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editing to drive genetic improvement of cattle
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Abstract

Genetic improvement of cattle around the globe has been, and will continue to be, an important driver of animal
agriculture sustainability. There are several reproductive and molecular biotechnologies that are used in genetic
improvement of cattle, and their impact on the rate of genetic progress is maximized when combined synergistically
in a structured breeding program with a clear breeding objective. One of the most recently developed and increas-
ingly popular tools, gene editing, allows animal breeders to precisely add, delete, or replace letters in the genetic
code so as to influence a specific trait of interest (e.g., disease resistance), in as little as one generation. However, for
gene editing to be an important factor for genetic improvement, it must integrate smoothly into conventional cattle
breeding programs to maintain or accelerate rates of genetic gain. This review first summarizes the current state of
key reproductive and molecular biotechnologies available for the genetic improvement of cattle, and then discusses
potential strategies for effectively incorporating gene editing into cattle genetic improvement programs and meth-
ods for disseminating traits improved via gene editing. Moreover, it examines how genetic improvement strategies,

region of the world in which they are being deployed.
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including the use of gene editing, will differ depending on the cattle industry sector (i.e., dairy or beef), and the
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Introduction

Genetic improvement is a powerful tool for improv-
ing animal agriculture sustainability because the results
are permanent and cumulative. Unlike nutritional and
animal health interventions, which require continuous
inputs, genetic improvements made in one generation
are passed onto the next. Moreover, genetic solutions for
animal health and welfare issues often require less labor
and material inputs than chemical or mechanical meth-
ods. For example, polled, or hornless, genetics can elimi-
nate the need for physical dehorning of animals, which is
undertaken to ensure both worker and animal safety, can
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save livestock producers both time and money, in addi-
tion to addressing an animal welfare concern (Gottardo
etal. 2011; Thompson et al. 2017).

Sustainable agriculture and increased production effi-
ciency go hand-in-hand. Efficiency is defined as achiev-
ing maximum productivity with minimum waste, or in
other words, producing more product with the same or
even fewer resources. Livestock genetic improvement
programs, beginning with selective breeding using sta-
tistical prediction methods, such as estimated breeding
values (EBVs), and more recently genomic selection (GS),
in combination with assisted reproductive technologies
(ART) have enabled more accurate selection and intense
utilization of genetically superior parents for the next
generation to accelerate rates of genetic gain. Genetic
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gain is the amount of increased performance, or the
improvement in average genetic value, in a population
that is achieved annually through selection. Increased
animal performance based on genetic improvement
results in more product produced per animal, so fewer
animals are required to meet the same amount of
demand, which reduces the environmental impact per
unit of livestock product. Therefore, increasing rates of
genetic gain can improve livestock production efficiency
and ultimately the sustainability of animal agriculture.

The power and scale of genetic improvement is well-
illustrated by the increased efficiency of the United States
(U.S.) dairy cattle population from 1944 to today, which
now produces over 80% more milk with 65% fewer cows.
This was enabled by a more than four-fold increase in
milk production per cow, from 2000 kg/cow in 1944 to
10,000 kg/cow in 2017 (Capper and Cady 2019; Capper
et al. 2009). It is estimated that approximately 50% of the
increased productivity per animal observed can be attrib-
uted solely to the increased rate of genetic gain obtained
by the widespread use of artificial insemination (AI) over
natural service breeding alone (Bertolini and Bertolini,
2009). Overall, the dramatic decrease in the number of
dairy cows (25.6 million to 9 million) required to meet
the demand, due to increased productivity per animal
largely from improved genetics, reduced the current
environmental impact of a glass of milk to approximately
one third of that associated with the same glass of milk in
1944 (Capper and Cady 2019; Capper et al. 2009).

In livestock breeding programs, the breeder’s equa-
tion is used to measure the rate of genetic gain (AG)
towards the breeding objective of a given production
system. It consists of four components: AG = =24
where i is selection intensity (how extensively the most
elite animals are used as parents of the next generation);
r is selection accuracy (how well the EBV represents the
true breeding value of selection candidates); o, is genetic
diversity (as measured by the additive genetic stand-
ard deviation of the population); and L is the generation
interval (interval length calculated as the average age of
parents when progeny are born) (Lush 1937).

Strategies to improve rates of genetic gain in a popula-
tion involve increasing the components of the breeder’s
equation in the numerator and decreasing the denomina-
tor, or generation interval. It is important to note that the
foundation of genetic improvement is a well-structured
breeding program with a clear breeding objective, and
routine recording of pedigree and performance informa-
tion on the population under selection. Genomic infor-
mation can additionally improve the accuracy of the
relationship matrix compared to pedigree information
alone. Within a structured breeding program, reproduc-
tive and molecular biotechnologies, such as ART and
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GS, can be applied to further accelerate rates of genetic
gain by influencing one or more of the components of the
breeder’s equation.

To increase selection intensity, ART [e.g.,, Al and
embryo transfer (ET)] have been incorporated into cat-
tle breeding schemes. Concurrently, the development of
high-throughput genotyping of single nucleotide poly-
morphisms (SNPs), has enabled GS to predict the genetic
merit of an animal based on its DNA (Meuwissen et al.
2001). Using GS has both improved the accuracy of selec-
tion and reduced the generation interval. Additionally,
GS can provide information on traits that are recorded
late in life, or that are difficult or expensive to record
(Garcia-Ruiz et al. 2016; Hayes et al. 2013; Meuwis-
sen et al. 2013). Moreover, the benefits of each of these
tools, GS and ART, can be maximized when used syner-
gistically to accurately select young animals, which can
markedly reduce the generation interval and ultimately
accelerate genetic gain (Fig. 1) (Kadarmideen et al. 2015;
Loi et al. 2016).

Genome or gene editing (GnEd) is one of the most
recently developed tools for genetic improvement. This
advanced biotechnology allows animal breeders to very
precisely target the addition, deletion, or replacement of
base pairs in the genetic code to influence traits of inter-
est. Specifically, GnEd refers to the use of site-directed
nucleases (i.e., nucleic acid cleaving enzymes) to precisely
introduce double stranded breaks (DSB) in the DNA at a
targeted location in the genome (Gaj et al. 2013). When
the cell attempts to repair the DSB, it can result in the dis-
ruption (knockout) of a gene, or if a donor repair nucleic
acid template is provided, the insertion (knock-in) of
an allele or gene from the same species (intraspecies or
cisgenic) or possibly a different species (interspecies or
transgenic).

In cattle breeding programs, GnEd offers promising
opportunities to introduce useful genetic variation from
one breed of cattle to another in the absence of undesired
linkage drag, or even beneficial traits from different spe-
cies. Currently, GnEd research in cattle has focused on
and is well-suited for improving monogenic, or Mende-
lian, traits. Mendelian traits are controlled by one to a
few loci that each have large effects, and most are qualita-
tive traits, such as horned/polled or coat color. Although,
there are a few known single genes that have large effects
on important quantitative traits. For example, a natu-
rally occurring mutation in the myostatin (MSTN) gene
present in some cattle breeds like Belgian Blue, results
in a substantial increase in the quantitative trait, muscle
yield (Kambadur et al. 1997; McPherron and Lee 1997).
If GnEd is used to target a gene that has a large effect
on a quantitative trait, like MSTN, then GnEd has the
potential to increase genetic variation of that trait in the
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Fig. 1 Schematic illustrating the synergistic relationships between genomic selection (GS), assisted reproductive technologies (ART), and gene
editing for the genetic improvement of cattle. The foundation of genetic improvement is a well-structured breeding program with a clear breeding
objective. Within a structured breeding program, reproductive and molecular biotechnologies, such as ART and GS, can be applied to further
improve rates of genetic gain by effecting one or more of the components of the breeder’s equation (Lush 1937): (1) increase selection intensity (i),
(2) increase selection accuracy (1), (3) decrease the generation interval (L), and (4) increase genetic variation (0,)

population, thus accelerating the rate of genetic gain. It
should be noted that complete MSTN knockouts have
also resulted in increased birth weights, which can cause
dystocia issues (i.e., calving difficulties), so more precise
MSTN mutations will likely be required for practical
applications of this target (Proudfoot et al. 2015).

However, most of the traits that animal breeders want
to improve are polygenic and quantitative (e.g., marbling,
growth, feed efficiency, etc.). For these traits, quantita-
tive genetics and GS have been, and will continue to be,
the major driver for genetic improvement. Additionally,
GnEd in livestock is only possible through the use of
ART. Therefore, the potential of GnEd can only be fully
realized when used in conjunction with ART and GS in a
structured breeding program with a clear breeding objec-
tive to accelerate genetic gain by concurrently altering
multiple components of the breeder’s equation (Fig. 1)
(Bishop and Van Eenennaam 2020; Jenko et al. 2015;
McLean et al. 2020; Van Eenennaam 2017).

Given that there are a wide variety of tools for genetic
improvement in cattle, this review first summarizes the
current state of key reproductive and molecular biotech-
nologies, and then discusses their synergistic potential
when employed jointly. There is a primary focus on how
the increasingly popular modern biotechnology, GnEd, is
being used for genetic improvement of cattle and strat-
egies for effectively incorporating it into existing cattle
breeding programs. Moreover, we discuss how genetic
improvement strategies, including the use of GnEd, will
differ depending on the cattle industry sector (i.e., dairy
or beef) being targeted, and the region of the world in
which they are being deployed.

Considerations for genetic improvement of cattle
in beef versus dairy systems

Advanced reproductive and molecular biotechnolo-
gies are often easier to cost effectively implement in the
breeding pyramid of vertically integrated, “high-input”
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(intensive), industries. In such systems, external inputs
such as supplementary feeds, veterinary medicines and
ART are relatively easy to obtain and widely used. Addi-
tionally, in vertically integrated programs the return on
investment in performance recording of each nucleus
animal can be recouped through thousands, or even
millions, of genetic descendants (Van Eenennaam et al.
2014).

Compared to other livestock species, cattle have a
long generation interval and low fecundity, which slows
genetic progress. Nevertheless, the dairy industry was
well-positioned for rapid adoption of GS due to its
industry-wide selection goal (e.g., Lifetime Net Merit,
NM$ in the U.S.), widespread use of Al, large num-
ber of high accuracy Al sires, primary use of purebred
animals (e.g., Holstein), extensive and uniform pheno-
type data collection, and central evaluation program
to receive genotypes. Moreover, large breeding organi-
zations were willing to fund genotyping because they
received a clear cost savings in terms of identifying Al
sires at a young age (< 1 year-old) compared to previous
progeny testing schemes (>5 years-old) (Wiggans et al.
2017).

