International Journal of Entomology Research
www.entomologyjournals.com

ISSN: 2455-4758

Received: 12-09-2024, Accepted: 13-10-2024, Published: 28-10-2024
Volume 9, Issue 10, 2024, Page No. 189-196

Molecular manipulation of insect genomes via CRISPR/CAS9 and their applications

Aminur Rahman'”, Bijumoni Borah?, Pranab Borah?, Saddam Hussain*
! Department of Zoology, Cotton University, Guwahati, Assam, India
2 Department of Botany, A.D.P College, Nagaon, Assam, India
3 Department of Botany, Cotton University, Guwahati, Assam, India

Abstract

CRISPR technology has revolutionized the field of genetic engineering and insect research, offering unprecedented insights
into gene function, functional genomics, and pest control. In model organisms like Drosophila melanogaster, CRISPR
knockouts have allowed for the study of specific gene functions, contributing to advances in insect toxicology and resistance
mechanisms. Gene drives have emerged as a potent tool for pest management, enabling the rapid spread of traits such as
reduced fertility or pesticide susceptibility through wild populations. This has potential applications for controlling disease
vectors like Aedes aegypti mosquitoes, which transmit dengue and Zika, and Anopheles mosquitoes responsible for malaria.
CRISPR is also facilitating the development of biopesticides and overcoming insecticide resistance in agricultural pests.
Beyond pest control, the technology holds promise for conservation, industrial biotechnology, and entomophagy. Insects are
being engineered as biofactories for pharmaceutical production and optimized as sustainable food sources. However, concerns
about off-target effects, ecological risks, and public acceptance pose significant challenges. Advances in CRISPR precision,
alongside ethical and regulatory frameworks, are essential for the responsible deployment of this transformative technology in
environmental and agricultural applications.
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Introduction The adoption of genome editing (GE) systems has yielded
CRISPR/Cas9 (Clustered Regularly Interspaced Short significant advancements in crop genetic improvement.
Palindromic Repeats / CRISPR associated protein 9), a Genetic engineering revolutionized biological research by
powerful gene-editing tool, is revolutionizing biomedical introducing in vivo genome editing techniques. These
research. It allows for the quick, cost-effective, and methods result in base substitutions or insertions/deletions
relatively straightforward correction of genetic errors, as (indels) in the target DNA. Several GE approaches, such as
well as the ability to activate or deactivate genes in cells and zinc finger nucleases (ZFNs), transcription activator-like
organisms (Yin et al., 2014) 3 This technology has effector nucleases (TALENSs), and the more recently
numerous laboratory applications, including the rapid developed CRISPR/Cas9 system, have been employed
creation of cellular and animal models, functional genomic (Puchta et al., 1993; Upadhyay, 2021) 8 59 uUnlike

screening, and real-time imaging of the genome within cells TALENs and ZFNs, the CRISPR/Cas9 system is simpler
(Asokan et al., 2022) [I. The CRISPR-Cas9 system, adapted and more efficient, as it requires only a single guide RNA

from the bacterial immune response, has emerged as a (gRNA) to direct the Cas9 nuclease to the target. Recently,
powerful tool for gene editing in a variety of organisms, there has been a shift from breeding insect-resistant crop
including insects. First demonstrated in 2012, CRISPR-Cas9 varieties to using CRISPR/Cas9-mediated modifications for
enables targeted modifications with high precision by using improving agronomic traits or targeted mutagenesis in insect
a guide RNA to direct the Cas9 enzyme to specific locations genomes (Cong et al., 2013) (31,

in the genome, allowing for the deletion, insertion, or Its simplicity and cost-effectiveness have made CRISPR the
replacement of DNA sequences (Jinek et al., 2012). tool of choice for genetic manipulation in entomology,
CRISPR/Cas9 gene-editing tool that consists of two key supplanting older techniques such as zinc-finger nucleases
components: a guide RNA, which directs the system to the (ZFNs) and transcription activator-like effector nucleases
specific target gene, and Cas9, an enzyme that creates a (TALENS) (Cong et al., 2013) [*31, This review explores how
double-stranded break in the DNA, enabling genome CRISPR is being used in insect research, pest management,
modifications. vector control, and biotechnology, as well as the challenges
Insect pests are a significant constraint on crop production, associated with its application.

