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Abstract: Poultry such as chickens are valuable model animals not only in the food industry, but also
in developmental biology and biomedicine. Recently, precise genome-editing technologies mediated
by the CRISPR/Cas9 system have developed rapidly, enabling the production of genome-edited
poultry models with novel traits that are applicable to basic sciences, agriculture, and biomedical
industry. In particular, these techniques have been combined with cultured primordial germ cells
(PGCs) and viral vector systems to generate a valuable genome-edited avian model for a variety of
purposes. Here, we summarize recent progress in CRISPR/Cas9-based genome-editing technology
and its applications to avian species. In addition, we describe further applications of genome-edited
poultry in various industries.
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1. Introduction

Poultry are a major source of protein in the form of meat and eggs. As the global human population
grows, demand for livestock products will increase, and poultry will become an even more important
source of protein [1]. However, climate change and outbreaks of viral diseases threaten poultry
farming and the food supply: heat stress caused by climate change decreases feed intake and resistance
to infection [2], and RNA viruses such as the avian influenza virus kill huge numbers of poultry,
leading to enormous economic losses. Additionally, RNA viruses have the potential to evolve into
zoonotic pathogens that directly threaten human health [3]. To address these environmental changes,
new breeding strategies are required that can introduce desirable traits and allow livestock to endure
potential threats.

Recently, genome-editing technologies such as the CRISPR/Cas9 system have developed rapidly,
and these methods have been applied to the production of a variety of genome-edited animals,
including livestock [4]. Genome editing can precisely modify DNA sequences of targeted genes
to improve the productivity or disease resistance of livestock without introducing any undesired
abnormalities. Since traditional selective breeding relies on naturally occurring genetic variations,
it takes a long time to gain desirable traits. By contrast, using genome-editing technology, it is possible
to introduce desirable genetic variations quickly, and as with selective breeding, no foreign sequence
remains in the genome. Thus, genome editing represents an effective and safe method that can easily
be combined with traditional breeding. Several studies have used genome editing to improve the
productivity or disease resistance of livestock, including poultry [5–7].

Chicken eggs can also be used as an efficient platform for production of protein pharmaceuticals.
An individual hen lays 300 eggs per year, and the composition of chicken egg white protein is relatively
simple, making it easier to purify target proteins from eggs. Moreover, chicken egg white proteins
have a characteristic N-glycosylation pattern that can improve the efficacy of protein drugs. Based on
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these properties, several studies have reported production and purification of protein drugs from egg
white and demonstrated their efficacy [8–12]. Recently, an enzyme used to treat Wolman disease was
purified from egg white and commercialized [13]. Additionally, egg white protein composition can be
changed through genome editing, and foreign proteins can be produced at high levels by targeting the
endogenous egg white protein locus [14,15]. Thus, editing can efficiently modulate egg white protein
composition, and research on this topic will continue actively in the future.

We will begin by briefly introducing current genome-editing technologies based on the
CRISPR/Cas9 system and their application to poultry. We will then discuss further applications
of genome-edited poultry in industry.

2. Programmable Genome Editing Technologies Based on CRISPR/Cas9

The earliest programmable genome-editing tools were zinc finger nucleases (ZFNs), followed
by transcription activator-like effector nucleases (TALENs) and later by CRISPR/Cas9 technology.
With genome-editing tools, researchers can easily induce a double-strand break (DSB) at a target
site, thereby knocking out a target gene or knocking in exogenous gene cassettes through delivery of
a donor DNA template. In addition, base-editing and prime-editing technologies enable more efficient
and precise modification of the genome without requiring a donor plasmid.

2.1. CRISPR-Cas9 Systems for Gene Knock-Out and Knock-In

The CRISPR/Cas9 system consists of a DSB-inducing endonuclease, Cas9, and a short single
guide RNA (sgRNA) complementary to a specific region of the genome sequence [16]. When the
CRISPR/Cas9 complex is delivered in vitro or in vivo, it induces a DSB in the target region; this break is
preferentially repaired through error-prone nonhomologous end-joining (NHEJ), which induces small
insertion or deletion mutations (indels), or through homology-directed repair (HDR) in the presence of
a donor DNA template.

In general, NHEJ can be used to induce gene knockout by introducing indels into targeted
genes, resulting in missense, nonsense, or frameshift mutations. NHEJ can also induce megabase-size
deletions by delivering two sgRNAs targeting distant sites within the same gene [17,18].

HDR, a cellular repair mechanism performed by the homologous recombination (HR) pathway,
can precisely modify the target genome when an exogenous donor template is present at the target
site. However, spontaneous HR efficiency following delivery of the donor template is very inefficient,
with a rate ranging from one event per 103 to 109 cells depending on cell type and cell state [19].
Homology-driven DNA recombination is stimulated when a DSB is induced by a rare-cutting
endonuclease [20]. Since DSB can be induced by CRISPR/Cas9, genome modification is more
efficient than with spontaneous HR; accordingly, HDR is widely used to introduce precise genome
modifications such as point mutations or to insert exogenous gene cassettes for gene tracing. However,
when a DSB is induced, it is preferentially repaired through NHEJ. Hence, to increase the efficiency
of HDR-mediated repair, the target cells can be treated with SCR7, a chemical that interferes with
NHEJ [21]; alternatively, Cas9 can be fused to CtIP, which promotes initiation of HDR [22]. Furthermore,
an HDR-dependent knock-in strategy called CORRECT (‘Consecutive Re-guide or Re-Cas steps to
Erase CRISPR/Cas-blocked Targets’) has been developed for scarless genome editing [23]. Based on
these advances, CRISPR/Cas9 technology makes genome modification easier than ever and serves as
a powerful and versatile tool. A great deal of progress has been made in CRISPR technology, and several
Cas variants have been developed to overcome limitations on a targeting range, specifically to reach
sequences that are inaccessible due to the lack of a nearby PAM motif [24,25]. In addition, variants
such as spCas9-HF1 and eSpCas9 were developed by protein engineering to improve the targeting
specificity of Cas9 [26,27]. However, more advanced technologies are still required to overcome
limitations related to unintended indels and low HDR efficiency.
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2.2. Base Editing Technologies

Recently, CRISPR/Cas9-mediated base editing technology was developed to achieve more precise
genome modification. The cytosine base editor (CBE) consists of modified Cas9 (nickase Cas9 or dead
Cas9), cytosine deaminase, sgRNA, and uracil N-glycosylase inhibitor (UGI), which can convert C to T
(or G to A) without inducing a DSB [28,29]. Meanwhile, adenine base editor (ABE), another base editing
technology, consists of nickase Cas9, mutated E. coli tRNA adenosine deaminase (TadA*), and sgRNA;
this system can convert A to G (or T to C) by deaminating adenosine in DNA [30]. DNA base editing
still induces indel mutations but at very low frequencies. Consequently, base editing yields more
precise genome-editing outcomes than conventional CRISPR/Cas9 technology, and off-target effects are
also relatively rare. Moreover, this system does not require exogenous donor template DNA. In light of
these advantages, base-editing technology is widely used not only in the agricultural industry and in
basic scientific research, but also for therapeutic purposes [31–34].

In addition to base editing in DNA, it is also possible to edit RNA. The RNA base editor (RBE)
makes it possible to replace adenosine with inosine in RNA [35]. In contrast to DNA base editors,
RBE consists of catalytically dead Cas13b, a type VI CRISPR/Cas system that binds to adenosine
deaminase acting on RNA (ADAR); this system does not alter the genomic sequence because only the
transcript is targeted. REPAIR (‘RNA Editing for Programmable A-to-I Replacement’) offers many
advantages over DNA base editing. First, unlike Cas9, Cas13 does not require a PAM sequence and can
theoretically edit any adenosine in the RNA sequence. Second, through the activity of the deaminase,
adenosine is converted directly to inosine; thus the editing outcome is not affected by the endogenous
cellular repair pathway, and editing can be performed efficiently even in post-mitotic cells. Using this
system, disease-relevant mutations such as AVPR2 G878A in X-linked nephrogenic diabetes insipidus
and FANCC G1517A in Fanconi anemia can be corrected in 23–35% of HEK293FT cells. Furthermore,
protein engineering of ADAR has decreased proximal off-target editing and improved specificity (i.e.,
on-target efficiency) [35]. A more recently developed approach is LEAPER (‘Leveraging Endogenous
ADAR for Programmable Editing of RNA’), which utilizes short engineered ADAR-recruiting RNAs
(arRNAs) to recruit ADAR proteins to convert adenosine to inosine in RNA sequences [36]. This system
has high editing efficiency, does not induce an immune response in the target cells, and is applicable to
several kinds of primary cells, making it suitable for therapeutic use.

