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ABSTRACT

Here we describe a process for the gen-
eration of oligonucleotide libraries repre-
sentative of a given nucleic acid. Starting
from a random pool of DNA oligonu-
cleotides, the technique selects only those
that hybridize to the nucleic acid template.
This selection yields a highly specific li-
brary that represents an oligonucleotide im-
age of the chosen template. The novel quali-
ty of this approach is the generation of
amplifiable oligonucleotide probes that are
of unique length and are easily subjected to
differential selection. Here we apply this
technique to produce different genomic
oligonucleotide libraries and show that
these genomic oligonucleotide libraries do
not cross-hybridize. Differential selection of
these genomic oligonucleotide libraries
produces oligonucleotides that can be used
in the identification, characterization, and
isolation of nucleic acids.

INTRODUCTION

A number of diagnostic methods that
involve nucleic acid hybridization have
arisen in recent years. Most of them are
designed to provide qualitative informa-
tion about the presence of a specific se-
quence motif in a complex analytical
mixture of nucleic acids and use a de-
tection system based on PCR and/or
DNA chip hybridization technologies
(5,6,12,15,16). For these technologies,
diagnostic oligonucleotides constitute
an essential part of the detection system.
These oligonucleotides are primarily
chosen based on the sequence data of
the nucleic acids to be detected. In spite
of the power of hybridization to identify
correctly a complementary strand, it
does have certain limitations. For exam-
ple, the difference in stability between a
perfectly matched complement and a
complement mismatched at only one
base can be as little as 0.5°C (7), a fact
that constitutes a fundamental limitation
to the power of DNA hybridization for
specific identification of a cognate
strand. Therefore, the diagnostic power
of any chosen oligonucleotide must be
validated on an analytical mixture
whose sequence context is not totally
known. The problem of adequate probe
selection remains time and labor con-
suming at a moment when the growing
complexity of detection systems based
on oligonucleotide technologies re-
quires a fast selection of a large number
of suitable 20- to 25-mers.

The mismatch-containing oligonu-
cleotide probes have better power of
discrimination between two sequence
motifs having just one nucleotide dif-
ference (7). Also, better mismatch dis-
crimination occurred with 9-mer probes

containing an additional internal mis-
match (9). Additional mismatched
bases located in the 3′-terminal regions
of the specific primers are a way of im-
proving the switching characteristics of
the primer extension reactions during
SNP detection (2,17). Therefore, differ-
ential selection of redundant oligonu-
cleotide probes now offers the genera-
tion of mismatch-containing probes
with enhanced discrimination power
among similar sequence motifs.

A simple method for generating a
large number of specific probes that
could potentially improve the signal-to-
noise ratio of nucleic acid detection
systems would prove valuable. Rapid
oligonucleotide library manipulations
that facilitate the duplication, subtrac-
tion, and merging of libraries could be
used for that purpose. Here we report
the development of a method called the
genomic oligonucleotide library
(GOL). A random pool of DNA oligo-
nucleotides is hybridized to a template
genomic DNA. Thus, the GOL is an
oligonucleotide reflection of the tem-
plate DNA. The GOL is homogeneous
in length and amplifiable by PCR, and
as such can be maintained virtually for-
ever. Rather than relying on a rational
selection of probes based on sequence
data, this method depends on a more
pragmatic selection based on experi-
mental signal-to-noise discrimination
criteria. This makes the GOL method
potentially useful for applications that
require the rapid generation of a large
number of oligonucleotide probes for
nucleic acid detection. Using a random
introduction of mismatches, the select-
ed probes acquired an enhanced power
of detection of small differences be-
tween sequence motifs.
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MATERIALS AND METHODS

