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REVIEW FOCUS ON SYNTHETIC BIOLOGY

Oligo synthesis
Oligo synthesis has a long history, beginning in academic labs in the 
1950s, followed by automation and commercialization in the 1980s 
and progressing into high-throughput array-based methods in the 
1990s. This history has been extensively reviewed4, and we will mostly 
cover current approaches here to understand their advantages and 
trade-offs and their effect on downstream gene synthesis processes.

Column-based oligo synthesis. The first synthetic oligos were 
reported in the 1950s by Todd, Khorana and their coworkers, 
who used phosphodiester5, H-phosphonate6 and phosphotriester7 
approaches. Today, the dominant chemistry for oligo synthesis 
occurs in automated instruments employing solid-phase phos-
phoramidite chemistry first developed by Marvin Caruthers in 
the 1980s8 (Fig. 2). Phosphoramidite-based oligo synthesis most 
commonly consists of a four-step cycle that adds bases one at a 
time to a growing oligo chain attached to a solid support. First, a 
dimethoxytrityl (DMT)-protected nucleoside phosphoramidite 
that is attached to a solid support is deprotected by removal of the 
DMT using trichloroacetic acid. Second, a new DMT-protected 
phosphoramidite is coupled to the 5  hydroxyl group of the grow-
ing oligo chain to form a phosphite triester. Third, a capping step 
acetylates any remaining unreacted 5  hydroxyl groups, making 
the unreacted oligo chains inert to further nucleoside additions, 
helping to alleviate deletion errors. Fourth, an iodine oxidation 
converts the phosphite to a phosphate, producing a cyanoethyl-
protected phosphate backbone. The DMT protecting group is 
removed to allow the cycle to continue. This detritylation step is 
usually monitored to track coupling efficiencies as individual bases 
are added. After all nucleosides are added in series from 3  to 5 , the 
completed oligo is removed from the solid support, and protecting  
groups on bases and the phosphate backbone are removed.

This automated process usually synthesizes 96–384 oli-
gos simultaneously at scales from 10 to 100 nmol. Over the 
years, improvements in raw materials, automation, process-
ing and purification have enabled routine synthesis of up to 

~100 nt at costs of ~$0.05–0.15 per nucleotide with error rates  
of ~1 in 200 nt or better. The limits on length and error rates 
of this process are due to a few major reasons. First, the yield 
for each step in the synthetic cycle must be very high, especially 
for the production of long oligos. For example, even 99% yield 
from each turn of the cycle will result in 13% final yield for a 
200-nt oligo synthesis. In addition, depurination, particularly of 
adenosine, can occur during acidic detritylation and becomes 
particularly problematic in the production of long oligos9–11. 
During the final removal of protecting groups from the bases 
and phosphate backbone, these abasic sites lead to cleavages that 
reduce the yield of long-length oligos. Finally, even successfully 
synthesized oligos contain appreciable errors12,13. The dominant 
errors in purified oligos are single-base deletions that result from 
either failure to remove the DMT or combined inefficiencies in 
the coupling and capping steps. Newer chemistries and improved 
processes continue to arise and will further augment oligo length 
and quality4.

Array-based oligo synthesis. Starting in the early 1990s, 
Affymetrix developed methods for spatially localized polymer 
synthesis on surfaces using light-activated chemistries, which 
paved the way for the development of DNA microarrays14,15. 
They used standard mask-based photolithographic techniques 
to selectively deprotect photolabile nucleoside phosphoramidites. 
Today, several technologies coexist to make spatially decoupled 
DNA microarrays. Maskless procedures (used, for example, by 
NimbleGen and LC Sciences) greatly simplified photolithographic 
techniques using programmable micromirror devices—similar to 
those found in modern-day digital projectors—to direct the light-
based chemistries16,17. Ink-jet–based printing of nucleotides on 
an arrayed surface (as Agilent uses) allowed for oligo synthesis 
using standard phosphoramidite chemistries18–20. In addition, 
CombiMatrix (now CustomArray) developed semiconductor-
based electrochemical acid production to selectively deprotect 
nucleosides21. Many other promising extensions and variations 
in microfluidic and microarray syntheses have been reported  
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Figure 1 | Lengths and costs of different oligo and gene synthesis 
technologies. Commercial oligo synthesis from traditional vendors (pink) 
and array-based technologies (brown) are plotted according to commonly 
available length scales and price points. Costs of gene synthesis from 
commercial providers for cloned, sequence-verified genes (dark green) and 
unpurified DNA assemblies (light green) are shown, as are costs of gene 
synthesis from oligo pools (blue) derived from academic reports39,40.
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Step 1: deprotection
Acid-catalyzed removal of DMT allows 

for subsequent base addition.

