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Sex determination is the developmental assignment that results from genetic
factors. The sexual characters were the specific manifestations of male and female
individuals under stimulation of sexual hormonal production. The fusion of an
oocyte with an X chromosome-bearing sperm will lead to a female (XX), while
fusion with a Y chromosome-bearing sperm will develop into a male (XY) in
mammals. Sexing technology has been developed to fertilize eggs with sorted
sperm, producing offspring of the desired sex. Sperm sorting enables the sex pre-
determination of offspring via in vitro fertilization (IVF) or artificial insemination (Al)
in domestic animals. Flow cytometric sorting of X and Y sperm is widely considered
the most applied method for sperm sorting and has been commercially applied
in cattle. However, a non-invasive, immunological method for screening X and
Y sperm is considered to be a feasible approach. This review summarizes the
current knowledge and techniques of sperm immunological sorting, including the
preparation of antibodies, application of immunomodulators, and immunoisolation.
Additionally, we focus on identifying sex-specifically expressed proteins in X and
Y sperm through proteomic analysis, and verifying the sex-specific proteins using
experimental techniques. Furthermore, several housekeeping proteins as loading
control were discussed in immunoblotting of sperm proteins. Immunological
sorting of X and Y sperm could provide a convenient, cost-effective, and highly
efficient technique that can improve economic benefits and achieve an advanced
level of sexing technology. This review provides insight into immunological sorting
of sperm and the pre-determination of sex in farm animals.

KEYWORDS

sperm sorting, immunological approach, sex-specific protein, sexing technology,
spermatozoa proteome

1 Introduction

Spermatozoa sex-sorting technology has been extensively studied over the past decades,
and several technological models have been developed for separating X- and Y-chromosome-
bearing sperm in mammals. Previous studies have proposed several approaches to separate X
and Y chromosomal sperm based on the substantial differences between X and Y spermatozoa,
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including DNA content, shape and size, surface chemistry, motility,
zeta potentials, pH, and unique proteins and immunological markers
(1-3). Currently, the most effective and practical method for
quantitatively distinguishing and separating X and Y sperm is flow
cytometry-based sex-sorting, which relies on the different DNA
content of the X- and Y-chromosomal sperm (2, 4). This technique is
applicable for sperm separation for several animals, such as rabbit,
cattle, goat and sheep (4, 5). However, only the separation of cattle
sperm has reached the stage of commercial application in family farms
and ranches. Due to the current limitations of sperm sorting: low
sex-sorted sperm efficiency, sperm damage, and high costs with flow
cytometry sorting, it’s crucial to improve sperm sorting approaches to
enhance offspring reproduction efficiency and high-level sex
pre-determination in domestic animals. The immunological approach
for X and Y sperm sorting offers a feasible, economical and effective
technique with potential commercialization, particularly beneficial for
small family farms and ranches.

Immunoisolation of cells refers to a cell separation technique
based on the ability of cell surface antigens to bind to specific
antibodies. In a broader sense, it also includes the separation of cells
treated with immunomodulators. Immunological separation has been
widely applied in animal somatic cell research and in diagnosing and
treating human diseases (6, 7). This includes agglutination reactions,
immunoadsorption, and complement-mediated cytotoxicity or
complement fixation reactions. Immunoagglutination is the process
in which particulate antigen or sensitized carrier particles covered with
soluble antigen bind to corresponding antibodies, resulting in visible
agglutination. Such reactions can be categorized as direct (particulate
antigen) or indirect (soluble antigen) immunoagglutination.
Agglutination reactions occur when cells with specific antigens bind
to corresponding antibodies, while other cells remain unaffected.
These free-floating cells can be separated by external force or through
their inherent motility (8, 9). Immunoadsorption involves
immobilizing an antibody onto a particular carrier, such as magnetic
beads. Cells with a specific surface antigen become attached via
specific antigen-antibody binding when cells interact with this
antibody-carrier complex, while cells without this specific surface
antigen remain unbound. The attached and unattached cells can
be separated by subjecting this system to external forces, such as
magnetic fields or flowing fluids (6, 10). Complement-mediated
cytotoxicity or complement fixation reaction refers to using antibodies
to bind to cells with specific surface antigens, resulting in the formation
of an antigen—antibody complex. Subsequently, a complement system
(e.g., animal serum) is introduced to react with the antigen-antibody
complex. Upon complement activation, it attacks the cells with
antigens, inducing cell damage and loss of function in these cells. The
antibody involved in the complement fixation reaction is primarily
IgG, which contains a complement binding site (the Fab) in the Fc
segment (CH2 region) of its heavy chains (11-13). Of the three

Abbreviations: GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; H-Y antigen,
Male-specific minor histocompatibility Y antigen; IVF, In vitro fertilization; scFv,
Single-chain variable fragment; SRY, sex-determining region Y; MS, Mass
spectrometry; 2DE, Two-dimensional gel electrophoresis; TLRs, Toll like receptors;
ICSI, Intracytoplasmic sperm injection; ET, Embryo transfer; LC-MS, Liquid
Chromatograph Mass Spectrometer; SDS-PAGE, Sodium dodecyl sulfate

polyacrylamide gel electrophoresis; DEPs, Differentially expressed proteins.
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immunological approaches mentioned above, the most critical
challenge is to obtain antibodies against cell surface specific antigens.

The immunological approach for sorting X and Y sperm is also a
kind of cell separation technology that relies on the principle of specific
antigen-antibody reactions. There are three main technical roadmaps
that can be used to generate antibodies and subsequently perform
immunological sorting of X and Y chromosome-bearing sperm: (i)
Animals (e.g., mice, rabbits, and sheep) were immunized with total
sperm proteins to generate antiserum, which can then be purified to
obtain polyclonal antibodies. Alternatively, spleen cells that produce
antibodies can be isolated from immunized animals, and monoclonal
antibodies against X or Y sperm are then obtained through hybridoma
technology. Additionally, single-chain antibody variable fragments
(scFv) can be synthesized to sort X and Y sperm (14-18) (Figure 1).
(ii) Another approach takes advantage of unique proteins that are
expressed in X or Y sperm, such as the sex-determining region Y (SRY)
and H-Y, which was once considered a Y-specific protein (19-23).
Antibodies against the SRY antigen were used for sperm separation
(Figure 2). (iii) Proteomic analysis was used to identify sex-specifically
expressed membrane proteins on X and Y sperm. These sex-specifically
expressed proteins can be utilized to generate antibodies for sorting X
and Y sperm (24-26) (Figure 3). Of these three methods, the first two
have demonstrated positive separation results (14-18, 22, 23), while
the third method has reported discoveries of unique proteins for X and
Y sperm, along with their verification (26). In addition, achievement
has been made in sorting X and Y sperm using immunomodulator
treatment (R848) combined with the sperm swim-up method
(Figure 4), which based on the specific expression of toll like receptor
7/8 (TLR7/8) in X sperm (27, 28).

Among the available scientific and patent literature, studies
conducted by scholars at Chiang Mai University in Thailand (14-16,
29) and Nuri Science Company in South Korea (17, 18, 30, 31) have
achieved obvious results in the immunoseparation of cattle sperm.
Recently, Soleymani and colleagues from the Kermanshah University
of Medical Sciences in Iran reported on antibodies that can specifically
bind to bovine Y-chromosome bearing sperm (22, 23). At present, no
membrane proteins have been identified for sperm sorting, and the
reported examples of immunological sorting are not as commercialized
as flow cytometry. Sperm membrane proteomic analysis may serve as
a candidate for finding unique proteins for immunological sorting of
X- and Y-chromosome bearing sperm in livestock.

2 Antibodies and single-chain
antibody variable fragments for sperm
sorting

In 1954, Wilson and Ruimke, respectively, reported the discovery
of sperm agglutinins or autoantibodies against spermatozoa in sterile
men (32, 33). Subsequently, Isojima also identified sperm-immobilizing
antibodies in the sera of women with unexplained sterility (34, 35). The
interaction of sperm with female serum or cervical mucus in vitro can
result in head-to-head (36, 37), tail-to-tail, and head-to-tail
agglutination (37-39). Upon binding with complement, anti-sperm
antibodies exhibit the characteristics of cytotoxic antibodies and have
cytotoxic effects on sperm (40). In 1975, Kohler and Milstein reported
the creation of cell lines which are made by fusion of a mouse myeloma
and mouse spleen cells to produce monoclonal antibodies (41).
Significant advancements have been made in generating monoclonal
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FIGURE 1
Total proteins of sexed sperm were used to immunize animals to generate antibodies against X- or Y-chromosome-bearing sperm. Animals (e.g., mice,

rabbits, and sheep) were immunized with total sperm proteins to generate antisera, which can be purified to obtain polyclonal antibodies. Alternatively,
spleen cells that produce antibodies can be isolated from immunized animals, and then monoclonal antibodies are then obtained through hybridoma
technology. The antibodies can be used to separate X and Y sperm via immunological approaches (e.g., agglutination reactions). Created with MedPeer

(medpeer.cn).
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FIGURE 2
Known sex-specifically expressed protein was used to immunize animals to generate antibodies against X- or Y-chromosome-bearing sperm. The

unique protein that expressed in Y sperm (e.g., SRY) is used to immunize animals to generate antibodies against Y-chromosome-bearing sperm. The
antibodies can be used for sperm separation via immunological approaches (e.g., immunoadsorption). Created with MedPeer (medpeer.cn).

Frontiers in Veterinary Science 03 frontiersin.org


https://doi.org/10.3389/fvets.2025.1523491
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://user.medpeer.cn/user/index/login/?url=https%3A%2F%2Fwww.medpeer.cn
https://user.medpeer.cn/user/index/login/?url=https%3A%2F%2Fwww.medpeer.cn

Bai et al.

10.3389/fvets.2025.1523491

Y sperm

F———— Sex-specifically expressed protein anlyzed by MS/MS ————— Acquisition of antibodies by immunized animals —

()

> ‘“ﬁﬁy"y >

“ Y
(M ) =X

Y sperm specific protein

-
=z
N>
]
7
R

(]
| J)o —> IVF/AI
)

f—————— Complement fixation reaction

—4 Cell membrane rupture leading —

)
%“ Membrane attack complex

FIGURE 3

Comparative proteomic analysis was used to identify sex-specifically expressed protein to generate antibodies via immunizing animals for sperm
sorting. Unique proteins were identified from proteome of X or Y sperm. The sex-specifically expressed protein can be utilized to generate antibody for
sperm sorting via immunological approaches (e.g., complement fixation reaction). Created with MedPeer (medpeer.cn).

to Y sperm death

antibodies using hybridoma technology since then. These
advancements have found applications in clinical disease management
and various immunological detection techniques. The development of
anti-sperm monoclonal antibodies through hybridoma technology
started in the early 1980s (42-45). These monoclonal antibodies were
subsequently employed to detect and validate the expression of surface
antigens on human, mouse, and cattle sperm (46-48), investigate the
influence of the antibodies on capacitation, acrosome reaction, and
antifertility effects (49-51). By the late 1990s, efforts were underway to
explore the potential of immunological sorting of sperm, specifically
the production of antisera used for sorting bovine sperm (52).

