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C,y is the yth component in layer x. For a starting library with M layers,
each with N components, the identifiers would have the following
architecture:

Cia Cop wEE Ce

where a, b, crepresent elements inthe set {1, 2, ..., N}

FIG. 64
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C,y is the yth component in layer x. For a starting library with M
layers, each with N components, the identifiers would have the
following architecture:
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where b, ¢, hareelements inthe set {1, 2, ..., N}, and 3, d, f are unigue
elements inthe set {1, 2, ..., M}.

The combinatorial space of possible identifiers is NVM/
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C,y is the yth component in layer x. For a starting library with M layers, each
with N components, Identifiers assembie a fixed number of components, &, and
have the following architecture:

Cab

Cde

BEE th

where b, e, hare glements inthe set {1, 2, ..., N}, and a, d, f among k unique, rank-
ordered elements inthe set {1, 2, ..., M}.

The combinatorial space of possible identifiers is NMchoosek

FIG. 124
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NUCLEIC ACID-BASED DATA STORAGE

CROSS-REFERENCE

[0001] This application is a Continuation application of
International Patent Application No. PCT/US17/062098
filed Nov. 16, 2017, which claims the benefit of U.S.
Provisional Patent Application Ser. No. 62/423,058, filed
Nov. 16, 2016, U.S. Provisional Patent Application Ser. No.
62/457,074, filed Feb. 9, 2017, and U.S. Provisional Patent
Application Ser. No. 62/466,304, filed Mar. 2, 2017, each of
which is entirely incorporated herein by reference.

BACKGROUND

[0002] Nucleic acid digital data storage is a stable
approach for encoding and storing information for long
periods of time, with data stored at higher densities than
magnetic tape or hard drive storage systems. Additionally,
digital data stored in nucleic acid molecules that are stored
in cold and dry conditions can be retrieved as long as 60,000
years later or longer.

[0003] To access digital data stored in nucleic acid mol-
ecules, the nucleic acid molecules may be sequenced. As
such, nucleic acid digital data storage may be an ideal
method for storing data that is not frequently accessed but
may have a high volume of information to be stored or
archived for long periods of time.

[0004] Current methods rely on encoding the digital infor-
mation (e.g., binary code) into base-by-base nucleic acids
sequences, such that the base to base relationship in the
sequence directly translates into the digital information (e.g.,
binary code). Sequencing of digital data stored in base-by-
base sequences that can be read into bit-streams or bytes of
digitally encoded information can be error prone and costly
to encode since the cost of de novo base-by-base nucleic
acid synthesis can be expensive Opportunities for new
methods of performing nucleic acid digital data storage may
provide approaches for encoding and retrieving data that are
less costly and easier to commercially implement.

SUMMARY

[0005] Methods and systems for encoding digital infor-
mation in nucleic acid (e.g., deoxyribonucleic acid, DNA)
molecules without base-by-base synthesis, by encoding bit-
value information in the presence or absence of unique
nucleic acid sequences within a pool, comprising specitying
each bit location in a bit-stream with a unique nucleic
sequence and specifying the bit value at that location by the
presence or absence of the corresponding unique nucleic
acid sequence in the pool. But, more generally, specifying
unique bytes in a byte stream by unique subsets of nucleic
acid sequences. Also disclosed are methods for generating
unique nucleic acid sequences without base-to-base synthe-
sis using combinatorial genomic strategies (e.g., assembly of
multiple nucleic acid sequences or enzymatic-based editing
of nucleic acid sequences).

[0006] In an aspect, the present disclosure provides a
method for writing information into nucleic acid sequence
(s), comprising: (a) translating the information into a string
of symbols; (b) mapping the string of symbols to a plurality
of'identifiers, wherein an individual identifier of the plurality
of identifiers comprises one or more components, wherein
an individual component of the one or more components
comprises a nucleic acid sequence, and wherein the indi-
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vidual identifier of the plurality of identifiers corresponds to
an individual symbol of the string of symbols; and (c)
constructing an identifier library comprising at least a subset
of the plurality of identifiers.

[0007] Insome embodiments, each symbol in the string of
symbols is one of two possible symbol values. In some
embodiments, one symbol value at each position of the
string of symbols may be represented by the absence of a
distinct identifier in the identifier library. In some embodi-
ments, the two possible symbol values are a bit-value of 0
and 1, wherein the individual symbol with the bit-value of
0 in the string of symbols may be represented by an absence
of a distinct identifier in the identifier library, wherein the
individual symbol with the bit-value of 1 in the string of
symbols may be represented by a presence of the distinct
identifier in the identifier library, and vice versa. In some
embodiments, each symbol of the string of symbols is one
of one or more possible symbol values. In some embodi-
ments, a presence of an individual identifier in the identifier
library corresponds to a first symbol value in a binary suing
and an absence of the individual identifier corresponds to a
second symbol value in a binary string. In some embodi-
ments, the first symbol value is a bit value of 1 and the
second symbol value is a bit value of 0. In some embodi-
ments, the first symbol value is a bit value of 0 and the
second symbol value is a bit value of 1.

[0008] In some embodiments, constructing the individual
identifier in the identifier library comprises assembling the
one or more components from one or more layers and
wherein each layer of the one or more layers comprises a
distinct set of components. In some embodiments, the indi-
vidual identifier from the identifier library comprises one
component from each layer of the one or more layers. In
some embodiments, the one or more components are
assembled in a fixed order. In some embodiments, the one or
more components are assembled in a random order. In some
embodiments, the one or more components are assembled
with one or more partitioning components disposed between
two components from different layers of the one or more
layers. In some embodiments, the individual identifier com-
prises one component from each layer of a subset of the one
or more layers. In some embodiments, the individual iden-
tifier comprises at least one component from each of the one
or more layers. In some embodiments, the one or more
components are assembled using overlap-extension poly-
merase chain reaction (PCR), polymerase cycling assembly,
sticky end ligation, biobricks assembly, golden gate assem-
bly, gibson assembly, recombinase assembly, ligase cycling
reaction, or template directed ligation.

[0009] In some embodiments, constructing the individual
identifier in the identifier library comprises deleting, replac-
ing, or inserting at least one component in a parent identifier
by applying nucleic acid editing enzymes to the parent
identifier. In some embodiments, the parent identifier com-
prises a plurality of components flanked by nuclease-specific
target sites, recombinase recognition sites, or distinct spacer
sequences. In some embodiments, the nucleic acid editing
enzymes are selected from the group consisting of CRISPR-
Cas, TALENS, Zinc Finger Nucleases, Recombinases, and
functional variants thereof.

[0010] In some embodiments, the identifier library com-
prises a plurality of nucleic acid sequences. In some embodi-
ments, the plurality of nucleic acid sequences stores meta-
data of the information and/or conceals the information. In
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some embodiments, the metadata comprises secondary
information corresponding to a source of the information, an
intended recipient of the information, an original format of
the information, instrumentation and methods used to
encode the information, a date and a time of writing the
information into the identifier library, modifications made to
the information, and/or a reference to other information.
[0011] In some embodiments, one or more identifier
libraries are combined and wherein each identifier library of
the one or more identifier libraries is tagged with a distinct
barcode. In some embodiments, each individual identifier in
the identifier library comprises the distinct barcode. In some
embodiments, the plurality of identifiers is selected for ease
of read, write, access, copy, and deletion operations. In some
embodiments, the plurality of identifiers is selected to mini-
mize write errors, mutations, degradation, and read errors.
[0012] In another aspect, the present disclosure provides a
method for copying information encoded in nucleic acid
sequence(s), comprising: (a) providing an identifier library
encoding a string of symbols, wherein the identifier library
comprises a plurality of identifiers, wherein an individual
identifier of the plurality of identifiers comprises one or
more components, wherein an individual component of the
one or more components comprises a nucleic acid sequence,
and wherein the individual identifier of the plurality of
identifiers corresponds to an individual symbol of the string
of symbols; and (b) constructing one or more copies of the
identifier library.

[0013] In some embodiments, the plurality of identifiers
comprises one or more primer binding sites. In some
embodiments, the identifier library is copied using poly-
merase chain reaction (PCR). In some embodiments, the
PCR is conventional PCR or linear PCR and wherein a
number of copies of the identifier library double or increase
linearly, respectively, with each PCR cycle. In some embodi-
ments, the individual identifier in the identifier library is
ligated into a circular vector prior to PCR and wherein the
circle vector comprises a barcode at each end of the indi-
vidual identifier.

[0014] In some embodiments, the identifier library com-
prises a plurality of nucleic acid sequences. In some embodi-
ments, the plurality of nucleic acid sequences is copied. In
some embodiments, one or more identifier libraries are
combined prior to copying and wherein each library of the
one or more identifier libraries comprises a distinct barcode.
[0015] In another aspect, the present disclosure provides a
method for accessing information encoded in nucleic acid
sequence(s), comprising: (a) providing an identifier library
encoding a string of symbols, wherein the identifier library
comprises a plurality of identifiers, wherein an individual
identifier of the plurality of identifiers comprises one or
more components, wherein an individual component of the
one or more components comprises a nucleic acid sequence,
and wherein the individual identifier of the plurality of
identifiers corresponds to an individual symbol of the string
of symbols; and (b) extracting a targeted subset of the
plurality of identifiers from the identifier library.

[0016] In some embodiments, a plurality of probes is
combined with the identifier library. In some embodiments,
the plurality of probes share complementarity with the
targeted subset of the plurality of identifiers from the iden-
tifier library. In some embodiments, the plurality of probes
hybridizes the targeted subset of the plurality of identifiers
in the identifier library. In some embodiments, the plurality
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of probes comprises one or more affinity tags and wherein
the one or more affinity tags is captured by an affinity bead
or an affinity column.

[0017] In some embodiments, the identifier library is
sequentially combined with one or more subsets of the
plurality of probes and wherein a portion of the identifier
library binds to the one or more subsets of the plurality of
probes. In some embodiments, the portion of the identifier
library that binds to the one or more subsets of the plurality
of probes is removed prior to the addition of another subset
of the plurality of probes to the identifier library.

[0018] In some embodiments, the individual identifier of
the plurality of identifiers comprises one or more common
primer binding regions, one or more variable primer binding
regions, or any combination thereof. In some embodiments,
the identifier library is combined with primers that bind to
the one or more common primer binding regions or to the
one or more variable primer binding regions. In some
embodiments, the primers that bind to the one or more
variable primer binding regions are used to selectively
amplify the targeted subset of the identifier library.

[0019] In some embodiments, a portion of identifiers is
removed from the identifier library by selective nuclease
cleavage. In some embodiments, the identifier library is
combined with Cas9 and guide probes and wherein the guide
probes guide the Cas9 to remove specified identifiers from
the identifier library. In some embodiments, the individual
identifiers are single-stranded and wherein the identifier
library is combined with a single-strand specific endonu-
clease(s). In some embodiments, the identifier library is
mixed with a complementary set of individual identifiers
that protect target individual identifiers from degradation
prior to the addition of the single-strand specific endonu-
clease(s). In some embodiments, the individual identifiers
that are not cleaved by the selective nuclease cleavage are
separated by size-selective chromatography. In some
embodiments, the individual identifiers that are not cleaved
by the selective nuclease cleavage are amplified and wherein
the individual identifiers that are cleaved by the selective
nuclease cleavage are not amplified. In some embodiments,
the identifier library comprises a plurality of nucleic acid
sequences and wherein the plurality of nucleic acid
sequences are extracted with the targeted subset of the
plurality of identifiers in the identifier library.

[0020] Inanother aspect, the present disclosure provides a
method for reading information encoded in nucleic acid
sequence(s), comprising: (a) providing an identifier library
comprising a plurality of identifiers, wherein an individual
identifier of the plurality of identifiers comprises one or
more components, wherein an individual component of the
one or more components comprises a nucleic acid sequence;
(b) identifying the plurality of identifiers in the identifier
library; (c) generating a plurality of symbols from the
plurality of identifiers identified in (b), wherein an indi-
vidual symbol of the plurality of symbols corresponds to the
individual identifier of the plurality of identifiers; and (d)
compiling the information from the plurality of symbols.
[0021] Insome embodiments, each symbol in the string of
symbols is one of two possible symbol values. In some
embodiments, one symbol value at each position of the
string of symbols may be represented by the absence of a
distinct identifier in the identifier library. In some embodi-
ments, the two possible symbol values are a bit-value of 0
and 1, wherein the individual symbol with the bit-value of
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0 in the string of symbols may be represented by an absence
of a distinct identifier in the identifier library, wherein the
individual symbol with the bit-value of 1 in the string of
symbols may be represented by a presence of the distinct
identifier in the identifier library, and vice versa. In some
embodiments, a presence of an individual identifier in the
identifier library corresponds to a first symbol value in a
binary string and an absence of the individual identifier in
the identifier library corresponds to a second symbol value
in a binary string. In some embodiments, the first symbol
value is a bit value of 1 and the second symbol value is a bit
value of 0. In some embodiments, the first symbol value is
a bit value of 0 and the second symbol value is a bit value
of 1.

[0022] In some embodiments, identifying the plurality of
identifiers comprises sequencing the plurality of identifiers
in the identifier library. In some embodiments, sequencing
comprises digital polymerase chain reaction (PCR), quanti-
tative PCR, a microarray, sequencing by synthesis, or mas-
sively-parallel sequencing. In some embodiments, the iden-
tifier library comprises a plurality of nucleic acid sequences.
In some embodiments, the plurality of nucleic acid
sequences store metadata of the information and/or conceal
the information. In some embodiments, one or more iden-
tifier libraries are combined and wherein each identifier
library in the one or more identifier libraries comprises a
distinct barcode. In some embodiments, the barcode stores
metadata of the information.

[0023] In another aspect, the present disclosure provides a
method for nucleic acid-based computer data storage, com-
prising: (a) receiving computer data, (b) synthesizing
nucleic acid molecules comprising nucleic acid sequences
encoding the computer data, wherein the computer data is
encoded in at least a subset of nucleic acid molecules
synthesized and not in a sequence of each of the nucleic acid
molecules, and (c¢) storing the nucleic acid molecules having
the nucleic acid sequences.

[0024] In some embodiments, the at least the subset of the
nucleic acid molecules are grouped together. In some
embodiments, the method further comprises sequencing the
nucleic acid molecule(s) to determine the nucleic acid
sequence(s), thereby retrieving the computer data. In some
embodiments, (b) is performed in a time period that is less
than about 1 day. In some embodiments, (b) is performed at
an accuracy of at least about 90%.

[0025] In another aspect, the present disclosure provides a
method for nucleic acid-based computer data storage, com-
prising: (a) receiving computer data. (b) synthesizing a
nucleic acid molecule comprising at least one nucleic acid
sequence encoding the computer data, which synthesizing
the nucleic acid molecule is in the absence of base-by-base
nucleic acid synthesis, and (c) storing the nucleic acid
molecule comprising the at least one nucleic acid sequence.
[0026] In some embodiments, the method further com-
prises sequencing the nucleic acid molecule to determine the
nucleic acid sequence, thereby retrieving the computer data.
In some embodiments, (b) is performed in a time period that
is less than about 1 day. In some embodiments, (b) is
performed at an accuracy of at least about 90%.

[0027] In another aspect, the present disclosure provides a
system for encoding binary sequence data using nucleic
acids, comprising: a device configured to construct an iden-
tifier library, wherein the identifier library comprises a
plurality of identifiers, wherein an individual identifier of the
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plurality of identifiers comprises one or more components,
and wherein an individual component of the one or more
components is a nucleic acid sequence; and one or more
computer processors operatively coupled to the device,
wherein the one or more computer processors are individu-
ally or collectively programmed to (i) translate the informa-
tion into a string of symbols, (ii) map the string of symbols
to the plurality of identifiers, wherein the individual identi-
fier of the plurality of identifiers corresponds to an indi-
vidual symbol of the string of symbols, and (iii) construct an
identifier library comprising the plurality of identifiers.

[0028] In some embodiments, the device comprises a
plurality of partitions and wherein the identifier library is
generated in one or more of the plurality of partitions. In
some embodiments, the plurality of partitions comprises
wells. In some embodiments, constructing the individual
identifier in the identifier library comprises assembling the
one or more components from one or more layers and
wherein each layer of the one or more layers comprises a
distinct set of components. In some embodiments, each layer
of the one or more layers is stored in a separate portion of
the device and wherein the device is configured to combine
the one or more components from the one or more layers. In
some embodiments, the identifier library comprises a plu-
rality of nucleic acid sequences. In some embodiments, one
or more identifier libraries are combined in a single area of
the device and wherein each identifier library of the one or
more identifier libraries comprises a distinct barcode.

[0029] In another aspect, the present disclosure provides a
system for reading information encoded in nucleic acid
sequence(s), comprising: a database that stores an identifier
library comprising a plurality of identifiers, wherein an
individual identifier of the plurality of identifiers comprises
one or more components, wherein an individual component
of the one or more components comprises a nucleic acid
sequence; and one or more computer processors operatively
coupled to the database, wherein the one or more computer
processors are individually or collectively programmed to (i)
identify the plurality of identifiers in the identifier library,
(ii) generate a plurality of symbols from the plurality of
identifiers identified in (i), wherein an individual symbol of
the plurality of symbols corresponds to the individual iden-
tifier of the plurality of identifiers, and (iii) compile the
information from the plurality of symbols.

[0030] In some embodiments, the system further com-
prises a plurality of partitions. In some embodiments, the
partitions are wells. In some embodiments, a given partition
of' the plurality of partitions comprises one or more identifier
libraries and wherein each identifier library of the one or
more identifier libraries comprises a distinct barcode. In
some embodiments, the system further comprises a detec-
tion unit configured to identify the plurality of identifiers in
the identifier library.

