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Abstract
	 Objective: The aim of this study was to develop a pyrophosphorolysis-activated 
polymerization (PAP) assay for non-invasive prenatal diagnosis (NIPD) of b-thalassemia major 
and sickle-cell disease (SCD). PAP is able to detect mutations in free fetal DNA in a highly 
contaminating environment of maternal plasma DNA.
	 Methods: Pyrophosphorolysis-activated polymerization primers were designed for 12 
informative SNPs, genotyped by melting curve analysis (MCA) in both parents. The PAP assay was 
tested in a series of 13 plasma DNA samples collected from pregnant women. A retrospective 
NIPD was performed in a couple at risk for SCD.
	 Results: All PAP reactions were optimized and able to detect <3% target gDNA in a 
background of >97% wildtype gDNA. In all 13 cases, the paternal allele was detected by PAP in 
maternal plasma at 10 to 18 weeks of gestation. For the couple at risk, PAP showed presence of 
the normal paternal SNP allele in the maternal plasma, which was confirmed by results of the 
chorionic villus sampling analysis.
	 Conclusions: In contrast to other methods used for NIPD, the combined PAP and MCA 
analysis detecting the normal paternal allele is also applicable for couples at risk carrying the 
same mutation, provided that a previously born child is available for testing to determine the 
linkage to the paternal SNPs.

Introduction
	 Hemoglobinopathies are hereditary microcytic hypochromic anemias, characterized by 
a reduced, altered or absent synthesis of either the α- globin or β-globin chains and represent 
the most common autosomal recessive disorders worldwide. Approximately 7% of the world 
population is a healthy carrier of a hemoglobinopathy, resulting in ~350 000 severely affected 
newborns annually (1). Hemoglobinopathies are common in areas where malaria is or has been 
endemic, but the burden on health care in north Europe is increasing due to recent migration (2) 
and absence of effective prevention strategies. 
	 Because of the severity of the disease and the lack of treatment options, prenatal 
diagnosis is offered in many countries as part of a national prevention program (3;4) by invasive 
tests using chorionic villus sampling (CVS) or amniocentesis (AC). However, these tests carry a 
risk of fetal loss of approximately 0.5-1% (5;6). Furthermore, the test is costly because it requires 
hospitalization and expert personnel to perform the procedure. 
	 The discovery of cell-free DNA from the fetus in the maternal blood circulation has led 
to the possibility of non-invasive prenatal diagnosis (NIPD) (7). This has been applied successfully 
for fetal sex determination, RhD genotype and trisomy 21 detection (8-12). Free fetal DNA 
(ffDNA) is detectable very early during pregnancy and the average amount of cell ffDNA during 
the first and second trimester is ~10% of the total amount of cell-free DNA (13).
	 Recently, the pyrophosphorolysis-activated polymerization (PAP) technique 
was successfully applied in fetal sex determination (14). Because of the serial coupling of 
pyrophosphorolyis and polymerization, this reaction has a very high specificity (one mutated 
allele can be detected in 109 wildtype alleles) (15;16). PAP uses oligonucleotides with a blocked 
3’ end, which can only be removed (and thus permitting extension) when they anneal to specific 
sequences of target DNA. It has been shown that if a mismatch occurs within 16 nt from the 
3’-terminus of the PAP-primer, amplification is still inhibited (17). In this way, it is possible to 
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specifically amplify DNA inherited from father by using paternally specific mutations or 
polymorphisms that are absent in mother. 
	 The aim of the current study was to develop a PAP assay for NIPD of β-thalassemia 
major and sickle-cell disease (SCD). In the Netherlands, most requests for prenatal diagnosis 
concern homozygosity for the sickle-cell mutation or compound heterozygosities causing SCD, 
or a variety of β-thalassemia causing mutations that commonly occur in the Dutch immigrant 
population (18). This makes mutation-specific detection using ffDNA impossible as the paternally 
and maternally inherited alleles are indistinguishable. Therefore, we decided to use paternal-
specific SNPs in linkage to the normal or mutant allele to determine the risk of having an affected 
fetus. This procedure is suitable for the >200 β-thalassemia mutations (19) without the design 
of separate assays for each individual molecular defect. The advantage of this approach is that 
it reduces theamount of reactions to be designed and optimized to the limited number of 
informative SNPs. Furthermore, the use of SNPs also makes it possible to perform NIPD when 
both parents carry the same mutation, as is often the case in populations with a high incidence 
of a small number of mutant alleles. Mutation-specific assays can only detect the disease-causing 
allele, whereas SNPs can be a target for the normal allele as well. Melting curve analysis (MCA) 
was used to quickly screen family members for the informative SNP markers and to determine 
linkage to the normal or mutant paternal allele. In this way, it is possible to pre-select the SNPs 
that need to be tested with the PAP technique for at risk pregnancies. An invasive procedure is 
unnecessary when the normal paternal allele is detected in the maternal plasma. 

