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CRISPR/Cas9 system genome editing is revolutionizing genetics research in a wide
spectrum of animal models in the genetic era. Among these animals, is the poultry species.
CRISPR technology is the newest and most advanced gene-editing tool that allows
researchers to modify and alter gene functions for transcriptional regulation, gene targeting,
epigenetic modification, gene therapy, and drug delivery in the animal genome. The
applicability of the CRISPR/Cas9 system in gene editing and modification of genomes in
the avian species is still emerging. Up to date, substantial progress in using CRISPR/
Cas9 technology has been made in only two poultry species (chicken and quail), with
chicken taking the lead. There have been major recent advances in the modification of
the avian genome through their germ cell lineages. In the poultry industry, breeders and
producers can utilize CRISPR-mediated approaches to enhance the many required genetic
variations towards the poultry population that are absent in a given poultry flock. Thus,
CRISPR allows the benefit of accessing genetic characteristics that cannot otherwise
be used for poultry production. Therefore CRISPR/Cas9 becomes a very powerful and
robust tool for editing genes that allow for the introduction or regulation of genetic
information in poultry genomes. However, the CRISPR/Cas9 technology has several
limitations that need to be addressed to enhance its use in the poultry industry. This review
evaluates and provides a summary of recent advances in applying CRISPR/Cas9 gene
editing technology in poultry research and explores its potential use in advancing poultry
breeding and production with a major focus on chicken and quail. This could aid future
advancements in the use of CRISPR technology to improve poultry production.

Keywords: CRISPR/Cas9 system, genome editing, transgenic, gene editing, poultry species, primordial germ cells

INTRODUCTION: GENE EDITING TOOLS

The poultry industry is undergoing a gene editing revolution that will change the poultry
genome in the near future through targeted gene editing of the poultry species (Hwang and
Han, 2018). The application of genome editing technology in the poultry industry, as well as
livestock production in general, has improved over the last decade due to the availability of
precision genome engineering tools (Petersen, 2017; Cooper et al, 2018). There are three
commonly used genome-editing techniques for the production of animals, including poultry.
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The first is the zinc finger nuclease (ZFNs), which is used for
binding specific DNA domains that complement the target
DNA sequences. Secondly, transcription activator-Like effector
nucleases (TALENs) are another gene and genome editing
technology that employs the nuclease domain to produce double
strands breaks (DSBs). Finally, yet importantly, the clustered
regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (CRISPR/Cas9), is the most common and
advanced technique for genome editing. The similarity between
these three techniques is that they all require the two domains
for accurate and defectless gene and genome editing. ZFN
and TALEN differ from CRISPR/Cas9 since both use proteins
that are fused together as a DNA binding domain while the
CRISPR/Cas system requires the use of a specific RNA sequence
molecule for DNA binding instead of the fused proteins (Kim
and Kim, 2014; Razzaq and Masood, 2018). ZFNs and TALENs
also require more time to produce an effective system, making
the two more-time consuming. ZFNs and TALENs have been
found to have more off target effects as opposed to CRISPR/
Cas9 system (Hwang and Han, 2018; Bahrami et al., 2020).
This is because of the availability of computational tools while
using the CRISPR/Cas9 system that help in designing sgRNAs.
Therefore, predictability of guide specificity is achieved, and
this minimizes off-target effects. There is also a chance that
the design of successful sgRNAs with the available CRISPR/
Cas9 computational tools has a strong on-target activity hence
reducing off-target effects (Wilson et al.,, 2018). The CRISPR/
Cas9 technology uses a specific RNA sequence called guide
RNA which binds to another target sequence of DNA (target
DNA) followed by the cleavage of Cas9 where binding has
occurred. This makes the CRISPR/Cas9 system stand out as
the most suitable gene editing tool as it improves the frequency
of precise genome modifications in creating genetically edited
animals (Chu et al, 2015). The CRISPR-based system is
continuously undergoing improvement. The most recent
development of the CRISPR system employs coexpression of
CRISPR-associated nucleases 9 and 12a hence having the ability
to edit multiple target sites in the genome at the same time
to help study how different genes cooperate in functions (Pennisi,
2013). Therefore, this system is very important in interrogating
gene functions (Cong et al, 2013; Yang et al, 2013; Najm
et al., 2018; Gonatopoulos-Pournatzis et al., 2020).

CRISPR is a family of DNA sequences found in the genomes
of prokaryotic organisms such as bacteria and archaea. These
sequences are derived from DNA fragments of bacteriophages
that had previously infected the prokaryote. The CRISPR tool
together with Cas endonuclease is a powerful programmable
nuclease system (Barrangou et al., 2007). Studies conducted by
Jinek et al. (2012) unveiled a double RNA, known as a guide
RNA (gRNA) which consisted of a 20-bp CRISPR RNA (crRNA)
and universal trans-activating crRNA (tracrRNA). This RNA
coupled with Streptococcus pyogenes type II Cas9 protein can
induce cleavage of specific target DNA sequences in virtually
any organism. The Cas9 nuclease activity is initiated by protospacer
adjacent motif (PAM) sequence NGG, which is usually located
next to the target site (Anders et al, 2014). It is possible to
engineer DNA Cas9-mediated DSBs at a specific genomic locus.

Non-homologous end-joining (NHE]) can induce DSB repair
that disrupts the target gene, generating insertions and deletions.
Another way of repairing Cas9-mediated DSBs is by homologous
directed repair (HDR), which allows specific gene editing by
integrating genetic modifications into the target template (Thomas
and Capecchi, 1987; Salsman and Dellaire, 2017).

THE STATUS OF CRISPR/Cas9
TECHNOLOGY IN THE POULTRY
INDUSTRY

The CRISPR/Cas9 system is among the gene editing technologies
that are creating a rapid change in poultry genomics for both
poultry breeding and food production purposes (Doran et al,
2017). To date, substantial progress in using CRISPR/Cas9 technology
has been made in only two poultry species (chicken and quail),
with chicken taking the lead. The CRISPR technology is not
aimed at replacing the traditional breeding system, but it provides
a complementary option by giving the breeder more genetic
variation to select from since the use of traditional breeding for
genetic gain has limitations of introducing genetic variation within
a given population of the poultry flock. The introduction of genetic
variations using the CRISPR/Cas9 system can be used to improve
the performance of livestock animals such as poultry.

The CRISPR/Cas9 system has several benefits that could
be used to improve poultry growth and production performance.
These benefits include increased bird performance by improving
the digestibility and overall growth, increased egg production,
increased bird’s immunity and disease resistance, producing
birds that are leaner with little or no fat deposition in poultry
meat for better nutritional profiles. A good example is the
recent attempt to create chickens that have decreased accretion
of abdominal fat and increased lean percentage of carcass meat
by altering the percentage of fatty acid composition (Park et al.,
2019). The CRISPR/Cas9 has also been employed in animal
welfare improvements through in-ovo sexing (Lee et al., 2019b).
There is an increased need to produce birds that meet the
benefits of both commercial producers and consumers in the
poultry industry. Several strategies have been proposed for the
generation of transgenic birds to meet several demands in the
poultry industry. This review discusses various applications of
the CRISPR/Cas9 technology for genome editing in poultry,
with a focus on recent and current advances in CRISPR/Cas9-
mediated gene editing technology to produce genetically modified
birds for various purposes. This review also provides a summary
and discussion of the challenges, possible approaches, and
future perspectives on applying CRISPR/Cas9 technology for
gene and genome engineering in poultry species.

GENERATION OF GENETICALLY
MODIFIED CRISPR/Cas9-MEDIATED
BIRDS

CRISPR/Cas9 has gained traction as an efficient method for
precise gene editing and modification of genomes in various
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organisms including the avian species (Bai et al, 2016;
Oishi et al., 2016; Wang et al., 2017b). Various methods have
been proposed to produce genetically modified animals. In
mammals, germ-line modification was used in the generation
of the first transgenic animals such as mice, rabbits, sheep,
and pigs, by microinjection of the target DNA into the pro-nucleus
of a fertilized embryo (Gordon et al, 1980; Hammer et al,
1985). Another method that has been used to modify the
germ line in animals uses embryonic stem cells (ESCs). ESCs
are genetically modified, then cells are injected into the recipient
blastocyst to produce germ-line chimeras. Unlike mammals,
the microinjection of avian ESCs into the zygote in avian
species is very difficult because the avian zygote is surrounded
by a large amount of yolk and a small germinal disc. Therefore,
the first transgenic chicken was produced via retroviral injection
into the sub-germinal cavity of Eyal-Giladi and Kochav (EGK;
Eyal-Giladi and Kochav, 1976) stage X embryos (Salter et al.,
1986). Salter et al. (1987) created the first retrovirus-mediated
transgenic chickens by insertion of retroviral genes into the
chicken germ line. Their transmission frequencies varied from
1 to 11%. McGrew et al. (2004) produced germline transgenic
chickens using lentiviral vectors with transmission efficiencies
between 4 and 45%. Lillico et al. (2007) generated the first
oviduct-specific expression of transgenes in hens but there was
very low efficiency in the rate at which transgenic birds were
generated. Various strategies such as the viral infection of stage
X embryos (Thoraval et al, 1995; Sherman et al, 1998),
microinjection of transgenes into fertilized eggs (Love et al,
1994; Sherman et al., 1998), and embryonic stem cells (Zhu
et al, 2005) have been used to produce transgenic birds. In
van de Lavoir et al. (2006) generated the first inter-individual
transfer of chicken primordial germ cells (PGCs). As compared
to the use of ESCs in mammals, PGCs have been used widely
in the generation of transgenic birds to overcome the limitation
of low efficiency germ-line transmission. Transgenes can
be introduced into the cultured genomes of PGCs using
transfection reagents to produce transgenic birds (Han and
Park, 2018). Transgenic birds have been generated by injection
of transgenes into the embryonic blood vessel to transfect the
circulating PGCs to produce germline chimera, although these
birds had a lower transgenic efficiency (Zhang et al, 2012;
Tyack et al., 2013; Lambeth et al., 2016). Just before the onset
of the CRISPR technology, Schusser et al. (2013) created the
first knock-out in chickens using efficient homologous
recombination in primordial germ cells.

With the advent of the CRISPR/Cas9 system, an in vitro
culture system for PGCs can be combined with this efficient
genome-editing system to produce programmable genome-
edited poultry. First, the PGCs in poultry can be obtained
from embryonic blood or gonads. The delivery of the CRISPR/
Cas9 system is followed by the establishment of genome-
edited poultry by the microinjection of directly isolated or
in vitro cultured PGCs into the blood vessels of recipient
embryos to produce a chimera that hatches and grows into
mature avian poultry. Oishi et al. (2016) used the CRISPR/
Cas9 system to efficiently generate ovomucoid gene-targeted
chickens by transferring transiently drug-selected PGCs into

recipient embryos using gamma-ray irradiation to deplete
endogenous PGCs. In one of their most recent works, CRISPR/
Cas9-mediated knock-in of human interferon beta (hIFN-)
was created into the chicken exon 2 of the ovalbumin gene
(Oishi et al., 2018). Since the generation of the first CRISPR/
Cas9-mediated chicken in 2015 by Veron and his group (Véron
et al, 2015) through electroporation of chicken embryos,
many more studies involving transgenic poultry-related species
have been published as discussed in the next section. The
current trend in using the CRISPR/Cas9 system in poultry
species is incorporating this genome editing tool with genomic
analysis software such as CRISPR to increase target specificity,
efficiency, and lower off-target effects. Figure 1 shows a
workflow using the CRISPR/Cas9 system of programmable
genome editing in avian species.

