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Mulan:

Multiple-Sequence Alignment to Predict Functional Elements in Genomic Sequences
Gabriela G. Loots and Ivan Ovcharenko

Summary

Multiple sequence alignment analysis is a powerful approach for translating the evolutionary
selective power into phylogenetic relationships to localize functional coding and noncoding
genomic elements. The tool Mulan (http://mulan.dcode.org/) has been designed to effectively
perform multiple comparisons of genomic sequences necessary to facilitate bioinformatic-driven
biological discoveries. The Mulan network server is capable of comparing both closely and
distantly related genomes to identify conserved elements over a broad range of evolutionary time.
Several novel algorithms are brought together in this tool: the tba multisequence aligner program
used to rapidly identify local sequence conservation and the multiTF program to detect
evolutionarily conserved transcription factor binding sites in alignments. Mulan is integrated with
the ERC Browser, the UCSC Genome Browser for quick uploads of available sequences and
supports two-way communication with the GALA database to overlay GALA functional genome
annotation with sequence conservation profiles. Local multiple alignments computed by Mulan
ensure reliable representation of short- and large-scale genomic rearrangements in distant
organisms. Recently, we have also introduced the ability to handle duplications to permit the
reliable reconstruction of evolutionary events that underlie the genome sequence data. Here, we
describe the main features of the Mulan tool that include the interactive modification of critical
conservation parameters, visualization options, and dynamic access to sequence data from visual
graphs for flexible and easy-to-perform analysis of differentially evolving genomic regions.

Keywords

Multiple alignment; alignment tool; evolutionary conservation; conserved elements; conserved
transcription factor binding sites

1. Introduction

It has been determined that blocks of evolutionary conservation identified through cross-
species comparisons correlate with functional DNA segments such as protein coding genes
(1,2) and transcriptional regulatory elements (3,4). Several available web-based tools
implement multiple sequence analysis either as a series of pairwise alignments with a
selected reference sequence (5-7) or as a full multisequence global or pseudo-global
alignment (8-12). Applications of these tools differ by the type of sequences (nucleotide or
amino acid) they are capable of processing, as well as by the maximum length and number
of allowable input sequences.

The Mulan alignment engine consists of several data analysis and visualization schemes for
high-throughput identification of functional sequences conserved across large evolutionary
distances. Mulan (1) determines phylogenetic relationships among the input sequences and
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generates phylogenetic trees, (2) constructs graphical and textual alignments, (3)
dynamically detects evolutionary conserved regions (ECR) in alignments, and (4) presents
users with dynamic visual display options for flexible generation of conservation profiles. In
addition, this tool is capable of implementing the phylogenetic shadowing strategy for
identifying slow-mutating elements in comparisons of multiple closely related species (11).
Alignments generated by the Mulan tool can be directly processed by the MultiTF program
to identify evolutionarily conserved transcription factor binding sites (TFBS) shared by all
analyzed species. This feature allows users to derive useful information toward decoding the
sequence structure of regulatory elements that are functionally conserved among different
species. Mulan is publicly available at http://mulan.dcode.org.

2. Methods

2.1. Alignment Strategy

Mulan provides two complementary alignment strategies for performing comparative
sequence analysis of multiple sequences that are either (1) “finished” or (2) “draft” quality.
The first approach operates with multiple high quality single-contig (finished) sequences,
whereas the second method allows the construction of an alignment of multiple draft-quality
sequences to a base (or reference) finished-quality sequence by effectively ordering-and-
orienting draft sequences based on homology to the base sequence. Genomic sequences
submitted to Mulan are aligned by the tha program (13) for “finished” sequences and by the
refine program for “draft” sequences. The local alignment approach utilized for both
sequence types reassures reliable representation of inversions and genomic reshuffling
events that have occurred in a subset of lineages since the last common ancestor. It is
important to mention that colinearity between input sequences (as in the case of a global
alignment) is not required. Mulan generates different projections of the “threaded block-set
alignment or tha” to different reference sequences that are selected by the user to ensures the
detection of evolutionarily conserved elements throughout the alignment in the event
orthologous regions have been repositioned or inverted in a subset (see Note 1).

