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Summary

Semen sexing is among one of the most remarkable inventions of the past few decades in the
field of reproductive biotechnology. The urge to produce offspring of a desired sex has remained
since traditional times. Researchers have tried many methods for accurate semen sexing, but
only the flow cytometry method has proved to be effective for commercial utilization. However,
there were always concerns about the effects of sexed semen, especially on fertility and the rate
of genetic gain. Some concerns were genuine because of factors such as low semen dosage in
sexed semen straws and damage to sperm during the sorting process. Various researchers have
conducted numerous studies to find out the effect of sexed semen on fertility and, in this article,
we reflect on their findings. Initially, there were comparatively much lower conception rates
(~70% of conventional semen) but, with refinement in technology, this gap is bridging and the
use of sexed semen will increase over time. Concerning genetic gain with use of sexed semen, a
positive effect on rate of genetic progress with the use of sexed semen has been observed based
on various simulation studies, although there has been a mild increase in inbreeding.

Introduction

In the past few decades, the world has witnessed several groundbreaking technological
advancements, and reproductive biotechnology is no exception. There have been noteworthy
advances in reproductive biotechnology in fields such as embryo transfer, in vitro fertilization
(IVF), multiple ovulation and embryo transfer (MOET), embryo sexing, and semen sexing.
Semen sexing is the process of separating X-bearing sperm fromY-bearing sperm. Themain aim
of semen sexing is to produce the offspring of the desired sex, which has always been a human
craving. The curiosity of men about controlling the sex of progeny is not new and is as old as the
time of Hippocrates (Amann, 1989).

Now it is a well established fact that, in mammals, primary sex is determined by a
combination of sex chromosomes: XX determines a female, whereas XY combination results in
male progeny (Kasimanickam, 2021). Jost (1953) demonstrated that after removal of gonads in
rabbit foetuses before sexual differentiation, regardless of XX or XY chromosome, the resulting
rabbits had a female phenotype indicating that development of femaleness represents the
‘default’ state. Wilhelm et al. (2007) have reviewed the various molecular and cellular events
related to the sex determination and gonadal development in mammals. A gene called SRY
(sex-determining region of the Y chromosome), on the mammalian Y chromosome triggers
differentiation into a male offspring. Many other potential genes such as SOX9, DAX1, and
WNT4 might play a crucial role in sex determination. In contrast, various hormones viz.,
testosterone, anti-Müllerian duct hormone (AMH) and oestrogen also play an important role in
secondary sex determination (Gilbert, 2000).

However, during earlier times, people were not aware of sex determination. Scientists,
particularly Greek philosophers, have proposed various theories about the determination of
the sex of offspring. Parmenides believed that the sex of an embryo was determined by its
location in the womb: males develop on the right side of the womb, while females develop on
the left, whereas Anaxagoras believed it was determined by the father’s semen from the right
testis developing into a male child, and from the left testis developing into a female child
(Mittwoch, 2013). McCartney (1922) also summarized many other such theories. But all these
theories were mere assumptions or derived from folklore and lacked any scientific basis. In
modern times, the science behind sex determination is pretty much known, but to produce
offspring of the desired sex is another aspect that is of great importance to scientists and
animal rearers for a profitable industry. Based on various properties of X- and Y-bearing
sperm, different methods have been tried by different researchers to separate the two types of
sperm to produce offspring of the desired sex and these methods are described briefly in the
following section of this paper.

Furthermore, people tended to compare existing technology with the latest one regards pros
and cons. The same is the case with the sexed semen technique and, since its inception,
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numerous studies have been conducted on the effect of sexed
semen on various aspects for comparison and, therefore, utility.
This paper reviews the results of available studies conducted by
researchers on various methods of semen sexing and regarding the
effect of sexed semen usage on fertility and its probable effects on
genetic progression.

Methods of semen sexing

Amann (1989) discussed that offspring of the desired sex can be
obtained using two approaches: first, by separating X- and
Y-bearing sperm, and second, by altering the function of either of
the two types of sperm. From time to time, various scientists have
tried different approaches for separation of X- and Y-bearing
sperm based on parameters such as mass and motility (albumin
gradient and Percoll gradient), swimming patterns, surface
charges (free flow electrophoresis), volumetric differences,
centrifugal counter current distribution, and immunologically
relevant properties, but most of these techniques did not meet
expectations and are, therefore, not in commercial use. These
methods have been comprehensively reviewed by some scientists
(Seidel and Garner, 2002; Jain et al., 2011), and various drawbacks
of these techniques, such as conflicting or unconvincing results in
addition to reduced sperm motility, were observed, therefore
techniques other than flow cytometry did not have that much
success. Previously studied techniques along with their draw-
backs are listed briefly in Table 1.

Scientists are still trying to find other novel techniques for the
separation of X- and Y-bearing sperm. Recently, a newmethod that
does not use traditional sorting technology has been developed to
get sperm of the desired gender by destroying the sperm of the
undesired gender. In this technology, sperm are stained, and based
on DNA content, the unwanted cells are destroyed (Faust et al.,
2016). ABS Global (Genus plc) produces Sexcel using their
proprietary IntelliGen technology (Thomas, 2021). In this sexing
technology, a laser ablation process was used to destroy sperm cells
carrying the undesired chromosome. Perry et al. (2020)
recommended careful use of Sexcel gender-ablated semen among
animals that do not exhibit oestrus, while it can successfully be used
among animals that exhibit oestrus in fixed-time AI protocols.

In another recent study in Japan, Umehara et al. (2019)
reported that ~50% of the round spermatids in the testis and a
similar percentage of the epididymal sperm expressed Toll-like
receptors 7/8 (TLR7/8), coding the X chromosome in mice.
Furthermore, ligand activation of Toll-like receptors 7/8 (TLR7/8)

in mice suppressed the mobility of X-bearing sperm but not of
Y-bearing sperm, and this difference in sperm motility allowed for
the separation of X- and Y-bearing sperm. The use of ligand-
selected, high-mobility sperm resulted in ~90% male embryos. In
another novel approach, Chowdhury et al. (2019) used a
monoclonal antibody (WholeMom) in cattle to separate the two
kinds of sperm, which binds with the plasma membrane of the
heads of Y-bearing sperm. The study gave optimistic results with
cryopreserved sexed semen, leaving hope of improvement with
fresh semen. Soleymani et al. (2021) also reported high reactivity of
the mouse anti Rb-SRY monoclonal antibody in cattle against Y
sperm compared with X sperm. For pigs, new genome editing
technologies such as zinc finger nucleases (ZFN), transcription-
activator like endonucleases (TALENs), and the CRISPR/Cas
system have caught the attention of researchers and offer unlimited
prospects regarding sex determination at the genome level and can
be used for the investigation of genes such as SRY (Kurtz and
Petersen, 2019).

But, for the time being, the only commercially viable method is
flow cytometry or fluorescence-activated cell sorting (Garner
et al., 2013).

