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Preface

Bioinformatics is an amalgamation of mathematics, engineering, computer sciences
and statistics. It refers to the practice of using software tools to understand biological
data. This book explores all the important aspects of bioinformatics in the present
day scenario. It elaborates the different branches related to the subject and their
applications. While understanding the long-term perspectives of the topics, the book
makes an effort in highlighting their impact as a modern tool for the growth of
bioinformatics. This text, with its detailed analyses and data, will prove immensely
beneficial to students involved in this area at various levels. It will be of great help
to those in the fields of genetics, forensic science and evolutionary biology.

To facilitate a deeper understanding of the contents of this book a short introduction
of every chapter is written below:

Chapter 1- Bioinformatics is a field of study that helps in the development of methods
and software tools for developing a better understanding of biological data. It
combines subjects such as computer science, statistics, mathematics and engineering.
The chapter on bioinformatics offers an insightful focus, keeping in mind the complex
subject matter.

Chapter 2- Sequence analysis is the process that clarifies the sequence of DNA, RNA
or peptide sequence. The methods used in this are sequence alignment, searches
against biological databases etc. This section also focuses on the techniques used
in DNA sequencing such as Sanger sequencing, Illumina dye sequencing and ion
semiconductor sequencing. The section elucidates the crucial theories and principles
of sequence analysis.

Chapter 3- The study of the genome is known as genomics. It is a discipline of
genetics and applies methods such as recombinant DNA and DNA sequencing.
Personal genomics, oncogenomics, comparative genomics and the genome project
have been explained in this section. This chapter is an overview of the subject matter
incorporating all the major aspects of genome analysis.

Chapter 4- Computational biology involves the application of the theoretical methods
and data analytical methods to the study of biology and social systems. This involves
subjects such as computer science, statistics, chemistry, molecular biology, ecology and
visualization. This chapter will provide an integrated understanding of computational
biology.
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Chapter 5- The software used in bioinformatics range from simple tools to complex
graphical programs. The types of bioinformatics softwares elucidated in the
following section are Biopython, bioconductor, BioPerl, BioJava, BioRuby and
EMBOSS. Bioinformatics software is best understood in confluence with the major
topics listed in the following chapter.

Chapter 6- Bioinformatics has diverse aspects; some of these are structural
bioinformatics, modelling biological systems, protein-protein interaction prediction,
interactome, flow cytometry bioinformatics etc. The topics discussed in the section
are of great importance to broaden the existing knowledge on bioinformatics.

I owe the completion of this book to the never-ending support of my family, who
supported me throughout the project.

Editor
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Introduction to Bioinformatics

Bioinformatics is a field of study that helps in the development of methods and soft-
ware tools for developing a better understanding of biological data. It combines sub-
jects such as computer science, statistics, mathematics and engineering. The chapter on
bioinformatics offers an insightful focus, keeping in mind the complex subject matter.

Bioinformatics is an interdisciplinary field that develops methods and software tools
for understanding biological data. As an interdisciplinary field of science, bioinformat-
ics combines computer science, statistics, mathematics, and engineering to analyze and
interpret biological data. Bioinformatics has been used for in silico analyses of biologi-
cal queries using mathematical and statistical techniques.
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Map of the human X chromosome (from the National Center for Biotechnology Information website).

Bioinformatics is both an umbrella term for the body of biological studies that use com-
puter programming as part of their methodology, as well as a reference to specific anal-
ysis “pipelines” that are repeatedly used, particularly in the field of genomics. Common
uses of bioinformatics include the identification of candidate genes and nucleotides
(SNPs). Often, such identification is made with the aim of better understanding the
genetic basis of disease, unique adaptations, desirable properties (esp. in agricultural
species), or differences between populations. In a less formal way, bioinformatics also
tries to understand the organisational principles within nucleic acid and protein se-
quences, called proteomics.
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Introduction

Bioinformatics has become an important part of many areas of biology. In experimen-
tal molecular biology, bioinformatics techniques such as image and signal processing
allow extraction of useful results from large amounts of raw data. In the field of genetics
and genomics, it aids in sequencing and annotating genomes and their observed muta-
tions. It plays a role in the text mining of biological literature and the development of
biological and gene ontologies to organize and query biological data. It also plays a role
in the analysis of gene and protein expression and regulation. Bioinformatics tools aid
in the comparison of genetic and genomic data and more generally in the understand-
~ ing of evolutionary aspects of molecular biology. At a more integrative level, it helps an-
alyze and catalogue the biological pathways and networks that are an important part of
systems biology. In structural biology, it aids in the simulation and modeling of DNA,
RNA, proteins as well as biomolecular interactions.