causing farmers worldwide to lose billions of dollars

annually. While synthetic chemicals remain the primary CRISPR applications in basic insect research

method of pest control, they pose serious environmental and 1. Gene function studies

health risks. To lessen reliance on these chemicals, scientists CRISPR has significantly advanced our understanding of
are continuously exploring new, more sustainable strategies gene function in model organisms like Drosophila
for managing pests. Recent advancements in genomics, melanogaster, commonly used in genetic research including
molecular biology, and bioinformatics have empowered human development and disease. By creating knockouts of
researchers to develop innovative tools, such as genome specific genes, researchers can study the resulting
editing and gene drive technologies, for more effective and phenotypes to deduce gene function (Bassett & Liu, 2014)
eco-friendly insect pest management. 2. Given its importance, before being used in other
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organisms, the CRISPR/Cas technique was initially tested in
these insects. In May 2013, two CRISPR/Cas knockout
targets were chosen for the yellow gene, and embryos for
both targets were injected simultaneously with two plasmids
(phsp-Cas9, pU6-Bbsl-chiRNA) (Gratz et al., 2013a).
Insertion/deletion sequences between the targets were
identified through chimeric genome detection in the G°
generation. Later, in July 2013, the CRISPR/Cas9 system
was confirmed to induce homologous recombination (HR)
and create precise mutations in the D. melanogaster S2 cell
line (Bassett et al., 2013) [, The study also introduced a
strategy that fused crRNA and tracrRNA to create a
synthetic guide RNA (sgRNA) linked with a T7 promoter
and a guide sequence to target the yellow gene. By injecting
sgRNA and Cas9 mRNA into embryos, up to 88% mutant
chimera were obtained in the first generation. Additionally,
a high-resolution melt analysis (HRMA) method was
employed to detect target gene mutations quickly and
accurately by comparing the melting temperature of wild-
type homoduplexes to that of heteroduplexes containing
insertions or deletions (Cui et al., 2017) [16],

www.entomologyjournals.com

Many other insects are vital to the environment and human
welfare. For instance, mosquitoes transmit the malaria
parasite, which in 2022 caused 249 million cases of illness
and 608,000 deaths (Malaria, 2023). While some insects are
not directly harmful to humans, they can damage crops and
buildings. Honeybees and silkmoths, for example, hold
significant economic value. Additionally, biological control
agents, like parasitoid wasps, are essential for pest
management.

Advances in genome engineering, such as the CRISPR
system, facilitate the study of gene function across various
insect species. One example is the water flea, Daphnia
magna, where in May 2014, injecting Cas9 mRNA into its
eggs targeting the eyeless gene resulted in 18-47% of live
larvae showing eye abnormalities (Table.1) (Nakanishi et
al., 2014) 2. Moreover, 8.2% of the offspring displayed
eye deformities, leading to eyeless gene mutations.

CRISPR has been widely used to investigate genes involved
in insect development, immunity, and behavior, shedding
light on fundamental biological processes.

Table 1: CRISPR/Cas9 gene drive applications in some insects

Insect Germline Mutation rate
Targeted genes Species Strategy / Therapy transmission rate % % References
yellow, white MRNA injection 0-79 0-34.5 Bassett et al. (2013b)
CG4221, CG5961, Chameau mRNA injection with donor 8.1-26.7 2.7-10.4 Yu et al. (2014) &3
yellow Drosophila DNA injection with donor 5.9-20.7 0.25-1.37 Gratz et al. (2013) 27
EGFP, mRFP < P Rapid injection 35-71 7.7-24.7 Sebo et al. (2014) 54
yellow - Rapid injection with donor 8-53 15 Gratz et al. (2013) 271
white, neuropeptide gene Transgenesis 0-100 0-99.4 Beumer et al. (2008) !
ebony, curled, yellow Transgenesis with donor 25-100 11.38 Port et al. (2014) 147
Daphnia L i Nakanishi et al. (2014) [42
eyeless magna mRNA injection 18-47 8.2 Colbourne et al. (2011) 11
Aedes MRNA injection+ DNA 7]
ECFP aeqypti injection 0 55 S. Dong et al. (2015)
BmBLOS2 mRNA injection 95.5 35.6 Wang et al. (2013) 51
th, re,fl, yellow-e, kynu, ebony Bombyx mori DNA injection 5.7-18.9 Not determined Liu YuanYugr;]et al. (2014)

