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SUMMARY OF WORK

Chromosomal instability (CIN) is a hallmark of preimplantation embryos for mammals such as
human and bovine. These chromosomal abnormalities are known to be selected against during
development and cause embryo loss, spontaneous abortion, or lead to congenital
abnormalities if compatible with live birth. In the first project, we explored whether CIN
observed in human preimplantation embryos also occurs in equine preimplantation embryos.
We adapted the haplarithmisis algorithm to be compatible for equine analysis and uncovered
frequent chromosomal abnormalities in equine preimplantation embryos, with higher
chromosomal errors in arrested cleavage stage embryos compared to blastocysts, similar to
findings in human and bovine. The method can be used to select equine embryos devoid of
genetic errors and pathogenic variants, while carrying variants of interest. In addition to
aneuploidies, whole-genome (WG) aberrations are also detected in preimplantation embryos.
For example, triploidy involves the presence of an additional haploid set of chromosomes from
one parent. Notably, we recently observed androgenetic, gynogenetic, and polyploid
blastomeres coexisting within the same embryo. In the second project, we explored the origin
and developmental potential of these chimeric and mixoploid embryos. We confirmed that
parental genomes segregate into distinct blastomeres during the first zygotic division, resulting
in the co-occurrence of WG abnormal cells with normal diploid cells or other WG abnormal
cells, a process we previously discovered and coined “heterogoneic division”. Stress
responses in gene expression contribute to developmental impairment in WG abnormal cells,
and their differing developmental fates can explain the formation of androgenotes,
gynogenotes, triploidy, chimerism and mixoploidy observed later during development. We
therefore recommend haplotype-based preimplantation genetic testing (PGT) for WG
abnormalities to enhance baby-take home rates during IVF programs. With the rapid
development of long-read sequencing technology, we explored the performance of long-read
whole-genome sequencing (Ir'WGS)-based comprehensive PGT in the third project. A
benchmark study using the Genome in a Bottle (GIAB) Ashkenazi trio demonstrated the high
performance of I'WGS data from single cells for variant calling and phasing. Testing I'WGS-
based PGT on human embryos showed 100% consistency with array-based comprehensive
PGT for single nucleotide variations (SNVs), indels, and aneuploidies, highlighting I'WGS-
based PGT as a promising alternative to current methods. The three projects within this PhD
program introduced innovative approaches for embryo study and selection, significantly
advancing our understanding of the origins and developmental impacts of chromosomal

abnormalities in preimplantation mammalian embryos.
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KOKKUVOTE

KROMOSOMAALSE EBASTABIILSUSE TEKKEMEHHANISMID VARASES
EMBRUOGENEESIS

Kromosomaalne ebastabiilsus (ingl. Chromosomal INstability, CIN) on imetajate, néaiteks
inimeste ja veiste implantatsioonieelsete embriote Kkuillaltki sage tunnus. Enamasti
eemaldatakse kromosoomianomaaliatega embriod juba varase arengu kaigus iseeneslike
abortide kaudu, kuid elusstinnini jbudmise korral vB8ib kromosomaalne ebastabiilsus viia ka
kaasasindinud vaararendite tekkele. Esimeses projektis uurisime, kas inimese
implantatsioonieelsetes embriodes tdheldatud CIN esineb ka hobuste implantatsioonieelsetes
embriiodes. Selleks kohandasime haplaritmisis (ingl. haplarithmisis) algoritmi nii, et see
dhilduks hobuste anallilisiga ja avastasime, et sagedased kromosomaalsed ko&rvalekalded
esinevad ka hobuste implantatsioonieelsetes embriiodes. Hobuste |8igustuvates embriiodes
avastatud kromosomaalsed vead olid sarnased nii inimeste kui veiste leidudele vorrelduna
kromosomaalselt normaalsete blastotsiistidega ehk lootepdiekestega. Antud meetodit saaks
edukalt kasutada tBuaretuses - huvipakkuvate geneetiliste variantidega kuid ilma geneetiliste
vigade ja patogeensete variantideta hobuste embriote valimiseks. Lisaks aneuploidiatele
tuvastati implantatsioonieelsetes embriiodes ka kogu genoomi aberratsioone. Naiteks
triploidiaid (kolmekordne kromosoomide arv), ihe vanema taiendava haploidse kromosoomi-
komplekti olemasolul. Samuti avastasime samas embriios koos eksisteerivaid androgeneetilisi,
glnogeneetilisi ja pollUploidseid blastomeere ehk Idigustusrakke. Teises projektis uurisime
kimaarsete ja miksoploidsete embriiote péritolu ja arengupotentsiaali. Avastasime, et
vanemate genoomid eralduvad viljastatud munaraku ehk siigoodi esimese jagunemise ajal
eraldiseisvateks blastomeerideks, mille tulemuseks on ebanormaalse genoomiga rakkude
samaaegne esinemine koos normaalsete diploidsete (kahekordne kromosoomide arv)
rakkude vdi muude ebanormaalsete rakkudega. Selle protsessi kirjeldamiseks 16ime termini
"heterogoonne jagunemine”. Geeniekspressiooni muutvad stressireaktsioonid soodustavad
Ulegenoomsete muutuste tagajarjel tekkinud arenguhdaireid ebanormaalsetes rakkudes ja
nende erinev arengusaatus vOib seletada androgenootide, ginogenootide, triploidsuse,
kim&arsuse ja miksoploidsuse teket, mida taheldati hilisema arengu kaigus. Seet6ttu
soovitame haplotilpidel pd6hinevat preimplantatsioonilist geneetilist testimist (ingl.
Preimplantation Genetic Testing, PGT) ullegenoomsete kdrvalekallete tuvastamiseks, et
suurendada munaraku kehavalise viljastamise (IVF) programmide edu. Kolmandas projektis
uurisime kolmanda pdlvkonna sekveneerimistehnoloogiate kiire arenguga seotud pikkadel
lugemitel pdhineva kogu genoomi jarjestamise (I'WGS) PGT tehnoloogiat. V&rdlusuuring,

milles kasutati nn. Genome in a Bottle (GIAB) ASkenazi triot, naitas Uksikute rakkude Ir'WGS-i
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andmete sobivust geenivariantide eristamiseks ja faasimiseks. Ir'WGS-pdhise PGT meetodi
kasutamine inimese embriotel naitas 100% vastavust DNA mikrokiibi p6hise PGT-ga uhe
nukleotiidi variatsioonide (SNV), indelite ja aneuploidiate tuvastamiseks, tdestades et Ir'WGS-

pbhine PGT on sobiv alternatiiv praegustele meetoditele.

Antud doktoritoos kasitletud neli projekti tutvustasid uuenduslikke lahenemisviise embriote
uurimiseks ja valikuks, aidates oluliselt kaasa meie arusaamisele kromosomaalsete

korvalekallete péaritolu ja mdjude kohta imetajate implantatsioonieelsete embruote arengus.
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CHAPTER 1 — INTRODUCTION

Mammalian embryo development

Mammalian embryo development begins with fertilization, a critical process for sexual
reproduction and the continuation of life. During fertilization, a sperm cell fuses with a
metaphase |l oocyte, triggering the completion of maternal meiosis Il. The haploid maternal
and paternal chromosomes in the zygote then replicate, followed by a series of cleavage
divisions. In humans, by the fourth day of development, the embryo compacts into a morula
and then begins its first distinct cellular differentiations. Within the first 5 to 6 days post
fertilization (dpf), the zygote develops into a blastocyst, consisting of an outer layer of
trophectoderm (TE) surrounding the blastocyst cavity, where the inner cell mass (ICM) is
asymmetrically positioned on one side. This blastocyst then implants into the uterine
endometrium and gradually develops into a full-term baby. Early embryo development involves
substantial transcriptomic changes as control shifts from the maternal to the zygotic genome.

Furthermore, both parental genomes are essential for successful embryogenesis.

Maternal to zygotic genome transition

Mammalian preimplantation development is a complex process involving significant changes
in transcriptional architecture. Early embryonic development is controlled by the maternal
genome, with maternal mRNAs and proteins driving essential functions. As development
progresses, control shifts from maternal gene products to those produced by the zygotic
genome. During this process, maternal transcripts are degraded, and the transcription of the
embryonic genome, known as embryonic genome activation (EGA), begins (Tadros and
Lipshitz, 2009). Both EGA-dependent and -independent processes are involved in maternal
mRNA clearance. Defects in this mMRNA decay process have been associated with early
developmental arrest in in vitro fertilized human embryos (Sha et al., 2020). EGA occurs in
multiple waves, with the timing of major EGA varying by species: in mouse embryos, major
EGA occurs at the two-cell stage (Sirard, 2012); in human embryos, it occurs between the four-
to eight-cell stages (Braude, Bolton and Moore, 1988; Leng et al., 2019); and in bovine
embryos, it happens between the eight- to 16-cell stages (Sirard, 2012). EGA is also
coordinated with other embryonic events such as changes in the cell cycle, chromatin state,
and nuclear-to-cytoplasmic ratios (Tadros and Lipshitz, 2009). Furthermore, technological
advancements have significantly deepened our understanding of EGA. Recently, Asami et al.
revealed that gene expression begins at the one-cell stage in human embryos using high-
resolution single-cell RNA sequencing (scRNA-seq). Specifically, fertilization triggers EGA by

activating maternal transcription factors. While initial gene expression is modest, it remains
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elevated until the eight-cell stage (Asami et al., 2022).

Both parental genomes are required for mammalian development

Mammals have relinquished parthenogenesis, the process of producing offspring solely from
maternal germ cells. Successful mammalian embryogenesis requires contributions from both
maternal and paternal genomes. Although both parents contribute equal nuclear material to
the zygote during sexual reproduction, this genetic information is not functionally equivalent.
As a result, a diploid genome derived solely from one parent cannot fully support
embryogenesis and leads to poor development after implantation. The development of
uniparental embryos varies depending on the origin of the pronuclei. Embryos with two male
pronuclei show better trophoblast development, while those with two female pronuclei exhibit
superior embryonic development. This indicates that the paternal genome is critical for the
formation of extraembryonic tissues, whereas the maternal genome is essential for the
development of the embryo itself (Barton, Surani and Norris, 1984; Surani, Barton and Norris,
1984). The functional differences between parental genomes arise from the parent-of-origin-
specific expression of imprinted genes. Maternally imprinted genes express only the paternal
copy, while paternally imprinted genes express only the maternal copy. This expression pattern
is regulated by heritable epigenetic modifications, mainly DNA methylation, established in the
germ line and carried from gametes to the developing embryo and through to adulthood
(Swales and Spears, 2005). Thurston et al. demonstrated that monoallelic expression of most
imprinted genes does not occur until after the blastocyst stage (Thurston et al., 2008),
indicating that this expression is not crucial for blastocyst development but becomes more
significant as the fetus and placenta form. Despite this, parental genome-specific effects have
been reported in preimplantation human embryos (Leng et al., 2019). After implantation, a
conceptus with only maternal genomic material generally leads to an ovarian teratoma, while
one with only paternal genomic material tends to form a complete hydatidiform mole (Jose de

Carli and Campos Pereira, 2017).

The origin and impact of chromosomal abnormalities in preimplantation mammalian

embryos

Human reproduction is inefficient, with only 30% of conceptions resulting in live births and ~60%
of conceptions are lost pre-clinical (Macklon, Geraedts and Fauser, 2002). A major cause of
this inefficiency are chromosomal abnormalities in embryos, which can originate from
gametogenesis, fertilization, or early development (Delhanty, 2001) and result in embryonic
arrest, pregnancy loss, or congenital disorders. Since human embryos are less accessible,
model organisms are frequently used for studying embryonic development. Bovine embryos,

for instance, serve as a valuable model due to their similarities with human embryos. First,
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chromosome instability (CIN) in bovine cleavage-stage embryos is comparable to that in
human embryos following in vitro fertilization (IVF) (Destouni et al., 2016). Second, the
regulatory mechanisms of EGA in bovine embryos are similar to those in human embryos
(Halstead et al., 2020). Third, both human (Amargant et al., 2021) and bovine (Uzbekov et al.,
2023) zygotes inherit centrioles from the sperm. Differences between the two species have
also been observed. For example, while a comparison of in vivo and in vitro human embryos
showed similar euploidy rates (Munné et al., 2020), research in bovine models demonstrated
significantly higher chromosomal instability in in vitro-cultured embryos compared to those

derived in vivo (TSuiko et al., 2017).

Chromosomal abnormalities caused by meiotic errors during gametogenesis

Human fertility exhibits a U-shaped curve, with reduced fertility rates in both teenagers and
women over 35 (Hawkes and Smith, 2010), primarily due to chromosomal abnormalities in
oocytes (Gruhn et al., 2019). In young girls, whole-chromosome nondisjunction in meiosis | is
a common cause of increased aneuploidy, while in older women, loss of chromosomal
cohesion impacts fertility (Gruhn et al., 2019). Furthermore, the spindle assembly checkpoint
(SAC), which ensures proper chromosome alignment and kinetochore attachment before
anaphase (Lara-Gonzalez, Westhorpe and Taylor, 2012), is less effective during maternal
meiosis | in mice. This inefficiency may also account for the inherent error-proneness of human
oocytes and their increased susceptibility to chromosomal errors with age (Nagaoka et al.,

2011). In contrast, male meiosis is much less error-prone (Bell et al., 2020).

Post-zygotic chromosomal instability

CIN is characterized by an elevated rate of gains or losses of complete chromosomes or
segments of chromosomes per cell cycle resulting in cell-to-cell variability. Post-zygotic CIN is
characteristic of human cleavage-stage embryos. The results are mosaic embryos caused by
mitotic errors, characterized by coexisting cell populations with diverse genome composition.
Mosaicism occurs for both whole-chromosome aneuploidies and segmental chromosomal
aneuploidies (Vanneste et al., 2009, 2012). The incidence of mosaicism varies widely, ranging
from 15% to over 90%, depending on the embryonic stage examined and the method of
analysis used (Mantikou et al., 2012). In a later comprehensive study of 28,052 dpf 3 IVF
embryos, more than 25% were found to harbor mitotic-origin aneuploidies. These aneuploidies
are constant with maternal age, exhibit weak tendencies toward specific chromosomes, and
frequently affect multiple chromosomes simultaneously (McCoy, 2017). TSuiko et al. also
confirmed that aneuploidies resulting from postzygotic mitotic errors do not show a preference
for either maternal or paternal homologs (TSuiko et al., 2021). Several mechanisms have been

proposed to explain why early cell divisions in mammalian life are so error-prone. Spindle
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abnormalities are a key factor underlying CIN at the cleavage stage. Chatzimeletiou et al.
observed abnormalities such as abnormal spindle shapes, chromosome loss, and multipolar
spindles in in vitro preimplantation human embryos. The rate of these abnormalities is
significantly higher at the cleavage stages in normally developing embryos but decreased by
the blastocyst stage. (Chatzimeletiou et al., 2005). A later study by McCoy et al. identified
tripolar chromosome segregation in normally fertilized diploid human IVF zygotes as a key
mechanism generating complex aneuploidy in cleavage-stage embryos, strongly associated
with common maternal genetic variants involving the centrosomal regulator PLK4 (McCoy et
al.,, 2018). Additionally, a compromised SAC further contributes to the chromosome
segregation errors observed in early mammalian embryos. Studies in mouse cleavage-stage
embryos revealed that the SAC, which is essential for regulating mitotic cell cycle progression
(Wei et al., 2011), is not fully functional. Although misaligned chromosomes can recruit SAC
components to initiate a checkpoint signal, this signal often fails to prevent anaphase onset,
resulting in high levels of chromosome segregation errors. (Vazquez-Diez, Paim and FitzHarris,
2019). Finally, since CIN is more frequent in in vitro-produced embryos compared to in vivo-
derived embryos, as shown in bovine models (TSuiko et al., 2017), the in vitro process itself

may predispose embryos to chromosomal errors.

Fertilization error-induced chromosomal abnormalities

Errors during fertilization, such as polyspermy, are another cause of chromosomal segregation
abnormalities in zygotes and contribute to aneuploidies in cleavage-stage embryos. In
conventional IVF, polyspermy is the predominant cause of tripronuclear human zygotes. These
zygotes often divide directly into three cells, each with a severely abnormal chromosomal
complement. Alternatively, they may cleave into two diploid cells plus an extrusion or into two
triploid cells (Kola et al., 1987). Subsequent research investigated chromatin and microtubule
morphologies during the first cell cycle in dispermic bovine IVF zygotes. These zygotes
exhibited multiple sperm asters originating from active paternal centrosomes, demonstrating
significant variability in both number and morphology, along with varying degrees of association
with the chromatin (Long et al., 1993). Intracytoplasmic sperm injection (ICSI) mitigates the
risk of polyspermy; however, tripronuclear digynic zygotes can still arise due to the failure of
second polar body extrusion. A recent study compared spindle morphology in diandric human
zygotes from conventional IVF with digynic zygotes from ICSI. The study observed that in
humans, the first mitotic spindle is formed from the sperm centrosome. Diandric zygotes
exhibited multipolar spindles, while digynic zygotes displayed bipolar spindles. The formation
of the first mitotic spindle from the sperm centrosome may therefore contribute to a high
incidence of zygotic division errors in human tripronuclear zygotes (Kai, Kawano and
Yamashita, 2021).
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The first zyqotic cleavage is inherently error-prone.

Recent studies have highlighted the vulnerability of the first division in mammals, revealing its
susceptibility to errors. Contrary to the traditional belief that a single microtubule spindle
combines and segregates the two parental genomes to form a two-cell embryo, a recent study
revealed that two separate bipolar spindles form in the mouse zygote through centrosome-
independent pathways. These two spindles align their poles before anaphase but keep the
parental genomes apart during the first cleavage. If the alignment of the two spindles is
disrupted, the parental genomes can be pulled in different directions, causing significant mitotic
errors (Reichmann et al., 2018). However, extrapolating this observation to other mammals is
challenging, as rodent zygotes, unlike those of most other mammals, lack canonical
centrosomes (Woolley and Fawcett, 1973; Manandhar et al., 1998). Interestingly, dual spindles
were also observed in a human zygote (Xu et al., 2019), suggesting a similar mechanism may
be at play in humans. More importantly, Schneider et al. later reported conserved dual spindle
assembly in bovine zygotes, which inherit two paternally derived centrioles at fertilization, just
like in humans. During pro-metaphase, the two adjacent spindles align their longitudinal axes,
giving the appearance of a single fused structure at the metaphase stage. Centrosomes have
a limited role in shaping the architecture of the metaphase spindle (Schneider et al., 2021).
Overall, the formation and fusion of distinct paternal and maternal spindles during the first
cleavage division distinguish this mitotic event from later divisions, which may explain its
increased susceptibility to errors. For example, if the two spindles do not fuse properly, it could
lead to the formation of multipolar spindles. Although centrosomes are not essential for spindle
assembly, they perform other crucial functions in the zygote. Cavazza et al. observed that
centrosomes drive the clustering of parental genomes at the pronuclear interface in human
and bovine zygotes. This clustering is crucial for the rapid fusion of parental genomes during
nuclear envelope breakdown. However, clustering fails frequently, resulting in errors in
chromosome segregation (Cavazza et al., 2021). Additionally, live-cell imaging of chromosome
segregation also showed that the first mitotic division is a major source of mitotic-origin

aneuploidies in human embryos (Currie et al., 2022).

Heterogoneic zyqgotic division results in mixoploid and chimeric embryos

Although CIN in mammalian cleavage-stage embryos has long been recognized, analyzing the
haplotype composition of individual blastomeres has only become feasible with the
development of current haplotyping and copy-number profiling methods for single-cells. Using
one such methods called haplarithmisis (Zamani Esteki et al., 2015), it was unexpectedly
discovered, for the first time, the coexistence of androgenetic, gynogenetic, biparental, and
triploid blastomeres within individual dpf 2-3 bovine embryos. These diverse blastomeres result

from the spontaneous segregation of entire parental genomes into distinct cell lineages during
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the first cleavage division, a phenomenon we refer to as “heterogoneic cell division”.
Heterogoneic divisions occur primarily in dispermic embryos but also occur in normally
fertilized monospermic embryos. Notably, in all dispermic embryos, one of the two paternal
genomes consistently segregates into a distinct cell lineage (Figure 1) (Destouni et al., 2016).
Since early cleavage-stage embryos display a more comprehensive and unfiltered spectrum
of chromosomal abnormalities, it is proposed that mixoploidy following fertilization may be
more common than previously recognized. Additionally, the differential developmental fates of
blastomeres with varying haplotype compositions likely contribute to chimerism and mixoploidy
observed in later stages of development. Heterogoneic divisions were later confirmed in
cleavage-stage in vivo bovine embryos (TSuiko et al., 2017), as well as in other IVF bovine
embryos (Middelkamp et al., 2020) and IVF rhesus macaque embryos (Daughtry et al., 2019).
Zygotic intrinsic asymmetries are speculated to serve as underlying hypothetical models of
heterogoneic division, involving mechanisms such as tripolar spindle formation and parental

“private” spindle assembly (Destouni and Vermeesch, 2017).
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Figure 1. Sequence of events and their outcomes following the first post-zygotic division. A.
Normal fertilization followed by post-zygote mitosis, resulting in two diploid biparental daughter
blastomeres. B. Dispermic fertilization followed by ectopic metaphases or the extrusion of the paternal
pronucleus, leading to the segregation of one paternal genome in an androgenetic cell line. C. Normal
fertilization followed by the segregation of the maternal and the paternal genomes into distinct cell

lineages. Figure retrieved with permission from Destouni et al., 2016.

Additionally, frequent chromosomal abnormalities, including WG abnormalities, were observed
in dpf 3 human embryos (Dimitriadou et al., 2017). Heterogoneic division may be the underlying

mechanistic cause of these abnormalities.

Heterogoneic zygotic division as the origin of mixoploidy and chimerism in human

WG abnormalities are also observed in spontaneous abortions, abnormal pregnancies, and
live-born individuals. Approximately 1% of all human conceptuses are triploid, most of which

fail to progress beyond the early stages, contributing to ~10% of all spontaneous abortions

11



DOCTORAL THESIS YAN ZHAO

(Hassold et al., 1980). Roughly 1in 1,000 pregnancies results in a complete hydatidiform mole,
which carries a paternally derived diploid genome (Seckl, Sebire and Berkowitz, 2010).
Additionally, prenatal cases of androgenetic/biparental chimeras have been reported with
abnormal development of the placenta and fetus (Morales et al., 2009). Live-born cases of
gynogenetic/biparental and androgenetic/biparental chimeras, as well as triploid/diploid
mixoploids, have also been observed with congenital abnormalities (Madan, 2020). For each
of these studies, researchers proposed mechanisms to explain the origins of the observed
abnormalities, including fertilization of an “empty” egg, dispermic fertilization, incorporation of
a polar body, fusion of two zygotes, and missegregation of the paternal genome, etc. However,
it's important to note that these proposed mechanisms are largely speculative and are based
on cell lines detected in late pregnancy or in live-born individuals. Chromosomal errors are
known to be selected against during embryo development, meaning that the cell lines observed
at later stages may not fully represent the abnormalities present during the initial stages of
development. Heterogoneic division, however, could give rise to a variety of uniparental and
polyploid cells within the same embryo. Depending on their developmental trajectories, these
cells could lead to uniparental, polyploid, or chimeric outcomes, providing a more
comprehensive and unbiased view of the origins of these abnormalities (Masset, TSuiko and
Vermeesch, 2021).

