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ABSTRACT

The contribution of the calf enterprise to the profit
of the dairy farm is generally considered small, with
beef bull selection on dairy farms often not considered
a high priority. However, this is likely to change in the
future as the rapid rate of expansion of the dairy herd
in some countries is set to plateau and improvements
in dairy herd fertility combine to reduce the propor-
tion of dairy breed calves required on dairy farms. This
presents the opportunity to increase the proportion
of beef breed calves born, increasing both the value
of calf sales and the marketability of the calves. Beef
embryos could become a new breeding tool for dairies
as producers need to reassess their breeding policy as
a consequence of welfare concerns and poor calf prices.
Assisted reproductive technologies can contribute
to accelerated genetic gain by allowing an increased
number of offspring to be produced from genetically
elite dams. There are the following 3 general classes of
donor females of interest to an integrated dairy-beef
system: (1) elite dairy dams, from which oocytes are
recovered from live females using ovum pick-up and
fertilized in vitro with semen from elite dairy bulls; (2)
elite beef dams, where the oocytes are recovered from
live females using ovum pick-up and fertilized with
semen from elite beef bulls; and (3) commercial beef
dams (>50% beef genetics), where ovaries are collected
from the abattoir postslaughter, and oocytes are fertil-
ized with semen from elite beef bulls that are suitable
for use on dairy cows (resulting embryo with >75%
beef genetics). The expected benefits of these collec-
tive developments include accelerated genetic gain for
milk and beef production in addition to transformation
of the dairy herd calf crop to a combination of good
genetic merit dairy female calves and premium-quality
beef calves. The aim of this review is to describe how
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these technologies can be harnessed to intensively select
for genetic improvement in both dairy breed and beef
breed bulls suitable for use in the dairy herd.
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INTRODUCTION

“Beef on dairy” is currently a hot topic. Tradition-
ally, in a dairy herd, all cows and heifers were bred to
a dairy breed bull; the required number of heifer calves
were kept as replacements, with the remaining surplus
(mostly male) dairy calves being sold for a low value.
This traditional situation has evolved such that it is
now possible to target only the top elite females in
the herd to generate replacements, allowing new ap-
proaches to increase the value of the nonreplacement
calves for beef production.

Dairy and beef production are inextricably linked.
Although the main source of revenue in dairy herds is
from milk sales, beef output from the sale of cull cows
and surplus calves represents 10 to 20% of the gross
income in most production systems (van der Werf et
al., 1998). Gestation and parturition are prerequisites
for the initiation of lactation, but in all dairy herds,
the total number of calves born is greater than the re-
quired number of replacement females. Hence, in most
herds, >60% of the calves born are destined for beef
production, despite the fact that their genetics have
been selected for dairy production. This results in ani-
mals of low economic value, in turn leading to welfare
and environmental concerns. As a strategy to increase
calf value, many dairy producers are increasingly mat-
ing dairy dams not required to generate replacement
females (either surplus to requirements or genetically
inferior) to beef sires.

For the small proportion of dairy herds with elite
genetic merit dams, male dairy calves are also of po-
tential value as future bulls to be used for AI. The
next generation of AI bulls can be identified shortly
after birth using genomic testing, allowing elite bulls to
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be purchased by animal breeding companies, producing
semen for sale from as young as 12 mo of age (Murphy
et al., 2018). Use of conventional (i.e., not sex-sorted)
semen results in approximately 52:48 male-to-female
sex ratio at birth (Xu et al., 2000; Roche et al., 2006;
Berry and Cromie, 2007), resulting in a large surplus
of male dairy calves. Thus, animal breeding companies
can screen large numbers of potentially elite male dairy
calves of interest using genomic testing. Although this
has provided long-term genetic gain, there are unin-
tended consequences of this approach that present wel-
fare, social, and environmental concerns (Ritter et al.,
2019; Shivley et al., 2019; Haskell, 2020).

Biological and physiological constraints limit the
speed at which animals can reproduce. Young bulls must
reach 9 to 12 mo of age before they achieve puberty and
produce fertile sperm. Similarly, although female calves
are born with all of their oocytes in their ovaries, they
too must wait until puberty to ovulate a fertile oocyte.
Albeit attainment of puberty can be accelerated some-
what in both males (Dance et al., 2015; Bollwein et al.,
2016; Byrne et al., 2018; Kenny and Byrne, 2018) and
females (Perry, 2016; Cardoso et al., 2020; Heslin et al.,
2020) by judicious early-life nutritional management,
the time taken to reach this developmental milestone
nonetheless restricts the speed at which generations can
turnover. For instance, the current generation intervals
for Holstein cattle in the United States are ~2.5 yr
for sires and dams of bulls, and ~4.5 and ~5 yr for
sires of cows and dams of cows, respectively (Garcia-
Ruiz et al., 2016). However, the biological boundaries
to generation interval are currently being pushed; it
is now possible for a heifer calf to be the mother of a
bull destined to become an Al sire before she herself
has reached puberty or ever lactated. Holstein calves
can now be born from oocytes aspirated from prepu-
bertal females as young as 2 mo and fertilized in vitro
by the sperm of 10-mo-old bulls. This process, known
as velogenetics, discussed later, was first described in
1991 (Georges and Massey, 1991), but it was not until
the development of low-cost, high-density genotyping
chips (SNP chips) and genomic selection that it became
practicable. Now, instead of waiting until a bull is ap-
proximately 7 yr old for progeny test results, semen
from bulls is routinely made available at 1.5 to 2 yr old.

Several generations of assisted reproductive technolo-
gies (ART) have been applied to dairy cattle breed-
ing. The more “traditional” ART such as Al, multiple
ovulation embryo transfer (MOET), in vitro embryo
production (IVP), precise pharmaceutical regulation
of estrus and ovulation to facilitate timed AI and timed
embryo transfer, and sex-sorting of sperm to produce
offspring of the desired sex are already well established
in the toolbox accessible to farmers. Others, including
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in vitro gametogenesis (Hayashi, 2019; Hayashi et al.,
2021) have undergone rapid development in association
with stem cell biology, opening many possibilities in this
field. However, future global regulation and public ac-
ceptance of some of the newer technologies, particularly
modern molecular techniques such as genome editing,
remains uncertain (Van Eenennaam et al., 2020).

In this review, we briefly outline dairy breeding goals,
the integration of the beef and dairy industries, and the
historical development of ART in cattle and describe
how these techniques can be harnessed to intensively
select for genetic improvement in both dairy breed and
beef breed bulls suitable for use in the dairy herd. In
an era with ever-increasing focus on maximizing ef-
ficiency and reducing waste (Place and Mitloehner,
2014; Burggraaf et al., 2020), an exciting new develop-
ment is the potential to produce and transfer 100%
beef breed embryos into surrogate dairy dams that are
not suitable for generating replacements. The expected
benefits of these collective developments include accel-
erated genetic gain for milk and beef production, and
transformation of the dairy herd calf crop to a combi-
nation of high genetic merit dairy female calves and
premium-quality beef calves. This structural change
takes advantage of the new tools mentioned above that
are now easily available to producers for animal breed-
ing (in particular, sex-sorted sperm and IVP embryos),
and will help to increase the efficiency of dairy and beef
production.

