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Abstract.  Before fertilization, the genome packaging of male and female gametes is very different.  Indeed, whereas the
female haploid genome is associated with histones in a somatic-like chromatin structure, most of the male genome is
tightly bound to protamines.  However, it has recently been demonstrated that the pericentric heterochromatin regions
of the male genome are associated with specific H2A-like histone variants, named H2AL1 and H2AL2, suggesting a
heterogeneous organization.  The fate and role of the sex-specific genome packaging transmitted by germinal cells to the
embryo are not well understood.  The aim of the present study was to follow reprogramming of the parental genomes
in early embryos after in vivo fertilization.  We show here that two typical epigenetic markers, trimethylated lysine 9 of
histone H3 (TriMethylH3K9) and acetylated H4, are asymmetrically distributed between the parental genomes in one-
cell mouse embryos, confirming data from embryos obtained after intracytoplasmic sperm injection (ICSI) or in vitro
fertilization (IVF).  Indeed, whereas the maternal genome is highly enriched with trimethylH3K9, this mark is not
detected in the paternal genome.  On the contrary, histone H4 incorporated in the paternal genome is highly acetylated
at an early stage, while in the maternal pronucleus, the level of acetylated H4 remains low in early one-cell embryos and
becomes enriched at a later stage.  Moreover, our results suggest a very quick disappearance of histone H2A variants
H2AL1 and H2Al2 from the paternal pericentric heterochromatin regions after sperm-egg fusion.
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pigenetic information is conveyed by inherited modifications
of the chromatin [1].  In somatic cells, chromatin is organised

in a nucleohistone structure, of which the basic unit is the nucleo-
some.  It consists of an octamer formed by two of each of the four
core histones, H2A, H2B, H3 and H4, around which 146 base pairs
of DNA are wrapped.  The fifth histone, H1 or linker histone, binds
to the DNA as it enters and exits the nucleosome.  In many pro-
cesses requiring access to DNA, such as transcription and
replication, the chromatin must undergo a very complex and regu-
lated remodelling of its structure [2].

It has long been known that, before fertilization, male and
female gametes display sex-specific packaging of their haploid
genomes.  Indeed, whereas the female genome is associated with
histones in a somatic-like chromatin structure, most of the male
genome is tightly bound to protamines.

During final maturation of male post-meiotic haploid germinal
cells (spermatids), chromatin is dramatically reorganised, since
most histones are removed and replaced by sperm specific proteins,
i.e. protamines.  The molecular effectors and regulators of this
spectacular event are still mostly unknown.  However, two known
chromatin modifications are involved in this global chromatin reor-
ganization: the incorporation of histones with different primary
sequences, named histone variants, and a global hyperacetylation
of several of the core histones [3].  This is followed by a global

reorganization of chromatin, in association with specific repro-
gramming of pericentric heterochromatin 4.  In particular, in late
condensing spermatids, this latter region associates with testis-spe-
cific histone variants, H2AL1/2, which remain present in
spermatozoa [4].

Upon fertilization, the male and female genomes undergo
another drastic reprogramming that includes global changes in
DNA methylation and histone modifications.  In particular, the
paternal genome is thought to undergo a chromatin remodelling
process, mirroring that occurring in post-meiotic cells, which
includes rapid decondensation in association with removal of prot-
amines and incorporation of new histones.  These events are
associated with paternal-specific active DNA demethylation [5].
Similar to the pattern of asymmetric DNA methylation, histone
exhibits asymmetric patterns of modifications in the parental pro-
nuclei [6, 7], including asymetrical distributions of H3K9
trimethylation and acetylated histone H4 [8].  Altogether these
events result in parental asymmetry of the genomes in the one-cell
embryo, the significance of this is still unclear [9–14].

Most of the observations described above had been performed in
embryos obtained after intracytoplasmic sperm injection (ICSI) or
in vitro fertilization (IVF), and it is not clear whether these proce-
dures could alter the genome reorganization process.  Moreover,
the fate of the H2AL1/2 variants associated with pericentric hetero-
chromatin in late spermatids and spermatozoa is completely
unknown.  We wanted to know whether they remain in their target
sequences or are removed and replaced by other structures.
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The aim of the present study was to characterize the precise tim-
ing of these modifications in one-cell embryos collected from in
vivo fertilized mice.  An important parameter of this analysis was
the precise staging of the one-cell embryos.  One-cell mouse
embryos can indeed be classified into five pronuclear stages (PN1
to PN5), according to size and location of the pronuclei within the
cytoplasm [8, 15].  The dynamic reprogramming of two epigenetic
marks, TriMethylH3K9 and Acetylated H4, was investigated dur-
ing the five stages of development of one-cell mouse embryos by
immunofluorescent staining with antibodies against them.  Further-
more, the present study investigated the fate of the specific male
post-meiotic histone variants H2AL1 and H2AL2 [4] and their dis-
tribution and/or disappearance in the male pronucleus after
fertilization.

