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Abstract

The identification of the entire complement of genes expressed in a cell, tissue, or organism provides a framework for
understanding biological properties and establishes a tool set for subsequent functional studies. The large-scale sequencing of
randomly selected clones from cDNA libraries has been successfully employed as a method for identifying a large fraction of these
expressed genes. However, this approach is limited by the inherent redundancy of cellular transcripts reflecting widely variant
levels of gene transcription. As a result, a high percentage of transcript duplications are encountered as the number of sequenced
clones accrues. To address this problem, we have developed a negative hybridization selection method that employs the
hybridization of complex cDNA probes to high-density arrays of cDNA clones and the subsequent selection of clones with a null
or low hybridization signal. This approach was applied to a cDNA library constructed from normal human prostate tissue and
resulted in the reduction of highly expressed prostate cDNAs from 6.8 to 0.57% with an overall decline in clone redundancy from
33 to 11%. The selected clones also reflected a more diverse cDNA population, with 89% of the clones representing distinctly
different cDNAs compared with 67% of the randomly selected clones. This method compares favorably with cDNA library
re-association normalization approaches and offers several distinct advantages, including the flexibility to use previously prepared
libraries, and the ability to employ an iterative screening approach for continued accrual of cDNAs representing rare transcripts.
© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

One approach for identifying the complete repertoire
of genes expressed in a given cell type, tissue, or organ-
ism involves the large-scale single-pass sequencing of
clones randomly selected from cDNA libraries [1]. The
sequences produced by such a strategy are termed
expressed sequence tags (ESTs) and are capable of
uniquely identifying a particular gene. Datasets of ESTs
have proven useful for a variety of applications includ-
ing the discovery of novel and tissue-specific genes [2].

cDNA libraries are usually constructed to faithfully
represent the population of mRNAs that are present in
the starting tissue. Thus, a cDNA library will reflect

both the transcript diversity and redundancy inherent
in the complex transcriptome of cellular mRNAs. A
typical eukaryotic cell contains between 105 and 106

mRNA molecules transcribed from perhaps 10,000–
30,000 different genes [3,4]. These mRNAs are dis-
tributed in three broad abundance classes: rare
transcripts, consisting of \10,000 different species
present at 1–15 copies per cell (40–45% of the mRNA
mass), moderately abundant transcripts, consisting of
approximately 1000 different species present at 100–
500 copies per cell (40–45% of the mRNA mass), and
highly abundant transcripts, consisting of 10–15 species
present at more than 1000 copies per cell (10–20% of
the mRNA mass). The distribution of this population
means that efforts to profile all expressed genes from a
given tissue using a random sequencing approach will
quickly be faced with a high degree of redundancy and
a loss of efficiency.
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Methods designed to address this redundancy issue
involve the construction of equalized or normalized
cDNA libraries that simultaneously reduce the number
of cDNAs derived from abundant transcripts and in-
crease the representation of rare cDNAs in the popula-
tion [5]. These methods employ reassociation kinetics
that take advantage of the high sequence specificity of
homologous nucleic acid hybridization. While this
strategy has been successfully employed to construct
normalized cDNA libraries for large-scale sequencing
projects [6], the procedures are complex and may not
always achieve the desired reduction in clone redun-
dancy because some gene sequences are not normalized
efficiently [5–7]. In addition, truncated clones are on
occasion favored over their longest counterparts during
the normalization process [7]. Finally, cDNAs contain-
ing repetitive sequences are not removed in the normal-
ization processes involving reassociation kinetics [7].
While this may be useful in that rare species harboring
DNA repeats will not be removed from the population,
we have found that repetitive sequences comprise 80–
90% of the single-pass sequence read of 5–10% of
randomly selected cDNA clones [8]. As these repetitive
sequences are generally not useful for database homol-
ogy searches, and otherwise add little information, it
would be desirable to remove these clones from the
sequencing effort.

In this communication, we describe an alternative
method for the selection of cDNA clones representing
moderately abundant and rare species in a cDNA li-
brary. The approach entails replicate arraying ran-
domly selected cDNA clones at high density on nylon
membranes followed by hybridization with a complex
total cDNA probe synthesized from the same starting
mRNA as that used in constructing the cDNA library.
cDNAs representing abundant species exhibit intense
hybridization signals, while cDNAs representing mod-
erately to lowly abundant transcripts exhibit low, or no
hybridization signals. Selecting the ‘negative’ cDNAs
for sequencing greatly reduces the redundancy of high-
throughput sequencing efforts, and increases the diver-
sity of represented clones.

