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Relationship Between the Length of Cell Cycles, Cleavage Pattern and 
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Abstract.  This study was conducted to study the kinetics of initial cell divisions in relation with the cleavage patterns in
viable (with the ability to develop to the blastocyst stage) and non-viable bovine embryos and parthenotes.  The kinetics
of in vitro development and cleavage patterns were observed by time lapse cinematography.  The length of the first and
second but not third cell cycle differed significantly between the viable and non-viable embryos after IVF or
parthenogenesis.  Viable embryos had significantly shorter first and second cell cycles than non-viable ones.  The
presence of fragments, protrusions and unequally-sized blastomeres was associated with an extended one-cell stage
and reduced ability to develop to the blastocyst stage; however, the lengths of the second and third cell cycles were not
altered.  Oocytes showing direct division from one cell to 3 or 4 blastomeres showed similar developmental ability and
embryonic cell numbers to those showing normal division, although, with a high frequency of chromosomal
abnormalities.  Our results suggest that the differences in the first cell cycles between viable and non-viable embryos
were not sperm-related, whereas direct cleavage of 1-cell embryos to 3 or more blastomeres and protrusion formation
are related to sperm-driven factors.  The length of the first and second cell cycles and the cleavage pattern should be
examined simultaneously to predict developmental competence of embryos at early cleavage stages.
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ecent progress in the improvement of in vitro embryo produc-
tion (IVP) systems allows us to produce large quantities of

bovine embryos [1].  Nevertheless, the developmental competence
of embryos produced by IVP is still inferior to that of in vivo pro-
duced embryos due to by different stresses resulting from the
imperfection of the IVP systems in imitating in vivo conditions [2,
3].  Selection of embryos with good developmental competence is
essential to achieve high success rates by transfer of embryos, espe-
cially when only one or a very few embryos are transferred into a
surrogate mother at one time, such as in humans and cattle.  The
transfer of mammalian embryos at early cleavage stages (e.g., at
the 1–8 cell stage) may have the advantage of avoiding stresses
caused by the culture systems.  Human embryos produced by
assisted reproduction technology are still often selected and trans-
ferred at the cleavage stage [4].  Finding the most reliable marker of
developmental competence in early embryos is still a matter of
quest and debate among researchers.  The number, morphology and
position of pronuclei are often evaluated to estimate embryo quality
in humans [5]; however, controversial data regarding these selec-
tion markers have also been reported [6, 7].  Moreover oocytes of
large farm animals such as pigs and cattle contain a high number of
lipid droplets that completely block the visibility of pronuclei using

traditional microscopy.  Therefore, these selection criteria are omit-
ted in these species.  The timing of the first cleavage is considered
to be a rather reliable marker of embryo developmental competence
in mice [8], humans [9–11], cattle [12–15] and pigs [16].  The rea-
son for this phenomenon is not clearly understood since a number
of paternal, maternal and other factors seem to be involved in the
timing of first cleavage [17]; however, a previous study comparing
IVP, parthenogenetic and nuclear transfer embryos has suggested
the dominance of maternal factors [18].  In humans, evaluation of
embryo quality based on morphological appearance at the first and
second embryonic cleavages is also widely applied, as the forma-
tion of fragments [5, 19–22] or unevenly sized blastomeres [22, 23]
seems to be associated with impaired developmental competence.
These morphological criteria during early cleavage have been
reported to correlate with the developmental ability of porcine
embryos as well [16].  In humans, other cell division anomalies
have also been observed, such as cleavage from one cell to three
blastomeres and formation of protrusions and tripolar or tetrapolar
spindles [24, 25].  Little is known, however, about the occurrence
and consequences of these phenomena in IVP systems for farm ani-
mals.  Although study of parthenotes may help us to understand the
reasons for developmental anomalies by neglecting the paternal
factors of embryogenesis, we have no information on such abnor-
mal cleavage patterns of oocytes after parthenogenetic activation.
These cleavage anomalies may remain undetected when the
embryo developmental status is determined by occasional viewing.
Recent developments in time-lapse cinematography systems, how-
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ever, enable measurement of the length of each developmental
stage and observation of embryo morphology simultaneously.  The
present study was conducted to study the kinetics of initial cell
divisions in relation with the cleavage patterns in viable and non-
viable bovine embryos produced either by in vitro fertilization
(IVF) or parthenogenesis and to assay their consequences on the
cell and chromosome numbers in the resultant blastocysts.

