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1  |  INTRODUC TION

Early mammalian embryogenesis varies among species. While 
mouse embryos are currently considered the best model for study-
ing human embryonic development, reports highlighting differences 

between human and mouse embryonic cells (Chen et  al.,  2009; 
Hassani et al., 2014; Zhang et al., 2013) underline the importance of 
multispecies studies (Rossant, 2011). Interestingly, features such as 
an extended duration of preimplantation development, low develop-
mental rates and delayed zygotic genome activation were shown to 
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Abstract
In mouse embryos, inside cells are allocated in 16-cell embryos through a well-
orchestrated sequence of events involving compaction and polarization. The emer-
gence of inside cells is of great importance as itl later gives rise to the inner cell mass 
and epiblast. In this study, we report the sequence of critical events in embryology 
(compaction, inside cells allocation and fragmentation) in bovine 72 h.p.i. 9–16 cell 
embryos, while also investigating the effects of X-sorted semen on these events. 
We found a wide distribution of total cell numbers among embryos, attributed to 
an asynchronous cleavage pattern and blastomere death. Additionally, 13% of em-
bryos displayed irregular shapes. The establishment of the inside cell compartment 
increased (p < 0.01) in embryos with more cells. However, only 53.8% of 16-cell em-
bryos presented inside cells. Compaction was present in 32.4% embryos and was 
positively correlated (p = 0.03, OR 3.02) with the establishment of inside cells, occur-
ring independently of cell number. Fragmentation was present in 36% embryos, being 
more frequent (p = 0.01) in embryos with lower cell numbers. A possible association 
between irregular shape and fragmentation was considered (p = 0.06). The use of X-
sorted semen had no effect on most evaluated parameters. However, it did have a 
marked effect on cleavage rate (p < 0.01) and the arrest of 2- and 4- cell embryos. In 
conclusion, bovine embryos exhibit an asynchronous cleavage pattern, high levels of 
fragmentation, and demonstrate compaction and inside cell allocation later in devel-
opment compared to mouse embryos. Semen X-sorting has major effects on cleavage 
and embryo arrest. Further studies are needed to elucidate the association between 
irregularly shaped embryos and fragmentation, as well as the effects of sex on inside 
cell allocation.
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be similar between human and bovine embryos (Adjaye et al., 2007). 
This has led to an increased interest in bovine embryology and the 
necessity to characterize and understand basic biological mecha-
nisms in this model organism.

Apart from its significance as a model for embryology, under-
standing bovine embryology and the emergence of the inside cells 
compartment could provide insights into the field of embryonic stem 
(ES) cell derivation. The ability to derive bovine ES cells holds major 
implications, especially for nuclear transfer techniques (Oback, 2008) 
and genetic engineering (Gjørret & Maddox-Hyttel,  2005; Keefer 
et al., 2007). However, despite extensive efforts (Cibelli et al., 1998; 
Iwasaki et al., 2000; Mitalipova et al., 2001; Saito et al., 2003; Wang 
et  al.,  2005), the successful establishment of bovine ES cell (bES) 
lines, including germline transmission and maintenance of pluripo-
tency with further passaging, has not been achieved in bovine as it 
has for the mouse ES cells. The establishment of stable primed plu-
ripotent embryonic stem cells from bovine blastocysts using a WNT 
signalling inhibition system has been reported (Bogliotti et al., 2018; 
Xiao et al., 2021), suggesting this mechanism, which affects pluripo-
tency properties, is associated with the distinct properties observed 
in the bovine inner cell mass. Additionally, the expression pattern 
of pluripotency genes in bovine embryos differs from that in mouse 
embryos (Khan et al., 2012). This data reveals significant differences 
between mouse and bovine inner cell mass properties.

In mouse, polarization precedes the formation of inside cells, 
occuring at the 8-cell stage and transforming homogenous spher-
ical cells into highly polarized radial blastomeres (Johnson & 
Ziomek, 1981). This involves the asymmetric distribution of polar-
ity factors into apical and basolateral domains, along with mutually 
antagonistic interactions between them (Nance, 2014). Once estab-
lished, polarity domains are differentially inherited during asymmet-
ric divisions, contributing to the establishment of inside and outside 
cell identities in the mouse embryo (Bischoff et al., 2008; Surani & 
Handyside, 1983). Inside cells will develop into the inner cell mass 
(ICM), a group of cells that will mainly build the body of an organism, 
while outer cells will give rise to the trophectoderm (TE), the epithe-
lium tissue that contributes to the embryonic part of the placenta 
(Rossant & Cross, 2001). However, in bovine embryos, little is known 
about the emergence of the inside cell compartment in 16-cell em-
bryos and whether it precedes compaction and polarization.

