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Abstract: The synthetic DNA, as a potential digital data storage medium, has a high storage density and can be used
for a very long period. It is expected to serve as an important option for future massive data storage. However, the
synthesis, assembly and sequencing of DNA often introduce multiple types of base errors, which does not satisfy the
reliability requirements of data storage, while reliability-enhanced coding schemes usually sacrifice the logical coding
density by adding redundancy. To deal with this problem, an encoding process for DNA data storage using large

synthetic DNA fragments in Saccharomyces Cerevisiae was proposed. Data writing into DNA chunks was constructed
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by interleaving multiple codewords of Reed Solomon (RS) codes with a very high code rate, embedded with
autonomous replication sequences (ARSs) in alternation to form a yeast artificial chromosome. Utilizing the high-
throughput sequencing, data readout combines short read assembly with the de Bruijn graphs, ARS guided contig
combination and erasure/error correction to achieve reliable data recovery. The error correction capability has been
fully exploited by interleaving the large missing fractions into random erasures across all the RS codewords and
correcting more erasures than errors. We designed and simulated a 2.5 Mb ring chromosome and successfully
recovered the original data from 20x high-throughput sequencing reads. The simulated sequencing data are generated
using the ART simulation software, which has been trained using the real sequencing data from an artificial
chromosome of 254 886 bp constructed for data storage previously. All the processes including the large DNA chunk
assembly, DNA replication, extraction and high-throughput sequencing are viewed as the DNA storage channel in
information theory community. We provided an efficient encoding scheme matching the codes and the DNA storage
channel based on the information theory paradigm. The logical density of the data DNA chunks was 1.973 bit/bp, and
the overall logical density still reached up to 1.947 bit/bp including the biological units (ARSs and vector backbones).
The demonstrated design process can support DNA coding schemes with the different lengths from Kb up to Mb,
which provides flexible verification and support for wet experiments in the synthesis and sequencing of large fragments
of DNA for digital data storage.
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Fig.1 Encoding scheme using a very high code rate RS codes for data storage with large DNA
[(a) Workflow of DNA data storage with large DNA fragments encoded by interleaved multiple RS codes. The workflow consists of three steps. First,
digital data for a picture and a text file was converted into DNA sequences by interleaved multiple RS codes. Second, the artificial chromosome was
assembled from multiple DNA sequences with ARS to stabilize the assembly and replication. Third, with the high-throughput sequencing, data
readout uses short read assembly based on the de Bruijn graphs, ARS guided contig combination and RS erasure and error correction to achieve
reliable data recovery. (b) Encoding procedures using high code rate RS codes. The encoding procedures include data scrambling, RS encoding,

symbol interleaving, symbol-to-bit mapping, bit-to-base mapping and combining with ARSs to form a ring chromosome]
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Fig. 2 Building of variant-length large DNA integrating different number of data blocks

(Three examples are shown in details. In example 1, the original file was converted into the artificial chromosome with a length of 2 489 847 bp. In

example 2, two picture files were converted into two smaller artificial chromosomes. In example 3, ten small files were converted into ten

independent small artificial chromosomes)
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Fig. 3 Data readout processes

(The process includes de novo assembly from short reads using multiple programs with multiple k-mers, ARS navigated combination

of multiple contigs, converting into symbol sequences of RS code, deinterleaving, and RS erasure and error correction)
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Fig. 4 Verification procedures using computer simulation for proposed encoding method and construction scheme of large DNA

chunks in living cells

(Sequencing reads from real large DNA chunks were used to train the parameters of high-throughput sequencing and end-to-end performance verification were

performed. And reads assembly and decoding recovery schemes include contig assembly, ARS navigated combination of multiple contigs, deinterleaving and

RS erasure and error correction)
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Fig. 5 Base error number (edit distance) distribution in simulation and real sequencing reads.

(Red columns represent sequencing data from one end. Grey columns represent sequencing data from the other end. The probability of reads with er-
rors from ART simulation is about 20%. And the quality of reads from ART simulation is slightly less good than real sequencing reads, which can

well illustrate the error correction ability of the proposed method)
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Fig. 6 Base error position distribution in simulation and real sequencing.

(The second-generation sequencing reads contain insertion, deletion and substitution errors, and the error rate is about 10*~107°. Furthermore, the er-
ror rate of insertions and deletions is significantly lower than that of substitutions. Reads from ART simulation are very consistent with the character-
istics of the real second-generation sequencing reads. It is verified that using simulation method to generate sequencing reads is feasible)
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Tab. 2 Data recovery analysis using interleaved multiple RS codes
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