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Advances in genomic analysis include improved technology for
DNA sequencing, routine use of DNA microarray technology
for the analysis of gene expression profiles at the mRNA level
and improved informatic tools to organize and analyze such
data. At the same time, new developments in chip-based
analysis of samples and the emergence of models of gene
networks hold promise for the future of the ‘Genomic Era’.
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Abbreviations
EST expressed sequence tag
Mb megabasepairs
PCR polymerase chain reaction
SNP single nucleotide polymorphism

Introduction
The ‘Genomic Era’ has been characterized by develop-
ments occurring at a tremendous pace. One could argue
that the Genomic Era was initially characterized by the
ability to sequence whole genomes effectively and rela-
tively quickly. Sequence data is catalogued in online
databases and the challenge of many computer scientists
and biologists is to annotate this sequence information
using statistical and biological analysis. Indeed, this phase
of the Genomic Era is growing rapidly and continues to be
vitally important. A more recent and emerging phase of the
Genomic Era involves the use of microarray patterns of
cDNA or mRNA sequences, which can provide informa-
tion about the simultaneous and relative expression — at
the mRNA level — of the genes expressed by a genome.
The hope is that such information can be used to elucidate
parts of the genetic network and regulation that define a
particular organism or biological pathway. It has become
clear that a microarray approach or other mRNA-based
approach is necessary, but not sufficient, to accomplish the
intended goals of such analysis. Experimental evidence
clearly shows a disparity between the relative expression
levels of mRNAs and their corresponding proteins [1,2••].
Furthermore, it has recently been proven mathematically,
that expression information from both mRNA and proteins
is required to understand a gene network [3••]. A discus-
sion of the relative role of gene expression profiling at the
protein level to that at the mRNA level is beyond the
scope of this review and is contained in an accompanying
article (see Dutt and Lee this issue, pp 176–179). In paral-
lel with the effort to generate genomic sequence and
expression data is the need to develop an informatic frame-
work to organize the acquired data, as well as to extract as

much information as possible from the raw data. Such
bioinformatic efforts, which are aggresively pursued by
engineers, statisticians and computer scientists, rely on sta-
tistical analysis of the raw sequence data and on clustering
analysis (the grouping together of genes that show similar
expression profiles) to yield an added layer of information
to the raw data. The bioinformatics effort can be extended
further, however, to the analysis and design of gene net-
works based on the synthesis of mathematical descriptions
of biological processes, which is the realm of the applied
mathematician, physicist and engineer. Here, we distin-
guish this extended bioinformatic effort as the ‘generation
of knowledge from information’, and highlight some inter-
esting examples of this approach. Because of space
limitations in this review, we focus only on technological
developments in the areas of genomics and urge the read-
er to consider other sources. We cover key aspects in
microarray analysis but will focus primarily on develop-
ments in the past 1–2 years.

Genome sequencing
The past two decades have seen nucleic acid sequencing
(DNA and RNA) evolve from complicated laboratory pro-
cedures performed by skilled technicians to automated,
commonplace techniques available to biologists and non-
biologists alike. The application of these techniques to the
study of biological processes has spawned the field of
genomics. Many of the new technologies arising from this
field are relevant to virtually all areas of biological research
because these tools aid in the interpretation of the genetic
blueprints of life. The nature and quantities of genomic
information being generated has also led to a shift toward a
holistic approach to the study of biological systems, requir-
ing the development of a plethora of new analysis tools. 

This revolution has largely arisen with the development of
the high-throughput DNA sequencers. These machines
amplify genomic DNA fragments and determine their
sequences using slab gel or capillary electrophoresis meth-
ods. In 1995, The Institute for Genomic Research (TIGR;
Rockville, MD, USA) used these methods to complete the
nucleotide sequence of the genome of Haemophilus influen-
zae, the first fully genome-sequenced free-living organism
[4], which contains 1.83 megabasepairs (Mb). Recently,
these machines have been used to sequence entire
genomes of several unicellular organisms, such as the yeast
Saccharomyces cerevisiae (12.05 Mb) [5] and the eubacteria
Escherichia coli (4.64 Mb) [6] (sequence information for this
much-studied organism is also available for use at
http://www.genome.wisc.edu) by sequencing overlapping
fragments and reconstructing the genomic sequences.
Efforts are underway to sequence a large number of organ-
isms, including mouse, zebrafish, rice, and human — the
sequence of the first human chromosome (number 22) is
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nearly complete. Currently, reconstruction of the chromo-
somal DNA sequence from short overlapping segments,
particularly for large genomes, is the biggest challenge for
computational biologists because of the large segments of
repeating sequences present in most complex organisms. 

