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MATERIALS AND METHODS

Oligonucleotides

A list of all oligonucleotide sequences used in this work can be found in Table S3.
Biomers GmBH performed oligonucleotide synthesis and phosphoramidites for 5hmC
and 5fC were prepared according to previously published procedures!!! or purchased
from Glen Research (10-1062-02 and 10-1564-02).

Encoding and Decoding

A detailed step-by-step protocol for encoding and recovering of multiple layers
of information in DNA can be found on page 7. Sequencing data generated during
this study (BioProject PRJNA292092) are available online at ftp:/ftp-
trace.ncbi.nlm.nih.gov/sra/review/SRP062361_20150820_143448_4a42799b212019
a2db0b77644e33790c. All custom scripts employed for encoding and decoding

purposes can be found online at github.com/GRMclnroy/steg_scripts.

Text encoding

ASCII text was converted into binary and encoded into DNA using the lemonjuice
script. In brief, binary messages are entered into rows of a matrix, and base pairs
assigned according to the values in a given column. Positions that have identical,
stacked binary values are assigned A/T (000) or T/A (111). Conversely, sites that
require simultaneous encoding of different bits are assigned as C/G (011), G/C (100),
5mC/G (001), G/5mC (110), 5hmC/G (010), or G/5hmC (101). Following this matrix,
canonical DNA bases suffice for two-layer encoding, while three-layer encoding
requires modified cytosine analogs. As pointed out in the main text, it can be
advantageous to avoid long runs of homopolymers by substituting A/T and T/A with

the equivalent 5mC/G and G/5mC base pairs.

The Raven library preparation

Oligonucleotides for The Raven library (RAVEN-1 to -24) were combined at
equimolar concentrations to create a pool at 1 pg/pL. To generate a dsDNA input for
library preparation, a single primer extension (2 ug input) was performed in presence
of 1 uM STEG-4, 200 uM dNTPs, 10 pL VeraSeq Buffer Il and 1 U VeraSeq Ultra

(both Enzymatics). Following incubation at 95 °C for 3 min and annealing at 58 °C for
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45 s, extension was carried out at 72 °C for 15 min. The dsDNA was subsequently
isolated and sequencing libraries were prepared with the NEBNext end repair
(E6050S), dA-tailing (E6053S), and quick ligation (E6056S) modules. In order to
recover the different stanzas of The Raven, one library was amplified directly with
HiFi Uracil+ (KAPA Biosystems), while another one was bisulfite treated (CEGX
TrueMethyl) before PCR amplification. Following size selection and purification by gel
electrophoresis, sequencing was performed on an lllumina MiSeq with single-end

150 cycle reads.

The Raven analysis

Raw reads were trimmed to remove adapter sequences and low quality reads
using fastx clipper and fastx quality filter from the fastx toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html). Trimmed reads were split by
inline barcodes (forward sequences at the 5 end and reverse complement
sequences at the 3’ end) employing fastx barcode splitter. To recover the
information without presuming prior knowledge, the resulting reads were aligned
against their corresponding barcode and a common primer binding site, using a short
reference global aligner (https://github.com/dariober/bioinformatics-
cafe/tree/master/eclipse/ShortRefGlobalAligner, written by Dr. Dario Beraldi). A draft
reference sequence for each barcode was then generated using the script
steg draft and reads realigned to this reference. ASCII text was recovered from
the generated alignment by running steg decode text, which assigns binary
values dependent on the base composition at each position and the method from
which the data was generated. The binary data is then converted to ASCII text. This
script also generates a file that summarizes the reads of each library member (see
Supplementary Data). The same analysis was performed on the model
oligonucleotides encoding BLACK-WHITE, BLACK-SHADE-WHITE, and BLACK-
WHITE-COLOR.

Image encoding
Portable bitmap format image files were converted into DNA sequences (DFT-1
to -56) using the bakingsoda script. In brief, the images were first compressed with

run length encoding, where runs of data holding the same binary value are stored as



a count. Scanning across the horizontal axis gave the best compression factor. The
obtained counts were further encoded with the universal Elias gamma code.”” In this
code the value 1 remains as such, but for a number x, where x = 1, define N as the
highest power of 2 it contains. This value N is encoded in unary (N zeroes followed
by a 1), and the remaining N binary digits of x are appended to the unary
representation of N. To signal the end of the image, a unique stop code was
appended to the Elias gamma encoded binary string. This string was then split into
fragments of the desired length — 72 in the present study. If the number of fragments
for each image was not integer or equal, Os and 1s were randomly inserted to pad
the strings. A list equal in length to the number of fragments was generated, with
every element containing a matrix where each row contained the code from one
image. Bases were then assigned depending on the bit pattern in a column, using the
same assignment matrix as for text encoding. The generated 72mers were then
barcoded (7 nucleotides in length) and an additional A added to the 3’ end of each

resulting oligonucleotide.

Portraits library preparation

Complementary pairs of DFT oligonucleotides were combined at equal
concentration and 5 phosphorylated with T4 polynucleotide kinase (NEB).
Subsequent incubation to 98 °C for 10 min allowed heat denaturation of the enzyme
and annealing of the complementary strands in one step. Following purification by
Bio-Spin 6-column (Bio-Rad), the resulting 5’ phosphate, 3’-A overhang dsDNA
sequences were combined at equimolar concentrations to create a pool at 1 ug/uL.
Direct ligation of sequencing adapters with the NEBNext quick ligation module
(E6056S) completed library preparation. To recover the portraits encoded in the
template, the libraries were subjected to three different conditions. One sample was
PCR amplified directly by HiFi Uracil+ (KAPA Biosystems). A second was denatured
and oxidized with KRuO4 before bisulfite treatment (CEGX TrueMethyl). The third
sample was bisulfite treated and amplified with HiFi Uracil+ (KAPA Biosystems).

Sequencing was performed on an Illlumina MiSeq with single-end 150 cycle reads.



Portraits analysis

Raw reads were trimmed, had low quality reads removed, and were split by
inline barcodes as described in The Raven analysis. As before, reads split by
barcodes were aligned twice using a short reference global aligner; first against the
corresponding barcode to generate a draft sequence, which was then used as the
input for the re-alignment. The DNA encoded images were recovered by running the
script steg _decode_ images. In brief, binary data is recovered as described in The
Raven analysis. This binary string is then decoded from Elias gamma to yield a
sequence of decimal numbers describing the run length encoded images. Reverting
the run length encoded enables plotting of the recovered image files. To successfully
recover the portrait from the bisulfite treated sample, the script requires additional,
positional information of any 5mC present in the sequences. This mC list is
generated when analyzing the oxidation plus bisulfite data, as 5mC nucleobases are

unambiguously identified during this procedure.

Reversible data encoding via a controlled redox cycle

Portraits-encoding libraries were prepared as described previously. Oxidation
involved denaturation (0.2 M NaOH for 30 min at 37 °C) and treatment with KRuO4
(10-fold dilution of CEGX TrueMethyl oxidant, at 40 °C for 30 min). Reduction was
achieved by treatment with NaBH, (3 additions of 50 mM at room temperature over
60 min). Samples were subjected to multiple cycles of oxidation and reduction and
purified between treatments with pre-washed (four times molecular biology grade
H-O) Bio-Spin P6 columns (BioRad). Following the desired number of oxidations and
reductions, samples were treated with bisulfite (CEGX TrueMethyl) and PCR
amplified before sequencing. Analysis was performed as described previously and
sequencing summaries for the redox cycles can be found at the end of the
Supporting Information. To obtain optimal coverage for each oligonucleotide reads of

multiple experiments carried out under comparable conditions were combined

Four-layer information storage
Oligonucleotides were designed analogously to the three-layer encoding, except
employing the alternative assignment matrix given in the Supplementary Text.

Oligonucleotides DARWIN-ENCODE-DECODE-TURING-1 and -2 were annealed
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(incubation at 98 °C for 10 minutes, then slowly cooled to room temperature) before
library preparation was performed (NEBNext modules). In total, four libraries were
generated bearing different indexes. The first sample was untreated, the second
library was denatured and oxidized with KRuO, before bisulfite treatment
(Cambridge Epigenetix, UK, TrueMethyl), and a third sample bisulfite treated directly.
The fourth library was denatured and reduced with NaBH4 (50 mM aqueous or with a
reduction cocktail provided by Cambridge Epigenetix, UK) before bisulfite treatment.
All samples were then amplified with HiFi Uracil+ (KAPA Biosystems), size selected
and quantified by qPCR before sequencing on an lllumina MiSeq with 150 cycle
single-end reads. Raw reads were trimmed to remove adapter sequences and low
quality reads as described in the main methods section. Within each indexed library,
reads were aligned using a short reference global aligner, and a draft sequence
generated. Reads were realigned against this draft sequence and the base calls at
each position quantified. Depending on the base composition at each position, a
binary value was assigned and thus a binary string generated. The binary data was
then converted to its ASCII representation. To recover the fourth message TURING,
a 0 to 1 in silico transposition cipher was applied at 5mC positions determined from

the oxidative bisulfite sequencing data.

Liquid chromatography—mass spectrometry (LC-MS)

Analyses were performed on a Bruker amaZon system, with an XTerra MS C18
column (2.5 pym, 2.1 x 50 mm). Solvents were A (10 mM TEA, 100 mM HFIP) and B
(MeOH), with a gradient from 5% B to 30% B over 25 minutes.



PROTOCOL FOR MULTILAYER ENCODING OF DATA IN DNA

In this section we provide a description of the protocol used for the multilayer
encoding of data in DNA. As an example we give a step-by-step protocol for the
simultaneous encoding and reading of the ASCII representations of the words
BLACK, WHITE and COLOR in a single oligonucleotide (results and sequencing
data are reported in Fig. 3D). All experiments described in the manuscript use a

similar approach.

1. In this example, three layers of information are encoded. The words BLACK,
WHITE and COLOR are used as input.

BLACK
WHITE
COLOR

2. The three layers of information are represented as binary strings using the ASCI|I
character-encoding scheme (eight bits per characters) and aligned at their start

position.

BLACK: 0100001001001100010000010100001101001011
WHITE: 0101011101001000010010010101010001000101
COLOR: 0100001101001111010011000100111101010010

The information may be compressed via any standard algorithm prior to this
step. If the binary strings are not of equal length, binary digits can be added
individually in order to pad the strings. These digits may be inserted randomly, or

with constraints in place to minimize the number of modified bases.

3. At each position in the bit string, the binary pattern vertically across all three

messages is read. Here, the first four readings are ‘000’, ‘111’, ‘000’, and ‘010’.

4. The cross-layer readings are converted to a DNA base pair following an
assignment matrix (given below). In this example, the first four positions become
‘AT’, ‘TA’, ‘AT’, and ‘6G’. The non-canonical bases 5mC and 5hmC are indicated
as 5 and 6.



AT TA CG GC 5G G5 6G G6
0 1 0 1 0 1 0 1
0 1 1 0 0 1 1 0
0 1 1 0 1 0 0 1

5. According to the assignment matrix, the text BLACK, WHITE and COLOR are

encoded in the following DNA sequence string:

5’ ATA6A6TCATAATGS55ATAACS5AGATA65CGGATASG6GG 3’
3’ TATGTGAGTATTA6GGTATTGGT5TATGGG66TATGCG65 5

6. At this stage, long oligonucleotide sequences are split into manageable pieces of
equal length (e.g. 72 nucleotides for the portraits). For purely illustrative
purposes, the DNA sequence obtained from step 4 is split into two segments of
length 20.

Oligo 1: 5’ ATA6A6TCATAATGS55ATAA 3’
Oligo 2: 3’ TATGTGAGTATTA6GGTATT 5’
Oligo 3: 5’ C5AGATA65CGGATA5G6GG 3’
Oligo 4: 3’ GGT5TATGGG66TATGCG65 5’

7. A unigue barcode sequence (containing A, T, G and 5mC) is appended to each
oligonucleotide, at the 5’ terminus if numbered odd, or the 3’ end if humbered
even. The minimum barcode length is determined by the library size, with larger

libraries requiring longer barcodes.

Oligo 1: 5’ AS5TT5GGATA6A6TCATAATGS55ATAA 3’
Oligo 2: 3’ TGAAG55TATGTGAGTATTA6GGTATT 5’
Oligo 3: 5’ GAS5AG5AC5AGATA65CGGATA5G6GG 3’
Oligo 4: 3’ 5TGT5GTGGT5TATGGG66TATGCG65 5

8. A 3-A can be appended to every oligonucleotide to simplify library preparation.
Similarly, a 5’ phosphate can be introduced. The resulting list of oligonucleotides

is then synthesized.

Oligo 1: 5’ AS5TT5GGATA6A6TCATAATGS55ATAAA 3’
Oligo 2: 5’ TTATGG6ATTATGAGTGTATS55GAAGTA 3’
Oligo 3: 5’ GA5AG5AC5AGATA65CGGATA5G6GGA 3’
Oligo 4: 5’ 56GCGTAT66GGGTAT5TGGTG5TGT5A 3’



9.

Once synthesized, oligonucleotides may be stored for long periods of time.
Grass et al. (ref 10 in the manuscript) have previously described suitable

conditions for long-term storage of DNA.

10.The stored information can be read by a number of different sequencing

11.

methods. In the present study, we use lllumina sequencing, which requires
library preparation before reading the information; other sequencing
methodologies may have different or no such requirements. Retrieval of each
information layer is possible by employing standard sequencing (BLACK = first
layer), oxidative bisuflite sequencing (WHITE = second layer) and bisulfite
sequencing (COLOR = third layer). The expected sequence of Oligo 1 for each

readout method is depicted below.

Oligo 1 seq: 5’ ACTTCGGATACACTCATAATGCCATAAA 3’
Oligo 1 oxBS: 5’ ACTTCGGATATATTTATAATGCCATAAA 3’
Oligo 1 BS: 5’ ACTTCGGATACACTTATAATGCCATAAA 3’

Raw sequencing data are filtered to remove reads shorter than the
oligonucleotides comprising the library (20 in this example) and adapter dimers.
If the sequencing instrument assigns data quality scores, for example a Q score,

low quality reads may also be discarded.

12.Reads are separated by barcode, scanning for a 5’-3’ barcode at the 5’ terminus

(beginning of line) and the reverse complement at the 3’ terminus (end of line).

13.Members within each barcode are analyzed with a short read global alignment

program, to generate a reference sequence containing quantitative information of

each base at every position.

14.Depending on the fraction of each nucleobase at a given position, binary values

are assigned. As example, data generated from oxidative bisulfite sequencing is

shown below (A: blue; C: yellow; G: white; T: red). In position one the data is



almost exclusively A, and so is assigned a 0. In position eight the data is 0% A,
50% C, 0% G, and 50% T, therefore 1 is assigned.

0
0101011101001000010010010101010001000101

15. A binary string is generated that can then be transformed into the original data.

In this example, oxidative bisulfite sequencing will produce the following string:

0101011101001000010010010101010001000101

16.A simple binary to ASCII conversion generates the text WHITE, recovering the

second layer of information.

WHITE

Note

(i) For the three-layer encoding of BLACK-WHITE-SHADE using only 5mC as an
extra nucleobases (Supplementary Figure 2), we have used the same assignment
matrix as described in step 4. Because 5hmC is absent in the designed DNA
template, this approach does not allow the encoding of all bit permutations and

hence, can be used to encode only a limited combination of characters.

(i) For the four-layer encoding of DARWIN-ENCODE-DECODE-TURING
(Supplementary Figure 4), we have used 5fC as an independently variable

nucleobase and the following assignment matrix:

AT TA CG GC 5G G5 6G G6 1G G7
seq 0 1 0 1 0 1 0 1 0 1
oxBS 0 1 1 0 0 1 1 0 1 0
BS 0 1 1 0 0 1 0 1 1 0
redBS 0 1 1 0 1 o 0 1 0 1
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The non-canonical bases 5mC, 5hmC and 5fC are indicated as 5, 6 and 7.
Positions highlighted in blue indicate an in silico transposition cipher at
unambiguously identified 5mC sites.

The following binary combinations cannot be encoded with the current

approach:

seq
oxBS
BS
redBS

or oo
cCor R
or oR
HOoOROo
H R, OO
=

11



SUPPORTING DISCUSSION

Scalability and robustness of multilayer DNA data storage

Herein, we assess the scalability of our approaches discussed in the main text
in greater detail. The following sections independently address library quality,
robustness in sequence context, and general scalability aspects for the three reading
methods. For the analyses, we used data generated from The Raven and portraits-
encoding libraries of a total of 5 experiments. These are the first stanza of the poem
and the picture of Charles Darwin for standard sequencing, the second stanza and
the portrait of Alan Turing for bisulfite sequencing, and the picture of Rosalind

Franklin for the oxidation and bisulfite (0xBS) workflow.

Library quality: Before decoding a message with the desired readout method,
we processed raw sequencing data to discard unsuitable reads. Such filtering
reduces the effective data storage capacity of DNA libraries and must be considered
when assessing scalability of our approach.

For the first readout, standard sequencing, we retained 41.02% and 81.67% of
raw reads for The Raven and portraits-encoding libraries (Fig. S4A, dark and light
blue pie charts). In both experiments, reads that are shorter than the expected
coding sequences account for the majority of reads lost during processing. The two-
fold increase of unsuitable reads for The Raven library can be rationalized when
considering the length of oligonucleotides in both libraries (139 for the Raven
compared to 80 for the portraits). During synthesis the prevalence of (n-1), (n-2), ...
species increases with length, and thus purification becomes more challenging. Such
length dependency has previously been observed, with read retention of 63% for
117mers and 47.62% for 159mers."!

As expected, results for the second readout, bisulfite sequencing, followed the
same trend (Fig. S4A, dark and light green pie charts). Again, significantly fewer
reads were retained for The Raven library (30.66%) than for the portraits-encoding
oligonucleotides (81.44%). Moreover, for the former we observe a further increase in
reads deemed too short, when compared to the analogous standard sequencing

data set. This increase could be a result of bisulfite-induced strand scissions, a
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known phenomenon whose probability increases with oligonucleotides length. As a
result, full-length fragments may be depleted from the library pool relative to shorter
by-products from synthesis or library preparation (e.g. adapter dimers). Accordingly,
for the shorter oligonucleotides in the portraits-encoding library, we retained the
same portion of initial reads as in the standard sequencing experiment.

