
Worldwide, millions of individuals are 
affected by dominant or recessive genetic 
mutations that cause highly penetrant, 
early-onset severe phenotypes, or late-onset  
life-threatening phenotypes. Overall, the 
Online Mendelian Inheritance in Man 
(OMIM) database currently reports more 
than 4,600 phenotypes with a genetic cause. 
Indeed, every individual carries alleles 
that in a homozygous state could cause 
recessive disorders1. In addition, 0.17% of 
the human population are carriers of an 
apparently balanced translocation that often 
causes infertility or recurrent miscarriages 
(owing to embryonically lethal segmental 
aneuploidies in the conceptuses), or severe 
birth defects in offspring2. Furthermore, the 
incidence of aneuploidies in conceptuses 
increases with maternal age3, and in the past 
four decades the age of women giving birth 
for the first time has continuously risen in 
Western societies4,5.

To avoid the transmission of pathogenic 
genetic variants and to enable early 
detection of genetic disorders, prenatal 
genetic testing is offered. In the case of 
a fetus with developmental anomalies 
detected by ultrasonography, genetic 
testing can potentially provide an accurate 
diagnosis and enable parents to make an 
informed decision about the pregnancy. 
For couples who are known carriers of 

the 1970s led to an increase in resolution 
and enabled the detection of segmental 
chromosomal imbalances. Over the next 
40 years, karyotyping became the gold 
standard for prenatal diagnosis for the 
genome-wide detection of genomic 
rearrangements, despite its inherent 
limitations. These limitations include the 
need for an invasive procedure to obtain 
a tissue sample, culturing of cells, visual 
screening for numerical or structural 
chromosome anomalies (which requires 
skilled analysts and is time consuming), 
and limited resolution. Hence, there has 
been an unceasing quest for improved 
DNA-based molecular genetics techniques.

Fluorescence in situ hybridization (FISH) 
was the first test that allowed aneuploidy 
detection in interphase nuclei, which 
eliminated the need to culture cells and 
provided results in a mere 2 to 3 days9. 
Other molecular diagnostic tests, such as 
quantitative fluorescence PCR (QF-PCR)10 
and multiplex ligation-dependent probe 
amplification (MLPA)11, subsequently 
competed with FISH. However, these 
techniques suffer the disadvantage that 
they interrogate only specific genomic 
loci, which need to be selected a priori. 
Anomalies that are visible on ultrasound 
images or prior family history can often 
provide a clinical diagnosis to direct 
FISH- or PCR-based tests to a specific 
locus in the genome. However, in cases in 
which the clinical indication is imprecise, 
these methods often fail to identify the 
causal genetic alteration.

The development of array comparative 
genomic hybridization (aCGH) provided 
a comprehensive, rapid, genome-wide 
screening strategy for the detection 
of DNA copy number imbalances in 
patients with developmental disorders12. 
This application paved the way for the use 
of this technology for prenatal testing13. 
In aCGH, fetal DNA and reference DNA are 
differentially labelled with fluorescent dyes 
and are co-hybridized to complementary 
single-stranded DNA molecules on the 
array. Following competitive hybridization, 
the observed fluorescence intensities on the 
probes allow the determination of a relative 
DNA copy number profile in the fetus, the 
resolution of which relies on the type and 

mutant alleles, pre-implantation genetic 
diagnosis (PGD) enables the detection of 
genetic disorders in embryos that have 
been fertilized in vitro, thereby avoiding the 
transmission of these disorders to offspring. 
Moreover, a preliminary meta-analysis of 
several small randomized clinical trials 
suggested that pre-implantation genetic 
screening (PGS) for aneuploidies improves 
pregnancy outcome following in vitro 
fertilization (IVF)6.

In this Timeline article, we provide 
an overview of the evolution of both 
prenatal and pre-implantation genetic 
testing (FIG. 1). We then expand on the 
current and near-future development and 
implementation of tools for genome-wide 
single-cell and cell-free fetal DNA (cfDNA) 
analysis, and discuss both their power 
and limitations. Finally, we speculate 
on future developments in prenatal and 
 pre-implantation genetic diagnostics.

Prenatal genetic testing
The first human prenatal genetic test was 
performed in 1966, when karyotyping 
of cultured cells obtained from amniotic 
fluid sampling provided a chromosomal 
view of the fetus7. The following year, the 
first prenatal diagnosis of a chromosomal 
abnormality was achieved8. The introduction 
of chromosome-banding techniques in 
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Exploration of the possibility 
of PGD in animal models79

Viability of human embryos 
following removal of polar body 
or blastomere is proven80,81

First baby born following sex 
selection of embryos following IVF 
in a couple at risk of transmitting 
adrenoleukodystrophy to male 
offspring85

The first live births following 
selection against autosomal 
recessive disorders (that is, cystic 
fibrosis) as well as sex selection 
by FISH on single blastomeres86,87

To overcome problems with ADO, 
PCR amplification with fluorescently 
tagged primers was implemented and 
differently sized amplicons were 
amplified on an individual cell88 

Aneuploidy and translocation 
detection by single-cell 
sequencing of single blastomeres123

Genome-wide aneuploidy 
detection becomes possible by the 
development of single-cell aCGH108

PGD is used to ‘create’ offspring 
that can serve as a donor in families 
with severe blood disorders89

Genome-wide haplotyping 
(karyomapping) is used as a 
generic method to select 
against embryos carrying 
Mendelian inherited disorders116

Karyotype following amniotic fluid sampling7

First prenatal karyotype of 
chromosomal abnormality8

WES25 of an amniotic fluid sample 
facilitates clinical diagnosis

aCGH provides a comprehensive, rapid, 
genome-wide screening strategy for the 
detection of DNA copy number 
imbalances in fetuses13

MLPA technology11 was reported and its 
efficiency in trisomy detection was 
demonstrated

Discovery of cfDNA in maternal plasma26

The ‘holy grail’ of prenatal genetic 
testing: non-invasive fetal aneuploidy 
detection from maternal plasma 
becomes a reality thanks to the 
development of NGS technology37,38

First demonstration of non-invasive prenatal 
diagnosis of the fetal rhesus status157

A fetal genome is reconstructed using 
parental genotype information68

First fetal methylome is sequenced 
from the maternal plasma77

The first fetal transcriptome is 
analysed from the maternal plasma78

Exclusion of a paternally inherited 
β-globin gene mutation in the fetus by 
real-time PCR in maternal plasma158

FISH9 and QF-PCR10 enable aneuploidy 
detection in interphase nuclei

Improvements in karyotyping 
result in higher resolution
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number of targets on the array14. The first 
clinical prenatal arrays used long (~150 kb) 
sequences of human genomic DNA — 
cloned into bacterial artificial chromosomes 
(BACs) — as targets and interrogated 
the human genome every 1 Mb (REF. 13). 
Subsequently, these arrays have been largely 
replaced with higher-resolution array 
platforms containing artificially synthesized 
oligonucleotides as targets. Modern array 
platforms enable thorough interrogation of 
specific loci or the entire human genome, 
and even allele-specific characterization 
of single-nucleotide polymorphisms 
(SNPs); they are commonly referred to as 
oligonucleotide arrays and SNP arrays, 
respectively, or as chromosomal microarrays 
in general (TABLE 1).

Currently, invasive prenatal testing is 
indicated for all fetuses with structural 
malformations detected by ultrasonography. 
There is a general consensus that 
chromosomal microarrays should be 
the first-tier cytogenetic test for prenatal 
diagnosis15–17, as they provide a higher 
diagnostic yield, detecting both larger 
and submicroscopic copy number 
variants (CNVs) that are undetectable 
by conventional karyotyping. Recent 
prospective studies report that chromosomal 
microarrays increase the detection rates of 
pathogenic CNVs by 6–8% compared with 
karyotyping in the presence of ultrasound 
anomalies15,17,18. Furthermore, arrays 
provide the ability to detect a number 
of microdeletion and microduplication 
syndromes, some of which may cause 
severe childhood developmental disorders 
but may not show any fetal abnormalities 
using classic ultrasound techniques15. 
In the absence of ultrasound abnormalities, 
chromosomal microarrays were reported to 
increase the detection rate above karyotyping 
by 1–2%15,19. Clinically significant findings 
unrelated to the initial referral reason are 
detected in 0.5–3.6% of cases17.

Figure 1 | Timeline of prenatal and pre- 
implantation genetic diagnostics. A selection 
of key milestones in the implementation of 
genetic tests for invasive (grey) and non-invasive 
(blue) prenatal (left side) and pre- implantation 
(right side) diagnosis. aCHG, array comparative 
genomic hybridization; ADO, allele drop out; 
cfDNA, cell-free fetal DNA; FISH, fluorescence 
in situ hybridization; IVF, in vitro fertilization; 
MLPA, multiplex ligation-dependent probe 
ampli fi ca tion; NGS, next-generation sequen-
cing; PGD, pre-implantation genetic diagno-
sis; QF-PCR, quantitative  fluorescence PCR; 
WES, whole-exome sequencing.
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Most developmental disorders are not 
caused by CNVs, however, but by single-
nucleotide variants (SNVs) or insertions or 
deletions (indels)20. Whole-exome sequencing 
(WES) studies of children and adults with 
developmental disorders have shown a 
diagnostic yield of about 25%21,22. Hence, 
the use of WES in the prenatal setting is 
being explored. WES of 30 non-aneuploid 
fetuses and neonates with diverse physical 
abnormalities that were first identified by 
prenatal ultrasonography identified 35 
de novo SNVs, small indels, deletions or 
duplications, of which three (10% of the 
cohort) were pathogenic23. In five other 
cases (17%), de novo or inherited recessive 
or X-linked variants in plausible candidate 
genes were identified. In another study, 
WES was performed on DNA extracted 
from chorionic villi or amniocytes in 24 fetuses 
with unexplained ultrasound findings24. 
In 21% of the cases, WES provided 
definitive diagnoses.

Clinical implementation of fetal WES 
during pregnancy still poses several 
challenges. Studies to date have been 
retrospective, and analyses have yet 
to be performed in a timeframe that 
would enable parents to make informed 
decisions regarding the pregnancy. 
Clinical implementation will require the 
development of large-scale and rapid 
analytical and interpretation pipelines. 
In addition, to facilitate the interpretation 
of genetic variants determined prenatally, 
it will be necessary to develop a vastly more 
detailed knowledge base on the genetic 
causes of prenatal developmental disorders. 
Nevertheless, feasibility in principle has been 
demonstrated25, and large-scale studies have 
been launched26.

Non-invasive prenatal testing
Owing to the risk of procedure-induced 
miscarriage and the technical difficulties 
associated with invasive testing, 
non-invasive prenatal testing (NIPT) 
to determine the genetic constitution 
of the fetus has long been considered 
the ‘holy grail’. It has been known for 
some time that fetal cells are present in 
the maternal circulation, albeit at very low 
numbers, meaning that their enrichment 
and subsequent culture has remained 
challenging27. Clearly, single-cell ‘omics’ 
techniques show great potential for NIPT if 
technical challenges of single-cell genome 
analysis (BOX 1) are overcome and methods 
for the isolation of fetal cells from maternal 
blood improve and sufficient yields can be 
obtained consistently.

by capture probes or by a highly multiplexed 
PCR (up to 20,000 amplicons)42. Statistical 
differences in the number of reads or SNP 
distributions to the chromosome-specific loci 
are deduced (FIG. 2).