2. Methods

2.1. Library construction and probe preparation

A directional cDNA library was constructed from
polyA+RNA isolated from total normal human
prostate tissue as described previously [8], and desig-
nated PN001. The library was not normalized or am-
plified. cDNA clones were plated onto 22×22-cm
ampicillin-containing agar plates at a density of :3000
clones per plate. Individual clones were randomly
picked into 384-well microtiter plates containing LB

media with 8% glycerol and 100 mg/ml ampicillin. The
plates were incubated overnight at 37°C in humidified
chambers until growth was detected. Clones were
replica-spotted onto pre-wetted nylon membranes
(Schleicher and Schuell) using an automated robotic
spotting tool (Q-bot, Genetix, Inc), or a hand-held
spotting device [9]. After spotting, the membranes were
placed on top of 22×22 cm LB agar plates and grown
for 8–12 h at 37°C until colonies were visible, but not
touching. The colonies were lysed and DNA bound to
the membranes using a previously described colony
lysis procedure [10]. The filters were air dried and UV
cross-linked prior to hybridization.

2 mg of polyA+RNA extracted from normal human
prostate were reverse transcribed in a 30 ml reaction
containing 50 mM Tris–HCl (pH 8.3), 75 mM Kcl, 3
mM MgCl2, 10 mM DTT, 200 mM each dATP, dGTP,
and dTTP, 20 mM dCTP, 5 mCi/ml 32P-dCTP (3000
Ci/mmol) (DuPont/NEN), 100 mg/ml oligo dT-30, and
20 U/ml Superscript II reverse transcriptase (Life Tech-
nologies). The reaction was incubated at 42°C for 30
min. Unincorporated nucleotides were removed using
Sephadex G-50 spin column chromatography
(Pharmacia).

2.2. Filter hybridization and clone selection

High density clone filters were prehybridized for 6 h
at 42°C in glass tubes containing 20 ml of solution
comprised of 4x SSC (1x SSC=150 mM NaCl, 15 mM
sodium citrate), 50% formamide, 10x Denhart’s, 0.1%
SDS, 8% dextran sulfate, 50 mM phosphate buffer (pH
7.2), 1 mM EDTA, and 50 mg/ml sheared salmon sperm
DNA. Hybridization was performed with 1×106 cpm
probe/ml of the same solution for 14 h at 42°C. The
membranes were washed at 65°C twice for 10 min in 2x
SSC/0.1% SDS, once for 15 min in 1x SSC/0.1% SDS,
and once for 15 min in 0.1x SSC/0.1% SDS. Filters
were exposed to phosphor capture screens (Molecular
Dynamics) for 8–48 h, and the signals were quantitated
on a phosphorimager (Molecular Dynamics).

Clones were selected for sequencing based either
upon a visual inspection of a null hybridization signal,
or were selected based upon a hybridization intensity
threshold determined by image analysis. The phospho-
rimage gel file was analyzed using a spot-finding al-
gorithm written in Labview programming language
(National Instruments, Austin, TX) to find the spot
center of mass and subtract local background (Roger
Bumgarner, personal communication). The output of
spot intensities was exported to an Excel spreadsheet,
and the clones were ordered by intensity level. Clones
with signal intensities within the bottom quartile of the
averaged intensities were selected for sequence analysis.
Several clones with intensities in the top 10% were also
selected for sequencing.
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Clone inserts were amplified by the PCR using
primers homologous to vector sequences flanking the
cDNA inserts: VN26: tttcccagtcacgacgttgta, and VN27:
gtgagcggataacaatttcac as previously described [8]. The
PCR products were separated on 1.2% TAE agarose
gels, and products \500 bp (:92% of the clones
examined) were purified in 96-well format as described
previously [11] and sequenced using fluorescent dye-la-
beled primers as suggested in the Prism cycle sequenc-
ing kit (Applied Biosystems, Foster City, CA). This
group of sequences was designated PN001-NS, for neg-
ative selection.

2.3. Sequence assemblies and redundancy/di6ersity
determination

Prostate EST sequences from the NCI Cancer
Genome Anatomy Project (CGAP) libraries CGAP-
PR21, representing a non-normalized normal prostate
cDNA library, and CGAP-PR22 representing a nor-
malized normal prostate cDNA library were obtained
from the CGAP web site; http://www.ncbi.nlm.nih.gov/
ncicgap. Statistics describing the library quality, com-
position, and EST clustering results using the program
estcluster was obtained from the Washington Univer-
sity Sequencing web site; http://genome.wustl.edu/est/
esthmpg.html. The sequencing failure rates for each
library are reported on this website. The failure rates
described in Section 3 reflect these reported rates minus
the number of mitochondrial sequences as we do not
consider these ESTs as sequence failures.

