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ABSTRACT

We developed a highly scalable ‘shotgun’ DNA
synthesis technology by utilizing microchip oligo-
nucleotides, shotgun assembly and next-generation
sequencing technology. A pool of microchip oligo-
nucleotides targeting a penicillin biosynthetic gene
cluster were assembled into numerous random
fragments, and tagged with 20bp degenerate
barcode primer pairs. An optimal set of error-free
fragments were identified by high-throughput DNA
sequencing, selectively amplified using the barcode
sequences, and successfully assembled into the
target gene cluster.

INTRODUCTION

One of the fundamental quests in synthetic biology is to
construct designer genes and genomes in a high-
throughput manner to probe and engineer biological
systems (1,2). However, typically employed DNA synthe-
sis procedures (2) impose significant challenges for
scalable construction due to the high cost of oligonucleo-
tides, low assembly efficiency, requirement for time-
consuming cloning and the high cost of sequence
validation (3). In contrast to the slow progress in DNA
synthesis (2), DNA sequencing technology has progressed
rapidly in recent years to the level of de novo genome
sequencing. One of the most important contributions of
genome-level sequencing is shotgun DNA sequencing,
which involves the use of computer algorithms to piece
together randomly fragmented genomic DNA (4).
Because random fragmentation of genomic DNA to
certain sizes can be achieved easily, high-throughput
sequencing of short fragments and computational
analysis can be massively parallelized to reduce the costs
of genome sequencing.

We hypothesized that the conceptual elegance of
shotgun DNA sequencing could be adopted to synthesize
long DNA fragments if an easy way to construct a pool of
random DNA fragments and a method to recover
computer-selected sequences in an orderly manner were
combined. Furthermore, we hypothesized that shotgun
sequencing could be combined with the use of microchip
oligonucleotides and high-throughput sequencing tech-
nologies to achieve high-throughput DNA writing.
Oligonucleotides cleaved from DNA microchips have pre-
viously been utilized to synthesize low-cost DNA (5-9).
However, the low assembly efficiency of chip-derived
oligonucleotides hinders target gene construction, and a
laborious DNA assembly optimization process is conse-
quently required (Supplementary Note 1) (8). To
overcome the challenges associated with microchip oligo-
nucleotides, only a small sub-pool of oligonucleotides
(i.e. <20) are often amplified to ensure high assembly ef-
ficiency (7,8). Recently, a highly efficient isothermal DNA
assembly method based on in vitro recombination and
amplification was successfully used to synthesize the
mouse mitochondrial genome (10).

Along with the use of microchip oligonucleotides, util-
ization of high-throughput sequencing technology (11) has
great potential to decrease the cost of validation of syn-
thetic DNA molecules. However, unlike colony-based
Sanger sequencing validation, it is difficult to collect the
desired DNA from high-throughput sequencing plates. In
a notable report (12), chip-cleaved oligonucleotides were
sequenced by 454 sequencing technology (11), and directly
isolated from the sequencing plate using a bead picking
pipette. These beads were subsequently used to assemble
200bp target DNA fragments. Although this study
demonstrated the utility of next-generation sequencing
technology, challenges associated with the assembly of
chip oligonucleotides into larger sequences along with
the creation of a highly tuned bead picking instrumental
set-up for an error-free oligonucleotide picking process

*To whom correspondence should be addressed. Tel: +82 2 2123 2633; Fax: +82 2 364 7050; Email: duheebang@yonsei.ac.kr

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

© The Author(s) 2012. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1

el40 Nucleic Acids Research, 2012, Vol. 40, No. 18

have yet to be addressed. Furthermore, various
methods have been developed to reduce the errors
generated during the oligonucleotide and gene synthesis
processes (3,7,13-16). However, most of these methods
require laborious and time-consuming procedures for
error correction.

Here, we describe a shotgun DNA synthesis technology
that is a de novo high-throughput DNA writing method.
This technology is based on the combination of microchip
oligonucleotides and high-throughput sequencing technol-
ogy. Barcodes were attached to randomly synthesized
‘shotgun’ DNA fragments, and the barcode sequences
were used to recover error-free DNA fragments as
validated by 454 sequencing. Although shotgun synthesis
is currently limited to read lengths of 500 nt because of the
current technological limits of 454 sequencing, other high-
throughput sequencing technologies could also feasibly be
utilized. Further, we believe that the relevance of shotgun
DNA synthesis will increase as sequencing reads become
longer.

