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ABSTRACT

Since the domestication of animals, livestock species are an important source of 
protein-rich food and other animal products. The very recent progress in genetic 
engineering allows to modify the genomes of livestock species in an unprecedented 
way to improve production traits, disease resistance, adaptation to climate changes, 
and animal welfare aspects and for the development of large animal models for 
developmental biology and biomedicine. Here, we concisely summarize the recent 
progress of genome-editing technologies, with a particular focus on the CRISPR/
Cas9 designer nuclease, in livestock. Currently, precision-modified livestock lines 
with disease resistance and production traits are ready to be introduced into 
commercial production. On a scientific basis, these lines are considered safe for 
human consumption, especially for genome edits implementing only a single 
nucleotide change, which mimics ´natural´ point mutations. Internationally, 
however, there are clear differences in the interpretation of the legal framework on 
whether genome-edited animals or their products need to be regulated.

Introduction
Humankind faces a major challenge to feed its growing 
population, which is expected to reach nearly 10 billion 
people by 2050, and in parallel coping with climate change. 
Agriculture is the main source of food for the world pop-
ulation, but its share in total food production is stagnating 
due to high-input and resource-intensive farming systems, 
massive deforestation, soil depletion, water scarcity, and 

high levels of greenhouse gas emissions. Livestock can con-
tribute an instrumental role in achieving sustainable food 
security (Godber and Wall, 2014; Nabarro and Wannous, 
2014; Selokar and Kues, 2018). The rising demand of 
animal-based foods has already led to an increase in 
livestock production, and this demand will surge in the 
coming years (Nabarro and Wannous, 2014). The classi-
cal approaches enhance animal productivity through the 
intervention of animal health, nutrition, genetics, repro-

*Corresponding author. 
E-mail address: Wilfried.kues@fli.de (Wilfried A. Kues)
Received 03.12.2022; Accepted 14.12.2022
Copyright @ Animal Reproduction Update (https://acspublisher.com/journals/index.php/aru)

Animal Reproduction Update
Year 2023, Volume-3, Issue-1 (January - June)

Review article

www.acspublisher.com

doi: 10.48165/aru.2023.3.1.5



15

Kumar and Kues Genome Engineering in Livestock: Recent Advances and Regulatory Framework

duction and management, but these are unlikely to be 
sufficient to meet the required productivity (FAO. 2018) 
This scenario necessities novel ideas and technologies, and 
genome engineering appears as a powerful contribution 
to transforming global livestock production in a sustain-
able manner. Genome engineering or genome editing is a 
type of genetic manipulation to change the genetic makeup 
of cells using highly specific enzymes, such as program-
mable nucleases, and enable the targeted modification of 
selected DNA sequences and expression of genes. Recently 
developed genome editing technologies facilitated the 
introduction of targeted modifications and the production 
of genetically engineered livestock. These technological 
advancements significantly improved the productivity of 
livestock for agriculture purposes, and strengthen the field 
of biomedicine by providing animal models that are more 
accurately representing human diseases (Whitelaw et al., 
2016; Hamernik, 2019; Menchaca et al., 2020; Lee et al., 
2020; Perisse et al., 2021). 

Recently, the clustered regularly interspaced short 
palindromic repeats (CRISPR) and CRISPR-associated 
protein 9 (Cas9) systems emerged as the most efficient, 
accurate, repeatable, and straightforward genome editing 
technology (Doudna and Charpentier, 2014). CRISPR/
Cas9 has a nuclease activity guided by a small RNA fol-
lowing Watson-Crick base pairing with target DNA, and 
represents a system that is easy to design, highly specific, 
efficient, and well-suited for high-throughput and multi-
plexed gene editing for a variety of cell types and organ-
isms (Hsu et al., 2014). It allows modification of a target 
gene without the addition of foreign DNA to the animal’s 
genome. Currently, precision-modified livestock lines 
with disease resistance and production traits are ready to 
be introduced into commercial production. On a scien-
tific basis, these lines are considered safe for human con-
sumption, especially for genome edits implementing only 
a single nucleotide change. Here, we summarize the recent 
progress of genome-editing technologies in livestock, with 
a focus on the CRISPR/Cas9 designer nuclease, put it in 
the context of classical transgenesis, and discuss the regu-
latory framework worldwide. 

“Classic” Transgenesis in Livestock 
Transgenesis is the process of introducing a gene of interest 
obtained from one organism into the genome of another 
organism, which expresses the gene and exhibits some new 
property or characteristic. This is made possible by the fact 
that the genetic code is universal for all living things. The 
first transgenic livestock were produced via microinjection 
of foreign DNA into pronuclei of fertilized eggs in 1985 

