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Aneuploidy that arises during meiosis and/or mitosis is a major contributor to early embryo loss. We previously showed

that human preimplantation embryos encapsulate missegregated chromosomes into micronuclei while undergoing cellular

fragmentation and that fragments can contain chromosomal material, but the source of this DNA was unknown. Here, we

leveraged the use of a nonhuman primate model and single-cell DNA-sequencing (scDNA-seq) to examine the chromosomal

content of 471 individual samples comprising 254 blastomeres, 42 polar bodies, and 175 cellular fragments from a large num-

ber (N=50) of disassembled rhesus cleavage-stage embryos. Our analysis revealed that the aneuploidy andmicronucleation

frequency is conserved between humans and macaques, and that fragments encapsulate whole and/or partial chromosomes

lost from blastomeres. Single-cell/fragment genotyping showed that these chromosome-containing cellular fragments

(CCFs) can be maternally or paternally derived and display double-stranded DNA breaks. DNA breakage was further

indicated by reciprocal subchromosomal losses/gains between blastomeres and large segmental errors primarily detected

at the terminal ends of chromosomes. By combining time-lapse imaging with scDNA-seq, we determined that multipolar

divisions at the zygote or two-cell stage were associated with CCFs and generated a randommixture of chromosomally nor-

mal and abnormal blastomeres with uniparental or biparental origins. Despite frequent chromosome missegregation at the

cleavage-stage, we show that CCFs and nondividing aneuploid blastomeres showing extensive DNA damage are prevented

from incorporation into blastocysts. These findings suggest that embryos respond to chromosomal errors by encapsulation

into micronuclei, elimination via cellular fragmentation, and selection against highly aneuploid blastomeres to overcome

chromosome instability during preimplantation development.

[Supplemental material is available for this article.]

The demand for human in vitro fertilization (IVF) increases each
year, but success rates as measured by live birth(s) have remained
only∼30%–35% for decades (cdc.gov/art).Oneof the leading caus-
es of IVF failure and embryo loss is the presence of unbalanced
whole chromosome(s), or aneuploidy. Estimates of aneuploidy in
IVF embryos via high-resolution techniques are 50%–80%, includ-
ing those fromyoung, fertile couples, regardless of embryonic stage
(Vanneste et al. 2009a; Johnson et al. 2010; Chavez et al. 2012;
Chow et al. 2014; Huang et al. 2014; Minasi et al. 2016). A similar

efficiency (∼30%–35%) is thought to arise from natural human
pregnancies, with up to 70% of spontaneous miscarriages diag-
nosed as aneuploid (Miller et al. 1980; Wilcox et al. 1995;
Zinaman et al. 1996; Ogasawara et al. 2000). Chromosomal mis-
segregation in oocytes during meiosis has long been considered
the primary reason for aneuploidy, especially in cases of advanced
maternal age (Nagaoka et al. 2012). However, recent studies using
comprehensive chromosome screening of all blastomeres in
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cleavage-stage embryos established that mitotic errors occur at an
equal or greater frequency and irrespective of maternal age
(Vanneste et al. 2009a,b; Johnson et al. 2010; Chavez et al. 2012;
Chow et al. 2014; McCoy et al. 2015). Mitotic chromosomemisse-
gregation not only leads to aneuploidy but also gives rise to a mo-
saic embryo with different chromosomal copy number among
cells. Euploid–aneuploid mosaicism can still result in the birth of
healthy offspring upon embryo transfer (Greco et al. 2015;
Bolton et al. 2016; Fragouli et al. 2017), which suggests that correc-
tivemechanisms exist to overcomechromosomal instability (CIN).

Another factor in the capacity of an IVF embryo to success-
fully implant is the timing and degree of cellular fragmentation,
whereby cytoplasmic bodies pinch off of blastomeres during cyto-
kinesis (Alikani et al. 1999; Antczak and Van Blerkom 1999).
Distinct from cell death–induced DNA fragmentation (Hardy
et al. 2001; Xu et al. 2001), cellular fragmentation also occurs nat-
urally following in vivo human conceptions (Pereda and Croxatto
1978; Buster et al. 1985) and is not associated with maternal age
(Wu et al. 2011). We previously showed that cellular fragments
can contain chromosomal material and that missegregated
chromosomes are encapsulated intomicronuclei duringmitotic di-
visions (Chavez et al. 2012), but whether it originated from blasto-
meres and what the parental source of this DNA is were unknown.
Chromosomes within somatic cell micronuclei display an in-
creased propensity to undergo double-stranded breaks and struc-
tural rearrangements, which may be the result of asynchrony in
DNA replication timing between micronuclei and the primary nu-
cleus (Crasta et al. 2012; Liu et al. 2018). A similar phenomenonhas
been proposed to occur in micronuclei of human embryos
(Pellestor 2014; Pellestor et al. 2014), but a recent report suggests
that mouse embryonic micronuclei do not rejoin the primary nu-
cleus and instead undergo perpetual unilateral inheritance
(Vázquez-Diez et al. 2016). Unlike humans, early cleavage-stage
mouse embryos rarely show aneuploidy, micronuclei, and cellular
fragmentation even in suboptimal culture conditions (Winston
and Johnson 1992; Dozortsev et al. 1998; Lightfoot et al. 2006;
Chavez et al. 2012; Macaulay et al. 2015; Bolton et al. 2016; Treff
et al. 2016;Vázquez-Diez et al. 2016), andwhenmicronuclei are in-
duced experimentally, mouse embryos undergo cell lysis rather
than fragmentation (Chavez et al. 2014). At the late cleavage (mor-
ula) stage, however, ∼10% of mouse embryos have been shown to
contain micronuclei, and a similar number appeared between in
vivo and IVF-derived embryos (Vázquez-Diez et al. 2016) to suggest
thatmicronuclei formation is not a consequence of in vitro culture.

Previous studies with rhesus macaque embryos using DNA–
fluorescent in situ hybridization (DNA-FISH) probes to human
Chromosomes (Chr) 13, 16, 18, X, and Y indicated that the inci-
dence of aneuploidy in rhesus embryos is more comparable to hu-
man than mouse (Dupont et al. 2009a,b, 2010). Given that only a
few chromosomes were analyzed by low-resolution techniques,
however, the actual percentage of rhesus embryos carrying chro-
mosomal aberrations was unknown. Here, we used single-cell
DNA-sequencing (scDNA-seq) to establish the frequency of whole
and segmental chromosomal errors in 50 rhesus cleavage-stage em-
bryos from the two-cell to 14-cell stage. By reconstructing the chro-
mosomal content of each cell and fragment, we investigated
whether whole or partial chromosomes lost from blastomeres are
sequestered into cellular fragments. We also examined the fate of
cellular fragments beyond the cleavage stage as well as embryo im-
agingparameters ormorphological features thatmight lead to their
formation via time-lapse monitoring (TLM) of preimplantation
development.

