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The application of CRISPR-Cas9 gene editing technology in carp species represents a

revolutionary advancement in inland aquaculture biotechnology. This comprehensive
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) resistance, improving growth performance, optimizing feed conversion efficiency, and
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Introduction

Carp species constitute the backbone of global freshwater aquaculture, contributing approximately 25% of total aquaculture
production with an annual yield exceeding 28 million tons . The economic significance of carp farming extends beyond
production volume, supporting the livelihoods of millions of farmers worldwide, particularly in Asia where these species have
been cultured for over 2,500 years [?, Traditional selective breeding programs have achieved substantial improvements in growth
rate and disease resistance over decades; however, these approaches are time-consuming, labor-intensive, and limited by natural
genetic variation [,

The emergence of CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats-Cas9) gene editing technology
has revolutionized the potential for rapid and precise genetic improvement in aquaculture species ™. Unlike conventional
breeding methods that require multiple generations to achieve desired traits, CRISPR-Cas9 enables targeted genetic
modifications within a single generation, offering unprecedented opportunities for trait enhancement and breed development B,
The application of CRISPR-Cas9 in carp species has gained significant momentum due to several favorable characteristics,
including well-characterized genomes, established cell culture systems, and successful gene transfer protocols [, The
availability of high-quality genome sequences for major carp species has facilitated the identification of target genes associated
with economically important traits, enabling precise gene editing strategies [,

Recent advances in CRISPR-Cas9 applications have demonstrated remarkable success in developing improved carp strains with
enhanced disease resistance, accelerated growth rates, and improved environmental adaptation capabilities . These
achievements represent a paradigm shift in aquaculture genetics, offering sustainable solutions to meet growing global demand
for freshwater fish products while addressing challenges related to climate change and resource limitations.
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CRISPR-Cas9 Technology Overview

Mechanism and Precision

The CRISPR-Cas9 system operates through a sophisticated
molecular mechanism involving guide RNA (gRNA)
sequences that direct the Cas9 endonuclease to specific
genomic locations for precise DNA cleavage . The resulting
double-strand breaks trigger cellular repair mechanisms,
enabling targeted gene knockout, knock-in, or modification
through homology-directed repair or non-homologous end
joining pathways 11,

The precision of CRISPR-Cas9 technology has been
extensively validated in carp species, with off-target effects
minimized through careful gRNA design and comprehensive
genomic screening 4. Advanced computational tools now
enable prediction and validation of target specificity,
ensuring that genetic modifications occur exclusively at
intended loci without disrupting essential genes or regulatory
sequences.

Recent developments in CRISPR technology, including base
editors and prime editors, have expanded the toolkit for
genetic modifications in aquaculture species 2. These
advanced systems enable single nucleotide changes and small
insertions or deletions without generating double-strand
breaks, further enhancing precision and reducing unwanted
mutations.

Delivery Methods and Efficiency

Successful application of CRISPR-Cas9 in carp species
requires efficient delivery methods that ensure high
transformation rates while maintaining embryo viability 121,
Microinjection remains the gold standard for CRISPR
delivery in fish embryos, achieving transformation
efficiencies exceeding 80% in optimized protocols for
common carp and grass carp 4.

Alternative delivery methods, including electroporation and
lipofection, have been explored for specific applications,
particularly in established cell lines and adult tissue
modifications 15. The development of ribonucleoprotein
(RNP) complexes has improved delivery efficiency and
reduced off-target effects by limiting the duration of nuclease
activity within target cells.

Applications in Disease Resistance

Viral Disease Resistance

Viral diseases represent one of the most significant
challenges in carp aquaculture, causing annual losses
exceeding $1 billion globally 1'6l, CRISPR-Cas9 technology
has enabled the development of virus-resistant carp strains
through targeted modification of viral entry receptors and
immune response genes.

Successful examples include the knockout of the CXCR4
receptor gene in common carp, resulting in complete
resistance to koi herpesvirus (KHV) infection without
compromising normal physiological functions 171, Similar
approaches targeting spring viremia of carp virus (SVCV)
have demonstrated 95% reduction in viral load and 80%
improvement in survival rates during experimental
challenges.

The modification of innate immune genes, including
interferons and antimicrobial peptides, has enhanced broad-
spectrum antiviral resistance in genetically modified carp
lines [8 These improvements demonstrate sustained
effectiveness across multiple viral pathogens, providing
comprehensive protection for intensive aquaculture systems.
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Bacterial Disease Resistance

Bacterial infections, particularly those caused by Aeromonas
hydrophila and Flavobacterium columnare, pose significant
threats to carp farming operations worldwide ¥, CRISPR-
Cas9 modifications targeting bacterial adhesion mechanisms
and host immune responses have yielded promising results in
developing resistant carp strains.

Gene editing of mucin production genes has enhanced the
protective mucus layer in grass carp, reducing bacterial
colonization rates by 70% compared to wild-type fish 21,
Additionally, modifications to complement system genes
have improved bacterial clearance efficiency, resulting in
enhanced survival during bacterial challenge experiments.

Growth Performance Enhancement

Muscle Development and Growth Rate

The application of CRISPR-Cas9 to enhance growth
performance has focused primarily on genes regulating
muscle development, growth hormone pathways, and feed
conversion efficiency Y. Knockout of myostatin genes in
common carp has resulted in significantly increased muscle
mass and improved growth rates, with genetically modified
fish achieving 40% higher weight gain compared to controls.
Modifications to growth hormone receptor genes have
enhanced growth hormone sensitivity, leading to improved
feed conversion ratios and accelerated development rates 22,
These genetic improvements maintain normal physiological
parameters while optimizing resource utilization for muscle
growth and development.

