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With impressive physical density and molecular-scale coding capacity, DNA is a promising
substrate for building long-lasting data archival storage systems. To retrieve data from DNA
storage, recent implementations typically rely on large libraries of meticulously designed
orthogonal PCR primers, which fundamentally limit the capacity and scalability of practical
DNA storage. This work combines nested and semi-nested PCR to enable multidimensional
data organization and random access in large DNA storage. Our strategy effectively pushes
the limit of DNA storage capacity and dramatically reduces the number of orthogonal
primers needed for efficient PCR random access. Our design uses only k xn primers to
uniquely address n¥ data-encoding oligos. The architecture inherently supports various
well-defined PCR random-access patterns that can be tailored to organize and preserve the
underlying DNA-encoded data structures and relations in simple database-like formats such
as rows, columns, tables, and blocks of data entries. We design in silico PCR experiments of
a four-dimensional DNA storage to illustrate the mechanisms of sixteen different random-
access patterns each requiring no more than two PCR reactions to selectively amplify a
target dataset of various sizes. To better approximate the physical system, we formulate
mathematical models based on empirical distributions to analyze the effect of pipetting,
PCR bias, and PCR stochasticity on the performance of multidimensional data queries from
large DNA storage.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Advances in DNA synthesis and sequencing technologies have enabled the recent development of DNA-based data storage
systems [1]. Typically, the digital data is segmented and encoded as a large pool of oligonucleotides (oligos) of fixed lengths
that are appropriate for synthesis and sequencing. To achieve data retrieval and reconstruction, prior DNA archival storage
systems leveraged PCR-based random access [2-5]. In these systems, each individual data-encoding oligo is appended with a
short address sequence that acts as a unique primer target to selectively amply the oligo from the storage pool. For example,
a prior work demonstrated individual file retrieval from a DNA storage encoding over 200 MB of data [2]. Oligos belonging
to the same file are assigned with the same primer target and require an additional unique index for sequence alignment
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and data reassembly. However, this type of addressing mechanism is unscalable since a vast number of orthogonal primers
must be meticulously designed to ensure the specificity of PCR random access. Furthermore, it limits the way in which data
can be organized and retrieved from a DNA storage. For example, retrieving a set of related files would require as many
unique primers as needed for retrieving those individual files one by one. This is equivalent to carrying out large-scale
multiplex PCR using numerous primers simultaneously, which can be costly, inefficient, and prone to spurious results due
to the increased risk of mispriming and crosstalk.

In this work, we investigate the designs of multidimensional DNA storage systems and propose a scalable architecture
that combines nested and semi-nested PCR - simple techniques known for improving selective amplifications of target
oligos from large and potentially noisy backgrounds [6]. Our architecture features two important advantages: (1) it scales
up the PCR-based random access by dramatically reducing the number of orthogonal primers needed, and (2) it supports
multiple well-defined random-access patterns to efficiently organize and retrieve data from large DNA storage in simple
database-like formats such as rows, columns, tables, and blocks. In theory, our architecture requires only k % n orthogonal
primers to organize and uniquely address n¥ data-encoding oligos in large DNA storage, where k specifies the number of
dimensions and n indicates the number of single data entries stored in each dimension. To better illustrate the mechanisms
of multidimensional data queries, we present in silico PCR experiments of an n* DNA storage pool that supports arbitrary
indexing and 16 different PCR random-access patterns using 4 x n primers. To estimate the performance of data queries
from large-scale physical systems of DNA storage, we implement mathematical models to simulate the multidimensional
PCR random access under the effect of pipetting, PCR bias, and PCR stochasticity.

2. Theory

Nested PCR is a well-established technique for improving the specificity and sensitivity of PCR reactions, where the
amplicon from the first PCR reaction serves as the template for the second PCR amplification primed by an inner primer
pair [6]. Nested PCR was previously studied in the context of building hierarchical DNA memories. Kashiwamura et al. [7]
appended three address blocks on one end of the data-encoding oligos and used a common reverse primer target on the
opposite end. Access to a single data oligo was achieved by specifying the sequential order of the address primers. The
design concept was analogous to semi-nested PCR [8], where one of the outer primers used for the first PCR reaction is also
used as an inner primer during the second PCR amplification. Semi-nested PCR was also used in a recent work by Tomek et
al. [9] to improve the DNA storage capacity by combining a two-primer nested address system with physical separations for
target file enrichment. Yamamoto et al. [10] expanded the nested primer hierarchy and concatenated multiple primer targets
on both ends of the data oligos. Each primer pair was referred to as an address layer, and data retrieval operations proceed
from priming the outer-most layer towards the inner layers. Their work experimentally demonstrated that by specifying
a unique primer pair for each address layer, the target oligo could be amplified and extracted from an enormous address
space after several nested PCR reactions. However, their primary focus was to scale up the nested primer hierarchy and to
demonstrate the high specificity of single target oligo retrieval.

