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Abstract

Background: High-cost, time-consuming and complex processes of several current approaches limit the use of
noninvasive prenatal diagnosis (NIPD) for monogenic disorders in clinical application. Thus, a more cost-effective and
easily implementable approach is required.

Methods: We established a low-cost and convenient test to noninvasively deduce fetal genotypes of the mutation
and single nucleotide polymorphisms (SNPs) loci by means of targeted amplification combined with deep sequenc-
ing of maternal genomic and plasma DNA. The sequential probability ratio test was performed to detect the allelic
imbalance in maternal plasma. This method can be employed to directly examine familial pathogenic mutations in
the fetal genome, as well as infer the inheritance of parental haplotypes through a group of selected SNPs linked to
the pathogenic mutation.

Results: The fetal mutations in 17 families with different types of monogenic disorders including hemophilia A, von
Willebrand disease type 3, Duchenne muscular dystrophy, hyper-IgM type 1, glutaric acidemia type I, Nagashima-type
palmoplantar keratosis, and familial exudative vitreoretinopathy were identified in the study. The mutations included
various forms: point mutations, gene inversion, deletions/insertions and duplication. The results of 12 families were
verified by sequencing of amniotic fluid samples, the accuracy of the approach in fetal genotyping at the mutation
and SNPs loci was 98.85% (172/174 loci), and the no-call rate was 28.98% (71/245 loci). The overall accuracy was 12/12
(100%). Moreover, the approach was successfully applied in plasma samples with a fetal fraction as low as 2.3%.

Conclusions: We have shown in this study that the approach is a cost-effective, less time consuming and accurate
method for NIPD of monogenic disorders.
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Introduction
Traditional prenatal diagnosis of monogenic disorders
relies on fetal DNA obtained via invasive procedures such
as amniocentesis and chorionic villous sampling (CVS),
which pose a threat to the fetus [1-3]. Since noninvasive
prenatal diagnosis (NIPD) has emerged as a popular and
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the finding that peripheral blood from a pregnant woman
contains fragmented fetal DNA, which constitutes
approximately 5-20% of total cell-free DNA (cfDNA) [4,
5]. Cell-free fetal DNA (cffDNA) generally derives from
apoptotic trophoblasts in the placenta during pregnancy
and clears from the maternal system several hours after
giving birth [6-8]. The cffDNA can be first detected in
maternal blood as early as 5 weeks of gestation, but the
amount of cffDNA at that time is still too low to be tested
[9]. In fact, cfIDNA usually reaches levels sufficient for
prenatal diagnosis of monogenic disorders at around
gestation week 6-7 [10]. The discovery of cfflDNA in the
maternal peripheral blood in combination with the devel-
opment of next-generation sequencing (NGS) technology
has allowed for a wider application of NIPD in clinical
practice. Using massive parallel sequencing, research-
ers can examine copy number and nucleotide sequences
by extracting fetal-specific information from a maternal
background [11-13].

Initially, NIPD was offered for autosomal dominant
disorders of paternal inheritance and de novo condi-
tions, and the detection of achondroplasia is the first step
in this clinical implementation [14, 15]. The fetal geno-
type can be identified by detecting whether the patho-
genic mutation of paternal origin is present or not in
the maternal plasma. This is called the principle of the
absence or presence [16, 17]. In this way, one can per-
form NIPD for autosomal dominant disorders, de novo
conditions and some types of autosomal recessive disor-
ders (parents carrying different mutations) by detecting
the foreign alleles in the maternal plasma [18]. But for
detection of maternal-origin mutations, the principle of
absence or presence is not useful. Given that the mater-
nal plasma cfDNA contains both fetal and maternal DNA
fragments, the strong skew toward maternal-derived
fragments in the cfDNA is one of the major barriers for
deducing the fetal genotype accurately, especially when
both parents carry the same pathogenic mutation [10,
19]. For example, in positions where mother is heterozy-
gous and father is homozygous, if the fetal is homozygous
for the same position, the inference of fetal genotypes
will become complicated and analysis for the allelic
imbalance in maternal plasma is required. In the past
decades, several approaches and algorithms were inves-
tigated for the diagnosis of maternal mutations based on
the quantification of allelic imbalance ratio [7, 13, 20-23].
Among them, relative mutation dosage (RMD) and rela-
tive haplotype dosage (RHDO) analysis conducted by Lo
et al. are the most representative [7, 24]. Using these two
dosage-based approaches, the number of reads covering
a point mutation or a haplotype is often measured first,
then a sequential probability ratio test (SPRT) is used to
assess the genetic imbalance, and the over-represented
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allele or haplotype will be analyzed to determine the
fetal genotype. Subsequently, approaches without the
need of samples from parents and the affected proband
have also emerged [19, 25], and several technologies and
algorithms enable the detection of de novo mutations in
a precise and sensitive way [13, 26]. However, high-cost,
time-consuming and complex processes limit their wide-
spread use in clinical practice.