With the development of various base editors, precise modifications such as point mutations
and single-nucleotide polymorphisms (SNPs) can be efficiently introduced, and the frequency of
unintended indels and off-target effects has also been reduced [37].

2.3. Prime Editing Technologies

Recently developed base-editing technologies can efficiently perform four kinds of
nucleotide-to-nucleotide conversions (C to T, G to A, A to G, and T to C). However, these technologies are
limited in their ability to perform all 12 types of conversions, and precise modification of insertion and
deletion mutations (indel) is difficult without introduction of a DSB or donor template. An innovative
prime-editing technology consisting of nickase Cas9 (H840A), prime-editing extended guide RNA
(pegRNA), and a mutated Moloney murine leukemia virus reverse transcriptase (M-MLV RT) overcomes
these limitations and expands the ability of genome-editing technologies to achieve accurate genome
modification [38]. The mutations in the M-MLV RT component improve processivity, thermostability,
and binding affinity between the DNA and RNA substrates, thereby improving prime-editing efficiency.
Moreover, in addition to the pegRNA, the use of another sgRNA that induces a nick on the non-edited
strand can further increase editing efficiency. This form of prime-editing technology is the most
advanced genome-editing technology developed to date, and has the ability to achieve precise genome
modification with fewer off-target effects than conventional genome-editing technology. Despite the
advantages of prime-editing technology, the protein structure is currently too large for efficient delivery
in vitro or in vivo, and it cannot be used to induce precise modifications in large indel mutations.
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Therefore, for this approach to be applied more broadly, further research is needed to develop more
optimized systems that can overcome current limitations and increase efficiency and specificity [39,40].

3. CRISPR-Cas9 Mediated Genome Editing in Poultry

Recently, the CRISPR/Cas9-mediated technologies described above have been used to generate
various genome-edited poultry. Due to the physiological characteristics of poultry, pronuclear
injection for genome editing cannot be conducted in these species [41]. Hence, genome-editing in
poultry, especially in chicken, is performed using cultured primordial germ cells (PGCs). Recently,
adenovirus-mediated genome editing was performed in quail, a species in which PGCs cannot be
cultured in vitro. In addition, direct injection of a plasmid that encodes Cas9 and sgRNA into embryonic
blood vessels achieved successful editing of germline cells and yielded genome-edited progeny. Here,
we described the diverse genome-editing methods applied to poultry and recent progress in poultry
genome editing.

3.1. PGCs Mediated Genome Editing in Poultry

In chicken, PGCs reside in the central region of the area pellucida at Eyal-Giladi and Kochav (EGK)
stage X and migrate to the germinal crescent after primitive streak formation [42–46]. Subsequently,
PGCs circulate in embryonic blood vessels and settle in the embryonic gonads [47]. Due to the
unique migratory pathway of chicken PGCs, the cells can be isolated from various embryonic stages,
and can also be cultured without losing germline potency. When these cultured PGCs are injected into
recipient embryo blood vessels, they settle in the gonads, resulting in the production of a germline
chimera [48–51]. A germline chimera produced by injection of genome-edited PGCs can produce
genome-edited offspring. Recently, using cultured PGCs and CRISPR/Cas9 system, genome editing in
chicken was successfully performed for several purposes.

The first genome-edited chicken produced by the CRISPR/Cas9 system was reported in 2016.
In this study, ovomucoid (OVM), a major egg white allergen, was knocked out in chicken using
CRISPR/Cas9 [15]. That study demonstrated that targeted mutagenesis mediated by the CRISPR/Cas9
system could be successfully performed in chicken PGCs, resulting in efficient production of
genome-edited chickens. Subsequently, knockout of myostatin (MSTN) and G0/G1 switch gene
2 (G0S2) in chicken was performed using the CRISPR/Cas9 system [52,53].

Introduction of exogenous gene cassettes by HDR was successfully conducted in chicken using
the CRISPR/Cas9 system. In 2016, a loxP site was introduced in the variable region (V region) of
immunoglobulin heavy chain (IgH) using CRISPR/Cas9-mediated HDR, and a genome-edited chicken
was produced [54]. This study was the first to show that HDR-mediated gene targeting can be
successfully performed in chicken PGCs using CRISPR/Cas9. Subsequently, in 2018, human interferon
β (hIFN-β) was targeted to the ovalbumin locus by CRISPR/Cas9-mediated HDR, and these chickens
accumulated high levels of hIFN-β in egg white (1.86–4.42 mg/mL) [14]. Additionally, introduction of
a point mutation that precisely deleted tryptophan residue 38 (W38) of chicken Na+/H+ exchanger
type 1 (chNHE1) was successfully achieved by HDR [7].

The drawbacks of HDR are its low frequency relative to NHEJ and the requirement for the
donor vector to have long homology arms [55–57]. Hence, NHEJ-mediated knock-in, which is more
efficient than HDR, and simple donor vector structures have been used in various organisms [5,58–60].
In poultry, NHEJ-mediated knock-in was first reported in 2018. In that study, a green fluorescent
protein (GFP) expression cassette was targeted to a locus between DNAJ homolog subfamily A member
1 (DNAJA1) and DNA replication regulator and spliceosomal factor (SMU1) of the Z chromosome,
resulting in the successful production of GFP-expressing chickens that can be used as an avian sexing
model [61].

Above all, these studies showed that CRISPR/Cas9-mediated genome editing, including targeted
mutagenesis and HDR/NHEJ-mediated gene targeting, could be successfully conducted in cultured
PGCs to produce genome-edited poultry (Figure 1).
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enriched genome-edited PGCs are injected into the bloodstream of recipient embryo and germline 
chimeras are produced. By mating with wild-type chicken, the genome-edited offspring finally 
produced. 
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PGC-mediated methods are time-consuming, requiring selection of genome-edited PGCs, 
microinjection, and rearing of G0 germline chimeras to sexual maturity to obtain genome-edited 
offspring. Therefore, it is necessary to develop novel methods for the production of genome-edited 
poultry. 

One method for producing genome-edited birds is Sperm Transfection–Assisted Gene Editing 
(STAGE), which involves direct transfection of spermatozoa with Cas9 mRNA and sgRNA (Figure 
2A). Using the transfected sperm for insemination, genome-edited progeny can be produced directly, 
a major advantage of STAGE relative to PGC-mediated genome editing. Using STAGE, genome 
editing was performed successfully in chicken embryos, but the efficiency of the production of 
genome-edited offspring was quite low, and additional improvement is still required [62]. 

Another method involves direct injection of plasmids into embryonic blood vessels (Figure 2B). 
Injection of Tol2 transposon and transposase plasmids into recipient embryos with lipofectamine can 
transform circulating PGCs and produce transgenic chickens [63]. A recent study reported that co-
injection of a Tol2 transposon plasmid containing Cas9 and sgRNA expression cassettes and a 
transposase plasmid with lipofectamine can produce G1 progeny that stably express Cas9 and 
sgRNA. Using this method, both transgenic and non-transgenic genome-edited progenies are 
obtained in G2 [64]. 

Recently, adenovirus-mediated genome-editing methods have been developed (Figure 2C) [65]. 
The optimized adenoviral CRISPR/Cas9 vector, which expresses Cas9 and an sgRNA targeting the 
melanophilin (MLPH) gene, was injected into the blastoderm of the quail embryo. After hatching, 45% 
of chimeric quail (G0) produced genome-edited progeny, and germline transmission efficiency was 
up to 10%. Additionally, MSTN knockout quail, which have higher body weight and muscle mass, 
have been successfully produced using an adenoviral CRISPR/Cas9 vector system [66]. These results 

Figure 1. Schematic illustration of primordial germ cell (PGC)-mediated genome-editing in poultry.
PGCs can be isolated from several stages of embryo and cultured in vitro. Genome-editing tools can
be applied to cultured PGCs and genome-edited PGCs were enriched by using in vitro selection.
The enriched genome-edited PGCs are injected into the bloodstream of recipient embryo and
germline chimeras are produced. By mating with wild-type chicken, the genome-edited offspring
finally produced.

3.2. Genome Editing in Poultry Using Other Methods

Although cultured PGCs are powerful tools for performing genome editing in poultry,
there are some drawbacks to this approach. Among avian species, only chicken PGCs have
been successfully cultured over the long term in vitro. In other poultry species, such as quail,
PGCs cannot be cultured for many passages; consequently, it is difficult to select and amplify
genome-edited PGCs. In addition, PGC-mediated methods are time-consuming, requiring selection of
genome-edited PGCs, microinjection, and rearing of G0 germline chimeras to sexual maturity to obtain
genome-edited offspring. Therefore, it is necessary to develop novel methods for the production of
genome-edited poultry.

