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Abstract. Dairy cattle breeders have exploited technological advances that have emerged in the past in regards

to reproduction and genomics. The implementation of such technologies in routine breeding programs has permitted genetic gains in traditional milk production traits as well as, more recently, in low-heritability traits like
health and fertility. As demand for dairy products increases, it is important for dairy breeders to optimize the use
of available technologies and to consider the many emerging technologies that are currently being investigated
in various fields. Here we review a number of technologies that have helped shape dairy breeding programs in
the past and present, along with those potentially forthcoming. These tools have materialized in the areas of
reproduction, genotyping and sequencing, genetic modification, and epigenetics. Although many of these technologies bring encouraging opportunities for genetic improvement of dairy cattle populations, their applications
and benefits need to be weighed with their impacts on economics, genetic diversity, and society.

1

Introduction

The demand for dairy products is expected to increase
rapidly in the near future due to the growing middle classes
in emerging economies and a general global population increase. To remain competitive and to meet growing demand,
livestock industries will need to increase their production efficiency. This will require further increasing total production without increasing costs, while maintaining or even improving product quality. In recent years, myriad cutting-edge
genomic technologies, methodologies and phenotype collection methods for novel traits have emerged. In particular, the
dairy industry has been quick to implement these technologies in routine breeding programs, allowing for further gains
in accuracy of breeding values, and the inclusion of novel
functional traits. There is a need to systematically analyze,
assess, and understand the implications of applying these
novel genomic technologies, methodologies, and phenotype
collection methods on a large scale.

Here we provide an overview of past and current genomic
technologies, which have had or are likely to have disruptive effects on current livestock breeding practices. We include discussion on reproductive technologies, advances in
genomic and epigenomic technologies, and genetic modification. Considerations for the adoption of these technologies
are also discussed, including their effects on genetic diversity, economics, and social acceptance.
2

Reproductive technologies

Increasing output per unit input has generally been the main
objective in dairy cattle breeding programs. Selective breeding for economically important traits, which has traditionally
been based on phenotypic recordings and has more recently
been based on genomic selection, has produced animals with
high genetic merit. In order to disseminate high-merit genetics, reproductive technologies have been optimized in parallel (Flint and Woolliams, 2008). The decline of dairy cattle
fertility is a worldwide phenomenon of great concern. Hence,
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reproductive technologies aimed at improving reproductive
efficiency have been a high priority and will play a crucial
role in meeting the rising challenges of food supply (Murphy, 2012). Over the past five decades, as milk production
per cow has increased, fertility in dairy cows has declined.
Although research to improve reproduction in dairy cattle
has advanced, it is still a challenge for high-performing dairy
cows (e.g. Pryce et al., 2004; Walsh et al., 2011).
Modern reproductive technologies have been integrated
with the latest genetic selection tools to improve economically important traits, including fertility (Veerkamp and
Beerda, 2007; Berendt et al., 2009). While reproductive technologies are designed to help with everyday farm-level management problems, genetic selection is aimed at increasing fertility on a long-term genetic basis. Since many factors affect fertility traits, and the phenotypes currently collected are quite removed from the actual biology of the animals (e.g. non-return rate, interval from calving to first service), the accuracy of breeding values for fertility is generally
low. For instance, environmental conditions such as nutrition,
stress, temperature, or presence of pathogens have a great
impact on fertility traits and reduce the recording accuracy
of these traits. Nevertheless, genome-wide association studies (GWASs) have been successfully applied to fertilityrelated traits and several quantitative trait loci (QTL) were
detected (Veerkamp and Beerda, 2007; Sahana et al., 2010;
Khatib, 2014). In addition, functional genomic approaches
have been applied to some traits such as early embryo development and conceptus–maternal interactions, which are important for a successful gestation (e.g. Mondou et al., 2012;
Walsh et al., 2012), as well as for embryo quality (e.g. Jaton
et al., 2017).
Recently, studies based on gene expression and epigenetics were used to analyze fertility traits (Inbar-Feigenberg
et al., 2013; Kohda and Ishino, 2013). The underlying idea
was that biological systems can be adapted to environmental conditions, and the reproductive system, in particular,
has shown that long-term consequences are a result of some
stress applied early during development. The research focus is now on better understanding how early events affect
later performance. Walsh et al. (2011) reported that the decline in fertility in dairy cattle can be attributed to metabolic
stress as a result of negative energy balance during early lactation. Heifers born from these dairy cows would then have
lower ovarian reserves and hence lower fertility. The longterm impact of the uterine environment has also been of interest, which could lead to the selection of better recipients
for embryo transfer. Several studies showed that rearing conditions of heifers and young bulls play important roles and
may modulate the impact of the epigenome. The following
describes several aspects of current and emerging reproductive technologies that are designed to accelerate the rate of
genetic improvement in dairy cattle.
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2.1

Artificial insemination

Artificial insemination (AI) and how it has contributed to the
progress in dairy cattle breeding and production programs
is reviewed in this section. Given the ease of access and the
ability of males to produce high rates of gametes, AI has been
the main focus of reproductive technologies. This could be
the greatest advantage of AI as it makes maximal use of superior bulls. The AI industry has grown tremendously since its
beginning. The first successful insemination was performed
in a dog more than two centuries ago (1784). In the later
100 years, it was also used for study purposes in rabbits,
dogs, and horses. The first time AI was used as a practical procedure in farm animals was by Ivanow in the early
20th century (Foote, 2002). In 1968, AI usage enabled one
dairy sire to provide semen for more than 60 000 services,
and the United States Department of Agriculture reported
in 1970 that 7 344 420 dairy females were bred artificially
(i.e. 46 % of the female dairy cattle population). The export
markets, especially for Holstein semen in the 1980s, led to
huge improvements in the AI scheme (Foote, 2002; Funk,
2006). Foote (2002) indicated that AI is one of the biotechnologies that has been accepted worldwide and widely used
to improve reproduction and genetics of farm animals. The
author added that all other associated techniques, such as
semen freezing, sexing, synchronization, and timing of insemination, were established after the wide success of AI.
Specifically, these techniques were found to increase the efficiency of AI. For instance, oestrus synchronization is being
regularly combined with AI in a technique known as timed
AI (TAI). Quality oestrus detection is required for successful
AI, which can represent a challenge for some herds. Without correct detection of oestrus, the efficiency of AI is low
(Sales et al., 2011). However, when oestrus synchronization
is implemented, the efficiency of AI is increased and oestrus
detection is no longer necessary. It has been reported that several artificial reproduction techniques could be the cause of
abnormal epigenetic regulation, but the findings in this regard
are still limited (Kremenskoy et al., 2006). Nevertheless, the
trend now in AI industries is breeding for improved fertility,
longevity, and profitability in dairy cattle through an emphasis on non-production traits. In addition, linebreeding pure
breeds and applying crossbreeding programs to overcome inbreeding depression have been considered (Funk, 2006).
2.2