DNA/Oligonucleotides

The starting random DNA pool
(RAN) was synthesized by Invitrogen
(Burlington, Ontario, Canada) (5′-
GCCTGTTGTGAGCCTCCTGTCG-
AA-N20-TTGAGCGTTTATTCTTGT-
CTCCC-3′). The corresponding left
and right arms were LEFT (5′-
GCCTGTTGTGAGCCTCCTGTCG-
AA-3′) and BioRIGHT (5′-BioGGG-
AGACAAGAATAAACGCTCAA-3′).
The 5′-end biotinylated oligonucleo-
tides were used to bind complementary
strands, using BioMag® magnetic par-
ticles (PerSeptive Biosystems, Fram-
ingham, MA, USA). During prepara-
tive hybridization, the left and right
arms were blocked by cLEFT (5′-
TTCGACAGGAGGCTCACAACAG-
GC-3′) and RIGHT (5′-GGGAGAC-
AAGAATAAACGCTCAA-3′). These
oligonucleotides are termed “blockers”
in the text. The following genomic
DNAs were used to produce GOLs:
Adenovirus DNA Type 2, (Invitrogen),
λ DNA cI857 ind1 Sam 7 (New Eng-
land Biolabs, Beverly, MA, USA),
pBluescript® II SK+ (Stratagene, San
Diego, CA, USA). The human HeLa
DNA we used in one of our controls is
from BD Biosciences Clontech (Palo
Alto, CA, USA).

Blotting Genomic DNA

The genomic DNA was denatured
2–3 min at 95°C and cooled on ice. De-
natured genomic DNA (100 ng) was
blotted on the nylon membrane (Hy-
bond-N®; Amersham Biosciences, Pis-
cataway, NJ, USA), dried for 2 min on a
hot plate, and exposed to UV light for 8
min. The prehybridization was done for
a minimum of 30 min in the hybridiza-
tion buffer (7% SDS, 0.25 M Na2HPO4,
pH 7.4, 1 mM EDTA, and 1% BSA).

Hybridization and Washing of the
Starting Random Pool

The preparative hybridization be-
tween random core (20N) and targeted
DNA was done with 10 pmol starting
random pool (RAN). The random pool
was pre-mixed with 100 pmol (10 times
more than RAN) of LEFT and RIGHT

blockers to exclude cross-hybridization
of left and right arms with genomic
DNA. The oligonucleotide mixture was
heated at 95°C, cooled down to room
temperature, and added to the hybridiza-
tion buffer. The hybridization was done
overnight at 50°C. The membranes were
washed several times, first in 6× SSC
and then in 2× SSC, at the same temper-
ature as the hybridization was done.

Generating Oligonucleotide
Libraries by PCR

The dot containing the genomic
DNA and bound probes was cut out of
the nylon membrane (radius of 2–4
mm), soaked in 100 µL water, and heat-
ed to 95°C for 1–2 min. The solution
containing the denatured probe (origi-
nally RAN) was then collected and
passed through a Sephadex® G-50
(Amersham Biosciences) column to
eliminate salts and SDS. The PCR was
prepared under standard conditions,
typical for SELEX-like amplification
of DNA (4,13). The RIGHT 5′-end bi-
otinylated primer of the sense strand
(the one that did not hybridize with ge-
nomic DNA) and LEFT primer of the
antisense strand were used in the reac-
tions. The PCR conditions were 20 cy-
cles of denaturation at 95°C for 30 s,
annealing at 53°C for 30 s, and elonga-
tion at 72°C for 30 s.

Probe Labeling and Hybridization

Before labeling, the PCR mixtures
were passed through Sephadex G-50
columns. PCR product (100–200 ng)
was labeled with 50 pmol γ[32P]ATP
(6000 Ci/mmol; I.C.N. Pharmaceuticals,
Irvine, CA, USA). The total amount of
probe radioactivity was 300 000 cpm.
The probe was added to 0.5 mL hy-
bridization buffer. The blotting of ge-
nomic DNA was done as described
above. Hybridizations were done over-
night at 50°C. The nylon membranes
were washed as described above and ex-
posed onto Kodak® X-Omat® film
(Eastman Kodak, Rochester, NY, USA).

