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Abstract
Purpose To investigate the influence of sperm DNA integrity
on the zona binding ability of mouse spermatozoa in relation
to their sex chromosomal constitution.
Method(s) In this prospective experimental study, the
sperm DNA fragmentation was induced by exposing
testicular area of Swiss Albino mice (Mus musculus )
to different doses of γ-radiation (0, 2.5, 5.0 and 10.0 Gy).
Sperm DNA fragmentation was quantified by single cell gel
electrophoresis (comet assay). In vitro sperm zona binding
assay was performed and the numbers of zona bound X and Y
bearing spermatozoa were determined using fluorescence in
situ hybridization (FISH).
Result(s) The assessment of zona pellucida bound X and Y-
bearing spermatozoa using fluorescence in situ hybridization
has revealed a unique binding pattern. The number of zona
bound Y-spermatozoa declined significantly (P<0.01 to
0.0001) with increase in the DNA damage. The skewed
binding pattern of X and Y-bearing sperm was strongly cor-
related with the extent of sperm DNA damage.
Conclusion(s) The zona pellucida may have a role in
preventing DNA damaged mouse sperm binding espe-
cially towards Y-bearing sperm. However, the exact
mechanism behind this observation needs to be eluci-
dated further.
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Functional competence

Introduction

Sperm chromatin integrity plays an important role in accurate
transmission of genetic material to the offspring [1]. It has
been shown that numerous exogenous and endogenous factors
play a definitive role on sperm chromatin to carry excessive
damage load during spermatogenesis or their stay in the
reproductive tract [2]. Earlier studies in murine and bovine
species under in vitro conditions have shown that DNA-
damaged sperm, regardless of degree of damage has the
ability to fertilize the oocyte but further embryonic develop-
ment and pregnancy was very much related to the extent of
DNA damage [3–5].

The zona pellucida has proven to be an important barrier
against functionally abnormal spermatozoa. It has been shown
that human zona pellucida has the capacity to select against
aneuploid spermatozoa by unknown mechanism [6], hence
may serve as extremely stringent tool to prevent fertilization
with genetically abnormal sperm. However, there are contra-
dicting reports regarding the influence of sperm DNA damage
on fertilization [3, 4]. Fertilization with DNA damaged sperm
can increase the risk of transgenerational genomic instability
in both somatic as well as germ cell compartment of first
generation offspring [5]. As the correlation between sperm
functional characteristics and DNA integrity is lacking [7],
and the ability of the zona pellucida in preventing fertilization
by DNA damaged sperm is also possible [8], this study was
conducted to understand the zona binding competence of
DNA damaged spermatozoa in relation to their sex chromo-
some. The spermatozoa bound to zona pellucida were identi-
fied for sex chromosomes to find out whether there is any sex

Capsule Differences in zona pellucida binding of mouse X and Y
bearing spermatozoa are related to their DNA integrity.
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specific association with DNA integrity and functional
competence.

Materials and methods

Animals

The animal care and handling were done according to the
Institutional Guidelines for animal experimentation and the
proposal was approved by the Institutional Ethical Commit-
tee. Six to eight weeks old healthy Swiss Albino mice were
used for the experiments and they were maintained under the
controlled conditions of temperature (23±2 °C), humidity
(55±5 %) and light (12 h light/dark cycle) with standard diet
and water ad libitum. Female mice were superovulated with
intra peritoneal injection of 5 IU pregnant mare serum gonad-
otropin (PMSG) followed by the human chronic gonadotropin
(hCG) administration (10 IU) after 48 h. After 13 h, oocytes
were collected from the oviduct.

Induction of sperm DNA damage

Sperm DNA damage was induced by partial body irradiation
to the testicular area of males covering the rest of the body
with lead shields. A dose of 0 to 10 Gy was delivered at a dose
rate of 1 Gy/min from 60Co (60Cobalt) teletherapy unit.

Sperm extraction and quantification of DNA damage
by single cell gel electrophoresis (comet assay)

