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ABSTRACT

As an increasing number of genomes are sequenced, comparative genomics analysis at
different evolutionary distances plays a crucial role in decoding genomic information and
discovering the similarities and differences between the genomes. It consists of three process
steps: data preparation, sequence alignment, and visualization. In this thesis the major alignment
methods and visualization tools are discussed. Based on an analysis of current work, we have
designed and implemented a comparison visualization approach that satisfies the specific
requirements of the CryptoDB project (http://cryptodb.org) (45). Our approach is written in Perl
and based on the GBrowse framework. In addition, this study also presents an analysis of the
comparison of C. hominis and C. parvum to find candidate insertions, deletions, and synteny
blocks. Future work is also discussed.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

The availability of DNA sequences has grown exponentially. However, knowledge of the
primary DNA sequence does not directly provide the desired information about function, and we
are now faced with the challenge of decoding the information within these DNA sequences.
Comparative genomics analysis of the sequence from multiple species at different evolutionary
distances allows us to discover the similarities and differences between the genomes and is thus
an important tool in addressing this challenge.

The assumption that underlies all comparative genomics is that the two genomes had a
common ancestor and, therefore, that every base pair in each organism can be explained as the
combination of this original ancestral genome and the action of evolution (60).

The purpose of comparative genomics is to gain a better understanding of how species
have evolved. By comparing the genomic sequences of different species, the following features
can be identified and determined: sequence similarity, gene location, the length and number of
coding regions within genes, the amount of noncoding DNA in each genome, and highly
conserved regions maintained in organisms (23).

Different questions can be addressed by comparing genomes at different phylogenetic
distances (Figurel) (31). Here we define three kinds of phylogenetic distance:

» Long distance: larger than 1 billion years of evolution since separation;

» Moderate distance: about 70 — 100 million years of evolution since separation;



» Short distance: about 5 million years of evolution since separation;
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Figure 1. Genomes comparisons at different phylogenetic distances are able to address different
questions. A generalized phylogenetic tree is shown with four different organisms: A, B, C, and
D. A and D are the most distantly related pairs. Examples of questions addressed by genomes
comparisons at the different distances are given in the boxes. (31)

Normally over long distances, the order of genes and the sequences regulating their
expression are generally not conserved easily. By the comparison of genomes, the core set of
proteins in multi-cellular organisms can be found (31). At moderate phylogenetic distances, both
functional and nonfunctional DNA can be found within the conserved DNA. The comparative
genomics approach can not only distinguish conserved from divergent, and functional from
nonfunctional DNA, but also identify the general functional class of certain DNA segments, such
as coding exons and some gene regulatory regions (31). At short distances, sequence data is
highly conserved. Thus the comparison of similar genomes can help researchers to find the major
sequence differences that may explain the differences between the organisms. Thus comparative

genomics is a powerful and important approach, and as genomic sequence data accumulate it

will become more and more informative.


http://biology.plosjournals.org/perlserv/?request=slideshow&type=figure&doi=10.1371/journal.pbio.0000058&id=2742

1.2 Process steps
The comparative genomics approach can be divided into three steps: generation of
annotated sequence data, alignment of sequences from two or more species, and visualization of

the alignments (Figure 2).

Genomic | Alignment tool | Visualization | Comparative
Sequence » Alignment to0l » Visualization
Data file of genome

Figure 2. The process flow chart of comparative genomics analysis

Obtaining genomic sequences data for comparative analyses:

DNA sequence generation is a process that determines the exact order of the chemical
building blocks (called bases and abbreviated A, T, C, and G) in the genetic material of an
organism. It was the greatest technical challenge in the Human Genome Project. After DNA
sequencing is performed, the sequences are assembled and submitted into a public sequence
database with public web sites and are available to the world. From some of these web database
servers, such as the NCBI (National Center for Biotechnology), most of the publicly available
DNA sequences for all species can be obtained. Also, some species-specific sequence databases
exist such as NCBI (http://www.ncbi.nim.nih.gov/), TIGR (http://www.tigr.org/), and Sanger
(http://www.sanger.ac.uk/), to name a few. Because some genome sequences in those web
databases are not annotated, programs are required to predict the locations of putative genes by
searching the DNA sequences for common features (23). Some gene annotation and prediction
programs exist such as GENSCAN (http://genes.mit.edu/GENSCAN.html). These genes are then

often displayed on the resulting visualization.


http://biology.plosjournals.org/perlserv/?request=slideshow&type=figure&doi=10.1371/journal.pbio.0000058&id=2742
http://www.ncbi.nlm.nih.gov/
http://www.tigr.org/
http://www.sanger.ac.uk/
http://genes.mit.edu/GENSCAN.html

Alignment of sequences:

Sequence alignments are the core process in the field of comparative genomics. The
alignment maps the nucleotides in one sequence onto those in the other sequence, with gaps
either introduced or not. Introduction of gaps into sequence alignments allows the alignment to
be extended into regions where one sequence may have lost or gained sequence characters not
found in the other.

Several types of alignments exist:

» local alignments that identify local similarities between regions of each sequence;

> global alignments over the entire length of each DNA (nucleic acid) or protein

(amino acid) sequence;

> glocal alignments that are a combination of the methods of global and local

alignment;

> pair-wise alignments that find the best matching local or global alignments of two

DNA or protein sequences;

> multiple alignments that are an extension of pair-wise alignment to incorporate

more than two genomic sequences into an alignment;

When genomic sequence consists of several unordered regions, or when genomic
sequence rearrangements are frequent, local alignments are more suitable to find the true
conservation than global alignments. Global alignments are useful for the closely-related
sequences, but these closely-related sequences are also easily identified by local alignment
methods. If the genomic sequences are not known to be homologous over their entire length, a
local alignment should be better. Sometimes these two methods will give similar answers, but if

the homology is distant, a local alignment will be more likely to find the regions of homology (7).



So the local alignment is more flexible with evolutionary changes than global alignment. Here

the comparison of local and global alignment algorithm strategy will be given (Figure 3).
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Figure 3. Comparison of local and global alignment algorithm, Top: Global alignments are
generated with two DNA sequences (A and B) and an optimal similarity score is obtained over
the entire length of the two sequences. Bottom: Local alignments are produced with two DNA
sequences (A and B) and optimal similarity scores are obtained over many sub-regions along
these two sequences. The local-alignment algorithm works by first finding very short common
segments, and then expanding out the matching regions as far as possible. (44)

With an increasing of the number of genomic sequences, the pair-wise alignments may
have difficulty providing an overall picture of conservation, but the multiple alignments can help
in the identification of common regions between the sequences and provide a much clearer
picture of genome evolution, and will become more important as the number of available
genomes increases. Multiple sequence alignment is computationally difficult and is classified as

an NP-hard problem (20). The results of experiments show that multiple alignments are better

than pair-wise alignments at aligning conserved exons between distant species (23). For example,



the multiple alignment among the human, mouse, and fugu genomes may obtain a more accurate
result than the pair-wise alignment between the human and fugu genomes (10).

Local alignment methods, such as Smith-Waterman (54), BLAST (1, 2), BLASTZ (53),
SSAHA (39) and so on, can align the sequences only in certain regions and find locations of
rearrangements between two sequences. For example, the positions 25-50 of sequence A may be
aligned with the positions 85-110 of sequence B. The most famous local alignment method is
Smith-Waterman (54). This kind of alignment may be thought of as minimizing the evolutionary
distance or maximizing the similarity between the two compared sequences (1).

Global alignment tools include Needleman-Wunsch (38), DIALIGN (37), MUMmer (14-
16), GLASS (4), WABA (34), and AVID (7). These tools will align the sequences across their
entire length and can produce a more accurate alignment at the base-pair level than local
alignment tools when the features are in the same order. The best-known global alignment
algorithm is Needleman-Wunsch (38), but unfortunately this algorithm is too time-consuming for
comparing long genomic sequences (10). Most of these methods have been proven effective in
aligning genomic sequences from two closely related organisms, such as human and mouse or
Caenorhabditis elegans and C.briggsae, but have not been tested in alignments between distant
relatives such as human and fugu (10).

Glocal alignment is a new notion of sequence alignment that combines global and local
alignment methods and can handle rearrangements between the sequences. The Shuffle-LAGAN
(SLAGAN) algorithm (13), a kind of glocal alignment method capable of quickly aligning long
genomic sequences, will be introduced in the following chapters. It is based on the CHAOS (12)

local alignment algorithm and the LAGAN (10) global alignment algorithm.



The availability of multiple genomic sequences helps scientists to learn more about DNA
mutations during evolution (13). For example, the multiple alignment of several homologous
sequences can detect similarity across large evolutionary distances, which might reveal some
important biological features (27, 6, 33, 59). In recent years, a number of computer programs
have been developed for the alignment of multiple sequences including CLUSTALW (58),
MULTALIGN (3), MULTAL (57), YAMA (29, 30), PRRP (26), DIALIGN (37), MAVID (8)
and MLAGAN (10). Multiple alignments are more difficult to compute than pair-wise
alignments because most of the multiple alignment programs use a progressive method of
successive applications of a pair-wise alignment algorithm. These methods can effectively align
proteins and relatively short genomic regions, but are not efficient enough to align entire

genomes.

Visualization of the alignment:

Visualization of complex alignment data is very important for computational biologists.
The interactive graphics and visual presentations are effective methods to interpret large
quantities of scientific data. Currently several comparative genomic visualization tools exist:
VISTA (Visualization Tool for Alignment) (36, 24), Phylo-VISTA (52), SynBrowse (43),
Mauve (16), Mulan (41), PipMaker and MultiPipMaker (39, 40), BSR (46), ABC (Application
for Browsing Constraints) (15), ACT (14), Alfresco (32) and so on. The capabilities of these
tools are discussed in detail in chapter 3. Several categories of these browsers for the pre-
computed genome alignment can be described:

» Static images browser: static images will be generated according to the pre-

computed alignment.



» Dynamic and interactive browser: visual presentation will be changed at varying

levels of resolution and with the different parameters.

> Web-based alignment browser: sequence data can be loaded into the web server

that will provide the outcome the visualization of comparative genomics with static
images or dynamic and interactive images;

» Stand-alone browser: download and run the program locally, thus eliminating any

limitation of networking.

For example, the VISTA browser generates static images that are not interactive; the
phylo-VISTA and PipMaker browsers require the use of a particular alignment program; the
ABC browser allows many annotation types and colors with the stand-alone version but it is not
suited for genome-wide visualization; the Mauve browser is quite useful for browsing large scale

genome with genomic rearrangements.

1.3 Implementation
In this thesis work, a comparative genomics visualization for the CryptoDB project
(http://cryptodb.org) (45) will be introduced and implemented according to the above described
three process steps. See chapter 5 for detailed discussion of the design and implementation.
<> The sequence data used by the CryptoDB project consists of the C. hominis and C.
parvum genomes. The C. hominis genome has 18 long contigs
[(AAEE01000001...AAEE01000018)] and the C. parvum genome has 1422 short
contigs [(AAEL01000001...AAEL01001422)]. Currently, both DNA and protein
sequence data can be obtained from the NCBI GenBank database.

<> Two phases are required for these two particular genomes. The first phase involves


http://cryptodb.org/

contig level comparison by the WU-BLASTN alignment method (25). At this phase,
one of the long C. hominis genome contigs will be set as a reference contig, and by
WU-BLASTN alignment, many short C. parvum genome contigs will be compared
to this C. hominis contig. The second step uses the OrthoMCL program
(http://orthomcl.cbil.upenn.edu/) (48) to identify the orthologous groups. These
analysis programs provide the mappings between features of the two genomes and
serve as the basis for the visualization. The WU-BLASTN results provide genomic
synteny information. The OrthoMCL program provides information about
orthologous genes and their positions in the genome.

<> Three steps of the visualization component are implemented in this project. Firstly,

the annotated gene features are added onto each genome contig; secondly, according
to the ortholog gene group, a comparison shadow is drawn; finally, on these
comparison shadows, an image map is generated with a popup window and detailed
text alignments are shown in this window: ClustalW, BlastP and Promer diagrams.

In this project, the genome browser used is GBrowse (http://www.gmod.org/) (56), a
web-based application for displaying genomic annotations and other features. Although several
optional visualization tools exist with very useful and powerful functions, none of them can be
quite integrated into our framework. Thus, we developed our own unique and novel comparative

genomics visualization approach.


http://orthomcl.cbil.upenn.edu/
http://www.gmod.org/
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CHAPTER 2
REVIEW OF ALIGNMENT APPROACHES

A genomic alignment is a mapping of one DNA sequence onto another evolutionarily
related DNA sequence in order to identify regions that have been conserved. Several major
genomic local and global alignment approaches exist, including LAGAN and Multi-LAGAN
(10), Shuffle-LAGAN (13), AVID (7) and MAVID (8), MUMmer (17, 18, 35),
CHAOS/DIALIGN (12), and Mauve (16).

In the following sub-sections, we present each of these approaches, providing some detail

on the approach, its assumptions, and the algorithm employed.

2.1 LAGAN and Multi-LAGAN (MLAGAN)
Introduction:

LAGAN (Limited Area Global Alignment of Nucleotides) is a kind of global alignment
method that can rapidly align two large-scale homologous genomic sequences. The key idea
behind the approach is the anchoring technique that can reduce the computation time. This
method was tested on 12 vertebrate species with greater than 12 Mb sequence and it was found
that it can produce more accurate alignments than other leading global alignment methods such
as DIALIGN (37), MUMmer (17, 18, 35), GLASS (4), and AVID (7), especially between distant
homologous organisms such as human and chicken, or human and fugu. (10).

Multi-LAGAN is a kind of global alignment method that aligns multiple genomic DNA

sequences, based on progressive alignment with LAGAN. It is a practical method to generate
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multiple alignments of long genomic sequences at any evolutionary distance (10). The source
code for LAGAN and Multi-LAGAN is available from the authors
(http://www.cs.toronto.edu/~brudno/).
Assumption:

LAGAN and MLAGAN assume the orthologous regions between two species have
already been identified and that no genomic rearrangements exist. In addition, Multi-LAGAN
assumes that the phylogenetic tree is given (10).

Outline of algorithm:

The LAGAN algorithm has three main steps: (Figure 4) (10):

» Generation of local alignments between the two sequences. At this step, LAGAN
finds all the local alignments using the CHAQOS algorithm (12), a highly sensitive
method that detects local alignments and relies on multiple short inexact words
instead of longer exact words. It then assigns a weight to each local alignment
according the score of each alignment (Figure 4B).

» Construction of a rough global map by chaining an ordered subset of the local
alignments (Figure 4C). At this step, two local alignments will be chained if the end
of one precedes the start of the other. Many chains are generated, and weights are
computed. Each local alignment in this chain is called an anchor. The highest-weight
chains are reported.

» Computation of the final global alignment (Figure 4D). The rectangle boxes in
Figure 4D are found between each consecutive pair of the anchors. Each box
includes the area between the end position of first anchor and the begin position of

second anchor. Then, the global alignment can be computed within these rectangle
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boxes areas by the Needleman-Wunsch-like dynamic programming.

e s ~
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Figure 4. The LAGAN algorithm. (A) A global alignment between two sequences is a path from
the top-left to the bottom-right corner. (B) The first step of LAGAN algorithm is to find all local
alignments. (C) The second step of LAGAN algorithm is to generate a global map with the
highest-weight chain. (D) The third step of LAGAN algorithm is to find the cell boxes between
each anchor of the chain and then compute the optimal Needleman-Wunsch alignment limited to
this area. (10)

The MLAGAN alignment algorithm is based on progressive alignment: A multiple L-
sequence alignment is constructed in L-1 pair-wise alignment steps and in each step two closest
sub-sequences according to the phylogenetic tree are aligned. Two major phases for MLAGAN
exist given L sequences X', ... , X" and a phylogenetic tree.

» The progressive alignment phase. At this phase the multiple alignment by

successively aligning the two closest sequences according to the phylogenetic tree.
The LAGAN algorithm is used to align the pair of sequences;
» An iterative improvement phase. During this phase, the algorithm successively

removes each sequence from the multiple alignment and re-aligns it to the consensus

alignment until no significant improvements occurs.

Input and output files:

The input to LAGAN consists of two sequences files, in FASTA format.
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The output of LAGAN should be three files: an .alignment file, a .fasta.masked file, and
a .fasta.out.

The input to Multi-LAGAN consists of several sequences files, in FASTA format, and
the phylogenetic tree that relates all of these sequences..

As with LAGAN, the output of Multi-LAGAN is three files: an .alignment file,

a .fasta.masked file and a .fasta.out file.
Visualization:

The alignment result produced by LAGAN or MLAGAN can be visualized by VISTA
(33, 34) or Phylo-VISTA tools (52). See section 4.1 for detailed discussion of the visualization.
Evaluation:

Compared with several leading global and local alignment methods such as DIALIGN
(37), MUMmer (17, 18, 35), GLASS (4), AVID (7) and BLASTZ (53) in orthologous sequences,
LAGAN, MLAGAN and BLASTZ were the most accurate at aligning close homolog sequences,
and LAGAN and MLAGAN also were the best at aligning distant homolog sequences. Although
MLAGAN was slower than the other aligners, it was more accurate for the multiple sequence
alignment (10).

