Journal of Advanced Zoology

e ISSN: 0253-7214
Volume 47 Issue 1 Year 2026 Page 26-38

CRISPR and Genetic Engineering in Zoology: Novel Approaches for Wildlife
Conservation and Ecological Restoration

Swati Soren', Kimaya Sethi?, Vijay Kumar®*, Darshan Ambiga*, Iram Fatima’, Jagjeet Singh**,
AnKkita Singh*¢, Narotam Sharma*’, Ajay Singh?,

'Department of Zoology, Jamshedpur Co-Operative College, Jamshedpur, Jharkhand, India
2Amrita School of Biotechnology, Amrita Vishwa Vidyapeetham, Kollam, Kerala, India
3 Saini Clinical Path Laboratory, Saini Heart Care Centre, Fatehabad, Haryana, India
4 *CRIS DNA Labs - Centre for Research and Innovative Scientific Studies, East Hope Town, Dehradun,
Uttarakhand, India
’Department of Zoology, Netaji Subhas University, Jamshedpur, Jharkhand, India
*Uttaranchal Institute of Technology, Uttaranchal University, Dehradun, Uttarakhand, India

7 Department of Chemistry, Uttaranchal Institute of Technology, Uttaranchal University, Dehradun,
Uttarakhand, India

8School of Applied and Life Sciences (SALS), Uttaranchal University, Dehradun, Uttarakhand, India

Abstract

The Sixth Mass Extinction represents a profound biological crisis characterized
by accelerated vertebrate population declines and the pervasive erosion of genetic
diversity. Traditional conservation strategies, while essential, often fail to
mitigate the mutational meltdown and loss of adaptive plasticity inherent in
fragmented populations. This review examines the transformative shift in
zoology from passive preservation to active genetic intervention facilitated by
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
technology. We provide a comprehensive analysis of the molecular toolkit
spanning traditional CRISPR-Cas9 to high precision base and prime editing and
its diverse applications in wildlife conservation. Key themes include genetic
rescue through the introduction of rare alleles, as exemplified by the Florida
panther, and assisted evolution in climate vulnerable taxa such as scleractinian
corals. Furthermore, we explore the potent role of RNA guided gene drives in
eradicating invasive species and suppressing disease vectors, alongside the
provocative science of de-extinction aimed at restoring ecological functions via
proxy species like the woolly mammoth. A critical focus is placed on the
technical and biological hurdles of evolutionary resistance, which threatens the
long-term efficacy of these interventions. Finally, we synthesize the ethical, legal,
and social frameworks necessary to navigate the wicked problems of synthetic
biology. We conclude that while CRISPR offers an unprecedented lifeline for
biodiversity, its success depends on the integration of rigorous ecological
modelling, transboundary governance, and a commitment to procedural
CC License environmental justice.
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1. Introduction

The modern era is defined by what many ecologists term the sixth mass extinction, a biological annihilation
characterized by an unprecedented acceleration in vertebrate population losses and declines [1]. Unlike
previous extinction events driven by asteroid impacts or volcanic activity, the current crisis is fundamentally
anthropogenic. Global biodiversity is currently experiencing a collapse in species richness and abundance,
with extinction rates estimated to be hundreds of times higher than the natural background rate [3]. This
biodiversity crisis is not merely a loss of species count but a fundamental erosion of the complex ecological
interactions that sustain life on Earth [1, 20].

Historically, conservation efforts have relied on a defensive posture. Strategies such as habitat preservation,
the establishment of protected areas, and the mitigation of direct threats like poaching or pollution have been
the pillars of wildlife management [3, 20]. While these measures remain essential, they are increasingly
insufficient in the face of rapid environmental shifts. Traditional methods often fail to address genetic erosion,
a silent threat that occurs in fragmented and isolated populations [53]. When a population is reduced to a small
number of individuals, it undergoes a genetic bottleneck that limits its adaptive potential. These isolated groups
frequently face a mutational meltdown, a process where the accumulation of deleterious alleles and the loss of
heterozygosity lead to a downward spiral toward extinction vortices [12, 66].

