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both synthesis and sequencing in general DNA data storage as well as
degenerate-base-augmented DNA data storage. The methodology and data presented will contribute to the development of DNA
sequence designs with minimal error.
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Bl INTRODUCTION stage in the state-of-the-art next-generation sequencing (NGS)
platform.'®"” These error rates are extremely high compared to
those of the conventional data storage medium, which are less
than 1076, Therefore, error minimization is necessary for the
practical use of DNA-based data storage.

Errors in DNA synthesis and sequencing processes are fatal
when attempting to decode information accurately from DNA
and ultimately compromise storage density.'® Therefore,
several error-correction methods have been developed by
considering each error pattern in oligo synthesis'” and NGS.*
For example, a method for purifying oligos with the single-base
resolution was introduced to exclude erroneous strands in
oligo synthesis.”' This method was developed to correct the
indels of DNA, which is the major source of synthesis error
patterns in oligo pools. In addition, novel binary-to-DNA
encoding algorithms, such as the DNA fountain code, impose
restrictions on the designed sequences, such that sequences
with certain patterns are avoided during encoding.’ These
methods can reduce the amount of redundancy required to

DNA data storage has emerged as an innovative digital data
storage medium owing to its durability and storage density.' ™
As DNA molecules, which have a length per base of 0.34 nm,
consist of four different bases (A, T, G, and C), the theoretical
information density of DNA molecules greatly surpasses that of
conventional electrical media.® However, an ideal encoding
rate of 2 bits per nucleotide cannot be achieved in practice
owing to several limitations, particularly those originating from
errors in current DNA writing and reading technologies.”’
Numerous errors can arise from both the DNA synthesis and
sequencing process, which lead to erroneous insertions,
deletions, and substitutions of bases in the data-encoded
molecules or decoded data.” Synthesis errors usually arise from
chemical oligonucleotide (oligo) synthesis technologies based
on phosphoramidite chemistry, which have a limited monomer
coupling efficiency of <99.9% per nucleotide.”'’ In other
words, state-of-the-art chemical oligo synthesis can only
reliably manufacture molecules shorter than 150 nucleotides
with an indel error of ~1% per nucleotide.'”'” While
alternative modes of synthesis such as those utilizing the
enzyme terminal deoxynucleotidyl transferase (TdT) have
emerged, they introduce their own form of sequence-specific
biases and errors.””~'> Another major constraint is the
sequencing error, the rate of which is approximately 0.1% o
per nucleotide and occurs during the sequencing by synthesis
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Figure 1. Workflow of DNA sequencing (SeqError) and synthesis error (SynError) profiling using unique molecular identifiers for SHIFT. (A)
The DNA data storage workflow consists of encoding digital data and writing the data with oligo synthesis, where SynError occurs; reading the
DNA data, where SeqError occurs; and decoding it to digital data. (B) SHIFT was developed to simultaneously profile SeqError and SynError with
high accuracy. For sequence design in SHIFT, we shifted 10 base pairs from the original sequence to generate 10 different shifted sequences, or
shifts, for position- and sequence-independent error profiling. We synthesized the oligos with the original sequence as well as those with the nine
additional shifts. Through tagging each synthesized shift with UMI, amplifying, and sequencing, SeqError and SynError were separated from the
sequencing result. SynError was defined as the error occurring at the same position with high frequency within the same UMI group, while
SeqError was defined as the error occurring randomly along the sequence with low frequency within the same UMI group.

design a reliable DNA data storage system by utilizing
previously reported error-prone characteristics of DNA, such
as high GC content and homopolymers.”> However, previous
studies>>* have mainly focused solely on one factor, namely
either oligo synthesis or DNA sequencing, despite the
synthesis and sequencing process being conducted serially
and errors accumulating within the same oligo strands
mutually’® (Figure 1A). Potential sources of error must be
profiled to determine whether they originate from oligo
synthesis or sequencing.”’ Therefore, errors during both
encoding and decoding can be minimized by discovering the
source of errors, such as specific sequence patterns or
positions, according to synthesis or sequencing.

In this regard, both synthesis and sequencing errors must be
profiled with high accuracy at the single-base level for each
oligo strand,”'®*® given that error bias is position- and
sequence-dependent in both cases. In terms of position,
synthesis errors tend to increase toward the 5’-end, whereas
sequencing errors increase toward the 3’-end.” In terms of
sequences, previous studies'®’ have reported that certain
transition patterns of sequences cause higher sequencing error
rates. Thus, whether oligo synthesis exhibits similar or different
sequence-dependent patterns must be investigated. In this
regard, considering the error pattern according to the position
and transition of sequences will increase the accuracy of the
DNA data storage system”’ when encoding the digital data to
the quaternary data storage system.31 However, to characterize
both positional and base-transitional errors in one sequence, it
is important to consider whether the two factors affect each
other and to investigate them independently. To determine
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such parameters, a solution for simultaneously delineating
oligo synthesis and sequencing errors with high accuracy from
the same oligo strand is needed.