Results

Incidence of micronucleation and cellular fragmentation

is conserved between primates

To determine the aneuploidy and micronucleation frequency in
rhesus cleavage-stage embryos, we developed an experimental
approach using scDNA-seq and TLM to noninvasively assess pre-
implantation development (Fig. 1A). Mature metaphase II (MII)
oocytes underwent conventional IVF, and presumed zygotes
with two polar bodies and/or pronuclei were analyzed by TLM to
evaluate mitotic divisions, the absence or presence of cellular frag-
mentation (Fig. 1B), and other imaging parameters and/or mor-
phological features indicative of embryo chromosomal status.
After∼24–96 h, cleavage-stage embryos (N=50) were disassembled
into individual blastomeres, cellular fragments, and polar bodies if
still present (Fig. 1C) for chromosomal copy number variation
(CNV) analysis and single-nucleotide polymorphism (SNP) geno-
typing. Another subset of intact embryos (N=25) between the
zygote and blastocyst stage was fixed and subjected to multi-color
confocal imaging to assess micronuclei formation and DNA
sequestration by cellular fragments. Lastly, an additional 92 rhesus
embryos were allowed to proceed in development to evaluate the
impact of micronuclei, fragmentation, and aneuploidy on embry-
onic arrest versus successful progression to the blastocyst stage
(Fig. 1D).

Upon fixation and immunolabeling with the nuclear enve-
lopemarker, LMNB1, we show that rhesus embryos containmicro-
nuclei as early as the zygote (Fig. 1E) or two-cell stage (Fig. 1F) and
that the emergence of micronuclei was often concomitant with
cellular fragmentation by the four-cell stage (Fig. 1G). Some of
these fragments encapsulate nuclear DNA positive for DAPI stain-
ing that is inconsistent with polar bodies, which contain a mem-
brane-bound nucleus and/or condensed chromosomes that are
thought to degenerate within 24 h of formation (Zamboni et al.
1966; Wang et al. 2014). Chromosomal material in cellular frag-
ments was never detected in the absence of micronuclei, suggest-
ing that micronuclei formation precedes and seems to be
necessary for chromosome sequestration (Fig. 1E–G). Although
micronuclei were not apparent until the five- to nine-cell stage
or later in only a few embryos (Fig. 1H,I), we determined that the
inner cell mass (ICM) of blastocysts might retain micronuclei
(Fig. 1J). We also observed one embryo with a condensed chromo-
some separated from the mitotic spindle that lacked nuclear enve-
lope (Fig. 1H), suggesting that missegregated chromosomes in
embryonic micronuclei undergo condensation with nuclear enve-
lope breakdown similar to chromosomes in primary nuclei. When
all rhesus embryoswere evaluated at highmagnification before fix-
ation or disassembly, we determined that >65% (N=129/196) of
cleavage-stage embryos show some degree of cellular fragmenta-
tion (Supplemental Movie S1).

Rhesus cleavage-stage embryos are often aneuploid or mosaic

caused by mitotic errors

Embryos were disassembled into single cells and cellular frag-
ments and the DNA in each sample was amplified, labeled with
custom barcodes, PCR-validated using adapter sequences, and
pooled for multiplex scDNA-seq (Supplemental Table S1). To
detect CNV, we developed a bioinformatics pipeline that com-
pares read counts in contiguous windows across the genome be-
tween embryonic samples and rhesus female euploid (42,XX)
fibroblasts using a combination of variable nonoverlapping
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windows and circular binary segmentation (CBS) called VNOWC
(Supplemental Fig. S1). We then used a second custom bioinfor-
matics pipeline that incorporated the hidden Markov model
(HMM) (Knouse et al. 2016) called CBS/HMM intersect (CHI) to
further validate CNV calls. By using the dual-pipeline bioinfor-

matics strategy, we sequenced 471 indi-
vidual samples from 50 whole rhesus
cleavage-stage embryos up to the 14-
cell stage (Supplemental Table S2), 49
of which contained DNA that success-
fully amplified (Fig. 2A). This included
254 blastomeres and 175 cellular frag-
ments as well as a large proportion of
polar bodies (N= 42/471) confirmed by
SNP analysis as described below. Each
blastomere or polar body was classified
as euploid or aneuploid and the type
of chromosomal error determined by
the following criteria: (1) Meiotic errors
were identified by an aneuploid polar
body, and in the absence of polar bodies
or the presence of only one euploid po-
lar body, it was considered meiotic if
the same chromosome was affected in
all sister blastomeres; (2) mitotic errors
were defined as different and/or recipro-
cal chromosome losses and gains be-
tween blastomeres with euploid polar
bodies; and (3) chaotic aneuploidy was
characterized by multiple (five or more)
random chromosome losses and gains
in one or more blastomeres (Delhanty
et al. 1997). Based on the above criteria,
26.5% (N=13/49) of the embryos were
composed of only euploid blastomeres
with no segmental errors, whereas
73.5% (N=36/49) contained at least
one blastomere with whole and/or par-
tial chromosome losses and gains (Fig.
2A; Supplemental Table S2). Further
analysis revealed that 40.8% (N=20/49)
of the embryos consisted of blasto-
meres that were all affected, whereas
20.4% (N=13/49) showed euploid–an-
euploid mosaicism and 12.2% (N=3/
49) were mosaic with segmental errors
only. Both polar bodies were obtained
from ∼20% (N=10/49) of the embryos
and primarily at the early cleavage stag-
es, but ∼74% (N=31/42) of those isolat-
ed were euploid. Thus, we were able to
confidently call the inheritance of mei-
otic errors in 25% (N=9/36) and the oc-
currence of solely mitotic errors in
41.7% (N=15/36) of embryos, with the
remaining 33.3% (N= 12/36) either in-
curring both types of errors or being un-
known because of the complexity of
chromosomal mosaicism (Supplemental
Table S3). The incidence of chaotic
aneuploidy was 28.6% (N=14/49), and
this appeared to be mostly confined to

embryos fertilized by a particular sperm donor (N=11/14). Re-
presentative examples of genome-wide chromosomal CNV
plots from embryos with euploid, mosaic, aneuploid, and/or
chaotic aneuploid blastomeres are shown in Supplemental
Figure S2.

E F

B

A

C D

I J

G

H

Figure 1. Approach for assessing micronuclei, fragmentation, and CNV in rhesus embryos. (A) Mature
and immature oocytes were obtained from female rhesus macaques undergoing controlled ovarian stim-
ulations.MII oocytes displayingonepolar bodywere fertilized by conventional IVFwith sperm from rhesus
males. (B) Earlymitotic divisions and the incidence of cellular fragmentation in presumptive zygotes (iden-
tifiedby twopronuclei and/or polar bodies)were analyzedby time-lapse imaging. (C ) Cleavage-stage em-
bryos were disassembled into individual blastomeres, cellular fragments, and polar bodies for CNV and
SNP analysis by scDNA-seq (N=50). A subset of intact cleavage-stage embryos was fixed and immuno-
stained for confocal imaging (N=25). (D) Another group of embryos were cultured up to the blastocyst
stage (N=92). (E) Immunostaining of a zygote undergoing syngamywith twomicronuclei (white arrows)
shownby the nuclear envelopemarker, LMNB1 (green);DAPI (blue) =DNA. (F) Two-cell embryowith one
micronucleus in each blastomere. (G) Comparison of a fragmented (white arrowheads) cleavage-stage
embryowithmultiple micronuclei (right) and a nonfragmented seven-cell embryo (left). (H) Single imag-
ing plane of a Z-stacked five-cell embryo with a missegregated chromosome (yellow arrowhead) and
micronuclei, as well as a (I) nine-cell embryo showing micronuclei in two blastomeres, but no visible cel-
lular fragmentation. Insets show a brightfield image for reference. Scale bars, 25 µm. (J) Blastocyst with
two micronuclei in the ICM; the inset shows the maximum intensity projection of the embryo.
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Reciprocal subchromosomal deletions and duplications indicate