For any given clinical test, it is essential to assess the
accuracy, cost and turnaround time. In this study, we
established a widely available and economical approach
for NIPD which can accurately infer the fetal genotype
for different monogenic disorders. NIFG, which stands
for noninvasive fetal genotyping, can be used to diag-
nose the inheritance of known mutations. We amplified
genomic regions (60—120 bp) containing the mutation
loci of interest and single nucleotide polymorphisms
(SNPs) flanking the mutation loci from maternal genomic
and plasma DNA. The amplicons were indexed by a sec-
ond round of PCR, which were directly subject to paired-
end sequencing (150 bp). The paired reads originating
from a single molecule were compared for proofreading.
The allelic ratios between the maternal genomic DNA
and plasma DNA were statistically analyzed to yield fetal
genotypes. For each locus, we conducted two parallel
experiments and only consistent results were considered.

Using NIFG, pathogenic mutations such as point
mutations and small indels can be directly identified.
Moreover, linkage analysis can be performed to infer
the inheritance of parental haplotypes by genotyping a
group of single nucleotide polymorphisms (SNPs) loci
adjacent to the causal mutation. This is particularly use-
ful for detection of gene inversion, large indels and repeat
expansion, etc. A combined analysis of both the mutation
loci and haplotype information can also make up for the
shortcomings of the single method and improve the diag-
nostic accuracy.

Materials and methods
Sample collection
Familial mutations in the CD40LG, DMD, F8, GCDH,
SERPINB7, VWF and TSPANI2 gene were identi-
fied from probands and family members. Whole blood
(~10 mL) from mother, father, proband and/or the
other available family members and amniotic fluid sam-
ples (~ 10 mL) were provided for the study. The artificial
samples were prepared as follows: 5 mL of whole blood
from a female volunteer and her biological child (male)
were drawn into EDTA-Vacutainer tubes. All patients
were informed of details of the procedure and signed an
informed-consent agreement.

Genomic DNAs (gDNAs) were extracted using
QIAamp DNA Mini Kit (QIAGEN) and fragmented by
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Covaris S2 sonicator. DNA concentrations were meas-
ured by Qubit3.0 fluorometer (Invitrogen). For NIFG,
cfDNA was extracted using QlAamp Circulating Nucleic
Acid Kit (QIAGEN), while maternal gDNA was frag-
mented by Covaris S2 sonicator.

Sequencing library preparation

Amplification of target genomic regions was carried out
in a multiplex PCR (20 pL). The reaction mix contained
1X Q5 High-Fidelity PCR Master Mix (NEB), 500 nM
of each primer (Tm 62-65 °C, amplicon length between
60 and 120 bp) and 5 ng of cfDNA/gDNA template.
PCR program was as follows: 98 °C for 30 s; 9 cycles
of 98 °C for 10 s, 62-0.5 °C per cycle for 30 s, 72 °C for
30 s; 16 cycles of 98 °C for 10 s, 64 °C for 30 s, 72 °C
for 30 s. Primer sequences can be found in Additional
file 1: Table S1. Both forward and reverse primers had
adaptors on the 5" end that can be bound by index-PCR
primers. Adaptor sequences (5'-3’) are: forward primer,
ACACTCTTTCCCTACACGACGCTCTTCCGATCT;
reverse primer, GACTGGAGTTCAGACGTGTGCTCT
TCCGATCT. Products from the first PCR were indexed
and purified using Agencourt AMPure XP PCR Purifi-
cation Kit (Beckman). The program for the index-PCR
was: 98 °C for 30 s; 12 cycles of 98 °C for 10 s, 60 °C for
30 s, 72 °C for 30 s. Primer sequences (5'-3’) are: for-
ward, AATGATACGGCGACCACCGAGATCTACACA
CACTCTTTCCCTACACGACGC and reverse, CAA
GCAGAAGACGGCATACGAGATGTGACTGGAGTT
CAGACGTGTGCT. Products from the index-PCR were
quantified by Qubit dsDNA BR Assay Kit (Invitrogen)
and quality-assessed using 2100 Bioanalyzer (Agilent).
Purified DNA was diluted to 2 nM in elution buffer (Qia-
gen). Equal aliquots were pooled to a 2 nM-library and
denatured using sodium hydroxide. Final library (10 pM)
was mixed with 10 pM PhiX control library for a 15%
PhiX spike-in, enhancing sequence diversity. Paired-end
150 bp reads were generated on the Miseq platform (Illu-
mina). Library preparation and sequencing were carried
out by Genesky Diagnostics Inc. (Suzhou, China).

Sequence alignment and depth calculation

Adaptor sequences were trimmed and paired reads were
processed as follows: (1) both reads need to have a qual-
ity score (Q-score) of 30 or higher; (2) the two reads were
aligned with unmatched bases marked as “N”; (3) paired
reads with unambiguous base calling at target site were
eligible for analysis, otherwise would be discarded. Fil-
tered reads were normalized and mapped to the human
reference genome GRCh37/hgl9 using the BWA v.0.7.15
MEM algorithm. The Picard tool was used to convert
aligned reads to a binary (BAM) file. The SAMtools
v.1.3.1 was used to retrieve the read depth of each base.
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Statistical analysis

Allele counts at each target site in maternal genomic
and plasma DNA were compared using SPRT and Chi-
squared test. SPRT was conducted according to a previ-
ous report [27] with the threshold likelihood ratio set at
1000. Alpha level for Chi-squared test was set at <0.001
to reject and > 0.01 to accept the null hypothesis. All error
bars indicate 95% confidence interval (CI).