Targeted genome strategies have also been 
used to analyse the epigenetic differences 
between fetal and maternal cfDNA nucleic 
acids43, or to determine the allelic ratio 
of the genes on chromosome 21 that are 
exclusively expressed in the placenta and 
not in maternal haematopoietic cell lines44. 
Several large-scale clinical validation studies 
have been performed, each showing high 
sensitivity and specificity of non-invasive 
fetal aneuploidy detection by NGS39,45,46. 
These methods also enable the specific 
detection of sex chromosome aneuploidies. 
This may be of questionable clinical utility 
given the lower accuracy compared with 
trisomy 21 detection47–49 due to maternal 
chromosome X copy number mosaicism50. 
Moreover, the variability in phenotype of 
many disorders of sex development — for 
example, monosomy X (Turner syndrome), 
XXY (Klinefelter syndrome), XYY and XXX 
individuals, some of which are identified 
only in adulthood owing to fertility problems 
— render prenatal genetic counselling and 
subsequent decision making particularly 
challenging51.

NIPT was initially aimed at the detection 
of trisomy 13, 18 and 21, but random 
sequencing also enables the detection 
of other fetal aneuploidies, segmental 
imbalances and even submicroscopic 

Cell-free fetal DNA. With the discovery of 
circulating cfDNA in maternal plasma in 
1997, non-invasive prenatal diagnosis first 
became feasible28,29. cfDNA was shown to be 
trophoblast-derived30, fragmented DNA with 
a size distribution of 140–180 bp (REF. 31) 
that is present from 3% to as much as 20%32 
against a high maternal cfDNA background. 
cfDNA analysis has enabled fetal sex 
assessment33, fetal rhesus D blood group 
genotyping34, the detection of monogenic 
disorders35,36 and of aneuploidy, albeit not 
until the development of next-generation 
sequencing (NGS).

Non-invasive fetal aneuploidy detection 
by NGS applies counting statistics to up 
to tens of millions of both maternal and 
fetal sequencing reads to identify subtle 
changes in the amount of reads mapping 
to particular chromosomes as a result of 
fetal aneuploidy37,38 (FIG. 2). In addition 
to whole-genome sequencing, targeted 
sequencing approaches allow aneuploidy 
detection of chromosomes 13, 18, 21, X 
and Y. With these methods, a set of loci across 
the chromosomes of interest are selected 
for NGS. Two approaches are commonly 
used: targeted counting39 and SNP-based 
methods40,41 (FIG. 2). In the first group, the loci 
of interest are selected by hybridization of 
custom-designed ligation oligonucleotides, 
amplification by multiplex PCR and 
subsequent sequencing. In the second 
category, the loci of interest are selected for 
subsequent enrichment based on their SNP 
content. Enrichment can be performed either 

Table 1 | Prenatal diagnostic tests
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Genetic lesion

Monogenic disorders – – + – – – –

Whole-chromosome aneuploidy + +/–* – + + – +

Segmental chromosomal aneuploidies +/–‡ + – + + +/– +/–

Submicroscopic deletions or duplications +/–‡ + – + + – –

Uniparental disomy – – – – + – –

Methodology

Invasive testing required (AF or CVS) + + + + + – –

cfDNA extraction required – – +/– – +/– + +

+, possible; –, not possible; +/–, possible but requires specific work-up; aCGH, array comparative genomic 
hybridization; AF, amniotic fluid; cfDNA, cell-free fetal DNA; CVS, chorionic villus sampling; FISH, 
fluorescence in situ hybridization; NIPT, non-invasive prenatal testing; SNP array, single-nucleotide 
polymorphism array. *Limited by number of fluorochromes. ‡Limited by size.

P E R S P E C T I V E S

NATURE REVIEWS | GENETICS  VOLUME 17 | OCTOBER 2016 | 645

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



CNVs52–57. The incidence of atypical 
chromosomal aneuploidies is about 
0.3%52,58–60. In an important subset of 
aneuploidies, the chromosomal imbalance 
may be confined to the placenta and, 
therefore, may not adversely affect fetal 
development61. However, there is a risk of 
placental insufficiency and fetal growth 
restriction owing to the abnormal placental 
karyotype61, as well as a risk of mosaic fetal 
aneuploidy and/or fetal uniparental disomy 
(UPD) owing to a trisomy rescue.

Given the clinical importance of 
segmental aneuploidies and microdeletion 
syndromes (for example, 1p36 deletion 
(OMIM 607872), cri-du-chat (OMIM 
123450), DiGeorge syndrome (OMIM 
188400), Wolf–Hirschhorn (OMIM 194190), 
Prader–Willi (OMIM 176270), Angelman 
(OMIM 105830) and Miller–Dieker 
lissencephaly (OMIM 247200)), several 
groups are exploring analytical methods 
to increase the resolution achievable by 
NIPT, for which proof-of-concept has been 
provided57,62,63. However, test sensitivity 
is a function of fetal fraction, read depth 
and size of the fetal CNVs; with current 
sequencing depths, the positive and negative 
predictive values are too low for a generalized 
introduction of this test into the clinic61,62.

profiling also detects maternal constitutional 
CNVs52,74. These can be relevant for 
pregnancy management, the fetus or future 
reproductive choices75.

Recent studies also show the potential 
to analyse the plasma beyond genome 
analyses76. In addition to the fetal genome, 
the fetal methylome77 and transcriptome78 
have been obtained by deep sequencing. 
Their analysis will yield valuable 
information on both fetal and maternal 
health. Taken together, we anticipate that 
genomic analyses of maternal plasma will 
substantially improve overall pregnancy 
management.

Pre-implantation genetic diagnosis
In parallel to prenatal genetic testing, 
an alternative form arose for the genetic 
analysis of IVF-derived embryos. In 1968, 
Robert Edwards and Richard Gardner 
reported the successful transfer of sexed 
pre-implantation rabbit blastocysts, which 
foreshadowed the advent of human PGD79. 
Subsequently, the groundwork for the 
clinical application of PGD for various 
conditions began.

PGD requires the application of 
assisted reproductive techniques. Following 
gamete collection from both partners, 
IVF is performed. In 1989, it was first 
demonstrated that the polar body or 
one or more embryonic cells could 
be biopsied from the cleavage-stage 
embryo or the trophectoderm without 
compromising embryonic viability80,81. 
The developing embryo can thus be tested 
for the inheritance of a risk allele (or alleles) 
causing a particular disorder based on the 
genetic analysis of the polar body, a single or 
a pair of blastomeres, or a small number of 
trophectoderm cells that were biopsied from 
a human embryo82,83 (FIG. 3a). Traditionally, 
DNA imbalances are detected by FISH, 
and nucleotide mutations in the single cell 
are detected by a multiplex PCR diagnostic 
test followed by microsequencing82 (FIG. 3b; 

TABLE 2). Embryos diagnosed as being free of 
the disease being tested or having a balanced 
genetic constitution can subsequently be 
transferred to the woman’s uterus on day 4 
or 5 after fertilization (FIG. 3c). Approximately 
24% of implanted embryos will make it 
to term84.

In 1990, the first successful human PGD 
analyses were performed on polar bodies 
biopsied from fertilized oocytes81, which 
allow screening only for the inheritance of 
a maternal mutation, and on blastomeres85. 
Using PCR amplification of Y-chromosome-
specific sequences, sex selection was 

Evolution of prenatal genetic testing. With 
further cost reductions and technological 
and algorithmic advances, the resolution and 
scope of non-invasive testing will increase. 
NIPT is already becoming a screening test 
and replacing less accurate biochemical 
tests64–66. Increased sequencing depth will 
allow the accurate detection of genetic 
disorders, eventually reaching the resolution 
of current array analyses on invasive prenatal 
samples. Several groups have demonstrated 
proof-of-principle that non-invasive 
cfDNA analysis enables the reconstitution 
of the total fetal genome sequence31,67,68, 
an approach that could eventually lead 
to non-invasive prenatal whole-genome 
sequencing and the detection of de novo 
mutations. This will ultimately make 
invasive sampling obsolete.

Considering that cfDNA is a result of 
apoptosis- or necrosis-related cell death 
of maternal cells of diverse tissues69,70, its 
constitution is representative of the whole 
body. As a consequence, cfDNA screening 
offers the potential to monitor fetal and 
maternal health beyond mere aneuploidy 
detection. Already, several reports show 
that the presence of (presymptomatic) 
cancers can be detected by NIPT71–73. 
In addition, random genome-wide cfDNA 

Box 1 | Technical challenges of single-cell genome analysis

Current genome-wide screening platforms require several nanograms of input material, 
necessitating whole-genome amplification (WGA) of the 7 picograms of DNA of a single cell before 
analysis. Three main principles for WGA are commonly used: PCR, multiple displacement 
amplification (MDA) or a combination of MDA with PCR (MDA–PCR). Unfortunately, none of the 
available WGA methods is unbiased. The span of the genome that is effectively amplified, the 
amplification bias due to local concentration differences in guanine and cytosine bases (% G+C 
bias), as well as the prevalence of chimeric DNA molecules, allele drop outs (ADOs), preferential 
allelic amplifications and nucleotide misincorporations during amplification vary substantially 
between different WGA approaches. A major challenge in single-cell genome analysis is 
discriminating such WGA artefacts from genuine genetic variants present in the cell before WGA. 
Artefacts such as unevenness in amplification and chimeric DNA molecules may be misinterpreted 
as real DNA copy number and structural variants in the cell, respectively. Similarly, ADO and 
preferential allelic amplification events across heterozygous single-nucleotide variants (SNVs) in 
the cell as well as base misincorporations following WGA may lead to erroneous SNV calls in the 
single cell. As a consequence, a particular WGA method may be preferred over another depending 
on the desired genetic readout from the cell122,123,148,149.

MDA is often the preferred method for both detecting and genotyping SNVs123,148–150. 
The resultant WGA products can cover more than 90% of the genome following sequencing149, 
ADO rates as low as approximately 14% have been reported114, and the bacteriophage Φ29 DNA 
polymerase that is commonly used for MDA has an error rate an order of magnitude lower than 
most polymerases used in other WGA methods, which often lack proof-reading capacity149. 
However, copy number profiles after MDA can be ‘noisy’ (REFS 114,122,123) and chimeric 
DNA-amplification products contort the original genomic architecture of the cell123,151. Lowering 
MDA reaction volumes and/or the amount of DNA amplification by using microfluidics has been 
shown to further reduce this amplification bias149,152,153. PCR- and MDA–PCR-based WGA products 
are preferable for copy number profiling114,123,149 as the amplification bias is less strongly influenced 
by additional cycles of the WGA reaction149. Although these methods have also been used for SNP 
genotyping122,123 and base mutation detection122, they generally yield lower genome coverage and 
less faithful nucleotide copying123,149.
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performed on embryos following IVF in 
a couple at risk of transmitting recessive 
X-linked mental retardation85 — in this case, 
adrenoleukodystrophy — to male offspring. 
The first live births following selection 
against autosomal recessive disorders 

PCR amplification using fluorescently 
tagged primers was implemented for 
single-cell analysis88. By using different 
fluorescent tags or designing differently 
sized amplicons, a multiplex PCR can 
be performed on an individual cell. 

(that is, cystic fibrosis)86, as well as sex 
selection by FISH on single blastomeres87, 
were reported 2 years later.

