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Aims and Scope of the Series

“Genetics,” which has been proud of its tradition since Mendel presented his re-
search results in 1865, initially progressed quite slowly due to simple observational
approaches of individuals and groups. However, the discovery of double-strand-
ed DNA by Watson and Crick about 70 years ago triggered rapid progress in life
sciences, including genetics, which was primarily conducted using Escherichia coli
and bacteriophages infecting E. coli. Subsequently, genetics has achieved remark-
able developments, such as understanding genetic disorders, including cancers,
through research on the biogenesis and differentiation of plants and animals.

The two topics of this book series - Human Genetics, and Genomics - will address
important areas of advancement in genetics.

Human Genetics: After fundamental genetics, initially studied with the main goal
of revealing the functions of individual genes and proteins, genetics expanded
from understanding the genetic system itself to understanding many infectious
diseases caused by bacteria and viruses. Consequently, human beings are now over-
coming infectious diseases by developing medicinal chemicals, including antibiot-
ics and vaccines. However, genetic disorders remain challenging to cure up to now.
Nevertheless, even the cure for them, including various cancers, is coming closer
to reality due to the rapid progress of human genetics. In this way, the welfare of
human life continues to improve, and even longevity, which was once a dream, has
been achieved to some extent in recent years.

Genomics: On the other hand, the understanding of the comprehensive interrela-
tionship of whole genes or whole proteins functioning in one organism has become
possible now, as research has entered the era of genomics, owing to the rapid prog-
ress of base sequence analysis and bioinformatics. The development of genomics
has further made it possible to understand the evolutionary processes of organisms
through comparative studies among the genomes of many organisms.

This book series will discuss the findings obtained during the advancement of
human genetics and genomics. It is also expected that this series will trigger the
formation of a better world composed of human beings and all other organisms on
Earth through discussions of research results obtained under the development of
general genetics.
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Preface

The advent of CRISPR technologies has ushered in a new era in genome editing,
revolutionizing biological research and its applications. This edited book, CRISPR
Technologies — Advances in Genome Editing, Applications, and Ethical Implications,
provides a clear and detailed account of the rapidly growing developments and
diverse applications of CRISPR-Cas systems. It gathers contributions that collectively
reflect state-of-the-art developments, real-life applications across different domains,
and the significant ethical and societal implications of being connected to such a
revolutionary technology.

The initial chapters set forth background knowledge of CRISPR systems, presenting
their evolution and molecular processes. The chapters demonstrate how CRISPR-Cas
functions as a bacterial and archaeal adaptive immune system, and how natural
processes are leveraged for targeted genome editing. It is necessary to understand this
biological background to appreciate the subsequent engineering developments and
technical innovations that have made CRISPR more precise and applicable in a diverse
array of ways.

Acknowledging that scientific advancement must weigh innovation against responsi-
bility, the ensuing section of the book explores the ethics, law, and societal consider-
ations of CRISPR. This entails subtle discussions of biosafety, governance, and civic
involvement. The book also addresses rising concerns regarding fair access and control
of human genome editing, promoting a detailed appreciation of the responsibilities
that accompany such powerful technologies.

The latter part highlights the wide-ranging applications of CRISPR technologies in
various fields. Deliberation extends from therapeutic genome editing for correcting
genetic diseases to its applied usage in agriculture for crop improvement and food
safety. The book also discusses a wide range of CRISPR editing tools for medical and
agricultural biotechnology, further expanding the tool’s functionality from simple
gene editing to new horizons.

Throughout the book, great emphasis is placed on interdisciplinary approaches that
combine genome editing with bioinformatics, computational biology, and artificial
intelligence to improve editing effectiveness and specificity. This also reflects the
shifting landscape of CRISPR research, in that interdisciplinarity across fields is
required to move laboratory discoveries to practical applications in everyday life.

CRISPR Technologies — Advances in Genome Editing, Applications, and Ethical Implications
is intended to serve as a comprehensive reference for researchers, practitioners, teachers,
policymakers, and other stakeholders. For those new to the subject or seeking deeper



insights, this volume provides a clear, authoritative, and balanced account of the
prospects and challenges of CRISPR. It offers not just a recitation of the massive
scientific achievements but also of the necessary conversations to frame the proper
development and deployment of genome editing technologies.

Arli Aditya Parikesit

Department of Biotechnology,

Indonesia International Institute for Life Sciences,
Jakarta, Indonesia

Arif Nur Muhammad Ansori
School of Postgraduate Studies,
Universitas Airlangga,
Surabaya, Indonesia

Adhityo Wicaksono

GSI Lab,
Jakarta, Indonesia
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Chapter 1

Introductory Chapter: CRISPR
Technologies — Advances in
Genome Editing, Applications,
and Ethical Implications

Arli Aditya Parikesit, Avif Nur Muhammad Ansori
and Adhityo Wicaksono

1. Introduction

One of the most significant scientific breakthroughs of the twenty-first century is
the discovery and creation of CRISPR-Cas systems, which have completely changed
the genetic engineering industry. In the genomes of bacteria and archaea, what at first
seemed to be a random pattern of repeating DNA sequences was really a component
of an advanced adaptive immune system. Together with CRISPR-associated (Cas)
proteins, these sequences—now known as Clustered Regularly Interspaced Short
Palindromic Repeats, or CRISPR—allow microbes to identify and eliminate invasive
viruses by severing their genetic material. Researchers have cleverly transformed this
natural defensive system into a very precise and adaptable genome-editing tool.

2. From bacterial immunity to revolutionary technology

In 1987, Japanese scientist Yoshizumi Ishino and his team accidentally identified
unusual repeated DNA sequences while analyzing an Escherichia coli gene [1]. These
repetitive sequences, later termed Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR), remained enigmatic for years [2]. It was not until 2005 that
researchers noted these sequences matched DNA from viruses that had previously
infected the bacteria, suggesting a potential role in immunity [3].

The definitive breakthrough came in 2007 when Rodolphe Barrangou and col-
leagues at Danisco demonstrated that CRISPR, together with CRISPR-associated
(Cas) proteins, functioned as an adaptive immune system in bacteria [4]. They
showed that Streptococcus thermophilus could incorporate DNA snippets from attack-
ing viruses into its genome as “spacers” within CRISPR arrays. These spacers served as
a genetic memory, allowing bacteria to recognize and destroy the same viruses during
subsequent infections [5].

This natural bacterial defense mechanism operates in three main stages: adapta-
tion (acquisition of foreign DNA as spacers), expression (transcription of spacers into
CRISPR RNA or crRNA), and interference (recognition and destruction of matching
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foreign DNA) [6]. The most widely studied system, CRISPR-Cas9 from Streptococcus
pyogenes, utilizes a single guide RNA (sgRNA) to direct the Cas9 endonuclease to
specific DNA sequences, resulting in double-strand breaks at targeted sites.

The revolutionary potential of CRISPR for genome engineering was realized in
2012 when Jennifer Doudna, Emmanuelle Charpentier, and their teams demonstrated
that the CRISPR-Cas9 system could be programmed to cut specific DNA sequences
in vitro [7]. Shortly thereafter, in 2013, researchers showed that this system could
be adapted for genome editing in mammalian cells, including human cells, opening
the door to countless applications [8]. For their groundbreaking work, Doudna and
Charpentier were awarded the Nobel Prize in Chemistry in 2020 [9].

3. Medical applications and clinical progress

CRISPR technology has rapidly advanced from a laboratory tool to a therapeutic
platform. The medical applications are particularly promising for genetic disor-
ders, infectious diseases, and cancer [10]. In late 2023, a significant milestone was
reached with the approval of Casgevy, the first CRISPR-based medicine for treat-
ing sickle cell disease (SCD) and transfusion-dependent beta-thalassemia (TDT)
[11]. Current clinical trials are exploring CRISPR-based treatments for various
conditions, including leukemias, lymphomas, and urinary tract infections [12].

For cancer applications, engineered CAR-T cell therapies enhanced with CRISPR
modifications are showing promising results, with some patients experiencing
complete remission lasting months or even years [13]. The technology enables

more precise and efficient genetic modifications compared to earlier gene-editing
methods, potentially offering solutions for previously untreatable conditions

[11]. Researchers from the Children’s Hospital of Philadelphia and Penn Medicine
developed a patient-specific adenine base editing (ABE) therapy called kayjayguran
abengcemeran (k-abe). This therapy is delivered via lipid nanoparticles (LNPs)
directly to the liver, enabling repeat dosing and avoiding immune responses associ-
ated with viral vectors [14].

Beyond direct therapeutic applications, CRISPR has become invaluable for
creating disease models to understand pathological mechanisms and test potential
treatments [15]. The ability to introduce specific mutations or correct disease-causing
variants allows researchers to study disease processes with unprecedented precision
[16]. The hybrid system of CRISPR-LAMP is also deployed for diagnostics purposes,
for instance, in Malaria disease monitoring [17, 18]. Furthermore, CRISPR screens
enable high-throughput identification of genes involved in cellular processes and
disease states, accelerating drug discovery and development [19].

4. Beyond medicine: Agricultural, environmental and synthetic biology
applications

CRISPR applications extend well beyond the medical field. In agriculture, CRISPR
offers promising approaches for crop improvement, including enhanced yield, disease
resistance, drought tolerance, and nutritional content [20]. The technology allows
for precise genetic modifications without introducing foreign DNA, potentially
addressing some regulatory and public acceptance concerns associated with tradi-
tional genetically modified organisms [21]. Precision genome editing now enables the
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targeted alteration of regulatory elements [22], epigenetic factors [23], and non-
coding RNAs that influence complex traits in plants [24].

In environmental science and conservation, researchers are exploring CRISPR
for various applications, including the development of gene drives to control dis-
ease vectors and invasive species [20]. The technology also holds the potential for
bioremediation, enabling the engineering of microorganisms capable of degrading
environmental pollutants [25]. CRISPR multiplexing, where multiple genes are edited
simultaneously, has also been deployed to improve crop quality [26]. Because of its
adaptability, CRISPR can be used in industrial biotechnology to precisely genetically
edit microbes for improved chemical synthesis, biofuel generation, and other pro-
cesses [20].
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Chapter 2

Ethical and Legal Dimensions of
Access to CRISPR Technologies in
Rare Disease Therapies

Kiibra Telli, Berkay Ozdemir, Sude Danisman
and Emrah Yiicesan

Abstract

The CRISPR/Cas9 system has progressed from a prokaryotic immune defense to
a foundational technology in genome engineering and precision medicine. Initially
identified in Escherichia coli in 1987 as unexplained repetitive DNA elements, its role
as an adaptive immune mechanism in bacteria and archaea was gradually elucidated
over the following decades. Pivotal advances between 2002 and 2012 culminating
in the demonstration by Doudna and Charpentier of RNA-guided DNA cleavage
unlocked its transformative potential for targeted genome editing. Since then,
CRISPR/Cas9 has enabled durable, mutation-specific interventions in monogenic
disorders such as sickle cell anemia, B-thalassemia, and Leber congenital amaurosis.
However, the global implementation of CRISPR-based therapies remains uneven,
hindered by disparities in infrastructure, regulatory frameworks, and ethical over-
sight. As an intermediately developed country with a disproportionately high burden
of rare genetic diseases, Tiirkiye presents a compelling case of both advancement and
ongoing limitations. Its national rare disease strategy, evolving legal access mecha-
nisms, and active engagement in international consortia underscore its potential to
serve as a regional exemplar for equitable and ethically responsible integration of
CRISPR-based therapeutics.

Keywords: CRISPR technologies, rare diseases, ethical implications, legal framework,
orphan drugs
1. Introduction
1.1 CRISPR/Cas9

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a
technique created by mimicking the nature. The key milestones in the evolution of

CRISPR/Cas9 range from its initial discovery in prokaryotes to its adaptation as a
genome editing tool (Figure 1). In a 1987 study in which the iap gene of E. coli was
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Figure 1.

Timeline of CRISPR/Cas9 discovery and development. Major milestones in the evolution of CRISPR/Cas9 systems
are illustrated, beginning with the identification of repetitive DNA sequences in E. coli in 1987, followed by the
elucidation of their function as a prokaryotic adaptive immune system, and culminating in the development of
such versatile genome editing tool.

sequenced and the gene product was identified, a structure described by research-
ers as “unusual” was found at the 3’ end of iap. Five homologous sequences, each 29
nucleotides long, were separated by 32-nucleotide intervals. The researchers, who
noted that the biological significance of this structure was unknown, had discovered
the sequences we now know as CRISPR [1]. These discovered repeating sequences
were named Short Regularly Spaced Repeats (SRSRs) in a MicroCorrespondence
released in 2000 [2]. Two years later, the repeated sequences were referred to as
CRISPR [3]. In 2005, it was shown that spacers originated from transferable genetic
elements such as bacteriophages or conjugative plasmids. This finding suggested that
CRISPR is related to the immune system [4]. It was discovered that CRISPR-Cas sys-
tems found in prokaryotes are a genomic defense mechanism against bacteriophage
in 2007 [5]. The following year, it was shown that virus-derived CRISPR sequences
are expressed and produce precursor CRISPR RNA (crRNA), which are then cleaved
by Cas proteins to form mature CRISPR RNAs [6]. In 2012, Doudna, Charpentier, et
al. described that the double RNA structure directs the Cas9 endonuclease to create
site-specific double-strand breaks in the target DNA. They also demonstrated that
the chimeric guide RNA, created by combining crRNA and tracrRNA, can be used
with Cas9 to cleave a specific dsDNA sequence [7, 8]. It employs a single guide RNA
(sgRNA) along with the Cas9 endonuclease to accurately locate and alter designated
DNA regions of interest. The editing process initiates when the sgRNA, a fusion of
CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA), forms a complex
with the Cas9 enzyme [9-11]. This ribonucleoprotein complex is directed to the
target DNA site by the sgRNA, which ensures specificity through recognition of a
short DNA sequence known as the protospacer adjacent motif (PAM). Upon bind-
ing to the correct location, Cas9 introduces double-strand breaks (DSBs) in DNA
[12-14]. These breaks are subsequently repaired by cell’s intrinsic repair systems,
predominantly through two pathways: nonhomologous end joining (NHE]) or HDR.
NHE] often results in insertions or deletions, thereby disrupting gene function,
while HDR allows precise modifications by using an external DNA template [15-19].
In 2013, using the CRISPR-Cas system of Streptococcus pyogenes, it has been shown
that the complex formed by the Cas9 protein and artificial chimeric RNA can cut the
genome in human cells [20]. The same year, genome editing was performed using the
CRISPR/Cas9 system in intestinal stem cell organoids from cystic fibrosis patients.
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This study provided the first concept proof for CRISPR-mediated gene correction
via homology-directed repair (HDR) in a clinically relevant single-gene disorder
[21]. In 2014, the CRISPR/Cas9 method was applied directly to adult mice for the
first time, resulting in functional improvement in the mouse model of tyrosinemia
[22]. In the first study in which CRISPR was applied to human embryos in 2015, the
focus was on the HBB gene, whose pathogenic variants cause beta-thalassemia [23].
Three years later, it was reported that twin girls born in China were immune to HIV.
He Jiankui claimed that he had made modifications to the C-C chemokine receptor
type 5 (CCR5) gene using the CRISPR/Cas9 method, thereby conferring immunity
to the human immunodeficiency virus (HIV) virus. Developments in the CRISPR/
Cas9 system have revolutionized modern biotechnology, and in 2020, Charpentier
and Doudna were awarded the Nobel Prize in Chemistry. Building upon these histori-
cal milestones, the molecular intricacies of the CRISPR/Cas9 system have since been
elucidated, revealing a remarkably precise genome editing mechanism grounded in
microbial defense biology.

Although CRISPR/Cas9 has revolutionized gene editing, by its groundbreaking
potential in correcting pathogenic gene anomalies, practical application still faces
substantial limitations. A major challenge remains the efficient intracellular delivery
of the Cas9/gRNA complex, which necessitates precise timing and concentration [24,
25]. Even with successful delivery, key scientific hurdles include the risk of off-target
effects and persistent technical limitations in delivery and editing precision. Editing
efficiency might be low, particularly for gene knock-in strategies reliant on HDR,
even though recent advancements have improved HDR outcomes [26, 27]. CRISPR
also faces profound ethical and societal limitations such as concerns about germline
editing, enhancement, inequality, regulatory inconsistencies, and long-term safety
underscore the need for cautious implementation, clear oversight, and equitable
access [28-31]. Altogether, the ongoing expansion and functional diversification of
CRISPR/Cas9 underscore their evolutionary adaptability and technological potential,
with deeper molecular insights and advancing engineering strategies expected to fur-
ther propel their evolution and drive innovation across basic research, biotechnology,
and translational therapeutics [12]. While the molecular underpinnings of CRISPR/
Cas9 have established its technical viability, its greatest promise lies in translational
medicine particularly in addressing the unmet needs of patients with rare diseases.