GOL Labeling and Analytical
Hybridization

The generated GOLs are tested us-
ing (i) the original genomic DNA from
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which they were selected (positive con-
trol) and (ii) using the unrelated ge-
nomic DNA (negative control). The
GOL labeling, hybridization, and probe
washing were done as described, ex-
cept that the hybridization time was
shorter (60 min).

Southern Blot Hybridization

Electrophoresis was performed in a
1% agarose gel with TBE buffer (80
mM Tris adjusted to pH 8.0 with boric
acid, 2 mM EDTA) and stained with
ethidium bromide. One microgram of
BstEII-digested λ DNA, 300 ng aden-
oviral DNA, and 1 µg AluI-HpaI-di-
gested human HeLa DNA were run on
the gel according to specifications (all
restriction enzymes used in this work
were purchased from New England Bi-
olabs). For Southern hybridization,
DNA was transferred to nylon mem-
branes by capillary blot procedure
following manufacturer’s recommen-
dations (Amersham Biosciences). Hy-
bridization was performed as described
above with adenoviral GOL. Autoradi-
ographic exposure (using X-Omat®
film) was done at room temperature for
a few hours. Stripping was achieved by
pouring a boiling 1% SDS solution
over the nylon membrane.

Subtractive Enrichment of GOL

The tester GOL (mixed GOL) was
prepared from equimolar mixtures of
the two genomes (adenovirus type 2
and λ). The driver GOL was produced
from the λ genome only. The produc-
tion of sense strand (the one that did not
hybridize with genomic DNA) was
done using 5′-end biotinylated primer
in PCR. After denaturing the PCR
product, the biotinylated sense strand
was bound to streptavidin magnetic
particles (200 µg, binding capacity
greater than 200 pmol biotinylated
oligonucleotides; BioMag magnetic
particles) and bound using a magnet.
The complementary antisense strand
was discarded with the liquid phase.
The mixed antisense tester GOL (λ and
adenovirus DNA) was produced in the
same way. This time, the supernatant
with the antisense, non-biotinylated
strand was hybridized overnight at
50°C with 10 times molar excess of dri-

ver λ sense strand attached to the mag-
netic beads. The hybridization buffer
was the same as described above but
without SDS. After removing the frac-
tion bound to the magnetic beads, the
rest of the mixture was used in the ana-
lytical hybridization step.

RESULTS

Initial Complexity of GOL Probes

The starting random pool of oligo-
nucleotides contains 420 (i.e., 1012) dif-
ferent 20-mers. Such a mixture contains
a pool of 1011 extra sequence motifs,
which are not present in the human
genome (1012–109 > 1011). This pool of
oligonucleotides is used to generate
mismatch-containing probes with the
better specificity/discrimination power
over classical probes. One should note
that if the length of the random se-
quence motif (N) were longer, then a
higher number of mismatch-containing
motifs would exist in a GOL. Increasing
the length of the random sequence motif
from 20N to 25N would produce 1015

extra sequence motifs, which could not
find their full-match complementary se-
quences, even in the most complex
genomes. However, the increase in the
length of N would allow the generation
of additional mismatch/match combina-
tions. That leads to better discrimination
between two sequence motifs that differ
by only one nucleotide. Therefore, the
discrimination power of detection
(specificity) will augment with the
length of random motif of GOL oligo-
nucleotides. A procedure for generating
GOLs is described in detail in the Mate-
rials and Methods section.

We used blockers to avoid hy-
bridization of the flanking arms to the
targeted genome, and this step was
found to be critical to achieve specifici-
ty (WO/0043538; Université de Mon-
tréal). The stringency of hybridization
conditions eliminates unbound 20-
mers, leaving the specific oligonu-
cleotides bound to the membrane via
hybridization of the random core to the
genome. This ensemble of selected
oligonucleotides constitutes the GOL.

One should note that the starting
random pool of oligonucleotides (10–
20 pmol) contained about eight copies

of each sequence motif during the first
hybridization step. The number of
copies of each particular 20-mer pre-
sent in the random mixture was smaller
than the number of genome copies used
in this procedure.