DAIRY CATTLE BREEDING GOALS

For centuries, animal breeders have intentionally
selected the parents of the next generation based on
their concept of the “ideal” or “best” animals in the
current generation. The rate of genetic improvement is
controlled by the following 4 main factors: (1) the selec-
tion intensity, a measure of how choosy breeders are in
selecting the best animals; (2) the selection accuracy,
a measure of the confidence that the selected animals
are indeed the best; (3) the genetic variation in the
trait under consideration (the greater the variation is,
the greater the scope is to select animals that are well
above the population average); and (4) the generation
interval, a measure of how quickly the superior genes
of the selected parents in the current generation can be
propagated into the next generation.

Genetic selection has been a very successful tool for
the long-term improvement of livestock. The rapid
adoption of genomic selection, first postulated in 2001
(Meuwissen et al., 2001) and first introduced in 2008
with the development of the first high-density genotyp-
ing chip for agricultural species (Matukumalli et al.,
2009), has doubled the rate at which some dairy cattle
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populations are improving (Garcia-Ruiz et al., 2016).
By avoiding the delays associated with progeny testing
and phenotypic measures, genomic selection leads to
an increase in genetic gain due to shorter generational
intervals, as well as savings in cost. The rate of genetic
gain through genomic selection is doubled by using
bulls at 2 yr of age instead of 5, with a decrease in cost
of up to 92% by avoiding progeny testing (Schaeffer
2006). As such, genomic selection is the most important
technology adopted by the dairy industry since the in-
troduction of ATl about 75 yr ago, playing a critical tool
in addressing declining Holstein cow fertility associated
with intensive selection for milk in the previous decades
(Garcia-Ruiz et al., 2016; Taylor et al., 2016).
Selection indices for different dairy production sys-
tems and breeding strategies vary from country to
country. Historically, selection within the global dairy
industry focused exclusively on increasing milk produc-
tion, but negative associations with fertility prompted
a move away from single-trait selection to more bal-
anced breeding objectives (Berry et al., 2016). Nowa-
days, selection emphasis has shifted away from traits
focused on animal productivity toward those related to
efficient resource utilization and improved health, wel-
fare, and resilience. Cole and VanRaden (2018) summa-
rized traits included in 21 total merit indices from the
United States and 16 other countries. Although current
selection indices differ within and across countries due
to variations in economic conditions including payment
schemes, traits recorded, and breeds used, common
trait groups include yield (e.g., milk volume, fat and
protein yield), longevity (e.g., productive life), fertility
(e.g., nonreturn rate, days open, calving interval), ud-
der health (e.g., SCC, clinical mastitis), calving traits
(e.g., calving difficulty, stillbirth), milking traits (e.g.,
milking speed), and conformation (e.g., udder confor-
mation, feet and leg score; Cole and VanRaden, 2018).
In terms of genetic improvement, genes can flow
through 1 of 4 different pathways in a population as
follows: (1) sires of bulls, (2) sires of cows, (3) dams
of bulls, and (4) dams of cows (Rendel and Robertson,
1950). The aim of breeding companies is to maximize
selection intensity of paths (1) and (3), whereas the
farmer controls (2) and (4) when making breeding deci-
sions. More than 70% of all US dairy cows are bred
by AI, and because approximately all of the female
calves produced have historically been retained as herd
replacements, selection differentials and generation
intervals for pathways of the sires of bulls and sires of
cows have contributed the most to selection response
(Garcia-Ruiz et al., 2016). Garcia-Ruiz et al. (2016)
measured the effect of genomic selection on selection
differential and generation interval in US Holstein cattle
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using this 4-path model, and compared the observed re-
sults with those predicted by theory (Schaeffer, 2006).
This analysis demonstrated that rates of annual genetic
improvement in US Holstein dairy cows had increased
from 50 to 100% for moderately heritable yield traits
and from 300 to 400% for lowly heritable fitness traits.

Good reproductive performance in the dairy herd is
essential to improve the integration of the dairy and
beef sectors, as it ensures a greater proportion of dairy
cows are not required to produce dairy replacements
and are available to increase beef production from the
dairy herd. This can be further accelerated when sexed
dairy semen is used to generate replacements (Murphy
et al., 2016; Ettema et al., 2017). There is a growing
body of evidence that using bulls with greater genetic
merit for fertility traits can improve herd fertility
phenotypes and reproductive performance (Cummins
et al., 2012; O’Sullivan et al., 2020; Rojas Canadas et
al., 2020a,b). In addition, the availability of low-cost
high-density genetic marker panels (SNP chips) as well
as the emergence of low-cost whole genome sequenc-
ing has provided marked improvement in our under-
standing of the biology of fertility in the dairy cow by
allowing identification of genes associated with large
effects on fertility and the dissection of the biology of
gametogenesis, fertilization, and embryo development
and maternal-embryo interaction (Cole and VanRaden,
2018).

Since about 2000, balanced breeding objectives have
been implemented that incorporate fertility and longev-
ity traits, and phenotypic fertility performance in the
Holstein breed has recently begun to improve (Butler,
2013; Garcia-Ruiz et al., 2016). The trend worldwide
is to move toward more rounded selection indices, and
in many cases, breeding cows to have reduced costs of
production is as important as improving total income
(VanRaden, 2004; Miglior et al., 2005; Coleman et al.,
2010; Ramsbottom et al., 2012; Byrne et al., 2016).
In Ireland, since 2001, the Economic Breeding Index
(EBI) has evolved to combine milk production, fertility
and health, and management traits (Veerkamp et al.,
2002; Berry et al., 2007). Animals with greater EBI
produce less total milk (kg/yr), but greater milk solids
(i.e., fat and protein) reflecting the importance of milk
solids in the Irish payment scheme (Ramsbottom et al.,
2012; O’Sullivan et al., 2020). Cows with greater EBI,
and specifically greater EBI fertility subindex, maintain
greater body condition throughout lactation (Coleman
et al., 2010; Cummins et al., 2012; O’Sullivan et al.,
2020), which is a key phenotype that facilitates supe-
rior fertility performance and greater longevity in the
herd. The current EBI places a strong emphasis (35%)
on fertility traits, reflective of the economic importance
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of phenotypic fertility performance, particularly in a
seasonal pasture-based production system (Roche et
al., 2018).

In the United States, fertility traits and calving ease
have been included in the US Department of Agriculture
national genetic index (Net Merit Index; NMS$) since
2003, with the aim of increasing the total profitability
of US dairy cows (VanRaden, 2004). The latest revision
includes milk traits (with a negative value for milk vol-
ume but a positive value for milk solids), health traits
(e.g., SCS, udder health, lameness), fertility (daughter
pregnancy rates, cow and heifer conception rates),
calving traits (e.g., calving ease), and cow longevity
(livability and survival in a productive herd; VanRaden
et al., 2018). Tt is likely that the NM$ of the future will
continue to select cows that are efficient producers of
milk, are healthy and have long productive lives, and
have good fertility (Cole and VanRaden, 2018).