chromosome breakage

Excluding chaotic samples, we then assessed the frequency of
whole and segmental errors by chromosome in the embryos (Fig.
2B). Chr 1 and Chr 2 were themost highly susceptible to aneuploi-
dy because of DNA breakage, which was not the result of chromo-
some size (Fig. 2C), whereas Chr 19 experienced the greatest
incidence of whole CIN. However, this chromosome is GC rich,
and when combined with scDNA-seq as previously shown for hu-

man Chr 19 (Knouse et al. 2016), whole chromosomal losses and
gains are difficult to distinguish from large segmental CNVs. Chr
20 (corresponding to human Chr 16) was the least frequently af-
fected by aneuploidy, and large segmental deletions, duplications,
and amplifications were predominantly located at the terminal
ends of chromosome arms (N=33/37) (Fig. 2D). In a small propor-
tion of embryos (16.7%; N= 6/36), chromosomes underwent un-
balanced rearrangements, in which the reciprocal chromosome
segments were found in a sister blastomere (Fig. 2E). We deter-
mined that several of these breakpoints localized near existing

E

BA

C

D

Figure 2. Assessment of whole and subchromosomal instability in rhesus embryos. (A) CNV summary of rhesus embryos (N=49) from the two- to 14-cell
stage analyzed by scDNA-seq. Stacked bars represent euploid (yellow) and aneuploid (orange) polar bodies (PB); euploid (green), aneuploid (light blue),
segmental aneuploid-only (light gray), and chaotic aneuploid (dark blue) blastomeres (B); no WGA (dark gray); and empty blastomeres (white) detectable
by high mitochondrial (mtDNA) but no genomic DNA reads (N=296 samples). Aneuploid PB containing only segmental errors labeled with asterisk. (♂)
Chr Y present; (♀) two Chr X present. Percentage of euploid, aneuploid, or mosaic embryos with or without solely segmental errors is shown in the pie
chart (upper left). (B) Number of times chromosomes were affected by whole (orange) or segmental (gray) losses or gains. (C) Graph showing that there
was no significant association (P-value = 0.1475) between the number of segmental breaks and chromosome size (Spearman’s correlation = 0.3273).
(D) Location of chromosomal breaks in embryos with segmental aneuploidy. Numbers to the left represent the copy number state of blastomeres.
(E) CNV plots of six embryos, in which chromosomal breakage resulted in a reciprocal loss and gain of chromosome segments between blastomeres
(left). Chromosome ideograms showing the approximate breakpoint locations (right; white arrowheads) of each embryo with reciprocal breaks. Vertical
lines in Chr 10 delineate the nucleolus organizer region adjacent to the centromere (black), and the gray circle in Chr 18 designates the ancestral inactivated
centromere.

Daughtry et al.

370 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


centromeres or, in the case of Chr 18, an inactivated ancient cen-
tromere (Ventura et al. 2007). The approximate location of breaks
in Chr 10 andChr 14 also alignedwith corresponding fission or in-
version evolutionary breakpoints, respectively, in the common
primate ancestor.

Cellular fragments may contain whole or partial chromosomes

lost from blastomeres

Although reciprocal exchange of chromosomes between blasto-
meres was observed in some embryos, chromosome(s) were entire-
ly lost in the majority of cases (83.3%; N= 30/36), and 86.7% (N=
26/30) of these embryos showed cellular fragmentation. Based on
our previous findings of chromosomal material in cellular frag-
ments from human embryos (Chavez et al. 2012), we hypothe-
sized that the missing chromosome(s) had been sequestered
during fragmentation. To test this, we sequenced 175 single frag-
ments obtained from each fragmented rhesus embryo and found
an instance in which both copies of Chr 9 and Chr 12 lost from
blastomeres were located in one of the cellular fragments (Fig.
3A). By similarly reconstructing the chromosomal content of
each embryo via single-cell/-fragment DNA-seq, we observed addi-
tional examples of individual, multiple, and/or partial chromo-
somes in the fragments of other embryos (Fig. 3B). Maternal
versus paternal SNP allele genotyping analysis, which is described
inmore detail below, revealed that chromosome-containing cellu-
lar fragments (CCFs) can originate fromeither themother or father
(Fig. 3C). There did not appear to be preferential sequestering of
particular chromosomes, as both small and large chromosomes
were affected and the partial chromosomes identified in fragments
ranged in size from 6 to 85Mb (Fig. 3D). Overall, we confirmed the
presence of entire or portions of chromosomes in one or more
CCFs in ∼18% (N=8/45) of fragmented embryos, and ∼88% (N=
7/8) of these embryos were aneuploid to varying degrees.
However, only ∼6.3% (N=11/175) of the cellular fragments exam-
ined contained chromosomal material (Fig. 3E). Thus, missegre-
gated chromosomes encapsulated within embryonic micronuclei
not only persist or rejoin the primarynucleus butmay also be elim-
inated from the embryo upon cytoplasmic pinching of cellular
fragments from blastomeres.

Chromosomes within cellular fragments are susceptible to DNA

breaks and damage

Based on findings of whole chromosomes and/or chromosomal
segments in cellular fragments from a minority of embryos and
several reports of DNA fragility within the micronuclei of somatic
cells (Crasta et al. 2012; Hatch et al. 2013; Liu et al. 2018), we next
sought to determine whether the CCFs were susceptible to DNA
damage and rapid degradation once separated from the primary
nucleus. To accomplish this, we immunostained fragmented
cleavage-stage embryos with LMNB1 and γ-H2A.X, the serine
phosphorylated form of H2AFX and a marker of DNA damage
and double-stranded breaks (Rogakou et al. 1998). Positive DAPI
staining confirmed the presence of DNA in cellular fragments
from rhesus embryos (Fig. 3F), but these CCFs appeared to lack a
nuclear envelope or to have a defective nuclear envelope as de-
scribed for somatic cell micronuclei (Crasta et al. 2012; Hatch
et al. 2013; Liu et al. 2018) that was also inconsistent with polar
body identity. Multiple γ-H2A.X foci were detected in the micro-
nuclei of blastomeres as well as in the DNA of cellular fragments,
and DNA damage appeared markedly increased in CCFs and mi-
cronuclei compared with primary nuclei (Fig. 3G–H). One of these

embryos also contained a micronucleus that seemed to be in the
process of CCF sequestration from a blastomere (Fig. 3H).
Because DNA degradation and double-stranded DNA breaks are
not distinguishable by γ-H2A.X immunosignals, however, it is
also possible that subchromosomal segments were initially seques-
tered into cellular fragments rather than the product of DNA
degradation.

