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Abstract

To date, significant progress has been made in the poultry’s genetic modification. A suffi-
ciently large number of methods and methodological approaches have been developed for the intro-
duction of recombinant genes into bird cells. The efficiency of using these approaches for genetic
modification of bird cells varies depending on the object of research, the selected target cells for the
introduction of recombinant DNA and the method of their transformation. Blastoderm cells, primor-
dial germ cells, spermatogonia, sperm cells, and oviduct cells can serve as target cells for gene modi-
fications. Using retroviral, lentiviral and adenoviral vectors, electroporation and lipofection, genetic
transformation of these target cells can be carried out. In general, three main strategies for creating a
genetically modified bird can be distinguished: i) the introduction of genetic constructs directly into
the embryo (J. Love et al., 1994; Z. Zhang et al., 2012) or into individual organs and tissues of adults
(D.V. Beloglazov et al., 2015; S. Min et al., 2011), ii) transfection of target cells in vitro and their
subsequent transplantation into the embryo or target organs (M.-C. van de Lavoir et al., 2006;
B. Benesova et al., 2014), and iii) sperm transformation in vitro and insemination of females with
transformed sperm (E. Harel-Markowitz et al., 2009). These approaches were used to develop methods
for editing the avian cell genome. A number of papers have studied the possibility of modifying bird
cells using various editing systems, in particular, ZFN (zinc finger nuclease), TALEN (transcription
activator-like effector nucleases), and CRISPR/Cas9 (clustered regularly interspaced palindromic re-
peats). Promising areas of using this technology in poultry farming are the following: studying the genes
functions (N. Véron et al., 2015), obtaining recombinant proteins in the egg white composition (I. Oi-
shi et al., 2018), improving economically useful and productive qualities (J. Ahn et al., 2017), and
increasing resistance to infectious diseases (A. Koslova et al., 2020; R. Hellmich et al., 2020). Chickens
with knockout of genes of the heavy chain of immunoglobulin (B. Schusser et al., 2013; L. Dimitrov
et al., 2016), ovomucin (I. Oishi et al., 2016), myostatin (G.-D. Kim et al., 2020), as well as an
integrated human interferon beta gene (I. Oishi et al., 2018) were obtained using genome editing
technology. Quail with knockout of myostatin genes (J. Lee et al., 2020) and melanophilin (J. Lee et
al., 2019) were also obtained. A number of studies have shown the simplicity, safety and availability of
using the CRISPR/Cas9 editing system for modifying the poultry genome. This allows us to consider
this system as an effective tool for the creation and commercial use of breeds and lines of birds with
improved qualities in the framework of the implementation of large-scale breeding programs aimed at
improving the quality of the resulting poultry products.

Keywords: poultry, quail, chicken, transgenesis, genome editing, CRISPR/Cas9, primordial
germ cells, germ cells.

Farm poultry, in particular chickens and quails, is a convenient and ac-
cessible object for conducting various studies and solving problems in the field of
developmental biology, medicine, and veterinary medicine [1, 2]. Unlike large
farm animals, the bird has a short generation interval, which significantly reduces
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the time to breed lines or populations of individuals with certain traits that are of
interest both within the framework of individual studies and for solving larger
problems. The similarity of the structure of protein glycosylation in birds and hu-
mans, as well as high egg productivity, sterility and availability of eggs, allow us
to consider birds as an effective productive platform for the production of recom-
binant proteins [3]. This is especially true in the case of recombinant products that
cannot be obtained using transgenic mammals (if such products are toxic to them).

It should be noted that the methods used to modify the mammalian ge-
nome are in most cases ineffective for the transgenesis of poultry. This is primarily
due to the peculiarities of the physiology, reproduction and developmental biology
of birds (4). Unlike mammals, in birds, the development of embryos in the repro-
ductive organs of the female proceeds only at the early stages of embryogenesis.
By the time of laying the egg immediately after laying, the embryo consists of
approximately 60,000 morphologically undifferentiated pluripotent cells (5). Fur-
ther development of the embryo occurs outside the body of the female when ap-
propriate environmental conditions appear. Features of the embryonic develop-
ment of birds significantly complicate the use of the traditional method of breeding
transgenic animals - DNA microinjection into the pronucleus of zygotes. Limiting
factors also become difficulties in accurately determining ovulation, a large
amount of yolk in the egg, and a strong compaction of the cytoplasm. At the same
time, the long period of embryonic development of birds outside the body of the
female facilitates access to embryos for genetic engineering manipulations.

