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Parallel molecular data storage by printing 
epigenetic bits on DNA

Cheng Zhang1,8 ✉, Ranfeng Wu1,8, Fajia Sun2,8, Yisheng Lin1,8, Yuan Liang1,3, Jiongjiong Teng3, 
Na Liu4,5, Qi Ouyang2 ✉, Long Qian2 ✉ & Hao Yan6,7 ✉

DNA storage has shown potential to transcend current silicon-based data storage 
technologies in storage density, longevity and energy consumption1–3. However, 
writing large-scale data directly into DNA sequences by de novo synthesis remains 
uneconomical in time and cost4. We present an alternative, parallel strategy that 
enables the writing of arbitrary data on DNA using premade nucleic acids. Through 
self-assembly guided enzymatic methylation, epigenetic modifications, as information 
bits, can be introduced precisely onto universal DNA templates to enact molecular 
movable-type printing. By programming with a finite set of 700 DNA movable types 
and five templates, we achieved the synthesis-free writing of approximately 
275,000 bits on an automated platform with 350 bits written per reaction. The data 
encoded in complex epigenetic patterns were retrieved high-throughput by nanopore 
sequencing, and algorithms were developed to finely resolve 240 modification 
patterns per sequencing reaction. With the epigenetic information bits framework, 
distributed and bespoke DNA storage was implemented by 60 volunteers lacking 
professional biolab experience. Our framework presents a new modality of DNA data 
storage that is parallel, programmable, stable and scalable. Such an unconventional 
modality opens up avenues towards practical data storage and dual-mode data 
functions in biomolecular systems.

The markedly expanding global data-sphere has posed an imminent 
challenge on large-scale data storage and an urgent need for bet-
ter storage materials5,6. Inspired by the way genetic information is 
preserved in nature, DNA has been recently considered a promising 
biomaterial for digital data storage owing to its extraordinary stor-
age density and durability1–3. In current DNA storage, data is typically 
transcoded into nucleotide base sequences, and writing depends 
on de novo synthesis in which nucleotides are added one-by-one in 
predetermined orders7. Although de novo synthesis technologies 
have advanced continuously in throughput and efficiency4,8, the serial 
synthesis process essentially limits the writing speed and the length 
of synthesized DNA, and prevents a substantial cost reduction in data 
writing8,9 (Supplementary Fig. 1).

To enable efficient DNA storage, alternative data writing approaches 
that do not rely on de novo synthesis should work in both parallel and 
programmable fashions. In fact, some elegant designs have been pro-
posed for parallel writing, for example, by structural programming of 
DNA carriers10–12, but issues such as structural instability and limited 
throughput of information processing have impeded their application. 
In contrast, in human cells, the epigenome encodes stable modifica-
tion information on top of the invariant genomic sequence (Fig. 1a)13–15. 
Likewise, a system that encodes data epigenetically might suffice for the 
long-term storage of information on the same DNA sequence (Fig. 1a). 

However, current in vitro parallel writing of epigenetic information 
is not versatile enough in data selectivity16,17. Therefore, a framework 
that programs arbitrary epigenetic information on universal DNA is 
desirable for the purpose of synthesis-free DNA data storage.

On the other hand, DNA self-assembly has been well studied to reach 
accurate molecular programmability at nanoscale. DNA sequence pro-
gramming has enabled parallel and precise control of supramolecular 
structures at a large scale. Previous research showcased the ability 
to program multi-micron crisscross DNA structures and wireframe 
DNA polyhedra using thousands of kinds of DNA strands in one reac-
tion18,19. Inspired by natural epigenomic inheritance and by synthetic 
DNA self-assembly, we have developed an unconventional DNA data 
writing framework that allows arbitrary epigenetic information bits 
(epi-bits) to be stably written in a parallel manner onto DNA templates 
based on DNA self-assembly guided enzymatic methylation (Fig. 1b–d).

System design and single-bit validation
Our framework proposes the strategy of DNA self-assembly guided 
enzymatic methylation to implement parallel and selective writing 
of epi-bits onto DNA templates with a premade set of DNA movable 
types and the methyltransferase DNMT1, much as typography to press 
information on papers20 (Fig. 1b–d). First, a universal single-stranded 
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DNA (ssDNA) carrier and a library of complementary short ssDNA 
bricks are designed and prefabricated. Then, arbitrary epi-bit infor-
mation is typeset by assembling the brick library onto the identical 
loading sequence of the DNA carriers (Fig. 1c). Next, base modifications 
(5-methylcytosine (5mC)) are stably ‘printed’ in a parallel manner on the 
DNA carriers through selective methylation by DNMT1 (Fig. 1d). Finally, 
numerous epi-bit streams stored on different carrier molecules are 
retrieved in high throughput by one-pot nanopore sequencing (Fig. 1e). 
The strategy enables the parallel writing of arbitrary data in DNA using 
premade nucleic acids instead of de novo synthesis. This enzymatic 
printing process potentially reduces the cost and time beyond the limit 
of chemical synthesis, and the accuracy of data writing is endowed by 
highly specific brick-template DNA assembly (Supplementary Fig. 1 
and Supplementary Note 2).