At the same time that existing technology is generating
information, new technology is under development.
Miniaturization promises to reduce sample sizes and reac-
tion times. Burns et al. [7••] and other groups have
developed prototype chip sequencers that appear to be
well on their way toward genomic applications. These
small chip sequencers are capable of PCR amplification
and capillary electrophoresis of the DNA fragments with
minimal sample preparation. Others are developing high-
throughput methods for DNA sequencing by exploring
new dyes, different polymeric matrix materials, and alter-
native formats for capillary electrophoresis [8], which may
simplify detection, decrease run times, and lower costs.

Other approaches to genomic sequence determination are
also being pursued. Notably, single molecule sequencing
methods [9] use exonucleases to degrade DNA by cleaving
individual nucleotides from the 5′-end of a DNA molecule
and detecting them. The most common methods use
DNA segments made from nucleotides where the four
bases have been differentially tagged with fluorescent
labels; when the tagged nucleotide is clipped, it flows past
a laser-based fluorescence detector [10]. Because the
exonuclease is capable of cleaving continuously from long
stretches of DNA (~50,000 bases) these methods reduce
the need to sequence overlapping fragments and elimi-
nates the cumbersome task of ordering short sequences. 

Sequencing efforts are also directed toward compiling
expressed sequence tags (ESTs) to assemble databases such
as dbEST (http://www.ncbi.nlm.nih.gov/dbEST/). ESTs are
identified using reverse transcriptase (RT) to create cDNA
sequences (which have higher stability than mRNA) from
mRNA present in a cell, allowing genes expressed in differ-
ent tissues or environmental conditions to be easily
amplified by PCR for further study [11]. This approach,
however, provides only a snapshot of the mRNA sequences
expressed at the time of sampling, and intron and regulato-
ry DNA sequences cannot be determined using this
method. Because ESTs might be only gene fragments (typ-
ically 3′ or 5′), they are more easily generated than entire
sequence information [11]. The ease of this approach has
resulted in exponential growth in the number of sequences
in cDNA libraries; to date, well over three million ESTs
have been compiled in dbEST. A major challenge in prob-
ing EST databases is the relatively large database size and
the high frequency of redundant gene sequences. 

Recently, more attention has been focused on single
nucleotide polymorphisms (SNPs), the most common types
of stable genetic variations, because it has been found that
these point mutations can produce different phenotypes

and can be contributory factors for human disease [12••].
Studies show that SNPs can cause major changes in the
resulting mRNA structural folds, which might affect cell
regulation [13]. SNP detection methods are diverse, and a
thorough accounting is beyond the scope of this review. One
notable approach uses matrix-assisted laser desorption ion-
ization mass spectroscopy (MALDI-MS) on a silicon chip
for SNP identification [14•]; another system employs elec-
tronic circuitry on silicon microchips capable of changing
electrical polarity to produce a fluorescent signal with SNP
detection. A high-throughput system has been developed
that combines gel-based sequencing and oligonucleotide
chip technology to identify SNPs [12••]. Like most SNP
detection procedures, these methods require PCR amplifi-
cation of the target sequence, a costly and time consuming
step [15]. Using these and several other analytical methods,
large numbers of SNPs are being identified and compiled
into databases for use [12••].

