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A spermatozoon is a male germ cell capable of fertilizing an oocyte and carries genetic
information for determining the sex of the offspring. It comprises autosomes and an X
(X spermatozoa) or a Y chromosome (Y spermatozoa). The origin and maturation of both
X and Y spermatozoa are the same, however, certain differences may exist. Previous
studies proposed a substantial difference between X and Y spermatozoa, however,
recent studies suggest negligible or no differences between these spermatozoa with
respect to ratio, shape and size, motility and swimming pattern, strength, electric
charge, pH, stress response, and aneuploidy. The only difference between X and Y
spermatozoa lies in their DNA content. Moreover, recent proteomic and genomic studies
have identified a set of proteins and genes that are differentially expressed between X
and Y spermatozoa. Therefore, the difference in DNA content might be responsible for
the differential expression of certain genes and proteins between these cells. In this
review, we have compiled our present knowledge to compare X and Y spermatozoa
with respect to their structural, functional, and molecular features. In addition, we have
highlighted several areas that could be explored in future studies in this field.
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INTRODUCTION

A spermatozoon is a male reproductive cell that is produced in testis by highly orchestrated
processes called spermatogenesis and spermiogenesis. During spermatogenesis, undifferentiated
spermatogonia (stem cells) transform into type Al spermatogonia (differentiated cells). Eventually,
by the process of several mitotic cell divisions, type Al spermatogonia become type B
spermatogonia (Leblond and Clermont, 1952; Oakberg, 1956). Type B spermatogonia subsequently
undergo a final round of mitosis to form the primary spermatocytes (only two cells are
shown) that further proceed to meiosis (Figure 1). Through the first meiotic cell division,
the primary spermatocyte yields two secondary spermatocytes, which then enter the second
meiotic division and divides into four round spermatids that contain either the X or Y
chromosomes (Leblond and Clermont, 1952). Finally, the haploid round spermatids differentiate
to elongated spermatids and ultimately into spermatozoa by the process of spermiogenesis
(Hendriksen, 1999). During this entire process, the spermatogenic cells migrate from the
basement membrane toward the center of the seminiferous tubule and released into the lumen.
It has been reported that cytokinesis is not complete during mitotic and meiotic divisions
of these processes (Hendriksen, 1999). As shown in Figure 1, spermatogenic cells from the
same type of Al spermatogonium form a syncytium and are connected by intercellular bridges
that persist until the end of spermatogenesis (Braun et al., 1989). This intercellular bridge
permits free cytoplasmic communication among the cells with different genotypes. Because ions
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FIGURE 1 | Schematic drawing of the process of various events in male germ cells during spermatogenesis and spermiogenesis. The figure particularly displays the
existence of intercellular bridges among spermatogenic cells. Each generation of cells is connected by intercellular bridges, thus, it divides synchronously in cohorts.
See the main text for a detailed description.

and molecules (including genes and proteins) readily pass
through these intercellular bridges, each cell containing either X
or Y chromosome are matured synchronously (Braun et al., 1989;
Jasin and Zalamea, 1992). Therefore, the origin, maturation, and
functions of both X and Y chromosome-bearing spermatozoa are
mostly identical.

Subsequently mature spermatozoa are released in semen
during ejaculation, and is capable of fertilizing an oocyte,
followed by contributing half of the genetic material to the
offspring (Clapham, 2013; Rahman et al., 2013). Based on the
chromosomal content, spermatozoa are of two types, that is, those
bearing the X chromosome (X spermatozoa) and Y chromosome

(Y spermatozoa) (Shettles, 1960; Gellatly, 2009). If the X
spermatozoon combines with the mother’s X chromosome, the
resulting offspring is a baby girl (XX), whereas if Y spermatozoon
fertilizes the mother’s oocyte, the resulting offspring is a baby
boy (Gellatly, 2009). Certain preliminary studies reported several
morphological differences between the X and Y spermatozoa
using phase-contrast microscopy (Shettles, 1960; Cui and
Matthews, 1993; Cui, 1997); however, most of the recent studies
indicate that no major differences exist between the two sperm
types (Hossain et al., 2001; You et al., 2017) except their
DNA content. The discrepancy in these results, from the early
and recent studies, is presumably due to relatively non-specific
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methods used by the early investigators to differentiate between
the X and Y spermatozoa (Hossain et al., 2001). Therefore, to
understand the real differences between the two sperm types,
a thorough discussion of both cells needs to be emphasized.
In the present review, we summarized the existing scientific
evidence to compare the X and Y spermatozoa considering their
morphophysiological and molecular characteristics. In addition,
we have highlighted the proteomics and genomics aspects of
both cells, and investigated their clinical significance, in order to
predict whether this difference could explain the occurrence of
particular diseases in a sex-specific-manner.

SEARCH SCHEME AND ARTICLE
SELECTION

PubMed search engine was used to thoroughly search the
MEDLINE database for literature on X and/or Y spermatozoa
using the following search terms: ratio, shape, size, gender
selection, motility, swimming pattern, velocity, CASA, FISH,
flow cytometric analysis, Percoll gradient, albumin gradient,
swim-up method, viability, electrophobicity, electronegativity,
pH tolerance, surface properties, Y-specific antigen, HY antigen,
stress response, oxidative stress, endocrine disruptors, pesticide
exposure, environmental toxicants, heat stress, DNA damage,
chromosomal abnormality, aneuploidy, XX aneuploidy, XY
aneuploidy, YY aneuploidy, proteomics, disease, gender-specific
disease, and genomics. Full-text articles and abstracts in English
language on X and Y spermatozoa published before December,
2019, were included in the review after screening their content.
All article types such as original articles, reviews, letter to the
editor, editorials, opinions, and debates were included in the
review. Retracted papers were excluded by thoroughly checking
the corresponding journal websites.

MORPHOPHYSIOLOGICAL
CHARACTERISTICS OF X AND Y
SPERMATOZOA

A mature mammalian spermatozoon comprises three distinct
parts, namely, head, mid-piece, and tail (containing genetic
material, mitochondria, and axial filament, respectively). Due to
their unique organization, spermatozoa are different from the
other cells. In this section, we will compare X and Y spermatozoa
based on their morphological and physiological characteristics.

Ratio
During mammalian spermatogenesis, meiosis produces 50:50
ratio of X and Y spermatozoa according to Mendelian
segregation. Therefore, the natural sex ratio during
spermatogenesis is expected to be 1:1 (Umehara et al.,
2019). An intensive literature search produced three major
findings on the ratio of X and Y spermatozoa: (1) proportion
of X spermatozoa was higher than that of Y spermatozoa
(Martin et al., 1983; Bibbins et al., 1988), (2) proportion
of Y spermatozoa was higher than that of X spermatozoa

(Landrum and Shettles, 1960; Shettles, 1960; Quinlivan and
Sullivan, 1974), and (3) no difference existed in the proportion of
the two sperm types (Van Kooij and Van Oost, 1992; Goldman
et al., 1993; Han et al., 1993a).