To date, there are a fairly large number of methodological approaches for
the genetic modification of avian cells for development and optimization of par-
ticular stages of the genome editing technology using various systems, e.g., ZFN
(zinc finger nuclease), TALEN (transcription activator-like effector nucleases) and
CRISPR/Cas9 (clustered regularly interspaced palindromic repeats) [6, 7]. This
technology is used in poultry farming to create cell lines and individuals with a
knockout or insertion of individual genes when studying their functions [8], ob-
taining recombinant proteins in the composition of egg white, improving econom-
ically useful traits and the quality of poultry products [9, 10], increasing resistance
to infectious diseases [11, 12].

The purpose of this review is to summarize data on the main achievements
in the field of editing the genome of poultry and the prospects for their use in
poultry farming.

Genome editing systems. Genome editing technology involves
making targeted changes to the target genome region using site-specific nucleases
[6, 13]. The most common are zinc finger nucleases (ZFN), TALE-associated
nucleases (TALEN), and CRISPR/Cas9 [14, 15]. The principle of their action is
based on the introduction of double-strand breaks into the genome region of in-
terest, which are subsequently repaired by means of non-homologous end joining
or homologous recombination [16, 17].

In the first case, the repair of double-strand breaks leads to the formation
of insertions or deletions at the break site; in the second, an artificially introduced
genetic construct imitating the sister chromatid is used to repair DNA [18]. De-
letions and insertions lead to gene knockout (knockout), which is of interest in
studying their functions, as well as in the production of animal products with
improved qualities (for example, low-allergenic eggs). The introduction of donor
DNA (genetic constructs) through homologous recombination makes it possible
to introduce additional information into the genome.

ZFN and TALEN editing systems are more costly and time consuming



compared to CRISPR/Cas9. With the use of ZFN and TALEN nucleases, off-
target effects are more often noted [7]. The possibility of automated selection of
individual components of the CRISPR/Cas9 system using various online services
makes it possible to increase the specificity of introducing genetic changes in the
target gene and significantly reduce the likelihood of off-target mutations. In ad-
dition, the components of the system can be designed to virtually any target ge-
nomic DNA sequence. The CRISPR/Cas9 genome editing system is based on the
natural defense mechanism (adaptive immunity) of bacteria and archaea against
phages [19, 20]. This editing system includes two main components — Cas9 nu-
clease and guide (guide) RNA (gRNA, guide RNA). The guide RNA binds spe-
cifically to the target DNA region, which is subsequently cleaved by Cas9 [21-23].
The resulting DNA double-strand breaks are further repaired through homologous
or non-homologous recombination, depending on the goals of the experiment [24,
25]. To introduce small deletions or insertions into the target DNA to knock out
the gene, one guide RNA specific for this DNA region and Cas9 are used. If it is
necessary to switch off several genes, a mixture of guide RNAs and Cas9 nuclease
is used. To include donor DNA in a certain region of the genome (for example,
to obtain producers of recombinant proteins), along with a guide RNA and a
nuclease, a genetic construct for homologous recombination is introduced into the
cell, which is a fragment of inserted DNA flanked by sequences homologous to
the break [18, 26].

CRISPR/Cas9-based genome editing systems allow the introduction of
site-specific mutations in target genes similar to naturally occurring genetic vari-
ants (editing without trace). With editing the genome of target cells using this
system, expression of its main components Cas9 and guide RNA occurs from a
single vector or introduced as a mixture. The most common is the first approach
based on the use of a plasmid encoding Cas9 and a guide RNA. This eliminates
the need for multiple transfection components, which simplifies the editing pro-
cedure and increases the stability of the results.

Methods of genetic modification of bird cells. A set of
methods and methodological approaches used to obtain genetically modified in-
dividuals depends on the object of research, the choice of target cells for the
introduction of recombinant DNA, and the method of genetic transformation of
target cells. The main strategies for creating a genetically modified bird are the
introduction of genetic constructs directly into the embryo [27, 28)] or the organs
and tissues of adults [29, 30], the transfection of target cells in in vitro culture and
their transplantation into an embryo or target organs [31, 32], and the sperm
transformation in vitro to inseminate females with transformed sperm [33].

An effective tool for targeted delivery of recombinant DNA into cells of
an embryo or organs and tissues of adults is the use of vectors based on recombi-
nant viruses, which is associated with their natural ability to independently pene-
trate into target cells and integrate into a foreign genome with high efficiency.

