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Abstract

Objective: To develop a method for noninvasive prenatal paternity testing based on

targeted sequencing of single nucleotide polymorphisms (SNPs).

Method: SNPs were selected based on population genetics data. Target-SNPs in cell-

free DNA extracted from maternal blood (maternal cfDNA) were analyzed by

targeted sequencing wherein target enrichment was based on multiplex amplification

using QIAseq Targeted DNA Panels with Unique Molecular Identifiers. Fetal SNP

genotypes were called using a novel bioinformatics algorithm, and the combined

paternity indices (CPIs) and resultant paternity probabilities were calculated.

Results: Fetal SNP genotypes obtained from targeted sequencing of maternal cfDNA

were 100% concordant with those from amniotic fluid-derived fetal genomic DNA.

From an initial panel of 356 target-SNPs, an average of 148 were included in paternity

calculations in 15 family trio cases, generating paternity probabilities of greater than

99.9999%. All paternity results were confirmed by short-tandem-repeat analysis. The

high specificity of the methodology was validated by successful paternity discrimination

between biological fathers and their siblings and by large separations between the CPIs

calculated for the biological fathers and those for 60 unrelated men.

Conclusion: The novel method is highly effective, with substantial improvements

over similar approaches in terms of reduced number of target-SNPs, increased accu-

racy, and reduced costs.

1 | INTRODUCTION

Paternity testing is conducted to determine the biological linkage

between a child and an alleged father, and it can be done either before

or after the birth of the child. A common method for postnatal paternity

testing is the analysis of genetic information obtained from buccal swabs

or other biological samples of the child and the alleged father to generate

a probability of paternity. The main difficulty in implementing this

approach in prenatal paternity testing lies in the procurement of fetal

DNA. Currently, fetal DNA sampling methods can be divided into

invasive and noninvasive sampling. Invasive sampling includes chorionic

villus sampling or amniocentesis whereby amniotic fluid is obtained.

Because invasive sampling induces a risk of miscarriage and infection,1-3

these procedures are not recommended unless to aid in diagnosis of

severe genetic disorders such as those related to fetal aneuploidy.4

Noninvasive sampling refers to maternal peripheral blood sam-

pling wherein fetal DNA is present as cell-free DNA (cfDNA). Since

the discovery of cell-free fetal DNA in maternal bloodstream

circulation,5 a variety of cfDNA-based methods have been developed

for numerous clinical applications.6-12 In terms of prenatal paternity
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testing, early attempts used short tandem repeats (STRs) as genetic

markers,11,13 but because overwhelming maternal signals effectively

concealed the fetal signals of autosomal STRs, only Y-chromosome

STRs (Y-STRs) could be utilized, and this restricted application to only

male fetuses.10,14 Moreover, Y-STR analysis could not exclude rela-

tionships from the same male lineage, and the high mutation rate of

Y-STRs (10−3 to 10−2 per locus per generation) increased the proba-

bility of false paternity exclusions.15

Use of single nucleotide polymorphisms (SNPs) as genetic markers

can avoid STR-associated drawbacks, and consequently, SNP-based

prenatal paternity tests have recently emerged as alternatives to STR-

based methods. A major challenge of SNP-based tests is the accurate

genotyping of fetal SNPs in the low fetal fraction (FF; average approxi-

mately 10% at 10-13 gestation weeks16) in cfDNA extracted from

maternal blood (maternal cfDNA). High-density array chips17-19 and

high-throughput next-generation sequencing20-22 are efficient SNP

genotyping platforms, and both have shown success in this application.

The use of targeted sequencing (hybridization-based target enrichment

of 5000-8000 SNPs) and a Bayesian analysis approach successfully

determined paternity in 17 clinical cases.20 Likewise, Qu et al

sequenced 1795 SNPs for successful paternity determination in 34 par-

entage test cases.21 Target enrichment can also be amplicon-based,

which allows the important implementation of molecular barcoding

through the incorporation of Unique Molecular Identifiers (UMIs).

