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Molecular Scissors in Agriculture: Harnessing Precision Genome Editing for Sustainable Crop Improvement
ABSTRACT
Genome
 editing technologies have transformed modern agriculture, with CRISPR/Cas9 emerging as the most versatile and efficient tool for precise genetic manipulation. Guided by RNA and driven by the Cas9 endonuclease, this system enables targeted gene knockouts, insertions, replacements, and regulation, offering unprecedented opportunities in functional genomics and crop improvement. This review traces the evolution of CRISPR technology from its discovery to its current agricultural applications, comparing its efficiency, simplicity, and cost-effectiveness with earlier platforms such as zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs). Emphasis is placed on its role in enhancing nutritional quality, conferring resistance to pests and diseases, and improving tolerance to abiotic stresses such as drought and salinity. Advances in delivery strategies, including plasmid-free CRISPR ribonucleoprotein (RNP) systems, are discussed as promising alternatives to overcome off-target effects and regulatory constraints, paving the way for non-GMO crop development. Furthermore, engineered Cas9 variants and alternative nucleases have expanded the targeting range and improved editing precision. Despite its transformative potential, CRISPR/Cas9 faces challenges related to off-target activity, delivery efficiency, regulatory frameworks, and public acceptance. Addressing these hurdles will be key to fully integrating genome editing into sustainable crop breeding programs. Overall, CRISPR/Cas9 stands as a molecular “scissor” redefining plant breeding by combining precision, speed, and versatility—offering tangible solutions to meet the rising global demand for resilient and high-yielding crops.
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1. INTRODUCTION

Global agriculture is facing unprecedented challenges, driven by rapid population growth, climate change, depletion of natural resources, and the increasing prevalence of pests and diseases. It is estimated that the global population will surpass 9.7 billion by 2050, demanding a substantial increase in food production while maintaining sustainability and environmental health (He & Li, 2020). Conventional plant breeding, which relies on phenotypic selection and recurrent cycles of hybridization, has contributed significantly to crop yield improvements over the past century. However, the process is time-consuming, labor-intensive, and often limited by the availability of genetic variation within a species (Ahmar et al., 2020; Lusser et al., 2012). Additionally, traits controlled by complex polygenic interactions are difficult to improve through traditional breeding alone (Parry et al., 2009). These limitations have created an urgent need for more precise, efficient, and targeted approaches to crop improvement.

The advent of molecular biology has transformed plant breeding, enabling targeted modifications at the DNA level. Early genome-editing tools, such as zinc finger nucleases (ZFNs) (Kim et al., 1996; Bibikova et al., 2002
) and transcription activator-like effector nucleases (TALENs) (Christian et al., 2010
; Joung& Sander, 2013), introduced site-specific double-strand breaks (DSBs) in genomic DNA, which could be repaired by the cell’s natural repair mechanisms. While these tools demonstrated the potential for targeted gene editing, their widespread application was hindered by the complexity of protein engineering, high costs, and limited scalability (Gaj et al., 2013).

A transformative shift occurred with the discovery of the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) adaptive immune system in bacteria and archaea, which provides resistance against invading genetic elements such as viruses and plasmids (Ishino et al., 1987; Bolotin et al., 2005; Mojica et al., 2005). 
Key insights into the CRISPR–Cas (CRISPR-associated) mechanism were provided by Barrangou et al. (2007), who demonstrated its role in acquired immunity in prokaryotes, and Jansen et al. (2002
), who identified cas genes linked to CRISPR loci. The breakthrough came when Jinek et al. (2012) reconstituted the Type II CRISPR–Cas9 system in vitro, showing that a single-guide RNA (sgRNA) could direct the Cas9 nuclease to a complementary DNA target, enabling programmable genome editing.

Since its adaptation for eukaryotic systems (Cong et al., 2013; Mali et al., 2013), CRISPR/Cas9 has rapidly emerged as the most widely adopted genome-editing tool due to its simplicity, efficiency, cost-effectiveness, and versatility. Unlike ZFNs and TALENs, which require custom-designed proteins for each target site, CRISPR/Cas9 only requires a change in the guide RNA sequence to redirect the nuclease to a new target (Bortesi& Fischer, 2015). This feature has enabled multiplex genome editing—simultaneous targeting of multiple genomic loci—which is particularly advantageous for polyploid crops such as wheat (Wang et al., 2014; Gil-Humanes et al., 2017).

The mechanism of CRISPR/Cas9-mediated editing involves Cas9 creating a DSB at the target site, which is then repaired by either non-homologous end joining (NHEJ), often resulting in small insertions or deletions that disrupt gene function, or by homology-directed repair (HDR) when a repair template is provided (Steinert et al., 2016; Van Vu et al., 2019). Beyond gene knockouts, modified Cas9 variants have expanded the toolbox to include base editing, prime editing, and transcriptional regulation (Puchta, 2016; Hu et al., 2018; Veillet et al., 2020).

