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Abstract

Genomics and bioinformatics have great potential to help address numerous topics in
ecology and evolution. Expressed sequence tags (ESTs) can bridge genomics and molecular
ecology because they can provide a means of accessing the gene space of almost any organism.
We review how ESTs have been used in molecular ecology research in the last several years
by providing sequence data for the design of molecular markers, genome-wide studies of
gene expression and selection, the identification of candidate genes underlying adaptation,
and the basis for studies of gene family and genome evolution. Given the tremendous
recent advances in inexpensive sequencing technologies, we predict that molecular ecologists
will increasingly be developing and using EST collections in the years to come. With this
in mind, we close our review by discussing aspects of EST resource development of particular
relevance for molecular ecologists.
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Introduction

The field of molecular ecology is built upon a well-
developed body of work on the application of genetic
markers to the study of population structure, gene flow,
parentage analysis, biogeography and systematics. Mole-
cular ecology also aims to elucidate the genetic basis
of ecologically important phenotypic variation, and to
understand the distribution of phenotypic and genotypic
variation in natural populations in terms of fundamental
evolutionary forces such as drift, selection, mutation, and
migration (Feder & Mitchell-Olds 2003; Vasemagi &
Primmer 2005; Lee & Mitchell-Olds 2006). Developments
from the fields of genomics and bioinformatics have great
potential to help address numerous topics in molecular
ecology, not only by providing sequence information and
comparative data useful in designing markers, but also
by opening up entirely new methods to study the genetic
basis of adaptation. The challenge in realizing genomics’
impact on the field of molecular ecology lies in finding
a way to extend genomics to the vast diversity of both
organisms and questions studied by molecular ecologists
(Feder & Mitchell-Olds 2003).

While it is not feasible to invest heavily in genome
sequence resources for every species or natural population,
expressed sequence tags (ESTs) are a relatively inexpensive
genomic resources that can be developed for almost any
organism. ESTs are already among the most diverse (in
terms of phylogenetic coverage) and abundant type of
sequence data available. ESTs can serve as a source of
molecular markers, and can also provide an entrée into
gene and genome-level questions, even for studies of
nonmodel organisms that lack other sequence resources
and have no history of functional genetics. As we will illus-
trate, EST collections can serve as a bridge between the
genomic resources of model organisms and diverse species
of interest to ecologists and evolutionary biologists. Even
if ESTs are not available from the organism under study,
EST data from related organisms can be used in a variety
of ways to study the ecology and evolution of diverse wild
species.

EST collections sample the gene space of an organism by
providing a snapshot of the transcribed mRNA population
within a given set of tissues, developmental stages, en-
vironmental conditions and genotypes (see Rudd 2003;
Dong et al. 2005 for reviews). In brief, ESTs are single-read
sequences produced from partial sequencing of a bulk
mRNA pool. Reverse transcriptase is used to produce bulk
cDNA, which is then cloned into a vector library, and each
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clone is individually end-sequenced (Fig. 1). The process of
EST sequencing can be highly automated and is usually
conducted on a scale of thousands to tens of thousands
of sequence reads per library. By measuring the relative
abundance of different transcripts, one can obtain informa-
tion about gene expression within and between different
tissues, life stages, or environmental conditions (an appli-
cation termed ‘expression profiling’). One may also obtain
information about alternatively spliced forms of the same
gene transcript. For most purposes [e.g. identification of
orthologues, simple sequence repeat (SSR) primer design],
raw EST sequences from the same transcript are assembled
into a single consensus sequence, often called a unigene
(Pontius et al. 2003).

EST data have a number of limitations. First, transcripts
that are in low abundance in the particular tissues sampled
may not be sequenced at all. Thus, the absence of a particular
transcript is not strong evidence for its absence from the
genome: the gene may actually be expressed at a very low
level. ESTs give no information about genomic position,
gene order, introns, or regulatory motifs. As we will show,
some of these, such as intron position, can sometimes be
inferred by comparison to genomic sequences from related
organisms. ESTs typically represent only partial sequences
of the original transcripts, and even unigenes seldom cover
the full-length transcript. ‘Raw’, or unedited, ESTs are
subject to a substantial rate of base-call errors and contam-
ination. Even in the absence of error, the clustering of
ESTs into unigenes is compromised by the difficulty of
distinguishing alleles and alternative splice forms from
paralogues (Wang et al. 2004). Unigene sets are difficult to
evaluate when no reference genome exists for validation —
the case for most organisms of interest to molecular
ecologists (Dong et al. 2005).

Despite these limitations, we believe that ESTs are a
valuable resource for molecular ecology. In this paper, we
will first review how ESTs have been used to address diverse
problems in evolutionary biology and ecology, including

Fig. 1 EST sequence production. Genomic DNA in the vicinity of
a gene (1) contains exons, introns and upstream regulatory motifs
(triangles). Introns are spliced out of mature mRNAs (2), which
are capped at the 5′ end with a modified guanine nucleotide
(circle) and at the 3′ end with a poly A tail. Reverse transcriptase
(RT) is used to synthesize a cDNA strand from the mRNA
template (3). A double stranded cDNA molecule is produced
using RNAse H and DNA polymerase 1(DNA pol1) (4). cDNAs
are inserted into cloning vectors to produce a cDNA library (5).
This provides a means of isolating, storing, replicating and
sequencing individual molecules. The inserts are sequenced from
one or both ends using universal primers (6). The resulting EST
sequences (7) are analysed to remove vector or other contamina-
ting sequences and low quality base calls (8), and then deposited
into public databases (9). These sequences are then clustered into
unigenes (see Fig. 4) or used for other applications (10).
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studies of natural history, evolutionary forces, and the
genetic basis of adaptation (Fig. 2). Given the tremendous
recent advances in inexpensive sequencing technologies,
we predict that molecular ecologists will increasingly be
developing and using EST collections in the coming years.
With this in mind, we will close our review by discussing
aspects of EST resource development of particular relevance
for molecular ecologists.

ESTs in molecular ecology

Molecular marker design and discovery

The use of molecular markers has revolutionized the fields
of conservation biology, population biology, population
Genetics and ecology. Markers provide a means of observ-
ing otherwise hidden aspects of natural history, whether
this involves population–level interactions on ecological
timescales, or the evolutionary relationships of genes,
populations, and taxa (Avise 2004). As a result, more effort

has probably been directed at using ESTs for marker
development than for any other purpose in molecular
ecology. These sequences have been used to develop
molecular markers tagging genomic regions ranging from
highly mutable SSRs and single nucleotide polymorphisms
(SNPs) to highly conserved genes, providing insights into
questions ranging from population-level process such as
parentage analysis, to the demarcation of orthologous
genomic regions across distantly related species.