Welfare Concerns Arising from Current Breeding
Strategies—A Driver for Change

The health and welfare of unwanted male calves is a
significant issue in the dairy industry worldwide, and
represents a major reputational risk to the industry
(Ritter et al., 2019; Haskell, 2020). The value and fate
of male dairy calves varies significantly between coun-
tries (e.g., bobby calves in New Zealand and Australia,
veal, finished beef). Furthermore, as mentioned above,
the carcass characteristics and meat quality in finished
dairy breed steers is inferior compared with beef breed
steers (Berry et al., 2018).

Due to their low economic value, early rearing and
health management practices are less stringently imple-
mented for male dairy calves compared with more valu-
able female dairy calves. This presents animal welfare
risks and damages to the public perception of dairy
production (Renaud et al., 2017). In New Zealand and
Australia, seasonal calving and the absence of a well-
established industry for raising male dairy calves means
the majority of calves are transported long distances to
be slaughtered within days of birth (Cave et al., 2005;
Thomas and Jordaan, 2013; Boulton et al., 2020). In
Ireland, a substantial proportion of male dairy calves
are transported to mainland Europe for either veal or
beef production. For example, in 2019, the total num-
ber of calf births registered to a dairy sire was 798,926.
Of these, 115,885 dairy breed calves under 6 wk of age
were exported live to continental Europe, of which
114,063 (98%) were bull calves. This amounted to 28%
of the dairy bull calves born in 2019 being live exported
under 6 wk of age (Department of Agriculture, Food
and The Marine, 2019b). Even though these animals
could all potentially enter the human food chain and
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provide a source of high-quality animal protein, long
distance travel is a welfare concern, and slaughter of
young calves is unacceptable to most consumers.

Solutions to this issue are likely to vary between re-
gions and may include using sexed semen to generate
replacements and beef semen for all other insemina-
tions (i.e., to markedly reduce the number of male dairy
calves), using dual-purpose breeds (i.e., where male
dairy calves have a recognized beef merit), targeting
premium meat products, and ensuring high welfare
standards. In addition, it is likely that new systems
of beef production will be required, especially in coun-
tries with seasonally concentrated spikes in dairy calf
births in late winter and early spring. For example,
in New Zealand, the potential to finish male calves of
dairy origin at 8 to 12 mo is being explored (Pike et
al., 2019). Of note, economic modeling has indicated
that the resulting beef would need to command a price
premium to break even with existing conventional steer
or bull beef enterprises (Hunt et al., 2019). Pike et al.
(2019) reported that meat quality attributes related to
tenderness scores were good, suggesting that there may
be options to explore specialized premium markets.

Beef from the Dairy Herd—Integrating Beef and Dairy

The global dairy market was valued at US$718.9
billion in 2019 and is projected to grow to $1,032.7
billion by 2024 (Global Dairy Market, 2020). One of
the primary factors supporting the market growth is
the rising demand for milk and milk-based ingredients,
which can be attributed to population growth, rising
incomes, and health consciousness. Expanding dairy
herds, particularly in some European countries follow-
ing the removal of the EU milk quota regimen in 2015,
coupled with improved fertility performance brought
about through changes in selection indexes (Ma et
al., 2019) and improvements in management practices
(Carvalho et al., 2018), means that a greater propor-
tion of cattle slaughtered for beef production originate
from dairy herds. Thus, revenue attainable from the
sale of surplus calves can significantly affect dairy farm
profitability.

Use of sexed dairy semen to generate replacement
females and beef semen on the remaining animals not
required for replacements is growing in popularity
(Ettema et al., 2017; Bérodier et al., 2019), facilitating
genetic gain in the dairy industry while enhancing the
beef value of surplus calves (Bittante et al., 2020). For
example, in the United States, the number of matings
between beef bulls and dairy cows more than doubled
in the period from 2015 to 2019 (McWhorter et al.,
2020). Similarly, in 2018, 45% of Irish calves from Hol-
stein-Friesian dams were sired by beef bulls (Depart-
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Figure 1. (A) Percentage of calves born from Holstein-Friesian dairy dams in Ireland between 2007 and 2019 displayed by sire breed (HF
= Holstein Friesian; AA = Aberdeen Angus; HE = Hereford). Data are from the Animal Identification and Movement (AIM) System: Bovine
Statistics Annual Reports (https://www.gov.ie/en/publication/467e3-cattle-aim/#aim-bovine-statistics-annual-reports). (B) Total domestic se-
men sales in units (straws) in the United States between 2000 and 2020. Data is from National Association of Animal Breeders (www.naab-css

.org/semen-sales).

ment of Agriculture, Food and The Marine, 2019a), an
increase from 32% in the 5 yr previously (Department
of Agriculture, Food and The Marine, 2014; Figure 1).
Although beef-cross calves have greater economic value
than dairy bred calves, further gains can be made by
using 100% beef breed genetics through embryo trans-
fer (see below).

The 2 key traits of interest to dairy farmers when
selecting beef bulls for use on their herds are calving
ease and gestation length. Conversely, beef farmers that
purchase these calves are interested in terminal traits
such as age at finishing, carcass weight, and carcass
conformation. Berry et al. (2019) described the intro-
duction of a dairy-beef index (DBI) to rank beef bulls
for use on dairy females, based on genetic potential to
efficiently produce a high-value carcass while having
minimal repercussions on milk, health, and reproduc-
tive performance of the dairy female. This index helps
dairy farmers to select the most appropriate beef bulls,
but is also used by beef bull breeders that breed the
next generation of beef bulls to meet the demands of
dairy producers. Some 65% of the emphasis in the in-
dex relates to calving performance (calving difficulty,
gestation length, and calf mortality), reflecting the
needs of the dairy farmer; the remaining weighting is
on carcass merit (26%), feed intake (8%), and docil-
ity (1%), reflecting characteristics desired by the beef
farmer and processor.

Superior growth performance and carcass traits are
achievable with appropriate selection of beef bulls for
use on dairy females, with only a very modest increase
in collateral effects on cow performance (2-3% greater
dystocia and 6-d longer gestation length; Berry et
al., 2019). Although the DBI evaluates traits related
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to calf growth and dam performance, it does not in-
clude traits related to bull fertility. McWhorter et al.
(2020) evaluated sire conception rate for beef breed
sires, predominantly Angus, used to inseminate dairy
cows and heifers. Mean conception rates were similar
in cows (33.8 vs. 34.3%) and heifers (53.0 vs. 55.3%)
for insemination events with beef versus Holstein sires,
respectively. Beef sires were used more frequently in
problem cows, which may explain some of the minor
differences in conception rate. Hence, greater usage of
beef bulls is possible without detriment to timing of
pregnancy establishment.

Controlled studies have consistently demonstrated
superior carcass characteristics from beef x dairy cross-
bred animals compared with dairy breed contemporaries
(Keane and Drennan, 2008; Campion et al., 2009). In
an analysis of 53,838 calves (<12 wk of age) born to
dairy cows, Mc Hugh et al. (2010) reported that male
calves with a beef breed sire had greater value relative
to male calves with a dairy breed sire (Mc Hugh et al.,
2010). For example, each 1% increase in the proportion
of Belgian Blue or Charolais breed composition was
worth an extra €1.86 and €1.99, respectively. Similarly,
based on an analysis of 117,593 carcass records from
the progeny of dairy cows, Berry et al. (2018) reported
a greater carcass value of Angus X dairy crosses com-
pared with purebred dairy animals or dairy x dairy
crosses. Using field data, Berry and Ring (2020a) quan-
tified the physical and financial performance of male
progeny from different sires as follows: (1) a dairy sire;
(2) a sire that exceled in a total merit index encompass-
ing calving performance and beef performance traits
(DBI); or (3) a sire that exceled in a subindex based
solely on calving performance (CLV). The authors
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concluded that sires that were highly ranked on DBI
produced progeny that had heavier and better confir-
mation carcasses compared with the progeny from both
high CLV beef sires and dairy sires, and that using
highly ranked DBI sires could increase dairy herd profit
by 3 to 5% compared with CLV.