With the use of viral vectors, the first successful experiments on the crea-
tion of a transgenic bird were carried out. In 1987 Salter et al. [34] obtained
transgenic chickens by introducing a retroviral vector based on the avian leukosis
virus (ALV) into the subembryonic cavity of stage X embryos. The efficiency of
transgene transfer to offspring was 1-11%. Subsequently, the possibility of creating
a transgenic bird using retroviral vectors based on the Rous sarcoma virus [35],
reticuloendotheliosis virus (REV) [36], avian spleen necrosis [37], Moloney mu-
rine leukemia virus (MoMLV) was shown [38, 39]. To date, transgenic chickens
have been created with integrated genes encoding -galactosidase, LacZ [37], B-
lactamase [40, 41], green fluorescent protein (GFP) [42], bispecific antibodies



[43], hormone growth [44], human granulocyte colony stimulating factor [39],
interferon a-2b [45].

The use of lentiviral vectors made it possible to increase the efficiency of
poultry transgenesis [46]. McGrew et al. [47] obtained transgenic chickens with
integrated LacZ and eGFP genes by lentiviral transfection of blastoderm cells of
stage X embryos. The efficiency of transgene transfer to offspring was 4-45%.
Using lentiviral vectors, transgenic chickens and quails were created that produce
recombinant proteins, in particular, human B-interferon hIFNB1 [48], bispecific
antibodies [28, 48], GFP [49, 50], interleukin 1 receptor antagonist (rhIL1RN)
[51], human lysozyme [52], a-defensin HNP4 (human neutrophil defensin 4) [53].

It should be noted that when viral vectors are introduced into the subem-
bryonic cavity of embryos at stage X, the transgenic bird turns out to be a mosaic,
and further crossings are required to create a generative individual. In this regard,
the key point is the effectiveness of the transformation of cells of the reproductive
organs of males and females. This problem can be solved by targeted modification
of germ cells, which makes it possible to purposefully act on specific target cells,
completely leveling the risks associated with the creation of transgenic mosaic
individuals, from which it is impossible to obtain transgenic offspring in the future.

By culturing embryonic and spermatogenic cells in vitro, a variety of tech-
niques can be used to introduce recombinant DNA into target cells using safe gene
delivery systems. The use of genetically modified germ cells guarantees the pres-
ence in the oocyte after fertilization of one copy of the construct built into a
certain locus. Recombinant DNA integrated into the genome of target cells can
be stably transmitted over several generations. Manipulations on adult individuals
significantly reduce the time and material costs for obtaining genetically modified
offspring.

When creating a genetically modified poultry, both mature germ cells [33]
and their precursors, primordial germ cells (PGCs) [54, 55] and spermatogonia
[56, 57], can serve as target cells. The use of primary and early germ cells is of
the greatest interest [58, 59]. With further development, they can form a significant
population of transformed mature germ cells [60].

PGCGCs in the process of embryogenesis can differentiate into both male
and female germ cells, which significantly expands the possibilities for realizing
the potential of PGCs when creating genetically modified and chimeric individuals
with desired properties. In avian embryos, primordial germ cells form in the epi-
blast and migrate through the hypoblast into the blood, then into the gonads [61].
With the introduction of donor PGCs into the dorsal aorta of recipient embryos
during the period of migration of own PGCs from the blood into the gonads,
colonization of the recipient gonads by donor cells is possible.

Spermatogonia serve as precursors of male reproductive cells (56). Of
greatest interest are type A spermatogonia, which are classified as testicular stem
cells. The unique property of self-renewal opens up wide opportunities for realizing
the potential of these cells when breeding genetically modified poultry. Spermat-
ogonia form a small population of cells located on the basement membrane of the
seminiferous tubules. The process of their repeated self-renewal and further dif-
ferentiation ensures the continuity of spermatogenesis with the formation of sperm,
the highly specialized germ cells. Spermatogonia are the most resistant to various
damaging factors (often only these cells survive, while the rest of the cells of the
spermatogenic epithelium die) and undergo constant replication, maintaining their
numbers during a process called renewal of the composition of stem cells.

