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ABSTRACT : 

Small RNAs (sRNAs) have emerged as vital regulators of gene expression in plants, influencing development, stress responses, and immunity. This manuscript 

explores the diverse types of plant small RNAs, including microRNAs (miRNAs), small interfering RNAs (siRNAs), trans-acting siRNAs (ta-siRNAs), and 

natural antisense transcripts (nat-siRNAs). Their unique biogenesis, mechanisms, and roles in regulating biological processes are discussed in detail. With their 

potential applications in genetic engineering, biocontrol, and precision breeding, sRNAs offer transformative opportunities for sustainable agriculture. This work 

provides a comprehensive overview of the roles of sRNAs in crop improvement and disease control, highlighting their significance in addressing global 

challenges such as food security and climate resilience. 

Introduction : 

Plants constantly face threats from biotic and abiotic stresses, such as pathogens, drought, and salinity, that can drastically reduce their productivity. In 

response, plants have evolved intricate regulatory mechanisms to adapt to these challenges, including the action of small RNAs (sRNAs). These non-

coding RNAs, typically 20–24 nucleotides in length, regulate gene expression at the transcriptional or post-transcriptional levels. They are involved in 

processes like growth, development, stress adaptation, and immune responses. This manuscript explores the various types of plant small RNAs, their 

roles in biological regulation, and their potential applications in agriculture to improve crop traits and combat diseases. 

Types of Plant Small RNAs 

MicroRNAs (miRNAs) 

MicroRNAs are among the most well-studied small RNAs in plants. They are derived from precursor transcripts, called pri-miRNAs, which form 

hairpin structures processed by DICER-LIKE 1 (DCL1) to produce mature miRNAs. These are loaded onto ARGONAUTE (AGO) proteins to form the 

RNA-induced silencing complex (RISC), guiding it to complementary mRNA targets for cleavage or translational repression. miRNAs play critical 

roles in plant development, regulating processes like leaf morphology, flowering time, and root architecture. They also enhance plant resilience to 

abiotic stresses, including drought and salinity, and contribute to immune responses by targeting genes associated with pathogen resistance. By 

engineering miRNAs, researchers have achieved improved nutrient uptake, modified growth traits, and enhanced pathogen resistance in crops. 

Small Interfering RNAs (siRNAs) 

Small interfering RNAs are derived from double-stranded RNAs (dsRNAs), which are synthesized by RNA-dependent RNA polymerases (RDRs). 

siRNAs are categorized into subtypes such as heterochromatic siRNAs (hc-siRNAs), secondary siRNAs, and natural antisense siRNAs (nat-siRNAs). 

hc-siRNAs are crucial for epigenetic regulation through RNA-directed DNA methylation (RdDM), which silences repetitive elements and transposons. 

Secondary siRNAs amplify silencing signals and are vital for antiviral defense, while nat-siRNAs mediate stress responses by regulating overlapping 

sense-antisense transcript pairs. siRNAs also play roles in genome stability and stress adaptation, making them invaluable tools for improving crop 

traits and disease resistance. 

Trans-acting siRNAs (ta-siRNAs) 

Trans-acting siRNAs are a distinct class of siRNAs derived from TAS gene transcripts. Their biogenesis involves cleavage by miRNA-guided RISC 

and further processing by DCL4. ta-siRNAs target genes involved in auxin signaling, influencing plant development and architecture. They also play 

roles in nutrient stress responses, making them critical for fine-tuning growth and stress adaptation in crops. Engineering ta-siRNA pathways can 

improve traits like root development, branching, and leaf size, contributing to sustainable crop improvement strategies. 

http://www.ijrpr.com/
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Natural Antisense Transcripts (nat-siRNAs) 

Natural antisense siRNAs arise from overlapping sense-antisense transcript regions, forming double-stranded RNA structures processed into siRNAs. 

These molecules are predominantly involved in stress regulation, including responses to oxidative stress, nutrient deficiencies, and pathogen attack. By 

targeting genes involved in defense mechanisms, nat-siRNAs enhance both abiotic and biotic stress tolerance, providing a genetic tool for developing 

resilient crops. 

