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1 | INTRODUCTION
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Abstract

Background: In Japan, Livestock Improvement Association of Japan started commer-
cially producing sexed bovine semen 10 years ago, and sexed bovine semen is cur-
rently used for the artificial insemination (Al) in the farms. In this review, the authors
introduce the technology for sperm sexing by flow cytometry, the efforts at com-
mercializing sexed semen in Japan, and recent field data on artificial insemination of
the cattle with sexed semen.

Methods: In the procedures of the flow cytometric method, X-chromosome-bearing
sperm and Y-chromosome-bearing sperm were fluorescently stained, separated from
each other by analyzing the difference in the DNA content, and cryopreserved. The
authors surveyed the conception rates after Al with these sperm and sex ratios of the
offspring with the cooperation from livestock associations, Al technicians, and
farmers.

Main findings (Results): Although Al with sexed semen was associated with lower
conception rates in comparison with Al with conventional semen, the accuracy of sex
selection using Al with sexed semen was beyond >90%.

Conclusion: Sexed semen produced by flow cytometry has the potential to produce
offspring of the preferred sex with high accuracy and reliability. Thus, it is expected

that sexed semen is used for Al more frequently in the farms.
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thus prefer female calves and tend to consider male calves as by-

products. In contrast, castrated males are commercially beneficial

The sex selection of the offspring in mammalian species, including
humans and other animals, often attracts critical attentions as well
as interests in the society. Sex determination™ and sex selection*”
in humans should be accompanied necessarily by the ethical con-
sideration. Previous reports suggest that the preferred sex of the
child may tend to reflect the parental background, including culture,
tradition, religion, and education.’>8

In farm animals, especially cattle, there are economic requests
of farmers that the offspring are desired to be of a particular sex.

Specifically, dairy farmers are engaged in the production of milk, and

for beef production, due to the merit of their superior growth. In
the market of Japan, castrated male cattle (beef breeds) are gener-
ally traded at higher prices than heifers.? Thus, sexing technology of
calves is a good tool to make more benefits for animal farms, as it
enables the preferential production of offspring of the desired sex,
which is alternatively determined according to the breeds of cattle
(namely, either dairy cattle or beef cattle, as described above).

The technology for sex selection in the cattle has already been
widespread around the world.}®! Sexed semen technology is cur-
rently available with high accuracy and repeatability in selecting
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the sex of offspring. In fact, use of sexed semen for artificial in-
semination (Al)'2 and in vitro fertilization (IVF)' results in the birth
of calves of the desired sex with approximately 90% probability. A

flow cytometric method for sperm sexing**°

is currently the most
frequently used method for sperm sexing. DNA contents of X-chro-
mosome-bearing sperm (X-sperm) are more than Y-chromosome
sperm (Y-sperm) since X-chromosome is larger than Y-chromosome.
The difference reflects on degree of intensity when fluorescence
nucleic acid staining is performed and is applicable to fractionate
each type of sperm. X-sperm and Y-sperm are separated from each
other according to their different fluorescence intensities that are
dependent on the DNA content of the nuclear-stained sperm. +*.
The improvement of this biotechnology has been continued over the
past three decades,'” and sexed semen is now commonly used for Al
in the cattle farms. Although none have been shown to be commer-
cialized, there are a variety of reports for the sex selection: genetic

19,20

approach,'® maternal energy condition, centrifugal countercur-

h,222% and swim-down?>%’

rent distribution,?! immunologic approac
and swim-up?® methods.

The flow cytometric sperm sexing technology was developed
by Johnson and his colleagues who belonged to the Beltsville
Agricultural Research Center, United States Department of
Agriculture (USDA).?’ Thus, this technology is referred to as “the
Beltsville sperm sexing technology.”30 The sperm sexing procedure
was patented by the USDA with Dr Johnson in 1991.3! The patent
for non-human animals was licensed by the USDA to XY, Inc, which
was set up in 1996 as a joint venture between Cytomation Inc and
the Colorado State University Research Foundation. The company
developed MoFlo® SX, a specialized machine for sperm sexing, and
commercialized a sexed semen production technique. XY, Inc has
entered into commercial license agreements with bull studs in the
United Kingdom, the United States, Japan, and other countries. In
2007, Inguran, LLC., dba Sexing Technologies, acquired XY, Inc and
continues developing the technology.

