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Abstract: Sperm sexing is a technology that can generate great economic benefits in the animal pro-
duction sector. Techniques such as sex-sorting promise over 90% accuracy in sperm sexing. However,
for the correct standardization of the technique, some laboratory methodologies are required. The
present manuscript describes in detail a standardized equine sperm sex-sorting protocol using an
absolute qPCR-based methodology. Furthermore, the results of absolute qPCR were implemented
and validated by generating equine/bovine heterologous embryos by intracytoplasmic sperm injec-
tion (ICSI) of presumably sexed equine spermatozoa into bovine oocytes using a piezoelectric system
(Piezo-ICSI). Our results indicated that equine sex-sorting spermatozoa had a 97% and 94% certainty
for X and Y sperm, respectively, while presumptive female and male equine/bovine hybrid embryos,
generated by Piezo-ICSI, had an accuracy of 92% with respect to the desired sex. Therefore, it is
concluded that the presented methodology is a reliable, cost-effective, and relatively simple option
for standardizing sex-sorting of equine spermatozoa. This is supported by the results of the correct
sexing of Piezo-ICSI heterologous embryos generated with the sexed spermatozoa, validating the
correct sexing and viability of these gametes.

Keywords: absolute RT-qPCR; PIEZO-ICSI; plasmids; sex-sorting; sperm stallion

1. Introduction

In the area of animal production, selecting or determining the sex of an animal before
it is born can be of great economic benefit [1]. For example, having a thoroughbred foal that
is successful in the equestrian arena can be more profitable from a producer’s point of view
than a mare with the same characteristics because, although the value of both increases
in terms of their progeny, the difference is that a single foal can produce several offspring
per year, while a mare can have only one. In mammals, sex is determined by the XY
system because males are heterogametic and females are homogametic; this is in contrast
to other taxonomic classes, such as birds, where sex is determined by the ZW system, with
the female being heterogametic and the male homogametic [2]. Therefore, approaches to
sexing offspring in mammals have focused on sexing male gametes, e.g., spermatozoa [3].
Methodologies that have been developed to achieve this goal include immunological
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detection techniques [4], differences in swimming ability [5], and differential separation by
percoll and albumin [6,7], among others. However, the methodology with the best accuracy
currently (over 90%) is sexing by flow cytometry or sex-sorting, which is based on the
difference in DNA content in Y chromosome with respect to the X chromosome [8]. The data
obtained by the horse genome sequencing project show that the X chromosome contains
approximately 150 Mb [9], while the Y chromosome could not be correctly sequenced
because of its large palindromes and repeated sequences, known as Dark DNA [10,11].
However, this chromosome is estimated to be 50 Mb in size, which is a third less than the
female chromosome [10]. Such a difference can be detected by flow cytometry when the
DNA of these cells is stained with fluorescent dyes such as DAPI, SYBR Green, or Hoechst.

Parameters such as the voltage used in the cell sorting, the concentration of spermato-
zoa, and fluorescent dye play a crucial role in achieving a high percentage of accuracy of
the technique [8]. In this sense, determining the sex-sorting error is a fundamental step for
standardizing these parameters. Therefore, this paper describes a protocol for sex-sorting
equine spermatozoa and a methodology based on absolute qPCR to evaluate and standard-
ize flow cytometry parameters during sex-sorting. In addition, to validate the sex-sorting
and absolute qPCR results, sexed spermatozoa were used to generate equine/bovine hybrid
embryos by piezoelectric intracytoplasmic sperm injection (Piezo-ICSI). Both female and
male embryos were 92% accurate with the desired sex, confirming the correct sexing and
viability of these spermatozoa.

2. Results
2.1. Design of Standards Curves

The results of conventional PCR amplification confirmed that pUC19-TNMD and
pUC19-SRY vectors were correctly designed as amplicons of 89 and 141 bp, respectively
(Figure 1). Dilutions to generate the standards from 3,000,000 to 500,000 copies of each vec-
tor showed a directly proportional increase in their Ct of qPCR amplification (Figure 2a,b).
The efficiency for both primer pairs was 100%. Therefore, the above results indicate that
the standard curves were correctly designed.
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Figure 1. Confirmation of the correct design of the pUC19-TNMD and pUC19-SRY vec-
tors by PCR. Lanes L correspond to the DNA Ladder “GeneRuler 50 bp DNA Ladder
(ThermoFisher, Waltham, MA, USA)”. Lane pUC-TNMD corresponds to the pUC19-TNMD vector
with the qPCR-TNMD primers. Lane pUC-SRY corresponds to the vector pUC19-SRY with the qPCR-
SRY primers. The CX lane corresponds to the pUC19-TNMD vector with the qPCR-SRY primers and
the CY lane corresponds to the pUC19-SRY vector with the qPCR-TNMD primers.