Parental contribution to aneuploidy is revealed by SNP allele

genotyping analysis

It is generally accepted that polar bodies degenerate within 24 h of
extrusion from the oocyte or zygote (Schmerler andWessel 2011),
but we unexpectedly identified polar bodies in several embryos be-
yond the two- to four-cell stage by scDNA-seq (Fig. 2A). To validate
their identity and further distinguish them from cellular frag-
ments, we isolated DNA from each of the parents whose gametes
were used for IVF and performed whole-genome DNA-seq
(Supplemental Table S4) for comparison of maternal versus pater-
nal SNP alleles in all embryonic samples (Supplemental Table S5).
The proportion of maternal alleles was significantly different (P <
1.88×10−4, binomial test) from the expected 50%,with an average
of 80% of alleles identified as maternal in origin, confirming polar
body identity (Fig. 4A). SNP genotyping was also used to assess the
parental origins of all chromosomes in eachblastomere by simulta-
neously analyzing multiple SNPs with only opposite homozygous
genotypes in the parents across each chromosome. Although the
majority of embryos initially classified as euploid were biparental
(76.9%; N=10/13), three of these embryos contained blastomeres
with chromosomes that were entirely from the mother (Fig. 4B)
and either gynogenetic (embryos 8 and 25) or digynic triploid (em-
bryo 9). In contrast, only ∼45% of the aneuploid embryos were
biparental in origin (N=15/33), and the remaining embryos were
gynogenetic (N=2/33), androgenetic (N=1/33), polyploid (N=
11/33) or contained a mixture of uniparental, biparental, and trip-
loid cells termedmixoploid (N=4/33; Fig. 4C; Supplemental Fig S3;
Supplemental Table S5). Further analysis revealed at least one case
of a paternally contributedmeiotic error (embryo 15; Chr 1mono-
somy) and that the triploid embryos were composed of two copies
of maternal chromosomes and one copy of each paternal chromo-
some (Fig. 4D).Whenwe compared theCCFs observed in Figure 3E
to the embryos from which they arose via SNP genotyping, we de-
termined that the blastomeres were biparental (N=1/8), gynoge-
netic (N=3/8), androgenetic (N=1/8), triploid (N=1/8), or
mixoploid (N=2/8), suggesting that the production of CCFs is
not associated with a certain type of chromosomal abnormality.

Multipolar divisions often lead to chromosome loss and chaotic

aneuploidy

By combining scDNA-seqwith TLMof embryos, we next sought to
determine whether there were imaging parameters indicative of
chromosome loss from blastomeres and sequestration by cellular
fragments. Indeed, the majority (N=6/8) of embryos with CCFs
showed multipolar divisions at the one- or two-cell stage followed
by cellular fragmentation (Supplemental Movie S2). When we
evaluated higher-order mitotic divisions in all embryos, we deter-
mined that although only one of the 15 embryos with multipolar
divisions was euploid, the remaining embryos were chromosomal-
ly abnormal and mainly chaotic aneuploid (N=8/15) (Fig. 5A),
with almost every blastomere affected (Fig. 5B). The multipolar
division most often occurred at the zygote stage (11/15) (Fig.
5C), but there were some embryos that showed a multipolar
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Figure 3. Chromosomes are eliminated via cellular fragmentation and are susceptible to DNA damage. (A) CNV or read count plots demonstrating that
Chr 9 and Chr 12 lost from two blastomeres (top andmiddle; also missing one to two copies of Chr 19) were detected in a cellular fragment (bottom) from
the same embryo. (B) Additional examples of individual, multiple, and/or partial chromosomes in fragments of rhesus embryos. (C ) Heat map of maternal
versus paternal SNP genotyping ratios showing that CCFs can originate from the mother or father. White asterisk demarcates significant P-values (P<9.1 ×
10−6) for cumulative binomial test with Bonferroni correction. (D) Rhesus ideograms representing whole (bottom) and partial (top) chromosomes with ap-
proximate sizes highlighted that were detected in fragments. (E) Percentage of embryos with CCFs (N=8 embryos) that were chaotic (blue), aneuploid
(turquoise), mosaic (magenta), and euploid (green). (F ) Five-cell embryos with normal-appearing blastomeres containing micronuclei (yellow arrows)
and CCFs (white arrowheads) identified by DAPI (blue) and LMNB1 (green). Brightfield images (bottom) provided for reference. (G) Other cleavage-stage
embryos with multiple micronuclei and CCFs also immunostained for the double-stranded DNA break marker, γH2A.X (red), showed that the chromo-
somes within fragments are unstable and damaged. (H) One embryo also contained a micronucleus that appeared to be in the process of CCF sequestra-
tion. Scale bar, 25 µm.
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division at the two-cell stage (N=4/15) (Fig. 5D). SNP analysis of
parental ratios showed that all of themultipolar embryoswith cha-
otic aneuploidy originated from the same sperm donor (Supple-
mental Fig. S4) and that multipolar divisions often resulted in a
random mixture of chromosomally normal and abnormal blasto-
meres with biparental or uniparental origins regardless of which
male was used (Fig. 5E). In one of the multipolar zygotes, we iden-
tified a loss of Chr 4, Chr 8, and Chr 16 in three blastomeres and
the reciprocal copies in two other blastomeres from the same em-
bryo (Fig. 5F). These two blastomeres also contained only a single
copy of Chr 19 and/or a complete loss of Chr 15, which were de-
tected in additional cells that appeared unusual in shape and size
upon disassembly (Fig. 5G). We determined that this chromosom-

al complexity was because of a nondisjunction event that likely
occurred during the multipolar division at the zygote stage based
on the distribution of paternal-only, maternal-only, or biparental
contribution of certain chromosomes after one or more normal
subsequent cell divisions (Fig. 5H), all of which is depicted in
Figure 5I.

Cellular fragments and nondividing aneuploid blastomeres

are excluded during blastocyst formation

To determine the impact of multipolar divisions and/or cellular
fragmentation on subsequent preimplantation development, we
monitored an additional 92 rhesus zygotes by TLM up to the

B

A C D

Figure 4. SNP profiling confirms polar bodies and reveals complexity in parental contribution to aneuploidy. (A) Heat map of SNP allele parentage ratios
in polar bodies confirming their maternal origins and (B) heatmaps of euploid, aneuploid, mosaic, or chaotic aneuploid embryos. Each embryo is separated
by vertical dotted lines. Samples were further sorted based on the paternal donor, cell type, mitotic divisions, and overall embryo ploidy. Pink, blue, and
black boxes indicate maternal, paternal, and biparental inheritance, respectively. White boxes show that either the chromosome was not detected or it
could not be called with high confidence. (C) Histograms showing the distribution of SNP allele ratios across blastomeres (dark gray) and polar bodies
(pink) revealed that the majority of rhesus embryos were biparental, but a small proportion were androgenetic, polyploid, or gynogenetic.
(D) Frequency of SNP allele ratios in histograms stratified at an individual chromosome level.
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blastocyst stage. Although 42 of these embryos arrested before day
7 (Supplemental Movie S3, right), the remaining embryos formed
blastocysts (Supplemental Movie S3, left), resulting in a blastocyst
formation rate of ∼54% (N=50/92). Moreover, ∼18.5% (17/92)

of the embryos underwent a multipolar division, and ∼88%
(N=15/17) of those arrested directly following the abnormal cy-
tokinesis. The twomultipolar embryos that still formed blastocysts
showed a unique one- to four-cell symmetrical multipolar division

