (Spray-Induced Gene Silencing): dsRNA molecules are directly sprayed to plant
surfaces , following different application methods. These are taken up by plants and/or pathogens to induce

gene silencing.

Cross-kingdom Sources : Pathogens and host plants have been observed to produce dsRNA molecules as part of
their inter-kingdom communication and defense mechanisms, leading to cross-kingdom RNA interference
(Hernandez-Soto & Chacén-Cerdas, 2021).

In plants, dsRNA can be amplified by RNA-dependent RNA polymerases (RDRs) from aberrant or cleaved RNAs.
RDR®, often with the cofactor SGS3, helps in conversion of degraded mRNA to secondary dsRNAs, which are further
diced into secondary siRNAs, that amplifies the initial silencing and contributes to long term RNA

Interference.(Rossner et al., 2022; Zhao et al., 2024)

2. Dicer-like (DCL) Enzymes
Dicer-like (DCL) proteins or enzymes are ubiquitous RNA III Endonucleases that cleaves or processes dsRNA(long or
hairpin dsRNA) into small RNA(siRNA or miRNA)(Chen et al., 2025; Réssner et al., 2022). Host plant produces a
different DCL protein that specializes in processing of distinct classes of small RNAs:
»  DCLI: Processes primary miRNA transcripts into mature miRNAs.(Rossner et al., 2022)
» DCL2: Produces 22-nt siRNAs and has been reported to coordinate with DCL4 in antiviral defense; in
scenarios where DCL4 is not present, DCL2 is capable of generating substantial quantities of viral secondary
siRNAs. (Rosa et al., 2018)
» DCL3: Generates 24-nt siRNAs for transcriptional gene silencing (TGS) via RNA-directed DNA
methylation(RdADM), associated with silencing of transposons and repetitive elements(Rossner et al., 2022)
(Rosa et al., 2018) .
» DCL4: Produces 21-nt siRNAs, and acts as one of the principal components in post-transcriptional gene
silencing (PTGS) and antiviral immunity.(Karimi & Innes, 2022; Qi et al., 2024; Rossner et al., 2022)
3. Small RNAs
They are small RNA particles, generated by action of DCL proteins, are 20-24 nucleotide noncoding RNAs that
combine with Argonaute (AGO) to form the RISC(RNA-induced silencing complex) complex to silence specific

nucleic acid targets (Rosa et al., 2018) .They are further classified into -

117



BioThink E — Magazine, Vol. -3, Issue -1, January 2026
ISSN No. - 3048- 7943
www.biothink.in

L Small Interfering RNAs (siRNAs).They are derived from long dsRNA cut by DCLs that silence
exogenous/virulent RNAs (viruses, transgenes) and some endogenous repetitive elements or transposon.
They can be further classified into :-

o 21-ntsiRNAs (DCL4): Involved in PTGS and antiviral defense.
e 22-nt siRNAs (DCL2): The 22-nt siRNAs have a backup antiviral role and can trigger RDR6-mediated
amplification.
24-nt siRNAs (DCL3): Guide RdDM, directed against the host’s heterochromatin, including inverted repeats
and transposons, and this mechanism is also used for defense against DNA viruses, leading to transcriptional gene
silencing (TGS) (Rossner et al., 2022)

II. MicroRNAs (miRNAs): They originate from endogenous hairpin precursors (pri-miRNAs) transcribed by
RNA polymerase II, being processed by DCL1 in the nucleus with cofactors HYL1 and SE (SERRATE).They
are then loaded into AGO1 protein in the RISC complex, directing cleavage or translational repression of
complementary mRNAs.(Qi et al., 2024; Rosa ef al., 2018). The microRNA pathway functions at the post-
transcriptional stage and plays a vital role in various physiological and pathophysiological conditions. (Qi et
al., 2024).

The distinction between siRNA and miRNA lies in their biogenesis pathway, the precision of cleavage by
DICER proteins and the nature of the gene or nucleic acid they target. While siRNA targets foreign genes and
transposons mainly, the miRNA acts upon the endogenous host genes, contributing to the development and stress

resistance of host plants.(Qi et al., 2024)

4. Argonaute (AGO) proteins

Argonaute proteins are a family of highly conserved RNA-binding proteins that serves as the core of the
RNA-induced silencing complex (RISC). They help binding of small RNAs and utilize them as guides to cleave target
mRNA (post-transcriptional silencing) and thereby supress translation of pathogenic proteins or mediate Direct DNA
methylation (transcriptional silencing)(Rossner et al., 2022). Argonaute proteins feature three primary conserved
domains: PAZ, MID, and PIWI domains. The N-terminal region includes a variable domain, potentially aiding in the
dissociation of the small RNA-target duplex post-slicing by disrupting its structure. The PAZ domain, situated near
the N-terminal domain, binds to the 3’ end of small RNAs. The C-terminal region encompasses the MID and PIWI

domains, with their junction forming a binding pocket for the 5’ end of the guide RNA. (Rosa et al., 2018)
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Fig 1: RNAi Mechanism (Limera et al., 2017)