2.2. Determination of the Sex-Sorting Accuracy

Using absolute RT-qPCR, the number of correctly sexed X and Y cells was quantified,
with a SYBR-Green threshold set at a fluorescence value (dR) of 4000. In the case of Y
spermatozoa, 2,807,000 of 3,000,000 cells were correctly sexed, which means that 93.57%
of the cells carried the Y chromosome, while in the control with unsexed spermatozoa
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using primers for the Y chromosome, the absolute qPCR indicated that 1,427,000 (47.57%)
corresponded to Y spermatozoa. In the case of the X spermatozoa, 96.63% of cells were
correctly sexed, while in the control with unsexed spermatozoa, 46.57% corresponded to
X spermatozoa. Therefore, both controls with unsexed sperm validated the theoretical
calculations, as approximately half of the sperm carried the corresponding chromosome for
each pair of primers (Table 1 and Figure 2a,b).
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Figure 2. Standard curves to determine the percentage error of sex-sorting. (a) The curve of standards
made with the pUC19-TNMD plasmid and the number of spermatozoa with a copy of the TNMD
gene that carries the X chromosome are shown. (b) The curve of standards made with the pUC19-SRY
plasmid and the number of spermatozoa with a copy of the SRY gene that carries the Y chromosome
are shown. Squares represent the standards made with the plasmids, the triangles represent the sexed
spermatozoa, and the circles represent the unsexed spermatozoa, in both groups. In red is the control
of unsexed sperm and blue is sexed sperm samples in both graphs.

Table 1. Percentage of correct sexing of sperm and embryos.

Sexing Primers Used % of Correct Sex

Absolute RT-qPCR of sexed spermatozoa X qPCR-TNMD 96.63%
Absolute RT-qPCR of unsexed spermatozoa qPCR-TNMD 46.57%
Absolute RT-qPCR of sexed spermatozoa Y qPCR-SRY 93.57%
Absolute RT-qPCR of unsexed spermatozoa qPCR-SRY 47.57%

PCR of equine/bovine embryos generated with a sperm X qPCR-TNMD 92.1%
PCR of equine/bovine embryos generated with a sperm Y qPCR-SRY 92.0%

Percentage of correct sex of sexed spermatozoa and embryos produced by PIEZO-ICSI using sexed spermatozoa.

2.3. Sexing of Equine/Bovine Hybrid Embryos Produced by PIEZO-ICSI

Equine/bovine hybrid embryos generated by Piezo-ICSI had 82% cleavage assessed
at day 3 of culture, with an average development of 8–16 blastomeres (Figure 3). A total
of 88 equine/bovine hybrid embryos, 38 embryos injected with presumptive X sperm,
and 50 embryos injected with presumptive Y sperm was evaluated by PCR. PCR analysis
indicated that 35 (92.1%) of the 38 embryos injected with X sperm were indeed female
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embryos, while of the 50 embryos injected with Y sperm, 46 (92.0%) were male embryos
(Table 1 and Figure 4a). On the other hand, the primers designed for equine sexing did not
amplify during PCR in bovine parthenotes, confirming their specificity for Equus caballus
(Figure 4b).
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Figure 3. Equine/bovine hybrid embryos produced by Piezo-ICSI. Representative images of
equine/bovine hybrid embryos on day 3 of culture. Both embryos are in the morula stage with
8–16 blastomeres.
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Figure 4. PCR sexing of equine/bovine hybrid embryos generated by Piezo-ICSI. Lanes L correspond
to the DNA Ladder GeneRuler 50 bp DNA Ladder (ThermoFisher, Waltham, MA, USA). Lanes XX and
XY correspond to the sexing of female and male embryos, respectively. Lanes CX and CY correspond
to the confirmation that the qPCR-TNMD and qPCR-SRY primers have no amplification sites in
the bovine parthenotes genome. (a) Representative electrophoresis of the PCR sexing of 4 female
embryos (89 bp) and 4 male embryos (141 bp), produced with the respective sexed spermatozoa, can
be observed. (b) Representative electrophoresis shows that primers qPCR-TNMD and qPCR-SRY do
not generate an amplicon by PCR, with the DNA of bovine parthenotes as template.
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3. Discussion

In the present study, an equine sperm sex-sorting protocol was designed and stan-
dardized using a qPCR-based methodology. Although it is based on theoretical calcula-
tions that could lead to an error in determining the reliability of sex-sorting, the control
with DNA from unsexed spermatozoa showed that this error is negligible. Contrary to
Khamlor [12], the simplex qPCR amplification performed here does not seem to show
much error compared to multiplex qPCR; thus, the use of probes would not be necessary.
Furthermore, the absolute qPCR was validated by the generation of equine/bovine hybrid
embryos by microinjection of presumably sexed equine spermatozoa into bovine oocytes
by a Piezo-ICSI, with a clear concordance between both results. It is important to highlight
that, in this study, the whole embryo was used to determine the sex by PCR; however, in
the case of working with equine embryos that are implanted in a recipient mare, there is
the alternative of using a biopsy of a single blastomere obtained by micromanipulation
to determine the sex of the embryo by PCR, without affecting its viability. This can be
achieved using methodologies such as those described by Park et al. [13].

Although there are other techniques to determine the sex-sorting error rate, such as
flow cytometric re-analysis [14], multiplex qPCR [12], or PCR on individual
spermatozoa [15], the technique reported here is a simpler and cheaper alternative. It
is worth noting that this is one of the first papers to focus on determining the error rate of
sex-sorting in equine spermatozoa.