To test in vitro epi-bit writing, we first implemented the selective 
transfer of a single epi-bit. In the design, a CpG dinucleotide as the 
methylation site is set in a ssDNA brick p or q with the cytosine meth-
ylated or unmethylated, respectively (Fig. 2a). DNMT1 specifically 
recognizes the hemimethylated site in DNA p and transfers a methyl 

group from S-adenosylmethionine (SAM) to the opposite cytosine in 
the DNA template, achieving the writing of epi-bit 1. By contrast, for the 
unmethylated brick q, no methyl group transfer happens and the DNA 
template remains in the epi-bit 0 state (Fig. 2a). To test the efficiency 
of selective epi-bit writing, we developed a molecular beacon where a 
template and a brick hybridized to bring a quencher and a fluorophore 
in proximity (fluorescent OFF state). Only when the template-brick com-
plex contained a quadruple-methylated GCGC site, could it be cleaved 
by the restriction endonuclease GlaI, sending out the fluorescence 
signal21. Specifically, the single-methylated template b1 (G5mCGC) 
was tested against brick a1 (G5mCG5mC, epi-bit ‘1’) or a2 (GCG5mC, 
epi-bit ‘0’), respectively (Fig. 2b). By gel and fluorescence assays, it is 
clear that only a1 induced methyl group transfer, indicating the precise 
selective writing of a single epi-bit (Fig. 2c,d and Supplementary Fig. 4).

For epi-bit reading, we explored nanopore sequencing (Fig. 2e). DNA 
template T1200 (1,200 nt) was designed with 101 CpG dinucleotides 
as methylation sites (Supplementary Figs. 6 and 7 and Extended Data 
Fig. 1), which were distributed into 24 nt segments each containing one 
to five CpG sites (Fig. 2f). After treatment with the highly efficient 5mC 

a

Movable types

…

…

Information-1

Information-2

Information-n

+

Movable typesetting DNA self-assembly

5mC 5mC

…

5mC

b

……

Blank frame

+

c

e

Parallel writing of epigenetic bits 

1 0

M

M

M
M

M

M

M

M
M

M

M

M

0 01 11 0 1 1… …

DNMT1
M Methyl

1 0

M

M

M

M

M

M

0 01 11 0 1 1… …

1 0

0

0

11

1 0

1 1

d

One-pot nanopore reading

1 0 0 00 11 1

…

Selective enzymatic methyl transfer

Multiple information to identical sequence

(1)

(2)

(n)

…

A GC T C C CA GT T GC T A GA C T G

T CG A G G CT CA A CG A T CT G A C

+

M

101 1

Information layer

… …

M M

M M

M
M M

M

M
M

…

DNA carrier

Programmable DNA self-assembly typesetting

M

M

M M

M M

M M M

Blank DNA carrier

Premade
DNA

movable
types

1 1 0 0 1

CTACGATACCTCGATCGTACGTTGCGG

Information retrieving

Data analysis

CGATCGTCGTCGCGATCGCACGTCG

M M M

0 1 1 01 01 0
M

CGATCGTCGTCGCGATCGCACGTCG

M MM

1 1 0 01 10 0
M

CGATCGTCGTCGCGATCGCACGTCG

MM M

…

Parallel step
1001… …1…1

M

Epigenetic modi�cation

M M M

GT A

Step (1) Step (2) Step (n)

…

…

C

101… …… 1
De novo DNA synthesis

0

T CG A G G CT TA

 DNA template

M Methyl=

M M M

A GC T C C CA AT

01 1 1… …
M

M

M

Methyl Methyl Methyl Information layer

1 10 0

0 11 0

1 10 1

1

1

1 1

1

10 0

0 0

0 0

0

1

1 1

1

11 0

0 0

0 0

1

1

1 1

1

10 1

0 0

0 0

1

1 1

1

1

1

0

0

0

0

0

0
1

0

0
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de novo methyltransferase M.SssI22, the nanopore current signals of 
fully-methylated T1200 exhibited significant signal shifts around the 
methylation sites (Fig. 2e). Methylation calling by Nanopolish reliably 
detected all segments even when the segment contained only one 
5mC23 (Fig. 2f). By contrast, almost no distinctive methylation was 
called from templates untreated with M.SssI. Selective epi-bit writing 
was also implemented with DNMT1 and 24 nt ssDNA bricks. The nano-
pore signals called by Megalodon24 exhibited remarkable resolution 
in distinguishing closely spaced epi-bits within a 24 nt brick segment 
(Fig. 2g and Extended Data Fig. 2a–d).

Typesetting by DNA self-assembly
To program arbitrary epi-bit data, a DNA self-assembly-based typeset-
ting strategy was developed (Fig. 3a(i)). A typical DNA movable type was 
designed as a 24 nt ssDNA brick with a CpG dinucleotide as the epi-bit 
site. The epi-bit value of movable types is governed by the presence 

(1) or absence (0) of the 5mC modification (Fig. 3a(ii)). By selecting 
specific combinations of DNA movable types to assemble with ssDNA 
carriers, the epi-bits on movable types were aligned in a parallel manner 
to establish a methylation pattern representing the coded information. 
Meanwhile, DNA carrier T960 (960 nt) was designed to store up to  
36 bits of information in its loading sequence with a total of 72 kinds of 
movable type. We tested the operation by assembling T960 with 10 to 
36 movable types. In gel results, DNA carriers shifted to low mobility 
bands stepwise with increasing numbers of movable types, indicating 
successful DNA typesetting (Fig. 3b and Extended Data Fig. 1).

As a demonstration, we typeset the ASCII code for letters ‘DNA’ 
(24 bits) to the T960 carrier. Subsequently, the sample was incubated 
with DNMT1 for selective printing, that is, the parallel transfer of 
methyl-coded information to the template strand. In fact, typesetting 
and enzymatic printing complete the cycle of data writing (Fig. 3a,c). 
After nanopore sequencing and methylation calling, the information 
was retrieved with negligible background noise (Fig. 3d,e and Extended 
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Data Fig. 2a–d). As signal distributions were distinct for epi-bit 1 sites 
versus epi-bit 0 sites (Fig. 3f), it was possible to apply a threshold for 
accurate information retrieval. In addition, the transferred epi-bits 
endured heating at 65–95 °C, demonstrating the stability of epi-bits 
(Extended Data Fig. 2e,f and Supplementary Fig. 15).

