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1.4	 SCOPE OF THIS POLICY FRAMEWORK
This policy framework is limited to applications 
of genome editing in agriculture and excludes 
applications in human health and other fields.
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2	 GENOME EDITING AS A DEVELOPMENT 	
	 TOOL
2.1	 INTRODUCTION 
A key mandate of the African Union Commission 
and African Union Development Agency (AUDA-
NEPAD) is to provide policy and technical advisory 
services to Member States to enable them to safely 
harness modern and emerging technologies or 
tools such as genome editing. 
Genome editing refers to techniques in which 
the deoxyribonucleic acid (DNA) is inserted, 
modified, replaced, or deleted in the genome of a 
living organism at predetermined locations. Gene 
editing is an equivalent term to genome editing 
and may be used interchangeably. Whichever 
terminology is used, it is important to note that 
the effects of these techniques are very focused 
(i.e., gene-focused). However, they are not limited 
to effects on only individual genes as applications 
of genome editing can simultaneously target 
multiple genes. The technology can also have 
genome wide impacts that may still be analogous 
to conventional breeding or natural outcomes.

2.2	 THE SCIENCE OF GENOME EDITING
Genome editing was first demonstrated in 1996, 
when a protein domain called “Zinc fingers” was 
coupled with a Fok 1 endonuclease domain. 
The two combined domains could cut the DNA 
at a specific site. This process was termed “Site-
specific nuclease (SSN) and the two coupled 
domains were called Zinc Finger Nucleases 
(ZFNs) (Kim et al 1996). Since then, three 
other site-specific nucleases (SSNs) have been 
engineered based on three different enzymes. 
These were referred to as meganucleases, also 
called homing endonucleases (HE), transcription 
activator-like effector nucleases (TALENS), and 
CRISPR/Cas system nucleases. A broader term 
called the Site-Directed Nucleases (SDNs) is now 
more often used to define applications of the four 
enzyme families. Even though each nuclease has 
a different mode of action, they basically do two 
things, i.e., to recognise and bind to a specific DNA 
sequence and then cleave the DNA to create site-
specific DNA double strand breaks (DSBs). The 

polypeptide sequence of the SDN that recognises, 
and binds to the DNA, is called the DNA binding 
domain. The sequence that cleaves DNA is called 
DNA cleaving domain.

After the DNA DSB is created at a specific site, 
the cell uses its natural endogenous DNA repair 
mechanisms involving DNA polymerase to repair 
the DSB. Two natural DNA repair mechanisms 
can be used. These are the homology directed 
repair (HDR) and non-homologous end joining 
(NHEJ). During the repair process, changes in the 
DNA sequence can occur at the repair site. This 
can result into deletions, insertions, duplications, 
or inversions. This change in DNA sequence is 
referred to as genome editing.

Scientists have programmed these SDNs to 
induce genetic changes of economic importance in 
organisms such as plants/crops, animals, fisheries, 
forestry, and microorganisms. Furthermore, there 
is ongoing research to use SDNs to treat human 
diseases caused by genetic defects such as sickle 
cell anaemia. Unlike early genetic engineering 
techniques which randomly inserted foreign 
genetic material into a host genome, genome 
editing targets the mutations or other genetic 
changes to site specific DNA locations.

Genome editing can also be achieved through 
other processes for example, using a process 
called Oligonucleotide-Directed Mutagenesis 
(ODM). It has been observed that when a 
short single strand DNA sequence, called an 
oligonucleotide is complementary to a specific 
target DNA sequence in a genome, except for 
one or two nucleotides, mutation is introduced 
into a host cell. The host organism will use this 
short DNA as a template when replicating its own 
DNA. The sequence of the oligonucleotide will be 
incorporated into the host DNA together with the 
mutation. This ODM is another method used for 
genome editing, especially to make economically 
important mutation of 1-2 bases to serve several 
useful purposes including for example, making 
crops tolerant to herbicides. 
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CRISPR/Cas is the most widely known tool for 
genome editing. More information about CRISPR/
Cas and other techniques and applications of 
genome editing are found in Annexures 1, 2, 3, 
and 4. 

The range of methods continues to grow, supported 
by advancements in science and technology.

2.3	 PROSPECTS OF GENOME EDITING 
APPLICATIONS IN CROPS AND ANIMALS 
Genome editing techniques are promising tools 
in plant and animal breeding. These techniques 
have applications in diverse plant and animal 
species to generate various site-specific genome 
modifications using targeted mutagenesis and 
editing for varied agricultural applications. Through 
these techniques, scientists can discover novel 
traits, expand the range of traits, preserve niche 
or orphan crops, and accelerate trait development 
in target crops and animals that are essential for 
food security. Globally, products under research 
and development using genome editing tools 
involve various categories of traits including 
those related to increased plant yield and growth, 
increased food and feed quality, biotic and abiotic 
stress tolerance, industrial utilization, herbicide 
tolerance, product colour/flavour and storage 
performance (EU-SAGE).

This sub-section highlights the existing 
opportunities towards harnessing these techniques 
to target traits that will boost crop and animal 
productivity and resilience to climate change and 
redesign the future of agriculture and food security. 
Notably, some of these crop improvements have 
been commercialised and others are at advanced 
stages of product development. 

2.3.1	 GENOME EDITING APPLICATIONS IN 	
	 CROPS
Over the last two decades, genetic editing tools 
such as ZFN and TALENS have been applied in 

plant breeding research and development (R&D) 
programmes. This includes important agricultural 
crops such as maize, soybean, rice, wheat, potato, 
tomato, and cassava (Zhang et al, 2018; Martnez-
Fortun et al, 2017; Ran et al, 2017). However, 
the CRISPR/Cas system, first described in 2012, 
has the most applications to date because it is 
efficient, easy to use, and cost effective. Notably, 
the CRISPR/Cas has been used to genetically edit 
many crops for the purposes of R&D, including 
rice, maize, wheat, soybean, barley, sorghum, 
potato, tomato, flax, rapeseed, Camelina, cotton, 
cucumber, lettuce, grapes, grapefruit, apple, 
oranges, and watermelon. 

There are examples of genome editing research 
and product developments in Africa (see Table 
1). Recently, as a new frontier for agricultural 
innovation, the Kenya National Biosafety Authority 
(KNBA) approved three projects on genome editing 
under the Biosafety (Contained use) Regulations 
being at the research stage. These are genome 
editing of yam expressing disease resistance and 
enhanced Vitamin-A, grass peas with improved 
morphological, biochemical, and developmental 
traits, and sorghum lines (LGS1 loci) for resistance 
against Striga (Striga hermonthica). However, 
KNBA has received an early consultation 
application for the sorghum project to enter the 
open trials stage, for which the regulator’s analysis 
indicates that the genome edited sorghum (would 
not involve presence of foreign genetic material in 
the final product), hence it is not GMO and therefore 
is not subject to regulation under the Biosafety Act, 
2009. Banana was also developed for resistance 
to fungal infections, more especially the Fusarium 
wilt and Black sigatoka, and bacterial infections 
(Banana Xanthomonas Wilt, BXW). The cassava 
was also improved for nutritional quality (KNBA, 
2022). It has also found applications for grass pea 
to enhance nutritional and agronomic traits (ILRI), 
as well as maize for resistance to Maize Lethal 
Necrosis (by CIMMYT/KALRO) (KNBA, 2020). 
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Table 1. Examples of ongoing genome editing research projects in Africa as of the year 2022 
(Karembu and Ngure, 2022) 

S/N PROJECT TITLE CHALLENGE(S) 
BEING 
ADDRESSED 

PROJECT OBJECTIVE(S) TARGET GENE(S) / T 
AND PHENOTYPE(S) 
/ P 

COUNTRY 

1 Evaluation of Striga 
resistance in Low 
Germination 
Stimulant 1 (LGS1) 
mutant sorghum 

Control of 
parasitic weed 
Striga  

To evaluate LGS1 gene knock-
out in conferring Striga 
resistance in sorghum 

T: LGS 1 

P: Reduction of 
Striga germination 
stimulant activity 

Kenya 

2 Genetic improvement 
of banana for control 
of bacterial wilt 
disease 

Susceptibility to 
Xanthomonas wilt 
disease of banana 
in East Africa 

To develop genome edited 
banana resistant to bacterial 
wilt disease 

T: Disease 
susceptibility ‘S’ 
genes  

P: Banana wilt 
disease resistance 

Kenya 

3 Application of 
reproductive 
biotechnologies to 
develop a transgenic 
goat as a model for 
genetic control of 
animal diseases 

Susceptibility of 
goat to animal 
trypanosomiasis 
disease 

To generate African 
indigenous goat carrying the 
APOL 1 transgene that 
confers resistance to 
trypanosomiasis 

T: APOL 1 

P: Trypanosomiasis 
disease resistance 

Kenya 

4 Gene editing to 
control maize lethal 
necrosis in Africa for 
improved maize 
productivity and grain 
harvests 

Susceptibility to 
maize lethal 
necrosis (MLN) 
disease 

To introduce resistance 
against MLN disease directly 
into parent inbred lines of 
popular commercial maize 
varieties, which are currently 
susceptible to the disease  

T: Quantitative trait 
locus (QTL) 

P: Resistance against 
MLN disease  

Kenya 

5 Mutation of energy 
homeostasis in maize 
to develop lines 
tolerant to drought, 
genotoxic and 
oxidative stresses 

Drought 
susceptibility of 
maize 

Metabolic engineering of 
Poly(ADP-ribosyl)ation 
pathway (a stress response 
pathway) to broaden stress 
tolerance in plants by 
maintaining energy 
homeostasis during stress 
conditions 

To knock-down the maize 
PARP gene expression using 
CRISPR/CAS9 gene editing as 
a strategy for abiotic and 
genotoxic stress tolerance 

