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Objective: To describe morphokinetically the early development of human haploid parthenotes and androgenotes and to compare them
with euploid embryos.
Design: Experimental study of kinetics.
Setting: University-affiliated private fertility center.
Patient(s): Experimental haploid parthenotes and androgenotes.
Intervention(s): Kinetic study of early development (up to eight cells) of 8 parthenotes, 10 androgenotes, and 20 euploid embryos.
Main Outcome Measure(s): Timing of the first seven cleavages determined according to embryo origin, then calculation of the dura-
tion of the second and third cell cycles (cc2 and cc3) of whole embryos and individual cells.
Result(s): Parthenotes and androgenotes were experimentally produced by artificial oocyte activation and intracytoplasmic sperm in-
jection of enucleated oocytes, respectively. Uniparental embryos having 6 to 10 cells were assessed for haploidy, their kinetics analyzed,
retrospectively compared with euploid embryos. All the first seven cleavages occurred later in parthenotes than in both androgenotes
and correctly fertilized embryos. The whole embryos and single cells showed that cc2 was longer in parthenotes than in both andro-
genotes and correctly fertilized embryos; cc3 was shorter in androgenotes than in both parthenotes and correctly fertilized embryos.
The duration of cc2 versus cc3 was longer in correctly fertilized embryos and parthenotes than in androgenotes.
Use your smartphone
Conclusion(s): Parthenotes and androgenotes have different kinetics. The former have a longer
cc2, and the latter a consistently shorter cc3 in comparison with correctly fertilized embryos.
(Fertil Steril� 2016;105:1360–8. �2016 by American Society for Reproductive Medicine.)
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U niparental (parthenogenetic
and androgenetic) embryos,
each with their unique set of

maternal and paternal chromosomes,
constitute a useful model for investi-
gating the existence of developmental
differences according to haploidy and
parental origin of human embryos.
Most previous studies of uniparental
embryo development have employed
diploid or diploidized parthenogenetic
(or gynogenetic) and androgenetic em-
bryos. Few have assessed purely and
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entirely hemizygous haploid uniparen-
tal embryos, which might represent the
most feasible approximation to study
unilaterally the constituents of the
embryo.

Parthenogenesis involves artificial
oocyte activation (AOA), which can be
achieved by a wide range of physical
and chemical stimuli that mimic the
Ca2þ oscillations induced by the sperm
during natural fertilization. Although
human oocytes are successfully acti-
vated by such stimuli, the majority of
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parthenotes arrest early in their devel-
opment (1–6). Nevertheless, a few
studies have reported successful
parthenogenetic blastocyst formation
(7–12). Such contrasting reports with
respect to the development of
parthenotes might be due to varying
oocyte quality, the effectiveness of the
AOA protocol applied, or more
probably the ploidy of the parthenotes,
as reported in other mammalian
species (13–19). After AOA based on
ionomycin incubation alone (1, 4, 5,
20, 21) or in combination with a
protein synthesis inhibitor such as
puromycin (6, 20,22–27), most oocytes
(60% to 75%) extrude the second polar
body and form a single pronuclear
structure with a DNA content that is
compatible with a haploid set of
chromosomes (4, 20, 21, 24, 26).
However, a detailed description of
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in vitro development under these circumstances has not been
provided to date, probably due to the difficulty in obtaining
parthenotes beyond the four-cell (2, 6) or eight-cell (1, 4, 7)
stage.

On the other hand, the developmental capacity of haploid
androgenotes, produced by in vitro fertilization of enucleated
metaphase 2 (MII) oocytes (19,28–30) or removal of the
female pronucleus from the zygote (30–32), has been
studied extensively in mice (28,33–39) and, to a lesser
extent, in bovine (19), ovine (32), and porcine (40) species
and in humans (30). Most of the studies in question have
assessed the development of diploid androgenetic
(diploidized monospermic or bispermic) embryos, but few
have focused on that of haploid androgenotes [mice (28, 33,
34), bovine (19), human (30)].

Regardless of differences related to species and the meth-
odology used to produce haploid androgenotes, the evidence
to date confirms the poor capacity of these embryos for devel-
opment. Research shows that most mouse haploid androge-
notes cleave successfully but their development is arrested
after the first few divisions, with only a few developing into
blastocysts (28, 33, 34). That said, Kono et al. (28) reported
that 60% and 11% of haploid androgenotes developed into
eight-cell embryos and blastocysts, respectively. In another
study, nearly 3% of bovine haploid androgenotes were found
to progress to the compact morula stage, but only 1.8% devel-
oped into blastocysts (19). More limited developmental rates
have been reported in humans (30); in the study in question,
the percentage of androgenotes reaching the two- to eight-
cell stage ranged from 65% to 90%, depending on the meth-
odology used to produce them. Unfortunately, no further
details were provided regarding their development.

In our present study, we describe for the first time the ki-
netic development of haploid human parthenotes and andro-
genotes from the one- to eight-cell stage using time-lapse
monitoring. Moreover, by comparing retrospectively these
embryos with correctly fertilized (biparental) embryos that
become healthy babies (euploid embryos), we have deter-
mined how development differs according to haploidy and
parental origin.