Materials and Methods

Oocyte collection and in vitro maturation (IVM)
Collection and IVM of bovine follicular oocytes were performed

as described previously [26].  Ovaries from approximately 28–32
month old Japanese Black heifers were collected at a local slaugh-
terhouse, transported to the laboratory and then washed and stored
in physiological saline supplemented with 50 μg/ml gentamicin
(Sigma Chemical, St.  Louis, MO, USA) at 20 C for approximately
20 h.  Cumulus-oocyte complexes (COCs) were aspirated from
small follicles (2–6 mm in diameter) using a 5-ml syringe with a
19-gauge needle and used for IVM.  The maturation medium was
25 mM Hepes buffered TCM199 (M199, Gibco BRL, Grand
Island, NY, USA) supplemented with 5% calf serum (CS, Gibco
BRL).  COCs were washed twice with maturation medium and cul-
tured for 20 h in 600-μl droplets (in groups of 80–100/droplet) of
maturation medium covered by paraffin oil (Paraffin Liquid;
Nacalai Tesque, Kyoto, Japan) in 35-mm Petri dishes (Nunclon
Multidishes, Nalge Nunc International, Roskilde, Denmark) at 38.5
C in 5% CO2 in air with saturated humidity.

IVF
IVF was carried out as reported previously [26].  Briefly, at the

end of IVM, ejaculated and frozen semen of a Japanese Black bull
was thawed in a 37 C water bath for 30 sec and then centrifuged in
3 ml of a 90% Percoll solution at 740 × g for 10 min.  Then, the pel-
let was re-suspended and centrifuged at 540 × g for 5 min in 6 ml of
sperm washing medium composed of Brackett and Oliphant solu-
tion (BO) [27] supplemented with 10 mM hypotaurine (Sigma) and
4 U/ml heparin (Novo-Heparin Injection 1000, Aventis Pharma,
Tokyo, Japan).  The pellet was consequently re-suspended in sperm
washing medium and BO solution supplemented with 20 mg/ml
bovine serum albumin (BSA, crystallized and lyophilized, Sigma)
to achieve the final concentrations of 3 × 106 spermatozoa/ml, 5
mM hypotaurine, 2 U/ml heparin and 10 mg/ml BSA.  One hun-
dred-μl droplets of this suspension prepared in 35-mm plastic
dishes and covered by paraffin oil served as fertilization droplets.
The COCs were removed from the maturation medium, washed
twice in BO supplemented with 10 mg/ml BSA, placed in fertiliza-
tion droplets (20 COCs/droplet) and cultured for 6 h at 38.5 C in
5% CO2 in air with saturated humidity.

Parthenogenetic activation (PA)
At the end of the maturation culture, COCs were transferred into

3 ml of the maturation medium supplemented with 0.1% (w/v)
hyaluronidase (Sigma) for 3 min and gently mixed.  The oocytes
were then denuded mechanically with a fine glass pipette in a small
amount of hyaluronidase-free collection medium.  The denuded

oocytes were washed twice in maturation medium, and then treated
with 50 mM Ca-ionophore (Sigma) dissolved in TCM199 with
Hank’s salt (Gibco) supplemented with 1 mg/ml PVA for 5 min in
a dark room at room temperature.  The oocytes were then washed
twice and cultured in maturation medium supplemented with 2 mM
6-dimethylaminopurine (6-DMAP, Sigma) for 5 h.  At the end of
the 6-DMAP treatment, the oocytes were repeatedly washed and
cultured in IVC medium.