Another important aspect often neglected in bovine embryol-
ogy is the sex of embryos. It is well-known that male and female 
cells can behave differently (Pollitzer, 2013). Female embryo charac-
teristics can be valuable for human assisted reproductive medicine, 
especially when the risk of X-linked disorders is detected. The sex of 
the bovine embryo can be controlled with over 90% accuracy using 
cytometer cell-sorted semen, based on small differences in chromo-
somal DNA content between X and Y sperms (Garner, 2006). For 
in vitro fertilization (IVF) routines using sexed semen in the animal 
reproduction field, where female embryos are in demand for herd 
replacement and milk production, understanding female-specific re-
quirements is extremely relevant to improve in vitro production (IVP) 
systems, and the sex of the embryo should always be considered. It 

is known that dosage compensation of X-chromosome transcripts 
only occurs in bovine embryos after blastocyst formation (Bermejo-
Álvarez et al., 2010, Bermejo-Alvarez et al., 2011), so most female 
embryos have both X chromosomes active during early development 
and display-specific gene expression patterns (Bermejo-Álvarez 
et al., 2010; Denicol et al., 2015).

In previous studies conducted by our group, female embryos 
exhibited a unique epigenetic profile (Oliveira et  al.,  2010, 2013). 
Furthermore, a noteworthy correlation between female embryos 
and compromised developmental outcomes was observed, as evi-
denced by diminished embryo quality characterized by elevated lev-
els of fragmentation and apoptosis, as well as reduced cell numbers 
(Oliveira et al., 2016a, 2016b). Additionally, an increased incidence 
of developmental arrest at the early cleavage stages among female 
embryos was described (Oliveira et al., 2016a, 2016b).

Sex-related differences in the growth kinetics of human and 
bovine embryos produced in vitro have also been reported (Bronet 
et al., 2015; Larson et al., 2001; Oliveira et al., 2013; Oliveira, Saraiva, 
de Lima, Oliveira, Serapião, Borges, et al., 2016; Oliveira, Saraiva, de 
Lima, Oliveira, Serapião, Garcia, et al., 2016; Xu et al., 1992). Besides 
sex differences, there is also an effect of altered developmental ki-
netics and viability resulting from the sex-sorting processing of bo-
vine semen (Magata et al., 2021).

The sex of embryos also affects ES cell derivation in mouse. XX-
derived ES cells resembles a less differentiated state with epigenetic 
differences and exit pluripotency less efficiently than male ES cell 
lines (Choi et  al.,  2017; Schulz et  al.,  2014; Yagi et  al., 2017). This 
outcome is particularly attributed to the presence of two active X 
chromosomes and its effect of increased inhibition of the Fgf–Erk 
signalling pathway, inhibition of Gsk3β (Wnt signalling activation) 
and Akt signalling stimulation (Hassani et al., 2019).

Given its importance in lineage specification and inner cell mass 
formation, the aim of this study was to characterize inside cell es-
tablishment in bovine 16-cell embryos produced with conventional 
or X-sorted semen, considering its relation to candidate predictors 
that can be easily assessed morphologically (compaction, fragmen-
tation and irregular shape). We compared this pattern to the mouse 
embryo with the aim of bringing new insights into mammalian em-
bryology and bovine ES cell and embryology field.

2  |  MATERIAL S AND METHODS

2.1  |  Supplements

Reagents and culture media were purchased from Sigma Chemical 
Co. (St. Louis, MO) unless otherwise stated.

