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ABSTRACT

DNA methylation plays a crucial role in development and disease. Bisulfite-free methods such as enzymatic
methyl sequencing (EM-seq) offer gentle approaches for whole-genome analysis, but they typically depend on
PCR-based library amplification, which distorts coverage and methylation quantification. Here, we introduce
FINE (Fast Isothermal amplification via Nicking Enzyme), a robust isothermal amplification strategy that le-
verages a nicking enzyme-assisted strand displacement reaction and can amplify methylation libraries from sub-
nanogram inputs in 20 min. FINE-EM-seq increases library efficiency and coverage uniformity compared to PCR-
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based approaches, minimizing amplification bias and improving methylation calling accuracy. Applied to
zebrafish embryos at four early developmental stages, FINE-EM-seq characterized stage-associated methylation
dynamics through blastulation and early gastrulation. Furthermore, our analysis revealed blastulation-associated
differentially methylated regions (DMRs) overlapping with AT-rich regions that were previously under-covered.
These results illustrate that FINE-EM-seq is a rapid, robust solution for low-input whole-genome methylation
sequencing with broad utility in developmental biology and clinical epigenomics.

1. Introduction

DNA methylation is a key epigenetic modification that regulates gene
expression, influences developmental processes, and contributes to
disease (Mattei et al., 2022). While bisulfite sequencing (BS-seq) has
been the gold standard for base-resolution methylation profiling (Cha-
pin et al., 2022; Lister et al., 2009), its reliance on harsh bisulfite
treatment causes significant DNA degradation, material loss, and
sequence bias (Du et al., 2023). To mitigate these issues, several gentler
methods have been developed, including TET-assisted pyridine borane
sequencing (TAPS) (Liu et al., 2019), enzymatic methyl sequencing
(EM-seq) (Vaisvila et al., 2021), and ultrafast bisulfite sequencing
(UBS-seq) (Dai et al., 2024). However, despite improving the initial DNA
conversion step, these methods rely on PCR for library amplification.
This step is a major source of bias that distorts methylation profiles and
creates uneven genome representation. Specifically, PCR tends to
amplify unconverted fragments, leading to inaccurate methylation
calling (Kong et al, 2023). In addition, PCR can introduce
GC-content-dependent coverage bias (Aird et al., 2011) and suffer from
stochastic sampling noise (Kebschull & Zador, 2015) and heat-induced
DNA damage due to thermal cycling (Potapov & Ong, 2017).

Through bypassing thermal cycling, isothermal amplification has
emerged as a promising alternative to PCR (Asadi & Mollasalehi, 2021;
Glokler et al., 2021). While popular diagnostic tools like loop-mediated
isothermal amplification (LAMP) and recombinase polymerase ampli-
fication (RPA) provide rapid results in resource-limited settings (Daher
et al., 2016; Notomi et al., 2015; Srivastava & Prasad, 2023; Tan et al.,
2022), they cannot be used for next-generation sequencing due to un-
specific amplification products and limited fragment lengths. Two
recently developed T7 RNA polymerase-based strategies, namely linear
amplification-based bisulfite sequencing (LABS) (Cui et al., 2024) and
T7-assisted enzymatic methyl-sequencing (TEAM-seq) (Wang et al.,
2022), use in vitro transcription (IVT) for template amplification and
outperform PCR in fidelity and coverage uniformity, empowering
low-input methylome profiling. However, this performance comes at the
cost of speed and simplicity. Their multi-step workflows, requiring
reverse transcription and second-strand synthesis, are time-consuming
and labor-intensive, often involving overnight incubations that limit
their use in time-sensitive or high-throughput settings. Other strategies
like multiple displacement amplification (MDA), although effective for
single-cell applications (Dean et al., 2002), are incompatible with con-
verted DNA used in methylation analysis (Wang et al., 2022). Therefore,
there is a critical need for an amplification strategy that reconciles
high-fidelity profiling with a streamlined, cost-effective workflow
compatible with converted DNA.

To address these limitations, we developed Fast Isothermal amplifi-
cation via Nicking Enzyme (FINE), a rapid and low-bias strategy for
methylome library amplification. FINE combines a strand-displacing DNA
polymerase with a site-specific nicking enzyme to achieve exponential
amplification in just 20 min under isothermal conditions. The overall
FINE-EM-seq workflow, which integrates enzymatic conversion, is
streamlined and minimizes amplification bias. In a direct comparison with
conventional PCR, FINE-EM-seq achieved higher mapping efficiency,
more uniform GC coverage, and higher methylation calling accuracy.