Results

Rationale of SNP genotyping and detection of allelic
imbalance

Without knowing the paternal genotype, if the mother
is homozygous (A/A) for a SNP locus, the fetus could
be A/A or A/B, in which “A” and “B” represent the two
possible alleles wild or mutant. If mother is heterozygous
(A/B), then the fetus could be A/A, B/B or A/B. When
fetal and maternal genotypes differ, the paternal allele
will be over-represented in plasma DNA (contains fetal
DNA) relative to maternal DNA (does not contain fetal
DNA). The allelic imbalance can be detected via ampli-
con sequencing and comparison of the allele count.
Alternatively, if fetal and maternal genotypes are identi-
cal, no such imbalance will be present (Fig. 1A).

The degree of the allelic increase depends on fetal
fraction and the detection sensitivity is determined by
sequencing depth and error rate. We evaluated two sta-
tistical methods for their performance in detecting allelic
imbalance: sequential probability ratio test (SPRT) and
Pearson’s Chi-squared test (y?).

SPRT allows two hypotheses to be compared as data
accumulate, which has been successfully applied to detect
allelic imbalance in the diagnosis of monogenic disorders
by NIPD [7, 24]. On the other hand, Chi-squared test
examines whether an observed allele frequency distribu-
tion deviates from an expected value. In both scenarios,
the null hypothesis is that fetal and maternal genotypes
are identical. When mother is homozygous (AA or BB)
with the fetus being heterozygous (AB), the presence of
the paternal allele in plasma DNA would be recognized at
low sequencing depth since it is absent from the maternal
genome. In contrast, when mother is heterozygous (AB)
and the fetus is homozygous (AA or BB), both alleles are
present in the maternal sample, making it more challeng-
ing to detect the over-represented maternal allele.

In Fig. 1B, we simulated the results of two statisti-
cal tests performed at maternal heterozygous, fetal
homozygous SNPs. We assumed an equal distribution
of read counts between the two alleles (no amplification
bias). We used a likelihood threshold of 1000 for SPRT
and set the alpha level at 0.001 for the Chi-squared test.
As expected, the sequencing depth required to reach
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Fig. 1 The rationale of NIFG in fetal genotyping. A The illustration showing how the allelic imbalance between maternal genomic DNA and plasma
DNA can be used to infer the genotype of the fetus. B Simulated SPRT and Chi-squared test results when mother is heterozygous and fetus is
homozygous for a given SNP locus
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statistical significance was inversely correlated with fetal
fraction. For instance, in SPRT, 8650X and 1000X yielded
correct fetal genotypes at 4% and 12% fetal fraction,
respectively. For Chi-squared test, the same outcome was
achieved at 13400X and 1450X, respectively.

The accuracy of SNP genotyping

In a proof-of-concept study, we selected 36 SNPs (minor
allele frequency, MAF > 0.3, 1000 genomes) from all chro-
mosomes in the human genome except for 13, 17 and Y.
These loci included single-nucleotide changes as well as
indels of 2—5 nucleotides (Additional file 2: Table S2). We
prepared artificial samples in which genomic DNA from
a female volunteer and her biological child were frag-
mented by ultrasonication and mixed at pre-determined
proportions to represent plasma DNA with a fetal frac-
tion of 4%, 6% and 8%. In addition, we collected genomic
and plasma DNA from five pregnancies. Fetal fraction
was estimated by calculating the percentage of paternal
alleles at maternal homozygous and fetal heterozygous
SNPs [28]. The amniotic fluid samples (~10 mL) were
also obtained for verification of the NIFG results.

Thirty-six SNPs were amplified from 5 ng of genomic
and plasma DNA in a multiplex reaction. A subsequent
index-PCR was performed to add sequencing adap-
tors on both ends of amplicons, which were subject
to massively parallel sequencing on the Miseq plat-
form (150 bp paired-end, average depth: 15500X). The
experiments were repeated twice, and only concord-
ant genotyping results were considered; otherwise, a
“no-call” was assigned. Overall, SPRT yielded 99.62%
(95% CI 97.67-99.99%) accuracy in base calling (8.33%
no-call), compared with 98.31% (95% CI 95.57-99.50%)
for Chi-squared test (18.06% no-call) (Fig. 2A, D). For
maternal homozygous SNPs, SPRT was 100% (95%
CI 97.00-100.00%) accurate (zero no-call), while Chi-
squared test was 99.29% (95% CI 95.66—99.99%) with
6.67% no-call (Fig. 2B, D). For maternal heterozygous
SNPs, SPRT results were 99.12% (95% CI 94.71-99.99%)
correct (17.39% no-call), compared with 96.88% (95%
CI 90.83-99.32%) for Chi-squared test (30.43% no-call)
(Fig. 2C, D).