In vitro culture and time-lapse cinematography
IVC was performed in 50 μl drops of CR1aa medium [28] sup-

plemeted with 5% calf serum covered with paraffin oil.  At the end
of insemination, putative zygotes were completely denuded from
cumulus cells and spermatozoa by gentle pipetting with a fine glass
pipette in preincubated IVC medium.  Then, 15 to 25 embryos were
placed separately in culture drops.  Embryos were cultured at 38.5
C in 5% CO2 under 20% O2 tension in air with saturated humidity.
The kinetics of embryo development were monitored by a real-time
Cultured Cell Monitoring System (CCM-M1.4Z, Astec, Fukuoka,
Japan).  During the 175-h culture period, a total of 700 photographs
of the embryos were taken with 15 min intervals using a plain
objective with 4 × magnification.  Image stacks were analyzed
using the CCM-M1.4 software (Astec).

Evaluation of in vitro development and cleavage patterns
The timing of developmental events was determined as time

passed from insemination or Ca-ionophore treatment in IVF or PA
embryos, respectively.  After the first cell division, cleavage of the
fastest cleaving blastomere was considered to be the beginning of
the second cell cycle.  After the second cell division, cleavage of
the fastest cleaving blastomere was considered to be the beginning
of the third cell cycle.  The durations of the first, second and third
cell cycles were recorded for each embryo including those that
developed to the blastocyst stage (subsequently referred to as “via-
ble” embryos) and also in embryos that failed to develop to the
blastocyst stage (“non-viable” embryos).  The cleavage pattern of
each embryo was also evaluated at the first mitotic cell division.
Based on the size and number of blastomeres and the presence/
absence of fragments and protrusions in the perivitelline space, the
following morphological classes were distinguished: cell division
to two blastomeres of the same size without signs of fragmentation
was considered normal cleavage (NC; Fig. 1a); embryos with two
blastomeres and several small fragments in the perivitelline space
formed during first cleavage were classified as multiple fragments
(MF; Fig. 1b); embryos with two blastomeres and a protrusion
were classified as protrusion type embryos (PT; Fig. 1c); some
embryos showed direct cleavage from the 1-cell stage to three or
four blastomeres (3-4BL; Fig. 1d1, 2); and embryos with two blas-
tomeres of different size were classified as unequal blastomeres
(UB; Fig. 1e).  All cleaved embryos were cultured for seven days.
The resultant blastocysts were evaluated either by differential
nuclear staining or by karyotyping.

Blastocyst evaluation by differential staining of inner cell mass 
(ICM) and trophectoderm (TE) cells

Differential staining of ICM and TE nuclei in blastocysts was
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performed by the method of Thouas et al. [29] with slight modifica-
tions.  In brief, blastocysts and hatching/hatched blastocysts were
simultaneously treated with a mixture of 0.1 mg/ml propidium
iodide (PI, Sigma) and 0.2% Triton X-100 (Sigma) dissolved in
Dulbecco’s phosphate buffered saline for 60 or 30 sec (respec-
tively) to permeabilize the membrane and stain the nuclei of TE
cells.  The embryos were then treated with 25 μg/ml Hoechst 33342
(Calbiochem, San Diego, CA, USA) dissolved in 99.5% ethanol for
5 min, then mounted on glass slides in glycerol droplets, flattened
by cover slips and examined under UV light with an excitation
wavelength of 330–385 nm using an epifluorescence microscope
(IX-71, Olympus, Tokyo, Japan).  The nuclei of TE cells— labeled
by both PI and Hoechst—appeared pink or red, whereas the nuclei
of ICM cells—labeled only by Hoechst—appeared blue.  A digital
image of each embryo was taken, and cell numbers of both cell
types were counted using the NIH ImageJ (v. 1.40) software [30].
Total cell numbers were counted in all embryos.  The numbers of
ICM and TE cells were counted separately only in those embryos
that had clearly distinguishable separate populations of red/pink
and blue nuclei.