The third reading method, the oxBS workflow, relies on an additional chemical
step. This additional transformation appears to have a minor impact on library
quality, as the percentage retained reads decreased by 25% compared to the other
two readouts (Fig. S4A, red pie chart). We suggest that the observed loss might
either reflect an adverse effect of residual oxidant on the polymerase during
amplification or an increased probability for strand scission during the bisulfite
treatment.

Overall, our results demonstrate that neither oxidation nor bisulfite treatment

drastically decrease library quality, which supports the scalability of our approach.

Sequence context: Although Table S1 demonstrates robustness of all readout
methods, we will discuss the potential influence of sequence context on the reading
properties of cytosine species in this section. For this purpose, Fig. S4B-D depicts
base calls (Fig. S4B for standard sequencing) and conversion efficiencies (Fig.
S4C-D for bisulfite sequencing and the oxBS workflow respectively) of C, 5mC and
5hmC in the context of their adjacent nucleotides. From these plots it becomes
evident that a potential effect of neighboring positions is negligible. All cytosine
species are read >99% as C in standard sequencing. Canonical cytosine positions
convert consistently and with good efficiencies in the bisulfite sequencing readout,
while the modified bases remain unaltered. Lastly, in the oxBS workflow, C and
5hmC species behave as expected regardless of their sequence context while 5mC
does not convert. In total, we monitored the behavior of 5681 positions and did not
observe outliers. Consequently, our results unambiguously demonstrate the

robustness of all three readout methods.

Scalability: The number of reads required to reliably retrieve the information

encoded in a given template is crucial for assessing the scalability of our readout
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methods. Having initially obtained high coverage across all our experiments, we
randomly subsampled sequencing reads to mimic a data set that would be obtained
for larger, more diverse oligonucleotide libraries. Subsampling was performed one
hundred times with replacement, thus corresponding to the retrieval of 24.5 — 33.6
kB of information in our five experiments. Fig. S4E reports on the percentage of
correctly decoded information for a given sample size and Fig. S4 depicts the
corresponding error rate over all hundred iterations.

When randomly selecting only a single read per strand, message recovery was
possible at >96% for all reading methods (Fig. S4E). For standard sequencing, the
information was recovered error-free, when four strand pairs were sampled for the
portrait of Charles Darwin and six for the first stanza of The Raven. Bisulfite
sequencing selectively switched encoded bits at cytosine positions and eight read
pairs sufficed to recover the picture of Alan Turing without error over one hundred
iterations. For the second stanza of the poem and the information decoded by the
oxBS workflow, 10-fold coverage was sufficient to retrieve the information at an error
rate < 1 in 10° nucleotides or one bit over 100 iterations, while 15-fold coverage of
read pairs suffices to recover the information error-free in all our experiments (Fig.
S4F). Therefore, the three images totaling 5,955 bits can be reliably retrieved from
2520 reads (15x56x3). An lllumina Nextseg500 run produces 400 million reads at a
cost of £1,700, enabling the reading of up to 118 MB of data for £14.4 per megabyte.
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SUPPLEMENTARY FIGURES

A Once upon a rLz[m’gﬁt dreary... Ah, distinctly I ﬂnemﬁer it was...
I convert to binary I
...01101101011010010110010001101110... ...00100000011100100110010101101101...
L encode J
2 .. .AGTAGGAGATTCGACE\TTAATACATTATTGC . g
§ lsynthesis %—
90-, — AGTAGGAGATTCGACGATTAATACATTATTGC — E

llibrary preparation .
~—— o 7

B base pair N mean [%] o [%]
AlT 971 99.90 0.16

T/A 789 99.95 0.09

Cla 440 99.86 0.10

G/c 420 99.82 0.16

5mC/G 68 99.50 0.24

C base pair N mean [%] o [%]
AT 971 99.79 0.18

T/A 789 99.84 0.12

C/G 440 50.37 0.16

G/Cc 420 49.72 0.19

5mC/G 68 96.97 2.09

Figure S1: Two-layer encoding and reading of the first two stanzas of Edgar A. Poe’s The
Raven. A) Workflow for encoding and reading of the two first stanzas of Edgar A. Poe’s The Raven.
ASCII Text is converted into binary and translated into a nucleic acid sequence following the matrix
depicted in the “Protocol for multilayer encoding of data in DNA” section. Oligonucleotides are
synthesized harboring a barcode (BC) and a common primer binding site (PBS). Then, libraries are
prepared for next generation sequencing (see Methods for details), and stanzas 1 and 2 are
recovered from traditional sequencing and bisulfite sequencing. Results for sequencing B) and BS-
sequencing (C) of the poem-encoding oligonucleotide library. Results are presented as means and
standard deviations of correct reads in percent over all positions (N) in the library for a given base
pair. Note: In panel C, 50% correct reads for C/G and G/C base pairs indicates full conversion in the

bisulfite treatment.

15



NH,

Oxidation

R
z
A\
T

Reduction

NH, OH

-»j‘\’|
o7
M

Intensity (x10°)

oN A~ O oON b~ O oN ~O

I

_ PTATCTAGG TACGTAddAT

17.4

miz,,, 4962.83
miz,,, 4965.39 3
1654.09
.
1240.50

- PTATCTAGG5caCTACGTAddT
17.8

1000

T T T
1250 1500 1750
miz,,, 4976.81
1 miz,, 4979.17 &

1658.72

.

1244.07

T
2000

1
2250

- PTATCTAGGS5fCTACGTAdT
17.7

Intensity (x10°)

1000

T T T
1250 1500 1750
m/z, 4960.81

-1 m/z,, 4963.50 3
1653.49

i &

1240.08

T
2000

1
2250

- pPTATCTAGG5hmCTACGTAddT
17.4

6
4
2
0

T T T
1000 1250 1500 1750
_, miz, 4962.83

m/z,, 4965.35 3

T 1654.11
- 4

1240.60

T
2000

1
2250

1
10 15 20 25
Time (min)

T T T
1000 1250 1500 1750

m/z

T
2000

1
2250

Figure S2: LC/MS analysis for the selective oxidation of 5hmC to 5fC in a model
oligonucleotide. A) Base peak chromatogram and corresponding mass data obtained for a 5hmC
containing oligonucleotide (STEGS). The oligonucleotide is further modified with a 5’ phosphate and a
3’ dideoxy-T to prevent oxidation of the 5’- and 3’-hydroxyl groups. B) KRuO, (Cambridge Epigenetix,
UK, TrueMethyl solution) oxidation for 30 minutes at 40 °C leads to complete oxidation to 5caC. C) A
10-fold dilution of the KRuO, oxidation solution and a decrease of the incubation temperature to 0 °C,
enables a selective oxidation to 5fC. D) The oligonucleotide oxidized with the conditions from C was
subsequently reduced with NaBH, (50 mM) for 60 min in the dark, regenerating the original 5hmC.
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Figure S3: Proof-of-concept of four-layer encoding using 5fC as an independently variable
nucleotide. A) Addition of a further modified base, 5fC, enables encoding of four messages in a
single DNA template due to the ability to access a fourth state from the original input. B) The principle
of four-layer encoding with the inclusion of 5fC. Employing the same bit switching strategy as in
previous example, oxidative or reductive conditions prior to bisulfite treatment affect the cytosine
analogs’ susceptibility to conversion, and thus the encoded message. (C—F) Four-layer encoding
proof-of-concept. Shown is a 48 base pair region of an oligonucleotide, which encodes binary for the
ASCII text DARWIN (C), ENCODE (D), DECODE (E), and TURING (F) following standard, oxBS,

traditional bisulfite, and reductive bisulfite sequencing respectively.
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Figure S4: A) Library quality obtained for the different sequencing experiments in the manuscript.
Influence of neighboring nucleotides on the behavior of C (blue), 5mC (green) and 5hmC (red) in
standard sequencing B), bisulfite sequencing C) and the oxBS workflow (d). Numbers associated with
data points denote occurrence of the sequence in the original DNA templates. Percentage of correctly
decoded information E) and error rate F) with respect to the number of reads used in the analysis.

Error

rates < 1 in 10° not shown. Refer to the Supporting Discussion for details.
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Readout 1 Readout 2 Readout 3

base pair N
mean [%] O [%] mean [%)] 0 [%] mean [%] o [%]
AT 534 99.90 0.10 99.61 0.61 99.84 0.17
T/A 102 99.87 0.23 99.65 0.55 99.78 0.28
C/G 163 99.81 0.07 49.95 0.21 50.67 1.17
G/C 316 99.81 0.09 49.92 0.23 49.85 0.99
5mC/G 323 99.47 0.17 98.57 0.41 98.95 0.39
G/5mC 165 99.43 0.19 98.26 0.43 98.69 0.38
5hmC/G 271 99.83 0.06 52.04 1.14 99.39 0.39
G/5hmC 142 99.82 0.06 51.64 0.80 99.27 0.29

Table S1: Sequencing results for the picture-encoding DNA library (Fig. 3). Results are
presented as means and standard deviations of correct reads in percent over all positions (N) in the
library for a given base pair. Note, 50% correct reads for C/G and G/C base pairs indicates full
conversion for Readouts 2 and 3, and 50% correct reads for hmC/G and G/hmC base pairs indicates
full conversion for Readout 2.
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C/G & G/C 5mC/G & G/5mC 5hmC/G & G/5hmC AT &T/A
step errors/ N mean [%] 0 [%] errors /N mean [%] o [%)] errors /N mean [%] o [%] errors /N mean [%] 0 [%)]
Start 0/479 50.13 1.04 0/488 98.77 0.39 0/413 99.27 0.35 0/636 99.81 0.19
Ox1 0/479 49.75 0.41 0/488 98.08 0.47 0/413 56.00 3.16 0/636 99.70 0.30
Red1 0/479 49.61 1.36 0/488 98.78 0.50 0/413 97.00 1.51 0/636 99.78 0.28
Ox2 0/479 4978 0.41 0/488 98.13 0.54 0/413 55.97 2.85 0/636 99.69 0.32
Red2 0/479 49.57 2.30 0/488 98.37 0.82 0/413 83.95 4.1 0/636 99.71 0.48
Ox3 0/479 49.87 0.97 0/488 98.07 0.90 0/413 57.15 3.61 0/636 99.55 0.75
Red3 0/479 50.34 2.24 0/488 98.48 0.89 0/413 77.88 574 0/636 99.71 0.57
Ox3 0/479 49.83 0.80 0/488 97.92 1.20 0/413 55.98 4.50 0/636 99.38 1.04
Red3 8/479 49.08 3.68 0/488 98.13 1.54 0/413 74.92 5.69 0/636 99.60 0.76
Ox3 0/479 49.69 0.62 0/488 97.85 1.53 0/413 54.04 2.74 0/636 99.42 0.91
Red3 127479 49.63 4.33 0/488 98.13 2.05 20/413 73.04 9.77 0/636 99.67 0.87

Table S2 | Sequencing results and error rates for all bases throughout redox cycles mediated
by KRuO, and NaBH,; (Fig. 4D). Cytosines convert efficiently, and A’s, T’s, as well as 5mC’s are
retained, in all treatments. The 5hmC positions are either converted (following oxidation) or retained
(when reduced) during the cycles. Efficiency of 5hmC manipulation decreases over time, likely due to
the over-oxidation of 5hmC to 5caC, which cannot be reduced with NaBH,. Bits incorrectly assigned
during the analyses of the experiments are presented as errors / total number of bases (N). For the
reduction the treshhold for assigning bit switches was set to: %base C - %base T > 20% and %base
G - %base A > 20%, respectively.
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OLIGONUCLEOTIDE LIST

ODN Sequence (5' to 3'),5 =5mC, 6 = 5ShmC, 7 = 5fC length
STEG-1 CTA ATA CCA CTC ACT ATA CCC 21
STEG-2 CTA CCT ACT TAT TCC TCA CCC C 22
STEG-3 5TA ATA 55A 5T5 A5T ATA 555 18
STEG-4 55T A5T TAT T55 T5A 555 5 19
STEG-5 PTAT CTA GG6 TAC GTA ddT 16
BLACK- CTA ATA CCA CTC ACT ATA CCC AGC TGA CTC AGT TAG CAG CTG ACT CAG TTA 61
WHITE-1 GCA TAC ACT C
BLACK- CTA CCT ACT TAT TCC TCA CCC CAC GCT TAT CCG TGT ATA TTG TTA TTT CAT 77
WHITE-2 TAT GAG TGT ATG CTA ACT GAG TCA GC
BLACK- 5TA ATA 55A 5T5 A5T ATA 555 AGC TGA CTC AGT TAG CAG CTG ACT CAG TTA
WHITE- GCA TAC AST CAT AAT GAA ATA A5A ATA TA5 ACG GAT AAG CGT GGG GTG AGG 115
SHADE AAT AAG TAG GTA G
BLACK- 5TA ATA 55A 5T5 A5T ATA 555 AGC TGA CTC AGT TAG CAG CTG ACT CAG TTA
WHITE- GCA TA6 A6T CAT AAT G55 ATA AC5 AGA TA6 5CG GAT A5G 6GG GGG GTG AGG 112
COLOR-1 AAT AAG TAG G
BLACK- 55T AS5T TAT T55 T5A 555 556 GCG TAT 66G GGT AT5 TGG TTA TGG 6AT TAT
WHITE- GAG TGT ATG CTA ACT GAG TCA GCT GCT AAC TGA GTC AGC TGG GTA TAG TGA 112
COLOR-2 GTG GTA TTA G
DARWIN-

ENCODE- 55T AS5T TAT T55 T5A 555 5G7 ACT TAT CGG 7TT ATA 55G CTA TGA TT7 TAT
6GG GGT ATG TAT GTA TAG TCA GCT GCT AAC TGA GTC AGC TGG GTA TAG TGA 112
DECODE- GTG GTA TTA G
TURING-1
DARWIN-
ENCODE- 5TA ATA 55A 5T5 A5T ATA 555 AGC TGA CTC AGT TAG CAG CTG ACT ATA 5AT
A6A TA5 6C6 GAT AGA AT7 ATA GCG GTA TAA GC5 GAT AAG TGC GGG GTG AGG 112
DECODE- AAT AAG TAG G
TURING-2
A5A 5A5 ATA TA5 GGG TAT TAT GG5 AGT ACC GGA GTA AG5 GAC TAA CAA ATT
RAVEN-1 GCG ATA TTT AAC CAT TCG TGG ATT ATG GCA CTA CCC AAT TAA ACT ACT CAC 139
AAA TTA TTA GAT TCT AAT GGG GTG AGG AAT AAG TAG G
A5A 5A5 T5A GTA AG5 AAT GAT GGC AGT AG5 AGA TTC AGT GAT TAG CAC ATT
RAVEN-2 GCT ACA CTA ACA CAT TAC TAC ATT GAA TAA TTA ATA TAT TCA ACG AGT GAS5 139
GAA TTG TAA TAC TCG TAA GGG GTG AGG AAT AAG TAG G
A5A 5A5 TTA ATA A5A AAT TTA TTT ATT AGA ACA TTC GAC TAG TAG G5A ATT
RAVEN-3 ACG ATA CTA CCC AAG CAG 5AG ACT CAC AAA TTG CAA AAT TAG TGT AGT AGG 139
G5A TTA AGC AAT TAC TAG GGG GTG AGG AAT AAG TAG G
A5A S5AT A5A TTG ACG CAT TAA GAT ATT ACG CCA ATA GG5 AAC GAA CAA ATT
RAVEN-4 GAT GTA TTA AGC TAT TAA CAT ATT ATC GTA CTA AAC AAT TAA CAT ATT CGG 139
TAA GTC CGC CAA GAC ACA GGG GTG AGG AAT AAG TAG G
A5A 5AT ATA TGG 5GG TAT TAC TCG ATT AAC AGA GTG A5G AAT TGG CAT ACT
RAVEN-5 AGG ACA CCA GAT CAT CAT GGG 5GT GAG G5A TTC AGC TAT TGA CGC ACT CAA 139
5AA TTA GGA TAT TCA ACG GGG GTG AGG AAT AAG TAG G
A5A S5AT T5A TTA GGG CAT TTG CAG ACT AAC ACA GTA A5A GAC TAA CAA ATT
RAVEN-6 TCA ATA TTG CGA TAT TAC CCG ATT AGC CTA GTA GGG 5AT TGA TAC ACT ACC 139
ACA TTA AAC GAT TAG TGC GGG GTG AGG AAT AAG TAG G
A5A S5AT TTA TTC AGC AAA TAA 5AA ATT CAC TTA TTT AGC GAT TGC CTC ATT
RAVEN-7 CGC ATA TTA GTT TAT TGC GAG ATT TAC GGA ATA A5A AAT TGC GGC ATT CGT 139
GGA TTC GGC CAG TG5 GAG GGG GTG AGG AAT AAG TAG G
A5A 5T5 A5A TTA GTC TAT TAC GAG ACT ACC CCA TTC GGT TAT TCA TGA AAT
RAVEN-8 AA5 AAA TTC ATG CAT TCG GGG 5TT GCC TCA TTA CTT GAG T5G GGG S5TT TAT 139
AAA TTG CGA AAT TAA TAT GGG GTG AGG AAT AAG TAG G
A5A 5T5 ATA GTA GGG 5AC TAA CCA ATT ATT AAA TTA TTT TAT TGC CTC ATT
RAVEN-9 CAG CGA ATA CCC AA5 GAT GCG ACA AGC GCA TCG AGG TAT TAG CCC ATT AGC 139
ATA TTC GGC AAT TAC TAG GGG GTG AGG AAT AAG TAG G
A5A 5T5 T5A CTC CAA CAG CAG A5G ACG ACA ACA GTA GGG 5AT TCG TTT ATT
RAVEN-10 ACG ACA TTC AGC CAT TAC GAG ATT AAT ACA CTA GTA AAA TAA A5A ATT CGT 139
GAA TTA CGA GAT TAA CAT GGG GTG AGG AAT AAG TAG G
A5A 5TT A5A GTG A5G AAT TAT TAC ATT GTC CTA CTC AAC AAT TCG GTA ATT
RAVEN-11 ACC CTA TTT ACC CAG TTC ACC AGT AGA 5GA GTA TTG CAG TA5 GGG ACT CGT 139
CAA CTA AAA CAT TGC AGT GGG GTG AGG AAT AAG TAG G
A5A 5T5 TTA TTG CTC GAT TAC TAA ATT CCG ACA GTA AG5 GAT GAT GGC AGT
RAVEN-12 AGG 5AA TTG TAA GAC TAA AAC ATT GAT AAA GTA GA5 AAT TCA GCT ATT GCC 139
TCA TTC ATA TAC TAA CCC GGG GTG AGG AAT AAG TAG G
A5A S5TT ATA TTA CAG GAT TCA CAG AGT AGG 5GA TTC ATA GAC TAC CCC AGT
RAVEN-13 AA5 AGA CTA AAC AAT TGC TCC ATT CAA CGA TTT AAC AAT TGC CCC ATT CGC 139
CTA GGA TGT AAT GAA TTG GGG GTG AGG AAT AAG TAG G
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RAVEN-14