Specificity and Distribution of GOL
Probes

Figure 1 shows that GOLs are able
to discriminate genomes with complex-
ities of 103–104. The starting random
pool of probes binds to all three
genomes equally (Figure 1, row 1). Af-
ter one round of selection, the GOL can
hybridize specifically to a single target-
ed genome (Figure 1, rows 2, 3, and 4).
The GOL can also be selected against a
mixture of two genomes, and the speci-
ficity is conserved for both genomes
(Figure 1, row 5).

A Southern blot was performed to
document the distribution of adenovirus
GOL probes along the genome (Figure
2). There was no apparent cross-hy-
bridization of adenovirus GOL to either
HeLa or λ DNA (Figure 2b, lanes 1, 4,
5, and 6). The intensity of radioactive
signal over adenoviral genome generat-
ed by adenovirus-specific GOL was lin-
early increasing with the DNA frag-
ments’ length (Figure 3). Therefore, one
could deduce a uniform distribution of
GOL throughout the genomic DNA.
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Figure 1. Dot blot hybridization of GOL tar-
geted against different genomes. The first row
represents the dot blot hybridization of random
probes with the specified genomic DNA (aden-
ovirus, pBluescript, and λ). The other rows are
analytical dot blot hybridizations of selected
GOLs with the corresponding genomes. The last
row shows dot blot hybridization of mixed aden-
ovirus and λ-selected GOLs. The procedures of
preparative and analytical hybridization are de-
scribed in the Materials and Methods section.



We then selected only the subset of
the adenovirus GOL bound to the 3648-
bp band, by cutting the membrane and
extracting the DNA as described above.
We performed another Southern analy-
sis using the GOL subset as a probe
against the whole adenovirus genome,
and we observed a specific hybridiza-
tion to the 3648-bp band (Figure 2 and
Figure 3, B and C). These data illustrate
that we were able to increase the speci-
ficity and reduce the complexity of the
original adenovirus-specific GOL to
that of the 3648-bp subset, using just
one additional round of selection.

Subtractive Enrichment of GOLs

One round of subtractive enrichment
between two GOLs was performed.
The tester GOL reflects the two ge-
nomes (adenovirus type 2 and λ
phage), whereas the driver GOL re-
flects only the λ genome. The single-
stranded GOL from the driver DNA
was used to bind the complementary
single-stranded mixed tester GOL. Af-
ter removing the subtracted fraction,
the remaining ssDNA was used as a

probe in the analytical hybridization
step. The hybridization signals between
the λ and adenovirus genomes before
(Figure 4A) and after (Figure 4B) one
round of subtractive enrichment is
shown for illustrative purposes. The
subtraction was done to show the po-
tential use of GOL technology in gen-
erating differential probes. Only one
cycle of subtraction was performed,
and background was decreased but not
removed. Additional subtraction steps
should remove background (8).

Complexity of Selected GOL Probes

In Table 1, we predicted the relative
distribution of 20-mers with different
numbers of matches that hybridized to
the targeted DNA. We calculated the
number of 20-mers with k number of
matches, capable of hybridizing to the
target sequence. We first calculated the
number of combinations of 20-mers
(Ck

20) with the same number of match-
es (k) in the initial random pool of
oligonucleotides that are capable of hy-
bridizing to the specific 20-mer motif.
Since each full match could be replaced

by three different mismatches (m = 20-
k), the number of combinations Ck

20

must be multiplied by the number of
sequence variations, 3m, for each com-
bination. Finally, we adjusted these
numbers to reflect the sequence-depen-
dent thermostability of 20-mers with
mismatches (14) that hybridized at
50°C using the thermostable fraction of
the binomial distribution for each k-
mer population. Duplexes of more than
eight mismatches are not observed
based on this thermostability criterion.