2. CRISPR/Cas9 in rare diseases

Rare diseases collectively affect over 300 million individuals worldwide. A
substantial proportion of these conditions are monogenic in origin, resulting from
mutations in a single gene, and are typically marked by early onset, high morbid-
ity, and limited treatment options [32]. Approximately 80% of rare diseases have a
genetic basis, with nearly 70% manifesting in childhood. On average, an accurate
diagnosis takes 4.8 years, and nearly 30% of affected children die before the age
of five [33]. Alarmingly, around 95% of these disorders lack approved therapies.
Conventional therapeutic approaches include dietary modifications, surgical inter-
ventions, pharmacological treatments, and hematopoietic stem cell transplantation
(HSCT), particularly in inherited conditions [34, 35]. Pharmacological strategies
range from small-molecule drugs and monoclonal antibodies to enzyme replacement
therapies (ERT), stem cell-based treatments, and drug repurposing, each targeting
distinct molecular mechanisms [36]. Despite regulatory and economic incentives,
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drugs developed using these strategies are categorized as orphan drugs, which are
neglected by pharmaceutical companies due to their high costs [37]. However, rare
disease therapies face critical limitations such as insufficient mechanistic understand-
ing, prohibitively high development costs, small patient cohorts that complicate
clinical validation, and substantial challenges in therapeutic delivery especially
across the blood-brain barrier [38]. Moreover, stark global disparities persist in
diagnosis and access to care. In light of these challenges, CRISPR/Cas9 represents
potentially transformative therapeutic platform. They offer unmatched precision,
programmability, and the capacity for durable, mutation-specific genomic correction,
directly addressing the root causes that conventional therapies often cannot. Recent
breakthroughs have expanded their clinical promise, paving the way for more precise
and personalized interventions with substantial potential to improve outcomes in
complex and previously untreatable rare disorders [39-41]. Numerous diseases could
be given as examples; however, below we will present a few selected ones to clarify
the topic more clearly. For instance, in sickle cell anemia, abnormal hemoglobin is
formed by the substitution of glutamic acid with valine at position 6 of the HBB

gene. The resulting sickle hemoglobin causes deformation of erythrocytes, chronic
hemolysis, vaso-occlusion, and end-organ damage [42-44]. Fetal hemoglobin can
reduce the symptoms of sickle cell disease. For this reason, Exagamglogene autotem-
cel (exa-cel), the first drug approved by the FDA for sickle cell disease, focuses on the
BCL11A transcription factor that suppresses fetal hemoglobin [44-46]. The CRISPR/
Cas9 system cuts the enhancer region of the BCL11A gene to enable fetal hemoglobin
production [44, 47]. A phase 3 study was conducted on 44 patients aged 12-35 with
sickle cell disease. In the 2-year study, the median follow-up period for individuals
was 19.3 months. As a result of the treatment, 97% of patients experienced no vaso-
occlusive crises for 12 months or longer [48]. As an another example, B-thalassemia
occurs due to more than 300 different mutations in the HBB gene. All of these
mutations cause a quantitative decrease in f-globin protein and thus adult-type
hemoglobin (HbA, o2p2) [49]. As in sickle cell disease, fetal hemoglobin reduces the
symptoms of beta-thalassemia. Therefore, the aim of exa-cel treatment is to increase
fetal hemoglobin production in patients [44]. The phase 3 exa-cel study was con-
ducted on 55 transfusion-dependent thalassemia patients aged 12 to 35 years, with a
median follow-up duration of 20.4 months and a total study period of approximately
two years. Transfusion independence was achieved in 91% of patients following treat-
ment with exa-cel [50]. Lastly, Leber congenital amaurosis type 10 is a disease that
shows an autosomal recessive inheritance pattern caused by the ISV26 mutation in the
CEP290 gene. It manifests itself in childhood with severe visual impairment or blind-
ness [51]. As a gene-editing approach, EDIT-101 was developed to correct mutations
in the CEP290 gene by delivering Staphylococcus aureus Cas9 and CEP290-specific
guide RNA to photoreceptor cells using AAVS5 [52]. The Phase 1-2 study of EDIT-101
was conducted in individuals aged 3 years and older with homozygous or compound
heterozygous IVS26 variants and CEP290-related hereditary retinal degeneration.
Four non-ocular serious adverse events were reported following the treatment. One
participant with a history of epilepsy experienced two seizures and a major depres-
sive episode. Approximately 41% of adverse events were attributed to the surgical
procedure itself. While some safety concerns were noted, the observed improvements
in photoreceptor function suggest that EDIT-101 warrants further clinical investiga-
tion [53]. Despite these remarkable global advances, the application of CRISPR-based
therapies remains uneven worldwide, with many countries facing systemic, regula-
tory, and infrastructural barriers that hinder equitable patient access.
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3. Ethical, legal, and access challenges in CRISPR-based rare disease
therapies: Cross-national perspectives

The integration of CRISPR/Cas9 into rare disease therapeutics marks a trans-
formative advance in precision medicine. Yet, its implementation has highlighted
significant cross-national differences in healthcare infrastructure, ethical oversight,
and legal preparedness. These disparities emphasize the importance of coordinated
international efforts to ensure equitable and responsible access to gene-based inno-
vations. The global response to rare diseases has evolved considerably over recent
decades [54]. Initiated by the National Organization for Rare Disorders (NORD)
in the USA, whose advocacy led to the 1983 Orphan Drug Act, this movement
has expanded through the establishment of EURORDIS, now representing nearly
900 patient organizations across more than 70 countries [55]. Similar alliances in
Germany (ACHSE), Spain (FEDER), Canada (CORD), Japan (ASrid), and India
(ORDI) have contributed to building a global framework for collaboration. These
efforts have been further consolidated through transnational initiatives such as the
International Rare Diseases Research Consortium (IRDiRC) and Orphanet, a compre-
hensive open-access database led by the EU and coordinated by France. Differences in
ethical governance are another key area of divergence. While high-income countries
such as the USA and EU members have established robust norms around informed
consent, pediatric data protection, and biobank governance, implementation in low-
and middle-income countries (LMICs) may be challenged by limited resources and
differing legal traditions [56]. Nevertheless, such environments also present valuable
opportunities to develop culturally sensitive, context-specific ethical frameworks.
Greater inclusivity in global discussions particularly around data sovereignty, germ-
line implications, and fair resource distribution can help bridge current gaps and
foster more equitable innovation. As gene therapy options expand, ethical questions
grow increasingly complex. Issues such as patient autonomy, risk-benefit thresholds,
and therapeutic versus enhancement applications require nuanced debate [57]. These
discussions extend beyond legal and medical realms, engaging deeply with philo-
sophical dimensions. Engaging bioethicists, legal scholars, clinicians, and patient
communities in open dialog will be essential to guiding policy in an inclusive and
ethically grounded direction [58].

4. Opportunities and barriers for CRISPR-based rare disease therapies in
Tiirkiye: Ethical, legal, and access considerations in an intermediately
developed country

Tiirkiye has emerged as an active participant in global rare disease initiatives,
with nine national associations affiliated with EURORDIS (https://www.eurordis.
org/about-eurordis). Under the leadership of the Ministry of Health, the country
is working toward deeper integration into these platforms and expanding national
access, reflecting its growing commitment to international partnerships in rare
disease research and policy (https://www.tuseb.govtr/en). Tiirkiye represents a
particularly instructive case due to its unique demographic and genetic landscape.
The country faces a high prevalence of monogenic rare diseases, partly attributable
to consanguineous marriages, and an estimated five million individuals are directly
or indirectly affected [59]. Recent milestones, such as the establishment of the
Department of Autism, Intellectual Disabilities, and Rare Diseases in 2020 and the
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publication of a national rare disease strategy in 2022, signal promising steps toward
building a coherent national framework. Despite these advances, access to rare
disease treatments remains a significant challenge. Of the 416 orphan drugs approved
by the FDA and EMA, only 151 are available in Tiirkiye 76 of which are licensed, while
75 remain unlicensed. However, the Social Security Institution (SGK) has recently
begun expanding reimbursement coverage for selected EMA-approved treatments,
marking a gradual shift toward more inclusive healthcare policies. Legal mechanisms
also play a critical role in improving access. When high-cost therapies are not listed in
the Health Implementation Communiqué (SUT), patients can pursue legal remedies.
This process, initiated through physician applications to the Tiirkiye Medicines and
Medical Devices Agency (TITCK) (https://wwwtitck.gov.tr) and followed by judicial
review, has successfully enabled coverage for numerous rare disease treatments.
These legal precedents underscore the principle that constitutional rights espe-

cially the right to health can and should be safeguarded through actionable judicial
pathways. However, gene therapies such as CRISPR remain in the early stages of
adoption. Tiirkiye currently lacks the specialized application centers, reimbursement
frameworks, and regulatory guidelines needed for clinical implementation. Building
this infrastructure will require coordinated efforts among key government institu-
tions, including the Ministries of Health, Treasury and Finance, Environment and
Urban Planning, and the Presidency of Strategy and Budget, alongside academic and
research bodies. While these plans are not yet fully reflected in national policy docu-
ments, increasing awareness and strategic investment could catalyze future progress.
Given the sensitive nature of gene therapy, data protection represents a critical ethical
and legal consideration. Tiirkiye’s Law on the Protection of Personal Data (No. 6698)
classifies genetic data as sensitive personal information [60]. While this legal frame-
work ensures a strong baseline for privacy, it also highlights the need for clear and
consistent ethical guidelines for data processing and informed consent particularly
as gene-editing technologies evolve rapidly. In conclusion, while Tiirkiye still faces
challenges in fully integrating CRISPR/Cas9-based therapies, it has made notable
strides toward alignment with international rare disease initiatives. As an intermedi-
ately developed country with growing scientific capacity and strong constitutional
guarantees for health, Tiirkiye is uniquely positioned to serve as a model for similarly
situated nations. With sustained investment in infrastructure, regulatory clarity, and
ethical oversight, the country can play a pivotal role in advancing equitable access

to next-generation therapies and shaping a more inclusive global future for genomic
medicine.

5. Conclusive remarks

CRISPR/Cas9 has revolutionized genomic medicine by enabling precise and
durable correction of disease-causing mutations, with landmark clinical advances in
monogenic rare disorders such as sickle cell anemia, f-thalassemia, and Leber con-
genital amaurosis. However, the global implementation of CRISPR-based therapies
remains uneven, constrained by disparities in regulatory frameworks, infrastructure,
reimbursement systems, and ethical oversight. Addressing these challenges neces-
sitates coordinated international strategies to ensure safe, equitable, and ethically
responsible access to gene-editing technologies. Tiirkiye, as an intermediately devel-
oped country with a high prevalence of rare genetic disorders, presents a compelling
case of both progress and persistent challenges. It has taken notable steps through the
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publication of a national rare disease strategy, the establishment of judicial pathways
for accessing high-cost treatments, and active involvement in international rare
disease consortia. Yet, key obstacles remain, including the absence of a formal legal
definition for rare diseases, limited access to licensed orphan drugs, and a lack of
authorized centers for gene therapy delivery. Despite these gaps, Tiirkiye’s growing
scientific infrastructure, evolving policy landscape, and strong constitutional com-
mitment to health form a robust foundation for future advances. As ethical, legal, and
institutional frameworks continue to mature, Tiirkiye is well-positioned to serve as
amodel for similarly situated nations seeking to integrate CRISPR-based therapies.
Sustained investment in regulatory clarity, infrastructure development, and bioethi-
cal oversight will be essential for transforming CRISPR’s potential into equitable,
real-world benefits offering hope to millions affected by rare genetic conditions.
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Chapter 3

The Historical Evolution of
Ordre Public, Morality, and Ethics

Principles in European Union
Regulation of Patented Gene Edited
Materials

Dorkina Myrick

Abstract

The ability to target and selectively remove genetic sequences allows
CRISPR-inspired scientific research that diagnoses, treats, or cures a host of diseases.
As applications of gene editing have become more commonplace over time, ordre
public and morality have become more problematic. International organizations such
as the United Nations and World Trade Organization defer definitions of ordre public
and morality concerning biotechnology, genetic engineering, and gene editing to
individual nation-states, their domestic laws, and court systems. The European Union
and its member nations must embrace a circumspect stance to ensure genetic editing
is applied appropriately for medical improvement. Thus, historically, society and
national institutions have influenced the passage of legislation and the progress of
cases in national judicial systems through the lens of ordre public and morality.

Keywords: CRISPR, gene editing, ordre public, morality, law, European Union, states,
genes, genetics, human rights, patent, patentability, technology

1. Introduction

Personalized medicines have exponentially increased the number of options for
accessing novel therapies - particularly genetic therapies [1]. Gene editing, a type of
genetic technology that encompasses techniques for creating personalized medicines,
has catalyzed dynamic advances in medical technology [2]. CRISPR, an acronym for
Clustered Regularly Interspaced Short Palindromic Repeats, is a type of gene editing
which involves targeting, removing, and replacing palindromic genetic sequences
cleaved with the assistance of Cas9, a biological enzyme [3]. The ability to target and
selectively remove genetic sequences allows CRISPR-inspired scientific technologies
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to aid in research toward treating or curing a host of diseases, including AIDS, mus-
cular dystrophy, and sickle cell anemia [4, 5]. CRISPR has also been used for COVID-
19 testing, diagnostics, and vaccines [4].

CRISPR technology has been the subject of numerous queries regarding ethical
applications for its use [6]. Unlike the European Union, currently, ordre public, moral-
ity, or ethical provisions for the patentability of subject matter are not applicable in
the United States. However, this was not always the case. Historically, the Moral Utility
Doctrine outlined parameters for usefulness and morality in patented inventions in
the United States [7]. The 1817 United States court case Lowell v. Lewis established the
Moral Utility Doctrine in stating that “[a]ll that the law requires is, that the invention
should not be frivolous or injurious to the well-being, good policy, or sound morals of
society. The word ‘useful’, therefore, is incorporated into the act in contradistinction to
mischievous or immoral. For instance, a new invention to poison people, or to promote
debauchery, or to facilitate private assassination, is not a patentable invention” [8, 9].
Bedford v. Hunt supported the Moral Utility Doctrine in stating that “[A] useful inven-
tion, in the statute, is...such a one as may be applied to some beneficial use in society,
in contradistinction to an invention, which is injurious to the morals, the health, or the
good order of society...It is sufficient, that it has no obnoxious or mischievous ten-
dency...and that the use is such as sound morals and policy do not discountenance or
prohibit” [10]. Examples of early, unpatentable materials were those which facilitated
gambling, as described in the 1889 case Nat’| Automatic Device Co. v. Lloyd [11].

The advent of the twentieth century correlated with fewer unfavorable public
attitudes toward gambling [12]. What followed was the enactment of the Patent Act
of 1952 (35 U.S.C. § 101), along with the adjudication of two court cases, Webber v.
Virginia and Juicy Whip, Inc. v. Orange Bang, Inc. and Unique Beverage Dispensers [13].
These cases illustrated the dissociation of the concepts of morality and patent util-
ity and signaled the demise of the Moral Utility Doctrine in the United States [13].
Webber v. Virginia is cited by Juicy Whip, Inc. v. Orange Bang, Inc. and Unique Beverage
Dispensers in stating that “[c]ongress never intended that the patent laws should dis-
place the police powers of the States, meaning by that term those powers by which the
health, good order, peace and general welfare of the community are promoted” [14].
Juicy Whip, Inc. v. Orange Bang, Inc. and Unique Beverage Dispensers iterated that “[t]
he requirement of ‘utility’ in patent law is not a directive to the Patent and Trademark
Office or the courts to serve as arbiters of deceptive trade practices. Other agencies,
such as the Federal Trade Commission and the Food and Drug Administration, are
assigned the task of protecting consumers from fraud and deception in the sale of
food products” [15].

Now, ordre public, morality, or ethical provisions for the patentability of subject
matter are not applicable in the United States. According to United States law at
35 U.S.C. § 101: “Whoever invents or discovers any new and useful process, machine,
manufacture, or composition of matter, or any new and useful improvement thereof,
may obtain a patent therefor, subject to the conditions and requirements of this title.”
The word, “whoever,” encompasses anyone who “invents or discovers” under the
statute at 35 U.S.C. § 101. The statutory requirement at 35 U.S.C. § 101 does not con-
tain provisions for ordre public, morality, or ethical circumstances. United States law
further states that 35 U.S.C. § 271 (a), “whoever without authority makes, uses, offers
to sell, or sells any patented invention, within the United States or imports into the
United States any patented invention during the term of the patent therefor, infringes
the patent.” Again, as in 35 U.S.C. § 101, the statutory requirement at 35 U.S.C. § 271
(a) does not contain provisions for ordre public, morality, or ethical circumstances.
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European Union states vary regarding laws and edicts concerning the patentability
of products of gene editing [16]. Yet, in contrast with the United States, nearly all
contain provisions for ordre public and morality [17]. The laws in several European
Union (EU) nations have struggled to maintain pace with the myriad choices EU
patients possess for accessing better health via genetic diagnostics and therapies [18].
Supporters of the position that the progress and utilization of genetic engineering
can have potential negative impacts on human dignity frequently reflect upon the
history and horrors of the eugenics movement [19]. Ordre public and morality usually
have culturally relevant connotations which informally influence how patent laws are
regulated [18]. As such, no international consensus exists concerning precisely what
ordre public and morality represent [18].

Overwhelmingly, EU nations are signatories to several regional and interna-
tional agreements, including the Paris Convention, Patent Cooperation Treaty,
and European Patent Convention. European Union member national laws follow
provisions outlined in the Trade-Related Aspects of Intellectual Property (TRIPS)
Agreement pertaining to patentability and ordre public and morality [20]. Article
53(a) of the European Patent Convention contains similarities to Article 27.2 of the
TRIPS Agreement. Some EU nations such as Finland only allow genetically engi-
neered stem cell research for hereditary diseases, to the exclusion of other diseases
[21]. Iceland’s Act on Artificial Fertilization and use of Human Gametes and Embryos
for Stem-Cell Research (55/1996) allows research on congenital medical diseases in
embryos [22]. Yet, in Lithuania, unless research on embryos is for the purpose of
treating or curing a disease, the research is not permitted [23].

Historically, ordre public was closely associated with domestic civil law and
anchored in statute [24]. Morality can be attributed to a certain code of conduct
[25]. Yet, international organizations such as the United Nations and World Trade
Organization defer definitions of ordre public and morality concerning biotechnol-
ogy, genetic engineering, and gene editing to individual nation-states, their domestic
laws, and court systems [26]. As such, the European Union and sovereign nations
such as Italy, France, Spain, Austria, Belgium, Denmark, Estonia, Germany, Latvia,
Lithuania, Luxembourg, Malta, the Netherlands, Poland, and Romania, have declared
their positions in law concerning ordre public and morality in biotechnology, genetic
engineering, and gene editing.

2.Italy: Progression from the birthplace of patent guilds to modern day
quandaries of ordre public and morality

Patent guilds in the Venetian Republic — which included present-day Italy — repre-
sented the first organized associations of intellectual property protection in the mod-
ern world [27, 28]. As early as the year 1173, the government of the Venetian Republic
began to regulate trade associations in which the practice of specialized fields of
expertise were predecessors of present-day patented entities [27]. Codification
of regulated guild activity in the year 1261 resulted in legally binding execution of
exclusionary trade practices and rights sanctioned by the government of the Venetian
Republic [27]. Later, the Venetian Patent Act of 1474 added a 10-year layer of legal
protection for individuals and organizations whose crafts, processes, or creations
were deemed patent eligible by the Venetian Republic. The Venetian Patent Act of
1474 - which resulted in the award of nearly 600 new patents between 1501 and 1600
- was the first codified, formalized patent system characterized by patent eligibility
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independent of citizenship status, agency in the patent-award process, and a require-
ment to lend access to patent rights via licensing fees for all patentees [29, 30].

In the modern era Italy’s Legislative Decree 10 of February 2005, n. 30, excluded
‘inventions concerning genetic screening protocols, the exploitation of which leads to
discrimination or stigmatization of human subjects on genetic, pathological, racial,
ethnic, social and economic grounds, or having eugenic and non-diagnostic pur-
poses” from patentability. Moreover, “any technological process of cloning..whatever
the technique used...” along with “[p]rocedures for modifying the germinal genetic
identity of the human being” is prohibited by law in congruence with standards of
ordre public and morality [31]. The Italian government issued an initial 5 December
2006 decree which stated patients could receive emergency experimental medical
treatment for recalcitrant and grave illnesses. On 27 March 2013, legislative decree
24/2013 was issued, which prohibited patient stem cell treatments to protect public
safety. The ECHR considered individual versus societal needs regarding individual
rights [32]. Articles 2, 6, 8, and 14 of the European Convention of Human Rights
helped ensure the preservation of such rights for private citizens.

3. France: The historic Civil Code of France guides modern ovdre public
and morality in genetics and technology

Although the modern patent system in France began in 1791, intellectual prop-
erty rights in France were considered natural rights, not government-issued rights
[33]. France issued patents under the Breveté Sans Garantie Du Gouvernement (“sans
examen préalable, aux risques et perils des demandeurs, et sans garantie soit de la
réalité, de la nouveauté ou du mérite,de I'invention, soit de la fidélité ou de l'exctitude
de la description” or “without guarantee from the government of France”) system on
5 July 1844 [34]. Since these patents did not adhere to standard government patent
application and prosecution procedures, the authenticity of these patents could not
be guaranteed [34]. Since the authenticity of French patents could not be assured,
Breveté Sans Garantie Du Gouvernement patents could not be enforced [34].

The earliest modern origins of domestic ordre public may be found in the Civil
Code of France [33, 35]. Ordre public in French law pertains to the protection of basic
domestic values for citizens to be able to live together harmoniously [36]. As pertains
to patent law in France, activities which conflict with the preservation of human dig-
nity are in violation of the law [37]. French law does not specifically reference CRISPR
gene editing and patent activity [38]. However, French law does address permissible
and impermissible practices regarding genetic engineering [38]. This is particularly
true if such gene patenting activity is contrary to ordre public and morality [37].
Article L611-18 of the Code de la propriété intellectuelle states that: “Le corps humain,
aux différents stades de sa constitution et de son développement, ainsi que la simple
découverte d’'un de ses éléments, y compris la séquence totale ou partielle d’'un géne, ne
peuvent constituer des inventions brevetables” [39]. In other words, patents cannot be
awarded for complete or partial sequences of genes in developing human beings [39].