CRISPR/Cas9-MEDIATED GENOME
EDITING IN SELECTED POULTRY
SPECIES

Many researchers are studying the potential use of CRISPR/
Cas9 for genome editing in the avian species. There is substantial
progress in using CRISPR/Cas9 technology in chicken and
quail, with chicken taking the lead as far as the poultry industry
is concerned. Véron et al. (2015) published the first CRISPR/
Cas9-mediated chickens 5 years ago. This study coupled the
use of electroporated chicken embryos with Cas9 and guide
RNAs encoded plasmids against the transcription factor paired
box 7 (PAX7). In another recent study, the CRISPR/Cas9 system
was used to produce chicken using ovalbumin and ovomucoid
(OVM) genes. In this study, puromycin-selected CRISPR-induced
mutant-ovomucoid PGCs were transiently transplanted into
recipient chicken embryos with gamma-ray irradiation (Oishi
et al., 2016). Their results indicated that the CRISPR/Cas9
system was used to induce OVM mutation getting a high
efficiency (93%) in most donor PGCs with an average mutant
semen efficiency of 93%. Another study in chicken by Dimitrov
et al. (2016) shows a successful germline gene editing by
efficient CRISPR-mediated homologous recombination in
primordial germ cells. In this study, an additional loxP site
was inserted into the variable region segment of a loxP by
homology directed repair (HDR). This segment had been
previously inserted into the chicken immunoglobulin heavy
chain (IgH) locus gene. Their results showed variable germline
transmission rates (0-90% efficiency) for the different PGC
lines used.

As studies, PGC lines show different germline competencies
for genetic modification and gene editing using CRISPR/Cas9
technology (Naito et al., 2015). More recently, Cooper et al.
(2017) also reported a very successful method of avian genome
editing known as “sperm transfection-assisted gene editing.
This method involves the delivery of CRISPR gRNA and
Cas9 mRNA mixture directly into a mature chicken sperm
cell. This method was able to achieve a targeting efficiency
of 26.6% and about 3% mutation in the green fluorescent
protein (GFP) and, double sex and mab-3 related transcription
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FIGURE 1 | Genome editing in poultry species. Primordial germ cells (PGCs) in poultry can be obtained from embryonic blood and embryonic gonads. Delivery of
genome editing tools such as the CRISPR/Cas9 system is followed by the establishment of genome-edited poultry by microinjection of directly isolated or in vitro
cultured PGCs into the blood vessels of recipient embryos. Avian genome editing systems can be applied to produce various avian models and poultry. This figure is
reproduced from an earlier publication (Han and Park, 2018, p. 19) after obtaining the permission from Journal of Animal Science and Biotechnology and the
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factor 1 (DMRT1) genes, respectively. Morin et al. (2017)
have recently described a technique that combines the CRISPR/
Cas9 system with in vivo electroporation hence inhibiting
the gene functions of target genes in the somatic cells of
developing chicken embryos.

Abu-Bonsrah et al. (2016) worked on projects that targeted
genes in the DF-1 and DT-40 cell lines. The genes targeted
are highly important in embryonic progression for targeted
genetic manipulation of the chicken genome using the CRISPR/
Cas9 system. These genes included EZH2, CDKN1B, DROSHA,
MBD3, KIAA1279, HIRA, TYRPI, among others. Many methods
for CRISPR/Cas9-mediated gene modifications in avian species
are based on genome modification of PGCs in vitro followed
by in-ovo injection of modified PGCs into the embryonic blood
vessels. There is however a possibility of using adenoviral
vectors for delivery of CRISPR/Cas9 into the bird blastoderm
in eggs resulting in chimeras that generate offspring having
targeted mutations (Lee et al., 2019c¢). This technique of generating
genome-edited poultry could fast-track many avian research
studies with potential applications in poultry production. The
use of poultry-specific CRISPR/Cas9 designed vectors containing
inserted avian-specific promoters for the expression of guide
RNA and Cas9 protein can efficiently introduce targeted gene
modifications in poultry species (Ahn et al.,, 2017). This type
of CRISPR vector can be applied in many poultry species to
generate efficient knockout avian cell lines and knockout birds
for various purposes.

Quail is an important avian species due to its value in
the poultry food industry and its use as a research model

for various research areas, especially avian transgenesis and
genome editing. Currently, the use of CRISPR/Cas9 genome
editing technology is more widely used in chicken than
quail since chicken has been the most valuable avian model
in developmental biology and immunology. Quail is however
gaining tract as an alternative model to chicken in genome-
editing studies due to their short generation time, high
level of producing eggs, and small size (Poynter et al., 2009;
Lee et al, 2019c). Ahn et al. (2017) designed a poultry-
specific CRISPR/Cas9 system that introduces targeted deletion
mutation in chromosomes of the quail muscle cell lines
using a customized quail CRISPR vector. In this study, quail
7SK promoter and CBh promoter were cloned into a CRISPR
vector for the expression of gRNA and Cas9 protein. The
gRNA was designed to target the quail melanophilin (MLPH)
locus. Lee et al. (2019¢) reported CRISPR/Cas9-mediated
gene knockouts in quail targeting the MLPH gene. In this
study, CRISPR/Cas9 adenoviral vector was directly injected
into the quail blastoderm. The offspring obtained from the
quail chimeras were found to have mutations in the MLPH
gene. Lee et al. (2020) targeted the myostatin (MSTN) gene
to generate mutations in quail in vivo using an adenoviral
CRISPR/Cas9 system-mediated method. This study showed
that the mutation in MSTN resulted in the deletion of
cysteine 42 in the MSTN propeptide region and the
homozygous mutant quail showed significantly increased
body weight and muscle mass decreased fat percentage weight
and increased heart weight as compared to heterozygous
mutant and wild-type quail.
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APPLICATIONS OF CRISPR/Cas9
SYSTEM IN POULTRY-RELATED
SPECIES

CRISPR/Cas9-mediated genetically modified poultry-related
species have many applications in agricultural and biomedical
research. There is a steady upward trend in the number of
published reports on the use of CRISPR/Cas9 gene editing
technology in poultry species since its introduction a few years
ago. Table 1 contains a selective list of the advances of CRISPR/
Cas9-mediated gene edited poultry species and avian cells.

This list was selected from recently published reports partly
because of their significance on various aspects of CRISPR/
Cas9-mediated genome editing in avian species, which is
described in this review. Figure 2 shows a summary of various
applications of the CRISPR/Cas9 system in animals many of
which are yet to be tested in avian species.

Agricultural Applications of CRISPR/Cas9
System in Poultry

Various agricultural traits can be achieved using CRISPR/Cas9-
mediated gene editing approaches in poultry. Disease outbreaks

TABLE 1 | A selective list in advances of CRISPR/Cas9-mediated gene editing in poultry species and avian cells for different purposes.

Genetic Modification in Avian Cells

Target gene/Receptor

References

CRISPR mediated somatic cell genome engineering in the chicken

Site-directed genome knockout in chicken cell line and embryos using CRISPR/Cas
gene editing technology

CRISPR/Cas9-mediated genome modification in chicken cell lines (B cell and DT40

cell lines)

Chicken cell line (DF-1) expressing edited PPAR-y, OVA, ATP5E using CRISRP/Cas9
vectors

Chicken DF-1 cells expressing myostatin gene knockout mediated by Cas9-D10A
nickase without off-target effects

Targeted deletion mutation using poultry-specific CRISPR/Cas9 system in quail
muscle cell line

Induced loss-of-function via a frameshift mutation in the CXCR4 gene in chicken
PGCs

CRISPR/Cas9-mediated chicken Stra8 gene knockout in male germ cell
differentiation

CRISPR/Cas9-mediated genome modulation of cis-regulatory interactions and gene
expression in the chicken embryo

Chicken DF-1 cells expressing eGFP under control of the chicken GAPDH promoter

Genetic resistance to Avian Leukosis Viruses induced by CRISPR/Cas9 editing of
specific receptor genes in chicken DF-1 cells

CRISPR/Cas9-Mediated TBK1 gene knockout chicken DF-1 cells

HMEJ-mediated efficient site-specific gene integration in chicken DF-1 cells

Direct delivery of adenoviral CRISPR/Cas9 vector into the blastoderm for generation
of targeted gene knockout in quail

Sequential disruption of ALV host receptor genes in chicken DF-1 cells

Functional study of the ANP32A genes mediated by the CRISPR/Cas9 system in
chicken cell lines

Genetic Modification in Poultry Species
Chicken expressing CRISPR/Cas9-mediated OVA and OVM mutations
Chicken expressing CRISPR-targeted locus in PGCs
Chick embryo optimized for early loss-of-function using CRISPR/Cas9
Chicken Embryo expressing CRISPR/Cas9

Induced loss-of-function via a frameshift mutation in the CXCR4 gene in chicken
PGCs
Chickens overexpressing human IFN-p
Chicken primordial germ cells expressing gene insertion into Z chromosome for avian
sexing model development

Efficient knock-in at the chicken ovalbumin locus using adenovirus as a CRISPR/
Cas9 delivery system

Precise CRISPR/Cas9 editing of the NHE1 gene renders chickens resistant to the J
subgroup of avian leukosis virus
Single amino acid deletion in myostatin propeptide of Japanese quail using CRISPR/
Cas9
Acquiring resistance against a retroviral infection via CRISPR/Cas9 targeted genome
editing in a commercial chicken line

Paired Box 7 (PAX7)
C2EIP

DROSHA, DICER, MBD3, KIAA1279, CDKN1B,
EZH2, HIRA, TYRP1, STMN2, RET, and DGCR
Peroxisome proliferator-activated receptor-y
(PPAR-y), ATP synthase epsilon subunit (ATP5E),
and ovalbumin (OVA)

Myostatin

Melanophilin (MLPH) locus

C-X-C chemokine receptor type 4 (CXCR4)
Stimulated by retinoic acid 8 (Stra8) gene

Msx1, Pax7, Sox9, c-Myb and Ets1
Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) gene

tva, tvc, and tvj receptor genes

TANK binding kinase 1 (TBK1)

Deleted in AZoospermia-Like (DAZL) gene
Melanophilin (MLPH) gene

tva, tvb, and chicken Na*/H* exchange 1 (chNHE1)
genes

Acidic (Leucine-Rich) Nuclear Phosphoprotein 32
Family, Member A (ANP32A)

Ovalbumin (OVA) and ovomucoid (OVM)
Immunoglobulin heavy chain locus of EGFP gene
Pax7 and Sox10

Somatic cells genes

C-X-C chemokine receptor type 4 (CXCR4)

Ovalbumin (OVA)
Z chromosome

Ovalbumin (OVA)
NHET gene
Myostatin (MSTN) gene

Chicken Na*/H* exchanger type 1 (chNHE1)
receptor

Véron et al., 2015
Zuo et al., 2016

Abu-Bonsrah et al., 2016

Bai et al., 2016

Lee et al., 2016

Ahn et al., 2017
Leeetal., 2017¢
Zhang et al., 2017
Williams et al., 2018
Antonova et al., 2018
Koslova et al., 2018

Cheng et al., 2019
Xie et al., 2019

Leeetal., 2019¢c
Lee etal., 2019a
Park et al., 2020
Qishi et al., 2016
Dimitrov et al., 2016
Gandhi et al., 2017
Morin et al., 2017

Leeetal., 2017c

Oishi et al., 2018
Lee etal., 2019b

Qin et al., 2019
Koslova et al., 2020
Lee et al., 2020

Hellmich et al., 2020
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FIGURE 2 | A summary of various applications of the CRISPR/Cas9 system in animals many of which are yet to be tested in poultry species.
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in poultry pose a significant risk to the commercial poultry
industry causing an increased cost of production for commercial
poultry producers. There is a high demand for genetically
modified chickens that are highly resistant to a specific disease-
causing microorganism, and the available genome editing tools
could help in this endeavor (Sid and Schusser, 2018). Avian
influenza virus (AIV) is a poultry disease with high
hypervirulence that causes sporadic pandemic events that lead
to a high mortality rate (Suarez, 2000). Most vaccination
strategies to control AIV are ineffective hence the need to
breed resistance to AIV (Doran et al., 2017). There have been
several recent attempts to suppress the transmission of AIV
in genetically modified chickens. Lyall and his group generated
transgenic chickens expressing a short-hairpin RNA (shRNA)
that targets the viral genome. The shRNA is designed to inhibit
and block influenza virus polymerase hence interfering with
virus propagation, (Lyall et al, 2011).