MATERIALS AND METHODS
This research was conducted at the Instituto Universitario IVI
Valencia. All procedures and protocols for androgenote and
parthenote production were approved by the institutional re-
view board (0703-E-404-ME and 073-E-402-ME, respec-
tively) and by the Spanish government (National Committee
for Assisted Human Reproduction).
Oocyte Origin for Uniparental Embryo Production

For uniparental androgenote and parthenote production, MII
oocytes were retrieved from healthy donors (aged between 18
and 35 years old) by follicular puncture and aspiration after a
standard ovarian stimulation protocol. After cumulus
removal, 60 mature oocytes were cryopreserved by vitrifica-
tion according to the Cryotop method previously described
by Kuwayama et al. (41), with slight modifications (42). In
brief, oocytes were equilibrated in 7.5% (v/v) ethylene glycol
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and 7.5% (v/v) dimethyl sulfoxide in TCM199 medium with
20% synthetic serum substitute at room temperature for
15minutes. They were then placed in the vitrification solution
containing 15% ethylene glycol, 15% dimethyl sulfoxide, and
0.5 M sucrose. After 1 minute in this solution, oocytes were
placed on the Cryotop strip and immediately plunged into
sterile liquid nitrogen (Ceralyn Online; Air Liquid France).
Cryopreserved oocytes were stored pending signed informed
consent to use them for the current research purposes.

For warming, each Cryotop was removed from the liquid
nitrogen and placed in 1.0 M sucrose in TCM199 20% syn-
thetic serum substitute at 37�C. After 1 minute, the oocytes
were placed in 0.5 M sucrose in TCM199 20% synthetic serum
substitute at room temperature for 3 minutes. Finally, the oo-
cytes were washed for 6 minutes in TCM199 20% synthetic
serum substitute at room temperature before they were incu-
bated in cleavage medium for 2 hours (42). The oocytes were
assessed for survival, and those with a healthy cytoplasm
appearance without signs of atresia or degeneration (91.7%
vitrification survival rate) were used for haploid androgenote
and parthenote production.
Haploid Parthenogenote Production

For parthenote production, 25 surviving warmed MII oocytes
were artificially activated using a calcium ionophore
(A23187) and puromycin incubation (24, 26, 27). In short,
the oocytes were exposed for 5 minutes to A23187 (4 mM;
Sigma-Aldrich) and were subsequently cultured for 5 hours
in puromycin (10 mg/mL; Sigma-Aldrich). After the AOA pro-
tocol had been applied, the eggs were cultured in a time lapse-
system in 25 mL of cleavage medium. After 16 to 20 hours of
culture, the eggs were assessed for extrusion of the second po-
lar body and number of pronuclei. Although several types of
oocyte activation response have been reported (15–17, 26,
43), only parthenotes that had extruded the second polar
body and had a single maternal pronucleus (n ¼ 13; 52.0%
of haploid parthenotes) were subsequently cultured in a
time-lapse system for 3 additional days, as described herein.
Haploid Androgenote Production

Androgenote production was performed according to the pro-
cedure described by Kono et al. (28, 29), with some
modifications. In short, the procedure involves enucleation
of MII oocytes and subsequent intracytoplasmic sperm
injection (ICSI).

For MII oocyte enucleation, 30 surviving, warmed oo-
cytes were inspected for the presence of the meiotic spindle
using a light microscope equipped with Octax PolarAid
(Olympus) imaging software. Once detected, the spindle was
removed by gentle aspiration through an ICSI pipette (Cook)
according to the procedure described by Grau et al. (44).
One hour later, absence of the spindle was confirmed in the
21 oocytes that had survived manipulation (70.0% successful
enucleation rate). Ooplasts were then microinjected following
the conventional ICSI procedure and cultured in an Embryo-
Slide (Unisense Fertilitech) containing 25 mL of cleavage me-
dium with 1.2 mL of overlay of mineral oil (Cook). After this
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process, they were cultured in a time-lapse system (Embryo-
Scope; Unisense Fertilitech).

After 16 to 20 hours of culture, time-lapse images were
examined to identify the androgenotes that contained a single
pronucleus (the paternal) and no second polar body in the
perivitelline space (n ¼ 16; 76.2% fertilization rate). These
unipronucleated eggs were subsequently cultured for 3 addi-
tional days, as described herein.
Biparental Correctly Fertilized Embryos

To compare the morphokinetic data relating to the early
development of the haploid parthenotes and androgenotes
with the kinetics of heteroparental diploid (euploid) embryos,
we investigated our clinical database for [1] coetaneous
reproductive cycles in infertile couples without male infer-
tility, [2] who had enrolled in our oocyte donation program
and [3] received cryopreserved donated oocytes, and [4]
whose embryos were cultured in a time-lapse incubator for
3 days and [5] were chromosomally analyzed in association
to our implantation genetic screening program. Unfortu-
nately, there were no clinical cases that agreed with these
criteria, particularly with reference to the chromosomal anal-
ysis of the embryos. In consequence, we opted for 20 retro-
spectively selected embryos produced by ICSI of vitrified/
warmed oocytes that had been obtained as part of our oocyte
donation program; they were correctly fertilized (two polar
bodies and two pronuclei) and subsequently were cultured
in a time-lapsed incubator. Moreover, such day-3 embryos,
after being intrauterinely transferred to the corresponding
synchronized recipients (n ¼ 14) over the course of this
research did finally become into healthy live babies. Morpho-
kinetic data relating to the early development of the correctly
fertilized, euploid embryos were retrospectively collected.
FIGURE 1

Embryo developmental events (model A) showing direct and indirect kine
activation (AOA) in parthenotes or ICSI in androgenotes and correctly fe
embryo cleavage to the two-, three-, four-, five-, six-, seven-, and eight-ce
follows: duration of the second cell cycle of the first blastomere to cleave
second cell cycle of the second blastomere to cleave from the two- to th
the first (cc3a ¼ t5 � t3), second (cc3b ¼ t6 � t4), third (cc3c ¼ t7 � t4
seven-, and eight-cell stages, respectively.
Escrib�a. Kinetics in uniparental haploid embryos. Fertil Steril 2016.
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Embryo Culture