The implications for agriculture are profound. CRISPR/Cas9 has been applied to improve crop traits such as yield, nutritional quality, and stress tolerance. For example, editing the OsERF922 gene in rice enhanced blast disease resistance (Wang et al., 2016), while modifications to genes controlling grain size and number (Gn1a, DEP1, GS3, and IPA1) increased yield potential (Li et al., 2016). Nutritional biofortification efforts have targeted increased iron and zinc in wheat (Connorton et al., 2017) and enhanced provitamin A content in multiple crops (Bai et al., 2011). Similarly, drought and salinity tolerance have been achieved by targeting stress-responsive pathways (Du et al., 2011; Zafar et al., 2020; Zargar et al., 2022).

An important development in CRISPR technology is the diversification of delivery methods. Traditional approaches such as Agrobacterium-mediated transformation and particle bombardment remain common but can lead to regulatory complications due to the integration of foreign DNA (Schaeffer & Nakata, 2015). The introduction of DNA-free delivery systems using CRISPR ribonucleoproteins (RNPs) has helped bypass transgene integration, potentially easing regulatory approval for non-genetically modified (non-GMO) products (Zhang et al., 2020; Wang et al., 2022). Additionally, nanoparticle-mediated delivery and viral vectors are emerging as promising alternatives (Akram et al., 2023).

Despite its transformative potential, CRISPR/Cas9 is not without challenges. Off-target effects, variable editing efficiency, genotype-dependent transformation success, and the difficulty of achieving precise HDR in plants remain key technical hurdles (Gaillochet et al., 2021; Deb et al., 2022). Furthermore, the regulatory landscape for genome-edited crops varies globally, with some countries adopting product-based assessments and others maintaining process-based frameworks that may slow deployment (Zhang et al., 2020). Ethical considerations, biosafety, and public acceptance also play critical roles in determining the adoption of CRISPR-derived products in agriculture (Braddick&Ramarohetra, 2020; Wang & Zhang, 2019).

Nevertheless, ongoing innovations in enzyme engineering, guide RNA design, and delivery platforms are steadily improving the precision and efficiency of CRISPR/Cas9 (Hu et al., 2018; Veillet et al., 2020). Coupled with advances in genomic selection, multi-omics integration, and high-throughput phenotyping, genome editing is poised to become a central pillar of next-generation plant breeding (Sinha et al., 2023; Ranawaka et al., 2023).CRISPR/Cas9 represents a paradigm shift in agricultural biotechnology—a molecular “scissor” capable of reshaping crop genomes with unprecedented accuracy and speed. As global agriculture navigates the twin pressures of increasing food demand and environmental sustainability, precision genome editing offers a viable pathway to developing resilient, high-yielding, and nutritionally enriched crops. This review explores the evolution, mechanisms, applications, and future prospects of CRISPR/Cas9 in sustainable crop improvement, highlighting both its transformative potential and the challenges that must be addressed for its widespread adoption.

2. OVERVIEW OF GENOME EDITING IN PLANTS
2.1 Concept and Evolution of Genome Editing Tools
Genome editing in plants refers to the precise and targeted alteration of DNA sequences to modify genetic traits, enabling the development of crops with improved yield, nutritional value, stress tolerance, and disease resistance (Gaj et al., 2013; Bortesi& Fischer, 2015). Unlike traditional plant breeding, which relies on the random assortment of alleles and can take many years to achieve desirable traits, genome editing offers a more rapid and predictable approach. The earliest methods for crop improvement involved conventional crossbreeding and induced mutagenesis, both of which are time-consuming and often imprecise (Parry et al., 2009
; Lusser et al., 2012). With the rise of recombinant DNA technology in the late 20th century, scientists were able to insert foreign genes into plant genomes, giving rise to genetically modified (GM) crops (Menz et al., 2020). However, these methods faced several challenges, including public skepticism, strict regulations, and limitations in precisely controlling the genetic changes introduced. The demand for more efficient and accurate techniques eventually led to the development of engineered nucleases—commonly referred to as “molecular scissors”—which could introduce double-strand breaks (DSBs) at specific genomic locations to trigger precise DNA repair pathways.