Flow cytometric sorting of semen

The basic principle of sexing X and Y chromosome-bearing sperm
through flow cytometric technique is based on the DNA content,
i.e. X sperm have more DNA compared with Y sperm. Even if this
difference is very small, it is possible to measure the DNA content
of each sperm with sufficient accuracy to discriminate between X
and Y sperm with ~90% precision (Seidel, 2007). Pinkel et al.
(1982) reported the first flow sorting of sperm with the goal of
separating X- from Y-bearing spermatozoa. The sperm sorter can
currently sort bull sperm at 6000 live sperm per second for each sex
(Johnson, 2000). A fluorescing dye called Hoechst 33342 is used to
measure the DNA content of sperm (Seidel, 2007). A specific
wavelength of light must be present for this dye to fluoresce.
A detector and computer are used to measure and analyze
fluorescence. X sperm has ~4% more DNA than Y sperm in cattle
and consequently binds to more dye and, therefore, emits ~4%
more fluorescence (Seidel, 2007). A flow cytometer comprises a
pump that pushes sperm-containing fluid past a fluorescence
detector. The system’s cell sorting component operates as follows:
once the fluid stream leaves the flow cytometer, a vibrator breaks it
into tiny droplets at a rate of 70,000–80,000 per second (Seidel,
2007). A positive electrical charge is added to a droplet if the

Table 1. Drawbacks of various semen sexing techniques

Technique/Principle Drawback References

Albumin gradient (difference in
motility)

In domestic animals, this technique does not effectively separate
X- and Y-bearing spermatozoa

Seidel and Garner (2002), Jain et al.
(2011) and the references therein

Free flow electrophoresis (surface
charge differences)

Reduced sperm motility and successful separation of sperms of
other mammalian species has not been reported

Gradient swim-down procedure
(swimming pattern differences)

Conflicting results

Immunoassay (surface antigenic
differences)

Unconvincing results

Centrifugal countercurrent
distribution

May not be successful in species with lesser difference in DNA
content (>4.2%)

Volumetric differences Purity cannot exceed 80%
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computer determines that it contains an X sperm; a negative
electrical charge is added to a droplet if the computer determines
that it contains a Y sperm; and no electrical charge is applied to a
droplet if it contains damaged sperm, no sperm, and multiple
sperm based on the DNA content (Seidel, 2007). When droplets
leave the flow cytometer’s nozzle, they move across electric fields.
The droplets that have a positive or negative electrical charge move
toward the negative or positive part of the field, respectively. Those
with no electrical charge continue to fall straight down (Rahman
and Pang, 2019). Three streams of droplets are produced and can
be collected into three test tubes to separate the X from the Y sperm
(Garner et al., 2013).

Applications of sexed semen

In dairy cattle, sexed semen has many applications, such as
producing surplus heifer calves for herd replacement or helping
more bulls produce progeny, tested by allowing the requisite
number of daughters to be produced more rapidly and
economically (Hohenboken, 1999). In the beef industry, concen-
trated Y-bearing sperm can be used to get more efficient male
calves (Hohenboken, 1999). There are other advantages, such as a
role in efficient livestock production and management systems
(Hamano, 2007) and in the conservation of endangered species
(Garner, 2006). Kumar et al. (2016) have summarized the usage of
sexed semen in the replacement and expansion of herds, as a
control measure of unproductive stray cattle, in progeny testing, in
the production of superior with breeding bulls, in combination
with assisted reproductive technologies, and in meeting the
increased demand for milk. Other notable applications of sexed
semen include improved biosecurity, an increased rate of genetic
gain, reduced problem of dystocia, facilitation of faster and more
profitable herd expansion, and also increased milk production
(Butler et al., 2014). Seidel and DeJarnette (2022) have also
suggested future uses of sexed semen for ‘The all heifer/no cow
system’ and ‘Selection for increased sexual dimorphism in beef
cattle’.

Impact of semen sexing on fertility and genetic gain

Fertility

There were concerns about the effect of using sexed semen on the
fertility rate, and these were obvious as the dose of sexed semen is
usually lower than conventional semen and, additionally, there
remain chances of wear and tear on sperm during the sorting
process, resulting in reduced sperm fertility. These two factors
account for approximately two-thirds and one-third of sexed
semen fertility reduction, respectively (Frijters et al., 2009).
Various researchers have conducted research on the effect of
using sexed semen on fertility (conception rate/pregnancy rate) by
comparing their results in heifers and/or cows. Researchers have
tried to compare the effect of sexed semen with conventional
semen in their normal concentration (Borchersen and Peacock,
2009; DeJarnette et al., 2010), increased sexed semen concentration
(DeJarnette et al., 2010), or equal dosage in both types of semen
(Bodmer et al., 2005). Studies to determine whether the use of fresh
or frozen sexed semen has different results on conception rates
have also been conducted (Maicas et al., 2019). The results of these
studies depicting conception rate/pregnancy rate using conven-
tional semen and sexed semen are discussed in detail in the
following sections.

Equal sperm concentration
One of the major issues with sexed semen is doubts over fertility
due to the sorting process and less numbers of sperm cells per
straw. The standard dose for a straw of sexed semen is ~2 × 106

sperm cells (Garner and Seidel, 2008; Healy et al., 2013) while the
same for conventional semen is 15–20 × 106 sperm cells. Many
scientists have tried to find out whether this factor actually affected
the fertility, as some studies (Andersson et al., 2004) reported
earlier significantly lower pregnancy rates using a 2 × 106

spermatozoa/dose compared with 15 × 106 spermatozoa/dose
(31.3% and 44.9%, respectively) even for conventional semen.
So, the number of sperm cells per straw was kept identical for both
sexed and conventional semen. The differences in conception
rate/pregnancy rate after using sexed and conventional semen
straw at equal concentrations is given in Table 2.

In one of the earlier studies, Bodmer et al. (2005) in Switzerland
evaluated fertility in dairy cattle after low-dose insemination
(2 × 106 spermatozoa per straw) with sexed and conventional
frozen–thawed semen under field conditions. They reported
that the pregnancy rates of cows inseminated with sexed and
conventional semen did not differ significantly. However, heifers
receiving conventional semen had quite higher pregnancy rates
compared with cows, and also heifers, who had been inseminated
with sexed semen. Looking at all possible factors, DeJarnette et al.
(2011) compared the conception rates of Holstein heifers after
artificial insemination with 2.1 × 106 or 10 × 106 sperm dosages of
sexed or conventional sperm and reported that the sperm
concentration did not affect conception rates in ~80% of herds
(41/51), perhaps due to technician proficiency, and affected only in
~20% of herds. Conception rates of AI with sex-sorted semen
improved after using almost five-fold dosage but were still lower
than conventional semen irrespective of dosage. However, they
supported the fact that sperm dosage was not the major factor
influencing conception rates of sex-sorted semen.

In one study conducted by Schenk et al. (2009), exciting
results were obtained when pregnancy rates in Holstein heifers
inseminated with sexed semen were similar to those of control
unsexed group containing similar sperm number per dose
(10 × 106). The experiment was conducted with an ideal design.
Everything from oestrus detection, thawing to insemination, and
pregnancy diagnosis was done quite perfectly by trained
professionals, although the data size was smaller. Still the results
can be called encouraging, when looking at the corresponding
pregnancy rates.

Table 2. Comparison of fertility in heifers and cows inseminated with sexed
semen and conventional semen having equal sperm concentration

Category of
animals

Fertility (%)

Semen
dosage References

Conventional
semen

Sexed
semen

Heifers 59.3 33.3 2 × 106 Bodmer et al.
(2005)

Heifers 61.0 62.0 10 × 106 Schenk et al.
(2009)

Heifers 55.0 38.0 2.1 × 106 DeJarnette
et al. (2011)

Heifers 60.0 44.0 10 × 106 DeJarnette
et al. (2011)

Cows 27.6 28.1 2 × 106 Bodmer et al.
(2005)
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Increased sperm concentration
Scientists have also tried to see any difference in fertility if an
increased sperm dose of sexed semen is used for insemination.
In these studies, semen dose was increased from 1.5–2 × 106 sperm
up to 6 × 106 sperm per inseminate. DeJarnette et al. (2008) found
no significant increase in pregnancy rates with 3.5 or 5× 106 sperm
compared with 2.1 × 106 sperm per dose in heifers (across sires) or
cows. Similar results were obtained by Seidel and Schenk (2008)
when they compared pregnancy rates in heifers and cows after
insemination with frozen–thawed sexed semen. They observed no
difference in pregnancy rates when the semen dose was increased
from 1.5× 106 to 6× 106 sperm per inseminate. Schenk et al. (2009)
reported the pregnancy rates of Holstein heifers inseminated with
2 × 106 and 10 × 106 as 56% and 62%, respectively. In another
study, DeJarnette et al. (2010) found that, despite increasing the
sex-sorted semen dosage from 2.1 × 106 to 3.5 × 106, there was no
such improvement in conception rates in either cows or heifers.
In heifers, the conception rates were 43.9 and 45.7%, respectively.
Similar results were reported in lactating cows (23.0 and 25.4%,
respectively).