In order to determine the redundancy and diversity
in each group of sequences; PR21, PR22, PN001,
PN001-NS, the sequences were clipped of flanking vec-
tor sequence and repetitive sequences were masked
using the Repeatmasker algorithm (http://
ftp.genome.washington.edu/RM/RepeatMasker.html).
Sequences shorter than 100 bp were not further ana-
lyzed. Each group of sequences was assembled into
clusters using the contig assembly program CAP [12].
Each contig was searched against the National Center
for Biotechnology Information (NCBI) Genbank and
dbEST nucleotide sequence databases using the
BLASTN algorithm [13]. Selected individual ESTs rep-
resenting clones with high hybridization intensities were
also compared with the Genbank and dbEST databases
for sequence homology and putative gene identification.

3. Results

3.1. Hybridization results and sequence analysis

A representative high density cDNA nylon array
hybridization with a radio-labeled normal prostate
cDNA probe is shown in Fig. 1A. A wide range of

clone hybridization intensities was observed. Approxi-
mately 10% of the clones exhibited a signal equivalent
to the background hybridization signal. A total of 842
cDNA clones were selected representing clones in the
lowest quartile of the averaged hybridization intensities
(Fig. 1B). PCR amplification of 81 clones yielded insert
sizes of less than 300 bp, and an additional 61 se-
quences were of poor quality for an overall success rate
of 80%. These results are similar to our previously
published results for randomly selected clones from
PN001 of 83.5% [8], and to the overall sequencing
success rates of 70% for PR21, and 73% for PR22.

The remaining 700 clones were searched for similari-
ties with sequences in the Genbank and dbEST public
databases using the BLASTN algorithm. Four mRNA
species have previously been shown to be highly ex-
pressed in normal human prostate; elongation factor
1-alpha (EF1-alpha), prostate specific antigen (PSA),
prostate secretory protein (PSP), prostate acid phos-
phatase (PAP) [8]. In addition, the transcript for se-
menogelin [14] is highly represented in EST projects
from several prostate cDNA libraries (http://
www.ncbi.nlm.nih.gov/ncicgap). Of the clones chosen
by negative selection, only 0.6% (4 ESTs) corresponded
to these five highly expressed transcripts (Table 1). In
contrast, 7.9% of CGAP-PR21 ESTs, 6.8% of PN001
ESTs, and 2.5% of the normalized CGAP-PR22 ESTs
were homologous to these highly abundant species
(Table 1).

Additional abundant and redundant sequences in
EST sequencing projects are comprised of interspersed
repetitive sequences (SINEs, LINEs, LTRs), and se-
quences encoded by the mitochondrial genome. The
representation of mitochondrial ESTs was reduced
from 5.3% in the non-normalized CGAP-PR21 library
to 2.1% in the normalized CGAP-PR22 library. How-
ever, the percentage ESTs containing repetitive se-
quences was increased from 3.4% in CGAP-PR21 to
6.3% in CGAP-PR22. In contrast, the negative-selec-
tion procedure reduced the mitochondrial ESTs from
5.8 to 2.1% and ESTs with DNA repeats from 9.6 to
5.7% in PN001 and PN001-NS respectively (Table 1).

A potential bias in the accumulation of redundant
ESTs may be introduced by the depth of EST sampling
in different libraries. In general, the number of redun-
dant sequences will increase as a function of the num-
ber of ESTs sequenced. To address this bias, a total of
500 ESTs from each library were randomly selected and
examined in a separate analysis (Table 2). The percent-
age of ESTs corresponding to highly expressed prostate
transcripts was reduced in both the normalized and
negative selection cohorts when compared to their nor-
mal unmanipulated library counterparts (Table 2).
ESTs corresponding to mitochondrial and repetitive
sequences were not included in this analysis as these
data were not available separately for the CGAP li-
brary ESTs.