Eighteen hours after irradiation, animals were sacrificed by
cervical dislocation and spermatozoa were extracted from the
cauda epididymis in two milliliter of pre-warmed Earle’s
Balanced Salt Solution (EBSS). The sperm suspension was
analyzed for DNA integrity by alkaline comet assay as de-
scribed earlier [5]. Briefly, the spermatozoa were washed by
centrifugation and the resulting sperm pellet was mixed with
sterile phosphate buffered saline (pH 7.4). The sperm density
was kept constant at 1×104 by appropriate dilution in order to
maintain the uniform distribution of the spermatozoa during
electrophoresis. The sperm suspension was mixed with 0.8 %
low melting agarose in equal volume and layered on a slide
pre coated with 1 % normal agarose. A third coat of 0.75 %
agarose was layered followed by overnight incubation in
lysing solution at 4 °C. Sperm head decondensation was done
using 10 mM dithiothreitol (DTT) for 2 h at 4 °C. After
allowing the sperm DNA to unwind in electrophoresis buffer
(pH>13) for 20 min, electrophoresis was carried out at 25 V
for 20 min. The slides were stained with Ethidium bromide
(2 μg/ml) and observed under fluorescent microscope
(Imager-A1, Zeiss, Germany). The DNA fragmentation was
calculated in at least 50 spermatozoa per slide using Kinetic

Imaging software (Komet 5.5, UK). A minimum of five
animals were used per data point and the experiments were
repeated to confirm the reproducibility of the results. The
extent of DNA damage in the spermatozoa was determined
and presented as olive tail moment (OTM, product of the tail
length and the fraction of total DNA in the tail).

Assessment of fertilizing ability of DNA damaged
spermatozoa in vivo

Eighteen hours after irradiation, male mice were mated with
unirradiated normal female mice (1:1 ratio) in the estrous
stage. Mating was allowed for 2 h and successful mating
was confirmed by the presence of vaginal plug. The oocytes
were collected from oviduct 10 h post-mating and assessed for
fertilization by observing the presence of two pronucleus and
two polar bodies. A minimum of 50 oocytes were assessed for
each group and percentage fertilization rate was calculated.

Sperm zona binding assay

Caudal spermatozoa collected in approximately 2 ml of pre-
equilibrated EBSS supplemented with 0.1 % Bovine Serum
Albumin (BSA) were incubated at 37 °C and 5 % CO2 for
20 min. Then, sperm suspension was centrifuged at 1,200 rpm
for 8 min and this pellet was resuspended in 0.5 mL EBSS
supplemented with 0.1 % BSA and the motile sperm concen-
tration was adjusted to 1 million/mL. Oocytes were denuded
using 80 IU hyaluronidase and 10 oocytes were inseminated
in 100 μl sperm suspension droplet covered with paraffin oil
and incubated at 37 °C and 5 % CO2. After 2 h, oocytes were
washed three times in 50 μl droplets of EBSS and the
zona bound spermatozoa collected using 135 μm denud-
ing pipette (MXL3-135, Origio, USA) in 10 μl EBSS.
About 126 to 440 oocytes from >10 females and spermato-
zoa from >10 males were used for analysis per data point.
These zona bound spermatozoa were transferred to poly-L-
lysine pre-coated glass slides and subjected to fluorescence in
situ hybridization (FISH).

Fluorescence in situ hybridization

The in situ hybridization was performed as described by
Sarrate and Anton [9] with minor modifications. The smears
were air dried followed by fixation in freshly prepared
Carnoy’s fixative (methanol: acetic acid, 3:1). Sperm
decondensation was achieved using 25 mM dithiothreitol
dissolved in lysis solution for 5 min at room temperature
followed by washing with 2X saline-sodium citrate (SSC)
buffer. Slides were dried for 10–15 min and then immersed
in pre-treatment solution (2 X SSC, pH 7.4) at 73 °C for 2 min
followed by washing in water. The cells were treated with
protease solution (Pepsin, Cat. No. P7012; Sigma Aldrich Inc.
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USA) dissolved in 10 mM HCl for 15 min, washed in PBS
and then dehydrated by serial graded ethanol solutions. About
12.5 μL of FISH probes (X and Y, ID Labs Inc, UK) were
added onto the cells and denatured at 73 °C for 5 min followed
by hybridization for 16 h at 37 °C in a hybridization chamber
(Thermobrite, Abbott molecular, USA). The slides were
placed in 2 X SSC/0.1 % NP-40 at room temperature for
1 min and agitated. The slides were washed in 0.4 X SSC/
0.3 % NP-40 at 73 °C for 2 min followed by washing in 2 X
SSC/0.1 % NP-40 at room temperature for 1 min and then
counter stained with DAPI. The slides were observed using
appropriate filter under fluorescent microscope (Imager-A1,
Zeiss, Germany) at 100 X magnification (Supplementary
figure 1). All the slides were coded to avoid observer’s bias
before evaluated for X and Y spermatozoa.

Statistical analysis

One Way Analysis of Variance (ANOVA) was used to deter-
mine the significance of OTM in various groups. The level of
significance between the number of Y bearing spermatozoa
was determined using Chi-square test (degree of
freedom-1), two sided P value is expressed using GraphPad
instat 3 (USA).