Recent findings on the species-specific host co-factor
polymerase activity of avian influenza viruses in chickens show
that adding approximately 33 amino acid inserts in the chicken
acidic nuclear phosphoprotein 32 family member A (chANP32A)
protein enhances avian polymerase activity in avian cells.
CRISPR/cas9 can also be used to substitute the chANP32A
gene with huANP32A that has enhanced avian polymerase
activity in avian cells. This could impair the enhanced polymerase
activity of the avian influenza virus in chicken cells, thereby
providing resistance to poultry species against influenza (Long
et al, 2016). More recently, Park et al. (2020) conducted a
study targeting chicken ANP32A using CRISPR/Cas9-mediated
genome editing to examine the functional roles of ANP32A
and other members of the ANP32 family using avian cell
lines. The absence of the retinoic acid-induced gene I (RIG-I)
in avian species has been shown to increase the susceptibility
of chickens against AIV infection as compared to ducks where
it is present hence making the ducks more resistant to influenza
viruses (Barber et al., 2010). CRISPR/Cas9 can be used to

introduce RIG-I-like disease-resistant genes in the genomes of
poultry related species then breed these birds having higher
resistance to AIV (Smith et al., 2015; Blyth et al., 2016). More
recent studies conducted by Byun et al. (2017) have established
the possibility to suppress AIV transmission in genetically
modified birds that express the 3D8 single chain variable
fragment (scFv).

Another poultry disease that causes economic losses in the
poultry industry is the avian leukosis virus (ALV). ALV is a
retrovirus that causes tumors in avian species by inserting a
copy of their genome DNA into the host cell. Kucerova et al.
(2013) identified W38 as the critical amino-acid residue in
chicken Na'/H" exchange 1 receptor (NHE1), whose deletion
might confer the resistance to subgroup ] avian leukosis virus.
Lee et al. (2017a) were able to induce acquired resistance to
ALV-] infection by using the CRISPR/Cas9-mediated homologous
recombination in cultured chicken DF-1 cells. Lee et al. (2017¢)
modified critical residues of chicken NHE! in cultured cells
to induce resistance to viral infection and create mutations of
the tryptophan residue at position 38 (Trp38) using single-
stranded oligodeoxynucleotide (ssODN) recombination to confer
resistance to ALV-]. In another research by Koslova et al
(2018), genetic resistance to ALV was successfully induced
using the CRISPR/Cas9-mediated approach. Some frame-shifting
mutations were introduced into tva, tvc, and tvj loci encoding
receptors for the A, C, and J ALV subgroups, respectively.
Therefore both Lee et al. (2017a) and Koslova et al. (2018)
successfully produced KO or gene edits of NHEI in the chicken
DF-1 cell line. Lee et al. (2019a) used a CRISPR/Cas9-based
disruption strategy of exon 2 within the tumor virus locus A
gene (tva) of DF-1 fibroblasts to confer resistance to infection
by ALV subgroup A. More recently, Koslova et al. (2020)
prepared CRISPR/Cas9-mediated gene-edited chickens and found
out that gene editing of the NHE1 gene renders chickens’
resistance to the ] subgroup of avian leukosis virus. Therefore,
Koslova et al. (2020) were able to produce an ALV-J-resistant
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chicken line as the first example of true site-specific gene
editing. Hellmich et al. (2020) corroborated this strategy in
commercial chicken lines by precise deletion of chicken NHE1
W38 using CRISPR/Cas9-system in combination with homology
directed repair to induce ALV-J resistance. These examples
show that CRISPR/Cas9 genome editing technology can be used
widely to modify poultry species to produce a line of birds
that exhibit desired resistance characteristics to viral infection.
This might be the initial step in developing a virus-resistant
line of birds in poultry. The use of such CRISPR-mediated
genome edited poultry could substantially reduce a lot of
economic losses as well as decreasing the cost of production
in the poultry industry.

Increasing the performance of birds by enhancing muscle
growth is another important agricultural application of CRISPR/
Cas9-mediated gene editing in poultry species. MSTN suppresses
skeletal muscle development and growth in animals (McPherron
et al, 1997). A mutation in myostatin has resulted in increased
muscle mass in mammals and fishes. In poultry, the increasing
growth performance of birds can be enhanced by targeting
MSTN to suppress its inhibitory effects on muscle growth.
For example, a non-frameshift mutation in the MSTN of
Japanese quail resulted in a significant increase in body weight
and muscle mass (Lee et al., 2020). A disruption or removal
of MSTN by genetic mutations using CRISPR/Cas9 inhibits
its anti-myogenic function resulting in increased muscle mass
in MSTN knockdown chickens (Bhattacharya et al., 2019). This
is an important agricultural application in the poultry industry
that could enhance bird performance and increase productivity,
and help solve food shortage problems.

Applications of CRISPR/Cas9 in
Biomedical Research

Genome editing is a major development in biomedical research,
with the current trend of innovative approaches providing
directions for the treatment of various genetic and non-genetic
diseases in the future. The availability of the CRISPR/Cas9-
mediated gene and genome editing system has enabled the
advent and use of more efficient strategies in gene targeting
and the creation of gene edited avian species. This has guided
recent and on-going advancements in biomedical research in
the animal biotechnology field.

CRISPR/Cas9 technology has ushered in an innovative era
in genome editing technology for the manipulation of invaluable
avian models such as chickens. By applying CRISPR/Cas9
gene editing technology, researchers will be able to create
an efficient bioreactor system for producing valuable proteins
in poultry species. In chickens, the bioreactor system will
enable efficient production and easy purification of egg white
protein in large amounts (Lillico et al., 2005). The development
of chickens as bioreactors for the production of target proteins
has mostly utilized ovalbumin promoters (Park et al., 2015).
The development of transgenic hens for protein production
in eggs is highly necessary for the expression of therapeutic
proteins which has resulted in significant advances in the
generation of transgenic chicken models in this advancing

era of genome editing. Oishi and colleagues have shown
recently that the human interferon beta (hIFN-B) can
be integrated into the chicken ovalbumin locus used in the
production of hIFN-f in egg white (Oishi et al., 2018). Oishi
et al. (2016) used CRISPR/Cas9 technology to demonstrate
that disruptions of ovalbumin and ovomucoid genes had the
potential to produce low allergenicity in eggs, which allowed
a reduced immune response in egg white sensitive individuals.
Therefore CRISPR/Cas9-mediated genome editing is expected
to be key in the mitigation of allergic reactions caused by
chicken eggs in some individuals by ensuring that chicken
meat and eggs are allergen-free. This can be achieved by
knocking out allergen-related genes such as ovalbumin and
ovomucoid. This type of progress is important in the production
of safe food products as well as the production of vaccines
in the pharmaceutical industry.

The production of therapeutic antibodies against antigens
is now possible through humanized chicken for therapeutic
applications. The loxP site was inserted into the variable region
of the immunoglobulin heavy chain using the CRISPR/Cas9-
mediated approach (Dimitrov et al., 2016). Production of these
genome-edited chickens will provide numerous opportunities
for the discovery of therapeutic antibodies: a game-changer
in biomedical research.

LIMITATIONS OF USING CRISPR/Cas9
SYSTEM IN POULTRY PRODUCTION

Despite the many advantages and breakthroughs that CRISPR/
Cas9 system offers the poultry industry, several concerns touch
on the ethical, legal, and social issues that affect the use of
this powerful genome editing tool. One big concern of using
the CRISPR/Cas9 technology is that this system generates
off-target effects that can be very harmful. Off-target effects
could play a critical role in the recognition and destruction
of hypervariable viral nucleic acids or the plasmid DNA of
beneficial bacteria that can potentially alter the microbiome
profiles of a bird. With the newly developed ways of delivering
the DNA-editing tool CRISPR-Cas9 into microorganisms, there
is a possibility of altering the birds’ microbiome composition
just like in other organisms (Hamilton et al., 2019; Ramachandran
and Bikard, 2019). The cutting frequency determination (CFD)
score of up to 0.28 has been found in some cases (Oishi
et al., 2016; Koslova et al,, 2020). The CFD score range from
0 to 1, with a higher off-target score, has much off-target
potential that should be avoided. Off-target effects create
unfavorable mutations at random sites that impact the precision
of genome modification which raises concerns about safety
and efficacy especially when the birds are raised for meat and
egg production (Zhang et al, 2015; Chira et al, 2017).
There are high chances of having targeted alleles carrying
additional modified and integrated targeted vectors through deletions
and duplications because the DNA repair system has a scope
that cannot integrate DNA fragments in the genetic makeup of
an organism. This is based on the fact that the molecular mechanism
that is used in the insertion of DNA fragments is highly mediated
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by the DNA repair mechanism that is turned on by the DSB
created by the Cas9 enzyme (Li et al, 2015).

Decreasing the off-target effects may cause an upward trend
in future applications of CRISPR/Cas9 gene-editing technology,
especially in the generation of food animals such as poultry
(Kleinstiver et al., 2016; Lee et al, 2017b). This goal could
be achieved through studies that develop understanding of off-target
mechanisms. The advent of transcriptome sequencing technology
and the availability of high-throughput sequencing technology
screening of gene edited animals can be enhanced to provide
critical information about the potential off-targets associated with
the use of CRISPR/Cas9 system in food animals (Roy et al., 2018).

Another major disadvantage of using the CRISPR/Cas9
system in poultry production is the low transfection efficiency
(<2%) of avian cells in genome editing (Tyack et al., 2013;
Lambeth et al, 2016) and the low germ-line transmission
efficiency of less than 10% (Cooper et al.,, 2017; Hwang and
Han, 2018). Just like other genome editing tools (TALENS
and ZFNs), CRISPR/Cas9 system needs much more
improvement to increase transfection efficiency and germ-line
transmission. In the years before the advent of CRISPR
technology, there were attempts to generate transgenic chickens
but the germ-line transmission rate from one generation to
another was very low. In Mozdziak et al. (2003) research
group reported the first credible study of a genetically modified
line of chickens that express a protein ubiquitously (Mozdziak
et al., 2003). In Mozdziak et al. (2006) and his colleagues
evaluated germline transmission rates of PGCs using
fluorescence-activated cell sorting (Mozdziak et al, 2006).
Many studies discussed earlier involving in ovo electroporation
of chicken embryo proved to be very inefficient for germline
transmission. There is a high possibility that the issue of low
germline transmission efficiency in the production of genetically
modified birds can be improved through PGC-mediated
transgenesis and genome editing. First, PGCs are transfected
then followed by subsequent injection into a host animal.
The germline transmission rates obtained here are quite
acceptable though they are variable from 0-90%. This could
be an alternative strategy for improving germline transmission
efficiency (Dimitrov et al.,, 2016).

