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ABSTRACT

Motivation: The recent efforts of various sequence projects to
sequence deeply into various phylogenies provide great resources for
comparative sequence analysis. A generic and portable tool is essen-
tial for scientists to visualize and analyze sequence comparisons.
Results: We have developed SynBrowse, a synteny browser for
visualizing and analyzing genome alignments both within and between
species. It is intended to help scientists study macrosynteny,
microsynteny and homologous genes between sequences. It can also
aid with the identification of uncharacterized genes, putative regulat-
ory elements and novel structural features of a species. SynBrowse is
a GBrowse (the Generic Genome Browser) family software tool that
runs on top of the open source BioPerl modules. It consists of two
components: a web-based front end and a set of relational database
back ends. Each database stores pre-computed alignments from a
focus sequence to reference sequences in addition to the genome
annotations of the focus sequence. The user interface lets end users
select a key comparative alignment type and search for syntenic
blocks between two sequences and zoom in to view the relationships
among the corresponding genome annotations in detail. SynBrowse
is portable with simple installation, flexible configuration, convenient
data input and easy integration with other components of a model
organism system.

Availability: The software is available at http://www.gmod.org
Contact: vbrendel@iastate.edu

INTRODUCTION

Comparative sequence analysis is a powerful approach for decod-
ing genomic information and determining relationships among
evolutionarily related species (e.g. Guiliano et al., 2002; Bowers
et al., 2003). The recent efforts of various sequence projects
to sequence deeply into various phylogenies, including those of
mammals [e.g. human (International Human Genome Seguencing
Consortium, 2004), mouse (Mouse Genome Sequencing Consor-
tium, 2002) and rat (Rat Genome Sequencing Project Consortium,
2004)], nematodes [Caenorhabditis elegans and Caenorhabditis
briggsae (Stein et al., 2003)], fruitflies [Drosophila melanogaster
(Adams et al., 2000) and Drosophila pseudoobscura (Richards
et al., 2005)], grasses [Oryza sativa (Yu et al., 2005) and Zea mays

*To whom correspondence should be addressed.

(http://www.maizegenome.org)] and legumes [Medicago truncatula
and Lotus japonicus (Young et al., 2005)], provide great resources
for such comparative sequence analysis.

One major focus of comparative sequence analysis is the search
for ‘synteny’, atermthat literally means‘ samethread’, whichisused
in sequence analysis to mean a set of genes and other features that
share the same rel ative ordering on the chromosomes of two species
or between duplicated chromosomes of the same species. Synteny
between or among the chromosomes of a species or several species
suggests evolutionary relationships of the genomes and can aid in
identifying homologous genes and non-coding functional elements
such as regulatory elements (Frazer et al., 2003). In addition, the
identification of syntenic regions can aid in studying chromosome
evolution andinidentifying genome polyploidizati on and subsequent
diploidization events (Wendel, 2000; Guiliano et al., 2002; Bowers
et al., 2003; Cannon et al., 2003).

This type of analysis would be greatly aided by a visualization
tool that allows both large- and small-scale synteny to be viewed in
the context of the annotations on each of the genomes under study.
Presently, there are few such tools that are both easily portable and
available under open source terms. Ensembl SyntenyView (Clamp
et al., 2003) displays conservation of large-scal e gene order between
two genomes. However, most current web-based genome browsers
(Kent et al., 2002; Stein et al., 2002; Dong et al., 2004) allow biolo-
gists to visualize and analyze genome information only for asingle
genome at atime. In these single-genome browsers, cross-species
comparison is limited to showing degrees of sequence conservation
asahistogramor a‘VISTA Plot’ (Frazer et al., 2004), and thusthese
browsers are not conducive to comparison of annotations among
multiple genomes.