P.S. Nelson et al. / Genetic Analysis: Biomolecular Engineering 15 (1999) 209–215212

Ten clones with hybridization signals measured in the
upper 10% of hybridization intensities were selected and
sequenced (Fig. 1). Six of these clones were ho-
mologous to regions of the mitochondrial genome lo-
cated between nucleotides 8074 and 9416 of the
mitochondrial consensus sequence (gbIX62996). The
remaining four clones were homologous to PSA, fer-
ritin, and genes coding for the ribosomal phospho-
protein P0 and ribosomal protein L29; all previously

shown to be present at moderate to high abundance in
the human prostate [8].

3.2. Determination of library redundancy and di6ersity

Each library of ESTs was separately assembled into
clusters consisting of overlapping and contiguous DNA
sequences using the assembly program CAP [12]. The
number of ESTs contributing to each cluster was

Fig. 1. Image of high density cDNA-clone array hybridization. (A) Hybridization of a 1536-clone array with a complex total cDNA probe reverse
transcribed from normal human prostate mRNA. Open arrowheads identify three examples of negative-selection clones with a null or low
hybridization signal; (a), phenol sulfotransferase (gbU52852), (b), ezrin (embX51521), (c), (EST D14696). Closed arrowheads identify ten clones
exhibiting a high signal intensity that were selected at random. Sequencing and nucleotide database homology comparison identified these cDNAs
as; 1, 4, 5, 6, 7, 8, mitochondrial genome (gbIX62996). 2. ribosomal phosphoprotein P0 (gbIM17885). 3. ribosomal protein L29 (embIZ49148).
9. ferritin (gbIM94859). 10. prostate specific antigen (gbIU17040). (B) Representation of the quantitative hybridization values on a logarithmic
scale. Undetected spots have been assigned a value of 0.01 for graphing purposes. The shaded area represents clones with signal intensities in the
bottom quartile of the entire group.
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Table 1
Normalization and negative selection: a comparsion of two methods for reducing EST redundancy

PN001-NSCGAP-PR22 PN001CGAP-PR21Library
normalizedNo manipulation negative selectionNo manipulation

5445 1168 700c Sequences 1274

3478 780c Different species 622731

Abundant prostate ESTs
32 3032 2EF-1 alpha
19 12PSA 113
25 1112 0PSP

PAP 28 11 1
59 1536 0Semenogelin

101 (7.9%)Total abundant ESTs 137 (2.5%) 79 (6.8%) 4 (0.6%)

Mitochondrial 114 (2.1%)68 (5.3%) 62 (5.8%) 15 (2.1%)

346 (6.3%) 112 (9.6%) 40 (5.7%)43 (3.4%)Repetitive sequences

484 (38%) 1846 (34%)Total redundant ESTs (%) 388 (33%) 78 (11%)

4. Discussion

Advances in high-density array hybridization tech-
nology have now made it possible to determine the
expression patterns of thousands of genes simulta-
neously. Various array platforms have been developed
including colony or DNA arrays on nylon membranes
[15,16], DNA arrays on glass substrates [17], and arrays
of synthesized oligonucleotides [18]. The capabilities of
each of these methods would be greatly enhanced
through the identification of non-redundant clone or
sequence sets representing all genes potentially ex-
pressed in the biological system(s) under investigation.
Such a non-redundant clone set would allow for the
efficient design of arrays through the inclusion of cD-
NAs corresponding to rare transcripts and provide for
the maximum use of array space.

The partial sequencing of clones from cDNA li-
braries to generate ESTs suitable for identifying and
categorizing individual cDNAs has proven to be a
valuable resource for array substrates and for defining
cell and tissue transcript profiles. However, the clone
redundancy inherent in cDNA libraries constructed us-
ing standard methods limits their usefulness for defining
the medium and low abundance cDNAs in library
population. A differential cDNA library screening
strategy has been described as a means to selectively
acquire rare cDNAs [19]. While useful, the method as
described would not be suitable for screening tens of
thousands of cDNAs due to the random spatial distri--

counted, and the consensus sequence of each cluster
was searched against the public databases and anno-
tated. Singleton ESTs that did not cluster were also
searched for similarity with public database sequences,
and singletons that exhibited homology to the same
identified database sequence as a given cluster were
counted as part of that cluster, and thus counted as
redundant. Each cluster was counted as a different
individual species, and each singleton that did not
exhibit homology to a database sequence with similar-
ity to a cluster was also counted as an individual
species.