In contrast, our design goal is threefold: (1) providing a systematic architecture to efficiently organize the data-encoding
oligos into a scalable and multidimensional address space, (2) minimizing the number of orthogonal primers needed for
uniquely indexing oligos from a large storage pool, and (3) strategically combining the nested and semi-nested PCR (i.e.,
allowing the use of forward/reverse primers from the same or different address layers during data retrievals) to support
multiple well-defined PCR random-access patterns in large DNA storage systems. Our architecture ensures that the amplicons
from each PCR reaction always represent useful database-like relations in the form of rows, columns, tables, and blocks of
data entries with respect to the overall data storage pool. This gives rise to multiple efficient data organization and retrieval
patterns to assist the rational designs of DNA storage based on the underlying structures and relations of the data content.
Moreover, our design strategy can be easily adjusted to allow different configurations of multidimensional data storage. In
Subsection 3.1 we present two design variations. The first design supports 16 data random-access patterns (operating on
the block, table, row, column, and single-entry levels), each requiring just one or two PCR reactions. The second variation
eliminates the block-level organization to further simplify several particularly useful random-access patterns into a single
PCR reaction. Next, in Subsection 3.2 we present in silico PCR experiments of a simple four-dimensional DNA storage to
illustrate the mechanisms of sixteen different random-access patterns using pre-designed sequences of primers and data
oligos. Then in Subsection 3.3 we present mathematical models to simulate and analyze the effect of PCR bias as well as the
effect of PCR stochasticity on the performance of multidimensional data queries from large DNA storage. Finally, Section 4
gives a discussion and conclusions; Subsection 4.1 gives an estimate of theoretical storage capacity and physical density;
Subsection 4.2 describes how to achieve efficient random access with high resolution and low error rate; Subsection 4.3
discusses potential applications and the future outlook.

3. Results and analysis
3.1. Designs of multidimensional DNA storage with multiple random-access patterns
In design A (Fig. 1), a multidimensional DNA storage is organized into blocks, tables, rows, and columns of data-encoding

oligos by use of a hierarchical addressing mechanism. For a four-dimensional storage system, each oligo comprises sev-
eral domains including a data payload block surrounded by three address blocks on both sides that function as the PCR
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Fig. 1. Schematic illustration of a multidimensional DNA storage according to design A. (1) Design of data-encoding oligos and their organization as address-
able entries in a 2-dimensional table. (2) Ilustration of a four-dimensional addressable space. The 15t to 4™ dimensions refers to rows, columns, tables,
and blocks of entries, respectively. (3) Data blocks are distinguishable by the block primer target BP. (4) Data tables within each block are distinguishable
by the table primer target TP. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1
Total number of orthogonal primers and uniquely addressable data entries in design A.

Number of orthogonal PCR primers needed (4#n)

= (# of rows in a table) + (# of columns in a table) + (# of tables in a block) + (# of blocks) + 2
Number of unique data entries addressable (n%)

= (# of rows in a table) x (# of columns in a table) x (# of tables in a block) x (# of blocks)

primer binding sites (i.e., primer targets). These address blocks are termed and arranged according to their specific roles in
forming the data organization levels and the random-access patterns. A four-dimensional DNA storage can contain multiple
three-dimensional data blocks, and each block can contain multiple two-dimensional data tables each consisting of one-
dimensional rows and columns of single data entries. Such a hierarchical architecture allows highly flexible and efficient
random access by maximal reuse of only a small set of orthogonal primers. Specifically, blocks are distinguished by different
block primer targets (BP) but reuse the same set of table primer targets (TP) within each block. In other words, tables within
a block are distinguished by different TP but share the same BP. All single data entries in a table reuse the same BP/TP pair
but are distinguished by different pairs of row primer target (RP) and column primer target (CP). Therefore, the same set of
RP/CP pairs can be repeatedly reused by all tables in all blocks. Further, all oligos in the storage pool share the same pair
of universal forward primer target (UFP) and universal reverse primer target (URP) as the outermost address layer. On one
hand, this helps to support simultaneous data retrieval from all blocks by a single PCR reaction with UFP/URP. On the other
hand, this facilitates numerous additional well-defined hierarchical data retrieval patterns (e.g., by pairing one of the inner
address blocks with UFP or URP).

