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Abstract

The ability to efficiently and economically generate libraries of defined pieces of DNA would have a myriad of applications,
not least in the area of defined or directed sequencing and synthetic biology, but also in applications associated with
encoding and tagging. In this manuscript DNA microarrays were used to allow the linear amplification of immobilized DNA
sequences from the array followed by PCR amplification. Arrays of increasing sophistication (1, 10, 3,875, 10,000 defined
sequences) were used to validate the process, with sequences verified by selective hybridization to a complementary DNA
microarray and DNA sequencing, which demonstrated a PCR error rate of 9.761023/site/duplication. This technique offers
an economical and efficient way of producing specific DNA libraries of hundreds to thousands of members with the DNA-
arrays being used as ‘‘factories’’ allowing specific DNA oligonucleotide pools to be generated. We also found substantial
variance observed between the sequence frequencies found via Solexa sequencing and microarray analysis, highlighting
the care needed in the interpretation of profiling data.
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Introduction

The ability to efficiently and economically generate libraries of

defined pieces of DNA would have a myriad of applications, not

least in the area of defined or directed sequencing and synthetic

biology but also in applications associated with encoding and

tagging. There are many examples of where DNA has been used

as an encoding device for peptides or small molecules, enabling the

high-throughput screening of peptide/small molecule interactions

with a range of biological targets [1–10].

Perhaps the first use of DNA encoding in this scenario was in

the early days of combinatorial chemistry, with bead-based, DNA-

encoded libraries composed of up to 800,000 heptapeptides [2–3].

This initial approach has since evolved [5], with recent examples

of DNA-encoded libraries reported by Nuevolution [7] and

Praecis [8] with the synthesis of million to billion member libraries

encoded by double stranded DNA [9]. DNA encoded, self-

assembled chemical (ESAC) libraries have also been reported [6],

with small molecule-linked DNA oligonucleotides combining to

give DNA-duplexes encoding two compounds leading to ‘‘com-

bination’’ libraries that can be screened against biological targets.

Another application of DNA libraries is nucleic acid aptamers,

which are able to bind molecular targets such as small molecules,

proteins, nucleic acids, and even cells, tissues and organisms [11–

15]. An additional technology that relies heavily on DNA libraries

is protein engineering, whereby gene libraries are used to generate

libraries of proteins with modified or improved characteristics

[16]. This technique has been successfully applied in the areas of

modifying enzyme selectivity, altering ligand binding or improving

protein stability [17–19].

DNA microarrays can be efficiently and economically custom

synthesized to contain high numbers (up to millions) of relatively

long (up to 200 bp) DNA oligonucleotides [20]. DNA microarrays

are typically prepared by: in-situ DNA synthesis either by

photolithography, where masks (real or virtual) are applied to

direct oligonucleotide synthesis [21–22]; by inkjet printing

mediated synthesis [23–25]; or by semiconductor directed

synthesis, where an array of individually controlled microelec-

trodes embedded in a fluidic chamber selectively generate active

sites by means of an electrochemical reaction [26]. The

attachment of pre-synthesized DNA onto a surface, such as a

bead or a glass surface is more expensive and laborious than in-situ

DNA array synthesis [27].

Efforts have been made to obtain oligonucleotide libraries from

a microarray by cleaving the oligonucleotides off the array

followed by PCR amplification, thereby generating multiplex

DNA libraries for parallel genomic assays [28]. However, this

technique is sacrificial, offering no means of reuse of the DNA

array. Other examples of the fabrication of DNA libraries include

‘‘PCR’’ on solid supported primers [29] where primers are

covalently attached to microarrays with hybridization of specific

DNA targets and elongation of the primers generating microarrays

of supported DNA libraries with high density of oligonucleotides of

any length [30]. This technique has been shown to reduce the

undesired, non-selective amplification of DNA oligonucleotides

and thereby enhance identification of diagnostic targets [31] and

improving SNP detection [32].

Here we demonstrate an approach to the generation of DNA

libraries from DNA microarrays allowing the efficient and

inexpensive production of custom made thousand-member DNA
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libraries. The DNA libraries were generated while keeping the

array intact and useable for subsequent applications, such as

additional rounds of DNA production. This was achieved by

fabricating arrays up to 10,000 oligonucleotides followed by ‘‘read-

off’’ from the array using a DNA polymerase with subsequent

amplification by PCR (Fig. 1). We also show the substantial

variance observed in Solexa sequencing compared to conventional

microarray analysis.

Results

Microarray design
In order to explore the fidelity of the approach, microarrays

were designed to contain an increasing number of different DNA

oligonucleotides (1, 10, 3,875, or 10,000) and were based on the

17 bp sequences (with a 12 bp variable region) complementary to

a previously reported 10,000-member PNA-encoded peptide

library [33].

The first oligonucleotide array was designed to contain just one

sequence (Table 1), which included domains complementary to

primer-1 and primer-2 (Table 1), in a 10610 pattern. The 10-

member oligonucleotide array was designed with the variable

domain (12 bp; Table 1, bold region) flanked by domains

complementary to primer-1 and primer-2 (Table 1). The oligonu-

cleotides were randomly organized with 4,000 replicates in

4644,000 sub-arrays. In addition, each sub-array included 4,000

non-complementary DNA oligonucleotides as negative controls.