Fetal fractions ranged from 7 to 18% in five plasma
samples. The accuracy of two statistical tests in fetal
genotyping remained consistent at different fetal frac-
tions. However, the no-call rate was inversely correlated
with fetal fraction, especially for SPRT (Fig. 2E). The cor-
relation coefficient was negative 0.72 (—0.72) for SPRT
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and 0.47 for Chi-squared test. Notably, Chi-squared test
resulted in significantly higher no-call rate when com-
pared to SPRT (Fig. 2E). Thus, we elected to use SPRT in
subsequent experiments.

Haplotype construction and linkage analysis

We have aforementioned that NIFG is capable of detect-
ing mutations including single nucleotide changes and
small indels. However, in order to improve the diagnos-
tic accuracy as well as detect other types of complex
mutations such as inversion, repeat expansion and large
indels, haplotype construction and linkage analysis were
also performed to infer the inheritance pattern. This is
achieved by: (1) selecting a group of SNPs that immedi-
ately flank the mutation (preferably within 200-500 kb);
(2) genotyping these SNPs in the proband, parents, fetus
therefore the affected haplotypes can be identified.

In fact, to detect maternally inherited variants, we
analyzed SNPs that were heterozygous in mother and
homozygous in father, while for detection of paternally
inherited variants, selected SNPs were heterozygous
in father and homozygous in mother as described by
Lo et al.[7]. Taking autosomal recessive disorders as an
example, two possible scenarios are considered: first, a
sibling of the parent is a patient (Fig. 3A, B, C); and sec-
ond, a previously born child is a patient (Fig. 3D, E, F).
In the first scenario, in order to determine the affected
maternal haplotype and whether it is inherited from
grandfather (GF) or grandmother (GM), one of the fol-
lowing conditions needs to be met: (1) selected SNPs
were homozygous in one grandparent and heterozygous
in the other: a. SNPs homozygous in GM and heterozy-
gous in GF were used to determine whether the affected
haplotype is inherited from GF (Fig. 3B); b. SNPs het-
erozygous in GM and homozygous in GF were used to
determine whether the affected haplotype is inherited
from GM (Fig. 3C); (2) both grandparents are heterozy-
gous for selected SNPs, and the genotype of the proband
at the said SNP differs from at least one of the parents
(Fig. 3A). In the second scenario, in order to determine
the affected haplotype in both parents, one of the fol-
lowing conditions needs to be met: (1) selected SNPs
were homozygous in one parent and heterozygous in the
other: a. SNPs heterozygous in mother and homozygous
in father are used to determine which maternal haplo-
type is affected (Fig. 3E); b. SNPs homozygous in mother
and heterozygous in father are used to determine which
paternal haplotype is affected (Fig. 3F); (2) both parents

(See figure on next page.)

Fig. 2 The performance of SPRT and Chi-squared test in detecting allelic imbalance. Bar graphs showing the percentage of correct, incorrect
and no-call genotyping results in A 36 SNPs, B maternal homozygous SNPs, C maternal heterozygous SNPs across all samples tested. D Bar graph
indicating the overall accuracy of SPRT and Chi-squared test in fetal genotyping. E Scatter plot displaying the accuracy and no-call rate of SPRT and

Chi-squared test as fetal fraction increases. All error bars indicate 95% Cl
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are heterozygous for selected SNPs and the genotype of
the proband at the said SNP differs from at least one of
the parents (Fig. 3D).

Diagnosis of inherited monogenic disorders

The overall workflow diagram is shown in Fig. 4. NIFG is
a haplotype-based method also focusing on the mutation
loci, which was performed using targeted amplification
combined with deep sequencing of maternal genomic
and plasma DNA. The allelic ratios between the maternal
genomic and plasma DNA were then analyzed by SPRT
to detect allelic imbalance. A combined analysis of both
the mutation loci and haplotype information was used
in the imputation of fetal genotype and clinical diagnosis

of monogenic disorders. For instance, the illustration for
the diagnosis process of autosomal recessive disorders
by NIFG is shown in Fig. 5. The selected SNPs used in
the analysis can be divided into two categories including
SNP I and SNP II. SNP I was defined as a group of SNPs
where mother is heterozygous and father is homozy-
gous, and SNP II was defined as a group of SNPs where
mother is homozygous and father is heterozygous. The
fetal genotypes could be deduced based on the results of
genotyping at the mutation loci and SNPs adjacent to the
mutation loci.

In the study, NIFG was used to analyze the paren-
tal inheritance of the fetus in 17 families with differ-
ent monogenic disorders, including X-linked recessive
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disorders (Hemophilia A, Duchenne muscular dystrophy,
hyper-IgM type 1), autosomal recessive disorders (glu-
taric acidemia type I, Nagashima-type palmoplantar ker-
atosis and Von Willebrand disease type 3) and autosomal
dominant disorder (Familial exudative vitreoretinopathy).

