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introduction
To date, 7,385 Mendelian inheritance diseases have been 
reported worldwide in OMIM. Single-gene disorders are 
genetic conditions caused by alternations or mutations pri-
marily at one specific gene. In total, all single-gene disorders 
contribute to ~20% of infant mortality and ~10% of pediatric 
hospitalizations.1

The recent advancement in molecular genetic approaches, 
such as Sanger sequencing and real-time polymerase chain 
reaction (PCR), has allowed identification of single-gene muta-
tions. Although these methods are generally accurate and fast, 
the limitation is that they focus on only a very few known 
mutations of known genes. On the other hand, massively par-
allel sequencing (MPS) has made it possible to discover novel 
mutations in known or unknown genes. The rapid development 
of this technology in the past 3 years has demonstrated great 
promise in clinical practice with its high efficacy and sensitivity. 
The identification of new genes or new mutations in single-gene 
disorders comes at an acceptable turnaround time and price. 
The new mutations of known genes reported in family studies 
have cumulatively expanded our genetic knowledge and there-
fore increased the sensitivity of prenatal tests in clinical practice.

Another hot spot in this field is the clinical application of 
noninvasive prenatal testing (NIPT) for fetal aneuploidies based 
on MPS. However, to date, only a few prenatal tests have been 
recommended in hospitals for some high-risk populations, 
for example, the test for thalassemia in the south of China. In 
previous studies, maternal plasma DNA sequencing has been 
proven to be feasible for noninvasive prenatal detection of fetal 
chromosome aneuploidy.2 A few studies have reported the fea-
sibility of detecting monogenic diseases noninvasively based on 
MPS, but most focused on sex-linked disorders and autosomal 
dominant monogenic diseases. Among them, only very few 
studies showed the feasibility of detecting maternal inherited 
mutations.3

In this study, we developed a new strategy, which com-
bines noninvasive prenatal detection of monogenic diseases 
with a haplotype-based method, and applied it in the case of 
a Chinese family with Maple syrup urine disease (MSUD). For 
the first time, in this unexplained clinical case, we used targeted 
sequencing with known genes and noninvasive prenatal detec-
tion with information on the family trio (father, mother, and 
proband), providing a one-step solution for NIPT of a single-
gene disorder. [Q5]
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Purpose: This article demonstrates a prominent noninvasive prena-
tal approach to assist the clinical diagnosis of a single-gene disorder 
disease, Maple syrup urine disease, using targeted sequencing knowl-
edge from the affected family.

Methods: The method reported here combines novel mutant dis-
covery in known genes by targeted massively parallel sequencing 
with noninvasive prenatal testing.

results: By applying this new strategy, we successfully revealed 
novel mutations in the gene BCKDHA (Ex2_4dup and c.392A>G) 
in this Chinese family and developed a prenatal haplotype-assisted 

approach to noninvasively detect the genotype of the fetus (transmit-
ted from both parents).
conclusion: This is the first report of integration of targeted 
sequencing and noninvasive prenatal testing into clinical practice. 
Our study has demonstrated that this massively parallel sequencing–
based strategy can potentially be used for single-gene disorder diag-
nosis in the future.
Genet Med advance online publication 00 Month 2013
Key Words: massively parallel sequencing; MSUD; noninvasive 
prenatal testing; single-gene disorders; target-gene capture
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MAtEriALS And MEtHodS
Patient information and genetic testing strategy
The proband (Figure 1a), a girl, was born in February 
2010. When she was 6 months old, abnormal manifesta-
tions such as fixed eyeballs and myotonia were noticed, and 
her brain magnetic resonance imaging scan and electroen-
cephalogram were abnormal. Then she was diagnosed with 
MSUD, a type of metabolic single-gene disorder,4 by tandem 
mass spectrometry examination of dried blood spots and 
gas  chromatography/mass spectrometry tests of the urine 
specimen.

The parents (both are biological parents of the proband) 
are apparently healthy, as confirmed by general physical 
examination, and are asymptomatic for MSUD. In May 2012, 
the mother was pregnant again and approached the Chinese 
PLA General Hospital for a routine prenatal examination 
and expressed strong desire to know whether the fetus was 
healthy, preferably by a noninvasive approach. After care-
ful genetic counseling and evaluation, a testing strategy was 
suggested for this family (Figure 1a), in which a targeted 
sequencing test was applied to the parents and the proband 
to identify the causative variation, and in parallel, NIPT 
using maternal cell-free DNA was performed as a screening 
test, as shown in Figure 1b. The finding was then confirmed 
at the Chinese PLA General Hospital by invasive prenatal 
diagnosis of the amniotic fluid (AF).