In this study, we present a sequence/position-independent
highly accurate error profiling toolkit (SHIFT) that can
simultaneously profile DNA synthesis and sequencing errors.
The procedure for SHIFT consists of oligo sequence design,
oligo synthesis, sequencing, and error analysis (Figure 1A,B).
SHIFT designs 10 nucleotide blocks, ‘BN, and 10 arrays of
block-shifted sequence, “shift N” (Figure 1B). Given that the
total length of DNA is 100 nt, these 10 shifts cover all cases in
which each block is located in different positions from P1 to
P10. Therefore, it enables the analysis of error patterns for all
positions and sequences in a sequence- and position-
independent manner, respectively. Herein, after synthesizing
and sequencing the designed oligos, we defined the variant
frequency to delineate synthesis and sequencing errors within
one oligo. Unique molecular identifiers (UMIs)>” were utilized
to classify each error as a synthesis error (SynError), which
appears in the same position in multiple sequences with the
same UM]J, or a sequencing error (SeqError), which appears
sporadically within the UMI group (Figure 1B). In addition,
SynError and SeqError can be profiled in a sequence- and
position-independent manner using the SHIFT. We analyzed
621,553 oligo strands in total and verified each error pattern,
focusing on the transitional sequence and positions along the
sequence independently. The findings presented herein
provide a comprehensive guide for the design of algorithms
and architectures for highly accurate DNA data storage
(Supplementary Note).
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Figure 2. Positional SynError and SeqError were profiled using SHIFT. (A) Sequence design to analyze sequence-independent positional errors
profiling. Ten shifted sequences with 10 blocks consisting of 10 nucleotides were shifted to the left by one block. Each position included 10 bases
and the position from P1 to P10 is from the region at the 5’-end and to 3’-end within the oligo sequences. SynError (B) and SeqError (C) profiling
of the blocks along the position (62,153 UMISs per each shift on average). (D) Accumulated positional error rate of 10 shifted sequences. The errors
were distributed along the sequences and accumulated according to shifts 1—10. (E, F) Average error rates of each block of shifts were plotted
along the position. The heatmap describes each position error of SynError (E) and SeqError (F) along the sequence for each sequence. Average
values: SynError, 0.77% per base (s.d. 0.25%); SeqError, 0.21% (s.d. 0.05%).

B RESULTS

Simultaneous Profiling of DNA Synthesis and
Sequencing Errors. To differentiate between errors originat-
ing from oligo synthesis and sequencing using NGS data, each
oligo strand was tagged with UMIs in the primers for PCR.*
Oligo synthesis begins with dimethoxytrityl (DMT)-blocked
phosphoramidite monomers from the 3’-end, followed by
deblocking the monomer, coupling the bases, capping the
uncoupled bases, oxidizing the oligo, and adding the next
desired monomer for the next cycle of synthesis. The synthesis
errors are mainly caused by phosphoramidite monomer
coupling failure, which leads to deletion errors. In addition,
the acid solutions used for deblocking or oxidation lead to
substitution errors because of damage, such as depurination.”
In contrast, sequencing errors, especially for Illumina plat-
forms, originate from dephasing when detecting fluorescence
signals in monoclonal DNA clusters by elongation failure by
polymerase or incomplete removal of the terminator.”’ We
assumed that the synthesis errors could be amplified during
PCR and would exist in the same location within each
sequence that shares its UMI in the sequencing results. This
allowed us to count the synthesis errors by creating a
consensus sequence within each UMI family and finding
errors with a high variant frequency.

To add UMI to the synthesized oligonucleotides, we
considered the ratio between the number of synthesized
oligo strands and UMI molecules. The initial number of
molecules of the synthesized oligos was 6 X 105, and the
length of the UMI bases was 20, which led to a theoretical
diversity of 4*° or approximately 1 X 10'* unique molecules
(Figure 1B). To avoid pairing the synthesized oligos with the
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same UMI, we diluted the oligos such that approximately 1 X
107 copies of oligos were present in the reaction tube. We then
applied two-cycle PCR with UMI primers to minimize PCR
errors, which included the partial sequence of the synthesized
oligo for hybridization and Illumina adapters so that the
resulting product can be used for sequencing. To ensure that
each UMI was read with 400X sequencing reads on average,
DNA strands originating from 621,553 of the 10 different
sequences were read with 937,940,515 sequencing reads
(Figure S1).