2.2. Generating Alignments

» Access Mulan via the internet at http://mulan.dcode.org/ (Fig. 1A). Alternatively
access Mulan via the ECR.

Browser at http://ecrbrowser.dcode.org, through the “Synteny/Alignments” link.
Click on each box next to the sequence to be aligned and then click on the “Mulan”
button provided at the bottom of the page (Fig. 1B).

« At the Mulan homepage, indicate the number of species that will be used in the
analysis, and select the desired alignment type: tha-based (left button) or refine-
based (right button) (Fig. 1A). (It is advised to select the tba-based approach if the
user is unsure of which option is best suited, or have sequences in single-contig
format. The tba-method includes more options and provides more sensitive
alignments than refine.)

e Sequence input.

a. Submit sequences in FASTA format and gene annotation in format
described in the Mulan documentation, and select the appropriate option
for masking repetitive elements (Fig. 2A). Although Mulan is capable of

1 The Mulan tool is capable of producing fast and accurate multiple alignments for both distantly and closely related organisms,
properly taking into account the complexity of evolutionary sequence rearrangements such as inversions, transpositions, and
reshuffling.
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running Repeat-Masker locally (http://www.repeatmasker.org/) to mask
repetitive elements in input sequences, submitting premasked sequences
will significantly reduce the total processing time.

b. If sequences of interest are available from fully sequenced genomes,
Mulan can automatically fetch these sequences from the University of
California Santa Cruz (UCSC) Genome Browser (http://
genome.ucsc.edu/). To do so, the user needs to click “Upload” (Fig. 2A),
and provide the necessary information for the automated upload feature to
fetch the sequences directly from the UCSC Genome Browser (Fig. 2B).
The required information includes: (1) the organism or genome to be used,
(2) the assembly version, (3) the type of annotation, and (4) genome
coordinates. Once Mulan downloads the sequence along with its
annotation onto the server, the successful upload is acknowledged (Fig.
2C), and the alignment engine proceeds to create alignments between the
input sequences. Note that the upload feature automatically extracts
information on repetitive elements along with the sequence data; it also
permits selection of different gene annotation sources. This automated
upload can be combined with manual input of sequences missing
representation in fully sequenced genomes.

c. Alternatively, if all the sequences of interest are available from fully
sequenced genomes, the “Batch Upload System or BUS” integrated into
Mulan can be used to simultaneously fetch all the sequences at once.
Follow the BUS link on top of the sequence upload page to access this
feature (Fig. 2A).

Step-by-step specifics for the tha-based alignment approach. Upon generating a set
of preliminary pairwise alignments, a phylogenetic tree is presented to the user,
who has the option to accept it by clicking the “Continue” button, or refine it, if it is
believed that the tree does not accurately depict the relationship between the input
sequences (Fig. 3). This phylogenetic tree will be guiding the construction of the
full tba-based multiple-sequence alignment.

Once the alignment request is completed, Mulan presents results data analysis on
an interactive summary page (Fig. 4). The summary page consists of multiple links
to the dynamic conservation profile visualization module, textual multiple sequence
alignment (with a dynamically modified base sequence; specific to tba-based
alignments), hot-link to multiTF detection of evolutionary conserved TFBS
(specific to tha-based alignments), dot-plots describing sequence rearrangements,
interactive selection of ECRs, etc. One also has the option to adjust annotation files
and sequence titles from this page.

The processing information is stored on our servers for a limited amount of time
(usually up to 3 months) and the data can be reaccessed anytime from the
homepage (Fig. 1A) by providing the job identification number (request ID) listed
on the top left corner of the summary page.

2.3. Visualization and Data Analysis Strategies for Multisequence Local Alignments

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 phylogenetic relationships, we provide

a set of different visualization options in Mulan. In general, Mulan alignment visualization is

based on the zPicture display design (6), where the reference sequence is linear along the
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horizontal axis and the percent identity is plotted along the vertical axis. All the dynamic
visualization options can be accessed through the summary page (Fig. 4). The “Dynamic
Visualization” link directs the user to the interactive alignment display (Fig. 5). At this page
the top bar (Fig. 5A) allows the user to customize the visual display by selecting the desired:

1

4.
5.