Sexed semen

Sexed semen has long been a dream for dairy cattle breeders
and has brought a revolution to the dairy industry. Arguably,
it could be considered as the latest disruptive breakthrough in
animal reproduction, and the process of commercialization
has recently gained more momentum. In the dairy industry
in particular, the practical implementation of this technique
is well underway. Sexing semen can be used to produce offspring of the desired sex, and hence could be of value for
www.arch-anim-breed.net/61/43/2018/
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improving production efficiency through producing replacement heifers from genetically superior animals (Seidel Jr.,
2012; Boro et al., 2016). Despite the advantage of predetermination of sex on profitability, it is generally of little value
for increasing the rate of genetic improvement. Increasing
the proportion of one sex compared to other is not expected
to improve genetic merit for animals, although the overall
sample size of selection candidates is increased. In addition,
the technology is arguably hindered by factors such as lower
pregnancy rates, as well as high costs, and such drawbacks
preclude widespread application at the commercial level in
dairy cattle (Garrick and Ruvinsky, 2014).
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Embryo transfer is another technique used to increase the
number of offspring from genetically superior females. Since
commercialization in the early 1970s, embryo transfer has
been regularly used in dairy cattle breeding (Mikkola et al.,
2015; Mikkola and Taponen, 2017). Despite the fact that this
technique has been used commercially for about 50 years,
the improvement in this field has been relatively slow and the
number of transferable embryo from a single donor in a single embryo collection remained at the same levels (Mikkola
and Taponen, 2017). Several factors, including those animalrelated and those involving environment and management,
contribute to the lower outcomes of embryo transfer. Heat
stress and the inefficiency of oestrus detection in dairy herds
represent the main management challenges. Oestrus detection is a serious problem since high-producing cows display shortened oestrus periods and less obvious behavioral
symptoms of oestrus (e.g. Macmillan, 2010; Walsh et al.,
2011). An alternative technique has been proposed to make
embryo transfer independent of oestrus detection, namely
fixed-time embryo transfer (FTET) (Rodrigues et al., 2010).
One of the advantages of this procedure is that it results
in higher pregnancy rates through increasing the number of
well-synchronized recipient cattle (Baruselli et al., 2011; Rodrigues et al., 2010). The FTET is similar to TAI described
above where both techniques allow timed breeding without
the need for oestrus detection. The current trend of research
in this area is to improve this protocol and increase its efficiency (Baruselli et al., 2011; Bó et al., 2011).

lan, 2010). Several synchronizing protocols have been developed and modified for dairy cattle, with some more effective
than others. Even though synchronizing oestrus synchronizes
the time of ovulation as well, Rabiee et al. (2005) showed that
this process may not be sufficient to obtain good success rates
with TAI. On the other hand, high-producing cows, in particular, may display a shortened oestrus period and less obvious behavioral symptoms of oestrus when oestrus synchronization is performed (e.g. Macmillan, 2010; Walsh et al.,
2011; Wiltbank et al., 2011). Due to this problem, the trend
now is to use ovulation synchronization to avoid the need for
oestrus detection in timed breeding protocols. Ovulation synchronization can be considered the main component of modern forms of AI and embryo transfer (ET) protocols such as
fixed-time artificial insemination (FTAI) or fixed-time embryo transfer (FTET) (Mapletoft and Bó, 2011; Walsh et al.,
2011).
The incorporation of genetic improvement into the application of reproductive technologies is increasing. In the past,
the main focus was to improve AI and semen cryopreservation. Although the maternal contribution has been the main
objective of reproductive technology studies, more attention
is being given to the sire (Kropp et al., 2017). Recently,
Khatib (2014) defined a group of single nucleotide polymorphisms (SNPs) associated with bull fertility. The overall goal is to improve all of the elements that lead to reducing days open and increase the number of descendants per
cow. Breeding companies are currently looking into increasing the merit of next-generation animals through integrating
the latest genomic selection tools with the most advanced
reproductive technologies. Genomic selection is a powerful
tool that potentially facilitates prediction the genetic merit
for young bulls readily at birth or even earlier through embryonic biopsy. This could efficiently lead to offspring from
prepubertal parents, especially if it was combined with improving the functions of the gonads and maximizing in vitro
embryo production. Moreover, the conditions pre- and postconception, as well as gestation, and pre- and post-puberty
should be carefully considered since they have a great impact on the fertility of animals in the long term and in the
next generation. The effect of these factors during the life of
the animal has initiated a new field of study and research that
is expected to contribute highly in improving cattle fertility.

2.4

2.5

2.3

Embryo transfer

Synchronization

Over the lactation period, dairy cattle go through different
follicular wave dynamics due to ovarian follicular growth and
development. This phenomenon, which becomes more dramatic as milk production increases, has a large effect on the
reproductive physiology of cows. Currently, synchronization
is being used to overcome reproductive inefficiencies in dairy
cows (Wiltbank et al., 2011). Synchronization of oestrus
and/or ovulation has also been applied on dairy cows to reduce the interval between calving and conception (Macmilwww.arch-anim-breed.net/61/43/2018/

Cloning

Producing one or more copies of an individual through embryo splitting or nuclear transfer is called artificial cloning.
It can occur naturally, but at low levels (Hansen, 2014). It
is an extreme form of reproductive boosting and has been
long utilized in plant breeding. Cloning allows for a group of
genes that work well for an individual to be replicated with
the same combination pattern in another individual. Normal
breeding cycles may break down this type of favourable partnership between a set of genes that an individual carries.
Arch. Anim. Breed., 61, 43–57, 2018
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For this reason, one may think of cloning as a way to reproduce superior animals. On the other hand, it does not
change the genetic variation which is required to choose new
elite, high-performing individuals in the future. One of the
main advantages of cloning is to generate genetically identical copies of the next top bulls (Moore and Thatcher, 2006).
The most popular technique used in cloning dairy cattle is
cleavage-stage blastomere separation, which is used to produce multiple monozygotic calves (twins, triplets, or quadruplets). The other procedure is embryo bisection technique on
post-compacted embryos, which is used to produce mainly
identical twins (Rho et al., 1998; Tagawa et al., 2008). Both
techniques have shown higher levels of efficiency to yield
monozygotic twins after laparoscopic transfer to recipient
cows. In addition, they have proven satisfactory pregnancy
rates. In addition, the efficiency of cow embryo splitting was
60 % or higher (Garrick and Ruvinsky, 2014). RodriguezMartinez (2012) showed that cloning could be also used for
somatic cells to generate transgenic animals by cloning genetic copies of genetically superior animals.