(ssRNAs) (usually aberrant, viral, or cleaved mRNAs) to

double-stranded RNA (dsRNA) which is to be processed by Dicer-like (DCL) enzymes into secondary siRNAs,
thereby reinforcing and amplifying RNAi. They are unique to plants potentially explaining the systemic spread of
RNAI in plants, a phenomenon less commonly observed in many animal species. Some of the important RDRs are :
RDR6 (Most important role in antiviral defense, contributing to production of secondary siRNA (phasiRNA/ta-
siRNA) and playing an important role in post-transcriptional gene silencing/PTGS), RDR2 (initiates RNA-directed
DNA methylation (RdADM) for transcriptional gene silencing /TGS and assists DCL3 to produce 24-nt siRNAs),
RDR1(Induced by pathogen infection and serving to antiviral defense)(Rdssner et al., 2022; Zhao et al., 2024).
Accessory proteins like SGS3 (Suppressor of Gene Silencing 3), DRBs (Double-stranded RNA-binding
proteins), HEN1 (Hua Enhancer 1), HYL1 (Hyponastic Leaves 1) and SERRATE (SE) assist RDRs and DCL proteins in
their functional role to ensure efficiency and long term efficacy of RNAi machinery.(Dalakouras et al., 2024; Qi et al.,

2024; Rosa et al., 2018)

RNAI Strategies for Plant Disease Resistance
A. Host Induced Gene Silencing: Host-induced gene silencing (HIGS) is an RNAi-mediated strategy where
plants are engineered to produce double-stranded RNAs (dsRNAs) or hairpin RNAs that specifically target
essential genes in invading pathogens. These dsRNAs are processed by the plant’s Dicer-like (DCL)
enzymes into small interfering RNAs (siRNAs), which can move into the pathogen during infection. Inside

the pathogen, siRNAs associate with Argonaute (AGO) proteins to form the RNA-induced silencing

119



BioThink E — Magazine, Vol. -3, Issue -1, January 2026
ISSN No. - 3048- 7943
www.biothink.in

complex (RISC), leading to post-transcriptional gene silencing of the targeted pathogen mRNA (Karimi &
Innes, 2022). For example, by expressing dsRNA designed to target the CYP51 gene family in Fusarium
graminearum, resistance was induced in barley and Arabidopsis, thereby mitigating fungal growth and the

severity of disease symptoms.(Hernandez-Soto & Chacén-Cerdas, 2021)

Spray-Induced Gene Silencing: This approach involves a non-transgenic RNAi-based crop protection
strategy that delivers double-stranded RNAs (dsRNAs) or small interfering RNAs (siRNAs) externally to
plant surfaces such as leaves, stems, or fruits. This method bypasses the need for genetic modification of
crops, unlike Host-Induced Gene Silencing (HIGS) and employs exogenous application of RNA molecule,
typically as a foliar spray or root drench, to deliver RNA molecules into plant tissues and/or invading
pathogens(Chen et al., 2025). These dsRNA molecules are taken up by the host plant or absorbed directly by
the pathogen during colonization, thereby initiating the gene silencing pathway. For example, Exogenous
application of dsRNAs targets genes essential for Botrytis cinerea growth (e.g., DCL1, DCL2) that has been

found to significantly reduce gray mold severity on fruits and vegetables(Chen et al., 2025).

Virus-Induced Gene Silencing: VIGS utilizes the plant’s natural antiviral RNAi machinery as a defense
tool, thereby knocking down critical endogenous genes rapidly without creating stable transgenic lines. It is
a transient, RNAi-based reverse genetic tool that exploits the plant’s innate antiviral defense system to
silence the target genes. In this approach, a viral vector is engineered to carry a fragment of the plant gene of
interest. Upon infection, the virus replicates and expresses this inserted fragment, forming double-stranded
RNA (dsRNA) intermediates that are recognized by the plant’s Dicer-like (DCL) enzymes, leading to the
RNAI cascade (Rossner et al., 2022; Senthil-Kumar et al., 2010). For example, BSMV-HIGS (Barley stripe
mosaic virus) of three pathogenicity-related genes in the wheat rust fungus Puccinia triticina suppressed the

disease expression in susceptable wheat phenotypes (Wheat rust) (Rossner et al., 2022).