Most of the global alignment algorithms such as DIALIGN, MUMmer, GLASS, WABA
(34),and AVID were designed for highly similar organisms sequences, such as human and
mouse, but have not been proven efficient between two distant organisms such as human and
fugu. However, LAGAN can work well between both distant and close organisms because it uses
the CHAOS method to detect the local alignments by multiple short inexact words instead of

longer exact words (10).
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The results of LAGAN and MLAGAN show that multiple genomic sequence alignments
are better than pair-wise genomic sequences alignments in distant species (10). Thus, a multiple
global alignment of the human, mouse, and fugu genomes may be better to obtain accurate

alignments than a pair-wise global alignment of the human and fugu genomes (10).

2.2 Shuffle-LAGAN (SLAGAN)
Introduction:

Global alignment algorithms such as MUMmer, AVID, and LAGAN, can produce more
accurate alignments than local alignment algorithms in closely related genomic sequences with
the same order of features, but they do not handle rearrangement events because they require that
the map between two sequences must be monotonically increased in both sequences (13). Local
alignment algorithms such as BLAST, CHAOS, and BLASTZ are able find the locations of
rearrangement between genomic sequences, but they can not show how these two sequences
evolved from their common ancestor. Thus, a new notion of alignment method known as glocal
alignment, a combination of global and local methods, has been introduced (13). Such glocal
alignment algorithms create an alignment map that transforms one sequence into the other and
allows for rearrangement events.

SLAGAN (13) is an example of a glocal alignment algorithm and is based on the
CHAQS (12) local alignment algorithm and the LAGAN (10) global alignment algorithm, and is
able to quickly align long genomic sequences of length greater than 1Mbp in the presence of
rearrangements. It was the first genome alignment method that permitted genome rearrangements
(13) and has been used to align the mouse and the human genomes. The source code is available

at http://lagan.stanford.edu/glocal.
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Outline of algorithm:

The SLAGAN algorithm consists of three distinct stages (Figure 4) (13).

> First, local alignments between two sequences are generated using the CHAOS local
alignment algorithm. See Figure 5A. CHAOS works by chaining together short
words matched between two sequences and then scores each chain by the sum of
each anchor’s score in the chain.

» Second, a “1-monotonic conservation map” is built. See Figure 5B. Most global
alignment algorithms began with a local alignment algorithm and then build a rough
global map, which must be non-decreasing in both sequences. In order to satisfy the
rearrangement events, the global map should be non-decreasing in only one sequence.
This kind of global map is called “1-monotonic conservation map”.

» Third, the maximal consistent sub-segments are aligned. Computing the maximal
consistent sub-segments is very important. After the “1-monotonic conservation
map” is produced, generating the maximal consistent sub-segments in this map is
straight-forward (shown as the dashed boxes of Figure 5C), by sorting all the local
alignments in the map: set the first alignment as the start of a consistent sub-segment
and then add other local alignments if they are consistent. Once an alignment is
inconsistent with the current sub-segment, the new sub-segment will be generated.
Two local alignments are consistent if they can both be a part of a global alignment
(13). After producing these maximal consistent sub-segments, the global alignment

algorithm such as LAGAN is used to align these maximal consistent sub-segments.
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Figure 5. Outline of SLAGAN Algorithm: (A) the local alignment between the two sequences is
generated by CHAOS local alignment method. (B) The “1-monotonic conservation map” with
bold line is found. (C) The maximal consistent sub-segments of the 1-monotonic map (dashed
boxes) are found and then aligned by LAGAN. (13)

Input and output files:

The inputs to SLAGAN consist of two genomic sequences file, in FASTA format, and
two annotation files.

The outputs of SLAGAN are the alignments formats, the MFA (multi-FASTA alignment)
formats, and a list of conserved regions from the alignment (CNS) formats. Actually the
alignments files are the same as MFA file in content, but different in format.

Visualization:

The alignment result produced by SLAGAN can be visualized by VISTA (33, 34) or
Dotplots (11).

Evaluation:

SLAGAN was tested by aligning the human and mouse genomes using the whole
genome alignment technique used in the Berkeley Genome Pipeline (13). Compared with the
regular LAGAN global alignment, SLAGAN has better sensitivity and similar specificity and
compared to the BLASTZ (53) local alignment, SLAGAN shows better specificity at a modest

cost in sensitivity (13).
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In order to catch rearrangement events, the SLAGAN algorithm relaxes the assumption
of global alignment and only allows the global map to be non-decreasing in one sequence,
without any restriction in the other sequence. Thus, when one sequence aligns duplicated regions;
it will be reported only in one of the sequences. One of the major drawbacks of the SLAGAN

algorithm is that it is not symmetric, and will miss duplications (13).

2.3 AVID and Multi-AVID (MAVID)
Introduction:

AVID is a global alignment method designed to be fast, memory efficient and practical
for sequence alignments of large genomic regions up to Mbp long. It is sensitive in finding
homologous regions, and has been used to align thousands of submitted sequence pairs and also
as a key component in an alignment of the entire human and mouse genomes (7). It uses an
efficient data structure called a suffix tree.

MAVID is a multiple alignment program suitable for many large genomic DNA
sequences up to Mbp long. It is also integrated with various phylogenetic tree construction
programs and visualization tools, and can be used to identify conserved regions in
phylogenetically related sequences. It has been used to align vertebrate genomic sequences,
mitochondrial DNA, viruses, and other sequences (8).

Assumption:

The critical assumption is that the aligned sequences’ functional elements should be

preserved in order and orientation, in order to reduce false alignments. At the same time, this

restricts the possible applications of the program. Certainly this kind of problem can be fixed
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using the idea of glocal alignment by combing AVID global alignment with some local
alignment (7).

Outline of algorithm:

The AVID alignment algorithm consists of three major steps (Figure 6) (7):

> Repeat Masking. Unlike standard alignment methods, AVID use both the unmasked
and masked sequences that are generated by the RepeatMasker program
(http://ftp.genome.washington.edu/RM/RepeatMasker.html, Smitand Green). In
comparing the masked sequences and unmasked sequences, two kinds of matches
will be produced: repeat matches with overlapping repeats and clean matches without
overlapping repeats.

» Finding Matches Using Suffix Trees. The maximal repeated substring in one string
can be obtained by construction of a suffix tree. Based on this idea, in order to find
all maximal matches between two sequences, we can concatenate these two
sequences and place a default character N between them and then find the maximal
repeated substrings in this single string. If the maximal repeat string crosses the N
boundary, it is the maximal match between two sequences

» Anchor Selection. After all the matches are found, the recursive process of
anchoring and aligning proceeds. An anchor set is a collection of non-overlapping,
non-crossing matches. First, short matches that the length is less than half the length
of the longest match will be eliminated from the entire match set and can not be
considered as anchors. Those short matches will be reconsidered for anchoring in the
later round. The remaining matches are ordered by the length. Second, the anchors

are selected by the Smith-Waterman-like algorithm. Third, after the selection of


http://ftp.genome.washington.edu/RM/RepeatMasker.html
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anchors, the regions connecting these anchors remain to be aligned. For instance, if n

anchors have been selected, n+1 regions between these anchors need to be aligned.
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Figure 6. The AVID algorithm (7).

Input and output files:

The input to AVID consists of two sequences files, in FASTA format. The input to Multi-
AVID consists of several sequences files, in Multi-FASTA format.

After running the web server, the following output file can be obtained: an .aln file in
alignment format consists of detailed alignment information for two sequences; an .mfa
alignment file in multi-FASTA format consists of detailed alignment information for multiple

sequences; and a .phy file in PHYLIP format consists of the relationship of multiple sequences.
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Visualization:

AVID and MAVID integrate well with the VISTA (33, 34) and Poly-VISTA (52)
visualization tools.
Evaluation:

AVID has been successfully used for the alignment of closely related species such as
human and primates, but has bad results for the alignment of more distant organisms such as
human and fugu. MAVID is currently a DNA sequence alignment program and cannot align
protein sequences (8). An experiment has been done to compare the human genome with cat,
chicken, cow, dog, pig, and rat using several local and global alignments such as AVID,
BLASTZ, CHAQS, GLASS, and MUMmer (8). AVID has worse results on the human and
chicken alignment compared with other organisms because on the DNA level the similarity
between human and chicken is lower than between human and other organisms (7). Compared

with MUMmmer and GLASS global alignments, AVID is fastest.

2.4 MUMmer
Introduction:

MUMmer is a kind of global pair-wise alignment of very large scale DNA sequences up
to hundreds of Mbp. The latest version of MUMmer is 3.0. MUMmer uses the efficient suffix
tree data structure. As a result it was the first system that could rapidly perform genome
comparisons of this large scale (17). Normally sequence alignment algorithms use dynamic
programming or hashing. In contrast, the suffix tree structure used by MUMmer directly finds

maximal unique matches. Then these matches can easily be ordered to align two genomes. This
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algorithm assumes that genomic sequences are closely related, thus it can perform large scale
alignments quickly and precisely (17).
The MUMmer release consists of the five most common components: mummer, NUCmer,
PROmer, run-mummerl, and run-mummer3.
< mummer efficiently generates lists of maximal unique matches between the two
sequences by the suffix tree data structure.
<> NUCmer is a Perl script pipeline to compare multiple closely related sequences.
There are three steps: (1) finding maximal exact matches; (2) clustering these
matches to form larger inexact alignment regions; (3) extending alignments from
each of the matches. In order to increase NUCmer's accuracy, the input sequences
need to be processed by the RepeatMasker program to avoid the alignment of
uninteresting sequences.
<> PROmer is also a Perl script pipeline to align multiple divergent sequences. It works
like NUCmer. It is also recommended to mask the input sequences to avoid the
alignment of uninteresting sequences.
<> run-mummerl and run-mummer3 are cshell script pipelines to compare two
sequences. They follow the same three steps as NUCmer and PROmer; however they
handle any input sequence, not just nucleotide sequence.
Assumption:
This algorithm assumes that the sequences are closely related. Using this assumption it

can quickly compare sequences that are millions of nucleotides in length.
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Outline of algorithm:

MUMmer uses a combination of ideas from three approaches: suffix trees, longest

increasing subsequences (LIS) (28), and the Smith-Waterman algorithm. The basis of the

algorithm is the suffix tree data structure. The detailed alignment process consists of four major

steps (17):

<>

Perform a maximal unique match (MUM) in the two genomes. A MUM is a
maximal subsequence that occurs only once in one sequence and once in the other. If
a perfect matching subsequence occurs only once in each sequence and is
significantly long, it will quite likely be part of the global alignment because two
genome sequences are assumed as highly similarity. Thus the global alignment can
be built based on the MUMs. The assumption of highly similarity between two
sequences ensures that numerous MUMs can be found.

Sort these matches, and find the longest possible set of matches with the same
order in both sequences. In this step, the LIS algorithm will be used to find the
longest set of MUMs. See Figure 7 for the example of sorting principle.

Remove the gaps in the alignment from the MUM s sorted at the second step. A
gap is defined as an interruption between the sorted matches. There are four
categories: (1) an SNP, (2) an insertion, (3) a highly polymorphic region, (4) a repeat
(17). See Figure 8. To complete the global alignment, these four types of gaps should
be removed after sorting the MUMs.

Output the alignment with all the matches by the previous three steps as well as

the detailed regions that do not match exactly in the MUM alignment.
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Genome A: 2 3 74_, 5>—§677
Genome B: 3 2: y 6 5

6 7
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Genome A:

Genome B:

Figure 7. The example of sorting the MUMs by LIS algorithm. Each MUM is indicated only by
a unique number. The top alignment shows all the MUMSs. The bottom alignment shows all
sorted MUM s by LIS algorithm. (17)

1. SNP: exactly one base (indicated by ~) differs between the two sequences. It is
surrounded by exact-mnatch sequence.

Genome A: cgtcatgggegttcgtegttg
Genome B: cgtcatgggcattcgtegttg

2. Insertion: a sequence that occurs in one genome but not the other.

Genome A: cggggtaaccge. . ... cctggtegeg
Genome [3: cggggtaaccgegttgetcggggtaaccgeectggtcggg

R L L L T e,

3. Highly polymorphic region: many mutations in a short region.

Genome A: ccgectegectgg. getggegeecgetce
Genome B: ccgectegecagttgaccgegeccgete

- e e .

4. Repeat sequence: the repeat is shown in uppercase. Note that the first copy of
the repeat in Genome B is imperfect, containing one mismatch to the other three

identical copics.

Genome A: cTGGGTGGGACAACGTaaaaaaaaaTGGGTGGGACAACGTc
Genome B: aTGGGTGGGGCgACGTggegeeegeTGGGTGGGACAACGTa

Figure 8. Four types of gaps in MUM alignment (17).

Input and output files:

The input files should be in Multi-FASTA file format. The output file format varies
depending on the command line parameters used. The MUMmer homepage provide the user

manual and examples (http://mummer.sourceforge.net/manual/).
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Visualization:

In release 3.0, two graphical viewers exist such as MapView and mummerplot. MapView
is a visualization tool to display sequence alignments provided by NUCmer and PROmer
(http://mummer.sourceforge.net/manual/). Mummerplot is a utility to view the outputs of
mummer, NUCmer, and PROmer with a format suitable for plotting based on gnuplot
(http://www.gnuplot.info).

Evaluation:

With the availability of whole genome DNA sequences up to hundreds of Mbp size,
many alignment algorithms including Needleman-Wunsch and Smith-Waterman can not handle
entire genome sequences efficiently because these algorithms either run out of memory or take
unacceptably long to complete. Moreover, previous algorithms such as Needleman-Wunsch and
Smith-Waterman were designed mainly to find insertions, deletions, and point mutations, not to
discover the large-scale changes in entire genome comparisons. MUMmer global alignment,
using the suffix tree technology, addresses these problems.

In the CryptoDB project, we use the OrthoMCL program to identify the orthologous
groups with the input of the protein sequences. Although MUMmer can align protein sequences,
it can not find the orthologous groups. Thus, the OrthoMCL program is chosen to identify the
orthologous groups. Based on the OrthoMCL result, PROmer is run to display the graphical
alignment. MUMmer 3.0 is able to run a multi-contig query with another multi-contig reference.
The WU-BLASTN (25) comparison data on the contig level has been loaded into the GUS

database. Thus, we currently did not use the MUMmer 3.0.
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2.5 CHAOS/DIALIGN
Introduction:

CHAOS/DIALIGN employs the concept of anchors in an attempt to increase the speed of
multiple alignments without sacrificing accuracy.

DIALIGN is a method for multiple large DNA and protein genomic sequences
alignments, but has been limited by the long running time.

CHAOS is an approach for local alignments of two sequences. It can be used as a stand-
alone program for local alignment, and also as a pre-processing step to help global alignment
find the anchor points. It works by chaining together pairs of local similar regions from each
input sequence (12). Then, the remaining regions between these anchors of the chain are aligned
by global alignment approaches such as DIALIGN and LAGAN with slow speed but more
accuracy. Thus, the global alignment can be sped up without reducing the alignment accuracy.

Outline of alignment:

The CHAOS algorithm is based on two steps (12):

<> Find all of the seeds. A seed is a pair of similar regions. More accurately, a seed is a
pair of words of length | with at least n identical base pairs.

< Chain all of the seeds. A seed can be chained to the other seed when the indices of
first seed in both sequences are higher then the indices of the second seed, and also
these two seeds should be near. Finally, the score of each chain is calculated using
the total number of matching base pairs. By a fixed score cutoff, the maximal chains
with score higher than the cutoff score are generated.

After chains of local sequence similarities are identified, they can be used as anchor

points for global alignment. Based on the longest increasing subsequence algorithm, the highest
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scoring chain of local alignments can be found. For pair-wise alignment, this chain can be
directly used to anchor the global alignment performed with an algorithm such as DIALIGN and
LAGAN.
For multiple alignments, the following processes are required (12):
< Apply CHAOS local alignment to all pairs of input multiple sequences. A list of
anchors with similarities regions are obtained and considered as candidate anchor
points.
<~ Sort all candidate anchors by the scores associated with each anchor.
<> Use the greedy algorithm DIALIGAN uses to find the consistent set of anchors.
<> Accept anchors using the following rules: The candidate anchors are accepted one
by one as final anchor points. Starting with the highest scoring anchor, an anchor will
be accepted if it is consistent with those accepted candidate anchors, otherwise
discarded. Finally, the consistent anchor points are found.

Input and output files

The input files required by the CHAOS/DIALIGN server are in multi-FASTA format.
The output files of the CHAOS/DIALIGN server contain four different types of files:

<> The alignment file in DIALIGN is own format.

<> The fragments file, which contains the aligned gap-free segment pairs.
<> The anchor points created by CHAOS.
&

The phylip tree file.

Visualization:
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The visualization tool ABC (Application for Browsing Constraints) (15) is used for
interactive graphical representation of the multiple alignment output.
2.6 Mauve
Introduction:

Early sequence alignment methods such as Smith-Waterman (54) and Needleman-
Wunsch (38) are designed to align small nucleotide sequences. With the availability of genome
sequences, the global alignment methods such as GLASS, AVID, and LAGAN have been
developed, but they must satisfy the assumption that the genome sequences are highly similar
and without significant rearrangements (16). Recently, glocal alignment methods, such as
SLAGAN, have been developed. It can handle long genome sequences in the presence of
rearrangement, but currently can not align multiple genome sequences. MultiPipMaker (50) is
another alignment method, based on BLASTZ (53), which can align genome sequences with
rearrangement. Also it can be used for multiple genome sequence alignment. Because it uses the
BLASTZ local alignment method on each pair genome sequences, more divergent regions
between local alignments might not be aligned. Moreover, both SLAGAN and MultiPipMaker
can not identify the breakpoints of rearrangement events.