The 3,875 and 10,000-member oligonucleotide arrays were

designed with the variable domain (12 bp; Table 1, bold region)

flanked by domains complementary to Solexa-primer-1 and 2

(Table 1, italic regions) to allow subsequent DNA sequencing. In

order to quantitatively assess the amplification of each oligonu-

cleotide on the array the 3,875 oligonucleotide array was designed

with scaling of the content of the oligonucleotides with either 1, 2,

4, 8, or 16 replicates of each oligonucleotide in each of the

4644,000 sub-arrays (Table 2). In addition, each sub-array

included 1,375 non-complementary DNA oligonucleotides as

negative controls. The 10,000 oligonucleotides were organized

randomly with 4 replicates of each in 4644,000 sub-arrays and

each sub-array included 4,000 non-complementary DNA oligo-

nucleotides as negative controls.

PCR ‘‘read-off’’ microarrays
The first steps in the process involved primer hybridization and

elongation on the solid support and required extended reaction

times for efficient production of a double stranded (ds) DNA

microarray, with one DNA strand covalently attached to the

surface. The newly synthesized DNA strands could then function

as templates for solution phase PCR carried out over the

microarray leading to amplification of the ssDNA displayed on

the microarray (Fig. 1).

PCR ‘‘read-off’’ of the 1-member oligonucleotide array gave a

50 bp band by DNA gel electrophoresis (Fig. 2a). Conventional

Sanger sequencing of the PCR amplified product showed the

expected oligonucleotide sequence (Table 1). PCR ‘‘read-off’’ of

the 10-member oligonucleotide microarray also gave the expected

50 bp band by gel electrophoresis (DNA-10), with the larger 3,875

and 10,000-member oligonucleotide microarrays giving the

expected 107 bp bands (DNA-3,875 and DNA-10,000 respective-

ly, Fig. 2a). Furthermore, enzymatic digestion with EcoICRI

(recognition sequence: 59-GAG.CTC-39) of DNA-3,875 and

DNA-10,000 resulted in the two expected fragments (85 bp and

22 bp, Fig. 2c).

Amplification off the 10,000-member oligonucleotide micro-

array was repeated 5 times after the initial round of primer

hybridization, elongation, and washing but without stripping off

the newly synthesized DNA and resulted in similar isolated yields

of 39–40% (Eq. 1) illustrating that ‘‘read-off’’ can be performed

multiple times without damaging the array (Fig. 2b). No product

was detected when the ‘‘read-off’’ on the 10,000 oligonucleotide

array was carried out without primers (negative control, Fig. 2b).

Figure 1. The generation of DNA templates from microarrays and parallel analysis. A ssDNA microarray was incubated with a primer
(16 h) followed by elongation using Taq polymerase (16 h) producing as dsDNA microarray. The newly synthesized DNA strands were used as
templates for solution phase PCR carried out over the microarray leading to amplification of the ssDNA displayed on the microarray. The dsDNA was
amplified by PCR to produce fluorescently labeled ssDNA analogous to the ssDNA printed on the microarray. The fluorescently labeled ssDNA was
hybridized to a complementary microarray or submitted to Solexa sequencing to allow decoding of the amplified ssDNA. FAM = 5(6)-
carboxyfluorescein.
doi:10.1371/journal.pone.0024906.g001
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Previous studies have shown that spacer molecules reduce steric

interference of the support on the hybridization efficiency of

immobilized oligonucleotides [34], which could also be extended

to spacers improving the accessibility of solid supported oligonu-

cleotides for enzymatic reactions. However, this was not an

obstacle when using the Agilent arrays, as these include spacers,

the nature of which is not disclosed by the manufacturer, that

separate the customized 60 bp oligonucleotides from the solid

support.

Microarray hybridization of PCR products
To allow microarray quantification of the DNA microarray

‘‘read-off’’ libraries, these were further amplified by PCR with a

FAM-labeled primer and an unlabeled primer (primer-1 and

primer-2-FAM for DNA-10, primer-3 and primer-4-FAM for

DNA-3,875 and DNA-10,000) producing FAM-labeled dsDNA

libraries (DNA-10-FAM, DNA-3,875-FAM, DNA-10,000-FAM;

Table 1 and Fig. 2d).

The dsDNA-10-FAM was hybridized onto a complementary

DNA microarray identical to the ‘‘read-off’’ DNA microarray

(above). Fluorescent microarray imaging in combination with

BlueFuse technology (BlueGenome) was used to quantify the

intensity of the FAM-label and thereby determine the amount of

DNA hybridized to each spot (ArrayExpress: E-MEXP-3102).

The double stranded DNA-3,875 and DNA-10,000 libraries

needed to be hybridized to DNA microarrays that encode only the

12 bp variable domain of the DNA-10,000 library (Table 1, bold)

arrays contained four replicates of each sequence in the 10,000

member library as well as 4,000 non-complementary DNA

oligonucleotides as negative controls. However, hybridization of

the 12 bp microarray supported oligonucleotides with a 107 bp

dsDNA library is very challenging due to the competition between

the non-microarray complementary 107 bp ssDNA strands and

the 12 bp microarray supported ssDNA strands. Microarray

hybridization used single stranded DNA, which was generated

by asymmetric PCR with a single primer (primer-4-FAM, Table 1).

This produced microarray complementary ssDNA libraries

(ssDNA-3,875-FAM and ssDNA-10,000-FAM, Fig. 1 and 2d),

which were hybridized onto microarrays that were complementary

to the 12 bp variable domain (Table 1, bold) and the microarrays

were imaged as described above.