Currently, approaches have been developed and optimized for obtaining
and cultivating embryonic [62, 63] and spermatogenic [64, 65] avian cells. The



efficiency of genetic transformation of these target cells using various gene delivery
systems, such as electroporation [66, 67], nucleofection [68], liposomal transfec-
tion [69, 70], the use of retroviral [71, 72] and lentiviral vectors [28, 73, 74],
cationic polymers [30, 57], transposons [68, 75, 76].

PGCs can be transformed in two ways: in culture in vitro and in vivo by
introducing genetic constructs into the dorsal aorta of embryos during the period
of migration of their own PGCs into the gonads. Along with the traditional meth-
ods of transfection of cells in culture in vitro, the electroporation and lipofection,
a number of works present the results of genetic modification of PGCs using other
methods of gene delivery. Macdonald et al. [75] used Tol2 and piggyBac trans-
posons to transfect chicken PGCs in vitro. The efficiency of transfection of target
cells was 5.4 and 25.5%, respectively. The formation of functional gametes from
transformed donor cells was shown, and transgenic progeny were obtained from
primary germline chimeras. Naito et al. [68] obtained and transformed in vitro by
nucleofection a culture of chicken PGCs with an efficiency of 10%. The trans-
formed PZK culture was introduced into recipient embryos. From the birds bred
after these manipulations, offspring were obtained. The presence of GFP was found
in 1 out of 270 individuals.

There are a number of reports on the efficiency of transformation of PGCs
in vivo to obtain germline chimeras. Zhang et al. [28] proposed a simple and
effective way to create transgenic quails by injecting a lentiviral vector containing
the eGFP reporter gene into the dorsal aorta of embryos. Out of 80 embryos, the
authors obtained 48 Go chimeras (60%). The presence of eGFP was confirmed in
most organs and tissues of the chimeric bird, including the germ cells of males.
The efficiency of obtaining transgenic offspring from chimeric males reached 13%.
Tyack et al. [69] and Lambeth et al. [76] for the genetic transformation of chicken
PGCs in vivo, recombinant DNA was injected in combination with Lipofectamine
2000 and the Tol2 transposon directly into the dorsal aorta of chicken embryos.
Germline FO chimeras and transgenic progeny expressing integrated recombinant
genes were obtained.

Jiang et al. [73] used a lentiviral vector conjugated with antibodies to
SSEA4 (stage-specific embryonic antigen-4) specific to PGC membrane proteins
to increase the efficiency of PGC transfection in vitro and in vivo. The proposed
approach made it possible to increase the target efficiency of transduction of avian
cells by 30.0-46.7%. In 50.0-66.7% of embryos, GFP expression occurred in the
gonads.

Transformation of avian spermatogenic cells, as well as PGC, can be car-
ried out in culture in vitro and in vivo by introducing genetic constructs into the
parenchyma of the testes of males. In the latter case, as a rule, viral vectors are
used. A number of studies have considered the possibility of using non-viral gene
delivery systems. Min et al. [30] and Li et al. [57] studied the efficacy of the
cationic polymer SofastTM in transforming rooster spermatogenic cells in vivo.
This drug, in combination with the genetic construct, was injected directly into
the parenchyma of the testis. Min et al. [30] bred avian influenza resistant chick-
ens. The efficiency of transformation of spermatogenic cells was 72.2%. The
transgene was present in 10% of the spermatozoa and in the blood of 7.8% of the
F1 offspring. Li et al. [57] used a genetic construct encoding the GFP reporter
gene for the genetic transformation of spermatogenic cells. With its introduction
in combination with a cationic polymer into the testes of roosters, the efficiency
of target cell transformation reached 19.1%.

Thus, the technology for creating genetically modified individuals using
PGCs and spermatogonia as donor cells involves their isolation, transformation,



and transplantation into recipient gonads, followed by the production of offspring
with introduced traits [77, 78]. The efficiency of colonization of donor cells into
recipient gonads has been shown in a number of studies using both donor PGCs
[78, 79] and spermatogonia [32, 81, 82]. The preliminary treatment of recipients
aimed at eliminating their own germ or spermatogenic cells in the gonads under
the influence of gamma radiation The efficiency of transplantation of donor PGCs
and spermatogonia can be increased by [83, 84] or chemical sterilization [85, 86].
In the latter case, busulfan is effective, which is an alkylating agent that causes
DNA damage in target cells, which leads to the shutdown of all cellular mecha-
nisms and cell destruction.

Table 1 summarizes the main methodological approaches currently used
for the genetic modification of avian cells. Below, their effectiveness in editing the
genome of poultry in in vitro and in vivo systems is considered.