Molecular barcoding combined with deep sequencing has demon-

strated reliable detection of low frequency variants as UMI-based

manipulations allow efficient correction of PCR or sequencing errors.23

In the present study, we demonstrate that with systematic SNP

selection and UMI-based error correction, the number of target-SNPs

can be significantly reduced, and targeted sequencing wherein target

enrichment is by multiplex amplification can be effectively employed for

prenatal paternity testing. A total of 15 parentage test cases as well as

903 negative tests with close male relatives (three tests) and unrelated

individuals (15 × 60 tests) are reported to demonstrate its validity and

potential utility in forensic and clinical settings.

2 | MATERIALS AND METHODS

2.1 | Collection of samples

Peripheral blood samples were obtained from 15 pregnant mothers,

and peripheral blood or buccal samples were obtained from the

alleged fathers, close male relatives of the alleged fathers, and

60 unrelated men. Paired amniotic fluid samples collected at 16 to

19 weeks of gestation from two of the pregnant mothers were pro-

vided by the Prenatal Diagnostic Laboratory at Tsan Yuk Hospital

(Hong Kong, China), and buccal samples were collected from the new-

born in three other cases. All participants were of Han Chinese origin.

Maternal peripheral blood samples (approximately 10 mL) were col-

lected in cell-free DNA collection tubes (Roche, Basel, Switzerland),

and peripheral blood samples from adult males (approximately 5 mL)

were collected in Vacuette blood collection tubes (Greiner Bio-One,

Kremsmünster, Austria). Buccal samples were collected using flocked

swabs (Copan Diagnostics, Murrieta, CA, USA). Only singleton preg-

nancies were included in the study, and gestational ages at blood sam-

pling were 7 to 20 weeks. Written informed consent was obtained

from all participants, and the study was approved by the Medtimes

Medical Group Ethics Review Board.

2.2 | Extraction of DNA

Genomic DNA was extracted from peripheral blood of male adults and

from buccal swab and amniotic fluid samples using the QIAamp DNA

Blood Mini kit (QIAGEN, Hilden, Germany). Maternal cfDNA was

extracted from maternal plasma using the Maxwell RSC LV ccfDNA Cus-

tom Kit (Promega, Fitchburg, WI, USA). Concentrations of the extracted

genomic DNA and cfDNA were measured using the NanoDrop Lite

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and the

Qubit dsDNA HS Assay Kit with the Qubit fluorometer (Thermo Fisher

Scientific), respectively. All procedures were performed following the

respective manufacturer's protocols for the respective sample types.

2.3 | Selection of SNPs

An initial panel of SNPs with minor allele frequencies greater than

0.30 and covering all 22 autosomes was selected as target-SNPs for

sequencing (Table S1). This panel was selected based on population

genetics data from the 1000 Genomes Project (www.1000genomes.

What's already known about this topic?

• Cell-free fetal DNA in maternal blood circulation can be

used in various prenatal applications including paternity

testing.

• Fetal short tandem repeats (STRs) and single nucleotide

polymorphisms (SNPs) can be used as genetic markers in

prenatal paternity tests.

What does this study add?

• Targeted sequencing of maternal plasma-derived cell-free

DNA wherein target-SNPs enrichment was amplicon-

based as a method for noninvasive prenatal paternity

testing.

• A systematic SNPs selection procedure that can signifi-

cantly reduce the number of target-SNPs for sequencing

analysis yet retain comparable discriminating power in

paternity testing.

• A novel bioinformatics algorithm to allow accurate fetal

SNP genotyping from targeted sequencing data of mater-

nal cell-free DNA.
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org) according to a list of defining criteria (Data S1) and for practical

purposes, subjectively stipulated to include only 356 SNPs.

2.4 | Library preparation and sequencing

Sequencing libraries were prepared from the extracted genomic DNA

and cfDNA using the QIAseq Targeted DNA Panels Kit (QIAGEN), fol-

lowing the manufacturer's respective protocols for the two DNA types.