E
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IG H

Figure 5. Multipolar divisions in embryos often result in chromosome loss and chaotic aneuploidy. (A) Ploidy status of rhesus embryos (N=15) with mul-
tipolar divisions at the one- or two-cell stage. (B) CNV plots of blastomeres from an embryo, which underwent a multipolar first division, showing chaotic
aneuploidy in almost every cell. Inset is a stereomicroscope image of blastomere 5 containing only Chr 15 with a cellular fragment-like protrusion. Darkfield
time-lapse images of a zygote (C) and two-cell embryo undergoing a tripolar division (D). Arrowheads point to three simultaneous cleavage furrows. An
arrow designates a small blastomere/large fragment produced from the multipolar second division, and the number refers to the frame. (E) Heat map of
SNP allele parentage ratios in embryos that underwent bipolar (top) or multipolar (bottom) cleavage during the first three cell divisions. (F) The CNV plots
of blastomeres from the tripolar zygote showing multiple reciprocal chromosome losses and gains. Note that blastomeres 3, 7, and 8 each contained only
two chromosomes. (G) Stereomicroscope image of this embryo still intact (inset) and then disassembled. Arrows indicate the irregularly shaped blastomeres
that had only two chromosomes. Blastomere 6 lysed and is demarcated with an asterisk. (H) Heat map of maternal versus paternal SNP allele ratios for the
tripolar zygote delineates parental inheritance. (I) Schematic of the chromosome copy number state of this embryobased on the imaging andCNVanalysis.
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without cellular fragmentation at the one- or two-cell stage. Of the
blastomeres produced from these tetrapolar divisions, at least one
large cell ceased dividing as shown by time-lapse imaging and was
confined to the blastocoel cavity upon blastocyst formation
(Supplemental Movie S4, right). We also observed the confine-
ment of cellular fragments produced during the early cleavage
stages to the perivitelline space of some blastocysts (Supplemental
Movie S4, left). Overall, we documented 10 out of the 50 embryos
with excluded cellular fragments (Fig. 6A) and/or blastomeres (Fig.
6B) that appeared at the two- to eight-cell stage and persisted dur-
ing the morula-to-blastocyst transition. Numerous DAPI-positive
nuclei were detected in the zona pellucida (ZP) of blastocysts
that showed exclusion of cellular fragments after hatching (Fig.
6C). A large binucleated cell with extensive DNA damage was
also detected in one the blastocysts with excluded blastomere(s)
via LMNB1 and γH2A.X immunostaining (Fig. 6D). Because it
was difficult to separate the excluded blastomeres from blastocysts
once the blastocoel cavity formed, we disassembled another four
embryos with large nondividing cells before or during morula
compaction for scDNA-seq analysis. We determined that these ex-
cluded blastomeres were highly chaotic with multiple chromo-
somal losses and gains (Fig. 6E). SNP genotyping also showed
that the chromosomes in excluded blastomeres were both mater-
nal and paternal in origin (Fig. 6F). Because these blastomeres re-
mained similar in size from their first appearance at two- to
eight-cells up to the blastocyst stage and never divided again,

this suggests that blastomere exclusion represents onemechanism
by which an embryo can select against aneuploid cells during pre-
implantation development.

Discussion

Established estimates of aneuploidy in human IVF embryos via
whole-genome methods are 50%–80% regardless of maternal age,
fertility status, or embryonic stage and largely contribute to embryo
arrest before the blastocyst stage (Vanneste et al. 2009a,b; Johnson
et al. 2010;Chavez et al. 2012;Chowet al. 2014;McCoy et al. 2015;
Minasi et al. 2016). Here, we show that rhesus preimplantation em-
bryos also have a high incidence of aneuploidy and chromosomal
mosaicism because of meiotic and/or mitotic errors. Besides aneu-
ploidy, we show that rhesus cleavage-stage embryos exhibit micro-
nuclei formation, cellular fragmentation, andmultipolar divisions
at an equivalent frequency to human embryos (Alikani et al. 1999;
Antczak and Van Blerkom 1999; Chavez et al. 2012; Hlinka et al.
2012; Chamayou et al. 2013; Ottolini et al. 2017). An examination
of the rhesus time-mated breeding colony at our center during the
same timeframe as this study (November–May, 2013–2017) re-
vealed that of the confirmed ovulation and mating cases, 73.5%
(N=200/272) did not result in a live birth.Given the equal percent-
age (73.5%) of aneuploidyobserved in rhesus IVF embryos here, we
propose thatCIN likely contributes to such lowsuccess rates follow-
ing natural conceptions. Based on all of the above, we also argue
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Figure 6. Cellular fragments and aneuploid blastomeres are excluded upon blastocyst formation. Time-lapse image frames from two rhesus blastocysts
showing exclusion of several cellular fragments to the perivitelline space of the embryo (A; arrow) or of three rhesus blastocysts with one to two nondividing
excluded blastomeres in the blastocoel cavity (B; arrowheads). (C) The zona pellucida of the blastocyst that showed cellular fragment exclusion with re-
maining DNA positive for DAPI (blue) staining following hatching (white arrow). (D) A blastocyst with blastomere exclusion immunostained for LMNB1
(green) and γH2A.X (red) using DAPI as a marker for DNA. The large excluded blastomere appeared binucleated with strong γH2A.X signals (white arrow-
head), indicating that double-stranded DNA breaks had occurred. Brightfield image with immunofluorescence overlay provided below. (E) Additional
examples of large excluded blastomeres (right; white arrowheads) collected during the morula-to-blastocyst transition for sequencing. CNV analysis
(left) determined that each excluded blastomere had chaotic aneuploidy. Scale bars, 25 µm. (F) Heat map of maternal versus paternal SNP allele ratios
in excluded blastomeres shows parental origins.
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that the rhesus monkey represents an ideal surrogate for studying
the effects of humanembryonic aneuploidy onnormal preimplan-
tation development (Fig. 7A).

To our knowledge, this is the first study to show that whole
and/or partial chromosomes lost from blastomeres are encapsulat-
ed within cellular fragments and are highly unstable. Once sepa-
rated from the primary nucleus, chromosomes within somatic
cell micronuclei undergo DNA damage and double-stranded
breaks because of defective nuclear envelope assembly (Crasta
et al. 2012; Hatch et al. 2013; Liu et al. 2018). Because CCFs lacked
nuclear envelope andwe observed the greatest DNA damage in the
sequestered chromosomes, this may explain why only a small
number of cellular fragments contained intact DNA detectable
by scDNA-seq. Chromothripsis, whereby chromosomes are “shat-
tered” and rearranged in a single catastrophic event, also arises in
somatic cell micronuclei following DNA damage (Zhang et al.
2015). The occurrence of chromothripsis in embryos has been sug-
gested (Pellestor 2014; Pellestor et al. 2014), but not yet confirmed,
because of the depth of genome coverage and large amplicon size
required to accurately call structural variants by scDNA-seq (de
Bourcy et al. 2014). We were limited by the same factors in this
study but did identify large segmental losses, duplications, and