1. Main methods to genetically modify poultry cells

Gene construct introduction | Target cells \ Trasfection method | References
Direct introduction into an em- Blastodermal cell Viral vectors, lipofection [27, 34, 47]
bryo or into organs or tissues of Primordial germ cells Viral vectors, transposons, [28, 69, 76]
adults lipofection
Oviduct cells, spermatogenic ~ Viral vectors [29, 74, 30]
testis cells
Transfection of target donor Blastodermal cells, primordial Viral vectors, lipofection, elec- [31, 32, 87, 88]
cells in vitro followed by trans- germ cells, spermatogonia troporation, nucleofection, trans-
plantation to recipients posons
Transformation of spermatozoa Sperm Lipofection, electroporation [33]

followed by female insemination

Genome editing of poultry. A number of successful experiments
reported on the modification of avian cells using various editing systems to knock-
out of individual genes [89]. Functions of a number of genes associated with the
biology of embryonic development and the pathogenesis of embryonic diseases
[90], gametogenesis [91], and resistance to infectious diseases [92] have been stud-
ied on chicken cell lines DF-1 and DT-40. Methodological approaches to intro-
ducing mutations (knockout) into target genes [93], including those related to
growth, development, and productive qualities, have been developed and opti-
mized [94].

Abu-Bonsrah et al. [90] obtained two chicken cell lines with a knockout
of the HIRA, TYRPI, DICER, MBD3, EZH2, and RET genes using the
CRISPR/Cas9 system. It has been shown that using this editing system, it is pos-
sible to introduce a deletion larger than 75 kb into the target gene sequence.
Through in vivo electroporation of chicken embryos, genetic changes were made
to the DGCRS& gene sequence in nerve cells. In genetically modified cells, there
was a decrease in the expression of DGCRS8 and the associated genes Drosha,
YPEL I, and Ngn2. Morphological differences in the structure of the nervous tissue
and cardiac muscle in transfected embryos were noted.

Zhang et al. [91] studied the effect of the Stra& gene on the differentiation
of embryonic stem cells in spermatogonia. For this purpose, the Cas9/gRNA plas-
mid was introduced into DF-1 cells and embryonic stem cells. The efficiency of
introducing mutations into the target gene was 25% in DF-1 cells and 23% in
embryonic stem cells. It has been shown that Stra8 gene knockout blocks the
differentiation of embryonic stem cells in spermatogonia in vitro. Y. Bai et al. (93)
used the CRISPR/Cas9 system to introduce genetic changes in the PPARG and
ATPSFIE ovalbumin gene sequences in the DF-1 chicken cell line. The mutation
frequency varied from 0.5 to 3.0%. Cultivation of cells after transfection on a
selective medium containing puromycin increased the efficiency of selection of ge-
netically modified cells up to 95%. Lee et al. [94] on the DF-1 cell line considered



the possibility of using the Cas9-D10A nickase to introduce site-specific mutations
in the target region of the target DNA. The myostatin gene was chosen as the
target. Genotyping of the transfected cells confirmed the presence of mutations at
the target site of the target DNA. The size of the introduced deletions varied from
2 to 39 nucleotides. At the same time, the analysis of six non-target sites did not
reveal the presence of any non-specific mutations in them. In addition, there were
no phenotypic differences between normal and modified cells. Western blotting
did not show the presence of myostatin protein in the modified cells.

Along with reports on editing the genome of cell lines, there are a number
of publications on the production of poultry with a knockout or gene insertion.
The studies were carried out on chickens and quails. Schusser et al. [95], using
PZK, bred chickens with a knockout of the immunoglobulin heavy chain gene by
homologous recombination. Birds homozygous for the knockout of this gene did
not synthesize antibodies and did not develop B-cells. At the same time, the mi-
gration of B-cell precursors into the bursa of Fabricius was preserved, while the
formation of mature B-cells and their migration from the bursa of Fabricius were
blocked. The development and functional activity of other types of cells of the
immune system remained normal. Chickens with a knockout of the immunoglobu-
lin heavy chain gene due to the lack of a peripheral population of B-cells serve as
a unique experimental model for studying the immune response of birds to infec-
tious diseases, and are also of interest for solving a number of problems in the
field of virology and biology development and biotechnology. Dimitrov et al. [96]
showed the possibility of modifying the chicken immunoglobulin heavy chain gene
by in vitro PGC modification using the CRISPR/Cas9 system. As a result, four
PGC lines were obtained, which were injected into the embryos. The efficiency
of the transfer of the introduced modifications from the chimeric bird of the germ
line to the offspring varied from 0 to 96%.