Simple sequence repeats

Simple sequence repeats, or microsatellites, have been
widely used as molecular markers in ecology because of
their abundance, high level of polymorphism and ease
of scoring. Numerous examples of in silico mining of SSR
markers out of EST data from diverse organisms have been
published over the last several years (Scott et al. 2000; Scotti
et al. 2000; Cordeiro et al. 2001; Rohrer et al. 2002; Jany et al.
2003; Bhat et al. 2005; Varshney et al. 2005). This approach

Fig. 2 The variety of ways in which ESTs can be applied to study molecular ecology. Arrows connecting the two boxes show how the
types of studies described in the text address questions in molecular ecology. Mechanistically, the genetic basis of adaptation can vary,
calling for different experimental approaches. Arrows to the left of the boxes show examples of how different approaches can be used
together. As shown on the right, ecological and evolutionary forces ultimately shape the evolution of genomes, which are the source of EST
data.
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can obviate the need for the costly and time-consuming
benchwork required of traditional approaches, such as
library construction, enrichment and screening (Fig. 3a).
It is feasible for a researcher to download a collection of
sequences, identify SSRs within them, and order primers
all within the space of single day.

In addition to requiring less time and money to develop,
EST-derived simple sequence repeat markers (EST-SSRs)

have a number of advantages over SSR markers developed
by cloning and sequencing. Studies in plants, animals, and
fungi have shown that EST-SSRs tend to be more widely
transferable between species, and even genera, than those
designed from laboratory methods such as sequencing
from SSR-enriched genomic libraries (Besnard et al. 2003;
Chagne et al. 2004; Boches et al. 2005; Coulibaly et al. 2005;
Fraser et al. 2005; Ng et al. 2005). This may be because

Fig. 3 Examples of molecular markers
developed from ESTs. (a) EST-SSRs. Soft-
ware is used to scan batches of unigenes for
SSRs (1). Primers (horizontal arrows) are
designed from unigene sequences flanking
SSRs (2), which are then used for genotyping
(3). (b) SNPs are identified directly from
alignments of ESTs sequenced from dif-
ferent alleles, based on the occurrence of
the same base call discrepancy in multiple
sequences. Discrepancies occurring only
once are likely to be sequencing errors. (c)
EPIC markers. Unigene sequences from a
species of interest (1) and genomic sequences
of homologous genes from a related
reference species (1) are aligned (2). Introns
are inferred from gaps in the aligned
unigene sequence. Note that unigenes may
often be truncated relative to the complete
coding sequence of the gene. Primers
(horizontal arrows) are designed to flank
the predicted intron positions (3) and then
used for genotyping (4).
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EST-SSRs are more likely to be in gene-rich euchromatic
regions of chromosomes than those developed by screen-
ing of genomic libraries (Areshchenkova & Ganal 2002),
although this may not be the case in all genomes (e.g. La
Rota et al. 2005). The high intertaxon transferability of
EST-SSRs means that even if a particular organism has no
EST sequence resources available, sequences from a related
species can often be used for SSR development (Cordeiro
et al. 2001; Woodhead et al. 2003; Barkley et al. 2005; Varshney
et al. 2005). EST-SSRs are typically composed of trinucle-
otide repeats, which are easier to score than dinucleotide
repeats (Morgante et al. 2002; Li et al. 2004). Another advan-
tage of EST-SSRs lies in the fact that the corresponding EST
sequence can be compared to protein sequence databases,
possibly shedding light on the functional identity of a
particular marker locus. Working with EST-SSRs may
arguably provide a shortcut to a candidate gene, if markers
can be designed around an SSR in a gene of interest
(Vasemagi & Primmer 2005). Candidate genes may also
be identified by conducting genome scans of EST-SSRs (e.g.
Vasemagi et al. 2005): in such studies, the gene affected by

selection is likely to be very close to the EST-SSR marker,
perhaps the source of the EST-SSR itself. The chief disad-
vantage of EST-SSRs is that they do tend to show a lower
rate of polymorphism (in terms of allelic richness) than
those derived from genomic libraries (Eujayl et al. 2002;
Woodhead et al. 2003; Chagne et al. 2004; Chabane et al.
2005).

EST sequences have been used to examine the distribu-
tion of SSRs within coding and noncoding regions of
transcribed sequences, providing insights useful for those
interested in using SSRs as markers. Analysis of ESTs and
genomic sequence has shown that SSRs are more common
in transcribed sequences (ESTs) than in nontranscribed
genomic regions, are most frequent in the 5′ UTRs of genes,
and that the number of repeats per SSR and the total
lengths of SSRs (i.e. the number of repeats) are generally
shorter in transcribed vs. nontranscribed genomic regions
(Kantety et al. 2002; Morgante et al. 2002; Thiel et al. 2003;
Li et al. 2004). Researchers could use this information in
the design of SSR markers, by, for example, targeting SSR
markers subject to varying degrees of selective constraint

Fig. 3 Continued
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based on whether the SSR is located within a coding, trans-
cribed but untranslated, or untranscribed region of a gene,
or in an intergenic region of the genome. However, it
seems plausible that EST-SSRs may be generally more
subject to selective constraints than SSRs in nongenic gen-
omic regions. For example, changes in the length of SSRs
in gene regulatory regions may affect the binding of trans-
cription factors (Martin et al. 2005). Changes in the lengths
of SSRs located in introns may also affect levels of gene
expression (Chung et al. 2006).

SNPs

Single nucleotide polymorphisms (SNPs), though individu-
ally less polymorphic than SSRs, are even more abundant,
allow for clear identification of alternate alleles, and lend
themselves to highly automated genotyping. As a result,
there is increasing interest in developing this class of markers
for use in molecular ecology. SNPs can be identified
directly from alignments of ESTs sequenced from different
alleles (Picoult-Newberg et al. 1999; Batley et al. 2003), and
several software programs have been designed for this
purpose (e.g. Picoult-Newberg et al. 1999; Barker et al. 2003;
Batley et al. 2003; Kota et al. 2003; Savage et al. 2005)
(Fig. 3b). These programs identify SNPs where the same
base call discrepancy occurs in multiple EST sequences,
based on the premise that redundant discrepancies
represent actual SNPs rather than simply sequencing
errors. Some programs use the raw sequencing trace files
as input, which has the advantage of allowing SNP
identification to take the quality of each base call into
account (Chevreux et al. 2004; Le Dantec et al. 2004). EST
collections made from outcrossed (heterozygous) indivi-
duals, multiple genotypes, or hybrid genotypes are
typically used for this kind of in silico SNP detection (Batley
et al. 2003; Lai et al. 2005).

