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Abstract
Background: β‐thalassemia is one of the most common monogenic diseases 
in the world. Southeast China is a highly infected area affected by four β‐thalas-
semia mutation types (HBB:c.‐78A>G, HBB:c.52A>T, HBB:c.126_129delCTTT, 
and HBB:c.316‐197C>T). Relative haplotype dosage (RHDO), a haplotype‐based 
approach, has shown promise as an application for noninvasive prenatal diagnosis 
(NIPD); however, additional family members (such as the proband) are required 
for haplotype construction. The abovementioned circumstances make RHDO‐based 
NIPD cost prohibitive; additionally, the genetic information of the proband is not al-
ways available. Thus, it is necessary to find a practical method to solve these problems.
Methods: Targeted sequencing was applied to sequence parental genomic DNA 
and cell‐free fetal DNA (cffDNA). Parental haplotypes were constructed with the 
SHAPEIT software based on the 1000 Genomes Project (1000G) Phase 3 v5 Southern 
Han Chinese (CHS) haplotype dataset. Single‐nucleotide polymorphisms (SNPs) in 
the target region were called and classified, and the fetal mutation inheritance status 
was deduced using the RHDO method.
Results: Construction of the parental haplotypes and detection of the inherited pa-
rental mutations were successfully achieved in five families, despite a suspected re-
combination event. The status of the affected fetuses is consistent with the results of 
traditional reverse dot blot (RDB) diagnosis.
Conclusion: This research introduced SHAPEIT into the classical RHDO workflow 
and proved that it is applicable to construct parental haplotypes without information 
from other family members.
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1 |  INTRODUCTION

β‐thalassemia, which is caused by mutations in the HBB 
gene located on chromosome 11, is one of the most com-
mon monogenic diseases in the world (Higgs, Engel, & 
Stamatoyannopoulos, 2012). These variants result in reduced 
or absent hemoglobin tetramer β‐globin chain synthesis 
(Rund & Rachmilewitz, 2005). Over 200 different β‐thalas-
semia mutations have been identified to date, with the ma-
jority being point mutations, deletions, or insertions in the 
HBB gene or its immediate flanking region (Giardine et al., 
2014). In China, a large number of carriers live in the south-
eastern region, and the following four mutations in the HBB 
gene comprise nearly 87% of all β‐thalassemia mutations in 
this area: ‐28A>G (HBB: c.‐78A>G), CD17A>T (HBB: 
c.52A>T), CD41‐42(‐TTCT) (HBB: c.126_129delCTTT), 
and IVS‐II‐654C>T (HBB:c.316‐197C>T) (Lai, Huang, Su, 
& He, 2017; Li et al., 2014; Lin et al., 2014; Yin et al., 2014).

If both parents are carriers, they have a 25% risk of giving 
birth to an affected child, who will need frequent blood trans-
fusions and iron chelation; the ultimate cure requires stem‐cell 
transplantation and gene therapy (Higgs et al., 2012). The pre-
vention of this disease in newborns is a significant issue for the 
parents and the government because the treatment is painful for 
the patients and places a heavy burden on society. Therefore, 
the most effective strategy is to reduce the incidence of this 
genetic disease, which can be accomplished by utilizing appro-
priate prenatal diagnosis in clinical practice. However, tradi-
tional prenatal diagnosis, which includes invasive procedures 
such as amniocentesis and chorionic villus sampling (CVS), 
increases the risk of miscarriage (Akolekar, Beta, Picciarelli, 
Ogilvie, & D'Antonio, 2015; Han et al., 2014). Noninvasive 
prenatal diagnosis (NIPD) offers an excellent option.

The discovery of cell‐free fetal DNA (cffDNA) in mater-
nal plasma by Lo et al. shows excellent potential for NIPD 
(Lo et al., 1997). To date, the performance of NIPD in the 
screening of common fetal chromosomal aneuploidies has 
been reported with high levels of accuracy, resulting in a de-
cline in the number of invasive diagnostic procedures (Chiu 
et al., 2008; Gil, Accurti, Santacruz, Plana, & Nicolaides, 
2017; Wong & Lo, 2015). In addition to detecting fetal an-
euploidies, researchers have focused on monogenic disease 
diagnosis via this discovery (Chitty & Lo, 2015; Daley, Hill, 
& Chitty, 2014; Parks et al., 2017; Vermeulen et al., 2017).