We then determined the variant frequency threshold to
distinguish SynError from SeqError (Figure 1b). To this end,
we created a consensus sequence according to each UMI
sequence, followed by the designed sequences and used the
indel error rate distribution as a positive control (Figure S3).
Indel errors usually occur during oligo synthesis but are rare in
NGS.”"® We discarded the reads corresponding to the number
of family reads under 100 to remove noise error considering
the sequencing error that occurred in the UMI region (Figure
S2). After aligning these filtered reads to the reference
sequence, we discarded the reads at each position level given
that it had less than 100 reads (Figures S4 and SS). We then
plotted the indel error rate, and two normal distributions
appeared at low and high frequencies that correspond to
sequencing and synthesis errors, respectively. Therefore, the
variant frequency threshold was determined to be 75%
considering that the two peaks can be separated. In addition,
the value of the threshold ensures that PCR errors incurred in
the earliest cycles via erroneous incorporation or oxidation are
not falsely labeled as synthesis errors. Even in the case of
jackpot mutations, which occur during the very first cycle of
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Table 1. Sequence Designed To Analyze Sequence-Independent Positional Error Profiling”

shift_1
shift_2
shift_3
shift_4
shift_5
shift_6
shift_7
shift_8
shift_9

shift_10

5->3

GAGGTCACTACGACGgtgatgaacagcctgtcagaacgattcaaccttaattaacaccctaccgatgcatgtcaggcecatagatagtgccaatccagecagatcaccaggcaacaGGGTATCATGGAGCC
GAGGTCACTACGACGgcctgtcagaacgattcaaccttaattaacaccctaccgatgcatgtcaggcecatagatagtgccaatccagecagatcaccaggcaacagtgatgaacaGGGTATCATGGAGCC
GAGGTCACTACGACGacgattcaaccttaattaacaccctaccgatgcatgtcaggccatagatagtgccaatccagccagatcaccaggcaacagtgatgaacagectgtcagaGGGTATCATGGAGCC
GAGGTCACTACGACGcttaattaacaccctaccgatgcatgtcaggccatagatagtgccaatccagccagatcaccaggcaacagtgatgaacagectgtcagaacgattcaacGGGTATCATGGAGCC
GAGGTCACTACGACGaccctaccgatgcatgtcaggccatagatagtgccaatccagecagatcaccaggcaacagtgatgaacagectgtcagaacgattcaaccttaattaacGGGTATCATGGAGCC
GAGGTCACTACGACGtgcatgtcaggccatagatagtgccaatccagccagatcaccaggcaacagtgatgaacagectgtcagaacgattcaaccttaattaacaccctaccgaGGGTATCATGGAGCC
GAGGTCACTACGACGgccatagatagtgccaatccagccagatcaccaggcaacagtgatgaacagectgtcagaacgattcaaccttaattaacaccctaccgatgcatgtcagGGGTATCATGGAGCC
GAGGTCACTACGACGgtgccaatccagccagatcaccaggcaacagtgatgaacagcectgtcagaacgattcaaccttaattaacaccctaccgatgcatgtcaggecatagataGGGTATCATGGAGCC
GAGGTCACTACGACGagccagatcaccaggcaacagtgatgaacagcectgtcagaacgattcaaccttaattaacaccctaccgatgcatgtcaggecatagatagtgccaatccGGGTATCATGGAGCC

GAGGTCACTACGACGccaggcaacagtgatgaacagcctgtcagaacgattcaaccttaattaacaccctaccgatgcatgtcaggccatagatagtgccaatccageccagatcaGGGTATCATGGAGCC

“The inner sequence of 100 nt was divided into 10 blocks consisting of 10 nucleotides (30 nt at both ends is the primer site for PCR). The

sequence was opted to have GC content of 50%.

PCR, their variant frequencies cannot exceed 50% and are
therefore classified as sequencing errors.