The biological reality of the 21st century suggests that many species can no longer survive through habitat
protection alone. The loss of genetic diversity means that even if a habitat is restored, the remaining individuals
may lack the phenotypic plasticity to survive emerging threats, such as novel pathogens or climate-induced
thermal stress [55, 66]. This realization has prompted a paradigm shift in zoology, a move from passive
preservation toward assisted evolution and genetic rescue [9, 56].

Genetic rescue, defined as the introduction of adaptive genetic variation into a population to reduce extinction
risk, has historically been achieved through the translocation of individuals [9]. A classic example is the genetic
restoration of the Florida panther, where the introduction of outbred pumas from Texas successfully reversed
the effects of inbreeding depression [52, 54]. However, translocation is often hindered by logistical constraints,
the risk of disease transmission, and the limited availability of genetically compatible donors [10, 81].

Enter the era of synthetic biology and the emergence of CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) technology. What began as an exploration of bacterial immune systems has rapidly
transitioned into the most versatile toolkit in the history of genome engineering [2]. CRISPR-Cas9 and its
derivatives including Cpfl1, base editors, and prime editors have revolutionized our ability to manipulate the
blueprint of life with surgical precision [4, 6, 7]. For the first time, researchers can envision a future where
endangered species are not just shielded from their environment but are actively engineered to withstand it [22,
65].

This review explores the novel approaches CRISPR technology offers to zoology and wildlife conservation.
We examine how active genetics can be used to combat devastating panzootics like the chytrid fungus in
amphibians [13, 14], eradicate invasive species through highly specific gene drives [15, 17], and even attempt
the functional resurrection of extinct species to restore lost ecological niches [21, 24]. However, as we stand
at the dawn of this genetic revolution, we must also navigate a wicked landscape of ethical dilemmas,
evolutionary resistance, and the urgent need for international governance [62, 80, 89]. By integrating molecular
biology with ecological theory, this paper provides a comprehensive analysis of how CRISPR and genetic
engineering may serve as the ultimate, albeit controversial, cornerstone for 21st-century conservation.

2. The Molecular Toolkit: Precision in the Wild

The foundation of this revolution lies in the RNA-guided Cas9 endonuclease, which enables site-specific
double-stranded breaks in DNA [2]. However, the requirements for wildlife conservation often demand higher
precision than early CRISPR systems could provide. The discovery of alternative enzymes like Cpf1 (Cas12a)
offered different cutting profiles and simpler guide RNA requirements, expanding the targetable range of the
genome [7]. Furthermore, for diagnostic purposes in the field, CRISPR-Casl3a has been developed as a
sensitive tool for detecting specific nucleic acid sequences, potentially allowing for rapid, in-situ detection of
wildlife pathogens [8].

Available online at: https://jazindia.com

27



Journal Of Advanced Zoology

Editing adaptive wildlife genes

L DEEE

Replacing deleterious
mutations

Adaptive wildlife gene Donor DNA Introducing adaptive
Introducing @G> ~~--~"""" """ > - ---» wildlife alleles

Figure 1: Molecular mechanism of CRISPR-Cas9-mediated genome editing in wildlife conservation.

Advancements in Base Editing and Prime Editing have further refined this toolkit. Base editors allow for the
conversion of one target DNA base into another without requiring double-stranded breaks, significantly
reducing the risk of unintended insertions or deletions [4, 5]. Prime editing, often described as a search-and-
replace tool, offers even greater flexibility, permitting targeted insertions, deletions, and all 12 possible base-
to-base conversions [6]. For conservationists, this means the ability to repair specific broken alleles in a
population or introduce heat-tolerance genes in reef-building corals with surgical accuracy [57].