Using the TALEN editing system, Taylor et al. (97) bred chickens with a
knockout of the DDX4 locus on the Z sex chromosome to study the role of this
gene in the formation of germ cells. The DDX4 gene is a key determinant of germ
cells in many animal species. It is supposed to control the formation of germ cells
in birds. The effectiveness of his knockout in the PZK of chickens was 8.1%. Large
deletions of 30 kb were introduced spanning the entire DDX4 locus. After in vitro
editing, PGCs were injected into recipient embryos and a chimeric germline bird
was obtained. The offspring from this bird were homozygous for the knockout of
the DDX4 gene. In individuals, the initiation and development of PGCs in the
gonads of embryos was noted, however, with the onset of meiosis, the development
of reproductive cells was blocked, leading to infertility in females.

Knockout of egg protein genes is considered as an opportunity to reduce
the allergenicity of chicken eggs. This is especially true in the production of prod-
ucts for persons sensitive to egg white. In 2014, Park et al. [98] obtained ovalbumin
knockout chickens by genetically modifying PGCs with the TALEN editing sys-
tem. Deletions were introduced into the target gene, which led to a shift in the
reading frame and, as a result, to the shutdown of the function of the ovalbumin
gene. Oishi et al. [99] created the ovomucin (OVM) gene knockout chickens.
PGCs transfected in in vitro culture and transplanted into recipient embryos were
used as target cells for genome editing with the CRISPR/Cas9 system. Go chime-
ras were used for subsequent crosses with the selection of G2 chickens homozygous
for the OVM gene knockout. Two out of three chimeric Go roosters produced
offspring with a deletion in the OVM gene.

Later, the same scientific group, using a similar approach, bred chickens
producing human beta-interferon (hIFN-B) by incorporating the #IFN-£ gene into



the ovalbumin gene locus [100]. Such a bird produced 3.5 mg/ml hIFN-B in egg
white. Females (unlike males) turned out to be infertile. The bioactivity and pro-
duction of the recombinant hIFN-p protein in the offspring remained at the level
of previous generations, which confirms the prospects of including the target genes
in the ovalbumin gene locus of chickens to create individuals producing recombi-
nant proteins in egg white for industrial use.

Qin et al. [101] evaluated the effectiveness of using an adenoviral vector
to deliver the CRISPR/Cas9 system to chicken cells to knock out the ovalbumin
(OV) gene and integrate the human epidermal growth factor (2EGF) gene into this
locus. The efficiency of the OV gene knockout and the expression of the integrated
hEGF gene was shown in a culture of primary chicken oviduct cells. The biological
activity of the secreted hEGF protein was confirmed on Hela cells: cell prolifera-
tion when this protein was included in the cultivation medium corresponded to
those established for the commercial hEGF preparation. The OV gene knockout
was also carried out with the integration of the #EGF gene in blastoderm cells in
vitro and in vivo. Chicken embryos with introduced genetic changes in the cells
of the gonads were obtained. The efficiency of obtaining such embryos was higher
with transplantation of in vitro modified blastoderm cells into the germinal disc of
recipient embryos than with direct injection of the adenovirus vector into embryos
in vivo. The proportion of modified germ cells in the gonads of embryos was also
higher when using in vitro modified blastodermal cells.

A number of papers report on the successful editing of the genome of
chickens and quails with myostatin gene knockout (MSTN). The protein myostatin
inhibits the growth and development of muscle tissue. Knockout of the MSTN
gene is of interest in creating lines with an increased growth rate of muscle tissue.
G.-D. Kim et al. [102] obtained chickens with MSTN gene knockout by inserting
an editing system into the PGC. The DI10A-Cas9 nickase was used to introduce
deletions into the target region of the target DNA. After the introduction of in
vitro modified PGCs into embryos, deletions from 5 to 39 nucleotides in the
MSTN gene locus were identified in 7 out of 52 chickens. This bird was further
crossed in order to breed chickens homozygous for MSTN gene knockout. The
features of growth and development of muscle tissue were studied. MSTN knock-
out birds showed a continuous increase in body weight up to 18 weeks of age,
while in unmodified birds, the growth rate decreased after 13 weeks. A comparative
assessment of meat productivity indicators revealed an increase in the mass of legs
by 55.3% in individuals with a knockout of the MSTN gene compared to the
control. At the same time, the mass of abdominal fat was 77.1% lower. Compar-
ison of the mass of internal organs, including the heart, spleen, stomach and liver,
did not reveal significant differences between genetically modified and unmodified
chickens.