Similarly, when sexed semen dose was doubled from 2.1 × 106 to
4.2 × 106 in a single dose, or by performing AI twice with a 12-h
interval, Sá Filho et al. (2010) did not observe any significant
increase in pregnancy per artificial insemination in Jersey heifers. To
see the results of two types of semen on heifers treated with the
double Ovsynch protocol, Dawod and Elbaz (2020) subjected
Holstein heifers to the said protocol and compared the results of
sexed (4× 106 live cells/straw) and conventional semen (25× 106 live

cells/straw). Similar to earlier reports, heifers receiving conventional
semen had a significantly higher first-service pregnancy rate
(61.47%) than those receiving sex-sorted semen (51.45%).

From the results of various studies, it can be concluded that,
when the semen dose was increased in sexed semen straw for
insemination, no such corresponding increase in fertility was
observed. So, there was no need to increase semen dose, but other
factors need to be studied to increase the fertility of sexed semen.

Normal sperm concentration
Different researchers have conducted many studies to determine
the difference in fertility of cows and heifers after using sexed
and conventional semen at their standard/normal sperm dose
i.e. ~2 × 106 and ~15 × 106, respectively. The differences in
conception rate/pregnancy rate after using sexed and conventional
semen straws at normal concentrations are presented in Table 3.

Dominguez et al. (2011) compared the pregnancy rate of
Nelore heifers and non-suckling cows for male-sexed semen and
conventional semen from the same bulls. They reported that total
pregnancy rate of females inseminated with conventional semen
was significantly higher than those inseminated with sexed semen.
However, no significant difference in the pregnancy rate of heifers
with non-suckling cows (36.4 and 43.3, respectively) was observed
after the use of sexed semen. Chebel et al. (2010) also reported
similar differences in pregnancy rates of heifers inseminated with
sexed and conventional semen in Holstein heifers and DeJarnette
et al. (2010) in Holstein heifers and cows. Norman et al. (2010)
also reported conception rates with sexed semen as ~70% of

Table 3. Comparison of fertility in heifers and cows inseminated with sexed semen and conventional semen having normal sperm concentration

Category of
animals

Conventional semen
dosage

Fertility (%)

Sexed semen
dosage Reference Fertility indicator

Conventional
semen

Sexed
semen

Heifers – 56.0 45.0 2.1 × 106 DeJarnette et al. (2009) Conception rate

Heifers 15 × 106 61.9 49.3 2 × 106 Borchersen and Peacock
(2009)

Conception rate

Heifers – 56.0 39.0 – Norman et al. (2010) Conception rate

Heifers 15 × 106 60.7 43.9 2.1 × 106 DeJarnette et al. (2010) Conception rate

Heifers 20 × 106 51.8 40.2 2 × 106 Chebel et al. (2010) Pregnancy per AI

Heifers and cows >29 × 106 57.9 38.8 2.1 and 3.1 × 106 Dominguez et al. (2011) Pregnancy rate

Heifers – 58.4 41.0 2 × 106 Funston and Meyer (2012) Pregnancy rate

Heifers 20 × 106 39.6 31.6 2 × 106 Healy et al. (2013) Conception rate

Heifers 25 × 106 62.5 34.0 2.1 × 106 Abdalla et al. (2014) Pregnancy rate

Heifers 15 × 106 51.6 41.7 2.1 × 106 Kurykin et al. (2016) Pregnancy rate

Heifers – 55.0 44.0 – Djedovíc et al. (2016) Conception rate

Heifers 20 × 106 63.8 48.3 2 × 106 Joezy-Shekalgorabi et al.
(2017)

Conception rate

Heifers – 56.9 47.3 – Oikawa et al. (2019) Conception rate

15 × 106 66.4 52.8 2.1 × 106 Frijters et al. (2009) Non-return rate

Cows – 30.0 25.0 – Norman et al. (2010) Conception rate

Cows 15 × 106 31.5 23.0 2.1 × 106 DeJarnette et al. (2010) Conception rate

Cows 12 × 106 40.9 31.8 2.2 × 106 Karakaya et al. (2014) Pregnancy per AI

Cows – 49.32 40 – Sharma et al. (2018) Conception rate
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conventional semen. Healy et al. (2013) reported similar
differences in conception rates from the use of sexed and
conventional semen. However, these were affected significantly
by other variables such as insemination sire, heifer age at breeding,
temperature and humidity surrounding breeding, service number,
and AI technician.

Borchersen and Peacock (2009) reported differences of 5–10%
points in conception rate from sexed and conventional semen for
breeding heifers of Holstein, Jersey, and Danish Red Dairy breeds
in Denmark. In another study, Funston and Meyer (2012)
synchronized heifers and evaluated the use of sexed and conven-
tional semen in beef heifers. They reported that the pregnancy rate
using sexed semen was ~70% compared with conventional semen.
In Turkey, Karakaya et al. (2014) studied the effect of sexed semen
on the fertility of Holstein cows. They found that the use of sexed
semen resulted in lower fertility compared with conventional
semen, despite using some selection criteria such as the animals
with clean vaginal mucus and a synchronized ovulation with
specified follicles, distinctive of cows having high fertility diameter
at AI, to select the most fertile cows.

In a recent study in Japan, Umehara al. (2019) reported that the
conception rate after AI with sexed semen was ~83% compared
with the conception rate using conventional semen. Although
the heifer age and time of the year had different effects on
the conception rates of the two semen types. Furthermore, the
conception rate using sexed semen was relatively low during
warmermonths. Contrary to the other studies, Abdalla et al. (2014)
reported much lower pregnancy rates at 40 and 90 days post-
insemination (54.4% and 55.70% of conventional semen, respec-
tively) after comparing sexed and unsexed semen from differ-
ent bulls.

From the findings of various studies, it can be interpreted that
fertility is generally low when using normal concentrations of
sexed semen compared with the use of normal concentrations
of conventional semen. The fertility of sexed semen is generally
70–80% compared with conventional semen, with a few exceptions.

Fresh and frozen sexed semen
Another important aspect of sexed semen usage is the use of fresh
semen instead of frozen and thawed semen to bypass the process of
freezing and thawing, which causes some damage. Some scientists
have tried to explore this by comparing the differences in fertility
using fresh and frozen sexed semen. Xu (2014) evaluated the
performances of Holstein cows in New Zealand over three seasons
(2011–2013) using fresh sexed semen (1 × 106 sperm/straw) and
conventional semen (sperm dose of 1.25, 1.75 or 2× 106/straw) and
reported non-return rates (NRR) as 69.1 and 73.1%, respectively,
over the three seasons the NRR of sexed semen compared with
conventional was 94.6%. In another study, Maicas et al. (2019)
compared the reproductive performance of heifers and cows
inseminated with fresh sexed semen (1 × 106 or 2 × 106 sperm/
straw) or frozen sex-sorted semen (2 × 106 sperm/straw) or fresh
conventional semen (3 × 106 sperm per straw). They reported that
pregnancy per artificial insemination (P/AI) in heifers was
significantly higher for inseminations with conventional semen
(60.9%) than with frozen sex-sorted semen inseminations (52.8%),
but not different from either of the dosages of fresh sex-sorted
semen (54.2 and 53.5%, respectively). However, in cows, conven-
tional semen was found to have a greater P/AI than sex-sorted
semen, irrespective of fresh or frozen type. All sex-sorted
treatments did not differ from each other in either heifers or
cows for P/AI. The relative performance of sexed semen compared

with conventional semen ranged from 86.7% to 88.9% in heifers
and 78.4% to 84.7% in cows, which is quite higher than earlier
studies, especially for frozen sexed semen.