Even if no sequence polymorphisms are present in the
EST collection for a particular transcript, EST sequences
can be used to develop primers for SNP detection using
denaturing gradient electrophoresis (DDGE, Sheffield et al.
1989) or other heteroduplex discrimination techniques
[e.g. single strand conformation polymorphism (SSCP),
Orita et al. 1989; or denaturing high-performance liquid
chromatography (DHPLC),  Oefner & Underhill 1995].
For instance, DDGE scoring of SNPs within EST-derived
markers has recently been used to develop a comparative
linkage map for oak and chestnut tree species (Casasoli
et al. 2006). SNPs can also be assayed in noncoding sequ-
ences flanking genes, using a marker system that combines
a restriction site-ligated linker primer [as in amplified
fragment length polymorphisms (AFLPs), Vos et al. 1995]
and another primer anchored within the EST (Cato et al.
2001). Even when EST sequences are not available for a
given organism, EST collections from related species can

serve as the basis for designing SNP-detection assays of
species and populations of interest, an approach recently
applied to issues of stock composition and migration
detection in salmonid fish (Smith et al. 2005a, b).

SNPs discovered through analysis of ESTs can be used
for the application of high-throughput SNP genotyping
methods (reviewed in Tsuchihashi & Dracopoli 2002), such
as pyrosequencing (Ronaghi et al. 1996; Ronaghi et al.
1998). These methods can be performed at a cost within the
reach of many molecular ecology research programs. EST
data alone have also been used to create gene chip assays
that combine high-throughput discovery and genotyping
of SNPs, as demonstrated by recent work in barley
(Rostoks et al. 2005). The development of such gene chips
is more costly and requires an extensive amount of EST
sequence data. Although technological and analytical
challenges remain in discriminating signal from noise
in chip genotyping assays, which rely on allele-specific
differences in hybridization to the probes on the gene chip,
the sheer density of markers makes some applications
[such as linkage and quantitative trait loci (QTL) mapping]
fairly robust to the noise (e.g. Wolyn et al. 2004).

Identifying orthologous genes across taxa: extending the 
reach of model systems

One promise of genomics is that the wealth of functional
genetic information developed in model systems can be
extended to distantly related organisms. For example,
the gene SLC24A5 has a functionally conserved role in
pigmentation in zebrafish and humans, lineages separated
by 400 million years of evolution (Lamason et al. 2005). The
ability to apply functional genetics from model organisms
to distantly related, ecologically interesting lineages
rests on the ability to identify homologous genes and/
or chromosomal regions between them. This allows the
identification of, for example, candidate genes in a model
organism based on positional homology to the location of
QTL in a related wild species (e.g. as proposed by Doust &
Kellogg 2006), which might help researchers prioritize the
hundreds to thousands of genes typically contained in
QTL regions. Identification of homologous genomic regions
requires the availability of markers for multiple conserved
loci.

EST data can be used in a number of different ways to
produce markers useful for comparative mapping. For
example, EST data from different species have been com-
bined to design cross-species EST-SSRs (Kantety et al. 2002;
Rexroad et al. 2005) and software has been developed for
designing primers in conserved regions of cross-species
DNA alignments ( Jarman 2004; Gadberry et al. 2005). EST
data have also been used specifically to create orthologous
anchor loci for comparative mapping in both animals and
plants. Lyons et al. (1997) analysed EST sequence data from
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several mammal species in order to create markers for single
copy genes that are highly conserved across mammals.
Lyons et al. called their collection of orthologous markers
Comparative Anchor Tagged Sequences (CATS). Fulton
et al. (2002) used a collection of EST sequences from tomato
to develop conserved orthologue set (COS) markers for use
in comparative mapping across flowering plants. Tomato
ESTs were aligned to the Arabidopsis genome sequence in
order to identify over 1000 genes that appeared to be con-
served in sequence and low in copy number, and markers
were designed from these. Because tomato and Arabidopsis
represent two lineages that diverged at the base of the core
eudicot clade, it is intended that by screening genes in this
way, COS markers will be conserved in sequence and low
in copy number across the thousands of plant species within
the core eudicots. A similar approach has proven extremely
successful in developing anchor loci for comparative
mapping within the grass family (Van Deynze et al. 1998).

Exon-primed, intron-spanning markers

Comparative analysis of EST data has also been used to
design genetic markers based on intron polymorphisms.
Because they are noncoding, not only SNPs but also
insertion/deletion (indel) polymorphisms are more com-
mon within introns than in coding exons. This property
makes introns an attractive target for molecular marker
design. In exon-priming, intron-crossing markers (EPICs),
primers are designed to anneal in two different conserved
exons will amplify the more variable intron(s) in between,
and polymorphisms in intron length can be resolved
by fragment analysis (Lessa 1992; Cortereal et al. 1994;
Palumbi & Baker 1994; Wydner et al. 1994) (Fig. 3c). The
paradox in using EST data to develop such markers lies
in the fact that introns are spliced out of mature mRNA
molecules — the source of EST sequences. However, the
positions of introns within genes tend to be highly con-
served (e.g. Ku et al. 2000). This means that intron positions
can be inferred by aligning EST sequences to homologous
genes or proteins in which the intron positions are known
(such as the genomic sequence of a related species) (Fig. 3c).
The success of this approach may be limited by the
evolutionary divergence between the species of interest
and the genomic sequence used as a reference.

This approach has been successfully applied to marker
design in a variety of systems. For example, Bierne et al.
(2000) compared penaeid shrimp ESTs to Drosophila gen-
omic sequences in order to identify intron/exon boundaries
and design EPIC markers that assay intron length poly-
morphism in shrimp populations. We (Vision, Fishman
and Willis, unpublished, in preparation) have designed
EPIC markers for use in Mimulus species, using Arabidopsis
proteins to predict intron/exon boundaries in Mimulus
guttatus unigenes. This has so far resulted in the design of

over 800 EPIC markers, over 95% of which contain the
predicted intron.