To demonstrate its utility, we applied FINE-EM-seq to zebrafish
embryos across four early developmental stages. Unlike mammals,
zebrafish methylomes remain globally stable during early development

(Jiang et al., 2013; Potok et al., 2013), but undergo subtle, functionally
important changes linked to zygotic genome activation (ZGA) (Schulz &
Harrison, 2019; Wu et al., 2021). Previous whole-genome methylation
studies provided key insights into early epigenetic reprogramming,
revealing the inheritance of paternal methylation patterns and
stage-specific regulatory features (Andersen et al., 2012; Jiang et al.,
2013; Potok et al., 2013). However, they relied on PCR-amplified
whole-genome bisulfite-sequencing (WGBS) methods such as
MethylC-seq (Urich et al., 2015), which are known to underrepresent
AT-rich and other challenging genomic regions, potentially obscuring
key regulatory events (Du et al., 2023; Olova et al., 2018; Oyola et al.,
2012). By overcoming these limitations, FINE-EM-seq efficiently
recovered low-GC regions with high accuracy, enabling a more complete
and more balanced view of the methylation dynamics underlying blas-
tulation and early gastrulation. It also revealed stage-associated regu-
latory changes, including DMRs overlapping with AT-rich regions that
were under-covered in previous studies.

2. Results
2.1. Development of the FINE system

We screened isothermal amplification strategies for methylome li-
brary preparation. Common methods, e.g., LAMP, RPA, and strand
displacement amplification (SDA), are ill-suited for this purpose (Sri-
vastava & Prasad, 2023). They frequently yield non-specific products
and fail to produce long DNA fragments required for sequencing (Song
et al, 2023; Zyrina & Antipova, 2021). In contrast,
nicking-enzyme-assisted amplification (NEAA) (Qian et al.,, 2019),
exemplified by palindrome-nicking-dependent amplification (PaNDA)
(Wang et al., 2024), uses a site-specific nick to create a defined 3'-OH
starting point for polymerases, thereby enabling controlled and specific
initiation. To implement this principle, we optimized the enzymatic
cocktail from two aspects. First, to reduce non-specific synthesis
observed with the commonly used Bst DNA polymerase (Zyrina &
Antipova, 2021), we selected Bsu DNA polymerase for its higher speci-
ficity (Zhang et al., 2024; Zyrina & Antipova, 2021). Second, to suppress
background amplification and stabilize the reaction, we incorporated
single-stranded DNA-binding protein T4 gp32 (Reid et al., 2018; Zhang
& Tanner, 2017; Zyrina et al., 2012) and PEG8000 (Bagnoli et al., 2018;
Hu et al., 2020; Sasaki et al., 2006), which together promote accurate
primer-template annealing and enhance polymerase processivity.

This optimized system, named Fast Isothermal amplification via
Nicking Enzyme (FINE), enables efficient library amplification in a self-
sustaining cycle (Fig. 1(A)). This process starts with a standard library of
DNA fragments ligated with conventional Y-shaped adapters. The
amplification cycle of these DNA fragments is initiated when primers,
blocked at their 3' ends with amine modifications to prevent self-
extension, anneal to the adapter regions. Bsu DNA polymerase then
fills in the 5’ overhang, creating a double-stranded recognition site for
the nicking enzyme Nt.BsmAI. Nt.BsmAl introduces a site-specific nick,
generating a fresh 3'-OH terminus (Zhu et al., 2004). From this nick, Bsu
DNA polymerase begins strand-displacement extension, creating a new
strand while peeling away the existing one. This newly displaced single
strand becomes a fresh template for the next round of primer annealing,
triggering a continuous, exponential amplification cascade under
isothermal conditions.
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Fig. 1. Overview of Fast Isothermal amplification via Nicking Enzyme (FINE) and its sequencing performance. (A) Schematic of FINE, illustrating primer
binding, nicking by Nt.BsmAl, strand extension by Bsu polymerase, and iterative amplification cycles. FINE, PCR-free, and PCR libraries were compared for library
quality, including (B) library size distribution measured by LabChip GX bioanalyzer, (C) base quality scores across four nucleotides, where the horizontal line within
each box denotes the median, box edges correspond to the 25th and 75th percentiles, and whiskers extend to 1.5 x the interquartile range (IQR), and (D) mapping

rates to the reference genome.

As a proof-of-concept experiment, we used FINE to amplify standard
genomic libraries and benchmarked its performance. We prepared
sequencing libraries from 1 ng of sheared HeLa genomic DNA, which
was then amplified with either FINE or conventional PCR. A PCR-free
library prepared from a high-input (200 ng) sample served as a refer-
ence control. Key quality metrics were comparable across all methods
(Table S1). The FINE-amplified libraries displayed a fragment size dis-
tribution similar to the PCR and PCR-free methods (Fig. 1(B)), exhibited
excellent base-quality scores (Fig. 1(C)), and achieved nearly identical
mapping rates (Fig. 1(D)). The PCR-free library exhibited modestly
lower base quality scores compared to the FINE and PCR-amplified li-
braries (Fig. 1(C)), most likely attributable to residual adapter dimers
and short ligation products, which were detectable by capillary elec-
trophoresis during library quality control (Fig. 1(B)). Although double-
sided bead cleanup was performed following adapter ligation, such short
species are more likely to persist in a PCR-free workflow because of the
absence of post-amplification enrichment or a secondary size selection
step.