2. Functional genomics

CRISPR is also revolutionizing functional genomics in
insects. High-throughput CRISPR screens have been
employed to identify genes associated with specific traits,
such as resistance to insecticides (Scott & Buchon, 2019)
531 Ongoing research on the genetic mechanisms behind
insecticide resistance has greatly benefited from studies on
model species like Drosophila melanogaster, which offers a
wealth of genetic and genomic resources. The significance
of Drosophila in insect toxicology has been highlighted in
recent comprehensive reviews (Homem & Davies, 2018) 52,
This model system offers numerous advantages, including
its remarkable versatility and the ability to conduct cost-
effective and reliable toxicity bioassays within a defined
genetic background. In recent years, pesticide resistance
research has been further advanced by the introduction of
genome modification technologies, particularly
CRISPR/Cas9 (Scott & Buchon, 2019) B3, These
technologies have transformed various areas of resistance
research, enabling the study of insecticide resistance
mechanisms in a controlled genetic context and providing a
robust framework for exploring the genetic basis of
resistance. This has profound implications for understanding
the genetic basis of insect adaptations, particularly in pest
species that develop resistance to chemical controls.
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Pest control and agricultural applications

1. Gene Drives for Pest Management

One of the most promising applications of CRISPR is the
development of gene drives, which can propagate genetic
modifications or DNA cassette throughout wild populations
(Courtier-Orgogozo et al., 2017) %1, This cassette consists
of three components: a gene encoding the Cas9 protein from
bacteria, a gene that produces guide RNA targeting a
specific genome site, and flanking sequences that facilitate
insertion at the desired target location (Gantz et al., 2015a;
Hammond et al., 2016a). The system can "copy and paste"
itself into the genome, allowing it to spread through the
population. Unlike a normal allele, which has a 50% chance
of being inherited by offspring, a gene drive cassette has
over a 90% chance due to its self-replicating nature. This
mechanism overrides the normal processes of evolution,
manipulating both heredity and mutations (Gantz & Bier,
2015; Hammond et al., 2016) 2% 30, 1t ensures the cassette is
passed down to the next generation and induces mutations
precisely where the genome has been cut, resulting in the
intended DNA sequence. Theoretically, introducing just a
few individuals carrying the gene drive could lead to its
widespread presence throughout the population within 15—
20 generations (Burt, 2003a).
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This technology has been employed to engineer insect pests
such as Aedes aegypti, the mosquito responsible for
transmitting diseases like dengue and Zika. By introducing a
gene drive that reduces female fertility, researchers aim to
suppress mosquito populations and thereby reduce disease
transmission (Kyrou et al., 2018) (%],

Gene drives have also been proposed for agricultural pests,
such as Drosophila suzukii, a major threat to fruit crops. The
CRISPR system can modify the endogenous genes of the
water flea, Daphnia magna Straus. In May 2014,
researchers discovered that when Cas9 mRNA was injected
into water flea eggs, targeting the eyeless gene, 18-47% of
the live larvae exhibited eye abnormalities (Table 1).
Additionally, 8.2% of the offspring displayed eye
deformities, indicating mutations in the eyeless gene
(Nakanishi et al., 2014) [, The gene drive ensures that the
modified trait (e.g., sterility or susceptibility to pesticides) is
inherited by nearly all offspring, allowing for rapid spread
through pest populations (Burt, 2003b). However, the
ecological risks of releasing gene drives, particularly the
potential for unintended effects on non-target species,
remain a significant concern (Oye et al., 2014) 441,

2. Biopesticides and insecticide resistance

CRISPR is also being used to combat insecticide resistance.
By targeting genes associated with resistance in pests like
Helicoverpa armigera (cotton bollworm), researchers can
disrupt these genes, rendering the insects susceptible to
previously ineffective insecticides (Halder et al., 2022) 2],
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diamondback moth (Plutella xylostella) have shown
significant resistance to the Bt CrylAc toxin, offering in
vivo evidence for the involvement of these genes in Bt toxin
resistance (Gao, 2024; Guo et al., 2019) [?> 281 (Fig.1). The
brown planthopper (Nilaparvata lugens) is one of the most
destructive insect pests affecting rice crops. Li et al.
successfully induced RNA interference (RNAI) by targeting
the vacuolar ATP synthase subunit E of Nilaparvata lugens
through the ingestion of double-stranded RNA (dsRNA).
Similarly, in citrus and grapevine trees, in vitro transcribed
dsRNA was effectively applied by injecting trunks or
drenching roots, targeting the arginine kinase of two psyllid
species (Hunter et al., 2012) ¥, In a separate study,
Bolognesi et al. first described the mechanism of action of
dsRNA aimed at the larvae of the western corn rootworm.
The cotton aphid (Aphis gossypii), a deadly pest to many
key agricultural crops, also contributes to virus transmission
and is capable of developing resistance to a wide range of
insecticides. However, this resistance to organophosphorus
insecticides was significantly reduced by orally
administering dsRNA targeting the carboxylesterase gene
(Gong et al., 2014) 281, Additionally, transplastomic potato
plants (Solanum tuberosum) were engineered to express
dsRNAs targeting the B-actin gene of the Colorado potato
beetle, resulting in strong resistance to this damaging pest
(Halder et al., 2022) [2°1,