Trends in the current meat market show that there are
difficulties in the commercialization of transgenic poultry products
generated by CRISPR/Cas9 technology in various countries around
the world. This is mainly because of the high cost of developing
this system and the major constraints of regulatory agents on
genetically modified organisms (Manghwar et al.,, 2019).

CURRENT STRATEGIES FOR
MINIMIZING OFF-TARGET EFFECTS IN
CRISPR/Cas9-MEDIATED GENOME
EDITING

Improved Cas9 Variants
The most broadly utilized Cas9 is the Streptococcus pyogenes
Cas9 (SpCas9), but it has been found to generate genome-wide

off-target mutations. In the last 5 years, scientists have been
working to develop Cas9 variants and other Cas9 orthologous
that show minimized off-target effects and increased specificity
to solve this issue. Among these, the available Cas9 variants
include SaCas9, SpCas9-Nickase, dCas9, dCas9-Fokl, xCas9,
Cas9-NG, evoCas9, SpCas9-HFI, eSpCas9, Hypa-Cas9, Sniper-Cas9,
HiFi Cas9, SpG, and PAM-less SpRY.

SaCas9 is a nuclease derived from Streptococcus aureus. It
is widely used for ex vivo or in vivo gene therapy instead of
SpCas9 due to its small size, which allows packaging in adeno-
associated-virus (AAV) vectors. The saCas9 also recognizes a
longer PAM sequence (5'-NNGRRT-3') as opposed to the shorter
5'-NGG-3' sequence recognized by SpCas9. Using SaCas9 for
genome editing may therefore have very minimal off-target
mutations (Kumar et al, 2018). Genome-wide unbiased
identification of DSBs enabled by sequencing (GUIDE-seq)
performed to detect off-targets show that the on-target activity
was higher in the saCas9 than the wild type SpCas9 (Ono
et al, 2019). SpCas9 nickase which is engineered through
deactivation of the RuvC domain of SpCas9 through mutation
has shown to have reduced off-target effects by more than
1,500 folds when compared with the wild type SpCas9 (Frock
et al,, 2015). dCas9-FokI which is deactivated or simply dead
SpCas9 fused with the catalytic domain of FokI has shown
decreased off-target sites and increased on-target activity by
140-fold when compared with the wild type SpCas9 (Wyvekens
et al., 2015). XCas9, Cas9-NG, and evoCas9 is another set of
engineered variants of spCas9 that have shown minimized
off-target effects minimized and increased specificity in both
animals and plants. The variant xCas9 recognizes a broad range
of PAMs including GAT, GAA, and NG. Therefore, compared
to SpCas9, xCas9 has a higher specificity and low off-target
effects in animal cells (Liang et al, 2015; Hu et al., 2018).
The GUIDE-seq has been used to assess the efficiency of
Cas9-NG and evoCas9 at different loci. The on-target activity
was significantly higher than off-target activity in both Cas9-NG
(Nishimasu et al., 2018) and evoCas9 (Kleinstiver et al., 2015)
than the wild type SpCas9. Other SpCas9 variants such as
SpCas9-HFI (Kleinstiver et al,, 2016), eSpCas9 (Slaymaker
et al., 2016), Hypa-Cas9 (Chen et al., 2017), Sniper-Cas9 (Lee
et al., 2018), HiFi Cas9 (Vakulskas et al, 2018), SpG and
PAM-less SpRY (Walton et al., 2020) have been used more
recently to minimize genome-wide off-target effects with
exceptional accuracy.

Improved Viral and Non-Viral CRISPR
Delivery Methods

Viral vector delivery systems have been extensively used to
deliver the components of gene-editing in gene therapy. In the
CRISPR/Cas9 gene-editing system that uses viral based delivery
methods, the Cas9 and gRNA are packaged into plasmid DNA,
which is delivered via the viral vector to the target cell. This
delivery increases the chances of off-target effects since the
CRISPR/Cas9 components exist persistently in the target cell
resulting in elevated Cas9 levels. Adeno viruses (AdV) have
been used in viral vector delivery systems to minimize off-target
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effects since AdV show very minimal potential to integrate
into the target cell genome (Gaj et al,, 2017; Lino et al., 2018).

The non-viral delivery system involves directly delivering a
ribonucleoprotein (RNP), which consists of the Cas9 protein
in complex with a targeting gRNA to the target cells. The
main advantage of this method is that RNPs may limit the
potential for off-target effects since the Cas9-gRNA RNP is
degraded over time (Vakulskas and Behlke, 2019). Minimized
off-target mutations are possible when RNP complexes are
delivered by liposome-mediated transfection as opposed to
plasmid DNA transfection (Liang et al, 2015).

Base Editing

NHE]J can introduce DSBs at unintended positions to the
target gene hence generating insertions and deletions that
are off targets. This causes off-target effects. Recently, a new
genome-editing technique has been developed for base editing.
This technique can change specific nucleotides in the genome
without the introduction of double-stranded (ds) DNA breaks
(Komor et al., 2016, 2018; Naeem et al., 2020). Base editing
technique comprises of dCas9, catalytic base modification
enzyme (deaminase), and sgRNA. The two categories of base
editors developed recently are Cytosine base editors (CBE)
and Thymine base editors (TBE) which can change C/G to
T/A and A/T to G/C, analogously. The use of base editing
has enabled new capabilities and applications in the genome
editing world despite its recent introduction because it shows
significant gene editing efficiency (Rees and Liu, 2018). An
efficient base editing delivery system enhances the reduction
of off-target mutations (Zhou et al.,, 2019).

Prime Editing

Recently, Anzalone et al. (2019) reported that the development
of a novel genome editing experimental approach that mediates
all possible base-to-base conversions, “indels,” and combinations
in mammalian cells without the need of a double-strand break
or donor DNA (dDNA) templates. This new gene-editing method
is called prime editing. Transition mutations by base editing
are limited to installing four transition mutations efficiently,
that is, C to T or G to A, A to G, and T to C. This strategy
can therefore only make four of the 12 possible base pair
changes. However, Prime editing can install all 12 possible
transition changes (C/A, C/G, G/C, G/T, A/C, A/T, T/A, and
T/G) in the genome. The prime editing system offers a new
approach to minimizing off-target effects and increasing target
specificity in genomes but requires more research on animal
models to move it into therapeutic gene editing or for human
consumption (Anzalone et al., 2019).

Anti-CRISPR Proteins

The recent discovery of the protein inhibitors of CRISPR/
Cas systems, called anti-CRISPR (Acr) proteins, has enabled
the development of more efficient, controllable, and precise
CRISPR/Cas tools in animal cells (Marino et al., 2020). More
than 50 anti-CRISPR proteins have now been characterized
up to date, each with its own means of blocking the

cut-and-paste action of CRISPR systems (Dolgin, 2020). AcrIIA2
and AcrIIA4 proteins have been found to inhibit the CRISPR/
Cas system and are hence desired to decrease off-target
modifications without decreasing on-target activities in cells
(Shin et al., 2017; Basgall et al., 2018).

FUTURE PERSPECTIVES

CRISPR/Cas9 technology has increased significantly the efficiency
of the gene editing process when compared to the other modern
existing processes of homolog recombination. CRISPR/Cas9-
mediated gene editing is more advanced in small mammals
such as mice and big mammals such as pigs than in avian
species such as chickens, but very soon gene editing in poultry
will enter into a highly competitive era of genome editing. In
the future, the generation of poultry species expressing Cas9
will be beneficial to the study of biological processes. Studies
of biological processes that enable us to understand the functions
of the genes that may be involved in growth will be faster
and easier in the future. This is already being done in pigs
(Wang et al.,, 2017a) and can be utilized in poultry. In addition,
the use of CRISPR/Cas9 to target PGCs offers a promising
method of generating genetically engineered avian species with
any desired gene characteristics (Abu-Bonsrah et al., 2016).

We predict that the future of the poultry meat industry
will involve the production of birds that are highly efficient
in feed utilization and lean meat which make them even more
attractive for human consumption. Although the possibility of
decreasing feed to gain ratio in poultry may be very minimal,
this could change with the production of CRISPR-mediated
transgenic chickens. There has been tremendous progress in
the production of other meat animals such as pigs, with
decreased fat deposition using the CRISPR/Cas9 system. For
example, Zheng and his research group in China reconstructed
the uncoupling protein 1 (UCP1) gene using CRISPR/Cas9
technology in the white adipose tissue of swine species, hence
decreasing the accretion of fat (Zheng et al, 2017). In their
study, Zheng and colleagues efficiently inserted a mouse
adiponectin-UCP1 into the porcine endogenous UCP1 locus.
The UCP1 knock-in pigs that were generated showed a decreased
deposition of fat and increased carcass lean percentage. In
poultry, the use of the CRISPR/Cas9 system has only recently
taken off and is currently being used in targeting candidate
avian genes in poultry species to produce birds that have higher
lean meat and less fat which may lead to increased consumption
by consumers (Park et al., 2019).

The production of foreign proteins in eggs can be utilized
for industrial and therapeutic applications. Novel methods
such as site-directed integration have been used by
biotechnology companies such as AviGenics Incorporated
(Athens, Georgia) and Crystal Bioscience Incorporated
(Emeryville, California) to successfully create transgenic poultry
for use in the production of biopharmaceutical proteins. Newer
and innovative technologies such as CRISPR/Cas9 can further
improve the efficiency of the production of these proteins.
With the availability of CRISPR/Cas9 technology, cell and
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animal transgenesis providing a more efficient strategy through
gene targeting and the creation of transgenic birds that will
lead to advancements in biomedical research applications.
Antibody-producing companies can purify overexpressed human
antibodies from the eggs of poultry species such as chicken
and quail to produce recombinant proteins and vaccines using
CRISPR/Cas9-mediated approaches (Farzaneh et al, 2017).
Furthermore, the production of antibodies using poultry eggs
by utilizing the CRISPR/Cas9 system represents an economical
and stress-free method of producing specific antibodies for
therapeutic applications (Amro et al.,, 2018).

A great deal of time and resources are required before
the CRISPR-Cas9 system becomes 100% safe and effective
in the generation of food animals. If the remaining safety
and efficiency concerns are fully addressed, then the CRISPR/
Cas9 system could be effectively used to improve food quality
and production. Diversity among the poultry species should
be strongly encouraged and pursued using gene editing
technologies. However, because the resulting birds will
be genetically engineered and modified, the Food and Drug
Administration (FDA) will have to review and approve the
use of such poultry birds after guaranteeing that the meat
and eggs produced are safe for human consumption. It is
expected that in the near future, CRISPR/Cas9-mediated
genome editing research will extend to other categories of
poultry species such as turkeys, geese, ducks, and guinea
fowl across the world since major progress has been made
in chicken and quail.

