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Next generation sequencing of SNPs for non-invasive
prenatal diagnosis: challenges and feasibility as
illustrated by an application to b-thalassaemia

Thessalia Papasavva*,1, Wilfred FJ van IJcken2, Christel EM Kockx2, Mirjam CGN van den Hout2,
Petros Kountouris1, Loukas Kythreotis3, Eleni Kalogirou3, Frank G Grosveld2 and Marina Kleanthous1

b-Thalassaemia is one of the most common autosomal recessive single-gene disorder worldwide, with a carrier frequency of

12% in Cyprus. Prenatal tests for at risk pregnancies use invasive methods and development of a non-invasive prenatal

diagnostic (NIPD) method is of paramount importance to prevent unnecessary risks inherent to invasive methods. Here, we

describe such a method by assessing a modified version of next generation sequencing (NGS) using the Illumina platform,

called ‘targeted sequencing’, based on the detection of paternally inherited fetal alleles in maternal plasma. We selected four

single-nucleotide polymorphisms (SNPs) located in the b-globin locus with a high degree of heterozygosity in the Cypriot

population. Spiked genomic samples were used to determine the specificity of the platform. We could detect the minor alleles

in the expected ratio, showing the specificity of the platform. We then developed a multiplexed format for the selected SNPs

and analysed ten maternal plasma samples from pregnancies at risk. The presence or absence of the paternal mutant allele

was correctly determined in 27 out of 34 samples analysed. With haplotype analysis, NIPD was possible on eight out of ten

families. This is the first study carried out for the NIPD of b-thalassaemia using targeted NGS and haplotype analysis.

Preliminary results show that NGS is effective in detecting paternally inherited alleles in the maternal plasma.
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INTRODUCTION

b-Thalassaemia is one of the most common autosomal recessive
single-gene disorders in Cyprus, where about 12% of the population
are carriers.1 Currently, fetal genetic material for prenatal diagnosis is
sampled by invasive procedures, which are associated with a
significant risk of induced abortion.2,3 The discovery that during
pregnancy there is a median of 10% of cell-free fetal DNA in the
maternal circulation opened up new avenues in the diagnostics of
fetal genetics.4–6 However, this poses a technical challenge as fetal
DNA represents a minor population in maternal plasma, exacerbated
by the fragmentation of fetal DNA.7,8

As the advent of next generation sequencing (NGS), a lot of effort
has been concentrated on exploiting this technology for the measure-
ment of aneuploidies in maternal plasma.9–14 Using this technology,
non-invasive prenatal diagnostic (NIPD) for trisomy 21, 18 and 13
has recently reached the clinical setting by analysing the relative
amount of chromosomes in circulating cell-free DNA from maternal
plasma.15,16

However, approaches permitting reliable detection of single-gene
mutations or single-nucleotide polymorphisms (SNPs) using cell-free
fetal DNA in maternal plasma are still under development. This is
considerably more difficult because it concerns fetal genetic changes
that differ only slightly from the maternal genome. Recently, a
number of different strategies have been investigated to meet the

challenges for the non-invasive detection of b-thalassaemia using
maternal plasma. Allele-specific real-time PCR is one of the first
approaches that have been used to exclude paternal mutations in the
maternal circulation.17 Preferential detection of fetal alleles was
achieved through initial enrichment of fetal DNA,8,18 while others
enhanced the production of the mutated fetal allele by employing
either peptide nucleic acid probes19 or COLD PCR.20 In the specific
case of b-thalassaemia, MALDI-TOF mass spectrometry has been also
investigated.8

Moreover, Lun et al21 employed digital size selection to investigate
the relative mutation dosage for NIPD of b-thalassaemia. Our group
employed the APEX/thalassochip approach, based on the detection of
polymorphic SNPs, in order to successfully identify the paternally
inherited allele of the fetus in the maternal plasma22,23 while, more
recently, Phylipsen et al24 employed pyrophosphorolysis activated
polymerisation analysis using polymorphic SNPs to detect the
paternal allele in maternal plasma of b-thalassaemia carriers.
However, more SNPs need to be included in the study to link the
paternal allele with minimal risk of misdiagnosis. Hence, despite the
advances in technology, NIPD of b-thalassaemia has yet to reach
clinical practice.8,18,19,22,23,25