(Hammer et al., 1985) and after that various methods such 
as viral vectors, sperm-mediated gene transfer (SMGT) 
and somatic cell cloning have been applied for the genera-
tion of transgenic livestock, including cattle, sheep, goats, 
and pigs (Kues and Niemann, 2011; Garrels et al., 2012; 
Amare and Ayalew, 2019). Each new method added some 
advancement and helped overcome the limitations of ear-
lier methods. Commonly, transgenic livestock are being 
produced using established approaches, either DNA micro-
injection into zygotes (Garrels et al., 2016) or somatic cell 
nuclear transfer (SCNT) using a transgenic somatic cell as 
donor (Kuroiwa et al., 2020). Microinjection has several 
significant shortcomings, such as low efficiency, frequent 
incidence of mosaicism, random integration into the host 
genome, and a variable number of copies of the gene that 
integrates. SCNT allows targeted genetic modification of 
in vitro cultured somatic cells, which are then used to pro-
duce transgenic livestock via animal cloning (Schnieke et 
al., 1997; Denning et al., 2001; Park et al., 2001), but it is 
also associated with multiple bottlenecks (Review, Kumar 
et al., 2022). Using this approach, a limited number of 
site-specific genetically modified livestock models have 
been produced (Dai et al., 2002; Lai et al., 2006; Rogers 
et al., 2008). However, targeted modifications in somatic 
cells depend on the frequency of homologous recombina-
tion, which is extremely inefficient in somatic cells (Dai 
et al., 2002; Lai et al., 2002). The low efficiency allows for 
modification of only one allele at a time (Liu et al., 2015). 
Hence, further breeding is required to get homozygous 
modifications in genetically modified animals. Especially 
large animals, such as cattle with long gestation (9 months) 
and long generation intervals (22–26 months) required 
extended periods for the completion of breeding steps.

Recently, embryonic stem (ES) cell-mediated genetic 
modifications became a perfected approach for the pro-
duction of transgenic and knock-out mice, but the lack 
of true ES cells from larger mammals prevented follow-
ing this route for the generation of transgenic livestock. 
In addition, viral-mediated transgenesis via retrovirus, 
lentivirus, and adeno-associated virus, has also been used 
to successfully produce transgenic livestock (Lois et al., 
2002; Pfeifer et al., 2002; Hofmann et al., 2003; Whitelaw 
et al., 2008; Pfeifer and Hofmann, 2009), but it is limited 
by the DNA cargo size. Another method, SMGT has also 
been assessed for the integration of exogenous DNA. It 
was demonstrated that sperm of many species showed the 
affinity to bind with naked DNA or liposome-DNA com-
plex (Lavitrano et al., 1989; Horan et al., 1991; Bachiller et 
al., 1991; Sperandio et al., 1996), and could act as a vector 
for gene transfer into the oocyte. This methodology has 
been reported for mice (Lavitrano et al., 1989; Bachiller et 
al., 1991), pigs (Sperandio et al., 1996), rabbits (Kuznetsov 
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and Kuznetsova, 1994), chicken (Rottmann et al., 1992), 
and cattle (Schellander et al., 1995; Sperandio et al., 1996). 
However, transferring exogenous DNA to the embryo and 
further to progeny has been found to be difficult and cur-
rently SMGT remains an unreliable method for producing 
transgenic livestock (Smith and Spadafora, 2005). In sum-
mary, classical transgenesis techniques are not efficient for 
the production of livestock with desired genetic modifica-
tions, thus alternative approaches such as enzyme-medi-
ated genetic engineering and genome‐editing technologies 
have been promoted.

Enzyme-mediated Genetic 
Engineering in Livestock 
A relative recently, transgenesis was achieved via exogenous 
enzymes, which provide specific gain-of-function or loss-
of-function genetics and allow for precise genetic modifi-
cations in livestock (Shinohara et al., 2007; Garrels et al., 
2012; Bosch et al., 2015). Mainly, the hyperactive form of 
transposon systems such as Sleeping Beauty (Zayed et al., 
2004; Mates et al., 2009) and piggyBac (Yusa et al., 2011) 
are being used as exogenous enzymes to produce trans-
genic mammals. In addition, Cre recombinase and ФC31 
integrase gained some attention for livestock transgenesis 
(Jakobsen et al., 2013; Yu et al., 2013). 

Transposons, or jumping genes, are discrete pieces of 
DNA that have the ability to move from one site to another 
within a genome using a ‘cut and paste’ mechanism 
(Ivancevic et al., 2013; Walsh et al., 2013; Kumar et al., 2015). 
The best characterized transposons are Sleeping Beauty, 
piggyBac, and Tol2, which originate from non-mammalian 
species (Kawakami et al., 2000; Miskey et al., 2003; Ivics 
et al., 2009; Clark et al., 2009). For genetic engineering, 
the Sleeping Beauty and piggyBac transposons have been 
developed as bicomponent transgenic systems in which 
the gene of interest is flanked by inverted terminal repeats 
(ITRs), and the transposase is delivered in trans. The trans-
posase binds to the ITRs region forming a synaptic com-
plex that leads to the transposon being introduced into a 
genomic consensus site (Ivics et al., 2009; Mun˜oz-Lo´pez 
and Garcı´a-Pe´rez, 2010). Sleeping Beauty and piggyBac 
transposon systems were used to produce transgenic live-
stock such as cattle (Garrels et al., 2016; Yum et al., 2016; 
Yum et al., 2018), sheep (Deng et al., 2017), goats (Bai et 
al., 2017) and pigs (Garrels et al., 2011; Carlson et al., 2011; 
Ivics et al., 2014). The transposon system is considered 
as valuable tool for the efficient genomic integration and 
stable expression of transgenes with germline transmission 
capability. These results demonstrate that transposon-me-
diated transgenesis is capable of increasing the transgenic 

efficiencies and producing antibiotic marker-free animals, 
which satisfy regulatory guidelines for animal transgenesis 
(Bosch et al., 2015).

