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ABSTRACT Since the development of the first genetically-modified mouse, transgenic
animals have been utilized for a wide range of industrial applications as well as basic
research. To date, these transgenic animals have been used in functional genomics
studies, disease models, and therapeutic protein production. Recent advances in
genome modification techniques such zinc finger nuclease (ZFN), transcription
activator-like effector nucleases (TALEN), and clustered regularly interspaced
short palindromic repeats (CRIPSR)-Cas9, have led to rapid advancement in the
generation of genome-tailored livestock, as well as experimental animals; however,
the development of genome-edited poultry has shown considerably slower progress
compared to that seen in mammals. Here, we will focus primarily on the technical
strategies for production of transgenic and gene-edited chickens, and their potential
for future applications.
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GENOME MODIFICATION IN CHICKENS

Birds have a distinguished history as a model system in
the biosciences. Recent developments in genetic modifi-
cation technologies, including the transposon-transposase
and CRISPR/Cas9 systems, are expected to revolutionize
genomic research when applied to avian species (Park et
al., 2012; Park et al., 2019). Based on the methods of so-
matic cell nuclear transfer (SCNT) for animal cloning and
direct injection into one-cell-stage embryo, numerous
CRISPR/Cas9-mediated knockout and knock-in animals
have been successfully generated, particularly in mam-
mals (Cong et al., 2013; Mali et al., 2013); however, tech-
nical difficulties due to developmental and physiological
differences between avian and mammalian species have
significantly limited the use of these methods in avian

species (Park and Han, 2012; Schusser et al., 2013; Park
et al., 2014; Park et al., 2019).

A wide range of platforms have been used to develop
transgenic or gene-edited mammals (Park et al., 2012), of
which viral transduction remains the most promising de-
livery system, as these viral vectors are able to stably inte-
grate the target gene into the host genome (Harvey et al.,
2002; McGrew et al., 2004; Kamihira et al., 2005; Scott et
al., 2006; Lillico et al., 2007). Similar attempts to transfer
exogenous transgenes by viral transduction, including the
use of retrovirus and lentivirus, have been used in poul-
try (Harvey et al., 2002; McGrew et al., 2004; Kamihira et
al., 2005; Scott et al., 2006; Lillico et al., 2007); however,
these approaches are not practical for industrial prod-
ucts due to transgene silencing and safety issues related
to viral risk (Park and Han, 2012). Recently, a non-viral
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technical platform of transposon/transposase-mediated
transgenesis such as piggyBac and the Tol2 system has
been reported in chickens (Park and Han, 2012; Schusser
et al., 2013). Park and Han (2014) reported that the en-
hanced green fluorescent protein (eGFP) transgene was
stably inserted into chicken primordial germ cells (PGCs),
the avian precursor of sperm or oocyte germ cells, by co-
transfection with piggyBac eGFP transposon and trans-
posase (Park and Han, 2012). Furthermore, the average
germline transmission efficiency with piggyBac eGFP
transposon-mediated PGCs was 95.2% in the germline
chimeric founders (Park and Han, 2012), suggesting the
possibility of a practical application for production of
foreign therapeutic proteins from transgenic chickens.

The first knockout mouse was first developed over three
decades ago using conventional homologous recombina-
tion methods (Koller et al., 1989; Thompson et al., 1989)
however, it was not until 2013 that the generation of
a knockout chicken was first reported (Schusser et al.,
2013). Schusser et al. (2013) deleted the immunoglobulin
(Ig) gene using a conventional homologous recombination
approach in chicken PGCs, after which they were able to
generate Ig knockout chickens from the germline chime-
ric founder following Ig-modified germ cell transplanta-
tion. The following year, Park et al. (2014) reported the
creation of an ovalbumin gene knockout chicken using
the TALEN gene-editing platform (Park et al., 2014). More
recently, there have been a handful of reports describ-
ing the generation of targeted mutants in chicken via the
CRISPR/Cas9 system (Dimitrov et al., 2016; Oishi et al.,
2016; Oishi et al., 2018; Park et al, 2019).

