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Abstract

Comparative genomics is a large-scale, holistic approach that compares two or more genomes to discover the similarities and
differences between the genomes and to study the biology of the individual genomes. Comparative studies can be performed at
different levels of the genomes to obtain multiple perspectives about the organisms. We discuss in detail the type of analyses that
offer significant biological insights in the comparisons of (1) genome structure including overall genome statistics, repeats, genome
rearrangement at both DNA and gene level, synteny, and breakpoints; (2) coding regions including gene content, protein content,
orthologs, and paralogs; and (3) noncoding regions including the prediction of regulatory elements. We also briefly review the
currently available computational tools in comparative genomics such as algorithms for genome-scale sequence alignment, gene

identification, and nonhomology-based function prediction.
© 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Biomedicine today has a powerful new resource for
discovery—a rapidly growing number of sequenced ge-
nomes. It was only as recent as 1995 when the first
complete genome sequence of a free-living organism—
the bacterium Haemophilus influenzae Rd—was pub-
lished [1]. Since then, through the large-scale DNA se-
quencing efforts of many public and private
organizations, the complete genomes of 15 archaca, 67
bacteria, and 8 eukaryota have been revealed (as of July
2002) [2]. In addition, the draft genome sequences of
several major organisms have become available, in
particular, the draft genome sequences of human and
rice [3-6]. The sequencing of the genomes of about 800
other organisms is currently in progress. Table 1 com-
pares the sizes of several complete and draft sequences
of archaea, bacteria, and eukaryotaec genomes, and
showcases both the large size of some of the eukaryotae
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genomes and the vast range of genome sizes. A full
list of genomes, completed or in progress, and their
sequences can be retrieved from the NCBI genome
resources at http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db = Genome.

There is undoubtedly much excitement over the se-
quencing of a complete genome. It is argued, however,
that a genome taken in isolation from a single organism
does not reveal much by itself. Genomes, and genes,
need to be studied in comparison with other species (or
subspecies, or strains), in the phylogenetic context of the
evolutionary process [7]. Comparative genomics is a
large-scale, holistic approach that compares two or
more genomes to discover the similarities and differences
between the genomes and to study the biology of the
individual genomes. Comparative genomics applies to
whole genomes or syntenic regions of different species,
different subspecies, or different strains of the same
species. Comparative genomics research includes both
developing computational tools and using the tools to
analyze genomes for biological discoveries.

The practical applications of comparative genomics
are many and its scientific impact profound [8]. For
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Table 1

Comparison of the sizes of eight complete eukaryotae genome sequences and examples of complete bacteria and archaea genomes and eukaryotae

draft genomes

Domain Organism Genome size (kbp)
Archaea Thermoplasma acidophilum 1565
Archaeoglobus fulgidus 2178
Sulfolobus solfataricus 2992
Methanosarcina acetivorans str. C2A 5751
Bacteria Salmonella typhi 180
Helicobacter pylori 26695 1668
Haemophilus influenzae Rd 1830
Escherichia coli K12 4639
Eucaryota Guillardia theta nucleomorph 551
Encephalitozoon cuniculi 2500
Saccharomyces cerevisiae S288C 12,069
Caenorhabditis elegans 97,000
Arabidopsis thaliana 115,400
Drosophila melanogaster 137,000
Oryza sativa L. ssp. indica (draft) 420,000
Homo sapiens (draft) 3,000,000

instance, animal models can be chosen as monitors for
pathogenesis and therapy for human genetic diseases
based on explicit gene orthology between the animal and
human; effective treatment may result from analysis of
the genetic differences between taxonomically related
pathogen strains that have varying host responses. Sci-
entific insights can be gained about species evolution in
terms of gene birth and death, phylogeny of mammal
orders, species origins, survival, and adaptations, just to
name a few.

In the past five years there has been an explosion of
computational and biological advances in the young
field of comparative genomics. In this paper, we first
briefly summarize the currently available computational
tools for genome-scale sequence alignment. We then go
into detail on how researchers have used comparative
genomics to study the similarities and differences of or-
ganisms and strains. We focus on three important areas
of comparative analysis: genome structure, coding re-
gions, and noncoding regions. Finally, we discuss other
related technologies and remaining technical challenges.