Materials and Methods

Chemicals and animals
All the chemicals used in this experiment were purchased from

Sigma-Aldrich Chemical (St. Louis, MO, USA) except for those
specifically noted.  OF1 mice were housed under standard labora-
tory conditions with free access to food and water.  Projects run in
the animal facility are approved by the local committee for care and
use of laboratory animals.

Collection of oocytes and embryos
Female OF1 mice (3–4 weeks old) were superovulated with

intraperitoneal injections of 5 IU of equine chrionic gonadotropin
(eCG) followed with 5 IU human chorionic gonadotropin (hCG)
48–49 h later.  To recover mature oocytes, superovulated females
were euthanized 20 h after hCG.  In order to obtain one-cell
embryos, females were caged with OF1 male mice immediately
after hCG injection, and 20 h after hCG, those displaying a vaginal
plug were euthanized.  Oocytes and embryos were collected after
incubation in 0.1% hyaluronidase in M2 medium (Sigma) for 2–3
min to remove cumulus cells and were washed extensively in M2.
A subgroup of embryos were immediately fixed (20 h).  The other
embryos were cultivated in M16 medium under paraffin oil at 37 C
in a 5% CO2 incubator until fixation at 26, 30 or 46 h post hCG.

Immunofluorescence detection
Immediately after collection or after subsequent culture, oocytes

or embryos were incubated for a few minutes in acid Tyrode’s solu-
tion to remove the zona pellucida, fixed for 1 h at room temperature
in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS,
pH 7.2), permeabilised in 0.2% (v/v) Triton X-100 in PBS at room
temperature for 10 min and blocked in a solution of 1% (w/v)
bovine serum albumin (BSA) and 0.1% (v/v) Triton X-100 in PBS
at 4 C overnight.

Incuba t ion  wi th  p r imary  an t ibodies  aga ins t  e i the r
TriMethylH3K9 or Acetylated H4 (Upstate Biotechnology, Lake
Placid, New York, USA), both diluted to 1:200 in the blocking
buffer, was performed at 37 C for 2 h.  Antibodies against H2AL1
and H2AL2 were generated in rabbits by three injections of 200 μg
of purified His-tagged recombinant proteins.  Sera were diluted to
1:25 in the blocking buffer.  Since H2AL1 and H2AL2 could not be

distinguished from one another by there respective antibodies, they
will be referred as H2AL1/H2AL2 hereafter.  Incubation of this
primary antibody against H2AL1/H2AL2 was also performed at 37
C for 2 h.

The cells were then washed three times in the blocking solution
and incubated with the secondary antibody (Alexa Fluor 488-con-
jugated anti-rabbit IgG diluted to 1:400 in blocking buffer,
Molecular probes, Eugene, Oregon, USA) at 37 C for 45 min.
After three additional washes as described above, nuclear DNA
was stained with the fluorescent DNA-intercalating dye, 4’, 6 -dia-
midine-2-phenylindole-2HCl (DAPI; 250 ng/ml in Mowiol
mounting medium) at 4 C overnight.  Oocytes and embryos were
observed with a microscope (Provis AX-70; Olympus, Tokyo,
Japan) equipped for epifluorescence with fluorescein and UV fil-
ters.  All collected images were processed using the Adobe
Photoshop software (Adobe Systems, San Jose, CA, USA).

Results

Classification of pronuclear embryos and distribution of embryo 
stages

The first set of experiments was designed to determine the
appropriate time for embryo collection and fixation and to evaluate
the distribution of the successive pronuclear stages in mouse
embryos relative to post-hCG chronology.  Naturally fertilized
oocytes were collected and fixed at different time points post-hCG
for DAPI staining microscopy.