A group from Chiang Mai University in Thailand has reported a
series of work on an immunological approach for sorting bovine X and
Y sperm since 2010. Initially, the focus was on producing antibodies
against Y sperm. Subsequently, the male-specific antibody was used in
a cytotoxic reaction to selectively increase X sperm in whole sperm by
lysing Y sperm. Furthermore, single-chain antibody variable fragments
(scFv) were synthesized against Y-chromosome-bearing sperm, and Y
sperm were separated using the scFv antibodies coupled with magnetic
microbeads (14-16, 53-55). Pattanawong et al. (53) immunized mice
with dairy bull spermatozoa (conventional semen), and then isolated
splenocytes which produced antibodies to the Y-bearing spermatozoa.
The splenocytes and mouse myeloma cells were fused, and a hybridoma
cell 1F9 was cloned secreting mAb-1F9, a specific Y-bearing sperm
monoclonal antibody (53). In 2014, Dumrongsri et al. produced
monoclonal antibodies P1C2B8 and P1C2C9 using the same approach.
These antibodies presented greater binding affinity to male bovine
white blood cells compared to female white blood cells (54).
Subsequently, Dumrongsri et al. conducted complement-mediated
cytotoxicity tests identifying those monoclonal antibodies (P1C2B8
and P1C2C9) could effectively reduce the number of viable Y sperm,
thereby modifying the X/Y sperm ratio (55). Furthermore, using
MAD-1F9 combined with the cytotoxicity reaction (IC-sexed), the
percentage of live Y-chromosome bearing sperm in the IC-sexed
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semen was lower than that of X-chromosome-bearing sperm. As a
result, 74.29% of the offspring born after artificial insemination (AI)
with IC-sexed semen were female calves (14). In 2022, Thaworn et al.
from the same group used the overlap PCR to clone gene fragments
from the variable regions of heavy and light chains of antibodies using
the hybridoma cell line 1F9 established by Pattanawong et al.
Subsequently, a soluble scFv was produced by connecting these
fragments through a linker and expressing them in prokaryotic cells.
The scFv antibody presented a high affinity for Y-bearing sperm and
low cross-reactivity with X-bearing sperm (15), making it suitable for
X/Y sperm separation. In the same year, this scFv antibody was coupled
with magnetic microbeads to develop an immunomagnetic beads and
successfully enhancing the separation efficacy and achieving X/Y
sperm enrichment rates of 82.65 and 81.43%, respectively (16). The
team from Chiang Mai University pursued a clear technical approach:
initially producing hybridoma monoclonal antibodies against Y sperm
and subsequently introducing the single-chain antibody scFv, and
sorting sperm with these antibodies coupled with magnetic
microbeads. The application of these approaches was demonstrated in
bovine X/Y sperm sorting and the pre-determination of sex in bovines.

Another example of immunological sorting is the bovine sperm
sorting kit produced by Nuri Science, a company based in South Korea.
The WholeMom (female cow product) is utilized for sorting bovine X/Y
sperm, with a 90% success rate in selecting the desired sex (F/M) (18).
Chowdhury et al. from the National Institute of Animal Science in South
Korea used the WholeMom kit to sort bovine sperm, followed by the
generation of embryos through in vitro fertilization (IVF). The bovine
embryos exhibited high-cleavage embryo rate and blastocyst formation
rate in X-sperm sorted groups, with female embryos accounting for
81.0% of those produced in vitro. The proportion of female offspring
reached 76% for artificial insemination using WholeMom-treated sperm
(30). Further research by Sidrat and colleagues from Gyeongsang
National University in Korea found that sperm separated using this Y
sperm-specific antibody exhibited variations in early embryonic
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Immunomodulator treatment (R848) combined with sperm swim-up method to separate X and Y sperm. R848 is a specific dual agonist for TLR7/8
specifically expressed in X sperm. The motility of X sperm saw a decline and presented in the lower layer of sperm swim-up buffer due to R848

developmental kinetics and epigenetic characteristics between male and
female bovine embryos in vitro (31). Patent records indicate that Nuri
Science produced scFv antibody for Y-chromosome bearing sperm, and
subsequently sought international patent protection for the antibody
and its related applications (17). However, the specific antibody used in
the WholeMom sex sorting kit and details regarding Y sperm surface
antigens remain undisclosed (18). Nevertheless, WholeMom, a female
cow product produced by Nuri Science, is the first commercial product
in the field of immunological sorting of bovine X and Y-chromosome
bearing sperm, with promising future potential.

3 Antibodies of anti-H-Y antigen and
anti-SRY antigen for Y-chromosome
bearing sperm

The technical approach for separating sperm based on Y sperm
specific proteins involves two proteins: the male specific minor
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histocompatibility Y antigen (H-Y antigen) and the sex-determining
region on the Y chromosome (SRY) protein, with the coding genes for
both located on the Y chromosome in humans and mice.
Y-chromosomal antigenicity was first described for skin grafts in the
1950s (56, 57). In 1971, Goldberg et al. detected H-Y antibodies in
mouse serum (58). Subsequently, Bennett et al. used anti-H-Y serum-
treated semen for artificial insemination and observed an increase in
the proportion of female offspring (19). The H-Y antigen has been
found on the surface of sperm from various animals and is perceived
as a male-specific antigen associated with testicular differentiation and
sex determination. It was once thought to provide a potential means
to differentiate between X and Y sperm (20, 59, 60). However, several
groups presented different findings. Specifically, McLaren et al.
revealed that mice could develop a male phenotype even in the
absence of the H-Y antigen. This result suggests that the antigen is
unlikely to be responsible for testis determination (61). Ali et al.
conducted bovine sperm sorting using anti-H-Y monoclonal
antibodies, and the results showed equal proportions of X and Y
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sperm (62). Several researchers have found that the H-Y antigen is
present in X spermatozoa and does not separate X/Y spermatozoa (63,
64). Consequently, interest in the H-Y antigen as the primary focus of
sperm sorting diminished, and no novel products or successful
applications emerged.

In 1990, the Lovell-Badge group reported a series of work that
introduced the discovery of the SRY gene in humans and mice. This
gene is located on the Y chromosome and plays a critical role in
testicular differentiation and sex determination (65-68). Subsequent
work demonstrated that the SRY gene possesses a DNA-binding
domain and exhibits characteristics of an activating transcription
factor (69-72). It is believed to be located within the nucleus (73, 74).
Over the past 30 years, most studies have primarily focused on its role
in sex determination, with less attention given to its potential
application in sperm sorting. Exceptionally, a 2011 report by Li et al.
from Jilin University in China, revealed that the SRY protein is
expressed at the acrosome of the bovine Y sperm head through
immunofluorescence (75). Subsequently, Hashimoto et al. (21) from
the Central Institute for Experimental Animals in Japan, achieved a
male offspring proportion of 86.1% by application of mouse
spermatozoa labeled with Cy3-SRY antibody conjugated for
intracytoplasmic sperm injection (ICSI). Y sperm bind to SRY
antibodies conjugated to magnetic beads (Mag) and are adsorbed to
the bottom of the culture medium in the presence of a magnetic field.
The supernatant of the medium was then used for in vitro fertilization
(IVF) and embryo transfer (ET), resulting in a 67.3% proportion of
female progeny (21). In 2019 and 2021, Mostafaie and Soleymani from
Kermanshah University of Medical Sciences in Iran, reported that they
immunized goats and mice with recombinant bovine SRY antigen.
This resulted in the production of serum polyclonal antibody pAb and
monoclonal antibody mAbSRY2, which are capable of specifically
binding to Y sperm but not to X sperm (22, 23). These findings from
Lietal. (75), Hashimoto et al. (21), and Mostafaie and Soleymani (22,
23) suggest that the SRY protein or a fragment of SRY, may be located
on the cell surface of bovine Y sperm. This new subcellular localization

TABLE 1 The antibodies and their efficiency for sperm sorting.

10.3389/fvets.2025.1523491

of the SRY protein represents a surprising breakthrough and an
extension of its function. These novel findings, particularly the cell
membrane localization of SRY and the approach of using anti-SRY
antibodies  for ~ sperm  sorting,  necessitate  further
experimental validation.

In summary, animals were immunized with either total protein
from sexed sperm or with a Y-specifically expressed protein to
produce antibodies. These antibodies were then used for
immunological sorting of X and Y sperm. However, both of these
approaches have limitations in their applications. Although the first
approach is straightforward, the production of antisera is restricted by
low antibody specificity. There are still uncertainties regarding
monoclonal antibodies obtained by constructing hybridoma cell lines,
such as high secretory specificity and high activity. The second
approach relies on Y-specifically expressed proteins, and only SRY
protein currently available. However, the question of whether SRY is
localized on the surface of sperm in livestock and its potential
application in sperm sorting via immunological approaches require
further validation.

In any case, there is another important issue to be addressed
with both methods - antibody specificity. Our review of the extant
literature indicates a significant disparity in the efficiency of
antibody-facilitated separation of X and Y spermatozoa. Notably, the
monoclonal antibodies Mab-1F9 and WholeMom Product achieve
separation efficiencies of 74.29 and 72.5%, respectively (14, 30). In
stark contrast, the polyclonal antibody CY3-SRY demonstrates a
markedly higher separation efficiency of 86.1% (21). These results
reveal the instability of antibody-mediated isolation techniques for
X and Y spermatozoa, thus emphasizing the need to optimize the
antibodies used in such procedures. The instability associated with
antibody-mediated separation of X/Y spermatozoa is likely to have
a consequential impact on the fidelity of sex determination in
resultant offspring. A summary of the application of various
antibodies for immunological sorting of sperm is presented in
Table 1.