Enlarged storage by sequence barcodes
Because nanopore sequencing resolves both sequence and modi-
fication information, we first scaled up storage by writing 800-bit 
information onto 25 barcoded DNA carriers with a universal template 
sequence using the same set of 72 movable types (Fig. 4a–c). Eight 
structure drawings of DNA bases and their modified derivatives were 
first transformed by bitmap coding (10 × 10) and sparsified to reduce 
the number of epi-bit 1s (Fig. 4a and Supplementary Fig. 16). The data 
were then allocated to different DNA carriers, which were designed to 
have three consecutive regions: (1) a 59 nt DNA extension to buffer for 
unstable nanopore signals; (2) a unique 20 nt barcode for indexing; 
and (3) a universal 960 nt template as the loading sequence for epi-bit 
writing (Fig. 4b). The barcode and template regions were generated 
independently, aligned by a ssDNA linker and ligated (Fig. 4c, Supple-
mentary Fig. 18 and Extended Data Fig. 3). For writing, barcoded DNA 
carriers were treated by DNMT1 as guided by select DNA movable types 
representing the allocated data (Fig. 4c,d).

For data retrieval, one-pot nanopore sequencing of mixed DNA car-
riers yielded read signals that were first grouped by the methylation 
pattern, screened for the correct barcodes and then called for methyla-
tion collectively (Extended Data Fig. 4). Figure 4e,f shows the recovery 
of all original images from sequenced epi-bit streams. Comparison of 

the methylation probability distribution at each epi-bit site revealed 
differential discriminability between 0 and 1 (Extended Data Fig. 5), 
probably attributed to local context effects on methylation efficiency, 
variant self-assembly efficiencies owing to the DNA sequence design, 
or contextual signal detection in nanopore reads25. From these dis-
tributions, the methylation calling threshold was obtained as 0.345, 
which resulted in an error rate of 0.625% in one-pot sequencing  
(Fig. 4g).

Besides errors in methylation calling, errors could have originated 
from the promiscuous ligation by T4 ligase between barcodes and 
templates (Methods). To analyse relative contributions of the two error 
sources, k-means clustering (k = 25) of reads based purely on methyla-
tion patterns was re-analysed (Supplementary Fig. 28 and Supplemen-
tary Note 3). In Fig. 4h, each cluster corresponds to one segment of data 
written on a specific barcoded carrier. An average of 25.5% barcodes in 
the clusters were identified incorrectly (Supplementary Note 3). We 
simulated barcode mixing numerically due to methylation miscalling 
at the experimentally measured per-read miscalling rate Emeth = 0.3 per 
site. After removing the effect of miscalling, the promiscuous ligation 
rate was estimated to be Elig = 0.9% (Fig. 4i). Nonetheless, without the 
reference of methylation patterns, information retrieval based solely 
on barcodes had an error rate of a mere 1.75%.

Data storage at high-bit parallelism
To leverage the parallel nature of the epi-bit writing mechanism, we 
implemented large-scale data storage with several DNA templates 
and denser epi-bit sites (Fig. 5a, Supplementary Fig. 39 and Extended 
Data Fig. 6). We define the bit parallelism, an essential feature of data 
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writing, as the number of bits written in a single minimal reaction per 
data-writing cycle. For example, de novo synthesis has a bit parallelism 
of around 1 (Supplementary Fig. 1, at the average density of 1.08 bits per 
base), whereas the enlarged storage experiment had a bit parallelism 
of 32. In the next set of large-scale experiments, five kinds of 1,300 nt 
DNA template (L1–L5) were designed to selectively hybridized with 

175 DNA bricks each bearing two epi-bit (from a set of 700 movable 
types), achieving 350-bit parallelism per writing reaction (Fig. 5a(ii)).

With this design, we stored 269,337 bits including the image of a tiger 
rubbing from the Han dynasty in ancient China and the coloured pic-
ture of a panda (Fig. 5a(i) and Extended Data Fig. 6). Notably, reactions 
were labelled by epi-bit barcodes instead of ligated DNA barcodes to 
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between pairs of epi-bit patterns. The simulated (sim.) data (red circles) fitted 
to y = exp(−0.5x + 3.8). The experimental (exp.) data (blue circles) fitted to 
y = exp(−0.48x + 3.7) + 0.9.
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reduce complexity and streamline experimental protocols (Fig. 5a(iii) 
and Extended Data Fig. 6). An automatic liquid handling platform was 
used to typeset large-scale data at a speed of approximately 40 bits s−1 
(Fig. 5a(ii)). With subsequent DNMT1 treatment, data were printed in 
parallel onto DNA templates (Fig. 5a(iii)).

We first stored the tiger rubbing image by bitmap encoding  
(16,833 bits distributed to 48 barcodes; Fig. 5b, sample 1). After nano-
pore reading, collective methylation calling on barcode-separated infor-
mation (barcode clustering method) yielded an accuracy of 90.35%, due 
primarily to the noisy single-read methylation probabilities at barcode 
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Fig. 5 | Large-scale storage with high-bit parallelism by epi-bit barcodes.  
a, Schematic pipeline of large-scale epi-bit DNA storage. b, Recovered tiger 
rubbing images of samples 1 to 4 with stepwise improved writing-reading 
pipelines. c, Per-site epi-bit accuracy between two independent sequencing 
samples of the originally encoded epi-bit data of the tiger rubbing.  
d, Distribution of template-wise accuracy of samples 1 to 3 (n = 213 for sample 1, 

