Available: https://doi.org/10.54117/v1dky806

Review article

IPS Journal of Law and Humanities
IPS J. Law Humanit., 1(1): 7-12 (2025)
DOI: https://doi.org/10.54117/v1dky806

The Law and Ethics of Genetic Engineering:
Microbiological Perspectives

Nwakoby, I. P.1, Iheukwumere, I. H.2, Iheukwumere, C. M.3, Nwakoby, N. E.2, Idigo, M. A*
and lke, V. E

!Department of Private and Public Law, Faculty of Law, Chukwuemeka Odumegwu Ojukwu University, Anambra
State, Nigeria.

2Department of Microbiology, Faculty of Natural Sciences, Chukwuemeka Odumegwu Ojukwu University, Anambra
State, Nigeria.

3Department of Applied Microbiology & Brewing, Faculty of Biosciences, Nnamdi Azikiwe University, Awka,
Anambra State, Nigeria.

“Department of Biological Sciences, Faculty of Natural Science, Chukwuemeka Odumegwu Ojukwu University,
Anambra State, Nigeria.

SDepartment of Microbiology, University of Agriculture and Environmental Sciences, Umuagwo, Imo State, Nigeria.

Corresponding authors” emails: ip.nwakoby@coou.edu.ng / ik.iheukwumere@coou.edu.ng

Abstract

Article History

Genetic engineering, particularly through the lens of microbiology, represents one of the most
transformative scientific advancements of the 21st century. Technologies like CRISPR-Cas9
have moved from theoretical concepts to practical tools at an unprecedented pace, outpacing
the development of corresponding legal frameworks and ethical consensus. This review
provides a comprehensive analysis of the intersection between law, ethics, and microbial
genetic engineering. It begins by outlining the fundamental microbiological techniques that
form the basis of the field. It then delves into the core ethical principles—beneficence, non-
maleficence, autonomy, and justice—as they apply to microbial applications in medicine,
agriculture, and industry. The review subsequently examines the current international and
national (primarily U.S. and EU) legal landscapes, highlighting the regulatory gaps and
challenges posed by rapid innovation. Finally, it explores specific contentious issues, including
biosecurity, biocontainment, intellectual property, and environmental release, offering
perspectives on paths toward responsible and equitable governance. The central thesis is that a
proactive, adaptable, and internationally coordinated approach is essential to harness the
benefits of microbial genetic engineering while mitigating its profound risks.
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1.0 INTRODUCTION

The ability to precisely alter the genetic code of living
organisms has fundamentally changed microbiology from a
descriptive science to a synthetic and engineering discipline.
While genetic engineering of plants and animals captures public
attention, its most widespread and foundational applications
occur in the microbial world (Akram et al., 2020). Microbes—
bacteria, archaea, viruses, and fungi—are the workhorses of
biotechnology. Their rapid reproduction rates, genetic
plasticity, and relative simplicity make them ideal candidates
for genetic manipulation (Cello et al., 2002; Iheukwumere et al,
2025a; Iheukwumere et al, 2025b).

The field has evolved rapidly from early recombinant DNA
(rDNA) technology in the 1970s, which sparked the first major
bioethical debates and led to the Asilomar Conference
guidelines (Berg et al., 1975), to the modern era of CRISPR-
Cas9 and synthetic biology. These tools allow scientists to edit
genes with unprecedented precision, efficiency, and cost-
effectiveness, and even to write entirely new genomes from
scratch (Doudna and Charpentier, 2014). This power unlocks
immense potential: engineering bacteria to produce life-saving
drugs and biofuels, designing viruses to target antibiotic-
resistant pathogens (phage therapy), and manipulating
microbial communities (the microbiome) to improve human
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and environmental health (Wang et al., 2016; Akram et al., 2020;
Iheukwumere et al., 2025c; lheukwumere et al, 2025d).

However, this power also generates significant ethical and legal
challenges. The same technology that can create a new vaccine
can, in theory, be misused to engineer a pathogen. The release
of a genetically engineered microbe into the environment could
have unintended ecological consequences. The patenting of
microbial technologies raises questions about equity and
access. This review argues that navigating these challenges
requires a deep understanding of both the microbiological
science itself and the philosophical and legal principles that
must guide its application. The goal is to evaluate the current
state of oversight and propose a framework for responsible
innovation that is as dynamic and robust as the technology it
aims to govern.

20 MICROBIOLOGICAL
GENETIC ENGINEERING
To understand the legal and ethical implications, one must first
grasp the core techniques that enable microbial genetic
engineering.

