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SUMMARY

Whole-genome (WG) abnormalities, such as uniparental diploidy and triploidy, cause fetal death. Occasion-
ally, they coexist with biparental diploid cells in live births. Understanding the origin and early development of
WG abnormal blastomeres is crucial for explaining the formation of androgenotes, gynogenotes, triploidy,
chimerism, and mixoploidy. By haplotyping 118 bovine blastomeres from the first cleavages, we identified
that heterogoneic division occurs in both multipolar and bipolar cleaving zygotes. During heterogoneic divi-
sion, parental genomes segregate into distinct blastomeres, resulting in the coexistence of uniparental and
biparental diploid or polyploid cells. After culturing the totipotent blastomeres to three preimplantation
stages and exploring transcriptomes of 446 cells, we discovered that stress responses contribute to devel-
opmental impairment in WG abnormal cells, resulting in either cell arrest or blastocyst formation. Their domi-
nance in preimplantation embryos represents an overlooked cause of abnormal development. Haplotype-

based screening could improve in vitro fertilization outcomes.

INTRODUCTION

Chromosomal abnormalities are common during human devel-
opment, especially in the preimplantation phase.’~ One notable
category of chromosome abnormalities are whole-genome (WG)
anomalies.” Embryos bearing WG abnormalities contain
abnormal levels of parental genomes rather than the normal
diploid constellation with one maternal and one paternal haploid
genome. For instance, uniparental haploid or diploid embryos
carry only chromosomes from a single parent, whereas triploid
embryos contain an additional haploid set of chromosomes
from one of the parents. Constitutional WG anomalies are gener-
ally lethal during the embryonic stage. Triploidy occurs in
approximately 1% of all conceptuses, contributing to around
10% of all spontaneous abortions®® with extremely rare live-
born cases surviving less than a year.® Complete and partial hy-
datidiform moles, occurring at rates of 1 in 1,000 and 3 in 1,000
pregnancies, respectively, are primarily androgenetic diploid
and diandric triploid, respectively.” Mosaic forms with coexis-
tence of normal cells can result in rare cases of live birth. For
example, gynogenetic and androgenetic chimerism (coexis-
tence of uniparental and normal cells) and diploid/triploid mixo-
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ploidy (coexistence of triploid and normal cells) have been re-
ported in live-born individuals with congenital abnormalities.®
As a model organism with a developmental process and an
aneuploidy profile similar to that of humans,®'" WG abnormal-
ities have also been identified at various stages during bovine
development.®12-1°

Several models have been proposed to explain the mecha-
nistic origins of WG abnormalities in embryos.” These include
dispermy or diploid oocytes leading to triploidy, as well as
parthenogenetic division of the oocyte or fertilization of an
“empty” egg, resulting in uniparental embryos. Although these
models explain the origin of triploid or uniparental embryos,
they are limited by the deduction from surviving cells at later
developmental stages. Additionally, the mechanistic origins of
chimerism and mixoploidy remain speculative.*® Since all
body cells stem from a single zygote, diverse WG abnormalities
observed during the late developmental stages are likely the
result of irregular zygotic cleavages. Our recent study with
bovine in vitro fertilized embryos provides direct evidence of a
non-canonical first zygotic division as the mechanistic origin of
cell lines exhibiting WG abnormalities,'® which we termed "het-
erogoneic division." This specialized division involves the
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segregation of entire parental genomes into distinct blasto-
meres, often triggered by polyspermy and occurring concur-
rently with multipolar zygotic division. Embryos following hetero-
goneic division typically contain blastomeres with diverse
chromosomal constitutions, including biparental diploid, poly-
ploid, and uniparental blastomeres, resembling those identified
in chimeric and mixoploid individuals. Such cleavage involving
WG segregation errors has also been reported in in vitro human
and non-human primate embryos.'%'”

Heterogoneic division, as the origin of blastomeres with WG
abnormalities, represents a fundamental yet underexplored
aspect of embryo development. Although research on preim-
plantation embryo development often focuses on aneuploidies
and their implications, '®° there has been a lack of investigation
into the developmental trajectory of spontaneously arising blas-
tomeres carrying WG abnormalities. Examining the subsequent
development of blastomeres following both heterogoneic and
normal first zygotic divisions will provide valuable insights into
the developmental disparities between blastomeres with WG ab-
normalities and normal blastomeres. Such insights are essential
for advancing our understanding of the mechanistic origins of
triploidy, moles, chimerism, and mixoploidy identified late during
development and will guide genetic testing and embryo selection
strategies regarding WG abnormalities.

Here, we explored the genome constitution and develop-
mental potential of individual bovine blastomeres resulting
from both bi- and multipolar first zygotic divisions. With haplo-
typing results of 118 blastomere outgrowths collected at three
preimplantation stages, we demonstrated that uniparental and
polyploid blastomeres arise from both multipolar and bipolar
cleaving zygotes and exhibit a reduced blastocyst rate. Along
with single-cell transcriptome analysis of 446 transcriptomes
from blastomere outgrowths, we observed impaired transcrip-
tomic development in WG abnormal cells, starting from major
embryonic genome activation (EGA). For cells derived from out-
growths collected at the same time point, “impaired transcrip-
tomic development” in WG abnormal cells means that their tran-
scriptomes represent earlier stages of development compared
to those with a normal genome constitution. This impaired devel-
opment is attributed to stress responses induced in blastomere
outgrowths with WG abnormalities during EGA. Despite these
challenges, some blastomere outgrowths with WG abnormalities
successfully managed this stress period and progressed to the
blastocyst stage, underscoring their potential significant role in
abnormal embryo development.

RESULTS

Whole-genome segregation errors occur in multipolar
and bipolar first cleavages

To investigate the developmental program of gynogenetic/
androgenetic and polyploid blastomeres following spontaneous
heterogoneic division, we exploited the totipotency of blasto-
meres from early cleavage-stage embryos.”'*** Following the
first cleavage, 148 blastomeres from 52 bovine embryos
(17 with bipolar and 35 with multipolar zygotic cleavage) were
dissected and individually cultured to either day 2 (T1, 72 h
post-fertilization (hpf), 4- to 6-cell stage), day 4 (T2, 121 hpf, 4-
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to 12-cell stage), or day 6 (T3, 170 hpf, blastocyst stage) post-
blastomere splitting, respectively (Figure 1).

To determine the chromosomal constitution of the blasto-
meres in culture, we performed genome-wide haplotyping and
copy-number profiling on cells derived from blastomere out-
growths using genotyping-by-sequencing (GBS)*® (Figure 1).
Of 148 blastomeres in culture from the 52 embryos, we success-
fully determined the chromosomal constitution of 118 blasto-
meres in culture from 43 embryos through haplotyping. Specif-
ically, the chromosomal constitution was determined for all
cultured blastomeres in 31 embryos, for a subset of cultured
blastomeres in 12 embryos, and for none of the cultured blasto-
meres in 9 embryos (Figures 2A and 2B; Tables S1 and S2).
Among these, 45% (n = 53) were identified as biparental diploid,
whereas 41% (n = 48) exhibited WG abnormalities, including 35
androgenetic, 9 gynogenetic, 3 diandric triploid, and 1 triandric
tetraploid blastomeres. Additionally, 14% (n = 17) of the blasto-
meres in culture with inferred chromosomal constitution were
found to be anuclear. All anuclear blastomeres and the majority
(96%, 46 out of 48) of blastomeres with WG abnormalities orig-
inated from embryos undergoing multipolar first cleavage (Fig-
ure 2B; Table S1).