It has been reported that an uncharacterized (unidentified)
gene controlled the ratio of X and Y spermatozoa such that
men with more brothers had a higher probability of having
sons and those with more sisters had a higher probability
of having daughters (Gellatly, 2009); however, these findings
are mostly hypothetical, and presence of such a gene has
not yet been confirmed. Moreover, a non-significant increase
of Y spermatozoa in men with only sons (>3) or the X
spermatozoa in men with only daughters (>3) has been
reported in another investigation (Irving et al., 1999). Several
previous studies from 1970 to 1980 suggested that paternal age
differentially affected the ratio of X and Y spermatozoa, thus
altering the secondary sex ratio of the offspring in a particular
population (Erickson, 1976; James and Rostron, 1985; Ruder,
1985). Nevertheless, this finding was also proven to be imprecise
by other contemporaries (Curtsinger et al., 1983; Martin et al.,
1995a,b). Apart from the debate, it has been reported that an
active gene transcription occurs selectively in the chromosomes
(including sex chromosomes) of haploid round spermatids
(Hu and Namekawa, 2015). Therefore, if the composition
of sex chromosomes has changed due to the post-meiotic
modifications in the gene expression and differential survival of
spermatozoa during epididymal maturation, these may affect the
expected ratio (Bean, 1990). In a recent study, Umehara et al.
(2019) reported that ligand activation of Toll-like receptors 7/8
(TLR7/8), selectively encoded by the X chromosome, significantly
suppress the motility of X spermatozoa without altering their
ability of fertilization. This procedure allows producing over
90% of the male embryos following in vitro fertilization using
ligand-selected highly motile spermatozoa. In another study
using knockout (KO) mice model, Rathje et al. (2019) reported
that partial deletions of the Y chromosome (Yqdel) in males
produce an equal number of X and Y spermatozoa. Although
both sperm types are equally capable of fertilizing oocytes once
at the site of fertilization, they exhibit a functional (motility and
morphology) difference from each other that potentially skewed
offspring sex ratio. Consistent with these findings, Kruger et al.
(2019) also showed that complete deletion of the X-linked Slxl1
gene produced more male offspring by regulating post-meiotic
germ cells transition (round spermatids to elongated spermatids).

An increased incidence of Y aneuploidy in spermatozoa was
reported in another study, which selectively eliminated the Y
spermatozoa and increased the proportion of X spermatozoa
in mice and humans (Chaudhary et al., 2014). In accordance
with this finding, we also reported that the viability of human
Y spermatozoa is lower than that of X presumably due to the
increased expression of apoptotic proteins in the live Y cells
under stressful conditions, in vitro, thus, subsequently leading to
shifts in the Y-to-X ratio (You et al., 2017). These findings indicate
that functional properties of X and Y spermatozoa differ under
certain in vivo/in vitro conditions due to the transcription of
specific genes in particular cell types subsequently leading to the
altered sex ratio at birth. Therefore, several factors, particularly
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TABLE 1 | Summary of the ratio of mammalian X and Y spermatozoa.

Cells Hybridization

References Species (spermatozoa) analyzed Methods Outcome measure efficacy X:Y

Han et al., 1993b Human (21–45 years) 813,066 Multicolor FISH Fluorescence microscopy NM 1.07:1

Mouse (6–8 weeks) 10,390 1.24: 1

Eisenberg et al., 2012 Human NM Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

NM 1:1.06

Oligospermic man 1:1.03

Smith et al., 2004 Human (cryopreserved) ∼1000 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

99 ∼1:1

Hossain et al., 2001 Human 3300 Multicolor FISH Fluorescence microscopy >98 ∼1:1

Recio et al., 2001 Human (18–47 years) 9944–10,250 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

99 1:1.03

Szyda et al., 2000 Bull 2122 1.15: 1

Irving et al., 1999 Man with only sons (>3) NM Multicolor FISH Leitz Laborlux Ploemopak
fluorescence microscopy

NM 1.102:1 (NS)

Man with only daughters (>3) 1:1.17 (NS)

Hassanane et al., 1999 Bull >10,000 Multicolor FISH Fluorescence microscopy NM ∼1:1

Chandler et al., 1998 Bull ∼100,000 PCR UV/VIS spectrophotometer 16=1

Halder and Tutscheck,
1998

Human 4506 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

1.18:1

Samura et al., 1997 Human >6000 Multicolor FISH and
Percoll separation

Epifluorescence microscopy
(Zeiss Axiophot)

99.8 ∼1:1.02

Multicolor FISH and
swim-up/glass
wool method

∼1:1

Martin et al., 1996 Human (21–52 years) ∼5000 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

1.02:1

Griffin et al., 1996 Human >300,000 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

NM ∼1:1

Spriggs et al., 1996 Human (27–39 years) 50,000 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

98 X Y

Chevret et al., 1995 Human 94,575 Multicolor FISH and
Percoll separation

Epifluorescence microscopy
(Zeiss Axiophot)

NM 1.03:1

Martin et al., 1995a Human (21–52 years) >10,000 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

NM 1.02:1

Martin et al., 1995b Lymphoma patient (human,
32 years)

>10,000 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

∼1:1

Williams et al., 1993 Human 2544–3860 Multicolor FISH Epifluorescence microscopy
(Zeiss Axiophot)

99 1:1.01

Cui and Matthews,
1993

Human 233 PCR Direct microscopy 93.1 1.06:1

Lobel et al., 1993 Human qPCR ∼1:1

Goldman et al., 1993 Human 60,000 Multicolor FISH ∼1:1

Han et al., 1993a Human ∼1263 Multicolor FISH Epifluorescence microscopy
(Leitz microscope)

∼1:1

Benet et al., 1992 Human 505 Leishman staining Analyzing zona-free
hamster oocytes

1.02:1

FISH, fluorescence in situ hybridization; NM, not mentioned; qPCR, real-time polymerase chain reaction; NS, non-significant.

genetic and environmental factors or both may differentially
affect the ratio of X and Y spermatozoa by making one sperm
type more sensitive to the external stress than that of the other.
The ratio of X and Y spermatozoa in several animal species along
with the methods used for differentiating between the two sperm
types are summarized in Table 1. For some responses, there is a
significant difference in means, but the difference is so small as to
be of little or no biological significance because the distributions

overlap almost completely. This overlap, for example, is so great
as to make the mean difference useless for sexing sperm.

Shape and Size
Despite the immense advancement in the field of developmental
biology research, the basic idea of the spermatozoal structure
remains unclear. As such, it is also unclear whether X and Y
spermatozoa vary in their shape and size. By direct microscopic
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examination, two distinct types of spermatozoa: one type with
a small, round head (presumably Y spermatozoa) and other
type with a comparatively larger, elongated head (presumably X
spermatozoa) were proposed by the early studies (Shettles, 1960,
1961). Both X and Y spermatozoa possess identical autosomes
and an X or a Y chromosome. Thus, the difference in the
size of X and Y spermatozoa may be due to the variations
between X and Y chromosomes. Nevertheless, several researchers
have suggested that the size of a sperm is not exclusively
associated with its chromosomal content and may also be
associated with its cytoplasmic content, which may vary in a
specific sperm population during spermatogenesis (Shannon and
Handel, 1993; Lankenau et al., 1994; Cui, 1997). In addition,
Hossain et al. (2001) suggested that variations in the cytoplasmic
content of X and Y spermatozoa introduced by meiosis and/or
spermatogenesis were greater than those introduced by the sex
chromosomes itself.