T: Poly(ADP-ribose) 
polymerase (PARP1 
and PARP2) 

 

P: Maize tolerant to 
drought, DNA 
damage and 
oxidative stresses 

Kenya 

6 Improving oil 
qualities of Ethiopian 
mustard (Brassica 
carinata) through 
application of 
CRISPR/CAS 9-based 
genome editing 

High level of 
erucic acid in 
Brassica carinata 
varieties released 
earlier beyond the 
nutritionally 
acceptable level 

2 of 4:  

To develop B. carinata 
genotype with low erucic and 
glucosinolate for food and 
feed application 

 

To develop B. carinata 
genotypes with wax ester for 
industrial application 

T:  

For food – FAE1 and 
FAD2 

For feed – GTR1 and 
GTR2 

For industry – FAR 
and WS 

Ethiopia 

7 Application of 
targeted gene editing 
for development of 
high yielding, stress 

No sources of 
resistance to rice 
yellow mottle 
virus 

 

To develop novel sources of 
resistance to devastating rice 
yellow mottle virus through 
gene editing 

 

T: 

P: Resistance against 
rice yellow mottle 
virus 

Uganda 

Table 1.  Examples of ongoing genome editing research projects in Africa as of the year 2022 (Karembu 
and Ngure, 2022)
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resistant and 
nutritious crops  

No sources of 
resistance to 
maize lethal 
necrosis 

To develop novel sources of 
resistance to maize lethal 
necrosis through gene editing 

 

T: 

P: Resistance against 
maize lethal necrosis 

8 High throughput 
screening of genes 
associated with the 
response of cassava 
to geminivirus South 
African cassava 
mosaic virus (SACMV) 

Susceptibility of 
African cassava 
varieties to 
cassava mosaic 
disease (CMD) 

1 of 3: To silence genes 
putatively associated with the 
response to SACMV infection 
in susceptible and tolerant 
cassava landrace protoplasts 
using CRISPR gene editing 

T: Ubiquitin 
proteasome system 
genes (e.g., E3 
ligases), 
transcription factor 
genes (e.g., WRKYs) 
and resistance genes 
(e.g., NLRs) 

 

P: Resistance to 
CMD 

South 
Africa 

9 Genome editing of 
potato 

Viral infection in 
potatoes 

To produce potatoes 
resistant to virus infection 

T: Eukaryotic 
initiation factor 4E 
(Eif4E) 

South 
Africa 

10 Developing sal1 
mutant drought 
tolerant wheat using 
CRISPR/Cas genome 
editing 

Susceptibility of 
wheat to drought 
stress which limits 
crop productivity 

To generate transgenic wheat 
plants with stress tolerance 

T: Sal1 

P: Stress (drought) 
tolerance 

Egypt 

11 Genome editing by 
CRISPR/Cas9 in 
sorghum for 
improving biofuel 
production and 
forage quality 

Enhancing biofuel 
production 
process and 
improving animal 
forage digestibility  

To develop sorghum plants 
with low fibre content 

T: COMT 

P: Lignin content 

Egypt 

In terms of deployment, the number of genome edited products currently on the market is still limited. 
However, with expectations of the potential products currently in the R&D stages, these genome 
edited products will soon move through to commercialisation. For example, Sanatech Seed in Japan 
has commercialized its Sicilian Rouge tomatoes. These tomatoes are genome edited to contain high 
amounts of γ-aminobutyric acid (GABA). The company is claiming that this can help support lower 
blood pressure and promote relaxation (media.springernature.com). Calyx in the United States of 
America (USA) has commercialised a high oleic, low linolenic soybean that contains no trans fats. This 
oil also has a longer fry and shelf-life than traditional soybean oil. Further to this, developed using the 
TALEN technology, the USDA deemed the soybean to be non-regulated (Calyx, 2020). The USA’s 
Biotechnology Regulatory Service has deemed dozens of genome edited plants unregulated under 7 
CFR 340, Introduction of Organisms and Products Altered or Produced Through Genetic Engineering 
Which are Plant Pests or Which There is Reason to Believe are Plant Pests. Its decisions are publicly 
available in the Regulated Article Letters of Inquiry repository (Calyx, 2020). It is also worth noting that 
in addition to the US, some other countries have likewise already made several decisions on genome 
edited products that are not within scope of GMO regulations including Argentina, Brazil, Chile, and 
Colombia.  

2.3.2 GENOME EDITING APPLICATIONS IN ANIMALS 

Genome editing techniques and methodologies such as the CRISPR/Cas9 and complimentary tools are 
efficiently and precisely manipulating animal genomes to produce genome edited animals. However, 
several limitations and challenges for the genome editing implementation in animals still need to be 
overcome and optimised. This includes the minimisation of off-target effects, indel noise in the target 
site, delivery of CRISPR/Cas9, and production of chimeric offspring. However, it is encouraging to note 
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In terms of deployment, the number of genome 
edited products currently on the market is still 
limited. However, with expectations of the potential 
products currently in the R&D stages, these 
genome edited products will soon move through 
to commercialisation. For example, Sanatech 
Seed in Japan has commercialized its Sicilian 
Rouge tomatoes. These tomatoes are genome 
edited to contain high amounts of γ-aminobutyric 
acid (GABA). The company is claiming that this 
can help support lower blood pressure and 
promote relaxation (media.springernature.com). 
Calyx in the United States of America (USA) has 
commercialised a high oleic, low linolenic soybean 
that contains no trans fats. This oil also has a 
longer fry and shelf-life than traditional soybean 
oil. Further to this, developed using the TALEN 
technology, the USDA deemed the soybean 
to be non-regulated (Calyx, 2020). The USA’s 
Biotechnology Regulatory Service has deemed 
dozens of genome edited plants unregulated 
under 7 CFR 340, Introduction of Organisms and 
Products Altered or Produced Through Genetic 
Engineering Which are Plant Pests or Which 
There is Reason to Believe are Plant Pests. Its 
decisions are publicly available in the Regulated 
Article Letters of Inquiry repository (Calyx, 2020). 
It is also worth noting that in addition to the US, 
some other countries have likewise already made 
several decisions on genome edited products that 
are not within scope of GMO regulations including 
Argentina, Brazil, Chile, and Colombia. 

2.3.2	 GENOME EDITING APPLICATIONS IN 	
	 ANIMALS
Genome editing techniques and methodologies 
such as the CRISPR/Cas9 and complimentary 
tools are efficiently and precisely manipulating 
animal genomes to produce genome edited 
animals. However, several limitations and 
challenges for the genome editing implementation 
in animals still need to be overcome and optimised. 
This includes the minimisation of off-target effects, 
indel noise in the target site, delivery of CRISPR/
Cas9, and production of chimeric offspring. 
However, it is encouraging to note that the prime 

editing technique has recently been reported to 
be effective in genetically engineering the animal 
genome with few bi-products. In addition, these 
techniques have exhibited enhanced target 
accuracy, improved target range, and delivering 
small size nucleases. Thus, research and 
development from African scientists that improve 
the methodologies and techniques to positively 
advance the field of genome editing in animals 
and promoting personalised disease models to 
enhance desirable economic traits should be 
encouraged.

Successful genome editing has been reported 
in cattle, sheep, goats, pigs, horses, fish among 
others (Menchaca, 2020). See Annexure 5. Animal 
welfare should be pursued when dealing with 
animals to promote ethical research when carefully 
choosing useful traits for economic advancement. 
For example, the replication of natural mutation 
“double muscle” trait using genome editing may be 
controversial in mammals. Furthermore, it remains 
important to choose techniques that can efficiently 
minimise off-targets to avoid any unintended 
health impact to the first animals obtained.
Genome editing in animals has aimed to increase 
productivity and diseases resistance. Below are 
some examples, summarised as follows where 
genome editing was used:
a)	 The enhancement of muscle growth and 
development as target myostatin gene (MSTN). 
This involves the deletion in the MSTN gene which 
has resulted into enhanced muscle development 
in cattle, sheep, goats, and channel catfish. 

b)	 The enhancement of animal welfare. For 
example, the TALENs was utilised to produce 
dehorned cattle. This precluded the conventional 
dehorning of cattle, which can be painful and time 
consuming. 

c)	 The development of sterility in Atlantic 
salmon is desired to avoid genome edited 
escapees from rearing ponds from interbreeding 
with wild types. Genome editing approaches have 
been used to produce sterile Atlantic Salmon.
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d)	 Genome editing has potential applications 
in complementing artificial insemination (AI) in 
areas where AI is hampered by limited resources 
for research infrastructure. One approach has 
been to use sterile host animals that are used 
to distribute high value transplanted germplasm. 
Success has been reported in producing sterile 
pigs and chicken through genome editing.

e)	 Developing pigs that are resistant to viral 
infections such as Porcine Reproductive and 
Respiratory Syndrome Virus (PRRSV). PRRSV 
is the most economically important disease of 
pigs globally causing a loss of approximately 
$2.5 billion per year in USA and Europe. Genome 
editing has been applied to knock out of the CD163 
gene or the SRCR5 (scavenger receptor-cysteine 
rich domain). Approaches using genome editing in 
either one of these gene resulted in resistance to 
PRRSV.

f)	 Resistance to African swine fever caused 
by African Swine Fever Virus. The disease in 
endemic to regions of Sub-Saharan and has 
recently spread into Europe and Asia. Warthogs 
are resistant to ASFV because of the RELA 
gene in their genome. Using ZFN based genome 
editing, scientists have edited a domestic pig gene 
to produce the warthog RELA protein and acquire 
resistance to African swine fever. 