Beef-sired calves are more prone to dystocia, which
can have consequences for subsequent dairy cow per-
formance. Berry and Ring (2020b) used field data to
examine the potential repercussions of the beef-cross
pregnancies on subsequent performance of the dairy
female in the absence of calving difficulty. A total of
1,764,075 singleton calving events from 896,629 Hol-
stein-Friesian dairy cows in 7,353 herds were used in
the analysis to quantify the associations between sire
beef merit (sire breed and genetic merit for carcass
weight and conformation) and subsequent cow milk
production and phenotypic reproductive performance
(Berry and Ring, 2020b). Although some significant
associations were detected, the actual size of the as-
sociations was biologically small (Berry and Ring,
2020b). For example, service sire accounted for only 1%
of the phenotypic variation in kilograms of milk, fat,
and protein, and service sire had negligible effects on
phenotypic reproductive performance.

ART: Effect on Genetic Gain

The idea of using ART to accelerate genetic gain in
dairy breeds and improve the beef quality of nonre-
placement offspring in dairy herds is not new (Bek-
man et al., 1994; Hanekamp, 1999). The technologies
and strategies available to accelerate genetic gain in
dairy breeds and in beef breeds suitable for crossing
with dairy breeds are summarized in Figure 2A and
2B. Although insemination with beef semen will result
in the generation of a calf with an expected 50% beef
breed composition, the opportunity also exists to gener-
ate embryos with 100% beef breed composition (using
slaughterhouse ovaries from beef heifers to provide oo-
cytes for IVP-embryo transfer; IVP-ET) to maximize
the value of the calf surplus to replacement require-
ments (Figure 2C).

Several generations of ART have been applied to
domestic animal breeding and can affect one or more
of the factors affecting the rate of genetic improvement
(Lonergan, 2007). As mentioned earlier, many of these
technologies are already well established in the toolbox
accessible to farmers and breeding companies and have
potential value for dairy genetic gain (more calves per
elite donor, more dam-sire combinations). Although the
rate of improvement could be accelerated using newer
technologies (cloning, genome editing), both approval
to use these technologies by regulatory authorities and
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public acceptance currently remains uncertain (Van
Eenennaam, 2019; Bishop and Van Eenennaam, 2020).

The application of reproductive technologies in dairy
cattle breeding has been recently reviewed (Moore and
Hasler, 2017; Ferré et al., 2020). Artificial insemina-
tion has revolutionized dairy cattle breeding since its
widespread adoption. Artificial insemination, however,
has only resulted in increased selection intensity in the
sire-to-progeny selection pathway. Considerable gains
in selection intensity, and thus accelerated genetic gain,
could be achieved by applying similar principles to the
dam to progeny selection pathways. In contrast to high
genetic merit sires, which produce billions of fertile
gametes at each ejaculation and can sire thousands
of offspring during (and even after) their lifetime, the
contribution of genetically superior cows to a breeding
program is limited by the fact that they are (usually)
monovulatory, have a 9-mo gestation followed by a nec-
essary period of uterine involution, and that they have
a relatively short (~5 yr) productive herd life span.

Superovulation

Manipulating reproduction by repeated superovu-
lation of the donor animal, recovery of the resulting
embryos, and their transfer to surrogate recipients pro-
vides an opportunity to substantially increase the effect
of superior females on a breeding program. Embryo
transfer is growing in importance in US dairies. It can
be used to mitigate the adverse effects of summer heat
stress on cow fertility, and can increase the number of
genetically elite female calves born. However, the costs
of embryo production must decrease and pregnancy
rates must increase to drive greater adoption (Hansen
2020).

Techniques for superovulation and ET for cattle
were developed in the 1940s and 1950s (Casida et al.,
1943; Rowson, 1951; Willett et al., 1951; Dziuk et al.,
1958); however, large-scale ET operations were not es-
tablished in North America until the 1970s, in Europe
until the 1980s, and in South America until the 1990s
(Hasler, 2014). Despite sustained research focused on
methods to increase the number of ovulations and
viable embryos recovered from the donor female, the
average yield of transferable embryos produced per
superovulatory cycle (6-8) has not changed markedly
during the last 50 yr. The incidence of embryo death
by d 7 after estrus and insemination can be as high as
50% in high-producing dairy cows (Sartori et al., 2010).
Given that all of the myriad biological and technical
reasons for embryo death by d 7 are avoided when a
blastocyst-stage embryo is transferred into the recipi-
ent female, one would expect that pregnancy success
would be greater for ET than for Al. Pregnancy suc-
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calves. (A) To create the next generation of dairy Al bulls and dairy bull dams, embryos are generated from elite dairy dams by superovulation
and Al or by using ovum pick-up (OPU) or laparoscopic OPU (LOPU) or juvenile in vitro fertilization and embryo transfer (JIVET) to collect
oocytes followed by in vitro maturation (IVM), fertilization (IVF) with semen from elite dairy bulls, and culture (IVC) to produce embryos for
transfer (ET) to recipient dairy dams not required to generate replacement females (either surplus to requirements or genetically inferior). (B)
To create the next generation of dairy-beef AI bulls and dairy-beef bull dams, superovulation and AI or OPU and LOPU followed by IVF with
semen from elite dairy-beef bulls (e.g., Angus) is conducted on elite dairy-beef dams to generate embryos for transfer to recipient dairy dams.
(C) To produce commercial beef animals, ovaries collected postslaughter from beef-cross heifers are used as a source of low-cost oocytes. These
oocytes are fertilized with semen from elite dairy-beef bulls (different breed to maximize heterosis), resulting in embryos suitable for transfer
to recipient dairy dams. The male and female offspring are all commercial beef animals, with female offspring also being a potential source of
oocytes after slaughter.

cess is generally similar for both technologies, however, is under some degree of genetic control (Jaton et al.,
implying that either technical aspects of ET have yet 2016; Parker Gaddis et al. 2017), implying that it is
to be optimized or that underlying female fertility as- possible to select for better outcomes.