In contrast, genetic progress in beef cattle selection
programs has been slower and industry-wide rates of
genetic gain lag well below what is possible (Banks 2005).
This is due to a multitude of factors including the diffi-
culty of developing an industry-wide breeding objective
in large part because of industry segmentation. The beef
industry has a large number of ranches/decision makers
raising animals in very diverse environments and selec-
tion decisions are made at the seedstock level without
good linkages to performance metrics in the commer-
cial cow-calf, feedlot, or processing sector. Also, the beef
industry is comprised of multiple breeds and breed asso-
ciations all collecting separate data, has limited to no data
recording on several economically relevant traits (e.g.,
female reproduction and feed efficiency), has lower pro-
ducer adoption of economic indexes, and a limited use of
AI (Van Eenennaam et al. 2014). Moreover, a large pro-
portion of the world’s beef cattle are located in tropical
and subtropical environments, which requires additional
traits, such as tolerance or resistance to environmental
stressors, to be included in the breeding objective and
those traits are typically very difficult or expensive to
effectively record for genetic improvement purposes and
they may have antagonistic relationships with productive
attributes.

Genomic selection (GS) opportunities

The development of high-throughput genotyping of SNPs
enabled the development of approaches to predict an ani-
mal’s genetic merit based on its DNA (Meuwissen et al.
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2001). In GS, SNP effects are estimated using genotyped
individuals that are phenotyped for the characteristics of
interest (i.e., training population), and then genomic esti-
mated breeding values (GEBVs) can be predicted for any
genotyped individual by using only its SNP genotypes
and estimated SNP effects. GS has been used in cattle
to improve accuracy of selection, reduce the generation
interval, and to provide useful information on traits that
would otherwise be difficult to measure (Garcia-Ruiz
et al. 2016; Meuwissen et al. 2013). Genetic improvement
in cattle, using GS for hard to measure traits like feed
efficiency, cow longevity and fertility, has the potential
to reduce the environmental footprint per unit of pro-
duction (Barwick et al. 2019; Fennessy et al. 2019; Hayes
et al. 2013; Pryce and Haile-Mariam 2020; Quinton et al.
2018).

Furthermore, improving efficiency of cattle produc-
tion through exploitation of genomics can be considered
a public good (Berry et al. 2016). For example, in Ireland
this concept has been recognized by public support of
genotyping cattle to facilitate GS. In 2016, a multibreed
genomic evaluation in beef cattle was launched and a
monetary incentive was provided for beef producers to
genotype females, more extensively phenotype females,
and to retain genomically tested high-index females
as herd replacements to increase the efficiency of the
national herd. To date, the Irish Cattle Breeding Fed-
eration (ICBF) has genotyped almost 2 million animals.
This program provided the data required to validate that
higher maternal index females, on average, calved for the
first time at a younger age, had shorter calving intervals,
survived longer, and were also expected have a lower
mature weight. An accelerated rate of genetic gain in the
Irish maternal index was observed following the deploy-
ment of genotyping incentives and genomic predictions
(Twomey et al. 2020). All of these improvements would
be expected to reduce the environmental impact per unit
of beef production in this system.

Assisted reproductive technologies (ART) adoption
ART is the term used to describe treatments and pro-
cedures which involve the manipulation of reproduc-
tive cycles, gametes, or embryos. In cattle breeding
schemes, ART including Al, cryopreservation of sperm
or embryos, estrus synchronization, multiple ovula-
tion ET (MOET), ovum-pick up (OPU) and in vitro
embryo production (IVP), sex determination of sperm or
embryos, and nuclear transfer (NT) have been incorpo-
rated to increase selection intensity, which can accelerate
rates of genetic gain. Globally, the most widely used ART
in cattle is AI (Baruselli et al. 2018). AI allows females
around the world to be inseminated by genetically supe-
rior bulls via cryopreserved semen, which increases the
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selection intensity of males and thus accelerates rates of
genetic gain. India, which is the country with the second
largest number of cattle in the world in 2019 (193 mil-
lion head, not including over 110 million Buffalo, Mithun
and Yak), behind Brazil (215 million head), currently has
the world’s largest Al infrastructure. This consists of 49
semen stations producing 66.8 million doses of frozen
semen annually. Additionally, there has been an increase
in the uptake of sexed semen in India to reduce the num-
ber of male calves born into dairy herds (Ojango et al.
2016).

In some countries, the adoption of Al has been mark-
edly skewed towards the dairy sector. For instance, while
AI has been widely adopted by the U.S. dairy industry
(>80%) (Capper and Cady 2019; VanRaden 2007), to
date it has seen limited uptake in the U.S. beef industry
(USDA 2020). Only 12% of U.S. beef producers report
using Al and even fewer (7%) use estrus synchronization.
In 2017, this resulted in less than 10% of all females being
bred via Al A larger portion of beef heifers (19%) were
bred via Al compared to only 7% of cows (USDA 2020).
Additionally, in Northern Australia, which accounts for
over 50% of Australia’s total beef cattle population, it
is estimated that Al is used by less than 1% of breeding
herds (MLA 2015). This low adoption rate in the beef
industry is largely due to the difficulty in extensive sys-
tems of identifying females in estrus and constraining
them to allow AI (USDA 2020).

To eliminate the burden and challenge of estrus detec-
tion, timed AI (TAI) was developed (Pursley et al. 1995).
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Additionally, TAI allows anestrous cows to be insemi-
nated and has enabled conception to be more clustered
to the beginning of the breeding season, thus increas-
ing the reproductive and productive efficiency of farms
(Baruselli et al. 2018). South America has widely adopted
TAIL In 2017, more than 15 million breeding females
were inseminated using TAI in Brazil, Argentina and
Uruguay (Mapletoft et al. 2018). Specifically in Brazil,
the widespread adoption of TAI resulted in a remarkable
220% increase in the Brazilian market for bovine semen
units, from 7 million doses in 2002 to 15.5 million in
2018 (Fig. 2) (Baruselli et al. 2019). Over this time period
(2002-2018), the percentage of female cattle in Brazil
that were inseminated using Al more than doubled from
5.8% to 13.1%, totaling approximately 9.5 million head
(13.6% of beef and 10.8% of dairy). Importantly, the large
majority (86.3%) of these inseminations were via TAI
(Fig. 2). Overall, it has been estimated that TAI returns
more than half a billion U.S. dollars per year to the Bra-
zilian beef production chain due to genetic improvement
in economically important traits, such as growth and car-
cass merit, as compared to natural service (Baruselli et al.
2018).

While AI and TAI enable increased selection intensity
of males, MOET and OPU-IVP have allowed for increased
selection intensity of females. In livestock, ET is the pro-
cess of placing an embryo (usually at day 7 of develop-
ment) into the uterus of a synchronized (in estrus 7 days
prior to the transfer) recipient female that is typically not
related to the embryo. Additionally, the development of
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Fig. 2 Comparison of timed artificial insemination (TAl) and artificial insemination with estrous detection in cattle in Brazil from 2002 to 2018.
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synchronization techniques for timed embryo transfer
(TET), has significantly increased the number of recipi-
ents suitable for receiving an embryo (Nasser et al. 2004).
Historically, most embryos for ET were produced through
MOET, also known as “flushing” or in vivo production. In
a MOET program, a genetically superior donor female is
typically superovulated prior to AI and then the result-
ing embryos are flushed from the uterus of the donor (i.e.,
genetic dam) 7 days after AL Alternatively, embryos can be
generated via IVP. In an IVP program, unfertilized oocytes
are collected from the donor cow’s ovaries by transvaginal,
ultrasound-guided needle aspiration of multiple follicles
per ovary, also known as OPU. The collected oocytes then
undergo in vitro maturation (IVM), followed by in vitro
fertilization (IVF) and then in vitro culture (IVC) for
7 days until they reach the blastocyst stage and are ready
for cryopreservation or ET. IVP is advantageous because
donors can be collected repeatedly for most of the year,
even while pregnant, thereby keeping them in synchrony
with an annual calving cycle. Furthermore, in a process
known as juvenile in vitro ET (JIVET), oocytes for IVP can
also be collected from prepubertal heifers (<7 months old),
but with decreasing embryo development rates at younger
ages (Brogliatti and Adams 1996; Duby et al. 1996; Torres
et al. 2014). Using JIVET could decrease the female gen-
eration interval to one year (Duby et al. 1996; Granleese
et al. 2015).

Globally, the number of IVP embryos has increased
dramatically overtime (Fig. 3). This increase has occurred
predominately in North and South America and to a lesser
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extent in Europe, with almost no uptake of this technol-
ogy in Asia and Africa. World-wide, more than one mil-
lion bovine IVP embryos were produced in 2018 and
742,908 were transferred, of which more than 50% were
transferred in South America. In Brazil specifically, over
270,000 IVP embryos were transferred in 2018. Baruselli
et al. (2019) concluded that the uptake of reproductive
biotechnologies in Brazil “increases productivity per unit
of land and significantly contributes to improve the effi-
ciency of livestock. Therefore, with the intensification of
the use of reproductive biotechnologies it is possible to
enhance production with reduced environmental impact”
The challenge to continued adoption of these technologies
is, according to these authors, dependent on an increase in
extension services for producers and specialists, develop-
ment of more efficient/cost-effective products and practi-
cal protocols, increased integration between universities,
research institutes, veterinarians and industry, and market
demand for the production of animal protein with higher
quality, efficiency and environmental and economic sus-
tainability (Baruselli et al. 2019).

Another way to increase selection intensity is through
embryo multiplication procedures, including embryo
splitting and cloning by embryonic cell NT (ECNT)
(Heyman et al. 1998; Lopes et al. 2001). Alternatively,
adult somatic cell NT (SCNT) cloning can be used to
multiply unique genotypes (Oback and Wells 2003;
Wilmut et al. 1997). Unfortunately, due to faulty or
incomplete epigenetic reprogramming of the donor cell
genome, SCNT cloning often results in high rates of
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pregnancy loss and can also negatively affect the viability
of live-born calves (Akagi et al. 2013; Galli and Lazzari
2021; Keefer 2015). Therefore, SCNT cloning is primar-
ily used for research or to produce “back-ups” of indi-
vidual animals with unique genetic features (Bousquet
and Blondin 2004; Loi et al. 2016). On the other hand,
ECNT cloning has been shown to greatly reduce the inci-
dence and severity of abnormal phenotypes compared to
somatic clones, but has limited multiplication potential
due to the small number of embryonic cells, or blasto-
meres (Heyman et al. 2002; McLean et al. 2020; Misica-
Turner et al. 2007).

One advanced reproductive biotechnology that has
been invaluable for rodent and primate research, but
until recently was not available for livestock species,
is embryonic stem cells (ESCs) (Blomberg and Telugu
2012; Evans and Kaufman 1981; Ezashi et al. 2016; Li
et al. 2008; Soto and Ross 2016). ESCs are derived from
the inner cell mass (ICM) of preimplantation blastocysts.
The ICM is the tight cluster of cells inside a blastocyst
that will eventually give rise to the definitive structures
of the fetus. ESCs are a unique cell type because they are
self-renewing (able to replicate indefinitely) and pluripo-
tent, meaning they can differentiate into all three primary
germ layers: ectoderm, endoderm, and mesoderm (Wu
and Belmonte 2015; Ying et al. 2008). Given that ESCs are
derived from pre-implantation embryos, they could pro-
vide a potentially unlimited source of elite genetics from
the next generation of animals for multiplication, which
could further increase the selection intensity of both
males and females in livestock production.