As is the case for EST-SSR markers, even if no EST
resources exist for a species of interest, ESTs from related
taxa can be used to develop EPIC markers, although this
process can be long and tedious. EST sequences from taxa
that phylogenetically circumscribe the species of interest
can be aligned in order to identify conserved coding
regions within closely related homologues and a more
distantly related genomic sequence can be used to identify
intron/exon boundaries. Degenerate primers designed
from the close homologues can then be used to amplify
the target sequence from the organism under study. The
sequences obtained may then be cloned and sequenced so
that species-specific, EPIC primers can be developed. This
approach has been used successfully in the development of
molecular markers for phylogeographical studies of the
plant Platystemon californicus (Papaveraceae). The Phytome
database (Hartmann et al. 2006) was used to identify gene
families represented both in the EST collection of a related
species (Eschscholzia californicus) and in the annotated gene
set of Arabidopsis, so that degenerate EPIC primers could
be developed to the target locus in Platystemon (Poslusny
& Vision, in preparation). Of the 17 small gene families
examined, one or more pairs of degenerate primers could
be designed for 13 of them, and the target locus was success-
fully amplified for five Platystemon genes.

Studies of gene expression in molecular ecology

Genome-wide studies of gene expression hold great
potential for shedding light on complex ecological pheno-
mena such as phenotypic plasticity, host shifts, and the
evolution of specialized life histories (reviewed in Gibson
2002). Such studies can be used to identify candidate genes
underlying phenotypic differentiation, and they also
provide a genome-wide means of studying the genetic
basis of the mechanisms by which organisms respond to
environmental cues. EST collections can be used to construct
microarrays (Schena et al. 1995) for gene expression studies
of organisms that otherwise lack any genomic resources
(Chen et al. 2004). Microarrays can be fabricated using a
variety of technologies, all of which essentially consist of
an array of DNA probes. Since only complementary
mRNA will specifically bind to each probe, microarrays
can be used to detect the up- or down-regulation of specific
mRNAs in contrasting biological samples. Spotted
microarrays are made by affixing long oligonucleotide or
cDNA (see Glossary) probes to glass plates. Arrays in
which oligonucleotide probes are synthesized directly on
the chip (e.g. Affymetrix or Agilent) have higher probe
densities, so typically contain multiple DNA probes for each
target mRNA and can provide absolute measures of mRNA
abundance in an experimental sample. Both types of
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microarrays provide a means of assaying the expression of
thousands of genes in a single, highly parallel experiment.

Research is currently underway in developing micro-
arrays for use across multiple, related species (e.g. Rise
et al. 2004; Gilad et al. 2006). Comparative microarray
analysis of closely related species can be used to identify
differences in gene expression that correlate with ecological
differentiation of species, populations, or genotypes. For
example, Arabidopsis halleri is a close relative of the model
plant species Arabidopsis thaliana that is adapted to live in
heavy metal-contaminated environments such as serpen-
tine soils. Weber et al. (2004) investigated the genes under-
lying the metal hyper-accumulation abilities of A. halleri
using an oligonucleotide Affimetrix gene chip designed for
A. thaliana. Although the microarray technology used in
this study was designed using the considerable genomic
resources available for A. thaliana, similar studies of the
genetics of adaptation can be carried out using microarrays
designed from EST collections alone. Kobayashi et al.
(2006) used a microarray designed from an EST collection
to identify genes differentially expressed during jaw devel-
opment in closely related but morphologically and ecolo-
gically distinct species of cichlid fish. Le Quere et al. (2004)
used a microarray to tie variation in gene expression pat-
terns among strains of ectomycorrhizal fungi to variation
in host specificity, and to subsequently clone and sequence
the genes identified. Oleksiak et al. (2002) used a micro-
array to examine differences in gene expression between
populations of Fundulus (killifish). Other researchers have
used microarrays to study how gene expression patterns
respond to environmental cues. Carsten et al. (2005) used
a cDNA microarray to investigate how gene expression
changes in response to diet in Drosophila melanogaster.
Evans & Wheeler (2000) used microarrays to identify genes
underlying the polyphenism of different honeybee castes,
which is driven by differences in the larval environment.

Expression studies can also be accomplished by directly
comparing EST collections created from contrasting bio-
logical samples, such as organisms exposed to contrasting
environmental conditions. In such studies, ecological and
evolutionary questions direct the development of EST col-
lections. For example, Torres et al. (2005) created an EST
collection enriched in gene transcripts associated with
plant parasitism, specifically the development of haustoria
— the structures that invade the roots of host plants. Micro-
arrays may be used in the process of designing EST collec-
tions of ecological or evolutionary interest. For instance,
homoploid and allopolyploid hybrid species in the plant
genus Senecio bear striking differences in floral morpho-
logy. Hegarty et al. (2005) used anonymous cDNAs (i.e.
cDNAs that had not been sequenced or analysed) to create
a microarray that was then used to compare gene expres-
sion in hybrid and nonhybrid lineages differing in ploidy
and floral morphology. Only those cDNAs that showed

changes in expression patterns were sequenced, producing
an EST collection enriched for transcripts of genes affected
by speciation and polyploidy.

There are several challenges inherent to microarray
studies, in addition to the expense (Gibson 2002). Results of
these experiments can be highly variable from one biological
replicate to another. Only transcripts with sufficiently high
expression can even be detected. Accurately measuring
expression of genes in large gene families can be difficult if
there is cross-hybridization among paralogues, leading to
a confounding effect between the number of hybridized
transcripts and their actual proportion in the transcriptome.
This problem can be addressed by carefully designing
probes to discriminate between paralogues (Chen et al.
2004), and by consulting an EST collection enriched in
3′-ESTs, which allow for better discrimination between
paralogues (Rise et al. 2004). Cross hybridization is of
special concern when attempting to extend the use of a
microarray designed for one species to other, related species
(Gilad et al. 2005), although in some cases a single micro-
array has been successfully used to measure transcription
in several species (Moore et al. 2005). In addition, allelic
variation may affect the binding of mRNAs to cDNA probes,
confounding the differences in signal intensity caused
by differences in expression. This can be overcome by
experimental design, or by designing the array to include
cDNA probes from multiple genotypes. Finally, micro-
array experiments require careful design and extensive
statistical analysis of the resulting data (see Allison et al.
2006 for an overview). Despite these issues, microarray
experiments seem unique in their potential to shed light on
the functional genetics of ecologically and evolutionarily
relevant traits which, in many cases, can only be studied in
nonmodel organisms.

Selection screens

Ecologically important traits are likely to have been shaped
by natural selection, which should be reflected in the
pattern of molecular evolution of genes underlying these
traits. This means that genes involved in adaptation can
be detected by looking for the molecular signature of
selection. Examining patterns of molecular evolution in
EST collections provide a way of screening numerous
genetic loci for signatures of selection in parallel.