Table 1: Comparison of CRISPR Systems for Zoological Applications

Tool Primary Mechanism Conservation Application Key Reference
CRISPR-Cas9 | Double-strand break | General genome engineering / Gene drives [2]
CRISPR-Cpfl | Single RNA-guided cut Editing in AT-rich regions [7]

Base Editors | Single base conversion | Targeted repair of deleterious mutations [4, 5]
Prime Editing Search-and-replace Precise insertion of adaptive traits [6]
Casl3a RNA-targeting Pathogen detection (e.g., Chytrid, Zika) [8]

3. Genetic Rescue and Restoration

The concept of genetic rescue involves the introduction of adaptive genetic variation into small, inbred
populations to reduce the risk of extinction [9]. In the 21st century, this has evolved from simple translocation
of individuals to a sophisticated roadmap for genetic restoration that utilizes gene pools and gene flow to
bolster population resilience [ 10]. Historically, the most cited success of genetic rescue is the case of the Florida
panther (Puma concolor coryi). The population suffered from extreme genetic depletion and demographic
reduction, leading to high frequencies of cryptorchidism and heart defects [53]. The introduction of eight
female pumas from Texas in 1995 resulted in a dramatic increase in genetic diversity and population numbers,
demonstrating that even a modest influx of new alleles can reverse the trajectory of a species on the brink of
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collapse [52, 54].

However, traditional translocation is not always feasible or sufficient. CRISPR technology offers a path toward
assisted evolution, particularly in ecosystems rapidly degrading due to climate change. Reef-building corals,
for instance, are highly sensitive to elevated ocean temperatures [55]. By using CRISPR-Cas9 to edit genes in
coral larvae, researchers are identifying the molecular processes underlying thermal tolerance [57]. This
approach allows for the development of climate-hardened corals that can be used for reef restoration [56].
Similar logic is being applied to avian species. Researchers have successfully modified avian primordial germ
cells and generated gene-edited birds, such as chickens, providing a template for introducing disease resistance
or environmental adaptations into endangered bird populations [58, 59]. To deliver these edits efficiently in
adult organisms, engineered adeno-associated viruses (AAVs) are being developed for widespread gene
transfer to complex systems, including the central nervous system, which could be vital for treating
neurological diseases in rare captive wildlife [60, 61].

4. Combating Disease and Panzootics

Disease remains one of the most potent drivers of wildlife decline. The amphibian fungal panzootic, caused by
the chytrid fungus Batrachochytrium dendrobatidis, has caused catastrophic losses of biodiversity globally
[13]. Traditional mitigation strategies have largely failed, leading scientists to propose genome editing as a
method to protect amphibians [14]. By targeting specific susceptibility genes or enhancing the skin's
antimicrobial peptide production via CRISPR, it may be possible to create resistant populations [67].

This gene tweaking for conservation is not limited to amphibians [65]. Synthetic biology is being explored as
a wicked solution to wicked problems such as avian malaria and other invasive-borne pathogens [62, 63]. In
the context of small populations, the evolutionary genomics of these species often make them more susceptible
to rapid disease spread due to a lack of MHC (Major Histocompatibility Complex) diversity [66]. By using
CRISPR to insert synthetic resistance genes similar to how researchers engineered resistance to the Zika virus
in mosquitoes, scientists could theoretically immunize an entire species through a single intervention [72].

5. Gene Drives: Engineering Whole Populations

While individual gene editing is powerful, it is limited by Mendelian inheritance; an edited trait only has a
50% chance of being passed to the next generation. CRISPR based gene drives bypass this rule, ensuring that
a specific genetic trait is inherited by nearly all offspring, allowing it to spread rapidly through a wild
population [15, 75]. The concept of selfish genes as tools for population control was first theorized by Austin
Burt in 2003 [16]. Today, CRISPR has made this a reality.

5.1. Population Suppression and Eradication

The primary application of gene drives in zoology is the eradication of invasive species and disease vectors.
In island ecosystems, invasive rodents are a primary cause of bird extinctions. The next generation of rodent
eradication involves gene drives designed to induce infertility or male-biased sex ratios [17, 19, 69]. Similarly,
in the fight against malaria, researchers have developed CRISPR-Cas9 drives targeting the doublesex gene in
Anopheles gambiae mosquitoes, causing complete population suppression in caged trials [18, 35].

5.2.Safety and Confinement

The potential for a gene drive to spread uncontrollably across global borders has necessitated the development
of confinable and reversible systems [42, 64]. Strategies such as underdominance or cleave-and-rescue are
being modelled to ensure that gene drives remain localized to specific geographical areas, such as islands [38,
40, 43]. To safeguard against unintended ecological consequences, researchers are also developing reversal
drives that can overwrite or neutralize an active drive if negative impacts are detected [48, 76].