Effects of chromosomal errors on embryo development

Most chromosomal abnormalities are incompatible with survival to an advanced stage of
pregnancy and are gradually selected against. Approximately 50% of abortions are
chromosomally abnormal, compared to 5% of stillbirths and 0.5% of live births (Hassold, 1986).
This selection against chromosomally abnormal human embryos begins as early as the
preimplantation stage of development. Rubio et al. observed that normal euploid embryos on
dpf 3 showed significantly higher blastocyst formation rates on dpf 5 compared to
chromosomally abnormal and mosaic embryos (Rubio et al., 2007). TSuiko et al. similarly
observed that the incidence of genomic aberrations was significantly higher in cleavage-stage
embryos (43.2%) compared to blastocysts (24.9%) (TSuiko et al., 2021). McCoy et al. found
that after EGA, whole-chromosome abnormalities are heavily filtered, with complex
aneuploidies from catastrophic mitotic errors being the primary cause of embryo losses before
blastocyst formation. In contrast, embryos with generally milder meiotic errors are more likely
to progress to the blastocyst stage (McCoy et al., 2015). However, when accounting for the
number of affected chromosomes the type of aneuploidy (mitotic versus meiotic) does not
significantly influence the likelihood of embryo arrest. Additionally, aneuploidies were found to
delay blastocyst formation and expansion, and to adversely affect blastocyst morphology
(McCoy et al., 2023).
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Mitotic errors create two or more karyotypically distinct cell lineages within a single embryo, a
phenomenon known as chromosomal mosaicism. During preimplantation development, the
frequency of mosaicism increases from 49% at the cleavage stage to 91% at the blastocyst
stage. However, the proportion of aneuploid cells within mosaic embryos decreases over this
period, from 40% at the cleavage stage to 22% in the blastocyst. Additionally, the number of
chromosomes affected by chaotic abnormalities is lower at the blastocyst stage compared to
the cleavage stage (McCoy, 2017). Three models explain the increasing frequency of diploid
cells from the cleavage to the blastocyst stage: (1) early mortality, which selects against
embryos with high levels of mosaicism; (2) clonal depletion, involving the active elimination or
ineffective propagation of aneuploid cells within mosaic embryos; and (3) trisomic/monosomic
rescue, in which aneuploid cell lines are corrected by mitotic errors that restore diploidy through

chromosome gain or loss (Figure 2) (McCoy, 2017).
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Figure 2. Models explaining the increasing frequency of diploid cells from the cleavage to the
blastocyst stage. The embryonic mortality model invokes selection against embryos based on the
proportion of aneuploid cells. The clonal depletion model describes apoptosis or reduced propagation
of aneuploid cells within mosaic embryos. Monosomic and trisomic rescue are proposed mechanisms
by which aneuploid cells can give rise to diploid cells through mitotic chromosome gain or loss,

respectively. Figure retrieved with permission from McCoy, 2017.

The most common pattern of mosaicism is euploid—aneuploid mosaicism, where the embryo
contains both normal and abnormal cells (van Echten-Arends et al., 2011). Detailed
mechanisms by which aneuploid cells are eliminated from euploid—aneuploid mosaic embryos
have been elucidated. Consistent with the “clonal depletion” hypothesis, Bolton et al.
demonstrated the progressive, lineage-specific depletion of aneuploid cells from the
preimplantation embryo. Aneuploid cells are first noticeably eliminated from the embryo during
blastocyst maturation, just before implantation. They induce apoptosis in the ICM and cause
cell cycle delays in the TE (Bolton et al.,, 2016). Later, the same group observed that

autophagy-mediated apoptosis further eliminates aneuploid cells during implantation and early
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post-implantation development. Proteotoxic stress activates autophagy, and p53-induced
autophagy is essential for removing aneuploid cells. Normal diploid cells then increase their

proliferation rate to compensate for the elimination of aneuploid cells (Singla et al., 2020).

The gradual elimination of aneuploid cells during embryonic development aligns with the
findings of Zamani Esteki et al. (Zamani Esteki et al., 2019). They profiled the genomic
landscape of fetal and placental tissues postpartum from both IVF and naturally conceived
children, revealing that the high level of chromosomal mosaicism observed in IVF cleavage-
stage embryos does not persist into later stages of prenatal development. Similarly, Capalbo
et al. observed that low-to-moderate mosaicism (<50%) has the same developmental potential

as fully euploid embryos and do not appear to affect live birth (Capalbo et al., 2021).
Technologies for preimplantation embryo selection and analysis

Since the birth of the first baby conceived through IVF in 1978 (Steptoe and Edwards, 1978),
IVF has become a vital method for treating infertility. Embryo quality is widely recognized as
the most critical factor for achieving successful implantation and the birth of a healthy, full-term
baby. To improve embryo selection, various technologies have been applied or developed.
Morphological assessments using microscopes or time-lapse imaging help identify embryos
with optimal morphology and morphokinetics. Genome analysis through preimplantation
genetic testing (PGT) enables the selection of euploid embryos free from parental disease
mutations. Additionally, we are witnessing rapid advancements in transcriptomics and other
omics technologies, which are enhancing our understanding of the complex biological

processes underlying preimplantation embryo development.

Visual assessment of embryo morphology

Visual assessment of embryo morphology using microscopy is the most traditional and
straightforward method of embryo selection, and it was the first parameter extensively
evaluated in the early days of IVF. Historically, the strategy focused on selecting "good quality"
embryos at the cleavage stage, primarily based on cell number, fragmentation, and
multinucleation. Today, with improved culture conditions, extended culture to the blastocyst
stage and selecting "good quality" blastocysts is increasingly practiced. The current practice
evaluates blastocysts using three parameters: the stage of development, the quality of the ICM,
and the quality of the TE. These factors are used to select the most viable blastocysts for

embryo transfer (Gardner et al., 2000).

With a traditional microscope, only limited static images are obtained, which fail to accurately
reflect the dynamic process of embryonic growth, leading to incorrect scoring and improper
ranking of embryo quality. For instance, there is a greater than 25% chance that a poor-quality

dpf 3 embryo will develop into a high-quality blastocyst with similar implantation potential to
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that of a good-quality embryo (Zhang et al., 2011). The introduction of time-lapse monitoring
systems has transformed workflows in IVF laboratories by capturing morphokinetic variables—
such as pronuclear appearance and disappearance, cell divisions, and blastocyst formation—
at precise time points during embryo development. Despite these apparent benefits, a recent
Cochrane meta-analysis of nine randomized controlled trials (n = 2,955 couples) found
insufficient outcome differences between embryos cultured or selected using time-lapse
systems compared to traditional methods (Armstrong et al.,, 2019). While the clinical
advantages of time-lapse technology for embryo selection remain inconclusive, it can be
utilized to deselect embryos with atypical cleavage patterns that negatively impact implantation,

such as multipolar cleavage (Athayde Wirka et al., 2014).

To enhance consistency and accuracy in embryo selection based on embryo morphology, the
Istanbul Consensus Workshop on Embryo Assessment established standardized guidelines
for evaluating oocyte and embryo morphology (Balaban et al., 2011). These recommendations
provide a common language for embryologists worldwide, including standardized timing for
observing fertilized oocytes and embryos with expected stage of development at each time
point, as well as consensus scoring systems for pronuclei, cleavage-stage embryos, dpf 4
embryos, and blastocysts. All laboratories performing medically assisted reproduction (MAR)
should be capable of providing this information. Serving as the minimum standards for oocyte
and embryo morphology scoring, these guidelines should be regularly reviewed to ensure their

continued relevance.

Preimplantation genetic testing

Morphologic assessment has been the primary method for prioritizing IVF embryos, but it
cannot accurately determine chromosome status. Since embryos with genetic anomalies are
less likely to develop into healthy live births, PGT was developed and applied in IVF clinics to
assess and select genetically normal embryos for transfer. PGT consists of three primary forms:
PGT-A, PGT-M, and PGT-SR, where PGT-A screens embryos for chromosomal abnormalities,
PGT-M targets monogenic disorders, and PGT-SR focuses on structural rearrangements.
During PGT, a biopsy is taken from the developing embryo for genetic analysis. Initially, a single
blastomere was obtained on dpf 3, when pre-compacted embryos typically contain 6 to 8 cells.
Currently, PGT generally involves taking 5 to 10 cells from the TE of a day 5 or 6 blastocyst.
Embryos that are free of mutations for the tested diseases or possess a balanced genetic
constitution after PGT can then be transferred to the woman’s uterus (Vermeesch, Voet and
Devriendt, 2016).

The high incidence of chromosomal aneuploidy in human gametes and embryos contributes

to IVF failure and miscarriage. To address this challenge, PGT-A is employed to prioritize
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chromosomally normal embryos for transfer, potentially increasing pregnancy rates and
reducing miscarriage rates. Initially, fluorescent in situ hybridization (FISH) analysis was used,
employing a limited number of probes to target specific chromosomes (Gianaroli et al., 1997).
While FISH allowed for the determination of individual chromosome copy numbers, its reliance
on a limited number of probes restricted its effectiveness. Consequently, newer methods, such
as multiplex quantitative polymerase chain reaction (qPCR) (Treff et al., 2012) and single-cell
microarrays (Le Caignec et al., 2006; Treff et al.,, 2010), have emerged to assess all
chromosomes. With the development of next-generation sequencing (NGS), low-pass whole
genome sequencing is now frequently used for aneuploidy screening (Wells et al., 2014). More
recently, long-read sequencing has been developed to enable long-read based PGT-A (Tan et
al., 2023). Although PGT-A is commonly performed, the true clinical benefits remain a topic of
discussion, particularly due to the high mosaicism rates in preimplantation embryos and the

ability of mosaic embryos to result in healthy live births.

In addition to aneuploidy, structural chromosomal rearrangements can lead to infertility,
repeated implantation failure, pregnancy loss, and the birth of congenitally affected children,
even though balanced carrier parents often show no apparent phenotypic abnormalities. The
risk of couples with balanced chromosomal rearrangements producing chromosomally
unbalanced gametes and embryos highlights the importance of PGT-SR, which aims to select
embryos that are chromosomally normal or balanced like the carrier parent. PGT-SR primarily
employs the same technologies as PGT-A, initially utilizing FISH and now incorporating array-
based (Vanneste et al., 2011) and sequencing-based methods (Voet et al., 2013; Griffin and
Ogur, 2023).

PGT-M is an essential tool for couples who are known carriers of mutant alleles. This testing
enables the identification of embryos affected by these mutations, allowing healthcare
providers to transfer only unaffected embryos, thereby preventing the transmission of genetic
disorders to offspring. Despite its importance, PGT-M faces inherent challenges due to the
limited starting material available from embryo biopsies, which can lead to issues such as allele
dropout and preferential amplification, resulting in misdiagnosis. To mitigate the risk of
misdiagnosis, PGT-M often incorporates simultaneous haplotype linkage analysis (Rechitsky
et al., 1998). This approach ensures that only embryos without the haplotype containing the
disease-causing allele are selected for transfer. Additionally, advancements in whole genome
amplification (WGA) methods and the development of genome-wide analysis technologies
such as SNP array and NGS, have facilitated a shift from targeted PGT-M to WGA-based
genome-wide PGT-M. This transition eliminates the need for personalized design for each
individual case (de Rycke et al., 2020).

An ideal comprehensive PGT approach would enable simultaneous, genome-wide PGT-A,
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PGT-M, and PGT-SR. This is made possible by genome-wide SNP genotype calls, which allow
for the reconstruction of genome-wide haplotype. Currently, several primary single-cell
haplotyping algorithms utilizing SNP-array data are available, including karyomapping
(Handyside et al., 2010) and haplarithmisis (Zamani Esteki et al., 2015). These algorithms
have been successfully implemented in clinical practice, enabling PGT-M and the
simultaneous detection of a wide range of chromosomal aberrations across the genome (Ben-
Nagi et al., 2017; Dimitriadou et al., 2017). With the development of NGS, read-based solutions
for comprehensive PGT that utilize the principles of haplarithmisis, including genotyping-by-
sequencing (GBS) (Masset et al.,, 2019) and whole genome sequencing (WGS)-based
comprehensive PGT (Janssen et al., 2024), demonstrate good alternative to the traditional
array-based method. Additionally, another NGS-based method, Haploseek, has been
developed to enable comprehensive PGT using economical low-coverage sequencing
(Backenroth et al., 2018).

Polygenic risk scores (PRSs), which capture the contributions of thousands of small allelic
effects on complex traits, have become increasingly powerful due to the availability of results
from large-scale genome-wide association studies (GWAS) for polygenic disorders (Visscher
et al., 2017). As a result of this advancement and the development of comprehensive PGT
methods, PGT for polygenic disorders (PGT-P) is now possible. PRSs are calculated for each
embryo to estimate the likelihood of developing common diseases, such as diabetes, with
embryos selected for implantation based on their polygenic scores. Although PGT-P has been
available since 2019 (Treff et al., 2019; Kumar et al., 2022), the effectiveness of PRSs in
reducing disease risk in preimplantation embryos remains unproven, and significant ethical
concerns persist, making it a topic of ongoing debate (L4zaro-Mufioz et al., 2021; Siermann et
al., 2024).

Recently, there has been a growing focus on noninvasive method for preimplantation embryo
screening through the analysis of spent culture media. Huang et al. examined the efficacy of
noninvasive PGT-A (niPGT-A) by analyzing the cell-free DNA in spent culture media of human
blastocysts. Their findings suggest that niPGT-A is more reliable than traditional TE biopsy
PGT-A (Huang et al.,, 2019). Additionally, HLA-G has been recognized as a promising
biomarker for embryo selection, as its levels in dpf 3 and dpf 5 media correlate with blastocyst
implantation potential (Radwan et al., 2022). Furthermore, Ferrick et al. demonstrated that
embryos with better morphological classification and those that successfully established
pregnancy consumed more glucose, based on their analysis of spent culture media (Ferrick,
Lee and Gardner, 2020). This indicates that glucose consumption could serve as a potential
indicator for embryo selection. Despite these advancements in noninvasive preimplantation

embryo screening, no commercial device is currently available for routine clinical use.
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Whole genome amplification

The advent of WGA protocols enabled the acquisition of sufficient input material for genome-
wide platforms from as little as 6 to 7 pg of DNA from a single cell, which marked a significant
turning point in PGT. By accessing an almost limitless supply of amplified DNA from a single

or a few cells, multilocus analysis became feasible, making PGT more versatile and safer.

Present-day WGA techniques include those based on PCR, multiple displacement
amplification (MDA), and other innovative methods. Among the earliest of these was primer
extension pre-amplification PCR (PEP-PCR), introduced by Zhang et al. in 1992, which
allowed for the amplification of DNA from single haploid cells (Zhang et al., 1992). Although
PEP-PCR is less commonly used today, its principles have influenced subsequent WGA
developments. In the same year, the more widely adopted degenerate oligonucleotide-primed
PCR (DOP-PCR) was developed (Telenius et al., 1992). Following this, other PCR-based
methods emerged, including multiple annealing and looping-based amplification cycles
(MALBAC). MALBAC introduces quasi-linear preamplification, which helps reduce the bias
typically associated with non-linear amplification (Zong et al., 2012). Generally, PCR-based
methods yield relatively short products, typically no longer than a few kilobases, and
preferentially amplify fragments that are a few hundred base pairs in length (Del Rey et al.,
2018). The concept of MDA, which relies on strand displacement and rolling circular
amplification, was first proposed in 1998 (Lizardi et al., 1998). Dean et al. later refined this into
a robust WGA method in 2002 (Dean et al., 2002) (Figure 3). MDA primarily relies on a mild
isothermal reaction to produce high-quality DNA products using phi29 DNA polymerase and
random hexamer primers. This method typically yields DNA fragments ranging from 50 to 100
kb (Huang et al., 2015). Subsequently, Gonzalez-Pena et al. introduced the primary template-
directed amplification (PTA) approach in 2021 (Gonzalez-Pena et al., 2021). This new MDA-
based method incorporates an extension terminator, resulting in a quasi-linear amplification

process that reduces errors and significantly enhances genome coverage.

In terms of applications, PCR-based WGA methods offer better uniformity of coverage, making
them more suitable for copy number variation (CNV) studies. In contrast, MDA-based WGA
systems are more appropriate for SNV analysis due to better genome coverage (Zhou et al.,
2020). Despite this differentiation, MDA remains the most popular WGA method (Gawad, Koh
and Quake, 2016) due to its high DNA yield, fidelity, and low amplification bias (Dean et al.,
2002). When it comes to WGA of DNA from single cells for long-read sequencing, many
traditional methods fall short because they produce limited fragment lengths after amplification.
MDA stands out as a promising option, as it can generate longer fragments. Hard et al. further
advanced this technique by employing droplet-based MDA, where MDA reactions are

performed in individual droplets. They demonstrated that this approach enables long-read
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whole-genome analysis of single human cells (Hard et al., 2023).
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Figure 3. Multiple displacement amplification (MDA) process diagram. Figure retrieved with

permission from Long et al., 2020.

Although MDA is frequently used, no WGA method is currently considered the gold standard
in the ever-evolving field of PGT. WGA methods have certain drawbacks, including incomplete
genomic coverage, amplification bias, and the formation of chimeras (Sabina and Leamon,
2015). Incomplete genomic coverage becomes more apparent at very low initial DNA
concentrations, where stochastic effects dictate whether specific genomic regions will be
amplified. Amplification bias arises when certain regions or amplicons within a multitemplate
reaction are preferentially amplified over the entire pool of potential templates, with the effect
becoming more pronounced at lower initial template concentrations. Additionally, WGA can
produce chimera amplicons, which are artificial constructs that map to different parts of the
genome that are not physically linked. These errors can affect downstream analysis and should

be carefully managed.

Single-cell omics technologies

Recent advancements in single-cell omics technologies have transformed our understanding
of preimplantation embryo development. One of the most significant tools in this field is SCRNA-
seq, which provides valuable insights into early embryonic development. For example, with
scRNA-seq, Petropoulos et al. unveiled the gene expression dynamics during early cell-
lineage decisions of human embryos (Petropoulos et al., 2016). Additionally, Sha et al. utilized
scRNA-seq to explore the dynamics, functional importance, and pathological relevance of
maternal mRNA decay in human preimplantation embryos. Their findings highlighted the
critical role of this decay process during early development (Sha et al., 2020). Furthermore,

Asami et al. employed high-resolution scRNA-seq to uncover previously inaccessible gene
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expression changes from oocyte to embryo. Their research demonstrated that human
embryonic transcription begins at the one-cell stage, providing new insights into the initiation

of development (Asami et al., 2022).

The zygote experiences remarkable epigenetic changes in addition to transcriptional
modifications (Eckersley-Maslin, Alda-Catalinas and Reik, 2018). Besides the development
and application of scRNA-seq, new technologies have emerged to measure these epigenetic
signatures at the single-cell level (Wen and Tang, 2018). Utilizing these advanced techniques
has led to significant discoveries in preimplantation epigenetic changes. For instance, single-
cell DNA methylome sequencing analysis of preimplantation embryos has shown that tens of
thousands of genomic loci undergo de novo DNA methylation. This observation suggests that
genome-wide DNA methylation reprogramming during preimplantation development is
characterized by a dynamic balance between extensive global demethylation and targeted
remethylation (Zhu et al., 2017). Such insights are crucial for understanding the complexities

of DNA methylation reprogramming in early human embryos.

Single-cell multi-omics analysis offers a comprehensive view of the biological processes within
a cell, surpassing the insights provided by any single omics dataset. Several multi-omics
technologies have been developed to facilitate this integrated analysis. For instance, G&T-seq
enables the simultaneous analysis of genomic and transcriptomic data from same single cells
(Macaulay et al., 2015), while scM&T-seq allows for parallel examination of the methylome and
transcriptome at the single-cell level (Angermueller et al., 2016). Additionally, single-cell
COOL-seq technology can simultaneously assess chromatin state, nucleosome positioning,
DNA methylation, CNV, and ploidy from individual cells (Guo et al., 2017). The application of
single-cell multi-omics tools provides crucial mechanistic insights into the interrelated
molecular events underlying human pre-implantation development. For instance, Liu et al.
utilized LiCAT-seq (low-input chromatin accessibility and transcriptome sequencing) to profile
chromatin structure and gene expression dynamics in human pre-implantation embryos. They
demonstrated the key regulatory mechanisms for genes activated during EGA (Liu et al., 2019).
Fernandez Gallardo et al. investigated gene expression perturbations instigated by aneuploidy
using G&T-seq, enhancing our understanding of how chromosomal abnormalities affect the

transcriptome of preimplantation embryos (Fernandez Gallardo et al., 2023).
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CHAPTER 2 — OBJECTIVES

This PhD study aims to develop novel methodologies for analyzing single blastomeres and to
apply these methods to investigate the origins and developmental fates of various
chromosomal abnormalities in preimplantation embryos. The study evolved into three main

projects, each with specific objectives.

Human preimplantation embryos are known to be chromosomally unstable and a majority of
embryos at 3 dpf harbor blastomeres with chromosomal abnormalities. To improve embryo
selection, our laboratory developed a method enabling concurrent haplotyping and aneuploidy
profiling in the embryo, coined haplarithmisis. Using this method, we scanned the incidence
and spectrum of chromosomal anomalies in human and bovine embryos. However, whether
similar chromosomal aberrations also occur in other mammals remained largely unknown. In
the first project, we aimed to determine the full spectrum of chromosomal anomalies in equine
embryos. To do this, we first investigated the feasibility of concurrent genome-wide PGT-A and

PGT-M in horses, which we then utilized to identify chromosomal anomalies in equine embryos.

During our genomic screenings of human and bovine preimplantation embryos, we observed
not only various WG abnormalities, such as haploidy and triploidy, but also instances of WG
abnormal blastomeres coexisting with biparental diploid blastomeres or other WG abnormal
blastomeres within the same embryo. In the second project, by investigating bovine
preimplantation embryos, we aimed to: (1) confirm the co-occurrence of WG segregation errors
with multi-polar first zygotic division and identify different types of WG separation errors; (2)
explore the developmental potential of blastomeres with different chromosome constitution
(androgenetic, gynogenetic, biparental, etc.) following heterogoneic division, with the
hypothesis of selective elimination of blastomeres containing WG abnormalities during
preimplantation development; and (3) investigate the developmental program of androgenetic,
gynogenetic, and polyploid blastomeres post-heterogoneic division by comparing their
developmental trajectories to those of blastomeres with a normal chromosomal constitution.
To enable these studies, we combined GBS-based haplarithmisis with transcriptome profiling,
creating a novel adaptation of G&T-seq, termed haplotype-based G&T-seq (hG&T-seq), which

allows for simultaneous haplotyping and transcriptome profiling of the same single cell.

One major limitation of the above described PGT methodologies is the requirement for DNA
from additional family members to deduce haplotypes. With the advent of I'WGS, we aimed to
determine whether this limitation could be overcome, enabling direct phasing. Hence, in the
third project, we explored the variant calling and phasing performance of I'WGS data from

single cells and conducted a proof-of-concept study to demonstrate the clinical validity of
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I'WGS-based concurrent haplotyping and aneuploidy profiling in human embryos.
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CHAPTER 3 — GENOME-WIDE EQUINE
PREIMPLANTATION GENETIC TESTING ENABLED BY
SIMULTANEOUS HAPLOTYPING AND COPY NUMBER
DETECTION

This chapter is based on the following paper:

De Coster, T. *, Zhao, Y. *, TSuiko, O., Demyda-Peyras, S., Van Soom, A., Vermeesch, J. R.,
& Smits, K. (2024). Genome-wide equine preimplantation genetic testing enabled by
simultaneous haplotyping and copy number detection. Scientific Reports 2024 14:1, 14(1),
1-12. https://doi.org/10.1038/s41598-023-48103-7. (*Co-first authors)
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Abstract

In different species, embryonic aneuploidies and genome-wide errors are a major cause of
developmental failure. The increasing number of equine embryos being produced worldwide
provides the opportunity to characterize and rank or select embryos based on their genetic
profile prior to transfer. Here, we explored the possibility of generic, genome-wide
preimplantation genetic testing concurrently for aneuploidies (PGT-A) and monogenic (PGT-
M) traits and diseases in the horse, meanwhile assessing the incidence and spectrum of
chromosomal and genome-wide errors in in vitro-produced equine embryos. To this end, over
70,000 single nucleotide polymorphism positions were genotyped in 14 trophectoderm
biopsies and corresponding biopsied blastocysts, and in 26 individual blastomeres from six
arrested cleavage-stage embryos. Subsequently, concurrent genome-wide copy number
detection and haplotyping by haplarithmisis was performed and the presence of aneuploidies
and genome-wide errors and the inherited parental haplotypes for four common disease-
associated genes with high carrier frequency in different horse breeds (GBE1, PLOD1],
B3GALNT2, MUTYH), and for one color coat-associated gene (STX17) were compared in
biopsy-blastocyst combinations. The euploid (n = 12) or fully aneuploid (n = 2) state and the
inherited parental haplotypes for 42/45 loci of interest of the biopsied blastocysts were
predicted by the biopsy samples in all successfully analyzed biopsy-blastocyst combinations
(n =9). Two biopsies showed a loss of maternal chromosome 28 and 31, respectively, which

were confirmed in the corresponding blastocysts. In one of those biopsies, additional complex
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aneuploidies not present in the blastocyst were found. Five out of six arrested embryos
contained chromosomal and/or genome-wide errors in most of their blastomeres,
demonstrating their contribution to equine embryonic arrest in vitro. The application of the
described PGT strategy would allow to select equine embryos devoid of genetic errors and
pathogenetic variants, and with the variants of interest, which will improve foaling rate and

horse quality. We believe this approach will be a gamechanger in horse breeding.
Introduction

While traditional breeding in the horse was based on natural mating, modern breeding
strategies are influenced by the rapid development of medically assisted reproduction (MAR).
The introduction of artificial insemination at the end of the 19" century allowed storage and
distribution of male genetics 1. Nowadays, also valuable female individuals can produce more
than one foal per year through the collection of oocytes and the production of embryos, both
in vivo and in vitro. The number of equine embryos being produced is increasing annually, with
37 094 embryos produced in 2021, an increase of 10% as compared to 2020 2. This increase
is mainly caused by the rapid growth of equine in vitro embryo production (IVEP) and recent
progress in embryo cryopreservation 23, The popularity of IVEP results from the possibility to
increase the genetic gain from high quality and/or subfertile mares and from economic benefits
related to the full exploitation of expensive straws of semen from high quality stallions.
Moreover, in contrast to flushed embryos, in vitro-produced embryos can be generated outside
the reproductive season and are routinely cryopreserved and traded. As a consequence,
modern breeding strategies gave rise to a new market in which equine embryos are sold based
upon pedigree’s phenotypes or performances. On the 4™ of October 2022, a record price of €
124 000 euro was paid for an equine embryo with a promising pedigree *. However, it remains
unknown if transfer of such an embryo will result in a healthy foal with the aspired phenotypical

characteristics.