[0031] Additional aspects and advantages of the present
disclosure will become readily apparent to those skilled in
this art from the following detailed description, wherein
only illustrative embodiments of the present disclosure are
shown and described. As will be realized, the present
disclosure is capable of other and different embodiments,
and its several details are capable of modifications in various
obvious respects, all without departing from the disclosure.
Accordingly, the drawings and description are to be regarded
as illustrative in nature, and not as restrictive.
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INCORPORATION BY REFERENCE

[0032] All publications, patents, and patent applications
mentioned in this specification are herein incorporated by
reference to the same extent as if each individual publica-
tion, patent, or patent application was specifically and indi-
vidually indicated to be incorporated by reference. To the
extent publications and patents or patent applications incor-
porated by reference contradict the disclosure contained in
the specification, the specification is intended to supersede
and/or take precedence over any such contradictory mate-
rial.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The novel features of the invention are set forth
with particularity in the appended claims. A better under-
standing of the features and advantages of the present
invention will be obtained by reference to the following
detailed description that sets forth illustrative embodiments,
in which the principles of the invention are utilized, and the
accompanying drawings (also “Figure” and “FIG.” herein),
of which:

[0034] FIG. 1 schematically illustrates an overview of a
process for encoding, writing, accessing, reading, and
decoding digital information stored in nucleic acid
sequences;

[0035] FIGS. 2A and 2B schematically illustrate an
example method of encoding digital data, referred to as
“data at address”, using objects or identifiers (e.g., nucleic
acid molecules); FIG. 2A illustrates combining a rank object
(or address object) with a byte-value object (or data object)
to create an identifier; FIG. 2B illustrates an embodiment of
the data at address method wherein the rank objects and
byte-value objects are themselves combinatorial concatena-
tions of other objects;

[0036] FIGS. 3A and 3B schematically illustrate an
example method of encoding digital information using
objects or identifiers (e.g., nucleic acid sequences); FIG. 3A
illustrates encoding digital information using a rank object
as an identifier; FIG. 3B illustrates an embodiment of the
encoding method wherein the address objects are themselves
combinatorial concatenations of other objects;

[0037] FIG. 4 shows a contour plot, in log space, of a
relationship between the combinatorial space of possible
identifiers (C, x-axis) and the average number of identifiers
(k, y-axis) that may be constructed to store information of a
given size (contour lines):

[0038] FIG. 5 schematically illustrates an overview of a
method for writing information to nucleic acid sequences
(e.g., deoxyribonucleic acid);

[0039] FIGS. 6A and 6B illustrate an example method,
referred to as the “product scheme”, for constructing iden-
tifiers (e.g., nucleic acid molecules) by combinatorially
assembling distinct components (e.g., nucleic acid
sequences); FIG. 6 A illustrates the architecture of identifiers
constructed using the product scheme; FIG. 6B illustrates an
example of the combinatorial space of identifiers that may
be constructed using the product scheme;

[0040] FIG. 7 schematically illustrates the use of overlap
extension polymerase chain reaction to construct identifiers
(e.g., nucleic acid molecules) from components (e.g.,
nucleic acid sequences);

Nov. 23,2023

[0041] FIG. 8 schematically illustrates the use of sticky
end ligation to construct identifiers (e.g., nucleic acid mol-
ecules) from components (e.g., nucleic acid sequences);
[0042] FIG. 9 schematically illustrates the use of recom-
binase assembly to construct identifiers (e.g., nucleic acid
molecules) from components (e.g., nucleic acid sequences);
[0043] FIGS. 10A and 10B demonstrates template directed
ligation; FIG. 10A schematically illustrates the use of tem-
plate directed ligation to construct identifiers (e.g., nucleic
acid molecules) from components (e.g., nucleic acid
sequences); FIG. 10B shows a histogram of the copy num-
bers (abundances) of 256 distinct nucleic acid sequences that
were each combinatorially assembled from six nucleic acid
sequences (e.g., components) in one pooled template
directed ligation reaction:

[0044] FIGS. 11A-11G schematically illustrate an
example method, referred to as the “permutation scheme”,
for constructing identifiers (e.g., nucleic acid molecules)
with permuted components (e.g., nucleic acid sequences);
FIG. 11A illustrates the architecture of identifiers con-
structed using the permutation scheme; FIG. 11B illustrates
an example of the combinatorial space of identifiers that
may be constructed using the permutation scheme; FIG. 11C
shows an example implementation of the permutation
scheme with template directed ligation; FIG. 11D shows an
example of how the implementation from FIG. 11C may be
modified to construct identifiers with permuted and repeated
components; FIG. 11E shows how the example implemen-
tation from FIG. 11D may lead to unwanted byproducts that
may be removed with nucleic acid size selection; FIG. 11F
shows another example of how to use template directed
ligation and size selection to construct identifiers with
permuted and repeated components; FIG. 11G shows an
example of when size selection may fail to isolate a par-
ticular identifier from unwanted byproducts;

[0045] FIGS. 12A-12D schematically illustrate an
example method, referred to as the “MchooseK” scheme, for
constructing identifiers (e.g., nucleic acid molecules) with
any number, K of assembled components (e.g., nucleic acid
sequences) out of a larger number, M, of possible compo-
nents; FIG. 12A illustrates the architecture of identifiers
constructed using the MchooseK scheme; FIG. 12B illus-
trates an example of the combinatorial space of identifiers
that may be constructed using the MchooseK scheme; FIG.
12C shows an example implementation of the MchooseK
scheme using template directed ligation; FIG. 12D shows
how the example implementation from FIG. 12C may lead
to unwanted byproducts that may be removed with nucleic
acid size selection;

[0046] FIGS. 13A and 13B schematically illustrates an
example method, referred to as the “partition scheme” for
constructing identifiers with partitioned components; FIG.
13A shows an example of the combinatorial space of iden-
tifiers that may be constructed using the partition scheme;
FIG. 13B shows an example implementation of the partition
scheme using template directed ligation;

[0047] FIGS. 14A and 14B schematically illustrates an
example method, referred to as the “unconstrained string”
(or USS) scheme, for constructing identifiers made up of any
string of components from a number of possible compo-
nents; FIG. 14A shows an example of the combinatorial
space of identifiers that may be constructed using the USS
scheme; FIG. 14B shows an example implementation of the
USS scheme using template directed ligation;
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[0048] FIGS. 15A and 15B schematically illustrates an
example method, referred to as “component deletion” for
constructing identifiers by removing components from a
parent identifier; FIG. 15A shows an example of the com-
binatorial space of identifiers that may be constructed using
the component deletion scheme; FIG. 15B shows an
example implementation of the component deletion scheme
using double stranded targeted cleavage and repair;

[0049] FIG. 16 schematically illustrates a parent identifier
with recombinase recognition sites where further identifiers
may be constructed by applying recombinases to the parent
identifier;

[0050] FIGS. 17A-17C schematically illustrate an over-
view of example methods for accessing portions of infor-
mation stored in nucleic acid sequences by accessing a
number of particular identifiers from a larger number of
identifiers; FIG. 17A shows example methods for using
polymerase chain reaction, affinity tagged probes, and deg-
radation targeting probes to access identifiers containing a
specified component; FIG. 17B shows example methods for
using polymerase chain reaction to perform ‘OR’ or ‘AND’
operations to access identifiers containing multiple specified
components; FIG. 17C shows example methods for using
affinity tags to perform ‘OR’ or ‘AND’ operations to access
identifiers containing multiple specified components;
[0051] FIGS. 18A and 18B show examples of encoding,
writing, and reading data encoded in nucleic acid molecules;
FIG. 18A shows an example of encoding, writing, and
reading 5.856 bits of data; FIG. 185 shows an example of
encoding, writing, and reading 62,824 bits of data; and
[0052] FIG. 19 shows a computer system that is pro-
grammed or otherwise configured to implement methods
provided herein.

DETAILED DESCRIPTION

[0053] While various embodiments of the invention have
been shown and described herein, it will be obvious to those
skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substi-
tutions may occur to those skilled in the art without depart-
ing from the invention. It should be understood that various
alternatives to the embodiments of the invention described
herein may be employed.

[0054] The term “symbol,” as used herein, generally refers
to a representation of a unit of digital information. Digital
information may be divided or translated into a string of
symbols. In an example, a symbol may be a bit and the bit
may have a value of ‘0’ or ‘1°.

[0055] The term “distinct,” or “unique,” as used herein,
generally refers to an object that is distinguishable from
other objects in a group. For example, a distinct, or unique,
nucleic acid sequence may be a nucleic acid sequence that
does not have the same sequence as any other nucleic acid
sequence. A distinct, or unique, nucleic acid molecule may
not have the same sequence as any other nucleic acid
molecule. The distinct, or unique, nucleic acid sequence or
molecule may share regions of similarity with another
nucleic acid sequence or molecule.

[0056] The term “component.” as used herein, generally
refers to a nucleic acid sequence. A component may be a
distinct nucleic acid sequence. A component may be con-
catenated or assembled with one or more other components
to generate other nucleic acid sequence or molecules.
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[0057] The term “layer,” as used herein, generally refers to
group or pool of components. Each layer may comprise a set
of distinct components such that the components in one
layer are different from the components in another layer.
Components from one or more layers may be assembled to
generate one or more identifiers.

[0058] The term “identifier,” as used herein, generally
refers to a nucleic acid molecule or a nucleic acid sequence
that represents the position and value of a bit-string within
a larger bit-string. More generally, an identifier may refer to
any object that represents or corresponds to a symbol in a
string of symbols. In some embodiments, identifiers may
comprise one or multiple concatenated components.
[0059] The term “combinatorial space.” as used herein
generally refers to the set of all possible distinct identifiers
that may be generated from a starting set of objects, such as
components, and a permissible set of rules for how to
modify those objects to form identifiers. The size of a
combinatorial space of identifiers made by assembling or
concatenating components may depend on the number of
layers of components, the number of components in each
layer, and the particular assembly method used to generate
the identifiers.

[0060] The term “identifier rank,” as used herein generally
refers to a relation that defines the order of identifiers in a
set.

[0061] The term “identifier library,” as used herein gen-
erally refers to a collection of identifiers corresponding to
the symbols in a symbol string representing digital infor-
mation. In some embodiments, the absence of a given
identifier in the identifier library may indicate a symbol
value at a particular position. One or more identifier libraries
may be combined in a pool, group, or set of identifiers. Each
identifier library may include a unique barcode that identi-
fies the identifier library.

[0062] The term “nucleic acid,” as used herein, general
refers to deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), or a variant thereof. A nucleic acid may include one
or more subunits selected from adenosine (A), cytosine (C),
guanine (G), thymine (T), and uracil (U), or variants thereof.
A nucleotide can include A, C, G, T, or U, or variants
thereof. A nucleotide can include any subunit that can be
incorporated into a growing nucleic acid strand. Such sub-
unit can be A, C, G, T, or U, or any other subunit that may
be specific to one of more complementary A, C, G, T, or U,
or complementary to a purine (i.e., A or G, or variant
thereof) or pyrimidine (i.e., C. T, or U, or variant thereof).
In some examples, a nucleic acid may be single-stranded or
double stranded, in some cases, a nucleic acid is circular.
[0063] The terms “nucleic acid molecule” or “nucleic acid
sequence,” as used herein, generally refer to a polymeric
form of nucleotides, or polynucleotide, that may have vari-
ous lengths, either deoxyribonucleotides (DNA) or ribo-
nucleotides (RNA), or analogs thereof. The term “nucleic
acid sequence” may refer to the alphabetical representation
of a polynucleotide; alternatively, the term may be applied
to the physical polynucleotide itself. This alphabetical rep-
resentation can be input into databases in a computer having
a central processing unit and used for mapping nucleic acid
sequences or nucleic acid molecules to symbols, or bits,
encoding digital information. Nucleic acid sequences or
oligonucleotides may include one or more non-standard
nucleotide(s), nucleotide analog(s) and/or modified nucleo-
tides.
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[0064] An “oligonucleotide”, as used herein, generally
refers to a single-stranded nucleic acid sequence, and is
typically composed of a specific sequence of four nucleotide
bases: adenine (A); cytosine (C); guanine (G), and thymine
(T) or uracil (U) when the polynucleotide is RNA.

[0065] Examples of modified nucleotides include, but are
not limited to diaminopurine, 5-fluorouracil, 5-bromouracil,
S-chlorouracil, 5-iodouracil, hypoxanthine, xantine, 4-ace-
tylcytosine, 5-(carboxyhydroxylmethyl)uracil, S-carboxym-
ethylaminomethyl-2-thiouridine, 5-carboxymethylaminom-
ethyluracil, dihydrouracil, beta-D-galactosylqueosine,
inosine, N6-isopentenyladenine, 1-methylguanine, 1-meth-
ylinosine, 2,2-dimethylguanine, 2-methyladenine, 2-meth-
ylguanine, 3-methylcytosine, S5-methylcytosine, N6-ad-
enine, 7-methylguanine, 5-methylaminomethyluracil,
5-methoxyaminomethyl-2-thiouracil, beta-D-manno-
sylqueosine, 5'-methoxycarboxymethyluracil, 5-methoxyu-
racil, 2-methylthio-D46-isopentenyladenine, uracil-5-oxy-
acetic acid (v), wybutoxosine, pseudouracil, queosine,
2-thiocytosine, 5-methyl-2-thiouracil, 2-thiouracil, 4-thiou-
racil, 5-methyluracil, uracil-5-oxyacetic acid methylester,
uracil-5-oxyacetic acid (v), 5-methyl-2-thiouracil, 3-(3-
amino-3-N-2-carboxypropyl)uracil, (acp3)w, 2,6-di-
aminopurine and the like. Nucleic acid molecules may also
be modified at the base moiety (e.g., at one or more atoms
that typically are available to form a hydrogen bond with a
complementary nucleotide and/or at one or more atoms that
are not typically capable of forming a hydrogen bond with
a complementary nucleotide), sugar moiety or phosphate
backbone. Nucleic acid molecules may also contain amine-
modified groups, such as aminoallyl-dUTP (aa-dUTP) and
aminohexhylacrylamide-dCTP (aha-dCTP) to allow cova-
lent attachment of amine reactive moieties, such as N-hy-
droxy succinimide esters (NHS).

[0066] The term “primer,” as used herein, generally refers
to a strand of nucleic acid that serves as a starting point for
nucleic acid synthesis, such as polymerase chain reaction
(PCR). In an example, during replication of a DNA sample,
an enzyme that catalyzes replication starts replication at the
3'-end of a primer attached to the DNA sample and copies
the opposite strand.

[0067] The term “polymerase” or “polymerase enzyme,”
as used herein, generally refers to any enzyme capable of
catalyzing a polymerase reaction. Examples of polymerases
include, without limitation, a nucleic acid polymerase. The
polymerase can be naturally occurring or synthesized. An
example polymerase is a 029 polymerase or derivative
thereof. In some cases, a transcriptase or a ligase is used (i.e.,
enzymes which catalyze the formation of a bond) in con-
junction with polymerases or as an alternative to poly-
merases to construct new nucleic acid sequences. Examples
of polymerases include a DNA polymerase, a RNA poly-
merase, a thermostable polymerase, a wild-type polymerase,
a modified polymerase, E. coli DNA polymerase I, T7 DNA
polymerase, bacteriophage T4 DNA polymerase @29
(phi29) DNA polymerase, Taq polymerase, Tth polymerase,
Tli polymerase. Pfu polymerase Pwo polymerase, VENT
polymerase, DEEPVENT polymerase, Ex-Taq polymerase,
LA-Taw polymerase, Sso polymerase Poc polymerase, Pab
polymerase, Mth polymerase ES4 polymerase, Tru poly-
merase, Tac polymerase, Tne polymerase, Tma polymerase,
Tca polymerase, Tih polymerase, Tfi polymerase, Platinum
Taq polymerases, Thbr polymerase, Tfl polymerase, Pfutubo
polymerase, Pyrobest polymerase, KOD polymerase, Bst

Nov. 23,2023

polymerase, Sac polymerase, Klenow fragment polymerase
with 3' to 5' exonuclease activity, and variants, modified
products and derivatives thereof.

[0068] Digital information, such as computer data, in the
form of binary code can comprise a sequence or string of
symbols. A binary code may encode or represent text or
computer processor instructions using, for example, a binary
number system having two binary symbols, typically 0 and
1, referred to as bits. Digital information may be represented
in the form of non-binary code which can comprise a
sequence of non-binary symbols. Each encoded symbol can
be re-assigned to a unique bit string (or “byte”), and the
unique bit string or byte can be arranged into strings of bytes
or byte streams. A bit value for a given bit can be one of two
symbols (e.g., 0 or 1). A byte, which can comprise a string
of N bits, can have a total of 2" unique byte-values. For
example, a byte comprising 8 bits can produce a total of 2°
or 256 possible unique byte-values, and each of the 256
bytes can correspond to one of 256 possible distinct sym-
bols, letters, or instructions which can be encoded with the
bytes. Raw data (e.g., text files and computer instructions)
can be represented as strings of bytes or byte streams. Zip
files, or compressed data files comprising raw data can also
be stored in byte streams, these files can be stored as byte
streams in a compressed form, and then decompressed into
raw data before being read by the computer.

[0069] Methods and systems of the present disclosure may
be used to encode computer data or information in a plurality
of identifiers, each of which may represent one or more bits
of the original information. In some examples, methods and
systems of the present disclosure encode data or information
using identifiers that each represents two bits of the original
information.

[0070] Previous methods for encoding digital information
into nucleic acids have relied on base-by-base synthesis of
the nucleic acids, which can be costly and time consuming.
Alternative methods may improve the efficiency, improve
the commercial viability of digital information storage by
reducing the reliance on base-by-base nucleic acid synthesis
for encoding digital information, and eliminate the de novo
synthesis of distinct nucleic acid sequences for every new
information storage request.