Result

Successful induction of DNA damage in the spermatozoa

The local testicular irradiation of 0, 2.5, 5.0 and 10.0 Gy was
used to induce varying level of DNA damage in mouse
spermatozoa. The sperm characteristics at 18 h after irradia-
tion did not show any significant differences with respect to
concentration, motility and viability (Table 1). To determine
the extent of radiation induced DNA fragmentation in caudal
spermatozoa, the data on olive tail moment (OTM, product of
the tail length and the fraction of total DNA in the tail) was
collected. The spermatozoa exposed to 2.5 Gy radiation had
OTM of 6.17±0.32 which was significantly (P<0.05) higher
than the control group (4.51±0.33). Further increase in OTM

was observed in 5 Gy (8.84±0.42) and 10 Gy (9.74±0.42)
groups which were statistically higher than control group (P<
0.001 ) (Table 2). The fertilizing ability was performed in vivo
and it was significantly different (P<0.05 to 0.001 ) between
each group (Table 3).

Number of spermatozoa bound to zona pellucida in relation
to sex chromosome

The distribution of X and Y bearing sperm in control group
prior to insemination revealed about 46.4 % X and 53.7 % Y
bearing sperm. The average number of sperm bound to an
oocyte in control group was approximately 20 and the number
was reduced to 14.8, 12.3 and 10.2 in 2.5, 5.0 and 10.0 Gy
groups respectively. In addition, there was a moderate differ-
ence in the number of X and Y bearing spermatozoa bound to
zona pellucida in control group (40.4 % Vs 59.3%). However,
in 2.5 Gy group, the number of Y bearing sperm bound to
zona pellucida reduced significantly from control (P<0.001 )
whereas the number of X bearing spermatozoa bound to the
zona pellucida was significantly higher than the control (P<0.
001 ). In addition, at 5.0 and 10.0 Gy group, a further differ-
ence in the binding pattern was observed which was signifi-
cantly different from the control group (P<0.0001). In con-
trast, the distribution of X and Y bearing spermatozoa was
inversely related with increase in DNA damage (OTM)
(Table 2). Small fractions of the spermatozoa also showed
signals for both X and Y bearing chromosomes. However, the
incidence was very low and specific to 5 and 10 Gy group
(0.19 and 0.7 % in 5 and 10 Gy group respectively).

Discussion

Fertilization begins when spermatozoa bind to the extracellu-
lar matrix coating the oocyte, zona pellucida. Here, we inves-
tigated the zona binding competence of DNA damaged sper-
matozoa in relation to their sex chromosome status. Interest-
ingly, the data presented in this study has demonstrated a
novel, negative influence of sperm DNA fragmentation pref-
erentially on Y chromosome bearing spermatozoa resulting in
the reduced zona binding with respect to the extent of sperm
DNA damage.

Sperm DNA integrity is an important factor in establishing
successful pregnancy and reproductive outcome [10]. Gather-
ing facts from our earlier data [11] and other studies [12, 13],
there is apparently evidence to show that fertilization with
DNA damaged sperm induces variety of biological response
in embryos and even increases the risk of transgenerational
genomic instability in both somatic as well as germ cell
compartment of first generation offspring [5].

During natural postovulatory mating, there is a preliminary
selection process against spermatozoa with low motility and

Table 1 Effect of different doses of γ-radiation on sperm functional
characteristics

Radiation
dose (Gy)

Sperm characteristics

Concentration
(M/ml ± SEM)

Motility
(% ± SEM)

Viability
(% ± SEM)

Control 27.4±1.9 45.2±1.7 66.4±2.6

2.5 29.4±0.9 43.4±1.4 63.8±3.3

5.0 25.8±1.1 43.2±2.6 63.4±1.9

10.0 28.2±2.2 45.0±1.1 58.6±2.7
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fragmented DNA during the transport through the female
reproductive tract. However, the ability of the zona pellucida
in recognizing the DNA damaged spermatozoa is achieved
during sperm zona penetration and it depends on the source
and type of damage [8]. Hence, it is possible that selectivity of
DNA intact spermatozoa by zona pellucida might be a signif-
icant mechanism at the gamete level as fertilization with zona
free hamster oocytes did not reduce the incidence of chromo-
somal abnormalities in pronuclei [14]. In addition, it has been
shown that zona pellucida can also act as selective barrier to
aneuploid spermatozoa [15]. However, till date there is no
report available on the differential zona binding competence
of spermatozoa with respect to their sex chromosome and the
extent of DNA damage carried by these spermatozoa.

