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BACKGROUND: Recent studies have suggested that single-
stranded DNA (ssDNA) library preparation can enrich
short DNA species from the plasma of healthy individu-
als, cancer patients, and transplant recipients. Based on
previous observations that fetal DNA molecules in the
maternal plasma are shorter than maternal DNA mole-
cules, ssDNA library preparation may potentially enrich
fetal DNA and provide substantial improvement in non-
invasive prenatal testing.

METHODS: We tested this hypothesis by comparing the
maternal plasma DNA sequencing results using 2 types of
ssDNA library preparation methods and a standard
double-stranded DNA (dsDNA) library method using
samples from first- and third-trimester pregnancies. We
also evaluated the performance of ssDNA and dsDNA
library methods in the noninvasive prenatal detection of
trisomy 21 from maternal plasma.

RESULTS: Short DNA species were significantly enriched
in ssDNA libraries. However, contrary to previous spec-
ulation, no significant enrichment was observed in the
overall fetal fraction in maternal plasma collected in the
first trimester. Our use of an ssDNA library did not re-
duce the variation in chromosomal representation when
compared with a standard dsDNA library in the first-
trimester plasma samples. ssDNA libraries also showed
inferior performance in the noninvasive prenatal detec-
tion of trisomy 21 from maternal plasma. Detailed fetal
fraction analysis using size-fractionated Y chromosome
sequences and fetal-specific single-nucleotide polymor-
phisms (SNPs) revealed an unexpected finding that short
maternal DNA was preferentially enriched over short fe-
tal DNA in an ssDNA library irrespective of GC content.

CONCLUSIONS: Our findings have shown that ssDNA li-
brary preparation preferentially enriches short maternally
derived DNA in maternal plasma.
© 2017 American Association for Clinical Chemistry

Circulating cell-free fetal DNA analysis in maternal
plasma enables noninvasive assessment of the genome of
a fetus (1–3 ). Cell-free fetal DNA contributes 10% and
30% of the circulating DNA in maternal plasma in the
first and third trimesters of pregnancy, respectively
(1, 4, 5 ). Current approaches of noninvasive prenatal
testing (NIPT)4 for fetal aneuploidies and monogenic
diseases depend on the detection of deviations in chro-
mosomal dosages or allelic counts in comparison with
data from reference subjects (2, 6 ). Methods for selective
fetal DNA enrichment from the total circulating DNA
pool in maternal plasma are therefore highly desirable
(7 ). It has been shown by using massively parallel se-
quencing (MPS) that there is an enriched contribution of
fetal DNA amongst the short (�150 bp) DNA species,
thus enabling the development of size-based aneuploidy
detection and fetal DNA fraction enrichment through
DNA size selection (8–10). In particular, previous MPS
data generated from maternal plasma were produced us-
ing library preparation protocols which require sequenc-
ing adaptor ligation at the 2 ends of double-stranded
DNA (dsDNA) molecules (1, 3 ).

Recently, several groups have reported improved
short plasma DNA recovery from healthy individuals,
cancer patients, and transplantation recipients using
single-stranded DNA (ssDNA) sequencing library prep-
aration (11–13). Burnham et al. showed that ssDNA
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library outperformed dsDNA library in recovering
donor-derived mitochondrial and microbial DNA in the
plasma of transplant recipients (12 ). It has been specu-
lated that such protocols may also enrich short fetal DNA
in the maternal plasma (12 ). Karlsson et al. applied an
amplification-free ssDNA library preparation protocol
for noninvasive prenatal aneuploidy testing and showed
improvement in GC bias and genomic coverage (11 ).
However, it is unknown if these improvements are con-
tributed by the removal of the PCR amplification step, or
by the use of ssDNA library preparation per se, or both.
The change of fetal DNA fraction also was not explored
in the study. It remains unclear and clinically important
to determine if ssDNA library preparation can preferen-
tially enrich fetal DNA in the maternal plasma.