In the schematic illustrations, for simplicity, we depict DNA in single-stranded form without showing the complementary
strand. Hence, the actual sequences of the reverse address blocks (CP, TP, URP) on the oligos are reverse complementary to
the matching primer sequences. The total number of orthogonal primers needed to index arbitrary data entries in such a
four-dimensional address space is calculated in Table 1. Approximately, this architecture uses 4 x n orthogonal primers to
uniquely index n* data entries. Fig. 2 illustrates the 16 different data retrieval patterns enabled by this architecture. Depend-
ing on the retrieval pattern, the target data subset can be quickly enriched by just one or two PCR reactions. Specifically,
if the data query needs to target two different addresses on the same side of payload, the random-access pattern would
require two nested PCR reactions. If the query targets only one address on either side of the payload, the random-access
pattern can be achieved by just one PCR reaction. For data queries that target the inner address layers, the resulting am-
plicons will lose their original outer address layers on the oligos after PCR. This is an inherent property of the hierarchical
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Fig. 2. Schematic illustration of data retrieval patterns supported by design A. The notation “ForwardPrimerTarget/ReversePrimerTarget” represents PCR
reaction that operates on the indicated primer target pair. (1) UFP/URP: entire data storage (all blocks). (2) UFP/TP: specific table from all blocks. (3)
UFP/CP: specific column from all tables in all blocks. (4) RP/URP: specific row from all tables in all blocks. (5) RP/TP: specific row from specific table in
all blocks. (6) UFP/TP then UFP/CP: specific column from specific table in all blocks. (7) RP/CP: specific entry from all tables in all blocks. (8) UFP/TP then
RP/CP: specific entry from specific table in all blocks. (9) BP/URP: specific block. (10) BP/TP: specific table from specific block. (11) BP/CP: specific column
from all tables in specific block. (12) BP/URP then RP/URP: specific row from all tables in specific block. (13) BP/TP then RP/TP: specific row from specific
table in specific block. (14) BP/TP then BP/CP: specific column from specific table in specific block. (15) BP/URP then RP/CP: specific entry from all tables
in specific block. (16) BP/TP then RP/CP: specific entry from specific table in specific block. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)
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Fig. 3. Schematic illustration of a multidimensional DNA storage with the design of data-encoding oligos according to design B. (For interpretation of the
colors in the figure(s), the reader is referred to the web version of this article.)

data queries that needs to be considered when tailoring the random-access patterns to specific data storage contents. No-
tably, when target oligos from multiple addresses are simultaneously retrieved, several random-access patterns can maintain
the oligos’ mutual distinguishability on all address layers. In other words, the full addresses of the amplified oligos can be
inferred from their remaining inner-layer address blocks after sequencing. This allows high-resolution data assembly and
reconstruction down to single data entries. An example is pattern (14) of Fig. 2, where the exact indexing on BP, TP, and CP
address layers can be completely inferred from the primers used during random access, and thus the retrieved oligos can
be individually distinguished from each other according to the remaining RP address on the resulting amplicons. For data
retrieval patterns that cannot circumvent the loss of certain address layer(s) after PCR random access, one may still take
advantage of those patterns by associating them with storage contents that do not require high-resolution data reassembly.
Pattern (15) of Fig. 2 is such an example where indistinguishability occurs on the TP address layer because the random
access operates on an inner address layer (CP) without first amplifying the oligos using an outer address (TP) on the same
side of payload.

To illustrate the flexibility of our multidimensional data storage design, we show that the design A can be slightly
modified for DNA storage systems that do not benefit from the block-level organization but require rapid random access to
arbitrary data rows/columns in arbitrary data tables by a single PCR reaction. In design B (Fig. 3), each entry in the table
corresponds to a data-encoding oligo composed of several domains. Tables can be distinguished by either TP1 or TP2. All
entries in a given table share the same TP1/TP2 pair. RP identifies the row, and CP identifies the column. The same set of
RP/CP pairs are reused by all tables. The same UFP/URP pair is used as the outermost address layer on all data oligos to
enable simultaneous retrieval of all tables or a specific row/column from all tables through the RP/URP or UFP/CP pair. The
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Table 2
Total number of orthogonal primers and uniquely addressable data entries in design B.