A5A
CTG
CTA

5TT
GTA
ATA

T5A
GTA
AAS5

CTC
5GG
AAT

GGC
AAC
TCG

AAC
TAA
GTT

CAT
ACA
GGG

CTC
ATT
GTG

ATC
GCC
AGG

ACC
TTA
AAT

ATA
TTA
AAG

GTG
TTT
TAG

A5G
TAT

GAC
TAT

TAC
GCT

CAC
ATT

ATT
CAG

139

RAVEN-15

A5A
CGG
CTA

5TT
TCA
TTG

TTA
TTG
CCC

TTC
ATA
CAT

GTG
CAG
TTA

CAT
TAG
ACA

TCA
G5A
GGG

GCG
ATT
GTG

ACT
GTC
AGG

CTA
AAT

CCA
CTA
AAG

TTA
ACC
TAG

ATG
AAG

TAT
TGA

TAA
5GA

GAT
ATT

ATT
CAA

139

RAVEN-16

A5A
GA5
TTA

TAS5
GAA
ATA

A5A
TTC
A5A

TTC
AAC
AAT

GAC
TAT
TAA

GAT
TGC
CCG

TAT
CccC
GGG

TTC
ATT
GTG

ATT
TAA
AGG

CAT
CAA
AAT

TTA
TTC
AAG

ATA
GAC
TAG

GG5
GAT

TAT

TAC
TTC

CAC
ATT

AGT
CAT

139

RAVEN-17

A5A
AAC
GAA

TAS5
GTA
CGA

ATA
GTA
CCA

TTG
G5A
AAT

CTC
AAT
TAA

CAC
TAC
TAC

TCA
CAG
GGG

ACA
ATT
GTG

AGT
ATT
AGG

AGG
CTA
AAT

5GA
TTC
AAG

TTT
AAT
TAG

GCA
CAT

GAC
TCA

TAC
TAG

AGT

ATT
GA5

139

RAVEN-18

A5A
ACC

TAS5
GCA
TTG

T5A
AGA
CAG

TTA
C5C
GAT

TTT
AAC
TAG

GAT
GAA
TGT

TAT
TTG
GGG

TTT
ATC
GTG

ATT
GCT
AGG

TAA
CcCcAa
AAT

TAA
TTC
AAG

CTA
GAC
TAG

GTG
GAG

CAA
TGA

CAG
5GG

AG5
ACT

AAT
CAC

139

RAVEN-19

A5A
GA5
GCA

TAT
GGA
CTA

A5A
TTA
ACA

GTA
GAA
AAT

GG5
TAT
CAT

GAT
TGC
AAT

TCA
TCA
GGG

GCG
ATT
GTG

ACT
AAT
AGG

AGA
AAT

ACA
GTG
AAG

TTT
A5G
TAG

AGT
AAC

AAT
TCG

TAG
GTA

CAT
ACT

AGT

139

RAVEN-20

A5A
AAG
TCA

TT5
ATA
TTG

A5A
TTG
CGA

CTA
CAG
AAT

CAT
TAC

CAT
TAA
CCT

TAT
TAG
GGG

TCG
ATT
GTG

ATT
AAT
AGG

TAT
ACA
AAT

AGA
CTA
AAG

GTG
TTC
TAG

AG5

AAT

TGC
A5A

TAC
ACT

ATT
CAC

139

RAVEN-21

A5A
AA5
CCA

TAS5

GTA

TTA
TTA
A5G

TTG

GAT

Ccca
TAT
TAT

CAG
TGC
CCA

TGA
TCA
GGG

A5A
ACT
GTG

ATT
AAC
AGG

CGC
CCAa
AAT

AGA
TTA
AAG

TTA
GTA
TAG

TGG
TAT

AAT
TGT

TAA
CAG

TGT
ACT

AAT
CAA

139

RAVEN-22

A5A
AAC
ATA

TAT
ACA

ATA
TTA
T5T

TTA
CTC
AAT

AAT
AAT

TAT
TAT
TTG

TAT
TTT
GGG

TAT
ATT
GTG

ATT
CGG
AGG

AAC
TGA
AAT

GCA
TTG
AAG

GTA
ACG
TAG

AG5
CAA

GAT
TAA

GGC
A5A

CGA
AAT

ACT
ATT

139

RAVEN-23

A5A
CGA
ACA

TT5
cca
ATA

ATA
TTC
A5A

TTA
GAC
AAT

GGG
TAG
TAG

CAT
TGA
TTA

TAT
5GG
GGG

TAC
ACT
GTG

ATT
ACA
AGG

GGC

AAT

ATA
TTA
AAG

CTA
ACA
TAG

CCA
TAT

AAT
TCG

TGA
GTA

TAC
ATT

ATT
AAT

139

RAVEN-24

A5A
AAT
TAA

TAT
GTA
ATA

T5A
CTC
A5G

TTA
AAC

TTT
AAT
TAA

TAT
TAT
5AA

TTA
TAT
GGG

GCA
ATT
GTG

AGT
ATT
AGG

AGA
TTA
AAT

5AA
TTT
AAG

TTA
AAT
TAG

GCA
AAT

TAT
TAA

TCG
TAT

TTA
AAT

ATT
ATT

139

DFT-1

5AA

5AA
GTA

5AA
A6A

AA5
6AG

CA5
GC5

AG6
G5G

65G
GAG

GGG
A56

AG6
6AA

G55
GA

AAS5

CGG

GCA

GCG

GA6

GGG

GA5

80

DFT-2

CTT
CGC

GGG
TC5

TCT
6CG

C5G
GG5

CGG
TGT

CCT
GGT

GTG
TTT

TTA
GTT

5TT
GTT

GGT
TA

566

CGT

CCG

5TG

5C5

GGT

TGG

80

DFT-3

6C5

G5T
GAA

56G
GGG

G5G
G5G

G5G
G65

A6A
AAT

GGG
55G

G66
6AA

GAG
A55

AC5
GA

ACG

CGA

GG5

GGG

AAC

TG5

GC6

80

DFT-4

CGG
T5T

TTT
CGG

GCG
CCé6

GAT
CTG

TGG
TCG

65G
56G

655
C5G

CTT
GAG

6GG
5TT

GGG
TA

CG5

AGT

T55

CG6

6T5

G5G

TGG

80

DFT-5

AA5
A55

AAG
65G

TC6
56A

GG6
56C

GCT

GGT

6AG
CA5

56G
5C6

GGG
AGA

ACC
CA

AAG

66A

G56

55C

GG5

A5G

6GA

80

DFT-6

GT6
TC6

TGG
C6G

GGT
G6T

GAC
GTT

CTT
TAG

TGG
6G5

GTG
6GG

G6G
A5T

GGG
TGT

TT5
TA

GCG

TGC

5GG

GGG

6TG

GCT

TGG

80

DFT-7

AAG
GA6

T5A
6A5

TAA
G5A

66A
65G

55G
C5A

GT5
AGA

66G
GGG

6G6
TAG

6AA
T65

GT5
CA

TG6

5A5

GGG

GGG

T55

A6G

G5T

80

DFT-8

GGG
CTT

ACT
GGC

A66
G6G

5TC
GGA

TTG
6CG

G5G
GTG

GTG
GTT

6GT
ATG

GGT
A5T

5AG
TA

C6G

TGG

AC5

5CC

6GT

GG5

AGA

80

DFT-9

A5A
6GG

TAT
AC5

GAA
G5G

GAA
A56

65T
ACG

565
A5A

AG6
G66

GTG
A5G

GAG
66G

AC5
6A

CAA

GAA

CGC

A66

G5C

G5G

A5C

80

DFT-10

G5G
T5T

G6G
cca

TGG
6G6

CTG
TGG

T6G
GAG

TGG
GTT

TCG
CTT

CGG
5AT

T5C
ATG

GGG
TA

TCG

CGG

CGG

TGC

GTT

CTT

GGG

80

DFT-11

A5G
A5G

GGT
5AG

AAG
AGA

656
CAG

6AG
A6G

5G5
A5G

C5A
G65

C6G
6AG

A5G
5AC

CTA
CA

AAG

C6G

56G

AG5

AAT

A6G

A5A

80

DFT-12

GGT
G6G

G5T
T5G

GGG
GTG

6CG
GGC

TCG
GCT

T6T
GGG

GT6
G6T

TCT
TAS5

G5G
55G

TTG
TA

TCG

TAT

TGC

TCG

G6G

GCT

TTA

80

DFT-13

A5T
G5A

T5G
6GC

GAA
5CA

ACT
AGG

5AG
AGA

CGA
65A

AAG
G5A

56G
GA6

65G
A5A

GGA
GA

ATG

GC5

GC5

G6G

65A

GC6

80
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DFT-14 CTG TGT 5TG 5TG GTG TC6 TTG GGC GTG 6GG 5TG GCG 5GG 6TT TGG 55A TTC 80
) C5G GCG G6T TTC GCT GAG TTT 55G AAG TA

DFT-15 AGA GTT GAG 6AC 6GA 5TA 6GA GAA 6CA T66 GA6 5AA G5G A66 5GC GAA GGA 80
) 5A5 CG6 5GA GA5 5G5 GA6 ACG CGG 6GG AA

DFT-16 TC5 GCC GCG TGT CG6 GGT 5T6 GGC GGT GTC 5TT 5G5 GGG TCG CTT GGT CGG 80
) ATG GTT 6TC GTA GT6 GGT G5T 5AA 5T5 TA

DET-17 AGG AAG G5C A6G ACG AA6 55T AA6 AAC GGG 5AG AAA CA5 G6A GAG 65G A55 80
) 6CA AGG ATG G6G 55C 5AA GGG 65G G6A 5A

DFT-18 GTG CCG G55 CTT GGG G5G CCA T6C TTG GGG TCG GCT CTG 5GT GTT T5T G6C 80
) CGT TGT TAG GGT TCG TCG TGG 55T T55 TA

DFT-19 AGT A55 AAG 5GG GGA 66T GC6 GGG 66A 5AT 6GG AAG 656 GTA G6G A55 6G6 80
) 5GG AA5 6AG G66 G5C CCG AGA AC6 C5T 5A

DET-20 GAG GGG TTC T5G GGG CGG 66T GGT T5C GGC GGG T5G CTA CGG GCT T6C GAT 80
) GTG GCC 6GG CAG GTC 56C G6T TGG TA5 TA

DFT-21 AT5 55T A66 AGG A6A AAG AC5 G6G AAA ACG GGA GGG 555 5GA GTT G6A ACG 80
) 5GA GG5 6AC 6GA AT5 GG6 AAA G66 G6G GA

DFT-22 55G 6GG 6TT TG6 6GA TTC GGT GG5 CTC G6G TTG CAA 5TC GGG G5C CT5 C6G 80
) TTT TCG 5GG T5T TTG T66 TGG TAG GGA TA

DFT-23 ATG GTG 55G G5A 655 GAA GA5 G5A 6TG G6T 5G6 A5G GG6 C5A AG6 5AG 6GA 80
) 65G TGG G5A GGG 6TG TGA AA5 TGG GGT AA

DET-24 TAC CC6 AGT TT6 ACA GC5 6TG CCC A6G GTC G6T GGC TTG GGC C6G TG5 GAG 80
) C5A GTG 6GT 5TT CGG GTG C6G G5A 55A TA

DFT-25 5A5 55T TA6 6GA A5A GCC GGT 5AG A6G AGA 5GG G66 A5C TAG 5TA G6A GG5 80
) 5TG AGA AG6 AC5 A5T A5G GGG 66C GG5 TA

DET-26 AG6 5GG GCC CCG TAG TGG TGC TT6 T5A GG6 CTG CTA G6T AGG TGG CC6 GTC 80
) T6G TCT GA5 6GG CTG TTC GGT AAG GGT GA

DET-27 5AG AA5 AGC AG5 5T6 A6A GTG 55T 656 GGG TGA C5G T5G GGG 5C6 6GT AGG 80
) GC5 CAG GA6 AG5 G55 G56 GGG 656 AAG AA

DFT-28 TCT TGG G66 5GG 5GG CGC TGT 66T GGG C5C TAC GGG GCC CCG A6G GT5 AC6 80
) CGG GAG GCA 5TG TGA GGC TG6 TGT T5T GA

DET-29 55A TT5 5TT 6TG AAG AGG AA6 G5C GT5 56A 6GG 55C ACT C6G 5GC A6A GGG 80
) T5A GCA CA5 G6C AGA G6A 5GA 5CG ACG AA

DET-30 T5G TCG GT6 GTG 5TC TGG 6GT GTG 6TG A55 CTG TGC G6G GAG TGG GCC GTG 80
) GGA 5GG 6GT TC5 T6T TCA GAA GGA ATG GA

DFT-31 55T 5AA A6A G5T G6T 5AA 665 G5A ATG 6AG ATT A5G 6AA G5C 5G5 GTA AAT 80
) C5A 55A CGA G5G GC6 AGG GA6 565 GAC 6A

DFT-32 GGT 6GG GGT 6C5 TGG C6G 6TC GTG GTG GAT TTA 5GC GGG CTT GCG TAA T6T 80
) GCA TTG 5GG GTT GAG CAG 5TG TTT GAG GA

DFT-34 GTG TT5 G55 C6T CC5 CTG 5TG G5G GGC GGT GGG GT6 TGG GAC CCG T65 C6G 80
) TGT ATG G5G 6TT GTT 6CG GC6 T5G AT5 GA

DFT-35 5TA GGT 5GG ACG C6A GGT GCC 5AC G6G GGA 556 GG5 T6A AAA TAG GGG 6C5 80
) GG5 A65 5C6 GG5 65T AA5 T5G GAC ACG GA

DET-36 5CG TGT CCG AGT TAG GGC CGG GGG TG6 CGG G6C 66T ATT TTG AGC CGG GT5 80
) C6G CGT GGG CAC 6TG G5G TCC GA5 5TA GA

DFT-37 5TG G5T AGG ATG G5G G6G AGG 6A5 G5G GA6 CGA AA6 ACA GG6 GA5 G56 G6G 80
) A5A AT6 GGC AAG GG5 556 GAG 6GG 6G5 GA

DFT-38 CGC G5C G6T 5GG GG5 5CT TG5 5GA TTG TCG 5GG CGT CGC CTG TGT TTC GGT 80
) 56G CGT GC6 T6G CCG 55A TCC TAG 55A GA
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GA5

AG5

A6G

A6G

5A5

C6G

G65

GAC

GG6

A66

55G

T6G

GG5

5GG

66A

6AG

ACC

DFT-39 5TG G65 5A5 GAA AGG AA5 CGA 665 55C GA 80
DET-40 5GG GGG GT5 GGT TC6 TTT 5GT GGG 5CA GGG T6T GTG G5C GGC 55G A6G GGG 80
) TG6 5GT CGG C5G GGT GCG T6G TG5 TGT 5A
DFT-4] GAG GGA TAA G5C GAA AAA CAG 6C5 AAA 65T TGG AA6 TC6 G66 AGG AGA CAS5 80
) GAG GG5 C5G GGG AC5 G56 A6A 5GA GGA CA
DFT-42 GT5 CTC GTG TGG CGG TCC C5G GG5 CCT CGT GT5 T6C TGG 6GG AGT T65 AAG 80
) GTT TGG GCT GTT TTT CGG CTT AT5 55T 5A
DFT-43 G5A AT5 556 GGA GC5 ACG GGG 56G GGA ACG GAA AG5 GA6 AGG 5TA 5CG AAS5 80
) 5G5 AA6 GGG GAA AG5 65G 6GA 55A T5A GA
DFT-44 CTG ATG GTC G5G GGC TTT C56 CGT TG5 GGT TCG GTA GCC TGT 5G5 TTT C5G 80
) TT5 CCG G6C C5G TGG 6TC CGG GGA TTG 5A
DFT-45 G5G 5TT TA5 5GG GAA ACA GGC GA5 AAG AG6 55A GC6 G65 AGT GGA 656 GGA 80
) G65 A5G GAA TG6 ATA GGT CAA GGA GCA AA
DFT-46 TTG CTC CTT GAC CTA TG6 ATT CCG TGG CT6 5GG GT5 5A6 TGG CGG 6TG GG5 80
) T5T TGT CG5 CTG TTT 5CC GGT AAA G5G 5A
DET-47 GGA 55T TCG GAG CAA 6AA GAC 5CG AA5 5GG 6GG A5A CAG AAA 5G6 A6A GG5 80
) GTA CA6 6GA 556 G6A 5AG G6G GA5 A55 GA
DFT-48 CGG TGT 5CG C6T GTG 5GG GT6 GGT GTA CGC CTG TGC GTT T5T GTG TCC GC5 80
GGT TCG GGT 6TT GTT G6T C5G AAG GT5 5A
DET-49 GGG ATT G6A 6CG A6A 6GG 5GG A66 AAG A56 5GA AA6 GGG C5A AAA AT6 555 80
AAA ACG TGC CAA 5CC GAA A5A 5C5 AGG GA
DET-50 5C5 TGG GTG TTT 5GG GTT GG5 A6G TTT TGG GGA TTT TTG GCC 6GT TT5 GGG 80
T6T TGG T56 GCC GTG T5G GTG 5AA T55 5A
DFT-51 GGT G5T A6G A6C 6GG GG6 CCA AGG GGG 5C5 5GG G6G 6AA AAG 556 CAA AAA 80
) GG6 GG5 AAA AG5 CAT 5AA AAT G5C T6A AA
DFT-52 TTG AGG 6AT TTT GAT GG5 TTT TGC CG6 5TT TTT GGG G5T TTT G6G C65 GGG 80
) GC5 CCC TTG GG5 CC6 GGG T6G TAG 5A5 5A
DFT-53 GT5 GTA TA5 T5C GAA 5AA 5GA GGT 5AA 5AG 6AG GAA 5A6 G6G ATA 5C5 AGA 80
) GAT 6AC CGG GG6 C6C 6GG AA6 6C6 5GA 5A
DFT-54 GTC GGG GGT TC6 GGG GGC CCC GGT GAT CTC TGG GTA T5G 5GT GTT 6CT G5T 80
) GTT GA5 CT5 GTT GTT 5GG AGT ATA 5GA 5A
DFT-55 GTT G55 AG6 665 6AA 5GA 6AA G5G GGG GGT 5AG AAG AAG ATA 5T5 55G G5T 80
) 5AA AGG AGG TAG TTT GAA CCT TAG CTA GA
DFT-56 CTA GCT AAG GTT CAA ACT ACC TCC TTT GAG 55G GGA GTA T5T TCT T5T GA5 80
) C6C CCG 6TT GTC GTT GGG GGC TGG 5AA 5A

SUPPORTING REFERENCES

(1]
(2]
(3]

A. S. Schroder, et al., Angew. Chem. Int. Ed. 2014, 53, 315-318.

P. Elias, IEEFE Trans. Inf. Theory 1975, 21, 194-203.
a) G. M. Church, Y. Gao, S. Kosuri, Science 2012, 337, 1628; b) N. Goldman, et al., Nature 2013, 494,

77-80.
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SUPPORTING DATA

Herein we provide the sequencing results together with the analysis of the following

experiments:

The Raven (1st stanza, Readout 1)

The Raven (2nd stanza, Readout 2)

Portrait of DARWIN (Readout 1)

Portrait of FRANKLIN (Readout 2)

Portrait of TURING (Readout 3

Redox cycle (S1, one oxidation / no reduction steps, FRANKLIN)
Redox cycle (S0, one oxidation / one reduction steps, TURING)

Summary of all redox cycles

p27
p53
p79
p109
p139
p169
p195
p229
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Once upon a midnight dreary, while I pondered, weak and weary,
Over many a quaint and curious volume of forgotten lore —
‘While I nodded, nearly napping, suddenly there came a tapping,
As of some one gently rapping, rapping at my chamber door.
“’Tis some visiter,” I muttered, “tapping at my chamber door —

Only this and nothing more.”

