Primer design for DNA storage random access
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Abstract

DNA is a promising candidate for data storage due to its
high density and long-term stability. However, accessing
specific data, known as random access, is challenging.
This process uses primers, short DNA segments that act
as identifiers. Efficient random access depends on high-
quality primers, constrained by DNA structure. This pa-
per introduces a method to generate primers that meet
strict biochemical criteria, avoiding sequences that form
problematic shapes. The proposed tool uses computational
models to predict primer binding affinity and specificity,
allowing users to adjust parameters for lab protocols, en-
hancing data retrieval efficiency and optimization.
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1 Introduction

Unlike traditional storage media which face problems
of longevity, integrity, ecology and energy consumption,
DNA offers an incredible data density and stability over
long periods, lasting thousands of years if stored under op-
timal conditions.

The DNA data storage workflow consists of six steps:

1. Encoding: Digital data is converted into sequences
of A, C, G, T, cut into short chunks called oligonu-
cleotides, and formatted with addressing fields,

2. DNA synthesis: Synthetic oligonucleotides are cre-
ated based on the encoded information

3. Storage:DNA molecules are stored in controlled en-
vironments to ensure stability and longevity,

4. Data retrieval: Specific segments of stored DNA
data are accessed randomly, mixing multiple DNA
molecules in the same container,

5. Sequencing: DNA sequencers read and translate
DNA molecules into A, C, G, T sequences,

6. Decoding: Retrieved sequences are reorganized and
corrected to recover the original data.

This paper examines the efficiency of the data recovery
phase in DNA-based storage according to the quality of the
addressing primers (small adressing DNA sequence). Mil-
lions of files are stored in DNA molecules within the same
space. Random access involves selecting DNA molecules
corresponding to a file through PCR (Polymerase Chain
Reaction) [1]] [2]. PCR allows selective duplication of these

molecules using primers that identify the sequences asso-
ciated to one file. This technique, adapted for DNA data
storage, ensures specific file retrieval, similar to accessing
digital archives.

PCR-based random access [3]] is an innovative modification
of the classical PCR, commonly used in molecular biology,
but requires precise primer design. Primers must attach
only to short segments at the extremities of the oligonu-
cleotides and should not form undesired shapes or loops
to avoid non specific retrieval or data loss. To our knowl-
edge, no software exists specifically for designing primers
for DNA data storage, as existing tools are tailored for ge-
nomics and unsuitable for this purpose [4]. High-quality
primer design is crucial for accurate file extraction, given
the complexity of managing millions of sequences in the
same location.

2 Molecular random access

As introduced previously, DNA data storage involves mix-
ing millions of DNA oligonucleotides in a single con-
tainer. Files are represented by DNA oligonucleotides with
specific primer pairs at their extremities that barcode the
files. Those files are present with multiple copies of each
oligonucleotides. Accessing files uses a "PCR-based ran-
dom access" method to amplify and retrieve specific DNA
oligos among the others.

Unlike traditional PCR, DNA data storage primers are de-
signed specifically for files and not derived from existing
sequences. Each file has a unique molecular address pro-
vided by a primer, which must bind, called hybridization,
efficiently to prevent incorrect amplification leading to data
loss.

The PCR is a mix containing DNA, primers, DNA poly-
merase, cations (Na+ and Mg2+), and nucleotides. It in-
volves three main steps, forming a cycle, that are repeated
multiple times to replicate the DNA:

1. Denaturation: The reaction mix is heated to around
94-98°C to initiate replication.

2. Annealing: The temperature is lowered to allow the
primers to bind to their complementary sequence on
the oligo. This temperature is based on the melting
temperature (Tm) depending on the primers being
used, which will be explained in the following para-
graph.

3. Extension: The temperature is raised to 72°C, the
temperature to activate the DNA polymerase. DNA



polymerase synthesizes a new DNA strand by adding
nucleotides to the primers, creating a complementary
strand to each of the original strands.

