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Chromosome instability is a hallmark of tumorigenesis. This

study establishes that chromosome instability is also common

during early human embryogenesis. A new array-based method

allowed screening of genome-wide copy number and loss of

heterozygosity in single cells. This revealed not only mosaicism

for whole-chromosome aneuploidies and uniparental disomies

in most cleavage-stage embryos but also frequent segmental

deletions, duplications and amplifications that were reciprocal

in sister blastomeres, implying the occurrence of breakage-

fusion-bridge cycles. This explains the low human fecundity

and identifies post-zygotic chromosome instability as a leading

cause of constitutional chromosomal disorders.

Chromosome instability 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 variability1. Aside from the frequent
occurrence of chromosome instability in human malignant solid
tumors2–4, chromosome instability has not been implicated in other
biological processes. Nevertheless, the numerous studies reporting
mosaic whole-chromosome imbalances5 and the sporadic reports on
rare segmental aneuploidies6–8 in human in vitro fertilized (IVF)
embryos insinuate that chromosome instability might occur during
human embryogenesis as well. As most of these studies rely on
interphase fluorescent in situ hybridization (FISH) targeting only a
few loci or on low-resolution comparative genomic hybridization, a
comprehensive view of the genomic imbalances is lacking. Moreover,
because the majority of the studies are performed on embryos
obtained from couples considered at risk for embryonic aneuploidy
(with, for example, advanced maternal age, recurrent implantation
failure, recurrent miscarriages or severe male factor infertility, which
are the main indications for preimplantation genetic aneuploidy
screening)9, little is known about chromosomal imbalances in
embryos from normal fertile women.

To investigate embryonic chromosome instability and to unravel its
frequency, nature and consequences, we developed two new array-
based approaches to explore the genomes of single cells10–12; in

combination, the approaches increase the accuracy of copy number
variation (CNV) detection. We applied this technique to analyze the
genomic constitution of all available blastomeres from 23 good-quality
embryos from young women (o35 years old) without preimplanta-
tion genetic aneuploidy screening indications undergoing IVF for
genetic risks not related to fertility (Supplementary Table 1 online).
This analysis unexpectedly revealed a high frequency of chromosome
instability in cleavage-stage embryos involving complex patterns of
segmental chromosomal imbalances and mosaicism for whole
chromosomes and uniparental isodisomies. These patterns are remini-
scent of the chromosomal instabilities observed in human cancers1

and correspond with the complex chromosomal aberrations observed
in individuals with birth defects13–15.

RESULTS

Single-cell CNV and single nucleotide polymorphism detection

First, we co-hybridized amplified DNA from a single cell and differ-
entially labeled, nonamplified genomic DNA (with karyotype
47, XXY) on a bacterial artificial chromosome (BAC) microar-
ray10,11,16. A new algorithm corrected intensity ratios for clone-specific
amplification biases and subsequently determined for each clone a
smoothed posterior probability of being normal diploid, deleted and
duplicated in the analyzed single cell. This algorithm also provided a
quality control for single-cell array data, because equal probabilities
for the three copy number states across the genome indicated that
an imbalance could not be statistically discriminated from the other
copy number states. Second, we hybridized single-cell amplified DNA
to the single nucleotide polymorphism (SNP) array. Copy number
analysis of the SNP-probe intensities by the five-state hidden
Markov model allowed not only independent confirmation of the
genomic imbalances detected with BAC array comparative genomic
hybridization (CGH), but also detection of nullisomic and ampli-
fied DNA segments. In addition, single-cell genotypes were
determined. Both uniparental isodisomy and hemizygous loci are
characterized by the absence of heterozygosity, henceforth termed loss
of heterozygosity (LOH).
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To validate this method, we amplified single-cell DNA from
Epstein-Barr virus (EBV)-transformed lymphoblastoid cells derived
from individuals with chromosomal imbalances and hybridized it to
the BAC and SNP arrays (Supplementary Methods online). As a
control, we hybridized genomic DNA isolated from multiple cells of
the corresponding EBV-transformed lines to both platforms (Tables 1
and 2). In all single-cell analyses, we detected all known monosomies
and trisomies as well as the segmental deletions and duplications, but
no false positives (Fig. 1a–c, Table 1 and Supplementary Fig. 1
online). The breakpoints of the segmental aberrations detected with
the single-cell amplified DNA were located within a 0–400 SNP-probe
interval surrounding the breakpoint delineated with the correspond-
ing nonamplified genomic DNA (Table 1). Moreover, all known
hemizygous regions were independently identified by LOH
(Fig. 1c), except for the 1.7-megabase (Mb) deletion on chromosome
20 (Table 1). Alignment of the single-cell genotype with the genotype
obtained from the corresponding nonamplified genomic DNA showed
accurate SNP-typing from single cells: of the SNPs typed in the
single cells (467% of the 262,264 SNPs), more than 80% matched
perfectly, 1–10% did not match and the remaining SNPs could not be
typed (Table 2).