Our approach is based on the detection of the paternally inherited
alleles as maternal alleles cannot be differentiated from fetal ones.
Therefore, NIPD is possible only in those cases where the fetus
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inherits the normal allele of the father. The aim of this study is to
assess the analytical power and specificity of a modified version of
NGS using the Illumina platform, called ‘targeted sequencing’, for the
reliable detection of paternally inherited SNPs in the maternal plasma
of at risk pregnancies for b-thalassaemia. Moreover, this study aims to
use this platform for the development of a fast and cost-effective non-
invasive diagnostic assay for b-thalassaemia. The principle of our
targeted sequencing is to selectively amplify or capture targeted
regions of a DNA before sequencing. For this purpose, we have
developed a method of integrating selectively amplified targeted DNA
regions and NGS. The proof of principle results presented in this
study show that the detection of paternally inherited SNPs in the
maternal plasma is possible and reliable using targeted sequencing.

MATERIALS AND METHODS

Sample collection and processing
The study was approved by the Cyprus National Bioethics Committee and all

subjects gave informed consent. Blood samples, as well as corresponding

chorionic villi samples (CVS), were collected from ten families (including

parents and grandparents) at risk for b-thalassaemia in their newborns.

Approximately 9ml maternal blood samples were collected into EDTA-

containing tubes between the 10th and 11th week of gestation and before

chorionic villus sampling. Plasma was separated from cells by centrifugation at

low speed, 2500 g for 10min without braking. It was transferred to micro-

centrifuge tubes and subjected to a second centrifugation step at 16 000 g for

40min to remove any residual cells. The two centrifugation steps were

performed within 4–8 h of collection.

DNA extraction
Cell-free DNA was extracted from 1ml of maternal plasma using QIAamp

Circulating Nucleic Acid Kit (Qiagen GmbH, Hilden, Germany) according to

the manufacturer’s instructions. Genomic DNA was extracted using the

Puregene Blood Core Kit C (Qiagen Sciences, Germantown, MD, USA).

Selection of SNPs and primer design
Four SNPs, rs3834466_IIe, rs968857_30cb, rs10768683_AvaII and

rs7480526_II74, located on the b-globin gene cluster showing high hetero-

zygosity in the Cypriot population were selected for analysis (Figure 1). SNPs

rs968857_30cb and rs7480526_II74 were selected after a genotyping analysis

carried out in a previous study,26 whereas SNPs rs10768683_AvaII and

rs3834466_IIe are routinely used in Cyprus for prenatal diagnosis.27 Two of

the SNPs are located within the b-globin gene and the other two SNPs 50 to the

d-globin gene, therefore, any recombination events would be instantly

recognisable.

Primer sequences were designed using the reference sequence of haemo-

globin gene locus with accession number NG_000007 from the NCBI database

(http://www.ncbi.nlm.nih.gov/nuccore/NG_000007). The largest PCR-frag-

ment generated was no more than 268 bp (Supplementary Table 1).

PCR amplification
Targeted PCR was performed for the selected SNPs with the corresponding

primers. Each reaction was carried out with 5 ng of genomic DNA or 1–5ng of

maternal plasma DNA in a total reaction volume of 25ml that contained

1� PCR buffer with 1.5mM MgCl2, 200mM dNTPs and one unit of AmpliTaq

Gold DNA polymerase (Applied Biosystems by Roche Molecule Systems Inc.,

Branchburg, NJ, USA). The amplification procedure consisted of an initial

denaturation step at 95 1C for 10min, followed by 45 cycles of denaturation at

95 1C for 30 s, annealing at 55 1C for 30 s, extension at 72 1C for 30 s, followed

by a final extension step at 72 1C for 7min . The PCR products were

purified using the MinElute PCR purification kit, Qiagen, according to the

manufacturer’s instructions.

We used a ‘spiking’ approach with genomic DNA to determinate the

specificity of the assay for each of the four SNPs. We used 100% genomic DNA

having a homozygous genotype for the SNP and a sample of 90% homozygous

DNA spiked with 10% DNA having a heterozygous genotype. For the

confirmation of the reproducibility, four replicates were performed for each

sample per SNP.