Species (spermatozoa) Name Efficiency of separation Reference
Bovine Mab-1F9 X, 74.29% Thongkham et al. (14)
Bovine Mab-1F9 scFv X, 82.65% Sringarm et al. (16)
Bovine Mab-1F9 scFv Y, 81.43% Sringarm et al. (16)
Mouse Anti-HY serum Unknown Bnnett et al. (19)
Mouse Anti-HY serum and complement X, 82% Shelton and Goldberg (20)
Mouse Cy3-SRY Y, 86.1% Hashimoto et al. (21)
Mouse Mag-SRY X, 67.3% Hashimoto et al. (21)
Bovine SRY Unknown Soleymani et al. (23)
Bovine ‘WholeMom Product X, 81% Chowdhury et al. (30)
Bovine WholeMom Product Y, 72.5% Chowdhury et al. (30)
Bovine PIC2B8 Unknown Dumrongsri et al. (54)
Bovine PIC2C9 Unknown Dumrongsri et al. (54)
Bovine H-Y No significance Alietal. (62)

Mab, monoclonal antibody; scFv, single-chain fragment variable.
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4 Finding unique proteins in X-,
Y-chromosome bearing sperm via
proteomic analysis

During testicular development and spermatogenesis, it has been
proposed that adjacent haploid spermatids remain interconnected
with neighboring cells through cytoplasmic bridges. These cytoplasmic
bridges permit sharing of gene products between postmeiotic haploid
spermatids. This mechanism can effectively decrease phenotypic
differences between individual haploid sperm (76, 77). However, there
are exceptions to the rule of complete sharing of transcripts between
spermatids. In March 2021, Bhutani et al. reported that a significant
number of mammalian genes are not completely shared across these
bridges (78). The gene products that are not completely shared
through spermatid cytoplasmic bridges may lead to differences in
protein profiles between X and Y sperm, particularly in membrane
protein profile (26). These differences result in the stable inheritance
of sex-specific constitutive expression at the sperm level and serve as
the theoretical foundation for the immunological sorting of sperm.

San Roman et al. discovered that the human Y chromosome and
the inactive X chromosome exert modulatory effects on the expression
of autosomal genes (79). Their findings that variations in the copy
numbers of sex chromosome can influence autosomal gene expression.
Further analysis revealed that ZFX and ZFY act in concert to modulate
the expression of a part of autosomal genes (79).

Upon comparison with the specific proteins identified by Shen
et al, it was observed that the genes encoding the specifically
expressed protein SCAMPI and the differentially expressed proteins
Kidins220 and STX2 in X-/Y- sperm are targets of ZFX. In fibroblasts
(XY) of the ZFY and ZFX knockouts, the expression levels of SCAMP1
were significantly upregulated 14% and 7.5%, respectively, whereas the
expression of Kidins220 and STX2 showed no significant changes (26,
79). These results suggest that the specific expression patterns of
unique proteins in X-/Y- sperm may be subject to regulation by ZFY
or ZFX. Also, the regulatory mechanisms remain to be elucidated. It
is important to note that San Roman study was conducted using
somatic cells, and thus the regulatory and outcomes in germ cells may
potentially differ (79). The results of this study also provide a new
direction for research on X/Y sperm differences.

The identification of sex-specific molecular markers in X and Y
sperm has been challenging owing to technical constraints in the past
decades. The primary methods included the analysis of human disease
cases and gene knockout within model organisms. These methods
progressed indistinctly and identified only a limited number of genes
and proteins with sex-specific expression in animal sperm. However, in
recent years, multi-omics analysis has been applied in the study of
sex-specific gene expression in sperm. Particularly, the introduction of
proteomic analysis has facilitated the identification of sex-specifically
expressed proteins. A number of differentially expressed proteins, which
possess X or Y specifically expression, were identified through
comparative proteomic analysis based on the sexed sperm (24-26).
Identification of surface proteins specifically expressed in X and Y
sperm offers a few potential targets for immunological sorting of bovine
sperm (26). Moreover, the identification of sex-specifically expressed
proteins provides potential targets for sperm sorting with
immunomodulator and the sperm swim-up method (27, 28), or
producing male- or female-only litters with 100% efficiency via gene-
editing technology (80). Thus, the identification of unique proteins in X
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or Y sperm via proteomic analysis is the primary focus of sperm sorting
with antibodies, small molecule inhibitors, and gene editing technologies.

In 1997, Howes et al. used SDS-PAGE and two-dimensional gel
electrophoresis (2-DE) to analyze the protein profile of X and Y
chromosome-bearing bull spermatozoa, with the aim of identifying
differentially expressed proteins (DEPs) (81). Howes and colleagues
provided firstly a route to identify DEPs in X and Y sperm using
proteomics, paving the way for future investigations. Subsequently, 2DE
and mass spectrometry (MS) were used to study the proteome of
mammalian sperm. This approach led to the identification of several
differentially- and specifically-expressed proteins in X and Y sperm
(82). In the past two decades, promising results have been achieved in
the identification of proteins in sperm. Sang et al. (83) from the Animal
Genetics and Breeding team at Huazhong Agricultural University in
China reported that they immunized rabbits with sexed bovine sperm
to obtain antisera. Purified serum antibodies were then used to detect
X- or Y-proteins in combination with 2DE to screen for sex-specific
proteins of bovine sperm, and a protein of approximately 30 kD, specific
to X sperm, was identified (83, 84). Chen et al. (85) from the Chinese
Academy of Agricultural Sciences used 2DE to separate proteins of
sexed bull X and Y sperm and identified 42 protein spots that showed
differential expression between X and Y spermatozoa. Of these, 16 DEPs
were detected using mass spectrometry. One of the proteins, 2EIN_R
(R Chain R, zinc ion binding structure of bovine heart cytochrome ¢
oxidase in the fully oxidized state), was found exclusively in X sperm
(85). De Canio et al. from the University of Milan in Italy, identified two
proteins upregulated in bovine Y sperm and an additional 15 proteins
that were in X sperm through comparative proteomic analysis (86).

In recent years, there have been significant advancements in the
identification of differentially expressed proteins in bovine sperm.
Scott et al. from the University of Sao Paulo in Brazil, revealed eight
proteins with differential expression between X and Y sperm in bulls
using mass spectrometry (24). Additionally, Sharma et al. from
G. B. Pant University of Agri. & Tech, India, identified 113 DEPs in
X- and Y- bull semen using nano LC-MS. Among these, six proteins
including NDC1 transmembrane nucleoporin, Beta-nerve growth
factor, C-type natriuretic peptide, Nucleobindin 2, Phosphoglycerate
mutase 2 and Calmodulin exhibited the potential as biomarkers for
sperm sorting (25). Despite identifying multiple DEPs through
proteomic analysis, the papers did not describe any further
experimental validation of these proteins in X or Y sperm.
Significantly, Shen et al. (26) from China Agricultural University
investigated the differential expression of total membrane proteins in
two types of sperm by using high-purity X- and Y-sperm from 20
Holstein bulls. They identified a total of 1,521 proteins with 8 proteins
up-regulated and 23 proteins down-regulated in X sperm. Additionally,
151 and 88 proteins were specifically expressed in the X- and the Y-
sperm, respectively. By Western blot analysis, the CLRN3 and
SCAMP1 proteins were verified as cell surface specific antigens of X-
and Y-sperm, respectively (26). These unique membrane proteins
provide potential targets for immunological sorting of sperm.
Moreover, CLRN3 and SCAMPI proteins can be used as positive
controls to assist identification of X and Y sperm-specific proteins.
Notable achievements have been made in the analysis of the sperm
proteome, hundreds of sperm cell membrane proteins were identified
(87, 88), and Quelhas et al. (82) provided a comprehensive review of
these achievements (82). In addition to cattle, X/Y sperm specific
proteins in swine have also been reported. Cheng et al. from Shaanxi
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TABLE 2 Differentially-expressed or sex-specifically-expressed proteins elucidated by proteomic analysis of bovine sperm.

Protein name

Gene name

Reference

Expression pattern (X. vs. Y.)

FUN14 domain-containing protein 2 FUNDC2 1 Scott et al. (24)
Sorting and assembly machinery component 50 homolog SAMM50 1

EF-hand domain-containing protein 1 EFHC1 1

Pyruvate dehydrogenase protein X component PHDX 1

Outer dense fiber proteinl ODF1 1 Sharma et al. (25)
Fructose-1,6-bisphosphatase 1 FBP1 1

Calmodulin CALM 1

Glyceraldehyde-3-phosphate dehydrogenase, testis-specific GAPDHS 1

Plasminogen PLG l

Zinc finger protein 292 ZNF292 l

Serotransferrin TF |

CLRN3 protein CLRN3 1 Shen et al. (26)
Secretory carrier-associated membrane protein SCAMP1 1*

Isocitrate dehydrogenase 3 (NAD") « IDH3A 1 Chen et al. (85)
Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1 1

Neutral sphingomyelinase activation-associated factor NSMAF 1

Glutathione-S-transferase, u3 (brain) GSTM3 1

ATP synthase subunit , mitochondrial ATP5B 1

F-actin-capping protein subunit CAPZB |

Glyceraldehyde 3 phosphate dehydrogenase GAPDH 1 De Canio et al. (86)
Outer dense fiber protein 2 ODEF2 1

L-lactate dehydrogenase A LDHA 1

Outer dense fiber protein 1 ODF1 1

A kinase anchor protein 3 AKAP3 T

Glyceraldehyde 3 phosphate dehydrogenase testis-specific GAPDHS 1

Sperm acrosome membrane-associated protein 1 SPACA1 1

Triosephosphate isomerase TPI1 T

Calmodulin CALM T

Tubulin alpha 8 TUBAS |

Tubulin beta 2B TUBB2B 1

*Unique expression in sperm.

University of Technology identified COX6A1 and CYTB as possible
antigens specific to swine Y sperm (89). Furthermore, transcriptomics
and proteomics provide new platforms to investigate the composition
and expression of X and Y sperm genomes. Three recent review
articles offered comprehensive overviews of the latest relevant
outcomes and advancements (3, 90, 91). Here, a compilation of the
differentially or specifically expressed sperm proteins in X and Y
sperm obtained from bovine is presented in Table 2.

5 Immunomodulator R848 for sperm
sorting

R848 (Resiquimod, S28463) is an imidazoquinoline compound
that acts as an immunomodulator that causes a severe inflammatory
reaction (92). Importantly, R848 is a selective ligand for Toll-like
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receptor 7 (TLR7) and TLR8 with mixed TLR7/8 agonist activity (93).
TLR7 and TLR8 are encoded on the X chromosome in mice, humans,
sheep and cattle according to the GenBank database.' Umehara et al.
(27) from Hiroshima University in Japan, screened the sperm
transcriptome RNA sequence database (DAR007935, https://www.
ncbinlm.nih.gov/sra/?term=%20DRA007935) from 12-week-old
male C57/BL6 mice and identified 18 X-chromosome-encoded gene
products as receptors. Further analysis revealed that six of these
receptors, namely TLR7, TLR8, Ar, GPR174, GPR34, and Edr2a, have
specific ligands. Using RT-PCR, western blot, flow cytometry, and
immunofluorescence, products of TLR7/8 were shown to
be specifically expressed in mouse X sperm. TLR7 was expressed in

1 www.ncbi.nlm.nih.gov/genbank
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TABLE 3 The concentration of R848 used to sort X-, Y-sperm in sperm swim-up buffer.