3

applications of these technologies are discussed in the following sections.
3.1

Genotyping technologies

Early breeding decisions in dairy cattle production were
based on phenotypic observations and the artful skill of
breeders. With time, dairy cattle breeding evolved into a science with better understanding and appreciation of the inheritance of several important traits. Pedigree information
and dairy production recording programs provided the initial datasets for estimation of genetic merit and improvement
of dairy breeds. Major developments also occurred with the
introduction of selection index theory (Hazel, 1943) and best
linear unbiased prediction (BLUP) methodologies (Henderson, 1953, 1975). Substantial genetic gains were made using these breeding strategies in many areas, including highheritability milk production traits. Although the combination
of extensive pedigree data and phenotypes enhanced selection programs, breeding for low-heritability traits, such as
fertility and health, and other hard-to-phenotype traits, compelled the exploration of novel methods to achieve increased
accuracies.

“Omics” technologies

The “omics” technologies refer to a collective of study fields
across all facets of biology that look at various biological
molecules and their influence on the structure, function, and
dynamics, or phenotype of an organism (Coughlin, 2014).
The related suffix -ome is used to address the objects of study
in these fields, such as the genome, epigenome, proteome,
and metabolome (Coughlin, 2014), whereby only genome
and epigenome are discussed in this review. Over the past
few years, there has been remarkable development in these
fields. The grand challenge, however, is to integrate various
forms of “omics” data together to provide insight into the
complex biological systems within living organisms (Suravajhala et al., 2016). Most biological traits are controlled by
a large number of genes, which, in addition to their additive
effects, may interact with each other, and their expression
might be altered based on a variety of environmental effects.
For instance, identifying a group of genes based on GWAS
provides evidence that a causal relationship between a phenotype and a SNP may exist. These findings of GWAS, however, do not improve our understanding of complex traits in
which many pathways may be involved (van der Sijde et al.,
2014; Abdalla et al., 2016). In such case, additional “omics”
information could provide a more fine-grained understanding
of the association pattern, which is beyond the scope of the
genome alone (Toyoda and Wada, 2004; Wang et al., 2007;
Chasman, 2008).
The fast development in “omics” technologies provides
opportunities to investigate the genome and epigenome, as
well as the possibility of their further implementation in animal breeding methods. A number of potential and current
Arch. Anim. Breed., 61, 43–57, 2018

3.1.1

Marker-assisted/genomic selection

The emergence of genomics was initially slow, but has exploded in the last decade. Pioneering researchers in the application of molecular genetics in livestock began by using
DNA markers to identify genes or regions of the genome controlling traits of interest. Various types of molecular markers were used to characterize genetic polymorphisms in
dairy cattle and aid in the movement towards application of
marker-assisted selection (MAS). Restricted fragment length
polymorphisms (RFLPs), a type of early hybridization-based
marker, were often used. These markers exhibit Mendelian
inheritance and most are co-dominant (both alleles can be
detected in a heterozygote). The development of polymerase
chain reaction processes (Mullis et al., 1986) delivered opportunities for new genetic markers, including microsatellites
or single sequence repeats. Microsatellites are informative,
multi-allelic, codominant markers, which provided a more
efficient method for characterizing genetic variation. More
recent sequencing technologies have allowed the discovery
of SNP, found where different nucleotide bases appear at
a given position in a DNA sequence. Advantages of SNP
markers are their prevalence and thus a stronger likelihood to
be near or in a locus of interest; they may be located in coding regions where they could be directly responsible for some
of the variation observed, they are stably inherited, and are
suitable for high-throughput genetic analysis (Beuzen et al.,
2000).
The genomic markers discovered around the bovine
genome firstly found applications for parentage verification, genetic defect testing (e.g. leukocyte adhesion disorder;
www.arch-anim-breed.net/61/43/2018/
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Shuster et al., 1992), and identification of markers that explain variation of a phenotype. Traits to benefit from MAS
include those routinely recorded, difficult to record traits,
and unrecorded traits (Dekkers, 2004). Numerous association studies identifying QTL, a genomic region affecting
a quantitative trait, were performed, the results of which
could be used to select animals by MAS. Markers may be
direct causative variants or be in linkage disequilibrium or
linkage equilibrium with a QTL (Dekkers, 2004). Markerassisted selection allowed animals to be selected based on
their genotypes alongside available phenotypic records. This
allows for earlier selection of candidates, thus lowering the
generation interval and reducing costs of progeny testing, and
can also help differentiate the genetic merit of relatives by
capturing the random Mendelian sampling term. The genetic
gains achieved using genetic markers and uptake of the methods were lower than anticipated due to the low number of
markers available, the high cost of genotyping, demanding
calculations of breeding values, the relatively low proportion
of variation explained by genetic markers for many quantitative traits, and low association (or linkage disequilibrium) between markers and QTL (Dekkers, 2004; Hayes et al., 2009;
Boichard et al., 2016).
In 2001, Meuwissen et al. (2001) showed that, using a proposed method of genomic selection, it was possible to predict breeding values with high accuracy from dense marker
panels alone. With this method, information from SNP, even
with small effects, could be combined and exploited. Dense
marker panels were required to optimally perform MAS to
ensure markers were close to the QTL, and the genome was
sufficiently covered. The discovery of many more SNPs was
made possible by advances in technology and molecular genetics, and SNP array panels were marketed for genotyping
selection candidates. The release of the influential Illumina
Bovine SNP50 chip in 2008 permitted efficient genotyping
of over 54 000 SNP simultaneously, which were highly polymorphic in different breeds and evenly spaced across the
genome (Matukumalli et al., 2009). This greatly improved
the uptake and utility of genomic selection. A further development was the addition of a low-density SNP chip enabling
the accurate imputation of genotypes up to those of higherdensity panels (Boichard et al., 2012), reducing the costs of
genotyping, thereby aiding in the generation of a larger reference population for the estimation of genomic breeding values and greater adoption of genotyping technologies. Various SNP panels have now been made available, including
high-density panels giving more dense coverage. The implementation of genomic selection strategies in dairy breeding
has successfully accelerated the rate of genetic gain in many
traits of interest in dairy cattle and changed the landscape
of selection. However, accuracies achieved in genomic selection still may be improved. Only variants that have been
discovered and incorporated into maps can be included in genomic selection, and QTL appearing in low frequencies may
not be captured.
www.arch-anim-breed.net/61/43/2018/
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Next-generation sequencing