The Generic Genome Browser, also known as GBrowse (Stein
et al., 2002), has become very popular in the bioinformatics
community due to its portability, simple installation, flexible con-
figuration, convenient data input and easy integration with other
components of a model organism system website. Like other web-
based genome annotation viewers, GBrowse is able to show regions
in the sequence that are conserved in other species, but it is unable
to show the relationship among annotated features for more than one
genome at atime. In this paper, we describe a companion tool for
GBrowse called the SynBrowse, a synteny browser for comparative
sequence analysis. It was designed to help visualize cross-species
sequence comparisons, such as macrosynteny, microsynteny and
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€)
(seq_id source method start end score
Mt2 coding20 similarity 6663842 6664414 0.277
Mt2 coding70 similarity 6662485 6662697 0.749
Mt2 coding60 similarity 6661977 6662296 0.680
Mt2 coding80 similarity 6661615 6661723 0.847
Mt2 coding80 similarity 6661145 6661381 0.837
Mt2 coding90 similarity 6660986 6661072 0.912
Mt2 coding80 similarity 6660641 6660906 0.874
Mt2 coding70 similarity 6660266 6660518 0.795
Mt2 gene60 similarity 6660266 6664414 0.642
(b)
(seq_id source method start end score
5 coding20 similarity 22046595 22047197 0.277
5 coding70 similarity 22045724 22045939 0.749
5 coding60 similarity 22044743 22045057 0.680
5 coding80 similarity 22044400 22044507 0.847
5 coding80 similarity 22044080 22044316 0.837
5 coding90 similarity 22043891 22043977 0.912
5 coding80 similarity 22043296 22043562 0.874
5 coding70 similarity 22042910 22043070 0.795
5 gene60 similarity 22042910 22047197 0.642
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Fig. 1. Protein level alignments in the GFF format. In each record line of the GFF file, the method column is ‘similarity’ and the source column is ‘ gene’
or ‘coding’ appended with an identity percentage in deciles. (a) Alignments from Medicago to Arabidopsis for Medicago database. (b) Alignments from
Arabidopsis to Medicago for Arabidopsis database. The first nine columns are separated by tabs, while the remaining columns are separated by spaces.
The ‘gene60’ row in (a) refers to gene AC130811_16 on Medicago chromosome 2, while the ‘gene60’ row in (b) refers to gene At5g54250 on Arabidopsis

chromosome 5 as shown in Figure 5.

homologous genes, and to aid with the identification of novel genes
and putative regulatory elements.

METHODS
Generating and formatting alignments

Either nucleotide or protein aignments can be used as the key com-
parison feature in SynBrowse. Choice of a proper alignment program
depends on the application and is up to the user. In our examples, we
used the whole genome alignment program BLASTZ (Schwartz et al.,
2003) to generate nucleotide-level alignments and the spliced alignment
program GeneSeger (Brendel et al., 2004) to produce protein to gen-
omic DNA spliced alignments. The alignment data were parsed by scripts
developed for supporting SynBrowse into two GFF (General Feature Format)
(http://www.synbrowse.org/pub_docs/GFF.txt) filesasinput into afocus spe-
cies and its reference species databases, respectively. In each record line of
the GFF file, we specified the entry in the method column as ‘ similarity’ and
the entry in the source column as ‘gene’ or ‘coding’ (for entirely conserved
genesor singleexons, respectively) appended with asimilarity or identity per-
centagein decilesfor proteinalignments(Fig. 1) and as*align’ or ‘ conserved’
(for gapped alignments or gap-free alignments, respectively) appended with
asimilarity or identity percentage in deciles for nucleotide alignments. The
value of similarity or identity is shown in the score column.

I dentification of synteny blocks

We have developed a program to find synteny blocks between two genomic
sequences. This program takes the GFF alignment file of the alignment pro-
gram output asthe input and searches for gene (or alignment) pairs occurring
inthe same order in both the compared sequences at adistance lessthan some
maximal distance, which can be defined by the user. A set of equal to or larger
than a minimum number of such gene pairs is considered a synteny block.
This minimum number can be specified by the user, thus allowing flexibility
in defining synteny blocks both in terms of aignment quality and extent of
colinearity. The derived synteny blocks are also stored in the GFF files. In
each file, every record line has the same format as shown in Figure 1, where
the method columnis‘similarity’ but the source columnis‘block’ for protein

alignments or ‘region’ for nucleotide alignments, appended by an identity
percentage in deciles.