Blastocyst karyotyping
Chromosome samples of embryos were prepared by a method

described previously by Yoshizawa et al. [31] with small modifica-
tions.  Briefly, after IVC for 7 days, blastocysts were cultured for
14–17 h in CR1aa containing 5% CS and 60 ng/ml vinblastine sul-
fate (Wako Pure Chemical Industries, Osaka, Japan).  The
blastocysts were then washed and incubated in 1% (w/v) sodium
citrate solution for 15 min and fixed by pouring 0.02 ml acetic
methanol (acetic acid:methanol=1:1) into 0.4 ml of a hypotonic
solution of sodium citrate.  A blastocyst was placed on a glass slide

in air with saturated humidity, immediately covered with a very
small droplet of acetic acid to separate each cell, and then re-fixed
with 3–4 drops of acetic alcohol (acetic acid:methanol=1:3).  After
being dried completely, chromosome samples were stained with
2% (w/w) giemsa solution (Merck KGaA, Darmstadt, Germany)
for 10 min.  Chromosome spreads were observed under a light
microscope with a  × 100 plain objective.  Digital images of each
chromosome spread were taken, and chromosome numbers were
analyzed using the NIH ImageJ (v. 1.40) software.

Statistical analysis
A total of sixteen and eleven replications of time-lapse record-

ings were performed with IVF and PA embryos, respectively.  All
data are expressed as means ± SEM.  Data of cell cycle length,
embryo development and cell numbers were analyzed by one way
ANOVA followed by Tukey’s multiple comparison test using the
KyPlot package (Ver. 4.0, Kyens Lab, Tokyo, Japan).  Percentage
data were arcsine transformed before analysis.

Results

Length of initial cell cycles in viable and non-viable embryos
In total, 285 of the 320 in vitro fertilized oocytes and 161 of the

241 activated oocytes cleaved in our system.  The cleavage and
blastocyst rates were similar between the IVF and PA oocytes
(Table 1).  As shown in Fig. 2, the onsets of the first and second
mitotic divisions were significantly delayed in the non-viable
embryos compared with the viable ones in both the IVF and PA
groups (Fig. 2A).  The onset of third cleavage was also signifi-
cantly delayed in the non-viable embryos of the IVF group;
however, there was no statistical difference in the onset of third
cleavage between the viable and non-viable embryos of the PA
group (Fig. 2A).

The length of one cell stage and duration of the second mitotic
cell cycle were found to be significantly shorter in the viable
embryos than in the non-viable embryos after both IVF (24.9 vs.
26.6 h and 8.7 vs. 10.0 h, respectively) and PA (23.3 vs. 25.1 h and
10.4 vs. 14.6 h, respectively).  On the other hand, there was no sta-
tistical difference in the length of the third cell cycle between the
viable and non-viable embryos produced by either IVF (8.5 and 9.6
h, respectively) or parthenogenesis (17.8 and 16.7 h, respectively;
Fig. 2B).

Frequency of embryos with different cleavage patterns at the 
first cleavage

After IVF, 48.5% of the cleaved embryos showed normal cleav-
age, 15.1% of them had multiple fragments and 10.3% of them had
protrusions (Fig. 3).  The frequency of embryos showing direct
cleavage from one cell to 3–4 blastomeres was 14.1%, and 18.6%
of cleavages resulted in unequal blastomeres (Fig. 3).  Twenty-two
of the 285 cleaved embryos showed two types of abnormality.  Par-
thenogenetic activation resulted in a similar distribution of
frequencies in NC, MF and UB embryos as in IVF (59.2, 21.5 and
20.1%, respectively); however, compared with the IVF group, the
frequencies of PT and 3-4BL embryos were very low (2.0 and
1.8%, respectively; Fig. 3).  Because of their sparse occurrence,