Despite initial successes, it soon became 
clear that in some cases the target sequence 
failed to amplify. To overcome this problem, 

Figure 2 | Cell-free fetal DNA aneuploidy screening methods. Two 
major strategies are widely implemented in routine cell-free fetal DNA 
(cfDNA) aneu ploidy testing; random and targeted sequencing. 
a | Random sequencing applies counting statistics on the reads that map 
to the human reference genome. b | In targeted sequencing, selected loci 
with single- nucleotide polymorphisms (SNPs; red and blue stars) are ana-
lysed. The maternal (mat) genotypes are used to model the allelic 

distributions for every ploidy scenario and based on the actual SNP dis-
tributions the likelihood for each hypothesis is calculated. c | In an alter-
native targeted sequencing approach, selected fragments are enriched, 
sequenced and mapped to the human genome. A chromosome propor-
tion metric is calculated by applying counting statistics. Chr, chromo-
some; NGS, next- generation sequencing. Adapted with permission from  
REF. 159, Elsevier.
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Typically, one amplified fragment contains 
the mutation that is associated with the 
disorder and one or more fragments contain 
polymorphic markers that are closely linked 
to that mutation. Microsequencing of these 

PGD is now offered mainly to couples 
carrying autosomal dominant, recessive or 
X-linked Mendelian disorders, chromosomal 
rearrangements or mitochondrial disorders. 
In addition, PGD has been used to ‘create’ 

fragments allows the identification of the 
inherited parental allele and indicates cases 
in which allele drop out (ADO) is likely to 
have taken place, thereby increasing the 
PGD accuracy by 1,000-fold.

Figure 3 | Pre-implantation genetic diagnosis and screening. a | The 
developmental stages (for example, embryonic day 1.5 (E1.5)) of an in vitro 
fertilization (IVF)-derived embryo and the type of cells used for pre- 
implantation genetic diagnosis (PGD) and pre-implantation genetic screen-
ing (PGS). The samples can be polar bodies (PBs), a single or pair of 
blastomeres or a small aggregate of cells from the trophectoderm. b | The 
methods routinely applied in diagnostic services are fluorescence in situ 
hybridization (FISH; for aneuploidy screening and/or diagnosis), multiplex 

quantitative PCR (qPCR; for mutation detection and/or genotyping), array 
comparative genomic hybridization (aCGH; for aneuploidy screening 
and/or diagnosis) and low-coverage next-generation sequencing (NGS; for 
aneuploidy screening). c | Embryos are prioritized for transfer to the uterus 
based on their genotypes (PGD) or their chromosome content (PGS). 
Chr, chromosome, F, fluorophore; Q, quencher. Part b, far-left panel, 
adapted from REF. 160, Nature Publishing Group. Part b, middle-right 
panel, adapted from REF. 161, Nature Publishing Group.

P E R S P E C T I V E S

648 | OCTOBER 2016 | VOLUME 17 www.nature.com/nrg

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



offspring that can serve as a donor in 
families with severe blood disorders. 
In 2001, the first child selected by pre-
implantation human leukocyte antigen 
(HLA) genotyping was born, so that he 
could become a donor of haematopoietic 
stem cells for his sister who had Fanconi 
anaemia89. Since the clinical implementation 
of PGD, the European Society of Human 
Reproduction (ESHRE) PGD Consortium 
has recorded the number of PGD cycles 
performed in Europe and elsewhere over the 
past 10 years. In 2010, the most recent year 
for which numbers are available, 2,753 PGD 
cycles were performed90, of which 1,071 were 
for chromosomal abnormalities, 108 were 
for X-linked disorders and 1,574 were for 
Mendelian disorders.

Pre-implantation genetic screening
PGS, also known as PGD for aneuploidy 
screening (PGD-AS), analyses whether a 
single cell or a small number of cells biopsied 
from a pre-implantation embryo is euploid 
before transferring it to the uterus. Under the 
premise that a major cause for the low success 
rate of IVF (~30%)91 was the increased 
presence of aneuploid embryos92, especially 
those resulting from meiotic chromosomal 
segregation errors, the technique has been 
mainly offered to couples with advanced 
maternal age, recurrent implantation failure, 
recurrent miscarriages or severe male factor 
infertility93. As such, PGS aims to increase 
the pregnancy rates per embryo transferred 
and the live birth rates following IVF, and 
to prevent abnormal pregnancies94–96. First-
generation PGS was performed by FISH 
using a limited number of probes targeted 
to specific chromosomes97 and has since 
been replaced by multiplex quantitative 
PCR (qPCR) targeting all chromosomes98 
or single-cell genome-wide assays applying 
chromosomal microarrays99–102 (TABLE 2). 
Despite its promise, randomized prospective 
clinical trials failed to show a significant 
increase in the baby-take-home rate following 
PGS96,103,104. This has been attributed to 
both technical and biological factors. The 
limited set of probes used in FISH discloses 
ploidy information relevant to only a 
specific, predetermined set of chromosomes, 
but no information regarding the copy 
number status of the rest of the genome. 
Adding to this limitation, the common 
chromosomal instability (CIN) observed in 
human cleavage-stage embryos105 (BOX 2) 

challenges the biological paradigm upon 
which PGS is based. As CIN is a post-zygotic 
event resulting in mosaic embryos, one 
or two single blastomeres derived from a 

embryos can be vitrified with little loss of 
viability, and the traditional time pressure 
for fresh embryo transfer following PGD or 
PGS is alleviated. This allows more detailed 
and time-demanding genome-wide analyses 
of both blastomere and blastocyst biopsies.

Genome-wide screening of single cells
The development of single-cell diagnostic 
tests targeted at a particular mutation in 
individual families is labour intensive, 
costly and time consuming, leading to 
long waiting lists for couples that undergo 
this procedure. Moreover, some mutations 
(for example, small deletions, duplications 
or complex chromosomal rearrangements) 
are practically impossible to diagnose using 
current PGD strategies. Novel genome-wide 
screening approaches, such as microarrays 
and genome sequencing, have begun to 
overcome these limitations (TABLE 2).

Single-cell array comparative genomic 
hybridization. The feasibility of genome- 
wide aneuploidy detection in single 
fibroblasts, white blood cells and human 

cleavage-stage embryo may not be proper 
representatives of the remaining sister 
cells in the embryo95. In addition, mitotic 
chromosome segregation errors99,105,106 
in human cleavage-stage embryos do not 
necessarily impair normal embryonic 
development, and transfer of mosaic embryos 
comprising aneuploid and diploid cells can 
result in normal euploid offspring107.

Current PGS research focuses on 
genome-wide aneuploidy screening of 
biopsies from the trophectoderm, which 
may better represent the ultimate genetic 
constitution of the embryo. Trophectoderm 
biopsies have also become the preferred 
method for obtaining embryonic material; 
whole-genome amplification (WGA) 
methods perform better on trophectoderm 
biopsy samples, as these contain 5–10 cells 
compared with a single blastomere obtained 
on day 3 post fertilization, when the pre- 
compacted embryos contain 6–8 cells. 
Moreover, biopsies of the trophectoderm are 
less harmful to the overall developmental 
potential of the embryo. Owing to recent 
improvements in cryopreservation, biopsied 

Table 2 | Pre-implantation genetic diagnosis and screening tests
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Genetic lesion

Monogenic disorders + + – – – + –

Combination of monogenic and chromosomal disorders – – – – – + –

Whole-chromosome aneuploidy – +/–* +/–‡ + + + +

Balanced chromosomal rearrangements – – – – – + –

Unbalanced translocations – +/–* + +/– +/–§ + +

Complex rearrangements – – +/–‡ ± +/–§ + +/–§

Submicroscopic deletions – +/–* + – – + –

Submicroscopic duplications – +/–* – – – + –

Uniparental disomy – +/–* – – – + –

Mechanistic origin of trisomies (mitotic vs meiotic) – – – – – + –

Familially inherited + + + + + + +

De novo mutations + – + + + – +

Methodology

WGA required – – – – + + +

+, possible; –, not possible; ±, possible but requires specific work-up; aCGH, array comparative genomic 
hybridization; FISH, fluorescence in situ hybridization; QF-PCR, quantitative fluorescence PCR; qPCR, 
quantitative PCR; WGA, whole-genome amplification. *Limited by primer set. ‡Limited by number of 
fluorochromes. §Limited by size.
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blastomeres was first demonstrated in 
2006 using single-cell aCGH on arrays 
containing large insert BAC targets108 and 
subsequently on oligonucleotide arrays and 
SNP arrays105,109. Owing to biases in WGA 
(BOX 1), the resolution ranges from 1 Mb to 
4 Mb, far lower than when DNA is obtained 
from a large number of cells110. These initial 
demonstrations that DNA copy number 
profiling and SNP genotyping of single cells 
following WGA was possible, triggered the 
field of single-cell genomics. Since then, these 
technologies have rapidly become standard 
practice in PGD laboratories, particularly for 
aneuploidy detection111–113.

With aCGH (both BAC and 
oligonucleotide arrays) only copy number 
changes can be profiled, whereas SNP arrays 
were shown to enable both aneuploidy 
detection and genotyping114,115. SNP arrays 
genotype an individual by interrogating 
hundreds of thousands and up to millions of 
SNVs, which are polymorphic in the human 
population. There are two main genotyping 
chemistries, which can be classified 
according to the design of the probes on the 

that carries the disease-causing mutation 
(FIG. 4). Subsequently, the inheritance of this 
risk haplotype and the linked mutation can 
be inferred within an embryo following 
IVF by genotyping and haplotyping one or 
more cells biopsied from the embryo; thus, 
unaffected embryos can be selected for.

Two genome-wide single-cell haplotyping 
methods using SNP arrays have been 
developed and clinically implemented: 
karyomapping116 and single-cell haplotyping 
and imputation of linked disease variants 
(siCHILD)117 (FIG. 4). These approaches 
offer a generic approach for the detection 
of monogenic disorders and address most of 
the disadvantages of FISH- or PCR-based 
PGD tests. First, both tests are generic, 
which circumvents per family or per locus 
optimization, as the analysis is performed 
on a genome-wide level at high resolution. 
Second, ADO is less of a concern than 
with direct mutation detection in the 
embryo biopsy sample. Even if a part of the 
polymorphic markers does suffer ADO, 
a significant part of the markers flanking 
the locus of interest will not undergo ADO. 
Third, the sites of meiotic homologous 
recombination — a process that can break 
down linkage of a pathogenic variant with its 
nearby SNPs — can be precisely identified. 
Fourth, the tests enable the distinction 
of chromosomally normal and abnormal 
embryos. Fifth, the tests can determine the 
meiotic or mitotic origin of trisomies based 
on the recombination pattern on inherited 
chromosomes and, finally, it is possible to 
detect UPDs. One shortcoming of these 
haplotyping approaches is that in addition to 
parental DNA, DNA from family members 
is required for phasing of the disease 
mutation with the flanking SNPs, which is 
often not available or accessible (FIG. 4). Also, 
a large fraction of pathogenic variants arise 
de novo in the prospective parent20, and thus 
no carrier family members exist.

To overcome these issues, generic 
strategies for genome-wide haplotyping are 
currently being pioneered. One approach 
uses long-fragment read technology118. 
In this approach, genomic DNA is diluted 
such that long parental DNA fragments are 
distributed into physically distinct pools. 
Each pool with only a fraction of the haploid 
genome is subsequently converted to a 
barcoded short-read sequencing library. 
Following pooling and sequencing of the 
barcoded libraries of the same DNA sample, 
the genetic variants can be assigned to a 
single haplotype118. This approach was shown 
to allow for haplotyping of embryo biopsy 
samples119. A second approach physically 

array. In the first approach, allele-specific 
probes encompassing the SNP are deposited 
on the array, which is hybridized with a 
labelled human DNA sample. Genome-wide 
genotyping of SNPs in the sample is possible 
on the basis of fluorescence intensities 
observed above background for the specific 
probes used for each variant allele of the 
SNP. Alternatively, the probes on the array 
are designed to hybridize one base upstream 
of the SNP locus in the DNA sample, which 
is followed by fluorescent one-base extension 
to enable SNP genotyping. After imaging, 
genotyping algorithms that interpret the 
fluorescent signals of each probe provide 
the overview of all homozygous and 
heterozygous SNPs interrogated by the array.