Long siRNAs (lsiRNAs) 

Long siRNAs are stress-induced sRNAs formed from long dsRNA precursors. They are particularly active under specific environmental conditions, 

such as phosphate starvation or pathogen attack, and help regulate genes associated with stress responses. lsiRNAs contribute to both abiotic stress 

tolerance and biotic stress immunity, making them a promising target for genetic engineering to enhance crop resilience. 

Comparison of Plant Small RNAs 

The table below summarizes the types, lengths, biogenesis pathways, primary functions, and applications of small RNAs in crop improvement and 

disease control: 

Type Length 

(nt) 

Biogenesis Pathway Primary Functions Role in Crop 

Improvement 

Role in Disease 

Control 

miRNAs ~21 DCL1, AGO, RISC Post-transcriptional gene 

silencing 

Flowering time, nutrient 

uptake 

Silencing pathogen 

genes 

siRNAs 20–25 RDR, DCL, AGO Epigenetic regulation, 

RNAi 

Stress tolerance, 

transposon silencing 

Antiviral, HIGS 

ta-siRNAs ~21 RDR6, DCL4, AGO Developmental regulation Auxin signaling, growth 

traits 

Indirect support 

nat-

siRNAs 

20–24 Overlapping sense-antisense 

transcripts, DCL 

Stress responses Stress adaptation Defense-related gene 

regulation 

lsiRNAs Varies DCL under stress Stress-specific responses Abiotic stress tolerance Biotic stress 

immunity 

Applications of Plant Small RNAs in Agriculture : 

Genetic Engineering 

The ability to manipulate sRNA pathways has opened new avenues for crop improvement. Plants engineered to overexpress specific miRNAs or 

siRNAs exhibit enhanced traits such as drought tolerance, improved nutrient efficiency, and better yield. For example, modifying miRNAs involved in 

root architecture has resulted in crops with improved water and nutrient uptake capabilities. 

Biocontrol 

sRNAs can serve as natural biopesticides. Synthetic siRNAs designed to target pathogen genes can be delivered to plants or applied externally, 

providing an eco-friendly alternative to chemical pesticides. Host-induced gene silencing (HIGS) is a promising strategy wherein plants produce 

siRNAs targeting specific pathogen genes to inhibit their growth. 

Precision Breeding 

Recent advances in CRISPR-Cas9 technology have enabled precise editing of sRNA pathways. By targeting genes involved in sRNA biogenesis or 

action, researchers can fine-tune regulatory networks to achieve desired traits, such as increased disease resistance or stress tolerance. 

Epigenetic Breeding 

Epigenetic modifications mediated by hc-siRNAs can induce heritable changes in gene expression without altering the underlying DNA sequence. This 

approach provides a sustainable and reversible method to develop crops with improved traits, such as stress resilience and yield stability. 

Role of Plant Small RNAs in Crop Improvement and Disease Control 

Small RNAs (sRNAs) are pivotal in plant biology, offering innovative strategies for improving crop productivity and enhancing resilience against 

diseases. Their ability to regulate gene expression at transcriptional and post-transcriptional levels makes them indispensable tools in modern 
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agriculture. By leveraging their roles in stress tolerance, nutrient efficiency, plant architecture, and immunity, sRNAs have transformed our approach to 

crop improvement and disease control. 

In the realm of crop improvement, sRNAs have demonstrated immense potential. They enhance tolerance to various abiotic stresses such as drought, 

salinity, and extreme temperatures by modulating stress-responsive genes. For example, miR393 targets auxin signaling pathways, improving drought 

resistance by optimizing root architecture and stomatal function. Long siRNAs (lsiRNAs) also play crucial roles in phosphate starvation responses, 

helping plants adapt to nutrient-deficient environments. Furthermore, specific miRNAs like miR169 regulate transcription factors like NF-YA, which 

contribute to thermotolerance, while ta-siRNAs influence hormone signaling pathways, enhancing cold stress adaptation. 

sRNAs are also integral to improving nutrient efficiency by regulating genes involved in root development and nutrient uptake. miR399, for instance, 

plays a critical role in phosphate homeostasis by targeting phosphate transporter genes. Additionally, ta-siRNAs enhance auxin-mediated nutrient 

acquisition, ensuring optimal growth under nutrient-limiting conditions. Beyond nutrient acquisition, sRNAs influence plant architecture to improve 

traits such as plant height, flowering time, and root morphology. miR156, which targets SPL transcription factors, delays flowering and increases 

biomass, making it valuable for bioenergy crops. Similarly, ta-siRNAs modulate auxin signaling to enhance branching and create more robust root 

systems. 