Livestock Improvement Association of Japan, Inc (LIAJ) was one
of the contributors involved in the commercialization of the sexed
semen in cattle.!® In Japan, a decade has passed since LIAJ launched
sexed semen. Thereafter, sexing technology has been growing in use
and popularity. Farmers now can choose the use of the sexed semen
for Al as one of the options for management strategies in their own
farms, as it allows the efficient acquisition of offspring of the desired
sex. In this review, we introduce the brief history of sexed semen,
the methodology of sperm sexing, and the current status of sexed

semen use in cattle farming.

2 | A BRIEF HISTORY OF SEXED SEMEN
TECHNOLOGY

Guyer®? published the first report on the observation of sex chromo-
somes in 1910; this report initiated attempts of biologists to sepa-
rate X- and Y-sperm.33 Although many researchers challenged the
sperm separation since the report, it passed 60 years until Barlow

and Vosa®* reported that quinacrine staining of the Y-chromosome
resulted in brighter heterochromatic fluorescence in comparison
with other chromosomes in human spermatozoa. Moruzzi®® showed
that the X-chromosome is relatively larger than the Y-chromosome
in 24 kinds of mammalian species by the direct estimation of the
chromatin differences, which was performed by measuring the
lengths of the karyotype. Around the same time, it was considered
that a more rapid and precise method was required for measuring
the DNA contents of X- and Y-chromosomes. Thus, some research-
ers attempted to measure the sperm DNA content by flow cytom-
etry; however, fluorescent staining of the sperm head was not easy
because of the highly condensed chromatin.®¢®” Moreover, accurate
measurement of the fluorescence intensities was difficult because
of the flat-shaped head, since flow cytometers are basically con-
structed to analyze spherical particles. Otto et al® first reported the
use of flow cytometry with the improved techniques of the chroma-
tin decondensation and staining resulted in the accurate measure-
ment of the DNA content and the discrimination of X- and Y-sperm
in humans. The report ushered in the development of a flow cyto-
metric technique that hydrodynamically orientates the sperm with a
rapid- and high-resolution measurement method.*’

As stated above, progress has been made in the analysis of the
sperm DNA content by flow cytometry since the 1970 s.244%4! These
studies provided the basis for the improved technology of sperm
sexing.3?4243 progress was made in the procedures of sperm sorting
for sperm sexing technology in the 1980 s. In an early stage of devel-
opment, the tail was removed from the sperm by sonication before
cell sorting in order to make it easier to orientate the sperm head.™
Then, Johnson et al?’ achieved a breakthrough that they succeeded
in producing offspring via the surgical Al into the oviducts of rabbits
of tail-intact sperm. When X-sperm-rich fractions and Y-sperm-rich
fractions were inseminated, the sex ratio of the offspring was 94%
and 81% in females and males, respectively. Thereafter, production
of calves with a desired sex has been performed by intracytoplas-
mic sperm injection (ICSI),** IVF,>*° and AI'24® using sexed bovine
sperm with or without the intact tail.

Development of two key equipments has made large contri-
butions to the commercialization of sperm sexing technology: the
Cytonozzle® and the high-speed flow cytometer. The Cytonozzle®
dramatically increased the efficiency of sperm sorting by enabling
great improvements in sperm orientation before laser excitation.
To detect the subtle difference between the DNA content of X-
and Y-sperm exactly, each sperm head, which has a flat paddle-like
shape, is required to be irradiated in a certain direction using an
excitation light source. Rens et al®’ reported that use of a double
ellipse-shaped nozzle improved the efficiency of orientation from
25% (the original ability) to more than 60% in 1998. The design of
the nozzle has been further refined, and consequently, the effi-
ciency of the sperm orientation is now above 70%. In 1989, van

den Engh et al*®

developed an experimental high-speed cell sorter.
Cytomation, Inc (since acquired by Beckman Coulter, Inc., Brea,
CA, USA) modified the instrument and commercially released

the MoFlo®. The performance of the MoFIo® in sperm sorting is
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approximately 5 times that of conventional equipment*’; this im-
proved from 5 times to 10-15 times when used in combination with
the Cytonozzle®.30 After these breakthroughs, sexed semen pro-
duced by these technologies has been put into commercial use in
cattle farms around the world.

