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Abstract

The development of “active” transgenesis technologies has allowed targeted modifications
(gene editing, GE) in the genome of farm animals belonging to different species with relatively high
efficiency (reviewed by S.Y. Yum et al., 2018; A.L. Van Eenennaam, 2019; N.A. Zinovieva et al.,
2019). However, effective improvement of livestock production systems based on GE technologies
requires the development of an integrated approach that combines biotechnology, population genetics,
quantitative genomics, and assisted reproductive technologies (ARTs) (C. Rexroad et al., 2019). The
development of ART, including germ plasma collection for gene editing in animals, the effective pro-
duction of GE-offspring, and their possible earlier multiplication are an integral requirement for the
successful development and implementation of GE technologies in cattle breeding (A.L. Van Eenen-
naam, 2019). This review provides a retrospective analysis of the development of ART, including
artificial insemination (R.H. Foote, 2002; R.G. Saacke, 2012; P. Lonergan, 2018), embryo transfer
(K.J. Betteridge, 2003; R. J. Mapletoft, 2013), in vitro production of embryos (IVP) (L. Ferrii et al.,
2019), oocyte retrieval in living animals (Ovum-Pick-Up) (R. Boni, 2012; M. Qi et al., 2013), and
somatic cell nuclear transfer (C.L. Keefer, 2015; K.R. Bondioli, 2018; A.V. Lopukhov et al., 2019).
We describe the state of the research and discuss the areas requiring further improvement in ART for
the development of genetic technologies in cattle breeding, including gene editing. This review shows
that for more than 100 years, significant progress has been made in the development of ART for cattle,
many of which are now actively used in practical animal breeding (C. Smith, 1988; L. Ferrii et al.,
2019) and became the basis for the development of effective programs for genetic improvement of
livestock, including genomic selection (P.M. VanRaden et al., 2009). Current research priorities are
focused on ensuring further progress in cattle breeding through the integration of GE technologies into
livestock breeding programs (C. Rexroad et al., 2019, A.L. Van Eenennaam, 2019). ARTs are expected
to play a crucial role in this ambitious task.
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Advancements in genetic technologies, including genome editing (GE),

for application in agriculture and, in particular, animal breeding is one of the
important goals of science and technologies around the world [1, 2]. Genomic



selection has become one of the most significant scientific advances in the last
decade and has been implemented in practical animal breeding [1, 3]. One of
the most promising scientific breakthroughs that can be achieved in the next
decade is associated with the "ability perform routine gene editing of agricultur-
ally important organisms" [4, cited according 1]. The development of "active"
transgenesis technologies, such as CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 (CRISPR-associated protein 9), has allowed the in-
corporation of targeted modifications (gene editing, GE) in the genome of farm
animals of different species with relatively high efficiency [reviewed by 5-7].
However, effective improvement of livestock production systems based on GE
technologies requires the development of integrated approaches involving bio-
technology, population genetics, quantitative genomics, and advanced reproduc-
tive technologies [1]. The development of assisted reproductive technologies
(ARTs), including collection of germ plasma for GE from animals with the de-
sired genetic characteristics (for example, having a high breeding value due to
economically important traits) and the effective production of GE-offspring and
their possible earlier multiplication are an integral requirement for the successful
development and implementation of GE technologies in cattle breeding [6].

This review provides a retrospective analysis of the development of ART,
describes the state of the art research, and discusses the areas for further improve-
ment in ART to enable the development of genetic technologies in cattle breeding,
including GE.

In its early stages, the main goal of ART was to increase male fertility.
The first such technology, which was applied in livestock species, was artificial
insemination (AI). Several reviews have described in detail the history of Al in
cattle [8-10]. In the present paper, we briefly focus on the milestones involved in
the development of this technology.