Challenges and Limitations

The application of RNAI in plant protection is restricted by instability of dSRNA molecules, inefficiency of

delivery mechanism, off-target effects, regulatory barriers, and pathogen adaptation. Fungi such as Botrytis cinerea

and Sclerotinia sclerotiorum show strong RNA uptake ability, while others like Zymoseptoria tritici, exhibit very limited

uptake, reducing RNAI effectiveness(Wang et al., 2016)(Zhao et al., 2024). Species-specific RNA uptake mechanism in

nematodes and insects often complicates broad-spectrum application (Zhao et al., 2024). Pathogens can evolve/adapt

to produce RNAI suppressor proteins, mutate target genes or silence the dsRNA uptake machinery, thereby reducing
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the overall effectivity (Weiberg et al., 2013) (Zhao et al., 2024). dsRNA molecules, especially the exogenously delivered
particles applied in SIGS are highly susceptible to degradation by UV radiation, temperature fluctuations and RNases
in the field, limiting their persistence and protective efficacy under real agricultural conditions (Hernandez-Soto &
Chacon-Cerdas, 2021). Moreover, RNA particles are required to be repeatedly applied/sprayed due to their very short
life in phyllosphere and soil conditions, which increases overall cost of application (Mitter et al., 2017)(Wang et al.,
2023). Movement of the RNA particles can be restricted by different physiological features of host plant like cuticular
barriers, cell wall thickness, and limited vascular translocation (Koch et al., 2013). Error in application or formulation
design may cause off-target gene silencing, creating adverse effects on host plant or beneficial microbes/insects (Zhao
et al., 2024). Development of Transgenic plants as in case of HIGS is a time consuming and rigorous process and often
faces constraints of biosafety and GMO regulations in several countries (Nowara et al., 2010) (Karimi & Innes, 2022).
Last but not the least, large-scale production of high-quality dsSRNA based formulations for agricultural application is

highly expensive due to complex synthesis and purification processes (Imran et al., 2025).

Conclusion

RNA interference represents a transformative step toward sustainable and precise crop protection, offering
a targeted, environmentally sound alternative to traditional pesticides. By exploiting natural gene silencing
pathways, RNAi allows plants to defend themselves and supports safer agricultural ecosystems. Despite current
challenges in delivery, stability, and cost, rapid progress in nanotechnology, dsRNA synthesis, and molecular design
is steadily overcoming these barriers. While nanocarriers such as chitosan nanoparticles and layered double
hydroxide (LDH) clays are being designed to protect RNA molecules from environmental degradation,
bioinformatics-based dsRNA design tools are integrated to enhance sequence specificity, minimizing off-target effects
while enabling multi-gene targeting for more durable pathogen resistance(Zhao et al., 2024) (Imran et al., 2025). With
continued interdisciplinary innovation, RNAi technology holds the promise to become a cornerstone of next-

generation, eco-friendly crop protection strategies.

Reference

Chen, C., Imran, M., Feng, X., Shen, X., & Sun, Z. (2025). Spray-induced gene silencing for crop protection: Recent
advances and emerging trends. Frontiers in Plant Science, 16, 1527944,

https://doi.org/10.3389/fpls.2025.1527944

121


https://doi.org/10.3389/fpls.2025.1527944

BioThink E — Magazine, Vol. -3, Issue -1, January 2026
ISSN No. - 3048- 7943
www.biothink.in

Dalakouras, A., Koidou, V., & Papadopoulou, K. (2024). DsRNA-based pesticides: Considerations for efficiency and
risk assessment. Chemosphere, 352, 141530. https://doi.org/10.1016/j.chemosphere.2024.141530

Fire, A., Xu, S., Montgomery, M.K,, Kostas, S.A., Driver, S.E., & Mello, C.C. (1998). Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans. Nature, 391(6669), 806-811.
https://doi.org/10.1038/35888

Hernandez-Soto, A., & Chacén-Cerdas, R. (2021). RNAIi crop protection advances. International Journal of Molecular

Sciences, 22(22), 12148. https://doi.org/10.3390/ijms222212148

Imran, M., Feng, X., Sun, Z., Al Omari, H., Zhang, G., Zhu, J., Aldayel, M. F., & Li, C. (2025). Nanotechnology-driven
gene silencing: Advancements in SIGS-dsRNA technology for sustainable disease management. Chemical

and Biological Technologies in Agriculture, 12, 31. https://doi.org/10.1186/s40538-025-00738-6

Karimi, H. Z., & Innes, R. W. (2022). Molecular mechanisms underlying host-induced gene silencing. The Plant Cell,
34(9), 3183-3199. https://doi.org/10.1093/plcell/koacl65

Koch, A., Kumar, N., Weber, L., Keller, H., Imani, J.,, & Kogel, K. H. (2013). Host-induced gene silencing of
cytochrome P450 lanosterol Cl4a-demethylase—encoding genes confers strong resistance to Fusarium
species. Proceedings of the National Academy of Sciences of the United States of America, 110(48), 19324—
19329. https://doi.org/10.1073/pnas.1306373110