Thus, certain applications of genetic engineering and technology may be deemed
unethical by ordre public and morality. This includes specific types of activities
concerning gene editing. However, patents in France may be obtained for technical
applications of human cells or tissues [39]. In addition, gene patents may be obtained
for diagnostic and research purposes [40]. Recently, biotechnology company Cellectis
was awarded two patents for CRISPR for immunotherapeutics in cancer [41].
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As such, patents for gene editing for somatic therapeutic purposes are acceptable and
not generally contrary to ordre public and morality in France.

France is a signatory to the Paris Convention, TRIPS Agreement, Patent
Cooperation Treaty, and European Patent Convention.

4. Germany: Eugenics practices lead to enforcement of the German Civil
Code and robust enforcement of ethical and legal genetic technology
practices

Dual goals of preserving human dignity and adhering to moral law are listed in
Articles 1 and 2, respectively, of the Basic Law for the Federal Republic of Germany.
Consideration of ordre public and morality regarding the Law means that public senti-
ment and opinion pertinent to lifestyles and common social practices are considered
with the adoption of all German laws [42]. Ordre public has been noted in the German
Civil Code since at least 1896 [43]. Regardless, Germany was a central figure in the
eugenics movement. The passage of the German Law for the Prevention of Defective
Progeny in 1933, or Law for the Prevention of Genetically Diseased Offspring (Gesetz
zur Verhiitung erbkranken Nachwuchses), aided in ensuring the elimination of unde-
sirables in Germany [44]. In addition to euthanizing and exterminating individuals
who failed to possess Aryan and/or Nordic human physical characteristics, many
other persons in Germany were selected for euthanasia [45]. These included people
with medical disabilities, physical disabilities, mental disabilities or incapacitation
and psychiatric disease (including insanity, both criminal and non-criminal) [45].

In all, over 350,000 people were euthanized in Germany [44].

After World War II, the Nuremberg trials, the creation of the United Nations,
the drafting of the Universal Declaration for Human Rights, and the promulgation
of the Universal Declaration on the Human Genome and Human Rights, nations
drastically changed their approaches to scientific and medical experimentation. The
German Patent Act, Section 2, states that “(1) No patents are granted for inventions
the commercial exploitation of which would be contrary to ‘ordre public’ or morality;
such exploitation is not deemed to be so contrary merely because it is prohibited by
law or regulation.” Thus, according to present law, human genes may be patented
in Germany as long as violations of ordre public and morality do not exist [46].
Specifically, the German Patent Act, Section 2, continues, stating that “(2) patents
are, in particular, not granted for 1. processes for cloning human beings; 2. processes
for modifying the germ line genetic identity of human beings; 3. uses of human
embryo for industrial or commercial purposes; 4. processes for modifying the genetic
identity of animals which are likely to cause them suffering without any substan-
tial medical benefit to man or animal, and animals resulting from such processes”
(Table1) [46, 80].

5. Spain: CRISPR-Cas9 evolution, ordre public, and the Oviedo Convention

The history of CRISPR-Cas9 gene editing can be traced back to Spain [81].
Francisco Mojica, of the University of Alicante in Spain, is credited with the initial
discovery of what we now know as CRISPR-Cas9 in 1989 [81-83]. It is unlikely that Dr.
Mojica and his colleagues anticipated the evolution of CRISPR as a catalyst for moral
and ethical debate concerning CRISPR’s manner of use in humans three decades after
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International National legislation Agreement(s) for which the Text of international agreement, regional convention, or national legislation

entity, region, or nations are signatories

nation

World Trade N/A Article 27.2. Agreement on Trade-  Article 27.2, TRIPS: “Members may exclude from patentability inventions, the

Organization Related Aspects of Intellectual prevention within their territory of the commercial exploitation of which is
Property Rights (TRIPS), Apr. necessary to protect ordre public or morality, including to protect human, animal or
15, 1994, Marrakesh Agreement plant life or health or to avoid serious prejudice to the environment, provided that
Establishing the World Trade such exclusion is not made merely because the exploitation is prohibited by their
Organization, Annex 1C, 1869 law” [47].
U.NTS. 299, 33 1.L.M. 1197 (1994).

European Union ~ N/A Article 53(a). Convention on European Patent Convention Article 53(a): “European patents shall not be granted
the Grant of European Patents, in respect of: (a) inventions the commercial exploitation of which would be
October 5,1973, 13 INT'L LEGAL  contrary to ordre public or morality, provided that the exploitation shall not be
MATS. 268 (1974). deemed to be so contrary merely because it is prohibited by law or regulation in

some or all of the Contracting States” [48]

Italy Italy. Article 81-quinquies (Exclusions Codice ¢ Paris Convention Italy. Legislative Decree 10 February 2005, n. 30. Article 81. Excluded from

della proprieta industriale (decreto legislativo TRIPS Agreement patentability: “1(a) the sequence or partial sequence of a gene” [49]. “1(b)

10 febbraio 2005, n. 30, aggiornata con le inventions whose commercial exploitation is contrary to human dignity, public

modifiche introdotte dal decreto legislativo ~ * Patent Cooperation Treaty order and morality, the protection of health” [49].

19 maggio 2020, n. 34)). Legislative Decree  « Eyropean Patent Convention “1(b)(1) and 1 (b) (2) any technological process of cloning, whatever the technique

10 February 2005, n. 30. Industrial Property used...” [49]. “Procedures for modifying the germinal genetic identity of the human

Code, pursuant to article 15 of the law of 12 being...” [49]

December 2002, n. 2 “(4) procedures for the modification of genetic identity” [49] “(5) inventions
concerning genetic screening protocols, the exploitation of which leads to
discrimination or stigmatization of human subjects on genetic, pathological,
racial, ethnic, social and economic grounds, or having eugenic and non-diagnostic
purposes” [49].

France Intellectual Property Code (07 August 2004) e« Paris Convention Article L.611-17: “Inventions whose commercial exploitation would be contrary

Article L.611-17 [38]. Article L611-18 of the
Code de la propriété intellectuelle [39]

TRIPS Agreement
Patent Cooperation Treaty

European Patent Convention

to human dignity, public order or morality are not patentable; this contrariety
cannot result from the sole fact that this exploitation is prohibited by a legislative or
regulatory provision” [38].

Article L.611-18: “The human body, at the different stages of its constitution and
development, as well as the simple discovery of one of its elements, including the
total or partial sequence of a gene, cannot constitute patentable inventions” [39].
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International
entity, region, or
nation

National legislation Agreement(s) for which the

nations are signatories

Text of international agreement, regional convention, or national legislation

Germany

Patent Act as published on 16 December 1980 e« Paris Convention
(Federal Law Gazette 19811, p. 1) [46], aslast
amended by Article 1 of the Act of 30 August
2021 (Federal Law Gazette I, p. 4074) [46] * Patent Cooperation Treaty

European Patent Convention

¢ TRIPS Agreement

The German Patent Act, Section 2, states that

“(1) No patents are granted for inventions the commercial exploitation of which
would be contrary to ‘ordre public’ or morality; such exploitation is not deemed

to be so contrary merely because it is prohibited by law or regulation.” Thus,
according to present law, human genes may be patented in Germany as long as
violations of ordre public and morality do not exist [46]. Specifically, the German
Patent Act, Section 2, continues, stating that “(2) patents are, in particular, not
granted for 1. processes for cloning human beings; 2. processes for modifying the
germ line genetic identity of human beings; 3. uses of human embryo for industrial
or commercial purposes; 4. processes for modifying the genetic identity of animals
which are likely to cause them suffering without any substantial medical benefit to
man or animal, and animals resulting from such processes” [46].

Spain

Spain. Ley N° 24/2015, de 24 de julio de 2015, e Paris Convention
de Patentes (modificada por la Ley N° 6/2018,

o e TRIPS Agreement
de 3 de julio de 2018) [50]

Patent Cooperation Treaty

European Patent Convention

“Article 5. Exceptions to patentability. The following may not be the subject of a
patent... In particular, the following will not be considered patentable by virtue of
the provisions of the preceding paragraph: a) Human cloning procedures. b) The
procedures for modifying the germline genetic identity of the human being. c) The
uses of human embryos for industrial or commercial purposes” [50]

“Article 5. Exceptions to patentability... d) Procedures for modifying the genetic
identity of animals that cause these suffering without substantial medical

or veterinary utility for man or animal, and the animals resulting from such
procedures...” [50]

“Article 5. Exceptions to patentability...(d) (5). The human body in the different
stages of its constitution and development, as well as the simple discovery of

one of its elements, including the total or partial sequence of a gene. However,

an element isolated from the human body or otherwise obtained by a technical
process, including the sequence or partial sequence of a gene, may be considered
as a patentable invention, even if the structure of said element is identical to

that of a natural element” [51]. “Article 5. Exceptions to patentability....6. A mere
deoxyribonucleic acid (DNA) sequence with no indication of any biological
function” [51].
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International
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Austria Austrian Gene Technology Act of 1995 * Paris Convention The Austrian Gene Technology Act of 1995 (Gentechnikgesetz, GTG) - which
« TRIPS Agreement permits somatic applications for genetic engineering, genetic testing or analysis
of genes, gene fragments, or chromosomes - is restricted to medical (diagnostic
* Patent Cooperation Treaty of therapeutic) or scientific research applications [52, 53]. Amendments to the
« European Patent Convention Act in 2005, Anderung des Gentechnikgesetzes, aided in outlining more specific
information as per the ramifications of genetic technology for therapeutics [52].
On the contrary, germline manipulation of the human genome is prohibited by
the Austrian Gene Technology Act. [54]. Moreover, the Reproductive Medicine
Act prohibits diagnostic testing, treatment, or alteration of embryos in a manner
that would alter the human germline [55]. The Genetic Engineering Act provides
further legal guidance for gene editing procedures in Austria [56].
Belgium Belgium Patent Law (1997), e Paris Convention Belgium Patent Law (1997),
Chapter II, Sectionl: General Provisions; « TRIPS Agreement Chapter II, Sectionl: General Provisions; Article 4: “2. Patents shall not be granted
Article 4 [57] for inventions the exploitation of which would be contrary to public policy or
* Patent Cooperation Treaty morality, provided that the exploitation shall not be deemed to be so contrary
« European Patent Convention merely because it is prohibited by law or regulation” [57].
Denmark Denmark Patents Act (01 January 2007) [58] ¢ Paris Convention Denmark Patents Act Consolidate Act No. 221 of 26 February 2017: “1b. (1) Patents

Danish Patents Act (1997) [59]

Denmark ratified the EU Directive 98/44/

EC [60]

Denmark Patents Act Consolidate Act No. 221

of 26 February 2017 [61].

TRIPS Agreement
Patent Cooperation Treaty

European Patent Convention

shall not be granted in respect of inventions the commercial exploitation of which
would be contrary to ordre public or morality” [61].

Denmark Patents Act Consolidate Act No. 221 of 26 February 2017: “(2) An
exploitation shall not be deemed to be contrary to ordre public or morality merely
because the exploitation is prohibited by law or administrative regulation” [61].
Denmark Patents Act Consolidate Act No. 221 of 26 February 2017: “(3) Pursuant
to subsection 1 patents may inter alia not be granted in respect of: (i) processes for
cloning human beings, (ii) processes for modifying the germ line genetic identity
of human beings, (iii) uses of human embryos for industrial or commercial
purposes, and (iv) processes for modifying the genetic identity of animals which
are likely to cause them suffering without any substantial medical benefit to man or
animal, and also animals resulting from such processes” [61].

Denmark Patents Act Consolidate Act No. 221 of 26 February 2017: “(4) Patents
shall not be granted in respect of (i) inventions the exploitation of which would be
contrary to law and order or morality....” [59].
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International
entity, region, or
nation

National legislation Agreement(s) for which the
nations are signatories

Text of international agreement, regional convention, or national legislation

Estonia Estonia Riigi Teataja. Patents Act [62] ¢ Paris Convention Estonia Riigi Teataja. Patents Act
« TRIPS Agreement g 6: Unpatentcable mve.ntlons. . o .
(1) The subject of an invention may be a device, process, material, including
* Patent Cooperation Treaty biological material, or a combination thereof. (2) The following, inter alia, are not
+ European Patent Convention regarded as the subject of inventions: 1) discoveries, including descriptions of the
formation or development of the human body or sequence or partial sequence of
human gene...” [62].
Latvia Latvia. Patent Law (as amended up to January ¢ Paris Convention Latvia. Patent Law: “(4) A patent shall not be granted to the inventions whose
1,2016). law Latvijas Véstnesis, 34 (3610), « TRIPS Agreement utilization is in conflict with public order or the principles of morality accepted
Adoption: 15.02.2007. 27.02.2007. Entry into in society; however, the decision not to grant a patent shall not be taken only
force: 01.03.2007 [63]. * Patent Cooperation Treaty on the basis of the fact that such a utilization is prohibited by a regulatory or
« European Patent Convention administrative enactment” [63].
Lithuania The Republic of Lithuania. Patent Law. 1994 ¢ Paris Convention The Republic of Lithuania. Patent Law: “Article 5. Exceptions to patentability

January 18 No. I-372. Consolidated version
from 25/04/2020 to 31/12/2021. Patenty
jstatymo Nr.I-372 18 Sau 1994 Patenty
jstatymo Nr.I-372 18 Sau 1994 (su pakeitimais, o European Patent Convention
padarytais jstatymas 2020 m. balandzio 21 d.

Nr. XI11-2857) [64].

* TRIPS Agreement

Patent Cooperation Treaty

1. Patents shall not be granted... 3) inventions the commercial exploitation

of which would be contrary to the public interest, morals, and principles of
humanity. Decisions not to grant patents cannot be taken on the sole ground that
the use of such inventions is prohibited by law or regulation” [64].

The Republic of Lithuania. Patent Law: “2. On the grounds referred to in paragraph
1 (3), patents shall not be granted, inter alia:

1) methods of human cloning;” [64]

The Republic of Lithuania. Patent Law: “2) methods for altering the identity of the
genetic line of human gametes;” [64]

The Republic of Lithuania. Patent Law: “3) the use of human embryos for
industrial or commercial purposes;” [64]

The Republic of Lithuania. Patent Law: “4) methods of modifying the genetic
identity of animals which may cause them suffering greater medical benefit to
humans or animals, and to animals produced in these ways.” [64]

The Republic of Lithuania. Patent Law: “3. A patent for a product containing

or constituting genetic information shall confer legal protection includes all
materials containing the product and genetic information performing its functions,
excluding the human body or its elements, including the gene sequence or parts
thereof in the natural environment” [64]
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International
entity, region, or
nation

National legislation Agreement(s) for which the
nations are signatories

Text of international agreement, regional convention, or national legislation

Luxembourg Luxembourg. Law of July 20, 1992, on ¢ Paris Convention Luxembourg. Law of July 20, 1992, on the Changes in the System for Patents for
the Changes in the System for Patents for « TRIPS Agreement Invention: “Inventions the publication or exploitation of which would be contrary
Invention (as amended by the Law of May 24, . to public policy or morality, provided that the exploitation shall not be deemed to
* Patent Cooperation Treaty . . o
1998) [65] be so contrary merely because it is prohibited by law or regulation” [66].
* European Patent Convention
Malta Malta. Patent and Designs Act (Chapter 417). ¢ Paris Convention Malta. Patent and Designs Act:

01 June 2002. ACT XVII of 2000, asamended , TRIPS tAgreement
by Acts IX of 2003 and XVIII of 2005; and
Legal Notices 181 and 186 of 2006, and 426 of
2007 [67].

* Patent Cooperation Treaty

European Patent Convention

“A patent shall not be granted in respect of:

(a) an invention the exploitation of which would be contrary to public order or
morality: Provided that exploitation shall not be deemed to be so contrary merely
because it is prohibited by law or regulation;” [68]

“A patent shall not be granted in respect of: the human body, at the various stages
of its formation and development, and the simple discovery of one of its elements,
including the sequence or partial sequence of a gene:” [68]

Malta. Chapter IV. Patents and Patentability: “Provided that an element isolated
from the human body or otherwise produced by means of a technical process,
including the sequence or partial sequence of a gene, may constitute a patentable
invention, even if the structure of that element is identical to that of a natural
element;” [68]

Malta. Chapter IV. Patents and Patentability: “(c) processes for cloning the human
body, processes for modifying the germ line genetic identity of the human body
and uses of the human embryo for industrial or commercial purposes;” [69]
Malta. Chapter IV. Patents and Patentability: “(d) processes and products for
modifying the genetic identity of animals which are likely to cause them suffering
without any substantial medical benefits to man or animal;” [70]

Malta. Chapter IV. Patents and Patentability: “(a) Where an application refers

to an element isolated from the human body or otherwise produced by means

of a technical process including the sequence or partial sequence of a gene, the
industrial application of a sequence or a partial sequence of a gene must be
disclosed in the patent application” [71].

Malta. Chapter IV. Patents and Patentability: “(b) When the application concerns
a sequence or a partial sequence of a gene used to produce a protein or part of a
protein, it is necessary to specify which protein or part of protein is produced or
function or sequence it performs” [72].
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International National legislation Agreement(s) for which the Text of international agreement, regional convention, or national legislation
entity, region, or nations are signatories
nation

Netherlands Netherlands. Patent Law. Rijkswet van ¢ Paris Convention Netherlands. Patent Law. (3) (1) (b): “Not susceptible for patent are: the human

15 december 1994, houdende regels met
betrekking tot octrooien. [73]

TRIPS Agreement
Patent Cooperation Treaty

European Patent Convention

body at various stages of its development, as well as the mere discovery of one
off the parts, thereof” [74]

Netherlands. Patent Law (3) (2) (a-d): “Under inventions of which the
commercial exploitation in conflict would be with the public order and good
customs as referred to in the first paragraph, part a, is in each case understood
to mean: (a) methods for the cloning of people; (b) methods for modification
of the germ identity of man; (c) the use of human embryos; (d) methods for
modification of the genetic identity of animals which appropriately have this
to do suffering without substantial medical benefit to man or animal to be
delivered..” [74].

Poland Poland. Act of June 30, 2000, on
Industrial Property (as amended up to
Act of February 13, 2020). Ustawa z dnia
30 czerwca 2000 r. Prawo wlasnosci
przemystowej (zmieniona do ustawy z
dnia 13 lutego 2020) [75]

Paris Convention
TRIPS Agreement
Patent Cooperation Treaty

European Patent Convention

Polish patent law defines gene editing patents contrary to public order and
morality: “For biotechnological inventions the use of which would be contrary
to public order or morality...or public morality, it is in particular: (1) ways

of cloning people; (2) ways of modifying the genetic identity of the human
germline;(3) use of human embryos for industrial or commercial purposes;
(4) ways of modifying the genetic identity of animals that may cause make the
suffer without any real benefit” [75].

“Patent for a product containing or having genetic information includes all
materials into which the product has been incorporated and in which genetic
information has been contained” [76].
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International National legislation Agreement(s) for which the Text of international agreement, regional convention, or national legislation
entity, region, or nations are signatories
nation

Romania Law No. 64 of October 11, 1991, on Patents ¢ Paris Convention Law No. 64 of October 11, 1991, on Patents: “(2) Inventions in the field of

(as amended up to Law No. 83/2014) [77]. « TRIPS Agreement

¢ Patent Cooperation Treaty

¢ European Patent Convention

biotechnology shall be patentable if they relate to... d) an element isolated from
the human body or otherwise produced by a technical process, including the
sequence or partial sequence of a gene..” [78].

Law No. 64 of October 11, 1991, on Patents: “(1) Patents shall not be granted
under this Law in respect of: a) inventions the exploitation of which would be
contrary to public order or morality, including inventions harmful to the health
or life of persons, animals or plants, and which are likely to seriously harm the
environment...(c) the inventions having as a subject-matter the human body in
its various stages of formation and development, as well as the mere discovery
of one of its elements, including the sequence or partial sequence of a gene...”
[78].