5.3.De-Extinction and Pleistocene Rewilding
Perhaps the most provocative application of CRISPR in zoology is the prospect of de-extinction the

resurrection of extinct species or their functional equivalents. As outlined by Beth Shapiro, de-extinction is not
merely about cloning a mammoth but involves a complex scientific journey from ancient DNA sequencing to
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the engineering of proxy species [21, 26]. The blueprint for this process often begins with the comparison of
extinct genomes to their closest living relatives. For example, genomic analysis of elephantids has revealed the
specific molecular bases of woolly mammoth adaptations to the Arctic, such as changes in lipid metabolism
and hair growth [23].

CRISPR-Cas9 serves as the primary tool for editing the future of life by allowing scientists to swap these
mammoth specific alleles into the genome of the Asian elephant [22]. The ultimate goal is not just the creation
of a biological curiosity, but ecological restoration. The Pleistocene Park hypothesis suggests that returning
large herbivores to the Arctic tundra could restore the mammoth steppe ecosystem, helping to sequester carbon
and mitigate permafrost melt [24]. This process requires a rigorous ten step framework, ranging from selecting
candidate species to the eventual wild release and monitoring of the restored species [25]. However, the revival
of long-extinct species raises profound ethical questions: does the benefit of ecological restoration outweigh
the potential suffering of the engineered animals or the disruption of current ecosystems [27, 80]?

6. The Evolutionary Arms Race: Resistance and Dynamics

A significant barrier to the long-term success of CRISPR interventions in the wild is the inevitability of
evolution. When a gene drive or genetic edit imposes a high fitness cost such as population suppression natural
selection favors individuals who develop resistance [50].

6.1. Mechanisms of Resistance

Resistance to CRISPR-Cas9 gene drives typically arises through the very mechanism the tool uses: non-
homologous end joining (NHEJ). When the Cas9 enzyme cuts the target DNA, the cell may repair the break
using NHEJ instead of the desired homology-directed repair (HDR). This often results in r1 (functional) or r2
(non-functional) mutations at the target site that are no longer recognizable by the guide RNA [41, 46]. Studies
have shown that the evolution of resistance can happen rapidly, potentially causing a drive to fail within just a
few generations [36, 44].

6.2. Modelling and Mitigating Resistance

To combeat this, researchers are using mathematical modelling to define intervention thresholds [73]. Strategies
include using multiplexing (targeting multiple sites in the same gene) or focusing on locally fixed alleles to
confine a drive to specific island populations [85]. Furthermore, understanding the population structure and
the invasive nature of current CRISPR drives is essential; models suggest that even a drive with a low spillover
rate could eventually spread globally if not strictly controlled [42, 47]. Some novel approaches, such as
symbiont-mediated gene drive in insects, offer a way to manipulate populations through their internal
microbiomes rather than their germline, potentially slowing the evolution of resistance [79].

6.3. Governance, Ethics, and the Nagoya Protocol

As we move from the lab to the field, the wicked problems of synthetic biology require a robust regulatory
framework [62]. The National Academies of Sciences, Engineering, and Medicine have emphasized that
advancing gene drive science must happen alongside the navigation of uncertainty and alignment with public
values [20, 71].

The legal framework for wildlife conservation was not built for living technologies like CRISPR [32].
Regulating gene drives is particularly challenging because they do not respect international borders [28]. There
are calls for procedural environmental justice, ensuring that the communities most affected by these
technologies particularly on islands or in developing nations have a seat at the decision-making table [31, 33].
Furthermore, international agreements like the Nagoya Protocol must be re-evaluated to address how digital
sequence information and gene-edited organisms are shared globally [89].

