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Article Info Abstract
The CRISPR-Cas9 system has emerged as a transformative technology in genetic

engineering, enabling precise and efficient genome editing across a wide range of
model organisms. This comprehensive review provides an in-depth examination of
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1. Introduction

1.1 The CRISPR-Cas9 Revolution

The development of the CRISPR-Cas9 system has revolutionized genetic engineering since its first demonstration as a
programmable genome editing tool in 2012 (Jinek et al., 2012). Derived from an adaptive immune mechanism in bacteria and
archaea, this RNA-guided endonuclease system offers unprecedented precision, efficiency, and versatility in genetic
manipulation. Unlike previous genome editing technologies such as zinc finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs), CRISPR-Cas9 requires only the redesign of the guide RNA sequence to target new genomic
loci, dramatically simplifying experimental workflows (Cong ef al., 2013).

1.2 Importance of Model Organisms

Model organisms serve as indispensable tools in biological research, enabling studies of gene function, developmental processes,
and disease mechanisms in systems that are often more experimentally tractable than humans. Each major model organism offers
unique advantages: mice for mammalian physiology and disease modeling, fruit flies for genetic screens and neurobiology,
zebrafish for developmental studies and high-throughput drug screening, nematodes for neurobiology and aging research, and
plants for agricultural biotechnology (Khan, 2020). The application of CRISPR-Cas9 in these organisms has accelerated research
across all areas of biology.
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1.3 Review Scope and Organization

This review provides a comprehensive analysis of CRISPR-
Cas9 applications in five key model organisms, organized
into six main sections. Following this introduction, we detail
the molecular mechanisms of CRISPR-Cas9 editing. Section
3 presents organism-specific applications and optimization
strategies. Section 4 examines advanced CRISPR techniques,
while Section 5 analyzes current challenges and solutions.
We conclude with future perspectives in Section 6.

2. CRISPR-Cas9 Mechanism and Components

2.1 Molecular Architecture

The CRISPR-Cas9 system consists of two core components:
the Cas9 endonuclease and a single guide RNA (sgRNA).
The sgRNA combines the targeting function of the CRISPR
RNA (crRNA) with the structural role of the trans-activating
CRISPR RNA (tracrRNA) into a single molecule (Jinek et
al., 2012). The Cas9 protein contains two nuclease domains:
RuvC and HNH, which cleave the non-target and target DNA
strands respectively, creating blunt-ended double-strand
breaks (DSBs) approximately 3-4 nucleotides upstream of the
protospacer adjacent motif (PAM) (Anders et al., 2014).

2.2 DNA Repair Pathways
Cells respond to CRISPR-induced DSBs through two major
repair pathways:

2.2.1 Non-homologous End Joining (NHEJ)

The dominant repair pathway in most cells, NHEJ frequently
results in small insertions or deletions (indels) that can disrupt
gene function. This pathway is particularly efficient for
generating knockout models (Mali et al., 2013).

2.2.2 Homology-Directed Repair (HDR)

HDR uses a donor template for precise repair, enabling
knock-in of specific sequences. While less efficient than
NHEJ, HDR is essential for precise genome engineering
(Yang et al., 2013).

2.3 PAM Requirements

The PAM sequence (5'-NGG-3' for Streptococcus pyogenes
Cas9) represents a critical constraint on targeting. Recent
engineering efforts have developed Cas9 variants with altered
PAM specificities, including xCas9 (5'-NG, GAA, or GAT-
3" and SpCas9-NG (5'-NG-3"), significantly expanding the
targetable genomic space (Hu ef al., 2018; Nishimasu et al.,
2018).

3. Applications in Model Organisms

3.1 Mice (Mus musculus)

3.1.1 Germline Editing

CRISPR-Cas9 has dramatically simplified the generation of
transgenic mice. Direct injection of Cas9 mRNA and
sgRNAs into zygotes can produce founders with desired
modifications in 10-60% of cases, compared to 1-5% with
traditional ES cell methods (Wang et al., 2013). This
approach has been used to create models of human diseases
including Duchenne muscular dystrophy (Long ef al., 2014)
and autism spectrum disorders (Satterstrom et al., 2020).