Genome Editing in Livestock 
In the past decade, engineered designer nucleases have 
emerged as a new approach for “genome editing”. The 
engineered nucleases include zinc finger nucleases (ZFNs), 
transcription activator-like endonucleases (TALENs), and 
CRISPR/Cas9. CRISPR/Cas9 turned out to be the simplest 
and most predictable designer nuclease and has the capa-
bility of simultaneously targeting multiple genomic sites. 
The mechanisms of designer nucleases for genome edit-
ing of livestock have been reviewed earlier (Petersen, 2017; 
Kalds et al., 2019; Navarro-Serna et al., 2020; Kumar and 
Kues, 2020; Perisse et al., 2021), and we are focusing on 
recent applications of CRISPR/Cas9 for livestock genome 
editing and the current legal framework. The focus on 
CRISPR/Cas9 results from the over proportional use of 
this technology for livestock editing (Fig. 1). 

Fig. 1. Genome editing in livestock. The number of publications 
describing the use of a designer nuclease in livestock per year, data 
was extracted from PubMed (NCBI) using the terms acronym of 
“designer nuclease” and “livestock or farm animal” and “year”, 
accessed 13.09.2022. 

The CRISPR/Cas9-mediated genome engineering 
technologies allow performing precise genetic modifi-
cations, which dramatically enhance the ease and speed 
for producing genetically modified livestock (Zhao et al., 
2019; Van Eenennaam, 2019; Menchaca et al., 2020; Lee 
et al., 2020; Navarro-Serna et al., 2020; Bishop and Van 
Eenennaam, 2020; Dua et al., 2021). CRISPR/Cas9 even 
allowed genome editing in non-human primates, which 
are hard to tackle (Niu et al., 2014; Kues et al., 2022). In the 
same year, genome-edited pigs were produced using the 
CRISPR/Cas9 system in which the von Willebrand factor 
(vWF) gene was targeted in order to generate a medical 
model with reduced activity of coagulation factor VIII  
leading to severe bleeding closely mimicking the human 
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disease (Hai et al., 2014). Thereafter, genome engineering 
technologies have been applied in many livestock such as 
cattle, sheep, goat and pig for improvement of growth per-
formance, development of disease-resistant lines, enhance-
ment of animal welfare, and for generation of models for 
human diseases (Table 1). 

For improvement in the performance of livestock, 
knockout of the myostatin (MSTN) gene is the most prom-
inent example due to its association with growth and skel-
etal muscle development. Earlier, it was demonstrated that 
the knockout of MSTN leads to enhanced formation of 
skeletal muscles (Kambadur et al., 1997), an economically 
important trait associated with economic meat production. 
CRISPR/Cas9 technology has been successfully applied to 
knockout the MSTN from the genomes of sheep (Zhang 
et al., 2018), goat (He et al., 2018) and pig (Tanihara et al., 
2016). Another significant accomplishment has been the 
production of tuberculosis-resistant cattle and porcine 

reproductive and respiratory syndrome (PRRS) virus-re-
sistant pigs, both of which are economically important 
in the livestock industry. Tuberculosis-resistant cattle 
were produced by insertion of natural resistance to infec-
tion with intracellular pathogens 1 (NRAMP1) gene into 
bovine fetal fibroblasts followed by SCNT (Tuggle and 
Waters, 2015). The genome-edited animal showed higher 
expression of the NRAMP1 gene and exhibited higher 
degree of resistance to Mycobacterium bovis infection 
(Tuggle and Waters, 2015). PRRS is considered an import-
ant infectious disease of the swine industry worldwide, 
affecting the production, reproduction, health, and wel-
fare of pigs. Whitworth et al. reported the production of 
CD163-knockout pigs showing protection against the clin-
ical outcome of PRRS virus infection (Whitworth et al., 
2016). The CD163 knockout pigs or pigs with a deletion 
of the virus binding domain showed resistance towards  
exposure to the PRRS virus (Whitworth et al., 2016; Wells 

Table 1. Examples of the CRISPR/Cas9-mediated genome-edited livestock for agricultural and biomedical purposes
Species Gene Cell type Transduction 

Method
Mutation and repair 
mechanism

Purpose Reference

Cattle NRAMP1 FF, SCNT Electroporation HDR-KI Disease resistance to tuber-
culosis

Gao et al., 2017

IARS FF or ear-de-
rived fibro-
blast, SCNT

Electroporation HDR- single base sub-
stitution

Disease resistance to IARS 
syndrome

Ikeda et al., 
2017;  Ishino et 
al., 2018

PRNP Zygote CPI HDR-KI Resilience towards human 
prion pandemics

Park et al., 2020

Sheep MSTN Zygote CPI NHEJ-KO Meat production, composi-
tion and quality

Crispo et al., 
2015

MSTN, ASIP 
and BCO2

Zygote CPI NHEJ-KO Meat production, composi-
tion and quality

Wang et al., 2016

FGF5 Zygote PNI NHEJ-KO Negative regulator of wool 
length

Hu et al., 2019

MSTN Ear fibroblasts Electroporation NHEJ-KO Meat production, composi-
tion and quality