2.2 Transition from ZFNs → TALENs → CRISPR/Cas Systems
The first generation of genome editing tools applied to plants were Zinc Finger Nucleases (ZFNs), developed in the 1990s. ZFNs are chimeric proteins combining a zinc finger DNA-binding domain with the FokI nuclease domain, enabling them to recognize specific triplet nucleotide sequences and introduce targeted DSBs (Kim et al., 1996; Bibikova et al., 2002
). While ZFNs demonstrated potential in targeted mutagenesis of crops like Arabidopsis, maize, and tobacco (Shukla et al., 2009
), their application was hampered by the technical complexity of protein engineering, high costs, and limited sequence flexibility (Gaj et al., 2013)

The second generation of genome editing tools emerged with Transcription Activator-Like Effector Nucleases (TALENs), derived from plant-pathogenic Xanthomonas bacteria. TALENs recognize DNA sequences through a simple one-nucleotide–one-repeat code determined by repeat-variable diresidues (RVDs) (Christian et al., 2010; Joung& Sander, 2013
). This straightforward code made TALEN design more predictable compared to ZFNs, leading to successful applications such as editing the OsSWEET gene in rice for bacterial blight resistance and modifying oil composition in soybean (Li et al., 2012). Nevertheless, TALENs had limitations, including their large molecular size, which complicated delivery into plant cells, and the labor-intensive nature of cloning arrays for multiplex applications.
The third generation, and by far the most transformative, is represented by CRISPR/Cas systems. Initially discovered as a bacterial adaptive immune mechanism against invading viruses and plasmids (Ishino et al., 1987; Barrangou et al., 2007
), the CRISPR/Cas9 system was adapted for genome editing by Jinek et al. (2012). CRISPR/Cas9 relies on a single-guide RNA (sgRNA) to direct the Cas9 endonuclease to a complementary DNA sequence adjacent to a protospacer adjacent motif (PAM), where it induces a DSB. The simplicity of designing an sgRNA for any target site made the system exceptionally accessible. CRISPR was rapidly adopted for genome editing in plants, with pioneering applications in rice, wheat, maize, and tomato (Shan et al., 2013; Wang et al., 2014; Brooks et al., 2014). The platform has since expanded to include alternative nucleases such as Cas12a (Cpf1), which generates staggered cuts and recognizes T-rich PAMs, and Cas13, which targets RNA rather than DNA (Zetsche et al., 2015; Abudayyeh et al., 2016).

2.3 Comparative Advantages of CRISPR over Earlier Methods
The dominance of CRISPR in modern plant biotechnology stems from several clear advantages over ZFNs and TALENs. First, CRISPR requires only the redesign of an sgRNA to target a new sequence, whereas ZFNs and TALENs require complex protein engineering for each new target (Bortesi& Fischer, 2015). This drastically reduces both time and cost, with CRISPR components being inexpensive to synthesize compared to the protein-based alternatives (Ma et al., 2016). Second, CRISPR allows multiplex genome editing, enabling the simultaneous targeting of multiple loci—a critical feature for traits controlled by multiple genes, such as drought tolerance and nutrient efficiency (Wang et al., 2014; Gil-Humanes et al., 2017). Third, the system’s versatility has been demonstrated in a broad spectrum of plant species, from model organisms like Arabidopsis thaliana and Nicotiana benthamiana to economically important crops like rice, wheat, maize, barley, potato, banana, and cassava (Zhang et al., 2018; Zafar et al., 2020).
Additionally, CRISPR technology has rapidly evolved to improve editing precision and broaden its functional scope. High-fidelity Cas variants such as SpCas9-HF1 and eSpCas9 significantly reduce off-target cleavage (Slaymaker et al., 2016; Kleinstiver et al., 2016), while base editors and prime editors allow precise single-nucleotide substitutions without introducing DSBs (Komor et al., 2016; Anzalone et al., 2019). Importantly, DNA-free CRISPR delivery via ribonucleoproteins (RNPs) enables the generation of edited plants that are free of transgenes, potentially bypassing GMO regulations in some jurisdictions (Zhang et al., 2020; Wang et al., 2022). This combination of accessibility, adaptability, precision, and regulatory flexibility positions CRISPR/Cas systems as the preferred genome editing tool for crop improvement in the foreseeable future.

3. Molecular Scissors: Mechanisms and Types

The term molecular scissorsrefers to engineered or naturally occurring nucleases that can precisely recognize and cleave specific DNA sequences, enabling targeted genome modifications. These nucleases have revolutionized plant biotechnology by providing tools to induce site-specific double-strand breaks (DSBs), which trigger the plant’s endogenous DNA repair pathways, mainly non-homologous end joining (NHEJ) and homology-directed repair (HDR) (Puchta and Fauser, 2014). By manipulating these repair processes, researchers can introduce mutations, insertions, deletions, or even precise gene replacements. The effectiveness and specificity of molecular scissors depend on their DNA recognition domains, cleavage mechanisms, and adaptability for diverse plant systems (Baltes and Voytas, 2015).key studies on molecular scissors used in plant genome editing tabulated in Table 1.
Table 1: key studies on molecular scissors used in plant genome editing
	References
	Molecular Scissor Type
	Target Gene / Trait
	Plant Species
	Key Findings

	Shukla et al.