Law No. 64 of October 11, 1991, on Patents: “(9) The protection conferred

by a patent to a product containing genetic information or consisting of
genetic information shall be extended to any other material incorporating the
product and wherein the genetic information is contained and exercises its
function, except for the human body in the various stages of its formation or
development” [79].

Table 1.

The historical evolution of ordre public, morality, and ethics principles in European union regulation of patented gene edited materials.
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CRISPR’s discovery. The Biomedical Research Act of 2007 endeavored to resolve some
questions regarding appropriate, moral, ethical, and legal exercises of CRISPR-Cas9

in biomedical research in Spain [84]. Article 2 of Law 14/2007 ensures and guarantees
that “[t]he protection of the dignity and identity of the human being shall be protected
in relation with any research that involves interventions on human beings in the field of
biomedicine, thus guaranteeing every person, without any discrimination, the respect
to their integrity and to other fundamental rights and freedoms” [85]. In addition, “[t]
he health, interest and wellbeing of the human being who participates in biomedical
research shall prevail over the interest of society or science” [85]. As such, ordre public
and morality in Spain regarding modification of the human germline via genetic inter-
vention does not indicate enthusiastic public support for patents of this nature [86].
Specifically, Law 14/2007 states that “[t]he performance of any intervention aimed at
the introduction of a modification in the genome of the offspring” is a serious infrac-
tion of the Biomedical Research Act of 2007 [87]. Therefore, the patenting of geneti-
cally modified germline products would likely be strictly prohibited. According to the
Oviedo Convention, “[a]n intervention seeking to modify the human genome may
only be undertaken for preventive, diagnostic or therapeutic purposes and only if its
aim is not to introduce any modification in the genome of any descendants” [88]. Thus,
genome editing for reproductive purposes is not permitted [89]. However, manipula-
tion of germline DNA via gene editing in Spain seems to be permissible if the applica-
tion of the gene editing is exclusively for basic science and clinical research purposes
[90]. Accordingly, CRISPR-Cas9 gene editing is likely permissible for non-basic science
and clinical research purposes if CRISPR-Cas9 gene editing is used for the purpose of
medical treatment or medical diagnostics [90]. The Spanish Patents and TradeMark
Office (SPTO) may refuse patents to inventors who are in violation of their respective
patent laws [50]. This includes the refusal of the issue of patents for gene editing for
germline gene modification and human cloning [91]. Totally and partially sequenced
genes of human embryos in development are also prohibited from being patented [91].

6. Austria: Gene editing regulation via the Austrian Gene Technology Act

The Austrian Gene Technology Act of 1995 (Gentechnikgesetz, GTG) - which
permits somatic applications for genetic engineering, genetic testing or analysis of genes,
gene fragments, or chromosomes - is restricted to medical (diagnostic of therapeutic) or
scientific research applications [52, 53]. Amendments to the Act in 2005, Anderung des
Gentechnikgesetzes, aided in outlining more specific information as per the ramifica-
tions of genetic technology for therapeutics [52]. On the contrary, germline manipulation
of the human genome is prohibited by the Austrian Gene Technology Act [54]. Moreover,
the Reproductive Medicine Act prohibits diagnostic testing, treatment, or alteration of
embryos in a manner that would alter the human germline [55]. The Genetic Engineering
Act provides further legal guidance for gene editing procedures in Austria [56].

According to Austrian patent law, inventions contrary to ordre public and/or
morality may not be patented [92]. However, genetic sequences procured via unique
technical methods may be patented, including genetic sequences identical to those
naturally existing within the human body [92]. Serendipitous discovery of naturally
occurring genetic sequences does not, however, constitute patentable material [92].
Germline gene editing patent issue is prohibited, as well, along with the patenting of
gene editing methods or products of gene editing which result in animal suffering
without significant medical benefit to humans or animals [92].
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7. Belgium: Belgium Patent Law and genetic ethics

Ordre public and morality provisions are written into Belgian patent law [57]. As
a signatory to the Paris Convention, TRIPS Agreement, Patent Cooperation Treaty,
and European Patent Convention, Belgian patent law closely follows the provisions
of these documents regarding ordre public and morality as pertains to gene edit-
ing. Specifically, the Belgium Patent Law states in part that “[p] atents shall not be
granted for inventions the exploitation of which would be contrary to public policy or
morality, provided that the exploitation shall not be deemed to be so contrary merely
because it is prohibited by law or regulation” [57]. Gene patents may be obtained
for diagnostic and research purposes [40]. However, Belgium prohibits “research or
treatments of a eugenic nature, that is to say focused on the selection or amplification
of non-pathological genetic characteristics of the human species” [93]. Although the
formal practice of eugenics has been outlawed, questionable practices of using gene
editing to manipulate the genetic code of an individual to produce specific phenotypic
esthetic results such as hair or eye color would likely be prohibited.

8. Denmark: Patents Act and the Danish Act on biomedical research
ethical evaluation

Denmark patent law is congruent with the Oviedo Convention as per gene editing.
According to the Oviedo Convention, “[a]n intervention seeking to modify the human
genome may only be undertaken for preventive, diagnostic or therapeutic purposes and
only if its aim is not to introduce any modification in the genome of any descendants”
[94]. After ratifying the Biotech Directive in 1998, Denmark passed a Consolidated
Patents Act which addressed a variety of areas potentially influenced such as germline
gene editing cloning, and the genetic manipulation of human embryos [95]. The
Danish National Committee on Health and Research Ethics and a Regional Science
Ethics Committee - assisted by a Ministerial Order on the Use of Tissue Registration
- make primary decisions concerning applications of biotechnology for genetic engi-
neering in compliance with the Human Tissues Act in Denmark [96]. These committees
apply the guidelines as outlined in the Danish Act on Biomedical Research Ethical
Evaluation on medical research projects [97]. Not all genetic material may be patented
[98]. Denmark passed Patent Acts in 1997 and 2007 which prohibited the authorization
of patents in conflict with ordre public or morality [58, 59]. Additional applicable law is
found in the Act on Cloning and Modification of Animals, Environment and Genetic
Engineering [99]. Denmark is a signatory to the Paris Convention, TRIPS Agreement,
Patent Cooperation Treaty, and the European Patent Convention.

9. Romania: Commercial and environmental concerns with heritable gene
CRISPR technologies

Romanian patent law prohibits the patenting of complete or partial human genetic
sequences. According to Law No. 64 of October 11, 1991, on Patents: “(2) Inventions
in the field of biotechnology shall be patentable if they relate to... d) an element
isolated from the human body or otherwise produced by a technical process, includ-
ing the sequence or partial sequence of a gene..” [78] Gene editing activities which
violate ordre public and morality cannot be patented [100]. The Romanian Patent
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Office enforces Romanian law’s prohibition of patenting of stem cells and embryos for
commercial use [100]. Article 13 of the Oviedo Convention is also a primary source

of reference about patent permissibility and ordre public and morality, in addition to
Romania’s ordre public and morality obligations as a signatory to the Paris Convention,
TRIPS agreement, Patent Cooperation Treaty, and the European Patent Convention
[101, 102]. Environmental harm because of gene editing could include disruption of
the human germline through genetic manipulation [103]. Specifically, “[a]n interven-
tion seeking to modify the human genome may only be undertaken for preventive,
diagnostic or therapeutic purposes and only if its aim is not to introduce any modifi-
cation in the genome of any descendants” [88]. In Romania, even heritable genome
research for reproductive purposes is prohibited by the Romanian law [89].

10. Netherlands: Kingdom of the Netherlands v. European Parliament and
Council

The European Union wants its member states to comply with harmonization and
adoption of the European Biotech Directive (Directive 98/44/EC) [104]. For this reason,
the EU wanted a unanimous vote in order preserve unity within the European Union
regarding the criteria member nations abide by in considering the law and policy of
scientific and technological advancement in the area of genetic engineering [104]. The
Netherlands believed that a unanimous vote on the adoption of harmonization mea-
sures of the European Biotech Directive would harm the national Netherlands scientific
research and genetic engineering internal market [104]. Kingdom of the Netherlands v.
European Parliament and Council reflects the importance of balancing member state
needs vs. European Union needs in navigating regulations concerning genetic engineer-
ing. Harmonization measures are one way to “prevent the emergence of future obstacles
to trade resulting from multifarious development of national laws.” [105]. Thus, oppo-
nents of harmonization who wanted to renegotiate terms of the agreement so that other
nations would be accommodated with regards to their individual needs cannot prevail
[105]. The Court of Justice declared in Kingdom of the Netherlands v. European Parliament
and Council that European Union law endorses a fundamental right to human dignity
[106]. The Netherlands sued to annul the European Biotech Directive (Directive
98/44/EC) under Article 230 of the Treaty Establishing the European Community
(now Article 263 TFEU) [107]. The CJEU denied the Netherlands’ request to annul the
European Biotech Directive [108]. The Court concerns itself with the preservation of
the integrity of the human body and the maintenance of its human dignity in patenting
inventions derived from genetically engineered means [108]. “An element of the human
body may be part of a product which is patentable but it may not, in its natural envi-
ronment, be appropriated. That distinction applies to work on the sequence or partial
sequence of human genes” [108]. In stating this, the court reminds us that the human
body cannot be patented in its natural state either in whole or in part [109]. Accordingly,
genetically modified organisms may be patented with the demonstration that they show
a functional improvement upon the organism’s natural state.

11. Gene editing, ordre public and morality, and the courts

Ordre public and morality concerns frequently test the limits of human dignity
and human rights regarding the ability of an individual to avail oneself of the latest
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advances in genetic technology. Kingdom of the Netherlands v. European Parliament
and Council is just one such example of a case. Several other cases which balance ordre
public and morality concerns with the use of genetic technologies include Briistle
Oliver v. Greenpeace, German case T 1285/13 (miR-1/Max-Planck-Gesellschaft) of
20.10.2016, and Durisotto v. Italy.

In Briistle Oliver v. Greenpeace, Oliver Briistle, a German citizen, filed a patent for a
specific type of neural cell. Since the 1998 European Directive did not expound upon
the definition of a human embryo concerning age, Briistle did not anticipate that the
neural stem cells’ age violated the law [110]. Briistle insisted that medically, embryos
develop fourteen days after an egg is fertilized [110]. Briistle extracted neurally-
differentiated five-to-six-day-old human embryonic stem cells for the purpose of con-
ducting scientific research [110]. Briistle’s patent did not comply with the terms of the
European Biotechnology Directive [110]. Thus, Briistle violated both the European
Directive and several European Court of Human Rights (ECHR) provisions,
namely right to life, prohibition of discrimination, and right to private life [110]. A
European Court of Justice (ECJ]) ruling was requested [110]. The Court of Justice of
the European Union (CJEU) disputed Briistle’s statements concerning the age of the
embryonic stem cells, stating that an embryo forms at egg fertilization and deserves
both dignity and “fundamental rights.” Precisely, “any human ovum must, as soon as
fertilised, be regarded as a ‘human embryo’ if that fertilisation is such as to commence
the process of development of a human being” [110]. According to the Biotechnology
Directive, “an unfertilised human ovum whose division and further development
have been stimulated by parthenogenesis does not constitute a ‘human embryo’ under
the condition that ‘it does not, in itself, have the inherent capacity of developing into
ahuman being’” [111]. Additionally, Article 6(2) (c) of Directive 98/44 precludes
patentability... “where the technical teaching which is the subject-matter of the patent
application requires the prior destruction of human embryos...” [111].

Ordre public and morality is examined in the European Patent Office in T'1285/13
(miR-1/Max-Planck-Gesellschaft) of 20.10.2016. According to the case in the Patent
Board of Appeals, Max-Planck-Gesellschaft submitted a main request for a patent,
which was initially rejected by the European Patent Office [112, 113]. The main
request for a patent from the European Patent Office was for a nucleic acid molecule
with genetic modifications of miRNAs for staging (assessing the age and develop-
ment) of Drosophila (fruit fly) embryos [113-115]. As a model biological system
for genetic manipulation, engineering, and modification, Drosophila melanogaster
(fruit fly) can aid scientists and inventors with patents in determining ethical issues
in patentability [116-118]. The European Patent Office fails to formally discuss
issues of ordre public and morality in this case. However, since generations of fruit
flies multiply relatively quickly, researchers may quickly gain facility with assessing
generational changes in the fruit flies within relatively short amounts of time, in
contrast with mammalian systems (mice, rabbits, monkeys, and humans), in which
comparable types of research may take much longer [118]. In addition, similar types
of research may be restricted by law, depending upon jurisdiction, due to what is
allowed morally and ethically with regard to research conducted in invertebrate vs.
vertebrate organisms [119].

The genetic material, miRNAs — or microRNAs - in Drosophila in T 1285/13 do not
code for specific proteins [115]. However, miRNAs in Drosophila in T 1285/13 regulate
gene expression by silencing, expressing, enhancing, or activation gene activity [115].
The activity in Drosophila was indicative of an industrial application for a patent for
the genetic material [113, 120]. The invention in The invention in T 1285/13 (miR-1/

38



The Historical Evolution of Ordre Public, Morality, and Ethics Principles in European Union...
DOI: http://dx.doi.org/10.5772/intechopen.1011590

Max-Planck-Gesellschaft) of 20.10.2016 was found to be patentable due to its suit-
ability for industrial applications as per Article 57 of the European Patent Convention
[113, 120]. The industrial applicability for patent eligibility in the genetically modi-
fied Drosophila in T 1285/13 is reminiscent of the industrial applicability of the
genetically-modified bacteria which aid in cleaning oil spills in the United States case
Diamond v. Chakrabarty. However, distinct differences between the two cases include
the fact that the Drosophila in T 1285/13 concern modifications in miRNAs while
Diamond v. Chakrabarty addressed genetic modification of DNA [121]. One argu-
ment was directed toward industrial applicability in Article 57 of the European Patent
Convention while Diamond v. Chakrabarty, while useful industrially, was primarily
concerned with whether DNA could be modified and patented at all [113, 121].

Durisotto v. Italy (2014) was a decision regarding permission to use experimental
stem cell therapies. The case involved an appeal from the European Court of Human
Rights in which Durisotto’s daughter suffered from a degenerative brain disease.
Durisotto enrolled his daughter in a clinical trial entitled, “Stamina,” which involved
a stem cell therapy at an Italian university. Durisotto’s daughter was denied the
treatment. Consequently, Durisotto sought a court order on 8 April 2013 to coerce
an Italian hospital to treat his daughter with the “Stamina” stem cell therapy proto-
col. Mr. Durisotto proclaimed that his daughter’s right to life as per Article 2 of the
European Convention of Human Rights was being denied through lack of access
to the treatment [122]. Mr. Durisotto also claimed that his daughter’s rights were
forfeited as per the European Convention of Human Rights, Article 6, in that he did
not believe his daughter was fully granted a fair trial in receiving a proper appeal.
Moreover, Mr. Durisotto stated that his daughter’s Article 8 rights under the European
Convention of Human Rights were violated in that the government failed to honor
her right to private life. Even more so, Mr. Durisotto claimed that his daughter’s rights
under Article 14 of the European Convention of Human Rights, which dissuaded
discrimination, had been violated.

On 3 May 2013, the Brescia, Italy, hospital requested dismissal of Durisotto’s
court case because the Brescia hospital claimed Durisotto’s daughter was ineligible
for the experimental therapy as per the treatment criteria. Furthermore, the hospital
in Brescia, Italy, claimed that Durisotto’s daughter did not begin “Stamina” stem
cell treatments until after the 27 March 2013 legislative decree. On 30 August 2013,
Durisotto’s Italian case was dismissed. The court cited the 27 March 2013 enactment
date of the Legislative Decree as a reason for the dismissal of the case [123]. The
Legislative Decree was relevant only to treatment ordered prior to entry into force of
the Legislative Decree [124].

The European Court of Human Rights received the case on 20 September
2013. One issue in the case was whether Italy had overstepped its mark in refus-
ing Durisotto’s daughter the experimental therapy he requested. Related questions
involved whether Italy’s refusal to grant Durisotto’s daughter the “Stamina” therapy
was an act of violation of Durisotto’s daughter’ rights under Articles 2, 6(1), 8, or
14 of the European Convention of Human Rights. The court consensus was that the
“Stamina” stem cell therapy had not been scientifically proven. As such, the court
decided that the lower court decision to deny Durisotto’s daughter the therapy was not
discriminatory and upheld prohibition on stem cell therapy. Thus, Durisotto’s daugh-
ter’s rights under Articles 2, 6(1), 8, and 14 of the European Convention of Human
Rights had not been violated through Italy’s decision to deny Durisotto’s daughter
the therapy she sought. The Court did not believe that Durisotto’s daughter had been
denied her right to life via the treatment refusal [124].
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Durisotto wanted to engage in experimental therapy for the sake of his daughter.
However, the chosen stem cell therapy was not deemed safe for use by regulatory
authorities. The father’s needs regarding obtaining an appropriate therapy for his
daughter failed to coincide with societal needs of ensuring that available experi-
mental therapies are safe for public use. Although requests such as Durisotto’s can
be considered on a case-by-case basis, ethical issues loom once permission for use of
experimental therapy is granted for some but not for others. The European Court of
Justice, in adjudicating these types of cases, helps ensure fairness to all for those who
reside in European Union member states. Equanimity in decision-making is particu-
larly important with the advent of genetic engineering technology and expanded use
of stem cell research. Additionally, some scholars believe that the Durisotto ruling is a
missed opportunity to assess and more rigorously scrutinize legal criteria for compas-
sionate care in the context of experimental stem cell therapies [125].

12. The role of national institutions in regulating gene editing through the
lens of ordre public and morality

National institutions may act as a policymakers and liaisons between scientific
experts and citizens [126]. For example, best practices for Austrian diagnostic
and therapeutic applications of CRISPR gene editing are promulgated by the
Austrian Academy of Sciences [127]. Implementation and promulgation of rules
concerning gene editing in Austria, along with enforcement and penalty recom-
mendations for legal violations pertinent to the use of gene editing, are led by
several scientific committees, along with the Advisory Board on Gene Technology
(Gentechnikkommission) [128]. The Austrian Bioethics Commission monitors
utilization of CRISPR technology in Austria [129]. In this manner, the Austrian
Bioethics Commission serves in an advisory capacity to the Federal Chancellor of
Austria on ordre public, ethical and morality issues pertinent to CRISPR gene editing
and other forms of genetic engineering [130]. The Austrian Ministry of Social Affairs
supports the deliberations and advice of the Austrian Bioethics Commission given to
the Federal Chancellor of Austria [130].

The French Institut national de la santé et de la recherche médicale (Inserm) - a
collaborative institution of over 15,000 scientific and technical experts - engages in
innovative decision-making that ultimately influences public policy and may serve as
a catalyst for pertinent legislation [131]. Currently, Inserm retains 1650 biotechnology
patents [132]. These biotechnology patents also include patents for genetic inventions
for rare diseases such as Friedreich’s ataxia [133, 134]. Inserm is keenly interested in
the development of therapeutics for chimeric antigen receptor cells (CAR-T cells) (for
generating immunogenic responses in the treatment of cancer) and sickle cell ane-
mia, with over 104 drugs currently in development [135]. Most recently, the European
Medicines Agency authorized treatment of spinal muscle atrophy with Zolgensma
(onasasemnogene abeparvovec), a gene therapy that replaces abnormal copies of
genes responsible for spinal muscle atrophy, with healthy genes [136].