Mutation screening in MSud-causing genes by targeted 
MPS
Potential mutations of the proband and her parents were ana-
lyzed using a customized capture array (NimbleGen, Madison, 
WI) and Illumina HiSeq2000 sequencers. The sensitivity and 
efficiency of this array in MPS have been evaluated previously.5 
The target region includes exons and adjacent flanking parts 
(total: 5.5 kb) of four known MSUD-related genes, including 
BCKDHA, BCKDHB, DBT, and DLD.

Peripheral blood of the parents (5 ml) and the proband (2 ml) 
were collected into EDTA-containing tubes when the mother 
was at the 13th gestational week. Peripheral blood of a healthy 
male adult Chinese volunteer (C1) was used as a control. All of 
the samples were shipped in dry ice to the Beijing Genomics 
Institute’s Clinical Laboratory within a few days. The genomic 
DNA was extracted (QIAamp DNA Blood Midi Kit, Qiagen, 
Hilden, Germany) and 1 μg of genomic DNA was used for each 
sample. Library pooling, hybridization, sequencing, and reads 
alignment were performed as previously described.5–7 Single-
nucleotide variants and indels (insertion–deletion sites) were 
detected using the SOAPsnp software and Samtools, respectively.

confirmation of novel mutations
To verify the data obtained by targeted MPS, real-time PCR 
(7500 Real-time PCR system) and Sanger sequencing (ABI 
3730) were performed for samples of all family members.

[Q6]
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Figure 1 (a) Pedigree drawing of the family; (b) testing strategy for the family with Maple syrup urine disease (MSUD); (c) testing workflow.
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Genetic niPt for fetal MSud
Maternal blood was collected at the 13th gestational week, and 
5 ml of maternal plasma was isolated by two-step centrifuga-
tion (Magnetic Genomic DNA Kit, Tiangen, Beijing, China).8 
Genomic DNA from both biological parents and the proband 
was obtained from the previous step used in the target MPS 
process. Plasma DNA was obtained from 600 μl maternal 
plasma (Magnetic Genomic DNA Kit, Tiangen). A customer-
designed NimbleGen EZ array, which targets a 181.37-Mb 
region of the whole exome, 1 million tag single-nucleotide 
polymorphisms (SNPs), and the whole major histocompatibil-
ity complex region (defined as an all-in-one array), was used for 
the NIPT. For each sample, 1 μg of library DNA was hybridized 
to 4.5 μg of mixed all-in-one baits; captured targets were then 
amplified and paired-end 90-bp sequencing was performed on 
the HiSeq2000 platform.

The SOAP2 software was used to align all the paired-end 
reads against the reference genome (HG19, build 37) using the 
parameters that included, for example, DNA segment size and 
aligned mismatches (-l 40 -v 5 -r 1 -s 40). Unique reads with 0 
or 1 mismatch were used for subsequent analysis after remov-
ing the duplicate reads. After filtering low-quality reads with 
a coverage of <4 and a value of Q20 <90%, SNP calling was 
performed using the SOAPsnp software in the target region. 
The SNPs that were homozygous in both parents but of differ-
ent types were selected to calculate the fetal concentration in 
maternal plasma according to the formula:

where ε stands for the cell-free fetal DNA concentration in 
maternal plasma and dfather and dmother stand for the depth of the 
special base of the father and mother, respectively.

A haplotype-assisted method based on MPS was introduced 
by the NIPT for MSUD in the fetus. Briefly, parental haplotypes 
were constructed using genomic information from the data on 
the family trio(Supplementary Materials and Methods online). 
The fetal genotype had four possible combinations inheritable 
from the parents. The probability of each mixed state of mater-
nal genotype and different fetal combinations was calculated 
for each SNP marker in maternal plasma. Finally, according to 
the linkage relationship obtained from the parental haplotype, 
we established a Hidden Markov Model with consideration of 
the state of SNP markers and the parental recombination infor-
mation. By this strategy, the fetal genotype and haplotype can 
be derived in a single step (details in Supplementary Materials 
and Methods online).