Briefly, 40-ng genomic DNA or 10 to 20-ng cfDNA per sample was

used for library construction. The initial steps of fragmentation, end

repair, and A-tailing were followed by adapter ligation, ligation of UMIs,

and sample indexing. Ligated DNA was then subjected to target enrich-

ment by performing an eight-cycle multiplex PCR with custom-

designed QIAseq Targeted DNA Panel primers (QIAGEN) using a

Thermocycler C1000 system (BioRad, Irvine, CA, USA). After enrich-

ment, the DNA fragments were further amplified using universal

primers by means of a 21-cycle PCR for genomic DNA or 23-cycle PCR

for cfDNA. The enriched libraries were quantified using the QIAseq

Library Quant Assay Kit (QIAGEN) and multiplex, paired-end sequenced

using the MiniSeq Mid Output Kit on the Illumina MiniSeq sequencer

(Illumina, San Diego, CA, USA).

2.5 | Sequencing data processing

The smCounter2 pipeline, specially designed for the accurate calling of

low-frequency variants from QIAseq-based targeted sequencing data,24

was employed for data processing and variant calling. UMI tags enabled

error correction for most of the sequencing and PCR errors, and a refin-

ing algorithm was used to further amend those errors that were not

correctable with UMI. Briefly, sequencing reads were trimmed, and the

UMI sequences identified before alignment to the reference genome

with BWA-MEM,25 followed by filtering of poorly mapped reads and

UMI clustering. Duplicated reads were filtered whereby reads sharing

the same UMI and aligned to the same position were represented by

the consensus read. The aligned reads were then employed in variant

calling in which the data were processed to generate the number of

reads corresponding to the reference and alternate alleles at target-

SNPs, followed by their annotation. Target-SNPs with sequencing

depths less than 100× were excluded from further analysis.

The smCounter2-called target-SNP genotypes derived from geno-

mic DNA were directly employed in downstream analysis. The allele

counts generated from cfDNA were used as input for a novel Bayesian-

based algorithm to predict the combined maternal and fetal genotypes

(maternal-fetal genotypes) at individual SNP loci (Figure 1; Data S1). The

algorithm was essentially an extension of that described in Goya et al33

and was implemented using an in-house R script. The SNP parameters

were fitted to a set of hypothetical models that varied in FF by undergo-

ing iterative Expectation-Maximization cycles. The model with the

highest likelihood determined the set of maternal-fetal genotypes for

each sample as well as its estimated FF.26 Each maternal-fetal genotype

was given a posterior probability that reflected the confidence of the

call. Maternal-fetal genotypes with a probability less than 99.0% were

excluded from downstream paternity calculations. Samples with FF less

than or equal to 2.0% were given “Inconclusive” calls.

2.6 | Calculation of PI and posterior probability of
paternity

Given the genotypes of mother, alleged father, and fetus as well as the

allele frequencies from the alleged father's population, a value for the

paternity index (PI) at a particular SNP was calculated based on the

method described in Buckleton et al34 (Data S1) using the equations

designed and formulated for postnatal testing (Table S2). Only SNPs

with sequencing depth > 100× in both analyses of maternal cfDNA and

alleged paternal genomic DNA and with maternal-fetal genotype

probability ≥ 99.0% were classified as effective-SNPs and used in

paternity calculations. In cases of mismatch between detected geno-

type and expected genotype (ie, any nonmutated genotype projected

from the parental genotypes), whether in the form of genetic inconsis-

tency where both mother and alleged father were homozygous with

the same allele but the fetus was heterozygote or as opposing homozy-

gosity where both fetus and alleged father were homozygous but of

different alleles, the parameters of mutation rate and silent allele proba-

bility27 were included in the calculations (Table S2).

As the SNPs were considered independent of each other, the

combined paternity index (CPI) was expressed as the product of PIs

F IGURE 1 Bayesian-based algorithm in maternal-fetal genotype
prediction. The workflow starts with the input of SNP parameters
derived from the sequencing data into the algorithm wherein iterative
Expectation-Maximization cycles for different fetal fractions (FF),
increasing in increments of 0.1% per cycle for the range 2.0% to
25.9%, are performed to yield the maternal-fetal genotypes and their
posterior probabilities as well as the estimated FF for the sample
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for all effective-SNPs. The posterior probability of paternity was sub-

sequently given by CPI/(CPI + 1), and a posterior probability of

paternity > 99.99% was taken to indicate the alleged father to be the

biological father.

2.7 | STR-based paternity testing

To confirm paternity results in alleged family cases, conventional STR-

based paternity testing using fetal genomic DNA extracted from amni-

otic fluid or buccal swabs was performed. The AmpFISTR Identifiler

PCR amplification kit (Applied Biosystems) was employed, following

the manufacturer's protocol and according to strict AABB standards.