In this study, we compared the genomic character-
istics of ssDNA and dsDNA libraries in the profiling of
circulating DNA in first- and third-trimester maternal
plasma samples.

Materials and Methods

STUDY PARTICIPANTS, SAMPLE COLLECTION, AND

DNA EXTRACTION

This study was approved by the institutional ethics com-
mittee. Pregnant women with singleton male fetuses were
recruited from the Department of Obstetrics and Gynae-
cology, Prince of Wales Hospital, Hong Kong, with in-
formed consent (see Table 1 in the Data Supplement that
accompanies the online version of this article at http://
www.clinchem.org/content/vol63/issue5). Plasma was
isolated from 20 mL of EDTA-anticoagulated maternal
peripheral blood as previously described (14 ). For third-
trimester cases, 1 cm3 placental tissue was dissected
freshly after delivery from a region 2 cm deep and 5 cm
away from the umbilical cord. For first-trimester cases,
chorionic villus samples were obtained. Plasma and buffy
coat DNA were extracted using the QIAamp DSP DNA
Blood Mini Kit (Qiagen) and QIAamp DNA Blood
Mini Kit (Qiagen) respectively, and quantified by Qubit
3.0 (Invitrogen). Placental DNA and chorionic villus
DNA were extracted using the QIAamp DNA Mini Kit
(Qiagen) according to manufacturer’s protocols.

SEQUENCING LIBRARY PREPARATION

In total, 2.5 ng of extracted plasma DNA from each case
was used for library preparation. dsDNA libraries were
generated by the KAPA HTP Library Preparation Kit for
Illumina (KAPA Biosystems) according to manufactur-
er’s instructions with diluted adaptor concentration (1:5)
(15 ). Template-switching ssDNA libraries (TS-ssDNA)
and adaptor-ligation ssDNA libraries (LIG-ssDNA) were
generated by the DNA SMART ChIP-Seq Kit (Clon-
tech) and the Accel-NGS 1S Plus DNA Library Kit
(SWIFT Biosciences), respectively. Libraries were quan-

tified by Qubit and real-time quantitative PCR on a
LightCycler 96 System (Roche). The size profiles of the
sequencing libraries were examined by the Agilent High
Sensitivity D1000 ScreenTape System (Agilent).

MPS AND DATA ANALYSIS

All libraries were sequenced with a paired-end format of
75 bp � 2 on a NextSeq 500 system (Illumina) (dsDNA
and LIG-ssDNA libraries) or a HiSeq 2500 system (Illu-
mina) (TS-ssDNA libraries) with a manufacturer-
designed custom Read 2 primer. Adaptor sequences and
low-quality bases (i.e., quality score, �5) were removed,
and libraries were aligned to the non–repeat-masked hu-
man reference genome (hg19) using the Short Oligonu-
cleotide Alignment Program 2 (SOAP2) (16 ). Up to 2
nucleotide mismatches, but not indels, were allowed
for each member of the pair-end reads. Libraries were
downsampled to 25 million reads for chromosomal
CV calculation.

We followed the correction method and aneuploidy
detection principle described by Chen et al. (17 ) to elim-
inate the effect of the GC bias on the read counts. Each
chromosome is computationally divided into 100-kb
bins. Locally weighted scatterplot smoothing regression
was applied to fit the number of reads in each chromo-
somal bin (100 kb) against the GC content of the corre-
sponding bin to calculate the locally weighted scatterplot
smoothing fit predicted value (P) (18 ). The GC-
corrected counts (RCGC) of each bin were the product of
the raw counts (RCraw) and the correction factor (F). The
latter was derived from the median counts of all the bins
(M) and the locally weighted scatterplot smoothing fit
predicted value by the following equations:

F � M/P, (1)

RCGC � RCraw � F. (2)

The genomic representations of different chromosomes
are defined as the percentages of the GC-corrected reads
originated from each chromosome among the total GC-
corrected reads from a sample. The overrepresentation of
chromosome 21 for each tested sample is quantified by
the z score of chr21 by the following equation:

z score � (GRchr21test sample

� mean GRchr21euploid)/SDeuploid (3)