Number of orthogonal PCR primers needed (3#n)

= (# of rows in a table) + (# of columns in a table) + (# of tables x 2) + 2
Number of unique data entries addressable (n3)

= (# of rows in a table) x (# of columns in a table) x (# of tables)
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Fig. 4. Schematic illustration of data retrieval patterns supported by design B. The notation “ForwardPrimerTarget/ReversePrimerTarget” indicates PCR
reaction that operates on the specified primer target pair. (1) UFP/URP: entire data storage. (2) TP1/TP2 (or TP1/URP or UFP/TP2): specific table. (2a)
TP1(multiplex)/URP: multiple tables. (3) RP/URP: specific row from all tables. (3a) RP(multiplex)/URP: multiple rows from all tables. (4) UFP/CP: specific
column from all tables. (4a) UFP/CP(multiplex): multiple columns from all tables. (5) TP1/CP: specific column from specific table. (5a) TP1/CP(multiplex):
multiple columns from specific table. (5b) TP1(multiplex)/CP: specific column from multiple tables. (6) RP/TP2: specific row from specific table. (6a) RP(mul-
tiplex)/TP2: multiple rows from specific table. (6b) RP/TP2(multiplex): specific row from multiple tables. (7) RP/CP: specific entry from all tables. (7a)
RP(multiplex)/CP: entry on specific column from multiple rows from all tables. (7b) RP/CP(multiplex): entry on specific row from multiple columns from all
tables. (8) TP1/TP2 then RP/CP: specific entry from specific table. (8a) TP1/TP2 then RP/CP(multiplex): multiple entries on specific row from specific table.
(8b) TP1/TP2 then RP(multiple)/CP: multiple entries on specific column from specific table. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)

Table 3
List of orthogonal primers used in simulations of sixteen PCR random-access patterns.

Primer target  Primer sequence (5" -> 3’)

UFP AAGGCAAGTTGTTACCAGCA

URP TGCGACCGTAATCAAACCAA

BP AGCCGACAAGTTCAAACACA (BP1: 1%t Block), GTTCAAATTGCGTGCGACAT (BP2: 2" Block)

TP ATTCGCGTCGCCTAATTTGT (TP1: 1%t Table), AAACTGGAGGCGGCAAATTA (TP2: 2! Table)

RP TGGCTCATTTCACAATCGGT (RP1: 15' Row), ATAAATGACCTGCCGTGCAA (RP2: 2" Row)

CP TTCGTTCGTCGTTGATTGGT (CP1: 1%t Column), AAACGGAGCCATGAGTTTGT (CP2: 2™ Column)

total number of orthogonal primers needed to index arbitrary entries in this three-dimensional address space is calculated
in Table 2. Approximately, this architecture uses 3 sn orthogonal primers to uniquely index n> data entries. Fig. 4 illustrates
8 different data retrieval patterns inherently supported by this architecture along with 11 extended retrieval patterns (2a to
8a, 5b to 8b) by incorporating standard multiplex PCR. Except for random access of single data entries, all the other data
retrieval patterns can be accomplished by just a single PCR reaction.

3.2. Insilico PCR experiments of sixteen different random-access patterns

To better illustrate the mechanisms of multidimensional random access, we sought to conduct in silico PCR experi-
ments to simulate all sixteen data retrieval patterns described in Fig. 2. However, most commercial PCR software are not
designed to accommodate the large number of primers and target templates needed for practical (i.e., large scale) DNA
storage simulations. The closest available software we found was FastPCR [11,12], which can accept multiple primers and
template sequences as input to run multi-template PCR simulations that help to visually showcase the mechanism of our
multidimensional data queries using pre-designed sequences of primers and data oligos. As shown in Fig. 5, we constructed
a four-dimensional DNA storage consisting of two 2 x 2 x 2 data blocks based on orthogonal primer sequences (Table 3)
adapted from Organick et al. [2] The complete set of sequences of primers and data oligos used for simulating the hypo-
thetical DNA storage is summarized in SI_primers_and_sequences.xlsx (Supporting Information). To simulate PCR random
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15t Table _ 9 (12,1,1) 45 165
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L 6 8 14 2.22,1) 70 190
16 (22,2,2) 80 200

Fig. 5. Design of a hypothetical DNA storage for in silico PCR simulations of sixteen different random-access patterns. (a) Hierarchical organization of data
entries in a four-dimensional address space. (b) Data-encoding oligos stored at different addresses are distinguished by different payload lengths in the
simulations.

