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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
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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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Figure 1. Mulan contig ordering based on homology to the reference sequence. The top layer of shaded lines indicates the location of contigs from
a second sequence aligned to the base sequence, where red triangles pointing to the right specify forward-strand alignments, and purple triangles
pointing to the left correspond to reverse-strand alignments. Contig names are indicated in square brackets. The JF2-73M16 chicken BAC clone
(http://www.jgi.doe.gov/) consisting of three contigs was aligned to the chicken genome (chr28:4,000,000-4,200,000).

addition, Mulan is integrated with the MultiTF program that
identifies evolutionarily conserved transcription factor binding
sites (TFBSs) shared by all analyzed species, allowing for the de-
coding of the sequence structure of regulatory elements that are
functionally conserved among different species. Mulan is pub-
licly available at http://mulan.dcode.org.

Results

Alignment strategy

Mulan employs two alignment strategies that allow for compara-
tive analysis of multiple sequences that are present either as (1)
draft or (2) finished configuration. The first approach allows for
the construction of an alignment for multiple draft-quality se-
quences and subsequently for effective order-and-orientation
(O&O) of unfinished sequences based on the reference genome.
The second approach operates with multiple high-quality single-
contig (finished) sequences, and is the main subject of this paper.

Genomic sequences submitted to Mulan are aligned by the
threaded blockset aligner (TBA) program for finished sequences
and by the refine program for draft sequences (Blanchette et al.
2004). The local alignment approach utilized for both sequence
types allows for reliable representation of inversions and ge-
nomic reshuffling events that have occurred in a subset of lin-
eages since the last common ancestor. In doing so Mulan does

A

not require colinearity between input sequences (as in the case of
a global multiple alignment), but instead it generates different
projections of the threaded blockset alignment to different ref-
erence sequences that are selected by the user. As a consequence,
this approach ensures the detection of evolutionarily conserved
elements throughout the alignment even if orthologous regions
have been repositioned or inverted in only a subset of the input
species.

Mulan alignment visualization is based on the zPicture dis-
play design (Ovcharenko et al. 2004b), where the reference se-
quence is linear along the horizontal axis and the percent iden-
tity is plotted along the vertical axis. In addition, Mulan contains
a graphical annotation option for the alignment of draft se-
quences where contig names and alignment blocks can be visu-
alized as tracks on top of the conservation profile (Fig. 1). Syn-
tenic blocks are color-coded, allowing for easy O&O of draft se-
quences by using the base sequence as a structural guide.

Visualization and data analysis strategies for multiple-sequence
local alighments

Multiple-sequence comparative analysis is a challenging task in
terms of generating highly reliable alignments and graphically
displaying the alignment results. To address the complexity
stemming from user input sequence files that potentially consist
of a large number of sequences of varying lengths and different

0 3.2kb

Figure 2. Stacked-pairwise conservation profile for a 13-kb region from the GATA3 locus. Color-gradient visualization is implemented to differentially
display regions that are differentially conserved in the input sequences (A). The color intensity of a conserved region depends on the number of different
species that contain the region (the darker, the more conserved species). Only ECRs conserved in at least six out of seven total secondary species are
highlighted in the alignment (B). Intergenic regions are in red, intronic in pink, coding exons in blue, and UTRs in yellow.
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phylogenetic relationships, we provide a set of different visual-
ization options applicable to any finished MSLA. For example,
the reference sequence can be dynamically changed, and the new
stacking order of conservation profiles with the rest of the species
will be automatically determined using the evolutionary rela-
tionship of each sequence to the reference sequence, where more
closely related species are at the bottom.

“Color density by interspecies conservation” illustrates a re-
lationship between the color density of a conserved element and
the number of species that share a particular region (Fig. 2) such
that, the more species share a sequence, the darker the conser-
vation profile will be displayed. (This analysis is performed for
every pixel-wide region of the conservation plot. The number of
ECRs from different species that overlap with a particular pixel
count towards the number of species sharing this region.) In a
recent study, it was observed that regions conserved in multiple
species often correlate with functional elements (Frazer et al.
2004). Therefore, the color density of the plot can potentially
highlight different DNA segments in the base sequence with
unique evolutionary character. Similar to zPicture, Mulan allows
for interactive and customized ECR analysis. Users can select the
evolutionary criteria (length and percent identity) as well as in-
dicate a specific requirement for an ECR element to be conserved