Methods

Samples
	 Twenty-four SNPs along the β-globin gene cluster were selected on the basis of previous 
studies (20;21) (Table 1). DNA samples from healthy individuals of seven subsets of different 
populations were genotyped by MCA to test their informativity. These included 50 Dutch, 50 
Czech, 20 Turks, 20 Moroccans, 20 Greek, 20 Cypriots and 30 Surinamese individuals. Thirteen 
pregnant couples referred to our laboratory for carrier diagnostics were randomly selected and 
used to optimize and test the PAP reactions. In one family, only the mother was available for 
testing. A retrospective NIPD was performed in a Turkish couple at risk for SCD, referred to our 
clinic for CVS analysis. Their previously born unaffected child was also included in the study to 
determine the linkage of informative SNPs with the paternal wildtype allele. Prior to the CVS, a 
blood sample was drawn from mother at 18 weeks of gestation, to be used for the non-invasive test.
	 All individuals of whom blood and/or DNA was used in this study consented to use their 
material in scientific research.

Isolation of DNA
	 Genomic DNA was isolated from leukocytes using the Autopure LS robotic workstation 
(Gentra Systems, Minneapolis, MN, USA). Maternal blood samples were centrifuged to separate 
the plasma from the leukocytes, erythrocytes and platelets within 48 h after blood drawing. 
Plasma samples were stored at -80 oC until they were used for testing. Extraction of free DNA 
from the plasma was performed with the EZ1 Advanced workstation and the included EZ1 Virus 
Mini Kit v2.0 protocol (Qiagen, Venlo, The Netherlands).
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Melting curve analysis (MCA)
	 With the use of Primer3 (22) and Beacon Designer software (Bio-Rad Laboratories Inc, 
Hercules, CA, USA), primers were designed to amplify 12 different fragments along the β-globin 
gene cluster covering all 24 selected SNPs (Figure 1). In addition, 20 MCA probes were designed 
to cover SNPs specifically. Design of the primers and probes was based on the UCSC Genome 
Browser, February 2009 assembly (hg19). One of the probes covered three SNPs, and two 
probes covered two SNPs (Table 1). Because of the presence of highly homologous regions in 
the β-globin gene cluster, the PreG frame, XmnI site, F2 and F3 fragments were amplified in a 
first external reaction to obtain a specific polymerase chain reaction (PCR) product. This product 
was subsequently used as template for a second nested amplification to generate a shorter 
fragment, suitable to perform MCA. The other eight fragments were suitable for direct use for 
MCA without nested PCR. For the healthy control population, PCR products were also analyzed 
by direct sequencing to confirm the results and to validate the MCA technique.
	 The external PCR reaction was performed in a 20 μL volume containing 10x PCR buffer 
with MgCl2 (Roche, Basel, Switzerland), 0.2 mM dNTPs (Roche), 6 μM of each primer (Biolegio, 
Nijmegen, The Netherlands), 1 unit GoTaq polymerase (Promega, Madison, WI, USA) and 20 
ng genomic DNA. The reaction was initiated by 3 min denaturation at 94 oC, followed by 33 
cycles of 30 s denaturation, 1 min annealing at optimal annealing temperature (Table 1) and 90 s 
extension at 72 oC. Final extension occurred for 6 min at 72 oC.
	 The PCR for MCA was performed asymmetrically to generate an excess of one of the 
strands for the probe to hybridize.  The reaction was performed in 10x PCR buffer with MgCl2 
(Roche), 0.2 mM dNTPs (Roche), 1 μM forward primer, 10 μM reverse primer, 5 μM probe 
(Biolegio), 1 μL LCGreen® Plus dye (Idaho Technology Inc., Salt Lake City, UT, USA), 1 unit FastStart 
Taq polymerase (Roche) and 20 ng genomic DNA. In case of the nested PCR, 1:100 diluted 
external PCR product was used instead of genomic DNA. The PCR was performed in a 4Titude 
Framestar 96 wells plate (Bioké, Leiden, The Netherlands) and 15 μL mineral oil (Sigma) was 
added to prevent evaporation. The PCR was initiated with a 10 min hold at 95 oC. Thermal cycling 
was performed for 40 cycles of 20 s denaturation at 95 oC, 30 s annealing at optimal annealing 
temperature (Table 1) and 40 s extension at 72 oC. Finally, the reaction was elongated at 72 oC for 
5 min and heteroduplexes were generated in an additional step at 95 oC for 1 min. Subsequently, 
samples were melted in the LightScanner HR96 (Idaho Technology Inc.) by using a melt range of 
55 oC to 98 oC at a hold temperature of 50 oC. Data analysis of the melt curves was performed 
using the Call IT 1.5 software (Idaho Technology Inc.).