Fig. 1. Morphologic categories of embryos at the first cleavage.  (a):
Normal cleavage (NC) characterized by two blastomeres of the
same size.  (b): Multiple fragments (MF) characterized by two
blastomeres and several small fragments (marked with an arrow
head) in the perivitelline space.  (c): An embryo with a protrusion
(PT; marked with an arrow).  (d): An embryo showing direct
cleavage from the one-cell stage to four blastomeres (3-4BL) at
25 h and 30 min (d1) and at 25 h and 45 min after IVF (d2).  (e):
An embryo with two blastomeres of different size classified as
unequal blastomeres (UB).  The scale bars represent 100 μm.
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further examinations of the in vitro development and blastocyst
quality of PT and 3-4BL embryos were not applicable.  The fre-
quency of NC-type cleavage was significantly higher, whereas the
frequencies of PT and UB type divisions were lower in the viable
embryos compared with the non-viable ones in the IVF group (Fig.
4).  In the PA group, the frequency of MF cleavage was higher in
the non-viable embryos than in viable embryos, whereas the fre-
quencies of the NC, PT, 3-4BL and UB cleavage types did not
differ significantly between the viable and non-viable embryos
(Fig. 4).

Length of initial cell cycles in embryos with different cleavage 
patterns

As shown in Fig. 5, the duration of the one-cell stage in IVF

embryos showing normal cleavage was found to be significantly
shorter than in the MF, PT, 3-4BL and UB groups (24.7 vs. 26.6,
26.3, 26.0 and 27.7 h, respectively).  Nevertheless, there was no
difference in the length of the second (ranging from 8.8 to 9.7 h)
and third cell cycles (ranging from 8.2 to 9.4 h) between the mor-
phological categories (Fig. 5).  In the case of parthenogenetic
embryos, no significant difference was detected in the length of the
one-cell stage and second and third cell cycles (Fig. 5).

In vitro development of embryos with different cleavage 
patterns

In vitro culture of IVF oocytes revealed that the frequency of
developmental arrest before the third mitotic cell cycle was signifi-
cantly lower in the NC embryos than in the embryos of the UB

Table 1. Overall in vitro development of embryos generated by IVF or parthenogenesis

Embryo Total Cleaved Blastocyst Expanded
source blastocyst

IVF 320 285 (89.0 ± 2.0) 148 (46.2 ± 3.6) 119 (37.2 ± 4.0)
PA 241 161 (81.5 ± 3.1) 102 (42.7 ± 4.6) 59 (24.7 ± 3.7)

Data are presented as means ± SEM.  IVF=in vitro fertilization; PA=parthenogenetic activation.

Fig. 2. The timing [A] and length [B] of initial cleavages and cell cycles in cleaved viable and non-viable cleaved embryos generated either by IVF or
parthenogenesis.  Embryos with the ability to develop to the blastocyst stage in vitro were considered as “viable”.  A total of sixteen and eleven
replications of time-lapse recordings were performed with IVF and PA embryos, respectively.  Data are presented as means ± SEM.  Asterisks
denote significant differences (* P<0.05 and ** P<0.01).



SOMFAI et al.204

group (7.6 and 33.8 %, respectively), whereas intermediate values
were detected in the MF, PT and 3-4BL groups (17.6, 17.1 and
14.5%, respectively; Fig. 6).  The percentage of NC embryos that
developed to the blastocyst stage was significantly higher than
those of the embryos in the MF, PT and UB groups but similar to
that of the embryos in the 3-4BL group (66.9, 40.5, 26.5, 35.6 and
56.7%, respectively; Fig. 6).  Likewise, the developmental rate to
the expanded blastocyst stage of the NC embryos was significantly
higher than those of the MF and PT embryos (50.8, 27.5 and
26.5%, respectively) but did not differ from those of the embryos in
the 3-4BL and UB groups (34.8 and 33.3%, respectively; Fig. 6).
In the parthenogenetic embryos, no significant difference was
detected in the frequency of early developmental block between the
morphologic classes (Fig. 6).  On the other hand, similar to IVF
embryos, higher rates of blastocysts and expanded blastocysts were
observed in the embryos of the NC group than in the MF embryos

(53.0 vs. 35.9% and 34.5 vs. 20.1%, respectively), whereas the
blastocyst and expanded blastocyst rates of the embryos in the UB
group reached intermediate levels (45.7 and 22.5%, respectively).