DISCUSSION

We have described a new method
that generates amplifiable DNA oligo-
nucleotide libraries that are specific for
a given segment of DNA. This method
is reminiscent of the SELEX method
(4,13) in that we use amplification arms
to amplify specific oligonucleotides,
selected from an initial random pool. It
could also be compared to random
priming because we are capable of gen-
erating probes without a priori knowl-
edge of the template sequence. One
round of preparative hybridization was
enough to produce GOLs (Figures 1
and 2). The GOLs were inferred from
genomes of complexity of 103–104.
According to our calculations, we ex-
pect that the 20-mers selected in a GOL
can contain up to eight mismatches.
Nevertheless, we were able to achieve
specificity toward a given template. As
reported before in the literature (2,7,
9,17), the mismatch-free hybridization
is not the critical factor for the differen-
tial detection approach, but rather rela-
tive difference in the thermodynamic
stability between hybridized oligonu-
cleotides. In fact, selected mismatch-
containing oligonucleotides do have
enhanced power of detection over mis-
match-free oligonucleotides (2,7,9,17).

This technique uses the selection of
oligonucleotides based on a pragmatic
criterion and allows the possibility of
overcoming the limitations of current
techniques. For example, the differen-
tial melting temperatures of each
probe/analyte hybrid present a techno-
logical obstacle for multiplex SNP de-
tection by hybridization, using DNA/
RNA probes bound to the solid support.
The present method offers a solution to
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Figure 2. Specificity and probe distribution of GOL generated from the adenoviral genome. (A)
The corresponding genome and adenoviral DNA were run on a 1% agarose gel stained with ethidium
bromide. The type of restriction enzyme and DNA are indicated on the top of each gel lane: 1, λ BstEII;
2, adenovirus; 3, adenovirus KpnI; 4, HeLa DNA AluI + HpaI; 5, adenovirus and HeLa DNA AluI +
HpaI; 6, adenovirus KpnI and HeLa DNA AluI + HpaI. (B) Southern hybridization of the same gel using
adenovirus GOL as a hybridization probe (see Figure 1, row 2). Note that under those conditions, there
was no cross-hybridization with either λ or human DNA. (C) The same membrane was stripped and re-
hybridized with a GOL directed against a 3648-bp restriction fragment. This subset of adenovirus GOL
was prepared by cutting the membrane corresponding to the 3648-bp band from a similar Southern blot
and re-amplified by PCR as described in the Materials and Methods section. Only those members of ade-
noviral GOL that were selected from the particular adenoviral restriction fragment (3645 bp) hybridized
back to the same fragment and only to the fragment from which they were selected. Obviously, these
GOL probes are not promiscuously hybridizing to other fragments of the adenoviral genome. Thus, we
show that GOL specificity could be additionally increased by controlling the choice of targeted DNA
fragments in the next round of selection.



this problem. The major use of this
technique would be in building simple
but reliable DNA/RNA diagnostic de-
vices with enhanced power of identifi-
cation of single nucleotide differences
over low-complexity analyte (i.e., DNA
or RNA products that hybridize with
selected probes). This includes the
genotyping of clinically relevant, drug-
resistant mutations of human immun-

odeficiency virus, cystic fibrosis-rele-
vant mutations, collagen-relevant muta-
tions, and other related mutations. The
method also allows the generation of
probes with enhanced power of detec-
tion of pathogens/infective agents and
their variants in complex genome, over-
coming problems of cross-hybridiza-
tion, as a source of noise.

Our results parallel those of Armour
et al. (1) in that we
are able to recover
and amplify DNA
probes hybridized to
an immobilized tar-

get. They are also reminiscent of those
of Mishra et al. (11) and Ducongé et al.
(3), who use in vitro selection methods
to obtain high-affinity and specific anti-
sense oligonucleotides. Although the
strategies of preparative hybridization
are similar, the uses and applications
are very different. Our procedure results
in the generation and selection of
oligonucleotide probes with a high
specificity for a given system. These
oligonucleotides cover the target DNA,
thus increasing detectability, which
might be lost in classical oligonu-
cleotide detection systems because of
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Figure 3. The distribution of GOL along genomic DNA. The densitomet-
ric scan of radioactive signal from GOL was integrated over total adenoviral
genome (see Figure 2, lanes 3 and 5) using Scion Image software (Scion,
Frederick, MD, USA). The signal intensity of GOL probes hybridizing to
restriction fragments is linearly proportional to the length of DNA.