access that requires two (nested) PCR reactions, the amplicons from the 1% PCR reaction served as the input templates for
the 27 PCR reaction, and the resulting amplicons from the 2" PCR reaction were compared against the target data entries
for result verification. Details of the target data entries, input primer list, and amplicons predicted by FastPCR simulations
are documented in SI_In silico PCR experiments.pdf (Supporting Information) for each random-access pattern described in
Fig. 2. Despite its small size, this hypothetical storage contains enough addressable entries for us to demonstrate each of
the sixteen random-access patterns enabled by the proposed multidimensional storage. In these in silico PCR experiments,
oligos stored at different addresses in the hypothetical storage were assigned with data payloads of different lengths (rep-
resented by poly-A segments) to distinguish them from each other. Because the FastPCR software predicts a list of target
amplicons (nucleotide sequences and lengths) after each round of simulated PCR reaction, the use of different payload
lengths in data oligos allowed us to quickly distinguish the target data oligos from non-targets and verify the results of
each PCR random-access pattern by simply inspecting the lengths of PCR amplicons. Furthermore, these small in-silico PCR
examples serve as a proxy for how simple proof-of-concept PCR experiments can be designed and implemented in vitro to
test out all 16 data-access patterns and interpret the data retrieval results simply by gel electrophoresis without sequencing.
Because of the high specificity of nested PCR, spurious amplicons would have a much lower relative abundance than the
target amplicons after hierarchical data queries. Therefore, practical implementations of multidimensional DNA storage can
also distinguish the desired targets from background noises based on the relative abundance information obtained from
sequencing the amplicon pool without explicit size-based filtering by gel electrophoresis.

It should be noted that the main limitation of these FastPCR simulations is that they do not account for the effects of
PCR bias and stochasticity, which are important aspects of practical DNA storage systems. Because of this, we primarily used
the FastPCR simulations as illustrative tools to showcase the mechanisms of the sixteen multidimensional random-access
patterns rather than estimating the real-world performance of the proposed DNA storage architecture. For this latter task,
we proceeded to construct mathematical models based on empirical distributions reported from prior experimental DNA
storage systems to estimate the performance of multidimensional data queries from large DNA storage under the effect of
pipetting, PCR bias, and PCR stochasticity.

3.3. Mathematical modeling of multidimensional PCR random access

Effect of PCR bias: In the ideal scenario of perfect PCR, every oligo in the storage pool is replicated with the same
likelihood in each cycle of PCR, and we assume that the amplifications of oligos are stochastically independent events.
Such a perfect PCR amplification can be modeled by an exponential function n(j) = ng * 24, where n(j) is the total copy
number of the oligo after the j© PCR cycle, ng is the initial copy number of the oligo, and 2 is the maximal PCR efficiency
corresponding to an amplification probability of 1. In mixed-template PCR reactions, different target templates may be
amplified with different efficiencies due to factors such as sequence composition, secondary structures, GC content of the
primer binding sites, etc. To study the effect of PCR bias on data random access, we adapt empirical distributions from prior
work and model the PCR efficiency as a Gaussian random variable (mean = 1.85, sd = 0.07) which is template specific and
remains constant between PCR cycles [13].

Effect of PCR stochasticity: In practice, PCR amplifications are imperfect, and each oligo may undergo replication
with a probability less than one. Again, we assume that the amplifications of oligos are stochastically independent



Doctopic: Theory of natural computing TCS:13112

X. Song, S. Shah and J. Reif Theoretical Computer Science eee (esee) coe—soe
o
[ g
wv
o o N
o o u
o S =
= = L
o
S | -
S —
o o ™
S | S
o o
o] s
o
Qo
o o) .=
o 8 o S b=
E S - E 3 3 M
S © 5 © o]
= = 8
2 2 2 o
8 8 5 - .
o o
S | S
o o w
< <
o o
S | S
o o
N N
o l‘
[ [ | | |
0 5000 15000 0 5000 15000 2000 6000 10000
Oligo ID Oligo rank Copy number

Fig. 6. Model simulation of PCR random access with the effect of sequence-specific PCR bias. Amplification target is entire pool of subset S (n = 20000, r
= 10). Results plotted after 10 PCR cycles. Mean copy number: 4869 copies/oligo. Threshold: 487 copies/oligo. False negatives: 0 in 20000 (0%).

events. The behavior of PCR amplification with stochasticity can thus be described by the recurrence equation n(j+1) =
n(j)+ B (j), Pamp), where B is a binomially distributed random variable, n (j) is the total copy number of the target
oligo after the j™ PCR cycle, and Pamp is the oligo’s amplification probability. To model the effect of PCR stochasticity with-
out sequence-specific bias, we assume that all target oligos are amplified with the same probability during all cycles (e.g.,
Ptgrgec = 0.85), and all non-target oligos are amplified with the same spurious amplification probability during all cycles
(€.8., Pspurious = 0.15). This is equivalent to modeling the PCR amplification as a Galton-Watson stochastic branching process
[14-16].