For alleged family cases with male fetus where amniotic fluid was not

available, cross-validation of the paternity results was performed

through additional testing with maternal cfDNA using the AmpFISTR

Yfiler PCR amplification kit (Applied Biosystems), following the manu-

facturer's protocol modified for use with cfDNA. Parental genomic

DNA was analyzed in parallel in each case. Capillary electrophoresis

(50-cm capillary array, POP-7) of PCR amplicons from both kits were

conducted in an ABI 3500 Genetic Analyzer (Applied Biosystems)

according to the manufacturer's instructions and strict AABB stan-

dards, and data were analyzed using the GeneMapper ID software v.5

(Applied Biosystems). The associated paternity probabilities were cal-

culated according to equations similar to those described above but

based on frequencies of the matched STRs in the population of the

alleged father.

2.8 | Specificity studies

The specificity of the paternity test (ie, its ability to identify non-

paternity) was examined by testing one close male relative of the

alleged father in place of the alleged father in three family cases. In

addition, 60 unrelated men were tested in place of the alleged father

in each of the 15 family cases.

3 | RESULTS

3.1 | Sequencing data

In the sequencing data for the 15 alleged family cases, the average

number of read pairs acquired for maternal cfDNA samples was over

four-fold that for paternal genomic DNA samples (1.1 × 106 vs

2.5 × 105, respectively; Table S3). The duplicated reads in cfDNA

samples accounted for a much higher percentage of mapped reads

(average 82.0% and 25.4% in cfDNA and genomic DNA, respectively)

such that after filtration of duplicated reads, average sequencing

depths at target-SNPs were 243× in cfDNA and 407× in genomic

DNA. This resulted in at least 261 target-SNPs (>73.0%) in each sam-

ple covered at a minimum of 100× and qualifying for downstream

analysis.

3.2 | Accuracy of SNP genotyping by targeted
sequencing

The fetal SNP genotypes obtained from targeted sequencing of two

maternal cfDNA samples were compared with those obtained via

analysis of the paired fetal genomic DNA extracted from amniotic

fluid (Table 1). There was full concordance between maternal cfDNA-

derived and fetal genomic DNA-derived genotypes when only consid-

ering the 257 SNP loci with genotype probabilities > 99.99%. Full

concordance was also observed in the 99.0% to 99.99% range, with

no incorrectly detected alleles or missing true alleles. However,

TABLE 1 Accuracy of targeted sequencing in SNP genotyping

Case Probability Range, % No. of SNPs Correct Genotypesa Incorrect Allelesb Missed Allelesc Concordance, %

1 >99.99 135 135 0 0 100

99.0-99.99 19 19 0 0 100

90.0-98.99 20 19 1 0 95.0

80.0-89.99 26 16 6 4 61.5

<80.0 107 65 19 23 60.7

2 >99.99 122 122 0 0 100

99.0-99.99 47 47 0 0 100

90.0-98.99 11 8 0 3 72.7

80.0-89.99 20 13 1 6 65.0

<80.0 123 60 34 29 48.8

Note: Fetal genotypes determined by targeted sequencing of cfDNA extracted from maternal plasma were verified using those obtained via targeted

sequencing of fetal genomic DNA extracted from amniotic fluid.
aNumber of SNP genotypes consistent between the two sources of fetal DNA.
bNumber of alleles detected in cfDNA but not in fetal genomic DNA.
cNumber of alleles detected in fetal genomic DNA but not in cfDNA.
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increased instances of discordance appeared in the lower probability

ranges, suggesting that genotype calls with probability < 99.0% had

ambiguous accuracy (Table 1). The results strongly supported that

after processing with the present analysis pipeline, the fetal genotypes

with high confidence calls (probability ≥ 99.0%) essentially reflected

true genotypes (323/323 correct calls; 100% accuracy), demonstrat-

ing the utility of this approach to accurately determine fetal geno-

types in maternal cfDNA.