For the 31 embryos with all blastomeres in culture successfully
haplotyped, the genome composition of each blastomere al-
lowed us to reconstruct genome segregation patterns during
the first cleavage. The inference of the zygotic cleavage pattern
was based on GBS haplotyping results, which enabled the iden-
tification of the parental and mechanistic origin, as well as the
copy number of each chromosome. Additionally, whole-genome
errors could be detected through distinct patterns across most
of the genome,?** Therefore, although speculative, the inferred
genome segregation patterns are strongly supported by evi-
dence from the haplotyping results. We observed three broad
categories of genome segregation patterns during the first cleav-
age (Figure 2C; Table S1). Category 1 contains six embryos with
all blastomeres harboring WG abnormalities. Category 2 com-
prises nine embryos with a mixture of blastomeres, some with
WG abnormalities and others being biparental diploid. Category
3 consists of 16 embryos with only biparental diploid blasto-
meres. The four multipolar cleaving zygotes in this category
also produced anuclear cells. Among the 31 fully examined em-
bryos, 78% (14 out of 18) of those with multipolar first cleavage
demonstrated heterogoneic division, whereas only 8% (1 out of
13) of embryos with bipolar first cleavage showed WG segrega-
tion errors (p = 0.00048; chi-squared test) (Figures 2C and 2D),
confirming the enrichment of heterogoneic division in multipolar
cleaving zygotes.'® Furthermore, the high frequency of polysper-
mic conceptions in embryos undergoing multipolar first zygotic
division and exhibiting WG segregation errors'> was validated,
with 86% (12 out of 14) of these embryos inferred to be fertilized
by more than one sperm. In contrast, all other embryos with bi-
polar first cleavage or with multipolar first cleavage but without
WG segregation errors were inferred to be fertilized by a single
sperm (Figures 2C and 2D). Although less frequent, we observed
two monospermic embryos showing heterogoneic division (Fig-
ure 2D), a phenomenon also observed in our previous
studies.”'® Among these two, one exhibited bipolar genome
segregation, resulting in one androgenetic blastomere, one
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(A) Diagram illustrating the experimental design. Bovine embryos were created and cultured in vitro. After the first zygotic division, blastomeres were dissected
and cultured to three preimplantation time points. Blastomere outgrowths were subsequently collected and dissected into single cells. Each dissected cell
underwent genome and transcriptome separation followed by sequencing. Genome data were used for haplotyping and copy-number profiling, whereas
transcriptome data were used for gene expression analysis. Genome and transcriptome sequencing (G&T-seq): protocol for isolating poly(A) RNA and genomic
DNA from single cells. Genotyping-by-sequencing (GBS): sequencing-based protocol for genome-wide haplotyping and copy-number profiling.

(B) Example images of blastomere outgrowths collected at T1, T2, and T3, respectively.

gynogenetic blastomere, and two anuclear blastomeres (shown
in the second diagram of category 1 in Figure 2C). The other
involved a tripolar spindle, segregating a haploid paternal and
a haploid maternal genome into separate blastomeres, while
both paternal and maternal haploid genomes were also segre-
gated into a third blastomere. This resulted in one androgenetic
blastomere, one gynogenetic blastomere, and one biparental
diploid blastomere (illustrated in the fifth diagram of category 2
in Figure 2C). Notably, this second embryo aligns with the obser-
vation by Currie et al. of tripolar chromosome segregation in a
normally fertilized embryo,”® suggesting that the observed tripo-
lar division may have involved WG segregation errors. Only 10%
(1 out of 10) of dispermic embryos gave rise to triploid blasto-
meres, which is consistent with previous observations that dis-
permic fertilization seldom leads to triploid development.'*2°
Most of the observed mechanisms driving heterogoneic division
align with those from our previous study.'®'®> Among the 15 em-

bryos undergoing heterogoneic division, 10 were inferred to
involve the extrusion of paternal pronuclei into separate cells, 4
likely involved an independent spindle separating paternal or
maternal chromosomes, 2 likely involved a tripolar spindle, and
1 likely involved double spindles (Figure 2C).

Interestingly, two genome segregation mechanisms were
newly identified. First, within category 1, we observed an embryo
undergoing bipolar first cleavage, yet exhibiting heterogoneic di-
vision (Figure 2C). The most plausible explanation is that the two
parental zygotic spindles failed to align and instead segregated
into distinct blastomeres. Hence, genome-wide segregation
errors are not confined to multipolar cleavers. Additionally, within
category 3, we identified four embryos undergoing multipolar
first cleavage, yet exhibiting normal genome segregation. Spe-
cifically, two biparental diploid blastomeres were generated
alongside one or two anuclear cells (Figure 2C). These findings
suggest that bipolar first cleavage does not always ensure
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normal genome segregation, and multipolar first cleavage does
not inevitably result in WG or chromosomal segregation errors.

Blastomeres with whole-genome abnormalities can
reach blastocyst stage despite impaired developmental
potential

To investigate the developmental potential of heterogoneic-divi-
sion-derived blastomeres with WG abnormalities, we compared
the developmental stage of the 53 biparental diploid blastomere
outgrowths and 48 blastomere outgrowths with WG abnormal-
ities at the time of outgrowth collection (Figures 3A and 3B).
We observed impaired development for blastomeres with WG
abnormalities compared to biparental diploid blastomeres at
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blastomeres in culture, with the x axis represent-
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(C) Three categories of genome segregation pat-
terns identified during the first cleavage. In the
oocyte being fertilized, the second meiotic division
= is depicted, along with the likely number of sperms
fertilizing the embryo as deduced from the hap-
lotypes. The arrows surrounding the pronuclei
indicate replication occurred. During the first
) cleavage, spindles segregating the sister chro-
matids are shown. In the absence of a spindle, the
genome is extruded. Numbers are given for pat-
terns that occurred more than once. *in category 1
indicates the one embryo with bipolar first cleav-
age and WG segregation error. * in category 3 in-
dicates the four embryos with multipolar first
cleavage and without WG segregation error. For
androgenetic blastomeres, different colors indi-
cate genetic material from different sperm.

(D) Chromosomal segregation patterns for em-
bryos with bipolar or multipolar first cleavage and
the inferred number of sperm that fertilized the
egg, with the y axis representing the fraction of
counts. Normal: zygote cleaved without WG
segregation error. Heterogoneic: zygote cleaved
with WG segregation error. Bipolar and multipolar
refer to embryos undergoing either bipolar or
multipolar first cleavage, respectively. See also
Tables S1 and S2.
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T3, with 80% (12 out of 15) of biparental
diploid blastomere outgrowths devel-
oping to blastocysts, whereas only 21%
(6 out of 28) of blastomere outgrowths
with WG abnormalities reached this
stage (p = 0.0016; Fisher's exact test)
(Figures 3B and 3C).