Prenatal diagnosis using AF obtained through invasive 
procedure
AF obtained through an invasive procedure at the 19th gesta-
tional week was used for prenatal diagnostic genetic testing. 
After DNA extraction, real-time PCR and Sanger sequencing 
for target variations were performed as described above.

rESuLtS
Workflow
Figure 1c summarizes the workflow of this study. In the first 
trimester, pretest counseling for the pregnant mother was per-
formed by senior obstetricians at the Department of Obstetrics 
and Gynecology. The detailed recommendations were as fol-
lows: (i) All mutations identified by the targeted MPS of the 
proband must be validated by other available techniques, for 
example, Sanger sequencing or real-time PCR; (ii) The NIPT 
test is mostly intended as a pilot study for the noninvasive pre-
natal detection of known mutations identified in step i at the 
gestational age of 12–24 weeks. The result is supplementary to 
the results from invasive prenatal testing; (iii) clinical decision 
will be made on the result of invasive prenatal testing; (iv) this 
testing strategy cannot be applied if no mutations are identi-
fied by the targeted MPS for the proband at step i; (v) this test 
is not intended to identify new genes in unexplained cases; 
(vi) all molecular tests and procedures were performed at the 
Beijing Genomics Institute, Shenzhen, in a clinical laboratory 
certified by the International Organization for Standardization/
International Electrotechnical Commission 17025 and accred-
ited by the Ministry of Health. The total turnaround time 
ranged from 6 to 7 weeks.

Mutation identification by targeted MPS and validation
We sequenced the target regions for the family and generated 
a mean depth of 180-fold per family member, including both 
parents and the proband. Approximately 99.94% of the targeted 
bases were sufficiently covered (Table 1). Figure 2 shows the 
average depth for the BCKDHA gene of the four samples tested 
by MPS: the average depth for the gene BCKDHA is homoge-
neous in each sample, and the average sequencing coverage is 
more than 99%, showing high experimental quality.

The sequencing depth of exons 2–4 of the gene BCKDHA is 
~50% higher in the proband (II:1) and her father (I:1), indicat-
ing a high incidence of heterozygous duplication of these three 
exons (Figure 2a). To address whether the high read depth at 
exons 2–4 in II:1 and I:1 was due to capture or sequencing bias, 
we analyzed the depth of BCKDHA exons 2–4 in 25 human 
individual control samples performed in the same lane (data 
not shown); no duplication was detected, suggesting that II:1 
and I:1 contain duplication of exons 2–4 of the BCKDHA gene 
that may be associated with MSUD.

All single-nucleotide variants and indels were determined 
according to the criteria described before.5 All led to a potential 
mutation, c.392A>G in the gene BCKDHA. Sanger sequenc-
ing validated that the suspected novel missense mutation 
(c.392A>G) exists in the proband and her mother (Figure 2b), 
consistent with the MPS results. We then used the SIFT and 
PolyPhen2 (Polymorphism Phenotyping v2) tools to assess the 
effects of the missense mutation on protein function, and this 
mutation is predicted to be detrimental. Evolutionary conser-
vation analysis revealed that the novel missense mutation was 
highly conserved across species (data not shown). Molecular 
modeling of the c.392A>G mutation (p.Y131C) with PyMOL 

[Q13]

[Q14]

[Q15]

[Q16]

ε =
+

2d
d d

father

mother father

[Q17]

[Q18]

Genetics in medicine



4

YOU et al  |  Integration of targeted MPS and NIPT for MSUDOriginal research article

software is shown in Figure 2d, indicating that it would induce 
local secondary structure changes.

Real-time PCR further confirmed the heterozygous duplica-
tion of exons 2–4 in the BCKDHA gene of the proband (II:1) and 

her father (I:1). A total of three primer pairs (Supplementary 
Table S1 online) were designed targeting BCKDHA exons 2–4. 
The results are shown in Figure 2c: the relative amplification 
levels of exons 2–4 in the proband were 1.60, 1.44, and 1.45, 

table 1 Targeted DNA-HiSeq performance results

Sample Sex Mapped reads
coverage of  
target region

Average sequencing depth of 
target region (fold)

Fraction of target region 
covered at least 20-fold

Control Male 61,839 100.00% 188.29 96.37%

Father Male 51,667 99.88% 154.42 96.86%

Mother Female 58,789 99.95% 181.26 96.42%

Proband Female 67,815 100.00% 205.00 97.39%

[Q19]

Figure 2 Genetic analysis of the family. (a) The average depth plot of the family. Rectangle shows the average sequencing depth for all nine exons in 
the BCKDHA gene of the family; (b) Sanger sequencing confirmation of the missense mutation identified by targeted DNA-HiSeq; (c) quantitative real-time 
polymerase chain reaction (PCR) analysis. Relative amplification value calculated from the data of quantitative real-time PCRs for detecting possible duplications 
in BCKDHA exons 2–4 of the family; (d) Structural bases of novel missense mutations in E1a (p.Y131C). The mutant region is shown in white.
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respectively, ~150% of the relative amplification level in C1, 
suggesting that there were heterozygous duplications of exons 
2–4 in the BCKDHA gene of the proband, who is a carrier of 
this variation. The relative amplification value in the proband’s 
father also indicated heterozygous duplications of exons 2–4 in 
one allele of the BCKDHA gene (Figure 2c). There were signifi-
cant differences between II:1 and C1, as well as between I:1 and 
C1 (P < 0.01). The relative amplification level in the proband’s 
mother was normal. The real-time PCR results were also con-
sistent with those of the target-region MPS.