Single-cell haplotyping. The genotype of a 
diploid DNA sample is determined by two 
haplotypes; that is, the chain of variants 
on the maternally and paternally inherited 
chromosomes. Knowledge of familial 
genotypes as well as the segregation pattern 
of the disorder in parents and relatives allows 
the identification of the parental haplotype 

Box 2 | Novel biological insights provided by single-cell haplotyping

Single-cell haplotyping enables the concurrent analysis of the nature and origin of segmental 
aneuploidies and meiotic recombination sites. Analyses of polar bodies, zygotes, blastomeres and 
trophectoderm have changed the paradigms of chromosomal behaviour during early embryonic 
development. Here, we summarize the main recent discoveries. First, the embryonic cleavage 
stage is characterized by chromosomal instability (CIN). Analysis of all the blastomeres of 
cleavage-stage embryos has revealed that in most of them not only is there mosaicism for 
whole-chromosome aneuploidies, but also frequent segmental chromosomal aneuploidies105. 
These include deletions, duplications and amplifications that were reciprocal in sister blastomeres, 
including the occurrence of breakage–fusion–bridge cycles. The high incidence of chromosomal 
rearrangements indicates that the regular cell cycle control and genome maintenance mechanisms 
may not be fully operational. Chromosomally abnormal cells are probably selected against during 
further development into the blastocyst stage, a period during which transcription is activated and 
large scale apoptosis is observed. The survival of different cell lines probably underlies the confined 
placental mosaicism and somatic mosaicisms in constitutional disorders154. Overall, CIN can explain 
the low fecundity in humans, and post-zygotic CIN has been identified as a major cause of 
constitutional chromosomal disorders. Second, analysis of both the polar bodies (PB1 and PB2) and 
the zygote revealed that, rather than errors in meiosis I and meiosis II, premature sister chromatid 
segregation is the main cause for meiotic aneuploidy155. A new reverse chromosome segregation 
pattern in which both homologues separate their sister chromatids in PB1 at meiosis I was 
discovered. The most frequent non-canonical segregation pattern led to the formation of a PB1 that 
contained two non-sister chromatids. As a consequence, following meiosis II the oocyte and the PB2 
each contained a non-sister chromatid. It is inferred that sister chromatids of both homologues 
separated first in meiosis I, followed by the separation of non-sister chromatids in meiosis II. It was 
also demonstrated that higher maternal recombination rates protect against trisomies. Moreover, 
a chromosomal drive against non-recombinant chromatids at meiosis II was discovered. When two 
sister chromatids segregate at meiosis II, non-recombinant chromatids seem to be preferentially 
driven into the PB2 and thus eliminated from the human germ line. Hence, meiotic recombination 
not only affects homologue segregation at meiosis I but also the fate of sister chromatids at 
meiosis II. The mechanism underlying the latter phenomenon remains to be uncovered. A third 
novel phenomenon that has been uncovered is the development of chimerism and mixoploidy by 
non-canonical cell division of the zygote, in which entire parental genomes segregate into different 
cell lineages during zygotic cleavage156. The persistence of those cell lines during development is 
the probable cause of molar pregnancies, chimerism and mixoploidy in mammals. The mechanistic 
nature of these novel discovered phenomena remains to be explored.
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separates individual chromosomes through 
a microfluidic device. The individual 
chromosomal DNA is subsequently 
amplified, and the genetic variants can be 
analysed by SNP arrays or NGS. This direct 
phasing allows mapping of the genetic 
variants on individual chromosomes, thus 
enabling the reconstitution of the personal 
whole-genome haplotypes120. More recently, 
by sequencing the first and second polar 
bodies, as well as the oocyte pronuclei from 
the same female egg donors, the genomes 
of these donors could be haplotyped121. 
The drawback of this approach is that 
it allows haplotyping of the maternally 
inherited genome only.

Single-cell sequencing. The rapid reduction 
of sequencing costs over the past decade 
has rendered single-cell sequencing an 
attractive alternative to chromosomal 
microarray approaches. Following successful 
copy number profiling of single cells from 
2012 to 2014 (REFS 122–125), PGS and PGD 
single-cell sequencing rapidly became a 
reality126. Low-coverage sequencing (<0.5× 
coverage) of single-cell genomes following 
WGA enables the detection of segmental 
aneuploidy, with resolutions similar to 
or even surpassing aCGH depending on 
sequencing depth per cell and selected 
genomic bin size for copy number 
analysis127. The reliability of single-cell 
DNA copy number profiles can be further 
increased by using additional data sources 
from the same cell as SNP B allele frequency 
(BAF) values, which can be determined from 
the sequence read depth124 or separate SNP 
array data117. Alternatively, BAF values can 
be obtained from discordantly mapping read 
pairs, which can be determined by mapping 
paired-end sequences of a single-cell WGA 
product. Indeed, real copy number changes 
are corroborated by a characteristic skewed 
SNP–BAF signature, as well as by discordant 
read pairs, in line with the architecture of the 
DNA copy number change123.

Low-coverage sequencing for aneuploidy 
detection is price competitive with arrays and, 
as a consequence, is being implemented in 
diagnostic laboratories, whereas the cost for 
deep sequencing for structural variation and 
SNV detection remains prohibitively high. 
The development of new genome analysis 
pipelines, or the optimization and adaptation 
of existing pipelines, that are able to 
accurately and timely analyse the massive data 
sets produced from single-cell technologies 
will be of crucial importance, as will strategies 
to reduce the number of sequencing reads 
needed for genome-wide SNP typing.

PGS is suggested not only to improve the 
success rates of embryo survival in patients 
with advanced maternal age, but also to 
improve the efficacy of IVF in general6,128. 
Currently, a randomized clinical trial is 
underway to compare the outcomes of 
standard IVF treatment with aneuploidy 

Evolution of pre-implantation genetic 
testing. As a consequence of the 
technological advancements in single-cell 
DNA amplification and single-cell genome 
analysis, PGD and PGS methods now enable 
faster, more accurate analyses and have the 
potential of increasing IVF success rates. 

Glossary

Allele drop out
(ADO). The failure to detect an allele in a sample or the 
failure to amplify an allele.

Amniocytes
Cells of the fetus that are suspended in the amniotic fluid.

Aneuploidies
The presence of abnormal numbers of chromosomes in a 
cell. In human cells, this is typically when a cell contains 
either 45 or 47 chromosomes, instead of the expected 46.

Assisted reproductive techniques
Clinical approaches that are used to help infertile couples 
achieve a normal pregnancy. These include ovarian 
stimulation protocols using exogenous hormones, in vitro 
fertilization, intracytoplasmic sperm injection and 
pre-implantation genetic diagnosis.

B allele frequency
(BAF). A metric that is used to analyse the data derived 
from single-nucleotide polymorphism genotyping 
platforms and is defined as the proportion of allele B 
occurrence compared with the total allele A and 
allele B occurrences.

Blastocysts
A blastocyst is a specific stage in embryonic development. 
On day 5 post fertilization the structure comprises a 
cavity, the blastocoel, with an inner cell mass; that is, the 
cells that subsequently contribute to the embryo and also 
extra-embryonic structures surrounded by a layer of 
trophoblast cells that provide the fetal component 
of the placenta.

Blastomeres
Cells produced by cleavage of the zygote after  
fertilization.

Breakage–fusion–bridge cycles
Mechanisms of chromosome instability involving 
repeated cycles of telomeric breakage and fusion of 
the sister chromatids. As a consequence, the fused 
sister chromatids are pulled towards opposite poles 
during anaphase and are broken apart creating 
new breakpoints.

Chimeric
A condition in which an organism contains genetically 
distinct cell lines (that is, different parental genomes).

Chorionic villi
Villi that sprout from the chorion in the placenta to 
provide maximum contact area with maternal blood, 
allowing for efficient exchange of gasses and nutrients 
needed for fetal development.

Chromosomal instability
(CIN). An elevated rate of chromosome missegregation 
or breakage per cell division leading to aneuploidy or 
segmental aneuploidy.

Haplotyping
The determination of the set of alleles for consecutive loci 
that are present on the same chromosome.

Mixoploidy
A condition in which an organism contains cell lines with 
different ploidy levels (for example, diploid and triploid).

Molar pregnancies
Pregnancies in which the trophoblast proliferates like a 
non-cancerous tumour and grows into a swollen chorionic villi 
mass in the uterus known as a hydatidiform mole.

Penetrance
The conditional probability of a phenotype (specifically, 
the probability of being affected with disease) given an 
underlying genotype.

Polar body
During oogenesis the primary and secondary oocyte 
divide asymmetrically; that is, most of the cytoplasm is 
segregated into one daughter cell (which becomes the egg 
or ovum) and the remaining cytoplasm goes to the smaller 
polar bodies. In humans, the first polar body is formed 
following the first meiotic division of the primary oocyte 
(which occurs near ovulation), and a second polar body is 
formed following the second meiotic division of the 
secondary oocyte (which occurs with fertilization).

Read pairs
In paired-end sequencing, a technology in which both ends 
of a short linear DNA molecule are sequenced, read pairs 
are mapped to a reference genome with a discordant 
orientation or distance between them, which can pinpoint 
structural variants.

Trisomy rescue
A phenomenon in a trisomic zygote (which contains three 
copies of one chromosome) in which aneuploidy is 
corrected by the loss of the additional chromosome during 
cell division. Owing to the random loss of the extra 
chromosome, the resulting daughter cell might contain two 
copies of a chromosome from the same parent (uniparental 
disomy).

Trophectoderm
Cells of the outer layer of a blastocyst, which provide 
nutrients to the embryo and develop into the fetal part 
of the placenta.

Uniparental disomy
(UPD). The presence of two copies of a chromosome, or 
part of a chromosome, from one parent and no copy from 
the other parent.

Whole-exome sequencing
(WES). The isolation and subsequent sequencing of the 
fraction of the genome that consists of protein-coding 
sequences (the so-called exonic sequences). The isolation 
is performed by capturing the exonic segments using 
complementary oligonucleotides as bait.
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screening to assist embryo selection129. 
If proof-of-concept studies are confirmed, 
genome-wide aneuploidy screening may 
well become standard practice for all IVF 
embryo transfers.

The potential of an embryo to grow 
successfully into a healthy individual is not 
determined only by its nuclear genomic 
composition. An intriguing correlation 
between altered levels of mitochondrial 
DNA and reduced embryonic viability has 
been reported130, which can possibly be used 
as a biomarker to improve IVF. Time-lapse 
microscopy has enabled associations to be 
drawn between morphokinetic parameters 
and embryonic developmental potential131. 
Understanding the molecular causes that 
underlie the morphokinetic parameters 
may further improve embryonic selection. 
By combining time-lapse imaging with 
chromosomal analysis, significant differences 

non-health-related traits. These prospects 
raise difficult ethical questions. Some people 
may see this as the slippery slope towards the 
‘designer child’ (REF. 136), whereas a different 
perspective is that it enables prospective 
parents and professionals to take into account 
the welfare of the future child. Following the 
principle of procreative beneficence, it is 
common practice to rank embryos and 
select the embryo with the highest chance of 
resulting in a healthy individual137. This raises 
questions as to whether prospective parents 
have the right to select for the best embryo 
and how to define ‘best’, especially in the 
context of genome-wide analysis. If broader 
testing is introduced, genetic counselling 
and informed decision-making will become 
increasingly difficult. Moreover, in current 
PGD clinical practice, the treating team 
has a moral co-responsibility regarding the 
well-being of the future child.