3 | SPERM DNA CONTENT AND STAINING

Characteristics of different DNA content between the X- and Y-
chromosomes in mammalian species are applied to the separation
of X- and Y-sperm.*’ In the early study, different DNA contents
of X- and Y-sperm were evidenced with twin peaks of fluorescent
amount of sperm by flow cytometry.*! In cattle, the difference in
DNA content between X- and Y-sperm is approximately 4933394144
Moreover, there are subtle differences in the DNA content among
different cattle breeds (Holstein, 3.98%; Jersey, 4.24%; Angus,
4.05%; Hereford, 4.03%; Brahman, 3.73%).%? Thus far, the use of
flow cytometry in the identification of X- and Y-sperm in other spe-
cies has been documented; the differences are as follows: human,
2.8%°%%; dog, 3.9%°; horse, 3.7%°!; buffalo, 3.6%°%; goat, 4.4%"°;
sheep, 4.0%-4.2%*; pig, 3.5%-3.7%'**!; rabbit, 3.0%-3.9%"*°%;
and mouse, 3.2%.%° Overall, there is less difference in the DNA
content between the X- and Y-sperm of humans in comparison with
other species.

Sperm nuclei are stained with Hoechst 33342, a less-toxic flu-
orescent dye, to measure the DNA content.*#15°435 The dye per-
meates the cell membrane of the intact sperm and then strongly
binds by the van der Waals interaction to the DNA minor groove
of the AATT sequence.'®>® The DNA-Hoechst 33342 complex is
excited by ultraviolet light and then emits a blue light (excitation/
emission = 350 nm/361 nm), resulting in the accurate measurement
of the DNA content of X- and Y—sperm.33 X-sperm or Y-sperm can be
recognized by the difference in the fluorescence intensity between
these two-type sperm.

In the sperm sorting process, only viable sperm is sorted; dead
sperm is aborted. To examine sperm viability, sperm is stained with a
food coloring agent (eg, FD&C Red No. 40°! or Yellow No. 6°7) during
or after Hoechst 33342 staining. As the food color permeates the
sperm with damaged membranes and quenches the fluorescence of
Hoechst 3334219395157 sperm with a fluorescence intensity that
is below a certain level is considered dead. Propidium iodide is not
used to stain dead cells as it has the potential to cause mutagenicity

through intercalation.3%3%31

4 | THE PROCEDURES USED IN THE
PRODUCTION OF SEXED BOVINE SEMEN

A number of processes are necessary for the production of semen
sexed by flow cytometry: semen collection, sperm staining, sperm
sorting, removal of the sheath fluid, and extending, packaging, and
cryopreservation of sorted sperm. In this review, we described the

Reproductive Medicine and Biology

processes of semen collection, sperm staining, and sperm sorting.
The other processes are referred to elsewhere.®

The collection of semen from bulls is usually performed using an
artificial vagina. In Japan, a bull is generally handled and introduced
to adummy cow or a teaser. When a bull mounts a dummy cow, a col-
lector inserts the bull’s penis into an artificial vagina with a collection
tube to induce the immediate ejaculation. Freshly ejaculated semen
is the preferred material for producing sexed semen. Although it is
possible to use liquid-preserved semen to produce sexed semen, the
productive efficiency gradually decreases because of the increase in
dead sperm ratio. Thus, if bulls are kept in local farms, semen should
be immediately transported to the semen-sexing laboratory.