Unfortunately, derivation and stable propagation of
pluripotent ESCs from domestic ungulates, includ-
ing cattle, has been challenging (Blomberg and Telugu
2012; Ezashi et al. 2016; Soto and Ross 2016). Although
there have been reports of the development of bovine
ESC lines, they did not pass the standard pluripotency
tests (i.e., in vitro embryoid body formation, in vivo tera-
toma assay, and/or chimera formation). Moreover, they
showed poor derivation efficiencies, limited proliferation
capacities, and loss of pluripotency markers after exten-
sive passages (Kim et al. 2017; Saito et al. 1992). Conse-
quently, cattle research has been limited to investigation
of induced pluripotent stem cells (iPSC), which can be
derived from the epigenetic reprogramming of somatic
cells (Heo et al. 2015; Kawaguchi et al. 2015).

However, in 2018, after decades of research, Bogliotti
et al. (2018) reported the successful derivation of pluri-
potent bovine ESCs with stable morphology, transcrip-
tome, karyotype, population-doubling time, pluripotency
marker gene expression, and epigenetic features. More-
over, the authors reported that stable bovine ESCs can
be established quickly in 3-4 weeks and were simply
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propagated by trypsin treatment (Bogliotti et al. 2018).
More recently, Zhao et al. (2021) reported the success-
ful derivation of another type of bovine pluripotent stem
cell, expanded potential stem cells (EPSCs). Currently,
the production of a live calf from ESCs would require
NT using an ESC as the nuclear donor. Experiments
have shown that ESC-NT results in similar blastocyst
development rates to SCNT, but there could potentially
be higher pregnancy rates and less offspring abnormali-
ties (Bogliotti et al. 2018; McLean et al. 2020; Zhao et al.
2021).

In the future, ESCs could enable in vitro breeding (IVB)
schemes, which could drastically decrease the genera-
tion interval (Goszczynski et al. 2018). IVB would involve
repeated cycles of deriving gametes (i.e., sperm and eggs)
in culture from ESCs and IVF (Goszczynski et al. 2018).
In mice, ESCs have been induced in culture to become
primordial germ cell-like cells (PGCLCs) and subse-
quently induced to form gametes. Furthermore, these
in vitro gametes have successfully produced live, fertile
offspring (Hayashi et al. 2011, 2012; Ishikura et al. 2016;
Yoshino et al. 2021). Although bovine PGCLCs have yet
to be produced, the ability to derive bovine ESCs now
makes this strategy possible (Goszczynski et al. 2018).
However, IVB will only be a useful tool to improve
genetic gain if combined with GS (see discussion below).

Synergistic power of GS & ART

When GS and ART are used concurrently, the benefits
of each act synergistically to accurately select genetically
superior, young animals, thereby substantially reducing
the generation interval and accelerating rates of genetic
gain (Fig. 1) (Granleese et al. 2015; Kadarmideen et al.
2015; Loi et al. 2016). For example, GS can be used to
accurately select high-genetic-merit young donor females
for MOET or IVP and bulls for semen collection. The
embryos produced from these matings will also have high
genetic merit. However, due to Mendelian sampling vari-
ance, not all full-sibling embryos have the same genetic
merit and there is a large cost and natural resource drain
in gestating ET calves of unknown genetic merit only
to later cull the genetically inferior animals (Segelke
et al. 2014). Therefore, methods to produce and identify
genetically superior embryos before ET have been highly
sought after.

The idea of combining GS with the manipulation of
sex cells and embryos to accelerate genetic gain, coined
“velogenetics,” was first proposed by Georges and Massey
(1991). Briefly, velogenetics is a breeding scheme based
on the collection of fetal oocytes for IVP followed by
genomic testing of the resulting embryos, with the pos-
sibility to reduce the generation interval to 3—6 months
(Georges and Massey 1991). Although this scheme would
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provide a substantial decrease in the generation interval,
the low efficiency and practical complications of having
to slaughter the dam for fetal collection, have inhibited
further development of this specific scheme (Chohan and
Hunter, 2004; Figueiredo et al., 1993). However, alterna-
tive approaches with the same goals have been developed.

Genomic screening of embryos (GSE), sometimes
referred to as embryo genotyping, is the process of geno-
typing cells collected from a biopsy of a preimplantation
embryo (i.e., before ET into a recipient female). GSE can
be used to predict an embryo’s genetic merit so that only
the embryos with the highest genetic merit are used for
ET. Moreover, since a larger number of embryos can be
generated via IVP compared to live-born animals, GSE
can be used to select a small number of animals (in their
embryo stage) from a large pool of candidates for ET,
which will further increase the selection intensity (Fisher
et al. 2012; Kadarmideen et al. 2015; Yudin et al. 2016).
Although GSE holds great potential, there are currently
several technical limitations to overcome.

There is an inverse relationship between the viability
of a biopsied embryo and the ability to obtain enough
DNA sufficient for genotyping (Ponsart et al. 2013). DNA
extracted from embryo biopsies can be used for genetic
diagnosis [i.e., genotyping of a few specific loci via pol-
ymerase chain reaction (PCR)], for GS, or a combina-
tion of both. DNA from one to several biopsied cells has
been used successfully for genetic diagnosis (primarily,
sex identification) of preimplantation bovine embryos
(Cenariu et al. 2012; de Sousa et al. 2017; Ponsart et al.
2013; Tominaga and Hamada 2004). Moreover, de Sousa
et al. (2017) took biopsies of a limited number of cells
(10-20 blastomeres) from the trophectoderm of both
in vivo derived and IVP bovine embryos on day 7 of
development. They demonstrated that the biopsies were
sufficient for embryo sexing via PCR and that there was
no significant (P>0.05) difference on day 60 pregnancy
rates of fresh transfer, biopsied embryos compared to
control, non-biopsied embryos. It is important to note
that this study did not investigate pregnancy rates of
embryos that had been both biopsied and cryopreserved.
Due to the limited amount of time between being able
to biopsy an embryo and needing to transfer the fresh
embryo (i.e., both on day 7 of IVP development), the
ability to cryopreserve biopsied embryos will likely be a
critical process for applying GSE on a commercial scale
(Mullaart and Wells 2018).

While embryo biopsies for sex determination have
been routinely used in ET programs (Bondioli 1992;
Lopes et al. 2001; Ponsart et al. 2013), GS of embryos has
been limited since a much larger number of cells (mini-
mum of 30-40 cells) must be biopsied and genotyped
to make accurate selection decisions (Fisher et al. 2012;
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Ponsart et al. 2013). Although taking a biopsy of more
than ~ 20 cells will drastically decrease embryo viability,
alternatives to generate a sufficient amount of DNA for
GS from only a small number of biopsied cells have been
investigated, such as growing biopsied cells in culture
(Ramos-Ibeas et al. 2014; Shojaei Saadi et al. 2014), and
using whole genome amplification of biopsied cells in
combination with imputation from known parental and
population genotypes (Allan 2019; Lauri et al. 2013; Sho-
jaei Saadi et al. 2014).

An adaption to traditional GSE was developed by Kasi-
nathan et al. (2015) to genomically screen unborn bovine
fetuses rather than embryos. Their strategy utilized mul-
tiple ET’s and subsequent embryo flushing (21-26 day
fetuses) to generate fetal fibroblast lines. DNA was
extracted from the fibroblast lines for GS and the result-
ing GEBVs for NM$ (U.S. dairy) were used to select
the line with the highest genetic merit. Cells from the
selected elite fibroblast line were used as donor cells for
SCNT cloning. Following ET of the cloned embryos, five
healthy calves with elite dairy genetics were born (Kasi-
nathan et al. 2015). While this scheme overcomes the
challenges of taking embryo biopsies for GS, it still relies
on the inefficient process of SCNT cloning to produce
live offspring (Akagi et al. 2013; Keefer 2015).

Bovine pluripotent stem cells (Bogliotti et al. 2018;
Zhao et al. 2021) have the potential to open a whole new
avenue for GSE. Given that pluripotent stem cells are self-
replicating, a sufficient amount of DNA could be extracted
without harming the viability of the remaining stem cells,
which would allow for the use of GS to determine the
genetic merit of each line. The genetically superior stem
cell lines could then be used for ECNT, similar to the Kasi-
nathan et al. (2015) method. Alternatively, the genetically
superior stem cell lines could be in vitro differentiated (as
described above) to produce gametes which would enable
IVB schemes (Goszczynski et al. 2018). Goszczynski et al.
(2018) anticipates that one round of IVB could be com-
pleted in 3—4 months, which would drastically reduce the
generation interval. These authors estimate that in the same
time that it takes a GS program to obtain its first generation
(2.5 years), an IVB program would instead allow 10 genera-
tions of mating and selection in this same period, ultimately
enabling substantial genetic improvements to be made in a
short amount time (Goszczynski et al. 2018).

Gene editing (GnEd) potential

A potentially ground-breaking tool for genetic improve-
ment is GnEd, which offers promising opportunities to
inactivate targeted gene function (i.e., knockout genes),
knock-in genes from other species, and achieve intraspe-
cies allele introgression in the absence of undesired link-
age drag. GnEd refers to the use of site-directed nucleases
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to precisely introduce DSB at predetermined locations
in the genome (Gaj et al. 2013). Cells have evolved two
primary pathways to repair DSBs: non-homologous end
joining (NHEJ) and homology-directed repair (HDR).
The underlying principle is that the cell's endogenous
repair factors will identify and congregate at the site of
the DSB to repair the DNA in an efficient manner.

When using the NHE] pathway, the cell’s natural DNA
repair pathway fuses the broken DNA ends back together
through blunt-end ligation. NHE] is referred to as “non-
homologous” because the ligation occurs without the use
of a homologous nucleic acid template (e.g., sister chro-
matid) (Moore and Haber 1996). Consequently, this path-
way is error-prone and often introduces variable-length
insertion and deletion mutations (indels) at the DSB
site (Sander and Joung 2014). In other words, the NHE]
pathway allows for the efficient disruption or knockout
of a gene by targeting breaks to the coding region of the
gene, where indels can result in frameshift or nonsense
mutations.

On the other hand, the cell can use the HDR pathway
if a nucleic acid donor template is provided. HDR tem-
plates can be designed to include desired modifications
between regions of homology flanking either side of the
targeted DSB, and templates are generally provided to
the cell in the form of single-stranded or double-stranded
DNA. The cell's DNA repair enzymes can use the tem-
plate as a model for precise repair by homologous recom-
bination. The HDR pathway can be used to introduce,
or knock-in, a range of gene edits, from point mutations
to allelic substitutions, to entire transgenes (Sander and
Joung 2014). However, in most cell types a lower fre-
quency of HDR than NHE] has been observed (Sonoda
et al. 2006).

There are currently three primary site-directed nucle-
ases used for GnEd in livestock: (1) zinc finger nucleases
(ZFN); (2) transcription activator-like effector nucleases
(TALENS); and (3) clustered regularly interspersed short
palindromic repeats and associated protein 9 (CRISPR/
Cas9). Since 2012, all three GnEd systems have been
used to perform both gene knockouts and knock-ins
in livestock cells and zygotes (Bishop and Van Eenen-
naam 2020; Tait-Burkard et al. 2018; Tan et al. 2016).
Most recently, the high efficiency, technical simplicity of
design, and cost-effectiveness of the CRISPR/Cas9 sys-
tem has greatly advanced the potential for GnEd in live-
stock (Petersen 2017).