sociated with embryo death before d 7 also cause it to The association between the size of the ovarian re-
die later in pregnancy (Hansen, 2020). Success of ET serve and fertility in female cattle has recently attracted
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attention due to the validation of 2 reliable markers
of the reserve as follows: (1) the number of follicles
recruited during waves of follicular development (antral
follicle count; AFC); and (2) circulating concentrations
of anti-Miillerian hormone (AMH). Using ultrasonog-
raphy, the peak number of follicles recruited per wave
has been shown to be highly variable between animals
but highly repeatable within individual animals (Burns
et al., 2005; Gobikrushanth et al., 2017). Similarly,
growing evidence indicates that AMH concentrations
vary minimally during estrous cycles in cattle, implying
that AMH concentrations can be reliably determined
with a single blood sample on a random day of the cycle
(Gobikrushanth et al., 2017). This allows accurate phe-
notypic evaluation of the ovarian reserve in cattle based
on a single assessment of either AFC or blood concen-
trations of AMH. Furthermore, a strong positive cor-
relation has been demonstrated between the variation
in AFC, AMH, and total number of morphologically
healthy follicles and oocytes in ovaries of young adult
cattle (Ireland et al., 2011). In addition, peripheral
concentrations of AMH are positively correlated with
response to superstimulation and number of collected
embryos (Rico et al., 2009). Hence, prior identification
of dams that are most likely to have a strong response
to ovarian superstimulation by measuring either AFC
or AMH can aid identification of the best candidate
donors for MOET. Other markers may arise in time.
For instance, recently, heifers with divergent ovarian
responses exhibited differential expression of plasma
extracellular vesicle-miRNAs, which may prove useful
as a potential biomarker to predict superstimulation
response (Gad et al., 2020).

IN VITRO EMBRYO PRODUCTION

The techniques and challenges associated with IVP
have been the subject of numerous comprehensive
reviews (Bavister, 2002; Hansen, 2006; Lonergan and
Fair, 2008; Sirard, 2018). Developments in in vitro oo-
cyte maturation and sperm capacitation, fertilization,
and embryo culture during the 1970s and 1980s led to
the birth of calves following the transfer of blastocysts
produced completely in vitro in 1987 (Lu et al., 1987;
Gordon, 2003). In the early days of IVP, the sole source
of oocytes was from ovaries collected from heifers or
cows postslaughter. Although this was an excellent re-
source for research, these female cattle represented the
commercial tier of the population, and were typically
of average genetic merit; hence, the application of IVP
in breeding programs was limited. The development
of transvaginal ovum pick-up (OPU) during the late
1980s by Pieterse et al. (1988) allowed repeated oocyte
recovery from live (elite) donor females and opened
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up the possibility of carrying out in vitro fertilization
(IVF) with semen from elite males to produce geneti-
cally valuable embryos in large numbers, thus providing
an alternative to MOET by combining OPU, IVP, and
ET (Kruip et al., 1991). The practice of IVP has grown
rapidly since the 2000s, with large-scale commercial
operations established primarily in South and North
America. Data collated annually by the International
Embryo Technology Society indicate that around 1.1
million bovine embryos were transferred worldwide in
2019, the latest year for which figures are available
(Figure 3). Approximately one-third of these were
in vivo-derived embryos from MOET, whereas the
remaining two-thirds were produced in vitro (Viana,
2020). Of all the IVP embryos transferred in 2019, the
majority were in South America (50%) and in North
America (40%) (Viana, 2020).

The use of embryo technologies in Brazil increased
dramatically in the past 20 yr, and the country is the
largest producer of bovine IVP embryos where it has
almost fully replaced superovulation (MOET) as the
technique of choice for embryo production (Viana et
al., 2017). There are several reasons for this marked
increase, including the following: (1) the willingness
to rapidly adopt new technologies and develop the
logistics required for use on a commercial scale; (2)
the large number of antral follicles available for aspira-
tion in many Zebu breeds (Nelore) and Zebu-hybrids
(Brahman), effectively balancing the relatively poor
overall efficiency of OPU-IVP; (3) poor and inconsis-
tent ovarian response to exogenous FSH stimulation
commonly observed in Zebu breeds; and (4) the scale
effect. Although IVP has high fixed costs, it facilitates
optimization of the use of high-cost semen straws, as
well as an improvement in the logistics of recipient syn-
chronization and management, due to a better predict-
ability of oocyte yield per donor. Consequently, when
used on a large scale, the cost per pregnancy from IVP
can be lower than from conventional ET (Viana et al.,
2012). Furthermore, the increase in dairy IVP in Brazil
was mainly driven by the commercial availability of
sex-sorted semen (Pontes et al., 2010).

According to data collected by the American Embryo
Transfer Association Statistical Committee (Demetrio
et al., 2020a), dairy cows yield an average of 15.5 oocytes
and 3.2 viable embryos per OPU session. Approximately
80 to 90% of immature bovine oocytes undergo nuclear
maturation in vitro, about 80% undergo fertilization,
30 to 40% develop to blastocyst stage, and around 50%
of the transferred embryos establish a pregnancy. Al-
though issues with cryotolerance (i.e., freezability) of
IVP embryos, embryo loss, and calf birth weight remain
to be fully resolved (Ealy et al., 2019), IVP embryos are
here to stay as a tool for genetic improvement in dairy



Crowe et al.: INVITED REVIEW: MAXIMIZING DAIRY HERD OFFSPRING VALUE

=&-|n Vivo Transferred Total ~ =@=|VP Tranferred Total

900

800

700

600

500

400

300

Total Number of Embryos (thousands)
]
o

=
o
o

o

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

=&-In Vivo Fresh  =#=In Vivo Frozen =®=IVP Fresh IVP Frozen

600

wv
o
o

»
Q
o

200 ./'\\./.\._.____\

100

\I\-\-

Total Number of Embryos (thousands)
w
o
o

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 3. Number of in vivo and in vitro produced bovine embryos transferred in the years 2009 to 2019. (A) Total number of in vivo and
in vitro embryo production (IVP) embryos transferred. (B) Total numbers of in vivo and IVP embryos transferred fresh or frozen. Data collated

by the International Embryo Technology Society (www.iets.org).

herds (Sanches et al., 2019). Over the past decade, the
success of commercial IVP has significantly improved,
as greater blastocyst rates, better cryotolerance, greater
pregnancy rates, reduced pregnancy loss, and decreased
incidence of offspring with large birthweights have been
reported (Demetrio et al., 2020b). Nevertheless, em-
bryos generated in vitro still differ from their in vivo
produced counterparts (Hansen, 2020). The quality of
the oocyte at the start of the process is the key factor
determining the proportion of oocytes developing to
the blastocyst stage (Lonergan and Fair, 2016). Con-
tinual refinement of post-IVF culture media, known to
have a major effect on blastocyst quality (Rizos et al.,
2002; Lonergan et al., 2003), will undoubtedly improve
success rates in the future.

Use of Juvenile In Vitro Embryo Production
and Transfer to Shorten Generation Interval

The use of genomic selection allows for the identi-
fication of genetically elite dams at birth, resulting in
growing interest in producing embryos from calves that
are too immature to respond to traditional superovula-
tion and flushing protocols. One of the main differences
between MOET and OPU-IVP-ET is that the latter
can be performed earlier in the life of the heifer than
MOET, leading to shorter generation intervals. In ad-
dition, OPU-IVP allows the potential for each oocyte
to be fertilized by a different sire, whereas MOET typi-
cally involves insemination with semen from a single
sire per flushing.

The ovaries of young animals are characterized by
much greater numbers of antral follicles compared with
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older donors (Desjardins and Hafs, 1969), and hence
more oocytes are typically recovered from young ani-
mals per OPU session (Landry et al., 2016). Although
viable embryos can be produced, the success rate of
OPU-IVP with prepubertal heifer donors is generally
poorer compared with that achieved with postpubertal
and mature female donors (Baruselli et al., 2016).