Mauve, a type of multiple genomic sequences alignments with rearrangement can address
these limitations. It has been applied to align nine enterobacterial genomes and three mammalian
genomes (16). Also a simple viewer has been developed to display the rearrangement structure
between genome sequences. Mauve alignment and visualization software is available:
http://gel.ahabs.wisc.edu/mauve. It combines three alignment ideas: MUM (maximal unique
match), LCB (locally collinear blocks), and the use of a progressive algorithm. The detailed

algorithm will be described in the following sub-section.
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Outline of algorithm:

The alignment algorithm can be summarized as follows (16):

» Find local alignments (multi-MUMs). Multi-MUMs are exactly matching
subsequences shared by two or more genome sequences that occur only once in each
sequence. As described above, the generation of multi-MUMs is based on the suffix
tree data structure.

» Construct a phylogenetic guide tree. Mauve uses the multi-MUM s to construct a
phylogenetic guide tree using a Neighbor Joining distance matrix (49). The sequence
similarity is based on the ratio of base pairs shared in the two genomes to the average
genome sequence length. Based on the multi-MUMs, we can find the number of
MUMs between two sequences. Then the similarity value defined above can be
calculated. Thus, the phylogenetic guide tree will be constructed according to these
similarity values.

» Select the anchors from the multi-MUMs. Two steps exist to choose the anchors. 1.
Generate the LCBs (locally collinear blocks) from the set of multi-MUMs. Each
LCB can be considered a subset of the multi-MUMs with one or more continuous
matches. Thus, each LCB does not contain any rearrangements. At the same time the
weight values are added to each LCB. The weight is defined by the sum of each
match’s length of the LCB. 2. Remove the low-weight LCBs using a greedy
algorithm given a minimum weight criteria Minimum Weight =0 and then merge
adjacent LCBs into a new LCB. After that the new set of LCBs is considered as a

new set of anchors and used to guide the remainder of the alignment process. See

Figure 9 for an example of anchor selection.
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» Perform recursive anchoring to identify additional alignment anchors within
and outside each LCB. The third step is not enough to detect the full LCBs. From
Figure 9C, we see that two types of regions are considered to recursively anchor.
First type of region is between anchors and the second type of region is inside the
anchors. Because the low-weight LCBs are removed and the adjacent LCBs are
merged into a new one, the second type of regions occurs. Thus, the recursive anchor
operation is needed.

» Perform a progressive alignment of each LCB using the guide tree. After finding
the complete set of alignment anchors, Mauve perfumes a progressive alignment

using the phylogenetic guide tree.

Ak Thee initial ser of matching regiomss

[ 1 - I | 1 | ] I ]

o AFTer rermaossimg block S

Figure 9. An example of anchors selection. (A) The set of multi-MUMs in three genome
sequences (B) The set of multi-MUMs is split into a minimum set of LCBs. Each LCB is shown
as one colored block with one or more matches. (C) Remove the low-weight LCBs and merge
the adjacent LCBs into a new single LCB. (16)

Input and output files:
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Input file formats should be FASTA, multi-FASTA, GenBank with annotation
information, sequence, or raw format with the follow file name extensions: .fasta, .gbk, .seq,
or .raw.

Output files mainly contain two different file formats: .mauve/.mln and .alignment, and
the other auxiliary files such as the phylogenetic guide tree, the .backbone, and the .islands.

<> The .alignment file contains the complete genome alignment in extended multi-

FASTA alignment (XMFA) file format.

<> The .mauve or .min file stores the coordinates of large exactly matching regions.

< The phylogenetic guide tree is in the standard Newick tree file format. The

description of Newick tree file format can be seen at:
http://evolution.genetics.washington.edu/phylip/newicktree.html.

<> The .islands file lists all genomic islands found in the alignments. Each island

represents a region where one or more genomes have a sub-sequence, but one or
more others lack.

<> The .backbone file records each conserved region by one line.

Visualization:

Mauve provides a simple viewing system to display the rearrangement structure of several
genome sequences. A detailed description of the features of this viewing system will be
introduced in the following sub-section.

Evaluation:

Because Mauve uses the multi-MUM as anchors that are exactly matching sub-sequences

without any substitutions or indels, it is not suited to align divergent genome sequences.

Compared with Mauve, MLAGAN use the CHAOS anchoring technology with substitutions and


http://evolution.genetics.washington.edu/phylip/newicktree.html
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indels and the LAGAN global alignment method, so it can compare much more distant genomes

sequences than Mauve, and also it is suitable for cross species comparison (16).
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CHAPTER 3
REVIEW OF VISUALIZATION TOOLS

Several comparative sequence visualization tools are publicly available, including VISTA
(24), Phylo-VISTA (52), SynBrowse (43), Sybil (http://sybil.sourceforge.net/), Mauve (16), ACT
(14), ABC (15), BSR (46), MUMmer (17, 18, 35), and Mulan (41). In the following sub-sections
we present each of these visualization tools and provide a detailed description of the features of

the tools.

3.1 VISTA & Phylo-VISTA
Introduction:

VISTA (VISualization Tool for Alignments) (24) is a program, based on global alignment
strategies such as AVID or LAGAN and curve-based visualization techniques, to describe two or
more organisms’ DNA sequence alignments with various types of annotation. It allows for
identification of conserved sequences, straightforward configuration, and enables the
visualization of alignments of various lengths at different levels of resolution. The VISTA server
is available on the web at http://www-gsd.lbl.gov/vista. The source code is available at
vista@Ibl.gov.

Phylo-VISTA (52) is an interactive visualization and analysis tool for aligned multiple
genomic sequences. Phylo-VISTA is available at http://www-gsd.lbl.gov/phylovista.

Input files:

The input files to VISTA consist of three parts:


http://www-gsd.lbl.gov/vista
http://www-gsd.lbl.gov/phylovista. In figure 11
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< A global alignment file such as that produced by AVID (7) and LAGAN (10). If
unaligned sequences are provided, the AVID or LAGAN global alignment algorithm
is used to generate the standard alignment output format.

<> The annotation files for the base sequences in GFF (Generic Feature Format)
(http://www.sanger.ac.uk/Software/formats/GFF/) format.

The input file to Phylo-VISTA consists of two parts:

<> A global multiple alignment file such as that provided by MAVID or MLAGAN. If
unaligned multiple genomics sequences in multi-FASTA format are provided,
MAVID or MLAGAN will generate the standard multiple alignment output format.

<> The phylogenetic tree structure should be provided in the Newick format such as
“[(human mouse) chicken]”.

Visualized features:

The VISTA tool visualizes alignments of up to several Mbp at different levels of
resolution with clear configurable graphical output. It uses a continuous curve to represent the
level of identity. The X-axis represents the base sequence and the Y-axis represents the percent
identity. It displays sequence annotations including repeats, coding exons, and UTRs above the
plot. The web-based application has many additional interactive functions such as zoom,
extraction of a region to be displayed, and user-defined parameters for conservation level.

The Phylo-VISTA tool displays the multiple DNA sequence alignments at varying levels
of resolution through the phylogenetic tree. It simultaneously visualizes alignments of the
subsets of given sequences at the same scale and displays the gaps and gene annotations for all
sequences. The subsets are defined by the phylogenetic tree. It also displays the phylogenetic tree

structure and shows the base-pair sequence in a text format. In figure 11A, the pair-wise
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phylogenetic tree is shown: all sequences in the alignment are represented by red leaf nodes and
each black node represents a similarity plot for all the descendent leaf nodes; In figurellB, the
sequence traversal panel and sequence similarity plots are displayed; In figure 11C, the detailed
color-coded text alignment window is shown (52).

Evaluation:

The web-based applications of VISTA and Phylo-VISTA can interactively and
dynamically visualize the result of comparative sequence analysis on the scale of whole genome
with annotations. However, they can not be integrated into the GBrowse framework currently
used by the CryptoDB project. Also, the C. parvum genome has 18 long contigs and the C.
hominis has 1422 short contigs. It is difficult to display the comparison on the contig and gene
level between two genomes because one C. parvum contig is much longer than a C. hominis
contig. VISTA and Phylo-VISTA also can generate the graphical comparison output in postscript
format without the interactive and dynamical features. Thus, although VISTA and Phylo-VISTA

have many visualization features, they are not suitable for use in the CryptoDB project.
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(2) Phylo-VISTA:

L
i T P -
T ] ] ¥ 1] T
+ Epandsle nae chik mause-cicky e e ey L IS - S P ﬁg‘
LA by
-« Collapzable nade (ight mouse-dick)
- D Curve (et mouze-click] 4 ' 1 x o ' = T 5
" ] ]
3 ——— ) S S, MR mal
4768 bp
\
¢ » LTI — oo
: i | ] g @)
) e —— T e
/ -
/ / S - I — — - -
/ i & N S | MU S 1 M S S S 0
Q chicken BUMEh B B
Vi \ p— —
/ X s e i . "
L s ekm———— g T
human  mose 1|
mesmsev o ot eh st
A Jravatppaindon

S

B

mzangg.wm: a:ug
T ] :

:Lm: 1333; et ¢¥n.1m 1&3
ik
ke 152
Ty W6

hurnan.ma g e
100 b T - =i«
4] v

Gigle-il13Th s & jmirk praqees babmsom geps o U8 Dovin, Lavrrmes Bavhaloy Lok, and i wed Ueivorsidyr, Far movs rbaile and oitabion ankmemabion pleas

< H | F'IEI1OUI'TB§ Texl SAL.. ||]Itl]ll"|‘313|1 |IEm:m ” GO | 4 | » ‘ + | - || Hilpy |

(|t ‘ E. Ll | v

Figure 11. Phylo-VISTA. A. Phylogenetic tree - In this pairwise phylogenetic tree, all sequences
in the alignment are represented by red leaf nodes. Each black node represents a similarity plot
for all the descendent leaf nodes. B. Sequence Traversal Panel and Similarity Plots. C. Text
Window - Part of the alignment in color-coded text. (52)

3.2 SynBrowse

Introduction:

One major concept in comparative genomic analysis is “synteny”, which means that a set
of genes and other features share the same relative ordering on the chromosomes of two species
or between duplicated chromosomes of a species (43). SynBrowse is a synteny browser for

visualizing and analyzing genome alignments of two or more species. It studies macro-synteny,
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micro-synteny and homologous genes between genomic sequences and identifies
uncharacterized genes, and putative regulatory elements (43).

GBrowse (the Generic Genome Browser) (56) is a web-based application to display
genomic annotations and other features, but it can not display the relationships among annotated
features for more than one genome. SynBrowse is a GBrowse family software tool that runs on
top of the BioPerl (55) modules for comparative genomic sequence analysis. It consists of two
components: a web-based front-end and a relational database back-end. Each database stores pre-
computed protein and nucleotide alignment data from a focus sequence to reference sequences
with genome annotations. By default, the local alignment program BLASTZ (53) is used to
generate nucleotide-level alignments, and the GeneSeqer (9) program is used to produce protein
to genomic DNA spliced alignments (43).

Input files:

Because SynBrowse uses a relational database to store alignment data, the alignment
output files must be formatted. Several steps are described as follows:

> Generating alignment files: The nucleotide-level alignments files are generated using

the BLASTZ local alignment program.

» Formatting alignment files: The alignment files are converted by perl scripts into two

GFF (http://www.synbrowse.org/pub_docs/GFF.txt) files, to serve as input to the
focus species and to the reference species databases.

> ldentifying synteny blocks: A perl script finds synteny blocks between the two

genomic sequences. It takes the converted GFF alignment files as the input and
searches for gene pairs occurring in the same order in both the compared sequences

at a distance less than some maximal distance defined by the user. A set of such gene


http://www.synbrowse.org/pub_docs/GFF.txt
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pairs of some minimum size is considered a synteny block. This minimum number
can be specified by the user. Thus, the definition of synteny blocks is flexible. The
synteny blocks’ files are also in the GFF format.
» Other genome annotation data. All genome annotation data are in the same GFF
format as required by GBrowse.
Each species data is stored in the corresponding relational database by the BioPerl scripts
bulk_load_gff.pl or bp_bulk_load_gff.pl (56).

Visualized features:

SynBrowse provides a macro-synteny visualization of the global relationships among the
species and a micro-synteny visualization of gene-to-gene or exon-to-exon comparison. It also
can identify the uncharacterized genes and putative regulatory elements and display the genome
duplications among species.

Each species is shown in one panel with a different colored background and each panel
can display six tracks: gene, nucleotide alignment, protein alignment, EST, Repeat, and BAC.
Additional tracks can be defined by the user. The focus species is on the top panel and the
following panels show the reference species. The conserved regions between the focus species
and the reference species are shown in different color boxes based on the value of conservation.
The comparison regions between species are connected by lines between the start points and the
end points.

Evaluation:

The interactive, dynamic display components of SynBrowse, showing microsynteny and

macrosynteny of compared species, could be integrated into the CryptoDB site in a

straightforward manner. However, each comparison panel (one per species) has its own zoom
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scale, and does not easily permit all species to be viewed at the same scale. More critically,
SynBrowse has its own database schema and MySQL database, while the CryptoDB project uses
the GUS database schema and Oracle database. It would be difficult to modify the GUS database
schema in order to integrate SynBrowse application. Thus, it was not used in the CryptoDB
project.

Screen shots:
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Figure 12. Whole Genome Synteny viewer - two chromosome comparisons (43).



40

Fedicago: nt5

""" 2080 22440k | | 22430k | | 22420k | 22010k|  2dook || 22390k 22WOK 22k 223
Fienesh Gene . , . .
AC124972.25 HC124972.24  ACA29972.23 12497221 ACL24972.20 AL124972.18 AC124972.14  |AC124972.11 A
| < it s it e |
| | AC124972.22 | AC124972.19 AC124972.17 |AC124972.13)  AC12497
a T 1! =i | 1] 24
AC124972.16 AC124972.12
2 ] = |
AC124972,15
o
Protein Alignnent
142
- i 3 —— o] =
I. P | — "--.___._ -
L.éuﬁ:ﬁ;ug:|I:jéulu:nu:ulu:an.:ulu:u..|-ulu'u|n-:--:u:uuu:-él:.:|:uI-u:-|nuluuluunu‘-ulu:uu:ulu:-|||:u‘u|-unu-‘uluul-uu"u' u:|Iu-‘ul-u‘u'|1-?u:u'ja:-u-luuluiu-u:.-lu: ---------
| besok | edeBok | 6A700k 7Lk BTk B473K garaok| | |
Gene
APO04459,1 APOD4499. 4 APO0A4SH .6 APOO4499.8  APO04499.9 APOO4499, 12 APODA4S9, 13 ARD0A499.15 i
=] P | e HHH 2 | r b | { | H
APOO4499.2 4499.5  AP004499.7 APO04459 .10 w.ld. AP004499.16
[ -+ S = T ] g
APO04433.3 APO04459,11 APO04499,1
H o=
0044591
Frotein Alignnent
t5
h = =
Figure 13. Micro-synteny viewer - gene-to-gene comparisons (43).
Hedicago: AC123572 ) ) ) ) ) ) )
20k 30k 40k, 50k B0k 70k B0k, 90k 100k
ESE,.!.I - - . om = g, ar -— e - s —_——Emm == =,
63231235?2.4 ACLZ23572 10 AC1Z23572 .11 AC123572.12 AC123572 .15 AC123572 .17 ACLZ
g =T [Egny iy pigd = P O «
AC123572.5 AC1Z3572.15
O [ e
Mucleotide Alignment
11630212, 28008525
- i t t HEl—————
Frotein Alignnent
1:25398655 . 29351762
i 1 Hi - | i H . HH
21334465 . 53353467 51162958103, 22621799
M i -HEHE It

3:953d4120. 9536553
HHH-H

Arabidopsi=z: 1

: .
ZE3ROK 253590k

Frotein Alignnent
AC123572 1167535, 104353
EHH—E-  —

—EHEHHHHH- .
Mucleotide Alignment
ACL23572 16742 . .10d60d
I

EEHEE R I e

jGene
Atlo676e90 .1 At1g67720.1
peptidaze M3 Family protein /A thimet oligopeptidase Family protein leucine—rich repeat family protein / protein kinase F
AL1ZE7700.1 AL1g67730.1
expressed protein b-keto acul reductase. put]
AL1gE7700.2 AL1gE7740.1
expressed protein photosystem
AL1SE7710 1
two-component responsive regulator familuy protein / response regulator family protein
Repeat
GA-rich AN TGN Fi—|
1 1 1 ]
?T_rich

Figure 14. Micro-synteny viewer - exon-to-exon comparisons (43).
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3.3 Syhil
Introduction:

Sybil (http://sybil.sourceforge.net/) is a web-based software package for comparative
genomics analysis and visualization with a Chado relational database
(http://www.gmod.org/schema). It was developed by the Bioinformatics department at The
Institute for Genomic Research (TIGR) in Perl using a 3-tiered software framework and had been
used internally at TIGR to support many research projects involving comparative genome
analysis.

The Sybil demonstration database and source code can be downloaded at the website:
http://sybil.sourceforge.net/downloads.html.

Input files:

It uses a Chado comparative database as a data source. The schema of Chado is available

at the GMOD website (http://www.gmod.org/schema).

Visualized features:

Sybil provides two kinds of displays: clickable interactive graphical displays, and
publication-ready figures in a variety of formats including SVG and PDF.