In addition, genetically modified biopesticides, such as
CRISPR-edited entomopathogenic fungi and bacteria, are
being developed to provide more sustainable and targeted

CRISPR/Cas9-mediated  gene  knockouts in  the pest control options (Fisher, 2013) 29,
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Fig 1: Genes encoding cadherin-like proteins act as receptors for Bt toxins in the insect gut, are crucial Cry1Ac toxin activity in
diamondback moth (Plutella xylostella)

Vector control and disease prevention

1. Malaria and mosquito control

Vector control plays a crucial role in reducing vector-borne
diseases (Bhatt et al., 2015) 1. Once mosquitoes were
identified as vectors for pathogens causing diseases like
malaria and yellow fever, significant efforts were made to
eliminate them from regions where these diseases were
endemic (Reed, 1901) 5%, Advances in CRISPR technology
and genetic engineering have led to successful campaigns
targeting the eradication of Anopheles and Aedes mosquito
species in countries such as Cuba, Panama, and Brazil,
eventually expanding across most of the Americas (Kouri et
al., 1986; Soper, 1963) [3> %61 The discovery of DDT
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(dichloro-diphenyl-trichlorethane) in 1939 as a long-lasting
insecticide offered the potential for sustainable mosquito
control and spurred a new goal: the global eradication of
malaria. However, within a decade of its use, resistance to
DDT emerged, along with public concerns about its
environmental and health impacts.(NIOSH Special
Occupational Hazard Review: DDT (78-200) | NIOSH |
CDC, 1978) [

CRISPR has transformed efforts to control vector-borne
diseases like malaria. Mosquitoes from the Anopheles
genus, which transmit the Plasmodium parasite, have been a
primary focus for CRISPR gene drives aimed at reducing
their population or making them resistant to the parasite



International Journal of Entomology Research

(Thomas et al., 2000) B8l In one study, a CRISPR gene
drive was used to insert a gene that blocks the parasite from
developing within the mosquito, significantly reducing
transmission potential (Gantz & Bier, 2015) [%3],

The bacterial endosymbiont Wolbachia pipentis was first
identified in 1967 as the cause of reproductive phenotypes
that influence inheritance patterns in crosses between
infected and uninfected mosquitoes (Stouthamer et al.,
1999) 71, These reproductive effects allow the bacteria to
spread throughout insect populations. Wolbachia has been
proposed as a potential driver for synthetic gene constructs,
but it has not yet been successfully transformed (Collins &
Paskewitz, 1995; Sinkins & Gould, 2006) 02 5,
Nevertheless, Wolbachia’s reproductive traits have proven
useful in strategies to combat mosquito-borne diseases,
facilitating both population suppression and modification.
The wPip strain of Wolbachia, isolated from Culex pipiens
Linnaeus, has been used to infect Aedes albopictus. Infected
males are now part of a strategy similar to the Sterile Insect
Technique (SIT), as wPip-infected males mate with and
sterilize wild females, which are naturally infected with
different Wolbachia strains. Wolbachia’s potential to drive
population change, combined with the discovery that the
wMel strain can block dengue virus development in Aedes
aegypti, has led to a population modification strategy that
pairs pathogen-blocking with gene drive mechanisms
(Hoffmann et al., 2011) B4, Releases of Wolbachia-infected
mosquitoes in countries like Australia, Vietnam, Colombia,
and Brazil have been among the most successful examples
of large-scale population modification in wild vector
populations (Puggioli et al., 2016) 491,

