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RISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a powerful and 

precise tool for genetic editing. Originally discovered in bacteria as a defense mechanism 

against viral infections, CRISPR operates through a series of steps. First, guide RNA, 

consisting of crRNA and tracrRNA, identifies specific viral DNA sequences. The enzyme 

RNAse III processes pre-crRNA into crRNA. Next, the crRNA:tracrRNA:Cas9 complex 

directs RNAse III to cleave the target DNA. Once the DNA is cut by the CRISPR-Cas9 

system, it can be repaired through two mechanisms: Non-Homologous End Joining (NHEJ), 

which is straightforward but imprecise, or Homology-Directed Repair (HDR), which is more 

intricate and accurate. CRISPR technology has wide-ranging applications, including 

advancements in agriculture and potential treatments for genetic disorders in humans. 
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Introduction 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a groundbreaking 

tool for genetic editing, celebrated for its efficiency and precision. Its accessibility sets it 

apart from other genetic-editing techniques, requiring only basic training and a modest cost of 

under $100 for CRISPR molecules. This affordability and simplicity make it widely available 

to researchers, enabling genetic studies and experiments with ease. The development of 

CRISPR has paved the way for numerous applications across agriculture, environmental 

science, biology, and public health, while also driving significant commercial opportunities 

that fuel further innovation. Despite its promising potential, CRISPR faces notable 

challenges, particularly ethical concerns, which remain a critical issue in its advancement. 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-

associated (Cas) proteins form an RNA-based immune system in prokaryotes, providing 

defense against bacteriophages and plasmids (McGinn and Marraffini, 2016). The Type II 

CRISPR-Cas9 system is widely utilized for precise genome editing across various organisms, 

including bacteria, yeast, and mammals (Jakociunas et al., 2015). CRISPR-Cas9 technology 

has been extensively developed and applied to genome editing in various organisms, 

including zebrafish (Cornet et al., 2018) and Drosophila (Ren et al., 2014). It has also been 

used for correcting defective genes and eliminating viruses such as HIV-1 (Zhu et al., 2015), 

human papillomavirus , hepatitis B virus and latent Epstein-Barr virus in human cells (Wang 

and Quake, 2014). 

The Discovery of CRISPRs 
The CRISPR era began in the 1980s with its initial discovery in Escherichia coli . Initially, 

CRISPR was thought to be linked to various cellular functions, such as: 

 Replicon Partitioning  

 Thermal Adaptation 

 DNA Repair  

C 
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 Chromosomal Rearrangement 

Adaptive Mechanism of CRISPR 
Bacteria and archaea have evolved CRISPR-Cas systems as an adaptive defense mechanism 

against phage infections and horizontal plasmid transmission. Research shows that CRISPR 

is present in 50% of bacterial genomes and 90% of archaeal genomes (Richter et al., 2012; 

Makarova et al., 2015). 

CRISPR-Cas System Classification 
CRISPR-Cas systems are divided into: 

1. Two Main Classes: Class 1 and Class 2 

2. Six Types: I to VI 

3. Eighteen Subtypes 
Each type is characterized by unique signature proteins and targets DNA, RNA, or both 

(Hille et al., 2018). 

Class 1 CRISPR-Cas Systems 

Class 1 systems are more complex due to their reliance on multiple proteins and crRNA 

effector complexes. These systems are categorized into types I, III, and IV, with a general 

workflow comprising three stages: 

1. Acquisition: Cas1 and Cas2 proteins incorporate foreign DNA into the CRISPR locus, 

activating the system . 

2. RNA Processing: Pre-CRISPR RNA (pre-crRNA) is transcribed and cleaved into mature 

crRNAs by endonucleases. 

3. Interference: crRNAs guide Cas proteins to the target DNA or RNA, enabling sequence-

specific degradation and immunity (Brouns et al., 2008). 

Notable Components in Class 1 

 Type I: Contains Cas3, an ATP-dependent ligase and single-stranded DNA nuclease. 

 Type III: Includes Cas10 protein for interference. 

 Type IV: Features Csf1, with other associated proteins yet to be fully understood. 