THE RAVEN
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% base

% base

HE ABRT OCIOG
o _|
[ee]
o _|
o

Position in message
HE ABRT OCMEG
— oXo AAAXoXXoXAA oAXo ADNoAXo oA Ao Xoo  gooXXA AoXoXXXoo o XX TAXAAo XXo XAA 0o Xo coXXoopo0 Xo X o o0o0o0XXoXXolAoXX XooX
o _|
[ee]
o _|
<
o - RARBXXXARALKAKRKBREXARBEXKBEXAREXEXRBARRERRBALAXBKBARALAL KRB ERALBKAKKKALRAXXBEBARBEBRRLLAREKRLRB SRR BRKRALRLALRXRLLRL KRS
0 20 40 60 80 100

Position in message

0100111101101110011000110110010100100000011101010111000001101111011011100010000001100001001000000110110101101001

Once upon a mi
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% base

% base

80
|

40
|

~ BABTOCOG

Position in message

HE ABRT OC m G

—] ocAXooA o0 XAoXAA T ocAXo AT o0lhAo XX olAXAoXXohA o oXXA Xo o0 Xoo 0 o0XXo Xo oXXANooXooXXooXoXoXX oo ADAolAXAo DAooXXAXooXo X AXoo
o _|
[ee]
o _|
<
o - Xx&&%xx&&&x&&xXK&X&Xxﬂxx%.‘h&ﬂ&x.‘:XK.‘&&&XK&K&.‘L&XK&Xﬂ&&&&x&%&&&&&&&x&&&&X&&&X&A&&X&&.‘LX&.‘:KK&KX&X&x&&x.’k&.‘}u‘hT.‘:.’%&’..‘:&K.‘:Kx.“u:ﬁ.’%

0 20 40 60 80 100

Position in message

0110010001101110011010010110011101101000011101000010000001100100011100100110010101100001011100100111100100101100

dnight dreary,
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% base

% base

_ mABTOCOG - -
o _|
[ee]
o _|
<
o -

Position in message
HEABRT OCMEG

— 00Xo00 000XXXoXXXoXXohAoo oXX Ao XoAXoAA oo0XXo AoXo Xo 0o 0A o0lhAo X 0o 000XXA 0000XXoAXAXoAXoAAA oXXoolA o00XXo  XoA
o _|
[ee]
o _|
<
o - KRARRBRERRDADKADDKDARX KR BB LD B K RBAKKAKKKBRRALAARBXRARBOAR BB RR KB ER KR BABRBERRRALADLKBRRRRALRXOKARKDAR XXX ERADL R BRRADLELRX

-

0 20 40 60 80 100

Position in message

0010000001110111011010000110100101101100011001010010000001001001001000000111000001101111011011100110010001100101

while | ponde
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% base

% base

HE ABRT OCIOG
o _|
[ee]
o _|
o

Position in message
HE ABRT OCMEG
— o XXAo A - o0XXoolAoXoXXo A coXoAN oo DNoo opoo0oXXAoXAXoXXoolAh XoXXoo oXoXXoX AXo Xooo ooXXoo oXoXX AAXoolAX A ocolo oo

o _|
[ee]
o _|
<
o - RALAKBBXBRALRREXRBARALRBXBBREALARKKBERBXRRBRREALAKBAKARAA RN BARAARRERARALRAB XA RB AR R BB R LA BB BR R L0 B XA KR 3 40 B8 3 B B0 0 X R B R

0 20 40 60 80 100
Position in message
0111001001100101011001000010110000100000011101110110010101100001011010110010000001100001011011100110010000100000

red, weak and
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% base

% base

HE ABRT OCIOG
o _|
[ee]
o _|
o

Position in message
HEABRT OCMEG
—] o XAA AAXo XXo X AoXXoo o0lDoAXAo DAooXXAA T oXo XolAlho o 0 Ao X oX o XAAA T TAXAo AA "o XX oA XoXXAo A0 X oo oo0XXoAAoXoXX oo A

o _|
[ee]
o _|
<
o - RAXKEXKARLALKBABKRALLRBEXBEXAXREXERAAXKBRARKARX KB EREEEXRABRABRAN KK E AR XK EKAL BRI BLRAL X BB BREARRRERRAL RN RAR L RRRBX

0 20 40 60 80 100

Position in message

0111011101100101011000010111001001111001001011000000101001001111011101100110010101110010001000000110110101100001

weary,

Over ma
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% base

% base

40 80
L1 |

NN A YA

Position in message

HE ABRT OC Bm G

—] o XXo AAA T o XXXA " o0lAo Xoo o0 oAXoo olAo Xoo gooXXX o0o0oXoXXA AoXoXXo Ao XXoA XoAX o AAA o0 XXAoXo o Xo 0 oXXooo Ao XXoAXA
o _|
[ee]
o _|
<
o - ROAABKKXBEALLXBEXREARRBLEEXARLER XK BARRBEREREALARRRARAAX BN KARLALLBBBXRALRXBBARK ALK K BLALAKRARBRBLLBBRARLAARR LB RLALXAXE
0 20 40 60 80 100

Position in message

0110111001111001001000000110000100100000011100010111010101100001011010010110111001110100001000000110000101101110

ny a quaint an
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% base

% base

~ mBABTOCOG
o _|
[ee]
o _|
o -

Position in message
HEABRT OCMEG

— oXX oAToooXoo 000XX o XXoXXXoA AoXXA X0 XX A To0X0oXX0oAXXXo XXA Aol Ao XXXo AlooXoo o000 XXA AN o XX AXAA XX AA o AXA Ao A
o _|
[ee]
o _|
<
o — KOLBRXBERRLARREBBERADBBEADRDDDR KB BODLAKBBABBALBKBRADARADRKDADALARDLKB YR KBALD KB R KRR DRI B R BB AL W E XN BB L DB KN N R LB K K BBR KL X B XA X

0 20 40 60 80 100

Position in message

0110010000100000011000110111010101110010011010010110111101110101011100110010000001110110011011110110110001110101

d curious volu
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% base

% base

O Cc O G

_ H A BT _
o _|
[ee]
o _|
<
o -

Position in message
HE ABRT OCMEG

— o XXoAX XoXXo AolAo  Xo o XX AAXXoXX oXAoooXoo oo00XX oXA oXX AAANTXXA X0 XXo XXAoAX AAAA "XXXoXoooXXA AoooXXooXoX
o _|
[ee]
o _|
<
o - RADBKABARDL BB KB X RBDREEEBERADEYKADRDALBRRARKRBBBEARRBRRRALB RO ERLALBX XX XK&&X&K.‘:K&A&&&&&T&X&KK XX XK&&&&&K&&&&TKX&X&&&X&.‘:XA

-

0 20 40 60 80 100

Position in message

0110110101100101001000000110111101100110001000000110011001101111011100100110011101101111011101000111010001100101

me of forgotte
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% base

% base

HE ABRT OCIOG _
o _|
[ee]
o _|
o

Position in message
HEABRT OCMEG
— o AX o AAAN o Xoo 00 XXoXXooo0oXXoXXXXoXXA X0 XX oA AooXo oo ADAoXA Ao oolA A oX AolAAXo XXl o XXoAToXoXX AA o00XXo XoA
o _|
[ee]
o _|
<
o - AXARXKKBEBARREBRRLAARKDLD KRR LD RDADDA KD X BEARRLLABRRE B RRAR BB RR BN RO BB BRRXBEKERALARKRAKARALAL R BB ERADRXBRARLAD B XK BRRADRELRX
0 20 40 60 80 100

Position in message

0110111000100000011011000110111101110010011001010010000000101101000010100101011101101000011010010110110001100101

n lore —
While
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% base

% base

80
|

40
|

~ BABTOCOG

Position in message

HE ABRT OC Bm G

— o-X oo oA To0lAo Ao Ao 0o 0AXoAAA T o XX AXXXoXXo Ao 0oXX oA oXXo AolAoXXooXo o XoAXooooXopo 00XX AXAocooXXo AolAoXXoo oX
o _|
[ee]
o _|
<
o - RKELBBRRBREXBBEXREXRBXRBBERBRKARX XK BRLAL B DAL RLLA KB R BRAD BB X BBRDLLARB R RALLRRKARBRBLRX LR BB RAR KR BRRLADBXAXBRLLR B BEXRLLRRARD

0 20 40 60 80 100

Position in message

0010000001001001001000000110111001101111011001000110010001100101011001000010110000100000011011100110010101100001

| nodded, nea
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% base

% base

~ - mANTOCOG
o _|
[ee]
o _|
o -

Position in message
HEABRT OCMEG

— 0o AXAo Ao oXXoXXo oXXAX Xo X 00 00XX AAXooXXo X o XXXo o AXX o 0o AXoAo DolAXoXXATolAXo AADo X AX oo Xoooo oXXA o0AX
o _|
[ee]
o _|
<
o - Xx&xxxxx&&&&&&x&&&&XAKE&XK&KXXK&X.‘%&KXX&XX&&X&K&&&&&&&K&K&X&?K&K&&X&Xx&&x&x.‘L&.‘ﬁ.‘:xﬂ&x.‘:&xxXX&K&KK&K&X&&&X%&K%&&XK&X-‘t

L 1

0 20 40 60 80 100

Position in message

0111001001101100011110010010000001101110011000010111000001110000011010010110111001100111001011000010000001110011

rly napping, s
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% base

H A B

LRI

80
|

40
|
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Position in message

HE ABRT OC ®m G

—] o XXA X AoXXo XoooXX Ao ToAXoo A Ao XDo XBAA  ocAXoAATooXXAXocolhAo Xoooo oXXDoXooolAXolAo oo0XX ol XoXXA X o XX 0oXoXo  Xo o
o _|
[ee]
o _|
<
o - ROLXBLABXRKLADLRBLRKKRDADL BB X KBRKARRXBKBAX RO KBRENXARKKBRRAL KDL R NXRBOLARRERBER LA KARR R XA RN RBRRLLBRXBARALKBBOARRLL R RO RAR B R R BB

0 20 40 60 80 100

Position in message

0111010101100100011001000110010101101110011011000111100100100000011101000110100001100101011100100110010100100000

uddenly there
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% base

80
|

40
|
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Position in message

HE ABT OC ®m G

— o XXo 0ADoXX 0o 0D AXoAA Ao XX 0oXolhAo Xo oAXoo o0lAo Xooo o0o0oXXA X o XX 00 AoXXXoo o0o0XXA o XX A XoAANo XAXo o XAo o XXA
o _|
[ee]
o _|
<
o - ROLKBEX XKLL B BB X R AR N BEXBALBRARKBBLRBBB BN ARRBREXRKBELR R R BRRDLAKBLBBRLL BB RDLLLARRBRRLAX KB BBRADBXBBLARKKBAXDARRLXBRALX
0 20 40 60 80 100

Position in message

0110001101100001011011010110010100100000011000010010000001110100011000010111000001110000011010010110111001100111

came a tapping
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% base

% base

HE ABRT OCIOG
o _|
[ee]
o _|
o

Position in message
HE ABRT OCMEG
—] o X AAT oo o X--X-—+0oX-+o o Xo AXAo ~Alo Xo o o XX XAAXoAXo AlAoo Xooo oo0XXA XXoXXoXXXXoXXoXA XoXX oA T"XooXooo 00XX AAXX

o _|
[ee]
o _|
<
o - REABXXBRRBBEARABRABREBRALRKAXREXXRBARBERBRALRAXKARKAREX X BERBARREERRALXBEALRALRALLL RO RO BLRAL KRN BARRARRRERR LSRN XL

0 20 40 60 80 100
Position in message

0010110000001010010000010111001100100000011011110110011000100000011100110110111101101101011001010010000001101111

As of some o
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% base

% base

_ mABTOCIOG ~
o _|
[ee]
o _|
o -

Position in message
HEABRT OCMEG

—] o XX AXA o XX oA Ao Xooo o XXo0oo0oXAXoXXo0o0lhAgXoXX AAX oXXAoXo o0AXoAAT 00 XXAX Xo [ Xoo o0 AXAo AooXX oo XoXXA o XXXoo o
o _|
[ee]
o _|
<
o — ROAABKAXBEALBKEXBXREARRREEBREALRLAXAKAL BRI RARAL B KARKAAK KL L BB AKX BERRAAK LKA RBL LR BBRE N AKREXERALKRRRAKAAXKBKBBRLAL LR R

0 20 40 60 80 100

Position in message

0110111001100101001000000110011101100101011011100111010001101100011110010010000001110010011000010111000001110000

ne gently rapp
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% base

% base

~ mABTOCOG
o _|
[ee]
o _|
o -

Position in message
HE ABRT OCMEG

— o XX Ao Ao XXoXXX 0oXX T 0oXXXooXolAA o000 Xo o o0 AXAo Aoo XX oo XoXXA o XXXoo 00XX Ao AoXXoxXX oXX oXXXooXoo oooXXoo A
o _|
[ee]
o _|
<
o - ROAABKBEXBALRALABRALABRAAARRAR X KER LR LARBRBREEX AN KEXRRALBRR AR AL X BBBBR AL R K BR R BB BN R AL R BR A D BOR AN AN L0 R0 0 20 0 0 3 0 0 4 0 O O XX

0 20 40 60 80 100

Position in message

0110100101101110011001110010110000100000011100100110000101110000011100000110100101101110011001110010000001100001

ing, rapping a

44
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% base

_ mEABTOCIOG -
o _|
[ee]
o _|
o -

Position in message
HE ABRT OCMNEG

— o X XA X 0 X 00 00 AXoc AATAoXXXA 0lo Xo  opgooXXoo AXoAXoA oo0oo0oXXo 0 Ao XXo XX XoXX ocoX oXX oXolAoAXAo Aoo Ao ocooXXooXo
o _|
[ee]
o _|
<
o - RALAKBARBREBABRERBREEXARKXEXKALAXBEXRBARBERREALREEXARKAEKEKLERALARBEEXKALRALBRLRALBRRRABRRLLBRRAR X RN AN KEX KRB N RBBRRRR L LR LR

0 20 40 60 80 100

Position in message

0111010000100000011011010111100100100000011000110110100001100001011011010110001001100101011100100010000001100100

t my chamber d
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% base

_ mABTOCOG -
o _|
[ee]
o _|
o -

Position in message
HE ABRT OCMEG

—] o XXoXXXAoXXoXXXXoXXXooXoo XoAXA oo olAoA o0o0Xo A oolo 00 AooXXAoX A X o XX Ao AoclAXAo AlDo X o oooXXA o0lAAocXXolAXAX
o _|
[ee]
o _|
<
o — lK.AH.‘:X.‘:.‘:.‘:X&&A&&&&&K&&?X&&X%K&Xx-AuXK:ﬁ’.lﬁﬁlﬁ’.XKxK&&&Xﬁ&xﬂ&&x&&xﬁ&&ﬂx&&&&x&&&x&&&ﬁ&ﬁ&ﬂx%&x&x&x&xxX&K&K&K&&X&&X&&XX.‘%.‘L.‘E‘.‘%X.‘:X.‘h

0 20 40 60 80 100

Position in message

0110111101101111011100100010111000001010001000100010000000100111010101000110100101110011001000000111001101101111

oor.