From various studies conducted by different researchers, it
transpires that the dose of sexed semen does not influence fertility
to a great extent because, when sexed semen dosage was increased
in some studies, there were either no differences or no striking
ones. In addition, there can be several reasons affecting fertility as
discussed earlier, such as insemination sire, heifer age at breeding,
temperature and humidity surrounding breeding, service number,
and AI technician. Cottle et al. (2018) observed that farms with
better fertility performance are better suited for sexed semen usage.

Even if increasing the sperm dosage per insemination augments
fertility, the issue of higher cost still remains (Naniwa et al.,
2019), not to forget that increasing the dose can only overcome
compensable abnormalities (Kastelic, 2013). The comparable
results of frozen with fresh sex-sorted semen indicated that the
sex-sorting process alone is not that detrimental. But, perhaps
when coupled with cryopreservation it causes compounded
damage to sperm. The presence of reactive oxygen species might
also be one of the reasons affecting sperm survival (Espinosa-
Cervantes and Córdova-Izquierdo, 2013). Earlier also, a popular
opinion was that it is the multiple processes during the sorting
process that together caused damage to sorted sperm, resulting in
reduced fertility and were amajor reason for the low adoptability of
sexed semen technology in the past (Seidel, 2014; Vishwanath and
Moreno, 2018).

Vishwanath (2015) highlighted the differences between the
processing of conventional semen and sex-sorted semen: the
sex-sorted semen processing involves more than 20 steps
compared with only three or four steps in conventional semen
processing. It can be a reason for reduced fertility (Seidel and
Garner, 2002). So, in all scenarios, the only meaningful way out is
refinement in technology. With the advent of SexedULTRA™
sperm sorting technology (Sexing Technologies, Navasota,
TX), some of the problems associated with the technique have
been solved, as it involves a modified protocol comprising a
new staining medium, and modified sheath fluid and freezing
medium (Vishwanath and Moreno, 2018). Furthermore, com-
pared with previous XY Legacy technology, SexedULTRA™
medium improved sperm motility and acrosome integrity, and at
the same sperm concentrations (Gonzalez-Marin et al., 2017).
Studies using SexedULTRA™ sexed semen have also shown
promising results, with conception rates nearly equivalent to those
of unsorted semen (Lenz et al., 2017). Naniwa et al. (2019)
suggested that it would be beneficial if AI with sexed semen
was done closer to ovulation time, as the optimal period of
insemination with sex-sorted semen was less than that of standard
AI. After conducting a meta-analysis, Reese et al. (2021) noticed
that trials using sexed semen during the last 5 years attained
significantly higher pregnancy rates compared with previously
published trials. This might be attributed to refinements occurring
in the technology. Heuer et al. (2017) also observed a similar
pattern in the past few years and, particularly during 2014, the
conception rates using sexed and conventional semen were almost
similar.

Genetic gain

It is often speculated that the use of sexed semen in a breeding
scheme can reduce the number of dams required for maintaining
the population at a constant size. Moreover, it is expected that sex
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determination can result in improved genetic gain (Rendel and
Robertson, 1950) as a result of giving large selection differential in
producing replacements, therefore increasing the selection
intensity on cow dams because, in a population, the annual
genetic response depends on various factors, viz., the selection
intensity, the accuracy and the generation interval.

But only a few studies have been conducted until now to
determine the actual effect and, more importantly, the long-term
consequences. Furthermore, most of these studies are based on
stochastic simulation modelling (Abdel-Azim and Schnell, 2007;
Bérodier et al., 2019). We will discuss in the following paragraphs
the estimated effect of sexed semen by various authors in different
conditions and scenarios.

In one of the earliest studies, Van Vleck (1981) estimated that
the rate of genetic gain in milk yield could increase by 15% if sexed
semen was used in dairy cattle compared with the use of regular AI.
However, Baker et al. (1990) suggested that the effect of semen/
embryo sexing on rates of genetic change was relatively low.
Montaldo et al. (1998) compared various technologies using
deterministic modelling of dairy cattle nucleus herds. They
reported that the usage of sexed semen had a minor effect
(0.4–1.4%) on selection responses. However, it would enhance
efficiency by reducing the number of embryo transfers needed
for the same rate of genetic progress. Some other authors
(Hohenboken, 1999; Weigel, 2004) have furthermore theorized
that the use of sex-sorted semen in dairy herds may accelerate the
rate of genetic gain. It can be achieved by selecting only the highest-
ranking cows to breed replacements fromwith sexed semen. Butler
et al. (2014) also accentuated the need to breed replacements only
from virgin heifers to obtain genetic gain in a favourable direction.

Using stochastic simulation, Abdel-Azim and Schnell (2007)
studied the effect of using sex-sorted semen by monitoring genetic
progress in elite and commercial dairy herds over 20 years. They
reported that the effect of sexed semen in commercial cows was
large in the early stages but, despite using sex-sorted semen outside
the nucleus, the nucleus contribution increased over time and
sidelined the cow-to-cow contribution. Furthermore, while
evaluating the effect inside the nucleus, no effect of sexed semen
on genetic progress was found in juvenile schemes. The genetic
advantage of sexed semen usage in combination withMOET in the
nucleus was nominal except when marker-assisted selection
(MAS) was also available (Abdel-Azim and Schnell, 2007).

However, certain scenarios, such as the use of sexed semen in
commercial herds in combination with the use of MOET in the
nucleus were not studied by them. In another stochastic simulation
study, Sørensen et al. (2011) compared nine scenarios to examine
the effect of using sexed semen for cow dams in a dairy cattle
breeding scheme, with or without MOET to bull dams, on annual
genetic gain at the population level by monitoring over 30 years.
Different scenarios were obtained using three levels of sexed semen
combined with three levels of MOET, viz., no sexed semen, sexed
semen to the best cow dams and sexed semen to all heifers,
combined with no MOET, MOET on all bull dams, and MOET
randomly on 20% of the bull dams. The study revealed that there
was a 2.7 % (significant) increase in the annual genetic gain
when sexed semen alone was used on all heifers, and this change
was 2.1% (non-significant) when used on the best cow dams.
Compared of schemes without sexed semen and MOET on all bull
dams, the use of sexed semen together with MOET on bull dams
increased the annual genetic gain by 1.8–2.5%. Overall, annual
genetic gain tended to increase with the use of sexed semen in the
simulated population (Sørensen et al., 2011).