Similarly, the rapid evolution from 
narrow-range prenatal genetic screening 
(targeted mainly at identifying severe 
chromosomal imbalances) towards 
non-invasive, comprehensive genome-wide 
analysis of the fetus requires novel ethical 
frameworks138,139. Ethical concerns have long 
been hampering the routine introduction 
of chromosomal microarrays for prenatal 
diagnosis140. There was (and still is) concern 
about how to deal with unsought-for 
findings, late-onset disorders, CNVs with 
variable expressivity and/or penetrance, 
and variants with only mild phenotypic 
anomalies. Variants of uncertain significance 
encompass a range of findings that can in 
most cases be subclassified as pathogenic, 
benign or truly of unknown clinical 
significance based upon factors such as 
size, gene content, inheritance status and 
the presence of overlapping CNVs in low 
numbers of patients or controls141. Current 
estimates suggest that the number of cases 
in which difficulties in counselling arise 
due to the detection of variants of unknown 
significance and risk factors are limited to 
1–2%15,17. Nevertheless, more research and 
consensus guidelines in this area would help 
both clinicians and families.

It is possible to calculate a population-
based penetrance risk of recurrent 
CNVs based on the frequencies in patients 
and controls142, but it remains impossible to 
predict the phenotypic outcome in the future 
individual. Thus, in the prenatal setting and 
in the absence of phenotypic anomalies, the 
classification of a CNV as pathogenic when 
there is evidence for incomplete penetrance 
is questionable. Two main approaches 
are followed, the first being that all CNVs 

in the duration of the first cleavages 
were observed that relate to euploidy or 
aneuploidy in developing embryos132,133. 
New genomic technologies enabling 
combined genomic and transcriptomic 
analysis134, as well as genomic and 
epigenomic analyses135, in combination with 
time-lapse microscopy will be some of the 
tools that will provide a systems-biology 
view of embryonic development, further 
disclosing the causes of embryonic demise 
and the physiology of a healthy embryo.

Ethical considerations
Whole-genome analysis of pre-implantation 
embryos provides information about not 
only the disorder tested for, but the whole 
genomic make-up of the embryo. This 
not only allows for improved selection, 
but also provides information on genetic 
variants that are associated with several 

Figure 4 | Principles for pre-implantation genetic diagnosis using single-cell haplotyping. 
Single-cell haplotyping helps to infer inherited disease variants genome-wide within cells biopsied 
from human in vitro fertilization (IVF)-derived embryos. Here, we explain two main principles for 
haplo typing single cells using either discrete single-nucleotide polymorphism (SNP) genotype calls 
(AA, BB or AB) or SNP B allele frequency (BAF) values of the cell. Both methods require parental SNP 
genotypes to be phased with the disease variant. a | An example of a family with an autosomal domi-
nant disorder (the father and the child are affected in the example). DNA from the parents and the 
affected child is first genotyped genome-wide, as are the whole-genome amplification (WGA) prod-
ucts of single blastomeres biopsied from IVF-derived embryos (pink and blue coloured cells). On the 
basis of the affected child’s genotype, the parental SNPs can be phased with the mutant allele. For 
simplicity, only paternal-informative SNPs — defined as heterozygous in the father but homozygous 
in the mother — are shown with applicable phasing rules (step 1). The paternal homologue that is 
transmitted to the affected child must contain the causative mutation and is denoted homologue 1 
(H1) (step 2), whereas paternal H2 carries the normal allele. b | Subsequently, the parental haplotypes 
inherited by the embryo can be inferred from the discrete SNP genotype of a blastomere. Adjusted 
phasing rules allowing for Mendelian inconsistencies may be used, as allele drop out (ADO) occurs 
during single-cell WGA and genotyping (indicated with an asterisk) (step 3). In addition, SNPs without 
Mendelian inconsistencies (indicated with a double dagger) may have undergone ADO resulting in 
erroneous paternal haplotype assignment. Such WGA artefacts are largely random and can be 
resolved by using segmentation algorithms. Following segmentation, and hence single-cell haplotype 
inference, the inheritance of the mutant or normal allele at the disease locus can be imputed in the 
embryo (step 4). c | SNP–BAF values can be used instead of discrete SNP genotypes for single-cell 
haplotyping. BAF values preserve the signal of both alleles of a heterozygous SNP subjected to WGA 
bias (whereas discrete diploid genotypes (as in panel b) are enforced by a genotyping algorithm and 
may lose valuable allelic signal) and, importantly, also enable haplotyping across copy number variants 
(CNVs) in the cell118. Based on defined phased parental SNP genotype combinations, as illustrated in 
alternative step 3, the SNP–BAF values of a blastomere are binned into paternal-informative SNP sub-
categories P1 (red box) and P2 (blue box); a similar approach is used for, maternal-informative SNPs 
(not shown). Note that P1 and P2 are conceptually different from H1 and H2. The phased parental 
genotypes defining P1 and P2 have been selected such that when the cell inherits H1 from the father, 
and either H1 or H2 from the mother, the P1 SNP–BAFs have values of either 0 or 1 (corresponding to 
homozygous AA and BB genotypes in the cell, respectively) and the P2 SNP–BAFs have a value of 0.5 
(corresponding to heterozygous genotypes in the cell). By contrast, when the cell inherits H2 from the 
father the P1 SNP–BAFs have a value of 0.5 and the P2 SNP–BAFs have a value of either 0 or 1. 
Subsequently, for a defined subset of SNPs (that is, parental ‘BA’ SNP calls; marked in bold) the single- 
cell BAF values are mirrored around the 0.5 axis (alternative step 4) allowing segmenting single-cell 
P1 and P2 BAF values for consecutive SNPs in the genome (step 5). The resulting P1 and P2 BAF seg-
ments (depicted in blue and red, respectively) now define the haplotype blocks inherited from paternal 
H1 and H2. For H1 loci, P1 and P2 SNP–BAF segments have values of 0 and 0.5, respectively, whereas 
H2 P1 and P2 have values of 0.5 and 1, respectively. Using the inferred single-cell H1 and H2 
 architecture, the mutant or normal allele at the disease locus can be imputed in the embryo (step 6).
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are reported back to the patients. However, 
the disclosure of such data may in fact be 
more harmful to them as the information 
given does not contribute to making 
informed decisions. In the second approach, 
CNVs are not reported back to the patient; 
for example, CNVs that are known to be rare 
or are novel inherited CNVs of questionable 
pathogenicity, and imbalances for known 
‘risk loci’ for which the future penetrance is 
uncertain and with low odds143. Examples 
of such recurrent CNVs include the 
15q11.2 microdeletion (penetrance risk of 
10.4%)142, which contains the NIPA1 gene 
and is associated with developmental delay, 
behavioural problems and/or schizophrenia, 
and the 22q11.2 duplication (penetrance 
risk 21.9%142), which affects the TBX1 gene 
and is associated with cardiac anomalies. In 
the absence of cardiac anomalies on initial 
clinical referral, this would be reported 
and followed up with detailed ultrasound 
examination for the presence of cardiac 
defects. Likewise, information overload 
threatens pre-test counselling, and therefore 
it has been argued that novel, more generic 
forms of informed consent are needed144.

NIPT is an example in which the 
implementation has been primarily 
technology-driven rather than a carefully 
planned introduction of a mature technology 
into existing public health prenatal diagnosis 
programmes. Concerns about routinization 
of NIPT are being expressed, despite the fact 
that the first professional guidelines have 
just been drafted, all indicating the need 
for further studies on ethical and societal 
aspects138,145. The total cost of comprehensive 
non-invasive whole-genome analysis, 
including pre- and post-test counselling 
and follow-up investigations might exceed 
what a public healthcare system is able, or 
willing, to spend. Society will need to make 
choices such as restricting screening offers 
only to severe childhood conditions or 
treatable fetal disorders, whereas a broader 
scope of disorder screening may be offered 
privately146. This raises serious issues — 
such as how to provide equal access, how to 
define severe conditions, the provision of 
counselling in both settings and providing 
parents with information to make informed 
choices — that will need to be addressed in 
the future.

Conclusions
With further technological improvements 
and increasing success rates, prenatal and 
pre-implantation diagnosis of genetic 
disorders will become commonplace, 
and with increasing public acceptance a 

continued growth in their implementation 
can be anticipated. This implementation, 
in turn, will reduce the frequency of 
rare severe inherited genetic diseases. 
Increasingly, more common genetic variants 
causing late-onset disorders (for example, 
BRCA1 and BRCA2) or recessive disorders 
(for example, cystic fibrosis) could also 
be selected against and will eventually 
become rare. In the future, new diagnostic 
technologies will not only provide a tool 
to give parents the option of an informed 
choice, but they will also lead towards fetal 
personalized medicine: prenatal diagnosis 
may well serve a dual role of prenatal 
screening for severe conditions as well as an 
opportunity to detect conditions treatable 
during prenatal or even postnatal life147. It is 
important to engage in a public debate about 
the use and the potential advantages, as well 
as the challenges, of prenatal genetic testing 
to pave the way towards general acceptance 
and integration of these technologies into 
standard patient care.

Joris Robert Vermeesch, Thierry Voet and 
Koenraad Devriendt are at the Centre for Human 

Genetics, Department of Human Genetics, University of 
Leuven,  49 Herestraat, Leuven 3000, Belgium.

Correspondence to J.R.V. 
joris.vermeesch@kuleuven.be

doi:10.1038/nrg.2016.97 
Published online 15 Sep 2016

1. 1000 Genomes Project Consortium et al. A global 
reference for human genetic variation. Nature 526, 
68–74 (2015).

2. Branch, D. W., Gibson, M. & Silver, R. M. Clinical 
practice. Recurrent miscarriage. N. Engl. J. Med. 363, 
1740–1747 (2010).

3. Hassold, T., Hunt, P. A. & Sherman, S. Trisomy in 
humans: incidence, origin and etiology. Curr. Opin. 
Genet. Dev. 3, 398–403 (1993).

4. Mathews, T. J., Hamilton, B. E. First births to older 
women continue to rise. (NCHS Data Brief 152) 
CDC.gov http://www.cdc.gov/nchs/data/databriefs/
db152.htm (May 2014).

5. Statistics explained. Fertility statistics. Eurostat  
http://ec.europa.eu/eurostat/statistics-explained/
index.php/Fertility_statistics (updated 17 March 
2016).

6. Chen, M., Wei, S., Hu, J. & Quan, S. Can 
comprehensive chromosome screening technology 
improve IVF/ICSI outcomes? A meta-analysis. 
PLoS ONE 10, e0140779 (2015).

7. Steel, M. W. & Breg, W. R. Chromosome analysis of 
human amniotic fluid cells. Lancet 1, 383–385 (1966).

8. Jacobson, C. B. & Barter, R. H. Intrauterine diagnosis 
and management of genetic defects. Am. J. Obstet. 
Gynecol. 99, 796–807 (1967).

9. Philip, J., Bryndorf, T. & Christensen, B. Prenatal 
aneuploidy detection in interphase cells by 
fluorescence in situ hybridization (FISH). 
Prenat. Diagn. 14, 1203–1215 (1994).

10. Mansfield, E. S. Diagnosis of Down syndrome and 
other aneuploidies using quantitative polymerase 
chain reaction and small tandem repeat 
polymorphisms. Hum. Mol. Genet. 2, 43–50 (1993).