Positional SynError and SeqError Profiling by SHIFT.
To profile positional errors while not being affected by the
sequence, we designed 10 blocks, each of which contained 10
bases, from 100 bases (Figure 2A). The nucleotide sequences
were designed randomly to maintain a GC content of 50%
(Table 1).* The array of blocks was shifted toward the 3'-end.
The original array is denoted as “shift 1.” If one block was
shifted, the shifted array of blocks was denoted as “shift 2.” If
two blocks were shifted, the array was denoted as “shift 3.”
Following this process, we generated 10 arrays of blocks or 10
shifted sequences. The positions of the array of blocks were
labeled from P1 to P10 to form a 10 X 10 matrix of blocks and
PN. Matrix generation of the shifted sequences enabled us to
analyze the error from identical sequences of blocks. We
averaged the error from 10 blocks at the same position. We
analyzed both SynError and SeqError of the sequences from
the 16th base to the 115th base to exclude the primer region.
The results showed that high error rates of over 1% per
nucleotide mostly accumulated from the start to the 65th base,
which correspond to the 5’-end of the sequences (Figure 2D).
We then attempted to delineate the cause of the high error
rates between the synthesis and sequencing.

According to the defined variant frequency threshold of 75%
per base, we analyzed the SynError and SeqError distributions
along their sequences. It was observed that SynError appeared
from Position (P) 1 to P4 with high error rates of 1.41, 1.61,
1.45, and 0.94% of the median value per base, respectively, and
their average error rate was 3.76 times greater than that from
the median values of PS to P10 (Figure 2B,E). This was also
mainly affected by position rather than sequence. Errors
tended to accumulate near the 5’-end, as expected, due to the
errors incurred in the coupling failure in phosphoramidite
chemistry, which start from the 3’-end to the 5’-end of the
sequence. In contrast, SeqError was relatively sporadic based
on position, except for the errors that accumulated in P10 or
the 3'-end within the sequences (Figure 2C). Two positions
had a high error rate, namely, P4 and P7, in the oligos of “shift
2,” which was caused by a substitution error that occurred 10.5
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and 74.8 times, respectively, more than indel errors (Figure
2F). In P4, a T-to-A substitution occurred at 1.64% per base,
which is unusual given that C-to-A substitution was dominant
in the overall SeqError (Figure S6). In contrast, P7 included a
C-to-A substitution. In addition, “shift 9” was found to have
the lowest error rate on both sides, with a SynError of 0.29%
and a SeqError of 0.10% per base, respectively. This
phenomenon was then applied to “shift 6,” which had a low
error rate in both. These results indicate that high-quality
oligos generated high-quality sequencing results. For the
sequence-dependent analysis using sequence blocks, errors in
both the SynError and SeqError analyses appeared randomly
compared to the positional analysis.

Base Transitional Syn/Seq Error Profiling and
Mutation Spectrum of 10 Shifted Sequences. To identify
base transitional error patterns in SynError and SeqError, we
focused on single sequence transitions (AT, AG, AC, TA, TC,
TG, GA, GT, GC, CA, CT, and CG) and homopolymers (AA,
TT, GG, CC, and CCC). Using SHIFT, we analyzed the Syn/
Seq Error according to each shift and position in a position-
and sequence-independent manner. Overall, the frequency of
errors was 10 times higher in SynError than in SeqError.
Therefore, we compared the error patterns within the same
error type, SynError, or SeqError. All transitional error patterns
of SynError depended on the position (Figure 3E,G) and had a
higher error rate at the $’-end (P1 to P4) regardless of their
sequences (Figure 3A,C). However, in SeqError profiling, the
nearer the 3’-end (P10) bases were located, the more the
errors appeared (Figure 3F), especially in homopolymer
sequences (Figure 3H).

In addition, we observed a transitional error pattern that had
a lower error rate in the transition of GA and a higher error
rate of AC, GC, and TC (Figure 3B,F). This was distinguished
from SynError (Figure 3A) and exhibited the same pattern in
both sequence- and position-dependent profiling. In single
transitional errors, SeqError had a higher error rate in AC and
TC transition bases, namely 0.16 and 0.21%, which is 1.3 and
1.7 times higher than the average of single-base transitional
error (Figure 3B). However, the error rate of SynError was
lower, namely, 0.36 and 0.57%, which is 0.49 and 0.77 times
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Figure 3. Base transitional SynError and SeqError were profiled using SHIFT. Position-independent single-base transition error profiling of
SynError (A) and SeqError (B) corresponding to the 10 sequences. Position-independent homopolymer sequence transition error profiling of
SynError (C) and SeqError (D) corresponding to the 10 sequences. Sequence-independent single-base transition error profiling of SynError (E)
and SeqError (F) for each position. P1 is the 5’-end and P10 is the 3'-end in the oligo strands. Sequence-independent homopolymer sequences
transition error profiling of SynError (G) and SeqError (H) for each position.