Class 2 CRISPR-Cas Systems 

Class 2 systems are simpler, utilizing a single functional protein for their activity. 

Key Types in Class 2 

1. Type II (Cas9): A widely recognized tool for genome editing, this system introduces 

double-stranded breaks in DNA with the help of RuvC and HNH domains. It requires a 

protospacer adjacent motif (PAM) to function effectively.  

o Type IIA: Involves the ring-shaped DNA-binding protein Csn2. 

o Type IIB: Contains Cas4. 

o Type IIC: The associated signature protein remains unidentified. 

2. Type V: Comprises proteins such as Cpf1, C2c1, and C2c3, which cleave single-stranded 

DNA using RuvC domains but lack HNH domains. 

3. Type VI (Cas13): Recently discovered, these proteins exhibit RNA-guided RNase 

activity and target DNA or RNA. 

The discovery of type VI CRISPR-Cas systems (Cas13a, Cas13b, and Cas13c) has enabled 

innovations like ultrasensitive diagnostic tools for detecting bacteria, viruses, and cancer-

related mutations (Khambhati et al., 2019). 

Application of CRISPR/CAS in Insects 
The CRISPR system is widely recognized as one of the most advanced and effective tools for 

genome editing. It has been utilized in around 40 insect species from seven distinct insect 

orders, making major contributions to a variety of biological research fields (Chen et al., 

2024). The system’s adaptability and accuracy have established it as a crucial resource in 

numerous areas, such as genetics, agriculture, and pest control. The following sections 

explore the various ways in which CRISPR is applied across these different domains. 
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 As the global population continues to grow, the demand for food also increases. 

However, agricultural production faces significant challenges from both biotic and abiotic 

factors. Insect pests alone are responsible for an estimated 20% of global crop yield losses 

each year. This has resulted in widespread pesticide use, which poses serious risks to human 

health and causes severe environmental degradation. Additionally, pesticide resistance is 

emerging as a major threat to agricultural productivity, further complicating the management 

of vector-borne diseases. Recent studies have explored the potential of gene editing, 

especially CRISPR/Cas9 technology, to combat insecticide resistance. Notably, research on 

Drosophila melanogaster has provided valuable insights, particularly regarding the role of 

ATP-binding cassette (ABC) transporters in pesticide resistance. These findings underscore 

the importance of these transporters in resistance mechanisms . Both RNA interference 

(RNAi) and CRISPR/Cas9 have significantly advanced our understanding of pesticide 

toxicity and resistance in insects, opening up promising possibilities for developing more 

sustainable pest control methods (Amezian et al., 2024). 

 RNA interference (RNAi) targeting the BtACTB gene was successfully induced by 

expressing double-stranded RNA (dsRNA) in the whitefly, Bemisia tabaci. This led to the 

creation of both nuclear transgenic and transplastomic tobacco plants. The nuclear transgenic 

plants proved more effective in controlling Bemisia tabaci (Rosli et al., 2024), a pest that 

also damages major crops such as cotton. Additionally, a plastid-mediated RNAi (PM-RNAi) 

approach has been used to genetically control Bemisia tabaci ,showing the potential of 

genetic control strategies to combat other sap-sucking insect pests in the future. 

 Furthermore, CRISPR-Cas9 has been utilized in other species, such as the silkworm 

Bombyx mori, where the Orco gene was targeted , the hawkmoth Manduca sexta, and the 

locust Locusta migratoria, where homozygous and heterozygous mutant lines were created to 

assist in controlling locusts and other orthopteran species. The technology has also been 

applied to the fruit fly Bactrocera dorsalis and the American bollworm Helicoverpa 

armigera. Additionally, CRISPR-Cas9 has been employed to genetically manage Spodoptera 

frugiperda, commonly known as the fall armyworm, which is emerging as a significant 

agricultural pest (Gouda et al., 2024). 