amplifications at the terminal ends of chromosome arms in rhesus
blastomeres analogous to observations of terminal chromosome
imbalances and rearrangements in human embryos (Vanneste
et al. 2009a). Additional sequencing and bioinformatics approach-
es are required to delineate if there are structural differences in the
chromosomes from embryonic micronuclei, cellular fragments,
and excluded blastomeres, the latter of whichmay bemore suscep-
tible to chromothripsis. This assumption arises from the apparent
requirement that the damaged chromosome(s) within somatic cell
micronuclei be exposed to nucleoplasm of the primary nucleus be-
fore undergoing DNA repair and rearrangement (Zhang et al.
2015). Even if embryos do not undergo chromothripsis, we specu-
late that severely damagedDNA indicated by the extensive γH2A.X
signals in CCFs and excluded blastomeres is selectively eliminated
from the embryo to prevent further propagation of highly unstable
chromosomes (Fig. 7B). Given the parallels between embryonic
and somatic cell micronuclei as well as recent evidence that poly-
ploid giant cancer cells may represent the somatic equivalent of
blastomeres (Niu et al. 2017), additional scDNA-seq embryo stud-
ies may also inform the cancer field.

When we evaluated whether there were imaging parameters
indicative of chromosome sequestration by cellular fragments or

B
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Figure 7. Proposedmodel of aneuploidy generation and potential resolution in embryos. (A) Simplifiedmodel of normal embryo development, whereby
a euploid zygote undergoes proper chromosome segregation with bipolar cell divisions devoid of cellular fragmentation and blastomere exclusion (black
lines). (B) A euploid zygote that contains a lagging chromosome from merotelic attachments during the first mitotic division becomes encapsulated in a
micronucleus. Through the process of cellular fragmentation, the chromosome is eliminated from the blastomere, where it undergoes DNA damage in the
form of double-stranded breaks because of a defective nuclear envelope. This mosaic embryo ismore likely to undergomitotic arrest, but if it is able to reach
the blastocyst stage, the CCF may be sequestered to the perivitelline space (blue lines). (C ) Multipolar cell divisions, including a tripolar cleavage occurring
at the zygote stage, may also generate CCFs as well as blastomere asymmetry and a mosaic embryo with chaotic aneuploidy. The vast majority of these
embryos will eventually arrest upon embryonic genome activation when a critical number of euploid blastomeres is not achieved (thick red line).
Alternatively, mosaic embryos may progress beyond the approximately eight-cell stage and aneuploid blastomeres that fail to divide during this time
will sustain DNA damage and become excluded to the blastocoel cavity upon blastocyst formation (thin red line).
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blastomeres in embryos, there was a clear association between
these two events and multipolar divisions. In certain cases, the
multipolar division resulted in the production of small blasto-
meres or large fragments that could only be distinguished by ex-
amining DNA content and determining whether a full or partial
genome was contained within. These observations are consistent
with other cell models, whereby the formation of several cytoki-
netic furrows during a multipolar mitosis leads to the formation
of microcells containing small amounts of chromatin (Sherwood
et al. 1994; Gisselsson et al. 2008). TLM has shown that ∼12% of
human zygotes undergo multipolar divisions (Chamayou et al.
2013) and are less likely to form blastocysts and implant (Hlinka
et al. 2012). Multipolar divisions occurring later in preimplanta-
tion development are also highly correlated with human embryo
arrest (Ottolini et al. 2017). Almost all of the rhesus embryos
with higher-order divisions here arrested before forming blasto-
cysts, and the two embryos that did progress underwent a one-
to four-cell symmetrical cell division without fragmentation. The
same two embryos also showed blastomere exclusion during the
morula-to-blastocyst transition to suggest that multipolar divi-
sions might provide a mechanism to overcome aneuploidy under
certain circumstances (Fig. 7C). This is supported by findings
that some of the embryos with higher-order divisions were either
euploid with adjacent empty blastomeres or chromosomally
mosaic. We determined that the most prevalent type of chromo-
somal abnormality observed in multipolar embryos was chaotic
aneuploidy, and all of these embryos shared a common sperm
donor. Because the centrosome for the first mitotic division(s) is
paternally inherited in most mammalian species except rodents
(Sathananthan et al. 1991; Schatten et al. 1991), defective or super-
numerary centrosomes from the sperm likely contributed to the
higher-order divisions. Moreover, sperm are also responsible for
the activation of oocytes during fertilization (Whitaker 2006;
Yoon et al. 2008), suggesting that premature oocyte activation
might have also been a factor. Regardless of the underlying mech-
anism(s) andwhichmalewas used,multipolar divisions often gen-
erated a random mixture of euploid, aneuploid, and chaotic
blastomeres with biparental or uniparental origins. Further inves-
tigation is required to determine if the abnormal cytokinesis result-
ing in the appearance of CCFs or excluded blastomeres exacerbates
CIN or whether such events are a deliberate attempt to eliminate
aberrant chromosomes and blastomeres from the embryo.

One of the most intriguing findings from the SNP analysis
was the identification of a few euploid and a relatively large pro-
portion of aneuploid embryos with cells that were derived from
only one parent. This phenomenon, called uniparental genome
segregation, has been described in bovine embryos at the zygote
stage and was thought to be a consequence of in vitro oocyte mat-
uration for fertilization (Destouni et al. 2016; Tšuiko et al. 2017).
Our study is the first to show that uniparental genome segregation
as well as mixoploidy also occurs in embryos following the matu-
ration of oocytes in vivo, which is used in >98% of human IVF
cycles (https://www.cdc.gov/art) and beyond the zygote stage.
Although it is fairly well established that gynogenetic and andro-
genetic embryos can result from IVF, we speculate that a similar
percentage of human embryos with uniparental origins has not
yet been reported given that current preimplantation genetic
screeningmethods do not examine parental origins of aneuploidy
unless SNP arrays are used. However, SNP arrays are rarely used by
clinics for CNV analysis because of high allele drop-out rates and
the need to include parental DNA to interpret SNPs (McCoy
et al. 2015, 2018). To determine parentage, we used next-genera-

tion sequencing (NGS) and a filtering strategy to combine infor-
mation from several highly informative SNPs across large
chromosomal segments, which permitted us to confidently deter-
mine parentage despite the low confidence of individual SNP calls
from scDNA-seq coverage. We note that some polyploid embryos
were initially classified as euploid by CNV analysis, and because
both array-based and NGS approaches can only identify polyploi-
dy by the ratio of sex chromosomes, this might help explain why
seemingly euploid embryos fail to implant (Maxwell et al. 2016).
In summary, we show that chromosomal loss from primate preim-
plantation embryos is because of sequestration by cellular frag-
ments and/or nondividing blastomeres, which may denote
mechanisms to surpass aneuploidy as embryos undergo implanta-
tion and continue in development. Additional work is necessary to
capture the formation and fate ofmicronuclei, CCFs, and excluded
blastomeres in real-time and at the single chromosome level to
determine the molecular mechanisms underlying their produc-
tion and resolution.