While a local reduction in read depth was observed specifically
around endogenous GTCTC motifs, the recognition sites of Nt.BsmAlI, in
unconverted WGS libraries (Fig. S1A), no such signature was observed
around GTTTT, the theoretical product expected after C-to-T conversion
of GTCTC (Fig. S1B). These results indicate that the motif-associated

depletion effect arises from intact Nt.BsmAlI recognition sites present
in native genomic DNA. Consequently, FINE is not ideally suited for
standard WGS applications, which require unbiased representation of
unconverted genomes. In contrast, for conversion-based methylation
sequencing, C-to-T conversion removes most susceptible GTCTC motifs,
thereby largely bypassing this sequence-dependent coverage bias.

2.2. FINE outperforms PCR in EM-seq library amplification

To benchmark FINE against PCR for EM-seq library amplification, we
used converted HeLa genomic DNA across three input levels: 1 ng,
100 pg, and 10 pg. For FINE, two independent library preparations
followed by independent isothermal amplifications were performed at
each input level to assess reproducibility. While the number of PCR
cycles required optimization for each input level (16, 20, or 23 cycles,
respectively), the FINE reactions were performed under a single, uni-
versal condition (20 min at 34 °C), highlighting the simplicity and input-
independent robustness of FINE (Fig. 2(A); Fig. S2).

In terms of sequencing data quality, FINE performed well relative to
PCR. At 1 ng input, performance was broadly comparable with a slight
advantage for FINE, and differences became more apparent at lower
inputs (Table S2). FINE yielded robust mapping efficiency of around
80% across all input levels, whereas the mapping efficiency of PCR
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Fig. 2. Benchmarking library quality between PCR and FINE-EM-seq across DNA input levels. (A) Schematic of FINE-EM-seq. (B) Mapping efficiency (% of
aligned reads by Bismark). (C) Insert size distribution. (D) Normalized genome coverage across GC-content bins, where coverage in each bin was normalized to its
genomic representation. (E) Pairwise Pearson correlation coefficients of CpG methylation levels (coverage > 3) between two methods. Site-specific methylation
detection error rates were evaluated using two spike-in controls, including (F) unconverted rates of unmethylated CpG sites and (G) falsely converted rates of

methylated CpG sites.

libraries declined as input decreased (Fig. 2(B)). Insert-size distributions
were stable for FINE but shifted towards shorter fragments for PCR at
low input (Fig. 2(C)). Similarly, at 1 ng input, the GC-coverage profiles
of FINE and PCR were broadly comparable. FINE retained relatively
better coverage in low-GC regions and showed more consistent profiles
across inputs, whereas PCR profiles varied with input, consistent with
GC-dependent effects of thermal cycling (Aird et al., 2011; Feng et al.,
2020; Oyola et al., 2012) (Fig. 2(D)). Moreover, genome coverage
breadth (> 1 x ) was modestly higher for FINE than for PCR across in-
puts (Fig. S3; Table S2). As the input amount decreased, both methods
showed a gradual reduction in genome coverage breadth, reflecting the
constraints of limited starting material (Kebschull & Zador, 2015) rather
than the amplification chemistry.

We then quantified methylation levels across the genome and spike-
in sequences. Between PCR and FINE, the genome-wide per-CpG
methylation levels were highly correlated (r = 0.81-0.94), demon-
strating overall consistency between the two amplification methods
(Fig. 2(E)). Moreover, independent FINE-EM-seq replicates showed high
concordance of genome-wide CpG methylation levels, with Pearson
correlation coefficients of 0.91 at 1 ng, 0.90 at 100 pg, and 0.83 at 10 pg,

supporting reproducible methylation profiling across the tested input
range, including ultra-low-input samples (Fig. S4). To assess methyl-
ation profiling accuracy, an unmethylated spike-in was used to estimate
the unconverted rate of unmethylated cytosines (false-positive rate), and
a CpG methylated spike-in was used to estimate the converted rate of
methylated CpGs (false-negative rate). FINE libraries showed lower
error rates than PCR libraries across input levels (Fig. 2(F) and (G)). We
reasoned that these higher false positive and false negative error rates of
PCR were caused by the preferential amplification of unconverted cy-
tosines (Feng et al., 2020; Ji et al., 2014) and heat-induced deamination
of modified cytosines during thermal cycling (Lewis et al., 2016; Pota-
pov & Ong, 2017), respectively. Comparisons with PCR-based EM-seq
libraries generated with 2 x Syn (2 x Synthesis Mix), KAPA U (KAPA
HiFi HotStart Uracil + ReadyMix), and HiFi V3 polymerases showed that
KAPA U yielded mapping efficiency similar to FINE-EM-seq and higher
than 2 x Syn and HiFi V3 (Fig. S5A). However, duplication rates and
methylation profiles varied across polymerases and input levels
(Fig. S5B-C). In particular, under low-input conditions (100 pg and
10 pg), FINE-EM-seq maintained stable CpG methylation with lower
non-CpG background across gene bodies and their +2 kb flanking
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regions (Fig. S5C). Together, these observations support that the
improved performance of FINE-EM-seq at low inputs is not attributed
solely to the selection of amplification polymerase.