Although the preliminary hypothesis that X and Y
spermatozoa were different based on their size and shape
(Shettles, 1960, 1961) was supported by other researchers (Cui
and Matthews, 1993; Cui, 1997), they were refuted with forceful
arguments by the findings of several recent studies that used
more specific methods for differentiating between X and Y
spermatozoa (Hossain et al., 2001; Grant, 2006; Zavaczki et al.,
2006). In an important study, Carvalho et al. (2013) used atomic
force microscopy (AFM) and demonstrated that no differences
existed in the shape and size of bovine X and Y spermatozoa even
though 23 structural features between X and Y spermatozoa were
assessed. AFM is highly specific as it provides detailed three-
dimensional information of cells and is suitable for imaging
the cell surface. Therefore, it is tempting to speculate that no

or non-significant differences exist in the shape and size of X
and Y spermatozoa. Previous studies mostly used non-specific
comparative methods such as identification of Barr bodies and
F bodies, which have low sensitivity in differentiating between
X and Y spermatozoa, thus making the findings of these studies
(i.e., X spermatozoa are larger than Y spermatozoa) less reliable.
The findings of different studies on the shape and size of X and Y
spermatozoa are summarized in Table 2.

Motility and Swimming Pattern
Owing to the high demand of sex preselection in animal
reproduction, several studies have attempted to differentiate
between X and Y spermatozoa over the past decades. Several
researchers have used different methods to evaluate sex selection
based on sperm motility; however, the efficacy of these
methods is debatable. Additionally, it is unclear whether Y
spermatozoa move faster than X spermatozoa. As an example,
if Y spermatozoa move faster than X spermatozoa, a man
should have a son, with an almost zero chance of having a
daughter. Spermatozoa start swimming during the epididymal
transition (Chang, 1951). Human spermatozoa travel at the rate
of up to 3000 µm/min (Smith and Braun, 2012); however, some
spermatozoa move slowly at the rate of 1000/min. Thus, a 55
µm long spermatozoon efficiently covers 1000–3000 µm. During
this journey, the morphology and chemotaxis of spermatozoa
and ionic factors, protein phosphorylation (especially tyrosine),
ATP, cyclic adenosine monophosphate, protein kinase-A (PKA),
enzymatic factors, seminal plasma factors, and calcium ions
present in spermatozoa play a dynamic role in keeping the
spermatozoa motile (Kwon et al., 2014b; Rahman et al.,
2017b, 2018). Simultaneously, certain fascinating physiological

TABLE 2 | Findings of several studies on the size and shape of X and Y spermatozoa of human and domestic animals.

Cells Enrichment Outcome

References Spermatozoa analyzed Parameters technique(s) measured Main findings

Carvalho et al., 2013 Nellore bull 400 Sperm head shape and
size

Flow cytometry Atomic force
microscopy

No difference

Zavaczki et al., 2006 Healthy, oligozoospermic,
and normozoospermic
man

>2000 Sperm head, perimeter,
long and short axis, long
or short axis, and tail
length.

FISH Phase-contrast
microscopy

No difference

Hossain et al., 2001 Human 3300 Head length and width
and tail length

FISH Fluorescence
microscopy

No difference

520 Cell size and diameter No difference

Van Munster et al., 1999 Bull >1298 Sperm head volume Flow cytometry DIC microscopy X > Y

Geraedts, 1997 Human NM Sperm surface Feulgen staining of
the Y chromosome

Fluorescence
microscopy

X (7%) > Y

Cui, 1997 Human 895 Length, head perimeter,
and length of the neck
and tail

PCR identification of
the Y chromosome

Light microscopy X > Y

Cui and Matthews, 1993 217

Chandler et al., 1998 Hereford bull 2214 Head areas DIC microscopy X > Y

Landrum and Shettles,
1960; Shettles, 1960

Human NM Head size and nuclear
morphology

Dried unstained
sperm observed
directly

Phase-contrast
microscopy

X > Y

FISH, fluorescence in situ hybridization; DIC, differential interference contrast; NM, not mentioned.
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processes such as capacitation and the acrosome reaction occur
in spermatozoa (Visconti, 2009; Battistone et al., 2013; Rahman
et al., 2017b). The difference in the ability of the X or Y
spermatozoon to respond to these factors and processes will make
it more active and motile than the other sperm type. Human
X spermatozoa comprises 2.8% more genetic material (DNA)
than Y spermatozoa; this difference is 3–4.2% between the X and
Y spermatozoa of domestic livestock (Hendriksen et al., 1996).
Several researchers have concluded that the variation in DNA
content between X and Y spermatozoa may affect their motility
and swimming pattern (Johnson et al., 1989; Johnson, 1994),
however, the results of these studies are not conclusive.

Ericsson et al. (1973) used albumin gradient method
and demonstrated that human Y spermatozoa (stained with
quinacrine fluorochrome) reached the bottom of the gradient
before X spermatozoa. These researches claimed that their
method could identify >85% Y spermatozoa, of which 90–95%
were motile. This finding was the first evidence of the difference
in the swimming behavior of X and Y spermatozoa. The albumin
gradient method has several advantages over other sperm sex
preselection (methods for sperm selection along with their
reliability status have been summarized in Table 3); however,
detection of Y spermatozoa using quinacrine fluorochrome
staining, as performed by Ericsson et al. (1973) was later proven
to be non-specific (Flaherty and Matthews, 1996; Cui, 1997),
thus leading to inappropriate results. In another study, Sarkar
et al. (1984) reported that human X spermatozoa move slower
(angular velocity decrease) than Y spermatozoa in the flow
stream, however, the movement of both cells are similar in the
stationary fluid.

The controversy regarding the motility of X and Y
spermatozoa was mainly provoked in 1998, when Penfold and

coworker described their finding using flow cytometry and
computer-assisted sperm analysis (CASA) for differentiating X
and Y spermatozoa and measuring their motility parameters,
respectively. They demonstrated that bull Y spermatozoa could
not swim faster than X spermatozoa in a simple salt solution
(Penfold et al., 1998). In accordance with the aforementioned
findings, Alminana et al. (2014) reported a non-significant
difference in the motility of X and Y spermatozoa. These findings
indicate that no evidence is available that can help conclude
whether Y spermatozoa are faster than X spermatozoa. This
paradox becomes even more complex after considering the effect
of oviductal fluid on the motility of X and Y spermatozoa (Zhu
et al., 1994). In contrast, it has been confirmed that motility of X
and Y spermatozoa vary under the certain condition in vitro (and
presumably in vivo). For example, low pH, high temperature, and
increased oxidative stress retarded motility in Y spermatozoa,
whereas motility of X spermatozoa rapidly declined when
spermatozoa are incubated in a high-pH condition (Shettles,
1970; Oyeyipo et al., 2017). In a recent study, Umehara et al.
(2019) reported that ligand activation of TLR7/8 significantly
decreased the motility of X spermatozoa (by altering ATP
production) than that of Y. In addition, using the KO mice model,
Rathje et al. (2019) reported that Yqdel males (XYRIIIqdel)
produced less motile Y spermatozoa compared to X.

Viability
Sperm viability is the ability of spermatozoa to sustain an
intact plasma membrane and acrosomal membrane and to
survive during passage through the oviduct in order to
reach and fertilize the egg. Shettles (1960) suggested that X
spermatozoa were stronger and more robust than Y spermatozoa
because they had higher DNA content than Y spermatozoa.

TABLE 3 | Acceptability of various methods for distinguishing between X and Y spermatozoa based on the difference in their motility, swimming pattern, and DNA
content.