GnEd experiments in cattle have primarily focused on
three main areas of improvement (1) animal health and
welfare, (2) product yield or quality, and (3) reproduction
or novel breeding schemes (Table 1). All three of these
areas are highly aligned with the goals of conventional
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breeding programs (Rexroad et al. 2019; Tait-Burkard
et al. 2018; Van Eenennaam 2017).

In particular, a highly anticipated application of GnEd
in livestock is to enable breeders to tackle animal health
and welfare issues at a genetic level in a way that is either
not currently possible, or would result in decreased rates
of genetic gain, if pursued through conventional breed-
ing. For example, GnEd enabled Wu et al. (2015) and Gao
et al. (2017) to precisely insert genes from other species
(mouse Sp110 (SP110 Nuclear Body Protein) and human
NRAMP1 (Natural Resistance-Associated Macrophage
Protein 1), respectively) into an intergenic region of the
bovine genome to decrease susceptibility to tubercu-
losis. This scientific feat would not have been possible
through conventional breeding methods alone. GnEd has
also enabled researchers to replicate a beneficial muta-
tion in the prolactin receptor (PRLR) gene, first found
in Senepol cattle and hypothesized to result in a SLICK
phenotype (i.e., short, sleek hair coat), in Angus cattle
to increase thermotolerance (Rodriguez-Villamil et al
2021). Although the Senepol PRLR mutation could be
introgressed into another breed, such as Angus, through
conventional breeding methods alone, the process would
require multiple generations of backcrossing to restore
genetic merit to pre-introgression levels, due to linkage
drag (Tan et al. 2012). In a species like cattle, with a long
generation interval, backcrossing is a time-consuming
and expensive process (Gaspa et al. 2015; Visscher et al.
1996). Additionally, it is important to note that genetic
solutions for animal health and welfare issues are often
more sustainable and require less labor for livestock pro-
ducers than chemical or mechanical methods (e.g., polled
genetics versus dehorning) (Gottardo et al. 2011; Thomp-
son et al. 2017). It is also anticipated that GnEd could be
used to repair defective genes, such as recessive lethal or
heritable disease variations in high genetic merit animals
(Tkeda et al. 2017; Ishino et al. 2018).

Overall, the potential for GnEd to improve livestock
sustainability is clearly evident. As illustrated by the
2018 National Academies of Sciences, Engineering, and
Medicine (NASEM) study, “Science Breakthroughs 2030:
A Strategy for Food and Agricultural Research,” which
identified “the ability to carry out routine gene editing
of agriculturally important organisms” as one of the five
most promising scientific breakthroughs that are possi-
ble to achieve in the next decade to increase the U.S. food
and agriculture system’s sustainability, competitiveness,
and resilience (NASEM 2018). However, strategies for
routinely incorporating GnEd into existing animal breed-
ing programs, especially for species with long-generation
intervals, like cattle, are less evident.
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Table 1. Publications using gene editing in cattle for agricultural applications, grouped by category of genetic improvement goals.

Goal Genome target and function  Editing approach Editor® Live edited offspring  Reference(s)
Animal health/welfare
Prevent horn growth Horn/Poll Replaced bovine horned  TALEN Yes Carlson et al. (2016), Tan
allele (p) with bovine etal. (2013)
POLLED, Celtic allele (P)
Generated deletions in CRISPR/Cas9 No Hennig et al. (20214, b)
the horned loci
Disease resistance: CSN2 (Beta-Casein): milk protein  Inserted Staphylococcal ZFN Yes Liuetal. (2013)
Mastitis gene lysostaphin (antimicrobial)
gene
Inserted human lysozyme  ZFN Yes Liuetal. (2014)
(antimicrobial) gene
Disease resistance: Tuber-  /TGB2 Intergenic region Inserted mouse SpT170 TALEN Yes Wu et al. (2015)
culosis between SFTPAT (Surfactant (SP110 Nuclear Body
Protein A1) and MATIA Protein) gene
(Methionine Adenosyltrans-
ferase 1A)
Intergenic region Inserted human NRAMP1  CRISPR/Cas9 Yes Gao et al. (2017)
between FSCNT (Fascin Actin-  (Natural Resistance-
Bundling Protein 1) and ACTB Associated Macrophage
(Actin Beta) Protein 1) gene (controls
Tuberculosis infections)
Disease resistance: BRD (Integrin Subunit Beta 2): Substituted glycine in ZFN No Shanthalingam et al. (2016)
encodes the leukocyte signal place of glutamine to
peptide CD18 cause cleavage of CD18
Disease resistance: BSE PRNP (Prion Protein): suscepti- Disrupted the PRNP gene  TALEN No Choietal. (2015)
bility to BSE CRISPR/Cas9  No Bevacqua et al. (2016)
Substituted valine in place  CRISPR/Cas9  Yes Park et al. (2020)
of glycine at position 127
to confer resistance
Repair mutation: IARS IARS Substituted a single CRISPR/Cas9  Yes lkeda et al. (2017), Ishino
syndrome base pair to correct the etal. (2018)
mutation
Thermo tolerance PMEL (Premelanosomal Protein):  Introduced a 3 bp CRISPR/Cas9  Yes Laible et al. (2020)
coat color deletion associated
with diluted, or silver,
coat-color
PRLR (Prolactin Receptor): hair ~ Disrupted PRLR gene CRISPR/Cas9  Yes Rodriguez-Villamil et al.
coat length to generate a SLICK (2021)
(short, sleek hair coat)
phenotype
Product yield or quality
Eliminate a milk allergen  BLG (Beta-Lactoglobulin): whey  Disrupted the BLG gene ZFN Yes Yuetal. (2011)
protein gene Disrupted the BLGgene ~ ZFNor TALEN  No Wei et al. (2015)
by inserting 5 bp with TALEN Yes Weietal. 2018)
single stranded oligonu-
cleotide template
CSN2: milk protein gene Inserted LacS gene TALEN Yes Suetal. (2018)
(sulfolobus solfataricus
beta-glycosidase) to
digest lactose
Increase lean muscle yield  MSTN (Myostatin): negative Disrupted the MSTN gene ~ TALEN No Carlson et al. (2012)
regulator of muscle growth ZEN Yes Luo et al. (2014)
TALEN Yes Proudfoot et al. (2015)
CRISPR/Cas9 No Namula et al. (2019)
Reproduction and novel breeding schemes
Generate host for germ NANOS2 (Nanos C2HC-Type Disrupted the NANOS2 CRISPR/Cas9  Yes Ciccarelli et al. (2020), Miao

cell transfer

Zinc Finger 2): necessary for
male germline development

gene to eliminate germ
cell production

etal. (2019)
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Goal Genome target and function

Editing approach

Editor® Live edited offspring  Reference(s)

Increased frequency of Safe harbor loci, H11

male offspring

Inserted an additional
copy of the bovine SRY

CRISPR/Cas9 Yes Owen et al. (2021)

(Sex Determining Region

Y protein) gene

2 Editor: zinc finger nucleases (ZFN), transcription activator-like effector nucleases (TALENS), and clustered regularly interspersed short palindromic repeats (CRISPR)-
associated protein 9 (Cas9). Note: BRD, bovine respiratory disease; BSE, bovine spongiform encephalopathy; IARS, Isoleucyl-tRNA synthetase

ART enables production of live GnEd offspring

For GnEd to be an important factor for genetic improve-
ment, it must reliably edit the germline of breeding stock,
so the edits can be passed on to the next generation. To
date, it has been challenging to produce live, homozy-
gous, non-mosaic, GnEd offspring. There are currently
two primary methods to generate GnEd bovine embryos
and each has associated tradeoffs (Fig. 4).

One option is to introduce the GnEd reagents (e.g.,
CRISPR/Cas9) into a somatic cell line and subsequently
clone the cell line by SCNT to produce embryos. Thus
far, SCNT has been the primary method for produc-
ing GnEd livestock because the clonal colony growth
of cell lines provides large amounts of DNA that can be
genomically sequenced to confirm and isolate cells with
the desired edit such as to only produce animals with
intended edits. However, as previously discussed, SCNT
cloning often results in high rates of pregnancy loss and
can also negatively affect the viability of live-born calves
(Akagi et al. 2013; Keefer 2015). Additionally, unless a
scheme similar to Kasinathan et al. (2015) is used, adult
somatic cloning increases the generation interval by one
generation (equivalent to two years in cattle), compared
to ET of in vivo derived or IVP embryos.

Alternatively, GnEd reagents can be introduced
directly into the cytoplasm of an IVP zygote, typically
via microinjection or more recently, via electropora-
tion (Lin and Van Eenennaam 2021; McLean et al.
2020). GnEd of zygotes is an attractive option because
it avoids the inefficiencies associated with SCNT clon-
ing, does not increase the generation interval because
the GnEd process is occurring in the next generation of
animals, and allows for the introduction of GnEd rea-
gents into a genetically diverse population of founda-
tion animals as each zygote will produce a genetically
distinct animal, as compared to animals derived from a
clonal cell line. However, characterizing GnEd zygotes
is difficult due to the challenges of GSE discussed
above. Specifically, a major challenge associated with
GnEd of zygotes is the production of mosaic animals
(Bishop and Van Eenennaam 2020; Hennig et al. 2020;
McLean et al. 2020). Mosaicism arises from mutations
that occur after DNA replication (van Echten-Arends
et al. 2011), resulting in one individual having two or

more different genotypes. It is important to keep in
mind that many livestock GnEd applications require
homozygous modifications (i.e., two copies) to ensure
inheritance of one copy in the F1 generation (Bishop
and Van Eenennaam 2020). Therefore, mosaic GnEd
animals will often require time-consuming and expen-
sive subsequent crossbreeding to ultimately produce
homozygous edited offspring (Fig. 4).

Regardless of the method used to generate GnEd
bovine embryos, ET into synchronized recipient females
is a crucial step in producing live GnEd offspring (Fig. 4).
Therefore, GnEd in mammalian livestock species is cur-
rently reliant on the use of ART (i.e., IVP or SCNT to
produce GnEd embryos, and ET to produce live, GnEd
offspring).

Synergistic strategies for incorporating GnEd into livestock
breeding programs: Simulations

To be an effective tool for genetic improvement, GnEd
must integrate smoothly into existing cattle breeding
programs (Bishop and Van Eenennaam 2020). Thus far,
GnEd has not yet been applied at commercial scale, and
so strategies for incorporating GnEd into livestock breed-
ing programs have primarily been modeled via computer
simulation.