2.2  |  Preparation and selection of oocytes

Bovine ovaries were collected at a local slaughterhouse and pro-
cessed within 2 h after slaughter. The ovaries were washed in 
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saline (37°C) and follicles measuring 3 to 8 mm in diameter were 
aspirated with an 18 gauge needle coupled to a 20 mL syringe. 
Cumulus-oocyte complexes (COCs) presenting at least three layers 
of cumulus cells and homogenous cytoplasm were selected under 
a stereomicroscope. The COCs were washed in HEPES-buffered 
TCM-199 (Gibco BRL, Grand Island, NY) supplemented with 10% 
fetal bovine serum (FBS; Cripion, Andradina, Brazil), 16 μg/mL so-
dium pyruvate and 83.4 μg/mL amikacin (Instituto Biochimico, Rio 
de Janeiro, Brazil).

2.3  |  In vitro maturation (IVM)

Groups of 20 COCs were transferred to 100 μL drops of medium 
containing sodium bicarbonate-buffered TCM-199 supplemented 
with 10% FBS, 1.0 μg/mL FSH (Folltropin™, Bioniche Animal Health, 
Belleville, Canada), 50 μg/mL hCG (Profasi™, Serono, Sao Paulo, 
Brazil), 1.0 μg/mL estradiol, 16 μg/mL sodium pyruvate and 83.4 μg/
mL amikacin, covered with sterile mineral oil (Dow Corning Co., 
Midland, MI) and incubated for 24 h at 38.5°C in an atmosphere of 
5% CO2 in air under saturated humidity.

2.4  |  In vitro fertilization (IVF)

After IVM the cumulus cells were partially removed from the oo-
cytes by pipetting. Groups of 25 oocytes were washed twice and 
transferred to 60 μL drops of TALP-IVF medium supplemented with 
0.6% BSA, 10 μg/mL heparin, 18 μM penicillamine, 10 μM hypotau-
rine and 1.8 μM epinephrine, and covered with sterile mineral oil. 
Frozen straws of X-sorted and conventional semen from the same 
bull (CRV Lagoa, Sertaozinho, Brazil) were used at each replicate. 
Each straw containing approximately 2 million spermatozoa was 
centrifuged separately on a discontinuous 45/90 Percoll gradient 
for 7 min at 3600 G. The pellet was resuspended in 700 μL TALP-IVF 
medium and again centrifuged for 5 min at 520 G. After centrifuga-
tion, 30 μL of the medium containing the pellet was collected from 
the bottom of the tube and homogenized in a conic tube. Motility 
and concentration of sperm was calculated and adjusted to a final 
suspension of 104 spermatozoa for each oocyte. The plates were in-
cubated at 38.5°C for 20 h in an atmosphere of 5% CO2 in air under 
saturated humidity.

2.5  |  In vitro culture

After IVF, presumptive zygotes were denuded of cumulus cells by 
vigorous pipetting and cultured in SOF medium supplemented with 
1.5% FBS and 5 mg/mL BSA at 38.5°C in an atmosphere of 5% CO2 in 
air under saturated humidity. Groups of 15–20 presumptive zygotes 
were cultured in 100 μL drops. Embryos were evaluated and fixed at 
96 h.p.i. Since asymmetric cleavage divisions are observed in bovine 

embryos, 5–8-cell embryos were grouped as 8-cell and 9–16 cell em-
bryos were grouped as 16-cell. Average number of each embryonic 
stage was assessed in order to characterize the embryos used in this 
study.

2.6  |  Phalloidin and HOECHST staining

Embryos were fixed in 4% paraformaldehyde for 30 min at 37°C and 
stored at 4°C in PBS supplemented with 3% BSA and 0.2% tween 20 
for up to 1 week. Phalloidin (Atto-568 conjugated, 0.5 μM) was used 
to stain actin filaments, for 50 min. The nuclei were stained with 
10 μL/mL Hoechst 33342 solution for 50 min. Embryos were washed 
three times for 10 min in PBS and examined under a fluorescence 
microscope.

2.7  |  Analysis of compaction, presence of inside 
cells, fragmentation and embryo shape

Embryos were imaged on an EVOS 5000 inverted microscope using 
Z-stack function. Z-sections were captured from bottom to top of 
each embryo, with intervals from 5 to 8 μm and a total of 12–15 
sections per embryo. Images were analysed using ImageJ (NIH) 
Software.

Embryos were examined for the presence of radial cells and 
stronger cell membrane contacts. The initiation of compaction was 
evaluated in this assay, so partially compacted embryos (still pre-
senting non-compacted cells) were classified as compacted. For 
inside cells, multiple optical sections from bottom to top of each 
embryo were examined. Cells fully surrounded by others, with no 
external contact, were categorized as inside.