Figure 4. Subtractive enrichment of GOL. The tester GOL was represented
by the mixture of two genomes (adenovirus type 2 and λ phage). The driver
GOL was produced from the λ genome only. The single-stranded GOL from
driver DNA was used to pool out the complementary single-stranded mixed
tester GOL. After removing the subtracted fraction, the rest of mixed GOL was
used as a probe in the analytical hybridization step. The mixed GOL probes
were analyzed by dot blotting as described before (A) and after (B) subtractive
enrichment and by hybridization to genomic adenovirus and λ DNA.

Number of Pairing Number of Number of Fraction of the Total number of Relative % of 20-Mers 
Bases in a Random Combinations Sequence 20-Mers with a 20-Mers with a that Hybridized 
20-Mer Hybridized of k in a 20-Mer Variations for Tm over 50°C Tm over 50°C to Template DNA

to Template DNA (k) (Ck
20) Each Ck

20 (320-k) (f) (Ck
20) (320-k) (f) (Ck

20) (320-k) (f)

11 1.7 × 105 2.0 × 104 0.00 0 0

12 1.2 × 105 6561 0.02 1.7 × 107 35.43

13 7.8 × 104 2187 0.13 2.2 × 107 47.25

14 3.9 × 104 729 0.21 5.9 × 106 12.72

15 1.6 × 104 243 0.50 1.9 × 106 4.04

16 4845 81 0.60 2.4 ×105 0.50

17 1140 27 0.83 2.6 × 104 0.05

18 190 9 0.88 1504 0.0032

19 20 3 0.97 58 0.0001

20 1 1 0.99 1 0.000002

Fraction of the 20-mers with a Tm over 50°C was calculated using the Wallace rule (14), which is applicable for short se-
quences that have 20 bases or less, using a first-order approximation: Tm = 2°C (A + T) + 4°C (G + C).This equation assumes
a salt concentration of 0.9 M, typical of dot blot and other hybridization assays.

Table 1. The Relative Distribution of Random 20-Mers with Different Numbers of Matches that Hybridized to the Target at 50°C



the DNA secondary structure or DNA
deletion in the analytical mixture. Re-
cent excellent achievements in the field
of subtractive hybridization (8,10) are
offering procedures that are fully com-
patible with the design of our GOLs.
The potential advantage of working
with GOL versus other nucleic acid li-
braries (cDNA) is that the length of the
GOL is uniform and the libraries are
self-amplifiable and easily subjected to
subtraction. Selected oligonucleotides,
obtained by our approach, are also com-
patible with DNA array technologies.
Recently, Sigma-Genosys (The Wood-
lands, TX, USA) put on the market new
product OligoLibraries that incorpo-
rates multiple oligonucleotides/probes
per gene and maximizes the detection
potential. This strategy consists of a
computer-based selection of probes, en-
abling one to address redundancy, to in-
corporate alternative splicing, and to
consider specificity and cross-homolo-
gy in the design of optimal oligonu-
cleotides for gene expression, drug
discovery, or functional assays. Differ-
ences in GC content and/or melting
temperature are normalized across the
oligonucleotide collection to ensure
identical hybridization conditions. Our
GOL technology solves the same prob-
lems, but it is based on the sequence-de-

pendent selection of oligonucleotides
with the best signal-to-noise ratio. The
advantage of GOL technology is that it
is not dependent on the present content
of genomic databases and/or predictive
computer-assisted oligonucleotide se-
lection rules. Therefore, GOL can be
the best choice for the next generation
of DNA diagnostics.
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