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Abstract

optimized for FFPE-derived DNA and cfDNA.

Background: DNA analysis from formalin-fixed paraffin-embedded (FFPE) samples and cell-free DNA (cfDNA) is essential in various fields such as cancer gene panel analysis, clinical sequencing, infectious disease research,
genetic disease research, and forensic science. FFPE-derived DNA and cfDNA are often highly fragmented and consist of a mixture of double-strand DNA (dsDNA) with overhangs, nicked dsDNA, and single strand DNA
(ssDNA), which conventional dsDNA-oriented library preparation methods may not fully capture. Therefore, a single strand DNA NGS library preparation method using a single strand DNA ligase (SDL) was developed and

Results: The SDL-based approach yielded sufficient libraries for sequencing from high-degradation FFPE DNA and cfDNA. It improved key metrics compared with commercial kits, including higher mapping rates and lower
PCR duplicate rates. With 50 base synthetic ssDNA, the mapping rate increased from ~30% using a conventional ssDNA-seq method to >90% with the SDL-based approach, demonstrating effective recovery of short ssDNA.
Conclusion: These findings suggest that the single strand DNA NGS library preparation method is highly effective at recovering a broader diversity of DNA fragments, including ssDNA and damaged molecules from degraded
samples such as FFPE and cfDNA, underscoring its utility for sensitive DNA analysis.

Introduction

|®ssDNA—seq resolves challenges that are difficult to overcome with dsSDNA-seq in precious samples

(@ssDNA-seq provides high-quality data for fragmentomics analyses.

* Lower

Degraded DNA ssDNA dsDNA
< z
¢z
Liquid biopsy Environment ~FFPE Ancient 7 / ;
O & S S
NS & R
7’ - z
Precious samples contain dsDNA, ~ 73
ssDNA and degraded DNA x x z
[ / z

Damaged DNA (for example, nicked DNA and DNA with overhangs) and ssDNA are abundant in ¢fDNA, FFPE, ancient and environmental samples.
However, dsDNA-seq shows poor recovery of damaged DNA and ssDNA, leading to biased i ically i
ssDNA-seq overcomes key limitations inherent to dsDNA-seq by enabling efficient recovery of damaged DNA and ssDNA molecules.
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ssDNA-seq enables sequencing of dsDNA, ssDNA and degraded DNA
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dsDNA-seq cannot generate DNA library from ssDNA and degraded
DNA due to the limitation of ligation to dsDNA.

damaged DNA (e.g., FFPE DNA)
+ Poor recovery of degraded and modified molecules in ancient or environmental samples

Advantages of ssDNA-seq
+ Efficient recovery of nicked DNA, DNA with overhangs, and ssDNA
+ High-resolution capture of termini, size profiles, and fragmentation motifs

+ Improved

+ High compatibility with ultra-short ¢fDNA (=50 nt), microbial cfDNA, mDNA
+ Suitable for low-input and damage-rich sample types (FFPE, ancient DNA)

fragments.

library complexity for severely degraded samples
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These studies revealed distinct size, end-motif, and coverage patterns
strongly linked to chromatin state, which are markedly altered in cancer.
Integrating these fragmentomic features into an AT model enhances
cancer detection and tumor-origin prediction compared with
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cfDNA Fragmentation Patterns as Predictors of Cancer

Tsui et al,, 2025, Cancer Cell
Gong et al., 2025, bioRxiv
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End repair in conventional dsDNA-seq generates libraries that lose native fragment information.
In contrast, ssDNA-seq does not require end repair and preserves native fragment information.

|®Single strand DNA Ligase is a novel enzyme that shows high ligation efficiency for ssDNA

@The SDL-based NGS library preparation performance: ssDNA-Seq Kit

Conventional sSDNA-seq technologies

Tailing-based ssDNA ligation
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Low ligation efficiency for sSDNA
by using 3' Prime Tail

We developed Single strand DNA Ligase (Takara Bio Inc) and compared
its ligation efficiency with that of conventional enzyme

Experiment: Ligation between ssDNA and ssDNA
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Random splint-based ssDNA ligation
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Low ligation efficiency for ssDNA
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New ssDNA-seq technology +

SDL-based Direct ssDNA ligation
SDNA__adapter

Single strand DNA Ligase (SDL)
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ligation efficiency for ssDNA by using SDL
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SDL achieves higher ligation efficiency than conventional enzyme

3.C enzyme A
4.Conventional enzyme A + additive

All of the enzymes used were
commercially available products.
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ssDNA-Seq Kit protocol overview

InputDNA 10pg-250ng

(1) Pretreatment & denaturation
Input DNA i pretreated and denatures

to become ssDNA.

B

1t adapter ligation reaction

‘The adapter is added to the 3' end of the

denatured ssDNA by SDL.
Tt adapter
.
(3) Extension reaction
A primer aligns with the 1st adapter and
" generates a second strand complementary
Frimr: tothe input DNA.
3
E
(4) 2nd adapter ligation reaction
A2nd adapter s selectively added tothe
2nd adapter —— 5 end of the dsDNA.