2009
	Zinc Finger Nucleases (ZFNs)
	IPK1 (phytic acid biosynthesis)
	Maize (Zea mays)
	Demonstrated targeted mutagenesis using ZFNs, leading to reduced phytic acid content in seeds.

	Li et al.

2012
	TALENs
	ALS (herbicide resistance)
	Rice (Oryza sativa)
	Successfully generated herbicide-resistant rice by site-directed mutagenesis of the ALS gene.

	Brooks et al.

2014
	TALENs
	PDS (phytoene desaturase)
	Tomato (Solanum lycopersicum)
	Achieved efficient knockout of PDS gene, producing albino phenotype as proof of concept.

	Feng et al.

2013
	CRISPR/Cas9
	MPK&MPK5 (stress response)
	Arabidopsis (Arabidopsis thaliana)
	Demonstrated multiplex gene editing with high efficiency in model plants.

	Nekrasov et al.

2013
	CRISPR/Cas9
	Mlo (powdery mildew resistance)
	Tomato (Solanum lycopersicum)
	Generated mildew-resistant plants by targeted Mlo gene knockout.

	Zhang et al.

2016
	CRISPR/Cas9
	GW2, GW5, TGW6 (grain weight)
	Rice (Oryza sativa)
	Simultaneous editing of yield-related genes, increasing grain size and weight.

	Li et al.

2018
	CRISPR/Cpf1 (Cas12a)
	OsPDS
	Rice (Oryza sativa)
	Showed Cas12a can be an alternative to Cas9 for efficient genome editing with different PAM requirements.


Mechanisms of Genome Cleavage

All molecular scissors function by creating DSBs at predetermined genomic loci, but the mode of recognition and cleavage varies among platforms. Site-specific nucleases such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and CRISPR-associated nucleases rely on distinct targeting principles. ZFNs and TALENs use customizable protein–DNA interactions for target site recognition, while CRISPR/Cas systems employ RNA–DNA base pairing for guidance (Gaj et al., 2013). Once bound, the nuclease domains introduce DSBs, which the plant cell repairs either by error-prone NHEJ, leading to indels, or by HDR in the presence of a donor template for precise sequence insertion (Voytas, 2013). The relative dominance of NHEJ over HDR in most plant species often necessitates optimization strategies to enhance HDR efficiency for precise gene edits (Schiml and Puchta, 2016).

Zinc Finger Nucleases (ZFNs)

ZFNs are chimeric proteins combining the DNA-binding zinc finger domain with the FokI endonuclease catalytic domain. Each zinc finger motif recognizes a triplet of nucleotides, and multiple motifs can be linked to achieve high specificity (Kim et al., 1996). 
Upon dimerization of two ZFNs at adjacent target sequences, the FokI domain introduces a DSB. ZFNs were the first engineered nucleases to be applied in plant systems, enabling targeted mutagenesis and gene insertion in species such as Arabidopsis thaliana and maize (Shukla et al., 2009
). However, their widespread use in plants is limited due to the complexity of protein design, high cost, and potential off-target cleavage (Carroll, 2011
).

Transcription Activator-Like Effector Nucleases (TALENs)

TALENs are derived from Xanthomonas plant pathogens, which use transcription activator-like effectors (TALEs) to modulate host gene expression. Each TALE repeat consists of 33–35 amino acids, with the repeat-variable diresidue (RVD) determining base specificity (Boch et al., 2009; Moscou and Bogdanove, 2009). TALENs are created by fusing TALE DNA-binding arrays to the FokI nuclease domain. Their longer recognition sequences reduce off-target risk, and their modular assembly makes them easier to design than ZFNs (Christian et al., 2010
). In plants, TALENs have been used for targeted mutagenesis, gene replacement, and trait improvement in crops including rice, wheat, and barley (Li et al., 2012). However, TALENs require labor-intensive cloning steps and large-sized constructs, which may complicate delivery in certain plant transformation systems (Joung and Sander, 2013).

CRISPR/Cas Systems

The CRISPR/Cas system, adapted from bacterial adaptive immunity, has emerged as the most versatile and widely used genome editing platform in plants (Jinek et al., 2012). Guided by a synthetic single-guide RNA (sgRNA) complementary to the target DNA, the Cas nuclease induces a DSB near the protospacer adjacent motif (PAM) sequence. The most commonly used Cas variant, Cas9 from Streptococcus pyogenes, recognizes the NGG PAM and has been successfully deployed in a broad range of plant species (Feng et al., 2013). Other Cas proteins, such as Cas12a (Cpf1), offer alternative PAM requirements and staggered DNA cuts, expanding the range of editable sites (Zetsche et al., 2015). CRISPR-based editing in plants has achieved targeted knockout of genes for disease resistance, quality improvement, and abiotic stress tolerance (Zhang et al., 2019). The simplicity of sgRNA design, cost-effectiveness, and adaptability for multiplex editing have made CRISPR/Cas the preferred molecular scissor in modern plant biotechnology, though challenges remain in minimizing off-target effects and improving HDR-mediated precision (Chen et al., 2019).