[0071] New methods can encode digital information (e.g.,
binary code) in a plurality of identifiers, or nucleic acid
sequences, comprising combinatorial arrangements of com-
ponents instead of relying on base-by-base or de-novo
nucleic acid synthesis (e.g., phosphoramidite synthesis). As
such, new strategies may produce a first set of distinct
nucleic acid sequences (or components) for the first request
of information storage, and can there-after re-use the same
nucleic acid sequences (or components) for subsequent
information storage requests. These approaches can signifi-
cantly reduce the cost of DNA-based information storage by
reducing the role of de-novo synthesis of nucleic acid
sequences in the information-to-DNA encoding and writing
process. Moreover, unlike implementations of base-by-base
synthesis, such as phosphoramidite chemistry- or template-
free polymerase-based nucleic acid elongation, which may
use cyclical delivery of each base to each elongating nucleic
acid, new methods of information-to-DNA writing using
identifier construction from components are highly paral-
lelizable processes that do not necessarily use cyclical
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nucleic acid elongation. Thus, new methods may increase
the speed of writing digital information to DNA compared to
older methods.

[0072] Methods for Encoding and Writing Information to
Nucleic Acid Sequence(s)

[0073] In an aspect, the present disclosure provides meth-
ods for encoding information into nucleic acid sequences. A
method for encoding information into nucleic acid
sequences may comprise (a) translating the information into
a string of symbols, (b) mapping the string of symbols to a
plurality of identifiers, and (c) constructing an identifier
library comprising at least a subset of the plurality of
identifiers. An individual identifier of the plurality of iden-
tifiers may comprise one or more components. An individual
component of the one or more components may comprise a
nucleic acid sequence. Each symbol at each position in the
string of symbols may correspond to a distinct identifier. The
individual identifier may correspond to an individual symbol
at an individual position in the string of symbols. Moreover,
one symbol at each position in the string of symbols may
correspond to the absence of an identifier. For example, in a
string of binary symbols (e.g., bits) of ‘0’s and 1’s, each
occurrence of ‘0’ may correspond to the absence of an
identifier.

[0074] In another aspect, the present disclosure provides
methods for nucleic acid-based computer data storage. A
method for nucleic acid-based computer data storage may
comprise (a) receiving computer data, (b) synthesizing
nucleic acid molecules comprising nucleic acid sequences
encoding the computer data, and (c) storing the nucleic acid
molecules having the nucleic acid sequences. The computer
data may be encoded in at least a subset of nucleic acid
molecules synthesized and not in a sequence of each of the
nucleic acid molecules.

[0075] In another aspect, the present disclosure provides
methods for writing and storing information in nucleic acid
sequences. The method may comprise, (a) receiving or
encoding a virtual identifier library that represents informa-
tion, (b) physically constructing the identifier library, and (c)
storing one or more physical copies of the identifier library
in one or more separate locations. An individual identifier of
the identifier library may comprise one or more components.
An individual component of the one or more components
may comprise a nucleic acid sequence.

[0076] In another aspect, the present disclosure provides
methods for nucleic acid-based computer data storage. A
method for nucleic acid-based computer data storage may
comprise (a) receiving computer data, (b) synthesizing a
nucleic acid molecule comprising at least one nucleic acid
sequence encoding the computer data, and (c) storing the
nucleic acid molecule comprising the at least one nucleic
acid sequence. Synthesizing the nucleic acid molecule may
be in the absence of base-by-base nucleic acid synthesis.
[0077] In another aspect, the present disclosure provides
methods for writing and storing information in nucleic acid
sequences. A method for writing and storing information in
nucleic acid sequences may comprise, (a) receiving or
encoding a virtual identifier library that represents informa-
tion, (b) physically constructing the identifier library, and (c)
storing one or more physical copies of the identifier library
in one or more separate locations. An individual identifier of
the identifier library may comprise one or more components.
An individual component of the one or more components
may comprise a nucleic acid sequence.
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[0078] FIG. 1 illustrates an overview process for encoding
information into nucleic acid sequences, writing information
to the nucleic acid sequences, reading information written to
nucleic acid sequences, and decoding the read information.
Digital information, or data, may be translated into one or
more strings of symbols. In an example, the symbols are bits
and each bit may have a value of either ‘0’ or ‘1°. Each
symbol may be mapped, or encoded, to an object (e.g.,
identifier) representing that symbol. Each symbol may be
represented by a distinct identifier. The distinct identifier
may be a nucleic acid molecule made up of components. The
components may be nucleic acid sequences. The digital
information may be written into nucleic acid sequences by
generating an identifier library corresponding to the infor-
mation. The identifier library may be physically generated
by physically constructing the identifiers that correspond to
each symbol of the digital information. All or any portion of
the digital information may be accessed at a time. In an
example, a subset of identifiers is accessed from an identifier
library. The subset of identifiers may be read by sequencing
and identifying the identifiers. The identified identifiers may
be associated with their corresponding symbol to decode the
digital data.

[0079] A method for encoding and reading information
using the approach of FIG. 1 can, for example, include
receiving a bit stream and mapping each one-bit (bit with
bit-value of ‘1°) in the bit stream to a distinct nucleic acid
identifier using an identifier rank or a nucleic acid index.
Constructing a nucleic acid sample pool, or identifier library,
comprising copies of the identifiers that correspond to bit
values of 1 (and excluding identifiers for bit values of 0).
Reading the sample can comprise using molecular biology
methods (e.g., sequencing, hybridization, PCR, etc), deter-
mining which identifiers are represented in the identifier
library, and assigning bit-values of ‘1 to the bits correspond-
ing to those identifiers and bit-values of ‘0’ elsewhere (again
referring to the identifier rank to identify the bits in the
original bit-stream that each identifier corresponds to), thus
decoding the information into the original encoded bit
stream.

[0080] Encoding a string of N distinct bits, can use an
equivalent number of unique nucleic acid sequences as
possible identifiers. This approach to information encoding
may use de-novo synthesis of identifiers (e.g., nucleic acid
molecules) for each new item of information (string of N
bits) to store. In other instances, the cost of newly synthe-
sizing identifiers (equivalent in number to or less than N) for
each new item of information to store can be reduced by the
one-time de-novo synthesis and subsequent maintenance of
all possible identifiers, such that encoding new items of
information may involve mechanically selecting and mixing
together pre-synthesized (or pre-fabricated) identifiers to
form an identifier library. In other instances, both the cost of
(1) de-novo synthesis of up to N identifiers for each new
item of information to store or (2) maintaining and selecting
from N possible identifiers for each new item of information
to store, or any combination thereof, may be reduced by
synthesizing and maintaining a number (less than N, and in
some cases much less than N) of nucleic acid sequences and
then modifying these sequences through enzymatic reac-
tions to generate up to N identifiers for each new item of
information to store.

[0081] The identifiers may be rationally designed and
selected for ease of read, write, access, copy, and deletion
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operations. The identifiers may be designed and selected to
minimize write errors, mutations, degradation, and read
errors.

[0082] FIGS. 2A and 2B schematically illustrate an
example method, referred to as “data at address”, of encod-
ing digital data in objects or identifiers (e.g., nucleic acid
molecules). FIG. 2A illustrates encoding a bit stream into an
identifier library wherein the individual identifiers are con-
structed by concatenating or assembling a single component
that specifies an identifier rank with a single component that
specifies a byte-value. In general, the data at address method
uses identifiers that encode information modularly by com-
prising two objects: one object, the “byte-value object” (or
“data object”), that identifies a byte-value and one object,
the “rank object” (or “address object™), that identifies the
identifier rank (or the relative position of the byte in the
original bit-stream). FIG. 2B illustrates an example of the
data at address method wherein each rank object may be
combinatorially constructed from a set of components and
each byte-value object may be combinatorially constructed
from a set of components. Such combinatorial construction
of rank and byte-value objects enables more information to
be written into identifiers than if the objects where made
from the single components alone (e.g., FIG. 2A).

[0083] FIGS. 3A and 3B schematically illustrate another
example method of encoding digital information in objects
or identifiers (e.g., nucleic acid sequences). FIG. 3A illus-
trates encoding a bit stream into an identifier library wherein
identifiers are constructed from single components that
specify identifier rank. The presence of an identifier at a
particular rank (or address) specifies a bit-value of ‘1’ and
the absence of an identifier at a particular rank (or address)
specifies a bit-value of “0’. This type of encoding may use
identifiers that solely encode rank (the relative position of a
bit in the original bit stream) and use the presence or absence
of those identifiers in an identifier library to encode a
bit-value of ‘1” or ‘0, respectively. Reading and decoding
the information may include identifying the identifiers pres-
ent in the identifier library, assigning bit-values of ‘1 to their
corresponding ranks and assigning bit-values of ‘0’ else-
where. FIG. 3B illustrates an example encoding method
where each identifier may be combinatorially constructed
from a set of components such that each possible combina-
torial construction specifies a rank. Such combinatorial
construction enables more information to be written into
identifiers than if the identifiers where made from the single
components alone (e.g., FIG. 3A). For example, a compo-
nent set may comprise five distinct components. The five
distinct components may be assembled to generate ten
distinct identifiers, each comprising two of the five compo-
nents. The ten distinct identifiers may each have a rank (or
address) that corresponds to the position of a bit in a bit
stream. An identifier library may include the subset of those
ten possible identifiers that corresponds to the positions of
bit-value ‘1°, and exclude the subset of those ten possible
identifiers that corresponds to the positions of the bit-value
‘0 within a bit stream of length ten.

[0084] FIG. 4 shows a contour plot, in log space, of a
relationship between the combinatorial space of possible
identifiers (C, x-axis) and the average number of identifiers
(k, y-axis) to be physically constructed in order to store
information of a given original size in bits (D, contour lines)
using the encoding method shown in FIGS. 3A and 3B. This
plot assumes that the original information of size D is
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re-coded into a string of C bits (where C may be greater than
D) where a number of bits, k, has a bit-value of “1°.
Moreover, the plot assumes that information-to-nucleic-acid
encoding is performed on the re-coded bit string and that
identifiers for positions where the bit-value is ‘1° are con-
structed and identifiers for positions where the bit-value is
‘0’ are not constructed. Following the assumptions, the
combinatorial space of possible identifiers has size C to
identify every position in the re-coded bit string, and the
number of identifiers used to encode the bit string of size D
is such that D=log,(Cchoosek), where Cchoosek may be the
mathematical formula for the number of ways to pick k
unordered outcomes from C possibilities. Thus, as the
combinatorial space of possible identifiers increases beyond
the size (in bits) of a given item of information, a decreasing
number of physically constructed identifiers may be used to
store the given information.

[0085] FIG. 5 shows an overview method for writing
information into nucleic acid sequences. Prior to writing the
information, the information may be translated into a string
of symbols and encoded into a plurality of identifiers.
Writing the information may include setting up reactions to
produce possible identifiers. A reaction may be set up by
depositing inputs into a compartment. The inputs may
comprise nucleic acids, components, templates, enzymes, or
chemical reagents. The compartment may be a well, a tube,
a position on a surface, a chamber in a microfluidic device,
or a droplet within an emulsion. Multiple reactions may be
set up in multiple compartments. Reactions may proceed to
produce identifiers through programmed temperature incu-
bation or cycling. Reactions may be selectively or ubiqui-
tously removed (e.g., deleted). Reactions may also be selec-
tively or ubiquitously interrupted, consolidated, and purified
to collect their identifiers in one pool. Identifiers from
multiple identifier libraries may be collected in the same
pool. An individual identifier may include a barcode or a tag
to identity to which identifier library it belongs. Alterna-
tively, or in addition to, the barcode may include metadata
for the encoded information. Supplemental nucleic acids or
identifiers may also be included in an identifier pool together
with an identifier library. The supplemental nucleic acids or
identifiers may include metadata for the encoded informa-
tion or serve to obfuscate or conceal the encoded informa-
tion.

[0086] An identifier rank (e.g., nucleic acid index) can
comprise a method or key for determining the ordering of
identifiers. The method can comprise a look-up table with all
identifiers and their corresponding rank. The method can
also comprise a look up table with the rank of all compo-
nents that constitute identifiers and a function for determin-
ing the ordering of any identifier comprising a combination
of those components. Such a method may be referred to as
lexicographical ordering and may be analogous to the man-
ner in which words in a dictionary are alphabetically
ordered. In the data at address encoding method, the iden-
tifier rank (encoded by the rank object of the identifier) may
be used to determine the position of a byte (encoded by the
byte-value object of the identifier) within a bit stream. In an
alternative method, the identifier rank (encoded by the entire
identifier itself) for a present identifier may be used to
determine the position of bit-value of ‘1° within a bit stream.
[0087] A key may assign distinct bytes to unique subsets
of identifiers (e.g., nucleic acid molecules) within a sample.
For example, in a simple form, a key may assign each bit in
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a byte to a unique nucleic acid sequence that specifies the
position of the bit, and then the presence or absence of that
nucleic acid sequence within a sample may specify the
bit-value of 1 or 0, respectively. Reading the encoded
information from the nucleic acid sample can comprise any
number of molecular biology techniques including sequenc-
ing, hybridization, or PCR. In some embodiments, reading
the encoded dataset may comprise reconstructing a portion
of the dataset or reconstructing the entire encoded dataset
from each nucleic acid sample. When the sequence may be
read the nucleic acid index can be used along with the
presence or absence of a unique nucleic acid sequence and
the nucleic acid sample can be decoded into a bit stream
(e.g., each string of bits, byte, bytes, or string of bytes).

[0088] Identifiers may be constructed by combinatorially
assembling component nucleic acid sequences. For
example, information may be encoded by taking a set of
nucleic acid molecules (e.g., identifiers) from a defined
group of molecules (e.g., combinatorial space). Each pos-
sible identifier of the defined group of molecules may be an
assembly of nucleic acid sequences (e.g., components) from
a prefabricated set of components that may be divided into
layers. Each individual identifier may be constructed by
concatenating one component from every layer in a fixed
order. For example, if there are M layers and each layer may
have n components, then up to C=n™ unique identifiers may
be constructed and up to 2c¢ different items of information,
or C bits, may be encoded and stored. For example, storage
of a megabit of information may use 1x10° distinct identi-
fiers or a combinatorial space of size C=1x10°. The identi-
fiers in this example may be assembled from a variety of
components organized in different ways. Assemblies may be
made from M=2 prefabricated layers, each containing n=1x
10° components. Alternatively, assemblies may be made
from M=3 layers, each containing n=1x10” components. As
this example illustrates, encoding the same amount of infor-
mation using a larger number of layers may allow for the
total number of components to be smaller. Using a smaller
number of total components may be advantageous in terms
of writing cost.

[0089] Inanexample, one can start with two sets of unique
nucleic acid sequences or layers, X and Y, each with x and
y components (e.g., nucleic acid sequences), respectively.
Each nucleic acid sequence from X can be assembled to each
nucleic acid sequence from Y. Though the total number of
nucleic acid sequences maintained in the two sets may be the
sum of x and y, the total number of nucleic acid molecules,
and hence possible identifiers, that can be generated may be
the product of x and y. Even more nucleic acid sequences
(e.g., identifiers) can be generated if the sequences from X
can be assembled to the sequences of Y in any order. For
example, the number of nucleic acid sequences (e.g., iden-
tifiers) generated may be twice the product of x and y if the
assembly order is programmable. This set of all possible
nucleic acid sequences that can be generated may be referred
to as XY. The order of the assembled units of unique nucleic
acid sequences in XY can be controlled using nucleic acids
with distinct 5' and 3' ends, and restriction digestion, liga-
tion, polymerase chain reaction (PCR), and sequencing may
occur with respect to the distinct 5' and 3' ends of the
sequences. Such an approach can reduce the total number of
nucleic acid sequences (e.g., components) used to encode N
distinct bits, by encoding information in the combinations
and orders of their assembly products. For example, to
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encode 100 bits of information, two layers of 10 distinct
nucleic acid molecules (e.g., component) may be assembled
in a fixed order to produce 10*10 or 100 distinct nucleic acid
molecules (e.g., identifiers), or one layer of 5 distinct nucleic
acid molecules (e.g., components) and another layer of 10
distinct nucleic acid molecules (e.g., components) may be
assembled in any order to produce 100 distinct nucleic acid
molecules (e.g., identifiers).

[0090] Nucleic acid sequences (e.g., components) within
each layer may comprise a unique (or distinct) sequence, or
barcode, in the middle, a common hybridization region on
one end, and another common hybridization region on
another other end. The barcode may contain a sufficient
number of nucleotides to uniquely identify every sequence
within the layer. For example, there are typically four
possible nucleotides for each base position within a barcode.
Therefore, a three base barcode may uniquely identify 4°=64
nucleic acid sequences. The barcodes may be designed to be
randomly generated. Alternatively, the barcodes may be
designed to avoid sequences that may create complications
to the construction chemistry of identifiers or sequencing.
Additionally, barcodes may be designed so that each may
have a minimum hamming distance from the other barcodes,
thereby decreasing the likelihood that base-resolution muta-
tions or read errors may interfere with the proper identifi-
cation of the barcode.