One method for producing genome-edited birds is Sperm Transfection–Assisted Gene Editing
(STAGE), which involves direct transfection of spermatozoa with Cas9 mRNA and sgRNA (Figure 2A).
Using the transfected sperm for insemination, genome-edited progeny can be produced directly,
a major advantage of STAGE relative to PGC-mediated genome editing. Using STAGE, genome editing
was performed successfully in chicken embryos, but the efficiency of the production of genome-edited
offspring was quite low, and additional improvement is still required [62].
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Figure 2. Schematic illustration of cultured-PGCs free genome-editing method in poultry. (A) Schematic
illustration of STAGE. The spermatozoa collected from roosters are transfected with Cas9 mRNA
and single guide RNA (sgRNA). The transfected spermatozoa were inseminated to adult hen and
genome-edited offspring finally produced. (B) Schematic illustration of in vivo germ cell transfection.
The plasmid encoding Cas9 and sgRNA is injected in recipient embryo bloodstream. Then, some
circulating PGCs are transfected and genome-edited. After that, the germline chimera will be produced
and genome-edited offspring finally produced after mating. (C) Schematic illustration of adenoviral
vector injection. The adenoviruses containing vector encoding Cas9 and sgRNA are injected in the
blastoderm and some PGCs in the blastoderm are infected with adenovirus and genome-edited. After
that, the germline chimera will be produced and genome-edited offspring finally produced after mating.

Another method involves direct injection of plasmids into embryonic blood vessels (Figure 2B).
Injection of Tol2 transposon and transposase plasmids into recipient embryos with lipofectamine
can transform circulating PGCs and produce transgenic chickens [63]. A recent study reported
that co-injection of a Tol2 transposon plasmid containing Cas9 and sgRNA expression cassettes and
a transposase plasmid with lipofectamine can produce G1 progeny that stably express Cas9 and sgRNA.
Using this method, both transgenic and non-transgenic genome-edited progenies are obtained in
G2 [64].

Recently, adenovirus-mediated genome-editing methods have been developed (Figure 2C) [65].
The optimized adenoviral CRISPR/Cas9 vector, which expresses Cas9 and an sgRNA targeting the
melanophilin (MLPH) gene, was injected into the blastoderm of the quail embryo. After hatching,
45% of chimeric quail (G0) produced genome-edited progeny, and germline transmission efficiency
was up to 10%. Additionally, MSTN knockout quail, which have higher body weight and muscle mass,
have been successfully produced using an adenoviral CRISPR/Cas9 vector system [66]. These results
are important because the germline chimera efficiency is higher than those of other PGC-free methods,
and the method has the potential to be broadly applied across poultry species. Additionally, adenovirus
can be applied to postnatal gene editing in poultry [67]. Xu et al. adenoviral vector expressing MSTN
gene-targeting sgRNA and SpCas9 was injected into the chick leg muscle, resulting in successful
knockout of MSTN in that tissue.

To summarize, genome editing based on CRISPR/Cas9 technology has been successfully performed
in poultry, resulting in a variety of genome-edited poultry for several purposes. As we discuss in the next
section, these genome-edited poultry will be used in industries such as agriculture and biomedicine.
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4. Application of Genome-Edited Poultry in Industries

In the future, the world population will continue to grow, and the demand for animal food
products will increase accordingly. The FAO estimates that by 2050, the world population will be
9.7 billion, and the demand for animal food products will increase by 70% [1]. In preparation for
this increased demand, economical traits such as productivity, disease resistance, and heat tolerance
must be improved. Based on genome sequencing technology, researchers can find genetic variants
that contribute to improved economical traits and use this DNA information for selective breeding.
Genome editing can be harmonized with selective breeding because it can precisely edit target sites that
have been identified by genome sequencing data and introduce novel alleles related to economically
important traits without retention of transgenes. Several studies have used genome-editing technology
in livestock to confer desirable traits such as disease resistance and heat tolerance, with the goal of
improving productivity; in the future, this type of research will be greatly accelerated [4].

In poultry, genome editing has been performed to increase muscle productivity, feed conversion
ratio, and disease resistance. MSTN encodes a negative regulator of muscle development, and knockout
of MSTN significantly increases muscle mass in several animal species [68]. Hence, MSTN is a major
target for improving the productivity of livestock [69–72]. In the case of poultry, knockout of MSTN and
G0S2 has been successfully performed. Muscle mass significantly increased in MSTN knockout chicken
and quail, and fat composition was reduced in G0S2-knockout chicken [52,53,66]. These days, genome
sequencing technologies have been rapidly developed and applied to poultry breeding to find genetic
markers that influence productivity [73]. These genetic markers can be edited simultaneously using
the CRISPR/Cas9 system. The combination of genomics and genome editing will further accelerate
poultry breeding.

Viral diseases in poultry cause enormous economic loss and have the potential to significantly
decrease poultry productivity. Genome editing can confer resistance to viral infection by modifying
host factors that are crucial for viral entry or replication [74]. Viruses bind to host cell receptor molecules
to gain entry into target cells [75]. Since the virus–receptor interaction is highly specific, deletion of the
receptor can specifically prevent viral infection [76,77]. Thus, CRISPR/Cas9-mediated genome editing
can be used to develop disease-resistant avian models by targeting host receptors. In preliminary
studies in DF1 chicken fibroblasts, precise gene editing of the chNHE1, avian leucosis virus (ALV)
subgroup receptor tva, tvb, and tvc genes using CRISPR-Cas9 conferred resistance to infection by
ALV subgroup J (ALV-J), A (ALV-A), B (ALV-B), and C (ALV-C), respectively [78–80]. Based on these
preliminary studies, genome-edited chickens were developed that harbored a precise deletion in
tryptophan at residue 38 (W38) in chNHE1 and were resistant to ALV-J infection [7]. In the case of
influenza A virus (IAV), host factor ANP32A plays a critical role in supporting the vPol activity of
IAV [81–83]. In chicken ANP32A, an additional 33 amino acids are present between the leucine-rich
repeats and C-terminal acidic region, and when these 33 amino acids are deleted, IAV replication in
avian cells is significantly disrupted [81]. It has been speculated that if these 33 amino acids could be
precisely deleted by genome editing, an IAV-resistant chicken could be produced [81–83]. These results
imply that when host factors are identified as critical for viral entry or replication, we can successfully
develop disease-resistant lines by genome editing. Additionally, when these host factors are edited
simultaneously, it will be possible to develop poultry that are resistant to multiple diseases [84].

Recently, as awareness of animal welfare has increased, consumers have expressed a preference
for purchasing products from livestock that were raised under beneficial conditions with high quality
of life. In the case of laying hens, male chicks have historically been selected out and euthanized after
hatching. This practice is now perceived as unethical, and research on the sex discrimination in the
embryonic stage has been performed. Using genome editing, GFP expression cassettes have been
precisely knocked into the Z chromosome in chicken. When GFP-expressing ZW females are mated
with wild-type ZZ male, the male progeny express GFP and can be recognized by fluorescence-detecting
devices at the embryonic stage [61].
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On the other hand, an individual laying hen produces an average of 300 eggs per year, and the
hens are easy to scale up due to their short generation time and small body size. Additionally,
the relatively simple protein composition of egg white facilitates purification of the target protein. Since
on these characteristics, the chicken egg has been recognized as an optimal bioreactor for production of
therapeutic proteins [85,86]. Each egg white contains an average of 3.5 g of protein, of which ovalbumin
constitutes half [85,87]. Due to the predominance of ovalbumin, researchers have attempted to express
therapeutic proteins under the control of a synthetic ovalbumin promoter [8–12]. Recently, knock-in of
a therapeutic protein at the ovalbumin locus, enabling expression of the protein under the control of
the endogenous ovalbumin promoter, was successfully performed [14].

In addition to economical traits for therapeutic protein production, the N-glycosylation pattern of
egg white proteins is also beneficial for certain therapeutics. In contrast to other vertebrates, chickens
do not produce non-human glycans such as N-glycolylneuraminic acid (NGNA) and α-1,3 galactose
(α-1,3-Gal), which can induce a significant immune response in human subjects [88,89]. Therefore,
protein drugs derived from egg white are less likely to induce an adverse immune response in humans.
Additionally, the N-glycosylation of egg white proteins has no core fucosylation [90]. This unique
property can be exploited to produce therapeutic monoclonal antibodies that have antibody-dependent
cell cytotoxicity (ADCC) as a main mode of actions, e.g., anticancer monoclonal antibodies [10].
Recently, taking advantage of egg white protein’s unique N-glycosylation pattern, the lysosomal acid
lipase was produced and purified from egg white, and ultimately successfully commercialized [13]. If
protein pharmaceuticals can be produced by a genome-edited chicken in which the major egg white
protein locus has been targeted, it will be possible to produce protein pharmaceuticals with higher
efficiency; moreover, these products will benefit from the egg white’s unique N-glycosylation pattern.