The number of different species for each library
cohort is shown in Table 1 and reflects the sampled
diversity of the library. The percentage of redundant
ESTs for each library is also shown in Table 1 and
Table 2. Negative selection decreased the percentage of
redundant cDNAs from 33% in the randomly selected
PN001 library to 11% in the PN001-NS cohort with a
corresponding increase in the percentage of clones rep-
resenting different species from 67 to 89%. A more
accurate comparison of the results of normalization
and negative selection is shown by comparing the first
500 ESTs sequenced from each library cohort (Table 2).
Normalization increased the number of different EST
species from 355 to 442, a change of 17%, and de-
creased the percentage of redundant ESTs from 29% to
11.6%. Negative selection increased the number of dif-
ferent EST species by 9% and decreased the percentage
of redundant ESTs from 14 to 4.8%.
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bution of plated clones leading to overlapping plaques.
Accurate replicates are also difficult to produce that
would be suitable for iterative screening.

We describe here an approach for increasing the
diversity and reducing the clone redundancy in a popu-
lation of cDNAs using quantitative hybridization and
negative selection of clones arrayed at high density.
This procedure has several advantages over other meth-
ods such as normalization and subtraction for reducing
the variation in abundance among the clones in a
cDNA library. Standard library construction methods
are employed without the necessity for PCR, reassocia-
tion reactions, or column purification of single-stranded
DNA as used in several of the normalization and
subtraction methods [7,20,21]. Libraries previously
made or purchased can be used without requiring new
library construction. In addition, as redundant clones
are identified, they can be pooled to comprise a
secondary or tertiary generation probe for hybridiz-
ing to array replicates and thus eliminate cDNAs repre-
senting moderately abundant transcripts from further
selection [22]. Finally, the negative selection array ap-
proach could be combined with a library normalization
procedure to further enhance the efficiency of clone
selection.

One limitation for the negative selection approach is
the potential for selecting a higher percentage of clones
without inserts as these clones would not be expected to
generate a hybridization signal and thus would be
chosen as negatives. This problem is highly dependent
upon the quality of library construction, and a library
with a high percentage of no insert clones would not be
a suitable substrate. We did not observe a significant
increase in the number of clones without inserts in the
negative-selection cohort of PN001 clones.

Although the negative-selection process reduced the
number of cDNAs homologous to highly expressed

prostate transcripts, mitochondrial sequences, and in-
terspersed DNA repeats, the method did not success-
fully remove all of these sequences. The selected PSA
cDNA represents an alternatively spliced form of this
transcript, and this may have accounted for the low
hybridization signal leading to its selection. Although
the mitochondrial genome encodes 37 genes [23], our
EST classification annotated all mitochondrial se-
quences similarly as ‘mitochondrial’ based upon data-
base homology to the mitochondrial consensus
sequence. However, it is likely that transcripts derived
from the 37 mitochondrial genes are present at different
abundance levels, perhaps ranging from rare to abun-
dant. Indeed, we have determined that 41% of the
prostate mitochondrial ESTs are homologous to a re-
gion of the mitochondrial genome encoding the ATP
synthase 6, cytochrome C oxidase III, and tRNA-gly
genes. Mitochondrial cDNAs chosen as negatives in the
selection process did not encompass this region, and
thus may represent mitochondrial transcripts of low
abundance. Including a mitochondrial genomic probe
in a second round of negative selection may further
reduce the selection of these sequences.

As picking the individual cDNA clones must be
performed for sequencing projects involving either nor-
malized libraries or the array-based approach, the ma-
jor additional labor involved in the negative-
array-selection process involves the actual gridding and
processing of the arrayed clones. Robotic tools enhance
the speed and accuracy of this procedure, but we have
also described the feasibility and utility of using simple
hand-held replicator devices that are available commer-
cially for minimal cost [9]. Such devices can also be
constructed from common materials (http://
chroma.mbt.washington.edu/ARD/). Thus, this tech-
nique is broadly applicable for both large-scale
production line approaches and small projects of lim-
ited scope.

Table 2
Normalization and negative selection: a comparsion of the first 500 library ESTs

CGAP-PR21 PN001CGAP-PR22 PN001Library
normalizedNo manipulation No manipulation Negative selection

500 500 500c Sequences 500

355 442c Different species 430 476

Abundant prostate ESTs
11 5EF-1 alpha 12 2

PSA 5 2 3 1
6 2 3PSP 0
0 0PAP 5 1

Semenogelin 12 2 0 0

34 (6.8%) 11 (2.2%) 23 (4.6%) 4 (0.8%)Total abundant ESTs

58 (11.6%)Total redundant ESTs (%) 70 (14%)145 (29%) 24 (4.8%)
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