Several recent trends might fast-track the generation of
transgenic birds in the near future. First, in vitro genetically
manipulated PGCs could be re-introduced not only into
the embryonic blood but also into the testes of sterilized
adult recipients. After such transplantation, donor PGCs
colonize the spermatogenic epithelium and mature into
fertile sperm. This method was recently described by Trefil
et al. (2017). Compared with existing approaches, this
procedure will become the method of choice in the future
because it is more efficient, faster, requires fewer animals,
and could broaden PGC technology in other poultry species.
Secondly, genetic sterility might be a very useful tool for
CRISPR/Cas9-assisted gene editing. Genetically sterile
chickens can be used as surrogate hosts for germ line
transfer (Woodcock et al., 2019) or, in the future, for
efficient transgenesis. Finally, the use of adenoviral vectors
for CRISPR/Cas9 delivery could bring the technique of
virus subgerminal injection back into routine use (Lee et al,,
2019c¢). The implementation of this method could accelerate

REFERENCES

Abu-Bonsrah, K. D., Zhang, D., and Newgreen, D. F. (2016). CRISPR/
Cas9 targets chicken embryonic somatic cells in vitro and in vivo and
generates phenotypic abnormalities. Sci. Rep. 6:34524. doi: 10.1038/
srep34524

Ahn, J., Lee, J., Park, J. Y., Oh, K. B, Hwang, S., Lee, C. W, et al. (2017).
Targeted genome editing in a quail cell line using a customized CRISPR/
Cas9 system. Poult. Sci. 96, 1445-1450. doi: 10.3382/ps/pew435

avian knockout studies and lead to the advancement of
future agricultural applications.

CONCLUDING REMARKS

The development and improvement of CRISPR technology over
the years has enabled access to generate transgenic lines of
birds for meat or egg production, mainly for food. The impact
of CRISPR technology could potentially lead to the efficient
improvement and sustainability of poultry products, which will
help address challenges associated with universal food security.
Birds raised for meat and egg production using the CRISPR
technology could have an immense impact on the advancement
of poultry related traits such as feed conversion, digestibility,
increased egg production, growth, and overall improved
performance of birds. Innovations resulting from CRISPR
technology could also lead to developments in fields such as
disease resistance, immune function, and vaccine delivery. This
will in turn enhance poultry health, increase the safety of
vaccines produced using chicken eggs, and increase food safety
and production.

The future applications of CRISPR technology in poultry
have promising and tremendous potentials in biomedical research
that could benefit humankind due to vast opportunities for
disease treatment and prevention. Most of these applications
have been focused on chickens that show great potential for
biomedical research. Finally, yet importantly, the latest
progressions in CRISPR/Cas9 gene editing technologies might
assist in scaling down or abolishing barriers such as the
difficulties of gaining regulatory approval and the public
perception and acceptability of CRISPR technology in the
production of food animals.

AUTHOR CONTRIBUTIONS

CK wrote the first draft of the manuscript. CK and SN revised
and approved the manuscript. All authors contributed to the
article and approved the submitted version.

ACKNOWLEDGMENTS

We wish to thank the Department of Agriculture and
Environmental Sciences at Tennessee State University and
USDA-NIFA for providing financial support.

Amro, W. A., Al-Qaisi, W,, and Al-Razem, E. (2018). Production and purification
of IgY antibodies from chicken egg yolk. J. Genet. Eng. Biotechnol. 16,
99-103. doi: 10.1016/j.jgeb.2017.10.003

Anders, C., Niewoehner, O., Duerst, A., and Jinek, M. (2014). Structural basis
of PAM-dependent target DNA recognition by the Cas9 endonuclease. Nature
513, 569-573. doi: 10.1038/nature13579

Antonova, E., Glazova, O., Gaponova, A., Eremyan, A., Zvereva, S., Grebenkina, N.,
et al. (2018). Successful CRISPR/Cas9 mediated homologous recombination
in a chicken cell line. FI000Research 7:238. doi: 10.12688/f1000research.13457.2

Frontiers in Genetics | www.frontiersin.org

February 2021 | Volume 12 | Article 627714


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/srep34524
https://doi.org/10.1038/srep34524
https://doi.org/10.3382/ps/pew435
https://doi.org/10.1016/j.jgeb.2017.10.003
https://doi.org/10.1038/nature13579
https://doi.org/10.12688/f1000research.13457.2

Khwatenge and Nahashon

Livestock and Genomics

Anzalone, A. V., Randolph, P. B., Davis, J. R, Sousa, A. A., Koblan, L. W,
Levy, J. M., et al. (2019). Search-and-replace genome editing without double-
strand breaks or donor DNA. Nature 576, 149-157. doi: 10.1038/
541586-019-1711-4

Bahrami, S., Amiri-Yekta, A., Daneshipour, A., Jazayeri, S. H., Mozdziak, P. E.,
Sanati, M. H., et al. (2020). Designing a transgenic chicken: applying new
approaches toward a promising bioreactor. Cell J. 22, 133-139. doi: 10.22074/
cellj.2020.6738

Bai, Y, He, L., Li, P, Xu, K., Shao, S., Ren, C,, et al. (2016). Efficient genome
editing in chicken DF-1 cells using the CRISPR/Cas9 system. G3 6, 917-923.
doi: 10.1534/g3.116.027706

Barber, M. R. W,, Aldridge, J. R., Webster, R. G., and Magor, K. E. (2010).
Association of RIG-I with innate immunity of ducks to influenza. Proc.
Natl. Acad. Sci. U. S. A. 107, 5913-5918. doi: 10.1073/pnas.1001755107

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P, Moineau, S.,
etal. (2007). CRISPR provides acquired resistance against viruses in prokaryotes.
Science 315, 1709-1712. doi: 10.1126/science.1138140

Basgall, E. M., Goetting, S. C., Goeckel, M. E., Giersch, R. M., Roggenkamp, E.,
Schrock, M. N,, et al. (2018). Gene drive inhibition by the anti-CRISPR
proteins AcrlIA2 and AcrlIA4 in Saccharomyces cerevisiae. Microbiology 164,
464-474. doi: 10.1099/mic.0.000635

Bhattacharya, T. K., Shukla, R., Chatterjee, R. N., and Bhanja, S. K. (2019).
Comparative analysis of silencing expression of myostatin (MSTN) and its
two receptors (ACVR2A and ACVR2B) genes affecting growth traits in
knock down chicken. Sci. Rep. 9:7789. doi: 10.1038/541598-019-44217-z

Blyth, G. A. D,, Chan, W. E, Webster, R. G., and Magor, K. E. (2016). Duck
interferon-inducible transmembrane protein 3 mediates restriction of influenza
viruses. J. Virol. 90, 103-116. doi: 10.1128/JV1.01593-15

Byun, S. J., Yuk, S, Jang, Y. -], Choi, H., Jeon, M. -H., Erdene-Ochir, T,
et al. (2017). Transgenic chickens expressing the 3D8 single chain variable
fragment protein suppress avian influenza transmission. Sci. Rep. 7:5938.
doi: 10.1038/541598-017-05270-8

Chen, J. S., Dagdas, Y. S., Kleinstiver, B. P, Welch, M. M., Sousa, A. A,
Harrington, L. B., et al. (2017). Enhanced proofreading governs CRISPR-
Cas9 targeting accuracy. Nature 550, 407-410. doi: 10.1038/nature24268

Cheng, Y., Lun, M., Liu, Y., Wang, H., Yan, Y, and Sun, J. (2019). CRISPR/
Cas9-mediated chicken TBK1 gene knockout and its essential role in STING-
mediated IFN-f induction in chicken cells. Front. Immunol. 9:3010. doi:
10.3389/fimmu.2018.03010

Chira, S., Gulei, D., Hajitou, A., Zimta, A. -A., Cordelier, P, and Berindan-Neagoe, .
(2017). CRISPR/Cas9: transcending the reality of genome editing. Mol. Ther.
Nucleic Acids 7, 211-222. doi: 10.1016/j.omtn.2017.04.001

Chu, V. T.,, Weber, T., Wefers, B., Wurst, W,, Sander, S., Rajewsky, K., et al.
(2015). Increasing the efficiency of homology-directed repair for CRISPR-
Cas9-induced precise gene editing in mammalian cells. Nat. Biotechnol. 33,
543-548. doi: 10.1038/nbt.3198

Cong, L., Ran, E A, Cox, D, Lin, S., Barretto, R., Habib, N, et al. (2013).
Multiplex genome engineering using CRISPR/Cas systems. Science 339,
819-823. doi: 10.1126/science.1231143

Cooper, C. A., Challagulla, A., Jenkins, K. A., Wise, T. G., O'Neil, T. E,,
Morris, K. R,, et al. (2017). Generation of gene edited birds in one generation
using sperm transfection assisted gene editing (STAGE). Transgenic Res. 26,
331-347. doi: 10.1007/s11248-016-0003-0

Cooper, C. A, Doran, T. J., Challagulla, A., Tizard, M. L. V,, and Jenkins, K. A.
(2018). Innovative approaches to genome editing in avian species. J. Anim.
Sci. Biotechnol. 9:15. doi: 10.1186/s40104-018-0231-7

Dimitrov, L., Pedersen, D., Ching, K. H., Yi, H., Collarini, E. J., Izquierdo, S.,
et al. (2016). Germline gene editing in chickens by efficient CRISPR-mediated
homologous recombination in primordial germ cells. PLoS One 11:e0154303.
doi: 10.1371/journal.pone.0154303

Dolgin, E. (2020). The kill-switch for CRISPR that could make gene-editing
safer. Nature 577, 308-310. doi: 10.1038/d41586-020-00053-0

Doran, T., Challagulla, A., Cooper, C., Tizard, M., and Jenkins, K. (2017).
Genome editing in poultry—opportunities and impacts. Natl. Inst. Biosci.
J. 1, 1-8. doi: 10.2218/natlinstbiosci.1.2016.1742

Eyal-Giladi, H., and Kochav, S. (1976). 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. 49,
321-337. doi: 10.1016/0012-1606(76)90178-0

Farzaneh, M., Hassani, S. -N., Mozdziak, P, and Baharvand, H. (2017). Avian
embryos and related cell lines: a convenient platform for recombinant proteins
and vaccine production. Biotechnol. J. 12:1600598. doi: 10.1002/biot.201600598

Frock, R. L., Hu, J., Meyers, R. M., Ho, Y. ], Kii, E,, and Alt, E W. (2015).
Genome-wide detection of DNA double-stranded breaks induced by engineered
nucleases. Nat. Biotechnol. 33, 179-186. doi: 10.1038/nbt.3101

Gaj, T., Staahl, B. T., Rodrigues, G. M. C., Limsirichai, P, Ekman, E K,
Doudna, J. A, et al. (2017). Targeted gene knock-in by homology-directed
genome editing using Cas9 ribonucleoprotein and AAV donor delivery.
Nucleic Acids Res. 45:€98. doi: 10.1093/nar/gkx154

Gandhi, S., Piacentino, M. L., Vieceli, E M., and Bronner, M. E. (2017).
Optimization of CRISPR/Cas9 genome editing for loss-of-function in the
early chick embryo. Dev. Biol. 432, 86-97. doi: 10.1016/j.ydbio.2017.08.036

Gonatopoulos-Pournatzis, T., Aregger, M., Brown, K. R, Farhangmehr, S,
Braunschweig, U., Ward, H. N,, et al. (2020). Genetic interaction mapping
and exon-resolution functional genomics with a hybrid Cas9-Cas12a platform.
Nat. Biotechnol. 38, 638-648. doi: 10.1038/s41587-020-0437-z