The embryos were staged by examining the overall pattern of
changes in the pronuclei, according to Adenot et al. [8].  We
extended the terminology by adding some detailed criteria for the
sake of the accuracy of defining adjacent stages.  Cell embryos
were classified into five pronuclear stages (PN1 to PN5) according
to pronuclear size and location in the cytoplasm (Fig. 1 and Table
1). The distribution of the embryos according to their pronuclear
stages relative to the time of fixation post-hCG is presented in
Table 1. The table shows that examination of embryos between 20
and 30 h post-hCG made it possible to observe all stages of one-cell
embryos, from Pronuclear Formation (PNF) to PN5, and that, at 46
h post-hCG, all the analysed embryos were at the 2-cell stage.  The
aim of the following experiments was to investigate the dynamic
reprogramming of TriMethylH3K9 and acetylated H4 in both
parental genomes at different pronuclear stages in the one-cell
mouse embryos.  Fertilized oocytes were collected, and
TriMethylH3K9/acetylated H4 was detected by immunofluores-
cence as described above.

Dynamic reprogramming of histone TriMethylH3K9 in one-
cell mouse embryos

As shown in Fig. 2, TriMethylH3K9 in the maternal genome
was observed in the MII oocyte (Fig. 2F and F’) (n=5), but not in
the paternal genome in the sperm (n=60; data not shown).  After
fertilization, this asymmetrical distribution remained at all stages,
since only the maternal genome exhibited TriMethylH3K9 and no
TriMethylH3K9 was detected in the paternal genome [Fig. 2A, A’-
E and E’, analysed stages included PN1 (n=14), PN2 (n=10), PN3
(n=12), PN4 (n=10) and PN5 (n=6)].
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Dynamic reprogramming of acetylated H4 in one-cell mouse 
embryos

Neither mature sperm nor metaphase II maternal chromatin was
stained with anti-Acetylated H4 (Fig. 3 C, C’ and F, F’).  H4 acety-
lation was quickly restored in the paternal genome following the
replacement of protamines with histones after sperm entry, which
is in agreement with a previous report [16].  Moreover, although
the maternal genome was also stained in all the analysed embryos
at all stages (PN1, 16/16; PN2, 11/11; PN3, 16/16; PN4, 3/3 and
PN5, 1/1), the intensities of acetylation in both pronuclei were not
equally distributed (Fig. 3 A, A’-C and C’).  From PN1 to PN3, the
male pronuclei exhibited higher levels of hyperacetylated H4 than
the female pronuclei.  The levels of acetylated H4 became similar
in both pronuclei during PN4 and PN5 stages (Fig. 3 D, D’-E and
E’).

Dynamic reprogramming of H2AL1/H2AL2 histone variants 
in one-cell mouse embryos

Finally, another set of experiments was conducted to detect the
presence and distribution of the male-specific histone variants,
H2AL1 and H2AL2, in both parental genomes at different pronu-
clear stages in one-cell mouse embryos.  Fertilized oocytes were
collected, and H2AL1/H2AL2 was detected by immunofluores-
cence as described above.

As shown in Fig. 4, before fertilization, male-specific histone
variants H2AL1/H2AL2 were clearly detected in spermatozoa (Fig.
4 G, G’), and there was no staining of metaphase II maternal chro-
matin (Fig. 4 F, F’).  However, H2AL1/H2AL2 could not be
detected after fertilization and was absent from the maternal and
paternal pronuclei in the one-cell mouse embryos during all stages
(PN1 to PN5; Fig. 4 A, A’–E, E’ PN1, n=18; PN2, n=16; PN3, n=
16; PN4, n=9; PN5, n=6).  This observation suggests a rapid disap-
pearance of these histone variants after sperm-egg fusion.

Discussion

In the present study, we systematically investigated histone

Fig. 1. A: Schematic representation of the pronuclear stages in the
mouse embryos. B: Representative photographs of mouse
embryos at different stages taken by fluorescence microscope.
M, male pronucleus; f, female pronucleus. The criteria for
defining each stage were as follows: the earliest post-fertilization
stage was the PNF stage, where the embryos were between
sperm entry and pronuclear formation. In PN1 stage embryos,
the two small pronuclei were located at the periphery of the
embryo. In PN2 embryos, the pronuclei increased in size and
began migration towards the centre of the embryo. However, at
least one of the pronuclei or both pronuclei were still small, that
is, less than twice the size of the original pronuclei of the PN1
stage. PN3 embryos were characterized by larger pronuclei (both
pronuclei were more than twice the size of the original pronuclei
of the PN1 stage) that had migrated towards the centre, but the
distance between the two pronuclei was more than half of the
diameter of the smallest pronucleus. In the PN4 stage, both large
pronuclei were close to each other in the centre of the embryo,
and the distance between them was less than half of the diameter
of the smallest pronucleus. In PN5, the two large central
pronuclei began to fuse. At syngamy, the two pronuclei fused to
form a zygote. The zygote then divided into two cells.