Embryonic and fetal loss remain one of the greatest challenges in equine breeding. Indeed,
only ~18-26% of injected oocytes reach the transferrable blastocyst stage during IVEP 3°.
Moreover, only 76-83% of the artificial inseminations with fresh semen 7 and ~85% of fresh
in vivo and ~70% of frozen-thawed day 6-9 in vitro-produced embryo transfers 38-1° generate
a clinical pregnancy. When a pregnancy is clinically detected after in vivo fertilization, 5-10%
of day 14- and 5 to 10% of day 70-pregnancies additionally fail to produce a viable foal
(reviewed elsewhere 1). Following IVEP, a doubled incidence of early pregnancy losses °, of
which a higher rate seems to present as anembryonic vesicles >** has been reported. Due to
the seasonal breeding and the formation of endometrial cup cells, pregnancy losses in the
horses are complicated, as those occurring after day 35 will usually leave the mare barren for

that season, which has economic repercussions.
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Similar to what has been reported in human and other species #-1°, chromosomal gains or
losses, also called aneuploidies, are a major cause of equine pregnancy loss, occurring at a
rate of 22% in early lost conceptuses %°. In human and cattle, aneuploidy occurs frequently
throughout early embryo development in vivo and in vitro 22 and contributes also to
pregnancy loss before the clinical detection of pregnancy. The latter is known from transfers
of aneuploid bovine and human blastocysts 2>2%-3! and the analysis of in vitro-produced human
embryos that arrest before reaching the blastocyst stage 3223, In addition, aneuploidy may
present itself also on a genome-wide level, resulting in ploidy errors and IVEP may increase
the incidence of genomic instability 222324263031273461 |n horses, genomic instability
throughout embryo development has only been assessed in few studies. Two studies showed
the presence of chromosome-containing micronuclei in cleavage- and blastocyst- stage in
vitro-produced embryos, suggesting chromosome segregation errors 3¢, Another one
described embryonic aneuploidies on chromosome two and four only in both in vitro- and in
vivo- produced morulas and blastocysts and suggested that IVEP increases the likelihood of
aneuploidy, although data were not significant ¥. Adding to this suggestion, a study
investigating the effect of in vitro maturation (IVM) on the rate of aneuploidy by immunostaining
found that equine in vitro-matured oocytes were significantly more affected by aneuploidy than
in vivo matured oocytes (45.5% vs 0%, respectively) ®. In all equine studies thus far, genome-
wide errors have not been recovered due to technical limitations and embryos were sacrificed
for the analysis and thus, not transferred. By consequence, the incidence and nature of
aneuploidies and genome-wide errors throughout early embryonic development, and the effect

on early embryo viability remains undetermined in the horse.

Besides aneuploidies or genome-wide errors, also the inherited alleles determine the viability
of the conceptus, and additionally blueprint the phenotype of the foal. Domestication and
centuries of horse breeding, selecting (related) mares and stallions with the desired traits, have
led to the evolution of modern horses. These traits used to include phenotypical characteristics
facilitating transportation, farming, and warfare purposes, but breeding goals have shifted
since the industrialization towards traits related to the exterior of the specific breed standards
and sports performances. Intensive human selection during the last 250 years has resulted in
homogeneity within and a substantial variation among different horse breeds 3. This resulted
in the accumulation of both alleles for the desired traits and deleterious mutations in today’s
horse genome 4%41, As a consequence, several hereditary diseases have come up alongside
desirable traits characterizing these horse breeds and some of them additionally contribute to
pregnancy loss or lethality at or close to birth. One of those, occurring with a carrier frequency
of 7 and 8% in quarter and paint horses, respectively %2, is the glycogen branching enzyme
deficiency (GBED). This autosomal recessive disease is caused by a mutation in the glycogen

branching enzyme 1 (GBE1) gene that results in non-functional glycogen storage %, It is
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responsible for 3% of spontaneous abortions, and cardiac or respiratory failure, seizures,
muscle weakness and death of foals within 18 weeks of age following homozygous inheritance
4 Another one, called warmblood fragile foal syndrome (WFFS) is caused by a mutation in
the procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 (PLOD1) gene, and is important to
warmblood horses in which it occurs with a frequency of up to 17%, depending on the specific
breed “°47. The PLOD1 mutation causes deviant collagen formation, and homozygous
inheritance presents as severe skin lesions in foals, which require euthanasia just after birth
48 In turn, 5-9% of Arabian horses are burdened by the occurrence of cerebellar abiotrophy
(CA), a neurodegenerative, autosomal recessive disease caused by a mutation of mutY DNA
glycosylase (MUTYH) gene that results in the loss of Purkinje neurons and causes ataxia in
foals %51, Also in Friesian horses, 13.3-17.3% are carrying a mutation of the beta-1,3-N-
acetylgalactosaminyltransferase 2 (B3GALNT2) gene, responsible for the autosomal
recessive congenital hydrocephalus (CH), which results in stillbirth, dystocia or postnatal
euthanasia %2. In closed studbooks, carriers of known recessive diseases are excluded from

breeding, giving rise to a further increase of inbreeding in these small populations.

The production of equine embryos provides the opportunity for characterization of embryos by
preimplantation genetic testing (PGT), which involves the sampling of embryonic material for
genetic profiling prior to embryo transfer. Application of PGT for aneuploidies (PGT-A) would
allow to prioritize chromosomally normal embryos for transfer, potentially increasing pregnancy
rates and reducing abortion rates. On the other hand, PGT for monogenic (PGT-M), or
polygenic (PGT-P) traits and diseases and structural chromosomal errors (PGT-SR) would
provide the possibility to select only healthy embryos with desirable traits for transfer. While
testing of the mating stallion and mare for monogenic traits and diseases can currently be used
for informing mating choices when breeding with animals carrying recessive alleles, allowing
for non-affected offspring, implementation of PGT-M would allow to include animals carrying
both recessive and dominant alleles in breeding programs and , prevent the birth of both carrier
and affected foals by selective transfer of embryos to recipient mares, thus avoiding inbreeding
while eliminating unwanted alleles from the population. PGT-P has the further ability to
increase the accuracy of selection for desired polygenic traits and diseases and to reduce the
generation interval, improving selective breeding in horses. In general, applying PGT would
also increase our understanding of the origin of aneuploidy and genome-wide errors in horses
and the contribution of aneuploidy, genome-wide errors and mutations to pregnancy loss
before and after clinical pregnancy detection. However, PGT for horses remains
underdeveloped as compared to humans or cattle with no publications on PGT-A, and few
studies on PGT-M, limited to the interrogation of a maximum of 33 loci related to diseases or
traits, including sex, ID markers, coat color, based on (multiplex) targeted PCR 353, A generic

method allowing for concurrent, genome-wide PGT-A, PGT-M and PGT-SR with the potential
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for PGT-P 57-°°  as successfully applied for humans 243189 and cattle 262°, would increase the

potential of PGT for both clinical and research-based equine applications.

Here, we explored the possibility of concurrent, generic, genome-wide PGT-A and PGT-M in
horses using the ‘single-cell haplotyping and imputation of linked disease variants’
(siCHILD)/haplarithmisis technique previously applied for humans and cattle 24576162
Simultaneously, we assessed the incidence and spectrum of chromosomal and genome-wide
aberrations in equine preimplantation development in vitro by analysis of arrested and
blastocyst-stage embryos.

Results

Following IVEP, fourteen trophectoderm (TE) biopsies and corresponding biopsied whole
blastocysts and 26 individual blastomeres from six arrested cleavage-stage embryos were
analyzed for their genome-wide copy number and haplotype. All sample characteristics, results
of the genetic analysis, and genome-wide haplarithm plots obtained from this study are
provided in C3-Additional file 1, Table 1 and Figure. 1 (TE biopsies and corresponding biopsied
blastocysts) and C3-Additional file 2, Table 1 and Figure. 1 (blastomeres from arrested
embryos). The number of informative single nucleotide polymorphisms (SNPs) was around
20,000 for samples for which parental genotypes were phased with sibling embryos and 7229
for samples of Mare03, for which parental genotypes were phased with paternal grandparents.
Five biopsies and seven single blastomeres failed to give a result. The average coverage rate
of successfully analyzed biopsied blastocysts, biopsies and single blastomeres was 70.54,
55.83 and 45.19%, respectively (C3-Additional file 1, Table 1 and C3-Additional file 2, Table
1). The average rate of Mendelian inconsistency of the called SNP genotypes in successfully
analyzed blastocysts, biopsies and single blastomeres was 0.91, 3.14 and 18.94%,
respectively. Nine and five of the blastocyst-stage embryos and one and five of the arrested
embryos were found to be male and female, respectively, which was confirmed by qPCR.
Trophectoderm biopsies and corresponding biopsied whole blastocysts

PGT-A

As a proof of principle for PGT-A, the presence of aneuploidies and genome-wide errors was
compared in biopsy-blastocyst combinations. The euploid or fully aneuploid state of the
biopsied blastocysts was predicted by the analysis of the corresponding TE biopsy samples in
all nine successfully analyzed biopsy-blastocyst combinations. Two out of 14 analyzed
biopsied blastocysts were aneuploid. Among them, Mare01_ Embryo01 contained a maternal
chromosomal loss of chromosome 31 and Mare02_Embryo0O7 contained a maternal
chromosomal loss of chromosome 28 (Figure 1). The presence of a maternal chromosomal
loss in both the biopsies and the biopsied blastocysts indicates the presence of a chromosomal

error in all cells (full aneuploidy) and by consequence, the occurrence of a chromosomal error
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of meiotic origin. For Mare02_Embryo07, additional aneuploidies, not detected in the
blastocyst were found in the TE biopsy. These included maternal losses of chromosomes 1,
5, 14, 20 and 28 and paternal losses of chromosomes 7, 12 and 25. Additionally, paternal
trisomy was noted on chromosome 4 and maternal trisomy on chromosome 17 and 23.
Furthermore, a partial nullisomy was found in chromosome 11. Because of the complex
aneuploidy, the collection of multiple cells and fluctuations of the LogR and parental BAF plots,
deviating from values expected for full chromosome aberrations in one cell (i.e., LogR should
be at -1, 0.58 and 1 for a monosomy, trisomy or tetrasomy, respectively (LogR = Log2(rate
detected/rate expected), and parental BAF values should be at 0, and 0 and 1 for a monosomy;
0 and 0.33, and 1 and 0.67 for a trisomy; and 0 and 0.25, and 1 and 0.75 for a tetrasomy (BAF
= number of B-alleles/number of total alleles), the described and possibly additional
aberrations seemed to be present in a mosaic state (i.e., differently in different cells) in the
biopsy sample. The presence of additional aneuploidies in a putative mosaic state in the biopsy
sample indicate the presence of distinct chromosomal errors in the blastocyst too. However,
as these were not detected, they were likely present only in a small fraction of cells (low grade
mosaic aneuploidy), resulting from chromosomal segregation errors during the late embryonic

divisions.
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Figure 1. PGT analysis of blastocyst-stage equine embryos. On the left side, the circos plots are
depicted for two out of 14 blastocyst-stage equine embryos that were aneuploid. The outer and inner
circles represent the genome constitution per chromosome (1-X) of the biopsy sample and the
corresponding biopsied blastocyst sample, respectively. Different colors represent different types of
aneuploidies. On the right, the parental haplarithm plots of the biopsy (upper plot) and the corresponding
embryo sample (lower plot) of MareO1_Embryo01 are depicted containing the genome-wide LogR value
(measure for the chromosome copy number), the maternal B-allele-frequency (Mat-BAF), the maternally
inherited haplotype blocks (pink/red colors represent regions inherited from maternal homologue 1 or
2), the paternal B-allele-frequency (Pat-BAF) and the paternally inherited haplotype blocks (light/dark
blue colors represent regions inherited from maternal homologue 1 or 2) from the bottom to the top,
respectively. The inherited parental haplotypes of four disease-causing genes (B3GALNT2 for
congenital hydrocephalus, MUTYH for cerebellar abiotrophy, PLOD1 for warmblood fragile foal
syndrome, GBEL1 for glycogen branching enzyme deficiency) and the gene causative for grey color
(STX17) coat are indicated by the yellow line. Genome-wide haplarithm plots and detailed chromosome-
wise haplarithm plots of the chromosomes carrying a gene of interest of all samples can be retrieved in

C3-Additional file 1, Figs. 1 and 2, respectively.

For the TE biopsy of Mare2_Embryo5_biopt, no clear evidence of a full chromosomal loss
exists. Yet, the LogR and the distance between the parental BAF values fluctuate between 0

and -1 and deviate from 0.5 respectively, which can be caused by the sampling of mosaic cells.
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However, also the plot quality could be affected by the lower coverage of SNPs (50.90%)

compared to the average SNP coverage of TE biopsy samples (55.83%).
PGT-M

As a proof of principle for PGT-M, we compared the inherited maternal and paternal haplotypes
for four common disease-associated genes with an autosomal recessive inheritance pattern
and a high carrier frequency in different horse breeds as described in the introduction, and for
one phenotypical trait with an autosomal dominant inheritance pattern in all successfully
analyzed biopsy-blastocyst combinations. These included the B3GALNT2 gene on
chromosome 1, mutated in case of CH, the PLOD1 and the MUTYH genes on chromosome 2,
mutated in case of WFFS and CA, respectively, the GBE1 gene on chromosome 26, mutated
in case of GBED and the syntaxin 17(STX17) gene on chromosome 25, causative for grey
color coat. An example for Mare01_ Embryo0O1 can be found in Figure 1. Detailed haplarithm
plots of the chromosomes containing the genes of interest in all analyzed samples can be
found in C3-Additional file 1, Figure. 2. The parental haplotypes were inconclusive for four out
of 90 analyzed loci, all of which involved samples of Mare02_Embryo07. The first two included
the paternal haplotype of MUTYH in both the biopsy and embryo sample due to the presence
of a recombination site and absence of informative SNPs at the gene location. The other two
included the maternal haplotype of BBGALNT2 and the paternal haplotype of STX17 in the
biopsy sample due to the loss of the maternal homologue and paternal homologue,
respectively. At the other loci, the parental haplotype in the biopsy sample was confirmed by

the analysis of the corresponding biopsied embryo.
Arrested cleavage-stage embryos

From six arrested embryos, only Mare02_ Embryo02 contained a normal diploid profile in all
four blastomeres. All other five contained chromosomal and/or genome-wide errors in most of
their blastomeres (Figure 2). A minority of chromosomal losses were only seen in the LogR
plot, but not confirmed by the parental haplarithm plots. For these errors, depicted with a green

color in Figure 2, the parental origin remained undetermined.
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Figure 2. Circos plots of the five arrested equine embryos that contained chromosomal or
genome-wide errors, with each circle representing the genome constitution per chromosome (1-
X) of a single blastomere. Different colors represent different types of aneuploidies. Signatures of
digynic trisomy across (almost all) chromosomes in Mare02_Embryo03 and Mare04_Embryo01 indicate
digynic triploidy. Chromosomal errors of undefined parental origin (green) represent those that could be
seen in the LogR plot, but were not confirmed by the parental haplarithm plots. Mare02_ Embryo02 was
the only embryo that contained a normal, biparental diploid profile in all blastomeres and is not depicted.
Lost blastomeres or blastomeres for which genetic analysis failed are not included, also blastomere 5
of Mare01_Embryo02 was not included due to low genome coverage and complex aneuploid profile.
Haplarithm plots of all blastomeres can be retrieved in C3-Additional file 2, Figure. 1. In the middle of
each circus plot, a picture of each embryo prior to dissociation is shown.

For MareO1_Embryo01, one blastomere was lost during the collection. The four remaining
blastomeres all contained a maternal loss of chromosome nine, which thus most likely resulted
from a meiotic error. In addition, a variety of other chromosomal errors was retrieved in the
distinct blastomeres, pointing to errors of mitotic origin. Chromosome seven was affected
differently in all blastomeres. In blastomere three, a partial chromosomal loss of the first half
and a partial chromosomal gain of the second half of maternal chromosome 7 was found.
Reciprocal to what was seen in blastomere three, blastomeres one and two presented with a
partial, chromosomal loss of unknown parental origin of the last half of chromosome 7.
Blastomere one additionally presented with a loss of chromosome 30 of unknown parental
origin. For blastomere five, a lower number of SNPs were analyzed (coverage of 35.80%) and
by consequence, the quality of the haplarithm plot was poorer. Nonetheless, a complex
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aneuploid profile was observed, with (partial) chromosomal losses and gains of both paternal

and paternal origin including at least chromosomes 7, 9, 24, 27, 28 and 30.

For Mare01 Embryo02, one blastomere was lost during collection and three other
blastomeres failed analysis. From the remaining four blastomeres, blastomere eight was
normal diploid and three other blastomeres were found with distinct chromosomal errors. By
consequence, these are of mitotic origin. Blastomere one and two contained a paternal
chromosomal loss and the reciprocal gain on chromosome 13, respectively. Blastomere seven
showed a complex aneuploid profile with paternal chromosomal gains on chromosome 3,10
and 18, a paternal chromosomal loss on chromosome 17 and maternal chromosomal gains on

chromosomes 23 and 24.

In Mare02_ Embryo01, all three blastomeres presented with a maternal loss of chromosome
11, pointing to a meiotic origin. Maternal chromosome 12 was lost in blastomere two and lost
partially in blastomeres one and three. For the last two blastomeres, a loss of the second half

of chromosome 12 of unknown parental origin was found.

In Mare02_ Embryo03, three blastomeres failed analysis and three blastomeres showed an
identical triploid profile with an additional maternal genome copy. Genome-wide regions of
heterodisomy point out the presence of two distinct maternal genomes which must have

resulted from a genome-wide meiotic error.

Finally, Mare04_ Embryo0O1, contained one blastomere which failed analysis and one
blastomere with a digynic triploid profile with only one maternal genotype, pointing to a
genome-wide mitotic error. Additionally, two out of three maternal copies were lost on
chromosomes 10 and 21 and a partial chromosomal loss of chromosome five of unknown

parental origin occurred.
Discussion

Here, we provide proof of concept for concurrent genome-wide copy number profiling and
haplotyping in the horse enabling combined PGT-A and PGT-M in a generic way. Like in
human and cattle, a similar analysis could additionally enable PGT-SR and PGT-P in the horse.
Research-based application of this strategy has the potential to determine the contribution of
genetic aberrations to embryonic or fetal arrest before or after clinical detection of pregnancy.
Clinically, this method allows the selection of embryos devoid of both aneuploidies and
pathogenic variants, and with the genetic variants of interest. We envision this application will
revolutionize horse breeding.

The simultaneous detection of the genome-wide copy number and the inherited parental
haplotypes allows to determine the presence, the type (gain/loss) and the origin
(maternal/paternal and meiotic/mitotic) of (segmental) aneuploidies and genome-wide errors,

also called ‘ploidy’ aberrations?*°"¢1, Ploidy aberrations include triploidy and haploidy, in which
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case a whole parental genome of maternal or paternal origin is additionally present (digynic
and diandric triploidy, respectively) or missing (androgenetic or gynogenetic haploidy,
respectively), or androgenetic/gynogenetic genome-wide uniparental disomy when two
genomes derived from the same parent are present. This method enabled to chart for the first
time the full extent and spectrum of chromosomal and genome-wide aberrations in arrested
cleavage-stage and transferrable blastocyst-stage in vitro-produced equine embryos. As such,
we could provide the first solid evidence of the occurrence of genome-wide errors in equine
embryos. These included two digynic triploidies, one of meiotic and one of mitotic origin.
Considering the almost exclusive application of intracytoplasmic sperm injection (ICSI) for in
vitro fertilization (IVF) in horses, the occurrence of predominantly maternal genome-wide errors
can be expected as diandry via dispermic fertilization is prevented. Furthermore, a staggering
five out of six (83%) arrested cleavage-stage embryos were found presenting with
chromosomal and genome-wide errors. Considering this is a bit lower compared to the
frequencies of human arrested cleavage-stage embryos (93-94% in 3223, this could represent
a realistic estimate. At the blastocyst-stage, errors were detected in two out of 14 samples
(14%) and suspected in a third. This is lower as compared to the incidence reported in biopsies
from human blastocyst-stage embryos (25-69% in 24282932) and cattle (14-31% in 26%0), A
higher incidence was also reported in the one study on in vitro-produced equine samples based
on cytogenetic evaluation (40% in blastocysts *). This discrepancy might be related to either
sample size or species-specific differences in gene content, effect of aneuploidies on
embryonic viability and/or IVEP conditions. The high incidence of chromosomal and genome-
wide errors in arrested equine cleavage-stage embryos as compared to transferrable
blastocyst-stage embryos supports the view that these errors are a cause of in vitro embryo

arrest in mammals.

With the exception of one, all arrested cleavage-stage embryos were characterized by
(complex) aneuploidy and/or digynic triploidy of mitotic origin affecting all or most of their
blastomeres, sometimes in combination with meiotic aneuploidy of one of the larger
chromosomes or, meiotic triploidy, affecting all cells per definition. In contrast, the two
aneuploid blastocysts contained errors of meiotic origin on smaller chromosomes, and one of
them additionally contained mitotic aneuploidies in a small proportion of the embryo, as they
were detected in the TE biopsy only. These findings corroborate the human observation that
especially genomic aberrations that affect a large part of the genome in a large proportion of
the embryo, such as (complex) aneuploidy resulting from mitotic errors at the earliest
embryonic divisions, combinations of meiotic and mitotic aneuploidies, or ploidy aberrations
seem detrimental to early embryonic development while meiotic errors or low-grade mosaicism
do not necessarily prohibit embryo development to the blastocyst stage 2428:32.3367.68 |n horses,

meiotic monosomies of smaller autosomal chromosomes have been reported in aborted
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equine specimens (e.g., chromosome 26, 27 and 31), but never in live born horses 12°, Here,
we demonstrate the presence of meiotic monosomies of larger chromosomes (e.g.,
chromosome 9 in Mare0O1_Embryo01 and chromosome 11 in Mare02_Embryo03) in arrested
embryos but not in blastocysts. Together, these data point out that monosomies of the larger
chromosomes affecting all embryonic cells cause gestational loss before clinical pregnancy
detection!?, which can be due to gene-dosage imbalances resulting in embryo arrest before
embryonic genome activation. In general, it should be taken into consideration that only a
limited number of embryos from a limited number of mare-stallion combinations were analyzed
here and therefore, analysis of more samples will be required to draw valid and generalizable

conclusions.