Step 2: base coupling
A DMT-protected phosphoramidite 
is added to the unprotected 5  OH 

using a tetrazole activator.

Step 3: capping (optional)
Unreacted 5  OH are acetylated to 

prevent further chain extension. 
This step helps prevent single-base 

deletions at the expense of yield.

Step 4: oxidation
Oxidation of phosphite triester to 
phosphate using aqueous iodine.

Figure 2 | Phosphoramidite chemistry. The four-step synthetic oligo 
synthesis is the most commonly used chemistry for the production of  
DNA oligos.
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Figure 15. Distribution of DNA errors from two synthesis
technologies. Because Single synthesis is effectively error-
free, its results reflect sequencing error alone.
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Figure 16. Expected and observed distributions of strand
length from DNA synthesis. Sequencing recovers only strands
of the target length, but most of the synthesis product is not
full length.

overall error rate is due to both sequencing and synthesis
errors. However, if we assume that the error rate for Single
synthesis is near zero, we can interpret errors measured for
those strands as solely due to sequencing. The difference
between the error rates for the stands derived from Single
and Array can then be interpreted as synthesis errors. We
clearly see that sequencing error dominates for all locations:
the sequencing error rate is on average an order of magnitude
higher. These results show that future technology should
focus on improving the accuracy of sequencing.

Synthesis Efficiency. In addition to incorrect strands,
micro-array synthesis can produce truncated strands. Stan-
dard sequencing processes exclude these truncated strands,
so they are unused for data recovery and represent waste.

To illustrate the potential losses due to truncation, Fig-
ure 16 shows the length distribution of the synthesized strands,
as determined by gel electrophoresis (see Appendix A for
details). Less than 5% of the pool is of the target length of
120 nucleotides – other strands are either truncated early, or
(much more rarely) made longer. This indicates that work in
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Figure 17. A hairpin, in which a single sequence of DNA
binds to itself because nearby regions are self-complementary.
Hairpins make DNA amplification and sequencing more error
prone.

reducing number of fragments could improve synthesis costs
by up to about one order of magnitude.

Avoiding Bad Sequences. The representation we (and oth-
ers) have used does not avoid more complex sources of error
in DNA data representation. For example, Figure 17 shows
a hairpin, in which a single sequence of DNA binds to it-
self, folding its two ends together because they are (partially)
complementary. The binding of the two ends to each other pre-
vents this strand from being easily amplified and sequenced.
A more robust representation would avoid creating sequences
that are self-complementary to reduce the chance of this self-
hybridization. Of course, restricting self-complementarity
also reduces the potential density of the representation, so it
presents a trade-off between density and reliability.

Similarly, if different strands are partially complementary,
there is a chance they will bind to each other. A more robust
encoding would try to mitigate this chance. For example, the
mapping in Figure 5(b) from ternary digits to nucleotides
need not be static. Instead, it could be selected on a per-
strand basis by selecting the encoding that produces the least
self-complementary and partially complementary strands.

We intend to explore these directions as future work, but
thus far these issues have had little effect on our experiments.

9. Related Work

Encoding data in DNA has a long line of research in the
biology community. Early examples encoded and recovered
very short messages: Clelland et al. recovered a 23 character
message in 1999 [7], and Leier et al. recover three 9-bit num-
bers in 2000 [16]. The first significant scaling improvements
were made by Gibson et al. in 2010, successfully recovering
1280 characters encoded in a bacterial genome as “water-
marks” [9] – but note this approach is in vivo (inside an
organism), whereas ours is in vitro (outside), so the technol-
ogy is very different and inapplicable to large-scale storage.
More scaling improvements were made by Church et al. in
2012, who recovered a 643 kB message [6], and Goldman
et al. recovered a 739 kB message also in 2012 [10]. However,
both these results required manual intervention: Church et al.
had to manually correct ten bits of error, and Goldman et al.
lost two sequences of 25 nucleotides.

A. Appendix: Materials and Method

Primers for the PCR reaction (Fig. 18) were designed to am-
plify specific files and also to incorporate sequence domains
that are necessary for sequencing. Each primer incorporated
overhangs that included three sequence domains in addition
to the amplification domain necessary for PCR amplification.
The first domain included the sequences necessary for binding
to the Illumina flow cell during next generation sequencing.
The second domain included a custom sequencing-priming re-
gion designed for the sequencing primer to bind. This region
allows for sequencing of multiple files in the same sequencing
run since the sequencing primer region becomes independent
of the oligonucleotide pool. These sequences were generated
using Nupack [29], software for thermodynamic analysis of
interacting nucleic acid strands, in order to avoid the forma-
tion of secondary structure that could interfere with the PCR
reaction. The third domain consisted of a 12-nucleotide long
degenerate region intended to optimize cluster detection in
the Illumina sequencing platform.
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Figure 18. PCR amplifies the strands in the file, and attaches
new regions to each end that allow for sequencing.