"'Tis so
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% base

% base

HE ABRT OCDOG
o _|
[ee]
o _|
<
o

Position in message
HE ABRT OC®EG
— o AXo AA Ao XX o0l Ao Xoooo oXXXolAXooXXoA o XolAXAo [ADoXXolAocoXoXXA "X ocoXXooXolAoAXAo [Aoo X AAXoo XooolA o Xoo o0oo00o0X o0XooX

o _|
[ee]
o _|
<
o BXARKXBXRALBREXBXRBARRERBRALARKARRALARXBRARKAKBEX K BALAEXBRARAAXBARRKRALRRAR X R XA XKEX KRB XARKELRK RN BRB AR RBRRR BB RR L

0 20 40 60 80 100
Position in message

0110110101100101001000000111011001101001011100110110100101110100011001010111001000101110001000100010000001001001

me visiter." |
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% base

~ mBABTOCOG
o _|
[ee]
o _|
o -

Position in message
HE ABRT OCMEG

—] 0o Xo0o000 0XXoXX AoXXXoXocAoAXAo AT 0o XXA Xo oXXoolAoXoXXATolA oXXooXolAoXXooXo o XoXX oo0o0Xopo 00 X o X oXXA AoooXXo X
o _|
[ee]
o _|
<
o - REARRRRBRALKALBXRADLRKARKBEXAXBXBERAAKBARBEALREXBARAAXBEXEBRAARRARXKALRRARBEBARALBRRRRARK KB R KB RREABRAL BN KRR LR B BB L

0 20 40 60 80 100

Position in message

0010000001101101011101010111010001110100011001010111001001100101011001000010110000100000001000100111010001100001

muttered, "ta
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% base

% base

HE ABRT OCIOG
o _|
[ee]
o _|
o -

Position in message
HEABRT OCMEG
— o X XA o 0 AXAoo 0o XX A o0lAoXXoXAAooXXooXAXooXoo o0oo0o0XXooooXoXXA X oo Xoo o XXoAXoXoXXAX olAo X oo o AXoo AAo XXo X )
o _|
[ee]
o _|
<
o — ROLXBBRBRIXAKBRBERRLAL BN BEXBLALRAXKBRLALRRAXK AR BEARKRBRRRKALALR BB RARDAKBLABRRBOLR K EBBRALL R LKL RLAXDERXREL BB R BRI AR R EXXRLLRLBER
0 20 40 60 80 100

Position in message

0111000001110000011010010110111001100111001000000110000101110100001000000110110101111001001000000110001101101000

pping at my ch
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% base

~ mBABTOCOG
o _|
[ee]
o _|
<
o -

Position in message
HEABRT OCMEG

— o XXoo0oo00XoXXoXXoXoXXoo AToAXooA Ao XAA Aoo " Xoo o o0XXo X o0ooXXoXXXXoXX AAXAoXXAo "TATo0o0Xoopoo0o o0oo0o0oXoXXoXooooX XooXooXXXA
o _|
[ee]
o _|
<
o - ROAKRBRKRARDARDARDLRKDARKREXBREKARR KB KA XBEXRRBARRERERDAARBOABRRALAARDADDDAR LD B Y KA RADKBEKERRARKKEBERREARADLRARRRERARLRKRARRLLAX

0 20 40 60 80 100

Position in message

0110000101101101011000100110010101110010001000000110010001101111011011110111001000100000001011010000101001001111

amber door —
@]
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% base

HE ABRT OCIOG _
o _|
[ee]
o _|
<
o

Position in message
HEABRT OCMEG
— o XX o AAA "0 XXoXXo oXXAA T oXo Xo 000 XXAoXo oXX Ao o XX Ao " XoAXAo AlAo Xo ocoooXXoo o0XoXX AAXooXXooXo ooXoo oo0o0oXXoAXXo

o _|
[ee]
o _|
<
o - RALALRXX XK&&A.’K.‘:&XK&&.‘:T XEKARBARBBREKLALKKLRBRAL BN KBBRALBNRBARKAXREXKRBARBRERRRALAARRBRARALBYKXARRAARRARBRERARRE LR RALRXALR

0 20 40 60 80 100
Position in message

0110111001101100011110010010000001110100011010000110100101110011001000000110000101101110011001000010000001101110

nly this and n
51



% base

% base

~ B ABTOCOG
o _|
[ee]
o _|
<
O —

Position in message
HE ABRT OCMEG

— o XXoXXXXoXXXoA 00AXohAo oo XXoAT0XoXX AXXooXXooXAXo X 00 00XXoXXoXo0oXXoXXXXoXXXooXooXXooXoXooXoXXXoooXoo AoooXoo 0o
o _|
[ee]
o _|
<
o — RADRKDDDDKLADD KK BREX AR BERRLADRXBRLARDDE KDL RRLADR BRI DR BB R R BERRLALARDLRDRDDRALDDRDDDRRARRBADRROLARLREARDDD KRR LR R E KRR KL RRERL

I
0 20 40 60 80 100

Position in message

0110111101110100011010000110100101101110011001110010000001101101011011110111001001100101001011100010001000100000

othing more."
52



BS data

— 9/ouWg
._. — 9/9

— 9/0

base pair

— V/L

100 —

_ _ _ _ _
o o @) o (@)
s3] O < N

o9Se(q 9y

53



Ah, distinctly I remember it was in the bleak December;

And each separate dying ember wrought its ghost upon the floor.
Eagerly I wished the morrow; — vainly I had sought to borrow
From my books surcease of sorrow — sorrow for the lost Lenore —
For the rare and radiant maiden whom the angels name Lenore —

Nameless here for evermore.

THE RAVEN

54



% base

% base

80

40

80

40

Position in message

HE ABRT OC m G

Xo XXo X o Xo o Xoo o Xoo oo00XX oXoXXXo o o XX X o XXo X o Xo ocoXXooo Xo X o o0ooXXoXXo oXX XooX

ALA AL PN XXAA A A A X X AxA XX XA AL AAX X XXX X X X X -\ X

0

xaxxxxXA&&A&AXxxxx&xAAxx&xa&&xxxxAA&xAkxxAAxAx&A&A&A&&AA&&&?xaxxx&&xaxxAxA&&AAAx&A&xxxAA&AAAxAxxxaafﬁﬁxxxA&Aaxx&
REETE e e

20 40 60 80 100

Position in message

0100000101101000001011000010000001100100011010010111001101110100011010010110111001100011011101000110110001111001

Ah, distinctly

55



% base

% base

80

40

80

40

[T THTR

Position in message

HE ABRT OC m G

0

o Xoo ocoX oX o Xo o oXX o X oXXo o oXX Xo o Xoo o oXXo Xo o0XX ooXooXXooXoXoXX oo o X o oo XX XooXo X Xo o

A A A  AAx A A A X A A AxX X Ax X X X X X X A X XA A A A A X XA

AEXARBXERREAXBAXXARXARXEKREXRKALARXAXKALKX A&élk&.‘:.‘: XAAKARAARKARARLAKALRAKRAAXRKAREALRKARARANARKAX KX AXKEX XXﬁaﬁ.TA‘x&AS{A.‘:A X AR
e B

20 40 60 80 100

Position in message

0010000001001001001000000111001001100101011011010110010101101101011000100110010101110010001000000110100101110100

| remember it
56



% base

% base

80

40

80

40

= BT OCAO

Position in message

HE ABRT OC ®m G

0

oco0Xo0o . 000XXXoXXXoXXo o0 oXX o Xo Xo oo XXo oXo Xo oo o o o X o o0oo00XX ocooooXXo X Xo Xo o XXo o oo XXo Xo

A % XA x A AA XA X XXX AX A A X X X Ax A A A AAA Ax X A

KRARKEKRZRRALAKALDARLARXREARALAXKALRXARXKERRKAARAXKARALKALARRKXARXEXXRALARARRRLAXARKRKALRXAXARXS &XXXA&“A&&XA&&“ SRA LR X

20 40 60 80 100

Position in message

0010000001110111011000010111001100100000011010010110111000100000011101000110100001100101001000000110001001101100

was in the bl
57



% base

% base

HE ABRT OCIDOG

o _|
[ee]
o _|
<
o -
Position in message
HE ABRT OC®EG

— o XX o oXXoo oXoXXo ooXo oo 00 pooXX oX XoXXoo XoXXoo oXoXXoX Xo Xooo ooXXoo oXoXX Xoo X oo o o o
o _|
[e0]
o A xXAX A XAXX AA XA X A A Ax X XA X X X XAA A XXAXX A X X
F
o - ROAAXKAXOARDARRXRKARKDLARAXAARRKARX XK&&AX&&A&&&&.‘:XS{.‘.&X&&&&&&XA&&&&&&A&A&&&K&AX&&A&&X&A&&&&&KA&&&&&AXX&&&X::?AXAAK&XKA&A&

- 01 0
0 20 40 60 80 100

Position in message

0110010101100001011010110010000001000100011001010110001101100101011011010110001001100101011100100011101100001010
eak December;
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% base

% base

HE ABRT OC m G

— o X XoXXo X oXXoo o o X o oo XX oXo Xo o o o oX oX oX X o o XX o Xo XX o o X oo ooXXo oXoXX oo

o _|

[e0]

o AA AA X XA X A A A A AAX X AA X XX A X X ALA A A AA X AX A XAX X X AN X XA
S

X
o — BAXXEXXABALRALAXBALRRARXEXAXKEXBEAAXXKARLARALARX XEARAALXELARLAZAX XX BEXAX KX xﬁx.ﬂu.ﬂuA&xA.‘l:&.ﬂ...‘:x&AxA&A&A&&A&&.‘:.‘:&x XBHLBADARRKAX
A

0 20 40 60 80 100
Position in message
0100000101101110011001000010000001100101011000010110001101101000001000000111001101100101011100000110000101110010

And each separ
59



% base

% base

80

40

80

40

- - mEABTOCIOG

Position in message

Inlul ol

o XXo

o XXX o o Xoo o o Xoo!o o Xoo poooXXX o0o0XoXX o XoXXo o XXo Xo Xo o XX oXo o Xo o oXXooo o XXo X

AAAX AxX A X X X A A X X X AxXA XX XA AXX A AAA A X X XX X XA A AX

0

20 40 60 80 100

Position in message

0110000101110100011001010010000001100100011110010110100101101110011001110010000001100101011011010110001001100101

ate dying embe
60



% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

HE ABT OC ®m G

0

o XX o ocoooXoo--000XX o XXoXXXo o XX X o XX oXoXXo XXXoXX o o XXXo coXoo o000XX o XX X o XX o X °

X AX X X AXA AXX X XAX A AXH A XAOA AxAALX XA AA XAAXX A A A A

20 40 60 80 100

Position in message

0111001000100000011101110111001001101111011101010110011101101000011101000010000001101001011101000111001100100000

r wrought its
61



% base

% base

HE ABRT OCIDOG

o _|
[ee]
o _|
<
o -
Position in message
HE ABRT OC®EG

— o XXo X XoXXo o o Xo o XX XXoXX oX o0oo0Xoo o0o00XX oX o X X XX X oXXo XX o X XXXo XoooXX ooo0oXXooXoX
o _|
[ee]
o A x XA A X  XXXX XAA P X  Ax XAAAA AxX X x A A AAAA AxA
F
o — ROAKXADDLKDARAXKXKAARADAARLAAX X.‘:.‘L:ﬁ.‘:.‘:ﬁs&.‘:X&&&.‘L&KK&X&.‘:&A&AXA&.‘:.‘:?X XX XK.‘H:XAA.‘:A&.‘:.‘L&A.‘:.‘ETXX.‘:AX XX Xé.‘:.‘:::&.‘:&&&.‘:::TAX&X%.‘:.‘:&&A&.‘:

1 T
0 20 40 60 80 100

Position in message

0110011101101000011011110111001101110100001000000111010101110000011011110110111000100000011101000110100001100101

ghost upon the
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% base

% base

80

40

80

40

Position in message

HE ABRT OC ®m G

A ALA X XX AXX X X AXAH XXX A AXA X AXAX XA AA AXXX AX XAAX X A

Xo o Xoo 00 XXoXXoooXXoXXXXo XX X oXX o oo Xo oo o X o oo o X o Xo XXo o XXo o Xo XX ooXXo Xo

0

20 40 60 80 100

Position in message

0010000001100110011011000110111101101111011100100010111000001010010001010110000101100111011001010111001001101100

floor.
Eagerl

63



% base

% base

80

40

80

40

0111100100100000010010010010000001110111011010010111001101101000011001010110010000100000011101000110100001100101

Position in message

HE ABT OC m G

0

o X oo o o o o o oo o Xo o XX XX Xo XXo o oXX o oXXo o oXXooXo o Xo XooooXooo o0o0XX X oo0oXXo o oXXoo oX

X XX X Ax A A XA X X A AAA XA XA X X AXX XA A X X A XA A XA A X

X
RAAAARKARXARXKEXKAXRKARKARXARX XX KKLLAX .Au.Au.‘l::%.‘:.‘L&A XEARLAAKXAARLARAXKXBALRRALARAKALEXLARRRKRARKKARRALLAXAX X&.ﬂu.‘}.élkﬁxx AXKALLKRARL
e

20 40 60 80 100

Position in message

y | wished the
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% base

% base

80

o _|
=
o —
Position in message
HE ABTOCBEG

— o X o oo XXoXXo oXX X Xo X oo oo0oXX XooXXo Xo XXXo o XX o o Xo o o Xo XX o Xo o X X oo Xoooo oXX o X
o _|
o0}
o A A A X A XX X X X XAA XXX XXX A X XX A A A A Ax A AAA X XA x X X Ax A
S
o xx::xxxx&xm:xm:xzsxm:T::AA::&A&A&&A&&A&AXx.Auxm:.ﬂuxAAA.ﬂ..x.Au.ﬂ...ﬂuxAAAxx::.?A&AAxx&xxxéxxx:m.ﬂu::leuﬁx.Auxéxxxx.A.‘:Ax::A&&A::x&&xA&A&xA&x.A..

— e
0 20 40 60 80 100

Position in message

0010000001101101011011110111001001110010011011110111011100111011001000000010110100100000011101100110000101101001

morrow; — vai
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% base

% base

Position in message

HE ABT OC m G

0o0XX Xoo o Xoooo oXX oXooo Xo o ooXX o

Xo XX X oXX oXoXo Xoo

— o XX X oXXo XoooXX o o Xoo oX oX o Xo
o _|
[ee]
o Ax XA X XXA X A A A A Abx A AA A A X x A A A X Ax AXX X X X XXX
S
o — .ﬁ.‘t.‘:xA&Ax&&&xA&%&&&&zlkAx&A%X.‘:x.’ﬂixxx&.‘:x&.‘;x xtlk:%x.‘:.‘ﬁx XE&&..‘:.A“x&xxx&&::x&&&ﬁsx.‘:.‘:x&..‘:xx:ﬁ’.x::5?.xxéx&&&A&xA&&.‘:.‘:XAA.‘:A.*&.‘:?\&&&.‘:XA.‘:S{&AAA
0 20 40 60 80 100

Position in message

0110111001101100011110010010000001001001001000000110100001100001011001000010000001110011011011110111010101100111

nly I had soug

66



% base

% base

80

o _|
=
O —
Position in message
HE ABTOCBEG

— oXXo o oXX o o o Xo o XX oXo o Xo o Xoolo o Xooo o0o0XX X oXX oo o XXXoo o00XX o XX X o o X X X o0 XX
o o0
S -
o X AA X X A A  AA A X A % XXXX A A X X AX XX X XA X Ax XXX XAXX  AA o A A
F A

x XA

o — RALBAORXKRADLALARXKEXKARKXEXRKADLARARXRALKAAAARXLARRERI XK KALRRRARRKAAXALDARALLDRRAXRLADLALARKARRALXKDAAARALAXDALRIX XKL  DAXALIXKEALX

0 20

40

60 80 100

Position in message

0110100001110100001000000111010001101111001000000110001001101111011100100111001001101111011101110000101001000110

ht to borrow
F

67



% base

% base

80

40

80

40

= A

dhl | b1 TR

Position in message

HE ABT OC m G

o X oo oX X oX o oXo X o o Xo o oXX X Xo Xo oo Xooo oo0XX XXoXXoXXXXoXXo X Xo XX o XooXooo o0o0XX XX

X XAAX XX X X X XX A A AA X XX X X AA A AA X X AXX Ax X AX XAA

0

RALAXXARKAARAALARLARAAL LK XAX KK x&A.AuxAAmlm.ﬂu.AuA::x XARX AKX X x&&&&&x&ﬁs&x&&xAA&&&.‘:A&&A&.TH&&A&AXA&&.‘:&A.*XA.‘:&&&&&KK&&.‘:&AX X
T T I

20 40 60 80 100

Position in message

0111001001101111011011010010000001101101011110010010000001100010011011110110111101101011011100110010000001110011

rom my books s
68



% base

% base

80

o _|
<
O —
Position in message
HE ABTOCBEG

— o XX X o XX o o Xooo o XXooX XoXXoo oXoXX X oXX oXo o Xo oo XX X Xo Xoo oo X o oo XX oo XoXX o XXXoo o
o _|
[e0]
o XA AX X AXA X XX A A XAA X A X A AA A XX X XX A A A X X AXXXX X
S
o — x.ﬂu.ﬂqu.‘.:xA&&AA&XAX&A&&&&AA&.‘:&&&.‘LX.‘:x&.‘:&:ﬁxﬂ.? AALAXXLARLALAXKALARARXALKX x?ﬁ&;ﬁ.ﬂu.‘:x&AA&&A&&&AA&&X.‘:x&ﬁx&.ﬁ.‘:.‘:A&&A.‘:&.‘:.‘:XAAAA;%.‘:.AH:L&.&A;%

0 20 40 60 80 100

Position in message

0111010101110010011000110110010101100001011100110110010100100000011011110110011000100000011100110110111101110010

urcease of sor
69



% base

% base

Position in message

HE ABRT OC Bm G

o XXXoo o00XX o 0o XXoxXX oXX oXXXocoXoo oo0oo0oXXoo

— o XX o o XXoXXX oXX oXXXooXo oooXo o o X o o0o0XX oo XoXX
o _|
[e0]
o XA XA X X AL XX X A A A X X AXXXX X XA XA X X XXA
IF
o - RADLAXKAXKRALBRDMDDARDLADRADLLRRALARX XK&&X&KAA&?&X&X%KX&&&&A&&A&&&&XAAAA&&&&&&A%&A&AX.%AX5{.‘};.‘L&A.u.‘E‘A:ﬁ’..‘:&A&&&&&S{A&&é&&&&&%&AAX
0 20 40 60 80 100

Position in message

0111001001101111011101110010000000101101001000000111001101101111011100100111001001101111011101110010000001100110

row — sorrow f
70



% base

% base

80

40

80

40

Position in message

HE ABRT OC m G

o XX

X o X oo oo Xo o XXX o o Xo o0go00XXoo Xo Xo oooXXo o oXXoXX XoXX o0oX oXX oXo o X o oo o oooXXooXo