Sample Enrichment Target Sperm

References (spermatozoa) techniques Base of separation sperm sorted (%) Reliability

Erickson, 1976 Human Discontinuous
albumin gradients

Y sperm has higher forward
velocity than X sperm

Y 85 Unreliable

Evans et al., 1975 50 Unreliable

Ross et al., 1975 50 Unreliable

Quinlivan et al., 1982 52–74 Unreliable

Brandriff et al., 1986 50 Unreliable

Ueda and Yanagimachi, 1987 36.0–59.1 Unreliable

Iizuka et al., 1987 Human Percoll gradients Different motility of X and Y
sperms

X 94 Unreliable

Wang et al., 1994 55.1 Unreliable

Van Kooij and Van Oost, 1992 50 Unreliable

Check et al., 1989 Human Swim-up method Difference in swimming
pattern

X 81 Unreliable

Han et al., 1993b X 50 Unreliable

Lobel et al., 1993 X 41.9–56.7 Unreliable

Yan et al., 2006 X and Y 50 Unreliable

Johnson et al., 1993 Human Flow cytometry Difference in DNA mass X and Y X = 80, X = 75 Reliable

Johnson, 2000 Livestock X = 90 Reliable

Umehara et al., 2019 Mice Swim-up method TLR7/8 ligand activation Y = 90 X = 81 Reliable
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This preliminary hypothesis is supported by other investigators
(Cui and Matthews, 1993; Flaherty and Matthews, 1996; Carvalho
et al., 2013). Carvalho et al. (2013) reported that in addition
to higher DNA content, larger size and longer length of the
X chromosome made X spermatozoa more viable than Y
spermatozoa. Recently, we demonstrated that when spermatozoa
were incubated at different temperatures/culture conditions (You
et al., 2017) or in a media containing 2,3,7,8-tetrachlorodibenzo-
p-dioxin (an endocrine disruptor) (You et al., 2018), the Y
spermatozoa represent a compromised viability compared to X.
Moreover, the similar effects of other endocrine disruptors, such
as dibromochloropropane and diazinon (Diaz) on the viability of
Y spermatozoa were reported in another study (Song et al., 2018).
The decreased viability of Y spermatozoa was mostly associated
with the increased expression of apoptotic proteins in live Y
spermatozoa (You et al., 2017), which subsequently affects the
overall lifespan (You et al., 2018).

In particular, viability of spermatozoa is also related to
female investment. The environment in the female reproductive
tract (mostly fluid composition, pH and ionic concentration,
and transcriptomic responses) affects the viability of X and
Y spermatozoa and helps in selecting the best spermatozoa
for fertilization (Dominko and First, 1997; Holt and Fazeli,
2010). Van Dyk et al. (2001) performed in vitro experiments
mimicking the in vivo setting in the female reproductive
tract and reported that Y spermatozoa survived for a longer
duration than X spermatozoa, and that Y spermatozoa were
more proficient to bind with zona pellucida than X spermatozoa
(binding ratio, Y:X = 1.15:1.02). Other studies have suggested
that higher expression of certain proteins (such as those involved
in energy metabolism, e.g., ATP synthase subunit) provides
more energy to Y spermatozoa, thus increasing their viability
(Chayko and Martin-Deleon, 1992; Aranha and Martin-Deleon,
1995; Hendriksen, 1999; Chen et al., 2012). Based on the
aforementioned findings, two different hypotheses can be drawn:
(1) due to higher DNA content, X spermatozoa are more
stable/viable than Y spermatozoa at least in the in vitro condition
or (2) certain properties of Y cells may ensure that their
prolonged viability in the female reproductive tract (in vivo)
subsequently affects the lifespan of both cells in a distinct manner.

Electrophobicity
Identification of subtle differences between X and Y spermatozoa
is the only way to assess the preselection of a baby’s sex.
Various studies have attempted to identify the difference in the
electrical charge between X and Y spermatozoa. Epididymal
epithelium secretes sialic acid (glycoprotein) that provides a
net negative surface charge to the spermatozoa (Hoffmann and
Killian, 1981). The difference in cell surface charge between
the two sperm types is due to the difference in their exposed
sialic acid content (Kaneko et al., 1984). These findings
suggest that X and Y spermatozoa may exhibit differences
in their electrophobicity. Results of free-flow electrophoresis
indicated that the electrophoretic mobility of human X
spermatozoa was higher than that of Y spermatozoa, suggesting
that X spermatozoa exhibited higher negative charge than
Y spermatozoa (Kaneko et al., 1984; Kaneko et al., 1993).

In contrast, Engelmann et al. (1988) reported that human
spermatozoa differentiated into X and Y fractions as they moved
toward the anode, with the faster-moving and slower-moving
fractions mainly comprising Y and X spermatozoa, respectively.
The findings of Engelmann et al. (1988) were supported by
those of another research group that used bovine spermatozoa
(Blottner et al., 1994). The major limitation of these studies was
the use of non-specific and unreliable quinacrine fluorescent
staining to identify Y spermatozoa (F bodies) (Windsor et al.,
1993), which led to inappropriate results. Recently, Ainsworth
et al. (2011) observed that the use of CS-10 electrophoretic sperm
isolation device did not skew the ratio of X and Y spermatozoa
after their PCR-based differentiation. In particular, the device
only isolated functional spermatozoa but was unable to specify
their genotype. Thus, the movement of spermatozoa toward the
anode might mainly depend on their surface sialic acid content,
which allows them to comigrate with other spermatozoa during
electrophoresis. Therefore, the findings of Ainsworth et al.
(2011) clarified the unclear findings of the previous studies that
reported a considerable difference in X and Y spermatozoa based
on their electrophobicity.

pH Susceptibility
Mammalian spermatozoa are immotile in the testis and become
motile in response to several external factors that are initiated
during their transfer through the epididymis. Of these factors,
ionic concentration, particularly pH, plays an integral role in
regulating the functional maturation of the spermatozoa. During
sperm storage in the cauda epididymis, a slightly acidic pH is
maintained. In the domestic animals, this acidic pH in the cauda
epididymis inhibits sperm motility (Hamamah and Gatti, 1998).
The association between pH and sperm functions becomes more
complicated once the spermatozoa are released into the female
reproductive tract. An equilibrium is required between the pH
of the medium/female reproductive tract and intracellular pH of
spermatozoa for successful fertilization (Blomqvist et al., 2006).
In this section, we will discuss whether X and Y spermatozoa
present differential pH susceptibility.

The preliminary findings indicated that X spermatozoa are
larger and stronger than Y spermatozoa, suggesting that they are
more stable in an acidic pH than Y spermatozoa (Landrum and
Shettles, 1960; Shettles, 1960). Limited studies have supported
this preliminary hypothesis. Muehleis and Long (1976) reported
that insemination of an ovulated female rabbit with semen diluted
with buffers of pH 5.4, 6.9, and 9.6 produced 48, 63, and 49%
male offspring, respectively. This result partly supports Shettles’
hypothesis, which states that acidic pH (5.4) has deleterious
effects on Y spermatozoa, thus affecting the probability (low
probability of 48%) of conceiving male offspring; however, it is
unclear whether an alkaline pH of 9.6 decreased the percentage
(49%) of male offspring conceived particularly in comparison
with the spermatozoa diluted with a buffer at pH 6.9. Pratt et al.
(1987) reported a significant negative correlation between the
vaginal pH and percentage of male offspring conceived in golden
hamsters. Diasio and Glass (1971) reported that human X and
Y spermatozoa could not be differentiated based on their pH
affinity during their passage through a capillary tube containing
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media of varying pH. By examining 58489 human spermatozoa,
recently we demonstrated that incubation of human spermatozoa
in different pH conditions, including 6.5, 7.5, and 8.5 for 0–5 days
were incapable in altering the ratio of Y:X chromosome (You
et al., 2017). Thus, majority of the recent findings do not
provide any logical explanation for X and Y spermatozoa acting
differently at various pH conditions.