Focus plane images from each embryo were captured and an-
alysed for fragmentation and embryo shape. Embryos displaying 
enucleated cytoplasmic fragment totaling approximately 20% of the 
embryo's size were categorized as fragmented. Embryos with vary-
ing sizes in the Zona pellucida meridional and equatorial planes were 
classified as elongated.

2.8  |  Statistical analysis

Binary logistic regression considering variables (i) presence of in-
side cells; (ii) compaction and (iii) fragmentation and predictors: 
presence of inside cells, compaction, fragmentation, irregular 
shape and X-sorted semen was used to estimate effects of each 
predictor on main variables. GLM was estimated to compare 
groups of embryos with and without: inside cells, compaction, 
fragmentation and irregular shape. Cleavage rate was compared 
between X-sorted semen and conventional semen groups using 
Fisher Exact Test. All analysis were performed at 5% significance 
level, at Minitab Software.
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3  |  RESULTS

We assessed 9–16 cell bovine embryos at 96 h.p.i. (n = 105), exam-
ining the presence of inside cells, compaction, fragmentation, their 
shapes (elongated/rounded) and the effects of X-sorted semen use 
on these features.

The first notable observation is the asynchronous cleavage pat-
tern observed for this stage in the bovine species. Embryos displayed 
varying cell numbers: 9 (n = 8), 10 (n = 10), 11 (n = 10), 12 (n = 16), 13 
(n = 19), 14 (n = 18), 15 (n = 11) and 16 (n = 13) cells. Moreover, some 
embryos presented arrested cells from previous cleavage cycle, 
indicating that they would never reach homogeneously the 16-
cell stage—an observation typical in bovine development. The ap-
pearance of irregularly shaped (elongated) embryos was detected 
(Figure 1a) and accounted for 13% (14 out of 105 embryos). No dif-
ference between elongated and rounded embryos in terms of cell 
numbers was detected (Figure 1b).

3.1  |  Establishment of the inside cell compartment 
in bovine embryos

In Figure 2a,b, embryos with and without inside cells are shown in 
three Z-sections. As expected, we found that embryos with inside 
cells had higher cell numbers than embryos without inside cells (12 
vs. 14, p < 0.01) (Figure 2c). In Figure 2d, the percentage of embryos 
with inside cells is shown regarding the total cell number. Only one 
out of 44 embryos with fewer than 12 cells exhibited inside cells 
(2.2%), while 20 out of 61 embryos with 13–16 cells exhibited inside 

cells (32.8%). Still, only half (7/13) of 16-cell embryos have inside 
cells in bovine.

Next, we associated inside cell establishment with other phe-
nomena of early embryo development. In Figure 2e, odds ratio and 
confidence interval are shown. Compacted embryos had a 3.02 
times higher chance (p = 0.03) of exhibiting inside cells than non-
compacted embryos.

Fragmented and irregularly shaped (elongated) embryos do not 
have a higher chance of having inside cells. Embryos produced with 
X-sorted semen exhibited a trend to display a higher percentage of 
embryos with inside cells (p = 0.08) (OR 2.69).

3.2  |  Compaction in bovine embryos at 96 h.p.i.

A compacted embryo is shown in Figure  3a. Compaction occur-
rence was independent of embryo cell number, as no difference 
was found between compacted or non-compacted embryos' cell 
number (Figure 3b), and the percentage of compacted embryos was 
balanced among embryos from 9 to 16-cell stage (Figure 3c). Inside 
cell embryos presented a 2.94 higher chance of being compacted 
(p = 0.04), but no effect was detected for fragmented, irregular 
shape or X-sorted semen embryos regarding compaction establish-
ment (Figure 3d). Overall, 32.4% (34 out of 105) 9–16 embryos were 
compacted at 96 h.p.i.

3.3  |  Fragmentation in bovine embryos at 96 h.p.i.

Fragmented embryos (Figure  4a) were associated with lower 
(p = 0.01) cell numbers (Figure 4b,c). In 9–11 cell embryos, 68% (19 
out of 28) presented fragmentation, while embryos with 12–16 cells 
presented a prevalence of 25% (19 out of 77) of fragmentation. 
Overall, 36% (38 out of 105) 9–16 embryos had fragmentation at 
96 h.p.i.