Figure 1 shows an overview of the method of sperm sexing
using flow cytometer. Sperm samples stained with both Hoechst
33342 and a food color agent are injected into a stream of sheath
fluid.3>5758 |n the sperm sexing sorter, the forward scatter detector
and side scatter detector are replaced with two fluorescence de-
tectors at 0° and 90°, respectively. The detectors measure the flu-
orescence intensity of each of stained sperm excited by a laser. The
fluorescent signal detected with the 0° and 90° detectors indicates
the amount of DNA and the orientation, respectively, in the sperm.
Because of the flat-shaped head of sperm, the fluorescence inten-
sity is differently detected according to the orientation of the head.
Populations in the bivariate histogram are identified as live-oriented
sperm, non-oriented sperm, and dead sperm (Figure 2). The oriented
sperm head faces toward 0°, and the non-oriented sperm head faces
toward 90°. The population of the desired sex is gated from the

oriented sperm. Frequency waves are applied to the Cytonozzle®,
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FIGURE 1 X-sperm sorting with a flow cytometer (the
illustration was reused with the permission of Japanese Journal of
Embryo Transfer®®)
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FIGURE 2 A bivariate histogram of 0° (foreword) and 90° (side)
fluorescence obtained by the flow cytometer. The image shows
populations of live-oriented sperm, non-oriented live sperm, and
dead sperm. After gating for the live-oriented, X-sperm-enriched
(upper) and Y-sperm-enriched (lower) populations are further gated
to sort the required sex

which consists of a piezo crystal, which is coupled to the fluid inside
the nozzle. Subsequently, a droplet composed of sheath flow and
sample flow is broken off from the stream holding the charge. The
droplets containing sperm of the desired sex are positively or nega-
tively charged and then deflected to negative or positive fields, re-
spectively. The deflected droplets are collected in collection tubes.
The purity of the collected sperm is analyzed by sorting reanaly-
sis.”? The arrangement of the sperm concentrations and sperm mo-
tility test are performed; then, cryopreservation is performed as it is

for conventional semen.

5 | THE COMMERCIALIZATION OF
BOVINE SEXED SEMEN IN JAPAN

5.1 | The development of sexed semen technology
in Japan

Livestock Improvement Association of Japan, Inc, started to develop
sexed semen technology in 1988. To learn the Beltsville technology,
LIAJ invited Dr Johnson into our laboratory in 1989 and a researcher
of LIAJ visited his laboratory the following year. At the beginning of
the sperm sexing study, we introduced the EPICS-753 device, which
was manufactured by Coulter Electronics, Inc (Hialeah, FL, USA;
now known as Beckman Coulter, Inc., USA). Because the high-speed
flow cytometer and Cytonozzle® had not been developed yet at that
time, tails were removed from the sperm by sonication before sort-
ing to make it easier to orientate the sperm head. The sorting rate
was 50 000-100 000/hour. Hamano et al** reported that the purity
of the sexed sperm head was analyzed by in situ hybridization using a
Y-specific DNA probe. The purity of X- and Y-sorted sperm was 94%
and 82% (of the targeted sperm), respectively. ICSI of the Y-sperm
heads sorted from frozen semen was performed. Seven to eight days
after ICSI, the expanded blastocysts were non-surgically transferred

to 48 recipients, resulting in the successful birth of 10 calves.**
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FIGURE 3 Conception rates (CR), delivery rates of normal
calves (DR), and the sex ratio (SR) after artificial insemination with
sexed semen and conventional semen from the same bulls and
batches from 2001 to 2005 (the illustration was reused with the
permission of Japanese Journal of Embryo Transfer®)

Eight of the 10 calves were male. In 1997, we introduced the FACS
Vantage™, manufactured by Becton Dickinson.® By the use of this
machine, the sperm sorting rate was increased to 300 000-400 000/
hour. We succeeded in obtaining slightly motile sperm after sorting.
However, they were not of a suitable level for IVF or Al. Thus, we
focused on producing fertilized eggs by ICSI. In the meantime, XY,
Inc was established and obtained the patent right to the sexing tech-
nology from the USDA. LIAJ then established a collaboration license
agreement with XY, Inc and started production test of the sexed
semen using two MoFlo® SX. We highly anticipated the possibility
that the machines would be useful for producing sexed semen for
Al for the following reasons. (a) The machines showed a far greater
sorting rate in comparison with the machines we had used previ-
ously (10 000 000/hour at the time). (b) The purity of both X- and
Y-sperm was >90%.