Table 1. Chronological distribution of pronuclear stages in mouse
embryos obtained from in vivo fertilization in mice at different
times post-hCG

Time of fixation (h post-hCG)
Stage 20 26 30 46

N (%) N (%) N (%) N (%)

<PNFa 10 (19)
PN1 11 (21) 3 (5)
PN2 14 (26) 14 (23) 6 (13)
PN3 13 (25) 24 (39) 16 (35)
PN4 2 (4) 16 (26) 22 (48)
PN5 1 (2) 4 (6) 2 (4)

Syngamy 1 (2)
2-cell 12 (100)
Total 53 (100) 62 (100) 46 (100) 12 (100)
a Embryos were between sperm entry and pronuclear formation.
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modifications (H3 trimethylation and histone H4 acetylation) and
male-specific histone variants H2AL1 and 2 during all stages (PN1
to PN5) of development of the one cell mouse embryo after in vivo
fertilization.  These experimental conditions allowed a continuous
follow-up of the dynamic changes of these key maternal and pater-
nal genome-associated proteins in a setting that was close to
physiological conditions.

The data concerning histone modifications confirmed earlier
work performed in ICSI- and IVF-obtained embryos [6, 7, 16] sug-
gesting that the IVF or ICSI procedures themselves are unlikely to
affect asymmetrical reprogramming of histone modifications in the
early embryo.

The present study also attempted to determine the fate of the
newly discovered testis-specific histone variants H2AL1 and
H2AL2, which have been shown to be present in mature mouse
spermatozoa.  These histone variants accumulate essentially during
late spermiogenesis and are stably associated with the genome of
mature spermatozoa.  Indeed, they are synthesized in elongating
spermatids at a stage when most histones are massively replaced by
transition proteins and are incorporated within pericentric regions
just before and during the synthesis and assembly of protamines
[4].  We thought that H2AL1/L2-containing structures might con-
stitute the first distinctive marks of the pericentric regions of the
male genome after fertilization and assembly of the maternally-
derived nucleosomes.  However, in the present study, although
their presence in mature spermatozoa was clearly detected, they
were not detected in one-cell embryos at all stages.  This suggests

Fig. 2. Representative fluorescent micrographs of metaphase II
oocytes and different stages of fertilized embryos (PN1–
PN5) are shown. Antibodies that recognize TriMethylH3K9
(TriMH3K9) were localized with Alexa Fluor 488-
conjugated secondary antibodies (green, A–F), and the DNA
was stained with DAPI (light grey, A’–F’). m, male
pronucleus; f, female pronucleus.

Fig.4. Representative fluorescent micrographs of metaphase II
oocyte, sperm and different stages of fertilized embryos
(PN1–PN5) are shown. Antibodies that recognize H2A like
Histone variants H2AL1/H2AL2 were localized with Alexa
Fluor 488-conjugated secondary antibodies (green, A–G),
and the DNA was stained with DAPI (light grey, A’–G’). m,
male pronucleus; f, female pronucleus; s, sperm.

Fig. 3. Representative fluorescent micrographs of metaphase II
oocytes and different stages of fertilized embryos (PN1–
PN5) are shown. Antibodies that recognize Acetylated H4
(AcH4) were localized with Alexa Fluor 488-conjugated
secondary antibodies (green, A–F), and the DNA was stained
with DAPI (light grey, A’–F’). m, male pronucleus; f, female
pronucleus; s, sperm.
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that they rapidly disappear/degrade after fertilization.  Although
unlikely, it cannot be excluded that, in early embryos, these histone
variants could rapidly form specific complexes with other newly
incorporated histones or non-histone factors, which could impair
their accessibility to antibodies, or conversely, that the extreme de-
compaction of the genomic regions associated with H2AL1/2
would dilute the detection signal to below the signal-to-noise
threshold.  More likely, H2AL1 and H2AL2 pseudo-nucleosomal
structures could be replaced by other specific structures involving
histones and/or non-histone proteins, which would specifically
mark the paternal pericentric heterochromatin and transmit yet
unknown sex-specific information associated with these particular
regions.  It is known that factors from the ooplasm rapidly take
charge of protamine removal and mediate replication-independent
chromatin assembly, leading to male genome-wide deposition of
the histone H3.3 variant [17].  Similar factors may also contribute
to removal of H2AL1/2 and replacement within pericentric hetero-
chromatin regions.
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