Nested PCR
New genomic primers for the nested PCR were designed using NCBI primer-

Blast software so that the SNP of interest was within 36bp from the nested

primer. All genomic primers contained the sequence for the Illumina adaptors

and the reverse primers also contained a 6 bp Illumina index barcode. For

rs3834466_IIe, rs968857_30cb and rs10768683_Ava the Illumina index

barcodes 1, 2, 4, 5, 6, 7, 8, 9, 10 and 12 were used. For rs7480526_II74, the

Illumina index barcodes 2, 4, 5, 6, 7, 8, 9, 12, 13 and 14 were used

(Supplementary Table 1).

One microliter of the targeted PCR products was loaded on an Agilent

Technologies 2100 Bioanalyzer (Santa Clara, CA, USA) using a DNA 1000

assay to determine the concentration and to check for quality. Nested PCR was

performed to introduce the Illumina adaptors and the index barcode to the

PCR products. Each reaction was carried out with 0.5 ng of targeted PCR

products in a total reaction volume of 50ml that contained 1� phusion HF

buffer, 200mM dNTPs and one unit Phusion DNA Polymerase (Finnzymes part

of Thermo Fisher Scientific, Waltham, MA, USA). The nested PCR consisted of

an initial denaturation step at 98 1C for 30 s followed by 18 cycles of

denaturation at 98 1C for 10 s, annealing at 57.4 1C for 30 s, extension at

72 1C for 30 s, followed by a final extension step at 72 1C for 5m. The PCR was

performed in a Biometra TProfessional (Goettingen, Germany). The PCR

fragments were purified using AMPure XP beads according to the manufac-

turer’s instructions. The products were eluted in 15ml of elution buffer. One

microliter of the product was loaded on an Agilent Technologies 2100

Bioanalyzer using a DNA 1000 assay to determine the quality and the quantity

of the genomic library.

Bridge amplification and sequencing-by-synthesis
Cluster generation was performed according to the Illumina TruSeq SR Cluster

kit v2 (cBot) Reagents Preparation Guide (www.illumina.com). Briefly, 40 PCR

libraries were pooled together to get a stock of 10 nM. One microliter of the

10 nM stock was denaturated with NaOH, diluted to 6.5 pM and hybridised

onto the flowcell. The hybridised products were sequentially amplified,

linearised and end-blocked according to the Illumina Single Read Multiplex

Sequencing user guide. After hybridisation of the sequencing primer, sequen-

cing-by-synthesis was performed using the HiSeq 2000 with a 36-cycle

protocol. The sequenced fragments were denaturated with NaOH using the

HiSeq 2000 and the index-primer was hybridised onto the fragments. The

index was sequenced with a 7-cycle protocol.

Sequence analysis
We used NARWHAL28 to demultiplex the raw data from the sequencer into

FASTQ files per sample. For the spiked genomic samples, we did not perform

any alignment, but we filtered the data to keep only reads in which all bases

have at least a base-calling phred score of 10 and a mean phred score over the

whole read of at least 30. We directly counted the number of times the different

Figure 1 Four SNPs located on the b-globin gene cluster used in targeted NGS analysis.

NGS for NIPD of b-thalassaemia
T Papasavva et al

1404

European Journal of Human Genetics

http://www.ncbi.nlm.nih.gov/nuccore/NG_000007
www.illumina.com


read sequences occurred. For the maternal plasma samples, we performed

demultiplexing and BWA29 alignment against the human reference genome

(version hg18) with NARWHAL and counted the occurrence of the reads for

both alleles in the BWA aligned SAM files using standard Unix tools grep and

sed. All subsequent calculations were performed in Microsoft Excel.

RESULTS

Specificity of NGS on spiked samples
In order to develop a reliable method, we selected four SNPs in the
b-globin locus, that are common in the Cypriot population,
rs3834466_IIe, rs968857_30cb, rs10768683_AvaII and rs7480526_II74,
each showing high heterozygosity (Figure 1 and Materials and
Methods). Next, we designed primers to specifically amplify the
DNA containing these SNPs. Homozygous DNA was amplified
directly or after spiking with heterozygous containing DNA, followed
by Illumina sequencing and more than 1.5 million reads per sample
were obtained (Table 1). In all homozygous samples for all SNPs
(100%), the sequence reads match the expected homozygous
sequence. In the spiked samples (90%þ 10%), the two different
sequences present were accurately detected and differentiated in the
expected (5%) allele concentration. We noted a somewhat higher
concentrations for SNP rs7480526_II74 at around 8.2%. For this SNP,
we also saw reads with an additional variant 7 bp before the SNP
position. These variant reads have not been taken into account. A
negligible variation was observed between replicates. We conclude that
the analytical power of the platform is sufficiently high and specific to
be tested on maternal plasma analysis.