The targeted enhancement of IGF-1 (insulin-like growth
factor-1) expression through CRISPR-mediated gene editing
has demonstrated sustained growth improvements
throughout the production cycle 3. Modified carp lines
exhibit enhanced protein synthesis rates and improved
muscle fiber development, contributing to superior growth
performance and product quality.

Feed Utilization Efficiency

CRISPR-Cas9 modifications targeting digestive enzyme
genes have improved feed conversion efficiency in multiple
carp species ?. Enhanced expression of amylase, protease,
and lipase genes has increased nutrient digestibility and
absorption rates, reducing feed requirements while
maintaining optimal growth performance.

Modifications to appetite regulation genes have optimized
feeding behavior and feed intake patterns, contributing to
improved production efficiency and reduced feed waste 21,
These genetic improvements align with sustainability
objectives by reducing the environmental impact of
aquaculture  operations through enhanced resource
utilization.

Environmental Stress Tolerance

Temperature Tolerance

Climate change and seasonal temperature variations pose
significant challenges for carp aquaculture systems
worldwide. CRISPR-Cas9 maodifications targeting cold-
shock proteins and heat-shock proteins have enhanced
temperature tolerance in multiple carp species, extending
production seasons and geographical cultivation ranges.
Successful knockout of temperature-sensitive genes has
improved survival rates during extreme temperature events,
with genetically modified grass carp demonstrating 60%
higher survival rates during winter stress conditions
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compared to wild-type populations. These improvements
enable year-round production in previously unsuitable
climatic conditions.

Hypoxia and Water Quality Tolerance

Modifications to hemoglobin genes and oxygen transport
mechanisms have enhanced hypoxia tolerance in intensive
aquaculture systems. CRISPR-Cas9 edited carp lines
demonstrate improved survival and growth performance
under low dissolved oxygen conditions, supporting higher
stocking densities and intensive production systems.
Enhanced expression of antioxidant enzyme genes through
gene editing has improved resistance to oxidative stress
caused by poor water quality conditions. These modifications
contribute to improved fish health and performance in
challenging aquaculture environments.

Regulatory and Ethical Considerations

Safety Assessment and Approval

The development of genetically modified carp requires
comprehensive safety assessments and regulatory approval
processes that vary significantly across different countries
and regions. Extensive studies examining environmental
impact, food safety, and genetic stability are essential
components of the approval process for commercialization.
Risk assessment protocols must evaluate potential ecological
impacts, including gene flow to wild populations and effects
on ecosystem dynamics. Containment strategies and
monitoring systems are crucial for preventing unintended
environmental release of genetically modified organisms.

Public Acceptance and Consumer Perception

Consumer acceptance of genetically modified fish products
remains variable across different markets and cultural
contexts. Educational initiatives highlighting the safety,
benefits, and regulatory oversight of gene-edited aquaculture
products are essential for building public confidence and
market acceptance.

Transparent labeling and traceability systems enable
informed consumer choice while supporting market
development for genetically improved carp products.
Industry collaboration with regulatory agencies and
consumer advocacy groups facilitates  responsible
commercialization of gene-edited aquaculture products.

Future Perspectives and Challenges

Technological Advances

Future developments in CRISPR-Cas9 technology will likely
focus on improving precision, reducing off-target effects, and
enabling more complex genetic modifications. Advanced
editing systems, including prime editing and base editing,
offer enhanced capabilities for precise genetic modifications
without generating double-strand breaks.

The development of multiplexed gene editing approaches
will enable simultaneous modification of multiple traits,
accelerating the development of improved carp strains with
enhanced disease resistance, growth performance, and
environmental tolerance.

Commercial Implementation

The successful commercialization of CRISPR-edited carp
requires continued collaboration between research
institutions, aquaculture industry stakeholders, and
regulatory agencies. Standardized protocols for genetic
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modification, safety assessment, and production monitoring
will facilitate widespread adoption of gene editing
technologies.

Economic analyses indicate that genetically improved carp
strains can provide substantial benefits to producers through
improved production efficiency, reduced disease losses, and
enhanced product quality. These advantages support
investment in gene editing research and development while
promoting sustainable aquaculture intensification.

Conclusion

The application of CRISPR-Cas9 gene editing technology
represents a transformative advancement in carp aquaculture,
offering unprecedented opportunities for rapid and precise
genetic improvement. Successful applications in disease
resistance, growth enhancement, and environmental stress
tolerance demonstrate the significant potential of this
technology for addressing critical challenges in inland
aquaculture.

The precision and efficiency of CRISPR-Cas9 enable
targeted genetic modifications that would be impossible or
extremely time-consuming through conventional breeding
approaches. These capabilities support the development of
superior carp strains that meet evolving market demands
while addressing sustainability challenges related to climate
change and resource limitations.

Continued research and development in CRISPR-Cas9
applications will drive further innovations in aquaculture
genetics, enabling more sophisticated approaches to genetic
improvement and breed development. The successful
integration of gene editing technologies into commercial
aquaculture systems will play a crucial role in meeting
growing global demand for sustainable freshwater fish
products.

The future of carp aquaculture will be increasingly defined
by the strategic application of genetic technologies that
enhance productivity, sustainability, and resilience. CRISPR-
Cas9 represents the cornerstone of this transformation,
offering tools and capabilities that will shape the next
generation of inland aquaculture systems.
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