Diagnosis of X-linked recessive disorders by NIFG

NIFG was performed for twelve families with X-linked
recessive disorders and made up 70.6% of all NIFG for
monogenic disorders, including ten cases of Hemophilia
A, one case of Duchenne muscular dystrophy (DMD) and
one of hyper-IgM type 1 (HIGM1).

Hemophilia A is an X-linked, recessive disorder due to
deficiency of factor VIII (encoded by the F8 gene), which
is critical for blood clotting. Mutations in F8 that elimi-
nate or reduce its expression result in severe, moderate
and mild hemophilia, respectively [29]. The incidence
of hemophilia A is 1/5000 in male live births, and ~70%
of cases are inherited [29]. In this study, we performed
NIFG on DNA samples of ten pregnant women who
carried F8 mutations, including point mutations, dele-
tion, duplication and intron 22 inversion. In addition
to mutation sites, we designed primers for 19 single
nucleotide polymorphisms (SNPs) (MAF>0.02, link-
age disequilibrium r2<0.8) that were selected from a
region encompassing F8 that spans~1.7 Mb on chro-
mosome X (Additional file 3: Table S3). These loci were
sanger-sequenced in the mother, proband and maternal

Table 1 NIFG results for diagnosis of hemophilia A

Page 9 of 15

grandparents (if proband is not available). Amelo-
genin loci were also amplified from plasma DNA and
sequenced to determine fetal gender. We performed two
parallel experiments and only considered concordant
results (otherwise no call). Further, linkage analysis was
performed to infer the inheritance of parental haplotypes
by analyzing a group of selected SNPs loci (as described
above). Based on all the information above, the fetal gen-
otypes could be deduced. We successfully identified 3
male patients, 1 female carrier and 6 normal fetuses from
10 pregnancies (Table 1, Additional file 4: Table S4), and
the results were confirmed by sequencing of amniotic
fluid samples. The average sequencing depth per locus in
the F8 gene was 15339X.

The same processes of prenatal analysis using NIFG
were also performed on the other families with X-linked
disorders. In the DMD family, we detected a TCTA
4-base pair (bp) deletions/insertions (delins) located in
the exon 8 of DMD gene in the proband and his mother
was a carrier, and the results of NIFG revealed that the
fetus was a female carrier of the mutation (Additional
file 4: Table S4). In the HIGM type 1 family, the muta-
tion in the proband was inherited from the mother car-
rying a missense mutation of CD40LG (c.676G>A,
p. Gly226Arg); unfortunately, we found that the fetus
was also a male patient of the point mutation (Addi-
tional file 4: Table S4). Selected SNPs of both genes are
summarized in Additional file 3: Table S3. The average

Fetal DNA fraction: 8.3%. NIFG diagnosis: normal male

#7:¢.6956C>T Maternal alleles

Locus M Proband  Normal  Affected

rs1126762 A/A A

rs2051161 C/G C G C
rs2071131 G/A G A G
1s2239468 T/T T

1s2266894 C/T C T C
1s2664170 G/A A G A
12728729 A/G G A G
1s2734647 T/T T

rs3737557 T/T T

rs3761528 T/C T C T
rs4898358 A/A A
1s56999285 T/T T
1s5945194 C/G G C G

1s627797 G/G G
156643690 T/T T

1s6655245 T/T T
rs7881421 T/A T A T
rs79833398 C/C C

15895744 T/T T

mutation G/A A G A

NIFG_1 NIFG_2 Diagnosis Fetal Maternal

A A A A
G G G G Normal
A A A A Normal
T T T T

No call T No call T
G A No call G
A A A A Normal
T T T T
T T T T
C C C C Normal
A A A A
T T T T
C C C C Normal
G G G G
T T T T
T T T T

No call A No call A
C C C C
T T T T
G G G G Normal

Affected alleles are shown in red, while the normal alleles are in green. M mother, Fetal: genotyping results obtained from amniotic fluid
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sequencing depth per locus was 18693X in the DMD
gene and 42545X in the CD40LG gene. Notably, NIFG for
X-linked recessive disorders provided correct diagnosis
when fetal fraction was as low as 2.30%.

Diagnosis of autosomal recessive disorders by NIFG

Four families with three autosomal recessive disorders
including one family of glutaric acidemia type I (GA-1),
one family of Nagashima-type palmoplantar kerato-
sis (NPPK) and two families of Von Willebrand disease
(VWD) type 3 were recruited and analyzed.

Von Willebrand factor, encoded by the VWF gene, is
a plasma protein that contributes to the formation of a
platelet thrombus and protects FVIII from degradation
via binding. Deficiency or structural defects of VWF
lead to Von Willebrand disease (VWD) [30]. Our study
recruited two VWD type 3 families, which is the most
severe form of this autosomal recessive disorder (com-
plete absence of VWF protein) [31]. Genetic evaluation
of the proband revealed a homozygous intronic mutation
(c.2547-13 T>A) in the first family, indicative of con-
sanguineous marriage. This mutation activated a cryptic

Table 2 NIFG results for diagnosis of Von Willebrand disease type 3
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splice acceptor and caused an inclusion of 37 bp of intron
19 in the mRNA, resulting in a premature stop codon
(p.Cys849Trpfs*28). For another family, we detected
two heterozygous VWF mutations in the probands
(c.7822C>T and ¢.7403G > C). In addition to the point
mutations, we selected 25 SNPs (MAF > 0.2, linkage dis-
equilibrium 7*<0.61) from a 0.88 Mb region that con-
tains VWF gene (Additional file 3: Table S3). As shown in
Table 2 and Additional file 5: Table S5, for all families, the
fetus was a carrier and only the paternal mutation was
detected in the fetus. The conclusions were drawn from
fetal genotypes of the mutation loci and further corrobo-
rated by multiple SNPs in the linkage analysis.