When successful, the analysis of the TE biopsy could predict the euploid or full aneuploid state
of the embryo, highlighting its potential for PGT-A. Monosomies on small chromosomes, here
detected in two embryos on chromosome 28 and 31, are associated with fetal demise by 65
days of gestation . Therefore, clinical application and selection against such embryos could
increase success rates per embryo transfer as well as the live-birth rates, as was shown for in
vitro-produced cow embryos *°. Yet, such application remains controversial. In human for
example, over 70 retrospective single and multi-center studies attest to the efficacy of PGT-A
8 put a lack of evidence for its beneficial effect in randomized-controlled multicenter studies
trials remains, except in older age groups “°. The risk of PGT-A being performed on a few cells
obtained by a biopsy procedure, is that the analysis result does not necessarily reflect the
status of the whole embryo in case of mosaic aneuploidy, the latter of which is not necessarily
incompatible with healthy live birth "*="3, In the study presented here, additional aneuploidies
detected in the TE biopsy of one embryo, but not in the corresponding biopsied blastocyst,
demonstrated the presence of putative low-grade mosaicism. Although mosaicism was
indicated by the genetic profile of the TE profile of that and one other TE profile, the presence
and extent cannot be accurately predicted by a TE biopsy alone. By consequence, whilst fully
aneuploid embryos are unviable or severely diseased, the application of PGT-A may lead to
misdiagnosis of mosaic embryos 4 and additionally, to damage to the embryo due to the
biopsy procedure, leading to wastage of viable embryos. In regard of the biopsy procedure,
both the needle aspiration biopsy of in vitro- and in vivo-generated embryos and the collection
of herniating cells from in vitro-generated embryos have shown similar early pregnancy results
as compared to non-biopsied controls %,

In contrast to cattle but similar to humans, horse embryos have a high individual value, from
both an emotional and economic perspective. For that reason, the clinical application of PGT-
A in horses is expected to result rather in the selection against embryos with a meiotic trisomy

(which are unviable and can be discriminated by haplarithmisis) and the further ranking of
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euploid embryos and embryos presenting with other chromosomal errors, genome-wide errors
or traces of mosaicism based on the type and number of chromosomes affected than in the
selection against all abnormal embryos, as performed in cows . Such ranking could impact
both pregnancy rates and embryo prizes. The clinical application of PGT-A may particularly
benefit the subpopulation of slowly developing in vitro-produced equine embryos. These are
currently discarded by some centers since transfer results in decreased pregnancy and foaling
rates 3367577 Yet, since female embryos develop slower ’°, such practice may also underlie
an increased disposal of desired female embryos resulting in the observed skewed sex ratio
following transfer of equine in vitro-produced embryos &7°. PGT-A by haplarithmisis has the
potential to select against fully aneuploid embryos while salvaging the euploid and potential or
presumed mosaic embryos, which might increase embryo viability and (partly) reinstate a more
balanced sex ratio within this cohort. A subset of TE biopsies analyzed here, failed to give a
result following haplarithmisis, which may be due to failed tubing or low fidelity of the whole
genome amplification (WGA) process due to inhibition ®5. The same samples also failed
analysis when analyzed by gPCR to verify the sex of the embryo, which may thus provide a
method for quality assessment of the TE biopsy. The chance of a successful analysis could be
increased by dividing the initial TE biopsy of 10 to 20 cells into two samples, generating a spare
sample, and the upfront selection of the best sample for analysis by haplarithmisis.

We also demonstrate the ability to detect the inherited parental haplotypes at the location of
five genes related to traits and diseases based on a biopsy sample, enabling PGT-M when
real-case pedigree information regarding the inheritance of the allele of interest is available.
Haplotyping-based PGT-M has a number of advantages as compared to other types of PGT-
M. First, it minimizes misdiagnosis due to upfront WGA, which is a necessary evil to obtain
sufficient input DNA when genotyping multiple targets or performing multiple analysis on one
or a few cells, but results in erroneous and biased amplification. PCR-based PGT-M methods
rely on the direct genotyping of the allele of interest and therefore, they are at risk to pick up
the bias created by the WGA process. Especially the misdiagnosis of heterozygous embryos
in horses °3-°° and humans @7 occurs frequently in PCR-based PGT-M, because of allele
drop-out, resulting from the failure WGA process to amplify one of both alleles, to which
especially at GC-rich locations, like the GBEL1 locus, are prone. PGT-M by haplotyping
counters this problem, because the presence of the alleles of interest is not determined directly
but instead, inferred from parental haplotypes determined from polymorphic markers flanking
the loci of interest, most of which will not undergo allele drop-out. Second, the analysis is
generic and performed on a genome-wide scale, making the simultaneous screening for many
Mendelian or polygenic disorders and traits possible. This is in contrast to PCR-based
methods, which could only detect a limited number of alleles of interest and had to be designed

per family and/or location or of interest. Whilst this study looked for the inherited parental
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haplotypes limited to five loci related to color coat and diseases, haplotype-based PGT-M can
in the short term be applied for each pedigree to determine the presence of all alleles for which
the causative mutation is currently known. In horses, Mendelian inheritance has been detected
for 62 equine traits and diseases, but only for 49, the (likely) causal variants is known

(https://www.omia.org/home/). Further research will continue to identify the underlying genetic

mutation of other Mendelian disorders and traits.

Concurrent genome-wide copy number detection and haplotyping of embryos requires
pedigree genotypes to enable phasing of the genotypes into haplotypes. These include
genotypes from both parents, together with a sibling (affected or unaffected for the monogenic
disease or trait) or at least one of the grandparents (from the parental side(s) at risk of
transmitting the allele of interest in case of PGT-M). For PGT-M, pedigree information
regarding the inheritance pattern of the allele of interest is additionally required. These
requirements bring along opportunities and hurdles. On the one hand, clinical application of
haplotype-based PGT would enable the development of large genomic databases. On a longer
term, these databases may lead to the annotation of genes for multifactorial/polygenic traits or
disorders and additionally enable future ranking of embryos for traits based on polygenic risk
analysis. While the initiation of human embryo selection based on PGT-P poses several ethical
and technical problems 8-84 the development of PGT-P in horses can be valuable for
assessing important equine polygenic disorders like osteochondrosis dissecans -8 or insect
bite hypersensitivity & and traits like performance 8-, parasite susceptibility °* or fertility 92°3,
for which genome-wide association studies in horses are increasing the knowledge on the
heritability and associated SNPs. On the other hand, obtaining materials from family members
is straightforward in humans but poses a hurdle for the application of haplotyping-based PGT
in the horse industry. While the DNA of the mare can be obtained via a blood sample during
ovum-pick up or embryo transfer, DNA collection from the stallion is less straightforward as the
sale of stallions’ semen is exploited by external stud farms which send expensive small doses
of semen for which DNA extraction is inherently more challenging as compared to blood. As
such, the enrollment of equine PGT by the method presented here in the current setting would
require the collaboration of stud farms. The necessity of grandparental or sibling genotype
information from live horses can be avoided by genotyping an arrested or blastocyst-stage
sibling embryo from the same mare-stallion combination, as we demonstrated here too. On
the longer term, the development of a large equine genotype database would enable to reuse
genotype information obtained from previous PGT sessions, especially because of the popular
use of certain stallions in the equine breeding programs. Such database would also allow the

increased use of parental siblings for phasing of the parental haplotypes %
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The resolution of haplotyping via haplarithmisis depends on the number and distribution of total
analysed and fraction of informative SNPs. Here, a medium density, 70 K SNP array was
applied, analyzing only a limited number of SNPs. As a consequence, some of the
chromosomal copy humber errors shown by the LogR plot were not confirmed by the parental
haplarithm plots, resulting in the failure to determine the parental origin. Furthermore, the
paternal haplotype at one locus of interest in one biopsy-blastocyst combination could not be
conclusively determined due to the co-occurrence of a recombination site and lack of
informative SNPs. In human haplarithmisis-based PGT, parameters based on call rate and
Mendelian inconsistency are applied for general quality assessment of the samples and for
PGT-M specifically, the distance to the flanking homologous recombination site and number
and accuracy of informative SNPs within this area are applied for conclusive determination of
the parental haplotypes at loci of interest °°. The determination of the resolution and threshold
values for equine haplotype calling requires further research, including genomic samples with
known haplotypes. Applying a higher density SNP array would result in more data points for
subsequent genome-wide haplotyping and thus higher resolution PGT-A and PGT-M.
However, for horses, only a 671K SNP array for concurrent analysis of 96 samples is
commercially available (Axiom MNEC670; Thermo Fisher Scientific, Waltham, MA, USA ),
which is not cost-efficient for application of PGT in horses. Alternatively, the rapid development
and increased cost-efficiency of sequencing-based technologies may provide a solution to
increase the number of data points. Genotyping-by-sequencing, for example, scalable in terms
of both data points and sample throughput, can provide a cost-efficient alternative for arrays
to provide input genotypes with an increased resolution for haplarithmisis, as demonstrated for

human and bovine samples 2.

The number of equine embryos being produced and traded worldwide is expected to grow
further, especially since the recent development of repeatable IVF in horses °’. Similar to cattle
and humans, we postulate that the selection and ranking of these embryos by a reliable method
for PGT as demonstrated here, will enhance and predict embryo transfer success rates, and
will enable selection for traits and against diseases, accelerating breeding programs. In cattle,
the use of SNP-arrays for genomic selection of liveborn and embryos via a biopsy has
revolutionized breeding. The integration of genomic selection has doubled the rate of genetic
progress for important economic traits and increased selection accuracy, while decreasing the
generation interval and avoiding undesirable recessive conditions %%, While we generated
new insights in the incidence and nature of chromosomal and genome-wide errors in equine
in vitro-produced embryos until the blastocyst stage and their contribution to developmental
arrest, further clinical application of PGT will determine the contribution of chromosomal errors,
genome-wide errors and mutations to pregnancy failure before or after clinical pregnancy

detection following transfer of those blastocysts. Furthermore, since horses provide the
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opportunity to study embryos from a population that is less biased towards age and infertility
as compared to human, and because in vivo-generated blastocysts are frequently flushed out
of the uterus and transferred to a recipient mare, they provide an excellent model to determine
the contribution of chromosomal an genome-wide errors to pregnancy loss before or after the
clinical detection of preghancy, and to study the in vivo and the in vitro situation (both IVF and

ICSI) and assess and optimize in vitro culture conditions with regard to genome instability.
Material and methods
Equine in vitro embryo production

Embryos were produced in vitro as described previously 5364, separating oocytes and embryos
per donor. Briefly, oocytes retrieved from slaughterhouse-derived ovaries from four mares of
unknown identity were kept for ~15 to 18 h in holding medium (Emcare, Manhattan, KS, USA)
at room temperature (22°C) prior to IVM. Maturation of cumulus-oocyte-complexes was
performed in a humidified atmosphere per donor for 31-33 h at 38.5°C in 5% CO_ in 500 pL of
maturation medium consisting of tissue culture medium (TCM)-199 with Earle’s salts
containing 10% fetal bovine serum (FBS) (31150-022 and 10082147; Thermo Fisher Scientific,
Waltham, MA, USA), 9.4 ug/mL follicle-stimulating hormone, 1.88 ug/mL luteinizing hormone
(BE-V157997; Stimufol; Reprobiol, Ouffet, Belgium) and 50 ug/mL gentamycin (15710049;
Thermo Fisher Scientific, Waltham, MA, USA). A tissue sample was collected for each donor
animal from the ovary and stored at -80°C. Following maturation, oocytes were denuded by
successive pipetting in 50 uL droplets of 0.1% bovine hyaluronidase (H3506-1G; Sigma-
Aldrich, Saint Louis, MO, USA) in TCM-199 with Hank’s salts (22350-029; Thermo Fisher
Scientific, Waltham, MA, USA) with 10% FBS and 50 ug/mL gentamycin (15710049; Thermo
Fisher Scientific, Waltham, MA, USA) and TCM199 with Hank’s salts with 10% FBS using a
STRIPPER pipettor and 170 um and 135 um capillaries (MXL3-STR-CGR, MXL3-175 and
MXL3-135; Cooper Surgical, Trumbull, CT, USA). Frozen-thawed semen from one stallion was
used for fertilization and prepared as described previously . Mature oocytes were fertilized
by intracytoplasmic sperm injection (ICSI) as described previously ¢ and presumptive zygotes
were cultured at 38.2°C in a humidified atmosphere of 5% O,, 5% CO., and 90% N in 20 pL
droplets of Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12 (DMEM/F-12; 21331-020;
Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS and 50 pg/mL gentamycin under
oil (ART-4008-5PA; Cooper Surgical, Trumbull, CT, USA). Blastocyst development was

monitored daily from day six onwards until day 12.
Embryo biopsy and single-cell collection

All but two embryos reaching the blastocyst stage were biopsied at the day of TE delineation
and the remaining biopsied embryos were collected immediately afterwards. Embryos not

collected included two embryos of Mare 4, one of which presented as an apparent twin embryo
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and the other of which developed at day 13. Collection of the TE biopsies was performed as
described in detail by De Coster et al. (2023) . Briefly, embryos were placed in 5 pL droplets
of TCM-199 with Hank’s salts containing 10% FBS under oil and immobilized by suction of a
holding pipette (MPH-MED-35; Cooper Surgical, Cooper Surgical, Trumbull, CT, USA) on a
heated stage (39°C) of an inverted microscope (Olympus IX73; Olympus Shinjuku, Tokyo,
Japan) equipped with a Research Instruments micromanipulation system (Cooper Surgical,
Trumbull, CT, USA). To avoid the collection of presumably degenerated cells, embryos were
positioned such way that visual cell debris was not aspirated. Ten to 20 cells were aspirated
from the TE layer following piercing of the embryo with a beveled biopsy micropipette (MPB-
BS-30; Cooper Surgical, Trumbull, CT, USA) and placed in a 2.5 pL droplet of Ca*?/Mg*2-free
phosphate buffered saline (PBS; 14190-144; Thermo Fisher Scientific, Waltham, MA, USA)
with 1% polyvinylpyrrolidone (PVP; ART-4005; Cooper Surgical, Trumbull, CT, USA), of which
2 pL containing the biopsy was subsequently transferred to a DNase-free 0.2 mL tube on ice
using a 135 pm capillary (MXL3-STR-CGR; MXL3-135; Cooper Surgical, Trumbull, CT, USA).
The remaining biopsied embryos were individually removed from their zona pellucida, by
incubation in warm 0.1% pronase (P8811; Merck KGaA, Darmstadt, Germany; with Hank’s
salts) dissolved in TCM-199 with Hank’s salts, and subsequent washing in TCM-199 with
Hank’s salts containing 10% FBS and Ca**Mg*?-PBS with 1% PVP, while removing the zona
by pipetting with a 200 um capillary. Zona-free embryos were subsequently transferred
individually to a DNase-free 0.2 mL tube on ice containing 2 puL Ca*?/Mg*?-free PBS% with
1%PVP using a new 200 um capillary. For embryos that arrested at the cleavage-stage,
individual blastomeres were isolated and collected at day 11 and 12 of embryo culture as
described elsewhere 21, When individual blastomeres could not be discriminated due to
degeneration and/or fragmentation, embryos were not analyzed. All samples were immediately
stored at -80°C. To avoid cross-contamination, every embryo was washed in TCM-199 with
Hank’s salts with 10% FBS before sample collection and manipulated with a new set of

micropipettes and/or capillaries.
Genetic analysis

Whole-genome amplification and DNA extraction

DNA of single blastomeres from arrested embryos, TE biopsies and their corresponding
biopsied embryos was extracted and amplified by multiple displacement whole-genome
amplification (WGA) using the REPLI-g Single Cell Kit (150345; Qiagen, Hilden, Germany)
according to the manufacturer’s instructions with minor modifications. Full (TE biopsies and
biopsied whole blastocysts) or half (single blastomeres from arrested embryos) reaction
volumes were applied and the incubation reaction was reduced to 3 h. The concentration of
WGA DNA was determined by Qubit Broad Range Assay (Q33266; Thermo Fisher Scientific,
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Waltham, MA, USA), according to the manufacturer’s protocol. Ovarian tissue from the donor
mares (i.e., mothers of the respective embryos), semen from the stallion (i.e., fathers of the
respective embryos) and blood from the parents of the stallion (i.e., paternal grandparents of
the respective embryos) were used to extract bulk DNA (DNeasy Blood and Tissue kit; 69504;
Qiagen, Hilden, Germany; User-developed protocol for semen extraction). Purity and
concentration of the bulk DNA was measured with Nanodrop (Isogen, Utrecht, The

Netherlands), according to the manufacturer’s protocol.

SNP genotyping and haplarithmisis

Over 70,000 SNPs were genotyped in all samples on GeneSeek Genomic Profiler (GGP)
equine SNP arrays (outsourced to Neogen, Ayrshire, UK). Subsequently, discrete genotypes,
B-allele frequency (BAF) values, and LogR values were exported using the GenomeStudio
software Genotyping Module v. 2.0.5 (lllumina, San Diego, USA). SNP genotypes were called
by setting the GenCall score at 0.75. Next the computational workflow siCHILD, which includes
haplarithmisis °’, modified for analysis of equine samples according to equine reference
genome EquCab3.0 was applied. Briefly, haplarithmisis uses the phased parental genotypes
and SNP BAF-values of the embryo sample to determine genome-wide haplotypes, copy-
number of the haplotypes, as well as the parental and segregational origin of anomalies.
Parental genotypes were phased with the SNP genotype calls derived from the paternal
grandparents, when no sibling blastocyst was available (Mare03_Embryo01) or from a sibling
biopsied whole blastocyst (other embryos). Next, for specific combinations of phased parental
genotypes, corresponding SNP BAF values of the embryo sample were retrieved.
Consequently, these values were plotted on paternal and maternal haplarithms, Visualization
of genome-wide raw BAF values, paternal and maternal haplarithms, and LogR values using

SiCHILD rendered genome-wide haplarithm plots.

A visual overview on the interpretation of the haplarithm plots on chromosomal and genome-
wide level can be consulted in *" and °!, respectively. Failed samples were those samples
resulting in inconclusive haplarithm plots. The sex of the embryo was determined by the copy
number of the X-chromosome as determined by the combined interpretation of the parental
haplarithm plots and the LogR value, and verified by qPCR, using 1 pL of 1 ng/uL diluted WGA
material as a template .

PGT-M

The coordinates of the five selected genes on the equine reference genome EquCab3.0 were
extracted from Online Mendelian Inheritance in Animals (OMIA) (https://omia.org/). The gene
regions were then indicated by orange lines on whole genome haplarithm plots. Maternally
inherited haplotype blocks (regions inherited from homologue 1 or 2 of the mother) were

visualized through pink/red colors and paternally inherited haplotype blocks (regions inherited
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from homologue 1 or 2 of the father) were visualized with light/dark blue colors. Haplotype
inheritance patterns for the five gene regions were inferred according to the color of haplotype
block. The haplotype block at loci of interest were called inconclusive in the absence of
heterozygosity (e.g., maternal or paternal monosomy), or informative SNP positions or, when

co-localized with a meiotic recombination site.

Data visualization

Circos plots were drawn using the Circos software .
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CHAPTER 4 — ORIGIN AND DEVELOPMENT OF
BOVINE UNIPARENTAL AND POLYPLOID
BLASTOMERES
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multipolar zygotic divisions leading to mixoploid and chimeric blastocysts. Genome Biology
2022 23:1, 23(1), 1-29. https://doi.org/10.1186/S13059-022-02763-2.

Zhao, Y. *, Fernandez-Montoro, A. *, Peeters, G., Jatsenko, T., Coster, T. De, Angel-Velez,
D., Lefevre, T., Voet, T., TSuiko, O., Kurg, A., Smits, K., Soom, A. Van, & Vermeesch, J. R.
(2024). Origin and development of uniparental and polyploid blastomeres. BioRXxiv,
2024.07.30.605883. https://doi.org/10.1101/2024.07.30.605883. Manuscript peer review

completed and accepted by iScience. (*Co-first authors)

54


https://doi.org/10.1101/2024.07.30.605883

DOCTORAL THESIS YAN ZHAO

Parental genomes segregate into distinct blastomeres during multipolar zygotic

divisions leading to mixoploid and chimeric blastocysts

The following is a summary of the paper: De Coster, T., Masset, H., TSuiko, O., Catteeuw, M.,
Zhao, Y., Dierckxsens, N., Aparicio, A. L., Dimitriadou, E., Debrock, S., Peeraer, K., de Ruijter-
Villani, M., Smits, K., Van Soom, A., & Vermeesch, J. R. (2022). Parental genomes segregate
into distinct blastomeres during multipolar zygotic divisions leading to mixoploid and chimeric
blastocysts. Genome Biology, 23(1), 1-29. htips://doi.org/10.1186/S13059-022-02763-2. In
this study, | contributed to genome-wide haplotyping and copy number profiling. The full paper
is provided as C4-Additional file 1.

Background

Chromosomal mosaicism, marked by the coexistence of genetically distinct cell populations
within a single organism, is well-documented in human (Vanneste et al., 2009; Fragouli, Munne
and Wells, 2019) and bovine (Destouni et al., 2016; TSuiko et al., 2017) early embryonic
development. This phenomenon contributes to embryonic arrest, pregnancy loss, and
congenital disorders (Biesecker and Spinner, 2013; Ottolini et al., 2017; Zhang et al., 2019). A
peculiar form of mosaicism involves the presence of cells with different genome ploidy or
distinct parental genotypes, known as mixoploidy and chimerism, respectively. Instances
where one parental genome contributes exclusively to a cell lineage are termed mosaic
genome-wide (GW) uniparental disomy. Chimerism, mixoploidy, and mosaic GW uniparental
disomy have been associated with rare developmental disorders and placental abnormalities
in humans and bovines (Jarvela et al., 1993; Strain et al., 1995; Meinecke et al., 2006;
Robinson et al., 2007).

Despite the recognized clinical associations, the mechanistic origins of mixoploidy and
chimerism remain poorly understood. Proposed mechanisms include zygotic and polar body
aggregation, parthenogenetic activation, and fertilization errors (Madan, 2020). However,
these models are derived from studies performed on patients and abnormal placentae and rely
on the cytogenetic or molecular genetic detection of cells that have undergone rigorous
prenatal selection. Hence, these models remain speculative and largely unsupported by

molecular or cell biological data.

Recent advances in genome-wide single-cell haplotyping and copy number profiling have
revealed androgenetic, gynogenetic, biparental, and triploid cells coexisting within individual
day-2 and day-3 bovine embryos (Destouni et al., 2016; TSuiko et al., 2017). The existence of
mixoploidy and chimerism was subsequently confirmed in other bovine (Middelkamp et al.,
2020), and non-human primate (Daughtry et al., 2019) in vitro-fertilized (IVF) cleavage-stage

embryos. These discoveries imply that mixoploidy and chimerism may result from the
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segregation of parental genomes into different daughter cells during the zygotic division. We
coined this phenomenon “heterogoneic division"—Greek for a different parental origin—and
reasoned that it might be enriched in embryos cleaving into more than two blastomeres directly

(multipolar zygotic division) (Destouni et al., 2016; Masset, TSuiko and Vermeesch, 2021).
Methods and results

Genome-wide mosaicism exists in human blastocysts

Considering that bovine and non-human primate embryogenesis parallel human
embryogenesis, including the chromosomal instability (Destouni et al., 2016; Daughtry et al.,
2019), we hypothesized mixoploidy and/or chimerism to be traceable in human cleavage- and
blastocyst-stage embryos. In two human embryos, a gynogenetic blastomere at day-3 biopsy
was identified through comprehensive haplotyping-based preimplantation genetic testing
(PGT). In order to understand if the detected GW aberrations were indicative of a mixoploid
and/or chimeric embryo, we dissociated the resulting blastocysts for single-cell analysis. This
analysis revealed a mixture of gynogenetic, biparental diploid, and polyploid cells. These
analyses point to the occurrence of human parental genome segregation errors and the
persistence of these lineages to the blastocyst stage resulting into chimeric and/or mixoploid

human blastocysts.