Zhang et al., 
2018

OTOF Zygote CPI ssODN induce HDR 
repair

Model for human deafness 
related to genetic disorders

Menchaca et al., 
2020

Goat MSTN FF Nucleofection NHEJ-KO Meat production, composi-
tion and quality

Ni et al., 2014

MSTN Zygote CPI NHEJ-KO Meat production, composi-
tion and quality

Guo et al., 2016

MSTN Zygote CPI NHEJ-KO Meat production, composi-
tion and quality

He et al., 2018

GDF9 Zygote CPI ssODN mediated  
HDR-single base substi-
tution 

Increases litter size Niu et al., 2018

C. elegans 
fat-1 

FF, SCNT Electroporation HDR-KI & KO Convert n-6 PUFA into 
n-3 PUFA) into MSTN 
locus

Zhang et al., 
2018
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et al., 2017; Burkard et al., 2017), indicating that a small 
deletion of the sequence encoding the virus-attachment 
site could establish a disease-resistant breed. 

Livestock is also assessed as a bioreactor to produce 
human biological products such as albumin. The blood-de-
rived human serum albumin (HSA) is recommended for a 
number of severe diseases, such as liver failure and trau-
matic shock, and is in high demand. Due to the shortage 
of human blood supplies and the infection risks associated 
with human blood, alternative ways to produce HSA have 
long been sought. Success was obtained when CRISPR/
Cas9 was used to knock in human albumin cDNA to the 
pig endogenous albumin locus, leading to transgenic pig-
lets with human albumin in their blood (Peng et al., 2015). 

Using CRISPR/Cas9, a mouse adiponectin-UCP1 
gene was inserted into the endogenous UCP1 locus of 
pig, which showed an improved ability to maintain body 
temperature during acute cold exposure with normal 
physical activity (Zheng et al., 2017). Previously, it was 
reported that UCP1-knockin pigs were able to produce 
more lean meat with less fat deposition compared with 

control pigs, making them a valuable resource for the pig 
industry (Wang et al., 2016). Park et al. recently reported 
using the CRISPR/Cas tool to introduce a novel prion 
protein (PRNP) allelic variant in the cattle genome and 
produce cattle with prion disease resistance (Park et al., 
2020).

Due to the similarity in anatomy, size, and physiol-
ogy of porcine organs with their human counterparts, 
the pig is considered the most suitable model for human 
diseases such as atherosclerosis, Parkinson’s disease, 
Huntington’s disease, cardiovascular diseases, diabe-
tes, ophthalmological diseases, and neuronal disorders 
(Garrels et al., 2016; Gün and Kues, 2014; Holm et al., 
2016; Schook et al., 2016). To understand the molecular 
mechanism of human atherosclerosis, LDLR, and apo-
lipoprotein E (ApoE) double knockout pigs were pro-
duced using CRISPR/Cas9, which exhibited elevated 
levels of low-density lipoprotein cholesterol (LDL-C), 
apolipoprotein B, and total cholesterol (TC) in serum 
(Huang et al., 2017). Researchers created CRISPR/Cas9- 
mediated double DJ1, PARK2/PINK1, or Parkin/DJ-1/

Species Gene Cell type Transduction 
Method

Mutation and repair 
mechanism

Purpose Reference

Pig CD163 FF, SCNT Electropora-
tion/ Nucleofec-
tion

HDR-KI & KO Disease resistance to 
PRRSV

Whitworth et 
al., 2014;  Chen 
et al., 2019

NPC1L1 Zygote CPI NHEJ-KO Disease model for cardio-
vascular and metabolic 
diseases

Wang et al., 2015

PARKIN/
DJ-1/PINK1

Zygote CPI NHEJ-KO Disease model for PD Wang et al., 2016

MSTN Zygote Electroporation NHEJ-KO Optimization of protocol 
for efficient generation of 
genetically modified pigs

Tanihara et al., 
2016

NANOS2 Zygote CPI NHEJ-KO Male model as surrogates 
for SSC transplantation 

Park et al., 2017

TP53 Zygote Electroporation NHEJ-KO Model for cancer disease Tanihara et al., 
2018

shRNAs FF, SCNT Electroporation HDR-KI Resistance to classical 
swine fever virus

Xie et al., 2018

HTT FF, SCNT Electroporation KI Disease model for HD Yan et al., 2018
ZBED6 PFF, SCNT Electroporation NHEJ-KO Improve lean meat per-

