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Abstract

Centromeres are chromosomal loci essential for the correct segregation of genetic material
during cell division. Defects in centromere function can lead to aneuploidy and cancer. During
early embryonic development in mammals, prior to the first cell division, male and female
genomes are separated in pronuclei located at the centre of the zygote. Parental chromatin
clusters at the interface between the two pronuclei and this clustering step is critical to avoid
aneuploidy in human and bovine zygotes. Yet, despite their essential function in chromosome
segregation, the position and spatial organization of centromeres during the first cell cycle in
mammals is mostly unknown. Previous studies conducted in bovine embryos derived from in
vitro fertilization (IVF) showed that cell cycle progression impacts on the success rate of
blastocyst formation. Specifically, embryos that entered earliest into S-phase or the earliest
cleaving embryos were more likely to develop into blastocysts. To determine the precise timing
of these events we performed a detailed characterization of key phases of the first cell cycle in
bovine zygotes derived from IVF. In parallel we examined the spatial positioning of
centromeres. We identify 20 h post insemination (hpi) as the timepoint when male and female
pronuclei are juxtaposed and are completing S-phase. At this timepoint, we show that
centromeres are positioned distal to the pronuclear interface and use super resolution
microscopy to demonstrate extensive centromere clustering into chromocentres. Our results
identify distinct nuclear features observed at 20 hpi, which may serve as cell cycle markers in
determining successful bovine IVF.

Introduction

Centromeres are identified as the primary constriction of chromosomes and function in
chromosome segregation during cell division. This is achieved via the assembly of a protein
complex at the centromere, called the kinetochore, which serves as the platform for spindle
microtubule attachment to pull chromosomes to opposite poles (Musacchio and Desai, 2017;
Kixmoeller et al., 2020). Active centromeres are specified by the incorporation of the histone H3
variant Centromere Protein A (CENP-A) that replaces histone H3 in a small percentage of
centromeric nucleosomes (McKinley and Cheeseman, 2016). At the DNA level, centromeres are
composed of repetitive DNA sequences called satellites. Satellite DNA is composed of repeated
monomers assembled into higher order repeats (HORs). A portion of these HORs will be the
sites at which CENP-A is enriched and where a functional kinetochore protein complex is
assembled (Altemose et al., 2022).

Defective centromere function has been implicated in cancer progression in mitotically
dividing cells (Simeonova and Almouzni, 2024). In meiosis, defective chromosome segregation
can result in aneuploid gametes or infertility, while aneuploidy in early development can result
in embryo lethality (Potapova and Gorbsky, 2017; Charalambous et al., 2023). In mammals,
embryo development begins with the fertilization of the oocyte by the sperm. The genomes from
sperm and oocyte are united to form a diploid cell, the zygote, that undergoes several rounds of
mitosis to form the blastocyst (Mol¢ et al., 2020). Prior to the first mitotic division, before
nuclear envelope breakdown, the male and female pronuclei are juxtaposed at the centre of the
cell and chromatin clusters at the pronuclear interface (Cavazza et al., 2021). In human and
bovine embryos, clustering of the parental pronuclei is important for the correct segregation of
chromosomes during the first mitotic division (Cavazza et al, 2021). Despite the critical
function of centromeres in faithful chromosome segregation, a detailed characterization of
centromere dynamics during early embryogenesis is lacking in any mammal. Previous studies
have focused on quantifying CENP-A levels across the early mitotic divisions in mouse embryos
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(Das et al., 2022; Manske et al., 2022, pre-print) but the spatial
organization in the cell cycle stages preceding the first mitotic
division has not been described in detail. For instance, centromere
clustering has been observed in various organisms and cell types
and is proposed to maintain genome stability by preventing double
strand breaks (Muller et al., 2019). The position of the centromere
in the different cell cycle phases could serve as a biomarker to select
zygotes that are more likely to develop normally.