MICROARRAY GENOTYPING AND SINGLE-NUCLEOTIDE

POLYMORPHISM IDENTIFICATION

Fetal and maternal genomic DNA samples were geno-
typed with the Infinium Omni2.5–8 V1.2 Kit and the
iScan system (Illumina). Single nucleotide polymor-
phisms (SNPs) were called by the Birdseed v2 algorithm.
The genotypes of the chorionic villus samples and pla-
centas were compared with those of the mothers to iden-
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tify the fetal-specific and maternal-specific SNP alleles.
An SNP was considered as fetal specific if it was homozy-
gous in the mother and heterozygous in the fetus, and the
reverse for maternal-specific SNPs. The fetal DNA frac-
tions were deduced as described (1 ). In the size and GC
fractionated fetal fraction analysis, fetal DNA fragments
were divided into 10-bp bins or GC-percentage bins.

STATISTICAL ANALYSIS

Student’s paired t-tests were performed using Excel (Mi-
crosoft). We considered a P value of �0.05 as statistically
significant. P values of �0.05, 0.01, and 0.001 are de-
noted as , , and , respectively.

Results

GENOMIC CHARACTERISTICS OF ssDNA AND dsDNA

LIBRARIES FROM THIRD-TRIMESTER MATERNAL PLASMA

We first studied the genomic characteristics of ssDNA
and dsDNA libraries in third-trimester maternal plasma
by comparing 2 chemically distinct ssDNA library
preparation methods to the standard dsDNA method.
One ssDNA method employs a homopolymer-tailing
template-switching chemistry (TS-ssDNA) and another
requires direct ssDNA-adaptor ligation (LIG-ssDNA)
(Fig. 1).

DNA size determination by pair-ended MPS re-
vealed distinctive size distribution profiles from ssDNA
and dsDNA libraries (Fig. 2A; also see online Supple-
mental Fig. 1) and substantial enrichment in short DNA

species (�150 bp) in the ssDNA libraries (Fig. 2B). The
ascending slope toward the 166-bp peak in the dsDNA
library has been replaced by a plateau of very short DNA
species (�100 bp). The effect was more pronounced in the
TS-ssDNA than the LIG-ssDNA library (Fig. 2, A and B;
also see online Supplemental Fig. 1). Nonetheless, all types
of libraries peaked at 166 bp. Short DNA species accounted
for 44.6%, 38.2%, and 24.7% of total DNA in TS-ssDNA,
LIG-ssDNA, and dsDNA libraries, respectively (Fig. 2B),
resulting in average increases of short DNA species of 80%
(TS-ssDNA) and 55% (LIG-ssDNA).

The GC-corrected chromosomal fractions of TS-
ssDNA and LIG-ssDNA both showed significant differ-
ences in chromosomes 17, 19, and Y. TS-ssDNA and
LIG-ssDNA libraries, respectively, showed an average of
8.3% and 6.2% (respective paired t-test P values: 0.005
and 0.029) gains in chromosome Y representation rela-
tive to the dsDNA library (Fig. 2C), suggesting a mild
overall enrichment of fetal DNA in ssDNA libraries. Al-
ternatively, we estimated the overall fetal fraction in the
libraries by use of informative fetal-specific SNPs. We
confirmed that there was a mild enrichment of overall
fetal DNA fraction in TS-ssDNA and LIG-ssDNA li-
braries over the dsDNA library, i.e., 9.2% and 3.7%,
respectively (Fig. 2D).