Surface Properties (HY Antigen)
HY antigen is a male tissue-specific antigen. It is a fundamental
part of the membrane of most male cells and is a specific antigen
that controls the Y sperm-specific genes (Ohno and Wachtel,
1978). Here, we report evidence for the hypothesis that X and
Y spermatozoa can be differentiated based on their surface HY
antigen content.

Since the identification of a Y-linked histocompatibility
antigen, scientists have believed that an immunological approach
can be considered to control the sex ratio in mammals. This
was initially demonstrated in a study by Bennett and Boyse
(1973). They reported that the sex ratio of male offspring
is significantly decreased (45.4%) when the female mice are
inseminated with the spermatozoa treated with an anti-HY
antibody compared with the untreated spermatozoa (53.4%).
This study supported the hypothesis that the HY antigen could be
used to distinguish between the X and Y spermatozoa; however,
a minor shift in the male sex ratio after insemination with
spermatozoa treated with the anti-HY antibody indicated only
a small difference in the concentration of HY antigen between
the two sperm types. Krco and Goldberg (1976) performed a
2-step cytotoxicity assay and identified the HY antigen in 8-
celled mouse embryos, thus providing additional evidence of
Y-chromosome expression of the HY antigen. Similar findings
were obtained by other researchers by using several laboratory
and domestic animal models (Silvers and Wachtel, 1977; Utsumi
et al., 1993). Nevertheless, some researchers have found that the
anti-HY antibody does not specifically bind to Y spermatozoa
(Hoppe and Koo, 1984; Hendriksen et al., 1993; Sills et al., 1998).
Sills et al. (1998) reported that the anti-HY antibody also binds to
X spermatozoa and thus cannot be used to differentiate between
X and Y spermatozoa. Besides, studies involving significant
sex differentiation of human spermatozoa by using the surface
antigen did not provide conclusive results (Jeulin et al., 1982;
Sills et al., 1998).

MOLECULAR INSIGHTS OF X AND
Y SPERMATOZOA

This section compares the molecular characteristics and
biological activities of X and Y spermatozoa, with a
special emphasis on the differences in their stress response,
chromosomal abnormalities, and genomic/proteomic content.

Response to Stress
Several studies have examined the etiology of male infertility
in the context of oxidative stress (Agarwal et al., 2014) and
physical, environmental, and occupational stress (Aitken, 2014;

Barazani et al., 2014). Spermatozoa are the first cells that
presented stress response (Gharagozloo and Aitken, 2011). In
the MEDLINE database, the term “oxidative stress” has been
mentioned in over 200,000 articles published between 2001 and
to date, of which >1800 articles have focused on spermatozoa.
Mechanisms underlying the response of X and Y spermatozoa
during stress remain unclear. As X and Y spermatozoa differ
in their genetic content, their response to stress may differs.
Alminana et al. (2014) reported a non-significant difference
while generating intracellular reactive oxygen species (ROS) by
mitochondrial DNA in X and Y spermatozoa, and concluded that
the tiny variations in DNA content between X and Y spermatozoa
are unable to respond to stress differentially. A similar conclusion
was drawn by other researchers (Ward and Coffey, 1991).

Mammalian spermatozoa cannot fertilize the oocyte before
they are appropriately conditioned in the female reproductive
tract even though they are motile and morphologically normal
(Kwon et al., 2014b; Rahman et al., 2017b, 2019). Different parts
of the female reproductive tract, such as the uterus, uterotubal
junction, and oviduct, are specifically programmed to select
only a functionally mature spermatozoon for fertilization (Holt
and Fazeli, 2010). Once the spermatozoa reach the oviduct,
they temporarily attach to the isthmus epithelium to undergo
capacitation before ovulation (Rahman et al., 2015, 2016).
Capacitation is a process during which complex molecular,
biochemical, and physiological changes occur in spermatozoa in
the female reproductive tract or in in vitro specialized media
and is a prerequisite for fertilization (Salicioni et al., 2007;
Visconti, 2012; Kwon et al., 2015). Therefore, preincubation
of spermatozoa before fertilization is essential as capacitation
duration might differ between X and Y spermatozoa depending
on their genetic composition. Perez-Crespo et al. (2008) reported
that mouse X and Y spermatozoa were differentially affected by
elevated temperature. Moreover, they demonstrated that female
mice mated with male mice that were exposed to scrotal heat
stress on the day of mating produce more female pups. Altered
sex ratio (i.e., increased number of female offspring) was also
observed when the bovine spermatozoa incubated at 40◦C for
4 h were used for insemination compared with those incubated at
38.5◦C (Hendricks et al., 2009). Similarly, Lechniak et al. (2003)
reported a significant increase in female blastocysts when bovine
spermatozoa were preincubated for 24 h. In accordance with
these findings, recently using an in vitro experimental design,
we also demonstrated that human Y spermatozoa are more
susceptible to stress then X in vitro, induced by variation of
culture condition (You et al., 2017). In contrast, Iwata et al. (2008)
reported that incubation of bovine spermatozoa with hyaluronic
acid for 1 and 5 h produced 56.4 and 67.3% male embryos,
respectively, thus skewing the expected 1:1 ratio. Therefore, it can
be hypothesized that exposure of spermatozoa to external stress
results in their differential survival; however, it is unclear whether
stress provides selective survival advantage to X or Y sperms.

Recent studies have reported alterations in the sex ratio of
human offspring exposed to increased levels of environmental
chemicals, specifically endocrine-disrupting chemicals (EDs)
(Van Larebeke et al., 2008; Mcdonald et al., 2014; Song et al.,
2018; You et al., 2018). EDs interfere with the hormone
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biosynthesis and metabolism and may affect cellular physiology
and reproduction (Anway et al., 2005). Mocarelli et al. (2000)
reported that an increase in the concentration of 2,3,7,
8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin) in the paternal
serum elevated the probability of female births. Exposure
of mice spermatozoa to TCDD in vitro also decreased the
viability of Y spermatozoa (You et al., 2018), by potentially
altering the embryonic male to female ratio. These findings
were in accordance with another study (Ryan et al., 2002),
where increased female births to men are documented following
exposed to significantly high levels of TCDD. A similar effect of
different EDs has been reported by several studies on humans and
animals (Garry et al., 2002; Ikeda et al., 2005; Ishihara et al., 2007;
Terrell et al., 2011). Despite few exceptions, for example, exposure
to polychlorinated biphenyl was associated with an increase in the
male births (Bonefeld-Jorgensen et al., 2001), the majority of the
findings suggest that men exposed to a stressful environment are
more likely to have girls (XX) than boys (XY) due to the higher
DNA content in X spermatozoa than that in Y spermatozoa.
Nevertheless, the particular stress response machineries between
the two cell types remain unclear and need further investigation.