3	 REGULATORY LANDSCAPE FOR 		
	 MODERN BIOTECHNOLOGY AND 		
	 GENOME EDITING: A GLOBAL AND 	
	 AFRICAN PERSPECTIVE
3.1	 INTERNATIONAL BASIS 
	 FOR REGULATING MODERN 		
	 BIOTECHNOLOGY
The primary international forum deliberating the 
regulation of genome editing is the Convention 
on Biological Diversity (CBD, 2007), along with 
its subsidiary agreements concerned with the 
biosafety of living modified organisms (LMOs); 
Cartagena Protocol on Biosafety to the CBD (CPB, 
2000), and Nagoya Protocol on access to genetic 
resources and the fair and equitable sharing of 
benefit arising from their utilization (NP, 2011). 

Article 8 (g) of the CBD obliges Parties to 
“establish or maintain means to regulate, manage 
or control the risks associated with the use and 
release of LMOs” (CBD, 2007). The CPB was 
negotiated and adopted in 2003 with the primary 
aim of maximising the benefits of biotechnology 
for biodiversity conservation while minimising 
adverse effects to the same. Premised on that, 
Article 1 of the Cartagena Protocol on Biosafety 
(CPB) aims “to contribute to ensuring an adequate 
level of protection in the field of the safe transfer, 
handling and use of LMOs resulting from modern 
biotechnology that may have adverse effects on 
the conservation and sustainable use of biological 
diversity, taking also into account risks to human 
health, and specifically focusing on transboundary 
movements” (CPB, 2000). 

The definition of a genetically modified organism 
(GMO) may vary between different jurisdictions. 
However, most countries have based their 
definition on the Cartagena Protocol on Biosafety 
(CPB) and its definition of a Living Modified 
Organism (LMO). The CPB defines a LMO as 
‘‘any living organism that possesses a novel 
combination of genetic material obtained using 
modern biotechnology’’ (CPB, 2000). The CPB 
also defines “Living organism” as any biological 
entity capable of transferring or replicating genetic 
material, including sterile organisms, viruses, 
and viroids; and “Modern biotechnology” as the 
application of: 
a.	 In vitro nucleic acid techniques, including 
recombinant deoxyribonucleic acid (DNA) 
and direct injection of nucleic acid into cells or 
organelles, or 

b.	 Fusion of cells beyond the taxonomic 
family, 
that overcome natural physiological reproductive or 
recombination barriers and that are not techniques 
used in traditional breeding and selection.
From these definitions, a “novel combination of 
genetic material” means a stable insertion in the 
genome of one or more genes or DNA sequences 
that encode proteins, RNA, double-stranded RNA 
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problematic when applied to commodities entering 
international trade. Global trade in agricultural 
goods allows harvesting of economic benefits 
across regions. However, to facilitate such trade, 
globally harmonised and compatible regulations, 
and policies, can be an asset for such processes. 
it should be feasible to align policies, technical 
regulations, standards, and specifications for a 
harmonised regulatory system. A well-structured 
harmonised regulatory system should confer 
benefits such as cost efficiency, adequate 
shared technical capacity to ensure a high level 
of safety, creation of more competitive markets, 
facilitation of cross-border trade, and creation of 
standardized and transparent processes that will 
assure predictability in international trade.

STISA-2024 remains a key strategy in accelerating 
Africa’s transition to an innovation-led, 
knowledge-based economy. The implementation 
of STISA-2024 is not only at the national level, but 

also at regional and continental levels. Regional 
collaboration is an efficient regulatory approach 
for Africa and beyond. Visible on the continent 
today are regional economic communities (RECs) 
with structures and platforms that coordinate 
and guide the conversation surrounding NBTs. 
Groups such as the Economic Community for 
Central African States (ECCAS), Common Market 
for East and Southern Africa (COMESA), the 
Economic Community of West African States 
(ECOWAS), the Southern African Development 
Community (SADC), and East African Community 
(EAC), Arab Maghreb Union (UMA), Community 
of Sahel–Saharan States (CEN–SAD), and 
Intergovernmental Authority on Development 
(IGAD) are among those recognized by the 
AU for the delivery of services to the people of 
the continent. In the recent past, each of these 
regional bodies have initiated processes, policies, 
and guidelines for new breeding techniques 
(NBTs) that could leapfrog access to safe genome 
edited products. 
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4	 OVERARCHING CONSIDERATIONS IN 	
	 REGULATING GENOME EDITING
4.1	 APPLICATION OF THE CARTAGENA 	
	 PROTOCOL ON BIOSAFETY DEFINITION 
	 OF LMOS/GMO
Presently, there are still some uncertainties and 
debate as to whether genome edited products 
should be regulated as GMOs or treated as 
conventional (Araki & Ishii, 2015; Rinaldo & 
Ayliffe, 2015). There is also a need for a decision 
on this considering the benefits to both producers 
and consumers (Curtin et al, 2012; Belhaj et al, 
2013; Ribarits et al, 2014; Araki & Ishii, 2015; 
Rinaldo & Ayliffe, 2015). It may be helpful to first 
address the legal uncertainty about which genome 
edited products will be regulated as GMOs or as 
conventional.

The Cartagena Protocol on Biosafety may 
contribute to resolving these uncertainties 
regarding the status of genome edited products as 

GMOs. This will be helpful considering that most 
AU Member States are Parties to this Protocol. 
Noting certain applications of genome editing 
may result in varieties that cannot be uniquely 
identified from conventionally developed ones, the 
definition of a living modified organism (LMO) in 
the Cartagena Protocol on Biosafety is instructive. 
The Cartagena Protocol on Biosafety defines an 
LMO as any living organism that possesses a 
novel combination of genetic material obtained 
using modern biotechnology. It is important to 
note that the “novel combination” is not arbitrarily 
used but linked to the term “recombinant DNA”. 
Thus a DNA molecule that “combines” sequences 
from different origins is referred to as a “gene 
construct”. Therefore, the criterion to consider 
the genome edited organisms as an LMO would 
be the presence of a foreign genetic material or 
novel combination of genetic material in the target 
genome (Hartung & Schiemann, 2014; Araki & 
Ishii, 2015). 

Box1: Some examples of Genome Edited Crops produced through SDN1, SDN2, ODM, and 
Null-segregants

Site directed Nuclease 1 (SDN1). Most countries globally consider SDN1 as equivalent to conventional 
bred crops because they are developed though generation of indels such as those achieved through 
conventional breeding or that are already occurring in nature. They are to be released under laws 
regulating conventionally bred crops.

Site directed Nuclease 2 (SDN2). Crop genome edited using SDN2 could be regulated as conventional 
depending on the country’s sovereign decision in which case they will be subjected to the national 
regulation for releasing conventionally bred crops.

Oligonucleotide Directed Mutagenesis (ODM). ODMs give small genetic changes including indels that 
are identical to conventionally bred crops and could be exempted from the GM Biosafety Regulations 
and subject to country specific laws such as Seed Act Regulations for release of conventionally bred 
crops.

Null segregants. These are genome edited crops that are developed using similar techniques as 
used in developing genetically modified crops but which the GM intermediate are segregated out 
through breeding. The plant should be subject to biosafety regulations of GM up to the stage of 
removal of the GM intermediate after which they should be subjected to the country’s conventional 
regulation for releasing and commercializing conventionally bred crops such as seed laws.
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4.2	 REGULATORY PATHWAYS AND 		
	 INFORMATION REQUIREMENTS FOR 	
	 GENOME EDITING 
The first step would be for African countries to 
evaluate if their biosafety laws and/or regulations 
are applicable to genome edited products and, 
if they are, are there categories of genome 
edited plants or animals that may be excluded or 
exempted by definition.  In the case of the latter, 
regulatory authorities may wish to consider the 
evidence-based approach i.e., diagnostic criteria 
or protocols that will be required to demonstrate 
the absence of foreign genetic material if that is 
a prerequisite to an exemption or exclusion from 
GM regulation. Harmonization of such protocols 
across countries for determination of the absence 
of foreign genetic material in a candidate product 
will offer advantages for technology review, 
dissemination, and trade.  To this end, AUDA-
NEPAD is to convene a meeting of experts from 
multiple African countries to define specific model 
protocols for national consideration, which will be 
shared with AU member states and/or will actively 
participate in any multilateral efforts established 
for this same purpose.   
   
In general, African countries that have reviewed 
these options have identified genome edited 
products that could have been produced by 
conventional breeding or that are already occurring 
in nature as having the same risks as conventional 
breeding and so are not regulated as GMO, but in 
a manner like conventional varieties. These would 
include SDN1 and SDN2 products with gene 
knock outs, deletions of any size, and insertions 
of short sequences because of the inherent DNA 
repair mechanisms. They also exclude from 
regulations the introduction of cis-genes that 
are part of the breeding gene pool of the host 
species and rearrangements in the genome that 
do not introduce open reading frames with high 
sequence similarity to known allergens or toxins. 
On the other hand, genome edited products that 
introduce foreign genetic material into the genome 
to introduce a new trait are considered GMOs and 
are regulated like GMOs. 

This approach then provides the basis for 
exemption/exclusion or otherwise to biosafety 
regulation and includes:
a)	 A pre-submission consultation process to 	
	 determine regulatory status. This is noting 
	 that there are a few examples of some 	
	 jurisdictions in which developers can self-	
	 determine. i.e., in the US and Australia 	
	 while in India, the Institutional Biosafety 	
	 Committee is tasked with making the 	
	 determination that a genome edited plant 	
	 is free from exogenous DNA and therefore 
	 not subject to any further regulation under 	
	 the Rules, 1989. which govern GM. 

b)	 A case-by-case assessment of the 		
	 applications. 

c)	 A product-based regulatory approach to 	
	 determine presence of a foreign genetic 	
	 material or novel combination of genetic 	
	 material in final products.