The interactive graphical display includes a genome sequence overview, a chromosome
overview, protein cluster comparison, protein cluster summary, protein/gene summary, SNP
(Single Nucleotide Polymorphism) summary report, SNP detail report, and indel detail report.
The publication-ready display includes a comparative sequence display that allows the user to
select a reference sequence or segment and set a number of parameters and then display a set of

similar sequences from the database.


http://www.gmod.org/schema
http://www.tigr.org/
http://www.tigr.org/
http://sybil.sourceforge.net/downloads.html
http://www.gmod.org/schema

Evaluation:

Some of the Sybil displays, such as the protein cluster summary, satisfy the requirements
for CryptoDB comparative genomics visualization. The Chado database schema is used by Sybil,
while the CryptoDB project uses the GUS database and schema. Only a subset of the displays is
currently available in the Sybil software source code which is running on the demo website at
http://sybil.sourceforge.net/demos.html. The web demo of Sybil provides gene or protein
searching and links for each protein cluster. However, on the comparison viewer of each protein
cluster, additional tracks can not be added and the genome regions can not be zoomed. Although

the Sybil viewer could not be used directly in the CryptoDB project, some ideas from Sybil have

been integrated into the CryptoDB project.

Screen shots:
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Figure 15. A sample of the protein cluster summary display (http://sybil.sourceforge.net/).
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3.4 Mauve
Introduction:

Mauve is a multiple genomic sequence analysis and visualization tool that supports
rearrangement events (16). The analysis component is discussed in section 2.6. In this section
we focus on the display features of Mauve.

Input files:
In section 3.6, the input files of Mauve are listed.

Visualized features:

Each input genome is displayed in one horizontal panel containing the genome sequence
name, a scale with the sequence coordinates, and a single black horizontal center line. Colored
blocks appear above or below the center line. Blocks above the center line mean the aligned
regions are in the forward orientation relative to the first genome sequence. Blocks below the
center line indicate the aligned regions are in the reverse orientation. Regions outside blocks are
too divergent to be aligned successfully. Inside each block, Mauve draws a similarity curve of
the genome sequence. The height of the grey similarity bars corresponds to the average level of
conservation in that region of the genome sequence. Areas that are completely white are not
aligned. Mauve highlights the aligned regions of each genome with a black vertical bar as the
user moves the mouse over the alignment display. (16)

Mauve displays the annotated features including CDS features, tRNAs, rRNAs, and other
features next to the sequence similarity profiles and provides an interactive display to view the
detailed information by a popup window (16). By zooming the main panel in close, each

genome’s nucleotide sequence may be viewed.
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Evaluation:

Mauve is a stand-alone comparison analysis and visualization tool. It displays the
comparison with the whole genome on the DNA level. It can not dynamically display the regions
that the user selects. It also can not provide comparison on the gene level. In addition, Mauve is
stand-alone software with available source code (http://gel.ahabs.wisc.edu/mauve/download.php)
and thus could not be integrated into the GBrowse framework. It visualizes the alignments over
the entire genome sequence. So, it can not be used for comparison visualization in the CryptoDB
project.

Screen shots:
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Figure 16. The sample of Mauve main panel display.

(http://gel.ahabs.wisc.edu/docserver/mauve/display.stx)
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Figure 17. The sample of the Mauve annotated feature popup window.

(http://gel.ahabs.wisc.edu/docserver/mauve/display.stx)

3.5ACT

Introduction:

The ACT (Artemis Comparison Tool) (14) interactively visualizes complete pair-wise

genome sequence alignments. It can identify regions of similarity, insertions, and rearrangements

at any level from the whole genome to base-pair. ACT is written in Java with open source and is

available from the Sanger Institute web site (http://www.sanger.ac.uk/Software/ACT/).

Input files:

ACT can directly read the output of BLAST (version 2.2 or higher) programs including

BLASTN, TBLASTX or MEGABLAST with genomic DNA sequences in GenBank, GFF, or


http://www.sanger.ac.uk/Software/ACT/
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FASTA formats. Output of other alignment programs such as WUBLAST, BLAST 1.4, and
MUMmer must be parsed into the simple format used by ACT.

Visualized features:

ACT has two bands: red bands represent forward matches and blue bands represent
reverse matches. A highlighted match region turns yellow. The associated matching regions are
centered when the users double clicks on one band. The intensity of the color bands is
proportional to the percent identity of the match. Reverse matches are viewed by flipping either
of the sequences around. To view, or scroll through all the matches that overlap a selected
feature or region, the view selected matches function can be used. The feature selector and
navigator are tools for searching for features by location, feature name, length and position. (14)

ACT can create features from non-matching regions. All annotation features can be
displayed simultaneously by ACT.

Evaluation:

ACT is also a stand-alone comparison analysis and visualization tool, implemented in
Java. It displays the comparison over the whole genome on the DNA level. It can not
dynamically display the regions that the user selects. Although it can display the annotated
protein features, it can not view the comparison on the gene level. The C. parvum and C. hominis
genomes are very similar, so the display on ACT with these two sequences is very busy (Figure

17). Thus, it is not suitable for use as the comparison visualization in the CryptoDB project.
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Figure 18. An example of comparison view of C. parvum and C. hominis genomes by ACT.
This graph shows the relationship between two sequences. The displays are collapsed to show all
forward and reverse features on single lines (colored boxes represent coding sequences).

3.6 ABC

Introduction:

The ABC (Application for Browsing Constraints) (15) is interactive Java software for
exploration of multiple sequence alignments, such as those produced by CHAQOS and DIALIGN,
with annotation sequence data. It is a lightweight, stand-alone, graphical user interface for
browsing genomic multiple genome sequence alignments, up to a few Mbp (15). Documentation
and some sample data are available at the website:
http://mendel.stanford.edu/sidowlab/downloads.html.

ABC is not suitable for the following types of comparative genome analysis:

<> Genome-wide browsing of alignment data. It is built for the several-Mbp scale.


http://mendel.stanford.edu/sidowlab/downloads.html
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< Generation of alignments. The ABC is a visualization tool only, and requires the
alignment to be pre-generated.
<> Tree-building or phylogenetic analysis.
Input files:
The major inputs consist of three files: a multiple sequence file in multi-FASTA format,
standard phylogenetic tree description file, and an annotation file.

Visualized features:

ABC displays the alignments in three distinct modes based on the density of the
information (Figure 18) through the mobile and scalable zoom window. The user can drag and
resize the rectangle and then a more detailed viewer is expanded below the parent viewer when a
desired region is selected by the GoTo feature. At very low resolution, a histogram is displayed
that plots the number of data points (Figure 18, top-panel). At intermediate resolutions, a more
detailed region of the selected black box in the top-panel is displayed (Figure 18, middle-panels).
Finally, at very high resolution, the sequence data is displayed directly along with the sequence
names and a phylogenetic tree structure (Figure 18, lowest-panel). The black rectangle can be
moved and resized to highlight particular regions. All annotated features tracks are displayed
above the panel. The colors for annotated features can be specified. (15)

Evaluation:

ABC is a stand-alone Java program. The display is curve-based. It supports comparison
on the DNA level. It can not be used to view the comparison on the gene level. Also, it displays
the comparison over the entire genome. The user can not dynamically select the genome regions
to display. The lack of a gene level comparison and dynamic selection make ABC unsuitable for

use in the CryptoDB project. It can be used to facilitate basic comparative sequence, such as
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export the data in plain-text formats, visualization of phylogenetic trees, and generation of
summary graphical alignment.
Screen shots:
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Figure 19. A screenshot of the ABC. (A), the upper-most panel consists of a histogram
describing the regional density of columns. (B), the middle panels consist of more detailed
alignment of the black rectangle box of upper panel. The black rectangle can be moved and
resized to highlight particular regions. (C), the bottom panel shows a view of individual
alignment columns corresponding to a small region of the alignment. Also a phylogenetic tree is
also displayed in the bottom panel. Above all panels, all annotation tracks are displayed. (15)
3.7BSR
Introduction:

The BSR (BLAST Score Ratio) (46) approach is a comparison analysis and visualization

tool for any three genomes based on the ratio of BLAST scores. It was implemented in Perl

scripts. The output of the BSR approach enables the global visualization of the degree of
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proteome similarity among all three genomes and the genomic synteny (conserved gene order)
between each genome pair.
Input files:
<> The predicted proteomes files of each of the three genomes are in multi-FASTA
format. The user selects one proteome as the Reference, and the other two are
Queryl and Query?2.
<> An additional file for each proteome contains a unique identifier, matching the multi-
FASTA files header, and the relative genomic location of the start and stop of the
coding regions.

Visualized features:

The graphical output files are viewed by Gnuplot (http://www.gnuplot.info) to reveal the
global similarity of the compared genomes. PostScript and xfig graphic files are subsequently
generated by Gnuplot. (46)

<> The similarity plot provides an overall view of the level and number of similar and

different proteins in the Reference proteome when compared to the Query proteomes.
<> The regions of the graph are color-coded depending on the level of similarity among
the three genomes.

<> Two additional plots, known as synteny plots, are generated for comparison of the

Reference proteome to each Query proteome, by plotting the genomic location of the
Reference peptide on the X-axis and the genomic location of the most similar Query
peptide on the Y-axis.

< Additional XML files for the similarity and synteny plots are generated in order to

view the annotations interactively. These files are the input for the freely available


http://www.gnuplot.info/
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GGobi (http://www.ggobi.org/) software, a data visualization system for viewing
high-dimensional data.
Evaluation:

BSR is a stand-alone comparison analysis and visualization tool for any three genomes. It
produces output files that can be viewed in gnuplot (http://www.gnuplot.info) and written out as
postscript and xfig. It can not dynamically and interactively display the comparison on the contig
and gene level, and this is not suitable for use as the comparative visualization for the CryptoDB
project.

Screen shots:
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Figure 20. BSR rationale and plot display example. A. BSR calculation demonstrating how the
two coordinates for plotting in figures B and C are calculated. B. Locations of the peptide spot
discover the similarity. A 0.4 is used as separator. C. Sample data obtained from comparison of
Chlaymidia caviae GPIC (GenBank Accession Number AE015925) to the proteomes of
Chlamydia muridarum strain Nigg (GenBank Accession Number AE002160) and Chlamydia
pneumoniae AR39 (GenBank Accession Number AE002161) (47). Each point in the figure
represents a single peptide in Chlaymidia caviae GPIC. This analysis discovers that while these
organisms are very similar, C. caviae GPIC is more similar to C. pneumoniae AR39 than C.
muridarum strain Nigg because the skew of peptides with a slope of greater than 1. (46)
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3.8 Mulan
Introduction:

Mulan is a new integrative comparative tool that dynamically generates multiple
sequences local alignments based on BLASTZ (53) local alignment method. Mulan consists of
several data analysis and visualization for identification of functional coding and non-coding
regions that are conserved across the large evolutionary distances (41). It can determine the
phylogenetic relationships and generate the phylogenetic trees, construct graphic and textual
alignments, dynamically detect evolutionary conserved regions (41). Mulan is available at
http://mulan.dcode.org.

Mulan allows for multiple draft and finished sequences alignments. It uses the TBA
(threaded blockset aligner) program for finished sequences and refine program for draft
sequences (5). Most global multiple alignments require colinearity between input sequences, but
the Mulan does not require it.

Compared with other multiple global alignment methods, the TBA program detects and
process DNA rearrangements characteristic of synteny among the distantly related genomes.
Thus, Mulan permits the dynamic interchange of reference sequences and interactively generates
textual and graphical multiple sequences local alignments (41).

Input files:

It consists of three kinds of input data: the sequence data in FASTA format, the

annotation data in annotation format, and the NCBI accession number.

Visualized features:

Mulan comparative visualization is based on the zPicture display (42). The reference

sequence is linear along the horizontal axis and the percent identity is plotted along the vertical
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axis. Moreover, it consists of a graphical annotation display that contig names and alignment
blocks can be visualized as tracks on the top. Synteny blocks are color-coded (41).

In the Mulan, the reference sequence can be dynamically changed, and then the new
order of conservation for the rest of the species is automatically determined by the phylogenetic
tree. More closely related species are at the bottom. Color density is used to indicate the number
of species that share a particular region. More species share a sequence, darker color the
conservation is display. Thus, the color density can highlight different DNA segments in the base
sequence with unique evolutionary character (41). Also the evolutionary criteria such as length
and percent identity can be selected by the users.

Two additional data representations: phylogenetic shadowing and “summary of
conservation” are implemented by the Mulan. The “summary of conservation” collects all the
shared nucleotide similarities from all the pair-wise comparisons into a single conservation
profile; the phylogenetic shadowing option collects all the nucleotide mismatches (40).

The detailed alignments are displayed when clicking on the conservation area. The gene
annotation can be modified dynamically.

Evaluation:

Mulan is a web-based multiple sequence analysis and visualization tool. It is curve-based.
Currently, the Mulan just has the web server version because the source code of Mulan web
scripts and the visualization programs has not been distributed. Our graphical display is based on

GBrowse framework with GUS database. Thus, it is not suitable for the CryptoDB project.
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Screen shots:

100.0kb

Figure 21. 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. Red triangles point to the right specify forward-strand alignments, and purple triangles
point to the left correspond to reverse-strand alignments. Contig names are indicated in square
brackets. (41)
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Figure 22. The example of the Mulan visualization. The sample data consist of three segments
of genome sequences: human, mouse, and rat with the annotation data. This picture is generated
by running these three sequence and annotation data on the Mulan web server.
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3.9 MUMmer
Introduction:

In the chapter 2.4, we have introduced the MUMmer alignment method. Moreover, the
MUMmer provides the visualization tools to display the alignment generated. Two graphical
viewers are developed: the MapView and the mummerplot. The latest version of MUMmer is

available at http://www.tigr.org/software/mummer. (17, 18, 35)

» The MapView is for displaying sequence alignment as provided by NUCmer or
PROmer. By default, it produces FIG files that can be viewed with xfig or converted
to PDF or postscript.

» The mummerplot takes output from mummer, nucmer, promer or show-tiling, and
converts it to a format suitable for plotting with gnuplot.

Input files:

It takes the input files that are generated by MUMmer. The detailed information is

available at http://mummer.sourceforge.net/manual/.

Visualized features:

The MapView is useful for mapping multiple query contigs against an annotated
reference sequence. The blue rectangle represents the reference sequence with annotated genes
shown above it and the PROmer alignments shown below it. Alternative splice variants of the
same gene are stacked vertically. Exons are shown as boxes, with intervening introns connecting
them. The 5" and 3' UTRs are colored pink and blue to indicate the gene's direction of translation.
PROmer matches are shown twice, once just below the reference genome, where all matches are
collapsed into red boxes, and in a larger display showing the separate matches within each contig,

where the contigs are colored differently to indicate contig boundaries. The vertical position of


http://www.tigr.org/software/mummer
http://mummer.sourceforge.net/manual/
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the matches indicates their percent identity, ranging from 50% at the bottom of the display to
100% just below the red rectangles. Matches from the same query sequence are connected by
lines of the same color. (Figure 23) (17, 18, 35)

In the mummerplot output, the reference sequence is laid across the X-axis, while the
query sequence is on the Y-axis, and a point is plotted at every position where the two sequences
show similarity. The forward matches are displayed in red, while the reverse matches are
displayed in green. If the two sequences were perfectly identical, a single red line would go from
the bottom left to the top right. (Figure 24)

Evaluation:

MUMmer is a stand-alone sequences alignment and visualization tool. It does not support
the web-based version. Currently, the WU-BLASTN (25) alignment data has been loaded into
the GUS database, and then the OrthoMCL program is used to identify the orthologous groups.
In addition, the display system of the CryptoDB project is based on GBrowse framework. We

use the PROmer to produce the pre-computed images that are displayed in the detailed alignment

page.
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Figure 23. The sample display created by the MapView program. The alignment, generated by
Promer, shows all regions of conserved amino acid sequence. The blue rectangle represents the
reference sequence, with annotated genes shown above it. Alternative splice variants of the same
gene are stacked vertically. Exons are shown as boxes, with intervening introns connecting them.
The 5" and 3' UTRs are colored pink and blue to indicate the gene's direction of translation.
Promer matches are shown twice. Below the reference genome, all matches are collapsed into
red boxes. In a larger display, the separate matches are shown within each contig, where the
contigs are colored differently to indicate contig boundaries. The vertical position of the matches
indicates their percent identity, ranging from 50% to 100%. (35)



59

Jag

=35]]

=15 1]

488

Chro.c81688

el ]

=35ls]

166

5] 188 p=4s]s) jeg=s] 4EE SHE EHE FE8
cgdé F7a

Figure 24. A sample picture of the Promer alignment output by the mummerplot program. The
X-axis shows the C. parvum gene and the Y-axis shows the C. hominis gene. The red line is
composed of the match points between two genes. This example means a perfect match between
the C. parvum gene (cgd6_770) and the C. hominis gene (Chro.60100).
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CHAPTER 4
METHOD AND IMPLEMENTATION

4.1 Introduction

The goal of this study is to provide comparative genomic visualization for the CryptoDB
project (www.cryptodb.org), which is now part of an NIH/NIAID funded Bioinformatics
Resource Center to provide Apicomplexan Database Resources. By reviewing some existing
comparative genomic visualization tools such as VISTA, SynBrowse, Sybil, Mauve, ACT, ABC,
and BSR, we find that none of these tools quite meets the needs of the CryptoDB project, which
requires that the comparative genome display be dynamically generated and interactive. Further,
other displays in CryptoDB such as gene displays and protein feature prediction displays
currently employ GBrowse. Providing both single genome and comparative displays in the same
format simplifies the user’s task of understanding these displays.