Laparoscopic OPU (LOPU) in calves followed by
in vitro embryo production and transfer into adult
recipients—to produce “calves from calves”—has great
potential for accelerated genetic gain through signifi-
cant shortening of the generation interval. This allows
the production of progeny from prepubertal females
as young as 2 to 6 mo of age, yielding an average of
~22 viable oocytes, ~20% transferable blastocyst rate,
and >50% pregnancy rate (reviewed by Baldassarre,
2021). This technique, sometimes referred to as juve-
nile in vitro embryo production (JIVET), exploits the
fact that, although prepubertal females are incapable
of ovulation, waves of follicular growth occur and the
recruited follicles can be stimulated with exogenous
gonadotropins to produce competent oocytes for aspi-
ration, followed by in vitro embryo production (Currin
et al., 2017; Baldassarre and Bordignon, 2018; Baldas-
sarre et al., 2018).

Hormonal stimulation of prepubertal donors is critical
given the fact that their hypothalamus-pituitary-ovary
axis is not yet fully functional. Oocytes collected from
2- to 6-mo-old Holstein calves exhibited greater rates
of development to the blastocyst stage following longer
gonadotropin stimulation (3 d) compared with either
shorter duration (2 d) or no stimulation, which was
associated with a greater proportion of larger follicles


www.iets.org

ARTICLE IN PRESS

Crowe et al.: INVITED REVIEW: MAXIMIZING DAIRY HERD OFFSPRING VALUE

W % Holstein SS M % Beef

60 57
19 20

M % Holstein Conventional

100%

90% ‘
80%

70%

60%

50% 92 91 90 89 83

40%

30%

20%

10%

0% 6 7 8 9 13

% of Semen Used

2013 2014 2015 2016 2017

Year

2018 2019 2020

M Sexed Dairy M Conventional Dairy Beef
100%
wv 0,
% e 25.2 244 27.9 30.7 33.3
»n 80% . 39.6 41.9 476
3 70% :
2 50% l . u
£
& 40% | 640 640 601 583 548 4o 396 255
2 30%
g
%5 20%
° 0 26.9
= 18;’ 108 116 120 110 119 146 182 g
(
2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 4. (A) Relative proportions of Holstein sexed semen (SS), Holstein conventional semen, and beef semen used to inseminate Holstein
dams in Wisconsin from 2013 to 2020 (Li and Cabrera, 2019). (B) Breakdown of semen sales in the United Kingdom from 2013 to 2020 (%
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Development Board (AHDB, 2020; https://www.thecattlesite.com/news/55869/jump-in-use-of-sexed-dairy-beef-semen/).

(Currin et al., 2017) yielding more competent oocytes
(Baldassarre et al., 2018).

Sex-Sorted Semen

Sexed semen involves the sorting of X and Y sperm
cells by flow cytometry and reliably produces a 9:1
female-to-male sex ratio, reducing the number of male
dairy calves (Holden and Butler, 2018). As farmers move
toward greater usage of sex-biased semen on genetically
superior females to generate replacements, there is a
corresponding increase in beef semen usage (to produce
crossbred beef calf offspring) or perhaps an opportunity
to further increase calf value by beef ET (to produce
offspring with >75% beef breed genetics). Increasing
the dam-side selection pressure by breeding replace-
ment females from only genetically superior heifers and
cows in the herd could accelerate herd genetic gain by
up to 15% (De Vries et al., 2008). This is only feasible,
however, with widespread uptake of sexed semen from
the best bulls.

Once the finite requirement for female offspring preg-
nancies has been achieved using sex-sorted sperm for
insemination, there is increased scope for beef AI or
beef ET. This resulting increase in the number of beef-
bred calves from the dairy herd (Murphy et al., 2016;
Ettema et al., 2017) increases the marketability of the
nonreplacement calf crop, and these calves have greater
likelihood of achieving desired market specifications at
slaughter (Wolfova et al., 2007; Berry and Ring, 2020a;
Twomey et al., 2020). The usage of sexed semen has
steadily increased during the last decade, especially
in systems with year-round calving. Hutchinson and
Bickhart (2016) reported that usage of sexed semen
in heifers in the United States increased from 9% in
2007 to 31% in 2015. More recently, similar trends have
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been reported by Li and Cabrera (2019) highlighting
increases in the use of both sexed Holstein semen and
beef semen on US dairy farms (Figure 4A). Even more
striking, a recent survey of UK breeding companies
indicated that first-time farmers buy more sexed dairy
semen than conventional semen (AHDB, 2020; Figure
4B). In the 12 mo preceding March 2020, sales of sexed
semen made up 51.3% of all dairy semen sales, up from
31.9% the previous year, and only 17.9% in 2017. This
rapid change is likely due a combination of improv-
ing pregnancy per Al (P/AI) with sexed semen, more
competitive pricing of sexed semen relative to conven-
tional semen, and greater scrutiny and monitoring of
the welfare and fate of dairy breed bull calves.

There are several drivers of these changes. Sexed se-
men availability is now much greater than it was in
the early 2000s and, importantly, the best bulls are
now generally available sexed (and sometimes exclu-
sively available as sexed). This was not always the case.
Genomics has facilitated earlier identification of elite
sires since 2009, and is now increasingly applied to dam
selection also. About 40% of the semen used on dairy
cattle nowadays is either beef semen or sexed semen.
The sudden surge in popularity potentially comes from
low value for dairy bull calves, large dairy heifer inven-
tories, and the high cost of raising replacement animals.

The drivers of the use of sex-sorted semen differs
among countries. The reasons for adoption of sexed
semen and beef semen for use in lactating cows in the
United States include strategies to right-size replace-
ment inventories, set lower culling rates, and add value
to calves not needed as replacements in a scenario
where increases in reproductive efficiency through im-
proved management, adoption of technology, and the
development and implementation of hormonal fertil-
ity programs lead to an overproduction of replace-
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ment heifers. In Europe, although the attractiveness
of sexed semen is still associated with being able to
breed replacement females from the elite dams, its use,
in combination with beef semen, to overcome the over
production of unwanted low-value male dairy calves is
a major driver. Usage of hormonal fertility programs
for whole-herd reproductive management is much less
common in Europe compared with North America, but
yet the uptake of sexed semen is steadily increasing. In
the United Kingdom, for example, the Agriculture and
Horticulture Development Board and National Farmers
Union published a national dairy calf strategy in 2020,
which aims to eliminate calf euthanasia by 2023 and
increase the number of male calves entering the beef
supply chain (https://ahdb.org.uk/GB-calf-strategy;
accessed July 7, 2021). A recent survey conducted in
Ireland examined the attitude of Irish dairy farmers to
male dairy calves (Maher et al., 2021). In that study,
the 3 highest ranked options for managing the number
of male dairy calves were to increase exports, encourage
greater use of sexed semen, and improve the beef merit
of these calves. Of note, the majority of respondents
(85%) indicated that dairy farmers had a responsibility
to reduce the number of male dairy calves.