The first step in the case-by-case assessment 
of a genome edited crop application is to 
provide an early consultation pathway (pre-
submission consultation) to differentiate between 
which genome edited crops are equivalent to 
conventionally bred crops and which are GMOs. 
This early consultation pathway aims to help 
National Competent Authorities for Biosafety to 
determine when and how to exclude a genome 
edited product from the scope of the national 
Biosafety Act in a stepwise and systematic way 
to ensure predictability in decision making. 
During early consultation process, regulators 
will examine submissions made by applicants to 
determine whether the final genome edited product 
developed or anticipated does or will have a stable 
and permanent insertion of a foreign genetic 
material. Regulators also examine if the genome 
editing process used by the applicant involves the 
temporary use of foreign genetic materials. 
Below are possible outcomes from the early 
consultation process and their regulatory 
implications:
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Outcome of early consultation review Regulatory implication  
1. The final genome edited product developed 
or anticipated does contain a stable and 
permanent insertion of foreign genetic material 

Product falls within the scope of the biosafety 
act and will be regulated as a GMO 

2. The final genome edited product developed 
or anticipated DOES NOT contain a stable and 
permanent insertion of foreign genetic material 

Product DOES NOT fall within the scope of the 
biosafety act and will be regulated as would any 
conventional crop (non-GMO) 

3. The process of developing and testing a 
genome edited product involves intermediate 
steps that may contain foreign genetic material 
temporarily   

Product / process will be considered to be under 
the scope of the biosafety act until such a stage 
in the development and testing process where 
the applicant can demonstrate the absence of 
the foreign genetic material 

An example of such a decision tree is presented below (Figure 2).  

 
*An organism whose DNA has been altered with the addition or substitution of foreign genetic material 

Figure 2. Early or pre-submission consultation procedure for determining if a genome edited 
organism will be regulated, or not, as genetically modified 

The decision tree includes two possibilities, (a) an already developed product and (b) a product to be 
obtained. Regarding (b) an early regulatory determination at the project design stage is very important 
to foster new projects, especially in developing countries, and therefore countries should allow for 
both (a) and (b). Such criteria also include cooperative links between the regulatory frameworks for 
GMOs and for conventional products, to avoid any safety or legal gap. 
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The decision tree includes two possibilities, (a) 
an already developed product and (b) a product 
to be obtained. Regarding (b) an early regulatory 
determination at the project design stage is very 
important to foster new projects, especially in 
developing countries, and therefore countries 
should allow for both (a) and (b). Such criteria also 
include cooperative links between the regulatory 
frameworks for GMOs and for conventional 
products, to avoid any safety or legal gap.
There may be instances of a temporary use of 
foreign genetic material during the early stages 
of R & D. The introduced foreign genetic material 
may subsequently be selected out (also called 
null-segregants) and is thus absent in the final 
products. Such research may be considered to fall 
within the scope of the Biosafety Act until such a 
time when the foreign genetic material is removed. 
At this point, the product should no longer be 
regulated by the Biosafety Act but rather be 
regulated under other existing laws, regulations, 
and guidelines governing the evaluation and 
release of conventionally bred organisms. There 
should be scientific evidence that the foreign 
genetic material has been removed. 

A genome edited product that is deemed to be a 
GMO would be subjected to the decision-making 
criteria as defined in national policies, laws, and 
regulations for GMOs. These criteria include 
submission of application form and dossier, 
check for completeness, public participation 
(where required), risk assessment review, 
recommendations, and decision-making. The 
decision-making process for biosafety activities 
and GMOs seeks to ensure accountability 
and transparency. Accountability is achieved 
by compliance to the regulatory regime while 
transparency is provided through decision 
documents.
Genome edited products that are deemed not to 
be GMOs will not require any additional regulation 
under the biosafety laws but follow regulations 
applicable to products of conventional breeding. 
Genome edited products that are deemed to 
be GMOs will be regulated under the national 

biosafety law. 

4.3	 CLASSIFICATION OF GENOME EDITED 	
	 ORGANISMS
The genome edited organisms can be classified 
as follows:

4.3.1	 GENOME EDITED ORGANISMS/		
	 PRODUCTS DETERMINED TO 		
	 BE GMOS 
The general guidance is that genome edited 
organisms with genetic changes resulting in the 
stable and permanent integration of a foreign 
genetic material from outside the organism’s gene 
pool are determined to be GMOs. This category 
should be regulated under national biosafety laws. 
The regulations and associated guidelines should 
be implemented during the development, testing, 
release into the environment, and the subsequent 
releases of commercial products. Each AU 
Member State should exercise its sovereign 
rights in developing guidelines for oversight on 
such genome edited organisms. The conduct of 
risk analysis will be as outlined in the national 
Biosafety Regulatory Framework.

4.3.2	 GENOME EDITED ORGANISMS/		
	 PRODUCTS THAT ARE DETERMINED 	
	 TO BE NON-GMOS 
The general guidance is that genome edited 
organisms with genetic changes that are 
achievable through traditional and conventional 
breeding or that are already occurring in nature are 
determined to be non-GMOs. These products do 
not contain foreign genetic material from outside 
the organisms’ gene pool in the final product 
counterparts. This category should be regulated 
outside the scope of National Biosafety Acts and 
implementing instruments. Such organisms should 
be regulated under existing laws, regulations, and 
guidelines governing the evaluation and release 
of conventionally bred organisms and products 
derived from them. Each AU Member State should 
exercise a science-based approach and within 
their sovereign rights in developing the guidelines 
for oversight on genome edited organisms.
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4.4	 OFF-TARGETS IN GENOME EDITED 	
	 ORGANISMS
Off-target edits vary depending on the methods 
under consideration. Both the ZFNs and TALENs 
function as dimers with one monomer as the 
DNA-binding domain responsible for sequence 
specificity and other monomer being the Fok I 
nuclease catalytic domain that is responsible for 
the cleavage (Zhao & Wolt, 2017; Malzahn et al, 
2017; Bortesi & Fischer, 2015). ZFN deploy low 
affinity and specificity resulting in higher off-target 
activity than TALENs (Zhao & Wolt, 2017). TALENs 
on the other hand is more of the cut efficiency that 
varies depending on the target sequence. TALENs 
cannot target methylated DNA which is most 
common in plants. CRISPR/Cas9 is widely utilised 
in the genome editing activities in plants. However, 
they have limited potential off target than TALENs 
(Zhao & Wolt, 2017).

Currently, research activities on economically 
important organisms for both plants and animals 
using genome editing are progressing rapidly with 
many published studies demonstrating promising 
results. As for any technology, safety and non-
safety concerns have been raised to include 
weed and pest adaptation challenges and other 
unexpected side effects. However, it is important 
to note that these concerns are not peculiar to 
genome editing techniques. For example, the 
potato lines from conventional breeding were 
found to produce hazardous levels of steroidal 
alkaloid demissidine, a toxin not found in both 
parents, Solanum tuberosum and Solanum 
brevidens (Laurila et al., 1996). 

In the specific instance of genome edited 
organisms, the increased precision of the SDN 
techniques was expected to result in the less likely 
occurrence of unwanted mutations as compared 
to transgenesis or induced mutagenesis (Carlson 
et al, 2013; Ribarits et al, 2014). However, 
the targeted gene also remains in its normal 
chromosomal context, reducing the possible 
effects on gene expression (Ribarits et al, 2014). 
However, in the case of plants and as has been 

done in conventional breeding, (a) random genetic 
changes are occurring in each generation just 
from natural and spontaneous mutations and (b) 
any possible negative effects of these mutations 
(however they are caused) are eliminated 
through subsequent plant breeding and screening 
programs. Safety and non-safety concerns are 
best addressed through appropriate regulatory 
systems that can quickly identify the absence 
of any new hazards associated with genome 
edited products compared to conventionally bred 
products. This would ensure that products are safe 
and would allow safe and new products to reach 
users, and subsequently benefit the consumers 
(Bruce et al, 2013; Graham et al., 2020; Hartung 
& Schiemann, 2014; Smyth et al, 2014). With 
the rapid evolution of the molecular tools for 
genetic characterization, prescribed methods 
for determining off-target edits could quickly 
become obsolete or not fit for purpose. Hence it is 
recommended that Regulators review whether the 
methods used were appropriate.

4.5	 SCIENCE-BASED REGULATION: AN 	
	 APPROPRIATE APPROACH TO 
	 RESOLVING GOVERNANCE ISSUES IN 	
	 GENOME EDITING RESEARCH AND 
	 APPLICATION
Genome editing can result in products that 
are either GMOs or are indistinguishable from 
conventionally bred ones. Whatever the case, 
the products will either fall within the scope of 
biosafety or other existing laws. Therefore, the 
focus is not to promote legal amendments to the 
scope of existing laws to include genome editing. 
Rather, it is to clarify the regulatory approach 
through development of guidelines. 

Guidelines for genome edited products may involve 
multiple regulatory authorities. This is because 
genome edited products will either be a GMO or a 
conventional organism and in which case, existing 
multi-sectoral regulatory systems would apply. 
These are established in many African countries, 
but not necessarily effective. 

The robustness of national biosafety regulations 
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varies from one country to another. Robustness 
can be determined by available human and 
financial resources, available infrastructure, as well 
as pragmatic and science-based decision making 
that is not impeded by politics. Some countries 
have rationalised their regulatory processes to 
deal with these constraints. These were aimed 
towards making the regulatory processes fit for 
purpose (Wendy, 2016).