In summary, the combination of BAC and SNP array CNV screen-
ing allowed reliable detection of genomic imbalances in single cells.

Fertilized oocytes are chromosomally balanced

We aspirated 18 human fertilized oocytes in the pronuclear stage and
successfully amplified and analyzed 15 by BAC array CGH (15 of 18;

83%). Seven did not pass quality control testing, leaving eight
fertilized oocytes that we further analyzed by SNP arrays to assess
the frequency of chromosomal imbalances.

Five of these eight fertilized oocytes were male. Hence, a monosomy
for the X chromosome was detected. One fertilized oocyte contained
two terminal segmental duplications (Supplementary Fig. 1) that
were probably derived from a chromosome breakage event during a
preceding meiotic cell division. Thus, seven out of eight fertilized
oocytes (87.5%) were chromosomally balanced.

Complex chromosomal imbalances in embryos

We separately aspirated 165 blastomeres derived from 14 3-day-old
embryos (mean 6.9 blastomeres per embryo) and nine 4-day-old
embryos (mean 7.6 blastomeres per embryo) immediately after pre-
implantation genetic diagnosis (PGD) without cryopreservation. All
146 (146 of 165; 88%) successfully amplified single-cell DNAs were
analyzed by BAC array CGH; 50 of the 146 (34%) were excluded on
the basis of quality control of our algorithm and 86 (59%) were
further analyzed on SNP arrays. For the remaining ten blastomeres
(7%), the amount of amplified DNA was insufficient for SNP analysis
(Supplementary Table 1).

Stringent interpretation criteria ensured that the number of chro-
mosomal imbalances was a minimum estimate. For each embryo, we
generated a karyogram that showed the copy number states of the
different chromosomes per sister blastomere which we arbitrarily
lettered (Fig. 2 and Supplementary Figs. 1–3 online). Of the 23
embryos, two were normal diploid (embryos 2 and 6), one embryo
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Table 1 Accuracy of CNV detection in single lymphoblastoid cells

Number of probes within the imbalance detected

with reference genomic DNA

Number of probes within the imbalance detected

with amplified single cell DNA

Karyotype of the lymphoblastoid cells Imbalances BAC clones

SNP probes

(copy number)

SNP probes

(LOH) BAC clones

SNP probes

(copy number)

SNP probes

(LOH)

47,XY,+21 Trisomy 21 35 3,935 NR 35 3,704 NR

Monosomy X 154 5,609 5,615 149 5,705 5,624

46,XY,der(20),t(18;20)(p11.21;p13) 9.3 Mb 18pter dup 14 1,090 NR 20 1,217 NR

1.7 Mb 20pter del 3 168 0 6 48 0

Monosomy X 154 5,610 5,593 132 5,705 5,647

46,X,der(X),t(X;14)(q21.1;q12.2) 47.5 Mb 14qter dup 63 4,162 NR 62 4,544 NR

58 Mb Xqter del 70 2,384 2,395 91 2,768 2,406

46,XX,del(18)(p11.21-pter)a 14 Mb 18pter del 22 1,599 1,604 19a 1,599a 1,603a

12 1,599 1,575

14 1,611 1,594

9 1,599 1,565

aFour single lymphoblastoid cells of the same EBV-transformed cell line were analyzed on BAC and SNP array.

NR, not relevant; pter, the terminal part of the p arm of a chromosome.