centage
Liu et al., 2019

ANPEP, Amino peptidase N; ASIP, agouti signaling protein; BCO2, β-carotene oxygenase 2; CPI, cytoplasmic injection; FF, fetal fibroblast; GDF9, growth dif-
ferentiation factor 9;  HD, Huntington disease; HDR, homology-directed repair; KI, knock-in; MSTN, myostatin; NHEJ, nonhomologous end-joining; Npc1l1, 
Niemann-Pick C1-Like 1; NRAMP1, natural resistance-associated macrophage protein-1 gene; PD, Parkinson’s disease; PNI, pronuclear injection; PRNP, prion 
protein; PRRSV, Porcine reproductive and respiratory syndrome virus; PUFA, polyunsaturated fatty acid; SCNT, somatic cell nuclear transfer; shRNAs, antiviral 
small hairpin RNAs; SSC, spermatogonial stem cells; ssODN, single strand oligodeoxynucleotides; TPH2, tryptophan hydroxylase-2; ZBED6, zinc finger BED-
type containing 6.
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PINK1 triple knockout pigs mimicking Parkinson’s dis-
ease (Zhou et al., 2015; Yao et al., 2015; Wang et al., 2016) 
and Huntingtin knock-in pig model for Huntington´s 
disease (Yan et al., 2018), which could help in evaluating 
the pathology of the disease and for development of the 
therapeutic intervention. Li et al. created mutant pigs for 
the study of behavioral and neuropsychiatric disorders of 
humans by deleting tryptophan hydroxylase-2 (TPH2) 
using CRISPR/Cas9 (Li et al., 2017). The generated pigs 
were able to produce reduced levels of serotonin which 
impaired pup survival and growth rates. In another study, 
tyrosinase (TYR) was biallelically mutated with CRISPR/
Cas9, resulting in complete loss of pigmentation in the 
skin, hair, and eyes of the produced pigs that could be 
useful to elucidate the genetics of human skin pigmen-
tation (Zhou et al., 2015). Recently, Han and coworkers 
produced a model pig by deletion of Hoxc13 gene for 
ectodermal dysplasia-9 (ED-9), a human disease charac-
terized by reduced hair follicles, external hair loss, and 
abnormal hair follicle structure, but normal skin struc-
ture, skeleton phenotype, and growth pattern (Han et 
al., 2017). Recently, Menchaca et al. produced otoferlin 
gene-edited sheep as a model which may allow a better 
understanding and development of new therapies for 
human deafness related to genetic disorders (Menchaca 
et al., 2020). 

Controversial Issues about Genome-
edited Animals
The CRISPR/Cas9 system facilitates genetic alterations 
by enhancing DNA mutation frequency via the genera-
tion of a double-strand break (DSB) at a predetermined 
genomic site. The DSB activates the machinery for the 
repair of endogenous cellular DNA either by blunt-end, 
non-homologous end-joining (NHEJ) or by homologous 
dependent repair (HDR) mechanisms (Bauer et al., 2015). 
The NEHJ is used by most cell types, which is perhaps an 
error-prone mechanism that generally results in minor 
insertions or deletions (indels) at the site of repair. NEHJ-
introduced mutations are likely to lead to a frame shift and 
a functional gene knockout. 

On the other hand, HDR is a precise repair path-
way that requires an endogenous or exogenous piece of 
homologous DNA as a template or “donor” for the repair 
of the DNA break. It enables to introduction a specific 
mutation ranging from single base changes to the inser-
tion of transgenes (Urnov, 2018). Commonly, HDR-
mediated genome editing relied on the co-delivery of an 
engineered endonuclease and a circular plasmid donor 

construct. More recently, it was demonstrated that sin-
gle-stranded oligodeoxynucleotides (ssODNs) can serve as 
DNA donor templates and thus obviate the more laborious 
and time-consuming plasmid vector construction process 
(Chen et al., 2015). The ssODN-mediated gene editing 
efficiency critically depends on the distance between the 
editing site and the DSB. For high targeting efficiency, it is 
advantageous to place the DSBs in close proximity to the 
genome editing sites. In general, CRISPR/Cas9-mediated 
editing efficiency decreases significantly when the editing 
site is more than 20 bp away from the cleavage site (Boel 
et al., 2018; Bollen et al., 2018). The homology arm of the 
ssODNs may vary from 30 to 60 nucleotides on each side, 
but 52 nucleotides seem to be optimal for efficient integra-
tion. A few reports also suggested that asymmetric arms of 
ssODNs showed enhanced gene editing efficiency (Yang et 
al., 2013; Richardson et al., 2016). In livestock, ssODN-me-
diated editing efficiency for knock-in or knock-out has 
been shown in sheep (Williams et al., 2018; Eaton et al., 
2019), goats (Niu et al., 2018) and cattle (Perota et al., 
2019). Now, most of the livestock genome editing efforts 
has been shifted to using ssODN-mediated repair tem-
plates to reduce the frequency of unintended genomic inte-
gration (McFarlane et al., 2019). Larger insertions require 
plasmid or dsDNA templates with homology arms of 1-3 
kb at either side of a DSB site, but its efficiency is lower 
than with ssODN (Chen et al., 2011).  

The induction of DSBs at unintended locations leads 
to off-targets or undesirable mutations (Zhang et al., 2015; 
Doench et al., 2016; Li et al., 2018; Carey et al., 2019). The 
off-targets could result in unwanted side effects in edited 
animals (Ishii, 2017; Schultz-Bergin, 2018; de Graeff et al., 
2019; Ayanoğlu et al., 2020). A recent example of off-tar-
geting is the production of hornless cattle, which carried 
an unintended insertion of the HDR plasmid backbone 
(Young et al., 2020). However, the recent scientific inter-
vention has significantly expanded the toolkit of CRISPR/
Cas, which is able to prevent off-target activity from the 
genome editing systems. For example, use of Cas9-nickase, 
a variant of Cas9 protein which causes only a single 
strand break instead of DSBs, is able to reduce off-target 
events (Komor et al., 2018; Naeem et al., 2020). Using 
these approaches several genetically engineered livestock 
models have been produced (Gao et al., 2017; Park et al., 
2017). Similarly, the use of base editor variants of Cas may 
result in reduced unwanted modifications, since the DNA 
backbone is not cut at all (Li et al., 2018; Xie et al., 2019). 
In addition, off-targets can either be removed in the sub-
sequent generations through selected breeding or disap-
pear by drift if they are neutral (Ruan et al., 2015). Apart 
from off-targeting, animal dignity, changes in their natural  
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environment and physiological needs are also concerns 
of gene editing technology (Manesh et al., 2014; Eriksson 
et al., 2018). Recently, bioethical issues associated with 
CRISPR/Cas9-mediated genome editing have been 
reviewed (Ayanoğlu et al., 2020).