MATERIALS AND METHODS

The target penicillin biosynthetic gene cluster and
oligonucleotide sequence design

The N-(5-amino-5-carboxypentanoyl)-L-cysteinyl-p-valine
synthase protein sequence (Supplementary Sequence 1;
UniProt database entry number: P26046) from
Penicillium chrysogenum was chosen as a synthetic
model. A codon-optimized penicillin biosynthetic gene
cluster sequence (11376bp: Supplementary Sequence 2)
was designed using the web-based program Optimizer
(17). Twenty-four nucleotides (GCAGAGTAAAGACC
GTGCACTTAT) were added to the synthase sequence
to ensure the total length of the sequence was in multiples
of 100bp (i.e. 11400 bp) for convenience when designing
the microchip oligonucleotides. Each Agilent chip oligo-
nucleotide was 150 nucleotides in length and consisted of
flanking sequences (2 x 25 nt) and target DNA sequences
(100nt each; Supplementary Sequences 3a and b).
Oligonucleotides (114 plus and 114 minus strands) for
target DNA sequences were designed in such a way that
upon annealing, complementary oligonucleotides con-
tained overlapping regions to prevent gaps during DNA
assembly. These 228 oligonucleotide sequences were
flanked by two sets of generic PCR primer pair sequences
containing either Btsl or Earl restriction enzyme site
(Primer Sets la and b; see Supplementary Sequence 4).

Processing of sub-pools of Agilent microchip
oligonucleotides

Lyophilized Agilent microchip oligonucleotides were sus-
pended in 100 pl water. We prepared a higher concentra-
tion of the microchip oligonucleotide subpool (two sets of
228 oligonucleotides targeting the penicillin biosynthetic
gene cluster) using PCR amplification with flanking
primers (Primer Set 1; see Supplementary Sequence 4).
The components included in each PCR reaction mixture
were 8 il water, 10 pl 2x Pfu polymerase pre-mix (Solgent,
Daejeon, Korea), 0.5ul Agilent chip oligonucleotides
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suspended in water, and 1 pl 10 uM forward and reverse
primers [Integrated DNA Technology (IDT), Coralville,
IA, USA]. Thermocycling involved a 3-min initial
denaturation step at 95°C followed by 20 cycles of 95°C
for 30s, 55°C for 30s, 72°C for 1 min and a final elong-
ation step at 72°C for 10min. To further increase the
amount of oligonucleotides, the second PCR reaction
was performed using 18 pl water, 25 ul 2x Pfu polymerase
pre-mix, 3 pl of an aliquot from the first PCR reaction and
2ul 10 uM forward and reverse primers. PCR conditions
were the same as for the first PCR reaction with the
exception of the number of reaction cycles (i.e. 12).
After verification of the desired products by 4% agarose
gel electrophoresis, these PCR products were used directly
for restriction enzyme digestion without an extra
purification step. Restriction enzyme digestion was
carried out by incubating 50 pl of the amplified chip oligo-
nucleotides with 2.5ul Earl (or Btsl; New England
Biolabs (NEB), Ipswich, MA, USA), 5Sul NEB buffer 1,
0.5ul 100x BSA at 37°C (or 55°C for Btsl) for 3h. The
flanking sequence-cleaved oligonucleotides were purified
by agarose gel (4%) electrophoresis and an AccuPrep™
gel-purification kit (Bioneer, Daejeon, Korea).

Shotgun synthesis using processed microchip
oligonucleotides

We carried out the shotgun synthesis reaction using two
sub-pools of processed microchip oligonucleotides by per-
forming PCR. The PCR reaction mixture comprised 20 pl
Pfu polymerase pre-mix and 20 pl of the processed micro-
chip oligonucleotides. The conditions for PCR were as
follows: 3min of initial heating at 95°C, followed by 36
cycles of 95°C for 30s, 60°C for 30s, 72°C for 1 min and a
final elongation step at 72°C for 10min. We then
electrophoresed the PCR products through an agarose
gel (1.5%). Bands at 300-500bp were excised and
purified using an AccuPrep™ gel-purification kit.