Regarding the endemic genes selected to identify each sex chromosome in equine
spermatozoa, both were found efficient for this purpose. The SRY gene is frequently used
to identify the Y chromosome in different mammalian species [16,17]. However, the TNMD
gene had not been previously used for X chromosome identification, since one of the
most commonly used genes is PLP [18,19]. Therefore, an alternative to the PLP gene for X
chromosome identification is also reported in this study.

As for the designed plasmids used to generate the standards curves for absolute
quantification during this work, we linearized the plasmid DNA to prevent overestimates
of the results of the absolute qPCR. Although some researchers in scientific forums debate
whether it is necessary or not to linearize plasmids for use in absolute qPCR, several studies
agree with us, demonstrating that linearization of plasmids using restriction enzymes is
necessary to obtain reliable results, as the supercoiling of circular plasmids generate an
overestimation of qPCR results [20,21].

During this work, different techniques for DNA extraction from spermatozoa were
tested, including commercial kits. Due to the high compaction of sperm DNA by
protamines [22], which resulted in a low extraction yield and purity of the genetic material,
finding a specific protocol for DNA extraction from spermatozoa was necessary. Univer-
sal DNA extraction protocols such as that described by Wang et al. [23] were also tested.
However, the methodology with the highest yield and DNA purity was that described by
Vázquez [24], confirming that protocols and kits used for DNA extraction from somatic
cells may require modification for efficient sperm DNA extraction.

4. Materials and Methods
4.1. Primers Design

To identify the X and Y chromosomes, regions of genes endemic to each chromosome
were amplified by PCR. For the X chromosome, primers were designed to amplify a
region of the TNMD gene, which codes for tenomodulin, a protein important for tendon
maturation. For the Y chromosome, primers were designed to amplify a region of the
SRY gene, which codes for testis determinant factor. Primer design was performed using
AmplifX v2.0.7 software, and physicochemical parameters and dimer or hairpin formation
were evaluated using IDT’s OligoAnalyzer tool v3.1. Moreover, to eliminate any possibility
that the primers amplified a non-specific region within the equine genome, an off-target
analysis was performed with Primer-BLAST v2.11.0 software from the NCBI database. The
primers designed are shown in Table 2.
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Table 2. Sequences of designed primers.

Name Sequence 5′ to 3′ Use Amplicon

qPCR-SRY-F AGGACAGCAACATACCGTTCTCG absolute qPCR of sperm
embryo sexing. 141 bp

qPCR-SRY-R GCATTCATGGGTCGTTTGACA absolute qPCR of sperm
embryo sexing. 141 bp

qPCR-TNMD-F GCGGGTTATCTGTCGTGTCATC absolute qPCR of sperm,
embryo sexing. 89 bp

qPCR-TNMD-R GCTCTTGTGCTCGAACTTGC absolute qPCR of sperm,
embryo sexing. 89 bp

SRY-F GCAAT GGCGCC CGGGAAGCGGTTTGTCACTTTTCT
Cloning of the SRY gene from

Equus caballus. 695 bp

SRY-R AACTA GGATCC TGGGGATTAGAAGTAGGGCACAGA
Cloning of the SRY gene from

Equus caballus. 695 bp

TNMD-F GCAAT GGCGCC TCACAGCCCCTCAGATCAAAGTCA
Cloning of the TNMD gene

from Equus caballus 564 bp

TNMD-R AACTA GGATCC GCTACCAGGAGCCAAATGCCTTAT
Cloning of the TNMD gene

from Equus caballus. 564 bp

The grey color indicates the restriction site of the KasI restrictase. The olive color indicates the restriction site of
the BamHI restrictase.

4.2. Design of Standards for Absolute qPCR

To obtain the standard curves that would be used for absolute quantification, two
constructs were designed to simulate both sex chromosomes. First, using the Quick-
DNATM Miniprep kit (Zymo Research, Irvine, CA, USA), DNA was extracted from the
blood of a foal and a mare, following the manufacturer’s instructions. Then, using AmplifX
v2.0.7 software, primers flanking regions of the TNMD and SRY genes were designed and
analyzed using OligoAnalyzer v3.1 and Primer-BLAST v2.11.0 software in the same way
as explained above. In addition, a restriction site for KasI and BamHI enzymes was added
to the 5’ ends of the primers (see sequences in Table 1). Then, using a high-fidelity DNA
polymerase (ThermoFisher, Waltham, MA, USA), the TNMD and SRY gene regions were
amplified. The resulting amplicons were digested with KasI (NEB, Ipswich, MA, USA) and
BamHI (NEB, Ipswich, MA, USA) restrictases to leave their ends cohesive. The digested
product was visualized on a 1.5% agarose gel electrophoresis, which was run for 1 h at
110 volts. The bands containing the amplicons with their cohesive ends were extracted
using the QIAquick® Gel Extraction kit (QIAGEN, Valencia, CA, USA), following the
manufacturer’s instructions.