For 5 years from 2001 to 2005, we produced sexed semen from
44 bulls with a MoFlo® SX and performed field trials for Al, which
were supported by commercial farms, Al technicians, and related as-
sociations.®%®! In this review, we introduce some of the parts of our
trials that demonstrated the effectiveness of sexed semen. X-sorted
semen from Holstein bulls and Y-sorted semen from Japanese Black
bulls were processed at 3 million per dose, and their purity was
92.8% and 92.4%, respectively.®® Non-sorted semen (conventional
semen) was used at the same sperm count per dose as a control.
In our first Al trial, heifers were served with the semen. Figure 3
shows the conception rates (CRs) of the heifers, the calving rate of
the pregnant heifers, and the sex ratio of the calves. The CRs for
the 5-year period were 47.9% with sexed semen and 58.7% with
conventional semen.®? There was a significant difference between
the groups (P < 0.05). The delivery rates of pregnant heifers insemi-
nated with sexed semen were comparable to those inseminated with
conventional semen. The sex ratio of the calves showed that the
accuracy of both the X-sorted and Y-sorted semen was >90%. The

gestational duration of the pregnant heifers and the body weight
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of the calves were compared between sexed semen and conven-
tional semen groups in Holstein, Japanese Black, and crossbred cat-
tle. The measurement demonstrated that the gestational duration
(Figure 4A) and the body weight (Figure 4B) were comparable among
the groups. We also investigated the differences between heifers
and cows with regard to the conception rate in Holstein cattle.®® The
CRs in heifers and cows inseminated with sexed semen were 46.2%
and 33.6%, respectively (Table 1); in contrast, the CRs in heifers and
cows inseminated with conventional semen were 58.4% and 40.0%,
respectively. Thus, the CR in cows was found to be lower than that in
heifers, regardless of whether sexed semen or conventional semen
was used. These results indicated that heifers are more suitable for

Al with sexed semen than cows; however, it can also be performed

for cows.
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FIGURE 4 (A) The duration of gestation and (B) birthweight

of calves after artificial insemination with sexed semen and
conventional semen from the same bulls and batches from 2001 to
2005 (the illustration was reused with the permission of Japanese
Journal of Embryo Transfer®®)

We also compared the effect of flow pressure during sperm sort-
ing on the CR% Sexed semen was produced from Holstein (n = 2) and
Japanese Black (n = 2) bulls by sorting sperm at 45 psi or 40 psi and
was used to inseminate Holstein heifers. Although the higher pres-
sure provided a sorting rate that was approximately 5% higher, the
CR in the group was lower (103/227, 45.4%) than that in the lower
pressure group (121/225, 53.8%). These results indicated that sort-
ing at higher pressure damaged the sperm, resulting in a lower CR

The difference in the number of sperm that were inseminated
at a time on the CR was evaluated.®® Sexed semen was obtained
from Holstein (n = 5) and Japanese Black (n = 4) bulls by sorting at
2 million/straw and 3 million/straw. The conception rate at 3 million
was higher (218/438, 49.8%) than that at 2 million (183/401, 45.6%),
suggesting that the CR obtained with sexed semen was sensitive to
a change in the number of sperm at this range.

Based on these results, we concluded that sexed semen could
be commercialized in Japan and a commercial license agreement for
the production and sale of bovine sexed semen was entered into
between XY, Inc and LIAJ, Inc in 2006. Then, LIAJ launched IVF em-
bryos produced with sexed semen in 2006 and then sexed semen
itself for Al the following year. We applied to register Sort90® as a
trademark for sexed bovine semen produced by LIAJ in September
2007.