Barcode tagging of the shotgun synthesis products

The procedure used for barcode tagging is illustrated in
Figure 1. The gel-purified shotgun synthesis fragments
were amplified using flanking primers to enrich DNA frag-
ments with common flanking sequences. PCR reactions
contained 10pl water, 25ul Pfu polymerase pre-mix,
10l purified shotgun synthesis fragments and 2.5pul
10uM forward and reverse primers (Primer Set 1;
Supplementary Sequence 4). PCR conditions were as
follows: an initial denaturation step at 95°C for 3 min,
18 cycles of 95°C for 30s, 55°C for 30s, 72°C for 1 min
and a final elongation step at 72°C for 10min. PCR
products were electrophoresed through agarose gels
(1.5%) and bands between 300 and 450 bp were excised
and purified using an AccuPrep™ gel-purification kit.
The purified pool of shotgun synthesis fragments was
barcoded by PCR using a barcode primer pair (Primer
Set 2; Supplementary Sequence 4) that consisted of,
from the 5 to 3’ direction, a 454 DNA-sequencing
adaptor sequence, a 20-mer degenerate oligonucleotide
(i.e. made of poly N sites), an EcoP15I Type IIS restriction
enzyme site, and the original flanking primer sequences.
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Figure 1. Overall shotgun DNA synthesis scheme. (a) Preparation of microchip oligonucleotides. The oligonucleotides were designed to have
flanking sequences with Type IIS restriction enzyme sites (Earl or Btsl), and were synthesized and cleaved from an Agilent DNA microarray.
PCR amplification was carried out to increase the concentration of the oligonucleotides. (b) Shotgun DNA assembly. Amplified oligonucleotides were
cleaved using Type IIS restriction enzymes to remove the flanking sequences. A number of oligonucleotides were simultaneously utilized for shotgun
synthesis to form random fragments with sizes varying from 100 bp to 1000 bp. Because the efficiency of the restriction enzymes was less than 100%,
there were still uncut flanking sequences that we could use to enrich for the shotgun synthesis products. (¢) Tagging fragments with barcode
sequences and recovery from the DNA mixture. To analyze the sequences using high-throughput sequencing technology, we tagged the shotgun
synthesis fragments with barcode primers using PCR. These barcode primers consisted of degenerate barcode sequences and 454-adaptor sequences.
The PCR products were sent for high-throughput sequencing and analyzed by a computer program to select the optimal set of error-free DNA
fragments. To recover the selected error-free DNA fragments, PCR was carried out from the pool of shotgun-assembled target gene fragments using
barcode primer sequences. (d) Assembly to a target gene cluster. After removing the degenerate barcode sequences from the recovered fragments by
Type IIS restriction enzyme digestion, the error-free shotgun synthesis fragments were assembled into 11 ~1kb gene fragments. Subsequently, the 11
fragments were assembled into the full-length penicillin biosynthetic gene cluster using PCR.

The original flanking sequence of the chip oligonucleo-
tides contained either an Earl or Btsl site. The EcoP151
site was introduced into the barcode primers of the
shotgun synthesis fragments as an additional Type IIS
restriction enzyme site. PCR reactions contained 6 ul
water, 20ul Pfu polymerase pre-mix, 10ul purified
shotgun synthesis mixture and 2ul of the forward and
reverse barcode primers (Primer Set 2; Supplementary
Sequence 4). Thermocycling conditions were as follows:
3min of initial heating at 95°C followed by 18 cycles of
95°C for 30s, 55°C for 30s, 72°C for 1 min and a final
elongation step at 72°C for 10 min. The PCR products
were run on 1.5% agarose gels, and bands between
450 and 600bp were excised and purified using an
AccuPrep™  gel-purification kit. These gel-purified
products (10 ul) were diluted 100-fold using water (1 ml),
and the diluted products were then used for a final PCR
amplification step involving 454 DNA sequencing adaptor
primers. Eight replicate 50 ul PCR reactions containing
17.5ul water, 25 ul Pfu DNA polymerase pre-mix, 2.5 ul
of the 100-fold diluted gel purified products and 2.5 pl 454
DNA sequencing adaptor primers (Primer Set 3; see
Supplementary Sequence 4; Macrogen, Seoul, Korea)
were subjected to thermocycling using the following con-
ditions: initial heating at 95°C for 3min followed by 25
cycles of 95°C for 30s, 71°C for 30s, 72°C for 1 min and a
final elongation at 72°C for 10min. PCR products were
electrophoresed through a 1.5% agarose gel and gel bands

between 450 and 500 bp were excised and purified using an
AccuPrep™ gel-purification kit with elution in 60 ul of
water. The eight replicates were pooled (total volume
~480 pl) prior to 454 sequencing.