The Graphical type of evolutionary conservation profile (smooth or percent identity
plot).
The length of the sequence to be displayed per each line.

The size and percent identity of the ECR to be highlighted in the graphical
alignment display.

The percent identity for the bottom cut-off.

The subregion to be indicated as “from” — “to” coordinates.

To assist in the visual analysis of conservation, Mulan has several additional options
available.

1

The user can choose to color code ECRs that are present in a particular number of
species (Fig. 5). This option will dynamically prioritize regions with variable
degree of phylogenetic occurrence (see Note 2).

The user has the option to change the base genome in the visualization of multi-
species sequence evolution. This provides the option to study conservation of
regions specific to different lineages and closely related groups of species. By
changing the base species, the new stacking order of conservation profiles with the
rest of the species will be automatically determined using the evolutionary
relationship of each sequence to the reference sequence, where more closely related
species are at the bottom. (Option specific to the tha-based alignment.)

Visualization scheme provides the means to include or remove the legend in the
display as well as to adjust the graph height.

Contig names and alignment blocks can be visualized as tracks on top of the
conservation profile (Fig. 6). In this situation, syntenic blocks are color-coded
based on their orientation in respect to the base sequence thus allowing for easy
ordering-and-orienting of draft sequences by using the base sequence as the
architectural guide. This feature can be used as a preassembly tool when multiple
overlapping contigs are available from a homologous interval in a new species with
detectable sequence similarity to the base sequence. (Option specific to the refine-
based alignment.)

“Color density by interspecies conservation” illustrates the relationship between a
conserved element and the number of species that share a particular region (Fig.
7A) such that, the more species share a sequence, the darker the conservation
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 toward the number of species sharing this region.)

Similar to Picture, Mulan allows interactive and customized ECR analysis. Users
can select the evolutionary criteria (length and percent identity) for graphical

2Mulan provides users with a versatile visualization platform that allows interactive manipulation of both textual alignments and
graphical conservation displays to differently address the conservation structure of either closely or distantly related species. In
particular, the option to color conserved regions using a gradient based on the depth of conservation, coupled with a module that filters
out ECRs that are shared by a requested number of species, permits the user to control the type of analysis performed to identify
elements shared by a subset of input sequences.
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identification of ECRs from the conservation plot. We have previously shown that
longer and well conserved ECRs can be indicators of functional elements in
genomic alignments (14) and this option permits the user to prioritize and define
the optimal amount of ECRs in the studied locus—to adjust for highly conserved vs
poorly conserved loci.

7. Two additional data representation modules are implemented in the Mulan tool:
phylogenetic shadowing and summary of conservation. Summary of conservation
collects shared similarities from all the pairwise comparisons into a single
conservation profile (Fig. 7B), the phylogenetic shadowing option effectively
collects pairwise mismatches (11). Thus, the summary of conservation option will
aid in reconstructing conservation profiles in cases of highly diverged sequences,
whereas the phylogenetic shadowing option will facilitate the identification of the
most conserved elements in alignments of closely related species with a limited
number of mismatches (see Note 3).