Additionally, because chickens and humans are phylogenetically distant from each other, it is
easier to find an optimal antigen binding region for therapeutic antibodies against antigens that
are highly conserved between human and mouse [91]. To produce humanized chicken for such
applications, the variable region (V region) of the immunoglobulin heavy chain (IgH) was targeted,
and a loxP site was inserted into that region using CRISPR/Cas9-mediated HDR [54]. These chickens
will be used to discover optimal therapeutic antibody after insertion of human IgH V region by
site-specific recombination.

5. Conclusions

CRISPR/Cas9-mediated genome-editing technology has developed rapidly over the past decade,
and has been applied to the production of various genome-edited livestock, including poultry. Poultry
is a major source of protein, and this role will become even more important in the future. Genome
editing in poultry provides numerous opportunities to solve food shortage problems in agriculture.
By combining advanced animal genomics based on genome sequencing technology, genome editing
and animal breeding can be combined with each other to generate novel poultry lines with desirable
traits such as heat tolerance or disease resistance. In addition, genome-edited poultry has potential as
an alternative bioreactor platform for production of therapeutic proteins in eggs, as poultry bioreactors
can overcome the limitations of mammalian cell culture systems related to N-glycosylation patterns
and production costs. Development of valuable poultry bioreactors will become more active, and this
new platform will soon be available for adoption by the pharmaceutical industry.

Collectively, rapidly developing genome-editing technology will accelerate progress in the poultry
biotechnology field as well, opening up new opportunities for poultry to contribute to various industries
(Figure 3).



Genes 2020, 11, 1182 9 of 14

Genes 2020, 11, x FOR PEER REVIEW 9 of 14 

 

 
Figure 3. Schematic illustration for future application of genome-edited poultry to industries. Genome 
editing in poultry can improve disease resistance and meat productivity. By targeting egg white 
protein genes, genome edited poultry can economically produce protein drugs with improved 
biological efficacy. When the reported genes are targeted to the Z chromosome, the male embryo can 
be screened out before hatching by detecting fluorescence during incubation. 

Author Contributions: J.S.P. and K.Y.L. wrote first draft of the manuscript. J.Y.H. wrote and revised the whole 
manuscript. All authors have read and agreed to the published version of the manuscript. 

Funding: National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP; No. 
NRF-2015R1A3A2033826). 

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF) grant 
funded by the Korea government (MSIP; No. NRF-2015R1A3A2033826).  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. UN. Population Division (2015). World Population Prospects: The 2015 Revision, Key Findings and Advance Tables; 
United Nations: New York, NY, USA, 2015. 

2. Quinteiro-Filho, W.M.; Gomes, A.V.; Pinheiro, M.L.; Ribeiro, A.; Ferraz-de-Paula, V.; Astolfi-Ferreira, C.S.; 
Ferreira, A.J.; Palermo-Neto, J. Heat stress impairs performance and induces intestinal inflammation in 
broiler chickens infected with Salmonella Enteritidis. Avian Pathol. 2012, 41, 421–427, 
doi:10.1080/03079457.2012.709315. 

3. Chmielewski, R.; Swayne, D.E. Avian influenza: Public health and food safety concerns. Annu. Rev. Food 
Sci. Technol. 2011, 2, 37–57, doi:10.1146/annurev-food-022510-133710. 

4. Ricroch, A. Global developments of genome editing in agriculture. Transgenic Res. 2019, 28, 45–52, 
doi:10.1007/s11248-019-00133-6. 

5. Zheng, Q.; Lin, J.; Huang, J.; Zhang, H.; Zhang, R.; Zhang, X.; Cao, C.; Hambly, C.; Qin, G.; Yao, J.; et al. 
Reconstitution of UCP1 using CRISPR/Cas9 in the white adipose tissue of pigs decreases fat deposition and 
improves thermogenic capacity. Proc. Natl. Acad. Sci. USA 2017, 114, E9474–E9482, 
doi:10.1073/pnas.1707853114. 

Figure 3. Schematic illustration for future application of genome-edited poultry to industries. Genome
editing in poultry can improve disease resistance and meat productivity. By targeting egg white protein
genes, genome edited poultry can economically produce protein drugs with improved biological
efficacy. When the reported genes are targeted to the Z chromosome, the male embryo can be screened
out before hatching by detecting fluorescence during incubation.

Author Contributions: J.S.P. and K.Y.L. wrote first draft of the manuscript. J.Y.H. wrote and revised the whole
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP;
No. NRF-2015R1A3A2033826).

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIP; No. NRF-2015R1A3A2033826).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. UN. Population Division (2015). World Population Prospects: The 2015 Revision, Key Findings and Advance Tables;
United Nations: New York, NY, USA, 2015.

2. Quinteiro-Filho, W.M.; Gomes, A.V.; Pinheiro, M.L.; Ribeiro, A.; Ferraz-de-Paula, V.; Astolfi-Ferreira, C.S.;
Ferreira, A.J.; Palermo-Neto, J. Heat stress impairs performance and induces intestinal inflammation in
broiler chickens infected with Salmonella Enteritidis. Avian Pathol. 2012, 41, 421–427. [CrossRef] [PubMed]

3. Chmielewski, R.; Swayne, D.E. Avian influenza: Public health and food safety concerns.
Annu. Rev. Food Sci. Technol. 2011, 2, 37–57. [CrossRef] [PubMed]

4. Ricroch, A. Global developments of genome editing in agriculture. Transgenic Res. 2019, 28, 45–52. [CrossRef]
[PubMed]

5. Zheng, Q.; Lin, J.; Huang, J.; Zhang, H.; Zhang, R.; Zhang, X.; Cao, C.; Hambly, C.; Qin, G.; Yao, J.; et al.
Reconstitution of UCP1 using CRISPR/Cas9 in the white adipose tissue of pigs decreases fat deposition and
improves thermogenic capacity. Proc. Natl. Acad. Sci. USA 2017, 114, E9474–E9482. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/03079457.2012.709315
http://www.ncbi.nlm.nih.gov/pubmed/22900578
http://dx.doi.org/10.1146/annurev-food-022510-133710
http://www.ncbi.nlm.nih.gov/pubmed/22129374
http://dx.doi.org/10.1007/s11248-019-00133-6
http://www.ncbi.nlm.nih.gov/pubmed/31321682
http://dx.doi.org/10.1073/pnas.1707853114
http://www.ncbi.nlm.nih.gov/pubmed/29078316


Genes 2020, 11, 1182 10 of 14

6. Bevacqua, R.J.; Fernandez-Martin, R.; Savy, V.; Canel, N.G.; Gismondi, M.I.; Kues, W.A.; Carlson, D.F.;
Fahrenkrug, S.C.; Niemann, H.; Taboga, O.A.; et al. Efficient edition of the bovine PRNP prion gene in somatic
cells and IVF embryos using the CRISPR/Cas9 system. Theriogenology 2016, 86, 1886–1896.e1. [CrossRef]

7. Koslova, A.; Trefil, P.; Mucksova, J.; Reinisova, M.; Plachy, J.; Kalina, J.; Kucerova, D.; Geryk, J.; Krchlikova, V.;
Lejckova, B.; et al. Precise CRISPR/Cas9 editing of the NHE1 gene renders chickens resistant to the J subgroup
of avian leukosis virus. Proc. Natl. Acad. Sci. USA 2020, 117, 2108–2112. [CrossRef]

8. Lillico, S.G.; Sherman, A.; McGrew, M.J.; Robertson, C.D.; Smith, J.; Haslam, C.; Barnard, P.; Radcliffe, P.A.;
Mitrophanous, K.A.; Elliot, E.A.; et al. Oviduct-specific expression of two therapeutic proteins in transgenic
hens. Proc. Natl. Acad. Sci. USA 2007, 104, 1771–1776. [CrossRef] [PubMed]

9. Zhu, L.; van de Lavoir, M.C.; Albanese, J.; Beenhouwer, D.O.; Cardarelli, P.M.; Cuison, S.; Deng, D.F.;
Deshpande, S.; Diamond, J.H.; Green, L.; et al. Production of human monoclonal antibody in eggs of chimeric
chickens. Nat. Biotechnol. 2005, 23, 1159–1169. [CrossRef] [PubMed]