Pyrophosphorolysis-activated polymerization (PAP)
	 The PAP reaction was performed to detect the paternal allele in DNA isolated from 
maternal plasma. Primer pairs were designed for 12 SNPs, containing a blocked dideoxynucleotide 
at the 3’ terminus (ddC or ddA) of either the forward or reverse primer. Primers were designed in 
such a way that the blocked nucleotide is complementary to the position of the SNP, or maximally 
1 nt downstream of the SNP. Amplicon lengths ranged from 79 to 214 bp, which is suitable to 
amplify the fragmented ffDNA. The blocked primers were ordered from Fidelity Systems Inc. 
(Gaithersburg, MD, USA), the unblocked contra-primers were ordered from Biolegio. An overview 
of all the primers is given in Table 2. The PAP reaction was performed in PCR buffer (250 mM Tris-HCl 
pH 7.8, 80 mM (NH4)2SO4, 17.5 mM MgCl2, 125 μM dNTPs (each) and 450 μM Na4PPi), 2.5 U Klentaq 
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Figure 1 Overview of the positions of the 12 different fragments along the b-globin gene cluster, which 
are amplified by melting curve analysis (MCA). Each arrow represents one fragment covering one, 
two or three SNPs. Eight fragments were of suitable length (up to 400 bp) to perform MCA directly. 
The PreG frame, XmnI site, F2 and F3 fragments were first amplified in an external polymerase chain 
reaction (PCR) to obtain a specific PCR product, which was then used as template for a second nested 
MCA reaction.

(ScienTech Corp., Chesterfield, MO, USA) and 10 μL DNA isolated from maternal plasma. 
Thermal cycling consisted of 45 cycles of 15 s denaturation at 94 oC, a stepwise annealing for 2 
min (information on the optimal conditions for each primer pair is available upon request) and 
extension for 40 s at 72 oC. Amplified products were visualized by electrophoresis on a 3.5% Tris/
Borate/EDTA (TBE) agarose gel.

Results

Screening of healthy control populations
	 Along the β-globin gene cluster, 24 SNPs previously described were selected for which 
MCA primers were designed (20;21). Seventeen SNPs occurred with a frequency between 5% 
and 95% in the seven different populations and were therefore considered informative (Table 3).