Studying early embryonic development in human embryos is
challenging because of ethical regulations. Bos taurus (cattle) is an
appropriate model system for human early development for several
reasons. Bovine and human early embryos share a similar timing of
early embryonic divisions (Lequarre et al., 2003; Wong et al., 2010;
Faramarzi et al., 2018), similar timing of zygotic genome activation
(Frei et al., 1989; Schulz and Harrison, 2019; Halstead et al., 2020)
and similar rates of aneuploidy (Destouni et al., 2016). Moreover,
in human and bovine embryos the first embryonic divisions
happen in the presence of centrioles, which are inherited from the
sperm (Navara et al., 1994; Fishman et al., 2018).

Investigating early embryogenesis in cattle is also beneficial to
the agricultural industry. Reproductive efficiency is the corner-
stone of all animal-based agricultural enterprises and is crucial for
profitable, environmentally sustainable, food systems. In livestock
production systems, particularly cattle production, reproductive
efficiency is the main driver of farm profitability. Similar to
humans, pregnancy loss, rather than fertilization failure, is one of
the major causes of reproductive failure in cattle (Diskin and
Morris, 2008; Wiltbank et al., 2016) and can have a major impact
on profitability due to costs associated with increased calving
intervals, increased culling, increased labour costs and increased
interventions of one form or another (Shalloo et al., 2014). Such
losses are exacerbated when in vitro produced embryos are used
(Crowe et al., 2025).

Currently, biomarkers predicting successful development to
the blastocyst stage are lacking. In particular, the development of
non-invasive nuclear and chromosomal factors to predict embryo
viability are of interest (Sugimura et al, 2024). Previous studies
investigating the timing of bovine early embryonic divisions
focused on the influence of semen quality and length of the first
cell cycle on the blastocyst success rates. Researchers found that
semen quality affects the timing of onset of the first S-phase.
Zygotes originated by fertilization with high fertility semen
started S-phase earlier than those fertilized with low fertility
semen (Eid et al., 1994; Comizzoli et al., 2000). Additional studies
highlighted a correlation between the timing of the first cleavage
and the blastocyst success rate, with early cleaving zygotes more
likely to develop into blastocysts (Lonergan et al., 1999; Ward
et al., 2001). Notably, the timing of first cleavage is also used for
embryo selection in human IVF (Shoukir et al., 1997; Lechniak
et al., 2008; Sakkas, 2016). Also in humans, DNA replication
stress in the first S-phase correlates with aneuploidy detected in
subsequent mitotic divisions (Palmerola et al., 2022), but it is not
known whether this is the case in bovine zygotes. Finally,
Lonergan et al. identified that the ability to reach blastocyst stage
is heavily influenced by the time of first cleavage, but that once
reached, pregnancy rates are similar after embryo transfer
(Lonergan et al., 1999). Therefore, timely progression through
the first cell cycle is critical and additional biomarkers are needed.
In this study, we aim to characterize in more detail the first
mitoses after fertilization in Bos taurus zygotes derived from IVF.
We focus on determining the cell cycle timing of S- and M-phases
as well as centromere positioning.
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Materials and methods
In vitro production of zygotes

Immature cumulus-oocyte complexes (COCs) were collected from
the ovaries of heifers and cows following slaughter at a commercial
abattoir. Ovaries were removed from the reproductive tract in the
abattoir and stored in flasks of PBS at 35°C until arrival at the
laboratory (approximately 3 h post slaughter). Once in the
laboratory, all surface visible follicles were aspirated using a 5-mL
syringe and 18-guage needle to recover the COCs. COCs were
washed in phosphate-buffered saline and matured for 24 h in
groups of 50 in 500 pL of IVM Medium (Stroebech Media) at 39°C
under an atmosphere of 5% CO, in air with maximum humidity.
Matured COCs with expanded cumulus cells were inseminated
with frozen-thawed motile sperm at concentration 1x10° sperm/
mL for 24 h from a bull of proven fertility. Under these conditions
typically 80% of immature bovine COCs with expanded cumulus
cells resume meiosis and progress to metaphase II (Lonergan and
Fair, 2016; Ferré et al., 2020). Gametes were co-incubated in groups
of 50 in 400 pL of IVF Medium (Stroebech Media) at 39°C in an
atmosphere of 5% CO, in air with maximum humidity.
Presumptive zygotes were removed from culture at 3 (n=23), 6
(n=32),9 (n=21), 17 (n=23), 20 (n=25), 30 (n =25) and 45
(n=19) hours post insemination (hpi), gently vortexed in PBS to
remove adherent cumulus cells and sperm before incubation with
5-ethynyl 2’-deoxyuridine (EdU) and fixation with 4%
paraformaldehyde.