10. Kim, Y.M.; Park, J.S.; Kim, S.K.; Jung, K.M.; Hwang, Y.S.; Han, M.; Lee, H.J.; Seo, H.W.; Suh, J.Y.; Han, B.K.; et al.
The transgenic chicken derived anti-CD20 monoclonal antibodies exhibits greater anti-cancer therapeutic
potential with enhanced Fc effector functions. Biomaterials 2018, 167, 58–68. [CrossRef] [PubMed]

11. Herron, L.R.; Pridans, C.; Turnbull, M.L.; Smith, N.; Lillico, S.; Sherman, A.; Gilhooley, H.J.; Wear, M.;
Kurian, D.; Papadakos, G.; et al. A chicken bioreactor for efficient production of functional cytokines.
BMC Biotechnol. 2018, 18, 82. [CrossRef]

12. Park, T.S.; Lee, H.G.; Moon, J.K.; Lee, H.J.; Yoon, J.W.; Yun, B.N.; Kang, S.C.; Kim, J.; Kim, H.; Han, J.Y.;
et al. Deposition of bioactive human epidermal growth factor in the egg white of transgenic hens using an
oviduct-specific minisynthetic promoter. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 2386–2396.
[CrossRef] [PubMed]

13. Sheridan, C. FDA approves ‘farmaceutical’ drug from transgenic chickens. Nat. Biotechnol. 2016, 34, 117–119.
[CrossRef] [PubMed]

14. Oishi, I.; Yoshii, K.; Miyahara, D.; Tagami, T. Efficient production of human interferon beta in the white of
eggs from ovalbumin gene-targeted hens. Sci. Rep. 2018, 8, 10203. [CrossRef] [PubMed]

15. Oishi, I.; Yoshii, K.; Miyahara, D.; Kagami, H.; Tagami, T. Targeted mutagenesis in chicken using CRISPR/Cas9
system. Sci. Rep. 2016, 6, 23980. [CrossRef] [PubMed]

16. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]

17. Ran, F.A.; Hsu, P.D.; Lin, C.Y.; Gootenberg, J.S.; Konermann, S.; Trevino, A.E.; Scott, D.A.; Inoue, A.;
Matoba, S.; Zhang, Y.; et al. Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing
Specificity. Cell 2013, 155, 479–480. [CrossRef]

18. Essletzbichler, P.; Konopka, T.; Santoro, F.; Chen, D.; Gapp, B.V.; Kralovics, R.; Brummelkamp, T.R.;
Nijman, S.M.; Burckstummer, T. Megabase-scale deletion using CRISPR/Cas9 to generate a fully haploid
human cell line. Genome Res. 2014, 24, 2059–2065. [CrossRef]

19. Smithies, O.; Gregg, R.G.; Boggs, S.S.; Koralewski, M.A.; Kucherlapati, R.S. Insertion of DNA-Sequences into
the Human Chromosomal Beta-Globin Locus by Homologous Recombination. Nature 1985, 317, 230–234.
[CrossRef]

20. Rouet, P.; Smih, F.; Jasin, M. Introduction of Double-Strand Breaks into the Genome of Mouse Cells by
Expression of a Rare-Cutting Endonuclease. Mol. Cell. Biol. 1994, 14, 8096–8106. [CrossRef]

21. Maruyama, T.; Dougan, S.K.; Truttmann, M.C.; Bilate, A.M.; Ingram, J.R.; Ploegh, H.L. Increasing the
efficiency of precise genome editing with CRISPR-Cas9 by inhibition of nonhomologous end joining (vol 33,
pg 538, 2015). Nat. Biotechnol. 2016, 34, 210. [CrossRef]

22. Charpentier, M.; Khedher, A.H.Y.; Menoret, S.; Brion, A.; Lamribet, K.; Dardillac, E.; Boix, C.; Perrouault, L.;
Tesson, L.; Geny, S.; et al. CtIP fusion to Cas9 enhances transgene integration by homology-dependent repair.
Nat. Commun. 2018, 9, 1133. [CrossRef] [PubMed]

23. Paquet, D.; Kwart, D.; Chen, A.; Sproul, A.; Jacob, S.; Teo, S.; Olsen, K.M.; Gregg, A.; Noggle, S.;
Tessier-Lavigne, M. Efficient introduction of specific homozygous and heterozygous mutations using
CRISPR/Cas9. Nature 2016, 533, 125–129. [CrossRef] [PubMed]

24. Kleinstiver, B.P.; Prew, M.S.; Tsai, S.Q.; Nguyen, N.T.; Topkar, V.V.; Zheng, Z.; Joung, J.K. Broadening the
targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition. Nat. Biotechnol.
2015, 33, 1293–1298. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.theriogenology.2016.06.010
http://dx.doi.org/10.1073/pnas.1913827117
http://dx.doi.org/10.1073/pnas.0610401104
http://www.ncbi.nlm.nih.gov/pubmed/17259305
http://dx.doi.org/10.1038/nbt1132
http://www.ncbi.nlm.nih.gov/pubmed/16127450
http://dx.doi.org/10.1016/j.biomaterials.2018.03.021
http://www.ncbi.nlm.nih.gov/pubmed/29554481
http://dx.doi.org/10.1186/s12896-018-0495-1
http://dx.doi.org/10.1096/fj.14-264739
http://www.ncbi.nlm.nih.gov/pubmed/25690652
http://dx.doi.org/10.1038/nbt0216-117
http://www.ncbi.nlm.nih.gov/pubmed/26849497
http://dx.doi.org/10.1038/s41598-018-28438-2
http://www.ncbi.nlm.nih.gov/pubmed/29976933
http://dx.doi.org/10.1038/srep23980
http://www.ncbi.nlm.nih.gov/pubmed/27050479
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1016/j.cell.2013.09.040
http://dx.doi.org/10.1101/gr.177220.114
http://dx.doi.org/10.1038/317230a0
http://dx.doi.org/10.1128/MCB.14.12.8096
http://dx.doi.org/10.1038/nbt0216-210c
http://dx.doi.org/10.1038/s41467-018-03475-7
http://www.ncbi.nlm.nih.gov/pubmed/29556040
http://dx.doi.org/10.1038/nature17664
http://www.ncbi.nlm.nih.gov/pubmed/27120160
http://dx.doi.org/10.1038/nbt.3404
http://www.ncbi.nlm.nih.gov/pubmed/26524662


Genes 2020, 11, 1182 11 of 14

25. Nishimasu, H.; Shi, X.; Ishiguro, S.; Gao, L.Y.; Hirano, S.; Okazaki, S.; Noda, T.; Abudayyeh, O.O.;
Gootenberg, J.S.; Mori, H.; et al. Engineered CRISPR-Cas9 nuclease with expanded targeting space. Science
2018, 361, 1259–1262. [CrossRef] [PubMed]

26. Slaymaker, I.M.; Gao, L.Y.; Zetsche, B.; Scott, D.A.; Yan, W.X.; Zhang, F. Rationally engineered Cas9 nucleases
with improved specificity. Science 2016, 351, 84–88. [CrossRef]

27. Kleinstiver, B.P.; Pattanayak, V.; Prew, M.S.; Tsai, S.Q.; Nguyen, N.T.; Joung, J.K. High-Fidelity CRISPR-Cas9
Nucleases with No Detectable Genome-Wide Off-Target Effects. Nature 2016, 529, 490–495. [CrossRef]
[PubMed]

28. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage. Nature 2016, 533, 420–424. [CrossRef] [PubMed]

29. Nishida, K.; Arazoe, T.; Yachie, N.; Banno, S.; Kakimoto, M.; Tabata, M.; Mochizuki, M.; Miyabe, A.; Araki, M.;
Hara, K.Y.; et al. Targeted nucleotide editing using hybrid prokaryotic and vertebrate adaptive immune
systems. Science 2016, 353, aaf8729. [CrossRef]

30. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable
base editing of A.T to G.C in genomic DNA without DNA cleavage. Nature 2017, 551, 464–471. [CrossRef]

31. Shimatani, Z.; Kashojiya, S.; Takayama, M.; Terada, R.; Arazoe, T.; Ishii, H.; Teramura, H.; Yamamoto, T.;
Komatsu, H.; Miura, K.; et al. Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine
deaminase fusion. Nat. Biotechnol. 2017, 35, 441–443. [CrossRef]