FOUNDATIONS OF

2.1 Recombinant DNA (rDNA) Technology: The cornerstone
of genetic engineering, rDNA technology involves cutting
DNA from one organism and splicing it into the DNA of a
microbe (like E. coli or yeast). Restriction enzymes act as
molecular scissors, and DNA ligase functions as glue. This
allows microbes to become factories for foreign proteins, such
as human insulin or growth hormone (Cohen et al., 1973e;
Iheukwumere et al, 2025¢). This technology triggered the initial
ethical debates and led to the first NIH guidelines for working
with genetically modified organisms (GMOs).

2.2 CRISPR-Cas9 and Gene Editing: Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) and its
associated protein (Cas9) represent a quantum leap. This
system, adapted from a bacterial immune defense, functions as
a programmable "search-and-replace" tool for DNA. A guide
RNA molecule directs the Cas9 enzyme to a specific DNA
sequence, where it creates a double-strand break. The cell's
repair mechanisms can then be harnessed to disrupt the gene or
insert a new sequence (Doudna and Charpentier, 2014;
Iheukwumere et al, 2025f; Iheukwumere et al, 2025g). In
microbiology, this allows for rapid, precise knockouts, edits,
and gene insertions in a wide range of bacteria and other
microbes, accelerating research and applications.

2.3 Synthetic Biology: Moving beyond editing, synthetic
biology aims to design and construct new biological parts,
devices, and systems. This includes synthesizing minimal
bacterial genomes (e.g., Mycoplasma mycoides JCVI-syn3.0)
to understand the basic requirements for life (Hutchison et al.,
2016; Iheukwumere et al, 2025h; Iheukwumere et al, 2025i)
and reprogramming microbial metabolic pathways to produce
complex chemicals, materials, and fuels from simple
feedstocks.

2.4 Gene Drives: While often discussed in insects, gene drive
technology has microbial parallels. A gene drive is a self-
propagating genetic element that biases inheritance to spread a
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trait rapidly through a population. In microbes, this could be
engineered to alter populations of disease vectors or
environmental contaminants, but it raises extreme concerns
about uncontrollable spread and ecological disruption (Esvelt
et al., 2014; Iheukwumere et al, 2025j; Iheukwumere et al,
2025kK).

These techniques provide the toolbox. The ethical and legal
questions arise from how we choose to use it.

3.0 ETHICAL FRAMEWORKS
MICROBIAL ENGINEERING

The application of genetic engineering to microbes must be
evaluated through established bioethical principles.

APPLIED TO

3.1 Beneficence (Doing Good): The potential benefits are
staggering. Human Health: Engineering microbes to produce
therapeutics (insulin, vaccines, antibodies), develop novel
diagnostics, and perform live probiotic functions (e.g.,
engineered Lactobacillus to deliver cytokines in the gut) (Braat
et al., 2006; Iheukwumere et al, 2025I; Ekechukwu et al.,
2025a).

v Environment: Developing microbes to bioremediate
pollutants (oil spills, heavy metals), capture carbon, or
degrade plastics (Tournier et al., 2020; Ekechukwu et
al., 2025b).

v Industry: Creating sustainable microbial factories for
producing biofuels, bioplastics, and food ingredients,
reducing reliance on petrochemicals and intensive
agriculture.

The ethical imperative of beneficence drives research and
investment in these areas.

3.2 Non-Maleficence (Avoiding Harm): This principle
demands a rigorous assessment of risks.

Unintended Consequences: Could a genetically engineered
microbe evolve unpredictably after release? Could a gene
transfer horizontally to other, potentially pathogenic, species in
the environment (Keese, 2008; Ekechukwu et al., 2025c¢; Dim
et al., 2025a)?

Dual-Use Research of Concern (DURC): This refers to research
with a legitimate scientific purpose that could also be misused
for harm. The quintessential example is the gain-of-function
(GOF) research on pathogens, such as engineering avian
influenza viruses to become more transmissible in mammals
(Imai et al., 2012; Dim et al., 2025b). While intended to
improve pandemic preparedness, such research could
accidentally escape or be deliberately weaponized.

The balance between beneficence and non-maleficence is the
central tension in the governance of this field.

3.3 Autonomy and Informed Consent: This principle, central
to human subjects research, takes on a different dimension in
microbiology. It does not apply to the microbes themselves but
to the populations affected by their use.

Environmental Release: Does the public have a right to consent
to the open-air release of GE microbes? This is a question of
environmental ethics and democratic governance (Thompson,
2007; Dimet al., 2025c; lke et al., 2025a).
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Microbiome Engineering: As we learn to manipulate the human
microbiome, questions arise about the long-term effects and the
right to be informed about these novel interventions. Is the
microbiome a part of the "self" that deserves protection (Ike et
al., 2025b; Ike et al., 2025c)?