Previous studies did not examine the effect of genetic gain using
MOET with genomic selection (GS), therefore Pedersen et al.
(2012) investigated the same. They compared three levels of
MOET, viz., no use ofMOET (0%), 50%, and 100%, i.e. half and full
young bull candidates born as a result of MOET, respectively.
Furthermore, sexed semen and conventional semen were used in
the nucleus and production parts of the population. The usage of
sexed semen in the nucleus and production population observed
improved genetic gain of 4.5% and 5.7% in the best scenario
compared with conventional semen usage. The results revealed
that the genetic gain in the whole population increased when sexed
semen (X) was used in the production population because GS
exploited the higher selection intensity among heifers with great
accuracy. But with the application of MOET in breeding schemes,
the effect was much reduced. In addition, the effect of sexed semen
usage on genetic gain was comparatively minor with the effect of
MOET. It was not always favourable and also depended on
whether CD or bull dams (BD) were inseminated and on the type
of semen used on BD. Based on stochastic simulation programs,
the findings of Hjortø et al. (2015) further supported that the
combined use of genomic tests with the use of sexed semen and
beef semen is very beneficial for decreasing genetic lag as genomic
information increases the accuracy of selection and the latter
increases selection intensity, resulting in an overall positive
interaction. In a recent study, Bérodier et al. (2019) used a
mechanistic, stochastic, and dynamic model to assess the effect of
using sexed semen along with female genotyping on genetic
progress in commercial dairy cattle herds. The use of sexed semen
resulted in the highest genetic gain as it increased selection
intensity by making more heifers available for replacement.
Combined use of sexed semen and genotyping also resulted in
higher genetic gain as high-merit heifers were available for use of
sexed semen in mating plans.

In Iran, Hossein-Zadeh et al. (2010) used a stochastic bio-
economic model to compare the effects of applying sexed semen
with conventional semen in simulated Holstein dairy herds.
They reported that the rate of genetic progress was significantly
higher when artificial insemination was done with sexed semen.
Ettema et al. (2011) studied the importance of including genetic
progress in milk yield through dynamic simulation modelling
while evaluating the use of sexed semen and other reproduction
strategies in a dairy herd. They reported that after including genetic
progress in the model with the use of sexed semen on 50% of the
best heifers, milk yield was found to be 167 kg energy-corrected
milk (ECM)/cow/year higher after 16 years compared with the
default strategy (typical Danish dairy herd), while it was only 78 kg
(4%) when genetic progress was not included. It was lower than
reported by Abdel-Azim and Schnell (2007) that was 11.1% in
16–20 years; the reason being that Ettema et al. (2011) assumed use
of sexed semen in only herds under study and not the nucleus, and
the use was only on 50% of the best heifers.

Khalajzadeh et al. (2012) compared the effects of limited and
widespread use of sexed semen. They observed the genetic progress
through different pathways, i.e. active sires (AS), young bulls (YB),
BD, and milking cows (CW) (Table 4). They reported that in the
AS pathway, the use of sexed semen does not have any increasing
effect on selection intensity. Similarly, using sexed semen had a low
effect on the extra genetic merit of YB, although breeding values
were significantly different compared with using unsexed semen.
Genetic merit was increased in the BD and CW pathways, but the
effect was less in BD and quite high in CW (3.5% and 19% genetic
superiority, respectively). They further reported that instead of
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limited use, widespread use of sexed semen was more advanta-
geous in increasing the genetic merit of animals. But there is a
simultaneous decrease in reproductive performance of dairy cows
due to the low conception rate in widespread use, and these
negative effects can be minimized if sexed semen is used only in
heifers. After comparing many scenarios, Kaniyamattam et al.
(2016) also reported that the one involving the use of sexed semen
in heifers and the culling of surplus heifers based on the net merit
index resulted in the greatest progress in favourable direction. In
another simulation study, Cottle et al. (2018) found that the rate of
genetic gain in terms of increase in herd economic breed index
(EBI) was considerably higher in scenarios using sex-sorted semen,
mainly because of increased selection pressure in breeding herd
replacements. Net profit was found to be higher in scenarios using
sex-sorted semen compared with an unsorted one.

Sire of dam pathway

Most of the earlier studies were conducted to assess the effect of
using sexed semen on the dam of dam pathway, but Joezy-
Shekalgorabi and De Vries (2018) studied the effect of using sexed
semen on the selection proportion in the sire of dam’s (SD)
pathway by various strategies, viz., continuous use of sexed semen
(CS) and the other two being mixed semen strategies, i.e. use of
sexed semen for the first two and for only the first insemination,
respectively, and conventional semen for remaining inseminations
(S2 and S1, respectively). Results indicated that there was an
increase in selection proportion in all three strategies, and it was
highest in CS, followed by S2 and S1, which means lower selection
intensity and, therefore, reduced genetic improvement in the
studied pathway. They reported that the use of sexed semen has a
negative effect on the selection proportion of the SD pathway.
However, using sexed semen in YB was not taken into account by
them, and all of the available doses of sperm in the SD pathway
were assumed to be consumed for producing sexed semen.

Inbreeding

There were apprehensions about an acceleration in the level of
inbreeding due to sex-sorted semen usage without the use of
neutralizing measures (De Vries et al., 2008). Some studies
analyzing the effect of sexed semen on inbreeding are also
available. In one such study, Abdel-Azim and Schnell (2007)
averaged inbreeding coefficients for all animals in the pedigree file
and, after analyzing, found that after 20 years of simulation, sexed
semen schemes had slightly higher inbreeding coefficients.
However, the differences between the use of sexed and normal
semen were not that pronounced. Norman et al. (2010) compared

expected future inbreeding between bulls with sexed semen and
conventional semen and reported that, for bulls with sexed semen,
mean expected future inbreeding was marginally higher than for
active bull with conventional semen (5.55 and 5.70%, respectively).
In another study by Sørensen et al. (2011), sexed semen was not
found to affect the rate of inbreeding; however, the rate of
inbreeding increased with the use of MOET. The reason was that
change in selection intensity was smaller while using sexed semen
because of selection in BDs, whereasMOET increased the selection
intensity in the selection of YB.

Similar to previous findings, Pedersen et al. (2012) reported that
sexed semen was found to have a significant effect on the rate of
inbreeding, especially when sexed semen was used on both cow
dams and BD; only then was a significant effect observed. In
different scenarios, sexed semen usage raised the rate of inbreeding
by 16.0 to 20.3%, and it was highest when all young bull contenders
were born through MOET and normal semen was used on top BD
and sexed semen (X) on remaining BD and also on cow dams
(Pedersen et al., 2012). They further reported that the rate of
inbreeding was found to be sensitive to the type of semen used in
the remaining BD.With the application of MOET, the highest rate
of inbreeding was observed when X-semen was used on BD, and
the lowest rate of inbreeding occurred when Y-semen was used in
the nucleus, as young bull candidates increased following use of
Y-semen in the nucleus, while use of X-semen decreased their
number.

Conclusion

From various simulation studies, sexed semen usage has been found
to increase the rate of genetic gain in general, although other scenarios
such as combined use with MOET and GS affect the outcome. With
the use of sexed semen, more number of heifers are available for
replacement, therefore causing increased selection intensity and,
therefore, higher genetic gain. Other factors such as accuracy of
selection further influenced genetic progress. In widespread use of
sexed semen, there was some negative effect on reproductive
performance of dairy cows. However, with use in heifers only, it
can be managed. As far as the effect of sexed semen on inbreeding is
concerned, based on available studies, it can be concluded that sexed
semen usage does increase the level of inbreeding but it is not that
pronounced. With the use of MOET, the chances of inbreeding are
higher as it increases selection intensity in YB.
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Espinosa-Cervantes, R. and Córdova-Izquierdo, A. (2013). Sexing sperm of
domestic animals. Tropical Animal Health and Production, 45(1), 1–8.
doi: 10.1007/s11250-012-0215-0

Ettema, J. F., Østergaard, S. and Sørensen, M. K. (2011). Effect of including
genetic progress in milk yield on evaluating the use of sexed semen and
other reproduction strategies in a dairy herd. Animal, 5(12), 1887–1897.
doi: 10.1017/S175173111100108X