Immediately after ICSI (androgenotes and correctly fertilized
embryos) or AOA (parthenotes), the eggs were placed in the
EmbryoSlides and cultured for 3 days in the EmbryoScope.
The EmbryoScope is an incubator with a built-in camera
that records individual digital images at preprogrammed
time intervals (e.g., every 15–20 minutes) while the embryos
are maintained in constant culture conditions (5.5% CO2,
21% atmospheric O2, and 37.4�C). Images were captured by
a monochromatic Leica camera with 1,280 � 1,024 pixels,
at a magnification of �200.

The direct kinetic variables of the parthenotes, androge-
notes and correctly fertilized embryos were retrospectively
obtained from time-lapse recordings acquired using the Em-
bryo Viewer software (Unisense Fertilitech), which revealed
development to the eight-cell stage of the androgenotes and
parthenotes that were assessed for haploidy. Similarly, mor-
phokinetic data of correctly fertilized embryos were obtained;
specifically, the precise timing of the following develop-
mental events was registered in terms of hours after ICSI or
AOA (reference time; t0): cleavage to the two-cell (t2),
three-cell (t3), four-cell (t4), five-cell (t5), six-cell (t6),
seven-cell (t7), and eight-cell (t8) stages. Time of cleavage
was defined as the moment in which cell division (cytokinesis)
was completed.

Having determined the embryo cleavage timings from the
two- to eight-cell stages, the following indirect variables
(stated in hours) were calculated from the previously reported
direct variables (Fig. 1): duration of the second cell cycle of the
first blastomere to cleave from the two- to the three-cell
stages (cc2a ¼ t3 � t2); duration of the second cell cycle of
the second blastomere to cleave from the two- to the four-
cell stages (cc2b ¼ t4 � t2); average cc2 (acc2) as the mean
tic variables. The time reference (t0) is with respect to artificial oocyte
rtilized embryos. The direct kinetic variables were as follows: time of
ll stages (t2, t3, t4, t5, t6, t7, t8). The indirect kinetic variables were as
from the two- to the three-cell stage (cc2a ¼ t3 � t2); duration of the
e four-cell stage (cc2b ¼ t4 � t2); duration of the third cell cycle of
), and fourth (cc3d ¼ t8 � t4) blastomeres to cleave to the five-, six-,
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of cc2a and cc2b; and duration of the third cell cycle of the
first (cc3a), second (cc3b), third (cc3c), and fourth (cc3d) blas-
tomeres to cleave to the five-, six-, seven-, and eight-cell
stages, respectively. Tracking the blastomere origin was
necessary to determine cc3a, cc3b, cc3c, and cc3d, as it has
been recently described (45). When an embryo displayed
cleavage pattern A, B, or C, the cc3a was obtained by calcu-
lating t5 � t3, whereas if an embryo cleaved according to
pattern D, E, or F, the cc3a was defined as t5 � t4. Similarly,
cc3b was obtained by calculating t6� t3 (according to model
A, D, or E) or t6 � t4 (according to model B, C, or F). The cc3c
duration was calculated as t7� t4 (according tomodel A, C, or
E) or t7� t3 (according to model B, D, or F), whereas cc3d was
obtained by calculating t8� t4 (according tomodel A, B, or D)
or t8 � t3 (according to model C, E, or F). The cc3 values of
cc3a-d allowed us to calculate an average cc3, where acc3
¼ (cc3a þ cc3b þ cc3c þ cc3d)/4.

The degree of blastomere cleavage synchrony (referred to
as synchrony degree, or SD) was also calculated in the second
(SD2) and third (SD3) cell cycles. The SD2was defined as cc2a/
cc2b and ranged from 0 to 1. The SD3 was calculated by [(cc3a
þ cc3b þ cc3c þ cc3d)/4]/(t8 � t3), and also ranged from
0 to 1.
Chromosome Analysis

For chromosome determination, parthenotes and androge-
notes of more than six cells were selected for biopsy following
the methodology routinely used at IVI Valencia for preim-
plantation genetic diagnosis or screening (46). In short, par-
thenotes and androgenotes were placed in a droplet
containing Ca2þ- and Mg2þ- free medium (G-PGD; Vitrolife),
and the zona pellucida was perforated using laser technology
(OCTAX). All blastomeres were individually removed by aspi-
ration using a biopsy pipette with an inner diameter of 30 mm
(Humagen). After the embryo biopsy, individual blastomeres
were incubated in a hypotonic solution and then transferred
onto a grease-free slide to spread and lyse the cells. The chro-
mosomal analysis was performed by means of fluorescence in
situ hybridization (FISH) for five chromosomes (X, Y, 13, 18,
and 21) using CEPX (Spectrum Blue), CEPY (Spectrum Gold),
LSI13 (Spectrum Orange), CEP18 (Spectrum Aqua), and LSI21
(Spectrum Green). Samples were analyzed with an Olympus
AX-70 epifluorescence microscope (Olympus Optical), and
the images were recorded with an Olympus DP-50 camera.
Statistical Analyses

The in vitro development of the embryos of different origins
was compared using the chi-square test, and Yates's correc-
tion for continuity was applied when appropriate. Similar sta-
tistical tests were performed to compare the frequency
distribution of the embryo cleavage patterns according to
the origin of the embryo.