5.2 | Improved production of sexed semen after
commercialization

To increase the production capacity, we introduced a third MoFlo®
SX in 2007 and then two MoFlo XDP™ SX (the next generation of
the MoFlo® SX) in 2009 and two more in 2010. The MoFlo SX and
MoFlo XDP SX can sort X-sperm at a rate of 20.4 + 3.0 million/h
(n=1769, data from Apr 2012 to Mar 2017) and 24.7 + 3.4
million/h (n = 3450, data from Apr 2012 to Mar 2017), respec-
tively.62 In addition, to address a growing market demand for
sexed semen, a new type of machine, the Genesis III™ (Cytonome/
ST, LLC, MA, USA), was introduced in December 2016. The new
machine runs up to three sort heads in parallel. Although the sort-
ing rate of the individual Genesis Il head for X-sperm is currently
lower (17.3 £ 2.7 million/h, n = 424, data from May 2017 to Apr

TABLE 1 The conception rates in dairy heifers and cows after
insemination with sexed semen or conventional semen from the
same bulls and batches (the table was reused with the permission of
Livestock Improvement Association of Japan, Inc®?)

Conception

Group No. of insemination rate (%)
Sexed semen

Heifers 524 46.2

Cows 214 33.6
Conventional semen

Heifers 219 58.4

Cows 65 40.0
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2018) than that of the MoFlo SX, the rate has tended to gradually
increase through efforts in refinement and the amount of sperm
sorted by the three heads of the machine has increased. Thus, we
may need to further align the new machine to enhance the rate to
reach or to exceed the level of the old ones.

The use of sexed semen has been growing during the last decade
in Japan. In fiscal year 2007, sexed semen from dairy cattle accounted
for 1.4% of the frozen semen distributed by LIAJ—including domes-
tic and foreign products (Figure 5). The ratio has been consistently
increasing and reached 31.2% in fiscal year 2017. According to a sta-
tistical survey on livestock conducted by the Ministry of Agriculture,
Forestry and Fisheries of Japan,” the female-to-male ratio at birth
hovered at around 48% until 2007 (Figure 6).92 Thereafter, the ratio
has been increasing and reached 53.1% in 2016. In Japan, local gov-
ernments, livestock associations, and others encourage the use of
sexed semen. Al technicians, including veterinarians, have reported
their sexed semen service records to motivate themselves. Thus, it
is surmised that sexed semen has been adapted to commercial field

usage.

5.3 | Recent records of the conception rates and the
calf sex ratio of dairy cattle inseminated with
sexed semen

We have surveyed the conception rates and calf sex ratio with the
cooperation from some livestock associations, Al technicians, and
farmers. The insemination data of the sexed semen were collected
from 17 progeny-tested bulls selected by LIAJ from February 2012.%?
The CR was calculated using the data reported before August 2016.
The data included 4656 animals, of which 3123 and 1533 were heif-
ers and cows, respectively. The conception rates of the heifers and
cows were 52.8% and 40.1%, respectively (Table 2). The rates in the
survey tended to improve in comparison with those in the field trial
conducted in the early 2000 s. These results implied that technicians
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FIGURE 5 Thedistribution ratios of sexed semen to
conventional semen distributed by LIAJ (dairy breeds) from April to
March of each year

had been able to handle the sexed semen properly and that the pro-
duction technology of the semen had improved.

The sex ratio was surveyed from 804 calves produced with
sexed semen (X-sperm) made from 10 Holstein bulls in LIAJ during
2013 and 2015.%% Seven hundred fifty-five of 804 (93.0%) female
calves (the desired sex) were born. These results suggest that calves
of the desired sex have been obtained with sexed semen with >90%

accuracy since the products were first distributed.

6 | THE ECONOMIC BENEFIT OF SEXED
SEMEN IN THE CATTLE INDUSTRY

The use of sexed semen has been proven to be effective for increas-
ing the desired sex ratio. This raises the question as to whether
sexed semen is beneficial to farm management. Numerous reports
have estimated the economic benefits of sexed semen produced by
various strategies in many different countries, including the United
States, %% Denmark,®”%8 Iran,®’ Ireland,”® and Japan.71'72 In general,
the use of sexed semen is expected to have a positive effect on the
economics of the farms, maintaining replacement heifers and/or the

efficiency of expanding dairy herds,”®”°

resulting in an improved
milk yield.