Total numbers of nuclei, ICM and TE cells in blastocysts
In the IVF embryos, the mean number of total nuclei in the NC

blastocysts did not differ from those of the blastocysts in the MF, 3-
4BL and UB groups but was higher than that of the PT embryos
(152.9, 155.6, 121.6, 149.3 and 115.1, respectively) (Fig. 7).  There
was no significant difference between different groups of IVF blas-
tocysts in the numbers of ICM and TE cells and the rates of ICM
cells.

Blastocysts that developed from NC parthenotes contained a sig-
nificantly higher number of blastomeres than those of the MF
group, whereas the total cell number in the parthenogenetic UB
blastocysts did not differ significantly from these groups (98.2,
70.3 and 80.1, respectively; Fig. 7).  Similarly, the number of TE
cells in NC parthenotes was significantly higher than that of in MF

Fig. 3. Frequency of embryos with different cleavage patterns at first
cleavage in IVF and PA embryos.  NC=normal cleavage; MF=
multiple fragments; PT=protrusion formation; 3-4BL=direct
cleavage from one cell to 3 or 4 blastomeres; UB=unequal
blastomeres.  Data are presented as means ± SEM.

Fig. 4. Frequency of embryos with different cleavage patterns at first
cleavage in viable and non-viable embryos. NC=normal
cleavage; MF=multiple fragments; PT=protrusion formation; 3-
4BL=direct cleavage from one cell to 3 or 4 blastomeres; UB=
unequal blastomeres.  Data are presented as means ± SEM.  A
and B denote significant differences (P<0.05).

Fig. 5. The lengths (h) of initial cell cycles in cleaved IVF and PA
embryos showing different cleavage patterns at first cell
division.  NC=normal cleavage; MF=multiple fragments; PT=
protrusion formation; 3-4BL=direct cleavage from one cell to 3
or 4 blastomeres; UB=unequal blastomeres.  Data are presented
as means ± SEM.  Significant differences are denoted by a and b
(P<0.05).

Fig. 6. In vitro development of IVF and PA embryos showing different
cleavage patterns at first cell division.  NC= normal cleavage;
MF=multiple fragments; PT=protrusion formation; 3-4BL=
direct cleavage from one cell to 3 or 4 blastomeres; UB=unequal
blastomeres.  Data are presented as means ± SEM.  Significant
differences are denoted by a, b and c (P<0.05).
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parthenotes whereas the UB group showed an intermediate value
(74.5, 52.3 and 58.7, respectively).  There was no significant differ-
ence between the three types of parthenotes in the numbers and rate
of ICM cells (Fig. 7).

Chromosome numbers in blastocysts
As shown in Fig. 8, NC, MF, PT and UB embryos were charac-

terized by relatively high rates of diploid blastocysts (ranging
between 66.6 and 80% in IVF embryos and between 50 and 75% in
parthenotes) and moderate incidences of mixoploidy (most com-
monly diploid/tetraploid composition) and polyploidy.  On the
other hand, only 25% of the embryos were diploid in the 3-4BL
group, and most (6 out of 8) blastocysts showed abnormal ploidy
such as haploidy, polyploidy, mixoploidy or chaotic chromosome
numbers in blastomeres (Fig. 8).  It must be noted that statistical
analysis was not carried out due to the scarce occurrence of MF,
PT, 3-4BL and UB blastocysts.

Discussion

Relationship between the length of initial cell cycles and embryo 
viability

Our results confirmed that after IVF or parthenogenesis, the
length of the one cell stage and the second mitotic cell cycle reflect
the ability of embryos to develop to the blastocyst stage.  Similar
results in bovine embryos have been reported previously [14].  Our
results, in accordance with previous observations [18], for parthe-
nogenetic embryos clearly demonstrated that the correlation
between early cleavage and high developmental competence exists
in embryos that were generated without the contribution of sperma-
tozoa.  This confirms that mainly maternal factors are involved in
this phenomenon and that the ability of the oocyte to respond to
stimulus driven by the penetrating sperm or to support sperm head
decondensation, and male pronucleus formation may not play a
role in the timing of the first embryonic cleavage.  Genetic regula-