At present, the P/AI achieved with frozen-thawed
conventional semen continues to be better than sex-
sorted sperm (Drake et al., 2020; Maicas et al., 2020),
although the gap has been reported to be considerably
smaller if the sex-sorted sperm is distributed as fresh
liquid semen (i.e., not cryopreserved; Xu, 2014). It is
likely that the gap in P/AT between conventional and
sex-sorted sperm will continue to close as the technolo-
gies for creating sex-biased semen improve in the years
to come, fostering greater uptake and usage of sex-
sorted sperm.

Sexed beef semen is now becoming increasingly avail-
able, and is being actively marketed in some countries
for use on dairy cows (e.g., UK; https://www.cogentuk
.com/news/sexed-male-beef-semen-an-industry-game
-changer; accessed July 7, 2021). We are not aware of
any detailed economic appraisal of the merits of this
approach, and whether this will gain traction remains
to be seen. The big driver of future uptake will depend
on the price differential between male and female beef-
cross calves, and hence greater ability to market the
nonreplacement calves.

Use of ART to Reduce (Avoid) Generation Intervals:
In Vitro Breeding

A bottleneck of genomic selection is that the genera-
tion intervals are still reliant on the mating of individ-
ual animals, and thus on the amount of time required
for the individuals to reach puberty. Large increases in
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genetic gain can be achieved when reproductive tech-
nologies (MOET, JIVET) are combined with genomic
selection (Granleese et al., 2015). These technologies
allow increased selection intensity on females while re-
ducing the age at which animals are selected and thus
decrease generation intervals.

Thirty years ago, Georges and Massey (1991) intro-
duced the concept of “velogenetics.” This comprised use
of IVF of prepubertal or even fetal (Betteridge et al.,
1989) oocytes, using sperm from (progeny-tested) bulls
to rapidly introgress markers for important traits into
new genetic backgrounds by using repeated backcross-
ing. The proposed strategy presented the following 2
main advantages over the status quo at that time: (1)
markedly reduced dam generation interval; and (2)
ability to monitor the segregation of markers in each
backcross without a requirement for phenotypic expres-
sion of the trait of interest. Velogenetics could be used
for several generations without adult animals and with-
out recording the phenotype of interest until an animal
with the desired marker configuration was developed.
FEight years later, this concept was further developed
by Haley and Visscher (1998), who proposed 2 modi-
fications. The first was termed “nuclear velogenetics,”
which relied on in vitro culture of embryos, selection
of embryos based on markers, and the use of nuclear
transfer from cultures of interest to generate embryos
for transfer to recipients; fetal oocytes could be har-
vested in utero and matured, fertilized, and cultured
in vitro to repeat the cycle. The second was termed
“whizzogenetics,” which also relied on in vitro culture
of embryos and selection of embryos based on markers,
but then selected cultures of interest were induced to
undergo meiosis, and the resulting cells were fertilized
in vitro and the cycle of embryo culture repeated until
the desired marker configuration was achieved. Then,
nuclear transfer from selected cultures could be used to
generate new embryos for transfer to recipients (Haley
and Visscher, 1998). If strategies such as velogenetics
and whizzogenetics can reduce the generation interval
by a factor X, then they can also increase the genetic
gain by the same factor X, but only if accuracy of
selection is not affected (Meuwissen, 2003). At that
time, however, selection strategies relied on measures
of phenotypic performance, and genetic markers only
explained a part of the genetic variance.

The velogenetics and whizzogenetics concepts were
developed before high-density QTL maps were avail-
able and before widespread use of genomic information
in genetic selection programs. In the years since, SNP
arrays and next-generation sequencing have allowed
identification of thousands of QTL linked to traits of
economic importance and facilitated the development
and successful implementation of genomic selection in
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dairy cattle (Meuwissen et al., 2001; Hayes et al., 2009).
Nevertheless, successfully increasing the frequency of
favorable alleles for large numbers of QTL, even with
the advent of genomic selection, will remain slow.

The emerging technology of in vitro gametogenesis,
where the entire germline can be recapitulated in vitro
(Hikabe et al., 2016), is expected to eliminate the bottle-
neck in genomic selection (Hou et al., 2018; Goszczynski
et al., 2019). The successful in vitro generation of germ
cells from embryonic stem cells in mice (Hikabe et al.,
2016; reviewed by Hayashi, 2019; Hayashi et al., 2021)
and the recent efficient derivation of embryonic stem
cells from bovine blastocysts (Bogliotti et al., 2018)
will potentially enable a paradigm shift in livestock
breeding in the near future. Building on the concepts
of velogenetics and whizzogenetics, Goszczynski et al.
(2019) outlined a potential methodology, which they
termed in vitro breeding, that may soon be feasible to
leverage the new ART and genomic tools to accelerate
genetic gain. This strategy uses genomic selection to
identify elite sires and dam combinations, from which
large numbers of embryos are generated. Embryonic
stem cell cultures are derived from the blastocyst inner
cell mass (Bogliotti et al., 2018), and the embryonic
stem cells are genotyped to allow estimation of genomic
merit of each cell line for the traits of importance for
a particular breeding objective. After identifying the
best cell lines, functional oocytes are derived from the
embryonic stem cells through germ cell differentiation,
and these are used in repeated rounds of IVF, genera-
tion of embryonic stem cells, selection of the best cell
lines, and germ cell differentiation. Assuming the time
required for germ cell differentiation in cattle (proce-
dure not yet developed) is similar to mice (2-3 mo), the
authors estimated that a complete breeding cycle could
be completed in 3 to 4 mo. It is noteworthy that the
in vitro breeding strategy is amenable to combination
with genome editing to promote favorable alleles and
with gene drive to generate homozygosity for the edited
allele. Simulation studies have indicated that both ge-
nome editing (Jenko et al., 2015) and gene drive (Gonen
et al., 2017) can markedly accelerate genetic gain. The
use of established, new, and emerging ART combined
with genetic and genomic tools will soon revolutionize
dairy and beef cattle breeding.

Implications of ART for Inbreeding

The use of any reproductive technology to selectively
focus on a limited pool of (elite) genetics could result in
an increase in inbreeding rate, and this includes existing
commercially available technologies including AT (with
or without sexed semen), MOET, and IVP-ET that
have already been in use for some time. A simulation
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study conducted by Thomasen et al. (2016) examined
how genomic selection of dams (0 or 2,000 genotyped
heifers per year) interacted with reproductive technolo-
gies (0 or 50 selected donors) with different reliability
values for genomic prediction (0.36 or 0.50). Stochastic
simulation was used to vary the following key inputs:
(1) the number of donors (25, 50, 100, 200); (2) the
number of calves born per donor (10 or 20); (3) age of
donor (2 or 14 mo); and (4) number of sires (25, 50,
100, 200). Greater reliability for the genomic predic-
tion estimates and use of greater numbers of donors
and sires limited the inbreeding rates. It is important
that use of ART for generating breeding stock is appro-
priately implemented to provide sustainable breeding
schemes for the future.