2.3. FINE-EM-seq enables high-fidelity methylome profiling of early
zebrafish development

To assess the performance of FINE-EM-seq for methylome profiling
in biological samples, we analyzed zebrafish early embryos across a
developmental window marked by widespread transcriptional activa-
tion (Jukam et al., 2017). Through these stages, many loci undergo
subtle DNA methylation changes critical for biological processes like
ZGA (Jiang et al., 2013; Potok et al., 2013). For example, the hoxbla and
hoxb3a promoters demethylate from cleavage to gastrulation to gain
transcriptional competency (Potok et al., 2013). However, accurate
profiling of methylome changes is often confounded by PCR amplifica-
tion biases (Aird et al., 2011; Kebschull & Zador, 2015; Olova et al.,
2018).

We therefore applied FINE-EM-seq to four key developmental stages,
including the 64-cell, 128-cell, 1k-cell and Germ-ring stages, using 1 ng
of input DNA per sample (Table S3). The global methylation levels
profiled by FINE-EM-seq remained stable, with a modest increase across
stages (Fig. 3(A)). Despite the low input, FINE-EM-seq libraries achieved
high mapping efficiency and broad, uniform CpG coverage. To distin-
guish biological validation from technical benchmarking, we compared
FINE-EM-seq and PCR-EM-seq libraries generated from the same
zebrafish embryo DNA under identical enzymatic-conversion conditions
and analyzed them at matched sequencing depth (~3 Gb per library).
Across all stages, PCR-EM-seq libraries showed consistently higher
duplication rates and lower deduplicated genome coverage than FINE-
EM-seq (Fig. S6, Table S4), indicating improved library complexity
with FINE amplification under otherwise identical EM-seq conditions.
Published zebrafish WGBS datasets were considered separately as bio-
logical reference methylomes for early embryonic development (Jiang
et al., 2013) (Fig. 3(B) and (C); Fig. S7). Across the four developmental
stages, FINE-EM-seq libraries generally covered more CpG sites than the
published WGBS reference datasets, except at the 1k-cell stage where
coverage was comparable. At the same time, the stage-specific methyl-
ation patterns observed by FINE-EM-seq were consistent with previously
described developmental methylation dynamics. In an 80-kb region
spanning the hoxb cluster, FINE-EM-seq also showed uniform coverage
across replicates (Fig. 3(C)). Furthermore, biological replicates were
highly consistent for FINE-EM-seq with the Pearson correlation co-
efficients between 0.86 and 0.92 (Fig. S8). Together, these results
demonstrate the robustness of FINE-EM-seq in a matched technical
comparison with PCR-EM-seq and support the reliability of the resulting
zebrafish methylome datasets for investigating early embryonic devel-
opment in the context of established reference methylomes.

To identify stage-specific methylation changes related to blastulation
and early gastrulation, we performed DMR analysis between 64-cell,
128-cell, 1k-cell, and Germ-ring stages. In total, 12 375 to 14 109
stage-specific hypomethylated regions (hypo-DMRs) were identified per
comparison using MethylKit (Akalin et al., 2012) (meth.diff < —10,
g < 0.05). Genomic annotation revealed that approximately one-third of
hypo-DMRs overlapped with gene body regions, mostly in intronic
(14.3%-15.3%) and promoter (14.4%-16.4%) regions (Fig. 3(D)). In the
Germ-ring versus 64-cell comparison, 9 720 of 14 109 hypo-DMRs were
positioned at least 10 kb from the nearest gene, with most of them (7 671
of 9 720) located in intergenic regions (Fig. S9).

To explore biological functions of these genomic regions, we anno-
tated DMRs to DMR-associated genes, i.e., genes harboring DMRs in
putative promoters and genebody regions, and performed Gene
Ontology enrichment analysis. In the Germ-ring versus 64-cell com-
parison, DMR-associated genes were enriched in biological processes
such as GTP metabolic process and calcium-dependent cell-cell adhesion
via plasma membrane cell-adhesion molecules (BH-adjusted p < 0.05)