Before we start, it is important to define the differences
between the terms homology and similarity. Homology
implies common ancestry of two genes or gene products.
Similarity is what we can measure from alignment of
sequences or structures. Similarity may be used as evi-
dence for homology, but does not necessarily imply ho-
mology. Most of this paper describes the analysis of
similarity, which is a means towards studying homology.

2. Computational tools for genome-scale sequence align-
ment

The first step in comparative genomics analysis is
often the alignment of two genome sequences. It is a

Table 2
Examples of genome-scale alignment and visualization tools

Algorithms/tools URL

BLASTN and http://www.ncbi.nlm.nih.gov/BLAST/

MEGABLAST

GLASS http://crossspecies.lcs.mit.edu/

MUMmer http://www.tigr.org/software/mummer/

PatternHunter http://www.bioinformaticssolutions.com/
products/ph.php

PipMaker http://bio.cse.psu.edu/pipmaker/

VISTA http://www-gsd.lbl.gov/vista/

WABA http://www.cse.ucsc.edu/~kent/xenoAli/

technically challenging problem because of the large size
of whole genomes (see Table 1), long insertions and
deletions, large-scale rearrangement of genomic seg-
ments, and so on. Most traditional sequence alignment
algorithms such as Smith-Waterman and BLASTN are
no longer usable. In recent years a growing number of
new algorithms have been developed for genome-scale
alignment and visualization [9-17]. Table 2 lists some of
the algorithms. Almost all of the alignment algorithms
first identify large conserved sequence elements between
the two genome sequences, and then generate the overall
alignment. We refer readers interested in detailed dis-
cussions and comparisons of these alignment algorithms
to several recent reviews [18-20].

3. Comparative analysis of genome structure

Analysis of the global structure of genomes, such as
nucleotide composition, syntenic relationships, and gene
ordering offer insight into the similarities and differences
between genomes. Such comparisons provide informa-
tion on the organization and evolution of the genomes,
and highlight the unique features of individual genomes.
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This analysis is now an indispensable part of any
study on comparative sequence analysis. It has been
applied to the analysis of the human genome [3,4], sev-
eral yeast genomes [21], two nematode genomes [16], as
well as the comparison of individual chromosomes from
human and mouse [22-25].

The structure of different genomes can be compared
at three levels: (1) overall nucleotide statistics, (2) ge-
nome structure at DNA level, and (3) genome structure
at gene level.

3.1. Comparison of overall nucleotide statistics

Overall nucleotide statistics, such as genome size,
overall (G+C) content, regions of different (G+C) con-
tent, and genome signature such as codon usage biases,
amino acid usage biases, and the ratio of observed di-
nucleotide frequency and the expected frequency given
random nucleotide distribution present a global view of
the similarities and differences of the genomes.

For example, Mural et al. [25] noted that the mouse
genome is about 10% smaller than the human genome in
corresponding conserved regions, largely due to lower
content of DNA repeats in mouse. Alm et al. [26] dis-
covered that, although the two Helicobacter pylori
strains J99 and 26695 have about the same overall
(G+C) content, they each have several regions of dif-
ferent (G+C) content that are strain-specific; one of
these regions is home to many strain-specific genes,
which may indicate possible horizontal gene transfer. In
another example, in their study of genome signature,
Campbell et al. [27] found that plasmids and their hosts
have highly similar genome signatures. Zeeberg [79]
developed a Shannon Information Theoretic measure of
synonymous codon usage and found a linear correlation
between the information values of orthologous human
and mouse sequences.

3.2. Comparison of genome structure at DNA level

Chromosomal breakage and exchange of chromo-
somal fragments are common mode of gene evolution.
They can be studied by comparing genome structures at
DNA level. Below we discuss four areas of comparative
studies of particularly important biological significance.

3.2.1. Identification of conserved synteny and genome
rearrangement events

The term “synteny”” was originally coined to refer to
gene loci on the same chromosome. It has since, how-
ever, taken on a new usage and often refers to two re-
gions of two genomes that show considerable similarity
of sequence and rough conservation of the order of
genes in those regions, and thus are likely to be related
by common descent. The terms “conserved synteny,”
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“shared synteny,” “syntenic,” are sometimes used ex-
changeably with “synteny.” Identification and analysis
of syntenic regions provides information on the orga-
nization and evolution of genomes.