Optimization of the PAP reactions
	 Pyrophosphorolysis-activated polymerization reactions were initially tested in genomic 
DNA samples with known genotype to test the sensitivity of the PAP and to determine the optimal 
conditions for each primer pair. Optimization of the PAP reactions included testing at different 
annealing temperatures and annealing times. Most reactions worked properly after trying three 
to four different conditions. For three SNPs, we designed new primers to obtain better results. 
After optimization, we tested the PAP reactions in dilution series of genomic DNA, in which we 
mixed a wildtype sample with a homozygous SNP genotype. For all 12 SNPs, we were able to 
detect <1% target gDNA mixed in > 99% wildtype gDNA isolated from whole blood. The next step 
included testing in cell-free DNA isolated from plasma samples from healthy control individuals. 
This was also performed in a dilution series by mixing a wildtype and a homozygous SNP plasma 
DNA sample. In all cases, ~3% of the SNP plasma DNA sample was detectable in ~97% wildtype 
DNA, indicating that our method was suitable to use for DNA isolated from blood plasma.
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Test cases: 13 pregnant couples 
	 Thirteen pregnant couples were referred to our laboratory for carrier diagnostics. In 
all cases, only one of the parents was a carrier of a hemoglobinopathy, so the couples were not 
at risk of having an affected child and prenatal diagnosis was not indicated. PAP reactions were 
tested in plasma DNA from these pregnant women at 10 to 18 weeks of gestation to test the 
performance of the PAP assay in maternal plasma. The MCA technique was used to genotype 
the SNPs prior to the PAP test to determine which SNPs were absent in the mother but present 
in the father and, when detected by PAP in maternal plasma, should be of fetal origin. In all 13 
couples, at least one SNP, and in eight families (~60% of the cases), two or more were informative 
(Table 4). Obviously, we could not determine the linkage of the SNP to the paternal mutations in 
these cases, as no other family members were available. However, in all cases, we were able to 
detect a paternal allele in maternal plasma. In ten families, genomic DNA of the baby (after birth) 
was available for testing, and PAP results were confirmed by direct sequencing analysis. All PAP 
reactions performed in this group of test cases showed the correct results. These results indicated 
that our method is suitable to perform NIPD for β-thalassemia major and SCD, provided that a 
previously born child or other family member is available for testing to determine the linkage to 
the paternal SNPs.

Proof of principle: retrospective NIPD
	 A Turkish couple at risk for SCD was referred to our clinic for prenatal diagnosis for their 
second pregnancy. Their first child was born unaffectedly. We performed MCA for both parents 
and the first child to determine the informative SNPs, as well as the linkage to the paternal 
alleles. One of the SNPs in the β-globin gene, rs7480526 (wildtype A, variant C), was informative 
in this family. The mother had a wildtype genotype (A/A), and both the father and the child were 
heterozygous (A/C). From this data, it could be concluded that the paternal A allele is linked to 
the hemoglobin S (HbS) mutation and C is linked to the paternal wildtype allele, because the first 
child inherited the C allele but not the HbS mutation from the father (Figure 2).
	 As a proof of principle, PAP was performed for the informative SNP on free plasma DNA 
isolated from maternal blood. Results showed the presence of the A and C allele in the reaction 
with the oligonucleotide specific for the A and C nucleotide, respectively. As the mother does not 
carry the C allele, it can be deduced that the fetus inherited the C allele from the father, which 
is linked to the normal allele (Figure 2). The fetus did not inherit the mutated allele from the 
father and will be either a carrier of HbS or normal and thus not affected with SCD. The result 
was confirmed by performing MCA for this SNP on the fetal material obtained by CVS, showing 
heterozygosity for the SNP (A/C). In addition, results from the CVS showed that the fetus was a 
carrier of HbS, indicating inheritance of the maternal mutation.