6.4.Indigenous Rights and Social Engagement

Effective conservation requires knowledge engagement, particularly with Indigenous peoples who hold
sovereignty over the lands where gene drives might be deployed [34, 83]. The ecological and ethical landscapes
of these interventions are as complex as the biology itself [80]. Without public trust and a clear framework for
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evaluation, even the most technically sound genetic rescue project may fail due to social opposition [84].
7. The Ecological Stability Argument

The impact of gene drives on ecological stability is a burgeoning area of study. If a gene drive successfully
suppresses a population of an invasive species, what fills the resulting ecological niche [51]? Some argue that
the dawn of active genetics allows for a more surgical approach than traditional pesticides or broad-scale
culling [88]. For example, Y-chromosome shredding gene drives in vertebrates could provide a way to control
pest populations by ensuring only male offspring are born, leading to a gradual and controlled population
decline [43].

To ensure these tools remain safe, genome resource banks are being used to preserve the original genetic
diversity of species before any wide-scale editing occurs [86]. This allows for a undo button in the event of
unforeseen ecological consequences. Additionally, the development of lipid nanoparticle delivery systems for
CRISPR-Cas9 allows for robust in vivo editing without the need for permanent germline changes in some
contexts, providing a temporary genetic bandage for individual animals in distress [87].

Table 2: Risks and Mitigation Strategies in CRISPR Conservation

Risk Specific Threat Mitigation Strategy Reference
Category
Evolutionary Drive resistance (NHEJ Multiplexed gRNAs; targeting highly [41, 46]
mutations) conserved sites
Ecological Niche displacement/Off-target Reversal drives; ecological modelling [48, 51]
effects
Social Lack of public consent Community engagement; transparency [33, 34]
protocols
Legal Transboundary spread International governance; Nagoya Protocol [28, 89]
compliance
Technical Mutational meltdown in small Genetic rescue via rare allele introduction [12, 81]
groups

8. Mechanisms of Inheritance Distortion

The transition from Mendelian genetics to active genetics represents a paradigm shift in zoological
management [88]. To understand why CRISPR-based gene drives are considered a silver bullet by some and
a global threat by others, we must examine the specific genetic architectures being developed [64].

8.1. Homing Drives and the Selfish Architecture

At its core, a homing drive works by converting a heterozygote into a homozygote. When the CRISPR
machinery encoded within the organism's own genome cuts the homologous wild-type chromosome, the cell
uses the drive-containing chromosome as a repair template through homology-directed repair (HDR). This
ensures that nearly 100% of progeny inherit the drive [15, 70]. This selfish genetic behavior is not entirely
synthetic it mimics natural selfish genetic elements that have influenced evolutionary innovation for millennia
[50, 75].

8.2. Cleave-and-Rescue (CIVR) Systems

As an alternative to homing drives, Cleave-and-Rescue (CIvR) systems offer a more stable and potentially
confinable method of population manipulation [40]. Unlike homing drives that rely on constant conversion,
CIvR works by cleaving (disrupting) an essential endogenous gene while providing a rescue version of that
gene within the drive itself. Individuals who do not inherit the drive lack the rescue gene and fail to survive or
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reproduce, effectively clearing the wild-type alleles from the population over time [40, 74].
8.3. Underdominance and Bi-stable Systems

For conservationists wary of transboundary spread, engineered underdominance represents a safer threshold-
dependent drive. In these systems, the drive only spreads if it is introduced at a high enough frequency (the
threshold) within a local population [38]. If the frequency falls below this level perhaps due to migration into
an adjacent territory the drive is naturally eliminated by selection. This provides a biological fence, making it
ideal for eradicating invasive rodents on specific islands without risking the mainland populations [17, 78, 85].

9. Detailed Case Study Analysis: Genetic Rescue and Restoration
9.1. The Florida Panther (Puma concolor coryi): A Genomic Turning Point

The genetic restoration of the Florida panther serves as the foundational proof of concept for modern genetic
rescue [52, 54]. By the early 1990s, the population had dwindled to fewer than 30 individuals, exhibiting severe
phenotypic indicators of inbreeding depression, including kinked tails, whorled fur, and a 90% prevalence of
cryptorchidism among males [53]. The introduction of eight female Texas pumas introduced rare alleles that
had been lost in the Florida population [81].

The results were transformative: the hybrid offspring showed a three-fold increase in survival rates compared
to purebred Florida panthers [52]. This case study highlights the rescue of rare alleles as a vital strategy for
fragmented carnivore populations [81]. In the context of CRISPR, this process can now be digitized; rather
than physical translocation, we can theoretically edit the specific deleterious mutations identified in the panther
genome back to their ancestral, functional states.