Species (spermatozoa) Efficiency Reference
Embryos
Mice 0.3 uM >90%Y 89.6%XY 83.1% XY Umehara et al. (27)
69.8%XX 81.4% XX
Mice 0.03 pM* 86.2% X >90% XY / Umehara et al. (28)
>80% XX
Bovine 0.03 pM* / *90% XY / Umehara et al. (28)
>80% XX
Bovine 0.6 uM 88.6% Y / / Wen et al. (95)
79.3% X
Goat 1.0 pM 90.5% Y 80.5% XX / Ren et al. (96)
80.3% X 88.9% XX
Goat 0.2 pg/ml 85.6% X 83.3% XX 62.8% XX Huang et al. (97)
*R848 dissolved in DMSO.

the flagella of sperm, while TLR8 in the midpiece of sperm (27). This
critical discovery provides new targets for sorting sperm.

R848, a specific dual agonist for TLR7/8, was utilized by Umehara
and colleagues to treat mice or frozen-thawed bull sperm. The
motility of X sperm declined in the sperm swim-up buffer as a result
of R848 treatment (27, 28). TLR7/8 are known as endosomal
membrane proteins and function as pattern recognition receptors
(PRRs) that detect intracellular pathogen-associated molecular
patterns (PAMPs) (94). The activation of TLR8 localized in the
midpiece of sperm suppressed mitochondrial activity, while the
activation of TLR7 localized in the tail of sperm suppressed
cytoplasmic glycolysis, resulting in slow mobility of X sperm, which
were subsequently found in the lower layer after a swim-up test with
TLR7/8 ligand. Following in vitro fertilization using ligand-selected
high-mobility mouse sperm, 90% of the embryos were XY males.
Likewise, 83% of the pups obtained following embryo transfer were
XY males. Conversely, the TLR7/8-activated sperm with slow mobility
sperm produced embryos and pups, 81% of which were XX females
(27). The application of a protein with an established role in innate
immunity and its specific agonist for sperm sorting represents an
innovative concept. This establishes a comprehensive system for
sperm sorting and the pre-determination of the sex of early embryos
through treatment with an immunomodulator. A simple sperm-
sexing method was established for the efficient production of sexed
mouse or cattle embryos through activating TLR7/8 on X sperm
(27, 28).

By means of R848 and the sperm swim-up method, scholars from
Northwest A&F University in China reported their achievements
obtained from sperm sorting and sexed early embryos of cattle and
dairy goats (95-100). Semen collected from Qinchuan cattle or
Guanzhong dairy goat bucks was treated with R848 in sperm swim-up
buffer. High-motility Y sperm segregated to the upper layer, while the
low-motility X-sperm segregated to the lower layer. Flow cytometry
was applied to count the rate of X and Y sperm, the percentage of
upper Y sperm was 88.6%, and the lower X sperm was 72.5% in cattle
(95). Following in vitro fertilization using TLR7/8-activated sperm
from the lower layer, 80.52% of the embryos were XX females in dairy
goats detected by RT-PCR (96). Additionally, they reported the effects
of pH, Ca2*, and the combination of pH with R848 on sperm motility
in dairy goats. This research was subsequently utilized for sperm
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sorting and sex pre-determination of offspring (97-100). When dairy
goat semen was treated with R848 at pH 7.4 and separated using the
sperm swim-up method, the percentage of lower X sperm reached
85.57%. Using the X sperm-rich seminal fluid for IVF resulted in a
female embryo rate of 83.25%, with a subsequent 62.79% female
offspring achieved via artificial insemination (97). Here, a compilation
of R848 concentrations and pH values for sperm sorting in mouse,
cattle and dairy goat is presented in Table 3.

The utilization of R848 for the separation of X/Y sperm appears
to be a promising approach; however, several potential issues
associated with R848 warrant further discussion. Firstly, the addition
of creatine, which was introduced by Umehara to enhance the
separation efficacy of R848 in mouse and cattle X/Y sperm systems,
has been observed to induce hyperactivation of sperm (101). The
implications of pre-treating sperm with creatine for subsequent use in
artificial insemination remain uncertain, particularly regarding
potential effects on progeny. Notably, Ren and Wen successfully
achieved high-purity separation of X/Y sperm in cattle and dairy goats
without the supplementation of creatine, suggesting that creatine may
not be an essential component for effective sperm separation (95, 96).
Secondly, the stability of R848 is a matter of concern. While initial
in vitro fertilization studies in goats reported a promising female
offspring production rate of 83.3%, a subsequent decrease to 62.8%
post-fertilization suggests a possible impact on sperm fertilization
competence following R848 treatment (100). Despite the successful
separation of X/Y sperm, the compromised motility of X sperm post-
treatment may result in a diminished fertilization capacity, thereby
skewing the sex ratio of the resulting offspring away from the expected
proportion based on sex-selected sperm. Furthermore, the
applicability of R848 is currently limited to a select few species. The
separation of X/Y sperm using R848 has been demonstrated only in
cattle and goats. In canines, despite the localization of the TLR7/8
gene on the X chromosome, no differential expression between X and
Y sperm has been observed, and R848 has proven ineffective in
separating X/Y sperm (102). Although canines are not typically
considered dairy animals, this finding may hint at similar limitations
in other dairy species, such as cows and sheep. Consequently, if R848’s
utility is confined to a narrow range of animal species, traditional flow
cytometry techniques may continue to represent the most efficacious
method for X/Y sperm separation.
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6 Comparison between different
approaches of X/Y sperm separation

Following research spanning several decades, a multitude of
techniques have been devised for the separation of X and Y
spermatozoa. These methods for X/Y sperm sorting conclude albumin
gradient centrifugation, Percoll density gradient centrifugation,
immunomodulator R848 for sperm sorting, immunological
separation, and flow cytometry. Each of these methodologies possesses
distinct advantages, thereby offering a diverse array of tools for
applications in sex selection and reproductive medicine.

Quinlivan WL et al. employed albumin gradients to effectuate the
separation of X and Y spermatozoa. A fresh semen was introduced
onto the upper layer of a 35% bovine serum albumin solution (103).
Subsequent to a period of several hours, during which the spermatozoa
were permitted to migrate, those spermatozoa that had settled at the
base of the gradient were collected (103). Upon staining the collected
spermatozoa with quinacrine hydrochloride, it was observed that the
proportion of Y spermatozoa could be augmented to 74% (103).
Brandriff et al. similarly utilized albumin gradients to isolate a
population of spermatozoa that was 57.2% X spermatozoa (104).
Furthermore, Aribarg et al. reported that albumin gradients exerted
no discernible influence on the separation of X and Y spermatozoa
(105). These findings underscore the inherent instability of albumin
gradients. Additionally, it has been noted that albumin gradients are
influenced by individual variability, with sperm separation efficiencies
ranging from 6 to 37% (103). Moreover, a decline in sperm motility of
11% was observed following treatment with albumin gradients (103).

Kaneko et al. positioned spermatozoa on discontinuous Percoll
density gradient, spanning a density range from 1.06 to 1.11 gm/mL. Post-
centrifugation, at a density of 1.06 gm/mL, the concentration of Y
spermatozoa was achieved to 73.1%, with a progressive diminution
observed as the density increased (106). At the density of 1.11 gm/ml,
the proportion of Y spermatozoa was reduced to 27.4% (106). Lin
et al. constructed 12 distinct Percoll gradients for the purpose of
separating X- and Y-spermatozoa. Fluorescence in situ hybridization
(FISH) analysis revealed that Percoll was incapable of effectively
separating X- and Y-spermatozoa (107). The conducted by Check
indicated that spermatozoa subjected to Percoll density gradient
centrifugation and albumin gradient centrifugation exhibited a
reduced percentage of quinacrine-stained spermatozoa (108).

Upon a comparative analysis of these methodologies, the
characteristics of each have been delineated. Both albumin gradient
and Percoll gradient centrifugation are subject to instability, and the
precision of sperm separation efficiency ascertained through
quinacrine sperm staining remains equivocal. The issue of separation
efficiency is also exist in R848 for sperm sorting. While the R848 is
capable of sorting highly pure X- and Y-spermatozoa, its applicability
is currently confined to a limited number of species, and it is with a
decline in gender accuracy following artificial insemination. Flow
cytometry represents the technology with the highest purity of X/Y
sperm sorting and broadest market application; however, the
prohibitive costs of equipment and patent fees limit its widespread
adoption. The above methods methods each exhibit a unique set of
advantages and disadvantages in the separation of X- and
Y-spermatozoa. Immunological separation methods predicated on X-
and Y-spermatozoa specific antigens have already yielded
commercially available products, with separation -efficiencies
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achieving 70%-80%. Consequently, the investigation of X- and
Y-spermatozoa-specific proteins and the development of strategies to
harness these proteins for immunological separation of X- and
Y-spermatozoa warrant considerable attention.

7 Housekeeping proteins as Western
blot loading control in sperm

Whether transcriptomic or proteomic is used to analyze gene
products of sperm, the identification of specifically expressed proteins
in X or Y sperm is the focus to the separation of X/Y sperm by
immunological approaches. The identified specifically expressed
proteins by proteomic analysis can be further validated with molecular
and cellular

biology including western blot,

immunofluorescence, and immunohistochemistry (27, 95, 96).

techniques,

Western blotting is a commonly utilized immunodetection technique
for the detection and (semi-) quantification specific proteins in
provided samples. Significantly, western blotting is a relatively
quantitative method. The expression level of the target protein is
determined by comparing it with reference proteins (the internal
loading control). In general, housekeeping proteins, which are
encoded by housekeeping genes, are commonly utilized as loading
controls to normalize target protein expression, including p-actin,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and tubulin.
However, the expression of housekeeping proteins is not same in
different kinds of sperm samples. Tubulin expression is consistent in
both fresh and frozen semen in human sperm. In contrast, f-actin and
GAPDH are relatively stable in fresh semen; nonetheless, their
expression may fluctuate in frozen samples (109).

Tubulin is frequently used as a loading control in western blotting.
However, different Tubulin isotypes exhibit varying expression
patterns in X- and Y-sperm. In the context of mass spectrometry
detection of bovine sperm tubulin, De Canio et al. (86) reported lower
expression levels of tubulin-a3, tubulin-p4A, and tubulin-p4B in
bovine Y sperm compared to X sperm. Conversely, the expression
levels of tubulin-a8 and tubulin-B2B are higher in Y sperm than in X
sperm (86), while tubulin-alD and tubulin-a3D exhibit higher
expression in X sperm than in Y sperm (25). In detection of sperm
proteins using western blotting, tubulin was identified as a steady
protein in sperm from mice (27), humans (109), bovine and goat (26,
95, 96, 100). The data obtained from both mass spectrometry and
western blots indicates that tubulin, particularly p-tubulin, is a suitable
reference protein.