The Legal Framework of Genome-
edited Animals in Important 
Agricultural Nations
Genome engineering technologies have recently gained 
momentum due to their ability to precisely modify the 
genome, which is likely to transform animal production. 
The technology of genome editing differs from classical 
transgenesis, therefore the regulations applied to transgen-
ics may not apply to gene-edited organisms (Ruan et al., 
2015; Caplan et al., 2015). Because CRISPR/Cas9 can be 
used to make single base pair modifications in a mamma-
lian genome, identifying and regulating genetically modi-
fied livestock in the market is difficult. A single base pair 
modification can, of course, be sequenced, but sequencing 
cannot distinguish between spontaneous mutations and 
intentionally introduced base changes through genome 
editing. In case the genome-edited product is labelled as 
such, then sequencing can be used to verify the mutation. 
Legally, to discriminate the products of new breeding tech-
nologies (NBT) from classical transgenesis the terminology 
of sited directed nuclease (SDN) action is often used for the 
classification of plants resulting from gene editing, but can 
be analogously used for animals. Organisms of the SDN-1 
classification result from a DSB caused by a programmable 
nuclease, but without the addition of foreign repair DNA. 
The cellular repair can lead to a mutation or indel forma-
tion. SDN-2 involves the addition of a small nucleotide 
template that is complementary to the sequences around 
the DSB. As a result, the desired base change or addition/
deletion of a few bases is produced. In principle, the out-
comes of SDN-1 and SDN-2 changes are identical to point 
mutations or indels, which may also happen spontaneously 
or in forced mutagenesis approaches. In SDN-3 changes a 
large repair template is supplemented, which may carry a 
whole gene or other sequences. Thus, the SDN-3 scenario 
is similar to classical transgenesis approaches. 

However, one has to keep in mind that these are 
legal classifications, which are not necessarily meaningful 
in scientific terms. The legal terms to classify the differ-
ent approaches more or less reflect the knowledge at the 
time of the Asilomar Conference on Recombinant DNA in 
1975; basically assumed that genomes are static and evolve 
essentially only by replication errors resulting in point 

mutations. Meanwhile, scientific advancements, partic-
ularly whole genome sequencing projects, have revealed 
that even eukaryotic genomes are highly dynamic and 
contain numerous “foreign” DNA sequences. In humans 
this includes LINE, SINE, retrotransposons, and DNA 
transposons, which together make up about 45 % of the 
genome. The genomes of livestock species show similar 
compositions. Thus emphasizing that genomes are highly 
dynamic in evolutionary time frames, and that large inser-
tions and recombination events, for example by mobile 
DNA elements, are naturally occurring and shaping the 
genome. Thus, discrimination between intentionally intro-
duced point mutations, small and large insertions (or dele-
tions), and more complex recombination events is highly 
artificial, all of these genome changes occur naturally, and 
horizontal gene transfer between viruses, bacteria, and 
eukaryotes of different clades seems to be more common 
than previously assumed.

Several national regulatory agencies, such as the US 
Food and Drug Administration (FDA), the European 
Medicines Agency (EMA), and others, but also the 
European Court of Justice (ECJ), are struggling to estab-
lish legal frameworks to evaluate genome-edited animals 
(Ledford, 2015; Hundleby and Harwood, 2019; Menchaca 
et al., 2020). The main regulatory framework governing 
worldwide the improvement and use of genetically mod-
ified organisms is the United Nations Convention on 
Biological Diversity, implemented by the Cartagena and 
Nagoya Protocols, but key players like the USA did not 
ratify these treaties. Criteria are needed to be established 
for evaluating the safety of CRISPR/Cas-edited livestock 
which additionally accelerates the development of geneti-
cally modified animals, organs, and tissues for regenerative 
medicine, therapeutic applications, and for human con-
sumption (Zhao et al., 2019; Bishop and Van Eenennaam, 
2020). Currently, different countries have their own legal 
framework toward genome-edited animals and animal 
products, some examples are listed below.