Prior to 454 sequencing, we performed TOPO cloning
of the barcoded shotgun synthesis fragments, and several
colonies were submitted for Sanger sequencing evaluation.
The detailed experimental procedures were as follows.
Gel-purified and barcoded DNA fragments were cloned
into the TOPO vector using the TOP Cloner™ Blunt
core kit (Enzynomics, Daejeon, Korea). Chemically com-
petent Escherichia coli cells originally derived from C2566
(NEB, Ipswich, MA, USA) were then transformed with
the TOPO vectors. After overnight growth on agar plates
at 37°C, several colonies were chosen for colony PCR
using M13 primer pairs (M13F-pUC and MI13R-pUC
primers; see Primer Set 4, Supplementary Sequence 4).
After confirmation of the presence of inserted DNA by
colony PCR, we purified plasmids from the insert-
validated colonies using an AccuPrep'™ plasmid mini
extraction kit (Bioneer, Daejeon, Korea). The purified
plasmids were submitted for Sanger sequencing prior
to Roche-454 sequencing. We analyzed the Sanger
sequencing data to validate the sequences of the DNA
fragments and the barcode sequences using the
Lasergene program (DNAstar, Madison, WI, USA).
After verification of the pool of shotgun synthesis DNA
fragment sequences, we sent the pool of barcoded shotgun
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synthesis products for 454 FLX high-throughput seq-
uencing. The sequencing data were analyzed using an
in-house Python program, and error-free target gene frag-
ments were selected.

In-house Python script to analyze the 454 high-throughput
sequencing data

The primary task of the Python program was to select
error-free shotgun synthesis fragments for assembly. The
computer program first scanned for the restriction enzyme
sites from the 454 sequencing reads. The flanking
sequences were removed in silico, and internal sequences
were aligned to the reference penicillin biosynthetic gene
cluster sequence. In detail, DNA fragments with EcoP15I
and either, Earl or BtsI sites at both ends of the read were
selected. Flanking sequences containing the enzyme site
were eliminated from the DNA fragments, and the
internal sequences [only for reads with a high quality
score (Phred-like consensus quality >30)] were aligned to
the target penicillin biosynthetic gene cluster sequence.
When these internal sequences matched perfectly with
the reference sequence, the aligned sequences were graph-
ically listed along with their target gene cluster sequence
(Figure 3b). Subsequently, the program determined the
optimal set of internal sequences that overlapped by
more than 15bp with other fragments. These selected
shotgun synthesis fragments were mapped onto the
target gene cluster sequence (Figure 3c). The Python
scripts used for the analysis are available upon request
to D.B.

Assembly of the shotgun synthesis fragments to the target
penicillin biosynthetic gene cluster

Amplification of the desired shotgun synthesis products
using barcode primer pairs

As described above, we used an in-house Python program
to select overlapping sets of shotgun synthesis fragments.
This analysis resulted in the selection of error-free shotgun
synthesis fragments covering 88% of the 11376 bp target
sequence. These overlapping error-free DNA fragments
were individually PCR-amplified from a pool of shotgun
synthesis DNA mixtures using selected barcode primer
pairs (Supplementary Table S1). PCR reactions comprised
8ul water, 10pul Phusion polymerase pre-mix (NEB,
Ipswich, MA, USA), 1l barcode primer pairs and 1 pl
of the shotgun synthesis DNA mixture. Thermocycling
conditions were as follows: 3min of heating at 95°C
followed by 30 cycles of 95°C for 30s, 60°C for 30s,
72°C for 1min and a final elongation step at 72°C for
10 min. For the 12% of target gene cluster regions that
exhibited low coverage (with only error-containing DNA
fragments), we first amplified these error-containing frag-
ments with barcode primers (Supplementary Table S1).
The fragments were then re-amplified using error-corre-
cting primers to fill the 12% low coverage regions of the
target gene cluster. We carried out the two-step PCR
reactions using the same PCR protocol as was used to
synthesize the error-free shotgun synthesis fragments for
two rounds of 30 cycles. PCR reaction mixes comprised
8 ul water, 10 pl Phusion polymerase pre-mix, 1 pl barcode
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primer pairs (Supplementary Table S1) and 1 pl shotgun
synthesis DNA mixture. For the second round of PCR
amplification, we used 1 pl nested PCR primer pairs and
1 pl of the PCR products from the first amplification step
(Supplementary Table S1). The desired PCR amplification
product sequences are listed in Supplementary Table S2.
The error-free PCR amplification products were
electrophoresed through an agarose gel (Supplementary
Figure Slg), and selected bands were excised and
purified using an AccuPrep'™ gel-purification kit.