Methods

Rhesus oocytes and sperm

Oocytes were collected from cycling adult female macaques of av-
eragematernal age (9.2 ± 2.3 yr old) undergoing controlled ovarian
stimulations (COSs) according to the protocol from a previous
study (Stouffer and Zelinski-Wooten 2004). Briefly, multiple ovar-
ian follicles were induced to simultaneously develop by injecting
exogenous hormones as described in more detail in the Extended
Methods of the Supplemental Material. Follicular aspirations were
laparoscopically performed on anesthetized animals to obtain
cumulus–oocyte complexes (COCs). Each oocyte was denuded of
cumulus cells and onlymatureMI andMII oocytes collected. Fresh
semen was obtained from one of four adult male rhesus monkeys
of average paternal age (9.4 ± 1.5 yr old) tominimize variability be-
tween sperm donors the same day as oocyte retrieval. Mature MII
oocytes underwent conventional IVF at 37°C with 5% CO2 for
14–16 h with sperm diluted as previously described (Lanzendorf
et al. 1990). Excess sperm was removed and fertilized oocytes visu-
ally assessed for two pronuclei and/or two polar bodies. The collec-
tion and preparation of oocytes and sperm were performed
according to the approved Institutional Animal Care and Use
Committee (IACUC) Assisted Reproductive Technologies (ART)
Support Core protocol 0095 entitled, “Assisted Reproduction in
Macaques.”

Time-lapse imaging

Confirmed zygotes were transferred to Eeva 12-well polystyrene
petri dishes (Progyny, formerly Auxogyn) and cultured in 100 µL
of commercial media supplemented with 10% serum protein
(LifeGlobal) under mineral oil (CopperSurgical) at 37°C with 6%
CO2, 5% O2, and 89% N2. Embryos were monitored with an Eeva
darkfield 2.2.1 or bimodal (darkfield-brightfield) 2.3.5 time-lapse
microscope system (Progyny) in a trigas incubator (Panasonic
Healthcare) as previously described (Vera-Rodriguez et al. 2015).
Images were taken every 5 min with a 0.6 sec (sec.) exposure
time, and each image was time stamped with a frame number. All
imageswere compiled into anAVImovie using Fiji software version
2.0.0 (Schindelin et al. 2012).

Embryo disassembly

The ZP was removed from each embryo by exposure to acidified
Tyrode’s solution (EMD Millipore) and washed with Ca2+- and
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Mg2+-free phosphate buffered saline (PBS). Cleavage-stage embry-
os were disaggregated into single cells, polar bodies, and cellular
fragments if present with Quinn’s advantage Ca2+- and Mg2+-free
medium with HEPES plus 10% human albumin (CooperSurgical)
and 0.05% trypsin-EDTA (Thermo Fisher Scientific) as necessary.
Each blastomere, polar body, and cellular fragment was washed
with Ca2+- and Mg2+-free PBS and collected individually for trans-
fer to a sterile UltraFlux PCR tube (VWR). All of the above was per-
formed under a stereomicroscope equipped with a digital camera
(Leica Microsystems), which has movie-making capabilities, to
document the collection of every sample. Samples were put into
tubes, flash frozen on dry ice, and stored at −80°C. Only embryos
for which the disassembly process occurred effectively with no ap-
parent loss of material were carried forward for library preparation
and sequencing.

Somatic cells

Human B lymphocytes (GM12878, Coriell Institute) were used for
CNV analysis as previously described (Vitak et al. 2017). Female
human skin fibroblasts from patients with monosomy X or triso-
my 21 (GM10179 and AG05024, respectively; Coriell Institute)
as well as karyotypically normal female andmale rhesus skin fibro-
blasts (AG08312 andAG08305, respectively; Coriell Institute) were
obtained and grown in DMEM F12medium (GIBCO) supplement-
ed with 10% fetal bovine serum (FBS; Sigma-Aldrich). Cells were
trypsinized and the cell suspension serially diluted in Ca2+/Mg2+-
free PBS until single cells were detected in drops for freezing in
the low-retention PCR tubes. Karyotyping of the human and rhe-
sus primary fibroblasts (N=50metaphase spreads per cell line) was
performed by theOHSUResearchCytogenetics Laboratory. All cell
lines showed low levels of karyotypic heterogeneity (Supplemental
Fig. S1A–D), and a Chr 19 pericentric inversionwas detected in the
rhesus male fibroblasts (Supplemental Fig. S1E).

DNA library preparation

Individual samples underwent DNA extraction and whole-ge-
nome amplification (WGA) using the PicoPLEX single-cell
WGA kit (Rubicon Genomics) according to the manufacturer’s in-
structions with slight modifications described in the Extended
Methods of the Supplemental Material. Libraries were quantified
by Qubit high sensitivity (HS) DNA assay (Life Technologies) and
validated for sequencing by PCR amplification of the adapter se-
quence. Only libraries with DNA quantities greater than the no-
template controls were included in sequencing. Fifty nanograms
of DNA was prepared from each blastomere or fibroblast and 25
ng fromboth polar bodies and CCFs. Pooled libraries were purified
with AMPure XP beads (Beckman Coulter) and requantified by the
Qubit HS DNA kit. Quality was assessed with a 2200 TapeStation
and/or a 2100 Bioanalyzer (Agilent).

Multiplex DNA sequencing

Pooled libraries were sequenced on Illumina platforms using pri-
marily a 75-cycle kit with a modified single-end workflow that in-
corporated 14 dark cycles at the start of the first read before the
imaged cycles. This step excluded the quasi-random priming se-
quences that are G-rich and lack a fluorophore for the two-color
chemistry used by Illumina during cluster assignment as well as re-
cently published custom indices for multiplexing (Vitak et al.
2017). All raw sample reads were demultiplexed and sequencing
quality assessed with FastQC as previously described (Krueger
et al. 2011). Illumina adapters were removed from raw reads with
the sequence grooming tool, Cutadapt (Chen et al. 2014), result-
ing in reads of 120 bp on average. Trimmed reads were aligned to

the most recent rhesus genome reference, rheMac8 (Zimin et al.
2014), using the BWA-MEMoption of the Burrows–Wheeler align-
ment tool (Salavert Torres et al. 2012). To avoid read pile-ups owing
to common repeats, all repeat sequences were “masked” (convert-
ed to an “N”) using RepeatMasker (Tarailo-Graovac and Chen
2009). Resulting BAM files were filtered to remove alignments
with quality scores below 30 (Q<30) as well as alignment dupli-
cates with the SAMtools suite (Ramirez-Gonzalez et al. 2012).
The average number of raw reads (2.7 × 106), trimmed and dedupli-
cated reads (2.0 × 106), and uniquely aligned reads that passed Q>
30 (1.5 ×106) obtained from each blastomere are shown in
Supplemental Table S1. Because CCFs contained only a partial ge-
nome and polar bodies may be either degraded or haploid
(Schmerler and Wessel 2011), these samples were not included
in the calculations.