n = 213 for sample 2, n = 223 for sample 3). e, Simulations of the error 
correction capabilities for different error correction configurations of  
the BCH code for the storage of the panda image. For each point, data are 
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sites (Fig. 5b, sample 1, Supplementary Fig. 39 and Extended Data  
Fig. 7). Therefore, we sought to improve read classification by an itera-
tive dynamic clustering algorithm that also consulted data at informa-
tion sites, which increased the accuracy to 93.60% (Fig. 5b, sample 2 and 
Extended Data Fig. 7a). Next, as we observed significant but consistent 
variations in per-site methylation discriminability, site selection was 
implemented, in which sites with low accuracies (2.05% of all sites) 
were discarded from coding and the sites ranked top in accuracy in 
each template served as the barcode sites for a third storage experiment 
(Fig. 5c and Extended Data Fig. 7b,c). As a result, site selection improved 
data retrieval accuracy significantly to an average of 96.30%, with much 
narrower distributions among templates (Fig. 5b, sample 3 and Fig. 5d). 
Finally, we developed a compression and error correction coding sig-
nificantly scheme to achieve full data recovery from one-pot nanop-
ore sequencing reads (Fig. 5b, sample 4 and Supplementary Figs. 40  
and 41). In silico evaluation of various error correction parameters sug-
gested transposition effectively dispersed clustered errors to recover 
the original information from up to 5.3% errors (Fig. 5e).

Finally, we integrated the above strategies to store the panda image 
of 252,504 bits (15-fold of the tiger image) after compression, error cor-
rective encoding and barcoding (Fig. 5f(i)). The data were written in 756 
reaction wells by the automatic platform. For retrieval, every 48 wells 
(240 epi-bit patterns stored on DNA templates) were sequenced in one 
batch and underwent dynamic clustering and site-specific threshold 
selection, yielding an accuracy of 97.47% (Extended Data Fig. 8). With 
error corrective decoding, the image was restored perfectly (Fig. 5f(ii) 
and Supplementary Figs. 42–53).

Distributed and bespoke epi-bit storage
Owing to the low cost and high throughput of commercial DNA syn-
thesis, many oligonucleotide-based DNA storage services adopt a 
centralized mode that requires the user to send the data to be stored to 
large-scale DNA synthesis platforms26. However, considering inefficient 
data communications and possible data breaches during electronic 
transmission, an alternative, distributed data storage mode has been 
under active research27. The simplistic and highly parallel nature of 
the epi-bit storage framework enables such a mode. It allows users to 
write their personal data into DNA by themselves, and the data remain 
undisclosed until the DNA are sequenced (Fig. 6a). To demonstrate 
this, we devised a distributed and bespoke DNA storage experiment 
named iDNAdrive.

In iDNAdrive, 60 student volunteers with diverse academic back-
grounds were invited to manually store pieces of text of their choice 
(around 5,000 bits in total) in epi-bits using a simple epi-bit writing 
kit in a classroom (Fig. 6b and Supplementary Fig. 55). After manual 
typesetting and printing, the samples, barcoded for each volun-
teer group, were collected and sequenced. Analysis of the nanop-
ore reads revealed an epi-bit error rate of 1.42% (Fig. 6c), owing to 
a subdued barcode misalignment rate (3.67%; Supplementary 
Note 3) and controllable manual sampling errors (Supplementary 
Fig. 58). This result underpinned the robustness of the data writing 
procedure. The sporadic substitution errors in the decoded texts 
were further rectified by large language model based text infer-
ence (Fig. 6d and Supplementary Fig. 59). Finally, 12 of the stored  
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15 texts were restored successfully and returned securely to the group 
that wrote them using an online server (Fig. 6e and Supplementary  
Fig. 60).

Discussion
Many elaborate studies have tackled oligonucleotide-based DNA 
storage, putting considerable efforts to increase the coding density 
and reduce the cost of de novo synthesis to make the writing cost 
commercially viable1,8,28,29. Enzymatic synthesis is explored as well 
for its potential to surpass phosphoramidite chemistry in speed 
and cost, but its selectivity and efficiency have remained key chal-
lenges30,31. The epi-bit storage framework adopts a fundamentally 
different mechanism, leveraging programmable DNA self-assembly 
and selective enzymatic methylation in synergy to enable parallel data 
writing on DNA. Compared with de novo synthesis-based storage, the 
epi-bit strategy possesses unique characteristics. First, it represents 
a parallel ‘printing’ process with prefabricated movable types and 
carriers. Therefore, information is written at the mere expanse of 
‘brush’ and ‘ink’, that is, methyltransferase and SAM, respectively 
(Fig. 2a), which scales directly with the stored bits rather than the 
coding density (Supplementary Fig. 1 and Supplementary Note 2). 
In fact, at 10 μl reaction volumes and commercial enzyme prices, 
the cost of epi-bit writing is estimated to be within tenfold of that of 
de novo synthesis at high coding densities (Supplementary Fig. 1). 
Second, the parallelism of epi-bit writing exists both at the molecu-
lar level (the bit parallelism) and at the operational level (reaction 
throughput) (Supplementary Note 1). In the future, the fundamentally 
high-bit parallelism (approximately 324-fold of de novo synthesis) 
can be combined with high reaction throughput technologies (for 
example, massively parallel micro-inkjet printing) to achieve supe-
rior writing speeds8,32 (Supplementary Note 1). These aspects attest 
the scalability of the epi-bit data storage framework. The storage 
of around 275,000 bits of data is a notable demonstration among 
the very few reported unconventional DNA storage strategies that 
reached more than 10 kB data sizes (Supplementary Table 1). Finally, 
the successful implementation of iDNAdrive underscores the practi-
cality of the epi-bit framework, as well as the potential for developing 
desktop DNA printers meeting distributed and private data storage  
needs27.