AX XX X X X A AA A Ax A x X XA A A XX A X X X X A A A A XA xXX X

0

20 40 60 80 100

Position in message

0110111101110010001000000111010001101000011001010010000001101100011011110111001101110100001000000100110001100101

or the lost Le
71



% base

% base

HE ABRT OCIDOG

o _|
oo
o _|
=
O —
Position in message
HE ABTOCBEG

— 0o XXo XXX oXXoXXXXoXXXooXoo Xo X oo o o oo Xo oo o oo oo XX oX X o XX o o X o o X o o0o00XX o o XXo X X
o _|
o0}
o A X A AX X A b XXAX A X X XA A XAX XX XA XA A A AA X X X AX AL A A
S
o lSﬁ.ﬂ..‘:x.ﬁ..‘:.‘:xx.Au.A..&.I:&&&x:a&:rx&::x&au:xx.AuxA&&A&x:%xK&&.‘:&AAxA&&x&A&A&&Ax&&:L.‘:xx.‘:AxA.‘:AA&A.‘:AxxAxxx.‘:xxﬁxx.ﬂ‘.A.@.A&A&&&.‘}..‘}.TAs{xx&.‘:&&x.‘:x.‘a

T 71
0 20 40 60 80 100

Position in message

0110111001101111011100100110010100100000001011010000101001000110011011110111001000100000011101000110100001100101

nore —

For the
72



% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HE ABRT OC ®m G

Xo o XX o o Xoooo oXXXo XooXXo oXo X o oXXo o00XoXX X ooXXooXo o X o oo X Xoo Xooo o Xoo o0o0o0oX oXooX
A AA A X AxXA X X A Ax A A AA A AX X A A A A X XAA X AX X X X
BXARXKXEXKALARXAXKAARRREARALARXAKKAARXARARXAXKEX X RAAKXKRAKAAXALAARRALRRARXBXAXKEXKRKALAXXAKKAARKRAXAKALKRARKRAARARKA
0 20 40 60 80 100

Position in message

0010000001110010011000010111001001100101001000000110000101101110011001000010000001110010011000010110010001101001

rare and radi
73



% base

% base

80

40

80

40

| 1L i

Position in message

HE ABT OC Bm G

0

o Xoooo oXXoXX oXXXoXo o X o oo XX Xo oXXoo oXoXX o oXXooXo o0XXooXo o XoXX oooXooo 00 X o X oXX ocooXXo X

X X XA A A A A AX X A AX AX A X X X X X X X AXA XXX

RALKRRKARALRADAXKLLARARXEXAXRXERKLAXALRARKLARRXRARDAXARXARKALARRARX 3{.‘:&%&A&A&A.‘L&.‘:AA&&&A&K&K%&AAA&A&A&A.‘:>|<Ax RRRALLKLAAL

20 40 60 80 100

Position in message

0110000101101110011101000010000001101101011000010110100101100100011001010110111000100000011101110110100001101111

ant maiden who
74



% base

% base

HE ABRT OCIDOG

o _|
[ee]
o _|
<
o -
Position in message
HE ABRT OC®EG

— o XX o o X oo o00XX o o XXoX oc0o0XXooX XooXoo o0o0o0XXooooXoXX X oo Xoo oXXo XoXoXX X o o X oo o Xoo
o _|
[e0]
o AXX X A A XAX A AL & Ax X X XXX A A X A X X XX A
F
o — K&&x&A&A&X.‘;X&&K&&&&?XA&X&&&%::XX&&.‘E‘.‘:&X&X?X&&&KK&K&&&&&&%::&&&TA&A&&A::&&A&A&&&&X&&&&&&XAA&X&A.‘:A&&AA&X.‘L:ﬁ’.:ﬁéxX%&.‘E‘%.“HAA%

EE— E—

0 20 40 60 80 100

Position in message

0110110100100000011101000110100001100101001000000110000101101110011001110110010101101100011100110010000001101110

m the angels n
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% base

% base

80

40

80

40

Position in message

HE ABRT OC ®m G

0

o XXoo0o00XoXXoXXoXoXXoo

o Xoo o X oo Xoo o oXXo X o00oXXoXXXXoXX X oXX o coXooo o0o0oXoXXoXooooX XooXooXXX

XAX A A A  AAxXxL X X X X X XAA A A XAX A

RALKRBRRBARLALRAARARLLRREAXARXKARREXEXRAXXKAAXRKREAARRKARARALRALARRKALALRALALRLLAX x.uux;sm.‘:x;smx?xx&xxxéxxxaxa.Aux.ﬂuxxxm:ﬁ.ﬂuxx.exxmmx
AALLL A A AR AR A AR RRL

20

40 60 80 100

Position in message

0110000101101101011001010010000001001100011001010110111001101111011100100110010100100000001011010000101001001110

ame Lenore —
N

76



% base

% base

80
|

o _|
<
o -
Position in message
HE ABRT OC®EG

— o XXo oXXoXXo oXX oXo Xo ocooo0oXX oXg oXX o o XX o Xo X o o Xo ooooXXoo oXoXX XooXXooXo ooXoo oooXXo XXo
o _|
[ee]
o AAAX X AAX X XX A X XA XX XA X A A AA X X X XAA
F
o — RALRXX XA.‘Q’..‘:.‘:K.‘:.‘:XA&::.‘:T XA&&&A.‘:&AA&&&.‘:::X&::&?&&.‘:AX&AA&&&AX&A.‘&&X.‘Dl(:ﬁ)ﬂx XBALRAOARRBBADLRRARALARLLAX X::&&&Ah&&&&A&&&&&é&&&&&&X.‘:.‘:X

0 20 40 60 80

Position in message

0110000101101101011001010110110001100101011100110111001100100000011010000110010101110010011001010010000001100110

ameless here f

77




% base

% base

O CcC O G

o _|
[ee]
o _|
<
O —
Position in message
HE ABRT OC®EG

— o XXoXXXXoXXXo oo Xo o--00XXo o Xo XX XXooXXooX Xo X 00 o00XXoXXoXoXXoXXXXoXXXooXooXXooXoXooXoXXXoooXoo ocooXoo oo
o _|
[ee]
o Ax A A Ax XA A x x X A
F
o — l%&&x%&&&x.‘:.u.‘:xx&&.ﬁx ARXBERRALDRXARLRLDAXDLRRDAALARBAXDRALDRRAOARRBAARDDRARADRDDALADRD DD RBARRD LR RL :ﬁ“&x.ux.‘:.‘:.‘:x&x“&&éx&&XAx.ﬁﬁxx

S B
0 20 40 60 80 100

Position in message

0110111101110010001000000110010101110110011001010111001001101101011011110111001001100101001011100010000000100000

or evermaore.
78



seq_data

_ _ _
o o o
0 O <

100 —

aseq %

_
o
N

o

oWys/9
O/oWysg
QWsg/9
O/OWS
/9

9/0

V/L

1N

79

base pair



80



% base

% base

80

40

80

40

|| |||| .I|i | |[] CE] ii |||Ij|||||||I| ||j| |||

Position in message

o o o o ) o A VANWANVANVANETRAN A o o AN A o A AN A o

xxxxxasxxxxxxmxxxxxxxxxxx&xasxx;r&xxxxxxmxarxxxxaxxx.e&xx&xxxxxxxxxxxxxxxmxxx

10 20 30 40 50 60 70

Position in message

000000000100011110101000000111001011001111000001100000011001011010000001

81




% base

% base

80

40

80

40

T HEET

Position in message

HE ABRT OC ®m G

A A ANA VANIE) o AN AN AA Ao A o o A Ao AA N A A o o X A A AN o o AAANAD A A o o X A o o o A

mxxxxxxx:xmxxxxxmxxxxxxxxxxxxxarxxxxxxxx.a;rxxxxxxxxxxxxxx&xxxxx&ﬁxxxmx&xxxx
SxERRRBXAE

10 20 30 40 50 60 70

Position in message

011011010001111001010000010101101110001101000001001111011000010010000001

82




% base

% base

80

40

80

40

H A BRT O

|CDGI| | m

Position in message

AA A X o o o o A AN A A A o o o A o A AA ° A o o A o o o o AA X ° o Ao

BB X X B X B OA KRR BOR X KB X X X X R OE OB KR X B R X KRB KR X XBE R KX X KR KK B K XK B R KRB RRR X XD R RK KRB RX KR

10 20 30 40 50 60 70

Position in message

001101010000010011110000010001000001100010100000010000000001110000000100
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% base

% base

80

40

80

40

T LT e

Position in message

H A B
AA ° A X A o o A o A oo Ao AANA X o AX

°o o ° AN A X A A o o A X X A o AN A AN A

T OC m G
X =

xx&xxxxxxaxxmxxxxxxxxaxaxxxxmfxxxxxaxxxxxxxaxxmxxxxxxxxxxxxxxxxxxaxxaxxx
- 1

10 20 30 40 50 60 70

Position in message

000000011100010100001101100001111111000011011000001000010000101111011000

84




% base

% base

80

40

80

40

T

Position in message

o o Ao o X o A A X AN A o Ao o o Ao o A °

BB X R BB OB LB OB K K X B X A X XK X BB BB R R XK BB X B R K K X BB XK XK B BB X X KB K X B X R KB KB X R B R XK KRB XA XK

10 20 30 40 50 60 70

Position in message

001000010000101111010000001000100001001010000110001010000010001000010010

85




% base

% base

80

40

80

40

| | | | I -A|- | | |

Position in message

o A o A A ° A o A X o o o A JAN ° o o A o Ao Ao o Ao A o AA o A °

BOX BB OB OB OB X B X R KB K BB X KK X B DR KR XB B X KB X R XK KR D KK XK KRR K X B R X R X KB R X KB XK X XB KRR XK RKR

10 20 30 40 50 60 70

Position in message

010000010100000010010100010010010100010010000010010100010010011000010000

86




% base

% base

80

40

80

40

AITEICiG | I

Position in message

© o o X o A AN o o o A A ANA DN o o XA A o o o A A A o A o o AN A o ) o A o A o ) o A

&&&K&K&XKK&&XK&KKK&Txx:%:k.“uxX&K&&&xKKXKX&K&XKKXK&&XKK&&&Xx&&&ﬁx&xx&x&&&xxx

10 20 30 40 50 60 70

Position in message

000010010100010010011100111000001001010001001000100000110000001001000001

87




% base

% base

80

40

80

40

[EIT AL T

Position in message

o A ° A o X o AN o Ao o o X AN o o o A AN o A ° o A AN o Ao AN AN o ° A ANA AN Ao

.’%xKx&&x:ﬁx.ﬂu:ﬁlkx:ﬁx&&Aﬂ&&&&x&&&&&xKX:%ISKKXKX.*&XX&K&K&xﬁxx&x&&xx&x&&&&xﬂxXKTX&

10 20 30 40 50 60 70

Position in message

010000100100101000001001000001010000101001100000100101000101000010110110

88



% base

% base

80

40

80

40

| | I I]:I]]A -I]I:I | I:I|G I I I

Position in message

A ) [ ° o o A A o X AA A o o ANAA AA o

B OB KB X BB X KKK KK LR R B R KB X X X KR X KRR B R B XK R X R X B K XK K KB B R R X XR L X XBE XK KB B R K XX XE B XXE KK

10 20 30 40 50 60 70

Position in message

000010010000010000001110010000001001010010000000110111010000001110011000

89




% base

% base

80

40

80

40

||{}||| ||“| | |I||r | I[ | |||| || ||I|I|

Position in message

o A AN A o o o ATA A A o Ao o X

T OC m G
&~ T A

o A JANWANYNIANE) X A AN A o o X AN o o A A

R X K X X X X K B KL X B A XX X K ERXERDL KX XRERXEERKXALRKXBEXRKEKKREXKEKXXRERXEKKERX XX EEX K KEXREXKRXHBKKALRK

10 20 30 40 50 60 70

Position in message

010111100011001110000010110010001101010000100110000011001000010100000010

90




% base

% base

80

40

80

40

IA-TEICI:IIG | |

Position in message

o A Ao o o o Ao A A o o o o NAN AN o AAA ° A AN o AA o Ao o X ANA o o o A JAN AA

BB R X X R KKK R KR KK X B X R R R KB XX XRE XXX EKE KK XX LD XK B XK XX KKK KK B XKL R X XB KRR XK XK XX

10 20 30 40 50 60 70

Position in message

000110000010001010000011101110000101111000010101100000100101100001001011

91




% base

% base

80

40

80

40

|| |||III____|II| || || | .IIII|[:I CI|E] G|| || |I |l|l|“||l.|| ||I|

Position in message

HEABRTOCNEG
=

ANA o AN o o A o A ° X A A X A o JANANAY o o A ) A o A X A LN A o N AA X A X A o o o X DA DNAD X o

xxxxxxxxxx.ﬁxxxxxxx.ﬂuxxx&xxxxxxxxxxxx:xxxxxxxxxxxx&xTxxxxxxx&x.?uxxxxx.ﬂuxxxfﬂx

10 20 30 40 50 60 70

Position in message

011000001001001000111010100011100000100010100011111001110111100001111110

92



% base

% base

80

40

80

40

HE ABRT O C O

I LT

Position in message

X A o A o o A ° ° X o N AN A A ANAN X

— &&&x&&xlﬁxﬂﬂxX&K&x:ﬁ’.ﬁx:ﬁx&xxXX&K&Kﬂ&&xk&}{xﬁ&;&xXKK.‘LX&X&XX&&KK&K&S{KXXXXK&KKTK.‘};
e T

0 10 20 30 40 50 60 70

Position in message

000100001001110010010100111000001010101001100110100100000010011110001101

93




% base

% base

80

40

80

40

|| |I |Il A BT OCIUOG

Position in message

A o A X o o A X A X ADNDA XA o A X AA

A A o A Ao o A A A A AN A o o A o

xxxxxx.ﬂuxxxxx&xxx&xxxxxx.ex&xxx.?xxxxxxxxxar.ﬂuxxxxxxxxafxxxxxxxxxxxxxxxmxxx:xxx

10 20 30 40 50 60 70

Position in message

100100100001110010001111100011011110000110111000011000101001001110000010

94




% base

% base

80

40

80

40

LTI e

Position in message

HEABRTOCEG
X

— X X X DN o o Ao AAN o o A A X ° JANIZAY ° A A ° o A AAX o A o o A o AN o A o AN o A o A o

— lA.‘:&Ax&&x:ﬁ’.ﬁ(x&x&xx&x&xx&:ﬁ&xXKKK&&AKKXKXK&KXXX><.‘:K:ﬁxK&&&KK&&%X&X&&KX&K&X&&XX

0 10 20 30 40 50 60 70

Position in message

110110010110001001100000110000010010100001111001000001000101000100010010

95




% base

% base

80

40

80

40

|| || ||__|m||____._||||||I|{|||||m|| ]Ili l Cllii||]i|| || || || || || ||

Position in message

HEABRTOCEG
=~

o A X A X °o o A o o X A o A o X X o A o o A

A X o o o X ) o Ao A A A o AA AN o AN

B R X B LD X OB L KRR BB K X KRR L XB K XKL D KK XK KR XK KK XK XL KRR LK KKK KRB XK XK X KB B KX X XK KK KK XK KK

10 20 30 40 50 60 70

Position in message

001011010000001000110010110010001000101100010000000101011000111000001000

96




% base

% base

80

40

80

40

(1 [WARTNNTNN S

Position in message

HE ABRT OC m G

JANIZAY AN A o o o o A A o X o o N AN A D o AN A AX o A o o A A o A o NAADN oo ADNAA A o o o

xxxxxxxxxxxxxxxmxaxxxxxxxx:sunx>|<xAxxxxxxxxxxxxxxmxxxxxxxx:xxxx;rxxxxxnnxxxxxx
fESAXAESSERSEXAESYSRAXES

10 20 30 40 50 60 70

Position in message

110011000001010001000011110011110000100000000100010001001111011110100000

97




% base

% base

80

40

80

40

| | | | | HE ABRT OCIDOG

Position in message

O CcC m G
FAQ.ANN

A A A o ANA X o o X ANANE) ° A N

T
X

JANANEE) A o A A XA ) A ANAN A o AA X o o

xxxmxxxxxxaxmxxxxxmxxxxxxxxxxa&x&xxaxxxTxxxxxxxxxxxxxxxxmxax&xaxxxxxxxxx
- 1

10 20 30 40 50 60 70

Position in message

110010001111000001011100001101000001011110001100000001100010001011000011

98



% base

% base

80

40

80

40

|| || || |H|I|ll[w|i | |[] | ||_II||| |II|

Position in message

AN o X AA ANA AN o &NA o A AN A o AN o o o ° o A

X X & A X X K X X B X & X X B KK XK X X & BB XK KRB R B R X KB XK K X B K XK X R K KR LB X X B R R XX X E KKK KR KB X XB XBE X
- 71 T

10 20 30 40 50 60 70

Position in message

110111011010110001011000100000001101001001010000101100011100001010110101

99




% base

% base

80

40

80

40

HEABRBRT OCIDOG || || |“| ||

Position in message

A o A o A A A o A A o A X A A A A A o o A o X A A ) A o o o AN A o o A o A

KX&KXK&K&KXXKKXKKXX&&&&KK}(.‘LKXTXKKXXK&X&&X&KKK&XXKKK&KX&&&XX&XKKX&K&KKK&X

10 20 30 40 50 60 70

Position in message

010010000011001001100000011011100110000010000111000001000110000100000001

100




% base

% base

80

40

80

40

BT L

Position in message

o o A A o o o o o o A o o o X X A A o o X A AN o NAA VNANANANE] A ° ) AN o A Ao

BB X B OB X BB KRR B OR X OB BB B R R BB L L X X BB OB A BB X OB OB R X KR X R B R K XA X X XK KK X X X X R B K XK B R B KK XK X XEEK

10 20 30 40 50 60 70

Position in message

001001000000010000000011110001001000110100001011100011110001000000101100

101




% base

% base

80

40

80

40

|||| |||||| III/]|.I | |ii | [jlli |||| |||||

Position in message

A AN o A o ANDNAD AN A A o o AA o o o A A o o A A X o AN o o A °o o AN A ADN o o o A A A o o X o A