Example of a DNA storage pool for PCR random access: Suppose we construct a large four-dimensional DNA storage sys-
tem H consisting of n =a*b * c *d uniquely addressable data oligos, where a, b, c, d are the sizes of the four dimensions.
We first synthesize the storage pool H with a physical redundancy of m and assume that the oligos are well mixed in the
pool. Now we take a random subset of the storage pool by pipetting. This process can be modeled as repeated random
sampling of H. The resulting subset of oligos can be represented by a multiset |S| =r % n, where each element of S is
chosen independently and possibly redundantly from H, and r is a small number representing the relatively low physical
redundancy of oligos in the resulting subset (i.e., r <m). Since H is of size mn and S is of size rn, the likelihood that any

>
given oligo of the storage pool H is not in the multiset S is (1 — %)m = ((1 - %)n> ~e~" for large n, where e is the

Euler's number. Therefore, the likelihood that any given oligo of H occurs at least once in S is 1 —e™", and the fraction
of complete loss of oligos (e.g., due to pipetting and other sources of fluid loss) can be estimated by 1 — (1 — e") = e
Recall that r is the approximate physical redundancy of oligos in the subset S. In order to keep the oligo loss (dropouts)
below 1%, a redundancy of at least r = —In(0.01) ~ 4.61 is needed. Practical DNA storage systems can incorporate data
logical redundancy to tolerate potential oligo dropouts. For example, the Reed-Solomon encoding scheme used in a recent
DNA storage implementation can tolerate up to ﬁ% oligo dropouts, where R is the percent logical redundancy [2]. Ac-
cordingly, in theory, a hypothetical 1% oligo loss due to pipetting can be mitigated by adding a small 2% logical redundancy
(i.e., if R =2, tolerance is ﬁ > 1%).

To simplify the implementation and analysis of our PCR random-access models, we assume that the oligos in the subset
S have a uniform low physical redundancy, and an appropriate level of logical redundancy is in place to tolerate the small
fraction of oligo dropouts due to pipetting. To analyze the performance of our multidimensional PCR random-access pat-
terns, we first simulated the amplification of the entire pool of subset S (n=20000, r = 10) under the effect of PCR bias,
stochasticity, and bias/stochasticity combined, respectively (Figs. 6-8). To calculate the data retrieval error rates, we set the
copy number threshold equal to 10% of the average copy number of all oligos after amplification. Specifically, we count a
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target oligo as a false negative if its copy number after PCR random access is less than the threshold. Similarly, we count
a non-target oligo as a false positive if its copy number after PCR random access (due to spurious amplifications) is higher
than the threshold. For modeling purposes, the value of the threshold can be adjusted or fitted to experimental data to
qualitatively assess the influence of different model parameters on the trend of false positive/negative rates of PCR random
access.

It is worth noting that some studies have shown that PCR bias is not a major source of error that skews sequence rep-
resentation after the oligo pool amplification [13,14]. Therefore, we next focused on the model of PCR with stochasticity
to analyze the performance of different PCR random-access patterns. Specifically, we varied the amount of target oligos
from 10% to 90% (at 10% intervals) of the storage pool to simulate random-access patterns that require only a single PCR
reaction to retrieve a data subset of various sizes. As shown in Fig. 9, the error rates remained very low in spite of the
amount of target oligos retrieved. The performance of PCR random access depends on various parameters (e.g., PCR cy-
cles, PCR efficiency, etc.) that can be adjusted in our mathematical models and R scripts (SI_Mathematical models.Rmd
in Supporting Information) to better approximate physical systems. For example, Fig. 10 suggests that the errors can be
significantly reduced by slightly increasing the number of PCR cycles or increasing the initial copy number of oligos in
the storage pool. Fig. 11 shows that an improvement in PCR efficiency, which can be achieved by optimizing primer de-
signs and other experimental conditions of PCR, can also help to reduce error rates in data queries from large DNA storage
systems.