PCR assembly for 1 kb DNA synthesis using flanking
sequence removed shotgun synthesis products

We assembled the flanking sequence removed shotgun
synthesis products to make 11 gene cluster fragments
(645-1325bp). For the construction of 11 ~1kb DNA
fragments, gel purified error-free fragments were pooled
together based on the use of restriction enzyme types
(Supplementary Table S1). For each pool, restriction
enzyme digestion was carried out by incubating 2 ul Earl
(or EcoP15I), S5ul NEB buffer 1, 0.5ul 100x BSA and
10 ul water with 30 ul of purified (and pooled) shotgun
synthesis fragments at 37°C for 3h. For EcoP151 (NEB,
Ipswich, MA, USA) restriction enzyme digestion, we used
NEB buffer 3 and added 10x ATP. We then electro-
phoresed the restriction digest products through 1.5%
agarose gels and excised the DNA bands at ~300bp
(Figure 1h and Supplementary Figure Slh). The
expected DNA fragment sequences after restriction
enzyme digestion are listed in Supplementary Table S3.
Eleven gene cluster fragments (645-1325bp; Sup-
plementary Table S4) were constructed by PCR using
3 ul water, 10 pl Phusion polymerase pre-mix, 5ul of 3-7
flanking  sequence-cleaved =~ DNA  fragments (or
error-corrected fragments) and 1 ul PCR primer sequences
(Figure 11, Supplementary Figure S1i and primer Set 5 in
Supplementary Sequence 4). PCR products were run
through 1% agarose gels and selected bands (Figure li
and Supplementary Figure S1i) were excised and purified
using a gel purification kit. These ~1kb DNA fragments
were cloned into the TOPO vector using the TOP
Cloner™ Blunt core kit (Enzynomics, Daejeon, Korea)
and submitted for Sanger sequencing. A few colonies
were chosen for colony PCR using M13 primer pairs
(M13F-pUC and MI3R-pUC primers). We used the
Lasergene program (DNAstar, Madison, WI, USA) to
analyze the DNA sequence data.

PCR assembly of an 11.4 kb gene cluster using flanking
sequence removed shotgun synthesis products

We used a PCR method to assemble 11 error-free ~1kb
fragments into the full-length penicillin biosynthetic gene
cluster. The PCR reaction mixture consisted of 11 ~1kb
fragments (each 1pl) and 15ul of Phusion polymerase
pre-mix (NEB, Ipswich, MA, USA) in the absence of
primers. The reaction mixture was heated at 95°C for
3min, followed by 10 cycles of 95°C for 30s, 70°C for
30s, 72°C for 3min30s, followed by a final elongation
step at 72°C for Smin. We then added 1pl primer
pairs containing restriction enzyme sites (BglIl, Notl)
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(Primer Set 6 at the Supplementary Sequence 4) to the
PCR reaction mixture and performed 25 more PCR
cycles. The PCR products were electrophoresed through
an agarose gel and bands of the desired size (Figure 2j)
were excised and purified using a gel purification kit. We
cloned the products into a plasmid (pBK3) using Bglll
and Notl restriction enzymes (Enzynomics, Korea)
based on protocols provided by the vendor, and trans-
formed C2566 E. coli competent cells (NEB, Ipswich,
MA, USA) with the vector. After overnight growth at
37°C, we screened a few colonies for pBK 3 vector contain-
ing the desired DNA using colony PCR. Several colonies
were grown in Luria-Bertani media for plasmid
extraction using an AccuPrep™ plasmid extraction kit
(Bioneer, Daejeon, Korea). One plasmid was extracted
and submitted for Sanger sequencing with multiple
sequencing primers (Primer Set 7; Supplementary
Sequence 4). Sequencing data were analyzed using the
Lasergene program (DNAstar, Madison, WI, USA).