[0091] The hybridization region on one end of the nucleic
acid sequence (e.g., component) may be different in each
layer, but the hybridization region may be the same for each
member within a layer. Adjacent layers are those that have
complementary hybridization regions on their components
that allow them to interact with one another. For example,
any component from layer X may be able to attach to any
component from layer Y because they may have comple-
mentary hybridization regions. The hybridization region on
the opposite end may serve the same purpose as the hybrid-
ization region on the first end. For example, any component
from layer Y may attach to any component of layer X on one
end and any component of layer Z on the opposite end.
[0092] FIGS. 6A and 6B illustrate an example method,
referred to as the “product scheme”, for constructing iden-
tifiers (e.g., nucleic acid molecules) by combinatorially
assembling a distinct component (e.g., nucleic acid
sequence) from each layer in a fixed order. FIG. 6A illus-
trates the architecture of identifiers constructed using the
product scheme. An identifier may be constructed by com-
bining a single component from each layer in a fixed order.
For M layers, each with N components, there are N*
possible identifiers. FIG. 6B illustrates an example of the
combinatorial space of identifiers that may be constructed
using the product scheme. In an example, a combinatorial
space may be generated from three layers each comprising
three distinct components. The components may be com-
bined such that one component from each layer may be
combined in a fixed order. The entire combinatorial space
for this assembly method may comprise twenty-seven pos-
sible identifiers.

[0093] FIGS. 7-10 illustrate chemical methods for imple-
menting the product scheme (see FIG. 6). Methods depicted
in FIGS. 7-10, along with any other methods for assembling
two or more distinct components in a fixed order may be
used, for example, to produce any one or more identifiers in
an identifier library. Identifiers may be constructed using any
of the implementation methods described in FIGS. 7-10, at
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any time during the methods or systems disclosed herein. In
some instances, all or a portion of the combinatorial space
of possible identifiers may be constructed before digital
information is encoded or written, and then the writing
process may involve mechanically selecting and pooling the
identifiers (that encode the information) from the already
existing set. In other instances, the identifiers may be
constructed after one or more steps of the data encoding or
writing process may have occurred (i.e., as information is
being written).

[0094] Enzymatic reactions may be used to assemble
components from the different layers or sets. Assembly can
occur in a one pot reaction because components (e.g.,
nucleic acid sequences) of each layer have specific hybrid-
ization or attachment regions for components of adjacent
layers. For example, a nucleic acid sequence (e.g., compo-
nent) X1 from layer X, a nucleic acid sequence Y1 from
layer Y, and a nucleic acid sequence Z1 from layer Z may
form the assembled nucleic acid molecule (e.g., identifier)
X1Y1Z1. Additionally, multiple nucleic acid molecules
(e.g., identifiers) may be assembled in one reaction by
including multiple nucleic acid sequences from each layer.
For example, including both Y1 and Y2 in the one pot
reaction of the previous example may yield two assembled
products (e.g., identifiers), X1Y1Z1 and X1Y2Z1. This
reaction multiplexing may be used to speed up writing time
for the plurality of identifiers that are physically constructed.
Assembly of the nucleic acid sequences may be performed
in a time period that is less than or equal to about 1 day, 12
hours, 10 hours, 9 hours, 8 hours, 7 hours, 6 hours, 5 hours,
4 hours, 3 hours, 2 hours, or 1 hour. The accuracy of the
encoded data may be at least about or equal to about 90%,
95%, 96%, 97%, 98%, 99%, or greater.

[0095] Identifiers may be constructed in accordance with
the product scheme using overlap extension polymerase
chain reaction (OEPCR), as illustrated in FIG. 7. Each
component in each layer may comprise a double-stranded or
single stranded (as depicted in the figure) nucleic acid
sequence with a common hybridization region on the
sequence end that may be homologous and/or complemen-
tary to the common hybridization region on the sequence
end of components from an adjacent layer. An individual
identifier may be constructed by concatenating one compo-
nent (e.g., unique sequence) from a layer X (or layer 1)
comprising components X,-X,, a second component (e.g.,
unique sequence) from a layer Y (or layer 2) comprising
Y,-Y,, and a third component (e.g., unique sequence) from
layer Z (or layer 3) comprising Z, -7 5. The components from
layer X may have a 3' end that shares complementarity with
the 3' end on components from layer Y. Thus single-stranded
components from layer X and Y may be annealed together
at the 3' end and may be extended using PCR to generate a
double-stranded nucleic acid molecule. The generated
double-stranded nucleic-acid molecule may be melted to
generate a 3' end that shares complementarity with a 3' end
of a component from layer Z. A component from layer Z
may be annealed with the generated nucleic acid molecule
and may be extended to generate a unique identifier com-
prising a single component from layers X, Y, and Z in a fixed
order. DNA size selection (e.g., with gel extraction) or
polymerase chain reaction (PCR) with primers flanking the
outer most layers may be implemented to isolate identifier
products from other byproducts that may form in the reac-
tion.
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[0096] Identifiers may be assembled in accordance with
the product scheme using sticky end ligation, as illustrated
in FIG. 8. Three layers, each comprising double stranded
components (e.g., double stranded DNA (dsDNA)) with
single-stranded 3' overhangs, can be used to assemble dis-
tinct identifiers. For example, identifiers comprising one
component from the layer X (or layer 1) comprising com-
ponents X,-X,, a second component from the layer Y (or
layer 2) comprising Y,-Y 5, and a third component from the
layer Z (or layer 3) comprising Z,-Z.. To combine compo-
nents from layer X with components from layer Y, the
components in layer X can comprise a common 3' overhang,
FIG. 8 labeled a, and the components in layer Y can
comprise a common, complementary 3' overhang, a*. To
combine components from layer Y with components from
layer Z, the elements in layer Y can comprise a common 3'
overhang, FIG. 8 labeled b, and the elements in layer Z can
comprise a common, complementary 3' overhang, b*. The 3'
overhang in layer X components can be complementary to
the 3' end in layer Y components and the other 3' overhang
in layer Y components can be complementary to the 3' end
in layer Z components allowing the components to hybridize
and ligate. As such, components from layer X cannot
hybridize with other components from layer X or layer Z,
and similarly components from layer Y cannot hybridize
with other elements from layer Y. Furthermore, a single
component from layer Y can ligate to a single component of
layer X and a single component of layer Z, ensuring the
formation of a complete identifier. DNA size selection (for
example with gel extraction) or PCR with primers flanking
the outer most layers may be implemented to isolate iden-
tifier products from other byproducts that may form in the
reaction.

[0097] The sticky ends for sticky end ligation may be
generated by treating the components of each layer with
restriction endonucleases. In some embodiments, the com-
ponents of multiple layers may be generated from one
“parent” set of components. For example, an embodiment
wherein a single parent set of double-stranded components
may have complementary restrictions sites on each end (e.g.,
restriction sites for BamHI and BglII). Any two components
may be selected for assembly, and individually digested with
one or the other complementary restriction enzymes (e.g.,
Bglll or BamHI) resulting in complementary sticky ends
that can be ligated together resulting in an inert scar. The
product nucleic acid sequence may comprise the comple-
mentary restriction sites on each end (e.g., BamHI on the §'
end and Bgll on the 3' end), and can be further ligated to
another component from the parent set following the same
process. This process may cycle indefinitely. If the parent
comprises N components, then each cycle may be equivalent
to adding an extra layer of N components to the product
scheme.

[0098] A method for using ligation to construct a sequence
of nucleic acids comprising elements from set X (e.g., set 1
of dsDNA) and elements from set Y (e.g., set 2 of dsDNA)
can comprise the steps of obtaining or constructing two or
more pools (e.g., set 1 of dsDNA and set 2 of dsDNA) of
double stranded sequences wherein a first set (e.g., set 1 of
dsDNA) comprises a sticky end (e.g., a) and a second set
(e.g., set 2 of dsDNA) comprises a sticky end (e.g., a*) that
is complementary to the sticky end of the first set. Any DNA
from the first set (e.g., set 1 of dsDNA) and any subset of
DNA from the second set (e.g., set 2 of dsDNA) can me
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combined and assembled and then ligated together to form
a single double stranded DNA with an element from the first
set and an element from the second set.

[0099] Identifiers may be assembled in accordance with
the product scheme using site specific recombination, as
illustrated in FIG. 9. Identifiers may be constructed by
assembling components from three different layers. The
components in layer X (or layer 1) may comprise double-
stranded molecules with an attB, recombinase site on one
side of the molecule, components from layer Y (or layer 2)
may comprise double-stranded molecules with an attP,
recombinase site on one side and an attB , recombinase site
on the other side, and components in layer Z (or layer 3) may
comprise an attP, recombinase site on one side of the
molecule. attB and attP sites within a pair, as indicate by
their subscripts, are capable of recombining in the presence
of their corresponding recombinase enzyme. One compo-
nent from each layer may be combined such that one
component from layer X associates with one component
from layer Y, and one component from layer Y associates
with one component from layer Z. Application of one or
more recombinase enzymes may recombine the components
to generate a double-stranded identifier comprising the
ordered components. DNA size selection (for example with
gel extraction) or PCR with primers flanking the outer most
layers may be implemented to isolate identifier products
from other byproducts that may form in the reaction. In
general, multiple orthogonal attB and attP pairs may be used,
and each pair may be used to assemble a component from an
extra layer. For the large-serine family of recombinases, up
to six orthogonal attB and attP pairs may be generated per
recombinases, and multiple orthogonal recombinases may
be implemented as well. For example, thirteen layers may be
assembled by using twelve orthogonal attB and attP pairs,
six orthogonal pairs from each of two large serine recom-
binases, such as Bxbl and PhiC31. Orthogonality of attB and
attP pairs ensures that an attB site from one pair does not
react with an attP site from another pair. This enables
components from different layers to be assembled in a fixed
order. Recombinase-mediated recombination reactions may
be reversible or irreversible depending on the recombinase
system implemented. For example, the large serine recom-
binase family catalyzes irreversible recombination reactions
without requiring any high energy cofactors, whereas the
tyrosine recombinase family catalyzes reversible reactions.

[0100] Identifiers may be constructed in accordance with
the product scheme using template directed ligation (TDL),
as shown in FIG. 10A. Template directed ligation utilizes
single stranded nucleic acid sequences, referred to as “tem-
plates” or “staples”, to facilitate the ordered ligation of
components to form identifiers. The templates simultane-
ously hybridize to components from adjacent layers and
hold them adjacent to each other (3' end against 5' end) while
a ligase ligates them. In the example from FIG. 10A, three
layers or sets of single-stranded components are combined.
A first layer of components (e.g., layer X or layer 1) that
share common sequences a on their 3' end, which are
complementary to sequences a*; a second layer of compo-
nents (e.g., layer Y or layer 2) that share common sequences
b and c on their 5' and 3' ends respectively, which are
complementary to sequences b* and c*; a third layer of
components (e.g., layer Z or layer 3) that share common
sequence d on their 5' end, which may be complementary to
sequences d*; and a set of two templates or “staples” with
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the first staple comprising the sequence a*b* (5' to 3') and
the second staple comprising a sequence c*d* (‘5 to 3°). In
this example, one or more components from each layer may
be selected and mixed into a reaction with the staples, which,
by complementary annealing may facilitate the ligation of
one component from each layer in a defined order to form an
identifier. DNA size selection (for example with gel extrac-
tion) or PCR with primers flanking the outer most layers
may be implemented to isolate identifier products from other
byproducts that may form in the reaction.

[0101] FIG. 10B shows a histogram of the copy numbers
(abundances) of 256 distinct nucleic acid sequences that
were each assembled with 6-layer TDL. The edge layers
(first and final layers) each had one component, and each of
the internal layers (remaining 4 four layers) had four com-
ponents. Each edge layer component was 28 bases including
a 10 base hybridization region. Each internal layer compo-
nent was 30 bases including a 10 base common hybridiza-
tion region on the 5' end, a 10 base variable (barcode) region,
and a 10 base common hybridization region on the 3' end.
Each of the three template strands was 20 bases in length. All
256 distinct sequences were assembled in a multiplex fash-
ion with one reaction containing all of the components and
templates, T4 Polynucleotide Kinase (for phosphorylating
the components), and T4 Ligase, ATP, and other proper
reaction reagents. The reaction was incubated at 37 degrees
for 30 minutes and then room temperature for 1 hour.
Sequencing adapters were added to the reaction product with
PCR, and the product was sequenced with an Illumina
MiSeq instrument. The relative copy number of each distinct
assembled sequence out of 192910 total assembled sequence
reads is shown. Other embodiments of this method may use
double stranded components, where the components are
initially melted to form single stranded versions that can
anneal to the staples. Other embodiments or derivatives of
this method (i.e., TDL) may be used to construct a combi-
natorial space of identifiers more complex than what may be
accomplished in the product scheme.

[0102] Identifiers may be constructed in accordance with
the product scheme using various other chemical implemen-
tations including golden gate assembly, gibson assembly,
and ligase cycling reaction assembly.

[0103] FIGS. 11A and 11B schematically illustrate an
example method, referred to as the “permutation scheme”,
for constructing identifiers (e.g., nucleic acid molecules)
with permuted components (e.g., nucleic acid sequences).
FIG. 11A illustrates the architecture of identifiers con-
structed using the permutation scheme. An identifier may be
constructed by combining a single component from each
layer in a programmable order. FIG. 11B illustrates an
example of the combinatorial space of identifiers that may
be constructed using the permutation scheme. In an
example, a combinatorial space of size six may be generated
from three layers each comprising one distinct component.
The components may be concatenated in any order. In
general, with M layers, each with N components, the per-
mutation scheme enables a combinatorial space of N*M!
total identifiers.

[0104] FIG. 11C illustrates an example implementation of
the permutation scheme with template directed ligation
(TDL). Components from multiple layers are assembled in
between fixed left end and right end components, referred to
as edge scaffolds. These edge scaffolds are the same for all
identifiers in the combinatorial space and thus may be added
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as part of the reaction master mix for the implementation.
Templates or staples exist for any possible junction between
any two layers or scaffolds such that the order in which
components from different layers are incorporated into an
identifier in the reaction depends on the templates selected
for the reaction. In order to enable any possible permutation
of layers for M layers, there may be M?+2M distinct
selectable staples for every possible junction (including
junctions with the scaffolds). M of those templates (shaded
in grey) form junctions between layers and themselves and
may be excluded for the purposes of permutation assembly
as described herein. However, their inclusion can enable a
larger combinatorial space with identifiers comprising repeat
components as illustrated in FIGS. 11D-G. DNA size selec-
tion (for example with gel extraction) or PCR with primers
targeting the edge scaffolds may be implemented to isolate
identifier products from other byproducts that may form in
the reaction.

[0105] FIGS. 11D-G illustrate example methods of how
the permutation scheme may be expanded to include certain
instances of identifiers with repeated components. FIG. 11D
shows an example of how the implementation form FIG.
11C may be used to construct identifiers with permuted and
repeated components. For example, an identifier may com-
prise three total components assembled from two distinct
components. In this example, a component from a layer may
be present multiple times in an identifier. Adjacent concat-
enations of the same component may be achieved by using
a staple with adjacent complementary hybridization regions
for both the 3' end and 5' end of the same component, such
as the a*b* (5' to 3") staple in the figure. In general, for M
layers, there are M such staples. Incorporation of repeated
components with this implementation may generate nucleic
acid sequences of more than one length (i.e., comprising
one, two, three, four, or more components) that are
assembled between the edge scaffolds, as demonstrated in
FIG. 11E. FIG. 11E shows how the example implementation
from FIG. 11D may lead to non-targeted nucleic acid
sequences, besides the identifier, that are assembled between
the edge scaffolds. The appropriate identifier cannot be
isolated from non-targeted nucleic acid sequence with PCR
because they share the same primer binding sites on the
edge. However, in this example, DNA size selection (e.g.,
with gel extraction) may be implemented to isolate the
targeted identifier (e.g., the second sequence from the top)
from the non-targeted sequences since each assembled
nucleic acid sequence can be designed to have a unique
length (e.g., if all components have the same length). FIG.
11F shows another example where constructing an identifier
with repeated components may generate multiple nucleic
acid sequences with equal edge sequences but distinct
lengths in the same reaction. In this method, templates that
assemble a components in one layer with components in
other layers in an alternating pattern may be used. As with
the method shown in FIG. 11E, size selection may be used
to select identifiers of the designed length. FIG. 11G shows
an example where constructing an identifier with repeated
components may generate multiple nucleic acid sequences
with equal edge sequences and for some nucleic acid
sequences (e.g., the third and fourth from the top and the
sixth and seventh from the top), equal lengths. In this
example, those nucleic acid sequences that share equal
lengths may be excluded from both being individual iden-
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tifiers as it may not be possible to construct one without also
constructing the other, even if PCR and DNA size selection
are implemented.

[0106] FIGS. 12A-12D schematically illustrate an
example method, referred to as the “MchooseK scheme”, for
constructing identifiers (e.g., nucleic acid molecules) with
any number, K. of assembled components (e.g., nucleic acid
sequences) out of a larger number, M, of possible compo-
nents. FIG. 12A illustrates the architecture of identifiers
constructed using the MchooseK scheme. Using this method
identifiers are constructed by assembling one component
form each layer in any subset of all layers (e.g., choose
components from k layers out of M possible layers). FIG.
12B illustrates an example of the combinatorial space of
identifiers that may be constructed using the MchooseK
scheme. In this assembly scheme the combinatorial space
may comprise N*MchooseK possible identifiers for M lay-
ers, N components per layer, and an identifier length of K
components. In an example, if there are five layers each
comprising one component, then up to ten distinct identifiers
may be assemble comprising two components each.