Other genome annotation data and databases

All genome annotation data except the alignments described above are in
the same format as required by GBrowse. All data are stored in the databases
for each species according to the Bio::DB::GFF schema and are uploaded
using the BioPerl scripts bulk_load_gff.pl or bp_bulk_load_gff.pl (Stein
et al., 2002).

Configuring the system

A generd configuration file, ‘General.conf’, is used to manage information
applicable to the entire system. In this file, the system administrators are
required to set the permutation of comparative species pairs, the tracks of
their alignments and other global parameters.

A species-specific configuration fileis applied to control the database and
thedisplay of thetracks of the comparison featuresfor each speciesaccording
to the GBrowse configuration format.

Setting up an option to display text-based protein
alignments

SynBrowse hasafunction to generate text-based nucl eotide alignmentson the
fly for the displayed query to reference species alignment blocks. However,
it does not produce text-based protein alignments by itself. We designed an
option for SynBrowseto extract protein alignmentsfrom thefile system. This
requiresthe system administrators to store the text-based protein alignments,
which are generated by an independent protein alignment program, in alocal
directory on the server machine. In the configuration file ‘ General .conf’, the
administrators need to set the path to thelocation where the text-based protein
alignments are stored.

Software requirements

SynBrowse runs on several software packages. The following software must
beinstalled and configured before running SynBrowse:
(1) GBrowse 1.53 or higher (http://www.gmod.org).

(2) Perl 5.6.0 or higher (http://www.perl.org).
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Fig. 2. Organization of SynBrowse software modules. Major and minor
modules of our project are highlighted by green and light gray colors,
respectively.

(3) BioPerl 1.4.0 or higher (http://www.bioperl.org).
(4) Apache Web Server 1.30 or higher (http://www.apache.org).

Also required are Perl modules GD, DBI, DBD::mysqgl, Digest::MD5 and
Text::Shellwords, all of which are available at http://www.cpan.org

RESULTS

SynBrowse is available for download at http://www.gmod.org.
Demonstrations of the software configured for plant cross-species
comparisons are available at http://www.synbrowse.org

Software design

SynBrowse is written in the Perl programming language
(http://www.perl.org) and depends on the BioPerl library modules
Bio::Graphics and Bio::DB::GFF (Stgjich et al., 2002). It aso
uses modules from the GBrowse package, in particular the text-
based administration configuration system of that package. The
software runs on any CGIl (Common Gateway Interface) compli-
ant web server, but it has only been tested extensively using the
Apache web server. The backend can use any of a number of rela-
tional databases, including MySQL (http://www.mysql.com), Post-
greSQL (http://www.postgresgl.org) and Oracle (http://www.oracle.
com). As shown in Figure 2, the SynBrowse software architec-
ture is similar to the one used by GBrowse, the main difference
being that the entry point for the software is the CGI script ‘syn-
browse' rather than ‘ gbrowse. SynBrowse also extends the BioPerl
library in several ways in order to support the display of various
alignment types.

Users who are familiar with setting up GBrowse databases will
find working with SynBrowse to be similar. To create a SynBrowse
website, a researcher will create tab-delimited text files describing
the annotations on each of the genomes under study. The user also
creates another series of text files describing the alignments among
the genomes and then uses the standard GBrowse database | oad tools
such as bp_bulk_load_gff.pl to create the database schema and load
datainto Bio::DB::GFF databasesfor each species. After these steps,
SynBrowsemust be configured using aseriesof human-readable con-
figuration files. Each speciesunder analysiswill have aconfiguration
file that describes its feature types and how they should be dis-
played (see http://www.synbrowse.org/pub_docs/Arabidopsis.conf
for an example). An additional configuration file describes the
datasets (‘comparison features') that can be used to align the

genomes to each other and sets up parameters for the website (see
http://www.synbrowse.org/pub_docs/General .conf for an example).
This modular design makes the software easy to install and man-
age and gives the researcher the flexibility of trying out multiple
alternative types of alignments, such as the ones based on nucle-
otide or protein alignments, without rebuilding and reconfiguring
the database each time.