11. Schouten, J. P. et al. Relative quantification of 40 
nucleic acid sequences by multiplex ligation-
dependent probe amplification. Nucleic Acids Res. 30, 
e57 (2002).

12. Menten, B. et al. Emerging patterns of cryptic 
chromosomal imbalance in patients with idiopathic 
mental retardation and multiple congenital anomalies: 
a new series of 140 patients and review of published 
reports. J. Med. Genet. 43, 625–633 (2006).

13. Rickman, L. et al. Prenatal detection of unbalanced 
chromosomal rearrangements by array CGH. 
J. Med. Genet. 43, 353–361 (2006).

14. Brady, P. D., Devriendt, K., Deprest, J. & 
Vermeesch, J. R. Array-based approaches in prenatal 
diagnosis. Methods Mol. Biol. 838, 151–171 (2012).

15. Wapner, R. J. et al. Chromosomal microarray versus 
karyotyping for prenatal diagnosis. N. Engl. J. Med. 
367, 2175–2184 (2012).

16. Brady, P. D. et al. A prospective study of the clinical 
utility of prenatal chromosomal microarray analysis in 
fetuses with ultrasound abnormalities and an 
exploration of a framework for reporting unclassified 
variants and risk factors. Genet. Med. 16, 469–476 
(2014).

17. Shaffer, L. G. et al. Experience with microarray-based 
comparative genomic hybridization for prenatal 
diagnosis in over 5000 pregnancies. Prenat. Diagn. 
32, 976–985 (2012).

18. Breman, A. et al. Prenatal chromosomal microarray 
analysis in a diagnostic laboratory; experience 
with >1000 cases and review of the literature. 
Prenat. Diagn. 32, 351–361 (2012).

19. Armengol, L. et al. Clinical utility of chromosomal 
microarray analysis in invasive prenatal diagnosis. 
Hum. Genet. 131, 513–523 (2012).

20. Vissers, L. E., Gilissen, C. & Veltman, J. A. Genetic 
studies in intellectual disability and related disorders. 
Nat. Rev. Genet. 17, 9–18 (2016).

21. de Ligt, J. et al. Diagnostic exome sequencing in 
persons with severe intellectual disability. 
N. Engl. J. Med. 367, 1921–1929 (2012).

22. Iglesias, A. et al. The usefulness of whole-exome 
sequencing in routine clinical practice. Genet. Med. 
16, 922–931 (2014).

23. Carss, K. J. et al. Exome sequencing improves genetic 
diagnosis of structural fetal abnormalities revealed by 
ultrasound. Hum. Mol. Genet. 23, 3269–3277 
(2014).

24. Drury, S. et al. Exome sequencing for prenatal 
diagnosis of fetuses with sonographic abnormalities. 
Prenat. Diagn. 35, 1010–1017 (2015).

25. Talkowski, M. E. et al. Clinical diagnosis by whole-
genome sequencing of a prenatal sample. 
N. Engl. J. Med. 367, 2226–2232 (2012).

26. Hillman, S. C. et al. Prenatal exome sequencing for 
fetuses with structural abnormalities: the next step. 
Ultrasound Obstet. Gynecol. 45, 4–9 (2015).

27. Bianchi, D. W. et al. Fetal gender and aneuploidy 
detection using fetal cells in maternal blood: analysis 
of NIFTY I data. National Institute of Child Health and 
Development Fetal Cell Isolation Study. Prenat. Diagn. 
22, 609–615 (2002).

28. Lo, Y. M. et al. Presence of fetal DNA in maternal 
plasma and serum. Lancet 350, 485–487 (1997).

29. Lo, Y. M. et al. Rapid clearance of fetal DNA from 
maternal plasma. Am. J. Hum. Genet. 64, 218–224 
(1999).

30. Faas, B. H. et al. Non-invasive prenatal diagnosis of 
fetal aneuploidies using massively parallel sequencing-
by-ligation and evidence that cell-free fetal DNA in the 
maternal plasma originates from cytotrophoblastic 
cells. Expert. Opin. Biol. Ther. 12, S19–S26 (2012).

31. Fan, H. C. et al. Non-invasive prenatal measurement 
of the fetal genome. Nature 487, 320–324 (2012).

32. Ashoor, G., Syngelaki, A., Poon, L. C., Rezende, J. C. 
& Nicolaides, K. H. Fetal fraction in maternal plasma 
cell-free DNA at 11–13 weeks’ gestation: relation to 
maternal and fetal characteristics. Ultrasound Obstet. 
Gynecol. 41, 26–32 (2013).

33. Devaney, S. A., Palomaki, G. E., Scott, J. A. & 
Bianchi, D. W. Noninvasive fetal sex determination 
using cell-free fetal DNA: a systematic review and 
meta-analysis. JAMA 306, 627–636 (2011).

34. Finning, K. M., Martin, P. G., Soothill, P. W. & 
Avent, N. D. Prediction of fetal D status from maternal 
plasma: introduction of a new noninvasive fetal RHD 
genotyping service. Transfusion 42, 1079–1085 
(2002).

35. Bustamante-Aragones, A. et al. Non-invasive prenatal 
diagnosis of single-gene disorders from maternal 
blood. Gene 504, 144–149 (2012).

36. Amicucci, P., Gennarelli, M., Novelli, G. & 
Dallapiccola, B. Prenatal diagnosis of myotonic 
dystrophy using fetal DNA obtained from maternal 
plasma. Clin. Chem. 46, 301–302 (2000).

37. Fan, H. C., Blumenfeld, Y. J., Chitkara, U., Hudgins, L. 
& Quake, S. R. Noninvasive diagnosis of fetal 
aneuploidy by shotgun sequencing DNA from 
maternal blood. Proc. Natl Acad. Sci. USA 105, 
16266–16271 (2008).

P E R S P E C T I V E S

654 | OCTOBER 2016 | VOLUME 17 www.nature.com/nrg

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

mailto:joris.vermeesch@kuleuven.be
http://dx.doi.org/10.1038/nrg.2016.97
http://www.cdc.gov/nchs/data/databriefs/db152.htm
http://www.cdc.gov/nchs/data/databriefs/db152.htm
http://ec.europa.eu/eurostat/statistics-explained/index.php/Fertility_statistics
http://ec.europa.eu/eurostat/statistics-explained/index.php/Fertility_statistics


38. Chiu, R. W. et al. Noninvasive prenatal diagnosis of 
fetal chromosomal aneuploidy by massively parallel 
genomic sequencing of DNA in maternal plasma. 
Proc. Natl Acad. Sci. USA 105, 20458–20463 
(2008).

39. Sparks, A. B. et al. Selective analysis of cell-free DNA 
in maternal blood for evaluation of fetal trisomy. 
Prenat. Diagn. 32, 3–9 (2012).

40. Liao, G. J. et al. Noninvasive prenatal diagnosis of 
fetal trisomy 21 by allelic ratio analysis using targeted 
massively parallel sequencing of maternal plasma 
DNA. PLoS ONE 7, e38154 (2012).

41. Zimmermann, B. et al. Noninvasive prenatal 
aneuploidy testing of chromosomes 13, 18, 21, X, 
and Y, using targeted sequencing of polymorphic loci. 
Prenat. Diagn. 32, 1233–1241 (2012).

42. Nicolaides, K. H., Syngelaki, A., Gil, M., Atanasova, V. 
& Markova, D. Validation of targeted sequencing of 
single-nucleotide polymorphisms for non-invasive 
prenatal detection of aneuploidy of chromosomes 13, 
18, 21, X, and Y. Prenat. Diagn. 33, 575–579 (2013).

43. Papageorgiou, E. A. et al. Fetal-specific DNA 
methylation ratio permits noninvasive prenatal 
diagnosis of trisomy 21. Nat. Med. 17, 510–513 
(2011).

44. Lo, Y. M. et al. Plasma placental RNA allelic ratio 
permits noninvasive prenatal chromosomal aneuploidy 
detection. Nat. Med. 13, 218–223 (2007).

45. Palomaki, G. E. et al. DNA sequencing of maternal 
plasma to detect Down syndrome: an international 
clinical validation study. Genet. Med. 13, 913–920 
(2011).

46. Norton, M. E. et al. Non-Invasive Chromosomal 
Evaluation (NICE) Study: results of a multicenter 
prospective cohort study for detection of fetal trisomy 
21 and trisomy 18. Am. J. Obstet. Gynecol. 207, 
137–138 (2012).

47. Bianchi, D. W. et al. Genome-wide fetal aneuploidy 
detection by maternal plasma DNA sequencing. 
Obstet. Gynecol. 119, 890–901 (2012).

48. Samango-Sprouse, C. et al. SNP-based non-invasive 
prenatal testing detects sex chromosome aneuploidies 
with high accuracy. Prenat. Diagn. 33, 643–649 
(2013).

49. Gil, M. M., Quezada, M. S., Revello, R., Akolekar, R. & 
Nicolaides, K. H. Analysis of cell-free DNA in maternal 
blood in screening for fetal aneuploidies: updated 
meta-analysis. Ultrasound Obstet. Gynecol. 45,  
249–266 (2015).

50. Wang, Y. et al. Maternal mosaicism is a significant 
contributor to discordant sex chromosomal 
aneuploidies associated with noninvasive prenatal 
testing. Clin. Chem. 60, 251–259 (2014).

51. Pieters, J. J., Verhaak, C. M., Braat, D. D., 
van Leeuwen, E. & Smits, A. P. Experts’ opinions on 
the benefit of an incidental prenatal diagnosis of sex 
chromosomal aneuploidy: a qualitative interview 
survey. Prenat. Diagn. 32, 1151–1157 (2012).

52. Bayindir, B. et al. Noninvasive prenatal testing using 
a novel analysis pipeline to screen for all autosomal 
fetal aneuploidies improves pregnancy management. 
Eur. J. Hum. Genet. 23, 1286–1293 (2015).

53. Chen, S. et al. A method for noninvasive detection 
of fetal large deletions/duplications by low coverage 
massively parallel sequencing. Prenat. Diagn. 33, 
584–590 (2013).

54. Peters, D. et al. Noninvasive prenatal diagnosis of a 
fetal microdeletion syndrome. N. Engl. J. Med. 365, 
1847–1848 (2011).

55. Srinivasan, A., Bianchi, D. W., Huang, H., 
Sehnert, A. J. & Rava, R. P. Noninvasive detection 
of fetal subchromosome abnormalities via deep 
sequencing of maternal plasma. Am. J. Hum. Genet. 
92, 167–176 (2013).

56. Straver, R. et al. WISECONDOR: detection of fetal 
aberrations from shallow sequencing maternal 
plasma based on a within-sample comparison scheme. 
Nucleic Acids Res. 42, e31 (2014).

57. Zhao, C. et al. Detection of fetal subchromosomal 
abnormalities by sequencing circulating cell-free DNA 
from maternal plasma. Clin. Chem. 61, 608–616 
(2015).

58. Brady, P. et al. Clinical implementation of NIPT 
— technical and biological challenges. Clin. Genet. 89, 
523–530 (2015).

59. Lau, T. K. et al. Non-invasive prenatal screening of 
fetal Down syndrome by maternal plasma DNA 
sequencing in twin pregnancies. J. Matern. Fetal 
Neonatal Med. 26, 434–437 (2013).

60. Lau, T. K. et al. Secondary findings from non-invasive 
prenatal testing for common fetal aneuploidies by 

whole genome sequencing as a clinical service. 
Prenat. Diagn. 33, 602–608 (2013).