Since aneuploidy is known to affect embryo development, we
next evaluated the impact of heterogoneic division on aneu-
ploidy levels in daughter blastomeres. By comparing the aneu-
ploidy spectrum of blastomeres from both normal genome
segregation and heterogoneic division, we observed a lower
proportion of euploid blastomeres and a higher proportion of
blastomeres with high-level aneuploidy (defined as >10% of
autosome regions being aneuploid, with 10% corresponding to
two large chromosomes) in blastomeres from heterogoneic divi-
sion, compared to blastomeres originating from zygotes with
normal genome segregation (Figure S1). Specifically, for blasto-
meres with WG abnormalities resulting from heterogoneic divi-
sion, 32% (10 out of 31) were euploid, whereas 55% (17 out



iScience

Biparental _|
diploid

WG | 5
abnormalities

14

¢? CellPress

OPEN ACCESS

Figure 3. Blastomeres with whole-genome
abnormalities can reach blastocyst stage
despite impaired developmental potential
(A) Distribution of 53 biparental diploid blastomere
outgrowths and 48 blastomere outgrowths with
WG abnormalities across different time points of
outgrowth collection, with the x axis representing
the fraction of counts.

(B) Developmental stage comparison of biparental
diploid blastomere outgrowths and blastomeres
outgrowths with WG abnormalities in (A), with the
X axis representing the fraction of counts (Fisher’s
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(C) Schematic representation of the six blasto-
mere outgrowths with WG abnormalities that
reached the blastocyst stage at T3, along with
their sibling blastomere outgrowths and original
embryos.
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of 31) displayed high-level aneuploidy. In contrast, for blasto-
meres from normal genome segregation, 56% (18 out of 32)
were euploid, and only 3% (1 out of 32) exhibited high-level
aneuploidy (o = 6.3 x 107%; Fisher’s exact test) (Figure S1). Simi-
larly, other studies demonstrated the increased rate of complex
chromosomal abnormalities for embryos with multipolar divi-
sion.'®?” The association between heterogoneic division and
vulnerability to chaotic chromosomal missegregations might
be caused by the spindle abnormalities implicated in this
process®(Figure 2C). To control for the effect of aneuploidy on
blastomere development, we compared the development of
only euploid blastomeres. At T3, all biparental diploid blastomere

T3C3ES

T2C3E6

&1

T (D) Images of the two cleaved anuclear blasto-
1 mere outgrowths and schematic diagrams illus-
trating the embryos from which they originated. In
(C) and (D), the same symbols as in Figure 2C are
employed. Fertilization and the first cleavage are
not depicted for embryos containing blastomeres
with an unknown haplotype (due to sample loss or
haplotype failure). See also Figure S1 and
Tables S1, S2, and S3.

outgrowths (100%,12 out of 12) reached
blastocyst stage, whereas a much lower
proportion (36%, 4 out of 11) of blasto-
mere outgrowths with WG abnormalities
reached blastocyst stage (p = 0.0013;
Fisher's exact test). Additionally, for
androgenetic blastomere outgrowths
collected at T3, 2 out of 15 containing
the X chromosome reached the blasto-
cyst stage, whereas the 3 without the X
chromosome did not. This observation
that only androgenetic blastomeres con-
taining the X chromosome were able to
develop into blastocysts is consistent
with previous observations®®*° and sug-
gests that the Y chromosome alone is
insufficient for blastocyst formation.

The majority of the 17 anuclear blasto-
meres were arrested at the one-cell
stage. However, we identified two exceptions: one reached the
two-cell stage at T1, and the other reached the three-cell stage
at T2 (Figure 3D), suggesting that the cytoplasmic divisions could
occur without a nucleus. Additionally, we identified 16 more anu-
clear biopsies from 14 non-anuclear blastomere outgrowths at
various stages of development, with the majority of the original
blastomeres (12 out of 14) from embryos that underwent multi-
polar first cleavage (Table S2). Hence, the formation of anuclear
blastomeres is not restricted to the first zygotic division. To
confirm the origin of these empty outgrowths/biopsies, we
examined the mitochondrial genotypes for empty biopsies ob-
tained from the same cows. Maternal inheritance of the
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Figure 4. Whole-genome abnormalities do
not alter the preimplantation developmental
program but hinder transcriptomic devel-
opment
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mitochondrial genome was corroborated by similar mitochon-
drial genotypes (Table S3).

To conclude, blastomeres with WG abnormalities from heter-
ogoneic division show diminished development. Despite this,
certain uniparental/polyploid blastomeres still progress to the
blastocyst stage (Figure 3C), indicating their viability during
the preimplantation stage and raising concerns about their
further development and potential contribution to abnormal
pregnancies.

Whole-genome abnormalities do not alter the
preimplantation developmental program but hinder
transcriptomic development

We hypothesized that the impaired development of blastomere
outgrowths with WG abnormalities would be reflected in the
transcriptomic profiles of constituent cells, with WG abnormal-
ities potentially causing deviations in the preimplantation
developmental program. To investigate the effects of WG abnor-
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Among these, 446 transcriptomes met
our quality control criteria, 397 of which
had corresponding haplotyping informa-
tion (Table S2; STAR Methods). Before
quality control, we noted significantly
higher fractions of mitochondrial tran-
scripts in cells from blastocyst stage
outgrowths compared to cells from
other stages, except the one-cell stage
(Figure S2). The blastocyst stage cells with high fractions of mito-
chondrial transcripts were not enriched for cells with WG abnor-
malities. This finding suggests active mitochondrial gene expres-
sion in blastocysts and potential cytoplasmic RNA leakage in
arrested one-cell stage outgrowths. Consistent with our findings,
previous studies utilizing PCR analysis have demonstrated a sig-
nificant increase in mitochondrial transcripts at morula and blas-
tocyst stages across various mammalian species.®'™®
Following dimensionality reduction with Unified Manifold
Approximation and Projection (UMAP), single-cell gene expres-
sion profiles exhibited a developmental trajectory from T1 to T3
(Figure 4A). Cells with WG abnormalities did not form distinct
clusters (Figure 4B). Instead, by checking the expression of
marker genes for essential preimplantation stages, we identified
clusters corresponding to minor EGA, major EGA, inner cell
mass (ICM), and trophectoderm (TE) stages, which we define
as the molecular developmental stages of the cells. The cell clus-
ter without EGA (pre-EGA) contained cells arrested before EGA
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(Figures 4C and S3). Pseudotime analysis with single-cell tran-
scriptome data inferred developmental trajectories pointing to
ICM and TE (Figure 4D). These results indicate that transcrip-
tomic changes are mainly driven by the natural developmental
program rather than variations in genome constitution, aligning
with previous single-cell transcriptome analyses of uniparental®
and aneuploid'® cells from human preimplantation embryos.

We then explored whether the impaired development of blas-
tomeres exhibiting WG abnormalities was reflected in single-cell
transcriptome profiles. We characterized the physical age of the
cells based on the time of outgrowth collection, whereas their
molecular age was assessed using pseudotime values along
the transcriptional trajectory. Compared to cells from biparental
diploid outgrowths, those from outgrowths displaying WG ab-
normalities exhibited impaired development at T2 and T3, as evi-
denced by their smaller transcriptome-pseudotime ages
(Figures 4E and 4F; p = 8.3 x 107 °for T2and p =3 x 107"
for T3; Student’s t test). This trend persisted when considering
only cells inferred to be euploid (p = 0.023 for T2 and p =
0.00012 for T3; Student’s t test). Our observation indicates
impaired transcriptomic development at the cell level in blasto-
meres with WG abnormalities starting from T2, coinciding with
major EGA.