Difference in Chromosomal Content of
X and Y Spermatozoa
Molecular characteristics of spermatozoa including the
chromosomal content/abnormalities play a pivotal role in
inducing infertility (Pang et al., 1999; Schmidt et al., 2000).
Briefly, chromosomal abnormality is defined as the loss of or
presence of an extra or irregular portion of a chromosome
that results in atypical number of chromosomes or a structural
abnormality in one or more chromosomes (Jurewicz et al., 2014).
In general, chromosomal abnormalities in embryos are thought
to be acquired from eggs (Hassold et al., 1996), however, these
abnormalities in spermatozoa may also substantially affect the
embryos (Tesarik and Mendoza, 1996; Bonduelle et al., 2002).
Abnormalities in the sex chromosomes contribute to >5% of
major chromosomal errors in embryos, with ∼80% cases being
of paternal origin (Hassold et al., 1996; Hassold and Hunt,
2001). In’t Veld et al. (1995) and Hoegerman et al. (1995) were
the first to report an increased risk of de novo chromosomal
errors, particularly in the sex chromosomes, in spermatozoa.
The frequency of sex chromosome aneuploidy in healthy human
spermatozoa is 0.13–1.20% (Egozcue et al., 1997). Templado
et al. (2005) reviewed 23 studies and found that the average
sex chromosome disomy (presence of an extra chromosome in
a haploid state) in human spermatozoa was 0.26%. Of the 23
chromosomes in human spermatozoa, chromosomes 13, 18, 21,
X, and Y are important because higher incidence of abnormalities
in these chromosomes can to lead miscarriages or live births
(Pang et al., 1999, 2005, 2010; Rubio et al., 2001). In this section,
we review the evidence of sex chromosome abnormalities or
aneuploidy, which leads to male reproductive dysfunction.

A combination of recently developed FISH and multicolor
chromosome-specific probes can be used to investigate the
chromosomal content of spermatozoa in order to establish
a relative aneuploidy rate (Chevret et al., 1995). A higher

percentage of sex chromosomal aneuploidy has been reported
in oligoasthenoteratozoospermic patient spermatozoa compared
to the autosomal aneuploidy in same individual, as well as
sex chromosomal aneuploidy in healthy Y spermatozoa (Pang
et al., 1999, 2010). In accordance with the aforementioned
finding, Van Opstal et al. (1997) reported significantly higher
errors in chromosomes X and Y than in chromosome 18
(autosome) in spermatozoa of azoospermic patients. In contrast,
Pfeffer et al. (1999) reported higher incidence of chromosome
18 aneuploidy (0.7–10%) than sex chromosome aneuploidy
(0–4.3%) in the swim-up sperm fraction of 10 infertile men with
severe oligoasthenoteratozoospermia. Interestingly, the same
study also reported higher sex chromosome aneuploidy, however,
the aneuploidy was observed in the entire sperm pellet (Pfeffer
et al., 1999). Therefore, different methods of sperm enrichment
might also influence the incidence of aneuploidy.

Several studies have investigated the incidence of aneuploidy
in X and Y chromosomes in human spermatozoa (Chevret et al.,
1995; Martin et al., 1995a,b, 1996). Chevret et al. (1995) reported
comparatively higher incidence of disomy in the X chromosome
(0.04%) than that in the Y chromosome (0.009%) in normal male
interphase spermatozoa, however, other studies have reported
minute differences in the incidence of disomy in the X and
Y chromosomes (Martin et al., 1995a,b; Samura et al., 1997).
In contrast, Williams et al. (1993) reported higher incidence of
disomy in the Y chromosome (YY, 0.11%) than that in the X
chromosome (XX, 0.08%). This finding was further supported by
another study that presented 0.18% (YY) and 0.07% (XX) disomy
in the Y and X chromosomes, respectively (Martin et al., 1996).
The difference between the reported aneuploidy rate in X and
Y chromosomes remains unclear even though aneuploidy was
detected using similar methods (i.e., 3-color FISH coupled with
chromosome-specific probes and epifluorescence microscopy) in
all the cases. Therefore, difference in the X and Y spermatozoa
based on the frequency of aneuploidy in X and Y chromosomes
remains unclear, which is in accordance with the other reported
differences between these sperm types.

Recent studies have reported that exposure to certain
EDs and pesticides induce sex chromosome abnormalities
in spermatozoa (Smith et al., 2004; Xia et al., 2005; Perry,
2008). Epidemiological study revealed a significant association
between exposure to two organochlorine chemicals and sex
chromosome disomy in the spermatozoa collected from men
who underwent infertility assessment at the Massachusetts
General Hospital between January 2000 and May 2003 (Mcauliffe
et al., 2012). They observed that higher serum levels of
p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) significantly
increased the frequency of XX (X sperm disomy), XY, and
total sex chromosome disomy. Interestingly, men with higher
serum levels of polychlorinated biphenyls (PCBs) presented a
significant increase in the frequency of YY (Y sperm disomy),
XY, and total sex chromosome disomy, however, this study did
not provide further explanation of their findings, specifically
on the mechanism by which the increased exposure to PCBs
exerted protective effects against XX disomy and that in which
the increased exposure to p,p’-DDE increased XX disomy.
Therefore, possible mechanism(s) underlying the association
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between exposure to toxic chemicals, including EDCs (for
example PCBs and p, p’-DDE), and sex chromosome disomy
should be investigated. Moreover, similar epidemiological studies
are warranted to identify the effects of various environmental
chemicals and their association with chromosomal aberrations in
the spermatozoa.

Genomic and Proteomic Contents of
X and Y Spermatozoa
Identification and quantification of genes/proteins in a cell
provides fascinating insights regarding their cellular functions.
Genomics deals with the structure, function, evolution, and
mapping of genomes (Bader et al., 2003), whereas proteomics
involves novel approaches for characterizing proteins by
performing qualitative and quantitative analyses (Rahman et al.,
2016, 2017a, 2018). A spermatozoon provides half of the
nuclear genetic material to the diploid offspring via fertilization.
Thus, examination of the genes and protein content in
spermatozoa might provide potential insights on their functions.
It has been reported that haploid spermatids are capable of
active chromosomal (including sex chromosomes) transcription
important for their growth and survival (Braun et al., 1989).
As X and Y chromosome-bearing-spermatids express distinct
genes encoded by each sex chromosome (Hendriksen, 1999),
it might result in the proteomics difference between X and Y
spermatozoa. Although the majority of the genes are shared
between X and Y spermatids via the intracellular bridge (Braun
et al., 1989), complete sharing has not occurred for all gene
products (Hendriksen, 1999). Therefore, X and Y spermatozoa
can be differentiated based on their gene/protein content. In
this section, we review studies on the genomic and proteomic
characteristics of X and Y spermatozoa and have elucidated their
association with the morphophysiological characteristics of the
two sperm types.