To model multidimensional data queries involving nested PCR reactions (e.g., the double-round patterns described in
Fig. 2 and Fig. 4), we simulated nested PCR random-access in two stages. Specifically, the 15t PCR reaction generates a pool
of oligos containing both the desired amplicons (target oligos and their amplification products) and spurious amplicons
(non-target oligos and their amplification products) predicted by our PCR stochasticity model. Then this entire oligo pool
resulted from the 1 PCR reaction is inputted back to the PCR stochasticity model to simulate the 2" (nested) PCR reaction.
This modeling strategy does not assume any size-based filtering between nested PCR reactions and allows non-target oligos
to be amplified with a small but nonzero probability. In fact, sometimes spurious amplicons from the 1%* PCR reaction
may have the same size as the target amplicons and thus cannot be removed by size-based filtering method. For example,
suppose we want to retrieve oligos from the data table 1 as the target, we may sometimes get spurious amplicons from
table 2, 3, 4, etc. Because the 2™ PCR reaction operates on an inner address layer, both the target and spurious oligos will
be indistinguishably amplified by the 2™ PCR reaction as long as they contain the same inner primer binding sites targeted
by the 2™ PCR. To account for these, the 2™ (nested) PCR reaction of our model checks for spurious amplicons from
three different sources: (1) desired amplicons from the 15t PCR that are not targets of the 2" PCR, (2) spurious amplicons
from the 15t PCR that contain the inner primer binding sites targeted by the 2" PCR, and (3) spurious amplicons from
the 15t PCR without the inner primer binding sites targeted by the 2" PCR. All these three types of spurious amplicons
are estimated by our PCR stochasticity model and combined to calculate the overall false positive rates of the nested PCR
random access.

To assess the performance of nested PCR random-access reactions, we first varied the amount of target oligos from 10%
to 90% (at 10% intervals) of the initial storage pool as input templates for the 15t PCR reaction. We then took the entire pool
of amplicons from the 15t PCR reaction as input templates for the 2" PCR reaction and varied the amount of target oligos
from 10% to 90% (at 10% intervals) of the input. As shown in Fig. 12, nested PCR random access reactions were simulated for
a total of 12 PCR cycles with an initial physical redundancy of 10 copies/oligo. The error rates remained very low in spite
of the amount of target oligos retrieved. Additional simulations (not shown) suggested that the errors can be significantly
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copy number of oligos in the storage pool, and ‘cycles’ indicates the total number of PCR cycles of a single PCR random-access reaction.

reduced by slightly increasing the number of PCR cycles or increasing the initial copy number of oligos in the storage pool,
similar to our observations from single-reaction PCR random access models.

4. Discussion and conclusions
4.1. Theoretical storage capacity and physical density

A major advantage of our hierarchical, multidimensional DNA data storage architecture is that it significantly reduces
the number of orthogonal primers needed to be meticulously designed to implement large DNA storage systems. A recent
algorithm [2] was proposed to design up to 14000 pairs of orthogonal 20-mer primers to support PCR random access in
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copies/oligo. Error rates are calculated based on the copy number threshold set to 10% of the average copy number of all oligos after amplification.

DNA storage of potential size up to a few terabytes. In contrast, a primer library of this size can be used much more
efficiently by our storage architecture to dramatically increase the DNA storage capacity. Here we illustrate with an example
based on the design from Fig. 1. Given a hypothetical library of 14000 orthogonal primer pairs, suppose we assign two
primers for UFP and URP and then evenly distribute the remaining primers for use with BP, TP, RP, and CP. This would allow
the simple construction of a very large DNA storage containing roughly 7000 blocks, each consisting of 7000 tables with
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7000 rows and 7000 columns in each table (n = 7000, k = 4). Such an architecture could allow 7000 (= 2401 trillion)
data-encoding oligos to be hierarchically organized and uniquely addressed. If we assume that the length of each oligo is
200 nucleotide (nt) and the address blocks are 20-mers, every oligo in the DNA storage can carry a data payload of 80 nt
(200 — 20 x 6). While in theory each nucleobase may encode up to 2 bits, we assume a coding density of 1 bit/nt to
account for coding redundancies needed for error correction. Accordingly, each oligo can encode 80 bits, which amounts
to 24 petabytes (1 petabyte = 1000 terabytes) of data in the entire storage pool (Equation (1)). Based on the approximate
molecular weight of 200 bp double-stranded oligos [17], the theoretical physical density of this DNA storage (assuming 100x
synthesis redundancy) can reach ~ 495 petabytes/gram (Equation (2)), which is comparable to estimations from prior work
[18,19]. As DNA synthesis and sequencing technologies continue to improve and allow data encoding on longer synthetic
oligos with higher coding densities, the storage capacity may further improve. In fact, several recent DNA storage systems
have experimentally achieved higher than 1 bit/nt coding densities [1]. It is worth noting that the size of a single storage
pool is ultimately limited by oligo interactions and diffusion kinetics, and therefore, practical implementations of large DNA
storage may benefit from a shared multidimensional address space across multiple physically isolated storage pools [5].