The development of Al in mammals began in 1780, when the Italian
physiologist (professor of natural history) Lazzaro Spallanzani (1729-1799) per-
formed Al in a female dog for the first time, resulting in offspring [11, cited
according 12]. In 1799, John Hunter (1728-1793) successfully employed this
method in humans, which resulted in the birth of a healthy child [13, cited
according 12]. The first application of Al which can be received from one male
in mammals to increase the number of offspring dates back to the late 19th
century. In 1885, the breeder of Basset hounds sir Everett Millais (1856-1897)
divided a single ejaculate into three parts and inseminated three female dogs, all
of which successfully gave birth to offspring [14, cited according 12]. At about
the same time, a French veterinarian demonstrated the effectiveness of Al for
improving fertility in horses as well [15, cited according 16]. Further develop-
ment in Al technology was achieved thanks to the works of a reproductive biol-
ogist from Cambridge, Walter Heape (1855-1929), who performed experiments
on dogs, rabbits, and horses [12]. The practical bases of the Al for domestic
animals were laid in 1899 by the Russian scientist Ilya Ivanovich Ivanov, who
proposed the application of this method for multiplying the offspring from the
best males to accelerate the improvement of breed qualities and productivity of
animals [17, 18]. The ideas of I.I. Ivanov were further developed by V.K. Mi-
lovanov, who implemented large-scale Al projects in cattle and designed the first
artificial vagina, similar to what is used nowadays [19]. By 1938, approximately
1.2 million cows were artificially inseminated in the USSR annually.

The role of Al in improving the genetic characteristics of domestic



animals was further increased by the proof that animal spermatozoa remain vi-
able after freezing (cryoconservation) and storage at low temperatures. In 1942,
the ability of the spermatozoa of higher vertebrates to maintain fertilizing capac-
ity after freezing and thawing was demonstrated for the first time on fowl; ferti-
lized eggs were obtained after insemination of chickens with sperm stored at
—79 °C for one hour, but all the embryos died within 10-15 h after fertilisation
[20]. Soviet scientists Milovanov V.K. (Doctor of biological Sciences) and
Sokolovskaya I.I. (Doctor of biological Sciences Smirnov 1.V) developed the
method for cryoconservation of the semen of domestic animals which then
served as a foundation for a wide range of practical applications of Al technol-
ogy. In 1947, Sokolovskaya I.I. published this work in the journal “Proceedings
of the Soviet Academy of Agricultural Science”, in which, for the first time, she
showed the ability of mammalian spermatozoa to maintain their viability after
freezing/thawing and to produce viable offspring. Sixty-nine healthy offspring
were born after insemination of rabbits with semen subjected to freezing in car-
bon dioxide vapor and subsequent thawing [21]. This was a scientific break-
through that served as the basis for research on other farm animal species. The
next major milestone was the use of glycerol as a cryoprotectant in the process
of freezing and preserving the semen at low temperatures. Although most studies
have attributed the cryoprotective role of glycerol to Christopher Polge [22], in
1937, Soviet scientists Bernstein A.D. and Petropavlovsky V.V. used glycerol to
freeze the bull, ram, stallion, boar, and rabbit spermatozoa at -21 °C [23]. How-
ever, their work was published in Russian, and therefore, was not widely recog-
nized. Using glycerol as a cryoprotectant after insemination with frozen-thawed
semen, viable offspring were produced in chickens [24] and cattle [25] in 1951,
and in pigs [26] and horses [27] in 1957. Al technology has been widely used in
cattle breeding since the late 50s and early 60s, becoming the basis for the de-
velopment of large-scale breeding [28, 29]. An additional technical advantage of
Al technology is the development of a method for sorting spermatozoa carrying
X-and Y-chromosomes [30, 31, 32], which is based on the measurement of DNA
content in mammalian spermatozoa using flow cytometry [33]. Subsequently,
this method was improved and numerous practical applications were identified
[31]. Today, in countries with developed cattle breeding, Al is used in 100% of
the dairy cattle population. The genetic potential of the best breeding bulls is
replicated from several hundred thousand to more than a million offspring
(http://www.holsteinusa.com, cited according 34), significantly increasing the
degree of genetic gain.

The main milestones in the development of Al technology are summarized
in Figure 1. Al technology has become the basis for the development of other
ARTs, such as embryo transfer, in vitro embryo production, cloning, transgenesis,
and GE.