On the other hand, the pUC19 plasmid was subcloned into commercial DH5α bacte-
ria (ThermoFisher, Waltham, MA, USA), digested by KasI and BamHI enzymes, and the
digestion product was run on agarose gel electrophoresis under the same conditions as
above. Finally, the TNMD and SRY gene fragments were separately ligated into the cohe-
sive pUC19 vector, resulting in the pUC19-TNMD and pUC19-SRY plasmids, respectively
(Figure 5).

We confirmed by conventional PCR that the vectors were correctly constructed, using
the primers designed for qPCR. The resulting amplicons were visualized on 2.5% agarose
gel electrophoresis run at 110 volts for 1 h (Figure 4).

4.3. Collection of Semen Samples and Cryopreservation

Semen was collected from three Chilote stallions aged 3–8 years with a Colorado
artificial vagina during the reproduction season in compliance with the Scientific Ethics
Committee of the Universidad de La Frontera (Act N◦ 057/2016). Immediately after collec-
tion, the semen was diluted by adding commercial diluent (Botusemen®, Botucatu, Brazil)
in a 1:1 ratio and transported to the laboratory at 37 ◦C within 15 min of collection. Sperm
concentration was assessed using a Neubauer chamber by diluting the sample 100-fold.
The diluted ejaculates were then centrifuged at 1000 RPM for 10 min, the supernatant
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was removed, and the cell pellet was brought to a concentration of 200 million/mL using
Equiplus Freeze 1 step® commercial cryopreservation medium (Minitube, Valencia, Spain).
Afterwards, the samples were stored in 0.5 mL straws (Minitube, Valencia, Spain), heat-
sealed, and balanced at 6 ◦C for 1 h. Finally, the straws were exposed to liquid nitrogen
(LN2) vapors for 10 min, plunged, and stored in LN2 at −196 ◦C for later use.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 12 
 

 

blood of a foal and a mare, following the manufacturer’s instructions. Then, using Am-
plifX 2.0.7 software, primers flanking regions of the TNMD and SRY genes were designed 
and analyzed using OligoAnalyzer and Primer-BLAST software in the same way as ex-
plained above. In addition, a restriction site for KasI and BamHI enzymes was added to 
the 5’ ends of the primers (see sequences in Table 1). Then, using a high-fidelity DNA 
polymerase (ThermoFisher, Waltham, MA, USA), the TNMD and SRY gene regions were 
amplified. The resulting amplicons were digested with KasI (NEB, Ipswich, MA, USA) and 
BamHI (NEB, Ipswich, MA, USA) restrictases to leave their ends cohesive. The digested 
product was visualized on a 1.5% agarose gel electrophoresis, which was run for 1 h at 
110 volts. The bands containing the amplicons with their cohesive ends were extracted 
using the QIAquick® Gel Extraction kit (QIAGEN, Valencia, CA, USA), following the man-
ufacturer’s instructions.  

On the other hand, the pUC19 plasmid was subcloned into commercial DH5α bacte-
ria (ThermoFisher, Waltham, MA, USA), digested by KasI and BamHI enzymes, and the 
digestion product was run on agarose gel electrophoresis under the same conditions as 
above. Finally, the TNMD and SRY gene fragments were separately ligated into the cohe-
sive pUC19 vector, resulting in the pUC19-TNMD and pUC19-SRY plasmids, respectively 
(Figure 5). 

(a) 

 
(b) 

 

Figure 5. pUC19-TNMD and pUC19-SRY vectors. The two constructs designed for making the 
standards for absolute qPCR quantification are shown. (a) pUC19-TNMD vector contains a fragment 
of the TNMD gene, endogenous to the X chromosome. (b) pUC19-SRY vector containing a fragment 
of the SRY gene, endogenous to the Y chromosome. 

Figure 5. pUC19-TNMD and pUC19-SRY vectors. The two constructs designed for making the
standards for absolute qPCR quantification are shown. (a) pUC19-TNMD vector contains a fragment
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4.4. Sex-Sorting of Equine Sperm

Sperm for sex-sorting were thawed for 30 s in a thermoregulated bath at 37.5 ◦C, followed
by two washes with calcium- and magnesium-free PBS (ThermoFisher, Waltham, MA, USA),
supplemented with 10% bovine serum albumin (BSA) and centrifuged at
1200 RPM for 5 min, to remove the cryopreservation medium. The spermatozoa were brought
to a concentration of 15 × 106 SPZs/mL and stained with Hoechst 34,580
(ThermoFisher, Waltham, MA, USA) at a final concentration of 800 ng/mL, incubated for
20 min in the dark. Sex-sorting was performed on a Cell Sorter FACS ARIA FUSION cytometer
(Becton Dickinson, San Jose, CA, USA), equipped with a 405 nm laser, which was used to
irradiate Hoechst 34580. The presumptive X and Y sperm populations were chosen according
to their fluorescence intensity (Figure 6). Sperm were analyzed at a rate of 3000–4000 cells
per sec, and the sorted sperm (predominantly X-bearing or predominantly Y-bearing) were
collected at a rate of approximately 34–36 cells per sec. For sperm separation, 397 volts and a
70 µm/psi injector were used. Each sperm population was collected separately in cytometry
tubes containing 500 µL of PBS to minimize damage from the sperm’s impact on the tube.
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Data were acquired and analyzed using FACSDiva™ v8.0.2 software (Becton, Dickinson
and Company).
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At the end of sex-sorting, spermatozoa were suspended at a concentration of
90,000 SPZs/mL in calcium and magnesium-free PBS. Then, the PBS containing spermatozoa
was supplemented with 10% molecular biology grade BSA (ThermoFisher, Waltham, MA, USA)
and centrifuged for 10 min at 1200 RPM. Finally, using a 200 µL pipette and taking great care
not to disturb the sometimes inconspicuous sperm pellet, the supernatant was discarded to
concentrate sexed spermatozoa to a final volume of 50 µL.