Discussion
	 The discovery of circulating ffDNA in maternal plasma during pregnancy has provided the 
possibility to perform non-invasive DNA tests on the fetus. In this study, we used a strategy which 
combined the use of the MCA and PAP technique for retrospective NIPD of β-thalassemia major 
and SCD. The PAP method is sensitive enough to detect the small amount of ffDNA in cell-free 
DNA isolated from maternal plasma. In this study we tested the PAP assay in 13 test couples and 
in 1 couple at risk. Our results show that this approach is suitable to detect the paternal allele in 
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Figure 2 (A) Pedigree of the test family. The first child inherited the C allele from the father but not 
the HbS mutation. Therefore, it can be concluded that the C is linked to the normal allele [normal 
(p)]. The C allele was detected in the maternal plasma, indicating that the second child also inherited 
the normal paternal allele and will thus not be affected with sickle-cell disease. (B) Results of gel 
electrophoresis of the pyrophosphorolysis-activated polymerization products. The left panel shows 
the results from the reaction of the primer pair to detect the variant (C), the right panel depicts the 
results from the wildtype (A) primer pair. The A allele is obviously present, as the mother carries this 
allele. However, the C allele is also detected, which must be of fetal origin. (M: Gene Ruler 100 bp 
marker, lane 1: control sample C/C, lane 2: control sample A/A, lanes 3 and 4: DNA sample isolated 
from maternal plasma, lane 5: blanc)