Genes that have evolved under strong positive selection
would be expected to have an unusually high ratio of fixed
amino acid replacements per replacement site to fixed
synonymous differences per synonymous site (KA:KS) at
orthologous genes between recently diverged species
(Yang & Bielawski 2000; Nielsen 2001; Yang 2002). Several
studies have applied this approach to EST data in order to
identify genes that have apparently evolved under strong
positive selection, beginning with Endo et al. (1996). Swanson
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et al. (2001, 2004) identified male reproductive proteins and
female reproductive tract genes that appeared to have
rapidly evolved under positive selection in Drosophila
species. Tiffin & Hahn (2002) compared EST sequences
from Brassica rapa to genomic sequences of A. thaliana, and
although they did not identify any genes that appeared
to have diverged under positive selection, they found
evidence for a shift in codon bias since the divergence
of these two lineages. In a similar study, Barrier et al. (2003)
identified 14 genes potentially involved in adaptive
divergence of Arabidopsis lyrata and A. thaliana.

These studies do suffer from a number of caveats,
including the assumptions underlying models of sequence
evolution at synonymous and nonsynonymous sites
(McDonald & Kreitman 1991; reviewed in Li 1997). KA:KS
ratios can also be shaped by selection on synonymous
mutations if certain codons are favoured over others
(codon bias), purifying selection which may decrease the
rate of nonsynonymous substitution, and balancing
selection which may increase the nucleotide diversity at
silent sites. Verifying that particular loci truly have been
the target of a particular form of selection typically
requires further investigation. Even if the action of selection
has been detected, the agent of selection is unknown
(Vasemagi & Primmer 2005; MacCallum & Hill 2006), it
may be difficult to discern which trait or traits are affected
by a locus of interest, and the locus may no longer be
under selection in contemporary populations (Garrigan &
Hedrick 2003). In addition, the determination of appropriate
statistical thresholds for broad scale selection screens is
problematic (Tiffin & Hahn 2002). Despite these limita-
tions, such screens for selected genes show great promise
as a means of identifying loci involved in ecological
adaptations that would be missed using other approaches.
In particular, the loci detected by a selection screen would
often be missed by QTL mapping, which is ineffective at
identifying loci underlying fixed differences between
species that cannot be crossed.

Analysis of candidate genes: pinpointing the basis 
of ecologically important traits

In recent years, genes identified through functional genetic
studies in model organisms have been shown to underlie
ecologically important variation in natural populations of
distantly related wild species. Examples include adaptive
variation in coat colour in rock pocket mice associated with
allelic variation at the Mc1r gene (characterized through
mutant studies of laboratory mice) (Nachman et al. 2003),
and adaptive morphological variation among natural
populations of sticklebacks caused by differences in
expression of the Pitx1 gene (identified through mutant
studies in mice and chickens) (Colosimo et al. 2005). The
flowering time genes Frigida and FLC in Arabidopsis have

been shown to be associated with clinal variation in flowering
time in natural populations of Arabidopsis (Caicedo et al. 2004;
Stinchcombe et al. 2004). The above studies had significant
genome resources and/or a large body of functional genetic
studies to draw upon. There is a need for the development
of research programs tailored to the issues inherent in
studying candidate genes in wild organisms without
extensive resources, and EST data are likely to contribute
to this. For example, EST sequences can provide a means of
readily identifying candidate gene homologues in wild
species, allowing researchers to direct genetic studies of
adaptation in natural populations toward these loci.

Such an approach was used in a study of the genetic
basis of salt tolerance in the sunflower Helianthus paradoxus
(Lexer et al. 2003). These authors screened EST libraries
from Helianthus for sequences with apparent homology to
candidate genes for salt tolerance that had been identified
in other plants. Three of these candidate genes were found
to be associated with fitness in the high-salt habitat, and
one mapped to a previously identified QTL for salt toler-
ance. However, a conclusive demonstration that one or
more substitutions at a candidate gene underlie a specific
adaptation would require additional evidence. Ideally,
introgression, transgenic or knockout lines (Lee & Mitchell-
Olds 2006) or deficiency mapping approaches (Pasyukova
et al. 2000) would be used to demonstrate the phenotypic
effects of allelic variants. In wild organisms that are not
amenable to these kinds of genetic techniques without
expending decades of time and effort, perhaps correlative
evidence (such as an observed correspondence between a
particular genotype and a phenotype) supporting the
causal role of particular loci in ecological adaptation will
have to suffice.

Adaptation and the evolution of gene families and 
genomes

Proliferation of gene families, followed by functional
diversification of paralogues, has been postulated to
underlie the acquisition of new biological functions (Ohno
1970). Large-scale gene duplication events, in which large
chromosomal segments, whole chromosomes or whole
genomes are duplicated, have been hypothesized to
correspond to major evolutionary transitions in both
animals and plants (reviewed in Van de Peer 2004; De Bodt
et al. 2005). In other words, in some cases the genetic basis
of adaptation may prove to be more complicated than
changes in protein sequences or expression patterns.
Instead, it seems feasible that the evolution of diverse,
complex ecological functions may involve the duplication
of gene networks followed by selective co-option of new
genes for novel or refined functions (Conant & Wolfe
2006). EST collections have been used to identify genes and
gene family expansions that are unique to certain lineages
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(e.g. Albert et al. 2005; Laitinen et al. 2005). EST data can
also be used to detect whole or large-scale genome
duplications in a species’ evolutionary history (Blanc &
Wolfe 2004; Van de Peer 2004; Sterck et al. 2005).

Microbial ecologists have produced an extensive body
of work documenting how the acquisition of new genes
or other changes in gene content underlie adaptations to
extreme environments or new functional capabilities in
prokaryotes and Archaea (e.g. Snel et al. 2002; Omelchenko
et al. 2005; see Xu 2006 for a review). These studies typically
examine whole genome sequences or environmental DNA
samples (e.g. ‘environmental genome shotgun sequencing’,
Venter et al. 2004; Strous et al. 2006), for a variety of reasons:
microbial genomes are relatively small and inexpensive to
sequence, the application of EST approaches are precluded
by the fact that many microbes cannot be isolated in
culture, and prokaryotic mRNAs are not easily distin-
guishable from other RNAs.