32. Sasaguri, H.; Nagata, K.; Sekiguchi, M.; Fujioka, R.; Matsuba, Y.; Hashimoto, S.; Sato, K.; Kurup, D.; Yokota, T.;
Saido, T.C. Introduction of pathogenic mutations into the mouse Psen1 gene by Base Editor and Target-AID.
Nat. Commun. 2018, 9, 2892. [CrossRef] [PubMed]

33. Ryu, S.M.; Koo, T.; Kim, K.; Lim, K.; Baek, G.; Kim, S.T.; Kim, H.S.; Kim, D.E.; Lee, H.; Chung, E.; et al.
Adenine base editing in mouse embryos and an adult mouse model of Duchenne muscular dystrophy.
Nat. Biotechnol. 2018, 36, 536–539. [CrossRef] [PubMed]

34. Wang, F.; Zhang, W.; Yang, Q.; Kang, Y.; Fan, Y.; Wei, J.; Liu, Z.; Dai, S.; Li, H.; Li, Z.; et al. Generation of
a Hutchinson–Gilford progeria syndrome monkey model by base editing. Protein Cell 2020, 1–16. [CrossRef]
[PubMed]

35. Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.J.; Joung, J.; Zhang, F. RNA editing
with CRISPR-Cas13. Science 2017, 358, 1019–1027. [CrossRef] [PubMed]

36. Qu, L.; Yi, Z.Y.; Zhu, S.Y.; Wang, C.H.; Cao, Z.Z.; Zhou, Z.; Yuan, P.F.; Yu, Y.; Tian, F.; Liu, Z.H.; et al.
Programmable RNA editing by recruiting endogenous ADAR using engineered RNAs (vol 37, pg 1059,
2019). Nat. Biotechnol. 2019, 37, 1380. [CrossRef] [PubMed]

37. Rees, H.A.; Liu, D.R. Base editing: Precision chemistry on the genome and transcriptome of living cells (vol
19, pg 770, 2018). Nat. Rev. Genet. 2018, 19, 801. [CrossRef] [PubMed]

38. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.;
Newby, G.A.; Raguram, A.; et al. Search-and-replace genome editing without double-strand breaks or donor
DNA. Nature 2019, 576, 149–157. [CrossRef] [PubMed]

39. Marzec, M.; Braszewska-Zalewska, A.; Hensel, G. Prime Editing: A New Way for Genome Editing.
Trends Cell Biol. 2020, 30, 257–259. [CrossRef] [PubMed]

40. Matsoukas, I.G. Prime Editing: Genome Editing for Rare Genetic Diseases Without Double-Strand Breaks or
Donor DNA. Front. Genet. 2020, 11, 11. [CrossRef] [PubMed]

41. Lee, J.; Kim, D.H.; Lee, K. Current Approaches and Applications in Avian Genome Editing. Int. J. Mol. Sci.
2020, 21, 3937. [CrossRef] [PubMed]

42. Ginsburg, M.; Eyal-Giladi, H. Primordial germ cells of the young chick blastoderm originate from the central
zone of the area pellucida irrespective of the embryo-forming process. Development 1987, 101, 209–219.
[PubMed]

43. Eyal-Giladi, H.; Kochav, S. From cleavage to primitive streak formation: A complementary normal table
and a new look at the first stages of the development of the chick. I. General morphology. Dev. Biol. 1976,
49, 321–337. [CrossRef]

44. Hamburger, V.; Hamilton, H.L. A series of normal stages in the development of the chick embryo. J. Morphol.
1951, 88, 49–92. [CrossRef]

http://dx.doi.org/10.1126/science.aas9129
http://www.ncbi.nlm.nih.gov/pubmed/30166441
http://dx.doi.org/10.1126/science.aad5227
http://dx.doi.org/10.1038/nature16526
http://www.ncbi.nlm.nih.gov/pubmed/26735016
http://dx.doi.org/10.1038/nature17946
http://www.ncbi.nlm.nih.gov/pubmed/27096365
http://dx.doi.org/10.1126/science.aaf8729
http://dx.doi.org/10.1038/nature24644
http://dx.doi.org/10.1038/nbt.3833
http://dx.doi.org/10.1038/s41467-018-05262-w
http://www.ncbi.nlm.nih.gov/pubmed/30042426
http://dx.doi.org/10.1038/nbt.4148
http://www.ncbi.nlm.nih.gov/pubmed/29702637
http://dx.doi.org/10.1007/s13238-019-0623-2
http://www.ncbi.nlm.nih.gov/pubmed/31037510
http://dx.doi.org/10.1126/science.aaq0180
http://www.ncbi.nlm.nih.gov/pubmed/29070703
http://dx.doi.org/10.1038/s41587-019-0292-y
http://www.ncbi.nlm.nih.gov/pubmed/31554940
http://dx.doi.org/10.1038/s41576-018-0068-0
http://www.ncbi.nlm.nih.gov/pubmed/30341440
http://dx.doi.org/10.1038/s41586-019-1711-4
http://www.ncbi.nlm.nih.gov/pubmed/31634902
http://dx.doi.org/10.1016/j.tcb.2020.01.004
http://www.ncbi.nlm.nih.gov/pubmed/32001098
http://dx.doi.org/10.3389/fgene.2020.00528
http://www.ncbi.nlm.nih.gov/pubmed/32582281
http://dx.doi.org/10.3390/ijms21113937
http://www.ncbi.nlm.nih.gov/pubmed/32486292
http://www.ncbi.nlm.nih.gov/pubmed/3446474
http://dx.doi.org/10.1016/0012-1606(76)90178-0
http://dx.doi.org/10.1002/jmor.1050880104


Genes 2020, 11, 1182 12 of 14

45. Kang, K.S.; Lee, H.C.; Kim, H.J.; Lee, H.G.; Kim, Y.M.; Lee, H.J.; Park, Y.H.; Yang, S.Y.; Rengaraj, D.; Park, T.S.;
et al. Spatial and temporal action of chicken primordial germ cells during initial migration. Reproduction
2015, 149, 179–187. [CrossRef] [PubMed]

46. Ginsburg, M.; Eyal-Giladi, H. Temporal and spatial aspects of the gradual migration of primordial germ cells
from the epiblast into the germinal crescent in the avian embryo. J. Embryol. Exp. Morphol. 1986, 95, 53–71.

47. Fujimoto, T.; Ukeshima, A.; Kiyofuji, R. The origin, migration and morphology of the primordial germ cells
in the chick embryo. Anat. Rec. 1976, 185, 139–145. [CrossRef]

48. Han, J.Y.; Park, T.S.; Hong, Y.H.; Jeong, D.K.; Kim, J.N.; Kim, K.D.; Lim, J.M. Production of germline
chimeras by transfer of chicken gonadal primordial germ cells maintained in vitro for an extended period.
Theriogenology 2002, 58, 1531–1539. [CrossRef]

49. Naito, M.; Harumi, T.; Kuwana, T. Long-term culture of chicken primordial germ cells isolated from
embryonic blood and production of germline chimaeric chickens. Anim. Reprod. Sci. 2015, 153, 50–61.
[CrossRef]

50. van de Lavoir, M.C.; Diamond, J.H.; Leighton, P.A.; Mather-Love, C.; Heyer, B.S.; Bradshaw, R.; Kerchner, A.;
Hooi, L.T.; Gessaro, T.M.; Swanberg, S.E.; et al. Germline transmission of genetically modified primordial
germ cells. Nature 2006, 441, 766–769. [CrossRef]

51. Song, Y.; Duraisamy, S.; Ali, J.; Kizhakkayil, J.; Jacob, V.D.; Mohammed, M.A.; Eltigani, M.A.; Amisetty, S.;
Shukla, M.K.; Etches, R.J.; et al. Characteristics of long-term cultures of avian primordial germ cells and
gonocytes. Biol. Reprod. 2014, 90, 15. [CrossRef]

52. Park, T.S.; Park, J.; Lee, J.H.; Park, J.W.; Park, B.C. Disruption of G0/G1 switch gene 2 (G0S2) reduced
abdominal fat deposition and altered fatty acid composition in chicken. FASEB J. Off. Publ. Fed. Am. Soc.
Exp. Biol. 2019, 33, 1188–1198. [CrossRef]

53. Kim, G.D.; Lee, J.H.; Song, S.; Kim, S.W.; Han, J.S.; Shin, S.P.; Park, B.C.; Park, T.S. Generation of
myostatin-knockout chickens mediated by D10A-Cas9 nickase. FASEB J. Off. Publ. Fed. Am. Soc.
Exp. Biol. 2020, 34, 5688–5696. [CrossRef] [PubMed]