[0107] The MchooseK scheme may be implemented using
template directed ligation, as shown in FIG. 12C. As with
the TDL implementation for the permutation scheme (FIG.
11C), components in this example are assembled between
edge scaffolds that may or may not be included in the
reaction master mix. Components may be divided into M
layers, for example M=4 layers with predefined rank from 2
to M, where the left edge scaffold may be rank 1 and the
right edge scaffold may be rank M+1. Templates comprise
nucleic acid sequences for the 3' to 5' ligation of any two
components with lower rank to higher rank, respectively.
There are (M+1)*+M+1)/2 such templates. An individual
identifier of any K components from distinct layers may be
constructed by combining those selected components in a
ligation reaction with the corresponding K+1 staples used to
bring the K components together with the edge scaffolds in
their rank order. Such a reaction set up may yield the nucleic
acid sequence corresponding to the target identifier between
the edge scaffolds. Alternatively, a reaction mix comprising
all templates may be combined with the select components
to assemble the target identifier. This alternative method
may generate various nucleic acid sequences with the same
edge sequences but distinct lengths (if all component lengths
are equal), as illustrated in FIG. 12D. The target identifier
(bottom) may be isolated from byproduct nucleic acid
sequences by size.

[0108] FIGS. 13A and 13B schematically illustrate an
example method, referred to as the “partition scheme” for
constructing identifiers with partitioned components. FIG.
13A shows an example of the combinatorial space of iden-
tifiers that may be constructed using the partition scheme.
An individual identifier may be constructed by assembling
one component from each layer in a fixed order with the
optional placement of any partition (specially classified
component) between any two components of different lay-
ers. For example, a set of components may be organized into
one partition component and four layers containing one
component each. A component from each layer may be
combined in a fixed order and a single partition component
may be assembled in various locations between layers. An
identifier in this combinatorial space may comprise no
partition components, a partition component between the
components from the first and second layer, a partition
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between the components from the second and third layer,
and so on to make a combinatorial space of eight possible
identifiers. In general, with M layers, each with N compo-
nents, and p partition components, there are N¥(p+1)™*
possible identifiers that may be constructed. This method
may generate identifiers of various lengths.

[0109] FIG. 13B shows an example implementation of the
partition scheme using template directed ligation. Templates
comprise nucleic acid sequences for ligating together one
component from each of M layers in a fixed order. For each
partition component, additional pairs of templates exist that
enable the partition component to ligate in between the
components from any two adjacent layers. For example a
pair of templates such that one template (with sequence
g*b* (5' to 3") for example) in a pair enables the 3' end of
layer 1 (with sequence b) to ligate to the 5' end of the
partition component (with sequence g) and such that the
second template in the pair (with sequence c*h* (5'to 3') for
example) enables the 3' end of the partition component (with
sequence h) to ligate to the 5' end of layer 2 (with sequence
¢). To insert a partition between any two components of
adjacent layers, the standard template for ligating together
those layers may be excluded in the reaction and the pair of
templates for ligating the partition in that position may be
selected in the reaction. In the current example, targeting the
partition component between layer 1 and layer 2 may use the
pair of templates c*h* (5' to 3') and g*b* (5' to 3') to select
for the reaction rather than the template c*b* (5' to 3").
Components may be assembled between edge scaffolds that
may be included in the reaction mix (along with their
corresponding templates for ligating to the first and Mth
layers, respectively). In general, a total of around M-1+
2*p*(M-1) selectable templates may be used for this
method for M layers and p partition components. This
implementation of the partition scheme may generate vari-
ous nucleic acid sequences in a reaction with the same edge
sequences but distinct lengths. The target identifier may be
isolated from byproduct nucleic acid sequences by DNA size
selection. Specifically, there may be exactly one nucleic acid
sequence product with exactly M layer components. If the
layer components are designed large enough compared to
the partition components, it may be possible to define a
universal size selection region whereby the identifier (and
none of the non-targeted byproducts) may be selected
regardless of the particular partitioning of the components
within the identifier, thereby allowing for multiple parti-
tioned identifiers from multiple reactions to be isolated in
the same size selection step.

[0110] FIGS. 14A and 14B schematically illustrates an
example method, referred to as the “unconstrained string
scheme” or “USS”, for constructing identifiers made up of
any string of components from a number of possible com-
ponents. FIG. 14A shows an example of the combinatonal
space of 3-component (or 4-scaffold) length identifiers that
may be constructed using the unconstrained string scheme.
The unconstrained string scheme constructs an individual
identifier of length K components with one or more distinct
components each taken from one or more layers, where each
distinct component can appear at any of the K component
positions in the identifier (allowing for repeats). For
example, for two layers, each comprising one component,
there are eight possible 3-component length identifiers. In
general, with M layers, each with one component, there are
MK possible identifiers of length K components. FIG. 14B

13
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shows an example implementation of the unconstrained
string scheme using template directed ligation. In this
method, K+1 single-stranded and ordered scaffold DNA
components (including two edge scaffolds and K-1 internal
scaffolds) are present in the reaction mix. An individual
identifier comprises a single component ligated between
every pair of adjacent scaffolds. For example, a component
ligated between scaffolds A and B, a component ligated
between scaffolds C and D, and so on until all K adjacent
scaffold junctions are occupied by a component. In a reac-
tion, selected components from different layers are intro-
duced to scaffolds along with selected pairs of staples that
direct them to assemble onto the appropriate scaffolds. For
example, the pair of staples a*L* (5' to 3') and A*b* (5' to
3" direct the layer 1 component with a 5' end region ‘a’ and
3' end region ‘b’ to ligate in between the L and A scaffolds.
In general, with M layers and K+1 scaffolds, 2*A*K select-
able staples may be used to construct any USS identifier of
length K. Because the staples that connect a component to
a scaffold on the 5' end are disjoint from the staples that
connect the same component to a scaffold on the 3' end,
nucleic acid byproducts may form in the reaction with equal
edge scaffolds as the target identifier, but with less than K
components (less than K+1 scaffolds) or with more than K
components (more than K+1 scaffolds). The targeted iden-
tifier may form with exactly K components (K+1 scaffolds)
and may therefore be selectable through techniques like
DNA size selection if all components are designed to be
equal in length and all scaffolds are designed to be equal in
length. In certain embodiments of the unconstrained string
scheme where there may be one component per layer, that
component may solely comprise a single distinct nucleic
acid sequence that fulfills all three roles of (1) an identifi-
cation barcode, (2) a hybridization region for staple-medi-
ated ligation of the 5' end to a scaffold, and (3) a hybrid-
ization region for staple mediated ligation of the 3' end to a
scaffold.

[0111] The internal scaffolds illustrated in FIG. 14B may
be designed such that they use the same hybridization
sequence for both the staple-mediated 5' ligation of the
scaffold to a component and the staple-mediated 3' ligation
of the scaffold to another (not necessarily distinct) compo-
nent. Thus the depicted one-scaffold, two-staple stacked
hybridization events in FIG. 14B represent the statistical
back-and-forth hybridization events that occur between the
scaffold and each of the staples, thus enabling both &'
component ligation and 3' component ligation. In other
embodiments of the unconstrained string scheme, the scaf-
fold may be designed with two concatenated hybridization
regions—a distinct 3' hybridization region for staple-medi-
ated 3' ligation and a distinct 5' hybridization region for
staple-mediated 5' ligation.

[0112] FIGS. 15A and 15B schematically illustrate an
example method, referred to as the “component deletion
scheme”, for constructing identifiers by deleting nucleic acid
sequences (or components) from a parent identifier. FIG.
15A shows an example of the combinatorial spaces of
possible identifiers that may be constructed using the com-
ponent deletion scheme. In this example, a parent identifier
may comprise multiple components. A parent identifier may
comprise more than or equal to about 2, 3, 4, 5, 6,7, 8, 9,
10, 20, 30, 40, 50 or more components. An individual
identifier may be constructed by selectively deleting any
number of components from N possible components, lead-
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ing to a “full” combinatorial space of size 2%, or by deleting
a fixed number of K components from N possible compo-
nents, thus leading to an “NchooseK” combinatorial space
of size NchooseK. In an example with a parent identifier
with 3 components, the full combinatorial space may be 8
and the 3choose2 combinatorial space may be 3.

[0113] FIG. 15B shows an example implementation of the
component deletion scheme using double stranded targeted
cleavage and repair (DSTCR). The parent sequence may be
a single stranded DNA substrate comprising components
flanked by nuclease-specific target sites (which can be 4 or
less bases in length), and where the parent may be incubated
with one or more double-strand-specific nucleases corre-
sponding to the target sites. An individual component may
be targeted for deletion with a complementary single
stranded DNA (or cleavage template) that binds the com-
ponent DNA (and flanking nuclease sites) on the parent, thus
forming a stable double stranded sequence on the parent that
may be cleaved on both ends by the nucleases. Another
single stranded DNA (or repair template) hybridizes to the
resulting disjoint ends of the parent (between which the
component sequence had been) and brings them together for
ligation, either directly or bridged by a replacement
sequence, such that the ligated sequences on the parent no
longer contain active nuclease-targeted sites. We refer to this
method as “Double Stranded Targeted Cleavage” (DSTC).
Size selection may be used to select for identifiers with a
certain number of deleted components.

[0114] Alternatively, or in addition to, the parent identifier
may be a double or single stranded nucleic acid substrate
comprising components separated by spacer sequences such
that no two components are flanked by the same sequence.
The parent identifier may be incubated with Cas9 nuclease.
An individual component may be targeted for deletion with
guide ribonucleic acids (the cleavage templates) that bind to
the edges of the component and enable Cas9-mediated
cleavage at its flanking sites. A single stranded nucleic acid
(the repair template) may hybridize to the resulting disjoint
ends of the parent identifier (e.g., between the ends where
the component sequence had been), thus bringing them
together for ligation. Ligation may be done directly or by
bridging the ends with a replacement sequence, such that the
ligated sequences on the parent no longer contain spacer
sequences that can be targeted by Cas9. We refer to this
method as “sequence specific targeted cleavage and repair”
or “SSTCR”.

[0115] Identifiers may be constructed by inserting com-
ponents into a parent identifier using a derivative of DSTCR
A parent identifier may be single stranded nucleic acid
substrate comprising nuclease-specific target sites (which
can be 4 or less bases in length), each embedded within a
distinct nucleic acid sequence. The parent identifier may be
incubated with one or more double-strand-specific nucleases
corresponding to the target sites. An individual target site on
the parent identifier may be targeted for component insertion
with a complementary single stranded nucleic acid (the
cleavage template) that binds the target site and the distinct
surrounding nucleic acid sequence on the parent identifier,
thus forming a double stranded site. The double-stranded
site may be cleaved by a nuclease. Another single stranded
nucleic acid (the repair template) may hybridize to the
resulting disjoint ends of the parent identifier and bring them
together for ligation, bridged by a component sequence,
such that the ligated sequences on the parent no longer
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contain active nuclease-targeted sites. Alternatively a
derivative of SSTCR may be used to insert components into
a parent identifier. The parent identifier may be a double or
single-stranded nucleic acid and the parent may be incubated
with a Cas9 nuclease. A distinct site on the parent identifier
may be targeted for cleavage with a guide RNA (the cleav-
age template). A single stranded nucleic acid (the repair
template) may hybridize to the disjoint ends of the parent
identifier and bring them together for ligation, bridged by a
component sequence, such that the ligated sequences on the
parent identifier no longer contain active nuclease-targeted
sites. Size selection may be used to select for identifiers with
a certain number of component insertions.

[0116] FIG. 16 schematically illustrates a parent identifier
with recombinase recognition sites. Recognition sites of
different patterns can be recognized by different recombi-
nases. All recognition sites for a given set of recombinases
are arranged such that the nucleic acids in between them
may be excised if the recombinase is applied. The nucleic
acid strand shown in FIG. 16 can adopt 2°=32 different
sequences depending on the subset of recombinases that are
applied to it. In some embodiments, as depicted in FIG. 16,
unique molecules can be generated using recombinases to
excise, shift, invert, and transpose segments of DNA to
create different nucleic acid molecules. In general, with N
recombinases there can be 2V possible identifiers built from
a parent. In some embodiments, multiple orthogonal pairs of
recognition sites from different recombinases may be
arranged on a parent identifier in an overlapping fashion
such that the application of one recombinase affects the type
of recombination event that occurs when a downstream
recombinase is applied (see Roquet et al., Synthetic recom-
binase-based state machines in living cells, Science 353
(6297): aad8559 (2016), which is entirely incorporated
herein by reference). Such a system may be capable of
constructing a different identifier for every ordering of N
recombinases, N!. Recombinases may be of the tyrosine
family such as Flp and Cre, or of the large serine recombi-
nase family such as PhiC31, Bxbl, TP901, or A 118. The use
of recombinases from the large serine recombinase family
may be advantageous because they facilitate irreversible
recombination and therefore may produce identifiers more
efficiently than other recombinases.

[0117] In some instances, a single nucleic acid sequence
can be programmed to become many distinct nucleic acid
sequences by applying numerous recombinases in a distinct
order. Approximately ~e'M! distinct nucleic acid sequences
may be generated by applying M recombinases in different
subsets and orders thereof, when the number of recombi-
nases, M, may be less than or equal to 7 for the large serine
recombinase family. When the number of recombinases, M,
may be greater than 7, the number of sequences that can be
produced approximates 3.9m, see e.g., Roquet et al., Syn-
thetic recombinase-based state machines in living cells,
Science 353 (6297): aad8559 (2016), which is entirely
incorporated herein by reference. Additional methods for
producing different DNA sequences from one common
sequence can include targeted nucleic acid editing enzymes
such as CRISPR-Cas, TALENS, and Zinc Finger Nucleases.
Sequences produced by recombinases, targeted editing
enzymes or the like can be used in conjunction with any of
the previous methods, for example methods disclosed in any
of the figures and disclosure in the present application.
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[0118] If the bit-stream of information to be encoded is
larger than that which can be encoded by any single nucleic
acid molecule, then the information can be split and indexed
with nucleic acid sequence barcodes. Moreover, any subset
of size k nucleic acid molecules from the set of N nucleic
acid molecules can be chosen to produce log,(Nchoosek)
bits of information. Barcodes may be assembled onto the
nucleic acid molecules within the subsets of size k to encode
even longer bit streams. For example, M barcodes may be
used to produce M*log,(Nchoosek) bits of information.
Given a number, N, of available nucleic acid molecules in a
set and a number, M, of available barcodes, subsets of size
k=k, may be chosen to minimize the total number of
molecules in a pool to encode a piece of information. A
method for encoding digital information can comprise steps
for breaking up the bit stream and encoding the individual
elements. For example, a bit stream comprising 6 bits can be
split into 3 components each component comprising two
bits. Each two bit component can be barcoded to form an
information cassette, and grouped or pooled together to form
a hyper-pool of information cassettes.

[0119] Barcodes can facilitate information indexing when
the amount of digital information to be encoded exceeds the
amount that can fit in one pool alone. Information compris-
ing longer strings of bits and/or multiple bytes can be
encoded by layering the approach disclosed in FIG. 3, for
example, by including a tag with unique nucleic acid
sequences encoded using the nucleic acid index. Information
cassettes or identifier libraries can comprise nitrogenous
bases or nucleic acid sequences that include unique nucleic
acid sequences that provide location and bit-value informa-
tion in addition to a barcode or tag which indicates the
component or components of the bit stream that a given
sequence corresponds to. Information cassettes can com-
prise one or more unique nucleic acid sequences as well as
a barcode or tag. The barcode or tag on the information
cassette can provide a reference for the information cassette
and any sequences included in the information cassette. For
example, the tag or barcode on an information cassette can
indicate which portion of the bit stream or bit component of
the bit steam the unique sequence encodes information for
(e.g., the bit value and bit position information for).

[0120] Using barcodes, more information in bits can be
encoded in a pool than the size of the combinatorial space of
possible identifiers. A sequence of 10 bits, for example, can
be separated into two sets of bytes, each byte comprising 5
bits. Each byte can be mapped to a set of 5 possible distinct
identifiers. Initially, the identifiers generated for each byte
can be the same, but they may be kept in separate pools or
else someone reading the information may not be able to tell
which byte a particular nucleic acid sequence belongs to.
However each identifier can be barcoded or tagged with a
label that corresponds to the byte for which the encoded
information applies (e.g., barcode one may be attached to
sequences in the nucleic acid pool to provide the first five
bits and barcode two may be attached to sequences in the
nucleic acid pool to provide the second five bits), and then
the identifiers corresponding to the two bytes can be com-
bined into one pool (e.g., “hyper-pool” or one or more
identifier libraries). Each identifier library of the one or more
combined identifier libraries may comprise a distinct bar-
code that identifies a given identifier as belonging to a given
identifier library. Methods for adding a barcode to each
identifier in an identifier library can comprise using PCR,
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Gibson, ligation, or any other approach that enables a given
barcode (e.g., barcode 1) to attach to a given nucleic acid
sample pool (e.g., barcode 1 to nucleic acid sample pool 1
and barcode 2 to nucleic acid sample pool 2). The sample
from the hyper-pool can be read with sequencing methods,
and sequencing information can be parsed using the barcode
or tag. A method using identifier libraries and barcodes with
a set of M barcodes and N possible identifiers (the combi-
natonal space) can encode a stream of bits with a length
equivalent to the product of M and N.

[0121] In some embodiments, identifier libraries may be
stored in an array of wells. The array of wells may be defined
as having n columns and q rows and each well may comprise
two or more identifier libraries in a hyper-pool. The infor-
mation encoded in each well may constitute one large
contiguous item of information of size nxq larger than the
information contained in each of the wells. An aliquot may
be taken from one or more of the wells in the array of wells
and the encoding may be read using sequencing, hybridiza-
tion, or PCR.