One of the first simulation studies to explore the poten-
tial of combining GnEd with GS in a livestock breeding
program was by Jenko et al. (2015). Although, GnEd is
currently being used to improve monogenic traits, Jenko
et al. (2015) modeled a hypothetical breeding scheme
of GS supplemented with promotion of alleles by GnEd
(PAGE) to improve a quantitative trait and compared
the results to a baseline scenario of using GS alone. In
the PAGE scheme, the top sires (5, 10, or 25) based on
their true breeding values (i.e., GS with perfect accuracy)
were selected and then GnEd for 1-100 loci. They found
that using GS+ PAGE for 20 loci using 25 sires doubled
the rate of genetic gain as compared to using GS alone.
It is important to note that this simulation assumed a
quantitative trait that had 10,000 known quantitative
trait nucleotides (QTN), but identifying such QTN is
not a trivial exercise and to date relatively few QTN with
large effects on quantitative traits have been identified
(Georges et al. 2019).
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for transfer. The GnEd cell line can be screened before cloning to ensure production of a homozygous, non-mosaic animal. For the zygote
microinjection approach (light purple arrows) GnEd reagents are introduced directly into a zygote via cytoplasmic injection or electroporation.
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Bastiaansen et al. (2018) modeled GnEd of a monogenic
trait at the zygote stage in a generic livestock population
combined with GS for a quantitative trait (i.e., index-
based selection). In this simulation, zygotes from either
0, 10, or 100% of matings from genomically-selected
elite parents were GnEd for the desired monogenic trait.
Additionally, due to the low efficiencies of GnEd reported
in the literature (Tan et al. 2016), they modeled various
GnEd success and embryo survival rates. When they
modeled 100% GnEd efficiency and embryo survival, they
observed a strong favorable impact of GnEd on decreas-
ing the time to fixation for the desired allele (four-fold
faster), compared to GS alone. However, when they mod-
eled a 4% GnEd efficiency, this had a major impact on
the number of GnEd procedures needed (increased by
72%) and the selection response for the polygenic trait
decreased by eight-fold, compared to the 100% efficiency
model (Bastiaansen et al. 2018). As discussed previously,
GnEd of zygotes is typically not 100% and mosaic animals
are common (Hennig et al. 2020; McLean et al. 2020).
Therefore, in a commercial setting GnEd embryos will
likely need to be biopsied to confirm the desired change
before ET to avoid transferring embryos without the
desired edit(s). Moreover, the current technical limita-
tions of embryo biopsying will need to be overcome to
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not only identify embryos with the intended edit(s), but
also to use GS to select embryos with superior genetic
merit to increase rates of genetic gain.

Van Eenennaam (2017) proposed a scheme where
GnEd could be incorporated as an added step to the
Kasinathan et al. (2015) elite cattle production system
(Fig. 5). This approach was modeled to introduce a ben-
eficial, monogenic, dominant allele (i.e., the POLLED
Celtic allele (Pc)) into the U.S. dairy cattle (Mueller
et al. 2019) and northern Australian beef cattle popula-
tions (Mueller et al. 2021). In these simulations, fetal tis-
sue from the next generation of yet-to-be-born bulls was
genomically screened and selected, edited, and then suc-
cessfully cloned such that this production system added
3-5 months to produce a homozygous GnEd bull (Fig. 5).

Mueller et al. (2019) modelled the U.S. dairy popula-
tion and found that the use of GnEd was the most effec-
tive way to increase the frequency of the desired P allele
while minimizing detrimental effects on inbreeding and
the rate of genetic gain based on an economic selection
index (NMS$). They observed that GnEd only the top 1%
of bull calves per year based on their index value while
placing moderate selection pressure on the polled phe-
notype was sufficient to maintain the same or a better
rate of genetic gain compared to conventional selection
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on genetic merit alone, while significantly increasing the
P allele frequency to greater than 90% (Mueller et al.
2019). Additionally, both Bastiaansen et al. (2018) and
Mueller et al. (2019) found that GnEd reduced long-
term inbreeding levels in scenarios that placed moderate
to strong selection emphasis on the monogenic trait of
interest (e.g., polled) compared to conventional breeding
alone. Importantly, Mueller et al. (2019) modeled con-
ventional breeding to represent the widespread use of Al
in the U.S. dairy population (i.e., maximum of 5000 (5%)
matings/bull/year) (Capper and Cady 2019; Capper et al.
2009; Garcia-Ruiz et al. 2016; VanRaden 2007), so a single
dairy sire was able to have a large impact on the whole
population. Therefore, only a small number of elite, GnEd
polled, dairy sires were needed to see population-level
results (Mueller et al. 2019).

In contrast, Al is rarely used in northern Australian
beef cattle breeding herds (<1%) (MLA 2015), thus Muel-
ler et al. (2021) modeled all matings via natural service
(i.e., maximum of 35 matings/bull/year). The natural
mating limits prevented individual GnEd beef bulls from
having an extensive impact on the whole population.
Consequently, GnEd only the top 1% of seedstock beef
bull calves per year in mating schemes that placed mod-
erate to strong selection on polled resulted in significantly
slower rates of genetic gain as compared to conventional
selection based on genetic merit alone. However, they did
find that if the proportion of GnEd animals was increased
to the top 10% of seedstock beef bull calves per year then
similar rates of genetic gain could be achieved compared
to conventional selection on genetic merit alone. In all
scenarios, regardless of whether GnEd was applied, the
population inbreeding level never exceeded 1%. This level
of inbreeding has been found to have relatively minor
effects on traits of economic or biological significance in
tropical beef cattle (Burrow 1998). This simulation study
modeled solely natural mating because currently ARTs
are scarcely used in this beef cattle population (MLA
2015). However, the authors explain that, “this is unlikely
to be the situation with valuable GnEd bulls. It is more
probable that a high-genetic-merit homozygous polled
sire would be used for Al or IVP followed by ET, in the
seedstock sector. This system would amplify the reach of
each GnEd bull using well-proven ART and enable these
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bulls to produce hundreds or even thousands of progeny,
and thus have a greater impact on the whole population.”

Although Mueller et al. (2021) modeled a northern
Australian beef cattle population, many findings are also
applicable to the global beef industry and the situation in
many developing countries (Baruselli et al. 2019; MLA
2015; Ojango et al. 20164, b; Setiana et al. 2020; USDA
2020). Al is logistically challenging to implement for both
smallholder farms in developing countries (e.g., lack of Al
technicians and difficulties transporting cryopreserved
semen) and often for commercial-scale extensive beef
operations in developed countries (e.g., additional labor
required to identify females in estrus and constrain them
to perform Al). Therefore, a large number of GnEd nat-
ural service bulls would currently be needed to broadly
disseminate GnEd traits globally in systems that have
limited adoption of ARTs.

Surrogate sires to disseminate GnEd traits

A potential alternative to AI that could be enabled
through GnEd is a concept called surrogate sires. Surro-
gate sires would be host bulls that carry germ cells from
more genetically elite donor sires, and they will be able
to pass on these desirable donor genetics through natu-
ral mating to improve production efficiency (Gottardo
et al. 2019). Additionally, surrogate sire technology could
potentially provide an efficient means for the distribution
of traits that have been improved through GnEd (McFar-
lane et al. 2019).

It is anticipated that surrogate sire technology could be
realized through germline complementation, which con-
sists of using donor cells from one genetic background to
complement or replace the germline of an otherwise ster-
ile host of a different genetic background (Giassetti et al.
2019; Richardson et al. 2009). Germline complementa-
tion requires two components: (1) a host that lacks his
own germline, but otherwise has normal gonadal devel-
opment (e.g., intact reproductive tract), and (2) donor
cells that are capable of becoming gametes (Fig. 6).

One method to generate germline-deficient hosts is via
treatment with chemotoxic drugs (e.g., busulfan) or local
irradiation, but these methods are not efficient in live-
stock because they either fail to completely eliminate the
endogenous germline, or the treatment has undesirable

(See figure on next page.)

stem cell

Fig. 6 Schematic of potential surrogate sire production systems. Grey represents steps to generate the host animal. Green and blue represent
potential alternative sources and steps for generating donor cells. Light purple represents the germline complementation steps and dark purple/
maroon represents the resulting final surrogate sire product. Key differences are that in the green (A) path, germline complementation would take
place in a live, juvenile or adult, animal and the host would be non-mosaic. In contrast, in the blue path (B), germline complementation would take
place at the embryo stage and the resulting host could be mosaic. Blue ribbons represent elite genetics and scissors represent steps that require
(solid fill) gene editing or where gene editing could potentially be introduced (outline only). PGCLC: primordial germ cell-like cells, ESC: embryonic
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side effects on animal health (Giassetti et al. 2019). A
promising alternative is to use GnEd to knockout a gene
(e.g., NANOS2 or DAZL) in a zygote that is necessary for
that animal’s own germ cell production (Ciccarelli et al.
2020; McLean et al. 2021; Miao et al. 2019; Park et al.
2017; Taylor et al. 2017).

Donor cells could be blastomeres (i.e., embryo cells) or
stem cells, as reviewed by Bishop and Van Eenennaam
(2020) and McLean et al. (2020). Potential sources of
germline competent stem cells are ESCs, iPSCs, or sper-
matogonial stem cells (SSCs), which can be isolated from
mature or juvenile testes (Ciccarelli et al. 2020; Giassetti
et al. 2019). Additionally, ESCs or iPSCs could possibly
be induced in culture to become PGCLCs (Hayashi et al.
2011). Stem cells provide several advantages over blasto-
meres, as an embryo has a limited number of blastomeres
and therefore a limited amount of genomic screening and
multiplication potential (McLean et al. 2020). In con-
trast, stem cells are self-replicating so they can provide
a potentially unlimited supply of donor cells. Addition-
ally, stem cells could be GnEd in culture, possibly multi-
ple times sequentially, and then DNA could be extracted
without harming the viability of the remaining stem cells
to both confirm the intended gene edit was made and to
use GS to determine the genetic merit of each line. This
scheme would be especially useful when applied to ESCs,
which represent the next generation, to overcome the
current challenges associated with GSE and to avoid the
mosaicism issues currently associated with zygote GnEd.

The process of germline complementation (i.e., com-
bining donor cells with a host) can occur at different
stages of a host animal’s development, depending on the
donor cell source (Fig. 6). If the donor cells are SSCs or
PGCLCs then they can be injected into a juvenile or adult
host’s germline-deficient gonad (Fig. 6A). SSCs transfer
has been demonstrated in pigs and goats and represents
germline cloning of the current generation of sires (Cic-
carelli et al. 2020; Park et al. 2017). Whereas, PGCLCs
derived from ESCs would represent germline cloning of
the next generation since the donor cells would originate
from an unborn 7-day old embryo. Alternatively, donor
blastomeres or ESCs, which both represent the next gen-
eration, could be combined with the host at the devel-
oping embryo stage (Fig. 6B) (Ideta et al. 2016; McLean
et al. 2020).