Another important aspect is multi-replication of the genetic potential of
highly productive cows. Relatively late puberty (12-13 months and older), single
birth, and a relatively long period of pregnancy when using traditional Al tech-
nology ensures that the first offspring is produced in cows two years and older,
and in the subsequent period (under optimal conditions), an average of one calf
per year. The solution to this problem is highly relevant for the implementation
of programs for the conservation of rare (small and gene-pool breeds) and unique
(genetically modified animals) genetic resources. In this respect, the goal of ART
development is to ensure that more offspring from a single female are produced
as early as possible.
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Fig. 1. The main stages of development of artificial insemination (AI) technology. L. Spallanzani [11],
W. Heape [12], E. Millais [14], I.I. Ivanov [17], A.D. Bernstein, V.V. Petropavlovsky [23], V.K. Mi-
lovanov [19], C.S. Shaffner [20], I.I. Sokolovskaya [21], Polge C. et al. [22], Stewart D. et al. [25],
Pinkel D. et al. [33], Garner D.E. et al. [30].

The first such technology was embryo transfer (ET), which includes the
induction of superovulation in donor cows through hormonal treatment, artificial
insemination, followed by embryo washing (on days 6-7 after Al), and embryo
transfer to recipient cows [review 35, 36]. The first ET calf after surgical trans-
plantation of a 5-day-old embryo obtained at a slaughterhouse was born in 1951
in the United States [37]. At the early stages, embryo recovery and transplantation
were performed surgically, which limited the practical use of ET. In 1976, non-
surgical embryo recovery was performed for the first time [38], and in the early
80s, non-surgical embryo transfer was performed in cows [39], which allowed these
operations to be performed on the farm. The main goal of early ET programs was
to distribute desirable phenotypes in herds. In 1988, scientists at the University of
Guelph proposed the concept of multiple ovulation and embryo transfer (MOET)
[40] to increase the genetic potential of herds. It was shown that the establishment
of nucleus herds and “juvenile MOET” in the offspring of heifers can almost
double the degree of genetic progress compared to traditional schemes of progeny
testing evaluation. According to the International Embryo Transfer Society (IETS,
http://www.iets.org/comm_data.asp) from 1997 to 2005 there was a progressive
increase in the number of MOET embryos, i.e., approximately 450 thousand to
almost 800 thousand per year, after which from 2005 to 2013 the production of
embryos was stabilized at 700-800 thousand embryos per year. From 2014-2016,
embryo production decreased to about 610-660 thousand, mainly due to an in-
crease in the number of embryos obtained in vitro [cited according 41].

The main disadvantage of ET technology is the need for hormonal treat-
ment: (1) it is known that not all donors respond equally well to hormonal stim-
ulation; (2) the effectiveness of superovulation with each subsequent hormonal



treatment decreases (as a rule, the effective response to hormonal stimulation in
cows is observed during 2-4 consecutive treatments); (3) a break of 2-3 months
between hormonal treatments is required, which increases the cost of maintaining
the donor cows. In addition, it is impossible to obtain embryos in cases of oviduct
pathology [42, 43].

The next scientific breakthrough in the development of ART was in vitro
embryo production (IVP) [review 41]. Classical IVP technology involves obtaining
oocytes from the ovaries of cows by follicle aspiration, followed by in vitro matu-
ration (IVM), in vitro fertilisation (IVF), and in vitro development of embryos
(IVD) to stages suitable for transplantation or freezing (usually, late morula and
blastocyst). The first calves resulting from in vitro fertilisation of the ovulated
oocytes maturated in vivo were born in 1981 [44]. The first calves produced ex-
clusively by IVP, including IVM, IVF, and IVD, were reported in the late 80s
[45]. Initially, IVP embryos were produced using oocytes recovered from the ova-
ries of cows after slaughter (post-mortem), which limited the use of this technology
for the genetic improvement of cattle.