Another frequently used loading control in western blotting
experiments is the protein GAPDH. Chen et al. employed GAPDH as
a reference protein in western blot analysis to validate the differential
expression proteins in bovine X and Y sperm (85). Similarly, He et al.
from Northwest A&F University, China, investigated target proteins
in dairy goat sperm using GAPDH as an internal reference (99).
However, mass spectrometry data by De Canio et al. reported that
GAPDH up-regulated in bovine X sperm in comparison to Y sperm
(86). Additionally, it has been documented that GAPDH was not
detected in bovine Y sperm (25). Additionally, Kapitonova et al. from
Moscow State University in Russia, revealed that GAPDH is
consistently identified in bovine sperm, both in frozen-thawed
conventional semen and frozen-thawed X sperm (110). Consequently,
the findings from mass spectrometry and western blot analysis suggest
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that GAPDH may not be as suitable as tubulin for serving as an
internal reference in comparative studies of protein expression in
bovine X and Y sperm. It seems to be a more suitable choice for
comparing protein expression between conventional sperm and sexed
X sperm.

fB-actin, an internal reference protein for western blot in somatic
cells, is less frequently used in the assessment of sperm proteins. It was
only detected in mouse sperm by Umehara et al. (27) and in buffalo
sperm by Xiong et al. (111). Naresh (112) assessed the detection of
total actin in fresh, refrigerated (4°C), and frozen bovine semen using
western blot analysis. The study findings indicated that actin was
present in the flagella and acrosome membrane regions of sperm
before capacitation. Furthermore, the processes of cooling and
cryopreservation were found to reduce the overall expression of actin
(112). Moreover, the abundance of B-actin in fresh human semen
remains relatively consistent, but it fluctuates significantly in frozen
semen (109). For the comparison of protein expression among
different treatments of sperm samples, the detection of reference
proteins tends to be more efficient in fresh semen compared to frozen
semen. B-tubulin (tubulin) is found to be a more suitable primary
choice for a reference protein, with GAPDH as a secondary option.
Finally, a loading control was suitably used to detect protein expression
level of sperm samples, which can minimize loading variability,
thereby revealing actual expressional differences. The characteristics
of several reference proteins for western blot analysis of sperm protein
were listed in Table 4.

8 Concluding remarks and future
directions of immunological sorting of
sperm

The generation of single-sex litters is a crucial factor in livestock
production and is associated with economic benefits of dairy and meat
processing. Sexing technology has been developed for the purpose of
producing dairy calves on farms. Currently, flow cytometric sorting of
X and Y sperm is the most widely applied method to generate the sex
pre-determination of offspring. However, this technique still remains
a technical bottleneck. The immunological sorting of spermatozoa has
demonstrated high efficiency and practicality for pre-determination
the sex of offspring in livestock.

Although the existence of cytoplasmic bridges during
spermatogenesis enables X and Y sperm to share gene products, the
fact that a large class of mammalian genes are not completely shared
across these bridges makes it possible to find unique proteins in X
or Y sperm. The immunological sorting approaches of sperm were
discussed earlier. Whether sorting sperm with antibodies or
immunomodulators is based on the identification of sex-specifically
expressed proteins. Antibodies were used to sort sperm relies on

10.3389/fvets.2025.1523491

membrane proteins with sex-specific expression, with SRY being the
only reported antigen. However, it remains to be further determined
whether SRY has characteristics of sperm surface expression and can
be effectively applied to sperm sorting. The membrane proteins
CLRN3 and SCAMP1 were potential targets for bovine X- and
Y-sperm, respectively. At present, R848 is used for sperm sorting as
an immunomodulator, with its target being
intracellular TLR7/8.

Herein, we have discussed several potential future directions for
immunological methods in the separation of X/Y sperm. In 2011,
Mohammadi et al. engineered polyclonal antibodies directed against
the DBY peptide of swine, also recognized as DDX3Y. Utilizing these
antibodies, they achieved the collection of over 90% of X spermatozoa
(113). Comparative analyses via database alignment reveal a highly
similar between sequence of DDX3X and DDX3Y. Therefore, how to
enhance antibody specificity becomes a topic worthy of investigation.
Antibodies or antiserum developed using Full length proteins as
immunogens and through animal immunization might recognition

proteins

proteins similar to antigens. Typically, the antigenic epitopes
recognized by antibodies include 10-20 amino acids. The design of
specific peptide, coupled with sequence alignment via database can
enhance antibody specificity.

Hamers-Casterman identified a unique class of antibodies in
camelids, lacked light chains and termed heavy-chain antibodies
(HCAD) (114). These antibodies are characterized by a highly
soluble variable immunoglobulin domain (VHH), linked via a
hinge region to two constant immunoglobulin domains (CH2 and
CH3) (115). This antibody is also known as a nanobody. Nanobodies
represent a departure from monoclonal antibodies, with a molecular
weight of approximately 15kDa, facilitating their penetration
through cell membranes and even traversal of the blood-brain
barrier to exert therapeutic effects (114). A multitude of
immunotherapeutic strategies leveraging nanobodies are currently
in the developmental phase (103). The conventional approach of
employing antiserum to sorting X/Y sperm is limited by the
membrane-bound antigens, this is the reason why Shen et al.
studied X/Y sperm membrane protein proteomics (26). Given the
capacity of nanobodies to binding intracellular antigens, the scope
of sperm membrane proteomics can be broadened to encompass
the total sperm proteome, thereby expanding the avenues and
methodologies for the separation of X-/Y- sperm. For instance,
differential proteins associated with motility or energy metabolism,
as identified through proteomic analysis of X-/Y- sperm, could
be targeted with nanobodies to impair sperm function and
facilitate separation.

Thus, it is anticipated that novel X or Y sperm-specific proteins
will be discovered with the application of spermatozoa proteomics.
The strategy employed to identify sex-specifically expressed proteins,
followed by the implementation of immunological techniques to

TABLE 4 Internal reference proteins for western blot analysis of sperm proteins under different treatments.

Fresh semen

Frozen semen Sex sorted sperm

Tubulin Yes (26) Yes (27) Yes (26)
B-actin Yes (112) No (112) Instability
GAPDH Yes (99) No Instability
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achieve sperm sorting, is currently being used to generate all-female
or all-male offspring in livestock.

Author contributions

LB: Writing — original draft, Writing — review & editing. YZ:
Writing - review & editing. YZ: Writing - review & editing. YS: Funding
acquisition, Writing - review & editing. HX: Writing - review & editing.
GZ: Writing - review & editing. ZW: Conceptualization, Writing —
original draft, Writing — review & editing. XL: Conceptualization,
Writing — original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by Research on the key technologies of low carbon emission
and heat stress resistance dairy cow breeding and the innovation of
dairy goat introduction and propagation technology (No. 2022-
KYGG-3). This study was supported by the Program of JIE BANG
GUA SHUAT of Inner Mongolia (2022JBGS0021), the Research on
Key Technologies for Establishing Gene-Edited Cell Lines for
Controlling the Sex of Cows and Goats (2023-JSGG-1), the
Development of sex control technology based on bovine XY-specific
membrane protein (2022-Scientific Research-3).

References

1. Katigbak RD, Turchini GM, de Graaf SP, Kong L, Dumée LF. Review on sperm
sorting technologies and sperm properties toward new separation methods via the
Interface of biochemistry and material science. Adv Biosyst. (2019) 3:¢1900079. doi:
10.1002/adbi.201900079

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

3. Rahman MS, Pang MG. New biological insights on X and Y chromosome-bearing
spermatozoa. Front Cell Dev Biol. (2019) 7:388. doi: 10.3389/fcell.2019.00388

4. Gonzélez-Marin C, Géngora CE, Moreno JE Vishwanath R. Small ruminant
Sexedultra™ sperm sex-sorting: status report and recent developments. Theriogenology.
(2021) 162:67-73. doi: 10.1016/j.theriogenology.2020.12.028

5. Garner DL, Evans KM, Seidel GE. Sex-sorting sperm using flow cytometry/cell
sorting. Methods Mol Biol. (2013) 927:279-95. doi: 10.1007/978-1-62703-038-0_26

6. Parvin D, Hashemi ZS, Shokati F, Mohammadpour Z, Bazargan V. Immunomagnetic
isolation of Her2-positive breast Cancer cells using a microfluidic device. ACS Omega.
(2023) 8:21745-54. doi: 10.1021/acsomega.3c01287

7. Wilson JT, Chaikof EL. Challenges and emerging Technologies in the
Immunoisolation of cells and tissues. Adv Drug Deliv Rev. (2008) 60:124-45. doi:
10.1016/j.addr.2007.08.034

8. Ybaniez RHD, Ybafiez AP, Nishikawa Y. Review on the current trends of
toxoplasmosis Serodiagnosis in humans. Front Cell Infect Microbiol. (2020) 10:204. doi:
10.3389/fcimb.2020.00204

9. Mahmoud A, Comhaire F. Antisperm antibodies: use of the mixed agglutination
reaction (mar) test using latex beads. Hum Reprod. (2000) 15:231-3. doi:
10.1093/humrep/15.2.231

10. Matic G, Bosch T, Ramlow W. Background and indications for protein a-based
extracorporeal Immunoadsorption. Ther Apher. (2001) 5:394-403. doi:
10.1046/j.1526-0968.2001.00370.x

11. Kolev M, Markiewski MM. Targeting complement-mediated Immunoregulation
for Cancer immunotherapy. Semin Immunol. (2018) 37:85-97. doi: 10.1016/j.smim.
2018.02.003

12. Luo S, Wang M, Wang H, Hu D, Zipfel PE, Hu Y. How does complement affect
hematological malignancies: from basic mechanisms to clinical application. Front
Immunol. (2020) 11:593610. doi: 10.3389/fimmu.2020.593610

Frontiers in Veterinary Science

12

10.3389/fvets.2025.1523491

Acknowledgments

We would also like to thank all present and former lab members
for helpful discussions.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

13. Reiss T, Miiller F, Pradel G. The impact of human complement on the clinical
outcome of malaria infection. Mol Immunol. (2022) 151:19-28. doi:
10.1016/j.molimm.2022.08.017

14. Thongkham M, Thaworn W, Pattanawong W, Teepatimakorn S, Mekchay S,
Sringarm K. Spermatological parameters of immunologically sexed bull semen assessed
by imaging flow cytometry, and dairy farm trial. Reprod Biol. (2021) 21:100486. doi:
10.1016/j.repbio.2021.100486

15. Thaworn W, Hongsibsong S, Thongkham M, Mekchay S, Pattanawong W, Sringarm
K. Production of single-chain fragment variable (Scfv) antibodies specific to plasma
membrane epitopes on bull Y-bearing sperm. Anim Biotechnol. (2022) 33:508-18. doi:
10.1080/10495398.2020.1811294

16. Sringarm K, Thongkham M, Mekchay S, Lumsangkul C, Thaworn W, Pattanawong
W, et al. High-efficiency bovine sperm sexing used magnetic-activated cell sorting by
coupling Scfv antibodies specific to Y-chromosome-bearing sperm on magnetic
microbeads. Biology. (2022) 11:715. doi: 10.3390/biology11050715

17. Dong Ku Kim (2017). Antibody for determining sex of sperm, and use thereof.
Patent No WO2016KR07582.

18. Nuri Science Inc. (2023). Introduction of animal gender regulating products.
Available online at: http://www.nurisci.com/eng/sub3_1_1.php/ (Accessed December
30, 2023).