54. Dimitrov, L.; Pedersen, D.; Ching, K.H.; Yi, H.; Collarini, E.J.; Izquierdo, S.; van de Lavoir, M.C.; Leighton, P.A.
Germline Gene Editing in Chickens by Efficient CRISPR-Mediated Homologous Recombination in Primordial
Germ Cells. PLoS ONE 2016, 11, e0154303. [CrossRef] [PubMed]

55. Rong, Z.; Zhu, S.; Xu, Y.; Fu, X. Homologous recombination in human embryonic stem cells using CRISPR/Cas9
nickase and a long DNA donor template. Protein Cell 2014, 5, 258–260. [CrossRef] [PubMed]

56. Zu, Y.; Tong, X.; Wang, Z.; Liu, D.; Pan, R.; Li, Z.; Hu, Y.; Luo, Z.; Huang, P.; Wu, Q.; et al. TALEN-mediated
precise genome modification by homologous recombination in zebrafish. Nat. Methods 2013, 10, 329–331.
[CrossRef]

57. Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided
human genome engineering via Cas9. Science 2013, 339, 823–826. [CrossRef]

58. Auer, T.O.; Duroure, K.; De Cian, A.; Concordet, J.P.; Del Bene, F. Highly efficient CRISPR/Cas9-mediated
knock-in in zebrafish by homology-independent DNA repair. Genome Res. 2014, 24, 142–153. [CrossRef]

59. Cristea, S.; Freyvert, Y.; Santiago, Y.; Holmes, M.C.; Urnov, F.D.; Gregory, P.D.; Cost, G.J. In vivo cleavage of
transgene donors promotes nuclease-mediated targeted integration. Biotechnol. Bioeng. 2013, 110, 871–880.
[CrossRef]

60. Lackner, D.H.; Carre, A.; Guzzardo, P.M.; Banning, C.; Mangena, R.; Henley, T.; Oberndorfer, S.; Gapp, B.V.;
Nijman, S.M.B.; Brummelkamp, T.R.; et al. A generic strategy for CRISPR-Cas9-mediated gene tagging.
Nat. Commun. 2015, 6, 10237. [CrossRef]

61. Lee, H.J.; Yoon, J.W.; Jung, K.M.; Kim, Y.M.; Park, J.S.; Lee, K.Y.; Park, K.J.; Hwang, Y.S.; Park, Y.H.;
Rengaraj, D.; et al. Targeted gene insertion into Z chromosome of chicken primordial germ cells for avian
sexing model development. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2019, 33, 8519–8529. [CrossRef]

62. Cooper, C.A.; Challagulla, A.; Jenkins, K.A.; Wise, T.G.; O’Neil, T.E.; Morris, K.R.; Tizard, M.L.; Doran, T.J.
Generation of gene edited birds in one generation using sperm transfection assisted gene editing (STAGE).
Transgenic Res. 2017, 26, 331–347. [CrossRef] [PubMed]

63. Tyack, S.G.; Jenkins, K.A.; O’Neil, T.E.; Wise, T.G.; Morris, K.R.; Bruce, M.P.; McLeod, S.; Wade, A.J.; McKay, J.;
Moore, R.J.; et al. A new method for producing transgenic birds via direct in vivo transfection of primordial
germ cells. Transgenic Res. 2013, 22, 1257–1264. [CrossRef] [PubMed]

http://dx.doi.org/10.1530/REP-14-0433
http://www.ncbi.nlm.nih.gov/pubmed/25550524
http://dx.doi.org/10.1002/ar.1091850203
http://dx.doi.org/10.1016/S0093-691X(02)01061-0
http://dx.doi.org/10.1016/j.anireprosci.2014.12.003
http://dx.doi.org/10.1038/nature04831
http://dx.doi.org/10.1095/biolreprod.113.113381
http://dx.doi.org/10.1096/fj.201800784R
http://dx.doi.org/10.1096/fj.201903035R
http://www.ncbi.nlm.nih.gov/pubmed/32100378
http://dx.doi.org/10.1371/journal.pone.0154303
http://www.ncbi.nlm.nih.gov/pubmed/27099923
http://dx.doi.org/10.1007/s13238-014-0032-5
http://www.ncbi.nlm.nih.gov/pubmed/24622843
http://dx.doi.org/10.1038/nmeth.2374
http://dx.doi.org/10.1126/science.1232033
http://dx.doi.org/10.1101/gr.161638.113
http://dx.doi.org/10.1002/bit.24733
http://dx.doi.org/10.1038/ncomms10237
http://dx.doi.org/10.1096/fj.201802671R
http://dx.doi.org/10.1007/s11248-016-0003-0
http://www.ncbi.nlm.nih.gov/pubmed/27896535
http://dx.doi.org/10.1007/s11248-013-9727-2
http://www.ncbi.nlm.nih.gov/pubmed/23807321


Genes 2020, 11, 1182 13 of 14

64. Challagulla, A.; Jenkins, K.A.; O’Neil, T.E.; Morris, K.R.; Wise, T.G.; Tizard, M.L.; Bean, A.G.D.; Schat, K.A.;
Doran, T.J. Germline engineering of the chicken genome using CRISPR/Cas9 by in vivo transfection of PGCs.
Anim. Biotechnol. 2020, 1–10. [CrossRef] [PubMed]

65. Lee, J.; Ma, J.; Lee, K. Direct delivery of adenoviral CRISPR/Cas9 vector into the blastoderm for generation of
targeted gene knockout in quail. Proc. Natl. Acad. Sci. USA 2019, 116, 13288–13292. [CrossRef]

66. Lee, J.; Kim, D.H.; Lee, K. Muscle Hyperplasia in Japanese Quail by Single Amino Acid Deletion in MSTN
Propeptide. Int. J. Mol. Sci. 2020, 21, 1504. [CrossRef]

67. Xu, K.; Han, C.X.; Zhou, H.; Ding, J.M.; Xu, Z.; Yang, L.Y.; He, C.; Akinyemi, F.; Zheng, Y.M.; Qin, C.;
et al. Effective MSTN Gene Knockout by AdV-Delivered CRISPR/Cas9 in Postnatal Chick Leg Muscle.
Int. J. Mol. Sci. 2020, 21, 2584. [CrossRef]

68. Aiello, D.; Patel, K.; Lasagna, E. The myostatin gene: An overview of mechanisms of action and its relevance
to livestock animals. Anim. Genet. 2018, 49, 505–519. [CrossRef]

69. Proudfoot, C.; Carlson, D.F.; Huddart, R.; Long, C.R.; Pryor, J.H.; King, T.J.; Lillico, S.G.; Mileham, A.J.;
McLaren, D.G.; Whitelaw, C.B.; et al. Genome edited sheep and cattle. Transgenic Res. 2015, 24, 147–153.
[CrossRef]

70. Crispo, M.; Mulet, A.P.; Tesson, L.; Barrera, N.; Cuadro, F.; dos Santos-Neto, P.C.; Nguyen, T.H.; Creneguy, A.;
Brusselle, L.; Anegon, I.; et al. Efficient Generation of Myostatin Knock-Out Sheep Using CRISPR/Cas9
Technology and Microinjection into Zygotes. PLoS ONE 2015, 10, e0136690. [CrossRef]

71. Wang, X.; Niu, Y.; Zhou, J.; Zhu, H.; Ma, B.; Yu, H.; Yan, H.; Hua, J.; Huang, X.; Qu, L.; et al.
CRISPR/Cas9-mediated MSTN disruption and heritable mutagenesis in goats causes increased body
mass. Anim. Genet. 2018, 49, 43–51. [CrossRef]

72. Wang, K.; Tang, X.; Xie, Z.; Zou, X.; Li, M.; Yuan, H.; Guo, N.; Ouyang, H.; Jiao, H.; Pang, D.
CRISPR/Cas9-mediated knockout of myostatin in Chinese indigenous Erhualian pigs. Transgenic Res.
2017, 26, 799–805. [CrossRef] [PubMed]

73. Rexroad, C.; Vallet, J.; Matukumalli, L.K.; Reecy, J.; Bickhart, D.; Blackburn, H.; Boggess, M.; Cheng, H.;
Clutter, A.; Cockett, N.; et al. Genome to Phenome: Improving Animal Health, Production, and Well-Being—A
New USDA Blueprint for Animal Genome Research 2018–2027. Front. Genet. 2019, 10, 327. [CrossRef]
[PubMed]

74. Li, B.; Clohisey, S.M.; Chia, B.S.; Wang, B.; Cui, A.; Eisenhaure, T.; Schweitzer, L.D.; Hoover, P.; Parkinson, N.J.;
Nachshon, A.; et al. Genome-wide CRISPR screen identifies host dependency factors for influenza A virus
infection. Nat. Commun. 2020, 11, 164. [CrossRef] [PubMed]