Gordon, J. W,, Scangos, G. A., Plotkin, D. J., Barbosa, J. A., and Ruddle, F. H.
(1980). Genetic transformation of mouse embryos by microinjection of
purified DNA. Proc. Natl. Acad. Sci. U. S. A. 77, 7380-7384. doi: 10.1073/
pnas.77.12.7380

Hamilton, T. A., Pellegrino, G. M., Therrien, J. A., Ham, D. T., Bartlett, P. C,,
Karas, B. ], et al. (2019). Efficient inter-species conjugative transfer of a
CRISPR nuclease for targeted bacterial killing. Nat. Commun. 10:4544. doi:
10.1038/541467-019-12448-3

Hammer, R. E., Pursel, V. G.,, Rexroad, C. E. Jr, Wall, R. ], Bolt, D. J.,
Ebert, K. M., et al. (1985). Production of transgenic rabbits, sheep and
pigs by microinjection. Nature 315, 680-683. doi: 10.1038/315680a0

Han, J. Y, and Park, Y. H. (2018). Primordial germ cell-mediated transgenesis and
genome editing in birds. . Anim. Sci. Biotechnol. 9:19. doi: 10.1186/s40104-018-0234-4

Hellmich, R., Sid, H., Lengyel, K., Flisikowski, K., Schlickenrieder, A., Bartsch, D.,
et al. (2020). Acquiring resistance against a retroviral infection via CRISPR/
Cas9 targeted genome editing in a commercial chicken line. Front. Genome
Ed. 2:3. doi: 10.3389/fgeed.2020.00003

Hu, J. H, Miller, S. M., Geurts, M. H., Tang, W,, Chen, L., Sun, N,, et al.
(2018). Evolved Cas9 variants with broad PAM compatibility and high DNA
specificity. Nature 556, 57-63. doi: 10.1038/nature26155

Hwang, Y. S., and Han, J. Y. (2018). “Transgenesis and genome editing in
poultry” in Application of genetics and genomics in poultry science.
ed. X. Liu (IntechOpen).

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E.
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337, 816-821. doi: 10.1126/science.1225829

Kim, H., and Kim, J. -S. (2014). A guide to genome engineering with programmable
nucleases. Nat. Rev. Genet. 15, 321-334. doi: 10.1038/nrg3686

Kleinstiver, B. P, Pattanayak, V., Prew, M. S., Tsai, S. Q, Nguyen, N. T,
Zheng, Z., et al. (2016). High-fidelity CRISPR-Cas9 nucleases with no
detectable genome-wide off-target effects. Nature 529, 490-495. doi: 10.1038/
naturel6526

Kleinstiver, B. P, Prew, M. S., Tsai, S. Q., Topkar, V. V., Nguyen, N. T., Zheng, Z.,
etal. (2015). Engineered CRISPR-Cas9 nucleases with altered PAM specificities.
Nature 523, 481-485. doi: 10.1038/nature14592

Komor, A. C, Badran, A. H,, and Liu, D. R. (2018). Editing the genome
without double-stranded DNA breaks. ACS Chem. Biol. 13, 383-388. doi:
10.1021/acschembio.7b00710

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A, and Liu, D. R.
(2016). Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 533, 420-424. doi: 10.1038/
naturel7946

Koslova, A., Kucerovd, D., ReiniSova, M., Geryk, J., Trefil, P, and Hejnar, J.
(2018). Genetic resistance to avian leukosis viruses induced by CRISPR/
Cas9 editing of specific receptor genes in chicken cells. Viruses 10:605. doi:
10.3390/v10110605

Koslova, A., Trefil, P, Mucksovd, J., ReiniSova, M., Plachy, J., and Kalina, J,
et al. (2020). Precise CRISPR/Cas9 editing of the NHE1 gene renders chickens
resistant to the ] subgroup of avian leukosis virus. Proc. Natl. Acad. Sci.
U. S. A, 117, 2108-2112. doi: 10.1073/pnas.1913827117.

Ku&erov4, D., Plachy, J., Reinidovd, M., Senigl, E, Trejbalovd, K., Geryk, I,
et al. (2013). Nonconserved tryptophan 38 of the cell surface receptor for

Frontiers in Genetics | www.frontiersin.org

11

February 2021 | Volume 12 | Article 627714


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.22074/cellj.2020.6738
https://doi.org/10.22074/cellj.2020.6738
https://doi.org/10.1534/g3.116.027706
https://doi.org/10.1073/pnas.1001755107
https://doi.org/10.1126/science.1138140
https://doi.org/10.1099/mic.0.000635
https://doi.org/10.1038/s41598-019-44217-z
https://doi.org/10.1128/JVI.01593-15
https://doi.org/10.1038/s41598-017-05270-8
https://doi.org/10.1038/nature24268
https://doi.org/10.3389/fimmu.2018.03010
https://doi.org/10.1016/j.omtn.2017.04.001
https://doi.org/10.1038/nbt.3198
https://doi.org/10.1126/science.1231143
https://doi.org/10.1007/s11248-016-0003-0
https://doi.org/10.1186/s40104-018-0231-7
https://doi.org/10.1371/journal.pone.0154303
https://doi.org/10.1038/d41586-020-00053-0
https://doi.org/10.2218/natlinstbiosci.1.2016.1742
https://doi.org/10.1016/0012-1606(76)90178-0
https://doi.org/10.1002/biot.201600598
https://doi.org/10.1038/nbt.3101
https://doi.org/10.1093/nar/gkx154
https://doi.org/10.1016/j.ydbio.2017.08.036
https://doi.org/10.1038/s41587-020-0437-z
https://doi.org/10.1073/pnas.77.12.7380
https://doi.org/10.1073/pnas.77.12.7380
https://doi.org/10.1038/s41467-019-12448-3
https://doi.org/10.1038/315680a0
https://doi.org/10.1186/s40104-018-0234-4
https://doi.org/10.3389/fgeed.2020.00003
https://doi.org/10.1038/nature26155
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nrg3686
https://doi.org/10.1038/nature16526
https://doi.org/10.1038/nature16526
https://doi.org/10.1038/nature14592
https://doi.org/10.1021/acschembio.7b00710
https://doi.org/10.1038/nature17946
https://doi.org/10.1038/nature17946
https://doi.org/10.3390/v10110605
https://doi.org/10.1073/pnas.1913827117

Khwatenge and Nahashon

Livestock and Genomics

subgroup ] avian leukosis virus discriminates sensitive from resistant avian
species. J. Virol. 87, 8399-8407. doi: 10.1128/JV1.03180-12

Kumar, N., Stanford, W., de Solis, C., Abraham, N. D., Dao, T. M. J., Thaseen, S.,
et al. (2018). The development of an AAV-based CRISPR SaCas9 genome
editing system that can be delivered to neurons in vivo and regulated via
doxycycline and cre-recombinase. Front. Mol. Neurosci. 11:413. doi: 10.3389/
fnmol.2018.00413

Lambeth, L. S., Morris, K. R, Wise, T. G., Cummins, D. M., O'Neil, T. E.,
Cao, Y., et al. (2016). Transgenic chickens overexpressing aromatase have
high estrogen levels but maintain a predominantly male phenotype.
Endocrinology 157, 83-90. doi: 10.1210/en.2015-1697

Lee, H. ], Lee, K. Y, Jung, K. M., Park, K. ], Lee, K. O,, Suh, J. -Y,, et al.
(2017a). Precise gene editing of chicken Na*/H" exchange type 1 (chNHE1)
confers resistance to avian leukosis virus subgroup J (ALV-]). Dev. Comp.
Immunol. 77, 340-349. doi: 10.1016/j.dci.2017.09.006

Lee, H. ], Lee, K. Y, Park, Y. H., Choi, H. J., Yao, Y., Nair, V., et al. (2017b).
Acquisition of resistance to avian leukosis virus subgroup B through mutations
on tvb cysteine-rich domains in DF-1 chicken fibroblasts. Vet. Res. 48:48.
doi: 10.1186/513567-017-0454-1

Lee, H. J., Park, K. J, Lee, K. Y., Yao, Y., Nair, V,, and Han, J. Y. (2019a).
Sequential disruption of ALV host receptor genes reveals no sharing of
receptors between ALV subgroups A, B, and J. J. Anim. Sci. Biotechnol.
10:23. doi: 10.1186/s40104-019-0333-x

Lee, H. ], Yoon, J. W, Jung, K. M., Kim, Y. M,, Park, J. S, Lee, K. Y, et al.
(2019b). Targeted gene insertion into Z chromosome of chicken primordial
germ cells for avian sexing model development. FASEB J. 33, 8519-8529.
doi: 10.1096/1).201802671R

Lee, J., Kim, D. H., and Lee, K. (2020). Muscle hyperplasia in Japanese quail
by single amino acid deletion in MSTN propeptide. Int. J. Mol. Sci. 21:1504.
doi: 10.3390/ijms21041504

Lee, ], Ma, J., and Lee, K. (2019c). Direct delivery of adenoviral CRISPR/
Cas9 vector into the blastoderm for generation of targeted gene knockout
in quail. Proc. Natl. Acad. Sci. U. S. A. 27, 13288-13292. doi: 10.1073/
pnas.1903230116

Lee, J. H., Kim, S. W, and Park, T. S. (2016). Myostatin gene knockout mediated
by Cas9-D10A nickase in chicken DF1 cells without off-target effect. Asian-
Australas. J. Anim. Sci. 30, 743-748. doi: 10.5713/ajas.16.0695

Lee, J. H,, Park, J. -W,, Kim, S. W,, Park, J., and Park, T. S. (2017¢). C-X-C
chemokine receptor type 4 (CXCR4) is a key receptor for chicken
primordial germ cell migration. J. Reprod. Develop. 63, 555-562. doi:
10.1262/jrd.2017-067

Lee, J. K., Jeong, E., Lee, J, Jung, M., Shin, E.,, Kim, Y. H,, et al. (2018).
Directed evolution of CRISPR-Cas9 to increase its specificity. Nat. Commun.
9:3048. doi: 10.1038/s41467-018-05477-x

Li, J., Shou, J., Guo, Y., Tang, Y., Wu, Y., Jia, Z., et al. (2015). Efficient
inversions and duplications of mammalian regulatory DNA elements and
gene clusters by CRISPR/Cas9. J. Mol. Cell Biol. 7, 284-298. doi: 10.1093/
jmcb/mjv016

Liang, X., Potter, J., Kumar, S., Zou, Y., Quintanilla, R., Sridharan, M., et al.
(2015). Rapid and highly efficient mammalian cell engineering via Cas9
protein transfection. J. Biotechnol. 208, 44-53. doi: 10.1016/j.jbiotec.2015.04.024

Lillico, S. G., McGrew, M. J., Sherman, A., and Sang, H. M. (2005). Transgenic
chickens as bioreactors for protein-based drugs. Drug Discov. Today 10,
191-196. doi: 10.1016/S1359-6446(04)03317-3

Lillico, S. G., Sherman, A., McGrew, M. ], Robertson, C. D., Smith, J., and
Haslam, C., et al. (2007). Oviduct-specific expression of two therapeutic
proteins in transgenic hens. Proc. Natl. Acad. Sci. U. S. A., 104, 1771-1776.
doi: 10.1073/pnas.0610401104.