Table 2 Accuracy of SNP typing on single lymphoblastoid cells

Karyotype of the

lymphoblastoid cells

Number of SNPs

called in reference

genomic DNA (%)

Number of SNPs

called in single-cell

DNA (%)

Number of correct

called single cell

SNPs (%)

Number of incorrect

called single-cell

SNPs (%)

Number of

undetermined

SNPs (%)

47,XY,+21 229,292 (87.4) 202,324 (77.1) 178,684 (88.3) 7,567 (3.7) 16,073 (7.9)

46,XY,der(20),t(18;20)(p11.21;p13) 231,203 (88.2) 191,638 (73.1) 156,807 (81.8) 19,636 (10.2) 15,195 (7.9)

46,X,der(X),t(X;14)(q21.1;q12.2) 226,972 (86.5) 196,285 (74.8) 167,794 (85.5) 11,886 (6.1) 16,605 (8.5)

46,XX,del(18)(p11.21-pter)a 206,605 (78.8) 189,921 (72.4) 155,213 (81.7) 7,841 (4.1) 26,867 (14.1)

176,535 (67.3) 152,283 (86.3) 3,293 (1.9%) 20,959 (11.9)

180,777 (68.9) 150,073 (83.0) 7,101 (3.9) 23,603 (13.1)

176,911 (67.5) 141,667 (80.1) 10,723 (6.1) 24,521 (13.9)

aFour single lymphoblastoid cells of the same cell line were analyzed on BAC and SNP array.
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(embryo 8) was diploid but contained a de novo uniparental isodisomy
(UPID), eight were mosaic, consisting of normal blastomeres as well
as blastomeres with either whole-chromosome or segmental aneu-
ploidies or both (embryos 3, 9, 11, 15–17, 21 and 23), in five embryos
the normal diploid to aneuploid cell ratio was at least 1 (embryos 9,
11, 15, 21 and 23), and twelve embryos were mosaic aneuploid,
composed entirely of blastomeres with different whole-chromosome
or segmental imbalances or both (embryos 1, 4, 5, 7, 10, 12–14, 18–20
and 22) (Fig. 2a).

Whole-chromosome imbalances were detected in 19 embryos (19 of
23; 83%; embryos 1, 3–5, 7, 9–14 and 16–23). Within this group, only
three embryos showed the same chromosome aneuploidy in all sister
blastomeres (13%), suggesting that they were caused by meiotic
nondisjunction (trisomy 15 in embryo 18 (Fig. 2b), monosomy
20 in embryo 19 and monosomy 16 in embryo 14 (Supplementary
Fig. 1)). All other imbalances resulted from mitotic segregation errors.
Apart from whole-chromosome imbalances, mitotic malsegregations
may also result in UPID. Chromosomes identified as diploid com-
bined with chromosome-wide LOH are UPIDs. De novo UPIDs were
detected in two embryos (9%; embryos 8 and 20). Embryo 20, a male
embryo, contained in two of its blastomeres UPIDs for chromosomes
2 and 15 as well as a UPID X that had a complementary nullisomy X
(Figs. 1d–e and 2c). The remaining six blastomeres were both diploid
and heterozygous for chromosomes 2 and 15 as well as monosomic
for the X chromosome. Comparison of the SNPs across all blasto-
meres showed that UPIDs 2 and 15 were of different parental origin in
the two blastomeres (Supplementary Table 2 online). In addition, the

UPID 2 in blastomere e (Fig. 2c and Supplementary Fig. 3) carried a
terminal 2q duplication. Thus far, UPIDs have been believed to occur
via two-step events, either through a monosomic conception rescued
by mitotic nondisjunction, through mitotic rescue of a mitotic
trisomy or monosomy or through more complex events involving
either isochromosome formations, nonhomologous Robertsonian
translocations or other translocations accompanied by the loss of
the other allele17,18. The data presented here suggest that UPIDs can
also occur by a single nondisjunction event of both replicated
homologous chromosomes that are pulled towards opposite spindle
poles during mitosis. This mitotic segregation pattern is reminiscent of
the reductional cell division of meiosis I.

To obtain a view of the segmental imbalances across the blastomeres
of a given embryo, we hereafter discuss only the 12 embryos for which
two-thirds or more of the blastomeres were informative on both SNP
and BAC arrays (embryos 1, 6, 8–10, 14, 15 and 17–21). We detected
terminal segmental chromosomal imbalances in seven of the twelve
embryos (58%), and we classified them as simple or complex
imbalances. Simple terminal imbalances represented terminal dele-
tions, duplications or amplifications. In contrast, terminal imbalances
were considered complex when accompanied by segmental
aneuploidies for the remaining part of the chromosome. In some
embryos, simple and complex terminal imbalances coexisted for
different chromosomes.