Inserm convened an advisory panel of scientists, clinicians, ethicists, and stake-
holders from several different European universities and institutions in September
2017 [137]. This meeting proposed ethical recommendations for the use of gene
editing, examine the biomedical ethics of gene editing, and promulgate recommenda-
tions for state legislators to consider [138]. The Inserm meeting occurred 2 years after
the 2015 National Academy of Medicine meeting in the United States in which the
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ethics of appropriate uses of gene editing via CRISPR were examined. Specifically,
Inserm recommended the formation of a European Steering Committee (ESC) to
further evaluate deleterious effects of gene editing such as off-target effects [138].
Additionally, the ESC would study epigenetic effects and mosaicism, and the long-
term impact of gene applications on humans and biodiversity [138]. Inserm recom-
mended further study of threats to national security via the utilization of gene editing
technology.

13. Conclusions

Gene editing patentability and ordre public and morality in European Union states
will continue to be relevant issues as long as genetic technology continues to increase
in sophistication. Therapeutic uses for gene editing have raised questions regarding
the possible use of elective gene editing which could potentially select for eye color,
stature, or other physical characteristics, not excluding traits such as intelligence or
athletic ability. Still, it is important to ensure that EU nations maintain compliance
with the EU Directive. The European Union and its member nations must guard
against the arbitrary application of genetic engineering for medical improvement.
Myriad choices regarding the limits of morality in the use of gene editing technologies
will persist in vexing humanity. Regardless, scientific progress in this area must not
cease.
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Chapter 4

Editing the Future: Ethical
Challenges of Therapeutic Use,

Germline Modification and Human
Enhancement with CRISPR

Gourab Chatterjee and Kusum Kumari Singh

Abstract

The advent of genome editing technologies traces back to the discovery of Type
IIS restriction enzymes, especially Fokl, which laid the foundation for early genetic
manipulation. Over the decades, various attempts were made to develop affordable
and precise gene-editing tools. This vision became reality with the emergence of
CRISPR-Cas systems, which have revolutionised modern biology by enabling targeted,
efficient and cost-effective genome editing. However, with transformative power
comes significant ethical responsibility. This chapter digs into the major ethical
dilemmas CRISPR technologies pose, particularly the ambivalent issue of germline
genome editing. Concerns over unintended off-target effects, questions about the
adequacy and scope of informed consent, especially in cases involving embryos or
future generations, and the potential rise of ‘designer babies’ have sparked critical
discourse among scientists, ethicists and policymakers. This chapter will provide a
comprehensive overview of CRISPR’s ethical landscape through a balanced analysis of
scientific milestones, moral frameworks, real-world controversies and global regula-
tory responses. It aims to foster a deeper understanding of how society can navigate
the power and pitfalls of genome editing while upholding principles of justice, equity
and responsibility.

Keywords: genome editing, CRISPR-cas9, germline editing, off-targets, ethics

1. Introduction

For many years, the holy grail of biotechnological advancement was the ability
to modify organisms genetically. The race to develop genome editing tools began
with the discovery of the FokI nuclease, a Type IIS restriction enzyme [1]. In 1994,
Chandrasegaran engineered the first artificial nuclease capable of targeted genome
editing by fusing the Ubx homeodomain of Drosophila with the nuclease domain
of FokI [2]. This strategy laid the foundation for developing zinc finger nucleases
(ZFNs) and transcription activator-like effector nucleases (TALENS) [3, 4].
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Although these tools were practical for targeted genome modification and could
theoretically be customised for specific sequences, they were technically challenging
to engineer and difficult to deliver into cells.

The emergence of CRISPR-Cas systems revolutionised the field by making
targeted sequence editing more accessible and efficient. CRISPR was first observed
in Escherichia coli by Ishino et al. at Osaka University in Japan, during their research
to identify the gene product of the iap gene [S]. They found five highly homologous
sequences of 29 nucleotides arranged in direct repeats with a spacing of 32 nucleo-
tides. Though this kind of architecture in the genome of E. coli was unusual, they
failed to identify what the potential function could be.

Later, it was discovered that these repetitive sequences function as an adaptive
immune system in bacteria, enabling them to survive viral infections by recognising
and cleaving foreign genetic material. Initially, the CRISPR system was believed to
operate through RNA interference. However, Marraffini and Sontheimer provided
experimental evidence that these genomic structures, associated with CRISPR-
associated (Cas) genes, targeted DNA directly, thereby highlighting their potential
for gene editing [6].

On August 17, 2012, Jennifer Doudna and Emmanuelle Charpentier published
their groundbreaking findings on the components of the CRISPR-Cas9 system and
how it could be optimised to edit virtually any DNA sequence [7]. Their work earned
them the Nobel Prize in Chemistry in 2020 and marked a transformative moment in
the field of genome engineering.

This breakthrough triggered an intense global race to harness the power of
CRISPR-Cas9 for targeted genetic modification. In January 2013, five independent
research groups published protocols enabling the genetic editing of mammalian
cells, bringing humanity one step closer to the possibility of engineering organisms
at will [8].

While this achievement was hailed as a dream come true, promising cures for
genetic disorders, cancer treatments and the development of genetically enhanced
plants and animals, it also raised serious ethical concerns. Discussions around germ-
line editing, designer babies and potential military applications of CRISPR emerged,
serving as a stark warning of the consequences of unregulated use. This led to the
‘International Summit on Human Gene Editing’ [9].

The ethical implications of CRISPR continue to be a topic of active debate, and
the question of how to regulate its use remains unresolved. In this chapter, we aim to
explore the key ethical questions that have generated remarkable dilemmas within the
scientific community regarding the conscientious application of CRISPR technology.
We also examine the broader social and cultural perspectives on genome editing,
whether in the context of medical treatments or the development of genetically modi-
fied organisms.

2. The evolution of CRISPR
2.1 A brief history of CRISPR

The CRISPR-Cas9 system represents the most recent and significant advancement
in genome editing. It is arguably the most user-friendly and accessible method of
targeted genome modification, enabling precise editing without altering the amino
acid sequence to target specific genomic loci.
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Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a natu-
rally occurring adaptive immune system found in bacteria and archaea that provides
protection against viral infections. This elegant system enables microorganisms
to ‘remember’ past infections by storing fragments of viral DNA and using them
to mount a faster response upon reinfection [10]. Depending on the mechanisms
involved and the associated cas genes, CRISPR systems are categorised into several
types [11]. This section focuses on giving a brief overview of the CRISPR system and
how it functions as an adaptive immune system in bacteria.

2.1.1 Adaptation (spacer acquisition)

To understand the mechanism, we must first examine the CRISPR locus. A typical
locus consists of three components: a leader sequence, a CRISPR array and cas genes.
The leader is an AT-rich region located upstream of the array. The CRISPR array is
composed of short palindromic repeats interspersed with unique spacer sequences,
which are derived from foreign genetic material, serving as molecular ‘memories’ of
past infections. The cas genes encode proteins responsible for the three stages of the
CRISPR mechanism [12].

During infection, Casl and Cas2 proteins cleave invading foreign DNA. The
resulting fragments, known as protospacers, are incorporated into the CRISPR array
as new spacers. This acquisition process is not random; it is PAM-dependent, meaning
a short sequence called the Protospacer Adjacent Motif (PAM) is required for spacer
integration [13, 14].

2.1.2 crRNA biogenesis

Upon a subsequent infection, the CRISPR array is transcribed into a long precur-
sor crRNA (pre-crRNA). This transcript is processed into multiple mature crRNAs,
each containing a unique spacer sequence corresponding to a specific invader [14].
In Type II systems, crRNA pairs with a trans-activating CRISPR RNA (tracrRNA),
which is transcribed from a nearby gene. Together, they form a duplex that is
processed by host RNase IIT into a functional crRNA-tracrRNA complex [15]. This
complex is then loaded onto Cas9 for the next phase.

2.1.3 Target interference

In the interference stage, the mature crRNA guides Cas9 to the target DNA
sequence, where it binds via base pairing and cleaves the foreign DNA. To avoid
attacking its own DNA, the system distinguishes self from non-self by recognis-
ing PAM sequences, which are absent in the host genome. Depending on the
CRISPR type, the PAM may be located upstream or downstream of the
protospacer [16-19].

This bacterial defence mechanism was repurposed by Jennifer Doudna and
Emmanuelle Charpentier for targeted genome editing in eukaryotic cells, an
achievement that earned them the Nobel Prize in 2020. By combining Cas9 with
a synthetic single guide RNA (sgRNA) - a fusion of crRNA and tracrRNA - they
demonstrated programmable double-stranded breaks at specific genomic loca-
tions [20]. These breaks can be repaired via Non-Homologous End Joining (NHE])
for gene disruption or Homology-Directed Repair (HDR) for gene insertion
(Figure1).
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Figure 1.
The process of (A) spacer adaptation, (B) crRNA biogenesis and (C) Target interference for CRISPR-Cas9
complex. Created in BioRender. Chatterjee, G. (2025). https://BioRender.com/dod2o1v.

2.2 Landmark events in the post-2012 era
2.2.1 The race towards genome editing

In January 2013, five research articles from independent groups were published,
marking a pivotal moment in the advancement of genome editing. It was like an
unspoken race had begun, with each group striving to contribute and remain relevant
in the rapidly evolving CRISPR landscape. These publications reported successfully
establishing protocols for CRISPR-mediated genetic editing in mammalian cells.
Among the most influential studies were those from the laboratories of George
Church (Harvard University, USA), Jennifer Doudna (University of California,
Berkeley, USA) and Feng Zhang (Broad Institute, USA). Their work demonstrated
that several key optimisations were required to adapt the CRISPR-Cas9 system for
effective genome editing [21-23]. These included codon optimisation of the Cas9
gene, the addition of a nuclear localisation signal (NLS), determination of the opti-
mal length of the single guide RNA (sgRNA) and the incorporation of homologous
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DNA templates to promote the homology-directed repair (HDR) pathway over the
error-prone non-homologous end joining (NHE]) pathway. In the same month, J.
Keith Joung’ group at Harvard Medical School became the first to use CRISPR in
vivo, applying the system to zebrafish embryos [24]. This marked the first instance of
germline editing using CRISPR technology.

2.2.2 The patent dispute

Between May and December 2012, two patents were filed concerning the CRISPR-
Cas9 system. Jennifer Doudna and Emmanuelle Charpentier submitted the first
[25], supported by their respective institutions, while Feng Zhang and the Broad
Institute filed the second [26]. In April 2014, Zhang’s patent was granted before that
of Doudna and Charpentier, prompting Doudna to challenge the decision. The case
was referred to the U.S. Patent and Trademark Office’s Patent Trial and Appeal Board
(PTAB). Following a prolonged legal dispute in 2018, Doudna and Charpentier were
awarded their patent, while Zhang’s patent remained valid. This dual-patent scenario
created complications, as some companies obtained licences from Zhang and the
Broad Institute, while others licenced the technology from Doudna and Charpentier.
In 2022, the patent tribunal revisited the case to determine the rightful ownership of
the foundational CRISPR-Cas9 intellectual property. While it was acknowledged that
Doudna and Charpentier were pioneers in the field, their early data lacked clear evi-
dence of successful genome editing in animal models such as zebrafish. In contrast,
Zhang’s 2012 work provided conclusive evidence of CRISPR-based genome editing in
human and mouse cells. As a result, the tribunal ruled in favour of Zhang. However,
the dispute has not ended. The University of California, on behalf of Doudna and
Charpentier, has recently reopened the challenge, keeping the legal battle over
CRISPR patents ongoing [27].

2.2.3 International summit on human gene editing

As the race to dominate the CRISPR landscape intensified, ethical concerns
remained ever-present. To define the boundaries of research and reach a global con-
sensus on the responsible use of CRISPR, several leading scientific bodies, including
the U.S. National Academy of Sciences, the U.S. National Academy of Medicine, the
Royal Society and the Chinese Academy of Sciences, organised the first International
Summit on Human Gene Editing in December 2015. David Baltimore, chair of the
summit, captured the significance of the moment in his opening remarks:

“We could be on the cusp of a new era in human history. Today, we sense that we are
close to being able to alter human heredity. Now we must face the questions that arise.
How, if at all, do we as a society want to use this capability? This is the question that
has motivated this meeting’ [9].

Indeed, it marked the beginning of an era of unprecedented advancement in the
application of CRISPR. But alongside this progress came hard-earned lessons and
growing awareness of the ethical boundaries this technology must respect. The 2015
summit was the first formal international platform where scientists, ethicists and
policymakers could collectively address the questions surrounding the aftermath of
the CRISPR revolution. It offered an opportunity to voice ethical and social concerns
globally. Among the most pressing issues raised was germline editing—modifying
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heritable genetic traits. A stark division emerged within the scientific community.
While some called for an outright ban on germline editing, others advocated for refin-
ing the technique, believing it could one day contribute to human health and even
evolutionary advancement. Following the success of the inaugural summit, second
and third summits were convened, with the most recent held in London in 2023 [28,
29]. Together, these summits have laid the groundwork for the international coordina-
tion of governance, oversight and regulation of human genome editing.

2.2.4 CRISPRU babies

A day before the second International Summit on Human Genome Editing, a sen-
sational revelation shocked the world: Chinese biophysicist He Jiankui had edited the
germline of human embryos, resulting in the birth of non-identical twins in October.
Until then, human CRISPR research had been restricted to non-viable embryos not
intended for implantation. However, He had begun experiments involving CRISPR-
edited embryos suitable for implantation as early as 2017 [30].

The project aimed to delete 32 base pairs in the CCR5 gene on chromosome 3,
mimicking the naturally occurring CCR5A32 mutation (Figure 2). Individuals
with this mutation lack functional CCRS5 receptors on T-cells, which prevents HIV
from binding and entering these immune cells, conferring resistance to infection
(Figure 3). Although He’s stated intention was to protect future children from HIV,
his approach was widely condemned as reckless and ethically irresponsible, sparking
one of the most significant controversies in modern science.

Since the transferrable embryos were edited using a CRISPR construct, this pro-
cess led to germline editing. This means the changes influenced by the editing process
were heritable and changed the heritable pattern of the offspring from these edited
embryos.

He experimented with a private organisation in Beijing and recruited couples who
met a specific criterion: HIV-positive fathers and HIV-negative mothers. Eight couples
agreed to participate; one later withdrew. Among the remaining seven women, 13

Cas9 sgRNA

oo

_——
W Deletion of 32 W
|

nucleotides L 1
CCR5 CCR5A32

Figure 2.

The strategy adopted by He Jiankui to create the first CRISPR babies. He injected fertilised zygotes with Cas9,
sgRNA targeting CCR5 gene. This strategy was supposed to create a 32 bp deletion in the CCR5 gene mimicking the
CCR5A32 mutation. Created in BioRender. Chatterjee, G. (2025). https://BioRender.com/7xgpsmo.
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(A) (B)

CCRS receptor CCRS receptor

Figure 3.
(A) The CCRs5 gene produces the CCR5 receptor, which is expressed on the cell surface of T cells. (B) Upon
deletion of 32 nucleotides, there is no move expression of the CCR5 receptor on the T-cell surface.

embryos were transferred, resulting in two pregnancies. One of the participants gave
birth prematurely to non-identical twin girls, who were assigned the pseudonyms
Nana and Lulu.

He performed deep sequencing and Sanger sequencing to analyse the genetic edits.
The results showed that while both twins had modifications in the CCR5 gene, the
intended CCR5A32 deletion was not achieved. One twin was heterozygous — possess-
ing one edited allele and one wild-type allele — while the other had a homozygous edit,
but not of the precise type intended. A significant issue was the presence of genetic
mosaicism: not all cells in either child carried the same genetic modification. This
meant that only a subset of their cells had edited versions of CCR5, raising serious
concerns about the consistency and predictability of the edits. Moreover, while the
resulting proteins appeared non-functional, the mutations were novel and had never
been observed in humans; therefore, their safety could not be guaranteed. One posi-
tive outcome was the absence of detectable off-target effects in other genes [31].

Even before the news became public, He had been invited to speak at the second
summit. Despite facing international condemnation, he presented his findings. After
his talk, David Baltimore responded strongly, reminding attendees that the first sum-
mit had concluded with a consensus that CRISPR should not be used clinically until
its safety was assured [32]. He declared:

T think there has been a failure of self-regulation by the scientific community because
of a lack of transparency’ [33].

Several scientists posed difficult questions. David Liu from the Broad Institute chal-
lenged the rationale behind choosing CCR5, noting that very little is known about its
role beyond HIV susceptibility. He also questioned the medical necessity of the inter-
vention, as sperm washing, a standard IVF procedure, can prevent HIV transmission
from father to child, making He’s intervention unnecessary and ethically indefensible.

The ‘CRISPR babies’ scandal dominated headlines across both scientific forums
and mainstream media. In 2019, He Jiankui was convicted of forging ethical review
documents and misleading physicians to implant genetically modified embryos. He
was sentenced to 3 years for violating domestic and international laws [20]. In 2023,
after serving his sentence, he returned to research, this time working on non-human
model systems [34].

This incident was a stern reminder to the global scientific community: reckless and
premature clinical use of CRISPR technology will not be tolerated. The path forward
must be paved with caution, rigorous oversight and a commitment to transparency,
safety and ethics.
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3. Recent advances

Following the success of the CRISPR/Cas9 system in gene editing, several Cas
variants have been discovered or engineered to possess unique features that enhance
the editing process. One such advancement is the discovery of Casl12, which enables
the use of more extended guide RNA sequences, thereby increasing the specificity of
target recognition. Unlike Cas9, Cas12 generates sticky ends at the cleavage site, which
can be advantageous for DNA repair via either the non-homologous end joining
(NHE]J) or homology-directed repair (HDR) pathways [16]. While the catalogue of
Cas variants has grown rapidly in recent years, their efficacy and precision in somatic
and germline editing remain under investigation.

Researchers engineered the Cas9 nickase (Cas9n), which creates single-strand
breaks (SSBs) on adjacent DNA strands at the target site to reduce off-target effects,
thereby improving specificity and minimising unintended edits [35]. Another notable
development is the creation of ‘dead’ Cas9 (dCas9), in which the nuclease domains are
mutated and inactivated. Although dCas9 lacks cutting ability, it can target specific
DNA sequences for regulatory or epigenetic modifications by fusing it with other
functional domains [36].

DNA base editing is a significant breakthrough in precision editing, which allows
for converting a single nucleotide in the target gene without inducing double-strand
breaks. This technique holds great promise for treating diseases such as cystic fibrosis
with high accuracy. Building on this, a more versatile method known as prime editing
has been developed. Prime editing enables the insertion of at least 44 nucleotides or
deleting up to 80 nucleotides at a specific site in the genome.

In DNA base editing, a Cas9 nickase is fused with the Apolipoprotein B mRNA
Editing Enzyme Catalytic Subunit 1 (APOBEC1) and a Uracil Glycosylase Inhibitor
(UGI), which together mediate precise base conversions. In contrast, prime editing
involves fusing Cas9n with an engineered reverse transcriptase and using a specially
designed guide RNA called pegRNA (prime editing guide RNA). The pegRNA con-
tains a ~ 30-nucleotide extension that encodes the desired edit. This extension anneals
to the nicked target DNA strand and acts as a template for the reverse transcriptase to
synthesise the edited sequence.

4, Core ethical dilemmas

Genome editing using CRISPR remains a relatively new and rapidly evolving
technology, and global regulations governing its use are still under development.
While CRISPR offers unprecedented potential for precise and effective genetic
modification, it also raises profound ethical, social and practical concerns that
must be addressed.

Key questions remain unanswered: Is it ethically justifiable to edit the genome of
human embryos? How can informed consent be obtained for individuals who have
not yet been born? Will genome editing become a luxury available only to the wealthy,
exacerbating social inequality?

This chapter explores these concerns in depth, examining the origins of these
ethical dilemmas and why they continue to challenge scientists, ethicists and policy-
makers alike.
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4.1 Somatic editing Vs germline editing

One of the most pressing questions the scientific community poses is whether
genome editing — particularly somatic or germline editing — is safe. To assess the risks,
it is essential to understand the differences between these two approaches.