Generation of fluorescence in situ hybridization (FISH) probes

DNA FISH probes were generated by PCR from genomic DNA
extracted from bull testes using the following primers based on
Escudeiro et al., 2019a: CenSAT1.723: F: 5- CTGTGCTAGGG-
AGCCCAAA -3, R: 5- CAGGTTTGGAGCCCAATGCC -3’
SAT1.715 Fl: 5- AGGCTGCCTCTTGTGTITGGC -3, Rl: 5-
CGTCGCAACTTGAGAATCCC -3’

Cell biology: Combined 5-ethynyl 2 "-deoxyuridine (EdU), FISH
and immunofluorescence microscopy (IF) on zygotes

Zygotes at desired timepoints were incubated with EQU (Berry &
Associates, PY7562) at 10 pM for 30 min and fixed in 4%
paraformaldehyde for 30 min. EdU was visualized by click-
chemistry in which a 200 pL reaction was assembled in 1X PBS
with 40 mM CuSO, (Berry & Associates), 10 mM Na L-ascorbate
(Berry & Associates) and 0.3 mM TEG-Azide conjugated with
Alexa Fluor 647 (Invitrogen, A10277). After a 30-minute
incubation in the dark, the samples were washed three times for
30 min each at room temperature in 1X PBS with 0.5% Triton-X-
100 (PBST0.5). For FISH, samples were then dehydrated by
passing through ethanol at 70%, 80% and 95% v/v for 5 min each.
Zygotes were washed for 10 min in 2X SSC-Tween 20 (SSC-Tw)
0.1%, followed by a 10-minute wash in 2X SSC-Tw 0.1% with 25%
formamide and a final wash for 10 min in 2X SSC-Tw 0.1% with
50% formamide. Pre-hybridization was carried out for 1 h at 37°C
in 2X SSC-Tw 0.1% with 50% formamide. Probes were diluted in
100 pL hybridization buffer (0.2% Triton X-100 in 3X SSC, 50%
formamide, 20% dextran sulphate) at a final concentration of 1 ng/
pL. Denaturation was performed at 90°C for 10 min followed by
hybridization overnight (o/n) at 37°C. Zygotes were washed once
in 2X SSC-Tw 0.1% with 50% formamide for 1 h at 37°C followed
by two washes in 2X SSC-Tw 0.1% with 25% formamide and 2X
SSC-Tw 0.1% at room temperature for 10 min each. A final
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10-minute wash was performed in 1X PBS. Following FISH,
samples were processed for immunofluorescence microscopy.
Permeabilization was performed o/n at room temperature in
PBSTO.5, followed by blocking in Normal Goat Serum (NGS) 5%
(prepared in PBSTO0.5). Primary antibody incubation was carried
out o/n at 4°C with a rabbit anti-H3pSer10 antibody (Abcam,
ab5176, 1:200 in NGS 1% in PBST0.1). Secondary antibody
incubation was performed for 1 h at room temperature with a goat
anti-rabbit secondary antibody conjugated with Alexa Fluor 488
(Invitrogen, A11034, 1:500 in NGS 1%). Three 20-minute washes
in PBST0.4 were performed after each antibody incubation.
Finally, DNA was stained with Hoechst (1:200 in 1X PBS) for 30
min and washed for 30 min in 1X PBS.