Cell Insight 5 (2026) 100324

(Fig. 3(E)). These enrichments were consistent with the increased
metabolic activity (Stackley et al., 2011) and cadherin-mediated adhe-
sion driving cell rearrangements during epiboly and gastrulation (Bruce
& Heisenberg, 2020; Kane et al., 2005; Shimizu et al., 2005).
Neurogenesis-related processes were also enriched, suggesting the
epigenetic changes preceding the onset of neurodevelopmental pro-
grams during gastrulation (Schmidt et al., 2013). At the locus level, we
detected hypo-DMRs (Germ ring vs 64-cell) near dync1lil, orthologous
to human DYNCI1LI1, which encodes a component of the cytoplasmic
dynein motor complex (Tan et al., 2011) involved in microtubule-based
transport (Reck-Peterson et al., 2018) (Fig. 3(F)). We also observed
stage-specific methylation changes near sox19a, a SoxB1 transcription
factor expressed during blastula and gastrula stages, aligning with its
role in ZGA (Lee et al., 2013) and neural induction (Okuda et al., 2006)
(Fig. 3(F)). Finally, several members of the Hox clusters, canonical
regulators of anterior-posterior patterning in vertebrates (Yamada et al.,
2021), exhibited stage-associated methylation changes, in line with
their known regulatory roles in early embryogenesis (Potok et al., 2013)
(Fig. S10).

2.4. Uniform coverage by FINE-EM-seq improves detection of DMRs in
AT-rich regions

Having established improved library complexity relative to matched
PCR-EM-seq (Fig. S6), we next asked whether this improved coverage
uniformity expanded biological readout in genomic regions that were
underrepresented in previously available zebrafish reference
methylomes.

In zebrafish, AT-rich regions (GC content < 25%) account for more
than 10% of the whole genome when scanned using 100-bp bins
(Fig. S11). However, such low-GC regions were underrepresented in the
previously published zebrafish WGBS reference datasets (Jiang et al.,
2013) (Fig. 4(A)). By contrast, FINE-EM-seq provided more uniform
coverage across GC content, improving representation of AT-rich re-
gions and thereby expanding access to developmentally relevant loci in
these genomic contexts (Fig. 4(A)). We observed differences in GC-bias
profiles between HeLa and zebrafish datasets (Figs. 2(D) and 4(A)). As
the GC-bias profiles are normalized coverage across GC-content bins, not
as absolute measures of amplification efficiency (Benjamini & Speed,
2012), the differences reflected not only library chemistry but also the
GC-window distribution and sequence composition of the corresponding
reference genomes, rather than the species-specific shift in the intrinsic
behavior of FINE-EM-seq. In pairwise stage comparisons, 34.0%-35.6%
(mean 34.6%) of identified hypo-DMRs contained at least one AT-rich
100-bp bin with > 1 CpG site (4.4k-4.8k per differential analysis),
indicating that AT-rich regions are important for DMR detection (Fig. 4
(B)). At base-resolution, 36 775 CpG sites within hypo-DMRs overlapped
AT-rich regions. For these CpG sites, the per-site coverage in
FINE-EM-seq samples (3.74-4.69 x ) was markedly higher than the
WGBS datasets (0.21-3.40 x ) (Fig. 4(C)).

An example was at the promoter of acvrll (alk8), a BMP type-I re-
ceptor essential for dorsoventral patterning in zebrafish (Bauer et al.,
2001; Mintzer et al., 2001). A hypo-DMR (Germ ring vs 64 cell) at this
promoter overlapped with an AT-rich region, which harboured a CpG
site with changing methylation levels (Fig. 4(D)). Moreover, within this
AT-rich region, FINE-EM-seq achieved robust coverage (above 3 x ) at
this CpG site, whereas the published WGBS reference data provided
more limited coverage. This improved coverage enabled estimation of
methylation dynamics at an AT-rich developmental locus that was less
accessible in the reference datasets, underscoring the biological value of
more uniform methylome profiling in zebrafish early development.

3. Discussion

DNA methylation sequencing from low-input samples has long been
constrained by a trade-off between coverage uniformity, data accuracy,
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Fig. 3. Methylome profiling of zebrafish embryos using FINE-EM-seq. (A) Global CpG methylation levels across four early developmental stages (64 cell, 128
cell, 1k cell, and Germ ring). Hour post fertilization, hpf. (B) Comparison of CpGs covered by at least three reads between FINE-EM-seq and WGBS libraries at each
stage, with unique and shared sites represented by Venn diagrams. (C) Genome browser view of an 80-kb region encompassing the hoxb cluster, comparing coverage
from FINE-EM-seq (orange) and published WGBS data (blue). (D) Genomic distribution of hypomethylated regions (hypo-DMRs) identified in differential analyses
between stages. Gr, Germ ring. (E) Gene Ontology enrichment analysis of DMR-associated genes in the Germ-ring versus 64-cell comparison. (F) Two examples of
hypo-DMRs (Germ ring vs 64 cell) overlapping the promoter of dync1lil and the gene body of sox19a, respectively.

and workflow practicality. Here we present FINE, a 20-min isothermal
method that generates high-quality methylation libraries from sub-
nanogram inputs. By replacing conventional multi-cycle PCR amplifi-
cation and avoiding complex multi-step enzymatic reactions, FINE
streamlines library preparation, reduces amplification bias, and mini-
mizes material loss, all at a low per-sample cost (Table S5).