The growing use of genotyping technologies has generated
a large quantity of genomic information on the dairy population. Since the draft sequence of the bovine genome was published in 2009 (Zimin et al., 2009), whole-genome sequence
data of cattle have also become available.
Fuelled by decreasing costs, advances in next-generation
sequencing (NGS) technologies enable identification of more
complex forms of genetic variation (e.g. short insertions
and deletions (INDELs), copy number variations (CNVs),
precise genome-wide linkage disequilibrium patterns; Wang
et al., 2017) than previously possible. These advances foster our ability to partition the genetic variance underlying
traits of interest. While some applications of NGS require de
novo sequencing of an individual organism, re-sequencing
may also be possible if a reference genome for the species
of interest is available, and the collection of publicly available reference genome sequences is growing rapidly. Moving from array data (3k-777k SNPs) to sequence data, researchers hope to attain higher accuracy of breeding values,
be able to gain knowledge on across-breed evaluations, and
obtain a better biological understanding of the genome, as
causal variants are expected to be included in the datasets
through increased density of information.
Alongside rapid technological advancement and improved
computing power, sequencing has underlined the need for researchers to collaborate. In the case of cattle, the 1000 bull
genomes project (Daetwyler et al., 2014) provides participating members of the bovine research community access to
a large database of genetic variants for imputation, genomic
prediction, and GWAS in all cattle breeds, now including
both Bos taurus and Bos indicus. These efforts have resulted
in many international partner contributions, making the creation of a reference population much quicker than if each
partner had re-sequenced on their own. There are a minimum
set of standards (e.g. read depth, phred scores) for participation, and variant identification is done on a rolling basis; there
are currently over 2000 animals included.
The most commonly used cattle reference genome
UMD3.1 is similar in size to the human genome and contains ∼ 2.8 billion base pairs, approximately 10 % of which
are not assigned to any chromosome (Zimin et al., 2009).
The Btau reference genome was also published in 2009 (Elsik et al., 2009) but is less frequently used. The translation
of raw NGS reads into tangible variants (SNVs, INDELs,
CNVs, etc.) via re-sequencing is a specific, delicate, and
computationally demanding task (Horner et al., 2010) and
comprises three steps: alignment, variant identification, and
quality checks. Despite its usefulness, variants identified using the current bovine reference genome are not necessarily
accurate in terms of alignment, variant identification, and further downstream analysis (Baes et al., 2014). Despite this, algorithms and software for application in GWAS and genomic
Arch. Anim. Breed., 61, 43–57, 2018
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selection programs are available, and a number of studies
have been published using whole-genome sequence data.
In contrast to the read-depth required for variant discovery in individual animals, low-coverage genotyping methods
such as genotyping by sequencing (GBS) are also emerging
(Elshire et al., 2011). Using this approach, the cost of sequencing per animal can be lowered to below USD 10 per
sample (Poland et al., 2012), which is low-cost compared to
SNP chip technology, which currently has costs ranging from
USD 35 to 150 depending on the necessary density. However,
the proportion of correctly identified SNPs is much lower
than genotypes acquired from a SNP panel (Sampson et al.,
2011). Although relationships between individuals can be estimated well from GBS data (De Donato et al., 2013), the
quality of variants identified across an individuals’ genome
is inconsistent, significantly complicating implementation of
GBS data in genomic evaluation programs. This is especially
problematic for heterozygous genotypes, which are more difficult to identify correctly at lower depth of sequence coverage (Baes et al., 2014). If methods to ensure the quality of
sequence calls at low coverage can be developed, Gorjanc
et al. (2015) showed by simulation that acceptable accuracy
could be achieved. Methods to determine the true quality of
low read-depth calls and detect heterozygous sites will be
needed for effective GBS to take place, especially if the future of genomic selection of livestock includes the estimation
of dominance components (Aliloo et al., 2016).
3.2

Methylation and gene expression analyses

Adding a methyl group to carbon 5 of the cytosine ring,
which is referred to as DNA methylation, leads to modification of the DNA in most organisms. DNA methylation is
one of the main epigenetic phenomena and has a large effect
on gene expression. The dynamic changes in the epigenome
play a key role in a variety of biological processes, particularly in health and production traits (Mills and Ramsahoye, 2002). Epigenetic mechanisms, such as DNA methylation, histone modification, and microRNA, influence gene
expression and phenotype, but without a change in DNA sequence. The epigenetic status of an individual can be influenced by environmental stimuli experienced both in utero
and ex utero, and these influences could be transgenerational
(e.g. Grossniklaus et al., 2013; Heard and Martienssen, 2014;
Blake and Watson, 2016). Despite the limited number of epigenetic studies in dairy cattle, they have covered milk production (Singh et al., 2010), reproduction (Sun et al., 2013;
Walker et al., 2013; Saadi et al., 2017; O’Doherty et al.,
2014), ageing (Green et al., 2015), and health (e.g. Green and
Kerr, 2014; Doherty et al., 2016). As shown in a review by
Couldrey and Cave (2014), it is now possible to analyze the
available profiles and genome-wide methylation patterns that
match at the single-nucleotide resolution. Understanding epigenetics in dairy cattle may potentially lead to the discovery
of new breeding tools, treatments, and management practices
Arch. Anim. Breed., 61, 43–57, 2018