To date, very limited studies have identified and characterized
genes that are differentially expressed in X and Y spermatozoa.
Spermatozoa contain a minute amount of total RNA (human
spermatozoon, 0.015 pg; bovine spermatozoon, 1.8 × 10−4 pg)
compared to that in the somatic cells (1–3 pg). This small
amount of RNA per spermatozoon is the major drawback for
research on gene expression in these cells. Chen et al. (2014)
used comprehensive genomic approaches and identified 31
differentially expressed genes in bovine X and Y spermatozoa
(27 and 4 genes upregulated in X and Y spermatozoa,
respectively). Using the RNA sequencing technology, it has been
reported that the X chromosome encodes 492 genes, whereas the
Y chromosome encodes only 15 genes in mouse spermatozoa.
Some of these genes (particularly receptors) are also shown to
be related to the growth, survivability, and functions of specific
sperm types (Umehara et al., 2019). Therefore, differentially
expressed genes might help in identifying the genetic background
of stable differences between X and Y spermatozoa. Alminana
et al. (2014) observed that spermatozoa revealed sex-specific gene
expression in the oviduct of female pigs inseminated with either
X or Y spermatozoa. When insemination was performed using
Y spermatozoa, 271 transcripts were downregulated and 230

transcripts were upregulated in the oviduct. Thus, the oviduct
might have special biological sensors for screening spermatozoa.
Bermejo-Alvarez et al. (2010) reported significant differences in
the mRNA levels of GSTM3, DNMT3A, and PGRMC1 between
bovine blastocysts produced by in vitro fertilization with X
spermatozoa and those produced by in vitro fertilization with Y
spermatozoa. This indicates that the oocyte might also regulate an
identical mechanism for reorganizing the different spermatozoa.
Recent advances in genomic studies have provided several
improved techniques that allow complete lysis of spermatozoa
and isolation of total RNA (Kirley, 1990; Meng and Feldman,
2010; Chen et al., 2014). Therefore, further studies are warranted
to identify the genes expressed in the sexed spermatozoa of
different species.

Mature spermatozoa undergo minimal transcription (there
are few ribosomes, so translation is not possible) as well
as protein synthesis (Kwon et al., 2014a, 2015). Therefore,
these cells are extremely suitable for performing proteomic
analysis. Direct comparison of protein levels in various cells
can identify the markers responsible for differences between
these cells (Park et al., 2013; Kwon et al., 2014a). Literature
searches indicated that limited studies have been performed
to evaluate the proteomic blueprint of X and Y spermatozoa
to date. Hendriksen et al. (1996) reported a non-significant
difference in the concentration of plasma membrane proteins
in porcine X and Y spermatozoa. This study indicated that
sexing of spermatozoa cannot be performed based on their
surface properties. Chen et al. (2012) used two-dimensional
electrophoresis along with mass spectrometry (2DE-MS/MS) and
identified 42 differentially expressed proteins between X and Y
spermatozoa. Of these, 11 proteins were upregulated and 4 were
downregulated in X spermatozoa compared with those in the
Y spermatozoa (P < 0.05). This finding was partly supported
by other investigators (De Canio et al., 2014; Scott et al., 2018).
Using label-free shotgun nUPLC-MS/MS De Canio et al. (2014)
found that 15 and 2 proteins were upregulated in X and Y
spermatozoa, respectively. In another recent study, Scott et al.
(2018) identified the differential expression of eight proteins
between X- and Y-bearing spermatozoa. Of these, the protein
related to the embryo development (EF-hand domain-containing
protein 1) was expressed abundantly in the Y spermatozoa,
whereas majority of other detected proteins were abundant in
the X spermatozoa. Since abundant proteins in Y spermatozoa
help in post-fertilization embryo development and further in the
survivability of male baby over female, which also support lightly
higher males (105) than female (100) babies at birth. Despite
differential expression of particular proteins between the two cell
types, zinc ion binding structure of bovine heart cytochrome
c (2EIN_R) is the only protein reported by Chen et al. (2012)
with the characteristics unique expression in only X spermatozoa.
Therefore, 2EIN_R could be considered as a novel biomarker
for differentiating the two cell types/sex preselection purpose. In
contrast, majority of these proteomics studies identified limited
identical proteins despite the samples being collected from the
same animal species (bull). Moreover, Chen et al. (2012) reported
increased levels of tubulin isoforms α3 and β4B in X spermatozoa.
In contrast, De Canio et al. (2014) reported different expression
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TABLE 4 | List of differentially expressed proteins in X and Y chromosome bearing spermatozoa.

Accession X/Y Proteomic Related pathways

Proteins (symbol) no (intensity) technique (P > 0.05) References

Upregulated proteins in X spermatozoa

Seminal plasma protein PDC-109 (BSP1) P02784 1.92 nUPLC-MS/MS De Canio et al., 2014

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) P10096 1.69 Glucose metabolism,
glycolysis

Outer dense fiber protein 2 (ODF2) Q2T9U2 1.63

Tubulin beta 4A (TUBB4A) Q3ZBU7 1.58

L-Lactate dehydrogenase A (LDHA) P19858 1.56 Glucose metabolism

Outer dense fiber protein 1 (ODF1) Q29438 1.53

A kinase anchor protein 3 (AKAP3) O77797 1.51

L-Asparaginase (ASRGL1) Q32LE5 1.44

Tubulin beta 4B (TUBB4B) Q3MHM5 1.42

Tubulin alpha 3 (TUBA3E) Q32KN8 1.42

Outer dense fiber protein 3 (ODF3) Q2TBH0 1.42

Glyceraldehyde 3-phosphate dehydrogenase, testis specific
(GAPDHS)

Q2KJE5 1.40 Glucose metabolism

Sperm acrosome membrane associated protein 1 (SPACA1) Q2YDG7 1.36

Triosephosphate isomerase (TPI1) Q5E956 1.36 Glucose metabolism,
mTOR signaling

Calmodulin (CALM) P62157 1.36

FUN14 domain-containing protein 2 (FUNDC2) NP_776763 2.612 SWATH-MS Scott et al., 2018

Acetyl-CoA carboxylase, type beta (ACACB) CAI84638 2.149

NADH dehydrogenase [ubiquinone] iron-sulfur protein 7,
mitochondrial (NDUFS7)

NP_001033111 1.502

Sorting and assembly machinery component 50 homolog
(SAMM50)

NP_001040088 1.491

Cytochrome c oxidase subunit 2 (COX2) QBH99117.1 1.399 mTOR signaling, TCA
cycle, oxidative
phosphorylation

Protein FAN NP_001179158 2.72 MALDI-TOF-MS Chen et al., 2012

Oxidase heme a, cytochrome 771727A 1.71

Cytochrome b–c1 complex subunit 1, mitochondrial
(UQCRC1)

P31800 2.17 mTOR signaling, TCA
cycle, oxidative
phosphorylation

3-Hydroxyisobutyrate dehydrogenase (HIBADH) AAI05544 1.58

Tubulin alpha-3 chain (TUBA3) Q32KN8 1.68

Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial
(IDH3A)

P41563 1.83

Chain A, the structure of crystalline profilin-beta-actin 2BTF_A 1.69

A Chain A, episelection: Novel Ki ∼ nanomolar inhibitors of
serine proteases

1BTW_A 1.8 LC-MS

R Chain R, zinc ion binding structure of bovine heart
cytochrome c

2EIN_R Only in X

Tubulin beta-4B chain (TUBB4B) NP 001029835 1.51

Isocitrate dehydrogenase 3 (NAD +) alpha (IDH3A) AAI18260 1.50

Upregulated proteins in Y spermatozoa

Tubulin alpha 8 (TUBA8) Q2HJB8 0.43 nUPLC-MS/MS Guanylate cyclase, and
notch

De Canio et al., 2014

Tubulin beta 2B (TUBB2B) Q6B856 0.26

EF-hand domain-containing protein 1 (EFHC1) NP_001179173.1 0.05 SWATH-MS Scott et al., 2018