61. Wilkins-Haug, L., Quade, B. & Morton, C. C. Confined 
placental mosaicism as a risk factor among newborns 
with fetal growth restriction. Prenat. Diagn. 26,  
428–432 (2006).

62. Lo, K. K. et al. Limited clinical utility of non-invasive 
prenatal testing for subchromosomal abnormalities. 
Am. J. Hum. Genet. 98, 34–44 (2015).

63. Wapner, R. J. et al. Expanding the scope of non-
invasive prenatal testing: detection of fetal 
microdeletion syndromes. Am. J. Obstet. Gynecol. 
212, 332.e1–332.e9 (2014).

64. Bianchi, D. W. et al. DNA sequencing versus standard 
prenatal aneuploidy screening. N. Engl. J. Med. 370, 
799–808 (2014).

65. Song, Y. et al. Noninvasive prenatal testing of fetal 
aneuploidies by massively parallel sequencing in a 
prospective Chinese population. Prenat. Diagn. 33, 
700–706 (2013).

66. Norton, M. E. et al. Cell-free DNA analysis for 
noninvasive examination of trisomy. N. Engl. J. Med. 
372, 1589–1597 (2015).

67. Kitzman, J. O. et al. Noninvasive whole-genome 
sequencing of a human fetus. Sci. Transl. Med. 4, 
137ra76 (2012).

68. Lo, Y. M. et al. Maternal plasma DNA sequencing 
reveals the genome-wide genetic and mutational 
profile of the fetus. Sci. Transl. Med. 2, 61ra91 
(2010).

69. Snyder, M. W., Kircher, M., Hill, A. J., Daza, R. M. 
& Shendure, J. Cell-free DNA comprises an in vivo 
nucleosome footprint that informs its tissues-of-origin. 
Cell 164, 57–68 (2016).

70. Sun, K. et al. Plasma DNA tissue mapping by 
genome-wide methylation sequencing for noninvasive 
prenatal, cancer, and transplantation assessments. 
Proc. Natl Acad. Sci. USA 112, E5503–E5512 
(2015).

71. Vandenberghe, P. et al. Non-invasive detection of 
genomic imbalances in Hodgkin/Reed-Sternberg cells 
in early and advanced stage Hodgkin’s lymphoma by 
sequencing of circulating cell-free DNA: a technical 
proof-of-principle study. Lancet Haematol. 2,  
e55–e65 (2015).

72. Amant, F. et al. Presymptomatic identification of 
cancers in pregnant women during noninvasive 
prenatal testing. JAMA Oncol. 1, 814–819 (2015).

73. Bianchi, D. W. et al. Noninvasive prenatal testing and 
incidental detection of occult maternal malignancies. 
JAMA 314, 162–169 (2015).

74. Snyder, M. W. et al. Copy-number variation and false 
positive prenatal aneuploidy screening results. 
N. Engl. J. Med. 372, 1639–1645 (2015).

75. Brison, N. et al. Maternal incidental findings during 
non-invasive prenatal testing for fetal aneuploidies. 
Genet. Med. http://dx.doi.org/10.1038/gim.2016.113 
(2016).

76. Wong, F. C. & Lo, Y. M. Prenatal diagnosis innovation: 
genome sequencing of maternal plasma. Annu. Rev. 
Med. 67, 419–432 (2016).

77. Lun, F. M. et al. Noninvasive prenatal methylomic 
analysis by genomewide bisulfite sequencing of 
maternal plasma DNA. Clin. Chem. 59, 1583–1594 
(2013).

78. Tsui, N. B. et al. Maternal plasma RNA sequencing 
for genome-wide transcriptomic profiling and 
identification of pregnancy-associated transcripts. 
Clin. Chem. 60, 954–962 (2014).

79. Gardner, R. L. & Edwards, R. G. Control of the sex 
ratio at full term in the rabbit by transferring sexed 
blastocysts. Nature 218, 346–349 (1968).

80. Handyside, A. H. et al. Biopsy of human 
preimplantation embryos and sexing by DNA 
amplification. Lancet 1, 347–349 (1989).

81. Verlinsky, Y. et al. Analysis of the first polar body: 
preconception genetic diagnosis. Hum. Reprod. 5, 
826–829 (1990).

82. Braude, P., Pickering, S., Flinter, F. & Ogilvie, C. M. 
Preimplantation genetic diagnosis. Nat. Rev. Genet. 3, 
941–953 (2002).

83. Simpson, J. L. Preimplantation genetic diagnosis at 
20 years. Prenat. Diagn. 30, 682–695 (2010).

84. Goossens, V. et al. ESHRE PGD Consortium data 
collection IX: cycles from January to December 
2006 with pregnancy follow-up to October 2007. 
Hum. Reprod. 24, 1786–1810 (2009).

85. Handyside, A. H., Kontogianni, E. H., Hardy, K. & 
Winston, R. M. Pregnancies from biopsied human 
preimplantation embryos sexed by Y-specific DNA 
amplification. Nature 344, 768–770 (1990).

86. Handyside, A. H., Lesko, J. G., Tarin, J. J., 
Winston, R. M. & Hughes, M. R. Birth of a normal 
girl after in vitro fertilization and preimplantation 
diagnostic testing for cystic fibrosis. N. Engl. J. Med. 
327, 905–909 (1992).

87. Griffin, D. K., Wilton, L. J., Handyside, A. H., 
Winston, R. M. & Delhanty, J. D. Dual fluorescent 
in situ hybridisation for simultaneous detection of X 
and Y chromosome-specific probes for the sexing of 
human preimplantation embryonic nuclei. Hum. Genet. 
89, 18–22 (1992).

88. Findlay, I., Quirke, P., Hall, J. & Rutherford, A. 
Fluorescent PCR: a new technique for PGD of sex 
and single-gene defects. J. Assist Reprod. Genet. 13, 
96–103 (1996).

89. Verlinsky, Y., Rechitsky, S., Schoolcraft, W., Strom, C. 
& Kuliev, A. Preimplantation diagnosis for Fanconi 
anemia combined with HLA matching. JAMA 285, 
3130–3133 (2001).

90. De Rycke, M. et al. ESHRE PGD Consortium data 
collection XIII: cycles from January to December 
2010 with pregnancy follow-up to October 2011. 
Hum. Reprod. 30, 1763–1789 (2015).

91. The European IVF Monitoring Consortium et al. 
Assisted reproductive technology in Europe, 2011: 
results generated from European registers by ESHRE. 
Hum. Reprod. 31, 233–248 (2016).

92. Angell, R. R., Templeton, A. A. & Aitken, R. J. 
Chromosome studies in human in vitro fertilization. 
Hum. Genet. 72, 333–339 (1986).

93. Harper, J. et al. What next for preimplantation genetic 
screening? Hum. Reprod. 23, 478–480 (2008).

94. Wilton, L. Preimplantation genetic diagnosis for 
aneuploidy screening in early human embryos: 
a review. Prenat. Diagn. 22, 512–518 (2002).

95. Vanneste, E. et al. What next for preimplantation 
genetic screening? High mitotic chromosome 
instability rate provides the biological basis for the 
low success rate. Hum. Reprod. 24, 2679–2682 
(2009).

96. Debrock, S. et al. Preimplantation genetic screening 
for aneuploidy of embryos after in vitro fertilization in 
women aged at least 35 years: a prospective 
randomized trial. Fertil. Steril. 93, 364–373 (2010).

97. Gianaroli, L. et al. Preimplantation genetic diagnosis 
increases the implantation rate in human in vitro 
fertilization by avoiding the transfer of chromosomally 
abnormal embryos. Fertil. Steril. 68, 1128–1131 
(1997).

98. Treff, N. R. et al. Development and validation of an 
accurate quantitative real-time polymerase chain 
reaction-based assay for human blastocyst 
comprehensive chromosomal aneuploidy screening. 
Fertil. Steril. 97, 819–824 (2012).

99. Johnson, D. S. et al. Preclinical validation of a 
microarray method for full molecular karyotyping of 
blastomeres in a 24- h protocol. Hum. Reprod. 25, 
1066–1075 (2010).

100. Treff, N. R. et al. SNP microarray-based 24 
chromosome aneuploidy screening is significantly 
more consistent than FISH. Mol. Hum. Reprod. 16, 
583–589 (2010).

101. van Uum, C. M. et al. SNP array-based copy number 
and genotype analyses for preimplantation genetic 
diagnosis of human unbalanced translocations. 
Eur. J. Hum. Genet. 20, 938–944 (2012).

102. Alfarawati, S., Fragouli, E., Colls, P. & Wells, D. 
Embryos of Robertsonian translocation carriers 
exhibit a mitotic interchromosomal effect that 
enhances genetic instability during early development. 
PLoS Genet. 8, e1003025 (2012).

103. Mastenbroek, S. et al. In vitro fertilization with 
preimplantation genetic screening. N. Engl. J. Med. 
357, 9–17 (2007).

104. Hardarson, T. et al. Preimplantation genetic screening 
in women of advanced maternal age caused a decrease 
in clinical pregnancy rate: a randomized controlled 
trial. Hum. Reprod. 23, 2806–2812 (2008).

105. Vanneste, E. et al. Chromosome instability is common 
in human cleavage-stage embryos. Nat. Med. 15, 
577–583 (2009).

106. van Echten-Arends, J. et al. Chromosomal mosaicism 
in human preimplantation embryos: a systematic 
review. Hum. Reprod. Update 17, 620–627 (2011).

107. Greco, E., Minasi, M. G. & Fiorentino, F. Healthy 
babies after intrauterine transfer of mosaic aneuploid 
blastocysts. N. Engl. J. Med. 373, 2089–2090 
(2015).

108. Le Caignec, C. et al. Single-cell chromosomal 
imbalances detection by array CGH. Nucleic Acids 
Res. 34, e68 (2006).

P E R S P E C T I V E S

NATURE REVIEWS | GENETICS  VOLUME 17 | OCTOBER 2016 | 655

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/gim.2016.113


109. Geigl, J. B. et al. Identification of small gains and 
losses in single cells after whole genome amplification 
on tiling oligo arrays. Nucleic Acids Res. 37, e105 
(2009).

110. Dimitriadou, E., Zamani Esteki, M., Vermeesch, J. R. 
Copy number variation by array analysis of single cells 
following wole genome amplification. Methods Mol. 
Biol. 1347, 197–219 (2015).

111. Alfarawati, S., Fragouli, E., Colls, P. & Wells, D. First 
births after preimplantation genetic diagnosis of 
structural chromosome abnormalities using 
comparative genomic hybridization and microarray 
analysis. Hum. Reprod. 26, 1560–1574 (2011).

112. Fiorentino, F. et al. PGD for reciprocal and 
Robertsonian translocations using array comparative 
genomic hybridization. Hum. Reprod. 26, 1925–1935 
(2011).

113. Vanneste, E. et al. PGD for a complex chromosomal 
rearrangement by array comparative genomic 
hybridization. Hum. Reprod. 26, 941–949 (2011).

114. Treff, N. R., Su, J., Tao, X., Northrop, L. E. & 
Scott, R. T. Jr. Single-cell whole-genome amplification 
technique impacts the accuracy of SNP microarray-
based genotyping and copy number analyses. 
Mol. Hum. Reprod. 17, 335–343 (2011).

115. Brezina, P. R. et al. Single-gene testing combined 
with single nucleotide polymorphism microarray 
preimplantation genetic diagnosis for aneuploidy: 
a novel approach in optimizing pregnancy outcome. 
Fertil. Steril. 95, 1786.e5–1786.e8 (2011).

116. Natesan, S. A. et al. Genome-wide karyomapping 
accurately identifies the inheritance of single-gene 
defects in human preimplantation embryos in vitro. 
Genet. Med. 16, 838–845 (2014).