lower than the average of the single-base transitional error
(Figure 3A). In homopolymer sequence transitions, SeqError
and SynError depended on the position (Figure 3G,H) more
than the sequences of each oligo (Figure 3)C,D, and SeqError
had a relatively higher error rate in the CC and CCC
sequences (Figure 3D,H). In this particular design, there was
only one instance of a homopolymer with three consecutive
bases. To account for this, we also explored sequences with
different types of homopolymers (Table S1 and Figures S11—
S15). The findings revealed a phenomenon in which
characteristics induced by homopolymers become dominant
in addition to the common traits of SynError and SeqError.
Consequently, this highlights the potential variability in
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transitional errors and mutation spectra based on the
nucleotide sequence type.

In addition, we analyzed error types, such as substitution,
indel, and mutation spectrum (i.e., Ato T, Ato G,Ato C, T to
ATtoC,TtoG, GtoA, GtoT,GtoC,CtoA, CtoT,and
C to G). First, we found that SynError had an average indel
error rate of 0.73% per base, which was 6.1 times higher than
the substitution error rate (Figure 4A), whereas SeqError
contained an average indel error rate of 0.0083% per base,
which was 15 times lower than the substitution error rate. The
profiles of both synthesis and sequencing errors in the context
of its position were obtained while disregarding its sequence.
For SynError, the G-to-A substitution was prominent, with an
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Figure 4. Substitution and indel error in SynError and SeqError were profiled using SHIFT. (A) Substitution and indel error rate in SynError and
SeqError. SynError contained an average substitution error rate of 0.12% (s.d. 0.06%) per base and an indel error rate of 0.73% (s.d. 0.03%) per
base. SeqError contained a substitution error rate of 0.13% per base (s.d. 0.013%) and an indel error rate of 0.008% per base (s.d. 0.002%). (B, C)
Substitution error spectrum in SynError (B) and SeqError (C). G-to-A substitution was dominant in SynError (mean value of 0.28%) while C-to-A
substitution was dominant in SeqError (mean value of 0.46%).

Table 2. Sequence Designed To Investigate the Synthesis Bias of Degenerate Bases

5>3
Front gtgatgaacagcctgNNNNNNNNtcagaacgattcaaccttaattaacaccttatgtcaggecatagatagtgccaatccagecagatcaccaggcaaca
End gtgatgaacagcctgtcagaacgattcaaccttaattaacaccttatgtcaggccatagatagtgccaatccagccaNNNNNNNNgatcaccaggcaaca

average value of 0.28% per base, followed by the G-to-T
substitution, with an average value of 0.098% per base (Figures
4B and S7). The G-to-A substitution can be related to capping
failure during oligo synthesis, as reported in previous
studies.”” In the case of SeqError, the C-to-A substitution
was the most prominent with an average value of 0.46% per
base. This can be attributed to DNA damage due to oxidation
during PCR ampliﬁcation16 (Figure 4C).

SHIFT Profiling for Positional Synthesis Bias of
Degenerate Bases. Profiling oligo synthesis and sequencing
errors simultaneously become more sophisticated when DNA
data storage is augmented with more units using degenerate
bases.’® Degenerate bases are an important tool in biological
studies for generating randomized DNA sequences, and their
usefulness has recently been extended to DNA data storage.”’
Previous studies on the augmentation of quaternary DNA data
storage to higher-order DNA data storage have reported DNA
data storage systems with higher storage densities.*
Researchers have used degenerate bases to expand the
molecular alphabet of DNA from four to 15 by encoding
information to combinations of bases, such as A and C, T and
G, or even all four bases of A, T, G, and C (denoted by the
International Union of Biochemistry as M, K, and N). In ideal
cases, each base in each combination would be equivalent in
abundance; however, a thorough investigation has not been

3572

performed on the subject. Such biases can lead to the
corruption of information because the entire process, from
DNA synthesis to sequencing, comprises multiple sampling
steps. An unbalanced initial distribution can ultimately lead to
the complete loss of less abundant DNA strands in the final
sequencing output. Prior knowledge regarding these potential
biases can be used as a guide for designing methods that can
minimize such circumstances.