PCR amplification of DNA library

Indexing primers incorporate indexing

sequences needed for llumina sequencing.
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The sequencing library is completed within
2hours.

FFPEDNA DIN:49 FFPEDNA DIN:38

Human genomic DNA
DIN:9.9 (intact)

FRPEDNA DIN:25 FFPEDNA DIN:15

DNA libraries were prepared using the ssDNA-Seq Kit (Takara Bio
Inc.) from human genomic DNA and FFPE-derived DNA samples
with varying degrees of fragmentation. Input DNA, 10 ng for cach
sample, was fragmented using an ultrasonic generator (Covaris).
Evaluation of the prepared librarics with the TapeStation HDS000
(Agilent Technologies) confirmed expected DNA library traces
across all samples

B Mapped ssDNA roads @Mapped dsONA rads
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DNA libraries were prepared
with the ssDNA-Seq Kit or
Conventional dsDNA-seq using a
mixture of synthetic ssDNA and
dsDNA. The results demonstrate
that the dsDNA-seq can capture
dsDNA, while the ssDNA-Seq
Kit can capture both ssDNA and
dsDNA.
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A. Overview of commercially available ligation technologies

ssDNA-Seq Kit Competitor A

SDL-based Direct ssDNA ligation  Tailing-based ssDNA ligation

SDNA_ adaper SDNA__Tiling adapter acapter
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Splint sequence

All of the kits used were commercially available products.

Competitor B

SSDNA

Random splint-based ssDNA ligation
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B. FFPE DNA

Competitor C
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Library yield

mssDNA-SeqKit B Competitor A BCompetitor B

B Competitor C

A-Tailing-based dsDNA ligation ssDNA-Seq Kit 98.8 0.92 468

ADNA _ Tailing _adapter Competitor A 96.2 239 40

[ — — Competitor B 94.6 1.69 82
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Highest library yield from FFPE samples as compared to competitor kis.
Panel A. DNA derived from FFPE samples (BioIVT) with different
degradation degrees was validated using the TapeStation Genomic DNA
(Agilent Technologies). Libraries were prepared according to the protocol
of cach kit using 10 ng of DNA extracted from FFPE samples

The ssDNA-Seq Kit had the highest library yield among the competitor kits
for all FEPE-derived DNA. DIN = DNA integrity number.

L]
1000 ssDNA-Seq Kit
Highest mapping rate and low duplicate rate as compared to competitor kits. w00 i ]
Panel B. The mapping rate of Competitor A, B, and C kits decreased Competitor A
igni as DNA On the other hand, ssDNA- 0o C]
Seq Kit showed a high mapping rate of over 97% and a low duplicate rate 00 Competitor B
DIN49 DIN.§ DIN26 DIN:16 (Panel C) for all FFPE sample-derived DNA, regardless of the i oo
Low DegradiioaTIEER High degree. Overall, the ssDNA-Seq kit demonstrates superior performance Highest mapping rate from 50 base synthetic oligos as compared to competitor kits.
compared with competitor kits. g w0 Panel E. Librarics were prepared according to the protocol of each kit using 10 ng of 50 base synthetic oligo
& o The ssDNA-Seq Kit showed mapping rates of over 90% for the 50 base synthetic oligo and achieved the highest
BssDNA-SeqKit B Competitor A BCompetitor B B Competitor C BssDNA-SeqKit B Competitor A B Competitor B B Competitor C - o 317 mapping rate among the competitor kits
= 00 DNA libraries that preserve expected fr t-end and fragment-length i compared with kits
o 5 Panel G. The gray bars represent coverage. The ssDNA-Seq Kit achieved the most uniform coverage and retained
expected fragment-end/length information, whereas Competitor A and B kits showed reduced end-region coverage
A Seq K Compettor & Competior s | and loss of expected fragment features.
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Performance Comparison of ssDNA-seq Kit and Competitor Kits
C. cfDNA

Highest library yield, highest mapping rate and low duplicate from cfDNA
samples as compared to competitor kits.

Panel D. Libraries were prepared according to the protocol of cach kit
using 10 ng of cfDNA extracted from human plasma DNA (BioIVT)

The ssDNA-Seq Kit had the highest library yield, highest mapping rate and
lowest duplicate rate among the competitor kits

CfDNA library coverage uniformity as compared to competitor kits.
Panel E. The vertical gray bars represent the expected GC content
distribution using 100 bp windows. The ssDNA-Seq Kit showed the most
uniform coverage, independent of GC content.

The ssDNA-Seq Kit, which provides high-quality sequencing results, is
optimal for the analysis of cfDNA.

D. Ultra-Short DNA 50 base (synthetic oligo)

Integrative Genomics Viewer (IGV) results for 50 base from each product
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supports high-resolution fragmentomics, and expands analytical capability across cfDNA, FFPE
samples when dsDNA-seq faces intrinsic limitations.
Among ssDNA-seq approaches, ssDNA-Seq Kit (Takara Bio Inc.) demonstrates superior
performance among the kits tested in this study.
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