Quantification of microarray hybridizations
Raw microarray data were obtained from Bluefuse, which

allows grid alignment and signal estimation. The top ,5% and the

bottom ,5% of each of the replicate-sets were removed as outliers

(erroneous values caused by dust, scrapes etc. [35–36]) and the

background corrected average intensity was calculated for all of

the replicate sets and for the intensity of the non-coding negative

control features on each microarray. In order to assess the

efficiency of the microarray ‘‘read-off’’ and subsequent PCR

amplification the average microarray intensities were plotted

against the number of replicates (Fig. 3).

The slight differences in average intensities for the 10

oligonucleotide graph (Fig. 3a) arise from differences in the

number of copies of each oligonucleotide on the ‘‘read-off’’ array

as well as differences in secondary structures and Tm of the

oligonucleotides as these characteristics greatly affect the hybrid-

ization efficiency. Thus, a curved distribution of microarray

intensity versus the oligonucleotide sequences is expected [37].

The narrow range of the average intensities and their low standard

deviation values in combination with curved distribution of the 10

oligonucleotide graph illustrate that the microarray ‘‘read-off’’ had

occurred uniformly over the whole array.

The graph for the 3,875 oligonucleotides shows a linear

relationship between the microarray intensities versus the number

of replicates illustrating that the 3,875 DNA templates had been

‘‘read-off’’ and amplified relative to the number of replicates of

oligonucleotides on the microarray (Fig. 3b). Each data point in

the 3,875 oligonucleotides graph represents the average of many

different oligonucleotides (Table 2), each with different synthesis

efficiencies, Tm, and secondary structures. Consequently, the

effects of these parameters on the hybridization efficiency

cancelled each other out when the average intensity was calculated

over many different sequences. This resulted in a smoother

Table 1. General sequences of microarray supported
oligonucleotides and primer sequences.

1-member oligonucleotide microarray

59-TCCCAGGGAAAGCATGGAAGAAGGAGAACCTTCTCTCTCTCTCTCTCTCT-39

10-member oligonucleotide microarray

59-TCCCAGGGAAAGCATGGHHHHHHHHHHHHCTTCTCTCTCTCTCTCTCTCT-39

3,875 and 10,000-member oligonucleotide microarrays

59 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGG-

HHHHHHHHHHHHCTTAGATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG-39

Primer-1

59-TCCCAGGGAAAGCATGG-39

Primer-2

59-AGAGAGAGAGAGAGAGAGAAG-39

Primer-2-FAM

59-FAM-AGAGAGAGAGAGAGAGAGAAG-39

Solexa-primer-1

59-AATGATACGGCGACCACCGAGATCTACACTCTTTCCC
TACACGACGCTCTTCCGATCT-39

Solexa-primer-2

59-CAAGCAGAAGACGGCATACGAGCTCTTCCGATCT-39

Primer-3

59-CTACACGACGCTCTTCCGATCTGG-39

Primer-4-FAM

59-FAM-GCATACGAGCTCTTCCGATCTAAG-39

H = A, C, or T.
doi:10.1371/journal.pone.0024906.t001

Table 2. Number of replicates of oligonucleotides on the
scaled content 3,875-oligonucleotide microarray.

Number of oligonucleotides6
number of replicates

Number
of spots

2000 oligonucleotides616: 32,000

1000 oligonucleotides68: 8,000

500 oligonucleotides64: 2,000

250 oligonucleotides62: 500

125 oligonucleotides61: 125

3,875 oligonucleotides in total: 42,625

doi:10.1371/journal.pone.0024906.t002

Microarray Generation of Oligonucleotide Libraries
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distribution of the 3,875 oligonucleotide graph compared to that of

the 10 oligonucleotide graph.

The average intensity versus the number of replicates for the

10,000 oligonucleotides showed a curved distribution illustrating

that the microarray ‘‘read-off’’ occurs uniformly over the high-

content arrays with few replicates of each oligonucleotide (Fig. 3c).

Illumina Solexa sequencing
Solexa sequencing of the DNA-10,000 oligo-pool identified 9976

sequences from the possible 10,000 DNA oligonucleotides synthe-

sized on the DNA microarray giving a loss rate of 0.2% (24

oligonucleotides not seen out of 10,000, Table 3 and ArrayExpress:

E-MTAB-540). Noticeably, the oligonucleotides not seen via

sequencing all had one of the following consensus sequences

(X = any base): CGC-XXX-XXX-CGC, CGC-XXX-CGC-XXX,

CGC-CGC-XXX-XXX, CAC-GAX-XAG-TGC (Table 3).

Of interest was that the 9976 sequences were seen between 1 to

4837 times each (Fig. 4). This significant difference in the number

of reads of each oligonucleotide was initially thought to correspond

to an unexpected large difference in the actual amount of the

respective oligonucleotide in the library. Closer examination of the

sequences revealed that the oligonucleotides that had poor

frequencies of observation had the same consensus sequences as

the non-identified oligonucleotides (Table 3). It is important to

note that all of the oligonucleotides not seen by sequencing were

observed by microarray hybridization in substantial amounts (the

arbitrary microarray intensities where in the range of 6,000–

38,000 compared to the full intensity range of 2,700–55,000;

Table 3 and ArrayExpress: E-MEXP-3102). Thus, no evidence of

low synthesis rate of the high GC-content CGC-codon was

observed in the microarray hybridization experiment and the low

observation frequency of CGC containing oligonucleotides in

Solexa sequencing cannot be explained by low synthesis

efficiencies.