To characterize the synthesis bias of the degenerate bases
according to oligo strand positions, we synthesized oligonu-
cleotides that have eight degenerate bases in the front region
from the 16th to 23rd base and the back region from the 108th
to 115th base, denoted as “front” and “end,” respectively
(Table 2). Theoretically, the length of the degenerate bases is
8, resulting in a sequence variety of 65,536 (=4°). From the
sequencing results, we found that the front had 64,879
degenerate sequences and the end had 65,432 sequences
(Figure SA). For the front, the maximum number of NGS
reads, including those with a single read, was 535 with a mean
value of 15.01 reads. In the case of the end, the maximum
number of reads was 3542, with a mean value of 14.09 reads.
To measure their bias, we calculated the Gini coefficient with
the number of each unique degenerate sequence and found
that the front had 0.51 and the end had 0.41, which indicate
that the end had more bias during degenerate base synthesis
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Figure 5. Synthesis bias of degenerate bases according to positional information. (A) Read count distribution along barcodes. (Left: “front”, the
degenerate bases are located near the 5’-end, from the 16th to 23rd base; right: “end,” the degenerate bases are located near the 3'-end, from the
108th to 115th base). (B) Sequence logo of the degenerate bases at each position. (Left: “front”; right: “end”). (C) Boxplot of the relative
abundance of each base in the eight base degenerate barcodes. The blue box indicates the values from the front, while the red box indicates values
from the end. (D) Lorenz curve and Gini coefficient related to the degenerate bases bias.

(Figure SD). In the front, the percentage of reads including a
deletion error was 91.66%, followed by 7.58% with perfect
length and 0.76% with an insertion. In the end, the percentages
of reads including deletion, perfect length, and insertion were
70.05, 21.47, and 8.48%, respectively.

To visualize the bias pattern in sequences with a high
number of read replicates, we investigated the distribution of
each nucleotide in more than 100 replicates. In the front, the
nucleotide “T” was found to be dominant over all the positions
of the degenerate bases, while, in the end, “A” was the most
dominant (Figure SB,C). This tendency also occurred in
tandem for sequences with more than 10 reads (Figures S9 and
$10).

B DISCUSSION

In this study, we simultaneously profiled DNA synthesis and
sequencing errors within the same oligos using SHIFT.
Approximately 100,000 molecules were generated using the
1B reads raw data set. The use of SHIFT allowed us to
delineate the synthesis and sequencing errors by accurately
defining the variant frequency threshold. Accurate error
patterns were profiled because SHIFT enables the profiling
of both synthesis and sequencing errors in a position- and
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sequence-independent manner. We found that the quality of
oligos could affect sequencing quality; for base transition error,
the error rate of AC and TC transition in SynErrors was low,
while the error rate of SeqError was high. Thus, SHIFT is a
useful tool for standardizing the simultaneous error profiling in
oligo synthesis and sequencing.

SHIFT is compatible not only with the state-of-the-art DNA
synthesizers and sequencers presented in this study but also
with different DNA synthesis and/or sequencing methods. For
example, enzymatic DNA synthesis'* is highly advantageous
over chemical DNA synthesis but is not free from enzymatic
errors. Because the SHIFT protocol begins with presynthesized
oligonucleotides, we can apply it regardless of such synthesis
methods and generate their respective error profiles.
Furthermore, SHIFT is compatible with several sequencing
methodologies, such as nanopore sequencing, PacBio,
IonTorrent, MGI, and other novel technologies that generate
the sequences of synthesized oligos.

In addition, the data set presented provides accurate DNA
synthesis and sequencing error profiling data with 10 shifted
sequences, which provides sequence-independent positional
and position-independent base transitional analyses. We also
investigated degenerate synthesis bias with oligomers of the
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designed sequences in which the degenerate bases of 8N were
profiled positionally. Different bias patterns were observed in
terms of the dominant base population at each sequence
position, such as the finding that “T” and “A” were dominant in
degenerate bases for the front and end, respectively. Although
more empirical data generation is necessary to verify whether
this pattern is general for all synthesis conditions, these data
demonstrate that synthesis bias to synthesize degenerate bases
occurred during the synthesis process. Further studies will
need to consider the synthesis bias of degenerate bases in
terms of sequence loss when designing the encoding scheme to
use degenerate bases in oligo synthesis.

In DNA data storage, the error patterns reported here can
immediately be applied to encoding algorithms such as the
DNA fountain code.” The DNA fountain encoding scheme
combines random sampling of data blocks and rejection of
formed sequences based on predetermined filters to achieve
near-ideal coding rates while using a simple quaternary
conversion of bits to bases. The rejection stage originally
limits only the GC content range and homopolymer length,
but the synthesis and sequencing error-prone patterns reported
in this work can be added as additional filtering conditions to
ensure the accurate synthesis and sequencing of DNA
molecules. In addition, using the shifted sequences, the
optimal length to overlap in the Goldman encoding/decoding
method can be calculated.” Finally, because the error
characteristics were categorized based on the position within
each DNA strand, functional sequences such as indices, seed
values, and parity or Reed-Solomon bases for most encoding
algorithms can be positioned in regions that are less likely to be
subjected to errors.”® This will aid in reducing collateral errors
that may be caused by the decoding failure of such key
information. In this regard, the DNA synthesis and sequencing
error profiling reported in this study can help make DNA data
storage systems more practical by guiding accurate encoding/
decoding strategies.