75. Dimitrov, D.S. Virus entry: Molecular mechanisms and biomedical applications. Nat. Rev. Microbiol. 2004,
2, 109–122. [CrossRef] [PubMed]

76. Whitworth, K.M.; Rowland, R.R.; Ewen, C.L.; Trible, B.R.; Kerrigan, M.A.; Cino-Ozuna, A.G.; Samuel, M.S.;
Lightner, J.E.; McLaren, D.G.; Mileham, A.J.; et al. Gene-edited pigs are protected from porcine reproductive
and respiratory syndrome virus. Nat. Biotechnol. 2016, 34, 20–22. [CrossRef] [PubMed]

77. Shanthalingam, S.; Tibary, A.; Beever, J.E.; Kasinathan, P.; Brown, W.C.; Srikumaran, S. Precise
gene editing paves the way for derivation of Mannheimia haemolytica leukotoxin-resistant cattle.
Proc. Natl. Acad. Sci. USA 2016, 113, 13186–13190. [CrossRef] [PubMed]

78. Lee, H.J.; Lee, K.Y.; Jung, K.M.; Park, K.J.; Lee, K.O.; Suh, J.Y.; Yao, Y.; Nair, V.; Han, J.Y. Precise gene editing
of chicken Na+/H+ exchange type 1 (chNHE1) confers resistance to avian leukosis virus subgroup J (ALV-J).
Dev. Comp. Immunol. 2017, 77, 340–349. [CrossRef]

79. Lee, H.J.; Lee, K.Y.; Park, Y.H.; Choi, H.J.; Yao, Y.; Nair, V.; Han, J.Y. Acquisition of resistance to avian leukosis
virus subgroup B through mutations on tvb cysteine-rich domains in DF-1 chicken fibroblasts. Vet. Res. 2017,
48, 48. [CrossRef]

80. Koslova, A.; Kucerova, D.; Reinisova, M.; Geryk, J.; Trefil, P.; Hejnar, J. Genetic Resistance to Avian Leukosis
Viruses Induced by CRISPR/Cas9 Editing of Specific Receptor Genes in Chicken Cells. Viruses 2018, 10, 605.
[CrossRef]

81. Long, J.S.; Giotis, E.S.; Moncorge, O.; Frise, R.; Mistry, B.; James, J.; Morisson, M.; Iqbal, M.; Vignal, A.;
Skinner, M.A.; et al. Species difference in ANP32A underlies influenza A virus polymerase host restriction.
Nature 2016, 529, 101–104. [CrossRef]

http://dx.doi.org/10.1080/10495398.2020.1789869
http://www.ncbi.nlm.nih.gov/pubmed/32707002
http://dx.doi.org/10.1073/pnas.1903230116
http://dx.doi.org/10.3390/ijms21041504
http://dx.doi.org/10.3390/ijms21072584
http://dx.doi.org/10.1111/age.12696
http://dx.doi.org/10.1007/s11248-014-9832-x
http://dx.doi.org/10.1371/journal.pone.0136690
http://dx.doi.org/10.1111/age.12626
http://dx.doi.org/10.1007/s11248-017-0044-z
http://www.ncbi.nlm.nih.gov/pubmed/28993973
http://dx.doi.org/10.3389/fgene.2019.00327
http://www.ncbi.nlm.nih.gov/pubmed/31156693
http://dx.doi.org/10.1038/s41467-019-13965-x
http://www.ncbi.nlm.nih.gov/pubmed/31919360
http://dx.doi.org/10.1038/nrmicro817
http://www.ncbi.nlm.nih.gov/pubmed/15043007
http://dx.doi.org/10.1038/nbt.3434
http://www.ncbi.nlm.nih.gov/pubmed/26641533
http://dx.doi.org/10.1073/pnas.1613428113
http://www.ncbi.nlm.nih.gov/pubmed/27799556
http://dx.doi.org/10.1016/j.dci.2017.09.006
http://dx.doi.org/10.1186/s13567-017-0454-1
http://dx.doi.org/10.3390/v10110605
http://dx.doi.org/10.1038/nature16474


Genes 2020, 11, 1182 14 of 14

82. Long, J.S.; Idoko-Akoh, A.; Mistry, B.; Goldhill, D.; Staller, E.; Schreyer, J.; Ross, C.; Goodbourn, S.; Shelton, H.;
Skinner, M.A.; et al. Species specific differences in use of ANP32 proteins by influenza A virus. eLife 2019, 8.
[CrossRef] [PubMed]

83. Park, Y.H.; Chungu, K.; Lee, S.B.; Woo, S.J.; Cho, H.Y.; Lee, H.J.; Rengaraj, D.; Lee, J.H.; Song, C.S.; Lim, J.M.;
et al. Host-Specific Restriction of Avian Influenza Virus Caused by Differential Dynamics of ANP32 Family
Members. J. Infect. Dis. 2020, 221, 71–80. [CrossRef] [PubMed]

84. Lee, H.J.; Park, K.J.; Lee, K.Y.; Yao, Y.; Nair, V.; Han, J.Y. Sequential disruption of ALV host receptor genes
reveals no sharing of receptors between ALV subgroups A, B, and J. J. Anim. Sci. Biotechnol. 2019, 10, 23.
[CrossRef]

85. Lillico, S.G.; McGrew, M.J.; Sherman, A.; Sang, H.M. Transgenic chickens as bioreactors for protein-based
drugs. Drug Discov. Today 2005, 10, 191–196. [CrossRef]

86. Woodfint, R.M.; Hamlin, E.; Lee, K. Avian Bioreactor Systems: A Review. Mol. Biotechnol. 2018, 60, 975–983.
[CrossRef] [PubMed]

87. Harvey, A.J.; Ivarie, R. Validating the hen as a bioreactor for the production of exogenous proteins in egg
white. Poult. Sci. 2003, 82, 927–930. [CrossRef]

88. Raju, T.S.; Briggs, J.B.; Borge, S.M.; Jones, A.J. Species-specific variation in glycosylation of IgG: Evidence
for the species-specific sialylation and branch-specific galactosylation and importance for engineering
recombinant glycoprotein therapeutics. Glycobiology 2000, 10, 477–486. [CrossRef]

89. McKenzie, I.F.; Patton, K.; Smit, J.A.; Mouhtouris, E.; Xing, P.; Myburgh, J.A.; Sandrin, M.S. Definition and
characterization of chicken Gal alpha(1,3)Gal antibodies. Transplantation 1999, 67, 864–870. [CrossRef]

90. Sumiyoshi, W.; Nakakita, S.; Miyanishi, N.; Hirabayashi, J. Strategic glycan elution map for the production
of human-type N-linked oligosaccharides: The case of hen egg yolk and white. Biosci. Biotechnol. Biochem.
2009, 73, 543–551. [CrossRef]

91. Schusser, B.; Collarini, E.J.; Yi, H.; Izquierdo, S.M.; Fesler, J.; Pedersen, D.; Klasing, K.C.; Kaspers, B.;
Harriman, W.D.; van de Lavoir, M.C.; et al. Immunoglobulin knockout chickens via efficient homologous
recombination in primordial germ cells. Proc. Natl. Acad. Sci. USA 2013, 110, 20170–20175. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7554/eLife.45066
http://www.ncbi.nlm.nih.gov/pubmed/31159925
http://dx.doi.org/10.1093/infdis/jiz506
http://www.ncbi.nlm.nih.gov/pubmed/31581291
http://dx.doi.org/10.1186/s40104-019-0333-x
http://dx.doi.org/10.1016/S1359-6446(04)03317-3
http://dx.doi.org/10.1007/s12033-018-0128-x
http://www.ncbi.nlm.nih.gov/pubmed/30306403
http://dx.doi.org/10.1093/ps/82.6.927
http://dx.doi.org/10.1093/glycob/10.5.477
http://dx.doi.org/10.1097/00007890-199903270-00013
http://dx.doi.org/10.1271/bbb.80598
http://dx.doi.org/10.1073/pnas.1317106110
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Programmable Genome Editing Technologies Based on CRISPR/Cas9 
	CRISPR-Cas9 Systems for Gene Knock-Out and Knock-In 
	Base Editing Technologies 
	Prime Editing Technologies 

	CRISPR-Cas9 Mediated Genome Editing in Poultry 
	PGCs Mediated Genome Editing in Poultry 
	Genome Editing in Poultry Using Other Methods 

	Application of Genome-Edited Poultry in Industries 
	Conclusions 
	References