Fragmentation in bovine embryos had apparently no relation 
to inside cell establishment, compaction, or X-sorted semen, but a 
trend (p = 0.06) to a 3.17 times higher chance of fragmentation was 
found in irregularly shaped embryos (Figure 4d).

3.4  |  X-sorted semen effects

Comparing x-sorted semen and conventional semen embryos, the 
cleavage rate was lower (p < 0.01) for X-sorted semen (Figure  5a). 
Embryo evaluation at 96 h.p.i. revealed that cleaved embryos were 
also delayed in the X-sorted semen group, as presented in Figure 5b. 
In the X-sorted semen group, 16-cell embryos represented 28% (41 
out of 147) of cleaved embryos, while in the Conventional semen 
group, it accounted for 58% (126 out of 217). This delay is apparently 
due to an arrest to a greater extent at the 2-cell and 4-cell stage ob-
served in the X-sorted group, corresponding to 46% (68 out of 147) 
in X-sorted semen and only 17% (37 out of 217) in the conventional 

F I G U R E  1 Elongated bovine 9–16 cell embryos. (a) Phase 
contrast images of embryos with rounded and elongated shape. 
White dotted lines with similar length are delimiting equatorial 
and meridional planes in each embryo. Red line represents the 
difference between meridional and equatorial planes in the 
elongated embryo. (b) Mean cell number of embryos with distinct 
shapes.
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semen group. However, X-sorted semen did not affect the mean cell 
number in stained 9–16 cell embryos (Figure 5c).

Associations between X-sorted semen and evaluated parameters 
of 16-cell embryos are presented in previous topics of this study. 
Briefly, no significant statistical association with inside cell establish-
ment, compaction, fragmentation or irregular shape was detected at 
a 5% significance level. A trend to display a higher percentage of em-
bryos with inside cells (p = 0.08) (OR 2.69) was present in X-sorted 
semen embryos. Inside cell embryos corresponded to 29% (8 out of 
28) X-sorted semen embryos and 17% (13 out of 77) conventional 
semen embryos (p = 0.09).

4  |  DISCUSSION

Embryo development in bovine is quite unique. In bovine, similar 
to human, an oocyte has a limited chance for blastocyst formation, 
and several events can influence and help predict its fate (Luciano & 
Sirard, 2018). Longer and asynchronous cell cycles, late zygotic ge-
nome activation and late lineage specification are some aspects that 

highlight the differences between bovine and mouse embryology. 
Here, we reaffirm this observation in compaction and inside cell es-
tablishment, events that were initiated later in bovine development.

Our study focused on the formation of the inside cell compart-
ment at 9–16 cell embryos, collected at 96 h.p.i., and its relation to 
compaction, sex, fragmentation and embryo shape. Interestingly, we 
show here that the inside cell compartment was not formed in most 
9–16 cell stage embryos, and even in embryos with 16 cells only ap-
proximately half of them had inside cells. In mouse, inside cells are 
allocated at 16-cells, after compaction, and blastomeres gradually 
commit to distinct developmental fates (Johnson, 2009). Inside and 
outside cells inherit different cytoskeletal regions through asym-
metric divisions; outside cells assume polarized domains, and inside 
cells remains non-polarized. Polarized cells develop into trophec-
toderm (TE), whereas non-polarized inside cells form the inner cell 
mass (Bischoff et al., 2008). The later inside cell establishment could 
have impacts on polarity and inner cell mass formation, affecting bo-
vine epiblast properties.

Inside cell establishment was positively associated to com-
paction onset. Compaction phenomena occurred regardless cell 