B METHODS

Oligo Preparation. The oligos with the shifted sequences
(shift 1 ~ shift 10) were synthesized by Macrogen Korea and
were individually diluted to a concentration of 100 pmol/uL
(6.02 x 10" oligos/uL) according to the given instructions
using nuclease-free water (Qiagen). To further reduce the
concentration to 10° oligos/uL, we diluted the mixture with a
factor of 60,000. The mixture was diluted serially with the first
step being a 1:299 dilution (2 yL:598 uL) and the second step
being a 1:199 dilution (S #L:99S uL). We confirmed the final
concentrations using a Qubit Fluorometer (Qiagen) and
determined the concentration of each sample as follows; S1:
0.056, S2: 0.044, S3: 0.062, S4: 0.067, S5: 0.054, S6: 0.036, S7:
0.043, S8: 0.053, S9: 0.047, and S10: 0.047 ng/uL. Based on
the calculation method of the approximate molecular weight of
single-stranded DNA provided by ThermoFisher Scientific
(https: //www.thermofisher.com/kr/ko/home/references/
ambion-tech-support/rna-tools-and-calculators/dna-and-rna-
molecular-weights-and-conversions.html), we calculated that
the initial 100 pmol/uL mixture had a nucleic acid
concentration of 3956 ng/uL, and so the 60,000 times diluted
mixture should have a concentration of 0.066 ng/uL. Our
previous measurements aligned reasonably with this theoretical
value.

Adding UMI to Oligos and NGS Library Preparation
for 10 Shifted Sequences. To add UMI to the oligomers,
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PCR amplification was conducted. The PCR mixture for each
sample included 1 pL of the diluted oligos, S uL of 10 uM
forward primer solution, 5 pL of 10 uM, reverse primer
solution, 25 uL of KAPA HiFi HotStart ReadyMix (2X), and
nuclease-free water up to a total volume of SO uL. The
thermocycling protocol comprised the 95 °C stage for 5 min
followed by 2 cycles of 98 °C for 30 s, 52 °C for 30's, 72 °C for
60 s, and a final elongation at 72 °C for 3 min. The PCR
mixture was purified using Celemag cleanup beads with a
bead:sample ratio of 1.8:1.0 and an elution volume of 20 uL.
The forward primer contained the 20 bp UMI, while both
primers contained the flanking sequences of the synthesized
oligos and the Illumina adapter sequences. Because the total
number of forward primers going into the reaction was 3.01 X
10" with a theoretical diversity of 10'%; while the number of
oligos was 10°, we expect that all oligos were paired with
unique UMIs during the reaction.

Taking into account the initial dilution at the start of the
reaction (1:49), the 2 cycle amplification (X4), purification
efficiency, and reduction in elution volume (X2.5), we
estimated the concentration of oligos in the final product to
be in the range of 10° to 10° copies/uL. We then diluted the
purified mixture 1000 fold via 3-stage 10-fold serial dilution
(10 pL:90 puL) and used S uL of the resulting mixture for an
additional PCR stage with 1 uL of 40 yM forward adapter
solution, 1 yL of 40 uM, reverse adapter solution, 10 uL of
KAPA HiFi HotStart ReadyMix (2X), and nuclease-free water
up to a total volume of 20 yL. Illumina index adapters were
used in this stage as primers. The thermocycling protocol is
similar to the one stated previously with the initial 95 °C stage
reduced by 2 min and the total number of cycles increased to
25. The resulting product was purified using Celemag beads as
previously described and was sequenced using the Illumina
NovaSeq platform with 100 PE Kkit.