Family study
The maternal and paternal genotypes for 101 families at risk were
previously determined by MALDI-TOF MS for a panel of 49 SNPs.26

SNPs were considered informative when the mother was homozygous
and the father was heterozygous for the same SNP. Ten families
having at least two informative SNPs of the four analysed above were
selected for the NGS analysis. SNPs where the mother was
homozygous for one allele and the father was homozygous for the
other allele were also included for confirmation of the paternal allele,
whereas SNPs where both parents are homozygous were used for the
determination of the sequencing error rate. SNPs where the mother
was heterozygous were not used for the deduction of the paternal
allele. The corresponding CVS material was also typed for the selected
SNPs for the confirmation of the maternal plasma result.

Efficiency of NGS on maternal plasma
To detect the paternally inherited allele in the maternal plasma, we
analysed the selected couples at risk of carrying a b-thalassaemia child
for the corresponding informative SNPs. Each sample was analysed in
triplicate. About two million reads were generated per sample
replicate and the detailed results are shown in Table 2. The exact
number of reads was determined for all 40 samples for both alleles
(ten samples of four SNPs). The proportion of DNA molecules in the
maternal plasma sample that originated from the fetus was deter-
mined based on the fractional fetal DNA (f) in the maternal plasma,
which fetal is given by:

f ¼ 2p

pþ q

where p is the number of sequenced reads of the fetal specific allele
and q is the read count of the other allele, which is shared by the
maternal and fetal genomes.25 f was calculated from the sequencing
data for each SNP and replicate (Table 2). Theoretically, a non-present

fetal allele gives a calculated fetal fraction of 0, whereas the fetal
fraction DNA in the maternal circulation can be as low as 3% with an
average of 10%.6,7 We used a cutoff of 2.5%, which is somewhat
below the minimum value. We consider the fetal allele detected if f is
larger than 2.5% for at least two out of three replicates.
All maternal genotypes determined from the sequence data were

correct for the four SNP’s. Six sites were not used for the deduction of
the paternal allele as the mother was heterozygous for those. The
results for the fetal genotypes were compared with the results of the
CVS analysis previously performed for prenatal diagnosis. From 34
samples analysed, concordance with CVS was observed in 27 cases,
where we positively detected and differentiated the paternal allele in
the maternal plasma in nine of the cases and in 18 cases no other
measurable allele was observed (negative detection of the paternal
allele as expected). However, we also observed four false-positive and
three false-negative results. SNP rs3834466_IIe was analysed for nine
samples as follows: for sample five the mother is heterozygous for the
SNP and, therefore, the paternally inherited allele in the maternal
background could not be discriminated. Six out of nine samples
showed concordance with the CVS result, where we correctly detected
the paternally inherited allele (true-positive detection) in three of the
cases, whereas in three cases we correctly did not detect the paternal
allele (true-negative detection). However, two false negatives and one
false positive were observed. For SNP rs968857-30cb, concordance
with the CVS was observed in seven out of ten analysed samples with
positive detection of the paternally inherited allele in five cases and
negative detection in two cases. Two false positives and one false
negative were observed. SNP rs10768683_AvaIIb was analysed for
eight samples showing correct negative detection of the paternally
allele in seven cases, whereas in one case a single false positive
detection was found, although this analysis appears suspect due to the
very high positive score in one of the samples of the triplicate. For
SNP rs7480526_II74, seven out of ten samples were analysed showing
concordance with CVS in all samples analysed. We observed true-
positive detection of the paternal allele in a single sample and true-
negative detection in six of the cases.