In our experiments, various error sources exist in the epi-bit stor-
age workflow (that is, synthesis, storage and reading; Supplemen-
tary Table 2 and Supplementary Note 3). Nonetheless, the dynamic 
algorithm could resolve up to 240 different methylation information 
patterns at a high resolution within each sequencing batch (Supple-
mentary Fig. 44). Whereas the single-read methylation calling error 
is around 30%, it decreased to 4–6% as the read coverage increased to 
over 10× (Supplementary Note 3). We achieved 97.5–99.4% sequenc-
ing retrieval accuracies among the experiments as governed by read 
clustering precision, which is prone to barcode mis-ligation errors 
(in the storage of base drawings) or errors in the epi-bit barcodes 
(in the storage of tiger rubbing and panda). In the future, more pre-
cise methylation detection algorithms and sequencing platforms 
may be integrated to boost the read throughput much beyond the 
current limit. To demonstrate a functionally complete data storage 
system, we also conducted preliminary experiments for copying and 
randomly accessing epi-bit data with Bst-mediated isothermal DNA 
replication (Supplementary Figs. 61–62). In this regard, alternative 
strategies such as base conversion33 in conjunction with PCR and 
regular sequencing is worth exploring as well.

With DNA data storage entering the dawn of commercializa-
tion26,34, the epi-bit framework demonstrates potential directions in 
parallel molecular information storage with prefabricated modular-
ity. Extensive research routes are rolled out. For example, optimi-
zation of sequence designs and methyltransferase efficiencies17,35 

will enable robust and precise data writing. Storage density can be 
increased further by incorporating a variety of DNA modifications36 
matched with accurate detection methodology37–39. Finally, combin-
ing DNA self-assembly assisted programming and myriad enzymatic 
modifications, it is possible to realize diverse DNA storage and com-
putation functions for practical and functionalized molecular data  
systems.
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Methods

Design of DNA bricks and templates
The DNA templates (T960, T1200, L1, L2, L3, L4 and L5) and bricks were 
designed by a computer-assisted method. First, the reported soft-
ware40 was used to generate a series of DNA brick sequences. By using 
the design software, a set of short DNA bricks with a length of 24 nt 
was generated without a four-repeat base domain, while keeping the 
hamming distance at least four and the content of CG between 40% 
and 60%. Second, we analysed the DNA bricks and templates manually 
to test the DNA sequences to avoid complex secondary structures and 
mismatches between bricks and templates (Supplementary Fig. 6).

Fluorescence assay
All DNA fluorescent experiments were performed in 1× Tris-acetate-EDTA 
(TAE)/Mg2+ buffer at 25 °C using real-time fluorescence PCR (CFX Con-
nect Real-Time System, Bio-Rad). DNA b1 (or b2) was labelled with fluo-
rophore (FAM) at 5′ ends and a1 (or a2) was labelled with quencher 
(BHQ-1) at 3′ ends. The FAM fluorescence signal was detected at 492 nm 
excitation and 518 nm emission. In a typical reaction, 30 μl solution was 
used for the detection. The time dependence of the fluorescence signals 
was normalized to make the initial value starts at zero. The detection 
time interval was 2–5 min. The fluorescence results were obtained by 
averaging the values from three replicates of the experimental results.

Polyacrylamide gel electrophoresis experiments
The reactions of the methyl transfer were verified using native poly-
acrylamide gel electrophoresis (PAGE); 12% gels were prepared with 
1× TAE/Mg2+ buffer with 12.5 mM MgCl2. All samples were run at 
100 V for 1.5–2 h at 4 °C. After staining the polyacrylamide gels with 
Stain-All, the gels were imaged by a scanner (Canon LIDE 100). To detect 
FAM-modified DNA complexes, the gels were imaged directly under 
ultraviolet light without staining (Gel Image System Tanon-1600 or 
camera).

Agarose gel experiments
Asymmetric PCR41 experiments were verified by agarose electrophore-
sis; 1% agarose was prepared with 1× TAE buffer that had been supple-
mented with 2.5 mM MgCl2. All samples were run at 60 V for 1.5–2 h at 
room temperature. After staining the polyacrylamide gels with GelRed, 
the gels were imaged by Gel Image System Tanon-1600.

Preparation of ssDNA carriers
The designed ssDNA template carriers (T960 and T1200) were syn-
thesized chemically and inserted into plasmid pUC57 (ref. 42). ssDNA 
templates were then prepared using an asymmetric PCR strategy, 
where the concentration ratio of forward to reverse primers is 60:1. 
The reactions were carried out in a PCR thermal cycler using the fol-
lowing protocol: 94 °C for 5 min, then 30 cycles of 94 °C for 30 s, 60 °C 
for 30 s and 72 °C for 1 min, thereafter 75 °C for 10 min, and finally kept 
at 25 °C. To verify whether the purified gel band is the authentic target 
ssDNA carrier, we used FAM-modified complementary DNA probes to 
hybridize the target ssDNA. After adding fluorescent probes for 2 h at 
room temperature, target DNA complexes were separated by agarose 
electrophoresis (60 V for 1.5–2 h). After fluorophore labelling, target gel 
bands were collected by cutting the agarose gel (Extended Data Fig. 1).

Programmable typesetting and methylation writing
The procedures of the standard methyl modification experiment were 
as follows: (1) a set of methylated and unmodified DNA brick strands 
was selected to mix with DNA carriers at 40:1 at a concentration of 
0.4 μM in 1× TAE/Mg2+ buffer. Then, the sample was annealed in a PCR 
thermal cycler using the following protocol: 95 °C for 5 min, 65 °C 
for 30 min, 50 °C for 30 min, 37 °C for 30 min, 25 °C for 30 min and 
finally kept at 25 °C. (2) Methyltransferase DNMT1 (refs. 43,44), SAM, 

methyltransferase reaction buffer and 50% glycerol were added to the 
reaction solution. The samples were then incubated at 37 °C for 3 h, 
65 °C for 20 min and finally kept at 25 °C. (3) The DNA complexes were 
gel purified for the next experiments.