Ecologists and evolutionary biologists working with
eukaryotes have also begun to study differences in gene
repertoire between different lineages of animals, plants
and fungi, and examine how gene content is shaped by
natural selection (Lespinet et al. 2002; Hahn et al. 2005;
Barbosa-Morais et al. 2006). Lespinet et al. (2002) compared
the gene content of yeast, Caenorhabditis elegans, Drosophila
and Arabidopsis and found that genes involved in pathogen
and environmental stress responses were particularly
likely to have undergone lineage-specific gene family expan-
sions. These authors posited that gene family expansions
may be a principal means by which organisms evolve
new or refined patterns of gene regulation and undergo
adaptation. Working on a smaller evolutionary timescale,
Hahn et al. (2005) examined lineage specific gene family
expansions among yeast species, and found significant
lineage-specific expansion of the flocculin gene family in
the brewer’s yeast, Saccharomyces cerevisiae, suggesting that
this may be due to selection on that species for industrial
purposes. While these two studies took advantage of
complete genome sequence data, similar patterns have
been observed through analysis of EST collections. Analysis
of Gerbera ESTs identified over 1000 unique gene trans-
cripts that do not show homology to any other plant genes
represented in available databases, perhaps representing
genes and gene families unique to this lineage of plants
(Laitinen et al. 2005). The ongoing floral genome project
(Albert et al. 2005) is designed to examine patterns of gene
content and gene family evolution and its relationship to
floral development and morphological evolution by com-
paring ESTs sampled from diverse families of flowering
plants. EST data have also been used to detect whole or
large-scale genome duplications in a species’ evolutionary
history (e.g. Blanc & Wolfe 2004; Sterck et al. 2005; Cui et al.
2006). Determining whether such events have occurred
and when they occurred can be important for accurate

characterization of gene family expansions, and for
predicting differences in gene content between model
organisms and nonmodel species (Sampedro et al. 2005;
Durand & Hoberman 2006).

There are a number of caveats to consider in conducting
studies of gene family and genome evolution with EST
data alone. Even the largest EST collections fall short of
being complete gene sets: the absence of a sequence in an
EST collection does not mean that that gene is not in the
genome. Also, it is not yet clear how causal relationships
between gene content and patterns of ecological or
phenotypic variation will be established. And, accurately
identifying and characterizing genome duplications can
be problematic in the absence of positional information,
without which homologous relationships between chro-
mosomal regions (frequently referred to as synteny) cannot
be conclusively established. Despite these limitations,
comparisons of gene content may be particularly inter-
esting if applied to organisms with diverse ecologies. Such
studies may provide the best approach for understanding
the extent to which the evolution of gene content contributes
to ecological diversification.

The design of EST collections for molecular 
ecology

We predict that EST data will be increasingly used by
molecular ecologists as a means of incorporating genomics
approaches into studies of diverse species and popula-
tions. Molecular ecologists will be both using available
data and directing the development of EST collections
specifically for ecological research. There are a number of
issues and concerns regarding the design of EST collections
that are unique to nonmodel organisms, which we discuss
below. In addition, we cover some basics in EST data
handling, including a brief overview of sequence pro-
cessing and unigene clustering, which are helpful for
understanding the limitations of these resources.

The design of an EST collection involves numerous
considerations, including the total number of sequences to
collect, the genotypes, tissues, and life stages to be sampled,
and whether any special cDNA library construction
methods or sequencing strategies are to be employed (see
Glossary). One of the first issues to consider is the number
of sequences needed for a specific application. A few hun-
dred to a few thousand sequences may provide sufficient
data for marker design, while a few hundred thousand
sequences are typically required to annotate a genome. For
example, 3977 Mytilus ESTs, clustered into 544 unigenes,
yielded 75 putative EST-SSR primer pairs. Analysis of
17 000 unigenes from the aphid Acyrthosiphon pisum
resulted in 1641 putative EST-SSR primer pairs, excluding
dinucleotide repeats (Bouck, unpublished). At the other
extreme, approximately 60 000 Atlantic salmon ESTs
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clustered into 29 000 unigenes (Rise et al. 2004). In populus,
102 019 ESTs, assembled into approximately 25 000
unigenes, are being used to annotate the populus genome
sequence (Sterky et al. 2004). For budgeting purposes,
methods exist for determining a point of diminishing
returns when the sequencing of additional transcripts
from a library is unlikely to capture as-yet-unsampled
gene transcripts (Susko & Roger 2004; Wang et al. 2005).

An issue of particular importance to molecular ecolo-
gists is which genotypes or populations to sample for EST
sequencing. Model organisms used for genome and EST
sequencing are usually inbred lines, and EST collections
created from them will have little or no allelic variation.
In such systems, any discrepancy in sequence between
different reads is likely to be due to a sequencing error,
rather than a true polymorphism. In wild species, on the
other hand, producing inbred lines may be difficult or
impossible, and may be undesirable depending on the
purpose of the EST project. For example, if ESTs are to be
used to identify SNPs directly, sampling from heterozy-
gotes, F1 hybrids, or different genotypes, populations or
species of interest would maximize the likelihood of
capturing allelic variation (Fig. 3b) (Lai et al. 2005; Smith
et al. 2005a). However, genetically heterozygous EST
collections might be difficult to cluster into unigene sets.
Particularly when allelic variation is of the same magnitude
as differentiation among recent or highly conserved paralo-
gous genes, it may not be possible to distinguish the two
possibilities with confidence. The presence of genetic
variation might also complicate applications of ESTs for
expression profiling, if genetic variation in expression is
confounded with variation between treatments or tissues.
At the same time, including samples from multiple geno-
types could arguably provide a means of capturing some
of the variation in expression among individuals. For
example, if genotypes or ecotypes vary in the diversity of
transcripts expressed under different conditions, then
generating EST data from several genotypes or ecotypes
might capture a greater range of transcripts overall.

Issues of sampling also come into play when deter-
mining what biological samples to target for RNA isolation,
and whether any special techniques of library design are
to be used. ESTs may be generated from different tissues,
life stages or ecological conditions specifically to allow a
comparison of transcripts expressed under one condition
vs. another (e.g. expression profiling analyses). Even if a
researcher simply wants a general sample of ‘gene space’,
this is still an important consideration. Only a subset of all
genes will be expressed at any given life stage, tissue, or
ecological condition, so sampling RNA from multiple tissues
and life stages can enrich the diversity of transcripts
captured in an EST collection. The relative abundance of
different transcripts in a cDNA library can be standardized
via the use of normalization procedures (Bonaldo et al.

1996), resulting in an EST collection with a more diverse
sample of transcripts. However, normalization would
be inappropriate for expression profiling applications
because the relative abundance of different transcripts has
been altered relative to the original biological sample,
while in non-normalized libraries the relative abundance of
different transcripts is more or less preserved. Normaliza-
tion may also lead to under-representation of genes within
closely related gene families. Another technique used in
library construction is capping (Carninci et al. 1996; Seki
et al. 1998; Carninci et al. 2000), which is a procedure
designed to obtain full-length transcript sequences, and
which might be useful in a library intended for candi-
date gene isolation or functional analysis of protein
translations (Seki et al. 1998). However, this procedure is
expensive, technically challenging, reduces the total
number and diversity of transcripts sampled and biases
the EST collection toward shorter transcripts (Carninci
et al. 2000).