The most common strategy for the noninvasive determi-
nation of autosomal dominant diseases is the identification of 
a paternal mutation in maternal plasma, which can prove the 
presence of an affected fetus. For example, NIPD procedures 

for Huntington disease (Gonzalez‐Gonzalez et al., 2008), 
achondroplasia (Chitty et al., 2011), and myotonic dystrophy 
(Amicucci, Gennarelli, Novelli, & Dallapiccola, 2000) have 
shown great success in at‐risk couples. For autosomal reces-
sive inheritance, if the parents carry different mutations, the 
absence of the paternal allele in maternal plasma would ex-
clude the presence of an affected fetus, and thus, a subset of 
pregnant women could avoid invasive diagnostic procedures. 
Various diseases for which this NIPD strategy has been ad-
opted include cystic fibrosis (Bustamante‐Aragones et al., 
2008), congenital adrenal hyperplasia (CAH) (Chiu et al., 
2002), and thalassemia (Xiong et al., 2015; Zafari et al., 2016).

Although NIPD for monogenic recessive disease shows 
a bright future in clinical application, it still faces several 
technical challenges. The contamination of cffDNA by ma-
ternal plasma is one of the major obstructions to overcome 
incorrectly identifying the fetal disease‐related genotype, 
particularly when both parents carry the same variant. In the 
last decade, using massively parallel sequencing to conduct 
genome‐wide genotyping for the disease‐causing gene or its 
surrounding single‐nucleotide polymorphisms (SNPs) has 
provided new possibilities for inferring fetal SNP alleles.

For NIPD of β‐thalassemia, Lo et al. first demonstrated the 
feasibility of a haplotype‐based method, termed relative hap-
lotype dosage (RHDO) analysis, for deducing the fetal inheri-
tance of the maternally transmitted haplotype (Lo et al., 2010). 
Further successful cases have shown that researchers can es-
tablish NIPD with high detection rates in other monogenic dis-
eases, such as Duchenne muscular dystrophy (DMD) (Xu et al., 
2015), spinal muscular atrophy (SMA) (Parks et al., 2017), and 
CAH (New et al., 2014), with this strategy. However, the pro-
cess of haplotype construction requires either the use of other 
family members as probands or complex bioinformatics analy-
sis, which causes difficulties in translation to clinical practice.

Technical complexity and the high cost are two constraints 
in NIPD for single gene disorders. In this study, we aimed to 
develop a fetal haplotype phase strategy without relying on 
proband information and confirm the practicability of the 
RHDO method for detecting fetal mutations inherited from at‐
risk parents who carry the same types of mutant alleles, which 
can decrease testing cost and enhance the application range.

2 |  MATERIALS AND METHODS

2.1 | Ethical approval and sample collection
This study was approved by the Ethics Committee of the 
Third Affiliated Hospital of Guangzhou Medical University 
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(code:2017‐052). Five couples at risk of β‐thalassemia were 
recruited (shown in Table 1) after appropriate counseling 
and provided written informed consent. Fifteen milliliters of 
peripheral blood was collected from each pregnant woman 
before she underwent prenatal diagnosis, and 5  ml of pe-
ripheral blood was collected from each of their husbands. 
The maternal blood samples were collected at gestational 
ages from 18+3 weeks to 28+0 weeks (median, 20+4 weeks) 
in EDTA tubes. Plasma samples were separated from whole 
blood by centrifugation at 1,600× g for 10 min and then at 
16,000× g for 10 min, both at 4°C. Finally, the plasma sam-
ples were stored in 2  ml aliquots at −80°C until cffDNA 
extraction.

The fetal DNA extracted from the amniocentesis samples 
was genotyped by the PCR‐based reverse dot blot (RDB) 
method, which was used to validate the cffDNA results.

2.2 | DNA extraction
The cffDNA was extracted from 2 ml of thawed plasma using 
the Qiagen Circulating Nucleic Acid Kit (Qiagen) according 
to the manufacturer's instructions. Parental genomic DNA 
was extracted from buffy coat samples using the Qiagen DNA 
Mini Kit (Qiagen) following the manufacturer's protocol.

2.3 | Probe design
We designed probes covering approximately 800 kb of the 
target region, which contained the HBB gene and its upstream 
and downstream regions at human genome position chr11: 
4846695‐5648301 (hg19, NCBI37). Other probes targeted 
to chromosome 16 for other studies were also present in the 
custom‐designed NimbleGen EZ array (Roche NimbleGen) 
used in this study. All available probes were used to calculate 
the concentration of the fetal fraction in the maternal plasma. 
The probes were obtained from Roche Sequencing (Roche 
NimbleGen) with biotinylation.