4. Delivery Strategies for Molecular Scissors in Plants

The success of genome editing in plants is not solely determined by the efficiency of the molecular scissors themselves but is critically dependent on the method of their delivery into target cells. The delivery system must facilitate the introduction of DNA, RNA, or protein forms of the editing machinery into plant cells while overcoming the substantial physical, chemical, and biological barriers presented by the plant cell wall and the intracellular environment. Several delivery approaches have been developed and optimized to address these challenges, each with distinct advantages, limitations, and applicability depending on species, tissue type, and transformation objective.

1. Agrobacterium-Mediated Transformation
Agrobacterium tumefaciens–based delivery remains the most widely adopted strategy for transferring CRISPR/Cas or other nuclease constructs into plant genomes due to its relatively low cost, high integration efficiency, and broad applicability in dicots and some monocots (Gelvin, 2017; Hiei et al., 2014). This method exploits the natural T-DNA transfer mechanism, where the editing cassette is cloned into a binary vector and mobilized into plant cells. Optimizations in Agrobacterium strains, virulence gene expression, and co-cultivation parameters have significantly improved transformation efficiency even in recalcitrant species (Chandrasekaran et al., 2016). However, its reliance on tissue culture limits direct application in certain crops, and random integration events raise biosafety concerns when stable transgenesis is undesired.

2. Biolistic (Gene Gun) Delivery
Biolistic particle bombardment physically propels DNA-coated microprojectiles into plant cells, bypassing host range restrictions inherent to Agrobacterium-mediated methods (Sanford et al., 1993; Sparks & Jones, 2009
). This approach is especially useful for monocots such as maize and wheat, where direct gene delivery into embryogenic calli or immature embryos is feasible. Biolistic delivery can also introduce ribonucleoprotein (RNP) complexes to avoid transgene integration (Svitashev et al., 2016). Nevertheless, it is often associated with multiple transgene insertions, large genomic rearrangements, and tissue damage, necessitating downstream screening for desirable editing events.

3. Protoplast Transfection
Isolated plant protoplasts—cells with enzymatically removed cell walls—offer a versatile platform for transient expression of genome editing reagents, whether as plasmid DNA, in vitro transcribed RNA, or preassembled RNPs (Woo et al., 2015). Polyethylene glycol (PEG)-mediated uptake is the predominant transfection method, enabling high delivery efficiency and rapid validation of guide RNA designs. While regeneration from protoplasts is feasible in certain species such as Arabidopsis thaliana, lettuce, and tobacco, it remains challenging for many economically important crops, limiting its practical application in routine breeding programs (Yoo et al., 2007
).

4. Viral Vector Systems
Plant RNA and DNA viruses have been engineered as delivery platforms for CRISPR/Cas components, enabling systemic spread of editing reagents within the plant without the need for tissue culture (Ali et al., 2015; Ma et al., 2020). Geminivirus-based replicons and RNA viruses such as tobacco rattle virus (TRV) have been adapted to deliver sgRNAs or even compact Cas nucleases, significantly increasing editing frequencies through high copy number replication (Baltes et al., 2014). Viral vectors are particularly promising for in planta gene editing and multiplex targeting, though they face constraints on cargo size and host range.

5. Nanoparticle-Mediated Delivery
Nanotechnology offers innovative routes to circumvent plant cell wall barriers without relying on biological vectors or protoplast culture. Engineered nanoparticles—such as mesoporous silica nanoparticles, carbon nanotubes, and layered double hydroxides—can carry plasmid DNA, RNA, or RNPs into intact plant cells via passive diffusion, endocytosis, or nanoneedle penetration (Demirer et al., 2019; Kwak et al., 2019). The absence of genome integration and reduced tissue damage make nanoparticles attractive for precision breeding, though scale-up, uniformity, and regulatory acceptance remain areas of active research.

6. Direct Physical Methods (Microinjection, Electroporation, and Pollen Tube Pathway)
Direct injection into zygotes or meristematic cells using microcapillaries enables precise control over the delivery of molecular scissors but is technically demanding and low-throughput (Zhang et al., 2016). Electroporation, mainly applied to protoplasts or microspores, transiently permeabilizes membranes using electrical pulses, facilitating nucleic acid uptake (Fromm et al., 1986). The pollen tube pathway method, wherein editing reagents are introduced into the ovary after pollination, has been explored for bypassing tissue culture steps, though its reproducibility is inconsistent (Luo & Wu, 1988). The choice of delivery strategy depends on multiple factors: plant species, genotype recalcitrance, intended form of molecular scissors (DNA, RNA, or protein), and whether transient or stable expression is desired. Emerging integration-free methods, particularly nanoparticle-mediated and viral delivery systems, are increasingly favored in the context of regulatory compliance and consumer acceptance. Hybrid approaches—such as combining viral vectors with nanoparticle carriers—may further enhance efficiency and expand applicability to a wider range of crops.