Multipolar zyqotic divisions are characterized by whole-genome segreqgation errors

Because human embryo research is ethically and numerically restricted, we used a bovine
model to pinpoint the origin of parental genome segregation errors and to test whether
multipolar zygotic divisions coincide with parental genome segregation errors and gain insights
in the mechanisms. We analyzed the GW haplotype architecture and ploidy state of all cells
derived from 25 in vitro-produced bovine zygotes undergoing multipolar division into three or
four blastomeres. Haplarithmisis was performed on 82 single blastomeres and two cellular
fragments from these embryos. Remarkably, all embryos (n=25) exhibited GW abnormalities
in at least one blastomere, including polyploidy with additional maternal or paternal genomes,
uniparental signatures (androgenetic or gynogenetic), the GW presence of complex
aneuploidies, or the apparent absence of DNA. Heterogoneic division, characterized by the
separate segregation of whole parental genomes into distinct blastomeres, was observed in
18 out of 25 embryos, 17 of which were polyspermic and one monospermic. Among the seven
embryos without heterogoneic division, only one showed polyspermic fertilization. These
observations suggest that polyspermic fertilization is the primary driver of multipolar division

and is associated with whole-genome segregation errors.

Moreover, to pinpoint how these mis-segregations arise, we followed the zygotic division, in

real-time, in 55 bovine zygotes transiently expressing live fluorescent markers for
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chromosomes and microtubules. Out of 55 imaged embryo , three exhibited multipolar division
into three cells, while one divided into four cells (Figure 1). Heterogoneic division occurred in
three of these four embryos (Figure 1C-E), with observed mechanisms including a lack of

synchrony between pronuclei, the formation of private parental spindles and the presence of

separate spindles.

Graphic representation of zygolic division
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Figure 1. Spindle assembly and cytokinesis dynamics in live-imaged bovine zygotes. Spindle
assembly and cytokinesis into two (A) or multiple blastomeres (B-E) in live-imaged bovine zygotes
containing two (A, C) or three (D, E) pronuclei. A-E Bovine zygotes expressing transient microtubule
markers (EGFP-MAP4, green) and chromatin marker (H2B-mCherry, magenta) were imaged by light
sheet (D) or spinning disk (A—C, D) microscopy every 10 min throughout mitosis and for up to 12 h in
total. Graphical representation of the zygotic division on the embryos imaged illustrating the segregation
dynamics of the different genomes. Timings are respective to synchronous pro-nuclear evelope
breadown (NEBD) (A-C) or to NEBD of the leading PN (PN1) in case of asynchrony (D, E). PN3,
asynchronous lagging PN. Arrows indicate the extrusion of a parental genome into a separate
blastomere. Arrowheads indicate misaligned and lagging chromosomes resulting in micronuclei

formation in the daughter blastomeres. Projected scale bars, 10 ym.

Whole parental genome seqgreqgation errors occur via different mechanisms

Mapping of the segregational origin of the genomic content revealed distinct mechanisms that
lead to separate segregation of whole parental genomes into distinct blastomeres in the 18
embryos with heterogoneic division. Three embryos consisted of an androgenetic, a biparental
diploid, and a diandric triploid (i.e., containing two distinct paternal set of haplotypes)

blastomere. Thirteen embryos consisted of a combination of biparental and androgenetic
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blastomeres (Figure 2A, B). The extra paternal genomes were either extruded into a separate
blastomere (Figure 2A) or segregated by the operation of an additional paternal spindle
(Figure 2B). In two zygotes, the parental genomes were segregated into three or four

blastomeres, each containing a maternal or paternal genome (Figure 2C).

‘ biparentaldiploid’ androgenetic‘ gynogenetic digynictriploid. tetraploid. anuclear Oundetermined

- -

E16
E22

E13
E17
E18
E19
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E12

E14
E21

E15

E23

E25

Figure 2. Schematic representation of events that best explain the segregation of a zygote into
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biparental and androgenetic (A, B) or androgenetic and gynogenetic blastomeres (C). Curved
arrows depict replication of the genome. In A, extrusion of paternal genome(s) is depicted following
polyspermic fertilization. In some embryos, this event occurred in parallel with the replication and
karyokinesis of the primary maternal and paternal genome. In EO6 and E12, some of the parental
genomes were replicated but failed to undergo karyokinesis. In B, segregation of an additional paternal
genome occurs through a second, paternally organized spindle. In E15, a third paternal genome was
protruded to one of the androgenetic blastomeres and genome-wide chromosomal losses occurred on
one paternal genome (yellow stars). In C, private parental spindles are established around the maternal
and the paternal genomes (E25) following polyspermic fertilization, or only around the maternal genome

following normal fertilization (E23). In E23, the paternal genome is extruded in a separate blastomere.

Genome-wide abnormalities resulting from heterogoneic division contribute to embryonic

arrest and persist in the blastocyst-stage bovine embryo

To prove that blastomeres containing GW abnormalities can propagate and persist following
heterogoneic division, we cultured an additional cohort of bovine embryos to the blastocyst
stage. Of the 190 zygotes cultured, 92.6% cleaved, and 41.5% developed to the blastocyst
stage. The blastocyst formation rate from bovine zygotes that underwent multipolar division
(30.1 £ 8.1%) was reduced compared to zygotes that underwent bipolar division (49.3 + 7.1%)
(P = 0.03), which shows that embryos with GW abnormalities resulting from multipolar zygotic
division are more prone to embryonic arrest. Seven blastocysts which formed from zygotes
that underwent multipolar zygotic division were dissociated and six to twelve cells were
genotyped individually. The subgroup of sampled cells presented a biparental diploid
constitution in two blastocysts and a GW mosaic constitution in five blastocysts. In the five GW
mosaic embryos, cells of the same blastocyst showed distinct paternal haplotypes or GW

paternal heterodisomy, confirming polyspermy to instigate multipolar zygotic division.
Conclusions

This study demonstrates that multipolar zygotic division, a deviation from the typical bipolar
cleavage, can lead to whole-genome segregation errors, resulting in blastomeres with distinct
parental genomes. The persistence of these genomic anomalies into the blastocyst stage
underscores the potential for mixoploid or chimeric development in both human and bovine
embryos. While multipolar divisions reduce the likelihood of successful blastocyst formation,
they offer a mechanistic explanation for developmental disorders associated with mixoploidy
and chimerism. Our study lays the groundwork for future investigations into how these early

genomic mis-segregations influence long-term developmental outcomes.
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Abstract

Whole-genome (WG) abnormalities, such as uniparental diploidy and triploidy, cause fetal
death. Occasionally, 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 division, parental
genomes segregate into distinct blastomeres, resulting in the coexistence of uniparental and
biparental diploid or polyploid cells. Mechanisms underlying such heterogoneic division, as
inferred from haplotyping results, include the formation of additional paternal or private parental
spindles, the occurrence of tripolar spindles, and the extrusion of extra paternal genomes. After
culturing the totipotent blastomeres to three preimplantation stages and exploring
transcriptomes of 446 cells, we discovered that stress responses contribute to developmental
impairment in WG abnormal cells, resulting in either cell arrest or blastocyst formation. Some
first-cleavage-derived WG abnormal blastomeres can survive early development and progress

to blastocysts. Their dominance in preimplantation embryos represents an overlooked cause
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of abnormal development. Haplotype based screening could improve in vitro fertilization

outcomes.

Introduction

Chromosomal abnormalities are common during human development, especially in the
preimplantation phase (Hassold et al., 1980; Hassold and Hunt, 2001; Vanneste et al., 2009).
One notable category of chromosome abnormalities are whole-genome (WG) anomalies
(Masset et al., 2021). 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, while triploid embryos contain an additional haploid set of chromosomes
from one of the parents. Constitutional WG anomalies are generally lethal during the embryonic
stage. Triploidy occurs in approximately 1% of all conceptuses, contributing to around 10% of
all spontaneous abortions (Hassold et al., 1980; Zaragoza et al., 2000) with extremely rare live
born cases surviving less than a year (Sherard et al., 1986). Complete and partial hydatidiform
moles, occurring at rates of 1 in 1000 and 3 in 1000 pregnancies respectively, are primarily
androgenetic diploid and diandric triploid, respectively (Seckl et al., 2010). Mosaic forms with
coexistence of normal cells can result in rare cases of live birth. For example, gynogenetic and
androgenetic chimerism (coexistence of uniparental and normal cells) and diploid/triploid
mixoploidy (coexistence of triploid and normal cells) have been reported in live-born individuals
with congenital abnormalities (Madan, 2020). As a model organism with a developmental
process and an aneuploidy profile similar to that of humans (Hansen, 2010; Santos et al., 2014;
TSuiko et al., 2017), WG abnormalities have also been identified at various stages during
bovine development (De Coster et al., 2022; Destouni et al., 2016; Dunn et al., 1970; Meinecke
et al., 2003; TSuiko et al., 2017).

Several models have been proposed to explain the mechanistic origins of WG abnormalities
in embryos (Masset et al., 2021). 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. While 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 (Madan, 2020; Masset
et al.,, 2021). 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 (De Coster et al., 2022), which we termed "heterogoneic division". This

specialized division involves the segregation of entire parental genomes into distinct
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blastomeres, often triggered by polyspermy and occurring concurrently with multipolar zygotic
division. Embryos following heterogoneic division typically contain blastomeres with diverse
chromosomal constitutions, including biparental diploid, polyploid, 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 (Daughtry et al., 2019; Ottolini et al., 2017).

Heterogoneic division, as the natural origin of blastomeres with WG abnormalities, represents
a fundamental yet underexplored aspect of embryo development. While research on
preimplantation embryo development often focuses on aneuploidies and their implications
(Fernandez Gallardo et al., 2023; Fragouli et al., 2013; TSuiko et al., 2021), there has been a
lack of investigation into the developmental trajectory of spontaneously arising blastomeres
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 abnormalities 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 developmental potential of individual
blastomeres resulting from both bi- and multipolar first zygotic divisions. With haplotyping
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 124 blastomere outgrowths, we observed impaired
transcriptomic development in blastomere outgrowths carrying WG abnormalities, starting from
major embryonic genome activation (EGA). This impaired development 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
blastomeres from early cleavage-stage embryos (Johnson et al., 1995; Willadsen, 1980).

Following the first cleavage, 148 blastomeres from 52 bovine embryos (17 with bipolar and 35
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with multipolar zygotic cleavage) were dissected and individually cultured to either day 2 (T1,
72 hours post fertilization (hpf), 4-6 cell stage), day 4 (T2, 121 hpf, 4-12 cell stage), or day 6
(T3, 170 hpf, blastocyst stage) post blastomere splitting, respectively (Figure 1).
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Figure 1. Experimental setup. (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 timepoints. 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, while 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. IVM: In vitro

maturation; IVF: In vitro fertilization; IVC: In vitro culture; hpf: hours post-fertilization.

To determine the chromosomal constitution of the blastomeres in culture, we performed
genome-wide haplotyping and copy-number profiling on cells derived from blastomere
outgrowths using genotyping-by-sequencing (GBS) (Masset et al., 2022) (Figure 1). Of 148
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blastomeres in culture from the 52 embryos, we successfully determined the chromosomal
constitution of 118 blastomeres in culture from 43 embryos through haplotyping. Specifically,
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 blastomeres in 9
embryos (Figure 2A-B). Among these, 45% (n=53) were identified as biparental diploid, while
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 blastomeres 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

originated from embryos undergoing multipolar first cleavage (Figure 2B).
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Figure 2. Whole-genome segregation errors occur in multipolar and bipolar first cleavages. (A)

Numbers of bipolar and multipolar cleaving embryos used for each blastomere culturing timepoint,
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categorized based on the completeness of embryo-derived blastomere outgrowth haplotyping: fully
haplotyped (All checked), partially haplotyped (Partial), or not haplotyped (Unknown). (B) The inferred
chromosomal constitution of 118 blastomeres in culture. (C) Three categories of genome segregation
patterns 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 haplotypes.
The arrows surrounding the pronuclei indicate replication occurred. During the first cleavage, spindles
segregating the sister chromatids are shown. In the absence of a spindle, the genome is extruded.
Numbers are given for patterns that occurred more than once. * in category 1 indicates the one embryo
with bipolar first cleavage and WG segregation error. * in category 3 indicates the four embryos with
multipolar first cleavage and without WG segregation error. For androgenetic blastomeres, different
colors indicate genetic material from different sperm. (D) Chromosomal segregation patterns for
embryos with bipolar or multipolar first cleavage and the inferred number of sperm that fertilized the egg.
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. Raw GBS results, including the haplarithm plots and aneuploidy profiles from

this study, are provided in C4-Additional file 2.

For the 31 fully checked embryos, genome composition of all cultured blastomeres allowed us
to reconstruct genome segregation patterns during the first cleavage. We observed three broad
categories of genome segregation patterns during the first cleavage (Figure 2C). Category 1
contains 6 embryos with all blastomeres harboring WG abnormalities. Category 2 comprises
9 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 blastomeres.
The four multipolar cleaving zygotes in this category also produced anuclear cells. Among the
31 fully examined embryos, 78% (14 out of 18) of those with multipolar first cleavage
demonstrated heterogoneic division, while only 8% (1 out of 13) of embryos with bipolar first
cleavage showed WG segregation errors (p=0.00048) (Figure 2C and 2D), confirming the
enrichment of heterogoneic division in multipolar cleaving zygotes (De Coster et al., 2022).
Furthermore, the high frequency of polyspermic conceptions in embryos undergoing multipolar
first zygotic division and exhibiting WG segregation errors (De Coster et al., 2022) 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 bipolar first cleavage or with multipolar first cleavage
but without WG segregation errors were inferred to be fertilized by a single sperm (Figure 2C
and 2D). Only 10% (1 out of 10) of dispermic embryos give rise to triploid blastomeres, which
is consistent with previous observations that dispermic fertilization seldom leads to triploid
development (De Coster et al., 2022; Kola et al., 1987). Most of the observed mechanisms
driving heterogoneic division align with those from our previous study (De Coster et al., 2022;
Destouni et al.,, 2016). Among the 15 embryos undergoing heterogoneic division, 10 were

inferred to involve the extrusion of paternal pronuclei into separate cells, 4 likely involved an
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independent spindle separating paternal or maternal chromosomes, 2 likely involved a tripolar

spindle, and 1 likely involved double spindles (Figure 2C).

Interestingly, two novel genome segregation mechanisms were identified. Firstly, within
category 1, we observed an embryo undergoing bipolar first cleavage yet exhibiting
heterogoneic division (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. Specifically, 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 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 division-derived blastomeres with
WG abnormalities, we compared the developmental stage of the 53 biparental diploid
blastomere outgrowths and 48 blastomere outgrowths with WG abnormalities at the time of
outgrowth collection (Figure 3A-B). We observed impaired development for blastomeres with
WG abnormalities compared to biparental diploid blastomeres at T3, with 80% (12 out of 15)
of biparental diploid blastomere outgrowths developing to blastocysts, while only 21% (6 out
of 28) of blastomere outgrowths with WG abnormalities reached this stage (p=0.0016) (Figure
3B-C).
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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 timepoints of outgrowth collection. (B)

Developmental stage comparison of biparental diploid blastomere outgrowths and blastomeres
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outgrowths with WG abnormalities in (A). (C) Schematic representation of the six blastomere outgrowths
with WG abnormalities that reached the blastocyst stage at T3, along with their sibling blastomere
outgrowths and original embryos. (D) Images of the two cleaved anuclear blastomere outgrowths and
schematic diagrams illustrating 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).

Since aneuploidy is known to affect embryo development, we next evaluated the impact of
heterogoneic division on aneuploidy levels in daughter blastomeres. By comparing the
aneuploidy 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 division,
compared to blastomeres originating from zygotes with normal genome segregation.
Specifically, for blastomeres with WG abnormalities resulting from heterogoneic division, 32%
(10 out of 31) were euploid, while 55% (17 out of 31) displayed high level aneuploidy. In
contrast, for blastomeres from normal genome segregation, 56% (18 out of 32) were euploid,
and only 3% (1 out of 32) exhibited high level aneuploidy (p=6.3x10°). Similarly, other studies
demonstrated the increased rate of complex chromosomal abnormalities for embryos with
multipolar division (Daughtry et al., 2019; Zhan et al., 2016). The association between
heterogoneic division and vulnerability to chaotic chromosomal missegregations might be
caused by the spindle abnormalities implicated in this process (Chatzimeletiou et al., 2005)
(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
outgrowths (100%,12 out of 12) reached blastocyst stage, while a much lower proportion (36%,
4 out of 11) of blastomere outgrowths with WG abnormalities reached blastocyst stage
(p=0.0013). Additionally, for androgenetic blastomere outgrowths collected at T3, 2 out of 15
containing the X chromosome reached the blastocyst stage, while the 3 without the X
chromosome did not, indicating that the Y chromosome alone is insufficient for blastocyst

formation.

The maijority of the 17 anuclear blastomeres arrested at the 1-cell stage. However, we identified
2 exceptions: one reached the 2-cell stage at T1, and the other reached the 3-cell stage at T2
(Figure 3D), suggesting that the cytoplasmic divisions could occur without a nucleus.
Additionally, we identified 16 more anuclear 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 underwent multipolar first cleavage. 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 obtained
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from the same cows. Maternal inheritance of the mitochondrial genome was corroborated by

similar mitochondrial genotypes.

To conclude, blastomeres with WG abnormalities from heterogoneic 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
abnormalities potentially causing deviations in the preimplantation developmental program. To
investigate the effects of WG abnormalities on transcriptomic development, we conducted
single-cell transcriptome sequencing on 677 cells derived from collected blastomere
outgrowths. Among these, 446 transcriptomes met our quality control criteria, 397 of which had
corresponding haplotyping information (Methods). Before quality control, we noted
significantly higher fractions of mitochondrial transcripts in cells from blastocyst stage
outgrowths compared to cells from other stages, except the 1-cell stage (Supplementary
Figure 1). The blastocyst stage cells with high fraction of mitochondrial transcripts were not
enriched for cells with WG abnormalities. This finding suggests active mitochondrial gene
expression in blastocysts and potential cytoplasmic RNA leakage in arrested 1-cell stage
outgrowths. Consistent with our findings, previous studies utilizing PCR analysis have
demonstrated a significant increase in mitochondrial transcripts at morula and blastocyst
stages across various mammalian species (Ma et al., 2008; May-Panloup et al., 2005;
Thundathil et al., 2005).

Following dimensionality reduction with Unified Manifold Approximation and Projection
(UMAP), single-cell gene expression 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
cluster without EGA (pre-EGA) contained cells arrested before EGA (Figure 4C). Pseudotime
analysis with single-cell transcriptome data inferred developmental trajectories pointing to ICM
and TE (Figure 4D). These results indicate that transcriptomic changes are mainly driven by

the natural developmental program rather than variations in genome constitution, aligning with
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previous single-cell transcriptome analyses of uniparental (Leng et al., 2019) and aneuploid

(Fernandez Gallardo et al., 2023) cells from human preimplantation embryos.
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Figure 4. Whole-genome abnormalities do not alter the preimplantation developmental program
but hinder transcriptomic development. UMAP for single-cell transcriptome data with cells colored
by (A) time of outgrowth collection (B) genome constitution (C) molecular developmental stage indicated
by marker genes expression (D) pseudotime value inferred from trajectory analysis. The inferred
pseudotime trajectories are indicated by black curved lines on the UMAP. (E) Number of biparental
diploid cells and cells with WG abnormalities used for transcriptome analysis for each timepoint. (F)
Pseudotime comparison of biparental diploid cells and cells with WG abnormalities at each outgrowth

collection timepoint. Each dot represents one cell, with the x-axis indicating its pseudotime value
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extracted from (D). Cells are colored according to their corresponding molecular developmental stage
in (C) using the same color scheme. Vertical grey bars indicate the mean pseudotime value of each
group.

We then explored whether the impaired development of blastomeres 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, while their molecular age was
assessed using pseudotime values along the transcriptional trajectory. Compared to cells from
biparental diploid outgrowths, those from outgrowths displaying WG abnormalities exhibited
impaired development at T2 and T3, as evidenced by their smaller transcriptome-pseudotime
ages (Figure 4E-F; p=4.5x10° for T2 and p=4x107"° for T3). This trend persisted when
considering only cells inferred to be euploid (p=0.00026 for T2 and p=0.039 for T3). Our
observation indicates the cell-level impaired transcriptomic development of blastomeres with

WG abnormalities starting form 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 slower or blocked in their development. Surprisingly, when
mapping the transcriptome profiles on the developmental trajectories, we observed that some
cells from 1 cell and 2-3 cell stage outgrowths at T3 displayed profiles resembling major EGA,
while some cells from 4-7 cell outgrowths exhibited profiles akin to TE or ICM (Supplementary
Figure 2). 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
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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) Heat map of regulon activity. Each row
represents one regulon and each column represent 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.

Since cells were clustered according to their molecular developmental stage regardless of
genome composition, we next aimed to uncover the specific gene regulatory networks (GRNs)
shaping cellular identity at each stage. We used pySCENIC to infer GRNs from single-cell
RNA-seq data, based on co-expression 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 regulatory states
(Figure 5A). As anticipated, cells belonging to 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 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 (Figure 5C;
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Methods). Most of the TFs for selected key regulons have been shown to be crucial for
embryonic development. For instance, GATA6 has demonstrated significance in the ICM of
mouse, bovine, and human embryos (Marsico et al., 2023; Niakan and Eggan, 2013). Similarly,
CDX2, GATA2 and GATA3 have been implicated in the TE of mouse, bovine and human
embryos (Fernandez Gallardo et al., 2023; Gerri et al., 2020; Home et al., 2017; Nagatomo et
al., 2013; Negron-Pérez et al., 2017; Niakan and Eggan, 2013). Interestingly, for the pre-EGA
stage, PRDM5 was identified as a key regulon, reflecting the arrested characteristics of these
cells, as this TF is involved in G2/M arrest and apoptosis through suppressing the expression
of several oncogenes and antagonizing WNT/B-catenin signaling (Deng and Huang, 2004; Shu
et al.,, 2011). These findings shed light on the combinations 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
abnormalities may function as stress stimuli, inducing global transcriptomic changes that
ultimately impair the overall developmental potential of cells. To investigate the parental
genome-specific effects 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 expression, we aggregated all cells

with WG abnormalities for combined analyses.
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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 example
DE genes during major EGA. (C) Overall alterations in biological processes reflected by deviations in
gene expression. "/" if no DE genes observed.

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. 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 (Lucifero et al., 2006).
Furthermore, we identified the up regulation of genes involved in cell adhesion (e.g., RAPH1,
PCDH17) in polyploid cells during major EGA and at the TE stage (Figure 6B). 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, are mainly involved in similar biological processes, indicating global effects
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of WG abnormalities (Figure 6C). We observed upregulation of cell cycle/mitosis-related
genes (e.g., STIL, CCNYL1), indicating active preparation for cell cycle progression in cells
with WG abnormalities. Meanwhile, we noted downregulation of ribosomal protein genes (e.qg.,
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, are typically repressed, prioritizing resources towards stress protection over rapid
proliferation (Lopez-Maury et al., 2008). Our observation indicates reduced growth in cells with
WG abnormalities as a consequence of the stress response triggered by WG abnormalities.
Interestingly, for certain biological processes, DE genes were identified during EGA, leading to
either upregulation or downregulation of these processes. No relevant DE genes were found
for the early blastocyst stage, while in the TE, no DE genes or only DE genes resulting in
upregulated activities of these processes were observed. The biological processes involved
include apoptosis, cell death, stress response, DNA damage response, transcription regulation,
metabolism, single transduction, cytoskeleton organization and transport (Figure 6C). This
indicates that cells with WG abnormalities adapt to stimuli caused by genome imbalance
through transcriptional responses during EGA, involving transient upregulation or
downregulation of relevant genes (Lépez-Maury et al., 2008). A quiescent period follows during
the early blastocyst stage, while the upregulation of specific genes in TE reflects establishment
of new steady-state levels. Additionally, we conducted differential regulon analysis and DE
regulons were identified for cells with WG abnormalities only during EGA. Most DE regulons
are essential for embryonic development and their bidirectional changes mirror bidirectional

gene expression alterations observed in differential gene expression analysis.