We identified simple terminal imbalances for multiple chromo-
somes in six embryos (50%; embryos 9, 10, 15 and 18–20). Embryo 18
contained a 1p terminal deletion in blastomere a (Fig. 2b and

©
20

09
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

a
∩∩

P
os

te
rio

r 
pr

ob
ab

ili
ty

LOH

Position (Mb)

C
op

y 
nu

m
be

r

b
∩∩

P
os

te
rio

r 
pr

ob
ab

ili
ty

LOH

C
op

y 
nu

m
be

r

c
∩∩

P
os

te
rio

r 
pr

ob
ab

ili
ty

LOH

C
op

y 
nu

m
be

r

d
∩∩

P
os

te
rio

r 
pr

ob
ab

ili
ty

LOH

C
op

y 
nu

m
be

r

e
∩∩

P
os

te
rio

r 
pr

ob
ab

ili
ty

LOH

C
op

y 
nu

m
be

r

f
∩∩

P
os

te
rio

r 
pr

ob
ab

ili
ty

LOH

C
op

y 
nu

m
be

r

g
∩∩

LOH

h
∩∩

LOH

1

0.5

4

3

2

0 10 20 30 40
Position (Mb)

0 20 40 60
Position (Mb)

0 20 40 60
Position (Mb)

0 20 40 60 80 100

1

0

4

3

2

1

0

4

3

2

1

0

4

3

2

1

0

0

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0 P
os

te
rio

r 
pr

ob
ab

ili
ty 1

0.5

0 P
os

te
rio

r 
pr

ob
ab

ili
ty 1

0.5

0

4

3

2

1

0

4

3

2

1

0 C
op

y 
nu

m
be

r 4

3

2

1

0 C
op

y 
nu

m
be

r 4

3

2

1

0

Position (Mb) Position (Mb)

0 20 40 60 80 0 50 100 150

Position (Mb)

0 50 100 150

Position (Mb)

0 50 100 150100

Figure 1 Genome-wide CNV and LOH detection in single cells. In each panel from top to bottom is shown a chromosome ideograph; a color consensus bar

indicated with ‘-’ (black, green and red represent normal, duplicated and deleted regions, respectively; complete color legend in Supplementary Fig. 1); a

bar indicating the highest smoothed posterior probability per BAC clone; the smoothed posterior probabilities per BAC clone for being normal (blue), deleted

(red) and duplicated (green); the LOH segments indicated in red; and the SNP copy number status. (a–c) Aneuploidies in single lymphoblastoid cells: a

trisomy 21 (a), a 9.3-Mb 18p duplication (b), a 14-Mb 18p deletion (c). (d–h) Status of specific chromosomes in single blastomeres of embryo 20.

(d) Normal chromosome 15 in blastomere d. (e) A UPID 15 in blastomere e. (f–h) Complex patterns of segmental imbalances. (f) A terminal 4q amplification

in blastomere d. (g) A terminal 4q deletion and a duplication of the remaining chromosome 4 in blastomere g. The size of the deletion is identical to the

size of the amplification in blastomere d. (h) A monosomy 4 in blastomere c.
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Supplementary Fig. 2) with a reciprocal duplication in three sister
blastomeres (c, d and e), a 4q terminal deletion in blastomere a with a
reciprocal amplification in blastomere d and a 7q terminal deletion in
blastomere d with a reciprocal duplication in blastomere b (Fig. 2b
and Supplementary Fig. 2). Similarly, in embryo 19, 4q and 10q
terminal deletions with a reciprocal 4q duplication and 10q ampli-
fication were detected in a proportion of its sister blastomeres
(Supplementary Fig. 1). For the other simple terminal imbalances,
no reciprocal events were detected among the informative
sister blastomeres.

We observed nine complex chromosomal imbalances in four of the
twelve embryos (33%; embryos 1, 10, 19 and 20). In embryo 20, we
detected a 4q terminal deletion and a reciprocal 4q amplification in
two blastomeres, whereas the remaining part of the chromosome
proximal to the 4q deletion was trisomic (Figs. 1f,g and 2c). A sister

blastomere containing a monosomy for chromosome 4 was identified,
consistent with a mitotic nondisjunction event of the truncated
chromosome 4 (Figs. 1h, 2c and 3). In addition, four remaining
sister blastomeres contained two copies of chromosome 4, whereas a
fifth lacked a 4p arm (Fig. 2c). Comparable imbalances were observed
for chromosome 10 in embryo 20 (Fig. 2c), chromosome 5 in embryo
19, chromosome 4 in embryo 1 and chromosomes 4, 15 and X in
embryo 10 (Supplementary Fig. 1). Terminal imbalances associated
with even more complex rearrangements were observed for chromo-
some 2 in embryo 10 and chromosome 1 in embryo 20 (Supplemen-
tary Fig. 1).