4.1.1 Somatic cell gene editing

Somatic cells (also known as vegetative cells) comprise the body’s various tissues
and organs, excluding gametes, gametocytes and undifferentiated stem cells. Editing
the genome of somatic cells does not result in heritable changes, meaning that any
edits made will not be passed on to future generations. This form of genome editing,
somatic cell gene editing, is considered more ethically acceptable and safer than germ-
line editing [37].

Recent advances in CRISPR technology have enabled researchers to edit somatic
cells to treat and sometimes prevent diseases. The underlying strategy often
mirrors the techniques used in animal models. Typically, the CRISPR system,
including the single guide RNA (sgRNA) and Cas9 nuclease, is packaged into viral
vectors. These vectors are then used to infect target cells within the host. The host
expresses the sgRNA and Cas9 upon infection, resulting in the intended genomic
edits (Figure 4) [38].

A landmark moment occurred in March 2020, when the first patient received in
vivo CRISPR-Cas9 therapy to treat a form of inherited blindness caused by a point
mutation in the CEP290 gene (centrosomal protein of 290 kDa). The results were
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Figure 4.

Somatic gene editing strategy; the Cas gene, sgRNA and ssDNA are packaged into a non-integrative viral
vector, and the patients are infected with the vector. This allows the expression of all the components inside the
cell, theveby making in vivo genome editing a possibility. Created in BioRender. Chatterjee, G. (2025). https://
BioRender.com/4ryc1dz.
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promising; no off-target effects or adverse neurological symptoms were observed,
and the patient’s vision improved [39].

One of the notable advantages of somatic cell editing is that it can be performed
ex vivo [40]. In this approach, somatic cells are extracted from the patient, edited
outside the body, and only those with the desired edits, free from off-target effects,
are reintroduced. This method has shown significant success, especially in treating
haematological disorders like beta-thalassaemia [41]. It has dramatically advanced the
development of more efficient CAR T-cell therapies for cancer treatment.

The somatic cell gene editing avoids the ethical conundrums and therefore is much
easier to perform. To accelerate the development of such therapeutic strategies, the
Somatic Cell Genome Editing consortium was formed.

On November 16, 2023, the UK’s Medicines and Healthcare Products Regulatory
Agency (MHRA) approved Casgevy, a CRISPR-based therapy, for treating sickle cell
disease and beta-thalassaemia. Less than a month later, on December 8, 2023, the U.S.
Food and Drug Administration (FDA) approved Casgevy and Lyfgenia for treating
sickle cell disease. Since then, several other CRISPR-based therapies have entered clini-
cal trials, signalling that we are truly entering the age of CRISPR-enabled medicine [42].

4.1.2 Germline editing

Germline cells pass genetic information from one generation to the next. These
include gametes—sperm and ova—as well as their precursors. Germline editing is the
intentional modification of DNA in these cells or early-stage embryos, resulting in
heritable changes passed on to future generations [37].

A notable example of germline editing is the controversial case of He Jiankui, who
used CRISPR to edit the CCR5 gene in human embryos that later developed into two
children, nicknamed Lulu and Nana. The aim was to confer resistance to HIV infec-
tion; however, the experiment sparked international outrage due to its premature
application, lack of transparency and ethical violations.

Germline editing is often viewed negatively because of its irreversible and
heritable nature and the current lack of precision and understanding of long-term
consequences. However, it is essential to acknowledge that germline editing also holds
potential for eliminating severe inherited diseases. Conditions like cystic fibrosis,
Tay-Sachs disease and certain forms of muscular dystrophy could, in theory, be
prevented in future generations through germline modifications.

That said, significant scientific and ethical concerns remain unresolved. One
major issue highlighted in the Lulu and Nana case was mosaicism — a condition where
different cells within the same individual have distinct genetic makeups. This indi-
cates that the genome editing was not uniformly successful across all embryonic cells,
creating uncertainty about both efficacy and safety.

Furthermore, there is no current method to guarantee complete precision in
editing, or to prevent unintended de novo mutations — changes that have not been
previously observed in human genetics. These unanticipated edits could result in
unforeseen and potentially harmful consequences.

Following the First International Summit on Human Genome Editing, a global
consensus emerged that germline genome editing is premature for clinical use [9]. He
Jiankui’s actions violated this consensus and, as a result, drew severe criticism from
both the scientific and bioethics communities.

It is worth noting, however, that human embryo genome editing is not entirely
novel. Researchers have long experimented with tripronuclear (3PN) embryos formed
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During IVF if polyspermy occurs it results in a (B) tripronuclear embryo (3PN) which are developmentally
challenged and therefore discarded. The (A) Two pronuclear embyos are used for implantation. Germline studies
of 2PN embryos are banned in several countries while 3PN embryos ave used for the same due to their incapability
to be implanted. Created in BioRender. Chatterjee, G. (2025). https://BioRender.com/7gn2588.

with three pronuclei due to polyspermy during in vitro fertilisation (IVF) (Figure5).
These embryos have lower developmental potential and are therefore considered to
carry fewer ethical concerns, making them useful for proof-of-concept experiments.

There are two main approaches for performing germline genome editing. The first
involves microinjecting the guide RNA (gRNA), Cas9 protein and a single-stranded
DNA (ssDNA) repair template into zygotes approximately 18 hours post-fertilisation,
during the S phase of the embryonic cell cycle [43]. This method typically results
in the formation of blastomeres at the 4- to 8-cell stage. The second approach is to
co-inject the Cas9-gRNA complex along with the ssDNA template and sperm directly
into a metaphase II (M phase) oocyte at the time of fertilisation, using intracytoplas-
mic sperm injection (ICSI). The latter showed an increase in the number of edited
embryos, but the off-target mutations and unintended deletions still made a major
contribution to the sample set.

While recent advancements have improved the specificity and reduced off-target
effects of CRISPR tools, significant technical hurdles remain. Large-scale chromo-
somal rearrangements, for instance, are still frequently observed [44, 45] Emerging
gene-editing platforms, such as Cas9 nickases, base editors (BE) and prime editors
(PE), may offer improved precision, but their safety and efficiency in embryonic
systems remain under investigation.

Mosaicism remains a significant challenge in germline genome editing, indicating
aneed for better kinetic control and delivery methods during early embryogenesis.

4.2 Boundaries of informed consent

In modern research trials, informed consent is not merely a regulatory require-
ment but an ethical imperative. One of the earliest examples underscoring its
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importance is the Nuremberg Code. Informed consent enables individuals to
understand the potential benefits and risks of the study in which they are invited to
participate and to make an autonomous decision about whether or not to proceed.
Conversely, it provides researchers the opportunity, and responsibility, to thoroughly
educate participants about the research’s purpose, procedures, risks and potential
outcomes.

A significant challenge with informed consent can be illustrated through a com-
monly encountered scenario: software agreements. When installing new software,
users must often accept the terms and conditions. Yet most people do so without
reading a single line. This analogy reflects a similar problem in research participa-
tion. Participants may be unable to fully comprehend complex study protocols, while
researchers may find it challenging to explain intricate scientific details in a digestible
manner. In some cases, researchers may even omit crucial information - intentionally
or inadvertently — resulting in a participant agreeing to something fundamentally
different from what is conducted [46].

Moreover, participants may sometimes sign consent documents without reading
them carefully, especially when under perceived pressure or authority influence. This
compromises the principle of voluntary participation.

Further complicating the matter is a phenomenon known as therapeutic miscon-
ception, the mistaken belief that participation in research is equivalent to receiving
personalised clinical care [47]. This misconception blurs the lines between clinical
treatment and experimentation, potentially rendering the informed consent process
null or ethically invalid.

A notable example of a flawed consent process is seen in the case of Dr. He Jiankui.
As discussed earlier, his experiment involving germline genome editing drew global
criticism. The consent forms used in his study were found to be misleading and,
in some cases, forged. As a result, Dr. He was sentenced to 3 years in prison by the
Chinese government. However, this high-profile case triggered a global response,
leading to collaborative efforts to standardise and strengthen informed consent
protocols — especially for genome editing research. This is particularly relevant today,
as CRISPR-based therapeutics move into clinical trial stages.

Researchers must assess participants’ life circumstances and potential vulner-
abilities to create an ethically sound informed consent process. The International
Conference on Harmonisation (ICH) defines vulnerable individuals as those whose
willingness to participate in a clinical trial may be unduly influenced by perceived
benefits — whether real or not. These include patients with incurable diseases, minors
and individuals incapable of providing consent [48].

In embryo genome editing, vulnerability manifests in more complex ways. For
instance, parents may be overly eager to ensure their offspring are free from devastat-
ing genetic diseases — diseases they may suffer from. This eagerness may compromise
their ability to evaluate the risks critically. Meanwhile, the future child, the actual
subject of the intervention, is unable to consent altogether. This raises the profound
ethical question: can such consent be considered informed? While the intervention
may yield significant health benefits, it distinguishes between medical progress and
coercive genetic enhancement.

Returning to Dr. He’s study, the recruited couples involved HIV-positive male
partners. He offered them IVF and sperm-washing techniques to prevent HIV trans-
mission — services that were not readily available in China. This lack of access likely
heightened their willingness to participate in the experimental genome-editing study,
further exacerbating the ethical concerns around undue inducement [49].
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To mitigate such risks, Institutional Review Boards (IRBs) or Ethics Committees
may recommend that early genome-editing trials include only participants with
alternatives available for achieving the same outcome — such as having a healthy
child — without relying solely on genome editing. Presenting multiple options enables
prospective participants to weigh pros and cons more rationally, reducing the coercive
nature of their consent.

It is important to note that Dr. He’s research lacked approval from an IRB, as ICH
guidelines require. Court records later confirmed that his consent documents were
forged and that he engaged in ‘illegal medical practices’ [20].

Furthermore, consent forms must be written in clear, accessible language. They
should avoid excessive technical jargon and provide concise yet complete research
explanations. Research aims to generate generalisable knowledge, and it is often unclear
whether participants will personally benefit. Therefore, consent forms must avoid
guaranteeing direct benefits. For instance, Dr. He’s claim that ‘this research project
will likely help you produce HIV-resistant infants’ was not only overly optimistic but
also ethically coercive. It is of great importance to mention that even though the CCR5
mutation can possibly produce HIV-resistant offspring, it also increases the suscepti-
bility to West Nile disease [50].

The debate on designing an ethically robust and truly informed consent process
continues. The rise of CRISPR-based therapeutics offers hope as well as underscores
the urgent need for global ethical standards, mainly when interventions affect not
just current participants but future generations. This leads us to the central question:
can germline editing ever be ethically justified, and if so, how can consent be truly
informed for a child yet unborn?

4.3 Genetic enhancement vs. therapeutic uses

To understand the ethical debates surrounding genome editing, it is important to
distinguish between genetic therapy and genetic enhancement. A widely accepted
definition of medical therapy stems from Norman Daniels’ formulation of the stan-
dard medical model. In this model, therapy refers to interventions designed to main-
tain or restore normal bodily organisation and function, defined relative to typical
states for one’s species, age and sex [51]. According to Daniels, society has an obliga-
tion to provide such treatment only when there is a medical need, that is, a deviation
from normal functioning.

Enhancement, by contrast, refers to interventions intended to improve upon typical
or ‘normal’ traits, whether in appearance, health or performance. Examples include
the use of anabolic steroids to build muscle mass, undergoing elective rhinoplasty
for cosmetic reasons or altering gametes to increase a child’s likelihood of possessing
above-average musical ability [52].

A key example often discussed is the controversial case of ‘CRISPR babies’, in
which prospective parents might select traits they desire in their children, such as
blue eyes, increased muscularity or other characteristics aligned with prevailing
beauty or performance ideals. Another possibility is the enhancement of physi-
cal prowess in military personnel, reminiscent of fictional concepts like Captain
America’s ‘super serum’

However, it is crucial to recognise that such enhancements would need to be
implemented at the embryonic stage, requiring germline editing. This means that
the alterations would not only affect the individual but also be inherited by future
generations. As a result, such interventions raise fundamental questions about the
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long-term consequences of human-directed evolution. Could germline editing alter
the natural evolutionary trajectory of our species? This was pointed out by John
Harris from the University of Manchester in the first summit, where he said gene
editing provides a means of evolving, which is much quicker, rational and biased than
Darwinian evolution [28].

Another major concern lies in the issue of access. If genetic enhancement ever
becomes permissible, will it be available to everyone or only to those who can afford
it? The fear is that these interventions could deepen existing inequalities. As Faith
Lagay points out in her commentary in the AMA Journal of Ethics, ‘The rich will
not only have more money than the rest of us—they’ll be taller, smarter, and better
looking too’ [52].

4.4 Access equity and justice

A major question in the field of genome editing is how CRISPR/Cas9 can be made
maximally beneficial to all communities. For this technology to truly mitigate, rather
than exacerbate existing healthcare disparities, equitable opportunities for participa-
tion in and benefit from research are essential. This section outlines several key barri-
ers to equity in CRISPR-related research and proposes opportunities to address them.

One of the foremost barriers is mistrust towards research participation, particu-
larly among marginalised or historically exploited communities. This mistrust stems
from past unethical practices, such as inadequate informed consent or even coerced
participation in clinical studies [53, 54]. The He Jiankui case serves as a critical
example: through coercive language and a lack of transparency in his study involving
genome-edited embryos, he violated ethical boundaries, ultimately leading to impris-
onment. Incidents like this erode public trust and create long-lasting scepticism about
participating in genetic research.

Moreover, disparities in healthcare access further reinforce this mistrust. Minority
communities often receive inferior healthcare compared to wealthy or non-minority
populations [55, 56]. This raises pressing ethical concerns about whether CRISPR-
based therapies, and potential future enhancements, will be equitably available, or if
they will become tools of privilege confined to the affluent few.

Another major barrier is the underrepresentation of diverse ethnic groups in
genomic research. Although humanity’s genetic diversity is vast, participation in
studies remains skewed. For instance, only about 3% of participants in Genome-Wide
Association Studies (GWAS), as reported in the GWAS catalogue, are of African
descent [57]. This is troubling, given that genetic variation differs significantly
across populations, and failing to include underrepresented groups makes it harder
to develop therapies that are safe and effective for everyone. CRISPR-based inter-
ventions, like other forms of precision medicine, risk being less applicable, or even
ineffective, for populations not adequately represented in research.

Finally, disparities in access to the benefits of scientific research have been a
concern since the early days of bioethics. If CRISPR is to fulfil its potential as a
transformative biomedical technology, the benefits of related research must be made
equitably accessible across all communities. Legal and policy frameworks should be
developed to ensure fair distribution of therapeutic advancements, especially for
historically underserved populations.

Addressing these barriers — by rebuilding trust, increasing diversity in research
participation and ensuring equitable access — will be critical to shaping a more inclu-
sive and ethical future for CRISPR-based therapeutics.
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4.5 Social and cultural perspectives

Although the rapid progress of CRISPR technology has raised hopes for trans-
formative public-health benefits, its cultural and social acceptance remains a major
concern.

At the first International Summit on Human Gene Editing, participants warned
that genome editing could inadvertently revive eugenic thinking. Early-twentieth-
century eugenics promoted the idea that traits such as ‘criminality’, ‘feeble-mind-
edness’ and ‘pauperism’ were heritable in the same way as eye colour. These beliefs
justified forced sterilisation and discriminatory immigration policies until the atroci-
ties of Nazi Germany discredited the movement. As Daniel Kevles observed, some
of the social forces that once fuelled eugenics — fear of “genetic decline,” pursuit of
perceived perfection - still linger today. CRISPR’s power to edit the germline therefore
demands heightened vigilance against any resurgence of coercive or discriminatory
practices [9].

Policymakers must also respect diverse religious and philosophical views when
crafting regulations:

¢ Islamic bioethics - Mohammed Ghaly (Hamad Bin Khalifa University) noted at
the second summit that somatic gene therapy is generally permissible because
it treats disease, has a limited scopeand affects only the treated individual.
Germline editing, however, is far more controversial: it is seen as overstepping
human authority granted by God, since humans are ‘trustees, not owners’ of
their bodies [28].

* Japanese philosophy - Satoshi Kodama (Kyoto University) explained that in
Japanese thought, embryos are regarded as ‘sprouts of human life’ that deserve
protection to uphold human dignity. Germline modification therefore raises
profound ethical reservations [28].

These examples illustrate a broader consensus emerging at successive summits:
governance frameworks for CRISPR must integrate philosophical, spiritual and cul-
tural insights, not merely scientific risk-benefit analyses. Only by engaging multiple
world-views can global policy strike a balance between scientific progress and respect
for deeply held values.

5. Global regulatory landscape

Since the discovery of CRISPR, the scientific community has engaged in ongoing
debate about the ethical and regulatory frameworks required for its responsible use.
Scientists around the world have called for internationally accepted limitations on the
application of genome editing, with regulatory guidelines already in place in countries
such as the UK, US, China and Sweden [58-60].

In India, the Indian Council of Medical Research (ICMR) has prohibited human
germline editing and reproductive cloning, as stated in the National Guidelines for
Stem Cell Research. However, these guidelines have not yet been translated into bind-
ing legislation, leaving a regulatory gap that could be exploited.

At the global level, the United Nations Educational, Scientific and Cultural
Organisation (UNESCO) has strongly condemned germline genome editing,
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emphasising the importance of preserving human dignity and shared ethical values
[61]. In response to growing ethical concerns, the National Academies of Sciences,
Engineering, and Medicine (NASEM) issued guiding principles in 2017. These principles
stress the need to protect social well-being, fairness and transparency in human genome
editing. While germline editing is generally discouraged, NASEM allows for its use in
rare and exceptional circumstances, subject to strict oversight and ethical review [62].

In 2021, the World Health Organisation (WHO) released its own set of recommen-
dations on genome editing. These included a strong warning against unauthorised
clinics offering unproven stem cell therapies, referencing cases like that of He Jiankui,
whose unethical experiment on human embryos caused global uproar. The WHO
also emphasised the importance of public education and engagement to ensure that
society understands the risks, benefits and ethical dimensions of genome editing.
Only with informed public participation can we determine the social acceptability
and desirability of such powerful technologies [37].

Before the Third International Summit on Human Gene Editing, a group of
national collaborators assessed the governance rules of CRISPR-based tools in their
own countries, which showed the current scenario of germline genome editing. These
countries included Brazil, China, India, Mexico, Singapore, South Africa, Uganda
and Ukraine. In countries like Brazil, China, India, Singapore and Uganda, germline
genome editing was banned. While in all the countries, some form of law exists for
somatic editing and somatic cell gene therapy, in countries like South Africa, Mexico
and Ukraine, it was pointed out that no specific oversight or governance measure was
found. Though at the time of writing this chapter, this might have changed [63].

6. Conclusions

The debate surrounding the regulation of CRISPR technologies continues to
evolve, delicately balancing the promise of scientific progress with deeply rooted ethi-
cal considerations. While perspectives often vary across cultural and individual lines,
one aspect has gradually achieved broad consensus: the acceptance of somatic gene
therapy. This growing approval is reflected in the sharp increase in clinical trials over
recent years. As of February 2025, approximately 250 clinical trials involving gene-
editing therapeutic candidates have been registered, with over 150 currently active
[64]. These numbers not only underscore the transformative potential of CRISPR but
also highlight its expanding global footprint in the realm of modern medicine.