4.5. DNA Extraction from Equine Spermatozoa

Due to the high compaction of DNA in sperm cells by proteins called protamines [22],
DNA was extracted using the methodology described by Vázquez [24], with some modifi-
cations. The membrane was removed from the spermatozoa by incubating them for 10 min
at 30 ◦C in 10% CTAB (cetyltrimethylammonium bromide). Cells were then lysed using a
solution containing Proteinase K 1 mg/mL, 1% SDS, 1% DTT, and 0.025% DMSO in 50 mM
Tris HCl (pH 8.9), incubated for 30 min at 55 ◦C. Two washes were performed with 50 mM
Tris HCl (pH 8.9) at 11,000 RPM for 5 min. The DNA was then decondensed using a solution
containing DTT (180 mM final) and Heparin (1 U/mL final). Again, two washes were
performed with 50 mM Tris HCl (pH 8.9) at 11,000 RPM for 5 min, and the resulting pellet
was resuspended in 500 µL of 50 mM Tris HCl (pH 8.9). Then, 300 µL of ice-cold acetone
was added, followed by centrifugation at 5000 RPM for 5 min, discarding the supernatant.
The pellet was resuspended in 300 µL of absolute ethanol and centrifuged at 5000 RPM for
5 min to remove the supernatant. Finally, the DNA was reconstituted in molecular biology
grade water. Nucleic acid quantification was performed using the Qubit 3.0 fluorometric
quantifier (ThermoFisher, Waltham, MA, USA), following the manufacturer’s instructions.

4.6. Determination of Sex-Sorting Error Rate

To determine the percentage error of the sex-sorting, the number of copies of the pUC19-
TNMD and pUC19-SRY vectors in certain pg of DNA was first calculated using the dsDNA
copy number calculator v1.29.04 software, using the formula
“number of copies = (amount of DNA in ng × 6.022 × 1023)/(size in bp × 1 × 109 × 650)”; in
this way, the standard curves were designed for the quantification of both sex chromosomes
(Table 3).

On the other hand, to know the number of spermatozoa to which a given amount
of µg of DNA corresponds, the same formula was used, calculating that an X spermato-
zoon has 2.46 Gb (2,460,000,000 bases) in its genome and a Y spermatozoon has 2.35 Gb
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(2,350,000,000 bases). This calculation was performed using data from the horse genome
sequencing project found in the NCBI database under ID: 145 [9]. Finally, for absolute qPCR
quantification, 7.96 and 7.6 µg of DNA from X and Y (presumably sexed) spermatozoa,
respectively, which would be equivalent to 3,000,000 cells, were added to determine the
sex-sorting error, noting that each spermatozoon, being a haploid cell, will contain only
one copy of the TNMD or SRY gene. In addition, the same amount of DNA was added, but
from unsexed spermatozoa, to validate the theoretical calculations.

Table 3. Standards curves.

Quantity of
Standard pUC19-SRY

Number of Molecules of
pUC19-SRY Vector

Quantity of
Standard pUC19-TNMD

Number of Molecules of
pUC19-TNMD Vector

10 pg 2,890,000 10 pg 3,010,000

8 pg 2,310,000 8 pg 2,410,000

6 pg 1,730,000 6 pg 1,810,000

4 pg 1,160,000 4 pg 1,210,000

2 pg 578,000 2 pg 603,000

0 pg 0 0 pg 0

As the table indicates, the standards were performed using the vectors designed
according to the number of copies or molecules of each plasmid to compare it with the
number of presumed sexed spermatozoa. The calculation of how many molecules are
in certain picograms of plasmid was performed with the software dsDNA copy number
calculator v1.29.04, which considers Avogadro’s number in the following formula: Number
of molecules = (amount (in pg) × 6.022 × 1023)/(size (in bp) × 1 × 109 × 650).

4.7. Absolute RT-qPCR

Absolute qPCR quantification was performed on an Agilent Technologies Stratagene
Mx3000P thermal cycler using Brilliant II SYBR Green mastermix (Agilent Technologies,
Santa Clara, CA, USA). The reaction conditions were: 10 min at 95 ◦C, 30 cycles of 20 s
at 95 ◦C, 20 s at 55 ◦C, and 20 s at 72 ◦C, ending with an incubation of 1 s at 25 ◦C and
15 s at 72 ◦C. The six standards for each chromosome (pUC19-TNMD and pUC19-SRY)
linearized with the KasI enzyme, DNA extracted from presumably sexed spermatozoa,
and two controls with unsexed spermatozoa (one for each pair of primers) were ampli-
fied. All were performed in triplicate. The data were analyzed by MxPro v4.10 software
(Agilent Technologies).