plasma from pregnant women as we were able to detect the paternal allele in all cases. The 
major advantage of this kind of prenatal testing is its early and non-invasive approach. There is 
no increased risk for fetal loss due to the invasive procedure and this will make prenatal diagnosis 
more safe for pregnant women. Admission to the hospital is not necessary, which reduces the 
costs compared with invasive testing. Furthermore, ffDNA can be detected in maternal blood 
from the 6th week of gestation, which enables early prenatal diagnosis (23).
	 Melting curve analysis is a helpful screening method to identify which of the SNPs are 
informative in the family. Analysis of both parents and selection of the informative SNPs can be 
performed within 1 day, which is a major advantage compared to any sequence-based technology. 
It is highly robust, costs are relatively low and results are obtained with high sensitivity and 
specificity. Furthermore, SNPs that do not create or eliminate restriction sites can also be screened 
for with this method. The MCA method is high throughput, 96 reactions can be performed and 
analyzed simultaneously. MCA can be used as a quick screening method to select the informative 
markers, and the sensitivity of the PAP assay is necessary for detection of the ffDNA. The 
PAP assay can be performed in 1 day, so the complete NIPD can be performed within 2 days.
	 A limitation of using linkage for NIPD is the requirement of a previously born child 
or other family member to determine the phase of the paternal mutation in combination 
with the SNP. However, the number of requests for prenatal diagnosis is increasing due to 
the implementation of hemoglobinopathy in the newborn screening in the Netherlands as of 
January 2007 (24). When the first-born in a family appears to be carrier of or affected with a 
hemoglobinopathy, parents will be tested. If it concerns a couple at risk, prenatal diagnosis will 
be offered for any following pregnancies.
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	 It is well known that the human β-globin gene cluster contains a hotspot for meiotic 
recombination between the δ-globin and β-globin genes (20). In previous studies, the rate of 
recombination in the β-globin gene cluster is estimated to be 3 to 30 times (25) and 30 to 50 
times (26) greater than the genome-wide average. The presence of a recombinant β-globin 
haplotype in a family has significant implications when linkage is used for prenatal diagnosis (27). 
Therefore, it is important to perform a complete haplotype analysis and, whenever possible, use 
SNPs located at both the 3’ and 5’ end of the recombination hotspot. In the couple at risk tested in 
the current study, only one informative SNP was present. However, this particular SNP is located 
in the β-globin gene itself, which eliminates the risk of having a false positive or negative result 
due to meiotic recombination. If none of the SNPs within the β-globin gene are informative, it 
is required to test at least two SNPs, one at each side of the recombination hotspot, to obtain a 
reliable diagnosis.
	 It might occur that none of the 12 SNPs is informative in some families. To be able to 
perform NIPD by PAP, it is required that the father has a heterozygote genotype for one of the 
SNPs whereas the mother is wildtype or homozygous. Therefore, we will continue developing and 
optimizing PAP assays for the other five informative SNPs which will enable us to test for both the 
wildtype and the mutant alleles in all 17 informative SNPs. This will increase the chances of finding 
an informative SNP within a family and will make the test applicable to more couples at risk. 
	 The purpose of this study was to design PAP assays for the 17 SNPs that appeared to 
be informative from the screening of the healthy control populations by MCA. We were able to 
design PAP primers for 12 of the SNPs, and two primer sets were designed for seven of these 
SNPs, one to detect the wildtype and one for the mutant allele. Because of the stringencies for 
the PAP primer design (e.g. GC content, Tm, location of the SNP), assays for the other five SNPs are 
not optimized yet. However, the 12 SNPs provided sufficient information to perform the current 
study. In the near future, we will perform the NIPD by PAP in parallel to the standard CVS and 
AC procedures. After a period of validation, the PAP technique will be introduced as a standard 
diagnostic method for prenatal diagnosis. 
	 Other studies describing NIPD for paternally inherited β-thalassemia mutations include 
detection of the codon 41/42 (-CTTT) mutation by using real-time PCR (28) and hemoglobin E 
detection by restriction enzyme analysis of PCR products (29). However, these approaches are 
suitable for a single mutation and are not applicable when both parents carry the same mutation. 
The allele-specific arrayed primer extension (AS-APEX) method combines detection of mutations 
and genotyping of SNPs (30), similar to the current study. Although this approach showed to be 
very useful for the southern Chinese population, only four mutations can be detected by this 
AS-APEX assay, which would not be sufficient to apply in north European countries. Another 
possibility is to detect the paternal allele by the use of matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (31). In addition, this method, in combination with multiplex 
PCR of single-copy DNA (M1-PCR), enables direct haplotyping without the use of pedigree data. 
This would make the NIPD method described in this study applicable to more pregnant couples 
at risk (32). These mass spectrometry methods showed high specificity and sensitivity, but the 
use of sophisticated and expensive equipment limits the applicability in diagnostic laboratories. 
PAP in combination with MCA is relatively cheap and quick to perform. In principle, this approach 
is suitable to perform NIPD for all β-thalassemia causing mutations and the sickle-cell mutation, 
even when both parents carry the same mutation.
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In conclusion, this study has shown that the PAP assay, in combination with the MCA method, 
can be used for paternal allele detection in maternal plasma. This enables NIPD of β-thalassemia 
major and SCD, provided that a previously born child or other family member is available for 
testing to determine the linkage to the paternal SNPs. If the SNP linked to the paternal mutation 
is detected, an invasive procedure will still be necessary to check whether the fetus also inherited 
the maternal mutation. However, NIPD methods will make half of the invasive procedures 
redundant when informative SNPs are present. The use of SNPs instead of mutations makes it 
possible to perform NIPD in couples carrying the same mutation. In addition, this approach might 
also be applicable for other genetic disorders as linkage to informative SNPs can be used for most 
disease genes. 

Acknowledgements
	 The authors would like to thank Joanne Traeger-Synodinos, George Patrinos and Marina 
Kleanthous for sending us control samples for the MCA tests. This study was funded by the 
European Commission under the 7th Framework Program TECHGENE-HEALTH-F5-2009-223143, 
EuroGentest2-HEALTH-F4-2010-261469 and European Commission grant “ITHANET” no. 026539. 
SY and SF are supported by grants from the Faculty of Associated Medical Sciences and the 
National Research University (NRU) Project, Khon Kaen University, Thailand.

Reference List

(1) 	 Weatherall DJ, Williams TN, Allen SJ, O’Donnell A. The population genetics and dynamics of the 
	 thalassemias. Hematol Oncol Clin North Am 2010 Dec;24(6):1021-31.
	
(2) 	 Henderson S, Timbs A, McCarthy J, Gallienne A, Van MM, Masters G, et al. Incidence of 
	 haemoglobinopathies in various populations - the impact of immigration. 
	 Clin Biochem 2009 Dec;42(18):1745-56.
	