The relatively high number of rare hits seen in Fig. 4 may be

explained by the high similarity between the oligonucleotides (each

oligonulceotide differs from other library members with as little as

one nucleotide [33]). This may present difficulties in distinguishing

truly different sequences from sequence errors, which prevents

exclusion of sequences that arise from changes at conserved

positions in the library. Thus, when unique sequences seen with

Solexa sequencing were tallied, all unique sequences were

counted.

Based on the data from sequencing and the microarray

screening it can be assumed that the relative amounts observed

by sequencing are an effect of the actual amounts of the

oligonucleotides in the sample, but that this is secondary to the

efficiency of the base calling of the respective sequence. Similarly,

significant skewing has previously been reported in Solexa

sequencing of a PCR-amplified synthetic oligonucleotide library

[38].

Determination of the PCR error rate
The PCR error rate was calculated using the formula given by

Hayes (1965; Materials and Methods, Eq. 2, [39]): [26observed

error number]/[total DNA length examined6effective number of

duplications]. The observed error number per sequence was 5.499

(Materials and Methods). However, this observed error number

includes the combined errors in both the PCR ‘‘read-off’’

microarray and the subsequent PCR amplification with Solexa-

primers.

The effective number of duplications can be calculated from the

template-product ratio. The amount of PCR product amplified

from ,2.9610213 g of microarray supported template DNA

(Agilent) was determined to be 111 mg, and the effective number of

duplications was calculated to be 18.8 (Materials and Methods).

Therefore, the error rate was calculated to be 9.761023/site/

duplication.

This error rate is slightly higher than the error rate typically

observed for the Taq polymerase (1.061024/site/duplication)

[40]. However, considering the error rate of 9.761023/site/

duplication is the combined error rate for two subsequent PCRs

and that the first of these included PCR ‘‘read-off’’ a microarray

an increased error rate would be expected compared to literature

values.

Discussion

Four microarrays with 1, 10, 3,875 or 10,000 different

oligonucleotide sequences were utilized to determine whether

they could be used as a platform for large scale DNA synthesis. A

novel microarray ‘‘read-off’’ technology was established that

allows high-throughput amplification of microarray supported

Figure 2. DNA gel electrophoresis. (a) PCR products from the 1, 10, 3,875, 10,000 oligonucleotide microarrays. (b) Products from 5 repeats of PCR
from the 10,000 oligonucleotide array. (c) dsDNA-10,000 and dsDNA-3875 (left) and their EcoICRI digestion (right). (d) PCR amplification with two
primers producing dsDNA-10,000-FAM and dsDNA-3,875-FAM and dsDNA-10-FAM (left) and asymmetric PCR with a single primer producing ssDNA-
10,000-FAM and ssDNA-3,875-FAM (right).
doi:10.1371/journal.pone.0024906.g002

Microarray Generation of Oligonucleotide Libraries
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DNA probes and the production of DNA libraries containing tens

of thousands of members.

DNA sequencing and microarray hybridization of 1, 10, 3,875,

and 10,000 DNA oligonucleotide ‘‘read-off’’ libraries illustrated

that microarray ‘‘read-off’’ had occurred uniformly over the whole

of the high-content DNA microarrays, and that the amount of

oligonucleotide in the library mixture was determined by the

number of replicates of each oligonucleotide on the ‘‘read-off’’

array. The DNA-arrays could be used as ‘‘factories’’ allowing

specific DNA oligo pools to be generated with or without masking.

The PCR error rate for the combined PCR ‘‘read-off’’ microarray

and subsequent PCRs was calculated to be 9.761023/site/

Figure 3. The background corrected average intensities
plotted versus the number of replicates. (a) The dsDNA-10-FAM
library. (b) The ssDNA-3,875-FAM library. (c) The ssDNA-10,000-FAM
library. Error bars indicate 6 s.d.
doi:10.1371/journal.pone.0024906.g003

Table 3. Oligonucleotide sequences not seen by Solexa
sequencing and their background-corrected average
microarray intensities.

Sequence Microarray intensity

CACGACGAGTGC 1.53 E+04

CACGAGAAGTGC 2.64 E+04

CACGATAAGTGC 1.12 E+04

CACGATGAGTGC 6.38 E+03

CGCCACAAGCGC 1.53 E+04

CGCCACGAGCGC 2.33 E+04

CGCCGCCGCCGC 3.81 E+04

CGCCGCGAGCGC 3.64 E+04

CGCGACGAGCGC 1.69 E+04

CGCGAGCGCCAC 2.06 E+04

CGCGAGGAGCGC 1.80 E+04

CGCGAGGATCGC 2.54 E+04

CGCGATAAGCGC 3.57 E+04

CGCGATGAGCGC 2.37 E+04

CGCTACAAGCGC 3.47 E+04

CGCTACGAGCGC 2.30 E+04

CGCTGCAAGCGC 3.25 E+04

CGCTGCGAGCGC 3.28 E+04

CGCTGTAAGCGC 2.37 E+04

CGCTGTCGCCGC 2.09 E+04

GAGCGCAAGCGC 3.75 E+04

GAGCGCCGCCGC 3.52 E+04

GAGCGCCGCGAC 2.13 E+04

AAGCGCAAGCGC 1.47 E+04

doi:10.1371/journal.pone.0024906.t003

Figure 4. The number of times each oligonucleotide was seen
by Solexa sequencing plotted versus the oligonucleotide
sequences. 36-bp reads of the Solexa primer of the dsDNA-10,000
oligo-pool generated by ‘‘read-off’’ the 10,000 oligonucleotide micro-
array.
doi:10.1371/journal.pone.0024906.g004
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duplication, which is relative to the error rate typically observed

for the Taq polymerase (1.061024/site/duplication) [40].