Irrespective of the production method, surrogate sires
could unlock an opportunity to both accelerate rates of
genetic gain and widely distribute traits improved via
GnEd. The selection of only elite males for donor cells
would increase selection intensity. Additionally, since
the use of surrogate sires will not require any addi-
tional labor for commercial producers, there could be
widespread adoption of this technology, which would
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dramatically reduce the lag in genetic merit that typically
exists between the seedstock sector and the commercial
sector. For example, Gottardo et al. (2019) performed
simulations to develop and test a strategy for exploiting
surrogate sire technology in a pig breeding programs.
Their model projected that using surrogate sire technol-
ogy in the swine industry would significantly raise the
genetic merit of commercial sires by closing the typical
4 year genetic lag (difference in genetic mean between
the nucleus and commercial populations), resulting in as
much as 6.5 to 9.2 years’ worth of genetic gain as com-
pared to a conventional pig breeding program (Gottardo
et al. 2019; Visscher et al. 2000).

Considerations for incorporation of records

from animals produced using advanced
reproductive or molecular biotechnologies

into National Cattle Genetic Evaluations

Currently, an important question is how to best accom-
modate animals produced using advanced reproductive
and/or molecular biotechnology and their progeny into
genetic evaluations. In the U.S., the majority of genetic
evaluations for beef cattle are carried out by breed asso-
ciations following the industry-standard Beef Improve-
ment Federation (BIF) guidelines (BIF 2021d; Van
Eenennaam 2019). U.S. dairy cattle genetic evaluations
were previously performed by the U.S. Department
of Agriculture-Agricultural Research Service-Animal
Genomics and Improvement Laboratory (USDA-ARS-
AGIL) and are currently performed by the Council of
Dairy Cattle Breeding (CDCB). Additionally, the Interna-
tional Committee for Animal Recording (ICAR), which
is an international Non-Governmental Organization
(NGO), provides guidelines, standards, and certification
for animal identification, animal recording, and animal
evaluation.

Records from animals resulting from ART

For animals resulting from MOET, BIF recommends that
all observations, or phenotypic information, for traits
that do not have maternal effects be used in genetic
evaluations and that observations “for traits that have
maternal effects, be used in genetic evaluations as long as
the recipient dams’ ages (heifer, 1st parity, or multipar-
ity) and approximate breed compositions are available”
(BIF 2021b). Additionally, “BIF recommends that embryo
stage (1-9) and grade (1-3) and whether frozen, split,
sexed, or genotyped be recorded and submitted to breed
association or other recording organization” and that,
“when sufficient information becomes available, genetic
evaluation models for MOET calves include effects of
fresh versus frozen and of biopsied (sexed and/or geno-
typed) or not” (BIF 2021b). However, due to historic
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concerns of large offspring syndrome, BIF does not rec-
ommend to use phenotypic observations from animals
resulting from IVP in genetic evaluations (BIF 2021b;
Thallman and Snider 2021). Although, BIF does recom-
mend that observations on all ET calves (i.e., resulting
from MOET or IVP) be recorded and submitted to breed
association or other recording organizations, along with
the form of technology used and other pertinent details
related to producing the ET calves (BIF 2021b), so that
this information could eventually be used in analyses
that would enable the incorporation of records from IVP
produced beef cattle to be included in future genetic
evaluations (Thallman and Snider 2021). In contrast,
phenotypic observations from animals resulting from
both MOET and IVP are included in dairy cattle genetic
evaluations. For dairy animals known to be produced
by ET (both MOET and IVP), production records (e.g.,
lactation records) are included in genetic evaluations,
but fertility and calving data (e.g., stillbirth records) are
excluded from genetic evaluations of those traits because
they don’t represent "normal” expressions of fertility (per-
sonal communication, John B. Cole).

Regarding animals resulting from N'T, due to concerns
of large offspring syndrome and abnormal clone syn-
drome, BIF recommends to not use phenotypic obser-
vations from these animals in genetic evaluations (BIF
2021b; Thallman and Snider 2021), but also recognizes
that “there are instances where genetically identical ani-
mals are in the pedigree (i.e. identical twins and clones)”
In these cases where genetically identical animals exist
in the pedigree, BIF recommends that, “for purposes of
routine genetic evaluation, each set of genetically identi-
cal individuals is assigned a common identifier, so they
have identical expected progeny differences (EPDs),” and
recommends that, “they should also be assigned different
permanent identification numbers” (BIF 2021c). An EPD,
which is the standard term used in the U.S. beef industry,
is a predictor of the genetic merit of an animal’s progeny
and is equal to half of an animal’s EBV. Data from clones
is handled similarly for dairy genetic evaluations, where
each clone receives a unique permanent identification
number and an individual evaluation, but the same pre-
dicted transmitting ability (PTA) is distributed for all
clones from the same donor (personal communication,
John B. Cole). A PTA, which is the standard term used in
the U.S. dairy industry, is a predictor of the genetic merit
of an animal’s progeny and is equal to half of an animal’s
EBV.

ICAR recommends that detailed data should be
recorded at all steps of embryo production (e.g., embryo
stage, embryo grade, and whether frozen, split, sexed, or
genotyped) and this information should be submitted to
breed association or other recording organizations. ICAR
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is working to develop standardized codes for identifying
features of embryos (e.g., sex, NT, IVD, etc.). Additionally,
ICAR advises having parentage verification for animals
resulting from ET (ICAR, 2017, 2019).

Records from animals resulting from GnEd

Given that all GnEd animals are currently produced via
SCNT or IVP the phenotypic observations of the result-
ing animals would be recommended to be excluded
from beef genetic evaluations, but could potentially be
included in dairy genetic evaluations (BIF 2021b; Thall-
man and Snider 2021). ICAR recommends that “breed
Associations should check the rules of their countries
with regard to allowing GnEd animals in the herd book,’
and “if an animal has been GnEd it should be recorded
against the animal when registered and should appear
on the Zootechnical Certificate” (ICAR 2019). Addition-
ally, BIF has developed more detailed guidelines for what
data should be required from GnEd animals for breed
association registration (BIF 2021a). Recently, two major
beef breed associations, the American Angus Associa-
tion (AAA) and the Red Angus Association of America
(RAAA) adopted bylaws regarding the registration
requirements for GnEd founders (GEF) and descendants
(GED) (AAA 2021; RAAA 2021). Moreover, in Septem-
ber of 2021 the RAAA was the first breed association to
announce that “they will provide herdbook registry of
Red Angus animals carrying GnEd traits for heat toler-
ance and coat color” (RAAA 2021).

Moving forward, the GED will eventually enter genetic
evaluations and the method for inclusion of these phe-
notypic records may differ depending on the type of trait
affected by the GnEd (Thallman and Snider 2021). Most
GnEd targeting qualitative traits (e.g., horned/polled or
coat color), would have no influence on genetic evalu-
ations. In contrast, GnEd targeting quantitative traits
(e.g., muscle yield or disease resistance) could have a
major impact on the genetic evaluations of close rela-
tives. Thallman and Snider (2021) state that “gene editing
directly violates fundamental assumptions of traditional
(non-genomic) genetic evaluation” However, they also
point out that fortunately, it will likely be easier to accom-
modate GnEd in genomic evaluation models (e.g., Single
Step), and that research will be needed to determine the
best way to include these records in different genomic
models (Thallman and Snider 2021).

Records from surrogate sires

Based on the current proposed methods, surrogate sires
will also be produced using IVP to generate the germline
knockout host for germline complementation (Fig. 6).
Therefore, based on current BIF guidelines, phenotypic
observations on surrogate sires would also be excluded
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from beef genetic evaluations (BIF 2021b). However,
phenotypes recorded on the somatic host are unrelated
to the genetic merit of the donor germline, and therefore
should not be included in the genetic merit estimate cal-
culations associated with the donor. It should be noted
that GnEd, homozygous NANOS2 knockout females
are expected to be fertile, so when crossed with a GnEd,
heterozygous NANOS2 knockout, fertile male this mat-
ing would be expected to produce 50% homozygous
NANOS?2 knockout, infertile male offspring, even in the
absence of IVP or other ARTs (Park et al. 2017). Similar
to animals resulting from ET, it will be useful to record
as much information as possible on all contributing fac-
tors to the surrogate sire embryo (i.e., sire and dam of the
host embryo, identification and genomic information of
the germline donor source, ET recipient identification,
and details on the production process). Regarding prog-
eny of the surrogate sires, they should be genotyped to
confirm inheritance of the germline donor’s DNA. Once
paternal inheritance is confirmed, then potentially these
progeny could be handled similarly to those of clones
(BIF 2021), where all offspring data is attributed to the
original germline donor and the progeny would all share
a common identifier, but also be assigned unique perma-
nent identification.

Considerations for geneticimprovement of cattle
in developing countries

Cattle are raised in more than 200 countries around the
world in almost all climatic zones, with the exception
of high elevations, and they have been bred for adapta-
tions to heat, cold, humidity, extreme diet, water scarcity,
mountainous terrain, dry environments, and for general
hardiness. In 2019, the Food and Agriculture Organiza-
tion of the United Nations (FAO) estimated global cattle
numbers at 1.511 billion head (FAOSTAT 2020). Across
the globe and between individual producers, there is a
wide gap in production efficiency, which results in con-
siderable variation, even up to a 50-fold difference, of
the environmental impact of producing the same prod-
uct (Herrero et al. 2013; Poore and Nemecek 2018). This
production efficiency gap is especially large between
developed and developing, or Low-to-Middle-Income
Countries (LMIC).

For example, while global beef production is currently
split evenly between developed (49%) and developing
(51%) countries, the environmental impact of produc-
tion is not (FAO 2021b). Presently, LMIC contribute the
majority of global ruminant greenhouse gas emission
emissions (75%) and house 76% of the global cattle herd
(FAO 2021a; Herrero et al. 2013). It’s important to note,
in the 1990’ the African continent became the region
of the world with the largest number of cattle and now
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collectively is home to 361 million cattle. This exceeds the
215 million cattle located in Brazil, the individual country
with the largest cattle population (#3 beef producer), and
is more than triple the number of cattle in the U.S. (94.8
million head; #1 beef producer). Ethiopia alone has 63
million cattle, the most of any African country, followed
by Sudan and Chad at 31 million head each. In 2019, the
African continent accounted for 24% of the global cattle
population, but only 10% of the global beef production
(FAO 2021a, b).

Considering that 81% of the additional beef production
expected by 2029 is predicted to occur in the developing
countries of Argentina, Brazil, China, Pakistan, and Sub-
Saharan Africa, this production efficiency gap is a crucial
challenge for global cattle production sustainability. For
example, Chang et al. (2021) estimated that improving
livestock production efficiencies in the 10 countries with
the largest emission reduction potential (i.e., the current
production efficiency is low, resulting in a high emission
intensity per kg protein, and a large increase in livestock
production is projected), could contribute 60%—65% of
the global reduction in livestock emissions by 2050 (com-
pared to a baseline where emissions intensities are held
constant in the future). Chang et al. (2021) determined
that the 10 countries with the largest emission reduction
potential were in Africa (Madagascar, Morocco, Niger,
South Africa, Tanzania), Asia (China, India, Iran, Turkey)
and South America (Brazil).