Dong et al. developed an Anopheles gambiae mosquito with
a knockout of the Plasmodium host factor gene FREP1
using CRISPR/Cas9 genome editing. FREP1 is crucial for
the parasite's infection of the mosquito midgut (Ross, 1897).
Prior studies using RNAi-mediated gene silencing and
FREP1-inhibiting polyclonal antibodies had demonstrated
FREP1’s role as a host factor for Plasmodium falciparum,
P. vivax, and P. berghei. However, RNAI silencing only led
to a moderate reduction in P. falciparum infection, with a
50% decrease in infection intensity and an 11% reduction in
prevalence at high infection levels (median oocyst counts of
50 and 20 in two replicates) (Zhang et al., 2015) %4, In
contrast, the complete inactivation of FREP1 via gene
editing resulted in a much stronger suppression of
Plasmodium, likely because RNAi-based methods only
partially deplete the protein. The resistance level of FREP1
knockout mosquitoes to P. falciparum was comparable to
that achieved by transgenically over-expressing the anti-
Plasmodium IMD pathway transcription factor Rel2 after a
blood meal or by activating the insulin pathway (Corby-
Harris et al., 2010; Y. Dong et al., 2018) [}4 8 The
suppression of parasites at the sporozoite stage in FREP1
knockout mosquitoes suggests that replacing wild-type
mosquitoes with these genetically modified ones in malaria-
endemic regions could have a significant epidemiological
impact (Bhatt et al., 2015) [®],

In the study by Hammond et al., a CRISPR/Cas9 gene drive
system was utilized in Anopheles gambiae to target fertility-
related genes. The drive was designed by inserting a
CRISPR homing construct into a docking site via
recombinase-mediated cassette exchange (RMCE). The
gene drive components included a fluorescent marker, a
Cas9 nuclease controlled by the vasa2 promoter, and a guide
RNA (gRNA) driven by the ubiquitous U6 Pollll promoter.
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The transmission rate of the gene drive to progeny was
estimated to exceed 91%.

In a separate experiment, Gantz et al. applied the
CRISPR/Cas9 system to target the kynurenine hydroxylase
(khw) gene locus, which is associated with visible eye
phenotypes in Anopheles stephensi. The gene drive cassette
was successfully transmitted to approximately 99.5% of the
progeny after crossing transgenic lines with wild-type
mosquitoes. Although the study showed successful results in
male-derived transgenic lineages, a high frequency of
mutations at the cleavage site of the target gene was
observed, likely due to non-homologous end joining (NHEJ)
repair in some lineages and progeny (Gantz et al., 2015b).
In this experiment, wild-type mosquito embryos were
injected with Cas9 protein and a gene drive plasmid
construct that included: Cas9 DNA under the vasa promoter,
a gRNA under the UBA promoter targeting the khw locus, a
fluorescent marker, two genes encoding single-chain
antibodies against Plasmodium falciparum Chitinase 1 and
CSP, and ~1 kb homology arms of the khw locus.
Additionally, double-stranded RNAs (dsRNAs) were co-
injected to suppress the expression of the plasmid-carried
Cas9 gene and inhibit NHEJ pathway activity (Gantz et al.,
2015) [231,

2. Control of other vector-borne diseases

In addition to malaria, CRISPR is being explored as a tool
to control Aedes mosquitoes, which are vectors for diseases
such as dengue and Zika. By engineering mosquitoes to be
resistant to these viruses or by introducing gene drives that
reduce reproductive success, researchers aim to decrease the
incidence of these diseases in affected regions (Carvalho et
al., 2015) 1,

Aedes aegypti is known to transmit dengue virus, yellow
fever virus, chikungunya virus, and Zika virus (Reed, 1901)
51, Genetic engineering of synthetic phenotypes has led to
the creation of population-suppressing mosquito strains,
with the most successful to date being the "flightless
female™ Aedes aegypti. This strain carries a genetic element
that produces a toxin that destroys the wing muscles of
females (Fu et al., 2010) U, Without functional wing
muscles, the females cannot mate, search for food, or locate
oviposition sites. The transgene responsible for this
phenotype is a repressible, late-acting, sex-specific lethal,
allowing for normal rearing and sexing before release, while
ensuring larvae survive through subadult stages to compete
with wild larvae (Phuc et al., 2007) 6. The gene construct
is spread into the population by unaffected male carriers,
which are being released as part of control efforts in Brazil
and Florida following successful large-cage trials (Carvalho
et al., 2015) Pl Similar strains have been developed in
Aedes albopictus and Anopheles stephensi, though they have
not yet been employed for wild population control (Labbé et
al., 2012) B These strains provide a population
suppression method in species where traditional SIT or SIT-
like strategies have not been successful.