BB X X A X B OB KB K X X X KB X X XK KB X X KRR KB XK B R X XE LR KB X R KKK KB R KB XXX XK KRR KB B K XB X R KK R LK L X

10 20 30 40 50 60 70

Position in message

001101000011110011100011000101000110100010000100001111000100010100001001

102




% base

% base

80

40

80

40

I T

Position in message

° N AN Ao o o o A A VANE) o o A o A o A AN o A o A A o A ° N AN o o X A o X o A A X o o ANDN o AN o o

.%KKXxx.’%:ﬁ:ﬁ’.x:ﬁxXKXKK&&X&.XKKK&X&KXKKXXAXXKKKKXXKXKK&KTX&&.‘:X&K.‘:&TXAKX.*XX&XK&X

10 20 30 40 50 60 70

Position in message

000111000001101000010100001001000111100001101000011001100101110001101000

103




% base

% base

80

40

80

40

0 1 AT T

Position in message

VANANETEAN o o o o Ao AN o o A A ANANIE) °

B X X R X B K K K X R X R B KK X KR EX X KX X REBEREZ KX X KX XK XBKXEREX X EXDLRERXEBE X XK XEXBERXZ KX XX EXX XXX KK X

10 20 30 40 50 60 70

Position in message

011010000001000010000110110000010000100001101100000100001000011011000001

104




% base

% base

80

40

80

40

|| ||I| || ||||||||||||||||||||II||i||II|I||ii||i||i||ii||||||||| || |||| |||||II| ||

Position in message

o A o ° ANAY N A o o o A o AN o o o N A AN © o o0 o o X © 0o o o A X A o o AN o o o ° o A A A

BB BB X KB R BE X X B X X A BB KR X KB B OK X R R KB XX X B K KRR KA BB KK KRR BB XL X BB R R KRB X R KRB R KKK XXX

10 20 30 40 50 60 70

Position in message

000010000110110000010000100001110000000100000000011100000001000000000111

105




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

HE ABRT OC ®m G

AN o AN AN A A o o ANAAANA AN AN A A o o o o A o o o o o AA AA o o o o A o X o o o o X A X o o

B X BB BB X X X X B OB OB R X X X X X KB KK X X X B XK KRR R XK KB B R R R R R X X B X XK KRR R XK B R LB KRR R L XK B LR RR

10 20 30 40 50 60 70

Position in message

010000111100000111110000111010000010000000001101100000100010000011001000

106




% base

% base

80

40

80

40

HE ABRT OCIDOG

AL ALY BT

Position in message

HE ABRT OC m G

° X A o o o o Ao AAX °© o o A o A A o o o A A o X o o Ao &N o X o A AN AA AN A o o AN o

BE A KK X KB KR XK XK XX LK RERZBEEZXEREXXKRIEEKRZE X KX XL KK KR XRE XL B ZEEKX XX XBEKEBE X XX 28K KKK X XK

10 20 30 40 50 60 70

Position in message

001001000000101110000010011000001010100000101010000111100000110000000100

107




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

HE ABRT OC B G

AN o o AN o o A N AN DNADN DA X o Ao o Ao o Ao X o X A A X oo o AADN o AAX o AXX XA o o

xxxxx&x&xx&xxxxmxxxxxx.axxxx:xxxxxx.ﬂuxx.exxxxxx.ﬂuxxxxxarxxxa&xaa&.;rxxxxa.ﬂuxxm:;xx
- 1 T

10 20 30 40 50 60

Position in message

100000000100001011111110010010010100100011010000110111011111000011010101

X X o A X o A

70

108



oxBS data

100 —

_
o
s3]

_ _
o @)
© <

aseq %

_
o
N

_
o

oWys/9
O/oWysg
QWsg/9
O/OWS
/9

9/0

V/L

1N

109

base pair



1.0




% base

% base

80

40

80

40

HE ABRBRT OCIDOG

Position in message

HE ABRT OC m G

© 06 o o o o A A o o A A o A ) A © o o A X o o ) o N o o o

op
op

X xx ALY A aAaxa x A x X AA xA

xxXXXAxxxTAAKxxxxxlekxxxxxxAxx;rA;%xAxxxAx>|<xxxxxx&x::xxAxAxxxAKxZ(xxxxxXAA.kxx

10 20 30 40 50 60 70

Position in message

000001000111000100010000001101101100010001000001100101000100010000011000

111




% base

% base

80

40

80

40

mANTOCOG

Position in message

% A X X X 448 a x AX gy x & A 4 &% & a

AxxKxxKx&A&xxxxAAxxsr&Ax&AxAxxTxxxxx&x&.ﬂuTxxAAAAxxxxxxxxxxxAxxx:’:KXxA&xxxxx

10 20 30 40 50 60 70

Position in message

110001000100000110010100111100000110011100111100000110010100010001000000

112




% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HEABRTOCEG
A

o A o o o o o o X o o o

AAxxAxA:;xx.ﬁA&xx&xxxTxAA&&xAA&xKA&XAxXK&XXAxxxxxAxXxAxxAAxx&TxAA&XKAAxxxA
R A X 2 aasf8 82

10 20 30 40 50 60 70

Position in message

110110110001000100000110001100010011000001100001000100110000011000110001

113




% base

% base

80

40

80

40

mANTOCOG

ool

Position in message

HEABRTOCEG
A X

o>

BB A AR B KX X HEKAAXAXAASRR XS EALXAKREXEXXXXXXHKEREAXXEALXKAARXKXKEZAXKXAXKRZEREXKEXXX5HLRKEXHLAXA
I I I I I

10 20 30 40 50 60 70

Position in message

001100000101101011000101110000001101000100011011000001011000001001001101

114




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

Ayd aa X X A XAX yxA xXA A X x A X A A x x5 A x & xx  x

x&xx&Ax.AuxAxxxAxAxxxsrxAxAxxx&lekxA&AAXKAXKX&XAAXxxzixxxx&XASEAXSEK&xAA%KxA?xA
1 "

10 20 30 40 50 60 70

Position in message

000001010100010100010101000001010110010000011010100000010100000110001111

115




% base

% base

80

40

80

40

HEABRT OCIDOG

om i ]

Position in message

HE ABRT OC m G

X o 0 o o o X o

A x Axxd xa A % A a & x & 4aA AL X X

;%XAKAA;%XXXXAK&AAxxxTA:;&&&xAAXXAx&xxxx::xAxxxxxXxxxx&xx&&x&AxxXXxAZSA&xeSAA
R

20 30 40 50 60 70

Position in message

001011000001001110001100001100100000010100000010000001000100000101010011

116




% base

% base

80

40

80

40

HE ABRT OCIDOG

Ml

Position in message

© o o X I o o o o A o o X A A ©o o o A o A o o o ) o o A o A o o o

X A X A & LAy A A X 2 x A x x x & %« A X X a < X X

x&x&&x;%xasxx.kxxx&xa;xsrxxx&.ﬂuxxAx&&&xAxxAxAX&xAAxX&AxtlsxAx&xx&A&zlkxxxxxx&Axxxx

10 20 30 40 50 60 70

Position in message

000110001000000101010000111100000101101001110001010100000101001001010000

117




% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HE ABRT OC ®mG

A A o o A o ) o A o o o A o

XXA&AAxxx.?.&Ax.ﬁxx&AA;ltAAAxxAx&xxxx&AAxxAxﬁk_sﬁxxxxxxszlsxxxxxxxxxxxAXAxAxxA;rxx
A

10 20 30 40 50 60 70

Position in message

011011000101000001101110010000000110111001000001010001000000010101001100

118




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

HE ABRT OC m G

o o o o X o o o o A o o o o A o o

KA KDL XREAXKREADLKEK-LRZREZDBREADAXXXEREXRZEREEDLDREXADARXKEXDXEKXEKEALAALARZEEXXELIXXAXEKEALAXKRZEZEXXXAXKXXARXXK
! | S e

10 20 30 40 50 60 70

Position in message

010100100010010010010000010001001100001000001100000100110010000111000100

119



% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

A AL A xx AxxbAALyxx x A & Ax x A A x x Ax A x L xxbA xxx A X X X

B X K X X XX KAALXAAXXXADLRXKREHLAXXEREXAXAXHLKEXAXEEKXAXAXXXKEEXAKXXAAXXAAAXRKXKEAAAXDX
1 T I T T 1

10 20 30 40 50 60 70

Position in message

000001001110110001100011000001010100110001010010001000110011110000111010

120




% base

% base

80

40

80

40

Position in message

HE ABRT OC m G

o o o o o Ao A o © o A © A o A X X o o o A o o o X o o o A A

xx b6 x X x A x & A A A a N x&6 A A « X xa &4 % 8 x x & x

AAxxx&A&&&x&AKxAxxx&x&xxxxxxxxESKXX:%x.AH::xflixxAxxxxxxgl_sA&AAx.ﬁx::xTxAxxxxAAxAxx
e E—

10 20 30 40 50 60 70

Position in message

110000100010101100000100100010000001110100100000101011000100010000110111

121




% base

% base

80

40

80

40

HEABRBRT OCIOG

| il

Position in message

xxxxxAxxxxxxxxxxxA.ﬂuTxA.AHXxAxxxTxAAxxxxAMrkxAxxAxx:;

HE ABRT OC ®m G

o o A o o X A X A o o o

A X A x % A AA ¥ X A x AxA x A AAA &6 Ay A b

AN

xTxxxxxxA::x:lsxxxxx::

LA A A

X X X X D %

10 20 30 40 50 60

Position in message

000001000001000001110110110000011000010001001001000000101101000001000010

I
70

122




% base

% base

80

40

80

40

mABTOCOG

Position in message

HE ABRT OC®EG
X o o

° o o ° A X o o ° ° X o X A o o ©o o o X o A X

X X A A X x b A x & A NN X PaN A, Ab PA\ Ay X AAAAyxx b

XA A X K KX EXADAXKXAHLEEKLEXKAXRZEXKEEXXXAADAKXXADLLZXXEALRZEXAEXXEXEDL XX EXEXAREAXZEXDLZEEXXXXAAAXXXKS
I T — T T & X |

10 20 30 40 50 60 70

Position in message

011000000110110000100000000110011000100100000110000010100010000001111001

123



% base

% base

80

40

80

40

mABTOCOG

Position in message

HE ABRT OC ®m G

X A &% X KX &

C] o A X X X A © X X © A ) ) o A A o o °
A X xAbA x & AAAA X xxA A Ax x bbb yw A A x fex A

A&A&x.‘:xxx:aﬁ;&ﬂkxxx.ﬂux&Axx:lzxxxxxxAAATA&xxXAKAxTx&A&xxxxxxxAXXxAxAxxxx

—
10 20 30 40 50 60 70

Position in message

010000110101100011010001101001000000111010010101000010000001011001010000

124




% base

% base

80

40

80

40

HE ABRT OCIDOG

i

Position in message

X X X o o o A o o A X ° [

HEABRT OCMEG
X o o A A X o ) o ) o A o o [:) A o

x A PN A x & x x XAA X X Xxb& Ax x A & x X LA xx A % JA X A X

& & A & % &:ﬁxé&T><x=£A><x4sx:ﬁxzan§A X X K EKA XA LDLDAOAXEXDADRZARZXXXLEKRZEXD KL ZEXHDDLDRZEXEXDLZEXKEEKAXKEDL XX

10 20 30 40 50 60 70

Position in message

111100000100010011100101000010111100010100111000101000110001100000100110

125




% base

% base

80

40

80

40

il

Position in message

HE ABRT OC m G

o A - X X o o A o X ) o X X o o o A X o o o X ) ° ) o A o o

x A x X X a g PN N A x A X XA & bAAXx AL x x b @ xx

AR X EKALXDLEKRZZEDLDLEKXXKRZEL XD EZXELHLRZEXDRLZEXKALAXXEKEXDLEZXEELDLXKLEEXZDAXZIXEXXDLDDLZEXXXELXALXXKXAA
S | | l T !

10 20 30 40 50 60 70

Position in message

101010110001101000101000110001000010001100011000001000000110100010100011

126




% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HE ABRT OC®EG
X o o o A o A o A o A A A o o o

X A x X A AA b A X x

o>
X
X
X

LA xALb X & x X AA b xAAA x X

xxxAxxxxAx.ﬁxAxxx&élesxxxx9<x&Ax>|<xAAAK&X&AQIS;AA&&AXAKXxxxxxA.ﬁxStxTxxxxxxxxxAxA
e

10 20 30 40 50 60 70

Position in message

000100001000110001010000100100011100001011001010010001100100000110100101

127




% base

% base

80

40

80

40

T OCOG

Position in message

HE ABRT OC m G

) N ) X ) A o X o o o o X o
AA X Xx bH&A AXX X A x b A x A A X Lo AL XX AL X X x AA ¥ AA X xA

xxxAxAAxxT:;xAAXXAxATxxxzsxAxxx.Tquxxx:;xxxTxAAKxxxxAKKAAxx&A&:s&&K&Kxx&A&Axx
e AL RS

10 20 30 40 50 60 70

Position in message

000111100010110010100100010001100001000001100000100110001010001000010101

128




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

o X A A o o A © o o o ° o A ° o o X A A o o A A A o A

X X 8 H X XEXXAXKEXXARZEXEKXKEALAALAXRZEERIZARALAREXXAXKZEXXKAXDXKEZXKERDLADXXAREREXXXKXKXAXKZEXDXXA-XEKX
I I I I

10 20 30 40 50 60 70

Position in message

000111000100001000001011000010100010000011100000111110001100011001011000
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% base

% base

80

40

80

40

HEABTOCIOG

Position in message

HE ABRT OC®EG
) o A o A ) X A A A o o o X A o

AxxAxxxxAzlxxxAxxxAxles&AAxxx::AxTxxxxxAAxAslkx&AAx::xxAKxxxxx.ﬁxxxx&&&xxAAxxxmx
T AAx AR

10 20 30 40 50 60 70

Position in message

100100001110100011010110001111000011101000110101100001000000001101100011
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% base

% base

80

40

80

40

mEABTIOCOG

h

Position in message

HE ABRT OC®EG
o o A o o o A A ° o o o A o

A x A X A x X X 7N X Xxb&dxx AbL X A AA X AaAA X A x A A X

x&xKAx&&&x&A&xAAKx&&AKA::xxx&A.?AAxAA&xxxxxAxxxxxxxxAxxxxxxAxxxAxA&KxxxTxA
T T

10 20 30 40 50 60 70

Position in message

000010000001001100001011100011110110000101000000101010000100010100000101
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% base

% base

80

40

80

40

Position in message

HE ABRT OC®EG
X o

o ) A A © o A o o o A A o o o o A o © A o o o A ) o X o
x A A Hx X AAL xAA X A x AA X A X AL A A % x A A

XA X X% xA;xak? KX XX EAXXXELZALAXXHEREEXEXKXALAXR x><x:ﬁxzs? X & &K X X xE&xé&? X X X X X 2 X KAXXADXKZEKX LKL XK KX X
= e

10 20 30 40 50 60 70

Position in message

010000100110000100100110000101010000100100000100010010000001011000001000
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% base

% base

80

40

80

40

mABTOCOG

Position in message

HE ABRT OC m G

° A o o o ° A ° o A o A ° ° X A A o N o ° o o X o X o X ° o ° o o
A A X A XA X D x x Ay ZAS x x % Ax A A

BOE K X X KB R E AR X KA XK KKK KK KAXKKEXADA XA XKL XALXXEASAXXEXAXK KX XHEEL XA BEDLRXXDLA SRR X XEXARER
I I I I

10 20 30 40 50 60 70

Position in message

000001000100110000010110000110100011101011000100000001010100011000000100
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% base

% base

80

40

80

40

BT OCDOG

|

Position in message

i

A x A A X A x AA A X LA x A A

Axx&xA&&A&&x&A&Ax&x&XxxAxx&x&A.ﬁxx&xxxA&A&xxKx&%szlsAxxxxAxA.ﬁxxxxAxxxxxx!x

10 20 30 40 50 60 70

Position in message

110001001000010100000101000001010000010100000101011000011100000101000000
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% base

% base

80

40

80

40

mANTOCOG

1l

Position in message

HE ABRT OC m G

) A o ) A © o o A © o o o 0 o o o X © 0o O o X A o o A o o o o o A A

x X X x xXAA b X X ZAN X x & A A X % x & X X X X X A

A&AAx&A&ATx&xxxAAxxTxxAXxxx.ﬁATxxAXxxxxx.ArAxxxxxxxAT.AuxAAx:xxAAxxxxx&xAxxxxx

10 20 30 40 50 60 70

Position in message

101110101000010110000010100010001000000110000000101111000111000000100101
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% base

% base

80

40

80

40

H A B

ol TR

Position in message

HE ABRT OC m G

x &

o A o o A A o 0 o o A 0o o o o o A © 0 o © A o X o o o o X X o o

XX xbAA xXxX AAA A X A x by X X S xhaa X T X x

Ax&AAAxxxsrAAA&&xxxxTx&xxxxxszls&xxxxXXAAxxxxxxxAxxxx&x&xx:&x&xx&x&:sxxA.A..zlxxx
"1

10 20 30 40 50 60 70

Position in message

100111000111100000100100100101000010011000001010000000101010000010011100

136



% base

% base

80

40

80

40

HEABRT O C O

[Tl

Position in message

-A-TEICIG

-

X A o o o o A o A X o ©o o A o o o A A o X o o o X o o o )

X A AL X X b3 A A X XXAAAAxXxXxXXbLA X XXX 4

::KAxxxxxxxx&xx&xx.ﬁx&xt&xxx.ﬁ:ﬁ&&AxAx&&&&A&&xxxx&A&?AxxxxAAAAzlkxxx&AAAAxxxx
AR L 2o 88 XK XA

10 20 30 40 50 60 70

Position in message

001011000000100110000011000000011110100100000011011000011111000011110000
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% base