RESULTS AND DISCUSSION

We set out to develop a shotgun DNA synthesis technol-
ogy as illustrated in Figure 1. While we focused on

(a) (b) (c)
500 bp
100bp 300bp
100bp
(f) (9)
500bp
400bp
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employing shotgun synthesis, we also wanted to
overcome the challenges of high-throughput DNA con-
struction using both microchip oligonucleotides and
high-throughput DNA sequencing. The shotgun method
is based on the hypothesis that a pool of oligonucleotides
can be synthesized in one pot to produce randomly
assembled products, and that each one of these heteroge-
neous products can be identified by high-throughput
sequencing. Computational analysis is subsequently
utilized to select the optimal set of synthetic DNA frag-
ments for target assembly.

We designed two sets of 228 microchip oligonucleotides
to construct a codon-optimized penicillin biosynthetic
gene cluster [N-(5-amino-5-carboxypentanoyl)-L-cysteinyl-
p-valine synthase, 11376bp] (17,18) (Supplementary
Sequences 1 and 2). For each set, two different Type IIS
restriction enzymes (i.e. Earl and Btsl) were used in
common flanking sequences to ensure that at least one
set of microchip oligonucleotides remained intact after re-
striction enzyme digestion. We carried out selective amp-
lification of sub-pool oligonucleotides cleaved from a 55K
Agilent DNA microchip using two sets of flanking primer
pairs (Supplementary Sequence 4: primer set 1), and
removed common sequences using the Type IIS restriction

(d) (e)

700bp
500 bp

500 bp
300bp

Figure 2. Gel data from the shotgun DNA synthesis experiment. (a) PCR products of the microchip oligonucleotides using flanking primers.
(b) Removal of the flanking sequences from the microchip oligonucleotides prior to shotgun assembly. DNA bands at 100 and 125bp (red triangles)
were excised and gel-purified together. (¢) The shotgun synthesis reaction using the processed pool of 228 microchip oligonucleotides. Bands ranging
in size from 300 bp to 500 bp (white box) were isolated from the smear and gel-purified. (d) The gel-purified products from ¢ were re-amplified using
microchip flanking primers. The bands in the white box were excised and gel-purified. (e) The shotgun synthesis fragments (from d) were PCR-tagged
using barcode primers. Bands between 450 and 600 bp (white box) were excised and purified. (f) Re-amplification of barcoded shotgun synthesis
products using 454-adaptor primers. DNA from the 500 bp region (red triangle) was excised and purified for 454 sequencing. (g) One of the 61
desired DNA PCR recovery reactions using degenerate barcode sequences (the remaining gel data is shown in Supplementary Figure Slg).
(h) Removal of the flanking sequences from a pool of 3-7 shotgun synthesis products using a Type IIS restriction enzyme (the remaining gel
data is shown in Supplementary Figure Slh). (i) One of the PCR products (~1kb DNA fragments) using flanking sequence removed shotgun
synthesis products (the remaining gel data is shown in Supplementary Figure S1i). (j) PCR assembly of 11 ~1kb DNA fragments to construct the
target 11.4kb gene cluster.


http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks546/DC1

el40 Nucleic Acids Research, 2012, Vol. 40, No. 18

enzymes as previously illustrated (Figure 2a and b) (8,9).
We then carried out shotgun DNA synthesis by utilizing
microchip oligonucleotides with cleaved flanking se-
quences. As expected, the shotgun synthesis of hundreds
of oligonucleotides resulted in highly heterogeneous DNA
fragments ranging in size from 100bp to 1000 bp
(Figure 2c). We isolated DNA corresponding to the
300-500bp region using agarose gel electrophoresis.
These sizes of DNA fragments were chosen because the
limit of 454 high-throughput sequencing was 500 bp at the
time of this study.