Since the size profile of the ssDNA preparation
showed a substantial improvement in short DNA recov-
ery, we expected a much larger degree of fetal fraction
enrichment because fetal DNA molecules are known to
be shorter than maternal DNA (1, 8 ) (Fig. 2, B and

Fig. 1. Schematic diagram comparing the molecular principles of different sequencing library preparation tested in this work.
RT, reverse transcription.
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Fig. 2. Comparison of ssDNA and dsDNA libraries of third-trimester maternal plasma.
(A), DNA size profile; (B), short DNA fraction; (C), change of chromosomal representation; (D), overall fetal DNA fraction; (E, F), short DNA
fraction in maternal/fetal DNA; (G), size profiles of autosomal/chromosome Y and maternal/fetal DNA; (H, I), total and GC-fractionated size-
specific fetal fraction; (J), interchromosomal CV values. chr Y, chromosome Y; M, maternal; F, fetal. *P < 0.05.
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D–F). Thus, the mild overall fetal fraction enrichment is
somewhat contradictory to our expectations. To recon-
cile this inconsistency, we deconstructed the total size
profile into their respective fetomaternal origins by sepa-
rating DNAs into those of autosomal/Y chromosomal
origins and those carrying fetal-specific SNPs. We found
that fetal DNA was also shorter than maternal DNA in
ssDNA libraries, with the distribution peaking at 144–
146 bp (Fig. 2G; also see online Supplemental Figs. 2
and 3).

We further calculated the fetal fraction again using Y
chromosome DNA and fetal-specific SNPs in 10-bp size
bins. Strikingly, we found that, particularly in the TS-
ssDNA library, the fetal fraction of short size range DNA
(70–150 bp) from ssDNA libraries was actually reduced
as compared to dsDNA libraries (see online Supplemen-
tal Fig. 4). This effect disappeared at a longer DNA size
range (150–220 bp) and was unaffected by the GC con-
tent (Fig. 2, H and I). These findings suggested that,
among short fragments, ssDNA library preparation did
not enrich fetal DNA fragments to the same extent as
dsDNA library preparation, providing an explanation for
the discrepancy observed in short DNA and overall fetal
DNA enrichment.

We also evaluated the CV of the measurement of
individual GC-corrected chromosomal representation,
as it directly impacts the calculation of the z score and
thus the performance of noninvasive prenatal aneuploidy
detection using MPS of maternal plasma DNA. In third-
trimester maternal plasma, the variation is consistently
reduced in ssDNA libraries for chromosomes 8, 12, 18,
20, 22, and Y (Fig. 2J).

GENOMIC CHARACTERISTICS AND TRISOMY 21 ANEUPLOIDY

DETECTION BY ssDNA AND dsDNA LIBRARIES FROM

FIRST-TRIMESTER MATERNAL PLASMA

We next asked if similar observations could be made
in first-trimester maternal plasma, as these would be the
most clinically relevant samples for NIPT. We compared
only TS-ssDNA and standard dsDNA this time, as TS-
ssDNA libraries showed a larger enrichment in the over-
all fetal DNA fraction than the LIG-ssDNA method. We
generated additional libraries for plasma samples from
first trimester pregnant women carrying male fetuses
(week 13) and genotyped the maternal and fetal genomic
DNA. We observed similar DNA size profiles in the first-
and third-trimester maternal plasma (Fig. 3A; also see
online Supplemental Fig. 5) and enrichment of short
DNA fragments (TS-ssDNA: 39.2% and dsDNA:
23.6%) (Fig. 3B–D). However, unlike third-trimester
plasma, there was no significant overall fetal DNA frac-
tion enrichment by fetal-specific SNP analysis (Fig. 3E).
Furthermore, the CV values of individual GC-corrected
chromosomal fraction measurement for ssDNA libraries
were also universally higher than that for dsDNA librar-

ies, except a mild reduction in chromosome Y (Fig. 3F).
In the size-fractionated fetal fraction analysis, it was again
evident that with use of ssDNA libraries, short maternal
DNA molecules had been preferentially enriched over
short fetal DNA molecules irrespective of their GC con-
tent (Fig. 3, G and H; also see online Supplemental Fig.
6). These results demonstrated that preferential short
maternal DNA enrichment by ssDNA library prepara-
tion methods was independent of pregnancy stages.