Pyruvate dehydrogenase protein X component (PDHX) NP_001069219.1 0.393

(Continued)
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TABLE 4 | Continued

Accession X/Y Proteomic Related pathways

Proteins (symbol) no (intensity) technique (P > 0.05) References

Dynein intermediate chain 2, axonemal (DNAI2) XP_027374681.1 0.457

Chain A, crystal structure of bovine heart mitochondrial Bc1
with Jg144 inhibitor

2FYU_A 0.52 MALDI-TOF-MS Chen et al., 2012

ATP synthase subunit beta, mitochondrial (ATP5B) P00829 0.48

F-actin-capping protein subunit beta (CAPZB) P79136 0.50 Guanylate cyclase, notch,
and actin cytoskeleton
assembly

lutathione S-transferase, mu 3 (brain) (GSTM3) AAI12492 0.51 LC-MS Glutathione metabolism

Differentially expressed proteins in X and Y sperms were entered in the Pathway Studio program (Elsevier R©) to identify the significantly correlated (P < 0.05) signaling
pathways in these sperms. Briefly, protein names (symbols) were entered into the program to determine significantly matching pathways for each differentially expressed
protein based on the information extracted from the NCBI PubMed database. Signaling pathways associated with the differentially expressed proteins were confirmed
using a PubMed Medline hyperlink that was embedded in each node. Fisher’s exact test was used to determine whether a pathway was statistically correlated with the
target protein. P < 0.05 was considered as statistically significant.

FIGURE 2 | Signaling pathways associated with highly differentiated proteins in X spermatozoa. The illustration was prepared using Pathway Studio (Elsevier R©,
Ariadne Genomics, Inc.) after performing a literature search in the PubMed database.

profiles of two tubulin isoforms α8 and β2B. Use of different
proteomic approaches (i.e., 2DE-MS/MS, nUPLC-MS/MS, and
SWATH-MS analysis) in these studies might have led to these

differences. Based on these findings, it is essential to speculate
that X and Y spermatozoa can at least be different based on
their protein content; however, further studies are warranted
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FIGURE 3 | Signaling pathways associated with highly differentiated proteins in Y spermatozoa. The illustration was prepared using Pathway Studio (Elsevier R©,
Ariadne Genomics, Inc.) after performing a literature search in the PubMed database.

to identify the validated markers that could differentiate these
two cell types appropriately. In addition, proteomic analysis
of X and Y spermatozoa from different animal species should
be conducted for their practical application particularly for
immunosexing techniques.

Proteins that are differentially expressed in X and Y
spermatozoa are summarized in Table 4 (data collected from
published studies). We used the Pathway Studio program
and found that proteins that were highly expressed in X
spermatozoa were significantly (P < 0.05) correlated with five
major canonical pathways/signaling, whereas proteins that were
highly expressed in Y spermatozoa were correlated with four
pathways/signaling (Table 4). The differences in the protein
content and associated signaling pathways between X and Y
spermatozoa might provide a theoretical basis to distinguish
between these sperm types. Nevertheless, it is uncertain whether
these differences are correlated with the biological aspect of X
and Y spermatozoa. By using the same program, we determined
the associated disease processes that were regulated by the
differentially expressed proteins in X and Y spermatozoa.
By using this simple illustration (Figures 2, 3), one may
have a hypothetical presumption regarding the occurrence of
specific diseases in men and women. For example, L-lactate

dehydrogenase A and testis-specific glyceraldehyde 3-phosphate
dehydrogenase, which are highly expressed in X spermatozoa,
are found to be functionally associated with breast neoplasm
and cervical carcinoma (Figure 2). Both the cancers are the
leading cause of cancer deaths in women (Siegel et al., 2015).
In accordance, epidemiological investigation in humans revealed
relatively higher incidence of anemia (Malhotra et al., 2004;
Alvarez-Uria et al., 2014), Alzheimer’s disease (Vina and Lloret,
2010), Huntington’s disease (Panas et al., 2011), and trypanosoma
(Pepin et al., 2002) in women. These diseases were also found
to be associated with proteins that were highly expressed in
X spermatozoa (Figure 2). Similarly, abundant proteins in Y
spermatozoa, that is TUBA8 and GSTM3, were found to be
associated with hepatic cancer and renal cancer, respectively,
and the prevalence of both diseases were reported to be high
in men compared to the women (Woldrich et al., 2008; Wu
et al., 2018). However, few other diseases that are found to be
related with the differentially expressed proteins either in the X
and Y spermatozoa represent different results compared to the
epidemiological data (Figure 3). For example, heart failure was
found to be related with CAPZB that was highly expressed in Y
spermatozoa, however, its incidence is lower in men than that in
women. Consistently, tuberculosis was found to be related with
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the altered functionality of TPI1 that was more highly expresses
in X spermatozoa than in Y spermatozoa. However, the incidence
of this disease is high in men than women. These inconsistencies
presumably due to the Pathway Studio program, generated
protein pathways by using information present in the PubMed
database, which are incapable to explain every disease condition
precisely. In addition, despite the differential expression of
a particular protein between two cell types, the existence of
majority of the proteins is constant between them. Therefore,
the increased expression of a protein in the particular cell
may not always represent their functional activation. Another
major drawback of this hypothesis is that minor proteomic
alterations (<2-fold) between X and Y spermatozoa may
not necessarily display any significant differences in protein
expression in the resulting offspring, and thus could predispose
alternative sconclusion.

CONCLUSION

Nature has developed many mechanisms to make genetically
different sperm phenotypically identical within a male to avoid
a fertilization advantage of one allele over another. Mendel’s
law of independent assortment would not be true if some
alleles had a fertilization advantage. An example (very rare)
where different alleles affect fertility is the T allele system on
Chromosome 17 in mice, in which great infertility occurs (Colaco
and Modi, 2018). Among the mechanisms employed by nature
are intercellular bridges of clutches of 32 or more spermatagonia
and spermatids so that RNA and proteins are exchanged in
the clutches of the developing sperm with different genotypes,
thus homogenizing the cytoplasm, cell membranes, and so on.
Another mechanism is extremely limited post-meiotic gene
expression during spermatogenesis/spermiogenesis. The Sertoli
nurse cells take over many essential cellular molecular functions
during this period to compensate. Additional mechanism
is coating sperm with surface molecules during epididymal
maturation to make sperm look alike. These mechanisms explain
why sperm are so identical, including X and Y sperm (within a
male). Indeed, differentiation between X and Y spermatozoa has
been of immense interest to researchers, physicians, and breeders,
since the beginning of recorded history. Various methods have

been used to distinguish between X and Y spermatozoa; however,
the practical validity of these methods is questionable. The
only consistent de novo difference identified between X and Y
spermatozoon to date is in their DNA content, which might
be responsible for the differential expression of some genes
and proteins and the occurrence of certain diseases in a sex
specific manner; however, it is unclear whether this difference
in the DNA content results in other physical, chemical, and
functional differences between X and Y spermatozoa. Moreover,
the ambiguity in the existing findings might be due to the
use of non-specific or less-specific methods for distinguishing
between X and Y spermatozoa. Therefore, further studies using
more specific, non-invasive (less injurious to cells) methods to
distinguish between the two sperm types for the sex preselection
of offspring are warranted.
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