[0122] A nucleic acid sample pool, hyper-pool, identifier
library, group of identifier libraries, or a well, containing a
nucleic acid sample pool or hyper-pool may comprise
unique nucleic acid molecules (e.g., identifiers) correspond-
ing to bits of information and a plurality of supplemental
nucleic acid sequences. The supplemental nucleic acid
sequences may not correspond to encoded data (e.g., do not
correspond to a bit value). The supplemental nucleic acid
samples may mask or encrypt the information stored in the
sample pool. The supplemental nucleic acid sequences may
be derived from a biological source or synthetically pro-
duced. Supplemental nucleic acid sequences derived from a
biological source may include randomly fragmented nucleic
acid sequences or rationally fragmented sequences. The
biologically derived supplemental nucleic acids may hide or
obscure the data-containing nucleic acids within the sample
pool by providing natural genetic information along with the
synthetically encoded information, especially if the syntheti-
cally encoded information (e.g., the combinatorial space of
identifiers) is made to resemble natural genetic information
(e.g., a fragmented genome). In an example, the identifiers
are derived from a biological source and the supplemental
nucleic acids are derived from a biological source. A sample
pool may contain multiple sets of identifiers and supple-
mental nucleic acid sequences. Each set of identifiers and
supplemental nucleic acid sequences may be derived from
different organisms. In an example, the identifiers are
derived from one or more organisms and the supplemental
nucleic acid sequences are derived from a single, different
organism. The supplemental nucleic acid sequences may
also be derived from one or more organism and the identi-
fiers may be derived from a single organism that is different
from the organism that the supplemental nucleic acids are
derived from. Both the identifiers and the supplemental
nucleic acid sequences may be derived from multiple dif-
ferent organisms. A key may be used to distinguish the
identifiers from the supplemental nucleic acid sequences.

[0123] The supplemental nucleic acid sequences may
store metadata about the written information. The metadata
may comprise extra information for determining and/or
authorizing the source of the original information and or the
intended recipient of the original information. The metadata
may comprise extra information about the format of the
original information, the instruments and methods used to
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encode and write the original information, and the date and
time of writing the original information into the identifiers.
The metadata may comprise additional information about
the format of the original information, the instruments and
methods used to encode and write the original information,
and the date and time of writing the original information into
nucleic acid sequences. The metadata may comprise addi-
tional information about modifications made to the original
information after writing the information into nucleic acid
sequences. The metadata may comprise annotations to the
original information or one or more references to external
information. Alternatively, or in addition to, the metadata
may be stored in one or more barcodes or tags attached to the
identifiers.

[0124] The identifiers in an identifier pool may have the
same, similar, or different lengths than one another. The
supplemental nucleic acid sequences may have a length that
is less than, substantially equal to, or greater than the length
of the identifiers. The supplemental nucleic acid sequences
may have an average length that is within one base, within
two bases, within three bases, within four bases, within five
bases, within six bases, within seven bases, within eight
bases, within nine bases, within ten bases, or within more
bases of the average length of the identifiers. In an example,
the supplemental nucleic acid sequences are the same or
substantially the same length as the identifiers. The concen-
tration of supplemental nucleic acid sequences may be less
than, substantially equal to, or greater than the concentration
of the identifiers in the identifiers library. The concentration
of the supplemental nucleic acids may be less than or equal
to about 1%, 10%, 20%, 40%, 60%, 80%, 100, %, 125%,
150%, 175%, 200%, 1000%, 1x10*%, 1x10°%, 1x105%,
1x107%, 1x10%% or less than the concentration of the
identifiers. The concentration of the supplemental nucleic
acids may be greater than or equal to about 1%, 10%, 20%,
40%, 60%, 80%, 100, %, 125%, 150%, 175%, 200%
1000%, 1x10%%, 1x10°%, 1x10%%, 1x107%, 1x10*% or
more than the concentration of the identifiers. Larger con-
centrations may be beneficial for obfuscation or concealing
data. In an example, the concentration of the supplemental
nucleic acid sequences are substantially greater (e.g.,
1x10%% greater) than the concentration of identifiers in an
identifier pool.

[0125] Methods for Copying and Accessing Data Stored in
Nucleic Acid Sequences

[0126] In another aspect, the present disclosure provides
methods for copying information encoded in nucleic acid
sequence(s). A method for copying information encoded in
nucleic acid sequence(s) may comprise (a) providing an
identifier library and (b) constructing one or more copies of
the identifier library. An identifier library may comprise a
subset of a plurality of identifiers from a larger combinato-
rial space. Each individual identifier of the plurality of
identifiers may correspond to an individual symbol in a
string of symbols. An identifier may comprise one or more
components. A component may comprise a nucleic acid
sequence.

[0127] In another aspect, the present disclosure provides
methods for accessing information encoded in nucleic acid
sequences. A method for accessing information encoded in
nucleic acid sequences may comprise (a) providing an
identifier library, and (b) extracting a portion or a subset of
the identifiers present in the identifier library from the
identifier library. An identifier library may comprise a subset
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of a plurality of identifiers from a larger combinatorial
space. Each individual identifier of the plurality of identi-
fiers may correspond to an individual symbol in a string of
symbols. An identifier may comprise one or more compo-
nents. A component may comprise a nucleic acid sequence.
[0128] Information may be written into one or more
identifier libraries as described elsewhere herein. Identifiers
may be constructed using any method described elsewhere
herein. Stored data may be copied by generating copies of
the individual identifiers in an identifier library or in one or
more identifier libraries. A portion of the identifiers may be
copied or an entire library may be copied. Copying may be
performed by amplifying the identifiers in an identifier
library. When one or more identifier libraries are combined,
a single identifier library or multiple identifier libraries may
be copied. If an identifier library comprises supplemental
nucleic acid sequences, the supplemental nucleic acid
sequences may or may not be copied.

[0129] Identifiers in an identifier library may be con-
structed to comprise one or more common primer binding
sites. The one or more binding sites may be located at the
edges of each identifier or interweaved throughout each
identifier. The primer binding site may allow for an identifier
library specific primer pair or a universal primer pair to bind
to and amplify the identifiers. All the identifiers within an
identifier library or all the identifiers in one or more iden-
tifier libraries may be replicated multiple times by multiple
PCR cycles. Conventional PCR may be used to copy the
identifiers and the identifiers may be exponentially repli-
cated with each PCR cycle. The number of copies of an
identifier may increase exponentially with each PCR cycle.
Linear PCR may be used to copy the identifiers and the
identifiers may be linearly replicated with each PCR cycle.
The number of identifier copies may increase linearly with
each PCR cycle. The identifiers may be ligated into a
circular vector prior to PCR amplification. The circle vector
may comprise a barcode at each end of the identifier
insertion site. The PCR primers for amplifying identifiers
may be designed to prime to the vector such that the
barcoded edges are included with the identifier in the
amplification product. During amplification, recombination
between identifiers may result in copied identifiers that
comprise non-correlated barcodes on each edge. The non-
correlated barcodes may be detectable upon reading the
identifiers. Identifiers containing non-correlated barcodes
may be considered false positives and may be disregarded
during the information decoding process.

[0130] Information may be encoded by assigning each bit
of information to a unique nucleic acid molecule. For
example, three sample sets (X, Y, and Z) each containing
two nucleic acid sequences may assemble into eight unique
nucleic acid molecules and encode eight bits of data:

[0131] NI1=X1Y1Z1
[0132] N2=X1Y172
[0133] N3=X1Y2Z1
[0134] N4=X1Y272
[0135] N5=X2Y1Z1
[0136] N6=X2Y172
[0137] N7=X2Y2Z7Z1
[0138] N8=X2Y272
[0139] Each bit in a string may then be assigned to the

corresponding nucleic acid molecule (e.g., N1 may specify
the first bit, N2 may specify the second bit, N3 may specify
the third bit, and so forth). The entire bit string may be
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assigned to a combination of nucleic acid molecules where
the nucleic acid molecules corresponding to bit-values of ‘1°
are included in the combination or pool. For example, in
UTF-8 codings, the letter ‘K’ may be represented by the
8-bit string code 01001011 which may be encoded by the
presence of four nucleic acid molecules (e.g., X1Y172,
X2Y171, X2Y271, and X2Y272 in the above example).

[0140] The information may be accessed through sequenc-
ing or hybridization assays. For example, primers or probes
may be designed to bind to common regions or the barcoded
region of the nucleic acid sequence. This may enable ampli-
fication of any region of the nucleic acid molecule. The
amplification product may then be read by sequencing the
amplification product or by a hybridization assay. In the
above example encoding the letter ‘K’, if the first half of the
data is of interest a primer specific to the barcode region of
the X1 nucleic acid sequence and a primer that binds to the
common region of the Z set may be used to amplify the
nucleic acid molecules. This may return the sequence Y172,
which may encode for 0100. The substring of that data may
also be accessed by further amplifying the nucleic acid
molecules with a primer that binds to the barcode region of
the Y1 nucleic acid sequence and a primer that binds to the
common sequence of the Z set. This may return the Z2
nucleic acid sequence, encoding the substring 01. Alterna-
tively, the data may be accessed by checking for the presence
or absence of a particular nucleic acid sequence without
sequencing. For example, amplification with a primer spe-
cific to the Y2 barcode may generate amplification products
for the Y2 barcode, but not for the Y1 barcode. The presence
of Y2 amplification product may signal a bit value of “1°.
Alternatively, the absence of Y2 amplification products may
signal a bit value of ‘0.

[0141] PCR based methods can be used to access and copy
data from identifier or nucleic acid sample pools. Using
common primer binding sites that flank the identifiers in the
pools or hyper-pools, nucleic acids containing information
can be readily copied. Alternatively, other nucleic acid
amplification approaches such as isothermal amplification
may also be used to readily copy data from sample pools or
hyper-pools (e.g., identifier libraries). In instances where the
sample comprises hyper-pools, a particular subset of infor-
mation (e.g., all nucleic acids relating to a particular bar-
code) can be accessed and retrieved by using a primer that
binds the specific barcode at one edge of the identifier in the
forward orientation, along with another primer that binds a
common sequence on the opposite edge of the identifier in
a reverse orientation. Various read-out methods can be used
to pull information from the encoded nucleic acid; for
example microarray (or any sort of fluorescent hybridiza-
tion), digital PCR, quantitative PCR (qPCR), and various
sequencing platforms can be further used to read out the
encoded sequences and by extension digitally encoded data.

[0142] Accessing information stored in nucleic acid mol-
ecules (e.g., identifiers) may be performed by selectively
removing the portion of non-targeted identifiers from an
identifier library or a pool of identifiers or, for example,
selectively removing all identifiers of an identifier library
from a pool of multiple identifier libraries. Accessing data
may also be performed by selectively capturing targeted
identifiers from an identifier library or pool of identifiers.
The targeted identifiers may correspond to data of interest
within the larger item of information. A pool of identifiers
may comprise supplemental nucleic acid molecules. The
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supplemental nucleic acid molecules may contain metadata
about the encoded information or may be used to encrypt or
mask the identifiers corresponding to the information. The
supplemental nucleic acid molecules may or may not be
extracted while accessing the targeted identifiers. FIGS.
17A-17C schematically illustrate an overview of example
methods for accessing portions of information stored in
nucleic acid sequences by accessing a number of particular
identifiers from a larger number of identifiers. FIG. 17A
shows example methods for using polymerase chain reac-
tion, affinity tagged probes, and degradation targeting probes
to access identifiers containing a specified component. For
PCR-based access, a pool of identifiers (e.g., identifier
library) may comprise identifiers with a common sequence
at each end, a variable sequence at each end, or one of a
common sequence or a variable sequence at each end. The
common sequences or variable sequences may be primer
binding sites. One or more primers may bind to the common
or variable regions on the identifier edges. The identifiers
with primers bound may be amplified by PCR. The ampli-
fied identifiers may significantly outnumber the non-ampli-
fied identifiers. During reading, the amplified identifiers may
be identified. An identifier from an identifier library may
comprise sequences on one or both of its ends that are
distinct to that library, thus enabling a single library to be
selectively accessed from a pool or group of more than one
identifier libraries.

[0143] For affinity-tag based access, the components that
constitute the identifiers in a pool may share complemen-
tarity with one or more probes. The one or more probes may
bind or hybridize to the identifiers to be accessed. The probe
may comprise an affinity tag. The affinity tags may bind to
a bead, generating a complex comprising a bead, at least one
probe, and at least one identifier. The beads may be mag-
netic, and together with a magnet, the beads may collect and
isolate the identifiers to be accessed. The identifiers may be
removed from the beads under denaturing conditions prior to
reading. Alternatively, or in addition to, the beads may
collect the non-targeted identifiers and sequester them away
from the rest of the pool that can get washed into a separate
vessel and read. The affinity tag may bind to a column. The
identifiers to be accessed may bind to the column for
capture. Column-bound identifiers may subsequently be
eluted or denatured from the column prior to reading.
Alternatively, the non-targeted identifiers may be selectively
targeted to the column while the targeted identifiers may
flow through the column. Accessing the targeted identifiers
may comprise applying one or more probes to a pool of
identifiers simultaneously or applying one or more probes to
a pool of identifiers sequentially.

[0144] For degradation based access, the components that
constitute the identifiers in a pool may share complemen-
tarity with one or more degradation-targeting probes. The
probes may bind to or hybridize with distinct components on
the identifiers. The probe may be a target for a degradation
enzyme, such as an endonuclease. In an example, one or
more identifier libraries may be combined. A set of probes
may hybridize with one of the identifier libraries. The set of
probes may comprise RNA and the RNA may guide a Cas9
enzyme. A Cas9 enzyme may be introduced to the one or
more identifier libraries. The identifiers hybridized with the
probes may be degraded by the Cas9 enzyme. The identifiers
to be accessed may not be degraded by the degradation
enzyme. In another example, the identifiers may be single-
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stranded and the identifier library may be combined with a
single-strand specific endonuclease(s), such as the SI nucle-
ase, that selectively degrades identifiers that are not to be
accessed. Identifiers to be accessed may be hybridized with
a complementary set of identifiers to protect them from
degradation by the single-strand specific endonuclease(s).
The identifiers to be accessed may be separated from the
degradation products by size selection, such as size selection
chromatography (e.g., agarose gel electrophoresis). Alterna-
tively, or in addition, identifiers that are not degraded may be
selectively amplified (e.g., using PCR) such that the degra-
dation products are not amplified. The non-degraded iden-
tifiers may be amplified using primers that hybridize to each
end of the non-degraded identifiers and therefore not to each
end of the degraded or cleaved identifiers.

[0145] FIG. 17B shows example methods for using poly-
merase chain reaction to perform ‘OR’ or ‘AND’ operations
to access identifiers containing multiple components. In an
example, if two forward primers bind distinct sets of iden-
tifiers on the left end, then an ‘OR’ amplification of the union
of'those sets of identifiers may be accomplished by using the
two forward primers together in a multiplex PCR reaction
with a reverse primer that binds all of the identifiers on the
right end. In another example, if one forward primer binds
a set of identifiers on the left end and one reverse primer
binds a set of identifiers on the right end, then an ‘AND’
amplification of the intersection of those two sets of iden-
tifiers may be accomplished by using the forward primer and
the reverse primer together as a primer pair in a PCR
reaction.

[0146] FIG. 17C shows example methods for using affin-
ity tags to perform ‘OR’ or ‘AND’ operations to access
identifiers containing multiple components. In an example,
if affinity probe ‘P1” captures all identifiers with component
‘C1’ and another affinity probe ‘P2’ captures all identifiers
with component ‘C2’, then the set of all identifiers with C1
or C2 can be captured by using P1 and P2 simultaneously
(corresponding to an ‘OR’ operation). In another example
with the same components and probes, the set of all iden-
tifiers with C1 and C2 can be captures by using P1 and P2
sequentially (corresponding to an ‘AND’ operation).
[0147] Methods for Reading Information Stored in
Nucleic Acid Sequences

[0148] In another aspect, the present disclosure provides
methods for reading information encoded in nucleic acid
sequences. A method for reading information encoded in
nucleic acid sequences may comprise (a) providing an
identifier library. (b) identifying the identifiers present in the
identifier library, (c) generating a string of symbols from the
identifiers present in the identifier library, and (d) compiling
information from the string of symbols. An identifier library
may comprise a subset of a plurality of identifiers from a
combinatorial space. Each individual identifier of the subset
of identifiers may correspond to an individual symbol in a
string of symbols. An identifier may comprise one or more
components. A component may comprise a nucleic acid
sequence.

[0149] Information may be written into one or more
identifier libraries as described elsewhere herein. Identifiers
may be constructed using any method described elsewhere
herein Stored data may be copied and accessed using any
method described elsewhere herein.

[0150] The identifier may comprise information relating to
a location of the encoded symbol, a value of the encoded
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symbol, or both the location and the value of the encoded
symbol. An identifier may include information relating to a
location of the encoded symbol and the presence or absence
of'the identifier in an identifier library may indicate the value
of the symbol. The presence of an identifier in an identifier
library may indicate a first symbol value (e.g., first bit value)
in a binary string and the absence of an identifier in an
identifier library may indicate a second symbol value (e.g.,
second bit value) in a binary string. In a binary system,
basing a bit value on the presence or absence of an identifier
in an identifier library may reduce the number of identifiers
assembled and, therefore, reduce the write time. In an
example, the presence of an identifier may indicate a bit
value of ‘1’ at the mapped location and the absence of an
identifier may indicate a bit value of ‘0’ at the mapped
location.

[0151] Generating symbols (e.g., bit values) for a piece of
information may include identifying the presence or absence
of the identifier that the symbol (e.g., bit) may be mapped or
encoded to. Determining the presence or absence of an
identifier may include sequencing the present identifiers or
using a hybridization array to detect the presence of an
identifier. In an example, decoding and reading the encoded
sequences may be performed using sequencing platforms.
Examples of sequencing platforms are described in U.S.
patent application Ser. No. 14/465,685 filed Aug. 21, 2014,
U.S. patent application Ser. No. 13/886,234 filed May 2,
2013, and U.S. patent application Ser. No. 12/400,593 filed
Mar. 9, 2009, each of which is entirely incorporated herein
by reference.