2.4 | Targeted capture sequencing
The genomic DNA from the parents was sonicated randomly 
into fragments of ~200 bp. The size distribution of the sonicated 
DNA was confirmed using a DNA 1000 Assay on a Bioanalyzer 
Model 2100 (Agilent), and the concentration was determined 
using a Qubit double‐stranded DNA High Sensitivity Assay 
Kit and Qubit fluorometer (Life Technologies). Two micro-
grams of fragmented DNA and cffDNA were used as inputs 
for library preparation. All steps were carried out according 
to the NimbleGen SeqCap EZ HyperCap Workflow User's 
Guide (Version 1.0), including precapture library synthesis, 
hybridization to custom‐designed NimbleGen sequence cap-
ture probes, washing, recovery, and amplification of captured 
DNA. Next, the postcapture cffDNA libraries were gel selected T
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to 180–200 bp (Li et al., 2005). Finally, the DNA libraries were 
quantified by a Qubit fluorometer and Bioanalyzer Model 2100.

The postcapture libraries were sequenced on an Illumina 
HiSeqTM 2000 (Illumina) according to the manufacturer's 
recommendations using a paired‐end 150 bp protocol.

2.5 | Alignment and calling of 
SNPs and indels
The raw data were first aligned to the human reference ge-
nome (hg19, NCBI37) using the BWA (version 0.7) soft-
ware with default parameters. SAMtools (version 1.2) was 
used to convert, sort, and index the alignment “.bam” files. 
To remove the effects of duplicate reads, we used the Picard 
(version 1.93) software to mark duplicates and reduce PCR 
errors. After these steps, SNPs and indels calling was per-
formed using GATK. The presence of genomic DNA muta-
tions was confirmed by visual inspection of the mapped reads 
in Integrative Genomics Viewer (IGV) (Thorvaldsdottir, 
Robinson, & Mesirov, 2013).

2.6 | Estimation of the fetal fraction 
concentration
For the captured SNPs on chromosomes 11 and 16, the con-
centration of the fetal fraction was estimated. SNPs that were 
homozygous for different alleles in each parent were used to 
calculate the cffDNA concentration in maternal plasma (f). 
The formula was f=

∑

2p
∑

(p+q)
, where p indicates the read count 

of the fetal‐specific allele and q indicates the depth of the other 
allele, which was shared by the maternal and fetal genomes.

2.7 | Construct haplotype information and 
informative SNP selection
To construct the parental haplotypes without requiring the 
genotypes of other family members, we selected informative 
SNPs in the target region. Next, the parental haplotypes were 
constructed using the SHAPEIT software (O'Connell et al., 
2014) from the informative SNPs and reference data of the 
1000 Genome Project CHS haplotype dataset.

2.8 | Informative SNP category and fetus 
haplotype deduction
For RHDO analysis, the informative SNPs selected previ-
ously were classified into two categories as reported previ-
ously (Lo et al., 2010). To deduce the maternally inherited 
allele, SNPs which are heterozygous in the mother and ho-
mozygous in the father were selected first. Then, these se-
lected SNPs were further grouped into two categories. An 
SNP located in the maternal haplotype I (Hap I) and same 

as the paternal allele was denoted as a type A SNP. In con-
trast, an SNP in the maternal haplotype II (Hap II) and identi-
cal to the paternal allele was denoted as type B SNPs. If the 
fetus inherited Hap I, type A SNPs would be examined as an 
overrepresentation. Otherwise, if the fetus inherited Hap II, 
alleles on Hap I and Hap II would be equally represented. 
Similarly, if the fetus inherited Hap II, type B SNPs would be 
overrepresented. While if Hap I was transmitted to the fetus, 
alleles on Hap I and Hap II would be equally represented. 
The haplotypes inherited by the fetus can be deduced by cal-
culating the allelic imbalance using the sequential probabil-
ity ratio test (SPRT) (El, Zhou, & Whittemore, 2006; Lo et 
al., 2010). After identifying the haplotype (Hap I or Hap II) 
inheritance of the fetus, we checked whether the haplotype 
was mutation located or not, which would then determine the 
genetic situation of the fetus.