4.8. Oocyte Collection and In Vitro Maturation (IVM)

To validate the results of absolute qPCR of the sperm sexing, a heterologous ICSI assay
was performed by microinjection of equine sperm into bovine oocytes. Importantly, the
designed primers do not have homologous sites across the bovine genome; therefore, the
heterologous embryos will have only one alignment site for the designed primers.

Bovine ovaries were collected from a local slaughterhouse
(Frigorifico Temuco, Temuco, Chile). Cumulus–oocyte complexes (COCs) were aspirated
from 2–7 mm follicles using a 12-gauge disposable needle. COCs with several cumulus
cell layers and homogeneous cytoplasm were matured in TCM-199 medium (Gibco™,
Waltham, MA, USA) supplemented with 10% (v/v) inactivated bovine fetal serum (BFS;
Gibco™, Waltham, MA, USA), LH hormone (6 µg/mL), and estradiol (1 µg/mL). In vitro
oocyte maturation was performed for 22–24 h at 38.5 ◦C in a humidified atmosphere at
5% CO2 [25]. Matured oocytes were stripped of cumulus cells by vortexing for 5 min in
the presence of hyaluronidase 1 mg/mL and selected based on the presence of the first
polar body.
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4.9. Heterologous ICSI, Bovine Parthenotes Production, and Embryo Culture

ICSI was carried out as previously described [26] using Narishige manipulators (Nar-
ishige Scientific Instrument Lab) mounted on an inverted microscope with Hoffman optics
(Eclipse TS100F; Nikon Instruments, New York, NY, USA). Piezo-ICSI was performed
in Hamster Embryo Culture Medium–Hepes buffered (HECM–HEPES) at 38.0 ◦C. One
part of the sperm suspension was mixed with one part injection buffer containing 5%
polyvinylpyrrolidone (PVP, Sigma-Aldrich, St. Louis, MO, USA). Immediately prior to in-
jection, motile spermatozoa were immobilized by applying a few piezo pulses to the sperm
tail. Equine sperm were delivered into the bovine ooplasm using a piezo micropipette-
driving unit (PMM-4g Piezo drill, Prime Tech, Ibaraki, Japan).

On the other hand, to evaluate by PCR that the primers designed for equine sexing do
not present specific amplification sites in the Bos taurus genome, bovine parthenogenetic
embryos were produced as previously described [25]. Briefly, mature bovine oocytes
were activated by 5 min exposure to 5 µM ionomycin (Calbiochem, San Diego, CA, USA)
followed by 5 h of incubation in KSOM embryo culture medium containing 1 µg/mL of
anisomycin [25].

For in vitro culture, groups of 25 presumptive embryos were placed in droplets
(50 µL) of KSOM embryo culture medium under mineral oil. The embryo culture dishes
were incubated in a gas mixture containing 5% CO2, 5% O2, and 90% N2 at 38.5 ◦C in
saturation humidity for 3 days.

5. Conclusions

The methodologies presented here can be used to sex equine spermatozoa, evaluate
the percentage error of sex-sorting, and standardize the parameters of flow cytometry for
each particular case. This was confirmed in the present study because the percentage of
embryos of the correct sex, with the sex chromosome of the microinjected spermatozoa
for oocyte fertilization, is concordant with the results of absolute qPCR. However, for
commercial reasons or fertility characteristics of each stallion, it may be necessary to modify
some parameters of the flow cytometer, such as the concentration of the spermatozoa or
the concentration of the fluorescent stain. This will require a re-standardization of the
sex-sorting, for which the absolute qPCR methodology presented here is a fast, accurate,
and economical alternative, since it does not require antibodies or fluorescent probes, and
is relatively simple once it has been implemented in the laboratory.

Author Contributions: Conceptualization, E.M. and R.F.; methodology, E.M., M.C., F.F., L.A. and
M.J.C.; software, E.M.; validation, E.M., M.E.A. and R.F.; formal analysis, E.M. and R.F.; investigation,
E.M. and R.F.; resources, E.M., M.J.C., F.F., M.E.A. and R.F.; data curation, E.M. and M.C.; writing—
original draft preparation, E.M., M.C., M.J.C., F.F. and L.A.; writing—review and editing, M.E.A. and
R.F.; visualization, E.M. and F.F.; supervision, E.M., M.E.A. and R.F.; project administration, E.M. and
R.F.; funding acquisition, M.E.A. and R.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the FONDECYT Project #1201166, ANID, Chile and the
National Doctoral Scholarship ANID #21191434, Chile. Programa de Formacion de Investigadores
Postdoctorales, Universidad de La Frontera (PDT21-0001).