3.3 | Targeted sequencing in paternity testing

Paternity testing using the targeted sequencing method (Figure 2) was

applied to 15 alleged family cases. In each case, the full panel of target-

SNPs was sequenced, the genotypes were determined, effective-SNPs

were identified, and the paternity probability was calculated. The num-

bers of target-SNPs classified as effective-SNPs ranged from 108 to

174 (average 148; Table 2), corresponding to an effective-SNPs per-

centage ranging from 30.3% to 48.9% (average 41.6%). All test cases

yielded paternity probabilities > 99.9999%, and “Inclusion” results were

called (ie, the alleged father in each case was determined to be the bio-

logical father). In each case, mismatches between detected and

expected genotypes were extremely low (≤2 loci; Table 2), and the fetal

fraction was determined to be greater than 4.5%, above the threshold

of 4.0% required to support the validity of noninvasive prenatal test

results.28 Details of Case 1 are given in Table S4 to illustrate the

approach. All paternity results were subsequently either confirmed using

STR-based conventional paternity tests on fetal/child genomic DNA for

cases with paired amniotic fluid/buccal samples or cross-validated using

Y-STR-based tests on maternal cfDNA (Table 2). All 15 STR loci

(Figure S1) or at least 10 Y-STR loci were detected in each test, suffi-

cient to provide validating results (Table S5).

3.4 | Paternity test specificity

The ability to differentiate between the biological father and closely

related males of the same paternal lineage was demonstrated when a

brother of the biological father was tested as the alleged father in three

of the paternity-confirmed cases, and “Exclusion” calls were given for all

three siblings (Table 3). Further validation of the present approach was

performed by testing each of 60 unrelated men as the alleged father in

place of the biological father in the 15 family cases. All tests gave calls of

“Exclusion,” and large numbers of mismatches were found in each test

(Table 4). In addition, significant separation in CPI between that for the

biological father and those for unrelated men were observed (Figure 3),

indicating the high specificity of this approach in paternity testing.

4 | DISCUSSION

In conventional postnatal paternity tests, child DNA is sampled, and

autosomal STRs are used as genetic markers. Such tests require the

genotyping of only 15 to 20 STR markers to generate highly accurate

results,29 with the industry standard for paternity probability set at

99.99% to establish unambiguous paternity. Current noninvasive

F IGURE 2 Schematic representation of the noninvasive prenatal
paternity test. Both genomic DNA (gDNA) extracted from tissue
samples of the alleged father and cell-free DNA (cfDNA) extracted
from maternal plasma were subjected to target enrichment based on
QIAseq Targeted DNA Panels with incorporation of Unique Molecular
Identifiers (UMIs). The target-enriched libraries were sequenced, and
target-SNPs were filtered for high confidence maternal-fetal
genotype calls. The mother, alleged father, and fetus genotypes of
these target-SNPs were then analyzed to generate paternity
probabilities
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prenatal paternity methods based on maternal cfDNA use only Y-

STRs14 or alternatively, a large number, typically thousands, of SNPs

as genetic markers.20,21 SNP-based approaches are superior because

of higher compatibility with the fragmented nature of cfDNA via the

use of shorter amplicon lengths, reduced false positives and false neg-

atives, and no fetus gender limitations. The large number of SNPs

reflects both the lower paternity-differentiating power of SNPs com-

pared with STRs, with the estimated power of 50 SNPs, having minor

allele frequencies between 0.2 and 0.8, being similar to 12 STRs in

postnatal tests30 as well as the noisy data, resulting from low

target allele concentrations, against which analysis of more SNPs are

required to allow for filtering of low-quality data.

In the present study, we hypothesized that with systematic

selection of SNP loci and accurate genotyping achieved through UMI-

based targeted sequencing, the number of tested SNPs could be

reduced from thousands20,21 to hundreds. To this end, SNP selection

was performed based on population genetics data and comprised

selection criteria that would simplify calculations, reduce SNP redun-

dancy, and increase discriminative power (Data S1). The criteria to

increase discriminative power by selecting SNPs with high heterozy-

gosity were consistent with previous studies,20 and the selection pro-

cess subjectively resulted in a panel of 356 target-SNPs (Table S1).