We then focused on developing a method to identify
random DNA fragments using high-throughput sequen-
cing technology, as well as a method to obtain
sequence-validated error-free fragments from the pool of
DNA fragments (Figure 1c). The gel-purified shotgun syn-
thesis DNA fragments were tagged with barcodes through
amplification with barcode PCR primers that consisted of
three functional parts: the original primer sequences used
for the amplification of the chip oligonucleotides, 20 bp
degenerate-barcode sequences and 454 adaptor sequences.
Because the efficiency of restriction enzyme digestion was
<100%, the shotgun synthesis DNA fragments were
amplified using the remaining uncut original flanking
primer sequences. We found that using the same
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microchip flanking primer sequences for PCR amplifica-
tion of the shotgun-synthesized DNA fragments was the
key for successful preparation of barcode-tagged random
DNA molecules (Figures 1c and 2d—f, and Supplementary
Note 2).

We sequenced a mixture of shotgun synthesis products
(~400 bp including barcode flanking sequences) from two
independent experiments. It turned out that for this length
of products, ~3% of the fragments were error-free
(Figure 3a and Supplementary Figure S2). Calculated
error value using an equation for error rate evaluation
was 8.4% (Supplementary Note 3). The rest of the frag-
ments (i.e. 97%) containing errors were analyzed as well
(Supplementary Figures 3 and 4). Out of 56632 reads of
error-containing shotgun products, 1750 reads failed to
align to the reference sequence of the target gene cluster.
This may be because these reads were incorrectly
overlapped during the shotgun assembly process. Of the
reads, 12495 reads did not meet the minimum quality
score criterion (Phred-like consensus quality >30) and
the rest of the reads among the error-containing shotgun
products (40 653 reads/56 632 reads, i.e. 72%) had errors
in the internal sequences. A detailed analysis of the
error-containing reads is provided in Supplementary
Figures 3 and 4. We then wrote a computer program to
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Figure 3. Computational analysis of the 454 sequencing data from shotgun synthesis. (a) The number of 454 sequencing reads versus the length of
the shotgun synthesis random fragments. The black and red lines show the number of total 454 sequencing reads and the error-free fragment reads,
respectively. The most abundant and correct reads had a length of ~400bp (including barcoding regions; they were typically ~300bp without
barcode flanking regions). The inset in a shows that the percentage of error-free random fragments tended to decrease as the length of the fragments
increased. (b) Computational analysis of two independent experiments (black and blue), and graphically aligned error-free gene fragments after the
removal of the flanking barcode sequences. The green, red and blue arrows on top of the figure represent clusters of genes (adipate-activating,
cysteine-activating and valine-activating domains, respectively). The y-axis indicates the number of error-free gene fragments corresponding to
various parts of the target gene. (¢) Hierarchical gene cluster synthesis. Selected shotgun synthesis fragments (~300bp; in black) were assembled
into ~1000 bp gene fragments (in pink), which were subsequently assembled to the target ~11.4 kbp penicillin biosynthetic gene cluster.
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determine the optimal set of overlapping error-free DNA
fragments that could be used to advance the assembly
process (Figure 3 and Supplementary Methods). Eighty-
eight percent of the 11376 bp target sequences exhibited
enough synthetic coverage to allow the extraction of
error-free shotgun synthesis DNA fragments (~300bp
each). In contrast, 12% of the target DNA regions
showed low coverage from the assembly steps, but still
contained error-containing DNA fragments. To determine
whether the missing 12% of sequences were difficult
regions to synthesize due to biased GC content, we
analyzed the missing 12% of sequences. The GC content
of the missing sequences ranged from 49.6% to 60.0%,
which is a typical GC content for bacterial DNA
(Supplementary Table S5). We evaluated the error-
containing fragments and determined which sequences
could be re-amplified using error-correcting primers to
fill in the 12% missing regions of the target gene cluster.

A total of 61 pairs of barcode primer sequences were
selected, of which 14 primer pairs were used for both
the selection and correction of DNA fragments
(Supplementary Table S1). Based on the gel data
(~400 bp; Supplementary Figure Slg), 77% (47 out of
61) of selective amplification reactions using barcode
primer sequences resulted in the desired sequences (Sup-
plementary Table S2). Alternative PCR primer sequences
were utilized successfully to obtain the remaining target
fragments. We processed these amplified sequences to
remove the barcode sequences using a Type IIS restriction
enzyme prior to the second round of DNA assembly
(Supplementary Table S3).