In 2018, Oishi et al. generated a knock-in (KI) chicken
in which the human interferon-beta (hIFN-B) gene was
inserted into the ovalbumin gene mediated via CRISPR/
Cas9 (Oishi et al., 2018). As ovalbumin is a major protein
in egg whites, the replacement of ovalbumin with a thera-
peutic gene offers considerable promise for the high scale
production of foreign proteins, similar to that seen in
mammalian bioreactors. Ever since the anticoagulant an-
ti-thrombin (Atryn®), expressed as a component of trans-
genic goat's milk, was first approved for human use, the
search has been on to identify and develop other animal
bioreactor systems. Among the potential models, chicken
eggs represent one of the most promising animal bioreac-
tor candidates due to the high capacity of egg production
in combination with a favorable safety profile.
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Excessive body fat is a significant cause of health and
production problems in industrial chicken production.
Leg weakness is commonly observed in fat broiler chick-
ens, along with other problems, such as reduced repro-
ductive performance in the breeding stock. Similarly,
the type of fat deposited in the carcass can vary between
individuals and may lead to adverse health outcomes for
consumers (Park et al., 2019). To reduce fat deposition,
Park et al. (2019) generated a GO/G1 switch gene 2 (G0S2)
knockout chicken using the CRISPR/Cas9 method (Park
et al., 2019). GOS2 was firstly identified as a key regulator
in cell cycling (Siderovski et al., 1990); however, it is now
known that GOS2 plays a critical role in the regulation
of lipid metabolism (Yang et al., 2010; Heckmann et al.,
2014; Zhang et al., 2017; Park et al., 2019). Under normal
circumstances, excessive energy is converted to lipids and
accumulates as triglyceride droplets in the fat tissue of
animals. When animals need more energy or are fasting,
triglycerides are hydrolyzed into glycerol and fatty acids.
Three different lipases (adipose triglyceride lipase, ATGL;
hormone-sensitive lipase, HSL; monoacylglycerol lipase,
MGL) are involved in triglyceride hydrolysis, with G0S2
regulating the critical first step in this process by inhib-
iting ATGL activity (Yang et al., 2010; Heckmann et al.,
2014; Zhang et al., 2017; Park et al., 2019). Deletion of
GO0S2 in chickens removes this inhibition of ATGL activity,
leading to an ~50% reduction in fat deposition due to the
continuous hydrolysis of triglycerides in adipose tissue.
Interestingly, these GOS2 knockout chickens did not show
any phenotypic differences compared to wild-type chick-
ens (Park et al., 2019). This GOS2 knockout line is ex-
pected to offer considerable insight into the mechanisms
of fat metabolism in chickens, which could be useful for
industrial applications by enabling greater control of en-
ergy balance. Furthermore, these gene-tailored chickens
represent a promising opportunity for the livestock indus-
try, with approval for human consumption possible in the
near future. As chickens are among the most important
livestock species worldwide, the potential of CRISPR/Cas9
genome-edited chickens goes beyond basic research, with
numerous agricultural and industrial applications now
possible due to the lack of exogenous transgene integra-
tion issues common with other methods.
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GENE-EDITING APPLICATIONS IN LIVESTOCK

In 2015, a transgenic salmon expressing a growth hor-
mone transgene derived from the fast-growing salmon
was first approved for human consumption (Heidi, 2015).
This transgenic salmon showed faster growing perfor-
mance compared to wild-type salmon (Heidi, 2015).
Regulatory approval of this transgenic species for human
consumption served as a watershed moment for the agri-
cultural community, opening up a new era of transgenic
and genome-edited livestock, particularly for industrial
applications. A summary of existing transgenic and ge-
nome-edited livestock is presented in Table 1, highlight-
ing the large number of research articles published since
the first adaptation of the CRISPR/Cas9 system to animal
cells (Cong et al., 2013; Mali et al., 2013). In livestock, the
genome-edited technologies are primarily being applied
for improvement of growth performance, development of
disease-resistant lines, and enhancement of animal wel-
fare.

Wang et al. (2015) and Kang et al. (2017) produced two
separate myostatin (also known as growth and differentia-
tion factor 8, GDF8) gene knockout pigs using the CRIS-
PR/Cas9 and TALEN methods, respectively (Wang et al.,
2015; Kang et al., 2017). The myostatin knockout pheno-
type is characterized by double-muscling, a major eco-
nomic trait in the livestock industry. Myostatin controls
skeletal muscle homeostasis by inhibiting skeletal muscle
growth; deletion of the myostatin gene removes this in-
hibition, leading to a more hypermuscular phenotype

Table 1. The summary of the transgenic and genome-edited livestock

(Wang et al., 2015; Kang et al., 2017). As fast growth with
increased skeletal muscle mass is one of major goals in
commercial pig breeding, incorporation of the myostatin
knockout pig could be utilized for the rapid introgression
of this useful genotype into commercial pig breeds.