Microscopy

Zygotes were imaged using the Delta Vision Elite widefield
microscope (Applied Precision, Imsol) using a 40x or 100x oil
immersion objective, solid-state light source (Lumencor) and
CoolSNAP_HQ2/HQ2-ICX285 camera. Fluorescence passed
through a 435/48 nm; 525/48 nm; 597/45 nm; 632/34 nm band-
pass filter for detection of respectively Hoechst, Alexa Fluor 488,
Alex Fluor 546 and Alexa Fluor 647 in sequential mode. Z-stacks
were performed with 0.1 pm thickness. After acquisition images
were deconvolved with Softworx (Applied Precision, Imsol) and
were processed using FIJI Image] (Rasband, 1997; Schneider et al.,
2012). Super resolution images were acquired using a Nikon CSU-
W1 SoRa spinning disc system with 447/60nm; 525/50nm; 630/
92nm filter sets and 405, 488 and 561 laser lines (Edinburgh Super-
Resolution Imaging Consortium).

Quantitation and statistical analysis

The number of centromere foci at 20 and 30 hpi was measured in
FIJI/Image]. Briefly, Z-stacks with centromere signals were max
intensity projected, background was subtracted, a threshold was set
to eliminate unwanted objects and the number of foci per nucleus
was extracted. Histograms generated using GraphPad Prism 10
show the percentage of oocytes/zygotes at each timepoint as
mean+SEM.

Results

To perform a detailed characterization of the timing of the first cell
cycle in Bos taurus, a combination of EAU incorporation to mark
S-phase and antibody staining for histone H3 phosphorylated at
serine 10 (H3pSer10) to mark M-phase (meiosis or mitosis) was
utilized. In parallel, to track the spatial position and organization of
centromeres, we labelled centromeric DNA by FISH (Figure 1A).
In Bos taurus, CENP-A is associated with the 680-base pair (bp)
repeat SAT1.723 that defines the active centromere (Plucienniczak
et al., 1985; Escudeiro et al, 2019a), which we refer to as
CenSAT1.723. Presumptive zygotes and cleaved embryos derived
from IVF were fixed at different timepoints after insemination.
These timepoints included 3, 6, 9, 17, 20, 30 and 45 hpi. Before
fixation, the presumptive zygotes were incubated with EdU for 30
min to pulse label ongoing DNA synthesis. After fixation, EAU
signal was visualized by performing the click chemistry reaction,
followed by FISH labelling of centromeric DNA and immuno-
fluorescent staining of condensed chromosomes (Figure 1A).
Quantitation of cells in meiosis, S- or M-phases indicated that
almost 100% of zygotes are in meiosis up to 9 hpi and most zygotes
are in S-phase at 17 hpi (72%) and 20 hpi (93%). Most zygotes
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complete the first mitosis by 30 hpi (78%) to give rise to 2-cell
embryos and complete the second mitosis at 45 hpi (68%) to give
rise to 4-cell embryos (Figure 1B).

At 6 hpi and 9 hpi, approximately 80% of oocytes are
completing meiosis II after which the second polar body is
extruded and the nucleus is positioned close to the cellular
periphery (Figure 2A). H3pSer10 stains condensed chromosomes
that are commonly arranged in a ring shape and centromeres are
visible as chromosomally associated foci (Figure 2B). We noted
that chromosomes localized at the centre of the ring did not stain
for H3pSer10 possibly due to enhanced chromosome condensa-
tion and a lack of antibody penetration in this region. The
decondensing sperm nucleus is normally visible during this time
window; however, it was undetectable in our experiments due to
interference of the click chemistry reaction with DNA staining.
Remaining cumulus cells of the COC also stained positive for
CenSAT1.723 showing the typical pattern expected for centromere
foci in somatic cells (Figure 2A).

At 17 hpi (Figure 3A, 3B) and 20 hpi (Figure 3C, 3D), the two
pronuclei are undergoing DNA replication in S-phase. At 17 hpi,
zygotes are in early/mid S-phase displaying the typical distribution
pattern for EAU that is spread throughout the nucleus (O’Keefe
et al., 1992). Entry into S-phase is asynchronous, with either only
one of the parental nuclei displaying EAU positive signals or with
each pronucleus displaying a different pattern indicating a
different stage of early/mid-S-phase. At this timepoint, centro-
meres are clustered at the centre of each pronucleus. At 20 hpi,
pronuclei migrate to the centre of the cell and are in opposition,
displaying weak and sparse EAU foci likely indicative of late S-
phase (Figure 3D). This timepoint corresponds with the previously
described stage of chromatin clustering at the pronuclear interface
that occurs approximately 1.5 h before nuclear membrane
breakdown (Cavazza et al., 2021). At this timepoint, centromeres
are located away from the pronuclear interface or are in a more
central position. Further quantitation of centromere spatial
positioning indicated that in most zygotes (85.7%, n=14)
centromeres were located distal to the pronuclear interface where
the centrosomes that emanate microtubules and capture centro-
meres normally reside. We also show evidence for centromere
clustering at 20 hpi, in which 22.0 + 1.44 centromere foci per
nucleus were detected (n=41) instead of 30 expected for the
haploid bovine karyotype.