GlaI-digestion-assisted detection of basic methylation writing
DNA complexes were produced by mixing DNA strands with equal molar 
concentrations (4 μM) in a 1× TAE/Mg2+ buffer. The annealing protocol 
was used for DNA complex assembly in fluorescence assay experiments. 
In fluorescence assay experiments, the reagents for basic methylation 
writing were mixed as follows: DNA complexes 1.5 μl, DNMT1 buffer 
3 μl, SAM 3 μl, 50% glycerinum 3 μl, DNMT1 5 μl and H2O 14.5 μl. In PAGE 
experiments, the 30 μl basic methylation writing reaction included: 
DNA complexes 6 μl, DNMT1 buffer 3 μl, SAM 3 μl, 50% glycerinum 
3 μl, DNMT1 5 μl and H2O 10 μl. After the basic methylation writing 
reactions, the mixture was incubated at 37 °C for 3 h, 3 μl GlaI buffer 
and the corresponding concentration of GlaI enzyme (5 U μl−1) were 
added21,45 (the volume of water was changed to keep the total volume 
constant at 30 μl). For fluorescent detection, the samples were placed 
in a fluorescence detector and reacted at 30 °C for 3 h. Fluorescence 
was detected every 3 min. For PAGE analysis, 12% PAGE was used and 
the voltage was kept at 90 V for 70 min.

High-throughput epi-bit DNA storage
The experimental procedure consisted of three parts: carrier T960 
preparation, barcode connection and methyl writing. (1) Carrier prepa-
ration process: first, ssDNA carrier T960 was amplified from the plasmid 
by asymmetric PCR. Then the 5′ end of the carrier was phosphorylated 
by T4 polynucleotide kinase (PNK), followed by labelling of the target 
carrier T960 by fluorescent probes and purifying the carrier from aga-
rose gels using the reagent kit (NucleoSpin Gel and PCR Clean-up, Mini 
kit). (2) Barcode connection: T960 carriers were specifically ligated 
with the 25 barcodes in individual tubes by adding T4 ligase at 25 °C for 
30 min, followed by inactivation at 65 °C for 20 min. Then, 25 kinds of 
barcoded DNA carriers were purified by electrophoresis through a 1% 
agarose gel and recovery by the reagent kit. (3) Methyl writing: each 
of the 25 kinds of barcoded DNA carrier was mixed with a set of DNA 
bricks at a certain ratio and annealed. The methyl writing reaction was 
then carried out by adding DNMT1 methyltransferase at 37 °C for 3 h. 
Subsequently, the 25 kinds of carrier were mixed into one tube and 
purified using the reagent kit. Finally, the mixed sample of 25 kinds of 
carrier was prepared for nanopore sequencing.

Nanopore sequencing preparation
DNA samples were first prepared following the protocols of the Ligation 
Sequencing Kit (Oxford Nanopore Technologies (ONT), SQK-LSK109/
SQK-LSK110) to construct the sequencing library, and then sequenced 
on MinION single-molecule sequencing device (ONT) by loading 
50 fmol sample into a R9.4.1 flowcell. The device was operated using 
the bundled software MinKNOW to monitor running status. Base calling 
was done individually after sequencing using Guppy (ONT).

Methylation calling
Software Megalodon23 was used for methylation calling. Megalodon is 
an ONT-developed analysis tool that is capable of calling modified bases 
with high precision by anchoring the information-rich base-calling neu-
ral network output to a reference DNA sequence. Megalodon predicts 
methylation at both the per-read and per-site level (by aggregating 
per-read results) based on the log probability of whether or not the 
base is modified. The primary Megalodon run mode requires Guppy 
base caller (v.4.0 and above), and appropriate Rerio model is recom-
mended for the accurate modified base calls46. In experiments, we 
used Megalodon v.2.5.0 with Guppy v.5.0.16 with a 5mC calling model 
(res_dna_r941_min_modbases_5mC_CpG_v001) from Rerio, and chose 
the default probability cutoff (0.8) to predict DNA methylation.
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Coding strategy to store images of modified nucleotide 
structures
Chemical structure drawings of four DNA bases and their modified 
derivatives were first converted into 10 × 10 bitmap pictures, and then 
flattened to obtain binary sequences with a length of 100 bits. Next, 
a random seed was used to generate a sequence of binary numbers 
of equal length, which was then used to perform bitwise XOR opera-
tion with the sequence of information, to obtain a new sequence with 
changed distribution of 1 s. This process was performed iteratively until 
a sufficiently sparse sequence was obtained, namely, the proportion 
of epi-bit 1 s in the sequence was less than one-third and the maximum 
number of consecutive epi-bit 1 s is 3. Each of the sparse sequences 
was finally written into a group of 960 nt DNA carriers with the same 
loading sequence (Supplementary Fig. 16).

Information retrieval from high-throughput epi-bit storage
The sequence representing the original digital information was a stream 
of binary number, and bit-by-bit XOR was used to sparsify the sequence. 
Therefore, each methylation site corresponded to one pixel in the origi-
nal binary images. This correspondence produced a grey-scale image 
as the methylation predictions obtained from Megalodon are prob-
abilities (0–100%). Restoring these images required de-sparsification. 
Specifically, for each bit (pixel), if 0 is used for performing XOR for an 
epi-bit site, the pixel value in grey-scale image is exactly the methyla-
tion probability. In the opposite circumstances, the value in grey-scale 
image is 1 minus the methylation probability of the corresponding 
methylation site (Supplementary Fig. 29). After these conversions, 
grey-scale images were binarized to bitmaps by setting an appropriate  
threshold.