7000 oligos ~ 80nt _ 1bit _ 24 petabytes

X —— X — & (1)
storage oligo nt storage
80 bits 1 oligo 6.022 x 10%strands mol 495 petabytes 2)
X X X ~
oligo 100 strands mol 121638 gram gram

4.2. Efficient random access with high resolution and low error rates

Our combined use of nested and semi-nested PCR lays the foundation for constructing large multidimensional DNA data
storage while enabling numerous well-defined data retrieval patterns. Such a hierarchical storage can be leveraged to or-
ganize and preserve the underlying data structures and relations of DNA-encoded data. Notably, the architecture enables
high-resolution data random access with remarkable efficiency and scalability. In the example scenario discussed above, ev-
ery 80-bit data segment from the 24-petabyte multidimensional DNA storage is uniquely addressable and rapidly retrievable
by just two PCR reactions based on the random-access pattern (16) illustrated in Fig. 2. The high specificity of nested PCR
helps to reduce false positives in PCR random access. As discussed in our formulation of PCR models, several studies [13,14]
reported that the impact of PCR bias on oligo distribution was not significant compared to the effect of PCR stochastic-
ity. However, another study pointed out considerable variability between amplifications of different templates in complex
pools [20]. Practically speaking, it is challenging to design large libraries of orthogonal primers without any differences in
the primers’ binding efficiencies. To mitigate potential impact of PCR bias on multidimensional random access, we would
suggest ranking the orthogonal primers by their binding efficiencies such that primers with higher binding efficiencies are
prioritized for use on outer address layers, whereas primers with lower binding efficiencies are mainly used on inner ad-
dress layers. This simple strategy may help further improve the sensitivity (i.e., reducing false negatives) of data random
access that require nested PCR amplifications.

4.3. Applications and outlook

The primary goal of this work is to use a small set of orthogonal primers to hierarchically structure large DNA data
storage into a scalable and multidimensional storage space that inherently supports various efficient data retrieval schemes
by simple PCR. In the example scenario discussed earlier, each data-encoding oligo serves as an 80-bit “data segment” in
the storage, and a group of related data segments forming a “file” can be stored as a data table in the four-dimensional
storage. Since a block can contain multiple tables, the block level can be used to categorize data into different “folders”.
It is even possible to assign multiple distinct data segments (distinguished by an additional index on the oligo) under the
same address. However, with a fixed number of available primers, this would create a tradeoff between the random-access
resolution and the storage capacity. To efficiently utilize the enormous address space established by our architecture, the
dimensions of data tables and blocks should be carefully chosen according to the characteristics of the particular data items
being stored. One caveat of having well-defined multidimensional data retrieval patterns is the potential waste of storage
space allocated to unused indexable addresses. To mitigate this weakness, it may be useful to leverage data allocation
techniques from computer file system designs. While we have only demonstrated designs for three- and four-dimensional
data organization schemes, our proposed architecture for DNA storage could be easily scaled up with additional dimensions
by adding new primer targets on the oligos. Although the combination of nested and semi-nested PCR allows very efficient
reuse of primers on the inner address layers (i.e., oligos organized in different 5™-dimension groups can use the same set of
primers for their 4t"-dimension indexing, and so on), concatenating additional primer targets on the oligos would shorten
their effective payload length and diminish the overall coding density of the DNA storage pool. Furthermore, random access
to single addressable entries would likely require more than two PCR reactions when the storage is extended beyond four
dimensions. This may negatively affect the data retrieval specificity and sensitivity for practical implementations.

On smaller scales, our designs may also find useful applications such as DNA-based lookup tables (e.g., by encoding nu-
merical weights or Boolean values of useful functions) to potentially interface with DNA computing [1]. Alternatively, it may
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be possible to design DNA reaction networks to compute a set of predicates, which subsequently activate the corresponding
random-access primers (e.g., via strand displacement) to amplify a target set of data-encoding oligos from the DNA storage.
Other variations of random access such as diagonal retrieval from a three-dimensional address space may be implemented
by assigning special-purpose address targets on designated oligos. Another potential application is to hierarchically link sev-
eral DNA databases together by encoding entries in one database as “pointers”, which establish a relational network with
the oligos in the second DNA database, and so forth. For example, oligos retrieved from one database may react in vitro to
form a new set of primers to index another DNA database. The resulting amplicons may contain information that encodes
specific operands or operators for subsequent in vitro computing.
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