For each continuous variable, the normality of the sam-
ples was confirmed using the Kolmogorov-Smirnov test.
Because the data of the continuous variables were adjusted
to normal distributions, direct and indirect variables were
analyzed using the analysis of variance test. Data were
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presented as mean � standard deviation with the 95%
confidence interval (95% CI), when appropriate. When a mul-
tiple comparison was performed, Bonferroni's correction was
applied. P%.05 was considered statistically significant. All
statistical analyses were performed using the Statistical Pack-
age for the Social Sciences 19.0 (IBM).

RESULTS
Uniparental In Vitro Development

With respect to early in vitro development, 13 (81.2%) of 16
androgenotes and all 13 parthenotes (100%) cleaved. In rela-
tion to subsequent in vitro development, the eight-cell stage
was reached by 10 (62.5%) of 16 androgenotes and 8
(61.5%) of 13 parthenotes. No statistically significant differ-
ences in early in vitro development were observed between
parthenotes and androgenotes, so we can affirm that 89.6%
of uniparental embryos cleaved and 62.1% progressed to
the eight-cell stage. In the case of the group of correctly fertil-
ized embryos, all 20 embryos cleaved and progressed to the
eight-cell stage, as expected.

The haploidy of uniparental embryos was confirmed in all
androgenotes (23,X0 and 23,Y0, according to the 4:6 ratio)
and parthenotes (23,X0). Therefore, morphokinetic studies
were performed of 10 androgenotes, 8 parthenotes, and all
20 correctly fertilized embryos, which yielded a total of 20
healthy babies. In this sense, although fewer in number, the
uniparental embryos formed a uniform and consistent exper-
imental group. In fact, the analysis of the data distribution
(performed by Kolmogorov-Smirnov) confirmed the
normality of the samples with respect to all the continuous
variables analyzed. Accordingly, statistical analyses of direct
and indirect kinetic variables were performed using the anal-
ysis of variance test or comparison test for independent sam-
ples when appropriate.
Direct Variables Analysis

The first cell cycle terminates when the embryo cleaves into
two cells (t2). Our recordings indicated that this event and
subsequent cleavages up to the eight-cell stage (from t2 to
t8) occurred statistically significantly later in parthenotes
than in both androgenotes and correctly fertilized embryos
(Table 1).
Indirect Variables Analysis

To accurately calculate the indirect variables, the embryo
cleavage pattern was determined by cell-tracking analysis,
which revealed that the distribution of cleavage patterns did
not differ statistically according to embryo origin. In brief,
all 8 parthenotes, 9 of 10 androgenotes, and 15 of 20 correctly
fertilized embryos followed the A–C models of cleavage
(100%, 90%, and 75%; P>.05). Surprisingly, one androgenote
followed model F, 4 of the 20 correctly fertilized embryos
(20%) displayed a cleavage pattern compatible with model
D, and 1 of the correctly fertilized embryos (5%) followed
model E.

Assessment of indirect kinetic variables (Table 2) revealed
that the duration of the second cell cycle of both sister
1363



TABLE 1

Direct variables of uniparental (parthenotes and androgenotes) and correctly fertilized embryos.

Timing (h) Parthenotes (n [ 8) Androgenotes (n [ 10) Correctly fertilized embryos (n [ 20)

Cleavage to the stage of
2-cell (t2) 30.6 � 3.5 (26.3–34.9)a 24.9 � 2.4 (22.9–27.0)b 25.4 � 2.8 (24.1–26.7)b

3-cell (t3) 44.9 � 4.5 (39.3–50.5)a 36.7 � 3.4 (33.9–39.6)b 37.0 � 3.6 (35.3–38.7)b

4-cell (t4) 46.3 � 3.7 (41.7–50.8)a 37.4 � 3.1 (34.9–40.0)b 37.5 � 3.7 (35.7–39.2)b

5-cell (t5) 62.8 � 6.0 (55.4–70.2)a 50.8 � 6.3 (45.6–56.0)b 53.1 � 5.8 (50.4–55.8)b

6-cell (t6) 63.9 � 5.5 (57.0–70.8)a 53.2 � 7.0 (47.4–59.1)b 54.1 � 5.9 (51.3–56.8)b

7-cell (t7) 67.3 � 7.5 (58.0–76.7)a 53.7 � 6.6 (47.6–59.8)b 55.3 � 5.9 (52.6–58.1)b

8-cell (t8) 70.9 � 8.6 (49.5–92.4)a 51.6 � 4.9 (43.8–59.4)b 58.1 � 6.4 (55.1–61.2)b

Note: The direct variables were the timings (mean� standard deviation) of embryo cleavages to the two (t2), three (t3), four (t4), five (t5), six (t6), seven (t7), and eight (t8) cell stages, referred to as
hours after artificial oocyte activation (parthenotes) or intracytoplasmic sperm injection (androgenotes and correctly fertilized embryos). The values between brackets denote the 95% confidence
interval for all the cleavage timings.
a,b Different superscripts in the same row represent statistical differences (P%.05).

Escrib�a. Kinetics in uniparental haploid embryos. Fertil Steril 2016.