Koeppe, S., Kawchuk, L., & Kalischuk, M. (2023). RNA interference: Past and future applications in plants.
International Journal of Molecular Sciences, 24(11), 9755. https://doi.org/10.3390/ijms24119755

Limera, C., Sabbadini, S., Sweet, J., & Mezzetti, B. (2017). New biotechnological tools for the genetic improvement of

major woody fruit species. Frontiers in Plant Science, 8, 1418. https://doi.org/10.3389/fpls.2017.01418
] y p tp g p

Mitter, N., Worrall, E. A, Robinson, K. E., Li, P, Jain, R. G., Taochy, C,, ... Xu, Z. P. (2017). Clay nanosheets for topical
delivery of RNAi for sustained protection against plant viruses. Nature Plants, 3(2), 16207.
https://doi.org/10.1038/nplants.2016.207

Nowara, D., Gay, A., Lacomme, C., Shaw, J., Ridout, C., Douchkov, D., Hensel, G., Kumlehn, J., & Schweizer, P.
(2010). HIGS: Host-induced gene silencing in the obligate biotrophic fungal pathogen Blumeria graminis.
The Plant Cell, 22(9), 3130-3141. https://doi.org/10.1105/tpc.110.077040

122


https://doi.org/10.1016/j.chemosphere.2024.141530
https://doi.org/10.1038/35888
https://doi.org/10.3390/ijms222212148
https://doi.org/10.1186/s40538-025-00738-6
https://doi.org/10.1093/plcell/koac165
https://doi.org/10.1073/pnas.1306373110
https://doi.org/10.3390/ijms24119755
https://doi.org/10.1038/nplants.2016.207
https://doi.org/10.1105/tpc.110.077040

BioThink E — Magazine, Vol. -3, Issue -1, January 2026
ISSN No. - 3048- 7943
www.biothink.in

Qi, H., Zhang, D., Liu, B., Chen, ]J.-Y., Han, D., & Wang, D. (2024). Leveraging RNA interference technology for
selective and sustainable crop protection. Frontiers in  Plant Science, 15.

https://doi.org/10.3389/fpls.2024.1502015

Rosa, C., Kuo, Y.-W., Wuriyanghan, H., & Falk, B. W. (2018). RNA interference mechanisms and applications in plant
pathology. Annual Review of Phytopathology, 56(1), 581-610. https://doi.org/10.1146/annurev-phyto-
080417-050044

Rossner, C., Lotz, D., & Becker, A. (2022). VIGS goes viral: How VIGS transforms our understanding of plant science.
Annual Review of Plant Biology, 73(1), 703-728. https://doi.org/10.1146/annurev-arplant-102820-020542

Senthil-Kumar, M., & Mysore, K. S. (2010). RNAi in plants: Recent developments and applications in agriculture. In
A. ]. Catalano (Ed.), Gene silencing: Theory, techniques and applications (pp. 183-199). Nova Science
Publishers. ISBN 978-1-61728-276-8

Wang, Y., Yan, Q., Lan, C,, Tang, T., Wang, K., Shen, J., & Niu, D. (2023). Nanoparticle carriers enhance RNA stability
and uptake efficiency and prolong the protection against Rhizoctonia solani. Phytopathology Research,

5(1), Article 2. https://doi.org/10.1186/s42483-023-00157-1

Weiberg, A., Wang, M., Lin, F. M., Zhao, H., Zhang, Z., Kaloshian, 1., Huang, H. D., & Jin, H. (2013). Fungal small
RNAs suppress plant immunity by hijacking host RNA interference pathways. Science, 342(6154), 118-123.
https://doi.org/10.1126/science.1239705

Zhang, T., Zhao, Y. L., Zhao, J. H,, Wang, S,, Jin, Y., Chen, Z. Q., Fang, Y. Y., Hua, C. L., Ding, S. W., & Guo, H. S.
(2016). Cotton plants export microRNAs to inhibit virulence gene expression in a fungal pathogen. Nature

Plants, 2, 16153. https://doi.org/10.1038/nplants.2016.153

Zhao, ].-H., Liu, Q.-Y., Xie, Z.-M., & Guo, H.-S. (2024). Exploring the challenges of RNAi-based strategies for crop
protection. Advanced Biotechnology, 2(3), 23. https://doi.org/10.1007/s44307-024-00031-x

123


https://doi.org/10.3389/fpls.2024.1502015
https://doi.org/10.1146/annurev-phyto-080417-050044
https://doi.org/10.1146/annurev-phyto-080417-050044
https://doi.org/10.1146/annurev-arplant-102820-020542
https://doi.org/10.1186/s42483-023-00157-1
https://doi.org/10.1126/science.1239705
https://doi.org/10.1038/nplants.2016.153
https://doi.org/10.1007/s44307-024-00031-x