Determination of the threshold of epi-bit calling
To determine the optimal threshold for calling epi-bits 1 and 0 from 
methylation probability data, we conducted analysis for the 32 meth-
ylation sites on the T960 DNA carriers individually. Specifically, for 
each methylation site, we assumed that both the probability values 
detected in nanopore sequencing of the status 0 (no methylation) 
and the status 1 (methylation) follow the Gaussian distribution. 
Therefore, the probability distribution detected from a methyla-
tion site was supposed to be the sum of two independent Gaussian  
distributions,
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where for each methylation site i, μi1 and μi2 are the mean and s.d. of 
the two Gaussian distributions for status 0 and status 1, respectively, 
and σi1 and σi2 are the s.d. of the two Gaussian distributions for status 
0 and status 1, respectively. αi is the fraction of status 0 in all epi-bits 
printed at site i. To obtain the values of the above parameters, we fitted 
the above functions with the probability distribution obtained from 
each methylation site. It is worth noting that μi1 should be close to 0 (as 
the unmethylated position is unlikely to generate a higher methylation 
signal), and μi2 should be a higher value, otherwise the fitting will gen-
erate only a single peak. After fitting, each of the 32 methylation sites 
generated the corresponding double peak distribution (Extended Data 
Fig. 5). Next, we defined an objective function on threshold,
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Then, we maximize the objective function to obtain the optimal 
threshold.

Automatic sampling for data writing
Data writing of the pictures of the tiger rubbing and the panda were 
performed on an automated four-channel liquid handling system by 
HCSCI China. Briefly, the stock solution of 175 × 4 = 700 bricks was 
loaded into eight 96-well plates (source plates). Specific combina-
tions of stock solutions were added to destination wells on 384-well 
plates, where each well held all bricks necessary to guide data writ-
ing on five templates L1–L5. A sampling sheet was prepared based on 
the epi-bit information of the data to be stored. The sampling sheet 
dictated the sampling scheme from the source wells to the destina-
tion wells. The liquid handling system then dispenses 500 nl of each 
source solution to each destination well according to the sampling 
sheet. Each destination well held 175 × 0.5 = 87.5 μl of mixture brick 
solution after the sampling was completed. The carriers, enzymes 
and reaction buffers were then added to all destination wells for data  
writing.

Coding strategies for data compression and error correction  
for the tiger rubbing and panda
The original image was first read as a binary stream. This binary stream 
was compressed. Next, BCH code was used to add logic redundancy to 
the compressed information. Specifically, the information was divided 
into groups. Each of these groups was used as information symbols 
to generate redundancy, which resulted in a coding matrix. Next, this 
matrix was transposed and flattened, resulted in a binary stream.

All the barcodes used for storing information were 20 bits in length.  
A seed barcode was first generated (for example, 01110101001011001001), 
and then barcodes with random bits were generated. Next, each bar-
code was verified to conform to the following rule. The valid barcode 
was recorded only when the minimum Hamming distance between 
it and all the recorded barcodes is greater than four. A total of 370 
valid barcodes were selected, of which 250 barcodes possessed a  
1 ratio of 40–60%. After site optimization (Extended Data Fig. 7),  
16 sites were dropped and 5 × 20 = 100 sites were selected as barcode 
sites; thus, there were 234 sites for storing the image data. The com-
pressed binary stream was divided into groups (234 bits per group). 
Depending on the barcode generation strategy, barcodes were 
selected randomly and assigned to groups. Finally, all groups were  
stored in wells.

The retrieved binary stream was first truncated, and then rearranged 
to a matrix. Next, this matrix was transposed, and each row of this 
matrix was used as a decoding unit. After BCH decoding, this matrix 
was flattened, resulted in a binary stream. Finally, the binary stream 
was visualized as the stored image.

Simulations of error correction capabilities in large-scale  
epi-bit DNA storage
In silico simulation was performed to test the capacity of error cor-
rection for epi-bit DNA storage, where the epi-bit information of tiger 
rubbing (Fig. 5e) and panda (Supplementary Fig. 42) were simulated 
independently. For all simulation, assuming that 50 bits of information 
was loaded on each DNA carrier, and errors were distributed indepen-
dently on different DNA carriers. The error frequency was sampled from 
a pre-experiment, in which 48 wells (240 DNA carriers) were sequenced 
collectively with nanopore sequencing. The fluctuations of error rate 
were realized by adding or deleting single epi-bit error manually on 
DNA carriers.
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Extended Data Fig. 1 | The illustrations and results of the preparation of 
ssDNA carriers. a, The illustrations of the procedures to prepare ssDNA 
carriers. b, The illustrations of the DNA bricks-carrier complexes. c, The 
purification of the ssDNA carrier. The fluorophore modified DNA probes were 
used to hybridize the ssDNA carrier targets. To avoid using GelRed to dye the 
target DNA, the DNA ladders were individually cut as one agarose strip and 
subsequently soaked in GelRed solution. Then, the agarose strips of the ladders 
and ssDNA carriers were put together for detection under UV irradiation.  

The target ssDNA product was clearly observed in lane 2, and was then purified 
by using PCR clean up and gel extraction kit for the following methylation 
writing step. d, The gel results for the verification of the ssDNA carriers. (i) The 
gel results of the asymmetric PCR product of ssDNA carrier T960. (ii) The gel 
results of carrier T960 hybridized with 10, 20, 30 and 36 DNA bricks. (iii) The  
gel results of the asymmetric PCR product of ssDNA carrier T1200. (iv) The gel 
results of carrier T1200 hybridized with 8, 16, 24, 32, 40 and 48 bricks.