Theuser interface

Once installed and run, SynBrowse provides end users with a web
interface to choose cross-speci es sequence comparisons (Fig. 3). The
end user is first prompted to select a ‘focus (or ‘query’) species,
referring to an organi sm-specific set of sequencesto be studiedinthe
context of other ‘reference’ species. Once afocus speciesis selected,
theinterface displaysall the other genomesthat have been aligned to
the focus species along with alist of available feature types or tracks
of the focus species in a checkbox group. After areference species
isselected, theinterface showsthelist of the tracks for the reference
speciesand the search field aswell asthe selection menusof available
comparative alignment types and display levels, from which the user
will select. After these preliminaries, the user can search the database
for a gene, a BAC, a chromosome or another landmark in order to
view patterns of global synteny (Fig. 3), detailed syntenic regions
(Fig 4 and 5) or homologous gene pairs (Fig. 6).

Theglobal synteny, detailed syntenic regions or homol ogous gene
pairs found are graphically displayed on both the focus panel (white
background) and reference panels (antique white and light yellow
background). The comparisons of two sequences are based on an
alignment feature created using any nucleotide- or protein-based
alignment method. Both ends of aconserved region (asynteny block,
agene, an exon or a DNA alignment) between focus and reference
species are connected by colored linesto show the matching regions.
Thesevertical lines are extended through various other features such
aspredicted genes, expressed sequencetag (EST) spliced alignments,
repeats and motifs that have been attached to the focus or reference
sequences. The conserved regions between the focus sequence and
different reference sequences are shown in different colors based on
the level of conservation (Fig. 4).

Because comparisons between related species can result in avery
busy display, users can manipulate the display by realigning, zoom-
ing in or flipping the region. Clicking on a syntenic block, agene or
another alignment on the focus panel will zoom in to a page showing
adetailed view of the clicked object.

The focus panel contains one or more tracks that display the pro-
tein or nucleotide alignments used for the genome alignments. For
example, line 5 on the white panel in Figure 3 holds a set of protein
alignments (synteny blocks) from Medicago chromosome 2 to Ara-
bidopsis chromosome 5. Clicking one of these blocks will zoom
in to a page showing a more detailed microsynteny structure in
gene-to-gene comparisons in that block.

Each reference panel aso contains an alignment track, which
shows the reciprocal alignment from that reference sequence to the
focus sequence (e.g. the line Mt2 on the reference panel in Fig. 3).
Clicking anuclectide alignment rectangle on the reference panel will
generate text-based nucleotide alignments on the fly, while clicking
on the protein alignment rectangles will pop up awindow showing
the detailed text alignments of the homol ogous gene represented by
the rectangles.
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Fig. 3. A screen shot of the web-based user interface and the display of global synteny between Medicago chromosome 2 and Arabidopsis chromosomes 4

and 5, respectively.

Applications

We use comparisons between Medicago and Arabidopsis sequences
to demonstrate the applications of SynBrowse. Medicago bacterial
artificial chromosomes (BACs) of phase 2 and 3 were downloaded
from GenBank and then assembled based on the overlap tables
from the Medicago sequencing project at http://www.medicago.org/
genome/. Gene structures were predicted using Fgenesh (Salamov
and Solovyev, 2000), and tentative gene functions were assigned on
the basis of high-scoring hits of the predicted translation products
against the NCBI non-redundant protein database using BLASTP.
Release 5 of the Arabidopsis genome and its annotation data were
downloaded from the FTP site of the TIGR Arabidopsis genome
annotation database (Wortman et al., 2003).

Displaying macrosynteny One of the major applications of Syn-
Browse is the display of macrosynteny between a focus sequence
and a reference sequence. Macrosynteny between two sequences is

usually recognized as a number of synteny blocks. By default, Syn-
Browse will display synteny blocks for the whole genome or other
large-scaleregions. Thisprovidesfor visualization of theglobal rela
tionships among the species and acts as the starting point for the
navigation to detailed analyses. Figure 3 shows global macrosynteny
between Medicago chromosome 2 and Arabidopsis chromosomes 4
and 5 in the ‘ Synteny Block’ visualization mode. SynBrowse also
allows users to view whole-genome synteny or macrosynteny by
selecting either the ‘Coding_Gene' (coding gene-to-gene compar-
ison) or the ‘ Coding_Exon’ (coding exon-to-exon comparison) as a
display mode for the protein comparative alignments. SynBrowse
supports an option for the system administrators to set the maximum
segment that will be displayed for each display mode in the species-
specific configuration files. This prevents freezing of the display in
the case that there would be too many data to search in the database
for alarge genome region. SynBrowse also supportsa‘DNA Align-
ment’ (nucleotide alignment comparison region, which may have
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gaps) or ‘Conserved Piece' (a small comparison region of success-
ive gap-free pieces of the sequence and pieces of another sequence)
mode for those choosing nuclectide alignments for comparison.