Faust, M. A., Betthauser, J., Crego, S. and Storch, A. (2016). Fertility
and sex of calf results from a new commercial scale technology
platform for producing sexed sperm. Journal of Animal Science, 94,
544–544

Frijters, A. C., Mullaart, E., Roelofs, R. M., Van Hoorne, R. P., Moreno, J. F.,
Moreno, O. and Merton, J. S. (2009). What affects fertility of sexed bull
semenmore, low sperm dosage or the sorting process?Theriogenology, 71(1),
64–67. doi: 10.1016/j.theriogenology.2008.09.025

Funston, R. N. and Meyer, T. L. (2012). Evaluating conventional and sexed
semen in a commercial beef heifer development program. The Professional
Animal Scientist, 28(5), 560–563. doi: 10.15232/S1080-7446(15)30405-8

Garner, D. L. (2006). Flow cytometric sexing of mammalian sperm.
Theriogenology, 65(5), 943–957. doi: 10.1016/j.theriogenology.2005.09.009

Garner, D. L., Evans, K. M. and Seidel, G. E. (2013). Sex-sorting sperm using
flow cytometry/cell sorting.Methods in Molecular Biology (Clifton, NJ), 927,
279–295. doi: 10.1007/978-1-62703-038-0_26

Garner, D. L., Evans, K. M. and Seidel, G. E. (2013). Sex-sorting sperm using
flow cytometry/cell sorting. Spermatogenesis. Methods and Protocols, 2013,
279–295. doi: 10.1007/978-1-62703-038-0_26

Garner, D. L. and Seidel, Jr., G. E. (2008). History of commercializing sexed
semen for cattle. Theriogenology, 69(7), 886–895. doi: 10.1016/j.theriogenolo
gy.2008.01.006

Gilbert, S. F. (2000). Chromosomal sex determination in mammals.
Developmental biology (6th ed.). https://www.ncbi.nlm.nih.gov/books/
NBK9967/. Sinauer Associates.

Gonzalez-Marin, C., Lenz, R. W., Gilligan, T. B., Evans, K. M., Gongora, C.
E., Moreno, J. F. and Vishwanath, R. (2017). 191 SexedULTRA™, a new
method of processing sex sorted bovine sperm improves post-thaw sperm
quality and in vitro fertility. Reproduction, Fertility and Development, 29(1),
204–204. doi: 10.1071/RDv29n1Ab191

Hamano, K. I. (2007). Sex preselection in bovine by separation of X- and
Y-chromosome bearing spermatozoa. The Journal of Reproduction and
Development, 53(1), 27–38. doi: 10.1262/jrd.18141

Healy, A. A., House, J. K. and Thomson, P. C. (2013). Artificial insemination
field data on the use of sexed and conventional semen in nulliparous Holstein
heifers. Journal of Dairy Science, 96(3), 1905–1914. doi: 10.3168/jds.2012-5465

Heuer, C., Kendall, D., Sun, C., Deeb, J., Moreno, J., and Vishwanath, R.
(2017). Evaluation of conception rates of sex-sorted semen in commercial
dairy farms over the last five years. In: ADSA annual meeting. Pittsburgh,
Pennsylvania: American Dairy Science Association. https://m.adsa.org/
2017/abs/t/70349.

Hjortø, L., Ettema, J. F., Kargo, M. and Sørensen, A. C. (2015). Genomic
testing interacts with reproductive surplus in reducing genetic lag and
increasing economic net return. Journal of Dairy Science, 98(1), 646–658. doi:
10.3168/jds.2014-8401

Hohenboken, W. D. (1999). Applications of sexed semen in cattle production.
Theriogenology, 52(8), 1421–1433. doi: 10.1016/s0093-691x(99)00227-7

Hossein-Zadeh, N. G., Nejati-Javaremi, A., Miraei-Ashtiani, S. R.
and Kohram, H. (2010). Bio-economic evaluation of the use of sexed
semen at different conception rates and herd sizes in Holstein populations.
Animal Reproduction Science, 121(1–2), 17–23. doi: 10.1016/j.anireprosci.
2010.05.012

Jain, A., Jain, T., Yathish, H. M., Prakash, B. and Sharma, A. (2011).
Sex-sorting of spermatozoa in mammals: A review. Journal of Livestock
Biodiversity, 31, 48–60.

116 Kumar et al.

https://doi.org/10.1017/S0967199424000066 Published online by Cambridge University Press

https://doi.org/10.3168/jds.S0022-0302(07)71641-7
https://doi.org/10.1016/0093-691X(89)90563-3
https://doi.org/10.1016/j.theriogenology.2003.09.006
https://doi.org/10.3168/jds.2018-16041
https://doi.org/10.1016/j.theriogenology.2005.04.011
https://doi.org/10.1016/j.theriogenology.2008.09.026
https://doi.org/10.1016/j.theriogenology.2008.09.026
https://doi.org/10.1017/S1751731114000664
https://doi.org/10.1017/S1751731114000664
https://doi.org/10.3168/jds.2009-2858
https://doi.org/10.3168/jds.2009-2858
https://doi.org/10.1016/j.anireprosci.2018.11.006
https://doi.org/10.3168/jds.2017-13172
https://doi.org/10.1007/s11250-020-02306-6
https://doi.org/10.3168/jds.2007-0536
https://doi.org/10.3168/jds.2007-0536
https://doi.org/10.3168/jds.2007-0964
https://doi.org/10.1016/j.theriogenology.2008.09.042
https://doi.org/10.3168/jds.2010-3181
https://doi.org/10.3168/jds.2011-4214
https://doi.org/10.1556/004.2016.023
https://doi.org/10.1556/004.2016.023
https://doi.org/10.1016/j.anireprosci.2011.11.002
https://doi.org/10.1016/j.anireprosci.2011.11.002
https://doi.org/10.1007/s11250-012-0215-0
https://doi.org/10.1017/S175173111100108X
https://doi.org/10.1016/j.theriogenology.2008.09.025
https://doi.org/10.15232/S1080-7446(15)30405-8
https://doi.org/10.1016/j.theriogenology.2005.09.009
https://doi.org/10.1007/978-1-62703-038-0_26
https://doi.org/10.1007/978-1-62703-038-0_26
https://doi.org/10.1016/j.theriogenology.2008.01.006
https://doi.org/10.1016/j.theriogenology.2008.01.006
https://www.ncbi.nlm.nih.gov/books/NBK9967/
https://www.ncbi.nlm.nih.gov/books/NBK9967/
https://doi.org/10.1071/RDv29n1Ab191
https://doi.org/10.1262/jrd.18141
https://doi.org/10.3168/jds.2012-5465
https://m.adsa.org/2017/abs/t/70349
https://m.adsa.org/2017/abs/t/70349
https://doi.org/10.3168/jds.2014-8401
https://doi.org/10.1016/s0093-691x(99)00227-7
https://doi.org/10.1016/j.anireprosci.2010.05.012
https://doi.org/10.1016/j.anireprosci.2010.05.012
https://doi.org/10.1017/S0967199424000066


Joezy-Shekalgorabi, S. and De Vries, A. (2018). Impact of applying sex sorted
semen on the selection proportion of the sire of dams selection pathway in a
nucleus program. Asian-Australasian Journal of Animal Sciences, 31(9),
1387–1392. doi: 10.5713/ajas.17.0108

Joezy-Shekalgorabi, S., Maghsoudi, A. and Mansourian, M. R. (2017).
Reproductive performance of sexed versus conventional semen in Holstein
heifers in various semiarid regions of Iran. Italian Journal of Animal Science,
16(4), 666–672. doi: 10.1080/1828051X.2017.1321473