In addition to segmental terminal imbalances with random intra-
chromosomal breaks, a high number of imbalances showed break-
points within the centromeric region. Whole-arm deletions or
duplications were detected for multiple chromosomes in five embryos
(42%; embryos 10, 17, 18, 20 and 21).

DISCUSSION

Understanding the nature and incidence of chromosome instability
during early embryogenesis provides insight into the causes of human
infertility and into the mechanisms underlying constitutional chro-
mosomal rearrangements. By developing a technology to assess
genome-wide copy number variations and SNPs, we uncovered
chromosomal rearrangements occurring at high frequency during
early IVF embryogenesis but not in the preceding premeiotic or
meiotic cell cycles. Segmental imbalances were observed in a staggering
70% of the embryos (16 of the 23 embryos analyzed and 9 of the 12
embryos with informative array results for at least two-thirds of the
blastomeres) and could be classified in different patterns. Forty
percent (9 of 23 and 5 of 12) carried entire chromosome-arm
imbalances that might result from chromosome breakage or centric
fission accompanied by malsegregation of the resulting telocentric or
ring chromosomes or by the formation of isochromosomes i(p) or
i(q)19. Fifty-five percent of the embryos (12 of 23 and 7 of 12) carried
terminal segmental imbalances that could be classified in simple and
complex patterns and were probably the result of DNA double-
stranded breaks followed by nondisjunction of the acentric fragment
(Fig. 3). In seven of the nine complex terminal events, the terminal
deletion was accompanied by a duplication of the remaining chromo-
somal segment. If such an imbalance was observed in one blastomere,
an amplification of the corresponding deleted segment was often
detected in a sister blastomere, whereas yet another sister blastomere
was monosomic for the respective chromosome. This frequently
observed complex pattern indicates that truncated chromosomes are
often rescued by fusion of replicated sister chromatids resulting in
dicentric isochromosomes. Monopolar segregation of the latter
explains the complex patterns, whereas bipolar segregation yields
apparently simple patterns characterized by breakage-fusion-bridge
products with both pure terminal imbalances and terminal deletions
accompanied by inverted duplications (Fig. 3). Exactly such
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Figure 2 Compilation of CNV and LOH data of single blastomeres per

embryo. (a) Per embryo, the number of blastomeres that were screened by

PGD-FISH (yellow), insufficiently amplified for analysis (blue), did not pass

the quality control (white), were chromosomally balanced (green), or were

unbalanced or contained UPIDs (red). (b,c) Per embryo (embryo 18 (b),

embryo 20 (c)) a karyogram composed of color bars that each represent the

chromosome copy number state in a specific blastomere. Black represents a

normal region, purple represents a homozygous deletion, red represents a

hemizygous deletion, green represents a duplication, dark green represents

an amplification, yellow represents a UPID and gray represents discordance

between the analyses or unreliable aberrations.
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chromosomal imbalances have recently been uncovered in individuals
carrying chromosomal rearrangements; microscopic pure terminal
deletions are often associated with submicroscopic inverted duplica-
tions13 and ring chromosomes often contain inverted duplications
flanking their fusion point14. The latter imbalances are thought to
result from inverted duplication with terminal deletion (inv dup del)
chromosomes that circularize for stabilization. Additionally, acentric
marker chromosomes stabilized by neocentromere formation are
found to be made up of inverted duplicated terminal chromo-
somal segments15. Notably, segmental aneuploidies resulting from
breakage-fusion-bridge cycles are also observed in tumors20–22.
Whether the molecular mechanisms underlying tumor and embryonic
chromosome instability bear resemblance to each other remains to
be established.

