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ABSTRACT 

Primary template-directed amplification (PTA) provides unprecedented genomic
coverage and uniformity from single cells or low-input DNA, with high SNV calling
sensitivity and minimal allelic dropout relative to existing methods. While
assessment of the whole genome may be critical for some studies of single cells,
other studies may aim to look exclusively at coding regions using whole-exome
capture panels. This allows for a more cost-effective initial genomic survey of
single cells. Here we report our success using the ResolveDNA™ WGA kit, based
on PTA technology, combined with the Twist Human Core Exome hybrid capture
panel (Twist Bioscience:PN:102025).

ResolveDNA™ WGA combined with whole-exome sequencing of single cells will
be a powerful tool to obtain high-quality exome data important for drug
development & disease screening.
The Twist target enrichment panels yield highly uniform coverage due to the
double-stranded nature of their probe set. We employed the Twist Human Core
Exome panel (33Mb) to enrich Twist libraries derived from WGA products of
GM12878 single cells using the ResolveDNA™ WGA kit. Following WGA and
exome capture according to the manufacturers’ instructions, we sequenced (2)
8-plex pools on a NovaSeq 6000. The combined single-cell PTA protocol with the
TWIST Human Core Exome panel achieved an average of 98% of the bases
covered at 1x and 92% of the bases covered at 10X or higher, when downsampled
to 40 million paired-end reads per library. We obtained robust coverage
uniformity demonstrated by an average Fold 80 base penalty of 2.39, with a tight
range between 2.29 and 2.76, as well by GC/AT dropout rate. This resulted in
SNV calling sensitivity up to 97% and 96% precision for these single cells.

Here we have shown the power of combining uniform single-cell whole genome
amplification with whole-exome capture panels to allow reliable ascertainment of
the exome, even at single-cell resolution. Coupling of these technologies has far-
reaching potential in diverse applications including cancer, neurology, and
preimplantation genetic testing.

ResolveDNATM whole genome amplification

Figure 1: Schematic of primary template directed amplification (PTA): ResolveDNATM WGA is an isothermal
amplification reaction driven by Phi29 polymerase and random primers (1) PTA uses exonuclease resistant
terminator nucleotides alongside the natural nucleotides to generate smaller double-stranded amplicons to
limit their reamplification. As a result, amplification reaction becomes quasi linear with most of the
amplification occurring from the primary template leading to reduced error propagation, consistently
high genome coverage and uniformity and reduced allelic dropout.

Results

Primary Template-directed Amplification was performed on single NA12878 cells collected & stained with
Calcein AM & PI dye for live cell sorting in 96 well plates using ResolveDNATM WGA kit (PN100068 or
PN100136). PTA product was purified with ResolveDNATM Bead Purification kit (PN100121).
Library Preparation and Target Enrichment were prepared in duplicates with Twist Library Preparation EF
kit (PN100253) (3) using 50 ng PTA product from six single NA12878 cells and one 100 pg gDNA control. A
bulk control library was also prepared using 100 ng gDNA as input for each duplicate run. PTA products
were fragmented for 4 min as reducing time yielded desired library size than instructed 22min. However,
gDNA is fragmented for 22min as instructed as a control. Library quality is determined by low-pass
sequencing on Miniseq before target enrichment. Target enrichment was performed with Twist Human
Core Exome kit (PN102025) (TWIST claims that this kit includes 33 Mb CCDS coverage with 99.3% of
targeted regions covered at 20x with 5.3 Gb) following the manufacturer's instructions (Fig 5).
Sequencing and Data Analysis: For low-pass sequencing, libraries were sequenced on an Illumina Miniseq
with a flow cell loading concentration of 2.2 pM. ~5 million PE 75 bp reads were generated/library. Preseq
count and ChrM metrics were called and compared to historical data for quality assessment. Enriched
libraries were pooled and sequenced on a NovaSeq 6000 S4 flow cell. ~ 50 million PE 150bp reads were
generated/library followed by down sampling to 40M. After demultiplexing and quality trimming, raw reads
were aligned to the hg38 reference genome using BWA-MEM.

Figure4: (A) Single cell PTA yields (ng) generated using ResolveDNATM WGA
kit. (B) Library size profiling done with D1000 HS Screeentapes on
Tapestation 4200 (Agilent Technologies). (C) Single-cell library yields (ng)
made using 50ng PTA product with Twist Library Preparation EF kit. (D) Dot
plot comparing low pass sequencing metrics of 16 samples (2 X 8plex) ChrM
vs Preseq counts of single cells and corresponding gDNA and 100pg DNA
controls created using Twist Lib EF kit.