If the cDNA library has been directionally cloned, EST
sequencing can be targeted to capture either the 5′ or 3′
ends of the cDNA clones. Sequencing both ends (producing
so-called mate pairs; see Glossary) can link two unigenes
that correspond to opposite ends of a long gene transcript
but do not have sufficient sequence overlap to be joined
without mate pair information (Fig. 4). Focusing on one
end or the other might be useful for different situations.
The 5′ end sequences tend to contain more of the protein-
coding region of the transcripts. Because coding sequences
tend to be more conserved, these sequences will be more
useful for applications that require the establishment of
homology to sequences from distantly related organisms,
such as the development of orthologous markers, or for
sequence analyses such as selection screens. Since the 3′
end of the cloned cDNA usually terminates at the position
of the poly A tail while an uncapped 5′ end may terminate
anywhere within the cDNA, multiple 5′ end sequences
from different clones of the same gene will typically result
in a longer unigene with greater transcript coverage than
multiple 3′ end sequences. The 3′ ends of cDNAs tend to
contain a long untranslated region that is relatively tolerant
of mutation. Because of this, 3′ end sequences may provide
a means of discriminating between highly similar paralo-
gous genes, and are also generally more likely to contain
more SNPs and other polymorphisms.

Computational analysis of ESTs

Whether you will be using publicly available EST data or
generate ESTs yourself, it is important to understand the
computational steps involved in EST processing in order to
be a wise consumer (reviewed more fully in Dong et al.
2005). The raw trace data from the sequencer is typically
processed by base-calling software which assigns a quality
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score to each base (such as phred: Ewing & Green 1998;
Ewing et al. 1998). When trace files are not available, and so
base quality scores are lacking (as is the case for much
of the legacy sequence data in the public domain), sub-
sequent data processing steps are far more difficult to
do well, a point we return to below. Runs of low-quality
base calls, common at the ends of sequences, are trimmed.
ESTs are then checked for contamination by laboratory
sequences (such as vectors, adaptors or primers) by com-
parison against a database of potential contaminants. ESTs
may also contain xenocontaminant sequences from path-
ogenic organisms or symbionts, or even human laboratory
workers, and these are often much more difficult to detect.
The stage of processing at which sequences are deposited
into National Center for Biotechnology Information
(NCBI) EST database, dbest (Boguski et al. 1993), or other
public databases varies considerably, and so one should
not be surprised to find some ESTs in which low-quality
sequences, repeats, etc. are still present and others from
the same species in which they have been removed by the
contributors. This fact becomes particularly relevant when

polymorphisms are being mined from a heterogeneous
collection of publicly available EST data (Fig. 3b).

For some applications, researchers will use unigenes
(rather than raw ESTs; Fig. 4). The creation of a unigene set
entails clustering sequences that are similar (but not nec-
essarily identical) in some region of terminal overlap. A
single consensus sequence for each unigene is then derived
from the multiple sequence alignment of each cluster (e.g.
Aaronson et al. 1996; Schuler et al. 1996; Burke et al. 1999;
Liang et al. 2000; Parkinson et al. 2002; Pertea et al. 2003;
Pontius et al. 2003; Chevreux et al. 2004; Parkinson et al.
2004; Malde et al. 2005; Murray et al. 2005; reviewed in
Rudd 2003; Dong et al. 2005). The most accurate methods
incorporate quality scores in the clustering and consensus
sequence calculations. Information on mate pair end-reads
(e.g. if cDNAs were sequenced from both ends — Fig. 1) can
be used to link unigenes that are not bridged by over-
lapping sequence reads, but this is not universally done.
Repeat motifs such as SSRs and transposable element-
associated sequences are typically retained, but ignored,
during some or all of the unigene assembly process

Fig. 4 (A) Unigene assembly. EST sequences from the same transcript (a) are clustered and assembled to produce a set of unigene
consensus sequences (b and c), representing a nonredundant sample of the transcripts present in a particular EST collection. A transcript
that is not fully spanned by ESTs may be represented by two or more unigenes (c). In such cases, mate pair information from paired end
sequencing (see Glossary) can provide a means of linking the ends. Solo transcripts which cannot be clustered into a unigene are referred
to as singletons (d). (B) Sequence quality and unigene assembly. A portion of a unigene consensus sequence is shown (top line: black type)
along with the individual EST reads (white type) contiged to produce it. In the figure, lower quality sequence data is shown as lighter shades
of grey. Quality information can be useful in identifying sequencing errors if, for example, a base call discrepancy is of lower quality.
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(Huang & Madan 1999; Pertea et al. 2003), so that they do
not cause spurious clusters.

Building a unigene set is computationally intensive,
and researchers will likely elect to use available unigene re-
sources such as NCBI unigene assemblies (Pontius et al. 2003;
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db = unigene)
and The Institute for Genomic Research (TIGR) gene
indices (Quackenbush et al. 2001; www.tigr.org/tdb/tgi/
index.shtml, biocomp.dfci.harvard.edu/tgi/) and plant
transcript assemblies (http://plantta.tigr.org/) rather than
assemble their own. It is important to recognize that these
different unigene builds can differ dramatically in the
composition of EST clusters and consensus sequences.
Although the unigene assembly procedures tend to be
similar in broad outline, the final unigene set can be highly
dependent on the specific assembly algorithm and para-
meters. As ecologists tap into the ocean of sequence
data available in public databases, they are likely to be
confronted with the difficult issue of keeping track of the
correspondence between unigenes from different sources
and different builds.

The parameter settings used in a particular unigene
assembly are typically determined by trial and error and
will depend on the properties of the EST data, such as the
redundancy of different transcripts, the sequencing error
rate, and the heterozygosity of the sample (Rudd 2003;
Dong et al. 2005). A good assembly represents a balance
between over- and under-clustering (Wang et al. 2005), but
any given unigene assembly is likely to contain instances
of both errors due to the inherent variability among genes.
If unigenes are clustered under high stringency, highly
similar sequences such as alleles may be assembled into
separate unigenes, resulting in an inflated number of
unigenes relative to the actual number of transcripts pre-
sent in the biological sample. On the other hand, clustering
under low stringency may erroneously join sequences from
closely related paralogues. For species with sequenced
genomes, unigene assembly can be informed by the
alignment of ESTs to a genomic sequence (e.g. Zhu et al.
2003; Dong et al. 2005). Alignments of ESTs to a genomic
sequence (e.g. Wang & Brendel 2006) can also be used to
detect alternatively spliced transcripts, which are known
to cause complications in unigene clustering (Dong et al.
2005). In some cases, such an analysis may be possible
using genomic sequence from a closely related species
(Kan et al. 2004). In the absence of genomic sequence
information, alternative splice forms may also be detected
by ESTs alignments alone, although not all types of
alternative splicing can reliably be detected using this
approach (Dong et al. 2005).