Although culture and stimulation conditions may influence the
aneuploidy frequency in embryos23,24, there is no evidence for
aberrant IVF culture conditions in this study. The baby-take-home-
rate for young couples (female age o35 years; mean 29.3 ± 3.0 years)
with a PGD indication for sex selection or microdeletion screening is
23.3% at our fertility center (14 live births from 60 embryos
transferred), which is in line with the most recent data of the
European Society of Human Reproduction and Embryology PGD
consortium25. Moreover, the aneuploidy rate observed here corre-
sponded well with reports that use FISH aneuploidy screening on
embryos from young women opting for PGD26–28: by random
selection of a single blastomere per embryo in our study and in silico
determination of the copy number status of seven, nine or ten
centromeric loci used in other studies, a mean aneuploidy rate of

41%, 43% or 50%, respectively, was observed, similar to published
aneuploidy rates of 45% (ref. 26), 47.8% (ref. 27) and 64% (ref. 28).

Furthermore, the chromosome instability is unlikely to be caused
by the genetic condition that is the reason for the PGD, as the 23
embryos were derived from nine couples each having a different
genetic disorder (Supplementary Table 1), chromosome instability
was observed in embryos from all nine couples, the mutations are
inherited in mendelian frequencies if no PGD is applied, and, in four
of the nine couples, the mutation was paternally inherited (Supple-
mentary Table 1). As transcription is not activated until the 4- to
8-cell stage in human embryos29, only maternally inherited mutations
would be expected to contribute to the chromosome instability
phenotype in these cleavage-stage embryos.

As in vivo–conceived cleavage embryos are not available for research
and embryos lost after the first week(s) of pregnancy are currently
unattainable, the embryos used in this study are the best available
representation of normal human embryogenesis. The chromosome
instability observed in vitro most probably also occurs in vivo, as at
most 30% of human conceptions result in a live birth30, more than
50% of spontaneous abortions have chromosomal imbalances31–33

and terminal deletions, duplications and isochromosomes, as well as
mosaics, are frequently observed in live births34. These numbers
corroborate our study, indicating that chromosome instability is
prevalent in human embryogenesis. In addition to selection against
chromosomally abnormal embryos, it seems probable that selection at
the cellular level occurs against abnormal blastomeres. Only 9% of the
embryos in this study were normal diploid in all blastomeres.
However, IVF success rates after FISH-based PGD in our center and
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Figure 3 Genesis of simple and complex terminal imbalances. (a,b) A schematic showing the sequence of potential events downstream of a DNA double-

stranded break (dashed arrow) (a) or telomere loss accompanied by breakage-fusion-bridge (BFB) cycles (b). Expected copy numbers are indicated. Both

models predict the creation of dicentric inverted duplication (inv dup) isochromosomes by fusing replicated broken sister chromatids. According to our

findings, such dicentric isochromosomes are frequently segregated to one spindle pole, resulting in a monosomy in the sister blastomere. However, if pulled

toward opposite spindle poles, inverted duplication with terminal deletion (inv dup del) chromosomes as well as chromosomes with pure terminal deletions

are generated. Amplified terminal segments are explained by a randomly segregating inv dup segment (a) or a second BFB cycle (b). Qter, the terminal part

of the q arm of the chromosome.
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on average across IVF centers worldwide25 were higher than 20% per
embryo transferred. Mosaic embryos containing normal blastomeres
(39% in this study) may thus result in chromosomally normal
fetuses35–37. Finally, the techniques developed in this study will
allow for quantitative trait selection in IVF embryos and will prove
invaluable for recording genomic changes in single cells during
cell transformation, tumor progression and development of other
human tissues1,38.

METHODS
Patient selection. We asked couples entering the IVF-PGD program for sex

selection owing to X-linked disorders or a BRCA2 mutation or for familial

microdeletion syndromes to participate (Supplementary Table 1). The inclu-

sion criteria were written informed consent from both partners of each couple,

a maternal age r35 years (Supplementary Table 1), normal karyotype of both

partners, a maternal body mass index of 18–30, initial normal semen para-

meters according to World Health Organization regulation, fresh (not cryo-

preserved) and good-quality embryos (that is, 2–5 blastomeres on day 2 after

fertilization, 6–10 blastomeres on day 3 after fertilization, o20% fragmentation

and equal-sized blastomeres) and no recurrent miscarriages. The study was

approved by the Ethical Committee of the University Hospital Leuven.

Statistical analysis of bacterial artificial chromosome arrays. We analyzed

individual array data by fitting a finite mixture of three normal distributions

(N) per chromosome, with means of 0.5, 0 and �0.8 for the respective

duplication, normal and deletion groups. We corrected the systematic biases

by an estimated clone-specific mean and variance derived from a reference set

of normal chromosomes constructed per cell type (that is, lymphoblastoids

and blastomeres).