Some blastomere outgrowths collected at T2 or T3 did not
have the expected number of cells and appeared to be cleaving
more slowly or blocked in their development. Surprisingly, when
mapping the transcriptome profiles onto the developmental tra-
jectories, we observed that some cells from one-cell and two- to
three-cell stage outgrowths at T3 displayed profiles resembling
major EGA, whereas some cells from 4- to 7-cell outgrowths ex-
hibited profiles akin to TE or ICM (Figure S4). These observations
suggest that transcriptomic development can continue in the
absence of cell divisions.

Distinct preimplantation cellular states are governed by
specific key transcription factors

Since cells were clustered according to their molecular develop-
mental stage regardless of genome composition, we next aimed
to uncover the specific gene regulatory networks (GRNSs)
shaping cellular identity at each stage. We used pySCENIC to
infer GRNs from single-cell RNA-seq data, based on co-expres-
sion of TFs and their target genes as well as cis-regulatory
motif analysis. This approach identified 237 regulons, each
comprising a transcription factor (TF) alongside its predicted
target genes. Subsequently, we generated a UMAP visualization
based on regulon activity, partitioning cells into distinct regulato-
ry states (Figure 5A). As anticipated, cells belonging to the same
molecular stage exhibited clustering, indicative of stage-specific
regulatory dynamics. To further investigate the coactivity of TF
combinations within each stage, we ordered cells based on their
molecular stage and pseudotime values on the regulon activity
heatmap. The resulting plot revealed stage-specific regulatory
states characterized by the activation or repression of specific
TFs (Figure 5B). We then selected key regulons with both high
activity and specificity for each stage (Figures 5C and S5;
STAR Methods). Most of the TFs for selected key regulons
have been shown to be crucial for embryonic development
(Table S4). For instance, GATA6 has demonstrated significance
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in the ICM of mouse, bovine, and human embryos.**° Similarly,
CDX2, GATA2, and GATAS3 have been implicated in the TE of
mouse, bovine, and human embryos.'%*>*"C |nterestingly, for
the pre-EGA stage, PRDM5 was identified as a key regulon, re-
flecting the arrested characteristics of these cells, as this TF is
involved in G2/M arrest and apoptosis by suppressing the
expression of several oncogenes and antagonizing WNT/f-cat-
enin signaling.*’** These findings shed light on the combina-
tions of TFs that underlie cell state transitions and cellular identity
during bovine preimplantation embryogenesis.

Whole-genome abnormalities induce stress responses
during embryonic genome activation

Although WG abnormalities did not result in obvious deviations in
the preimplantation developmental program, we hypothesized
that the imbalanced parental genome compositions in cells
with WG abnormalities could lead to parent-specific gene
expression patterns for genes predominantly expressed from
only one parent’s genome. Furthermore, these WG abnormal-
ities may function as stress stimuli, inducing global transcrip-
tomic changes that ultimately impair the overall developmental
potential of cells. To investigate the parental genome-specific ef-
fects on gene expression, we compared the gene expression
profiles of gynogenetic, androgenetic, and polyploid (diandric
triploid and triandric tetraploid) cells to those of biparental diploid
cells within each molecular developmental stage. Additionally, to
capture the overall effects of WG abnormalities on gene expres-
sion, we aggregated all cells with WG abnormalities for com-
bined analyses.

Differentially expressed (DE) genes were identified from the
onset of EGA (Figure 6A), suggesting that WG abnormalities
lead to gene expression changes during EGA. Only one DE
gene was identified at the early blastocyst stage, indicating a
high degree of similarity between normal cells and cells with
WG abnormalities just before the first lineage specification. DE
genes found in the combined analysis partially overlap with those
identified in separate analyses (Figure S6; Table S5). Manual
functional annotation revealed some parental genome specific
effects. We noted the downregulation of the maternally imprinted
gene SNRPN in gynogenetic cells during major EGA, aligning
with its known paternal-specific expression.*® Furthermore, we
identified the upregulation of genes involved in cell adhesion
(e.g., RAPH1, PCDH17) in polyploid cells during major EGA
and at the TE stage (Figure 6B; Table S5). This indicates active
cell adhesion-related processes, such as compaction in these
cells, possibly caused by the additional paternal genome
contribution.

Other DE genes observed in uniparental/polyploid cells, as
well as those identified through combined analysis, were mainly
involved in similar biological processes, indicating general
cellular effects of WG abnormalities (Figure 6C; Table S5). We
observed upregulation of cell-cycle/mitosis-related genes (e.g.,
STIL, CCNYL1), indicating active preparation for cell-cycle pro-
gression in cells with WG abnormalities. Meanwhile, we noted
a downregulation of ribosomal protein genes (e.g., RPL14) and
translation initiation factor genes (e.g., EIF2S3). It is known that
during cellular adaptation to stress stimuli, growth-related
genes, including those involved in ribosomes and translation,
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Figure 5. Distinct preimplantation cellular states are governed by specific key transcription factors

(A) UMAP displaying cell clustering based on regulon activity, with cells colored according to their macular developmental stage as depicted in Figure 4C.

(B) Heatmap of regulon activity. Each row represents one regulon, and each column represents one cell. The plot is generated using rescaled area under the curve
(AUC) values, with cells ordered according to their molecular developmental stage and pseudotime values.

(C) Key regulons selected for each stage. See also Figure S5 and Table S4.

are typically repressed, prioritizing resources toward stress pro-
tection over rapid proliferation.** Our observation indicates
reduced growth in cells with WG abnormalities as a conse-
quence of the stress response triggered by WG abnormalities.
Interestingly, for certain biological processes, DE genes were
identified during EGA, leading to either upregulation or downre-
gulation of these processes. No relevant DE genes were found
for the early blastocyst stage, whereas in the TE, no DE genes
or only DE genes resulting in upregulated activities of these pro-
cesses were observed. The biological processes involved
include apoptosis, cell death, stress response, DNA damage
response, transcription regulation, metabolism, single transduc-
tion, cytoskeleton organization, and transport (Figure 6C;
Table S5). This finding indicates that cells with WG abnormalities
adapt to stimuli caused by genome imbalance through transcrip-
tional responses during EGA, involving transient upregulation or
downregulation of relevant genes.** A quiescent period follows
during the early blastocyst stage, whereas the upregulation of
specific genes in TE reflects the establishment of new steady-
state levels. Additionally, we conducted differential regulon anal-
ysis, and DE regulons were identified for cells with WG abnor-
malities exclusively during EGA (Table S5). Most DE regulons
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are essential for embryonic development, and their bidirectional
changes mirror the bidirectional gene expression alterations
observed in differential gene expression analysis (Table S5), re-
flecting stress responses to WG abnormalities at the transcrip-
tional factor level. For example, SMAD3, which was upregulated
in WG abnormal cells, plays a pivotal role in mediating transform-
ing growth factor p (TGF-B) signaling, a key pathway that regu-
lates early developmental processes.*® Similarly, MYB, also up-
regulated, influences over 80 cellular targets involved in
development, cell survival, proliferation, and homeostasis.*®
Interestingly, two TFs among the DE regulons are associated
with imprinting. One is the maternally imprinted PLAG1,*” which,
as expected, was upregulated in androgenetic cells. The other is
ZFP42, which was downregulated in all WG abnormal cells.
Since ZFP42 plays a critical role in shielding imprinted domains
from DNA methylation,’® its downregulation suggests a potential
impairment in the maintenance of imprinting induced by WG
abnormalities.