(3) 	 Modell B, Darlison M. Global epidemiology of haemoglobin disorders and derived service indicators.
	 Bull World Health Organ 2008 Jun;86(6):480-7.
	
(4) 	 Bouva MJ, Mohrmann K, Brinkman HB, Kemper-Proper EA, Elvers B, Loeber JG, et al. Implementing 
	 neonatal screening for haemoglobinopathies in the Netherlands. J Med Screen 2010 Jun;17(2):58-65.

(5) 	 Tabor A, Alfirevic Z. Update on procedure-related risks for prenatal diagnosis techniques. 
	 Fetal Diagn Ther 2010;27(1):1-7.
	
(6) 	 Nicolaides K, Brizot ML, Patel F, Snijders R. Comparison of chorionic villus sampling and amniocentesis 
	 for fetal karyotyping at 10-13 weeks’ gestation. Lancet 1994 Aug 13;344(8920):435-9.
	
(7) 	 Lo YM, Corbetta N, Chamberlain PF, Rai V, Sargent IL, Redman CW, et al. Presence of fetal DNA in 
	 maternal plasma and serum. Lancet 1997 Aug 16;350(9076):485-7.

(8) 	 Lo YM, Hjelm NM, Fidler C, Sargent IL, Murphy MF, Chamberlain PF, et al. Prenatal diagnosis of fetal 
	 RhD status by molecular analysis of maternal plasma. N Engl J Med 1998 Dec 10;339(24):1734-8.
	
(9) 	 van der Schoot CE, Hahn S, Chitty LS. Non-invasive prenatal diagnosis and determination of fetal Rh 
	 status. Semin Fetal Neonatal Med 2008 Apr;13(2):63-8.
	
(10) 	 Chiu RW, Akolekar R, Zheng YW, Leung TY, Sun H, Chan KC, et al. Non-invasive prenatal assessment of 
	 trisomy 21 by multiplexed maternal plasma DNA sequencing: large scale validity study. 
	 BMJ 2011;342:c7401.
	
(11) 	 Scheffer PG, van der Schoot CE, Page-Christiaens GC, Bossers B, van EF, de HM. Reliability of fetal sex 
	 determination using maternal plasma. Obstet Gynecol 2010 Jan;115(1):117-26.
	



145

(12) 	 Devaney SA, Palomaki GE, Scott JA, Bianchi DW. Noninvasive fetal sex determination using cell-free 
	 fetal DNA: a systematic review and meta-analysis. JAMA 2011 Aug 10;306(6):627-36.
	
(13) 	 Lun FM, Chiu RW, Allen Chan KC, Yeung LT, Kin LT, Dennis Lo YM. Microfluidics digital PCR reveals a 
	 higher than expected fraction of fetal DNA in maternal plasma. Clin Chem 2008 Oct;54(10):1664-72.
	
(14) 	 Boon EM, Schlecht HB, Martin P, Daniels G, Vossen RH, den Dunnen JT, et al. Y chromosome detection 
	 by Real Time PCR and pyrophosphorolysis-activated polymerisation using free fetal DNA isolated from 
	 maternal plasma. Prenat Diagn 2007 Oct;27(10):932-7.
	
(15) 	 Liu Q, Sommer SS. Pyrophosphorolysis-activated polymerization (PAP): application to allele-specific 
	 amplification. Biotechniques 2000 Nov;29(5):1072-6, 1078, 1080.
	
(16) 	 Liu Q, Sommer SS. PAP: detection of ultra rare mutations depends on P* oligonucleotides: “sleeping 
	 beauties” awakened by the kiss of pyrophosphorolysis. Hum Mutat 2004 May;23(5):426-36.
	
(17) 	 Liu Q, Sommer SS. Pyrophosphorolysis-activatable oligonucleotides may facilitate detection of rare 
	 alleles, mutation scanning and analysis of chromatin structures. Nucleic Acids Res 2002 Jan 15;30(2):598-604.