The superior performance of FINE stems from its unique enzyme-
driven, isothermal mechanism. The process relies on the coordinated
activity of Bsu DNA polymerase, which is well-suited for AT-rich

converted DNA, and the nicking enzyme Nt.BsmAlI, which creates spe-
cific 3' initiation sites for continuous, controlled amplification. This
design is the foundation for the method's accuracy and uniformity.
Unlike PCR, FINE operates at a constant low temperature, thereby
avoiding heat-induced DNA damage and reducing cytosine deamina-
tion, a major source of artefacts in methylation analysis. Furthermore,
the controlled initiation from specific nicks, combined with additives (e.
g., T4 gp32) that resolve secondary structures, mitigates the stochastic
biases and GC-dependent amplification seen in PCR. Together, these
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features result in better coverage uniformity, which is critical for accu-
rate profiling of challenging genomic regions.

The application of FINE-EM-seq to zebrafish early embryos show-
cases its power to characterize complex biological processes, such as
subtle epigenetic reprogramming in development. Our method not only
used fewer embryos and required lower sequencing depth than previous
studies, but also yielded datasets with better coverage uniformity across
GC content. This success in resolving epigenetic dynamics within pre-
viously underrepresented genomic regions validates that FINE-EM-seq
preserves authentic biological signals from low-input samples.

Despite its advantages, FINE has several limitations. First, although
the short Nt.BsmAl recognition site (GTCTC) is not an issue for
methylation libraries where the unmethylated cytosines in these sites
are converted, it can cause off-target cleavage for applications such as
whole-genome sequencing and TAPS, leading to a local reduction in
coverage around GTCTC motifs. Second, as an exponential process, FINE
reduces amplification bias but does not fully overcome the limitations
associated with picogram-level input (Kebschull & Zador, 2015), leading
to a decline in performance, especially at 10 pg input.

Looking ahead, the speed, simplicity, and accuracy of FINE provide
exciting opportunities for technical refinement and broader applica-
tions. A key frontier is pushing the sensitivity to the true single-cell level,
optimizing the library construction strategies (Gansauge et al., 2017;
Gansauge & Meyer, 2013) and integrating with microfluidic platforms
(Lim et al., 2024). Beyond sensitivity, FINE's gentle, low-temperature
chemistry is ideal for challenging sample types like circulating
cell-free DNA (cfDNA), FFPE tissues, and ancient DNA, where traditional
workflows often fail (Gansauge et al., 2017; Gansauge & Meyer, 2013).
Its constant-temperature format also lends itself to automation and
point-of-care applications. With continued development, we envision
FINE evolving into a versatile platform technology, empowering
low-input epigenomics and enabling rapid, cost-effective methylation
profiling across a wide range of research and clinical settings.

4. Materials and methods
4.1. Preparation of spike-in controls

Two 2-kb DNA spike-in controls, designated 2kb-2 and 2kb-3, were
generated by PCR amplification from the pNIC28-Bsa4 plasmid (Addg-
ene, 26103) as described previously (Liu et al., 2019) (sequences of
primers listed in Table S6). To generate a fully CpG-methylated spike-in
control, the 2kb-2 amplicon was treated with M.SssI CpG methyl-
transferase (NEB, M0226), according to a published protocol (Liu et al.,
2019), while 2kb-3 remained untreated and was used as the unmethy-
lated control. Both spike-in controls were added at 0.075% of the total
DNA input to each library. The spike-in DNAs were fragmented to an
average size of ~300 bp using a Covaris M220 Focused-ultrasonicator.
The sequences of both spike-in controls are provided in the Supple-
mentary Information.

4.2. Cell culture and genomic DNA isolation

HelLa cells were cultured in a humidified incubator (ESCO Cellmate,
CLM-170B-8-NF) at 37 °C with 5% CO,. The cells were maintained in
Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, 11965092)
supplemented with 10% fetal bovine serum (FBS; Invitrogen,
A5670701) and 1% Penicillin-Streptomycin (Invitrogen, 15070063).
Cells were seeded at a density of approximately 50 000 cells/cm? in T25
flasks and passaged upon reaching 80%-90% confluency (typically every
2-3 days).

For genomic DNA isolation, cells were detached, collected, and
pelleted by centrifugation at 300 x g for 5 min. Genomic DNA was
subsequently extracted using the FastPure Blood/Cell/Tissue/Bacteria
DNA Isolation Mini Kit (Vazyme, DC112-01) according to the manu-
facturer's protocol.
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4.3. Genomic DNA fragmentation, end repair and adapter ligation

Genomic DNA was fragmented to an average size of around 300 bp
using a Covaris M220 Focused-ultrasonicator. Double size selection was
performed as needed, following the manufacturer's protocol to enrich
fragments in the 300-500 bp range. End repair and A-tailing were per-
formed using the VANTS Universal DNA Library Prep Kit for [llumina V3
(Vazyme, cat. no. ND607) according to the manufacturer's protocol. For
PCR-free libraries, full-length Illumina adapters (Vazyme, cat. no.
N34201) were ligated to repaired DNA. For methylation libraries, EM-
seq adapters (NEB, cat. no. E7140) were used instead.