It is important to keep in mind that beyond meat and
milk, cattle also produce fibers, hides, skins, fertilizer,
and fuel, are used for transportation and draft power,
serve ecological roles, and particularly in Africa and parts
of Asia, they also serve socio-economic (e.g., asset build-
ing in the form of stock accumulation) and cultural (e.g.,
religious worship in India and Lobola, or ‘bride price’
in parts of Africa) purposes. Therefore, careful consid-
eration of livelihood concerns will be required when
implementing production efficiency improvements. Van
Eenennaam and Werth (2021) explain, “any proposed
strategies for boosting the efficiency of cattle production
need to consider these broader concerns, and also the
fact that access to technologies may more be limited in
some settings, often because of factors such as inacces-
sibility, unaffordability, lack of relevant knowledge, and/
or of organizational capacity” Although some LMIC, like
Brazil, have successfully implemented ART on a large
commercial scale, not all genetic improvement tools or
strategies have translated as easily to other developing
countries.

In LMIC, genetic progress can be frustrated by poor
infrastructure and ecological and financial challenges
(Mapiye et al. 2018; Nyamushamba et al. 2017). For
example, in South Africa, it is difficult to develop genetic
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tools such as EBVs for smallholder farmers due to small
herds, incomplete data recording for most traits, a lack of
parentage recording, insufficient contemporary groups,
and lack of organizational capacity (van Marle-Koster
and Visser 2018). In a survey of 62 market-oriented
smallholder beef farmers in South Africa, 77% percent of
the farmers reported that they were constrained by cat-
tle breeding challenges including a shortage of breeding
bulls (12%), lack of enclosed breeding pens (46%), and
poor breeding management skills (29%) (Mapiye et al.
2018). Additionally, a number of non-scientific challenges
also face emerging market-orientated cattle farmers
including land access and ownership issues, and access
to financial support and markets (Khapayi and Celliers
2016; Mapiye et al. 2018). These studies suggest that pro-
viding South African smallholder farmers with superior
genetic material for genetic improvement of their live-
stock will require different approaches than have been
used to implement traditional genetic evaluation pro-
grams (van Marle-Koster and Visser 2018). Community-
based breeding programs have seen the most success,
especially when they “are based on the breeding goals of
smallholder farmers, there are strong market incentives
for improved animal productivity, and strong support
services such as extension and veterinary services” (de
Haas et al. 2016).

The Consultative Group on International Agricultural
Research (CGIAR) implemented a collaborative research
program to observe, survey, and compare the dairy value
chains in Tanzania and Kenya (East Africa), India (South
Asia) and Nicaragua (Latin America) (Ojango et al.
2016). In these countries a large number of smallholder
farmers that operate mixed crop-livestock produc-
tion systems play a significant role in dairy production.
CGIAR chose to include countries in multiple regions in
order to allow for comparisons and cross-system learn-
ing that would support development of lessons, method-
ologies, and technologies of wide applicability (ILRI et al.
2011). This analysis revealed significant productivity gaps
especially between large and small-scale producers and
identified genetic and reproductive biotechnologies that
hold promise for the advancement of global development
goals in countries (ILRI et al. 2011).

Among these four countries, Ojango et al. (2016)
observed that Kenya was the only country that had a
national animal recording system where pedigree and
performance recording is conducted. Although open to
all producers, the system is primarily used by the large-
scale dairy producers in high-input systems where pure-
bred cattle are common. At the time, only 2.5% of the
national dairy herd was accounted for in the national
animal recording program. This low participation rate
is a major obstacle because, as discussed previously, the
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foundation of genetic improvement is a well-structured
breeding program with a clear breeding objective.

Crossbreeding is a more common practice within the
smaller-scale livestock production enterprises in both
Kenya and Tanzania, where the majority of the small-
holder farmers have less than five cows. However, indis-
criminate or uncontrolled crossbreeding can lead to the
demise of indigenous breeds (van Marle-Koster and Vis-
ser 2018). For instance, unstructured crossbreeding pro-
grams in Africa have produced non-descript crossbred
cattle that now constitute more than two thirds of the
smallholder herd (Scholtz et al. 2008). It has been sug-
gested that, structured breeding programs of African
indigenous livestock should be developed (Mwai et al.
2015), informed by knowledge of the population struc-
ture and genetic diversity of these breeds (Nyamushamba
et al. 2017). Such developments should include active
farmer participation in the selection of superior indig-
enous sires based on the local breeding objectives using a
community based breeding program model (Mapiye et al.
2019).

The CGIAR study found that AI was the most widely
used reproductive biotechnology in all four countries,
especially in large-scale dairy systems. However, it has
proven more difficult to successfully implement in small-
holder cattle production systems in developing countries
due to logistical and institutional challenges (Ojango
etal, 2016).

In other LMIC, crossbreeding via Al has been used to
try to intensify the beef cattle sector with limited success.
For example, in Indonesia in the 1980s, the government
promoted the Al of the local Ongole cattle with Simmen-
tal and Limousin semen to produce more productive F1
animals. In this country with a population of 270 million
people and 17 million cattle, 90% of cattle production is
from smallholder farming systems with about 6.5 million
farmers living in the rural areas. These crossbred animals
were not supported with better feed and health services,
which limited their potential and the cattle keeping sys-
tems did not become more efficient through crossbreed-
ing (Agus and Mastuti Widi 2018). More recently, a
program which translated into “a cow must be pregnant”
was launched in 2016 and set a target of 4 million head of
productive cows inseminated to produce 3 million calves,
this time with the support of improved feed provided
by planting improved pastures and legumes, and the
provision of health services. A report on the success of
this program details some of the problems encountered
in getting frozen semen to remote locations, difficulty
in getting cattle in the right body condition score to be
reproductively cycling, and lack of farming experience
(Setiawan 2018). Additionally, in a survey conducted in
another region of Indonesia, adoption of AI was found
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to be inversely correlated with farmer age and cost of Al
(Setiana et al. 2020).

In recent years, genomics has started to be used to try
to identify animals that have both enhanced productiv-
ity and adaptation to African conditions (Marshall et al.
2019; van Marle-Koster and Visser 2018). Crossbred
animals that retain some of the resilience of indigenous
breeds while being more productive can improve produc-
tion efficiency. In a case study with dairy production in
Senegal, crossbred indigenous zebu by Bos taurus dairy
cattle, as identified by genomics, and kept under better
management produced up to 7.5-fold higher milk-yields,
eightfold higher household profit, and threefold lower
greenhouse gas emission intensity, per cow per annum, in
comparison to indigenous Zebu kept under poorer man-
agement, for a typical herd size of eight animals (Salmon
et al. 2018). There are glaring disparities when it comes
to the implementation of GS in LMICs, and even among
small breeds in the developed world. GS is not a scale-
neutral technology, advantaging large breeds and genetic
providers over small ones. It is difficult to implement in
the absence of structured breeding programs with suffi-
ciently sized genotyped and phenotyped reference pop-
ulations. Therefore, more investment in data recording
and structured breeding programs, linked to multiplica-
tion and delivery systems that can be delivered at scale
will be needed to enable genetics and genomic technolo-
gies to deliver sustained benefits in LMIC cattle produc-
tion systems.

Additionally, genomics can provide information on
important traits of indigenous breeds. For example, it is
well known that African cattle have improved thermo-
tolerance levels and an increased ability to regulate their
body temperature (Kim et al. 2017a). It has been sug-
gested that the greatest benefit of genomics to small-
holder farmers might be the characterization of the
drought tolerant, resistance to ticks and tick-borne dis-
eases, thermo tolerance and resistance to trypanoso-
mosis traits present in adapted native breeds (Kim et al.
2017b; Nyamushamba et al. 2017). Other potential gen-
otype-derived information includes the breed composi-
tion of the animal, which may be particularly useful in
devising structured crossbreeding strategies (Kuehn et al.
2011; Marshall et al. 2019; Ojango et al. 2014).

GnEd could potentially be a useful tool for genetic
improvement of cattle in LMIC because GnEd can be
used to efficiently introduce useful Mendelian traits from
other breeds into existing, locally adapted breeds, rather
than having to introgress useful alleles via crossbreeding.
Additionally, GnEd could be used to introduce novel ben-
eficial traits (e.g., disease resistance), possibly from differ-
ent species. In Africa, a particular focus has been placed
on using GnEd to combat animal disease (Karavolias
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et al. 2021). One approach is to gene edit virulence genes
of parasites, like Theileria parva, to weaken the patho-
gen so that it could be used in the development of a more
effective vaccine against East Coast Fever, which is a dis-
ease that is estimated to kill one cow every 30 s across a
dozen African countries (Enahoro et al. 2019; Karembu
2021). Alternatively, GnEd could be used to introduce
disease resistance into indigenous breeds of cattle. For
example, the Apolipoprotein L1 (ApoL 1) gene has been
found to confer resistance to trypanosomiasis in pri-
mates (O’Toole et al. 2017), and African researchers are
currently working to use the CRISPR/Cas9 system to
knock-in Apol 1 into an indigenous goat breed (Karembu
2021). If successful, this GnEd scheme could also be used
to combat the devastating disease of trypanosomiasis in
cattle.

It is important to keep in mind that the effective and
efficient use of GnEd will require infrastructure to per-
form ART to both facilitate the production of animals,
and the dissemination of improved traits. To accelerate
rates of genetic gain, a structured breeding program, ide-
ally including GS, should be used to ensure that the best
(i.e., highest genetic merit) parents of and/or animals are
put forward as selection candidates. This alone would
improve production and accelerate genetic improve-
ment, even in the absence of GnEd. Additionally, sur-
rogate sires distributing elite, locally adapted genetics,
with or without useful GnEd traits, could provide a work-
able approach for the more widespread dissemination of
improved genetics via natural service.

Regulatory considerations for tools for the genetic
improvement of cattle

Regulation of GS

Animals produced from conventional breeding meth-
ods are routinely evaluated for changes in productivity,
reproductive efficiency, reactions to disease, and quality
characteristics by breeders. However, they are not sub-
ject to regulatory approval, other than it is illegal to sell
unsafe food irrespective of the breeding method that was
used to produce it. Regulatory agencies do not evaluate
new conventionally bred varieties or breeds for health
and environmental safety or approve their sale prior
to commercial release; nor are they evaluated for unin-
tended effects at the molecular level. There are more than
86.5 million known genetic variants between different
breeds of cattle, including 2.5 million insertions and dele-
tions of one, or more, base pairs of DNA, and 84 million
single nucleotide variants (Hayes and Daetwyler 2019).
Genetic variation per se does not pose a unique hazard as
it relates to food safety (Van Eenennaam et al. 2019). The
variations fuel genetic improvement programs and drive
GS, which was rapidly adopted in livestock breeding
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programs globally, in the absence of any specific regula-
tory oversight or approvals or public controversy.