Figure5: (A) Schematic of the TWIST hybridization and target
enrichment workflow (2). (B) Twist Biosciences exome enriched
single-cell amplified genomes (2X8plex pools); enriched samples
demonstrated adequate fragmentation and insert size for
downstream NGS analysis. Total insert size after purification and
adaptation using the universal adapters ranged from 430-460 bp (C)
Yields from the enriched library pools are greater than 750ng total
DNA.

Both GC rich and AT rich region are uniformly enriched with minimal 
GC bias and exome coverage uniformity is robust.

ResolveDNATM WGA kit generated >1000ng of PTA product from single cells and Twist
library prep EF kit generated high quality libraries with >= 3.5 billion Preseq counts after
low pass sequencing & <1% chrM representing high library complexity and efficient cell
lysis during PTA, respectively.
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Figure5: Single NA12878 cells demonstrate low GC bias and low Fold 80 base penalty : (A) Analysis of
both AT and GC regions of the genome demonstrate similar allelic dropout rates. Average dropout rate
in single cells were comparable, 4.5% vs 4.7%, respectively, demonstrating GC rich and AT rich region are
uniformly enriched with minimal GC bias. (B) Fold 80 base penalty for most of the single cells is low with
average Fold 80 base penalty of 2.39, with a tight range between 2.29 and 2.76 indicating robust
coverage uniformity of the target exome.

Figure6: Coverage uniformity, sensitivity and precision of BioSkryb Genomics ResolveDNA paired with Twist
Biosciences Exome. (A) coverage of libraries prepared from isolated single cells after ResolveDNA WGA, TWIST
library preparation, exome enrichment, and sequencing demonstrated 98% exome coverage at 1 read/base (1X),
greater than 93% at 10 reads/ base (10X), and 85% at 30 reads/base (30X). (B) Of the cells analyzed 11/12 had
coverage greater than 97% bases with 1 read/base (1X) (C) Scatterplot showing for each cell (dots) the precision
(x-axis) and sensitivity (y-axis) of their respective SNP evaluation against the high-confident variants
in the GIAB (Genome in a Bottle) consortium HG001 reference. shows that 11/12 samples have SNV sensitivity
between 86-97% at a precision of 96. (D) Histogram showing the allelic balance, defined as proportion of reads
supporting the reference and alternate alleles, for all high confident heterozygous sites evaluated in the assayed
panel. The bins in the x-axis represent the interval of allelic balance and the y-axis the proportion of total
heterozygous sites that fall within that interval. Within each interval, individual cells are depicted as black dots
and the interval mean with its 95% confidence interval is shown in orange. (E) Bar chart showing on or near bait
bases and off bait bases for each sample in millions.

Single-cell PTA-WES using Twist Human Core Exome panel
achieved an average of 98% of the bases covered at 1x and 92%
of the bases covered 10X and higher. scPTA-WES achieved SNV
calling sensitivity above 90% and precision above 90%.

Conclusions
Single cell PTA-WES using ResolveDNA WGA, and Twist Human Core Exome panel
achieved high quality data featuring:
 Zero target coverage of < 2%
 More than 85% of bases with 30x coverage, exceeding most existing WGA and

whole exome capture methods.
 High single cell exome coverage uniformity demonstrated by Fold 80 base penalty

and GC/AT dropout rate
 Exceptional single cell SNV calling sensitivity and precision

Figure 3: TWIST library preparation workflow.
Twist’s Library Preparation Kits are compatible
with either enzymatic or mechanical
fragmentation. In this project we used the
enzymatic fragmentation. After the end repair
and A-tailing steps, we used TWIST universal
adapters for insert ligation. TWIST’s proprietary
Universal adapters eliminate the formation of
undesirable primer dimers; thereby aids in
generating robust libraries necessary for
subsequent target capture.

Figure 2: Schematic of the experimental workflow: Single cells were sorted using FACS and PTA was
performed using the ResolveDNATM WGA kit. Bead -purified PTA product was used to generate
sequencing libraries with the Twist Library Preparation EF kit (PN100253), followed by exome
enrichment with the Twist Human Core Exome panel (PN101217) and sequencing.

Materials and Methods
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TWIST HUMAN CORE 
EXOME DEFINITION:
 33 Mb CCDS coverage
 99% of ClinVar variants 

covered
 99.3% of targeted 

regions covered at 20x 
with 5.3 Gb (2)
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