ORIGINAL ARTICLE: REPRODUCTIVE SCIENCE
blastomeres (cc2a and cc2b) was statistically comparable
among parthenotes (average: 15.0� 1.8 hours), androgenotes
(average: 12.1 � 1.1 hours), and correctly fertilized embryos
(average: 11.8 � 1.2 hours). However, comparison of the
second cell cycle according to embryo origin (see Table 2)
showed that cc2a, cc2b, and, in consequence, the average
mean duration of the second cell cycle (acc2) was statistically
significantly longer in parthenotes than in both androgenotes
and correctly fertilized embryos, with the latter two groups
being statistically comparable. On the basis of this, the
average cc2a (11.6 � 1.2 hours; 95% CI, 11.2–12.1 hours),
cc2b (12.2 � 1.2 hours; 95% CI, 11.7–12.6 hours), and acc2
(11.9 � 1.2 hours; 95% CI, 11.5–12.3 hours) were calculated.

At the four-cell stage, the duration of the third cell cycle
was determined for each blastomere and was found to be sta-
tistically comparable within each uniparental group, which
allowed us to calculate the average mean duration of cc3
(acc3) for parthenotes (20.4 � 3.8 hours; 95% CI, 10.8–
30.0 hours) and androgenotes (13.5 � 2.0 hours; 95% CI,
10.3–16.7 hours). However, comparison of the acc3 among
uniparental embryos showed statistically significant differ-
ences between parthenotes and androgenotes, with this phase
TABLE 2

Indirect variables of uniparental haploid human embryos (parthenotes an

Indirect variables of Parthenotes (n [ 8) Androgenotes

cc2a 14.3 � 1.6 (12.3–16.4)a 11.8 � 1.2 (1
cc2b 15.7 � 2.1 (13.0–18.3)a 12.5 � 1.0 (1
acc2 15.0 � 1.9 (13.6–16.4)a 12.1 � 1.2 (1
cc3a 17.8 � 2.3 (14.9–20.7)b 14.0 � 3.6 (1
cc3b 18.6 � 1.8 (16.4–20.8)b 16.0 � 4.5 (1
cc3c 21.4 � 3.8 (16.7–26.2)b 17.4 � 6.4 (1
cc3d 22.5 � 4.2 (15.9–29.1)b 14.5 � 1.9 (1
acc3 20.0 � 3.4 (18.3–21.6)b 15.5 � 4.5 (1
SD2, at the 2-cell stage 0.92 � 0.08 (0.82–1.00)b 0.94 � 0.03 (0
SD3, at the 4-cell stage 0.87 � 0.007 (0.84–0.89)b 0.88 � 0.06 (0
Note: The indirect variables, presented as mean� standard deviation (95% confidence interval) and
cell stage (cc2a and cc2b); duration of the third cell cycle in each blastomere (cc3a-cc3d) and averag
cleavage in the second (SD2) and third (SD3) cell cycle is also presented. The values between brack
a,b Different superscript values in the same row indicate statistical significance (P%.05). NA ¼ not a
statistical differences between the uniparental and correctly fertilized embryos for the correspondin

Escrib�a. Kinetics in uniparental haploid embryos. Fertil Steril 2016.

1364
lasting longer in the former case (see Table 2). Concerning
correctly fertilized embryos, we observed that duration of
the third cell cycle of each blastomere was not uniform; the
cell cycle duration was comparable among the first three blas-
tomeres to cleave (average cc3a–c: 16.7 � 2.8 hours; 95% CI,
16.0–17.5 hours) but was statistically significantly shorter
than in the fourth blastomere to cleave (cc3d: 20.5 �
4.4 hours) (see Table 2). In consequence, it was not considered
appropriate to calculate the acc3.

Comparison of cc3a, cc3b, and cc3c according to embryo
origin revealed that the duration of these phases was compa-
rable among parthenotes, androgenotes, and correctly fertil-
ized embryos (see Table 2). However, the cc3d was
statistically significantly shorter in androgenotes than in
both parthenotes and correctly fertilized embryos, in which
the duration of this phase was statistically similar (average:
20.9 � 4.4 hours; 95% CI, 19.0–22.7 hours).

Comparison of the duration of cc2 and cc3 in individual
androgenetic blastomeres revealed similar values (average:
14.3 � 4.0 hours; 95% CI, 13.0–15.5 hours). However, in
the case of parthenogenetic cells, the cell cycle duration in
the third and fourth blastomeres to cleave (cc3c and cc3d)
d androgenotes) and correctly fertilized embryos.

(n [ 10)
Correctly fertilized
embryos (n [ 20) Average

0.7–12.8)b 11.6 � 1.1 (11.0–12.1)b NA
1.6–13.4)b 12.0 � 1.2 (11.5–12.6)b NA
1.5–12.8)b 11.8 � 1.2 (11.4–12.2)b NA
1.0–17.0)b 15.8 � 2.6 (14.6–17.0)b 15.6 � 3.0 (14.6–16.7)
2.2–19.7)b 16.8 � 2.6 (15.6–18.0)b 16.8 � 3.1 (15.8–17.9)
1.5–23.2)b 17.7 � 3.0 (16.3–19.1)b 18.2 � 4.1 (16.7–19.7)
1.5–17.5)b 20.5 � 4.4 (18.4–22.6)b NA
3.7–17.3)b 17.7 � 3.6 (16.9–18.5)b NA
.91–0.97)b 0.96 � 0.02 (0.95–0.97)b 0.95 � 0.04 (0.94–0.96)
.78–0.97)b 0.85 � 0.09 (0.81–0.90)b 0.86 � 0.08 (0.83–0.89)
referred to as hours, indicate: duration of the first and second blastomeres to cleave to the two-
e duration of the second (acc2) and third cell cycles (acc3). The blastomere synchrony between
ets denote the 95% confidence interval for all the variables.
pplicable; it was not feasible to provide the average mean of the variable because there were
g kinetic variable.
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was statistically significant longer (average: 21.9� 3.8 hours;
95% CI, 19.0–24.8 hours) than acc2 (15.0 � 1.8 hours; see
Table 2), whereas that of the first and second blastomeres to
cleave (cc3a and cc3b) had an intermediate duration with
respect to acc2 and cc3 in their sister blastomeres (average:
18.2 � 2.0 hours; 95% CI, 16.8–19.6 hours). The cell cycles
of correctly fertilized blastomeres were longer in the threefirst
blastomeres to cleave (cc3a-c) than in acc2 (16.7 � 2.8 hours
vs. 11.8 � 1.2 hours, respectively), and were longest in the
case of the fourth blastomeres to cleave (cc3d: 20.5 �
4.4 hours; see Table 2).