Yield enhancement is another area where sRNAs play a significant role. They regulate critical traits such as seed size, grain filling, and photosynthetic 

efficiency. For instance, miR397 targets laccase genes, influencing lignin biosynthesis and improving grain yield and quality. Likewise, miR172 

regulates flowering time and floral development, optimizing yield even under varying environmental conditions. 

When it comes to disease control, sRNAs are powerful regulators of plant immunity, enabling crops to defend themselves against bacterial, fungal, and 

viral pathogens. miRNAs such as miR482 and miR2118 target NLR (nucleotide-binding leucine-rich repeat) genes to fine-tune immune responses, 

while secondary siRNAs amplify RNA interference (RNAi) pathways to bolster antiviral defenses. Recent discoveries in cross-kingdom RNA 

interference (ckRNAi) have revealed the potential of sRNAs to cross species boundaries and directly target pathogens. For example, host-induced gene 

silencing (HIGS) leverages siRNAs to suppress essential genes in pathogens. Cotton plants producing siRNAs against Verticillium dahliae have shown 

increased resistance to wilt disease, demonstrating the practical application of ckRNAi in crop protection. 

sRNAs also offer sustainable alternatives to chemical pesticides through biocontrol applications. Synthetic siRNAs or double-stranded RNAs (dsRNAs) 

can be externally applied to plants to silence pathogen genes, effectively controlling viral diseases and insect pests. For instance, dsRNAs targeting 

viral replication genes have been shown to significantly reduce viral loads in infected plants. Additionally, heterochromatic siRNAs (hc-siRNAs) play a 

vital role in silencing transposable elements and repetitive sequences that pathogens exploit during infection. By mediating RNA-directed DNA 

methylation (RdDM), hc-siRNAs maintain genome integrity and prevent pathogen-triggered gene reactivation. 

Moreover, sRNAs regulate hormonal pathways such as jasmonic acid (JA), salicylic acid (SA), and ethylene, which are central to plant immunity. 

miR160 and miR393 modulate auxin and ethylene signaling to enhance pathogen resistance, while ta-siRNAs linked to jasmonic acid signaling 

improve resistance to necrotrophic pathogens like Botrytis cinerea. 

The integration of sRNAs into agricultural practices has opened up numerous avenues for developing crops with improved traits and enhanced disease 

resistance. Transgenic approaches allow for the introduction of miRNAs or siRNAs that target pathogen virulence genes or overexpression of stress-

responsive miRNAs to enhance resilience. Genome editing technologies like CRISPR-Cas9 enable precise modifications of sRNA biogenesis genes, 

tailoring their expression for specific traits. External application of synthetic dsRNAs or siRNAs provides immediate protection against pathogens or 

pests, while epigenetic breeding utilizes hc-siRNAs to induce heritable changes in gene expression, creating crops with stable and desirable traits. 

In conclusion, plant sRNAs are versatile regulators of gene expression, playing essential roles in both crop improvement and disease control. By 

harnessing their ability to fine-tune stress responses, development, and immunity, sRNAs offer innovative solutions to global agricultural challenges. 

As research continues to uncover their full potential, sRNAs are poised to revolutionize sustainable agriculture, ensuring food security and 

environmental resilience in the face of a rapidly changing climate. 

Future Perspectives : 

The field of small RNA research in plants is rapidly advancing, with several exciting prospects on the horizon: 

1. Advanced Delivery Systems: Nanotechnology can enhance the delivery of sRNAs to specific tissues or pathogens, increasing their 

efficiency and specificity. 