In summary, we observed parental genome-specific effects
induced by WG abnormalities, suggesting distinct roles of the
maternal and paternal genomes. Moreover, we identified univer-
sal cellular responses to WG abnormalities, marked by active
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Figure 6. Whole-genome abnormalities induce stress responses during embryonic genome activation
(A) Numbers of DE genes identified in gynogenetic (GG), androgenetic (AG), polyploid (PL), and combined WG-aberrant cells compared to biparental diploid cells
for each stage. The "/" symbol denotes comparisons not conducted due to insufficient cells.

(B) Gene expression dot plot for DE genes during major EGA.

(C) Overall alterations in biological processes reflected by deviations in gene expression. "/" if no DE genes observed. See also Figures S3 and S6 and Table S5.

preparation for cell-cycle progression alongside reduced cell
growth. Bidirectional alterations in specific biological processes
and regulons during EGA, and their eventual balance, may
dictate whether cells arrest or advance toward the blastocyst
stage. Overall, these observed stress responses provide insights
into the impaired development caused by WG abnormalities.

DISCUSSION

WG abnormalities are a type of chromosomal error frequently
observed in spontaneous abortions® and on very rare occasions
in a chimeric state in live-born individuals.® Contrary to its impli-
cations in abnormal pregnancy and congenital abnormalities, the
proposed origins of such anomalies are deductions from surviv-
ing cells at later stages or remain speculative, and their effect on
early development remains largely unknown. Here, we provide
fundamental insights into the emergence and early develop-
mental biology of gynogenetic, androgenetic, and polyploid
blastomeres using haplotyping and single-cell transcriptome
analysis. We demonstrated the occurrence of uniparental and
polyploid blastomeres through a non-canonical division during
the first zygotic cleavage, which segregates parental genomes
into distinct blastomeres. We not only confirmed our previous
observation'® that heterogoneic division mostly coincides with
multipolar first cleavage in polyspermic embryos but also identi-
fied, for the first time, heterogoneic division occurring with bipo-

lar first cleavage in normally fertilized embryos. The reduced
developmental potential of uniparental and polyploid blasto-
meres derived from heterogoneic division was evidenced by a
lower blastocyst rate and a delay in pseudotime values begin-
ning from T2, coinciding with major EGA. Stress responses
observed during EGA suggest the cells’ efforts to combat fitness
challenges induced by aberrant genome composition, with the
outcome determining whether they arrest or progress further to
the blastocyst stage.

For the embryo undergoing bipolar first cleavage but exhibiting
heterogoneic division, one of the two daughter blastomeres was
identified as androgenetic, whereas the other was gynogenetic
based on the haplotyping results. The presence of the same
paternal haplotype across the genome indicates monospermic
fertilization. Consequently, itis reasonable to infer that the paternal
and maternal genomes segregated into distinct blastomeres due
to the failure of separate parental zygotic spindles to align, a hy-
pothesis supported by previous studies. First, Schneider et al.
observed the assembly of dual spindles in bovine zygotes.*® In
cases where the alignment of the two spindles was perturbed,
the parental genomes could segregate in different directions, lead-
ing to gross mitotic aberrations. Second, we previously identified
heterogoneic division in a monospermic bovine zygote with a
tripolar first cleavage. Live-imaging experiments with bovine
zygotes expressing transient microtubule and chromatin markers
revealed that the parental genomes failed to congress and instead
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formed two separate parental spindles perpendicular to each
other. After cleavage, this resulted in a mononucleated mono-
parental blastomere, a multinucleated biparental blastomere con-
taining an additional copy of chromosomes from one parent, and
an anuclear blastomere, illustrating how failed congression of
parental genomes can lead to heterogoneic division.' Taken
together, these previous findings suggest that the failure of the
two parental zygotic spindles to align, followed by their segrega-
tion into distinct blastomeres, can result in heterogoneic division.
This mechanism could explain how a monospermic embryo with a
bipolar first cleavage gave rise to an androgenetic and a gynoge-
netic blastomere in the present study.

Stress responses observed during EGA reflect the general
cellular effects induced by WG abnormalities, which inhibit pro-
tein synthesis, as evidenced by the reduced expression of trans-
lation initiation factors and ribosomal proteins in WG abnormal
cells. Genomic-instability-induced downregulation of translation
initiation factors has been reported.®® Additionally, imbalanced
expression of ribosomal proteins in stressed cells has been
observed, acting as a stress sensor that triggers p53 activation
by suppressing the activity of the MDM2 E3 ubiquitin ligase,®"
indicating that p53-centered stress responses are likely at play
in WG abnormal cells. Ploidy errors themselves have also been
linked to the activation of the p53 response.®” As a transcription
factor, p53 regulates target genes involved in various processes,
including apoptosis, cell-cycle arrest, cellular senescence, DNA
repair, and metabolic adaptation.”® These diverse responses
align well with the bidirectional gene expression changes
involving various biological processes observed in this study,
suggesting that different levels of genome abnormalities lead to
distinct outcomes depending on the cellular response. Severely
affected cells are likely to undergo p53-dependent cellular senes-
cence or apoptosis, whereas mildly affected ones may experi-
ence p53-dependent growth arrest and DNA repair. Interestingly,
in cells with WG abnormalities, we observed upregulation of cell-
cycle/mitosis-related genes involved in centriole duplication,
kinetochore protein assembly, chromosome alignment and
segregation, and cytokinesis. This indicates active preparation
for cell-cycle progression, which seems counterintuitive in light
of the abnormal karyotype and the cell-cycle arrest typically
induced by p53 target genes. A plausible explanation is that
most WG abnormal cells actively prepare for cell-cycle progres-
sion in order to survive despite the genomic errors. This is similar
to the overexpression of cell-cycle drivers observed in cleavage-
stage human embryos, which are known to exhibit high chromo-
somal instability.®* Although a fraction of cells with severely
affected genomes undergo mitotic arrest, the overall effect is
compensated for by the abundant expression of cell-cycle
drivers in other cells. Interestingly, a previous analysis by Santa-
guida et al. supports this idea, showing that the majority of cells
with mis-segregated chromosomes continued to proliferate,
whereas a small proportion of cells with highly complex karyo-
types and signs of DNA damage are arrested in G1 following
p53 activation.®®

Other studies have examined the preimplantation develop-
ment of mammalian uniparental embryos. These embryos were
generated through various methods, including nuclear manipu-
lation,**°®° in vitro induction®*°*°" or natural occurrence® of

10 iScience 28, 112337, May 16, 2025

iScience

parthenogenetic development in unfertilized oocytes, as well
as bisection of one-cell fertilized eggs.®® Similar to this study,
they have shown a decrease in the morula/blastocyst rate
compared to biparental diploid embryos, alongside poorer
morphology and reduced cell count in resulting blastocysts.>*2
Several studies have also affirmed the compatibility of diploid
uniparental genome constitution with later development.®®*°
Moreover, diploid gynogenetic cells have been identified in
various organs of live-born chimeric mice developed from aggre-
gated chimeric embryos.?® These findings are consistent with
observations in humans, suggesting that uniparental cell lines
are typically selected against during development but can
persist until late pregnancy and even be compatible with live
birth. This study demonstrates that heterogoneic division could
serve as an origin of uniparental and polyploid cell lines observed
during late development.