117. Zamani Esteki, M. et al. Concurrent whole-genome 
haplotyping and copy-number profiling of single cells. 
Am. J. Hum. Genet. 96, 894–912 (2015).

118. Peters, B. A. et al. Accurate whole-genome sequencing 
and haplotyping from 10 to 20 human cells. Nature 
487, 190–195 (2012).

119. Peters, B. A. et al. Detection and phasing of single 
base de novo mutations in biopsies from human 
in vitro fertilized embryos by advanced whole-
genome sequencing. Genome Res. 25, 426–434 
(2015).

120. Fan, H. C., Wang, J., Potanina, A. & Quake, S. R. 
Whole-genome molecular haplotyping of single cells. 
Nat. Biotechnol. 29, 51–57 (2011).

121. Hou, Y. et al. Genome analyses of single human 
oocytes. Cell 155, 1492–1506 (2013).

122. Zong, C., Lu, S., Chapman, A. R. & Xie, X. S. Genome-
wide detection of single-nucleotide and copy-number 
variations of a single human cell. Science 338,  
1622–1626 (2012).

123. Voet, T. et al. Single-cell paired-end genome 
sequencing reveals structural variation per cell cycle. 
Nucleic Acids Res. 41, 6119–6138 (2013).

124. Cai, X. et al. Single-cell, genome-wide sequencing 
identifies clonal somatic copy-number variation in the 
human brain. Cell Rep. 8, 1280–1289 (2014).

125. Binder, V. et al. A new workflow for whole-genome 
sequencing of single human cells. Hum. Mutat. 35, 
1260–1270 (2014).

126. Wells, D. et al. Clinical utilisation of a rapid low-pass 
whole genome sequencing technique for the diagnosis 
of aneuploidy in human embryos prior to implantation. 
J. Med. Genet. 51, 553–562 (2014).

127. Baslan, T. et al. Optimizing sparse sequencing of single 
cells for highly multiplex copy number profiling. 
Genome Res. 25, 714–724 (2015).

128. Munne, S., Grifo, J. & Wells, D. Mosaicism: “survival of 
the fittest” versus “no embryo left behind”. Fertil. Steril. 
105, 1146–1149 (2016).

129. US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT02268786? 
term=NCT02268786&rank=1 (2016).

130. Fragouli, E. et al. Altered levels of mitochondrial DNA 
are associated with female age, aneuploidy, and 
provide an independent measure of embryonic 
implantation potential. PLoS Genet. 11, e1005241 
(2015).

131. Wong, C. C. et al. Non-invasive imaging of human 
embryos before embryonic genome activation predicts 
development to the blastocyst stage. Nat. Biotechnol. 
28, 1115–1121 (2010).

132. Vera-Rodriguez, M., Chavez, S. L., Rubio, C., 
Reijo Pera, R. A. & Simon, C. Prediction model for 
aneuploidy in early human embryo development 
revealed by single-cell analysis. Nat. Commun. 6, 7601 
(2015).

133. Chavez, S. L. et al. Dynamic blastomere behaviour 
reflects human embryo ploidy by the four-cell stage. 
Nat. Commun. 3, 1251 (2012).

134. Macaulay, I. C. et al. G&T-seq: parallel sequencing of 
single-cell genomes and transcriptomes. Nat. Methods 
12, 519–522 (2015).

135. Angermueller, C. et al. Parallel single-cell sequencing 
links transcriptional and epigenetic heterogeneity. 
Nat. Methods 13, 229–232 (2016).

136. Sheldon, S. & Wilkinson, S. Should selecting saviour 
siblings be banned? J. Med. Eth. 30, 533–537 
(2004).

137. Hens, K., Dondorp, W. & de Wert, G. A leap of faith? 
An interview study with professionals on the use of 
mitochondrial replacement to avoid transfer of 
mitochondrial diseases. Hum. Reprod. 30,  
1256–1262 (2015).

138. Dondorp, W. et al. Non-invasive prenatal testing for 
aneuploidy and beyond: challenges of responsible 
innovation in prenatal screening. Eur. J. Hum. Genet. 
23, 1592 (2015).

139. Minear, M. A., Alessi, S., Allyse, M., Michie, M. & 
Chandrasekharan, S. Noninvasive prenatal genetic 
testing: current and emerging ethical, legal, and social 
issues. Annu. Rev. Genom. Hum. Genet. 16, 369–398 
(2015).

140. Beaudet, A. L. Ethical issues raised by common copy 
number variants and single nucleotide polymorphisms 
of certain and uncertain significance in general medical 
practice. Genome Med. 2, 42 (2010).

141. Vermeesch, J. R., Brady, P. D., Sanlaville, D., Kok, K. 
& Hastings, R. J. Genome-wide arrays: Quality criteria 
and platforms to be used in routine diagnostics. 
Hum. Mutat. 33, 906–915 (2012).

142. Rosenfeld, J. A., Coe, B. P., Eichler, E. E., Cuckle, H. & 
Shaffer, L. G. Estimates of penetrance for recurrent 
pathogenic copy-number variations. Genet. Med. 15, 
478–481 (2013).

143. Vanakker, O. et al. Implementation of genomic arrays 
in prenatal diagnosis: the Belgian approach to meet 
the challenges. Eur. J. Med. Genet. 57, 151–156 
(2014).

144. Elias, S. & Annas, G. J. Generic consent for genetic 
screening. N. Engl. J. Med. 330, 1611–1613  
(1994).

145. Lewis, C., Hill, M., Skirton, H. & Chitty, L. S. 
Development and validation of a measure of informed 
choice for women undergoing non-invasive prenatal 
testing for aneuploidy. Eur. J. Hum. Genet. 24,  
809–816 (2015).

146. Munthe, C. A new ethical landscape of prenatal 
testing: individualizing choice to serve autonomy and 
promote public health: a radical proposal. Bioethics 
29, 36–45 (2015).

147. Bianchi, D. W. From prenatal genomic diagnosis to 
fetal personalized medicine: progress and challenges. 
Nat. Med. 18, 1041–1051 (2012).

148. Treff, N. R. et al. Single nucleotide polymorphism 
microarray-based concurrent screening of 
24-chromosome aneuploidy and unbalanced 
translocations in preimplantation human embryos. 
Fertil. Steril. 95, 1606–1612 (2011).

149. de Bourcy, C. F. et al. A quantitative comparison of 
single-cell whole genome amplification methods. 
PLoS ONE 9, e105585 (2014).

150. Hou, Y. et al. Single-cell exome sequencing and 
monoclonal evolution of a JAK2-negative 
myeloproliferative neoplasm. Cell 148, 873–885 
(2012).

151. Lasken, R. S. & Stockwell, T. B. Mechanism of 
chimera formation during the Multiple Displacement 
Amplification reaction. BMC Biotechnol. 7, 19 (2007).

152. Wang, Y. et al. Clonal evolution in breast cancer 
revealed by single nucleus genome sequencing.  
Nature 512, 155–160 (2014).

153. Marcy, Y. et al. Dissecting biological “dark matter” 
with single-cell genetic analysis of rare and 
uncultivated TM7 microbes from the human mouth. 
Proc. Natl Acad. Sci. USA 104, 11889–11894 
(2007).

154. Voet, T., Vanneste, E. & Vermeesch, J. R. The human 
cleavage stage embryo is a cradle of chromosomal 
rearrangements. Cytogenet. Genome Res. 133,  
160–168 (2011).

155. Ottolini, C. S. et al. Genome-wide maps of 
recombination and chromosome segregation in human 
oocytes and embryos show selection for maternal 
recombination rates. Nat. Genet. 47, 727–735 
(2015).

156. Destouni, A. Zygotes segregate entire parental 
genomes in distinct blastomere lineages causing 
cleavage-stage chimerism and mixoploidy. 
Genome Res. 26, 1–26 (2016).

157. Lo, Y. M. et al. Prenatal diagnosis of fetal RhD 
status by molecular analysis of maternal plasma. 
N. Engl. J. Med. 339, 1734–1738 (1998).

158. Chiu, R. W. et al. Prenatal exclusion of β thalassaemia 
major by examination of maternal plasma. Lancet 
360, 998–1000 (2002).

159. Wong, A. I. & Lo, Y. M. Noninvasive fetal genomic, 
methylomic, and transcriptomic analyses using 
maternal plasma and clinical implications.  
Trends Mol. Med. 21, 98–108 (2015).

160. Speicher, M. R. & Carter, N. P. The new cytogenetics: 
blurring the boundaries with molecular biology. 
Nat. Rev. Genet. 6, 782–792 (2005).

161. Feuk, L., Carson, A. R. & Scherer, S. W. Structural 
variation in the human genome. Nat. Rev. Genet. 7, 
85–97 (2006).

Competing interests statement
The authors declare competing interests: see Web version 
for details.

DATABASES
Online Mendelian Inheritance in Man: http://www.omim.org
607872 | 123450 | 188400 | 194190 | 176270 | 105830 | 247200

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

P E R S P E C T I V E S

656 | OCTOBER 2016 | VOLUME 17 www.nature.com/nrg

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

https://clinicaltrials.gov/ct2/show/NCT02268786?term=NCT02268786&rank=1
https://clinicaltrials.gov/ct2/show/NCT02268786?term=NCT02268786&rank=1
http://www.nature.com/nrg/journal/vaop/ncurrent/full/nrg.2016.97.html#affil-auth
http://www.omim.org
http://www.omim.org/entry/607872?search=607872&highlight=607872
http://www.omim.org/entry/123450?search=123450&highlight=123450
http://www.omim.org/entry/188400?search=607872&highlight=188400
http://www.omim.org/entry/194190?search=194190&highlight=194190
http://www.omim.org/entry/176270?search=176270&highlight=176270
http://www.omim.org/entry/105830?search=105830&highlight=105830
http://www.omim.org/entry/247200?search=247200&highlight=247200

	Abstract | The past decade has seen the development of technologies that have revolutionized prenatal genetic testing; that is, genetic testing from conception until birth. Genome-wide single-cell arrays and high-throughput sequencing analyses are dramati
	Prenatal genetic testing
	Figure 1 | Timeline of prenatal and pre-implantation genetic diagnostics. A selection of key milestones in the implementation of genetic tests for invasive (grey) and non-invasive (blue) prenatal (left side) and pre-implantation (right side) diagnosis. 
	Non-invasive prenatal testing
	Table 1 | Prenatal diagnostic tests
	Box 1 | Technical challenges of single-cell genome analysis
	Pre-implantation genetic diagnosis
	Figure 2 | Cell-free fetal DNA aneuploidy screening methods. Two major strategies are widely implemented in routine cell-free fetal DNA (cfDNA) aneuploidy testing; random and targeted sequencing. a | Random sequencing applies counting statistics on the r
	Figure 3 | Pre-implantation genetic diagnosis and screening. a | The developmental stages (for example, embryonic day 1.5 (E1.5)) of an in vitro fertilization (IVF)-derived embryo and the type of cells used for pre-implantation genetic diagnosis (PGD) an
	Pre-implantation genetic screening
	Genome-wide screening of single cells
	Table 2 | Pre-implantation genetic diagnosis and screening tests
	Box 2 | Novel biological insights provided by single-cell haplotyping
	Ethical considerations
	Figure 4 | Principles for pre-implantation genetic diagnosis using single-cell haplotyping. Single-cell haplotyping helps to infer inherited disease variants genome-wide within cells biopsied from human in vitro fertilization (IVF)-derived embryos. Here, 
	Conclusions