19. Bennett D, Boyse EA. Sex ratio in progeny of mice inseminated with sperm treated
with H-Y antiserum. Nature. (1973) 246:308-9. doi: 10.1038/246308a0

20. Shelton JA, Goldberg EH. Male-restricted expression of H-Y antigen on
preimplantation mouse embryos.  Transplantation. (1984) 37:7-8. doi:
10.1097/00007890-198401000-00004

21. Hashimoto H, Eto T, Suemizu H, Ito M. Application of a new convenience gender
sorting method for mouse spermatozoa to mouse reproductive engineering technology.
J Vet Med Sci. (2013) 75:231-5. doi: 10.1292/jvms.12-0303

22. Soleymani B, Parvaneh S, Mostafaie A. Goat polyclonal antibody against the sex
determining region Y to separate X- and Y-chromosome bearing spermatozoa. Rep
Biochem Mol Biol. (2019) 8:326-34.

23. Soleymani B, Mansouri K, Rastegari-Pouyani M, Parvaneh S, Khademi F, Sharifi
Tabar M, et al. Production of monoclonal antibody against recombinant bovine sex-
determining region Y (Sry) and their preferential binding to Y chromosome-bearing
sperm. Reprod Domest Anim. (2021) 56:270-7. doi: 10.1111/rda.13821

frontiersin.org


https://doi.org/10.3389/fvets.2025.1523491
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1002/adbi.201900079
https://doi.org/10.1016/j.theriogenology.2019.05.039
https://doi.org/10.3389/fcell.2019.00388
https://doi.org/10.1016/j.theriogenology.2020.12.028
https://doi.org/10.1007/978-1-62703-038-0_26
https://doi.org/10.1021/acsomega.3c01287
https://doi.org/10.1016/j.addr.2007.08.034
https://doi.org/10.3389/fcimb.2020.00204
https://doi.org/10.1093/humrep/15.2.231
https://doi.org/10.1046/j.1526-0968.2001.00370.x
https://doi.org/10.1016/j.smim.2018.02.003
https://doi.org/10.1016/j.smim.2018.02.003
https://doi.org/10.3389/fimmu.2020.593610
https://doi.org/10.1016/j.molimm.2022.08.017
https://doi.org/10.1016/j.repbio.2021.100486
https://doi.org/10.1080/10495398.2020.1811294
https://doi.org/10.3390/biology11050715
http://www.nurisci.com/eng/sub3_1_1.php/
https://doi.org/10.1038/246308a0
https://doi.org/10.1097/00007890-198401000-00004
https://doi.org/10.1292/jvms.12-0303
https://doi.org/10.1111/rda.13821

Bai et al.

24. Scott C, de Souza FE, Aristizabal VHV, Hethrington L, Krisp C, Molloy M, et al.
Proteomic profile of sex-sorted bull sperm evaluated by swath-Ms analysis. Anim Reprod
Sci. (2018) 198:121-8. doi: 10.1016/j.anireprosci.2018.09.010

25. Sharma V, Verma AK, Sharma P, Pandey D, Sharma M. Differential proteomic
profile of X- and Y- sorted Sahiwal bull semen. Res Vet Sci. (2022) 144:181-9. doi:
10.1016/j.rvsc.2021.11.013

26. Shen D, Zhou C, Cao M, Cai W, Yin H, Jiang L, et al. Differential membrane
protein profile in bovine X- and Y-sperm. J Proteome Res. (2021) 20:3031-42. doi:
10.1021/acs.jproteome.0c00358

27. Umehara T, Tsujita N, Shimada M. 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 Biol. (2019) 17:¢3000398. doi: 10.1371/journal.pbio.3000398

28. Umehara T, Tsujita N, Zhu Z, Ikedo M, Shimada M. A simple sperm-sexing
method that activates Tlr7/8 on X sperm for the efficient production of sexed mouse or
cattle embryos. Nat Protoc. (2020) 15:2645-67. doi: 10.1038/s41596-020-0348-y

29. Phiphattanaphiphop C, Leksakul K, Wanta T, Khamlor T, Phattanakun R.
Antibody-conjugated magnetic beads for sperm sexing using a Multi-Wall carbon
nanotube microfluidic device. Micromachines. (2022) 13:426. doi: 10.3390/mil13030426

30. Chowdhury MMR, Lianguang X, Kong R, Park BY, Mesalam A, Joo MD, et al. In
vitro production of sex preselected cattle embryos using a monoclonal antibody raised
against bull sperm epitopes. Anim Reprod Sci. (2019) 205:156-64. doi:
10.1016/j.anireprosci.2018.11.006

31.Sidrat T, Kong R, Khan AA, Idrees M, Xu L, Sheikh ME, et al. Difference in
developmental kinetics of Y-specific monoclonal antibody sorted male and female
in vitro produced bovine embryos. Int ] Mol Sci. (2019) 21:244. doi: 10.3390/ijms21010244

32. Wilson L. Sperm agglutinins in human semen and blood. Proc Soc Exp Biol Med
Soc Exp Biol Med. (1954) 85:652-5. doi: 10.3181/00379727-85-20982

33. Rumke P, Hellinga G. Autoantibodies against Spermatozoa in Sterile Men. Am ]
Clin Pathol. (1959) 32:357-63. doi: 10.1093/ajcp/32.4.357

34. Isojima S, Li TS, Ashitaka Y. Immunologic analysis of sperm-immobilizing factor
found in sera of women with unexplained sterility. Gynecology. (1968) 101:677-83. doi:
10.1016/0002-9378(68)90307-4

35. Isojima S, Tsuchiya K, Koyama K, Tanaka C, Naka O, Adachi H. Further studies
on sperm-immobilizing antibody found in sera of unexplained cases of sterility in
women. Am ] Obstet Gynecol. (1972) 112:199-207. doi: 10.1016/0002-9378(72)90116-0

36. Kremer J, Jager S. The sperm-cervical mucus contact test: a preliminary report.
Fertil Steril. (1976) 27:335-40. doi: 10.1016/S0015-0282(16)41726-7

37. Hellema HW, Riimke P. Immune sperm agglutination: are only motile spermatozoa
involved? Clin Exp Immunol. (1978) 31:12-7.

38. Hellema HW, Riimke P. Sperm autoantibodies as a consequence of vasectomy. I.
Within 1 year post-operation. Clin Exp Immunol. (1978) 31:18-29.

39. Yakirevich E, Naot Y. Characterization of a potent sperm-agglutinating
monoclonal antibody and its cognate antigens. Fertil Steril. (1999) 71:502-10. doi:
10.1016/S0015-0282(98)00506-8

40.Husted S, Hjort T. Microtechnique for simultaneous determination of
immobilizing and cytotoxic sperm antibodies. Methodological and clinical studies. Clin
Exp Immunol. (1975) 22:256-64.

41. Kohler G, Milstein C. Continuous cultures of fused cells secreting antibody of
predefined specificity. Nature. (1975) 256:495-7. doi: 10.1038/256495a0

42. Shigeta M, Watanabe T, Maruyama S, Koyama K, Isojima S. Sperm-immobilizing
monoclonal antibody to human seminal plasma antigens. Clin Exp Immunol. (1980)
42:458-62.

43.Tsojima S, Koyama K, Fujiwara N. Purification of human seminal plasma no. 7
antigen by Immunoaffinity chromatography on bound monoclonal antibody. Clin Exp
Immunol. (1982) 2:838-9. doi: 10.1016/0165-0378(81)90122-4

44. Lee CY, Huang YS, Huang CH, Hu PC, Menge AC. Monoclonal antibodies to
human sperm antigens. ] Reprod Immunol. (1982) 4:173-81. doi:
10.1016/0165-0378(82)90035-3

45. Isahakia M, Alexander NJ. Interspecies cross-reactivity of monoclonal antibodies
directed against human sperm antigens. Biol Reprod. (1984) 30:1015-26. doi:
10.1095/biolreprod30.4.1015

46. Kyurkchiev SD, Shigeta M, Koyama K, Isojima S. A human-mouse Hybridoma
producing monoclonal antibody against human sperm coating antigen. Immunology.
(1986) 57:489-92.

47. Lee CY, Wong E. Developmental studies of sperm surface antigens using sperm-
specific monoclonal antibodies. J Reprod Immunol. (1986) 9:275-87. doi:
10.1016/0165-0378(86)90029-X

48. Ambrose JD, Rajamahendran R, Yoshiki T, Lee CY. Anti-bull sperm monoclonal
antibodies: I. Identification of major antigenic domains of bull sperm and manifestation
of interspecies  cross-reactivity. ]  Androl.  (1996)  17:567-78.  doi:
10.1002/j.1939-4640.1996.tb01834.x

49. Ambrose JD, Rajamahendran R, Lee CY. Anti-bull sperm monoclonal antibodies:
ii. Binding changes during capacitation and influence on sperm-zona interactions
in vitro. ] Androl. (1996) 17:579-86. doi: 10.1002/j.1939-4640.1996.tb01835.x

Frontiers in Veterinary Science

13

10.3389/fvets.2025.1523491

50. Dorjee S, Lai CL, Lee A, Lee CY. Monoclonal antibodies as direct probes for
human sperm acrosome reaction. Am J Reprod Immunol. (1997) 37:283-90. doi:
10.1111/j.1600-0897.1997.tb00231.x

51. Lee CY, Zhang JH, Wong E, Chow SN, Sun P, Yang YZ, et al. Sex difference of
antifertility effect by passively immunized monoclonal sperm antibodies. Am ] Reprod
Immunol Microbiol. (1987) 13:9-14. doi: 10.1111/j.1600-0897.1987.tb00081.x

52. Blecher SR, Howie R, Li S, Detmar J, Blahut LM. A new approach to immunological
sexing of sperm. Theriogenology. (1999) 52:1309-21. doi:
10.1016/S0093-691X(99)00219-8

53. Pattanawong W, Pongpiachan P, Mekchay SJ. Sumretprasong production of
monoclonal antibody against male specific antigen on cell membrane of bovine
spermatozoa. Indian ] Anim Res. (2010) 44:22-7.

54. Dumrongsri S, Pongpiachan P, Mekchay S. Monoclonal antibodies against male-
specific antigen of white Lamphun cattle (Bos indicus). Kasetsart ] (Nat Sci). (2014)
48:425-32.