2.9 | Data analysis workflow
The analytical pipeline was written in Python version 2.7 
in the Linux environment and aimed to efficiently diag-
nose the fetal inherited disease status using parental DNA 
and cffDNA. The parental haplotypes were phased using 
SHAPEIT (Delaneau, Coulonges, & Zagury, 2008), and the 
RHDO method was subsequently applied (Lo et al., 2010) to 
predict the maternal haplotype most likely inherited by the 
fetus, as has been reported previously (Lo et al., 2010).

The workflow analysis consists of the following main steps 
(Figure 1, with a detailed description in the Supplementary 
Note): (1) detection of parental SNP loci; (2) classification 
of cffDNA loci; (3) estimation of fetal fraction concentration; 
(4) determination of parental haplotypes with SHAPEIT; (5) 
RHDO prediction of the most likely inherited maternal haplo-
type; (6) prediction of the most likely inherited paternal muta-
tion; (7) deduction of inherited mutations; and (8) validation.

3 |  RESULTS

3.1 | General workflow and sample 
characteristics
The overview workflow is shown in Figure 1. A target re-
gion capture strategy was used for DNA sequencing, both 
for parental genomic DNA and maternal cffDNA. Parental 
genomic DNA sequencing information was used to construct 
the parental haplotypes, and maternal DNA sequencing re-
sults were applied to predict fetal genotypes. CVS samples 
were tested by using a reverse dot plot to compare results 
obtained from the sequence‐based method.

Five couples at risk for β‐thalassemia who attended a 
clinic for prenatal diagnosis were recruited. The five cou-
ples are all carriers of β‐thalassemia mutations, but their 
mutations were different, except for the two couples from 
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families 4 and 5 (Table 1). Both couples from families 4 
and 5 carried the CD41‐42 (HBB:c.126_129delCTTT) mu-
tation. Four common Southeast Chinese point mutations 
in the β‐thalassemia gene were identified in five couples, 
which were confirmed by the sequencing data. Figures 2 
and 3 show the two mutations carried by the couple in fam-
ily 1.

3.2 | Sequencing data characteristics
Parental genomic DNA and cffDNA were sequenced sepa-
rately. The sequencing data from the parental genomic sam-
ples in the target region produced a mean of 3,425,569.6 
reads per sample with a mean depth of 621.6‐fold (Table 1). 
With a mean sequencing depth of 835.58‐fold, each cffDNA 
sample produced a mean of 4,603,777 reads (Table 2). The 

fetal DNA concentration was measured and is listed in Table 
2. The fetal fraction ranged from 17% to 34%, with an aver-
age of 26.2% (Table 2).

3.3 | Construction of parental haplotypes
Before deducing the fetal haplotype, the parental haplotypes 
were first phased. Without the proband genotype, parental 
haplotypes were constructed using a computational phase 
method that took advantage of the 1000G database CHS 
haplotype dataset using the SHAPEIT software. In total, 340 
SNPs were selected as a candidate SNP (informative SNPs) 
set for constructing the parental haplotypes (Supplementary 
File S1), which contained four SNP categories (detailed in 
the Methods). Informative SNPs were then used to construct 
parental haplotypes of each family separately. The parental 

F I G U R E  1  General workflow for β‐
thalassemia diagnosis using the traditional 
method (RBD) and the noninvasive prenatal 
method. gDNA, genomic DNA; cffDNA, 
cell‐free fetal DNA; CVS, chorionic villus 
sampling; RDB, reverse dot blot; RHDO, 
relative haplotype dosage



6 of 13 |   LI et aL.

F I G U R E  2  The family 1 maternal mutation in the genomic DNA. Integrative Genomics Viewer (IGV) shows the point mutation (IVS‐II‐654, 
HBB:c.316‐197C>T) at chromosome 11:52947153, which was G in the reference. The SNP at chromosome 11:5247141 was linked with the 
mutation in the same haplotype. The green letters in the gray alignments represent the bases that did not match the reference base. M, mutation
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F I G U R E  3  The family 1 paternal mutation in the genomic DNA. Integrative Genomics Viewer (IGV) shows the deletion (CD41‐42, 
HBB:c.126_129delCTTT) at chromosome 11:52947993 to 52947996, which was AAAG in the reference. The short horizontal black lines in the 
gray alignments represent 4‐nucleotide deletions. DEL, deletion
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haplotypes of the five families are presented in Supplementary 
File S2–S6. The number of informative SNPs used to con-
struct the haplotypes of each couple ranged from 127 to 198, 
with a median value of 146 (Table 2, Supplementary File S2–
S6), among which 28.3% to 83.6% of the applied SNPs were 
used for fetus haplotype deduction (Table 2).