History

Historically, the term bioinformatics did not mean what it means today. Paulien
Hogeweg and Ben Hesper coined it in 1970 to refer to the study of information process-
es in biotic systems. This definition placed bioinformatics as a field parallel to biophys-
ics (the study of physical processes in biological systems) or biochemistry (the study of
chemical processes in biological systems).

Sequences

5'"ATGACGTGGGGA3'
S'"TACTGCACCCCTS'

Sequences of genetic material are frequently used in bioinformatics and are easier to manage using
computers than manually.

Computers became essential in molecular biology when protein sequences became
available after Frederick Sanger determined the sequence of insulin in the early 1950s.
Comparing multiple sequences manually turned out to be impractical. A pioneer in the
field was Margaret Oakley Dayhoff, who has been hailed by David Lipman, director of
the National Center for Biotechnology Information, as the “mother and father of bio-
informatics.” Dayhoff compiled one of the first protein sequence databases, initially
published as books and pioneered methods of sequence alignment and molecular evo-
lution. Another early contributor to bioinformatics was Elvin A. Kabat, who pioneered
biological sequence analysis in 1970 with his comprehensive volumes of antibody se-
quences released with Tai Te Wu between 1980 and 1991.

- Goals

To study how normal cellular activities are altered in different disease states, the bi-
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ological data must be combined to form a comprehensive picture of these activities.
Therefore, the field of bioinformatics has evolved such that the most pressing task now
involves the analysis and interpretation of various types of data. This includes nucle-
otide and amino acid sequences, protein domains, and protein structures. The actual
process of analyzing and interpreting data is referred to as computational biology. Im-
portant sub-disciplines within bioinformatics and computational biology include:

e Development and implementation of computer programs that enable efficient
access to, use and management of, various types of information

e Development of new algorithms (mathematical formulas) and statistical mea-
sures that assess relationships among members of large data sets. For example,
there are methods to locate a gene within a sequence, to predict protein struc-
ture and/or function, and to cluster protein sequences into families of related
sequences.

The primary goal of bioinformatics is to increase the understanding of biological pro-
cesses. What sets it apart from other approaches, however, is its focus on develop-
ing and applying computationally intensive techniques to achieve this goal. Examples
include: pattern recognition, data mining, machine learning algorithms, and visual-
ization. Major research efforts in the field include sequence alignment, gene finding,
genome assembly, drug design, drug discovery, protein structure alignment, protein
structure prediction, prediction of gene expression and protein—protein interactions,
genome-wide association studies, the modeling of evolution and cell division/mitosis.

Bioinformatics now entails the creation and advancement of databases, algorithms,
computational and statistical techniques, and theory to solve formal and practical
problems arising from the management and analysis of biological data.

Over the past few decades, rapid developments in genomic and other molecular re-
search technologies and developments in information technologies have combined to
produce a tremendous amount of information related to molecular biology. Bioinfor-
matics is the name given to these mathematical and computing approaches used to
glean understanding of biological processes.

Common activities in bioinformatics include mapping and analyzing DNA and protein
sequences, aligning DNA and protein sequences to compare them, and creating and
viewing 3-D models of protein structures.

Relation to Other Fields

Bioinformatics is a science field that is similar to but distinct from biological compu-
tation, while it is often considered synonymous to computational biology. Biological
computation uses bioengineering and biology to build biological computers, where-
as bioinformatics uses computation to better understand biology. Bioinformatics and
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computational biology involve the analysis of biological data, particularly DNA, RNA,
and protein sequences. The field of bioinformatics experienced explosive growth start-
ing in the mid-1990s, driven largely by the Human Genome Project and by rapid ad-
vances in DNA sequencing technology.

Analyzing biological data to produce meaningful information involves writing and run-
ning software programs that use algorithms from graph theory, artificial intelligence,
soft computing, data mining, image processing, and computer simulation. The algo-
rithms in turn depend on theoretical foundations such as discrete mathematics, control
theory, system theory, information theory, and statistics.