55. Dumrongsri S, Khamlor T, Pongpiachan P, Sringarm K. Determination of male-
specific gene expression of white Lamphun cattle semen treated by monoclonal
antibodies. Indian ] Anim Sci. (2016) 86:878-82. doi: 10.56093/ijans.v86i8.60764

56. Eichwald EJ, Silmser CR. Skin. Transpl Bullet. (1955) 2:148-9.

57. Hu X, Kueppers ST, Kooreman NG, Gravina A, Wang D, Tediashvili G, et al. The
H-Y antigen in embryonic stem cells causes rejection in syngeneic female recipients.
Stem Cells Dev. (2020) 29:1179-89. doi: 10.1089/s¢d.2019.0299

58. Goldberg EH, Boyse EA, Bennett D, Scheid M, Carswell EA. Serological
demonstration of H-Y (male) antigen on mouse sperm. Nature. (1971) 232:478-80. doi:
10.1038/232478a0

59. Gledhill BL. Selection and separation of X- and Y- chromosome-bearing
mammalian sperm. Gamete Res. (1988) 20:377-95. doi: 10.1002/mrd.1120200312

60. Bradley MP. Immunological sexing of mammalian semen: current status and
future options. J Dairy Sci. (1989) 72:3372-80. doi: 10.3168/jds.50022-0302(89)79500-X

61. McLaren A, Simpson E, Tomonari K, Chandler P, Hogg H. Male sexual
differentiation in mice lacking H-Y antigen. Nature. (1984) 312:552-5. doi:
10.1038/312552a0

62. Ali J1, Eldridge FE, Koo GC, Schanbacher BD. Enrichment of bovine X- and
Y-chromosome-bearing sperm with monoclonal H-Y antibody-fluorescence-activated
cell sorter. Arch Androl. (1990) 24:235-45. doi: 10.3109/01485019008987580

63. Hendriksen PJ, Tieman M, Van der Lende T, Johnson LA. Binding of anti-H-Y
monoclonal antibodies to separated X and Y chromosome-bearing porcine and bovine
sperm. Mol Reprod Dev. (1993) 35:189-96. doi: 10.1002/mrd.1080350213

64. Sills ES, Kirman I, Colombero LT, Hariprashad J, Rosenwaks Z, Palermo GD. H-Y
antigen expression patterns in human X- and Y-chromosome-bearing spermatozoa. Am
J Reprod Immunol. (1998) 40:43-7. doi: 10.1111/j.1600-0897.1998.tb00387.x

65. Sinclair AH, Berta P, Palmer MS, Hawkins JR, Griffiths BL, Smith M]J, et al. A gene
from the human sex-determining region encodes a protein with homology to a
conserved DNA-binding motif. Nature. (1990) 346:240-4. doi: 10.1038/346240a0

66. Gubbay J, Collignon J, Koopman P, Capel B, Economou A, Miinsterberg A, et al.
A gene mapping to the sex-determining region of the mouse Y chromosome is a
member of a novel family of embryonically expressed genes. Nature. (1990) 346:245-50.
doi: 10.1038/346245a0

67. Berta P, Hawkins JR, Sinclair AH, Taylor A, Griffiths BL, Goodfellow PN, et al.
Genetic evidence equating Sry and the testis-determining factor. Nature. (1990)
348:448-50. doi: 10.1038/348448a0

68. Koopman P, Miinsterberg A, Capel B, Vivian N, Lovell-Badge R. Expression of a
candidate sex-determining gene during mouse testis differentiation. Nature. (1990)
348:450-2. doi: 10.1038/348450a0

69. Ferrari S, Harley VR, Pontiggia A, Goodfellow PN, Lovell-Badge R, Bianchi ME.
Sry, like Hmg]1, recognizes sharp angles in DNA. EMBO J. (1992) 11:4497-506. doi:
10.1002/j.1460-2075.1992.tb05551.x

70. Pontiggia A, Rimini R, Harley VR, Goodfellow PN, Lovell-Badge R, Bianchi ME.
Sex-reversing mutations affect the architecture of Sry-DNA complexes. EMBO J. (1994)
13:6115-24. doi: 10.1002/j.1460-2075.1994.tb06958.x

71. Sekido R, Lovell-Badge R. Sex determination involves synergistic action of Sry and
Sf1 on a specific Sox9 enhancer. Nature. (2008) 453:930-4. doi: 10.1038/nature06944

72.Jakob S, Lovell-Badge R. Sex determination and the control of Sox9 expression in
mammals. FEBS J. (2011) 278:1002-9. doi: 10.1111/j.1742-4658.2011.08029.x

73. Salas-Cortés L, Jaubert F, Barbaux S, Nessmann C, Bono MR, Fellous M, et al. The
human Sry protein is present in fetal and adult Sertoli cells and germ cells. Int ] Dev Biol.
(1999) 43:135-40.

74. Montazer-Torbati F, Kocer A, Auguste A, Renault L, Charpigny G, Pailhoux E,
et al. A study of goat Sry protein expression suggests putative new roles for this gene in
the developing testis of a species with Long-lasting Sry expression. Dev Dynam. (2010)
239:3324-35. doi: 10.1002/dvdy.22452

75.Li C, Sun 'Y, Yi K, Li C, Zhu X, Chen L, et al. Detection of the Sry Transcript and
Protein in Bovine Ejaculated Spermatozoa. Anim Biosci. (2011) 24:1358-64. doi:
10.5713/ajas.2011.11062

frontiersin.org


https://doi.org/10.3389/fvets.2025.1523491
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.anireprosci.2018.09.010
https://doi.org/10.1016/j.rvsc.2021.11.013
https://doi.org/10.1021/acs.jproteome.0c00358
https://doi.org/10.1371/journal.pbio.3000398
https://doi.org/10.1038/s41596-020-0348-y
https://doi.org/10.3390/mi13030426
https://doi.org/10.1016/j.anireprosci.2018.11.006
https://doi.org/10.3390/ijms21010244
https://doi.org/10.3181/00379727-85-20982
https://doi.org/10.1093/ajcp/32.4.357
https://doi.org/10.1016/0002-9378(68)90307-4
https://doi.org/10.1016/0002-9378(72)90116-0
https://doi.org/10.1016/S0015-0282(16)41726-7
https://doi.org/10.1016/S0015-0282(98)00506-8
https://doi.org/10.1038/256495a0
https://doi.org/10.1016/0165-0378(81)90122-4
https://doi.org/10.1016/0165-0378(82)90035-3
https://doi.org/10.1095/biolreprod30.4.1015
https://doi.org/10.1016/0165-0378(86)90029-X
https://doi.org/10.1002/j.1939-4640.1996.tb01834.x
https://doi.org/10.1002/j.1939-4640.1996.tb01835.x
https://doi.org/10.1111/j.1600-0897.1997.tb00231.x
https://doi.org/10.1111/j.1600-0897.1987.tb00081.x
https://doi.org/10.1016/S0093-691X(99)00219-8
https://doi.org/10.56093/ijans.v86i8.60764
https://doi.org/10.1089/scd.2019.0299
https://doi.org/10.1038/232478a0
https://doi.org/10.1002/mrd.1120200312
https://doi.org/10.3168/jds.S0022-0302(89)79500-X
https://doi.org/10.1038/312552a0
https://doi.org/10.3109/01485019008987580
https://doi.org/10.1002/mrd.1080350213
https://doi.org/10.1111/j.1600-0897.1998.tb00387.x
https://doi.org/10.1038/346240a0
https://doi.org/10.1038/346245a0
https://doi.org/10.1038/348448a0
https://doi.org/10.1038/348450a0
https://doi.org/10.1002/j.1460-2075.1992.tb05551.x
https://doi.org/10.1002/j.1460-2075.1994.tb06958.x
https://doi.org/10.1038/nature06944
https://doi.org/10.1111/j.1742-4658.2011.08029.x
https://doi.org/10.1002/dvdy.22452
https://doi.org/10.5713/ajas.2011.11062

Bai et al.

76. Niedenberger BA, Cook K, Baena V, Serra ND, Velte EK, Agno JE, et al. Dynamic
cytoplasmic projections connect mammalian Spermatogonia in vivo. Development.
(2018) 145:1323. doi: 10.1242/dev.161323

77.Braun RE, Behringer RR, Peschon JJ, Brinster RL, Palmiter RD. Genetically
haploid spermatids are phenotypically diploid. Nature. (1989) 337:373-6. doi:
10.1038/337373a0

78. Bhutani K, Stansifer K, Ticau S, Bojic L, Villani AC, Slisz J, et al. Widespread
haploid-biased gene expression enables sperm-level natural selection. Science. (2021)
371:1723. doi: 10.1126/science.abb1723

79. San Roman AK, Skaletsky H, Godfrey AK, Bokil NV, Teitz L, Singh I, et al. The
human Y and inactive X chromosomes similarly modulate autosomal gene expression.
Cell Genom. (2024) 4:100462. doi: 10.1016/j.xgen.2023.100462

80. Douglas C, Maciulyte V, Zohren J, Snell DM, Mahadevaiah SK, Ojarikre OA, et al.
Crispr-Cas9 effectors facilitate generation of single-sex litters and sex-specific
phenotypes. Nat Commun. (2021) 12:6926. doi: 10.1038/s41467-021-27227-2

81. Howes EA, Miller NG, Dolby C, Hutchings A, Butcher GW, Jones R. A search for
sex-specific antigens on bovine spermatozoa using immunological and biochemical
techniques to compare the protein profiles of X and Y chromosome-bearing sperm
populations separated by fluorescence-activated cell sorting. J Reprod Fertil. (1997)
110:195-204. doi: 10.1530/jrf.0.1100195

82. 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) 7:1633-41. doi:
10.1002/vms3.540

83. Sang L, Yang WC, Han L, Liang AX, Hua GH, Xiong JJ, et al. An immunological
method to screen sex-specific proteins of bovine sperm. J Dairy Sci. (2011) 94:2060-70.
doi: 10.3168/jds.2010-3350

84. Yang WC, Sang L, Xiao Y, Zhang HL, Tang KQ, Yang LG. Tentative identification
of sex-specific antibodies and their application for screening bovine sperm proteins for
sex-specificity. Mol Biol Rep. (2014) 41:217-23. doi: 10.1007/s11033-013-2854-2

85. Chen X, Zhu H, Wu C, Han W, Hao H, Zhao X, et al. Identification of differentially
expressed proteins between bull X and Y spermatozoa. J Proteome. (2012) 77:59-67. doi:
10.1016/j.jprot.2012.07.004

86. De Canio M, Soggiu A, Piras C, Bonizzi L, Galli A, Urbani A, et al. Differential
protein profile in sexed bovine semen: shotgun proteomics investigation. Mol BioSyst.
(2014) 10:1264-71. doi: 10.1039/C3MB70306A

87.Byrne K, Leahy T, McCulloch R, Colgrave ML, Holland MK. Comprehensive
mapping of the bull sperm surface proteome. Proteomics. (2012) 12:3559-79. doi:
10.1002/pmic.201200133