5	 RECOMMENDATIONS
Through decisions of the AU Assembly, the 
continent commits to safely harness modern 
biotechnology and emerging technologies or 
tools including genome editing as socio-economic 
developmental tools. This entails creating an 
enabling environment that would ensure that 
these technology benefits are harnessed while 
minimising potential risks. In adopting a science-
based approach towards safely harnessing the 
potential of genome editing and its contribution to 
the AU Agenda 2063, the African Union High Level 
Panel for Emerging Technologies (APET) has the 
following recommendations:

5.1	 ESTABLISHING AND STRENGTHENING 
	 AFRICA’S NATIONAL BIOSAFETY 		
	 REGULATORY AUTHORITIES AND 	
	 SCIENTIFIC REVIEWERS
a)	 Genome editing is a rapidly developing 	
	 suite of tools that enable cost- and time-	
	 effective targeted and precise alterations 	
	 of the genome and thus opening new 
	 applications and possibilities for 		
	 bioeconomic activities in healthcare, 		
	 agriculture, industrial biotechnologies, and 	
	 other bioeconomy-related sectors. 

b)	 African Union should undertake high level 	
	 advocacy and strengthen the capacity of 	
	 Member States on Genome Editing, using 	
	 the Calestous Juma Executive Dialogues 	
	 (CJED), which is an established APET 	
	 Platform.

c)	 African countries can strengthen the 		

	 capacity of Competent National 		
	 Authorities, scientific/technical reviewers, 	
	 and decision-makers through the CJED 	
	 Platforms, in assessing the potential risks 
	 and benefits of genome editing and 		
	 in making informed decisions. This can 	
	 help governments adopt policies that can 
	 allow for genome edited products to be 	
	 assessed for their similarity to products 
	 that have been developed with conventional 
	 breeding methods or that occur in nature. 

d)	 African countries, as parties to the 		
	 Cartagena Protocol, should recognise 
	 the utility of the precautionary approach 	
	 during new technological uptake and within 
	 the context of scientifically sound, case-	
	 by-case risk assessments, appropriate 	
	 risk management measures, and decision-
	 making processes that weigh potential 
	 risks against benefits. This includes the 	
	 perspectives of indigenous people and 	
	 local communities (IPLCs), as may be 	
	 appropriate. 

5.2	  RISK ASSESSMENTS AND DECISION 
	 MAKING FOR GENOME EDITED 		
	 PRODUCTS
a)	 Genome edited products should 
	 be assessed on a case-by-case basis to 
	 determine whether they fall under the 	
	 mandate of a country or a regional 		
	 Biosafety Regulatory Framework 		
	 or be excluded from such biosafety		
	 regulatory framework. This can also		
	 enable that these products be 		
	 subjected to other existing regulatory 	
	 frameworks for conventionally developed 	
	 products and technologies.

b)	 Policy decisions on genome edited 		
	 products should be informed by science. 

c)	 AU Member States should take steps 	
	 to address the legal and policy uncertainties 
	 regarding the preferred regulatory 		
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	 approach for genome editing and derived 	
	 products. This can be ascertained by 	
	 developing national guidelines to indicate 	
	 whether genome editing products will 	
	 be regulated as under their Biosafety Acts 	
	 or otherwise. 

d)	 African countries should formulate and 
	 provide clear guidelines through which 	
	 certain genome edited products should 	
	 be excluded from the scope of their 
	 National Biosafety laws. This can 		
	 be accomplished by adopting 		
	 implementing regulations and guidelines 	
	 that provide a clear mechanism for pre-	
	 submission consultation processes to 	
	 determine the most appropriate, 		
	 science-based and risk proportionate 	
	 regulatory approach to use for genome 	
	 edited products. Furthermore, this review 	
	 should allow for case-by-case assessments 
	 of each product based on the presence of 	
	 a foreign genetic material in the 		
	 final product as a criterion for a product-	
	 based exclusion.

e)	 African countries should also ensure 	
	 that any regulatory approach that requires 	
	 that a genome edited product be subject 	
	 to existing risk assessment and decision-	
	 making process as stipulated in their 
	 Biosafety Laws and implementing 		
	 instruments would only apply to situations 	
	 where the said genome edited product is 	
	 proven to contain foreign genetic material 	
	 in the final product. 

f)	 Further ensure, in accordance with their 	
	 biosafety laws, that only genome edited 	
	 organism with genetic changes resulting in 
	 the stable and permanent integration of 
	 a foreign genetic material from outside 	
	 the orgasm’s gene pool are regulated 
	 under the country Biosafety Acts, 		
	 Regulations and supporting Guidelines 	
	 during development, testing, release into 

	 the environment and releases of 		
	 commercial products.

G)	 Exclude from their biosafety laws and 	
	 implementing instruments, genome edited 	
	 organisms with genetic changes that 
	 are achievable through traditional/		
	 conventional breeding or that are 		
	 already occurring in nature, and which do 
	 not contain foreign genetic material 		
	 from outside the organisms’ gene pool 	
	 in the final product. Such organisms should 
	 be regulated under existing laws, 		
	 regulations and guidelines governing the 	
	 evaluation and release of conventionally 	
	 bred organisms and products derived 	
	 from them.

5.3	 STRENGTHENING COOPERATION, 	
	 COLLABORATION, AND INVESTMENTS 
	 ON BIOSAFETY REGULATION, POLICY 
	 IMPLEMENTATION, AND 			 
	 INFRASTRUCTURE

a)	 As the genome editing techniques are 	
	 rapidly advancing and evolving, AU 		
	 Member States should consider 		
	 strengthening their South-South 
	 and/or North-South cooperation and 
	 collaborations in accessing, evaluating, 	
	 and applying genome edited products 	
	 before production.

b)	 African countries should also develop 	
	 mechanisms that can strengthen their 
	 cooperation towards developing 		
	 harmonised systems at regional and 		
	 continental levels on regulating genome 	
	 editing.

c)	 African countries should also enhance 	
	 their investments in capacity building and 
	 strengthening of human resources and 	
	 research infrastructure suitable for genome 
	 editing advancements. 
d)	 African countries should strengthen their 
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genome editing research, development, and 
innovation, education, product development, and 
product stewardship programmes. 

5.4	 IMPROVING AND STRENGTHENING 
	 BIOSAFETY REGULATION AND 	
	 POLICY AWARENESS, AND 		
	 OUTREACH PROGRAMMES 
a)	 African countries should emphatically 
	 establish and implement outreach and 
	 communication programmes to create 	
	 greater awareness and sensitisation with 
	 various stakeholders through the various 
	 forms of traditional and social media 
	 platforms. Such efforts will help address 
	 miscommunication, misinformation, and 
	 misunderstanding of emerging 
	 technologies or tools such as genome 	
	 editing.

b)	 AU Member States should enhance 		
	 their curriculum for science education 
	 and communication programmes, at basic, 
	 secondary, and tertiary levels. This 
	 should include cutting edge areas of 
	 genome editing to benefit Africa’s 
	 technology and product development. This 
	 can help strengthen capacity within AU 
	 Member States in raising the next 
	 generation of Africa leaders on emerging 
	 technologies.

c)	 Given the experiences of GMOs, the 
	 regulatory approvals alone will not be 
	 sufficient to bring the products to farmers 
	 and end-users. Therefore, in addition 
	 to an enabling policy environment and 
	 product development platforms, African 
	 countries would have to strengthen 
	 technology delivery and seed systems in 
	 utilizing genome editing techniques. This 
	 can help the products efficiently reach 
	 smallholder and commercial farmers to 
	 create the desired impacts.

To take advantage of the lessons learned from 

the controversy related to the use of GMOs and 
to avoid the miscommunication considered as 
the main factor of the slow-paced adoption of 
GMOs in Africa, a well-resourced science-based 
communication strategy is required for better 
adoption of genome edited products in Africa.
Ultimately, products derived from genome 
editing are intended for commercialization and 
placement on the market. Hence the importance 
of a communication strategy that promotes a 
balanced, science-based, and transparent public 
education and awareness creation for a supportive 
and enabling environment for adoption.

Saner (2007) enumerates reasons for public 
participation, among which include: potentially 
improve public policy, a more informed and 
engaged public, more solid support for regulatory 
decisions, and greater public confidence in 
government. Communication therefore includes 
these activities: inform or educate to help 
understand a policy or program; gather information 
to anticipate communication challenges; facilitate 
discussion among stakeholders; engage citizens 
for shared agenda setting and generate options; 
as well as partner or reach an agreement with 
stakeholders.

The question of production and use of seeds along 
with derived products from genome editing is 
highly complex as it affects many sectors including 
agriculture, environment, transport and trade, 
health innovation, food, industry, consumers, 
natural habitats and biodiversity, intellectual 
property, affecting international economic relations 
and even development assistance.

Efficient and effective multi stakeholder 
communication is the main lever for product 
acceptance, consensus building to facilitate 
decision-making, and stakeholder engagement.
While a policy provides a set of rules to guide the 
production, the use, and the dissemination of a 
new product in the market, its application within 
national systems, will depend mostly on public 
understanding, acceptance, and adoption by 
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actors and end users. Therefore, a roll-out of a 
communication strategy is needed to facilitate the 
implementation of the policy on genome editing.
Through the process of communication with key 
actors, the socio-cultural and ethical aspects, 
gender, and youth inclusivity, will be sufficiently 
highlighted and provided with sufficient space 
for expression to feed into policy making and 
implementation.

Multi stakeholder participation must operate 
upstream, involving farmers, scientists, regulators, 
etc.   in the process of co-creation of the product, 
enabling knowledge generation at local level 
through platforms such as national level CJEDs. 
The importance of social media should be 
emphasized as an effective public relations and 
advocacy tool. 

6	 CONCLUSIONS
Delivering on Africa’s agricultural potential to ensure 
food security while safeguarding biodiversity will 
require, among other things, investments in and 
adoption of affordable technologies. However, 
these emerging technologies should enhance 
agricultural productivity, promote animal and 
fishery welfare, improve climate resilience and 
carbon storage while reducing emissions, and 
ensure sustainable utilisation of land and other 
natural resources. The CBD recognises access 
to and transfer of technologies, including modern 
biotechnology, as relevant to the conservation and 
sustainable utilisation of biodiversity. 