5. Overcoming Delivery Challenges: Physical and Biological Barriers in Plants

Efficient delivery of molecular scissors into plant cells remains one of the foremost challenges in plant genome engineering. Unlike animal cells, plant cells possess rigid and complex structures, most notably the cell wall, which acts as a formidable physical barrier. The plant cell wall is composed of cellulose, hemicellulose, pectin, and lignin, forming a highly cross-linked matrix that restricts the entry of macromolecules and nanoparticles. This physical constraint necessitates the development of delivery platforms capable of either transiently bypassing or effectively penetrating this barrier without compromising cell viability. Beyond structural obstacles, plants present biological barriers at multiple levels. The plasma membrane, with its selective permeability and active defense responses, often limits the intracellular uptake of exogenous biomolecules. Once inside, the delivery vehicle must navigate the cytoplasmic milieu, which includes molecular crowding and cytoskeletal dynamics, to reach the intended subcellular compartment—be it the nucleus, chloroplast, or mitochondria—where genome editing machinery exerts its function.
An additional complication arises from plant immune and stress responses. The recognition of foreign nucleic acids, proteins, or nanoparticles can trigger defensesignaling pathways, leading to the degradation or sequestration of the delivered components. Furthermore, the diversity of plant species, genotypes, and tissue types means that a delivery strategy optimized for one system may perform poorly in another. For example, recalcitrant species with highly lignified cell walls or high phenolic content can exhibit reduced transformation efficiency. Overcoming these barriers demands a multifaceted approach. Physical penetration methods—such as nanocarriers, electroporation, and microinjection—must be refined to minimize tissue damage while ensuring adequate cargo loading. Simultaneously, biochemical modifications to nanoparticles or molecular scissors, such as surface functionalization with plant-derived ligands or peptides, can enhance specificity and uptake. The integration of species-specific optimization, alongside real-time monitoring of delivery efficiency, represents a promising pathway toward more universal and reliable plant transformation systems.

6. Advances in Nanoparticle-Mediated Gene Editing Delivery in Plants

The convergence of nanotechnology with modern plant biotechnology has opened new avenues for precision genome modification, particularly in overcoming the limitations of conventional delivery systems such as Agrobacterium-mediated transformation and biolistics. Recent advances focus on engineering nanoparticles (NPs) with tunable size, shape, surface chemistry, and charge to facilitate efficient and targeted delivery of CRISPR/Cas components, siRNA, or DNA templates into plant cells (Lv et al., 2020). Such nanocarriers can be functionalized with ligands, peptides, or polymers to improve cellular uptake and to enable organelle-specific targeting, an essential step for ensuring editing components reach the nucleus or chloroplasts where genome modification occurs (Demirer et al., 2021). One of the key breakthroughs has been the development of DNA origami nanostructures and polymer-coated magnetic nanoparticles capable of protecting nucleic acids from degradation and guiding them through complex plant cell walls without the need for mechanical damage (Zhao et al., 2017; Liu et al., 2023). Moreover, mesoporous silica nanoparticles (MSNs) and layered double hydroxides (LDHs) have shown promise for delivering gene editing reagents in a controlled-release manner, thereby sustaining editing activity over time (Torney et al., 2007
; Mitter et al., 2017).
Plant species that are typically recalcitrant to transformation—such as many legumes and cereals—have particularly benefited from nanoparticle-assisted methods. For example, carbon nanotube-based delivery systems have been successfully used to introduce CRISPR/Cas9 ribonucleoproteins into mature plant tissues without inducing somaclonal variation or requiring tissue culture regeneration (Demirer et al., 2019). Additionally, lipid-based nanoparticles have been optimized for leaf surface penetration and endosomal escape, further expanding the potential for in planta genome editing (Wang et al., 2022). Importantly, these advances are not solely limited to enhancing transformation efficiency; they also allow for transient, DNA-free delivery of editing components, which is highly desirable for avoiding transgene integration and addressing regulatory concerns (Zhao et al., 2017; Demirer et al., 2019). The combination of nanoparticle precision engineering and CRISPR versatility thus positions this approach as a leading strategy for future plant improvement programs.

7. Applications of Molecular Scissors in Agriculture
The advent of molecular scissors—such as CRISPR/Cas9, TALENs, and zinc-finger nucleases—has revolutionized agricultural biotechnology by enabling precise and efficient genome editing. These tools allow scientists to target specific DNA sequences for modification, leading to improved crop traits, enhanced resilience, and better resource use efficiency. Their applications in agriculture extend across multiple domains, as outlined below.