3.1.2 Conditional Knockouts
Combining CRISPR with the Cre-loxP system enables tissue-
specific gene knockout. Recent advances allow simultaneous

introduction of loxP sites and conditional alleles in a single
step (Yang et al., 2014).

3.2 Fruit Flies (Drosophila melanogaster)

3.2.1 Germline Transformation

CRISPR editing in Drosophila typically involves injection of
Cas9 protein and sgRNAs into embryos. This approach
achieves germline transmission rates of 50-90% for single
gene knockouts (Gratz et al., 2014).

3.2.2 Behavioral Genetics

CRISPR has enabled precise dissection of neural circuits
underlying behavior. For example, targeted mutagenesis of
the fruitless gene has revealed its role in male courtship
behavior (Keleman et al., 2012).

3.3 Zebrafish (Danio rerio)

3.3.1 High-Efficiency Mutagenesis

Direct injection into one-cell stage embryos produces mosaic
founders (FO) with germline transmission rates up to 90%.
This approach has been used to study cardiac development
through tbx5 knockout (Shah et al., 2015).

3.3.2 Tissue-Specific Editing

Recent developments in tissue-specific promoters and
inducible systems allow spatial and temporal control of gene
editing (Ablain ef al., 2015).

3.4 Nematodes (Caenorhabditis elegans)

3.4.1 Ribonucleoprotein Delivery

Direct injection of Cas9-sgRNA ribonucleoprotein
complexes achieves high-efficiency editing, with some
reports of 100% mutagenesis in F1 progeny (Paix et al.,
2015).

3.4.2 Neuronal Function Analysis

CRISPR has enabled precise manipulation of neuronal genes,
such as unc-119, to study nervous system development and
function (Dickinson ef al., 2015).

3.5 Plants (Arabidopsis thaliana)

3.5.1 Multiplex Editing

CRISPR allows simultaneous targeting of multiple genes,
enabling studies of gene families and redundant pathways (Li
etal.,2017).

3.5.2 Heritable Mutations

Egg-cell-specific Cas9 expression produces non-mosaic
mutants in the first generation, significantly accelerating
plant genome engineering (Wang et al., 2015).

4. Advanced CRISPR Techniques

4.1 Base Editing

DNA base editors enable precise single-nucleotide changes
without DSBs. Cytosine base editors (CBEs) mediate C—T
conversions, while adenine base editors (ABEs) convert
A—G (Komor et al., 2016; Gaudelli et al., 2017).

4.2 Prime Editing

The prime editing system (PE2/PE3) uses a Cas9 nickase-
reverse transcriptase fusion and pegRNA to perform all 12
possible base substitutions, as well as small insertions and
deletions (Anzalone ef al., 2019).

8|Page


http://www.bioresearchjournal.com/

International Journal of Biological and Biomedical Research Vol. 1, Iss. 1, pp. 07-10 Jan-Feb 2025 www.bioresearchjournal.com

4.3 CRISPR Interference/Activation

Catalytically dead Cas9 (dCas9) fused to repressors (KRAB)
or activators (VPR) enables precise transcriptional control
without DNA cleavage (Gilbert et al., 2014).

5. Challenges and Solutions

5.1 Off-Target Effects

Off-target activity remains a significant concern. Solutions
include:

High-fidelity Cas9 variants (eSpCas9, HiFi Cas9)
(Slaymaker et al., 2016)

Improved sgRNA design algorithms (Doench et al.,
2016)

Chemical modifications to enhance specificity (Ryan et
al., 2018)

5.2 Delivery Challenges
Organism-specific delivery optimization:

Mice: Electroporation for embryos (Hashimoto &
Takemoto, 2015)

Zebrafish: Gold nanoparticle conjugates (Chen et al.,
2016)

Plants: Viral vectors for hard-to-transform species (Ali
etal., 2015)

6. Future Perspectives
6.1 Emerging Technologies

CRISPR-Cas12/13 for RNA targeting
Epigenome editing tools
In vivo delivery systems

6.2 Computational Integration

|

Machine learning for sgRNA design
Single-cell CRISPR screening
Multi-omics analysis of editing outcomes
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