Functional genomics and gene expression
patterns
Databases of genetic information include vast collections
of information and the size of these databases is growing
exponentially. Traditional methods of analysis have
attempted to reduce biological processes to their smallest
components, such as genetic sequence information; with
the success of these methods, these reductionist methods
have become insufficient to analyze and integrate the large
amount of information being generated. Functional
genomics is primarily concerned with the determination of
protein function and structure from the genetic sequence
and requires the development of new tools and tech-
niques. One approach examines the cell’s use of sequence
information to relate function and structure by examining
the cellular RNA content. Stanford researchers have devel-
oped DNA microarray methods using cDNA tags
deposited onto a glass slide in known locations by high
speed printing methods [16]. Reverse transcription of
mRNA from different cell populations produces cDNA
that can be labeled with different fluorescent tags. These
tagged cDNA fragments are allowed to hybridize to the
cDNA on the chip and differences in mRNA expression
between the cell populations can be examined. ESTs of
the entire yeast genome have been printed onto a single
chip and used to study diauxic growth [16] and regulation
of sporulation [17]. One innovative application of this
technology is its use as a tool for cancer classification of
human leukemias based on gene expression profiles [18•].

A similar oligonucleotide chip method (Affymetrix, Inc.,
Santa Clara, CA, USA) synthesizes the cDNA sequences
directly onto the glass slide using photolithographic masks
to produce the correct sequences [19]. Recent advances in
these techniques have the potential to make this proce-
dure less expensive by using a digital micromirror array to
form virtual masks [20]. Efforts are also being made to
increase the yield of mRNA isolation procedures, thus
reducing the cell population sizes required for analysis
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[21]. As these microarray methods become faster and more
affordable, mRNA expression levels for cell populations
exhibiting different phenotypes can be investigated more
readily. Already, these techniques are being applied to ana-
lyze gene expression in cancer, sleep, stress responses and
other areas. Analogous macroarray procedures using nylon
membranes as substrates (Genosys Biotechnologies, The
Woodlands, TX, USA) have also been used to compare
mRNA expression patterns of E. coli grown in minimal and
rich media [22]. These methods use protocols similar to
Southern blot procedures and thus the same tools can be
used for their analysis. Results of many genome-wide
analyses of gene expression patterns are available on the
Internet (http://cmgm.stanford.edu/pbrown [yeast] and
http://www.genetics.wisc.edu [E. coli]).

Serial analysis of gene expression (SAGE) is another high-
throughput method very different from microarray
technology. cDNA made from cellular mRNA is treated to
create a single tag from each cDNA. The tag sequence
(10–14 basepairs) can uniquely identify each transcript,
and the concentration of each tag sequence is proportional
to the level of mRNA in the original sample [23]. Thus,
this method is much more quantitative than standard
microarray methods because it eliminates the sequence-to-
sequence variations in translation rate inherent in PCR.
The tag sequences are ligated to long multimers, cloned,
and sequenced. The sequences are long enough to identi-
fy the transcript in database searches. This important
method is being used to explore gene regulation in a
diverse array of cell populations, including human gas-
trointestinal cancer cells [23] and yeast cell-cycle
regulation [24]. Many of these results are also readily avail-
able on the Internet (http://www.ncbi.nlm.nih.gov/SAGE
[human]). One drawback to this method is the high level
of initial mRNA required; however, researchers are opti-
mizing the protocols to reduce these amounts to alleviate
this problem [25].

The success of these methods has led to the development
of other approaches to the study of gene expression on a
genome-wide scale. A promising method developed by
Aurora Biosciences (San Diego, CA, USA) uses gene trap-
ping to randomly insert a promoterless β-lactamase reporter
gene into introns, disrupting mammalian host genes. The
fraction of cells that produce β-lactamase create a library of
tagged clones that can be used to study gene expression in
living cells [26]. Changes in gene expression levels of trans-
fected cells were detected using a cell-permeable
fluorogenic β-lactamase substrate that changes fluorescence
emission from green (520 nm) to blue (450 nm) upon cleav-
age by the reporter enzyme. High gene expression levels
result in rapid changes in fluorescence emission, whereas
lower levels often require hours for detection of colour
change. This method has been used to study pathways
involved in T-cell activation in human T-cell clones [26].
Advantages of this system include its ease of use with fluo-
rescence-activated cell sorting (FACS) and its sensitivity.