F I G U R E  2 Establishment of inside cell compartment in bovine 9–16 cell embryos. (a,b) Images of phalloidin/ HOECHST-stained embryos 
exhibiting inside cells (a) or not (b). Images of a single embryo in top, middle and bottom Z-sections are shown. Membrane drawings of 
new cells at each plane are represented in HOECHST images. Arrow indicates an inside cell (a). (c) Mean cell number of inside cell embryos 
compared to non-inside cell conterparts. Embryos were at 9–16 cell stage (fixed at 96 h.p.i.). (c) Mean cell number of embryos exhibiting 
inside cells or not. (d) Percentage of inside cell embryos at each cell stage (9 to 16). (e) Logistic regression odds ratio and CI for inside cells 
presence considering binary predictors (Y/N) compaction, fragmentation, irregular shape and X-sorted semen.
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number, suggesting it has more relationship with the embryonic day 
than with embryonic stage. It is important to notice that before com-
paction, bovine embryos displayed big, rounded cells that are nor-
mally arranged in a configuration that lacks inside cells, as evidenced 
in our study. Previous studies on bovine embryos reported com-
paction to be initiated around the 16- to 32-cell stage (Betteridge & 
Fléchon, 1988; van Soom et al., 1997). Consistently, here we found 
less than half of embryos exhibiting radially oriented cells at the 16-
cell stage (96 h.p.i.).

Fragmentation occurs when anucleated structures of blasto-
meric origin appear in the embryo (Keltz et  al.,  2006). Extensive 
fragmentation negatively correlates with embryo implantation and 
pregnancy establishment in human (Prados et al., 2012). In bovine 
embryos, we found that fragmentation was not associated with in-
side cells onset or compaction. However, fragmentation was associ-
ated with lower cell numbers in embryos, and a trend was detected 
for the association between fragmentation and elongated shape 
occurrence in bovine embryos. In this respect, Kamran et al. (2012) 

F I G U R E  3 Compaction in bovine 9–16 cell embryos. (a) Images of phalloidin stained embryos exhibiting compacted and non-compacted 
morphology are shown. (b) Mean cell number of compacted embryos compared to non-compacted conterparts. Embryos were at 9–16 
cell stage (fixed at 96 h.p.i.). (c) Percentage of compacted embryos at each cell stage (9 to 16). (d) Logistic regression odds ratio and CI for 
compaction considering binary predictors (Y/N) inside cells, fragmentation, irregular shape and X-sorted semen.
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has shown a weak association of day 3 embryo shape with implan-
tation potential in human embryos, suggesting indeed a lower de-
velopmental potential for elongated embryos. This result suggests 
fragmented and elongated embryos could represent a lower devel-
opmental competence class of embryos in bovine, which should be 
further investigated.

In this study, we analysed the contribution of sexed semen to the 
evaluated phenomena. Apparently, no effect of X-sorted semen was 
detected for inside cell establishment, compaction or fragmentation, 
but we detected a trend to an increased inside cell establishment 

percentage when X-sorted semen was used that deserves better in-
vestigation. In our study design, we dissected sperm sorting effects 
on the studied phenomena. It is possible, though, that no effect was 
detected for sperm sorting, but sex could have an influence on inside 
cell establishment. This is because in the X-sorted group we expect 
mostly female embryos, but in the conventional group, a mix of male 
and female embryos could mask a sex effect that would be better 
evidenced comparing X-sorted with Y-sorted groups.

Differences in embryo production efficiency were present 
comparing X-sorted and conventional groups. In previous studies, 

F I G U R E  4 Fragmentation in bovine 9–16 cell embryos. (a) Images of phalloidin stained embryo exhibiting fragmentation (arrows). 
(b) Mean cell number of embryos with fragmentation compared to counterparts. Embryos were at 9–16 cell stage (fixed at 96 h.p.i.). (c) 
Percentage of embryos with fragmentation at each cell stage (9 to 16). (d) Logistic regression odds ratio and CI for fragmentation considering 
binary predictors (Y/N) inside cells, compaction, irregular shape, and X-sorted semen.
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our research group demonstrated no differences in fertilization or 
cleavage rates between female and male embryos, suggesting X and 
Y spermatozoa has similar fertility. Still, some particularities were 
presented since delayed embryo development was increased in 
the female group (Oliveira et al., 2016a, 2016b). Other reports also 
demonstrated that male IVP embryos develop faster than female 
embryos, and that a higher percentage of male embryos develop to 
advanced stages beyond blastocysts compared to female embryos 
until 8 days post fertilization (Larson et  al., 2001; Xu et  al.,  1992). 
Thus, it is expected that the conventional semen group has increased 
percentage of embryos at advanced developmental stage. However, 
the lower cleavage percentage and the higher percentage of embryo 
arrest observed in X-sorted semen group seems to overcome the 
expected male effect, since a major decrease in embryo viability was 
detected (X-sorted 46% vs. conventional 17% 2-4-cell arrest). For 
these reasons, the variation in the kinetics and viability of embryos 
derived from X-sorted and unsorted semen could be mostly due to 
the sex-sorting process of semen.