If yjk is the mean log2 ratio value of the two spots available for clone k of

chromosome j, then

yjk �pdupNð0:5 � m̂jk; ŝ
2
jk=njkÞ+pnormNð0 � m̂jk; ŝ

2
jk=njkÞ

+pdelNð�0:8 � m̂jk; ŝ
2
jk=njkÞ;

where mjk is the estimated clone-specific mean, ŝjk
2 is the estimated clone-

specific variance, njk is the number of observations (one or two observations)

for clone k and pdup, pnorm and pdel are the a priori proportions for the

respective groups.

We obtained the maximum likelihood estimates of the model parameters by

the expectation-maximization algorithm. The a posteriori probabilities for each

clone belonging to the duplication, normal and deletion group were calculated

per chromosome and loess-smoothed with a span of 75% of the clones per

chromosome to detect regions of successive clones belonging to a respective

group. We performed data analysis by R (http://www.R-project.org/) and

Matlab (MathWorks).

Optimization of the bacterial artificial chromosome algorithm. We con-

structed cell type–specific reference models for single-cell BAC array analyses, as

multiple displacement amplification (MDA) is cell type dependent10. For the

lymphoblastoids, we determined a reference set of normal chromosomes for

mixture model building on the basis of karyotyping. Subsequently, we validated

these reference chromosomes individually against the mixture model; only

those that scored normal were retained as reference chromosomes. For the

blastomere analysis, we selected for each chromosome at random 25 reference

blastomeres on the basis of the SNP data. We used log2 ratios of the BAC array

of these chromosomes to construct the mixture model. We validated these

reference chromosomes individually against the model; only normals were

retained as reference chromosomes.

Scoring criteria. We did not study single chromosomes if fewer than 18 BAC

clones (that is, half the clones of the smallest chromosome) had signal

intensities twofold above the autosomal median background intensity. More-

over, we considered single cells with genome-wide equal probabilities for the

three copy number states per BAC clone as not informative, and we excluded

them from further analyses on the basis of the quality control of our algorithm.

These equal probabilities most likely originate from high standard deviations

between intensity ratios detected on consecutive BAC clones. The reasons for

equal probabilities are nontechnical, as deduced from the minor standard

deviations between the duplicate spots and seem more likely to be biological.

For instance, determination of copy numbers in cells during S-phase will

inevitably lead to more scatter of intensity ratios detected on consecutive BAC

clones. Alternatively, MDA efficiency might fluctuate more across the genome

when chromosomes are highly condensed, as in the M-phase, with specific

regions amplifying better than others. Furthermore, GC-rich regions (for

example, chromosomes 17, 19 and 22) amplify less efficiently by MDA and

are detected as potential deletions by SNP copy number analysis, most likely

owing to referencing to nonamplified genomic DNA analyses. Nondeleted GC-

rich domains do not show LOH and are detected as diploid regions in the BAC

analyses because of the correction for systematic MDA bias. Finally, in the

blastomeres, we interpreted only imbalances comprising at least ten consecutive

BAC probes after single-cell BAC array CGH analysis or at least 1,090 SNP

probes after SNP copy number analysis. We based the assignment of a

chromosome or chromosomal segment to be either duplicated or deleted on

stringent interpretation criteria: for single events without reciprocal imbalances

BAC array CGH, SNP-copy number and LOH needed to be concordant; for

reciprocal copy number states in sister blastomeres, a false negative for either

the BAC array CGH or SNP-copy number or LOH technique was tolerated; to

score interstitial imbalances, BAC array CGH, SNP copy number and

LOH needed to be concordant and a reciprocal segment had to be present in

a sister blastomere.

Additional methodology. The collection of lymphoblastoids, fertilized oocytes

and blastomeres, as well as the single cell array protocols, can be found in the

Supplementary Methods.

Gene Expression Omnibus accession number. The data discussed in this

publication have been deposited in the US National Center for Biotechnology

Information Gene Expression Omnibus (GEO) and are accessible through GEO

series accession number GSE11663. The GEO accession numbers of the

platforms used are GPL6928, GPL6929 and GPL3718.

Note: Supplementary information is available on the Nature Medicine website.
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