3.4 | Deduction of the fetus haplotype in 
family 1 to family 3
The parents from families 1 to 3 carry different HBB mu-
tations (Table 1); thus, paternally inherited mutations can 
be detected by testing the paternal mutation loci in mater-
nal plasma DNA through sequencing reads. We correctly 
identified the paternal‐inherited mutations in family 1, fam-
ily 2, and family 3, with a frequency of 4.99%, 9.64%, and 
11.85% in the cffDNA sequencing data, respectively, which 
indicated that all three fetuses inherited their father's mutant 
locus (Table 3).

Maternally inherited mutations were detected through 
haplotype deduction based on the RHDO strategy (Lo et 
al., 2010). In family 1, 72 type A SNPs and 6 type B SNPs 
supported that the fetus inherited one of the two maternal 
haplotypes, and it was then identified as a mutation‐located 
haplotype (Table 2). The fetal haplotypes of family 2 and 
family 3 were deduced by the same RHDO method as family 
1. The results showed that the family 2 fetus inherited a ma-
ternal mutation‐linked haplotype and the family 3 fetus inher-
ited a maternal wild‐type allele (Table 2).

A problem was encountered when constructing the ma-
ternal haplotype of family 1. The mother of family 1 was a 
carrier of the IVS‐II‐654 (HBB:c.316‐197C>T) mutation 
(Figure 2). However, there were no reference loci available 
in the 1000G CHS haplotype dataset, which made it diffi-
cult to determine to which haplotype the SNPs belonged. 
Fortunately, an SNP locus (base A) at chr11: 5247141 was 
identified upstream of the mutant allele. After data analy-
sis, we inferred that both the chr11: 5247141 loci and the 
mutation loci were likely to be present in the same haplo-
type (Figure 2). A total of 119 reads supported the linkage 