2.4. Multisequence Conservation of TFBS

The ability to accurately predict active TFBS is a powerful approach for sequence-based
discovery of gene regulatory sequences and for elucidating gene regulatory mechanisms (see
Note 4). To combat the overabundance of false-positive computational predictions stemming
predominantly from the small size of TFBS footprints and from poorly defined position
weight matrices (PWM), evolutionary sequence analysis has been proposed as a robust
strategy for filtering out false-positive sites (15-18). Methodologically, multiTF is similar to
the rVista 2.0 tool (16,17), but implements a different strategy of detecting TFBS present in
a multiple alignment. rVista 2.0 works only with pairwise sequence alignments, and requires
each site to be present in a short island of high sequence conservation. In contrast, multiTF
does not rely on preferential local conservation of functional binding sites vs neutrally
evolving background as rVista does, instead it requires a binding site to be present in all the
species at the same position as dictated by the alignment. Putative TFBS are identified in all
the input sequences by using TRANSFAC PWM matrices to define consensus sequences
and the tfSearch utility is used to map these consensus sequences to the genomic sequence
of each input species (17,19). MultiTF excludes all TFBS predictions that overlap with
exons. Gene annotation for only one of the sequences (the reference sequence) is sufficient
to carry out this step. In the final step, multiTF detects TFBS predictions that are shared by
all the species and are located at the same position as defined by the alignment. This is
achieved by scanning through all the “anchors” or fully conserved nucleotide blocks
(nucleotides that are identical in all species in the multiple-sequence alignment; Fig. 9B). If
a TFBS from the reference sequence is found to overlap with an “anchor” nucleotide, we
project this TFBS position to all the other species by using the alignment and excluding gaps
(Fig. 9B). Starting and ending positions of the footprint of the reference sequence TFBS are
compared to the starting and ending position for the same TFBS on the same strand as
detected by the initial TFBS annotation. If corresponding TFBS can be identified in all the
species in the alignment, this is reported by the multiTF.

To analyze Mulan alignments for the presence/absence of conserved TFBS shared among all
provided, sequences the user needs to follow these steps:

1. Click on the multiTF button on the summary page (Fig. 4) to forward the
alignments to the multiTF program (Fig. 8A).

3Mulan is capable of handling large genomic sequences within minutes of processing time (up to megabases in length).

The dynamic interconnection of Mulan with multiTF presents an effective way to identify TFBS shared by multiple species. In
combination, these tools can be used to predict and prioritize functional elements in otherwise anonymous sequences, a method that
has been shown to be highly effective in identifying novel genes and regulatory sequences.

Methods Mol Biol. Author manuscript; available in PMC 2013 July 08.
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2. Upon forwarding to the multiTF analysis initiation page, the user selects from
methods and parameters to identify TFBS in individual sequences. First, the user
has to choose between the use of the TRANSFAC database of TFBS (http://
www.biobase.de/) or user-defined consensus sequences (Fig. 8A).

3. Assuming the most common use of TRANSFAC PWM matrices in description of
TFBS binding specificities to scan for binding sites, the user selects the appropriate
library of phylogenies (including vertebrate, plant, fungi, nematodes, insects, and
bacteria).

4. Two different options are available for detecting TFBS through the use of
TRANSFAC libraries. The default option is to use the “optimized for function”
search option, which weights individual PWM matrices differently by minimizing
and balancing out the abundance of false-negative hits from different matrices. The
alternative option is to manually specify matrix similarity cut-off for the annotation
of candidate TFBS. The “optimized for function” option utilizes different cut-off
parameters for different TFBS, such that no more than three TFBS per 10 kb are
predicted in a random sequence (20). Manually selected cut-offs measure sequence
similarity to TRANSFAC PWM; the higher the cut-offs are, the fewer sites are
predicted.

5. The final option permits the selection of only “high-specificity” matrices in the
TFBS annotation. This option subselects a list of TFBS matrices that have <=0.85
cut-off similarity to the TRANSFAC PWM. These are the matrices with the most
reliable definitions in the TRANSFAC database.

6. Upon submitting a request, the user is directed to a page that lists all the available
transcription factor families alphabetically, where one has to choose the matrices to
be used for the analysis by clicking on the provided boxes (Fig. 8B) Alternatively,
the user can “select all” to obtain a full repertoire of conserved TFBS.

7. A summary page will comprehensively display the results of the TFBS analysis
(Fig. 8C). Here, users can access position and matrix information provided for each
sequence independently, as well as the sites can be visualized “on top of” the
alignment and used in subsequent clustering analysis (Figs. 8C and 9A). The
clustering options are similar to the ones available for the rVISTA 2.0 tool, TFBS
can be clustered “individually” or “combinatorially” and the sites can be visualized
as a summary of conservation (show binding sites by multispecies) or in each
sequence individually (show all) (Fig. 9A).