in dairy farms. Here, we discuss several gene expression and
methylation studies and roles that DNA methylation plays in
controlling gene expression with more focus on dairy cattle.
A considerable proportion of unexplained phenotypic variation in dairy cattle milk production could be attributed
to epigenetic regulation (Singh et al., 2010). Diverse environmental factors and management practices such as nutrition, milk frequency, photoperiod, udder health, and hormonal and local effectors may influence the number of mammary epithelial cells, which affects milk production in dairy
cattle. In addition, the effects of maternal milk production
negatively influence daughter milk yield. Arguably, highproducing cows tend to be in greater negative energy balance
and hence greater metabolic stress during pregnancy, with
subsequent negative effects on the lactation performance of
daughters.
During pregnancy, it has been hypothesized that DNA
methylation influences the expression of key genes in the
uterus. Based on samples from the endometrium of fertile
and subfertile dairy cow strains, DNA methylation and gene
expression were correlated in several pathways implicated in
early pregnancy events (Walker et al., 2013). Genes involved
in these pathways showed negative correlations, which indicate that the effect of the DNA methylation contributes to
changes in expression of endometrial genes. In fertile and
subfertile strains, correlations between DNA methylation and
gene expression were also observed for genes that were differentially expressed. These findings suggested that DNA
methylation could significantly contribute to the difference
in fertility between these two strains of dairy cows. While
the results of this study prove the correlation between DNA
methylation and gene expression, they do not show the causation between them. Recently, Saadi et al. (2017) reported that
dairy bulls that are monozygotic twins may not carry identical genetic merit estimates and may show different breeding values. Despite their identical genetic backgrounds, paternal sperm epigenomes may vary between monozygotic
twin bulls, which may explain the variation in the productivity of their offspring. The experimental evidence for this
hypothesis was obtained by characterizing DNA methylation
for the monozygotic twin bulls. Among the 400 000 probes
used, 2 to 10 % were differentially methylated between each
pair of the monozygotic twins. Moreover, across all pairs of
monozygotic twins, 580 loci were differentially methylated.
Further investigations are required to define the causative relationship between DNA methylation and gene expression
during pregnancy. The candidate genes that are involved in
this mechanism have been highlighted and defined. In addition, differences in the sperm epigenome should be considered for further research and daughters of monozygotic twin
bulls may diverge in performance. Several studies in the literature have reported the effect of epigenetic and gene expression on health traits in dairy cattle (Doherty et al., 2016;
Green and Kerr, 2014; Paibomesai et al., 2013). Most of the
DNA methylation studies on health traits focused on the imwww.arch-anim-breed.net/61/43/2018/
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mune system and dairy cattle which may respond differently
based on the regulations of DNA methylation. In 2013, Paibomesai et al. (2013) reported that the epigenetic mechanism,
DNA methylation, may affect the adaptive immune system
cells in dairy cattle. This effect was most obvious during the
peripartum period. The variation in immune system response
during this period was in parallel with the DNA methylation of IFN-γ and IL-4 promoter regions. These two regions
could be epigenetically controlled since the DNA methylation increased during the partum period. A year later, another study investigated the relation of gene expression to
the response of the innate immunity, which plays a key role
in recognition and early response to pathogens (Green and
Kerr, 2014). The authors reported that epigenetics had significantly regulated the innate immunity response. Doherty
et al. (2016) studied bovine tuberculosis to find out how
epigenetics shifts CD4+ T lymphocytes into dysfunctional
T cells and influences their ability to clear mycobacterial infection. They found that DNA methylation had a direct effect
on CD4+ T cells in the infected cattle. During mycobacterial
infection, methylation of specific loci lead to the development of the non-protective CD4+ T cell.
4

Genetic modification

The knowledge emerging from identification of variants
within the genome has led to the concept of human intervention at the genome level by alteration of the host genome
through the introduction of genes or other modifications to
produce desirable results in ways never before possible in
dairy cattle. Genetic modification has a great potential for
various applications within the dairy industry to benefit producers, consumers, and society.
4.1