Non-invasive fetal haplotyping
To investigate the feasibility of SNPs for the NIPD of b-thalassaemia
analysed by Illumina sequencing of the maternal plasma, haplotype
analysis was performed. The paternal haplotype was determined from
previous family studies in our lab for prenatal diagnostic purposes.
Based on the results obtained from NGS of maternal plasma, the
haplotypes of the fetus were generated and the alleles of the fetus were
correctly linked to the paternal normal or b-thal allele for eight out of
ten families (Table 3). The haplotypes were inferred if two out of three
or three out of four SNPs had the expected result and given that
paternal alleles could be differentiated. More specifically, for families
3, 5, 8 and 10 the paternally inherited allele of the fetus was correctly
linked based on the result of all SNPs analysed. For families 1, 6, 7 and
9, the fetal allele was correctly linked to the paternal, even though one
of the SNPs analysed gave incorrect result. In these cases, the
information obtained from the other SNPs was sufficient to link
the fetal allele with the paternal one. However, for families 2 and 4,
the fetal allele could not be linked as either more than one SNP
showed an unexpected result (family 2) or there was insufficient
information from the analysed SNPs (family 4). In these cases, the
NIPD was inconclusive.
For families 1, 3, 6, 7 and 10, the fetal allele was correctly linked to

the paternal b-thal allele and, consequently, the inheritance of the
mutated paternal allele indicated that NIPD for these cases is b-thal
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trait or major. Therefore, direct invasive prenatal diagnosis in a fetal
sample was recommended to confirm the diagnosis of the fetus. For
families 5 and 9, the fetal allele is correctly linked to the normal allele
of the father, indicating that NIPD is normal or b-thal trait and,
therefore, invasive prenatal procedures may be avoided. We concluded
that more than four SNPs and more replicates are needed to develop a
reliable assay for haplotype analysis. The above analysis was only used
as a model in order to demonstrate the effective linkage of the
fetal allele to the paternal based on SNPs. In a diagnostic setting,
where more SNPs and more replicates will be included per family, a
diagnostic algorithm would have to be included in order to derive the
final haplotypes and, in turn, the final diagnosis.

DISCUSSION

Most NIPD studies carried out on b-thalassaemia were based
on detection of the paternally inherited mutation and, therefore,
limited to the couples sharing different mutations.17–20 In view of this
limitation, we previously showed that the detection of the paternally
inherited SNPs is feasible for the NIPD of b-thalassaemia.22,23 SNPs
can be used regardless of the mutation of the carrier couples, they
provide positive detection of the paternal allele, normal or mutant,
the result can be confirmed with more than one SNP and,
importantly, the more SNPs used the less diagnostic risk.
In this study, we took advantage of the analytical power of NGS

Illumina platform to reliably detect and quantify all the sequences
present in a sample to detect the paternally inherited SNPs in the
maternal plasma of b-thal carriers.
The specificity of the platform to detect and differentiate the minor

allele present in the overwhelming background of the maternal allele
was confirmed using spiked genomic samples. This demonstrates the
extreme precision and analytical power of the method, as the correct
result in all samples was obtained with insignificant variation between
the replicates.
The reliability of the method was assessed with a preliminary

analysis of maternal plasma samples. The current study showed that
the detection of paternally inherited allele in the maternal plasma is
possible with the use of targeted sequencing and SNPs.
Haplotype analysis based on the sequence results showed diagnosis

was possible for eight out of ten families. The importance of having a
high number of SNPs for each family was illustrated in all cases. In
four of the cases, the paternal inheritance of the fetus was correctly
deduced based on all the SNPs analysed. However, in four cases where
one SNP gave unexpected result, the paternally inherited allele was
correctly linked based on the information given by the other three
SNPs with an insignificant risk of misdiagnosis. In two cases where
NIPD was inconclusive, the fetal allele could not be linked to the
paternal one as more than one SNP gave a deviating result or there
was lack of adequate information from the analysed SNPs. It is
important to emphasise that no misdiagnosis was made even in the
cases where some SNPs gave an incorrect result. Including a higher
number of SNPs will further increase the statistical power to
differentiate the maternal from the paternal allele through haplotype
analysis with a higher level of accuracy and for a greater proportion of
carrier couples. Such an increase can be easily incorporated in the
current Illumina technology platform with only a small increase
in costs.
However, further studies are needed in order to improve the