9.2. Scleractinian Corals and Assisted Evolution

Coral reefs are experiencing a global decline due to thermal stress-induced bleaching [55]. The work of van
Oppen et al. on assisted evolution suggests that we can accelerate natural selection through four main avenues:
stress conditioning, manipulation of the coral microbiome, selective breeding, and direct genetic modification
[56].

Cleves et al. (2018) provided the first successful application of CRISPR-Cas9 in a reef-building coral,
Acropora millepora [57]. By targeting the fibroblast growth factor 1a (fgfla) gene, researchers demonstrated
that CRISPR could effectively disrupt genes in coral larvae. This opens the door to editing heat-shock proteins
or coral-symbiont signalling pathways to create climate-resilient reefs [56, 57].

9.3. Combating the Amphibian Chytrid Crisis

The fungal pathogen Batrachochytrium dendrobatidis (Bd) is responsible for the greatest loss of biodiversity
attributable to a single disease [13]. Traditional conservation such as captive breeding and antifungal treatment
has failed to stop the "annihilation" of over 500 amphibian species [1, 13]. Recent research by Rollins et al.
(2022) and Kosch et al. (2023) has pivoted toward using CRISPR to enhance amphibian immunity [14, 67].
The strategy involves identifying locally fixed alleles in surviving populations that may confer resistance [85].
By using CRISPR to insert these resistance alleles into susceptible populations, we can facilitate evolutionary
rescue [73]. Technical hurdles remain, particularly the delivery of CRISPR components into the yolk-rich eggs
of amphibians, but lessons learned from avian germline editing are currently being applied to bridge this gap
[58, 67].

10. Case Study: Advanced Population Engineering via Gene Drives
10.1. The Anopheles gambiae Doublesex Drive
The most technically successful gene drive to date targets the doublesex (dsx) gene in Anopheles gambiae [18,

35]. The dsx gene is a highly conserved regulator of sex determination. When the CRISPR-Cas9 drive disrupts
the intron 4 exon 5 junction, it prevents the functional splicing of the female-specific dsx transcript.
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In laboratory trials, the drive reached 100% prevalence within 7-11 generations, leading to a complete absence
of egg production and total population collapse [18]. This study proved that targeting ultra-conserved regions
is a viable strategy to bypass the evolutionary dynamics that typically generate resistance [44, 46]. However,
the invasiveness of such a drive remains a primary concern for global governance [42, 68].

10.2. Invasive Rodent Eradication on Islands

Invasive rodents are the primary drivers of extinction for island-endemic birds [17, 19]. Traditional baiting
with anticoagulants is costly and often harms non-target species. CRISPR-based Y-chromosome shredding or
Sry-mediated sex-reversal drives are being developed to create all-male populations [43, 69]. Modelling by
Leitschuh et al. (2018) suggests that an Sry-drive could eradicate a rodent population on an island within 10-
20 generations [19]. To prevent this drive from reaching the mainland, researchers are testing bi-stable systems
where the drive only spreads if it exceeds a 50% frequency, effectively confining the selfish genetic element
to the island ecosystem [38, 40, 70].

10.3. The Science of De-Extinction

The woolly mammoth (Mammuthanus primigenius) serves as the flagship for de-extinction science [21]. This
is not a Jurassic Park scenario of cloning, but a synthetic proxy approach [26]. By comparing the mammoth
genome to the Asian elephant, Lynch et al. (2015) identified 1.4 million variants, focusing on genes like
TRPV3 (temperature sensation), UCP1 (adipose tissue thermogenesis), and those regulating hemoglobin
oxygen affinity at low temperatures [23]. CRISPR-Cas9 allows for the editing of these mammoth-specific
SNPs into elephant cells [22]. The Pleistocene Park project in Siberia aims to host these proxies to restore the
grassland-dominated mammoth steppe, which reflects more solar radiation and keeps the permafrost frozen
[24, 25].