Genetic engineering

Genetic engineering can be defined as a process by which desirable traits are introduced into an organism using recombinant DNA (rDNA) technology (Van Eenennaam, 2017). This
technology provides breeders with access to genetic variation that would normally be unobtainable in the species of
interest. The first genetically engineered animals appeared in
the 1980s with mice (Brinster et al., 1981), followed shortly
thereafter by livestock species (Hammer et al., 1985). The
initial tool applied for genomic engineering of livestock was
pronuclear injection, which involved the injection of DNA
into pronuclei of fertilized eggs (Hammer et al., 1985). This
method was leading in the early research of genetically engineered livestock but was hampered by low efficiency and the
random integration of DNA into the target genome. Some
improvements were achieved following the arrival of viral
transformation methods (Chan et al., 1998). A major advancement in advanced reproductive technologies with somatic cell nuclear transfer (SCNT) cloning and the birth of
Dolly the sheep (Wilmut et al., 1997) also provided aid in the
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generation of genetically engineered livestock. SCNT allows
for the production of transgenic offspring from selected and
screened transgenic cells within a line to ensure cells express
the transgene before they are transferred into the oocyte.
However, with SCNT there remains the matter of gestational
losses, abnormalities, and low numbers of resulting live offspring (Keefer, 2015).
Applications in livestock that have been investigated
involve improving production yields and quality, animal
health, and welfare. The livestock models for genome editing
focused chiefly on highly fecund species like pigs and other
small species like sheep and goats. Large bovine species have
added difficulties due to poor efficiencies and long gestation periods. In dairy cattle, targets have primarily revolved
around alteration of milk to improve its composition for human consumption and for improved udder health of the lactating cow. Using microinjection, van Berkel et al. (2002)
produced transgenic cattle lines expressing recombinant human lactoferrin in milk, illustrating the production of biopharmaceuticals by dairy cows. Other work has also looked
to alter the protein in bovine milk using genetically engineered cattle, including increasing beta- and alpha-caseins
(Brophy et al., 2003), the incorporation of human lysozyme
(Yang et al., 2011), and the decrease in beta-lactoglobulin
(Jabed et al., 2012). A relevant application of genomic engineering in dairy cattle is also for the promotion of optimal cow health and disease resistance to improve welfare
and the viability of the population. Wall et al. (2005) reported transgenic Jersey cows secreting lysostaphin were
protected against Staphylococcus aureus mastitis. Listings of
the various other works undertaken in the genetic engineering of livestock species can be found in reviews by Laible
et al. (2015) and Lievens et al. (2015).
The acceptance of genetically engineered animals has
been slow due to a variety of concerns including food safety,
environmental impact, welfare, ethical concerns, unknown
consequences of intended changes to the genome, and general perceptions and willingness of the public. The production of human drugs from genetically engineered livestock
has been more received than food products from genetically engineered animals. European regulators first approved
genetically engineered animals as bioreactors for biomedical pharmaceutical production including ATryn® (human
antithrombin-III) produced in goat milk. To date, the AquAdvantage Salmon® is the lone genetically engineered animal approved for entry into the food supply and has been
sold unlabelled in the USA and Canada since 2016. The
AquAdvantage Salmon® grows to market size faster than
non-genetically engineered Atlantic salmon thanks to the addition of an rDNA construct composed of the growth hormone gene from Chinook salmon under the control of a promoter from ocean pout (Cook et al., 2000). The salmon was
first generated in 1989 and underwent an exhaustive approval
process to prove its safety and environmental impact. The
Enviropig® , a line of genetically engineered Yorkshire pigs
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capable of digesting plant phosphorus more efficiently and
thus have low-phosphorus manure, developed at the University of Guelph (Guelph, Canada) (Golovan et al., 2001), lost
financial support following years spent in the regulatory system without gaining market approval. The arduous and costly
task of potentially gaining approval for products from genetically engineered animals has been a major barrier to their
generation, and limits the technology’s application in animal
agriculture.
The uptake of genetic engineering in the dairy industry
could bring about many previously unimaginable enhancements to deliver benefits to the dairy industry and consumers,
which are not possible with traditional methods of breeding. A meaningful prospect for use in the future is in regards
to animal health. Maintaining healthy cows is a goal of the
industry for improved animal welfare, producer economics,
and for limiting the use of antibiotics. Furthermore, genetic
engineering of livestock has the possibility to increase production to meet the nutritional demands of an ever-increasing
human population, to lessen the impact of animal production
on the environment, and to have health benefits and disease
fighting attributes for humans, among many other imaginable
possibilities. The efficiencies of the technologies continue
to improve, making their introduction into practice more of
a possibility. The impact genomic engineering will have on
animal agriculture in the future is now mainly tarrying on the
authorization for associated products to enter the food supply
along with public support.
4.2

Genome editing

Genome editing is a novel technology that enables targeted
modification of a gene, therefore allowing humans not only
to edit or “correct” unwanted mutations but also to generate new allelic variants in the genome (Jenko et al., 2015).
Genomic editing differs from genetic engineering such that
it does not involve the use of recombinant DNA and looks
to take advantage of existing variation within the species in
a new manner. There are parallels between existing traditional selection methods and gene editing, where both aim
to increase the frequency of favourable alleles in the species.
In some instances, the same changes achieved through gene
editing could be realized through traditional selection by selective breeding, generations of backcrossing, or with the appearance of chance mutations. The benefits of gene editing
arise in the ability to make these changes rapidly and without the transmission of linked genes, and relying on random
chance transmission of combinations of favourable alleles.
Gene editing methods capable of targeting specific locations of the genome were based on the use of homologous recombination where nucleic acid templates including sequences homologous to either side of a targeted and
introduced double-stranded break. Developments in gene
editing tools which initiate site-specific DNA double-strand
breaks by chimeric designer nucleases like site-directed nuArch. Anim. Breed., 61, 43–57, 2018

cleases such as zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) delivered refined and efficient methods to produce edits in large, complex
animal genomes. More recently, a significant advancement
in gene editing technology came with the introduction of
the RNA-guided nucleases of the clustered regulatory interspersed short palindromic repeat (CRISPR/Cas) associated
system. The CRISPR/Cas associated system has emerged as
a simpler and more attractive alternative to ZFNs and TALENs, which are complex and expensive. A prospective tool
to complement gene editing and better transmit edited genes
(or an existing variant) through the population may be genetically engineered gene drivers (Burt, 2003). Different gene
drive systems are still under investigation for application in
natural populations but could improve the efficiency of the
spread of edited genes by ensuring it is passed to the proceeding generations.
Examples of applications of gene editing have expanded
in the literature, and some researchers are hypothesizing developments that may soon emerge in livestock breeding (Van
Eenennaam, 2017). Many considered uses of the technology
are the same as those already considered in current breeding programs including production, health, and welfare, but
with targeted efforts on known causative variants. Examples
of edited dairy cattle include cattle with increased resistance
to tuberculosis (Wu et al., 2015), the knockout of the betalactoglobulin gene (Yu et al., 2011), and enhanced mastitis
resistance (Liu et al., 2013, 2014). A promising first use of
gene editing in the dairy industry to address welfare issues
may be the production of hornless dairy cattle with the introduction of the POLLED allele, which is nearly fixed in
some beef breeds but low in frequency in Holsteins (Carlson et al., 2016). Other animal agriculture species are also
making headway in the production of edited species, including pigs resistant to porcine reproductive and respiratory syndrome virus that are now being produced (Whitworth et al.,
2016). Advances in the understanding of the influence of various genes and genomic variants on phenotypes will bring
forth many future opportunities for the improvement of quantitative traits through gene editing.
The regulations and legislature that kept the majority of
genetically engineered livestock out of the marketplace may
not apply to genome-edited livestock (Waltz, 2012). This is
in part due to the difficulty of recognizing edited animals.
The effects of genome editing are unidentifiable in the receiving animal, as the method is highly precise and does
not change the genome in a way different than would be
achievable through selective breeding or natural mutation.
By adding or removing genetic variants found in other animals of the same species (and not foreign DNA), advocates
of the technologies hope the concerns of many regulators
and members of the public may be diminished (Laible et al.,
2015; Ruan et al., 2017). The regulatory oversight and implementation has yet to be determined.
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Genome editing tools could find a use alongside existing
selection tools in the dairy industry in a complementary role.
The most recognizable option for their use is for traits controlled by single genes or by loci exhibiting large effects on
a phenotype. Advances and widespread use of genotyping
technologies have afforded the possibility to identify alleles with large effects on traits of interest, and the results of
GWAS can be put into practical use or validated using gene
editing. Gene editing permits the increase in frequency of
favourable alleles in a more rapid manner than traditional
breeding and without the added intricacy of linkage. The majority of phenotypic traits in dairy cattle under selection are
considered to be complex and largely determined by many
different genes, each with small effects. In such traits, it may
be difficult to determine which sites to target for editing.
A possible situation could be the use of editing for largeeffect loci, while continuing to employ traditional selection
practices to select for the many loci with small effects (Van
Eenennaam, 2017). Genome editing technology is at the forefront of novel tools in animal breeding. The advancements
in the technology are accelerating; improving the efficiency,
eliminating off-target edits, and introducing multiplex editing events could make the technology more practicable for
use in livestock selection programs.
5