This technique offers efficient and inexpensive generation of

thousands of defined oligonucleotides, which could allow the rapid

synthesis of specific primers for use in genome sequencing and

genotyping assays or DNA-encoding methods and aptamer

screening. Furthermore, this method gives easy access to

unpurified mixtures of microarray-synthesized oligonucleotides,

which have been used directly in generation of high-quality gene

assembly [41]. This technique could also allow production of

defined DNA libraries by employing an appropriate microarray

design. For example, a microarray with 100 defined subarrays,

each with repeats of a single oligonucleotide, would enable

synthesis of separate oligonucleotide pools simply by using a cover-

slip with 100 separate chambers [42].

Another application of the technique could be the synthesis of

defined siRNA libraries by employing an RNA polymerase [43]

rather than DNA polymerase, which would allow pools of siRNA

to be synthesized from DNA microarrays [44–48]. Again, masking

could allow rapid generation of separate oligonucleotide pools and

the array to be re-used.

Interestingly we also observed that the comparative results of

microarray hybridization analysis did not correlate with those of

Solexa sequencing due to specific consensus sequences that

sequenced poorly. The oligonucleotides not seen by sequencing

were identified in substantial amounts by microarray hybridiza-

tion. Together with the relatively low PCR error rate of the

combined PCR ‘‘read-off’’ microarray and subsequent PCR

amplification this demonstrates that the ‘‘read-off’’ approach is

not sequence dependent but that the Solexa sequencing is.

Similarly, significant skewing has previously been reported in

Solexa sequencing of a PCR-amplified synthetic oligonucleotide

library [40], perhaps suggesting that comparative mRNA profiling

analysis on Solexa needs to be done with care.

Materials and Methods

Microarray manufacture
The 1-member oligonucleotide microarray was generated by

contact printing a 39-amino modified DNA oligonucleotide

(Microsynth) onto a CodelinkH slide in a 10610 pattern. After

printing the unreacted sites on the slide were blocked with

ethanolamine and the array was washed briefly with 0.2% SDS in

46 SCC (Fisher Scientific), 0.1% SDS in 26 SCC for 265 min,

0.26SCC for 5 min, and 0.16SCC for 5 min, and dried under a

flow of N2. All other DNA microarrays were custom fabricated by

Oxford Gene Technologies (OGT).

DNA gel electrophoresis
Samples (20–30 mL) were prepared with 66 Blue/Orange

Loading Dye (5 mL, Promega) and DNA grade H2O were run on

a 5 (w/v)% agarose gel (Promega Preparative grade for small

fragments) in 16 Tris Borate EDTA (pH 8.3, TBE, Fisher

Scientific) buffer for approximately 1 h. The gel was analyzed

under UV light and the appropriate bands were exercised with a

scalpel. DNA was purified using a QIAEX II Agarose Gel

Extraction Kit (Qiagen) according to the manufacturer’s protocol.

PCR ‘‘read-off’’ microarrays
Elongation reaction mix (200 mL) without primers was prepared

according to a Promega standard protocol using a PCR Master

Mix (Promega, 25 U/mL Taq Polymerase, 200 mM dNTP,

1.5 mM MgCl2) was loaded onto the microarray using an Agilent

hybridization cover slide. The first elongation step was carried out

at 50uC (primer-2) or 55uC (Solexa-primer-2) for 16 h (overnight).

Hereafter, the reaction mixture was removed using a pipette and

fresh PCR reaction mix (200 mL; Promega, 25 U/mL Taq

Polymerase, 200 mM dNTP, 1.5 mM MgCl2) with primer-1 and

2 (0.1 mM) or Solexa-primer-1 and 2 (0.1 mM) were loaded onto

the microarray and a standard PCR cycle was set up in a

GeneMachinesH Hyb4 automated hybridizer [40 cycles, denatur-

ation at 94uC for 30 s for 10 cycles and 88uC for 30 s for 30 cycles,

annealing at 49uC for 1 min, elongation at 50uC for 5 min

(primer-1 and 2), or denaturation at 94uC for 30 s, annealing at

65uC for 1 min, elongation at 70uC for 1 min (Solexa-primer-1

and 2)]. In addition, an initial 3 min denaturation step at 94uC
and a final 15 min elongation step at 50uC (primer-2) or 70uC
(Solexa-primer-2) were carried out. Immediately after the PCR

had finished the reaction mix was collected using a pipette and the

microarray washed with H2O (3650 mL). The aqueous fractions

were pooled together and concentrated in a speed-vac followed by

purification by preparative DNA gel electrophoresis as described

above (dsDNA-10: 0.70 mg, 40% isolated yield, dsDNA-3875:

1.75 mg, 40% isolated yield, dsDNA-10,000: 1.65 mg, 40% isolated

yield, Eq. 1).