Sasaki et al’! investigated the economic effects of the use of
sexed semen in Japanese dairy herds and found that the use of sexed
semen in place of conventional semen increased the agricultural in-
come in dairy herds in various simulations. Concretely, one of the
simulations showed that the use of Holstein sexed semen at 90%
purity (X-sperm) increased the earnings of a Japanese herd deliv-
ering 60 calves a year by more than 1.2 million JPY in comparison
with conventional semen. Thus, the use of sexed semen is likely
to be a profitable farm management strategy. On the other hand,

Kawano et al’? pointed out that CR after insemination with sexed
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FIGURE 6 The birth rates of female dairy calves in Hokkaido
and the other prefectures of Japan from February to January each
year (the illustration was reused with the permission of Japanese
Journal of Embryo Transfer®®)
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TABLE 2 The conception rates of
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heifers and cows in commercial fields el
. L R Group No. of insemination  NC No. of conception rate (%)

after insemination with sexed semen

produced from dairy bulls selected since Heifers 3135 12 1649 52.8

February 2012 (calculated until June 22, Cows 1535 2 614 40.1

2016) (the table was reused with the Total 4670 14 2963 18.6

permission of Japanese Journal of Embryo
Transfer®®)

semen influences the consistency of the profit. Although it is ben-
eficial to expand dairy herds and acquire replacement heifers when
the CRs using sexed semen are >45%, there is a possibility that lower
CRs (<40%) will cause volatility in the profitability of Japanese herds
due to the number of replacement heifers and the cost of the sexed
semen. These simulations varied according to the size of the herds,
feeding state, and CRs of the farm. It is certain that how much ef-
fects to gain from sexed semen depends on the technical levels of

reproductive control in individual farm.

7 | CONSIDERATION OF FERTILITY OF
SEXED SEMEN

One of the greatest concerns regarding the use of sexed semen is
the lower CR Numerous trials around the world have investigated
conception rates in cattle inseminated with frozen sexed semen.*®
These studies have revealed the fact that Al with sexed semen is
associated with lower conception rates in comparison with conven-
tional semen. The field data on the commercial use of sexed semen
also showed that the conception rates were lower in the United
States,'”7%77 Denmark,”® Australia,”’ and Japan.®! Thus, the definite
causes of this issue should be sought as rapidly as possible.

The number of inseminated sperm is one of the factors that
are considered to affect the fertility of inseminated cattle.8%8!
Den Daas et al®! found individual differences among bulls in the
maximal conception rates when insemination was performed with
large numbers of spermatozoa (1-11 million). These studies were
conducted with unsorted, conventional semen, and the same find-
ings apply for sexed semen. Our previous study®® and recent data
demonstrated that increasing the number of spermatozoa from 2
million to 3 million improved the fertility when using sexed semen.
Seidel and Garner®® reported in their review that there was no
significant difference in CR of sexed semen when Black Angus
were inseminated with 1.5 million and 4.5 million spermatozoa.
However, in their later field trial, they demonstrated that the fertil-
ity rate when 10 million spermatozoa were used per insemination
rather than 2 million was as high as the fertility rate of Black Angus
inseminated the same number of unsorted control sperm.®2 Other
research indicates that sexed sperm was associated with a lower
fertility rate in comparison with unsorted sperm when an equal
number of sperm were used,’®®38* and suggested that a 5-fold
increase in sperm numbers is required to achieve a fertility rate
comparable to that of control semen.®? A recent study reported

that the conception rate of a branded sexed semen packaged

NC, conception not confirmed.

at 4 million sperm per straw, SexedULTRA 4 M™ developed by

STgenetit:s"",17

reached that of conventional semen packaged at
15 million per straw.®®> The branded sexed semen is made using
improved media during sorting.}” Thus, these findings suggest that
in addition to the number of sperm, other factors are involved in
the lower fertility rate of sexed semen.