When we compared the duration of cc2 versus cc3 in
whole embryos according to their origin, we observed that
the third cell cycle was significantly longer in correctly fertil-
ized embryos (average: 5.9� 2.1 hours; 95%CI, 4.9–6.9 hours)
and parthenotes (average: 5.5 � 1.9; 95% CI, 2.4–8.6 hours),
whereas the duration of both cell cycles was almost the same
among androgenotes (average interval between acc2 and
acc3: 2.1 � 1.4 hours; 95% CI, 0.1–5.5 hours).

The degree of cleavage synchrony in the second (SD2) and
third (SD3) cell cycles was high and comparable for all embryo
origin (see Table 2). However, among androgenotes and
correctly fertilized embryos, the degree of cleavage synchrony
significantly dropped between the second and third cell cycle
(average SD2: 0.96 � 0.03 vs SD3: 0.85 � 0.09), while it re-
mained unaltered among parthenotes (average: 0.9 � 0.07).
DISCUSSION
Ours is the first study to describe the kinetics of uniparental
haploid human embryos over the course of their early
in vitro development using time-lapse technology. Uniparen-
tal haploid embryos are capable of progressing through the
early stages of in vitro development regardless of their
maternal or paternal genomic composition.

Our results regarding the in vitro development of haploid
parthenotes revealed that 61.5% progressed in vitro to the
eight-cell stage. This contrasts with the findings of earlier re-
ports concerning human parthenogenesis, in which almost all
parthenotes were reported to cleave, many arrested at the
four-cell stage, and only 10% to 20% progressed to the
eight-cell stage (1, 2, 4, 6, 20). The greater developmental
ability of our parthenotes may have been related to the
applied AOA and/or to the oocyte quality because all the
oocytes in question were obtained from donor women.

Results were also encouraging in the case of haploid an-
drogenotes, with 62.5% progressing in vitro to the eight-cell
stage. In vitro development of human and mice haploid an-
drogenotes seems to be conditioned considerably by the pro-
cedure used to produce them (19, 28, 30, 34, 47). In this
respect, two approaches have been proposed, based on the
removal of the meiotic spindle from MII oocytes followed
by in vitro fertilization or based on enucleation of fertilized
telophase II oocytes/elimination of the female pronucleus
from fertilized eggs (epronucleation). In humans,
enucleation of telophase II oocytes is reported to be the
most efficient technique for androgenote production (100%)
(31); however, this strategy, and the removal of the female
pronucleus from fertilized eggs, implies the destruction of a
VOL. 105 NO. 5 / MAY 2016
recently constituted embryo, with its inherent ethical
implications.

In the present work, we chose to produce androgenotes by
fertilizing enucleatedMII oocytes, and achieved a global tech-
nical efficiency estimated at 53.3% (70% successful enucle-
ation and 76.2% fertilization rate), which is comparable to
the efficacy reported by Kuznyetsov et al. (30), who used a
similar approach (51.5%). Unfortunately, the investigators in
question did not provide a detailed description of their andro-
genotes' development, merely indicating that 64.7% reached
the two- to eight-cell stage. In our study, 62.5% of our andro-
genotes progressed to the eight-cell stage. Moreover, fluores-
cence in situ hybridization (FISH) studies confirmed that
androgenotes at the eight-cell stage were haploid and accom-
plished the 2:3 sex ratio—that is, there were both Y- and
X-bearing androgenotes. These results differ from those re-
ported in mice (34, 48), in which it has been observed that
Y-bearing haploid androgenotes do not develop beyond the
first few cleavage divisions. Unfortunately, we cannot affirm
whether human haploid androgenotes and parthenotes are
capable of progressing to the blastocyst stage, or at what
rate, because our androgenotes were not cultured beyond
day 3 of development due to the lack of specific
governmental permission for such a purpose.

Kinetic analysis of embryo cleavage using time-lapse
monitoring revealed that all first seven cleavages took place
later in parthenotes than in both androgenotes and correctly
fertilized embryos. The delayed cleavages observed in parthe-
notes with respect to androgenotes and correctly fertilized
embryos could be due to the associated activation procedure
itself, because the spermatozoon, which we used to produce
both androgenotes and normally fertilized embryos, is the
activating agent par excellence; alternatively, the observed
delayed cleavages may have been a consequence of the vary-
ing durations of the phases that make up the first cell cycle.
However, we did not study this aspect, as time-lapsed culture
of parthenotes began once the second polar body had been
extruded (during 5-hour puromycin incubation, AOA), with
pronuclear appearing being the first morphokinetic event to
be registered. Nevertheless, because the reference time point
for all the embryo origins studied here was AOA or ICSI, or
more feasibly the timing for pronuclear fading
(Supplemental Table 1, available online), discrepancies in
cleavage timings are attributable to the particular nature or
ploidy of the individual embryos, although the possible effect
of the solutions or procedure used to generate parthenotes and
androgenotes cannot be ruled out because neither a control
solution nor sham-injected oocytes were included.