The Y chromosome is particularly vulnerable to DNA
damage, partly because of its genetic structure and partly
because it cannot correct double-stranded DNA fragments
by homologous recombination [16]. However, in somatic
cells, high dose of radiation can immediately induce breakage
of Y chromosome [17]. As the mature sperm has unique
chromatin architecture and poor DNA repair capacity, the
radiation doses used in the present study and a short post-
irradiation interval of 18 h is not expected to target germ cell
populations other than mature epididymal spermatozoa and
eventually may not have any specific impact on X or Y
bearing sperm. The reason for 18 h post-irradiation interval
used in our study is to induce DNA fragmentation specifically
in epididymal sperm (possibly ROS mediated) and not other
types of abnormalities as prolonged post irradiation interval
also increases a substantial risk of sperm aneuploidy due to
meiotic errors and it is difficult to rule out the influence of
other form of sperm abnormalities.

Although, the number of X and Y-chromosome sperm
binding was significantly perturbed in relation to the extent
of DNA damage, at this juncture it is not possible to explain
the mechanism by how zona pellucida regulates the differen-
tial binding of spermatozoa. An earlier study has demonstrat-
ed the existence of differential functional survival of X and Y
bearing spermatozoa where Y chromosome bearing sperma-
tozoa had longer functional survival under in vitro conditions
[15]. In contrary, our results have suggested the compromised
zona binding ability of Y bearing spermatozoa possibly due to
their higher susceptibility to undergoDNA fragmentation than
X-bearing spermatozoa as suggested earlier [16].

Though the amount of DNA damage in the irradiated
spermatozoa increased in a dose-dependent manner, the sperm
functional characteristics were not significantly compromised
(Table 1). In addition, the sex ratio was unskewed in the
offspring derived from the DNA damaged sperm at birth
[18] even though, an earlier study has demonstrated mid
gestational demise of the fetus derived from the X-irradiated
sperm [12]. Nonetheless, our early study also showed reduc-
tion in litter size in relation to sperm DNA damage level [18].
It has been shown that radiation induced genomic instability
through the germ cells can be transmitted to the offspring [11,
13, 19] which can affect both somatic and germ cell compart-
ments [5]. The period in which survival reduction occurred in
our earlier study [18] was only until 10 weeks of postnatal
development which roughly correspond to the rapidly grow-
ing phase in the life of mice. We speculate that the escape of X
bearing spermatozoa at zona level subsequently resulted in the
aberrant damage response pathways or increased genomic
instability in fetus which eventually caused early postnatal
death of the offspring. Radiation induced genomic instability
describes the effects seen at delayed times several years later
and is manifested for many cell divisions after the initial
radiation insult [20].

The novel observation made in this study hypothesize that
zona pellucida may have the ability to selectively prevent DNA
damagedY bearing but not X bearing sperm. Sex determination
of the early embryos derived from the irradiated sperm may
prove the role of zona pellucida in preventing fertilization by
the DNA damaged Y bearing sperm. One of the limitations of
this study was lack of simultaneous detection of DNA integrity
and sex chromosome status of zona bound and unbound sper-
matozoa. Due to technical difficulties, several attempts to

Table 2 Effect of different levels
of sperm DNA fragmentation
on the zona pellucida binding
competence of X and Y bearing
spermatozoa

a=P<0.05 Vs control; b,
c=P<0.001 Vs corresponding
control; d=P<0.0001 Vs control

Radiation
dose (Gy)

OTM

(± SEM)

Oocytes

(N)

Spermatozoa
assessed (N)

X bearing
spermatozoa (%)

Y bearing
spermatozoa (%)

Control 4.51±0.33 126 2537 1031(40.4) 1506 (59.6)

2.5 6.17±0.32a 155 2294 1018 (44.5) 1276 (55.5)c

5.0 8.84±0.42b 126 1561 786 (50.4) 775(49.6)d

10.0 9.74±0.42b 440 4495 2399 (53.4) 2096 (46.6)d

Table 3 The ability of γ-irradiated spermatozoa to fertilize normal
oocytes in vivo

Group Number of
egg assessed (N)

Fertilized/
Unfertilized egg

Fertilization rate (%)
(Mean ± SEM)

Control 59 56/3 95.0±3.33

2.5 Gy 58 51/7 88.03±6.30

5.0 Gy 58 39/19 67.43±3.91a,b

10 Gy 55 26/29 47.63±6.18c,d

aP<0.001 Vs Control; bP<0.05 Vs 2.5 Gy; cP<0.001 Vs Control and
2.5 Gy; dP<0.05 Vs 5.0 Gy
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determine this relationship were not successful. More impor-
tantly, the exact mechanisms behind this unique and clinically
important observation need to be elucidated further.
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