Following sequencing data analysis, 108 to 174 target-SNPs were

classified as effective-SNPs and included in paternity calculations

(Table 2). These numbers were comparable with that reported in a

previous study where an initial panel of over 1400 SNPs had been

sequenced, but only 130 to 162 SNPs were used in paternity

calculations,22 suggesting that the present selection process

TABLE 3 Paternity tests with close male relatives

Case Number of Effective-SNPsa Sequencing Depth, ×b Opposing Homozygosityc Genetic Inconsistencyc CPI, log Decision

3 169 280.6 8 11 −63.7 Exclusion

4 175 418.0 4 11 −57.2 Exclusion

5 132 261.0 5 11 −61.3 Exclusion

Note: One close male relative (brother) of the biological father was tested as alleged father in each of three paternity-confirmed cases. The “Exclusion” test
result determined the alleged father to be excluded as the biological father. The case numbers are as listed in Table 2.
aSNPs with sequencing depth > 100× in both analyses of maternal cfDNA and alleged paternal genomic DNA, and with maternal-fetal genotype

probabilities > 99.0% were classified as effective-SNPs and included in paternity calculations.
bAverage sequencing depth of the effective-SNPs in maternal cfDNA.
cNumber of detected fetal SNP genotypes not matching the expected genotypes derived from the genotypes of the mother and alleged father, with either

opposing homozygosity or genetic inconsistency.

TABLE 4 Negative paternity tests
with unrelated men

Effective-SNPs Number of Mismatchesa CPI, log

Case Median Range Average Range Average Range

1 138 136-139 31.6 21-42 −121.0 −73.8 to −172.0

2 161 157-161 36.6 27-51 −137.0 −88.1 to −191.3

3 169 166-170 40.5 28-57 −165.8 −112.8 to −240.2

4 175 171-176 41.4 27-56 −171.1 −116.2 to −240.9

5 160 156-160 38.2 25-49 −138.7 −78.0 to −188.9

6 168 166-169 38.8 29-51 −137.6 −97.8 to −186.9

7 159 155-159 36.8 26-50 −126.6 −81.2 to −168.9

8 130 127-131 32.0 20-42 −120.1 −67.9 to −156.5

9 117 114-118 28.0 18-42 −107.0 −62.9 to −181.2

10 138 137-139 33.7 23-46 −130.4 −96.6 to −177.8

11 149 144-150 35.1 23-47 −129.8 −82.2 to −178.4

12 142 138-143 34.4 24-44 −126.8 −86.6 to −168.3

13 161 158-162 38.2 26-51 −149.2 −103.0 to −204.0

14 140 137-140 32.7 21-44 −116.9 −73.5 to −162.2

15 108 105-108 23.3 13-31 −82.7 −41.4 to −121.7

Note: Sixty unrelated men were tested as alleged father in each of the 15 paternity-confirmed cases

listed in Table 2. The values displayed are the average (or median) and range obtained for the set of

unrelated men in each case.
aNumber of detected fetal genotypes not matching the expected genotypes derived from the genotypes

of the mother and unrelated men tested as alleged fathers.
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effectively reduced the number of redundant SNPs and increased the

percentage of effective-SNPs. Although, in general, the more SNPs

sequenced, the more the discriminating power of the test, in practice,

the actual number of SNPs sequenced would be limited by costs and

high cfDNA input, and the discriminating power would be dependent

on the number of SNPs that are eventually included in paternity

calculations.

Single nucleotide polymorphism-based noninvasive prenatal

paternity testing is highly dependent on the accurate genotyping of

fetal SNPs in maternal cfDNA. Moreover, since the higher the FF in

maternal cfDNA, the more accurate the genotyping result, with a

threshold set at 2% to 4%,28,31 below which the validity of noninva-

sive prenatal tests would not be supported, it is important that FFs

are also accurately estimated in order to support the test results for

samples with high FF and to identify and exclude samples with low

FF. The low fetal allele counts in the presence of high maternal allele

counts translate to difficulty in reliable detection of fetal alleles and

constitute a major challenge in maternal cfDNA analysis. In sequenc-

ing approaches, this issue was previously addressed by employing

targeted deep sequencing wherein target enrichment was hybridiza-

tion based.20,21 To our knowledge, this is the first report where target

enrichment was performed by multiplex amplification with the incor-

poration of UMIs. The use of UMI barcoding and the UMI-based

smCounter2 algorithm for sequencing data processing enabled correc-

tion of sequencing and PCR errors that would otherwise have

affected allele count determination. Moreover, a novel Bayesian-

based algorithm developed in-house was used to generate the final

maternal-fetal genotype calls and their associated posterior probabili-

ties, and this allowed the removal of ambiguous calls with

probabilities < 99.0% to minimize genotyping errors. This filtering pro-

cess was supported by the correctness of all fetal genotype calls from

maternal cfDNA above the threshold probability as verified through

comparison with those derived from fetal genomic DNA (Table 1).