Synteny is detected either by identification of long,
conserved sequence elements, or by comparison of
conserved proteins using BLASTP, or both [9,25,28].
Important statistics about the syntenic regions include
(1) the length of the regions and percentage of DNA
sequence identity between conserved syntenic regions,
(2) the percentage of genomic sequences that are within
syntenic regions, (3) the distribution of these regions
along the genomes, (4) the gene content, gene density,
and gene order of conserved syntenic regions, and (5)
content of DNA repeats. Description of interesting
syntenic regions (especially those that are known to be
associated with disease) is often provided. The result can
be presented graphically showing the mapping of syn-
tenic regions in corresponding genomes, from which
genome rearrangement events can be identified such as
fission, translocation, inversion, and transposition [§].

3.2.2. Analysis of breakpoints

Once syntenic regions are detected, one can obtain
breakpoints (a.k.a. syntenic boundaries) between syn-
tenic regions. Analysis of various genomic features of
the breakpoints such as G+C content, gene density, and
the density of various DNA repeats provides under-
standing of the evolution of genomes. For instance,
Mural et al. [25] observed sharp discontinuity of features
around some syntenic boundaries but not others. They
hypothesized that syntenic boundaries that do not show
sharp transitions in these various features may provide
evidence for conservation of the ancestral pattern in the
lineage.

3.2.3. Analysis of content and distribution of DN A repeats
DNA repeats (repetitive DNA sequences) are con-
tained in most genomes. In human, 45% of the genome
is made up of transposable elements, a type of DNA
repeats. Analyzing the content and distribution of DNA
repeats will shed light on their function. For example,
Chureau et al. [29] analyzed the distribution of L1 ele-
ments (a type of repeats) in a region on the X chromo-
some in mouse, human and bovine, and found that in all
three species there are more L1 elements in one strand of
DNA than the other. Thus they hypothesized that L1
elements may have a potential function. A popular tool
to analyze DNA repeats is RepeatMasker (http:/
ftp.genome.washington.edu/cgi-bin/RepeatMasker).

3.3 Comparison of genome structure at gene level
Chromosomal breakage and exchange of chromo-

somal fragments cause disruption of gene order.
Therefore, gene order correlates with evolutionary
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distance between genomes to a degree. Study of gene
order has been done in various genome comparisons,
including the comparison of two strains of H. pylori
[26], yeast [30], two mycoplasm genomes [31], Escheri-
chia coli vs. H. influenzae [32], and various prokaryotic
genomes [33]. These studies analyze the conservation of
gene order and conservation of relative orientation of
gene pairs, and generate plots of positions of orthologs
and paralogs in two species. These plots suggest hot
spots of genome rearrangement. For instance, Seoighe
et al. [30] compared local gene order in Saccharomyces
cerevisiae and Candida albicans and calculated the per-
cent of genes that are adjacent in both species and their
order and orientation . By doing so, they showed that
gene order is substantially different in these two yeasts,
and that small reversals are prevalent in yeast gene
order evolution.

The genome rearrangement problem is also a well-
formulated problem to study the distance between ge-
nomes. Given genomes with distinct gene order, the
problem of genome rearrangement is to find a series of
rearrangements (e.g., reversal and transposition) to
transform one genome into another. This has been
shown to be a very hard computer science problem, but
there are some computational tools available, such as
GRIMM [34] (http://www-cse.ucsd.edu/groups/bioin-
formatics/GRIMM/index.html).

4. Comparative analysis of coding regions

The comparative analysis of coding regions between
different genomes typically involves the identification of
gene-coding regions, comparison of gene content, and
comparison of protein content. Recently there have
also been a number of algorithms developed that use
comparative genomics to aid function prediction of
genes.

4.1. Identification of gene-coding regions

The analysis and comparison of the coding regions
starts with, and is very dependent upon, the gene iden-
tification algorithm that is used to infer what portions of
the genomic sequence actively code for genes. Gene
identification is relatively straightforward in procaryote
genomes, but remains a challenging problem in eu-
caryote genomes because of the high content of introns
and intergenic regions, large repeat regions, alternative
splicing, and so on. There are four basic approaches for
gene identification, which are summarized in Table 3
[11,35-49]. A combination of multiple gene identifica-
tion approaches are often used together in large-scale
analysis to improve the overall accuracy [3,4].