% base

80

40

80

40

Lo BT 1kl

Position in message

A % X x

xAAAKA#&Kx&Ax&xKxxx>|<xx&&xx&&xéf&x&&xx&xx?xxxﬁ.xxx&xTxxx

X

A K X HH A

T&&AA&&&XA.];&X

10 20 30 40 50 60 70

Position in message

011101000001000000000110010000010100100011010000000001001110001111001100

138




BS data

100 —

_ _ _
o o o
0 O <

aseq %

204

oWys/9
O/oWysg
QWsg/9
O/OWS
/9

9/0

V/L

1N

139

base pair



1.0

140



% base

% base

80

40

80

40

HEABRT O C O

| | || ||||

/|

Position in message

HE ABRT OC m G

© o o o o o A A A o o o A A o A o A AN A o o o A X o o o o A ° o o o

X A A A A X A X X A A PN AA X A A A AN

x&xxxAxxxxxxxxxxx&xxxxx&&xa;xx;rA;%xAxxxxx=|<><xxxxxXXA&xx&KxxxAKxxxxxxxxxxxxx
I 2=

10 20 30 40 50 60 70

Position in message

000011010000101000000110011000100100000110011000100000000110100000100000
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% base

% base

80

40

80

40

HEABRT OCIDOG

ol e Ml

Position in message

HE ABRT OC m G

A o NA A A °o o X A

o>

xxxxxxxxxxxxxxxxxx&xx&xxAxAxxTxxxxx&xAA;rxxAxxAxxx&xxxxxxxxxx&ﬁxxxxx&xxxx
T

10 20 30 40 50 60 70

Position in message

000110100000100000000110101001110000011010100111000001101010011100000110

142




% base

% base

80

40

80

40

A BT OCO

Al R

Position in message

H A B T O Cc m G

A K X X XK X A A

X o o o o A A A o o o o A o A o o A o o o o X o o A o

R R K K XK K X X X X EAAZREXEXELXEEXXAXXEKRZEX KX XL KKK XX EKEKEXKKARRELZXXDAZXKXKAXKLEXEA

10 20 30 40 50 60 70

Position in message

101001110000011010100110000001101110010100000110111001010000011011100101
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% base

% base

80

40

80

40

[N TR

Position in message

(-]
o

Do
>
>
>o
> o
>
Do

x&xxxxxxx&&&&x&x&&&&x&x&xxx&xfxxxxx.‘:xxxxxxx&x&xx&xxxxxxx&x&&xxxxx::xx::xx&
- "0 71/

10 20 30 40 50 60 70

Position in message

000001101110010000000111001011000001110010110000011100101100000111001011

144




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

HE ABRT OC m G

X A X A X A A X A X A A X A

B A X KRR KK HL XK XK R XK XL XXEXKEALAXALREXREREA XA X EAEXKAXXKXREEKAEKXXEKEAXXEXRXEKXREAX KL XXX REEXBKAKXX

10 20 30 40 50 60 70

Position in message

000000111010101100000111000001010000110100110000110100100110100000110000
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% base

% base

80

40

80

40

A BT OCIOG

WA YT

Position in message

HE ABRT OC ®m G

o o X o

B X K K KK X X XX KAXKZADAEKXRZEXADLRZREEXDBEXKEXREXKIZXZDLEEXEEKRZLZEXEREXKEXEADARZXEEXZEEKEXXEXXKLEXEKEXAA

10 20 30 40 50 60 70

Position in message

010100001011101000111100001011000010010000100101000101010000101010001011
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% base

% base

80

40

80

40

HE ABRT OCIDOG

ol ol o Lo Dl EERR

Position in message

—] o o o X - o o o o A A o o X A A o o o A

X A X A A A A X X A X AXx X A AN

— x&anxxxATxxxxxxxxxTxxx&.ﬂuxxAx.suaxxAXxxxxxxxAxxxxxxAXA&xxxxxxxxxxxxxxxxxxx

0 10 20 30 40 50 60 70

Position in message

000111001000011000100000100110001110000100101100011100100000100100000100

147




% base

% base

80

40

80

40

HE ABRT OC O

Il 1

Position in message

= A‘ BT OCMNBEG

o A o AN o X o o A o o o X o o o A A o o A ° ) A o A o A o ) A o

X AN A A A X A x A A X A x A A A

:%xKKAKx&K.ﬂuxxx&xx&&&x.‘:xﬁsx&xxx&xxx&xxXxAxé'k_xxxxKXKAxKKx&xxKKxKXXKXAxAxxX>|<xﬁ
1

10 20 30 40 50 60 70

Position in message

000010101100001000101000001000100001010000001011001100011110000101000000

148



% base

% base

80

40

80

40

O C O G

__ HE ABRT

Position in message

HE ABRT OC ®m G

o ) o o X o o o o A o A o o o o - A — o

KA RXEXREAXKEREEKEKEK-LLZREERZERZEADAXXXEREXRZERZEADARZEXKREXKEXKEXRZEXKEKXARZREXXELXXEXEKEKAXRZEREXXXEKEXXXKRXX

10 20 30 40 50 60 70

Position in message

110000100001110000010011000001010000000100110100010100001111000000100001
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% base

% base

80

40

80

40

mEABTOCOG

T

Position in message

xAxxxxxxxx&::XXx&:ﬁ.xxxxx:;&x&x&x&xxxxxxx&xxxxxx&x&AzlkAxxx&xAxAx.f:x

BX KX XX X KKK LH
1

10 20 30 40 50 60 70

Position in message

011010000010101000001010010000100100000110001000010011000111100000101111
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% base

% base

80

40

80

40

HE ABRT O C O

Ol Al

Position in message

HE ABRT OC m G

o AN Ao o o o Ao A o 0o o o A A o A o A X X o o A o A ) o o X A A o o o A AN AA

K E X X X B KX XX XKD XX EXRKERERZED X XKEIXXXEEEKXXREXDHLHXKRIRREADAXEKXREXXEKEXZD XKXRBERILX X X KRR XBEBEX AKX X
T XA

A

10 20 30 40 50 60 70

Position in message

000110000000110000000110000001111000110000111000010010000111100001001000
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% base

% base

80

40

80

40

HE ABRBRT OC O

LI el UL

Position in message

HE ABRT OC m G

A ) o o A o A o X A X A ) A o o o A ° A X o A A X X A o o o X A X o

xxxxxxxxxx&xxx;«(xxx.ﬂuxxx&xxkxxxxxxzsx&&xxxxxxxxxx;(.ﬂux>|<xx&xxxx.ﬂux:ltxxxxx.ﬂuxxxTA%

10 20 30 40 50 60 70

Position in message

110100110000011100100011000110001100001010000111000101000101100011100010

152



% base

% base

80

40

80

40

HE ABRT OCIDOG

ol Ll L £V |

Position in message

HE ABRT OC ®m G

A A X X A A A A X A A A X A A A A X

—] ) o o o A A X o ) A o o A o X o A X o o A X A o A o o o o X o A A X

— xx&x&x&&xa:sxx&xxx&xxxx&&xxxxxxx&.‘;xxx.ﬁxxxxxxxx.‘:xxx&.xxxx‘sxxx.ﬂuxxxxxxxxAxTx;a
- - ""°!™"': ™4/ - - - - - +0:=--/—""™7w—

0 10 20 30 40 50 60 70

Position in message

000000100111011000010001100000111011100000111100100000110110100000010111
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% base

% base

80

40

80

40

mABTOCOG

Position in message

HE ABRT OC m G

A o X o o A X X A X A © A X X o A o A Ao ° A NN °o o °

X A A A A X A A A A X A A A X X A A A

xA.ﬁxxx.A..xxxxx:}.xxx::xxKxxx:sx&A&x:lsxxxxxxAxxT&xxxxAxAxTxxxxxxxxxxxxxxxxxxx&xx

10 20 30 40 50 60 70

Position in message

110011100000101110100101001111100001100010000111011000010110100110100000
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% base

% base

80

40

80

40

B A BT O

11

Position in message

il 4

X X X o o A o A o o A A X ) o

HE ABRT OC®EG
X A o o A AKX o A o o A o o A+ o Ao o A o

A:ax:ax&&x&)rx&xKxXAx::xxxxxxxxxA&A::AxxxxAxxxxxx.‘:xxxA&A&XxxAxx&xxxXxxxAxlexxx

I
0

10 20 30 40 50 60 70

Position in message

110100010000001110111000001110111011010000001101101011010000001101100100
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% base

% base

80

40

80

40

T OCOG

__ H A B

Position in message

HE ABRT OC m G

o A X X o o A o o X o A o X X o o o A X o o o X o o o A A o A A o A o

xxxX::xK.Auxxxxxxxxxx::xx&x&&&x&xx&&xx&xxxx:lsxxx.ﬂ..Axxxx.ﬁAx&xXxxAxxxxxxxKKXx&AK
T

10 20 30 40 50 60 70

Position in message

000110011000010100100010110100000111010100011101101001110100001001011010
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% base

% base

80

40

80

40

c OG

|l

Position in message

HE ABRT OCMEG
X o A o o A c A o A o A A A A o o o

xxxxxxxxxxxKXX)xxxAxAxxxxxxxxx>|<xAxAxxxxxxxxxxAxxxxxxx&.xA.ﬁxxxTxxxxxKxxxAxx
e R I

10 20 30 40 50 60 70

Position in message

101001000001001101010110010000010110100100011001101100100000010001000100

157




% base

% base

80

40

80

40

HE ABRT OCIDOG

i e

Position in message

T OcC m G
X o &84& &

xAAX&AxXTxx.ﬁxxxxxx&xx&&&&&xx>|<xxAxxxxxxxxAxxxxxx&x&x::XXxxAlekxx
- - 71T

xx&AxAxxxT::

10 20 30 40 50 60 70

Position in message

000101001010111010010001100011000001011010110110011100010110011100010100

158




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

o X A A A o A o A A o o o o °

X X & 4 X X KX XEXZEXXEEZEXEKXXEEADAXKZLERIERADAZXXEX KX XKEXEKXREXZREDLEXXDREEXXXEXXXKX XXX XXBEXKX
T I D - I

10 20 30 40 50 60 70

Position in message

000100100010100010110001000000100000010100000100100010000011100010000010

159



% base

% base

80

40

80

40

HEABRT OCIDOG

e £ |

Position in message

HE ABRT OC m G

A A A o o A o X

— xx&xxxxxz};xxxKxx&AxxKxxxxxx.‘:xx;rxKxxxKx&K&x&A&K:sxxxKKxXxx:ﬂ'.xxx&xx&xxxxxxxﬁsx
- 0 ™”"VU04# H#:#$ "

0 10 20 30 40 50 60 70

Position in message

010001011000010010100001111000011000000010111100011010000100011000011110
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% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

;%xxxAx&&&x&A&xx&xx&xxx:a&xx&&x.?AxxxxxxxxxxAxxxxxxxKAxxxxxxAxxxxxx&xxxxxxA
Ay ROR S XK ==

10 20 30 40 50 60 70

Position in message

000110000001000110000111010001101000010001010000011100000110100001000001

161




% base

% base

80

40

80

40

mEABTOCIOG

Position in message

o A o A A A © o A o o o A A © o

HE ABRT OC®EG
X o

o o A - o o A A o o o A ) o X )

xxxx&x&xlexxxxxxxxxxx&&xx&.xxxxx&.x&xxx&xxa;x&&xxxxxxxxxxxx&xxKKXxxxxxxx.‘axxx

10 20 30 40 50 60 70

Position in message

100001110100011000000100000010000001101100011010000100000010100001101100
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% base

% base

80

40

80

40

HE ABRT OCIDOG

Lol Ll Ml

Position in message

— xxxxxxx&x&&xxAx&x&&xxxxxxxxAzxxxxxx.ﬂuxxxxxxxxxxxxxxTxx&:axxx&&TxﬁA&xxxxxA.ﬁx

0 10 20 30 40 50 60 70

Position in message

011000000100010010000001101100010110000100100010100001100100011000000100

163




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

il ol 1 bl

— A XX EXAORZZEKKEREXKELDXADXKRIEEXXEXXKERDZIXKIEREEXEKREXEX XXX

0 10 20 30 40

Position in message

A KD KB OB X KKK KX KKK KX XEX XK LK KX

50 60 70

100011000001011100011000000101000001000000010101000101100001010000010110
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% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HEABRT OCMEG
—] ) A o o AN A o o o A o A o o o A o o o o o X o o o o A X A o o A o o o ) o A A

— K&KAX&K&KXxxxxxxxx&x&xxxx&x:ﬂaxxxxAK&&xx&.‘txxxK&&&&AT&KAA&&KAAT.%&&K&KAX&Txx
N R

0 10 20 30 40 50 60 70

Position in message

000100000001100000010101000001001100000101110000111011001110000101110000
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% base

% base

80

40

80

40

mEABTOCOG 7

Position in message

HE ABRT OC m G

A o A A o o N A A A 0o o o o A o o o o o AA © 0o o o A o X © o o o X A X — o o

B X X EBE A B XX XXEALAADLDRZEEXXXXXEALDAEEXXXEXEKRERIZREXZXEKEKEDXZZRZEZREXXEXXEXZRERXZREXEDLDLELERXZERXEL XKL LEXR

10 20 30 40 50 60 70

Position in message

010010100001100000001111010010000001101000000100010000011011000011111000

166



% base

% base

80

40

80

40

HE ABRT O C O

{11111 A"

Position in message

lI A BTOCMN®N G

° X A o o o o N A X °o o o A o A o o A A o X o ° o X o A o o o

BE LKA X KK EKREREX X EXXLERRBEEXKEXXRKIZEKRZEXBEXREDLLEEKADAEKZXRXREALEKEALADLXXXXEAXAEBEX XX KXKXAXXKX XX
I I I I

10 20 30 40 50 60 70

Position in message

011110001001000011001000001001000000101110000010011000001010100000101001

167




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

x&&xxxx&xxxx%xxxxxx>|<xxﬁx&xx&xx.ﬁxx&xx.ﬂuxxxxxx.ﬂumxx.ﬁx>|<xxx::xx&&::TxxAA&&xxA:lsxx
- 7

10 20 30 40 50 60 70

Position in message

000010001000001100010011000000000101111100111000000001001110001111001100

168



O1R0O data

oar|H

100 —

_
o
s3]

_ _
o @)
© <

o9se( 9y

_
o
N

_
o

169

top strand base



1.0
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% base

% base

80

40

80

40

|

Position in message

HE ABRT OC ®m G

o o o o o o A A O o o A A o A ) A © o o A X o o

A A A
X A A A A X A X X A A A
X X o X X o o

x&&xXAxxxxAAxxxxxxxAxxxx&.XAxxTAsﬁxAxxxAxTxxxxxxxx

10 20 30 40

Position in message

000001000111000100010000001101101100010001000001100101000100010000011000

Do

LB BDO DK XXDEXEXXKEXEEALA-LKZEX
T I

50

70
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% base

% base

80

40

80

40

HEABTOCOG

Position in message

HE ABRT OC m G
A A o o o A © ) A A © A A o © X A o o A A A o o X o o o
A A A A A
A A abaa a X x A X a x ¥ 2 a A a
X ° X X o o X X o o X
X

AxxxxxxxxA&xxxxAAx&x&AxxAxAxxTxxxxxxxAATxxAAAAxxx&.xxxXXxxAxxx.f:KXXA.kxxxxx
SxLLL0LSXAE

10 20 30 40 50 60 70

Position in message

110001000100000110010100111100000110011100111100000110010100010001000000
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% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HEABRTOCEG
A

o A © o o o o o X o o o

AAxxAxA:;&&&A&xKAxxxTxAA&xxAAxTxAxxAxxx&xxAxxxxxAxx)KA&xAAx&&Tx.f:AxxKAAxxxA
=55 I pE—

10 20 30 40 50 60 70

Position in message

110110110001000100000110001100010011000001100001000100110000011000110001
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% base

% base

80

40

80

40

HEABTOCOG

Position in message

HEABRTOCEG
A X

KA A A BKEXXALAEKAAXAXAARARRXHLEKANXAZXZEEXXXXKXXHEXREAXXELXKAALRNEXXHKALXXAXRRBX&HXXXHLEZEXALKA
[ [ [ I

10 20 30 40 50 60 70

Position in message

001100000101101011000101110000001101000100011011000001011000001001001101

174




% base

% base

80

40

80

40

HE ABRT OCIDOG

Position in message

xxxxxAK.AuzsAx&xAx:;xx&x&AzsA&xxxxﬂkxA&AAXKAX)_FX&KAAXx&AKxXx&XAxAxxx&xAAxxxAAxA

10 20 30 40 50 60 70

Position in message

000001010100010100010101000001010110010000011010100000010100000110001111
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% base

% base

80

40

80

40

- EABRT OCIOG .

Position in message

HE ABRT OC ®m G

X o o o o o X o

;%xAKAA;%xxXKAK.%AAxxxxA:;&&&xAAxx&;x&xxx&:x&?x&x&&&xxxTxx&A&x&Ax&erxAKAxxxXAA

20 30 40 50 60 70

Position in message

001011000001001110001100001100100000010100000010000001000100000101010011

176




% base

% base

80

40

80

40

HE ABRT OCIDOG

f

Position in message

o 0 o X - o © o o A o o X A A o o o N o A ) o o ) ) o A o A © ) )

A
X A X A & A A A X X J-N X XAX X OA % A

x&&A&KXXAx&xSExXAxAKTxx&x::xxAK&&.KxAKxAxAX&xAAxX&AxAKA&&xx;ﬁA.ﬁAK&xX&x&A&K&x
e T8

10 20 30 40 50 60 70

Position in message

000110001000000101010000111100000101101001110001010100000101001001010000

177




% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HE ABRT OC m G

A A o o A ) o o A o o o A °

;%xAxAAx&)ﬁ::.*Ax&xxxAAslhAAAx&Ax&xTxxxAAxxAx.!]k_sﬁxx%K&&AxAKx&x&l&xKx&A&AxAxxA)rxx
SASAXCEXAXREAXEXALR

10 20 30 40 50 60 70

Position in message

011011000101000001101110010000000110111001000001010001000000010101001100

178




% base

% base

80

40

80

40

HEABRT OCIDOG

Position in message

HE ABRT OC m G

o o o o X o o o o o A o o o o - A o

X A X A X A A X A A A X A A A X

XA RAODXKEAXKEELXKXKD ZEXELDZEREDXXXEREXZERIEDRZEXDEXEXLDEXKEEEALDADLDLEEXXELIXXAXEKEEALA X ZELEXXXDLDEXXDL K
- """ "0 7’1 T I T T

10 20 30 40 50 60

Position in message

010100100010010010010000010001001100001000001100000100110010000111000100

70
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% base

% base

80

40
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