Integration of IVP technology into programs for the genetic improvement
of livestock began with the development of Ovum-Pick-Up (OPU), a method for
the non-invasive recovery of oocytes [reviews 46, 47] from antral follicles in live
animals [48-50]. In vivo retrieval of cow oocytes was first performed by Canadian
scientists using endoscopy through the right paralumbar fossa [51]. In 1987, trans-
cutaneous aspiration of cow follicles under ultrasound control was proposed in
Denmark [52]. The next step was the development of a method for the retrieval
of cow oocytes by ultrasound-assisted transvaginal aspiration of follicles, in 1988
by Dutch scientists [53]. This method has superseded all the methods mentioned
above and is currently the standard method for obtaining of cow oocytes. Unlike
MOET, OPU does not interfere with the normal reproduction and production
cycle of the donor (no long-term negative effects on the fertility of donor cows
were observed, even after OPU was performed twice a week for more than a year
[54, 55]). Any female between three months and six months of pregnancy and
shortly after calving (2-3 weeks) can become a suitable donor [47]. Currently,
OPU is a practical alternative to the traditional MOET strategy [48, 49] and is
increasingly used in commercial programs around the world [50, 56]. Although
there are significant differences between individual donors, the joint use of
OPU/IVP can result in the production of more than 50 calves per donor cow per
year. Therefore, Kruip et al. [57] performed OPU twice a week for five months
and obtained an average of 340 oocytes and 54 suitable embryos from one cow.
In 2016, the number of IVP cow embryos produced in the world was more than
600 thousand and for the first time exceeded the production of MOET embryos
(IETS, cited according 41). Considering the important role of OPU in the devel-
opment of highly advanced genetic technologies, such as embryonic breeding [58]
and genome editing [review 7], we focused on the research areas for improving
OPU technology in more detail.

To increase the efficiency of OPU technology, studies have been con-
ducted to identify factors that affect the number and quality of the obtained oo-
cytes. The original OPU technology does not include hormonal stimulation, which
limits the number of oocytes received. In this regard, various schemes of hormonal
stimulation of donor cows using gonadotropins of the placenta (for example, preg-
nant mare serum gonadotropin, PMSG) and pituitary origin (for example, follicle-
stimulating hormone, FSH) are used to obtain more oocytes per session [48, 59,
60]. We performed a study on the effect of hormonal stimulation using FSH on
OPU in Simmental heifers. FSH treatment resulted in an average 3.2-fold increase



(from 4.5 to 14.6) in the number of ultrasound-visible follicles (3 mm or more in
diameter), as well as the number of recovered cumulus oocyte complexes (COCs)
per session (from 2.4 to 7.7). At the same time, we did not find any differences in
the quality of COCs obtained with or without hormonal stimulation [61].

Along with the advantages, using hormonal stimulation for OPU has some
unresolved key issues. The prolonged use of exogenous hormones can disrupt the
endocrine system of the donors, which can lead to infertility. Responses of donor
to hormonal stimulation are different: when using FSH, the number of oocytes
obtained per session varied in different animals from 0 to 26 [62]. Even the same
donor may show different reactions in different sessions, which leads to unstable
results. In this regard, it is ideal to use hormones for a short period, leaving time
for regulation and rehabilitation of the endocrine system [47).

Other factors that affect the effectiveness of OPU are time regimen (fre-
quency of OPU sessions), technical and technological parameters of OPU, indi-
vidual characteristics of donors (breed, age, reproductive phase, and individual
response), availability of necessary nutrients in the diet [63], climatic conditions
[64, 65], and operator experience [review 47].

The classic OPU procedure (without hormonal stimulation), in most
cases, involves performing a puncture twice a week (2/w). The choice in favor of
the 2/w regimen is due to an increase in the frequency of follicular waves, a delay
in the estrous cycle, follicle maturation, and ovulation. Animals subjected to OPU
in the 2/w regimen come to a so-called paraphysiological state in which follicular
waves are independent of the estrous cycle [57]. When using this regimen, the
dominant follicle does not develop, since all visible follicles are aspirated during
the OPU process. When OPU is performed once a week (1/w) and less often, in
most cases, the dominant follicle develops, which leads to regression and degen-
eration of subordinate follicles.