In summary, we observed parental genome-specific effects induced by WG abnormalities,
suggesting distinct roles of the maternal and paternal genomes. Moreover, we identified
universal cellular responses to WG abnormalities, marked by active 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 towards the blastocyst stage. Overall, these observed stress responses

provide insights into the impaired development cause by WG abnormalities.
Discussion

WG abnormalities are a type of chromosomal error frequently observed in spontaneous
abortions (Hassold et al., 1980) and on very rare occasions in a chimeric state in live-born
individuals (Madan, 2020). Contrary to its implications in abnormal pregnancy and congenital
abnormalities, the proposed origins of such anomalies are deductions from surviving cells at
later stages or remain speculative, and their effect on early development remains largely

unknown. Here, we provide fundamental insights into the natural emergence and early
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developmental biology of gynogenetic, androgenetic, and polyploid blastomeres using
haplotyping and single-cell transcriptome analysis. We demonstrated the spontaneous
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 (De Coster et al., 2022) that heterogoneic division
mostly coincides with multipolar first cleavage in polyspermic embryos, but also identified, for
the first time, heterogoneic division occurring with bipolar first cleavage in normally fertilized
embryos. The reduced developmental potential of uniparental and polyploid blastomeres
derived from heterogoneic division was evidenced by a lower blastocyst rate and a delay in
pseudotime values beginning 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 to the blastocyst

stage.

Although to our knowledge we are the first to explore the development of first-cleavage-derived
uniparental and polyploid blastomeres, some studies have examined the preimplantation
development of mammalian uniparental embryos. These embryos were generated through
various methods, including nuclear manipulation (Hoppe and llimensee, 1977; Leng et al.,
2019; Xu et al., 2021), in vitro induction (Hao et al., 2004; Hwang et al., 2020; Ito et al., 1991;
Leng et al., 2019; Liu et al., 2002) or natural occurrence (Hardy et al., 1989) of parthenogenetic
development in unfertilized oocytes, as well as bisection of one-cell fertilized eggs (Tarkowski,
1977). Aligned with the impaired developmental potential observed in blastomeres with WG
abnormalities in our study, those studies on preimplantation uniparental embryos have shown
a decrease in the morula/blastocyst rate compared to biparental diploid embryos., alongside
poorer morphology and reduced cell count in resulting blastocysts (Hardy et al., 1989; Leng et
al., 2019). Several studies have monitored post-implantation development and affirmed the
compatibility of diploid uniparental genome constitution with later development. For instance,
porcine parthenogenetic fetuses can develop until day 35 with abnormal organ morphologies
(Hwang et al., 2020). Additionally, live-born fertile mice have been created via both
androgenesis and gynogenesis (Hoppe and llimensee, 1977). Moreover, diploid gynogenetic
cells have been identified in various organs of live-born chimeric mice developed from
aggregated chimeric embryos (lto et al., 1991). 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, raising
various concerns. Our study demonstrates that heterogoneic division could serve as a

spontaneous origin of uniparental and polyploid cell lines observed during late development.

The parental genome-specific effects identified in this study correlate with findings from a prior
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investigation of uniparental human embryos (Leng et al., 2019). As for the stress response
observed solely in our study, there are possible causes aside from species-specific effects and
sample variations (Xu et al., 2021). The referenced study created diploid gynogenetic and
androgenetic embryos through nuclear manipulation and induction of parthenogenesis,
respectively. Only embryos demonstrating good morphology and developmental speed were
utilized. Only XX and XY androgenetic embryos were included. And their analysis focused
exclusively on genes with highly biased expression in gynogenetic or androgenetic embryos.
In contrast, our study focused on a broad spectrum of spontaneously occurring WG
abnormalities, which frequently exhibit complex aneuploidy and contain either haploid or
diploid genome constitutions. While haploidy has been demonstrated to convert frequently to
diploidy during development (Ito et al., 1991; Leng et al., 2017; Tarkowski, 1977), both complex
aneuploidy and haploidy are known to impact preimplantation development (Liu et al., 2002;
McCoy et al., 2015). Additionally, our cohort included androgenetic blastomeres lacking the X
chromosome, a condition known to cause embryonic arrest. Finally, rather than focusing solely
on genes with highly biased expression in gynogenetic or androgenetic embryos, our study
examined the broader impact of WG abnormalities on global gene expression changes. These
factors led us to observe EGA as a critical period for embryos with WG abnormalities. During
this stage, their constituent cells exhibit stress responses in gene expression, which could
determine whether they arrest or successfully progress to the blastocyst stage.

We identified anuclear cells from outgrowth at different stages, which is in agreement with
previous observations in rhesus (Daughtry et al., 2019) and human embryos (Hardy et al.,
1993). Consistent with our previous analysis (De Coster et al., 2022), most of the anuclear
blastomeres were identified from blastomere outgrowths following multipolar first cleavage,
suggesting a potential association between the first cleavage pattern and the origin of these
anuclear cells. In addition, we demonstrate that some of the anuclear cells can cleave without
nuclei. Cytoplasmic divisions are generally thought to rely on nuclear divisions and mitotic
signals. However, a recent study by Bakshi et al. observed that cytoplasm can
compartmentalize, and a rare fraction of the compartments can divide repeatedly without nuclei
and independent of mitotic CDK/cyclin complexes during normal drosophila embryogenesis
(Bakshi et al., 2023). They showed that this phenomenon is relevant to mitotically delayed
nuclei. We hypothesize that a similar mechanism may apply here, with the anuclear cells
derived from mother cells containing nuclei with delayed mitosis. These findings collectively
underscore the need for further investigation 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. Firstly, in IVF laboratories, human embryos with
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two pronuclei (PN) are preferentially selected for transfer (Balaban et al., 2011). We
demonstrate here that zygotes with three PN may result in a mixture of biparental diploid and
uniparental/polyploid blastomeres. Since the latter are developmentally compromised, the
resulting embryo may still develop normally. Secondly, there is a growing trend in many
laboratories to monitor embryonic development using time-lapse microscopy and rank
embryos based on cleavage kinetics (Balaban et al., 2011; Sigalos et al., 2016; Sugimura et
al., 2017, 2012). Embryos 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 low rank these
embryos since they have the potential to lead to healthy babies. Additionally, even though
uniparental/polyploid cells are normally generated with multipolar first cleavage, it is not
uncommon that biparental diploid blastomeres are generated together, which may gain
developmental advantage and lead to normal development. Thirdly, embryos typically ranked
high, characterized by a normal pronuclei count and bipolar first cleavage, may still experience
WG segregation errors, leading to the generation 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 deselect 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 (Coonen et al., 2020). We
suggest the use of genotyping/haplotyping together with PGT-A (Masset et al., 2022; Zamani
Esteki et al., 2015) to check both chromosome count and parental haplotype constitution and
select against WG abnormalities. This approach is likely to further improve the overall IVF

success rate (Caroselli et al., 2023).

It is important to note that our study used bovine embryos, and caution is needed when
extrapolating the results to humans. Tripolar mitoses in monospermic human embryos have
been observed to cause genome partitioning, resulting in daughter cells with sub-diploid
profiles containing mixed maternal and paternal chromosomes (Ottolini et al., 2017). In
contrast, the two monospermic embryos with multipolar first cleavage in our study resulted in
uniparental and anuclear cells, or uniparental and biparental cells. The uniparental cells
observed suggest heterogoneic division rather than random genome partitioning. Although
similar to Ottolini et al., we observed a high rate of concurrent aneuploidies. Further studies in
human preimplantation embryos are necessary to understand the extent of heterogoneic

division in human embryos and its developmental effects.
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In conclusion, this study provides comprehensive insights into the natural origin and early
development of uniparental/polyploid blastomeres. We demonstrated their overall impaired
developmental potential, primarily 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.
Materials and methods
Single-cell collection from bovine blastomere outgrowths

In vitro embryo production

Prior ethical agreement was not necessary. Ovaries from cows raging 4 to 5 years were
collected post-mortem in a commercial slaughterhouse. The sperm used for in vitro fertilization
was collected from a 5-year-bull. Standard in vitro procedures were followed to produce bovine
embryos (Wydooghe et al., 2014). Briefly, bovine (Bos taurus) ovaries were collected and
processed within 2 h. The ovaries were rinsed three times in warm physiological saline
supplemented with 0.25pg/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 performed 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% COz 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 pL droplets of synthetic oviductal fluid (SOF), enriched with 4
mg/mL BSA (Sigma A9647), non-essential and essential amino acids (SOFaa), 5 ug/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% COg2, 5% O, and 90% Na.

Blastomere dissociation and culture

81



DOCTORAL THESIS YAN ZHAO

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). 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%
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*2-free PBS
with 0.05% BSA to enhance blastomere dissociation, which was performed using a STRIPPER
pipet holder and 170 ym and 135 um 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 pL droplet of culture medium and 3.5 mL paraffin oil. Single
blastomeres were cultured at 38.5°C in 5% CO2, 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*?-free PBS with 0.1%
PVP, and the cells were dissociated mechanically with a STRIPPER pipet holder and 170 um
and 135 pm 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*2-free PBS with 0.1% PVP, pipetting
with a STRIPPER pipet holder, and 135 ym and 70 ym 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 Surgical, 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*?-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 yL of RLT lysis buffer with a 70 ym 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 procedure 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 (Macaulay et al., 2016) on a robotic liquid-handling platform
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(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/ -
AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTITTTTTITTTTTTTITTTTTITTITTTVN (IDT), (b)

a plate for washing away DNA from the cell lysate supernatant, containing 25ul per well of

G&T-wash buffer, and (c) an empty DNA destination plate. First, the cell lysate was mixed with
biotinylated poly-dT beads and incubated for 20 min. Subsequently, beads bound to mRNA
were pulled down using a low elution magnet (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 destination 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. Subsequently, 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 (lllumina) 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 restriction) 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, Hilden, 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, Hilden,
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, Hilden,
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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 concentration 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, CA, 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.
Data analysis

GBS data processing, haplotyping and aneuploidy profiling

The raw reads were processed using fastp (v0.23.2) (Chen et al., 2018) to trim adaptor
sequences, filter out low-quality reads, remove UMI sequences and append them to read
names. Next, cutadapt (v 1.18) (Martin, 2011) 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) (Li, 2013). Next, UMICollapse
(Liu, 2019) 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. Variant calling
was performed with freebayes (v 1.3.2) (Garrison and Marth, 2012). 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 (Zamani Esteki et al., 2015)). 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 haplarithm plots.
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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 regions was
calculated for each sample. Specifically, bins with a segmentation logR value within log2(1/2))
and log2(3/2) were classified as normal, while all other bins were classified as abnormal. The
percentage of aneuploid 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
aneuploidy, 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 < —3 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 chromosome 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) (Garrison and Marth,

2012) and compared the called genotypes.

Single-cell RNA sequencing data preprocessing

The raw reads were processed with fastp (v0.23.2) (Chen et al.,, 2018) 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) (Dobin et al., 2013)
with Ensembl annotations ARS-UCD1.2.105. Next, raw counts per cell were obtained using
HTSeq (v 0.9.1) (Anders et al., 2015). Cells with fewer than 200,000 detected molecules 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. Counts were then normalized and

scaled using R package Seurat (v5.0.1) (Hao et al., 2023).

Cell clustering, cell type identification and trajectory analysis

Cell clustering was performed based on the normalized and scaled transcriptome profiles using
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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, GATAS3 for trophectoderm, etc.(Nagatomo et al., 2013; Negron-Pérez et al.,
2017)); (b) genes first expressed at 4-cell stage (minor EGA) or 8-16 cell stage (major EGA)
in bovine embryos (Graf et al., 2014). For trajectory analysis, we employed the R package

Slingshot (v2.10.0) to infer developmental trajectories based on transcriptome profiles.

Requlon analysis

Regulon analysis was performed on the transcriptome data using pySCENIC (v0.12.1) (Van
de Sande et al, 2020). Firstt 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 orthologs 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.

Differential expression and requlon 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 molecular 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.
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The functions of the differentially expressed genes and regulons were curated through manual

online searches and literature reviews.

Statistical analysis

Categorical data were compared using the chi-squared test, with Fisher's exact test applied
when cell counts were too small. Pseudotime values were compared using the t-test. Statistical
significance was determined using a two-tailed approach with a significance threshold of p <
0.05. All tests were conducted in R (v4.3.2).

Data availability

The GBS and single-cell RNA sequencing data reported in this paper are available at the
European  Nucleotide Archive (ENA) under project number PRJEB76932
(https://www.ebi.ac.uk/ena/browser/view/PRJEB76932).
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CHAPTER 5 — LONG-READ WHOLE-GENOME
SEQUENCING-BASED CONCURRENT HAPLOTYPING
AND ANEUPLOIDY PROFILING OF HUMNAN SINGLE
CELLS

This chapter is based on the following paper:

Zhao, Y., Tsuiko, O., Jatsenko, T., Peeters, G., Souche, E., Geysens, M., Dimitriadou, E.,
Vanhie, A., Peeraer, K., Debrock, S., Esch, H. Van, & Vermeesch, J. R. (2024). Long-read
whole-genome sequencing-based concurrent haplotyping and aneuploidy profiling of single
cells. BioRxiv, 2024.09.24.614469. https://doi.org/10.1101/2024.09.24.614469. Manuscript
under revision in Nucleic Acid Research.
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Abstract

Long-read whole-genome sequencing (I'WGS) enhances haplotyping by providing more
phasing information per read compared to short-read sequencing. However, its use for single-
cell haplotype phasing remains underexplored. This proof-of-concept study examines I'WGS
data from single cells for small variant (SNV and indel) calling and haplotyping using the
Genome in a Bottle (GIAB) Ashkenazi trio. I'WGS was performed on single-cell (1 cell) and
multi-cell (10 cells) samples from the offspring. Chromosome-length haplotypes were obtained
by leveraging both long reads and pedigree information. These haplotypes were further refined
by replacing them with matched parental haplotypes. In single-cell and multi-cell samples, 92%
and 98% of heterozygous SNVs, and 74% and 78% of heterozygous indels were accurately
haplotyped. Applied to human embryos for preimplantation genetic testing (PGT), I'WGS
demonstrated 100% consistency with array-based methods for detecting monogenic disorders,
without requiring phasing references. Aneuploidies were accurately detected, with insights into
the mechanistic origins of chromosomal abnormalities inferred from the parental unique allele
fractions. We show that I'WGS-based concurrent haplotyping and aneuploidy profiling of single
cells provides an alternative to current PGT methods, with applications potential in areas such

as cell-based prenatal diagnosis and animal and plant breeding.
Introduction

Most mammalian genomes are diploid, consisting of one haploid set of chromosomes from
each parent. Haplotyping reconstructs the unique nucleotide content of the two homologous
chromosome sets, known as haplotypes. This process is crucial because the haplotypes can
have different functional roles (1). Recent advancements in long-read sequencing technologies
provide read lengths over 10 kilobases and accuracy comparable to next-generation

sequencing (NGS) (2). These improvements significantly enhance genome haplotyping, as
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individual long reads cover more heterozygous SNVs and provide haplotype information
across extensive genomic regions, surpassing the capabilities of traditional SNP arrays and
short-read data. The main long-read sequencing technologies are the single molecule real-
time (SMRT) sequencing from Pacific Bioscience (PacBio) (3) and nanopore sequencing from
Oxford Nanopore Technologies (ONT) (4). Studies have highlighted the effectiveness of long-
read sequencing in variant identification, haplotyping, and genome assembly. Wenger et al.
demonstrated the ability of ~28x PacBio high-fidelity (HiFi) reads for high-performance small
variant (SNV and indel) calling and phased 99.64% of called variants. (5). More recently, the
Telomere-to-Telomere (T2T) Consortium created a complete human reference genome, T2T-
CHM13, using PacBio HiFi reads and ONT ultralong reads (6).

In addition to enabling haplotyping and genome assembly for bulk samples, long-read
sequencing also holds potential for facilitating haplotyping at the single-cell level. Genetic
analysis for single cells is challenging due to the necessity of whole genome amplification
(WGA), typically using techniques like multiple displacement amplification (MDA). WGA can
introduce technical errors, including allele dropout (ADO) due to the failure to amplify one allele,
false-positive errors resulting from polymerase infidelity, and coverage nonuniformity caused
by uneven amplification (7). Due to WGA artifacts, haplotype-based analysis of single cells is
crucial for areas like preimplantation genetic testing for monogenic disorders (PGT-M). In this
context, embryos from couples at risk of transmitting genetic disorders to their offspring are
tested for the inheritance of disease alleles using DNA from trophectoderm (TE) biopsies
containing 5 to 10 cells or from single blastomere biopsies. Several genome-wide haplotyping
methods for single cells have been developed, including karyomapping (8), siCHILD (9), One
PGT (10) Haploseek (11), and scGBS (12). These methods utilize SNP arrays or NGS data for
genotyping, which provide minimal or no haplotype information. As a result, genetic phasing is
applied, requiring DNA samples from prospective parents and first-degree relative(s) (Carvalho
et al., 2020), which are not always available. Furthermore, in cases of de novo mutations
(DNMs) in prospective parents, the variant loci cannot be phased through genetic phasing.
Long-read data has the potential to directly phase both parents and embryo biopsies, including
DNMs in the parents, without requiring relatives. Initial explorations focused on targeted long-
read sequencing. For instance, Wu et al. conducted haplotype linkage analysis for the HBB
gene by phasing the parents and TE biopsies using SMRT reads (13). Similarly, Tsuiko et al.
explored both SMRT and ONT data in preclinical workup to infer the parental origin of DNMs
(14). More recently, long-read whole-genome sequencing (I'WGS) has been employed for
phasing parental genomes. Zhang et al. utilized ~30x PacBio long-read data for phasing the
parents and conducted reference-free PGT-M for three monogenetic diseases (15). However,
the effectiveness of I'WGS for phasing single cells and its application in generic PGT remains

unexplored. Hard et al. assessed variant calling and genome assembly with I'WGS data from
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single cells (16), but the limited sequencing depth of ~ 5x HiFi reads constrains a thorough

exploration of its potential for clinical applications.

Beyond haplotyping, SNP arrays and NGS-based single-cell haplotyping methods enable
concurrent haplotype-aware aneuploidy profiling, facilitating the identification of chromosomal
abnormalities in single cells and determining their mechanistic origins. This has significant
clinical implications, as chromosomal abnormalities can arise during human gametogenesis
and are common in early embryogenesis (17, 18). PGT for aneuploidy (PGT-A) prevents the
transmission of chromosomally abnormal embryos and enhances the in vitro fertilization (IVF)
success rate (19). Long-read sequencing has proven valuable for detecting aneuploidies (20)
and segmental imbalances (21) in embryo biopsies. However, to our knowledge, the potential
of long-read data to infer the mechanistic origins of aneuploidies in embryo biopsies has not

yet been explored.

Here, we present the first comprehensive analysis of I'WGS data from human single cells at
an adequate depth of ~24x for SNV and indel calling, as well as haplotyping. Using a Genome
in a Bottle (GIAB) trio consisting of HG002 (offspring), HG003 (father), and HG004 (mother)
for benchmarking, we demonstrate the feasibility of I'WWGS data for concurrent haplotyping and
aneuploidy profiling of single cells without requiring additional phasing references. The clinical
proof-of-concept application was validated in two PGT families, achieving 100% diagnostic
concordance with SNP array-based PGT results (Figure 1). This I'WGS-based PGT approach
surpasses current methods with reduced clinical work-up, fewer family members involved, and
a more comprehensive genomic analysis that integrates direct variant detection, haplotyping,
and aneuploidy assessment. Furthermore, our data analysis strategy for concurrent
haplotyping and aneuploidy profiling of single cells can be applied to other areas of single-cell

genome analysis, such as cell-based prenatal diagnosis and animal and plant breeding.

Materials and methods
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Figure 1. IrWGS-based concurrent haplotyping and aneuploidy profiling workflow. The
benchmarking study utilized a Genome in a Bottle (GIAB) trio, consisting of HG002 (offspring), HG003
(father), and HG004 (mother). Single-cell (1 cell), multi-cell (10 cells), and bulk samples were collected
from the HGO0O02 cell line. The single-cell and multi-cell samples underwent WGA before IrWWGS using
nanopore technology. The long reads were then aligned to the human reference genome. Publicly
available aligned IrWGS data for the parents were used in subsequent analyses. After alignment,
aneuploidy profiling was performed on each sample. Two approaches were applied to determine
whether a disease allele present in the parents was inherited by the offspring: haplotype-based analysis
and direct variant detection. In the haplotype-based analysis, the parents underwent individual variant
calling and phasing, while the offspring was analyzed in a trio setting, which incorporates parental
information for better results. By comparing the offspring's haplotypes with those of the parents, the
inherited parental haplotypes were inferred, which were subsequently used for diagnosis. For direct
variant detection, the offspring underwent independent variant calling without parental information, and
the results were utilized for diagnosis. In variant calling results, different alleles are depicted as black or
grey rectangles, with the "disease allele" highlighted in red. Each pair of rectangles represents a
genotype, and those affected by ADO are indicated by dashed circles. After phasing, the two alleles in
a genotype were organized into distinct haplotypes. In this example, the disease allele inherited by the
offspring was identified by both haplotype-based analysis and direct variant detection. The utility of
I'WGS-based haplotyping and aneuploidy profiling was further evaluated in families undergoing PGT-

M, where TE biopsies from embryos and bulk DNA from the prospective parents were analyzed.
Long-read whole-genome sequencing for the GIAB trio

Lymphoblastoid cell line of the offspring (HG002) from the GIAB Ashkenazi trio, consisting of
HGO002 (offspring), HGO03 (father), and HG004 (mother) (Coriell Institute), was cultured in
DMEM/F12, complemented with 10% FBS (Gibco). Single-cell (1 cell) and multi-cell (10 cells)

samples were manually collected into 0.2ml tubes and DNA from these samples was amplified
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by MDA using the REPLI-g single cell kit (Qiagen). ONT libraries were prepared on 3 ug of
amplified material using the SQK-LSK114 kit, following ONT’s recommendations for WGA
library preparations. A bulk sample was collected in parallel, and DNA was extracted using the
genomic DNA purification kit (Monarch). Libraries were then prepared on 3 ug of bulk DNA
using the SQK-LSK114 kit. All libraries were loaded (30 fmol) on the PromethlON device for
sequencing with R10.4.1 flow cells. I'WGS datasets for the father (HG003) and mother (HG004)
were obtained from the Oxford Nanopore Open Datasets. Specifically, BAM files were
downloaded from the AWS storage bucket at s3://ont-open-data/giab_Isk114 2022.12/ and

downsampled to ~24x, which is comparable to that of the offspring, using samtools (v 1.9) (22).
Long-read whole-genome sequencing for human PGT families

This study was approved by the Ethical Committee of UZ/KU Leuven (S68291). The parents
consented to the use of residuary Human Bodily Material (HBM) for scientific research at the
start of their IVF treatment. IVF and universal PGT-related procedures have been performed
according to the standard operating procedures (SOPs) of UZ Leuven. Specifically, for
universal PGT, parental bulk DNA was extracted from whole blood. TE biopsy was performed
on blastocyst-stage embryos, obtaining an average of five TE cells, which were subjected to
WGA using the MDA method with the REPLI-g SC kit (Qiagen, Germany). Residual DNA from
both parents and corresponding embryo biopsies (MDA amplified) is available at the hospital,
and an aliquot of excess DNA material were utilized for this study. ONT library preparation and

sequencing were done using the same procedures as for cell line samples.
Read preprocessing and mapping

Read quality was assessed using NanoPlot (v1.39.0) (23) and FastQC (v0.11.7). Reads with
an average quality score below 9 or a length shorter than 500 bp were filtered out using
NanoFilt (v2.8.0) (23). Subsequently, the processed reads were aligned to human reference
genome hg38 using minimap2 (v2.12) (24). Mapping statistics were generated using samtools
flagstat (v1.9) (22). Chimeric read count was determined by counting the number of unique
reads for all alignments with 0x800 SAM flag. Depth of coverage for each genomic position
was computed using samtools depth with -aa flag (v1.9) (22), and average depth of coverage

was determined by dividing the sum of depths across all positions by the size of the genome.
Variant calling

Clair3 (v0.1) (25) was used for variant calling with BAM file of a single individual. Clair3-Trio
(v0.3) (26) was used for trio variant calling with BAM files of the parents and the offspring. For
both strategies, default parameters were used and SNVs and short indels (<50 base pairs)
were called. GIAB benchmark data (v4.2.1) was used to assess variant calling performance

on high-confidence regions. VCF files containing high confident small variants (SNVs and short
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indels) on autosomes and corresponding BED files containing high confident regions were
obtained for each trio member from https://ftp-
trace.ncbi.nim.nih.gov/giab/ftp/release/AshkenazimTrio/. RTG Tools (v3.12.1) (27) was used

for benchmarking analysis with the vcfeval command.