Lino, C. A., Harper, J. C,, Carney, J. P, and Timlin, J. A. (2018). Delivering
CRISPR: a review of the challenges and approaches. Drug Deliv. 25, 1234-1257.
doi: 10.1080/10717544.2018.1474964

Long, J. S., Giotis, E. S., Moncorgé, O., Frise, R., Mistry, B., James, J., et al.
(2016). Species difference in ANP32A underlies influenza a virus polymerase
host restriction. Nature 529, 101-104. doi: 10.1038/naturel6474

Love, J., Gribbin, C., Mather, C., and Sang, H. (1994). Transgenic birds by
DNA microinjection. Nat. Biotechnol. 12, 60-63. doi: 10.1038/nbt0194-60

Lyall, J., Irvine, R. M., Sherman, A., McKinley, T. J., Nunez, A., Purdie, A,,
et al. (2011). Suppression of avian influenza transmission in genetically
modified chickens. Science 331, 223-226. doi: 10.1126/science.1198020

Manghwar, H., Lindsey, K., Zhang, X., and Jin, S. (2019). CRISPR/Cas system:
recent advances and future prospects for genome editing. Trends Plant Sci.
24, 1102-1125. doi: 10.1016/j.tplants.2019.09.006

Marino, N. D., Pinilla-Redondo, R., Csorg6, B., and Bondy-Denomy, J. (2020).
Anti-CRISPR protein applications: natural brakes for CRISPR-Cas technologies.
Nat. Methods 17, 471-479. doi: 10.1038/s41592-020-0771-6

McGrew, M. J.,, Sherman, A., Ellard, E M, Lillico, S. G., Gilhooley, H. J,
Kingsman, A. ], et al. (2004). Efficient production of germline transgenic
chickens using lentiviral vectors. EMBO Rep. 5, 728-733. doi: 10.1038/sj.
embor.7400171

McPherron, A. C., Lawler, A. M., and Lee, S. J. (1997). Regulation of skeletal
muscle mass in mice by a new TGF-beta superfamily member. Nature 387,
83-90. doi: 10.1038/387083a0

Morin, V., Véron, N., and Marcelle, C. (2017). “CRISPR/Cas9 in the chicken
embryo” in Avian and reptilian developmental biology. Vol. 1650. ed. G. Sheng
(New York, NY: Springer), 113-123.

Mozdziak, P. E., Borwornpinyo, S., McCoy, D. W,, and Petitte, J. N. (2003).
Development of transgenic chickens expressing bacterial p-galactosidase. Dev.
Dyn. 226, 439-445. doi: 10.1002/dvdy.10234

Mozdziak, P. E., Wysocki, R., Angerman-Stewart, ., Pardue, S. L., and Petitte, J. N.
(2006). Production of chick germline chimeras from fluorescence-activated
cell-sorted gonocytes. Poult. Sci. 85, 1764-1768. doi: 10.1093/ps/85.10.1764

Naeem, M., Majeed, S., Hoque, M. Z., and Ahmad, I. (2020). Latest developed
strategies to minimize the off-target effects in CRISPR-Cas-mediated genome
editing. Cells 9:1608. doi: 10.3390/cells9071608

Naito, M., Harumi, T., and Kuwana, T. (2015). Long-term culture of chicken
primordial germ cells isolated from embryonic blood and production of
germline chimaeric chickens. Anim. Reprod. Sci. 153, 50-61. doi: 10.1016/j.
anireprosci.2014.12.003

Najm, E J,, Strand, C., Donovan, K. E, Hegde, M., Sanson, K. R., Vaimberg, E. W,,
et al. (2018). Orthologous CRISPR-Cas9 enzymes for combinatorial genetic
screens. Nat. Biotechnol. 36, 179-189. doi: 10.1038/nbt.4048

Nishimasu, H., Shi, X., Ishiguro, S., Gao, L., Hirano, S., Okazaki, S., et al.
(2018). Engineered CRISPR-Cas9 nuclease with expanded targeting space.
Science 361, 1259-1262. doi: 10.1126/science.aas9129

Oishi, I., Yoshii, K., Miyahara, D., Kagami, H., and Tagami, T. (2016). Targeted
mutagenesis in chicken using CRISPR/Cas9 system. Sci. Rep. 6, 23980. doi:
10.1038/srep23980

Oishi, L, Yoshii, K., Miyahara, D., and Tagami, T. (2018). Efficient production
of human interferon beta in the white of eggs from ovalbumin gene-targeted
hens. Sci. Rep. 8:10203. doi: 10.1038/s41598-018-28438-2

Ono, R., Yasuhiko, Y., Aisaki, K., Kitajima, S., Kanno, J., and Hirabayashi, Y.
(2019). Exosome-mediated horizontal gene transfer occurs in double-strand
break repair during genome editing. Commun. Biol. 2:57. doi: 10.1038/
§42003-019-0300-2

Park, T. S., Lee, H. G., Moon, J. K., Lee, H. ], Yoon, J. W, Yun, B. N. R,
et al. (2015). Deposition of bioactive human epidermal growth factor in
the egg white of transgenic hens using an oviduct-specific minisynthetic
promoter. FASEB J. 29, 2386-2396. doi: 10.1096/f].14-264739

Park, T. S., Park, ], Lee, J. H., Park, J. W,, and Park, B. C. (2019). Disruption
of GO/G1 switch gene 2 (G0S2) reduced abdominal fat deposition and
altered fatty acid composition in chicken. FASEB J. 33, 1188-1198. doi:
10.1096/1).201800784r

Park, Y. H., Chungu, K, Lee, S. B,, Woo, S. ], Cho, H. Y,, Lee, H. ], et al.
(2020). Host-specific restriction of avian influenza virus caused by differential
dynamics of ANP32 family members. J. Infect. Dis. 221, 71-80. doi: 10.1093/
infdis/jiz506

Pennisi, E. (2013). The CRISPR craze. Science 341, 833-836. doi: 10.1126/
science.341.6148.833

Petersen, B. (2017). Basics of genome editing technology and its application
in livestock species. Reprod. Domest. Anim. 52, 4-13. doi: 10.1111/rda.13012

Poynter, G., Huss, D., and Lansford, R. (2009). Japanese quail: an efficient
animal model for the production of transgenic avians. Cold Spring Harb.
Protoc. 1:112. doi: 10.1101/pdb.emo112

Qin, X,, Xiao, N, Xu, Y, Yang, E, Wang, X, Hu, H., et al. (2019). Efficient
knock-in at the chicken ovalbumin locus using adenovirus as a CRISPR/
Cas9 delivery system. 3 Biotech 9:454. doi: 10.1007/s13205-019-1966-3

Ramachandran, G., and Bikard, D. (2019). Editing the microbiome the CRISPR
way. Philos. Trans. R. Soc. B Biol. Sci. 374:20180103. doi: 10.1098/rstb.2018.0103

Frontiers in Genetics | www.frontiersin.org

February 2021 | Volume 12 | Article 627714


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1128/JVI.03180-12
https://doi.org/10.3389/fnmol.2018.00413
https://doi.org/10.3389/fnmol.2018.00413
https://doi.org/10.1210/en.2015-1697
https://doi.org/10.1016/j.dci.2017.09.006
https://doi.org/10.1186/s13567-017-0454-1
https://doi.org/10.1186/s40104-019-0333-x
https://doi.org/10.1096/fj.201802671R
https://doi.org/10.3390/ijms21041504
https://doi.org/10.1073/pnas.1903230116
https://doi.org/10.1073/pnas.1903230116
https://doi.org/10.5713/ajas.16.0695
https://doi.org/10.1262/jrd.2017-067
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.1093/jmcb/mjv016
https://doi.org/10.1093/jmcb/mjv016
https://doi.org/10.1016/j.jbiotec.2015.04.024
https://doi.org/10.1016/S1359-6446(04)03317-3
https://doi.org/10.1073/pnas.0610401104
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1038/nature16474
https://doi.org/10.1038/nbt0194-60
https://doi.org/10.1126/science.1198020
https://doi.org/10.1016/j.tplants.2019.09.006
https://doi.org/10.1038/s41592-020-0771-6
https://doi.org/10.1038/sj.embor.7400171
https://doi.org/10.1038/sj.embor.7400171
https://doi.org/10.1038/387083a0
https://doi.org/10.1002/dvdy.10234
https://doi.org/10.1093/ps/85.10.1764
https://doi.org/10.3390/cells9071608
https://doi.org/10.1016/j.anireprosci.2014.12.003
https://doi.org/10.1016/j.anireprosci.2014.12.003
https://doi.org/10.1038/nbt.4048
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1038/srep23980
https://doi.org/10.1038/s41598-018-28438-2
https://doi.org/10.1038/s42003-019-0300-2
https://doi.org/10.1038/s42003-019-0300-2
https://doi.org/10.1096/fj.14-264739
https://doi.org/10.1096/fj.201800784r
https://doi.org/10.1093/infdis/jiz506
https://doi.org/10.1093/infdis/jiz506
https://doi.org/10.1126/science.341.6148.833
https://doi.org/10.1126/science.341.6148.833
https://doi.org/10.1111/rda.13012
https://doi.org/10.1101/pdb.emo112
https://doi.org/10.1007/s13205-019-1966-3
https://doi.org/10.1098/rstb.2018.0103

Khwatenge and Nahashon

Livestock and Genomics

Razzaq, A., and Masood, A. (2018). CRISPR/Cas9 system: a breakthrough in
genome editing. Mol. Biol. 7:210. doi: 10.4172/2168-9547.100021

Rees, H. A., and Liu, D. R. (2018). Base editing: precision chemistry on the
genome and transcriptome of living cells. Nat. Rev. Genet. 19, 770-788.
doi: 10.1038/541576-018-0059-1

Roy, B., Zhao, J., Yang, C., Luo, W., Xiong, T., Li, Y., et al. (2018). CRISPR/
Cascade 9-mediated genome editing-challenges and opportunities. Front.
Genet. 9:240. doi: 10.3389/fgene.2018.00240

Salsman, J., and Dellaire, G. (2017). Precision genome editing in the CRISPR
era. Biochem. Cell Biol. 95, 187-201. doi: 10.1139/bcb-2016-0137

Salter, D. W, Smith, E. J., Hughes, S. H., Wright, S. E., and Crittenden, L. B.
(1987). Transgenic chickens: insertion of retroviral genes into the chicken
germ line. Virology 157, 236-240. doi: 10.1016/0042-6822(87)90334-5

Salter, D. W,, Smith, E. J., Hughes, S. H., and Wright, S. E.., Fadly, A. M,,
and Witteret, R. L., et al. (1986). Gene insertion into the chicken germ
line by retroviruses. Poult. Sci. 65, 1445-1458. doi: 10.3382/ps.0651445.

Schusser, B., Collarini, E. J., Yi, H., Izquierdo, S. M., Fesler, J., and Pedersen, D.,
et al. (2013). Immunoglobulin knockout chickens via efficient homologous
recombination in primordial germ cells. Proc. Natl. Acad. Sci. U. S. A. 110,
20170-20175. doi: 10.1073/pnas.1317106110.