4.4. General FINE protocol

A 10-pl isothermal amplification reaction was assembled containing
the adaptor-ligated DNA, 250 nM each of forward and reverse primers
(sequences listed in Table S7), 5% PEG8000 (Beyotime), 2 mM DTT
(BioFroxx), 0.4 mM dNTPs (Vazyme), 300 ng/pL T4 gp32 protein
(ABclonal), 0.1 U/pL Bsu DNA polymerase (ABclonal), and 0.4 U/pL Nt.
BsmAI (NEB), in 1x rCutSmart buffer (NEB). The reaction mix was
incubated at 34 °C for 20 min. The amplified products were purified
twice using 0.8 x VANTS DNA Clean Beads (Vazyme) and eluted in a
low-EDTA buffer (ABclonal). DNA concentration was quantified using
the Qubit dsDNA HS Assay Kit (Vazyme).

4.5. Methylation library amplification by FINE or PCR

After adapter ligation, unmethylated cytosines in the DNA were
enzymatically converted to uracil using the EpiArt DNA Enzymatic
Methylation Kit (Vazyme, cat. no. EM301), following the manufacturer's
protocol. The converted DNA was eluted in 9-20 pL of nuclease-free
water, adjusted based on downstream application requirements.

For FINE-EM-seq libraries, converted DNA (1 ng, 100 pg, or 10 pg)
was amplified under the same isothermal amplification conditions
described above, using tr-1 and tr-2 primers (Table S7). To add full-
length adapters for Illumina sequencing, the entire FINE reaction
product, without any intermediate purification, was indexed using a 3-
cycle PCR with 2 x Synthesis Mix (ABclonal) and 0.45 uM each of i5 and
i7 indexing primers. The amplified products were purified twice with
0.8 x VANTS DNA Clean Beads.

For PCR methylation libraries, converted DNA was amplified using
2 x Synthesis Mix (ABclonal), HiFi V3 (Vazyme) or KAPA HiFi HotStart
Uracil + ReadyMix (Roche). For 2 x Synthesis Mix, PCR thermal cycling
consisted of an initial denaturation at 98 °C for 45 s; followed by 16
cycles (for 1 ng), 20 cycles (for 100 pg), or 23 cycles (for 10 pg) of 98 °C
for 15, 60 °C for 30 s, and 72 °C for 30 s; followed by a final extension at
72 °C for 1 min and then hold at 12 °C. For HiFi V3, PCR thermal cycling
consisted of an initial denaturation at 95 °C for 3 min; followed by 14
cycles (for 1 ng), 17 cycles (for 100 pg), or 21 cycles (for 10 pg) of 98 °C
for 20, 60 °C for 15 s, and 72 °C for 30 s; followed by a final extension at
72 °C for 5 min and then hold at 12 °C. KAPA U amplification was
performed with initial denaturation at 95 °C for 3 min, followed by 14
cycles (for 1 ng), 17 cycles (for 100 pg), or 21 cycles (for 10 pg) of 98 °C
for 20 s, 60 °C for 15 s, and 72 °C for 30 s, and a final extension at 72 °C
for 5 min. The PCR-amplified DNA was purified twice using
0.8 x VANTS DNA Clean Beads.

Additionally, for unconverted genomic DNA libraries, amplification
was performed either with the FINE protocol as described above, or with
HiFi N616 polymerase (Vazyme) using 8 cycles under the same thermal
cycling conditions as HiFi V3.

4.6. Zebrafish genomic DNA isolation and library preparation
Zebrafish were raised and maintained under standard conditions. All

experiments were performed according to institutional and national
animal welfare guidelines. Embryos were collected at four
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developmental stages, namely 64 cell, 128 cell, 1k cell, and Germ ring
(gr). Prior to DNA extraction, embryos were bleached with bleach so-
lution (0.1 mL 5% NaClO in 170 mL system water) for 5 min and rinsed
thoroughly with 1 x PBS. Genomic DNA was isolated using the FastPure
Blood/Cell/Tissue/Bacteria DNA Isolation Mini Kit (Vazyme), according
to the manufacturer's protocol. Two biological replicates were collected
for each stage.

Genomic DNA from the embryos was fragmented to an average size
of around 300 bp using the Bioruptor Pico sonication device (Dia-
genode). For the 128-cell, 1k-cell, and Germ-ring samples, an optimized
sonication program was used, i.e., 15 s ON/30 s OFF, 4 cycles for the 50-
pL sample volume. For the 64-cell-stage gDNA, 3 cycles of 15 s ON/30 s
OFF were used instead. All fragmented DNA was then purified using
0.8 x VANTS DNA Clean Beads to remove short fragments. Library
preparation, enzymatic methylation conversion, and FINE amplification
for the zebrafish genomic DNA (using 1 ng converted DNA) were per-
formed in the same way as for the HeLa genomic DNA. All libraries were
sequenced as 150-bp paired-end reads on the NovaSeq platform
(Illumina).