[0152] Inan example, decoding nucleic acid encoded data
may be achieved by base-by-base sequencing of the nucleic
acid strands, such as [llumina # Sequencing, or by utilizing
a sequencing technique that indicates the presence or
absence of specific nucleic acid sequences, such as frag-
mentation analysis by capillary electrophoresis. The
sequencing may employ the use of reversible terminators.
The sequencing may employ the use of natural or non-
natural (e.g., engineered) nucleotides or nucleotide analogs.
Alternatively or in addition to, decoding nucleic acid
sequences may be performed using a variety of analytical
techniques, including but not limited to, any methods that
generate optical, electrochemical, or chemical signals. A
variety of sequencing approaches may be used including,
but not limited to, polymerase chain reaction (PCR), digital
PCR, Sanger sequencing, high-throughput sequencing,
sequencing-by-synthesis, single-molecule sequencing,
sequencing-by-ligation, RNA-Seq (Illumina), Next genera-
tion sequencing, Digital Gene Expression (Helicos), Clonal
Single MicroArray (Solexa), shotgun sequencing, Maxim-
Gilbert sequencing, or massively-parallel sequencing.
[0153] Various read-out methods can be used to pull
information from the encoded nucleic acid. In an example,
microarray (or any sort of fluorescent hybridization), digital
PCR, quantitative PCR (qPCR), and various sequencing
platforms can be further used to read out the encoded
sequences and by extension digitally encoded data.

[0154] An identifier library may further comprise supple-
mental nucleic acid sequences that provide metadata about
the information, encrypt or mask the information, or that
both provide metadata and mask the information. The
supplemental nucleic acids may be identified simultaneously
with identification of the identifiers. Alternatively, the
supplemental nucleic acids may be identified prior to or after
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identifying the identifiers. In an example, the supplemental
nucleic acids are not identified during reading of the
encoded information. The supplemental nucleic acid
sequences may be indistinguishable from the identifiers. An
identifier index or a key may be used to differentiate the
supplemental nucleic acid molecules from the identifiers.

[0155] The efficiency of encoding and decoding data may
be increased by recoding input bit strings to enable the use
of fewer nucleic acid molecules. For example, if an input
string is received with a high occurrence of ‘111° substrings,
which may map to three nucleic acid molecules (e.g.,
identifiers) with an encoding method, it may be recoded to
a ‘000’ substring which may map to a null set of nucleic acid
molecules. The alternate input substring of ‘000’ may also be
recoded to ‘111°. This method of recoding may reduce the
total amount of nucleic acid molecules used to encode the
data because there may be a reduction in the number of ‘1’s
in the dataset. In this example, the total size of the dataset
may be increased to accommodate a codebook that specifies
the new mapping instructions. An alternative method for
increasing encoding and decoding efficiency may be to
recode the input string to reduce the variable length. For
example, ‘11° may be recoded to ‘00’ which may shrink the
size of the dataset and reduce the number of ‘1’s in the
dataset.

[0156] The speed and efficiency of decoding nucleic acid
encoded data may be controlled (e.g., increased) by specifi-
cally designing identifiers for ease of detection. For
example, nucleic acid sequences (e.g., identifiers) that are
designed for ease of detection may include nucleic acid
sequences comprising a majority of nucleotides that are
easier to call and detect based on their optical, electrochemi-
cal, chemical, or physical properties. Engineered nucleic
acid sequences may be either single or double stranded.
Engineered nucleic acid sequences may include synthetic or
unnatural nucleotides that improve the detectable properties
of the nucleic acid sequence. Engineered nucleic acid
sequences may comprise all natural nucleotides, all syn-
thetic or unnatural nucleotides, or a combination of natural,
synthetic, and unnatural nucleotides. Synthetic nucleotides
may include nucleotide analogues such as peptide nucleic
acids, locked nucleic acids, glycol nucleic acids, and threose
nucleic acids. Unnatural nucleotides may include dNaM, an
artificial nucleoside containing a 3-methoxy-2-naphthly
group, and dSSICS, an artificial nucleoside containing a
6-methylisoquinoline-1-thione-2-yl  group.  Engineered
nucleic acid sequences may be designed for a single
enhanced property, such as enhanced optical properties, or
the designed nucleic acid sequences may be designed with
multiple enhanced properties, such as enhanced optical and
electrochemical properties or enhanced optical and chemical
properties.

[0157] Engineered nucleic acid sequences may comprise
reactive natural, synthetic, and unnatural nucleotides that do
not improve the optical, electrochemical, chemical, or physi-
cal properties of the nucleic acid sequences. The reactive
components of the nucleic acid sequences may enable the
addition of a chemical moiety that confers improved prop-
erties to the nucleic acid sequence. Each nucleic acid
sequence may include a single chemical moiety or may
include multiple chemical moieties. Example chemical moi-
eties may include, but are not limited to, fluorescent moi-
eties, chemiluminescent moieties, acidic or basic moieties,
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hydrophobic or hydrophilic moieties, and moieties that alter
oxidation state or reactivity of the nucleic acid sequence.

[0158] A sequencing platform may be designed specifi-
cally for decoding and reading information encoded into
nucleic acid sequences. The sequencing platform may be
dedicated to sequencing single or double stranded nucleic
acid molecules. The sequencing platform may decode
nucleic acid encoded data by reading individual bases (e.g.,
base-by-base sequencing) or by detecting the presence or
absence of an entire nucleic acid sequence (e.g., component)
incorporated within the nucleic acid molecule (e.g., identi-
fier). The sequencing platform may include the use of
promiscuous reagents, increased read lengths, and the detec-
tion of specific nucleic acid sequences by the addition of
detectable chemical moieties. The use of more promiscuous
reagents during sequencing may increase reading efficiency
by enabling faster base calling which in turn may decrease
the sequencing time. The use of increased read lengths may
enable longer sequences of encoded nucleic acids to be
decoded per read. The addition of detectable chemical
moiety tags may enable the detection of the presence or
absence of a nucleic acid sequence by the presence or
absence of a chemical moiety. For example, each nucleic
acid sequence encoding a bit of information may be tagged
with a chemical moiety that generates a unique optical,
electrochemical, or chemical signal. The presence or
absence of that unique optical, electrochemical, or chemical
signal may indicate a ‘0’ or a ‘1’ bit value. The nucleic acid
sequence may comprise a single chemical moiety or mul-
tiple chemical moieties. The chemical moiety may be added
to the nucleic acid sequence prior to use of the nucleic acid
sequence to encode data. Alternatively or in addition to, the
chemical moiety may be added to the nucleic acid sequence
after encoding the data, but prior to decoding the data. The
chemical moiety tag may be added directly to the nucleic
acid sequence or the nucleic acid sequence may comprise a
synthetic or unnatural nucleotide anchor and the chemical
moiety tag may be added to that anchor.

[0159] Unique codes may be applied to minimize or detect
encoding and decoding errors. Encoding and decoding
errors may occur from false negatives (e.g., a nucleic acid
molecule or identifier not included in a random sampling).
An example of an error detecting code may be a checksum
sequence that counts the number of identifiers in a contigu-
ous set of possible identifiers that is included in the identifier
library. While reading the identifier library, the checksum
may indicate how many identifiers from that contiguous set
of identifiers to expect to retrieve, and identifiers can con-
tinue to be sampled for reading until the expected number is
met. In some embodiments, a checksum sequence may be
included for every contiguous set of R identifiers where R
can be equal in size or greater than 1, 2, 5, 10, 50, 100, 200,
500, or 1000 or less than 1000, 500, 200, 100, 50, 10, 5, or
2. The smaller the value of R, the better the error detection.
In some embodiments, the checksums may be supplemental
nucleic acid sequences. For example, a set comprising seven
nucleic acid sequences (e.g., components) may be divided
into two groups, nucleic acid sequences for constructing
identifiers with a product scheme (components X1-X3 in
layer X and Y1-Y3 in layer Y), and nucleic acid sequences
for the supplemental checksums (X4-X7 and Y4-Y7). The
checksum sequences X4-X7 may indicate whether zero, one,
two, or three sequences of layer X are assembled with each
member of layer Y. Alternatively, the checksum sequences
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Y4-Y7 may indicate whether zero, one, two, or three
sequences of layer Y are assembled with each member of
layer X. In this example, an original identifier library with
identifiers {X1Y1, X1Y3, X2Y1, X2Y2, X2Y3} may be
supplemented to include checksums to become the follow-
ing pool: {X1Y1, X1Y3, X2Y1, X2Y2, X2Y3, X1Y6,
X2Y7, X3Y4, X6Y1, X5Y2, X6Y3}. The checksum
sequences may also be used for error correction. For
example, absence of X1Y1 from the above dataset and the
presence of X1Y6 and X6Y1 may enable inference that the
X1Y1 nucleic acid molecule is missing from the dataset. The
checksum sequences may indicate whether identifiers are
missing from a sampling of the identifier library or an
accessed portion of the identifier library. In the case of a
missing checksum sequence, access methods such as PCR or
affinity tagged probe hybridization may amplify and/or
isolate it. In some embodiments, the checksums may not be
supplemental nucleic acid sequences. They checksums may
be coded directly into the information such that they are
represented by identifiers.

[0160] Noise in data encoding and decoding may be
reduced by constructing identifiers palindromically, for
example, by using palindromic pairs of components rather
than single components in the product scheme. Then the
pairs of components from different layers may be assembled
to one another in a palindromic manner (e.g., YXY instead
of XY for components X and Y). This palindromic method
may be expanded to larger numbers of layers (e.g., ZYXYZ
instead of XYZ) and may enable detection of erroneous
cross reactions between identifiers.

[0161] Adding supplemental nucleic acid sequences in
excess (e.g., vast excess) to the identifiers may prevent
sequencing from recovering the encoded identifiers. Prior to
decoding the information, the identifiers may be enriched
from the supplemental nucleic acid sequences. For example,
the identifiers may be enriched by a nucleic acid amplifica-
tion reaction using primers specific to the identifier ends.
Alternatively, or in addition to, the information may be
decoded without enriching the sample pool by sequencing
(e.g., sequencing by synthesis) using a specific primer. In
both decoding methods, it may be difficult to enrich or
decode the information without having a decoding key or
knowing something about the composition of the identifiers.
Alternative access methods may also be employed such as
using affinity tag based probes.

[0162] Systems for Encoding Binary Sequence Data
[0163] A system for encoding digital information into
nucleic acids (e.g., DNA) can comprise systems, methods
and devices for converting files and data (e.g., raw data,
compressed zip files, integer data, and other forms of data)
into bytes and encoding the bytes into segments or
sequences of nucleic acids, typically DNA, or combinations
thereof.

[0164] In an aspect, the present disclosure provides sys-
tems for encoding binary sequence data using nucleic acids.
A system for encoding binary sequence data using nucleic
acids may comprise a device and one or more computer
processors. The device may be configured to construct an
identifier library. The one or more computer processors may
be individually or collectively programmed to (i) translate
the information into a sting of symbols, (ii) map the string
of symbols to the plurality of identifiers, and (iii) construct
an identifier library comprising at least a subset of a plurality
of identifiers. An individual identifier of the plurality of
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identifiers may correspond to an individual symbol of the
string of symbols. An individual identifier of the plurality of
identifiers may comprise one or more components. An
individual component of the one or more components may
comprise a nucleic acid sequence.

[0165] In another aspect, the present disclosure provides
systems for reading binary sequence data using nucleic
acids. A system for reading binary sequence data using
nucleic acids may comprise a database and one or more
computer processors. The database may store an identifier
library encoding the information. The one or more computer
processors may be individually or collectively programmed
to (i) identify the identifiers in the identifier library, (ii)
generate a plurality of symbols from identifiers identified in
(1), and (iii) compile the information from the plurality of
symbols. The identifier library may comprise a subset of a
plurality of identifiers. Each individual identifier of the
plurality of identifiers may correspond to an individual
symbol in a string of symbols. An identifier may comprise
one or more components. A component may comprise a
nucleic acid sequence.

[0166] Non-limiting embodiments of methods for using
the system to encode digital data can comprise steps for
receiving digital information in the form of byte streams.
Parsing the byte streams into individual bytes, mapping the
location of a bit within the byte using a nucleic acid index
(or identifier rank), and encoding sequences corresponding
to either bit values of 1 or bit values of O into identifiers.
Steps for retrieving digital data can comprise sequencing a
nucleic acid sample or nucleic acid pool comprising
sequences of nucleic acid (e.g., identifiers) that map to one
or more bits, referencing an identifier rank to confirm if the
identifier is present in the nucleic acid pool and decoding the
location and bit-value information for each sequence into a
byte comprising a sequence of digital information.

[0167] Systems for encoding, writing, copying, accessing,
reading, and decoding information encoded and written into
nucleic acid molecules may be a single integrated unit or
may be multiple units configured to execute one or more of
the aforementioned operations. A system for encoding and
writing information into nucleic acid molecules (e.g., iden-
tifiers) may include a device and one or more computer
processors. The one or more computer processors may be
programmed to parse the information into strings of symbols
(e.g., strings of bits). The computer processor may generate
an identifier rank. The computer processor may categorize
the symbols into two or more categories. One category may
include symbols to be represented by a presence of the
corresponding identifier in the identifier library and the other
category may include symbols to be represented by an
absence of the corresponding identifiers in the identifier
library. The computer processor may direct the device to
assemble the identifiers corresponding to symbols to be
represented to the presence of an identifier in the identifier
library.

[0168] The device may comprise a plurality regions, sec-
tions, or partitions. The reagents and components to
assemble the identifiers may be stored in one or more
regions, sections, or partitions of the device. Layers may be
stored in separate regions of section of the device. A layer
may comprise one or more unique components. The com-
ponent in one layer may be unique from the components in
another layer. The regions or sections may comprise vessels
and the partitions may comprise wells. Each layer may be
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stored in a separate vessel or partition. Each reagent or
nucleic acid sequence may be stored in a separate vessel or
partition. Alternatively, or in addition to, reagents may be
combined to form a master mix for identifier construction.
The device may transfer reagents, components, and tem-
plates from one section of the device to be combined in
another section. The device may provide the conditions for
completing the assembly reaction. For example, the device
may provide heating, agitation, and detection of reaction
progress. The constructed identifiers may be directed to
undergo one or more subsequent reactions to add barcodes,
common sequences, variable sequences, or tags to one or
more ends of the identifiers. The identifiers may then be
directed to a region or partition to generate an identifier
library. One or more identifier libraries may be stored in
each region, section, or individual partition of the device.
The device may transfer fluid (e.g., reagents, components,
templates) using pressure, vacuum, or suction.

[0169] The identifier libraries may be stored in the device
or may be moved to a separate database. The database may
comprise one or more identifier libraries. The database may
provide conditions for long term storage of the identifier
libraries (e.g., conditions to reduce degradation of identifi-
ers). The identifier libraries may be stored in a powder,
liquid, or solid form. The database may provide Ultra-Violet
light protection, reduced temperature (e.g., refrigeration or
freezing), and protection from degrading chemicals and
enzymes. Prior to being transferred to a database, the
identifier libraries may be lyophilized or frozen. The iden-
tifier libraries may include ethylenediaminetetraacetic acid
(EDTA) to inactivate nucleases and/or a buffer to maintain
the stability of the nucleic acid molecules.

[0170] The database may be coupled to, include, or be
separate from a device that writes the information into
identifiers, copies the information, accesses the information,
or reads the information. A portion of an identifier library
may be removed from the database prior to copying, access-
ing or reading. The device that copies the information from
the database may be the same or a different device from that
which writes the information. The device that copies the
information may extract an aliquot of an identifier library
from the device and combine that aliquot with the reagents
and constituents to amplify a portion of or the entire iden-
tifier library. The device may control the temperature, pres-
sure, and agitation of the amplification reaction. The device
may comprise partitions and one or more amplification
reaction may occur in the partition comprising the identifier
library. The device may copy more than one pool of iden-
tifiers at a time.

[0171] The copied identifiers may be transferred from the
copy device to an accessing device. The accessing device
may be the same device as the copy device. The access
device may comprise separate regions, sections, or parti-
tions. The access device may have one or more columns,
bead reservoirs, or magnetic regions for separating identi-
fiers bound to affinity tags. Alternatively, or in addition to,
the access device may have one or more size selection units.
A size selection unit may include agarose gel electrophoresis
or any other method for size selecting nucleic acid mol-
ecules. Copying and extraction may be performed in the
same region of a device or in different regions of a device.
[0172] The accessed data may be read in the same device
or the accessed data may be transferred to another device.
The reading device may comprise a detection unit to detect
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and identify the identifiers. The detection unit may be part of
a sequencer, hybridization array, or other unit for identifying
the presence or absence of an identifier. A sequencing
platform may be designed specifically for decoding and
reading information encoded into nucleic acid sequences.
The sequencing platform may be dedicated to sequencing
single or double stranded nucleic acid molecules. The
sequencing platform may decode nucleic acid encoded data
by reading individual bases (e.g., base-by-base sequencing)
or by detecting the presence or absence of an entire nucleic
acid sequence (e.g., component) incorporated within the
nucleic acid molecule (e.g., identifier). Alternatively, the
sequencing platform may be a system such as Illumina
@ Sequencing or fragmentation analysis by capillary elec-
trophoresis. Alternatively or in addition to, decoding nucleic
acid sequences may be performed using a variety of ana-
Iytical techniques implemented by the device, including but
not limited to, any methods that generate optical, electro-
chemical, or chemical signals.