Glutaric acidemia type I (GA-1, OMIM 231,670), an
autosomal recessive neurometabolic disorder caused by
biallelic pathogenic variants in GCDH resulting in defi-
ciency of glutaryl-CoA dehydrogenase (GCDH), is one
of the most common inherited metabolic disorders.
Approximately 1 in 100,000 children in the world suf-
fers from this disease [32]. In the affected family, the
couple were both carriers of the pathogenic variants in
the GCDH gene (c.416C>G and c.1244-2A > C) and had

Fetal fraction: 7.40%. NIFG diagnosis: male carrier (paternal mutation)

#2:¢.7822C>T / ¢.7403G>C Maternal alleles

Locus M F Proband  Normal  Affected Normal

rs10774348 AIG AG A/G
1510774370 AIG  A/A A/G A G
rs10849310 A/IG  G/G A/G G A
1510849465 T/C T/T T/C T C
rs11064137 A/A  AIG A/G A
rs11064153 Cc/C C/IC Cc/IC
rs11612258 G/T G/G G/T G T
rs12367163 G/G C/G C/G G
rs12829271 AIG AG A/G

151558776 A/A AG A/G A
rs2071244 G/C G/G G/G C G

rs2110170 A/A  G/IG G/A

15216854 c/C  T/IC T/C C

rs216901 A/A A/A A/A

1s2239149 C/G C/G G/G C G C
152239154 Cc/T CT Cc/IC T C T
rs2239159 Cc/C C/IC C/IC

s2250246 G/G G/G G/G

2268014 G/G C/C C/G

rs2885517 c/C  T/IC T/C C
3759333 T/T C/IC C/T

3764875 C/T TT T/T C T

rs4149577 G/G A/A G/A

rs4764486 c/IC T/T T/C

17976678 A/A AIG A/G A
¢.7822C>T A/G  G/G A/G G A
¢.7403G>C Cc/C C/G C/G C

Paternal alleles

Affected NIFG_1  NIFG_2 Diagnosis ~ Fetal —maternal  paternal
no call no call no call G/G
no call A/A no call A/A
G/G G/G G/G G/G  Normal
T/T T/T T/T T/T  Normal
G A/G A/G A/G A/G Affected
C/C C/C C/C C/C
G/G G/G G/G G/G  Normal
C C/G C/G C/G C/G Affected
G/G G/G G/G G/G
G A/G A/G A/G A/G Affected
G/C C/C no call G/C
A/G A/G A/G A/G
T T/C T/C T/C T/C Affected
A/A A/A A/A A/A
G No call No call No call C/G
C C/C no call no call C/T
C/A C/A C/A C/C
G/G G/G G/G G/G
C/G C/G C/G C/G
T T/C T/C T/C T/C Affected
C/T C/T C/T C/T
T/T No call No call C/T
G/A G/A G/A G/A
T/C T/C T/C T/C
G A/G A/G A/G A/G Affected
G/G G/G G/G G/G  Normal
G C/G C/G C/G C/G Affected

Affected alleles are shown in red, while the normal alleles are in green. M mother, F father, Fetal: genotyping results obtained from amniotic fluid
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already given birth to a child diagnosed with GA-1. We
diagnosed the fetus as a carrier of the paternal mutation
(Additional file 5: Table S5). For the Nagashima-type pal-
moplantar keratosis (NPPK) family, the wife was a patient
of NPPK carrying a homozygous disease-causing vari-
ant in the SERPINB7 gene (c.522dupT), and we detected
a heterozygous pathogenic SERPINB7 mutation in her
husband (c.796C>T). In order to have a healthy child,
the couple attended to our center for prenatal diagnosis.
However, the fetus was diagnosed as a patient by NIFG
(Additional file 5: Table S5). Moreover, NIFG for autoso-
mal recessive disorders provided correct diagnosis when
fetal fraction was in the range of 4.2-13.5%.

Diagnosis of autosomal dominant disorders by NIFG
Familial exudative vitreoretinopathy (FEVR, OMIM
133,780) is a complex genetic disorder characterized by
incomplete development of the retinal blood vessel [33],
which serve as one of the main causes of retinal detach-
ment and eye blindness in adolescents [34]. In this study,
we recruited members of one affected family which was
clinically diagnosed with FEVR type 5 (FEVR5), and a
missense heterozygous mutation of the TSPANI2 gene
(c.566G>A, p.Cys189Tyr) was detected in the mother.
The family pedigree indicated that the case was inherited
from an autosomal dominant (AD) manner. We designed
primers for the point mutation and 29 SNPs (MAF>0.2,
linkage disequilibrium 7 <0.8) from a 1.7 Mb region that
contains TSPANI2 gene, as shown in Additional file 3:
Table S3. By analyzing the results of genotyping at the
mutation and linked SNPs loci by NIFG, we identified the
fetus as a patient of FEVR5 (Table 3). The fetal fraction
detected in this case was 7.3%.