In any case, we thought it would be accurate to describe
embryo kinetics according to the indirect variables, which
provides us with a reliable morphokinetic description of em-
bryo development independent of any reference time point:
duration of the cell cycles of whole embryos and each single
cell, and degree of blastomere cleavage synchrony. In this
way, this is the first report that describes the kinetics of hu-
man haploid parthenogenetic and androgenetic development
and compares them with those of correctly individually fertil-
ized embryos, including those of the blastomeres that
compose them.
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The second cell cycle was similar in androgenotes and
correctly fertilized embryos. Given that the correctly fertilized
embryos developed into viable offspring, we assume that the
values in question are optimal and represent normal develop-
ment. The second cell cycle of androgenotes and correctly
fertilized embryos was short in all cases (average: 11.9 �
1.2 hours), probably because the gap phases (G1, G2) were
short or absent. In parthenotes, on the other hand, the
second cell cycle was longer than in the other two groups
(average: 15.0� 1.9 hours). Because both parthenotes and an-
drogenotes were uniparental haploid embryos, ploidy could
not have been the origin of such discrepancies. Indeed, the
absence of the sperm in parthenotes would be the most
feasible explanation of the longer duration of the second
cycle.

Besides triggering oocyte activation, the fertilizing sper-
matozoon endows the oocyte with the centriole and paternal
chromatin. It is the most efficient activating agent, as it trig-
gers oocyte activation naturally and is responsible for initi-
ating the developmental program established in the
ooplasm during oogenesis. In this sense, despite the efficiency
of the AOA procedure in inducing an adequate initial activa-
tion of the oocyte (i.e., extrusion of the second polar body and
pronuclear formation), it could have been responsible for the
longer cell cycles and delayed cleavages observed in parthe-
notes. However, we have no data to affirm this.

The fertilizing spermatozoon also endows the oocyte with
the centriole, an active division center. Although parthenotes
do not possess such an extra-chromosome structure, they are
capable of cleaving in its absence, probably due to the reacti-
vation of remnants of the maternal microtubule organizing
center or through the interlocking of maternal proteins that
join with one another or with the remnants of a primordial
template, which would allow a rudimentary bipolar mitotic
spindle to be built at a slower rate (49, 50). The constitution
of a functional mitotic center in parthenotes may require
more time, which would contribute to a longer cell cycle.

The spermatozoon also provides the oocyte with the
paternal chromatin, which differs from the maternal type in
structure, nuclear positing, transcriptional activity, and
pattern of histone/DNA modifications. Indeed, the maternal
and paternal pronuclei have been reported to display distinct
patterns of DNA methylation reprogramming at fertilization
in mice and humans, but not in sheep or rabbits. The zygotic
paternal chromatin undergoes an active, rapid, and drastic
DNA demethylation before the first DNA replication; while
the maternal chromatin, though exposed to the same cyto-
plasm, is resistant to this active demethylation process and re-
mains highly methylated (51–53). In consequence, the
maternal methylation level remains constant throughout
the first cell cycle but becomes passively demethylated by a
semiconservative replication-dependent mechanism which
initiated at the two-cell embryo stage. Whether DNA replica-
tion occurs more slowly in methylated versus unmethylated
DNA, the pattern of DNA methylation in parthenotes would
explain their longer second cycle, which contrasts with the
shorter cycle observed in theoretically unmethylated
androgenetic DNA. However, this does not explain the short
second cycle observed in correctly fertilized embryos.
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Recently, ultralarge-scale whole-transcriptome anal-
ysis in mice has revealed that the absence of paternally
sperm-borne–derived molecules, including noncoding
RNA and chromatin-associated proteins, alters the appro-
priate gene expression at the onset of minor gene activa-
tion, also known as zygotic genome activation. As a
consequence, promiscuous gene expression might occur
in parthenotes but not in androgenotes or correctly fertil-
ized embryos, in which the presence of such paternally
derived factors might suppress nascent RNA production
(i.e., transcriptional repression) (54, 55). Thus, we
hypothesize that whether or not human embryos display
a regulatory activation program similar to that described
in mice, the longer second cell cycle observed in our
parthenotes could have been due to the gap phases (G1,
G2) that stemmed from an altered gene expression which
occurred concomitantly with the onset of zygotic genome
activation, recently described to take place in human
embryos as early as the two-cell stage (56).

Whether the absence of the centriole, differential parental
DNA demethylation dynamics, the altered genome transcrip-
tion in parthenotes, or all (or some) of these factors are the
cause of the observed discrepancies in the duration of the
second cell cycle among parthenotes and androgenetic and
correctly fertilized embryos is unclear. Moreover, it is beyond
the scope of this discussion because we did not analyze the
specific phases of the first cell cycle or the methylation or
the transcriptome profiles of each blastomere.