Bermejo-Álvarez et al. (2010) previously demonstrated that the 
use of sex-sorted sperm, rather than unsorted sperm, significantly 
delays the onset of first cleavage of in vitro-produced (IVP) bovine 
embryos. A recent study also revealed delayed development in bo-
vine embryos produced with X-sorted compared to unsorted semen, 
providing further understanding of some mechanisms involved 
in the reduced fertility of sex-sorted sperm (Magata et  al., 2021). 
Continuous monitoring of IVP embryos by time-lapse cinematogra-
phy revealed that blastomere fusion during the first cleavage divi-
sion occurred frequently in the sexed semen-derived embryos. The 
authors also demonstrated that abnormality during the first cleavage 
division could be a potential factor associated with the alterations in 
the development of bovine embryos produced with X-sorted semen.

In fact, the timing of the first cleavage seems to be related to im-
plantation potential, in both human and bovine embryos (Meseguer 
et al., 2011; Rubio et al., 2012; Sugimura et al., 2012). Furthermore, 

reduced blastocyst hatchability, chromosomal aberrations and 
impaired cryotolerance were previously observed in embryos 
produced with X-sorted semen, suggesting that the compromised vi-
ability of those embryos is associated with first cleavage alterations 
(Kola et  al., 1987; Lagalla et  al., 2017; Magata et  al., 2019, 2021). 
Regarding sex-sorted semen use for IVF, it is known that in  vivo 
(DeJarnette et al., 2010; Diniz et al., 2021; Sá Filho et al., 2012; Sales 
et al., 2011) and in vitro (Magata et al., 2021; Schenk et al., 2009; 
Seidel, 2014) rates are usually lower than non-sorted sperm mainly 
due to potential cellular damages (DeJarnette et  al.,  2008, 2011; 
Mocé et  al.,  2006) and/or alterations in structural characteristics 
of sperm cells after the sex-sorting process (Carvalho et al., 2018). 
Sex-sorted sperm commonly exhibits capacitation-like phenome-
non after cryopreservation, which are related to destabilization of 
sperm plasma membranes (Carvalho et al., 2013), sperm motility or 
acrosome integrity and has a direct impact on sperm fertilization ca-
pacity, whereas alterations in DNA integrity mainly affects gamete 
syngamy and embryo development (Blondin et al., 2009; Gosálvez 
et al., 2011).

Sperm DNA fragmentation can be related to compromised 
embryo development and quality (Ahmadi & Ng, 1999; Avendaño 
et al., 2010), and decreased embryo hatchability indicates reduced 
oxygen consumption and aberrant mitochondrial function (Sugimura 
et  al.,  2012). Bovine blastocysts derived from sex-sorted semen 
present increased proportion of immature mitochondria (Palma 
et al., 2008) indicating that sperm sex sorting process might mod-
ify the embryo metabolic function which results in reduced hatch-
ability. Thus, regarding postfertilization embryo development, the 
reduced cleavage rates and the embryo development arrest here 
observed for X-sorted sperm might be related to damages in chro-
matin stability (Boe-Hansen et al., 2005; Gosálvez et al., 2011) and/
or mitochondrial modifications (Rath et al., 2013).

In conclusion, our findings provide further support for the in-
terspecies diversity during preimplantation embryo development. 

F I G U R E  5 Effects of X-sorted semen in developmental kinetics. (a) Percentage of cleaved embryos in X-sorted and conventional semen 
groups. (b) Embryos at each cleavage stage at 96 h.p.i., in X-sorted and conventional semen groups (16c, 9–16 cells; 8c, 5–8 cells; 4c, 3–4 
cells, 2c, 2 cells). (c) Mean cell number of phalloidin/ HOECHST stained 9–16 cell embryos (fixed at 96 h.p.i.) produced with X-sorted and 
conventional semen.
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Here, we report later inside cell establishment and compaction in 
bovine embryos, suggesting that in this species, polarity can be 
established after inside cells formation in a high proportion of em-
bryos, and this could affect inner cell properties.
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