Genetic niPt for MSud
After basic data processing, 36.89M, 46.47M, and 34.07M clean 
mapped reads of the target regions of genomes of the mother, 
the father, and the proband, respectively, were obtained, and 
the mean depths of the target region on chromosome 19 were 
18.03, 22.10, and 16.86, respectively. For maternal plasma 
DNA, a total of 2.50M clean reads were acquired, and the cover-
age depth was 39.52 on chromosome 19. After the SNP-calling 
process by SOAPsnp, a total of 7,466 and 9,027 SNPs and 7,267 
candidate SNP markers in the target region of chromosome 19 
were contributed for phasing (Table 2).

With the makers of the proband and her parents, we recovered 
the parental haplotype of chromosome 19 in 6,148 loci based 
on Mendel’s laws. And using a sensitive Hidden Markov Model, 
we identified the parental transmitted alleles and recombina-
tion break points in 5,480 loci of maternal plasma, assisted by 
the parental haplotype information (Supplementary Materials 
and Methods online). In addition, a one-time recombination 
of chromosome 19 in the maternal and paternal allele was 
identified, and the break points were both located in the short 
arm (Figure 3). Our results showed that in the causative gene, 
BCKDHA, the fetus inherited the same alleles as that of the pro-
band, which indicated it was also an MSUD patient.

Prenatal diagnosis using AF sample
Amniocentesis was performed at the 19th week of gestational 
age, and 30 ml of AF was obtained. Real-time PCR and Sanger 
sequencing were performed on the AF DNA. The result showed 
the fetus inherited both the heterozygous exons 2–4 duplication 
and the novel missense mutation (c.392A>G) in the BCKDHA 
gene, the same as the proband. DNA testing found no evidence 
of significant maternal cell contamination (data not shown).

Posttest counseling and clinical outcome
Along with all the results from the invasive prenatal diagno-
sis and the NIPT testing by the 20th gestational week, it was 
concluded that the fetus was affected by the heterozygous exons 
2–4 duplication and the novel missense mutation (c.392A>G) 
in the BCKDHA gene, the same as the proband. With careful 
posttest counseling, the couple finally decided to terminate the 
pregnancy. Muscular tissues of the aborted fetus were obtained 
and were validated by real-time PCR and Sanger sequencing, 
and the results were in accordance with that of AF DNA. The 
opportunity of conceiving a healthy child by in vitro fertiliza-
tion and preimplantation genetic diagnosis has been presented 
to the couple and prenatal testing is strongly recommended for 
the next pregnancy.

diScuSSion
In the past 5 years, with the developments in targeted sequenc-
ing by MPS technology, accurate detection of mutations in 
single-gene disorders has been made available. With accept-
able cost and reasonable turnaround time, this new technology 
has advanced from laboratory research to clinical application. 
However, prenatal diagnosis of single-gene disorders creates 
more challenges regarding the accuracy of technology and ethi-
cal implications.

The discovery of cell-free fetal DNA in maternal plasma has 
provided a noninvasive approach for the prenatal genetic test-
ing of fetal aneuploidies and single-gene disorders. NIPT using 
MPS to detect fetal common chromosomal aneuploidies from 
maternal plasma samples has been validated and introduced 
into clinical practice in several regions.2,9,10 However, inves-
tigation for the assessment of single-gene disorders by NIPT 
is still limited in practice and is difficult, mainly because the 
background of maternal genomic DNA greatly affects the accu-
racy of the fetal genetic test. So far, only a few studies have been 
reported, especially for autosomal recessive diseases such as 
MSUD.

Here, we developed a new method that identifies new varia-
tions of known genes and then diagnoses single-gene disorders 
by a noninvasive approach; this is the first report combining 
targeted MPS and NIPT in clinical practice.