Yield per cycle~
nproduct

ntheoretical

� � 2
cycles

:

100%~
nproduct

ntemplate
:2cycles

� � 2
cycles

:100%

ð1Þ

PCR in solution
The purified products (250 ng) from each of the PCR ‘‘read-

off’’ microarrays were used as templates in another round of PCR

with primer-1 and 2 (1 mM) or Solexa-primer-1 and 2 (1 mM) in a

16 PCR Master Mix (200 mL; Promega, 25 U/mL Taq

Polymerase, 200 mM dNTP, 1.5 mM MgCl2) in a Techne TC-

312 PCR cycler with the same cycle as on the microarray. After

PCR the samples were concentrated in a speed-vac followed by

purification by preparative DNA gel electrophoresis as described

above (dsDNA-3875-2: 1.11 mg, 27% isolated yield, dsDNA-

10,000-2: 16.8 mg, 30% isolated yield). This was followed by

another round of PCR in solution carried out with DNA (250 ng)

with primer-1 and primer-2-FAM (2.5 mM) or primer-3 and

primer-4-FAM in a 16 PCR Master Mix (200 mL; Promega,

25 U/mL Taq Polymerase, 200 mM dNTP, 1.5 mM MgCl2) in a

Techne TC-312 PCR cycler [2.5 mM, Sigma-Aldrich, 40 cycles,

denaturation at 94uC for 30 s for 10 cycles and 88uC for 30 s for

30 cycles, annealing at 49uC for 1 min, elongation at 50uC for

5 min (primer-1 and primer-2-FAM), or denaturation at 94uC for

30 s, annealing at 58uC for 1 min, elongation at 66uC for 1 min

(primer-3 and primer-4-FAM)]. In addition, an initial 3 min

denaturation step at 94uC and a final 15 min elongation step at

50uC (primer-1 and primer-2-FAM) or 66uC (primer-3 and

primer-4-FAM) were carried out. After PCR the samples were

concentrated in a speed-vac followed by purification by prepar-

ative DNA gel electrophoresis as described above (10.5 mg

dsDNA-10-FAM, dsDNA-10,000-FAM: 20.5 mg, 29% isolated

yield, dsDNA-3875-FAM: 28.3 mg, 30% isolated yield). dsDNA-

10,000-FAM and dsDNA-3,875-FAM were used as templates in

ssDNA PCR amplification with the FAM-Microarray Primer

(10 mM) in 16 PCR Master Mix (600 mL; Promega, 25 U/mL

Taq Polymerase, 200 mM dNTP, 1.5 mM MgCl2) in a Techne

TC-312 PCR cycler with the same cycle as described before for
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this primer. After PCR the samples were concentrated in a speed-

vac followed by purification by preparative DNA gel electropho-

resis (7.60 mg ssDNA-3875-FAM, 6.04 mg ssDNA-10,000-FAM).

Digestion Analysis
dsDNA-10.000-2 (200 ng) or dsDNA-3875-2 (200 ng) were

digested with 0.25 units/mL of EcoCRI (Promega) in 16 RE

buffer (20 mL, Promega) containing 0.1 mg/mL Acetylated BSA

(Promega) at 37uC for 4 h followed by analytical DNA gel

electrophoresis.

Hybridization of the PCR product
The purified fluorescent PCR constructs were dissolved in 0.1%

SDS in 46SSPE buffer (110 mL; 0.6 M NaCl, 40 mM NaH2PO4,

5 mM EDTA in H2O at pH 7.4) and denatured at 65uC for

minimum 5 min. This solution was hybridized on a customized

DNA array (OGT) in an Agilent hybridization chamber from 65–

27uC over 24 h (conditions were optimized for exclusion of

mismatches during hybridization). The arrays were washed with

0.2% Sodium Dodecyl Sulphate (SDS, Promega) in 26 Saline-

Sodium Citrate (SSC, 20 mL, Promega) for 5 min, 0.26 SSC

(20 mL) for 5 min, 0.16 SSC (20 mL) for 5 min, and briefly

rinsed in DNA grade H2O (20 mL) and Tris buffer at pH 8.0

(20 mL, 10 mM) and dried under a N2 flow. The microarrays

were imaged with a Tecan LS Reloaded microarray scanner using

a FITC filter and the images were analyzed using Bluefuse

(BlueGenome) software (ArrayExpress, accession number E-

MEXP-3102, all microarray data complies with the Minimal

Information About a Microarray Experiment (MIAME) guide-

lines.).

Illumina Solexa sequencing
dsDNA-LL10,000 (200 nmol) was Illumina sequenced with 36-

base reads off the Solexa-primer-1 domain at the end of each

oligonucleotide (The GenePool, The University of Edinburgh).

The resulting reads were clustered against a list of the 10,000

oligonucleotides in the 10,000 library and a list of the identified

sequences was generated including the number of times each

oligonucleotide was seen. Another list of the sequences not seen by

Illumina Solexa sequencing was generated (ArrayExpress, acces-

sion number E-MTAB-540).