3.4 Justice and Equity: The distribution of benefits and
burdens must be fair.

v Access and Affordability: Will life-saving therapies
produced by engineered microbes be accessible only
to wealthy nations and individuals? Patenting and
licensing practices can create significant barriers
(WHO, 2022).

v Global Disparities: Research and development are
concentrated in the Global North, while applications
for neglected tropical diseases or crops vital to the
Global South may be underfunded. This raises
concerns of "biopiracy" where resources or knowledge
from one region are exploited for profit elsewhere
without fair benefit-sharing (CBD, 1992).

v’ Laboratory Safety: The burden of risk often falls on
laboratory workers and surrounding communities in
the event of an accident. Robust biosafety protocols
are a matter of justice.

These ethical principles provide the philosophical foundation
upon which laws and regulations should be built.

4.0 THE LEGAL AND REGULATORY LANDSCAPE
The law struggles to keep pace with scientific innovation.
Regulations are often reactive, triggered by public concern or a
specific event, rather than proactive.

4.1 The International Frameworks: There is no single,
comprehensive international treaty governing genetic
engineering. Instead, a patchwork of agreements exists:

v' The Cartagena Protocol on Biosafety (2000): A
supplementary agreement to the Convention on
Biological Diversity (CBD). It focuses primarily on
the transboundary movement of Living Modified
Organisms (LMOs) and operates under the
"precautionary principle,” allowing countries to
restrict imports based on potential risk even in the
absence of scientific certainty. It applies to microbes
intended for direct release into the environment
(SCBD, 2000).

v The Biological Weapons Convention (BWC, 1972):
Prohibits the development, production, and
stockpiling of biological and toxin weapons.
However, it lacks a robust verification regime, making
it difficult to monitor compliance, especially with
dual-use technologies that are becoming increasingly
accessible (BWC, 1972).

v' World Health Organization (WHO) Guidelines: The
WHO provides non-binding guidance on topics like
biosafety, biosecurity, and the governance of human
genome editing (WHO, 2021). These serve as
important soft law instruments.
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4.2 The United States Regulatory Approach: The U.S.
employs a "coordinated framework” involving three main
agencies, governed by statutes written decades ago.

v Food and Drug Administration (FDA): Regulates GE
microbes used in drugs, vaccines, and food additives
(e.g., pre-market approval for a new biologic drug
produced in a GE cell line).

v Environmental Protection Agency (EPA): Regulates
GE microbes that are pesticides or that are released
into the environment for industrial purposes (e.g., a
GE microbe for bioremediation) under the Toxic
Substances Control Act (TSCA).

v" United States Department of Agriculture (USDA):
Primarily regulates GE plants and animal pathogens;
has less jurisdiction over most microbes.

This framework has been criticized for its gaps, overlaps, and
failure to adequately address new technologies like gene drives
or engineered microbiomes (NASEM, 2017).

4.3 The European Union Regulatory Approach: The EU
takes a more stringent, process-based approach.

v' The Precautionary Principle: This is a cornerstone of
EU regulation. It mandates that if an action or policy
has a suspected risk of causing severe harm to the
public or the environment, in the absence of scientific
consensus, the burden of proof falls on those
advocating for the action.

v The Directive on the Deliberate Release of GMOs
(2001/18/EC):  Provides a strict, centralized
authorization process for the environmental release
and marketing of GMOs, including microbes. The
process is lengthy and requires extensive
environmental risk assessment (European Parliament,
2001).

v The Novel Food Regulation: Governs foods produced
usingg GE  microbes, requiring  pre-market
authorization.

The EU's cautious approach is often seen as a barrier to
innovation by some and a necessary protection by others,
creating significant transatlantic regulatory divergenc

50 KEY CONTROVERSIAL APPLICATIONS AND
CASE STUDIES

5.1 Dual-Use Research and Gain-of-Function (GOF)
Studies: The controversy over GOF research on pathogens like
H5N1 influenza and SARS-like viruses exemplifies the clash
between beneficence and non-maleficence. Proponents argue it
is essential for identifying pandemic threats and developing
countermeasures. Critics argue the risks of accidental release
are unacceptably high and that the same knowledge can be
generated through safer methods (Lipsitch and Galvani, 2014;
Ike et al., 2025d; lke et al., 2025¢). This led to U.S. government
funding pauses and the development of stricter oversight
policies for "enhanced potential pandemic pathogen" (ePPP)
research.

5.2 Environmental Release and Biocontainment: The release
of GE microbes for agriculture (e.g., frost-preventing bacteria)
or bioremediation is a major regulatory hurdle. A key scientific
challenge is developing fail-safe biocontainment strategies.
Early strategies relied on nutrient auxotrophy (making the



https://doi.org/10.54117/v1dky806

Available: https://doi.org/10.54117/v1dky806

microbe dependent on a lab-provided nutrient). Newer, more
robust strategies include:

v Xenobiology: Creating organisms that use synthetic
nucleotides (XNA) not found in nature, making them
unable to exchange genetic material with natural
organisms (Schmidt and Pei, 2011; Ugwu et al.,
2025a; Ugwu et al., 2025b).

v Kill Switches: Engineering genetic circuits that cause
the microbe to self-destruct under specific
environmental conditions or upon completing its task
(Caliando and Voigt, 2015; Amadi et al., 2017).