T
A

B
L

E
 2

 
Fe

ta
l g

en
ot

yp
es

 a
nd

 c
ff

D
N

A
 se

qu
en

ci
ng

 d
at

a

Fa
m

ily
Fe

ta
l g

en
ot

yp
e

SN
Ps

 u
se

d 
fo

r 
R

H
D

O

Fe
ta

l f
ra

c-
tio

n 
(%

)
C

ffD
N

A
 se

qu
en

c-
in

g 
re

ad
s

C
ffD

N
A

 se
qu

en
c-

in
g 

de
pt

h 
(×

)
Pr

ed
ic

te
d 

re
su

lt
SN

Ps
 u

se
d 

fo
r 

pa
-

re
nt

al
 h

ap
lo

ty
pe

M
at

er
na

l
Pa

te
rn

al

Ty
pe

 A
Ty

pe
 B

Ty
pe

 A
Ty

pe
 B

1
C

D
41

‐4
2/

IV
S‐

II
‐6

54
72

8 
(6

)
—

—
19

39
82

45
3

72
7

A
cc

or
da

nc
e

13
4

2
C

D
17

/IV
S‐

II
‐6

54
10

1
8

—
—

34
58

81
10

0
10

67
A

cc
or

da
nc

e
19

8

3
‐2

8/
N

24
12

—
—

31
43

12
77

5
77

6
A

cc
or

da
nc

e
12

7

4
C

D
41

‐4
2/

C
D

41
‐4

2
0

56
21

45
 (4

2)
17

44
28

86
8

80
7

A
cc

or
da

nc
e

14
6

5
C

D
41

‐4
2/

N
16

6
24

13
30

44
13

68
9

80
2

A
cc

or
da

nc
e

12
7

N
ot

e:
 In

 fa
m

ily
 1

, s
ix

 ty
pe

 B
 S

N
Ps

 su
pp

or
te

d 
th

e 
in

he
re

nc
e 

of
 o

ne
 h

ap
lo

ty
pe

, w
hi

le
 tw

o 
ty

pe
 B

 S
N

Ps
 su

pp
or

t t
he

 in
he

re
nc

e 
of

 th
e 

ot
he

r h
ap

lo
ty

pe
. T

he
 sa

m
e 

ph
en

om
en

on
 w

as
 fo

un
d 

in
 fa

m
ily

 5
, i

n 
w

hi
ch

 th
re

e 
ty

pe
 B

 S
N

Ps
 

sh
ow

ed
 a

 n
eg

at
iv

e 
re

su
lt 

am
on

g 
th

e 
45

 ty
pe

 B
 S

N
Ps

 u
se

d 
fo

r t
he

 p
at

er
na

lly
 in

he
rit

ed
 h

ap
lo

ty
pe

 d
ed

uc
tio

n.
A

bb
re

vi
at

io
ns

: ‐
28

, H
B

B
: c

.‐7
8A

>
G

; C
D

17
, H

B
B

: c
.5

2A
>

T;
 C

D
41

‐4
2,

 H
B

B
: c

.1
26

_1
29

de
lC

TT
T;

 IV
S‐

II
‐6

54
, H

B
B

:c
.3

16
‐1

97
C

>
T;

 N
, w

ild
 ty

pe
.

T A B L E  3  The percentage of paternal mutations in maternal 
plasma DNA and the same loci in maternal genomic DNA

Family

In maternal 
genomic  
DNA (%)

In maternal 
plasma  
DNA (%)

Reference  
readsa

Mutant  
readsb

1 0.11 4.99 724 38

2 0.19 9.64 703 75

3 0 11.85 632 85
aReads supporting the reference allele in the maternal plasma DNA sequencing 
data. 
bReads supporting the mutation in the maternal plasma DNA sequencing data. 
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of the base A with the mutant allele in the same haplotype, 
which included 59 identified reads showing the mutation 
linked with this SNP and 60 reads consistent with the ref-
erence sequence. Therefore, we assumed that the mutant‐
linked haplotype contained this SNP and that the SNP 
could represent the mutation allele.

In families 1, 2, and 3, the fetal genotype was successfully 
deduced. The fetal genotype obtained from the RHDO‐based 
method was consistent with CVS–RDB‐based experimental 
results (Table 2, Figure 4).

3.5 | Deduction of the fetus haplotype in 
family 4 and family 5
The parents in family 4 and family 5 carried the same kind 
of mutation (Table 1). For couples who carried the same 

mutation, the paternally inherited haplotype was identified 
using the RHDO strategy. This strategy was the same as the 
process used to determine the maternal haplotype, except that 
the SNP definition was different. To deduce paternally in-
herent haplotype, paternal heterozygous and maternally ho-
mozygous SNPs were selected. In family 4, 56 type B SNPs 
supported the inheritance of the maternal mutant haplotype 
and 21 type A and 42 type B SNPs supported the inherence 
of paternal mutant haplotype (Table 2). The family 4 fetus 
was affected and inherited mutant alleles from the parents. 
The results showed that the family 5 fetus was a carrier who 
inherited one mutant allele and one normal allele (Table 2). 
These deducted results were identical to that of the CVS–
RDB‐based results (Table 2, Figure 4).

Finally, in these cases, the test sensitivity, specificity, 
NPV, PPV, and overall accuracy were calculated (Table 4). 

F I G U R E  4  Results for CVS samples via the RBD method. The RBD results for “26,” “20,” “50,” “80,” and “27” represent the fetal 
genotypes of families 1–5, which were CD41‐42/IVS‐II‐654, CD17/IVS‐II‐654, ‐28/N, CD41‐42/CD41‐42, and CD41‐42/N, respectively. ‐28, 
HBB: c.‐78A>G; CD17, HBB: c.52A>T; CD41‐42, HBB: c.126_129delCTTT; IVS‐II‐654, HBB:c.316‐197C>T; N, wild type
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All of these cases were identified and identical with the 
CVS–RDB‐based results for all five cases.

4 |  DISCUSSION

Since the discovery that fetal DNA circulates in the plasma of 
pregnant women, the application of NIPD has rapidly spread 
around the world. Detection of the most common chromo-
some aneuploidies has been shown with high sensitivity, 
specificity, and positive predictive values, globally revo-
lutionizing prenatal care (Hui & Bianchi, 2017). However, 
when applied to single gene disorders (SGDs), NIPD tests 
have been limited by both technical problems and high costs 
(Parks et al., 2017).