Finally, we tested the performance of ssDNA plasma
DNA libraries in the noninvasive detection of trisomy 21
from early-pregnancy maternal plasma. In line with the
significantly higher variation in the measurement of
chromosomal representation by ssDNA libraries, we ob-
served inferior separation between euploid and trisomy
21 maternal plasma samples comparing to the standard
dsDNA libraries (Fig. 3I).

Discussion

Our findings have demonstrated that ssDNA library prep-
aration methods, irrespective of their chemistry, enrich short
DNA species in maternal plasma (11–13). Surprisingly, our
data showed that such short DNA enrichment did not
translate into significant fetal fraction enrichment.

We unexpectedly discovered that ssDNA libraries
preparation preferentially enriched short maternal DNA
over short fetal DNA. It appears counterintuitive that the
overall fetal fraction in third-trimester plasma could still
be mildly enriched compared to dsDNA libraries, despite
the fact that the fetal fractions were reduced in short
DNA size bins and were unchanged in long DNA size
bins in ssDNA libraries (Fig. 2H). The apparent effect of
mild overall fetal DNA enrichment is actually a result of
substantial total short DNA fraction enrichment in
ssDNA libraries. In first-trimester plasma, where the
short DNA enrichment is less dramatic, the effect on
overall fetal fraction enrichment became undetectable. As
size-fractionation analysis or DNA size selection is not
routinely integrated in current NIPT applications using
the MPS approach, the change of the overall fetal fraction
is more relevant than size-range-specific fetal fraction.
Hence, there are limited advantages for ssDNA libraries
in count-based NIPT. In fact, the higher variation in the
quantification of genome representation in ssDNA li-
braries resulted in inferior performance of trisomy 21
detection in early-pregnancy maternal plasma in our
study. The reduction of fetal fraction in short DNA frag-
ments in ssDNA libraries also made their use unfavorable
for size-based prenatal diagnostics (10 ).

Karlsson et al. previously found that amplification-
free ssDNA libraries showed smaller variation in chromo-
somal fraction estimation and less GC bias (11 ). The
improvement is likely a result of the removal of a PCR
amplification step, and hence its associated biases. That
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Fig. 3. Comparison of ssDNA and dsDNA libraries of first-trimester maternal plasma.
(A), DNA size profile; (B), short DNA fraction; (C, D), short DNA fraction in maternal and fetal DNA; (E), overall fetal DNA fraction; (F), interchromosomal
CV values; (G, H), total and GC-fractionated size-specific fetal fraction; (I), separation of trisomy 21 samples by z scores. **P <0.01; ***P <0.001.
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said, ssDNA library preparation may be advantageous in
certain applications, such as for nucleosome-positioning
analysis. Snyder et al. demonstrated that short DNA frag-
ments in ssDNA libraries showed a stronger footprint signal
at transcription factor binding sites than long DNA frag-
ments (13). The use of an ssDNA library may also benefit
the study of plasma DNA in clinical conditions character-
ized by having a preponderance of very short plasma DNA
molecules, e.g., systemic lupus erythematosus (19).

Our data suggested that enrichment of short DNA
molecules by ssDNA library preparation is not merely the
consequence of a physical size selection process. There are
likely biological differences intrinsic to the DNA mole-
cules between fetal and maternal sources. ssDNA library
preparation was originally developed to recover highly
damaged DNA molecules in archeological samples (20 ).
It is possible that fetal and maternal DNA may display
differential degrees of DNA damage resulting from dif-
ferent DNA degradation mechanisms. Indeed, it has
been speculated that placental H1 linker histone instabil-
ity may play a role in the generation of the shorter size of
fetal DNA (1 ). Further molecular understanding of the
cell death process of the placenta is required to fully elu-
cidate this difference (21 ).

In short, our data have revealed unexpected prefer-
ential enrichment of short maternal DNA in maternal
plasma by ssDNA library preparation and the perfor-
mance characteristics of ssDNA and dsDNA approach in
maternal plasma DNA analysis.
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