The effectiveness of these strategies under real-world
conditions is a critical area of research and regulatory scrutiny.

5.3 Biosecurity and Bioterrorism: The democratization of
gene editing technology lowers the barrier to biological misuse.
CRISPR kits can be purchased online, and DNA sequences for
pathogens can be synthesized. This raises profound biosecurity
concerns. Key responses include:

v' Screening by Gene Synthesis Companies: Most
reputable DNA synthesis companies screen orders
against databases of pathogen sequences to prevent the
synthesis of harmful agents (IGSC, 2023; Nwike et al.,
2017; Ekesiobi et al., 2025).

v' Strengthening the BWC: Ongoing discussions focus
on building confidence through transparency, codes of
conduct for scientists, and national implementation
measures.

v Promoting a Culture of Responsibility: Initiatives like
the iGEM competition require teams to consider the
safety, security, and ethical implications of their
synthetic biology projects.

5.4 Intellectual Property (IP) and "Open Science™: The
patent landscape for foundational technologies like CRISPR is
complex and contentious (e.g., the UC Berkeley vs. Broad
Institute patent battle). While patents incentivize innovation by
granting temporary monopolies, they can also stifle research,
increase costs, and create inequities. Alternative models, such
as patent pools and open-source licensing for certain tools, are
being explored to ensure broader access, especially for
humanitarian applications (van Zimmeren et al., 2016).

6.0 GAPS AND FUTURE CHALLENGES FOR
GOVERNANCE

Current regulatory systems are ill-equipped for several
emerging challenges:

v' The Pace of Innovation: The regulatory process is
often slower than the scientific discovery cycle,
creating a perpetual lag.

v DIY Bio and Community Labs: The growth of citizen
science and community biology labs outside
traditional institutional oversight presents new
challenges for ensuring safety and security security
(Garfinkel et al., 2007).

v Engineered Microbiomes: Regulating live
biotherapeutic products (LBPs) that are consortia of
engineered microbes is complex. Are they drugs?
Foods? Something entirely new?

v Horizon Scanning: Regulatory agencies need better
mechanisms to anticipate and prepare for next-
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generation technologies, such as in vivo gene editing
using viral vectors.

7.0 RECOMMENDATIONS FOR A PATH FORWARD
To address these challenges, a multi-faceted approach is
necessary:

1. Adaptive, Tiered Regulation: Move away from a one-
size-fits-all model. Regulations should be based on the
estimated risk of the application, not just the process
used to create it. Low-risk applications should have a
streamlined path, while high-risk ones require intense
scrutiny (NASEM, 2017).

2. International Harmonization: Strengthen international
cooperation and harmonize regulatory standards
where possible to avoid duplication and trade disputes.
This could be facilitated through the WHO or the

OECD.
3. Investment in Safety Science: Dedicate significant
public funding to research into advanced

biocontainment strategies, ecological risk assessment
models, and biosurveillance technologies.

4. Enhanced Transparency and Public Engagement:
Foster ongoing, meaningful public dialogue about
goals, risks, and benefits. Decision-making should not
be left to scientists and regulators alone. Establish
accessible public databases for tracking GE microbe
field trials.

5. Promote Equity: Develop mechanisms, such as tiered
pricing and patent licenses for humanitarian use, to
ensure that the benefits of microbial technologies are
shared globally. Support capacity building in
developing countries.

6. Strengthen Professional Ethics: Integrate rigorous
ethics education into STEM curricula. Promote and
enforce strong codes of conduct within scientific
organizations and journals.

8.0 CONCLUSION

The power to rewrite the code of life, starting with its simplest
microbial forms, carries with it a profound responsibility. The
microbiological perspective on genetic engineering reveals a
field of immense promise for solving humanity's most pressing
problems in health, food, and sustainability. Yet, it also
illuminates a landscape of significant risk, from ecological
disruption to deliberate misuse. The existing legal and ethical
frameworks, born from the earlier debates over recombinant
DNA, are straining under the weight of CRISPR, synthetic
biology, and gene drives. They are often fragmented, outdated,
and reactive. Navigating this new era requires a proactive and
dynamic approach to governance that is as innovative as the
science it seeks to steward. This must be built upon a foundation
of core ethical principles, robust international cooperation,
continuous risk assessment, and inclusive public discourse. The
goal cannot be to halt progress out of fear, nor to charge ahead
blindly out of naivety. The challenge—and the opportunity—is
to build a responsive and resilient system that actively guides
the development and application of microbial genetic
engineering toward the most beneficial and just outcomes for
all of humanity and the planet we share.
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