We identified anuclear cells at different stages, which is in
agreement with previous observations in bovine,'>** rhesus, '®
and human®® embryos. Most anuclear blastomeres were identi-
fied following multipolar first cleavage, suggesting a link between
this cleavage pattern and the origin of anuclear cells. Additionally,
we observed that some anuclear cells can undergo cleavage
without nuclei. However, the molecular mechanisms driving anu-
clear blastomere formation and spontaneous cleavage remain
poorly understood. For instance, Hardy et al. suggested that nu-
clear fragmentation could lead to anucleate cells through degra-
dation and that asymmetric cytokinesis might result in anucleate
blastomeres.®® Additionally, Baruni et al. observed in Caenorhab-
ditis elegans embryos that anucleate, centrosome-containing
cells can proceed with cytokinetic furrowing,®® pointing to a po-
tential role for the centrosome in anuclear cell cleavage. Further-
more, while cytoplasmic division typically relies on nuclear divi-
sion and mitotic signals, Bakshi et al. recently demonstrated in
Drosophila embryos that cytoplasm can compartmentalize and,
in rare cases, divide repeatedly without nuclei or mitotic CDK/cy-
clin complexes, a phenomenon relevant to mitotically delayed
nuclei.®” We hypothesize that a similar mechanism may operate
in mammalian embryos, explaining both the formation and cleav-
age of anuclear blastomeres observed here, with anuclear cells
arising from mother cells containing nuclei with delayed mitosis.
These findings collectively underscore the need for further inves-
tigation into the detailed mechanisms underlying the presence of
anuclear cells in mammalian embryos and their potential roles in
embryo development.

Insights from this study raise clinical concerns. First, in IVF lab-
oratories, human embryos with two pronuclei (PN) are preferen-
tially selected for transfer.®® We demonstrate here that zygotes
with three PN may result in a mixture of biparental diploid and
uniparental/polyploid blastomeres. Since the latter are develop-
mentally compromised, the resulting embryo may still develop
normally. Second, there is a growing trend in many laboratories
to monitor embryonic development using time-lapse micro-
scopy and rank embryos based on cleavage kinetics.®"" Em-
bryos with multipolar first cleavage are typically given a low
rank. We showed here that 22% of embryos with a multipolar first
cleavage exhibited normal, equal division of the genome with
additional anuclear cells. It would be unjust to lower rank these
embryos since they have the potential to lead to healthy babies.
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Additionally, even though uniparental/polyploid cells are nor-
mally generated with multipolar first cleavage, it is not uncom-
mon that biparental diploid blastomeres are generated together,
which may gain developmental advantage and lead to normal
development. Third, embryos typically ranked high, character-
ized by a normal pronuclei count and bipolar first cleavage,
may still experience WG segregation errors, leading to the gen-
eration of solely uniparental cells, posing a potential risk of
abnormal pregnancy. Rather than removing or keeping embryos
based on apparent abnormalities, it might be better to evaluate
the genome constitution of preimplantation embryos and dese-
lect those with WG abnormalities, while retaining those with a
normal chromosome count and parental haplotype constitution.
Preimplantation genetic testing for aneuploidy (PGT-A) has
become a common practice to select embryos with a normal
number of chromosomes for transfer. However, the majority of
PGT-A tests only measure aneuploidies, with only some
measuring the parental haplotype constitution.”> We suggest
the use of genotyping/haplotyping together with PGT-A%*** to
check both chromosome count and parental haplotype constitu-
tion and select against WG abnormalities. This approach is likely
to further improve the overall IVF success rate.”®

In conclusion, this study provides insights into the origin and
early development of uniparental/polyploid blastomeres. We
demonstrated their overallimpaired developmental potential, pri-
marily due to stress responses triggered by WG abnormalities
during EGA. Blastomeres that successfully navigate through
this phase and progress to the blastocyst stage may constitute
a significant fraction of embryos and contribute to abnormal
development. Our findings underscore the importance of routine
screening against embryos bearing WG abnormalities in IVF labs.

Limitations of the study

There are several limitations to our study. First, the classification
of the first cleavage as bipolar or multipolar was based on cell
numbers observed at predefined timing post-fertilization (optimal
timing derived from a pilot study) rather than direct observation of
the division process. It is known that a daughter cell in a two-cell
stage embryo canrapidly undergo a second division, producing a
three-cell embryo.”* Our embryo classification method, there-
fore, risks misclassifying bipolar-cleaved embryos with rapid
second cleavage as multipolar. This limitation could be overcome
by incorporating time-lapse monitoring in future studies. Second,
although previous studies have shown that the first cleavage is
especially error prone,”® with dual spindle assembly increasing
the likelihood of WG segregation errors,’® and that WG segrega-
tion errors are primarily observed during this stage, '° culturing in-
dividual blastomeres may still introduce WG abnormalities. Third,
the in vitro procedures applied in our study, including oocyte
maturation, fertilization, and blastomere culture, have been
shown to increase genomic instability in embryos.® ">
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ovaries were obtained post-mortem from 4- to 5-year-old cows at a commercial slaughterhouse. IVF was performed using commer-
cial semen straws from a 5-year-old bull (CRV, Netherlands).

METHOD DETAILS

Single-cell collection from bovine blastomere outgrowths

In vitro embryo production

Standard in vitro procedures were followed to produce bovine embryos.®? Briefly, bovine (Bos taurus) ovaries were collected and
processed within 2 h. The ovaries were rinsed three times in warm physiological saline supplemented with 0.25ug/mL kanamycin.
Using an 18-G needle and a 10-mL syringe, antral follicles (2 — 8 mm diameter) were punctured and kept separately per ovary in
2.5 mL Hepes-Tyrode’s albumin-pyruvate-lactate (Hepes-TALP). Using a stereomicroscope, cumulus-oocyte complexes were
collected and washed in Hepes-TALP and then in maturation medium (modified bicarbonate-buffered TCM-199 supplemented
with 50 ppm gentamicin and 20 ng/mL epidermal growth factor). Cumulus-oocyte complexes were in vitro matured per donor in
four-well dishes (NuncTM) in 500 pL maturation medium for 22 h at 38.5°C in 5% CO, in humidified air. In vitro fertilization was per-
formed with frozen-thawed semen from a Holstein-Friesian bull (Bos taurus) after selection over a discontinuous 45/90% Percoll®
gradient (GE Healthcare Biosciences, Uppsala, Sweden). The mature oocytes were fertilized by incubating them with spermatozoa
at a concentration of 1 x 10° spermatozoa/mL in IVF-TALP medium enriched with BSA (Sigma A8806; 6 mg/mL) and heparin
(20 pg/mL) for 21 hours at 38.5°C, 5% CO, in humidified air. After fertilization, the presumed zygotes were vortexed in 2.5 mL
HEPES-TALP for 3 minutes to remove the cumulus and sperm cells adhered to the zona pellucida and subsequently transferred
to 50 uL droplets of synthetic oviductal fluid (SOF), enriched with 4 mg/mL BSA (Sigma A9647), non-essential and essential amino
acids (SOFaa), 5 pg/mL insulin, 5 pg/mL transferrin, and 5 ng/mL selenium. The droplets were covered with 900 pL paraffin oil (SAGE
oil for tissue culture, ART-4008-5P, Cooper Surgical Company). In vitro culture was performed at 38.5°C in 5% CO,, 5% O,, and
90% No,.