A

in at least n number of species in the MSLA (Fig. 2). For example,
while the pairwise human-mouse comparison for a 13-kb-long
GATAS3 region identifies 34 ECRs (80 bp/70% ECR parameters;
Fig. 2A), an eight-species scan of the multiple sequence conser-
vation profile with a specified requirement that the human re-
gion is shared by at least six other species identifies the four most
deeply conserved ECRs—two coding exons, an intronic and a
promoter element located ~1 kb upstream of the gene transcrip-
tion start site (Fig. 2B). This simple functional implementation of
the Mulan tool immediately pinpoints key functional elements
for the GATA3 locus. Additionally, by clicking on an ECR the user
can access the textual MSLA underlying the conserved region.
Two additional data representation modules are imple-
mented in the Mulan tool: phylogenetic shadowing and “sum-
mary of conservation.” While “summary of conservation” col-
lects all the shared nucleotide similarities from all the pairwise
comparisons into a single conservation profile, the phylogenetic
shadowing option effectively collects all the cumulative nucleo-
tide mismatches (Ovcharenko et al. 2004a). We tested the current
implementation of the phylogenetic shadowing method on the
ApoB locus, which has been sequenced and analyzed in compari-
sons of 14 different primate species (Boffelli et al. 2003). Mulan
identified the correct phylogenetic relationship among the pri-
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Figure 3.

Phylogenetic shadowing option of the Mulan tool. ApoB region sequences from 14 primates were compared to determine the phylogenetic

relationship (A) and visualize the conservation by stacked pairwise display (B). The phylogenetic shadowing conservation profile preferentially detects
the ApoB coding exon from the neutrally evolving background (C). ECR parameters used for detecting exons: >85% identity; >100 bp.
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mate species (Fig. 3A), and while the “stacked pairwise” approach
preferentially detects the human ApoB exon only in comparisons
between the most distantly related species (Fig. 3B), the phylo-
genetic shadowing visualization display accurately depicts the
coding exon as the most highly conserved element in this region
(Fig. 3C). In addition, the identified ECR sharply defines the exon
boundaries without any a priori knowledge of its location.

Evaluation of alignment tools

To evaluate and compare the performance of the refine and TBA
programs—the tools underlying the draft and finished Mulan
alignment scheme, respectively—we followed the approach of
Blanchette et al. (2004); that is, simulated neutral evolutionary
processes were applied to a hypothetical ancestral sequence,
where the frequency and length distribution of inversions were
estimated from available genome alignments. The simulation
program records the true relationship among the generated se-
quences, which can be regarded as the true alignment. The extent
of agreement for alignments produced by aligners is then deter-
mined. There are several methods to measure this similarity. The
agreement score defined in the original TBA paper is used here
(Blanchette et al. 2004). In cases of alignments with inversions,
there is an agreement if the i base position of sequence A is
aligned to the j™ position of sequence B in both the predicted
and the true alignments, under the condition that the two align-
ments have the same orientation, or the i position of sequence
A is aligned to a gap in both the computed and the true align-
ments. The agreement score is determined from the fraction of
positions of the predicted alignment that agree with the true
alignment.

Agreement
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To be consistent in comparing aligners, the same BLASTZ
parameters (C = 0, Y = 3400, K = 2000) were used for all data sets.
TBA uses the guiding tree of (((human chimp) baboon)(rat mouse))
((cow pig)(cat dog))). Refine uses human as the reference sequence.
The performance of aligners with respect to the agreement score
is illustrated in Figure 4. Only representative pairs are shown, to
illustrate how performance of an aligner varies with evolutionary
distance.

Several observations can be made about the graph in Figure
4. First, for sequences at very short evolutionary distance, such as
human versus chimp and human versus baboon, all methods
work well. Second, refine performs as well as or a little better than
BLASTZ alone for pairs containing the reference sequence, for
example human versus mouse and human versus dog. However,
for sequences being pulled together by refine instead of direct
pairwise alignment, the performance is worse, for example, rat
versus mouse and cat versus dog.

Third, TBA performs as well as or better than BLASTZ alone
for all comparisons. For closely related species, TBA does not lose
accuracy, while for distantly related species, TBA significantly
improves accuracy (e.g., human vs. mouse). At the same time,
TBA performs as well as or better than refine. TBA outperforms
refine dramatically for cat versus dog and especially rat versus
mouse. TBA builds alignments starting from leaves of the phylo-
genetic tree, utilizing the fact that pairwise alignment between
two species with closer evolutionary relationship is more reliable
than with distantly related species. For instance, TBA directly
uses the rat-mouse alignment, whereas refine aligns rat to mouse
based on information about how the two align to a distant in-
termediary. For instance, a human region might align to mouse
but not to rat (rat is evolving slightly faster
than mouse), though the corresponding
mouse and rat regions are easily aligned to
each other; TBA will correctly match the
human, mouse, and rat regions, but refine
will match only human and mouse.