In contrast, germline editing remains highly controversial and is explicitly
prohibited in many countries. This widespread resistance underscores a collective
hesitation to embrace heritable genetic modifications — a boundary that society is not
yet prepared to cross. The primary concerns stem from profound ethical implications,
particularly regarding how such technologies might deepen existing socio-economic
divides. If access to germline editing were to be dictated by wealth or privilege, it
could exacerbate inequities and reinforce systemic disparities, raising troubling ques-
tions about fairness, consent and the future of human diversity.
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Abstract

In view of the growing world population, climate change, and shrinking fertile
land, climate-smart, and high-yielding crops are urgently needed. Agriculture must
continue to supply food, feed, and raw materials to sustain the world, in spite of
all the challenges arising from both the biotic and abiotic stress factors. The use of
conventional breeding techniques to cope with stress factors remains a challenge.
However, genome editing based on CRISPR-Cas9 provides a revolutionary answer.
This chapter offers a comprehensive overview of the role of CRISPR-Cas9 in improv-
ing crop traits to ensure global food security. Moreover, it highlights the value of
bioinformatics in CRISPR applications and delves into the regulations governing the
application of CRISPR and the ethical concerns, and consumer acceptance of the
products. Using contemporary sequencing tools, scientists can accurately, and rapidly
modify crop genes to confer traits such as nutritional quality, disease resistance,
and stress tolerance. Feeding a growing global population, achieving sustainability
targets, and potentially lessening the consequences of climate change, CRISPR-based
genome editing offers tremendous agricultural opportunities for breeding crops
across the food supply chain that could benefit larger segments of the population. In
addition, the CRISPR-Cas9 system has been applied in the regulation of genes, the
domestication of plants, and the reduction of pesticide usage in crop production.

Keywords: genome editing, CRISPR, innovation, sustainability, food security and
nutrition

1. Introduction

The global population is anticipated to reach 9.8 billion in 2050. This presents
agriculture with the crucial constraint of meeting the growing demand for food while
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mitigating the impacts of climate change on the environment [1, 2]. Conventional
plant breeding has historically been effective, but has struggled with problems such
as delayed progress, the possibility of undesirable trait associations, and reliance on
subjective observations [3]. Although genetically modified (GM) crops can increase
agricultural production and improve food security, there are several challenges and
concerns regarding their use, including environmental consequences, public opinion,
and ethical considerations [4]. Concerns include the risk of unexpected consequences
for organisms that were not targeted and for the environment, as well as major social
and ethical disputes over corporate control of the food supply. Clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas technology is a gene-editing
device that has transformed agriculture, providing precise, and effective techniques
to improve plant traits and agricultural practices [5, 6]. It can be applied to produce
herbicide-resistant plants, increase yields, improve quality, and increase resistance to
diseases and pests. Additionally, CRISPR-Cas enables the creation of plant varieties
that are tolerant to drought and salinity, and more resilient and sustainable in several
agricultural systems [7]. It has been successfully applied in improving crop qual-
ity. For instance, modification of crops can contain less allergens. CRISPR has been
utilized to generate gluten-free wheat strands that are suitable for people with coeliac
disease [8]. This is a positive sign that the efficiency and productivity of agriculture
can also be increased when CRISPR application is embraced.

Rapid advances in sequencing technologies are making more genomic data avail-
able on a growing number of crop species [9], and genome editing techniques can
be utilized to precisely alter genes, opening up new avenues for crop improvement.
The terms “CRISPR” and “CRISPR-Cas9” are frequently used interchangeably in the
context of genome engineering to refer to the various CRISPR-Cas9, CRISPR-Cpf1,
CRISPR-Cas12a, etc. Researchers can use these techniques to permanently alter genes
in living cells, tissues, organs, or organisms. Approximately 20 crop species have so
far harnessed the CRISPR-Cas9 gene-editing technique to achieve a range of traits,
such as higher yields and the ability to cope with various biotic and abiotic stress [10].
For instance, the CRISPR-Cas9 system has been utilized in knocking out precise genes
critically to biotic or abiotic stress tolerance systems [11]. To ensure food security,
sustainable crop development initiatives are needed in the face of increasing intensity
of biotic and abiotic stress factors. Abiotic stress has become a serious challenge for
agriculture in the context of advancing climate change, leading to production losses
that affect the global food supply [12]. According to Rogo et al. [13], plants are able
to adapt to normal fluctuations in their environment and continue to grow and
develop. The abiotic stress occurs when a plant’s responsiveness is seriously affected
by non-biological environmental factors such as salt, heat, water scarcity or nutri-
ent imbalances (toxicity or deficiency) [14]. When these environmental conditions
become severe or persist for long periods of time, it has detrimental effects on plants.
Abiotic stress has become a serious challenge for agriculture within the framework
of advancing climate change, leading to production losses that affect the global food
supply [12]. The production of disease-resistant crops is severely hindered by biotic
stress caused by pathogenic microorganisms. This also contributes to 15% of global
food production losses and over 42% of potential yield losses [15]. For instance, in
soybeans, 200 pathogens are known to cause destruction to the plants [16]. To ensure
food security, the increasing intensity of biotic and abiotic stress factors calls for
sustainable crop development initiatives.

CRISPR technology allows for accurate and effective genome editing. Hence, it
offers a substantial advantage for improving food security in light of the growing
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CRISPR gene-editing workflow [18].

world population and changing climate [17]. Crop yields, nutritional value, and plant
resistance to environmental stressors like drought, salt, and pests can all be enhanced
when CRISPR-Cas9 technology is applied. More dependable food supplies and higher
agricultural output may result from this. Several researchers agree that applications
of CRISPR-Cas9 technology in agriculture result in crop improvement [18, 19]. For
instance, Li et al. [20] employed CRISPR-Cas9 to selectively delete genes related to
grain size regulation to increase the yield of rice grains [21]. The capacity to precisely
modify plant genomes makes it possible to improve desired characteristics, including
stress tolerance, yield, disease resistance, and nutritional value. For instance, Shan

et al. successfully applied CRISPR-Cas9 in rice, resulting in increased resistance to
bacterial blight [22]. In addition, CRISPR-Cas9 has shown the potential to speed up
the breeding process [23]. With conventional breeding methods, it often takes several
generations to achieve the desired traits incorporated in a breeding material. By
introducing targeted genetic changes directly into the plant’s germline, CRISPR-Cas9
can drastically reduce the time required for breeding, thereby contributing to solving
the problem of global food security. Moreover, this technique offers the possibility of
growing nutrient-rich plants that can help prevent malnutrition and improve human
health [20, 21]. By examining current limitations and upcoming projections, this
chapter aims to demonstrate how CRISPR-CAS technology can be utilized to develop
resilient, high-yielding, and nutrient-rich varieties that will ultimately contribute to
agricultural sustainability and food security for generations to come. The overview of
the CRISPR gene-editing workflow, detailing each critical step from design to prod-
uct, is illustrated in Figure 1.

2. CRISPR for crop yield improvement and stress resilience

CRISPR technology has transformed agricultural biotechnology internationally
[24]. Because of its precise genome editing capacity, it can target genes that govern
essential agronomic properties such as crop production potential, biotic resistance,
and abiotic stress tolerance. Climate change and rising food demand necessitate the
use of the CRISPR-Cas system as a long-term solution for effective photosynthesis
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improvement, biomass production, and resilience to environmental hazards such as
heat, cold, salinity, and drought [25, 26]. CRISPR technology has great potential for
increasing crop productivity and tolerance to diverse pressures, making it an effective
tool for agricultural enhancement [26, 27].

2.1 Development of photosynthetic efficiency and biomass production with
CRISPR

CRISPR-Cas9 technology offers great potential for improving photosynthesis and
biomass production in crops [28]. This allows researchers to focus on genes related to
light yield, CO, fixation, and other photosynthetic processes, resulting in increased
yields and enhanced efficiency. The productivity and photosynthetic efficiency
of plants can be improved by CRISPR-Cas9 technology [29, 30]. CRISPR-Cas9 isa
gene-editing technique that enables genetic engineers to disable or alter the function
of certain genes in the photosynthetic pathway. According to Li et al. [31], photo-
synthesis is a sequence of complex reactions that can be optimized by editing critical
genes that regulate these activities. Light is necessary for photosynthesis. Improving
a plant’s ability to utilize light can increase photosynthetic efficiency and crop yield
[32]. Genes involved in light uptake, such as the Light Harvesting Complex Protein
B1 (Lhcbl), can be modified to improve the absorption of certain wavelengths. The
Lhcbl genes encode important components of the protein complexes that bind chlo-
rophyll and collect light in the thylakoid membrane, which are critical for light uptake
during photosynthesis [33, 34]. Targeted modifications of these proteins can improve
their ability to convert light energy into chemical energy. This has been shown to
promote plant growth and is particularly useful in locations where plants grow in low
light or under controlled conditions.

Rubisco is an important enzyme in the Calvin cycle, although it is inefficient
because it is often converted to oxygen instead of carbon dioxide. This process of
oxygen fixation, known as photorespiration, leads to a decrease in energy effi-
ciency. Biotechnology can be utilized in various ways to reduce photorespiration:
Scientists have applied CRISPR-Cas9 to modify genes such as RBCS (RuBisCo
small subunit genes) to improve the selectivity of Rubisco for carbon dioxide
or alter its active site to increase catalytic efficiency [35, 36]. To overcome the
inefficiency of RuBisCO, CRISPR-Cas9 can be employed to improve the carbon
dioxide-concentrating processes of C4 plants, for example, by modifying genes
such as PEPC (phosphoenolpyruvate carboxylase). These changes increase the
concentration of carbon dioxide near RuBisCO and reduce oxygen competition
and photorespiration [37]. CRISPR-Cas9 has been shown to alter genes involved in
the photorespiratory system, such as GOX1 (glycolate oxidase), reducing energy
waste [38]. Alternatively, genes that enable more efficient recycling of photorespi-
ratory waste can be optimized to direct them into productive metabolic pathways.
The stomata of a plant regulate the loss of water and the uptake of carbon dioxide.
There are several genes (e.g., EPF1 and EPF2) that regulate stomata density of a
which could increase water efficiency while maintaining photosynthesis [39]. The
approaches listed above are just a few examples of how biotechnology can be used
to modify photosynthesis. Crop yield is the outcome of a comprehensive system.
Photosynthesis supplies the carbon and energy essential for the entire system;
however, this interaction is nonlinear and influenced by various factors, including
growth, leaf, and canopy shape and design, source-sink dynamics, and the impact
of photosynthesis within a field crop. In summary, photosynthesis is key to crop
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yield and any gene involved in photosynthesis can be altered with CRISPR-Cas9 to
improve its efficiency, leading to improved photosynthesis and food production.

2.2 Application of CRISPR technology to alleviate abiotic stress

The response to abiotic stress is a complicated quantitative trait that is difficult
to control since it is regulated by several genes and is therefore difficult to man-
age [40, 41]. In the last few years, the application of CRISPR-Cas9 technology for
beleaguered gene editing in plants has developed dramatically. CRISPR-P, among
the most recent technologies, is a web-based platform that enables the creation of
sgRNAs in over 20 diverse plant species [42]. Furthermore, the creation of multiple
vectors and instruments for gene editing of plants with CRISPR-Cas9 has increased
accessibility for useful research [43]. CRISPR-Cas9 type II technology has facilitated
accurate site-specific modifications in various plant species, including major plants.
For example, CRISPR-Cas9 technology targeting OsDERF1, OsERF922, and OsRMC
in rice has shown the ability to generate stable lines with enhanced resistance to
abiotic stress, especially drought [44]. In soybean, the application of CRISPR/Cas9
to the GmMYB118, GmDrbza, and GmDrbzb genes has been planned to generate
genome-edited varieties that exhibit increased drought and salt tolerance [45, 46].

In wheat, genes such as TaDREB2, TaDREB3, TuHAGI1, and TaALs are key targets for
the creation of varieties with increased tolerance to drought, salinity, and herbicide
resistance [47]. Furthermore, the creation of several vectors and tools for CRISPR-
Cas9-based gene editing of plants has increased accessibility for useful research [43].
These developments have validated CRISPR-Cas9 technology for genetic modifica-
tion, transcriptome control, the development of stress-tolerant plants, and molecular
exploration of response to multigenic stresses. Additionally, Wu et al. [48] pointed
out that Brassica napus can be modified using CRISPR/Cas9 technology to increase
drought and herbicide tolerance by modifying the genes BnaA6.RGA, and BnAls.
Genes like ZmARGOSS8, ZmALS1, ZmALSZ, and ZmTMS5 have been used to create
genome-edited lines of maize that are more tolerant to drought, herbicides, and
extremely high temperatures [49, 50].

Sardar [51], CRISPR-Cas and other genome editing tools have been used in
many plant species like cereals, vegetables, and fruit crops to make them more tol-
erant to abiotic stress by targeting their sensitivity genes. B-amylase (BMY) genes
contribute to the cold tolerance of rice. They control the breakdown of starch
and the build-up of maltose to protect against cold stress. The function of BMY is
affected by the association of the cold-responsive R2ZR3 MYB transcription factor
OsMYB30 and OsJAZ9 with the promoter regions of the BMY genes. Scientists
created cold-tolerant rice variants by disrupting OsMYB30 with CRISPR-Cas [52].
Moreover, CRISPR/Cas9 technology can be utilized in Brassica napus to modify
the BnaA6.RGA and BnAls genes to improve both drought and herbicide resistance
[48]. Genes like ZmARGOSS, ZmALS1, ZmALSZ, and ZmTMS5 have been used in
maize to create genome-edited lines that are more resistant to drought, herbicides,
and extremely high temperatures [50, 53].

Chen etal. [54] and Tran et al. [55] used CRISPR-Cas9 technology in vegetable
crops to create drought-tolerant tomato varieties by targeting the following genes:
SIHyPRP1, SIBZR1, SlcBF1, SIARF4, and SIEPSPS. The tomato varieties exhibited
increased tolerance to drought and other stress factors such as heat, salinity, cold,
and herbicides. This research shows how CRISPR-Cas9 technology can be utilized to
improve plant traits and produce plants that can withstand stress. Another example
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is that the ability of rice to cope with cold is influenced by B-amylase (BMY) genes.
To protect against cold stress, these genes regulate the accumulation of maltose

and the interruption of starch. The cold-responsive R2R3-type MYB transcription
factor OsMYB30 and OsJAZ9 bind to the promoter regions of BMY genes and thus
impair BMY function. Researchers created cold-tolerant rice varieties by disrupting
OsMYB30 using CRISPR-Cas [52]. The CRISPR-Cas9 technique was used to modify
the salt and drought tolerance gene (DST) in the indica rice cv. MTU1010. Asa
result of increased leaf area and decreased stomatal density, water storage, and light
consumption are enhanced; the mutant lines with a 366-bp deletion in the coding
sequence were tolerant to salt, osmotic, and drought stressors [56]. Researchers have
increased drought tolerance in maize by using CRISPR-Cas9 to interrupt the auxin-
regulated gene Involved in Organ Size 8 (ARGOSS8) [57]. Sensitivity of tomato to heat
stress is increased by CRISPR-based editing of mitogen-activated protein kinase 3
(SIMAPK3) and agamous-like 6 (SIAGL6) orthologs, while sensitivity to salt stress
is increased by ADP-ribosylation factor 4 (SLARF4). According to Bouzroud et al.
[58], these CRISPR-edited mutants showed enhanced agronomic characteristics and
tolerance to abiotic stress factors. This demonstrates the potential of CRISPR-Cas

in contributing to food security in reducing stresses imposed by drought, salinity,
among others.

3. Improving disease resistance and pest control through CRISPR
technology

Plant pathogens, including bacteria, fungi, and viruses, trigger several plant dis-
eases that severely affected production, while herbivores like insects further decrease
production through direct damage and as vectors for disease [59, 60]. The capacity of
plants to cope with various biotic stress factors will be negatively impacted by climate
change. Direct crop losses due to biotic stress factors are expected to be 20-40% [61,
62]. Consequently, R gene methods do not necessarily lead to long-lasting broad-
spectrum resistance and instead tend to encourage the development of resistance
in the target pathogen [63]. An alternative strategy is to use CRISPR-Cas to target
susceptibility genes in a plant’s genome [64]. But in most cases, R genes are pathogen-
specific and unnecessary avirulence genes. Hence, R gene strategies do not neces-
sarily lead to long-lasting broad-spectrum resistance and instead tend to promote
the development of resistance in the target pathogen [63]. The use of CRISPR-Cas to
target susceptibility genes in a plant’s genome is an alternative tactic [64].

The pathogen (Magnaporthe oryzae) produces blast disease, which affects rice pro-
duction worldwide. By deleting specific susceptible genes in rice like OsERF92231 and
Pi21, rice genotypes resistant to rice hypertrophy have been generated [59]. Likewise,
the use of CRISPR-Cas to target the Mildew Locus O (MLO) gene has improved the
resistance of wheat to powdery mildew, a disease caused by the fungus Podosphaera
xanthii [65]. According to Zaidi, Mukhtar, and Mansoor [64], targeting susceptible
genes encoding sugar transporters is another strategy to improve disease resistance.
Bacterial late blight, caused by Xanthomonas oryzae pv oryzae, leads to substantial
yield losses in rice under favorable conditions. During infection, the bacterial
pathogen produces transcription activator-like effectors (TALEs) that promote the
transcription of genes coding for sugar transporters (e.g., OsSWEET11, OsSWEET13,
and OsSWEET14). SWEET genes are known susceptibility genes for bacterial blight,
as they promote the growth of bacteria in plant tissues. Researchers have created
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rice varieties with a broad spectrum of resistance to bacterial blight by successfully
disrupting the link between TALEs and SWEET genes using the CRISPR-Cas system
[66]. In OsSWEET11 (Xal3) [49], OsSWEET13 [36], and OsSWEET14 [67], the TALE
binding site was altered for this purpose. The resulting plants exhibited increased
resistance to the bacterial pathogen. In addition, genes that are sensitive to viruses are
enhanced to protect plants from them [68]. For example, rice production is seriously
threatened by rice tungro disease, which is produced by the interaction of the bacilli-
form rice tungro virus and the spherical rice tungro virus. The gene for the translation
initiation factor 4 gamma (eIF4G) controls resistance to rice tungro disease, which

is caused by the rice tungro sphere virus. By using CRISPR-Cas to disrupt eIF4G,
transgene-free rice lines resistant to tungro disease have been created [69].

Crop losses caused by insect infestation have catastrophic effects on civilization,
including poverty and famine. Immediate invention and the use of rigorous and
integrated agricultural practices are required due to the combined effects of the resur-
gence of insect pests and the rapidly growing human population [70]. With the ability
to precisely modify insect genomes to increase resistance to pests and potentially
reduce the need for chemical pesticides, CRISPR-Cas9 technology is an effective tool
for insect management in agriculture. Using this approach, traits such as reproductive
ability, disease susceptibility, and insecticide tolerance can be altered by targeting
genes in insects, leading to more environmentally friendly and sustainable farming
practices [70]. We explore the new opportunities offered by the CRISPR/Cas9 system
and how it is attracting great interest due to its unique advantages in controlling insect
pests, which in turn ensures high agricultural production and food security. Various
tephritids, mosquitoes, and Drosophila melanogaster meigens have already been sub-
jected to a mixture of gene-editing tools and insect manipulation techniques that have
provided answers to several fundamental problems in insect biology. This has been
shown to be an effective method of pest control [71, 72] and has recently been used to
develop new pest control tactics [73, 74]. Through the creation of genetically modi-
fied insects, advances in genome editing techniques have opened the door for creative
pest control strategies. CRISPR/Cas technology continues to evolve as it is extremely
beneficial for effective gene editing and customization. Plasmid DNA, RNA, ora
ribonucleoprotein (RNP) complex can be used to introduce the components of the
CRISPR-Cas tool—gRNA and the Cas9 protein—into the target organism [75].