Comparative analysis of OPU in 1/w and 2/w regimens did not reveal
differences in the number of aspirated follicles, recovered oocytes, and blastocysts
obtained on the 7th day of cultivation, per cow per session. However, on a weekly
basis, all three parameters were significantly higher for the 2/w regimen compared
to 1/w [66-68). We studied the effect of two different time regimens on the OPU
in Simmental heifers in terms of the quantity and quality of oocytes obtained [69].
On average, 4.4 oocytes were received from each donor per session using both
regimens. We found a significant 1.2-fold increase (p < 0.05) in the rate of OPU
oocytes of good quality characterized by normal morphology when performing the
2/w regimen (65.714.0% of the total number of recovered oocytes) compared to
the 1/w regimen (53.6%3.0%). Considering the values of the rate of oocyte matu-
ration (74.0%), the rate of cleavage of fertilized oocytes (on average 63.5%), the
rate of development of embryos to the blastocyst stage (on average 16.7%), and
the increase in the rate of good-quality oocytes compared to OPU sessions once
a week, the 2/w regimen produced 2.5 times more embryos in the blastocyst stage
from one donor for a certain period of time [69].

The influence of age and various physiological conditions on the effective-
ness of OPU has been established. Rizos et al. [70] showed higher OPU perfor-
mance in Holstein heifers than in cows: the total number of recovered oocytes
was 4.7 vs. 2.8, respectively, including the number of oocytes of the 1st-2nd degree
- 3.0 vs. 1.8. Significant differences in the cleavage rate of fertilized oocytes and
blastocyst yield between heifers and cows were not observed [70].

The influence of the physiological state on the ability of OPU-oocytes to
further develop has been established. In an experiment on Japanese Black cattle,
it was shown that the cleavage rate of fertilized oocytes and their development to



the blastocyst stage, as well as survival after freezing, was higher for embryos ob-
tained from oocytes recovered from pregnant cows than for embryos from non-
pregnant cows [71].

Significant differences in the efficiency of OPU between the Bos Taurus
and Bos indicus breeds (zebu cattle) have been revealed. Significantly more oocytes
were obtained from Bos indicus donors [72, 73], mainly due to the larger popula-
tion of follicles in the ovary. Between 18 and 25 oocytes were obtained from
donors of Nelore zebu cattle bred in Brazil without the use of exogenous hormones
or synchronisation protocols [74, 75]. A comparative study of the Holstein breed
(Bos Taurus) and the Gir breed (Bos indicus) was performed by Pontes J.H.F. et
al. [50]. The number of viable oocytes recovered per one OPU session in donor
cows of the Holstein breed, the Gir breed, the 1/2 Holstein * 1/2 Gir and 1/4
Holstein * 3/4 Gir crosses was 8.0+2.7, 12.1£3.9, 24.3+4.7, and 16.8%£5.0, re-
spectively. The rate of IVP embryos obtained after insemination by sexed semen
did not differ significantly between the groups and was 36-40% [50]. There were
no noticeable differences in OPU efficiency between different Bos taurus cattle
breeds. To predict the number of antral follicles in the ovaries of Bos faurus and
Bos indicus cows and, consequently, the efficiency of OPU, measurement of the
concentration of anti-muller hormone in blood plasma, which is produced by
follicle cells during their maturation, can be used [76].

The sensitivity of ultrasound devices, the type (sector or linear), frequency
of the probe used [57, 77], vacuum characteristics [78, 79, 80], the diameter and
length of the slope of the needle [57, 81, 82], scrolling the needle inside the follicle
during aspiration [80, 83], and removal of the dominant follicle are technical fac-
tors that affect the efficiency of OPU [66, 84].

Another possibility of obtaining oocytes from live cows is the laparoscopic
collection of oocytes (L-OPU), which was first used in cattle in 1992 [85]. L-
OPU has a number of advantages over the classical OPU procedure, including the
choice of follicles for aspiration, the possibility of aspiration of follicles with a
smaller diameter (2 mm or more), direct observation of the reproductive organs
and ovary, visual control of the aspiration procedure, and reduced risk of ovarian
damage. Comparative studies have shown that using the classical OPU technology,
more oocytes of good quality were obtained and, as a result, a higher yield of
embryos at the morula/blastocyst stage was achieved compared to L-OPU [86, 87].
L-OPU technology is used for obtaining oocytes from prepubertal females (aged 2
months and older), on which the use of classical OPU technology is impossible.
Using L-OPU on heifers aged 2-6 months, 4.6 [85], 21.4 [88], and 42.6 oocytes
[89] were obtained in one session. The use of prepubertal females with high breeding
value as oocyte donors, selected based on the results of genomic evaluation, can
reduce the generation interval and, as a result, increase the genetic progress [90].
However, for the practical application of this technology, it is necessary to improve
the protocols for in vitro production of embryos using juvenile oocytes.