Insecticide Resistance 
Diamide resistance has been observed in several lepidopteran pests, which act as activators of 

Ryanodine Receptors (RyRs). Studies on three diamides—chlorantraniliprole, flubendiamide, 

and cyantraniliprole—revealed that mutant flies showed moderate resistance to 

flubendiamide but much lower resistance to chlorantraniliprole and cyantraniliprole. This 

linked RyR mutations with diamide resistance. Similarly, research on the diamondback moth, 

Plutella xylostella, a significant pest of Brassica crops, used CRISPR/Cas9 gene editing 

through the HDR pathway to confirm that resistance to diamide insecticides is associated 

with mutations in RyRs. Similar results were found in Drosophila and the beet armyworm, 

Spodoptera exigua, further supporting the role of RyRs in resistance. 

 Recent advancements include engineering chloroplasts with double-stranded RNA 

(dsRNA) to control the western flower thrips, Frankliniella occidentalis, using CRISPR/Cas9 

technology as a potential control strategy. Additionally, research on cadherin gene mutations 

in various cotton, maize, and vegetable pests has been enhanced through CRISPR/Cas9 

techniques (Ahmed et al., 2021). Silencing the HaTSPAN1 gene has increased insect 

susceptibility to Bt cotton. This method was used to turn resistant strains of the American 

bollworm, Helicoverpa armigera, into susceptible ones (Cheema et al., 2022).The cadherin 

gene disrupts Bt cotton feeding by bollworms, although Bt cotton resistance is now 

widespread. In the case of the pink bollworm, Pectinophora gossypiella, CRISPR/Cas9 was 

used to modify the Cry1Ac and Cry2Ab genes to restore susceptibility and inhibit feeding in 

cotton pests, reducing future crop losses (Zahoor et al., 2021). 
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CRISPR in Pollinator Research 
Bees are vital for pollination services but face numerous challenges, including diseases, 

pesticide exposure, and climate change. CRISPR technology offers a promising tool to 

uncover genetic solutions for bee conservation. Studies by Kohler et al. demonstrated the 

ability of CRISPR to induce mutations in honeybees. For instance, by targeting genes 

responsible for eye color, they successfully created knockout mutants. Additionally, knocking 

out the vitellogenin gene, which encodes a key egg protein, resulted in non-viable offspring, 

highlighting the potential of CRISPR to identify genes critical for bee health and 

reproduction. In bumblebees, CRISPR was used to mutate the IRP30 gene, which is 

associated with immune responses to infection(Ali et al., 2022). The resulting mutants 

exhibited reduced IRP30 expression and increased mortality when exposed to gut pathogens, 

confirming the gene's role in antimicrobial defense. These findings suggest that targeting 

immune-related genes could enhance resistance to diseases threatening both wild and 

managed bee populations. 

 Despite its potential, the use of CRISPR-based gene drives  in bees raises significant 

ecological concerns. Gene drives work by biasing inheritance patterns to quickly propagate 

specific alleles, even if they reduce the fitness of the organism. For example, the use of 

CRISPR to introduce antiparasitic transgenes that block malaria transmission in mosquitoes. 

Similar systems have been proposed to spread disease resistance in bees (Leftwich et al., 

2014) However, unintended consequences, such as the escape of gene drives or their transfer 

to non-target species, could have harmful ecological impacts that outweigh the potential 

benefits. Controlling the spread of gene drives remains a challenge, and their complex 

interactions within ecosystems are difficult to predict. CRISPR enables efficient genetic 

screening and targeted editing in a range of insect species, including bees. While it holds 

great promise for advancing basic research on bee biology, its application in conservation 

must be approached with caution due to ecological uncertainties. Gene drives could improve 

bee health but also carry unpredictable risks. Responsible use of CRISPR in insects requires 

case-by-case assessments that carefully weigh benefits against potential drawbacks. Ongoing 

research into safeguards to prevent the uncontrolled spread of gene drives is essential. 

Additional techniques, such as optogenetics and DREADDs (designer receptors exclusively 

activated by designer drugs), could further advance the study of insect neurobiology by 

enabling precise control of neuronal activity through light or chemic. 

Regulatory frameworks for using CRISPR in insects globally 
The CRISPR/Cas9 technology holds immense promise for transforming breeding methods 

due to its precise ability to target specific genes. However, the successful implementation of 

gene-edited crops largely hinges on the regulatory frameworks governing them. Existing 

regulations offer insights into how authorities view and approach these technologies. Gene-

editing tools like CRISPR can create products similar to those developed through 

conventional breeding methods, but countries differ in how they regulate such advancements. 