To include supplementary alignments in variant calling (omitted by default), a customized shell
script was employed to modify the SAM flags of the supplementary alignments (2048 and 2064)
as normal flags (0 and 16, respectively). Subsequently, the modified BAM files were utilized

for variant calling with Clair3 (v0.1).
Haplotype phasing

The default phasing mode of WhatsHap (v1.0) (28), which uses data from a single individual,
was employed to phase variants identified by Clair3. The pedigree phasing mode of WhatsHap
(v1.0) (28), utilizing data from both parents and the offspring, was used to phase parental
variants called by Clair3 and offspring’s variants called by Clair3-Trio. For both modes, default
parameters were applied to phase only SNVs, while the —indels flag was added to phase both
SNVs and indels. Only variants with GQ values higher than 2 in VCF files were retained for
phasing. Preliminary conservative paternal|maternal phasing data from GIAB (available at
https://ftp-

trace.ncbi.nim.nih.gov/giab/ftp/release/AshkenazimTrio/HG002 NA24385 son/NISTv4.2.1/G
RCh38/SupplementaryFiles/HG002 GRCh38 1 22 v4.2.1 benchmark phased MHCasse

mbly StrandSegANDTrio.vcf.gz) was used as a benchmark for evaluating phasing

performance with WhatsHap Compare (v1.0) (28).
Inference of inherited parental haplotypes

To deduce the parental haplotypes inherited by the offspring, haplotypes of the offspring
obtained from the pedigree phasing mode were compared with parental haplotypes from the
default phasing mode. Only biallelic loci were retained for comparison, excluding those with
unphased genotypes in either parent or identical homozygous genotypes in both parents. Each
chromosome was divided into 1 Mb consecutive segments, referred to as comparison units,
and haplotype comparisons were performed within each segment. Since in the resulting VCF
file from pedigree phasing mode, haplotype alleles of the offspring are given as
paternal|maternal, for each comparison unit, we compared the first haplotype of the offspring
to the two paternal haplotypes and the second haplotype of the offspring to the two maternal
haplotypes. During comparison, loci with unphased genotypes or genotypes that violated
Mendelian inheritance rules in the offspring were disregarded. The inherited parental
haplotypes were identified as those exhibiting the highest number of matched SNVs and were

used to replace the original haplotype information in the offspring. For each locus of interest,
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the offspring’s genotype was determined from these inherited parental haplotypes.
Performance evaluation for haplotype linkage analysis and direct variant detection

To evaluate the performance of both haplotype linkage analysis and direct variant detection,
familial high-confidence regions were first obtained by intersecting the high-confidence regions
of each trio member using bedtools multiinter (v2.27.1) (29). The familial high-confidence
regions were then intersected with protein-coding gene regions (extracted from the genome
annotation file downloaded from
https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode human/release_42/gencode.v42.anno
tation.gtf.gz) using bedtools intersect (v2.27.1) (29). Within the resulting intersected regions,
loci with parental genotype combinations of heterozygous (0/1) and homozygous reference
(0/0) were selected. The performances of the two methods were then assessed by evaluating
whether the genotypes of the offspring at these loci could be accurately identified from the
inferred parental haplotypes (haplotype linkage analysis) or from default variant calling results

(direct variant detection).
De novo mutation screening

Genome-wide DNM screening was restricted to biallelic SNV loci within familial high
confidence gene regions as detailed above. DNMs were identified by comparing the genotypes
of the trio members. A locus was classified as DNM if both parental genotypes were
homozygous reference while the offspring showed a different genotype. Further detailed

analysis of the identified DNMs were done with a customized R script.
Aneuploidy profiling

Aneuploidy profiling was performed using Nano-GLADIATOR (v1.0) (30) with a window size of
1,000,000 base pairs.

To determine parental haplotype contributions across the genome, we selected SNV loci where
the parents exhibited differing homozygous genotypes (homozygous reference (0/0) for one
parent and homozygous alternate (1/1) for the other). Only loci with GQ > 2 and depth (DP)
between 5 and 50 in the offspring were retained. For each locus, we computed the paternal
and maternal allele fractions for the offspring. If a parent's genotype was 1/1, the allele
frequency (AF) value for the offspring was used as the allele fraction for that parent. Conversely,
1 minus AF was used as the allele fraction if the parent's genotype was 0/0. Subsequently, we
grouped loci within fixed bin sizes of 1 MB and calculated the average paternal and maternal
allele fractions within each bin. Bins containing fewer than 30,000 loci were excluded. The
calculated average paternal and maternal allele fraction values then underwent Circular Binary
Segmentation using the R package PSCBS. Finally, we plotted the mean parental allele

fraction values for each bin along with the segmentations across the genome. The parental
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haplotype fraction for each chromosome was determined through visual inspection of the plot,

enabling the identification of the parental origin of any aneuploidies.

To determine the mitotic or meiotic origin of an aneuploidy with identified parental origin, we
analyzed SNV loci that were heterozygous in the parent causing the aneuploidy and, in the
offspring, but homozygous in the other parent. For each locus in the offspring, the unique allele
fraction (UAF) was inferred from the AF value, where the unique allele refers to the distinct
allele among the four parental alleles. Loci were grouped within fixed bins of 1 MB, and the
average UAF was calculated for each bin. Bins with fewer than 30,000 loci were excluded from
the analysis. The average UAF was subjected to Circular Binary Segmentation using the R
package PSCBS. Finally, the average UAF for each bin, along with segmentations, was plotted
across the genome. The mitotic or meiotic origin of the aneuploidy was then inferred through

visual inspection of the plot.
Results
SNV and indel calling with long-read whole-genome sequencing data from single cells

To evaluate the potential of I'WGS-based haplotyping for single cells, we took one single-cell
and one multi-cell (10 cells) sample from the offspring of the GIAB trio, mimicking single
blastomere and TE biopsy, respectively. Additionally, a bulk sample was included for
comparison (Figure 1). We obtained 22-24x IrWWGS data for the bulk, multi-cell, and single-cell

samples, covering 95%, 94%, and 88% of the human genome, respectively.

Given that SNVs and indels are the primary focus of most PGT-M cases and serve as genetic
markers for haplotype construction, we first performed SNV and indel calling using Ir'WGS data.
Variant calling performance was assessed by comparing with GIAB benchmark data. Across
all sample types, we observed better variant calling performance for SNVs than for indels
(Figure 2A). Among different sample types, single-cell data showed the lowest performance,
while multi-cell data was more similar to bulk data. Specifically, multi-cell data exhibited an
SNV F-measure of 0.9605, comparable to bulk data at 0.9925, whereas the F-measure for
single-cell data decreased significantly to 0.6305 (Figure 2A). Not surprisingly, for single-cell
data, the sensitivity for heterozygous SNVs was notably lower (0.3844) compared to
homozygous SNVs (0.8422) (Supplementary Figure 1), suggesting a high rate of ADO.

Both single- and multi-cell data contain a high percentage of chimeric reads (55% and 48% for
single- and multi-cell data, respectively) (Supplementary Figure 2A). This is expected due to
the nature of MDA amplification which is characterized by the formation of chimeric DNA
rearrangements. During mapping, each chimeric read was fragmented into multiple smaller
segments and mapped to their original positions within the genome. Among these alignments,

one was selected as the representative alignment, while all others were classified as
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supplementary alignments (Supplementary Figure 2B). By default, supplementary
alignments were not utilized for variant calling. We hypothesized that incorporating
supplementary alignments might enhance coverage in specific genomic regions and improve
SNV calling performance. Hence, we conducted tests that deliberately included supplementary
alignments for variant calling. In contrast to expectation, we noted slightly reduced SNV F-
measures compared to results obtained without including supplementary alignments

(Supplementary Figure 2C). Supplementary alignments were thus not utilized for variant

calling throughout this study.
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Figure 2. Small variant (SNV and indel) calling performance for IrWGS data from single-cell (sc),
multi-cell (mc), and bulk samples of the offspring. (A) Variant calling performance in individual
samples. (B) Trio variant calling yields varying degrees of improvements in variant calling performance
for both SNVs and indels. F-measure represents the harmonic mean of precision and sensitivity.
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High-quality SNVs and indels are required to enable haplotype phasing. Since both single- and
multi-cell data showed lower SNV and indel calling performance compared to bulk data (Figure
2A), we aimed to improve variant calling performance by incorporating parental data (publicly
available I'WGS ONT data with ~24x coverage, see methods) to enable trio information-aware
variant calling and reduce Mendelian inheritance violation variants. Trio variant calling was
performed using Clair3-Trio (26), resulting in varying degrees of improvements in variant
calling performance for the offspring, with the most substantial increase observed for single-
cell data (Figure 2B). Parental variant detection performance did not yield obvious benefits from

trio variant calling (Supplementary Figure 3).

Long-read whole-genome sequencing of single cells enables accurate phasing of the

human genome

The next step is to achieve accurate phasing. We used the pedigree phasing mode of
WhatsHap (28) to achieve high phasing performance by incorporating parental data,
combining both read-based and genetic phasing. Meanwhile, we also tested the default
phasing mode of WhatsHap (28), which relies solely on read-based phasing. We then
compared the trio-based variant calling and phasing results with those obtained using the
default settings. We tested phasing with only SNVs and with both SNVs and indels, as these
two variant types demonstrated different variant calling performances. When phasing only
SNVs, 95-98% of heterozygous SNVs were phased into 2,350, 59,763, and 121,116 blocks,
with corresponding block NG50 of 2,964,293, 29,851, and 0 bp, covering 90%, 64%, and 40%
of the autosomal regions for bulk, multi-cell, and single-cell data respectively. Adding indels for
phasing achieved similar statistics (Figure 3A-E). When performing pedigree phasing the
outcome was spectacularly improved, especially for multi- and single-cell data (Figure 3A-E).
The most significant improvement was the generation of chromosome-long haplotypes with
one block per autosome, covering 98% of the autosomal region for all data types (Figure 3C
and 3E). We assessed the accuracy of the phased blocks by comparing them with the phased
GIAB benchmark data and obtained switch error rates as an indication of phasing accuracy. A
lower switch error rate indicates higher accuracy. We observed higher switch error rates in the
phased blocks when phasing both SNVs and indels compared to phasing only SNVs, likely
due to lower indel calling performance. Compared to default phasing, pedigree phasing
resulted in decreased accuracy for bulk data but improved accuracy for multi- and single-cell
data. For bulk data, the switch error rates increased from 0.09% to 0.11% when phasing only
SNVs and from 0.22% to 0.49% when phasing both SNVs and indels. In contrast, for multi-cell
data, the switch error rates decreased from 0.40% to 0.11% when phasing only SNVs and from
0.54% to 0.44% when phasing both SNVs and indels. For single-cell data, the rates decreased
from 1.31% to 0.19% when phasing only SNVs and from 1.46% to 0.50% when phasing both
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Figure 3. Phasing performance is superior with the pedigree phasing mode (ped) compared to
the default phasing mode (default) for single-cell (sc) and multi-cell (mc) data of the offspring.
(A) Percentage of phased heterozygous SNVs. (B) Percentage of phased heterozygous indels. (C) Total
number of phased blocks. (D) NG50 of phased blocks. (E) Percentage of autosomal region covered by
phased blocks. (F) Switch error rate. Shown are statistics for autosomes. For NG50, values are
calculated per chromosome and averaged across autosomes. NG50 values are not applicable for
pedigree phasing results because each chromosome has only one phased block. For each phasing
mode, purple bars represent results when phasing only SNVs, while blue bars represent results when

phasing both SNVs and indels.

Performance comparison of direct variant detection and haplotype-based variant

inference

Given the promising quality of trio-based variant calling and phasing from single- and multi-cell
data, we hypothesized that the resulting haplotypes could be used to infer parental haplotypes
inherited by the offspring, enabling genotype extraction based on these inferred parental
haplotypes. To infer the transmitted parental haplotypes, we compared parental haplotypes
from default phasing mode with haplotypes of the offspring from pedigree phasing mode.
Haplotype comparison was conducted within 1Mb segments across the genome (methods;
Figure 1). Compared to the transmitted parental haplotypes inferred from the offspring's bulk
data phasing results, those inferred from the offspring's multi- and single-cell data phasing
results demonstrated consistencies of 95% and 82% when phasing only SNVs, and 93% and

82% when phasing both SNVs and indels, respectively (Supplementary Figure 4).

We then assessed the specific added value of using long reads for phasing. With short-read
or SNP arrays data, genetic phasing is typically applied within a pedigree. This method can
phase variant loci that are heterozygous in one parent and homozygous in the other, as well
as loci exhibiting different homozygous genotypes in the parents. However, loci that are
heterozygous across all trio members remain unresolved. In contrast, long-read data have the
potential to phase these loci. We evaluated the proportions of these loci among all loci used
for haplotype comparison (Supplementary Figure 5). The results showed that 15-19% of
informative SNVs and 14-17% of informative indels were heterozygous across trio members
and could only be phased with long reads (Supplementary Figure 5). This indicates that

I'WGS data enable more loci to be phased and utilized for subsequent analyses.

Next, we compared the performance of two variant detection approaches: direct variant
detection and haplotype-based analysis. In direct variant detection, variants are identified from
default variant calling results, whereas in haplotype-based analysis, variants are inferred from
the transmitted parental haplotypes (Figure 1). Using GIAB benchmark data, we selected loci
within high-confidence protein-coding gene regions where one parent is homozygous

reference (0/0) and the other is heterozygous (0/1). The offspring can be either heterozygous
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(0/1) or homozygous reference (0/0), allowing us to evaluate the performance of both
approaches in detecting transmitted coding variants. In total, we selected 812,973 SNV loci,
with 407,232 heterozygous and 405,741 homozygous reference in the offspring, and 102,465
indel loci, with 50,650 heterozygous and 51,815 homozygous reference in the offspring. Using
direct variant detection, we correctly identified 94% of heterozygous SNVs in multi-cell data
and 43% in single-cell data, with no false positives for homozygous reference loci (Figure 4A).
Performance for indel loci was lower, with 68% of heterozygous indels detected in multi-cell
data and 26% in single-cell data, along with 1% false positives for homozygous reference loci
(Figure 4B). In contrast, haplotype-based analysis demonstrated superior performance over
direct variant detection, accurately inferring 98% of heterozygous SNVs in multi-cell data and
92% in single-cell data, with 2-3% false positives for homozygous reference loci (Figure 4A).
The performance for indel loci was still lower, identifying 78% of heterozygous indels in multi-
cell data and 74% in single-cell data, with 4-5% false positives for homozygous reference loci
(Figure 4B). Multi-cell data demonstrated direct variant detection performance comparable to
bulk data and also benefited from haplotype-based analysis, identifying more heterozygous

loci despite a small rise in false positives for homozygous reference loci (Figure 4).
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Figure 4. Performance comparison of direct variant detection and haplotype-based variant
inference on selected (A) SNV and (B) indel loci using single-cell (sc), multi-cell (mc), and bulk
data of the offspring. Direct: direct variant detection. Haplotype (SNV): haplotype-based analysis with
only SNVs phased in the haplotypes. Haplotype (SNV + Indel): haplotype-based analysis with both
SNVs and indels phased in the haplotypes. The true genotypes from GIAB benchmark data are indicated
on the right. The proportions of inferred genotypes are color-coded. 0/0 for homozygous reference, 0/1

for heterozygous, and 1/1 for homozygous alternate.
Exploration of de novo mutation screening

An essential aspect of single-cell genomics is exploring new mutations that arise in individual
cells during processes such as cell division, cancer genesis and tissue differentiation.
Understanding DNM rates at the single-cell level will deepen our knowledge of the
heterogeneity of both cancerous and normal cells, as well as the mechanisms driving cancer
progression. Additionally, a large proportion of common and rare genetic disorders are a
consequence of DNMs (Veltman and Brunner, 2012). Therefore, we assessed the efficacy of
I'WGS data for genome-wide DNM screening, focusing on SNVs. We identified 452
heterozygous SNVs in the offspring as “true DNMs” within high-confidence protein-coding

regions of the GIAB benchmark data, with both parents exhibiting homozygous reference
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genotypes at the corresponding loci. This is significantly higher than expected, since the
number of new point mutations present in human offspring is on average 60 (30—90 depending
on parental age at conception), with around one DNM per exome (31-34). Hence, most are
likely false positives or mosaic variants introduced by cell culture. Of the 452 DNMs detected
in the benchmark data, 407 (90%) were identified using multi-cell data, while 167 (37%) were
detected with single-cell data from the offspring. However, the false positive rates were 87,434
out of 87,841 (99.5%) for multi-cell data and 321,201 out of 321,368 (99.9%) for single-cell
data. In summary, the abundance of false positives complicates DNM screening when using

single-cell or multi-cell 'WGS data of the offspring for DNM screening.

Direct variant detection, haplotype-based variant inference, and haplotype-aware

aneuploidy profiling in human embryos using IrWGS data

Since the proof-of-concept study with GIAB cell lines demonstrated promising performance,
we proceeded to test I'WGS-based PGT on TE biopsies from five human embryos derived
from two different couples. Each TE biopsy contains 5-10 cells, corresponding to the multi-cell
sample in above benchmark study. The DNA was previously analyzed using clinically
accredited SNP array-based comprehensive PGT, and the results were used as a reference.
For family ONT1 the father carried a pathogenic SNV (c.1384C>T) in the MSHZ2 gene causing
Lynch syndrome, an autosomal dominant cancer predisposition syndrome. For family ONT2,
the mother carried an indel (c.2955delG), and the father carried a pathogenic SNV (c.1133-
708A>G) in the LAMB3 gene, responsible for autosomal recessive junctional epidermolysis
bullosa. Two embryos from family ONT1 (ONT1-E02, ONT1-E03) and three from family ONT2
(ONT2-E04, ONT2-E06, ONT2-E20) were tested using I'WGS-based PGT. We obtained 21-
31x coverage following I'WGS of the parents and embryos, covering 93-95% of the human
genome. With direct mutation detection, the carrier status of the variant alleles was accurately
determined, except for one indel that was missed in ONT2-E20. However, we identified 3 out
of 5 reads supporting the presence of this deletion (Supplementary Table 1). Haplotype-
based analysis yielded 100% concordance with SNP array-based PGT-M results (Figure 5).
SNVs were phased to identify the risk parental haplotypes carrying the disease alleles and to
infer the parental haplotypes inherited by the embryo, from which the embryo's carrier status
can be determined (Figure 5). For the indel in the mother of family ONTZ2, the risk haplotype
carrying the indel was identified by phasing both the indel and the SNVs. The indel locus was
then incorporated into the SNV phasing results, with each allele assigned to the corresponding

maternal haplotype (Figure 5B).
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Figure 5. Visualization of haplotype-based PGT-M in human embryos. Pedigree plots for the two
PGT families are shown on the left. Embryos are color-coded based on their carrier status as determined
by haplotype-based PGT-M: green indicates that the disease allele was not inherited, red indicates that
the dominant mutation was inherited or both recessive mutations were inherited, and green/red mosaic
indicates the inheritance of a single recessive mutation. SNV haplotyping results for the chromosomal
region linked to the disease loci are shown on the right. In the maternal (Mat H1, Mat H2) and paternal
(Pat H1, Pat H2) haplotypes, each vertical line represents an allele from an informative locus: grey
indicates the reference allele, black indicates the alternate allele, and disease alleles are shown in red.
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haplotypes to their corresponding maternal and paternal haplotypes, with red arrows used when the
corresponding parental haplotypes carry the disease alleles. For the indel in the mother of family ONT2,
both SNVs and indels were first phased to obtain phasing information for the indel locus. This locus was
then added to the SNV phasing results, with each allele assigned to its corresponding haplotype. (A) In
Family ONT1, ONT1-EQ2 inherited the paternal haplotype carrying the disease allele, while ONT1-E03
inherited the normal paternal haplotype. (B) In Family ONT2, ONT2-E04 inherited normal haplotypes
from both parents, ONT2-EQ6 inherited pathogenic allele-carrying haplotypes from both parents, and
ONT2-E20 inherited the normal haplotype from the father and the pathogenic allele-carrying haplotype
from the mother.

Since SNP array-based comprehensive PGT allows for the concurrent analysis of aneuploidy
(PGT-A) and enables the identification of mosaic aneuploidy and the origin of aneuploidy, we
explored whether these can also be detected by I'WGS data. We identified all aneuploidies
and their mechanistic origins using I'WGS data, achieving 100% consistency with SNP array-
based PGT. Specifically, in ONT1-E02 we observed complex segmental aberration on
chromosome 2, with putative mosaic duplication of short arm and mosaic deletion of the long
arm. In addition, the same embryo exhibited complex segmental aberrations on chromosome
14 (Supplementary Figure 6). Additionally, we detected trisomy on chromosomes 9 and 16
in ONT2-E20 (Figure 6A), with parental allele fractions indicating the presence of an extra
maternal chromosome (Figure 6B). To determine the mitotic or meiotic origin of the extra
maternal chromosomes, we analyzed loci with homozygous genotypes in the father and
heterozygous genotypes in the mother and the embryo. For each locus, we calculated the
unique allele fraction (UAF) in the embryo, with the unique allele being the distinct allele among
the four parental alleles. The distribution of the unique allele fraction across the chromosome
helps identify the mechanistic origin of the trisomy (Figure 6C). Both chromosomes 9 and 16
were inferred to originate from maternal meiotic | nondisjunction (Figure 6D), consistent with

SNP array results.
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Figure 6. PGT-A analysis using Ir'WGS data identified aneuploidies and their mechanistic origins
in ONT2-E20. (A) The copy number plot shows trisomy on chromosomes 9 and 16. (B) Paternal allele
fractions (Pat AF) and maternal allele fractions (Mat AF) were assessed across the genome for loci
homozygous in one parent and heterozygous in the other, reflecting parental genome contributions
across the embryonic genome. In the trisomic regions, Mat AF = 0.67 and Pat AF = 0.33, indicating one
additional chromosome from the maternal side for chromosomes 9 and 16. (C) A schematic illustrates
the reasoning used to infer the mechanistic origin of a maternally derived trisomy. Loci with homozygous
genotypes in the father and heterozygous genotypes in both the mother and the embryo are selected.
For each shown heterozygous locus of the embryo, grey bar(s) represent the allele matching the
homozygous paternal allele, while black bar(s) represent the unique allele from the heterozygous
maternal locus that differs from the homozygous paternal allele. The unique allele fraction (UAF)—the
fraction of this unique allele in the embryo—is inferred from the allele frequency (AF) value in variant
calling results, which is expected to be 0.33 if two different maternal alleles were inherited and 0.67 if
two same unique maternal alleles were inherited. The pattern of UAF values across the trisomic
chromosome indicates the mechanistic origin of the trisomy. MI: meiotic I; MIl: meiotic II. (D) UAF values
across the genome. For trisomic chromosomes 9 and 16, the UAF is 0.67 at the beginning and
decreases to 0.33 across the remaining chromosomal regions. This pattern indicates that the origin of

these two trisomies is maternal meiotic | nondisjunction.

In summary, we confirmed in human embryos that I'WGS can be used for concurrent PGT-M
and PGT-A analysis. For PGT-M, while direct variant detection missed an inherited indel in one
of the embryos, inclusion of haplotype-based analysis mitigated this drawback, resulting in 100%
concordance with SNP array-based PGT results. For PGT-A, I'WGS data enables not only the

detection of aneuploidies but also their parental and mechanistic origins.
Discussion

Here, we explored the characteristics of I'WGS data from single cells and evaluated its
performance for variant calling and reference-free haplotyping. Our benchmark analysis
revealed that with I'WGS data from TE biopsies (10 cells), direct mutation analysis has a 94%
probability of identifying an inherited SNV. For haplotype-based analysis, the probabilities are
98% for TE biopsies (10 cells) and 92% for single blastomere biopsies (1 cell). Considering
that TE biopsy is becoming the golden standard, IrWGS-based PGT can thus enable direct
variant detection coupled with haplotype-based analysis for increased diagnostic accuracy.
Using human embryos, we validated the high performance of Ir'WGS-based PGT-M and

concurrent PGT-A, with the mechanistic origins of aneuploidies correctly identified.

