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Multiple-sequence alignment analysis is a powerful approach for understanding phylogenetic relationships,
annotating genes, and detecting functional regulatory elements. With a growing number of partly or fully sequenced
vertebrate genomes, effective tools for performing multiple comparisons are required to accurately and efficiently
assist biological discoveries. Here we introduce Mulan (http://mulan.dcode.org/), a novel method and a network
server for comparing multiple draft and finished-quality sequences to identify functional elements conserved over
evolutionary time. Mulan brings together several novel algorithms: the TBA multi-aligner program for rapid
identification of local sequence conservation, and the multiTF program for detecting evolutionarily conserved
transcription factor binding sites in multiple alignments. In addition, Mulan supports two-way communication with
the GALA database; alignments of multiple species dynamically generated in GALA can be viewed in Mulan, and
conserved transcription factor binding sites identified with Mulan/multiTF can be integrated and overlaid with
extensive genome annotation data using GALA. Local multiple alignments computed by Mulan ensure reliable
representation of short- and large-scale genomic rearrangements in distant organisms. Mulan allows for interactive
modification of critical conservation parameters to differentially predict conserved regions in comparisons of both
closely and distantly related species. We illustrate the uses and applications of the Mulan tool through multispecies
comparisons of the GATA3 gene locus and the identification of elements that are conserved in a different way in
avians than in other genomes, allowing speculation on the evolution of birds. Source code for the aligners and the
aligner-evaluation software can be freely downloaded from http://www.bx.psu.edu/miller_lab/.

A significant growth in sequencing the genomes of complex or-
ganisms, including the recent completion of the chicken ge-
nome, opens new horizons in the field of comparative genomics
and compels improvements on current tools and methodologies
devoted to the identification of functional regions in multiple
sequence alignments. It has now been well established that
blocks of evolutionary conservation identified by cross-species
comparative analysis correlate with functionally important DNA
regions such as protein-coding genes (Pennacchio et al. 2001;
Gilligan et al. 2002) and transcriptional regulatory elements
(Loots et al. 2000; Elnitski et al. 2001). Several recent methods
have emphasized the importance of multiple-sequence align-
ments (when two or more sequences are simultaneously aligned
to each other) for comparative studies. It has been shown that
comparisons of multiple closely related sequences through the
phylogenetic shadowing approach are capable of identifying pri-
mate specific exons and enhancers (Boffelli et al. 2003;
Ovcharenko et al. 2004a). In parallel, evolutionary comparisons
of human, rodents, frog, and fish genomes identified more dis-
tantly related gene regulatory elements (Lettice et al. 2003; No-
brega et al. 2003).

Several available Web-based tools implement multiple-
sequence analysis either as a series of pairwise alignments with a

selected reference sequence (Mayor et al. 2000; Schwartz et al.
2000; Ovcharenko et al. 2004b) or as a full multiple-sequence
global or pseudoglobal alignment (Thompson et al. 1994; Bray et
al. 2003; Brudno et al. 2003; Schwartz et al. 2003a; Ovcharenko et
al. 2004a). Applications of these tools differ by the type of se-
quences (nucleotide or amino acid) they are capable of process-
ing, as well as by the maximum length and number of allowable
input sequences. The primary drawback of the presently available
tools is that none are capable of generating multiple-sequence
local alignments that would accommodate evolutionary se-
quence reshuffling and/or inversions in a subset of sequences
while also allowing for dynamic selection of the reference genome.

Here we report a new integrative comparative tool, Mulan,
that dynamically and rapidly generates multiple-sequence local
alignments (MSLAs), and we present several examples for the
application of this tool to study phenotypic differences in verte-
brate species. The Mulan alignment engine consists of several
data analysis and visualization schemes for high-throughput
identification of functional coding and noncoding elements con-
served across large evolutionary distances. Mulan (1) determines
phylogenetic relationships among the input sequences and gen-
erates phylogenetic trees, (2) constructs graphical and textual
alignments, (3) dynamically detects evolutionary conserved re-
gions (ECRs) in alignments, and (4) presents users with several
visual display options for the generated conservation profiles.
This tool is also able to implement the phylogenetic shadowing
strategy for identifying slow-mutating elements in comparisons
of multiple closely related species (Ovcharenko et al. 2004a). In
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