Sequence Analysis
ASASC3.1 14 BIKLWPP SFTRLLLVEMHHN N | ..VGSLSKEMRENM(M AESTQNQ ..... HYEKEPDGDGGSAVALYAKECSKLIEEVLE 101
B4F917,1 13 SIKLWPPSI . ESIFERK. . YRLLG! KTIEELCFALADE, . ... HFREEPDGDGSSAVALYAKET SKMMLEVLK 100
A9S1V2.1 23 VFKI . ACFE! S..FRRlELR um arc RCE. ..... ADSGGDKTBS m:nagL LETLR 109
BIGSN7.1 13 WKLW’ STRLHLVE] xm—'n. .PSFISRK. .Y AKKTEEVAFARAND. . . . . HYEKQ) 1Y AKE S! EVLK 100
Q8HOS6,1 30 SFSIH VDTEGG. . DTILCKR. . YGA aFDaann  SGERARTASVEEBIKAL YSKEVTJ.‘ FVK 120
QoD4z3,2 44 SLSIWPP! m an.vn‘rwnup IL - AYARVTES, SSARRAPASYEDGI EVLEAYSKEV! & LAK 135
BOMVWB.1 56 SFSIWPPT RLIETLST. . .0 EEEAFSGAST, . ..... VASSEKDGL EVLAL YSKE I SKi VK 14
QOIYC5.1 23 SFAVWPI Rﬁ.\mv GDTT aL RY! QRFDRASK. . . . SS5SSSSVEDGIETLALYSREVSNRLLAFVR 121
A9MWA6.1 13 SIKLWPPSESTRLM VEiﬂTDN X0 AFLAAND. . ... HEHKEPNL SSVVAF YARE ASK| ALK 100
Q9C500.1 57 SLRIWPPT :&IH ..E IL oY AYGVASN, ,..... KILELYSKEISKI SVK 142
Q2HRI7.1 25 MYSTWPPKARTRDAVKNRLIETLST..PSVLTKR. . YI AFSVANA. . .. ... NVTTLEVYSKE I SKi VK 110
Q9M7N3,1 28 SFKIWPPTARTREAVVRRLVETLTS..QSVLSKR. . Y EEERFSVASY asansmeav:n BUT EVLHTYSQE IXARVVESAK 119
Q9M7N6.1 25 SFSIWPPTURTROAVINRLIESLST..PSILSKR..YG SETRARLIEEEAFAARGS. . .. ... TASDADDGI EILAVYSKE I SKRMIDTVK 110
Q3LEB2,1 14 gvKHJPP STRLMLVERMTKNITT . . PSIFSRK. . YGLLSVEEAEGDAKRIEDLAFAT! NK ..... HFDNEPDG DGTSAVHVYAKE SSKLHLDVIK 101
QoME51,2 13 SIKLWPRSLP 'u% IERTTNNF & ..mr . YGSLTKDOATENRKRI STANG, . ... GDGGSAVELYAKECSKLILEVLK 100
B9R74B.1 48 SLSIWPFTERT TRLIETESS. . P8V ..YrrIsanazsaannlzuznrcvum .......  ATSREODBLETL LYSKE I SR VK 133

The sequences of different genes or proteins may be aligned side-by-side to measure their similarity. This
alignment compares protein sequences containing WPP domains.

Since the Phage ®-X174 was sequenced in 1977, the DNA sequences of thousands of
organisms have been decoded and stored in databases. This sequence information is
analyzed to determine genes that encode proteins, RNA genes, regulatory sequences,
structural motifs, and repetitive sequences. A comparison of genes within a species or
between different species can show similarities between protein functions, or relations
between species (the use of molecular systematics to construct phylogenetic trees).
With the growing amount of data, it long ago became impractical to analyze DNA se-
quences manually. Today, computer programs such as BLAST are used daily to search
sequences from more than 260 000 organisms, containing over 190 billion nucleo-
tides. These programs can compensate for mutations (exchanged, deleted or inserted
bases) in the DNA sequence, to identify sequences that are related, but not identical. A
variant of this sequence alignment is used in the sequencing process itself.

DNA Sequencing

Before sequences can be analyzed they have to be obtained. DNA sequencing is still
a non-trivial problem as the raw data may be noisy or afflicted by weak signals. Algo-
rithms have been developed for base calling for the various experimental approaches
to DNA sequencing.