Johnson, L. A. (2000). Sexing mammalian sperm for production of
offspring: The state-of-the-art. Animal Reproduction Science, 60–61,
93–107. doi: 10.1016/s0378-4320(00)00088-9

Jost, A. (1953). Problems of fetal endocrinology: The gonadal and hypophyseal
hormones. Recent Progress in Hormone Research, 8, 379–418. doi: 10.1016/
b978–1-4831–9825–5.50017–8

Kaniyamattam, K., Elzo, M. A., Cole, J. B. and De Vries, A. (2016). Stochastic
dynamic simulation modeling including multitrait genetics to estimate
genetic, technical, and financial consequences of dairy farm reproduction
and selection strategies. Journal of Dairy Science, 99(10), 8187–8202.
doi: 10.3168/jds.2016-11136

Karakaya, E., Yilmazbas-Mecitoglu, G. Ü., Keskin, A. B., Alkan, A.,
Tasdemir, U., Santos, J. E. and Gumen, A. H. (2014). Fertility in dairy cows
after artificial insemination using sex-sorted sperm or conventional semen.
Reproduction in Domestic Animals, 49(2), 333–337. doi: 10.1111/rda.12280

Kasimanickam, R. (2021). Utilization of sex-selected semen. In: Hopper, R. M.
(ed.) Bovine Reproduction. Wiley. doi: 10.1002/9781119602484.ch79

Kastelic, J. P. (2013). Male involvement in fertility and factors affecting semen
quality in bulls. Animal Frontiers, 3(4), 20–25. doi: 10.2527/af.2013-0029

Khalajzadeh, S., Nejati-Javaremi, A. and Mehrbani Yeganeh, H. M. (2012).
Effect of widespread and limited use of sexed semen on genetic progress
and reproductive performance of dairy cows. Animal, 6(9), 1398–1406.
doi: 10.1017/S1751731112000651

Kumar, A., Vineeth, M. R., Sinha, R., Singh, R. K., Thakur, A. and Gupta,
S. K. (2016). Current status, scope and constraints of sexed semen – An
Indian perspective. Agricultural Reviews, 37(3), 240–244. doi: 10.18805/ar.
v0i.11286

Kurtz, S. and Petersen, B. (2019). Pre-determination of sex in pigs by
application of CRISPR/Cas system for genome editing. Theriogenology, 137,
67–74. doi: 10.1016/j.theriogenology.2019.05.039

Kurykin, J., Hallap, T., Jalakas,M., Padrik, P., Kaart, T., Johannisson, A. and
Jaakma, Ü. (2016). Effect of insemination-related factors on pregnancy rate
using sexed semen in Holstein heifers. Czech Journal of Animal Science,
61(12), 568–577. doi: 10.17221/12/2016-CJAS

Lenz, R. W., Gonzalez-Marin, C., Gilligan, T. B., DeJarnette, J. M., Utt,
M. D., Helser, L. A., Hasenpusch, E., Evans, K. M., Moreno, J. F. and
Vishwanath, R. (2017). 190 SexedULTRA™, a new method of processing
sex-sorted bovine sperm improves conception rates. Reproduction, Fertility
and Development, 29(1), 203–204. doi: 10.1071/RDv29n1Ab190

Maicas, C., Hutchinson, I. A., Kenneally, J., Grant, J., Cromie, A. R.,
Lonergan, P. and Butler, S. T. (2019). Fertility of fresh and frozen sex-sorted
semen in dairy cows and heifers in seasonal-calving pasture-based herds.
Journal of Dairy Science, 102(11), 10530–10542. doi: 10.3168/jds.2019-16740

McCartney, E. S. (1922). Sex determination and sex control in antiquity.
The American Journal of Philology, 43(1), 62–70. doi: 10.2307/289330

Mittwoch, U. (2013). Sex determination. EMBO Reports, 14(7), 588–592.
doi: 10.1038/embor.2013.84

Montaldo, H., Keown, J. F. and Van Vleck, L. D. (1998). Effect of in vitro
embryo production and sexed semen in dairy MOET nucleus systems.
In: Proceedings of the 6th World Congress of Genetics Applied in Livestock
Production, 25, 443–446.

Naniwa, Y., Sakamoto, Y., Toda, S. and Uchiyama, K. (2019). Bovine sperm
sex-selection technology in Japan. Reproductive Medicine and Biology, 18(1),
17–26. doi: 10.1002/rmb2.12235

Norman, H. D., Hutchison, J. L. and Miller, R. H. (2010). Use of sexed semen
and its effect on conception rate, calf sex, dystocia, and stillbirth of Holsteins
in the United States. Journal of Dairy Science, 93(8), 3880–3890. doi: 10.3168/
jds.2009-2781

Oikawa, K., Yamazaki, T., Yamaguchi, S., Abe, H., Bai, H., Takahashi, M.
andKawahara,M. (2019). Effects of use of conventional and sexed semen on

the conception rate in heifers: A comparison study. Theriogenology, 135,
33–37. doi: 10.1016/j.theriogenology.2019.06.012

Pedersen, L. D., Kargo,M., Berg, P., Voergaard, J., Buch, L. H. and Sørensen,
A. C. (2012). Genomic selection strategies in dairy cattle breeding
programmes: Sexed semen cannot replace multiple ovulation and embryo
transfer as superior reproductive technology. Journal of Animal Breeding and
Genetics, 129(2), 152–163. doi: 10.1111/j.1439-0388.2011.00958.x

Perry, G. A., Walker, J. A., Rich, J. J. J., Northrop, E. J., Perkins, S. D., Beck,
E. E., Sandbulte, M. D. and Mokry, F. B. (2020). Influence of Sexcel™
(gender ablation technology) gender-ablated semen in fixed-time
artificial insemination of beef cows and heifers. Theriogenology, 146,
140–144. doi: 10.1016/j.theriogenology.2019.11.030

Pinkel, D., Gledhill, B. L., Lake, S., Stephenson, D. and Van Dilla,
M. A. (1982). Sex preselection in mammals? Separation of sperm bearing Y
and ‘O’ chromosomes in the vole Microtus oregoni. Science, 218(4575),
904–906. doi: 10.1126/science.6753153

Rahman, M. S. and Pang, M. G. (2019). New biological insights on X and Y
chromosome-bearing spermatozoa. Frontiers in Cell and Developmental
Biology, 7, 388. doi: 10.3389/fcell.2019.00388

Reese, S., Pirez,M.C., Steele, H. and Kölle, S. (2021). The reproductive success
of bovine sperm after sex-sorting: A meta-analysis. Scientific Reports, 11(1),
17366. doi: 10.1038/s41598-021-96834-2

Rendel, J.M. andRobertson, A. (1950). Estimation of genetic gain inmilk yield
by selection in a closed herd of dairy cattle. Journal of Genetics, 50(1), 1–8.
doi: 10.1007/BF02986789

Sá Filho, M. F., Ayres, H., Ferreira, R. M., Nichi, M., Fosado, M., Campos
Filho, E. P. and Baruselli, P. S. (2010). Strategies to improve pregnancy per
insemination using sex-sorted semen in dairy heifers detected in
estrus. Theriogenology, 74(9), 1636–1642. doi: 10.1016/j.theriogenology.
2010.06.036

Schenk, J. L., Cran, D. G., Everett, R. W. and Seidel, Jr., G. E. (2009).
Pregnancy rates in heifers and cows with cryopreserved sexed sperm: Effects
of sperm numbers per inseminate, sorting pressure and sperm storage before
sorting. Theriogenology, 71(5), 717–728. doi: 10.1016/j.theriogenology.2008.
08.016