The VISTA tool can be used on a web-based server or as a stand-alone program. The
web-based server version would not easily support the interaction desired nor would it provide
the real-time generation of displays within the context of the CryptoDB site that we wish to
achieve. The stand-alone program generates static images. Our requirements are to display the
comparative genome information dynamically and interactively.

The Mauve and ACT tools are stand-alone programs to display the comparison of the
whole genome, with rearrangements interactively. They do not support the display of regions
defined by the user dynamically. They can visualize the comparison on the DNA level, but not

on the gene level. The C. parvum and the C. hominis genome are very similar, so the displays by
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ACT or Mauve are very “busy”. Also they are stand-alone programs and difficult to integrate
into the current graphical display framework.

The ABC tool is also a stand-alone program to display the alignment data. It can
interactively display whole genome features and alignments, but can not dynamically display the
comparison only within the genome regions that users define. Also it has its own complex
alignment file format as input.

The SynBrowse display could be used on our system because it is also based on GBrowse
framework. The problem is that the CryptoDB project uses the GUS database schema and Oracle
database, but SynBrowse uses its own database schema and the MySQL database. Modifications
to incorporate these tables would be significant. Further, the display presented by SynBrowse is
not entirely satisfactory. Each species, in its own panel, has its own zoom scale. The user can not
choose to view all species at the same zoon level.

For Sybil, the protein cluster summary display can satisfy our comparison requirements.
Also it supports searching by gene or protein. Images are generated interactively. The problems
are that it does not support the zoom function and that additional tracks can not be added into the
panel. Also the user can not select the genome regions to display. Another problem is that it uses
the Chado database schema and own software package, while our project uses the GUS database
schema and GBrowse framework. It is hard to merge these two systems.

BSR is primarily an analysis tool. It produces output files that can be viewed in gnuplot
(http://www.gnuplot.info) and written out as postscript and xfig.

Inspired by the Sybil tool, Mr. Haiming Wang and | have developed our own approach
that builds upon the GBrowse software. Features of our solution include:

<~ It can visualize the comparison on the contig-to-contig level based on a WU-


http://www.gnuplot.info/
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BLASTN alignment result.

< It can visualize the comparison on the gene-to-gene level with the orthologous
groups assigned by the OrthoMCL (48) program.

< It can highlight some genes that are on the orthologous group, but that are not on the
panel region.

<- Different colors are used to display according to the e-value of each comparison
match pair. Because most match pairs’ e-values are equal to 0, two colors are used
currently: pink (=0) and orange (#0).

<> Some interactive operations are added, for example, a pop-up window is displayed
when the user clicks on the comparative region. Detailed alignment information is
included in this page including the ClustalW, BlastP, and Promer alignments. Other
descriptions related to this match are also shown, such as the name, functionality,
and double stranded e-values.

<> Two links are used to turn on or off the comparison visualization function.

< Itis easily integrated into the GBrowse framework without any modification on the

BioPerl level.

4.2 Preparing sequence data

C. parvum and C. hominis genome sequence data are used by the CryptoDB project. The
C. hominis genome consists of 18 long contigs and the C. parvum genome consists of 1422 short
contigs. For each genome sequence, we have three files prepared: the GenBank files (Figure 25),
the DNA sequence file in multi-FASTA format (Figure 26), and the protein sequence file in

multi-FASTA format (Figure 27).
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LOCT: AAELO1000001 20444 bp DHA linear INV Z7-0CT-2004

DEFINITION Cryptosporidium hominis strain TUS0Z chromosome 3 CHROO1309&, whole
genome shobgun sequence.

ACCESEION ARELO1000001 AAELOlOOOOOO

VERSION ABRELOLOOOOOL.1 GI:S54653871
EETWORDE WEE.
S0URCE Cryptosporidium hominis

OPRCGANISM Cryptosporidium hominis
Eukaryota; Alveolata; Apicomplexa; Coccidia; Eimeriida;
Cryptosporidiidae; Cryptosporidiuam.
LEFERENCE 1 fbases 1 to 30444)
AUTHORE Hua,P., Widmer,Z., Wang,¥., O=zaki,L.&., Alves, J.M., Serrano M.G_,
Puiu,D., Mancue P., Akivoshi,D., Mackey A .J., Pearson, WM. R_,
Dear,P.H., Bankier,A. T., Peterson,D.L., Abrahamsen, M. 3., Kapur,V._,
Tzipori,S. and Buck, G_4.
TITLE The genome of Cryptosporidium hominis
JOURNAL Nature 431, 1107-111Z (Z004)
LEFERENCE 2 (bases 1 to 30444}
ATITHORS Hua, P, Midwer,&., Wang,¥., Ozaki,L.%., Alwes, J.M., Berranco M. G.,
Puiuw, ., Maneue P, ikivoshi,D., Mackey 4. J., Pearson, W R,
Lear,P.H., Bankier A.T., Peterszon, D.L., ibrahamsen M.5., Eapur, V.,
Tzipori,®. and Buck,G.A.
TITLE Direct Subnission
JOURNAL Submitted (08-JUN-Z004) Center for the Study of Eiological
Complexity, Virginia Commonwealth University, Trani Center for Life
Sciences, 1000 W Cary St, Richmond, WA Z3E355, US4
FEATURES Location//Qualifiers
Source 1..50444
FJorganism="Cryptosporidium hominis"
Smol_types="genomic DNAL"
febrain="TUOL0Z"
Sdb_xref="taxon: E37895"
fchromosome="3"

gene complement (<1. 5233}
Slocus_tag="Chro.30218"
Cha complement (=<1 . 5Z33)

[ /flecus_tag="Chro.30Z18"
Seoodon_start=1
fproduct="hypothetical protein”

[ Fprotein id="EALZE£445.1" |
Fdb_xref="GI:54655554"
frranslation="MEERPNCEETLENTLOOYEDEWEQCECVCYIGCTIEWECD FPLENE
IIQHVERVOLLIGETPE LYY GV IPNIKY CYWELENMLYIFPIEETIQEWLRRESSTICE

ORIGIN
1 tagtactagt aagcobttoctga gactyggbcag cagagbatgeo ghbttgaata taagotaaag
61 tactaattaa aasagbtattt gocatagaasa tatgattttt atbaagbogoy aagaghttoco

Figure 25. The sample GenBank format with segment of the C. hominis genome.

=ChTUOE0Z_WIT AAELO1O00141%9

CaA A A T T CAC T A TATCE G AGATTCTETTTTTTCATCAATTCGCTGTTTCTTCTAGA
AT AA G CTACTTCTTTTTTCAT AT CAATCAACGACTACGAATCCECTTCAGACCCCTATTCTCTAT
CTATTTGAC G TT T TAT AAGA A AT A A GAGC A A TTTAAACTTAATAACTATATTTCTTATTCCAGAATGA
A A TC TG AT ACAR A TT TR A A TAGT TCARATGARAAT AR ACTTAGAGTCCAAGATAACATTCACTC
CCCCACAAAATTTTTAAAATCCATTCATGACCCAGAL

=ChTUOEDZ WITTI AAELO1OO1420

TTATAC T TAAT T T A T CAGAT T TAT G AGAATC TCCTAAT T TG RACCTCAAGATTTACATTATAAT
AT TGAAC A GG AT AR TTTT T TAR A GAGTAGCCATATTTATATATATARATATAAATATATATATAR
ATATATATAT T TATAT AT ATATATATATATATATATATATATATATATATATATATATCGCATATATATAT
A A TATCTA A AT A T TCAATAT TATACTCEAGCCCCETCAGGCTCCARATTACGCAGATTCTGCATARL
CTCTCAGCACCAGAA

=ChTUOS0Z _WITT AAELOLOOL14Z1

TCACTTCTATCCTTCTAGACCATCTCARAGC TAATAATCCGLAAGATTCTGTCCTCCARLCARRLCTACT
T T T AT TCC T T AT T A A A TTC e TR A CCCTTTTCCAAAT CEACCTTTTCACTCATTAT
CATAA AT AL TTCCC G CC T T G AL A e TCTTCACAATTTCTCTCACATCCCTCACATA
A CACAATATTACCACTACGCTTCTCCCACGTTTAAATACCCATTCSTT

FChTUOS0Z _WI_AAELO1OOl4zZZ2

TAACA AT TCATC AN A TTCATAT T TAAC TTAT TACAATAACATATCATCAATTAATALTATARL
ACTTCTCGTCATCCAGCTCC TCATCCATACAA A A AL A A A CCALATCACTACAATCTARATTCTCTTGAACT
AT TAAT A AT AT A TACATCCATAATTCGTTTTTGE T T TACGACGATCAGAAACCAATTTCECATCAALCAR
CACTATTT TG T CAAGACTCAATTGTTTAGCGTCAACCCCAGA

Figure 26. The sample multi-FASTA format with segment of the C. hominis DNA sequence.
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=ChTUS0Z_EAL3I7EESR
MEIKIFWLLLFCWKEFAREVILT TGN ENIVECLVKELGDEQD LD TEIID S IREIGSD TQHTEPFOPLLDA
SEEEQDERD ST ID A A A S TR S RS L P TEAEKTID LI GAGYED S RED TCARASCPDFEFCEPGPETREEEL
EMVVHPSEELIFSIPTPTMHEPEHQFNTIRRLAGEEY RCL PEAHONERGHVHWCEY TATREPETMTEVNNT
TEMIED LY VLRI LD e s s S T S G RAGE W T AQHI CECIYLLNTYRGEGDCERIFUD LMARFHGD
WELFYEMFROKFROICKEAGT S TCRIDVYND RAY S OV AVLRSAFE P IKTEF TEERREFVRLLETREGICS
LLPONLEREEATIQLETSVDEIPQIFKHITORISLESDYCDIILCGEQSIIECAEALITFFELEAETYYDSTERY
RPIRSLLIEACDDALFHEFDSNTRPEEVSQYDPMENKE

=ChIUL0Z EALZLGL1L

AR LY Py S AN A GRS TV L LS S FN Y ERGMETILF T ISEDCRFEEGS ICSRIGLEEEAHTFTPD LELLD
IINQENNEEREIDCVLVDESQFLTEFOQVRELCIVVDELD IPVLCYCLRTD FRGNLFEGFSEYLLATADELTE
IKTICRCCGERATHTIRLNSNGEPVFSCEQILIGDNSIVTSWCRFHHITISCEEYNF

| =ChTUL0Z EALZE44E
ME SR PNGE T LEN LY D EVEQCEC VY IGCIEWKC P FPLEN S IIQHVERVOLLIGKETPELVTCVIPNI
EyCyVCLENMLYIFP IEETIQEVLRRES S ICESTERRETD PMEEAP S IFEQCFDCEPASDESILTIVFEF
SIFNMTCTFPRVGIFTEDVEYLLCYITEESVHLLALKFDNFD LACD CEQAYDND RTVPRCACLIEVE IMIN
IRGHDIGHLDCSLPGSHNSKFHSLDGTLDGRFFFLEENSSSIHELVYDSSEGUITPYCYIHSHDIYSSFT

Figure 27. The sample multi-FASTA format with segment of the C. hominis protein sequence.

These files are used for the next step. The DNA sequence files are used by the WU-
BLASTN (25) analysis at the contig level and the protein sequence files are used by the
OrthoMCL (48) program to find the orthologous group on the gene level. Because the gene
features’ names in the CryptoDB project use the value of locus_tag in the GenBank file but in
the protein sequence file the gene features’ names use the value of protein_id, we need to
combine the protein_id and locus_tag value together (Figure 29) in order to facilitate the

OrthoMCL analysis.

=ChTOS0Z_EAL37S8E3 Chro. 60143
MEIETFWLLLFCVEFAREVILTTGNENIYEGLYVEELGDEQD LD TEITD S IREIGED TQHTEPFQPLLDA
SEEEQDEFD ST IDAAF VAR TR ESLPTEAEEID LIGAGWED S RFD TCARASGPDFEFGEPGPEIREEEL
EMYVHPEEELIFEIPIPTMEPEHOFNTIRRELEGEKT RCLPEAHONERGNVNITCEVIATREPETMTEVNNT
TEMIQED LV EVLGECIGLD GRS S CT S CERAGEGNTHICEGIYLLNTYRGECDCERTIFUVD LMARFHGD
WMELFYEMFROKFROICKEAGY ST GRID WY ND EAT S OYAVLREAFKPIETEP TEERREFVELLETREGICE
LLPQNLREKATQLET VDS IPQIEHITORISLEADYCD ITLGEQEITECAEALITFFELEARTY YD ETERY
DPIRSLLIKACDDALFHEEDL SNTRPEEVSE (YD RMENEE

=ChTOS0Z_EAL3E5611 Chro. 50338

MAKL YRy AMNACKE TV LLO S S FNTQERGME T ILFTISED CRFEEGEICERICLEEEAHTFTPD LELLD
IINQENNEEEIDCVLVDESQFLTEFQVRELCIVVDELD IPVLCYGLRTD FRGNLFEGEETLLATTADELTE
IETICRCGEEATMTIRLNSNGEPWFEGEQILIGDNEITTEVCREHHIISCEEYNF

=ChTUS0Z EAL32445 Chro.30z15

MESRPNGESTLENILOQT D SVEQGEGCYCTIGIEWHEGPFPLENS IIQHVERVOLLIGKTPSLVTGVIPNI
KTy CLENNLYIFPIEETIQEVLRRES SIGESTERRSTD PMREAPSIFEQCFD CEPASDESILTIVFERF
SIFKNMTGTFPRVGIFTSDVEYLLOVITEESVHLLALEFDNFD LACDCSQAYDND RTVPREACLIEVP TN
IRGED IGHMLOCELPGEHNSEFHSLOGT LD GRFFFLEENSSSIHELVY QS SEGWITPYCYIHEHOITSSFT

Figure 28. The sample renamed multi-FASTA file with segment of the C. hominis protein
sequence.
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4.3 Generating and formatting alignment

Because the C. parvum sequence has 18 long contigs, and the C. hominis sequence has
1422 short contigs, we set the C. parvum genome as the reference sequence and the C. hominis
genome as the subject sequence. In order to implement the comparative visualization part of the
CryptoDB project on the gene level with this specific sequence data, we perform two steps:

< Run WU-BLASTN (25) on the contig level with the DNA sequence data;

< Run OrthoMCL with the protein sequence data;

The WU-BLAST (Washington University Basic Local Alignment Search Tool) program
finds regions of sequence similarity or homology quickly, with minimum loss of sensitivity. It
includes blastp, blastn, blastx, thlastn, and tblastx programs, all based on the BLAST algorithm.

< Blastp: compares an amino acid query sequence with a protein sequence database.

<> Blastn: compares a nucleotide query sequence with nucleotide sequence database.

<~ Blastx: converts a nucleotide query sequence into protein sequences in all 6 reading
frames and then the translated protein products are compared with the protein
sequence databases.

<~ Tblastn: compares a protein query sequence with a nucleotide sequence database

and dynamically translates in all six reading frames (both strands).

< Thblastx: compares the six-frame translations of a nucleotide query sequence with the

six-frame translations of a nucleotide sequence database.

Because the available C. parvum and C. hominis sequence on the contig level is
nucleotide sequence, we use the WU-BLASTN program. First, format the C. parvum nucleotide

sequence in order to create a BLAST database. The command is as follows: “formatdb —i parvum
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—p F—0 T”. Second, use the WU-BLASTN program to obtain alignments by the command:
“blastn parvum hominis <options>". The option parameters can be specified according to user
requirements or set as default.

The OrthoMCL tool constructs ortholog and paralog groups using a Markov cluster
algorithm (MCL) (19) (http://micans.org/mcl/). Orthologs evolve from a common ancestor by
speciation. Paralogs are related by duplication events within a genome (53, 54). Orthologs
typically involve comparison between two species and paralogs typically involve comparisons
within a species. OrthoMCL generates clusters of proteins in which each cluster consists of
orthologs or paralogs from at least two species (48). The detailed procedures include (Figure 29):

< It starts with all-against-all BLASTP local alignment of the protein sequences.

< The putative orthologs are identified between pairs of genomes by best similarity

pairs, and for each putative ortholog, some paralogs are identified within the same
genome.

<> These orthologs and paralogs are converted into a graph in which the nodes represent

protein sequences, and the weighted edges represent each orthologs or paralogs.
Then a symmetric matrix is used to represent this graph.
<~ The MCL algorithm is applied. It considers all relationships in the graph and

symmetric matrix and separates diverged paralogs and distant orthologs by clustering.


http://micans.org/mcl/
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Figure 29. Flow chart of the OrthoMCL procedure (47).

Three major output files are generated by the OrthoMCL tool: all_orthomcl.out,
all_blast.bbh, and all.blast.

The all_orthomcl.out file (Figure 30) lists all ortholog groups with at least two species.
For instance, for the first line: the “ORTHOMCL3”” means the id of this group; the *“4 genes”
means fours genes are included in this group; the “2 taxa’” means two kinds of species; the

remaining part of each line lists the member of this group.