In previous studies, NIPD for SGD has focused on de-
tecting fetus‐specific mutations in maternal plasma, such as 
paternal mutant alleles, which aimed to eliminate the need 
for additional diagnostic testing of fetuses who do not inherit 
the paternal mutation when the couple is carriers of different 
thalassemia variants (Lam et al., 2012; Xiong et al., 2015). 
Thus, some at‐risk pregnancies could still not avoid under-
going invasive procedures. Another limitation is related to 
the haplotype strategy. Generally, an affected proband is nec-
essary to construct parental haplotypes before deducing the 
fetal haplotype from cffDNA information (New et al., 2014; 
Parks et al., 2017; Xu et al., 2015), which means the test can 
be applied only to those families that had a previously af-
fected fetus. This method cannot cover all at‐risk pregnancies 
and has a high cost.

In the present study, we have explored an efficient pro-
tocol based on target region capture sequencing to identify 
the fetal genotype of β‐thalassemia noninvasively without 
proband information. Moreover, our method is practical for 
detecting maternally inherited mutations. We focused on the 
four most common β‐thalassemia mutations in Southeast 
China and performed targeted sequencing on two fami-
lies where the parents were carriers of the same mutation 
and on three families where the parental alleles differed. 
Previous studies have shown the successful identification 
of fetal mutations in cases where the parents shared genetic 

variants (Barrett, McDonnell, Chan, & Chitty, 2012; Saba 
et al., 2017). However, in most cases, identifying the ma-
ternal mutation inherited by the fetus in the plasma was 
relatively tricky because of the overwhelming amount of ma-
ternal DNA compared to the amount of cffDNA. The RHDO 
method, which we took advantage of in this research, has 
paved a way to detect the maternal origin β‐thalassemia al-
lele (Lam et al., 2012; Lo et al., 2010), though parents from 
the two recruited families carried different kinds of muta-
tions in previous studies.

In this research, we verified the applicability of RHDO 
using two recruited families in which the parents carried the 
same mutation (Table 1). The haplotype‐based approach pro-
vides adequate information for constructing parental haplo-
types and detecting the fetal genotype regarding the disease 
through qualitative and quantitative analysis of the SNPs in 
the genomic region of interest.

To construct the parental haplotypes without analyzing 
other family members to deduce the fetal genotype, we de-
veloped a computational haplotype phase strategy. We first 
selected an approximately 800  kb region containing the 
HBB gene cluster via targeted sequencing of the DNA for 
each trio of samples. Then, we selected informative SNPs 
in the β‐globin gene cluster based on the 1000G CHS haplo-
type dataset and SHAPEIT2. Informative SNP selection was 
the most crucial step in the bioinformatic analysis, which 
was needed to further process the cffDNA data. The infor-
mative SNPs selected in this research included four cate-
gories that defined in the previous study (Lo et al., 2010), 
of which three kinds of informative SNPs were used here. 
Parental homozygous alleles were used to evaluate the fetal 
DNA fraction. An allele that was paternal homozygous and 
maternal heterozygous was used to deduce the maternally 
inherited haplotype, whereas a maternal homozygous and 
paternal heterozygous allele was applied to deduce the pa-
ternally inherited haplotype. Lam et al. used parental het-
erozygous alleles because the maternal homozygous and 
paternal heterozygous allele count was insufficient (Lam et 
al., 2012). Although our study did not have this problem, it is 
an important point when applying this method to a large co-
hort study. Additionally, parental heterozygous alleles would 
be practical in consanguineous families (Lam et al., 2012; 
Parks et al., 2017).

Furthermore, finding more informative SNPs can be help-
ful to exclude false positives. In a recent study, Parks et al. 
developed an effective NIPD strategy for spinal muscular 
atrophy (SMA) disease in which they selected informative 
SNPs before target sequencing. They reported that the more 
informative SNPs, the less fetal fraction DNA was required 
(Parks et al., 2017). Otherwise, the haplotype‐based approach 
that we used to construct the parental haplotypes and detect 
the fetal haplotype is based on the SNP and fetal concen-
tration. Figure 5 shows that there is a significant positive 

T A B L E  4  Sensitivity, specificity, NPV, PPV, and accuracy of 
the five cases

  Percentage (95% CI)

Sensitivity 100% (0.2924018, 1.0000000)

Specificity 100% (0.1581139, 1.0000000)

PPV 100% (0.2924018, 1.0000000)

NPV 100% (0.1581139, 1.0000000)

Accuracy 100% (0.4781762, 1.0000000)

Abbreviations: PPV, positive predictive value; NPV, negative predictive value.
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correlation between the fetal concentration and accumulated 
sequencing depth, which means a lower accumulated se-
quencing depth depends on the SNP reads for each haplotype 
if the sample has a higher fetal concentration. In other words, 
the required minimum number of SNPs is based on the fetal 
concentration (Lo et al., 2010). In our research, the fetal frac-
tion, upon which the number of SNPs depends, is relatively 
high for NIPD, which may result from the long pregnancy 
weeks for the recruited samples. The earlier that clinical 
screening can be performed, the better. Thus, different kinds 
of samples, such as low gestational weeks, should be studied 
before clinical practice.