Sequence Assembly

Most DNA sequencing techniques produce short fragments of sequence that need to
be assembled to obtain complete gene or genome sequences. The so-called shotgun
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sequencing technique (which was used, for example, by The Institute for Genomic Re-
search (TIGR) to sequence the first bacterial genome, Haemophilus influenzae) gen-
erates the sequences of many thousands of small DNA fragments (ranging from 35
to 900 nucleotides long, depending on the sequencing technology). The ends of these
fragments overlap and, when aligned properly by a genome assembly program, can be
used to reconstruct the complete genome. Shotgun sequencing yields sequence data
quickly, but the task of assembling the fragments can be quite complicated for larger
genomes. For a genome as large as the human genome, it may take many days of CPU
time on large-memory, multiprocessor computers to assemble the fragments, and the
resulting assembly usually contains numerous gaps that must be filled in later. Shotgun
sequencing is the method of choice for virtually all genomes sequenced today, and ge-
nome assembly algorithms are a critical area of bioinformatics research.

Genome Annotation

In the context of genomics, annotation is the process of marking the genes and other
biological features in a DNA sequence. This process needs to be automated because
most genomes are too large to annotate by hand, not to mention the desire to annotate
as many genomes as possible, as the rate of sequencing has ceased to pose a bottleneck.
Annotation is made possible by the fact that genes have recognisable start and stop
regions, although the exact sequence found in these regions can vary between genes.

The first genome annotation software system was designed in 1995 by Owen White,
who was part of the team at The Institute for Genomic Research that sequenced and
analyzed the first genome of a free-living organism to be decoded, the bacterium Hae-
mophilus influenzae. White built a software system to find the genes (fragments of
genomic sequence that encode proteins), the transfer RNAs, and to make initial assign-
ments of function to those genes. Most current genome annotation systems work sim-
ilarly, but the programs available for analysis of genomic DNA, such as the GeneMark
program trained and used to find protein-coding genes in Haemophilus influenzae, are
constantly changing and improving,.

Following the goals that the Human Genome Project left to achieve after its closure in
2003, a new project developed by the National Human Genome Research Institute in
the U.S appeared. The so-called ENCODE project is a collaborative data collection of
the functional elements of the human genome that uses next-generation DNA-sequenc-
ing technologies and genomic tiling arrays, technologies able to generate automatically
large amounts of data with lower research costs but with the same quality and viability.

Computational Evolutionary Biology

Evolutionary biology is the study of the origin and descent of species, as well as their
change over time. Informatics has assisted evolutionary biologists by enabling re-
searchers to:
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 trace the evolution of a large number of organisms by measuring changes in their
DNA, rather than through physical taxonomy or physiological observations alone,

¢ more recently, compare entire genomes, which permits the study of more com-
plex evolutionary events, such as gene duplication, horizontal gene transfer,
and the prediction of factors important in bacterial speciation,

e build complex computational population genetics models to predict the out-
come of the system over time

o track and share information on an increasingly large number of species and
organisms

Future work endeavours to reconstruct the now more complex tree of life.

The area of research within computer science that uses genetic algorithms is sometimes
confused with computational evolutionary biology, but the two areas are not necessar-
ily related.

Comparative Genomics

The core of comparative genome analysis is the establishment of the correspondence
between genes (orthology analysis) or other genomic features in different organisms.
It is these intergenomic maps that make it possible to trace the evolutionary processes
responsible for the divergence of two genomes. A multitude of evolutionary events act-
ing at various organizational levels shape genome evolution. At the lowest level, point
mutations affect individual nucleotides. At a higher level, large chromosomal segments
undergo duplication, lateral transfer, inversion, transposition, deletion and insertion.
Ultimately, whole genomes are involved in processes of hybridization, polyploidiza-
tion and endosymbiosis, often leading to rapid speciation. The complexity of genome
evolution poses many exciting challenges to developers of mathematical models and
algorithms, who have recourse to a spectra of algorithmic, statistical and mathematical
techniques, ranging from exact, heuristics, fixed parameter and approximation algo-
rithms for problems based on parsimony models to Markov Chain Monte Carlo algo-
rithms for Bayesian analysis of problems based on probabilistic models.

Many of these studies are based on the homology detection and protein families com-
putation.

Pan Genomics

Pan genomics is a concept introduced in 2005 by Tettelin and Medini which eventually
took root in bioinformatics. Pan genome is the complete gene repertoire of a particular
- taxonomic group: although initially applied to closely related strains of a species, it can
be applied to a larger context like genus, phylum etc. It is divided in two parts- The Core