CRTHONCLY {4 genes, 2 taxa): ChT0502 EAL35925 Chro.10120(CHTUS0Z protein rename) ChTO30Z EAL36Z86 Chro.B0274(CRTOS0Z protein rename) cydl 990 .
CRTHONCLZ9(3 genes,2 taxa):  CRITS0Z EALSGBSI Chro. 70267 (ChTUS02 _protein rename) ChTUI0Z EAL37159 Chru 0266 {ChT050C protein rename) codl 2340
ORTHONCLIZ (2 genes,2 taxa): ChTUSDZ_EALSQSBZ_Chru 50358 (ChTUS02_protein renawe] codd 350(c. parvim, vith. 409, protein]
ORTHOMCL33 (2 genes, texaj:  ChTUSOZ EAL34584 Chro.B0262 (ChTUS0Z protein rename) cgdf 2230(c. parvum.with,409.protein)

Figure 30. The sample segment of all_orthomcl.out file.
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The all_blast.bbh file (Figure 31) lists each pair in all groups along with two stranded e-
values. For example: for the each line, the first two segments are the names of each gene in the
pair; the remaining two segments are the two e-values of these genes. The lower the e-value, the
more “significant” the match is.

k:hTUSDZ_EALSS‘}S‘}_ChrD.50011 ChTUS502_ EAL3S5955 Chro.s50010 Z2e—28 5e-29
cgdl 2060 cgdd_ 1040 8e-53 l1le-52
ChTUS0Z EAL34558Z Chro.S0358 cgdS_350 Ge-45 3e-47

Figure 31. The sample segment of all_blast.bbh file.
The all.blast file (Figure 32) lists the detailed alignment information for each group that

consists of one or more match pairs.

BLASTP 2.2.11 [Jun-05-Z2005]

Eeference: Altschul, Stephen F., Thomasas L. Madden, aAlejandro A, Schaffer,
Jinghui Zhang, Zheng Zhang, Wekbh Miller, =and Dawvid J. Lipman (19297) ,
"Sapped BLAST and PII-BELA3T: =a new generation of protein datasbase search
rrograunsT, Mucleic Acids Res. 25:3389-3402z2.

Query= ChTUS50z2_ EAL3BZ01_<Chro.10153
[52 letters)

Database: ./ 0ct_ 13/ /tmps/all.fa
TETY sequences: 4,025,339 total letters

=1 = = o e T T o done
Score E

Seguences producing significant aligmments: (bit=s) Walue
cgdl 1320 | | dewvelopment=al protein, putative (1= de=—13
ChTUS02Z_ EAL3SZ201_Chro. 10153 1= 4=—13
=ogdl 1320 | | developmental protein, putative

Length = 185|
Score = 67.5 bits (164), Expect = 4e-13
Identities = 36/52 (69%), Positiwves = 36/52 (69%)
Zuery: 1 MGHMERISIDDSIFELELOEKELERQYHM ITSGHADLSKE 52

MGHNEISIDDSIFELELOQEFKELERQYI IISGHADLSE

Skhijct: 1 MGHNEISIDDSIFELELOEEELERQYWNERDRDSESERKELEDATIISGHEADLSE 52

>ChTUS0Z EAL3ISzZ01_ Chro.l10153

Length = 52

Score = §7.8 bhits (164), Expect = 4=-13

Identities = 36/52 (69%), Positives = 36/52 (69%)

Querw: 1 MGHNRISIDDSIFELELOEKELEROYN IISGKADLSEK 5=
MGHMRIZSIDDSIFELELOEKELERQYM ITSGHKADLSEKE

Sbhijct: 1 MGHRIZSIDDESIFELELOEKELERQYNERDRDESESEREKLEDATTISGHADLSE 52

Datshass: /0ot 13/ /twp/all.fa
Posted date: D=t 13, 2005 2:41 PHM

Figure 32. The sample segment of all.blast file.

We analyze and format the all_orthomcl.out and all_blast.bbh files in order to generate a

new file named comparison_data file (Figure 33). Each line consists of one C. hominis and C.
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parvum gene that are in the same ortholog group. It extracts the pairs in both species and
removes those pairs in only one species. Then, we parse the all.blast file into many sub-files with

detailed text alignments for each pair (Figure 34).

fhro.S0358——cgdS_ _350--6e-45——32—47
Chro.S0Z62——cgds_Z2Z230--S9e2—59——1e—55
Chro.50355——cgdS_380--1le—-50-—4e—50
Chro.z20414——cgdZ_ 3880-—1le—23——Ze—4Z2
Chro.60042——cgd6_300——3e—70-—4=—"70

Figure 33. The sample of the comparison_data file. The first column means the C. hominis
genes and the second column means the C. parvum genes. The third and fourth columns mean
the two stranded e-values. Each line shows one match pair between C. hominis genes and C.
parvum genes with the corresponding e-values.

Qumy=ChTUSDZ_EELSBZDl_ChrD.10153
Subject= cgdl 1320

regdl 1320
Letigth = 188

Jcore = 67.8 bits (le4), Expect = 4e-13
Identities = 36/52 (69%), Pozitives = 36/52 [(69%)

Query: 1 NGNRIZSIDDSIFELELQEEKELERQYN II3GEADLSE 52
MGNRISIDDIIFELELQEEELERCTN II3GEADLSE
Shjct: 1 MGNRIZIDDIIFELKLQEEELERQYNERDRDIESERKEAEDATITIZGEADLSE 52

Figure 34. The sample of detailed text alignments for each pair. The first line shows the query C.
hominis gene and the second line shows the subject C. parvum genes. The following lines show
the detailed text alignment.

In addition, we run the other two alignment tools: ClustalwW and Promer. The results are

shown in Figure 35 and Figure 36.
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CLUSTAL W (1.83) multiple sequence alignment

cgde_770 MSYSHNANQI TCOCGKODRLLPVLPQSSHERMMRNIQNOGCGCHTRSSINRNONYYEDNG 60
Chro. 60100 MSYSHNANOI TCOCGKODRLLPALPOSSHERMMRN IQQOGCCCHTRSSINNNONYYEDNG 60

FEEXXEXEXEXEFEXEEEXEEE FEXEFXXEXXXXXXEEXXEXEXEXEXEXEFEXEXEEER

cgdé_770 ENISGCLFCORLOHCCICDESRRTGTCHMNQGNMFCSCCTCEMOOOFPSCOCGTHYENTR 120
Chro. 60100 SNISGCLFCORLOHCCICDESRRTGTGHYNQGNHFCSCCTCEMQOOFPSCOCGTHYENTQ 120

EEEXXEXEXEXEFEXXEEXXEXEXEREXEXEXEEXXXEEXXEXEXEXXXEXER LR XEER

cgde_770 HSNEVTRQOAQ T TET THENNGTHNGNYYGNGLDNTIPNNSTPGNVLVSTHINSIONQGO0 180
Chro. 60100 HSNEVTRQOAQT TEI THERNGTHRGNYYGNGLDNTIPNNSTRGRVIVSTNINSIQNOGO0 180

63636 363636 36 363636 36 336 36 36 336 36 36 36 3036360 30 3000000 3000000 300000 3000 0 0 N NN HHH AN K

cgde_770 ITTOSELLNLENTSINPEMINTALSGOTPESLSISIDSEGYITLGYNNHEAPVSNIPTTT 240
Chro. 60100 ITTOSELLNLENTSINFEMINTALSGOTPESLSISIDSEGYITLGYRNHEARVSNIETTT 240

EEEXXEXEXEXEFEXXEEXXEXEXEREXEXEXEEXXXEEXXEXEXEXXXEXER LR XEER

cgd6_770 NSNEESENRIRNALGDRH 258
Chro. 60100 NSNEESENRIENALGDRH 258

EEEXEEXEXEXEEEREEE

Figure 35. The sample of ClustalW alignment output. The first line displays the version of the
ClustalW alignment and the following lines shows the detailed text alignment.

sl

EEE

=15 1]

4600

Chro.c81688

jegall

=351l

166

5] 168 2aa zaa 4EH Sa8 =115 Faa
cgds FFd

Figure 36. A sample picture of the Promer alignment output by the mummerplot program. The
X-axis shows the C. parvum gene and the Y-axis shows the C. hominis gene. The red line is
composed of the match points between two genes. This example means a perfect match between
the C. parvum gene (cgd6_770) and the C. hominis gene (Chro.60100).
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4.4 Visualization approach

In order to satisfy our requirements with minimal modifications to the CryptoDB project,
which uses the GBrowse software as the genome features’ graphical viewer, we have designed
and implemented a comparison visualization approach that can be easily integrated into the
GBrowse framework. Below, we introduce the GBrowse framework.

GBrowse is a web-based application for displaying genomic annotations and other
features. It permits scrolling and zooming through specific regions of a genome, searching for a
landmark or specific genes, performing a full text search of all features, highlighting specific
genes or regions, enabling and disabling tracks and changing the relative track order and track
background color.

The GBrowse framework consists of three layers (Figure 37):

< The firstlevel is a CGI (Common Gateway Interface) script named gbrowse, which is

responsible for managing the user interface, including generating the HTML forms,
accepting and processing requests, managing the cookies, and displaying the
rendered images of annotated regions.

<> The second level is a BioPerl library (55), which connects the CGI script and the

underlying databases or flat files. The Graphics BioPerl module is responsible for
generating the genome images. The other BioPerl modules are used for connecting
the database or flat files by adapters. Figure 38 lists several major BioPerl Modules.
<> The third level is a relational database including MySQL and Oracle or flat files in
GFF format that is responsible for storing genome information. The BioPerl modules

can access these databases or flat files by adapters.
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Figure 37. The GBrowse Framework (56)

Table 1. Major Bioperl Module Groups

Modules Description

Bio::Seq Sequences and their properties

Bio::SeqlO Sequence data input/output

Bio::Index Flat-file sequence database indexing and retrieval

Bio::DB Remote database access for sequences and references via HTTP
Bio::DB:: GFF SQOL GFF database for DAS and GBrowse backends
Bio::SeqFeature Annotations or features that have a sequence location
Bio::Annotation Generic annotations such as Comments and References
Bio::AlignlO, Bio::SimpleAlign  Multiple sequence alignments and their Input/Output

Bio::
Bio::
Bio::
Bio::
Bio::
Bio::
Bio::
Bio::
Bio::

LiveSeq, Bio::Variation
Search, Bio:: SearchlO
Tools

Tools::Run

Tree, Bio:: TreelO
Structure

Map, Bio:: MaplO
Biblio, Bio::DE::Biblio
Graphics

Sequence variations and mutations

Sequence database searches and their Input/Output
Miscellaneous analysis tools

Wrapper for executing local and remote analyses
Phylogenetic trees and their Input/Output

Protein structure data

Biological maps and their Input/Output
Bibliographic References and Database retrieval
Graphical displays of sequences

Figure 38. Several major BioPerl modules and description (55)
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Some images are generated by GBrowse for the CryptoDB project (Figure 39). In figure

39(A), the gene features and corresponding EST and BLASTX features are displayed based on

the contig overview. For example, figure 39(A) shows the C. parvum contig (AAEE01000002)

ranging from 82kbp to 85kbp on the top overview arrow. Under the contig arrow, three tracks are

displayed: Genes, EST Clusters, and BLASTX NRDB. The grey shadow area shows the gene
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searched by the user. In figure 39(B), the comparison on the contig level between the C. parvum
and C. hominis is displayed. For example, figure 39(B) shows the C. parvum contig ranging from
78kbp to 89kbp on the top overview arrow. Under this arrow, the compared C. hominis contigs,
including AAEL01000403, AAEL01000774, and AAEL01000412, are displayed corresponding to

the C. parvum contig coordinates. The grey shadow area indicates that the located gene is found

in this area.
BEEENLOOG0? . : .
g2k pliccocotieeecenscosmemesoeecedlE 0 0 . gok
Genes
cod5_6a0 cod5_ 590 codis_7F0n
| s <

EST Clusters
cluster. 2321 .. tmp
|

BLASTX NRDB

o

o

T
s

(A DA Context

AREECL 0002
B m o B L B B o o B B o o B T I o e o R BB o o o o o e e e
7ok 7ok g0k, g1k G2k g3k gk 84k Gak g7k Gok. g9k,

C.honinis contigs {HU-BLASTH Hatches}
AREL Q00003 AREL QL0007 7
T

ARELGL00412
(B) Genome Comparison - BLASTH of Tl komiais contigs vs Ol parvien contigs

Figure 39. The sample images are generated by GBrowse for the CryptoDB project. (A) It
shows the single genome features display including the contig, genes, EST Cluster, and
BLASTX. (B) It shows the comparison on the contig level between the C. parvum and C.
hominis genome. (http://cryptodb.org)

Our comparison visualization approach aims to display the comparison on the gene level.
It includes five steps (Figure 40):

< First, we run WU-BLASTN (25) on the contig level and load the alignment data into

the GUS database. The GUS database adaptors have been implemented by Mr.



74

Haiming Wang. Figure 41 depicts the contig-level comparative visualization. The top
overview arrow shows one C. parvum contig with the region ranging from 102kbp to
121kbp. By running the WU-BLASTN tool, the two bottom overview arrows of the
C. hominis contigs (AAEL01000137 and AAEL01000498) on the grey track are
displayed. For instance, the AAEL01000137 C. hominis contig ranging from 2kbp to
16kbp matches the top C. parvum contig ranging from 102kbp to 116kbp according
to the WU-BLASTN alignment.

Second, we add the gene features to each contig of both genomes. Each gene has a
start point and stop point base on the contig. This information is stored in the GUS
database and then retrieved by the GUS adapter. The gene features of each contig are
added under the overview arrow of the C. parvum and above the overview arrows of
the C. hominis of figure 41 to form figure 42.

Third, we run OrthoMCL to obtain the comparison pairs between C. parvum and C.
hominis genes. Figure 33 shows the sample comparison pairs file.

Fourth, we run several functions that we have implemented into the GBrowse CGI
script, without any modification on the BioPerl level. From figure 42, we see that
many genes of both genomes are shown, but we do not know which genes are
orthologs. Because the orthologs match pairs on the gene level have been obtained
by the third step, our functions are used to connect the genes of the orthologs pairs. If
the region of the panel viewed by the user has changed, our functions still can
connect the orthologs genes dynamically. If one of the orthologs gene pair is not in
the current region of the panel, it is highlighted. See appendix A, B, C, and D.

Appendix A shows the get_matches function that obtains all orthologs pair from the
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comparison match pairs file. Currently we store it into a flat file instead of the Oracle
database. Appendix B shows the get glyph_coord function that obtains the glyph
coordinates of the specific gene feature. Appendix C shows the highlight feature
function that obtains the coordinates of the gene feature that its matched orthologs
genes are not shown in the current panel. Appendix D shows the
draw_comparison_line function that draws the shadow areas according to the
coordinates by the get_glypy_coord and highlight_feature function. With other minor
functions, figure 43 of the sample of comparison visualization is generated.

< Fifth, add the image-maps into each comparison area and highlight area. Each image-
map popup shows a detailed alignments window (Figure 44). We implemented this
function in the Browser.pm module of GBrowse. In addition, the results of other

alignment approaches are added into this popup window.

WU-BLASTN | Comparison | Gene features OrthoMCL | Comparison
> visualization on ”| display on each ”| visualization on
the contig level contig the gene level

Figure 40. The flow chart of comparison visualization on the gene level based on our approach.
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C.honiniz contigs {HU=-BLASTH Hatches}

ARELOLOGLEE HREL®
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ARELOLGO043E

Figure 41. The sample diagram of contig-level comparative visualization by the GBrowse. The
top overview arrow shows one C. parvum contig with the region ranging from 102kbp to 121kbp.
By running the WU-BLASTN tool, the two bottom overview arrows of the C. hominis contigs on
the grey track are displayed. For instance, the AAEL01000137 C. hominis contig ranging from
2kbp to 16kbp matches the top C. parvum contig ranging from 102kbp to 116kbp.