Considerations for the adoption of technologies

As discussed previously, novel technologies have been, and
are being, developed with the potential to revolutionize genetic improvement of the dairy cattle population. However,
even if the technologies certainly led to improved animals or
dissemination of elite genetics, other additional factors need
to be considered. Some technologies such as AI have experienced rapid acceptance and adoption by the industry and
had an extensive impact. Not all technologies have experienced the same welcoming. Several factors should be contemplated and could impede the acceptance of technologies.
Here we outline considerations related to genetic diversity,
economics, and the acceptance of society.
5.1

Genetic diversity

An important topic in dairy cattle breeding today is the state
of genetic diversity in the population and the implications of
its decline. Intensive selection within the dairy cattle population has resulted in remarkable genetic gains in several
traits such as milk production. This success was a result of
numerous achievements in breeding methodologies as well
as computing, reproductive, and genotyping technologies.
However, a notable consequence of the genetic gains has
been increasing trends in inbreeding levels. Inbreeding has
been implicated in reduced performance for certain traits,
particularly fitness traits. This noted inbreeding depression
has been linked with reduced production and reproductive
performance in dairy cows (González-Recio et al., 2007;
www.arch-anim-breed.net/61/43/2018/
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Pryce et al., 2014). As new technologies emerge and afford
new opportunities for genetic improvement of dairy cattle, it
is imperative to consider the impact these tools could have on
genetic diversity. Historically, the introduction of novel tools
for animal breeders has altered genetic diversity by changing not only the structure of the breeding population but also
which candidates are being selected.
Reproductive technologies have enabled the widespread
dispersal of elite genetics across the globe and increased
rates. Artificial insemination technologies greatly increased
the number of progeny produced by top dairy sires and lowered the effective male population size. Superior AI sires
were able to leave thousands of daughters along with sons
also sampled by AI units, and, therefore, few individuals
made large contributions to the next generations. An alternative viewpoint is that AI granted producers to use multiple
sires in their herds, which would lessen the overall impact of
AI on the overall population’s inbreeding (Young, 1984). The
use of embryo transfer offered the same effect for the female
population, but on a much less dramatic scale, giving elite
dams the opportunity to produce more offspring and have
a greater influence on the next generation than would naturally be possible. A loss of genetic diversity could also be
a concern if the practice of cloning were to take a stronghold
on the industry. Cloning by definition is the production of
a genetically identical copy of an individual. This would generate a much greater influence of these genetics within the
population through this process and in the future breeding
of these animals. The overall strategy for incorporating these
technologies into breeding programs can determine the overall impact on inbreeding levels.
Reproductive technologies may also prove to be a conservator of genetic diversity for the dairy industry. Cryopreserved semen and embryos harbour historical genetic variability that could be reintroduced in the future with the aid
of other reproductive technologies. Artificial insemination,
embryo transfer, and cloning can serve to propagate genetic
diversity with breeding strategies geared toward maximizing
diversity as opposed to trait improvement.
The accumulation of inbreeding as a result of genomic
selection in the dairy industry compared to traditional selection practices has been debated. The estimation of the
Mendelian sampling term and differentiation between siblings in traditional BLUP breeding schemes is difficult, because siblings tend to be co-selected and some animals may
not have enough data. Contrastingly, genomic selection may
decrease inbreeding rates per generation as it is able to discriminate young genotyped siblings, enabling more across
family selection by providing knowledge of the Mendelian
sampling term (Daetwyler et al., 2007). However, one of the
major benefits of genomic selection, the ability to substantially decrease the generation interval, may result in an increased yearly rate of inbreeding.
A secondary utility of genotyping technologies to the dairy
industry has been to monitor and characterize inbreeding on
Arch. Anim. Breed., 61, 43–57, 2018
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a genomic level. Traditional pedigree estimates of inbreeding are typically underestimated due to pedigree errors and
are considered averages, as the transmission of various segments of the genome from parents cannot be known. Genomics can quantify inbreeding and relationships by capturing the deviations that occur due to Mendelian sampling
and define a more precise relationship between individuals
(Hill and Weir, 2011). Genomic inbreeding may be estimated
from the genomic relationship matrix (VanRaden, 2008) or as
runs of homozygosity (ROH) (McQuillan et al., 2008). Runs
of homozygosity are segments of consecutive homozygous
genotypes that result in an individual due to the transmission
of identical haplotypes from parents to their offspring. The
characterization of ROH across the genome gives a new way
to examine levels of genetic diversity and causes of inbreeding depression at region-specific levels as well as genomewide (Howard et al., 2017). Genome-wide inbreeding metrics are not able to account for the fact that homozygosity
or loss of genetic diversity may have very different effects.
The presence of ROH at certain locations has been found to
have detrimental effects in dairy cattle, while some may be
inconsequential (Pryce et al., 2014; Kim et al., 2015). The
frequency of ROH in dairy cattle is not uniform across the
genome and may correlate with regions putatively under selection (Purfield et al., 2012; Zhang et al., 2015). Genetic
selection may put substantial pressure on specific locations
of the genome and generate increased homozygosity in those
regions with large effects on traits under selection. Genomic
inbreeding metrics may be more valuable indicators of inbreeding, and an informative tool for use in future breeding
strategies and the management of genetic diversity.
Similar to any tool used in selection, the accumulation of
inbreeding and loss of genetic diversity is a consideration
for the inclusion of gene editing technologies into breeding
strategies. The use of genome editing for the introduction, increase in frequency, and fixation of favourable alleles into the
population could decrease the genomic diversity in the population. In their simulation study, Jenko et al. (2015), when
investigating limitations to editing resources, noted greater
increases in inbreeding when more edits were performed on
a small number of sires compared to fewer edits on each
of a larger number of sires. With the presence of the larger
number of sires with edits, inbreeding increases were similar to a scenario only using genomic selection. The inefficiencies in gene editing methods, along with poor reproductive performances and long gestation periods of cattle, may
limit the available number of foundation animals in a geneedited population. Ideally, a large number of edited foundation sires would need to be used to propagate the beneficial
alleles to the population and maintain background genetic
variation and avoid excessive inbreeding (Ruan et al., 2017).
As occurs with sires identified as being genetically superior
by other more traditional breeding methods, high merit genetics are in demand and more widely used throughout the
cow population. Genome editing could also help introduce
Arch. Anim. Breed., 61, 43–57, 2018