Visualizing microsynteny  Another major application of SynBrowse
isthe visualization and analysis of microsynteny between sequences
from two species. This can be used for detailed gene-to-gene com-
parisons in a syntenic region as well as exon-to-exon comparisons
among orthologous or paralogous genes and thus is valuable for
studying gene evolution. In a BAC-size region (100-200kb), non-
comparative alignment features such as gene models, cognate EST
spliced alignments, repeats and motifs also appear. Figure 4 shows
a conserved microsyntenic region with four gene pairs conserved
between Medicago chromosome 2 and Arabidopsis chromosome 5
after zooming in from Figure 3 in the ‘Coding_Gene' comparison
mode. In this display, the gene protein level alignments, shown by
rectangles with different degrees of blue color, are used as the key
comparison feature. The deepest blue represents the highest percent
identity (100%), whilelighter blue representslessidentity. The same
gene protein alignments displayed on both the focus and reference
panelsare connected by two light bluelines at both ends of the align-
ments. Thetwo connection linesarethen extended to both ends of the
two conserved genes on Lotus chromosome 2 and Arabidopsis chro-
mosome 5, respectively, showing an exact match of the conserved
genesin length.

Figure 5 shows the microsynteny region with more detailed com-
parisons after realigning in the ‘ Coding_Exon’ mode. This display

uses protein level alignments on the exon scale, with matching
segments shown by rectangleswith different degrees of bluecolor, as
the key comparison feature. Corresponding ends of each exon pair
are connected by light blue lines. The nucleotide level aignments
are depicted by rectangles with different degrees of green color. The
deepest green represents the highest percent identity (100%), while
lighter green represents less identity. These nucleotide alignments
are good complementary features showing that non-coding regions,
such as some introns and intergenic regions, are also conserved,
althoughthelevel of their conservationislower thanthat of thecoding
regions.

Identifying genesand motifs SynBrowse canbeusedto assistinthe
identification and characterization of genes and motifs of a species
by comparing its sequencewith awell-annotated reference sequence.
For example, Medicago and Arabidopsis are dicot plant species. The
sequencing of Medicago isstill in progress, while Arabidopsis has a
complete and well-annotated genome sequence. SynBrowse allows
researchersto view the alignment between Medicago and Arabidop-
sis and to compare their gene prediction sets. Figure 6 shows the
structure of Medicago gene AC130811_18, which was originaly
predicted by the Fgenesh program, in comparison with the ortho-
logous Arabidopsis gene At5g54270.1 from the TIGR Arabidopsis
annotation database. Thegraphical display showsan extraexon at the
right-hand sidein the Fgenesh predictionfor thegene AC130811_18,
which should be corrected by the removal of thisexon. Furthermore,
the gene product of At5g54270.1 has been putatively identified as
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a chlorophyll A-B binding protein/LHCII type Ill (LHCB3), and
AC130811_18 would be predicted to a so belong to this family. We
should note another benefit of comparative annotation, illustrated
using the Figure 5 example. AC130811_18 and AC130811_20 are
clearly separated by another gene, whereas their annotated Ara-
bidopsis counterparts At5g54270 and At5g54280 appear to overlap.
Using the AtGDB display and user annotation tools (Dong et al.,
2004) we found that this overlap part is an annotation mistake and
that the correct 3' end of At5g54280 is further downstream, based
on full-length cDNA evidence (see http://www.plantgdb.org/AtGDB
and search for At5g54280).

