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PREFACE

Sequencing technology has advanced to such a level that large sequencing centers
such as the Joint Genome Institute (JGI) of the US Department of Energy can
sequence a prokaryotic genome within a day. As of this writing, ~800 prokaryotic
genomes have been sequenced and at least 1,000 are in the pipeline being sequenced.
Knowing a few large sequencing efforts currently under planning, we could possibly
see over 10,000 complete prokaryotic genomes within the next few years. In addition,
the sequencing efforts of metagenomes have produced over one billion base-pairs of
sequence fragments since 2000, and the efforts are expected to scale up rapidly, soon
to produce substantially more genomic sequence data than what we have seen in the
past twenty years. While these genomic sequence data have provided unprecedented
opportunities for biologists to study and to understand these organisms, it has also
raised some highly challenging problems regarding how to “mine” the genomes,
extract the information encoded in the genomes, in a much more effective manner
than what the existing tools can offer, simply to keep up with the pace of world-wide
genome sequencing efforts.

Compared to eukaryotic genomes which are more complex in general,
prokaryotic genomes pose a set of unique challenging problems. First, prokaryotic
genomes are much more dynamic in terms of their gene compositions than the
typical eukaryotic genomes since horizontal gene transfers take place substantially
more often in prokaryotes. Second, prokaryotes evolve at much faster rates than
eukaryotes in general, hence making their genomes diverge faster. Third, prokaryotes
have been found in broader environments than eukaryotes, suggesting their more
flexible adaptability to the environments. Fourth, prokaryotes often co-exist with
other prokaryotes as a mutually dependent community, parts of whose metabolisms
are inter-species, making studies of their biochemistry and their genomes rather
unique.

Comparative genomics has been the most effective approach to mining
the genomes and deciphering the information encoded in genomes. Numerous
computational techniques have been developed based on comparative strategies,
to predict genes and the functions of their protein products, to elucidate operonic
structures, to detect previously unknown structures such as uber-operons, and to
predict regulatory elements and interactions of biochemical pathways. Fundamental
to these computational techniques is our understanding about the evolution
of genes, molecular interactions, biological processes and genomes. It is the
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theoretical framework for studying these evolutionary processes that have guided
our computational studies of the prokaryotic genomes and their structures. For
this reason, we have designed this book in such a way that it tightly integrates
computational studies with theoretical discussions of prokaryotic genomes. We
believe that it is essential to have a good understanding about both the evolutionary
theories for prokaryotes and the possibilities and limitations of computational
genome analysis techniques, in order to carry out in-depth computational studies
that may generate new insights about these genomes and the information they
encode.

In this book, we included a collection of cohesively written chapters on
prokaryotic genomes, their organization and evolution, the information they encode,
computational approaches to deriving such information, and to understanding their
organization and evolution. When appropriate, we attempt to provide a comparative
view of the bacterial and archaeal genomes and of how information is differently
encoded in these two domains of life. This book is intended to be used as an
introductory text book for a graduate-level microbial genomics and bioinformatics
course as well as a reference book for researchers working in the area of prokaryotic
genome studies

While the chapters are organized in a logical order, each chapter in the book
is a self-contained review of a specific subject. Hence a reader does not necessarily
have to read through the chapters in their sequential order. Since this is a rapidly
evolving field that encompasses an exceptionally wide range of research topics, it
is difficult for any individual to write a comprehensive textbook on the entire field.
Most of the chapters are written by members of our two labs at the University of
Georgia and the University of Connecticut, respectively. The remaining chapters,
which, we feel, will help to fill gaps in covering the field, are written by experts who
are actively doing research at the forefront of the selected topical areas.

Chapter 1 (General characteristics of prokaryotic genomes) explains the notion
of a genome as a collection of replicons in a cell, and provides an overview of
different types of replicons and their distinguishing characteristics. This is followed
by a review of the diversity of prokaryotic chromosomes with respect to their size,
gene content, G+C content, codon usage, oligonucleotide composition, amino acid
usage, repeat content, and intragenomic compositional heterogeneity emphasizing
contrasts between eukaryotes and prokaryotes.