tion of early cleavage has been proven by identification of the Ped
(preimplantation embryo development) gene, which regulates tim-
ing of first cleavage and preimplantation embryonic growth in
murine and bovine embryos [32, 33].  In fact, a number of genes
appear to be involved in the regulation of the timing of early
embryonic cleavages [34–37], and their expression is conducted
mainly by maternally-derived mRNAs that accumulate in the
oocyte during its growth phase, since initiation of genomic activa-
tion starts from the 8–16 cell stage in bovine embryos [38].  In this
respect, the actual level of maternal mRNAs in oocytes plays a piv-
otal role both in the timing of early cleavages and in the
developmental competence of early embryos [39].  In accordance
with previous results [14, 40], the timing of the second embryonic
cleavage and length of the second cell cycle also seem to be reliable
predictors of further development and should be considered as a
selection marker for in vivo produced embryos.  On the other
hand—despite the differences in the length of first and second cell
cycles—the third mitotic cycles were similar in the viable and non-
viable embryos of both the IVF and parthenogenetic groups.  This
result is not in agreement with the report of Holm et al. [40], and
the reason of this discrepancy is not clearly understood.  In our
study, the most apparent difference between the early developmen-
tal kinetics of IVF and PA embryos was observed in the length of
the third cell cycle.  Although only slight differences were detected
in the durations of their one-cell stages and second cell cycles, the
length of the third cell cycle in the parthenogenetic embryos
appeared to be longer than that in the IVF embryos, irrespective of
their viability.  This result is in accordance with a previous report of
Holm et al. [18], who suggested the following two possible reasons
for this phenomenon: 1) the extensive incidence of mixoploidy and
polyploidy in PA embryos and 2) an early (shifted) initiation of
transition from maternal to embryo control.  In our study, however,
we did not find convincing differences in the frequencies of
embryos with abnormal chromosome numbers between the IVF
and PA groups (Fig. 8), suggesting the involvement of a shift in

Fig. 7. Numbers of nuclei in IVF- and PA-derived blastocysts on day 7
IVC developing from embryos showing different cleavage
patterns at first cell division.  NC= normal cleavage; MF=
multiple fragments; PT=protrusion formation; 3-4BL=direct
cleavage from one cell to 3 or 4 blastomeres; UB=unequal
blastomeres.  A and B and a and b denote significant differences
in total and TE cell numbers, respectively (P<0.05).

Fig. 8. Ploidy of IVF- and PA-derived blastocysts developing from
embryos showing different cleavage patterns at first cell
division.  NC= normal cleavage; MF=multiple fragments; PT=
protrusion formation; 3-4BL=direct cleavage from one cell to 3
or 4 blastomeres; UB=unequal blastomeres.  Statistical analysis
was not carried out due to the scarce occurrence of MF, PT, 3-
4BL and UB blastocysts.
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genomic transition in the prolonged third cell cycle in PA embryos.

Relationship between the cleavage pattern and embryo viability
Our results demonstrate that the cleavage pattern at the first cell

division reflects not only the in vitro developmental ability of the
embryos but also the quality of the resultant blastocysts.  The
appearance of small fragments or protrusions in the perivitelline
space and blastomeres of unequal size were associated with
reduced blastocyst rates.  Embryos with unequal blastomeres
tended to be arrested before passing through the third cell division.
Regarding the cell numbers in blastocysts, a difference was
observed between IVF and parthenogenetic embryos having multi-
ple fragments; parthenogenetic MF embryos had a significantly
reduced total and TE cell number compared with NC embryos,
whereas in the IVF group, the total and TE cell numbers were sim-
ilar in blastocysts obtained from these morphological categories.