11. The Mathematics of Suppression: Modelling Stability and Risk

The success of these interventions is largely dependent on the ecological stability of the target population [51].
Mathematical models suggest that the intervention threshold the point at which a genetic edit becomes effective
at a population level is influenced by the species' life history, generation time, and the mutational load it can
carry [73]. The theory of resistance to CRISPR-Cas9 suggests that population structure (how a population is
divided geographically) significantly impacts drive spread [47]. In a highly fragmented population, a gene
drive may stall, whereas in a panmictic (randomly mating) population, it could sweep through the entire species
with alarming speed [42, 45]. To mitigate this, some researchers suggest using daisy-chain drives, where the
components of the CRISPR system are split across different loci and eventually run out of fuel, preventing
indefinite spread [68, 69].

In mammals, achieving the super-Mendelian inheritance seen in insects has proven more difficult. However,
studies in mice have shown that CRISPR-Cas9 can mediate high rates of inheritance distortion in the female
germline [77]. This proof of concept in a vertebrate model is a crucial step toward managing invasive rodent
populations that threaten island biodiversity [19, 69]. As the technical feasibility of CRISPR in zoology grows,
the public values and legal frameworks must evolve concurrently [20, 32]. The National Academies of
Sciences, Engineering, and Medicine emphasize that gene drives on the horizon require a new kind of
knowledge engagement that transcends traditional scientific communication [20, 34, 71].

12. Regulatory Assessment and Biosafety

Current biosafety protocols for gene drives are often seen as inadequate because they were designed for
contained GMOs, not organisms intended for release [82, 84]. A framework for evaluation must include not
only the direct fitness effects on the target species but also the indirect effects on the food web [84]. For
example, the removal of an invasive rodent could lead to an explosion in an invasive insect population, a
phenomenon known as mesopredator release [51, 64].

The governance of gene drives is also a matter of international justice. The Nagoya Protocol, which governs
the fair and equitable sharing of benefits arising from genetic resources, faces a crisis of identity when applied
to gene drives [89]. If a gene drive is developed using the genetic data of a species found in one country but
released in another, the legalities of ownership and responsibility become blurred [30, 83]. This necessitates a
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core commitment from the scientific community to maintain transparency and seek international consensus
before any field trials [33].

Table 3: Summary of Technical Strategies for Localized and Safe Genetic Engineerin

Strategy Biological Mechanism Benefit for Conservation Reference
Daisy-chain Split drive components that Prevents global spread; limits impact (68, 69]
Drives degrade over generations to local area. ’
. Frequency-dependent selection oy .
Underdominance quency-cep Naturally stays within the release site. [38]
(fitness low at low freq)
Local Fixed Targeting mutations only present | Provides a "genetic lock" for island- [85]
Alleles in a specific sub-population specific eradication.
Reversal Drives Second driye designed to Provides a "fail-safe" if ecological (48]
"overwrite" the first harm occurs.
. . Engineering the microbi t Easier t trol and potentially 1
Symbiont Drives nglne.erlng ¢ microbiome to a51.er 0 .con rol and potentially less (791
influence the host invasive to the host genome.

13. Conclusion: A New Era for Zoology

The integration of CRISPR and genetic engineering into zoology represents the most significant technological
shift in the history of the field. We have moved from being observers of extinction to active participants in the
genetic survival of species [1, 3, 22]. Whether it is through the genetic rescue of the Florida Panther [52], the
assisted evolution of coral reefs [56], or the de-extinction of the woolly mammoth [21, 23], the tools now exist
to rewrite the biological future.

However, the growing pains of this technology are evident [45]. The evolution of resistance [41], the
unpredictability of selfish genes [16, 50], and the wicked ethical dilemmas of altering natural populations [62,
80] require a cautious and humble approach. The future of wildlife conservation will not be determined by the
precision of our molecular scissors alone, but by our ability to navigate the uncertainty of the natural world
and align our scientific ambitions with public values and procedural justice [20, 31, 33].

As we stand at the dawn of active genetics [88], the goal must remain clear not to replace nature, but to give it
the genetic tools it needs to survive an anthropogenic world. The sixth mass extinction is a human-made crisis
CRISPR may provide a human-made solution.
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