PCR error rate calculations
The PCR error rate was estimated using the formula given by

Hayes (1965, Eq. 2):

error rate~

2|observed error number

total DNA length examined|effective number of duplications

ð2Þ

The observed error number per sequence was calculated as

follows:

observed error number~

number of oligonucleotides seen by sequencing � number of library tags seen by sequencing

number of templates in thePCR

m

observed error number~
64,962 � 9,976

10,000
~5:499

ð3Þ

The length of the microarray supported DNA templates is 60 bp

(see table 1) and the approximate amount of DNA template on the

10,000 member array (m) is calculated from Eq. 4–5 based on the

manufacturer’s specifications of the number of molecules per spot:

n~
#of molecules

NA

~

4|44,000 spots|50,000 molecules=spot

6:022:1023mol{1
~

146 pmol of oligonucleotides

ð4Þ

m~n:M~146 pmol:330 g=mol=bp:60 bp~289 pg ð5Þ

After elongation on the microarray and PCR the product (1.65 mg;

dsDNA-10,000) was used as template in a subsequent PCR with

Solexa primers. The amount of PCR product obtained (dsDNA-

10,000-2) was 110.8 mg. The effective number of duplications (#
of cycles) was calculated from Eq. 6:

ntemplate|2# of cycles~nproduct

m

# of cycles~
log (nproduct

�
ntemplate)

log(2)
~

log (110:8 mg=289 pg)

log(2)
~18:8

ð6Þ

Thus, the error rate was calculated from Eq. 2 to be 9.7*1023/

site/duplication.

Author Contributions

Conceived and designed the experiments: NS JJDM MB. Performed the

experiments: NS. Analyzed the data: NS. Contributed reagents/materials/

analysis tools: NS. Wrote the paper: NS MB.

References

1. Brenner S, Lerner RA (1992) Encoded combinatorial chemistry. Proc Natl Acad

Sci USA 89: 5381–5383.

2. Needels MC, Jones DG, Tate EH, Heinkel GL, Kochersperger LM, et al. (1993)

Generation and screening of an oligonucleotide-encoded synthetic peptide

library. Proc Natl Acad Sci USA 90: 10700–10704.

3. Nielsen J, Brenner S, Janda KD (1993) Synthetic methods for the implemen-

tation of encoded combinatorial chemistry. J Am Chem Soc 115: 9812–9813.

4. Ben-Dor A, Karp R, Schwikowski B, Yakhini Z (2000) Universal DNA Tag

Systems: A Combinatorial Design Scheme. J Comput Biol 7: 503–519.

5. Scheuermann J, Dumelin CE, Melkko S, Neri D (2006) DNA-encoded chemical

libraries. J Biotechnol 126: 568–581.

6. Melkko S, Scheuermann J, Dumelin CE, Neri D (2004) Encoded self-assembling

chemical libraries. Nat Biotechnol 22: 568–574.

7. Franch T, Neve S, Sloek FA, Holtmann A, Noerregaard-Madsen M, et al. (2007)

Patent number WO2007062664.

8. Morgan B, Hale S, Kavarana MJ, Hansen NJV, Arico-Muendel CC, et al.

(2005) Patent number WO2005058479.

9. Clark MA, Acharya RA, Arico-Muendel CC, Belyanskaya SL, Benjamin DR,

et al. (2009) Design synthesis and selection of DNA-encoded small-molecule

libraries. Nat Chem Biol 5: 647–654.

10. Brenner S, Lerner RA (1992) Encoded combinatorial chemistry. Proc Natl Acad

Sci USA 89: 5381–5383.

(3)

Microarray Generation of Oligonucleotide Libraries

PLoS ONE | www.plosone.org 7 September 2011 | Volume 6 | Issue 9 | e24906



11. Ellington AD, Szostak JW (1990) In vitro selection of RNA molecules that bind

specific ligands. Nature 346: 818–822.
12. Cohen BA, Colas P, Brent R (1998) An artificial cell-cycle inhibitor isolated from

a combinatorial library. Proc Natl Acad Sci USA 95: 14272–14277.

13. Ng EW, Shima DT, Calias P, Cunningham ET, Guyer DR, et al. (2006)
Pegaptanib a targeted anti-VEGF aptamer for ocular vascular disease. Nat Rev

Drug Discov 5: 123–132.
14. Cho EJ, Lee JW, Ellington AD (2009) Applications of Aptamers as Sensors.

Annu Rev Anal Chem 2: 241–64.

15. Mallikaratchy PR, Ruggiero A, Gardner JR, Kuryavyi V, Maguire WF, et al.
(2004) A multivalent DNA aptamer specific for the B-cell receptor on human

lymphoma and leukemia. Nucleic Acids Res doi:101093/nar/gkq996.
16. Neylon C (2004) Chemical and biochemical strategies for the randomization of

protein encoding DNA sequences: library construction methods for directed
evolution. Nucleic Acids Res 32: 1448–1459.

17. Kuhlman B, Dantas G, Ireton GC, Varani G, Stoddard BL, et al. (2003) Design

of a Novel Globular Protein Fold with Atomic-Level Accuracy. Science 302:
1364–1368.

18. Looger LL, Dwyer MA, Smith JJ, Hellinga HW (2003) Computational design of
receptor and sensor proteins with novel functions. Nature 423: 185–190.

19. Khoury GA, Fazelinia H, Chin JW, Pantazes RJ, Cirino PC, et al. (2009)

Computational design of Candida boidinii xylose reductase for altered cofactor
specificity. Protein Science 18: 2125–2138.

20. Muer UR, Niolau DV (2005) Microarray technology and its applications. Berlin:
Springer-Verlag.

21. Pease AC, Solas D, Sullivan EJ, Cronin MT, Holmes CP, et al. (1994) Light-
generated oligonucleotide arrays for rapid DNA sequence analysis. Proc Natl

Acad Sci U S A 91: 5022–5026.