The application of modern biotechnology has 
substantially contributed to more sustainable 
agriculture, enabling better healthcare, enhanced 
food security, improved supplies of potable water, 
more efficient industrial processes, sustainable 
afforestation and reforestation, and detoxification 
of hazardous waste. Therefore, modern 
biotechnology can be increasingly deployed 
across the various biological kingdoms. Further to 
this, the genome improvements can expand the 
opportunities for agricultural breeding, industrial 
biotechnology, and human gene therapies and 
vaccines. Consequently, exploring the potential 
benefits from genome editing as a tool for socio-
economic development aligns with the priority 
areas of STISA-2024.

Notwithstanding, genome editing has policy 
implications, acceptance issues, and safety 
considerations. Thus, Africa’s ability to use existing 
and emerging biotechnologies effectively will 
depend largely on developing risk commensurate 
regulatory requirements and investment in 
physical, human, institutional, and societal 
capacity. As a continent, Africa should note that 
regulatory requirements commensurate with 
the level of risk are essential if genome editing 
is to become a tool for African scientists for the 
development of African economies, improved 
quality of life for African citizens, and improved 
cooperation with other regions of the world.
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8	 ANNEXURES

Annexure 1.	 MORE INFORMATION ABOUT THE TECHNIQUES AND APPLICATIONS OF GENOME 
EDITING 

Reference to genome editing application in this policy Guideline will include the use of all five genome editing 
applications. These are meganucleases, homing nucleases, zinc finger nucleases, TALENS, CRISPR/Cas 
system nucleases, and ODM. These are summarised as follows:
MEGANUCLEASES /HOMING ENDONUCLEASES (MN/HES) 

Meganucleases enzymes are rare-cutting enzymes encoded by introns and inteins. The meganucleases, 
have been isolated and identified in archaea, bacteria, and eukarya as shown in Figure A and Table A (Bel-
fort & Roberts, 1997). The MN and HEs usually consist of either a single monomer or a dimer. They have 
a central nuclease domain flanked by two DNA binding domains. The latter have recognition sequences of 
12–40 bp (Roberts & Macelis, 1997); Mueller et al, 1993; Lambowitz & Belfort, 1993). The application of me-
ganucleases in genome editing is curtailed by their limited number and low repertoire of naturally occurring 
recognition sequences. The latter number of recognition sequences has been amplified through creating mu-
tations in their natural DNA recognition domain, or by fusing with sequence domains from different enzymes. 
Through this approach, a variety of different MN/HEs were developed in recent years (Podevin et al, 2012; 
Antunes et al, 2012; Gao et al, 2010; Tzfira et al, 2012). 

Figure A: Mechanism of the meganucleases enzymes in the rare-cutting process as encoded by introns and 
inteins (Source: media.springernature.com) 

ZINC-FINGER NUCLEASES 
Zinc-finger nucleases (ZFNs) are artificial restriction enzymes that are generated by fusing a zinc finger DNA 
binding domain and DNA cleavage domain. ZFNs are finger-like structures that can recognise the specific 
stretches of three nucleotides (nt) in a DNA sequence. They are linked together into arrays of 3-4 ZFNs as 
shown in Table A.
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Table A. Summary notes of on genome editing enzymes systems

The Zinc finger DNA binding domain can be engineered to target desired, specific DNA sequences. When it 
is coupled with an endonuclease, usually Fok 1, it enables the latter to cut unique DNA sequences, based 
on the ZF recognition sites, within complex genomes. Fok 1 is isolated from Flavobacterium okeanokoites, a 
type II class of restriction endonuclease (Sugisaki & Kanazawa, 1981). Fok 1 binds to the cognate sequence 
5′-GGATG-3′ and subsequently cleave the DNA phosphodiester bonds 9 bp away on this strand and the 13 
bp away of the complementary strand to yield variable, four nucleotide 5’-overhangs (Li et al., 1992). The 
modular use of FokI in combination with ZF-domains has led into the development of artificial enzymes with 
new specificities (Kim et al, 1988; Kim et al, 1996; Kim et al, 1997; Boch and Bonas, 2010).

Figure B: The Fok 1 binding to the cognate sequence 5’-GGATG-3′ and subsequently cleaving the DNA 
phosphodiester bonds 9 bp away from the strand and the 13 bp away of the complementary strand to yield 
variable, four nucleotide 5’-overhangs (Source: Jo et al, 2015)
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Table A. Summary notes of on genome editing enzymes systems 

Enzymes Source  DNA 
Binding 
Domain 

DNA Cutting 
Domain/Cleavage 

Remarks 

Meganucleases  
 

Archaea, bacteria and 
eukarya 

Two DNA 
binding 
domains 

One Nuclease 
domain 

Have limited number 
of recognition 
sequences 12-40 bp 

Zinc-finger 
nucleases  
 

Artificial restriction 
enzymes – fusion of 
DNA binding and DNA 
cleavage domain 

Zinc Finger 
DNA Binding 
Domain 
recognize 3 
nt in DNA 

DNA cleavage 
Domain usually 
endonuclease FokI 

 

TALENs  
 

Dimeric enzymes 
nuclease domain fused 
to DNA binding Domain 

DNA-
binding 
domain 

Nuclease domain 
fused 

Nucleotide sequence 
of 30 nucleotides 

CRISPR/CAS DNA cleavage domain 
fused to Synthetic 
guide RNAs direct the 
nuclease activity 

DNA binding 
domain 
consists of 
guide RNA 

DNA cleavage 
domain consist of 
the CAS protein 

Most used 
CRISPR/Cas system 
most used is 
CRISPR/Cas9 system 

 

The Zinc finger DNA binding domain can be engineered to target desired, specific DNA sequences. 
When it is coupled with an endonuclease, usually Fok 1, it enables the latter to cut unique DNA 
sequences, based on the ZF recognition sites, within complex genomes. Fok 1 is isolated from 
Flavobacterium okeanokoites, a type II class of restriction endonuclease (Sugisaki & Kanazawa, 1981). 
Fok 1 binds to the cognate sequence 5′-GGATG-3′ and subsequently cleave the DNA phosphodiester 
bonds 9 bp away on this strand and the 13 bp away of the complementary strand to yield variable, 
four nucleotide 5’-overhangs (Li et al., 1992). The modular use of FokI in combination with ZF-domains 
has led into the development of artificial enzymes with new specificities (Kim et al, 1988; Kim et al, 
1996; Kim et al, 1997; Boch and Bonas, 2010). 
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TRANSCRIPTION ACTIVATOR-LIKE EFFECTOR-LIKE NUCLEASES (TALENS) 
The Transcription Activator-like Effector Nucleases (TALENs) are dimeric enzymes with a structure related 
to ZFNs. They have a nuclease domain fused to a DNA-binding domain as shown in Table A and Figure C. 
The FokI is usually used as a nuclease domain while the DNA binding domain consists of the transcription 
activator-like (TAL). On the other hand, the DNA-binding domain consists of an array of up to 30 modules. 
These are specific for a particular nucleotide sequence of 30 nucleotides. Due to their longer DNA recognition 
sites, the TALENs are specific for genomic locations. Thus, this causes fewer unwanted off-target effects than 
the ZFNs. The TALEN approaches were also applied for modification of plant and animal genomes (Li et al., 
2012). 

Figure C: The Transcription Activator-like Effector Nucleases (TALENs) as dimeric enzymes with a ZFNs re-
lated structure and the nuclease domain fused to a DNA-binding domain and the transcription activator-like 
(TAL) (Source: Khan, 2019)

CLUSTERED REGULARLY INTERSPACED SHORT PALINDROMIC REPEATS (CRISPR)/CAS 
NUCLEASE

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas nucleases are molecular scis-
sors used in genome editing (Figure D). They have a DNA binding domain that consists of a guide RNA while 
the DNA cleavage domain consist of a CAS protein. The most utilised CRISPR/Cas system is the CRISPR/
Cas9 system (Table A). The Cas9 protein is a DNA endonuclease that utilises a guide RNA to target and 
cleave DNA. Native Cas9 utilises a guide RNA composed of crRNA and trans-activating CRISPR RNA (tra-
crRNA). The CRISPR/Cas-based nucleases are also the most used systems for editing in plant and animal 
genomes (Shan et al, 2013; Mao et al., 2013). 

Apart from the CRISPR/Cas nucleases binding to a particular genomic DNA sequence by guide RNAs, the 
enzyme can also accept specifically designed synthetic guide RNAs modelled on the Cas9 guide RNA. The 
CRISPR/Cas complex’s gRNA sequences can be redesigned to target any specific sequence in a genome to 
allow for NHEJ-based or HDR-based editing in that site. This versatility allows for a multitude of different tar-
get sequences and different genome sites to be targeted. As such, there have been ongoing improvements 
of the CRISPR/Cas System to improve efficacy and reduce off target effects (Mishra & Joshi, 2019; Anzalone 
et al, 2020; Anzalone et al, 2019; Sirsingandla, 2020; Zhang et al).
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OLIGONUCLEOTIDE-DIRECTED MUTAGENESIS (ODM)

Genome editing can also be achieved using a process called Oligonucleotide-Directed Mutagenesis (ODM). 
It has been observed that when a short single strand DNA sequence, called an oligonucleotide is complemen-
tary to a specific target DNA sequence in a genome, except for one or two nucleotides, mutation is introduced 
into a host cell. The host organism will use this short DNA as a template when replicating its own DNA. The 
sequence of the oligonucleotide will be incorporated into the host DNA together with the mutation. This ODM 
is another method used for genome editing, specially to make economically important mutation of 1-2 bases.