Despite the utility of these methods for investigating gene
expression, studies in yeast [2••] and human liver cells [1]
have shown that protein expression levels are not well-cor-
related with mRNA expression levels. Furthermore,
mathematical analysis has shown that both mRNA and pro-
tein expression information are essential for the creation of
even simple gene network models to predict dynamic cell
behavior [3••]. Because protein rather than mRNA levels
determine phenotype, there are efforts underway to investi-
gate this difference by analyzing the translation state of
mRNA [27•]. Active mRNA is usually associated with mul-
tiple ribosomes, forming polysome complexes, whereas
inactive mRNA is usually bound to a single ribosome or
sequestered in messenger ribonucleoproteins. These two
mRNA states are readily separated using sucrose gradient
centrifugation; the fractions can then be identified using
labeled cDNA probes and used to interpret data based on
mRNA expression to estimate protein levels [27•]. This
approach provides one method for the study of translation of
nucleotide sequence into proteins; however, as proteins are
the primary directors of cell activity, genomics, the study of
genetic sequence on a whole-cell level, must ultimately lead
to the holistic study of protein levels and proteomics.

Bioinformatics
Although an incredible amount of genetic sequence infor-
mation is now available, many of the genes identified have
yet to be assigned a function. To begin this daunting task,
the field of bioinformatics has embraced computational
methods to supplement experimental approaches in relating
genotype to phenotype. The major method of functional
assignment clusters genes based on multiple sequence align-
ment to known proteins [28]. Other approaches to ‘mining’
of the genetic sequence include comparative genomics and
phylogenetic profiling to relate proteins across species and
evolutionary paths [29]. Domain-fusion analysis finds pro-
teins composed of two or more proteins found separately in
other genomes; the two separate proteins are then identified
as potentially interacting protein species [30,31]. A method
that combines phylogenetic profiles, gene expression pat-
terns, and domain-fusion information to identify protein
function is also being pursued [28]. These algorithms are also
being applied toward the prediction of protein structure and
folding from sequences. Thus far, these approaches have
enjoyed only limited success due to the complexity of pro-
tein patterns and folding, and annotation of gene banks using
these methods sometimes leads to flaws in function assign-
ments. Computational analysis of sequence information is
also being used to study transcription events by identifying
promoters and regulatory sites in E. coli on a genome-wide
basis [32].

One approach to a holistic look at biological processes uses
the genomic information in stoichiometric models. Palsson
and co-workers [33] have created mathematical models by
integrating extensive information on metabolic pathways
with the genetic sequences of its components to describe
cellular processes and to link genotype and phenotype. The
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exclusion of kinetic information in building these models
makes them unsuitable, however, for studying the dynamic
evolution of the cell system [34]. Incorporation of kinetics
into stoichiometric models is often unfeasible because of
complexity, and many of the transcriptional regulation and
enzymatic control pathways are not well understood. In
cases where detailed enzymatic or gene expression informa-
tion is available, models have been created that can address
dynamic system responses. Yin and co-workers [35,36] have
augmented a kinetic model of bacteriophage T7 function
with a gene-shuffling algorithm to examine dynamic geno-
type and phenotype relationships. As knowledge of
enzymatic and transcriptional control increases, these mod-
els will become more important in studying the dynamic
response of cells to stimuli.

Conclusions
The Genomic Era thus far has experienced a signficant
increase in available genetic sequence information for a
wide variety of species; the challenge for scientists and engi-
neers will be to interpret it to relate genotype to phenotype.
Genomics as a field has been primarily involved in the
development of new technologies to both generate and to
make sense of whole genome sequence information. The
first phase of the Genomic Era, generation of genomic infor-
mation, has been made possible by the development of
high-throughput DNA sequencing methods. The nature
and size of genomic databases has necessitated a shift
towards a holistic approach to biological research and the
development of new analysis tools. These tools have
required the application of a diverse range of competencies
toward understanding this information. Computational
methods are being applied to interpret and link genes in
these databases by comparing and identifying sequence
homology, evolutionary pathways, gene expression data, and
domain-fusion proteins. A plethora of experimental meth-
ods have been developed to study mRNA expression levels
on a genome-wide basis, and thus increase our understand-
ing of transcriptional regulation of the cell. Advances in
these methods promise to reduce complexity and cost,
allowing comparison of gene expression patterns for diverse
cell populations on a nucleotide level. The partnership of
such information with proteomic data will lead to improved
mathematical descriptions of gene networks and their
underlying regulation.
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