Chapter 2 (Genes in prokaryotic genomes and their computational prediction)
begins with a historical account of the development of gene prediction methods.
These methods exploit either intrinsic information, that is, nucleotide ordering
patterns intrinsic to a DNA sequence, or extrinsic information gained from sequence
conservation in evolution. The basic idea and models underlying the prediction
programs utilizing either intrinsic information or extrinsic information or both are
described, followed by a critical comparative assessment of their performance on
experimentally validated datasets. The strengths and weaknesses of the current
programs and the future challenges are discussed, with suggestions for addressing
the remaining core issues in this field.
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Chapter 3 (Ewvolution of the genetic code: computational methods and
inferences) focuses on the evolution of genetic codes. Ever since its discovery, the
genetic code has been one of the most difficult puzzles for evolutionary biology to
unravel. As the evolution of early life on Earth is inextricably linked to the evolution
of the genetic code, understanding its history has been the focus of numerous
investigations over the last several years. We present several of the computational
methods that have been applied to this problem, including a brief discussion of their
results and significance.

Chapter 4 (Dynamics of prokaryotic genome evolution) addresses the dynamics
of genome evolution. The ever-increasing amount of genome sequences available
in public databases allows a better comprehension of how evolutionary forces act
on prokaryotic species. Several methods exist to categorize genes based on their
frequency of occurrence among genomes, and are used to predict the genes’ roles
and modes of evolution. This chapter describes practical approaches used in the
comparison of multiple genomes, and discusses the current status of the field of
prokaryotic genome evolution.

In Chapter 5 (Mobile genetic elements and their prediction), we review mobile
genetic elements, with a focus on those that can be computationally predicted within
genome sequences. We discuss the features of these elements ranging from the small
neutral Insertion Sequence (IS) elements, to the large genomic islands and prophage
regions that can encode antibiotic resistance and virulence-related functions. The
chapter focuses on the in silico prediction of these elements, including the discussion
of several existing tools and databases. In addition, we point out the strengths and
weaknesses of the existing methods and suggest future avenues of research in this
area.

Chapter 6 (Horizontal gene transfer: its detection and role in microbial
evolution) provides a brief history of the discovery of gene transfer and how it
impacted attempts to develop a natural taxonomy for prokaryotes. We review
species concepts as applied to bacteria and archaea, look at examples of multilevel
selection acting on genes, organisms and communities, and examine biological
processes and artifacts that can create conflicts between gene and genome
phylogenies. We describe phylogenetic and surrogate approaches that aim to identify
transferred genes and discuss the advantages and problems associated with different
methods, and provide an outlook on future developments that will allow to trace
the history of genes and pathways through the network of organismal history.

In Chapter 7 (Genome reduction during prokaryotic evolution), we review the
phenomenon of genome reduction, which has taken place independently many
times in several prokaryotic lineages. This chapter describes methods to reconstruct
ancestral genome contents and to infer genome expansion and contraction. The
mutational and selective hypotheses to explain these changes will be discuss. Finally,
we describe the gene content of the smallest genomes and the fuzzy boundary
between cells and organelles.

Chapter 8 (Comparative mechanisms on transcription and regulatory signals
in archaea and bacteria) describes our current knowledge about regulation of
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transcription in archaea and bacteria. This overview emphasizes the main cis-
regulatory signals, trans-regulatory factors (TFs) and alternative RNA polymerase
types constituting the machinery needed for proper regulation of genes in response
to changing environmental conditions at the level of transcription initiation. In
archaea the basal machinery for transcription is related to RNAP I1 from eukaryotes
while the use of TFs for modulating gene transcription is similar to those used by
bacteria. We describe the promoter at different levels, including the activity of the
basal machinery for transcription and the use of specific transcription factors sensing
and responding to particular effectors signals. We also summarize regulation at
other levels beyond transcription initiation. There is an inherent limitation in this
comparative approach given the limited amount of knowledge of the regulation
mechanisms in archaea. Furthermore, these comparisons also bring eukaryotic
transcription to the scene when searching for an evolutionary understanding of
the diverse puzzle of similarities and differences in gene organization, conservation
of proteins and their mechanisms involved in bacteria, archaea and eukaryotes.

