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DNA synthesis technology: foundation of DNA data storage
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Abstract: DNA-based data storage technology has many considerable advantages, and been suggested as one of the most
promising technologies to cope up with future crisis in information storage. It involves the conversion of real information
into A/T/C/G sequences, synthesis of preservable DNA polymers by DNA synthesis technology, and data deciphering by
DNA sequencing technology. Nevertheless, the current cost of DNA synthesis is still high, which greatly limits the rapid
development and industrial application of DNA data storage. As the key technology of DNA data storage, DNA synthesis

lays the foundation for the practical application of DNA data storage. Since the first oligonucleotides were made in the 1950 s,
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DNA synthesis technology has been rapidly developed and commercialized, spawning the emergence of DNA synthesizers
with different throughput, which achieved oligonucleotides synthesis with dozens of nucleotides to MB-level microbial
genomes. In this review, we systematically summarized the key research progress of DNA synthesis technology in terms of
its historical development, which includes column-based chemical oligonucleotide synthesis, chip-based chemical
oligonucleotide synthesis, oligonucleotide purification, oligonucleotide assembly, error correction and gene cloning, large
fragment gene synthesis, genome synthesis and next generation enzymatic DNA synthesis. Currently, the widely used DNA
synthesis technology starts from chemical synthesis of oligonucleotide. Although a number of chemical technologies have

nn

been proposed, the one typically used is the "phosphoramide" method, which includes the steps of "deprotection","coupling”,
"capping" and "oxidation". The chemical synthesis generally produces single-stranded oligonucleotide with less than 200 nt.
For double-stranded DNA synthesis, the single-stranded oligonucleotides need to be assembled. The oligonucleotide
assembly technologies including ligase chain assembly (LCA) and polymerase chain assembly (PCA) were thus developed,
and have been well applied in the commercialized gene synthesis. Following the development of chemical oligonucleotide
synthesis technology and gene synthesis technology, several bacterial genomes and yeast chromosomes have been
successfully synthesized, by employing the strategies of "one time de novo synthesis" or "gradual replacement synthesis".
Meanwhile, new enzymatic DNA synthesis technology has also made considerable progress in the recent years, opening up a
new path for synthetic biologists. In addition to these key research developments, we further summarized and analyzed the
impact of key parameters of DNA synthesis technology, such as length, cost and speed, on DNA data storage, in order to
provide some references and ideas for the development and the practical application of the entire DNA data storage process.
Finally, we envisioned the future trend of DNA synthesis technology, including cost reduction, further development of
genome synthesis technology and enzymatic DNA synthesis technology, as well as the establishment of a faster DNA

synthesis technology with a longer fragment and lower-cost for DNA data storage.
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Fig. 1 Oligonucleotides synthesis based on four-step "phosphoramide" method "'*** *** *"*

[ ® Deprotection: DMT (dimethoxytrityl) group on nucleoside phosphoramidite attached to solid carrier is removed by trichloroacetic acid to

generate free 5“OH group. @ Coupling: new DMT-protected nucleoside phosphoramidite was activated by mixing with tetrazole to produce an

activated 3’ terminal, which was further coupled to free 5'-OH group of previous nucleoside phosphoramidite. 3 Capping: uncoupled 5'-OH group

from step 2 was acetylated by adding acetic anhydride and N-methylimidazole; @ Oxidation: phosphite triester form during coupling reaction is

converted to a stable phosphate triester form by oxidant]
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Fig.2 A one-way isothermal gene synthesis method "**

(In this method, oligonucleotides for gene assembly were specially designed, with a recognition site of type IIS restriction enzyme and an additional

sequence complementary to its 3’ end, locating at 5’ end. Sequence can theoretically form a hairpin structure. Under catalysis of isothermal DNA

polymerase, restriction enzyme and exonuclease or ligase, multiple oligonucleotides were assembled into double stranded DNA)
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BEIVEF R, B SR T IR & B2 i 32 B R /NE 700 bp
AWM A BIREGY: #—DHh, @i PCA 4354
X e 1y B VR A ) AH 2% B B () I R 1R DNA, - 22 il
VI G, e N KA 1 40 i b 3R 1512 G2 RE T 1
MR B A . XA TAEFF S T 2RI A B Hr 42 7T -

baE B A BRI D, H AP — A e
(5 B B Wk R AR B R R B 1S R S8 2, B&E]
PAHH CRO IR %5 A F] B 5E . 2020 4F, Thao %5 ™
FIHAESE =T7 55 A F & U LRy By, kT Bk



344 BRENE $2E

HE &, fETTRNAEKGIEFEHT, £/
PR 58 B T 2020 458 B e IR 7 7 SARS-CoV-2 [ &
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Fig. 3 Illustration of TdT enzymatic DNA synthesis based on 3'-O modified reversible dNTPs ™™
(Under catalysis of TdT, first 3-O modified dNTP is coupled to 3'-OH end of initial primer. Its protective group at 3'-OH end is then cleaved to

reveal a new 3’-OH end, which serves as a site where next 3'-O modified dNTP is conjugated. Through cycled reactions, target sequence is

synthesized)



346 BRENE $2E

FLHEDNA & R, AR K AT R B AZ AT H. 4
[ 55 DNA & BRI R RN KREWHTT, -
IS TAT B TRESOE, & A5 rl WAS IR i 2 1)
TR BARALEIEIA R B T2, R R
WAL G RS, BHEl, 2OF4RAFLETIX
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Fig. 4 Relationship between base utilization of data storage and oligo length

[Referring to methods used by George Church et al., base utilization of data storage is calculated given that oligo length is different,

while both the left and right flanking primers are 22 nt, and the index (address) sequence is 19 nt]
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B 5 BRI . WTE S B gmtg s, @it
FETE N ki ME g B9 3R A5 1K) DNA 7 51 1) GC 3
—BE, SKIEFFDNA & B AR TR ZE,; @it

TFRAE T & ORI P 45 R R I A S B AR
PETHAEM 7 I o S B4 15 o A% v 0 o 1 55
A, ORT SEBE G R, EREE P
2/ R NS o NI WS & V€113 AT 53 N = | I D
T I 46 DNA W 7 7 2 1 2 2 ) (1] DA R A R
BRI 7 A B B AR, SEEAE A A0 DNA 52
PO B EG B R E S LS R — Ak
Bk, I A/T/C/GAE BB 0/1 ki B2 HL
AR, R, EE T RETHIE RS . DNA S
B DNAWFE HoHs 5 50 — R i s o AR AR
ST DNA 0 A7 it 1 KRB . F

6 REiflER

WA DNA WP ARAT I 1 N0 A fisd AL 7L
BAEIZ 1], A4 N T DNA & AR NS —
BIREENEN ., g E RGN RE. DNA G
S AR B A4 A= s R 2 AU s R B T A0
ATERAA . AT B A A AR ) AT T AT
. AT RIE B A A TR AR

R 70 R R, DNA & B AR B4
T SR TR BRI 1) & B 5 7 1) Mb 2% ol A 4
AR AE K (B5 . KRB FEZER. EET
GO SLIL T A AT, R I HAR G b R 5%



348 BRENE $2E
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Fig. 5 Development and application of DNA synthesis technology

(Since first oligonucleotides were made in 1950s, DNA synthesis technology has undergone a rapid development. Development of DNA synthesis
technology has also promoted research progress in metabolic engineering, enzyme engineering, antibody engineering, in vitro diagnosis,

oligonucleotide drugs, and DNA data storage)
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