Targeted MPS was first performed for a Chinese family of 
three who were suspected to have an MSUD child, allowing 
identification of potential disease-causing variations in both 

[Q20]
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table 2 Sequencing results of noninvasive prenatal detection

Mapped reads 
in target region

coverage of 
target region

depth of 
target 
region

SnP  
marker

chromosome 19

Mapped reads 
in target region

coverage of 
target region

depth of 
target 
region

SnP 
marker

Father 46,466,476 97.28% 18.01 358,498 1,467,656 98.50% 22.10 9,027

Mother 36,887,187 95.12% 14.71 301,406 1,170,782 97.23% 18.03 7,466

Proband 34,067,667 95.38% 13.72 291,037 1,082,067 97.19% 16.86 7,267

Plasma 104,242,715 99.30% 41.16 — 2,502,383 98.96% 39.52 —

SNP, single-nucleotide polymorphism.
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parents and the proband. Heterozygosity for new MSUD varia-
tions in the BCKDHA gene was identified in the proband: a novel 
large duplication (Ex2_4dup), which came from the father, who 
was heterozygous at this locus, and a novel c.392A>G missense 
mutation, which came from the mother, who was also hetero-
zygous at this locus. The two mutations identified have not 
been reported before, and to our knowledge, this is the first 
report of a large duplication in the gene BCKDHA associated 
with MSUD. The two novel mutations are expected to affect 
the function of E1a (E1-alpha, subunit of the branched-chain 
α-ketoacid dehydrogenase complex).11 E1a-129 is recognized 
as a polypeptide binding site in the tetramer interface; the novel 

p.Y131C mutation identified is close to E1a-129 and may have 
a negative effect on the structural integrity of the protein by dis-
rupting tetramer assembly.

Second, for prenatal genetic testing, we constructed the 
parental haplotype based on the sequencing data of the family 
trio. Previously, we developed a fetal whole-genome recovery 
method using genomics information of grandparents, with an 
accuracy of 98.57% and 95.37% for the paternal and maternal 
autosomal alleles, respectively. This proof-of-concept strategy 
has high requirements for genomic samples from family mem-
bers of three generations, and experimental techniques and 
analysis are rather complicated to be used in a clinical setting. 

[Q25]

Figure 3 noninvasive prenatal testing using maternal plasma dnA by massively parallel sequencing (MPS). (a) Flowchart of noninvasive test 
pipeline; (b) schematic diagram of the trio phasing and haplotype recovery; (c) the probability of fetal inherited haplotype. x axis represents the loci on 
chromosome 19, and y axis represents the logarithmic values of the odds ratios in different combinations of the fetal haplotype. The blue line represents the 
paternal allele, and the red line represents the maternal allele. The higher the value, the greater is the probability that the fetus inherited the haplotype 1.]
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Meanwhile, in most clinical cases in China, grandparents’ 
information and samples are not readily available, and most 
parents come for medical assistance because they already have 
children with symptoms of some suspected genetic disorder, 
more often undiagnosed. Therefore, compared with previous 
studies on parental haplotype construction, which required 
genomic information of four grandparents’ samples and a com-
plicated experimental procedure,12–14 the strategy developed in 
this study used only genomic information from the two par-
ents, the proband, and maternal plasma, which is more feasible 
in clinical applications.

Last, combined with sequencing data of the maternal plasma, 
fetal haplotype was constructed and mutations inherited from 
both parents were identified with high accuracy. Another 
advantage is that this strategy is not affected by fetal DNA frac-
tion in maternal plasma; therefore, this can be a promising 
workflow for single-gene disorder diagnosis in future. Using 
noninvasive testing as a reference, a final decision was made 
at the gestational age of the 25th week based on the results of 
invasive testing.

Turnaround time and cost are issues and challenges for MPS-
based prenatal testing. In this work, the whole testing proce-
dure was completed in 50 calendar days and diagnosis was 
reached at the gestational age of the 20th week. With the rapid 
development of an MPS-based test, the reporting time could 
be reduced to 3 days or less.15,16 Moreover, we believe the cost 
will decrease to similar levels as conventional invasive diagnosis 
methods with the advances in high-throughput sequencing.

With the progression of sequencing and NIPT technol-
ogy, noninvasive prenatal diagnosis has shown enormous 
potential in single-gene disorders. In the coming years, with 
growing clinical needs, it is very likely that prenatal diag-
nosis will go from invasive to noninvasive approaches, and 
the current NIPT testing spectrum will expand from chro-
mosomal abnormality detection to diagnosis of single-gene 
disorders with a higher sensitivity. This is a proof-of-concept 
work showing the potential usage of targeted MPS and hap-
lotype-assisted methodology for a clinical case. More data are 
needed for a full evaluation of this technology to incorporate 
it into clinical practice.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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