[0173] Information storage in nucleic acid molecules may
have various applications including, but not limited to, long
term information storage, sensitive information storage, and
storage of medical information. In an example, a person’s
medical information (e.g., medical history and records) may
be stored in nucleic acid molecules and carried on his or her
person. The information may be stored external to the body
(e.g., in a wearable device) or internal to the body (e.g., in
a subcutaneous capsule). When a patient is brought into a
medical office or hospital, a sample may be taken from the
device or capsule and the information may be decoded with
the use of a nucleic acid sequencer. Personal storage of
medical records in nucleic acid molecules may provide an
alternative to computer and cloud based storage systems.
Personal storage of medical records in nucleic acid mol-
ecules may reduce the instance or prevalence of medical
records being hacked. Nucleic acid molecules used for
capsule-based storage of medical records may be derived
from human genomic sequences. The use of human genomic
sequences may decrease the immunogenicity of the nucleic
acid sequences in the event of capsule failure and leakage.
[0174] Computer Systems

[0175] The present disclosure provides computer systems
that are programmed to implement methods of the disclo-
sure. FIG. 19 shows a computer system 1901 that is pro-
grammed or otherwise configured to encode digital infor-
mation into nucleic acid sequences and/or read (e.g., decode)
information derived from nucleic acid sequences. The com-
puter system 1901 can regulate various aspects of the
encoding and decoding procedures of the present disclosure,
such as, for example, the bit-values and bit location infor-
mation for a given bit or byte from an encoded bitstream or
byte stream.

[0176] The computer system 1901 includes a central pro-
cessing unit (CPU, also “processor” and “computer proces-
sor” herein) 1905, which can be a single core or multi core
processor, or a plurality of processors for parallel process-
ing. The computer system 1901 also includes memory or
memory location 1910 (e.g., random-access memory, read-
only memory, flash memory), electronic storage unit 1915
(e.g., hard disk), communication interface 1920 (e.g., net-
work adapter) for communicating with one or more other
systems, and peripheral devices 1925, such as cache, other
memory, data storage and/or electronic display adapters. The
memory 1910, storage unit 1915, interface 1920 and periph-
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eral devices 1925 are in communication with the CPU 1905
through a communication bus (solid lines), such as a moth-
erboard. The storage unit 1915 can be a data storage unit (or
data repository) for storing data. The computer system 1901
can be operatively coupled to a computer network (“net-
work™) 1930 with the aid of the communication interface
1920. The network 1930 can be the Internet, an internet
and/or extranet, or an intranet and/or extranet that is in
communication with the Internet. The network 1930 in some
cases is a telecommunication and/or data network. The
network 1930 can include one or more computer servers,
which can enable distributed computing, such as cloud
computing. The network 1930, in some cases with the aid of
the computer system 1901, can implement a peer-to-peer
network, which may enable devices coupled to the computer
system 1901 to behave as a client or a server.

[0177] The CPU 1905 can execute a sequence of machine-
readable instructions, which can be embodied in a program
or software. The instructions may be stored in a memory
location, such as the memory 1910. The instructions can be
directed to the CPU 1905, which can subsequently program
or otherwise configure the CPU 1905 to implement methods
of the present disclosure. Examples of operations performed
by the CPU 1905 can include fetch, decode, execute, and
writeback.

[0178] The CPU 1905 can be part of a circuit, such as an
integrated circuit. One or more other components of the
system 1901 can be included in the circuit. In some cases,

the circuit is an application specific integrated circuit
(ASIC).

[0179] The storage unit 1915 can store files, such as
drivers, libraries and saved programs. The storage unit 1915
can store user data, e.g., user preferences and user programs.
The computer system 1901 in some cases can include one or
more additional data storage units that are external to the
computer system 1901, such as located on a remote server
that is in communication with the computer system 1901
through an intranet or the Internet.

[0180] The computer system 1901 can communicate with
one or more remote computer systems through the network
1930. For instance, the computer system 1901 can commu-
nicate with a remote computer system of a user or other
devices and or machinery that may be used by the user in the
course of analyzing data encoded or decoded in a sequence
of nucleic acids (e.g., a sequencer or other system for
chemically determining the order of nitrogenous bases in a
nucleic acid sequence). Examples of remote computer sys-
tems include personal computers (e.g., portable PC), slate or
tablet PC’s (e.g., Apple® iPad, Samsung® Galaxy Tab),
telephones, Smart phones (e.g., Apple@ Phone, Android-
enabled device, Blackberry® ), or personal digital assis-
tants. The user can access the computer system 1901 via the
network 1930.

[0181] Methods as described herein can be implemented
by way of machine (e.g., computer processor) executable
code stored on an electronic storage location of the computer
system 1901, such as, for example, on the memory 1910 or
electronic storage unit 1915. The machine executable or
machine readable code can be provided in the form of
software. During use, the code can be executed by the
processor 1905. In some cases, the code can be retrieved
from the storage unit 1915 and stored on the memory 1910
for ready access by the processor 1905. In some situations,
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the electronic storage unit 1915 can be precluded, and
machine-executable instructions are stored on memory
1910.

[0182] The code can be pre-compiled and configured for
use with a machine having a processer adapted to execute
the code, or can be compiled during runtime. The code can
be supplied in a programming language that can be selected
to enable the code to execute in a pre-compiled or as-
compiled fashion.

[0183] Aspects of the systems and methods provided
herein, such as the computer system 1901, can be embodied
in programming. Various aspects of the technology may be
thought of as “products™ or “articles of manufacture” typi-
cally in the form of machine (or processor) executable code
and/or associated data that is carried on or embodied in a
type of machine readable medium. Machine-executable
code can be stored on an electronic storage unit, such as
memory (e.g., read-only memory, random-access memory,
flash memory) or a hard disk. “Storage” type media can
include any or all of the tangible memory of the computers,
processors or the like, or associated modules thereof, such as
various semiconductor memories, tape drives, disk drives
and the like, which may provide non-transitory storage at
any time for the software programming. All or portions of
the software may at times be communicated through the
Internet or various other telecommunication networks. Such
communications, for example, may enable loading of the
software from one computer or processor into another, for
example, from a management server or host computer into
the computer platform of an application server. Thus,
another type of media that may bear the software elements
includes optical, electrical and electromagnetic waves, such
as used across physical interfaces between local devices,
through wired and optical landline networks and over vari-
ous air-links. The physical elements that carry such waves,
such as wired or wireless links, optical links or the like, also
may be considered as media bearing the software. As used
herein, unless restricted to non-transitory, tangible “storage”
media, terms such as computer or machine “readable
medium” refer to any medium that participates in providing
instructions to a processor for execution.

[0184] Hence, a machine readable medium, such as com-
puter-executable code, may take many forms, including but
not limited to, a tangible storage medium, a carrier wave
medium or physical transmission medium. Non-volatile
storage media include, for example, optical or magnetic
disks, such as any of the storage devices in any computer(s)
or the like, such as may be used to implement the databases,
etc. shown in the drawings. Volatile storage media include
dynamic memory, such as main memory of such a computer
platform. Tangible transmission media include coaxial
cables; copper wire and fiber optics, including the wires that
comprise a bus within a computer system. Carrier-wave
transmission media may take the form of electric or elec-
tromagnetic signals, or acoustic or light waves such as those
generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable
media therefore include for example: a floppy disk, a flexible
disk, hard disk, magnetic tape, any other magnetic medium,
a CD-ROM, DVD or DVD-ROM, any other optical
medium, punch cards paper tape, any other physical storage
medium with patterns of holes, a RAM, a ROM, a PROM
and EPROM, a FLASH-EPROM, any other memory chip or
cartridge, a carrier wave transporting data or instructions,
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cables or links transporting such a carrier wave, or any other
medium from which a computer may read programming
code and/or data. Many of these forms of computer readable
media may be involved in carrying one or more sequences
of one or more instructions to a processor for execution.
[0185] The computer system 1901 can include or be in
communication with an electronic display 1935 that com-
prises a user interface (UT) 1940 for providing, for example,
sequence output data including chromatographs, sequences
as well as bits, bytes, or bit streams encoded by or read by
a machine or computer system that is encoding or decoding
nucleic acids, raw data, files and compressed or decom-
pressed zip files to be encoded or decoded into DNA stored
data. Examples of UI’s include, without limitation, a graphi-
cal user interface (GUI) and web-based user interface.
[0186] Methods and systems of the present disclosure can
be implemented by way of one or more algorithms. An
algorithm can be implemented by way of software upon
execution by the central processing unit 1905. The algorithm
can, for example, be used with a DNA index and raw data
or zip file compressed or decompressed data, to determine a
customized method for coding digital information from the
raw data or zip file compressed data, prior to encoding the
digital information.

EXAMPLES

Example 1: Encoding, Writing and Reading a
Single Poem in DNA Molecules

[0187] Data to be encoded is a textfile containing a poem.
The data is encoded manually with pipettes to mix together
DNA components from two layers of 96 components to
construct identifiers using the product scheme implemented
with overlap extension PCR. The first layer, X, comprises 96
total DNA components. The second layer, Y, also comprises
96 total components. Prior to writing the DNA, the data is
mapped to binary and then recoded to a uniform weight
format where every contiguous (adjacent disjoint) string of
61 bits of the original data is translated to a 96 bit string with
exactly 17 bit-values of 1. This uniform weight format may
have natural error checking qualities. The data is then
hashed into a 96 by 96 table to form a reference map.

[0188] The middle panel of FIG. 18A shows the two-
dimensional reference map of a 96 by 96 table encoding the
poem into a plurality of identifiers. Dark points correspond
to a ‘1’ bit-value and white points corresponded to a ‘0’
bit-value. The data is encoded into identifiers using two
layers of 96 components. Each X value and Y value of the
table is assigned a component and the X and Y components
are assembled into an identifier using overlap extension PCR
for each (X,Y) coordinate with a ‘1’ value. The data was read
back (e.g., decoded) by sequencing the identifier library to
determine the presence or absence of each possible (X,Y)
assembly.

[0189] The right panel of figure FIG. 18A shows a two-
dimensional heat map of the abundances of sequences
present in the identifier library as determined by sequencing.
Each pixel represents a molecule comprising the corre-
sponding X and Y components, and the greyscale intensity
at that pixel represents the relative abundance of that mol-
ecule compared to other molecules. Identifiers are taken as
the top 17 most abundant (X, Y) assemblies in each row (as
the uniform weight encoding guarantees that each contigu-

Nov. 23,2023

ous string of 96 bits may have exactly 17 1" values, and
hence 17 corresponding identifiers).

Example 2: Encoding a 62824 Bit Textfile

[0190] Data to be encoded is a textfile of three poems
totaling 62824 bits. The data is # encoded using a Labcyte
Echo# Liquid Handler to mix together DNA components
from two layers of 384 components to construct identifiers
using the product scheme implemented with overlap exten-
sion PCR. The first layer, X, comprises 384 total DNA
components. The second layer, Y, also comprises 384 total
components. Prior to writing the DNA, the data is mapped
to binary and then recoded to decrease the weight (number
of bit-values of ‘1”) and include checksums. The checksums
are established so that there is an identifier that corresponds
to a checksum for every contiguous string of 192 bits of data.
The re-coded data has a weight of approximately 10,100,
which corresponds to the number of identifiers to be con-
structed. The data may then be hashed into a 384 by 384
table to form a reference map.

[0191] The middle panel of FIG. 18B shows a two-
dimensional reference map of a 384 by 384 table encoding
the textfile into a plurality of identifiers. Each coordinate
(X,Y) corresponds to the bit of data at position X+(Y-1)
*192. Black points correspond to a bit value of 1’ and white
points correspond to a bit value of ‘0’. The black points on
the right side of the figure are the checksums and the pattern
of'black points on the top of the figure is the codebook (e.g.,
dictionary for de-coding the data). Each X value and Y value
of the table may be assigned a component and the X and Y
components are assembled into an identifier using overlap
extension PCR for each (X, Y) coordinate with a ‘I’ value.
The data was read back (e.g., decoded) by sequencing the
identifier library to determine the presence or absence of
each possible (X, Y) assembly.

[0192] The right panel of FIG. 18B shows a two-dimen-
sional heat map of the abundances of sequences present in
the identifier library as determined by sequencing. Each
pixel represents a molecule comprising the corresponding X
and Y components, and the greyscale intensity at that pixel
represents the relative abundance of that molecule compared
to other molecules. Identifiers are taken as the top S most
abundant (X, Y) assemblies in each row, where S for each
row may be the checksum value.

[0193] While preferred embodiments of the present inven-
tion have been shown and described herein, it will be
obvious to those skilled in the art that such embodiments are
provided by way of example only. It is not intended that the
invention be limited by the specific examples provided
within the specification. While the invention has been
described with reference to the aforementioned specifica-
tion, the descriptions and illustrations of the embodiments
herein are not meant to be construed in a limiting sense.
Numerous variations, changes, and substitutions will now
occur to those skilled in the art without departing from the
invention. Furthermore, it shall be understood that all
aspects of the invention are not limited to the specific
depictions, configurations or relative proportions set forth
herein which depend upon a variety of conditions and
variables. It should be understood that various alternatives to
the embodiments of the invention described herein may be
employed in practicing the invention. It is therefore con-
templated that the invention shall also cover any such
alternatives, modifications, variations or equivalents. It is
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intended that the following claims define the scope of the
invention and that methods and structures within the scope
of these claims and their equivalents be covered thereby.

1.-29. (canceled)

30. A method for writing information into nucleic acid
sequences, comprising:

translating said information into a string of symbols;

mapping said symbols to a plurality of nucleic acid

sequences; and

generating said plurality of nucleic acid sequences,

wherein each nucleic acid sequence is generated by
assembling at least three components, wherein a first,
second, and third component of the at least three
components is a nucleic acid sequence of a respective
one of first, second, and third groups of nucleic acid
sequences;

wherein:

each component of the first group is a nucleic acid

sequence having a first hybridization region at one end
thereof, the first hybridization region being the same
for all components in the first group;

each component of the second group is a nucleic acid

sequence having a second hybridization region at one
end thereof and a third hybridization region at another
end thereof, the second hybridization region being the
same for all components in the second group, the third
hybridization region being the same for all components
in the second group, and the second hybridization
region being complementary to the first hybridization
region; and

each nucleic acid sequence of the third group has a fourth

hybridization region at one end thereof, the fourth
hybridization region being the same for all components
in the third group, and the fourth hybridization region
being complementary to the third hybridization region.

31. The method of claim 30, wherein the first, second,
third, and fourth hybridization regions are different from one
another.

32. The method of claim 30, wherein the first, second,
third, and fourth hybridization regions are overhanging ends.

33. The method of claim 30, wherein said plurality of
nucleic acid sequences are assembled using polymerase
chain reaction, ligation, or recombination.

34. The method of claim 30, wherein said plurality of
nucleic acid sequences are assembled in a one pot reaction.

35. The method of claim 34, wherein a second plurality of
nucleic acid sequences is assembled in the one pot reaction.

36. The method of claim 30, wherein assembly of the
plurality of nucleic acid sequences is performed in a time
period that is less than or equal to about 1 day, 12 hours, 10
hours, 8 hours, 7 hours, 6 hours, 5 hours, 4 hours, 3 hours,
2 hours, or 1 hour.

37. The method of claim 30, wherein generating said
plurality of nucleic acid sequences comprises introducing at
least the first, second, and third components into the same
droplet.

38. The method of claim 37, wherein generating said
plurality of nucleic acid sequences comprises introducing
into the same droplet at least two components from the first
group, at least two components from the second group, and
at least three components from the third group.
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39. A system for writing information into nucleic acid
sequences, the system comprising:

one or more computer processors individually or collec-

tively programmed to:

translate said information into a string of symbols;

map said symbols to a plurality of nucleic acid
sequences; and

generate said plurality of nucleic acid sequences,
wherein each nucleic acid sequence is generated by
assembling at least three components, wherein a first,
second, and third component of the at least three
components is a nucleic acid sequence of a respec-
tive one of first, second, and third groups of nucleic
acid sequences;

wherein:

each component of the first group is a nucleic acid

sequence having a first hybridization region at one end
thereof, the first hybridization region being the same
for all components in the first group;

each component of the second group is a nucleic acid

sequence having a second hybridization region at one
end thereof and a third hybridization region at another
end thereof, the second hybridization region being the
same for all components in the second group, the third
hybridization region being the same for all components
in the second group, and the second hybridization
region being complementary to the first hybridization
region; and

each nucleic acid sequence of the third group has a fourth

hybridization region at one end thereof, the fourth
hybridization region being the same for all components
in the third group, and the fourth hybridization region
being complementary to the third hybridization region.

40. The system of claim 39, wherein the first, second,
third, and fourth hybridization regions are different from one
another.

41. The system of claim 39, wherein the first, second,
third, and fourth hybridization regions are overhanging ends.

42. The system of claim 39, wherein said one or more
computer processors are programmed to assemble the plu-
rality of nucleic acid sequences are assembled using poly-
merase chain reaction, ligation, or recombination.

43. The system of claim 39, comprising a microfluidic
device arranged to introduce at least the first, second, and
third components into the same droplet.

44. The system of claim 43, wherein the microfluidic
device is arranged to introduce into the same droplet at least
two components from the first group, at least two compo-
nents from the second group, and at least three components
from the third group.

45. The system of claim 39, wherein said plurality of
nucleic acid sequences are assembled in a one pot reaction.

46. The system of claim 45, wherein a second plurality of
nucleic acid sequences is assembled in the one pot reaction.

47. The system of claim 39, wherein assembly of the
plurality of nucleic acid sequences is performed in a time
period that is less than or equal to about 1 day, 12 hours, 10
hours, 8 hours, 7 hours, 6 hours, 5 hours, 4 hours, 3 hours,
2 hours, or 1 hour.