Figure D: Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas nucleases acting as 
molecular scissors used in genome editing (Source: Richter et al, 2012)
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Annexure 2.	 RECENT IMPROVEMENTS IN CRISPR/CAS GENOME EDITING
Four recent developments to improve the efficacy of CRISPR/Cas systems for use in genome editing include 
the use of Base editors, priming editors, DNA free editing, and CRISPR/Cas12a.

BASE EDITING
Base editors are obtained through fusion of catalytically inactive CRISPR/Cas9 domains (Cas9 variants, 
dCas9 or Cas9 nickase) and a cytosine or adenosine deaminase domain which converts one base to another 
(Yum et al, 2018). This enables the CRISPR/CAS system to generate precise point mutations in genomic 
DNA and RNA with and enhanced scope, specificity, and precision. This also helps with an in vivo delivery of 
base editors. The base editing components from the CRISPR systems, together with other enzymes, directly 
induce point mutations into cellular DNA or RNA without making double-stranded DNA breaks. 

Notably, these genome editing tools comprise of catalytically disabled nucleases fused into nucleobase de-
aminase enzymes. In some cases, DNA glycosylase inhibitors are utilised (Yum et al, 2018). The base ed-
iting tools enable for direct and irreversible conversion of one base pair into another. This is accomplished 
without the need for introducing the DSBs or template DNA (Yum et al, 2018; Nishida et al, 2016; Gaudelli 
et al. 2017). Furthermore, base editors, such as the Cytosine base editors (CBEs) and Adenine base editors 
(ABEs), are mainly composed of a deaminase fused to a Cas9 variant: [nickase Cas (nCas9) or catalytically 
deactivated Cas9 (dCas9)]. 

PRIME EDITING
Prime editing uses a catalytically impaired Cas9 endonuclease fused to an engineered reverse transcriptase, 
programmed with a prime editing guide RNA (pegRNA). This can specifically target the site and encode the 
desired edit (Yum et al, 2018). Prime editing has higher or similar efficiency, fewer by-products than homol-
ogy-directed repair (HDR). Furthermore, it has similar strengths and weaknesses when compared to base 
editing. It can also induce much lower off-target editing than Cas9 nuclease at known Cas9 off-target sites 
(Yum et al, 2018). The RNA that Prime Editing RNA uses (pegRNA), unlike the CRISPR RNA (sgRNA), uses 
the guide pegRNA in Prime Editing. This also contains the edited gene that will be inserted as a part of the 
process (Yum et al, 2018). 

DNA FREE GENOME EDITING
DNA free genome editing involves inducing genome changes without introducing the use of any foreign ge-
netic material sequences in an intermediate step. This approach eliminates any chances of unintentionally 
introducing foreign genetic material sequences into the edited organism, which may have regulatory conse-
quences. This has been demonstrated with transfected preassembled complexes of purified Cas9 protein and 
guide RNA into plant protoplasts of Arabidopsis thaliana, tobacco, lettuce, and rice. The techniques achieved 
the intended and targeted mutagenesis in regenerated plants (Yum et al, 2018). The DNA-free delivery has 
been developed by transfecting preassembled CRISPR/Cas9 ribonucleoproteins into protoplasts4 or in vitro 
fertilized zygotes5 (Yum et al, 2018). Additionally, the CRISPR–Cas ribonucleoproteins or RNA transcripts 
have been biolistically bombarded into immature embryo cells or calli to yield highly specific genome editing, 
albeit at low frequency (Yum et al, 2018).
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CRISPR/CAS12A GENOME EDITING
Cpf1 is a class 1, type-V CRISPR/Cas effector endonuclease can exhibit gene-editing using a single 
RNA-guided approach. The Cpf1 has been reported to cause fewer off-target cleavages when compared 
to Cas9 (Yum et al, 2018). To exert sequence-specific endonuclease activity, the Cpf1 is functional through 
a single crRNA and without an additional tracrRNA (Zetsche et al, 2015; Fonfara et al, 2016; Zetsche et al, 
2017). The Cpf1 protein can interact with the pseudoknot structure formed by the 5′-handle of crRNA (Yama-
no et al, 2016; Gao et al, 2016). A guide segment, composed of a seed region and 3′ terminusi, possesses 
complementary binding sequences with the target DNA sequences. This protein–RNA complex recognizes a 
T-rich protospacer-adjacent motif and leads to a staggered DNA double-stranded break (Yamano et al, 2016). 
This kind of techniques have found applications in genome editing and biotechnology. 

Annexure 3.	 MECHANISM OF GENOME EDITING USING SITE DIRECTED NUCLEASES
The goal of Site Directed Nuclease Technology is to take advantage of the targeted DNA break and the host 
cell’s endogenous DNA repair mechanisms to induce specific changes at the site of the DNA break that are of 
economic importance. The change can either be a small deletion, a substitution, or the addition of several nu-
cleotides. Such targeted edits result in a new and desired characteristic, such as enhanced nutrient uptake or 
decreased production of allergens. The initial applications of SDNs are divided into three categories: SDN1, 
SDN2 and SDN3 (Box A). While this was an initial classification scheme, there are some new applications 
of genome editing that do not fit into one of these categories (e.g. chromosomal inversions and epigenetic 
changes). Understanding the different mechanisms and products obtained from the three SDN applications 
and the technical difficulties and degree of ambiguity in classification is important in defining the regulatory 
approach to adopt.

SITE DIRECTED NUCLEASE 1 (SDN1) 
For SDN1, the SDN is introduced into the cell without addition of a DNA template (Figure E). The DNA bind-
ing domain of the programmed SDN searches and binds to a complimentary DNA sequence and the DNA 
nuclease domain makes a DSB at the target site. The cell’s own endogenous repair mechanism joins the 
broken ends by a process called non-homologous end joining (NHEJ) that is error prone. The spontaneous 
repair of DSB can lead to a mutation, causing gene silencing, gene knock-out, or a change in the activity of a 
gene. This SDN1 technology is the more widely used today to improve crops, animals, and microorganisms 
of economic importance (CropLife). 
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Figure E: The processes of Site Directed Nucleases (SDN) activity showing – SDN1, SDN2, and SDN3 
because of Non-Homologous End Joining (NHEJ) and Homology Directed Recombination (HDR) 

SITED DIRECTED NUCLEASE 2 (SDN2) 
In SDN2 type edits, the engineered SDN is introduced into the recipient cell together with a DNA repair tem-
plate that is complementary to the target sequence of the recipient except for a few bases. The DNA binding 
domain of the SDN binds to the complementary DNA in the host cell, while its DNA cleavage domain makes 
double strand DNA breaks at the target sequence. The cell’s endogenous DNA repair process repairs the 
DNA break using the introduced DNA repair template through a mechanism referred to as HDR. Since the 
complementary template is used to repair the DNA DSB, a designed short mutation is generated in the target 
gene including the desired sequence changes. This results in specific genetic changes at the target site in 
the recipient organism to impact the function of the targeted sequence in a desired way. It is important to note 
that this approach of using a longer repair template can also introduce cisgenes which may be similar to the 
genetic variation that could be obtained with conventional techniques. This mechanism is somewhat used for 
developing crops, animals, and microorganisms of economic importance.

SITE DIRECTED NUCLEASE 3- (SDN3)
The SDN3 is like SDN2 except that the repair template added could contains longer inserts, even complete 
genes from unrelated organism, i.e., cis/transgenes. Both SDN2 and SDN3 use HDR mechanisms. The cell’s 
natural repair process then utilizes this template to repair the break resulting in the introduction of the genetic 
material. Unlike SDN1 and SDN2, the SDN3 can be used to introduce foreign genetic material. However, 
SDN1, SDN2, and SDN3 can raise variable biosafety and concomitant regulatory considerations as will be 
elucidated later.
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Annexure 4.	 METHOD OF DELIVERY OF SDNS INTO RECIPIENT ORGANISMS
The methods used to introduce SDNs into organisms vary among plants, animal species, microorganisms, 
and even the tissues into which SDNs are introduced. 

METHODS OF INTRODUCING GENOME EDITING IN PLANTS
In plants, SDNs can be introduced through polyethylene glycol DNA uptake, Agrobacterium DNA transforma-
tion, or biolistic methods for delivering DNA or Protein/RNA complexes. 

METHODS OF INTRODUCING GENOME EDITING IN ANIMALS AND TARGET TISSUE 
In birds, the avian primordial germ cells are the most preferred target tissue for genome editing and are 
genome edited by direct transfection through microinjection (Han and Park, 2018). In cattle, genome edited 
target tissues include somatic cell nuclear transfer (SCNT), bovine foetal fibroblast (BFF) and sometimes 
zygotes while methods of delivering genome editing sequences include electroporation, cytoplasmic injec-
tions (CPI), nucleofection (Yum et al, 2018; Yu et al, 2011). In sheep, key target tissues include zygotes and 
to lesser extent, SCNT while methods of delivering genome editing sequences include CPI, electroporation, 
nucleofection, pronuclear injection (Proudfoot et al, 2015). For goats, tissue used for genome editing include 
zygotes, SCNT, goat foetal fibroblast while methods used include CPI, electroporation, and nucleofection 
(Yu et al, 2016). Pigs have been genome edited using somatic cell nuclear transfer using Talens, ZFN and 
CRISPR/CAS 9 (Ryu et al, 2018), while in rabbits’ successful genome editing has been reported (Hammer 
et al, 1985).

Annexure 5.	 EXAMPLES OF GENOME EDITING APPLICATIONS IN ANIMALS
GENOME EDITING APPLICATIONS IN PIGS
Pigs are the preferred large animal models in biomedical research and considered a better choice over the 
rodent models. Furthermore, the transplantation studies using pig pluripotent stem (PS) cell derivatives have 
demonstrated a better testbed for safety and efficacy prior to human trials (Xu et al., 2019). However, the 
pigs have limited true embryonic stem cells. Thus, genome editing is accomplished through somatic cells 
and somatic cell nuclear transfer (Ryu et al, 2018). Notably, the pigs’ genome editing has been accomplished 
through genome editing tools such as ZFNs, TALENs, and the CRISPR/Cas systems (Ryu et al, 2018). The 
three SDN applications have been successfully achieved in pigs using genome editing tools such as ZFN, 
TALENS, and CRISPR/CAS9. 