reliability of the used assay to eliminate the false positives and
negatives. Possible reasons for the observed false negatives are the
inefficiency in the isolation of fetal material in the maternal plasma
and the inefficiency of the DNA amplification due to its very small

size and quantity. In some cases, the percentage of the minor paternal
allele, as measured with the targeted sequencing approach, might be
smaller than the actual percentage causing changes in the ratio of the
alleles and, in turn, creating problems in their analysis. This depends
on the position of the SNP on the amplicon in terms on where the
fetal fragment is cut, as well as on the size of the fetal fragment.
Fetal-derived DNA molecules are o300 bp7 showing a prominence
at 143 bp.25 The amplicon sizes of our fragments were between 170 bp
and 268 bp and therefore, fragments longer than 146 bp, in
combination with the position of the SNP on the amplicon, are
expected to result in the amplification of only a fraction of the
fetal molecules present in the maternal plasma resulting in false-
negative results.
Cross contamination between samples that might have arisen

during the extraction process could be a possible cause of false
positives, but highly unlikely here as it would have been observed in
other SNPs for the same samples. False-positive results and erroneous
base calls have been observed by other teams that have used different
platforms for the analysis of cell-free fetal DNA but also the
technology of NGS.9,10,15,16 Palomaki et al16 and Chiu et al10

reported false-positive rates of 1.4% and 2.1%, respectively, which
were improved in a subsequent study.9 False-positive SNP calls could
be derived from erroneous alignments of short reads.30 Therefore,
different bioinformatics parameters, as well as improvements, in
statistical analysis have been investigated by these teams in order to
eliminate the erroneous calls and decrease the observed false-positive
rate. In order to accomplish that larger scale studies would need to be
performed. Moreover, the PCR amplification used in this study might
also be a cause of increased error rates by amplifying nonspecific
fragments due to high number of cycles used, although the nested
PCR partially eliminates unspecific amplified fragments from the first
PCR reaction.
We have also observed some variations in the reads of sequenced

fragments from sample to sample and from replicate to replicate. It is
unclear at this point whether this stems from the quality of the
sample, PCR artefacts because of the high number of amplification
cycles or during sequencing library preparation or cluster generation.
To avoid the observed discrepancies and to improve the diagnostic

efficiency, it is suggested to include a higher number of maternal
samples, as well as more SNPs and more replicates per sample with
improved conditions for each SNP. This will also aid to derive
statistical cutoff values specific for the data of each SNP as opposed to
fixed cutoff values. Furthermore, it is suggested to have fragments
around 143 bp in size in order to capture and amplify the maximum
of the fetal molecules present in the maternal plasma. Furthermore, it
is recommended to use less PCR cycles in order to avoid the
introduction of erroneous bases. Finally, in future experiments free
DNA isolated from plasma of non-pregnant women negative for the
SNPs can also be included for a better evaluation of the false positives.
In this study, we have outlined and demonstrated the analytical

power of NGS and targeted sequencing for the analysis of fetal DNA
sequences in the maternal plasma. The accuracy and precision
demonstrated allowed us to detect and differentiate the paternally
inherited allele of the fetus in the overwhelming background of the
maternal alleles. The linkage of paternally inherited allele was possible
based on haplotype analysis, provided that other family members or a
previously born child were available for testing. The group of Lam31

employed the relative haplotype approach to deduce the paternally
inherited allele without the need of other family members. However,
their procedure is complicated and costly. Although the NGS method
is a complex method, it has been demonstrated that it can be used to
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detect maternal mutations with accuracy and precision.25,31–33 Moreover,
the targeted sequencing protocol using short 36bp reads is a faster and
more cost-effective than whole genome amplification used by Lo et al25

for NIPD of b-thalassaemia. However, in order to implement our
targeted SNP sequencing assay in diagnostics the method has to be
simplified. The continuous announcements of smaller, more personalised
NGS platforms promise new low-cost, rapid and less complicated
sequencing accessible to more laboratory settings.
Directions for future development would be to improve the

diagnostic efficiency, precision, accuracy and reliability by eliminating
false positives and false-negative results. Finally, as this approach
applies only to the 50% of the cases where the fetus inherits the
normal allele of the father, in the future one should look for other
approaches using this technology to also deduce the maternally
inherited allele.
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