22. Pirrung MC (2002) How to Make a DNA Chip. Angew Chem Int Ed 41:
1276–1289.

23. Hughes TR, Mao M, Jones AR, Burchard J, Marton MJ, et al. (2001) Expression
profiling using microarrays fabricated by an ink-jet oligonucleotide synthesizer.

Nat Biotechnol 19: 342–347.

24. Lausted C, Dahl T, Warren C, King K, Smith K, et al. (2004) POSaM: a fast
flexible open-source inkjet oligonucleotide synthesizer and microarrayer.

Genome Biol 5: R58.
25. LeProust EM, Peck BJ, Spirin K, McCuen HB, Moore B, et al. (2010) Synthesis

of high-quality libraries of long (150mer) oligonucleotides by a novel
depurination controlled process. Nucleic Acids Res 38: 2522–2540.

26. Liu RH, Dill K, Fuji HS, McShea A (2006) Integrated microfluidic biochips for

DNA microarray analysis. Expert Rev of Mol Diagn 6: 253–261.
27. Beaucage SL (2001) Strategies in the Preparation of DNA Oligonucleotide

Arrays for Diagnostic Applications. Curr Med Chem 8: 1213–1244.
28. Gnirke A, Melnikov A, Maguire J, Rogov P, LeProust EM, et al. (2009) Solution

hybrid selection with ultra-long oligonucleotides for massively parallel targeted

sequencing. Nat Biotechnol 27: 182–189.
29. Adessi C, Matton G, Ayala G, Turcatti G, Mermod J-J, et al. (2000) Solid phase

DNA amplification: characterisation of primer attachment and amplification
mechanisms. Nucleic Acids Res 28: e87.

30. Fedurco M, Romieu A, Wiiams S, Lawrence I, Turcatti G (2006) BTA a novel

reagent for DNA attachment on glass and efficient generation of solid-phase
amplified DNA colonies. Nucleic Acids Res 34: e22.

31. Khan Z, Poetter K, Park DJ (2008) Enhanced solid phase PCR: mechanisms to

increase priming by solid support primers. Anal Biochem 375: 391–393.
32. Shapero MH, Leuther KK, Nguyen A, Scott M, Jones KW (2001) SNP

Genotyping by Multiplexed Solid-Phase Amplification and Fluorescent Minis-
equencing. Genome Res 11: 1926–1934.

33. Pouchain D, Diaz-Mochon JJ, Bialy L, Bradley M (2007) A 10 000 Member

PNA-Encoded Peptide Library for Profiling Tyrosine Kinases. ACS Chem Biol
2: 810–818.

34. Shchepinov MS, Case-Green SC, Southern EM (1997) Steric factors influencing
hybridisation of nucleic acids to oligonucleotide arrays. Nucleic Acids Res 25:

1155–1161.
35. Li C, Tseng GC, Wong WH (2003) Statistical analysis of gene expression

microarray data CRS Press. pp 1–34.

36. Keiding N, Morgan B, Speed T, van der Heijden P (2008) Interdisciplinary
Statistics Series CRC Press.

37. Owczarzy R, Vallone PM, Gallo FJ, Paner TM, Lane MJ, et al. (1997)
Predicting sequence-dependent melting stability of short duplex DNA oligomers.

Biopolymers 44: 217–239.

38. Baum PD, Young JJ, Zhang Q, Kasakow Z, McCune JM (2011) Design,
construction, and validation of a modular library of sequence diversity standards

for polymerase chain reaction. Anal Biochem 41: 106–15.
39. Dawson K, Thorpe RS, Malhotra A (2010) Estimating Genetic Variability in

Non-Model Taxa: A General Procedure for Discriminating Sequence Errors
from Actual Variation. PLoS ONE 5: e15204. doi:10.1371/journal.

pone.0015204.

40. Tindall KR, Kunkel TA (1988) Fidelity of DNA synthesis by the Thermus
aquaticus DNA polymerase. Biochem 27: 6008–6013.

41. Borovkov AY, Loskutov AV, Robida MD, Day KM, Cano JA, et al. (2010)
High-quality gene assembly directly from unpurified mixtures of microarray-

synthesized oligonucleotides. Nucleic Acids Res 38: e180.

42. Fan JB, Chee MS, Gunderson KL (2006) Highly parallel genomic assays. Nat
Rev Genet 7: 632–644.

43. McCalla SE, Luryi AL, Tripathi A (2009) Steric Effects and Mass-Transfer
Limitations Surrounding Amplification Reactions on Immobilized Long and

Clinically Relevant DNA Templates. Langmuir 25: 6168–6175.
44. Hamilton A, Baulcombe D (1999) A Species of Small Antisense RNA in

Posttranscriptional Gene Silencing in Plants. Science 286: 950–952.

45. Elbashir S, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T (2001)
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured

mammalian cells. Nature 411: 494–988.
46. Hannon G, Rossi J (2004) Unlocking the potential of the human genome with

RNA interference. Nature 431: 371–378.

47. Fire A, Xu S, Montgomery M, Kostas S, Driver S, et al. (1998) Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans.

Nature 391: 806–811.
48. Gartel AL, Kandel ES (2006) RNA interference in cancer. Biomol Eng 23: 17–3.

Microarray Generation of Oligonucleotide Libraries

PLoS ONE | www.plosone.org 8 September 2011 | Volume 6 | Issue 9 | e24906