The ability to directly manipulate the pig genome through genetic engineering for research purposes has ad-
vanced from the haphazard insertion of foreign genetic material, through techniques such as pronuclear mi-
croinjection, sperm mediated gene transfer, and integration of mobile genetic elements, to the manipulation 
of endogenous genes. This is accomplished through homologous recombination in somatic (vegetal) cells 
followed by somatic cell nuclear transfer. In recent years, newly designed genome editing nucleases have 
facilitated the development of techniques that can provide efficient ways to introduce foreign genetic mate-
rial (Wells and Prather, 2017). Consequently, this is enabling scientists modify endogenous genes in eggs, 
zygotes, and somatic cells. Together, these genome editing technologies have essentially enabled genome 
manipulation in swine. Even though the regulatory environment remains uncertain for agricultural applica-
tions, genetic engineering of pigs is envisaged to advance biomedicine and biology. As such, the genome 
editing techniques are now sufficient, simple, and efficient to efficiently advance agricultural basic and applied 
research without limitations on funding.
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GENOME EDITING APPLICATIONS IN BIRDS
Birds are an important biological and agricultural species, and their genome editing has gained significant 
interest for scientists. The genome editing applications are primarily performed by using a primordial germ 
cell (PGC)-mediated method. This is because the pronuclear injection is not practical in the avian species. 
Notably, this is different from the approach used in genome editing in mammals (Han & Park, 2018). In this 
method, the PGCs are isolated, cultured, genetically edited in vitro. Thereafter, they are injected into the re-
cipient embryo to yield a genome edited offspring. 

For example, genome edited quails have been produced by utilising the newly developed adenovirus-medi-
ated method. As such, a direct injection of adenovirus into the avian blastoderm in the freshly laid eggs was 
undertaken without technically employing in vitro procedures of the PGC-mediated method. This resulted into 
the generation of germ-line chimera and genome edited offspring. Notably, as more approaches are made 
available in avian genome editing, the avian research in various fields is expected to progress rapidly (Lee 
et al., 2020). 

The primordial germ cells were first discovered by Waldeyer et al, (1870) as cited in Ryu et al, (2018). They 
were later reported to originate from an endodermal region called the germ cell wall (Ryu et al, 2018). The 
three genome editing systems known as ZFNs, TALENs, and CRISPR)/Cas9 (Ryu et al, 2018) have poten-
tial applications in birds. For instance, the development of avian genome editing has scientific and industrial 
applications for genome edited avian species. These include the removal of the myostatin gene and single 
amino acid deletion in myostatin propeptide to enhance muscle mass for chicken and quail. 

Further to this, other genome editing techniques have been undertaken to improve the chicken’s resistance 
to leucosis virus sub-group, exhibition of gray feather color, expression progenesis for sexing, reduction of 
abdominal fat deposition, and production of human interferon beta (β) in the egg white, among others. In ad-
dition, the genome edited progenitor cells of gametes have been reported in chicken using HDR (Schusser et 
al, 2013), TALENS (Park et al, 2014), and CRISPR/Cas systems (Oishi, 2016; Han & Park, 2018).

GENOME EDITING APPLICATIONS IN CATTLE
Milk and meat from cattle and buffaloes have contributed about 45% of global animal protein supply. These 
are followed by chickens (31%), and pigs (20%). As such, in 2016, the global cattle population of 1.0 billion 
head generated approximately 6.5 billion tonnes of cows’ milk, and 66 million tonnes of beef (Van, 2019). 
In some regions of the world, the recent cattle breeding programmes have critically bolstered the yield per 
animal with a resultant decline in the emissions intensity per unit of milk and beef. Consequently, the genome 
editing research in cattle has primarily focused on disease resistance such as tuberculosis and production 
focusing mainly on myostatin knockout and production of all-male offspring. The genetic editing has also 
focused the elimination of allergens such as beta-lactoglobulin knockout and enhancing welfare traits such 
as hornlessness. 

Modeling has also exposed efficient methodologies of genome editing that are capable of introducing bene-
ficial alleles into cattle breeds. This could maintain and further fast-track the rate of genetic gain that can be 
attained by conventional breeding programmes. The genome editing approach can hasten the lengthy pro-
cess of introgression of the same alleles from distant breeds, i.e., the transfer of genetic information from one 
species to another through the hybridisation process and repeated backcrossing. As such, genome editing 
can accurately introduce useful alleles into the organism. For example, they can improve heat tolerance and 
disease resistance of animals, and haplotypes into native and locally altered cattle breeds. This can subse-
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quently improve their productivity. However, employing these genome editing approaches in cattle genetic 
improvement programmes should depend on robust and comprehensive continental and global decisions on 
regulatory and governance frameworks of genome editing for food animals.

Genome editing in cattle is based on micro-injection of somatic nuclear cell transfer cells (SNCT) due to 
absence of stem cells (Yum et al, 2018). The three genome editing methods used are ZFNs (Yu et al, 2011), 
TALENs (Proudfoot et al, 2015), and CRISPR)/ Cas9 (Tan et al, 2016; Ryu et al, 2018) with the latter being 
the most preferred method. Somatic nuclear cell transfer cells substituted the previous DNA micro-injection 
of zygotes, and subsequently transferred into recipient reformed severe mosaicism. This technique has a low 
efficiency (Yum et al, 2018).

GENOME EDITING APPLICATIONS IN SHEEP, GOATS, RABBITS, AND HORSES
Sheep, goats, and rabbits are valuable livestock species that are reared for their meat, milk, fiber, and other 
by-products. Because of their appropriate sizes, short gestation period, and abundant production of milk, 
sheep and goats have received tremendous importance in model animals for agricultural, pharmaceutical, 
and biomedical research. As such, genome editing has been widely employed in sheep and goat research. 
On the other hand, rabbits have also gained interest for their supply of protein. Moreover, horses are raised 
for entertainment and transportation. For example, the pronuclear injection and somatic cell nuclear transfer 
has represented primary procedures for genetic editing in sheep and goats. Further to this, assisted tools 
have also been developed to improve the proficiency of genetic editing. This is further simplifying the genera-
tion of genetically modified founders. These genetic editing tools include sperm-mediated gene transfer, viral 
vectors, RNA interference, recombinases, transposons, and endonucleases. 

Gene-edited sheep and goats that are generated using the four classes of site-specific endonucleases (me-
ganucleases, ZFNs, TALENs, and CRISPRs) are enabling valuable investigations on gene functions, ad-
vancing animal breeding, generating pharmaceuticals in milk, and enhancing animal disease resistance. In 
addition, some derivative tools of CRISPR systems have appeared such as base editors which facilitate the 
introduction of single-base alterations without any prerequisites for homology-directed repair and DNA donor 
(Kalds et al, 2019). These precise editors are beneficial in enabling advantageous phenotypes and rectifying 
genetic diseases controlled by single bases. 

In goats, successful genome editing based on TALENS (Yu et al, 2016) and CRISPR/CAS systems has been 
reported. Both TALENS and CRIsPR/CAS 9 have successfully gene edited goats and DNA delivery was 
through electotransfections and nuclear transfer of somatic cells (Zhang et al, 2019; Zhang et al, 2018). In 
addition, in goats CRISPR/CAS introduced through microinjection has been used successfully (Kalds et al, 
2019; He et al, 2018). Although genetic modification of large animals is recalcitrant, microinjection has been 
used for genome editing of sheep (Hammer et al, 1985) using CRISPR/Cas9(Crispo et al, 2015), and CRIS-
PR/CAS of somatic nuclear cell transfer (Han et al, 2014; Wang et al, 2018). 
In rabbits (Hammer et al, 1985; Liu et al, 2018) successful genome editing is based on CRISPR/CAS and use 
of improved CAS with base editors (Liu et al, 2018). There are also precedents of genome editing in horses 
as the application of new technologies for genome editing in horses may allow the generation of improved 
sportive individuals. The aim was to knock out the myostatin gene (MSTN), a negative regulator of muscle 
mass development, using CRISPR/Cas9 and to generate edited embryos for the first time in horses (Moro 
et al, 2020).
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GENOME EDITING APPLICATIONS TO IMPROVE FISHERIES AND AQUACULTURE
Aquaculture is rapidly growing and becoming the primary source of seafood for human diets. Thus, selective 
breeding programmes are facilitating genetic improvement of essential economic traits such as disease re-
sistance. However, progress remains limited because of the heritability of the traits and generation interval 
of the species. As such, new breeding techniques, such as genome editing using CRISPR/Cas9, can poten-
tially accelerate sustainable genetic enhancement in aquaculture. Genome editing is potentially introducing 
essential and beneficial variations to the genome. These includes fixing alleles at existing trait loci, designing 
de novo alleles, and introducing alleles from other strains or species. The high productiveness and external 
reproduction of most aquaculture species can accelerate genome editing for research. This can also enhance 
application capacity to enhance aquaculture farming (Gratacap et al, 2019).
Genome editing using CRISPR/Cas has been successful in many aquatic species including atlantic salmon, 
tilapia, channel cut fish, trout, among others (Gratacap et al, 2019; Zhu & Ge, 2018). The genetic editing 
methods used included injection of the CRISPR/Cas9 complex into newly fertilised eggs at the one-cell stage 
of development (Zhu & Ge, 2018). The target traits have included sterility and disease resistance (Zhu & Ge, 
2018).
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