7.1 Yield Enhancement – Modifying Genes Controlling Productivity
Molecular scissors enable targeted modification of genes regulating plant architecture, flowering time, photosynthetic efficiency, and nutrient utilization. By knocking out negative yield regulators or enhancing the expression of beneficial genes, researchers can develop high-yielding varieties without extensive breeding cycles. For example, CRISPR-mediated editing of yield-related genes such as Gn1a (grain number), DEP1 (panicle architecture), and GW2 (grain width) in rice has led to significant productivity gains.

7.2 Biotic Stress Resistance – Resistance to Pathogens, Pests, and Viruses
Genome editing offers a precise method for developing resistance against fungal, bacterial, viral, and insect pests. By altering plant susceptibility genes (S-genes) or introducing resistance genes, molecular scissors help reduce the need for chemical pesticides. For instance, CRISPR/Cas9 has been used to disrupt MLO genes in wheat and barley, conferring durable resistance to powdery mildew. Similarly, targeted modifications have conferred resistance to viruses like Cassava Brown Streak Virus and Tomato Yellow Leaf Curl Virus.

7.3 Abiotic Stress Tolerance – Drought, Salinity, and Temperature Stress
Climate change has intensified environmental stresses that limit crop productivity. Molecular scissors allow precise editing of genes involved in stress perception, signaling, and adaptation. Enhancing or silencing genes such as DREB, NHX1, and HKT1 can improve drought and salinity tolerance, while modifications in heat-shock protein (HSP) genes boost temperature resilience. Such targeted interventions enable crops to maintain yields under challenging environmental conditions.

7.4 Quality Improvement – Nutritional Biofortification and Shelf-Life Extension
Molecular scissors facilitate the enhancement of nutritional profiles, removal of anti-nutritional factors, and extension of post-harvest shelf life. Editing genes involved in nutrient biosynthesis pathways has led to biofortified crops, such as rice enriched with provitamin A and tomatoes with elevated anthocyanin levels. Furthermore, CRISPR-mediated suppression of ethylene biosynthesis genes like ACS2 and ACO1 delays fruit ripening, extending shelf life and reducing post-harvest losses.

7.5 Hybrid Seed Production – Male Sterility and Fertility Restoration Genes
Efficient hybrid seed production often requires the development of male-sterile lines and corresponding fertility restorers. Molecular scissors can be used to knock out genes controlling pollen development, creating male-sterile lines without introducing foreign DNA. Editing fertility restoration genes enables controlled hybridization, ensuring genetic purity and enhancing hybrid vigor. Such approaches reduce dependency on chemical hybridizing agents and streamline hybrid seed production programs.

8. Future Perspectives

Advances in genome editing are poised to further transform plant science and crop improvement. Several converging innovations-improved editors, multiplexing, epigenome manipulation, and integration with climate-smart breeding -will define the next decade of “molecular scissors” research and translation.

Advancements in base and prime editing.

Base editors and prime editors represent a move away from double-strand breaks toward precise, predictable nucleotide changes. Engineered base editors enable C→T (or G→A) and A→G (or T→C) conversions at single bases without creating DSBs, reducing the incidence of large insertions/deletions and unpredictable repair outcomes. Prime editing extends this precision by coupling a reverse-transcriptase to a nickase Cas protein and a prime editing guide RNA to introduce small insertions, deletions, or all twelve possible base-to-base conversions with fewer byproducts. 
Continued enzyme engineering to increase activity in plant cells, improvement of guide designs, and strategies to overcome plant-specific limits on repair outcomes will broaden the scope of traits amenable to single-nucleotide resolution editing (Puchta, 2016; Meaker et al., 2020; Hu et al., 2018). Making these editors efficient across diverse crop species — especially polyploids and recalcitrant genotypes — will be essential for deploying point-mutation strategies for allele replacement, herbicide tolerance, nutrient optimization, and subtle regulatory changes that mimic natural variation.

Multiplex genome editing.

Simultaneous editing of multiple loci (multiplexing) is a powerful capability for modifying complex, polygenic traits and for stacking beneficial alleles in one generation. The capacity to deliver arrays of guide RNAs and to coordinate multiple edits has already enabled successful trait pyramiding in polyploid crops (e.g., simultaneous homoeoallele edits in wheat) and facilitates rapid functional dissection of gene networks (Cong et al., 2013; Wang et al., 2014; Gil-Humanes et al., 2017). Future work will refine multiplex strategies by improving expression cassettes for long guide arrays, minimizing guide-to-guide interference, and integrating computational guide-selection pipelines with high-throughput phenotyping. Advances in delivery (e.g., nanoparticle co-delivery of multiple RNPs) and reduction of off-target load while editing many sites in the same cell will be particularly important to enable safe, predictable multiplex editing at field scale (Gaillochet et al., 2021; Veillet et al., 2020).
CRISPR 3.0 and epigenome editing.