3.1 Biofortification of crops using CRISPR

Enriching food crops with nutrients and enhancing the nutritional value of
food are the safest, most effective, and sustainable approaches to comprehensively
address protracted hidden hunger among the majority of the population in the least
developed countries [76]. Various mechanisms and approaches have been developed,
adopted, and deployed to enrich the nutritional content of globally prevalent staple
foods such as maize, sweet potatoes, wheat, rice, and beans with essential micronu-
trients like zinc, iron, and vitamins (Figure 2). Meanwhile, these basic steps have the
economic viability to ensure the bioavailability of adequate nutrients, particularly the
essential micronutrients that are in limited supply from crops in their natural state
[77]. Some of these fortification techniques include agronomic improvement of crop
quality through proper soil nutrient management, conventional breeding by cross-
ing desirable individuals to transfer and improve quality, and genetic engineering
through gene editing, gene knock-in and knockout, and other sophisticated genetic
manipulation systems.
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Figure 2.
Some food crops biofortified with essential nutrients.

Furthermore, agronomists’ production-oriented approach of enriching crops by
adding micronutrients during growth in the form of fertilizers and even conventional
selection of high-nutrient-density varieties through conventional breeding is not
very effective in ensuring complete safety and overall sustainability in the face of
rapid radical climate change. However, the advent of genetic engineering, with its
associated cutting-edge techniques and high-throughput tools, has brought additional
benefits in the precise modification of specific genes of interest to precisely improve
a target nutrient [78], as in the case of the famous vitamin A-rich ‘golden rice’ The
use of transgenic methods to enrich crops with nutrients involves the use of genetic
engineering to directly modify genes for enhanced nutrient profiles. This advanced
strategy entails special selection and the transfer of favorable alleles for a particular
nutrient trait of interest from one plant variety to another to develop a new plant
type with an improved value of the target nutrient. Transgenic tools like gene editing
and genetic engineering are used much faster and more precisely than conventional
breeding schemes, which sometimes have a tendency to produce untargeted and
undesirable traits due to unintended errors in manual manipulation or crop pollina-
tion [79]. It is clear that even certain nutrients or genes that are difficult to predict and
improve using conventional breeding methods can potentially be manipulated and
improved using genetic engineering tools such as CRISPR. From an economic point
of view, the biofortification of crops requires a one-off investment that brings major
long-term benefits. Nutrient-enriched crops are therefore naturally able to pass on
these improved nutritional properties to subsequent generations without the need for
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further genetic manipulation or special treatments other than proven routine agro-
nomic practices. Their medium- to long-term benefits become easily affordable and
accessible to most resource-limited farmers [78].

The use of genetic tools in breeding has become a new force that is revolutionizing
the field of plant improvement. In addition to the crops shown in the figure above,
there are other types of crops that have been biofortified with various micronutrients
to help address the widespread micronutrient deficiencies worldwide and combat
malnutrition among an estimated 2 billion people facing hidden hunger worldwide
[77], most of whom are women and children. Thanks to the introduction and use of
advanced molecular breeding techniques such as CRISPR, it has shown promise in
addressing these nutritional anomalies: vitamin A-enriched golden rice to combat
vitamin A deficiency, iron-enriched maize, and vitamin A-enriched cassava to
improve people’s bioavailability and access to these limiting but essential nutrients.
Peroni et al. [80] have reported a worrying rate of 20% deaths in children worldwide
due to iron, iodine, zinc, and vitamin A deficiencies. The application of CRISPR to
crops follows a series of workflows that ensure a high level of precision and accuracy.
As shown in the figure below, these form the basic and summarized protocols under-
lying the use of the CRISPR system in crop improvement.

3.2 Reducing antinutritional factors and allergies in food crops using CRISPR

Antinutritive factors are secondary metabolites of plants that are described as
co-factors with toxic properties and therefore limit the nutrient availability of food.
Some of these antinutritive compounds, such as cyanide, tannins, oxalate, nitrate,
phenols, and phytate, are widely distributed in plants and have detrimental effects on
the absorption of macro- and micronutrients in humans and other animals (Table 1)
[87]. Tannins, lectins, saponins, phytic acid, protease and amylase inhibitors, for
example, significantly limit the availability of nutrients in food and have a strong
growth inhibitory effect [88]. However, the integrity of these antinutrients can be
reduced to a safe consumption rate in food by various techniques, depending on the
type, chemical nature, and structure of the antinutrient compound in question [89].
The most common attempt to reduce antinutrient factors over the years has been
the application of heat using devices such as microwaves and autoclaves, which have
been shown to be very effective in reducing antinutrient factors in leafy vegetables.
Reportedly, heat can break down the cell walls, allowing these secondary metabolites
to be released [88]. These toxic metabolites in plants can also be reduced by soaking,
cooking, fermentation, and the use of genetic engineering to manipulate the genes
that control such compounds (Table1).

Allergens are substances associated with food and nutrients that trigger allergic
reactions to varying degrees depending on the individual’s sensitivity. Vomiting and
runny stools are common symptoms of food allergies. CRISPR has been utilized
to combat allergens in a number of crops (peanut, durum, soybean, and sesame)
(Figure 3). Studies have shown that high molecular weight proteins have a high
potential to trigger allergic reactions when consuming foods containing them [94].
Histamine and its derivatives have been shown to counteract the defense antigens of
allergens in the body. In taro, for example, protease inhibitors and calcium oxalate are
known to trigger allergic reactions that lead to swelling of the throat and lips due to
the pungency of taro. In particular, foods with a high oxalate content have a reduced
bioavailability of calcium ions and tend to form kidney stones [95]. The genetic
manipulation technique RNAi was successfully used to mutate and silence the Ara

83



CRISPR Technologies — Advances in Genome Editing, Applications, and Ethical Implications

ANF Plant Mode of action Intervention Reference
Phyticacid ~ Cereals Inhibits nutrient absorption. Soaking, germination, [81]
It can cause anemia. and fermentation
Lectins Seeds of Limits the absorption of end productsof ~ Soaking, boiling, [82]
legumes digestion. heating, and
Coagulates red blood cells. fermentation
Tannin Cocoa, apples  Bond to nutrient elements and limit their ~ Soaking and boiling [83]
absorption.
Protease Potato, Inhibits the activities of trypsin, pepsin,  Soaking, sprouting, [84]
inhibitors ~ pineapple and chymotrypsin. and boiling
Limits protein digestion and absorption.
Oxalate Rhubarb Inhibit peptic digestion by forming Soaking and boiling [85]
complexes with proteins.
Limit magnesium and calcium
absorption.
Goitrogens  Soybeanand  Inhibits the functions of the thyroid Steaming and boiling [86]
groundnuts glands.

ANF = antinutritional factor.

Table 1.
Antinutritional factors in some crops, their mechanisms, and ways to reduce their concentrations.

Peanut Soybean Sesame
Target allergen: Targeted a-gliadins Target allergen: Gly || Gene editing
Arahi,2,3&6; edited mBd 30k & Gly m resolved
CRISPR/Casg immunodominant Bd 28k; editing of allergy in
knocked out Ara epitope 33-mer Enrei & Kariyutaka Sesaiie b
genes; 25% peptide. 85% to engineered deleti yf
decrease in Arah reduction in gluten hypoallergenic SICE00
2 allergen in level & immune soybean allergen-coded
seeds. reaction Beudc

(90) (91) (92) (93)

Figure 3.
Some crops in which CRISPR has been used to combat allergens [90-93].

h 2 glycoprotein, an allergen in peanuts [96]. This attempt at genetic modification

led to the development of a hypoallergenic peanut with a low Ara h 2 content and
significantly lower allergenicity. This milestone in the fight against peanut-associated
allergies was achieved transgenically by Agrobacterium-induced modification
through intron splicing of Ara h 2 RNAi formation using the CaMV 35S promoter gene
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(Figure 3). In addition, studies have also discovered allergic proteins such as Lyc e

1, Lyc e 2 and Lyc c 3, which are present in tomato and induce oral allergic reactions.
Therefore, Le et al. [97] suppressed the expression of the tomato allergens Lyc e 1.02
and Lyc e 1.01 in a transgenic experiment using an RNAi technique. The potential of
CRISPR in the development of biofortified crops is highly capable of developing plants
with reduced or no allergens by specifically removing genes that regulate such traits

to obtain allergen-free crops. These allergens are genetically determined. Therefore,
the application of the high-precision CRISPR tool can switch off the encoded genes in
different crops to develop transgenic allergen-free crop varieties.

3.3 Enhancing shelf-life and storage quality of crops using CRISPR

Improving the shelf life and storage quality of agricultural products is a major
challenge due to various factors. Over the years, various mechanisms have been tried to
maintain the quality of plant products, especially during storage. Nevertheless, despite
the successes achieved, there is still a significant level of persistent losses associated
with poor shelf life and deterioration in quality during storage under the influence of
several complex interactive factors [98]. This has necessitated a continuous search for
the most efficient approach to mitigate this ever-present threat to food safety.

Among the numerous methods that have been developed, the application of
first- and second-generation gene editing technologies stands out, with CRISPR being
recently recognized as a highly precise and effective tool of genetic modification to
improve the shelf life and storage quality of crops [99, 100]. The preconditioning
internal factors that lead to deterioration in storage quality and affect storability in
many crop species have been targeted with CRISPR to improve storability. Moreover,
the factors affecting potato shelf life and storage quality, such as cold-induced sugar
accumulation and enzymatic browning during postharvest, were targeted, and the
responsible genes were modified to ensure the storage quality of potato tubers. The
bio-induced browning of tubers is triggered in particular by the activities of polyphe-
nol oxidase 2 (PPO2) during mechanical damage during postharvest processes [101].
Cold-induced sugar accumulation, which is favored by abiotic stress, promotes the
hydrolysis of sucrose to glucose and fructose by the enzyme vacuolar invertase, which
reduces the quality of French fries [102]. In response to this challenge, genome editing
was used to alter and remove the function of the gene controlling vacuolar invertase
to develop a new potato with enhanced chip quality under cold storage conditions
[103, 104]. Likewise, simultaneous editing of the genes for asparagine synthetase and
vacuolar invertase by the CRISPR/Cas9 system resulted in an 80% reduction in acryl-
amide content [105]. Simultaneous editing of the genes for polyphenol oxidase 2 and
vacuolar invertase in the potato cultivar Spuntan also led to a significant improvement
in reduced enzymatic browning and sugar synthesis during cold storage [106]. In
addition, the gene encoding the enzymes VLNV, which are associated with cold-medi-
ated accumulation of sugars, was mutated using the TALEN gene-editing technique to
develop a cold-tolerant potato [106]. It is reported that polyphenol oxidase 2, which
contributes to 55% of PPO activities in potato tubers during storage, was genetically
modified by using sgRNAs and RNP-dispatching CRISPR/Cas9 to form protoplasts
and achieved a reduction in enzymatic browning [107]. In addition, mutation of the
gene FIS1 resulted in increased synthesis of the cuticle in the pericarp of the tomato
fruit to increase firmness and protection, leading to a longer shelf life of tomato
fruit during storage [108]. The FS8.1 gene was subjected to single-gene KO editing
using the CRISPR-Cas9 system and underwent a mutation of over 65%, resulting
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Figure 4.
Premier CRISPR-engineered tomatoes with enhanced shelf-life [115].

in a longer shelf life of tomato fruits [109]. Similar editing of the CYC-B gene with
CRISPR-Cas9 led to a significant improvement in the shelf life of tomato fruits [110].
Extended shelf life was observed after editing the ALC (NOR) gene in tomato using
the CRISPR-Cas9 technique [111]. Similarly, Chen et al. [112] reported a reduction
in fruit water loss and an associated longer shelf life when CRISPR-Cas9 was used

to edit the gene CNR. The reduction of volatile organic compounds with increased
shelf life in tomato fruits was also achieved by modifying the target gene RIN with
CRISPR-Cas9 [53]. In other studies, the SIExp1, SICel2, NOR-likel, and SIBESI genes
were edited in Ailsa Craig tomato to increase shelf life [113, 114]. The shelf life of the
Micro-Tom tomato was also significantly improved by editing the SIMBP3 gene using
the CRISPR-Cas9 method (Figure 4) [116].

4. Regulatory, ethical, and societal perspectives on CRISPR in agriculture

The emergence of bioengineering techniques, such as CRISPR and the associated
processes, as well as their continued use in agriculture, has not been without local,
regional, cultural, ethical, and socio-economic reservations. Different perspectives
from different walks of life have been associated with these new technologies since
they first emerged in people’s minds and left the laboratories. Some of these seri-
ous concerns are related to the fragile trust in their socio-economic prospects, their
cultural suitability, and the trustworthiness of regulatory mechanisms to tightly
control intrusions. Moreover, careful consideration of some of these concerns has led
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to the creation of regulatory frameworks for genetically modified crops and foods in
many countries around the world. However, these legal frameworks vary considerably
from country to country in terms of integrity and scope of capacity. Over the years,
these differences have hindered straightforward approval and distribution of biotech
crops and foods in the open market [117]. It is also reported that viable policy com-
mitments for structuring and funding local frameworks and evaluation mechanisms
are essential to promote widespread adoption and large-scale introduction of bioforti-
fied crops and associated foods, as some countries lack functioning seed banks and
seed quality standards, as well as a real-time approval system in line with global best
practice [118].

Regardless, the establishment of robust regulatory frameworks and highly accu-
rate real-time assessment mechanisms will be crucial in changing the story of the
CRISPR system and crops engineered with it globally in the future [119]. Finally,
using the example of biofortified soybeans with increased methionine content, it is
highly recommended and imperative to conduct thorough allergic reaction assess-
ments and include them in packaging labels to achieve an optimal balance between
safety measures and innovation to promptly control potential risks in biofortified
crops and increase consumer confidence. Although the development of enriched
crops using CRISPR technology is undeniable from an economic perspective com-
pared to the conventional breeding approach, there is also growing resistance, includ-
ing the uncertainty and risks of unintended gene modification and the resulting
unquantified consequences [120]. According to Naeem and Alkhnbashi [121], some
individuals and groups of people who favor the CRISPR system over other, earlier-
developed gene-editing techniques still choose not to use biofortified crops, despite
the scientific community repeatedly publicly pointing out the advances in CRISPR,
which bring a higher degree of precision and a drastic reduction in unintended edit-
ing of non-target genes, on the grounds of unhealthiness. From an ethical perspec-
tive, proponents of genetic modification have expressed concerns about the wider
use of genome editing in crops, further raising the barrier to the general public’s
acceptance of genetically engineered crops.

5. Role of bioinformatics in CRISPR-based crop improvement

Bioinformatics has contributed significantly to the establishment and further develop-
ment of CRISPR-Cas as a gene-editing method. Bioinformatics tools are used for guide
RNA design, off-target prediction, and data analysis, which has promoted the application
of CRISPR-Cas9. For instance, CRISPR-Cas bioinformatics tools such as CASPERpam,
E-CRISP, CRISPRtarget and CRISPRmap are used for specific tasks related to RNA
structure maintenance, target efficiency, and low off-target activity [122]. Also, numerous
bioinformatics tools (TIDE, CRISPR-GA, Cas-Analyzer, and CRISPResso02) are cur-
rently being developed for the investigation of off-target effects following experiments
[121]. Hence, bioinformatics in CRISPR-based crop improvement aids researchers in
understanding plant genomes, identifying genes linked to beneficial traits, and enhanc-
ing CRISPR-based editing for accurate modifications aimed at facilitating CRISPR/Cas9
studies [121, 123]. Choosing the appropriate bioinformatic tool for a particular CRISPR
experiment is crucial and is contingent upon the species utilized for the CRISPR editing
test, as well as the compatibility of the tool and Cas nuclease enzyme with that organism.
The key role of bioinformatics in CRISPR research highlights the necessity for cutting-
edge and standardized platforms.
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6. Limitations of CRISPR applications in crop improvement

Although the genetic modification of crops with CRISPR has many advantages,
there are also several disadvantages. The high rate of off-target mutations, which
can be as high as 50%, is a major drawback of CRISPR technology compared to other
genome editing techniques [124]. Getting the CRISPR system into target cells has
proven to be the biggest challenge so far. Since off-target effects are well documented
and common in genome editing, they occur less frequently in plants than in animals.
Although off-target effects are not as problematic in CRISPR/Cas applications in
plants, they can still lead to undesirable results, which is why their elimination is
always necessary in genome editing. Even though CRISPR has a comparatively high
accuracy, further efforts are needed to further develop the methods. Manghwar et al.
[125] claim that CRISPR/Cas9 can cause off-target mutations in plants, which could
lead to chromosomal rearrangements, cause damage to inappropriate genomic loci,
and limit the use of GE for beneficial purposes. According to Manghwar et al. [125],
off-target effects can also lead to loss of functional gene activity, which can cause a
variety of physiological or signaling problems. Fortunately, whole genome sequencing
has recently been used to identify cleavage at off-target sites by the Cas9 or Cas12a
system nucleases in rice [126], cotton [127], and Arabidopsis thaliana [128]. Systemic
evolution of ligands by exponential amplification (SELEX), integrase-deficient
lentivirus (IDLV) capture, Cas-OFFinder (http://www.rgenome.net/cas-offinder/),
DISCOVER-Seq [129], CCTop (https://crispr.cos.uniheidelberg.de), high-throughput
genomic translocation sequencing (HTGTS), and other bioinformatics tools have
been developed to address this problem [130].

Plants have successfully undergone homologous recombination (knock-in/gene
replacement) by CRISPR/Cas, but the effectiveness of editing is modest [131, 132].
Therefore, effective knock-in of genes in plants by CRISPR/Cas-mediated homolo-
gous recombination is still a long way off. By using the novel genomics technique to
identify more susceptible genes (S-genes) in a plant genome, CRISPR systems can
eliminate undesirable traits [133]. Conversely, an improved CRISPR-Cas system must
clone additional resistant genes (R genes) and introduce them into the plant genome
via a DNA repair pathway mediated by homologous recombination. Without plant
tissue culture, the Cas9-Casl2a proteins cannot be introduced directly into plant cells
with viral vectors due to their relatively high molecular weight. Since numerous genes
affect plant stress tolerance, scientists need to develop multiple sgRNAs in a single
vector to target multiple genes. Because genetic modification of crops using CRISPR is
arelatively new and rapidly developing field of research, it faces legal and regulatory
obstacles as laws and regulations have not kept pace with scientific advances [134]. In
addition, rigorous proof of safety and efficacy is required for approval.

7. Conclusions

The aim of using numerous techniques to develop safe and affordable crops to
satisfy the world’s growing food needs can be fraught with difficulties. A critical
component will be the application of modern crop improvement methods. Compared
to traditional breeding techniques, scientists can use sophisticated breeding tech-
niques to quickly modify genes and introduce the required gene into the genome.
CRISPR technology is a potent tool for gene editing with great promise for improving
crops and addressing challenges relating to global food security. The CRISPR-Cas9
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technique has been refined in recent decades as a flexible, targeted technique for
modifying genes found in many species, including plants. Application of this method
to improve the quality, productivity, and disease resistance of crops could therefore
be an important area of research in the future. By improving pest, disease, and
nutritional traits, this technology increases the resilience of crops to environmental
stressors and climate change. It offers the opportunity to achieve high yields, reduce
dependence on fertilizers, and increase the resilience of plants. In the last decade,

it has been used widely in a variety of crops to conduct useful research, counteract
stress-related responses, and improve key agronomic traits. Through knockdown,
knock-in, replacement, point mutation, gene regulation, base editing, and other
locus-specific modifications, the CRISPR/Cas9 technique has enhanced fundamental
research in both plant science and the agricultural sector. Moreover, improving the
specificity and accuracy of CRISPR-Cas9 editing is also an important area for future
studies. Efforts are being made to reduce unwanted genomic alterations, improve the
effectiveness of homology-directed repair (HDR), and reduce the consequences of
off-target interventions.
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