Although the cell numbers in PT blastocysts were lower than in
normal embryos, it can be stated that the blastocysts that developed
from this morphological class were normal in terms of ICM/TE
rates and chromosome numbers.  More attention should be paid,
however, to those embryos that cleave directly to 3 or 4 blas-
tomeres from the one-cell stage.  This type of cell division—along
with protrusion formation—has been reported to occur in polysper-
mic human oocytes [24].  Direct cleavage from one cell to more
than two blastomeres is believed to be related to formation of tripo-
lar spindles caused by abnormally high numbers of centrioles
driven by excessively penetrating spermatozoa in polyspermic
oocytes [41].  In human embryos, tri- or tetrapolar spindle forma-
tion is often associated with abnormal distribution of chromosomes
during cleavage in resultant blastomeres [24, 25].  Unlike embryos
with protrusions, which had normal diploid chromosome numbers
in all cases, a high incidence of aneuploidy was found in those
polyspermic human embryos that cleaved from 1 cell to three blas-
tomeres [24].  Our results reveal not only the surprisingly high
incidence of the 3-4BL cleavage pattern in a bovine IVP system,
but also the following two remarkable characteristics of these
embryos: 1) their normal developmental competence to the blasto-
cyst/expanded blastocyst stage and 2) the high frequency of
abnormal chromosome numbers.  Embryo selection based on
developmental speed at early stages without observation of the
cleavage pattern at the first cell division may lead to inappropriate
selection of such embryos and result in low pregnancy rates or
abortions.  In the present study—unlike the case of IVF—direct
division to 3 or 4 blastomeres and protrusion formations were
rarely observed after parthenogenesis, indicating the relation of
these types of cell division to sperm penetration.  Such cleavage
patterns during the first cell division are actually believed to be
involved in the occasional correction of abnormal ploidy in
polyspermic embryos [24, 42, 43].  In our system, the frequency of
polyspermy is around 10–20% (unpublished data), which corre-
sponds with the occurrence of PT and 3-4BL embryos.  Since all
PT blastocysts and some of the 3-4BL embryos were found to be
diploids or diploid/tetraploid mosaics and the transfer of 3-4BL
derived blastocysts resulted in some pregnancies, the possibility of
their involvement in ploidy correction cannot be excluded.
According to our preliminary results, seven transfers of 3-4BL

embryos resulted in two pregnancies (28.5%) whereas the preg-
nancy rates of the NC and MF embryos were both 50% (6/12 and 1/
2, respectively).  Pregnancies were not obtained by transfer of PT
and UB embryos (0/3 and 0/1, respectively).  It must be noted,
however, that adequate results for pregnancy and birth rates after
transfer are not yet available for the statistical demonstration of the
developmental competence embryos in the different classes.  Inter-
estingly, 3-4BL cell division has also been observed after
intracytoplasmic injection of single sperm heads in pigs (personal
communication), raising further questions regarding the formation
of this particular cleavage type.

Relationship between lengths of initial cell cycles and cleavage 
patterns

Previous studies have revealed possible links between the timing
of first cleavage and the appearance fragments or uneven blas-
tomeres size in human, bovine and porcine embryos [13, 16].  In
our study—as shown in Fig. 5—embryos showing a normal cleav-
age pattern were characterized not only by high developmental
competence but also by a significantly shorter one-cell stage than
embryos belonging to the other morphology classes.  Nevertheless,
no difference was recorded between the normal and abnormal
cleavage types in the length of the second cell cycle.  Our results
suggest that the extended length of the one-cell stage in non-viable
embryos may be related with abnormal cleavage patterns; however,
the extended length of the second cell cycle has no relation with the
pattern of cell division.  It is possible that the presence of fragments
or unequally sized blastomeres at the first cleavage is an additional
indicator of cellular deficiencies that some unviable oocytes are
stricken with.  Supporting this theory, embryo fragmentation has
been found to correlate with apoptosis [44] and altered gene
expressions [45], whereas unequal blastomeres size appears to be
associated with aneuploidy and multinucleation of embryos [23].

In conclusion, our results reveal that both the lengths of the first
and second embryonic cell cycles and the cleavage pattern during
first cell division are potent predictors of developmental compe-
tence and should be viewed simultaneously for selection of good
quality embryos for embryo transfer.
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