Chapter 9 (Computational techniques for orthologous gene prediction in
prokaryotes) discusses the definitions of homologs, orthologs, paralogs and their
subtypes, and reviews the existing gene family databases and the approaches
to homology assignment as well as family-superfamily classification systems.
The chapter focuses on the automated methods of orthologous gene prediction.
It describes the reciprocal best blast hit method, reciprocal smallest distance
method, tree reconciliation algorithm, and the phylogenetic clustering algorithm
BranchClust.

In Chapter 10 (Computational elucidation of operons and uber-operons), we
describe the basics about operons as the basic units of transcription regulation as
well as their ties to biological pathways and networks. In addition, we discuss a
relatively new and less well-studied layer of genomic structure, called uber-operons.
The chapter presents a number of basic ideas as well as computational methods
for operon and uber-operon prediction, plus relevant prediction servers publicly
available on the Internet. We also showcase one study on the evolution of operons,
suggesting possible rules for operon evolution.

Chapter 11 (Prediction of requlons through comparative genome analyses)
introduces first the typical structure of a regulon in prokaryotes, and the special
regulon prediction problem as well as the genome-wide de novo regulon prediction
problem. It then links these problems to the prediction problem of cis-regulatory
binding sites. The chapter details a widely used phylogenetic foot-printing motif
finding algorithm as well as a genome-wide scanning procedure for solving the
special regulon prediction problem. For the more challenging genome-wide de nowo
prediction of regulons, the chapter introduces a recently developed phylogenetic
foot-printing based algorithm. Examples of practical applications are also given for
each described computational procedure.

Chapter 12 (Prediction of biological pathways through data mining and
information fusion) presents a few approaches to biological pathway construction
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using multiple sources of information, including transcriptomic data, genomic data,
proteomic data as well as protein-protein and protein-DNA interaction data. Several
computational algorithms for these predictions are reviewed in this chapter. A
comprehensive description on how to estimate parameters in metabolic pathways is
also included in this chapter.

Chapter 13 (Microbial pathway models) emphasizes the importance of
mathematical modeling approaches to understanding microbial systems. It reviews
traditional approaches of enzyme kinetics and leads the reader to the state of the art
in metabolic modeling. Particular focus is placed on Biochemical Systems Theory,
which in several hundred publications has proven an invaluable tool for designing,
analyzing, manipulating, and optimizing biological systems, even in situations where
information on the target network is uncertain or partially missing.

Chapter 14 (Metagenomics) reviews a new scientific endeavor, metagenomics,
which is emerging with the convergence of sequencing and computational
technologies focused on communities of microbes. The techniques and strategy
of metagenomics enable the exploration of the genomes and the natural world of
microbes without their prior isolation and cultivation. While building on pioneering
research over roughly the past two decades and their enhancement by the convergent
technologies, this exceptionally interdisciplinary endeavor, which also brings in
biogeochemistry and ecological, evolutionary and environmental biology, as well
as the wide range of research in microbiology and genomics, is just being defined.
To invite the reader to participate in this endeavor, the chapter provides a brief
overview of the current state of knowledge and the opportunities that create the
excitement and bring together scientists from such diverse disciplines. Research
observations in metagenomics, for example, have already demonstrated the vast
diversity of microbial proteins and suggest extensive implications for applied life
sciences (from environmental science to medicine), as well as for our fundamental
understanding of biology.

Ying Xu and J. Peter Gogarten
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