2.5. Mulan-GALA Interconnection and Finding Orthologous Regions

The database of genomic DNA sequence alignments and annotations (GALA) allows users
to find genomic intervals that meet defined conservation thresholds, alignment-based scores,
and gene annotation criteria, TFBS patterns, expression profiles, and other features (21).
Once a region of interest has been found, a user may wish to examine it using the Mulan
tool. Likewise, once an ECR element has been identified by using Mulan, users have the
option to utilize GALA to find additional information about the region containing it. Thus,
two-way data flow has been established between the GALA database and the Mulan server.
The interconnection link of GALA to Mulan is established through forwarding a list of
homologous regions in different species from GALA to Mulan. Once a DNA interval is
specified in GALA, the user can easily access a page to find estimated orthologous positions
in other species.

Methods Mol Biol. Author manuscript; available in PMC 2013 July 08.
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Accessing the Mulan tool from the homepage at http://mulan.dcode.org (A) or from the ECR

Browser “Synteny/Alignments” link (B).
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Each sequence can be pasted in, in FASTA format, uploaded as a FASTA file, or entered as
an accession number along with the available annotation (A). Alternatively, sequences can

be fetched from the UCSC Genome Browser individually using the “Upload” function (A),
or in groups (Batch Upload System) Browser (B). Once sequences have been uploaded, the
program acknowledges the receipt (C).
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Fig. 3.

Request ID: m0123096777281 hittp://rulan. 2.orgf

PITSTOP :: PHYLOGENETIC TREE

Preliminary analysis of the submitted sequences indicates following phylogenetic relationships between the input species, Please rearrange the
tree structure if the detected branching does not make sence. (Node-leaf distances are not important at this point). Then submit the tree to the
final alignment step.

Tree structure:(s2q3 (s2ql s2q2)) Testit | >> Continue
Help on defining a phylogenetic tree

Please follow sequence abbreviations seql..seg¥ for defining the tree:
seql:hg17 chr17:39163858-39214447
seq2:mmé chr11:101763623-101768103
seq3:canFaml chr9:12166850-12217019

a:canml

hgl7
< 3365 9
O

608.3

297.0

Wote: Tree distances are in # of substitutions per 1kb if defined. Otherwise, either 1.0 or 2.0.
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Mulan defines a guiding phylogenetic tree before proceeding with the detailed sequence
alignment. The user has the option to submit modifications to this tree.
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Fig. 4.

A completed alignment request results in a “summary page” that provides links to the
interactive visualization platform, pairwise dynamic plots, dot plots, annotation files,
sequence files, and a portal to the transcription factor binding site analysis software,

MultiTF.

Request ID: m0123096777281 http://mulan.dcode.or
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refine fasta (160.2 kb) :: intermediate multiple alignment file (FASTA format)

pairwise data list of ECRs blast-type alig t blastz ali
seql_seq2  detect ECRs seql seq2.blast seql seq2.blastz
seql_seq3  detect ECRs seql seq3.blast seql seq3.blastz
Input files:
sequence seq. masked repeats annotation

1  seqlfa seql.txt seql.reps  annol.txt

2 seg2fs seq2.txt seq2.reps  anno2.txt

3 seqifa seq3.txt seq3.reps  anno3.txt
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A Request 10: m01311012302694 htto://mulan deode ora/
Smooth Width ECR ECR Bottom Graph Remove
graph length similarity cut-off height legend

Picture 44000 bases atleast(200 |bases atleast[70 | % 50 % 80 | pixels
settings
From To ECRs present in Visualization type Base specie
2 R 1 v species | color density by interspecies conservation v | ho1? v
Refresh
B SOST
| |
W%
monDom1
~35e
A k | | H L ‘ b5
50%
100%
mm$
T TRVEE P o
50%

100%

Lonl b by ok o Job e 5
Fig. 5.