(18) 	 Giordano PC, Harteveld CL, Heister AJ, Batelaan D, van DP, Plug R, et al. The molecular spectrum 
	 of beta-thalassemia and abnormal hemoglobins in the allochthonous and autochthonous dutch 
	 population. Community Genet 1998;1(4):243-51.
	
(19) 	 Giardine B, van BS, Kaimakis P, Riemer C, Miller W, Samara M, et al. HbVar database of human 
	 hemoglobin variants and thalassemia mutations: 2007 update. Hum Mutat 2007 Feb;28(2):206.
	
(20) 	 Antonarakis SE, Boehm CD, Giardina PJ, Kazazian HH, Jr. Nonrandom association of polymorphic 
	 restriction sites in the beta-globin gene cluster. Proc Natl Acad Sci U S A 1982 Jan;79(1):137-41.
	
(21) 	 Orkin SH, Kazazian HH, Jr., Antonarakis SE, Goff SC, Boehm CD, Sexton JP, et al. Linkage of beta-
	 thalassaemia mutations and beta-globin gene polymorphisms with DNA polymorphisms in human 
	 beta-globin gene cluster. Nature 1982 Apr 15;296(5858):627-31.
	
(22) 	 Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist programmers. 
	 Methods Mol Biol 2000;132:365-86.

(23) 	 Galbiati S, Smid M, Gambini D, Ferrari A, Restagno G, Viora E, et al. Fetal DNA detection in maternal 
	 plasma throughout gestation. Hum Genet 2005 Jul;117(2-3):243-8.
	
(24) 	 Kaufmann JO, Demirel-Gungor G, Selles A, Hudig C, Steen G, Ponjee G, et al. Feasibility of nonselective 
	 testing for hemoglobinopathies in early pregnancy in The Netherlands. Prenat Diagn 2011 Oct 26.
	
(25) 	 Chakravarti A, Buetow KH, Antonarakis SE, Waber PG, Boehm CD, Kazazian HH. Nonuniform 
	 recombination within the human beta-globin gene cluster. Am J Hum Genet 1984 Nov;36(6):1239-58.
	
(26) 	 Fearnhead P, Harding RM, Schneider JA, Myers S, Donnelly P. Application of coalescent methods to 
	 reveal fine-scale rate variation and recombination hotspots. Genetics 2004 Aug;167(4):2067-81.
	
(27) 	 Old JM, Heath C, Fitches A, Thein SL, Jeffreys AJ, Petrou M, et al. Meiotic recombination between two 
	 polymorphic restriction sites within the beta globin gene cluster. J Med Genet 1986 Feb;23(1):14-8.
	
(28) 	 Chiu RW, Lau TK, Leung TN, Chow KC, Chui DH, Lo YM. Prenatal exclusion of beta thalassaemia major 
	 by examination of maternal plasma. Lancet 2002 Sep 28;360(9338):998-1000.
	
(29) 	 Fucharoen G, Tungwiwat W, Ratanasiri T, Sanchaisuriya K, Fucharoen S. Prenatal detection of fetal 
	 hemoglobin E gene from maternal plasma. Prenat Diagn 2003 May;23(5):393-6.
	
(30) 	 Chan K, Yam I, Leung KY, Tang M, Chan TK, Chan V. Detection of paternal alleles in maternal plasma
	 for non-invasive prenatal diagnosis of beta-thalassemia: a feasibility study in southern Chinese. 
	 Eur J Obstet Gynecol Reprod Biol 2010 May;150(1):28-33.
	
(31) 	 Ding C. Maldi-TOF mass spectrometry for analyzing cell-free fetal DNA in maternal plasma. 
	 Methods Mol Biol 2008;444:253-67.
	
(32) 	 Ding C, Cantor CR. Direct molecular haplotyping of long-range genomic DNA with M1-PCR. 
	 Proc Natl Acad Sci U S A 2003 Jun 24;100(13):7449-53.