Seidel, Jr., G. E. (2007). Overview of sexing sperm. Theriogenology, 68(3),
443–446. doi: 10.1016/j.theriogenology.2007.04.005

Seidel, Jr., G. E. (2014). Update on sexed semen technology in cattle.Animal, 8,
Suppl. 1, 160–164. doi: 10.1017/S1751731114000202

Seidel, Jr., G. E. and DeJarnette, J. M. (2022). Applications and world-wide
use of sexed semen in cattle. Animal Reproduction Science, 246, 106841.
doi: 10.1016/j.anireprosci.2021.106841

Seidel, Jr., G. E. and Garner, D. L. (2002). Current status of sexingmammalian
spermatozoa. Reproduction, 124(6), 733–743. doi: 10.1530/rep.0.1240733

Seidel, Jr., G. E. and Schenk, J. L. (2008). Pregnancy rates in cattle with
cryopreserved sexed sperm: Effects of sperm numbers per inseminate and
site of sperm deposition. Animal Reproduction Science, 105(1–2), 129–138.
doi: 10.1016/j.anireprosci.2007.11.015

Sharma, N., Chand, D. K., Rawat, S., Sharma, M. and Verma, H. (2018).
Effect of sexed semen on conception rate and sex ratio under field conditions.
Journal of Entomology and Zoology Studies, 6(1), 702–705.

Soleymani, B., Mansouri, K., Rastegari-Pouyani, M., Parvaneh, S.,
Khademi, F., Sharifi Tabar, M. and Mostafaie, A. (2021). Production of
monoclonal antibody against recombinant bovine sex-determining
region Y (SRY) and their preferential binding to Y chromosome-bearing
sperm. Reproduction in Domestic Animals, 56(2), 270–277. doi: 10.1111/rda.
13821

Sørensen, M. K., Voergaard, J., Pedersen, L. D., Berg, P. and Sørensen, A. C.
(2011). Genetic gain in dairy cattle populations is increased using sexed
semen in commercial herds. Journal of Animal Breeding and Genetics,
128(4), 267–275. doi: 10.1111/j.1439-0388.2011.00924.x

Thomas, J. (2021). Sexed semen recommendations and AI approaches.
MU Extension 1–2. https://mospace.umsystem.edu/xmlui/handle/10355/
85181?show=full

Umehara, T., Tsujita, N. and Shimada, M. (2019). Activation of Toll-like
receptor 7/8 encoded by the X chromosome alters sperm motility and
provides a novel simple technology for sexing sperm. PLOS Biology, 17(8),
e3000398. doi: 10.1371/journal.pbio.3000398

Semen sexing in cattle 117

https://doi.org/10.1017/S0967199424000066 Published online by Cambridge University Press

https://doi.org/10.5713/ajas.17.0108
https://doi.org/10.1080/1828051X.2017.1321473
https://doi.org/10.1016/s0378-4320(00)00088-9
https://doi.org/10.1016/b978&ndash;1-4831&ndash;9825&ndash;5.50017&ndash;8
https://doi.org/10.1016/b978&ndash;1-4831&ndash;9825&ndash;5.50017&ndash;8
https://doi.org/10.3168/jds.2016-11136
https://doi.org/10.1111/rda.12280
https://doi.org/10.1002/9781119602484.ch79
https://doi.org/10.2527/af.2013-0029
https://doi.org/10.1017/S1751731112000651
https://doi.org/10.18805/ar.v0i.11286
https://doi.org/10.18805/ar.v0i.11286
https://doi.org/10.1016/j.theriogenology.2019.05.039
https://doi.org/10.17221/12/2016-CJAS
https://doi.org/10.1071/RDv29n1Ab190
https://doi.org/10.3168/jds.2019-16740
https://doi.org/10.2307/289330
https://doi.org/10.1038/embor.2013.84
https://doi.org/10.1002/rmb2.12235
https://doi.org/10.3168/jds.2009-2781
https://doi.org/10.3168/jds.2009-2781
https://doi.org/10.1016/j.theriogenology.2019.06.012
https://doi.org/10.1111/j.1439-0388.2011.00958.x
https://doi.org/10.1016/j.theriogenology.2019.11.030
https://doi.org/10.1126/science.6753153
https://doi.org/10.3389/fcell.2019.00388
https://doi.org/10.1038/s41598-021-96834-2
https://doi.org/10.1007/BF02986789
https://doi.org/10.1016/j.theriogenology.2010.06.036
https://doi.org/10.1016/j.theriogenology.2010.06.036
https://doi.org/10.1016/j.theriogenology.2008.08.016
https://doi.org/10.1016/j.theriogenology.2008.08.016
https://doi.org/10.1016/j.theriogenology.2007.04.005
https://doi.org/10.1017/S1751731114000202
https://doi.org/10.1016/j.anireprosci.2021.106841
https://doi.org/10.1530/rep.0.1240733
https://doi.org/10.1016/j.anireprosci.2007.11.015
https://doi.org/10.1111/rda.13821
https://doi.org/10.1111/rda.13821
https://doi.org/10.1111/j.1439-0388.2011.00924.x
https://mospace.umsystem.edu/xmlui/handle/10355/85181?show=full
https://mospace.umsystem.edu/xmlui/handle/10355/85181?show=full
https://mospace.umsystem.edu/xmlui/handle/10355/85181?show=full
https://doi.org/10.1371/journal.pbio.3000398
https://doi.org/10.1017/S0967199424000066


Van Vleck, L. D. (1981) Potential genetic impact of artificial insemination,
sex selection, embryo transfer, cloning, and selfing in dairy cattle.
In: B.G. Brackett, G. E. Seidel and S. M. Seidel (Eds.), New Technologies in
Animal Breeding. Academic Press, pp. 221–242.

Vishwanath, R. V. (2015). Sex sorted vs conventional sperm–a comparative
discussion. In ARSBC Symposium. Davis, 2015.

Vishwanath, R. and Moreno, J. F. (2018). Review: Semen sexing – Current
state of the art with emphasis on bovine species. Animal, 12(s1), s85–s96.
doi: 10.1017/S1751731118000496

Weigel, K. A. (2004). Exploring the role of sexed semen in dairy production
systems. Journal of Dairy Science, 87, E120–E130. doi: 10.3168/jds.S0022-
0302(04)70067-3

Wilhelm, D., Palmer, S. and Koopman, P. (2007). Sex determination and
gonadal development in mammals. Physiological Reviews, 87(1), 1–28.
doi: 10.1152/physrev.00009.2006

Xu, Z. Z. (2014). Application of liquid semen technology improves conception
rate of sex-sorted semen in lactating dairy cows. Journal of Dairy Science,
97(11), 7298–7304. doi: 10.3168/jds.2014-8507

118 Kumar et al.

https://doi.org/10.1017/S0967199424000066 Published online by Cambridge University Press

https://doi.org/10.1017/S1751731118000496
https://doi.org/10.3168/jds.S0022-0302(04)70067-3
https://doi.org/10.3168/jds.S0022-0302(04)70067-3
https://doi.org/10.1152/physrev.00009.2006
https://doi.org/10.3168/jds.2014-8507
https://doi.org/10.1017/S0967199424000066

	Semen sexing and its impact on fertility and genetic gain in cattle
	Introduction
	Methods of semen sexing
	Flow cytometric sorting of semen
	Applications of sexed semen
	Impact of semen sexing on fertility and genetic gain
	Fertility
	Equal sperm concentration
	Increased sperm concentration
	Normal sperm concentration
	Fresh and frozen sexed semen


	Genetic gain
	Sire of dam pathway
	Inbreeding
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