DISCUSSION

Several comparative sequence visualization tools are publicly avail-
able. The VISTA browser (Frazer et al., 2004) isaglobal alignment-
based visualization tool used to display the degree of conserved
regions between two or more genomes. The PipMaker visualiz-
ation system (Schwartz et al., 2000) is a local alignment-based
visualization program that creates static percent identity plots of
conserved segments between two or more sequences. Compared
with SynBrowse, these two programs are less flexible with respect
to input: VISTA relies on AVID nucleotide-level alignments (Bray
et al., 2003) and PipMaker is built upon BLASTZ (Schwartz et al .,
2003). K-BROWSER (Chakrabarti and Pachter, 2004) is a VISTA-
like browser, which can visualize multiple genomes with severa
comparison feature tracks at a time. The Ensembl Synteny View
tool (Clamp et al., 2003) shows syntenic blocks of conserved gene
order between two or more genomes. However, it displays synteny
only at the levels of macrosynteny and microsynteny and is unable
to zoom in to show more detailed conserved gene order at the level
of intron—exon structure. The Apollo Synteny Viewer (Lewiset al.,
2002) isadesktop program, which visualizes synteny relationshipsat
both the macrosynteny and microsynteny level. Artemis Comparison
Tool (ACT) (http://www.sanger.ac.uk/Software/ACT/) is another
sequence comparison viewer, with the capability to compare sev-
eral genome regions simultaneously and to conduct microsynteny
analysis at the level of intron—exon structure. However, both Apollo
and ACT viewers do not run as aweb application.

SynBrowsewas designed as ageneric and portabl e web-based tool
for a comparative sequence analysis, which provides easy installa
tion as a stand-alone product (e.g. http://www.synbrowse.org/cgi-
perl/synbrowse?config=legume) as well as potential integration as
a component of larger model organism database system, such as
Gramene (Ware et al., 2002), WormBase (Stein et al., 2001) and
FlyBase (The FlyBase Consortium, 2002). It uses either protein
alignments or nucleotide alignments as the key comparison feature
that is complemented by other features. This software lets end users
search and browse comparisons between two sequences for syntenic
blocks and then zoom in to a set of genes (or exons) or to nucleotide
alignments of a syntenic block for more detail. It is useful in the
comparative sequence analysis and evolutionary study for visualiz-
ation and analysis of macrosynteny, microsynteny and homologous
genes between two sequences or genomes. It can also aid in the
identification of uncharacterized genes, putative regulatory elements
and novel structural features in the genomic sequences of different
species by comparison with a well-annotated reference sequence,
enabling genome curators to refine and edit annotations of species
that have incomplete genome annotations. In addition, it can be

applied to perform intra-species sequence comparisons and study
genome duplicationsin a species.

SynBrowse integrates with a previously developed software
within the Generic Model Organism Database (GMOD) Project
(http://www.gmod.org/). It can reuse the existing GBrowse data-
bases and configuration files with the addition of the comparative
alignments. So, it is easy to make both the SynBrowse and GBrowse
software co-exist in a model organism database system. CMap,
another GMOD software component (http://www.gmod.org/cmap/),
has also been popular software for genetic and physical mapping
and analysisin bioinformatics research community. If CMap isused
as the front end for macrosynteny display and then SynBrowse is
used to focus on the microsynteny display, this would be a very
good combination of the applications for synteny study. SynBrowse
is aso complementary to Apollo, the GMOD project’'s genome
annotation editor. For atypical model organism database system, we
can edit genome annotations with Apollo and then update the Syn-
Browse databases. In addition, SynBrowse supports Chado, a set of
schema modules for building a model organism relational database
(http://www.gmod.org/schema/), because SynBrowse databases are
created based on the Bio::DB::GFF schema, which was designed to
accommodate the integration with GMOD modular schemas.

In the future, we will be seeking to enhance the performance and
improve the graphical display of sequence comparison. A priority
isto extend the visualization to allow three-way multi-species com-
parisons so that the focus genome occupies the central panel and the
two reference genomes occupy panels above and below the query
genome.

Wewill enhance the system so that end users can upload their own
BAC or gene sequences and have the alignments of these sequences
compared with the reference sequences generated automatically and
then displayed graphically. In addition, wewill also integrate genetic
map data with SynBrowse, making SynBrowse applicable for both
comparative sequence and genetic analyses.
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