4.7. Sequencing data pre-processing

Sequencing depth was defined as the total number of bases (read
length x number of reads) divided by haploid genome size (Sims et al.,
2014). To assess sequencing data quality, per-nucleotide phred scores
were calculated and visualized from a random subset of 200,000 reads
for each sample using asTair phred (Liu et al.,, 2019). Adapter and
quality filtering were performed with Trim Galore v0.6.10
(https://www.bioinformatics.babraham.ac.uk/projects) (Bolger et al.,
2014). Parameters were applied specifically for each sample group:
unconverted and converted HeLa were trimmed with default parame-
ters, while WGBS and zebrafish samples were trimmed with -paired
-length 35 —clip_R1 10 —clip_R2 15 -three_prime_clip_R 10 -three_pri-
me_clip R2 10. Trimmed reads were aligned to the human reference
genome (GRCh38) or the zebrafish reference genome (GRCz11.114)
with spike-in sequences included. Unconverted HeLa genomic DNA li-
braries were aligned with BWA-MEM v0.7.17 (Li & Durbin, 2009) using
default parameters. Converted DNA libraries were aligned using Bis-
mark v0.24.2 (Krueger & Andrews, 2011) with default parameters.
Zebrafish samples were aligned using Bismark with —-maxins 1000. PCR
duplicates were removed using deduplicate_bismark.

Genome coverage statistics were obtained using Picard v3.1.1 (htt
ps://broadinstitute.github.io/picard/) function CollectWgsMetrics. We
computed GC bias metrics with CollectGCBiasMetrics and insert size
distribution with CollectInsertSizeMetrics. Methylation information was
extracted from deduplicated BAM files using bismark_methylation_ex-
tractor with default settings.

To benchmark FINE with PCR, raw reads were downsampled to an
equal number per group using seqtk v1.4 (https://github.com/lh3/
seqtk). Per-base coverage tracks (1-bp bins) were generated with bed-
tools v2.31.1 (Quinlan & Hall, 2010) and converted into BigWig format
using deeptools v3.5.4 (Ramirez et al., 2016). In the CpG context, global
methylation level was calculated as the number of cytosines that
remained unconverted C divided by the total number of cytosines at CpG
sites in uniquely mapped reads. Pairwise correlations of CpG methyl-
ation levels between libraries were computed using the getCorrelation
function in the methylKit R package v1.24.0 (Akalin et al., 2012),
reporting Pearson correlation coefficients as density plots.

4.8. Differentially methylated region and AT-rich region analysis

Differentially methylated regions (DMRs) were identified using the
methylKit R package with a minimum coverage of 3 x per CpG site, a
window size of 1 kb, and a step size of 500 bp. DMRs were categorised as
hyper (meth.diff > 10, q < 0.05), hypo (meth.diff < —10, g < 0.05), or
non-significant (|meth.diff| < 10 or ¢ > 0.05). Here, g-values refer to p-
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values adjusted using the Sliding Linear Model (SLIM) method imple-
mented in methylKit. DMRs were annotated to nearby genes using the
ChIPseeker R package v1.44.0 (Heinz et al., 2010; Yu et al., 2015), and
those annotated as intergenic were removed from downstream analysis.
Gene Ontology (GO) enrichment was performed with FishEnrichr (Chen
et al., 2013; Kuleshov et al., 2016) against the “Coexpression Predicted
GO Biological Process 2018 gene set. P-values were calculated using
Fisher's exact test (or the hypergeometric test) and adjusted by the
Benjamini-Hochberg (BH) method for multiple testing correction. GO
terms with BH-adjusted p < 0.05 were considered significant.

CpG island annotations for GRCz11 were downloaded from the UCSC
Genome Browser (Perez et al., 2025). AT-rich regions were defined as
100-bp genomic windows with GC content < 25%, which were identi-
fied by scanning the genome with a 100-bp step size. Overlaps between
AT-rich regions and DMRs were assessed with bedtools.

4.9. Statistics

Pairwise correlations of CpG methylation levels between libraries
were evaluated using Pearson correlation coefficients. Differentially
methylated regions (DMRs) were identified using the methylKit package
with a minimum CpG coverage of 3 x . Statistical significance for DMRs
was assessed using g-values adjusted by the Sliding Linear Model (SLIM)
method, with g < 0.05 considered significant.

Gene Ontology enrichment analysis was performed using Fisher's
exact test (or the hypergeometric test), followed by Benjamini-Hoch-
berg correction for multiple testing. Adjusted p-values < 0.05 were
considered statistically significant.
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