, , , , \ , , , , \ , , , , \ , , , , \
102k 103k 1odk 105k 10gk 107k 108k 1059k 110k 111k 1izk 113k 1idk 115k 116k 117k 118k 119k 1zok 121k
C.parvun gene

Cgdb_ 740 C%dﬁ_?EO C%dﬁ_??O CﬁdE_SOO C%dﬁ_ﬂiO cgdb_GS20
Cﬁdﬁ_?ﬁO C%dﬁ_?SO C%dE_SSO

C.honinis gene

Chro 60096 Chro.60095 Chro.6o099 Chro.60101 Chro.6o1od Chro.aolo5

| — - <] =] = | I——
Chro . 60097 Chro .6l o Chro.ooloz Chro.oolos Chro.oolo?
—= | - | I

C.honinis contigs {HU-BLASTH Hatches}
AAREL QL0001 37 ARELD

2k 3k Ak Sk Bk 7k Sk Sk 10k 11k 12k 13k 14k 15k 16k

AREL Q1000425

Figure 42. The sample diagram of contig-level comparison viewer with gene features. Based on
figure 37, the gene features of each contig are added below the overview arrow of the C. parvum
and above the overview arrow of the C. hominis.
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Figure 43. The sample diagram of gene-level comparison viewer. The orthologous genes are
connected based on figure 37.
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Frint this page | Close

) CryptoDB.org

T prexrmeierrr———cgdds FFO hyvpothetical protein

M Boesisis—-—-Chre 0100 hyvpothetical protein
E-walue: 1e-1341 =———-= 1=-13=1
Tretaile d alishiment: Clustalar | Blastp | Promer

Clu=st=alww Top
CLUSTAL W (1.83) multiple soguence

ocgdae_ 770 MSYSHHAHNOQI TCOOSKEODRLLEPY LEOSSHSRMMEM I OSSOSO M TEPSSTLHENNORNYYEFDHO &0
CThro . 60100 HSYSHHANOI TCOCSKODREILTFATFOSSHSRMMEMIOQOOOSCSCHTEFSSTIHNHNONYYEFDHO &0
cgde_ 770 SHISGC _IFCORILOHCCTICDEFSERTGTGHMNOGHMECSCCTCRPHMOOOFEPSCOCSTHYENTO 120
Chro 60100 SHISGCCLEFCORLOHCOCTICDEF SRR TGS TGMMHEOQGHME SO TCPMOOOFPSCOOSTHYEFRT 120
cgde_ 770 HESHEPVTEOOAO T TETI THSHN G THHGH Y VGEHGCLDHN TIFPHNSTEGCGHYLYSTHINSIONOSOO 130
Chro.&e0100 HESHPWITFOOAO I TELI THSHH G THHGHY WGECHGLDH TIFHASTEGHVIYVSTHLHS I OGO 1230
ocgdae_ 770 ITTI O SELLHNLENTSIHPEMINIATLSGO TPESLSISIDSESGY ITLSWHNHPAPWYWSHIBPTTT 240
CThro . 60100 ITTOSEITHIKN TS INFEMINIATSCSOTPFESISISIDSESYITLSVHNHEFAPVWVSHIEPTTT 240
ocgd&e_ 770 HESHEESEHNRIRNATLGCGDEREH 2535

Chro 60100 HSHEESRHRIRHNATGDRH 2523

For the detailed. editable alignment. please olick the button

SlESiEar I
Elastp Top

Duery= CplIOoWa EAKSII767_ _ocgde_ 770
Subiject= ChTUO50Z EATLIGEETE _Chro. 60100
>ChTUS0Z2_EALZEG 76 _Chro.&e0100

Tength = 255
Score = 473 bit= (1215). Expect = =—134
Tdentitises = 229258 {(88Xx). Positiwes = 2Z9--258 ({(883)
COuaerw o 1 MSYSHHNANQITCOCOSKODRLTLEPYVLEPOSSHNSEMMEMIOQOQOGCCSCHMTESSTHNHNOENYYEFDNO &0
HMSYSHHAHNQITCOCOTDSEQODRITLE LPOSSHSREMMRMIOOOSGOSCH TRPSSTIHEEON Y Y EDHO
Sbhict : 1 HEVYSNHANQITCOCGHKODRELLFALFOSSHNSREMMEMIOQOQOCCSCHTESSLEFNHOQHYYEFDHO &0

Ouerw: &1 SHISGCGCILEFCORLOHCCICDEFSRETGTGHMNOSGHMECSCOCT TCEPHOOOFPSCOCSTHYEFRTO 120
SHISGCGCLFCORLOHCCICDEFSRETGTGHMMENOSGHMEFCSCCTCRFMOOOFFPSCOCGTHYENTO
Sbict: 61 SHISGCIFCORLOHCCTICDEFSRERRETGTGHMNOSGHHMECSCOC TCPHOOOFPSCOCGSTHYEFRTO 120

Duersw: 121 HSHEPVTEPOQOAQITET LONTIPHHSTEPGHVILVSTHLINSIONOQGO 180
HSESHNPVTEOQOALAOTITET IDHTIPHHSTEGHVLVSTHLIHNS I ONOQGOO
Shict: 1Z1 HESHNEFYVTEFOOAOQITEITHSHHGTHMHGHYVGHGLDH TIFHHNSTEFGHVLYVSTHLIHSIONOQGO 150

Duery: 1821 ITITIOSELLHLEHTSIHNFPEMINIAILSGOTRFESLSISIDSEGYWITLGVHNHFARPVSHIEPTTT 240
ITTOSELLHILENTSTIHPEMINIATSGOTRPESTSISTIDSEGYITLGYVHHHEPAPWSHIEPTTT
Sbict: 1821 ITIOSEITHIKHITSIHFEMINIATSGSOTFESISISIDSEGYWITLGVHNHFAPVSHIPTTT 240

LS ET= ok + 241 LZDRH 258
AL CDEREH
Shict 241 HSHEESRHRIRHATLGDRH 2582

Fromer [FROt2in MURMmer ] wersion = .08 Top
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Figure 44. An example of the popup window with detailed protein alignments. It displays the
ClustalW, BlastP and PROmer protein alignments. For PROmer alignment, the X-axis indicates
the C. parvum gene and Y-axis indicates the C. hominis gene. (http://cryptodb.org)
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CHAPTER 5
ANALYSIS BASED ON COMPARISON RESULT

In this chapter, we demonstrate the utility of comparative genomic visualization
generated by our approach. In figure 45, the rectangle boxes display the synteny blocks and the
ellipses show the candidate insertion and deletion genes. However, because the C. parvum and C.
hominis genomes are long and consist of numerous genes, it is time-consuming work to
manually find all these candidate genes and synteny blocks by selecting the regions continuously
throughout the whole C. parvum genome and locating the candidate genes and synteny blocks on
the comparison visualization (Figure 45). Thus, our goal is to design a batch approach to
accurately and quickly search for all candidate insertion and deletion genes and synteny blocks.
For the C. parvum genome, 93 candidate insertion or deletion genes are found. For the C.
hominis genome, 68 candidate genes are found. Also we have added the links for each kind of
genes to display the corresponding comparison visualization. The visualizations of the candidate
insertions and deletions are useful in helping the scientist to verify their existence.

Future work will focus on analyzing the candidate insertion and deletion genes, removing
those “noisy” candidate genes, and then merging those blocks separated by the “noisy” candidate

genes, and also finding the rearrangements events.
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Figure 45. The sample picture generated by our comparison approach. The rectangle boxes
mean the synteny blocks of genes between the C. parvum and C. hominis genomes. The ellipse
boxes show the candidate insertion and deletion genes of the C. parvum and C. hominis genomes.
Three steps of our analysis approach include:
< First, prepare several files: the ordered genes list file under each contig of the C.
parvum genome (Figure 46(A)), the ordered genes list file under each contig of the C.
hominis genome (Figure 46(B)), and the comparison matches pairs file between C.
hominis and C. parvum genomes (Figure 46(C)).
<> Second, generate the numbered matches file for each genome. (1) Paste each match
pair to the ordered C. parvum genes list file (Figure 47(A)). (2) Put the same number
in the front of each of these matches, if two or more consecutive match pairs exist.
The number is increased by 1 (Figure 47(B)). (3) Apply step (1) and step (2) into the
ordered C. hominis genes list files to obtain another half-numbered file (Figure 47

(C)). (4) Number the right column of C. hominis genes according to the number of
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the C. hominis half-numbered file on the C. parvum half-numbered file (Figure 47
(D)). Vice versa.
<> Third, by two analysis files on the second step, we can summary the total candidate
insertion and deletion genes in the C. parvum and C. hominis genomes. And we can
summary how may synteny blocks and how many genes in each synteny block.
Several examples (Figure 48-50) are provided to learn how to find the candidate insertion
and deletion genes and synteny blocks from the analysis files. Thus, the users can quickly locate
those candidate genes they are interested in. In addition, we can use our approach to verify

whether the gene features are displayed correctly.

AAEEOC1OO0OOOL ABAELO1O0OO01S1 Chro.30027——ocgd3_ 7=0
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oo’ 7 Chro.Z00593 Chro.3002&6——cgd3_ 720
oo 10 Chro.ZOo0osO Chro.40326——cocgd3_ 2150
oo Z0 Chro.zZOo0s1 Chro.4032 6——ocgdd_ 2900
oAl S0 Chro.Z20082 Chro.340330——cgd3_ 2180
(=l T R S| Chro . 20065 Chro.340330——cgdd 29200
cgd?ISD AAFEILO10O0015= Chro.302558——cgds_ 2150
[ o Ry =0 Chro.ZzZ0300 Chro.30258——cgdad_ 29200
corelyr PO Chro.zZ0Os99 Chro.50507V——cgd5S_ 4s00
codlY S0 Chro.ZzZO0Os595 Chro.50507V——cgds_ 5480
cod™ 90 Chro.zZOos97? Chro.50507V——cgds_ 5420
cod7__ 100 Chro.z0396 Chro.l0l20-—cgdl_ 90
cng_llﬂ Chro.zZO0s595 ChrD.lDlZD——cgdB_ZSSD
cgd7_1=z0 ABFELO10001SS Chro.80z2743——cgdl_ 330
cgd7_13ﬂ Chro.SOsSz25 ChrD.BDZT&——cgdB_ZSSD
cgd7? 140 Chro.S0324 Chro.7vO0&6ll—-——cgd5_ 3570
cgdv__ 150 Chro.SO0325 Chro.70611——cgd?_S5500
cgd7__ 160 Chro.SO03z2=2 Chro.50015——ocgdS5_3570
cgdF__ 170 Chro.S0321 Chro.S50015——cgd7?_S5500
cgd7__1s0 Chro.S0320 Chro.20010-—cgdz_ 20

cgd7__ 190 AAELO1O0O0O01S3 Chro.20010-—cgd7__ 380
codv_zoo Chio.FO3S 6 Chro. 70049 ——cgdz2__ =0

ciorcl 7 = 10 Chro.70337 Chro.70049——cgd?__ 360
codT_ =20 Chro. 70333 Chro.70450——cogd7__4330

() L= (Cy

Figure 46. Three files for analysis: (A) C. parvum ordered genes list file; (B) C. hominis ordered

genes list file; (C) the gene comparison pair file.
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cods S390 —— chro.SOosoz 50 cogdS_3390 —— Chro.S0392
cods S400 —— chro.SOosos 50 codE_3400 —— Chro.S0393
cods__S410 cgdsS_3210
cods S4z0 —— chro.SO03o4 51 codS_3420 —— Chro.S0394
cods 5490 —— chro.S0395 a1 codB8_3430 —— Chro.80395
cods 5440 —— chro.S0396 a1 codB_3440 —— Chro.803965
cods S450 —— chro.SO039o7 =1 cods_3450 —— Chro.S0397
cods S460 —— chro.SOosoo =1 codsS_3460 —— Chro.S039S
cods S470 —— chro.Sosoo =1 cods_3470 —— Chro.S0399
cods S450 —— chro.So400 a1 codi_3480 —— Chro.s80400
cods 5490 —— Chro.SO0901 51 codS_3490 —— Chro.S0401
cods S500 —— Chro.SO0402 51 codE_3500 —— Chro.sS0402
cods 5510 —— Chro.SO0405 51 codS_3510 —— Chro.S0403
codS S5Z0 —— Chro.SOo904 51 cgdS_3520 —— Chro.S0404
codS S550 —— Chro.S04905 a1 cogdB8_3530 —— Chro.80405
codS 5540 —— Chro.SO0406 a1 codB_3540 —— Chro.80406
cgads__ 3550 cgds 3550
codS S560 —— Chro.SO0g409 sz cods_ 3560 —— Chro.S0409
codS 5570 —— Chro.S04912 sz codES_ 3570 —— Chro.S041Z
cods S550 —— Chro.S0915 az cogdi&_ 3580 —— Chro.S04213
cods 3590 —— Chrro.Soa14 sz codS_3590 —— Chro.S0414
cods S3E00 —— Chro.S0415 sz coodS_3600 —— Chro.S0415
cods 3610 —— Chro.S0416 sz codS_3610 —— Chro.S04216
{8y (B}
15 Chro.80380 —— cgdS_3270 80 cogdS 3270 —— Chro.S0380 15
15 Chro.80381 —— cgdS_3280 80 cogds_3280 —— Chro.S0381 15
15 Chro.80382 —— cgdS_3z90 80 codS_3290 —— Chro.S0382 15
15 Chro.80383 —— cgdS_3300 80 cods_3300 —— Chro.50383 15
15 Chro.80384 —— cgdS_3310 80 cods_3310 —— Chro.50384 15
15 Chro.S80385 —— cgdS_3320 80 cogds_3320 —— Chro.50385 15
15 Chro.80386 —— cgdS_3330 80 cogdS_3350 —— Chro.50386 15
15 Chro.80387 —— cgdS_3340 80 cods_ 3340 —— Chro.50387 15
15 Chro.80388 —— cgdS_3350 a0 cgdB_3350 —— Chro.50388 15
15 Chro.80389 —— cgdS_3360 a0 cgdB_3360 —— Chro.B50383 15
15 Chro.80390 —— cgdS_3370 =0 cgdsS_ 3370 —— Chro.S0390 15
15 Chro.80391 —— cgdS_3380 =0 cogdS_3380 —— Chro.S0391 15
15 Chro.80392 —— cgdS_3390 =0 cogdS_3390 —— Chro.S0392 15
15 Chro.80393 —— cgdS_3400 =0 cogdS_3400 —— Chro.S0393 15
15 Chro.80394 —— cgdS_34z0 cods_3410
15 Chro.80395 —— cgdS_3430 =1 cogds_3420 —— Chro.S0394 15
15 Chro.80396 —— cgdS_3440 =1 cogdsS_3430 —— Chro.S0395 15
15 Chro.80397 —— cgdS_3450 a1 codsS_3440 —— Chro.S0396 15
15 Chro.80398 —— cgdS_3460 a1 codS_3450 —— Chro.S0397 15
15 Chro.80399 —— cgdS_3470 a1 codS_3460 —— Chro.S0398 15
15 Chro.80400 —— cgds_3480 51 cogds_ 3470 —— Chro.S03939 15
15 Chro.80401 —— cgds_3490 51 cogds_3480 —— Chro.S50400 15
15 Chro.80402 —— cgds_3500 51 cods_3490 —— Chro.S50401 15
ARELO1000006 51 cods_3500 —— Chro.50402 15
Chro.70z41 51 cods_3510 —— Chro.50403 238
186 Chro.70240 —— cgd7?_2090 S1 cogds_3520 —— Chro.50404 238
186 Chro.70238 —— cgd7?_2080 S1 cogds_35350 —— Chro.50405 238
186 Chro.70238 —- cgd7?_2070 S1 cogds_ 3540 —— Chro.50406 238
186 Chro.70237 —— cgd7?_z0s60 code_3550
186 Chro.70236 —— cgd7?_2050 sz cgde_3560 —— Chro.B0403
186 Chro.70235 —— cgd7?_z040 =z cgds_ 3570 —— Chro.S0412 189
Chro.trn04z az cgdS_ 3580 —— Chro.S0413 189
Chro.70234 —— cgd7?_2030 =z cgdS_ 3590 —— Chro.S0414 189
Chro.70232 az cgdS_ 3600 —— Chro.S0415 189
17 Chro.70231 —— cgd7?_2010 =z cgdS_ 3610 —— Chro.S0416 189

Figure 47. The example of generating the analysis files.
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S0 cgdS_3270 —— Chro.S0350 15 AAFLOLOO0OO0O1
S0 cgdS_32580 —— Chro.S0351 15 1 Chro.30z18 —— cgds 1840 111
S0 cgdS 3290 —— Chro.S035z2 15 1 Chro.30219 —— cgds 1850 111
S0 cgdS_3300 —— Chro.S0383 15 1 Chro.30220 —— cgds 1860 111
=0 cgdS_3310 —— Chro.S03S4 15 1 Chro.302Z21 —— cgd3 1870 111
=0 cgdS_ 3320 —— Chro.S03S5 15 1 Chro.30222 —— cgd3 1880 111
=0 cgdS_3330 —— Chro.S03S6 15 1 Chro.30223 —— cgd3 1890 111
=0 cgdS_53340 —— Chro.SO0357 15 1 Chro.30224 —— cgd3 1200 111
=0 cgdS_3350 —— Chro.SO0388 15 1 Chro.302Z2Z5 —— cgd3 19210 111
S50 cgdsS_3360 —— Chro.S50352 15 1 Chro.30226 —— ocgds 1920 111
S0 cgdS_3370 —— Chro.S0390 15 1 Chro.30227 —— cgd3_1930 111
S0 cgdS_ 3380 —— Chro.S0321 15 1 Chro.30228 —— ofed ST 111
S0 cgdS 3390 —— Chro.S039z2 15
S0 [t e K= 00 —— Chro.S03293 15 1 Chro.30229 —— ~FELS o112
1 Chro.30230 —— cgdi_ 1970 112
=1 _ —— Chro.S03254 15 1 Chro.30233 —— ocgdi3_ 1980 112
S1 cogdsS_ 3430 —— Chro.S0335 15 1 Chro.30234 —— cgd3i_1290 112
s1 cgdS_ 53440 —— Chro.SO0396 15 1 CHREO. 302 —— cgd3I_ 2000 112
S1 cgdS_3450 —— Chro.S0397 15 Chro.30236 -
S1 cgdS_3460 —— Chro.S0395 15 z FTr=—SHEr S —— ogd3 2010 11z
S1 cgdS_3470 —— Chro.S0399 15 = Chro.30238 —-- cgdi_zZ0zZ0 112
S1 cgdS_3450 —— Chro.S0400 15 z Chro.30240 —- cgdi_2030 112
S1 cgdS 3490 —— Chro.S0401 15 2 Chro.30241 —— cgdi_z040 112
a1 cgdS&_3500 —— Chro.S0402 15 2 Chro.30242 —— ocgd3 2050 112
=1 cgdS_3510 —— Chro.S0403 2385 z Chro.30243% —-— cgdi_z060 112
=1 cgdS_3520 —— Chro.S0404 235 z Chro.30244 —-— cgdi_z2070 112
=1 cgdS_3530 —— Chro.S0405 2385 z Chro.30245 —— cgdi_z0S0 112
s1 =Y s = 30 —— Chro.S0406 233 2 Chro.30246 —— ocgdi 2090 112
cogdS_ 3550 2 Chro.30247 —— ocgdi_2100 112
Sz cgds_ 3560 ~ Chro.S0409 z Chro.302458 —- cgdi_2110 112
Sz CEE 0 —— Chro.S021z 1529 z Chro.30249 —— cgdi_zi1z0 112
Sz cgdS_3580 —— Chro.S0413 159 2 Chro.30250 —— ocgd3 2130 112
Sz cgdS 3590 —— Chro.S0414 159 2 Chro.30251 —-— ocgdi_2140 112
Sz cgdS&_3600 —— Chro.S0415 159 z Chro.30252 —— cgd3_2150 112
sz cgdS_ 3610 —— Chro.2041&8 159 =z Chro.30253 —— ogd3_=2160 112
{A) {B)

Figure 48. The example of two numbered genes comparison pairs files. The circles indicate the
candidate insertion and deletion genes.
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Figure 49. An example of displaying the candidate in-del genes and synteny blocks. The red
glyphs indicate the un-annotated genes; the circle shows the candidate insertion gene (cgd8 3410)
that is found in the analysis file of the figure 48(A). The rectangular boxes indicate the synteny
blocks of genes of the C. parvum and C. hominis genomes.
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Figure 50. An example of displaying the candidate insertion and deletion genes and synteny
blocks. The red glyphs indicate the un-annotated genes; the rectangular boxes indicate the
synteny blocks of genes between the C. parvum and C. hominis genomes; the circles indicate the
candidate insertion and deletion genes of the C. parvum and C. hominis genomes that are found
by analyzing the file of the figure 48(B).