To investigate this localization pattern at 20 hpi in more detail,
in addition to CenSAT1.723, we used FISH probes to label the
pericentromeric satellite SAT1.715 composed of 31-bp variable
monomers that assemble into a 1402 bp HOR (PHucienniczak
et al., 1982; Escudeiro et al., 2019a, 2019b). We combined FISH
with DNA staining to monitor chromatin clustering at the
pronuclear interface and imaged the zygotes using super resolution
microscopy (Figure 4A). Super resolution imaging of pronuclei
confirmed that, based on the CenSAT1.723 staining pattern,
centromeres are not positioned at the pronuclear interface but
instead are distributed in clusters throughout both pronuclei. We
also observed that centromeres cluster into distinct chromocentres,
with circular or layered organizations (Figure 4B). In contrast,
based on the SAT1.715 pattern, pericentromeric DNA is not
organized into clusters and extends throughout both pronuclei,
occupying a large portion of each pronucleus.

At 30 hpi (Figure 5A), zygotes complete chromosome
segregation in mitosis and the first cleavage has occurred to
generate a 2-cell embryo. At this timepoint, both cells have entered
S-phase although this is usually not synchronous (Figure 5B).
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Figure 2. The Bos taurus oocyte is completing meiosis
up to 9 h post insemination. (A) 40x image of a 6 hpi
zygote in prometaphase of meiosis | or Il. The nucleus is
indicated by the white arrow. Scale bar, 20 pm. The polar
bodies are not visible. Therefore, it is not possible to
distinguish between meiosis | and Il. *CenSAT1.723
staining of cumulus cells; cells in the upper part of the
image appear flat as they are sandwiched between two
oocytes. “Non-specific probe binding. (B) Magnification
of the nucleus indicated with the arrow in A. Scale bar, 5
pm. In both A and B, H3pSer10 (green) marks condensed
chromosomes in meiosis, CenSAT1.723 (red) DNA FISH
probe labels centromeres and EdU (grey) marks DNA
replication in S-phase. hpi, hours post insemination;
H3pSer10, H3 phosphorylated at serine 10.
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(A) 17 hpi (B)

Figure 3. At 17 and 20 hpi, Bos taurus pronuclei are in S-
phase. (A) 40x image of a zygote at 17 hpi. The parental
pronuclei are visible and they are positive for EdU. Scale
bar, 20 pm. (B) Magnification of the pronucleus indicated
by the arrow in A. Scale bar, 5 pm. (C) 40x image of a
zygote at 20 hpi. At this stage the two pronuclei are
juxtaposed and are completing S-phase. Scale bar, 20
pm. (D) 100x image of pronuclei in C with EdU signal
enhanced to show weak foci. Scale bar, 5 pm. H3pSer10
is shown in green, CenSAT1.723 in red and EdU in grey.
hpi, hours post insemination; H3pSer10, H3 phospho-
rylated at serine 10.