Globally, regulatory systems for genetically modified organisms (GMOs) vary significantly, 

with many nations establishing distinct approval processes for the environmental release and 

use of GMOs. These systems are primarily concerned with evaluating human safety and 

potential environmental risks. Broadly, countries adopt one of two regulatory strategies: 

product-based regulations, which focus on the final characteristics of the product, and 

process-based regulations, which emphasize the method used to create the product (Ishii & 

Araki, 2017) 

Limitations 
Genome-editing techniques, such as CRISPR-Cas, are biotechnological tools used for precise 

gene modification through cellular and laboratory-based mechanisms. While genome 

modification naturally occurs over the course of evolution, its experimental manipulation is 

primarily aimed at benefiting humanity. Despite its potential, applying these methods to 
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agriculture should focus on breeding objectives that are critical and otherwise difficult to 

achieve due to the current genetic heterogeneity. 

 One concern is the development of insect resistance due to prolonged and widespread 

use of genetically modified (GM) crops. Monoculture systems, which rely on uniformity, can 

create selective pressures on pest populations, potentially leading to the emergence of more 

adaptable strains capable of overcoming engineered resistance. This scenario risks 

undermining the long-term effectiveness of GM crops and emphasizes the importance of 

sustainable agricultural practices and rigorous oversight. Furthermore, introducing CRISPR-

Cas-edited insects into the environment raises significant biosafety concerns. The potential 

disruption of ecosystems, unintended effects on beneficial insects, and unforeseen 

consequences for food chains warrant thorough risk assessments. Gene transfers between 

targeted pests and their non-target relatives could exacerbate the spread of diseases or other 

ecological issues. 

Future Perspectives 
The updated genomic information of key insects, derived from initiatives like the i5K project, 

and an enhanced understanding of gene functions in physiological, behavioral, and 

reproductive contexts have significantly expanded the applications of CRISPR in insect 

research. Gene-editing tools have shown promise in controlled experiments to modify 

advantageous traits in insects, paving the way for effective pest management strategies. 

 Advancements in multiplexing and epigenetic gene editing have further reduced costs 

and expanded the range of possibilities for controlling invasive insect and mite pests. 

CRISPR technology has been successfully applied to various insect groups, demonstrating its 

potential in eradicating pests and insect vectors of viral diseases. For instance, altering sex 

ratios or introducing lethal mutations into pest populations has been proposed as an 

environmentally sustainable method for population control.The integration of robotic 

equipment and artificial intelligence offers another avenue for managing invasive pests. 

However, this method has limitations, especially when targeting small insects, navigating 

rough terrains, or locating concealed eggs. Additionally, the use of tagged insects and 

terminator genes for monitoring gene flow is a critical measure to ensure safe and effective 

implementation of gene drives. 

Conclusions 
CRISPR-Cas-based genome editing represents a transformative technology for insect pest 

management and crop improvement. The ability to delete or modify genes for insect 

resistance has shown success, particularly in addressing invasive pests. For instance, 

modifying the binding effector factor rather than the gene itself may help maintain plant 

performance while achieving insect resistance.As a successor to recombinant DNA 

technology, CRISPR offers greater simplicity and efficiency, making it a promising 

alternative for inserting resistance (R) genes into crop species within shorter timeframes. 

While Bt technology has revolutionized pest management in crops like cotton, maize, and 

soybean, CRISPR's multiplexing capabilities and rapid advancements suggest it could replace 

current approaches for insect resistance and plant protection.However, public awareness, 

capacity building, and robust regulatory frameworks are essential for realizing the full 

potential of this technology. Addressing ethical concerns, biosafety issues, and resistance 

development will be critical in maximizing the benefits of CRISPR while minimizing risks to 

ecosystems and global agriculture. A pragmatic, science-driven approach aligned with 

legislative standards is vital for overcoming societal concerns and achieving sustainable pest 

management solutions. 
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