United States of America (USA) 
In the USA, several agencies regulate genetically modi-
fied organisms, such as the FDA, the US Environmental 
Protection Agency (EPA), and the National Institutes of 
Health (NIH). In 2009 FDA created the Federal Food Drug 
& Cosmetic Act to regulate DNA constructs in genetical-
ly-engineered animals, food, or feed coming from bio-
technology. The United States Department of Agriculture 
(USDA) stated that products derived from genetically 
modified plants using genome editing tools without exog-
enous DNA insertion would be exempt from the regula-
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tions. As consequence, several varieties of gene edited 
plants and fungi are not regulated by the agency (Selokar 
and Kues, 2018). In parallel, in 2017, the FDA drafted a 
guideline entitled “Regulation of Intentionally Altered 
Genomic DNA in Animals” and proposed to regulate all 
animals whose genomes have been deliberately altered 
using modern molecular technologies and considered 
them as new animal drugs. The proposed idea will prevent 
the progress of gene editing to solve zoonotic disease and 
animal welfare problems in the USA (Van Eenennaam, 
2019; Mueller et al., 2019). Recently, a scientific meeting on 
Plant and Animal Genome Editing (https://www.gopeti-
tion.com/petitions/harmonize-us-geneedited-food-regu-
lations.html) emphasized the harmonization of regulations 
on plants and food animals that could otherwise have been 
developed through traditional breeding techniques and 
suggested that they are not subject to additional pre-mar-
ket regulatory requirements based solely on the fact that 
deliberate genomic alterations were introduced using 
modern biotechnologies in the breeding process. 

Argentina
Recently, Argentina proposed an approach to develop 
a regulation and evaluation system for the biosafety of 
genome-edited organisms (Whelan and Lema, 2015). It 
was announced that the genome-edited products with no 
base pair insert would fall outside the regulations of the 
legal regulatory framework, but products having a large 
DNA fragment insertion should be regulated on a case-
by-case basis (Araki et al., 2014). The National Advisory 
Commission on Agricultural Biotechnology (CONABIA) 
of Argentina recently received a proposal for the evalua-
tion of gene-edited animals that do not contain any for-
eign DNA or a new combination of genetic material and 
declared them exempt from genetic modification regula-
tion. This also seems to be applicable on gene edited fish, 
cattle, and horses in the country (Whelan and Lema, 2015).

European Union (EU)
In the EU, genome-edited organisms including livestock 
are required to undergo both environmental, food, and 
feed risk assessments. A guideline has been developed for 
the risk assessment of genetically modified animals and 
plants by the European Food Safety Authority (EFSA) for 
the environment and food and feed within the framework 
of European regulations (Kawall et al., 2020). The EU legal 
framework regulates a process-based approach while most 
other countries have a stronger emphasis on product-ori-
ented regulation (Eriksson et al., 2018). In consequence, 

the ECJ judged in 2018 that all genome-edited organisms 
are genetically modified organisms (GMOs) and must be 
handled according to the gene law rules. However, the EU 
Commission considers that the current GMO legislation is 
not adequate for some NBTs and their products and needs 
to be adapted to scientific and technical progress. As a 
result, the EU Commission intends to launch policy mea-
sures for plants resulting from targeted mutagenesis and 
cisgenesis (the transfer of genetic material within a species) 
and has published its previously announced impact assess-
ment in the first phase. (https://ec.europa.eu/food/plants/
genetically-modified-organisms/new-techniques-biotech-
nology/ec-study-new-genomic-techniques_en).

China
As of now, there is no regulatory framework in China for 
gene editing in animals, but the Ministry of Agriculture has 
introduced Regulations on Administration of Agricultural 
Genetically Modified Organisms Safety, which govern 
gene-edited animals and are considered genetically modi-
fied organisms. China has strict regulations for genome-ed-
ited animals and their products, but there is extensive 
research being done on this aspect, so many researchers 
and companies believe China will decide to regulate most 
gene editing techniques as conventional animals (https://
CRISPR-gene-editing-regs-tracker.geneticliteracyproject.
org/china-animals/). 

Canada
The genome editing technology in animals for research is 
governed by Environment and Climate Change, Canada 
(ECCC), which regulates the environmental and human 
risk assessments in genetically modified animals. Further, 
gene-edited food, including animals is being regulated 
through the Food and Drugs Act and Regulations under 
the umbrella of the Canadian Food Inspection Agency 
(CFIA), Canada. Most of the mutagenic products currently 
being developed are not considered organisms with novel 
traits, and it is likely that this will also be the case for most 
gene-edited organisms, which will therefore be regulated 
as conventional. In 2018, Canada and 12 other nations, 
including Argentina, Australia, Brazil, and the US, issued a 
joint statement to the World Trade Organization support-
ing relaxed regulations for genome editing, stating that 
governments should “avoid arbitrary and unjustifiable dis-
tinctions” between animals developed through gene edit-
ing and animals developed through conventional breeding 
(https://CRISPR-gene-editing-regs-tracker.geneticlitera-
cyproject.org/canada-animals/). 
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Brazil
In 2018, The National Technical Biosafety Commission 
(CTNBio) released Normative Resolution No. 16, focusing 
on NBTs. It clarified that gene-edited animals that do not 
contain foreign DNA are regulated on a case-by-case basis 
and considered as conventional animals. The regulatory 
authority will evaluate the characteristics of the final product 
rather than the process used to create it. Even then, the gov-
ernment thoroughly evaluates the risk assessment of each 
newly developed animal or food derived using new genetic 
material or the product has already been approved for com-
mercialization in other countries. The gene-edited hornless 
cow has now also been decided for regulation as a conven-
tional organism in Brazil (https://CRISPR-gene-editing-
regs-tracker.geneticliteracyproject.org/brazil-animals/). 