Institutional Review Board Statement: All animal experiments were conducted in accordance with
the Scientific Ethics Committee of the Universidad de La Frontera (Act N◦ 057/2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the Frigorifico Temuco for providing bovine
ovaries and the Service Management Analytical Research and Training Center (SmartC-BIOREN
UFRO) for the equipment to perform the sex-sorting.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 11947 11 of 12

References
1. Naniwa, Y.; Sakamoto, Y.; Toda, S.; Uchiyama, K. Bovine sperm sex-selection technology in Japan. Reprod. Med. Biol. 2019,

18, 17–26. [CrossRef]
2. Hirst, C.E.; Major, A.T.; Smith, C.A. Sex determination and gonadal sex differentiation in the chicken model. Int. J. Dev. Biol. 2018,

62, 153–166. [CrossRef] [PubMed]
3. González-Marín, C.; Góngora, C.E.; Moreno, J.F.; Vishwanath, R. Small ruminant SexedULTRA™ sperm sex-sorting: Status report

and recent developments. Theriogenology 2021, 162, 67–73. [CrossRef]
4. Quelhas, J.; Santiago, J.; Matos, B.; Rocha, A.; Lopes, G.; Fardilha, M. Bovine semen sexing: Sperm membrane proteomics as

candidates for immunological selection of X- and Y-chromosome-bearing sperm. Vet. Med. Sci. 2021, 7, 1633–1641. [CrossRef]
5. Pozdyshev, D.V.; Kombarova, N.A.; Muronetz, V.I. Biochemical Features of X or Y Chromosome-Bearing Spermatozoa for Sperm

Sexing. Biochemistry 2023, 88, 655–666. [CrossRef]
6. Bhat, Y.; Sharma, M. X-sperm enrichment of bovine semen by Percoll density gradient method and its effect on semen quality, sex

ratio and conception rate. Indian J. Anim. Res. 2020, 54, 1181–1187. [CrossRef]
7. Ohlweiler, L.U.; Mezzalira, J.C.; Mezzalira, A. Porcine IVF embryo development and estrogen receptors are influenced by the

concentration of percoll gradients during sperm selection. Mol. Reprod. Dev. 2020, 87, 135–141. [CrossRef]
8. Thomas, J.M.; Locke, J.W.C.; Bonacker, R.C.; Knickmeyer, E.R.; Wilson, D.J.; Vishwanath, R.; Arnett, A.M.; Smith, M.F.; Patter-

son, D.J. Evaluation of SexedULTRA 4M™ sex-sorted semen in timed artificial insemination programs for mature beef cows.
Theriogenology 2019, 123, 100–107. [CrossRef]

9. Kalbfleisch, T.S.; Rice, E.; DePriest, M.S.; Walenz, B.P.; Hestand, M.S.; Vermeesch, J.R.; O’Connell, B.L.; Fiddes, I.T.; Vershinina,
A.O.; Petersen, J.L.; et al. EquCab3, an updated reference genome for the domestic horse. BioRxiv 2018. [CrossRef]

10. Raudsepp, T.; Santani, A.; Wallner, B.; Kata, S.R.; Ren, C.; Zhang, H.B.; Womack, J.E.; Skow, L.C.; Chowdhary, B.P. A detailed
physical map of the horse Y chromosome. Proc. Natl. Acad. Sci. USA 2004, 101, 9321–9326. [CrossRef] [PubMed]

11. Hargreaves, A. The hunt for dark DNA. New Sci. 2018, 237, 29–31. [CrossRef]
12. Khamlor, T.; Pongpiachan, P.; Sangsritavong, S.; Chokesajjawatee, N. Determination of sperm sex ratio in bovine semen using

multiplex real-time polymerase chain reaction. Asian-Australas. J. Anim. Sci. 2014, 27, 1411. [CrossRef] [PubMed]
13. Park, J.H.; Lee, J.H.; Choi, K.M.; Joung, S.Y.; Kim, J.Y.; Chung, G.M.; Jin, D.I.; Im, K.S. Rapid sexing of preimplantation bovine

embryo using consecutive and multiplex polymerase chain reaction (PCR) with biopsied single blastomere. Theriogenology 2001,
55, 1843–1853. [CrossRef] [PubMed]

14. Ren, F.; Xi, H.; Ren, Y.; Li, Y.; Wen, F.; Xian, M.; Zhao, M.; Zhu, D.; Wang, L.; Lei, A.; et al. TLR7/8 signalling affects X-sperm
motility via the GSK3 α/β-hexokinase pathway for the efficient production of sexed dairy goat embryos. J. Anim. Sci. Biotechnol.
2021, 12, 89. [CrossRef]

15. Yadav, S.K.; Gangwar, D.K.; Singh, J.; Tikadar, C.K.; Khanna, V.V.; Saini, S.; Dholpuria, S.; Palta, P.; Manik, R.S.; Singh, M.K.; et al.
An immunological approach of sperm sexing and different methods for identification of X- and Y-chromosome bearing sperm.
Vet. World 2017, 10, 498. [CrossRef]

16. Kurtz, S.; Petersen, B. Pre-determination of sex in pigs by application of CRISPR/Cas system for genome editing. Theriogenology
2019, 137, 67–74. [CrossRef]

17. Azam, A.; Awan, M.A.; Khalid, M.; Sami, A.; Shahzad, Q.; Ansari, M.S.; Rakha, B.A.; Naqvi, S.M.S.; Akhter, S. Efficiency of
sucrose density gradient method for sex separation of buffalo spermatozoa as validated by SYBR Green Real Time PCR. Anim.
Sci. Pap. Rep. 2020, 38, 22–23.