Reichenbach et al. [91] proposed a modification of the L-OPU method,
in which access to the ovaries of cows is achieved through the vaginal fornix of
cows. The procedure can be performed on animals under epidural anesthesia in
less than 15 minutes, does not require surgery, and can be performed in the field.

Another scientific breakthrough in the development of ART as a basis for
the development of advanced genetic technologies in cattle was the successful
somatic cell nuclear transfer (SCNT). SCNT is a method in which the somatic
cell nucleus is transferred to an enucleated oocyte to produce a new individual
that is genetically identical to the somatic cell donor [reviews 92-94]. The



production of calves by somatic cloning was first reported in 1993 [95]. Inner cell
mass (ICM) cells obtained from blastocysts and cultured from six to 100 days
before use were used for cloning. In 1998, the first calves obtained by SCNT using
differentiated somatic cells (foetal fibroblasts) were reported [96].

Thus, over a century-old history, various technologies have been devel-
oped and implemented into practice in cattle breeding (Table 1), which became
the basis for the development of effective technologies for the genetic improvement
of cattle, including genomic selection [3, 97].

1. Milestones in the development of assisted reproductive technologies that became
the basis for the development of genetic technologies in cattle breeding

Events | Year
L.I. Ivanov: production of offspring after artificial insemination of cows 1899
D. STEWART: birth of calf after insemination by frozen-thawed semen 1951
E.L. WILLETT: birth of first ET calf after surgical transfer of 5-day embryos 1951
R.P. ELSDEN: non-surgical recovery of cows’ embryos 1976
R.F. ROWE: non-surgical transfer of cows’ embryos 1980
B.G. BRACKETT: birth of calf after in vitro fertilization of the oocyte, matured in vivo 1981
K. Goto: birth of calf, produced exclusively from IVP embryo, including IVM, IVF and IVD 1988
C. SMITH: MOET to improve the genetic potential of herds 1988
M.C. PIETERSE: recovery of oocytes from lived animals using ultrasound-guided transvaginal follicu- 1988
lar aspiration (Ovum-Pick-Up)
M. Sims, N.L. FIRST: first birth of calves after SCNT using ICM-cells, cultured in vitro, as donor 1993
cells
X. VIGNON: first birth of calves after SCNT using differentiated somatic cells as donor cells 1998

Note. Ivanov LI. [17], Stewart D. et al. [25], Willett E.L. et al. [37], Elsden R.P. et al. [38], Rowe R.F. et al.
[39], Brackett B.G. et al. [44], Goto K. et al. [45], Smith C. et al. [40], Pieterse M.C. et al. [53 , Sims M., First N.L.
[95], Vignon X. et al. [96]; ET — embryo transfer, IVP — in vitro production, IVM — in vitro maturation, IVF —
in vitro fertilization, IVD — in vitro development, MOET — multiple ovulation and embryo transfer, SCNT —
somatic cell nucleus transfer, ICM — inner cell mass.

The improvement of ART, including IVP and ET technologies, and their
introduction into routine laboratory practice, initiated attempts to introduce ge-
netic changes in early embryos of farm animals. At the initial stage of development
of transgenic technologies, microinjection of a DNA solution of gene constructs into
the pronucleus of zygotes was used for these purposes [reviews 5, 98, 99]. The effi-
ciency of this method for generating transgenic mammals was initially demonstrated
in mice [100]. Transgenic farm animals were first reported in 1985 by two labora-
tories in the United States [101] and Germany [102]. The first transgenic calves
carrying the human lactoferrin gene under the control of the bovine alpha-S1-casein
promoter were produced in 1991 [103]. In subsequent years, various genetic
modifications in farm animals of different species, including cattle, were per-
formed using the microinjection method [review 104]. The main disadvantage of
microinjection is its very high labor intensity and low efficiency: (1) to produce
a single transgenic calf, more than 1000 zygotes must be injected [105]; (2) only
about 70% of transgenic founder animals are able to transmit the transgene to
their offspring; and (3) of the obtained transgenic lines, only 50% have an ex-
pression level sufficient for subsequent practical use [106]. Due to the high ma-
terial costs of producing transgenic animals by microinjection, the main goals of
genetic modification of domestic animals were shifted from agricultural use to
biomedical use, in which higher revenues from implementation are expected
[106]. In the mid-90s of the XX century, the method of microinjection into the
pronucleus of zygotes was almost completely replaced by the method of SCNT
using genetically transformed cells (Fig. 2).