Mulan interactive alignment customization options (A) and graphical display of alignments

(B).
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[Contg3] Conig2
O — (... .1 I m——
100%

10T T ] =

0 50.0kb 100.0kb 150.0kb. 200.0kb

Fig. 6.

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
right-turned triangles specify forward strand alignments, and left-turned triangles correspond
to reverse strand alignments.
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SR e To ECRs present in Visualization type Base specie
1 a [17% species  [color density by interspecies conservation ™ |human W
Refresh

Fig. 7.

Mulan alignment analysis options: color density by interspecies conservation (A) and

summary of conservation display (B).
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A

Defining transcription factor binding sites

TRANSFAC professional iorary
‘Bologicsl species

O vetabrates D insects

SUBMIT

use cely Nigh-specicty matrices

© User-defined consensus sequences

‘Total number of transcription factor fomilies: 436

SELECT TRANSCRIPTION FACTORS
SELECT SEPARATE TRANSCRIPTION FACTORS
A
Dgusrs Dipros Ope  Oseswg Owewros Opaos Duse  Oasacs

D Oaerz 06 D Osuoc Omwos O Oz Omic
Dioz DOmios  DOmroe  DOpooass Dpowon Dpeee DOpzon  Dpozos

T W Grae G (eon @y G G0
DOaeey Os oz Oaz o5 Dannas  Oaw Damos Oamos Oameaz
Dams Oare

(ORI 513510 1 T—

Fig. 8.

Request ID: mir01302006102923345

Summary:
1 multi-conserved transcription factor binding sites (TFES) were identified

Dynamic visualization:
namically overlay TFBS prediction with the conservation profile
and perform dustering

Alignment: “ "
Haghlight TFBS postions in the alignment
P 0 AATAAGAGATAATAATCTATT

s e
XT- - GAGATARTAATCTALC
3 @

Additional data:
inde TF binding sites sequence gene annotation sequence name
sequence #1 seql: hg17 chr17:39163858-39214447

sequence #2 40 TFRS seq2fa  a0no2bt mmé chr11:101783623-101788103
sequence #3 279 TFBS se03fy 2nnodba canFam1 chr:12166850-12217019

Rerun muliTE using different parameters

Questions or comments?
Email Ivan Ovcharenko at gvcharenkol@lnl.gov

MULTITF

Page 15

MultiTF portal available from Mulan “summary page.” First menu allows users to define the
types of transcription factor binding site matrices to be used in the analysis, along with

similarity thresholds (A). Next, the user selects either all or a subset of available
transcription factors from the TRANSFAC library (B). Results are provided on an

interactive summary page.
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T e LI SUA LIZ ATION s

Picture Clustering

Bases per layer: |Skb ¥ © Individual clystering O fip
Picture width (in pixels): | 800 ¥i| |1 ¥isite(s) per| 100 ¥ bps SUBMIT
0 smooth plot

O gombinaterial clustering

[1 wisite(s) per[ 100 wibps
Show binding sites
Emutti-species
all

Select TF Subset Summary Page List Clustered TFBS

BMP2

CONSERVED

L
B
-

" . human
[y
MULTITF

fugu ATATGACTATATTTATGTCTACAT---ARAGTTGGG-ARAGARATATTTTARTCAGAGGA
B TATATTTATGCCT. T AATATTTTARTCAGAGAA
chicken ~TATATTTATGTCT. AAGGT AARCAL A
opossun - TATATTTATGTCTACAAL---ARGTTGGGAAMACAAATATTTTANTCAGAGAA
xrat ~TATATTTATATCTACGARAATAAGT TGGCAARACARATATTTTARTCAGAGAA
mouse ~TATATTTATATCTACGARAAGAAGT TCCCAARACARRTATTTTARTCAGAGAA
humsn  =e—mee- TATATTTATATCTACGAAARGAAGTTGGGARRAC. CAGAGAA 14952

............. PUPEOOP e

Fig. 9.

Transcription factor binding sites can be juxtaposed on the Mulan multiple alignment
graphics and several clustering and visualization options are provided for customized

Page 16

analysis (A). Similarly, the binding sites can be visualized within the textual alignment (B).
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