It is necessary to consider the potentially damaging effects of
sperm sorting. The aspects of the sexed semen production pro-
cesses that differ from those used in processing conventional semen
include DNA staining, laser illumination, higher dilution, sheath pres-
sure, and the medium environment. Both staining and laser exposure
potentially increase the DNA damage of sorted sperm by 1.5%.%
Although it has been reported that Hoechst staining of sperm does
not affect pregnancy rates or offspring size, UV laser use reduced
pregnancy rates in pigs.®° Intriguingly, sorted sperm does not affect

embryo development in rabbits®” or pigs,>18¢

suggesting that the
use of an excitation laser has no mutagenic effects on fertile sperm.
Sheath pressure during flow sorting affects sperm conception rates.
A field trial®® that we performed in the early 2000 s revealed that
the CR of sperm sorted at a higher pressure (45 psi) was lower than
that of sperm sorted at a lower pressure (40 psi). Schenk et al®®
also showed that sorting at 40 psi resulted in a higher pregnancy
rate than sorting at 50 psi. During sorting, a variety of mechanical
stresses are likely to affect sperm functions, resulting in subfertility.

Previous studies indicated a possible cause of the reduced fer-
tility of sex-sorted sperm, which may undergo functional changes.
Maxwell et al®??° demonstrated that flow sorting induces capacita-
tion-like changes in porcine spermatozoa based on the chlortetracy-
cline (CTC) assay pattern. Bovine sperm also change after sorting,
and the patterns of CTC staining as well as actin tyrosine phosphor-
ylation seemed to be at an intermediary level between fresh sperm
and in vitro-capacitated sperm.91 In addition, the sorting procedure
alters molecular chaperones to a capacitation-like pattern.92 It has
been reported that capacitated sperm are less able to bind to the
oviduct epithelial cells in bulls”® and pigs.®* Indeed, sex-sorted
porcine sperm showed less ability to bind to the oviduct epithelial
cells.” The results of studies that have been performed thus far indi-
cate that the sperm life span in sexed semen is shortened by sorting
damage, which causes capacitation-like membrane changes with re-
duced binding to oviduct cells, resulting in lower fertility rates when
Al is performed in the field. Actually, the optimal period of Al with
sexed semen is shorter than that with conventional semen in heif-
ers.”78 For successful conception, it seems necessary to recognize
the optimal timing of Al with sexed semen, which probably should be

done more close to ovulation than in the case of standard Al.
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Although increasing the number of sperm per insemination
seems to be an easy way to increase fertility, it is associated with a
higher cost than insemination with a standard number of sperm. It
would make sense to use improved machines and medium that treat
the sperm gently to reduce sperm damage.

8 | SEX SELECTION USING FLOW-SORTED
SPERM IN HUMANS

Sexed human semen has been clinically employed to conceive a child
of a particular sex in the United States and other countries. Sex se-
lection is used for the purposes of preventing genetic disease and for
family balancing.”” In humans, X-sperm contains approximately 2.8%
more DNA than Y—sperm.so'51 The sexing flow sorting technique for
separating human X- and Y-sperm is virtually the same as that used
for other animals; however, a specialized nozzle and high-speed cell
sorter are not used.

In 1993, Johnson et al*° reported that human X- and Y-sorted
sperm were separated by flow cytometry at an average of 82%
and 75% purity, respectively, as analyzed by in situ hybridization.
Subsequently, the Genetics & IVF Institute (GIVF; Fairfax, VA, USA)
firstly succeeded in producing a fetus using X-sorted sperm.’®® The
clinic reported that normal babies were delivered using X-sorted
sperm; in most cases, intrauterine insemination had been per-
formed.’® In this report, 13 out of 14 (92.4%) babies were of the
desired sex (female). Subsequently, two fertility centers performed
further clinical studies until 201277 The study showed that 944 of
1010 (93.5%) and 280 of 328 (85.4%) babies conceived with X-sorted
sperm and Y-sorted sperm, respectively, were of the targeted sex.

The USDA granted an exclusive license for human sperm sex-
ing technology to GIVF in 1992.7% GIVF calls the sexed semen pro-
duction process MicroSort®. Through the studies described above,
technology for humans is now available at laboratories in several

countries.”?

9 | CONCLUSION

Sexed semen produced by flow cytometry has the potential to pro-
duce offspring of the preferred sex with high accuracy and reliability.
Thus, the products are economically beneficial for farmers in terms
of obtaining the desired sex in each breed. The improvement of
sexed semen fertility would be expected to have further economic
benefits. Although the technology remains to be refined, it is ex-
pected that the widespread use of sexed semen in the farm setting
will be achieved in the future.
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