Therefore, the analysis pipeline as a whole enabled accurate SNP

genotyping and ensured that essentially only true genotypes were

used in subsequent paternity calculations.

The utility of the method in noninvasive prenatal paternity testing

was ultimately demonstrated through the successful determination of

paternity in 15 family cases, results of which were all subsequently

validated (Table 2; Table S5). The minimum logarithm of CPI and

paternity probability for these cases were 8.6% and 99.9999997%,

respectively, well above the lower limits for paternity inclusion and

attesting to the strength of the method. Moreover, close male rela-

tives were readily excluded as the biological father in three cases

(Table 3), validating the potential to eliminate close relative-derived

false paternity-inclusion cases.27 The exclusion of 60 unrelated men

when tested as alleged father in each of the 15 cases further verified

the specificity of the method (Figure 3; Table 4). Notably, the pater-

nity probabilities generated by the method were comparable with

those obtained by STR analysis but much higher than those from Y-

STR analysis (Table 2), revealing the increased power of the novel

method compared with Y-STR analysis. Besides, although Y-STR anal-

ysis is extremely useful for paternal lineage identification,32 it is less

effective for paternity testing because of difficulties in differentiating

between male relatives. The Y-STR analysis-generated probabilities

are therefore more correctly patrilineality or male line probabilities,

and the Y-STR paternity-inclusion results confirmed only paternal line-

age relationship.

Conventional paternity tests analyze autosomal STRs in genomic

DNA by performing PCR amplification and capillary electrophoresis.29

Compared with the present approach, STR analysis does not involve

complex bioinformatics, but since genomic DNA is analyzed, conven-

tional methods cannot be applied to noninvasive prenatal testing.

Moreover, although close male relative-derived false paternity-

inclusion results are less problematic for autosomal STR-based

methods compared with Y-STR analysis, elimination of such false pos-

itives in the present approach is a significant advantage over conven-

tional tests.27

Compared with previous SNP-based targeted sequencing

methods for noninvasive prenatal paternity testing, the present

approach differed in terms of the analyzed SNPs, the amplicon-based

nature of target enrichment, and the data analysis algorithm. Impor-

tantly, the SNPs selection process significantly reduced the number of

sequenced target-SNPs yet supported comparable discriminating

power, and the amplicon-based approach allowed the use of UMI

barcoding to facilitate absolute quantification of SNP alleles and more

reliable genotyping, both features representing significant improve-

ments to previous methods. Moreover, where only maternally homo-

zygous SNPs were included in paternity calculations in previous

studies,20-22 the present analysis algorithm included all SNPs with

high-confidence fetal genotype calls, disregarding the maternal geno-

type, thus providing an added means to increase the effective-SNPs

percentage. Furthermore, the sequencing of significantly reduced

numbers of target-SNPs associates with reduced costs and increased

cost-effectiveness.

In conclusion, despite limitations that include the testing of only a

few family cases and only the Han Chinese population, the current

F IGURE 3 Combined paternity indices for biological father and
unrelated men. The logarithm of CPIs (log CPIs) calculated for the
15 family cases were all greater than 8.0 when the biological father
was tested (red circles), and each was a distinct outlier compared with
the respective set of log CPIs obtained for 60 unrelated men each
tested as alleged father (box-and-whisker plots). The dotted line
marks where log CPI = 0, and the case numbers correspond to those

given in Table 2
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pilot study has demonstrated the utility of the approach in noninva-

sive prenatal paternity testing. The method has further potential for

application to a range of related clinical functions such as relationship

testing or screening for single gene disorders, and such feasibility

could be evaluated in future studies.
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