ECONOMICS OF IN VITRO EMBRYO PRODUCTION

Sanches et al. (2019) concluded that IVF is becom-
ing an economically viable practice in large-scale dairy
programs. Nonetheless, only a few studies are available
that have examined the economics of the use of IVP-
ET in dairy herds. Compared with a straw of semen,
IVP embryos are costly, and transfer of IVP embryos,
particularly frozen-thawed embryos, can lead to lower
reproductive performance compared with Al through
increased pregnancy losses. The economic incentive to
implement IVP-ET in a dairy herd is based on the abil-
ity to generate offspring with superior genetic merit
compared with use of Al, but the cost to produce a
pregnancy with an IVP embryo is significantly greater
than the cost of Al. De Vries and Kaniyamattam (2020)
reviewed estimates of the net benefit of using IVP-ET
versus Al in dairy herds, and reported that the most
profitable use of Al and IVP-ET is often a combina-
tion of both technologies; more IVP should be used
when the value of the surplus calves is greater and the
cost of IVP-ET is lower. Benefits are maximized when
superior donors and recipients are accurately identified,
reducing the generation interval and achieving greater
embryo production efficiency.

Regarding the potential gains that might be achieved,
use of IVP-ET can greatly decrease the genetic lag (dif-
ference in genetic merit between the average cow in
the herd and the best available sires). Use of IVP-ET
results in a high selection intensity (a small number of
genetically elite animals provide many calves for the
next generation), a short generation interval (donors
are typically heifers or young cows), and may have in-
creased accuracy through the use of genomic testing for
donor and recipient selection.

One major disadvantage of IVP-ET is the greater
cost per breeding and pregnancy compared with Al
Ribeiro et al. (2012) calculated a difference in the cost
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of a female pregnancy to be $329 higher for IVP-ET
than for Al using sexed semen. That study did not
include additional genetic gain benefits from IVP-ET,
however. Thomasen et al. (2016) reported that the
greatest increase in economic value of genetic gain in
a closed population was achieved when JIVET was
used along with genomic selection in the bull-dam part
of the population. Combining IVP-ET with genomic
testing was profitable in almost all scenarios examined
when the cost of producing a calf (potential future sire)
by IVP-ET ranged from $500 to $1,500.

Kaniyamattam et al. (2017) compared an exclusive
(100%) IVP-ET system and AT for genetic, technical,
and financial herd performance. For the IVP-ET sys-
tem to be at least as profitable as the comparable Al
system during a 15-yr investment period, the surplus
calves from the IVP-ET system needed to be sold at
premium prices. The break-even price of fresh embryos
was estimated to be $84 for the exclusive IVP-ET sys-
tem, which is significantly lower than the current mar-
ket price for IVP-ET. This resulted in the same profit
as the AI system, which maximized NMS$ for a 15-yr
investment period and in which heifer calves were sold
at a premium price. In a subsequent study (Kaniyamat-
tam et al., 2018), the percentage of pregnancies derived
from IVP-ET was varied from 0 to 100% to find the
optimal proportion of pregnancies from IVP-ET and
AT to maximize profitability across a range of prices for
embryos and surplus dairy heifer calves. Importantly,
some use of IVP-ET was profitable in many realistic
combinations of embryo prices and surplus dairy heifer
calf values. The profit at yr 15 after the start of the
IVP-ET program was maximized when 40% of the to-
tal pregnancies in the herd came from IVF-ET. Lower
prices for IVP-ET or greater value of surplus dairy
heifer calves increased the optimal proportion of IVP-
ET that should be used.

Although not assessed directly in those studies, the
use of IVP-ET to generate a calf with increased beef
merit would also contribute to farm profitability and
add to the justification for using the technology. Ettema
et al. (2017) reported that the potential returns from
increasing beef semen usage is herd-specific. In herds
with above-average management levels for calf survival,
longevity, and reproductive performance, economic
performance can be improved by combining the use of
sexed dairy semen and beef semen, but only when the
effect of the changes in the genetic merit of the female
dairy calves was included in the calculations. In reality,
a combination of technologies will likely be most profit-
able in a given scenario. For example, Clasen et al.
(2021) reported that a combination of genomic testing,
sexed semen, beef semen, and terminal cross breeding
improved the total economic return in simulated Swed-
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ish Red and Swedish Holstein herds. In that study,
the greatest total economic returns were achieved in
scenarios where the breeding tools were used most,
whereas the greatest genetic returns depended on phe-
notypic reproductive performance.

SUMMARY

Because of their poor future beef value, the majority
of male dairy calves have low economic value. This is
now leading to major concerns regarding the welfare
and survival of these calves. In addition, ruminant pro-
duction is being placed under increasing scrutiny for
the environmental impact of milk and meat production.
The suite of ART tools that are now available can be
harnessed to provide a step change in the efficiency,
environmental footprint, and public image of milk and
beef production.

Assisted reproductive technologies can contribute
to accelerated genetic gain by allowing an increased
number of offspring to be produced from genetically
elite dams. There are 3 general classes of donor females
of interest to an integrated dairy-beef system as follows:
(1) elite dairy dams, from which oocytes are recovered
from live females (potentially multiple times) using
OPU and fertilized in vitro with semen from elite dairy
bulls; (2) elite beef dams, where the oocytes are recov-
ered from live females using OPU and fertilized with
semen from elite beef bulls; and (3) commercial beef
dams (>50% beef genetics), where ovaries are collected
from the abattoir postslaughter and oocytes are fertil-
ized with semen from elite beef bulls that are suitable
for use on dairy cows from (2) above (resulting embryo
>75% beef genetics). For (1) and (2), the embryos can
be genotyped to calculate the genomic merit, the best
embryos transferred to surrogate dams, and the best
male and female offspring retained to sustain the cycle
of continued genetic gain. For (3), the major challenge
will be to be economically competitive versus beef Al
(pregnancy establishment, embryo loss, calf value). For
a dairy farmer to switch from using beef Al to beef ET,
the resulting calf would need to attract a greater eco-
nomic value at 2 wk of age. For the beef farmer to spend
more money on an ET calf versus an Al calf, either the
slaughter value needs to be greater (larger carcass, bet-
ter conformation, premium price) or the cost of getting
to slaughter needs to be less (e.g., finished at an earlier
age, better growth rates, better feed efficiency). What
phenotype differences can be expected between calves
that have 50% beef breed + 50% dairy breed genetics
versus 100% beef breed genetics? How much selection
intensity can be placed on the oocyte donor? Can beef
bulls be selected that are specifically suited for IVP and
ET into surrogate dairy dams? There are many gaps in
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our current knowledge. Research on the cost-benefit of
using beef ET versus beef Al is required, incorporating
comparative data on pregnancy establishment, calving
performance, postnatal growth rates, postslaughter car-
cass characteristics, and meat quality attributes.

In an ideal scenario, future AI bulls are generated
by design, relying on OPU from elite dairy dams and
IVF to generate blastocysts suitable for transfer to
recipients. Within commercial dairy herds, only elite
dairy sexed semen would be used to generate female
replacements. Collectively, this would account for ap-
proximately one-third of the pregnancies in the dairy
herd. The remaining two-thirds of the dairy herd would
either be (1) inseminated following observed estrus us-
ing suitable beef bulls (50% beef genetics in resulting
offspring); or (2) have an embryo transferred (>75%
beef genetics) on d 7 after estrus. This scenario would
change the face of dairy and beef production, remov-
ing the male dairy calf as a major welfare concern and
increasing the value of beef output from the dairy herd.
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