88. Kasvandik S, Sillaste G, Velthut-Meikas A, Mikelsaar AV, Hallap T, Padrik P, et al.
Bovine sperm plasma membrane proteomics through Biotinylation and subcellular
enrichment. Proteomics. (2015) 15:1906-20. doi: 10.1002/pmic.201400297

89. Cheng J, Hao X, Zhang W, Sun C, Yuan X, Yang Y, et al. Proteomic and
Metabolomic profiling reveals alterations in boar X and Y sperm. Animals. (2024)
14:3672. doi: 10.3390/ani14243672

90. Yadav SK, Gangwar DK, Singh J, Tikadar CK, Khanna VV, Saini S, et al. An
immunological approach of sperm sexing and different methods for identification of
X- and Y-chromosome bearing sperm. Vet World. (2017) 10:498-504. doi:
10.14202/vetworld.2017.498-504

91. He Q, Huang M, Cao X, Zhang K, Liu J, Quan E. Advancements in mammalian X
and Y sperm differences and sex control technology. Zygote. (2022) 30:423-30. doi:
10.1017/S0967199421000939

92.Sun]J, Liu Z, Yao H, Zhang H, Zheng M, Shen N, et al. Azide-masked Resiquimod
activated by hypoxia for selective tumor therapy. Adv Mater. (2023) 35:e2207733. doi:
10.1002/adma.202207733

93. Miller RL, Meng TC, Tomai MA. The antiviral activity of toll-like receptor 7 and
7/8 agonists. Drug News Perspect. (2008) 21:69-87. doi: 10.1358/dnp.2008.21.2.1188193

94. Luchner M, Reinke S, Milicic A. Tlr agonists as vaccine adjuvants targeting Cancer
and infectious diseases. Pharmaceutics. (2021) 13:142. doi: 10.3390/pharmaceutics
13020142

95.Wen E Liu W, Li Y, Zou Q, Xian M, Han S, et al. Tlr7/8 agonist (R848) inhibit
bovine X sperm motility via Pi3k/Gsk3a/B and Pi3k/Nfib pathways. Int ] Biol Macromol.
(2023) 232:123485. doi: 10.1016/j.ijbiomac.2023.123485

Frontiers in Veterinary Science

14

10.3389/fvets.2025.1523491

96.Ren F, Xi H, Ren Y, Li Y, Wen E, Xian M, et al. Tlr7/8 Signalling affects X-sperm
motility via the Gsk3 A/B-hexokinase pathway for the efficient production of sexed
dairy goat embryos. ] Anim Sci Biotechnol. (2021) 12:89. doi: 10.1186/s40104-021-00613-y

97. Huang M, Cao XY, He QF, Yang HW, Chen YZ, Zhao JL, et al. Alkaline semen
diluent combined with R848 for separation and enrichment of dairy goat X-sperm. J
Dairy Sci. (2022) 105:10020-32. doi: 10.3168/jds.2022-22115

98. He Q, Wu S, Huang M, Wang Y, Zhang K, Kang J, et al. Effects of diluent Ph on
enrichment and performance of dairy goat X/Y sperm. Front Cell Dev Biol. (2021)
9:747722. doi: 10.3389/fcell.2021.747722

99.He Q, Gao E Wu S, Wang S, Xu Z, Xu X, et al. Alkaline dilution alters sperm
motility in dairy goat by affecting sac/camp/Pka pathway activity. Int ] Mol Sci. (2023)
24:1771. doi: 10.3390/ijms24021771

100. He Q, Wu S, Gao E Xu X, Wang S, Xu Z, et al. Diluent Ph affects sperm motility
via Gsk3 A/B-hexokinase pathway for the efficient enrichment of X-sperm to increase
the female kids rate of dairy goats. Theriogenology. (2023) 201:1-11. doi:
10.1016/j.theriogenology.2023.02.012

101. Umehara T, Kawai T, Goto M, Richards JS, Shimada M. Creatine enhances the
duration of sperm capacitation: a novel factor for improving in vitro fertilization
with small numbers of sperm. Hum Reprod. (2018) 33:1117-29. doi:
10.1093/humrep/dey081

102. Pan C, Xu S, Zhang W, Zhao Y, Zhao ], Song M. Expression of Tlr7/8 in canine
sperm and evaluation of the effect of ligand R848 on the sorting of canine X/Y sperm.
Theriogenology. (2025) 231:127-32. doi: 10.1016/j.theriogenology.2024.10.015

103. Quinlivan WL, Preciado K, Long TL, Sullivan H. Separation of human X and Y
spermatozoa by albumin gradients and Sephadex chromatography. Fertil Steril. (1982)
37:104-7. doi: 10.1016/S0015-0282(16)45986-8

104. Brandrift BE Gordon LA, Haendel S, Singer S, Moore DH 2nd, Gledhill BL. Sex
chromosome ratios determined by Karyotypic analysis in albumin-isolated human
sperm. Fertil Steril. (1986) 46:678-85. doi: 10.1016/S0015-0282(16)49648-2

105. Aribarg A, Ngeamvijawat J, Chanprasit Y, Sukcharoen N. Determination of the
ratio of X and Y bearing spermatozoa after albumin gradient method using double-
labelled fluorescence in situ hybridization (Fish). Journal of the medical Association of
Thailand =. Chotmaihet Thangphaet. (1996) 79:588-95.

106. Kaneko S, Yamaguchi J, Kobayashi T, Tizuka R. Separation of human X- and
Y-bearing sperm using Percoll density gradient centrifugation. Fertil Steril. (1983)
40:661-5. doi: 10.1016/S0015-0282(16)47427-3

107. Lin SP, Lee RK, Tsai YJ, Hwu YM, Lin MH. Separating X-bearing human
spermatozoa through a discontinuous Percoll density gradient proved to be inefficient
by double-label fluorescent in situ hybridization. J Assist Reprod Genet. (1998) 15:565-9.
doi: 10.1023/A:1022590321986

108. Check ML, Bollendorf A, Check JH, Hourani W, Long R, McMonagle K.
Separation of sperm through a 12-layer Percoll column decreases the percentage of
sperm staining with Quinacrine. Arch Androl. (2000) 44:47-50. doi: 10.1080/
014850100262407

109. Feng Y, Wang R, Su D, Zhai Y, Wang L, Yu L, et al. Identifying new sperm Western
blot loading controls. Andrologia. (2021) 53:e14226. doi: 10.1111/and.14226

110. Kapitonova AA, Muronetz VI, Pozdyshev DV. Sorted Bulls' X-chromosome-
bearing spermatozoa show increased Gapdhs activity correlating with motility. Genes.
(2023) 14:235. doi: 10.3390/genes14010235

111. Xiong Z, Zhang H, Huang B, Liu Q, Wang Y, Shi D, et al. Expression pattern of
Prohibitin, capping actin protein of muscle Z-line Beta subunit and Tektin-2 gene in
Murrah Buffalo sperm and its relationship with sperm motility. Asian Australas ] Anim
Sci. (2018) 31:1729-37. doi: 10.5713/ajas.18.0025

112. Naresh S. Effect of cooling (4°C) and cryopreservation on cytoskeleton actin and
protein tyrosine phosphorylation in Buffalo spermatozoa. Cryobiology. (2016) 72:7-13.
doi: 10.1016/j.cryobiol.2015.12.004

113. Mohammadi AA, Tetro JA, Filion LG. Epitope selection to male specific antigens
for sex selection in swine. J Reprod Immunol. (2011) 89:46-54. doi:
10.1016/j.jri.2011.01.012

114. Jin BK, Odongo S, Radwanska M, Magez S. Nanobodies®: a review of diagnostic
and therapeutic applications. Int ] Mol Sci. (2023) 24:5994. doi: 10.3390/ijms24065994

115. Koch-Nolte F. Nanobody-based heavy chain antibodies and chimeric antibodies.
Immunol Rev. (2024) 328:466-72. doi: 10.1111/imr.13385

frontiersin.org


https://doi.org/10.3389/fvets.2025.1523491
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1242/dev.161323
https://doi.org/10.1038/337373a0
https://doi.org/10.1126/science.abb1723
https://doi.org/10.1016/j.xgen.2023.100462
https://doi.org/10.1038/s41467-021-27227-2
https://doi.org/10.1530/jrf.0.1100195
https://doi.org/10.1002/vms3.540
https://doi.org/10.3168/jds.2010-3350
https://doi.org/10.1007/s11033-013-2854-2
https://doi.org/10.1016/j.jprot.2012.07.004
https://doi.org/10.1039/C3MB70306A
https://doi.org/10.1002/pmic.201200133
https://doi.org/10.1002/pmic.201400297
https://doi.org/10.3390/ani14243672
https://doi.org/10.14202/vetworld.2017.498-504
https://doi.org/10.1017/S0967199421000939
https://doi.org/10.1002/adma.202207733
https://doi.org/10.1358/dnp.2008.21.2.1188193
https://doi.org/10.3390/pharmaceutics13020142
https://doi.org/10.3390/pharmaceutics13020142
https://doi.org/10.1016/j.ijbiomac.2023.123485
https://doi.org/10.1186/s40104-021-00613-y
https://doi.org/10.3168/jds.2022-22115
https://doi.org/10.3389/fcell.2021.747722
https://doi.org/10.3390/ijms24021771
https://doi.org/10.1016/j.theriogenology.2023.02.012
https://doi.org/10.1093/humrep/dey081
https://doi.org/10.1016/j.theriogenology.2024.10.015
https://doi.org/10.1016/S0015-0282(16)45986-8
https://doi.org/10.1016/S0015-0282(16)49648-2
https://doi.org/10.1016/S0015-0282(16)47427-3
https://doi.org/10.1023/A:1022590321986
https://doi.org/10.1080/014850100262407
https://doi.org/10.1080/014850100262407
https://doi.org/10.1111/and.14226
https://doi.org/10.3390/genes14010235
https://doi.org/10.5713/ajas.18.0025
https://doi.org/10.1016/j.cryobiol.2015.12.004
https://doi.org/10.1016/j.jri.2011.01.012
https://doi.org/10.3390/ijms24065994
https://doi.org/10.1111/imr.13385

	Advances in immunological sorting of X and Y chromosome-bearing sperm: from proteome to sex-specific proteins
	1 Introduction
	2 Antibodies and single-chain antibody variable fragments for sperm sorting
	3 Antibodies of anti-H-Y antigen and anti-SRY antigen for Y-chromosome bearing sperm
	4 Finding unique proteins in X-, Y-chromosome bearing sperm via proteomic analysis
	5 Immunomodulator R848 for sperm sorting
	6 Comparison between different approaches of X/Y sperm separation
	7 Housekeeping proteins as Western blot loading control in sperm
	8 Concluding remarks and future directions of immunological sorting of sperm

	References