Blastomere dissociation and culture

The presumptive zygotes were monitored from 26 to 36 hours post-fertilization (hpf) every 30 minutes to identify a direct cleavage of
the zygote into three or four blastomeres (multipolar division) or into two blastomeres (bipolar division). This time window was chosen
based on our pilot study using time-lapse microscopy, which showed that most zygotes had cleaved within this period without pro-
gressing to a second cleavage. Blastomeres from embryos that cleaved into more than four cells or presented multiple fragments
were not processed further. Immediately upon the first division, embryos were washed in Hepes-TALP and treated with 0.1%
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pronase (protease from S. griseus) in TCM-199 to dissolve the zona pellucida. Next, the embryos were washed in TCM-199 with 10%
FBS and then transferred to Ca™®/Mg*?-free PBS with 0.05% BSA to enhance blastomere dissociation, which was performed using a
STRIPPER pipet holder and 170 um and 135 pm capillaries (Origio, Cooper Surgical, CT, US) in Ca*?/Mg*?-free PBS supplemented
with 0.1% polyvinylpyrrolidone (PVP). Subsequently, single blastomeres were washed in culture medium and transferred individually
to one well of a Primo VisionTM micro well group culture dish (Vitrolife, Goteborg, Sweden), which contained a total of 16 small wells
covered by a 40 uL droplet of culture medium and 3.5 mL paraffin oil. Single blastomeres were cultured at 38.5°C in 5% CO,, 5% O,
and 90% N, until 72, 121 or 170 hpf according to the experimental design.

Single-cell isolation

For isolation of single cells at 72 hpf, 121 hpf or from blastomeres that did not reach the blastocyst stage at 170 hpf, the outgrowths
were transferred to Ca*?/Mg*2-free PBS with 0.1% PVP, and the cells were dissociated mechanically with a STRIPPER pipet holder
and 170 um and 135 um capillaries (Origio, Cooper Surgical, CT, US). For blastomeres that reached the blastocyst stage at 170 hpf,
single-cell isolation was done by incubating the embryos in trypsine-EDTA at 38.5°C, followed by washing in Ca*?/Mg*?-free PBS
with 0.1% PVP, pipetting with a STRIPPER pipet holder, and 135 um and 70 um capillaries (Origio, Cooper Surgical, CT, US) and
micromanipulation with holding (MPH-MED-35, Origio, Cooper Surgical, CT, US) and biopsy (MBB-BP-M-30, Origio, Cooper Surgi-
cal, CT, US) pipettes. When single-cell dissociation was not possible, clusters of cells were collected. Single cells from all time points
were washed in Ca*?/Mg*2-free PBS with 0.1% PVP before transferring them into a well of a skirted 96-well plate (4ti-0960/C,
AZENTA Life Sciences, Bioké, Leiden, The Netherlands) containing 2.5 uL of RLT lysis buffer with a 70 um capillary (Origio, Cooper
Surgical, CT, US) and a STRIPPER pipet holder screwed on 0.5 pL. The collected samples were kept on ice during the whole pro-
cedure and then stored at —80°C.

DNA and RNA separation, library preparation and sequencing

Separation of DNA and RNA from single cells

The DNA and mRNA from single cells were separated following the genome and transcriptome sequencing (G&T-seq) protocol” on a
robotic liquid-handling platform (Microlab STAR Plus, Hamilton). Specifically, the 96-well sample plate was positioned on the robot
deck alongside (a) a plate for capturing poly-A mRNAs, containing 10ul per well of Dynabeads® MyOneTM Streptavidin C1 (Thermo
Fisher Scientific) bound to biotinylated poly-dT oligos containing the SmartSeq2 primer sequence ‘5BioTinTEG/ -AAGCAGTGGTAT
CAACGCAGAGTACTTTTTITITITITITITITITITITTTTITTTVN (IDT), (b) a plate for washing away DNA from the cell lysate superna-
tant, containing 25ul per well of G&T-wash buffer, and (c) an empty DNA destination plate. First, the cell lysate was mixed with bio-
tinylated poly-dT beads and incubated for 20 min. Subsequently, beads bound to mRNA were pulled down using a low elution mag-
net (Alpaqua) for 2 min, and the supernatant was transferred to the DNA destination plate. Following this, the beads were subjected to
two washes, each with 10ul of G&T wash buffer, and the supernatant was transferred to the DNA destination plate. The DNA desti-
nation plate, containing 37.5ul of G&T wash buffer, was then centrifuged for 1 min at 1000g and stored at -80°C.

RNA amplification, library preparation and sequencing

The plate containing poly-A mRNA-bound beads was processed using an adapted SmartSeq2 protocol with 20 PCR cycles. Sub-
sequently, the amplified single-cell cDNA was purified using a 0.8:1 ratio of Agencourt AMPure XP beads (Analis), followed by
washing with 80% ethanol and elution in water. Libraries were generated from the amplified cDNA according to the Nextera XT (lllu-
mina) protocol with quarter volumes. These libraries were pooled and sequenced using single-end 50 sequencing on a HiSeq4000
lllumina sequencer, aiming at 1 million reads per sample. For a subset of blastocyst stage single cells, the libraries were resequenced
paired-end 150 on a NovaSeq 6000 lllumina sequencer for more reads.

DNA amplification, GBS library preparation and sequencing

For each blastomere outgrowth, DNA from either individual single cell or several cells was used for GBS (with double enzyme restric-
tion) processing. A sibling blastocyst was collected and processed together when available. Whole-genome amplification (WGA) was
carried out using the REPLI-g SC kit (Qiagen, Germany) following the manufacturer’s guidelines, with variations in reaction volumes
(full or half) and an incubation period of 2-3 hours. The DNA separated from the single cells stored in G&T wash buffer (see before),
was thawed on ice, centrifuged for 1 min at 1000g, purified with Agencourt AMPure XP beads (Beckman Coulter, USA), eluted in 4 ul
of scPBS and processed following the REPLI-g SC kit (Qiagen, Germany) manufacturer’s guidelines with an incubation time of 2h.
Additionally, bulk DNA was extracted from ovarian tissue of the donor cows (mothers of the respective embryos), semen from the bull
(father of the embryos), and blood from the parents of the bull (paternal grandparents of the embryos) using the DNeasy Blood and
Tissue kit (Qiagen, Germany).

The whole-genome amplified DNA and bulk DNA were subjected to double restriction digestion with 8 units (U) of Pstl-HF (R3140S,
NEB) and 4U of CviAll (R0640L, NEB) enzymes (New England Biolabs, NEB, USA) combined with adapter ligation using 200-300 ng
as an input DNA for each sample. The restriction-ligation reaction was performed in a total reaction volume of 15 pl, with a final con-
centration of 1X rCutSmart buffer (B6004S, NEB), 1mM ATP (P0756S, NEB) and 160U of T4 DNA Ligase (M0202L, NEB). Next, the
double-sided size-selection was performed with Agencourt AMPure XP beads (Beckman Coulter, USA) and 7 cycles of PCR to
amplify and barcode size-selected adapter-ligated fragments using Q5 High-Fidelity 2X Master Mix (NEB) and 0.5 uM primer mix
with the following program. Subsequently, the libraries were purified with Agencourt AMPure XP beads (Beckman Coulter, CA,
USA), equimolarly pooled and sequenced paired-end 150 on NovaSeq 6000 lllumina sequencer, with a target of 20-30 million reads
per sample.
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Data analysis