Regulation of cloning

In North America, South America, and New Zealand,
cloning for agricultural purposes is not legally restricted
(Table 2). Additionally, both the U.S. Food and Drug
Administration (FDA) in 2008, and the European Food
Safety Authority (EFSA) in 2012, concluded that prod-
ucts derived from animal clones are not different from
those derived from non-cloned animals. However, in the
European Union (EU), food derived from animal clones
falls under the 'Novel Foods Regulation, as food derived
from animals obtained by non-traditional breeding prac-
tices. Current regulation in the EU has placed a ban on
food products from animal clones due to, amongst oth-
ers, ethical considerations regarding animal welfare. This
ban does not cover products from their progeny, which
are considered to be indistinguishable from traditionally
bred livestock (van der Berg et al. 2019). Currently, no
company in Europe is contemplating bringing products
derived from animal clones, or their offspring, to market
(Galli and Lazzari 2021). In contrast, several companies
in other parts of the world now specialize in cloning farm
animals (van der Berg et al. 2019). A Supply Chain Man-
agement Program to identify cloned livestock in the U.S.
was set up by Viagen and Trans Ova in 2007. However,
according to these companies, although the program was
run from 2008 until 2012, no other cloning companies
showed interest in participating in the program, and it
was never accessed by industry (van der Berg et al. 2019).

Regulation of genetic engineering (Transgenesis)

Genetically engineered (GE) or transgenic cattle have
been around since the 1990s, but none have ever been
successfully commercialized for food or feed production.
In 2008, the Codex Alimentarius Commission published
guidelines for the safety assessment of foods derived from
recombinant DNA (rDNA) animals (FAO/WHO 2008).
A “rDNA Animal” is defined as “an animal in which
the genetic material has been changed through in vitro
nucleic acid techniques, including rDNA and direct
injection of nucleic acid into cells or organelles” The
guidelines recommend evaluations of product composi-
tion and animal health as essential steps in ensuring the
safety of food derived from rDNA animals. Only a single
GE food animal application has ever been sold for food
consumption, the fast-growing AquAdvantage salmon,
and even then, only in Canada and the U.S. The regula-
tory approval process for this product took over 20 years
and several million dollars (Van Eenennaam et al. 2021).
A second GE food animal application approval, for an
Alpha-gal (galactose-a-1,3-galactose) knockout “GalSafe”
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pig, was announced by the FDA in 2020, for a line of pigs
that was first reported in the literature in 2003 (Phelps
et al. 2003). This pig was developed using a traditional
gene knockout approach and carries a plasmid (pPL657)
rDNA construct disrupting the Alpha-gal gene along
with the neomycin phosphotransferase (nptlI) selection
marker gene in its genome. The approval was for a sin-
gle swine farm to produce a maximum of 1000 GalSafe®
pigs annually to be raised in the absence of aminoglyco-
sides, such as neomycin, to produce meat that is safe for
consumption for people with Alpha-gal syndrome and
porcine-based materials to produce human medical
products.

Regulation of GnEd

The regulatory picture for GnEd is currently mixed
(Table 2). Argentina was the first country to publish their
proposed approach to the regulation of GnEd organisms.
The trigger for regulation is whether animals carry a
“novel combination of genetic material” (i.e., transgenic).
Those that do will be considered a “GMO” (Genetically
Modified Organism) under Argentine law, and those
that do not will not trigger additional regulatory over-
sight (Whelan and Lema 2015). The Argentine regulation
calls for GnEd plants and animals to be presented to the
biosafety commission in order to establish, on a case by
case basis, whether it is a GMO. An interesting aspect
of this regulation is that there is an opportunity to pre-
sent projects at the “design stage,” whereby a preliminary
opinion based on the expected outcome of the project
will be issued by the commission. Later, when the plants
or animals have been obtained and fully characterized,
applicants must present a follow up report that will be
used to establish a final decision. That determination is
mostly based on any changes present in the genome of
the product intended to be sold commercially.

Conversely, in the EU, New Zealand, and the U.S,
GnEd is being treated as equivalent to GE, with implica-
tions for global trade.

The Department of Biotechnology in India published
draft guidelines for GnEd regulation in 2020. These
guidelines propose a tiered approach depending upon the
characteristics of the end product, but include require-
ments for a quite extensive characterization of trait effi-
cacy and phenotypic equivalence of GnEd organisms
triggered solely by the use of GnEd, and which is not
required for those plants and animals resulting from con-
ventional breeding.

To date, no African nation has passed regulations for
GnEd animals, but similar to India, proposed guidelines
are being drafted in many countries. Kenya has begun
drafting guidelines to regulate GnEd products, using the
Argentinean approach as a model. The draft guidelines
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define what needs to be regulated, what is partially reg-
ulated and what is not regulated at all. Kenya’s National
Biosafety Authority (NBA) has approved, at the research
level, six applications for genome editing applications in
agriculture, including one application focused on making
pigs resistant to African swine fever. Other applications
include improving banana and yam to resist two destruc-
tive plant viruses.

The decision by the FDA to regulate GnEd animals—or
more correctly the intentional alterations in the genome
of animals—as new animal drugs irrespective of product
risk was done in the absence of public discourse. Simi-
larly, the decision by the European Court of Justice that
genome edited organisms would be subject to the full
range of testing and regulation as if they were transgenic
according to the EU Directive, was made without engage-
ment with the public. Moreover, the decision by the
European Court of Justice effectively side-stepped any
processes of wider societal discussion (Bruce and Bruce
2019). In considering this decision, these authors wrote,
“regulation sets bounds to what can be done, who can do
it and under what conditions can things be done. But if
there has been no discussion with the public, this could
be argued to be a case where regulation has been socially
premature, and not done on behalf of the society”

Interestingly, following the United Kingdom’s (UK)
departure from the EU, a public consultation was held in
2021 by the UK government’s Department for Environ-
ment, Food and Rural Affairs (DEFRA) as to whether
GnEd technology should be regulated in the same way
as GE, if it yields a result that could have been produced
by conventional breeding. Following this consultation, it
was determined that UK plant researchers who planned
to conduct field trials of GnEd plants no longer need to
submit risk assessments to DEFRA, but UK research
involving GnEd animals will continue to be regulated as
before to ensure animal-welfare standards are met (Led-
ford 2021).

While a highly precautionary regulatory approach may
be of little consequence in food-secure developed regions
like North America and the EU, such an approach is likely
to hinder the adoption of GnEd in some LMIC that could
most benefit from targeted applications, such as disease-
resistant livestock. For resource-poor Africa, respond-
ing to the promises and challenges of GnEd is likely to be
complex, not least because most lack the capacity for reg-
ulatory oversight. Additionally, if GnEd livestock are not
required to undergo unique regulatory approval in some
parts of the world, they will not necessarily be segregated
from conventionally bred animals and there will often
be no way to uniquely detect the products derived from
them, especially if the genetic alteration already exists in
the target population. This is somewhat analogous to the
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situation for clones, where there is no molecular way to
differentiate or track the products from a clone as com-
pared to those of its progenitor.

Public perception of GnEd

In countries where food security is not a priority, con-
sumer acceptance of GnEd animals is expected to be
lower, especially for those applications offering economic
advantages mainly to the livestock producer. Bruce and
Bruce (2019) considered two examples of GnEd in live-
stock; hornless cattle and disease resistant pigs, from
the perspective of Responsible Research and Innovation
(RRI). They suggested that the public’s knowledge gap
of current practices in livestock agriculture, could lead
to unexpected outcomes from public consultations. For
example, if an argument is made regarding using GnEd to
introduce the POLLED allele, the advantage of polled cat-
tle might not be immediately obvious to those not versed
in agricultural practice, and more generally “the need for
dehorning may be considered shocking by some publics”
(Bruce and Bruce 2019).

A 2017 public consultation performed by the UK
Royal Society found that GnEd animal applications that
targeted reducing antibiotic use, greenhouse gas emis-
sions, and zoonotic disease transmission were all deemed
acceptable (van Mil et al. 2017). However, it should be
noted that a major pre-occupation of these participants
in this consultation was to ensure GnEd was used to
address inequality. The participants were particularly
concerned about who owns the technology, who gets
rich from its use, and whether it could be used to unfairly
obtain monopoly power (van Mil et al. 2017). This raises
interesting questions regarding whether the GnEd regu-
latory approaches that have been proposed in the U.S.
and EU are fit for purpose (Van Eenennaam et al. 2019),
as they advantage large companies and incentivize intel-
lectual property protection. The latter of which may
prove to be disruptive to the cattle breeding industry
(Bruce 2017).

Evidence from Mora et al. (2012) suggested that if
geographic differences are considered, consumers’
acceptance of GE animals would be higher in develop-
ing countries where the requirement for enhanced food
production might be met by application of this technol-
ogy (Van Eenennaam and Young 2018). Historically, the
debates around GE crops in Africa have been dominated
by a few elite scientists or largely international NGOs,
leading to a polarization that bypassed the farmers most
directly affected by decisions. Roughly 65% of Africa’s
population relies on smallholder farming, and these
farms are not highly productive. To date, only eight Afri-
can countries have commercialized GE crops; Burkina
Faso, Eswatini, Ethiopia, Kenya, Malawi, Nigeria, Sudan
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and South Africa, mostly insect-resistant Bt cotton and
recently Bt cowpea in Kenya. Kenya, Nigeria and Eswatini
are leading the agricultural GnEd research as they see its
potential to increase farmers’ income in Africa. As of yet,
there is little research specifically gauging the accept-
ability of the use of GnEd livestock in LMIC, especially
among the smallholder farmers and livestock keepers
who would be most affected by any decisions around the
technology.

Conclusions

Genetic improvement of livestock around the globe has
been, and will continue to be, an important driver of the
sustainability of animal agriculture. Livestock genetic
improvement programs, beginning with selective breed-
ing using statistical prediction methods (e.g., EBVs) and
more recently GS, in combination with ART have enabled
more accurate selection and intense utilization of geneti-
cally superior parents for the next generation to acceler-
ate rates of genetic gain. Most recently, the ability to use
GnEd to inactivate targeted gene function (i.e., knockout
genes), knock-in genes, or achieve allele introgression in
the absence of undesired linkage drag, offers promising
opportunities to introduce useful genetic variation into
livestock breeding programs. GnEd experiments in cattle
have primarily focused on three main areas of improve-
ment (1) animal health and welfare, (2) product yield or
quality, and (3) reproduction or novel breeding schemes,
which are all areas that are highly aligned with the goals
of conventional breeding programs. Presently, GnEd is
well-suited for introgressing alleles affecting typically
qualitative, Mendelian traits at a more rapid pace than
is possible using conventional selection alone. However,
most of the traits that animal breeders seek to improve
are polygenic and quantitative. Additionally, GnEd in
livestock is only possible through the use of ART. There-
fore, in order for GnEd to be an effective tool for genetic
change it will need to seamlessly integrate into a struc-
tured breeding program with a clear breeding objective
and ideally be used in conjunction with ART and GS to
accelerate genetic gain by simultaneously altering multi-
ple components of the breeder’s equation. To accomplish
this, several GnEd schemes have been modeled for live-
stock populations. The most efficient schemes have relied
heavily on widespread adoption of ART, especially com-
mercial sector use of Al. Considering the currently lim-
ited adoption of Al around the world and specifically in
the commercial beef industry, novel breeding schemes,
such as GnEd applied to surrogate sire production, will
likely be required to widely disseminate desired traits
improved via GnEd. The lack of global regulatory har-
monization around GnEd animals and products from
these animals, including semen and embryos, will pose
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challenges in relation to global trade, and aspects of
traceability in both animal breeding and the food chain.
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