Parental DNA library construction and sequencing

Whole blood was obtained from the male and female rhesus
macaque parents in K2EDTA vacutainer collection tubes (BD
Diagnostics) by the Colony Genetics Resource Core within the
Primate Genetics Program at Oregon National Primate Research
Center (ONPRC). Parental DNA was extracted using the Gentra
Puregene blood kit (Qiagen) according to the manufacturer’s pro-
tocol and stored at −80°C. Samples (1 µg) were fragmented using
the Diagenode Bioruptor pico for a 300- to 400-bp size selection.
The NEBNext DNA library prep master mix set and multiplex oli-
gos (NEB) were then used to generate Illumina whole-genome se-
quencing libraries. Libraries were quantified with the Qubit HS
DNA kit and size distribution assessed with the 2100 Bioanalyzer.
Multiplexed libraries were sequenced at the Oregon State Universi-
ty Center for Genomic Research and Biocomputing on the HiSeq
3000 platform using the 150 paired-end protocol for a total of
2.84×109 reads (1.56 ×108 reads/sample). One parental sample
(ID: 26129) was sequenced on the Illumina NextSeq using our cus-
tom 75-bp paired-end protocol for a total of approximately 3.50×
108 reads.

Chromosome copy number calling

CNV was determined in each embryonic sample by integrating a
newly developed bioinformatics pipeline called VNOWC and
the previously published pipeline, CHI (Vitak et al. 2017). The
VNOWC pipeline generates variable-sized windows with a cons-
tant number of expected reads per window and uses CBS to iden-
tify putative copy number changes between windows across each
chromosome (Olshen et al. 2004). Before applying this approach
to embryos, the pipeline was trained and tested on rhesus
male euploid (42,XY) cells, as well as human fibroblasts carrying
known aneuploidies (trisomy 21 or monosomy X). As shown in
Supplemental Figure S1F, our bioinformatics pipeline was able to
successfully detect chromosome losses and gains in all rhesus
and human fibroblast samples, including single cells. Each call
was confirmed with the use of Ginkgo (http://qb.cshl.edu/
ginkgo), an open-sourceweb tool for evaluatingCNV in single cells
(Garvin et al. 2015). To correct for GC bias across the genome, we
also implemented theCHI pipeline,which uses theHMM(Ha et al.
2012) based on parameters determined previously (Knouse et al.
2016). Because other studies have shown that CNV can be accu-
rately assessed with a genome coverage of 0.5–1× at a 15-Mb reso-
lution (Lee et al. 2013; Zhou et al. 2018), we used this cut-off to
reliably call subchromosomal losses and gains. We estimated
false-positive calls following integration of the two pipelines and
determined that the average counts from unexpected whole and
segmental chromosome CNV calls depended on the number of
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mapped reads (Supplemental Fig. S1G,H). The percentage of sam-
ples with expected whole-chromosome CNV calls was also calcu-
lated and window sizes containing 4000 reads produced highly
accurate CNV calling (Supplemental Fig. S1I). Thus, this window
size was applied to the rhesus embryo samples, and all calls from
the VNOWC and CHI methods generated variable sized windows
that were manually intersected on a window-by-window basis as
described in more detail in the Extended Methods of the
Supplemental Material. Although the majority of CNV calls were
shared between pipelines (N=150/177; 84.7%), there were dis-
cordant calls detected between the VNOWC (N=18/177; 10.2%)
and CHI (N=9/177; 5.1%) pipelines, but they were primarily sub-
chromosomal differences (Supplemental Fig. S1J). Approximate
DNA breakpoint locations were identified in rhesus chromosome
ideograms adapted from Ventura et al. (2007), http://www.
biologia.uniba.it/macaque/, and http://www.biologia.uniba.it/
primates/2-OWM/MMU/MMU.html, and by identifying the syn-
tenic g-band interval in the UCSC human assembly, GRCh38.

SNP parentage analysis

Parental assignment by the summation of information from
multiple SNPs across large chromosomal segments used SNP
calls from a pipeline based on the Broad Institute’s Genome
Analysis Toolkit (GATK) (McKenna et al. 2010; Van der Auwera
et al. 2013) but adapted for rhesus macaque. Briefly, reads were
trimmed using Trimmomatic (Bolger et al. 2014) and aligned
to the Mmul_8.0.1 reference genome using BWA-MEM (Li and
Durbin 2010). BAM postprocessing included local realignment
around indels and marking of duplicate reads using Picard tools
(http://broadinstitute.github.io/picard). GATK’s HaplotypeCaller
was used to produce VCF files, and genotypes were called via
GenotypeGVCFs. All data were processed using DISCVR-seq
(https://github.com/bbimber/discvr-seq/wiki), a LabKey Server-
based system (Nelson et al. 2011). SNPs identified in repetitive re-
gions and those samples that had fewer than 10 SNPs per chromo-
some (with the exception of CCFs) were removed. To further
restrict the set of SNPs to only those of higher confidence, we re-
quired that there be at least two reads for each SNP and only
used SNPs with opposite homozygous genotypes in the parents.
Combining information from several highly informative SNPs
across large chromosomal segments permitted us to confidently
determine parentage despite the low confidence of individual
SNP calls owing to scDNA-seq coverage (∼0.05× on average).
Unlike typical genotyping of individual SNPs by NGS, this multi-
ple SNP approach does not require a high level of sequencing
depth to assign parentage as recently shown in other contexts
(Gorjanc et al. 2017; Whalen et al. 2018). The ratio of maternal
to paternal alleles was used to assess parental inheritance and
was visualized in heat maps by Morpheus (Broad Institute) and
in histograms (MATLAB R2016a).

Immunofluorescence confocal imaging

ZP-free embryoswere fixedwith 4%paraformaldehyde in PBS (Alfa
Aesar) for 20 min at room temperature (RT). Once fixed and
washed in PBS with 0.1% BSA and 0.1% Tween-20 (PBS-T;
Calbiochem), embryos were permeabilized in 1% Triton X-100
(Calbiochem) for 1 h at RT. To block nonspecific binding, embryos
were transferred to a 7% donkey serum (Jackson ImmunoResearch
Laboratories)/PBS-T solution overnight at 4°C. LMNB1 (rabbit
monoclonal; Abcam ab16048) and γH2A.X (mouse monoclonal;
EMD Millipore 05-636) antibodies were diluted 1:1000 and
1:100, respectively, in PBS-T with 1% donkey serum and embryos
sequentially stained overnight at 4°C. Primary antibodies were de-

tected using 488- or 647-conjugated donkey Alexa Fluor secondary
antibodies (Thermo Fisher Scientific catalog A21206 and A31571)
to the appropriate species at a 1:250 dilution with 1% donkey se-
rum in PBS-T at RT for 1 h in the dark. The DNA was stained
with 1 µg/mL DAPI for 15 min and immunofluorescence visual-
ized using glass bottom Petri dishes (Mattek) and a Leica SP5
AOBS spectral confocal system. Z-stacks 1–5 µM apart were imaged
one fluorophore at a time to avoid spectral overlap between chan-
nels. Stacked images and individual channels for each color were
combined into composite images using Fiji (Schindelin et al.
2012).

Statistical methods

Significance of SNP allele parental ratios was examined using the
cumulative binomial test with Bonferroni correction at P<0.05.
Such a significant agreement across multiple alleles is unlikely to
arise by chance. Chromosome size versus number of segmental
breaks was evaluated by Spearman’s correlation.

Data access

All DNA-seq data from this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject)
under accession number PRJNA415642. All scripts and pipelines
generated in this study are available as Supplemental Code. The
VNOWC pipeline was also uploaded on GitHub (https://github.
com/nathanlazar/Oocyte_CN).
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