To avoid relying on proband information, we used a 
computational haplotype phase method that took advan-
tage of the 1000G CHS haplotype dataset. However, the 
IVS‐II‐654 (HBB: c.316‐197C>T) mutation is not found in 
the 1000G CHS haplotype dataset; consequently, we could 
not distinguish the wild‐type‐linked and mutant‐linked 
haplotypes using this technique. Fortunately, 119 reads in 
the sequencing data BAM files indicated that an SNP al-
lele (base A) was located 12 bp upstream in linkage with 
the mutant allele, which means that we could identify the 
mutant haplotype using this SNP allele. However, in cases 
where no available SNP is linked with the mutant allele 
of interest, such as ‐28A>G (HBB: c.‐78A>G), the fetal 
inheritance of the maternal mutant‐linked haplotype can-
not be determined. This case represents a limitation of this 
approach because the 1000G CHS haplotype dataset does 
not contain these mutations as reference alleles. Therefore, 
additional sequencing data from the Chinese population are 
still needed to supplement the data in the 1000 Genomes 
Project before our method can achieve complete and ideal 
predictive and practical utility. Moreover, the experimen-
tal method is also usable for haplotype phasing without 
relying on proband information. Lam et al. used digital 
PCR to successfully construct parental haplotypes, but 
this method was costly, and the experimental design was 

complicated, which were additional limitations (Lam et al., 
2012). Computational and experimental methods are two 
main haplotype phasing strategies (Browning & Browning, 
2011). Despite the pros and cons of these two methods, 
abundant population‐based haplotype repositories are 
required.

The parents in family 5 are both CD41‐42 (HBB: 
c.126_129delCTTT) carriers, and the RHDO results showed 
that the fetus inherited one mutant allele from the paternal 
mutation‐located haplotype. The shortcomings of this re-
search are that we have no other evidence to confirm this re-
sult. Thus, it would be better to recruit families with proband 
information in further studies.

Furthermore, inconsistent results were found in family 
1 and family 4. In family 1, six type B SNPs supported 
the inheritance of one haplotype, while only two type B 
SNPs supported the inherence of the other haplotype. The 
same phenomenon was observed in family 5, in which three 
type B SNPs showed negative results among the 45 type B 
SNPs used to deduce the paternally inherited haplotype. 
We speculated that a recombination event might have oc-
curred. When meiotic recombination has rearranged the 
target region inside this relatively small segment, an in-
conclusive result would be obtained rather than a false de-
duction. Another possible explanation is the presence of 
an unexpected SNP imbalance at some sites sequenced in 
the cffDNA samples could cause the false identification 
of the inherited maternal haplotype. If the NIPD result is 
inconclusive in such a situation, the couple must undergo 
traditional diagnosis by CVS or amniocentesis. Parks et al. 
also mentioned that recombination could influence the test 
accuracy and efficiency, primarily because if it occurs in 
highly repeated sequences. Selecting haplotype block loci 
at downstream or upstream of the target region is a suitable 
solution (Parks et al., 2017), which was confirmed in this 
research.

In conclusion, we have developed a strategy for NIPD 
of β‐thalassemia in at‐risk couples without proband infor-
mation that shows high sensitivity, specificity, NPV, PPV, 
and accuracy. The haplotype‐based approach provided a 
new idea for the field of NIPD for SGD, and it improves 
the detection of both parental haplotypes as inherited by the 
fetus. However, this method requires more improvements to 
increase its practicality, and additional β‐thalassemia vari-
ants and many more samples must be tested in the future. 
Overall, our results have proven that NIPD can be used in 
couples who carry the four most common β‐thalassemia 
mutations in Southeast China, including those who share 
the same mutation.

F I G U R E  5  The correlation between the fetal concentration and 
the accumulated sequencing depth
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