18. Gaddam, N.; ST, V.R.; Putty, K.; Sakaram, D.; Ganji, V.K. Quantitative and qualitative assessment of sex sorted semen of Bos
indicus and Bos taurus breeds. Res. Sq. 2022, 1–13. [CrossRef]

19. Saffari, M.; Heidari, F.; Shamsara, M.; Hashemi, E. The Effect of Diffrent Factors on X-and Y Bearing Sperm in Bull Semen. Iran. J.
Vet. Med. 2018, 12, 219–227. [CrossRef]

20. Laghi, L.; Randolph, A.E.; Malesci, A.; Boland, C.R. Constraints imposed by supercoiling on in vitro amplification of polyomavirus
DNA. J. Gen. Virol. 2004, 85, 3383–3388. [CrossRef]

21. Hou, Y.; Zhang, H.; Miranda, L.; Lin, S. Serious overestimation in quantitative PCR by circular (supercoiled) plasmid standard:
Microalgal pcna as the model gene. PLoS ONE 2010, 5, e9545. [CrossRef] [PubMed]

22. Barrachina, F.; Soler-Ventura, A.; Oliva, R.; Jodar, M. Sperm nucleoproteins (histones and protamines). In A Clinician’s Guide to
Sperm DNA and Chromatin Damage; Springer: Cham, Switzerland, 2018; pp. 31–51. [CrossRef]

23. Wang, D.; Zhu, H.; Guo, J.; Lin, B.; Zhang, L.; Hao, H.; Du, W.; Zhao, X. A study of a method to assess the purity of sorted bovine
semen using rapid single-sperm sexing PCR. J. Anim. Vet. Adv. 2011, 10, 750–756. [CrossRef]

24. Vázquez, M. Optimización de una Técnica de Extracción de ADN Genómico de Espermatozoides de Toro.
Doctoral Dissertation, Instituto de Fisiología Celular, Mexico City, Mexico, 2014.

https://doi.org/10.1002/rmb2.12235
https://doi.org/10.1387/ijdb.170319cs
https://www.ncbi.nlm.nih.gov/pubmed/29616724
https://doi.org/10.1016/j.theriogenology.2020.12.028
https://doi.org/10.1002/vms3.540
https://doi.org/10.1134/S0006297923050085
https://doi.org/10.18805/ijar.B-3823
https://doi.org/10.1002/mrd.23290
https://doi.org/10.1016/j.theriogenology.2018.09.039
https://doi.org/10.1101/306928
https://doi.org/10.1073/pnas.0403011101
https://www.ncbi.nlm.nih.gov/pubmed/15197257
https://doi.org/10.1016/S0262-4079(18)30440-8
https://doi.org/10.5713/ajas.2014.14223
https://www.ncbi.nlm.nih.gov/pubmed/25178292
https://doi.org/10.1016/S0093-691X(01)00526-X
https://www.ncbi.nlm.nih.gov/pubmed/11414489
https://doi.org/10.1186/s40104-021-00613-y
https://doi.org/10.14202/vetworld.2017.498-504
https://doi.org/10.1016/j.theriogenology.2019.05.039
https://doi.org/10.21203/rs.3.rs-1625203/v1
https://doi.org/10.22059/ijvm.2018.247199.1004863
https://doi.org/10.1099/vir.0.80039-0
https://doi.org/10.1371/journal.pone.0009545
https://www.ncbi.nlm.nih.gov/pubmed/20221433
https://doi.org/10.1007/978-3-319-71815-6_2
https://doi.org/10.3923/javaa.2011.750.756


Int. J. Mol. Sci. 2023, 24, 11947 12 of 12

25. Arias, M.E.; Sánchez, R.; Felmer, R. Effect of anisomycin, a protein synthesis inhibitor, on the in vitro developmental potential,
ploidy and embryo quality of bovine ICSI embryos. Zygote 2016, 24, 724–732. [CrossRef] [PubMed]

26. Kurokawa, M.; Fissore, R.A. ICSI-generated mouse zygotes exhibit altered calcium oscillations, inositol 1,4,5-trisphosphate
receptor-1 down-regulation, and embryo development. Mol. Hum. Reprod. 2003, 9, 523–533. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1017/S0967199416000034
https://www.ncbi.nlm.nih.gov/pubmed/27140503
https://doi.org/10.1093/molehr/gag072

	Introduction 
	Results 
	Design of Standards Curves 
	Determination of the Sex-Sorting Accuracy 
	Sexing of Equine/Bovine Hybrid Embryos Produced by PIEZO-ICSI 

	Discussion 
	Materials and Methods 
	Primers Design 
	Design of Standards for Absolute qPCR 
	Collection of Semen Samples and Cryopreservation 
	Sex-Sorting of Equine Sperm 
	DNA Extraction from Equine Spermatozoa 
	Determination of Sex-Sorting Error Rate 
	Absolute RT-qPCR 
	Oocyte Collection and In Vitro Maturation (IVM) 
	Heterologous ICSI, Bovine Parthenotes Production, and Embryo Culture 

	Conclusions 
	References