Extended Data Fig. 2 | The epi-bit writing tests. The epi-bit writing test on 
T1200 DNA carrier with 17 modification sites. The numbers of methylation 
sites were designed as one (117, 163, 209, 439, 485, 531), two (579–597, 603–621, 
629–643, 826–830) and three (917-924-931) in the 24 nt bricks. a, The designed 
modification pattern. Solid and open ovals represent modified and non- 
modified CpG sites. b, The read coverages in nanopore sequencing along T1200. 

c, The methylation calling results from individual sequencing reads. d, The 
predicted methylation probabilities by megalodon. Red dots indicate the 
predesigned epi-bit 1 methylation sites. Box plots show the distribution of  
the data in bar plots (n = 187 for epi-bit 0, n = 17 for epi-bit 1). e, The durability  
of methylation storage under 25 °C and 95 °C for 1 h. f, Correlation between 
methylation calling results under the conditions of 25 °C and 95 °C.
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Extended Data Fig. 3 | The designs and experimental verification of the 
barcoded templates for parallel epi-bit storage. a, Ligation of barcodes  
and DNA templates to form barcoded DNA carriers. b, Electrophoretic gel 
verification of the barcoded templates and their modified forms. i, the 960 nt 
DNA carriers (from lanes 3 to 6) labeled with the specific barcodes by T4 
ligation (Lane 1: 1,000 bp ladder). ii, purified 960 nt carriers without barcode 
(lane 4) and with barcode (lanes 5 and 6); iii, the gel results of DNMT1 

transferred 960 nt carriers. Lane 1: barcoded 960 nt carriers; lane 2-3: 960 nt 
carrier hybridized with DNA bricks. c, Resolving the mixing ratios of three 
barcoded carriers by nanopore sequencing. Three differently barcoded  
960 nt DNA carriers are mixed at varying concentrations for ratios of 1:1:1 (i), 
1:1:48 (ii) and 10:100:1 (iii), respectively. Different colors of dots correspond 
to sequenced ratios at different sequencing coverages (200x; 500x; 1,000x; 
2,500x and 5,000x).



Extended Data Fig. 4 | The workflow and the cluster results of methylation 
information retrieval from one-pot nanopore sequencing. a, The methylation 
information retrieval workflow. We firstly used Megalodon to obtain the 
methylation information on individual sequencing reads (in the form of 
methylation probabilities). Next, we performed k-means clustering for all 
sequencing reads based on their called methylation patterns. After clustering, 
a barcode for each cluster were determined by majority voting of all reads 
within the cluster, and those with a nonconforming barcode were labeled 
incorrectly clustered reads. Next, only the correctly clustered reads were used 
to restore the methylation information for each cluster (solid grey arrows).  

The pink dashed line arrows show a pipeline in which methylation calling was 
performed without using the barcode information. This pipeline had a higher 
error rate and therefore was not adopted. Alternatively, reads could be 
grouped by their barcode sequences and then the methylation information 
could be called from reads within each group (solid red arrows). The original 
information was then retrieved based on the methylation information from the 
clusters. b, The clustering results of raw reads of 7 carriers (DNA carriers 1–6 
and 25, left) and its density map (right). c, The numbers of clustered reads for 
each of the 7 carriers showing the consensus barcodes and the incorrectly 
clustered barcodes.
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Extended Data Fig. 5 | Characterization of methylation information 
retrieval. a, Retrieved images under different thresholds of methylation 
calling. The recovery of 8 images (rows) were visualized under 11 different 
methylation calling thresholds from 0 to 100% (columns). The relationship 
between threshold and accuracy is shown in the top panel. b, The fitting results 

of 32 methylation sites on the DNA templates. For each methylation site, the 
results of methylation calling are collected (bar plots) and then used for fitting. 
The best fitting results (with minimal fitting loss) are illustrated as red lines.  
In each subplot, the x-axis shows the methylation probability, and the y-axis is 
the maximum-minimum normalized counts.



Extended Data Fig. 6 | The workflow of encoding, writing and decoding the 
epi-bit information. a, The original information. b, The original information 
was encoded to bit streams containing payloads and barcodes. c, Two epi-bit 
positions were designed in each 20 nt DNA brick as one movable type and  

350 epi-bits were written on 5 different DNA carriers in one-pot reaction. d, Both 
barcodes and payloads were stored in DNA carriers as epi-bits. e, The workflow 
of encoding and decoding for the storage of the colored panda image.
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Extended Data Fig. 7 | The workflow of dynamic clustering and the 
optimizations of epi-bit sites for large-scale epi-bit storage (the panda 
image). a, The dynamic clustering workflow to reduce the misclassified reads. 
First, the probability of methylation on the barcode sites was used as the basis 
for K-means clustering (Step 1). Second, reads in each barcode group were 
clustered based on the methylation probability of the information sites (Step 2). 
Third, adaptively selected the number of clusters depending on the silhouette 
score and then updated the barcode groups with the cluster closest to the 
current barcode in Euclidean space (Step 3). Meanwhile, other reads were 

distributed to the nearest barcode groups (Step 4). Finally, Megalodon were 
used to call the methylation probabilities from grouped reads. b, Per site 
accuracies between pairwise experiments for the optimizations of epi-bit sites. 
The accuracy of each epi-bit site in each sequencing experiment was calculated 
from the methylation calling results of single reads. Sites with accuracies  
less than 0.5 were dropped in the following experiments. The subplots on the 
diagonal are the kernel density estimates for each experiment. c, Heatmap of 
average accuracies at each site (columns) for each template L1-L5 (rows).



Extended Data Fig. 8 | The workflow of threshold selection and the 
correlations of the sequencing accuracies for large-scale epi-bit storage.  
a, The workflow of threshold selection. The thresholds of methylation calling 
on each epi-bit site were determined independently to avoid the DNMT1 
context dependency. The methylation calling results were firstly grouped by 
DNA sequences of the carriers. Next, the methylation probabilities of each  
site on the carriers were fitted by a GMM (Gaussian mixture model). In the 
methylation results at each site, two peaks appeared on the fitted curve. In the 

fitted results, 95.73% sites followed clearly bipartite distributions, and the rest 
sites (4.27%) were indistinguishable for 0 s and 1 s. b, The correlations of the 
accuracies in 16 nanopore sequencing reactions in the experiments of the panda 
image. Here, the correlations are the Pearson’s correlation coefficients for 
per-site accuracy in every pair of sequencing batches. Note that the single- 
read methylation probabilities were used for the site-specific threshold 
determination based on GMM.
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