Once a unigene set is available, it is common practice to
computationally annotate and predict the function of each
unigene. The advent of large databases of functionally
characterized conserved sequence motifs (e.g. pfam:

Bateman et al. 2004), sophisticated software for identifying
such motifs (e.g. interproscan: Zdobnov & Apweiler
2001) and controlled vocabularies for describing gene
function (e.g. GO or gene ontology; The Gene Ontology
Consortium 2000) have greatly advanced the reliability of
gene functional predictions based on primary sequence.
But caution is still warranted when interpreting the func-
tional assignments of ESTs or unigenes that are provided
by many public databases, which are in some cases still
produced by fairly crude approaches (such as reporting
the identity of the top blast hit in GenBank), thus poten-
tially propagating inaccurate functional assignments from
one sequence to another.

ESTs as a community resource

The vast number of EST sequences already available in
the public domain are widely used by the scientific
community. The EST database at NCBI (dbest) currently
contains over 29 million nonhuman EST sequences.
Nonetheless, these data are likely to be dwarfed by ESTs
yet to come. Future sequences will increasingly be derived
from a phylogenetically diverse constellation of multiple
closely related species, from different populations and
genotypes of the same species, and generally from samples
that require more documentation than is necessary for
standard laboratory strains of model organisms. Docu-
menting the provenance of EST sequences will be critically
important to ensure the future utility of ecologically
motivated EST collections. For starters, such metadata will
need to include the genotype, subspecies or ecotype and
georeferenced source population of the sample (including
a voucher specimen, if available), whether the sample was
inbred or crossed in the laboratory, the tissue and life
stage, and the environmental conditions (in nature or the
laboratory) under which the organisms were reared and
collected. As suggested by Graham et al. (2004), merging
the type of information provided by natural history colle-
ctions with EST and other sequence databases will vastly
increase the value of both types of resources.

Base-calling technology continues to improve, and so
quality scores are not fixed entities. Because EST sequences
continue to have productive lives after they are deposited,
and because the base-call quality scores are so important
for their reusability, every EST should ideally be associated
with its original trace file. This is now considerably easier
than it once was, due to the advent of the NCBI Trace
Archive (www.ncbi.nlm.nih.gov/Traces/trace.cgi) and
Ensembl Trace Server (race.ensembl.org/).

Conclusion

Genomics has had far-reaching impacts on numer-
ous fields in biology, including ecology, evolution and
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population biology. Technological advances will make
the development of additional EST collections or other
sequence-based data sets increasingly inexpensive. New
sequencing methods such as 454 sequencing (Margulies
et al. 2005) entirely circumvent the library construction
and cloning process, and this method may be extendable
to EST sequencing in the future. As a result, opportunities
to extend genomic approaches to the vast diversity of
organisms and populations that are studied by ecologists
will only increase, and we predict that ESTs are likely
to play a significant role in these endeavors. Genomics
approaches that make use of ESTs, such as expression
studies, selection screens, and analyses of gene family
and genome evolution may prove integral to the study of
complex ecological phenomena, the genetic basis of which
are likely to be equally complex, and impossible to study
using model organisms and/or classical single gene,
mutant screen functional studies.
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Glossary

cDNA — (complementary DNA) a DNA molecule synth-
esized from a mature mRNA template.
cDNA library — a collection of cDNAs created from a pool
of mRNAs sampled from a particular tissue, life stage, or
environmental condition. Libraries are typically con-
structed by inserting the cDNA molecules into plasmid
vectors, which are then transformed into Escherichia coli
cells, allowing for storage, isolation and replication of the
cDNA-containing plasmids. The E. coli cells are then plated
and screened for transformation. Positive colonies of E. coli
(meaning a cDNA-containing plasmid was taken up) are
then individually isolated (picked) and cultured, typically
in 96-well plates. This is a very labourious step: one colony
must be picked for each eventual EST. Projects can be
scaled up significantly by using a robotic colony picker.
Sequencing of the cDNAs is accomplished by extracting
the plasmids (a procedure called a miniprep). This entire
process of cDNA library construction requires at minimum
fairly basic genetics wet laboratory equipment, and
countless commercial kits are available. The entire process
from tissue sampling to the production of an EST sequence
collection and a unigene set can also be contracted out to
one of many commercial firms.
Directional cloning — a procedure that directs the
orientation of cDNAs as they are inserted into plasmid
vectors. Primers specific to the different sides of the insert
site in the plasmid allow EST sequencing to be targeted
toward capturing the 5′ or 3′ ends gene transcripts. The
inserts in a nondirectional (random) library are in no par-
ticular orientation with respect to the plasmid insert site.
Commercial directional cloning kits are available.
Normalization — a procedure by which the relative abund-

ance of different cDNA transcripts is somewhat equalized
(Bonaldo et al. 1996). Complementary DNA libraries that
are not normalized typically contain many copies of highly
expressed gene transcripts, and few to no copies of genes
with low expression. Normalization increases the overall
diversity of transcripts included in a cDNA library and
resulting EST collection. Several techniques for normaliza-
tion exist, and these can be accomplished using commercially
available kits or contract services.
Cap trapping — a procedure used in cDNA library
construction to produce cDNAs that capture full-length
mRNA transcripts. Standard cDNA library construction
produces cDNAs that are often truncated at the 5′ end, due
to the failure of reverse transcriptase to process all the way
down the mRNA template (see Fig. 1, part 3). The cap
trapping procedure (Carninci et al. 1996; Seki et al. 1998) is
used after the first strand synthesis step (Fig. 1, step 3) to
isolate only those molecules that have been reverse
transcribed all the way to the guanine-capped 5′ end of
the mRNA (Fig. 1, step 2). These full-length cDNAs are
then cloned into libraries and sequenced to achieve full
coverage of the original gene transcript. This process is
technically challenging, expensive, and may bias the
resulting cDNA collection towards shorter and more
abundant transcripts.
Paired-end sequencing — cDNA library clones are
sequenced from both ends. The two corresponding
sequences are referred to as mate pairs. If the cDNA is
particularly long, these sequences may not overlap, but the
fact that they correspond to two ends of a single cDNA
molecule can be used in the process of unigene clustering
(see Fig. 4).