Discussion

Cost-effectiveness of NIFG

At present, relative haplotype dosage (RHDO) analysis
is served as a common haplotype-based method for the
inference of the fetal genotype and diagnosis of certain
monogenic disorders. Genome-wide NIPD of monogenic
disorders based on RHDO or haplotype was generally
performed using whole-genome sequencing (WGS) and
whole exome sequencing (WES) and nearly millions of
SNPs were required in the analysis [7, 22]. However, to
achieve WGS/WES, higher proportion of fetal cfDNA,
deeper sequencing depth and coverage will be needed
to accurately deduce the parental inheritance of fetus.
Targeted sequencing of relevant genomic regions has
become increasingly widespread in clinics because of
possessing the advantages of low cost and high efficiency.
Targeted RHDO analysis has been previously reported to
detect parental mutations in -thalassemia, hemophilia,
congenital adrenal hyperplasia (CAH), Ellis-van Creveld
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syndrome (EVC), and Hunter syndrome [21, 25, 35].
NIEG is a cost-effective, less time consuming and accu-
rate method to noninvasively deduce fetal genotypes by
means of targeted amplification combined with deep
sequencing. Without the need for typical library prepa-
ration steps and complex experimental design, the work-
flow could be completed within 5 days, offering clinicians
the opportunity for fast diagnosis of multiple mono-
genic disorders. The approach is less expensive and less
labor-intensive because WGS/WES technologies were
not required. The major advantage of PCR-based ampli-
fication is high flexibility, and the approach is therefore
applicable for different pathogenic mutations in multi-
ple genes. Additionally, read length exceeded the size of
PCR amplicons and can be used to proofread in order to
minimize errors. The comparison between the NIFG and
RHDO methods is shown in Additional file 6: Fig. S1.

In all 17 families, 12 families were verified by the
sequencing results of amniotic fluid samples, the accu-
racy of NIFG in fetal genotyping at the mutation and
SNPs loci was 98.85% (172/174 loci), and the no-call rate
was 28.98% (71/245 loci). The overall accuracy of NIFG
was 12/12 (100%). The no-calls were partly due to the
experimental design that two replicates were performed
for each site and only consistent results were considered.
In addition, PCR bias could lead to no-calls, since dif-
ferences in amplification efficiency between two alleles
would skew the allele count. This was observed as the
ratio of multiple maternal heterozygous SNPs deviated
from 1:1 (Additional file 7: Table S6). In this study, sev-
eral steps were taken to alleviate this problem: (1) the
amplicon was restricted to 60—120 bp to accommodate
the fragment size of plasma DNA; (2) equal amounts of
maternal genomic and plasma DNA were used; (3) strin-
gent threshold was used in the statistical test; (4) more
than 19 SNPs/gene were tested, and only one was neces-
sary for diagnosis.

Clinical implementation of NIFG
NIFG provided diagnoses of monogenic disorders in
pregnancies with a fetal fraction ranging from 2.3 to
13.5%, especially for plasma samples with low fetal frac-
tions. For example, In Hemophilia A family #5, NIFG
generated 16 correct genotypes (16/16) and 3 no-calls
(3/19) when the fetal fraction was 3.09% (Additional
file 4: Table S4). NIFG predicted 26 correct genotypes
(26/26) and 10 no-calls (10/36) in the artificial sample
containing 4% fetal DNA (Fig. 2A). The high-sensitivity
of NIFG indicates that it could be used in early pregnan-
cies when fetal fractions are generally low.

Additionally, for the NPPK family, a puzzling result was
observed in the detection for the disease-causing vari-
ant ¢.522dupT of maternal origin. The results of NIFG
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Table 3 NIFG results for diagnosis of FEVR type 5
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Fetal DNA fraction; 7.3%. NIFG diagnosis:Patient