Effective primer design is crucial for robust random ac-
cess in large DNA data storage systems, ensuring reliable
file amplification without cross-hybridization. Key factors
include the melting temperature (Tm), the point at which
50% of double-stranded DNA separates into single strands.
Tm depends on parameters like Na+ and Mg2+ concentra-
tions in the PCR mixture.

The challenge in DNA storage is designing large sets of
primers to address many files while ensuring specificity
and compatibility under the same PCR conditions, espe-
cially maintaining consistent Tm.

3 Primer Design

As higlighted in the previous section, it is mandatory to
design good primers to ensure an effective and specific se-
lection of oligonucleotides encoding a specific document
during the PCR process. The primer design plays a ma-
jor role in the success of the PCR-based random access.
In DNA data storage, unlike genomic studies, numerous
primers must coexist with minimal interference. Thus, the
process is to firstly design primers with specific character-
isctics to optimize the PCR. Secondly, all the primers are
checked to ensure their compatibility with each other and
with the dataset oligos. The design of the primers is imple-
mented in a set of tools called DSPT (Dna Storage Primer
Tools). The following programs, written in C, are currently
available :

* DSPgen generate a set of primers according to a
rigorous list of criteria to meet the PCR require-
ments. Those criterias are designed by biochemical
and biotechnology constraints. This is an adaptation
of the IThOS software previously developped for de-
signing primers for genomic purpose [5]]. More recent
methods for calculating the melting temperature [6]]
[1_-], which increase precision, have been added. Addi-
tionally, supplementary filters have been implemented
to better meet DNA storage requirements. One of
these filters addresses secondary structure, avoiding
sequences that can form undesired shapes or loops
that hinder DNA amplification and data retrieval. At
last, it allows the generation of thousands of primers
in less than one second.

e DSPham checks the Hamming distance between
primers and eliminates the minimum set necessary to
maximize the number of primers with a Hamming dis-
tance above a user-defined threshold.

* DSPhyb detects potential hybridization, from a ther-
modynamical point of view, between primers and
DNA sequences by computing the primers stability
called AG (Gibbs free energy G) between small sim-
ilar regions of both primers and DNA sequences.

Ihttps://eu.idtdna.com/calc/Analyzer/Home/
definitions

The DSPT package is available on the following git-
lab: https://gitlab.inria.fr/molecularxiv-pc-2/dna-storage-
primer-tools

4 Experiments results

For the experiments, the tools have been tested on the
JPEG-AIC-03 [7] dataset encoded with JPEGDNA-SFC4-
S-R [8]. It includes 10 images and represents a total of
99156 oligonucleotides of length equal to 300. Differ-
ent primer sets have been generated (using DSPgen) and
checked (using DSPhyb) for potential hybridization with
the oligonucleotides provided in the JPEG-AIC-03 dataset.
Figure |1] illustrates the number of detected hybridization
sites. These results suggest that the encoding process can
be improved. Introducing thermodynamic verification for
each oligonucleotide during encoding could enhance the
quality of the oligonucleotides. This improvement would
prevent the oligonucleotides from binding to each other
and forming secondary structures. Additionally, this tool
could be used to verify headers, indexes, and other meta-
data to ensure accurate data retrieval.
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Figure 1: DSPhyb - Hybridization detection : Number of
hybridization detected while checking if the primers gen-
erated can hybridize to the payload of the JPEG-AIC-03
dataset encoded with JPEGDNA-SFC4-S-R.

5 Conclusion

The DSP software demonstrated excellent performance,
particularly in generating efficient primers, which are cru-
cial for PCR-based random access commonly used in
molecular biology. With DSP tools, researchers can
achieve greater precision and efficiency in their experi-
ments. Additionally, the tools have short execution times,
allowing for efficient testing of multiple PCR configura-
tions. Although the software is still under development, the
current versions are very promising. The next tool to be
developed will check primer compatibility, and a parallel
version is planned to further reduce execution times. How-
ever, to fully validate these tools further tests are needed,
as well as wetlab experiments to ensure the primers meet
all specifications.


https://eu.idtdna.com/calc/Analyzer/Home/definitions
https://eu.idtdna.com/calc/Analyzer/Home/definitions
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