Sherman, A., Dawson, A., Mather, C., Gilhooley, H., Li, Y., Mitchell, R., et al.
(1998). Transposition of the Drosophila element mariner into the chicken
germ line. Nat. Biotechnol. 16, 1050-1053. doi: 10.1038/3497

Shin, ], Jiang, E, Liu, J. J., Bray, N. L., Rauch, B. J,, Baik, S. H., et al. (2017).
Disabling Cas9 by an anti-CRISPR DNA mimic. Sci. Adv. 3:e1701620. doi:
10.1126/sciadv.1701620

Sid, H., and Schusser, B. (2018). Applications of gene editing in chickens: a
new era is on the horizon. Front. Genet. 9:456. doi: 10.3389/fgene.2018.00456

Slaymaker, I. M., Gao, L., Zetsche, B., Scott, D. A., Yan, W. X, and Zhang, E.
(2016). Rationally engineered Cas9 nucleases with improved specificity. Science
351, 84-88. doi: 10.1126/science.aad5227

Smith, J., Smith, N., Yu, L., Paton, I. R., Gutowska, M. W., Forrest, H. L.,
et al. (2015). A comparative analysis of host responses to avian influenza
infection in ducks and chickens highlights a role for the interferon-induced
transmembrane proteins in viral resistance. BMC Genomics 16:574. doi:
10.1186/512864-015-1778-8

Suarez, D. (2000). Immunology of avian influenza virus: a review. Dev. Comp.
Immunol. 24, 269-283. doi: 10.1016/S0145-305X(99)00078-6

Thomas, K. R., and Capecchi, M. R. (1987). Site-directed mutagenesis by gene
targeting in mouse embryo-derived stem cells. Cell 51, 503-512. doi:
10.1016/0092-8674(87)90646-5

Thoraval, P, Afanassieff, M., Cosset, F. -L., Lasserre, E, Verdier, G., Coudert, F,
et al. (1995). Germline transmission of exogenous genes in chickens using
helper-free ecotropic avian leukosis virus-based vectors. Transgenic Res. 4,
369-377. doi: 10.1007/BF01973755

Trefil, P., Aumann, D., Koslova, A., Mucksova, J., BeneSova, B., Kalina, J., et al.
(2017). Male fertility restored by transplanting primordial germ cells into
testes: a new way towards efficient transgenesis in chicken. Sci. Rep. 7:14246.
doi: 10.1038/s41598-017-14475-w

Tyack, S. G., Jenkins, K. A., O'Neil, T. E., Wise, T. G., Morris, K. R., Bruce, M. P,
et al. (2013). A new method for producing transgenic birds via direct
in vivo transfection of primordial germ cells. Transgenic Res. 22, 1257-1264.
doi: 10.1007/s11248-013-9727-2

Vakulskas, C. A., and Behlke, M. A. (2019). Evaluation and reduction of CRISPR
off-target cleavage events. Nucleic Acid Ther. 29, 167-174. doi: 10.1089/
nat.2019.0790

Vakulskas, C. A., Dever, D. P, Rettig, G. R., Turk, R., Jacobi, A. M,
Collingwood, M. A., et al. (2018). A high-fidelity Cas9 mutant delivered
as a ribonucleoprotein complex enables efficient gene editing in human
hematopoietic stem and progenitor cells. Nat. Med. 24, 1216-1224. doi:
10.1038/541591-018-0137-0

van de Lavoir, M. -C., Diamond, J. H., Leighton, P. A.,, Mather-Love, C.,
Heyer, B. S., Bradshaw, R, et al. (2006). Germline transmission of genetically
modified primordial germ cells. Nature 441, 766-769. doi: 10.1038/nature04831

Véron, N., Qu, Z., Kipen, P. A. S., Hirst, C. E.,, and Marcelle, C. (2015).
CRISPR mediated somatic cell genome engineering in the chicken. Dev.
Biol. 407, 68-74. doi: 10.1016/j.ydbio.2015.08.007

Walton, R. T., Christie, K. A., Whittaker, M. N., and Kleinstiver, B. P. (2020).
Unconstrained genome targeting with near-PAMless engineered CRISPR-Cas9
variants. Science 368, 290-296. doi: 10.1126/science.aba8853

Wang, K., Jin, Q., Ruan, D., Yang, Y., Liu, Q, Wu, H., et al. (2017a). Cre-
dependent Cas9-expressing pigs enable efficient in vivo genome editing.
Genome Res. 27, 2061-2071. doi: 10.1101/gr.222521.117

Wang, L., Yang, L., Guo, Y., Du, W, Yin, Y., Zhang, T., et al. (2017b). Enhancing
targeted genomic DNA editing in chicken cells using the CRISPR/Cas9
system. PLoS One 12:€0169768. doi: 10.1371/journal.pone.0169768

Williams, R. M., Senanayake, U., Artibani, M., Taylor, G., Wells, D., Ahmed, A. A,,
et al. (2018). Genome and epigenome engineering CRISPR toolkit for in vivo
modulation of cis -regulatory interactions and gene expression in the chicken
embryo. Development 145:dev160333. doi: 10.1242/dev.160333

Wilson, L. O. W, Reti, D., O'Brien, A. R., Dunne, R. A, and Bauer, D. C.
(2018). High activity target-site identification using phenotypic independent
CRISPR-Cas9 core functionality. CRISPR J. 1, 182-190. doi: 10.1089/
crispr.2017.0021

Woodcock, M. E., Gheyas, A. A.,, Mason, A. S., Nandi, S., Taylor, L., and
Sherman, A., et al. (2019). Reviving rare chicken breeds using genetically
engineered sterility in surrogate host birds. Proc. Natl. Acad. Sci. U. S. A.,
116, 20930-20937. doi: 10.1073/pnas.1906316116.

Wyvekens, N., Topkar, V. V., Khayter, C., Joung, J. K., and Tsai, S. Q. (2015).
Dimeric CRISPR RNA-guided FokI-dCas9 nucleases directed by truncated
gRNAs for highly specific genome editing. Hum. Gene Ther. 26, 425-431.
doi: 10.1089/hum.2015.084

Xie, L., Sun, J., Mo, L., Xu, T.,, Shahzad, Q., Chen, D., et al. (2019). HME]J-
mediated efficient site-specific gene integration in chicken cells. J. Biol. Eng.
13:90. doi: 10.1186/s13036-019-0217-9

Yang, H., Wang, H., Shivalila, C. S., Cheng, A. W, Shi, L., and Jaenisch, R.
(2013). One-step generation of mice carrying reporter and conditional alleles
by CRISPR/Cas-mediated genome engineering. Cell 154, 1370-1379. doi:
10.1016/j.cell.2013.08.022

Zhang, X. -H., Tee, L. Y,, Wang, X. -G., Huang, Q. -S., and Yang, S. -H.
(2015). Off-target effects in CRISPR/Cas9-mediated genome engineering.
Mol. Ther. Nucleic Acids 4:e264. doi: 10.1038/mtna.2015.37

Zhang, Y., Wang, Y., Zuo, Q. Li, D., Zhang, W,, Wang, E, et al. (2017).
CRISPR/Cas9 mediated chicken Stra8 gene knockout and inhibition of male
germ cell differentiation. PLoS One 12:¢0172207. doi: 10.1371/journal.
pone.0172207

Zhang, Z., Sun, P, Yu, E, Yan, L., Yuan, E, Zhang, W, et al. (2012). Transgenic
quail production by microinjection of lentiviral vector into the early embryo
blood vessels. PLoS One 7:¢50817. doi: 10.1371/journal.pone.0050817

Zheng, Q., Lin, J., Huang, J., Zhang, H., Zhang, R., Zhang, X,, et al. (2017).
Reconstitution of UCP1 using CRISPR/Cas9 in the white adipose tissue of
pigs decreases fat deposition and improves thermogenic capacity. Proc. Natl.
Acad. Sci. U. S. A. 114, E9474-E9482. doi: 10.1073/pnas.1707853114

Zhou, C., Sun, Y, Yan, R, Liu, Y, Zuo, E, Gu, C, et al. (2019). Off-target
RNA mutation induced by DNA base editing and its elimination by mutagenesis.
Nature 571, 275-278. doi: 10.1038/s41586-019-1314-0

Zhu, L., van de Lavoir, M. -C., Albanese, J., Beenhouwer, D. O., Cardarelli, P. M.,
Cuison, S., et al. (2005). Production of human monoclonal antibody in
eggs of chimeric chickens. Nat. Biotechnol. 23, 1159-1169. doi: 10.1038/
nbt1132

Zuo, Q., Wang, Y., Cheng, S., Lian, C., Tang, B., Wang, E, et al. (2016). Site-
directed genome knockout in chicken cell line and embryos can use CRISPR/
Cas gene editing technology. G3 6, 1787-1792. doi: 10.1534/g3.116.028803

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Khwatenge and Nahashon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

February 2021 | Volume 12 | Article 627714


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.4172/2168-9547.100021
https://doi.org/10.1038/s41576-018-0059-1
https://doi.org/10.3389/fgene.2018.00240
https://doi.org/10.1139/bcb-2016-0137
https://doi.org/10.1016/0042-6822(87)90334-5
https://doi.org/10.3382/ps.0651445
https://doi.org/10.1073/pnas.1317106110
https://doi.org/10.1038/3497
https://doi.org/10.1126/sciadv.1701620
https://doi.org/10.3389/fgene.2018.00456
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1186/s12864-015-1778-8
https://doi.org/10.1016/S0145-305X(99)00078-6
https://doi.org/10.1016/0092-8674(87)90646-5
https://doi.org/10.1007/BF01973755
https://doi.org/10.1038/s41598-017-14475-w
https://doi.org/10.1007/s11248-013-9727-2
https://doi.org/10.1089/nat.2019.0790
https://doi.org/10.1089/nat.2019.0790
https://doi.org/10.1038/s41591-018-0137-0
https://doi.org/10.1038/nature04831
https://doi.org/10.1016/j.ydbio.2015.08.007
https://doi.org/10.1126/science.aba8853
https://doi.org/10.1101/gr.222521.117
https://doi.org/10.1371/journal.pone.0169768
https://doi.org/10.1242/dev.160333
https://doi.org/10.1089/crispr.2017.0021
https://doi.org/10.1089/crispr.2017.0021
https://doi.org/10.1073/pnas.1906316116
https://doi.org/10.1089/hum.2015.084
https://doi.org/10.1186/s13036-019-0217-9
https://doi.org/10.1016/j.cell.2013.08.022
https://doi.org/10.1038/mtna.2015.37
https://doi.org/10.1371/journal.pone.0172207
https://doi.org/10.1371/journal.pone.0172207
https://doi.org/10.1371/journal.pone.0050817
https://doi.org/10.1073/pnas.1707853114
https://doi.org/10.1038/s41586-019-1314-0
https://doi.org/10.1038/nbt1132
https://doi.org/10.1038/nbt1132
https://doi.org/10.1534/g3.116.028803
http://creativecommons.org/licenses/by/4.0/

	Recent Advances in the Appl ication of CRISPR/Cas9 Gene Ed iting System in Poultry Species
	Introduct ion: Ge ne Editing Tools
	The Status of CRISPR/Cas9 Technology in the Poultry Industry
	Generation of Genetically Modified CRISPR/Cas9-Mediated Birds
	CRISPR/Cas9-Mediated Genome Editing in Selected Poultry Species
	Applications of CRISPR/Cas9 System in Poultry-Related Species
	Agricultural Applications of CRISPR/Cas9 System in Poultry
	Applications of CRISPR/Cas9 in Biomedical Research

	Limitations of Using CRISPR/Cas9 System in Poultry Production
	Current Strategies for Minimizing Off-Target Effects in CRISPR/Cas9-Mediated Genome Editing
	Improved Cas9 Variants
	Improved Viral and Non-Viral CRISPR Delivery Methods
	Base Editing
	Prime Editing
	Anti-CRISPR Proteins

	Future Perspectives
	Concluding Remarks
	Author Con tributions

	References