Hoescht

Figure 4. At 20 hpi, Bos taurus centromeres are
positioned distal to the pronuclear interface and form
chromocentres. (A) Super resolution microscopy imag-
ing of the parental pronuclei (circled) at 20 hpi. Scale bar
5 um. (B) Magnification of the boxes highlighted in A.
Individual centromeres are organized as chromocentres
with a circular (boxes 1 and 3) or layered organization
(boxes 2 and 4). Scale bar, 1 pm. Hoechst (cyan) labels
the DNA, SAT1.715 DNA FISH probe (green) labels
pericentromeric DNA and CenSAT1.723 (red) labels
centromere DNA. hpi, hours post insemination.
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30 hpi (B)

30 hpi

(©)

Figure 5. The first two mitotic divisions in Bos taurus embryos
from IVF. (A) 40x image of a 2-cell embryo at 30 hpi. Both nuclei
are undergoing DNA replication, although asynchronously. Scale
bar, 20 pm. (B) Magnification of the nucleus indicated by the
arrow in A. Scale bar, 5 um. (C) 40x image of a 4-cell embryo at 45
hpi, after completion of the second mitotic division. Scale bar, 20
pm. (D) Magnification of the nucleus indicated by the arrow in C.
Scale bar, 5 pm. H3pSer10is in green, centromeric (CenSAT1.723)
DNA in red and EdU in grey. hpi, hours post insemination;
H3pSer10, H3 phosphorylated at serine 10.

Typically, 49 (£3.341) centromere foci per nucleus were detected
(n =29 nuclei), which is lower than the number expected based on
bovine karyotype (2n=60). This indicates that centromere
clustering continues after cell division, comparable to the distinct
chromocentres observed by super resolution at 20 hpi. At 45 hpi
(Figure 5C), embryos are at the 4-cell stage and have completed the
second mitotic division. At this timepoint, each cell is undergoing
S-phase in an asynchronous manner and centromeres are broadly
dispersed throughout the nuclei (Figure 5D).

Discussion

In the late 1980’s, the ultrastructure of bovine oocyte maturation
and in vitro fertilization (IVF) were first characterized (Hyttel
et al., 1988, 1989a, 1989b). Cell cycle studies performed in the
1990’s later indicated that the duration and timing of S- and M-
phases of the first cell cycle impacts on the success rate of blastocyst
formation (Eid et al, 1994; Lonergan et al., 1999; Comizzoli et al.,
2000; Ward et al, 2001). More recently, the juxtaposition of
parental pronuclei with chromatin clustered at the pronuclear
interface was identified as a critical step to avoid bovine embryos
with abnormal chromosome numbers (Cavazza et al., 2021). Using
bovine zygotes fixed at different timepoints after IVF, we labelled
S- and M-phase progression and determined centromere position-
ing at each stage. Our results show that the first S-phase in male
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45 hpi (D) 45 hpi

and female pronuclei takes place at 17 and 20 hpi and the first M-
phase takes place at 30 hpi. These data could be used in future
studies to identify cell cycle delays that impact on blastocyst
formation rate.

At 20 hpi, male and female pronuclei were juxtaposed and were
in late S-phase. We also observed the clustering of chromatin at the
pronuclear interface at this time, consistent with published data
(Cavazza et al, 2021). In this previous study, the timing of this
event was determined as 1.5 h before nuclear breakdown based on
time-lapse imaging approaches. Here we show that these nuclei are
completing DNA replication at this timepoint. Also, at 20 hpi, we
found that centromeres were located away from the pronuclear
interface. This result is surprising given that centrosomes are
located at the pronuclear interface and suggests a rapid
relocalization occurs to enable efficient chromosome capture
before the first mitosis. Close examination of the EAU incorpo-
ration patterns revealed that entry into S-phase is asynchronous
between male and female pronuclei at 17 and 20 hpi. Furthermore,
S-phase progression at 30 and 45 hpi is asynchronous in 2-cell and
4-cell embryos. It is not known whether this asynchrony occurs
upon natural fertilization or is related to the IVF protocol. Our
results highlighting 20 hpi as a critical timepoint align with
findings related to the fidelity of the first embryonic S-phase in
humans. Palmerola and colleagues showed that incomplete
replication results in DNA double strand breaks in mitosis that
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impact the normal development of the embryo (Palmerola et al,
2022). Future studies into the occurrence of DNA breaks in bovine
zygotes at 20 hpi and identifying a correlation with blastocyst
progression would be of interest. In conclusion, our study identifies
the completion of S-phase at 20 hpi as a potentially useful
timepoint and nuclear marker in the evaluation of early cleavage
and the efficient prediction of embryo viability.
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