Lee et al. [103] produced myostatin gene MSTN knockout quails by in-
jecting a recombinant adenovirus containing CRISPR/Cas9 into the germinal disc
(blastoderm cells). In the birds, 3 bp deletions were identified. The mutation did
not cause a frameshift and resulted in a cysteine deletion in the MSTN propeptide
region. In quails homozygous for MSTN gene knockout, there was a significant
increase in body weight and muscle tissue with muscle hyperplasia compared with
quails heterozygous for MSTN gene knockout and wild type. In addition, in indi-
viduals with a knockout of the MSTN gene, the proportion of abdominal fat de-
creased and the mass of the heart increased compared to wild-type quails. The
same scientific group bred quails with a knockout of the melanophilin MLPH gene
associated with feather pigmentation (104). An adenovirus vector containing com-
ponents of the CRISPR/Cas9 system was introduced into the subembryonic cavity



of the blastoderm of the embryos. Of the 100 injected embryos, 11 quails were
obtained, of which five carried a mutation in the MLPH gene in reproductive cells.
The efficiency of mutation transfer to offspring varied from 2.4 to 10.0%. In the
offspring of one modified FO bird, two different mutations were identified at the
MLPH locus. Differences in the phenotype of modified quails with MLPH gene
knockout were established. Quails homozygous for the MLPH gene knockout had
gray plumage, while quails heterozygous for the introduced mutation and the wild
type had dark brown plumage.

Along with the use of genomic editing technology to improve economically
useful traits in agricultural poultry, it is of interest to create individuals resistant
to infectious diseases, such as avian leukosis virus (ALV). This disease is difficult
to control and prevent due to the lack of effective vaccines. There are several
subgroups of ALVs. Hellmich et al. [12] attempted to develop chickens resistant
to subgroup J of the avian leukemia virus (ALV-J), which causes myeloid leukemia
and tumor formation. For this purpose, a deletion for tryptophan 38 (W38) was
introduced into the chNHEI locus using the CRISPR/Cas9 system. The W38
amino acid in chNHE] is critical for virus entry into the cell, making it a preferred
knockout target to increase pathogen resistance. The genetic modification intro-
duced into the chicken genome completely protected the cells from infection with
the ALV-]J virus. The W38 deletion did not have a significant negative impact on
the development or general functional state of genetically modified individuals. In
general, the creation of ALV-J resistant individuals through precise gene editing
allows this approach to be considered as an alternative strategy for controlling
poultry diseases.

Table 2 summarizes the main achievements in editing the genomes of dif-
ferent poultry species.

2. The main achievements in editing the genomes of different poultry species

Poultry species \ Target gene \ Target cells \Target cell transfection\ Editing system | References

Chickens IgH PGCs Electroporation CRISPR/Cas9 [96]
DDX4 3K Electroporation TALEN [97]

ovM M3K Lipofection CRISPR/Cas9 [99]

hIFN-B M3K Lipofection CRISPR/Cas9 [100]

MSTN M3K Lipofection D10A-Cas9B [102]

()4 M3K Lipofection TALEN [98]

chNHE1 3K Electroporation CRISPR/Cas9 [12]

Quail MSTN Blastodermal cells Adenoviral vector CRISPR/Cas9 [103]
MLPH Blastodermal cells Adenoviral vector CRISPR/Cas9 [104]

Note. PGCs — primordial germ cells.

Thus, at present, some progress has been made in editing the genome of
poultry. Methodological approaches and techniques for modifying avian cells using
various gene editing systems, in particular ZFN, TALEN, CRISPR/Cas9, have
been developed and optimized. Chickens and quails have been bred with a knock-
out of a number of genes in order to study their functions, improve the productive
qualities of poultry, increase resistance to infectious diseases, and obtain recombi-
nant proteins in egg protein. A number of studies have shown the simplicity, safety,
and availability of the CRISPR/Cas9 editing system for modifying the poultry ge-
nome, which makes it possible to consider this system as an effective tool for the
creation and commercial use of bird breeds and lines with improved qualities.
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