4.2. Comparison of gene content

After the predicted gene set is generated, it is very
interesting and important to compare the content of
genes across genomes. The first statistics to compare is
the estimated total number of genes in a genome, a
statistics that has been made famous by the publication
of the human genome [3,4]. Other statistics that eluci-
date the similarities and differences between the genomes
include percentage of the genome that code for genes,
distribution of coding regions across the genome (a.k.a.
gene density), average gene length, codon usage, and so
on.

Given the predicted gene set in different genomes, one
can discover the percentage of genes that are common
among the genomes, genes that are unique to each ge-
nome compared to the other genomes, and genes that
are unique to each genome compared to known se-
quences in all other species in databases such as Gen-
bank. This is often done using a pairwise sequence
comparison tool such as BLASTN or TBLASTX [9].
For example, Mural et al. discovered from the com-

Table 3
Four basic categories of gene identification programs
Category Algorithm URL
Based on direct evidence of transcription EST_GENOME http://www.hgmp.mrc.ac.uk/Registered/Option/est_genome.html
sim4 http://globin.cse.psu.edu/
Based on homology with known genes PROCRUSTES http://igs-server.cnrs-mrs.fr/igs/banbury/Procrustes-about.html
Statistical/ab initio approaches Genscan http://genes.mit.edu/GENSCAN.html
Genie http://www.fruitfly.org/seq_tools/genie.html
FGENES http://genomic.sanger.ac.uk/gf/Help/fgenes.html
GeneMark
GeneMark.hmm http://opal.biology.gatech.edu/GeneMark/
HMMgene http://www.cbs.dtu.dk/servicess HMMgene/
Glimmer http://www.tigr.org/software/glimmer/glimmer.html
Using genome comparison TwinScan http://genes.cs.wustl.edu/
Rosetta http://crossspecies.lcs.mit.edu/
SGP-1 http://soft.ice.mpg.de/sgp-1
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parison of mouse chromosome 16 and syntenic regions
in human genome that only 2% of all predicted mouse
genes on chromosome 16 are specific to mouse, and
similarly, only about 2.9% of human genes on the syn-
tenic regions are specific to human [25].

4.3. Comparison of protein content (a.k.a. ‘‘comparative
proteomics’’)

A second level of analysis that can be performed is to
compare the set of gene products between the genomes,
which has been termed ‘“‘comparative proteomics.” As-
signing function to the protein sequences is a key first
step. One usually starts with similarity-based seach tools
such as BLAST against sequences with known functions
in databases such as GenBank. Various schemes have
been developed to derive the best functional assignment
given the set of homologous genes found, beyond simply
applying the annotation from the top match (subject to
a scoring threshold). They often involve a voting scheme
combining similarity level with textual analysis of the
matching sequences’ annotations [50]. Manual curation
is still often used as the last step of function assignment
for quality control.

It is important to compare the protein contents in
critical pathways and important functional categories
across genomes. The comparison allows one to identify
specific pathways or functional categories that have high
diversity across the genomes. Two widely used resources
for pathways and functional categories are the KEGG
pathway database and the Gene Ontology (GO) hier-
archy [51,52]. Assigning proteins to KEGG or GO is a
combination of automated assignment based on simi-
larity to sequences with known KEGG or GO assign-
ment and manual curation. It is important to compare
and contrast the presence and abundance of proteins
across genomes in various pathways and various com-
ponents of pathways, and study factors such as whether
one organism has significantly greater diversity in spe-
cific parts of a pathway than another organism. For
example, Lin et al. [53] compared the restriction-modi-
fication systems in different strains of H. pylori.

It is common for genes to be replicated in a genome,
and the replicated copies may take on similar or different
function. By definition, orthologs refer to genes between
different genomes that are evolved vertically from the
same ancestral gene, whereas paralogs refer to genes
within one genome derived from gene duplication. Se-
quence clustering algorithms have been applied to the
set of protein sequences in a genome to find paralog
families [26]. Comparison of corresponding paralog
families across genomes provides evidence for finding
the orthologous pairs. It allows one to ask important
biological questions such as: Might organism A’s
adaptability to its environment come from a richer
complement of related genes for some specific receptor

[22]? Interesting statistics to compare include level of
sequence identity between orthologous pairs across ge-
nome and between paralogous pairs within genome,
number of replicated copies in corresponding paralog
families, functions of the paralogs, and locations of
members of paralog families across the genome.