2. CRISPR-Small RNA Synergy: Combining genome-editing technologies with sRNA pathways can enable precise modifications for trait 

improvement. 

3. Sustainability: Leveraging sRNAs for biocontrol and epigenetic modifications reduces dependence on chemical inputs, contributing to 

sustainable agricultural practices. 

4. Omics Integration: Combining sRNA research with genomics, transcriptomics, and proteomics will help identify novel targets for crop 

improvement. 

Discussion : 

The growing body of research on microRNAs (miRNAs) and small RNAs in plants underscores their pivotal role in regulating various developmental 

processes and stress responses. Collectively, these studies reveal that miRNAs and related small RNAs are integral to plant growth, adaptation, and 

survival in both biotic and abiotic stress conditions. 

Reinhart et al. (2002) and Kidner & Martienssen (2005) highlighted the foundational role of miRNAs in plant development, while Chen (2009, 2012) 

expanded on the functional diversity of small RNAs in growth and development. Sun (2012) and Dong et al. (2022) reinforced the regulatory versatility 
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of miRNAs, emphasizing their multifaceted roles in plant biology. Similarly, Borges & Martienssen (2015) illustrated the dynamic and expanding 

landscape of small RNAs in plant molecular mechanisms. 

Studies by Khraiwesh et al. (2012) and Guleria et al. (2011) demonstrated the critical functions of miRNAs and siRNAs in stress responses, providing 

insight into their regulatory networks under adverse environmental conditions. The potential for leveraging small RNAs for crop improvement and 

disease control is evident in the works of Auer & Frederick (2009), Kamthan et al. (2015), and Qi et al. (2019), showcasing their application in 

agricultural biotechnology. Moreover, Liu et al. (2017) and Tang et al. (2022) delved into the biogenesis, trafficking, and mechanistic roles of miRNAs, 

elucidating their systemic and localized functions. 

Notably, Song et al. (2019) and Kamthan et al. (2015) emphasized the role of small RNAs in plant-environment interactions, illustrating their potential 

as tools for enhancing stress tolerance and productivity. Advances in predictive ecological risk assessments (Auer & Frederick, 2009) and host-induced 

gene silencing strategies (Qi et al., 2019) further exemplify the translational significance of these molecules. 

The studies collectively underscore the indispensable role of miRNAs and small RNAs in plant systems, from basic biological processes to applied 

agricultural practices. Future research should aim to integrate these insights into innovative strategies for crop improvement and sustainable agriculture, 

particularly in the face of global challenges such as climate change and food security. 

Conclusion : 

Plant small RNAs, including miRNAs, siRNAs, ta-siRNAs, and others, play indispensable roles in regulating gene expression, stress adaptation, and 

immune responses. Their diverse functions make them valuable tools for addressing challenges in agriculture, such as improving crop resilience and 

combating diseases. By harnessing the potential of sRNAs, we can revolutionize crop improvement strategies, paving the way for sustainable 

agricultural systems capable of meeting global food security demands. 

Plant small RNAs, including miRNAs, siRNAs, and their subtypes, play indispensable roles in gene regulation, stress adaptation, and immunity. Their 

versatility in modulating biological processes makes them powerful tools for sustainable agriculture. By leveraging the potential of sRNAs, researchers 

can revolutionize crop improvement and disease control, paving the way for resilient and productive agricultural systems. 

Plant small RNAs are versatile regulators of gene expression, playing essential roles in crop improvement and disease control. By leveraging their 

ability to fine-tune stress responses, development, and immunity, sRNAs can help address global agricultural challenges. Continued research into their 

mechanisms and applications promises to unlock new strategies for enhancing crop productivity and resilience in an ever-changing environment. 

Plant small RNAs, including miRNAs, siRNAs, ta-siRNAs, and others, form a sophisticated regulatory network essential for plant development, stress 

responses, and immunity. Understanding their biogenesis and functions opens avenues for sustainable agricultural practices through genetic 

engineering, biocontrol, and epigenetic modifications. These tools are pivotal for addressing global challenges like climate change, food security, and 

disease management. 
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