Adding UMI to Oligos and NGS Library Preparation
for the Degenerate Base Sequences. For the preparation
of the front and end degenerate base sequences, we took the
initial 100 pmol/uL oligo solution synthesized by Macrogen
and diluted it 200 fold. The PCR mixture for each sample for
the first PCR stage included 1 L of the diluted oligos, S uL of
10 uM forward primer solution, 5 L of 10 uM reverse primer
solution, 25 uL of KAPA HiFi HotStart ReadyMix (2X), and
nuclease-free water up to a total volume of 50 uL. The
thermocycling protocol comprised the 95 °C stage for 5 min
followed by 3 cycles of 98 °C for 30's, 52 °C for 30 s, 72 °C for
60 s, and a final elongation at 72 °C for 3 min. The resulting
solution was purified using Celemag beads, as described
previously. The second PCR stage was conducted by using
IMumina index adapters. The PCR mixture included S uL of
the purified product, S uL of 10 uM forward adapter solution,
S pL of 10 uM reverse adapter solution, 25 uL of KAPA HiFi
HotStart ReadyMix (2), and nuclease-free water up to a total
volume of 50 uL. The thermocycling protocol comprised of 95
°C stage for 5 min followed by 3 cycles of 98 °C for 30 s, 52
°C for 30's, 72 °C for 60 s, and a final elongation at 72 °C for 3
min. The resulting product was purified using Celemag beads
as previously described and was sequenced using an Illumina
iSeq platform 1SOPE kit (ATG Lifetech Inc.).

Preprocessing Raw Sequencing Data. NGS was
conducted by Illumina NovaSeq SE sequencing with 100,000
reads per sample. For total positional error profiling, each
sequencing read was aligned to the design sequence for Shift
1—-10 using Burrows-Wheeler Aligner (BWA) mem aligner
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followed by processing with SAMtools; view, sort, and
mpileup. For calling variants, we used VasrScan; pileup2cns.
To analyze synthesis and sequencing error, the sequencing
reads were split by the respective UMIs into family reads and
were stored in separate files. Then, each file was aligned to the
original design sequence for Shift 1—10 using BWA mem
aligner followed by processing with SAMtools; view, sort, and
mpileup.

Removing Noise from the Preprocessed Data. To
determine the threshold to remove noise reads, the indel error
frequency of 10 shift sequences was plotted according to their
distribution using R (ggplot). Given that the indel error
frequency is the positive control of oligo synthesis error, the
noise reads were randomly distributed according to frequency
while the signal has a certain pattern of normal distribution
(Figure S3). When the number of family reads with the same
UMI was under 100, they were discarded before further
analysis (Figure S4). Then, each reference and variant bases
with under 100 reads allocated were discarded using the cns
file from preprocessed data through VasrScan; pileup2cns with
the version of VarScan.v2.3.9.

Determining Variant Frequency Threshold To Delin-
eate Synthesis Error and Sequencing Error. From the
filtered data set, we extracted indel errors from each position
and calculated the error rate along frequencies using a
histogram in R. In the plotted data, there were two normal
distributions corresponding to sequencing error and synthesis
error, respectively, and the variant frequency was determined
when the two peaks were ideally separated. The variant
frequency was applied to the 10 shifted sequences and
validated (Figure S4).

Counting Syn/SeqError and Data Visualization with
Heatmap. SynError is defined as the amount of error
accumulated in each oligo strand, and its unit is the number
of errors per oligo. SeqError is defined as the amount of error
accumulated in each sequencing read, and its unit is errors per
read. Therefore, SynError was calculated by counting all errors
with over 75% variant frequency from the filtered cns files
when normalized by the number of oligo strands correspond-
ing to each shift, respectively. SeqError was calculated by
summing all errors with their variant frequency under 75%
from the filtered cns files when normalized by the number of
oligo strands corresponding to each shift. All heatmaps were
visualized by R and, in the case of SeqError, an outlier with a
0.6% error rate was excluded (P4 of Shift 2).

Degenerate Base Bias Analysis. NGS was conducted by
iSeq PE Illumina sequencing with 1 M reads per sample.
Because the degenerate bases were in the middle of the
sequences, each sequencing reads were aligned to the original
design sequence first, then BWA mem aligner was used and
followed by processing with SAMtools; view, sort, and
mpileup. For calling variants, we used VasrScan; pileup2cns.
Then, the barcodes that had the full length of 8 bases were

extracted from the cns files.
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Further modeling to simultaneously reduce SynError
and SeqError; read count distribution; read counts for
the 10 sequences; indel error frequency distribution;
base and homopolymer sequence transitional error
profiling; mutation spectrum of SeqError (Figure S6);
variant counts along sequence position; Indel length
distribution; sequence logo of the degenerate bases; shift
1—-10 of 'dataset 2'; accumulated positional error rate;
positional SynError and SeqError; single base transi-
tional SynError and SeqError; homopolymer base
transitional SynError and SeqError; and deletion and
insertion in SynError and SeqError (PDF)
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