4.4. Comparative genomics-based function prediction

About 40% of the predicted genes in newly sequenced
genomes cannot be assigned any function based on se-
quence similarity to genes with known function. Re-
cently, comparative genomic sequence analysis has been
used to assist in the functional assignment of genes in a
nonsimilarity-based manner. These comparative geno-
mic approaches rely on the basic premise that genes that
are functionally related are genes that are closely asso-
ciated across genomes in some form. Here we discuss
three of these methods, including (a) co-conservation
across genomes, (b) conservation of gene clusters and
genomic context across species, and (c) physical fusion
of functionally linked genes across species. These non-
similarity-based methods should be viewed as comple-
mentary, rather than as replacements to sequence-based
methods for determining functional roles of genes. Note
that while they do not rely directly on sequence simi-
larity between a known and unknown gene for function
assignment, they all critically employ sequence analysis
to establish homologous and paralogous relationships of
sequences across genomes.

4.4.1. Co-conservation across genomes

By observing the presence or absence of a gene in a
genome across many genomes, one can establish a
“phylogenetic profiles” for the gene. One might expect
that functionally closely related genes, such as those
involved in a metabolic pathway or structural complex,
would tend to appear and disappear in genomes in a
correlated manner. The profiles of these genes might
also thus likely be highly correlated. Pellegrini et.al. used
this premise to compare the “phylogenetic profiles” of
4290 proteins in E. coli against proteins in 16 other fully
sequenced genomes [54]. They demonstrate that proteins
with similar profiles are functionally linked, using the
ribosomal protein RL7 as an example. More than half
of the E. coli proteins with a phylogenetic profile similar
to the ribosomal RL7 protein were found to have
functions associated with the ribosome. Conversely,
they demonstrate that groups of proteins known to be
functionally linked (by keyword lookup) had many
more pairs of phylogenetic “neighbors” on average than
groups of randomly selected proteins.

While phylogenetic profiling is promising and often
informative, not all functionally linked proteins have
similar profiles leading to false negatives. The method
also does not have a probabilistic accounting for the
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strength of an association based on a “similar” phylo-
genetic profile to assist in distinguishing false positives.
Related to this, the optimal parameters used to deter-
mine “‘similarity” are unclear.

4.4.2. Gene clusters

In prokaryotes, groups of functionally related genes
tend to be located in close proximity to each other, and
often in specific order, as exemplified by operons. Al-
though gene order conservation beyond the level of
operons is much less prevalent, conservation of clusters
and gene order can be important indicators of function.

Several approaches have been used to determine
functionally related “clusters’ of genes. Overbeek et al.
[55] use the constructs of a “pair of close bidirectional
best hits” (PCBBH) and ‘““pairs of close homologs”
(PCHs) to represent pairs of genes that are closely
conserved between two species and likely to be func-
tionally related. Using PCBBHs and PCHs, 343 clusters
of “role groups” were produced, and hundreds of hy-
pothetical proteins were paired with proteins of known
function. Wolf et al. [56] developed a program to con-
struct gapped local alignments of conserved gene strings
in two genomes . The alignment necessitates preserva-
tion of gene order, and mismatches (pairs of genes with
no sequence similarity) were treated as gaps in scoring.
The authors found that in most pairwise comparisons of
genomes, <10% of genes in each genome belonged to
conserved gene strings, although this ranged from <5%
to 24% in closely related pairs of species. They conclude
that gene order is poorly conserved among bacteria and
archaea, but as a corollary, statistically conserved gene
strings can be predicted to form operons. Using their
methods, they were able to conservatively assign new
functions or major clarifications for ~4% of 2422 ana-
lyzed Clusters of Orthologous Groups (COGs).

The constraint of gene proximity used in methods
such as those described is not particularly strong, and
can lead to many false positives. In addition, proteins
that interact but are located far from each other will not
be detected with these methods. Thresholds and cutoffs
used in the methods are also empirically determined,
and thus statistical validity of results is difficult to as-
certain. Finally, the application of this methods to eu-
karyotes is limited as regulation of genes is much less
tightly bound to genome structure.