The advantages of SCNT in comparison with the method of microinjec-
tion are the ability to select donor cells of a certain sex and the in vitro pre-
selection of cells that carry the specified genetic changes. As a result, 100% of



the produced offspring will have the desired sex and carry the necessary genetic
modifications. Another advantage of SCNT in the subsequent application of the
technology for agricultural purposes is the possibility of obtaining donor cells
from highly productive animals as well as highly reliable prediction of the breed-
ing value of future offspring using genomic estimation [6]. The disadvantages of
this method include reduced viability of embryos obtained by SCNT, which is
revealed by 60% higher embryonic mortality between 35 and 60 days of preg-
nancy compared to IVP embryos [108]. With the production of the first trans-
genic calf in 1998 carrying the reporter genes beta-galactosidase and neomycin
[109], the SCNT method has been the dominant method for producing trans-
genic cattle for more than 15 years.
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transfer (SCNT).
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Fig. 3. Development of methods for genetic modification of cattle.

N o te. Krimpenfort P. et al. [103], Cibelli J.B. et al. [109], Chan A.W.S. et al. [110), Kuroiwa Y. et
al. [111], Hofmann F. et al. [112], Richt J.A. et al. [113], Yu S. et al. [114], Liu X. et al. [115],
Proudfoot C. et al. [116], Wu H. et al. [117], Yum S.Y. et al. [118], Gao Y. et al. [119].

In combination with various ART, several different methods for the pro-
duction of transgenic animals have been developed for over more than 30 years,



which have been successfully used to generate genetic GE cattle (Fig. 3). However,
the use of transgenic technologies in cattle breeding has been limited until recently
due to the relatively high cost of producing transgenic cattle, as well as owing to
the lack of a reliable method that can ensure the introduction of specific genetic
changes in the target genome regions with high efficiency [5, 6].

Further progress in the field of genetic engineering of domestic animals is
associated with the development of technologies for GE, which enables the gen-
eration of targeted (site-specific) modifications of the genome [120]. Technologies
involving DNA transposons [118] and site-specific nucleases, including ZNF “zinc
finger” nucleases [114, 115], TALEN-transcription activator-like effector nuclease
[116, 117], and CRISPR/Cas9-based systems are used as tools for GE in cattle
[120]. Due to the relatively simple creation of gene constructs, the latter are be-
coming increasingly popular for GE in farm animals [review 7].

Two main methods are used to introduce targeted genetic changes in the
germ lines of farm animals by GE, i.e., nucleus transfer of somatic cells (usually,
embryonic fibroblasts) previously modified in vitro (see Fig. 2), and microinjection
of the RNA form of gene constructs into the zygote. We discussed the advantages
of the SCNT method above; however, SCNT is still not a routine procedure in
many laboratories [121]. The microinjection method is relatively easy to perform.
In contrast to the classical method of microinjection into the pronucleus of zygotes
[101, 102], gene constructs are directly into the cytoplasm of zygotes. Although
only a portion of animals derived from injected embryos carry the expected genetic
changes, the microinjection method has been successfully implemented to create
GE cattle [7]. In combination with the OPU/IVP technology—which allows a
large number of zygotes to be obtained from parents with high breeding value—
the method of microinjection can become the standard for use in programs for
genetic improvement of cattle through GE.

Thus, for more than 100 years, significant progress has been made in the
development of ART in cattle, and many of these techniques are now actively
used in practical animal husbandry and have become the basis for the development
of effective programs for genetic improvement of livestock, including genomic
selection. Current research priorities are focused on ensuring further progress in
cattle breeding by integrating GE technology into livestock breeding programs.
ART will play a crucial role in this ambitious task.
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