We pooled 3-7 fragments with cleaved flanking se-
quences (~300bp each) and constructed 11 ~1kb frag-
ments by PCR (Figure 2i, Supplementary Figure S1i and
Supplementary Table S4). We cloned these 1kb DNA
fragments and submitted them for Sanger sequencing for
validation (Supplementary Table S4). In summary, 16 out
of 21 colonies (i.e. one to three colonies per construct)
were error-free with an average synthetic error rate of
0.022% (i.e. 5 errors per 22903 bp; Supplementary Table
S6). Note that we used a Phred-like quality score >30,
which corresponded to a base call accuracy of >99.9%
(i.e. one incorrect base call per 1000 bases) when we
evaluated the 300bp shotgun fragments using 454
sequencing. The intrinsic sequencing error rate might
affect the error rate of the 1kb synthetic fragments,
because the 300 bp fragments used for ~1kb construction
were selected based on sequencing data with a base call
accuracy of >99.9%. We used 11 error-free DNA frag-
ments for the final PCR assembly to construct the biosyn-
thetic gene cluster of penicillin (Figure 2j). Subsequent
cloning and sequencing showed that we successfully
obtained the desired penicillin gene cluster (i.e. 0 errors
per 11376 bp).

In summary, we developed a shotgun DNA synthesis
technology for high-throughput assembly of large DNA
molecules that involved the use of a novel, random
assembly process to synthesize DNA intermediates. The
shotgun synthesis products were barcoded and profiled by
high-throughput sequencing. The sequencing information
was analyzed by a computer program to ensure the
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accuracy of the DNA molecules prior to further
assembly into target DNA sequences. We believe that
our high-throughput-based sequencing method provides
a way to reduce the costs of synthetic DNA associated
with sequence validation. Furthermore, no cloning is
required early in the process of shotgun synthesis, and
our use of random barcodes to identify error-free
products is unique.

We ran a cost analysis of the shotgun DNA synthesis of
an 11.4kb gene cluster based on several factors including
the cost of microchip oligonucleotides, 454 high-throu-
ghput sequencing, Sanger sequencing, primers and PCR
reagents, among other considerations (Supplementary
Note 4). Based on the cost analysis, we believe that as
454 sequencing becomes cheaper and gene syntheses can
be multiplexed, sequencing costs will decrease. Our
shotgun synthesis method can be performed using other
sequencing platforms [i.e. Illumina or Pacific Biosciences
(PacBio)] to further reduce synthesis costs. In particular,
the use of Illumina platforms in shotgun synthesis may
dramatically lower the sequencing costs if the Illumina
read length becomes longer (Supplementary Table S7).
We also note that for each target cluster, new barcode
primers will have to be ordered for extraction of DNA
segments, which is expensive and will make the process
slower. However, selection primers can be reused if thou-
sands (e.g. 3000) of forward barcode primers and thou-
sands (e.g. 3000) of reverse barcode primers are used
to tag the shotgun synthesis fragments. The possible
combinations of these barcode primers are sufficient
(i.e. 3000 x 3000 = 9 x 10°) to ensure unique selection of
fragments from a pool of DNA for 454 high-throughput
sequencing.

Due to the low error rate associated with the use of
Agilent microchip oligonucleotides, cloning of DNA frag-
ments using a high-fidelity DNA microchip-based
assembly method (7) should not be necessary for more
than a couple of colonies per fragment to find error-free
fragments. Although the use of Agilent microchip oligos
makes high-throughput sequencing-based shotgun DNA
synthesis less attractive, combining the shotgun method
with ultra-deep sequencing would make low-fidelity
DNA microchips relevant for further DNA assembly
steps. For example, Illumina’s MiSeq platform can
produce 4 GB of data based on 150 paired-end reads
(i.e. 300bp), and the read length is expected to reach
500 bp (250 bp paired-end) in 2012. The long read length
and massive throughput of the MiSeq platform will facili-
tate shotgun synthesis using not only oligos from Agilent
OLS-based microarrays, but also from more error-prone
microchips provided by other microchip vendors. The
PacBio sequencing platform could also potentially be
utilized to obtain longer synthetic DNA fragments.
However, the error rate of this sequencing platform is
still 87%. Thus, four circular consensus reads from
PacBio are needed to accurately determine sequencing
errors (19) and to select synthetic DNA fragments with
an error rate better than 1 in 1000 bp. Recently developed
gene synthesis platforms (454, MiSeq and PacBio plat-
forms) that could be used in shotgun DNA synthesis are
compared in Supplementary Table S8.
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