TSPANI2 ¢.566G > A Maternal alleles

Locus M F  Maternal-GF Normal Affected NIFG_1 NIFG_2 Diagnosis Maternal
rs10215330 G/G G/G G/G G/G G/G G/G
rs10226926 A/G A/G G/G A G A/G A/G A/G
rs10275647 T/G G/G G/G T G G/G G/G G/G Affected
rs1196483 A/G A/G A/G Nocall No call No call
rs11974016 C/C C/C C/T Cc/C C/C C/C
rs11976117 C/C C/C C/C C/C C/C C/C
rs12536194 C/C T/C C/C C/C C/C C/C
rs13247638 C/C T/T T/C T/C T/C T/C
rs1528351 C/C T/C T/C Cc/C C/C C/C
rs1528362 C/T C/C T/T C T C/T C/T C/T Affected
rs1534520 G/G T/T G/G T/G T/G T/G
rs17143009 A/G A/A A/A G A A/A A/A A/A Affected
rs2023972 C/C C/C C/C C/C C/C C/C
rs2052131 T/G T/T T/G G/G G/G G/G
rs2097806 A/C A/C A/C A/C C/C No call
rs2190184 C/C C/C C/C Cc/C C/C C/C
rs2222816 T/A  T/T T/A No call T/A No call
rs2402539 T/C T/C c/C C/C C/C C/C
rs2590584 C/T C/C T/T C T T/T No call No call
1s28421425 C/T C/C c/C T C Cc/C C/C C/C Affected
rs3814461 G/A G/G G/G A G G/G G/G G/G Affected
rs41624 T/C C/IC C/C T C C/C C/C C/C Affected
rs4731030 A/A G/A G/G G/A G/A G/A
rs6466746 T/C T/C C/C T C Nocall Nocall No call
rs7782552 G/A A/A A/A G A A/A A/A A/A Affected
rs7785413 C/C T/T c/C C/T C/T C/T
rs7790682 C/T T/T T/T C T T/T T/T T/T Affected
rs7795781 T/C T/C T/C T/C T/C T/C
19641669 A/A  A/A A/A A/A A/A A/A
c.566G>A C/T C/C C/T C T C/T C/T C/T Affected

Affected alleles are shown in red, while the normal alleles are in green. GF grandfather, M mother, F father

based on informative SNPs showed that the fetal is a
patient of NPPK, while we observed a wrong imputation
in the mutation loci. The fetal should carry a heterozy-
gous SERPINB7 mutation of c¢.522dupT, whereas the
result of NIFG showed the fetal carry a wild-type geno-
type (Additional file 5: Table S5). Finally, invasive prena-
tal diagnosis corroborated the results of SNPs showing
the fetal is a patient of NPPK carrying a heterozygous
SERPINB7 mutation of c.[522dupT]; [796C>T]. The
same situation occurred in the DMD family, the mutant
allele (c.826_831+ 1delinsTCTA) was not detected to
be present in the maternal plasma (Additional file 4:
Table S4). The fetus was finally diagnosed as a female

carrier of the mutation via linkage analysis, and the result
was confirmed by invasive prenatal diagnosis. The puz-
zling results may be because the levels of fetal cfDNA in
maternal circulation are relatively low and cfDNA usu-
ally exist in fragmented forms. The short length of the
cfIDNA usually makes the testing of deletions, duplica-
tions and rearrangements challenging [10]. Our study
demonstrated that the results of NIPD used for prenatal
diagnosis of monogenic disorders can be unreliable if
only the mutation loci are analyzed. Thus, we recom-
mend a combined analysis of both the mutation loci and
linkage analysis in the clinical implementation of prenatal
diagnosis of monogenic disorders by NIPD.
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For future preclinical and clinical applications of NIFG,
we propose the following standards to further guarantee
accuracy: (1) For point mutations and small indels, both
direct genotyping of the mutation and SNP-based linkage
analysis are taken into consideration. A minimum of two
informative SNPs are required with one located upstream
and the other downstream of the mutation. Moreover,
there should be no SNP within 500 kb flanking regions
of the mutation that contradicts the diagnosis; otherwise,
a re-test/re-draw is needed; (2) for mutations that can-
not be directly detected by NIFG, only SNP-based link-
age analysis is available. Therefore, a minimum of four
informative SNPs are mandatory, with at least two SNPs
positioned upstream and downstream of the mutation.
Similarly, conflicting results from SNPs within 500 kb
flanking regions of the mutation are not allowed. In rare
occasions where NIFG fails to yield informative results
after a re-test, we recommend invasive procedures rather
than repeating the assay.

To avoid the condition when mother was homozygous
for all SNPs, making the linkage analysis impossible to
perform, we recommend a panel of more than 20 SNPs.
These loci should be highly polymorphic with low pair-
wise linkage disequilibrium (preferably MAF>0.3 and
?<0.8) and chosen from a region as small as possible
to ensure genetic linkage with the mutation (preferably
200-500 kb flanking regions).

Limitations of NIFG and possible solutions

NIFG is intended for the diagnosis of known inherited
monogenic disorders. But for detection of de novo muta-
tions, the approach is not applicable and whole-genome
sequencing method is required. Primers used in NIFG
are designed on a case-by-case basis according to the
mutations involved and available SNPs. However, pre-
made panels targeting genes that are known for causing
disorders can be prepared in advance. Moreover, except
for point mutations and small indels, NIFG cannot
directly detect gene inversion, large indels etc. For these
types of pathogenic mutations, linkage analysis can be
performed.

Conclusions

In summary, we established a cost-effective, feasible and
convenient haplotype-based approach to infer the fetal
genotype for monogenic disorders. A wide spectrum of
monogenic disorders including X-linked recessive dis-
orders, autosomal dominant disorders and autosomal
recessive disorders can be reliably diagnosed via this
approach.
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