new genetic variation or correct genetic defects in current
genetic resources that otherwise hamper their use.
Genetic diversity in the dairy population is an important
consideration for any breeding strategy applied. Novel tools
being studied for use in dairy cattle breeding have potential
to decrease genetic diversity, but they may also present new
ways to monitor and introduce new sources of variation, depending on the goal of their use. It will be important with
any technology used in a breeding scheme to maintain awareness of the state of genetic diversity in order to not surrender
variation needed for future sustainability. With proper foresight, emerging technologies in animal breeding can achieve
genetic progress while still maintaining acceptable rates of
inbreeding.

5.2

Economics

The commercialization of novel technologies in animal
breeding is contingent on economic value. Generally, advancements in technology and increased adoption have
brought costs of tools like genotyping to reasonable costs,
making their use feasible for producers. In animal breeding,
technologies and methods that improve genetic gain have the
ability to provide economic returns that recur year after year
due to the accumulating genetic improvement. As the costs of
implementing new genomic tools decrease, the benefits they
create in terms of genetic improvement of many economically important traits are appealing. The economic benefits
of genotyping dairy cattle and genomic selection are great in
terms of increased genetic and therefore monetary gain, as
well as generating remarkable savings in the progeny testing
of bulls (Schaeffer, 2006). The hefty costs of whole-genome
sequencing at their current price point can presently not be
offset by added genetic gains, and therefore sequencing has
only found a place in research. This may change with altering protocols and valuable results culminating from this
work. Novel applications of NGS technology such as GBS
have also emerged to provide an economical means of producing genotypes for a large number of variants.
For some technologies, the prohibitive factor may not be
the actual cost, but other factors including efficiency and returns. With sexed semen, McCullock et al. (2013) found profitability was not largely affected by added costs of sexed
semen, but more so by management variables like conception rate and the market environment. Genomic engineering
and gene editing are both currently afflicted with high costs
and relatively poor efficiencies in producing modified, viable
young. The gains achieved with these methods can be very
diverse and are dependent on the exact application. As prices
lessen and efficiencies continue to improve, they may emerge
as profitable tools or beneficial in other regards such as welfare. An economic analysis of new genomic technologies requires a detailed review modelling their impact on costs and
benefits across all aspects of the industry.
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5.3

Societal acceptance

An important discussion with the development of new breeding tools and technologies is the ethical implications of their
use and how they will be received by society. Developed
technologies may have applications that could provide benefits to the dairy industry and considered as integral and revolutionary by scientists, but may bring elements of concern
from the public. These concerns must be acknowledged and
addressed or such pioneering developments may never come
into practice.
Many reproductive technologies, such as AI and embryo
transfer, have become commonplace in the dairy industry.
Many members of the public may not be aware of the entailments of these procedures and the “unnaturalness” of reproduction for these animals. The consumer generation that
is arriving is more informed and more involved than many
in the past. Society is aware of animal welfare, and the use
of biotechnology in food production has been in the forefront of mainstream media. One of the major barriers facing the use of technologies like cloning, genetic engineering,
and genome editing is the public’s perception and concern.
Research into public concerns has focused on perceptions of
risk, benefit, ethical- or value-related concerns such as “unnaturalness”, trust of information and their sources, and acceptance with various applications (Frewer et al., 2013). The
opinion of the public on the use of genetically engineered
animals may shift depending on their application. The acceptance for pharmaceutical production has been more welcomed than for food production (Laible et al., 2015). Applications that favour human health, animal health, or other
publicly recognized benefits could be more presentable to
consumers than increasing production. In addition, geography has an effect on acceptance as European consumers
tended to be more against genetic engineering applications
than North American and Asian nations (Frewer et al., 2013).
Consumers hopefully will more readily accept gene-editing
technologies than genomic engineering in livestock because
it does not involve foreign DNA, it changes the DNA in
a very precise manner, and it is similar to natural mutation
(Ruan et al., 2017). However, many of the negative connotations of genetic modification may carry over and impact
opinion of this technology too in an ill-informed audience
(Bruce, 2017). Scientists, industry, and regulatory agencies
need to help educate the public and producers on the risks
and benefits and the products and enact standards and regulations (Ruan et al., 2017). Public support of emerging technologies will ultimately decide how commonplace such practices in the industry are, as even with regulatory approval, the
product must be wanted. With an expanding population to
feed, demands will be placed on the agriculture industry. As
indicated by Simianer (2016), someday the population may
not be able to afford the luxury of not using such novel technologies and resources, as the risk of not using may be great.
www.arch-anim-breed.net/61/43/2018/
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Conclusions

Both high-throughput genomic technologies and advanced
reproductive technologies have had, and will continue to
have, disruptive effects on livestock breeding practices. Advances in reproductive technologies, “omics”, and genetic
modification are being made at an unprecedented rate, and
large-scale implementation of these technologies will affect
both genetic diversity of future livestock populations as well
as the economics of genetic improvement. Furthermore, with
an active, information-seeking consumer cohort entering the
marketplace, past breeding goals centred on production may
no longer be attractive and new phenotypes will need to be
collected on a large scale. The implications of increasing
the use of reproductive and genomic technologies, as well
as applying novel technologies and methodologies in livestock breeding populations, must be carefully considered.
In particular, the effects on genetic diversity of livestock
populations, the financial implications for all stakeholders,
and the societal acceptance of these technologies and their
widespread use must be evaluated. Despite these caveats, the
use of these technologies, together with the ability to collect much more detailed phenotypes, could open the door to
sustainable and rapid genomic improvement if properly managed.
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