4.4.3. Domain fusion analysis

It has been observed that certain pairs of interacting
and functionally related proteins are fused in another
organism into a single protein chain, referred to as a
“Rosetta Stone” sequence or ‘“‘composite” protein
[57,58]. It is thus assumed that, if a composite protein is
similar to two component proteins in another species,
the two proteins are likely to be interacting and/or
functionally related. Marcotte et al. [57] describe 6809

candidate protein-protein interactions in E. coli and
45,502 interactions in yeast based on this method. A
cross validation of the results revealed 68% of pairs that
shared at least one keyword in their SWISS-PROT an-
notations (vs. 15% random at baseline), confirmation of
6.4% of 724 pairs found in the Database of Interacting
Proteins (experimentally derived protein interactions),
and a 5% overlap with pairs identified using the phylo-
genetic profile method.

Certainly not all functionally related proteins have
been fused into one protein in other organisms, and
some fused proteins may have been lost in evolution.
The extent of false positive results with this method is
difficult to ascertain, but is likely to be higher for pre-
diction of physical interaction of proteins than for
functional association.

5. Comparative analysis of noncoding regions

Noncoding regions of the genome, which may com-
prise as much as 97% of the genome length such as in the
human genome, gained a lot of attention in recent years
because of its predicted role in regulation of transcrip-
tion, DNA replication, and other biological functions
[59,60]. However, identification of regulatory elements
from the noncoding portion of a genome remains a
challenge.

Comparative genomics has been used to greatly aid
the identification of regulatory segments by comparing
the genomic noncoding DNA sequences from diverse
species to identify conserved regions (reviewed in
[59,61]). This approach is based on the presumption that
selective pressure causes regulatory elements to evolve at
a slower rate than that of nonregulatory sequences in the
noncoding regions. Indeed, human-rodent comparisons
[62] indicate that only 19% of the human bases have
greater than a 50% chance of being placed into an
aligned block with a rodent base. Levy et al. [72] also
demonstrated that conserved noncoding segments con-
tain an enrichment of transcription factor binding sites
when compared to the random sequence background.

This approach has been used successfully for the
discovery of regulatory elements involved in the regu-
lation of gene expression for many genes, including
HBB (encoding B-globin) and BTK (encoding Bruton’s
tyrosine kinase) [63], IL 4,5,13 interleukins [64], stem cell
leukemia gene (SCL) loci [65,66], cystic fibrosis trans-
membrane conductance regulator genes [67], and others
[68-71]. It has been shown that the specificity for regu-
latory region detection increases significantly when more
than two species are used in the comparative analysis
[24,63,73,74]. It is based on the hypothesis that actively
conserved human-mouse noncoding sequences, for ex-
ample, will be present in a third mammal, whereas
noncoding sequences that are similar between human
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and mouse only because of an insufficient accumulation
of random mutations will be absent in the third mam-
mal. By comparing human and mouse sequences, Frazer
et al. found that one-half of the human-mouse con-
served noncoding sequence was also conserved in a third
mammal, the dog [24].

One more direction towards high-throughput identi-
fication of regulatory sites is to combine searching
transcription factor binding sites database with identi-
fying highly conserved sequence regions, using global
sequence alignment of syntenic regions and clustering
[75]. This fast procedure reduces the number of pre-
dicted transcription factor binding sites by several or-
ders of magnitude and thus increases the specificity
significantly.

6. Discussion

There are many other exciting technologies in com-
parative genomics than what we have covered so far. To
give two examples, oligonucleotide array technology
was used in the identification of conserved noncoding
elements from human chromosome 21 [24], and chro-
mosome painting has been used to demonstrate gross
genomic rearrangements [76]. There are also other im-
portant biological problems for which comparative ge-
nomics has played key roles, such as noncoding RNA
gene detection [77,78]. Many challenges, however, still
remain. For example, there is a lack of efficient multiple-
sequence alignment algorithms for genome-scale se-
quences. There is a strong need for rigorous modeling
and evaluation of the statistical significance of regula-
tory region predictions. Manual curation is often still
required as the last step of recognition of genome rear-
rangement events, assignment of gene function, and
prediction of regulatory region. Though expert opinion
will always be of significant value, computational
methods are needed to automate these steps as much as
possible.

Comparative genomics is undoubtedly one of the
most promising scientific fields today, and we anticipate
more and more exciting technical advances and biolog-
ical discoveries in the future.
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