The next generation of CRISPR tools — often termed “CRISPR 3.0” — includes ever more refined Cas variants, base/prime editors, RNA editors, and programmable epigenome modulators. Engineered Cas proteins with broadened PAM compatibility and enhanced specificity (e.g., evolved SpCas9 variants) expand editable loci and reduce off-target cleavage (Hu et al., 2018; Meaker et al., 2020). Epigenome editing, which fuses catalytically dead Cas proteins to chromatin-modifying domains, enables reversible regulation of gene expression without changing DNA sequence. This opens avenues for transient trait modulation (e.g., stress-responsive priming, flowering time control) and for probing regulatory networks in crops (Puchta, 2016; Voytas, 2013). Combining sequence edits with targeted epigenetic changes can yield sophisticated, tunable phenotypes while potentially easing regulatory concerns because the underlying genome sequence can remain largely unaltered.

Role in climate-smart agriculture.

Precision genome editing is uniquely positioned to contribute to climate-smart agriculture by accelerating development of climate-resilient, resource-efficient, and nutritionally improved crops. Edited alleles can increase water-use efficiency, improve root architecture for drought avoidance, reduce uptake of toxic elements (e.g., cadmium), and enhance tolerance to heat and salinity by modifying stress signaling and transporter genes (He & Li, 2020; Zafar et al., 2020; Sinha et al., 2023). Integration of genome editing with genomic selection, speed breeding, and multi-omics will allow breeders to rapidly deploy favorable alleles into elite backgrounds while monitoring for trade-offs (He & Li, 2020; Ranawaka et al., 2023). Moreover, DNA-free delivery methods and transgene-less edited varieties may lower regulatory and market barriers in some jurisdictions, facilitating faster adoption of climate-adapted cultivars (Zhang et al., 2020; Wang et al., 2022).

Cross-cutting needs and enablers.

Realizing these future benefits requires progress on several fronts. First, continued enzyme engineering and guide design algorithms are needed to maximize on-target efficiency and minimize off-targets across plant genomes (Hu et al., 2018; Meaker et al., 2020). Second, delivery technologies must become more universal and scalable — from improved viral replicons and nanoparticle systems to genotype-agnostic methods that avoid tissue culture bottlenecks (Baltes et al., 2014; Demirer et al., 2019; Veillet et al., 2020). Third, coupling editing with high-throughput phenotyping and multi-omics will accelerate the identification and validation of causal alleles for complex traits (Gaillochet et al., 2021; Sinha et al., 2023). Fourth, transparent engagement with regulators, stakeholders, and the public — supported by robust biosafety data and clear distinctions between transgenic and transgene-free edited products — will be essential for social license and equitable deployment (Braddick&Ramarohetra, 2020; Zhang et al., 2020).

Concluding outlook.

The future of molecular scissors is one of layered precision: from single-base corrections (base and prime editing) to coordinated multi-locus engineering (multiplexing) and reversible regulatory control (epigenome editing). When integrated with novel delivery systems and modern breeding frameworks, these tools can deliver climate-smart, nutritious, and productive crops at a pace and specificity previously unattainable. Addressing technical, regulatory, and societal challenges in parallel will determine how rapidly these innovations translate into resilient food systems globally (Puchta, 2016; Voytas, 2013; He & Li, 2020; Sinha et al., 2023).

9. Conclusion
The emergence of molecular scissors, particularly CRISPR/Cas-based genome editing systems, has revolutionized plant biotechnology by offering unparalleled precision, efficiency, and versatility for genetic improvement. These tools have transcended the limitations of conventional breeding and earlier genetic engineering methods, enabling targeted modifications in plant genomes for trait enhancement, disease resistance, stress tolerance, and improved nutritional quality. Over the past decade, continuous refinements—ranging from enhanced nuclease specificity to novel delivery strategies—have substantially expanded the applicability of these technologies in both model and non-model plant species.Looking ahead, the next frontier lies in the integration of base editing and prime editing, which allow single-nucleotide substitutions and precise sequence insertions without generating double-strand breaks, thereby minimizing off-target effects and improving editing outcomes. 
Multiplex genome editing will further accelerate the stacking of multiple traits into a single plant variety, enabling breeders to address complex, polygenic traits such as yield stability under stress. The development of CRISPR 3.0 and advanced epigenome editing platforms opens new possibilities for reversible and tunable gene regulation, paving the way for functional genomics studies and trait modulation without altering the DNA sequence. In the context of climate-smart agriculture, molecular scissors will play a pivotal role in generating crop varieties that can withstand extreme temperatures, drought, salinity, and emerging pests, while reducing dependence on chemical inputs. Coupled with speed breeding, high-throughput phenotyping, and artificial intelligence-driven target discovery, genome editing can accelerate the development of resilient, sustainable crop systems that support global food security under changing climatic conditions.
Where
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