GBS data processing, haplotyping and aneuploidy profiling

The raw reads were processed using fastp (v0.23.2)"° to trim adaptor sequences, filter out low-quality reads, remove UMI sequences
and append them to read names. Next, cutadapt (v 1.18)"” was applied to select reads that start with the internal barcode and trim off
the barcode. Reads were then mapped to bovine reference genome bosTau9 (ARS-UCD1.2) using BWA-MEM (v0.7.17).5* Next,
UMICollapse® was used for collapsing duplicated reads with the same UMI, while accounting for sequencing/PCR errors. Across
all samples, we obtained a median of 64 million mapped reads. After UMI deduplication, a median of 35 million mapped reads
were retained (Table S2). Variant calling was performed with freebayes (v 1.3.2).”% Initially, variants were called for the parents
and phasing reference(s) (parental grandparents or a sibling blastocyst). Subsequently, the identified variants were utilized as input
to call variants for each single/multi-cell sample. The called SNVs were converted into bi-allelic calls (e.g., AA, AB, and BB) with
B-allele frequency (BAF) values calculated based on allele-specific depth of coverage using a custom R script. The genotype calls
and BAFs were then used as input for the siCHILD pipeline (details in the method paper®?). In brief, siCHILD performs pedigree-based
haplotyping analysis. The parents were first phased using phasing reference(s). Subsequently, for specific combinations of phased
parental genotypes, corresponding SNP BAF values of the sample of interest were retrieved and plotted on paternal and maternal
haplarithms. Genome-wide parental haplotype inheritance can then be inferred through visual inspection of the genome-wide haplar-
ithm plots.

In addition to haplotype information, the R package QDNAseq and custom scripts were applied to BAM files post-deduplication for
aneuploidy profiling with a fixed bin size of 100kb. To quantify the extent of aneuploidy, the percentage of aneuploid autosomal re-
gions was calculated for each sample. Specifically, bins with a segmentation logR value within log 2(1 /2)) and log 2(3 /2) were clas-
sified as normal, while all other bins were classified as abnormal. This normal range represents the expected range for diploid cells.
Since detailed ploidy information is unavailable, the results should be interpreted with this limitation in mind. The percentage of aneu-
ploid autosomal regions was calculated by summing up the length of all abnormal bins and dividing it by the size of all autosomes.
Samples were categorized based on the percentage of aneuploid autosomal regions: <%1 as euploid, 1-5% as low-level aneu-
ploidy, 5-10% as medium-level aneuploidy, and >10% as high-level aneuploidy. To determine chromosome X nullisomy status,
the lengths of all bins on chromosome X with a segmentation logR value were aggregated. The fraction of the chromosome X region
exhibiting nullisomy was determined by dividing this sum by the size of chromosome X. Samples with >95% nullisomy in the chro-
mosome X region were classified as chromosome X nullisomy.

The haplotype composition and aneuploidy status of each blastomere outgrowth were determined using GBS results from a single-
cell/multi-cell sample. A sample was considered anuclear if >60% and >10% of the reads mapped to the mitochondrial genome
before and after UMI deduplication, respectively, with empty haplarithm and copy number plots. To infer an outgrowth to be anuclear,
each cell in the outgrowth was individually checked and confirmed to be anuclear. To verify the presence of mitochondrial genomes in
inferred anuclear biopsies and ascertain their maternal inheritance, we exclusively called variants on the mitochondrial genome
across all inferred anuclear biopsies using Freebayes (v1.3.2)"® and compared the called genotypes (Table S3).

Single-cell RNA sequencing data preprocessing

The raw reads were processed with fastp (v0.23.2)"° to trim adaptor sequences and filter out low-quality reads. Subsequently, the
reads were mapped to the bovine reference genome bosTau9 (ARS-UCD1.2) using STAR aligner (v 2.7.3)%® with Ensembl annotations
ARS-UCD1.2.105. Next, raw counts per cell were obtained using HTSeq (v 0.9.1).”° Cells with fewer than 200,000 detected mole-
cules or fewer than 2,000 expressed genes were excluded from further analysis, resulting in 446 cells out of 677 passing these quality
control thresholds. The retained cells exhibited a median of 862,384 molecules and 7,272 genes detected per cell (Table S2). Counts
were then normalized and scaled using R package Seurat (v5.0.1),%° with mitochondrial transcripts excluded from the analysis.
Cell clustering, cell type identification and trajectory analysis

Cell clustering was performed based on the normalized and scaled transcriptome profiles using UMAP implemented in Seurat
(v5.0.1). Subsequently, we assigned molecular cell stage labels to each cluster based on the expression of (a) known marker genes
for ICM and TF (e.g. FN1, KDM2B for ICM, GATAS for trophectoderm, etc.®%*%); (b) genes first expressed at 4-cell stage (minor EGA)
or 8-16 cell stage (major EGA) in bovine embryos.®” For trajectory analysis, we employed the R package Slingshot (v2.10.0) to infer
developmental trajectories based on transcriptome profiles.

Regulon analysis

Regulon analysis was performed on the transcriptome data using pySCENIC (v0.12.1).8" First, for each motif in the public collection
(https://resources.aertslab.org/cistarget/motif_collections/), genes in the bovine reference genome bosTau9 (ARS-UCD1.2) with or-
thologs in humans were prioritized. This prioritization was determined by a scoring system that assessed the presence of the motif
within a 10kb window upstream and downstream of the transcription start site. Consequently, a motif x gene matrix was generated.
Next, this matrix served as input alongside the raw count matrix to pySCENIC (v0.12.1) to detect active regulons. pySCENIC was run
ten separate times, and only regulons appearing two or more times were retained. The final AUC matrix was constructed using the
maximum AUC values for each regulon among all runs in which they were present. The AUC heatmap was created with AUC values
scaled for each regulon. To rank the identified regulons according to their specificity in each cell lineage, a regulon specificity score
was calculated using “calcRSS” function within R package SCENIC (v 1.3.1). To identify the key regulons for each molecular stage,
we considered only regulons where corresponding TFs were expressed in more than 50% of the cells. From these, for each stage, we
selected the top 6 regulons with the most frequent TF expression among those ranked in the top 20 for both activity and specificity.
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Differential expression and regulon analysis

Differential expression analysis was performed by comparing androgenetic/gynogenetic/polyploid cells to biparental diploid cells
within each molecular cell stage using the FindMarkers function in Seurat (v5.0.1), employing the “MAST” method with a minimum
percentage threshold of 0.5. Pseudotime values and aneuploid status were incorporated as latent variables in the model. Genes were
considered differentially expressed if they met the criteria of an adjusted p-value < 0.05 and an absolute log2 fold change greater than
1. Differential regulon analysis was performed between cells exhibiting WG abnormalities and biparental diploid cells within each mo-
lecular cell stage by Wilcoxon ranked-sum test on the AUC values. Regulons were considered to have significantly different activity if
they demonstrated an adjusted p-value < 0.05 and an absolute log2 fold change greater than 1. The functions of the differentially
expressed genes and regulons were curated through manual online searches and literature reviews.

QUANTIFICATION AND STATISTICAL ANALYSIS
Categorical data were compared using the chi-squared test, with Fisher’s exact test applied when cell counts were too small. Pseu-
dotime values and percentages of mitochondrial transcripts were compared using Student’s t-test. Statistical significance was deter-

mined using a two-tailed approach with a significance threshold of p < 0.05. All tests were conducted in R (v4.3.2). The numbers of
cells/outgrowths/embryos are provided in the corresponding results description, figures and figure legends.
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