Correctly matching the haplotypes of the offspring to those of their parents is essential for
effective haplotype linkage analysis. Key factors contributing to successful matching include:
1) Attainment of high-quality variant calling and phasing outcomes for the parents, which

played a pivotal role in identifying high-risk and low-risk haplotypes. 2) Trio variant calling for
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the offspring predicted significantly fewer Mendelian inheritance violation loci. 3) Pedigree-
based phasing for the offspring generated chromosome-spanning haplotypes with increased
phasing accuracy by combining read based phasing and genetic phasing. 4) The increased
density of informative loci in our study, primarily due to loci that could only be phased using
long reads, enabled successful haplotype matching over relatively short genome regions. 5)
Exclusion of loci violating Mendelian rules from haplotype comparison. 6) Flexibility in the
haplotype matching process, allowing for discrepancies between the offspring's haplotype and

the inferred parental haplotype.

The main advantage of using parental I'WGS data for phasing is that it allows for direct phasing
of the parents, thereby enabling genetic phasing of single cells from the offspring without
requiring additional family members. However, genetic phasing within a trio cannot resolve loci
where all trio members are heterozygous (15). By incorporating I'WGS data from single cells
of the offspring, we found that 14-19% of informative loci fall into this category. These additional
informative loci increase the probability that loci affected by ADO in single-cell data can be
correctly inferred from inherited parental haplotypes by enhancing the density of informative
loci available for haplotype matching. The broad genome coverage of I'WGS data from single
cells also enables direct variant detection. These advantages make I'WGS-based PGT a
superior option compared to current PGT methods. Firstly, there is no need to obtain DNA from
close relatives, which often causes delays, increases costs, and may not always be available.
Secondly, I'WGS-based PGT enables the direct phasing of DNMs present in prospective
parents, eliminating the need for additional steps such as analyzing single sperm, polar bodies
(35-37) or affected sibling embryos (38). Thirdly, it allows for the direct detection of pathogenic
variants in embryos, complementing haplotype-based analysis by resolving uncertain or
inconclusive findings and addressing cases where the embryo is at risk of carrying a
pathogenic mutation due to parental germline mosaicism. Fourthly, using a higher density of
informative loci for analysis enhances the identification of inherited parental haplotypes within
relatively short regions. Additionally, I'WGS data from single cells allows for the detection of
both the parental origin and the mitotic or meiotic nature of chromosomal anomalies, providing
valuable insights into the etiology of aneuploidies. Such information is crucial in clinical practice,
as aneuploidies resulting from meiotic chromosome segregation errors rarely survive to term
and often lead to adverse pregnancy outcomes; thus, selecting against these embryos could
improve IVF success rates (39). The potential applications of Ir'WGS-based single-cell
haplotyping and aneuploidy profiling go beyond human PGT and can be adapted for other
species, such as equine and bovine, to improve reproductive outcomes. It also holds promise
for cell-based noninvasive prenatal diagnosis by analyzing single fetal cells present in maternal
blood (40).
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DNMs arise during various biological and pathological processes, such as cell division and
cancer development. Additionally, DNMs are a major cause of rare human disorders. Genome-
wide DNM screening would be valuable for identifying these mutations. Using multi- and single-
cell I'WGS data of the offspring, we identified 90% and 37% of DNMs in benchmark data,
respectively. However, true DNMs represented only 0.5% and 0.1% of all identified DNM
candidates, highlighting the abundance of false positives. These results demonstrate that
whole-genome DNM screening with ONT I'WGS data remains a challenging task at present
However, with increasing sequencing accuracy and methodological improvements, this is likely
to be possible in the future. A previous pilot study attempted to use variant annotation
databases and functional prediction algorithms to identify real pathogenic DNMs among
numerous DNM candidates (41). Such strategies and additional quality metrics could be
integrated into DNM screening to enhance detection accuracy. It is worth noting that we used
cell line samples for DNM detection. Since DNMs arise during each cell division and increase
with each passage of culturing (Londin et al., 2011), the culture process may have influenced

the observed high incidence of DNMs.

In this study, we achieved high-quality phasing results with I'WGS data from the bulk sample
of the offspring. Compared to a previous study that phased the autosomes of the same
individual into 19,215 blocks with a switch error rate of 0.37% for SNVs and indels using 28x
PacBio HiFi reads (5), we obtained 1,964 phased blocks with a lower switch error rate of 0.22%
using ~24x ONT reads. This improvement is notable despite the lower variant calling
performance of ONT reads compared to HiFi reads (F-measures: 0.9991 for SNVs and 0.9598
for indels with HiFi reads; 0.9925 for SNVs and 0.8251 for indels with ONT reads). The
improvement in phasing performance could be attributed to advancements in the reference
genome, updates in bioinformatics software, and enhancements in the GIAB benchmark data,

as newer versions were utilized for this study.

A constant recombination rate of 1.26 cM/Mb was used during phasing, which is a suitable
assumption for the human genome. However, the inherent errors in I'WGS data, especially
those derived from single-cell and multi-cell samples, may hinder the accurate detection of
actual recombination sites. Consequently, unidentified recombination events may affect
haplotype comparison. Moreover, imperfect phasing results contain switch errors that may
influence haplotype matching. To mitigate the impact of recombination events and switch errors
on the inference of inherited parental haplotypes, we manually constrained the maximum
comparison block length to 1 Mb in this study. Additionally, visual inspection of haplotype blocks
can help identify recombination events and switch errors, further reducing the risk of
misdiagnosis. With ongoing improvements in sequencing accuracy, read length, and

bioinformatics algorithms, this constraint on block length may eventually become unnecessary,
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making accurate phasing of the entire genome feasible.

This study has limitations and areas for potential improvement. First, we utilized ONT
sequencing, a cost-effective long-read sequencing technology that is rapidly advancing in read
length and accuracy. These improvements will enhance variation discovery and phasing
performance, making it essential to conduct updated benchmark studies regularly. Second,
more data from clinical applications are needed to further validate the practical utility of I''WGS-
based haplotyping and aneuploidy profiling in single cells. As I'WGS becomes more widely
adopted in clinical settings, performance evaluations from large-scale clinical PGT cycles could
provide additional insights into the efficiency of I'WGS-based PGT in a broader range of clinical

scenarios.

To summarize, we developed a bioinformatics pipeline that enables genome-wide concurrent
haplotyping and aneuploidy profiling of single cells using I'WGS data, and validated its
effectiveness for genome-wide, reference-free comprehensive PGT. Additionally, we evaluated
the performance of I'WGS data from single cells for direct variant detection and DNM screening.
Beyond PGT for human embryos, our bioinformatics pipeline has potential applications in other
areas of single-cell genomics. For instance, it can be adapted for PGT in animal species like
bovine and equine to improve reproductive outcomes, and for cell-based noninvasive prenatal

testing by analyzing single circulating trophoblast cells in maternal blood (40).
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Supplementary Figure 1. Heterozygous and homozygous SNV calling performance for IrWGS

data from single-cell (sc), multi-cell (mc), and bulk samples of the offspring.
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Supplementary Figure 2. Supplementary alignments did not improve SNV calling performance.
(A) Percentage of chimeric reads in bulk, multi-cell (mc) and single-cell (sc) I'WGS data of the offspring.
(B) Schematic demonstration of chimeric reads and supplementary alignments. (C) Comparison of
default SNV calling F-measures with those obtained after including supplementary alignments for variant

calling.
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Supplementary Figure 3. Small variant (SNV and indel) calling performance obtained from default
and trio variant calling for (A) the father and (B) the mother. On the y-axis, "bulk," "mc¢," and "sc"
indicate bulk, multi-cell (mc), or single-cell (sc) data of the offspring were used for trio variant calling
together with parental data. The "/" denotes only paternal or maternal data were utilized for variant

calling.
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Supplementary Figure 4. Consistency of transmitted parental haplotypes inferred from the
offspring’s bulk, multi-cell (mc) and single-cell (sc) data phasing results when phasing (A) only
SNVs (B) SNVs and indels. For each panel, vertical colored lines indicate inferred paternal (pat) or
maternal (mat) haplotypes for specific regions. Different parental haplotypes are distinguished by

different colors.
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Supplementary Figure 5. Proportion of informative loci that can only be phased by long reads in
pedigree (ped) or default phasing (default) results of bulk, multi-cell (mc) and single-cell (sc) data.
(A) Trio genotype combinations for loci retained as informative loci for haplotype comparison. The
“Phasing method” column indicates method(s) that could be used to phase variants loci of the offspring.
Read only: variant loci could only be phased through read-based phasing. Genetic or read: variant loci
could be phased by either genetic phasing or read-based phasing. (B-D) Informative (B) SNVs from
SNV phasing results, (C) SNVs from SNV and indel phasing results, and (D) indels from SNV and indel
phasing results retained for haplotype comparison, categorized by phasing method(s) that could be used

to phase the variant loci.
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Supplementary Figure 6. PGT-A analysis using IrWGS data identified putative mosaic
chromosomal abnormalities in ONT1-E02. The copy number plot reveals mosaic duplication of the
short arm of chromosome 2 (indicated by a green arrow) and mosaic deletion of the long arm (indicated
by a red arrow). Additionally, mosaic duplications are observed on chromosome 4 (indicated by a red

arrow).

Supplementary Table 1. Concordance between SNP array-based PGM results and IrWGS-based

direct mutation detection

Family  Embryo Pat/mat  Genetic lesion Mutation position (hg38) Inheritance pattern PGT-M (SNP array) PGT-M (Ir'WGS direct)
ONT1-E02 Pat MSH2: ¢.1384C>T chr2:47445655 Autosomal dominant  inherited inherited (22:38)
ONTI ONT1-E03 Pat MSH2: ¢.1384C>T chr2:47445655 Autosomal dominant  not inherited not inherited (32:1)
ONT2-E04 Pat LAMB3: ¢.1133-708A>G chr1:209628898 Autosomal recessive not inherited not inherited (7:0)
Mat LAMB3: ¢.2955delG chr1:209618003 Autosomal recessive not inherited not inherited (6:0)
ONT2 ONT2-E06 Pat LAMB3: ¢.1133-708A>G chr1:209628898 Autosomal recessive inherited inherited (7:18)
Mat LAMB3: c.2955delG chr1:209618003 Autosomal recessive inherited inherited (11:7)
Pat LAMB3: ¢.1133-708A>G chr1:209628898 Autosomal recessive  not inherited not inherited (11:0)
ONT2-£20 Mat LAMB3: c.2955delG chr1:209618003 Autosomal recessive inherited not inherited (2:3)

The "Pat/mat" column indicates whether the indicated mutation is from the paternal (Pat) or maternal
(Mat) side. In the "PGT-M (Ir'WGS direct)" column, variant inheritance status is listed first, followed by
the number of reads supporting each allele, presented in brackets as "n reads for reference allele : n

reads for alternate allele". Any direct variant calling result discordant with SNP array results is in red.
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CHAPTER 6 - INTEGRATIVE DISCUSSION AND
FUTURE PERSPECTIVES

This PhD study advanced existing embryo analysis techniques and developed novel methods
for embryo selection. We expanded the application of a comprehensive PGT method,
haplarithmisis (Zamani Esteki et al., 2015), to equine embryos. Additionally, we combined
GBS-based haplarithmisis (Masset et al., 2022) with transcriptome profiling for the first time,
representing a novel adaptation of G&T-seq (Macaulay et al., 2015), referred to as hG&T-seq,
which enables simultaneous haplotyping and transcriptome profiling of individual blastomeres.
Furthermore, we validated the effectiveness of I'WGS-based, reference-free comprehensive
PGT. Using these methods, we investigated WG abnormalities and aneuploidies in
preimplantation mammalian embryos and revealed their mechanistic origins and

developmental implications.

Impact of novel embryo analysis technologies on PGT and prospects for advanced
embryo selection methods

The embryo analysis technologies developed in this PhD program hold significant importance
for the field of PGT. Current state-of-the-art PGT methods, such as SNP array and NGS-based
genome-wide comprehensive PGT (Zamani Esteki et al., 2015; Masset et al., 2022), enable
all forms of PGT and eliminate the need for family and disease-specific setups. However, for
PGT-M, these methods still require additional family members for phasing, and they cannot
phase pathogenic DNMs in prospective parents or determine the carrier status of pathogenic
mutations in cases of parental germline mosaicism. Since reads from long-read sequencing
are significantly longer than those from short-read sequencing and can easily span two or more
heterozygous SNVs (Logsdon, Vollger and Eichler, 2020), Ir'WGS data holds the potential to
overcome these limitations by enabling direct phasing of both the parents and the embryo. In
our study, we demonstrated the high performance of IrWGS for single-cell haplotyping and
aneuploidy profiling, showing its promise for comprehensive PGT of human embryos. With
direct and accurate phasing of the parents using I'WGS data, high-risk haplotypes carrying
pathogenic mutations in prospective parents can be identified without requiring additional
family members. Furthermore, when combined with I'WGS data obtained from a TE biopsy,
loci that are heterozygous in both the parents and the embryo can be phased, allowing for the
inclusion of more loci in haplotype-based analysis for better performance. In addition to these
specific advantages over short-read or SNP array-based comprehensive PGT, the IF'WGS-
based method also enables direct mutation analysis, further complementing haplotype-based

analysis and helping to identify whether pathogenic variants are transmitted to the embryo in
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cases of parental germline mosaicism.

We used hG&T-seq, which combines G&T seq (Macaulay et al., 2015) with GBS-based
haplarithmisis (Masset et al., 2022), to investigate the origin and developmental effects of WG
abnormalities. The ability to simultaneously assess both genomic and transcriptomic
information from the same single blastomere using such approach not only advances embryo
research but also represents a promising avenue for better embryo selection. State-of-the-art
comprehensive PGT methods rely on genomic information to select embryos free of genetic
abnormalities for transfer (Zamani Esteki et al., 2015; Masset et al., 2022). In contrast, the
G&T-seqg-based approach, which enables the concurrent assessment of the transcriptome, has
the potential to provide insights into gene expression and molecular homeostasis in embryos.
In IVF practice, this could offer valuable information about embryo competence, thereby
enhancing the selection of viable embryos. Interestingly, Groff et al. demonstrated that the
gene expression profile of the TE can reflect embryo competence and highlighted the potential
utility of RNA-seq for embryo evaluation in IVF clinics (Groff et al., 2019). Wang et al. further
showed that using the TE transcriptome for selecting viable embryos was more accurate than
routine PGT (Wang et al., 2024). Further exploration is needed in G&T-seq-based embryo
selection, particularly to identify gene expression patterns that could serve as criteria for

embryo selection at the clinical level.

In addition to invasive embryo selection methods, morphological grading remains the most
widely used noninvasive approach for assessing the quality and developmental potential of
preimplantation embryos in both clinical practice and research. In our study, we observed
whole-genome segregation errors during the first zygotic cleavage by combining microscopy
images and whole-genome haplotyping. Furthermore, the impaired development of WG
abnormal blastomeres was evident from their delayed developmental stages compared to
normal diploid blastomeres, as observed under the microscope. In recent years, artificial
intelligence (Al) has been increasingly incorporated into imaging-based embryo ranking,
marking a promising direction for better morphological assessment and selection of embryos.
Unlike conventional methods, which depend on technicians and are subject to considerable
variation across individuals and fertility clinics, Al-driven approaches, combined with time-lapse
technology improve both the accuracy and consistency of embryo selection. Several
companies are developing sophisticated software that can predict embryo euploidy with
around 80% accuracy (Huang et al., 2021; Liao et al., 2021), and it is likely that this will
approach near 100% in the coming years. Additionally, some Al-driven time-lapse incubators
assign scores to embryo to identify those with the highest implantation potential. Many studies
have demonstrated that this score-based selection improves not only implantation rates but

also live birth rates (Bori et al., 2022; Ueno et al., 2022). In its present form, Al complements
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and enhances embryologists' decision-making rather than replacing it (Glatstein, Chavez-
Badiola and Curchoe, 2023). The ultimate aim is to create a robust Al system capable of
accurately predicting the ploidy status and implantation potential of embryos in culture, while

being adaptable enough to incorporate omics data for further optimization.

In addition to WG abnormalities, we observed frequent aneuploidies in equine preimplantation
embryos, similar to those observed in humans and bovine (Vanneste et al., 2009, 2012; TSuiko
et al., 2017). Founded on the premise that most aneuploid embryos are either non-viable or
likely to result in severe birth defects, PGT-A has seen widespread implementation. However,
its effectiveness in improving IVF outcomes remains a subject of debate. Two primary concerns
challenge its routine use. First, mosaicism is frequently found in preimplantation embryos,
typically originated from post-zygotic mitotic errors (Vanneste et al., 2009, 2012; Levy et al.,
2021). Gleicher et al. indicated through mathematical models that, even when assuming an
even distribution of mosaicism in the trophectoderm, a trophectoderm biopsy cannot reliably
classify an embryo as aneuploid or euploid (Gleicher et al., 2017). Second, embryos have a
natural ability to self-correct aneuploidies (Yang et al., 2021), meaning initial biopsy results
may not reflect the embryo’s final genetic status. This is evidenced by cases where healthy
babies were born from embryos initially deemed aneuploid or mosaic (Greco, Minasi and
Fiorentino, 2015). In addition to these concerns, the clinical effects of PGT-A have been
extensively explored. Randomized controlled trials (RCTs) have shown that PGT-A leads to
increased ongoing pregnancy rates and live birth rates per embryo transferred (Scott et al.,
2013; Rubio et al., 2017; Rubio, 2019). However, some studies found these benefits only in
women aged 3540 years, with no improvements seen in younger women (Munné et al., 2019;
Ozgur et al., 2019). Furthermore, Yan et al. demonstrated that PGT-A does not improve
cumulative live birth rates (Yan et al., 2021). Wang et al. observed that trials failing to
demonstrate positive outcomes with PGT-A might have neglected critical factors such as
individual clinic performance and the impact of biopsy techniques, which can influence PGT-A
results (Wang et al., 2022). Given the ongoing debate, PGT-A may not offer universal benefits
for all IVF patients. Instead, each clinic is advised to evaluate the efficacy of PGT-A based on
its specific patient population, expertise, and limitations. Couples should be informed about the

potential benefits and risks of PGT-A, customized to their individual clinical context and needs.
Significance and biological consequences of heterogoneic division

By utilizing hG&T-seq, we demonstrated that heterogoneic first zygotic division, during which
maternal and paternal genomes segregate into distinct blastomeres, can occur in multiple
ways, leading to various WG abnormalities among the daughter blastomeres. This
heterogoneic division offers a more comprehensive explanation for the origin of WG anomalies

compared to previously proposed mechanisms, which were inferred indirectly from surviving
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cells that had already undergone developmental selection and, therefore, did not fully reflect
the original genomic heterogeneity of the embryo (Masset, TSuiko and Vermeesch, 2021).
Further development of a subset of blastomeres following heterogoneic division could result in
triploid, mixoploid, chimeric, uniparental diploid, or biparental diploid embryos, depending on
the selective processes acting on these blastomeres. Typically, diploid blastomeres exhibit
greater fitness compared to those with WG abnormalities, enabling them to outgrow the
abnormal blastomeres. However, some uniparental and polyploid blastomeres still retain the
ability to develop into blastocyst. In the present study, we used bovine as the model organism.
Previous research has identified frequent occurrences of various WG abnormalities in human
preimplantation embryos, suggesting a conserved presence of heterogoneic division in human
(TSuiko et al., 2021). Replicating our hG&T-seq-based study on heterogoneic division in
humans and other mammalian species would allow for a more detailed examination of the
frequency of heterogoneic division, as well as the developmental consequences of the
resulting WG abnormal blastomeres in human and across different species. Such studies
would significantly enhance our understanding of the conservation of heterogoneic division
and its impact on mammalian embryo development. Furthermore, additional studies in model
organisms could investigate the developmental effects of heterogoneic division-derived WG
abnormalities after implantation. When integrated with other omics data, these analyses could
provide a comprehensive understanding of the clinical consequences of these abnormalities
and yield detailed insights into the underlying molecular mechanisms, such as the role of
imprinting. In this study, we unveiled that WG abnormalities cause differential expression of
both imprinted genes and stress response-related genes during preimplantation development.
Further investigation into the role and effects of imprinting in the development of heterogoneic
division-derived uniparental and polyploid blastomeres after implantation would provide

valuable insights into the specific function of parental genomes.
Conserved chromosomal instability in mammalian preimplantation embryos

It has been well studied in both humans and bovines that chromosomal abnormalities are
common in preimplantation embryos (Vanneste et al., 2009, 2012; TSuiko et al., 2017) and are
selected against during development, particularly toward complex abnormalities (McCoy et al.,
2015, 2023; TSuiko et al., 2021). By expanding the application of a comprehensive PGT
approach, haplarithmisis, in equine and exploring the full range of chromosomal abnormalities,
we observed a conserved and frequent occurrence of both aneuploidies and WG abnormalities
in preimplantation equine embryos. Additionally, we confirmed the selective elimination of
complex abnormalities during preimplantation development. These results demonstrate the
conservation of CIN in preimplantation embryos across mammalian species. This PGT

approach can in principle be applied to other mammals to investigate early embryo genome
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abnormalities, allowing for comparisons of their frequency, spectrum, and developmental
effects across species. Comparing CIN in in vitro and in vivo-produced embryos could offer
insights into how IVF procedures influence CIN levels. While a comparison of in vivo and in
vitro human embryos showed similar euploidy rates (Munné et al., 2020), research in bovine
models demonstrated significantly higher chromosomal instability in in vitro-cultured embryos

compared to those derived in vivo (TSuiko et al., 2017), highlighting species differences.
Clinical impact and potential further applications of the results

The results of this PhD program have significant practical and clinical implications. By
performing hG&T-seq, we demonstrated that various WG-abnormal blastomeres and normal
diploid blastomeres can coexist in the same embryo following heterogoneic first zygotic
division. The WG-abnormal blastomeres exhibit impaired development compared to the
normal diploid ones, suggesting that the latter are likely to dominate the blastocyst. However,
WG-abnormal blastomeres can still develop into blastocysts, resulting in mixoploid or chimeric
embryos, which may lead to abnormal development or congenital disorders. Given that
embryos can develop into normal diploid, WG-abnormal, or mixoploid/chimeric blastocysts,
implementing haplotype-aware PGT approaches (Zamani Esteki et al., 2015; Masset et al.,
2022) is recommended to screen for WG abnormalities and improve IVF outcomes.
Furthermore, we demonstrated the applicability of haplarithmisis (Zamani Esteki et al., 2015)
in equine to select biparental diploid embryos that are free from mutations associated with
undesired traits while carrying mutations for desirable characteristics. This approach not only
enhances equine breeding but also has broader potential applications in MAR for various other
mammalian species, aiding livestock breeders in producing high-quality embryos and

improving reproductive outcomes.

As sequencing technologies improve and costs decrease, the adoption of WGS-based PGT is
expected to increase, bringing important ethical concerns to the forefront. WGS-based PGT
not only identifies variants associated with specific disorders but also reveals the entire genetic
makeup, including variants related to complex disorders, mild effects, and non-health-related
traits. This additional information raises concerns about using genetic data to select embryos
that carry variants for desired traits, often referred to as "designer babies." It also sparks
discussions about whether prospective parents have the right to choose the "best" embryo and
how "best" should be defined in the context of genome-wide analysis. Addressing these
challenges entails increased complexity in genetic counseling, data interpretation, and embryo
transfer policies. Further research and consensus guidelines are essential to help clinicians
and families navigate the intricate information available from WGS-based PGT, ensuring a
balance between technological innovation and ethical considerations for the optimal use of
PGT.
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In summary, this PhD study has significantly advanced current embryo study and selection
methods and enhanced our understanding of the origins and developmental impacts of
chromosomal abnormalities in preimplantation mammalian embryos. Combined with imaging-
based methods, we envision a more accurate system for selecting embryos with the highest
developmental potential and free from genetic abnormalities, which will substantially improve
reproductive outcomes. The accompanying ethical considerations will need to be addressed

as WGS-based embryo selection becomes more widely adopted.
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