85

CHAPTER 6
CONCLUSION AND FUTURE WORK

The use of comparative genome sequence analysis and visualization is becoming more
important with the availability of more complete genome sequences. In order to implement the
comparative genome visualization of the CryptoDB project, we investigated several major
genome alignment approaches and comparative visualization tools. Under these cases study, we
have designed and implemented our approach suited for this project and tried to make our
implementation more flexible and powerful so that it can be used for the other related projects. In
addition, we have analyzed the comparison result data to find all candidate insertion and deletion
genes, synteny blocks, and rearrangement events.
To make our comparative genome visualization approach more powerful, the following
functions may be implemented in the future:
<> Load the comparison data into the GUS database. Currently, we store the comparison
data in the flat files. Thus, each time when we display one genome’s region, the
whole comparison matches data are retrieved. This adversely affects the performance.
If we store these data into the GUS database, this shortcoming will disappear.

<> Locate the detailed alignment coordinates of each matched gene. The OrthoMCL
tool is used to predict the orthologs groups between genes. It does not provide the
detailed gene alignment coordinates. For example, the long and the short genes are
in the same orthologs group. Actually, the short gene just matches part of the long

gene. Our current approach just connects these two genes together without any
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consideration of detailed coordinates. We will try to obtain each coordinate of the
matched genes by parsing the detailed alignment in the future work.

Provide the display of comparison data base in tabular form. In the future work, we
can add two tabs: Graphical view and Text-table view. It can help users to find the
matched genes easily and quickly because the graph can not be searched easily.
Make our code more general. It can be easily used by the other group if we make our

code more clear and general.
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1, some species-specific sequence databases:

NCBI: http://www.ncbi.nlm.nih.gov/

TIGR: http://www.tigr.org/

Sanger: http://www.sanger.ac.uk/

Ensembl: http://www.ensembl.org/

TAIR: http://www.arabidopsis.org/home.html

SGD: http://genome-www.stanford.edu/Saccharomyces/

MGD: http://www.informatics.jax.org/

Human Genome Browser: http://www.genome.ucsc.edu/

NISC: http://www.nisc.nih.qov/

Rat Genome Database: http://www.rgd.mcw.edu/

FlyBase: http://flybase.bio.indiana.edu/

Wormbase: http://brie2.cshl.org:8081/

ExoFish: http://www.genoscope.cns.fr/externe/tetraodon/

2, some gene annotation and prediction programs:

GENSCAN: http://genes.mit.edu/GENSCAN.html

GenomeScan: http://genes.mit.edu/genomescan/

EST Genome: http://www.sanger.ac.uk/Software/Alfresco/download.shtml

FGENESH: http://genomic.sanger.ac.uk/gf.html

GrailEXP: http://compbio.ornl.gov/grailexp/

TwinScan: http://genes.cs.wustl.edu/query.html
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Genie http://www.fruitfly.org/seq tools/genie.html

SLAM: http://baboon.math.berkeley.edu/~syntenic/slam.html

3, some sequence alignment approaches:

LAGAN and Multi-LAGAN: http://lagan.stanford.edu

Shuffle-LAGAN: http://lagan.stanford.edu/lagan web/shuffle.shtml

AVID: http://bio.math.berkeley.edu/avid/

MAVID: http://baboon.math.berkeley.edu/mAVID

Mauve: http://gel.ahabs.wisc.edu/mauve/

MUMmer: http://mummer.sourceforge.net/

PipMaker and Multi-PipMaker: http://bio.cse.psu.edu

CHAOQOS: http://www.cs.stanford.edu/~brudno/chaos/

DIALIGN: http://bibiserv.techfak.uni-bielefeld.de/dialign/

CHAOS & DIALIGN: http://dialign.gobics.de/chaos-dialign-submission

ClustalW: http://www.ebi.ac.uk/clustalw/

OrthoMCL: http://orthomcl.chil.upenn.edu/cqi-bin/OrthoMclWeb.cqi

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

LALIGN: http://www.ch.embnet.org/software/LALIGN form.html

4, some comparison visualization tools:

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

Phylo-VISTA: http://www-gsd.lbl.gov/phylovista

SynBrowse: http://www.synbrowser.org/



http://www.fruitfly.org/seq_tools/genie.html
http://baboon.math.berkeley.edu/~syntenic/slam.html
http://lagan.stanford.edu/
http://lagan.stanford.edu/lagan_web/shuffle.shtml
http://bio.math.berkeley.edu/avid/
http://baboon.math.berkeley.edu/mAVID
http://gel.ahabs.wisc.edu/mauve/
http://mummer.sourceforge.net/
http://bio.cse.psu.edu/
http://www.cs.stanford.edu/~brudno/chaos/
http://bibiserv.techfak.uni-bielefeld.de/dialign/
http://dialign.gobics.de/chaos-dialign-submission
http://www.ebi.ac.uk/clustalw/
http://orthomcl.cbil.upenn.edu/cgi-bin/OrthoMclWeb.cgi
http://www.ncbi.nlm.nih.gov/BLAST
http://www.ch.embnet.org/software/LALIGN_form.html
http://www-gsd.lbl.gov/vista
http://www-gsd.lbl.gov/phylovista
http://www.synbrowser.org/

ACT: http://www.sanger.ac.uk/Software/ACT/ http://www.webact.org

ABC: http://mendel.stanford.edu/sidowlab/downloads/ABC GERP/abcgerp.html

Sybil: http://sybil.sourceforge.net/

Mulan: http://mulan.dcode.org/

Mauve: http://gel.ahabs.wisc.edu/mauve/

MUMmer: http://mummer.sourceforge.net/
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APPENDIX A
DEFINITIONS

Conserved: Derived from a common ancestor and retained in contemporary related species.
DNA: The chemical inside the nucleus of a cell that carries the genetic instructions for making
living organisms.

Exon: The region of a gene that contains the code for producing the gene's protein.

Genome: The entire DNA contained in an organism or a cell, which includes both the
chromosomes within the nucleus and the DNA in mitochondria.

Genomics: The study of genes and their function.

Gene: The functional and physical unit of heredity passed from parent to offspring.

Highly conserved sequence: A DNA sequence that is very similar in several different kinds of
organisms.

Homology: Sequence similarity that can be attributed to descent from a common ancestor.
Homolog: A gene related to a second gene by descent from a common ancestral DNA sequence.
Intron: A non-coding sequence of DNA that is initially copied into RNA but is cut out of the
final RNA transcript.

Non-coding DNA: The strand of DNA that does not carry the information necessary to make a
protein.

Non-coding RNA: any RNA molecule that functions without being translated into a protein.
Ortholog: Genes in different species that evolved from a common ancestral gene by speciation.

Paralog: Genes related by duplication within a genome.


http://en.wikipedia.org/wiki/RNA
http://en.wikipedia.org/wiki/Translation_%28genetics%29
http://en.wikipedia.org/wiki/Protein
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Phylogenetic tree: A tree that shows the evolutionary interrelationships among various species
that are believed to have a common ancestor.

Protein: A large complex molecule made up of one or more chains of amino acids.
Regulatory region: a DNA base sequence that controls gene expression.

Similarity: The extent to which sequences are related.

Synteny: Genes occurring in the same order on chromosomes of different species.


http://encyclopedia.laborlawtalk.com/Tree_%28graph_theory%29
http://encyclopedia.laborlawtalk.com/Evolution
http://encyclopedia.laborlawtalk.com/Species
http://encyclopedia.laborlawtalk.com/Common_descent
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APPENDIX B
MAJOR FUNCTIONS

B.1  The sample code of get_matches function aims to retrieve the match pairs from the file

generated by OrthoMCL.

sub get_matches |

my fhoxes = shift:
my %¥seen = [):
my Barravy;

foreach (E{boxes){

my [§feature, ileft, $top, fright, fbottom, ftrack) = B§_
my §name = §feature->name;

my §start = §feature->start;

my §end = §feature->end;

fzeen{ fname! = 1;
i

open( INPUT, "< ftmp/all_nrthomcl_transfer.Dut" 1 || die "oannot open the file™;

while (<INPUT>] {

wy (ftar, $ref, §el, §elZ) = spliti"--", §_1:
chomwp §tar:
chomp $ref:
chomp fel;
chomp §e2;
ifjexists $seen{itar} || exists $seen{fref}) {
push (farray, [§ref, §tar, §el, §eZ]):
+
i
return Barray;
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B.2  The sample code of get_glyph_coord function aims to obtain the coordinate of specific

gene glyph on the Panel used by the draw_comparison_line function.

sub get_glyph coord {

wy [§self, §id, §flagy) = B_:
my $hoxes §self-rboxes;
my $scale §self-»scale;
wy [Joffset, Sindent, $v);

foreach (0$boxes){

wy [§feature, §lefr, §top, fright, {hottom, §crack) = B§_:
wy §pad_bottom = §track-roption('pad hottom')
if ([ §$feature—->nswe =g §id){ # this is a reference feature

if i§feature->start < ftrack-»start){ # feature cross left edge
joffser = (§feature->stop - Frrack-»start) * §scale:

} elsif(f{feature->stop > S$track->stop){ # feature cross right edge
joffset = (§track-»stop - §$feature-r»start) *§scale;

roelse {

joffset = (§feature->stop - §feature->start) *§scale:
H

findent = ftrack-roptioni('height') < joffset 2
ftrack-»option(' height') : Soffset F2:;

§v = §flag »>= 0 ? fbhoctom-§pad bottow * 3 : fhottowm — §track-roption('height')-§pad_bottom®2

return [$left, $v, §left+joffset-$indent, $v] if (§festure->strand >= 0]
return [$left+findent, §v, §left+ioffser, $y]:
B
¥ # end foreach (Bfboxes) loop

B.3  The sample code of highlight_feature function aims to highlight the specific gene

features in order to show the match pairs that are not in the same panel region.

sub highlight_ feature {
wy (§self, §id, §flag) = B_:
mwy $boxes jZelf-rboxes:
my S$scale $self->scale;
mwy (§offset, Findent):
my §shadow off = 40 * fscale * 2;

foreach (@fboxes){
wy (§feature, §left, §top, fright, §bottom, ftrack) = B§_;
wy §pad bottom = ftrack-roption('pad bottom'):
fpad bottom = §flag >=0 ? §pad bottom*3 @ $pad bottom®2;

if | §feature->nawe eq $id) { # this is a reference feature

if (§feature—>start < §track->start){ # feature cross left edge
foffset = ($feature-»stop - Sftrack-»start) * jscale;

} elsif(§feature-»stop > jtrack-»stop){ # feature cross right edge
joffser = (§track->stop — §feature—>start) *§scale:

¥ oelse {
goffset = (§feature-»stop - §$feature->start) *§scale;

H

§indent = $track->option('height') < foffset ?

jtrack-roption('height') @ joffsec JZ:

return [§left—f$shadow off+1, ‘Sbc\ttc\rrrSt.rack—}Dptan( 'height! ) —§shadow off-§pad bottowmtz,
jlefr+foffser—§indent+ishadow off+l, fbottom-§track-»option('height')-$shadow off-$pad bottowdz,
§left+joffset+ishadow off+l, jhottom—§track->option{'height')/2-§pad bottom,
§left+ijoffset—§indent+§shadow off+l, $bottormt+§shadow off-$pad bottorm,
§left—fshadow off+l, jbottom+ishadow_off-fpad bottom] if ({feature->strand >= 0 );
return [§left+iindent—§shadow off-1, jbottor—§track-roption('height')-§shadow off-fpad bottor+z,

jleft+foffset+ishadow_off-1, fbhottom-jtrack-:option('height')-§shadow off-fpad bottom+i,
§left+joffset+ishadow off-1, Shottowt+ishadow off-Fpad bottom,
§left+iindent—§shadow off-1, $bottom+ishadow off-$pad bottom,
§left-§shadow_off-1, jhottom-§track->option('height')/Z-$pad bottom] ;
H
+ # end foreach (Bfboxes) loop
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B.4  The sample code of draw_comparison_line function aims to draw the comparison areas

that are in the same orthologous group.

Sub draw_compar 1son_J.1ne 1

wy (§gd, $boxes, dpanel, fmatch array, §flag) = 0@ _;
wy $line = §gd-rcoleordllocate(f§pansl->color_neme to_rghi'red')):
wy fregion = fgd->colorillocate|(fpanel->color nsme to_rgb ('pink')):

i Eregion_cord_array;

foreach my §watch (Bfmatch array) |
my $poly = new GD::Polyline;
wy fhighlight cord;

#10/11/0 add different color for different e-value

my fevalue = §2 if S$match->[2] =~ m/ (. *21e(.*215/;
if ($match->[2] ne "O0e0™){
iregion = $gd—>colornllocate(Spanel—>color_name_to_rgbt'pink']];
relsed
fregion = fgd->colorlAllocate(fpancl->color_neme to_rgb ('pink')):

y#end

wy fref = get_glyph coord(fpanel, $fmactch->[0], 1):
my §tar = get_glyph coord(fpansl, fmatch->[1], -1):
# 10/03/z2005

if (fref !'= "" g& frarc ="y o

}

fpoly—raddPt (§ref->[0], §ref->[1]):
fpoly—r>addPt (Sref->[2], fref->[3]):
fpoly-—raddPt($tar->[2],%tar->[1]]:
jpoly—raddPr (ftar—->[0], $tar—->[3]) ;

if(§flag == 0) {
fgd->filledPolygonifpoly, fregion) ;
}oelse |

fgd->polygon(ipoly, $line);
i

# 9722720058

wy §match hame = §match->[0]. "-". $match->[1]. ".aln";

push (fregion cord array, [§fref->[0],fref->[1],fref-=[2],fref->[3],
ftar->[2],$tar->[1], ftar->[0], Star—>[3], fwatch name] ) ;

#10/07/20058

elsif

(§ref != "" gg ftar == "") {

fhighlight cord = highlight feature($panel, §match-»>[0], 1);
§poly-raddPt (§highlight cord-»[0], $highlight cord->[1]):
§poly-»addPt ($highlight cord-»[2], $highlight cord-»[3]):
fpoly-»addPt (§highlight cord-»[4], $highlight cord->[5]):
fpoly-»addPt (§highlight cord-»[6], $highlight cord->[7]):
§poly-raddPt {fhighlight cord-»[5], $highlight cord->[9]);

$gd-»>filledPolygon($poly, $region);
jgd-»polygon($poly, $line):

wy §match nawe = fmatch-»[0]. "-". fwatch->[1]. ".aln";

push(@region_cord_array, [$highlight_cord—>[0],$highlight_cord—>[1],$highlight_cord—>[2],
$highlight_cord—>[3],Shighlight_cord—)[Q],Shighlight_cord—)[S],
$highlight_cord—>[6],$highlight_cord—>[?],$highlight_cord—>[8],
fhighlight_ cord->[9], jmatch nawe] ) ;

} elsif (§ref == "" gg ftar != "M

i

fhighlight cord = highlight feature(§panel, $match->[1], -1):
§poly-raddPt ($highlight cord->[0], $highlight cord->[1]):
fpoly-raddPt ($highlight cord->[2], $highlight cord->[3]):
fpoly-raddPt (fhighlight cord-»[4],$highlight cord-=[5]):
§poly-raddPt ($highlight cord->[6], $highlight cord->[7]):
jpoly-raddPt (fhighlight cord-»[8], fhighlight cord->[9]):
jgd->filledPolygon($poly, $region);
$gd->polygon(§poly, §line);

wy §match name = §match-»>[0]. "-". fmatch->[1]. ".aln";
push(@region_cord_arrav, [Shighlight_cord—>[0],Shighlight_cord—>[1],Shighlight_cord—>[2],
$highlight_cord—>[3],$highlight_cord—>[4],$highlight_cord—>[5],
$highlight_cnrd—>[6],$highlight_cord—>[?],$highlight_cord—>[8],
fhighlight cord-»[9], §match nswe] ) :

} # end foreach

fistore the comparative region coordination
f§panel{ "comp_array"} = \@region cord array;
return §panel;