The third cell cycle in the whole embryo was persistently
shorter in androgenotes (average: 15.5 � 4.5 hours) than in
parthenotes and correctly fertilized embryos (average: 18.1
� 3.1 hours), which can be explained by the lack of female
endowment. In correctly fertilized human embryos, the major
onset of embryonic genome activation (EGA) generally occurs
at the four- to eight-cell stage (56–58) or on day 3 of
development or afterward (59, 60). Cinematographic
analysis of pig embryo development has shown the cell
cycle at the onset of the EGA to be longer than in
pretranscriptional embryo stages (61, 62), as was also
observed in cat (63) and bovine (64) embryos. Under our
experimental conditions, the third cell cycle of correctly
fertilized embryos lasted 17.7 � 3.6 hours, while the second
cycle lasted 11.8 � 1.2 hours. Similarly, analyses of the
duration of the cell cycles of individual blastomeres and the
degree of cleavage synchrony between the two-cell cycles
suggested that blastomeres of correctly fertilized embryos
changed from a homogeneous to a heterogeneous population
between the second and third cell cycles. Similarly, analysis of
the duration of the second and the third cell cycles of whole
embryos and of each blastomere of our haploid parthenotes
revealed a moderate lengthening between these two consecu-
tive cell cycles.

The molecular reason for this slowing down of embryo
development and the heterogeneity of blastomeres in associ-
ation with the onset of genome transcription may have been
due to the gap phases that appear autonomously for each
blastomere, as recently suggested by Wong et al. (58). The
investigators used single-cell gene expression analysis
to demonstrate that some of the blastomeres of a single
VOL. 105 NO. 5 / MAY 2016
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eight-cell embryo maintained maternal mRNAs, whereas
others progressed to the EGA.

In addition, we cannot rule out the implication of
maternal chromatin methylation, which, after successive
rounds of semiconservative DNA replication, would have
reached a low methylation level at the eight-cell stage (51),
with only one blastomere conserving the original methylated
patterning. In this context, haploid parthenotes and correctly
fertilized embryos would display the major EGA during the
third cell cycle, when both parental chromatins are
completely demethylated in almost all blastomeres of an
embryo.

Conversely, in androgenotes, the sustained short cell cy-
cle duration and high degree of cleavage synchrony
throughout the second and third cycles (average: 14.3 �
4.0 hours; 95% CI, 13.0–15.5 hours) leads us to believe that
our haploid androgenotes were made up of a homogeneous
cell population during these two consecutive cell cycles and
that the major EGA does not occur in haploid androgenotes
during the same developmental stages as it does in correctly
fertilized embryos. Therefore, early androgenetic develop-
ment might progress under a reduced or absent transcrip-
tional activity thanks to the maintenance of maternal and
paternal mRNAs, which have been detected in correctly fertil-
ized human embryos up until day 3 of development (58). This
feature may be feasible due to either a low consumption of
ooplasmic maternal proteins andmessengers or the continued
synthesis of some proteins of maternal origin [as has been
observed in rat (65) and bovine (64, 66) embryos cultured in
the presence of transcriptional inhibitors], or both. These
observations encourage us to undertake future research into
the androgenetic embryo transcriptome with the aim of
determining whether androgenetic genome transcription
exists, and, if not, to clarify the mechanism(s) by which
such uniparental embryos progress in their early in vitro
development.

In conclusion, throughout our morphokinetic analysis,
we have noted differences and similarities between haploid
uniparental and correctly fertilized embryos. In particular,
the duration of the second and third cell cycle would
seem to be defined by the parental composition (parthenote
or androgenote) rather than by ploidy. This might be
related to the precise and sequential regulation of the
waves of transcriptional activation orchestrated by the
maternal and paternal (epi)genome. Our pioneering study
provides some clues for further research on human embryo
development and endorses the use of haploid androgenotes
and parthenotes as models with which to study parent-
specific genetic and epigenetic reprogramming and tran-
scription during the preimplantation development of hu-
man embryos. There is still a lack of knowledge about
these aspects owing to the scarcity of human embryos for
research and the ethical and legal aspects surrounding their
use, obstacles that do not apply to haploid uniparental
embryos.
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SUPPLEMENTAL TABLE 1

Direct variables of uniparental (parthenotes and androgenotes) and correctly fertilized embryos.

Timing (h) t0 [ PNF Parthenotes (n [ 8) Androgenotes (n [ 10) Correctly fertilized embryos (n [ 20)

Cleavage to the stage of
2-cell (t2) 2.8 � 0.7 (1.9–3.6)a 2.6 � 0.5 (2.3–3.0)a 2.6 � 0.5 (2.3–2.9)a

3-cell (t3) 17.1 � 2.1 (14.5–19.7)b 14.4 � 1.6 (13.1–15.7)a 14.0 � 1.1 (13.5–14.6)a

4-cell (t4) 18.4 � 2.2 (15.7–21.2)b 15.2 � 1.3 (14.1–16.3)a 14.5 � 1.1 (13.9–15.0)a

5-cell (t5) 35.0 � 4.1 (30.0–40.0)b 28.5 � 4.9 (24.4–32.6)a 29.8 � 3.2 (28.3–31.4)a

6-cell (t6) 36.1 � 3.3 (32.0–40.2)b 31.0 � 5.6 (26.3–35.6)a 30.8 � 3.3 (29.2–33.4)a

7-cell (t7) 39.5 � 5.9 (32.2–46.8)b 31.6 � 6.0 (26.1–37.2)a 32.1 � 3.5 (30.4–33.8)a

8-cell (t8) 41.5 � 6.7 (25.0–58.0)b 29.6 � 2.5 (25.5–33.6)a 34.8 � 4.6 (32.6–37.0)a

Note: The direct variables were the timings (mean� standard deviation) of embryo cleavages to the two (t2), three (t3), four (t4), five (t5), six (t6), seven (t7) and eight (t8) cell stages, referred to as
hours after pronuclear fading (PNF). The values between brackets denote the 95% confidence interval for all the cleavage timings.
a,bDifferent superscripts in the same row represent statistical differences (P%.05).
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