PCR amplification was performed using Platinum® PCR
SuperMix High Fidelity MasterMix from Life Technologies.
The cycling conditions were (i) 95°C for 3 min, (ii) 95°C for
20 s, (iii) 55°C for 20 s, (iv) 72°C for 160 s, and (v) looping
through (ii)–(iv) 30 times. The PCR amplification output
was purified via gel extraction and quantified before next
generation sequencing. Finally, the product was sequenced
using an Illumina MiSeq sequencing platform.

Synthesis Efficiency. To determine the results in Figure 16,
which presents a distribution of strand lengths produced by
synthesis, we designed a mathematical model to estimate
the nucleotide coupling efficiency, which is the probability
that a nucleotide will be added to the strand during each of
the 120 coupling cycles in the synthesis process. The model
says that the likelihood of observing a strand of length n is
proportional to

Intensity = nNt pn(1− p)
where Nt is the total number of DNA molecules being
synthesized in the array, p is the coupling efficiency, and
Intensity is the observed flouresence measured from the gel
electrophoresis shown in Figure 19. By fitting this model, we
estimated the nucleotide coupling efficiency in the synthesis
process to be approximately 0.975.

Oligonucleotide
Pool
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Figure 19. Gel electrophoresis results showing the distribu-
tion of strand lengths from the DNA synthesis process.
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Figure 11. Decoding accuracy as a function of sequencing
depth.

run, 8.6 M were error-free reads of a strand in the desired
pool. The distribution of reads by sequence is heavily skewed
with a mean depth of 506 and median depth of 128. These
results suggest that encodings need to be robust not only to
missing sequences (which get very few reads), but heavily
amplified incorrect sequences.

Reduced Sequencing Depth. The sequencing depth achieved
in our experiment is more than sufficient to recover the en-
coded data. Sequencing technology can reduce sequencing
depth in exchange for faster, higher-throughput results. To
determine whether our encodings are still effective as se-
quencing depth reduces, we randomly subsampled the 20.8 M
reads we achieved and tried to decode sydney.jpg again,
using both the Goldman and XOR encodings.

Figure 11 shows that both encodings respond similarly
to reduced sequencing depth. The x-axis plots the fraction
of the 20.8 M reads used, and the y-axis the accuracy of the
decoded file. Both encodings tend to 25% accuracy as the
depth reduces, as both decoders randomly guess one of the
four nucleotides if no data is available. The accuracy of the
two encodings is similar; however, the XOR encoding is
higher density than the Goldman encoding.
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Figure 12. Reliability of encoded data as a function of storage
density at different sequencing depths.

Naive Encoding. Figure 8 shows that the XOR encoding
is actually a superset of a naive encoding: if we ignore
strands which are products A⊕B, we are left with only the
naively encoded strands A and B. We attempted to decode
sydney.jpg while ignoring the XOR products. We found
that 11 strands were missing entirely, and even after improv-
ing the decoder to arbitrarily guess the values of missing
strands, were not able to recover a valid JPEG file. The XOR
encoding corrected all these errors at a lower density over-
head than the Goldman encoding. These results suggest that
even at very high sequencing depths, a naive encoding is not
sufficient for DNA storage: encodings must provide their own
robustness to errors.

7. Simulation

We used the results of the experiments in Section 6 to inform
the design of a simulator for DNA synthesis and sequencing.
The simulator allows experimenting with new encodings and
new configurations for existing encodings. This section uses
the simulator to answer two questions about DNA storage:
first, how do different encodings trade storage density for
reliability, and second, what is the effect of decay on the
reliability of stored data?

Reliability and Density. The encodings we described in
Section 5 can be reconfigured to provide either higher density
or higher reliability. To examine this trade-off between dif-
ferent encodings, we encoded the sydney.jpg file (Fig. 9)
with a variety of configurations. These configurations vary the
number of strands where a piece of data is included, by chang-
ing the overlap between strands for Goldman and increasing
the number of XOR copies for XOR.

Figure 12 plots the density achieved by an encoding
(x-axis) against decoding reliability (y-axis). The density
is calculated as the file size divided by the total number
of bases used to encode the file. Figure 12 includes three
different encoding mechanisms: a naive encoding with no
redundancy, the encoding proposed by Goldman, and our
proposed XOR encoding. It presents the results for two
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