Fourth, the regions of disagreement in
an alignment are composed of mismatches,
unidentified alignments, and false align-
ments. By regarding mismatches within five
base positions as correct matches, TBA_S
shows a substantial increase on agreement
score. In other words, mismatches in an
alignment produced by TBA are frequently
very close to their correct match positions.
For some analyses, close agreement with the
true aligned position is adequate. Although
the performance of TBA is better than refine
for certain cases, the running time for TBA
is much longer than refine. For aligning
nine species each with a length of ~50 kb,
TBA takes ~50 sec on a modern workstation,

tha

@ while refine requires only ~7 sec.

From sequence evolution to
genome biology

Figure 4. Agreement score of pairwise and multiple alignments produced by different aligners

on a set of nine simulated mammalian sequences of length ~50 kb. Pairwise results from BLASTZ
were postprocessed to remove overlapped regions. Multiple aligners including refine and TBA use
the same pairwise alignments. TBA_5 refers to alignments from TBA, but the agreement score
allows mismatches within five base positions. Agreement scores of multiple aligners are measured
from the pairwise alignments induced by pairs of species. All values are averaged over 50 sets of
simulation sequences. Parameters used in the simulation and alignment programs are described in

the text.

We applied Mulan to study the evolution-
ary conservation of the human GATA3 lo-
cus. GATA3 is a very important molecule
shown to be involved in various biological
processes throughout development, in both
the early embryo and adulthood (Lim et al.
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2000; Van Esch and Bilous 2001; Lawoko-Kerali et al. 2002). In
particular, it was recently shown that GATA3 is one of the key
players involved in bone formation, differentiation of hair fol-
licles, and tooth development (Andl et al. 2004). There are
known to be distinct differences in these processes between hu-
mans, rodents, avians, amphibians, and fish. Therefore, we an-
ticipated that we should observe some subtle genomic differences
in a multiple sequence comparison at this locus between repre-
sentative genomes from different evolutionary clades, spanning
over 450 million years (Myr) of evolutionary time since the sepa-
ration of mammals, amphibians, birds, and fish (Fig. 5).
Multiple-sequence Mulan alignments identified all the cod-
ing exons of the GATA3 gene as conserved segments in all of the
species, highlighting the functional importance of this protein
and suggesting that interspecies differences associated with the
GATA3 protein most likely originate from differences in noncod-
ing sequences. This is supported by noncoding conservation pat-
terns that significantly differ in comparison of the human se-
quence with different species (Fig. 5B). Three main groups of
conservation were identified: human/rodents, amphibian/fish,
and chicken. Five ECRs (ECR1-ECRS) are shared by at least four
different species (including human). One of them, the intronic
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ECRS, was present in all species, suggesting a key role of this
element for the GATA3 locus. For example, it could be a general
enhancer element responsible for the expression of this gene.
Three other ECRs, upstream ECR1 and ECR2 and intronic ECR4,
are shared only by humans, rodents, and chicken and are not
detected in either frog or fish lineages (there are no remains of
sequence conservation of these ECRs in indicated species that
would be displayed as short lines on Fig. 5B otherwise), suggest-
ing a putative differential expression of the GATA3 gene in these
two groups of genomes as regulated by this subset of three ECRs.
One could speculate that the key involvement of the GATA3
gene in the hair/feathers growth regulation pathway could be
indeed regulated by one of these three ECRs, and that their ab-
sence from the frog and fish genomes may be responsible for
the lack of hair in these species. More interesting is the conser-
vation of the ECR3 element across multiple species. This ele-
ment is present in all but the chicken genome. While the con-
servation with fish suggests functionality of this element
(Ghanem et al. 2003; Lettice et al. 2003; Nobrega et al. 2003), an
absence of this element in the chicken lineage would suggest that
the function driven by this element (which could be a GATA3
enhancement at a particular stage in a particular tissue) is absent
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Figure 5. Mulan phylogenetic tree (A) and sequence conservation profile (B) for the GATA3 gene locus from human, rat, mouse, chicken, frog, and
three fish genomes. Each tree branch indicates the number of nucleotide substitutions from the closest node. Noncoding ECRs conserved (>70%
identity; >80 bp) in at least four species (including human) are shaded and numbered ECR1-5. Coding exons are in blue, UTRs in yellow, intergenic
elements in red, and intronic in pink. ECRs are depicted as dark red bars above each pairwise alignment. Repetitive elements are depicted as green boxes
on the bottom axis. Alignments resulting from the reverse strand are shaded in gray, and blocks on the forward and reverse strands can be visualized

in a dot-plot between the zebrafish and the human local alignment (C).
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