Australia
In Australia, gene edited animals are regulated by the Gene 
Technology Regulator (GTR) under the Gene Technology 
Regulations 2001. Amendments have been made in 2019 
in the GTRs on new techniques that cut the genome at a 
specific location, SDN-1 techniques, are not regulated 
because they are more like traditional mutagenesis tech-
niques. On the other hand, gene editing techniques that 
involve the introduction of gene sequence using SDN-2 
and SDN-3 techniques will be regulated under existing 
gene technology legislation. For example, gene-edited 
hornless cattle, which carry an introduced DNA insertion 
from other cattle breeds that is naturally hornless, will fall 
under the regulation. 

In Australia, the regulations adopted for gene edit-
ing in animals are on ‘the middle ground’ between more 
lenient gene-editing rules in Brazil and Argentina and 
tougher measures in the EU. At the moment, no gene-ed-
ited animals have been approved in Australia (https://
CRISPR-gene-editing-regs-tracker.geneticliteracyproject.
org/australia-animals/).

Russia
In Russia, genetically engineered organisms are regulated 
by the Federal Service for Surveillance of Consumer Rights 
Protection and Human Welfare. This regulatory frame-
work is responsible for developing legislation on genetically 
engineered products and monitoring the influence of these 
products on people and the environment. The Ministry of 
Agriculture is responsible for developing policies for the 
use of genetically engineered organisms in agriculture. 
In 2018, the Ministry of Agriculture published the first 

draft of a set of proposed guidelines for the required safety 
assessments and testing of genetically engineered animals. 
In 2019, a federal program announced that some gene 
editing techniques would be exempt from a 2016 law that 
banned the cultivation of genetically engineered organ-
isms except for research purposes. In addition, a program 
has been launched by decree to suggest that gene editing is 
equivalent to conventional breeding methods. The federal 
program aims to develop 30 gene-edited plant and animal 
varieties in the next decade (https://CRISPR-gene-editing-
regs-tracker.geneticliteracyproject.org/russia-animals/).

India  
The genetically engineered products are being regulated 
using ‘Rules for the Manufacture, Use, Import, Export, 
and Storage of Hazardous Microorganisms, Genetically 
Engineered Organisms or Cells’’, 1989 (Rules 1989), 
under the guidance of the Environment (Protection) Act, 
1986. The new genome engineering technologies such as 
CRISPR/Cas9 and gene drives may also be covered under 
the rules. The Department of Biotechnology recently pub-
lished a draught guideline for gene editing regulation, pro-
posing strict regulation of gene-edited organisms (https://
dbtindia.gov.in/sites/default/files/Draft_Regulatory_
Framework_Genome_Editing_9 Jan 2020a.pdf). In India, 
the Genetic Engineering Appraisal Committee (GEAC) 
is responsible for the approval of genetically engineered 
organisms for research, development, and cultivation. In 
Rules 1989, genetic engineering defined as modification, 
deletion or removal of parts of heritable material which 
infers that all new gene editing technologies will be subject 
to regulation under the provision of the Rules, 1989 (Raman, 
2017). In view of the present definition, it is expected that 
regulatory considerations for new and emerging technol-
ogies will be on a caseby-case basis based on the existing 
regulatory framework (https://CRISPR-gene-editing-regs-
tracker.geneticliteracyproject.org/india-animals/).

Japan
Just recently, the first genome-edited animal was approved 
for commercialization in Japan. Recently, a startup called 
Regional Fish Co., together with the Kyoto University and 
Kinki University, has created a gene-edited red sea bream 
with a knockout of the MSTN gene that puts on up to about 
20 percent more edible meat. At the same time, they show 
better feed conversion than conventional bream. CRISPR-
mediated leptin receptor gene editing has recently resulted 
in tiger puffer fish with rapid weight gain. The develop-
ers have completed all regulatory procedures, and two 
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genome-edited fish were approved for commercial sale in 
Japan in October and November 2021 (https://www.isaaa.
org/kc/cropbiotechupdate/article/default.asp?ID=19061). 
In Japan, applications for approval of organisms modi-
fied using genome editing are evaluated on a case-by-case 
basis. The responsible ministry (The Ministry of Health, 
Labor and Welfare) now approved the edited fish for food 
production since they do not contain extra DNA (https://
www.asahi.com/ajw/articles/14445610). The company 
promises to label them as “genome-edited”. However, 
labeling is not mandatory in Japan.

Conclusion
CRISPR/Cas9-mediated genome editing emerged as a 
breakthrough tool addressing challenges associated with 
livestock productivity, health and welfare, environmen-
tal preservation, and impacts on human health. CRISPR/
Cas9-mediated genome editing provides revolutionary 
ways to change and regulate the genomes of large ani-
mals due to its high precision, which minimizes the risk 
of off-target mutations and increases consumer acceptance 
of food products derived from genome-edited livestock. 
Although genome editing using the CRISPR/Cas system 
and its expanded tools is effective and specific, the safety 
and ethical standards of animals and their products remain 
a focus of considerable debate. Some countries already 
deregulated genome editing in livestock equivalent to con-
ventional breeding, whereas others consider it to result in 
GMOs or new animal drugs. Thus, regulations associated 
with genome-edited animals and their products are more 
political than scientifically-based in nature. Given the con-
flicting international assessments and the lack of reliable 
tracking methods, we believe there will be no agreement 
on this issue and that genome-edited livestock will be (de)
regulated and integrated into the food chain in major agri-
cultural countries. 
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