However, the release of genetically modified mosquitoes
into the environment poses ethical and ecological
challenges. There is a risk of the gene drive spreading
beyond the intended target population, potentially disrupting
ecosystems (Sciences et al., 2016). Moreover, public
acceptance and regulatory approval of these technologies
vary globally, complicating the implementation of CRISPR-
based vector control programs.
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Conservation and environmental protection

CRISPR has potential applications in conservation biology,
particularly in the management of endangered insect
species. By increasing genetic diversity or enhancing
resistance to environmental stressors, CRISPR could play a
role in preserving threatened populations. Additionally,
gene drives could be employed to control invasive insect
species that threaten ecosystems, such as the Asian longhorn
beetle (Anoplophora glabripennis), which has devastated
forests in North America (Esvelt et al., 2014) (9,

However, the use of gene drives in conservation must be
approached  with  caution.  Unintended ecological
consequences and the risk of spreading to non-target species
could disrupt natural ecosystems (Oye et al., 2014b).
Regulatory frameworks and ecological risk assessments are
crucial before implementing these technologies in the wild.

www.entomologyjournals.com

Insect biotechnology and industrial applications

1. Insects as biofactories

Insects are increasingly being used as biofactories for
producing pharmaceuticals, biofuels, and other valuable
compounds. CRISPR allows for the precise modification of
insect genomes to optimize the production of these
substances. For example, CRISPR has been used to enhance
the silk production of silkworms, as well as to engineer
insects that can produce valuable proteins and enzymes
(Khan et al., 2020) B4, In Bombyx mori, the silkworm,
CRISPR/Cas9 has been employed to enhance silk
production and to engineer the organism to produce
recombinant proteins like human collagen (Fig.2). The Fib-
H gene, which encodes the heavy chain of fibroin, has been
modified to increase silk yield and introduce additional
proteins into the silk (Park & Maenaka, 2019) 3],

g LTI

Silkworm

Identification of Target Genes & Design of CRISPR/Cas9 System

\)

3

Once the CRISPR/Cas9 system finds the target DNA sequence, Cas9 cuts the
DNA at the specific location.

\

Insert new sequences, or enhance existing gene functions related to silk
production.

Enhanced Silk Production in Silkworms via CRISPR/Cas9 Gene Editing of Silk
Protein Genes

Fig 2: Showing the use of CRISPR-Cas9 gene editing to enhance silk production in silkworms. The process involves targeting and
modifying specific genes responsible for silk synthesis, leading to increased silk yield and improved quality
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Genes related to metabolic pathways, protein folding, and
secretion mechanisms that can be optimized to enhance the
production of recombinant proteins. One such gene is vasa,
a germline-specific gene that has been targeted in
Drosophila to improve the yield of specific proteins by
optimizing the reproductive capacity of the insects (Beumer
etal., 2013; Chen et al., 2007) [5 101,

2. Enhancing entomophagy

CRISPR can also improve the sustainability of
entomophagy, or the consumption of insects as a protein
source. By modifying insects like crickets and mealworms
to grow faster or have enhanced nutritional profiles,
researchers hope to promote insect farming as a sustainable
alternative to traditional livestock (Van Huis, 2013) [69],

Challenges and future directions

One of the primary concerns with CRISPR is the potential
for off-target effects, where unintended regions of the
genome are edited. Advances in CRISPR technology,
including the development of more precise variants like
CRISPR-Cas12 and base editing techniques, aim to reduce
these risks (Gajardo et al., 2023; Malzahn et al., 2019) [?>
4, However, further research is needed to ensure the safety
and reliability of these methods in wild populations.

The release of genetically modified insects into the wild
raises significant ethical and regulatory challenges.
International collaboration is required to establish guidelines
for the use of CRISPR in pest control and conservation.
Public engagement and transparency will be essential for
gaining societal acceptance of these technologies.

Conclusion

CRISPR has opened new frontiers in entomology, offering
powerful tools for basic research, pest management, vector
control, and biotechnology. While the potential benefits are
immense, particularly in reducing the spread of diseases and
improving agricultural sustainability, the ecological and
ethical implications of CRISPR must be carefully
considered. As research continues to advance, responsible
development and regulation will be key to ensuring that
CRISPR’s applications in entomology are both safe and
effective.
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