Within the livestock industry, the threat of epidemic
diseases capable of quickly spreading to farm animals
represents an important and persistent fear. Thus, many
attempts are now being conducted to prevent such pan-
demic diseases using genome-editing strategies. For
example, it may be possible to inhibit viral infections
by disrupting the cell-membrane receptor for specific
viruses. Using this approach, Whitworth et al. (2016)
demonstrated that gene-edited pigs could be protected
from porcine reproductive and respiratory syndrome vi-
rus (PRRSV) (Whitworth et al., 2016) via the disruption of
CD163, a specific receptor for entry of PRRSV into cells
(Whitworth et al., 2016). After infection challenge into the
CD163-edited pigs, no pathogenic and clinical signs such
as fever or respiratory signs were observed (Whitworth et
al., 2016). Furthermore, these gene-edited pigs did not
contain any exogenous transgenes in their genome (Whit-
worth et al., 2016).

Another major cause of epidemic viral infection is Afri-
can swine fever (ASF) which present worldwide (Palgrave
et al., 2011; Lillico et al, 2016). ASF virus is a highly viru-
lent disease of domestic pigs; however, other porcine
species, such as the warthog, are resistant to ASF (Palgrave
et al., 2011; Lillico et al, 2016). Palgrave et al. (2011) re-
ported on the variation in RELA (p65, v-rel reticuloendo-

Species Technical platforms Purpose Current status
Goat Transgenic Production of anticoagulant anti-thrombin (Atryn®) from transgenic goat USA FDA approval
Salmon  Transgenic Transgenic salmon with growth hormone gene of fast-growing salmon USA FDA approval
Rabbit Transgenic Production of human C1 esterase inhibitor from transgenic rabbit USA FDA approval
Chicken  Transgenic Production of sebelipase a from transgenic hen’s egg USA FDA approval
Chicken  Gene-editing (TALEN) Production of ovalbumin gene-knockout chicken Park et al., 2014
Chicken  Gene-editing (CRISPR-Cas9) Production of immunoglobulin gene-knockout chicken Dimitrov et al., 2016
Pig Gene-editing (TALEN, CRISPR-Cas9)  Production of myostatin gene-knockout pig Wang et al., 2015;
Kang et al., 2017
Pig Gene-editing (CRISPR-Cas9) Replacement with African swine fever virus-resistant genotype Lillico et al., 2016
Pig Gene-editing (CRISPR-Cas9) Production of CD163 gene-knockout pig (resistant to PRRSV) Whitworth et al., 2016
Cattle Gene-editing (TALEN) Production of hornless cattle with POLLED gene Carlson et al., 2016
Chicken  Gene-editing (CRISPR-Cas9) Production of ovomucoid gene-knockout chicken Qishi et al., 2016
Chicken  Gene-editing (CRISPR-Cas9) Production of human INF-beta from transgenic hen’s egg Qishi et al., 2018
Chicken  Gene-editing (CRISPR-Cas9) Production of GOS2 gene-knockout chicken Park et al., 2019
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theliosis viral oncogene homolog A) identified between
the warthog and domestic pig and suggested that the
introduction of the warthog RELA genotype into commer-
cial pigs could be used to induce viral tolerance and pre-
vent rapid death upon ASFV infection (Lillico et al., 2016).
Lillico et al. (2016) subsequently generated commercial
pigs with the warthog RELA genotype mediated by ZFN
(Lillico et al., 2016).

Another application of genome-editing tools could be
to improve animal welfare. To protect cattle or dairy pro-
ducers from accidental injury, the physical dehorning in
young calves is a standard farm management practice.
However, the dehorning process is not only costly but
is also a painful mutilation for the cattle (Carlson et al.,
2016). Genetic studies have identified variants associated
with hornlessness (also known as polled) in cattle in which
the hornless phenotypic trait generally is common in beef
but rare in dairy breeds. Carlson et al. (2017) generated
hornless dairy cattle by introgression of POLLED using the
TALEN platform (Carlson et al., 2016). Taken together, the
specifically-targeted genome engineering tools described
here offer significant advantages in genome editing with
respect to livestock breeding. Based on known genetic
variations and natural mutations, the conventional breed-
ing programs for the genomic selection have consistently
improved the economic traits. These genome editing
technologies could be used to further streamline breeding
strategies for the selection and creation of more produc-
tive, healthier, and environment-adapted farm animals.
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